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We have performed ab initio pseudopotential plane-wave calculations of both the atomic and
electronic structure of the Ta (100) and (110) surfaces. The atomic relaxation of Ta (110) is calcu-
lated while our results for the structure of Ta (100) agree well with previous experimental reports.
We find that the topmost interlayer separations contract relative to their bulk values by (12+1)%%uo

and (2+1)%%uo for Ta (100) and (110), respectively. The changes in the second and deeper interlayer
separations difFer in sign. The calculated surface formation and relaxation energies are 1.92 eV/atom
and —0.17 eV/atom for the relaxed Ta (100) surface and 1.18 eV/atom and —0.03 eV/atom for the
relaxed (110) surface. We have also calculated the work functions for both surfaces and find values of
4.0+0.1 eV for (100) and 4.9+0.1 eV for (110), which are both in good agreement with experiment.
Our study of the respective surface states and their variation as a function of the relaxation indicates
that, in contradiction to a previous report, the surface states do not provide the driving force for
the relaxations. We report our calculation of the [110] zone boundary phonon frequencies for bulk
Ta. Lastly, this work demonstrates that the pseudopotential method can be applied accurately and
efBciently even in the case of a column V transition metal such as Ta.

I. INTRODUCTION

The study of clean Ta surfaces provides a starting point
for understanding Ta surface reactions, many of which
have important technological applications. For instance,
in flat panel liquid crystal display technology the fabri-
cation of self-aligned thin film transistors commonly in-
volves etching and oxidation of Ta thin films. Despite
numerous studies there are still a number of open ques-
tions regarding the atomic and electronic structure of the
Ta (100) and (110) surfaces. Using ab initio electronic
structure methods we are able to address some of these
questions.

Theory can play an important role in the determina-
tion of surface structure since in some cases experiments
provide only incomplete or approximate structural in-
formation. For example, scanning tunneling microscopy
(STM) does not yield direct information regarding inter-
layer relaxation normal to the surface. Iterative multiple-
scattering calculations and a proposed structural model
are required for low-energy electron diKraction (I EED)
analyses. Ion scattering and photoelectron diQ'raction
(PD) also require proposed structures but the accompa-
nying calculations are less complex than those required
for LEED. The error bars associated with these experi-
mental determinations depend, among other things, on
the sensitivity of the measured data to the structural pa-
rameters. This sensitivity can sometimes be quite small
for certain structural quantities, leading to big error bars
on those quantities. An alternative approach is to obtain
the surface geometry from ab initio total energy calcu-
lations. In recent years, advances in computer technol-
ogy have made this approach a viable means for accurate
structural determinations using density- functional-based
methods.

I EED experiments on both the Ta (100) and
(110) surfaces have revealed no indications of surface
reconstruction (lowering of the bulk-terminated 1 x 1
symmetry) and, therefore, only relaxations involving the
expansion or contraction of interlayer separations have
been corisidered in the present as well as earlier stud-
ies. The geometry of the Ta (100) surface has been in-
vestigated using both LEED and PD techniques with
good agreement between the two. A structural study
of Ta (100) was carried out by Titov and Moritz' us-

ing LEED with multiple-scattering calculations in which
the first and second interlayer separations were the only
adjustable parameters. They found that the topmost
Ta (100) interlayer separation contracts relative to its
bulk value by (ll+2)% while the second interlayer sep-
aration expands by (1+2)%. There is a significant (0.75
eV) Ta 4f surface core-level shift for the (100) surface
which enabled Bartynski et al. ' to determine the surface
structure using PD. The best match between the data
and their multiple-scattering calculations corresponded
to a (10+5)% contraction of the topmost interlayer sep-
aration, which was their only independent variable. As
part of a study of the electronic structure of Ta (100)
it was briefly mentioned that a total energy calculation
predicted a 13.2%%uo topmost interlayer contraction. How-
ever, the calculational details and sublayer relaxations
were never published. Our calculated value of (12+1)%
for the topmost interlayer contraction is consistent with
all of these previous studies. In contrast to Ta (100),
the surface structure of Ta (110) has not been studied
previously. We find that the contraction of the topmost
interlayer separation is only (2+1)%%uo which is small rela-
tive to the sensitivity of many experimental techniques.

In the case of covalently bonded materials, such as Si,
the energy gain associated with reducing the number of
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dangling bonds provides the driving force for many sur-
face relaxations and reconstructions. The surface states
associated with these dangling bonds show pronounced
energy shifts as a function of the rehybridization or re-
bonding which difFerentiates the relaxed or reconstructed
surface from the unrelaxed. , bulk-terminated surface. The
presence of an energy gap in these materials means that
these energy shifts are directly correlated with changes
in the total energy. In contrast, we expect that the large
density of electronic states near the Fermi energy in met-
als will d.amp out the effect on the total energy of any
shifts in the surface states as a function of the relaxation.
Our study of the electronic structure of the Ta (100) and
(110) surfaces confirms that there is no simple correlation
between shifts in the surface states and the magnitude of
the relaxation. This 6nding is in contradiction to previ-
ous reports. '

The surface electronic structure of Ta (100) has been
investigated both experimentally and theoretically; how-
ever, to our knowledge there are no first-principles elec-
tronic structure calculations for a fully relaxed surface.
A theoretical stud. y of a Ta surface was carried out by
Feibelman et al. using a non-self-consistent local den-
sity approximation (LDA) method applied to the (100)
surface of hcp rather than bcc Ta. The previous stud-
ies of bcc Ta (100) were carried out for comparison to
the (100) surfaces of group VIB elements, such as W,
which also have bcc crystal structures. ' ' Unlike Ta
(100), W (100) undergoes a temperature-dependent re-
construction. Krakauer performed LDA calculations
for an unrelaxed five-layer Ta (100) slab and identi6ed
surface states that are occupied for W (100) but not
for Ta (100) and concluded that this difference is re-
sponsible for the fact that W (1GO) reconstructs but Ta
(100) does not. Using inverse photoemission, Bartyn-
ski and Gustafsson observed several unoccupied surface
states of Ta (100) within 2 eV of the Fermi level, which
agreed semiquantitatively with Krakauer's calculations.
However, further experiments contradicted the sugges-
tion that the W (100) surface reconstruction is driven
by these surface states, since unoccupied surface states
were also observed for W (100) and Mo (10G). Surface
resonances for Ta (100) were observed by Pan et at. us-

ing angle-resolved photoemission, and confirmed by their
LDA calculations for Ta (100) supercells with a 14% con-
traction of the topmost interlayer separation. They also
suggested that enhancement in the bonding character of
the L2 surface resonances is the driving force for the
large interlayer contraction. Using a tight-binding Green
function method, Baquero and Coss suggested that the
shifts in the surface resonances at the I' point, just above
the Fermi level, are directly related to the contraction of
the topmost Ta (100) interlayer separation.

There have been fewer studies of the Ta (110) surface
and they have all focused on an interesting surface-state
to surface-resonance transition near the zone center of
the surface Brillouin zone. This transition was observed
in the photoemission study of Kneedler et al. ' In or-
der to understand. the transition, van Hoof et a/. per-
formed electronic structure calculations using a surface-
embedded Green function method. In their calculations

the substrate is represented by an embedding potential
obtained from a bulk calculation.

In this paper we report on the determination of the
atomic geometry af Ta (110) using an ab initio total en-

ergy method. Our calculation of the Ta (100) surface
structure gives results which are consistent with previ-
ous experimental determinations. We have also evalu-
ated the surface formation and relaxation energies and
discuss them in the context of two previously proposed
models. These surface energetics play an important role
in surface phenomena (e.g. , surface properties of alloys,
surface growth, and fracture) and have not been reported
previously, to our knowledge. In addition, we have cal-
culated the electronic structure of both the relaxed and
unrelaxed Ta (100) and (110) surfaces which we compare
directly to the bands of bulk bcc Ta, projected onto the
respective surface Brillouin zones. Our emphasis is not
on the identification of surface states, as in previous stud-
ies, but rather on the correlation between surface relax-
ation and shifts in these surface states. In contradiction
with previous reports, ' our study shows that changes
in the surface states do not act as the dominant driv-

ing force for the Ta surface relaxations and that the Ta
surface bonds are delocalized.

II. COMPUTATIONAL DETAILS

A. Surface model

Bath the Ta (100) and (110) surfaces were modeled by
supercell geometries for which periodic boundary condi-
tions were imposed in all three dimensions. Only inter-
layer expansion or contraction was considered and there-
fore both surfaces were assumed to have (1x 1) symme-
try. We used the theoretical lattice constant s of 3.22 A

which corresponded to the volume where the calculated
pressure was zero in bulk bcc Ta. In all cases the Ta
slabs were separated by vacuum regions with thicknesses
greater than 17 A, which was large enough so that the
electrostatic potentials were Hat in the middle of the vac-
uum.

The convergence with respect to slab size was checked
by comparing results from seven- and ten-layer calcula-
tions for Ta (100). We found that properties determined
from the total energy, such as the structure and relative
energies, converged quickly with respect to the number
of layers. The seven-layer slab was found to be suK-
cient for the surface geometry and the surface formation
and relaxation energies (see Secs. III8 and III C). In the
case of the electronic structure, we found that ten (100)
layers were needed in order to effectively eliminate the ar-
tificial splitting of the surface bands which resulted from
the weak interaction between the two surfaces of the slab.
The interlayer separation for (110)planes was larger than
that for (100) planes and therefore a smaller number of
(110) planes were needed to achieve convergence. Thus
we only considered a seven-layer Ta (110) slab which was
similar in thickness to the ten-layer (100) slab.
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B. Methods

The present ab initio electronic structure calculations
were performed within the framework of density func-
tional theory~s (DFT) and the local density approxima-
tion (LDA) for the exchange-correlation functional. We
used the Ceperley-Alder exchange-correlation potential
as parametrized by Perdew and Zunger. The interac-
tion between the core and valence electrons of Ta was
described by a nonlocal and norm-conserving pseudopo-
tential constructed using the scheme of Troullier and
Martins. This first-principles Ta pseudopotential was
generated from a scalar relativistic all-electron atomic
calculation for the spin-polarized Ta ground state con-
figuration 5d 6s 6p . The 6s potential was chosen as
the local component with the 5d and 6p components ex-
pressed in the nonlocal separable form of Kleinman and
Bylander. The cutofI' core radii for 5d, 6s, and 6p po-
tentials were 1.510, 2.686, and 3.445 bohr, respectively.
The Bloch wave functions were expanded in a plane-wave
basis set with a kinetic-energy cutofI' of 40 Ry, which gave
absolute total energy convergence to within 0.01 eV. All
of the bulk Ta calculations reported here, including the
pressure calculations which determined the theoretical
lattice constant, were carried out with this same cutoff.

The k-point integrations for the bulk calculations were
done using the special k-point scheme with a mesh of
8x8x8 points in the Brillouin zone (26 points in the
bcc irreducible wedge). For the supercell calculations a
smaller mesh of 4x4x2 was used, which corresponds to
three and six points in the supercell wedges of Ta (100)
and Ta (110), respectively. We found that results for an
8x8x2 mesh (ten points in the wedge) were the same
as those obtained with the 4x4x2 mesh for the surface
structure of the ten-layer Ta (100) slab, and that the to-
tal energy difference was less than 0.05 eV/atom. The
Fermi level was determined at each iteration using the
Gaussian integration method with a Gaussian broad-
ening of 15 mRy. The conjugate gradient iterative
diagonalization scheme was used to obtain the self-
consistent solutions of the one-electron Kohn and Sham
equations. The forces on the nuclei were evaluated us-
ing the Hellmann-Feynman theorem with all atoms al-
lowed to move freely, and the quasi-Newton method
was used to find the relaxed atomic positions. We did
not include spin-orbit interactions in either the bulk or
surface calculations because a previous study showed
them to be only a small perturbation on the bulk Ta
band structure.

directly relates to this transferability is the size of the
pseudopotential core radius. In most cases a smaller core
leads to better transferability, but also to a deeper po-
tential which requires a larger number of plane waves
to achieve convergence in the total energy. In order
to test the performance of our Ta pseudopotential in
a solid-state environment, we conducted a comparison
study of the equilibrium properties of bulk bcc Ta using
the pseudopotential plane-wave method and a full poten-
tial linear muffin-tin orbital (FP-LMTO) method. 2~ 2s In
both cases we used the same 8x8x8 k-point mesh (26
irreducible points) and the Ceperley-Alder~s exchange-
correlation potential.

Figure 1 demonstrates the excellent agreement, es-
pecially below the Fermi level, between the bulk bcc
band structure of Ta computed using the pseudopotential
method (circles) and that obtained with the FP-LMTO
method (solid line); most of the circles lie directly on top
of the solid line. The ground state properties of bulk
bcc Ta (listed in Table I) were obtained by fitting the
total energy at nine difFerent volumes using the Mur-
naghan equation of state. The pseudopotential lattice
constant~s is 2% smaller than the experimental value but
only 1% smaller than the FP-LMTO value. The bulk
modulus calculated with the pseudopotential method is
9% larger than experiment while the value obtained from
the FP-LMTO method is 3% larger than experiment.
These difFerences between the two methods and between
each of the methods and experiment are typical for I DA-
based calculations. In addition, the overestimates of the
bulk moduli relative to experiment are partially due to
the fact that the lattice constants are underestimated.
The two methods yield similar values for the cohesive
energy of bulk Ta; the theoretical values listed in Table
I both include a +1.12 eV/atom spin polarization con-
tribution &om the Ta free atom, which was calculated
with the FP-LMTO method. Even with this spin po-
larization contribution, both methods significantly over-

III. B.ESULTS AND DISCUSSION

A. Transferability of the Ta pseudopotential
and Ta bulk phonons

A pseudopotential with good transferability not only
can reproduce the all-electron calculation for the atomic
configuration in which it was generated, but also has the
ability to properly describe the valence-core interaction
in difI'erent bonding environments. The parameter that

H N

FIG. 1. Comparison of the bulk bcc Ta band structures
obtained using an all-electron FP-LMTO method (solid line)
and the plane-wave pseudopotential method (circles).
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TABLF I. comparison of the lattice constant (ap), bulk modulus (Bp), and cohesive energy
of bulk bcc Ta obtained with the pseudopotential method to those obtained from all-electron
FP-LMTO calculations and from experiment.

Pseudop otential
FP-LMTO
Experiment

ap (A)
3.23
3.26
3.295 (T = 0 K)

Bp (Mbar)
2.11
1.98

1.93+0.05

E, h (eV/atom)
9.88
9.54
8.10'

B. Eisenmann and H. Schafer, in Structure Data of Elements and Intermetallic Phases, edited by
K.-H. Hellwege and A. M. Hellwege, Landolt-Bornstein, New Series, Group III, Vol. 14, Pt. a
(Springer-Verlag, Berlin, 1988).
A. G. Every and A. K. McCurdy, in low Frequency Properties of Dielectric Crystals, edited by

D. F. Nelson, Landolt-Bornstein, New Series, Group III, Vol. 29, Pt. a (Springer-Verlag, Berlin,
1992).
'Reference 36.

estimate the cohesive energy compared to experiment,
which is also typical for LDA-based calculations. Since
the pseudopotential calculations yield results for the Ta
bulk properties which are consistent with the all-electron
calculations, we conclude that our Ta pseudopotential
provides a good representation of the Ta valence-core in-
teraction in a crystalline environment.

We have used this Ta pseudopotential to investigate
an interesting experimental observation of the phonons
in bulk Ta. In 1964, Wood reported measurements of
bulk Ta phonon frequencies using neutron inelastic scat-
tering; he found an accidental degeneracy between the
longitudinal and one of the transverse modes (T2) at the
[110] zone boundary. No additional experimental or the-
oretical studies have been conducted since this original
finding. We have calculated the phonon frequencies at
the [110]zone boundary using the frozen phonon method
and the results are listed in Table II. Our calculation of
the longitudinal mode frequency does not match the ex-
perimental measurement; our result is 0.37 THz higher
than Wood's value of 4.35 THz. However, the two calcu-
lated transverse mode frequencies of 4.17 THz (T2) and
2.74 THz (T2) agree fairly well with the measured values
of 4.35+0.06 THz and 2.63+0.08 THz. The reason for
the discrepancy in the case of the longitudinal mode is
not known.

B. Surface geometries of Ta (100) and (110)

We have determined the surface atomic structure of
Ta (100) from total energy minimizations of seven- and
ten-layer supercells and the results are given in Table
III. There are small differences between the structures
obtained with the two supercells. We have estimated the
uncertainty in our interlayer separations to be +1% due

to the fiatness of the total energy surfaces. The relax-
ation of the Ta (100) surface is characterized primarily
by a large contraction of the topmost interlayer separa-
tion, which was calculated to be (12+1)% with the ten-
layer supercell, in excellent agreement with previous re-
ports of (Ii+2)% and (10+5)%. As expected, this
topmost contraction is accompanied by smaller expan-
sions in the second and third interlayer separations. For
example, the second interlayer separation is found to ex-
pand by (3+1)% in the ten-layer calculation, somewhat
larger than the previous value of (I+2)% obtained by
Titov and Moritz from their LEED analysis. Nonethe-
less, our result falls within the range of their error bars.

The (110) surface is the most close-packed surface for
a bcc crystal and therefore we expect it to have a smaller
relaxation than the (100) surface. Each (110) surface
atom is missing only two nearest neighbors compared to
four in the case of a (100) surface atom. Indeed, our
seven-layer calculation yields only a (2+1)% contraction
of the topmost Ta (110) interlayer separation (see Table
IV). This value is similar in magnitude to the experi-
mental uncertainties in previous studies of the (100) sur-
face. A number of 4d bcc transition metals exhibit sim-
ilar trends for (100) and (110) surface relaxations. For
example, Methfessel et al. carried out FP-LMTO cal-
culations for Nb (100), Nb (110),Mo (100), and Mo (110)
and obtained contractions of the topmost interlayer sep-
arations of 9.3%, 3.7%, 9.0%, and 3.9%, respectively. For
these bcc transition metals the contraction (expansion)
of the topmost interlayer for the (100) surface appears
to be approximately 2—3 times larger than for the (110)
surface.

TABLE III. Interlayer relaxations (Ad, ~ ) for Ta (100),
listed as percentages of the bulk separation (1.61 A) and ob-
tained from seven- and ten-layer supercell calculations. Neg-
ative and positive values refer to interlayer contraction and
expansion, respectively.

Normal mode
110 (I,)
110 (Ty)
001 (T2)

LDA
4.72
2.74
4.17

Experiment
4.35+0.08
2.63+0.08
4.35+0.06

TABLE II. Comparison of the calculated phonon frequen-
cies (in THz) at the [110]zone boundary with those measured
in Ref. 30.

Interlayer
indices (ij)
1-2
2-3
3-4

5-6

Ad, , (%%up)

(seven-layer)
—12

4
4

Ad, , (%%uo)

(ten-layer)
—12

4
3
0
0
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Interlayer
indices (ij )
1-2
2-3
3-4

&d" (%)
(seven-layer)

—2
3
3

TABLE IV. Interlayer relaxations (Ad, ~) for Ta (110),
listed as percentages of the bulk separation (2.79 A) and ob-
tained from a seven-layer supercell calculation. Negative and
positive values refer to interlayer contraction and expansion,
respectively.

cr (eV/atom)
o- (3/m')
E,~„(eV/atom)

Ta (100)
(seven-layer) (ten-layer)

1.82 1.92
2.82 2.97

—0.13 —0.17

Ta (110)
(seven-layer)

1.18
2.58

—0.03

TABLE V. Calculated surface formation energies (o) in
units of energy per surface atom and per unit surface area,
and the surface relaxation energies (E,~„)per surface atom for
both Ta (100) and (110) surfaces.

C. Surface formation and relaxation energies
of Ta (100) and (110)

The process of creating a surface may be viewed
as consisting approximately of three ind. ependent steps:
(1) diabatic cleavage of the crystal (frozen electronic
charge density), (2) electronic equilibration to the Born-
Oppenheimer surface for fixed atom positions (bulk-
terrninated surface), and (3) self-consistent atomic and
electronic relaxation to the global minimum. The surface
formation energy o is the combined total energy cost as-
sociated with all three steps. It depends on the surface
orientation and is typically proportional to the surface
roughness. Values of 0 are usually reported either in
units of energy per surface atom or per unit surface area.
We will use units of energy per surface atom in order to
emphasize the connection between 0 and chemical bond-
ing. The dominant contribution to 0 is often the energy
cost to break bonds in step (1), which we call the cleav-
age energy, E,~„.The energy associated with step (2),
the electronic energy E ~, reflects the difference between
the surface bonds on the unrelaxed surface and the bulk
bonds. In the case of semiconductors, which have direc-
tional bonding, E,~ is typically small compared to E,~,
but we will see shortly that E ~ is important in the case of
Ta. The surface relaxation energy E,~ is the energy gain
resulting from the self-consistent atomic and electronic
relaxations in step (3). We will estimate E,i by using the
calculated values of 0. and E,~ and an approximation to
E,j based on a previously proposed model.

We have calculated 0. and E,~ directly from the total
energies:

cr = (E„eb' —NEbelk)/2

(Erelaxed Eunrelexed) /2

where E,&'& and E,"&"b are the total energies of
-atom slabs in their relaxed and unrelaxed atomic con-

figurations. Eb„~g is the total energy per atom of the
bulk crystal. The factor of 1/2 accounts for the two sur-
faces in our supercell model. The calculated values of o
for both surfaces (oipp and criip) are listed in Table V.
We find. that the seven- and ten-layer calculations give
similar values of o.

happ, consistent with the small effect of
supercell size on the surface geometry (see Sec. III B).
Using a seven-layer supercell we calculate 0&ip ——1.18

eV /atom which is significantly smaller than the value
of crMp ——1.92 eV/atom. The fact that the (110) sur-
face costs less energy to create than the (100) surface is
not unexpected in view of the smaller number of missing
nearest neighbors for a (110) surface atom compared to a
(100) surface atom. However, the relationship between a
and the number of missing nearest neighbors is not quite
linear, as can be seen from the fact that the ratio of O.

happ

to O~~p is less than 2. The surface free energy of Ta at its
melting temperature was estimated to be 2.49 J/m by
Tyson and Miller using liquid surface tension data and
2.27 J/m by Mezey and Giber using the free enthalpy
of atomization. Since a liquid minimizes its surface free
energy we expect that o for the more close-packed (110)
surface will be closer to the liquid value. In these alter-
nate units we find oiip = 2.58 J/m which confirms this
expectation. We have also found, as in several previous
studies of other metals, ' that E,~„is small (E,&„—0.17 eV/atom; E,&„———0.03 eV/atom; only 6%—8%
of a for both surfaces). In general, we expect that the
inclusion of E,j„in the calculation of o is not crucial for
metals with no surface reconstruction.

A commonly used expression for o has a simple linear
dependence on the number of missing nearest neighbors
and the cohesive energy of the bulk crystal:

(&b u
—t . .)

coh)
+bulk

where Cb„~g and C,„,are the coordination numbers of a
bulk atom and a surface atom, respectively. This ex-
pression assumes that the cohesive energy for a bulk
atom, E, h, can be approximated as a sum of energies
which correspond only to the number of nearest-neighbor
"bonds. " Bonds for surface atoms and bonds for bulk
atoms are assumed to have the same bond strength. This
"frozen bond-cutting model" considers only the energy
associated with step (1) (o = E,~ ), corresponding to
a diabatic process with no electronic relaxation. For
this reason it serves only as an upper bound to the ac-
tual surface formation energy. Typically it gives correct
trends as a function of surface roughness and it is a better
representation of o. for semiconductors than for metals.
With E, b taken from experiment [E,'"b ——8.10 eV/atom
(Ref. 36)], this model yields 4.05 eV/atom and 2.025
eV/atom for Ta (100) and (110), respectively, which rep-
resent estimates of E ~ . Using these values for E ~

and our ab initio results for 0. and E,~„,we estimate
E,~

= o —E,~„—E,i„to be —1.96 eV/atom and —0.81
eV/atom for Ta (100) and (110), respectively. E,i re-
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fleet the difference between the surface and bulk bond
strengths and is apparently a significant contribution to
0 in the case of Ta.

The effect of electronic relaxation on the surface en-
ergy [step (2)] can be approximately taken into account
by treating the nearest-neighbor bond strength in the
"square-root bond-cutting model. "3 In this model

(V'&b &k
—V'&. .)

4+bulk

which is obtained from an approximation to tight-binding
theory. Methfessel et a/. have shown, using FP-LMTO
calculations, that this equation works well for the 4d tran-
sition metals. In contrast, the pseudopotential calcula-
tions of Wright et al. indicate that this model under-
estimates o. by nearly 30%% for the (100) surface of the
simple metal Mg. In the case of the 5d transition metal
Ta (E,'"b~ ——8.10 eV/atom (Ref. 36)], this equation gives
0 happ = 2.37 eV/atom and o gyp = 1.09 eV/atom, in fairly
good agreement with our ab initio results of 0 happ = 1.92
eV/atom and ojqp ——1.18 eV/atom. For the 4d tran-
sition metal Nb, the element one row above Ta in the
Periodic Table, Methfessel et al. calculated oipp ——1.86
eV/atom and 0'qqp ——1.08 eV/atom. In the context of the
bond-cutting models, the larger surface formation ener-
gies of Ta relative to Nb are consistent with the fact that
Ta has a bigger cohesive energy than Nb.

D. Work functions and charge transfer
for Ta (100) and (110)

The planar averaged valence electron charge densities
for the relaxed (dashed line) and unrelaxed (solid line)
seven-layer Ta (100) slabs (p~ ) are plotted in Fig. 2 as a

function of the z coordinate normal to the (100) surface.
The z coordinates of the Ta atoms in the relaxed and un-
relaxed supercells are indicated by the empty and solid
circles, respectively. We note that p peaks in between
adjacent Ta (100) layers, which corresponds to the mid-
point of the nearest-neighbor bonds where we expect the
valence electron charge density to be largest. In the case
of the (100) planes there are no in-plane nearest-neighbor
pairs, but there are four in-plane nearest-neighbor pairs
per atom among the atoms in a given (110) plane. There-
fore the planar averaged valence electron charge density
for Ta (110) (p, in Fig. 3) peaks at the z coordinates of
the Ta layers instead. For both surfaces, relaxed and un-
relaxed, we have found that the electronic charge trans-
ferred from the bulk to the surface layer is small (less
than O. le); the total valence electronic charge integrated
from the middle of the vacuum to the middle of the first
interlayer is close to 5e (the valence electronic charge for
an isolated Ta atom). For the unrelaxed slabs, the small
enhancement in the peak values of p and p, in the
topmost layers represents the charge rearrangement due
to the formation of the surface. For the relaxed (100)
surface, the large increase in the peak value of p near
the surface is primarily due to the 12'%%up decrease of the
interlayer separation rather than any signifi. cant bulk-to-
surface charge transfer.

The work functions for the Ta (100) and (110) surfaces,
calculated for both the relaxed and unrelaxed geometries,
are listed in Table VI. The error bars associated with
the numerical integration procedure required to obtain
the work functions are estimated to be +0.1 eV. The
absolute differences between the seven- and ten-layer Ta

28.0—

20.0 21.0— Vacuum

Vacuum

14.0

10.0
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(r ~
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~ ~
y ~ P 7.0

0.0

~ P

7-layer (110) Ta
~ ~

-0.01 0.09 0.19 0.29 0.39
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FIG. 2. Calculated planar averaged valence electron charge
density (p) as a function of the z coordinate normal to the
[100j direction for the relaxed (dashed line) and unrelaxed
(solid line) seven-layer Ta (100) slab. The empty and solid
circles indicate the z coordinates of the Ta atoms and p at
these coordinates for the relaxed and unrelaxed slabs, respec-
tively.

0.00 0.07 0.14 0.21 0.28 0.35

p (e/A )

FIG. 3. Calculated planar averaged valence electron charge
density (p) as a function of the z coordinate normal to the
[110] direction for the relaxed (dashed line) and unrelaxed
(solid line) seven-layer Ta (110) slab. The empty circles and
solid diamonds indicate the z coordinates of the Ta atoms and

p at; these coordinates for the relaxed and unrelaxed slabs,
respectively.



11 790 WU, YANG, KLEPEIS, AND MAILHIOT

TABLE VI. Work functions (eV) calculated for the relaxed and unrelaxed Ta (100) and (110)
surfaces. The error bars for the calculated work functions were estimated to be +0.1 eV.

Relaxed
Unrelaxed

(seven-layer)
3.8
4.1

Ta (100)
(ten-layer)

4.0
4.3

experiment
4.15

Ta (110)
(seven-layer) experiment

4.9 4.80
4.9

Reference 37.

(100) calculations are of this same order of magnitude
while the difFerences between the work functions of the
relaxed and unrelaxed surfaces appear to be even better
converged. The relaxed ten-layer (100) slab yields a work
function of 4.0+0.1 eV, which agrees well with the exper-
imental value of 4.15 eV. The change in work function
due to relaxation is small for Ta (100), on the order of
—0.3 eV, and nearly indistinguishable for Ta (110), due
to the much smaller interlayer contraction for Ta (110).
The seven-layer Ta (110) slab has a similar thickness as
the ten-layer Ta (100) and was used to calculate the work
function for the (110) surface. It gives a work function of
4.9+0.1 eV, in excellent agreement with the experimental
value of 4.8 eV.

K. Effects of surface relaxation on the surface
electronic structure

In order to study the correlation between the surface
electronic structure and surface relaxation, we have cal-
culated the band structures for both the fully relaxed
and the bulk-terminated surfaces. The energy bands of
the unrelaxed and relaxed ten-layer Ta (100) slabs are
plotted as the solid dots and lines, respectively, in Fig.
4. The gray area corresponds to the bulk bcc Ta con-
tinuum projected onto the (100) surface Brillouin zone.
The supercell bands are shifted so that the average elec-
trostatic potential in the most bulklike layers is equal to
the corresponding potential in the true bulk. We note
that the Fermi level E~ is efFectively constant as a func-
tion of the surface relaxation, which is consistent with
the fact that for metals the dominant contribution to the
density of electronic states near E~ comes from the bulk
bands. Figure 4 also indicates that the (100) surface of
bcc Ta is rich in surface states independent of the surface
relaxation.

We find that the multilayer (100) relaxations cause
small, but noticeable shifts (less than +0.3 eV) in the
bands throughout the energy spectrum, including the
bulklike bands. It is interesting to note that these shifts
are of the same order of magnitude as the corresponding
shift in the work function (see Table VI). In a super-
cell calculation, where the semi-infinite bulk is approx-
imated by a finite number of layers, even the bulklike
states sample the surface region significantly. For this
reason, a change in the surface potential can shift not
only the positions of surface bands but also those of the
bulklike bands. We do not find any simple correspon-
dence between the sign of the relaxation-induced energy
shifts and the position of the surface states relative to
E~, the shifts are of both signs for states above and be-
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FIG. 4. Energy bands of the unrelaxed (dots) and relaxed
(lines) ten-layer Ta (100) slabs. The gray area represents
the bulk bcc Ta continuum projected onto the (100) surface
Brillouin zone.

low E~. In Fig. 4 there is a gap in the bulk projected
bands approximately 1 eV below E~ along the direction
X —+ M. We note that the state which overlaps the bulk
continuum (surface resonance) just above this gap for
the unrelaxed (100) surface drops inside the gap when
the surface is allowed to relax. Obviously, this surface
state contributes to the surface relaxation. However, all
of the surface states shift and none of them were found
to drop in energy by substantially more than the average
energy shift. This result merely refIects the many-body
nature of the delocalized bonding at metal surfaces.

There have been two previous studies which investi-
gated the correlation between the Ta (100) surface relax-
ation and the surface states. Weinert and co-workers
calculated the band structure for the unrelaxed Ta (100)
surface and for a (100) surface with a 14% contraction
in the topmost interlayer separation, using a linearized
augmented- Slater-type-orbital method. They suggested
that shifts in the A2 (along I' ~ A) surface resonances
were the driving force for the surface relaxation. Later,
by comparing the tight-binding band structure of the un-
relaxed surface and a surface with a 13.5% contraction
in the topmost interlayer separation, Baquero and Coss
concluded that the surface resonances at the I' point was
directly linked to the large interlayer contraction. In our
calculations we do find that the positions of all these
surface resonances change upon relaxation, but not by a
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both the Ta (110) surface and bulklike bands shift in
response to the surface relaxation. The average change
in the band energies is smaller for Ta (110) than for Ta
(100), consistent with the smaller relaxation. As for the
(100) surface, no evidence for a surface-state-driven re-
laxation is found for Ta (110).

IV. SUMMARY

FIG. 5. Energy bands of the unrelaxed (dots) and relaxed
(lines) seven-layer Ta (110) slabs. The gray area represents
the bulk bcc Ta continuum projected onto the (110) surface
Brillouin zone.

significant amount compared to the average shift. There-
fore we believe that no particular surface state acts as the
driving force for the Ta (100) surface relaxation.

The band structure of Ta (110) responds to the surface
relaxation in a manner similar to that of Ta (100). The
energy bands obtained from the unrelaxed and relaxed
seven-layer Ta (110) slabs are plotted as the solid dots
and lines, respectively, in Fig. 5. Once again, the su-
percell bands are shifted in order to align the bulk elec-
trostatic potentials. The gray area corresponds to the
bulk bcc Ta continuum projected onto the (110) surface
Brillouin zone. We note that our projected bands dif-
fer significantly from the tight-binding results used by
Kneedler et al. ' and van Hoof et a/. For instance, in
contrast to the tight-binding result, our bulk projected
bands show no gap approximately 1—3 eV below E~ along
the direction K —+ H. In addition, the two tight-binding
calculations give quite different gap structures approxi-
mately 0—2 eV above the E+. As in the case of Ta (100),

We have generated a nonlocal and norm-conserving Ta
pseudopotential and tested its transferability in a solid-
state environment against an all-electron FP-LMT0
method. Comparison of the calculated ground state
properties and band structure of bulk bcc Ta demon-
strates the excellent agreement between the two meth-
ods. The validity of this pseudopotential enabled us to
perform a detailed study on the Ta (100) and (110) sur-
face structures as well as the correlation between surface
relaxation and the surface electronic structure, using the
pseudopotential plane-wave method. We obtained a large
(12+1)%contraction of the topmost interlayer separation
for Ta (100), which agrees very well with previous exper-
imental reports. ' ' We have performed calculations of
the Ta (110) surface relaxations and predict that the con-
traction of the topmost interlayer separation is (2+1)%.
In contrast to the conclusions of previous studies, we
found no simple correlation between the surface states
and the surface relaxation. We also report calculated
values for the surface formation and relaxation energies
as well as the work functions of the Ta (100) and (110)
surfaces. Finally, we have presented our calculations of
the [110]zone boundary bulk bcc Ta phonon frequencies.
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