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15 Ab Initio Molecular Dynamics

15.1 Why use ab initio methods in MD?

Most importantly ab initio methods are used to generate the forces needed
for a MD simulation.

Set the initial conditions r;(t,), v;(t,) —)p|  ——— t+ At

Y

Get desired physical quantities

Get new forces F(r;)

Solve the equations of motion numerically over time step At:

ri{ty) —— ri(t4) vilty) ——— vilty41) NO
Calculate results p YES
and finish

This can be done in two obvious ways:

e Fitting of an empirical potential using results from ab initio calcula-
tions.

e Generating the forces directly from electronic structure calculations as
the MD trajectory evolves.

In order to produce analytical potentials, accurate descriptions of interac-
tions between all involved types of atoms are necessary. Experimental data
for these interactions is, however, rare.

Still, even the best fixed potential has some drawbacks, most importantly:

e Many different atom types included in a model give rise to a steeply
rising number of interactions that need to be parametrized.

e Changes in electronic structure (bonding pattern) are generally not
accounted for.

Thus, for the modelling of many phenomena, ab initio simulations are
irreplaceable.
Also, processes not foreseen (parametrized for) can take place — true predic-
tive power.
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15.2 What are ab initio calculations?

The term ,ab initio” (Latin for ,from the beginning”) is generally understood
to denote methods that are devoid of experimental input; in other words
derived from ,first principles”.
As we will see, many of the methods generally referred to as ab initio contain
empirical parameters. Therefore the expression ,electronic structure calcula-
tions” is often more appropriate.

In one way or the other, electronic structure calculations are all based on
the Schrodinger equation

ih%@({ri}, {R;};t) = HO({r;}, {R;}; 1) (15.1)
This neglects
e interactions between nucleons
— almost always appropriate
e relativistic effects.
— problematic for heavy elements

In principle, solution of the time-dependent Schrodinger equation descri-
bes the dynamic behaviour of a system without any additional MD algorithm.
To solve it is, however, almost always prohibitively expensive, therefore we
must resort to different approximations.

15.3 Ab Initio MD

There are three main approaches for combining electronic structure calcula-
tions with molecular dynamics:

e Born-Oppenheimer MD
e Ehrenfest MD
e Car-Parrinello MD

There is a variety of codes available to perform ab initio MD (AIMD) si-
mulations, e.g. ABINIT, CPMD, CASTEP, CP2K, NWChem, VASP. (not
GROMACS, though...)
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15.3.1 Born-Oppenheimer MD

The Hamiltonian with electronic {r;} and nuclear {R;} degrees of freedom
can be written as
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Here, H. is assumed to be the Hamiltonian for the electronic system when
the nuclei are stationary.

Next, let’s assume that the exact solution of the corresponding time-
independent electronic Schrodinger equation

He({ri}; {R Vi = Ex({Ri})Wi({ri}; {R1}), (15.3)

is known for all possible positions of the nuclei. Now it’s possible to expand
the total wave function for the time-dependent Schrodinger equation as

e({ri}: {Rikit) = ) Wi{r:}: {Ri)u({Ri} 1) (15.4)

with the nuclear and electronic wave functions normalized. The sum includes
the complete set {U;} of eigenfunctions for H., and the nuclear wave functions
{x:} can be viewed to be time-dependent expansion coefficients.

When inserted into the time-dependent Schrédinger equation, after mul-
tiplication from the left by Wi ({r;},{R;}) and integration over electronic
coordinates r, a set of coupled differential equations result

h 8

Here C}; are coupling operators, which depend on the kinetic energy and
momenta of the nuclei.

In adiabatic approrimation the non-diagonal elements of Cj,; are disre-
garded. In Born-Oppenheimer approximation it is furthermore assumed that
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Cr = 0, which leads to:
2

R, 0

This approximation is safe for most physically interesting cases.

The next step is to approximate the nuclei as classical point particles.
This is done by rewriting the corresponding wave function in terms of an
amplitude factor A, and a phase S},

xe({Rr};t) = Ap({Rr};t) exp[iSk({Rr}; 1) /A (15.7)

Using the following transformation for the momenta of the nuclei:

P[ = V[Sk, (158)
the Newtonian equations of motion P; = —VU,({R;}) can be written as
% = —V[Ek or
(15.9)

MR, (1) = =VUP({R(1)})
which holds separately for each decoupled electronic state k.

e The nuclei move according to classical mechanics in an effective po-
tential U2, which is given by the Born-Oppenheimer potential energy
surface F.

e F). is obtained by solving the time-independent electronic Schrédinger
equation for the kth state at the given nuclear configuration {R;(¢)}.

e Because we now directly obtain the forces from the Born-Oppenheimer
total energy E}, this approach is often called Born-Oppenheimer mo-
lecular dynamics.

e Because the time-independent Schrodinger equation was utilized for the
electronic system, this approach doesn’t maintain the quantum mecha-
nical time evolution of the system.
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15.3.2 Ehrenfest MD

Another approach, which does maintain the QM time evolution, involves di-
rectly separating the total wave function ®({r;}, {R};¢) so that the classical
limit can be imposed for the nuclei only. The simplest form is a product

O({r;},{Rs};t) = U({r;}; t)x({R;};t) exp [%/t Ee(t')dt’] , (15.10)

where both wave functions again are separately normalized at every instant
of time. To simplify equations, a phase factor

a:/vm&mmmamummmnmammm (15.11)

is introduced.

Inserting this wave function to the equations for the Hamiltonian and to
the Schrodinger equation and implying conservation d (H) /dt = 0 can be
shown to lead to the following relations

zh— = —Z
+{/ QRﬁt>n4&}{Rﬁ>HRﬂwMR}waaw>

— _ZQ_MIVQ

+ {/W*({ri};t)’ﬂe({ri},{RI})W({ri};t)dr} X (15.13)

These coupled time-dependent Schrédinger equations form the basis of the
time-dependent self-consistent field (TDSCF) method introduced in 1930 by
Paul Dirac. Both the electrons and the nuclei move quantum mechanically
in time-dependent effective potentials (i.e., average fields, given in the curly
brackets).

Next step is to again approximate the nuclei as classical point particles,
which is done similarly to what was shown for the Born-Oppenheimer case.
This gives for the equations of motion:

dP;
At
MR;(t) = —VUEF{R;(1)}) (15.14)

= —VI/\IJ*’HG\I/dr or
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Here UF = (U|H,|V) is now the Ehrenfest potential, which is given by
quantum dynamics of the electrons by solving the time-dependent electro-
nic Schrodinger equation

e The AIMD approach using these equations of motion simultaneous-
ly to the time-dependent Schrédinger equation for electrons is called
Ehrenfest molecular dynamics.

e This is a mixed approach where nuclei are treated as classical particles,
but electrons retain their QM nature.

e As a limiting case to the Ehrenfest method, it can be reduced to the
Born-Oppenheimer method by restricting the electronic system to its
ground state.

15.3.3 Comparison Between BOMD and EMD

In the Born-Oppenheimer approach, the electronic state is obtained from the
time-independent, i.e., stationary, Schrodinger equation. This implies that
the time dependence of the electronic system is dictated by the motion of the
nuclei, which it just follows. The method can be expressed for the electronic
ground state as

M[R[(t) = —Vlmin\yo{<\110|7-le|\llo>}
Eo‘If() == He‘lf(). (1515>
It is possible to consider also a certain excited state Uy, k > 0 within the

Born-Oppenheimer method, but without any interferences with other states.

e The BOMD is very dependent on that a minimum (H,.) is reached in
each time step to ensure good results.

In the case of Ehrenfest MD, the forces are calculated ,on-the-fly” as the
nuclei are propagated using classical mechanics. They can be numerically
solved simultaneously from the coupled set of quantum/classical equations

MRy (t) = _VI/\IJ*He\I/dI' = -V (He) (15.16)

Zh%—\f = [_ZQZBV?—{—Un_e({ri}’{RI(t)}) v

)

= HU. (15.17)
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This can be done conveniently by expanding the electronic wave function W

as
00

V(e (Rebt) = S aW{rd: (Re}), (15.18)
1=0
where ¢;(t) are complex coefficients which determine the occupations of each
state [ and W, are solutions to the time-independent Schrédinger equation.
This approach includes the transitions between different electronic states Wy,
and ¥; within the framework of classical nuclear motion and the mean-field
approximation of the coupled problem.

e The Ehrenfest method includes electron dynamics and requires there-
fore a very short time step.

15.3.4 Car-Parrinello MD

Taking into account the strengths and weaknesses of BOMD and EMD, an
ideal AIMD method would

1. integrate the equations of motion on long time scale, but also

2. take advantage of the smooth time evolution of the propagating elect-
ronic wave function.

This is attempted in the Car-Parrinello method. The basic idea of this
method can be viewed as a classical-mechanical adiabatic energy-scale sepa-
ration performed on the fast electronic and slow nuclear motions. In order to
do this, the energy of the electronic subsystem (Wo|H.|¥o), which is a func-
tion of {R;} is treated as a functional of the wave function ¥y and thus of a
set of orbitals {¢;}.

In classical mechanics, the force on the nuclei is obtained from the deriva-
tive of a Lagrangian with respect to {R;}. In a similar manner, a functional
derivative with respect to {¢;} yields correct force on the orbitals, given a
suitably defined Lagrangian. To serve this purpose Car and Parrinello intro-
duced the following class of Lagrangians:

Lcop = Z %MIRfr + Z 0 <¢z
T :

kinetic energy

¢l> — (Vo |H,| Vo) + constraints. (15.19)
—_— T

_ potential energy orthonormality
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Correspondingly, equations of motion are obtained both for the nuclear po-
sitions and the orbitals

d oL oc d 6L oL

dtor, OR;  dtsgr  0oF

(15.20)

which leads to the following equations of motion:

. 9, o) :
MiR;(t) = “IR, (WolHe|Wo) + IR, {constraints}  (15.21)
; ) J .
pugi(t) = T (Vo He|Wo) + Tﬁ{constmmts}. (15.22)

Here p is a fictitious mass assigned to the orbital degrees of freedom.

According to the Car-Parrinello equations of motion, the nuclei evolve
in time at a certain physical temperature o<y, M IR%, whereas a ,fictitious
temperature” o ZZM<¢1‘¢z> is associated with the electronic degrees of
freedom. In this terminology, ,low electronic temperature” or ,.cold electrons”
means that the electronic subsystem is close to its instantaneous minimum
energy, i.e. close to the exact Born-Oppenheimer energy surface.

e A low fictitious temperature assures that the electronic subsystem is
kept close to its ground state.

e Simultaneously, the nuclei must be kept at much higher temperatures.

e This is only possible if the energy transfer from the ,hot nuclei” to
the ,cold electrons” remains practically impossible at the relevant time
scales.

e This requires that the corresponding vibrational density of states do
not substantially overlap.
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Still, the fictitious temperature oscillates around a constant value due to
the drag caused by the movement of the nuclei, but these oscillations are
several orders of magnitude smaller than what would affect the total energy
of the system. Thus Car-Parrinello MD produces a constant energy for the
relevant time scales, and thereby properly describes a microcanonical (NV E)
system.

In some cases heating of the electronic system can become a problem. For
this situation two solutions have been proposed:

e Separate Nosé-Hoover thermostats for electronic subsystem and nuclei,
which keeps the electrons ,,cool”.

e Application of an additional constraint which prevents heating of the
electronic system by the nuclei.

A remaining question is if the forces acting on the nuclei correspond to
the actual forces in the real system. When taking forces from well-converged
Born-Oppenheimer MD simulations as a reference, it was found that Car-
Parrinello forces at most instants deviate from these. However, the deviations
were so small and oscillating within a few time steps that they were irrelevant
for the simulation.

16 Electronic Structure Methods

For all types of AIMD we need to calculate the forces on the nuclei from
MRy = =V (o[ H|T,), (16.1)

which essentially means solving the time independent electronic Schrédinger
equation.

16.1 Hartree-Fock Method

Within the Hartree-Fock (HF) method the electronic wave function is repre-
sented by a single Slater determinant

¢1(r1,01)  di(r2,00) ... di(rn,oN)

1 Pa(r1,01)  Pa(r2,00) ... @a(rn,0N)
q)—ﬁ . ) ) . (16.2)

on(r1,01) én(re,02) ... én(TN,0N)



16.1 Hartree-Fock Method 133

with ¢;(r;,0;) being single particle spin-orbital, which can be expressed as
product of a spatial and a spin function ¢;(r;,0;) = ¢¥7(r;)a;(o;). Spin-
orbitals are also chosen to be orthonormal. The use of a Slater determinant
instead of a simple product is required in order to fulfil the antisymmetry
requirement due to the Pauli principle.

The expectation value of the Hamiltonian can now be written as

(D] @) = 32, [ drvf*(r) [—5V2 + Uexe(r)] U7 (v) + Bt
+5 Dioray J Ardr T ()07 (1) el (0w (r) - (16.3)

LY S A () () e () (1)
with
e first line including sums over single particles

e second line containing the Coulomb interactions between two particles

e third line containing the exchange interactions between two particles
of the same(!) spin.

The wave function is optimized by minimization of the expectation value.
This gives the best single-determinant wave function for the system (con-
strained by the basis functions used to represent the orbitals).

e Obtained orbitals can be interpreted using Koopman’s theorem: The
ergenvalue of a filled orbital is equal to the change in energy, if an
electron is subtracted from the system, keeping all other orbitals the
same. L.e. the eigenvalue of an orbital can be seen as approximation for
the ionization energy.

e Interactions between electrons are only included in an average way, the-
refore correlation effects beyond electron exchange are neglected.
Correlation always stabilizes a system, the HF energy is thus an upper
limit for the exact energy.

e Correlation effects can be accounted for in post-HF methods by sys-
tematically using additional Slater determinants in the construction of
the wave function. This is computationally very demanding.
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16.2 Density Functional Theory

The use of density functional theory in electronic structure calculations is
based on two theorems by Hohenberg and Kohn. It has since then developed
to become the most widespread (set of ) method(s) used in electronic structure
calculations. The theorems are:

e For any system of interaction particles in V.., the potential is defined
uniquely, except for a constant, by the ground state particle density

no(I‘).
Corollary: The ground state density uniquely determines the poten-

tial, thus the Hamiltonian, and thereby the many-body wave functions
for all states. Thus all properties of the system are determined by ng(r).

e A universal functional for the energy E[n] in terms of the density n(r)
can be defined, valid for any external potential V.. The exact ground
state energy of the system is the global minimum value of this functio-
nal, and the density which minimizes the functional is the exact ground
state density no(r).

Corollary: The functional E[n| alone is sufficient to determine the
exact ground state energy and density.

This allows us in principle to derive all properties of the system directly
from the electron density without having to solve the Schrodinger equation.

e While the many-body wave function of N particles depends on 3N
variables, the electron density in principle depends only on 3 spatial
coordinates.

However, even though the existence of a functional connecting the electron
density to the energy has been proven,

e the form of the functional is not known,
e and no method has been given to find the functional.

Still, a huge number of approximate functionals have been developed that
give very good results.
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16.2.1 Kohn-Sham Theory

e Nearly all practically relevant functionals are based on the Kohn-Sham
(KS) ansatz.

The largest problem in early DFT has been the representation of the
kinetic energy of the electrons. The idea of the KS formalism is to split the
kinetic energy into two terms - one that can be calculated exactly, and a
small correction term.

e The electron density of the original interacting system is equal to that
of some arbitrary non-interacting system.

e The kinetic energy of the non-interacting system can be exactly calcu-
lated.

The exact kinetic energy of the non-interacting system of IV electrons is given
as

Ty — —%Zwi!vﬂw» (16.4)

However, this calculations requires the use of orbitals again, thus the calcula-
tion depends on 3N coordinates again. These orbitals (denoted Kohn-Sham
orbitals) are not identical with orbitals derived from Hartree-Fock theory and
lack strictly speaking physical meaning.

The classical Coulomb energy can be directly calculated from the electron

Jln] = = / drdy"0)2E) (16.5)

2 v —r/|

The total electronic energy can now be written as

density

Eppr[n| = Ts[n] + Eue[n] + Jn| + Exc[n] (16.6)

with the exchange-correlation energy Fy.[n| being the difference of the kinetic
and internal interaction energies between the true and the fictitious non-
interacting system.

Exe[n] = (T[n] = Ts[n]) + (Eee[n] — J(n]) (16.7)

So, now only a correct functional E..[n| is needed in order to give the
exact ground state energy and electron density. Unfortunately this is not
known. But the portion of the total energy that has to be approximated is
much smaller than without the Kohn-Sham method.
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DFT wouldn’t have acchieved it’s current status without practical, ap-
proximate functionals, which are possible because of the Kohn-Sham
ansatz, which separates the exchange-correlation functional from other
interactions.

Even though the exact functional Ey.[n| must be very complex, great
progress has been made with rather simple approximations.

Unfortunately, no systematic way exists to improve the results (as there
is in HF theory by including additional determinants).

16.2.2 Functionals

Local (Spin) Density Approximation (L(S)DA)

The local spin density approximation is based on the assumption that
the system can locally be treated as an uniform electron gas. For this
case the exchange energy is known exactly.

ESON o) = 200, Y [t war (16.8)

Also, the correlation energy has been derived for the high and low den-
sity limit; for intermediate densities several different parametrizations
exist.

— LSDA is exact for uniform electron gas.
— Can be expected to work for metals with nearly-free electrons.

— For system with strongly varying electron density (like molecules)
LSDA often fails dramatically.

Generalized Gradient Approximation (GGA)

Improvements over LSDA must consider variations in the electron den-
sity. A step in this direction is to make the exchange and correlation
energies dependent not only on the electron density, but also on de-
rivatives thereof. Straightforward inclusion of terms depending on the
first derivative, however, leads often to worse results than the uncorrec-
ted functional. Generalized gradient approximation functionals include
first derivatives together with terms ensuring correct behaviour.
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— Many GGA functionals give reasonably good results for chemically
complex systems.

— Common exchange functionals include B (or B88) and OPTX.
— Common correlation funcitonals are LYP, PW86, PW91, and PBE.

e Meta-GGA functionals

A logical extension of the GGA is the inclusion of higher order deriva-
tives into the functional form. These functionals are called meta-GGA
functionals. Commonly used functional of this group is B95 and TPSS.

e Hybrid functionals

Hybrid functionals approximate part of the exchange energy using the
exchange energy of the Kohn-Sham orbital Slater determinant as obtai-
ned from Hartree-Fock theory. The ratio between this exact exchange
and exchange energy from LSDA or GGA functionals that is to be
used in a hybrid functional is often obtained in a fitting process. The
extremely common B3LYP functional belongs to this category.

16.2.3 Basis Sets & Pseudopotentials

While in calculations on isolated molecules, usually atom centred basis func-
tions are used to generate orbitals, this approach is not not practical for
extended (infinite) systems, like a box with periodic boundary conditions. In
these the use of plane wave functions

Xn(r) = e™” (16.9)

is more adequate. This way, the number of basis functions required to describe
a system depends only on the dimensions of the periodic cell, and does not
grow linearly with the system size.

Plane wave functions are ideal for describing delocalized slowly varying
electron densities, such as valence bands in metals. Core electrons, howe-
ver, are strongly localized around the nucleus and valence orbitals have a
number of rapid oscillations in the core region. Describing the core region
appropriately would thus require a large number of rapidly oscillating func-
tions. Therefore, plane wave basis sets need to be used in combination with
pseudopotentials for smearing out the nuclear charge and modelling the effect
of the core electrons.
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Requirements for a ,,good” pseudopotential are

All-electron and pseudo valence eigenvalues agree.
Wave functions agree beyond a chosen R..
Logarithmic derivatives agree at R..

The integrated charge inside R, for each wave function agrees (norm-
conservation).

First energy derivative of the logarithmic derivatives of the wave func-
tions agree at all r > R,.

Especially the projector augmented wave (PAW) formulation of pseudopo-
tentials has made them appropriate for DFT calculations of total energies
and forces.
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16.3 Scaling of Methods

Model Type Scaling Nmax
Full solution of quantum mechanical, N 1
Schrédinger equation ab initio O(e )
HF (Hartree-Fock) quantum mechanical, 4 -8 50
ab initio ON )
DFT (density functional 3 1000
theory) O(N")
TB (Tight-binding) quantum mechanical 3 1000
(often semiempirical) O(N ) 10000
MBP (Many-body poten- classical, semiempirical O(N) 108
tial)
PP (Pair potential) classical, semiempirical O(N) 109
Summary

Comparison of the different AIMD equations of motion for a single-determinant
electronic structure method, ¥y = 1/v/ Nldet{t,;}. The A;; employs con-
straints on the electronic structure.

AIMD Nuclei Electronic structure

BO  MR(t) = =V ming {(Vo[Hc|Vo)} 0= —Heoi+ >, Ao,

CP MiR(t) = =V (o|He[ Vo) poi(t) = —Hedi + 3, Nijd;
E MR(t) = =V (Uo|H|To) ihWy(t) = —H. T,

e BO uses the ground state electronic structure, solved self-consistently
for each positions of the nuclei.

e CP employs fictitious dynamics for the electronic structure, which en-
sures propagation from one time step to the next so that the electronic
subsystem remains close to the ground state (cool electrons).

e E relies on true QM dynamics for the electronic subsystem.
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The forces needed for AIMD can be generated using a variety of methods
of electronic structure calculation.

e HF theory gives the best possible solution of the time-independent
Schrodinger equation that can be represented by a single Slater deter-
minant. Except for electron exchange, no correlation effects are inclu-
ded.

e Results from HF theory can be systematically improved by inclusion of
additional determinants. This is however computationally very expen-
sive.

e DFT provides a different (although related) approach to electronic
structure calculations, including exchange and correlation in a com-
putationally cheap way. A large number of functionals have been sug-
gested, many giving good results for many systems. However, there is
no systematic way to improve results.

e Electronic structure calculations rely on basis functions (forming a basis
set) for the representation of orbitals. For periodic systems plane wave
basis sets are advisable; these should be combined with appropriate
pseudopotentials.



