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Abstract

To compute the electronic structure of a vanadium crystal lattice we

develop a computer code for the evaluation of the total energy and the

electronic bands within a tight-binding formalism. We use the param-

eterization published by Mehl and Papaconstantopoulos [1] to construct

the two-center Slater-Koster integrals [2] in a non-orthogonal tight-binding

scheme. In this way we construct the k-dependent tight-binding matrix,

and solve the generalized eigenvalue problem obtaining the eigenenergies

corresponding to each k point. The computed eigenvalues allow us to con-

struct the electronic bands of the lattice, and determine the total energy

of the solid. The evaluation of this total energy for varied lattice spacing

and type of crystal structure allows us to verify that the adopted model

agrees with the experimental bcc structure, which represents the absolute

minimum of the total energy of vanadium.

Advisor: Prof. Nicola Manini
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1 Introduction

Vanadium is the third transition metal in the periodic table. At room tem-

perature and pressure it is a crystalline solid with a monoatomic body-centered

cubic (bcc) lattice structure. Our work focuses on the electron motion that is

approached in the adiabatic scheme and in the simplest one-electron mean-field

approximation on a localized basis: the tight-binding method. Taking advantage

of the two-center Slater-Koster approximation [2], and following Ref.[1], we adopt

a non orthogonal tight-binding method to determine the electronic structure of

vanadium: this formulation breaks the problem into the calculation of three types

of parameters that we compute using the Mehl and Papaconstantopoulos’ param-

eterization [1]. In this scheme we developed a computer code for the construction

and diagonalization of the tight-binding matrix. As results we determine the band

structure by computing the single-electron eigenergies along a path through the

first Brillouin zone and compute the total energy by summing the occupied band

energies as proposed in Ref.[1]. We re-compute the total energy by varying the

lattice constant and using different lattices types. This allows us to verify that

the experimental ground state corresponds to a minimum for the total energy of

this model.

2 The model

In this section we summarize briefly the most relevant concepts about the dynamic

of electrons in a solid and the tight-binding model.

2.1 Electrons in Crystals

In the adiabatic scheme one neglects the nuclear kinetic energy, supposing ions sit

at certain ideal crystal-structure positions. The electron motion is then governed

by the electronic equation:

HΨ(r) = [Te + Vne + Vee]Ψe = εeΨ(r) , (1)

where Te is the electronic kinetic energy, Vne is the nuclei-electron potential and

Vee is the electron-electron potential. This equation is generally too complicate

to solve, due to the huge number of electrons in the solid. To simplify this many-

body equation for the motion of all electrons, it is standard to approximate the full

Schrodinger problem with a independent-electron mean-field scheme. One maps

theN -electron equation to a self-consistent equation for the motion of one electron

in the field produced by the nuclei and the charge distribution of the N − 1 other
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electrons. In this way we can approximate Vne and Vee with an effective potential

Veff . The problem is further simplified by the crystal symmetry: vanadium is a

body-centered cubic lattice that can be seen as the repetition of a unit cell that

fills the whole volume without overlaps or empty spaces. Due to this periodic

structure, the effective potential Veff can be regarded as a three-dimensional

periodic potential produced by all the atoms in the crystal structure.

The way an electronic wavefunction changes under the action of a lattice

translation is expressed by the Bloch’s theorem. In a periodic potential Veff (r) =

Veff (r+R), all Schrödinger eigenstates can be chosen in the factorized form

ψj(r) = eik·ruk,j(r) , (2)

where the function uk,j has the same periodicity of the lattice and k is a suitable

wave vector. This means that, in a periodic context, all electronic eigenfunctions

show a nontrivial spatial dependence only in the primitive unit cell: in any other

cell the eigenfunctions are equal to the original one apart from a phase factor eik·r.

Moreover, it can be easily shown that k vector can be restricted to one primitive

cell of the reciprocal lattice i.e. the first Brillouin zone. In this way, the single-

electron states are labelled by the k quantum number that carries information

about the way a wavefunction changes going from one lattice cell to the next, and

by the eigenvalues index j. We can easily obtain the fundamental equation for the

electron motion in the periodic potential Veff , substituting the Bloch function in

the stationary Schrodinger equation:[
− ℏ2

2me

∇2 + Veff (r)
]
eik·ruk,j(r) = εk,je

ik·ruk,j(r) . (3)

By applying the Laplace operator to the Bloch function, we observe that:

∇2eik·ruk,j(r) = ∇ ·
[
eik·r∇uk,j(r) + ikeik·ruk,j(r)

]
= eik·r∇2uk,j(r) + 2eik·rik · ∇uk,j(r)− |k|2eik·ruk,j(r)
= eik·r(∇+ ik)2uk,j(r) .

Replacing this decomposition in the Schrodinger equation Eq. (3) and dividing

by the common factor eik·r, we obtain the fundamental equation for the electron

motion in the crystal lattice:[
− ℏ2

2me

(∇+ ik)2 + Veff (r)
]
uk,j(r) = εk,juk,j(r) , (4)

In this way, the computational problem is enormously simplified: for fixed wave

vector k, equation Eq. (4) must be solved within a single unit cell rather than
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over the macroscopically large volume of the whole crystal. The solution is then

extended to the entire crystal by multiplying the original wave function by a

position-dependent phase factor eik·r. For any fixed k, we obtain a set of eigenen-

ergies εk,j labelled by the index j and associated to the eigenfunction uk,j. As k

takes all its possible values in the first Brillouin zone, the eigenenergies εk,j span

a continuous interval of available energies called energy bands.

2.2 The Tight-Binding model

The tight-binding model is an approach to the calculation of electronic band

structure using approximated electronic states: it consists of expanding the Bloch

states as linear combinations of atomic orbitals located on individual ions in the

crystal, with coefficients equal to eik·Ri in order to satisfy Bloch conditions.

Consider a monoatomic crystal, if we start from an atomic eigenfunction

φα(r−Ri), located on atom at position Ri and with α quantum number, we can

form Bloch states as

ψk,α(r) =
∑
Ri

eik·Riφα(r−Ri) , (5)

where the sum extends over the atoms in lattice-equivalent positions in all unit

cells considered. We can set up such Bloch sums for each atomic orbital of

vanadium. For a given k, we can then set up a wave function consisting of linear

combinations of all of these Bloch sums. In this way the wave function for the

single electron in the crystal can be written as:

Ψk(r) =
∑
α

bk,αψk,α(r) , (6)

where ψk,α are defined in Eq. (5). In practice, we can select a subset of the atomic

states comprising only few valence orbitals: in this work, we use only the 4s, 4p

and 3d valence orbitals of vanadium. The wavefunction Ψk(r) must be a solution

of the Schrödinger equation

HΨk(r) = εkΨk(r) , (7)

therefore, if we multiply equation Eq. (7) by the atomic wave function φ∗
β(r) and

integrate over r, we obtain∫
φ∗
β(r)HΨk(r)dr = εk

∫
φ∗
β(r)Ψk(r)dr . (8)

Placing the equations Eqs. (5) and (6) into Eq. (8) we obtain a matricial equation

that can be written in the following form∑
β

Hk,αβbk,β = εk
∑
β

Sk,αβbk,β , (9)
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where the matrix elements Hk,αβ and Sk,αβ are defined as

Hk,αβ =
∑
Ri

eik·Ri

∫
φ∗
α(r)Hφβ(r−Ri)dr , (10)

Sk,αβ =
∑
Ri

eik·Ri

∫
φ∗
α(r)φβ(r−Ri)dr . (11)

These matrices are respectively named as Hamiltonian and Overlap matrices and

the indices α, β label the different orbitals considered in the tight-binding scheme.

In this way, the original abstract Schrödinger problem is transformed into the k-

dependent algebraic problem

Hkbk = εkSkbk , (12)

where bk indicates the basis of atomic states used in equation Eq. (6) to construct

the single-particle wavefunction. This equation can be turned to the ordinary

matrix eigenvalue problem [3] if we transform the basis and the Hamiltonian

matrix using the following linear transformation:

HkS
− 1

2
k S

1
2
k bk = εkS

1
2
kS

1
2
k bk

S
− 1

2
k HkS

− 1
2

k S
1
2
k bk = εkS

1
2
k bk .

If we redefine b̃k = S
1
2
k bk and H̃k = S

− 1
2

k HkS
− 1

2
k , we obtain the standard eigenvalue

problem

H̃kb̃k = εkb̃k , (13)

which allows us to calculate the eigenenergies εk,j for the electrons in the crystal

through the diagonalization of the matrix H̃. In practice, the generalized matrix

eigenvalue problem Eq. (12) can be solved directly with library methods: in our

code we compute the eigenvalues by means of a routine provided by the linear-

algebra c++ library package Eigen [4].

6



3 Implementation

The Slater-Koster two-center formulation of tight-binding with a non-orthogonal

basis, requires the calculation of three types of numerical quantities:

1. on-site parameters which represent the energy necessary to put an electron

in a certain orbital of the atom considered, and contributing to the diagonal

elements Hk,αα;

2. Hamiltonian hopping parameters representing the energy gain of an electron

when it is shared between orbitals of two different atoms, and contributing

to Hk,αβ;

3. overlap parameters which are used in the two-center scheme to calculate

the matrix elements Sk,αβ.

We adopt the parameterization proposed by Mehl and Papaconstantopoulos in [1],

providing analytic distance dependence of these two-center Slater-Koster integrals

[2]. Given the appropriate parameters, we construct the tight-binding matrices

Eqs. (10) and (11), and by diagonalization we determine the eigenenergies for a

given crystal structure.

3.1 The Parameterization

As we have already shown in equations Eqs. (10) and (11), the calculation of

Hamiltonian and overlap matrix elements consists of suitable linear combinations

of integrals involving pairs of atoms in the crystal structure. In the Slater-Koster

scheme, each of these integrals is reduced to a summation of two-center terms

involving Hamiltonian or overlap parameters and depending only on direction

cosines l,m,n of the vector Ri−Rj, pointing from the atom in position Ri to the

atom in position Rj. Setting Rj = 0 as done so far, we obtain that Hamiltonian

matrix elements can be written as

Hk,αβ =
∑
Ri

eik·RiEαβ(Ri, l,m, n) , (14)

where Eαβ represents the Slater-Koster integrals reported in Table 1 of Ref.[2]

and Ri = |Ri| is the distance between the atoms. It can be easily shown that

matrix elements corresponding to Ri = 0 are only diagonal terms, so that the

final equation for Hamiltonian matrix elements results as

Hk,αβ = δαβhαβ +
∑
Ri

eik·RiEαβ(Ri, l,m, n) . (15)
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Figure 1: Hamiltonian Slater-Koster parameters computed as functions

of the inter-atomic distance for vanadium.

Similarly we can determine that, in these scheme, overlap matrix elements can

be evaluated as

Sk,αβ = δαβ +
∑
Ri

eik·RiFαβ(Ri, l,m, n) , (16)

where δαβ is the Kronecker delta function and Fαβ represents the same Slater-

Koster integrals of equation Eq. (15) computed using overlap instead of Hamilto-

nian parameters. The indices α, β stand for the atomic electron states considered

which we restrict to 4s, 4p and 3d, for a total of 9 valence orbitals of vanadium.

The parameters necessary to calculate these integrals are computed following

the recipe presented in Ref.[1]. Each eigenvalue computed through this method

includes an amount V0 in order to simplify the calculation of the total energy, as

explained in section Sec.3.3. To reproduce this shift, the on-site terms is sensitive

to the environment surrounding each atom. This local environment is accounted

for introducing a density defined by

ρ =
∑
i

exp[−λ2iRi]Fc(Ri) , (17)
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where i is an index that denotes the type of the atom on site Ri and λi is a

parameter that depends on the atom type.1 Fc is a smooth cutoff function used

to limit the range of the parameters and defined as

Fc(R) = {1 + exp[(R−R0)/l0]}−1 . (18)

Following Ref.[1] we take R0 = 14a0 and l0 = 0.5a0 which effectively zeros all

interaction for neighbors further than a cutoff radius of 16.5a0. In terms of the

density parameters, we can compute the on-site terms as

hα = aα + bαρ
2/3 + cαρ

4/3 , (19)

where a,b,c are parameters which depend on the atomic electron quantum state

which is labelled by α. For vanadium we have four different atomic states corre-

sponding to orbitals α = s, p, eg, and t2g, where eg are the x
2−y2 and 3z2−x2−y2

components, and t2g are the xy, xz and yz components of the 3d orbital.

Hamiltonian and overlap parameters have the same algebraic form:

Pγ(R) = (eγ + fγR + f̄γR
2) exp[−g2γR]Fc(R) , (20)

where R is the distance between the atoms, Fc(R) is the cutoff function defined by

Eq. (18) and e, f, f̄ and g are parameters which depend on orbital and interaction

type. The index γ labels the type of interaction and takes the following values:

ssσ, spσ, ppσ, ppπ, sdσ, pdσ, pdπ, ddσ, ddπ and ddδ, in the standard notation

of Ref.[2]. Figure 1 reports the Hamiltonian parameters Eq. (20) as functions

of the inter-atomic distance. All the parameters used in previous equations are

provided as supplementary material by Ref.[1]. Overall, it takes 13 parameters

to evaluate the on-site terms plus 80 parameters to calculate the hopping and

overlap terms.

3.2 Crystal structures

Due to the fact that each parameter is a function of the distance between the

two atoms considered, the matrix elements are strongly dependents on the crystal

structure of the solid. Taking advantage of the discrete translational symmetry

[5], we can characterize any lattice position as

R = n1a1 + n2a2 + n3a3 , (21)

where ai are the primitive vectors of the lattice. These primitive vectors define a

unit cell of volume

Vc =
(
a1 × a2

)
· a3 , (22)

1Equation Eq. (17) is mistyped in Ref.[1], this is the correct formulation [preprint in arxiv].
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Lattice type Direct vectors Reciprocal vectors Volume

a1 = a[1, 0, 0] b1 = 2π
a
[1, 0, 0]

sc a2 = a[0, 1, 0] b2 = 2π
a
[0, 1, 0] a3

a3 = a[0, 0, 1] b3 = 2π
a
[0, 0, 1]

a1 = a
2
[0, 1, 1] b1 = 2π

a
[−1, 1, 1]

fcc a2 = a
2
[1, 0, 1] b2 = 2π

a
[1,−1, 1] 1

4
a3

a3 = a
2
[1, 1, 0] b3 = 2π

a
[1, 1,−1]

a1 = a
2
[−1, 1, 1] b1 = 2π

a
[0, 1, 1]

bcc a2 = a
2
[1,−1, 1] b2 = 2π

a
[1, 0, 1] 1

2
a3

a3 = a
2
[1, 1,−1] b3 = 2π

a
[1, 1, 0]

Table 1: Cartesian coordinates of the primitive vectors for different

direct and reciprocal lattices [6]. The last column report the volume of

the primitive cell. The parameter a represents the lattice constant of the

crystal, i.e. the side of the conventional cubic cell.

which corresponds to the minimum volume containing all the atoms in a transla-

tionally non equivalent positions of the lattice. Each atom out of this volume can

be translated back to one of the atoms into the primitive cell using Eq. (21). As

explained previously, our formalism is specialized to the monoatomic crystal and

for this reason we always use the standard primitive vectors which produce a unit

cell containing only one atom. Even if we knew that vanadium is a body centered

cubic (bcc) lattice, it is interesting to evaluate the total energy of the solid also

for different types of structures: the different lattices used in our calculation are

listed in Table 1 with their primitive vectors.

We are interested in the drawing of the energy bands of vanadium. We

draw these bands along a k path in the first Brillouin zone. For a body-centered

cubic lattice, like vanadium, the Brillouin zone is a rhombic dodecahedron and

we adopt a suitable path joining in sequence the high-symmetry points reported

in Table 2. This path is sketched in Fig.2. We compute the energy eigenvalues

along the path joining the points Γ−N − P − Γ−H − P and plot the resulting

band eigenenergies as functions of k along this path.
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Symbol Description Coordinates

Γ Center of the Brillouin zone [0,0,0]

N Center of a face π
a
[1,1,0]=1

2
b3

P Corner point joining three edges π
a
[1,1,1]=1

4
(b1 + b2 + b3)

H Corner point joining four edges π
a
[0,2,0]=1

2
(b1 − b2 + b3)

Table 2: High-symmetry points for the Brillouin zone of the bcc lattice

labelled with the standard notation according to Ref.[6]. The parameter

a represents the side of the conventional cubic cell of the solid.

Figure 2: First Brillouin zone for a body-centered cubic lattice. The red

line is the path along which we draw the energy bands.

3.3 Total energy

Computing the total energy of the solid, conceptually we imagine to deal with

a periodically repeated macroscopic portion of vanadium crystal consisting of

N × N × N lattice repetition of the unit cell Vc in the primitive directions. To

satisfy the macroscopic periodicity of the wavefunction [7], we must restrict the

k values to

k =
n1

N
b1 +

n2

N
b2 +

n3

N
b3 , (23)

where bi indicates the primitive vectors of the reciprocal lattice reported in Tab.1

and

ni = −N
2

+ 1,−N
2

+ 2, ...,
N

2
− 2,

N

2
− 1,

N

2
. (24)
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In this way we produce a set of k vectors uniformly spread in a cubic primitive

cell of the reciprocal lattice. By summing over the corresponding eigenvalues we

calculate the total energy of the solid as explained below.

The standard TB are usually expresses the total energy as the sum of a band

contribution, involving the occupied electron energies, plus a density-dependent

term:

Etot =
∑
k,j

gsf(εk,j − µ)εk,j + F [n(r)] , (25)

where gs = 2 represents the spin multiplicity, n(r) is the electronic density, εk,j
are the eigenvalues of the crystal electronic states, µ is the chemical potential

and the sum extends over all the electronic states. As electrons are fermions in

metals, the occupation function f(εk,j − µ) takes the form of the Fermi function:

f(z) =
1

1 + eβz
, (26)

where β = 1/KBT is the inverse electronic temperature. The first term in equa-

tion Eq. (25) represents the energy of the valence electrons moving in the solid,

while the second contains all other remaining parts of the density-functional total

energy. Following the approach of Ref.[1], we take advantage of the possibility of

an arbitrary shift in the single-electron potential energy, and we define this shift

as

V0 = F [n(r)]/Ne , (27)

where Ne is the total number of electrons in the system. In this way, we shift all

eigenvalues by the same amount

ε
′

k,j = εk,j + V0 . (28)

In this way the total energy is directly computed as

Etot =
∑
k,j

gsf(ε
′

k,j − µ
′
)ε

′

k,j , (29)

where µ
′
is the shifted chemical potential. In our parameterization, the effect

of the potential displacement Eq. (27) is already included in the on-site terms

as explained in Section 3.1, and the resulting eigenergies reproduce the shift of

Eq. (28) directly. In practice we only have ε
′

k,j and never aim even evaluate the

εk,j.

The shifted chemical potential µ
′
, needed for the calculation of the total

energy, is obtained from the electronic eigenvalues. For any µ
′
we determine the

average number of electrons as a function of the chemical potential by

[Nel](µ
′
) =

∑
k,j

gsf(ε
′

k,j − µ
′
) . (30)
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Lattice constant [a.u.] Discrepancy

Tight-binding 5.56 −2.69%

DFT-LDA 5.55 −2.88%

Experimental 5.71

Table 3: Equilibrium lattice constant obtained from our tight-binding

calculation compared with DFT [1] and experimental [5] values. DFT

results were previously used to fit our tight-binding parameters.

By comparing this value with the actual number of electron in the portion of

solid considered, we can invert numerically the relation and obtain µ
′
providing

the actual number of electrons. Due to the fact that we are considering only the

valence orbitals of vanadium, we include 5 electrons per atom in the solid i.e.

5 × N3 electrons in the periodically repeated portion of crystal. As discussed

above, the number N3 of atoms in the solid matches the number of k points

uniformly produced in the first Brillouin zone Eqs. (23) and (24). In this way,

solving numerically the following equation

[Nel](µ
′
)− 5N3 = 0 , (31)

we can compute the shifted chemical potential of the system. Once the chemical

potential is evaluated we can determine the total energy by Eq. (29). We use

a simple bisection method to solve Eq. (31) and obtain the shifted chemical

potential.

4 Results

We report here the main results obtained from our calculation. First of all we

check the convergence of the total energy as a function of the k point sampling.

The result sketched in Fig.3 is obtained at the experimental lattice constant

a = 5.71 a.u. The electronic temperature is KBT = 5 mRy, i.e. β = 200 Ry−1.

We take the last value, computed for 40 × 40 × 40 k points, i.e. for a fictitious

crystal consisting of 40 repetitions of the unit cell in each primitive direction, as

the “asymptotic” value of the energy for an infinite lattice. We can observe that,

for a mesh of at least 25 × 25 × 25 k points, the discrepancy between the total

energy of the solid and the asymptotic value is less than 30 µRy. For this reason

we adopt this mesh in the following calculations concerning the total energy.

We study the depending of the total energy of the crystal as a function

of the lattice constant, shown in Fig.4. The origin of the energy scale in the

13
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Figure 3: Total energy of a bcc crystal of vanadium computed as a func-

tion of the number of sampled k points. The blue dashed line represents

the asymptotic value of the energy for an infinite lattice structure and

the black dashed lines represent an acceptable error range of ±30µRy.

graph is chosen equal to the energy of an isolated atom. We obtain that the

equilibrium lattice constant, corresponding to the minimum energy, equals 5.56

a.u. This value is in very good agreement with the first-principles DFT-LDA

calculations on which the parameters of Ref.[1] are based, and has a discrepancy

smaller than 3% with the experimental value. Table 3 reports and compares

these results. We compute the cohesive energy of the crystal as the difference

between the energy of an isolated atom and the energy of an atom in a bcc

Cohesive energy [Ry] Discrepancy

Tight-binding 0.679 42.4%

Experimental 0.391

Table 4: Cohesive energy per atom obtained from our tight-binding

calculation compared with the experimental value [5].
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energy of an isolated vanadium atom.
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Figure 5: Energy per atom of a vanadium crystal computed as a function

of the volume of the primitive cell for different crystal structures. Details

of the various types of lattices used are listed in Table 1.
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Figure 6: TB energy bands of the vanadium bcc crystal computed at the

experimental lattice constant 5.71 a.u. The dashed red line represents

the chemical potential.
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Figure 7: Blow up of the vanadium energy bands of Fig.6 near the

chemical potential.

16



 0

 0.5

 1

 1.5

Γ N P Γ H P

E
n

e
rg

y
 [

R
y
]

Figure 8: The s-character of the vanadium bands, expressed as the size

of the black dots along the band curves. The character is evaluated by

applying Eq. (32) to the corresponding eigenvector.
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Figure 9: Same as Fig.8 but for the p-character, Eq. (33).
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Figure 10: Same as Fig.8 but for the d-character, Eq. (34).

crystalline structure at equilibrium lattice spacing. The result, compared with

the experimental value, is reported in Table 4. Unsurprisingly the TB value is

greater than the experimental one. Indeed the DFT-LDA calculations, used to

fit the ab initio parameters, overestimate the total energy of the crystal. We also

neglected the zero-point energy which reduces the cohesive energy.

We further examine the vanadium crystal computing the total energy as

a function of the volume of the unit cell for different lattice types, see Fig.5.

In agreement with experiment, the body-centered cubic lattice corresponds to

the structure of minimum energy. All these calculations are performed using a

temperature KBT = 5 mRy and on a mesh of 25× 25× 25 k points.

Finally we determine the bands energy for the bcc vanadium plotting the

electronic eigenvalues computed along the path Γ − N − P − Γ − H − P at

the experimental lattice constant, see Fig.6 and Fig.7. The chemical potential

reported in the graphs is the value computed using a temperature of KBT = 5

mRy in the asymptotic 40 × 40 × 40 mesh. The obtained bands are in good

agreement with those published in Ref.[1].

The resolution of the matrix eigenvalue problem Eq. (12) provides not only

the eigenenergies εk,j, but also the corresponding eigenvectors bk,j. The latter

have a simple physical meaning. Fixed k and j, each eigenvector can be repre-
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sented as

bk,j =
(
b4s b4px b4py b4pz b3dxy b3dxz b3dyz b3dx2−y2

b3d3z2−x2−y2

)T

,

where each component corresponds to one of the atomic states used to construct

the independent-electron wavefunction Eq. (6). Each energy band is a mixture of

different orbitals and the squared modulus of each component gives the occupa-

tion probability of the corresponding state. For the eigenstate bk,j the occupation

probability of s orbital is simply given by

χs = |b4s|2 , (32)

while for p and d states we have

χp =
∑
α

|b4pα|2 , (33)

χd =
∑
β

|b3dβ |2 , (34)

where the sums extend respectively on each 4p and 3d component of the eigenvec-

tor bk,j with α = x, y, z and β = xy, xz, yz, x2−y2, 3z2−x2−y2. In Figures 8-10,

we characterize the band states in terms of their s, p, d characters, computed

according to Eqs. (32)-(34). As customary of transition metals, the 4s character

dominates the bottom of the lowest band and the central region a few eV above

the Fermi energy, the 3d character dominates the flat central hybrid bands, and

the 4p dominates the top empty bands.

5 Discussion and Conclusions

In conclusion, we implemented and debugged a monoatomic-crystal tight-binding

implementation. We proceeded to test our code for both the total energy and

the bands of a vanadium crystal. We observed that the computed equilibrium

lattice parameter agrees well with the experimental and ab initio values. Also in

agreement with experiment, we obtained that the bcc phase corresponds to the

most stable crystal structure. Also the energy bands comply with expectations.

The chemical potential crosses various conduction bands, giving to the solid its

metallic properties. Moreover, the mainly s band has a minimum at the center of

the Brillouin zone and grows away from it mixing with other bands: this behavior

is a typical feature of the transition metals like vanadium.
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