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There are two possible terminations for the ideal NiAl(111) surface, i.e., all Al or all Ni on the
surface atomic layer. We investigate which termination occurs on the NiAl(111) surface by compar-
ing the pseudopotential electronic band structure of a Ni-terminated and an Al-terminated
NiAl(111) surface with the angle-resolved photoemission data on a NiAl(111) sample. The mea-
sured surface band structure shares common features partly with that of the Ni termination and
also partly with that of the Al termination, which supports the theory that the real NiAl(111) sur-
face is composed of both Ni- and Al-terminated (111) domains, as suggested by a recent low-energy
electron diffraction (LEED) study. We also determine the relaxation of the two outermost atomic
layers for both terminations by the pseudopotential total-energy calculations and compare them
with the LEED results. We find that the present results are in good agreement with the LEED
analysis for Ni termination, but in qualitative disagreement for Al termination.

I. INTRODUCTION

NiAl is an ordered alloy with the CsCl structure. Ni is
a 3d transition element characterized by the strongly lo-
calized valence d electrons and Al is an sp-electron ele-
ment. The nature of the interatomic bonding in NiAl is
very different from pure Ni and pure Al. Due to the in-
homogeneous atomic composition, NiAl surfaces have
many interesting properties not present in the monatomic
crystal surfaces. Recently, as a prototype of multicom-
ponent surfaces, the NiAl(110) surface has been investi-
gated extensively by several experimental and theoretical
tools.!™> The atomic structure, the electronic structure,
and the vibrational properties of this surface are now well
understood. Our knowledge on the NiAl(111) surface is
very limited, because the surface structure (composition)
is still in question.

The NiAl(111) surface is quite different in its atomic
structure from the previously well-studied NiAl(110) sur-
face. It is useful to compare briefly the characteristics of
the two atomic structures. NiAl(110) is an ordered two-
component surface where each atomic layer parallel to
the surface contains both Ni and Al atoms in a rectangu-
lar lattice with the stoichiometric composition of the
bulk, and its large interlayer spacing (d,=2.04 A) allows
rapid healing of the electron density to its bulk form in
the subsurface region. As a result, this system tends to
keep the second atomic layer stable in a bulk
configuration. This made the one-layer relaxation model
practical in theoretical approach*> and the results were
very successful in giving a theoretical interpretation of
the measured structure-related properties of NiA1(110).

On the other hand, in NiAl(111) each atomic layer
parallel to the surface forms a triangular lattice with only
one species of atoms (Ni or Al), i.e., a Ni layer and an Al
layer are alternating along the [111] direction (Fig. 1).

41

Therefore, the ideal NiAl(111) surface can have two pos-
sible terminations: Ni termination [i.e., Ni/NiAl(111)] or
Al termination [i.e., Al/NiAl(111)]. In addition,
NiAl(111) has a very open structure with a short inter-
layer spacing (d;=0.83 A) and a low atomic density in
the surface plane, and so the deeper layers should be in-
cluded in the consideration of surface properties. These
many structural degrees of freedom have delayed an ade-
quate theoretical approach to the atomic structure of
NiAl(111). Although there are several experimental data
on the termination of NiAl(111), their analysis leads to
somewhat contradicting conclusions as follows.

Noonan and Davis® investigated the atomic structure
of this surface through a low-energy electron diffraction
(LEED) analysis. They carried out dynamical LEED -V
calculations for both Ni/NiAl(111) and Al/NiAl(111) us-
ing a two-layer relaxation model and compared them
with measured LEED I-V spectra. Surprisingly they
found that the best agreement between measured and cal-
culated I-V spectra is obtained by neither a Ni/NiAl(111)
nor an Al/NiAl(111), but by assuming that the sur-
face is a 50%-50 % mixture of two ordered domains,
Ni/NiAl(111) and Al/NiAl(111). They suggested a
structural model of NiAl(111) where the surface is com-
posed of large terraces and steps with a single interplanar
spacing between adjacent terraces.’” They also deter-
mined the relaxation of the two outermost atomic layers
in each domain. Franchy er al.® carried out electron
energy-loss spectroscopy (EELS) experiments to study
the adsorption properties of S, CO, and O on NiAl(111)
and used the results to obtain information on the ter-
mination of NiAl(111). From the comparison of the data
with those obtained for the pure Ni(111) surface and
Al(111) surface, they found that the adsorption of S and
CO can be explained well by Ni/NiAl(111) and that
Al/NiAl(111) is unlikely in many respects. These EELS
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FIG. 1. Real- and reciprocal-space representation of the NiAl(111) surface: (a) Top view of an ideal NiAl(111) surface, (b) side
view along the [112] direction, (c) surface Brillouin zone showing the two inequivalent M points.

results indicate that the NiAl(111) surface is probably Ni
terminated, but can not exclude the possibility of a mixed
phase system with domains of either termination. Wen-
delken® measured the average step height of a vicinal
NiAl(111) surface with a high step density using energy-
dependent LEED beam-shape analysis. With an equal
probability for either termination, suggested by Noonan
and Davis,® we can expect an average step height of a sin-
gle atomic layer. However, Wendelken’s results showed
that the average height is two interlayer spacings, which
suggests that one specific termination is preferred.

It is difficult to draw a unified picture of the atomic
structure of NiAl(111) from the above experimental re-
sults because they are incompatible with each other.
Different approaches to this surface are desirable. In the
present study we apply the pseudopotential density-
functional formalism and the angle-resolved ultraviolet
photoelectron spectroscopy (ARUPS) for the atomic and
the electronic structure of this surface. The pseudopoten-
tial total-energy-calculation scheme was successful in
determining the rippled atomic structure of NiAl(110).*
However, a direct comparison of the total energies of the
individual terminations is not possible in the NiAl(111)
surface since the stoichiometry of the thin films used to
model each termination is inequivalent. Hence, we ap-
proach to this problem in the following way. First, we
calculate the relaxation of NiAl(111) for both termina-
tions and compare them with the previous LEED
analysis.® We will treat the two terminations separately
on an equal footing and determine the relaxation pattern
of the individual terminations. Although this study
doesn’t give an answer to the question on the termina-
tion, it will serve as an indirect test of the validity of the
structural model given by LEED analysis (Sec. II).
Second, we can utilize the electronic structure of
NiAl(111) to extract information about the surface ter-
mination. The electronic band structure is sensitive to
the underlying atomic structure. We measure the surface
band structure of a real NiAl(111) sample using ARUPS
and calculate the band structure of Ni/NiAl(111) and

Al/NiAl(111) in their relaxed atomic structures. The
comparison of the measured and the calculated electronic
structures can yield a clue on the termination (Sec. III).

II. RELAXATION OF THE Ni-
AND Al-TERMINATED NiAl(111) SURFACE

In the present calculation, the NiAl(111) surface is
simulated by a periodic slab geometry. We choose a slab
thickness of nine atomic layers for Ni/NiAl(111) and, for
Al/NiAl(111), we introduce an additional Al layer on
each side of the previous nine-layer slab of Ni/NiAl(111).
In this way, we can clearly identify the changes in the
electronic structure affected by the additional Al layer.
The slabs are separated by a vacuum region of 10 inter-
layer spacings (=8.33 A) in both terminations. We cal-
culate the band structure and total energy of the system
using the Hohenberg-Kohn-Sham local-density approxi-
mation'®!! and the Ceperley-Alder potential for ex-
change and correlation as parametrized by Perdew and
Zunger'>'? and the modified mixed-basis pseudopotential
formalism.!* It has been shown through the previous
studies that the modified mixed-basis scheme, which is
characterized by the use of nonoverlapping localized basis
functions, is effective in dealing with systems containing
3d transition elements.*'*!> We employ 25 optimized d
orbitals and around 800 (950) plane waves for a Ni (Al
termination in the present mixed-basis set (E_, #=10
Ry) and choose 6 k points in an irreducible Brillouin zone
for the charge-density calculations. We iterate the self-
consistent loop until the difference in every G-space com-
ponent between input and output potential is less than
0.005 Ry. At the self-consistent stage, the total-energy
difference between the successive iterations is less than
0.5 mRy.

A deeper multilayer relaxation is expected in NiAl(111)
because of the open nature of the system, but we wish to
consider only the relaxation of the first two surface layers
and fix the third and deeper layers in their ideal bulk po-
sitions to keep the computations tractable. This scheme
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is consistent with the previous LEED analysis® where the
two-layer relaxation model was used in the calculation of
LEED I-V spectra. We determine the surface relaxation
for each termination within two degrees of freedom,
d,(a) and d,;(a), which represent the fractional change
of the first and the second interlayer spacings of the a ter-
mination. Because NiAl(111) shows a (1X 1) LEED pat-
tern,® reconstruction is not considered in the present cal-
culations. We evaluate the total energies of 8 (7) different
structures for a Ni (Al) termination to determine d, and
d23-

For Ni/NiAl(111) we find that the total energy of the
system is minimized at d;(N)=-—33% and
d,3;(Ni)=0% and the relaxation energy (25.5 mRy) per
surface unit cell is very large [cf. 11.1 mRy in NiAl(110)].
Atomic position and valence-electron density at the unre-
laxed and relaxed structures is shown in Fig. 2. The un-
relaxed Ni/NiAl(111) [Fig. 2(a)] shows a significant
charge redistribution around the second-layer Al sites.
The mobile sp electrons spread into open space on the
surface, especially into the hollow region on top of the
third-layer Ni sites. The electron density around the
fourth-layer Al sites is spherical and retains the bulk
form. Each Ni atom on the first layer loses its four
nearest-neighbor Al atoms and the lack of sp electrons in
the surface region leaves the nearly filled d shell un-
screened.

Our previous study* shows that the cohesion in NiAl
can be characterized by the competition between the at-
traction due to interatomic d-electron bondings and the
repulsion from compressed sp electron gas around the Al
cores. In Ni/NiAl(111), a redistribution of the sp elec-
trons around the second-layer Al sites allows the first lay-
er to contract significantly into the bulk direction
through an enhanced interatomic d bonding between the
first and the third Ni layers [Fig. 2(b)]. The expansion of
sp electron gas around the second-layer Al atoms is
suppressed by the large contraction of the first-layer Ni
atoms, and so the position of Al cores, which can be
determined qualitatively by the electrostatic center of the
electron charge distribution,'® does not change much.

(a) Unrelaxed Ni/NiAl(111) (b)  Relaxed Ni/NiAI(111)
e N - d,=-33%
o Al — dy;= 0%

6L F

FIG. 2. Total valence-electron density of Ni/NiAl(111) be-
fore and after the relaxation. The electron density is represent-
ed by contours on a surface-normal plane parallel to [112].
The density unit is 0.01 e /a.u.’ and a uniform increment is used
in the contour plots. The hatched regions represent a strongly
localized d-electron density around the Ni cores.
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The charge distribution around Al cores undergoes no
notable changes through this relaxation, so the large re-
laxation energy of this surface seems to originate from
the energy gain in the d bonding due to a large relaxation
of the first Ni layer. The charge corrugation in the sur-
face is somewhat reduced by this relaxation, but still the
bare d electron lobes in the first layer protrude into the
vacuum region and feel a highly repulsive potential.
Thus, as will be discussed later, this structure shows
many d electron surface and resonance features.

For Al/NiAl(111), we find that d,(Al)=—16% and
d,3;(A)=—12% and the relaxation energy (5.5 mRy) is
very small compared to Ni/NiAl(111), which means that
Al/NiAl(111) has a relatively stable electronic structure
even in the ideal atomic geometry. This surface has plen-
ty of delocalized sp electrons contributed from the first
and the third Al layers, and the second-layer Ni atoms sit
in a very stable bulklike NiAl environment. Therefore, in
this termination, the redistribution of the surface sp elec-
trons has a dominant role in determining the pattern of
the atomic relaxation.

Al atoms in the first layer are surrounded by large open
spaces (two threefold hollow sites) which are deeper in
position than the first layer. Al/NiAl(111) is character-
ized by a large open space at the surface (threefold hollow
sites). The high density of sp electrons around the first-
layer Al sites fill this open space, and then the Al cores
relax down to the bulk following the lowered electrostatic
center of the electron gas. We note that the charge densi-
ty around the first-layer Al sites shows a substantial
change from the bulk form (Fig. 3), but little changes be-
tween before and after the relaxation. Because the inter-
stitial sp electron distribution around the second-layer Ni
atoms is similar to the bulk, the interlayer d-bonding
enhancement is not as significant as in the case of
Ni/NiAl(111), and most of the unstable surface and reso-
nance features related to the first-layer Ni atoms in
Ni/NiAl(111) disappear in the Al termination.

We summarize the present results and compare them
with the LEED results® in Table I. The first row contains
the fractional changes of the first two interlayer spacings
(d,, and d,;) induced by the relaxation. To give a sense
of the absolute motion of each atomic layer, these values

(a) Unrelaxed Al /N1AL (111) (b) Relaxed Al/NiIAI(111)

o N - d,,=-16%
o Al - dy=-12%

FIG. 3. Total valence-electron density of Al/NiAl(111) be-
fore and after the relaxation. The same convention as in Fig. 2
was used for this contour plot.
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TABLE 1. Relaxation patterns of the Ni- and Al-terminated
NiAl(111) surfaces determined by the present theory and the
previous LEED analysis (Ref. 6). The fractional change of the
first two interlayer spacings (d,,,d,;) are tabulated in the first
row. In the second row d, and d, represent the fractional
change in the position of the first and the second atomic layers
relative to the ideal unrelaxed position. For comparison, we
calculated the total energy of the LEED geometries and include
the resulting relaxation energies per surface unit area in the last
row.

Ni/NiAl(111) Al/NiAl(111)
Pseudopotential LEED  Pseudopotential LEED
dy, —33% —50% —16% —5%
dy 0% +15% —12% +5%
d, —33% —35% —28% 0%
d, 0% +15% —12% +5%
E. xea —255 mRy —220 mRy —55 mRy +3.5 mRy

are converted to the fractional changes (relative to d;) of
the position of the first two atomic layers (d, and d,) in
the next row. For a comparison of the energetics, we also
calculated the total energy of the relaxed structures
determined by the LEED analysis.

For Ni termination, there is good agreement between
the present calculations and the previous LEED analysis.
Both results show the same large contraction of the first
Ni layer and a relatively small relaxation of the second Al
layer. Though there exists a small difference in the mag-
nitude of the second-layer relaxation, we find that both
structures are very stable and energetically equivalent to
each other with a large relaxation energy of similar mag-
nitude.

For Al termination, however, there is a qualitative
disagreement. Our calculation shows that both the first
Al layer and the second Ni layer contract into the bulk
direction. By contrast, in the relaxed geometry predicted
by the LEED analysis, the first Al layer does not relax
and the second Ni layer moves out into the vacuum re-
gion. Our prediction for the relaxation of Al/NiAl(111)
is more acceptable from the following physical argu-
ments. First, as seen from the fact that this surface is
very open and the charge distribution around the first-
layer Al cores undergoes a large change from the bulk
configuration, one expects a large relaxation in that layer.
More specifically, the sp electrons on top of the Al cores
flow into the nearby threefold hollow regions, which
strongly suggests an inward relaxation of the first-layer
Al cores toward a lowered electrostatic center of the elec-
tron gas. Second, the openness of the surface requires
that we should expect the second Ni layer and even the
third Al layer to be affected by truncation of bulk NiAl.
In that case, the redistribution of a high density of mobile
sp electrons around the third-layer Al cores results in an
inward relaxation of the second Ni layer since the inter-
layer (between the second and the fourth layer) d-electron
bonding is enhanced through a reduction of the repulsive
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force maintained by the electron gas around the third Al
layer. Therefore, an outward relaxation of the Ni layer is
counterintuitive. Actually, it turns out from our total-
energy calculations that this LEED structure is very un-
stable energetically: its total energy is higher than that of
the unrelaxed Al/NiAl(111).

III. ELECTRONIC STRUCTURE OF NiAl(111)

In this section we study the surface electronic band
structure of NiAl(111), which is sensitive to the underly-
ing atomic structure. We investigate which termination
occurs on the NiAl(111) surface by comparing angle-
resolved ultraviolet = photoemission  spectroscopy
(ARUPS) measurements with the pseudopotential band
structure of a Ni- and an Al-terminated NiAl(111) sur-
face.

A. Surface states measured by ARUPS

The angle-resolved-photoemission experiment on
NiAl(111) was carried out at the National Synchrotron
Light Source at Brookhaven National Laboratory (Up-
ton, NY). Radiation from the 750-MeV vacuum-
ultraviolet storage ring was dispersed by a dual toroidal
grating monochromator yielding photons in the
10<#w <120 eV range.!” Photoelectrons were energy
analyzed with a hemispherical electrostatic analyzer with
an acceptance angle of +2°. The combined instrumental
resolution (photon and electron) is about 0.13 eV for
fiw <35 eV and increases linearly with photon energy to
0.30 eV for Aiw=60 eV. Details of the angle-resolved
analyzer and the vacuum chamber were described else-
where.'®

The (111) crystal face of NiAl was cleaned by cycles of
neon-ion bombardment followed by annealing to 850°C
for 10 min to restore a well-ordered (1X 1) surface as in-
dicated by LEED. The average surface composition of
the sample was studied by x-ray photoelectron spectros-
copy (XPS) takeoff-angle measurement prior to the pho-
toemission experiment. The XPS analysis showed that
the NiAl(111) sample has an average surface composition
that is similar to the bulk composition of 50.612.0 at. %
Al. This composition was determined by Paschen
optical-emission spectroscopy and the use of standard
solutions. In addition, spark source mass spectroscopy
was invoked to insure that there were no major impuri-
ties in the sample (total <100 wt. ppm). Once the crystal
is clean, the surface is free of contaminants for 30 min at
an operating pressure of 2X 107! Torr. During the
course of the experiment, the sample is repeatedly
cleaned in every 30 min to be contamination-free. The
cleanness of the surface is monitored by the appearance
of the oxygen 2p peak which has a binding energy of 6 eV
in the valence-band region.

The (111) crystal face of a CsCl structure is shown in
Fig. 1(a) and the corresponding two-dimensional unit cell
is indicated by a parallelogram. Notice the first three lay-
ers of atoms are exposed. Along the (112) direction, the
atomic arrangements of the first three layers in the posi-
tive and negative directions are not equivalent [Fig. 1(b)].



4924

Thus, as the bulk Brillouin zone is projected onto the sur-
face Brillouin zone (SBZ), the two M points in the SBZ
are not equivalent and the symmetry is reduced to three-
fold symmetry. This is illustrated in Fig. 1(c). Our con-
vention is to distinguish these two inequivalent points as
M + and M _, as determined from our bulk band mea-
surements. T M is along the [211], [112], and [121]
directions, while T M _ is along the [211], [112], and
[121] directions. Along the (110) direction, however,
the atomic arrangements in the positive and negative
directions are the same. Thus, all the K points in the
SBZ are equivalent. Since the crystal mirror plane is
along the (112) direction in real space (T M in recipro-
cal space), we will discuss the reflection symmetry of the
initial state wave function with respect to this mirror
plane.

1. Surface states at T': Normal emission

For normal emission, the analyzer collects photoelec-
trons emitted from the T point of the (111) SBZ. This
measurement is made to determine the symmetry and the
energy of the initial states which are dipole allowed for
normal emission. Along the [111] direction of the cubic
Brillouin zone, dipole selection rule limits the allowed
transition to the A, and A; initial states. The A, initial
state is dipole forbidden (top half of Table II). The top
half of Table II gives the symmetries of the initial-state
wave functions for normal emission polarization mea-
surements. By utilizing the polarized radiation from the
storage ring, initial states with A; symmetry would be ob-
served when the electric field of the incident light, A, is
normal to the surface, and states with A; symmetry
would be observed when A lies in the plane of the surface
(s polarization).

Figure 4 shows the symmetry of the A; and A; bands
at #iw=20 eV. The schematics on the right show the A
vector with respect to the (111) surface in real space. The
A, band is A, (along the [111] direction) excited while
the A, band is 4, (along the [112] direction) excited. In
Fig. 4, bulk peaks with A| and A; symmetry are indicated
by arrows. The hatched peaks are surface states which
do not disperse with photon energy. Since the surface
states exhibit well-defined symmetry as the bulk states,
i.e., they both have a strong polarization dependence, we
will use bulk band symmetry notation for the two surface
states. The A, surface state displayed in the upper panel
is excited by A, and has a binding energy of 2.85+0.10
eV while the A; surface state displayed in the lower panel

TABLE II. Symmetry of initial states along 'R.

Normal emission

A Dipole allowed Dipole forbidden
A, (x=[112] A, A,
A, (z=[111] Ay A,
Off-normal emission
A4, Even states Odd states
M A, A,
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FIG. 4. Normal-emission photoemission spectra showing (a)
the A, initial states and (b) the A, initial states. Bulk states are
indicated by arrows. Hatched peaks are surface states.

is excited by A4, and has a binding energy of 0.80%0.10
eVv.

Figure 5 shows a set of typical photoemission spectra
for several photon energies of these surface states. Both
the A, and A; surface states (hatched peaks) are well
separated from the bulk bands. However, they do not ex-
hibit appreciable intensity over the range of photon ener-
gy displayed in Fig. 5 with the exception for the A, sur-
face state at iw=14 eV. A more pronounced intensity
variation of the A; surface state with photon energy is
found at point M and is discussed in the following.

2. Surface states at M: Off-normal emission

For NiAl(111), the only crystal mirror planes are along
the (112 ) directions in real space or along the T M direc-
tion of the SBZ in reciprocal space. This can be seen
from the surface geometry given in Fig. 1(a). From our
normal emission measurement (at point T of the SBZ),
the surface state observed at —0.80 eV has a A; symme-
try while the surface state observed at —2.85eV hasa A,
symmetry. Away from point T, the wave-function sym-
metry of the surface states are reduced and can be dis-
cussed as either even or odd with respect to the reflection
about the crystal mirror plane. For convenience, we will
continue to use the same symmetry notations for the two
surface states given at point I' for measurements made
away from the zone center.

Along T M, the A, surface state has odd reflection
symmetry while the A, surface state has even reflection
symmetry. This is given in the lower half of Table II. As
the analyzer is moved away from the surface normal, the
photoelectron collected has a finite momentum, k, paral-
lel to the surface as given by the following expression,

k,=0.512\/%w—E, —¢sin6, A ', (1

where E is the electron binding energy, 6, is the emis-
sion angle with respect to the surface normal, and ¢ is the
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crystal work function. Following Eq. (1), we can change
photon energy and the emission angle in such a way that
k, is always kept at point M (k,=0.89 A ~"). The pur-
pose of doing this measurement is to obtain both the
binding energies and the photoelectric cross sections for
the two surface states at point M. Since the measurement
is made away from the surface normal, we need to first
show that the A; (A,) surface state has odd (even) symme-
try away from point T.

T T T T T
NiAl (111)

A Normcl Emission
SURFACE =37
" sTaTE 1\13 A" 'M

. STATE
N
2 hw:14ev

INTENSITY (arb. units)

INITIAL-STATE ENERGY (eV)

FIG. 5. Energy-distribution curves showing the A, and A;
surface states (hatched peaks) and the bulk transitions (indicat-
ed by arrows).
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Figure 6 shows photoemission spectra taken at #iw =20
eV for k, at points M, and M_. Two _energy-
distribution curves (EDC’s) are shown for points M , and
M _, respectively. Solid (dashed) curves represents the
spectra with even (odd) reflection symmetry with respect
to the (112 ) mirror plane. From this figure, it is obvious
that the A; surface state has odd symmetry away from
point T.

Figure 7 shows a sequence of photoemission spectra
taken at points M, and M _ as a function of photon en-
ergy. These spectra were taken at odd collection
geometry. In this figure, bulk transitions are indicated by
“A” and “B.” The stationary peak at —0.80 eV (con-
nected by the dashed lines) appeared in both points M .
and M _ can be identified as the A; surface state. Since
the binding energy of this surface state is the same at
points T and M, it must be a very localized d state ori-
ginated from the Ni site.

The intensity variation of the A; surface states at
points M, and M _ is shown in Fig. 8. The data points
shown in this figure are normalized by using the signal
from a calibrated tungsten mesh such that variation in
the photon flux with photon energy has been removed.
The intensity of the A; surface state is approximately five
times stronger at point M _ than at point M_ . This in-
tensity difference is due to the difference in final-state

NiAT(HT)

EVEN A3 SURFACE
---- 0ODD V' STATE
hw=20ev A

10°

6, =

t
L

INTENSITY
1

A3 SURFACE
y STATE
X

BINDING ENERGY. (eV)

FIG. 6. Photoemission spectra taken at points M, and M _.
The Aj; surface state is shown to have odd symmetry.
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scattering of the surface state measured at points M .
and M _. Besides the intensity difference, the A, surface
state is found to peak at slightly different photon energies
for the two M points. The curve for point M _ shows a
single maximum around 40 eV photon energy while two
additional maxima are shown for point M . at 26 and 100
eV. Since the two M points are not equivalent at the sur-
face, the intensity variation with photon energy of the
surface state measured at each M point is expected to be
different.

For the A, surface state with even reflection symmetry,
an examination of the calculated bulk projection of even
symmetry states along T M shows a band gap at point T’
between —2.2 and —3.0 eV [Fig. 11(a)]. This bulk gap
extends from point T to about the middle of the SBZ
along the T M direction. Since there is no band gap at
point M, we do not expect the A, surface state to be ob-
served at M. It will be shown in the following section
that the dispersion of this surface state was observed only
in the bulk band gap which exist over half of the surface
zone.

\/\
NiAL (111)
s POLARIZATION
8,=10° i
at M (k,=0889A") A g
ODD BANDS T
My

\ @D

INTENSITY (arb units)

S I Y BN B A
-5-4-3-2-1 0 -5-4-3-2

INITIAL- STATE ENERGY

1
-1
(

|
0
V)

e

FIG. 7. Photoemission spectra taken at points M, and M _.
The A; surface state at each photon energy is joined by the two
vertical dashed lines. Peaks denoted by “ 4> and “B” are bulk
states.
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<\
§
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>
(&)

Xm e e

]
[
]
1
1
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\
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1 1 1
100 110 120
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FIG. 8. Intensity variation of the A; surface state as a func-
tion of photon energy at points M, and M _.

3. Dispersion of surface-state bands

The dispersion of the two surface-state bands was mea-
sured along the I’ M direction in the SBZ. Measurements
of the odd A, surface band dispersion were done at

several k, points from point I' to point M. Figure 9
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FIG. 9. Dispersion of the A; surface state along T M. The
lack of dispersion of this surface state indicates that it is a local-
ized Ni d state. The unit of kjis A ~".



shows the dispersion of the A; surface band along lines
T-M, and T-M_. The apparent lack of dispersion of
this surface-state band indicates that its wave function is
very localized and is likely from a Ni d state.

For the even A, surface band, the dispersion was mea-
sured along T M. Figure 10 shows that this surface band
(indicated by vertical bars) moves to a lower binding en-
ergy away from point T and disappears half way across
the surface zone where it probably runs into the very in-
tense bulk peak at —1.80 eV. A discussion of the mea-
sured and calculated surface-state bands will be given in
the following section.

B. Calculated surface-state band structure

In this section we give a theoretical description of
the electronic structure of both Ni/NiAl(111) and
Al/NiAl(111) the atomic structures of which have been
determined in Sec. II. We calculate the band structures
of both the relaxed Ni/NiAl(111) and the relaxed
Al/NiAl(111) on a high-symmetry line, T M, and deter-
mine the character of each surface-state band. Note that
point M, is equivalent to point M _ in the slab geometry
through an inversion symmetry. The variations in the
electronic feature between both terminations are closely
examined and are compared to the measured band struc-
ture, which yields_ information on the termination of
NiAl(111).

We begin with Ni/NiAl(111). Figure 11 shows the cal-
culated surface- and resonance-state bands along T M.
The band structure is divided into two symmetry sub-
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FIG. 10. Dispersion of the A, surface state along TM. The
unit of ky is A ",
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FIG. 11. Calculated surface and resonance band structure of
the relaxed Ni/NiAl(111) along T M: (a) represents even-
symmetry states, (b) represents odd-symmetry states, solid
(dashed) lines represent surface (resonance) states, and the
hatched regions are the projected bulk band structure. Open
circles represent the ARUPS measurements.

spaces according to the reflection symmetry about a
surface-normal mirror plane. The projected bulk band
structure of NiAl is included as a shaded region to clearly
isolate surface states. A solid (dashed) band represents a
surface- (resonance-) state band. Our convention is to
distinguish a surface- (resonance-) state from bulk states
as one that contains more than 70% (50%) of the charge
in the first two atomic layers and whose eigenvalue is ei-
ther in a symmetry gap or very close to an edge of a gap.
We note in Fig. 11 that most of surface and resonance
states are localized within 1.5 eV below the Fermi energy
and form nearly dispersionless bands of d character. In
fact, we find that the charge-density distribution of the
surface states has a strong d character localized on the
surface Ni cores. The charge character of a representa-
tive surface state (denoted by s, s,, s,, and s; in Fig. 11) in
each band is shown in Fig. 12, where we note that sp
character is negligible in these surface states except for s,
state. These states originate from the bulk states at
band-gap edges. Unscreened d electron lobes in the first
layer feel a strong repulsive potential introduced by an el-
imination of the other half of the bulk. As a result, some
electrons in the bulk level are pushed into a gap as reso-
nance modes. This behavior is reflected well in the total
electron density-of-states (DOS) curves shown in Fig.
13(a). We note a significant change in the DOS curve be-
tween bulk NiAl and Ni/NiAl(111). A large portion of
the bulk d states (bound at ~ —2.0 eV) are shifted to the
higher-energy states (at ~—1.2 eV) in Ni/NiAl(111).
Although this severe change includes some artifact origi-
nating from a finite-slab calculation, it represents well at
least the main character of the Ni-terminated NiAl(111).
As we see in Fig. 13(b), the overall DOS curve for
Al/NiAl(111) has a very similar shape to that of bulk
NiAl. The main effect of an additional Al layer on the
surface electronic structure is to quench most of the d
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FIG. 12. Charge characters of the representative surface
states shown in Fig. 11: surface state (a) s (dxy,szyZ)’ (b) s,
(dyy), (©) s, (dy;), and (d) s; (dzz). A uniform increment
(0.5X 1073 e/a.u.’) is used in the contour plot.

resonance states. Owing to the surface Al layer, the oth-
erwise bare Ni atoms in the next layer are placed in a
high density of sp-electron gas and recover a fairly stable
configuration close to that found in the bulk. In
Al/NiAl(111), therefore, most of d resonance states
present in Ni/NiAl(111) are pulled down nearly to their
original bulk values. As a result, we find that many d res-
onance bands disappear in the band structure of
Al/NiAl(111) in Fig. 14. While losing the strong surface
features of d character at —1.0 eV, this Al termination
creates a new surface electronic feature not present in
Ni/NiAl(111), which is found at —2.7 eV in the middle
of an even-symmetry gap and is strongly related to the
'surface Al layer with a mixed character of d and sp elec-
tron. The charge character of a representative surface
state (s, s;, and s, in Fig. 14) of each band is shown in
Fig. 15. Even at Al/NiAl(111), d character is still strong
in the surface states, but we note that these surface states
are somewhat affected by the first-layer Al atoms, i.e., a
moderate mixing of sp character is observed in each sur-
face state. This sp character is especially significant for
the state s at —2.7 eV [Fig. 15(a)].

Now we compare the above calculated band structures
with the ARUPS measurements presented in the previous
section. We have measured the dispersions of two sur-
face features along the T' M symmetry line; one strong
surface-state band (A;) at —0.8 eV in the odd-symmetry
subspace and the other weaker resonance band (A) at
—2.8 eV in the even space. These two measured bands
are represented by open circles in Figs. 11 and 14. The
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FIG. 13. Calculated electron density of states (DOS) as a
function of binding energy for the relaxed Ni/NiAl(111) and
Al/NiAl(111). Solid lines represent the DOS of a slab unit cell
and dashed lines represent the DOS of bulk NiAl that is includ-
ed as a reference.
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FIG. 14. Calculated surface and resonance band structure of
the relaxed Al/NiAl(111) along T M: (a) represents even-
symmetry states, (b) represents odd-symmetry states, solid
(dashed) lines represent surface (resonance) states, and the shad-
ed region is the projected bulk band structure. Open circles
represent the ARUPS measurements.
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FIG. 15. Charge characters of the representative surface
states shown in Fig. 14: Surface state (a) s (d ,), (b) 5, (dzl)’ and

(c) s, (d,,;). A uniform increment (0.5X 1073 e/a.u’) is used in
the contour plot.

A, surface-state band extends to the whole SBZ with a
negligible dispersion. The A, surface-state band disperses
slightly up towards the Fermi level from point T to point
M and loses its surface feature in the middle of the SBZ.
By comparing the binding energy and the dispersion of
the measured bands with those of the calculated surface
and resonance bands, we find that the calculated band a
in Ni/NiAl(111) looks close to the measured band A;,
and the calculated band B in Al/NiAl(111) to the other
measured band A;. The agreement in the binding energy
is quite good within a generally acceptable discrepancy
(~=%0.3 eV) between the calculations and the ARUPS
measurements. This comparison shows that the mea-
sured surface band structure has a common feature partly
with a Ni termination and partly with an Al termination,
suggesting that the real NiAl(111) surface is possibly
composed of both Ni- and Al-terminated (111) domains.
In conclusion, the present study of the electronic struc-
ture of NiAl(111) supports a structural model suggested
by the previous LEED analysis. At this point, however,
it is worthwhile to point out that the comparison of only
two measured bands with calculations is not sufficient to
lead to a solid conclusion. In addition, it is not clear why
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the calculated strong resonance bands, which appear in
both terminations at around —1.0 eV in the even-
symmetry space, are not detected in the ARUPS experi-
ment.

IV. SUMMARY

We applied the pseudopotential total-energy-
calculation scheme to the study of NiAl(111). The relax-
ation patterns of the two outermost atomic layers were
determined for two possible terminations by minimizing
the total energy of the systems. For a Ni-terminated
NiAl(111) surface we obtained that d,,(Ni)=—33% and
d,;(N1)=0% and, for an Al termination, d,(Al
=—16% and d,;(A)=—12%. We found that the re-
sults obtained by a LEED analysis are in good agreement
with our results for a Ni termination, but predict a quali-
tatively different structure for an Al termination, which
turned out to be very unstable energetically, i.e., it has a
total energy higher than that of the unrelaxed surface.

We also compared the experimental surface band
structure with those calculated at the relaxed geometry
for each termination. We found that the measured sur-
face band structure has a common feature not only to
that of Ni/NiAl(111), but also to that of Al/NiAl(111).
This feature of the electronic structure supports that two
different domains, Ni/NiAl(111) and Al/NiAl(111), coex-
ist in a real NiAl(111) surface.
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