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We report the joint studies of experimental and theoretical surface band structures of Nb(001).
Angle-resolved photoelectron spectroscopy was used to determine surface-state dispersions along three

high-symmetry axes I M, I X, and MX in the surface Brillouin zone. Ten surface bands have been

identified. The experimental data are compared to self-consistent pseudopotential calculations for the

11-layer Nb(001) slabs that are either bulk terminated or fully relaxed (with a 12% contraction for the

first interlayer spacing). The band calculations for a 12% surface-contracted slab are in better agree-
ment with the experimental results than those for a bulk-terminated slab, except for a surface resonance
near the Fermi level, which is related to the spin-orbit interaction. The charge profiles for all surface
states or resonances have been calculated. Surface contraction efFects on the charge-density distribution

and the energy position of surface states and resonances will also be discussed.

I. INTRODUCE&ION

The nonrelativistic bulk energy-band dispersions of
most of the bcc transition metals, such as tantalum,
niobium, tungsten, and molybdenum are quite similar. '

Only the relative energy position of the Fermi level (EF )

to the triply degenerate d states at I'2s, varies. The varia-
tion, however, is very important in understanding both
electronic and structural properties of such metal sur-
faces. Relativistic efFects, mainly the spin-orbit interac-
tion, induce energy splitting of this triply degenerate
state. The energy splitting is accompanied with symme-
try hybridization and band noncrossing. A pseudo-
energy-gap is therefore created. The surface electronic
structure has been found to be affected in two ways: (1)
New surface resonances might be created inside the
gap or an existing surface resonance may be moved to the
gap. (2) The existence of the relativistic gap modifies
dispersion relations of the surface energy bands near-
by. ' Such effects only appear within a limited energy
region in the vicinity of the relativistic gaps. For the
metals with I 25. below E+, such as tungsten and
molybdenum, the spin-orbit effect must be considered in
order to understand the photoemission results of the sur-
face electronic structure. For Ta(001)," where I 25. is
about 1 eV above E+, no trace of the spin-orbit effect was

found in the experimental results of surface resonances.
Instead, the surface-layer relaxation plays a major role in
understanding the surface bands.

The interplay between electron charges and surface-
layer relaxations is rather complicated. The first model
to explain the inward relaxation of a surface layer is the
Smoluchowski effect. ' ' Electronic charge density be-
comes smoother to reduce surface corrugation upon its
creation. This smoothing process is equivalent to redis-
tributing charge from the region right above the surface
atoms to the hollows between them. It adds more charge
to the surface layer and gives rise to a net inward electro-
static force on the top-layer nuclei. The inward relaxa-
tion is more pronounced for rougher surface such as the
(001) plane of bcc metals. Another model, which focuses
on transition metals, indicates that the d electrons pro-
vide an additional inward-relaxation contribution to the
surface layer' ' as a result of spill out of the sp electrons
to the vacuum and the unchanged d bonds between the
first two layers. However, the importance of the surface-
layer relaxation in surface band calculations depends on
the magnitude of relaxation of the first interlayer spacing
relative to the bulk-terminated lattice. In the case of a
small surface relaxation, a 6% contraction relative to the
bulk interlayer spacing of W(001) (Ref. 16), for example,
the theoretical study on surface electronic structures, lo-
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cal density of states, work function, and core-level shifts
cannot find a significant difference between contracted
and uncontracted surfaces. For the 14% contraction of
the Ta(001) surface, " the energy position of some surface
resonances shifts to the higher binding-energy side due to
the increasing charge density localized in between the
first two layers. The contraction also induces a new sur-
face resonance with odd symmetry.

The 5, bulk band along the high-symmetry direction
I H (i.e., the [001j direction) has been determined by an
angle-resolved photoemission study. ' No bulk state ap-
peared in the energy region between —2.3 eV and EF. It
confirmed the prediction of many nonrelativistic calcula-
tions with different methods. ' ' However, with the
higher energy resolution, a bulk state to —0.2 eV was
separated from the surface state reported in Ref. 17. Fol-
lowed by a relativistic calculation with a tight-binding
method, it was suggested that the spin-orbit effect was re-
sponsible for the appearance of the bulk state below EF.
Similar to other studies, the spin-orbit interaction splits
off the triply degenerate d states at I 25, which are just
above EF for Nb, and creates a pseudo energy gap. The
energy splitting is about 0.25 eV and is large enough to
expel part of the bulk band down below EF. The spin-
orbit interaction also significantly shifts the energy posi-
tion and modifies the dispersion relation of surface bands
near EF. The spin-orbit interaction effect vanishes away
from the vicinity of the pseudo energy gap. The experi-
mental finding of a surface resonance at —0.6 eV agreed
with the theoretical results of a nonrelativistic calculation
with a nonlocal self-consistent pseudopotential scheme. '

In this paper, we report angle-resolved photoemission
studies of the two-dimensional band structure for the
(001) surface of niobium. It is not surprising that the ex-
perimental results show some discrepancies to the earlier
nonrelativistic calculations assuming an ideal surface. '

The behavior of the surface bands near E~ can be ex-
plained by introducing the spin-orbit effect. However,
there are some other aspects of the measured surface
band structures that are similar to the earlier theoretical
calculation. Our own photoelectron-diffraction study of
Nb(001) indicates a substantial [(13+5)%]contraction of
the first interlayer spacing. Some of the discrepancies be-
tween the current measurement and the theoretical calcu-
lation may be resolved if surface relaxations are taken
into account. At least in the case of Ta(001), it is known
that such a degree of relaxation (14%%uo) does modify the
surface electronic structure. We thus performed a sur-
face band calculation within the local-density-functional
formalism and with interlayer spacings determined by
fully relaxing the system with force calculations. We ob-
tained a 12%%uo relaxation for the outermost interlayer
spacing, in good agreement with our own experimental
results, and the surface band structure also agrees better
with the experiment when the surface is fully relaxed.
The surface contraction and spin-orbit interaction are
found to play an important roIe in understanding elec-
tronic properties of the Nb(001) surface.

The remainder of this paper is organized as follows:
The experimental procedure will be presented in Sec. II.
The theoretical calculations will be described brieAy in

Sec. III. In Sec. IV, the angle-resolved photoemission re-
sults of surface energy bands will be presented and dis-
cussed together with the theoretical results calculated
from a 12%%uo contracted surface. The charge-density vari-
ation due to the surface contraction will be also de-
scribed. Finally, the conclusion will be made in Sec. V.

II. EXPERIMENTAL PROCEDURE

A single-crystal Nb(001) of 99.999%%uo purity, about 0.5
in. in diameter, was mechanically polished and chemical-
ly cleaned before being attached to tungsten rods. The
rods were mounted to a sample holder that sits on a ro-
tary table and a manipulator with x-y-z linear motion.
Temperature variation of the sample, in the range be-
tween 150 to 2500 K, could be reached by liquid-nitrogen
cooling and electron-bombardment heating. The surface
was cleaned with a conventional method' and character-
ized with Auger spectroscopy, low-energy electron
diffraction, and valence-band photoelectron spectrosco-
py. The experiment was carried out in an angle-resolved
photoemission chamber of the in-house Photoemission
Laboratory at Synchrotron Radiation Research Center
(SRRC). The energy resolution of the analyzer was al-
ways set at 0.1 eV, and was occasionally tuned to 25 meV
in order to determine the near Fermi-level structures.
He(I), He(II), and Ne(I) were used to excite photoelec-
trons from the Nb(001) surface. The experimental setup
was arranged to allow the high-symmetry line I X (or
I'M) lying on the rotation plane of the analyzer. A two-
angle method was used to map out the surface band
structures along other high-symmetry lines, i.e., I M (or
I X) and XM. Results from the two-angle method have
been compared to those measured from a polar angle
scan along the same symmetry line. The agreement was
quite good. The base pressure of the chamber was
6X10 "Torr. It rose up to 2X10 ' Torr when spectra
were taken. As a precaution, the sample was annealed up
to 2000 K every 20 min.

III. THEORETICAL METHOD

In this section, we will discuss briefly the computation-
al process. The calculation presented here are performed
within the local-density-functional formalism, with the
Hedin-Lundqvist form of local exchange-correlation po-
tential. Norm-conserving pseudopotentials are used to
describe the core-valence interaction. The quality of the
angular-momentum-dependent pseudopotentials has been
examined by comparing with all-electron eigenvalues and
excitation energies for various atomic configurations; de-
tails have been published previously. A mixed-basis set
comprised of both plane waves and local orbitals is used
to expand the Bloch functions. The mixed-basis pseudo-
potential approach has been successfully used to study
various transition-metal systems. ' ' In particular,
structural properties of bulk Nb are in very good agree-
ment with experimental values. A slab of Nb orientated
in the (001) direction is used to simulate the (001) surface,
and slabs up to 11 layers thick are used in the present cal-
culations. A supercell geometry (i.e., repeated slabs
separated by vacuum) is used, and the vacuum thickness
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JL FIG. 1. The projected band structures are
displayed with vertical and horizontal solid
lines. The surface states (or surface reso-
nances), as determined by an ideal 11-layer
slab for the Nb(001) surface, are marked with
"~," connected by dashed lines for visual con-
venience. The inset at the bottom is a surface
Brillouin zone of the (001) face.

is about 12.3 a.u. All the results presented are fully self-
consistent, and the charge, the electron screening poten-
tial, and the electronic eigenvalues are sampled with a
uniform grid of 21 k points in the irreducible surface
Brillouin zone (SBZ). The Fourier components of the
screening potential are self-consistent to within 10 Ry.
All the interlayer distances are fully relaxed by comput-
ing the Hellmann-Feynman forces, until the maximum
force acting on the atoms are smaller than 0.02 Ry/a. u.
We find a 12%%uo inward relaxation for the outermost layer.
Relaxations for innerlayers are small.

The surface states and surface resonances are deter-
mined with the help of the following criteria. First,
bona-fide surface states should exist inside energy gaps in
the projected bulk band structure (PBS) onto the (001)
surface. In high-symmetry directions, the surface states
transforming according to some specific irreducible rep-
resentations can also exist in "symmetry gaps" of the
PBS. Therefore, the first step involves the projection of
the bulk band structure onto the SBZ of the (001) surface.
Then we look for eigenstates in the slab calculations that
falls inside the energy gaps of the projected band. The
energy bands along I'-X-M-I' in the SBZ for Nb(001) are
shown in Fig. 1 (ideal 11-layer slab) and Fig. 2 (relaxed
11-layer slab), respectively. The inset at the bottom of
Fig. 1 is a diagram of the (001) SBZ. Also shown in these
figures are some of the symmetry gaps along the symme-
try lines. Symmetry gaps are gaps at high-symmetry
points or along symmetry lines in the PBS in which bulk
states of a given symmetry are forbidden, but where
states of other symmetry may exist. In these figures, vert-
ical crosshatching denotes the extent of bulk states with

6&, Y& 2, and X& symmetry, while horizontal crosshatch-
ing is used to show the extent of bulk states with hz and

Xz symmetry (see Ref. 21). The surface relaxation im-

proves the agreement between theoretical and experimen-
tal results as shown in the following sections. Along the
I -M direction, noticeable changes accompany the surface
contraction. We identified five surface bands for the re-
laxed slab, while the unrelaxed slab has only three surface
bands. Also, the surface band T6 shifts downward by
about 0.2 eV when the surface is relaxed. Along the I -X
direction, there are almost no influences on the surface
states, except that we have an extra surface band T8 in
the relaxed slab calculation.

We also calculate the charge profile along the (001)
direction (i.e., the "z" direction). The charge profile is
defined as

p(z) =f f dx dy p(r) .

Surface states and strong resonances are, by definition,
those that are localized on the surface layers and decay
rapidly into a bulk. For states that are not residing in
forbidden gaps, we label them as surface resonances if the
charge is strongly localized on the top surface layers.
The criteria for "strongly localized" is necessarily subjec-
tive for thin slab calculations. Nevertheless, the inspec-
tion of p(z) gives us a very useful and intuitive way of
finding surface states and resonances. In the present cal-
culation, we search for states that have 60% or more of
their charge localized on the top two layers of the slab.
The charge profile for some of the surface states and reso-
nances will be discussed in Sec. IV D.

IV. RESULTS AND DISCUSSION

All surface states identified in this work have been
characterized with three different photon energies 16.8,
21.2, and 40.8 eV. A typical example is shown in Fig. 3.
By selecting appropriate emission angles to 13.1', 41.7',
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I

FIG. 2. The projected band structures are
displayed with vertical and horizontal solid
lines. The surface states (or surface reso-
nances), as determined by a fully relaxed 11-
layer slab for the Nb(001) surface, are marked
with "+,"connected by dashed lines for visual
convenience.
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Nb(001)
S9 S3

and 51.7' referred to the surface normal along the I M
symmetry line, two surface features S9 and S3 at M ap-
pears in three energy distribution curves [EDC's, solid
lines] measured with photon energies of 40.8, 21.2, and
16.8 eV, respectively. The S9 peak is predominant in the
spectra while S3 emission is vaguely seen, and their bind-
ing energies are —1.3 and —1.0 eV with respect to EI;,
respectively. Their energy positions are invariant with
difFerent photon energies, indicating that they are good
candidates for two-dimensional states. The feature lying
on the higher binding-energy side of S9, marked as B,

h
s ows dispersion with varying photon energies and th

as the character of a three-dimensional state. Another
test to distinguish the surface feature from the bulk is to
add impurity onto the surface. The surface feature is ex-
pected to be sensitive to impurity adsorption. In Fig. 3,
the dotted line corresponds to the EDC for h v=21.2 eV,
which was measured after the Nb(001) surface was dosed
with 5-I. H2. Clearly, the surface feature shows a
dramatic change both in the energy position and peak in-

tensity. On the contrary, the bulk peak remains
unaffected. All the surface bands selected in this paper
appear at stationary energy position (+0.1 eV) at fixed

XII via the change of photon energies. The impurity test
was performed only at symmetry points.

A. Surface band dispersions along F-M

Figure 4 shows hv=21. 2 eV EDC's at different K
II

along I -M. The surface states are selected from the band

mapping results with difFerent photon energies. Six sur-
face bands marked as SO, S3, S6, S7, S8, and S9 are ob-
served. In the region between 0.56 I M and 0.71 I M, the
spectra are quite complex, and the band connectivity is
somewhat arbitrary.

Both the SO and S6 bands start from I at a binding en-

ergy of —0.060 eV. They disperse downward and their
intensities increase with increasing E until the split off

II

occurs around XII =0.11 I M. It is hard to judge whether
SO crosses Ef or not. The S7 band gradually hybridizes
with bulk states along I -M, and shows large dispersion
beyond 0.47 I M. The separation of S3 and SO and of S6
and S9 is somewhat arbitrary, mainly referred to abrupt
changes in binding energies and to the symmetry of pro-
jected bulk bands where these surface features can be lo-
cated. Along I -M, as shown in Fig. 4, the intensity of the
S9 peak gradually increases while S3 decreases. Then at
M, the former is predominant while S3 is nearly invisible.
The S8 band is very short, appearing only in the vicinity
of I .

Figure 5 shows the PBS and the surface bands (thick
solid curves) from the self-consistent calculations for the
relaxed 11-layer niobium slab along I -M. The experi-
mental surface bands and resonances are plotted as dot
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FIG.G. 3. Angle-resolved photoelectron spectra for the surface
states at M measured with three diferent photon energies (16 8
21.2, and 40.8 eV). The solid line " "is for a clean surface
and the dotted line ". - " is for a 5-1. H2 covered surface.
The angle of incidence is 45'.

Binding Energy (eV)

FICx. 4. Angle-resolved photoelectron spectra for the surface
states (resonances) taken at various polar angles along I -M.
The photon energy is 21.2 eV and the angle of incidence is 45 .
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FIG. 5. Dispersion of the surface states (res-

onances) on Nb(001) along I -M. Dash and
dots are experiment results, the shaded area
represents the projected bulk bands, and the
sold lines are calculated surface states or reso-
nance from the relaxed Nb(001) slab.
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and dashes. From Fig. 5, we can see that the SO band
near I' lies in the even-symmetry gap. The S6 band
disperses down to higher binding energy along the edge
of an even-symmetry gap. The S3 surface resonance
starts from —0.8 eV at E~~ =0.64 I M and disperses to
—1.0 eV at M. The surface resonance S9 starts from
—1.1 eV at about @~~=0.6 IM and passes M with a
binding energy of —1.3 eV. Both S3 and S9 are surface
resonances consisting mainly of the d~„2 ~2~ and d~„
orbitals. The S8 band is much shorter compared with
the theoretical result. The S9, SS, and part of the S3
bands can only be identified in the band calculation that
has a 12%%uo surface contraction, but not in the calculation
with an ideal surface. We will go back to this point later.
The S7 band, with even symmetry, is a surface resonance
and becomes more bulklike at Ef & 0.47 I M.

Figure 6 displays the normal emission (E~~ =0) EDC's
for a clean surface (the solid line) and a 0.1-L Oz covered
surface (the dotted line) of Nb(001). As can be seen from
Fig. 6, the S8 state is very sensitive to surface contam-
inants, i.e., its peak intensity is quenched and peak posi-
tion is shifted. It was assigned as a 6& bulk state by Fang,
Ballentine, and Erskine' since it has a little dispersion
with photon energies. However, in this work it was in-
stead assigned as a surface resonance that highly hybri-
dizes with the 5& bulk states. Nevertheless, it is too
broad to pin accurately down its peak position. From the
theoretical calculation, the profile of the charge density
indicates that the TS and at I has only about 60'f/o of the
wave function at the surface region, that is, it is highly
hybridized with the b,

&
bulk states. In contrast, the T1

state at I is a bona-fide surface state, which resides in an
s-d hybridized gap, and it has about 99% of the wave
function at the surface region. Furthermore, it has been
reported that the surface resonances, which highly hybri-
dizes with bulk states, could disperse significantly up to—1.0 eV. Therefore, we conclude that T8 at I is a sur-
face resonance, although it appears to have some disper-
sion with the variation of photon energies.

It is worth mentioning that the SO band is neither pre-
dicted from the ideal surface calculation nor from the re-

Nb(001)

he=21.2 eV

0
e =45

r
S8

S7

SO

L I I

—BO —60 —40 —20

Binding Energy (ev)

FIG. 6. Normal-emission (K~~ =0) electron energy distribu-
tion curves for a clean (solid line) surface and a 0.1-1. 02
covered (dotted line) surface of Nb(001) at h v=21.2 eV.

laxed surface. It is quite plausible that this band is due to
the spin-orbit-interaction effects, since its binding energy
is in the vicinity of the relativistic pseudo energy gap.
The projection of the relativistic bulk bands onto the
(001) plane surface and more photoemission studies with
polarized photon beams are needed to make a decisive
conclusion on the relation between the existence of SO
and the spin-orbit interaction effects.

B. Surface band dispersions along X-M

Figure 7 shows the selected EDC's measured with
hv=21. 2 eV at different K~~ along the X-M axis. The
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FIG. 7. Angle-resolved photoelectron spectra for the surface
states (resonances) taken at various K~~ along X-M. The photon
energy is 21.2 eV and the angle of incidence is 45'.

corresponding band calculation is shown in Fig. 8. There
are five surface bands marked as S2, S3, S4, S5, and S9.
The S2 band starts from —0.5 eV at about 0.1 XM. It
disperses to lower binding energies until K =0.3 XM,
after which the dispersion turns back and goes to —0.5
eV at 0.6 XM. The S3 band in the region of KI~ & 0.6 I M
is prone to bulk characteristics. It starts from —0.6 eV
at 0.6 XM and moves to —1.0 eV at M. Its intensity de-
creases gradually along X-M, and becomes almost invisi-
ble at M. Similar intensity attenuation is also found for

this band along I -M. The S4 band disperses downwards
from —0.8 eV at X to —1.5 eV at 0.5 XM. The S5 band
disperses upwards from —2.3 eV at X to —1.8 eV at 0.6
XM. The S9 band starts from —1.4 eV near 0.6 XM, the
passes M and extends into the SBZ along I -M. The con-
nectivity between S4 and S9 is somewhat arbitrary, and
the choice here is according to the theoretical band struc-
ture.

As shown in Fig. 8, the S2, S3, and S5 bands reside
mainly in the absolute gaps. Note that the S2 band
agrees with the theoretical T2 band quite well. The S5
band is inside an absolute gap near —2.0 eV, and has a
subsurface-state character, as will be described later. The
energy of the S4 band lies above the calculated band T4
by about 0.8 eV. The S9 band exists along the edge of an
absolute gap. The distinction of S9 and S4 is mainly de-
duced from the band calculation.

Figure 9 displays the photoemission spectra for the
surface states at E~~ =0.4 XM measured with 16.8-, 21.2-,
and 40.8-eV photon energies. The emission angles were
selected so as to keep E~~ fixed at 0.4 XM for different
photon energies. From this figure, we obtain two impor-
tant information: (1) S3 loses its surface characteristics
for E,

~

& 0.5 I M, and (2) S5 is mainly a subsurface band.
The energy positions of the S2, S5, and S4 bands remain
unchanged, showing a characteristic of a two-
dimensional state. However, the photoemission peak
marked as B at —0.6 eV in the hv=21. 22 eV EDC,
which is on the energy dispersion track of S3, either
disappears or shifts to different energies with varying h v,
a characteristic of a three-dimensional state. To distin-
guish a subsurface state from a surface state, Fang, Bal-
lentine, and Erskine' have found an enhancement of
photoelectron cross section of subsurface state around
the bulk plasma frequency co (=20.0 eV for Nb), but a
decreasing intensity at the surface plasma frequency coS

( =14.0 eV for Nb). However, the magnitude of the pho-
toelectron cross section of surface states varies opposite-
ly. In Fig. 9, the S5 state has an intensity enhancement
at h v =21.2 eV, which is close to m, and an intensity de-
creasing at hv=16. 8 eV, which is close to co, . Such vari-

o.o
„-BELLI I I -~ Ss

l~
s4

.-ci —-- e -- .-~--
I s9

I =
4I

S5
FIG. 8. Dispersion of the surface states (res-

onances) on Nb(001) along X-M. Dash and
dots are experiment results, the shaded area
represents the projected bulk bands, and the
solid lines are calculated surface states or reso-
nances for the relaxed Nb(001) slab.
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0.0 0.2 0.4 0.6 O. B
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ation suggests that S5 behaves like a subsurface state.
The charge-density calculation agrees well with this ex-
perimental observation and will be discussed in the later
section.

C. Surface band dispersions along I -X

Figure 10 shows selected EDC's measured with
h v=21.2 eV at different K~~ along the I -X axis. The cor-
responding band calculation is shown in Fig. 11. There
are six surface bands marked as SO, S1, S4, S5, S7, and
S8. It has been suggested" that the SO and S1 bands in
the vicinity of the relativistic gap would be modified b
the spin-orbit interaction effects. The SO band starts
from —0.060 eV at I, and splits off the S1 band around

K~~
=0.16 I X, then moves upwards and crosses EF near

0.38 I X. The S1 band can be observed nearly along the
entire I -X direction. It splits off from the SO band, then
disperses downwards to —0.60 eV at 0.5 I X and ends at
—0.40 eV at 0.9 I X. The S4 band initiates from —1.1

eV at about 0.8 I X and disperses to —0.8 eV at X. The
S5 band emerges from X with a binding energy of —2. 3
eV and disappears at around 0.64 I X.

As can be seen from Fig. 11, the SO, S1, and S4 bands
are surface resonances. The S5 band disperses along the
edge of an absolute gap, and moves inside the gap near X.
The S1 and S5 bands agree quite well with the calculated
results. The S7 and S8 band are much shorter compared

to the theoretical results, and their intensities quickly di-
minish off I . The S7 band at I has been assigned as a
subsurface resonance by Fang, Ballentine, and Erskine. '

The S8 band may also be a surface resonance, although it
disperses a little with photon energies.

D. Charge density of surface state and resonances

The Tl (corresponding to the Sl) band lies just b=low
EF, and the charge of this band is mainly located on and
above the top atomic layer. These states are of even sym-
metry with respect to the I -X reAection plane. Al

, we observe a gradual shift of the charge distribution
from the vacuum region to the first atomic layer. The in-
teracted charge on the top two layers decreases rapidly
towards the X point, so that this band becomes a weak
resonance near X. The surface band T2 (S2), along the
X-M direction, lies inside an absolute gap. The charge of
these surface states resides near the first atomic layer as
well as between the first and the second atomic layers.
The charge profiles for the T3 (S3) surface states peak in
the interlayer region between the first and the second
atomic layers along the I -M direction. They also show
some accumulation on the first layer. For the surface
states in the T5 (S5) band, which lies in an absolute gap
about 2 eV below EF, the charge is mainly distributed
near the top layer at X and along I -X, while along X-M
the charge is concentrated near the second layer. These
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FIG.G. 9. Angle-resolved photoelectron spectra for the surface
states at K~~ =0.4 XM measured with three different photon en-
ergies (16.8, 21.2, and 40.8 eV). The angle of incidence is 45 .

FIG. ~G. 10. Angle-resolved photoelectron spectra for the sur-
face states (resonances) taken at various polar angles along I -X.
The photon energy is 21.2 eV and the angle of incidence is 45'.
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surface states (TS) are of even symmetry with respect to
the I -X reflection plane. T6 (S6) is a rather dispersive
surface band. From I to M, there is a noticeable shift of
the charge distribution from the first to the second atom-
ic layer. The charge profiles for the T9 (S9) band are
highly localized in between the first and the second atom-
ic layers with a very weak tail extending to the bulk.

Figure 12 presents selected charge profiles for surface
states or resonances, which are calculated from the re-
laxed (12%%uo top-layer contraction) 11-layer slab at

different KII. The I' point is denoted as (0.00, 0.00), X as
(1.00, 0.00), and M as (1.00, 1.00) in this figure. Figure
12(a) shows the charge density of the surface state near
EF at I . About 99% of the total charge density is distri-
buted within and above the first two atomic layers
(represented by the solid circles in between the dashed
lines) and peaks at the vacuum above the surface. They
become typical surface resonances very quickly along
I -X as shown in Fig. 12(b). We can see from Figs.
12(c)—12(g) that there are many subsurface states (reso-
nances) whose charge density distributes mainly under
the surface. The T5 state at 0.4 XM shows the charac-
teristics of a subsurface state as discussed in Sec. IV 8.
It agrees with the theoretical finding shown in Fig. 12(d)
where the charge profile peaks in the second atomic lay-
er. Photoelectron cross section of the T7 state at I has
been studied by the angle-resolved photoemission experi-
ment as a function of photon energy in Ref. 17. It
showed a bulk enhancement around hv=21. 0 eV and a
rather small peak around hv=15. 0 eV. This state was
called a subsurface state or resonance. The charge-
density distribution from the calculation [Fig. 12(f)]
agrees well with this previous experimental conclusion.
More evidence has been found in this study. The T9
state at M is a subsurface resonance with the charge den-
sity residing in between the first and the second atomic
layers as shown in Fig. 12(g). Its photoelectron cross
section displays a relatively large enhancement near the
bulk plasma frequency of Nb, as shown in Fig. 3.

T9,67% (1.00,1.00)

FIG. 12. Charge-density profiles p(z)= f f dx dy p(r) of
selected surface states (or resonances) at different E jL. The posi-
tions of the atoms in the z direction are indicated by the dots.
TX labels the Xth surface band (as discussed in the text), and
the accompanying percentage value indicates the percentage of
the integrated charge that resides on the top two layers of the
slab (as marked by a dashed line). The position of each Kjj in
the surface Brillouin zone is indicated in the bracket.

E. Surface-layer contraction

It is very common for the outermost atomic layer of
clean metal surfaces to show an inward relaxation (con-
traction). Charge redistribution often occurs among the
first several layers. Large surface contraction affects the
energy position and even the existence of surface energy
bands, as found in the photoemission studies of Ta(001)."
We found that when the surface is fully relaxed, the 12%
inward relaxation of the top layer brings the calculated
surface band structure into a better agreement with the
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experimental results. The magnitude of the calculated re-
laxation also agrees well with the (13+5)% value deter-
mined from our photoelectron dilraction experiment.
Comparing the Nb(001) surface bands for an ideal surface
(Fig. 1) and those for a relaxed surface (Fig. 2), and with
the experiment, the most noticeable differences appear in
the region along I -M and X-M. When the 12% surface
contraction is taken into consideration, the surface reso-
nances (S9 and S8), which are not identified on an ideal
surface, can be observed and the resonance S3 becomes
more extended in the SBZ. It also shifts some surface
bands to higher binding energies (e.g., S6) and some to
lower binding energies (e.g., S3).

Surface contraction effects on the charge-density distri-
bution at the Nb(001) surface have been analyzed in de-
tail and can be summarized as follows: (1) The electron
charge density located above the surface atoms and in the
hollow region of the first atomic layer decreases. (2) The
electron charge density existing between the first and the
second atomic layers, mainly d electrons, is enhanced
(especially for those near the center of the first inter-
layer). It shows that the d bonds in this region play a role
in an inward relaxation of the surface layer. (3) The elec-
tron charge density in the hollow region of the second
atomic layer decreases. It shifts to deeper layers.

V. CONCLUSION

We have performed systematic studies of the electronic
structure of Nb(001) with angle-resolved photoemission
experiments and self-consistent pseudopotential calcula-
tions. Ten surface bands have been identified experimen-
tally throughout the SBZ. The self-consistent pseudopo-
tential calculations found the existence of nine surface
bands. The agreement for the initial-state properties and
dispersion between experiment and theory is better for
calculations of the 11-layer Nb(001) slab, which has been

relaxed (with a 12% contraction of the first interlayer
spacing). The surface resonance SO, which is not found
in these nonrelativistic surface band calculations with ei-
ther ideal or 12% contracted surfaces, is near E~, and in
the vicinity of pseudogap opened by the spin-orbit in-
teraction.

Among these ten surface bands, three of them (S2, S3,
and S5) are true surface states in absolute gaps, and six
of them (Sl, S3, S4, S7, S8, and S9) are surface reso-
nances. S6 and SO are surface states that exist in symme-
try gaps. The surface contraction does not afFect the en-
ergy position and dispersion of surface bands significantly
except for those along I -M and part of 1-M. However,
new surface resonances (S9 and S8) have been created
and the S3 band has been extended to M. Charge-density
calculation shows an enhancement of charge density be-
tween the top two atomic layers and a small reduction at
the first or the second atomic layers due to the contrac-
tion of the 11-layer Nb(001) slab surface.
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