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Exercises on basis set generation 

Convergence of the basis set with size 



Most important reference followed in this lecture 



Bulk Si, a semiconductor that crystallizes 
in the diamond structure 

Go to the directory with the exercise on the default basis set  

Inspect the input file, Si.default.fdf 

As starting point, we 
assume the theoretical 
lattice constant of bulk Si  

FCC lattice 

Sampling in k in the first 
Brillouin zone to achieve 
self-consistency 

More information at the Siesta web page 
http://www.icmab.es/siesta and follow 
the link Documentations, Manual 2

I. ENERGY FUNCTIONAL FOR A DIELECTRIC INSIDE AN ELECTRIC FIELD.

SystemName Bulk Silicon
SystemLabel Si
NumberOfSpecies 1
NumberOfAtoms 2

%block ChemicalSpeciesLabel
1 14 Si

%endblock ChemicalSpeciesLabel

LatticeConstant 5.43 Ang # We start from the experimental lattice constant
%block LatticeVectors
0.00 0.50 0.50
0.50 0.00 0.50
0.50 0.50 0.00

%endblock LatticeVectors

AtomicCoordinatesFormat Fractional
%block AtomicCoordinatesAndAtomicSpecies
0.00 0.00 0.00 1
0.25 0.25 0.25 1

%endblock AtomicCoordinatesAndAtomicSpecies

%block kgrid_Monkhorst_Pack
6 0 0 0.5
0 6 0 0.5
0 0 6 0.5

%endblock kgrid_Monkhorst_Pack

Two atoms in the basis 



For each basis set,                                                         
a relaxation of the unit cell is performed 

Variables to control the Conjugate Gradient minimization 

Two constraints in the minimization: 

 - the position of the atoms in the unit cell 

 - the shear stresses are nullified to fix the angles between 
the unit cell lattice vectors to 60°, typical of a fcc lattice 
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#
# Molecular dynamics and relaxations
#

MD.TypeOfRun CG # We are going to perform a
# Conjugate-Gradient minimization

MD.VariableCell .true. # Is the lattice relaxed together with
# the atomic coordinates?

MD.NumCGsteps 50 # Number of CG minimization steps for
# cell optimization

MD.MaxStressTol 0.0010 eV/Ang**3 # Tolerance in the maximum
# stress in a MD.VariableCell CG optimi.

%block GeometryConstraints # Constraints impossed on
position 1 2 # the atomic positions
stress 4 5 6 # the shear stresses

%endblock GeometryConstraints

outcoor: Relaxed atomic coordinates (fractional):
0.00000000 0.00000000 0.00000000 1 1 Si
0.25000000 0.25000000 0.25000000 1 2 Si

outcell: Unit cell vectors (Ang):
0.000000 2.705266 2.705266
2.705266 0.000000 2.705266
2.705266 2.705266 0.000000

outcell: Cell vector modules (Ang) : 3.825823 3.825823 3.825823
outcell: Cell angles (23,13,12) (deg): 60.0000 60.0000 60.0000
outcell: Cell volume (Ang**3) : 39.5968



Size (number of basis set per atom) 

Quick exploratory 
calculations 

Highly converged 
calculations 

Multiple-ζ 

+ 

Polarization 

+ 

Diffuse orbitals 

Minimal basis set 

 (single-ζ; SZ) 

Depending on the required accuracy and  

available computational power 

+ Basis optimization 



The size of the basis size can be controlled 
easily by the user: PAO.Basis Size 

Simply use the tag PAO.BasisSize. It admits four different values 

 SZ  Single-zeta (Single-ζ) 

 DZ  Double-zeta (Double-ζ) 

 SZP  Single-zeta plus polarization  

 DZP  Double-zeta plus polarization  

Default: DZP (see exercise “Default”) 

More complete basis set requires the explicit use of the block PAO.Basis  



Relax the lattice constant and compute the energy for the 
different basis set sizes 

Run the code for bulk Si with the default basis set 

 siesta < Si.sz.fdf > Si.sz.out  Single-zeta (Single-ζ, SZ) 

 siesta < Si.dz.fdf > Si.dz.out  Double-zeta (Double-ζ, DZ) 

 siesta < Si.szp.fdf > Si.szp.out  Single-zeta plus polarization (SZP) 

 siesta < Si.dzp.fdf > Si.dzp.out  Double-zeta plus polarization (DZP) 

The numbers in this exercise have been 
obtained with siesta-3.0-b, compiled with the 

g95 compiler and double precision in the grid. 

Numbers might change slightly depending on 
the platform, compiler and compilation flags 



Relax the lattice constant and compute the energy for the 
different basis set sizes 

Edit the output files and analyze the size of the basis set.  

To understand the block PAO.Basis, see the exercise “Default” 2
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PAO.BasisSize SZ # Single-Zeta basis set
# One radial parts for the s-shell (=> 1 orbitals)
# One radial parts for the p-shell (=> 3 orbitals)
# ----------------
# 4 orbitals/Si atom

atom: Total number of Sankey-type orbitals: 4

%block PAO.Basis # Define Basis set
Si 2 # Species label, number of l-shells
n=3 0 1 # n, l, Nzeta
5.007
1.000

n=3 1 1 # n, l, Nzeta
6.271
1.000

%endblock PAO.Basis

PAO.BasisSize DZ # Double-Zeta basis set
# Two radial parts for the s-shell (=> 2 orbitals)
# Two radial parts for the p-shell (=> 6 orbitals)
# ----------------
# 8 orbitals/Si atom

atom: Total number of Sankey-type orbitals: 8

%block PAO.Basis # Define Basis set
Si 2 # Species label, number of l-shells
n=3 0 2 # n, l, Nzeta
5.007 4.419
1.000 1.000

n=3 1 2 # n, l, Nzeta
6.271 5.007
1.000 1.000

%endblock PAO.Basis

PAO.BasisSize DZP # Double-Zeta plus polarization basis set
# Two radial parts for the s-shell (=> 2 orbitals)
# Two radial parts for the p-shell (=> 6 orbitals)
# One radial parts for the d-shell (=> 5 orbitals)
# ----------------
# 13 orbitals/Si atom

atom: Total number of Sankey-type orbitals: 13

%block PAO.Basis # Define Basis set
Si 2 # Species label, number of l-shells
n=3 0 2 # n, l, Nzeta
5.007 4.419
1.000 1.000

n=3 1 2 P 1 # n, l, Nzeta, Polarization, NzetaPol
6.271 5.007
1.000 1.000

%endblock PAO.Basis

PAO.BasisSize SZP # Single-Zeta plus polarization basis set
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PAO.BasisSize SZ # Single-Zeta basis set
# One radial parts for the s-shell (=> 1 orbitals)
# One radial parts for the p-shell (=> 3 orbitals)
# ----------------
# 4 orbitals/Si atom

atom: Total number of Sankey-type orbitals: 4

%block PAO.Basis # Define Basis set
Si 2 # Species label, number of l-shells
n=3 0 1 # n, l, Nzeta
5.007
1.000

n=3 1 1 # n, l, Nzeta
6.271
1.000

%endblock PAO.Basis

PAO.BasisSize DZ # Double-Zeta basis set
# Two radial parts for the s-shell (=> 2 orbitals)
# Two radial parts for the p-shell (=> 6 orbitals)
# ----------------
# 8 orbitals/Si atom

atom: Total number of Sankey-type orbitals: 8

%block PAO.Basis # Define Basis set
Si 2 # Species label, number of l-shells
n=3 0 2 # n, l, Nzeta
5.007 4.419
1.000 1.000

n=3 1 2 # n, l, Nzeta
6.271 5.007
1.000 1.000

%endblock PAO.Basis

PAO.BasisSize DZP # Double-Zeta plus polarization basis set
# Two radial parts for the s-shell (=> 2 orbitals)
# Two radial parts for the p-shell (=> 6 orbitals)
# One radial parts for the d-shell (=> 5 orbitals)
# ----------------
# 13 orbitals/Si atom

atom: Total number of Sankey-type orbitals: 13

%block PAO.Basis # Define Basis set
Si 2 # Species label, number of l-shells
n=3 0 2 # n, l, Nzeta
5.007 4.419
1.000 1.000

n=3 1 2 P 1 # n, l, Nzeta, Polarization, NzetaPol
6.271 5.007
1.000 1.000

%endblock PAO.Basis

PAO.BasisSize SZP # Single-Zeta plus polarization basis set
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PAO.BasisSize SZ # Single-Zeta basis set
# One radial parts for the s-shell (=> 1 orbitals)
# One radial parts for the p-shell (=> 3 orbitals)
# ----------------
# 4 orbitals/Si atom

atom: Total number of Sankey-type orbitals: 4

%block PAO.Basis # Define Basis set
Si 2 # Species label, number of l-shells
n=3 0 1 # n, l, Nzeta
5.007
1.000

n=3 1 1 # n, l, Nzeta
6.271
1.000

%endblock PAO.Basis

PAO.BasisSize DZ # Double-Zeta basis set
# Two radial parts for the s-shell (=> 2 orbitals)
# Two radial parts for the p-shell (=> 6 orbitals)
# ----------------
# 8 orbitals/Si atom

atom: Total number of Sankey-type orbitals: 8

%block PAO.Basis # Define Basis set
Si 2 # Species label, number of l-shells
n=3 0 2 # n, l, Nzeta
5.007 4.419
1.000 1.000

n=3 1 2 # n, l, Nzeta
6.271 5.007
1.000 1.000

%endblock PAO.Basis

PAO.BasisSize DZP # Double-Zeta plus polarization basis set
# Two radial parts for the s-shell (=> 2 orbitals)
# Two radial parts for the p-shell (=> 6 orbitals)
# One radial parts for the d-shell (=> 5 orbitals)
# ----------------
# 13 orbitals/Si atom

atom: Total number of Sankey-type orbitals: 13

%block PAO.Basis # Define Basis set
Si 2 # Species label, number of l-shells
n=3 0 2 # n, l, Nzeta
5.007 4.419
1.000 1.000

n=3 1 2 P 1 # n, l, Nzeta, Polarization, NzetaPol
6.271 5.007
1.000 1.000

%endblock PAO.Basis

PAO.BasisSize SZP # Single-Zeta plus polarization basis set
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PAO.BasisSize SZP # Single-Zeta plus polarization basis set
# One radial parts for the s-shell (=> 1 orbitals)
# One radial parts for the p-shell (=> 3 orbitals)
# One radial parts for the d-shell (=> 5 orbitals)
# ----------------
# 9 orbitals/Si atom

atom: Total number of Sankey-type orbitals: 9

%block PAO.Basis # Define Basis set
Si 2 # Species label, number of l-shells
n=3 0 1 # n, l, Nzeta
5.007
1.000

n=3 1 1 P 1 # n, l, Nzeta, Polarization, NzetaPol
6.271
1.000

%endblock PAO.Basis

DEFAULT 



We are interested in this number  
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siesta: Program’s energy decomposition (eV):
siesta: Ebs = -75.650988
siesta: Eions = 380.802124
siesta: Ena = 115.349306
siesta: Ekin = 81.916758
siesta: Enl = 29.311909
siesta: DEna = 3.716705
siesta: DUscf = 0.267046
siesta: DUext = 0.000000
siesta: Exc = -65.238641
siesta: eta*DQ = 0.000000
siesta: Emadel = 0.000000
siesta: Emeta = 0.000000
siesta: Emolmec = 0.000000
siesta: Ekinion = 0.000000
siesta: Eharris = -215.479042
siesta: Etot = -215.479041
siesta: FreeEng = -215.479041

Study the structural and energetic properties as a 
function of the size of the basis size 

Inspect the output files and search for the relaxed structure and Kohn-Sham energy 



Study the structural and energetic properties as a 
function of the size of the basis size 

Inspect the output files and search for the relaxed structure and Kohn-Sham energy 
2
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outcoor: Relaxed atomic coordinates (fractional):
0.00000000 0.00000000 0.00000000 1 1 Si
0.25000000 0.25000000 0.25000000 1 2 Si

outcell: Unit cell vectors (Ang):
0.000000 2.770221 2.770221
2.770221 0.000000 2.770221
2.770221 2.770221 0.000000

outcell: Cell vector modules (Ang) : 3.917684 3.917684 3.917684
outcell: Cell angles (23,13,12) (deg): 60.0000 60.0000 60.0000
outcell: Cell volume (Ang**3) : 42.5180

siesta: Etot = -213.983341

outcoor: Relaxed atomic coordinates (fractional):
0.00000000 0.00000000 0.00000000 1 1 Si
0.25000000 0.25000000 0.25000000 1 2 Si

outcell: Unit cell vectors (Ang):
0.000000 2.736750 2.736750
2.736750 0.000000 2.736750
2.736750 2.736750 0.000000

outcell: Cell vector modules (Ang) : 3.870349 3.870349 3.870349
outcell: Cell angles (23,13,12) (deg): 60.0000 60.0000 60.0000
outcell: Cell volume (Ang**3) : 40.9954

siesta: Etot = -214.545956
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outcoor: Relaxed atomic coordinates (fractional):
0.00000000 0.00000000 0.00000000 1 1 Si
0.25000000 0.25000000 0.25000000 1 2 Si

outcell: Unit cell vectors (Ang):
0.000000 2.770221 2.770221
2.770221 0.000000 2.770221
2.770221 2.770221 0.000000

outcell: Cell vector modules (Ang) : 3.917684 3.917684 3.917684
outcell: Cell angles (23,13,12) (deg): 60.0000 60.0000 60.0000
outcell: Cell volume (Ang**3) : 42.5180

siesta: Etot = -213.983341

outcoor: Relaxed atomic coordinates (fractional):
0.00000000 0.00000000 0.00000000 1 1 Si
0.25000000 0.25000000 0.25000000 1 2 Si

outcell: Unit cell vectors (Ang):
0.000000 2.736750 2.736750
2.736750 0.000000 2.736750
2.736750 2.736750 0.000000

outcell: Cell vector modules (Ang) : 3.870349 3.870349 3.870349
outcell: Cell angles (23,13,12) (deg): 60.0000 60.0000 60.0000
outcell: Cell volume (Ang**3) : 40.9954

siesta: Etot = -214.545956
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outcoor: Relaxed atomic coordinates (fractional):
0.00000000 0.00000000 0.00000000 1 1 Si
0.25000000 0.25000000 0.25000000 1 2 Si

outcell: Unit cell vectors (Ang):
0.000000 2.746686 2.746686
2.746686 0.000000 2.746686
2.746686 2.746686 0.000000

outcell: Cell vector modules (Ang) : 3.884400 3.884400 3.884400
outcell: Cell angles (23,13,12) (deg): 60.0000 60.0000 60.0000
outcell: Cell volume (Ang**3) : 41.4435

siesta: Etot = -214.640295

outcoor: Relaxed atomic coordinates (fractional):
0.00000000 0.00000000 0.00000000 1 1 Si
0.25000000 0.25000000 0.25000000 1 2 Si

outcell: Unit cell vectors (Ang):
0.000000 2.705266 2.705266
2.705266 0.000000 2.705266
2.705266 2.705266 0.000000

outcell: Cell vector modules (Ang) : 3.825823 3.825823 3.825823
outcell: Cell angles (23,13,12) (deg): 60.0000 60.0000 60.0000
outcell: Cell volume (Ang**3) : 39.5968

siesta: Etot = -215.479041
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outcoor: Relaxed atomic coordinates (fractional):
0.00000000 0.00000000 0.00000000 1 1 Si
0.25000000 0.25000000 0.25000000 1 2 Si

outcell: Unit cell vectors (Ang):
0.000000 2.746686 2.746686
2.746686 0.000000 2.746686
2.746686 2.746686 0.000000

outcell: Cell vector modules (Ang) : 3.884400 3.884400 3.884400
outcell: Cell angles (23,13,12) (deg): 60.0000 60.0000 60.0000
outcell: Cell volume (Ang**3) : 41.4435

siesta: Etot = -214.640295

outcoor: Relaxed atomic coordinates (fractional):
0.00000000 0.00000000 0.00000000 1 1 Si
0.25000000 0.25000000 0.25000000 1 2 Si

outcell: Unit cell vectors (Ang):
0.000000 2.705266 2.705266
2.705266 0.000000 2.705266
2.705266 2.705266 0.000000

outcell: Cell vector modules (Ang) : 3.825823 3.825823 3.825823
outcell: Cell angles (23,13,12) (deg): 60.0000 60.0000 60.0000
outcell: Cell volume (Ang**3) : 39.5968

siesta: Etot = -215.479041

SZ 

SZP DZP 

DZ 



Study the structural and energetic properties as a 
function of the size of the basis size 

Inspect the output files and search for the relaxed structure and Kohn-Sham energy 
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outcoor: Relaxed atomic coordinates (fractional):
0.00000000 0.00000000 0.00000000 1 1 Si
0.25000000 0.25000000 0.25000000 1 2 Si

outcell: Unit cell vectors (Ang):
0.000000 2.770221 2.770221
2.770221 0.000000 2.770221
2.770221 2.770221 0.000000

outcell: Cell vector modules (Ang) : 3.917684 3.917684 3.917684
outcell: Cell angles (23,13,12) (deg): 60.0000 60.0000 60.0000
outcell: Cell volume (Ang**3) : 42.5180

siesta: Etot = -213.983341

outcoor: Relaxed atomic coordinates (fractional):
0.00000000 0.00000000 0.00000000 1 1 Si
0.25000000 0.25000000 0.25000000 1 2 Si

outcell: Unit cell vectors (Ang):
0.000000 2.736750 2.736750
2.736750 0.000000 2.736750
2.736750 2.736750 0.000000

outcell: Cell vector modules (Ang) : 3.870349 3.870349 3.870349
outcell: Cell angles (23,13,12) (deg): 60.0000 60.0000 60.0000
outcell: Cell volume (Ang**3) : 40.9954

siesta: Etot = -214.545956
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outcoor: Relaxed atomic coordinates (fractional):
0.00000000 0.00000000 0.00000000 1 1 Si
0.25000000 0.25000000 0.25000000 1 2 Si

outcell: Unit cell vectors (Ang):
0.000000 2.770221 2.770221
2.770221 0.000000 2.770221
2.770221 2.770221 0.000000

outcell: Cell vector modules (Ang) : 3.917684 3.917684 3.917684
outcell: Cell angles (23,13,12) (deg): 60.0000 60.0000 60.0000
outcell: Cell volume (Ang**3) : 42.5180

siesta: Etot = -213.983341

outcoor: Relaxed atomic coordinates (fractional):
0.00000000 0.00000000 0.00000000 1 1 Si
0.25000000 0.25000000 0.25000000 1 2 Si

outcell: Unit cell vectors (Ang):
0.000000 2.736750 2.736750
2.736750 0.000000 2.736750
2.736750 2.736750 0.000000

outcell: Cell vector modules (Ang) : 3.870349 3.870349 3.870349
outcell: Cell angles (23,13,12) (deg): 60.0000 60.0000 60.0000
outcell: Cell volume (Ang**3) : 40.9954

siesta: Etot = -214.545956
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outcoor: Relaxed atomic coordinates (fractional):
0.00000000 0.00000000 0.00000000 1 1 Si
0.25000000 0.25000000 0.25000000 1 2 Si

outcell: Unit cell vectors (Ang):
0.000000 2.746686 2.746686
2.746686 0.000000 2.746686
2.746686 2.746686 0.000000

outcell: Cell vector modules (Ang) : 3.884400 3.884400 3.884400
outcell: Cell angles (23,13,12) (deg): 60.0000 60.0000 60.0000
outcell: Cell volume (Ang**3) : 41.4435

siesta: Etot = -214.640295

outcoor: Relaxed atomic coordinates (fractional):
0.00000000 0.00000000 0.00000000 1 1 Si
0.25000000 0.25000000 0.25000000 1 2 Si

outcell: Unit cell vectors (Ang):
0.000000 2.705266 2.705266
2.705266 0.000000 2.705266
2.705266 2.705266 0.000000

outcell: Cell vector modules (Ang) : 3.825823 3.825823 3.825823
outcell: Cell angles (23,13,12) (deg): 60.0000 60.0000 60.0000
outcell: Cell volume (Ang**3) : 39.5968

siesta: Etot = -215.479041

3

outcoor: Relaxed atomic coordinates (fractional):
0.00000000 0.00000000 0.00000000 1 1 Si
0.25000000 0.25000000 0.25000000 1 2 Si

outcell: Unit cell vectors (Ang):
0.000000 2.746686 2.746686
2.746686 0.000000 2.746686
2.746686 2.746686 0.000000

outcell: Cell vector modules (Ang) : 3.884400 3.884400 3.884400
outcell: Cell angles (23,13,12) (deg): 60.0000 60.0000 60.0000
outcell: Cell volume (Ang**3) : 41.4435

siesta: Etot = -214.640295

outcoor: Relaxed atomic coordinates (fractional):
0.00000000 0.00000000 0.00000000 1 1 Si
0.25000000 0.25000000 0.25000000 1 2 Si

outcell: Unit cell vectors (Ang):
0.000000 2.705266 2.705266
2.705266 0.000000 2.705266
2.705266 2.705266 0.000000

outcell: Cell vector modules (Ang) : 3.825823 3.825823 3.825823
outcell: Cell angles (23,13,12) (deg): 60.0000 60.0000 60.0000
outcell: Cell volume (Ang**3) : 39.5968

siesta: Etot = -215.479041

SZ 

SZP DZP 

DZ 



Study the structural and energetic properties as a 
function of the size of the basis size 

channels for both species! and a DZP basis "double s and p
channels plus a single d channel!. Figure 1 shows the shape
of the optimal 3s orbital for the different schemes, and the
shape of the confining potentials.
The following conclusions can be drawn from the results:

"i!Within the variational freedom offered here, the 3s orbital
of Mg wants to be confined to a radius of around 6.5 bohr,
irrespective of scheme, which is extremely short for the free
atom. This confinement produces a pronounced kink in the
hard scheme. "ii! The total energy is relatively insensitive to
the scheme used to generate the basis orbitals, as long as
there is effective confinement. "iii! The basis made of uncon-
fined atomic orbitals is substantially worse than any of the
others. "iv! The pronounced kink obtained in Sankey’s hard
confinement scheme is not substantially affecting the total
energy as compared with the other schemes. It does perturb,
however, by introducing inconvenient noise in the energy
variation with volume and other external parameters, and
especially in the derivatives of the energy. "v! The scheme
proposed in this work is variationally slightly better than the
other ones, but not significantly. Its main advantage is the
avoidance of known problems. In the remainder of the paper,
the confinement proposed in this work will be used unless
otherwise specified.

B. Basis convergence

Table II shows how NAO bases converge for bulk silicon.
This is done by comparing different basis sizes, each of them
optimized. The results are compared to converged "50 Ry!
PW results "converged basis limit! keeping the rest of the
calculation identical. Figure 2"a! shows the cohesion curves
for this system.
Even though the main point of this work is testing the

convergence of NAO basis sets independently of other is-
sues, we consider it interesting to gauge the relevance of the
errors introduced by the basis by comparing them with other
typical errors that appear in these calculations. The NAO and
PW results are thus compared to all-electron LDA results49 to
compare basis errors with the ones produced by the pseudo-
potentials. Experiment gives then reference to the error co-
mitted by the underlying LDA.
The comparisons above are made with respect to the

converged-basis limit, for which we used PW’s up to very
high cutoffs. It is important to distinguish this limit from the
PW calculations at lower cutoffs, as used in many computa-

tions. To illustrate this point, Fig. 2"b! compares the energy
convergence for PW’s and for NAO’s. Even though the con-
vergence of NAO results is a priori not systematic with the
way the basis is enlarged, the sequence of bases presented in
the figure shows a nice convergence of total energy with
respect to basis size "the number of basis functions per atom
are shown in parentheses in the figure!: the convergence rate
is similar to the one of PW’s "DZP has three times more
orbitals than SZ, and a similar factor is found for their
equivalents in PW’s!. For the particular case of Si, Fig. 2
shows that the polarization orbitals (3d shell! are very im-
portant for convergence, more than the doubling of the basis.
This fact is observed from the stabilization of SZP with re-
spect to SZ, which is much larger than for DZ.
Figure 2 shows that an atomic basis at the DZP level

requires ten times less functions than its "energetically!
equivalent PW basis, being Si the easiest system for PW’s.

FIG. 2. Convergence of NAO basis sets for bulk Si. "a! Cohe-
sive curve for different basis sets. The lowest curve shows the PW
results, filled symbols the NAO bases of this work (opt), and open
symbols the NAO bases following Ref. 19. Basis labels are like in
Table II. "b! Comparison of NAO convergence with PW conver-
gence. In parentheses is the number of basis functions per atom.

TABLE II. Basis comparisons for bulk Si. a, B, and Ec stand for
lattice parameter "in Å!, bulk modulus "in GPa!, and cohesive en-
ergy "in eV!, respectively. SZ, DZ, and TZ stand for single # ,
double # , and triple # . P stands for polarized, DP for doubly polar-
ized. LAPW results were taken from Ref. 41, and the experimental
values from Ref. 42.

SZ DZ TZ SZP DZP TZP TZDP PW LAPW Expt.

a 5.52 5.49 5.48 5.43 5.40 5.39 5.39 5.38 5.41 5.43
B 85 87 85 97 97 97 97 96 96 98.8
Ec 4.70 4.83 4.85 5.21 5.31 5.32 5.34 5.37 5.28 4.63

NUMERICAL ATOMIC ORBITALS FOR LINEAR- . . . PHYSICAL REVIEW B 64 235111

235111-5

J. Junquera et al., Phys. Rev. B 64, 235111 (2001) 

Results in previous table have been 
obtained with optimized basis set, but the 
tendency is the same as in our example  



Study the structural and energetic properties as a 
function of the size of the basis size 

J. Junquera et al.,                 
Phys. Rev. B 64, 235111 (2001) 

channels for both species! and a DZP basis "double s and p
channels plus a single d channel!. Figure 1 shows the shape
of the optimal 3s orbital for the different schemes, and the
shape of the confining potentials.
The following conclusions can be drawn from the results:

"i!Within the variational freedom offered here, the 3s orbital
of Mg wants to be confined to a radius of around 6.5 bohr,
irrespective of scheme, which is extremely short for the free
atom. This confinement produces a pronounced kink in the
hard scheme. "ii! The total energy is relatively insensitive to
the scheme used to generate the basis orbitals, as long as
there is effective confinement. "iii! The basis made of uncon-
fined atomic orbitals is substantially worse than any of the
others. "iv! The pronounced kink obtained in Sankey’s hard
confinement scheme is not substantially affecting the total
energy as compared with the other schemes. It does perturb,
however, by introducing inconvenient noise in the energy
variation with volume and other external parameters, and
especially in the derivatives of the energy. "v! The scheme
proposed in this work is variationally slightly better than the
other ones, but not significantly. Its main advantage is the
avoidance of known problems. In the remainder of the paper,
the confinement proposed in this work will be used unless
otherwise specified.

B. Basis convergence

Table II shows how NAO bases converge for bulk silicon.
This is done by comparing different basis sizes, each of them
optimized. The results are compared to converged "50 Ry!
PW results "converged basis limit! keeping the rest of the
calculation identical. Figure 2"a! shows the cohesion curves
for this system.
Even though the main point of this work is testing the

convergence of NAO basis sets independently of other is-
sues, we consider it interesting to gauge the relevance of the
errors introduced by the basis by comparing them with other
typical errors that appear in these calculations. The NAO and
PW results are thus compared to all-electron LDA results49 to
compare basis errors with the ones produced by the pseudo-
potentials. Experiment gives then reference to the error co-
mitted by the underlying LDA.
The comparisons above are made with respect to the

converged-basis limit, for which we used PW’s up to very
high cutoffs. It is important to distinguish this limit from the
PW calculations at lower cutoffs, as used in many computa-

tions. To illustrate this point, Fig. 2"b! compares the energy
convergence for PW’s and for NAO’s. Even though the con-
vergence of NAO results is a priori not systematic with the
way the basis is enlarged, the sequence of bases presented in
the figure shows a nice convergence of total energy with
respect to basis size "the number of basis functions per atom
are shown in parentheses in the figure!: the convergence rate
is similar to the one of PW’s "DZP has three times more
orbitals than SZ, and a similar factor is found for their
equivalents in PW’s!. For the particular case of Si, Fig. 2
shows that the polarization orbitals (3d shell! are very im-
portant for convergence, more than the doubling of the basis.
This fact is observed from the stabilization of SZP with re-
spect to SZ, which is much larger than for DZ.
Figure 2 shows that an atomic basis at the DZP level

requires ten times less functions than its "energetically!
equivalent PW basis, being Si the easiest system for PW’s.

FIG. 2. Convergence of NAO basis sets for bulk Si. "a! Cohe-
sive curve for different basis sets. The lowest curve shows the PW
results, filled symbols the NAO bases of this work (opt), and open
symbols the NAO bases following Ref. 19. Basis labels are like in
Table II. "b! Comparison of NAO convergence with PW conver-
gence. In parentheses is the number of basis functions per atom.

TABLE II. Basis comparisons for bulk Si. a, B, and Ec stand for
lattice parameter "in Å!, bulk modulus "in GPa!, and cohesive en-
ergy "in eV!, respectively. SZ, DZ, and TZ stand for single # ,
double # , and triple # . P stands for polarized, DP for doubly polar-
ized. LAPW results were taken from Ref. 41, and the experimental
values from Ref. 42.

SZ DZ TZ SZP DZP TZP TZDP PW LAPW Expt.

a 5.52 5.49 5.48 5.43 5.40 5.39 5.39 5.38 5.41 5.43
B 85 87 85 97 97 97 97 96 96 98.8
Ec 4.70 4.83 4.85 5.21 5.31 5.32 5.34 5.37 5.28 4.63
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Nice convergence of the total energy with 
respect the basis set size 

For the particular case of Si, the 
polarization orbitals (3d shell) are very 
important for convergence, more than 

doubling the basis. 

Results in previous figures have been 
obtained with optimized basis set, but the 
tendency is the same as in our example  

The problem is variational: the larger the 
number of orbitals in the basis set, the 

lower the energy 


