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XC	energy	func:onals
exchange-correlation functionals

! LDA (Kohn & Sham, 60’s)

Exc [ρ] =

∫
ϵxc

(
ρ(r)

)
ρ(r)dr

! GGA (Becke, Perdew, et al., 80’s)

Exc =

∫
ρ(r)ϵGGA (ρ(r), |∇ρ(r)|)dr

! DFT+U (Anisimov et al., 90’s)

EDFT+U [ρ] = EDFT + Un(n− 1)

! hybrids (Becke et al., 90’s)

Ehybr = αE x
HF + (1−α)E x

GGA + E c

! meta-GGA (Perdew, early 2K’s)
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dr
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! VdW (Langreth & Lundqvist, 2K’s)

EVdW =

∫
ρ(r)ρ(r′)×

ΦVdW [ρ](r, r′)drdr′

! · · ·
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�
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⇥
V (r,R)�(r)dr+

e2

2

⇥
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�
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<latexit sha1_base64="lZosEMrZHqKGn344yoTwLEPpxYI=">AAACCnicdVDLSgMxFL1TX7W+qi5cuAkWoUUZZrqxy4IblxXsAzplyKSZNjbzIMlUSukfuPFX3Ii4qeDCX/BX3Gim1UV9HAi5nHNucs/1Ys6ksqw3I7O0vLK6ll3PbWxube/kd/caMkoEoXUS8Ui0PCwpZyGtK6Y4bcWC4sDjtOkNzlO9OaRCsii8UqOYdgLcC5nPCFaacvMnyIklc4dFJ8Cq7/ljMSkhR7BeXz/lKyxEdCMRKV6fDktuvmCZZSsF+l3Y5uy2CtWDj/cpANTc/KvTjUgS0FARjqVs21asOmMsFCOcTnJOImmMyQD36HgWZYKONdVFfiT0CRWasQs+HEg5CjztTAeWP7WU/EtrJ8qvdMYsjBNFQzL/yE84UhFK94K6TFCi+EgXmAimJ0SkjwUmSm8vp6N/50P/F42yaVumfal3UIE5snAIR1AEG86gChdQgzoQuIMHmMKzcWvcG4/G09yaMb569mEBxssnkO+c9Q==</latexit><latexit sha1_base64="ymjjINoVUVZDJ914NNeqU63nIf8="></latexit><latexit sha1_base64="ymjjINoVUVZDJ914NNeqU63nIf8="></latexit><latexit sha1_base64="ymjjINoVUVZDJ914NNeqU63nIf8="></latexit><latexit sha1_base64="oPtot7d7zFxDrjJf0TigKErgWps=">AAACCnicdVDLSgMxFM3UV62vUZdugkVoUYZMN3ZZcOOygn2AU4ZMmmljM5MhyVTK0D9w46+4EXGj4MJf8G/MtHVRHwdCLuecm9xzg4QzpRH6tAorq2vrG8XN0tb2zu6evX/QViKVhLaI4EJ2A6woZzFtaaY57SaS4ijgtBOMLnK9M6ZSMRFf60lCexEexCxkBGtD+fYp9BLF/HHFi7AeBmEmp1XoSTYYmqdCjaUUdwqSyu3ZuOrbZeTUUA74u3Cd2Y3KYIGmb394fUHSiMaacKzUjYsS3cuw1IxwOi15qaIJJiM8oNksyhSeGKoPQyHNiTWcsUs+HCk1iQLjzAdWP7Wc/Eu7SXVY72UsTlJNYzL/KEw51ALme4F9JinRfGIKTCQzE0IyxBITbbZXMtG/88H/i3bNcZHjXqFyo75YQhEcgWNQAS44Bw1wCZqgBQh4AE/gFbxZ99aj9Wy9zK0Fa9FzCJZgvX8BjZaZ5Q==</latexit>
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<latexit sha1_base64="lZosEMrZHqKGn344yoTwLEPpxYI=">AAACCnicdVDLSgMxFL1TX7W+qi5cuAkWoUUZZrqxy4IblxXsAzplyKSZNjbzIMlUSukfuPFX3Ii4qeDCX/BX3Gim1UV9HAi5nHNucs/1Ys6ksqw3I7O0vLK6ll3PbWxube/kd/caMkoEoXUS8Ui0PCwpZyGtK6Y4bcWC4sDjtOkNzlO9OaRCsii8UqOYdgLcC5nPCFaacvMnyIklc4dFJ8Cq7/ljMSkhR7BeXz/lKyxEdCMRKV6fDktuvmCZZSsF+l3Y5uy2CtWDj/cpANTc/KvTjUgS0FARjqVs21asOmMsFCOcTnJOImmMyQD36HgWZYKONdVFfiT0CRWasQs+HEg5CjztTAeWP7WU/EtrJ8qvdMYsjBNFQzL/yE84UhFK94K6TFCi+EgXmAimJ0SkjwUmSm8vp6N/50P/F42yaVumfal3UIE5snAIR1AEG86gChdQgzoQuIMHmMKzcWvcG4/G09yaMb569mEBxssnkO+c9Q==</latexit><latexit sha1_base64="ymjjINoVUVZDJ914NNeqU63nIf8="></latexit><latexit sha1_base64="ymjjINoVUVZDJ914NNeqU63nIf8="></latexit><latexit sha1_base64="ymjjINoVUVZDJ914NNeqU63nIf8="></latexit><latexit sha1_base64="oPtot7d7zFxDrjJf0TigKErgWps=">AAACCnicdVDLSgMxFM3UV62vUZdugkVoUYZMN3ZZcOOygn2AU4ZMmmljM5MhyVTK0D9w46+4EXGj4MJf8G/MtHVRHwdCLuecm9xzg4QzpRH6tAorq2vrG8XN0tb2zu6evX/QViKVhLaI4EJ2A6woZzFtaaY57SaS4ijgtBOMLnK9M6ZSMRFf60lCexEexCxkBGtD+fYp9BLF/HHFi7AeBmEmp1XoSTYYmqdCjaUUdwqSyu3ZuOrbZeTUUA74u3Cd2Y3KYIGmb394fUHSiMaacKzUjYsS3cuw1IxwOi15qaIJJiM8oNksyhSeGKoPQyHNiTWcsUs+HCk1iQLjzAdWP7Wc/Eu7SXVY72UsTlJNYzL/KEw51ALme4F9JinRfGIKTCQzE0IyxBITbbZXMtG/88H/i3bNcZHjXqFyo75YQhEcgWNQAS44Bw1wCZqgBQh4AE/gFbxZ99aj9Wy9zK0Fa9FzCJZgvX8BjZaZ5Q==</latexit>
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ċ(i, v) = �
�

j

hKS [c](i, j)c(j, v)+

�

u

�vuc(i, v)

�v(r) =
�

j

c(j, v)⇥j(r)

�EKS

�⇥�
v(r)

=
�

uv

�vu⇥u(r)



requirements



requirements

‣ (effective) completeness of the basis set easily checked and 
systematically improved



requirements

‣ (effective) completeness of the basis set easily checked and 
systematically improved

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



requirements

‣ (effective) completeness of the basis set 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



requirements

‣ (effective) completeness of the basis set 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



the	Bloch	theorem	&	plane	waves

infinite	crystals

a
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�k(x) = eikxuk(x)
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uk(x) =
X

n
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Born	—	von	Kármán	PBC

Bloch	theorem}
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�(r) =
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c(j)⇥j(r)
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1p
�
eiqj ·r ~2
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q2
j  Ecut

periodic boundary conditions

⇥(x+ ⇤) = ⇥(x) ! qj =
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⇤
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q = G

finite systems          (� = a)

�(r) =
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c(j)⇥j(r)
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2m
q2
j  Ecut



plane-wave	basis	sets

infinite crystals      (⇥ = L)

q = k+G; k 2 BZ
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2m
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j  Ecut



plane-wave	expansion	
of	LCAO	orbitals

on	the	blackboard



using	plane	waves
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using	plane	waves
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G1

G2

BZ

⇢(r) =
X

vk2BZ

|uvk(r)|2



sampling	the	Brillouin	zone:	special	points

G1

G2

BZ

⇢(r) =
X

vk2BZ

|uvk(r)|2



sampling	the	Brillouin	zone:	special	points

G1

G2

BZ
W

⇢(r) =
X

vk2BZ

|uvk(r)|2



sampling	the	Brillouin	zone:	special	points

G1

G2

BZ
W

⇢(r) =
X

vk2BZ

|uvk(r)|2



G1

G2

BZ
W

⇢(r) =
X

v

X

k2BZ

|uvk(r)|2

=
X

v

X

S2G

X

k2W

|uvS·k(r)|2

=
X

v

X

S2G

X

k2W

|uvSk(S
�1 · r)|2

=
X

S2G
⇢W(S�1 · r)

sampling	the	Brillouin	zone:	special	points



PWs:	pros	&	cons



trea:ng	core	states

1

2

3

4

5

6

7

Pe
rio

d

 *�The systematic names and symbols 
� for elements greater than 1 1 0  will 
� be u sed  u ntil the approval of trivial 
� names by IUPAC.

A team at Lawrence Berkeley National Laboratories reported  the d iscovery of elements 1 1 6  and 1 1 8  in Ju ne 1 9 9 9 .
The same team retracted  the d iscovery in Ju ly 2 0 0 1 . The d iscovery of elements 1 1 3 , 1 1 4 , and 1 1 5  has been reported  bu t not confirmed .

Hyd rogen
Semicondu ctors
(also known as metalloids)

Metals
Alkali metals
Alkaline-earth metals
Transition metals
Other metals

Nonmetals
Halogens
Noble gases
Other nonmetals

Key:
6

C
Carbon
1 2 .0 1 0 7

Atomic nu mber

Symbol

Name

Average atomic mass

Grou p 3 Grou p 4 Grou p 5 Grou p 6 Grou p 7 Grou p 8 Grou p 9

Grou p 1 Grou p 2 Grou p 1 4 Grou p 1 5 Grou p 1 6 Grou p 1 7

Grou p 1 8

Grou p 1 0 Grou p 1 1 Grou p 1 2

Grou p 1 3

6 .9 4 1

2 2 .9 8 9  7 7 0

3 9 .0 9 8 3

8 5 .4 6 7 8

1 3 2 .9 0 5  4 3

(2 2 3 )

1 4 0 .1 1 6

2 3 2 .0 3 8 1

1 4 0 .9 0 7  6 5

2 3 1 .0 3 5  8 8

1 4 4 .2 4

2 3 8 .0 2 8  9 1

(1 4 5 )

(2 3 7 )

1 5 0 .3 6

(2 4 4 )

9 .0 1 2  1 8 2

2 4 .3 0 5 0

4 0 .0 7 8

8 7 .6 2

1 3 7 .3 2 7

(2 2 6 )

4 4 .9 5 5  9 1 0

8 8 .9 0 5  8 5

1 3 8 .9 0 5 5

(2 2 7 )

4 7 .8 6 7

9 1 .2 2 4

1 7 8 .4 9

(2 6 1 )

5 0 .9 4 1 5

9 2 .9 0 6  3 8

1 8 0 .9 4 7 9

(2 6 2 )

5 1 .9 9 6 1

9 5 .9 4

1 8 3 .8 4

(2 6 6 )

5 4 .9 3 8  0 4 9

(9 8 )

1 8 6 .2 0 7

(2 6 4 )

5 5 .8 4 5

1 0 1 .0 7

1 9 0 .2 3

(2 7 7 )

5 8 .9 3 3  2 0 0

1 0 2 .9 0 5  5 0

1 9 2 .2 1 7

(2 6 8 )

1 .0 0 7  9 4

1 5 1 .9 6 4

(2 4 3 )

1 5 7 .2 5

(2 4 7 )

1 5 8 .9 2 5  3 4

(2 4 7 )

1 6 2 .5 0 0

(2 5 1 )

1 6 4 .9 3 0  3 2

(2 5 2 )

1 6 7 .2 5 9

(2 5 7 )

1 6 8 .9 3 4  2 1

(2 5 8 )

1 7 3 .0 4

(2 5 9 )

1 7 4 .9 6 7

(2 6 2 )

5 8 .6 9 3 4 6 3 .5 4 6 6 5 .4 0 9 6 9 .7 2 3 7 2 .6 4 7 4 .9 2 1  6 0 7 8 .9 6 7 9 .9 0 4 8 3 .7 9 8

2 6 .9 8 1  5 3 8 2 8 .0 8 5 5 3 0 .9 7 3  7 6 1 3 2 .0 6 5 3 5 .4 5 3 3 9 .9 4 8

1 2 .0 1 0 7 1 4 .0 0 6 7 1 5 .9 9 9 4 1 8 .9 9 8  4 0 3 2 2 0 .1 7 9 7

4 .0 0 2  6 0 2

1 0 6 .4 2 1 0 7 .8 6 8 2 1 1 2 .4 1 1 1 1 4 .8 1 8 1 1 8 .7 1 0 1 2 1 .7 6 0 1 2 7 .6 0 1 2 6 .9 0 4  4 7 1 3 1 .2 9 3

1 9 5 .0 7 8

(2 8 1 ) (2 7 2 ) (2 8 5 ) (2 8 4 ) (2 8 8 )(2 8 9 )

1 9 6 .9 6 6  5 5 2 0 0 .5 9 2 0 4 .3 8 3 3 2 0 7 .2 2 0 8 .9 8 0  3 8 (2 0 9 ) (2 1 0 ) (2 2 2 )

1 0 .8 1 1
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 Uu u * Uu b* Uu t* Uu p*Uu q*

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

1 1

1 9

3 7

5 5

8 7

4

1 2

2 0

3 8

5 6

8 8

2 1

3 9

5 7

8 9

2 2

4 0

7 2

1 0 4

2 3

4 1

7 3

1 0 5

2 4

4 2

7 4

1 0 6

2 5

4 3

7 5

1 0 7

2 6

4 4

7 6 7 7

1 0 8

2 7

4 5

 

1 0 9

1

5 8

9 0

5 9

9 1

6 0

9 2

6 1

9 3

6 2

9 4

6 3

9 5

6 4

9 6

6 5

9 7

6 6

9 8

6 7

9 9

6 8

1 0 0

6 9

1 0 1

7 0

1 0 2

7 1

1 0 3

2 8 2 9 3 0 3 1 3 2 3 3 3 4 3 5 3 6

1 3 1 4 1 5 1 6 1 7 1 8

6 7 8 9 1 0

2

4 6 4 7 4 8 4 9 5 0 5 1 5 2 5 3 5 4

7 8

1 1 0 1 1 1 1 1 2 1 1 3 1 1 51 1 4

7 9 8 0 8 1 8 2 8 3 8 4 8 5 8 6

5

The atomic masses listed  in this table reflect the precision of cu rrent measu rements. (Valu es listed  in 
parentheses are the mass nu mbers of those rad ioactive elements’ most stable or most common isotopes.)
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 *�The systematic names and symbols 
� for elements greater than 1 1 0  will 
� be u sed  u ntil the approval of trivial 
� names by IUPAC.

A team at Lawrence Berkeley National Laboratories reported  the d iscovery of elements 1 1 6  and 1 1 8  in Ju ne 1 9 9 9 .
The same team retracted  the d iscovery in Ju ly 2 0 0 1 . The d iscovery of elements 1 1 3 , 1 1 4 , and 1 1 5  has been reported  bu t not confirmed .

Hyd rogen
Semicondu ctors
(also known as metalloids)

Metals
Alkali metals
Alkaline-earth metals
Transition metals
Other metals

Nonmetals
Halogens
Noble gases
Other nonmetals

Key:
6

C
Carbon
1 2 .0 1 0 7

Atomic nu mber

Symbol

Name

Average atomic mass

Grou p 3 Grou p 4 Grou p 5 Grou p 6 Grou p 7 Grou p 8 Grou p 9

Grou p 1 Grou p 2 Grou p 1 4 Grou p 1 5 Grou p 1 6 Grou p 1 7

Grou p 1 8

Grou p 1 0 Grou p 1 1 Grou p 1 2

Grou p 1 3

6 .9 4 1

2 2 .9 8 9  7 7 0

3 9 .0 9 8 3

8 5 .4 6 7 8

1 3 2 .9 0 5  4 3

(2 2 3 )

1 4 0 .1 1 6

2 3 2 .0 3 8 1

1 4 0 .9 0 7  6 5

2 3 1 .0 3 5  8 8

1 4 4 .2 4

2 3 8 .0 2 8  9 1

(1 4 5 )

(2 3 7 )

1 5 0 .3 6

(2 4 4 )

9 .0 1 2  1 8 2

2 4 .3 0 5 0

4 0 .0 7 8

8 7 .6 2

1 3 7 .3 2 7

(2 2 6 )

4 4 .9 5 5  9 1 0

8 8 .9 0 5  8 5

1 3 8 .9 0 5 5

(2 2 7 )

4 7 .8 6 7

9 1 .2 2 4

1 7 8 .4 9

(2 6 1 )

5 0 .9 4 1 5

9 2 .9 0 6  3 8

1 8 0 .9 4 7 9

(2 6 2 )

5 1 .9 9 6 1

9 5 .9 4

1 8 3 .8 4

(2 6 6 )

5 4 .9 3 8  0 4 9

(9 8 )

1 8 6 .2 0 7

(2 6 4 )

5 5 .8 4 5

1 0 1 .0 7

1 9 0 .2 3

(2 7 7 )

5 8 .9 3 3  2 0 0

1 0 2 .9 0 5  5 0

1 9 2 .2 1 7

(2 6 8 )

1 .0 0 7  9 4

1 5 1 .9 6 4

(2 4 3 )

1 5 7 .2 5

(2 4 7 )

1 5 8 .9 2 5  3 4

(2 4 7 )

1 6 2 .5 0 0

(2 5 1 )

1 6 4 .9 3 0  3 2

(2 5 2 )

1 6 7 .2 5 9

(2 5 7 )

1 6 8 .9 3 4  2 1

(2 5 8 )

1 7 3 .0 4

(2 5 9 )

1 7 4 .9 6 7

(2 6 2 )

5 8 .6 9 3 4 6 3 .5 4 6 6 5 .4 0 9 6 9 .7 2 3 7 2 .6 4 7 4 .9 2 1  6 0 7 8 .9 6 7 9 .9 0 4 8 3 .7 9 8

2 6 .9 8 1  5 3 8 2 8 .0 8 5 5 3 0 .9 7 3  7 6 1 3 2 .0 6 5 3 5 .4 5 3 3 9 .9 4 8

1 2 .0 1 0 7 1 4 .0 0 6 7 1 5 .9 9 9 4 1 8 .9 9 8  4 0 3 2 2 0 .1 7 9 7

4 .0 0 2  6 0 2

1 0 6 .4 2 1 0 7 .8 6 8 2 1 1 2 .4 1 1 1 1 4 .8 1 8 1 1 8 .7 1 0 1 2 1 .7 6 0 1 2 7 .6 0 1 2 6 .9 0 4  4 7 1 3 1 .2 9 3

1 9 5 .0 7 8

(2 8 1 ) (2 7 2 ) (2 8 5 ) (2 8 4 ) (2 8 8 )(2 8 9 )

1 9 6 .9 6 6  5 5 2 0 0 .5 9 2 0 4 .3 8 3 3 2 0 7 .2 2 0 8 .9 8 0  3 8 (2 0 9 ) (2 1 0 ) (2 2 2 )

1 0 .8 1 1
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 Uu u * Uu b* Uu t* Uu p*Uu q*

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

1 1

1 9

3 7

5 5

8 7

4

1 2

2 0

3 8

5 6

8 8

2 1

3 9

5 7

8 9

2 2

4 0

7 2

1 0 4

2 3

4 1

7 3

1 0 5

2 4

4 2

7 4

1 0 6

2 5

4 3

7 5

1 0 7

2 6

4 4

7 6 7 7

1 0 8

2 7

4 5

 

1 0 9

1

5 8

9 0

5 9

9 1

6 0

9 2

6 1

9 3

6 2

9 4

6 3

9 5

6 4

9 6

6 5

9 7

6 6

9 8

6 7

9 9

6 8

1 0 0

6 9

1 0 1

7 0

1 0 2

7 1

1 0 3

2 8 2 9 3 0 3 1 3 2 3 3 3 4 3 5 3 6

1 3 1 4 1 5 1 6 1 7 1 8

6 7 8 9 1 0

2

4 6 4 7 4 8 4 9 5 0 5 1 5 2 5 3 5 4

7 8

1 1 0 1 1 1 1 1 2 1 1 3 1 1 51 1 4

7 9 8 0 8 1 8 2 8 3 8 4 8 5 8 6

5

The atomic masses listed  in this table reflect the precision of cu rrent measu rements. (Valu es listed  in 
parentheses are the mass nu mbers of those rad ioactive elements’ most stable or most common isotopes.)
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 *�The systematic names and symbols 
� for elements greater than 1 1 0  will 
� be u sed  u ntil the approval of trivial 
� names by IUPAC.

A team at Lawrence Berkeley National Laboratories reported  the d iscovery of elements 1 1 6  and 1 1 8  in Ju ne 1 9 9 9 .
The same team retracted  the d iscovery in Ju ly 2 0 0 1 . The d iscovery of elements 1 1 3 , 1 1 4 , and 1 1 5  has been reported  bu t not confirmed .

Hyd rogen
Semicondu ctors
(also known as metalloids)

Metals
Alkali metals
Alkaline-earth metals
Transition metals
Other metals

Nonmetals
Halogens
Noble gases
Other nonmetals

Key:
6

C
Carbon
1 2 .0 1 0 7

Atomic nu mber

Symbol

Name

Average atomic mass

Grou p 3 Grou p 4 Grou p 5 Grou p 6 Grou p 7 Grou p 8 Grou p 9

Grou p 1 Grou p 2 Grou p 1 4 Grou p 1 5 Grou p 1 6 Grou p 1 7

Grou p 1 8

Grou p 1 0 Grou p 1 1 Grou p 1 2

Grou p 1 3

6 .9 4 1

2 2 .9 8 9  7 7 0

3 9 .0 9 8 3

8 5 .4 6 7 8

1 3 2 .9 0 5  4 3

(2 2 3 )

1 4 0 .1 1 6

2 3 2 .0 3 8 1

1 4 0 .9 0 7  6 5

2 3 1 .0 3 5  8 8

1 4 4 .2 4

2 3 8 .0 2 8  9 1

(1 4 5 )

(2 3 7 )

1 5 0 .3 6

(2 4 4 )

9 .0 1 2  1 8 2

2 4 .3 0 5 0

4 0 .0 7 8

8 7 .6 2

1 3 7 .3 2 7

(2 2 6 )

4 4 .9 5 5  9 1 0

8 8 .9 0 5  8 5

1 3 8 .9 0 5 5

(2 2 7 )

4 7 .8 6 7

9 1 .2 2 4

1 7 8 .4 9

(2 6 1 )

5 0 .9 4 1 5

9 2 .9 0 6  3 8

1 8 0 .9 4 7 9

(2 6 2 )

5 1 .9 9 6 1

9 5 .9 4

1 8 3 .8 4

(2 6 6 )

5 4 .9 3 8  0 4 9

(9 8 )

1 8 6 .2 0 7

(2 6 4 )

5 5 .8 4 5

1 0 1 .0 7

1 9 0 .2 3

(2 7 7 )

5 8 .9 3 3  2 0 0

1 0 2 .9 0 5  5 0

1 9 2 .2 1 7

(2 6 8 )

1 .0 0 7  9 4

1 5 1 .9 6 4

(2 4 3 )

1 5 7 .2 5

(2 4 7 )

1 5 8 .9 2 5  3 4

(2 4 7 )

1 6 2 .5 0 0

(2 5 1 )

1 6 4 .9 3 0  3 2

(2 5 2 )

1 6 7 .2 5 9

(2 5 7 )

1 6 8 .9 3 4  2 1

(2 5 8 )

1 7 3 .0 4

(2 5 9 )

1 7 4 .9 6 7

(2 6 2 )

5 8 .6 9 3 4 6 3 .5 4 6 6 5 .4 0 9 6 9 .7 2 3 7 2 .6 4 7 4 .9 2 1  6 0 7 8 .9 6 7 9 .9 0 4 8 3 .7 9 8

2 6 .9 8 1  5 3 8 2 8 .0 8 5 5 3 0 .9 7 3  7 6 1 3 2 .0 6 5 3 5 .4 5 3 3 9 .9 4 8

1 2 .0 1 0 7 1 4 .0 0 6 7 1 5 .9 9 9 4 1 8 .9 9 8  4 0 3 2 2 0 .1 7 9 7

4 .0 0 2  6 0 2

1 0 6 .4 2 1 0 7 .8 6 8 2 1 1 2 .4 1 1 1 1 4 .8 1 8 1 1 8 .7 1 0 1 2 1 .7 6 0 1 2 7 .6 0 1 2 6 .9 0 4  4 7 1 3 1 .2 9 3

1 9 5 .0 7 8

(2 8 1 ) (2 7 2 ) (2 8 5 ) (2 8 4 ) (2 8 8 )(2 8 9 )

1 9 6 .9 6 6  5 5 2 0 0 .5 9 2 0 4 .3 8 3 3 2 0 7 .2 2 0 8 .9 8 0  3 8 (2 0 9 ) (2 1 0 ) (2 2 2 )

1 0 .8 1 1
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 Uu u * Uu b* Uu t* Uu p*Uu q*

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

1 1

1 9

3 7

5 5

8 7

4

1 2

2 0

3 8

5 6

8 8

2 1

3 9

5 7

8 9

2 2

4 0

7 2

1 0 4

2 3

4 1

7 3

1 0 5

2 4

4 2

7 4

1 0 6

2 5

4 3

7 5

1 0 7

2 6

4 4

7 6 7 7

1 0 8

2 7

4 5

 

1 0 9

1

5 8

9 0

5 9

9 1

6 0

9 2

6 1

9 3

6 2

9 4

6 3

9 5

6 4

9 6

6 5

9 7

6 6

9 8

6 7

9 9

6 8

1 0 0

6 9

1 0 1

7 0

1 0 2

7 1

1 0 3

2 8 2 9 3 0 3 1 3 2 3 3 3 4 3 5 3 6

1 3 1 4 1 5 1 6 1 7 1 8

6 7 8 9 1 0

2

4 6 4 7 4 8 4 9 5 0 5 1 5 2 5 3 5 4

7 8

1 1 0 1 1 1 1 1 2 1 1 3 1 1 51 1 4

7 9 8 0 8 1 8 2 8 3 8 4 8 5 8 6

5

The atomic masses listed  in this table reflect the precision of cu rrent measu rements. (Valu es listed  in 
parentheses are the mass nu mbers of those rad ioactive elements’ most stable or most common isotopes.)
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 *�The systematic names and symbols 
� for elements greater than 1 1 0  will 
� be u sed  u ntil the approval of trivial 
� names by IUPAC.

A team at Lawrence Berkeley National Laboratories reported  the d iscovery of elements 1 1 6  and 1 1 8  in Ju ne 1 9 9 9 .
The same team retracted  the d iscovery in Ju ly 2 0 0 1 . The d iscovery of elements 1 1 3 , 1 1 4 , and 1 1 5  has been reported  bu t not confirmed .

Hyd rogen
Semicondu ctors
(also known as metalloids)

Metals
Alkali metals
Alkaline-earth metals
Transition metals
Other metals

Nonmetals
Halogens
Noble gases
Other nonmetals

Key:
6

C
Carbon
1 2 .0 1 0 7

Atomic nu mber

Symbol

Name

Average atomic mass

Grou p 3 Grou p 4 Grou p 5 Grou p 6 Grou p 7 Grou p 8 Grou p 9

Grou p 1 Grou p 2 Grou p 1 4 Grou p 1 5 Grou p 1 6 Grou p 1 7

Grou p 1 8

Grou p 1 0 Grou p 1 1 Grou p 1 2

Grou p 1 3

6 .9 4 1

2 2 .9 8 9  7 7 0

3 9 .0 9 8 3

8 5 .4 6 7 8

1 3 2 .9 0 5  4 3

(2 2 3 )

1 4 0 .1 1 6

2 3 2 .0 3 8 1

1 4 0 .9 0 7  6 5

2 3 1 .0 3 5  8 8

1 4 4 .2 4

2 3 8 .0 2 8  9 1

(1 4 5 )

(2 3 7 )

1 5 0 .3 6

(2 4 4 )

9 .0 1 2  1 8 2

2 4 .3 0 5 0

4 0 .0 7 8

8 7 .6 2

1 3 7 .3 2 7

(2 2 6 )

4 4 .9 5 5  9 1 0

8 8 .9 0 5  8 5

1 3 8 .9 0 5 5

(2 2 7 )

4 7 .8 6 7

9 1 .2 2 4

1 7 8 .4 9

(2 6 1 )

5 0 .9 4 1 5

9 2 .9 0 6  3 8

1 8 0 .9 4 7 9

(2 6 2 )

5 1 .9 9 6 1

9 5 .9 4

1 8 3 .8 4

(2 6 6 )

5 4 .9 3 8  0 4 9

(9 8 )

1 8 6 .2 0 7

(2 6 4 )

5 5 .8 4 5

1 0 1 .0 7

1 9 0 .2 3

(2 7 7 )

5 8 .9 3 3  2 0 0

1 0 2 .9 0 5  5 0

1 9 2 .2 1 7

(2 6 8 )

1 .0 0 7  9 4

1 5 1 .9 6 4

(2 4 3 )

1 5 7 .2 5

(2 4 7 )

1 5 8 .9 2 5  3 4

(2 4 7 )

1 6 2 .5 0 0

(2 5 1 )

1 6 4 .9 3 0  3 2

(2 5 2 )

1 6 7 .2 5 9

(2 5 7 )

1 6 8 .9 3 4  2 1

(2 5 8 )

1 7 3 .0 4

(2 5 9 )

1 7 4 .9 6 7

(2 6 2 )

5 8 .6 9 3 4 6 3 .5 4 6 6 5 .4 0 9 6 9 .7 2 3 7 2 .6 4 7 4 .9 2 1  6 0 7 8 .9 6 7 9 .9 0 4 8 3 .7 9 8

2 6 .9 8 1  5 3 8 2 8 .0 8 5 5 3 0 .9 7 3  7 6 1 3 2 .0 6 5 3 5 .4 5 3 3 9 .9 4 8

1 2 .0 1 0 7 1 4 .0 0 6 7 1 5 .9 9 9 4 1 8 .9 9 8  4 0 3 2 2 0 .1 7 9 7

4 .0 0 2  6 0 2

1 0 6 .4 2 1 0 7 .8 6 8 2 1 1 2 .4 1 1 1 1 4 .8 1 8 1 1 8 .7 1 0 1 2 1 .7 6 0 1 2 7 .6 0 1 2 6 .9 0 4  4 7 1 3 1 .2 9 3

1 9 5 .0 7 8

(2 8 1 ) (2 7 2 ) (2 8 5 ) (2 8 4 ) (2 8 8 )(2 8 9 )

1 9 6 .9 6 6  5 5 2 0 0 .5 9 2 0 4 .3 8 3 3 2 0 7 .2 2 0 8 .9 8 0  3 8 (2 0 9 ) (2 1 0 ) (2 2 2 )

1 0 .8 1 1
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 Uu u * Uu b* Uu t* Uu p*Uu q*

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

1 1

1 9

3 7

5 5

8 7

4

1 2

2 0

3 8

5 6

8 8

2 1

3 9

5 7

8 9

2 2

4 0

7 2

1 0 4

2 3

4 1

7 3

1 0 5

2 4

4 2

7 4

1 0 6

2 5

4 3

7 5

1 0 7

2 6

4 4

7 6 7 7

1 0 8

2 7

4 5

 

1 0 9

1

5 8

9 0

5 9

9 1

6 0

9 2

6 1

9 3

6 2

9 4

6 3

9 5

6 4

9 6

6 5

9 7

6 6

9 8

6 7

9 9

6 8

1 0 0

6 9

1 0 1

7 0

1 0 2

7 1

1 0 3

2 8 2 9 3 0 3 1 3 2 3 3 3 4 3 5 3 6

1 3 1 4 1 5 1 6 1 7 1 8

6 7 8 9 1 0

2

4 6 4 7 4 8 4 9 5 0 5 1 5 2 5 3 5 4

7 8

1 1 0 1 1 1 1 1 2 1 1 3 1 1 51 1 4

7 9 8 0 8 1 8 2 8 3 8 4 8 5 8 6

5

The atomic masses listed  in this table reflect the precision of cu rrent measu rements. (Valu es listed  in 
parentheses are the mass nu mbers of those rad ioactive elements’ most stable or most common isotopes.)
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 *�The systematic names and symbols 
� for elements greater than 1 1 0  will 
� be u sed  u ntil the approval of trivial 
� names by IUPAC.

A team at Lawrence Berkeley National Laboratories reported  the d iscovery of elements 1 1 6  and 1 1 8  in Ju ne 1 9 9 9 .
The same team retracted  the d iscovery in Ju ly 2 0 0 1 . The d iscovery of elements 1 1 3 , 1 1 4 , and 1 1 5  has been reported  bu t not confirmed .

Hyd rogen
Semicondu ctors
(also known as metalloids)

Metals
Alkali metals
Alkaline-earth metals
Transition metals
Other metals

Nonmetals
Halogens
Noble gases
Other nonmetals

Key:
6

C
Carbon
1 2 .0 1 0 7

Atomic nu mber

Symbol

Name

Average atomic mass

Grou p 3 Grou p 4 Grou p 5 Grou p 6 Grou p 7 Grou p 8 Grou p 9

Grou p 1 Grou p 2 Grou p 1 4 Grou p 1 5 Grou p 1 6 Grou p 1 7

Grou p 1 8

Grou p 1 0 Grou p 1 1 Grou p 1 2

Grou p 1 3

6 .9 4 1

2 2 .9 8 9  7 7 0

3 9 .0 9 8 3

8 5 .4 6 7 8

1 3 2 .9 0 5  4 3

(2 2 3 )

1 4 0 .1 1 6

2 3 2 .0 3 8 1

1 4 0 .9 0 7  6 5

2 3 1 .0 3 5  8 8

1 4 4 .2 4

2 3 8 .0 2 8  9 1

(1 4 5 )

(2 3 7 )

1 5 0 .3 6

(2 4 4 )

9 .0 1 2  1 8 2

2 4 .3 0 5 0

4 0 .0 7 8

8 7 .6 2

1 3 7 .3 2 7

(2 2 6 )

4 4 .9 5 5  9 1 0

8 8 .9 0 5  8 5

1 3 8 .9 0 5 5

(2 2 7 )

4 7 .8 6 7

9 1 .2 2 4

1 7 8 .4 9

(2 6 1 )

5 0 .9 4 1 5

9 2 .9 0 6  3 8

1 8 0 .9 4 7 9

(2 6 2 )

5 1 .9 9 6 1

9 5 .9 4

1 8 3 .8 4

(2 6 6 )

5 4 .9 3 8  0 4 9

(9 8 )

1 8 6 .2 0 7

(2 6 4 )

5 5 .8 4 5

1 0 1 .0 7

1 9 0 .2 3

(2 7 7 )

5 8 .9 3 3  2 0 0

1 0 2 .9 0 5  5 0

1 9 2 .2 1 7

(2 6 8 )

1 .0 0 7  9 4

1 5 1 .9 6 4

(2 4 3 )

1 5 7 .2 5

(2 4 7 )

1 5 8 .9 2 5  3 4

(2 4 7 )

1 6 2 .5 0 0

(2 5 1 )

1 6 4 .9 3 0  3 2

(2 5 2 )

1 6 7 .2 5 9

(2 5 7 )

1 6 8 .9 3 4  2 1

(2 5 8 )

1 7 3 .0 4

(2 5 9 )

1 7 4 .9 6 7

(2 6 2 )

5 8 .6 9 3 4 6 3 .5 4 6 6 5 .4 0 9 6 9 .7 2 3 7 2 .6 4 7 4 .9 2 1  6 0 7 8 .9 6 7 9 .9 0 4 8 3 .7 9 8

2 6 .9 8 1  5 3 8 2 8 .0 8 5 5 3 0 .9 7 3  7 6 1 3 2 .0 6 5 3 5 .4 5 3 3 9 .9 4 8

1 2 .0 1 0 7 1 4 .0 0 6 7 1 5 .9 9 9 4 1 8 .9 9 8  4 0 3 2 2 0 .1 7 9 7

4 .0 0 2  6 0 2

1 0 6 .4 2 1 0 7 .8 6 8 2 1 1 2 .4 1 1 1 1 4 .8 1 8 1 1 8 .7 1 0 1 2 1 .7 6 0 1 2 7 .6 0 1 2 6 .9 0 4  4 7 1 3 1 .2 9 3

1 9 5 .0 7 8

(2 8 1 ) (2 7 2 ) (2 8 5 ) (2 8 4 ) (2 8 8 )(2 8 9 )

1 9 6 .9 6 6  5 5 2 0 0 .5 9 2 0 4 .3 8 3 3 2 0 7 .2 2 0 8 .9 8 0  3 8 (2 0 9 ) (2 1 0 ) (2 2 2 )

1 0 .8 1 1
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 Uu u * Uu b* Uu t* Uu p*Uu q*

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

1 1

1 9

3 7

5 5

8 7

4

1 2

2 0

3 8

5 6

8 8

2 1

3 9

5 7

8 9

2 2

4 0

7 2

1 0 4

2 3

4 1

7 3

1 0 5

2 4

4 2

7 4

1 0 6

2 5

4 3

7 5

1 0 7

2 6

4 4

7 6 7 7

1 0 8

2 7

4 5

 

1 0 9

1

5 8

9 0

5 9

9 1

6 0

9 2

6 1

9 3

6 2

9 4

6 3

9 5

6 4

9 6

6 5

9 7

6 6

9 8

6 7

9 9

6 8

1 0 0

6 9

1 0 1

7 0

1 0 2

7 1

1 0 3

2 8 2 9 3 0 3 1 3 2 3 3 3 4 3 5 3 6

1 3 1 4 1 5 1 6 1 7 1 8

6 7 8 9 1 0

2

4 6 4 7 4 8 4 9 5 0 5 1 5 2 5 3 5 4

7 8

1 1 0 1 1 1 1 1 2 1 1 3 1 1 51 1 4

7 9 8 0 8 1 8 2 8 3 8 4 8 5 8 6

5

The atomic masses listed  in this table reflect the precision of cu rrent measu rements. (Valu es listed  in 
parentheses are the mass nu mbers of those rad ioactive elements’ most stable or most common isotopes.)
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 *�The systematic names and symbols 
� for elements greater than 1 1 0  will 
� be u sed  u ntil the approval of trivial 
� names by IUPAC.

A team at Lawrence Berkeley National Laboratories reported  the d iscovery of elements 1 1 6  and 1 1 8  in Ju ne 1 9 9 9 .
The same team retracted  the d iscovery in Ju ly 2 0 0 1 . The d iscovery of elements 1 1 3 , 1 1 4 , and 1 1 5  has been reported  bu t not confirmed .

Hyd rogen
Semicondu ctors
(also known as metalloids)

Metals
Alkali metals
Alkaline-earth metals
Transition metals
Other metals

Nonmetals
Halogens
Noble gases
Other nonmetals

Key:
6

C
Carbon
1 2 .0 1 0 7

Atomic nu mber

Symbol

Name

Average atomic mass

Grou p 3 Grou p 4 Grou p 5 Grou p 6 Grou p 7 Grou p 8 Grou p 9

Grou p 1 Grou p 2 Grou p 1 4 Grou p 1 5 Grou p 1 6 Grou p 1 7

Grou p 1 8

Grou p 1 0 Grou p 1 1 Grou p 1 2

Grou p 1 3

6 .9 4 1

2 2 .9 8 9  7 7 0

3 9 .0 9 8 3

8 5 .4 6 7 8

1 3 2 .9 0 5  4 3

(2 2 3 )

1 4 0 .1 1 6

2 3 2 .0 3 8 1

1 4 0 .9 0 7  6 5

2 3 1 .0 3 5  8 8

1 4 4 .2 4

2 3 8 .0 2 8  9 1

(1 4 5 )

(2 3 7 )

1 5 0 .3 6

(2 4 4 )

9 .0 1 2  1 8 2

2 4 .3 0 5 0

4 0 .0 7 8

8 7 .6 2

1 3 7 .3 2 7

(2 2 6 )

4 4 .9 5 5  9 1 0

8 8 .9 0 5  8 5

1 3 8 .9 0 5 5

(2 2 7 )

4 7 .8 6 7

9 1 .2 2 4

1 7 8 .4 9

(2 6 1 )

5 0 .9 4 1 5

9 2 .9 0 6  3 8

1 8 0 .9 4 7 9

(2 6 2 )

5 1 .9 9 6 1

9 5 .9 4

1 8 3 .8 4

(2 6 6 )

5 4 .9 3 8  0 4 9

(9 8 )

1 8 6 .2 0 7

(2 6 4 )

5 5 .8 4 5

1 0 1 .0 7

1 9 0 .2 3

(2 7 7 )

5 8 .9 3 3  2 0 0

1 0 2 .9 0 5  5 0

1 9 2 .2 1 7

(2 6 8 )

1 .0 0 7  9 4

1 5 1 .9 6 4

(2 4 3 )

1 5 7 .2 5

(2 4 7 )

1 5 8 .9 2 5  3 4

(2 4 7 )

1 6 2 .5 0 0

(2 5 1 )

1 6 4 .9 3 0  3 2

(2 5 2 )

1 6 7 .2 5 9

(2 5 7 )

1 6 8 .9 3 4  2 1

(2 5 8 )

1 7 3 .0 4

(2 5 9 )

1 7 4 .9 6 7

(2 6 2 )

5 8 .6 9 3 4 6 3 .5 4 6 6 5 .4 0 9 6 9 .7 2 3 7 2 .6 4 7 4 .9 2 1  6 0 7 8 .9 6 7 9 .9 0 4 8 3 .7 9 8

2 6 .9 8 1  5 3 8 2 8 .0 8 5 5 3 0 .9 7 3  7 6 1 3 2 .0 6 5 3 5 .4 5 3 3 9 .9 4 8

1 2 .0 1 0 7 1 4 .0 0 6 7 1 5 .9 9 9 4 1 8 .9 9 8  4 0 3 2 2 0 .1 7 9 7

4 .0 0 2  6 0 2

1 0 6 .4 2 1 0 7 .8 6 8 2 1 1 2 .4 1 1 1 1 4 .8 1 8 1 1 8 .7 1 0 1 2 1 .7 6 0 1 2 7 .6 0 1 2 6 .9 0 4  4 7 1 3 1 .2 9 3

1 9 5 .0 7 8

(2 8 1 ) (2 7 2 ) (2 8 5 ) (2 8 4 ) (2 8 8 )(2 8 9 )

1 9 6 .9 6 6  5 5 2 0 0 .5 9 2 0 4 .3 8 3 3 2 0 7 .2 2 0 8 .9 8 0  3 8 (2 0 9 ) (2 1 0 ) (2 2 2 )

1 0 .8 1 1
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 Uu u * Uu b* Uu t* Uu p*Uu q*

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

1 1

1 9

3 7

5 5

8 7

4

1 2

2 0

3 8

5 6

8 8

2 1

3 9

5 7

8 9

2 2

4 0

7 2

1 0 4

2 3

4 1

7 3

1 0 5

2 4

4 2

7 4

1 0 6

2 5

4 3

7 5

1 0 7

2 6

4 4

7 6 7 7

1 0 8

2 7

4 5

 

1 0 9

1

5 8

9 0

5 9

9 1

6 0

9 2

6 1

9 3

6 2

9 4

6 3

9 5

6 4

9 6

6 5

9 7

6 6

9 8

6 7

9 9

6 8

1 0 0

6 9

1 0 1

7 0

1 0 2

7 1

1 0 3

2 8 2 9 3 0 3 1 3 2 3 3 3 4 3 5 3 6

1 3 1 4 1 5 1 6 1 7 1 8

6 7 8 9 1 0

2

4 6 4 7 4 8 4 9 5 0 5 1 5 2 5 3 5 4

7 8

1 1 0 1 1 1 1 1 2 1 1 3 1 1 51 1 4

7 9 8 0 8 1 8 2 8 3 8 4 8 5 8 6

5

The atomic masses listed  in this table reflect the precision of cu rrent measu rements. (Valu es listed  in 
parentheses are the mass nu mbers of those rad ioactive elements’ most stable or most common isotopes.)
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 *�The systematic names and symbols 
� for elements greater than 1 1 0  will 
� be u sed  u ntil the approval of trivial 
� names by IUPAC.

Key:
6

C
Carbon
1 2 .0 1 0 7

Atomic nu mber

Symbol

Name

Average atomic mass

Grou p 3 Grou p 4 Grou p 5 Grou p 6 Grou p 7 Grou p 8 Grou p 9

Grou p 1 Grou p 2

6 .9 4 1

2 2 .9 8 9  7 7 0

3 9 .0 9 8 3

8 5 .4 6 7 8

1 3 2 .9 0 5  4 3

(2 2 3 )

1 4 0 .1 1 6

2 3 2 .0 3 8 1

1 4 0 .9 0 7  6 5

2 3 1 .0 3 5  8 8

1 4 4 .2 4

2 3 8 .0 2 8  9 1

(1 4 5 )

(2 3 7 )

1 5 0 .3 6

(2 4 4 )

9 .0 1 2  1 8 2

2 4 .3 0 5 0

4 0 .0 7 8

8 7 .6 2

1 3 7 .3 2 7

(2 2 6 )

4 4 .9 5 5  9 1 0

8 8 .9 0 5  8 5

1 3 8 .9 0 5 5

(2 2 7 )

4 7 .8 6 7

9 1 .2 2 4

1 7 8 .4 9

(2 6 1 )

5 0 .9 4 1 5

9 2 .9 0 6  3 8

1 8 0 .9 4 7 9

(2 6 2 )

5 1 .9 9 6 1

9 5 .9 4

1 8 3 .8 4

(2 6 6 )

5 4 .9 3 8  0 4 9

(9 8 )

1 8 6 .2 0 7

(2 6 4 )

5 5 .8 4 5

1 0 1 .0 7

1 9 0 .2 3

(2 7 7 )

5 8 .9 3 3  2 0 0

1 0 2 .9 0 5  5 0

1 9 2 .2 1 7

(2 6 8 )

1 .0 0 7  9 4

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

Li

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

1 1

1 9

3 7

5 5

8 7

4

1 2

2 0

3 8

5 6

8 8

2 1

3 9

5 7

8 9

2 2

4 0

7 2

1 0 4

2 3

4 1

7 3

1 0 5

2 4

4 2

7 4

1 0 6

2 5

4 3

7 5

1 0 7

2 6

4 4

7 6 7 7

1 0 8

2 7

4 5

 

1 0 9

1

5 8

9 0

5 9

9 1

6 0

9 2

6 1

9 3

6 2

9 4

A team at Lawrence Berkeley National Laboratories reported  the d iscovery of elements 1 1 6  and 1 1 8  in Ju ne 1 9 9 9 .
The same team retracted  the d iscovery in Ju ly 2 0 0 1 . The d iscovery of elements 1 1 3 , 1 1 4 , and 1 1 5  has been reported  bu t not confirmed .

Semicondu ctors
(also known as metalloids)

Metals
Alkali metals
Alkaline-earth metals
Transition metals
Other metals

Nonmetals
Halogens
Noble gases
Other nonmetals

Grou p 1 4 Grou p 1 5 Grou p 1 6 Grou p 1 7

Grou p 1 8

Grou p 1 0 Grou p 1 1 Grou p 1 2

Grou p 1 3

1 5 1 .9 6 4

(2 4 3 )

1 5 7 .2 5

(2 4 7 )

1 5 8 .9 2 5  3 4

(2 4 7 )

1 6 2 .5 0 0

(2 5 1 )

1 6 4 .9 3 0  3 2

(2 5 2 )

1 6 7 .2 5 9

(2 5 7 )

1 6 8 .9 3 4  2 1

(2 5 8 )

1 7 3 .0 4

(2 5 9 )

1 7 4 .9 6 7

(2 6 2 )

5 8 .6 9 3 4 6 3 .5 4 6 6 5 .4 0 9 6 9 .7 2 3 7 2 .6 4 7 4 .9 2 1  6 0 7 8 .9 6 7 9 .9 0 4 8 3 .7 9 8

2 6 .9 8 1  5 3 8 2 8 .0 8 5 5 3 0 .9 7 3  7 6 1 3 2 .0 6 5 3 5 .4 5 3 3 9 .9 4 8

1 2 .0 1 0 7 1 4 .0 0 6 7 1 5 .9 9 9 4 1 8 .9 9 8  4 0 3 2 2 0 .1 7 9 7

4 .0 0 2  6 0 2

1 0 6 .4 2 1 0 7 .8 6 8 2 1 1 2 .4 1 1 1 1 4 .8 1 8 1 1 8 .7 1 0 1 2 1 .7 6 0 1 2 7 .6 0 1 2 6 .9 0 4  4 7 1 3 1 .2 9 3

1 9 5 .0 7 8

(2 8 1 ) (2 7 2 ) (2 8 5 ) (2 8 4 ) (2 8 8 )(2 8 9 )

1 9 6 .9 6 6  5 5 2 0 0 .5 9 2 0 4 .3 8 3 3 2 0 7 .2 2 0 8 .9 8 0  3 8 (2 0 9 ) (2 1 0 ) (2 2 2 )

1 0 .8 1 1

Europium

Americium

Gadolinium

Curium

Terbium

Berkelium

Dysprosium

Californium

Holmium

Einsteinium

Erbium

Fermium

Thulium

Mendelevium

Ytterbium

Nobelium

Lutetium

Lawrencium
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pseudo-atoms do not have core states: valence states of any 
given angular symmetry are the lowest-lying states of that 
symmetry:

�ps
val is nodeless and smooth

�ps
val(r) = �ae

val(r) for r > rc

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

✏ps
val = ✏ae

val
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Sampling Theorem (Claude Shannon 1949)
A signal can be faithfully reconstructed from its sample
whenever the sampling frequency is larger than twice
the bandwith of the spectrum: ⌫S > 2⌦M

2⇡
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|Ã(⇥)|2e�i�t d⇥

2�

correla:on	func:ons,	convolu:ons,	power	spectra



CA(t) = ⌅A(t + t0)A(t0)⇧

=
1

T � t

Z T�t

0
A(t + t0)A(t0)dt0

⇤ 1
T � t

A⇥A(t)

=
1

T � t

Z
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N Ã(q)
1
N

X

k

e�i2� k(q�p)
N = �qp

=
X

k
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|Ã(⇥)|2e�i�t d⇥

2�

correla:on	func:ons,	convolu:ons,	power	spectra



A�A(l) =
1
N

X

k

A(k + l)A(k) O
�
N2

�
ops

=
1
N

X

k

X

pq

e�i2� p(k+l)
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Ṽ (G) =
4�

G2
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⇥̃(G) Ṽ (G = 0) = 0

solving	the	Poisson	equa:on

⇥(r)! ⇥̃(G) Gmax ⇠
2�

h

h . 2�

Gmax



LOGO Quantum Espresso Foundation

QUANTUM ESPRESSO 
FOUNDATION

QUANTUM ESPRESSO 
FOUNDATION

PROPOSAL
Designing the logo



these	slides	at		
hep://talks.baroni.me

http://talks.baroni.me

