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Atom-Centered Basis Sets
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We have introduced basis sets in the Hartree-Fock theory 

Other electronic structure methods also use basis sets as 
“building blocks” to construct many-electron wavefunctions 

Schrödinger 
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Exact Wavefunction

�3

Basis sets must be flexible enough to represent all 
essential features of the many-electron wavefunctions

Example: two-electron system
e1

e2

r12

r1

r2

For a two-electron system, it is possible to compute 
wavefunction numerically, without using basis sets

Hamiltonian of the 2e– system:
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Ĥ = �1

2

@
2

@r
2
1

� 1

r1

@

@r1
� Z

r1
� 1

2

@
2

@r
2
2

� 1

r2

@

@r2
� Z

r2

� r
2
1 � r

2
2 + r

2
12

2r1r12

@
2

@r1@r12
� r

2
2 � r

2
1 + r

2
12

2r2r12

@
2

@r2@r12

� @
2

@r
2
12

� 2

r12

@

@r12
+

1

r12
<latexit sha1_base64="2cuLeMH4D/RgFVvi6l3WKEdiMUs="></latexit><latexit sha1_base64="2cuLeMH4D/RgFVvi6l3WKEdiMUs="></latexit><latexit sha1_base64="2cuLeMH4D/RgFVvi6l3WKEdiMUs="></latexit>

Electron-Nuclear Cusp
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Let’s have a closer look at the Hamiltonian of the 2e– system:

The Schrödinger equation must hold over the entire space, 
what is the condition to avoid a singularity at r1 = 0?

What happens when 
r1 = 0 (or r2 = 0)?
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Exact wavefunction has a cusp at r1 = 0!



Electron-Nuclear Cusp
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Electron-nuclear cusp condition (Kato theorem):
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Ĥ = �1

2

@
2

@r
2
1

� 1

r1

@

@r1
� Z

r1
� 1

2

@
2

@r
2
2

� 1

r2

@

@r2
� Z

r2

� r
2
1 � r

2
2 + r

2
12

2r1r12

@
2

@r1@r12
� r

2
2 � r

2
1 + r

2
12

2r2r12

@
2

@r2@r12

� @
2

@r
2
12

� 2

r12

@

@r12
+

1

r12
<latexit sha1_base64="2cuLeMH4D/RgFVvi6l3WKEdiMUs="></latexit><latexit sha1_base64="2cuLeMH4D/RgFVvi6l3WKEdiMUs="></latexit><latexit sha1_base64="2cuLeMH4D/RgFVvi6l3WKEdiMUs="></latexit>

Electron-Electron Cusp
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Let’s have a closer look at the Hamiltonian of the 2e– system:

What happens when 
r12 = 0?

We must avoid a singularity at r12 = 0:
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Exact wavefunction has a cusp at r12 = 0!
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Electron-electron cusp condition (Kato theorem):

cusp at r12 = 0
@

@r12
| i = 1

2
| i
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Ψ

r12

Exact  
wavefunction

Basis sets must be able to accurately describe 
electron-nuclear and electron-electron cusps

0



Electron-Electron Cusp in 3D
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cusp at r12 = 0

L. Kong, F.A. Bischoff, and E.F. Valeev, Chem. Rev. 112, 75 (2012)
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1. Slater-type orbitals (STO’s)

|�STO

µ (r)i = Nc x
kylzme�↵µr
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★ Defined in Cartesian space (x, y, z) 
★ Normalization constant: Nc 
★ Angular momentum is controlled by positive integers k, l, m:

L = k + l +m
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★ Radial width of the orbital is controlled by the constant α: 
large α gives tight orbital, small α gives diffuse orbital 

★ “Hydrogen-atom-like”: correct short-range and long-range 
behavior 

★ Problem: one- and two-electron integrals that involve 
products of STO’s are difficult to compute



Types of Basis Sets
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2. Gaussian-type orbitals (GTO’s)

★ Defined in Cartesian space (x, y, z) 
★ Normalization constant: Nc 
★ Angular momentum is controlled by positive integers k, l, m:

L = k + l +m
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★ Radial width of the orbital is controlled by the constant α: 
large α gives tight orbital, small α gives diffuse orbital 

★ Problem: no longer “Hydrogen-atom-like”, even for 1s 
★ One- and two-electron integrals that involve products of 

GTO’s are much easier to compute

|�GTO

µ (r)i = Nc x
kylzme�↵µr

2
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3. Contracted gaussian-type orbitals (CGTO’s)
★ Problem: STO’s are more accurate, but GTO’s are more 

computationally efficient 
★ Solution: use a linear combination of several GTO’s to 

accurately represent an STO

★ CGTO’s are used in almost all quantum-chemical 
computations 

★ Coefficients c and α are kept fixed during a computation 
★ Optimal values of c and α are obtained from computations 

of isolated atoms. They are tabulated for each basis set and 
can be found in papers, quantum chemistry programs, or 
online

|�CGTO

µ (r)i = Nc x
kylzm

X

⌫

c⌫e
�↵⌫r

2
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3. Contracted gaussian-type orbitals (CGTO’s)
Example: STO-1G basis set

STO

STO-1G

1 GTO is used to mimic 1 STO
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3. Contracted gaussian-type orbitals (CGTO’s)
Example: STO-2G basis set

STO

STO-2G

2 GTO’s are used to mimic 1 STO
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3. Contracted gaussian-type orbitals (CGTO’s)
Example: STO-3G basis set

STO

STO-3G

3 GTO’s are used to mimic 1 STO

Electron-nuclear cusp is easy to 
model with just a few GTO’s!

Why?
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CGTO’s can be divided into several classes:
1. Minimal: 

★ One basis function for each AO in an atom 
★ Example (N atom): 1s, 2s, 2px, 2py, 2pz (5 basis functions) 

2. Double-zeta (triple-zeta, quadruple-zeta, etc): 
★ Two (3, 4, etc) basis functions for each AO in an atom 
★ Example (N atom, double-zeta):  

2 x (1s, 2s, 2px, 2py, 2pz) (10 basis functions) 
3. Split-valence double-zeta (triple-zeta, quadruple-zeta, etc): 

★ One basis function for each core AO, two (3, 4, etc) basis 
functions for the valence AO’s 

★ Example (N atom, split-valence double-zeta):  
1s, 2 x (2s, 2px, 2py, 2pz) (9 basis functions)
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CGTO’s can be divided into several classes:
4. Polarized double-zeta (triple-zeta, quadruple-zeta, etc): 

★ As atoms approach each other, their orbitals may want to 
shift to one side or the other (polarize). An s orbital can 
polarize if it mixes with a p orbital 

★ In general, to polarize a basis function with angular 
momentum L (usually, valence), mix it with basis 
functions of angular moment L + 1 

★ This results in “polarized double-zeta” basis sets, etc  
★ There are also polarized split-valence double-zeta basis 

sets (triple-zeta, etc) 
★ Example (N atom, polarized double-zeta):  

2 x (1s, 2s, 2px, 2py, 2pz), 3dz2, 3dx2-y2, 3dxy, 3dxz, 3dyz  
(15 basis functions)
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CGTO’s can be divided into several classes:
4. Polarized double-zeta (triple-zeta, quadruple-zeta, etc): 

★ Some polarized basis sets contain polarization functions 
with very high angular momentum (L = 4, 5, 6, …). These 
functions are used to model electron-electron cusp

Ψ

r12

cc-pVDZ

Exact

cc-pVDZ 
(N atom): 

1s 
2 x 2s 
2 x 2p 

3d



Ψ

r12

cc-pVDZ

cc-pVTZ

Exact
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CGTO’s can be divided into several classes:
4. Polarized double-zeta (triple-zeta, quadruple-zeta, etc): 

★ Some polarized basis sets contain polarization functions 
with very high angular momentum (L = 4, 5, 6, …). These 
functions are used to model electron-electron cusp

cc-pVTZ 
(N atom): 

1s 
3 x 2s 
3 x 2p 
2 x 3d 

4f



Ψ

r12

cc-pVDZ

cc-pVTZ
cc-pVQZ

Exact
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CGTO’s can be divided into several classes:
4. Polarized double-zeta (triple-zeta, quadruple-zeta, etc): 

★ Some polarized basis sets contain polarization functions 
with very high angular momentum (L = 4, 5, 6, …). These 
functions are used to model electron-electron cusp

cc-pVQZ 
(N atom): 

1s 
4 x 2s 
4 x 2p 
3 x 3d 
2 x 4f 

5g



Ψ

r12

cc-pVDZ

cc-pVTZ
cc-pVQZ

cc-pV5Z
Exact

Classes of Basis Sets
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CGTO’s can be divided into several classes:
4. Polarized double-zeta (triple-zeta, quadruple-zeta, etc): 

★ Some polarized basis sets contain polarization functions 
with very high angular momentum (L = 4, 5, 6, …). These 
functions are used to model electron-electron cusp

cc-pV5Z 
(N atom): 

1s 
5 x 2s 
5 x 2p 
4 x 3d 
3 x 4f 
2 x 5g 

6h

Slow convergence! 
Electron-electron 

cusp is very difficult 
to model!



Classes of Basis Sets

�21

CGTO’s can be divided into several classes:
5. Diffuse basis sets: 

★ Diffuse basis sets contain one or several basis functions 
with small α exponents 

★ This allows electron to be far away from the nucleus if it 
needs to 

★ Diffuse basis functions are often added in addition to 
polarization functions (diffuse polarized double-zeta …) 

★ Necessary for: anions, excited states, very 
electronegative atoms, non-bonded interactions (van der 
Waals complexes) 

★ Lack of diffuse functions for anions can lead to 
qualitatively incorrect results!
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1. STO-nG: 
★ Minimal basis sets: STO-3G, STO-6G 

2. XZ (X = D, T, Q): 
★ DZ (double-zeta), TZ (triple-zeta), QZ (quadruple-zeta) 

3. XZP: 
★ DZP (polarized double-zeta), TZP (polarized triple-zeta), …  

4. Pople basis sets (split-valence): 
★ Double-zeta: 3-21G, 6-31G; triple-zeta: 6-311G 
★ Polarized: 6-31G*, 6-31G**, 6-311G*, 6-311G** 
★ Diffuse: 6-31+G, 6-31++G, 6-311+G, 6-311++G 
★ Diffuse polarized: 6-31+G*, 6-31++G*, 6-31++G** 

5. Correlation-consistent basis sets (split-valence): 
★ Polarized: cc-pVXZ (X = D, T, Q, 5, …) 
★ Diffuse polarized: aug-cc-pVXZ (X = D, T, …)
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Basis sets can be found in the Basis Set Exchange: 
https://www.basissetexchange.org
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H atom, STO-3G:
H     0 
S   3   1.00
      3.42525091             0.15432897       
      0.62391373             0.53532814       
      0.16885540             0.44463454       

|�CGTO

µ (r)i = Nc x
kylzm

X

⌫

c⌫e
�↵⌫r

2
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atom type

angular 
momentum 

(L)
exponents

↵⌫
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contraction 
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Minimal basis: 
one s basis function composed of 3 primitive GTO’s



Basis Sets: Examples

�25

H atom, DZ:
H     0 
S   3   1.00
     19.2406000              0.0328280        
      2.8992000              0.2312080        
      0.6534000              0.8172380        
S   1   1.00
      0.1776000              1.0000000
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<latexit sha1_base64="bV2xWyCZDnHVOU6+nhzWXPKxra0="></latexit><latexit sha1_base64="bV2xWyCZDnHVOU6+nhzWXPKxra0="></latexit><latexit sha1_base64="bV2xWyCZDnHVOU6+nhzWXPKxra0="></latexit>

Double-zeta basis: 
one s basis function composed of 3 primitive GTO’s 

plus one s basis function composed of 1 primitive GTO



Basis Sets: Examples

�26

N atom, DZ:
N     0 
S   6   1.00
   5909.4400000              0.0020040        
    887.4510000              0.0153100        
    204.7490000              0.0742930        
     59.8376000              0.2533640        
     19.9981000              0.6005760        
      2.6860000              0.2451110        
S   1   1.00
      7.1927000              1.0000000        
S   1   1.00
      0.7000000              1.0000000        
S   1   1.00
      0.2133000              1.0000000        
P   4   1.00
     26.7860000              0.0182570        
      5.9564000              0.1164070        
      1.7074000              0.3901110        
      0.5314000              0.6372210        
P   1   1.00
      0.1654000              1.0000000        

Double-zeta basis 
What is the number of basis functions per N atom?



Basis Sets: Examples

�27

N atom, cc-pVDZ:
N     0 
S   9   1.00
   9046.0000000              0.0007000        
   1357.0000000              0.0053890        
    309.3000000              0.0274060        
     87.7300000              0.1032070        
     28.5600000              0.2787230        
     10.2100000              0.4485400        
      3.8380000              0.2782380        
      0.7466000              0.0154400        
      0.2248000             -0.0028640        
S   9   1.00
   9046.0000000             -0.0001530        
   1357.0000000             -0.0012080        
    309.3000000             -0.0059920        
     87.7300000             -0.0245440        
     28.5600000             -0.0674590        
     10.2100000             -0.1580780        
      3.8380000             -0.1218310        
      0.7466000              0.5490030        
      0.2248000              0.5788150        
S   1   1.00
      0.2248000              1.0000000        
P   4   1.00
     13.5500000              0.0399190        
      2.9170000              0.2171690        
      0.7973000              0.5103190        
      0.2185000              0.4622140        
P   1   1.00
      0.2185000              1.0000000        
D   1   1.00
      0.8170000              1.0000000 

What is the number 
of basis functions 

per N atom?

What basis set 
class is this?



Cartesian vs Spherical Functions

�28

In Cartesian space, there are 6 functions with L = 2:

|�CGTO
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<latexit sha1_base64="bV2xWyCZDnHVOU6+nhzWXPKxra0="></latexit><latexit sha1_base64="bV2xWyCZDnHVOU6+nhzWXPKxra0="></latexit><latexit sha1_base64="bV2xWyCZDnHVOU6+nhzWXPKxra0="></latexit>

dx2
<latexit sha1_base64="5gadzP4R0IV+5LV0pPdA69nyFd0=">AAACAHicbVDLSsNAFJ34rPVVdelmsAiuSlIEdVdw47KCsYU2lslk0g6ZTMLMjVhCV36BW/0CV+LWP/ED/A8nbRa29cCFwzn3cu89fiq4Btv+tlZW19Y3Nitb1e2d3b392sHhvU4yRZlLE5Gork80E1wyFzgI1k0VI7EvWMePrgu/88iU5om8g3HKvJgMJQ85JWCkTjDInx6ak0GtbjfsKfAycUpSRyXag9pPP0hoFjMJVBCte46dgpcTBZwKNqn2M81SQiMyZD1DJYmZ9vLpuRN8apQAh4kyJQFP1b8TOYm1Hse+6YwJjPSiV4j/eb0Mwksv5zLNgEk6WxRmAkOCi99xwBWjIMaGEKq4uRXTEVGEgklobouvSMSgyMVZTGGZuM3GVcO+Pa+3WmVAFXSMTtAZctAFaqEb1EYuoihCL+gVvVnP1rv1YX3OWlescuYIzcH6+gVhHpes</latexit><latexit sha1_base64="5gadzP4R0IV+5LV0pPdA69nyFd0=">AAACAHicbVDLSsNAFJ34rPVVdelmsAiuSlIEdVdw47KCsYU2lslk0g6ZTMLMjVhCV36BW/0CV+LWP/ED/A8nbRa29cCFwzn3cu89fiq4Btv+tlZW19Y3Nitb1e2d3b392sHhvU4yRZlLE5Gork80E1wyFzgI1k0VI7EvWMePrgu/88iU5om8g3HKvJgMJQ85JWCkTjDInx6ak0GtbjfsKfAycUpSRyXag9pPP0hoFjMJVBCte46dgpcTBZwKNqn2M81SQiMyZD1DJYmZ9vLpuRN8apQAh4kyJQFP1b8TOYm1Hse+6YwJjPSiV4j/eb0Mwksv5zLNgEk6WxRmAkOCi99xwBWjIMaGEKq4uRXTEVGEgklobouvSMSgyMVZTGGZuM3GVcO+Pa+3WmVAFXSMTtAZctAFaqEb1EYuoihCL+gVvVnP1rv1YX3OWlescuYIzcH6+gVhHpes</latexit><latexit sha1_base64="5gadzP4R0IV+5LV0pPdA69nyFd0=">AAACAHicbVDLSsNAFJ34rPVVdelmsAiuSlIEdVdw47KCsYU2lslk0g6ZTMLMjVhCV36BW/0CV+LWP/ED/A8nbRa29cCFwzn3cu89fiq4Btv+tlZW19Y3Nitb1e2d3b392sHhvU4yRZlLE5Gork80E1wyFzgI1k0VI7EvWMePrgu/88iU5om8g3HKvJgMJQ85JWCkTjDInx6ak0GtbjfsKfAycUpSRyXag9pPP0hoFjMJVBCte46dgpcTBZwKNqn2M81SQiMyZD1DJYmZ9vLpuRN8apQAh4kyJQFP1b8TOYm1Hse+6YwJjPSiV4j/eb0Mwksv5zLNgEk6WxRmAkOCi99xwBWjIMaGEKq4uRXTEVGEgklobouvSMSgyMVZTGGZuM3GVcO+Pa+3WmVAFXSMTtAZctAFaqEb1EYuoihCL+gVvVnP1rv1YX3OWlescuYIzcH6+gVhHpes</latexit>

dy2
<latexit sha1_base64="ov+JJYmHbuTqkTlhajwqAoiFP+Y=">AAACAHicbVDLSsNAFJ3UV62vqks3g0VwVdIiqLuCG5cVjC20sUwmN+2QySTMTIQQuvIL3OoXuBK3/okf4H84abOwrQcuHM65l3vv8RLOlLbtb6uytr6xuVXdru3s7u0f1A+PHlScSgoOjXks+x5RwJkARzPNoZ9IIJHHoeeFN4XfewKpWCzudZaAG5GxYAGjRBup54/y7LE9HdUbdtOeAa+SVkkaqER3VP8Z+jFNIxCacqLUoGUn2s2J1IxymNaGqYKE0JCMYWCoIBEoN5+dO8VnRvFxEEtTQuOZ+nciJ5FSWeSZzojoiVr2CvE/b5Dq4MrNmUhSDYLOFwUpxzrGxe/YZxKo5pkhhEpmbsV0QiSh2iS0sMWTJARd5NJaTmGVOO3mddO+u2h0OmVAVXSCTtE5aqFL1EG3qIscRFGIXtArerOerXfrw/qct1ascuYYLcD6+gVit5et</latexit><latexit sha1_base64="ov+JJYmHbuTqkTlhajwqAoiFP+Y=">AAACAHicbVDLSsNAFJ3UV62vqks3g0VwVdIiqLuCG5cVjC20sUwmN+2QySTMTIQQuvIL3OoXuBK3/okf4H84abOwrQcuHM65l3vv8RLOlLbtb6uytr6xuVXdru3s7u0f1A+PHlScSgoOjXks+x5RwJkARzPNoZ9IIJHHoeeFN4XfewKpWCzudZaAG5GxYAGjRBup54/y7LE9HdUbdtOeAa+SVkkaqER3VP8Z+jFNIxCacqLUoGUn2s2J1IxymNaGqYKE0JCMYWCoIBEoN5+dO8VnRvFxEEtTQuOZ+nciJ5FSWeSZzojoiVr2CvE/b5Dq4MrNmUhSDYLOFwUpxzrGxe/YZxKo5pkhhEpmbsV0QiSh2iS0sMWTJARd5NJaTmGVOO3mddO+u2h0OmVAVXSCTtE5aqFL1EG3qIscRFGIXtArerOerXfrw/qct1ascuYYLcD6+gVit5et</latexit><latexit sha1_base64="ov+JJYmHbuTqkTlhajwqAoiFP+Y=">AAACAHicbVDLSsNAFJ3UV62vqks3g0VwVdIiqLuCG5cVjC20sUwmN+2QySTMTIQQuvIL3OoXuBK3/okf4H84abOwrQcuHM65l3vv8RLOlLbtb6uytr6xuVXdru3s7u0f1A+PHlScSgoOjXks+x5RwJkARzPNoZ9IIJHHoeeFN4XfewKpWCzudZaAG5GxYAGjRBup54/y7LE9HdUbdtOeAa+SVkkaqER3VP8Z+jFNIxCacqLUoGUn2s2J1IxymNaGqYKE0JCMYWCoIBEoN5+dO8VnRvFxEEtTQuOZ+nciJ5FSWeSZzojoiVr2CvE/b5Dq4MrNmUhSDYLOFwUpxzrGxe/YZxKo5pkhhEpmbsV0QiSh2iS0sMWTJARd5NJaTmGVOO3mddO+u2h0OmVAVXSCTtE5aqFL1EG3qIscRFGIXtArerOerXfrw/qct1ascuYYLcD6+gVit5et</latexit>

dz2
<latexit sha1_base64="IDWSza25K/j9lFMwxCe571H29vw=">AAACAHicbVDLSsNAFJ34rPVVdelmsAiuSlIEdVdw47KCsYU2lslk0g6ZTMLMjVBDV36BW/0CV+LWP/ED/A8nbRa29cCFwzn3cu89fiq4Btv+tlZW19Y3Nitb1e2d3b392sHhvU4yRZlLE5Gork80E1wyFzgI1k0VI7EvWMePrgu/88iU5om8g3HKvJgMJQ85JWCkTjDInx6ak0GtbjfsKfAycUpSRyXag9pPP0hoFjMJVBCte46dgpcTBZwKNqn2M81SQiMyZD1DJYmZ9vLpuRN8apQAh4kyJQFP1b8TOYm1Hse+6YwJjPSiV4j/eb0Mwksv5zLNgEk6WxRmAkOCi99xwBWjIMaGEKq4uRXTEVGEgklobouvSMSgyMVZTGGZuM3GVcO+Pa+3WmVAFXSMTtAZctAFaqEb1EYuoihCL+gVvVnP1rv1YX3OWlescuYIzcH6+gVkUJeu</latexit><latexit sha1_base64="IDWSza25K/j9lFMwxCe571H29vw=">AAACAHicbVDLSsNAFJ34rPVVdelmsAiuSlIEdVdw47KCsYU2lslk0g6ZTMLMjVBDV36BW/0CV+LWP/ED/A8nbRa29cCFwzn3cu89fiq4Btv+tlZW19Y3Nitb1e2d3b392sHhvU4yRZlLE5Gork80E1wyFzgI1k0VI7EvWMePrgu/88iU5om8g3HKvJgMJQ85JWCkTjDInx6ak0GtbjfsKfAycUpSRyXag9pPP0hoFjMJVBCte46dgpcTBZwKNqn2M81SQiMyZD1DJYmZ9vLpuRN8apQAh4kyJQFP1b8TOYm1Hse+6YwJjPSiV4j/eb0Mwksv5zLNgEk6WxRmAkOCi99xwBWjIMaGEKq4uRXTEVGEgklobouvSMSgyMVZTGGZuM3GVcO+Pa+3WmVAFXSMTtAZctAFaqEb1EYuoihCL+gVvVnP1rv1YX3OWlescuYIzcH6+gVkUJeu</latexit><latexit sha1_base64="IDWSza25K/j9lFMwxCe571H29vw=">AAACAHicbVDLSsNAFJ34rPVVdelmsAiuSlIEdVdw47KCsYU2lslk0g6ZTMLMjVBDV36BW/0CV+LWP/ED/A8nbRa29cCFwzn3cu89fiq4Btv+tlZW19Y3Nitb1e2d3b392sHhvU4yRZlLE5Gork80E1wyFzgI1k0VI7EvWMePrgu/88iU5om8g3HKvJgMJQ85JWCkTjDInx6ak0GtbjfsKfAycUpSRyXag9pPP0hoFjMJVBCte46dgpcTBZwKNqn2M81SQiMyZD1DJYmZ9vLpuRN8apQAh4kyJQFP1b8TOYm1Hse+6YwJjPSiV4j/eb0Mwksv5zLNgEk6WxRmAkOCi99xwBWjIMaGEKq4uRXTEVGEgklobouvSMSgyMVZTGGZuM3GVcO+Pa+3WmVAFXSMTtAZctAFaqEb1EYuoihCL+gVvVnP1rv1YX3OWlescuYIzcH6+gVkUJeu</latexit>

dxy
<latexit sha1_base64="vuP5GQoKGVntghegDEnswqNWrh8=">AAAB/3icbVDLSsNAFL3xWeur6tLNYBFclUQEdVdw47KCaQttKJPJpB07mYSZiRhCN36BW/0CV+LWT/ED/A8nbRa29cCFwzn3cu89fsKZ0rb9ba2srq1vbFa2qts7u3v7tYPDtopTSahLYh7Lro8V5UxQVzPNaTeRFEc+px1/fFP4nUcqFYvFvc4S6kV4KFjICNZGageD/CmbDGp1u2FPgZaJU5I6lGgNaj/9ICZpRIUmHCvVc+xEezmWmhFOJ9V+qmiCyRgPac9QgSOqvHx67QSdGiVAYSxNCY2m6t+JHEdKZZFvOiOsR2rRK8T/vF6qwysvZyJJNRVktihMOdIxKl5HAZOUaJ4Zgolk5lZERlhiok1Ac1t8icdUF7k4iyksE/e8cd2w7y7qzWYZUAWO4QTOwIFLaMIttMAFAg/wAq/wZj1b79aH9TlrXbHKmSOYg/X1CxV5l4s=</latexit><latexit sha1_base64="vuP5GQoKGVntghegDEnswqNWrh8=">AAAB/3icbVDLSsNAFL3xWeur6tLNYBFclUQEdVdw47KCaQttKJPJpB07mYSZiRhCN36BW/0CV+LWT/ED/A8nbRa29cCFwzn3cu89fsKZ0rb9ba2srq1vbFa2qts7u3v7tYPDtopTSahLYh7Lro8V5UxQVzPNaTeRFEc+px1/fFP4nUcqFYvFvc4S6kV4KFjICNZGageD/CmbDGp1u2FPgZaJU5I6lGgNaj/9ICZpRIUmHCvVc+xEezmWmhFOJ9V+qmiCyRgPac9QgSOqvHx67QSdGiVAYSxNCY2m6t+JHEdKZZFvOiOsR2rRK8T/vF6qwysvZyJJNRVktihMOdIxKl5HAZOUaJ4Zgolk5lZERlhiok1Ac1t8icdUF7k4iyksE/e8cd2w7y7qzWYZUAWO4QTOwIFLaMIttMAFAg/wAq/wZj1b79aH9TlrXbHKmSOYg/X1CxV5l4s=</latexit><latexit sha1_base64="vuP5GQoKGVntghegDEnswqNWrh8=">AAAB/3icbVDLSsNAFL3xWeur6tLNYBFclUQEdVdw47KCaQttKJPJpB07mYSZiRhCN36BW/0CV+LWT/ED/A8nbRa29cCFwzn3cu89fsKZ0rb9ba2srq1vbFa2qts7u3v7tYPDtopTSahLYh7Lro8V5UxQVzPNaTeRFEc+px1/fFP4nUcqFYvFvc4S6kV4KFjICNZGageD/CmbDGp1u2FPgZaJU5I6lGgNaj/9ICZpRIUmHCvVc+xEezmWmhFOJ9V+qmiCyRgPac9QgSOqvHx67QSdGiVAYSxNCY2m6t+JHEdKZZFvOiOsR2rRK8T/vF6qwysvZyJJNRVktihMOdIxKl5HAZOUaJ4Zgolk5lZERlhiok1Ac1t8icdUF7k4iyksE/e8cd2w7y7qzWYZUAWO4QTOwIFLaMIttMAFAg/wAq/wZj1b79aH9TlrXbHKmSOYg/X1CxV5l4s=</latexit>

dyz
<latexit sha1_base64="xlpgZkuEIcNvAeKbR6P5Aut19zA=">AAAB/3icbVDLSsNAFJ34rPVVdelmsAiuSiKCuiu4cVnBtIU2lMnkph07mYSZiRBDN36BW/0CV+LWT/ED/A8nbRa29cCFwzn3cu89fsKZ0rb9ba2srq1vbFa2qts7u3v7tYPDtopTScGlMY9l1ycKOBPgaqY5dBMJJPI5dPzxTeF3HkEqFot7nSXgRWQoWMgo0UZqB4M8e5oManW7YU+Bl4lTkjoq0RrUfvpBTNMIhKacKNVz7ER7OZGaUQ6Taj9VkBA6JkPoGSpIBMrLp9dO8KlRAhzG0pTQeKr+nchJpFQW+aYzInqkFr1C/M/rpTq88nImklSDoLNFYcqxjnHxOg6YBKp5ZgihkplbMR0RSag2Ac1t8SUZgy5ycRZTWCbueeO6Yd9d1JvNMqAKOkYn6Aw56BI10S1qIRdR9IBe0Ct6s56td+vD+py1rljlzBGag/X1Cxiol40=</latexit><latexit sha1_base64="xlpgZkuEIcNvAeKbR6P5Aut19zA=">AAAB/3icbVDLSsNAFJ34rPVVdelmsAiuSiKCuiu4cVnBtIU2lMnkph07mYSZiRBDN36BW/0CV+LWT/ED/A8nbRa29cCFwzn3cu89fsKZ0rb9ba2srq1vbFa2qts7u3v7tYPDtopTScGlMY9l1ycKOBPgaqY5dBMJJPI5dPzxTeF3HkEqFot7nSXgRWQoWMgo0UZqB4M8e5oManW7YU+Bl4lTkjoq0RrUfvpBTNMIhKacKNVz7ER7OZGaUQ6Taj9VkBA6JkPoGSpIBMrLp9dO8KlRAhzG0pTQeKr+nchJpFQW+aYzInqkFr1C/M/rpTq88nImklSDoLNFYcqxjnHxOg6YBKp5ZgihkplbMR0RSag2Ac1t8SUZgy5ycRZTWCbueeO6Yd9d1JvNMqAKOkYn6Aw56BI10S1qIRdR9IBe0Ct6s56td+vD+py1rljlzBGag/X1Cxiol40=</latexit><latexit sha1_base64="xlpgZkuEIcNvAeKbR6P5Aut19zA=">AAAB/3icbVDLSsNAFJ34rPVVdelmsAiuSiKCuiu4cVnBtIU2lMnkph07mYSZiRBDN36BW/0CV+LWT/ED/A8nbRa29cCFwzn3cu89fsKZ0rb9ba2srq1vbFa2qts7u3v7tYPDtopTScGlMY9l1ycKOBPgaqY5dBMJJPI5dPzxTeF3HkEqFot7nSXgRWQoWMgo0UZqB4M8e5oManW7YU+Bl4lTkjoq0RrUfvpBTNMIhKacKNVz7ER7OZGaUQ6Taj9VkBA6JkPoGSpIBMrLp9dO8KlRAhzG0pTQeKr+nchJpFQW+aYzInqkFr1C/M/rpTq88nImklSDoLNFYcqxjnHxOg6YBKp5ZgihkplbMR0RSag2Ac1t8SUZgy5ycRZTWCbueeO6Yd9d1JvNMqAKOkYn6Aw56BI10S1qIRdR9IBe0Ct6s56td+vD+py1rljlzBGag/X1Cxiol40=</latexit>

dxz
<latexit sha1_base64="TRz05SI0v3k/JIPuzoJ8ficWekc=">AAAB/3icbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3BjcsKpi20oUwmN+3YySTMTMQauvEL3OoXuBK3foof4H84abOwrQcuHM65l3vv8RPOlLbtb6u0srq2vlHerGxt7+zuVfcPWipOJQWXxjyWHZ8o4EyAq5nm0EkkkMjn0PZH17nffgCpWCzu9DgBLyIDwUJGiTZSK+hnj0+TfrVm1+0p8DJxClJDBZr96k8viGkagdCUE6W6jp1oLyNSM8phUumlChJCR2QAXUMFiUB52fTaCT4xSoDDWJoSGk/VvxMZiZQaR77pjIgeqkUvF//zuqkOL72MiSTVIOhsUZhyrGOcv44DJoFqPjaEUMnMrZgOiSRUm4DmtviSjEDnuTiLKSwT96x+Vbdvz2uNRhFQGR2hY3SKHHSBGugGNZGLKLpHL+gVvVnP1rv1YX3OWktWMXOI5mB9/QIXEJeM</latexit><latexit sha1_base64="TRz05SI0v3k/JIPuzoJ8ficWekc=">AAAB/3icbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3BjcsKpi20oUwmN+3YySTMTMQauvEL3OoXuBK3foof4H84abOwrQcuHM65l3vv8RPOlLbtb6u0srq2vlHerGxt7+zuVfcPWipOJQWXxjyWHZ8o4EyAq5nm0EkkkMjn0PZH17nffgCpWCzu9DgBLyIDwUJGiTZSK+hnj0+TfrVm1+0p8DJxClJDBZr96k8viGkagdCUE6W6jp1oLyNSM8phUumlChJCR2QAXUMFiUB52fTaCT4xSoDDWJoSGk/VvxMZiZQaR77pjIgeqkUvF//zuqkOL72MiSTVIOhsUZhyrGOcv44DJoFqPjaEUMnMrZgOiSRUm4DmtviSjEDnuTiLKSwT96x+Vbdvz2uNRhFQGR2hY3SKHHSBGugGNZGLKLpHL+gVvVnP1rv1YX3OWktWMXOI5mB9/QIXEJeM</latexit><latexit sha1_base64="TRz05SI0v3k/JIPuzoJ8ficWekc=">AAAB/3icbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3BjcsKpi20oUwmN+3YySTMTMQauvEL3OoXuBK3foof4H84abOwrQcuHM65l3vv8RPOlLbtb6u0srq2vlHerGxt7+zuVfcPWipOJQWXxjyWHZ8o4EyAq5nm0EkkkMjn0PZH17nffgCpWCzu9DgBLyIDwUJGiTZSK+hnj0+TfrVm1+0p8DJxClJDBZr96k8viGkagdCUE6W6jp1oLyNSM8phUumlChJCR2QAXUMFiUB52fTaCT4xSoDDWJoSGk/VvxMZiZQaR77pjIgeqkUvF//zuqkOL72MiSTVIOhsUZhyrGOcv44DJoFqPjaEUMnMrZgOiSRUm4DmtviSjEDnuTiLKSwT96x+Vbdvz2uNRhFQGR2hY3SKHHSBGugGNZGLKLpHL+gVvVnP1rv1YX3OWktWMXOI5mB9/QIXEJeM</latexit>

k + l +m = 2
<latexit sha1_base64="5iiFDnGY9pO/1/lCSATwbrlQ/WY=">AAACAHicbVDLSgNBEOyNrxhfUY9eBoMgBMImCOpBCHjxGME1gWQJs5PZZNiZ2WVmVghLTn6BV/0CT+LVP/ED/A8nyR5MYkFDUdVNd1eQcKaN6347hbX1jc2t4nZpZ3dv/6B8ePSo41QR6pGYx6oTYE05k9QzzHDaSRTFIuC0HUS3U7/9RJVmsXww44T6Ag8lCxnBxkrtqMqr4qbRL1fcmjsDWiX1nFQgR6tf/ukNYpIKKg3hWOtu3U2Mn2FlGOF0UuqlmiaYRHhIu5ZKLKj2s9m5E3RmlQEKY2VLGjRT/05kWGg9FoHtFNiM9LI3Ff/zuqkJr/yMySQ1VJL5ojDlyMRo+jsaMEWJ4WNLMFHM3orICCtMjE1oYUugcETNxOZSX05hlXiN2nXNvb+oNJt5QEU4gVM4hzpcQhPuoAUeEIjgBV7hzXl23p0P53PeWnDymWNYgPP1Czg/lvI=</latexit><latexit sha1_base64="5iiFDnGY9pO/1/lCSATwbrlQ/WY=">AAACAHicbVDLSgNBEOyNrxhfUY9eBoMgBMImCOpBCHjxGME1gWQJs5PZZNiZ2WVmVghLTn6BV/0CT+LVP/ED/A8nyR5MYkFDUdVNd1eQcKaN6347hbX1jc2t4nZpZ3dv/6B8ePSo41QR6pGYx6oTYE05k9QzzHDaSRTFIuC0HUS3U7/9RJVmsXww44T6Ag8lCxnBxkrtqMqr4qbRL1fcmjsDWiX1nFQgR6tf/ukNYpIKKg3hWOtu3U2Mn2FlGOF0UuqlmiaYRHhIu5ZKLKj2s9m5E3RmlQEKY2VLGjRT/05kWGg9FoHtFNiM9LI3Ff/zuqkJr/yMySQ1VJL5ojDlyMRo+jsaMEWJ4WNLMFHM3orICCtMjE1oYUugcETNxOZSX05hlXiN2nXNvb+oNJt5QEU4gVM4hzpcQhPuoAUeEIjgBV7hzXl23p0P53PeWnDymWNYgPP1Czg/lvI=</latexit><latexit sha1_base64="5iiFDnGY9pO/1/lCSATwbrlQ/WY=">AAACAHicbVDLSgNBEOyNrxhfUY9eBoMgBMImCOpBCHjxGME1gWQJs5PZZNiZ2WVmVghLTn6BV/0CT+LVP/ED/A8nyR5MYkFDUdVNd1eQcKaN6347hbX1jc2t4nZpZ3dv/6B8ePSo41QR6pGYx6oTYE05k9QzzHDaSRTFIuC0HUS3U7/9RJVmsXww44T6Ag8lCxnBxkrtqMqr4qbRL1fcmjsDWiX1nFQgR6tf/ukNYpIKKg3hWOtu3U2Mn2FlGOF0UuqlmiaYRHhIu5ZKLKj2s9m5E3RmlQEKY2VLGjRT/05kWGg9FoHtFNiM9LI3Ff/zuqkJr/yMySQ1VJL5ojDlyMRo+jsaMEWJ4WNLMFHM3orICCtMjE1oYUugcETNxOZSX05hlXiN2nXNvb+oNJt5QEU4gVM4hzpcQhPuoAUeEIjgBV7hzXl23p0P53PeWnDymWNYgPP1Czg/lvI=</latexit>

)
<latexit sha1_base64="ksEAMzEEbOQqARsR70fGAb11f3w=">AAACBHicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3BjcsqxhbSUCbTSTt0MhNmbpQSuvYL3OoXuBK3/ocf4H84bbOwrQcuHM65l3vviVLBDbjut1NaWV1b3yhvVra2d3b3qvsHD0ZlmjKfKqF0OyKGCS6ZDxwEa6eakSQSrBUNryd+65Fpw5W8h1HKwoT0JY85JWCloHPH+wMgWqunbrXm1t0p8DLxClJDBZrd6k+np2iWMAlUEGMCz00hzIkGTgUbVzqZYSmhQ9JngaWSJMyE+fTkMT6xSg/HStuSgKfq34mcJMaMksh2JgQGZtGbiP95QQbxZZhzmWbAJJ0tijOBQeHJ/7jHNaMgRpYQqrm9FdMB0YSCTWluS6TJkMHY5uItprBM/LP6Vd29Pa81GkVAZXSEjtEp8tAFaqAb1EQ+okihF/SK3pxn5935cD5nrSWnmDlEc3C+fgHMCpmW</latexit><latexit sha1_base64="ksEAMzEEbOQqARsR70fGAb11f3w=">AAACBHicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3BjcsqxhbSUCbTSTt0MhNmbpQSuvYL3OoXuBK3/ocf4H84bbOwrQcuHM65l3vviVLBDbjut1NaWV1b3yhvVra2d3b3qvsHD0ZlmjKfKqF0OyKGCS6ZDxwEa6eakSQSrBUNryd+65Fpw5W8h1HKwoT0JY85JWCloHPH+wMgWqunbrXm1t0p8DLxClJDBZrd6k+np2iWMAlUEGMCz00hzIkGTgUbVzqZYSmhQ9JngaWSJMyE+fTkMT6xSg/HStuSgKfq34mcJMaMksh2JgQGZtGbiP95QQbxZZhzmWbAJJ0tijOBQeHJ/7jHNaMgRpYQqrm9FdMB0YSCTWluS6TJkMHY5uItprBM/LP6Vd29Pa81GkVAZXSEjtEp8tAFaqAb1EQ+okihF/SK3pxn5935cD5nrSWnmDlEc3C+fgHMCpmW</latexit><latexit sha1_base64="ksEAMzEEbOQqARsR70fGAb11f3w=">AAACBHicbVDLSsNAFJ3UV62vqks3g0VwVRIR1F3BjcsqxhbSUCbTSTt0MhNmbpQSuvYL3OoXuBK3/ocf4H84bbOwrQcuHM65l3vviVLBDbjut1NaWV1b3yhvVra2d3b3qvsHD0ZlmjKfKqF0OyKGCS6ZDxwEa6eakSQSrBUNryd+65Fpw5W8h1HKwoT0JY85JWCloHPH+wMgWqunbrXm1t0p8DLxClJDBZrd6k+np2iWMAlUEGMCz00hzIkGTgUbVzqZYSmhQ9JngaWSJMyE+fTkMT6xSg/HStuSgKfq34mcJMaMksh2JgQGZtGbiP95QQbxZZhzmWbAJJ0tijOBQeHJ/7jHNaMgRpYQqrm9FdMB0YSCTWluS6TJkMHY5uItprBM/LP6Vd29Pa81GkVAZXSEjtEp8tAFaqAb1EQ+okihF/SK3pxn5935cD5nrSWnmDlEc3C+fgHMCpmW</latexit>

But there are only five d-orbitals! Why?

Orbitals are spherically-symmetric!  
Six functions with L = 2 form a basis for  

five d-orbitals and one s-orbital!
dx2 + dy2 + dz2

<latexit sha1_base64="KJWlwzdHQ26ECd6eSkLuLt6x06U=">AAACEnicbVDLSsNAFJ3UV62vqAsXbgaLIAglLYK6K7hxWcHYQhvDZDJph04mYWYixpDP8Avc6he4Erf+gB/gfzhps7CtB4Z7OOde7p3jxYxKZVnfRmVpeWV1rbpe29jc2t4xd/fuZJQITGwcsUj0PCQJo5zYiipGerEgKPQY6Xrjq8LvPhAhacRvVRoTJ0RDTgOKkdKSax74bvZ438pPdU3L+qSra9athjUBXCTNktRBiY5r/gz8CCch4QozJGW/acXKyZBQFDOS1waJJDHCYzQkfU05Col0sskHcnisFR8GkdCPKzhR/05kKJQyDT3dGSI1kvNeIf7n9RMVXDgZ5XGiCMfTRUHCoIpgkQb0qSBYsVQThAXVt0I8QgJhpTOb2eIJNCaqyKU5n8IisVuNy4Z1c1Zvt8uAquAQHIET0ATnoA2uQQfYAIMcvIBX8GY8G+/Gh/E5ba0Y5cw+mIHx9QvUXJ5c</latexit><latexit sha1_base64="KJWlwzdHQ26ECd6eSkLuLt6x06U=">AAACEnicbVDLSsNAFJ3UV62vqAsXbgaLIAglLYK6K7hxWcHYQhvDZDJph04mYWYixpDP8Avc6he4Erf+gB/gfzhps7CtB4Z7OOde7p3jxYxKZVnfRmVpeWV1rbpe29jc2t4xd/fuZJQITGwcsUj0PCQJo5zYiipGerEgKPQY6Xrjq8LvPhAhacRvVRoTJ0RDTgOKkdKSax74bvZ438pPdU3L+qSra9athjUBXCTNktRBiY5r/gz8CCch4QozJGW/acXKyZBQFDOS1waJJDHCYzQkfU05Col0sskHcnisFR8GkdCPKzhR/05kKJQyDT3dGSI1kvNeIf7n9RMVXDgZ5XGiCMfTRUHCoIpgkQb0qSBYsVQThAXVt0I8QgJhpTOb2eIJNCaqyKU5n8IisVuNy4Z1c1Zvt8uAquAQHIET0ATnoA2uQQfYAIMcvIBX8GY8G+/Gh/E5ba0Y5cw+mIHx9QvUXJ5c</latexit><latexit sha1_base64="KJWlwzdHQ26ECd6eSkLuLt6x06U=">AAACEnicbVDLSsNAFJ3UV62vqAsXbgaLIAglLYK6K7hxWcHYQhvDZDJph04mYWYixpDP8Avc6he4Erf+gB/gfzhps7CtB4Z7OOde7p3jxYxKZVnfRmVpeWV1rbpe29jc2t4xd/fuZJQITGwcsUj0PCQJo5zYiipGerEgKPQY6Xrjq8LvPhAhacRvVRoTJ0RDTgOKkdKSax74bvZ438pPdU3L+qSra9athjUBXCTNktRBiY5r/gz8CCch4QozJGW/acXKyZBQFDOS1waJJDHCYzQkfU05Col0sskHcnisFR8GkdCPKzhR/05kKJQyDT3dGSI1kvNeIf7n9RMVXDgZ5XGiCMfTRUHCoIpgkQb0qSBYsVQThAXVt0I8QgJhpTOb2eIJNCaqyKU5n8IisVuNy4Z1c1Zvt8uAquAQHIET0ATnoA2uQQfYAIMcvIBX8GY8G+/Gh/E5ba0Y5cw+mIHx9QvUXJ5c</latexit>

behaves like an s orbital

Some programs work with Cartesian functions (6d, 10f), 
while some use spherical (5d, 7f)

For L = 3, there are 10 Cartesian and 7 spherical functions



Basis Set Convergence
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Convergence of bond distances with the basis set
cc-pVXZ (X = D, T, Q, 5, 6) basis set

B. Temelso, E.F. Valeev, and C.D. Sherrill, J. Phys. Chem. A 108, 3068 (2004)
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Basis Set Convergence
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Convergence of vibrational frequencies with the basis set
cc-pVXZ (X = D, T, Q, 5, 6) basis set

B. Temelso, E.F. Valeev, and C.D. Sherrill, J. Phys. Chem. A 108, 3068 (2004)
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Basis Set Convergence: Methods
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Different methods show different convergence with basis set
cc-pCVXZ (X = D, T, Q) basis set

J. Chem. Phys. 
114, 6548 (2001)



Basis Sets: General Comments
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★ The bigger the basis, the better? Usually yes, but for some 
methods increasing the basis can make the results worse 
(loss of error cancellation) 

★ For some methods (e.g., HF or DFT), basis set convergence 
is faster than for others (e.g., coupled cluster) 

★ It is usually better to start with a modest basis set and work 
your way up, monitoring the basis set convergence 

★ Minimal basis sets should only be used for test purposes 
★ For accurate results, basis set should be at least double-

zeta (ideally, triple-zeta) quality with polarization functions 
★ Diffuse functions must be used for anions, excited states 
★ There are many basis sets out there, some may be better 

than others. Make sure you test them before you use them


