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‣ (effective) completeness easily checked and 
systematically improved

‣ matrix elements easy to calculate and/or Hψ 
products easily calculated on the fly

‣ Hartree and XC potentials easy to represent 
and calculate

‣ orthogonality is a plus
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Pros & cons

 approach to completeness easily and systematically checked  
(|k+G|2<Ecut)

 basis set independent of nuclear positions (no Pulay forces)

 matrix elements and Hψ poducts easily calculated

 density, Hartree, and XC potentials easily calculated

 orthonormality

 basis set depends on volume shape/size (Pulay stress)

 uniform spatial resolution (no core states!)                                                                                                                                                                                                                         
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 *� The systematic names and symbols 
� for elements greater than 110 will 
� be used until the approval of trivial 
� names by IUPAC.

A team at Lawrence Berkeley National Laboratories reported the discovery of elements 116 and 118 in June 1999.
The same team retracted the discovery in July 2001. The discovery of elements 113, 114, and 115 has been reported but not confirmed.

Hydrogen
Semiconductors
(also known as metalloids)

Metals
Alkali metals
Alkaline-earth metals
Transition metals
Other metals

Nonmetals
Halogens
Noble gases
Other nonmetals

Key:
6

C
Carbon
12.0107

Atomic number

Symbol

Name

Average atomic mass

Group 3 Group 4 Group 5 Group 6 Group 7 Group 8 Group 9

Group 1 Group 2 Group 14 Group 15 Group 16 Group 17

Group 18

Group 10 Group 11 Group 12

Group 13

6.941

22.989 770

39.0983

85.4678

132.905 43

(223)

140.116

232.0381

140.907 65

231.035 88

144.24

238.028 91

(145)

(237)

150.36

(244)

9.012 182

24.3050

40.078

87.62

137.327

(226)

44.955 910

88.905 85

138.9055

(227)

47.867

91.224

178.49

(261)

50.9415

92.906 38

180.9479

(262)

51.9961

95.94

183.84

(266)

54.938 049

(98)

186.207

(264)

55.845

101.07

190.23

(277)

58.933 200

102.905 50

192.217

(268)

1.007 94

151.964

(243)

157.25

(247)

158.925 34

(247)

162.500

(251)

164.930 32

(252)

167.259

(257)

168.934 21

(258)

173.04

(259)

174.967

(262)

58.6934 63.546 65.409 69.723 72.64 74.921 60 78.96 79.904 83.798

26.981 538 28.0855 30.973 761 32.065 35.453 39.948

12.0107 14.0067 15.9994 18.998 4032 20.1797

4.002 602

106.42 107.8682 112.411 114.818 118.710 121.760 127.60 126.904 47 131.293

195.078

(281) (272) (285) (284) (288)(289)

196.966 55 200.59 204.3833 207.2 208.980 38 (209) (210) (222)

10.811
Lithium

Sodium

Potassium

Rubidium

Cesium

Francium

Cerium

Thorium

Praseodymium

Protactinium

Neodymium

Uranium

Promethium

Neptunium

Samarium

Plutonium

Beryllium

Magnesium

Calcium

Strontium

Barium

Radium

Scandium

Yttrium

Lanthanum

Actinium

Titanium

Zirconium

Hafnium

Rutherfordium

Vanadium

Niobium

Tantalum

Dubnium

Chromium

Molybdenum

Tungsten

Seaborgium

Manganese

Technetium

Rhenium

Bohrium

Iron

Ruthenium

Osmium

Hassium

Cobalt

Rhodium

Iridium

Meitnerium

Hydrogen

Europium

Americium

Gadolinium

Curium

Terbium

Berkelium

Dysprosium

Californium

Holmium

Einsteinium

Erbium

Fermium

Thulium

Mendelevium

Ytterbium

Nobelium

Lutetium

Lawrencium

Nickel Copper Zinc Gallium Germanium Arsenic Selenium Bromine Krypton

Aluminum Silicon Phosphorus Sulfur Chlorine Argon

Carbon Nitrogen Oxygen Fluorine Neon

Helium

Palladium Silver Cadmium Indium Tin Antimony Tellurium Iodine Xenon

Platinum

Darmstadtium Unununium Ununbium Ununtrium UnunpentiumUnunquadium

Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon

Boron

Eu

Am

Gd

Cm

Tb

Bk

Dy

Cf

Ni Cu Zn Ga Ge As Se Br Kr

Al Si P S Cl Ar

C N O F Ne

He

Pd Ag Cd In Sn Sb Te I Xe

Pt

Ds Uuu* Uub* Uut* Uup*Uuq*

Au Hg Tl Pb Bi Po At Rn

Ho

Es

Er

Fm

Tm

Md

Yb

No

Lu

Lr

BLi

V

Na

K

Rb

Cs

Fr

Be

Mg

Ca

Sr

Ba

Ra

Sc

Y

La

Ac

Ti

Zr

Hf

Rf

Nb

Ta

Db

Cr

Mo

W

Sg

Mn

Tc

Re

Bh

IrOs

Ce

Th

Pr

Pa

Nd

U

Pm

Np

Sm

Pu

Fe

Ru

Hs

Co

Rh

Mt

H

3

11

19

37

55

87

4

12

20

38

56

88

21

39

57

89

22

40

72

104

23

41

73

105

24

42

74

106

25

43

75

107

26

44

76 77

108

27

45

 

109

1

58

90

59

91

60

92

61

93

62

94

63

95

64

96

65

97

66

98

67

99

68

100

69

101

70

102

71

103

28 29 30 31 32 33 34 35 36

13 14 15 16 17 18

6 7 8 9 10

2

46 47 48 49 50 51 52 53 54

78

110 111 112 113 115114

79 80 81 82 83 84 85 86

5

The atomic masses listed in this table reflect the precision of current measurements. (Values listed in 
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The atomic masses listed in this table reflect the precision of current measurements. (Values listed in 
parentheses are the mass numbers of those radioactive elements’ most stable or most common isotopes.)
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 *� The systematic names and symbols 
� for elements greater than 110 will 
� be used until the approval of trivial 
� names by IUPAC.

A team at Lawrence Berkeley National Laboratories reported the discovery of elements 116 and 118 in June 1999.
The same team retracted the discovery in July 2001. The discovery of elements 113, 114, and 115 has been reported but not confirmed.

Hydrogen
Semiconductors
(also known as metalloids)

Metals
Alkali metals
Alkaline-earth metals
Transition metals
Other metals

Nonmetals
Halogens
Noble gases
Other nonmetals

Key:
6

C
Carbon
12.0107

Atomic number

Symbol

Name

Average atomic mass

Group 3 Group 4 Group 5 Group 6 Group 7 Group 8 Group 9

Group 1 Group 2 Group 14 Group 15 Group 16 Group 17

Group 18

Group 10 Group 11 Group 12

Group 13

6.941

22.989 770

39.0983

85.4678

132.905 43

(223)

140.116

232.0381

140.907 65

231.035 88

144.24

238.028 91

(145)

(237)

150.36

(244)

9.012 182

24.3050

40.078

87.62

137.327

(226)

44.955 910

88.905 85

138.9055

(227)

47.867

91.224

178.49

(261)

50.9415

92.906 38

180.9479

(262)

51.9961

95.94

183.84

(266)

54.938 049

(98)

186.207

(264)

55.845

101.07

190.23

(277)

58.933 200

102.905 50

192.217

(268)

1.007 94

151.964

(243)

157.25

(247)

158.925 34

(247)

162.500

(251)

164.930 32

(252)

167.259

(257)

168.934 21

(258)

173.04

(259)

174.967

(262)

58.6934 63.546 65.409 69.723 72.64 74.921 60 78.96 79.904 83.798

26.981 538 28.0855 30.973 761 32.065 35.453 39.948

12.0107 14.0067 15.9994 18.998 4032 20.1797

4.002 602

106.42 107.8682 112.411 114.818 118.710 121.760 127.60 126.904 47 131.293

195.078

(281) (272) (285) (284) (288)(289)

196.966 55 200.59 204.3833 207.2 208.980 38 (209) (210) (222)

10.811
Lithium

Sodium

Potassium

Rubidium

Cesium

Francium

Cerium

Thorium

Praseodymium

Protactinium

Neodymium

Uranium

Promethium

Neptunium

Samarium

Plutonium

Beryllium

Magnesium

Calcium

Strontium

Barium

Radium

Scandium

Yttrium

Lanthanum

Actinium

Titanium

Zirconium

Hafnium

Rutherfordium

Vanadium

Niobium

Tantalum

Dubnium

Chromium

Molybdenum

Tungsten

Seaborgium

Manganese

Technetium

Rhenium

Bohrium

Iron

Ruthenium

Osmium

Hassium

Cobalt

Rhodium

Iridium

Meitnerium

Hydrogen

Europium

Americium

Gadolinium

Curium

Terbium

Berkelium

Dysprosium

Californium

Holmium

Einsteinium

Erbium

Fermium

Thulium

Mendelevium

Ytterbium

Nobelium

Lutetium

Lawrencium

Nickel Copper Zinc Gallium Germanium Arsenic Selenium Bromine Krypton

Aluminum Silicon Phosphorus Sulfur Chlorine Argon

Carbon Nitrogen Oxygen Fluorine Neon

Helium

Palladium Silver Cadmium Indium Tin Antimony Tellurium Iodine Xenon

Platinum

Darmstadtium Unununium Ununbium Ununtrium UnunpentiumUnunquadium

Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon

Boron

Eu

Am

Gd

Cm

Tb

Bk

Dy

Cf

Ni Cu Zn Ga Ge As Se Br Kr

Al Si P S Cl Ar

C N O F Ne

He

Pd Ag Cd In Sn Sb Te I Xe

Pt

Ds Uuu* Uub* Uut* Uup*Uuq*

Au Hg Tl Pb Bi Po At Rn

Ho

Es

Er

Fm

Tm

Md

Yb

No

Lu

Lr

BLi

V

Na

K

Rb

Cs

Fr

Be

Mg

Ca

Sr

Ba

Ra

Sc

Y

La

Ac

Ti

Zr

Hf

Rf

Nb

Ta

Db

Cr

Mo

W

Sg

Mn

Tc

Re

Bh

IrOs

Ce

Th

Pr

Pa

Nd

U

Pm

Np

Sm

Pu

Fe

Ru

Hs

Co

Rh

Mt

H

3

11

19

37

55

87

4

12

20

38

56

88

21

39

57

89

22

40

72

104

23

41

73

105

24

42

74

106

25

43

75

107

26

44

76 77

108

27

45

 

109

1

58

90

59

91

60

92

61

93

62

94

63

95

64

96

65

97

66

98

67

99

68

100

69

101

70

102

71

103

28 29 30 31 32 33 34 35 36

13 14 15 16 17 18

6 7 8 9 10

2

46 47 48 49 50 51 52 53 54

78

110 111 112 113 115114

79 80 81 82 83 84 85 86

5

The atomic masses listed in this table reflect the precision of current measurements. (Values listed in 
parentheses are the mass numbers of those radioactive elements’ most stable or most common isotopes.)

1

2

3

4

5

6

7

Pe
rio

d

 *� The systematic names and symbols 
� for elements greater than 110 will 
� be used until the approval of trivial 
� names by IUPAC.

A team at Lawrence Berkeley National Laboratories reported the discovery of elements 116 and 118 in June 1999.
The same team retracted the discovery in July 2001. The discovery of elements 113, 114, and 115 has been reported but not confirmed.

Hydrogen
Semiconductors
(also known as metalloids)

Metals
Alkali metals
Alkaline-earth metals
Transition metals
Other metals

Nonmetals
Halogens
Noble gases
Other nonmetals

Key:
6

C
Carbon
12.0107

Atomic number

Symbol

Name

Average atomic mass

Group 3 Group 4 Group 5 Group 6 Group 7 Group 8 Group 9

Group 1 Group 2 Group 14 Group 15 Group 16 Group 17

Group 18

Group 10 Group 11 Group 12

Group 13

6.941

22.989 770

39.0983

85.4678

132.905 43

(223)

140.116

232.0381

140.907 65

231.035 88

144.24

238.028 91

(145)

(237)

150.36

(244)

9.012 182

24.3050

40.078

87.62

137.327

(226)

44.955 910

88.905 85

138.9055

(227)

47.867

91.224

178.49

(261)

50.9415

92.906 38

180.9479

(262)

51.9961

95.94

183.84

(266)

54.938 049

(98)

186.207

(264)

55.845

101.07

190.23

(277)

58.933 200

102.905 50

192.217

(268)

1.007 94

151.964

(243)

157.25

(247)

158.925 34

(247)

162.500

(251)

164.930 32

(252)

167.259

(257)

168.934 21

(258)

173.04

(259)

174.967

(262)

58.6934 63.546 65.409 69.723 72.64 74.921 60 78.96 79.904 83.798

26.981 538 28.0855 30.973 761 32.065 35.453 39.948

12.0107 14.0067 15.9994 18.998 4032 20.1797

4.002 602

106.42 107.8682 112.411 114.818 118.710 121.760 127.60 126.904 47 131.293

195.078

(281) (272) (285) (284) (288)(289)

196.966 55 200.59 204.3833 207.2 208.980 38 (209) (210) (222)

10.811
Lithium

Sodium

Potassium

Rubidium

Cesium

Francium

Cerium

Thorium

Praseodymium

Protactinium

Neodymium

Uranium

Promethium

Neptunium

Samarium

Plutonium

Beryllium

Magnesium

Calcium

Strontium

Barium

Radium

Scandium

Yttrium

Lanthanum

Actinium

Titanium

Zirconium

Hafnium

Rutherfordium

Vanadium

Niobium

Tantalum

Dubnium

Chromium

Molybdenum

Tungsten

Seaborgium

Manganese

Technetium

Rhenium

Bohrium

Iron

Ruthenium

Osmium

Hassium

Cobalt

Rhodium

Iridium

Meitnerium

Hydrogen

Europium

Americium

Gadolinium

Curium

Terbium

Berkelium

Dysprosium

Californium

Holmium

Einsteinium

Erbium

Fermium

Thulium

Mendelevium

Ytterbium

Nobelium

Lutetium

Lawrencium

Nickel Copper Zinc Gallium Germanium Arsenic Selenium Bromine Krypton

Aluminum Silicon Phosphorus Sulfur Chlorine Argon

Carbon Nitrogen Oxygen Fluorine Neon

Helium

Palladium Silver Cadmium Indium Tin Antimony Tellurium Iodine Xenon

Platinum

Darmstadtium Unununium Ununbium Ununtrium UnunpentiumUnunquadium

Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon

Boron

Eu

Am

Gd

Cm

Tb

Bk

Dy

Cf

Ni Cu Zn Ga Ge As Se Br Kr

Al Si P S Cl Ar

C N O F Ne

He

Pd Ag Cd In Sn Sb Te I Xe

Pt

Ds Uuu* Uub* Uut* Uup*Uuq*

Au Hg Tl Pb Bi Po At Rn

Ho

Es

Er

Fm

Tm

Md

Yb

No

Lu

Lr

BLi

V

Na

K

Rb

Cs

Fr

Be

Mg

Ca

Sr

Ba

Ra

Sc

Y

La

Ac

Ti

Zr

Hf

Rf

Nb

Ta

Db

Cr

Mo

W

Sg

Mn

Tc

Re

Bh

IrOs

Ce

Th

Pr

Pa

Nd

U

Pm

Np

Sm

Pu

Fe

Ru

Hs

Co

Rh

Mt

H

3

11

19

37

55

87

4

12

20

38

56

88

21

39

57

89

22

40

72

104

23

41

73

105

24

42

74

106

25

43

75

107

26

44

76 77

108

27

45

 

109

1

58

90

59

91

60

92

61

93

62

94

63

95

64

96

65

97

66

98

67

99

68

100

69

101

70

102

71

103

28 29 30 31 32 33 34 35 36

13 14 15 16 17 18

6 7 8 9 10

2

46 47 48 49 50 51 52 53 54

78

110 111 112 113 115114

79 80 81 82 83 84 85 86

5

The atomic masses listed in this table reflect the precision of current measurements. (Values listed in 
parentheses are the mass numbers of those radioactive elements’ most stable or most common isotopes.)

 0

 10

 20

 10  20  30  40  50  60  70  80

IP
  

(e
V

)

Z



a1s ∼
1
Z

ε1s ∼ Z2



a1s ∼
1
Z

ε1s ∼ Z2

Ecut ∼ Z2



a1s ∼
1
Z

ε1s ∼ Z2

Ecut ∼ Z2 NPW =
4π

3
k3

cut
Ω

(2π)3

∼ Z3



a1s ∼
1
Z

ε1s ∼ Z2

IP ∼ 1 a ∼ 1

Ecut ∼ Z2 NPW =
4π

3
k3

cut
Ω

(2π)3

∼ Z3



First principle of 
computational physics



First principle of 
computational physics

If two systems have similar physical 
and chemical properties, their 

simulation should require a similar 
amount of computer resources
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Power to the imagination

Chemically similar atoms have potentials with very 
different, possibly nasty, mathematical properties? 
Well ...

Imagine pseudo atoms whose chemical properties 
are very similar to those of real atoms, but whose 
(pseudo) potentials are as gentle as possible.
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Properties of pseudopotentials

Vps does not have core states: valence states of any 
given angular symmetry are the lowest-lying states 
of that symmetry:

φps
val is nodeless and smooth

φps
val(r) = φae

val(r) for r > rc

The chemical properties of the pseudo-atom are the 
same as those of the true atom:

εps
val = εae

val
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US pseudopotentials

HUSφn = εnSφn 〈φn|S|φm〉 = δnm



Structural optimisation

Equilibrium geometries:
minimum-energy 
configurations

F(R) = −∂E(R)
∂R

= 0

E(R)
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E(R) Ṙ = F(R)

steepest descent

discretization



Rn = Rn−1 + ε F(Rn−1)

The minimum is reached !!!

Structural optimisation

E(R) Ṙ = F(R)

steepest descent

discretization
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Molecular Dynamics

R(t)

dynamics, 
spectroscopy

〈A〉 ≈ 1
T

∫ T

0
A

(
R(t)

)
dt

Equilibrium
statistical mechanics
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The Verlet algorithm

⋯R(t± ε) = R(t)± ε Ṙ(t) +
ε2

2
R̈(t)± ε3

8
R(t) +O(ε4)

R(t + ε) = 2R(t)−R(t− ε) +
ε2

M
F

(
R(t)

)
+O(ε4)

〈A〉 ≈ 1
N

N∑

n=1

A
(
Rn

)
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The tricks of the trade

• Plane waves require supercells for treating finite (or semi-
infinite) systems

• Plane-wave basis sets are usually large: iterative diagonalization 
vs. global minimization

• Summing over occupied states: special-point and Gaussian-
smearing techniques

• Non-linear extrapolation for SCF acceleration and density 
prediction in MD

• Choice of fictitious masses in CP dynamics

• . . . and many others (and you got to know them all!)
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Accuracy vs. approximations

Theoretical approximations / limitations

• The Born-Oppenheimer approximation

• DFT functionals (LDA, GGA, ...)

• Pseudopotentials

• No easy access to electronic excited states and/or 
quantum dynamics

• ...

Numerical approximations / limitations

• Finite/limited size/time

• Finite basis set

• Differentiation / integration / interpolation

• ...
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What do I (can’t I) calculate today?

Strong covalent and metallic bonds

Weak e-e correlations

Structural optimization, lattice vibrations, adiabatic 
dynamics, static response functions

? Strong correlations / Mott-Hubbard insulators

? Optical properties / excitation energies

? Dispersion forces / weak chemical bonds
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Which algorithm shall I use? 

Electronic structure: SCF diagonalization vs. energy minimization

Geometry optimization: standard DFT

Lattice vibrations, static response functions: DFPT

Dynamics: Car-Parrinello vs. Born-Oppenheimer

Slow kinetics and rare events: path sampling vs. Parrinello-Laio 
metadynamics

Optical properties, excited states: TDDFT vs. MBPT
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What should I care today?

Finite-size effects:

Finite systems → supercells

Infinite systems → k-point sampling (+ Gaussian smearing)

Finite-basis effects:

Choice of the basis set (PW’s, LCAO, PAW’s, LMTO, ...)

Size of the basis set

Pseudo-potentials:

“Hard” node-less orbitals (2p, 3d ...)

Semi-core states + NL XC core correction
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What else should I care?

Choice of the diagonalization / minimization algorithms

MD time steps & CP fictitious masses

Numerical and algorithmic details of the implementation

Integration & FFT meshes (1D/3D)

Differentiation and interpolation schemes

Parallelization issues (by band / by k-point / by G-
vector)

. . .

. . .
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The Quantum ESPRESSO
suite of ab-initio codes

PWscf (Trieste/Pisa/Bologna)

Phonon (Trieste/Pisa)

FPMD (Trieste/Bologna) 

CP (Lausanne/Princeton/Pisa/Bologna)

Utilities and/or graphical applications

*opEn Source Package for Research in
in Electronic Structure, Simulation, and Optimization

*
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Quantum ESPRESSO 
is a community enterprise

Be part of the community

Do great science with it

Report bugs and suggest improvements

Even better, fix the bugs and implement the improvements

Participate in the discussion forums

Write some documentation or articles in the QE wiki

Help integrate QE with other OS software

. . .
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but rather what you can do for Quantum ESPRESSO
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www.quantum-espresso.org

Enjoy this 
course!


