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‘... all the mathematics to solve the whole of chemistry is known, but the

equations are too difficult to solve ...
——P.A.M. Dirac (1930)

The Quantum Theory of the Electron,

By P. A. M. Dinac, 8t. John's College, Cambridge.
(Communicated by R, H, Fowler, F.R.S.—Received January 2, 1928)

The new quantum mechanics, when applied to the problem of the structure
of the atom with point-charge electrons, does not give results in agreement
with experiment. The discrepancies consist of ** duplexity "' phenomena, the
observed number of stationary states for an electron in an atom being twice
the number given by the theory.  To mect the difficulty, Goudsmit and Ublen-
beck have introduced the idea of an electron with a spin angular momentum
of half a quantum and a magnetic moment of one Bohr magneton. This model
for the electron has been fitted into the new mechanics by Pauli,* and Darwin, ¥
working with an equivalent theory, has shown that it gives results in agreement
with experiment for hydrogen-like spectra to the first order of accuraey.

PiE. WFENAERATEMHARFRE T EICEH
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It has always been a dream of materials researchers to

design a new material completely on paper, optimizing
the composition and processing steps in order to

achieve the properties required for a given application.

Gerbrand Ceder, “COMPUTATIONAL MATERIALS SCIENCE:
Predicting Properties from Scratch”, Science, Vo 280, Issue 5366,
1099-1100 , 15 May 1998

ﬂ Prof. Gerbrand Ceder
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 Gordon Bell Prize Applications

Sequoia(BlueGene/Q)(#3) _TaihuLight(#1)
Implicit solver for PDEs

Sequoia(BlueGene/Q)(#3) :
Cloud cavitation collapse :

Jaguar(Cray XT5)(#1) First-principles calcxill.ations of .
electron states of a silicon nanowire
— Cray XT4(#2) IAb initio computation of free energies
I in nanoscale systems
BlueGene/L(#1) I Simulations of disorder effects in high-Tc

Solidification simulations
Earth Simulator(#l{

Global atmospheric simulation
- with the spectral transform method

Cray T3E(#2)

Modeling of metallic magnet atoms
Numerical Wind Tunnel(#2)

= CMS(#Z‘ x Fluid dynamics problem

Modeling of a shock front
using the Boltzmann equation |

BEdX=1TFXE N/RIEIRRZTIE

Summit(tensor core)(#1)

* Machine (#Top500 ranking) Jcxascae-ciassdecpsaming

application to extreme climate data

K Computer(#1) 10M core implicit solver

The purpose of the award is to track
the progress of parallel computing
with particular emphasis on
rewarding innovation in applying
HPC to applications in science,
engineering, and large-scale data
analytics.
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H= Te * T:V 5 Ve-e T VN—N + Ve-N

T.: quantum kinetic energy of the electrons

V... electron-clectron interactions

Ve electrostatic nucleus-nucleus repulsion
V..x: electrostatic electron-nucleus attraction ﬂ

(electrons in the field of all the nucler)
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** Renormalization group method: can be used to study strongly correlated system.
But the current algorithm mostly can only be applied to pseudo 1D problem.

< Density matrix Method: r{Eldensity matrix.

The energy only depend on the second order density matrix.
Need to use linear programing (the density matrix have linear condition).

The existence of the density matrix (it can be constructed from a many body
wavefunction) is the essential issue.

Recent studies show it can be very accurate.

> BEDTEPE BRRMREEREE TR, Everything depends on charge density rho(r)

Currently most popular method in material science.
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Define the electron density:
n(r) =¢Y*(ry, ry ... ry)P(, 75 ... Ty) 3N dimensions reduces to 3

The jth electron is treated as a point charge in the field of all the other
electrons. This simplifies the many-electron problem to many one
electron problems:

Y(1ry, 13,13 ..7y) = P(1y) * P (1) * P3(13) * - * Py (ry) (Hartree product)
TN .
W (e

Define the electron density in terms of the individual electron wave functions:

n@) =2 ) W) ﬂ
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< Empirical tight-binding method (TB): Not exactly DFT, but an empirical method
to describe wave function Hamiltonian, only has basis coupling constants, no basis information.

“» Empirical pseudopotential method: Not exactly DFT, an empirical method to describe the
electron pseudopotential, usually use plane wave for the electron wave function basis.

% K.P method: a way to describe the kpoint wave function using the Gamma point wave function
as a basis. Only works in crystal. Not explicit wave function, not DFT. One of the old method.

% LCAOQO: linear combination of Atomic Orbital: use a Muffin-Tin sphere around an atom, and assume
a spherical symmetry potential inside the sphere, and use spherical
harmonic function to describe the wave function inside the atom, and a flat potential outside the
sphere, one old approximate method.

“* LAPW: linear combination of augmented plane wave method: can be considered as a more
advanced method than LCAQ, it uses non-spherical approximation for the potential inside the sphere.
it uses plane wave outside the sphere. It is used to solve the all-electron Hamiltonian (no pseudopotential)
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* Real space grid method: it uses a fixed real space grid to describe the wave function.
It is a finite difference method. It requires a relatively dense grid, and atomic movement
can be not-smooth (egg-box problem).

* Finite-element method: it is like the real-space grid, but use finite elements grid, special
adjusted grid. In theory, it can be used to describe all electron calculations. But it has
challenges when the atom moves. Never fully developed.

+» Wave let method: it uses wave-let to describe the wave function, the idea is to have a more
efficient way to describe the wave function (not uniform grid over the whole space). It also
has some challenges when the atom moves.

+ Gaussian basis method: it uses Gaussian basis to describe the wave function. It is popular in some
quantum chemistry code, then used for DFT calculations.

* Atomic basis method: it uses numerical atomic orbital as the basis. The advantage is that it has a
small number of basis. But the conduction band might not be well described.

% Plane wave method: using plane waves to describe the wave function, and pseudopotential to
present the potential. It is relatively simple, and it is the most popular method in material simulations.
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<> CUBLAS zgemm and CUBLAS ztrsm
<> FFT

® 30f
x31 i <> Nonlocal
25} <> Precond, line-minimization
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E 20 <> MPI Allreduce ‘
g % i <> Memcpy wave functions >
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S <> Zpotrf and Zheev 2
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® CPU-GPU memcpy @ Matrix diag. lib
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