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LOCALIZED WAVE FUNCTIONS

A : A
H‘I’i = E‘i ‘I’i EBS =§ Hii =§ <\|’i | H |\Pi>
i i

Ground State: SUBSPACE of the Hilbert Space
Occupied Eigenstates: BASIS of this Subspace

Unitary Transform.

{vp} < > (x>}
Eigenstates Localized
Wave Functions

GENERATE THE SAME SUBSPACE

~__L-
E [{w.}] =E [{¢}]

I¢.> are orthonormal and localized in space
(like the Wannier functions in crystals)

X@®—=>0 Exponentially (insulators)

r — 00 Power law (metals)

W. Kohn, Phys. Rev. 115, 809 (1959)
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Linear Chain, 100 atoms.
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.. Single Double
R, (A) # atoms bond (&) bond (R) Energy (eV/atom)
inf 60 1.458 1.396 -8.008
4.8 32 1.458 1.396 -8.003
4.0 22 1.461 1.393 -7.981
3.0 14 1.466 1.387 -7.942
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ENERGY FUNCTIONALS
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Density MATRIX ENEREY FUNCTIONALS
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New ENERGY FUNCTIONALS
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Pronon (ALCOLATIONS Wit Livear  ScaLing

Calculation of phonon spectra:

e Compute Dynamical Matrix:

¢E |
'axaaa:ﬁ NS My

— Move atom 7 in the o direction by Az (small)

DY =

_ Solve electrons and compute forces on all the atoms

dFE

)

7 d:rﬁ
A:c 4 m; o

— Repeat for each atom on each direction == 3/N computations

— If standard diagonalization is used for the electronic problem.
the overal computation scales as N*

— If Order-N is used for the electronic problem, the overal compu-
tation scales as N2

e Diagonalize the Dynamical matrix to obtain the phonon eigen-
modes. This step scales as N3.
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Order-N Approach for Phonon Calculations
Ofd\el'éﬁ Q:t GJ- PRL F 1.2 ? 1324 (a 5)
o We use three basic approximations to obtain an O(N) scaling in the
calculation of the Dynamical matrix:

1. Description of the electronic states by means of trun-
cated Localized Wave Functions. We use our Order-N elec-
tronic structure method to compute the energy and forces.

2. Restricted minimization of the electronic energy. For
each atomic displacement, we only allow to change those LWF’s
which contain the atom that is moving. All the rest of LW F are
unchanged. Therefore, the cost of the calculation of the electronic
wave functions and the total energy for each atomic displacement
is constant (independent of the size of the system), or O(1).

3. Truncation of the dynamical matrix. We assume that the
elements of the dynamical matrix connecting two atoms which are
further away than a cutoff R; are zero. Therefore, when atom 2 1s
displaced, only the forces on those atoms closer than R; to atom
i must be computed. Besides, the resulting dynamical matrix 1s
sparse. ON) ool e gwes AR S

» Once the dynamical matrix is obtained, the phonon spectrum can be
computed by direct diagonalization, which cost 1s small compared to
the obtention of Df;-ﬁ . An O(N) scaling can also be obtained in this
step if the phonon spectrum is computed using the Maxent method

proposed by Drabold and Sankey, Phys. Rev. Lett. 70, 3631 (1993),
since the dynamical matrix is sparse.
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BASIS SETS — DiaTomic MoLECylES

TABLE 1. Bond lengths (in A) calculated for some diatomic molecules using different bases. SZ:
single-z preudo-atomic arbitals with large cut-off radius {rc = 6.2 a.u.): SZ{SR) same with short =,
(3.3 au. for H. 4.1 for C. 3.6 for N, and 3.2 for Q): SZ{scaled) »~cales the SZ bases with scale factors
determined variationally: 0.950 for C, 0.975 for N, 0.980 for O and 0.300 for H.. Far CO and NO
the scaling factors are found to be the same as for the dimer of each element; DZ(SV): split-valence
double-: for long r. orbitals; DZ(SR): Short r. double-z bases.

e —
ﬁ'ﬂxperimentn | Apw YA SZ(scaled) SZ(SR) DZ{5V) iDZ(SR)
Ha l 0941 \ 0.7Gv 0.928 0.772 0.789 0.773 ’ 0.727
s | 1.244 1.249 1.425 1.34% 1.332 1.279 1.262
No 1.08% ] 1.09% 1.283 1.233 1.194 1.123 1.125
O,(LDA} i 1.207 oo 1.487 1.445 1.296 1.366 1.259
0:(LSD) 1.207 : - 1.406 1.3%% 1.284 1.293 1.241
e 1.127 1.132 1.309 1.276 1.206 1.172 1.156
NO 1.148 . 1.148 1.409 1.376 v 1.252 1.233 1.234
— x —

TABLE Il. Calculated bond lengths (in A} for some diat-
omiic molecules adding polarization orbitals to double-:= (DZP)
short range (SR) basis sets. r. for the polarization orbitals
minimize the total energy. In parenthesis, the relative error
with respect to experiment.

100 Ry 200Ryv ~ ).l 2 a Palgers™
- cueoe- TT TC
Exp. DZP{SR) DZP{SR) -
H- 0.741 0.729 (1.49%) 0.726 (2.01%}
s 1.244 1.253 (0.747%) 1.250 (0.46%) 1 - i %
A s 0

N; 1.098 1.103 {0.45%) 1.092 (0.535%) —-
Q2 (LDA) 1.207 1.215 {0.66'%) 1.206 (0.08%)
0,(LSD) 1.207 1.203 (0.32%) 1.197 (0.83%)
cO 1.127 1.117 (0.89%) 1.118 (0.73%))
NO 1.148 1.144 (0.31%) 1.142 {0.55%)

TABLE lif. Bond lenghts (in A) for HCN using different
basis sets.

Exp. SZ(SR) DZ(SR) DZ{5V)
d(HC) 1.066 1.136 1.070 1.083
d{CN) 1.153 1.211 1.159 1.174
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