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Surface states on NiAl(110) have been investigated experimentally using angle-resolved photo-
emission and theoretically with a self-consistent pseudopotential scheme within the local-density ap-
proximation (LDA). Both theory and experiment show that the termination of bulk NiA1 at the
(110) surface creates surface states in the gap regions of the projection of the bulk bands and strong
d resonance states around the gap edges. In general, the energy position, symmetry, and dispersion
of the surface-state bands observed experimentally are reproduced by the theoretical calculation.
The first moment of the surface density of states (DOS) is shifted towards the Fermi level by =0.5
eV, suggesting that the surface Ni and Al atoms in the alloy have recovered some of their individual
bonding behavior. However, the total surface DOS at the Fermi level shows negligible change from
that of the bulk, thus indicating the absence of a magnetic surface layer.

I. INTRODUCTION NiAl (/fO)

The rippled structure' of the NiAl(110) ordered alloy
surface has ar'oused both theoretical and experimen-
tal interest in the electronic and vibrational behavior
of this surface. Bulk NiAl has the CsC1 structure, with
two atoms per unit cell. The real- and reciprocal-space
representations of the (110) surface are shown in Figs.
1(a) and 1(b). Unlike the other low-index surfaces which
can be terminated by either all Ni or Al atoms, the ideal
(110) surface contains equal amounts of both constitu-
ents. Results of experiments have shown that this surface
has the bulk composition, and detailed structural studies
reveal that the first layer is rippled, ' with a 0.22-A rela-
tive displacement. Figure 1(c) is a model of the rippled
surface as obtained by low-energy electron diffraction
(LEED) I Vmeasurem-ent. ' The Al (Ni) atoms are dis-
placed outward (inward) around 4% ( —6%) of the bulk
interlayer spacing. ' To describe the driving mechanism
for the rippled relaxation, Kang and Mele carried out
pseudopotential total-energy calculations for this surface.
Their study pointed out that the redistribution of s,p elec-
trons around the outermost Al ions and the strongly lo-
calized surface states in the surface Ni sites both played a
crucial role in the relaxation. For simple s,p-electron
metals like Al, Finnis and Heine' explained the general
trend of inward relaxation at the first layer as the
response to electrostatic forces produced by a smoothing
of the surface charge density. The inward relaxation is
also observed for metals which have d electrons. " For a
surface which has two kinds of atoms like NiA1(110), the
response of each ion core to the electrostatic forces pro-
duced will be different. Therefore, the rippling of a dia-
tomic alloy surface could in general be an intrinsic prop-
erty.

The calculated electronic properties of the NiA1(110)
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FIG. 1. Real (a) and reciprocal (b) space representations of
the NiA1(110) surface. The rippled first layer is shown in (c)
(Ref. 1).
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surface predicted the presence of several surface-state
bands with primarily d character localized on the Ni
atoms. The investigation of these surface states, both ex-
perimentally and theoretically, could lead to an under-
standing of the chemical and physical properties of this
alloy surface and help to elucidate the general questions
pertaining to multicomponent surfaces. This system is of
particular interest because a change in the electronic
configuration of the surface Ni atoms could produce a
magnetic surface layer (bulk NiAl is nonmagnetic' ). In
this paper, we address these questions by comparing mea-
sured surface bands with calculated surface states. Bulk
and surface features are measured by angle-resolved pho-
toemission both at the surface zone center and along the
high symmetry lines in the surface zone. The calculation
of surface states is carried out using the experimental re-
laxed geometry. '

As an introduction to the properties of bulk NiA1, Fig.
2(a) shows the bulk total density of states (DOS). The
dominant peak in Fig. 2(a), the Ni d states, centers at—2.0 eV while its tail extends slightly above the Fermi
energy with a depletion of state density at —1 eV. The
second largest contribution to the total DOS is the p-like
states on the Al site centered around —3 to —4 eV. The
p-like states also dominate the portion of DOS at and
near the Fermi level. The Al s-like states are confined al-
most exclusively to low energies. We note that the shape
and the peak position of the completely filled d bands in
the DOS of NiAl resembles that of elemental copper
much more than that of pure Ni. ' The calculated bulk
band structure can be used to obtain a projection of the
bulk states onto the surface Brillouin zone (SBZ}. Figure
2(b} shows the projection of the even electronic states
along the X—I —F direction. In this projection, most of
the band gaps present are in the energy region of the d
band, i.e., between —1.0 and —3.0 eV as well as in the

region of the s band. The calculations predict that sur-
face and resonance states with d character exist in the en-
ergy range of the d band. Their energy and wave-
function symmetry will be discussed and compared to the
measured surface states.

The bulk band structure of NiA1(110) has been mea-
sured using angle-resolved photoemission with synchrot-
ron radiation. The high symmetry points of the bulk
bands are obtained from such measurements and have
been compared with the present theory. This comparison
between theory and experiment shows a measured bulk
d-band narrowing of 16% and this difference is consistent
with other local-density-approximation (LDA) calcula-
tions for NiA1. ' For normal emission the measurement
probes bulk states along the X symmetry line, and the al-
lowed dipole transitions are from initial states with X,,
X3, and X4 symmetry. Figure 3 displays the normal emis-
sion s-polarized photoemission spectra from the X3 and
X4 initial states and the p-polarized X& initial states.
Transitions from the X2 initial band are forbidden by
symmetry in normal emission. In Fig. 3 bulk bands are
indicated by arrows and surface-state peaks are shaded
and labeled according to their symmetry. A bulk band is
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FIG. 2. (a) Total density of states of bulk NiAl. (b) Bulk pro-
jections of even electronic states along X—I —Y.

I'IG. 3. Normal emission EDC s showing initial-state bands
with (a) X4, (b) X3, and (c) X& symmetries. Surface states are
shaded peaks and bulk transitions are indicated by arrows.
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identified by its motion in initial state energy as the pho-
ton energy is changed. '

There are two remarks about the photoemission spec-
trum for the X~ initial state shown in Fig. 3(a). First, the
peak at —0.65 eV which is as intense as the —1.08 eV
surface state is not assigned to be a surface state, its char-
acter will be discussed in Sec. IIIC. Second, since the
transition of the bulk X] band is very strong, it also ap-
pears in the s-polarized spectrum taken with 10 incident
angle. At this angle, the component of the vector poten-
tial ( A) of the light along the surface normal is nonzero.
To show initial states with only X4 symmetry as the one
displaced in Fig. 3(a), the X, peak is subtracted from the
s-polarized spectrum. The shaded peaks in Figs.
3(a)—3(c) are nondispersive with changing photon energy,
but show well-defined symmetry. They are indicated in
Fig. 3 as surface states with binding energies as follows:
X, at —1.37 eV, X3 at —1.12 eV, and X4 at —1.08 eV.
Their character, dispersion, symmetry, and cross sections
will be discussed in Sec. III.

II. EXPERIMENTAL AND THEORETICAL
PROCEDURES

The angle-resolved photoemission experiment on
NiAl(110) was carried out at the National Synchrotron
Light Source (NSLS) at Brookhaven National Laboratory
(Upton, NY). Radiation from the 750-MeV VUV storage
ring was dispersed by a dual toroidal grating monochro-
mator yielding photons in the 10&%~&120 eV range. '

Photoelectrons were energy analyzed with a hemispheri-
cal electrostatic analyzer with an acceptance angle of
+2'. The combined instrumental resolution (photon and
electron) is -0.13 eV for fico & 35 eV and increases linear-
ly with photon energy to -0.30 eV at A'co=60 eV. The
details of the angle-resolved analyzer and the experimen-
tal chamber were described elsewhere. ' The crystal was
cleaned by cycles of neon ion bombardment followed by
annealing to 850 C to restore a well-ordered (1 X 1) sur-
face as indicated by LEED. The average surface compo-
sition of the sample is known to be similar to the bulk
composition which is near stoichiometry (50.6+2.0 at. %
Al). This composition was determined by Paschen opti-
cal emission spectroscopy and the use of standard solu-
tions. In addition, spark source mass spectroscopy was
invoked to insure that there were no major impurities
in the sample (total& 100 ppm weight concentration).
Once the crystal is clean, the surface is free of contam-
inants for 3—4 h at an operating pressure of 2X10
Torr.

The azimuthal motion of the sample mount aHowed
the crystal to be rotated such that the vector potential
(A) of the light is parallel to either one of the two crystal
mirror planes. Polarized light from the storage ring is
used to identify the symmetry of the bulk and surface
states as well as their intensities as a function of photon
frequency. For example, we can separate the X3 and X4
surface states using s-polarized light with the polarization
vector along the [001] and [110]directions, respectively.
Measurements at normal emission along the X symmetry
line were made to probe the bulk band structure and to

All

TABLE I. Symmetry of the initial states.

Normal emission
Dipole allowed Dipole forbidden

I Y
I X Xq, Xl

X2
X2

Off-normal emission
Even states Odd states

I Y
rx

X3,Xl
X4 »1

X4, X2
X3,X2

separate the X,, X3, and X4 initial state bands which are
dipole allowed. Surface states are identified as stationary
peaks separated from the bulk transition as the photon
energy is varied.

Off-normal measurements are used to measure the
dispersion of surface states. Selection rules allow the
symmetry of the surface states away from I to be deter-
mined. When the vector potential A is contained in the
(y, z) plane (see Fig. 1) and parallel to the [001] direction,
the analyzer can be placed in the (y, z) plane to measure
the even initial states or placed perpendicular to the (y, z)
plane to measure odd initial states. The even states origi-
nate from X3 and Xi, while the odd states are from X4
and X2. Similar measurements are done by rotating the
crystal 90' such that A is in the (x,z) plane and parallel
to the [110]direction. In this geometry, the even states
probed originate from X

&
and X4, and the odd states come

from X3 and X2. Table I summarizes the initial states al-
lowed by symmetry along I M. A detailed discussion on
how to measure surface and bulk band dispersion can be
found in review articles. ' '

Theoretical calculations were carried out using the
local-density approximation' ' and the pseudopotential
method. ' In the present calculation the result of Ceperly
and Alder for the exchange-correlation functional in
the parametrized forms given by Perdew and Zunger
was used. The ionic potentials in the solid are approxi-
mated by the nonlocal ab initio pseudopotentials derived
by Bachelet et al. The effective one-electron
Schrodinger equation is solved by expanding the wave
function in a physically complete basis set. The valence
band of NiA1 is characterized by a high density of sp elec-
trons and nearly filled d bands, where the 3d wave func-
tions, highly localized on the Ni core region, need a
prohibitively large number of reciprocal lattice vectors in
a momentum-space expansion. Therefore, the conven-
tional momentum-space formalism with a plane wave
basis set or a mixed-basis set (Gaussian orbitals plus
plane waves) is not adequate for this system. We em-
ploy a real-space formulation of the mixed basis scheme
which is very eA'ective in dealing with 3d transition ele-
ments. In this scheme, a set of atomic d orbitals was de-
rived which vanish outside a cutoft' radius, allowing no
intersite overlap between the localized basis functions.
With this modification, the matrix elements in the band
calculation and the valence charge density for the self-
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consistent loop can be evaluated very accurately in real
space.

In the present study, the NiAl(110) surface is simulated
by a periodic array of thin films, each consisting of five
atomic layers with vacuum separations of four-interlayer
spacings in between slabs. The basis set for the supercell
contains 25 optimized d orbitals and around 800 plane
waves. We use 5 k points in an irreducible sector of the
Brillouin zone with a Gaussian weighting scheme to ac-
cumulate the charge density. Iteration for self-
consistency continues until the Cx-space components of
the potential are stable to within 0.001 Ry. The changes
of eigenvalues are within 0.005 eV and the total energy
per unit cell is stable within to 0.05 mRy at the self-
consistent range.

The electronic structures of both the unrelaxed and re-
laxed NiA1(110) surface were investigated. For the re-
laxed surface, the experimental geometry obtained from
published LEED I- V measurement' was used. This relax-
ation reduces the surface energy about 6.8 mRy per sur-
face unit area and the surface work function changes
from 4.55 eV (unrelaxed) to 4.39 eV (relaxed). Experi-
mentally, the work function was determined to be 4.6 eV.
Except for a small change in the binding energy for some
surface states, the band structures of both systems look
very similar on the whole. Hence, the relaxed surface is
used in the description of the electronic structure of the
surface states.

The surface-state and/or -resonance band structure in
this calculation is divided into two subspaces according
to the reAection symmetry about a surface mirror plane.
Our convention is to denote a surface (resonance) state as
one that contains more than 70% (50%) of its charge in

the outermost surface layer and whose eigenvalue is ei-
ther in a symmetry gap or very close to the edges of a

gap. Following this convention several surface-state
and/or -resonance bands were identified within 2 eV of
the Fermi energy (EF). The character and dispersion of
these bands are discussed in the following section.

III. RESULT AND DISCUSSION

A. Bulk and surface band measurements: normal emission

Table I shows the allowed dipole transitions of the ini-
tial state bands along I M. Using both s and p polariza-
tion of the incident radiation and collecting photoelec-
trons emitted normal to the surface, three surface states
are observed and the symmetries of these states are X&,

X3 and X4. Figure 4 shows a set of typical photoemission
spectra for several photon energies of these surface states.
The energy distribution curves (EDC's) have been nor-
malized so that the evolution of the peak intensities with
photon energy can be followed. Their energies at I are
listed in Table II. Both the X3 and X4 surface states are
well separated from the bulk bands and exhibit apprecia-
ble intensity over a wide range of photon energy as shown
in Figs. 4(a) and 4(b). In these two figures, the surface
states are indicated by the shaded peaks with X4= —1.08
eV and X3= —1.12 eV. Bulk transitions of the X4 and X3
states are indicated by arrows. Unlike the spectra
displayed in Fig. 3(a), photoemission spectra in Fig. 4(b)
show both the X, and X4 bulk states since the X, state has
not been subtracted. Shown in Fig. 4(b) is a nondisper-
sive peak at —0.65 eV which appears in spectra taken
below 40 eV photon energy. It is particularly intense at
low photon energies. Although this peak shows no
dispersion at normal emission, we do not assign this peak
as a second X4 surface state for reasons that will be dis-
cussed in Sec. III C. The X3 surface state with a binding
energy of 1.12 eV [Fig. 4(a)] is observed in spectra for
photon energies of 12—56 eV. It is well separated from
the bulk X3 band. In contrast, the X& surface state was
only observed at photon energies greater than 32 eV.
This surface state is so close to the band edge at I that it
is partially overlapped by the bulk transition. Figure 4(c)
shows that the X, surface state (shaded peak) is a shoul-
der on the lower binding energy side of the bulk X& peak

TABLE II. Characters and eigenvalues of surfaces states at I . Their symmetries and functional
dependences are present in the first column. The next two columns give the calculated eigenvalues in
eV both for the unrelaxed surface and relaxed surface (with dN; = —6.0% and dA] =4.0%) relative to
the Fermi level. Experimental eigenvalues are given in the last column. Bottom: measured and calcu-
lated bulk band gap between M2 and M5.

Surface states
at I

r, (d,)'

X2(d )

X3(dy, )

X4(d, )

eV (unrelaxed)

—1.23
—1.22
—1.04
—0.98

eV (relaxed)

—1.27
—1.27
—1.12
—1.06

eV (expt)

—1.37+0.15

—1.12+0.15
—1.08+0.15

Calculation
(eV)

Experiment
(eV)

Difference
(eV)

M2
Mq
M5-M2

0.97
2.06
1.09

0.85+0.20
1.76+0.10

0.91

0.12
0.30
0.18

In the present definition, the z axis is along the surface normal direction, the x axis along the long Ni-
Ni bridge in the [110]direction, and the y axis along the short Ni-Ni bridge in the [001]direction.



39 SURFACE STATES ON NiA1(110) 13 153

NORMAL EMISSION
S POLARI ZATI ON

8, =IO

A„IY

Ni AI ( ll 0)
NORMAL EMISSION
S POLARI Z ATION

Bz = IO'
A I" X

ZpS. S.
I-1,08 e V

X)
& ZI S.S.

NORM AL E M I SS I ON

P POLAR I ZAT I ON

8& = 6O'
AII1" X

(c)
I

h

O eV

eV

eV

I I I I

-4 —3 —2 —
I

I

EF=O
I I I I I

-4 -3 —2 —
1 E =0F

INITIAL —STATE E N E R G Y ( eV )

I

-4 -3 —2 -I EF=O

FIG. 4. Normal emission EDC's show (a) X3, (b) X4, and (c) X, surface states exist over a wide range of photon energies. Surface
states are shaded peaks and bulk transitions are indicated by arrows.

(indicated by the arrow).
The intensity variations with photon energy for the X3

and X4 surface states seen in the normal emission spectra
are plotted in Figs. 5(a) and 5(b). These data are normal-
ized by using the signal from a calibrated tungsten mesh.
The intensity of the —1.08-eV X4 surface state shows a
sharp peak at low photon energy (15 eV) and a broader
maximum at 35 eV. The maxirnurn at higher photon en-

ergy is typical of a surface state which has d-like charac-
ter. In the same figure the intensity variation of the
—0.65-eV state is plotted. The cross section for this peak
is monotonically decreasing and thus, quite different from
that observed for the X4 state. This behavior is more typ-
ical of a state with p-like wave function than that with a-
like wave function. The intensity variation with photon
energy for the X3 surface state at —1.12 eV is shown in
Fig. 5(b). This surface state displays similar behavior to
that of the X4 surface state with two maxima, at 17 eV
and at 40 eV.

The appearance of the sharp maximum in the cross
section at low photon energy for both surface states could
be a result of a surface-wave-induced interference effect.
There are several channels available for exciting an occu-
pied initial state characterized by E(k;) into a final state
characterized by a plane wave traveling normal to the
surface. The dominant channel is through normal emis-
sion while a second channel involves surface umklapp
scattering. The transition matrix element for photoemis-
sion is given by

g2
EII (kll with kll g (3)

For the NiA1(110) SBZ, the surface reciprocal-lattice vec-
tors (yII) along the I 1' and I X directions are 2.18 and
1.54 A ', respectively. Using these values of gal, we can
make a rough estimate of the photon energy required to
excite the occupied surface state at I into an image po-
tential surface state. This is given as follows:

where gf is the final-state wave function with kII=O and

ff is the final-state wave function with kII =gII (gII being a
surface reciprocal-lattice vector). Equation (2) shows
that the final-state wave functions are composed of emis-
sion from normal (kII=O) and from surface urnklapp

(kII=gII) processes. Their transition strengths are weight-
ed by the Fourier components C's. Normally, the second
term is small compared to the first term with the excep-
tion of the special case where the excited wave gf is

trapped in a surface Rydberg-like state (image potential
state). This condition occurs near the energy required
for emergence of the photoemitted electron from I of the
second zone, resulting in a wave traveling parallel to the
surface. In an ideal crystal, this surface state can escape
only through umklapp scattering which involves

k~~ k~~+g~I, but kI~
—g~I=O. As a result of the umklapp

processes, the emitted electron from the surface state wiH

have kI~
=0 and come out normal to the surface.

Since kI~ is conserved in crossing the surface, the ener-

gy for a surface wave traveling parallel to the surface is
given by

The final state of the electron gf emitted normal to the
surface can be written as follows:

A'co= (gII) +P

~f I~f II
' f) + s ~f II gII' f

gll

=Normal emission + surface urnklapp, (2)

3.81(2.18) +4.6=23 eV for IgIII =2. 18 A

3.81(1.54) +4.6=15 eV for Ig„l=1.54 A
(4)
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that mirror plane. If we define a set of orthogonal axes
x,y, z), where z is the surface normal and x and y lie in

the surface plane of the sample with x and y being along
the [110]and [001] directions, respectively [see Fig. 1(a)],
the two mirror planes are the (y, z) and the (x,z) planes.
T e X& surface state, characterized by a d 2 wave func-Z'

tion, is even with respect to reAection about the two mir-
ror planes defined above. For the X3 and X4 surface
states which have a d, and d, character, respectively,
the wave functions can have either even or odd symmetry
with respect to the reAection about the two mirror
planes. The X3 surface state is even for emission to the

y, z) plane and is odd with respect to the (x,z) plane.
ikewise, the X4 surface state is even with respect to the

(x,z) plane and is odd with respect to the (y, z) plane. The
X2 surface state, characterized by a d ~ wave function, is
confined to the surface plane and its symmetry is odd
with respect to both mirror planes. However, even
though the X2 surface state cannot be observed at I,
there is still a possibility to observe it away from I . The
symmetry of the four surface states we have just dis-
cussed are summarized in the lower half of Table I.
Away from 1, the parallel momentum (k~~) of the outgo-
ing photoelectron can be related to the emission angle
with respect to surface normal 0, by

I I I I
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PHOTON ENERG Y ( eV )

60

FIG. 5. Intensity variations of surface states with photon en-
ergy. (a) X4 surface state and the intensity variation of the
—0.65 eV peak. (b) X3 surface state.

At I, the symmetries of the surface states are X, X
and X

~ ~

d X4 as discussed in the previous section. As the
analyzer is moved off-normal into a mirror plane, the
symmetry of the surface state is reduced, and the wave
function of each surface state can be discussed as either
even or odd with respect to the refIection symmetry of

where P is the work function. Since the intensities of the
X& and X4 surface states both peak near Ace = 15 eV
volved in this process is along the [110] direction. This
could be due to the more efficient momentum coupling
along the [110] direction since the spatially varying
charge distribution is larger in this direction than in the
[001] direction. The fact that both the X3 and X4 surface
states are coupled to the [110]direction suggests a rather
isotropic surface emission pattern.

B. Dispersions of surface-statebands: off-normal
emission

At a given photon energy, to observe even-symmetr
states along the [001]direction (I Y'in the SBZ), the sam-

e ry

pie is rotated such that A is parallel to [001] and in the
y, z) plane. Even states along I' F are observed with the
analyzer placed in the (y, z) plane, and odd states along
I X are observed with the analyzer placed perpendicular
to the (y, z) plane. The binding energy (E&) of the surface
peak obtained in the EDC along with the emission angle
give the k~~ of the surface state.

Figures 6(a)—6(d) show photoemission spectra taken at
constant kI~. The two EDC's shown in the left panel of
Fig. 6 are taken at k~~

=0.23+0.01 A '
(—,

' of the SBZ)
along I X. In this panel, the even state [Fig. 6(a)] has X~
symmetry and the odd state [Fig. 6(b)] has X3 symmetry.
The right panel of Fig. 6 shows EDC's taken at the same

k~~ (—,
' of the SBZ) but along the I I' direction. In this

panel, the even-symmetry state is X3 [Fig. 6(c)] and the
odd-symmetry state is X4 [Fig. 6(d)]. This figure clearly
shows that the observed surface states have the symmetry
expected from d~, (X3) and d, (X&) wave functions, i.e.,
the X3 surface state is even along I" Y and odd along I X,
while the X4 surface state is even along I X and odd
along I Y.

Once the correct symmetry of the X3 and X4 surface
states away from I are known, the dispersions of these
two surface bands can be determined. Figure 7(a) shows
t e dispersion of the X3 surface state, which has even
symmetry along I K The spectra were taken at 6~=42
eV and the dispersion of this surface state is illustrated by
the positions of the vertical bars. Starting at I, this sur-
face state has a binding energy of 1.12 eV and disperses
towards the Fermi level. At k~~

=0.5 A '
(—' of the SBZ)

2
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FIG. 6. Symmetry of surface states at k~~
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metry and (b) X3 surface state with odd symmetry. Right panel shows EDC's along I Y: (c) X3 surface state with even symmetry and
(d) X4 surface state with odd symmetry.

the surface-state peak broadens which probably indicates
that it has merged with the bulk bands and become a res-
onance.

The dispersion of the even-symmetry X4 surface state is
shown in Fig. 7(b). All the EDC's shown in this figure
are the "unsubtracted" s-polarized spectra showing both
the X, and X& initial bulk states taken at A~= 17 eV. The
X4 surface state has a binding energy of 1.08 eV at I, and
disperses towards the Fermi level at some finite k~~. It
remains sharp at all angles as it moves towards the Fermi
level, indicating that this surface band remains in the
bulk band gap. The peak at —0.65 eV does not disperse
but does change intensity. The dispersions of the odd-
symmetry states are obtained in a similar manner along
the X—I —Y direction.

The X, surface state is even along both I Y and I X.
The dispersion of this surface state along the I X direc-
tion was measured at 38 eV photon ener~. However, the
energy of this surface state is too close to the bulk state to
allow a very precise determination of the dispersion.
Away from the zone center, this surface state becomes a
resonance state and disperses away from the Fermi level.
Near kI~ =0.3 A, the X, surface peak is no longer ob-
servable in the photoemission spectrum, indicating that it
probably merges with the bulk X& state.

The calculated X2 surface state is odd along both I Y
and I X. The wave function of this surface state has d„
character and cannot be observed in the first surface Bril-
louin zone by normal emission. In principle, this surface

state could be observed away from I . However, the cou-
pling between the in-plane d wave function of the X2
surface state to the plane wave free-electron final state is
generally very small, and this may explain the failure to
observe the X2 surface state in the off-normal photoemis-
sion spectra.

C. Comparison between experiment and theory

The symmetries and binding energies of the measured
and calculated surface states of NiA1(110) at I are sum-
marized in Table II. This table shows that the experi-
mental and theoretical binding energies of the surface
states are in good agreement. The calculated binding en-
ergies of the X3 and X4 states are smaller than those of X,
and Xz. The main contribution to this di6'erence comes
from the charge redistribution in the surface region. The
(110) truncation of bulk NiA1 leaves two hollows at the
short and long bridge Ni—Ni regions in the surface
plane. A high density of nearly free electrons from the
surface Al sites How into these low-density regions to
reduce the surface charge corrugation. Since the local-
ized charge densities of X3 and X4 states extend to the
short and long Ni—Ni bridge, respectively, they feel a
stronger repulsive force from the enhanced sp electrons
than do the X& and X2 surface states, which are localized
over the Ni atoms and in the Ni—Al bridge region, re-
spectively. This repulsi. on results in weaker binding ener-
gies of the X3 and X4 surface states. Charge density plots
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Along the X, symmetry line [Fig. 9(b)], the calculated
bu1k band gap is widened from O.S eV at I to 1.S eV at X.
The charge distribution for bands A, and A2 in the
even-symmetry subspace has a main orbital character of
d„,(X4) and d 2(X&), respectively, at I . Going from I, to
X], these orbitals hybridize and the orbital characters re-
verse to d 2 and d & 2, respectively, at X. The mea-

sured band dispersions along I, to I, (indicated by 6
and H) agree very well with the calculated A& and Az
bands. The dispersion of the A& band (X&) is shown in
Fig. 7(b) whereas its symmetry is shown in Fig. 4(b) at I
and in Fig. 6(a} away from I . The dispersion of the X,
surface state (i.e., the Az band) is observed only near I
and it apparently merges with the bulk X& band away

. from I .
Along I ]F&, a bulk gap exists only in a narrow region

near I [Fig. 9(b)]. The surface band is more dispersive
due to the shorter atomic distance in this wave vector
direction. Surface band B loses its surface character in
the middle of the SBZ where it merges into a bulk band.
The charge density distribution along this band shows a
main character of d, (X3) at I with an increasing admix-
ture of the sp character away from I, and 6nally a d 2X

character when it merges into a bulk band. The calculat-
ed dispersion of this band 8 reproduces the experimental-
ly measured band dispersion (indicated by X) very well
as shown in Fig. 9(a). The measured dispersion of this
band is shown in Fig. 7(a) and its symmetry at I and
away from I are shown in Figs. 4(a) and 6(c), respective-
ly. In our calculation, we also found a strong surface
state (band C) at —2.2 eV which extends from P, to the

middle of 5, with a main character of d~, . Experimental-

ly, the search for this surface state is diferent since it
does not originate at I. In the photoemission spectra
collected along I I; we did not observe a surface state
which can be assigned to band C as calculated.

In the odd-symmetry subspace shown in Fig. 9(d),
bands a& and a2 are Aat along the X2 symmetry line of the
SBZ. The charge density retains the same d„,and d

„

character, respectively, over the whole bands. The a2
band (Xz) is not observed experimentally. Band a&, how-
ever, shows very good agreement with the measured band
dispersion (X3) as indicated by data points shown as X in
Fig. 9(c}. Data points denoted by e are from measure-
ments made in the second SBZ folded back to the 6rst
zone. Along the hz symmetry direction, the two odd
bands are b and a2. The measured dispersion of band b
[Fig. 9(c)] with X4 symmetry at I is reproduced quite
well by the calculation. The data points for band 1 are
denoted by open triangles. Band az again is not observed
experimentally along the 52 symmetry line.

Figures 9(e) and 9(f) show the calculated surface bands
along Y —S—X in the SBZ. No attempts were made to
measure dispersions of the surface bands along these sym-
metry directions. The main features of the surface bands
along the F—S—X line in Figs. 9(e) and 9(f) are very simi-
lar to those along X-I —K %'ith the exception of one
resonance band of odd symmetry which extends from S2
to the middle of Fz with the binding energy of 4.5 eV and
a d 2 2 character [not shown in Fig. 9(f)], all surface-

resonance bands are distributed within 2 eV below the
Fermi level. The surface states along F-S—X also have
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strong d character. A weakly bound surface band E
(main character, d» &) exists just below the Fermi en-Z, X

ergy at the bottom of an absolute gap around S. The sur-
face band H, (d~, ) and the resonance bands G(d ~),

H2(d 2 2 2), and h(d„~)are also found in another abso-z,x —y
lute gap on the S—X line. An even-symmetry gap around
—1 eV on the Y—S line contains two resonance bands
F, (dx, ) and F2(d, ~ 2 2).

From the above discussion, the energy positions and
dispersions of the surface bands show good qualitative
agreement between theory and experiment. The good
agreement in Table II is surprising in view of the self-
energy shifts of 0.5 eV found for bulk emission from
the d bands. ' The differences in the experimental bulk
band energies when compared to theory (see bottom of
Table II) are presumably due to the effect of the excita-
tion process. ' Excited states are measured by photo-
emission while the ground state is calculated. The
differences in energy positions between the measured and
calculated band gap (between Mz and M5), which contain
the surface states at I, is given in the bottom of Table II.

The fact that the agreement between theory and exper-
iment is very good for the surface states coupled with the
systematic differences between theory and experiment for
the bulk bands' creates a problem in discussing the posi-
tioning of the surface states within the bulk gaps. For ex-
ample, in the even bulk projections [Figs. 9(a) and 9(b)],
the X3 and X4 surface states at I are found in the middle
of the experimental bulk band gap while the theory shows
that these two surface states are very close to the bulk
band edge. Another difference between theory and exper-
iment is found in the X& surface state. The measured XI
surface state at I is very close to the bulk band edge as
shown in Fig. 9(a), whereas the calculated Xi surface
state lies in the middle of the band gap. Similar
discrepancies are found in the odd projections [Figs. 9(c)
and 9(d)] for the X3 and X4 sur(ace states. There are at
least two possible explanations for the disagreement be-
tween theory and experiment concerning the position of
the surface states within the bulk gaps. The first is an en-
ergy potential problem with the numerical procedure,
and the second is a physical phenomena ignored in the
theory. The numerical problem arises because we are
comparing a five-layer-slab calculation for the position of
the surface states with a bulk calculation for the bulk
band gaps. Procedures for integrating the bulk density of
states in the bulk calculation and the density of states in
the slab calculation to obtain the Fermi energy can result
in a shift (or uncertainty) in the energy position of the
surface states. If this is the explanation, the remarkable
agreement seen in Table II is fortuitous. The second ex-
planation is that the self-energy correction to the single
particle energy is different in the surface than in the bulk.

The nature of the photoemission peak with binding en-
ergy of 0.65 eV has not been discussed so far. Its energy
position in the bulk band projections [Figs. 9(a) and 9(c)]
is shown by closed triangles along symmetry lines XI and
b, 2, and by + along Z, and X2. (The e along X2 are data
points folded back from second zone. ) Figures 9(a) and
9(b) show that this state exists both in the bulk continu-
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FIG. 10. Total density of states (DOS) of NiAl(110) calculat-
ed from a five-layer slab (dashed curve). The DOS from bulk
NiAl is also shown for reference (solid curve).

um as well as inside the band gap. Except for intensity
variation in the photoemission spectra taken along
different symmetry directions, there is no well-defined
symmetry of this state at I and along X—I"—Y. The
near-dispersionless nature of this state suggests that it is
atomiclike, with a very localized wave function. Howev-
er, the cross section of this state shown in Fig. 5(a) is
characteristic of a p-like wave function. It could be an
extrinsic surface state or a localized defect state except
for the fact that it is insensitive to surface contamination
by carbon monoxide and oxygen. In the following, we
offer a possible explanation for the existence of this peak
in the photoemission spectra. For the bulk Ni-Al alloy
system, the P' phase which has the CsC1 structure exists
between 45 and 60 at. % Ni. For a 1:1 stoichiometry,
there is one Ni and one Al atom per unit cell. However,
deviations from this stoichiometry with a Ni concentra-
tion greater than 50 at. % result in having Ni atoms oc-
cupy Al sites substitutionally. In preparing the clean
surface, the sputtering process results in a loss of Al
atoms in the selvedge region. Although subsequent an-
nealing results in the diffusion of Al from the bulk to this
region, it is impossible to conclude that the outermost
layers have the exact 1:1 stoichiometry. Thus a small
concentration of excess Ni atoms occurring at the surface
could shift the Ni d density of states towards the Fermi
level leading to an observable feature in the photoemis-
sion spectra. We suggest that the —0.65-eV peak in the
X4 spectra, Fig. 4(b), is due to excess Ni at the surface.
Since the photoemitted intensity in the X3 spectra is ap-
proximately 11 times that of the X4 spectra, it is not un-
reasonable that the —0.65-eV feature is not observed in
Fig. 4(a).

To summarize the above discussion of the relaxed
surface-resonance band structure of the NiA1(110) sur-
face, we compare in Fig. 10 the calculated density of
states (DOS) of the five-layer slab (dashed curve) with the
corresponding DOS of bulk NiA1. Although the overall
characteristics of the two curves are very similar, the slab
DOS shows two new features as indicated by a and b in
Fig. 10. Peak a is attributed to a surface state at —1.0
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eV and peak b to a d-resonance state near the lower gap
edge. The surface-state peak in the DOS curve is
predominantly d-like, and it contains the Xz, X3, and X4
surface states. The resonance peak is mainly from the
surface-state band including the X, state. It is easy to see
from Fig. 10 that if an appropriate amount of the bulk
DOS (solid curve) is subtracted from the five-layer DOS,
the remaining true surface DOS curve will be shifted to-
wards the Fermi level. Experimentally, it is possible to
create simulated surface and bulk DOS curves by sum-
ming many angle and photon energy spectra with either
the bulk or surface-state peaks removed. When this is
done the first moment of the constructed surface DOS is
shifted towards the Fermi level by =0.5 eV compared to
the bulk DOS. This shift in the surf'. ce DOS suggests
that the surface Ni and Al atoms in the alloy have
recovered some of their atomic character. However, the
magnitude of the shift in the surface DOS is not large
enough to aAect the DOS at the Fermi level. Therefore,
the magnetic property of NiA1(110) is expected to be the
same as the bulk, i.e., nonmagnetic.

IV. CONCLUSION

The electronic properties of the NiA1(110) surface are
characterized by surface states existing throughout most

of the SBZ. The experimental results were compared
with theoretical calculations, which qualitatively repro-
duce the energy positions of the surface-resonance states.
We found that the filled d band, a characteristic of the
bulk NiAl, was also present for the surface, indicating
that the (110) surface has the same magnetic properties as
the bulk. The agreement between theory and experiment
is encouraging, especially considering the complexities
associated with an alloy surface. Yet, there is one
remaining discrepancy: the position of the surface states
with respect to the bulk band edges. This problem may
be associated with a di8'erence in the self-energy near the
surface where there is a rapid variation in the charge den-
sity profile.
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