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We present pseudopotential coefficients for the first two rows of the Periodic Table. The pseudopotential is
of an analytic form that gives optimal efficiency in numerical calculations using plane waves as a basis set. At
most, seven coefficients are necessary to specify its analytic form. It is separable and has optimal decay
properties in both real and Fourier space. Because of this property, the application of the nonlocal part of the
pseudopotential to a wave function can be done efficiently on a grid in real space. Real space integration is
much faster for large systems than ordinary multiplication in Fourier space, since it shows only quadratic
scaling with respect to the size of the system. We systematically verify the high accuracy of these pseudopo-
tentials by extensive atomic and molecular test calculations. @S0163-1829~96!04927-2#

I. INTRODUCTION

Pseudopotentials are an essential ingredient for efficient
electronic structure calculations. First, by eliminating the
core electrons, the number of orbitals that has to be calcu-
lated is reduced. Second, the pseudo-wave-functions are
much smoother in the core region than the all-electron wave
functions and the number of basis functions can therefore be
reduced. Especially if plane waves are used as a basis set this
reduction of the size of the basis set is essential. The intro-
duction of the norm-conserving property1 made pseudopo-
tentials an easy to handle and popular tool for electronic
structure calculations. Many attempts have since then been
made to construct norm-conserving pseudopotentials, which
are numerically more efficient than the original ones. The
introduction of the separable form2 of the norm-conserving
pseudopotentials was a major advance. In spite of all these
improvements there is still cubic scaling with respect to the
size of the system. For large systems, this part arising from
the nonlocal pseudopotential takes most of the computer
time. It has been recognized for a long time in different
contexts3 that the cubic scaling of the nonlocal pseudopoten-
tial part can be circumvented by doing the integration on a
grid in real space and proposals have been made to construct
pseudopotentials with good properties for real space integra-
tion by modifying existing pseudopotentials of the
Kleinman-Bylander type.4 The Kleinman-Bylander form was
initially not intended for real space use and therefore does
not satisfy any optimality condition for real space integra-
tion. In contrast to previous work we therefore start out with
an analytical form, which has all of the optimality properties
with respect to real space integration built in. A small num-
ber of parameters is then adjusted in such a way as to reflect
the properties of different atoms.5 In contrast to most imple-
mentations of separable Kleinman-Bylander forms, it is thus
not necessary to store the projectors in numerical form on

dense radial grids requiring very large files. Instead the
whole information on the first two rows of the Periodic Table
can be condensed in a small table on less than a page. This
method thus puts real space integration of the nonlocal
pseudopotential terms on a systematic basis. It is at the same
time extremely easy to implement in a plane wave program,
because all the matrix elements can be calculated analyti-
cally. The chosen analytical form gives nevertheless enough
freedom to impose all the well established pseudopotential
conditions and the pseudopotential is therefore highly accu-
rate.

II. FORM OF THE PSEUDOPOTENTIAL

The local part V loc(r) of this pseudopotential is given by
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where erf denotes the error function. Z ion is the ionic charge
~i.e., charge of the nucleus minus charge of the core elec-
trons!, and r loc gives the range of the Gaussian ionic charge
distribution leading to the erf potential.
The nonlocal part of the Hamiltonian H(rW ,r8W ) is a sum of

separable terms
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GPW (CP2K)のかなり初期の論文

共著者の  Goedecker and K. Maschke, Phys. Rev. A 45, 88 1992 は擬ポテンシャルの論文なので、おそら
く、これが一番最初の論文になるかと思われる。

WIKIによると

Key Papers[edit] 

• Lippert, Gerald; Hutter, Jurg; Parrinello, Michele (1997). "A hybrid Gaussian and plane wave density 
functional scheme". Molecular Physics 92 (3): 477–487. doi:10.1080/002689797170220. 

• Lippert, Gerald; Hutter, Jürg; Parrinello, Michele (1999). "The Gaussian and augmented-plane-wave 
density functional method for ab initio molecular dynamics simulations". Theoretical Chemistry 
Accounts: Theory, Computation, and Modeling (Theoretica Chimica Acta) 103 (2): 124–140. doi:
10.1007/s002140050523. 

• Laino, Teodoro; Mohamed, Fawzi; Laio, Alessandro; Parrinello, Michele (2005). "An Efficient Real 
Space Multigrid QM/MM Electrostatic Coupling". Journal of Chemical Theory and Computation 1 (6): 
1176–1184. doi:10.1021/ct050123f. 

• Laino, Teodoro; Mohamed, Fawzi; Laio, Alessandro; Parrinello, Michele (2006). "An Efficient Linear-
Scaling Electrostatic Coupling for Treating Periodic Boundary Conditions in QM/MM 
Simulations". Journal of Chemical Theory and Computation 2 (5): 1370–1378. doi:10.1021/ct6001169.

ここでりう 1997の論文より、こっちの方が早い。


http://en.wikipedia.org/w/index.php?title=CP2K&action=edit&section=2
http://en.wikipedia.org/wiki/Digital_object_identifier
http://dx.doi.org/10.1080%2F002689797170220
http://en.wikipedia.org/wiki/Digital_object_identifier
http://dx.doi.org/10.1007%2Fs002140050523
http://en.wikipedia.org/wiki/Digital_object_identifier
http://dx.doi.org/10.1021%2Fct050123f
http://en.wikipedia.org/wiki/Digital_object_identifier
http://dx.doi.org/10.1021%2Fct6001169


Pseudopotentials
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 Norm-conserving, separable, dual-space GTH 
!
 Local PP : short-range and long-range terms

Accurate and 
Transferable 
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relativistic 
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Few parameters
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 Non-Local PP with Gaussian type projectors
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GPW Ingredients
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 Gaussian basis sets (many terms analytic) 
!
!
!
 Pseudo potentials 
!
 Plane waves auxiliary basis for Coulomb integrals  
!
 Regular grids and FFT for the density 
!
 Sparse matrices (KS and P) 
!
 Efficient screening
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linear scaling KS matrix computation for GGA

G. Lippert et al, Molecular Physics, 92, 477, 1997 
J. VandeVondele et al, Comp. Phys. Comm.,167 (2), 103, 2005

Localised, atom-position dependent GTO basis Gaussian Basis Set
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CP2K: Ab initio Molecular Dynamics Simulations Towards Linear Scaling HF/Exact Exchange Summary Acknowledgment

Sparse Matrices

• Operator matrices are rather sparse

HIV-1 Protease-DMP323 complex in solution (3200 atoms)

• Orbital matrices are invariant under unitary transformation

Chemical localization: Boys, Edminston-Rudenberg, etc.

Mathematical localization

Operator matrices are sparse

 Localised, atom-position dependent GTO basis 

�µ(r) =
�

m

dmµgm(r) gm(r) = xmxymyzmze��mr2

 Expansion of the density using the density matrix

n(r) =
�

µ�

Pµ��µ(r)��
�(r)

  

Gaussian basis: 
The sparsity of H and S

Sαβ=∫ϕα(r)ϕβ(r )dr

Hαβ=∫ϕα(r )v(r)ϕβ(r)dr

The overlap (integral of the product) rapidly 
decays with the spatial separation of the basis 
functions.

ϕα(r) ϕβ(r)

Sαβ

The sparsity pattern of S and H 
depends on the basis and the 
spatial location of the atoms, but not 
on the chemical properties of the 
system in GGA DFT.

Sµ⌫ =

Z
'µ(r)'⌫(r)dr

Hµ⌫ =

Z
'µ(r)V (r)'⌫(r)dr

Expansion of the density using the density matrix

Non-Local PP with Gaussian type projectors



Auxiliary Basis Set
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Long range term : Non-local Hartree potential 

!

!
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Orthogonal, unbiased, naturally periodic PW basis
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Fig. 1. Shown is the rapid convergence of the absolute error in the electrostatic

energy Eq. 11 with respect to plane wave cuto� at fixed density matrix. The system

is a single water molecule described with fairly hard GTH pseudo potentials and a

TZV2P basis in a 10Å cubic cell. The relation Ecuto� = �2

2h2 is used throughout this

work to convert the grid spacing h to the corresponding plane wave cuto�.

infinite. All terms of the electrostatic energy are therefore treated simultane-
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using the Ewald sum method [42] as it is commonly implemented in plane

wave electronic structure codes [6]. The long range part of all electrostatic

interactions is treated in Fourier space, whereas the short range part is treated

in real space. This separation is conveniently achieved for the ionic cores if a

Gaussian charge distribution (nI
c(r)) for each nucleus is introduced and defined
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Density collocation
Density collocation

Real Space Integration

13

Finite cutoff and simulation box define a real space grid

G. Lippert et al, Molecular Physics, 92, 477, 1997 
J. VandeVondele et al, Comp. Phys. Comm.,167 (2), 103, 2005
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Numerical approximation of the gradient 
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 ϵXC and derivatives evaluated on the grid 
!

Real space integration

Real Space Grid

Finite cuto� and computational box define a real space grid {R}
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Partitioning of the Density
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n(r) − ñ(r) = 0

nA(r) − ñA(r) = 0
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CP2K インストール
-------------------- 
1) git clone https://github.com/cp2k/cp2k.git 

-------------------- 
2) BLAS/LAPACK/MPI/SCALAPACK/FFTW 

-------------------- 
3) LIBINT 
http://sourceforge.net/projects/libint/files/v1-releases/libint-1.1.4.tar.gz/download 

./configure --prefix=/home/nakada/lib/libinit 

-------------------- 
4) libxc (オプショナル) 
http://www.tddft.org/programs/octopus/wiki/index.php/Libxc 

./configure --prefix=/home/nakada/lib/libxc



-------------------- 
5) ELPA (SCALAPACKの指定が実質的に必須なのに注意) 
http://elpa-lib.fhi-berlin.mpg.de/ 

SCALAPACK_LDFLAGS="-L/opt/intel/mkl/lib/intel64 -lmkl_scalapack_lp64 -
lmkl_blacs_intelmpi_lp64 -lmkl_intel_lp64 -lmkl_sequential -lmkl_core -
lmkl_blacs_openmpi_lp64" ./configure --prefix=/home/nakada/lib/elpa 

-------------------- 
6) cp2k のコンパイルの事前確認 
自分のアーキテクチャファイルを確認する 
ls cp2k/arch/*.* 
ここで見つけたファイルを軸にする 

VERSION は MPI+OpenMP だったら psmp と指定 
（http://www.cp2k.org/howto:compile) 



-------------------- 
7) cp2k のコンパイル 
cd cp2k/makefile 
make ARCH=Linux-ia64-intel VERSION=psmp 

実行形式ファイルは cp2k/exe/* 

ついでにテスト用のシングル版も作る 
make ARCH=Linux-ia64-intel VERSION=sopt 

make ARCH=Linux-ia64-intel VERSION=popt



CP2K
mxied Gaussian and plane wave (GPW)

Lippert, Gerald; Hutter, Jurg; Parrinello, Michele (1997). "A hybrid Gaussian and 
plane wave density functional scheme". Molecular Physics 92 (3): 477‒487

Lippert, Gerald; Hutter, Jürg; Parrinello, Michele (1999). "The Gaussian and 
augmented-plane-wave density functional method for ab initio molecular dynamics 
simulations". Theoretical Chemistry Accounts: Theory, Computation, and Modeling 
(Theoretica Chimica Acta) 103 (2): 124‒140

波動関数の基底: Gaussian

電子密度の基底: PAW like

Gaussian basis set

Primitive cartesian gaussian functions:

g(~r , ⌘,~l , ~A) = Nc(x � Ax)
lx (y � Ay )ly (z � Az)

lz
e

�⌘(

~r�~A)

2

(6)

~
r : Electron coordinate
~
A: Atomic coordinate
~
l : Angular momentum

Problems:

I No cusp at the origin

I wrong asymptotic behaviour

Contracted cartesian gaussian functions:

'µ(~r) =
X

i

dµigµi (~r) (7)

CP2K: the GPW method

Joost VandeVondele et al.
Quickstep: Fast and accurate density functional calculations
using a mixed gaussian and plane waves approach.
Computer Physics Communications, 167:103 – 128, 2005.

Two representations of the density:

local basis set:
n(~r) =

X

µ⌫

P

µ⌫'µ(~r)'⌫(~r), (8)

Pµ⌫ : density matrix
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local basis

CP2K: the GPW method

Joost VandeVondele et al.
Quickstep: Fast and accurate density functional calculations
using a mixed gaussian and plane waves approach.
Computer Physics Communications, 167:103 – 128, 2005.
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n(~r) =
1

⌦

X

|~G |<Gmax

ñ(~G ) exp(i ~G ·~r) (9)

PW



ろくなマニュアルがない 
ユーザコミュニティが不活性 
ほとんど情報がない 
入力サンプルもほぼゼロ 

インデックスマニュアルもほぼ情報ゼロ (開発者のメモ程度)

まだ若いコード

できることは分子系のコードらしく凄くゴージャスなので 
入力がマニアックで複雑なので 

初めての分子系入門としては結構しんどい



インストールしたディレクトリ ~/cp2k/data

 ALL_BASIS_SETS 
 ALL_POTENTIALS 
 GTH_POTENTIALS 
 HFX_BASIS 
 HF_POTENTIALS 
 MM_POTENTIAL 
 NLCC_POTENTIALS 
 POTENTIAL

 BASIS_ADMM 
 BASIS_ADMM_MOLOPT 
 BASIS_MOLOPT 
 BASIS_RI_cc-TZ 
 BASIS_SET 
 BASIS_ZIJLSTRA 
 EMSL_BASIS_SETS 
 GTH_BASIS_SETS

 dftd3.dat 
 nm12_parameters.xml 
 rVV10_kernel_table.dat 
 t_c_g.dat 
 t_sh_p_s_c.dat 
 vdW_kernel_table.dat

ポテンシャル 基底セット

各種データ

必要に応じてコピーして使う



Serial run

cp2k.sopt -i input_file -o output

cp2k.sopt ̶check input_file

My Convert Script (nonASE)

CPvasp2inp.py  ( symlink vasp2cp2k )

subsys.inc



 @INCLUDE 'subsys.inc'

INCLUDE 文により外部からファイルを読み込める

構造の情報のみを別ファイルにしたり 
内部座標(xyz)ファイルを別ファイルにしたりして読み込む

と、便利

@SET BASIS_SET_FILE_NAME BASIS_SET 
BASIS_SET_FILE_NAME  ${BASIS_SET_FILE_NAME}  
 

別名定義が可能

コメントアウトは ! （文頭のみ可能、命令文の最後や途中は不可)



   &SUBSYS 

     &KIND Cu 
       ELEMENT  Cu 
       BASIS_SET DZVP_GTH-PADE 
       POTENTIAL GTH-PADE-q4 
     &END KIND 

     &CELL 
       A   0.000000000   1.760000000   1.760000000 
       B   1.760000000   0.000000000   1.760000000 
       C   1.760000000   1.760000000   0.000000000 
       PERIODIC XYZ 
     &END CELL 

     &COORD 
       Cu   0.00000000   0.00000000   0.00000000 
     &END COORD 

   &END SUBSYS

CP2K の入力ファイルの構造部分(SUBSYS)だけの出力

書き換える必要 
(BASISセットがないとき等)



Bulk の計算



Bulk の計算をするときのミソ(構造) (1)
   &SUBSYS 

     &KIND Cu 
       ELEMENT  Cu 
       BASIS_SET DZVP_GTH-PADE 
       POTENTIAL GTH-PADE-q4 
     &END KIND 

     &CELL 
       A   0.000000000   1.760000000   1.760000000 
       B   1.760000000   0.000000000   1.760000000 
       C   1.760000000   1.760000000   0.000000000 
       PERIODIC XYZ 
     &END CELL 

     &COORD 
       Cu   0.00000000   0.00000000   0.00000000 
     &END COORD 

   &END SUBSYS

周期境界条件を入れる



    &SCF 
      SCF_GUESS ATOMIC 
      EPS_SCF 1.0E-7 
      MAX_SCF 300 
      ADDED_MOS 11 
      &DIAGONALIZATION  ON 
        ALGORITHM STANDARD 
      &END DIAGONALIZATION 
      &MIXING  T 
        METHOD BROYDEN_MIXING 
        ALPHA 0.4 
        NBROYDEN 8 
      &END MIXING 
      &SMEAR ON 
        METHOD FERMI_DIRAC 
        ELECTRONIC_TEMPERATURE [K] 300 
      &END SMEAR 
    &END SCF

SCF セクションに ス
ミアリングを必ず追加

Bulk(metal) の計算をするときのミソ (SCF) (2)



    &SCF 
      SCF_GUESS ATOMIC 
      EPS_SCF 1.0E-7 
      MAX_SCF 300 
      ADDED_MOS 11 
      &DIAGONALIZATION  ON 
        ALGORITHM STANDARD 
      &END DIAGONALIZATION 
      &MIXING  T 
        METHOD BROYDEN_MIXING 
        ALPHA 0.4 
        NBROYDEN 8 
      &END MIXING 
      &SMEAR ON 
        METHOD FERMI_DIRAC 
        ELECTRONIC_TEMPERATURE [K] 300 
      &END SMEAR 
    &END SCF

SCF セクションに
ADDED_MOS を必ず
追加

Bulk(metal) の計算をするときのミソ (SCF) (2)

原子毎に 
velence electron 数 
(spinの数) 
を書く 

二種類だったら 
ADDED_MOS 11 11



ただし・・・
Gamma 点のみの計算っぽい

K点は K-mesh などでの自動分割機能はないっぽい

基本手動で Kx, Ky, Kz と Weight を指定

あまり実用的ではない

しかも、DFTの計算モード(Quickstep) では 
KPOINT 指定モードは使えない？っぽい

PERIODIC の計算モードはバンドというよりはあくま
で「周期系」での分子の計算と思ったほうが健全

PDOS もむしろエネルギースペクトルの意味が強い



分子系の計算を VASP や WIEN2k とくらべてみる



*** Use the LSD option for XAS with transition potential ***

&DEF 
  LSD   ! Requests a spin-polarized calculation for unpaired electrons

スピン分極（スピンを区別）する計算として指定する必要



H He

Li Be B C N O F Ne

Na Mg Al Si P S Cl Ar

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe

Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi

CP2K available BASIS_SET




