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Bio-inspired catalyst for hydrogen production
Ab-initio MD simulations are used to learn how the active site of an enzyme of hydrogenproducing bacteria could
be modified so that it remains stably active in an artificial production system. Courtesy of A. Selloni, Princeton.
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Unifying molecular dynamics and electronic structure

Starting point: the non-relativistic Schrodinger equation for electron and
nuclei.

L0
ihg ®({ri}, (R} t) = HO({ri}, {Ri}; 1) (1)
where H is the standard Hamiltonian:
h2
_ 2 2
" - zm VoY g

T Z 62 B 1 Z e2Z/ + 1 Z e2Z[Z_[
471'60 i</ ‘I’,‘ —I’j| 47‘(’60 I, |R/ —I’,'| 47‘(‘60 <) |R/ — R_/|

- Z WV/ - Z Trnevi + Vi—e({ri}, {Ri})

= Z 7V2 + He({ri}, {Ri}) ()
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Route 1
Route 2

Unifying molecular dynamics and electronic structure

» Route 1:
1) The electronic problem is solved in the time-independent
Schroedinger eq.
2) from here the adiabatic approximation for the nuclei is
derived, and as a special case the Born-Oppenheimer
dynamics.
3) The classical limit leads then to the classical molecular
dynamics for the nuclei.
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Route 2

Unifying molecular dynamics and electronic structure

Goal: derive the classical molecular dynamics. As intermediate two
variant of ab initio molecular dynamics are derived.

> Solve the electronic part for fixed nuclei

He({ri}, {RiI} Wi = Ex({R )V« ({ri}, {Rs}) (3)

where W, ({r;},{R/}) are a set of orthonormal solutions, satisfying:
/\Ut({r;}, {R)V({ri}, {R;})dr = 0u (4)

Knowing the adiabatic solutions to the electronic problem, the total
wavefunction can be expanded as:

oo

o({ri} R} 1) = > Wi({ri}h {RDx({Ri}, 1) ()

I=0

Eq.5 is the ansatz introduced by Born in 1951.
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Unifying molecular dynamics and electronic structure

Inserting (5) into Eq.(1) (multiplying from the left by Wi ({r;}, {R,}) and
integrating over all the electronic coordinates r) we obtain:

2
[ Z ;vaf + Ex({R/})

Ck/ = /‘-Ui

N Mi, z;{ / W[ iAW, dr iV (7)

.0
Xk + Z Cuxi = lhan (6)
where:

h2
1

is the exact non-adiabatic coupling operator.

» The adiabatic approximation to the full problem Eq.6 is obtained
considering only the diagonal terms:

h? .
Co=—)_ TV / ViV, dr (8)
I
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Unifying molecular dynamics and electronic structure

n _, 0
— — E.({R Ck({R =ih—
2/: o Vi BRI + Cu{Ri}) | e = i (9)
The motion of the nuclei proceed without changing the quantum state,

k, of the electronic subsystem during the evolution. The coupled
wavefunction can be simplified as:

O({ri}, {Ri}, 1) = Wi({ri}, {Ri})xx({Rs}, t) (10)

the ultimate simplification consist in neglecting also the correction term
Ckk({R/}), so that

R, L0
=3 33,V BURD) = (1)

This is the Born-Oppenheimer approximation.
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»

R

On each Born-Oppenheimer surface, the nuclear eigenvalue problem can
be solved, which yields a set of levels (rotational and vibrational in the
nuclear motion) as illustrated in the figure.
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Unifying molecular dynamics and electronic structure

The next step is to derive the classical molecular dynamics for the nuclei:

xk({Ri}, ) = Ac({R}, t)expliSk({Ry}, t) /1] (12)

the amplitude Ax and the phase Si are both real and Ay > 0. Next we
substitute the expression for xx into eq. 11.

- Z sz + Ex({Ri}) | Ac({Ri}, t)expliSk({R}, t)/h] = (13)

m% (Ak({Rl}v t)eXp[iSk({Rl}a t)/h])

- Z 2M 1 (V1 (AcexpliSi/h])) + ExAxexpliSk/h] = (15)

ih%exp[isk/h] h?i %Akexp[lsk/ﬁ]

n2 i
-3 v, (V,Akexp[isk /h] + Ak%VSkexp[iSk /n]) + ExAcexpiSi /Bl = (16)
1

— da—StkAk exp[iSk /]
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Unifying molecular dynamics and electronic structure

n i 5 i
_Zilek—ZmV/AkﬁV/Sk—ZTA/IIV/A/(%V/S/( (17)
—Z—Ak ! (VSk) - LAk VS + B =
2M,
PR 05,
ot ot "

Separating the real and the imaginary parts, we obtain:

95k W VA
JFZZM VSk JrEk— 22/\/’/ A (18)
aA
—F 4 Z i VYISt Z —Akwsk =0 (19)
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Unifying molecular dynamics and electronic structure

If we consider the equation for the phase:

OSk 1 2 h? V32Ax
— — Ex = — — 2
ot +XI: 2M, (VSk) + Ek XI: 2M,  Ag ( 0)
it is possible to take the classical limit 7z — 0 which gives the equation:
85k
S E,=0 21
+ Z 5 M (VSk)* + Ex = (21)

which is isomorphic to Hamilton-Jacobi of classical mechanics:

Ok MR, (7150) =0 22)

with the classical Hamiltonian function

He({R/}, {Ps}) = T({P:}) + Vi({R/}) (23)

With the connecting transformation: P; = V5.
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Route 2

Unifying molecular dynamics and electronic structure

> Route 2:
1) Maintain the quantum-mechanical time evolution for the
electrons introducing the separation for the electronic and
nuclear wf function in a time-dependent way
2) Time-dependent self consistent field (TDSCF) approach is
obtained.
3) Ehrenfest dynamics (and as special case Born-Oppenheimer
dynamics)
4) The classical limit leads then to the classical molecular
dynamics for the nuclei.
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Unifying molecular dynamics and electronic structure

It is possible to follow an alternative route in order to maintain the
dynamics of the electron.

({ri}. (Ri}. 1) = W({r;}. )X ({R1}, t)expl - / t)dt] (24)
where:

E.= [ (b 00 (R OHY({r) OX((Ri}, DdrdR (25)
Inserting this separation ansatz (single determinant ansatz) into

ige®({ri} {Ri}it) = HO({r;}, {Ry}; t)

and multiplying from the left by W* and by x* we obtain
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Unifying molecular dynamics and electronic structure

ov R,
/ha —Z Y3y

+{ / R ) Vae(dri} (RIDXUR}. )R} (26)

aX h2 2
Wor =~ 2 am, VX

+ / v ({rh OH Ik IRIDV(RY Dy (27)

This set of time-dependent Schroedinger equations define the basis
of time-dependent self-consistent field (TDSCF) method.

Both electrons and nuclei moves quantum-mechanically in
time-dependent effective potentials.
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Route 2

Unifying molecular dynamics and electronic structure

¢ Classical motion induces electronic transitions
* Quantum state determines classical forces

— Quantum - Classical Feedback: Self-Consistency
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Using the same trick as before of writing

xk({Ri}, t) = Ac({Ri}, t)expliSk({Ri}, t) /7] (28)

we obtain

95k ) n? V2A,
+22M (VSi)? /w He\Udr:—ZTMI A (29

8Ak

Z M, VANV S, + Z 7Akv25k =0 (30)

And in the classical limit A — 0

as .
—x +Z 2/\/1 (VS)? /w HeWdr = 0. (31)
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Unifying molecular dynamics and electronic structure

The Newtonian equation of motion of the classical nuclei are:

ddpt’ = V,/\U*He\lldr (32)
MiRi(t) = =V VE({Ri(1)}) (33)

here the nuclei move according to classical mechanics in an
effective potential VE({R(t)}), often called the Ehrenfest
potential.

Marialore Sulpizi Unifying molecular dynamics and electronic structure



Route 1
Route 2

Unifying molecular dynamics and electronic structure

» The nuclei move according to classical mechanics in an
effective potential (Ehrenfest potential) given by the quantum
dynamics of the electrons obtained by solving the
time-dependent Schréedinger equation for the electrons.

lh— = Z 2meV2

+{/X*({RI}7t)Vne({ri}7{RI})X({Rl}a t)dR}W (34)

Note: the equation (31) still contains the full quantum-mechanics
nuclear wavefunction x({R;}, t). The classical reduction is
obtained by:

/ V' (R} ORIX{Ri}. £)dR — Ry (1) (35)

for h — 0.
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Unifying molecular dynamics and electronic structure

The classical limits leads to a time-dependent wave equation for
the electrons

2
o ==Y SV Vil (kR (30
oy = (i} (ROVARLRY)  (7)

» Feedback between the classical and quantum degrees of
freedom is incorporated in both direction, even though in a
mean field sense.

» These equations are called Ehrenfest dynamics in honor to
Paul Ehrenfest who was the first to address the problem of
how Newtonian classical dynamics of point particles can be
derived from Schroedinger time-dependent wave equation.
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Unifying molecular dynamics and electronic structure

Difference between Ehrenfest dynamics and Born-Oppenheimer
molecular dynamics:
> In ED the electronic subsystem evolves explicitly in time,
according to a time-dependent Schroedinger equation
» In ED transition between electronic states are possible.
This can be showed expressing the electronic wavefunction in

a basis of electronic states
o0

V({rik AR}, 6) =D a(t)Vi({ri} {Ri}) (38)
1=0
where

> lat))F=1 (39)
/=0

and one possible choice for the basis functions {W} is obtained
solving the time-independent Schroedinger equation:

He({ri}, {Ri DV ({ri}. {Ri}) = Ek({R Vi ({ri}. {R/}).  (40)
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Unifying molecular dynamics and electronic structure

The Ehrenfest dynamics reduces to the Born-Oppenheimer
molecular dynamics if only one term is considered in the sum:

V({ri}, (R}, 0) =D a(t)vi({ri}.{Ri})

=0

namely:
V({r;i},{R;}, t) = Woground state adiabatic wavefunction (41)

This should be a good approximation if the energy difference
between Wy and the first excited state Wy is large everywhere
compared to the thermal energy scale Kg T.

In this approximation the nuclei move on a single adiabatic
potential energy surface, Eo({R/}).
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b2 Na"+Cl~

Na+Cl

Na+Cl
¢1

Na®+CI~
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The evolution of each initial
point in the phase space is
determined by a single
independent trajectory driven by
an average potential energy
surface involving many states

Unifying molecular dynamics and electronic structure



Route 1
Route 2

Unifying molecular dynamics and electronic structure

energy
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The Ehrenfest method violates microscopic reversibility. The
forward path probability, Pf3" = |a§"?/|2 for a system initially
prepared in state 1 to end up in state 2, must be equal to the
backward path probability, P22k = |afin2!|2 state 2 to end up in
state 1.
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classically
forbidden

energy

Instead of calculating the " best”
(i.e., state-averaged) path like in
the Ehrenfest method, the

1
c | ol .surface hopping technique
S involves an ensemble of
= . .
3 trajectories.
g
lai*
0
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Classical trajectory calculations on global potential energy
surfaces

In BO one can think to fully decouple the task of generating classical
nuclear dynamics from the task of computing the quantum potential
energy surface.

> FEy is computed for many different {R;}
» data points fitted to analytical function

» Newton equation of motion solved on the computed surfaces for
different initial conditions

Problem: dimensionality bottleneck. It has been used for scattering and
chemical reactions of small systems in vacuum, but is not doable when
nuclear degrees of freedom increase.
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Unifying molecular dynamics and electronic structure Route 2

Force Field - based molecular dynamics

One possible solution to the dimensionality bottleneck is the force
field based MD.

N N
VE~ VEF =3 " w(R) + > wa(R,Ry) + (42)
=1 1<J
N
> vs(R, Ry, Ri) + ... (43)
1<J<K

The equation of motion for the nuclei are:
MiR(t) = =V, VEF({R)(1)}). (44)

The electrons follow adiabatically the classical nuclear motion and
can be integrated out. The nuclei evolve on a single BO potential
energy surface, approximated by a few body interactions.
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Unifying molecular dynamics and electronic structure Route 2

Ehrenfest molecular dynamics

To avoid the dimensionality bottleneck the coupled equations:

M/ﬁ[(t) = —VI<He> (45)

2
,-hf';“;: _Z;;ev,uvne({ri},{R,})x({R,},t) v (46)

can be solved simultaneously.
The time-dependent Schroedinger equation is solved on the fly as
the nuclei are propagated using classical mechanics.
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Using
V({ri} (R} 1) =D a(t)w({ri}, {R1})
1=0

the Ehrenfest equations reads:

MiR(t) = —V,Zyck(t)FEk (47)
= *Z ’Ck ‘ V/Ek + ZCkC/ Ek — E/)dkl (48)

k.l
ihee(t) = t)Ex — /hch t) DM (49)

where the non-adiabatic coupling elements are given by

Dk’:/ 5, Vidr = ZR,/wW,w,:ZR,d“. (50)
1
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Thermostat on the electrons
Analytic and numerical error estimates

Car-Parrinello molecular dynamics
4 CP vs BO

Car-Parrinello molecular dynamics

oy g - A e rezet IGTP PRoto Afchies
Description

Roberto Car with Michele Parrinello, during the Stig Lundqvist Research Conference on
the Advancing Frontiers in Condensed Matter Physics, Adriatico Guest House, July 2001

» Combine the advantages of Ehrenfest and BO dynamics

> Integrate the equation of motion on a longer time-step than in
Ehrenfest, but at the same time

> take advantage of the smooth time evolution of the dynamically
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Car-Parrinello Lagrangian and equations of motion
Thermostat on the electrons

. . Analytic and numerical error estimates
Car-Parrinello molecular dynamics CP vs BO

VOLUME 55, NUMBER 22 PHYSICAL REVIEW LETTERS 25 NOVEMBER 1985

Unified Approach for Molecular Dynamics and Density-Functional Theory

R. Car
International School for Advanced Studies, Trieste, Traly

and

M. Parrinello
Dipartimento di Fisica Teorica, Universita di Trieste, Trieste, Italy, and
International School for Advanced Studies, Trieste, Italy
(Received 5 August 1985)

We present a unified scheme that, by combining molecular dynamics and density-functional
theory, profoundly extends the range of both concepts. Qur approach extends molecular dynamics
beyond the usual pair-potential approximation, thereby making possible the simulation of both co-
valently bonded and metallic systems. In addition it permits the application of density-functional
theory to much larger systems than previously feasible. The new technique is demonstrated by the
calculation of some static and dynamic properties of crystalline silicon within a self-consistent pseu-
dopotential framework.
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Car-Parrinello Lagrangian and equations of motion
Thermostat on the electrons
Analytic and numerical error estimates

Car-Parrinello molecular dynamics
4 CP vs BO

Car-Parrinello Lagrangian and equations of motion

CP dynamics is based on the adiabatic separation between fast
electronic (quantum) and slow (classical) nuclear motion.
They introduced the following Lagrangian

1. o
Lcp = Z 5M,R%—l—Zu < ¢j|lpi > — < Wo|He|Wo > +constraints
] i

(51)
where Wg = 1/v/Nldet{¢;}

and p is the fictious mass of the electrons.
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Car-Parrinello Lagrangian and equations of motion

Thermostat on the electrons

Analytic and numerical error estimates
CP vs BO

Car-Parrinello molecular dynamics

the associated Euler-Lagrange equations are:

doc oL
dtor,  OR
doc oL
dtags  0¢r

from which the Car-Parrinello equations of motion:

MR,(t) = “9R, < Wo|He|Wg > —i—a—Rl{constraints}
0 0

< Wo|He|Wo > + {constraints}

pgi(t) = R 567

(52)

(53)

(54)

(55)
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Car-Parrinello Lagrangian and equations of motion
Thermostat on the electrons

Analytic and numerical error estimates

CP vs BO

Car-Parrinello molecular dynamics

For the specific case of the Kohn-Sham Theory the CP Lagrangian is:
1 . -
Lep =)  SMRF+3 1< dildi > — < Wo HIE[Wo >
I i

+ > Ny(< diley > —oy)  (56)

ij

and the Car-Parrinello equations of motion:

MR(t) = —i<wo|H§5|w0> (57)
OR,
poi(t) = —HE0i 4+ Mgy (58)
J

The nuclei evolve in time with temperature oc 3", M;R?;
the electrons have a fictitious temperature o< >, 11 < ¢i|di >.
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Car-Parrinello Lagrangian and equations of motion
Thermostat on the electrons

. . Analytic and numerical error estimates
Car-Parrinello molecular dynamics CP vs BO

Why does the CP method work?

» Separate in practice nuclear and ionic motion so that
> electrons keep cold, remaining close to
mingsy < WolHe|Wo >, namely close to the
Born-Oppenheimer surface

flw) arb. units

0 1000 2000 3000 4000 5000 6000 7000 8000
Frequency (THz)

flw) = oo cos(wt) Z < i t]di; 0 > dt (59)
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Car-Parrinello Lagrangian and equations of motion
Thermostat on the electrons
Analytic and numerical error estimates

Car-Parrinello molecular dynamics
4 CP vs BO

Energy Conservation

-1173

-7.174 SOTiS
78\ -7.173
g “7.174 Ephys
&
it 6 ]
) 1%
I VY AV VAV AAVAVAVAVAVAVAVAY
g
m <7175

1e-06 = ]"e

0e+00 il | Il L

50 100 150 450_ 500 550 800 850 900
Time (fs)

1 . o
Econs = ZEM/R%+ZM<¢;|¢,’>+<\|/0‘H£<S|\Uo> (60)
I i

1 .
Eohys = SMIRi+ < WolHE®[Wo >= Econs — Te (61)
I

Ve = < Wo|HS W, > (62)
Te = > u<oildi> (63)
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Analytic and numerical error estimates

Car-Parrinello molecular dynamics
4 CP vs BO

Energy Conservation

7173

7174

cons

7173

3

Ephys

§
|
|

Energy (hartree)

1e-06 [~ T

Il Il il L
50 100 150 ASQ 500 550 800 850 900
Time (fs)

» Electrons do not heat-up, but fluctuate with same frequency as V,
> Nuclei drag the electrons

> Eppys is essentially constant
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. . Analytic and numerical error estimates
Car-Parrinello molecular dynamics
CP vs BO

Deviation from Born-Oppenheimer surface

0.01

4

Force (a.u.)
Difference force (10 a.u.)

2 ‘ 800
H Tilﬁgo(fs) b . Tin?go(fs) o

Deviation of forces in CP dynamics from the true BO forces small
and/but oscillating.
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Car-Parrinello Lagrangian and equations of motion
Thermostat on the electrons

Analytic and numerical error estimates

CP vs BO

Car-Parrinello molecular dynamics

How to control of adiabaticity?

In a simple harmonic analysis of the frequency spectrum yields

where €; and ¢; are the eigenvalues of the occupied/unoccupied orbitals of
the Kohn-Sham Hamiltonian. The lowest possible electronic frequency is:

; E,
wi" x &P (65)
I
The highest frequency
Ecu
Wl x <t (66)
I
Thus maximum possible time step
At [ (67)
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Car-Parrinello Lagrangian and equations of motion
Thermostat on the electrons

Analytic and numerical error estimates
CP vs BO

Car-Parrinello molecular dynamics

In order to guarantee adiabatic separation between electrons and
nuclei we should have

max

> large wI"" — wy

wy® and Eg,p depend on the physical system, so the parameter to
control adiabaticity is the mass p.
However the mass cannot be reduced arbitrarily otherwise the

timestep becomes too small.

Alternatively if At is fixed and p is chosen
> 1 too small: Electrons too light and adiabacity will be lost

> 1 too large: Time step eventually large and electronic degrees
of freedom evolve too fast for the Verlet algorithm
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Car-Parrinello Lagrangian and equations of motion
Thermostat on the electrons
. . Analytic and numerical error estimates
Car-Parrinello molecular dynamics
CP vs BO

Loss of adiabaticity: the bad cases

e Vacancy in hot 64-atom Si cell

0.08 1400
0.08 - - 1300
o
Q
o
5
5 1200
&
(-
1100
1000

time (10* atu)

Due to the presence of the vacancy there is a small gap in the

system.
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Car-Parrinello Lagrangian and equations of motion
Thermostat on the electrons

Analytic and numerical error estimates

CP vs BO

Car-Parrinello molecular dynamics

Loss of adiabaticity: the bad cases

e Sn>:. Degeneracy of HOMO and LUMO at short distances

2x10 1T T

K; (hartree)

d (a.u.)

time (10* atu)

In this system the gap is periodically opened (up to 0.3 eV) and
nearly closed at short distances. The electrons gain kinetic energy
in phase with the ionic oscillations.
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Car-Parrinello Lagrangian and equations of motion
Thermostat on the electrons

. . Analytic and numerical error estimates
Car-Parrinello molecular dynamics CP vs BO

Zero or small electronic gaps: thermostatted electrons

» One way to (try to) overcome the problem in coupling of
electronic and ionic dynamics is to thermostat also the
electrons (Blochl & Parrinello, PRB 1992)

» Thus electrons cannot heat up; if they try to, thermostat will
adsorb the excess heat

» Target fictitious kinetic energy Ej, o instead of temperature

> Mass of thermostat to be selected appropriately:

Too light: Adiabacity violated (electrons may heat up)
Too heavy: lons dragged excessively

» Note: Introducing the thermostat the conserved quantity
changes
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Car-Parrinello Lagrangian and equations of motion
Thermostat on the electrons

Analytic and numerical error estimates

CP vs BO

Car-Parrinello molecular dynamics

_9
OR,

pdi(t) = —HES¢i+ > Njoj—pdixe (69)
J

MR (t) < W HES Wy > — MRk (68)

in blue are the frictious terms governed by the following equations:

Qe).ee = 2 [Z ,LL¢2 - Ekin,O (70)
Qrin = 2| AME - gksT (71)
; 2 2
The masses Q. and Qr determines the time scale for the thermal
fluctuations. The conserved quantity is now:
1 . .
Eror = ) 5 MR+ 1 < il > + < Wol HI | Wo >
[ i
1, 1,
+ 2 QX + 2Egin0xe + = QrXp + gKg Txr (72)
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. . Analytic and numerical error estimates
Car-Parrinello molecular dynamics

CP vs BO

Thermostat on the electrons: examples

e Example: Aluminium

o Dependence of the heat transfer on the choice of Ekino in solid Al
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Car-Parrinello Lagrangian and equations of motion
Thermostat on the electrons

. . Analytic and numerical error estimates
Car-Parrinello molecular dynamics
CP vs BO

Thermostat on the electrons: examples

e 64 atoms of molten aluminium
e (a): Without thermostat

e (b): With thermostat

0.16 T T T T
= 012+ .
2
S o8t @ .
=
Z
X 04} i
b= (b)
0 i | 1 |
0 02 04 06 0.8 10
t (psec)
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Car-Parrinello Lagrangian and equations of motion
Thermostat on the electrons

Analytic and numerical error estimates

CP vs BO

Car-Parrinello molecular dynamics

Thermostat on the electrons: examples

¢ Check: Radial pair correlation function
— Solid line: CP-MD with thermostat

— Dashed line: Calculations by Jacucci et al
T T
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Car-Parrinello Lagrangian and equations of motion
Thermostat on the electrons
Analytic and numerical error estimates

Car-Parrinello molecular dynamics
4 CP vs BO

Analytic and numerical error estimates

» The CP forces necessarily deviate from the BO
» The primary effect of u makes the ions " heavier”

> No effect on the thermodynamical and structural properties, but
affect the dynamical quantities in a systematic way (vibrational
spectra)

i(t) = 7 (t) + 6¢i(t) (73)

Inserting this expression into the CP equations of motions:

GHORLHURDS {<¢|8"" >8<¢'|¢, S} +O6R) (74)

the additional force is linear in the mass u so that it vanishes properly as
w— 0.
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Analytic and numerical error estimates

CP vs BO

Car-Parrinello molecular dynamics

The new equations of motion:
(My + ALM)R, = F, (75)
where, in the isolated atom approximation,

2 2m
DMy =3 El. === Z < ¢j| - —v%ﬁj >>0 (76)

is an unphysical mass, or drag, due to the fictitious kinetics of the
electrons

» for a system where electrons are strongly localized close to the
nuclei there more pronounced renormalization effect
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Car-Parrinello Lagrangian and equations of motion
Thermostat on the electrons

Car-Parrinello molecular dynamics

CP vs BO

Analytic and numerical error estimates

Example: Vibrations in water molecule

7
mode harmonic BOMD 50 100 200 400 dM/M [%)]
bend 1548 1543 1539 1535 1529 1514 0.95x10 p
sym. 3515 3508 3494 3478 3449 3388 1.81x10 3
asym. 3621 3616 3600 3585 3556 3498 1.71x10 3

To correct for finite-p effects:

» Perform simulation for different p-values and extrapolate for

u— 0.

» use mass renormalization according to:

/ AM
= 1 H
WBO = WcpP + M

(77)
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Car-Parrinello Lagrangian and equations of motion
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. . Analytic and numerical error estimates
Car-Parrinello molecular dynamics
CP vs BO

Car-Parrinello vs Born-Oppenheimer dynamics

Born-Oppenheimer MD Car-Parrinello MD

Exactly on BO surface Always slightly off BO surface

At 2~ ionic time scales, At < ionic time scales,

maximum time step possible (much) shorter time step necessary
Expensive minimisation Orthogonalisation only,

at each MD step less expensive per MD step

Not stable against deviations Stable against deviations

from BO surface from BO surface

= Energy/temperature drift,
thermostatting of ions necessary

Same machinery in zero-gap systems | Thermostatting of electrons
to prevent energy exchange

Most applications in solids Superior for liquids
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Analytic and numerical error estimates

CP vs BO

Car-Parrinello molecular dynamics

CP vs BO: energy conservation

T T T T T T T At, convergence
Top:

1e-05 |- P

¢ solid line @ CP, 5 a.u.;

0e+00 open circ. : CP, 10 a.u.;

filled squar. : BO, 10 a.u., 1076,
-1e-05

Middle:

open circl. : CP, 10 a.u.;

filled squar. : BO, 10 a.u., 107°;
filled trian. : BO, 100 a.u., 107%;
open diam. : BO, 100 a.u., 1075.

1e-04
0e+00 I

-1e-04

Bottom:

open circ : CP, 10 a.u.;

open diam. : BO, 100 a.u., 1073;
dashed line : BO, 100 a.u., 10~*

5e-03

0e+00

-5e-03
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Car-Parrinello molecular dynamics
y CP vs BO

CP vs BO: timing

STABILITY OF BO AND CP MD COMPARED
CPMD results for the 8 Si atom maodel systam

Timings in cpu seconds and energy conservation in a.u. / ps for
CP and BO Molecular dynamics simulations for 1 ps of trajectory
on an IBM RS6000 / model 390 (Power2) workstation

Method | Time step | Convergence | Conservation (au/ps) | Time (s)
cP 5 . 631078 3230
CcP 7 et 1x10 7 2310
CcP 10 — 3x10°7 1610
BO 10 10-¢ 1x10-° 16590
BO 50 108 1x10°8 4130
BO 100 107® 61070 2250
BO 100 10-° 1x10-3 1660
BO 100 101 131073 1060

Marialore Sulpi:
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. . Analytic and numerical error estimates
Car-Parrinello molecular dynamics

CP vs BO

CP of liquid water: Energy conservation

LN N N B L B L B B B L

-17.195 =

z —
W -17.200

o R I N T T N T TN T T O T

t [ps]
CPMD-800-NVE-64
CPMD-400-NVE-128
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Car-Parrinello molecular dynamics

CP of liquid water: structure

=
B T

4
r [A]

5

)

Car-Parrinello Lagrangian and equations of motion
Thermostat on the electrons

Analytic and numerical error estimates

CP vs BO

Oxygen-oxygen radial
distribution

BOMD-NVE (solid line)
CPMD-NVE

CPMD-NVE-400-64
CPMD-NVE-400-128

CPMD-NVT-400
CPMD-NVT-800
CP2K-MC-NVT

The radial distribution functions are correct and independent of
the method used.
J. Phys. Chem. B 2004, 108, 12990.
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Car-Parrinello molecular dynamics
CP vs BO

Car-Parrinello method: Summary

> Molecular dynamics can be used to perform real-time dynamics in
atomistic systems

> Verlet algorithm yields stable dynamics (in CPMD implemented
algorithm velocity Verlet)

> Born-Oppenheimer dynamics: Max time step 1 fs (highest ionic
frequency 2000-3000 cm~1)
Car-Parrinello dynamics: Max time step 0.1 fs

» Car-Parrinello method can yield very stable dynamical trajectories,
provided the electrons and ions are adiabatically decoupled

» The method is best suited for e. g. liquids and large molecules with
a wide electronic gap

» The speed of the method is comparable or faster than using
Born-Oppenheimer dynamics and still more accurate (i. e. stable)

> One has to be careful with the choice of u!
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Car-Parrinello molecular dynamics
y CP vs BO

Forces calculation

Efficient calculation of the forces
One possibility is the numerical evaluation of :

F/ = —V(Wo|He|Wo) (78)

which can be costly and not so accurate. So analytical derivative is
desiderable:

Vi(Wo|He| Vo) = (79)
(Wo|ViHeWo) 4 (VVg|He|Wo) + (Wo|He| VW) (80)

For the Hellmann Feymann Theorem:
FI'"T = (Wo|V/He|Wo) (81)

if Wy is en exact eigenfunction of H.. This is a consequence of the
variational principle and holds for example in Density Functional Theory.
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Car-Parrinello molecular dynamics
y CP vs BO

In numerical calculation the wavefunction is not the exact eiegnfunction
and a contribution to the forces also arise from variation of the wf with
respect to atomic positions. We need to calculate the additional forces
coming form the wf contribution.
Let's start with

Vo = 1/Nldet¢; (82)

where the orbitals ¢; can be expanded
Zc,,, L (r, {RI}) (83)

as a linear combination of the bais functions {f, }. Two contributions to
the forces emerge from the variation of the wf:

Vigi = Z(V/Ciu)fu(ﬁ {Ri}) + Z ci(Vifu(r, {Ri}) (84)

v
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CP vs BO

Car-Parrinello molecular dynamics

We calculate now the contribution due to the incomplete-basis-set
correction. Using:

Vigi = Y (Vicw)h(r ARY) + ) cu(Vifu(r {R1}) (85)

into
(ViWo|He|Wo) + (Wo|He |V Wo) (86)
we obtain:
> i (VifulHel ) + (ful He |V 1£,)) + (87)
ipy
Z(VIC:'*MHWC/V + ¢l Huw Viciv) (88)
ipv

Making use of

Z H/,LVCiV =€ Z SMVCI'ZI (89)
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CP vs BO

Car-Parrinello molecular dynamics

We obtain:

> i ((Viful Hel £) 4+ ul He Vi £))+ > €i(V i€ Sy Civ 65, S Vi6in)
ipv ipv

(90)
which can be rewritten as:

> i ((VifulHelf) + (fulHe Vi£,)) + ) €S Vi(ciciv)  (91)

ipv ipv

and
Z CinCi((Vifu|Helf,) + (fu|He[Vit,)) + (92)
ipy
Z €V Z Suv € Civ — Z ViS¢ civ (93)

ipv

And finally:

> i ((VifulHe = €ilfy) + (Fu He — €| V) £)) (94)
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Car-Parrinello molecular dynamics
CP vs BO

In the case of plane waves Pulay forces vanish

- this is due to the fact that plane wave do not depend on the atomic
coordinates

- it is only true if number of plane waves is kept fixed.

An additional contribution to the forces comes from the
non-self-consistency

FNSC, = f/dr(V,n)(VSCF — v (95)

Such a force vanishes when the self consistency is reached, meaning Vg is
the exact wavefunction within the subspace spanned by the finite basis
set.

In Car-Parrinello, as well as in Ehrenfest MD there is no minimization
full self-consistency is not required, so this force is irrelevant.
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