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ABSTRACT

First principle calculations are performed using the super cell method with pseudopotentials and plane waves based on
the Density Functional Theory (DFT) for the surface structural properties at 7= 0 K. Thin slabs of 7 - 13 atomic layers
of the clean Nb and Ta (001) surfaces are considered and relaxations, surface energies, and work functions of the fully
relaxed slabs are presented. Consistent results are obtained with the Generalized Gradient Approximation (GGA) and
the Local Density Approximation (LDA) for the exchange-correlation functional and they compare well with experi-

mental and other theoretical works.
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1. Introduction

This decade is seeing tremendous change in the electron-
ics market with the development and commercialization
of new technologies in mobile communication, personal
computers and the Internet. Niobium and tantalum com-
pounds are being used successfully in a variety of differ-
ent applications in the electronic and electro-optic markets.
The need for miniaturization and high-performance elec-
tronic components is leading to more research in nanos-
tructured materials. Characterizing the fundamental pro-
perties of these nanoscale constructions is of prime im-
portance. The surface structural properties are of immense
importance when artificial fabrication of materials with
desirable properties is sought. Owing to the large advan-
cements in thin film depositing techniques and the tech-
nological importance of the transition metals, study of the
surface energetics of the transition metals is a rapidly grow-
ing field. It is essential to have detailed information on the
relaxed geometry and energetics of the system to under-
stand completely the factors influencing the epitaxy of in-
terfaces and multilayers. Reliable information on the clean
(bare) surface properties is necessary before multi-layer or
interface studies can be performed. The growing use of
Nb and Ta in nanotechnology requires a clear understand-
ing of the surface properties of these metals. In this paper
the surface energies and work functions of the Nb, and Ta
(001) relaxed surfaces at zero Kelvin are reported using
the total energy pseudopotential method under DFT. Norm
conserving pseudopotentials with a plane wave basis set is
used to vastly reduce computer time and still maintain the
desired accuracy. DFT has the double advantage of being
able to treat many problems to sufficiently high accu-
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racy, as well as being computationally simple [1-4]. Over
the last forty years or so DFT has gained tremendous
popularity and it is currently one of the most widely used
methods for “ab initio” calculations of the structure of
atoms, molecules, crystals, surfaces, and their interac-
tions.

The purpose of the present work is to take into account
a complete relaxation of the atomic positions for the cal-
culation of the surface properties. Since, most of the ex-
isting first principles calculations [5-7] have assumed
truncated bulk geometry of the surface this is highly de-
sirable. In addition this is the first study of these systems
with the DFT-total energy pseudopotential method. The
agreement of the results with those obtained by other me-
thods proves the reliability of this method and is also one
of the motivations.

2. Calculation Details

The Niobium and Tantalum (001) surfaces are modeled
by periodic slabs consisting of 7 to 13 layers, separated by
several layers of vacuum, equivalent to almost 70% - 75%
of the slab thickness. On account of the large and persis-
tent relaxations at the relatively open (001) surfaces, es-
pecially transition metals performing the calculations for
slabs of 7 - 13 atomic layers helps to check the conver-
gence of the results. Even though, for all practical pur-
poses the 9 or 11-layer slab is thick enough to avoid per-
turbation connected with the finite/periodic geometry and
can represent well all the surfaces considered.

All calculations are performed using the ABINIT soft-
ware package with norm conserving pseudopotentials [8].
In all cases the Hartwigsen, Goedecker, and Hutter (HGH)
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pseudopotentials [9] are used for LDA calculations and
the Perdew, Burke and Ernzerhof (PBE) form of the GGA
pseudopotentials are used for GGA calculations [10]. The
in-plane lattice constant used for the slab is that obtained
from bulk calculations for Nb and Ta. The cutoff energy
and the number of k-points defining the plane wave basis
set for each of the surfaces is obtained after careful con-
vergence tests of these quantities with respect to the total
energy. The surface geometry is optimized using Broy-
den-Fletcher-Goldfarb-Shanno (BFGS) minimization algo-
rithm with a total maximum force of less than 1 mRy/a.u.
as convergence criteria [11].

3. Results and Discussion

The lattice constants used in this study of the Nb and Ta
(001) surfaces are calculated from first principles, self
consistently, both for the GGA and LDA calculations. The
optimized lattice constant values, the cutoff energy and
the k-point grid are listed in Table 1. The table also shows
the percentage difference between the calculated and ex-
perimental values [12]. It can be seen that the GGA values
are slightly bigger than the LDA ones, but all are within
+1% - 2% of the experimental values. The results of this
work are subdivided under four sub-headings.

3.1. Surface Lattice Relaxation

The structural relaxation of the clean Nb and Ta (001)
surfaces is performed for the various atomic layer slabs
and the percentage relaxations of the atomic layers are cal-
culated using the relation:

Aij% = (Aij — ABulk)/ABulk |x 100 (1)

where Aij is the distance between two successive layers
in the relaxed surface structure and ABulk is the interlayer
bulk distance. The GGA relaxation results are summa-
rized in Table 2. The values for the 9 layers are very close
to those obtained for 11 layers, within £0.02. It can be
seen from the table that the top-layer relaxation changes
only a small amount when the number of layers in a slab is
increased. For deeper layers, the relaxations vary in an
oscillatory way. Minus and plus signs denote contraction
and expansion, respectively. The vertical relaxations of
deeper layers are damped rather quickly and converge to
the bulk interlayer spacing. Note the relaxations do not
vanish completely for the deeper, central layers of the slab
but it is negligibly small and within 0.5% - 1% of the bulk
value. The relaxation results are also shown in the gra-
phical form in Figure 1 where the behavior of the Nb and
Ta surfaces upon relaxation can be clearly observed. The

Table 1. The lattice constants and basis sets in LDA and GGA.

Ecut (Ha) Grid Lattice constant (Bohr)
Element
GGA LDA GGA LDA GGA LDA
Niobium (Nb) bce 45 40 666 888 6.17; 0.90° 6.29;0.97*
Tantalum (Ta) bee 50 35 888 1010 10 6.17; 0.90* 6.34; 1.73%

“Percentage difference in lattice constants—present calculations and experimental results [12].

Table 2. The percentage interlayer relaxation of the different layers of the Nb, and Ta (001) clean surfaces in GGA, the LDA

values are given in the last row for each surface.

Surface Slab A A3 Asy Ays Ase Ag7
Nb (001) 7 layers -10.24 +1.19 +1.06
9 layers —10.46 +0.72 +2.00 -0.01
11 layers —10.48 +0.79 +2.07 —-0.41 +1.03
13 layers —10.48 +0.79 +2.02 —-0.30 +1.04 +0.62
LDA 7 —13.04 +0.63 -0.72

Other works Aj,: —9.3 (FP-LMTO) [13], —13.1 (VASP-PAW) [14], and —13 (£5%) experiment [15].

Ta (001) 7 layers -11.19 +1.09 +0.85
9 layers —-13.30 +0.25 +2.04 —-0.83
11 layers -13.32 +0.25 +1.97 —0.96 —0.00
13 layers -13.23 +0.07 +1.98 —0.82 —-0.09 —-0.02
LDA 7 -12.22 —0.45 +1.30
Other works Ajy: —13.9 (DFT-GGA) [16], —11.0 (LEED) [17], and —10.0 (5) other experiment [18].
Copyright © 2013 SciRes. JMP
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Figure 1. Surface relaxation as a function of slab thickness.

results of other theoretical and experimental works in-
cluding that of LEED for the topmost layer relaxation are
presented at the end of each surface data [13-18]. The re-
laxation behavior of the different surfaces is in close agree-
ment to other works. It can be noticed that the topmost
layer relaxation converges excellently with the number of
layers for Nb and for Ta within an uncertainty of +0.1.
Table 2 also shows the LDA results in the last row for
each surface below the GGA ones. The LDA results are all
in good agreement with the GGA values within 2%.

Copyright © 2013 SciRes.

3.2. Surface Energies

The formation energy of a solid surface can be extracted
from thin slab calculations if the bulk energy per atom is
known. The surface energy is calculated using the rela-
tion:

Es(n)=1/2[E, —nE,] )

where E, is the energy per unit cell of the n layer slab and
Ejp is the bulk energy of the infinite solid per unit cell. The
factor of half arises from the 2 surfaces of the slab. A
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direct application of the formula (2) usually leads to a
linear divergence with the increasing slab thickness if Ep
is determined from an independent bulk calculation [19].
Thus, in this calculation, the bulk energy is determined as
the total energy increment of the slab, upon addition of
one layer of the metal, i.e. using the slab-related quantities
only. The Ej is taken as an average of the energy incre-
ment values for the unrelaxed slabs of n layers and n + 1
layers. For example to calculate the surface energy of the
7 layer slab, the average of the total energy difference of
the 6 layer and 8 layer slabs from the 7 layer slab is taken
as the bulk energy. Table 3 presents the relaxed surface
energies for the different surfaces in GGA. From it one
can see that the surface energies converge very well with
respect to the number of layers for both the Nb and Ta
surfaces. A graphical visualization of this fact is through
Figure 2 which shows the relaxed surface energies as a
function of the number of layers. The difference between
the relaxed and non-relaxed surface energies is within 0.5
eV for all layers and surfaces under consideration.

The results of other calculations have been included
alongside for comparison. There is good agreement with
the work of Vitos et al. for the Niobium surface [5]. For
the Tantalum surface the results are closer to the work of
Keinja [16] for the 11 layers. The higher values obtained
by Vitos et al. for this surface could be due to their neglect
of relaxation [5]. The results are also in good agreement
with other theoretical works. In addition, the results ob-
tained agree very well with the experimental results avai-
lable for the Nb (001) surface and are in good agreement
with both the experimental works [20,21]. There is no
available experimental determination of the surface en-
ergy of the Ta (001) surface and this is highly desirable.
Regarding the LDA calculations, only calculations for the
7 layers slab were performed for both the surfaces. This is
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sufficient to show the effect of exchange correlation and
also to make comparison with the other available theo-
retical calculations. The LDA results have been included
in the last row of the results for each surface in Table 3.
There is good agreement with the corresponding GGA va-
lues and other works for 7 layers slabs.

3.3. Work Functions

The work function corresponds to the minimum amount
of energy needed to remove an electron from the metal
and for a metallic slab may be expressed as the difference
between the electrostatic potential barrier height in the
vacuum, V,, and the Fermi energy, Er

=V, -E; (€))

In metals, the work function and ionization energy are
the same. The work function of a surface is strongly af-
fected by the condition of the surface. The presence of
minute amounts of contamination (less than a monolayer
of atoms or molecules), or the occurrence of surface re-
actions (oxidation or similar) can change the work func-
tion substantially. Theoretical first principles determina-
tions of work function are therefore very useful. The cal-
culated work functions for the relaxed surfaces in GGA
are listed in Table 4. The LDA results for the 7 layer slabs
are also included at the end for both the Nb and Ta (001)
surfaces.

Table 4 shows that the results of GGA and LDA cal-
culations are in close agreement within 0.3 eV. Moreover,
the GGA work function values converge excellently with-
in 0.03 eV with the increasing number of layers. This con-
vergence is clearly seen in Figure 3 which shows the
work function variation with the number of layers for Nb
and Ta relaxed surfaces. For all practical purposes the 7
layer slab and the 9 layer slab can well represent the Nb

Table 3. The GGA relaxed surface energies of the different layers of the Nb, and Ta (001) clean surfaces. Results of other the-
oretical calculations are shown alongside with the corresponding reference in square brackets. The experimental results are
also shown whenever available. The LDA values are given in the last row for each surface.

Surface Slab e Visiom S .
Nb (001) 7 1.82; 1.98 [5] 2.63;2.86 [5,21]; 3.1 [22] 2.6 [20]
9 1.83 2.64
11 1.83 2.64 2.7 23]
13 1.83 2.64
LDA 7 1.42 2.13
Ta (001) 7 1.40; 2.17 [5] 1.99;3.09 [5]
9 1.90 2.71
11 1.91; 1.59 [16] 2.71;2.32[16]
13 1.91 2.71
LDA 7 1.66 2.50
Copyright © 2013 SciRes. JMP
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Table 4. The GGA relaxed work functions for the different layers of the Nb, and Ta(001) clean surfaces. The LDA values are
given in the last row for each surface. Results of other theoretical calculations are also shown with the corresponding reference
in square brackets. The experimental results are also shown whenever available.

Surface Slab Work function (eV) Other works Experiment
Nb (001) 7 3.85 3.68 [21]
9 3.87
11 3.87 4.25[25]
13 3.87
LDA 7 3.54
Ta (001) 7 3.99 431[8] 4.15 [24]
9 3.96
11 3.96 3.83[16]
13 3.95 4.37 [25]
LDA 7 3.86
580 z 4 6 & 10,5 correlation energy functional applied. As far as experi-
27 ] . " mental value is concerned, the only available one is for the
o] = /. 1sg Ta surface and that too is old. Experimental verification of
1—5, 25 ] the results for all the surfaces would be highly desirable.
A 46
& 241 3.4. Conclusions
g 23] .
§ 53] i 1 1) Surface relaxations, surface energies, and work func-
g 511 1 tions of the (001) surfactes of Niobium agd Tanta.llum are
LZI 12 determined at zero Kelvin from first principles using DFT
20 ] with the GGA and LDA exchange-correlation functional.
Y+ Results obtained with both the exchange correlations are
7 8 9 10 11 12 13

Slab Thickness (Number of Layers)

Figure 2. The relaxed surface energy as a function of slab
thickness.
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Figure 3. The relaxed work function as a function of slab
thickness.

and Ta surfaces. There is also good agreement with other
ab-initio calculations and experiment. The small discre-
pancies can be attributed to the neglect of relaxations in
the other works or may arise from the different exchange-

Copyright © 2013 SciRes.

in good agreement for all the surfaces considered. Surface
energies and work functions all agree within 0.5 eV.

2) There is very good convergence with respect to the
number of layers in the slab for all the properties in all the
surfaces.

3) There is good overall agreement with the results of
other ab-initio calculations and experimental results. This
is a big boost for DFT methods of calculation which is in-
creasingly becoming more and more popular and gaining
wide spread acceptance.
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