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We present a joint experimental and theoretical study of the electronic structure and surface reso-
nances of the Ta(001) surface. Angle-resolved photoemission experiments were performed with use
of synchrotron radiation in the photon-energy range 10 to 100 eV. Three surface resonances have
been identified in the angle-resolved photoemission spectra. Their symmetry, dispersion, and orbit-
al character are determined. The experimental data are compared to self-consistent local-density-
functional calculations for 9- and 21-layer Ta(001) slabs that are either bulk terminated or have a
14% contraction of the surface interlayer spacing. Since the degenerate d states of bulk Ta (e.g., the
I')s and I'y, irreducible representations) are above the Fermi level, the spin-orbit interaction—
which can lift orbital degeneracies—has little effect on the occupied bands and is not required in
order to explain the behavior of the resonances. The calculations for the 14% contracted surface
interlayer separation is in better agreement with the experimental result than are the bulk-
terminated bands. The role of these surface resonances on the stability of the (001) face of Ta will

15 SEPTEMBER 1990-1

be discussed.

I. INTRODUCTION

The (001) surfaces of bcc transition metals have a rich
collection of surface electronic states. Previous studies of
the (001) surfaces of transition metals have shown that
the clean W(001) and Mo(001) surfaces go through a re-
versible phase transition from a (1X 1) structure around
room temperature to a ¢ (2X2) structure at low tempera-
ture. While Ta(001) has the same crystal structure as
W(001) and is a neighbor of W to the left in the Periodic
Table, it does not reconstruct in a temperature range of
650-15 K."'? The instability of the W(001) surface has
been attributed to both surface-state nesting on the Fermi
surface’~* and to a local rebonding of surface states.® For
W(001) and Mo(001), three bands of occupied surface res-
onances have been observed. At the center of the Bril-
louin zone (BZ), two of the surface resonances are close
to the Fermi level [0.2, 0.6 eV for W(001), and 0.2 and 0.8
eV for Mo(001)] and one low-lying surface resonance ap-
pears’ at relatively higher binding energy (3.3 eV for W
and 4.2 eV for Mo). The W(001) surface state at 0.6 eV
binding energy at T crosses the Fermi level approximate-
ly® halfway along T —M. This state has been suggested
as the driving mechanism of the surface reconstruc-
tion.~®

Few experimental studies of the Ta(001) surface have
been reported. Bartynski and Gustafsson® have per-
formed an inverse-photoemission (IPE) study of the unoc-
cupied surface states on the Ta(001) surface. Two d-like
surface states were observed above the Fermi level. Their
energies and dispersions along k, are in semiquantitative
agreement with local-density calculations for a five-layer
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Ta(001) film."” Along T—X one of the surface reso-
nances appears’ to disperse below the Fermi level and
should be visible near the T point in photoemission ex-
periments.

From a study of the surface states of Ta(001) below the
Fermi level, a more complete picture of Ta(001) can be
obtained. To this end, an angle-resolved photoemission
study of Ta(001) has been carried out using the polarized
light from a synchrotron. We have carefully examined
the electronic structure of the valence levels and the 4f
core levels as a function of incident-photon energies,
emission angles, and photon polarizations. Three surface
resonances have been identified at the T point. (We will
use the generic term ‘‘surface resonances” for surface-
localized electron states in the bulk-projected gaps, as
well as for those that overlap the bulk continuum.) They
are located at about 0.0, 2.7, and 3.4 eV below the Fermi
level. The dispersion of these surface resonances has
been measured along both the T'—M and T —X direc-
tions in the surface Brillouin zone (BZ). The resonances
located at 0.0 and 2.7 eV binding energy are identified as
mainly d , in orbital character, and the one at 3.4 eV is

composed of both d,; and dxz_yg orbitals. Polarization
measurements have been used to verify the symmetry of
the surface resonances, and photon-energy sweeps allow
the identification of final states that couple the photon
field to the surface resonances.

Relativistic local-density-functional (LDA) calculations
of the valence bands of bulk Ta reveal that, unlike W and
Mo, inclusion of spin-orbit interaction causes only a small
perturbation on the valence bands of Ta(001). This can be
attributed to the fact that the bands that are strongly
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modified by the inclusion of spin orbit in W and Mo are
now unoccupied for Ta(001). Thus spin-orbit interaction
is not required to explain the behavior of these valence
electronic states.

Total-energy calculations!! for various surface-layer re-
laxations predict a contraction of the surface-interlayer
separation of ~13.2% with respect to the lattice spacing
of bulk Ta. This result is consistent with values deter-
mined from both low-energy electron diffraction! (LEED)
and photoelectron-diffraction (PD) experiments.'? We
show the bands for both 0% (bulk termination) and 14%
contractions of the first interlayer distance and find that
the surface electronic structure of Ta(001) is altered
significantly by the surface relaxation. Comparing to the
results of our angle-resolved photoemission data for the
number, position, dispersion, and symmetry of the sur-
face resonances, good agreement is achieved for calcula-
tions with a 14% contraction.

II. EXPERIMENTAL DETAILS
A. Sample preparation

A mechanically polished and chemically cleaned
single-crystal Ta(001) disk of 99.999% purity and approx-
imately 6 mm in diameter is used as the sample for this
angle-resolved photoemission study. Sharp x-ray
diffraction patterns confirmed the ordered bulk structure
of the Ta sample. The Ta(001) crystal is spot welded onto
a tungsten wire and then mounted on an x-y-z linear and
two-rotational manipulator. To clean the Ta(001) in the
UHV chamber, repeated Ar-ion sputtering and high-
temperature annealing techniques are employed. First,
the sample is sputtered with 1-keV Ar ions for about 30
min to remove the contamination. Then the sample is
electron bombarded from an adjacent hot filament, rais-
ing the temperature to about 2500°C for 30 s. After
several tens of cycles, a clean surface of Ta(001) is indi-
cated by the ratio of the surface to bulk intensity, and the
line shapes of the 4f core level, and sharp LEED pat-
terns. For surface-sensitive work on reactive samples
such as Ta(001), it is found that the ratio and line shapes
of the 4f surface and bulk core levels are more sensitive
to contamination and smoothness of the surface than oth-
er techniques such as Auger-electron spectroscopy and
valence-band photoelectron spectroscopy. The large 4f
surface core-level shift of 0.75 eV makes it easy to moni-
tor the surface condition during the experiments.

B. Angle-resolved photoemission

The experiment was carried out at the National Syn-
chrotron Light Source, beam line Ul2, at Brookhaven
National Laboratory (Upton, NY). The photons from
the uv storage ring are dispersed with a 15°-incidence
toroidal grating monochromator. Photons in the energy
range 10-100 eV are used to excite the photoelectrons
from the Ta(001) surface. The spectra were taken with a
180° and 25-mm spherical energy analyzer with an accep-
tance of +2.0°. The total-energy resolution in our inves-
tigation range varies from 0.1 to 0.5 eV. The experimen-

tal setup is arranged to allow the independent control of
incidence and emission angles, so that one can either fix
the photon-polarization vector and sweep k; or fix k and
vary the polarization of A. This setup allow us to map
out the surface-state dispersion of Ta(001) along the
T—>X—-T and T-—-M —T directions, with either s- or
p-polarized incident photons. In order to compare the
spectra taken at different photon energies and different
times, the intensity of each energy-distribution curve tak-
en by the spherical energy analyzer is normalized by the
current from a reference W mesh.

The angle-resolved photoemission is performed in an
UHV system with an operating pressure of 6X10~!!
Torr. The exposure of the sample, mostly to hydrogen,
was less than 0.1 L in 30 min [l langmuir (L)=10"°
Torrsec]. Both valence and 4f core levels showed no
contamination in that time. As a precaution, the sample
was flashed cleaned every 20 min.

III. THEORETICAL DETAILS
AND DISCUSSION

A. Relativistic effects on bulk Ta bands

Relativistic effects which modify the bands of heavy
materials can be divided into two types: (1) those such as
the mass-velocity and Darwin terms that shift bands, but
do not cause any additional symmetry breaking, and (2)
the spin-orbit interaction which changes the symmetry of
the system and thus can introduce additional splitting
and avoided crossings of levels. The symmetry-
conserving relativistic terms are well described by the
scalar relativistic approximation'® (SRA) commonly used
in electronic-structure calculations. In what follows, the
term spin orbit will be reserved for the symmetry-
breaking interactions alone; all other relativistic changes
of the bands are already included via the SRA. (The
differences between the SRA and nonrelativistic bands
can be on the order of an eV, especially for s-d separa-
tions.) Neglect of the spin-orbit interaction will cause the
biggest errors along the high-symmetry lines and planes
which are the only places where more than one irreduc-
ible representation of the single group can occur.

The avoided crossings induced by the spin-orbit in-
teraction may create new gaps, which in turn can, in
principle, support surface states. In addition, the
changed dispersion of the bands can alter the Fermi sur-
face. For the spin-orbit interaction to have much of an
effect, there must be degenerate states, and the spin-orbit
coupling must be comparable to or larger than the
crystal-field (including electron-hopping) effects. On
transition-metals surfaces'*!* such as W(110) and
Mo(110), the effects of spin orbit on the d bands near the
Fermi level (Eg) are significant since E falls near the
I'ys and ', degenerate d states. For Ta, however, the
Fermi level is below the I',5. and I'y, states. The d states
of concern in Ta are singly degenerate, and thus the
effects on the occupied states are correspondingly much
smaller than for Mo or W. In Fig. 1 the scalar-
relativistic (solid lines) and fully relativistic (dotted lines)
bulk Ta bands along the A line (which projects down to T
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FIG. 1. Left: Bulk scalar-relativistic (solid lines) and fully relativistic (dashed lines) bands of Ta along I'— H. Right: bulk BZ of

bee structure and its projection onto the (001) surface BZ.

of the surface Brillouin zone) are shown. These self-
consistent LDA bulk bands were calculated using the
linearized augmented-Slater-type-orbital (LASTO)
method.'® Below the Fermi level, spin-orbit coupling has
almost no effect on the dispersion of the bands. No gap is
opened up where the bands cross since they belong to
different double-group irreducible representations (A,
and A,) and thus can cross. Only similarly small spin-
orbit-induced changes occur throughout the BZ, demon-
strating that the spin-orbit interaction does not
significantly alter the occupied LDA bands for the
Ta(001) surface. (A possible exception will be discussed
later.) Above the Fermi level, however, significant split-
tings and changes in the dispersion of the levels occur
when the spin orbit interaction is included. Since for W
and Mo the Fermi level falls near these states, the spin-
orbit interaction will be more important in describing the
occupied bands of these materials.

B. Surface relaxation and surface states

The presence of a surface is a large perturbation on the
first few atomic layers. Since the local environment is
different at bulk and surface sites, the first interlayer
spacing of clean metal surfaces should differ in general
from that of the ideal bulk-terminated solid. From sim-
ple bond-cutting/strength arguments, the naive expecta-
tion is that the surface layer should contract, and for
most metal surfaces a small contraction is indeed ob-
served. Since Ta has a large cohesive energy (8.1
eV/atom), the bond-strength arguments also suggest a
rather substantial contraction due to the strengthening of
the bonds between the surface and subsurface layers.

A LEED study' of the surface-layer relaxation of
Ta(001) has previously reported a 10% contraction of the
first interlayer spacing. Recently, a photoelectron-
diffraction (PD) study,'? employing the surface-shifted 4/
core levels, has been performed. Comparing with
multiple-scattering LEED-type calculations for Ta(001)
surfaces with first interlayer contractions up to 15%, a

10% contraction of the surface was inferred. Note that
neither the LEED nor PD determinations are direct mea-
surements of the interlayer spacing. Total-energy calcu-
lations!! for nine layer slabs of Ta(001) give a contraction
of the first interlayer separation of ~13.2%. The
discrepancies between this theoretical value and previous
values obtained from LEED and PD are within the ex-
perimental and theoretical uncertainties. The surface re-
laxation improves the agreement between theory'' and
experiment for the surface core-level shift. For the
valence bands, there are also significant changes in the
surface-state dispersions and positions accompanying the
relaxation. The energy bands along T-X-M-T in the
surface BZ for Ta(001) are shown in Figs. 2(a) (bulk ter-
mination) and 2(b) (14% contraction of the first layer).
All surface calculations reported here were done using
the full-potential linear augmented-plane-wave (FLAPW)
method.!” States with a high percentage ( > 60%) of their
wave functions in the surface region are marked. Some
of the particular changes are the following: (1) The unre-
laxed slab has two resonances along both A, and X, (the
2" label states odd with respect to the symmetry plane),
while the relaxed slab has only one in each case. (2) The
odd-symmetry states at M shift toward Ep by ~0.4 eV
when the surface is relaxed. (3) The dispersion of the X,
and A, surface resonances near the Fermi level is
modified. Because of the simpler structure of the odd-
symmetry bands, it is easier to use the photoemission re-
sults for the A, and =, resonances to choose between the
ideal terminated and contracted-surface bands; from such
a comparison, the photoemission results are in better
agreement with the bands of the contracted surface [Fig.
2(b)]. Henceforth we will make comparisons to the bands
corresponding to a 14% contraction of the first interlayer
separation. We have not considered a reconstruction of
the Ta(001) surface because there is no experimental evi-
dence of a reconstruction and the ¥, surface state that is
believed responsible for the W(001) reconstruction is
completely unoccupied.

Any direct comparisons of photoemission experiments
and local-density calculations are subject to several
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FIG. 2. Energy bands for nine-layer Ta(001) slabs for either
(a) bulk terminated or (b) a 14% contraction of the first inter-
layer spacing, separated by mirror symmetry (top part, even;
bottom, odd). States with at least 60% localization in the sur-
face region are marked.

caveats. First and foremost, the local-density eigenvalues
plotted are not quasiparticle energies that are measured;
they are not even the true ground-state energies. Howev-
er, if the valence hole created in the photoemission pro-
cess is delocalized (the self-energy is small), then the ei-
genvalues are good approximations to the quasiparticle
energies. Generally, one expects that materials near the
beginning of the transition-metal series will be less corre-
lated (the self-energy effects are smaller) and that the
dispersion and position of states will be given approxi-
mately correctly by band calculations. While Ta(001)
falls in this category, some differences between theory
and experiment in regard to dispersions and positions of
states are to be expected.

Another difficulty in comparing experiment and theory
for surface calculations are finite-size effects. Most sur-
face calculations (including the ones presented here) use a
finite slab or supercell. In these methods the semi-infinite
surface is approximated by a small number of layers. The
reasonableness of this approximation rests on the short
screening length and, even more importantly, on the fact
that integral properties such as total energies and charge
densities can be given accurately by finite samplings of re-
ciprocal space. In the slab and supercell methods, the
projected bulk band are given as a series of discrete slab
bands: In an N-layer slab, each projected bulk band is
represented by N bands. These slab bands, which must
represent both bulk continuum and surface-resonance
states, can be separated by on the order of an eV in ener-
gy. Thus, although the integral over all occupied states
may be accurate, the calculated positions of individual
resonances (which are not integral properties) will be
dependent to some extent on the number of layers.

To get some measure of this effect, we also present the

Ta(001) 147 conlraction

FIG. 3. Energy bands for a 21-layer Ta(001) slab with a 14%
contraction of the first interlayer spacing for even (top) and odd
(bottom) symmetry.
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bands (Fig. 3) from a 21-layer Ta(001) film corresponding
to a 149% contraction. These bands are obtained by a
“stretching’ method that uses the density and potential
of the film and bulk to generate a thicker film. Although
the results are not fully self-consistent, i.e., total energies
are not completely converged, the bands are relatively
stable. The dispersions and positions of the surface reso-
nances are more obvious, as are the bulk symmetry-
projected gaps. While the positions of the resonances are
little changed, there are differences in the interpretation
of some of the surface features. In particular, in the 21-
layer films bands, the iz and Zz resonances are seen to be
actually in the symmetry gaps, whereas from the nine-
layer films they appeared to overlap the continuum. For
the Zl states, the main change is that the resonance that
disperses down from X is now slightly deeper and closer
to the projected band gap than in the nine-layer film.

The 3, resonances show the biggest changes in position
and interpretation. The resonance at ~3 eV binding en-
ergy is now found to definitely overlap the continuum,
and the surface state from T is clearly in the gap. The
resonance that was seen to cross the Fermi level ~0.4 of
the way from T'—M in the nine-layer film is better
thought of as a surface-enhanced bulk feature: The bulk-
band structure has some flat bands (in k) at these k.
This grouping of states will show little dispersion with
photon energy and thus mimic a surface resonance. (The
center of these states crosses the Fermi level at ~0.43
A ~') The calculations show more surface enhancement
of the wave functions nearer to M, which is also where
the bulk bands become broader. Although the dispersion
of this resonance near the Fermi level is mainly due to
the bulk bands, this state may be further surface
enhanced due to the spin-orbit coupling. Along I, the
spin-orbit coupling will destroy the remaining mirror
symmetry and thus generate avoided crossings in the
bulk bands. These avoided crossings induce additional
critical points in the bands from which states can be split
off. While this resonance can be understood without con-
sidering spin orbit, it seems likely that the spin-orbit in-
teraction will tend to enhance the surface character of
this resonance. Because of these various differences relat-
ed to finite-size effects, our comparisons between theory
and experiment use the resonances and bulk edges calcu-
lated for the 21-layer film.

Although there are a number of reasons why experi-
ment and calculations should not agree, comparisons are
still worthwhile. Discrepancies point out the limitations
of the various theoretical approximations and some of the
important physics beyond ground-state local-density cal-
culations. On the other hand, the calculations provide
important information about wave-function character,
bonding, etc., which is difficult or impossible to extract
from experiments alone, thus providing a more complete
picture of the electronic structure of the surface.

IV. RESULTS AND DISCUSSION
A. Photoemission from the center of Brillouin zone

Normal-emission photoelectron spectroscopy was car-
ried out for both s- and p-polarized light. Except for

secondary backgrounds, no spectral feature was observed
in the normal-emission angle-resolved photoemission
spectra when using s-polarized light. A typical angle-
resolved photoemission energy-distribution curve from
Ta(001) is displayed in Fig. 4. The spectrum was created
by 60°-incident p-polarized light with the polarization A
vector in the plane of collection along T—M. A sharp
and intense feature near 0.2 eV is a surface-sensitive state
in the valence band. A relatively broader feature at about
3 eV binding energy is actually composed of two surface-
sensitive states that are located at 2.7 and 3.4 eV, respec-
tively. These surface-sensitive features do not disperse in
binding energy as a function of incident-photon energy,
indicating that they are good candidates for the surface
states of Ta(001). According to the theoretical calcula-
tions, there should be a Ta A, bulk band in a binding-
energy range of 3-8 eV, which is not observable in this
spectrum due to reasons that we will discuss later. Be-
sides the valence-band features, there is a very broad
bump centered at a binding energy of 12 eV. This is an
Auger peak resulting from the relaxation of a pair of Ta
valence electrons. One of the valence electron decays
into the Ta 4f hole created by the direct photoelectron
excitation; the other escapes into the continuum and is
measured by the detector. Among the secondary-
electron background, a broad feature located at about 23
eV binding energy is composed of four individual Ta 4f
core levels. The 4f5,, and 4f,,, Ta bulk states are locat-
ed at the binding energies of 23.6 and 21.7 eV, respective-
ly. For each of these levels, the core states at the surface
shift 0.75 eV to higher binding energy compared to the
bulk levels due to the changed local environment at the
surface. The spectra taken at larger photon energy show
the well-separated peaks at binding energies of 21.7, 22.4,
23.6, and 24.3 eV, respectively. Finally, the work func-
tion of Ta(001) can be extracted from Fig. 4 by subtract-
ing the width of the energy-distribution curve from the

Ta(001)
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FIG. 4. Angle-resolved photoemission energy-distribution
curve of Ta (001) taken by the 60°-incidence light and collected
at the surface normal. The A vector of the polarized light is in
the mirror plane of collection along ' — M.
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incident-photon energy. A 4.1-eV work function is ob-
tained in this normal-emission photoelectron spectrosco-
py measurement for Ta(001); the calculations give a value
of 4.2 eV.

Since we are particularly interested in the surface elec-
tronic structure of Ta(001), the studies will mostly em-
phasize the valence-band energy region. Figure 5 shows
a set of normal-emission photoelectron spectra taken at
45° incidence and various photon energies. A sharp
feature appears at 0.2 eV below the Fermi level whose in-
tensity varies as a function of incident-photon energy.
This resonance was previously predicted in the calcula-
tion of Krakauer.'® The asymmetry in the line shape
near the Fermi level indicates that its center is located at
or above the Fermi energy or else it is due to other mech-
anisms such as phonon broadening. With an instrumen-
tal resolution of 0.1-0.2 eV, it is difficult to pin down
whether this surface resonance is centered above or below
the Fermi level in the normal-emission spectra. One way

Normal Emission

IHIIHIII IIIHllHIIHHIHI[T;‘HHIHIHHIIIIIIIIIIIIlIl'IIIHITTIlHIIIHH
Ta(001)

R|r-g

Ki=0
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Lo bl b
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FIG. 5. Normal-emission photoelectron spectra from the
Ta(001) surface taken at various photon energies and 45°-
incidence angle. The polarization vector A was parallel to the
T — M direction. The dashed curves are two Gaussian fits at a
fixed FWHM of 0.34 and 0.42 eV.

to determine more precisely the position of the surface
resonance near the Fermi level is to decompose its line
shape with a Lorenzian and an instrumental broadening,
and then compare these line shapes and widths with spec-
tra taken at a k, where the resonance is below the Fermi
level. In the Ta(001) case, unfortunately, the second sur-
face resonance that crosses the Fermi level at about 0.4
A "!lies too close. This overlap prevents a “clean” mea-
surement of the surface resonance and makes a deter-
mination of the full width at half maximum (FWHM)
ambiguous.

In the inverse photoemission spectra, a surface state
was observed at about 0.2 eV above the Fermi level at the
T point. According to the band calculations for the 21-
layer film of Ta(001), a surface resonance is predicted at
the Fermi level (0.05 eV above E at T). This indicates
that the same surface-resonance state is being observed
both above and below the Fermi level with two different
experimental techniques. There are several related ex-
planations. First, since the states are rather localized in
space (as determined from the calculations), the self-
energy differences between adding and subtracting an
electron can account for the two results as long as the
resonance extends both above and below E.. A possible
cause of this broadening of the surface resonance is the
overlap with the A, symmetry continuum. The only bulk
band that overlaps the totally even-symmetry surface res-
onance is a A, band, which has a different bulk symme-
try, but as seen in Fig. 1, spin orbit will allow coupling of
the resonance to the A, band. The signal-to-background
ratio for the surface resonance in direct photoemission is
significantly greater than that in inverse photoemission.
As a first-order approximation, this suggests that the
center of the surface resonance is located at the Fermi
level, although such a conclusion is complicated by de-
tails of the experimental setup used in the inverse-
photoemission experiments and the fact that bulk I',s
transitions will contribute a larger background to the
inverse-photoemission data.

The two features located at 2.7 and 3.4 eV are most
clearly separated at 40 eV photon energy. Like the sur-
face state at the Fermi level, the intensity of these states
vary as a function of photon energy. In order to precisely
determine any dispersion of these surface-sensitive states
as a function of photon energy, curve fitting has been car-
ried out on each spectrum. The structures at higher
binding energy were fitted by two Gaussian peaks with
fixed FWHM, but with variable binding energies and in-
tensities. The values of the fixed FWHM of 0.24 and 0.42
eV for low and high binding energies of the surface states,
respectively, were determined by fitting one of the best-
resolved spectra with two Gaussian peaks. The binding
energies of these two Gaussian peaks at 2.7 and 3.4 eV
are found to hardly vary as a function of incident-photon
energy from 14 to 100 eV.

To determine whether these surface states are in bulk
gaps, great effort has been taken to attempt to identify
the bulk bands of Ta(001). According to the band struc-
ture of Fig. 1, there are two bulk bands with symmetries
A, and A, below the Fermi level and one of Aj just above
E that project to the T point of the Ta(001) surface BZ.
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Since the final state of the electron is invariant under
crystal operations for normal photoemission, the initial
state must have the same symmetry as the dipole opera-
tor that causes the optical transition. In the case of
Ta(001), only states with A; or A5 symmetry can be excit-
ed in normal emission. Furthermore, initial A, states can
be excited only by the normal component of A and the
A; states only by the parallel component. Two results
can be drawn from these selection rules. First, at T the
resonances are derived from either Ag bulk bands (the
state near the Fermi level) or else from A, bands (the two
resonances with greater binding energies). Second, a Ta
bulk band with A, symmetry is expected to be seen in
normal emission. We find that the spectra taken down to
15 eV below the Fermi level with various incident-photon
energies show little trace if any of the A, band. Ap-
parently, the cross section for the sp bulk states is small
compared to the d-like surface resonances in our range of
photon energies. (The A, state is predominantly sp-like
near the bottom of the band.) Previous angle-resolved
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photoemission experiments'® on Ta(001) using 70-eV p-
polarized light did show a peak with small intensity at 6.7
eV binding energy. Besides the A bulk band of Ta, oxy-
gen and other hydrocarbons (sp states) are very sensitive
to photon energy in this binding-energy region.

The number of surface-resonance states above the Fer-
mi level remained an unsolved problem in the inverse-
photoemission study. For the spectrum taken at normal
incidence, the second feature located at 1 eV above the
Fermi level was attributed to the bulk transition.’ Ac-
cording to the LDA calculation for the 21-layer Ta(001)
slabs, a surface resonance is predicted at an energy 0.8 eV
above the Fermi level at T. The dispersion of this surface
resonance away from T along both T—M and T —X is
confirmed by the inverse-photoemission results. Near T,
this state loses intensity compared to the bulk back-
ground. It should be noted that at T, the bulk I, levels
are located at the same energy as the surface resonance.
Besides the instrumental resolution, the overlap of the
bulk I',s levels with the surface resonance at 0.8 eV
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above the Fermi level may have prevented the experimen-
tal identification of this surface resonance in the previous
inverse-photoemission study.” In addition, and perhaps
more importantly, spin-orbit effects will be significant for
the unoccupied states near T' probed by the IPE experi-
ments, with the possible result that the states near T are
more strongly coupled to the bulk states than the SRA
calculations would suggest.

B. Dispersion along T — M

The surface-state dispersion along T — M is especially
interesting because the surface atomic displacements of
the ¢ (2X2) reconstruction of W(001) is along this direc-
tion. Angle-resolved photoemission measurements® for
W(001) show that a 3, surface state crosses the Fermi
level at about halfway toward M. It is generally believed
that this state is responsible for the observed reconstruc-
tion. A careful examination of the surface resonances of
Ta(001) along the same direction will give us further in-
sight into these types of transition-metal surface recon-
structions.

Photoemission spectra obtained along T —M of the
Ta(001) surface BZ are shown in Fig. 6(a) for even sym-
metry and in Fig. 6(b) for odd symmetry. In the even-
symmetry configuration, only X, symmetry states will be
excited by p-polarized light with the polarization vector
A along T —M. The d-electronic states that have 3,
symmetry are d », d,,, and d, ), orbitals. As shown in

Fig. 6(a), when the emission angle increases along the
even-symmetry direction, the sharp feature at the Fermi
level disperses downward, reaching the M point at 1.8 eV
binding energy. A second feature crosses the Fermi level
at about 0.4 A ~! and reaches its maximum binding ener-
gy at 1.0 A ~1. As discussed above, the surface localiza-
tion of this state may be enhanced due to the spin-orbit
coupling. The low-lying surface resonance at 2.7 eV
disperses upwards and reaches its minimum binding at
M, with the same energy at M as the peak that disperses
downward from the Fermi level. The high-lying surface-
resonance state at 3.4 eV binding energy shows a symme-
try around the half of the surface BZ with a minimum
binding at about 2.5 eV at 0.55 A ~!. The odd-symmetry
photoemission spectra were obtained by setting the polar-
ization vector A of the s-polarized light perpendicular to
the mirror plane of collection. In this case, only the ini-
tial states with =, symmetry (such as dxzwyz and d, _,),

orbitals) will be excited and detected along T —M. The
electronic structure is very simple for this symmetry.
Only a single surface resonance is predicted by the 14%
contracted film. The spectra taken for odd symmetry
along T — M are excited by the s-polarized light with po-
larization vector A perpendicular to the mirror plane of
collection. The spectra in Fig. 6(b) show a much clearer
picture of the odd-state dispersion. At this setting, only
one surface-resonance state appears and disperses from
3.4 eV binding energy at the zone center upwards to 1.4
eV at the M point. The FWHM of this surface resonance
is determined to be about 0.7 eV.

Figure 7 plots the dispersion of the surface-sensitive

features as a function of k, along = with even (top) and
odd (bottom) symmetry. The circles are angle-resolved
photoemission results from Figs. 6(a) and 6(b). The
squares are the inverse-photoemission results from Ref. 9.
The solid lines are the predicted surface resonances from
the self-consistent calculations for the 9- and 2l-layer
14% contracted Ta(001) slabs. The shaded regions are
the projections of the bulk bands of either even or odd
symmetry. For I, symmetry, which has even reflection
with respect to the plane that contains the surface normal
and the T — M direction, the T resonance at E is in the
symmetry gap for the 21-layer film. This indicates a
weak coupling of the surface resonance with the bulk
band. Consistent with this picture, the contamination
tests show that the states at 0.0 and 2.7 eV are more sur-
face sensitive than the surface resonance in the projected
bulk-band region. The surface resonance at 3.4 eV at T is
complicated by two facts. First, this state has both an
even (2,) and odd (Z,) surface resonance away from I.
Second, for even symmetry, this state is located in the
projected bulk-band region; i.e., this state can couple
more strongly with the bulk bands and decay further into
the near-surface region. The local-density calculation for
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FIG. 7. Dispersion of surface resonance states on Ta(001)
along =. Circles are experimental results, squares are the IPE
results of Ref. 9, the slanted lines represent the projected bulk
bands, and the solid lines are the predicted resonances from a
14% contracted Ta(001) film.
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the 21-layer Ta(001) slab shown in Fig. 3 gives detailed
information on the wave-function character of the sur-
face resonances. Comparing them with the experimental
data in Fig. 7, the d characters of these surface reso-
nances can be identified. For example, three even-
symmetry d orbitals, d ,, d,,, and d, ,,,, may exist
along the T — M direction. Each surface state may be a
combination of the three orbitals throughout the surface
BZ. The LDA calculation indicates that the three sur-
face resonances below the Fermi level are mainly d_,in

character. Above the Fermi level, the first fl resonance
is composed of both d,, and d, ., orbitals, and the one
with the highest energy shown in Fig. 7 is mainly d,,.
Calculations also show that_the resonance that crosses
the Fermi level at about 0.4 A ~! is relatively less surface
sensitive than the rest of the surface resonances. Unlike
the case of W(001), in which a surface resonance in a bulk
gap crosses the Fermi level at about halfway along
' — M, the strong coupling of this surface resonance with
the bulk band makes the Ta(001) surface relatively more
stable. For the odd-symmetry case, the calculation indi-
cates that the only surface resonance below the Fermi
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level is mostly dxg - in character.

In Fig. 7, we also compare the previous inverse-
photoemission results® with the local-density calculations.
Since in the IPE experiments, no determination of the
symmetry of the electronic states is possible without
photon-polarization information, all the IPE data are
plotted in the X, portion of Fig. 7. (For the predicted =,
resonance, see Fig. 3.) Two distinct surface resonances
are predicted above the Fermi level in the symmetry gap
along T—M direction. The experimental data agree
rather well in the symmetry gap with the theoretical cal-
culation. Near the midpoint of the surface BZ, the X,
and I, resonances separate, with the 3, resonance
theoretically losing intensity as it crosses the bulk contin-
uum. The I, resonance is predicted to remain localized
to the surface throughout the zone. Note that this is the
resonance that crosses the Fermi level in the case of
W(001). The IPE measurements show that the peak near
the Fermi level at normal incidence does not disperse ap-
preciably until about halfway to the surface-BZ edge. If
this peak is due to the broadening of the surface reso-
nance at the Fermi level, most of the discrepancies can be
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_ FIG. 8. Angle-resolved photoelectron spectra for the (a) even and (b) odd states of Ta(001) taken at various polar angles along the
A direction. The photon energy was 40 eV and the angle of incidence was 45°.
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resolved because the dispersion of the d surface resonance
below the Fermi level is quite flat. Besides the contribu-
tion of the occupied surface resonance near T, th°e surface
resonance that crosses the Fermi level at 0.4 A ~! will
have a direct effect on the peak observed in the inverse-
photoemission experiments.

C. Dispersion along T — X

Photoemission spectra obtained for even symmetry
along the T —X azimuth of the Ta(001) surface BZ are
shown in Fig. 8(a). As was mentioned before, to obtain
the pure even symmetry, the angle-resolved system is set
up in such a way that the polarization A vector of the p-
polarized light is in the mirror plane of collection along
I'—X. In this configuration, the spectra will probe only

initial states that have A; symmetry, such as dzz, dxz_yz,

and d,, orbitals. As shown in Fig. 8(a), the surface reso-
nance at the Fermi level for the normal-emission spec-
trum is observed to disperse downwards as the emission
angle increases. The dispersion of this state is relatively
flat compared to its dispersion along 3. Two surface-
sensitive states move up toward the Fermi level. At
about half of the zone length, these two states split. The
lower-binding-energy surface-sensitive state continues to
disperse upwards and reaches a minimum at the X point.
The deeper state disperses downwards. Its intensity is re-
duced significantly, making it very difficult to identify its
position at X. Besides the low intensity of the state at X,
the overlap of the three surface-sensitive states around X
makes peak-position identification difficult. To estimate
the binding energies of these states at the X point, the
energy-distribution curves are fitted by three Gaussian-
function line-shape peaks with binding energies of 0.18,
0.95, and 1.25 eV, respectively. The dispersion of these
states around X is determined when comparing several
sets of data in the first and second zones along the T —X
direction. The angle-resolved photoemission spectra tak-
en along the T —X direction with odd symmetry are
shown in Fig. 8(b). The spectra were excited by the s-
polarized light and collected by the angle-resolved detec-
tor along the mirror plane that is perpendicular to the A
vector. The initial states appearing in these spectra will
be of A, symmetry. They can be either d,, or d,, orbit-
als. Figure 8(b) shows a single peak dispersing from near
the Fermi level to its maximum in both binding energy
and intensity at the X point. This state is sensitive to
contamination and hydrogen chemisorption. The LDA
calculations show that it is a surface resonance located in
the symmetry gap throughout the whole surface BZ.

We plot the dispersion of the surface-sensitive features
from Fig. 8(a) with respect to k in the top portion of Fig.
9 for even symmetry, along with the results of the LDA
calculations. As previously, the solid curves are the pre-
dicted surface resonances, the crosshatched regions are
the projected bulk bands from the LDA calculation, the
circles are the angle-resolved photoemission data from
the Fig. 8(a), and the squares are the inverse-
photoemission data from Ref. 9. The surface resonance
near the Fermi level follows rather well the theoretical
predictions. It is likely that this is the same surface reso-

nance, with its tail broadened above the Fermi level, ob-
served in the inverse-photoemission spectra along the
I’ — X dispersion. The other two surface resonances have
a similar dispersion trend as that along the T — M direc-
tion. For even symmetry, the agreement for the binding-
energy position of the surface resonances is not as good
as that along T — M, partly due to the greater coupling
into the bulk bands and the lack of even-symmetry band
gaps along this direction. The inverse-photoemission re-
sults are traced rather well by the LDA calculation near
the X point. Around the zone center, the surface reso-
nance is predicted to disperse through the even-symmetry
gap. From continuity of the wave function with wave
vector, a surface resonance should not disappear inside
the gap. The apparent disappearance of the resonance in
the IPE results’ may be due to experimental difficulties in
separating the resonance from the background due to the
bulk T',s transitions and/or the effects of spin orbit on
the unoccupied states.

As in the case along T — M, the angle-resolved photo-
emission spectra along T —X for odd symmetry [Fig.
8(b)] is much simpler and the dispersion of the surface
state is also much more straightforward. The high inten-
sity of the surface state in a featureless background
makes it possible to determine the dispersion of this state
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results of Ref. 9, the slanted lines represent the projected bulk
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precisely. Figure 8(b) shows the angle-resolved photo-
emission spectra taken along the T'—X using 45°-
incidence 40-eV photons. A well-defined surface reso-
nance is observed to cross the Fermi level at 0.32 A ~!
and disperses downwards, reaching its minimum at a
binding energy of 1.2 eV at X. The intensity of the peak
grows significantly as it moves away from the Fermi lev-
el, increasing in intensity by a factor of 5 near the X
point. The FWHM of this surface resonance is deter-
mined to be 0.7 eV, an indication that its wave function is
rather localized to the surface.

The bottom part of Fig. 9 compares the experimental
results with the theoretical calculations for the bulk-band
edges and the surface resonance with odd symmetry
along A. The meaning of the symbols are the same as for
the even symmetry. The dispersion trend from the exper-
iment agrees rather well with the theoretical prediction
that the surface resonance will follow the bottom edge of
the Ta bulk band. The calculations show that this sur-
face resonance is located in the symmetry gap with very
little coupling to the bulk bands. That the surface reso-
nance crosses the Fermi level in a symmetry gap might
lead one to think that the Ta surface atom is unstable
along the T —X direction, similar to the case of W. As
will be discussed, this is not true.

All these surface resonances appear to disperse
throughout the entire surface BZ, following the edge of
the bulk bands from which they are derived. The
significant d character of these surface resonances corre-
sponds rather well to the dispersion of local-density cal-
culations. However, there is a disagreement between the
experimental data and LDA calculation in the absolute
binding energies of surface resonances (and bulk-band
edges) that are away from the Fermi level. Angle-
resolved photoemission experiment data show that the
two low-lying surface resonances are located at 2.7 and
3.4 eV below the Fermi level at T'. The LDA calculations
for the 21-layer Ta(001) slab with a 149% surface-layer
contraction predict two surface resonances at I with
binding energies of 3.3 and 3.8 eV, respectively. Similar
disagreement on the absolute binding energy of surface
resonance is observed for odd symmetry along T — M.
The experimental surface resonances are consistently 0.3
eV lower in binding energy than the LDA results. Furth-
ermore, the inverse-photoemission results indicate that
the surface resonance reaches X at 2.3 eV above the Fer-
mi level, whereas the LDA calculations place the reso-
nance at 2.6 eV at X. The disagreements seem to become
larger for the surface resonances that are located farther
away from the Fermi level. These discrepancies are
much larger than the instrumental resolution of either
the angle-resolved photoemission or the inverse-
photoemission experiments. The differences are most
likely related to errors in the LDA and to the neglect of
self-energy effects, i.e., comparing a ground-state calcula-
tion to the excited-state quasiparticle spectrum probed by
photoemission.

D. Polarization effects

Our normal-emission angle-resolved photoelectron
spectra taken with s- and p-polarized incident light indi-

cate that all three surface resonance of Ta(001) at T can
only be detected when excited by p-polarized light. At
near-normal-emission configuration, no spectral feature is
observed when using s-polarized light. This suggests that
the surface resonances are of even symmetry with respect
to the A along the surface-normal direction. We took ad-
vantage of this to determine the A, bulk band along the
surface normal. With the significant reduction in the in-
tensity of the surface resonances when excited by the s-
polarized light, one would expect to see the A, bulk-band
dispersion as a function of photon energy. In our experi-
ments, no photon-energy-dependent states were observed
in the binding-energy range of 6 eV below the Fermi lev-
el. It is possible that the cross section of A, bulk band is
small because it is mostly composed of sp-electron orbit-
als.

The character of the wave functions of the surface
features at T can be determined from the symmetry
decomposition given in Figs. 7 and 9. The surface reso-
nances at 0.0 and 2.7 eV binding energy have symmetries
A, and I, while the one at 3.4 eV has A, and 3,3, sym-
metries. The d-wave-function characters consistent with
A, are d_, dxziyg, and d,,. The I, states have d >,
d(x+y).> and d,, character, while 3, states are either
dix_y), or dxgﬁy Thus the states at £ and 2.7 eV are

of d , character. The d,, character can be ruled out since

d,, and d , must be degenerate and no A, states exist in
that energy range. The state at 3.4 eV has both X, and
2, symmetry and thus must contain both d , and dxziya

orbitals. These conclusions can be tested using the polar-
ization dependence of the states at point T in the surface
BZ.

The polarization dependence of the electronic state has
been calculated by Weng et al.” By considering the mac-
roscopic effects of reflection and refraction in the classi-
cal electromagnetic formula, they found that the depen-
dence of the two components of the A vector along the
surface normal and along the sample surface is
significantly different as a function of the incident angles.
The magnitude of A, decays monotonically from 0° to
90° as a function of incidence angle. The magnitude of
A, shows a maximum at 50° incidence. Comparing the
photoemission intensity of the surface resonance with
their calculation, the component of A that plays a major
role in the photoelectron-excitation process can be deter-
mined. Hence the wave-function character of the surface
resonance at that specific k, point can be obtained. The
polarization dependence of the surface resonances from
the angle-resolved photoemission is shown in Fig. 10.
The photoemission intensity of all three surface reso-
nances increases as the photon angle of incidence in-
creases away from the surface normal. The maximum in-
tensity is observed at about 50° angle of incidence. This
suggest that at T all three surface resonances can be ex-
cited by the A, component. In other words, at T all
three surface resonances have dominantly Zl symmetry.

Three d-electronic orbitals on Ta(001) have A, symme-
try. They are d », dxl”yz’ and d,, orbitals. Another way
to determine precisely the wave-function characters from
the experiment is to combine the polarization property of



5036 XIAOHE PAN, E. W. PLUMMER, AND M. WEINERT 42

Po]arlzatlon Dependance of the Surface Resonances
T - P R o R A

L Ta(001)
K| T-M
t Fermi level

o SR a
0 S.R. at higher Binding energy
o S.R. at lower Binding energy

Relative Peak High (arb. units)

) PR It 1 L 1 " 1 i

0 10 20 30 40 50 60
Angle of Incidence (degree)

FIG. 10. Photoemission intensity of three surface resonances
of Ta(001) at normal exit plotted as a function of the angle of in-
cidence of the p-polarized light. The angle of incidence is the
same as the angle of the photons polarization A and the sample
surface T — M direction.

the synchrotron-radiation light with the final-state effect
in the angle-resolved photoelectron spectroscopy. The
independent rotation of the sample and detector allows
one to pin down the even or odd symmetry of the initial
electronic states with respect to the collection plane. Fig-
ure 11 compares the normal-emission spectrum taken
from the zone center with three spectra from the second
zone centers in the surface BZ. The normal-emission
spectrum taken from the surface-BZ center labeled by
I'[0] contains three peaks at 0.0, 2.7 and 3.4 eV binding
energles, respectively. States appearing at normal emis-
sion indicate A, and ¥, symmetry, but they may still con-
tain both even- and odd-symmetry d orbitals with respect
to the T—>M and T —X directions. The spectrum la-
beled by I'[1].,., was taken from the second surface-BZ
center along I —X with A parallel to the collection
plane. Only those A, states that have even symmetry
with respect to T —X will be observed, such as dlg,

dxziyz, and d,, orbitals. All three surface resonances ob-

served at the normal-emission spectrum can be identified
at this spectrum. Now let us take a look at the spectra
taken from the second surface BZ along the T — M direc-
tion. The spectrum designated with I'[2],,., has A in
parallel to the collection plane. This time only those 21
states that have even symmetry with respect to T —»X
will be observed. They are d , d,,, and d|, . ), orbitals.
Three surface resonances appear at 0.0, 2.7, and 3.4 eV
below the Fermi level. Note that only dz2 orbitals can be
excited and detected in all three configuration labeled by
I'[0], I'[1]eyen, and T[2].,.,- The spectrum taken for the
pure odd symmetry adds some interesting results. The
spectrum designated I'[2],44 was taken in the second
zone center along T —M with A perpendicular to the
collection plane. In this configuration, only odd-
symmetry initial states with respect to the T — M will be
excited and detected in the photoelectron spectroscopy.

These are deyZ and d, ), orbitals. The photoemis-
sion spectrum shows only one peak at 3.4 eV below the
Fermi level. The surface resonance at 3.4 eV binding en-
ergy appears in both the spectra for even symmetry along
T —X and for odd symmetry along T —M. The only d-
electronic state that can disperse throughout these two

symmetry surface BZ’s is a deyz orbital. The surface
resonances observed at E and at a binding energy of 2.7
eV at the T point are mostly d, orbitals. The surface
resonance at 3.4 eV binding energy is composed of both
dzz and dxziyg orbitals. By use of polarization effects in
the photoemission experiments, it is possible to determine
the wave-function character of the T' resonances purely
from experiment. These assignments are consistent with
the calculations for Ta(001).
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FIG. 11. Photoelectron-energy distributions for Ta(001) at
various BZ centers. (a) zone center, (b) second zone center
along T — M with even symmetry, (c) second zone center along
T —X with even symmetry, and (d) second zone center along
T’ — M with odd symmetry.
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E. Spin-orbit interaction

In many cases, the inclusion of the spin-orbit interac-
tion in a nonrelativistic or a scalar-relativistic calculation
can create a new band gap or fill an existing gap by alter-
ing the bulk-band continuum. Recently, it has been
shown that relativistic effects play an important role in
the surface electronic of transition metals such as Ta, W,
and Mo. Introducing spin orbit in an otherwise nonrela-
tivistic tight-binding Hamiltonian, Treglia et al.'® found
improved agreement between the experimental and
theoretical surface core-level shifts for Ta(001) and
W(001). Mattheiss and Hamann?® have shown that the
addition of spin-orbit coupling modifies the dispersion of
the scalar-relativistic surface-state bands and provides a
slightly better agreement with the angle-resolved photo-
emission data for W(001). For W(110) and Mo(110),
Gaylord and co-workers'*!5 have observed several sur-
face resonances in a pseudogap opened by spin-orbit-
induced hybridization.

From the bulk calculations with and without spin orbit
(Fig. 1), we see that for Ta the bands that have been
significantly modified by the spin-orbit coupling are unoc-
cupied, whereas for W these states are near the Fermi
level. While the spin-orbit interaction does create addi-
tional splittings and gaps for Ta above the Fermi level,
the bands below the Fermi level are perturbed very little
by the spin-orbit interaction, although the other relativis-
tic effects included in the SRA have a significant effect on
the bands. The existence and dispersion of the experi-
mentally observed resonances are well described by the
scalar-relativistic bands, implying that the spin-orbit cou-
pling term is not required to interpret the occupied band
structure of Ta(001), with the possible exception (as dis-

cussed above) of the surface enhancement of the =, bulk

bands and resonance that cross the Fermi level at about
04A

F. Surface-layer relaxation

The solid-vacuum interface breaks the translational
symmetry of the system. Because of the resulting
changes in the local environment of the surface atoms,
the positions of the surface atoms are in general different
from the ideal bulk termination. Comparing the Ta(001)
bands for the bulk-terminated surface [Fig. 2(a)] and for
the 14% contracted-surface layer [Fig. 2(b)] with each
other and with experiment, there are noticeable
differences. The differences are most obvious for the
odd-symmetry dispersions. For example, the bulk-
terminated bands predict two A, and two M, surface-
sensitive states, separated by about 1 eV. The experimen-
tal results for the odd-symmetry configuration, shown in
Figs. 6 and 8, show only a single state along these two
directions. The open circles are the experimental data,
with the diameter of the circle approximately equal to the
instrumental error bar. The position and dispersions of
the resonances are well reproduced by the 14% contract-
ed calculation, whereas the bulk-terminated surface has
significant errors in the number and position of reso-
nances. Hence inclusion of surface relaxation is neces-
sary for the band-structure calculations to successfully
describe the experimentally derived surface electronic
structure of Ta(001). While a precise determination of
the surface contraction is not possible by comparing ex-
perimental and calculated bands, such a comparison can
help place limits. In the present case, the photoemission
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FIG. 12. Single-particle wave functions squared and difference contour plots for the A, surface resonances at the Fermi level in a
(110) plane perpendicular to the surface corresponding to bulk-terminated and 14% contracted surfaces. Wave functions are normal-
ized to unity over the nine-layer films; successive contours differ by 107* electrons/a.u.’>. The solid (dotted) difference contours
represent increased (decreased) density of the 14% contracted surface relative to the bulk-terminated surface, in units of 2X 107*

electrons/a.u.’.
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data support a contraction closer to 14% than to 0%.

The A, surface resonances appear to play a role in the
large observed relaxation of the surface. The calculated
contraction of ~13.2% is large compared to the calcu-
lated value?! of 4% for the unreconstructed W(001) sur-
face. The contraction of the surface has two major effects
on the A, resonances: (1) The resonance is pushed to
greater binding energy, resulting in increased occupation
of the resonance [cf. Figs. 2(a) and 2(b)] and (2) the wave
function becomes more bonding between the surface and
subsurface layers. In a simple one-particle picture, the
first effect suggests increased binding with decreased in-
terlayer separation. For W(001) the corresponding states
are completely occupied (as well as not being as local-
ized), thereby contributing a smaller gain in energy with
contraction of the surface. From the behavior of the
Ta(001) resonances with changes in interlayer separation,
these states should be bonding between layers. The cal-
culations show that the states are indeed bonding be-
tween the top layers. In Fig. 12, the wave functions
squared (W(r)lz) for the Kz resonances near Ep are
shown in a (110) plane perpendicular to the surface for
both the bulk-terminated and 14% contracted surface, as
well as the difference between the two. The first point to
note is that these states are bonding between the first two
layers. (The spectral weight shifts from being mainly on
the surface layer near T to being mainly on the subsur-
face layer at X.) These states are well localized to the sur-
face region, even though eigenvalues of these states are
close to or even overlapping the bulk continuum. While
this may at first be surprising, the planar nature of the or-
bitals allow only weak coupling to the bulk continuum.
The difference plot clearly shows a significant buildup of
bonding density between the first two layers accompany-
ing the contraction of the surface. This increased density
in the surface region comes about by increased localiza-
tion in the surface region, as seen by the decrease in den-
sity in the deeper layers. It is the increased bonding be-
tween the uppermost layers for the A, resonances that
provides a driving force for the large contraction of the
Ta(001) surface.

G. Surface reconstruction

There has been a considerable amount of experimental
and theoretical work on the stability of the (001) faces of
W and Ta.'"'%%1 The LEED experiments show a
¢ (2X2) pattern when W(001) is cooled below room tem-
perature or submitted to small amount of hydrogen expo-
sure. It is thought that the reversible temperature-
dependent reconstruction results from the formation of
zigzag chains of surface atoms, the so-called parallel-shift
model, along the (110) direction. The hydrogen-
induced reconstruction is again a parallel shift of surface
atoms, but now along the { 100) direction.

Early photoemission studies have shown that W(001)
has a number of surface states near the Fermi level.”8 Of
particular interest is a =, surface state that crosses the
Fermi level approximately halfway to the surface-BZ
boundary. This state (and its 3, partner) are generally
believed to be responsible for the reconstruction of

W(001).

Ta is to the left of W in the Periodic Table with the
same bcc lattice structure. The electronic structure of Ta
and W is very similar except that the Fermi level for W is
about 1.8 eV higher in the d bands than it is in Ta. Previ-
ous temperature-dependence experiments do not find a
reconstruction of the Ta(001) surface down to a tempera-
ture of 15 K. Consistent with this, our hydrogen chem-
isorption experiments on Ta(001) do not show any LEED
patterns other than the (1X1) for H exposures of 0.1 L
to saturation coverage. The Ta(001) surface is apparently
not unstable with respect to W(001)-type reconstructions.

The I, surface state that crosses the Fermi level in the
case of W(001) is now unoccupied for Ta(001) (Figs. 2 and
3). There are, however, other surface resonances that cut
the Fermi level. If simple-minded Fermi-surface nesting
were the driving mechanism for the W(001) surface, then
reconstruction of the Ta(001) surface should occur: The
3, resonance (Fig. 6) crosses the Fermi level at ~1to M
and the A, state (Fig. 8) cuts the Fermi level at ~0.4 to
X, about as close to halfway as the W(001) X, state
crosses E,.* There are, however, significant differences
between Ta(001) and W(001). First of all, for W(001) a
surface resonance in an absolute band gap crosses the
Fermi level. For the Ta(001) surface, the resonance that
crosses the Fermi level is located in a symmetry gap that
only exists along T — X.

Since the I, state is basically a surface-enhanced bulk
feature, this state does not provide a driving mechanism
for a reconstruction. The Zz states, on the other hand,
are quite localized, and so a simple Fermi-surface nesting
argument would predict a reconstruction in the {100)
direction. The main reason this does not happen is relat-
ed to the wave-function character (d,, with some d,) of
these resonances. For neither of the Ta(001) resonances
does the other symmetry partner exist in the same energy
range, nor are the wave-function shapes consistent with a
reconstruction in the same way as occurs® for W(001).

V. SUMMARY AND CONCLUSION

We have performed a systematic study of the electron-
ic structure of Ta(001) using photoemission experiments
and local-density calculations. A number of surface reso-
nances on the Ta(001) have been identified throughout
the Brillouin zone. The wave-function characters of
these surface resonances are determined by utilizing po-
larization and final-state effects in angle-resolved photo-
emission. The self-consistent local-density-functional cal-
culations confirm the existence of these surface reso-
nances and their characterization. The agreement for the
initial-state properties and dispersion between experiment
and theory is best for calculations for a 21-layer Ta(001)
slab in which a 149% contraction of the surface is con-
sidered.

At the T point, three surface resonances are located at
about 0.0, 2.7, and 3.4 eV below the Fermi level. The
dispersion of these surface resonances throughout the
surface BZ are followed and are identified as derived
from the d states of the bulk bands. Both experiment and
theory suggest that the resonances at E, and 2.7 eV are
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mainly dZZ in character, while the state at 3.4 eV is com-
posed of both d ; and dxz_yz orbitals.

Total-energy calculations for nine-layer slabs of
Ta(001) with various first-layer lattice spacings predict'!
a 13.2% surface-layer contraction. This result is compa-
rable with the recent photoelectron-diffraction determina-
tion'? of the geometry of the Ta(001) surface, which sug-
gest a 10% contraction of the first interlayer spacing. In
addition, there is poor agreement between our angle-
resolved photoemission data and the calculations assum-
ing bulk-terminated Ta(001). The location and dispersion
of all three surface resonances agree well with the calcu-
lations for a 21-layer 14% surface-contracted slab, al-
though there remain discrepancies between experiment
and theory due to errors in the LDA and to self-energy
effects inherent in the excited-state photoemission pro-
cess.

Perhaps surprisingly, the fully relativistic calculations
show that the contribution of spin-orbit coupling for the
occupied states of Ta(001) is rather small. Contrary to
the case of W(001), the Ta(001) bands which are modified
by spin orbit are mostly located above the Fermi level.
We are able to interpret all the experimental features in
terms of the scalar-relativistic bands for a contracted-
surface interlayer separation.

Finally, we note that the surface resonances found on
the Ta(001) surface may also have effects on the structur-

al properties of the surface. In contrast to the case of
W(001), there are no surface states at the Fermi level that
have the correct wave-function shapes or dispersions to
induce a surface reconstruction. Instead, the A, surface
resonances on Ta(001) provide a driving mechanism for
the large surface relaxation.
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