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Self-consistent pseudopotential calculations for the ideal. (001) surface of Nb~
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A nonlocal self-consistent pseudopotential scheme is employed to calculate the electronic structure of the ideal
(001) surface of Nb. Charge densities, electronic local density of states, and the two-dimensional band
structure for the surface are presented and discussed. Prominent surface bands and surface resonances are
identified and analyzed throughout the two-dimensional Brillouin zone. The projected Nb bulk band structure
on the (001) surface is also obtained. Surface states of different angular momentum character are found to
exist over a wide range of energies and over different portions of the two-dimensional Brillouin zone, Our
calculations predict strong surface features in the density of states in the range 0-2 eV above the Fermi
energy.

I. INTRODUCTION

In the last few years, theoretical progress in the
understanding of the electronic properties of metal
surfaces has lagged behind that of semiconductor
surfaces. Simple s-P metal surfaces lack the
wealth of interesting experimental data which have
attracted the theorists to work on semiconductor
surfaces. On the other hand, although transition-
metal surfaces are of great interest because of
their possible technological applications' and of the
rapidly growing amount of experimental informa-
tion gathered, ' the complexity arising from the d
electrons has made realistic calculations on these
surfaces prohibitively difficult. Thus far, exist-
ing calculations' ' on the electronic properties of
transition-metal surfaces are rather primitive
compared to the work done on semiconductor sur-
faces' and none has yet fully incorporated the
important effects of the self-consistent rearrange-
ment of the electrons at the surface.

We present in this paper the first such self-
consistent calculations on the surface electronic
structure of a transition metal. The potential,
charge density, and two-dimensional band structure
for the ideal (001) surfa. ce of niobium is obtained
using a self -consistent pseudopotential method. "
We have also calculated a local density of states
which displays the density of states (electronic
energy spectrum) as a function of layer distance
into the metal. Prominent surface bands and
surface resonances are identified and their dis-
persions in k space examined. A detailed descrip-
tion of these states and their relation to orbitals
constructed from atomic wave functions is also
presented. In addition, for the purpose of analyz-
ing and illustrating surface states, a calculation
of the projection of the Nb bulk band structure
onto the (001) surface is performed.

Previous calculations "on the electronic prop-
erties of transition-metal surfaces can be roughly
divided into the following three general categories:
(i) Green's-function calculations' of the density
of states of semi-infinite crystals using a d-func-
tion tight-binding Hamiltonian (i.e. , neglecting the
effects of sp-d hybridization); (ii) band calcula-
tions on semi-infinite crystals by matching wave
functions across a potential barrier constructed
to represent the surface', and (iii) band calcula-
tions on thin films using multiple scattering,
tight-binding, or orthogonalized-plane-wave
methods, '

While the above calculations have provided use-
ful information about band narrowing at the sur-
face and some properties of surface states, the
information obtainable from them is somewhat
restricted because of the simple models used.
Some of the limitations of these calculations are,
as mentioned before, none of these calculations
are fully self-consistent; tight-binding calculations
usually involve a limited basis and therefore some
important effects of dehybridization of orbitals at
the surface may be neglected; and Green's-func-
tion calculations provide only information about
the surface density of states without giving indivi-
dual surface bands and their k-space behavior. To
avoid these shortcomings, full band calculations
using a relatively complete set of basis functions
and performed in a self-consistent fashion are
needed. The present work represents a first at-
tempt in this direction.

The remainder of this paper is organized as
follows: In Sec. II the methods of calculation are
discussed. In Sec. III the results for the electronic
structure oi' the Nb (001) surface are presented
together with the projected band structure of bulk
Nb on the (001) surface. And inthefinal Sec. IV
a summary and some discussion are presented.
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II. METHODS OF CALCULATION

In an earlier paper, "referred to hereafter as I,
we have shown that, with the inclusion of a non-
local l -dependent potential, the pseudopotential
method can be extended to calculate the electronic
structure of bulk Nb. The calculations were per-
formed self-consistently using a Nb" ionic core
pseudopotential determined from atomic spectra.
In the present study of the Nb (001) surface, we
have used the same Nb" core potential. The theo-
retical methods employed are therefore similar
to those developed by the present authors for the
case of semiconductor surfaces "except for the
additional feature of a nonlocal potential.

A. Projected band structure (PBS)

Since bona fide surface states can only occur
in the gaps of the projected bulk part of the two-
dimensional (2D) band structure, "a knowledge of
the projected band structure of the three-dimen-
sional (3D) bulk crystal on a crystal face will be
extremely helpful in analyzing surface states on
that surface. For this reason we have projected
the bulk band structure of Nb on the (001) surface
using a method similar to that described in Ref.
13 by Caruthers and Kleinman.

For the (001) face of the bcc lattice, the surface
lattice vectors are @=a,x, 5=a, y, where a, is the
the bcc cubic lattice constant and x, y, 2 are the
usual cubic unit vectors. The 2D Brillouin zone

FIG. 1. Brillouin zone ior the two-dirnensiona1 square
lattice and the three-dimensional bcc lattice.

(BZ) for this surface unit cell is then a square
(Fig. 1 top) with primitive reciprocal lattice vec-
tors K„=(2v/a, )x and K„=(2v/a, )y. To obtain the
PBS, we construct the smallest 3D unit cell of
the bcc lattice which is compatible with the 2D
surface unit cell and determine the 3D band struc-
ture of Nb according to this new unit cell. The
allowed energies at a point R~, = (k„, k,) in the 2D
BZ are then the energy eigenvalues at all the points
(k„,k, ) such that --,'Z, ~ k, ~ —,'K, , where K, is the
primitive reciprocal lattice vector along the 2 di-
rection for the new 3D unit cell.

In the present case, the new unit cell is just the
bcc cubic cell and the new BZ is a cube inscribed
in the standard BZ (Fig. 1 bottom). The band
structure E„$) for the new cell can be easily ob-
tained by folding back the eigenvalues in the stan-
dard BZ into the new zone. For this purpose we
have used the band structure calculated in I. The
PBS for the (001) surface of NB was obtained from
the eigenvalues of 285 k points in the irreducible
part (+) of the standard BZ. This mesh of% points
is found to be sufficiently fine to give an accurate
determination of the gaps in the PBS of Nb.

B. Self-consistent surface calculations

The method employed here for the calculation of
the Nb (001) surface consists of using a thin slab
of the Nb crystal to simulate two noninteracting
surfaces and repeating the slabs to form a super-
lattice. The electronic structure is computed in
a self-consistent fashion using pseudopotentials.
The electronic properties of a single surface are
then extracted from the repeated system. This
method has been applied successfully to the calcu-
lations of a number of local configurations (sur-
faces, " interfaces, ""and vacancies") in simple
metals and semiconductors. Since the method
has been discussed at length in Refs. 11 and 14,
we shall only briefly describe it here.

Some of the desirable features of the present
method over existing calculations on transition
metal surfaces include: (i) With the introduction
of periodicity along the direction perpendicular to
the surface, standard pseudopotential techniques
in bulk calculations can be used and many of their
advantages retained. For example, the electronic
wa~ e functions are expanded in simple plane waves
eliminating some of the restrictions on the electron
wave functions usually associated with limited
basis sets. (ii) Self-consistency in the screening
potential is required to allow for the correct elec-
tronic screening near the surface region. This is
achieved by a self-consistent-field procedure
with the exchange effects included via a local ex-
change potential. As in the case of simple metal
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and semiconductor surfaces, it has been shown in
previous calculations" that self-consistency is
also very important for transition-metal surfaces.

In the present study, a nine layer slab of Nb

with the ideal (001) surfaces exposed to both sides
is used to simulate the tmo noninteracting surfaces.
A superlattiee is constructed by repeating the
slabs with a slab-slab separation equivalent to
six atomic layers of Nb. The energy eigenvalues
and electron wave functions are calculated from
the pseudopotential Hamiltonian

H=p'/2m+ V~, + VH+ V„,

electron system)" and they are depicted in Fig.
2. When used in self-consistent atomic and bulk
band structure calculations, this Nb" ionic pseudo-
potential has yielded results in good agreement
with experimental data and with other calculations.
(See L)

In our self-consistent scheme, the ionic pseudo-
potential is screened with the Hartree and ex-
change screening potentials obtained from the
pseudocharge density p(r) by

(4)

where V~, is a superposition of Nb" ionic pseudo-
potentials V„( r) = -2 ne'(2/Sm) "'p"' ( r), (5)

V„(r) =g V;.„(r —R„) . (2)

V& is the Hartree screening potential and V„ is the
exchange potential.

For the ionic potentials, we have used the same
potential as in I which is an E-dependent nonlocal
pseudopotential of the form

—l2

I

3

r (a.u. )

5

FIG. 2. Nb+ ionic pseudopotentials. V, , V&, and V„
plotted as a function of r.

V;,„(r)= V&(r)P, ,-0

mhere the P, are projection operators for the vari-
ous angular components of the electron wave func-
tion. The nonlocal nature of this potential accounts
for the differences in the repulsive potentials that
each angular momentum component of the Nb con-
duction-electron mave function sees as a result of
core orthogonalization. " The potentials V„V&,
V„mere obtained by fitting the spectroscopic term
values of the Nb" ion (i.e., the Nb" plus one

where a, the Slater exchange parameter, is
chosen to be 0.80." The self-consistent loop is
started by approximating the potential terms V~,

.+ V„+V„ in Eq. (1) by a potential constructed
from a superposition of the self-consistently
screened atomic pseudopotentials. With this start-
ing Hamiltonian, the. valence charge density. is
calculated from the occupied states and the screen-
ing potentials V~ and V„are derived. The new

V~ and V„are then substituted back into the Hamil-
tonian for the next iteration. The process is re-
peated until self-consistency in the screening po-
tentials is reached.

To obtain sufficient convergence for the charge-
density calculation, we used the same convergence
criteria as in I where plane waves with a maximum
reciprocal lattice vector corresponding to an
energy of 10.2 Ry mere used in the basis set. This
led to approximately 1000 plane waves in the ex-
pansion of the electronic wave functions; an addi-
tional 1000 plane waves were treated by second-
order perturbation techniques. " Since both V~
-p(G)/G' and V„-p'"(G) are short range in q
space, it does not make a significant difference
whether the second group of plane waves is used

/

-o'r not in the self-consistency. We have chosen
not to include these in the present calculations.
In addition, since the central plane of the slab is
a reflection plane, the Hamiltonian was reduced to
two -500X 500 matrices using the techniques of
symmetrized plane waves. Because of the large
matrix size, the self-consistent calculations were
based on a three special-point scheme. " The
three K points used were {—,', —,'), (8, 8), (I,—,') in
units of 2m/a, with a weighting factor of —,

' for the
first two points and a weighting factor of & for
the third point. However, for the final self-con-
sistent potential, a regular mesh of 15 % points in
the irreducible part (-,') of the 2D square Brillouin
zone has been included.

With the results at the 15%, points, we obtained
the self-consistent valence charge density, the
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local density of states for the electrons near the
surface, and the charge densities for the various
surface states and surface resonances. The sur-
face states or resonances were identified by ex-
amining the charge density for all eigenvalues
below the vacuum level at the 15 % points. The
local density of states for a given region, 0„ in
space was evaluated by

~i(~)= 2 f ltr,„().r.~d ~~(s- &.$ii)),
n;

where k
~~

is the wave vector parallel to the sur-
face, I is the band index, and g& „ is the elec-
tronic wave function. lV', (E), therefore, gives the
probability of finding an electron with energy E in
the region 0&.

III. RESULTS

A. (001)projected band structure

The pBS for the Nb (001) surface is shown in
Fig. 3. We have scanned the entire irreducible
part of the square zone by examining% points
along lines parallel to the Z line (I' to M) in equal
intervals. Each small figure in Fig. 3 shows the
PBS along one of such lines. For example, the
upper-left corner figure is the PBS along the Z
line whereas the low-right corner figure corre-
sponds to the one point X. As seen from the fig-
ures there are a number of absolute gaps in the

~ ~ ~

~ ~ ~ ~

1 ~ ~ e ~ ~ ~ ~

X

~l

r

~ Qe ~ ~ ~)

'r,

I
I

I i ~

FIG. 4. Extents of the two major absolute gaps in the
projected band structure of the Nb (001) surface.

&. (001) surface

PBS. Symmetry gaps which we will discuss later
are not shown in these figures. We note that the
absolute gaps tend to be located far away from the
zone center F and tend to be the widest away from
high-symmetry points. "

From the PBS one therefore expects most of
the surface states to occur away from the zone
center and have energies in the wider gaps. Our
surface results indeed show that most of the prom-
inent surface states occur in the big gap G1 posi-
tioned „'ust above the Fermi level E~ between 0
and 3 eV and in the smaller gap G2 positioned
between -2 and -1 eV. The % space extension of
these two major gaps in the PBS is shown in Fig.
4. (The unhatched region indicates the existence
of the gap. )

6 —'

Nb {001)Projected Band Structure We shall now proceed to a discussion of the sur-
face results which have been briefly reported re-

E 0—
F

—2j—

Nb (001) Surface
TOTAL VALENCE CHARGE DENSITY

0
r

8/////

AA ('/Ig, 0) ('/2, /16) ('/s, o) ('/2, 3/s)
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1.0
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FIG. 3. Projected bulk band structure for the (001)
surface of Nb. (See text. )

FIG. 5. Total valence charge density of the Nb (001)
surface plotted on (a) the (110) plane and (b) the {100)
plane. The charge density is normalized to one electron
per unit cell.



SELF-CONSISTENT PSEUOOPOTENTIAL CALCULATIONS FOR. . .

I I I I I I I I I

10 —O.

LAYER 1 (SURFACE)

I I I I I I I I I

LAYER 3

Z

~ 6

OC

I~

2

0
I

Q

O

0 LAYER 2

EF

Q ' i I I I

1-
d

4 LAYER 4

C, B, A,
i I

I I P

I I I

e.

EF

I I

I I I I I

4 LAYER 5

EF

p —6 —4 ' —2 Q

ENERGY (eVj

t „
Q

' i
'

I I I

—6 —4 —2 Q

ENERGY (eVj

I

2

FIG. 6. Calculated local density of states curves for
the Nb (001) surface.

cently. " Figure 5 shows the total, self-consistent
valence charge density for the Nb (001) surface.
The charge density distribution on the (110) plane
is plotted in Fig. 5(a) and that on the (100) plane
is plotted in Fig. 5(b). Both planes are perpendicular
to the (001) surface. We find that, after only two lay-
ers into the bulk, the charge density is virtually
identical to the bulk charge density presented in
Fig. 4 in I. Some of the noticeable changes in the
charge distribution near the surface are: the
atoms on the second layer have a slightly higher
charge density which can be understood in terms
of Friedel oscillations and the charge density at
the surface atoms become less directional and

more s-like.
I

The local density of states (LDOS) curves are
presented in Fig. 6. The first layer corresponds
to the surface layer; the fifth layer at the center
of the slab. As stated in Sec. H, fifteen% points
in the irreducible part of the 2D BZ were used to
calculate the LDOS. In addition, to ascertain the
surface features, a difference curve obtained by
subtracting the LDOS at the center of the slab
from the LDOS at the surface is present in Pig. 7.
Since most experiments on surfaces are spectro-
scopic in nature, this LDOS which gives the energy
spectrum of the electrons near the surface is one of
the most relevant pieces of theoretical information
for experimentalists.

As seen from Fig. 6(e) the LDOS away from the
surface in layer 5 closely resembles the bulk

Nb spectrum given in I. Slight differences occur
because of the smaller number ofR poi, nts used and

I I i I (

DlFFERENCE CURVE

+f~0

1
I, C, S, ~,
(I 1 i i

-(EF
l

I

—6 —4 —2 0 2
ENERGY (ev)

FIG. 7. Difference curve for the local density of
states at the Nb (001) surface. (See text. )

also because of some influence of the surfaces.
The changes in the LDOS at the surface layer
(Fig. 6(a)] are however quite dramatic. These
changes are mostly due to surface states (and
resonances) and partly due to distortions of the
bulk-state wave functions at the surface. In addi-
tion, a slight narrowing of the rms width of the
LDOS at the surface is observed. In terms of
tight-binding arguments, ' this narrowing arises
because of the reduction in neighboring interactions
for the surface atoms.

Since Fig. 7 is a difference curve, energy re-
gions where the curve is positive represent an
excess in electrons at the surface layer as com-
pared to the bulk. The regionsg, J3, C, and D
shown in Figs. 6 and 7 are therefore regions where
most of the prominent surface bands occur. (In
the present calculation, we identify surface states
and resonances by the localization of their wave
functions at the surface layer. Because of the fi-
nite slab geometry, some of the weaker surface
states or resonances are ignored. ) The increase
in the density of states at the surface layer in the
energy range of 0-2 eP arises mainly from the
contributions of three surface bands (Tl, T2, and
T3). These three surface bands occur in the ab-
solute energy gap Ql located just above the Fermi
level in the two dimensional PBS. As seen from
Figs. 3 and 4 the G1 gap encompasses nearly 70%
of the irreducible zone extending from 3I to over
—', of the way to I' along the Z direction and sim-
ilarly to nearly touching X along the Y direction.
We find that the existence of these three surface
bands in the 61 gap is not very sensitive to the
potential used. Their dispersion is -2.5 eV for
the 72 and T3 bands and -0.4 eV for the Tl band.
The increase in the density of states at the surface
layer in the energy region D, on the other hand,
arises from occupied surface states in the smaller
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FIG. 8. Surface bands (dashed curves) and the pro-
jected band structure for the Nb (001) surface.

gap G2.
Figure 8 shows the various calculated surface

bands along the high-symmetry lines in the 2D BZ
together with the PBS. Also shown in Fig. 8 are
some of the symmetry gaps along the symmetry
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
Fig. 8 vertical crosshatching is used to show the
extent of bulk states with A„F, „and 5, symme-
try; horizontal crosshatching is used to show the
extent of bulk states with 62 and Z, symmetry;
and the dash curves are the surface (bona fide or
strong resonance) bands.

Let us first discuss the surface states in the Q1
gap. There are four surface bands in this gap.
Three of them are the previously mentioned T1,
7.'2, and T3 surface bands. As discussed earlier
the T1 band is very flat in% space, whereas the
I2 and &3 bands are relatively dispersive. The
extent of these states encompasses a large fraction
of the irreducible Brillouin zone. The fourth band
of surface states, on the other hand, is found only
at -3.0 eV in a small region near M.

As seen from Fig. 8 the T2 and T3 bands follow
each other quite closely in% space with a typical
energy separation of -0.5 eV which vanishes near
M. They also yield very similar charge-density
distributions. The character" of the two bands
is for the most part d,„„with admixtures of d„,
and d„2 p, depending on the value of %. For ex-
ample, along Z the T2 band is of Z, symmetry.
(see Table I.) Its character is mainly of d,&„„~
with admixture of d„,. The T3 band along this
direction is however of Z, symmetry and its
character is mostly of d,&„„~with admixture of
d„2,2. At the point 3I the two bands merge to a
twofold-degenerate state with mainly d,„,„char-
acter. The band 71, on the other hand, is almost
solely of dg 2 2 character throughout R space.
Finally the upper, fourth band which exists only

TABLE I. Character tables and transformation of d
functions in the two-dimensional square Brillouin zone.

Zg 1 1

Z2 1 —1

3z —x,xy, z(x+ y)

x -y, z(x-y)2 2

E

1 1

1 -1

E M

Yg 1 1

Y2 1 -1

3z —T' ~x —y, 8x2 2 2 2

xy, zy

3z —0 ~x —y, zy2 2 2 2

xy, zx

near M is mostly of d„2,2 character. In terms of
spectral weight, the g2 and T3 states are distri-
buted over regions A, B, and C whereas the T1
states are concentrated in region A.

A simple orbital interpretation of the above
three prominent surface bands is that the T2 and
T3 surface states are states principally derived
from the two bonding orbitals d,„and d„of the
surface atoms. With the formation of the surface,
these two bonds are broken and two surface bands
split off from the bondirig and antibonding pari of
the spectrum into the Q1 gap. Similarly the P1
states can be thought of as d„2 „2 orbitals which
split off. from the nonbonding part of the spectrum
and move down into the Gl gap to form one sur-
face band. Of course the situation is much more
complex in detail than the above picture. This
simple interpretation however does give a clear
physical explanation for the behavior of the T1,
T2, and 73 states.

There are other surface states near the Fermi
level. For example, at I", a surface state of
d„2 „2 character is found in a I', symmetry gap
at 0.2 eV (not shown in Fig. 8). Also found near
E~ is an unoccupied surface band in a 4, symme-
try gap in the PBS along the 4 direction and, just
below this b,, gap, an occupied band of strong sur-
face resonances. Both of these bands are shown
in Fig. 8 but unlabeled. The two bands merge and
become weak surface resonances at 1. Since the
state at I' and those in the above two bands are
well defined surface states only at their perspec-
tive symmetry points, they do not contribute much
to the LDOS or the total charge density.

The charge-density distributions for states in
the regionsA. , 8, and C are shown in Fig. 9.
These plots included contributions from both bulk
and surface states. As expected from the LDQS,
the chargesfor all three regions are highly local-
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a. Q

Nb (001} Surface—~

VACUUM

STATES IN ENERGY REGION A

b.
VACUUM

STATES IN ENERGY REGIO

C.

VACUUM

STATES IN ENERGY REGIO

FIG. 9. Charge-density contour plots for the three
energy regions {a) region A, (b) regions, (c) region C.
(See text. ) The charge density for each region is nor-
malized to 1 electron per unit cell and is plotted for a
(100) plane cutting the Nb (001) surface.

ized on the first layer, indicating that states in
these regions are essentially composed of surface
states. Since T1 states are dominant in region A. ,
the charge-density plot for this region shows a
strong charge lobe about the surface atom protru-
ding into the vacuum region along the z direc-
tion perpendicular to the (001) surface. Although
it,cannot be seen from the plot, the charge den-
sity is completely symmetric about the z axis,
giving the charge distribution a striking d3
character. In contrast, the charge densities for
regions J3 and C have their maxima protruding
into the vacuum region at a 45 angle with respect
to the normal; they are nearly symmetric with
respect to the s axis. Therefore they are mostly
of d,„,„character with some admixture of d„„a,nd

d 2 y2 character reflecting the fact that the states
in region 8 and C are mostly T2 and T3 states.
From Fig. 9, one can also see the reason for the
rather large dispersion for the T2 and T3 states.
The charge densities for these states overlap
quite strongly between neighboring surface atoms
whereas there is virtually no overlap of charges
for the T1 states.

Below the Fermi level, two occupied surface
bands (T4 and T5) are found in the energy region

Similar to the T1, T2, and T3 states„ these
two bands occur in an absolute gap, the G2 gap,
in the PBS (Fig. 8). But, unlike the former states,
their charge-density distributions are not dangling-
bond-like. The%-space extension of the G2 gap is
shown in Fig. 4 which consists of a strip extending

- from midway along the Z line to the point. X. An
examination of the charge distribution of these
states indicated thai states in the upper T4 band
are primarily d„,-like, whereas states in the lower
T5 band are primarily d„2,2-like. However, the
character of these states does change significantly
over different parts of Ic space. In some regions
of % space the concentration of charge is shifted
from the first (surface) layer to the second layer

To illustrate some of the characteristics of the
individual surface states, we have plotted the
charge density distributions for the five surface
states at the point k = (—,', —,')2~/a, . This k point was
chosen for the reasons that all five surface bands
T1-T5 extend to this point and that it is a general
point in the 2D BZ. Figure 10 shows the charge-
density distribution for the T1 state at E =1.6 eV.
The charge distribution on the surface atom is as
mentioned before d„2 „2-like and has virtually no
overlap with the charge from nearby surface
atoms. Figure 11 shows the charge density dis-
tribution for the T2 state at E = 0.8 eV. Comparing
the charge distribution on the (110) plane [Fig.
11(a)]with that on the (100) plane [Fig. 11(b)], we
see that the charge distribution on the surface
atom is of d,„„character with an admixture of

.d„, character. Overlap of charges along the [010]

Nb (001} Surface

a.

= (%, '/. j

VACUUM

VACUUM

FIG. 10. Charge density distribution of a T1 surface
state at K = (83, ~& )2n/a~ at E =1.6 eV plotted on (a) the
(110) plane and (b) the (100) plane. The charge density
is normalized to 1 electron per unit cell.
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Nb {001)Surface Nb {001}Surface

a. a.

STATES AT k = ('/e, 1/a)

E = 0.8eV VACUUM

TATES AT k = (s/, 'j)
= -1.7 eV

VACUUM

b.

VACUUM VACUUM

FIG. 11. Charge-density contour plot of a T2 surface
state at k =(8, 4)27t/ac at 8=0.8 eV. Plotting planes and
normalization are the same as in Fig. 10.

FIG. 13. Charge-density contour plot of a T4 surface
state at k =(&8, ~)2~/a~ at 8=—1.7 eV. See Fig. 10 for
plotting planes and normalization.

direction is considerable which is consistent with
the large dispersion of the 72 band.

Figure 12 shows the charge-density distribution
for the 73 state at E = 0.4 eV. The charge distri-
bution. is again d,„,„-like. But unlike the 72 state,
it has an admixture of the d„2 y2 charge distribu-
tion. Again the overlay of charges along the (010)
direction is appreciable. Figure 13 shows the
charge density distribution for the occupied I4
state at E= -1.7 eV. The charge density for this
state is not as highly localized on the surface

Nb {001) Surface

a.
STATES AT k = ('/8, '/, )

E = 0.4eV

atoms as the states in the G1 gap. The charge
extends into the second layer and is mostly of d„,
character with a small admixture of d„, ,„charac-
ter. Finally, the charge-density distribution for
the state T5 at E=-2.0 eV is presented in Fig. 14.
The charge is localized on the second-layer atoms,
but extends quite far into the slab.

Finally, a parameter which is closely related to
the surface properties and can be obtained directly
from our calculations is the work function. From
the final, self-consistent potential in the interslab
region, we determined that the vacuum level for
our system is at 3.6 eV above the Fermi level.
Hence this value is the calculated work function.
The latest measured work function is 4.0 eV for
the (001) surface of Nb."

VACUUM

Nb {001}Surface

TES AT " = (le 1/4)

—20 eV

VACUUM

VACUUM

n. X
FIG. 12. Charge-density contour plot of a T3 surface

state at k =(8, 4 )2x/a~ at E =0.4 eV. See Fig. 10 for
plotting planes and normalization.

FIG. 14. Charge density distribution of a T5 surface
state at k=(83, -)27rja„at E=—2.0 eV plotted on the (110)
plane. The charge density is normalized to 1 electron
per unit cell.
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IV. SUMMARY AND CONCLUSIONS

In summary we have calculated the electronic
structure of the (001) ideal surfac'e of niobium
using a self-consistent pseudopotential method.
Surface states are identified and analyzed through-
out the two-dimensional Brillouin zone. When
compared to the semiconductor surface states,
the surface states on the Nb (001) surface are
more complex both in their extent in k space and
in their charge-density distributions.

Our results also show that most prominent sur-
face bands appear in gaps of the PBS which are
located well away from the zone center. Since we
do not expect the positions of the gaps in the PBS
for the (001)surface of most bcc transition metals to
differ much, this situation will most likely occur
on other transition-metal surfaces and therefore
it is not adequate to analyze the surface properties
of transition metals by just examining the I" point.

Also, since our calculations are nonrelativistic,
spin-orbit interactions are not necessary for the
existence of the surface states discussed. "

Finally, although measurements" "have been
done on the (001)surfaces of Mo and W, to our know-
ledge there is unfortunately no published spectro-
scopic data on the (001) surface of Nb. The one
piece of known experimental information, the work
function, appears to agree with the calculated
value. It is tempting to make a rigid-band inter-
pretation of our results for Mo and % since the
bulk band structures of these materials are very
similar. However, because of the change in the
Fermi level between materials (i.e., different sur-
face states are occupied), screening at the surface
will be likely to significantly alter the energies of
the surface states.
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