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Abstract

Simulating SiQ with the two-body potential developed by van Beest, Kramers, and van Santen
(BKS) produces many satisfactory results but also characteristic flaws. We investigate these
failures of the BKS potential and compare the performance of the BKS potential with that of
two recently suggested potential energy surfaces that effectively incorporate many-body inter-
actions. One approach, which is called the fluctuating-charge model, allows the ionic charges
to adjust depending on the chemical environment. The other approach assumes fixed, effective
charges but allows for inducible dipole moments on the oxygen atoms.

The emphasis in this work is placed on situations where BKS fails. We show that an anomaly
in the ratio of quartz’s two independent lattice constardaadc, which is observed experimen-

tally at the transition betweemandg-quartz, is missing with BKS. Cristobalite and tridymite
appear mechanically unstable with BKS when periodic boundary conditions are employed
that are compatible with competing high-density silica polymorphs. Lastly, the BKS density
of states (DOS) shows characteristic discrepancies from the true DOS.

The fluctuating-charge model slightly improves the phononic density of states and correctly
produces stable cristobalite, but it does fail to show the experimentally obsefvetiomaly

at thea-(3 transition. Moreover, many properties are reproduced much less satisfactorily than
with BKS.

The fluctuating dipole model remedies all mentioned artifacts. We confirm the view that the
proper behaviour in the/a ratio is due to the distortion of SiQetrahedra. These distortions

can in turn be shown to be due to the many-body effects incorporated in the fluctuating dipole
potential.

In addition, the pressure-induced phase transitianguartz is studied. All three models show

a transition at similar pressures to the same crystalline phase, which is probably the same as
that found experimentally for the high-pressure polymorph called quartz Il. On decompres-
sion, the BKS potential predicts the formation of an unknown phase at ambient pressures,
while in the two other approaches the quartz Il phase revertsqoartz with an intermediate
phase similar to quartz Il.

Furthermore we show that the fluctuating-charge potential is the only known model potential
to predict the right pressure for a phase transition between two sixfold coordinated stishovite
polymorphs.

We suggest two different methods to calculate piezoelectric coefficients in classical molecular
dynamics simulation in the constant stress ensemble. We find that BKS reproduces experi-
mental data reasonably well. However, the results for the fluctuating dipole potential turn out
to underestimate the experimental data by more than 50%, unless the coupling of the electrical
field to the dipoles is switched off. We also show that there is a strong correlation between the
magnitude of the dipoles and the bond-bending angles on the oxygen atoms and speculate that
quantum chemical effects that are non-electrostatic in nature were (successfully) parametrized
as inducible dipoles. With this interpretation, the fluctuating dipole potential always appears
to be closest to available experimental data out of the three approaches.






Contents

Introduction 1
1. Simulation Techniques and Model Potentials 6
1.1. Molecular Dynamics Techniques. . . . . . . ... . ... ... .. 6
1.1.1. Parrinello-RahmanBarostat. . . . . ... ... ... ... 7

1.1.2. Gear Predictor Corrector Integrator. . . . . .. ... ... 8

1.1.3. LangevinThermostat. . . . . .. ... ... ... ..... 9

1.1.4. Interactions . . . . .. . . . . . . ... 10

1.1.5. Ewald Summation. . . . . . . ... ... ... ... 10

1.2. BKSPotential. . . . .. ... ... .. . 11
1.3. Fluctuating Charge Potential . . . . . .. .. .. ... ....... 12
1.3.1. Charge Equilibration Algorithm . . . . . . ... ... ... 12

1.3.2. Directsolution. . . . ... ... ... ... .. .. ..., 14

1.3.3. Extended Lagrangian. . . . ... .. ... ... ...... 15

1.3.4. Morse-Stretch QEq Potential . . . . ... ......... 16

1.3.5. Alternative Morse-Stretch fluc-Q Potential . . . . . . . .. 18

1.3.6. Kinetic Parameters for Extended Lagrangian . . . . . . . 19

1.4. Fluctuating DipoleModel . . . . .. .. ... ... ... ...... 20
1.5. Comparisonof Performance . . . . . .. ... ... ... ..... 22

2. The -3 Quartz Transition 24
2.1. Transition Temperature . . . . . . . . . . . . .. ... ... ... 26
2.2. Hysteresis . . . . . . . . 29
2.3. Thermal Expansionandc/aRatio . . . .. .. ... ........ 30
2.3.1. Influence of Specific Properties of the Potentials . . . . . 32

2.4. Distortionof Tetrahedra. . . . . . . ... ... ... .. ...... 34
2.4.1. Influence of Atomic Bond Character. . . . ... ... ... 37

25. ElasticConstants . . . . ... .. .. ... ... .. .. 39
2.6. PhononDensityofStates. . . . .. ... ... ... ........ 43

3. Pressure-Driven Transitions in  «-Quartz 47
3.1. Quartz Il Transitionin Simulations. . . . . ... ... ....... 48
3.1.1. TransitonPathWays. . .. ... ... ........... 49

3.2. Quartzllb. . .. ... . 51
3.3. X-Ray Diffraction Spectra. . . . . .. .. ... ... ... ... 52



Contents

3.4. Other High-PressurePhases. . . . .. ... ... .........

4. Silica Polymorphs Other Than Quartz
4.1. Cristobalite. . . . . . . . . ...
4.2, Tridymite . . . . . . .
4.3. Stishovite. . . . . . . . ..

5. Electromechanical and Dielectric Properties

5.1. TheoryandMethods. . . . . . ... .. .. ... .. .. ......
5.1.1. LinearResponse . . . . . .. .. .. ...
5.1.2. Ambiguity of the dipole and its fluctuation . . . . . . . ..
5.1.3. Fluctuation estimators fordipoles. . . . . . . .. .. ...
5.1.4. Direct estimators with noise reduction . . . . . .. .. ..

5.2. Temperature Dependence gfthQuartz. . . . . . ... ... ...

5.3. Pressure Dependence gf th «-Quartz. . . . . ... ... ... ..

5.4. Bond-Angle Dependence of the Dipole Moment . . . . . . . . ..

6. Conclusion and Outlook

A. Calculations
A.1l. Calculations for Fluc-Q Potential . . . . . ... ... ........
A.1.1. Direct Solution of Charge Equilibration Equations. . . . .
A.1.2. Two Body SlateriIntegral . . . . . . . ... ... ... ...

B. Programs
B.1. Molecular DynamicsCode . . . . . . .. ... .. .. .. .....
B.1.1. Inputfiles. . . . . ... .. ... .. ..
B.2. AnalysisPrograms. . . . . . . . . . ... ..

List of Figures

Bibliography

77

81
81
81
82

85
85
147
148

158

164



Introduction

Almost a century ago, the discovery of quantum mechanics allowed one to describe the
fundamental interactions of ions and electrons in matter. Even some decades earlier,
the equations of statistical mechanics were formulated, which relate the microscopic
interactions of ions and electrons to the resulting macroscopic properties of a given
material. However it is generally not possible to solve these equations analytically for
complex materials in order to predict their properties. Dirac expressed the problem
in 1929 as follows: “The fundamental laws necessary for the mathematical treatment
of large parts of physics and the whole of chemistry are thus fully known, and the
difficulty lies only in the fact that application of these laws leads to equations that are
too complex to be solved.” This statement still holds despite the increasing power of
computers. Simplified models for the interactions need to be formulated for analytical
theories. More approximations are required if one wants to predict the behaviour of
materials beyond the harmonic approximation. If theory and experiment disagree, it is
often difficult to say at what point theory failed.

The use of computers made it possible to reduce this uncertainty, as computer simu-
lations made it possible to solve the equations for microscopic empirical model po-
tentials with (theoretically) arbitrary accuracy, thus allowing us to see how the macro-
scopic system behaves as a whole without the need to rely on further assumptions.
The numerical computation of macroscopic observables can be realized by sampling
randomly over phase space in a Monte-Carlo (MC) simulat&dh ¢r by following

the trajectory of Newton'’s equations of motion, and thus sampling over phase space as
well, in a molecular dynamics (MD) simulatio&§].

It is nevertheless not yet possible to solve the quantum mechanical equations exactly
except in an extremely limited number of cases. In fact, one can show that it is beyond
any conceivable computational capacity to exactly solve thed8atger equation in

its standard form for a system containing only ten electr8ds [However it became
possible to handle quantum mechanics in a computer simulation with the development
of density functional theory (DFT), which states that it suffices to know the average
number of electrons located at any one point in space instead of the motion of each
individual electron 70]. The practical application of this theory relies on good ap-
proximations for the functional as the true functional is not known in a solid. Here
the local density approximation (LDA) has produced very accurate results for a wide
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range of materials. In 1985 Car and Parrinell@][developed a very efficient method

to use DFT in the force calculation of an MD simulation, which made this so called
Car-Parrinello molecular dynamics (CPMD) one of the most widely used techniques
for the calculation of dynamic and electronic properties of condensed matter. This
kind of simulations, where a real (but approximative) potential without adjustable pa-
rameters is used, is called first-principle or ab-initio simulations.

So these two options, the ab-initio approach and the empirical model potentials, can
be implemented in a computer simulation, which involves different possibilities and
restrictions respectively. Of course ab-initio techniques lead to much higher chemical
accuracy, as the calculation of the interatomic stresses and forces used for propagation
of the particles is close to reality. On the other hand it is limited due to its computa-
tional cost and thus restricted to small length and time scales. This is a major problem
as it severely limits the range of properties that one can calculate and the number of
phenomena that can be simulated.

In contrast an empirical model is parametrized to certain experimental properties un-
der certain thermodynamic conditions, and its reliability has to be questioned when it
is used away from the conditions under which it was parametrized or if properties have
to be calculated that did not enter the parametrization of the adjustable model param-
eters. But they provide much faster calculation, which is beneficial for the calculation
of thermal properties if the relaxation times in the system are large so that thermal
averages require sampling over long periods of time. Moreover, in a wide range of
applications model potentials have been employed very successfully.

The crucial questions with an empirical potential are to incorporate the relevant physi-
cal effects into the formulation of the functional form and to have a proper adjustment
of the free parameters. In this work different approaches of model potentials will be
tested in the simulation of silica (SiPpolymorphs. (Polymorphic materials are ma-
terials that possess different crystalline structures for a fixed stoichiometry.) The force
fields studied in this work are the BKS two body pair potentid]], a model that
allows for fluctuation of charge between the ato2@ pnd a third that employs fixed
charges but allows for inducible dipole moments on the oxygen até6js For the
problem of the parametrization the authors of the last potential used a new approach,
which does not fit the potential to macroscopic experimental values but aims to match
the microscopic forces, stresses and energies with values obtained from DFT calcula-
tions [25, 57].

Silica or silicon dioxide is one of the most widely and intensively studied of all ma-
terials. There are many reasons for this. First of all, it is one of the most common
materials in nature. Silicates, which is a compound consisting of silicon and oxygen,
one or more metals and possibly hydrogen, make up more than 90% of the minerals
in the earth’s mantle and crust. Additionally it is used extensively in industrial appli-
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cation.An obvious example is that it makes up approximately 75% of the composition
of the glass that is used for everything from window panes to optical fibres. It is also
used as an insulator or substrate in the semiconductor electronics industry.

On the other hand it is interesting to study as crystalline silica has an extremely rich
phase diagram with a large number of polymorphs, shown inGigand the fluid
phase, which remains metastable in the form of silica glass for a long time when cooled
down to ambient temperatures. The best known polymorphs are quartz, cristobalite,
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Figure 0.1.: Phase diagram for silica polymorphs. Frobd][

tridymite, coesite, and stishovite. The crystalline phases make up a good test case
for empirical potentials, as due to the reduced symmetries there are more independent
susceptibilities, while in disordered systems effects can be averaged out. Isotropic ma-

terials have for instance only two independent elastic constants, while in quartz there
are six independent coefficients.

All the low pressure crystal structures are composed of corner-sharingt&@he-

dra [39] and even in the glass and the liquid, almost all Si atoms are tetrahedrally
coordinated. In the higher pressure phases six-fold coordination becomes more and
more favorable for the Si atoms, which lead to octahedral coordination in stishovite
and other high-pressure phases. The high-pressure phases are of particular interest to
understand the earth’s interior, where silica is exposed to extreme conditions of temper-
ature and pressure. The high-pressure behaviour of quartz is complicated to investigate
in experiment as well as in theory, due to the large number of six-coordinated struc-
tures that can possibly form out of four-coordinated structusgl fhe slow kinetics,
metastabilities and certainly experimental difficulti82,[105. As shown in Fig0.1,
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the stable phases with increasing pressure on quartz would be coesite and stishovite,
however these transitions are kinetically inhibited at room temperature. Consequently,
guartz can be kept metastable up to 21 GPa. At this pressure, a phase transition oc-
curs. For the new forming phase different crystal structud8s95, 96|, amorphous
structures 40| or partly crystalline structure$Sp] were proposed experimentally and
theoretically. In computer simulations, this phase transition is a good candidate for a
reliable model potential, as the system size and the time scales needed to simulate the
transition are out of reach for an ab-initio approach. Still the high pressure is not what
the model potentials were made for, so the comparison between different approaches
increases the credibility in this case.

But also in the quartz phase, which is prevalent at ambient conditions, there are un-
resolved issues. When heatinggquartz (or low quartz), the crystal turns tequartz

(or high quartz) at around 573 [39]. The average structure of both quartz phases
has been known for several decades, and the displacive transition between them can
be easily understood in terms of tilting of certain groups of Si€rahedra. How-

ever the real picture of the transition is far more difficult, as is the real structure of
(-quartz. It is clear that the oxygen atoms do no fluctuate harmonically around their
average positions, but the dynamical disorder that leads to the average structure is still
an unanswered problem. There are currently two competing interpretations. One pic-
ture of the3-quartz phase sees the oxygens oscillate between two potential minima at
the positions of the left-handed and the right-handeglartz L07, 87, 100, while the

other picture supports an ordered structure that has the atoms vibrate in a librational
motion around the mean positior§ P2, 13, 24, 81, 49]. These two interpretations fa-

vor different pictures of the transition, either a disorder-order type transition or a weak
first-order transition with a soft mode initiating the transition.

The described dynamical disorder makes thguartz phase and obviously the transi-

tion difficult to simulate with an ab-initio method. It is definitely not sufficient to find

the average structure and extract the relevant propertigsqofartz by harmonic ap-
proximations. It was shown that for example the bulk modulus-guartz turned out

to be twice as large as in experiment with local density approximation and subsequent
harmonic approximatior[L, 65]. In contrast it is necessary to find the thermodynamic
observables by averaging over a long simulation run in order to sample the dynamic
disorder (which leads to a bulk modulus comparable to experiment). This makes it
necessary to use an empirical model potential. However the standard two-body poten-
tial generally employed for the simulation of silica turned out to be flawed in different
aspects of the transition. Thus a new potential modelling different microscopic effects
could improve the two-body potential in the simulation of the transition.

At the beginning of the thesis in chaptethe three potentials used will be introduced
and explained, as well as different MD algorithms and techniques used in the simula-
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tions.

The following chapte will be concerned with the-/ transition and the performance

of the different potentials at this transition. After the determination of the transition
temperature, the emphasis is on the course of the lattice constants with temperature.
Due to the failure of the BKS potential in this respect, the distortion of the tetrahedra
will be investigated in more detail. The phonon density of states and the elastic con-
stants are compared with experiment.

The simulation of the high-pressure post quartz phases in chagi@ncentrates of

the determination and comparison of the transition path ways produced by the differ-
ent potentials. As available the phases will be compared with experiment in terms of
diffraction spectra.

Chapter4 focuses on an instability of cristobalite in the BKS potential and the com-
parison to the other models.

As the new potential approaches incorporate electrostatic properties, namely fluctuat-
ing charges and fluctuating dipole moments, the investigation of dielectric properties
in chapter5 should highlight the question if these are real electrostatic variables and
thus improve the prediction for the dielectric properties of the system. A method is
developed to measure dielectric and piezoelectric properties efficiently.

The conclusions at the end will give a final assessment of the suitability of the new
approaches for silica simulations.



1. Simulation Techniques and Model
Potentials

1.1. Molecular Dynamics Techniques

The simulation scheme being used, a classical molecular dynamics (MD) computer
simulation, is a numerical method to calculate the trajectory of a many-atom system.
The starting point of an MD simulation is Newton’s equations of motion for the system
under consideration:

szZ = _vzv<{E]}) = Ez (1-1)

where R, are the coordinates of the atoms; their massesV is the total potential
energy andr, the force acting on atom

These equations form a system/@fcoupled partial differential equations. Their so-
lution is the phase space trajectory of the many-particle system. The aim of an MD
simulation is to numerically solve the equations of motion and to extract macroscopic
observables from the resulting trajectory.

To obtain meaningful time thermal averages for macroscopic quantities, it is impor-
tant to start with an equilibrated configuration. This ensures that time averages do
not change in the course of the simulation. In order to simulate a crystal in thermal
equilibrium, one has to start with a configuration being close to the expected crystal
structure and to run the simulation until the macroscopic quantities are reasonably sta-
ble. Two aspects are particularly important for the simulation of a system. One is the
model potential” from which the forces follow, the other aspect is which algorithm is
used to integrate the equation of motion and how external imposed conditions such as
temperature, stress, or an electric field can be taken into consideration.

A variety of standard methods is available for for numerical details such as the inte-
gration scheme. In this work the so-called Gear predictor-corrector algorithm up to
fifth order was used for the integration of the equations of moti88. [While Gear
predictor-corrector algorithm of order higher than two do not conserve energy, they
do produce more accurate trajectories than the second order Gear predictor-corrector
algorithm, which is also called velocity Verlet. Th&2order predictor-corrector is
known to be energy and phase space conserving. However in the context of this work
this attribute is relevant for testing purposes only, when the correct implementation of



1.1. Molecular Dynamics Techniques

the routines was checked by means of energy conservation within an unthermostatted,
l.e. microcanonical ensemble. For succeeding production runs a Langevin thermo-
stat was used, which enables simulations in the canonical ensemble. The thermostat
constantly adds and removes energy to the system in order to maintain a constant
temperature. This renders the energy conservation of the integrator an unnecessary
quality. Also higher-order integration schemes give more accurate averages at a given
time step, once the thermostat is introduced, which is why they were used for the pro-
duction runs.

To allow for simulations in the isothermal-isobaric (NpT) ensemble, the Parrinello
Rahman method was used. This method as well as the integrator and thermostat algo-
rithms will be described in detail in the following.

For acceleration of the time consuming force calculation standard binning and Verlet
neighborhood list techniques were us&d48].

1.1.1. Parrinello-Rahman Barostat

The Parrinello-Rahman method of pressure and stress control allow one to simulate
molecular systems under externally applied stress. This is useful for studying the
stress-strain relationship of materials and phase transitions with non-isotropic shape
variations. Both the shape and the volume of the cell can change, so that the inter-
nal stress of the system can match the externally applied stress. In this work only the
presence of uniform pressure is needed, so it is not necessary to allow for an arbitrary
stress tensor. It is yet important to allow for an arbitrary strain.

The method was presented in detail by Parrinello and Rahifrapd is only sum-
marized here. The fluctuating shape of the cell is given by the cell mfatontaining

the cell vectors so that the real space coordin&tesf a particle; are related to the
reduced coordinates by R; = hr;. While the coordinate®; represent the real posi-
tions of the atoms, the reduced coordinatgsnly live in a unit cube.

The Langrangian of the system is modified such that a term representing the kinetic
energy of the cell depends on a user-defined M4gs. An elastic energy termdet h

is related to the pressupeand the volumelet k of the system. These two terms lead

to an extended Lagrangian: B

N
L = 5 ; mzféi gz — Vinteraction+ iMboxTrgQ - pdet@ (1-2)

The equations of motion for the reduced coordinates and the cell vectors can be derived
from this Lagrangian by using the regular Lagrange formalism. The motion of the cell
vectors, which determine the cell shape and size, is driven by the difference between
the target and the internal stress.
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The choice of the fictitious maskl/,,y is governed by the following considerations.

A large Mo means a heavy, slow cell. In the limiting case, infinitg.x reverts

to constant-volume dynamics. A small,,, means fast motion of the cell vectors.
Although the target stress can be reached faster, a too small mass can result in artifical
periodic movements of the cell and requires a smaller time step. A thatrix is

kept symmetric, it can be written in Voigt notatiobd?], which is a standard to write
symmetric crystallographig8 x 3 tensors as & dimensional vector with entrigls =

(haws hyys Pzzy oz, oy, hay). Once all equations of motion are derived, a thermostat
can be added to them. This can be done for the cell vectors in a similar way as for the
reduced atomic coordinates.

1.1.2. Gear Predictor Corrector Integrator

Letr,(t) be the position of particléat timet. First, in the predictor step the positions
and derivatives of the particle positions are predicted,

Norder
(At om (At)" 0 m gm B
n! atn_z( At) n! atn—z Z ) m| atm_z(t) y = 07 B 7N0rdel’7
m=n-+
(1.3)

whereCY, , is them-th predictor coefficient ofi-th order. The predictor coefficients
are just the Taylor expansion coefficients

o m!

Crm = nl(m —n)! " (1.4)
For efficiency, the powers of the time-step and faculties are saved on the arrays holding
the derivatives of the positions. When configurations are written out, they are however
divided out, to obtain the time-derivatives of the positions independently of the time-
step. They can be used to propagate saved configurations with another timrde:-step
The force calculation in the following MD step is now based on these predicted po-
sitions. After this, the propagation step is completed by the correction step. In this
step, positions and derivatives are corrected proportionally to the difference between
computed and predicted force (or equivalently acceleration),

n n 2 d 2
(At 0 (A1) 9 (A1) (L (a0 & . At)> |
nl ot nl ot 2 m o
(1.5)
Here, C;. is the n-th corrector coefficient. Gear devised the correction coefficients
to minimize errors such that the local truncation error isgfA¢Nercer™1) for linear
differential equations33]. For second-order differential equations the global error
is then O(AtMee—1) . The corrector coefficients are listed in tatdlel.2 following
Ref. [36].

ri(t+At) =

r;(t+At)+CY
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Norder=2 | Norder=3 | Norder=4 | Norder=5
C§ 0 1/6 19/120 3/16
Cy 1 5/6 3/4 251/360
Cs 1 1 1 1
CS - 1/3 1/2 11/18
ce - - 1/12 1/6
ce - - - 1/60

Table 1.1.: Corrector coefficients for the Gear predictor corrector algorithm.

1.1.3. Langevin Thermostat

The Langevin thermostatting routine couples the system via friction and noise to a heat
bath. In doing so, the simulation, which was based on Newton’s equation up to now,
now integrates a Langevin equation

szz = EZ - m'YEi + E: (1-6)

Therefore this method is also referred to as “stochastic dynamics”. The friction con-
stanty controls how fast the system relaxes into equilibrium. The simulation scheme
now produces states which are distributed according to the canonical ensemble, and
together with the barostat even the isobaric-isothermal ensemble. The temperature re-
sults as the ratio of noise strength to friction, via the fluctuation-dissipation theorem.
The stochstic forcé”; is a random variable with mean zero and a widtithosen to
satisfy the fluctuation-dissipation theoref: [

2Tm/<:57
At

The uniform distribution is prefered to the Gaussian distribution for efficiency and sta-
bility reasons, as the details of the distribution function do not matter. The friction
constanty is set to 0.1 in almost all simulations unless noted otherwise.

The thermostat was used also in production runs, even though an equilibrated con-
figuration should not change in temperature, when an energy conserving integration
scheme is employed. Nevertheless the thermostat decorrelates the system and is even
more stable than simple microcanonical MD with the Verlet algorithm, because the
stochastic dynamics thermostats every degree of freedom individually. As the stochas-
tic force individually heats or cools single particles, it can prevent particles with a
kinetic energy much higher or lower than the thermal average from causing instabili-
ties. This is in contrast to the Nose-Hoover thermo%i8}, [in which only the overall
system is thermostatted.

0" =3 (1.7)
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1.1.4. Interactions

Interaction forces are calculated using the positions from the predictor step, including
the random contribution. In all models being used the leading order in the forces are
given by pair potentials. In the case of the fluctuating-charge potential these forces also
depend, via the charges, on the positions of all the other atoms, and are therefore many
body interactions. In the case of the fluctuating-dipole potential the two-body forces
are accomplished by additional dipole interactions. The values of the dipoles depend
on all the other dipoles, and therefore the interactions between the dipoles represent a
many body contribution.

1.1.5. Ewald Summation

All the potentials dealt with in this work contain a Coulomb interaction part. As with

all the other parts in the potentials, the calculation of the total energy of a three-
dimensional system theoretically involves the evaluation of interactions between all
species within the unit cell and their periodic replications. Even when the interaction
was evaluated for an infinite number of replications, the electrostatic interaction would
not be well defined as it still depends on how the limit is carried out. One conisitent
way is to sum upxp(—r/a)/r to infinity before taking: — oco. Nevertheless in nu-
merical computations some finite cutoff must be placed on the interactions. For those
interactions decaying quickly with distance, the summation can normally be readily
converged directly in real space. For long-range interactions however the convergence
might be not so quick, particularly since the number of interactions increases?with

For the electrostatic energy in particular, the number of interactions increases more
rapidly with distance than the potential, which is proportional to, decays. An ac-
curate evaluation can be achieved through the Ewald summaip83] in which the
inverse distance is rewritten as its Laplace transform and then split into two rapidly
convergent series, one in reciprocal space and one in real space. The distribution of
the summation between real and reciprocal space is controlled by a param&tex
resulting expression for the energy is:

yree = Z QQ] erfc(aR;;) \/_Z (1.8)

exp (- (5)°)

R<7
2
q

cut

-7 X
\%4
2127"271 (nz,nz,nz)
0<q<qcut

e exp (2mﬂj . g) (2.9)

10



1.2. BKS Potential

The cutoffsrgy in real space angk in reciprocal space can be set in dependency of
in a way that the error is minimized:

reut = s/, out = (2500) (2.10)

A value of s = 3 has proven to be a good compromise between accuracy and speed.
For the distribution between calculations in real and reciprocal space, a good balance
can be found at about = 0.3 for system sizes of around)00 particles which were
considered in the present work. Both of these values were used throughout the simu-
lations.

1.2. BKS Potential

The BKS Potential was proposed in 1990 by van Beest, Kramer and van Sadign [

and has been succesfully applied to a range simulations involving crystalline and vit-
reous silica sincell6, 68, 46, 103 48, 91]. It consists of pure pair interactions with
different strength for different pairs of atom types. By combining suitable attractive
and repulsive forces for the different atom types it is possible to reproduce effects that
are usually caused by many-body interactions. So the BKS potential causes the stable
formation of SiQ tetrahedra without explicitly caring for the effects of covalent bond-
ing.

The total potential energy is thus a sum of pure pair potentials

VH{L&}) = Z(bij(Rij)- (1.11)

1<j

The pair potentiad,; is composed out of a long-range Coulomb term and a short-range
Buckingham term:

2
_ agpe Bask _ Cap
¢QB<R) == R + Aage s — RG . (112)
The charges are fixed on the valugs = 2.4 andqp = —1.2, while the parameters

A, B andC in the Buckingham interaction were optimized for the different pairs of
atom types with respect to ab intio calculations as well as to macroscopic experimental
guantities like the elastic constantscefjuartz. The parameters given in refOfl] are

listed in tablel.2 The Si-Siinteraction is assumed to be purely Coulombic in the BKS
potential, which is why the Buckingham parameters aré &k Si-Si interaction.
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1. Simulation Techniques and Model Potentials

e —1

26
| AdgleV] | Bag[A] | CapleVA”)
0-0 1388.7731 2.76000/ 175.0000

Si-O | 18003.7572 4.87318| 133.5381

Table 1.2.: BKS Parameters

1.3. Fluctuating Charge Potential

A fluctuating charge potential is conceived as a model potential that makes use of vari-
able charges on the atomic sites when calculating the Coulomb interaction. As the
total charge of the system needs to be conserved, this charge adjustment may be un-
derstood as relocation of charges within the system and indeed it implies a change in
the polarisation of the simulation box. This explains the common notation “polariz-
able potential”, which will not be used in the following for better distinction between
fluctuating charge and fluctuating dipole potentials.

The purpose of fluctuating point charges in the simulation is to implicitly account for
electronic degrees of freedom. The effective charge of an atom in a fixed charge sim-
ulation can be chosen with respect to its type and ionization, but it cannot change in
response to changing electrostatic fields which arise from movement of the atoms dur-
ing the simulation. Thus the charges used in simulations based on fixed charge force
fields must reflect average charge values for the particular phase and are in general
not transferable to different thermodynamic states. The fluctuating charge approach,
in contrast, adjusts the charge according to the instantaneous configuration of the sur-
rounding atoms. Therefore it should be more adaptable to different phases and espe-
cially to varying coordination numbers than a fixed charge approach.

1.3.1. Charge Equilibration Algorithm

The basic concept used for the fluctuating charge approach is the concept of electroneg-
ativity equalization82] according to which charge is transferred between atomic sites

in such a way that electronegativities are equalized. In doing so, the electronegativ-
ity is dependent on the atom type and charge as well as the electronegativities of the
neighboring atoms.

Following the Mulliken definition, the electronegativity of an isolated ators the
negative of the chemical potential,j of the electron gas surrounding the nucleus:

. ou _ou
Xi = —Hi = 3Ni_€aQi

(1.13)
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1.3. Fluctuating Charge Potential

In this equation, use had been made of the fact that the ground state dnettoyy
number of electrongV in the atom and the charge on the atghfulfill the equation

Q = —e(N — Z), whereZ is the atomic number of the atom.

The energy of an isolated atom dependent on the effective charge can be expanded
around a neutral reference point as

OF , (°F
EQ) = Ba+ @ (55) +30 (55) + (119

Neglecting higher-order terms, one can ask for the energy needed to remove or add a
single electron. In units of and with E;; = 0 one obtains

5, 0?2
Ei(+1) = Eyp+ (aé) %(Té) (1.15)
30
0 b2
Ei(-1) = Ejp-— (_ag)io + % <_8Qb;)io' (1.16)

As E;(+1) is just the ionization potentidl’ and E;(—1) is the electron affinityF A,
one finds for the first coefficients exactly the Mulliken definition of electronegativity

OB\ 1 o
<%>w = SUE + BA) = x{. (1.17)

The second coefficent turns out to be a quantity called idempotential, representing the
self repulsion between two electrons:

(%) = (IE — EA) = J) (1.18)
i0

This leads to the following expression for the charge dependence of the atomic energy,
where the parametefgs and.J_ can be derived from atomic data:

FAQ) = X + 532} (1.19)

The total energy in the system is obtained by adding this energy to the interaction
energy, which is given by a two body ternconsisting of a Coulomb interaction part
and a short range non-Coulombic interaction part.

U{Qi} {R}) = ZEi(Qi>+Z(I)ij(Eij)

1<J

- Z [X’QZ + 2‘]202 7 + Z 'Lj —z] Q Q] + V( ”)]
L 1<J
= ZXzQﬁ ZJU (R,;)QiQ; + > _V(Ry) (1.20)

1<J
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1. Simulation Techniques and Model Potentials

Here the Coulomb interaction was assumed to ohgy?) — J asR — 0. This
means that/;;(R) does not represent a put¢? Coulomb potential but has to be a
shielded potential with a finite value &= 0.

After all, we end up with an equation that relates the total energy to the positions and
charges of all the atoms in the system. Equatidn$3 and (.20 can be used in two
different ways to find the right charges:

¢ treat the charges as parametérg[ directly solve for the exact charges given by
the spatial configuration in every MD step, or

e treat the charges as generalized coordin@gsextend the Lagrangian for the
charges, propagate them in the same way as spatial coordinates and thermostat
them at 0 K.

A third possibility is to solve the equations selfconsistently. This solution would give
the possibilty to control the characteristics of the charge trajectory between the one
which is always in the energy minimum, like in the first case, up to a retarded be-
haviour, like in the second case. Nevertheless it turned out that this solution was
difficult to control numerically and converged very slowly. As there are no obvious
differences in the trajectories of the two solutions introduced above, this third possi-
bility was skipped.

1.3.2. Direct solution

A set of charges forms the ground state of a given spatial configuration when the chem-
ical potentials on all atom sites are equal. This impliesithe 1 conditions
X1=X2="""=XN- (1.21)

Adding the condition on charge neutrality

N
Y Qi=0 (1.22)

leads to a total ofV equations for theV equilibrium charges. In order to express
the electronegativity in terms of the charges, one has to insert expre&sidhifto

eq. .13 o

M0

Xi + Jh Qi + Z JijQ; (1.23)
J#i

ln Ref. [77] one can actually recalculate analytically that this condition is not fulfilled. To obtain
better fits to dipole moments, it was dropped by the autfé}s[
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1.3. Fluctuating Charge Potential

Equations {.21) and (.22 can be merged into a matrix equation

C-Q=-D, (1.24)
where

Di = xj—xi (1.25)
and

Cnu =1 (1.26)

Cij = Jiyy— Ny (2.27)

Solving these linear equations with standard procedures leads to the sought-after charges.
A more elaborate version of this matrix including all terms from Ewald summation can
be found in appendiiA.1.1

1.3.3. Extended Lagrangian

The idea for treating charges as generalized coordinates is based on an extended La-
grangian approach. While a charge dependent potential energy is obviously available
(eq. (L.20), one has to define additionally a kinetic energy expression. This is done by
assigning a fictitious mass to the charges. The choice of an appropriate value will be
discussed later on. Again the charge neutrality has to be obeyed, and the simplest way
to implement this is to treat the charges as independent and use a Lagrange multiplier
to enforce the constraint. The Lagrangian is

L= Z mZR2+Z S Mo~ U({Q), {R)) —AD>_Qi (1.28)

While the Euler Lagrange equation for the positions remains unchanged, one gets an
additional expression for the charges:

ou
Qi

As the total charge is zero, the expressEin also vanishes. Therefore

> MpQ; = Z——NA—O:)\———Z(?Q (1.30)

which defines the Lagrange parameter. Substitution into the equation of motion yields

. oU 1
MQQiz—aniJrN ' ————Z(a@ aQ]) (1.31)

MoQ; = ——~— — A (1.29)
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1. Simulation Techniques and Model Potentials

The descriptive interpretation of this equation is that the electrons are attracted by
atoms with higher electronegativity, which complies with the expected behaviour.

This equation of motion can now be propagated by the MD integrator, provided that
parameters\/, for the inertia of the charges ang, for the friction in the thermostat

have been defined.

The choice of these parameters is detailed below for the present case. The general
consideration is to separate the time scales of ionic motion and electronic motion in
order to suppress coupling between internal charge modes and ionic motion. Thisis a
similar idea as in the Car Parrinello approach, where as well a ficitious mass is assigned
to the electronic orbitals, which should be small enough that the motion of the orbitals
will be very fast relative to the motion of the ions. This way it is ensured that the
frequency spectra of the electronic orbitals and the ions are well separated from one
another.

1.3.4. Morse-Stretch QEq Potential

The potential that we used for MD simulations was parametrized fos By(Demi-

ralp et al.Q]. In this model the fluctuating charge was implemented through the
charge equilibration (QEQ) procedure developed by Ragpd Goddard]7], which
features a direct matrix diagonalization approach. In agreement witheRappGod-
dard the QEq parameters were choosen as shown in Tabld-ollowing Ref. [77],

\ x(eV) \ J(eV) \ RQEY(A)
8.741] 13.364| 0.669
4.168| 6.974| 1.176

O
Si

Table 1.3.: QEq parameters for O and Si

the shielded Coulomb interactioh;(R) is taken to be the Coulomb overlap integral
between Slater orbitals centered on each atomic site

1 2
Ji(R) = [ dR; | dR; |pn,(R)|? (R 1.32
J(R) = [aB, [ a6 () pray e LN (1.32)
The Slater orbitals are given by
Gn(R) = A;RM e GR (1.33)

and are determined by the principal quantum numbeand an exponeng;. This
exponent is given by; = 0.4913- (2n;+1)/(2R2F), with R4 from the table above

2The differing formula for¢ given in ref. 0] is not correct]L9].
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1.3. Fluctuating Charge Potential

A detailed description of how to solve the two-center overlap integral can be found in
appendixA.1.2.
The J(R) interaction models a shielded Coulomb potential that is asymptotically a
1/ R point-charge Coulomb interaction, when the particles are at a sufficient distance,
but approaches a finite value fé&r— 0.
The non-electrostatic short-range interactions are modelled by a Morse-Stretch (MS)
term

U%S(Rij) = Dy [67(1—Rij/Ro) _ 267/2(1—1%1'3‘/30)] ) (1.34)

The short range interaction is truncated@d. The MS parameters were optimized
by Demiralp et al. to describe properties like density, cohesive energy, elastic moduli
of « quartz and stishovite. The values can be found in tallelt is of course always

‘ Ro(ﬁ‘x) ‘ Dy(keal /mol) ‘ ~y

0-O | 3.7835 0.5363| 10.4112
Si-Si | 3.4103 0.2956| 11.7139
Si-O | 1.6148 45.9970| 8.8022

Table 1.4.: Morse Stretch parameters

assumed implicitly that the potential energy surface used to find the optimum charges,
by settingdV/0Q; = 0 at fixed values oR? with the constraind . (; = 0, should be

the same as the potential energy surface used to calculate the #ftes-tial R, at

fixed values of().

As the description of the energy surface in R&0][does not state anything different,

we naturally assumed the only mentioned electrostatic potential energy in this paper,
which is theJ(R) given by (L.32), as the one which is consistently used. When we
implemented the potential as stated by the authors, none of their results could be re-
produced, and even the nearest-neighbor peak of the Si-O pair correlation function
in the a-quartz structure deviated significantly from the experimentally knOWA .

This flawed behaviour was exactly reproduced when we employed the MD simulation
program GULPBO0, 29, 31] for comparison, which was provied free of charge by the
author Julian D. Gale.

The reason for these discrepancies finally turned out be an inconsistent treatment of
the potential energy, which was disguised in the publication. Even though they never
comment on this in their paper or in private communication, Demiralp et al. did not
use the shielded Coulomb potenti&)(R;;) for the ion interaction. Instead they used

a purel/R;; Coulomb potential. The only verification for this fact was that only when
we tried this inconsistent treatment, we could reproduce the results for the equation of
state ina-quartz as they published it in the paper.

So effectively they used the shielded Coulomb potential to calculate the charges as
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1. Simulation Techniques and Model Potentials

overlapping Slater orbitals and subsequently used these values as point charges with
a pure Coulomb potential in the MD step. Obviously this was done because in the
commercial software package they used the correct electrostatic energy functional and
its derivatives have not been impelemented, thus the software was only capable to use
the point-charge interaction.

A hint to this inconsistency and an attempt to correct it was made recently in a later
publication by Sefcik et alg5], where the Morse Stretch parameters where optimized
for a consistent potential energy function. Unfortunatebguartz turned out to be
unstable with this new parameter set in our simulations at ambient temperature. The
crystal immediately transformed t&-quartz at temperatures well within the stability
range ofa-quartz. Because of this flawed behaviour of the new parameter set, which
renders it useless for our simulations, we do not consider it in this work, but only use
the inconsistent original potential, repectively the modification of it described in the
next section.

1.3.5. Alternative Morse-Stretch fluc-Q Potential

Using different potentials for charge equilibration and force calculations makes it im-
possible to use the extended Lagrange method. Moreover, it is an unphysical treat-
ment to treat these two potentials inconsistently. However, as the results presented in
Ref. [20] seemed to be close to experimental data, it appeared to be useful to alter the
present potential such that experimental data was reproduced and that charge equili-
bration and force calculations were based consistently on the same energy surface. To
do this, an energy functional was constructed in a way that its derivatives with respect
to position and charge should be as close as possible to the derivatives of the two differ-
ent energy functionals used in re2(]. For this purpuse, both fluctuating charges and
fixed charges were included in this potentidl.(R;;) was used as Coulomb potential

and a termy,q;[Ji;(R;;) — 1/R;;], with ¢ the average charge im quartz, was added

to the MS potential term. Using this modified potential energy within the extended
Lagrangian formalism, the derivation with respect to the dynamical charges will only
take notice of theJ;;(R;;) part, but for the derivation with respect to the positions and
therefore the ion motion the/ R is dominant. This modification is of course purely
heuristic, but it reproduces nicely the structure of different,§i@ymorphs, as shown

for the gsio( R) in a-quartz in Fig.1.1and it reproduces the original data as well. Thus,
while this procedure does not necessarily yield the optimum values for the interaction
parameters, it seems as though it allows one to analyze at least qualitatively if not
semi-quantitatively what benefits one can expect from a fluctuating charge model in

SiO,.
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1.3. Fluctuating Charge Potential

5 | ‘ |
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Figure 1.1.: Pair correlation functiogsio(R) of a-quartz at 300 K. The curves for the new consistent
fluctuating charge potential and the original unconsistent potential basically lie on top of
each other. The nearest neighbor peak, which is located at,linot included in the
graph.

1.3.6. Kinetic Parameters for Extended Lagrangian

In the extended Lagrangian approach, the equilibration of the effective charges reflects
the movement of the electrons in the system. To adiabatically decouple the electronic
movement from the ionic movement, it is therefore necessary to separate the relevant
time scales. Therefore in addition to the usual relatton< 7ion < Tsim, the new
electronic timescale has to fit inAt < 7oeq < Tion < Tsim, SO that the charge
equilibration time is well below the equilibration time of the ionic movement. This was
achieved by choosing a fictious mass for the charg@safu. The damping constant

in the Langevin thermostat was set by finding the value where the charge equilibration
is critically damped, which i2.0. With these numbers the equilibration time of the
charges is about0 fs, which means a frequency o0 THz, well beyond the typical
phonon frequencies in SKO To cover these higher frequencies in the simulation, the
time step was shortened by a factori6fto Atyp = 0.1 fs in this type of simulation.

As the authors of the fluctuating charge potential mention that they used the direct
approach to calculate the charges ev&ryo 100 timesteps, it is interesting to note that

this corresponds to frequencieslofto 40 THz. This is within the phononic frequency
range and leads to the situation that the charges cannot adapt to the instantaneous ionic
configuration.
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1. Simulation Techniques and Model Potentials

1.4. Fluctuating Dipole Model

In the fluctuating charge procedure, charge can only fluctuate from one atom to the
other. This can bring about polarizations within the crystal, but it does not account
for polarizations within the electron hull of an atom. The fluctuating dipole proce-
dure in contrast directly assigns a dipole moment on each atom site. In case of the
guartz system to be considered, only the oxygen atoms are assigned a dipole moment.
This is because the silicon atoms have a rather stable nearest neighbor environment
that consists of symmetrically arranged oxygen atoms in the corners of a tetrahedron.
Therefore polarization on these atoms is unlikely to play a major role. The polarization
of the oxygen atoms however is well establistsii[

The force field for SiQ used in the following was parametrized by P. Tangney and

S. Scandold(]. For the parameter fitting they used thptimal potential routinele-
veloped by Ercoless2p] and in this form by Laio et a§f7]. Itis an iterative procedure

that obeys the following algorithm: Beginning with the best potential available, the
system is equilibrated with an MD simulation. Once equilibrated, a number of atomic
configurations are generated. On these configurations, density functional theory cal-
culations of total energy, forces and stress are performed and these are used to perform
the parametrization. With the new parameters, the scheme will be repeated until the
current parameter set fits the current and the previous ab initio data to the same degree.
Finally the emerging parameter set is supposed to produce potential energy, forces and
stress in agreement with the DFT method used for parametrization, but much faster
as the ab initio method. This statement obviously only holds in terms of a certain
accuracy and in the vicinity of the surrounding conditions that were employed in the
parametrization procedure, like temperature and external pressure. When this temper-
ature and pressure is exceeded significantly, the accuracy of the potential cannot be
taken for granted but has to be questioned as it is the case with every model potential.
One major advantage of this method is that it does not rely on any experimental input
and thus the parametrization can take place in principle in any possible thermodynamic
conditions, even where experimental data is unavailable.

In this work, we used the Fortran subroutine provided by Paul Tangney that calculates
forces, stress tensor and potential energy for a given configuration. The parametriza-
tion was done by Tangney and Scandolo in the liquid phas¥®@t K, in order to

find a parameter set which is not biased towards a particular crystal structure. In the
following the algorithm used to solve for the dipoles will be outlined.

Calculation of the induced polarization is a many-body problem, where the induced
dipoles all depend on each otheralfis the polarizability of site, the induced dipole
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1.4. Fluctuating Dipole Model

p, at positionk; is given by

— oE, 1.35
p ; (1.35)

=

B, = El+) Tp, (1.36)
j#i

The polarization is proportional to the electric field, which in turn depends on all the
dipoles via the dipole-dipole interaction tenﬂf)g HereE! is the “fixed” part of the
electric field due to charges and a possibly applied external field. To solve this pair of
equations amounts to solving a seBaf x 3N linear equations. Thus the possibility

to solve them directly or in an iterative way can be ruled out directly, as it would be
far too computationally expensive. Therefore these equations have to be solved either
with an extended Lagrangian scheme as done3@) 106 or with a self consistent
approach as in4.

However, Wilson and Maddet{g found that this model for polarization had signifi-
cant shortcomings. The ions tended to become over-polarized, and small anion-cation
distances resulted in very large induction forces which overcame the short-range Pauli
exclusion repulsion. This is because the model neglects the dipoles induced by short-
range overlap effects, which should oppose the Coulomb-field induced dipoles. On the
basis of electronic structure calculatio?d], Wilson and Madden suggested an addi-
tional term to incorporate these dipoles into the present model. The induced dipole
from eq. (.35 will now be:

CIEZ
p, = o B + Z @igij(sz)% (1.37)
j#i ij
where ,
(bR;;)*
gij(Rij) = —exp(=bRy;) ) = (1.38)

k=0
Putting everything together, the algorithm basically works according to the following
principle:
1. Calculate the contribution from the charges to the energy, forces and stress

2. Calculate the short-range induced dipole moment on each ion

3. Formulate a guess for the electric field on each ion by extrapolation from the last
three timesteps

4. Solve for the dipoles, until they are consistent with the resulting electric field up
to a certain accuracy
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1. Simulation Techniques and Model Potentials

5. Use the converged values to calculate the contribution from charge-dipole and
dipole-dipole interaction to energy, forces and stress

6. Calculate the contribution of the short-range induction of dipole moments to the
energy, forces and stress

7. Add up all contributions to the energy, forces and stress

The pair interaction between the ions used in the force field by Tangney and Scandolo
is a point charge Coulomb interaction plus a pair potential of Morse-Stretch form to
model the short-range interactions:

Uy = (z% + Dij[e%j(l_”j/rgj) — 27/ 20=7is/7)], (1.39)
ij

The parameter set used is shown in Tabke

D 7 |n
O-O | 24748 x 107" | 12.07092 | 7.17005
Si-O | 1.9033 x 107 | 11.1523 | 4.6371
Si-Si | —2.0846 x 10~* | 10.45517 | 5.75038

qo ‘ qs; ‘ o ‘ b ‘ c
-1.38257| 2.76514| 8.89378| 2.02989| -1.50435

Table 1.5.; Fluc. Dipole Force Field parameters (atomic units)

1.5. Comparison of Performance

As far as the speed of calculations is concerned, the simplest potential, which is the
two-body BKS potential, is obviously the fastest. The fluctuating-charge potential is
slowed down in comparison to BKS by about a factot @flue to the shorter time step

that is needed with the extended Lagrangian approach to equilibrate the charges and
to decouple charge motion from the ionic motion. Using the direct calculation of the
charges at every 25th to 100th time step as suggested by the original adtj¢eadls

to a similar slowing down.

The comparison of the performance of the fluctuating-dipole potential with the stan-
dard two-body potential is difficult as our BKS routine is highly optimized while the
fluctuating-dipole routine uses new routines for every part of the calculation. As these
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1.5. Comparison of Performance

were not optimized at all, the comparison would be meaningless because of different
ways to calculate the details as for instance the Ewald sum, especially its reciprocal
part, or the neighbor lists. The original autho®@§][claim to see a slowing down by

a factor of100. However in comparison to our BKS routine the slowing down is even
more significant, which is why in many instances in the following work the system
sizes for the fluctuating-dipole simulations will be smaller than for the other potentials.
In general the fluctuating dipole can be treated comparable to the fluctuating charges,
and thus in an optimized routine the slowing down should have a similar value, which
means a factor of0.
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2. The a-3 Quartz Transition

The transition fromn- to g-quartz is a displacive phase transition, which occurs at a
transition temperature @k, = 846 K. The atomic structure of the and polymorphs

of quartz is known since 1928]and was refined in the following decades by numer-
ous experimental studie89]. The structure ofv-quartz is most easily envisioned as

v

Figure 2.1.: Sketch of the averagé-Quartz structure along the [100] direction

a distortion of the high-temperatufemodification. Whens-quartz is cooled below
the transition temperature, the expangeduartz framework collapses to the denser
a-quartz configuration. For the average structure, the contraction of the tetrahedral

Figure 2.2.: The two orientations ofi-Quartz
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network may be described geometrically as the rotation of rigid tetrahedra around the
[100] axes by an angl®. This angle can be used as on order parameter, which is zero
in the 5 polymorph, wherea® is 16.3 for a-quartz at room temperature. Depending

on the sign of the tilting angle, the transformation yields two distincanda; twin
orientations as shown in Fig.2 These are called the DaupBkitwins ofa-quartz.

However the real picture of the transition is far more complicated. Even though the
«a — [ transition has been subject of many studies over the past 100 B&hrd |s
surprising that there is still no firm picture of what actually happens at the phase tran-
sition. This uncertainty is connected with the discussion about the real structure of
G-quartz. While figure&.1shows the average atomic positions for the oxygen atoms, it
turns out that these average position are rarely occupied. It is not completely resolved
what the instantaneous structure looks like that leads to the symmetric average posi-
tions. There are basically two competing ideagafuartz.

One picture of thej-quartz structure is based on the idea that each oxygen atom is
associated with not one but two potential minima. As a consequence the atom would
oscillate between two positions that correspond to the Dagéythiim configurations of
a-quartz. This means that in the high symmetry phase the atoms are hopping between
the positions corresponding to the different domains of the low symmetry phase, giving
the structure shown in Fi¢.1on average. Upon cooling, the dynamic disorder in the
high symmetry phase gets ordered when the atoms progressively occupy the positions
corresponding to one of the orientations in the low symmetry phase. Therefore this pic-
ture of 5-quartz would imply an order-disorder type transition. It has been supported
by results of Neutron diffractiod07], NMR studiesB7] and MD simulations[0q.

The other picture supports an ordered structurgi-gfuartz. The idea is that the
atoms in principle vibrate around mean positions given by the average structure, which
change on cooling belo®, through symmetry breaking displacements. This point of
view explains the observed existence of soft modes-iand G-quartzB, 92, 13, 24]

and the absence of symmetry forbidden phonons irgtpease of quartgd1], which
should be detected if-quartz consisted of clusters @fquartz that persist over longer
time scales. However it is clear that the oxygen atoms do not fluctuate harmonically
around their average positions. This is supported by an X-ray st@gijat showed

that the oxygen probability density functions deviate considerably from Gaussians.
This outcome was not interpreted as disorder in the sense of clusters of microtwins,
but rather as librational motion of the oxygen atoms around their averaged positions,
which lie on the straight connection of two Si atoms.
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2. The -3 Quartz Transition

2.1. Transition Temperature

In the following the transition temperatufg. of thea-( transition will be determined

for the different potentials. For the BKS potential this value was recently shé@n [

to be 740 K with an uncertainty of abouK. For the fluctuating charge and the fluctu-
ating dipole potential the transition temperature is not known and will be determined
in this section.

In general for the calculation of the transition temperature in a computer simulation
one is confronted with the problem, that due to the finite size of the simulation box
all thermodynamic properties behave smoothly near the phase transition, and so does
the order parameter. In order to determine the transition tempefBtunevertheless
accurately, it is possible to use the fourth-order cumul&8htyhich is defined in the
case of a one-component order parameter as

G(N.T) = (3 - %) , @1)

Where<¢k> deontes the thermal average of ttith moment of the order parameter
for an N-particle system. It has been showk04, that g4(V,T), aside from small
correction terms, has a size-independent crossing point at a first-order phase transi-

1 I I I I T 1
B N=72 T
N=324
08— N=864
0.6 —
E | |
>
04— —
0.2 _]
0 | | Li [ |
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TIK]

Figure 2.3.: Fourth-order cumulany, as a function off” for the fluctuating dipole potential

tion. This is valid under the restriction that the geometry of the simulation cell remains
similar when the particle number is increased. This condition can only be approxi-
mately satisfied in the case of a crystal, as it can only be expanded in multiples of the
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2.1. Transition Temperature

unit cell. The unit cell used in the simulations is even larger than the primitive cell,
as we fit the trigonak-quartz phase into a rectangular simulation box. So only an ap-
proximately coinciding crossing point can be expected for the different system sizes.
The system sizes chosen d¥e= 72, N = 324, andN = 864. As shown in Fig2.3,

there is not a perfect crossing of the cumulants for the different system sizes, but it still
allows one to locate the transition temperaturd’atz 715K with an uncertainty of
about5K. This value is comparable to the BKS transition temperature, but even lower
and120K too low compared to the experimental transition temperature.

To gain a more accurate picture of the transition it can be described within Landau

[ [ [ [ [
15 N=72 —

10 andau Theory

<®> [°]

I I I I I I
800 400 600 800 1000 1200
TIK]

Figure 2.4.: Order parametet|®|) as a function of temperature. Shown are different system sizes
simulated with the fluctuating dipole potential, fits obtained with Landau theory and finite-
size Landau theory.

theory in the same way as it is done in R&G][ It is well established that the macro-
scopic evolution of quartz at the transition point can be described by the standard
Landau expansion for a first-order transitidi8[ 35, 4, 5]. Odd order terms irb are

not permitted by symmetry and the expansion is written as

F(®,T) = %a(T —T.)®* + }11@4 + éccbﬁ. (2.2)
F is the free energy per particle as a function of temperdfuesd order parameter
® anda, b, ¢, andT, are parameters. The parameter b should be negative to have a
(weak) first order transition.
These parameters can be specified by fitting the absolute value of the order parameter
(|®|) as a function of temperature to the data obtained from simulation. In finite-size
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2. The -3 Quartz Transition

Landau theory for a system withi particles the expectation value reads

oy — 010 (NP0, 7))
ffooo d® exp{—[NF(®,T)}

(2.3)

This function is fitted against the data from tNe= 324 system and shown in Fig.4.

For the two other system sizes also the fit parameters obtainedXrom 324 are
shown. It can be seen the behaviour((@#|) is reasonably described by Landau the-
ory. The fit parameters are = 7.41 x 1073 J/(mol - K), b = —4.97 x 1072 J/mol,

¢ = 8.03 x 1075 J/mol, andT,. = 704 K. From Fig.2.4the transition temperature can

be read a¥;, = 712 K. Similar to the experimentl3], b is found to be negative, which
characterizes a first-order transition, did — 7., = 8 K. This is also in good agree-
ment with different studies based on experimental data, which typically determined the
value of 7}, — T. in the range oft — 13K [3, 45, 35, 4, 22, 50]. In total the features of
experimental studies are certainly reproduced, even though the transition temperature
is aboutl30 K smaller.

The same analysis for the fluctuating-charge potential (&f.is done for systems
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Figure 2.5.: Fourth-order cumulanj as a function off” for the fluctuating charge potential.

sizesN = 324, N = 864, and N = 1800. The system sizes are chosen somewhat
larger than before for the reasons mentioned in chapterThe non-monotonic be-
haviour of the cumulant, which was also observed in RE®4], does occur within

the plotted error bars. The cumulant analysis yields a transition temperature of about
T = 550K. The parameters of the Landau expansion (2®)) are fitted as described
before to the data of th& = 864 system. The parameters obtained were used for all
three system sizes shown in F&y6. The fit parameters are= 8.92x 1073 J/(mol-K),
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Figure 2.6.: Order parametel{®|) as a function of temperature. Shown are different system sizes sim-
ulated with the fluctuating charge potential, fits obtained with Landau theory and finite-
size Landau theory.

b= —4.30 x 1072J3/mol, ¢ = 1.02 x 10~* J/mol, andT,. = 570 K. Again, b is nega-

tive and the differenc&;, — T. is positive and aboult0 K, as we can find a transition
temperature of ;, = 581 K in Fig. 2.6. Again the characterisation of the phase transi-
tion seen in experiment is obtained quite similar, but the discrepancy in the transition
temperature of more thatb0 K is tremendous.

2.2. Hysteresis

An interesting feature in the-( transition was discovered in ReBg] that is linked

to hysteresis effects in the transition. It was shown that one can distinguish between
the two phases from the local structure, which offers the possibility to study hysteresis
effects directly. This statement holds for our simulations, as it is shown for the case of
the fluctuating-dipole potential in Fi@-7. The pair correlation function(r) does not
change significantly with temperature above and bélpwbut makes a sudden change

at the transition. So one can observe the hysteresis effect y{ithéunction. While

the structure af’ = 725 K that was started with amn-quartz configuration equilibrated

25 K below, it remains stable in this phase. On the other hand it also remains stable
in the 5-quartz phase, when the initial configuration was equilibrate® above. Of
course in a simulation close to the transition temperature the system undergoes more
changes between the two phase for a small box, only for a larger particle number the
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2. The -3 Quartz Transition

(cooling) _|
(heating)

Figure 2.7.: Radial distribution functiomws;_o () at various temperatures for system size N=864 with
fluctuating-charge potential.

system stays in one phase.

2.3. Thermal Expansion and c/a Ratio

One check for the different models is the temperature dependence of the volume close
to the transition. As can be seen in fij8the BKS potential gives fairly good agree-
ment with experiment, even though the volume is sligthly overestimated and the tran-
sition temperature differs from the experimental transition temperature as described in
the previous section. The result of the fluc-Q potential is quite similar, even though
the volume of both quartz phases is even bigger for this model. The best quantitative
agreement with experiment can be seen for the jfiymtential. The rather smooth
behaviour at the transition is due to the fact that this potential allows for the existence
of both of the two phases in a quite broad temperature range around the transition.
However the volume expansion is not isotropic, but the jump at the transition was ob-
served in experimentlB] to be of different magnitude for different spatial directions.
This can be seen in the ratio of the lattice constargada, which shows a disconti-

nuity at the transition. It was recently pointed 066], that in a computer simulation
using the BKS potential the behaviour of e ratio differs qualitatively from the ex-
perimental result, as the simulation does not see any discontinuity or even any distinct
feature in the:/a ratio at the transition. This behaviour is shown in figdré@ Shown
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Figure 2.8.: Temperature dependence of the volume per unit cell abtigetransition. All of the
three different model potentials show qualitative agreement with experiment, while the
quantitative agreement is best for the flupotential.
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Figure 2.9.: Temperature dependence of te ratio at thew- transition. For easier comparison the
curves are shifted to match at their respective transition temperature.

in this figure are also the curves for the fluc-Q and the flymetential. In the case

of the fluc-Q potential one can see a change in the slope at the transition temperature.
Thus there is at least an effect of the transition indheratio, but it is still far away

from reproducing the height of the stroke that occurs in experiment. In contrast the
fluc-p. approach matches the experimental course of:theratio quite well even in
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2. The -3 Quartz Transition

guantitative terms. The smooth behaviour at the transition is again owing to the broad
range of phase coexistence as discussed above.

2.3.1. Influence of Specific Properties of the Potentials

T T T T T T T

1.094— =—astandard fluc-Q potential
= - = fluc-Q potential with fixed Q

1.092—
©

c/

1.088 TR Y T Y T Y YT AN SO N N |
0 200 400 600 T[E}sgo 1000 1200 1400

Figure 2.10.: Temperature dependence of th ratio at thea-g transition for the fluc-Q potential
with fluctuating and fixed charges.

A closer look at the origin of these differences can be done by investigating the in-
fluence of the fluctuating charges and the fluctuating dipoles on this behaviour. If we
use the fluctuating charge potential with the charges fixed on the average charges in
a-quartz, the behaviour of th€/a ratio is only marginally different, and only in the

high temperature regime. The kink At is still of the same shape as with the fluc-
tuating charges. In general there is not much difference between the average charges
in a-quartz, which are about Q)s; >= 1.318e for Si, and ing3-quartz, where the
value is< Qsi >= 1.293e. So it is justified to state that the fluctuations of the charges
barely affect the simulation, at least the kink in thfe ratio is certainly not a result of
fluctuatingcharges but rather an effect of the pure two body forces in the potential.

The same analysis for the fluctuating dipole potential results in a completely differ-
ent picture. The simulation crucically depends on the fluctuating dipoles. When the
dipoles are fixed on the average values found-iquartz, the crystal would not trans-

form to the s phase even at temperatures as high#¥ K. Similarly, with fixed
averagel quartz dipoles the crystal would stay infaquartz configuration even at
300K. This can be seen in the temperature dependence of the order paréjetas

shown in fig.2.11 While in the first case the volume (Fig.12 matches the volume of

the run that has the dipoles fluctuating at a temperatus®@X’, where the averaging

was performed, the volume in the latter case is much higher than with a fluctuating
dipole run. This is due to the fact that the average dipoles are not a reasonable quantity
in the g-quartz phase, as they represent the dipoles that result from thermal averages
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Figure 2.11.: Order parametef{®|) as a function of temperature for the unaltered flugetential and
for the same potential with dipoles fixed on their average valuesqnartz or3-quartz
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Figure 2.12.: Volume per unit cell of quartz as a function of temperature for the unalteredufluc-
potential and for the same potential with dipoles fixed on their average values in
quartz org-quartz

over the structure. So for example, for symmetry reasons; tbemponent of the
dipole must be zero im-quartz but not icv-quartz. To constrain the dipoles to the
values that they have ifi-quartz makes the crystal tend more to the average structure
with stretched bonds on the oxygen atoms, which explains the artificially increased
volume that is observed when the constraint is applied in the simulations. Also the
c¢/a ratio, shown in fig.2.13 is quite independent of temperature in this setting and
shows an unphysical value for the fixgequartz dipoles. To summmarize, one can
say that the dipoles play an important part in the model and are responsible for a big
part of the forces that act on the atoms. While these simulations show the effect that
the dipoles have on the structure and the phase transformation, the mechanism how the
¢/a anomaly at thew-3 transition comes about is not yet resolved.
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Figure 2.13.: ¢/a ratio of quartz as a function of temperature for the unalteredlpotential and for
the same potential with dipoles fixed on their average valuesdnartz org-quartz

2.4. Distortion of Tetrahedra

The reason for the behaviour of thé: ratio in quartz was investigated by Grimm and
Dorner [35]. They isolated three tendencies that go along with increasing temperature.

e increasing Si-O-Si angle
e decreasing mean Si-O distance

e contraction of SiQ groups in ¢ direction

While it is possible to describe the change in the volume of quartz by rotation of rigid
tetrahedra by leaving all nearest neighbor Si-O bond lengths constant, the behaviour
of the¢/a ratio cannot be reproduced by such a model. It was sh@&by purely
geometrical arguments that a valuecgfi > 1.0981 can only be achieved in a quartz
crystal if the tetrahedra are deformed. The model employing only tilting of rigid tetra-
hedral SiQ units only can not account for a lower value in this ratio, even though it
can explain all volume effects. Given this argument and the experimentally known
lattice constants a deformation of the Si@trahedra must be present for tempera-
tures lower than about 400 K. The shearing of the tetrahedra in the quartz phase is
also well established experimentall$g 49, 13]. To test if such a deformation is
present in the simulations, one can look at the tetraeder @agis, which is shown in

fig. 2.14 However the fluctuating dipole potential, which definitely shows the same
c¢/a ratio behaviour as in experiment, does not exhibit a dramatic change in the overall
average of the OSIiO angle when going to small temperatures (se&X@.and no
obvious difference compared to the BKS potential. On the other hand the average of
all tetrahedron angles is not sensitive to shearing, as the different angles in a deformed
tetrahedron are likely to cancel out on average. The second moment of the distribution
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Figure 2.14.: Average O-Si-O bond angle and its second moment as a function of temperature

could give more information, but the value obtained with fluis comparable to that
in BKS.
A more sensitive analysis of the angle distribution can be done with the help of the
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Figure 2.15.: Average fourth order cumulant of the O-Si-O bond angle as a function of temperature

fourth-order cumulant shown in fi@.15 As different mean values for the different
O-Si-O bond angles would result in a superposition of Gauss distributions with differ-
ent mean, the overall average should deviate from a plain gaussian. A measurement
for the gaussian behaviour of a distribution is the fourth-order cumulant, defined as

RYARY
=3 (0~ o) 9

which is zero for a gaussian distribution. One can see that the angle distribution gen-
erated by the BKS potential deviates even more from gaussian behaviour than the
fluc-dipole bond-angle distribution. This means that the tetrahedra ia fifease of

the BKS potential are even more deformed than in the fluc-dipole potential. This can
also be seen quite obvious by an exemplary look at the average angles making up the
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2. The -3 Quartz Transition

Figure 2.16.: [001] projection of then;, as and S configuration. Heights along [001] are shown in
parantheses:z is 1/6 for S-quartz and slightly below or above for the two Daughin
twins of a-quartz. Picture taken from Kihara.

tetrahedron around one specific silicon atom. In order to enumerate the atoms in a
well-defined way, the definition by Kihar&d] is used, which is shown in fi2.16

The comparison of the angles around the&isition fora-quartz a298 K is shown

in the following table with experimental values by Kihara.

Experiment| BKS | fluc-dipole
0;-Si-0, 110.5 107.5 110.1
0;-Si-Og 108.9 114.8 108.9
0,-Si-O5 108.8 108.2| 109.1
0,-Si-O5 109.3 110.5| 109.5

The table shows that the deviation between the ideal tetrahedral angle of 109.47 de-
grees and the calculated angles has the correct sign and amplitude for the fluctuating-
dipole potential as compared with experiment, in contrast to the BKS result. One can
see that the large deformation, that was also seen in the figures above, is actually way
to large compared to experiment and moreover has the wrong sign. In three out of the
four angles shown, the abberation from the tetraeder angle that is predicted by BKS
goes into the wrong direction. The explanation follows from the geometrical argument
given by Smith 86] when we look at the absolute value of thé: ratio produced by

BKS. Itis shown in fig2.17, that thec/a ratio does not exceed the valuelof981 for

the case of the fluctuating dipole potential, in contrast to the BKS potential, which is
below this value only for high temperature in thequartz. So the BKS quartz has to

be strongly deformed even in tllephase because of geometrical reasons, so it is clear
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Figure 2.17.: c¢/a ratio in quartz as a function of the volume per unit cell.

that the subtle shear effect in the tetrahedra that would lead to the correct behaviour
of the lattice constants is completely suppressed by a large deformation having the
incorrect sign.

2.4.1. Influence of Atomic Bond Character

The origin of the distortion of the tetrahedra that leads to a contraction of &xés

in quartz, was related by Hill and Gibb44] to an increasingr bond order, i.e. an
increasing fraction ofr-bonded valence electrons. At ambient conditions, Hill and
Gibbs have observed that the mean Si-O bond length is inversely proportional to the
size of the Si-O-Si angle. Plots diso versus the function-1/ cos(Si-O-Si) for a

wide variety of silicate structures are linear with the shorter bonds associated with the
wider angles. On the basis of molecular orbital calculati&® 34] a linear relation
betweenr-bond order and both, the mean Si-O distance -atd cos(Si-O-Si), was
proposed. This was based on thédonding model of CruickshanKk.§], which is il-
lustrated in Fig2.18 The two pictures show how the p-orbitals of the oxygen atoms
can be combined with thé.. andd,:_,. orbitals of the Si atom to formr-bonding
molecular orbitals (the colours correspond to the signs of the wave function). It was
shown for SiQ type tetrahedra that the decreasing Si-O distance is accompanied by
an increasingr-bond order. 18]. Furthermore thel-orbitals single out the’ axis and

at least for thel,»_,» orbital it is obvious that an increasingbond order will tend to

pull the oxygen atoms towards thé&,” plane.

To demonstrate the validity of this model for quartz, Grimm and Dorner showed the
correlation between the mean Si-O distance and the Si-O-Si angle as mentioned above.
To compare their conclusions to the simulations one has to determine the Si-O bond
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2. The a3 Quartz Transition

(a) Overlap of X(d,:_,2) with oxygen 2pr (b) Overlap of X(d,?) with oxygen 2p=’".
in XO,.

Figure 2.18.: Models showing the formation of binding-orbitals for XO, groups. Pictures taken
from Cruickshank.
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Figure 2.19.: Correlation between the mean Si-O distafitg, and the Si-O-Si anglésios;

length in the average configuration rather than the average of the instantaneous bond
lengths. The outcome in Fi@.19shows clearly, that the angular dependence of the
Si-O bond length is very similar to the experiment. The absolute numbers are compa-
rable and the dependence is linear as predicted by the Hill-Gibbs relation. The figure
shows that the effects of thebonds on the Si-O distance and the Si-O-Si angle, which
controls most of the volume expansion, are obviously included in the BKS potential
fairly well as well. Only the third effect, the contraction of the tetrahedradirection

that leads to the anomaly in tla ratio, is obviously not correctly modelled by the
BKS potential as shown before, in contrast to the fluctuating dipole potential.

Keeping in mind the Hill and Gibbs discussion ofbond order and the results pre-
sented above raises the question whether the effectbainds has been parametrized
implicitly as (fluctuating) dipoles in the potential by Tangney and Scandolo. Itis shown
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in Fig. 2.2Q that the symmetries of the average dipoles in this potential very much re-

Figure 2.20.: Average dipoles in tha- (left) and the3-quartz phase (right). Projection along the [100]
direction. Obvious is the symmetry forbiddermwomponent (vertical) ir¥ quartz as well
as the dipole orientation orthogonal to the Si-O-Si connection lineguartz.

semble to the symmetries in thebond model. Their orientation around a tetrahedron

is the same as for the oxygerorbitals and they single out thedirection. Of course

this only constitutes an analogy as the quantum chemical interaction of the orbitals in
Fig. 2.18and the classical dipole interaction are of different nature. But it underlines
the suspicion that the dipoles introduce the right effects into the system, but maybe do
so by incorporating physics which is usually not to be described by classical dipoles
alone. But it is not too surprising that this actually works, as already a simple classical
two body potential like BKS can model the tetrahedra quite well, even though their
formation is a quantum chemical effect of the hybrid orbitals.

In a later chapter on electromechanical coefficients, it will be shown that the piezoelec-

trical response of quartz using the fluctuating charge potential reproduces available ex-
perimental data much better if the external electric field is coupled to the charges only

but not to the dipoles themselves.

2.5. Elastic Constants

There are two reasons why the calculation of elastic constants is crucial to test whether
the model describes the  transition well. The first is that the elastic constants are
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very sensitive to small changes in the model potential energy surface and second they
show distinct features at the [ transition in quartz, as discussed recently by Carpen-
ter et al. [L3].

The calculation of the elastic constants in our simulations was done in the NpT ensem-
ble using the fluctuations of the strain tensd72]. The strain tensor can be written

in terms of the simulation bok as

w=s (b want 1) = 5 (hh, o) +O (512) @29)
Now the elastic constants can be evaluated with the help of the fluctuations of this
quantity:

Coprs = ]C%T (Ouasduys) (2.6)
As the h matrix is symmetric in the Parrinello Rahman method, derived tensors like
the strain tensor and the elastic constants will also be symmetric and can be written in
Voigt notation (see chaptdr1.7). This reduces the 4th rank tensor of dimension 3 to
a square matrix of dimension 6. In a crystal the number of independent coefficients
reduces even more, related to the crystal symmetry classofgoiartz, which is a
trigonal holoaxial system, the elastic constants have the following symmetry:

Cll 012 ClS C114 0
CY12 C’11 C’13 _014 0
C13 C’13 C’33 0 0
Cl4 —014 0 044 0
0 0 0 0 Oy Cy
0 0 0 0 Cuu 3(Ci—Ch)

(2.7)

o O OO

With ascending symmetry the number of independent elastic constants decreases. Thus
when going to thes-quartz configuration, which is a tetragonal holoaxial system, the
crystals gains symmetry and therefore loses independent entries in the matrix, in this
caseC'4 will vanish. Note that”;, can only be non-zero for systems that lack inversion
symmetry, as in tensor notati@ry, becomes’;1»3 in which the indices 2 and 3 only

occur once. This is a reflection of quartz lacking inversion symmetry, se€ Q.
Consequently, the sign ¢, depends on the chirality in quartz, i.e., whether we have
left-handed or right-handed quartz. The elastic constants tengegqoértz looks like

Cll C(12 ClS 0
012 C(11 C’13 0
Cl3 013 C’33 0
0 0 0 Oy
0 0 0 0 Cyu
0 0 0 0 0 3(Cu—0Ch)

c- 28)

o O O OO

0
0
0
0
4

40



2.5. Elastic Constants

C. [GPa]

C. [GPa]

‘ —]
140 4
- o —
120 —
100 —
80 —
60 —
< _
0 ‘ : EXp. ) ¢ * |‘ \‘ ]
I I I

B e C,, (fluc. charge) ! 7]
140 — o Cg; (fluc. charge) C, ]
B + G, (fluc. charge) 7]
120 - o Cg (fluc. charge) —
100 s &8 _
80— —
| Vs * + |

40 | ] \° | ¢ ! 3 s *i A | * | M
s cE: " (fluc. dipole) L.
B uc. dipole c |
1401 Goy (fluc. dipole) 1 -

C (fluc. dipole)
120 B o C (fluc. dipole) /033 ]
100~ _ —
B ]
80 - \w —
60 Cus —
a0l Ces — K —
! | | ! [ |
-600 -400 -200 0 200 400

Figure 2.21.: Elastic Constants
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2.6. Phonon Density of States

The simulation results for the elastic constants are shown in2E2d.for the relevant
diagonal element§’;;, Cs3, Cyy, Cge and in Fig.2.22for the relevant non-diagonal el-
ementsC’,, C13,C14. The curves are shifted in temperature to match the respective
transition temperatures of the models.

All models show the general behaviour that there is a marked softendrig,io’;», Ci3,
andCjs3 asT — T;,.. Only theCyy andCgg do not vary so much with temperature and
not at all in the stability field ofs-quartz, whileC' 4 is quite constant imv-quartz and
vanishes in thegg-quartz phase due to symmetry reasons.

As already shown in Ref6p], BKS shows good qualitative agreement with experi-
ment, also for the strong temperature dependencefigaAlso most experimental
features are well reflected, e @;; andCs3 cross between high and low temperatures
similar toC; andCgg (both shown in Fig2.21), while C5, andC'3 do not cross. This
good agreement is not too surprising considering the way in which the BKS parame-
ters where determined: ab initio data along with elastic moduli were used to construct
the potential energy surface.

In comparison to BKS the agreement of the fluctuating charge potential with exper-
iment is not too convincing. While the qualitative trends are reproduced quite well,
almost every value is significantly lower than in experiment.

The fluctuating dipole potential is in better agreement, but does not improve on the
BKS behaviour. While the agreementdnquartz is better than BKS fdry,, it is less

good forCy;. However the values fof-quartz seem to have similar deviations for
the experimental values. Close to the transition temperature the softening is generally
more pronounced in all simulations due the finite system size, but at higher tempera-
tures BKS and the fluctuating dipole potential agree on higher values, faandC' 3

than the experiment.

2.6. Phonon Density of States

A quantity of interest in computer simulations of amorphous as well as crystalline sys-
tems is the vibrational density of states (DOS). In general it is a measurement for the
lattice dynamics, as it shows the distribution of vibrational states over frequency. This
meansg(v)dv give the number of eigenstates in the frequency rangedv + dv.

While it can also be measured experimentally by neutron scattering, the simulation
gives insight to where the microscopic origin of the distribution comes from. For ex-
ample the partial distribution functions are often shown, which take into account only
the contributions from a certain atom type, which is a quantity not possible to be mea-
sured experimentally in general. However it was shown recefitipf the example of

BKS in the simulation of amorphous silica, that the density of states is not well repro-
duced by this model. Even though the structure of vitreous 8i& shown to change
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only weakly by a subsequent first-principles calculation, the DOS was strongly mod-
ified by using an ab initio treatment of the forces, and that this lead to a much better
agreement with experimental results. Moreover, in a large frequency range the nature
of the excitations as determined from the effective potential differed significantly from
the one determined from the ab initio force. This calls into question the explanatory
power of an analysis of the nature of the vibrational excitations determined from the
BKS force field. On the other hand it gives rise to the question if other effective force
fields can do better, as ab-initio calculations suffer from their heavy computational cost
which restricts this type of calculations to the study of very small systems with rather
low statistical accuracy.

The definition of the vibrational density of states reads

1 3N
9(v) = 537 D_ 0w =), (29)

with NV being the particle number ang,i = 1,...,3N the eigenfrequencies of the
dynamical matrixD. A less laborious way is the calculation in harmonical approx-
imation, which only requires to calculate the Fourier transform of the velocity auto
correlation function:

[e.e]

g(v) = Nk:lBTij/dt <Qj(t).yj(0)>ei2””t. (2.10)

— 00

This was calcluated in the simulations by averaging the velocity auto correlation func-
tion over time intervals 02048 steps, which corresponds to real time intervalg ps,
allowing for a resolution ot /2ps= 0.5 THz in the vDOS.

The most obvious disagreement between the lattice dynamics of a BKS simulation
and an ab initio simulation can already be seen directly in the vibrational DOS in
Fig. 2.23 The figure shows a comparison @fquartz at300 K with ab initio data

from Roma et al. T9], as no experimental measurement of the DOS in quartz could
be found. The figure shows that the inter tetrahedral motions, the so called rigid unit
modes which account for the lower frequency range, show a significant discrepancy, as
it is already known for amorphous systems. In the higher frequency range the double
peak structure, which is available in both of the curves, comes about due to intratetra-
hedral stretching vibrationS8g, 73]. The four oxygen atoms in an SjQetrahedron

are moving at the higher frequency (“breathing mode”) in phase in relation to the cen-
tral Si atom, at the lower frequency two O-Atoms oscillate in anti-phase to each other.
However the frequency of these oscillations seems to be shifted32anTHz for the

low frequency peak, according to neutron scattering in vitreous sifisja fo around

30 THz in o quartz, according to the ab initio data at hand. The lower peak of the
BKS potential, which coincides with the experimental frequency quite well, is how-
ever shifted rather to a higher frequency of ab®@THz in « quartz.
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2.6. Phonon Density of States
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Figure 2.23.: Phonon Density of States im-quartz aB00K. Comparison of BKS and ab initio data.

The fluctuating charge model shows a slightly better agreement with the ab initio data
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Figure 2.24.: Phonon Density of States in-quartz at300K. Comparison of the fluctuating chare
potential and ab initio data.

where the lower frequencies are concerned. The two peakis Btz and22 THz at

least exist close by and the structure is approximately maintained. The two peaks of
the intra tetrahedral modes collapse on just a single peak, but exist at roughly the right
frequency.

The best overall agreement for both the rigid unit modes and the double peak is
clearly shown by the fluctuating dipole potential. This is not too surprising as it was
parametrized to match ab initio forces and stresses, but also the BKS potential was
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Figure 2.25.: Phonon Density of States in-quartz at300K. Comparison of the fluctuating dipole

potential and ab initio data.

parametrized to quartz data, even though the DOS looks better for vitreous silica. The
fluctuating dipole potential is almost congruent with the ab initio result in this case,
only the tetrahedral breathing mode is slightly shifted in frequency. This convincing
agreement suggests a good credibility for the lattice dynamics in this force field.
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3. Pressure-Driven Transitions in
o-Quartz

The high-pressure behaviour@fquartz is not yet fully understood neither on the theo-
retical and nor on the experimental side. The majority of polymorphs that are observed
at ambient to moderate pressures, such as cristobalite and quartz as well as other poly-
morphs including tridymites and coesite, are built up of S&€rahedra39]. At higher
pressures dense forms containing SiOtahedra are observed such as stishovite above

9 GPa, which has a rutile type structure. Because of the relatively strong Si-O bonding
in silica, there are high kinetic barriers associated with the transitions to stable phases
containing octahedrally coordinated silica at high pressure.

As the pressure is increased, the four-coordinated structures become increasingly un-
favorable and eventually the polymorph become unstable. New phases are formed that
can be either crystalline or amorphous. The newly formed phases can often be reached
relatively easily by local rearrangement of the atoms, however these phases are often
only thermodynamically metastabl&Z, 53, 105 97, 99]. The transition path way

from quartz to stishovite, which is the proper high-temperature polymorph at elevated
pressure, would be highly reconstructive and is thus kinetically suppressed. Because
of slow kinetics, the large number of possibilities to form six-coordinated structures
from four-coordinated structures, the metastability, but also experimental difficulties
such as low x-ray scattering factors, the phase behaviour of high pressure quartz is still
not completely resolved.

The high-pressure behaviour afquartz is particularly complexsp]. The stable
phases of Si@in the order of increasing pressure are quartz, coesite (from about 3
GPa), and stishovite (from about 7 GPa), as shown in the phase diagram thIFig.
However, at room temperature the transformations are kinetically inhibited. Conse-
quently, quartz can be kept metastable up to 21 GPa. Initially a pressure induced
amorphization was observed inrquartz B0], but soon it was discovered, that some

of these new materials formed at high pressure were found to exhibit unusual prop-
erties for amorphous solids such as elastic anisotréglygnd memory effects5p].

The experimental observations at this point are somewhat complex, but it is clear that
around 21 GPa a transformation to a quartz Il phase of unknown structure occurs.
The amorphous phase develops out of this new phase and grows with pressure until
a fully amorphous structure is reached above 30 GPa. Kingma &2hkgport that
samples recovered from above 30 GPa appeared to be entirely amorphous, while those
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3. Pressure-Driven Transitions in ac-Quartz

recovered from below this pressure contained crystalline regions. This explains the
unexpected anisotropic properties of the under X-ray apparently amorphous phase. A
different result was obtained by Haines et &8][ who saw a quartz Il structure only

as an intermediate phase from 19 to 26 GPa, which reverted for higher pressures to a
monoclinic P2/c phase.

3.1. Quartz Il Transition in Simulations

For molecular dynamics simulations employing the BKS potential it was shown that a
phase transition occurs, whenquartz is compressed to 22 GFP%[96]. This tran-
sition turned out to be not reversibl&83. It is crucial for the transition to occur that

Figure 3.1.: Snapshot of a Quartz Il configuration with 2160 atoms. The configuration is rotated to
align the crystal axis horizontally, but it can still be seen that the box is sheared rather
than orthorombic.
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3.1. Quartz II Transition in Simulations

a constant pressure regime with a fluctuating box geometry is used, as the new phase
can only be established from tlhequartz configuration when the box is allowed to
shear, which is shown in Fi@.1 The new phase is perfectly crystalline, which is ob-
vious from the structure snapshot, but it is subtle to achieve. In order to end up in this
crystalline phase and not in an amorphous phase, the fictious mass of the box has to be
sufficiently small, and the particle number has to be large. For smaller particle number
the transition would occur at a pressure of about 28 to 30 GPa. This is because at
pressures such highquartz is far beyond its stability range anyway and so it depends
on various conditions if the metastability holds or if the crystal converts to a different
phase. However the pressure of 22 GPa is the smallest that could be found and is cer-
tainly very comparable to experimental findings, which makes it a likely candidate for
the unknown Quartz Il structure.

From the pair correlation function or actually by viewing a snapshot of the system it
can be seen that only a third of the silicon atoms is four coordinated, but two thirds

Figure 3.2.: Silicon Coordination in Quartz Il. Four coordinated silicon is printed in blue while the six
coordinated silicon atoms are shown in yellow.

of silicon atoms have six neighbours, as it is common for the crystalline high pressure
phases of Si@ This can be seen in Fi§.2 where in a snapshot of the configuration
the silicon atoms are coloured according to their coordination number. The four coor-
dinated Si atoms are in the centres of St€trahedra, while the six coordinated atoms
are surrounded by oxygen atoms in the corners of an octahedron.

3.1.1. Transition Path Ways

The density changes in a compression/decompression cycle are shown in the equa-
tion of state in Fig3.3. Starting with thex-quartz configuration at zero pressure, the
pressure is increased up to 21 GPa, where the system collapses framulaetz con-
figuration into the quartz Il phase. The transition is discontinous in the volume and
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3. Pressure-Driven Transitions in ac-Quartz
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Figure 3.3.: Equation of State fori-quartz under pressure for BKS and fluctuating charge potential.

irreversible: in the simulation the new phase remains stable upon further compression
and even on decompression below the transition pressure. Even at small pressures the
cyrstal does not revert to the-quartz structure, but transforms into a néwuartz

phase. This phase transition is reversible with a hysteresis, but is also non-displacive.
The §-quartz phase is stable within the BKS potential even at ambient pressure and
would not revert tax-quartz.

For the fluctuating charge potential the equation of state for different quartz phases is
also shown in Fig3.3. The phase transition occurs at a slightly higher pressure of 25
GPa, and the volume of both thequartz and the quartz Il phase agree very well with

the BKS results. Nevertheles, the quartz Il phase does not remain stable on decompres-
sion, but the system undergoes a reversible phase transition at 21 GPa to a structurally
similar phase named quartz Il b in the figure. This phase has a smaller density than the
BKS quartz Il phase at the same pressure and reverts o thmartz phase at 4 GPa.

The d-quartz phase of BKS is not produced. Moreoverdkguartz phase is not even
stable for the fluctuating charge potential but quickly transforms qoartz.

These findings for the fluctuating charge potential are also valid for the fluctuating
dipole potential. As shown in Fid.4, the variation of the volume with pressure is
identical to the fluctuating charge potential with respect to its qualitative features. The
transition temperature to quartz Il is 27 GPa now, and it has to be noted that the tran-
sition only occurs for small systems. For larger systemswggiartz configuration is
stabilized for even much higher pressures. The transition to quartz Il b occurs also at
21 GPa and the next transitiondequartz will take place not until 2 GPa. Also in this
potential the BKS)-quartz phase is not stable and thus seems to remain an artificial
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Figure 3.4.: Equation of State fori-quartz under pressure for BKS and fluctuating dipole potential.

polymorph of the BKS potential.

3.2. Quartzllb

The quartz Il b phase, which does not form in a BKS simulation out of quartz II,
emerges from quartz Il phase with decreasing pressure at around 20 GPa for both the
fluctuating dipole and the fluctuating charge potential. The connectivity of the atoms
remains the same as in quartz Il during the transition and the structure change is not
visible in a snapshot nor in the scattering spectra, but the change in the pair correlation
function is obvious as shown exemplary in the Si-O pair correlation for the fluc. dipole
potential in Fig.3.5. From 23 to 20 GPa the cyrstal is in the quartz Il phase and the
pair correlation function changes only gradually. At the transition to the quartz Il b
phase at 19 GPa the pair correlation function exhibits a discontinuous jump, and is
changing only slightly on further decompression down to 17 GPa within the quartz I

b phase. The phase transition is reversible when the pressure is increased again, while
there is a hysteresis effect that implies a higher transition pressure of about 2 GPa

on recompression. These findings indicate a (quasi) displacive crystalline-crystalline
first-order transition.

51



3. Pressure-Driven Transitions in ac-Quartz
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Figure 3.5.: Si-O Pair correlation for the fluctuating dipole potential for different pressures around the
Quartz Il - Quartz Il b transition. The pressure was decreased subsequently starting from
quartz Il.

3.3. X-Ray Diffraction Spectra

The similar behaviour of the three model potentials at the quartz Il transition and
the apparent similarity of the crystalline structure emerging from these simulations
gives the simulation results a certain credibility for predictions towards the experi-
ment. In experiments the structure of a crystal can be characterized by its diffraction
pattern, such as the energy dispersive x-ray diffraction spectra measured for quartz Il
by Kingma et al. $2]. To measure these data in a simulation one has to calculate the

structure factor

2 2

S(q) =

(3.1)

> fifvexp{ig(R; — Ro)}| = |D_ fiexp{igR;}
gk j

with the appropriate atomic form factors. These are tabulated as a function of
sin(©)/A in Ref. [61], pp. 202, 203. A diffraction angle of&nd a Gaussian broaden-

ing with a 0.5 eV FWHM were used to generate the spectra. The wave vector is related
to sin(©)/\ via the Bragg condition\ = 2dsin © asq = 4wsin(0)/A.

The reciprocal lattice vectors have to fit in the simulation bpx 27h ™ (n,, Ny, N2 ),

which simplifies eq.3.1) to - B

2

S(q) = ij exp{2mi(ng, ny, n.)r;} (3.2)

J
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3.3. X-Ray Diffraction Spectra
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Figure 3.6.: Energy dispersive x-ray diffraction patterns of Quartz Il at 27 GPa. The experimental
x-ray diffraction spectrum shown in black is taken from Kingma et 82].[ The Q’
symbols represent shifted quartzlike peaks while the * depict new nonquartz peaks. Ne
denotes diffraction from neon, which is used as pressure medium.

The diffraction spectra for the different potentials are compared to the data by Kingma
et al. in Fig.3.6. The three potentials are in good agreement with each other concern-
ing the structure of quartz Il and can be related quite reasonably to the features of the
experimental spectrum.

An overview comparison for the spectra of the three potentials is given in3Fig.

where one can see the course of the peaks imvtheartz phase and the change to the
guartz Il peaks at the different transition temperatures. The position of the peaks can
be reexpressed as a Bragg distance between diffraction planes. The Bragg distances
as a function of pressure can then be compared to the data given by Kingma et al. In
Fig. 3.8the interplanar spacings are shown in comparison with the experimental data.
From this figure and fig3.6it can be summarized that the features of the experimental
spectrum agree quite well with the simulations. The apparent absence of the interpla-
nar spacing around 336in all simulations might be explained with the fact that the
peaks at 3.&in the simulation consists of two very close peaks which are not resolved

in the plot. On the other hand the apparent absence of theBtayg distance in exper-

iment might arise out of a misinterpretation of the experimentally complicated energy
range around 27 keV. In this energy range one peak arises from Neon that was used as
pressure medium in experiment, which might cover the additional interplanar spacing
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3. Pressure-Driven Transitions in ac-Quartz
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Figure 3.7.: Comparison of X-Ray spectra at various pressures for the BKS potential (left), the fluc.
charge potential (middle), and the fluc. dipole potential (right)

which is predicted by all of the simulations. In total it seems that all the three model
potentials support the structure seen by Kingma. Still these results are questionable as
the models were parametrized for ambient conditions and are not verified to reproduce
the real behaviour under such extreme pressures, but their stunningly similar findings
adds to the credibility of the results.

3.4. Other High-Pressure Phases

Wentzcovitch et al. 105 found a high pressure phase with symmetry R8simu-
lations at 40 GPa. These simulation were done with an ab-initio MD approach with
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Figure 3.8.: Interplanar spacing for the compressiomefjuartz in experiment and simulation. Lines
represent the different transition pressures. Experimental data by Kingmas#fjal. |

variable cell shape and a box of 27 particles. This high-pressure phase phase did not
emerge in our simulations from-quartz, however when using the crystal structure
reported by Wentzcovitch as initial configuration, it proved to be stable under high
pressures between 30 and 40 GPa with the fluctuating dipole potential and from 40
GPa down to 15 GPa with the BKS potential. In the fluctuating charge approach the
phase is only stable at around 30 GPa.

At lower pressures, and even down to zero pressure, structures are forming in all po-
tentials that are not entirely crystalline and not related to any known quartz phases.
The density of the crystal at 40 GPa can be calculated from the lattice constants given
in Ref. [109 to be 4.60 g/c, while the BKS potenial estimates a density of 4.53
g/cm?® and the fluctuating dipole potential finds 4.56 gfcrhlowever the polymorph
proposed by Wentzcovitch et al. seems to be a valid option for a high-pressure phase
of silica in the BKS and fluctuating dipole potential as well, however it is not nearly as
stable as the Quartz Il phase in the three potentials under consideration.
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4. Silica Polymorphs Other Than Quartz

4.1. Cristobalite

Quartz is not the only polymorph that is (meta) stable at ambient conditions. Cristo-
balite, a cubic polymorph, and tridymite, which has hexagonal symmetry, are found
to be stable as well during accessible experimental time scédle28. A model
potential that is used to mimic the behaviour of silica should be able to reflect the
experimentally observed stabilities. In some cases, the observation of stability in a
simulation might be fortuitous as it could be the consequence of periodic boundary
conditions and/or the number of atoms used. For example, the phase into which the
system would like to convert is not compatible with the number of atoms used in the
simulation or it cannot be accessed without a major reconstruction of the cell shape.
This issue will be discussed in more detall in this section with a focus on cristobalite
that shows subtle effects depending on the choice of the periodic boundary conditions.
For the simulation of a crystalline system, the crystal structure has to be placed inside
the box in a way that the periodic images fit to each other at the box ends. For the
initial configuration of a simulation the atom positions are chosen to be identical with
experimental crystallographic data such that the atoms were set onto ideal lattice posi-
tions and are equilibrated. For many systems and also for the case of cristobalite there
are different ways to arrange such an initial configuration.

The most natural configuration is according to the usual description of cristobalite as
a diamond structure for the silicon atoms with connecting oxygen atoms between each
neighboring pair of silicon atoms. This would place the [100] crystal direction parallel
to the z axis of the simulation box, and the box geometry would be cubic.

On the other hand there is a nice ABCABC layering of sheets of hexagonal rings in
the cristobalite structure, which is also a very common representation as it leads to
tridymite when the layers are stacked in an ABAB order. This layering is seen along
the [111] direction in the crystal, and accordingly would place this direction parallel
to the z axis of the simulation box when the layers are stacked in the xy plane.
However both geometries are completed by the periodic boundary conditions to form
an infinite cristobalite crystal, and therefore they are equivalent regarding the static
structure. On the other hand the connectivity of the atoms at the boundary is different
and therefore the two geometries are not equivalent regarding phonons. When a lattice
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4.2. Tridymite

vibration leaves a periodic image it would reenter the box at a different position for
both setups.
This difference becomes obvious in the simulationsedristobalite. When relaxing
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Figure 4.1.: Time evolution per Si@Qunit Vs;o, for the two geometries with three different potentials.

the crystal af” = 1273 K and zero external pressure, where cristobalite is considered
to be thermodynamically stabl&9), the volume of the simulation quickly stabilizes

on a value close to the experimental valuéofy, = 45.25 A3. In contrast with the
second configuration, which had the [111] direction parallel to the z axis, the observed
voulme is, if at all, metastable only for a short period of time, before densification of
the system takes place. After 2 ps the system is stable in a phase which is much denser
than cristobalite. It was tested that this state remains stable for more than a nanosec-
ond, which is not shown in the picture.

Obviously in contrast to this both the fluctuating charge and the fluctuating dipole
potential do not exhibit such a behaviour, but remain stable in the cristobalite phase
regardless of the initial condition.

Apparently the cristobalite phase is not universally stable in the BKS potential, but
only if certain phonons are prohibited by special periodic boundary conditions.

4.2. Tridymite

Another high temperature polymorph of quartz is tridymite, which was accepted to be
a stable phase of silica as late as in the 1960’s. There is a broad range of structural
modifications upon heating, while the structures increase in complexity with decreas-
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4. Silica Polymorphs Other Than Quartz

ing temperature. The ideal high-temperature tridymite, the HP-tridymite, is stable over
650 K. Its structure consists of an AB layering in c direction of the same tetrahedral
sheets that also form the cristobalite phase when stacked in a tripled ABC repeat along
[111].

We found that the HP-tridymite structure is not stable in BKS at 1000 K, which is well
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Figure 4.2.: Time evolution per Si@ unit Vg,0, of tridymite for the three different potentials at
T=1000 K.

in the experimental stability range. Surprisingly, also the fluctuating charge potential,
in which cristobalite turned out to be stable, suggested in contradiction to experiment
that the HP-tridymite configuration is unstable. Shown in Bigis the time evolution

of the volume in a simulation run. While the crystal simulated with the BKS poten-
tials collapses into a denser phase about as quickly as the cristobalite collapses, with

Y Y

A _ b YR ] y » ‘.’

a) BKS b) Fluc. Charge ¢) Fluc. Dipole
Figure 4.3.: Snapshot of the different phases that emerged after 20 ps at 1000 K. In all cases the initial
structure was HP-tridymite. Only the fluctuating dipole potential remained in the initial
phase, which is stable experimentally.
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4.3. Stishovite

the fluctuating charge potential the HP-tridymite is metastable for about 10 ps in the
simulation, only then it collapses slowly afterwards. The fluctuating dipole potential
is the only one that predicts that the HP-tridymite phase is stable.

In Fig. 4.3 this is shown in terms of the averaged configuration. One can see that
the collapsed structure of BKS and the fluctuating charge potential looks quite simi-
lar. The densification is mainly achieved by a contraction indtiigection (vertical).

The framework collapse induces distortions of hexagonal rings to oval configurations.
Additionally the tetrahedrons are tilted relative to the stacking directemd thus ad-
jacent sheets are displaced aldgngVhile the later is known to occur in the tridymite
phases at intermediate temperatures, these phases all have a superstructure of charac-
teristically alternating oval and ditrigonal configurations. The occurence of only oval
rings in the present simulations may be caused by the finite box size, which does not
allow the superstructure to emerge.

4.3. Stishovite

The quartz, cristobalite and tridymite phases studied in this work were composed out
of corner-sharing SiQtetrahedra, which is the usual configuration in the low pres-
sure phases. Stishovite in contrast is a polymorph that often serves as a prototype
phase having octahedrally coordinated silicon. It is often assug®®Q] that with

the fluctuating charge approach the ability of the charges to adapt to the configuration
is especially helpful for the transferability between differently coordinated structures.
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Figure 4.4.: Stishovite Equation of State. Solid circles are the data of Ross e8@|. iemley
et al. 43], and Andrault et al.Z]; open squares are the data of Mao et@2]
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4. Silica Polymorphs Other Than Quartz

Also it is very likely that the degree of ionicity changes with pressure. Therefore, one
might expect that the fluctuating charge potential comes closest to the available exper-
imental data out of the three models.

Stishovite is usually stable at high pressures, above 8 GPa at room temperature, but it
was also discovered to be metastable at ambient pressures. It was first synthesized in
the laboratory 9] and later was discovered in association with coedig [Stishovite

has the rutile structure, which consists of infinite chains of edge-sharg8i@hedra
parallel to thec-axis. Each oxygen atom is coordinated by three silicon atd3|s [

The equation of state for stishovite under pressure is shown idigThe agreement

in the low pressure range is relatively good for the BKS potential, while the fluctuating
dipole and the fluctuating charge potential both do not see a stable stishovite phase at
zero pressure. When increasing the pressure, these two potentials constantly underes-
timate the density of stishovite, while the volume of the BKS simulation deviates more
for higher pressures.

One feature of stishovite under pressure is a different compressibility im #mel c
direction, which is shown in Figt.5. This plot shows again a very good agreement of
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Figure 4.5.: ¢/a ratio in stishovite against pressure. Experimental data as itEigPlease note that
the phase transition discussed in the next section does not have much influence/an the
ratio and the volume.

the BKS data with the experimental results. The effect of the different compressibility
in the fluc. charge and fluc. dipole potential is rather overestimated, while the fluctuat-
ing dipole potential again improves in the quantitative prediction for higher pressures.
The result of the fluctuating charge potential shows no improvement over neither of
the two other potentials.
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4.3. Stishovite

4.3.1. High-Pressure Behaviour

Shortly after the discovery of stishovite, a major question has evolved around possible
transformations to a denser structure at high pressures. By crystal chemical argu-
ments B7], first-principle calculations42, 15|, and experimentally41, 98, 51, 12] a
pressure-induced phase transition at 50 GPa was confirmed. At the transition §he SiO
octahedra are only slightly tilted, whith the result that the lattice constaatsd b,

which are identical in the low pressure rutile-type, tetragonal phase, are of different
size in the CaGHtype orthorombic stishovite phase. This tilting has the same symme-
try as the stishovite B vibrational mode, which was identified as the pressure-induced
soft mode that drives the transitiodiq. By means of a Landau expansion Carpenter et

al. [12] found a classical second-order character. The transition has almost no impact
on the volume or the/a ratio, which is shown in the paper by Carpenter.

However molecular dynamics models were not able to reproduce the tranistion pres-
sure but only found the transition at pressures in the megabar retfip@7, 56).

As a comparison between molecular dynamics and experiment the elastic constants
can be analysed. Carpenter et 42][used a Landau expansion to generate expres-
sions for the elastic constants of stishovite with pressure. &gshows the relevant
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Figure 4.6.: Birch coefficients B;-B15 as a function of pressure. Simulation data is compared to the
result of a Landau expansion by Carpenter etld] |

shear modulus B-B,2, which softens on approach of the transition, as thgrBode

directly contributes to it. The Birch coefficents;Biave to be considered for a stability
analysis rather than the elastic constants ®@hen the system is observed under ex-
ternal pressure. In the case of the two coefficents needed here, they are related to each
other asB;; = C; — pandBi; = Ci5 + p.
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4. Silica Polymorphs Other Than Quartz

One can see that the BKS potential and the fluctuating dipole potential show a soften-
ing towards pressures of over 100 GPa, which is in agreement to the molecular dynam-
ics simulations cited above, and far away of the 50 GPa measured experimentally. In
contrast the fluctuating dipole potential predicts the transition in almost perfect agree-
ment with the analysis by Carpenter at 50 GPa.

This prediction can be verified by a plot of the lattice constaraisdb, which coincide

in a tetragonal lattice and differ in an orthorombic lattice. In F¢g.the course of
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Figure 4.7.: Lattice constanta andb against pressure. Experimental data as in 4.

the lattice constants with pressure is compared to experimental data. The transition is
clearly visible at a pressure of around 50 GPa in both the fluctuating-dipole simulation
and experiment. The length of the lattice constant is overestimated constantly in the
simulation, which was already obvious in the volume plotted in &ig.

However the agreement with experiment in this phase transition is far better than in
the other model potentials. This is rather surprising, as it was parametrized for tetra-
hedrally coordinated silicon only.
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5. Electromechanical and Dielectric
Properties

Dielectric and electromechanical properties of materials play an important role in
many technological applications, as for instance piezoelectric resonators which are
used as frequency generators in computers. Furthermore it is interesting to check how
the results of the fluctuating charge and dipole potential compare to the standard two-
body force field, as these new approaches claim to account for electronic properties
and therefore should offer a better basis for the investigation of dielectric properties.
Due to these reasons it is desirable to have methods at hand that allow one to compute
dielectric, piezoelectric and related tensors in atomistic simulations. Dielectric proper-
ties are more challenging to calculate than thermal and mechanical properties, because
the definition of polarization in periodically repeated cells is less obvious than the for-
mulation of thermo-mechanical variables. The reason is that an electrical dipole, and
hence the polarization, lives on the surface of a sample. One of the consequences for
computer simulations is that the value of the dipole depends upon where we chose the
‘central image’ of the periodically repeated cell to be. Conversely, internal energy,
lattice parameters, strain, etc. are independent of the central image’s position. As out-
lined further below, the ambiguity in defining the polarization becomes particularly
delicate even in classical molecular dynamics simulations when one treats a system
containing free charges at finite temperatures and constant stress, which implies fluc-
tuating box shapes.

Despite the mentioned ambiguity in the definition of polarization in periodic cells, it
has been shown that there is a bulk polarization that is intrinsic to the crystal and only
depends on variations in charge density induced by atomic displacements. It is there-
fore independent of the surfaces and thus of the choice of the central iB@ge [

In the following chapter different methods are established for the calculation of dielec-
tric and piezoelectric properties. These are in particular the dielectric tensor, defined
as

1 0P,

o = — et 5.1
s = L OE, (5.1)

and the piezoelectric coefficients. The latter represent the mechanical reaction of the
system to an applied field, and can therefore be defined either in terms of the strain or
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5. Electromechanical and Dielectric Properties

the stress. In the following the focus will be on the piezoelectric strain coefficients:

8ua@
~

(5.2)

Another quantity that will be used in the following derivation is the piezoelectric stress

coefficients at constant strain:
8%@

00 = 9D,
Y

Two different approaches for the calculation of these quantities will be employed. The
first is the direct calculation of the slope of the polarization and the strain respectively
against an electric field applied on the simulation box in different spatial directions.
The second method is an evaluation of fluctuation relations within a usual simulation
run in zero external field.

(5.3)

5.1. Theory and Methods

In order to develop the fluctuation relations, we will introduce different generalized
vectors and matrices. In the following, a vectalenotes a column of numbers, while
atransposed vector’ represents a row of numbers. This means that the scalar product
of two vectorsu andv will be written asu’v andwv? is a matrix of rank two. Within

Voigt notation, all matrices except for the piezoelectric tensors are square matrices.
The piecoelectric coefficients are represented Byxa3 matrix in Voigt notation. As
before, spatial coordinates are written in capital letters to denote real space, while
lowercase letters represent reduced space:

R, = QL’-

Additionally a vectors, is introduced, which represents the reduced coordinates of
the central periodic image of the partialeWhen the particle moves over the image
boundaries, the coordinate vectpbehaves smoothly while we have to add or subtract
unity to s,. This means that the componentsspflways lie within0 and1, whereas

r, can exceed these boundaries. This will prove to be a relevant property as the polar-
ization must not depend on the boundary conditions.

5.1.1. Linear Response

Starting point is the isothermal partition functidfy (N, 3) at fixed dielectric dis-
placementD and constant box geometry as defined by a symmetric matéccord-
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5.1. Theory and Methods

ing to the regular rules of statistical mechanigs,, (V, 5) reads

Z1o(N.9) = [ dUS(A(D) - DSD(T) - D)exp (~50(D)). (54)
Here [ dI' is an integral over phase space, tiie's are the delta functions singling
out proper geometry and dieelectric displacement,®&id is the potential energy of
the system as a function of phase space, this means as a functi@ndfs}. From
the partition function, the free energyis defined via the equation

Frp(N,B)=—kgTInZ, p(N, ). (5.5)

As outlined in more detail below, these equations allow one to connect phenomenogi-
cal materials parameters with ensemble averages over phase space. With the assump-
tion of ergodicity the integration over phase space is carried out by averaging along
the trajectory of the molecular dynamics simulation.

In the theory of elasticity it is helpful to express the partition function and free en-
ergy as a function of strain rather than Unlike the box geometry, the definition

of the strain does not need the reference geomieotrgf the system, which is typi-

cally chosen to reflect the expectation valuehadt given temperature and stress, as

an additional information. As used before in the calculation of elastic constants, the
Lagrangian strain with respect to can be written as

o= { (), o e (5),, =} 59

where tensor notation was used instead of Voigt notation. In &), (0,3 denotes
the Kronecker symbol. Since the relation betwéeandw is well defined for a given
referenceh it is possible to calculate the free energy as a functioi iofterms of a
Taylor serles expansion inaway from a phase transition point, i.e.,

JTu,D = «/Tho,D 8h au

(5.7)

The new free energy depends on both, straiaad displacemenb. In the following,

for convenience of calculations these variables will be grouped together into a gener-
alized straini = (uq, -+, ug, D1, -+, D3)*, with (uq, - - - , ug) being the strain tensor

in Voigt notation. The generalized stressethat are the conjugate thermodynamic
variables tou can be calculated a& = (1/V)0F (N, 3)/0u. Away from a phase
transition, it is possible to expan#; into a power series around a reference stigin
(which one can usually set to zerouf at the reference geometry), thus

aJThmD(Na ﬂ) + 62JT‘h,D(]\[a 5)
onu out ou

Voo = 5t + ..., (5.8)
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5. Electromechanical and Dielectric Properties

where the derivatives are evaluated@tthe relative generalized straindg = o — 1y,

andVj, denotes the volume of the system at the reference geometry. The (expectation
value of the) generalized stressoat= 0 will be calledé, andéé = ¢ — 5, denotes

an (average) stress variation. One can then interpret the second-order derivative of
Fz with respect tou as generalized elastic consta@tsthat connecbu anddc via

6 = C 64, or if we represent andé explicitly

LA E R N 5.9
£) [ 1 (eg,) [\o2) >

Here,C' denotes ‘real’ elastic constants at constant dielectric dlsplacemeare

the plezoelectrlcal stress coefficients at constant strain, eands the (|sothermal)
dielectric tensor at constant strain. E§.9 is a linear equatlon that connedis with

dc. It is therefore possible to chose up to nine linearly independent thermodynamic
variables, i.e., we can ‘fix’ thés and ‘measure’ the responéeé. This can be done by
multiplying both sides of Eq.5.9) with the inverse of;, which can be written as:

) °z 5.10
sp |~ 5B | (5.10)

HereC' have to be interpreted as elastic constants at constant (external) electric field
andd are the piezoelectrical strain coefficients. B89 uses the more natural rep-
resentation of the linear-response coefficients than &0y as stress and (external)
electrical field are typically the experimentally controlled parameters, while strain and
polarization and thus dielectric displacement are the measured responses.

-1 t
Cp, d

d g,

Within linear-response theor§; andds are conjugate to each other. In the constant-
ensemble, we can therefore attribute an excess free enefgyue to the fluctuations
in @, which is given by

AF =

[\3|<1

CatC . (5.11)

Thermal fluctuations of; at fixed & will thus be related tog, which for harmonic
approximations, results in

dudu’  SuéD' _ kgT

sDsut 6DSD' |/ Vo
In this section, we have measured the free energy density by dividing the actual value
of F by the volumé/;, of the reference strain. This convention, which is typically used

€0 €
0E,

c' &
dﬂ = ] (5.12)
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5.1. Theory and Methods

in the theory of elasticity. is also beneficial when evaluating Bdldj: The fluctua-
tion of the electric displacement can be rewritten as fluctuation of the polariz&tion
Introducing the dielectric susceptibility, = e —1,wecan rewrite Eq.5.10 as:

) o 5.13
) B | (5.13)

and conclude with the same procedure the flucuation relation

_ kT[S 4
. |

d cx
Relations such as Eqs.8) and 6.14 can be exploited in atomistic calculations to
determine the susceptibilities of interest. However, it will first be necessary to state the
proper estimators for the polarization fluctuation.

-1 t
Cp d

d ex

dudul  Sud P’

(5.14)
sPSut SPsP!

5.1.2. Ambiguity of the dipole and its fluctuation

To understand the difficulties connected with the definition of bulk polarization and its
fluctuations in an infinitely replicated system it is helpful to consider 5igy. Part (a)

of Fig. 5.1 shows that the definition of the dipole momenin the cell (which leads

to the polarization? through division by the volume of the simulation box), depends
upon the choice of the boundary of the central cell. By displacing the boundary, none
of the interatomic distances is altered, yet the dipole changes its value. As long as
the shape (here simply the length) of the cell is maintained, this ambiguity causes
no complications for the response functions, because the only relevant quantity is the
difference between polarizations. A polarization change is independent of the choice
for the boundary - provided the ‘true’ trajectory of the atoms is measured, i.e., when a
charged particle moves across a boundary the scaled coordinate for the calculation of
the dipole is not increased or decreased by unity. Thus evaluating fluctuations related
to dipoles (from which the constant-strain dielectric and piezoelectric constants could
be calculated), do not depend on the choice for the position of the central image.
When the cell fluctuates, even a polarization difference will depend upon where we
chose the central image to be. This is illustrated in part (b) of 3:iy.where in one

case, the reduced coordinates of a charged particle is constrained to zero (bottom) and
in the other case it is set constant to one half (top). Both times, we assume the presence
of an opposite background charge of constant density ensuring charge neutrality. In
the upper part of Figh.1 (b), the fluctuation of the dipole vanishes exactly if we keep
the reduced positions of the charg@efixed in the center of mass. Therefore, the
fluctuation of the dipole will be zero in the upper half. In the bottom part, we would
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5. Electromechanical and Dielectric Properties
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Figure 5.1.: lllustration of the ambiguity for (a) the definition of a dipgleand for (b) the fluctuation
of the dipole. The boxes framed by a solid line present the position of the central image,
while boxes framed with a broken line are periodic images. The lower left corner of the
central image is defined to the origin of the coordinate system. In part (b), a positive back-
ground neutralizes the point char@eand the arrows with the two arrow heads represent
fluctuation of the box geometry.

attribute a dipole to the cell, which would fluctuate with changing box size. Thus the
dipole fluctuations are affected by the choice of the location for the central image. The
above mentioned difficulties do not arise if one deals with neutral molecules whose
constituents have charges that add up to zero. In that case it is easy to remove the
ambiguity due to surface effects or periodic-boundary conditions. One would only
have to suppress any minimum image convention within the molecules, i.e., for the
calculation of the dipole, the have been to be defined such that two covalently bonded
atoms are separated by the proper distance. In principle, it would be possible to define
similar molecules in an ideal crystalline network such as quartz, i.e., by evaluating the
dipole over entities that consist of a central silicon atom and its four oxygen neighbors,
where the charges of the O atoms would only count half, in order to avoid double
counting. However, such ‘tricks’ cannot be generally applied, for instance, if any type
of disorder or even impurities are present in the system, or if a non-rigid charge model
is employed.

5.1.3. Fluctuation estimators for dipoles

The problem of defining bulk dipoles can be overcome by considering the small wave
length limit of the dipole’s spatial Fourier transfogim|f the box cell is fluctuating, it is
appropriate to work with scaled reciprocal vectbrs: 2m(m,, m,, m.) where then,,

are integer numbers that are related to the true reciprocal vectors thidugh h".

Since the box is fluctuating, it is more meaningful to work with reduced coordinates in
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5.1. Theory and Methods

both real and reciprocal space. Let us first consider the Fourier transform of the charge
distributionp(k)

plk) = Z Qietei, (5.15)

It remains unchanged if we add or subtract unity from a particglar if the box
geometry is rescaled. Yet, the formal derivatjué) with respect tok (which one
cannot do in practice as tiig’s are discrete) does not show the same invariance. The
derivative of5(k) evaluated at: = 0 corresponds to the contribution of the reduced
dipole due to the point charges, which is defined as

g = D Qi+ 17", (5.16)

If, however, one defines a reference configuration, which can be an initial configura-
tion at timet = 0 that does not have to be equilibrated, thendlierencebetween a
reduced dipole:,.q(t) evaluated at time and the reference dipoje.q(0) is invariant
against the transformations discussed in Bid, as long as the transformation is per-
formed on the configuration of interest and the reference configuration. For the final
evaluation of the dipole, the valye.q(0) has to be multiplied with the expectation
value of the box shape. Thus our estimator becomes

Hestimator = <Q> Hred (517)
and consequently that for the polarizatiB ;. .cor = Hestimator/ (V). These estima-

tors do not enable one to calculate absolute dipoles or polarizations but only relative
quantities, i.e., those to be used in Egj14) for the calculation of fluctuation relations.

If absolute values for the polarization were needed, the dipole moment of the initial
configuration should vanish. This could be accomplished by chosing a configuration
with vanishing dipole moment due to an underlying symmetry.

5.1.4. Direct estimators with noise reduction

An alternative method to evaluate piezoelectric coefficients is to apply an external elec-
tric field £ to the system. The appropriate force that acts on the reduced coordinates
related to a point charg@; would readg‘lﬁQi. It is yet not meaningful to simply

add a term— Y. Q;E'R, to the Hamiltonian. Such a perturbation would require to
have a force act onto the shape of the simulation cell and this force would depend on
whether a particle is counted within the central image or within a periodic image. We
thus suppress the force from the external field ontgith@atrix, also because it would

be absent in a system without charges and dipoles.
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5. Electromechanical and Dielectric Properties

If the shape of the system is known fé&r = 0 and the initial configuration is equi-
librated, then one may switch on the field adiabatically and monitor the box shape
variation from which the strain can be calculated. This procedure will give correct
results, in particular if one averages over an appropriate number of independent, ini-
tial configurations. However, this algorithm may produce large stochastic scatter in
particular at elevated temperatures.

The noise can be reduced and the necessity of having to know the average structure can
be omitted if one performs a reference simulation in which the electric field remains
switched off. The reference simulation should be based on the same initial condition
and an identical initialization of the thermostat. Any instantaneous configuration at
finite field can be compared directly to the instantaneous configuration at zero field.
Within a few molecular dynamics steps, it is then possible to obtain quite reasonable
estimates for the piezoelectrical and other dielectric coefficients, even if the system
is rather anharmonic and contains slow modes, as is the case in quartz close to the
«a — 3 transition. Fig.5.2 confirms this expectation. In Fi®.2 we increased the
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Figure 5.2.: Response of the strain ; as a function of time (below) or electrical field (above) for an
N = 1080 particle systemd-quartz) at temperaturB = 300 K. The long dashed line is
the result for the piezo-electrical coefficient based on evaluating the fluctuation relation

in Eq. 6.14.

external field slowly with time and also chose box inertia sufficiently small to have the
cell shape adapt quickly to the new field. The box geometry was thermostatted with a
Langevin thermostat to decrease the (stochastic) correlation time. Excellent estimates
for the piezoelectrical coefficients can be obtained already after one hundred MD steps
by evaluating the slopéu,,/0FE,. In this way, four simulations have to be run to
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5.2. Temperature Dependence of d1; in Quartz

determine all generalized elastic constants; three in which the electric field is parallel
to one of the three coordinate axis and one in which the electric field remains zero.
As said above it is necessary that in all four runs the same initial conditions (one large
sample in thermal equilibrium or an average over some small equilibrated samples)
must be used as an input into the simulation and that all runs require the same random
number sequence.

For the various silica polymorphs investigated here, we obtain a statistical accuracy of
better than 5% for if we first equilibrate the material for about 10,000 MD steps to
produce an equilibrated start configuration. Note that even though quartz is crystalline,
it does takes relatively long to equilibrate, because it has an unusually large phonon
density of states at small frequencies. The start configuration is then used for four
independent runs, namely one without electric field plus three runs with electric field
in one of the three spatial dimensions. Each of these runs is about 2,500 MD steps long
and produces a graph similar to that shown in Big. This length of the simulation

run is by far long enough to obtain a small error in the linear regression, while in a
longer run the abberations in the four trajectories get too large. Also non linear effects
would begin to dominate, at least for the set up and the slope of electric field against
time used above. Thus, the required numerical effort to obtain the data is relatively
small.

Using No€ Hoover thermostats or related (less sophisticated) rescaling methods do
probably not lead to similarly reliable results. In particular for large systems and/or
small temperatures, the motion of the simulation cell will be quite harmonic and thus
the crucial exchange of (kinetic) energy between the simulation cell and the internal
degrees of freedom will be inefficient. This inefficiency will prevent the cell from
quickly finding its new preferred shape or from fluctuating around it.

5.2. Temperature Dependence of d 17 in Quartz

The temperature dependence of piezoelectrical constants is of technological relevance
because one is often interested in having pressure sensors and pressure transducers at
varying temperatures. One of the few disadvantages-@fiartz is the relatively low
transition temperature tG-quartz. Due to the increase in symmetry from the trig-

onal holoaxiala-quartz structure to the tetragonal holoaxiafuartz structure, the
piezoelectricity decreases such that dhecomponent becomes symmetry-forbidden.

This means that quartz cannot be used as an effective piezoelectrical material at high
temperature. Figh.3 shows the temperature dependence of the piezoelectrical strain
coefficientd;;. One can see that both potentials underestimate the valdg ,ahe
fluctuating dipole potential underestimates its value in the low-temperature phase by
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5. Electromechanical and Dielectric Properties

more than 50%. The discrepancy between experiment and the fluctuating dipole
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Figure 5.3.: Comparison of the temperature dependence of the piezoelectrical strain coeffigient
between experiment and simulation. Different potentials were used, the BKS and the
fluctuating dipole potential. In the fluc. potential, two set of runs were performed, one in
which the electric field was coupled to the dipoles, and one in which this coupling was
suppressed for the reasons outlined in the text. Experimental data was taken from Cook
and Weissler17]

potential is suprising having in mind the otherwise good performance of this poten-
tial. As already mentioned in chapt@r4.], it is possible that Tangney and Scan-
dolo parametrized quantum-chemical effects into the dipoles, so that their dielectric
properties should possibly not be treated as such. Re-running the simulations without
coupling the dipoles to the electric field, so that only the bare charges coupled to
showed that the discrepancy between the fluctuating dipole potential and the experi-
ment is significantly reduced and guantitative agreement is almost achieved.

Of course in this comparison one has to take into account that the transition tempera-
ture is about 00 K underestimated by this potential.

The high temperature behaviour of quartz was recently studied by Haines &f]al. [
who observed a loss of piezoelectric propertiesiiquartz still below the transition
temperature. It had been known for many decades that the piezoelectric coefficient
dy, of quartz decreases gradually above room temperaiffyel[/, 6] as shown in

Fig. 5.3 Haines et al. measured the quality factor of piezoelectric resonators and
found that it decreases significantly already@iK and reaches values characteristic

of a poor resonator abov&0 K, which is well below the transition temperature. The
time-averaged structure afquartz does not provide an explanation for this behaviour,
as the order parameter decreases only gradually in this temperature range. Therefore
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5.2. Temperature Dependence of d1; in Quartz

Haines et al. suspected that this deterioration of the piezoelectric response arises from
local instantaneous disorder. This can be characterized by the tilt @nie=ig. 5.4,
the distribution of the tilt angles in the crystal is shown for different temperatures.
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Figure 5.4.: Distribution functions of the tilt anglé in quartz as a function of temperature. Note that
at temperatures @63 K and973 K, the crystal is in thgd-quartz form. Experimental data
taken from Haines et al3[].

The comparison of the simulation data with experiment shows that this explanation
also holds in computer simulations. While the average tilt angle hardly changes for
the three temperatures in thequartz stability range, the distribution of tilt angles

is significantly broadened. The shift towards smaller tilt angles in the simulation as
compared to experiment &t = 673 K arises from the lower transition temperature in
both potentials. This increasing disorder leads to the early decline of the quality factor,
while quantities that can be correlated to the static average value, like the piezoelectric
coupling constant, remain constant towards higher temperatures.

In the a-quartz phase, where this phenomenon occurs, both potentials are in good
agreement with experiment, which is reflected in B@.in the quite similar decrease

of dy; with temperature. However it is interesting to note that the tilt angle distribu-
tion in S-quartz is obviously more accurate with the fluctuating dipole potential, which
means that the disorder in tltequartz phase is modelled closer to reality.
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5.3. Pressure Dependence of d 17 in a-Quartz

In Fig. 5.5, we show the pressure dependence of quartz with the same approaches as in
Fig. 5.3 While probably the most accurate data is obtained with the fluctuating dipole
approach by suppressing the coupling betweemd £, the “full” fluc.-dipole poten-

tial and the BKS potential are included for comparison. The fluc.-dipole potential with
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Figure 5.5.: Comparison of the pressure dependence of the piezoelectrical strain coetfigidrd-
tween experiment and simulation. Different potentials were used, the BKS and the fluctu-
ating dipole potential. In the fluc. potential, two set of runs were performed, one in which
the electric field was coupled to the dipoles, and one in which this couplig was suppressed
for the reasons outlined in the text.

suppresseg@-E coupling shows a surprisingly strong similarity to the BKS potential

up to 12 GPa. Above this pressure, the results for the piezoelectrical coefficients are
starting to differ. Keeping in mind that the transition pressure forcithe 11 transi-

tion is 21 GPa in BKS compared to 28 GPa in TS, it is obvious that the results start to
differ on approach to the transition pressure. However the absolute values compared
at the respective transition temperature are again rather comparable. The increase in
the piezoelectrical activity originates in the softening of internal modesdgnartz, in

which the oxygen atoms are displaced with respect to the oppositely charged silicon

atoms.
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5.4. Bond-Angle Dependence of the Dipole Moment

5.4. Bond-Angle Dependence of the Dipole
Moment

In chapter5.2 above the observation was made, that the predictions of piezoelectric
properties approve, when the dipoles are not fully treated as dipoles in the calculation,
but when the dipoles do not couple to the electric field and do not contribute to the
polarization of the material. It was already suspected before in the discussion of the
tetraeder distortion in chapt@r4.1that the value of the dipole moments calculated in
the potential by Tangney and Scandolo modelled effects caused by the quantum chemi-
cal bonds. It was shown that the distortion of the Si€raehedron, which is modelled
extremely accurately by this potential, was related by Grimm and Do8%1tq the
m-bonds between Si and O atoms. Additionally the symmetry ofrthebitals resem-

bles closely to the symmetry of the dipoles.

We want to investigate this possibility by having a closer look on the relation between
the dipole moment and its nearest surrounding. In%igthe distribution of the dipole
moments with respect to the Si-O-Si bond angle around the respective oxygen atom is
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Figure 5.6.: Distribution of the absolute value of the dipole momgragainst the Si-O-Si bond angle
9 on the adjacent oxygen atom. The probability density h is plotted in units of probability

per degree andA.

shown. One can see that the dipoles depend almost linearly of the oxygen bond an-
gled. There is some statistical spread, which increases with higher temperature. But
apparently the absolute value of the dipoles depends mainly on the bond angle. This
means that they depend largely on local effects of the bonding to the closest neighbors.
To measure the orientation of the dipole moments, we use the labels introduced in
Fig.5.7. The orientation angle is the angle between the direction of the dipole mo-
ment and the direction given by the bisecting line of the Si-O-Si afigle
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5. Electromechanical and Dielectric Properties

Figure 5.7.: Sketch of bond anglé, dipole orientation angle and absolute value of dipoje as used
in Fig.5.6and5.6.

One can see in the distribution of the orientation angle in Eigthat the dipole mo-

ment points most probable in the direction of the bisecting line, which is within the
layer defined by the oxygen and the two neighboring silicon atoms and represents the
most symmetric orientation at this point. In thequartz phase the orientation might
deviate more than TQwith a certain probability. But in these cases the dipoles have a
small absolute value, as shown in Fig8, and therefore they have only little influence

on the forces.
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Figure 5.8.: Distribution of the absolute value of the dipole momenagainst the deviation angle
. The deviation angle is measured as explained in the text and shown iB.Fig.he

probability density h is plotted in units of probability per degree ahd

As the orientation of the four dipoles sitting on the oxygen atoms around one silicon
atom are pairwise opposed (see A0, one can conclude that the contribution of
distant dipoles on the force acting on an atom dissappear faster than the usual charge-
dipole interaction.

Summing up these observations it is likely that there was some contribution of the
guantum chemistry to the forces, stresses and energy parametrized into the dipoles.
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6. Conclusion and Outlook

In the present work, different model potentials were used for the simulation of silica
polymorphs, in order to study the influence of different enhancements of the standard
two-body potential. The potentials used for comparison were the frequently used BKS
two body pair potentialJ01], a model that had the atomic charges dynamically cal-
culated from the spatial configuratioR(] and a third that employs fixed charges but
allows for inducible dipole moments on the oxygen ato®@.[ In the case of the
fluctuating charge potential some modifications had to be implemented as the original
parametrization was flawed.

For the testing of the different potentials we concentrated on crystalline phases, as in
disordered structures effects are more likely to average out and therefore in crystals
more independent susceptibilities can be observed. An example are the piezoelectric
constants or the elastic constdnt,, which are forbidden for symmetry reasons in the
glass phase, but are present in certain crystalline phases. The observables taken into
account are predominantly of static nature and sometimes dynamic.

We analysed several cases in which the BKS potential showed quantitatively or quali-
tatively incorrect results. So the 5 quartz transition is located at a transition temper-
ature that is 100 K smaller than in experiment, and the density of both #red the

[ quartz phase are underestimated by about 4%, but the global picture with respect to
the volume change, the weak first-order nature of the transition and the hysteresis ef-
fects is certainly well reproduced. However one important detail, the ratio of the lattice
constants: anda, shows a qualitative difference to the experimental behaviour at the
transition temperature. This discrepancy turned out to be originated in a distortion of
the SiQ tetrahedra that deviates strongly in direction and size from the true distortion.
Another problematic quantity is the phonon density of states, which only reproduces
basic aspects of the lattice dynamics, namely the intra-tedrahedral modes, but even in
these modes the frequency differs from ab-initio data. The low frequency range cannot
be brought into agreement with ab-initio data at all.

In all of these difficulties, the allowance for fluctuating charges could not be of signif-
icant help. While the aberration in the transition temperature and the density was even
stronger in the same direction, the predictions fordheratio and the phonon density

of states basically shows the same shortcomings as seen in the BKS potential.
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6. Conclusion and Outlook

The introduction of additional inducible dipole moments on the oxygen atoms was a
far more successful supplement to the two-body forces. Even though the transition
temperature deviates slightly more from experiment than in the BKS potential, this
remained the only drawback in the results of the fluctuating dipole potential. For the
estimation of the density the agreement with experiment is very satisfactory, and most
important the qualitative failures of the BKS potentials in the vibrational density of
states and the/a ratio do not occur with the fluctuating dipoles. It could be shown
that the distortion of the tetrahedra, which causes the behaviour of éhatio, is in
perfect agreement with experiment. The resemblance of the dipole orientation to the
symmetry of ther-bonds, which were hold responsible for the tetrahedra deformation
in a work by Grimm and Dorner3p], gives rise to the suspicion that some of the
guantum chemistry in the atomic bonding was incorporated into the dipole interaction
during the parametrization of this potential.

The elastic constants were in generally good agreement for the BKS potential, and
were equally good reproduced by the fluctuating dipole potential. Only the fluctuating
charge potential showed strong deviations. The good results of BKS in this respect are
not surprising given that the BKS parameters were adjusted to the experimental elastic
constants ofv-quartz.

To test the new potentials at extreme conditions, the post-quartz phases under high
pressure were studied. Even though there is a rich variety of different high pressure
polymorphs and different suggestions for possible high-pressure transition path ways
from experiment and theory, it is remarkable that all three potentials showed a tran-
sition in a pressure range of 21 to 27 GPa to the same crystalline structure, which
is supposedly the structure of the still unclear quartz Il phase. Howeveérdhoartz

phase seen by the BKS potential on decompression to ambient pressures is not repro-
duced by any of the two new potentials. Therefore the formation of this phase seems
to be an artifact of the BKS potential. In contrast, the two new potentials do see the
guartz Il phase revert to-quartz, while at intermediate pressures a phase emerges that
is very similar to the quartz Il phase at higher pressures.

As the new potential approaches incorporate electrostatic properties, namely fluctuat-
ing charges and fluctuating dipole moments, the investigation of dielectric properties in
chaptel5 should highlight the question if these are real electrostatic variables and thus
improve the prediction for the dielectric properties of the system. As there was no ap-
propriate method for the calculation of piezoelectric properties available in literature,
we developed a method to measure these by fluctuation relations within the simulation
run. In order to achieve this the definition of the polarisation in an infinitely replicated
system had to be clarified, as the definition is ambigious due to surface effects and to
box fluctuations, and the fluctuation relation was established by linear response theory.
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To test this method the direct impact of an external field was measured, where the noise
was reduced by subtracting the observables measured in a zero field run with identical
start configuration and random number generator.

We found that the BKS potential gives a quite reasonable estimate for the piezoelec-
tric constants ohv-quartz against temperature. The fluctuating charge potential was
again slightly more away from experiment than BKS. For the fluctuating dipole po-
tential the observation was made that the result depends on the question whether the
dipoles are taken seriously, this means if the dipoles are coupled to the electric field
and contribute to the polarization in the material, or if they are ignored with respect
to electrostatic quantities. The results clearly improved in the later case, again giving
rise to the suspicion, that the dipoles that are induced on the oxygen atoms are not pure
electric dipole moments. This question was further investigated by an analysis of the
relation between the dipole moment and its direct surrounding. It turned out that the
strength of the dipole depends linearly on the adjacent oxygen bond angle and is most
likely in the direction of the bisecting line of this angle.

Putting these observations together, we can compare the potentials in the following
way:

BKS FI-Q Flu

DOS ina-quartz - 0 +
Elastic constants in and quartz + 0 +
c/a anomaly at thev-3 quartz transition - -/0 +
Equation of state v and5-quarty 0 - +
Stability of cristobalite and tridymite - 0 +
Piezoelectric coefficients 0 0 (+)
Pressure induced transition + + +
Stishovite c/a and elasticity 0 - 0

The results shown above make it clear that the fluctuating charge approach is not of
use for the simulation of silica. Although it is very likely that the effective charges,
which represent the degree of ionicity, change with pressure and for different poly-
morphs, there is no evidence to suggest that this happens dynamically at a given pres-
sure or temperature in the real system. In the simulations it was shown that keeping
the charges fixed on their average values does not influence the results of the simu-
lations. The fluctuation in the charges is quite small, and one can even see that the
original authors update the charges on a time scale which is far beyond the time scales
of ionic motion. In an equilibrated system the charges can therefore not react on the
present spatial configuration. The overall conclusion is that the dynamic adaption of
the charges within an equilibrated system does not influence the ionic motion notably.
However this approach could be probably more useful for systems where the ionicity
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6. Conclusion and Outlook

changes dynamically, as for instance at a surface.

In contrast, the effects contained in the fluctuating dipoles have a significant influ-
ence on the system. Their contribution is sufficiently large that#etransition is
suppressed when the dipoles are constrained to their average values in the respective
phases. In summary, the results achieved with this potential turn out to be in very close
agreement with experiment with the exception of six-coordinated silicon at small pres-
sures. It is the only potential that accurately models the tetrahedral distortion and the
lattice dynamics in quartz.

Possibly the quantum effects that are apparently parametrized in terms of dipoles could
be expressed in a newly parametrized three body term and thus reduce the computa-
tional expense.

All properties of four-coordinated silica could be described very precisely with the
fluctuating dipole potential, even though the potential was not explicitly tested nor op-
timized for these experimental results, but only parametrized to (microscopic) ab-initio
data. The parametrization was done in the predominantly tetrahedrally coordinated lig-
uid phase and therefore slightly biased in favor of a tetrahedral crystal structure, which
explains the weakness in the six coordinated stishovite phase at low pressure. How-
ever it is even more surprising that it is the only model that predicts the experimentally
measured transition pressure in stishovite. The overall success clearly approves the
functional form of this model potential as well as the parametrization procedure, and
gives rise to the hope that this procedure can find similarily good potentials for other
materials as well.
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A. Calculations

A.1l. Calculations for Fluc-Q Potential

A.1.1. Direct Solution of Charge Equilibration Equations

Equation (.24 and its following explanations only take into account a nonperiodic
system. Regarding a system with periodic boundary conditions, the Coulomb interac-
tion has to be calculated by making use of the Ewald summatib/a With summa-

tion over all periodic images, edlL.3 reads

/
Xi = X; + Qi + Z JijQ; (A.1)
J

The notationzj’ meaning the sum over all periodic pictures and j in the original
picture can be rewritten as

Z/Jiij = Z/ (Rl - (RL - Jij)) Qj (A.2)

- Y-S n) e (r3)

JF

because/;; — 1/R;; for R;; — 0 and therefore the difference is short range. The
remaining pure Coulomb term can be evaluated using standard Ewald summation:

Z/%Qj => ! erfc(vaRi;)Q; — Q—QQZ' + Z CiQ; (A.4)

Pl VT
. dm~exp(—h) |
with Ciyj = v Z 74 exp(ikR;) exp(—ikR;) (A.5)
k#0
Inserted back to egA(1) this gives
Xi = X; + Ay Qi + Z B;;Q; (A.6)
JF
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A. Calculations

2a

i - 0 _ y
with A; J;; NG + Cy (A.7)
1 1
and B = erfc(v/aR;;) — (— - Jij) + C;; (A.8)

Now the conditiony; = y; reads
—AQu+ AiQi+ Y ByQi— Y BiQ = —(x) — X)) (A.9)
j#i 7#1
Together with the charge neutrality constraint this leads to the set of equations

c-Q--D. (A.10)
where
D =x; —x{ (A.11)
and
1 1 1 e 1
—A1+ By Ay — By DBys—DBis -+ DByy — By
C=| “A+Ba Bsyx—Biz A3—DBiz -+ Bsy—Biy (A.12)
—Ay+By1 Byne—Bia Bys—DBis -+ An — Bin

with A; andB,; as above.

A.1.2. Two Body Slater Integral

The integration over the overlap of two slater orbitals with two different centers can
be sketched as in Figu®.1. The value of the integral depends on the distance
between the centersandb. The integral to be evaluated (see &®B2 looks in this
nomenclature like

10) = [[ B0, (A13)
— [ U, (A14)
with
Ui(ry) = /T—Lgb?(rjg)dsz (A.15)
= A2 riurfgj‘%—%ﬂﬂdgﬂ (A.16)
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A.l. Calculations for Fluc-Q Potential

Figure A.1.: Thei andj points are the centers of the orbitals, the andr;, are the integration
variables.

The A; is the normalization factor to ensufe)®dV’ = 1 and can be calculated as

i (2()2n+1

A=\ (2n)!

(A.17)

Solving at first theJ;(r,, ) integral, one has to expardr, in spherical harmonics:

1 2. Adx r A o
e Z X +1 rA _<+_ 1 Z Y)\R(Qh @1) Y)\ (027 @2) (A18)
> K==\

Herer. is the smaller and. is the bigger of-;; andr;,. In the angular integration
only A = 0 delivers a non-vanishing contribution. So the radial integration is left over:

Uj(ry) = A32'47T/Ti7”j2';j_262<m2d7’j2 (A.19)
s >

Tj1 [e'e]

= Ar S /rznj e~ Xirizdy; +/T2-nj1 e 22 dr;, & (A.20)

j T j2 J2 j2 J2 :

0 71
1 oo

— A§47rr]2fj /yQ”j 6_2“’dy—f-/y%j_1 e 2 dy (A.21)
0 1

In the last line, the substitution= r,,/r;; andz = r;; /(; was applied. After evalua-
tion of the two integrals, substitution of; from eq. A.17) and further simplification,
one obtains

2n;
U'(T’- ) _ 1 — e 2T §J V@Q‘_Wﬁrg—u—l (A.22)
P “— (2n; — v)!2n; i
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Substitution back into eqA(13) yields

1
J(r) = A?{ / T —eFradia (A.23)

le

2n;

ZC 2nJ v
2n1—2 277»]'_” 1 72(17‘11 QCJT‘Jl
— @ |2 Tl T e dr;,
n; — I/ n;
J J

Due to their symmetry these two integrals can be evaluated best in elliptical coordi-
nates(¢, n, ¢). The transformation is;; = (r/2)(¢€ +n), rj; = (r/2)(§ —n) and

dr;, = (r/2)%(&% — n?)dédndp. After some simplifications, the final result for the
overlap integral now reads

I = M{(f)mmz_l (Q”iy_ 1) Apn 1 (Gr)Bo(Cr)  (A24)

1
2(2n,)! | \2) &

o (2¢ 2n;2n; v 22U 2n; — 2n; — v
_Z2niu'2n(> ZZ( )( ]l )

(= 1) Asnytn)—k—v—1-1(r (G + ) Bra (r(¢i — Cj))}

00 +1
with Ap(z) = / EFe e, and  By(z) = / n*e *dn (A.25)
-1
The auxiliary integrald; (=) can be evaluated by
LY
Ap(r) =e "5 > (A.26)

v=0

whereas a similar representation8)f(x) turned out to be numerically unstable. There-
fore By () is evaluated by the following formula:

B B o0 1_(_1)k+l/+1 iy A7
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B. Programs

B.1. Molecular Dynamics Code

This is the main simulation code. Input parameters is handed over in a file called

pimd.inp, the start configuration in a fileonf.sta

If no start configuration is

present, this file has to exist anyway with only the number 0 as content.

The program consists of the filgmd.f , and the filepimd.com.f

with declara-

tions of common variables. The force routine for the fluctuating dipole potential is not
printed but can be obtained from Paul Tangney. The interface for this routine with the
conversion of units is within the subroutine scandptgential.

The following routines from “Numerical Recipes in Fortrar4] need to be included

in the code: ludcmp, lubksb, erfcc, fourl. All variables needed by this force routine
are in atomic units.

The units used in the main program are as follows:

VkpK [t = 15/ (kpK)

= 1le p] = lkpk /A’

The output files generated have the following content:

fort.60
fort.61
pimd.g _r
pimd.bon
fort.62
conf.end
conf.xmo
confavg.xmo
conf.pol
confavg.pol
pimd.out

Different observables with time, see code for columns.
Order parameter with time

Pair correlations functions

g(r) for Si-O at nearest neighbor distance, bond angle distributions
Average, minimum and maximum charge with time
End configuration

End configuration in xyz format

Averaged configuration in xyz format

End dipole configuration

Averaged dipole configuration

Averaged observables and input configuration
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_ _ (e} eydp = (2)ienep

(€)11997BNBP«(9)0 1e2S + (2199 EIaP«(¥)0 [edS + %
(D eyep = (1) eyap
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B. Programs

PN

P NN

01 > i pue fu y Auo i y pus

((edA1)er@yio ysea - v___woorﬂosﬂ + ?
>Uogmw_r= A \Auogmw\_cu A

} pus

(NI 1T eUBP « Pl + (I (€N BUBP & P ) B

( (ePn(mi"ensp « Dy + (TMI r@__ eyep « by ) ®

( eyep « il ) ®

1N id__ elop « 1) + 5__ TL(E)ieyep 4 ) B
(9)121ul [e0Ss 2210} = (9)IBIUI €IS 2210}

*@v__ BYBD « M + (EDI (2N BUIP « Pl ) B

( @Pas(e)iTeyap « by + (P ()enap « by ) ®

( eyep 4 il ) ®

/1 C@n r@__ elep . M + () L@ eyep » ) »
(g)Jaul [eds 8210} = (G)Jaul [IS 9210}

xmz_ 'SP « MY + (@D (T BIBP X DY ) B

( C(@)enap « DYy + (@i a(D)i"eyep « by ) ®

(I 1 @Pieyap « il + @ LT eyap « A} ) B

1 Con r@__ eep « M + @I (i ewep « ) »

(p)1oul [eds 8210} = (p)Jalul [IS 8210}
ploy ,Ssans, pazuBWwWAs
usy (g'ba'wip™o) 4

(wip™ D1« (Wip™ )y elep « Py - ®
(wip_ it (wip” Dii"eyap « by - ?
(Wip DI (wip D eyap « Al - ki
(wip D (wipDireyap 4 [y - bl

(wip 1483l [eas 9240} = (Wip~1)Jaul [eIS” 9210}
(ured 104 1'WIp1)2210) B
o + (wipTTeep_« My ®

+ (wip™DfiTeyap « by + = (wed 3101 I'wip 1)adi04
(Jed Ti0n 71 ]
+ (wipTpeep . ®

+ (wipTDiiTeysp « M + = (ed [on” 1'wip 1)92104
(pred 19043 1'WIp1)3010} ?
_ + (wipT_eep « Y ®

+ (wipTDiTeysp « Iy + = (Ued 170487 1'wip 1)82104
wua)

wpu ‘T = wp 1 op

0=1041"|

) pus
(@M enap«(S)o Teds + (TMii E_mP@o [eds + 7

_ _ (€) (ePia
(T eNap«()0 [eos + () S_%xeo eos +

_ _ _ @ = (emnr

(EMIeNBP«(9)0 189S + (2 BIdP«()0 [eos + B

(T = (T

uayy (g'ba'wip~a) 4

op pus

(wip™ X1 enap«(wip )0 [eds_= (wip i
wip u ‘T = wip | op

) pud

(@) enep«(S)0 [eds + (1) enap«(9)0 [eds + »
(N1 = ()i

(DI enap«(r)o 1eds + (e)enap«(S)o [ess + %
@0 = (@0

i = (D™
uayy (e'barwip™a) §
op pus
)0 [eds = (wip i

wipTu ‘T op

(redy‘ped Tued 10"y ') 20l 9210§ Apogg™oed |jed
MWISL,TI010B)-=xp)
TWIB),TI010R)+=X(}
(|wie)-TWia1), TI0108)-=X1)
op pua

A=(Wip i eep
wip u ‘T=wip | op

uonoBIIP I Ul SIDI0} 3)e|Nd[ed

(Jed >y ‘ued Tued ' ' y)20| 2210) Apoge oo |1ed
TWIBLTI010)+=hiy
fwisy,Ti0108)-=(
(Iwiey-Twi))«TI030Ry-=l1y
op pus

(wip™1'Bue1'ued 1)ireyapajdm=(wip 1)l eyap
wip~u ‘T=wip | op

uonoalp fi Ul seol0) areNofed

Nuud/(ifs09)s0oe,08T )
‘Wed > ‘ped [‘Bue 1'adAy 1ued 1 (4'y)oIM

(Iupiu)g=Twiz)

_ AWIR+H(Z{ L) HIfS00, = W)
(2x((2dA 01 YsASML) AU) PLLIBI=M UL

wd+(z 1) Pifs0,z =Wy

(Zx£((8dAY )01 ysen-(u)yu)/lwisi=lwia)
[wiar=3jwia)

((edA 11810 ysea-yilsod),(adAi 1) ysea=[wia)

oejaid 99]9,TI010)=TI0)IB}
TJ0108L,(2dA) 1)g ysea=Tioloe}

((adA 1)e19U10 ysea-yifso2),TI010e)=TI0}08}

(110108} (8dAY 1)| ysena)dxa=T.010e}

((edA™ 101" useA-3u)/T+((2dA )04 ysea-l)/T=Ti010e}

04 > du pue fu j Auo i ase
solfiaua ou ‘sadloy ou ppe :0==Apogaaiyr A
usy} ®
((edAy™)0s " ysen-ab i) 10°((edA oI ysenab ) §

(Bue™1'ped U aidi=u

(Bue™1'ued 1)ued 9|
(Bue 1‘ped 1)ued w_a_: yed |
(edfy 1)bue u ‘T=bBue”| op
(red 1)adA)=adA1 1
ved u ‘T=ued |

0p°Q =Apogaaiyy” A
sisAjeue puoq |[ed

lenuajodApogomi [jed

‘suopnquiuod Apoq 91y} |
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.1. Molecular Dynamics Code

sa|0dip MAAUOD |

op pua
op pus
op pus
(2+40PZ625°0)/ TELLSTE ?
«(ued_1'aouo)s, (1N TUnY ?
+ (ped 1'0')aoi0)=(ed 10')a210}
€'7=1 Op
0=(ued 1'0*)a0104
e'1=l op

Jeu‘T=ped | op
2.yog e/eaiey Ul S| 92I0jS,TWY OS ‘yog e ul SI wiy
zwonsbue / X & ul 4 x T-Y si ()a210}
iyog e / aaiuey ul 4 si ()adlojs
19210} UBAUO0D

op pus
)i pus
G0« ( 0PZ6ZS0 / TELLSTE «ePawoy(['e)ssansy(['T)Twiy
+ 0PZ62S'0 / 2'€LLSTE sebawoy(l'T)ssans,('e)Tuny )
+ (9)491ul [e0s 2210} = (Q)IaIUI [2IS 2210}
G0« ( 0PZ62S'0 / 2'€LLGTE ~ePawoL(['e)ssansy(l'z)Twiy
+ 0PZ62S°0 / Z'€LLSTE «ebawo,(I'7)ssans,(l'e)Tuny )
+ (G)Jawi [eas 9210} = (G)IBIuUl [eIS 9210}
G'0x ( 0PZ62S'0 / 2'€LLSTE ~ePaWOL(['Z)ssansy(l'T)Twiy
+ 0PZ62S'0 / 2'€LLSTE sePawoL(l'T)ssans,('7)Tuny )
+ (p)191ul [e0s 2210} = (f)IdIUl [eIS 2210}
pldY .SS8ns, PaziidWWAS
usyy (eba'wip™a) 4

P Y F

op pus

0PZ6ZS'0 /| TELLGTE xeBawoy(l'wip nssans,(f'wip NTwiy ®
+ (WipT1)Joui [eas 9210) = (WiIp 1)Ul [edS 9210}
€' T=Wwip™1 op
€1=l op

Ssalls+ = Ssalis

0pP’'0 = Jaul [eds 8210}
lyog e/eaiey ul si ebawo,ssalis, TWy 0S ‘lyog B ul S| wly j
wonsBue / M @ ul (4 « T-U) » 11 sl (eI [eds a0io)
9aJleY Ul BWN|OA, Bwn|oAl 4. 4 I ebawo,([1)ssans j
SSa.S UAAUOD

2'€11GTEABIBUS = 1ol A
M g4 0} 9aiueH woly ABIsaus UBAUOD

(1901 eISaI‘ Uy "as[ey ®

asfe) ‘oW 1'Ma” e'ssalls'aaI0)s ABIaua‘l)y 2210} |[ed

§ pus
‘asfey’ = 199}
ESE]
‘ANl = |99}
uay} (t'baainssaid™y)

§ pus
‘os|e)’ = Jelsal
ENE]
‘|anJy = Jejsal
uay} (T'barawn™) 4t
da)s Qi Isiy §I aniy uelsal 18s
o)

W= uny

(Xewyeuu‘n)isiuqu |ed
(eBawo‘Tuny‘y)eaur |rea

((xewreuu‘yeu‘s)bewi uu)aredo|e
((reu)reuu)aresojre
((xewreuu‘yeu)isijuu)aredo|e

0PZ6ZS'0AY = |y
0pPc6es oM = 4

(ly ‘0 reas)suay 0y suen |2

oppua
op pua
(adfy = (Npuids
(ro‘Dreas—s = ('
€ ‘1=l op
eu‘t=l op

((reu)puids)ayesojje
((reu‘g)r)aredole
((reu‘g)adi0ys)areojje

190 afew Buuoqybiau pue |99 yosreas | oqd u=lIsal
ybrau~ u=xewreuu
€0420°8T=1N21
8-P0’'T=M3 VY
adA_u=dsu
ued u=jeu
Xelal u = 9s xejpl u
sa|qelen ay) ubisse j

ssejo | Jabajul
(edAy"u)adAy 1ed u Jabajul
1991 eIsal [ealfio|
(e'e)uny‘(e'e)ssans gyleal
a|geredo|e ‘gyeal
a|geredo|e ‘gyeal
|1993)'soda|l} Gz.Id10BIEYD

4 gwodpwid, apnjaul
(z-0‘y-e)uoisioaid ajgnop nalduwi
sojodip ssadoe 0} | Jejod asn
inoqybiau asn
JuPW 8sn

[enuajodojopueds aunnoigns

aunnoigns pua
[e9s™ U0 3210} |[ed

Apogaaiyy A + I3l A
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B. Programs

op pud
(wip™Npaydde™ ?
(ued Nabreyd , (wip™ ‘wip AU TeW Y ®

+ (ued 1I'o‘wip 1)9010) = (ued 1'0‘wIp 1)82104

wipu ‘T = wip [ op
(wip™payddeo 4 ®

(ued 1I'o'wipT1)[eal U (ed T 1)abreyd + JSWUITA = ISl A

wpu ‘T = wpop

ped u ‘T = wed | op

op pua
(wip™payidde 846"z, 965=(wip paldde s
9/ wonsbue; 3 a3 <- 9/ Jyoq e/ 98iLey
wp u ‘T = wptop

JI pus
JI pus
00005/(eWN"1):10°0 = (T)paydde™s _
Ja)dwod ayy aseaid 01 isnl sisixa syq paydde a1
padde @} = syq paydde a1
uay) (xe@s uabawn 1) j
uayy (016°paydde =) 4

.ou
0= 3
‘0 = (T)paydde s

g paydde a1 Jabajul
(wip~u)paydde™a uoisoaid ajgnop
.4'wod'pwid, apnjoul

auou Joidwi

play~payidde sunnoigns

=

aupnoigns pus
[e9os U0 9210} |[ed

(Fewiuu‘yeuu‘isijuu‘puids*i‘aoio)s)aredo|eap

(e'T = wip_1 ‘(v9 ‘wip_nojodip) ?
‘€T = wipt ‘(g ‘wip 1sjodip) ®
S¥'e i'(z'e)elodip Bae’(z'g)ajodip bae' (¢ T)ajodip Bae
zi ‘(z‘0)ajodip~Bne ki
Ti awn™1 ((£'STIST).'eE)amim
(,umouxun,=snies‘,jod pwid,=ajy‘cg)uado (T-baawn 1) y
T + Junod ajodip=3unodajodip
op pus
op pus

Pax((SSE 1'WIp 1)SSEO 3j0dIp) + ?

(ssepp 1'wip 1)ysse ajodip = (ssep I'wip )ysse ajodip
Zex((SSBIO1'WIp 1SS0 Bj0dIp) + ki

(ssejp 1'wip 1)gsse ajodip = (sse I'wip” 1)gsse ajodip
(ssejo 1'wip 1)sse|d sjodip + B

(ssep 1'wip 1)Tsse ajodip = (ssep” I'wip )Tsse” ajodip
€0 = wp1 op
ZT'T = Ssepp’ | op

. (x'L€)aIm
op pus
)i pud
op pua
(pred 1'wip™1)ajodip ®
‘ssep” 1 ‘ped | (4'2€)amm (gbarwip™)

(zT/Ax0"u)/(ed I'wip1)ajodip + ?
(ssejo I‘wip 1)ssep sjodip »

= (sse|o I'wip 1)ssed ajodip
€T=Wwip 1 op
_ (‘zT/Ax0"u)/( Zxx(1red 1'€)oj0dIp
+ Zulied 1'g)ol0dip + Zu(ied I'T)ojodip)ubs +
(ssejo 1‘p)sse|o ajodip
= (ssejo 1'g)sseld sjodip
G-(8T'T-Med pow = ssep |
uay) (z'be(ued 1)adh) 4t
yed u ‘T = wed | op

o3 o3 o

0p’0 = sse|o ajodip

op pus
op pus
(ued T'wip ajodip + (ued I‘wip )ued sjodip bre )
= (Wed I‘wip 1)ued sjodip” Bae
wip~u ‘T = wipt op
( Zuedr'g)olodip + Zux(Hed 1'2)ojodip + ®
Zax(Med 1'T)3j0dIp )ubs ?
+ (ued 1‘o)ued sjodip Bae = (ued 1‘g)ued ajodip” Bae
yed u ‘T = wed’| op

| pus
0p'0 = Med ajodip” Bre
uayy (Tbarawn™) y

op pua
op pus
(edAy1)adfy ued u ®
/ (adA 1*'wipT1)ajodip Bae = (adA) I'wip1)ajodip” Bae
pu ‘0= wplop
adAyu ‘T = adAr1 op

op pus
T + (adfedfued u = (edf1)adf ued u
op pus

(ued 1'wip 1)ajodip + B

(edAy 1‘wip 1)sjodip Bae = (edAy 1‘wip 1)sjodip” bae
wipu ‘T = wip~1 op
( Zux(ured1'g)aj0dip + Zux(ed1'g)3j0dIp + K
Zyx(Med 1'T)9j0dip ubs ®
+ (adAyr'o)ejodip BAae = (adAy I‘p)sjodip” BAe
(wed 1)adAy = adA
yed u ‘T = wed’| op

0 = adAy uedu
op'0 = ajodip bae

op pus
op pus
0PZ625°0 « (Med 1'wip dip = (ued 1rwip 1)sjodip
€ ‘T=wip | op

yed u ‘T=uped | op
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.1. Molecular Dynamics Code

+ wouap abuelbe| = wouap abue.be|
adAu ‘T = adfy1 op
‘0 = wouap abueibe|
op pua
(adAy1)ssewbab ; (ued 1) nw B
+ Wwou abuelbe| = wou abuelbe
(ued adhr = adA 1
ped u ‘T = yed’| op
‘0 = wou abueibe)
uay (gbarsnlpeabreyoy) 4

AB1aua J|as + AUl A = JaJI A

op pus
00| JAJUI A + JOWUITA = ISUI A
op pus
20[73od + 20| JSJUI A = 20| JAJUI A
op pua
# pus
# pud
(ed 1)abreys . (fenusrod 1‘adAy 1‘'adA )z 10d 1 + ?
(wed i nw = (Ued N nw
(ued Nabreys , (renuarod 1'adAy ['adAy 1)z 10d 1 + )

(Med ) nw = (ued 1) nw
uay} (g'basisnipeabreyo)) §

(Jed ['ued 19047 1*‘Awwnp ™ 1)20] 8210) 9[ed |[ed

(renuajod1'2dAy T'adAy 1)z p~30d Uy ki
(ed abreyo,(ued abreyos + ?
(renuayod 1'adAy T*adAy 1)T p 10od 4 = Awwnp
(renuayod1I'adAy 'adAy )T 30d 1 + ®
abuesuoys A = abueioys A
(renuajod 1'adAy T'adA1 1) jod Uy ki
(ed Nabreyo,(ued abieyo + ?
quiojnodeal A = QquojnodJeal A
(renuajod™1'adA) ['adAr 1)z 30d Uy ®
(ed Nabreyo,(ued 1)abreyos + B

(renusyod1'adAy 'adAy )T 30d 1 + 20j30d = 20| jod
((adAy T'adAy 1)abues )T Ienualod upuiu = pepualod |
(27 Hubs = 171

uay) ((edAy T'adAy 1)z yona 1z M

(7 Nwinsip oD |jed
0 =21

op pus
# pud
T+ (wipT)jeoeysp = (wip_1)(|99_eyap
uay (50U (wip 1)iId2_BNap) BS|d
T - (wip oo eyep = (wip_ 1|89 eyap
uay (50116 (wip 1|90 eyRp)y
(ed Tjo0 1'wip o4 - (Hed 1904 1'wip 1)o! bl
= (wip )90 eyep
wip u'T = wip | op

T-l04 U0 = 104 | Op
‘0 = 20| jod

(ed NadAr = adAy [
(ued 1'yBrau 1)ioqybrou = ped [
(uedr'0)loqybreu‘t = ybreu™t op

‘0 = 20| Jal A
(ued 1)adhy = adAi1
yed u‘T = yed | op

4 pus
op pus
(ped 1)abreya,( (id)ubsreydie,oejaid 28[8,Z -
(adAy 1)ssaupreybab ) +
(ed™1)oaibab + (adAy 1)Bauondsiebab = (ued 1) nw
(1ed 1)adAi=adAr |
yed u ‘T = wed | op
uayy (¢-baisnlpeabieyoy) 4

®?
®?

prema 2ai |[ed ((g-aITenusiod j)pue(gab-renusalod y)) n
prema 28l |[ed (g'barenusiody) yi

op pua
‘0 = (wip 1)Ul [eas” 2210}
€ + Wwpu ‘T = wp1op

(id)ubs/ABisuajjaseyde,oejaid daja000 u- = ABiaua jjas
op pus
2(ed 1)abreyo + ABisua jos = ABiaua jjos
yed u ‘T = wped| op
‘0 = AB1aua Jas

= abueioys A
= quiojnodjeal A

J1aBayul
s|gnop
s|gnop
20[10d‘g 1T 4 uoisiaid a|gnop
20| Jalul- A uoisioald signop

.. apnjoul
auou yoidwi

wid) quonod snid abues Hoys yum spenusjod Apoq
lenuajodApogomi aunnoigns

wousp abueibe| ‘wou abuelbe| *

aupnoigns pua
[e9S™ U0 9210} |[ed

lenuajodApogomi |jed
J'woopwid, apnpoul

auou ydwi
fenuajod~s3q aunnoigns

aupnoigns pua

op pua
op pua
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B. Programs

(ped 11apio N)xabreys , (1apio [Japlo 1)}909 1oipaid
+ (ued 1uepio 1)xabreyd
= (ued 1tepio” 1)xabreyo
J9pIO U ‘T+J3pIo | = Jopio [ op
T-J8pi0 U ‘T = Joplo | op
ped u ‘T = wed| op
sabieyd Japio Jaybly 1o1paid ----j

o o3

op pus
op pua
(Jed 1'1apio 1)xablreyd,(1apio 1'0)200 101pald + ?
(ued 1)abreyo = (ued 1)abreyo
J9pI0 U ‘T=loplo | op
yed u ‘g=ped| op
sabreyd 1opaid ----j

J4wodpuwid, apnjoul
auou yonduwi
Jopipaid abueibe|pixa aunnoigns

aupnoigns  pua

(edAy u‘T=adAy I'(edAY 1)ua™ Xxew) ®
‘(adfy"u'T=adA) 1'(dAy 1)ua” uIw) B
‘(edAy"u'T=0dAy1*(edAy 1)uaBAR) ((2'GTB0Z).'€9)BIIM

op pua

(ued 1)us=(adA us uiw ®
((edA ua™ uiwryy (ed 1ua)

(1ed 1)ua=(adAy )ua xew B

((edAy 1)ua™ xew 16 (Wed 1)ua) i
(edAy 1)ured wnu/(ued 1)us+(adA 1)us” Bae=(adA) 1)us” bae
(ed 1)adAl = adAy i

yed u ‘T = wed’ | op

op pus
T+(edAy )ed wnu=(adAy 1)red” wnu
(ued 1)adhy = adAr|

ped u ‘T = wed’| op

op pud
o=(adAy ued wnu
o0ga'T=(adAy 1)ua uiw
0g9'T-=(edAy 1)ua xew
0=(adAy 1)ua~ Bae

adAyu ‘T = adfy1 op

(ued u't=ped 1'(red Nua) (.(2'STE000T).'29)aNM i
s|yals I8y

op pus
(ed )us ‘wed 1 (s'x)auIm
ped u ‘g=ped | op

op pus
(adAy 1)ssaupireybaby(ured 1)abreyo + B
(Hed1)abireyo.(1d)ubsreyde,oejaid 09|a,z- B
(adAy"1)Bauonoajebab+(ued 1ua=(ed 1)us
op pud

1 pus

op pus

#I pus

(ued N)abreyd , (fenuajod 1‘adfy 'edAy 1)z 30d 4 + ®
(Wed )ua=(ped 1)ua
((edAy T'adAy 1)abues i1 Jyfenuajod uhuiu = [epuajod |
(@ ubs = 171
uay ((adAyTedAy 1z oo 1z )4

(7 NwiMsipofed |jed
0=21

op pus
pus
T + (wip 8o eyap = (wip 189 eysp
uayl (50 (wip B _elep)y Bsjd
T - (wip o eYsp = 20 eljep
uayy (5'016°(Wwip1)j90 eyap)yl
(ped 007 Twip O - (Wed 1304”1 'WIp”1)o! ®
= (wip )R 'Y
wipu'T = wipTl op

T-00 U0 = 1oa 1 op
(ued Nadhy = adAy [

uay) (ued rauyed () y
yed u ‘T = wed [ op

0=(ed 1us
(Wed 1)adAy = adA1)
yed Ut = ued | op

(adAy"u)ped wnu 1abayul

(adAy u)ua xew ‘(adAy u)us uiw ‘(adA"u)ua Bae uoisioaid sjgnop
271 ‘T 1 ‘(wed u)us uoisioaid ajgnop

J'wodpwid, apnjoul

auou yonduwi

anes” AlArebauoios|@ aunnoigns

aupnoigns pus

op pus
Zx«(red1)abreyo,(edfy 1)sseupreybab.g o + B
(ued 1)abreyo,(adAy 1)bauonosjebab + ®
abreyo A = abreyds A
| pus
2xx(ip/(ued 1 T)x0B.1RYD)(8dAY )SSEWDAD 450 + ®

abreyo olweuApT) = abreys olweulp )
yed ueibueibe| papuaixa ay) jo salfiaua aye|nofed
wouap abueibe| ; wou ebueibe| + (Wed NI nw- = (ued 1)O}
sabreyo uo 9210} are|nofed
uay (¢°baisnlpeabreyoy) 4
(Med 1)adAy = adAr )
yed u ‘T=ped | op
‘0 = abueyd A

‘0 = abueys ojweulp

(edAy 1)ssewbab ; (edAr 1)adAjwore u 2
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.1. Molecular Dynamics Code

salblaua ayenoes

op pua
yed u / nwwns + (Wed )i nw- = (ued )0y
yed u ‘T=ued | op
9210} Buninsas ayenoed

op pus
(ued I MW + nw™wns = nw™wns
op pua

(ped )abreys . ]

(Wed T'ued )ebsb + (ued )i nw = (Ued 1) nw
wed u ‘g=ped [ op
(ed1)abreyo,(ued 1)gbab + B
(ued 1)oaibab + (adAy 1)Bauondsiebab = (ued 1) nw
(ped)adAy = adAr)
ped u ‘g=ped | op
‘0 = nw-wns
lenuajod [edlwsyd 8renojed

op pus

(id)ubsyeydre,oesoid 099,z - ®
(edAy 1)ssaupreybsb = (ued 1)gbsb
(ed )adAy = adAr

yed u ‘T=ued | op

179 9|geueA xne ajendfed

op pus
op pud
i pus
0'0 =(@ed ['ued 1)zTebsb
00 =(ed [yed 1)ebsb
ESE]
.duued assolb, (+'89)anim (renuajod™ u-abfenuajod1) i
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.1. Molecular Dynamics Code

(Awwnp1)sooe = Awwnp 4

3 pus
op pus
(wip D20 eyep = (wip 1 ‘Bue™1 ‘wed )yreyap oiduy
(wip s eyap = (wip 1 ‘Bue™| ‘ued | freyop o|diy
wip u ‘g=wip 1 op

(2 )ubs = (Bue 1 ‘wed U aidy

yed = (Bue1 ‘wed 1)yued aiduy

(z s)ubs = (Bue 1 ‘wed ) s|duy

wed [ = (Bue™1 ‘ped hsed oiduy

Awwnp™1 = (Bue 1 ‘ued 1)soo ajduy
uay) (g'barenualod—y) 4

fenuajod Apoq € 10} Sd|qelLieA B10)S

(Z7s « 24 )ubs / Awwnp™1 = Awwnp i

— _ _ _J pus

2 1 ((©ueoensp  (T)sTenap + (1192 eyapy (€)S enap
_ ) « (9)lon"usy jow +

z /1 ((@ueo7eep « (€)s enap + (€)I199 eyepy (2)s eiep
- - ) « (S)loA"usy jow +

Z 1 ((Dieoeysp « (e)senap + (2192 eyapy (T)s enap
) « (p)oA _._mn PW +

Awwnp™1 = Awwnp 1
uay) (g'ba'wip™a) §

§ pus
! pus
) pud

Sy-1d/Awwnp pios,08T “(gT°ued ypow ?

‘(wed )adAy ‘ped ™y ‘(ued adA ‘ped 1 («pr)omim
('sp - 1d/08T«Awwnp pios)sgqe + Ded pio = Qred pio
Awwnp~pios + red pio = red pio
§ pus
(Awwnp~pios)uise = Awwnp piol
ESE]
(Awwnp~pJos)sode = Awwnp piol
uay) (1016°(e)199 BYdp) 41
uayr (1016:(2)190 " eyep) 41
( ZedENRIEYBP +_ Zux(2)I00 BNap Jubs
/ (@e2 eyep = Awwnp piol
uayy
( (b (g1 ped 3f)pow)o (1T"be-(gT ed 3f)pow))
Byuod O 2T IS 9 'O 2T ‘IS 9 i ‘pue(z'ba(2)edA)
10°(((7°ba(9*1red >y)pow) 1o-(g"ba (9 1ed >p)pow))
Byuod O ugfz ‘IS ug/T i ‘pue(Tbar(2)adA) ) 4
uayy ((2 baAnewwAs™})10'(9'baAnawwAs™y)) §
weled plo areneas zyenb
op pud

(wp™
« (wip oA~ usy oW + Awwnp i = Awwnp)
wp~u ‘T = wp | op
‘0 = Awwnpi
(Hed > ‘ued 1'0'Z J)aoue)SIp ™ o_mu 1ea
(z'wed uo ybrau 1 = ued y

JI pus
JI pus
il pus
Sp-d/Awwnp™pio1,08T ‘(8TWed Npow ®
‘(Wed NadAy ‘ped [ ‘(ued 1)adAl ‘wed 1 (x'v¥)alim

('sy - 1d/o8T«Awwnp plos)sqe + Qused pio = DOured pio
Awwnp~pios + red pio = sed pio

o o o oF o oI

FIFFoI

1199 eH3P « As_u Dseyp  ®

) pus
(Awwnp~plos)uise = Awwnp™ piol
as|p
(Awwnppios)sode = Awwnp piol
uayr (1016°()120 BIBP) H
uayr (1016:(2)i120 BIRpP) H
( Zu(ENI@IBYBP +_Zxx(2)I190 elyap JUbs
/ (@ueoeyap = Awwnppios
usy)
( (((r°bar(gT'wred Npour)uo(T°bar(1'1ed Tpour)
Byuod O 2T ‘IS 9 ‘O 2T ‘IS 9 i "pue(z’be(2)edAy)
*10°((("ba(9'yed ™| ouoé 10°(g"ba’(9‘ued pow))
Byuod O ue/z ‘IS ug/ i “pue(Tbe(2)adAy) ) 4
uayl ((2'baAnawwAs ) 10°(9-baAnawwAs™})) §
welred plo areneas zuenb
op pua
1199 eydp = (wip s eyap
wip~u ‘T = _wip 1 op
(wed 'ued™1°0‘g” s)@ouelSIp o€ |[BD
(T'wed U0 yblau | = wed |
1=6ue"]|
o
usy (z'be'adAi™n) 4t esie
op pus
op pus
op'T + (pub 1'g)bueTisly = (pub I'g)Bue Isiy
( (pubu sy pub_1)'pue (T-a6pub 1) )il
(1d/Awwnp i pub u)uiu = pub |

LIy

(wp™

(Awwnp1)sode = Awwnp J

§ pus

op pua

= (wip™1 ‘Bue”| ‘wed 1)eyap alduy

(wip )s™eyep = (wip™1 ‘Bue”1 ‘wed 1)eysp oiduy
wip u ‘T=wip | op
(z- _vtcm = (Bue™1 ‘ped Hu_aidiuy
yed y = (Bue™| ‘wed 1ppred oiduy

1s = Amcm 1 “ued D9y
ped [ = (Bue™| tmo_l_ztmg oy

Awwnp™1 = (Bue

uay (g'ba'renuajod j)

fenusjod Apoq € 10} S3jqeLeA 3I0)S

(Z7s x 24 )ubs / Awwnp™1 = Awwnp 4
) pua
z 1 ((©ueoenep « (T)s enap + (1)1199 eyepy (€)S Biep
) « (9)IoA usy oW +
Z 1 ((@ueoeyap « (€)s enap + (€)I199 enapyx (2)s enap
) « (Q)IoA"usY JoW +
2 1 ((Dueoensp  (2)sTenap + (2192 enapy (1) enap
) « (P)IoA"ua 18W +
Awwnp™1 = Awwnp i
ualy (g'barwip ) 4
op pua
(Wip™jje7eNep _(wip™ s elysp
x (wip oA usy 1w + AwwnpTs = Awwnp)
wip~u HHE_U_oc
= Awwnp™J
(wed ‘ped 10'z ‘_vmocﬁw_v o[ed |[ed
(Awwnp™yed )uo yblau | = wed
LJwore IS punose ss|bue g ueyy asow, dois (916:6ueT)

133

oF o o o o F



B. Programs

(+'02)amm
(Zxs)don uted u) / Z 18I A = 2. W
(lon"ued u) / T I8 A =

ZxsT JOWITA - SQO BWN / Z S A = Z_ I8l A
SO Bw / T AN A = T 3 A

Lup~1 BeipTuou pue Belp ‘T Beipul ‘T Beip ) (20z'0Z)smm
sqo awiyT Pelpu} = T Beipu”}
sqo ewmyT beip ) = T Bep}

JABiaua upy oweuAp 'z olweuAp ) ‘T olweudp l (20z'0z)eim

o _ ___(‘oz)eum
(ZexDitdon_uared—u) / g olweuApT} = gz olweuAp )

(qo u,ued u) / T olweuAp ) = T olweuAp 3}

ZxxT OlWRUAP ) - SO awil/z dlweuAp 3 = g dlweuAp 3
SO aWIyT dlweuAp 1 = T olweulp ]

WPAAIBSCO Bwn ,'sqo awn (T0Z'02)eIm

(+'02)amm

op pus

T + (8dAy1)oads 1equnu = (adA 1)oads Jsquinu
(wed 1)adhy = adAr1
yed u‘t = ued | op

op pua
0 = (adAy1)2ads Jaquinu
adAy u't = adfAy1 op

(edAy u‘adAy u)oads wiou uoisioaid ajgnop
sseo | ‘(adAr"u)oads Jaquinu Jabajul

4 'wod'pwid, apnjoul

auou yo1dw

N0 19sqo sunnoigns

aupnoigns  pua

2 / UBYd A = ureyd A
op pus
op pus
op pus

Zex (ed 130 Twip Nreas s - (Wed 1jon_f'wip Neas s

) x (@A wenb™ + ureys A = ureys A
wpu ‘T = wip | op
159 wud seaw NYIL
(Med )adhy = adfr )
ped u ‘T = wed 1 op
(on"uTHON poW = J0N7|
Tl U ‘0 = 10071 Op
‘0 = ureys A

4 woo'pwid, apnjoul
auou yondwi
Jorewnsa” wud sunnoigns

aupnoigns pua

IN- = 1S9 WA
op pus

Znse

(wip™N)e20]§ « (wip

800 1 + 1S9 WA =
wpu ‘T =

op pus
anoge saull 999 |
op pua
( Gp/@ued on1wip TT)xn) « 7 i
Zehwwnp™s  (8dAy Yuonoyy « (RAATTAwwnpTssew 4 0 P i

12010} )  (Wip Twip_rewy ¥
+ _(wipTnjedol } = (wip_1edo| )
(wip™Ddjgy 1« (wip Fwip_rewy »
+ (wipTnredol 1 = (wip™| B
wpp u‘t =
wp u‘y =

( (ued 1hou 1t

op pus
(ued T I'wip )01 - (ued 1o rwip )odad 4 T + %
(Wed 100 I'wip ol = (wip_ndpy_)

"0 = (wip_1edo| )
0 = (wipT1)[eso| s
wip u'T = wip |
T-10 U‘Q = 101}

yed u‘T = Wed | op
1S9 UIA Seall Wid) -

‘0 = 1S9 |

wuoysuen) abueys ----j

(wip~u)reso| J(wip~ u)diy 4 (wip~u)esol 4 uoisioaid ajgnop
4 woopwid, apnjoul

auou yo1dw

Jojewnsa LA aunnoigns

aupnoigns pus

I pus
u / Dred pio . GT = DJed plo
" u / Jed plo , GT = Jed pio
id / ted"pio , 08T = Jed pio
uay} ((2'baAnswwAs™))10°(9-ba'AnawwAs™})) §
op pua
JI pus
= (puB1'z)buelsly @
6 1)pue(016°pub 1) i
(1d/Awwnp i pub ujuiu = pub |

_ (=1 (+ ()5 0) ?
‘Wed >'ped Tued 1 ((SHTIETE). 98)MIM ?
(GT'baued™) 4

op pua

0 0} BUl| UOHIBUUOD IS-IS JO JIPPIW WOJ) JOIOBA UM |

134



.1. Molecular Dynamics Code

op pua
op pus
JI pus

AE_U|_ J_ .E_ul_ ‘wip 1)z upens

+ (wip] E_u B E_U [ E_u " 1)T_uwioq e
(wip™] ‘wipy wip T ‘wip g uress
(wip™] fwip™ ‘wipT ‘wipT)T" Wog g9
‘wip | ‘wip Y ‘wip [ fwip

((r'yToE 2Ip)./02)omm

‘wip_1)z_urens

+B19Q- =

= (wipT| wipTy wip T wip )z urens
uloq awn / (wip| ,E_ulx ‘wip [ ,E__u 1)T_uioq_ep
(wip™| ‘wip™> _‘wip [_‘wip)T_wiog e

usyy (WIp™ [+WIp > wip +wip 1)

wip_u = | op

wip u ‘wip’l = E_v _op

I FI b IIII I

uiog awn / (wip fwip )T urens = (wip| _E_U )T urens
wip u ‘T = wp [ op

wpp u ‘T = wip

(«'02)2mm

LSIUEISUOD JNISes, T 02Z)a1Im

usy ( (0°be'aunssaid™y) ‘puer (T167enusiod J) ) 4

§i pus
! pus

) pus

op pus

(e+wipu ‘T=wip [ “(wip T'wip 1)z [eds) (90z'0z)omm

€+ WP U ‘T = wplop

(+'02)auIm

uay) (T'baainssaid™y)

(e+wip™u ‘T=wip”l ,AE_u\_vH\_Swv (90z'0z)aMm

'1ess, (x'0z)aum
16 renusiod ™)) 4t
(+'02)amm

ped u/Awwnp™ (Z0z'0z)amm

(2)T71e0Sx2xx(9)T 1e0S _- (T)T [edS«2Zxx(S)T_[eos - ®

(E)T 1e9Sy2xx(P)T 189S - (9)T [29S4(Q)T [e3S«(Y)T [e0S,2 %
+ (€)1 1e9sx(2)T 1e0s«(T)T [eds = Awwnp ™1

op pua

op pua
£ ( (wipT7jeds , (wipDTfeds

Nz 1edos ) = (wip_rwip_)z"[ess
sqo ewn / (wip rwip Nz jess = (wip™r'wip~ g jeos
€+ wpu‘T=wplop

€+ WP U T =wp op

op pua

sqo awn / (wip )T [eds_= (wip )T [eds

€+ Wpu ‘T =wplop

¥ gled plo ‘z gred plo ‘T gred plo ¢

LAwnon Lz joawed W/t oA (202 0z)81um
(+'0g)amm

B/ (T710MZ7108) = 2_|oA

CxxLl |OA - N oA = Z_|oA

sqo_awn / Z_|oA = Z_|oA

SO awn / T [OA = T |OA

uay (1167 enusiod y) 4t

JI pus
op pua
ssep I, adAy uabAxo
‘(€ 0=wIp 1(ssep I'wIp 1) Tsse sjodip) (602" 02)31Mm
ZT'T=sse| | op
(+'02)amm
op pus
op pua

Junod ™ ajodip/(ssejd I‘wip 1)Tsse|d” ajodip »

=(sse[p I'wip 1) Tsse|o sjodip
CT'T = ssepp | op
€'0=Wip | op
uay} (g"barenualod—y) n

JI pus

Z Dred pio ‘,zssns, (x'0zZ)o1Im

M1/ g2 Dsed pio = g osed pio

2T Dded pio - g osed pio = g Dured pio

¥ Osed pio ‘g osed pio ‘T Osed pio ‘,Z nw red pio, (x‘0z)emm

9 plo / ¢ Dred pio = ¢ Dued pio

9 pio / g Dred pio = g Dured pio

o pio / T Oked pio = T Dted pio
(x'0z)amm

Z gred plo ‘, zssns, (+'0Z)awm

M / ¢ gred plo = g gled pio

NIH “guied pio - g gred pio = g gled pio
.Z nw red pio, (+'0z)am
ulm_Eo | ¥ gred pio = ¢ gled pio

9 gpio / ¢ —gred pio = g gied plo

o gpio / T gred plo = T gled pio

(«‘0z)amm

Z red pio ‘, zssns, (x'0z)am

M/ g Jed plo = g red pio

Zs1 Jed plo - z Jed plo = g ied pio

¢ Jed pio ‘gz red pio ‘T red pio ‘iyd eyap ted pio, (x‘0z)am
o pio / y_ted pio = p_red pio

o_pio / g_ted pio = g red pio

o plo / T red plo = T sed pio

uayl ((2-baAnswwAs™))10°(9baAnawwAs™y)) 5

[AB1sus annmwid WJZise wud ‘t7ise wud (zoz'0z)amm
(Zx«don ued u) NlﬂmmlE_E Z 1s8 wud
(Gon"ugred u) / T1se_wnd = T3se_wnd

ZxxT 159 wud - sqo” i Z 159 “wud = g ise”wud
sqoewn / TIs9 wud = T 1se wud

-

Jorewnsa |

WA, ZTIS9 A ‘TTISe |

(coz'02)a1mm
(+'02)aMmm
UIA = NUme:S

(Zexipdon_ured_u) / gise”|
(Gon"uedu) / T
IN - SQO_awl / 2]

sgo awn / T

TaxT 1S9 |

1S9

1S9
159
1S9

UIA = T 1S9 UIA

AB1sus uonoesiul LZ1er A ‘T8 A (202'02)8im

N ®

135



B. Programs

(er'e'g'eTOV)rRWIO}

60¢

(e's'eTo9)IeWI0) 907
(e‘L gTap)rewlo} 0z
(e‘2'gTaE)IRWI0) €07
(e'2°gTOZ)IRWIO} 20T
(e'2°GTOT)IRWIO} TOZ

o puoq |[ed
no_puoq |[ed !
o puoq |jeo (2 'ba‘penualodTy) i
Ino puoq €2 (9-bajenusiodTy) y
no_puoq |[ed (g'berfenusiodTy) i
o puoq [ed (g'barrenusody) §

§I_pus
(¥2)asojp (uni—ubaruni1)y
op pus

(2r(PUBU/(2'2)H0INS ™1, pUB Dsdt) /
(PuB 1'Z'2)1” B'pUB U/(z'Z)yomno 1,pub |
bmﬁ%:@l:\ﬁmvtou:u 1,pub I m\v /
(puB 1'Z'T)i” B'pUB™ U/(Z'T)yowno”1,pub |
(@en(PUBU/(T T)HOIND 1,pUB 1)1yp) /
(PuB™1I'T' )46 pubU/(T T)HOIND 4LpUB |
({r'zT29). V2)emm
pubu ‘T = pub1 op
ZuxH{1d\}p/(1)B) TeWIO)

o o o oF o oI

op pua
op pus
op pua
(adAy T'adAy 1)oads wiou , %
(pub1'adAy T'adAy 1)1 B = (pub 1'adAy [‘ad 1)1~ B
pubu ‘0 = pub 1 op
()6 01 uonezirewliou Adde
JI pus
op pus
(pub1'adAy T'adAy 1)1 B = (pub 1'adAy 1*ady 1)1 B
2 / ( (pub1'adfy 1'0dAy i 6 + (pub 1'adAy [‘adAy 1)1 B ) B
= (pub 1'adAy ['adAy 1)1~ B
pub~u‘o = pub1 op
uay (adAyTy-adAy )y
sonsnels Jenaq pRlA 01 azuBWwWAS
(T+pub U T T)4 B/((2dAy T'adAy 1)abues 4/ (pubu)eal) =
«((T" Jonpred™u)/(adfy T'adAy 1)oads wiou)yz 79
= (edAy['edAy 1)oads ™ wiou
i pue
(adAyT'adAy 1)0ads ™ wiou
ENE]
((edAN)oads 1aquinu,(adA 1)oads Jsquinu) 7
/ (Ued u)jeas = (edA [‘adAr 1)oads™ wiou
uayy (0 au(adAy )oads Jaquinuy(adAy 1)oads 1aquinu)yl
10}0B} uonezZ|ewWw.Iou aulysp
adAy u‘t = adAy [ op
adA u‘T = adAi1 op
sadA) uanib 1o} saponted jo Jaquinu unod
(.umounun,=snyess‘ 4~ B pwid,=ajy‘yz)uado (T-baruni1)y
uayl (T16enualod i

(g2)asojp (uni"urbauni Ny
(zz)asop (uni—ubaruni 1y
§ pus

op pua
((5'g19C).'92)9Mm
u ((5'5192),'52)aMM
1wl U ((5'5T82).'€T)amim

(1097 1)y ouny 10d‘aw
(J0971)g ouny 102‘awWn” Ip/IPxI0

(10271)109 10pb*aWIN " IpAPLI0D
Amab 102 1)ouny”102) k)

Amnblc T=2adA) |
1AW ({(5'sT88). Z2) MM
(1097u)g ouny"109/ued " U/(109” 1)g ouUNy 109,'Z= (109 1)g ounj 109
yed u/ k]
("T-(1097U)y 2uny102)/(J097 1) duNny I0d,'z= (402 1)y ouny 102
yed u/(T-(Jo2u)10910pb)/(109 7 1)100 10pb,'z = (109 1)i02 J0pb
op pus
(8dAy1)0ads ™ saquinu/(T~(T*109” U)ouny™100) ®
J(@dA 11097 1)ouny 109,'2 = (8dAy 111007 1)ouny 102
adAu ‘1=2dA1"| op
T-100"U‘ainseaw | = 109 | op
usyl (Joo Uy T+ainseaw” i
op pua

(109 11037 10pb*aWNIPAPI0d Lawn U (,(5'STaZ),'S2)aIm
Awablc T=2dA)1'(adA 1109 1)ouNy"109) )

‘Bwly” IPAP«I00 LWl U ((§'GTOE). 72)oMM

(1007 u)g ouny J0oased U/(J0D 1)g ouNy 109,°'Z= (J0271)g dunj 10od
yed uy(J0du)y ounj 109/ )

(10971)y ouny J09,'z= (J097 1)y ouny 102

ped u/(J09~u)i09 jopb/(10271)109 10pby'Zz = (1027 1)109 Jopb

op pua
(edAy 1)0ads 1aquinu/(T*109™ u)ouny 102 »

/(@dAY 11109 1)2uny 109,z = (8dAY 111007 1)2uny 102
adAu ‘T=adA1I op
T-ainseaw” I'0 = 102 | op

(.umouxun,=snyels',y 109°pwid,=a|iy‘'9z)uado
(.umouxun,=snyeis‘,g 102 pwid,=a|lj'Gz)uado

: =a|lj‘cz)uado
(,UMoUNUN,=sNJe]S’, OIS 109" puild,=a|))'ZZ)uado

(T2)aso (uni urbaruni™
pedujounyjunod/(p)ounyi1oo'elaq  ((§°GTaZ), TZ)aMIm
op pua
yed u/ounyiuNod/(1043 1)2Uny 103

‘desagaon 1 ((§'GTT). TZ)omM

1100 U'Q = 00| Op
(.umouxun,=snyeis* ewipwid,=ajy‘Tz)uado (T ba'uni

_o> ‘21O A ‘ued U T oA ‘TTIS9T Widy
TTIS8 WA ‘T I8l A Y (x'T2)amm (zabuni—u) j

(0z)aso (uni—ubaruni™1) yi

I pus
op pua
op pus

(o ued u) J(wip [ ‘wip )T urens  ®
‘wip”T ‘wipT1 ((y'0TIT 2IZ). 02)aIm
wip u ‘T = wp [ op
wip~u ‘T = wip_l op
(+'02)2mMm
Jurens, ? 02)21um

op pus
op pua

136



.1. Molecular Dynamics Code

uayy (wip~usrwip 1y

wp e + wpu ‘T =

wip 1 op

op pus
op pua

(wip 1'1apio X eas . (Japio ['p)je0d 1opaud %
+ (wip™10 ress = (wip 1o [eds

wpTe + WpTuT =

wip_1 op

Japlo u ‘T = Japio [ op

uayy (t-baaunssaid )y
adeys xoq 1o1pald

anunuod /99 j
azidWwWAs |[ed
op pus

op pua
op pua
op pua
op pua
JETIoN) (I ewu_olfw“:o 1)j000 pIpaud B
‘19plo ax:

(ed 100 ‘WP

ped u'T
wipu'y
J8pIoO U ‘T + JOpIO | = _wEo ._ op
T-19pI0 U ‘T = laplo | op
SOAllBAlIBP udyl  ----j

op pua

op pua
(odAy™ ,EE% _v_%_; M o« 2P « (WipT)a0ioy 00| @
= (ped 100 |

o o3

+ (Wed 100 1'wip on =

op pus
(ed 100 1'wip N1y« (wip” fwip AU jew y ]
+ (wipT1)2210§ 20| = AE_U 1)9210§ 20|

wipu ‘T = wp [ op
(wip™1)92104_00]
wpTu ‘T = wip | op
9210} Y20}S W) -
(ped)adAy = adAr )
ped u‘t = ued | op
2/(T10071) = Awwnp™
00[9A pue suopisod 0} 82104 WoOpUel ppe  ----j

op pua
op pua
op pua

(ed 100 1'wip T 148pI0” XN, (19pi0_['0)}000 JIpaid B

+ (Wed o0 1'wip 1)on = (Med 1on 1‘wip 1)on
yedu‘t = ued | op
wip u'tT = wip | op
Japlo U‘T = Japio [ op

mco:_moa JYTTRE

T + j07u = 10071 (z'bajon|

T + jo07[ =007)
Tl U0 = 1007 [ op

sued juapuadapur Ajuo arefedoid
(wip~u)ad10) 20| uolsiaid sjgnop
4 woo'pwid, spnjoul

auou yonduwi
j1o1paid aunnoigns

aupnoigns pua

op pus
op pus
il pus
T = (ed 1017 1)arepdn_}
T = uMs})
udy} (2« ((2dA1'dAT US4 0) 1B Awwnp 1))
op pua
Ze(wip i eyep + Awwnp 1 = Awwnp i
(ued 100 T'wip DplO 01 - W

(Jed 100 1'wip )eas—d = (wip 1)Jeyap

wip u'T = wip | op

(ped 19007 1)arepdN "}

‘0 = Awwnp1
T-lo4 U‘Q = 10171 Op
(Wed 1)adAy = adA1 )
yed u‘T = Wed | op

ayepdn™} /arepdn jo/ uowWwod
(wed™u'T-100 U:Q)arepdn ) Jabajul

J'wodpwid, apnpoul
auou yo1dw
upjs398Yd aunnoigns

aunnoigns pus
(Tv)esop
op pus
0-1S-0 i (Bwn ybdu , oNISU , 08T x 9) / (pUB I'g)bueTIsIy « pub U B
IS-01s i ‘(BunTubleu « Axo"u . ‘08T) / (PUB I'g)BueTisy « v_auc 3
ubu / "08T «
‘ZeAIWNPTI / (W yBrau,oIIs ULyBIBUTIP) / (PUB 1'T)Bue Hm_: B
‘Awwnp”1 (,(9'GT8G). Ty)amm
ybiaulp , pub 1 + uiwyblU TS = Awwnp
pub—u ‘T = pub| op
(.umouxun,=sniels‘,uoq-pwid,=ajy' Ti)uado
pubu / (uwybrau 1-xew ybiau 1) = ybiau Ip
ybrau1p uoisioaid ajgnop
J'wodpwid, apnjoul
auou yoiduwi
N0 puoq sunnoigns

aupnoigns pua

137




B. Programs

ped u‘t = ued | op
olweuAp seaw Wid} ----j
0p'0 = dluweudpT)

anunuod /99
9zZIBWWAS [[ed

op pus
op pus
op pus
(ued 19007 1'WIP 10} « (JOPIO 1)J902 108100 + B
(Med 100 1'wip 149p1o 1)xn=(red 19041 1‘'wip” 148pI0” XN
wip_u'T = wip_1 op
yed u‘T = ued | op
Japlo U'T = Japio | op
op pus
op pua
(ued 19007 1'WIP )0} « (0)}O0D 180D + B
(ed 100 T'wipTNON = (HMed 100 1'wip 1)on
wip_u'T = wip_1 op
yed u‘T = ued | op
T + 100U = 10071 (zbaron iy
T + o0 [ =100
T-047U'0 = 1047 op

199 0106 i
abueyo ----j

§ pus

LAN0W Jswouow, dois

ainjre) ‘xew 109 ((SIE'Y'ZTAT). ) IWm
uay) (xew xew J02316°xew 10d) JI

op pus
op pus
op pua
(Awwnp™J'xew Jod)xew = Xew J0d
4§ pus
wip_1 = (g)ainjrey
10071 = (g)ainiey

yed | = (T)ainjey
Awwnp~1 = xew Jod
uay} (xew 10216 Awwnp 1))
abueyo -
Za((dA 1 Awwnp ey A @
NP«(T)4909 1081109, (Led 1100 1‘'wip 1)) = Awwnp
2 | 2 W«(edA ' Awwnp_ssew/(ed 100 WP oy + B
(ued 100 1'WIpTI'Z)XN- = (ued”1Mon " I'wip_1)o}
Wwip~u'T = wip~1 op
2/(T-0071) = Awwnp™|
T + 300U =101 (zberon )y
T + 100 [ =100
T-104 U0 = 104 [ op
(Med 1)adAy = adAr )
ped u‘t = ued | op
‘0 = Xew Jod

UONeIS[0e PAINSEAW PUB UONRIS|9I0e
pajolpaid usamiag douaiayip jo Bulueaw sey o) ‘aiay

0 = Junod xew 02 (T'8'awn |

0P'0 = dluwreukpl

(€)aunjrey 1abajul

JUNOY™ Xew 102 /UN0Jd Xew J0JJ/ UOWWOD

JUNOY” Xew 102 Jabajul

(90-9G°0=XeWw Xew J02‘60-d T=ul” Xew Jod) Jsswered

(90-9'T=Xew Xew J02‘gQ-3'z=ulW xew 102) Jajawered
abueyo

wip 1y Jabayun

(g'e)ssansy uoisaid ajgnop

(adAy"u)abureys uiw )

‘(adAy"u)abreyd xew ‘(adAy u)abreyd bae uoisioaid ajgnop
(adAy u)ped wnu Jabayul

Xew Xew Jod‘UlW~ Xew Jod'xew 109 uoisioaid ajgnop

4 'wod'pwid, apnjoul

auou yo1dw

1091102 8UnNNoIgNS

aupnoigns pua

Jl pud

(15)asop

uay) (000t ba'awn 1) yi as

adA I,'T ‘adA 1T ‘Wed u ; awnjon
‘(edAT'T-100 U)wayy A / 1p / (Med U'T-100 U T'T)XN
‘(edAy To)wiayy A / 1p / (Ued u'T'T'T)XN
‘(@dATI TR U)Wy A /1P / (T'T-00 Uk TT)XN
‘(edAyro)wsdy A 7 1p / (T'T'TT)XN

‘awn1 (,(L'9T80T).'TS)aMM

(Wed u)adAy = adA [

(T)odfy = adAi 1

uay (000v'yBWHTY) N

o o3 o oF

J pus
ajepdn 0 [eds |ed

op pus
op pus
op pua
(wip 1'1ep1o )X [eds , (1opio [4opio 1)jo0d Jipaid +
(wip 1'4aplo )X [eos = (wip 1'19pIo” )X [eds
Wip™® + wip u ‘T = wp_| op
Japlo u ‘T + JSplo | = Japlo [ op
T-lepio U ‘T = J9plo | op

(wip™1o eds = (wip o [eds

_ _ _ _ as|9

2P «_(WIpTDXoq 4 x YIPIM QY +

_(wiprT)x"jeos = (wip I'T)X [eds

22w (WpTHXoqTl » pM g + B
(wip™1o Teds = (wip o [eds

]

138



.1. Molecular Dynamics Code

22+12 109 ‘(edAy"u‘T=adA)I'(2dA) 1)abreyo” bae) B
0Z+6T 109 j ‘weduyyeshab™A ‘ued ujABisusyas ®
8T+/T 09 | “0 ‘Wed u/Apogeaiyr A ®
9T+GT 109 | ‘Wed usebueioys A ‘ued ujquojnodfeal A ®
vT-6 109 i ‘(wip”a+wip”u'T=wip” 1'(WIp_1)0 189S) 6
‘yedu/awnion g

‘jon”uped u/pema A L

o0 ued uyssaid A 9

“Jo0” uyedu/(abnef A-1owi A) G

00" u/ed uureys A ¢

017 u/ed uplweuAp ) €

100~ u/red u/(sbneb A-ssaid A ]
+m9mcu|>+mm:wsulo_Emc%JtmE_li:_m.co|>+u_Em:%l: 4

‘awn” ((2'sT20€).'09)8mm (6°bar(oT'awn Hpow) 4
‘awn™ (,(2'STO9E).09)aMIm

Jorewnsa” wud |ea
uayy (0'ba(t'awn Hpow) H

TOT 0106
op pus
op pua
op pus
awn|on/ ?
(wip™py)23ur e3s 82404 (Wip > wip Nrew Yy ki
+ (wip Twip )ssansj=(wip™ ['wip~1)ssa.s)
§ pua
9 = wip
uayr (g'ba wipwip 1) 4 mw_m
G = wp |
uayy (9°ba wipwip™1) 4 mm_w
vo= wip
uayr (zbs'wip er__u 1) § oS

uay) (Wip™ Y_wm wip 1) R
€7 = Wp ¥ op
op'0= AE_Ul_.E_u 1)ssansy

= E_c [ op
€ ‘T=wip | op
sojodip_jod + [e01 jod = [ejo) jod
op pua
op pud
(ed 1'wipT1)ajodip + (wip nsajodipTjod = (wip nssjodipiod
(ed1)abreyd bl

(uedr'o'wip Nreas s + (wip”

oy jod = (wip 1elo) jod
wip™u ‘T= wip~1 op
ped u ‘T = ued | op
opo = wo_oa_u Jod
0P'0 = [e30)jod

op pus
(adAy1)ued wnu/(adAy1)abreys Bae=(adA 1)abreyd bae
adAyu ‘T = adAy1 op
op pus
T+(edA )ed wnu=(adAy 1)ued” wnu
(red 1)abreyo+(adAy 1)abireyo” Bae=(adAy 1)abreyo bae
(ped 1)adAy = adAr
yed u ‘T = wed’| op
op pus
0=(adAy 1)1red"wnu
0=(adAy 1)abreys” bre
adfy u ‘T = adA|

# pud
Belpu™} + Bep ) + olweudp ) = olweukp )
(7Wp«2) | Beipu™y = BeipuTy
(27Ipx2) | Bep™l = Beipy
op pus
To(WIPI'T)X RIS 4 XOQ_SSBW 4 2 + 7
Beipu™y = Beipu”y (wip ubwIpT) N
Zu(WIPTI'T)X [0S 4 Xog Ssew + B
Beip™) = Beip™) (wip udrwip ) 4
wip @ + Wip u ‘T = wip | op
uAp xog seaw wia}
Belpu
Beip™y

op pus
op pus

(wip 1)[eds 8210} 4 (I9pI0 1)}902 108100 +
(wip™1'4epio X [eds = (wip_I muhol_vxl_mom

wip™e + wp u'T =

19pI0 U'T = BED

op pua
(wip 1)[eas 8210} 4 (0)}902 1081100
+ (Wp™)o 1eds_= (wip o [eds
wip® + wipu ‘T = wip 1 op
op pua
| pus
LONOW BWNIOA, dOIS
Awwnp™I (x'x)3Mm
uayl (xew xew 109,00T 16 Awwnp™1) )
Tax( WIBUY M/ 1P«(T)4900 1081100, (WIP™ 1)[BIS 92104 ) = Awwnp™J
2/ 2P » X0 ssew / AE_u )eos @210} + W
(wip™1'g)x [eas - = (wip 1)[eds 82104
wip™® + wipu ‘T = wip | op
adeys xoq 109100  ----j
uay) (t-baainssaid™y) i

(27Ip42) / diweuhpTy = olweulpTy
op pus
op pua
JI pud
( (ued 1I'zH00 LZ'T'TIXN 4 (Ued I'z+H00 LZ'S'T)XN +
(Wed I'THON LZ'T'T)XN x (Wed I'THON LZ'ET)XN )
. (9)lon uar1ew , (8dA 100 T)ssew +
( (edI'zHIoN 1LZ'€TIXN « (Wed 1'z+0N LZ'TTIXN +
(ped ' THON L' e XN » (Med I'T+0N 122 T)XN )
« (Q)lon usrew 4 (edM 1900 1)ssew +
( (Ued I'zH00 1LZ'2 TXN « (Wed 1'z+HOoN L' T'TIXN +
(ed 1I'THON L2 TXN « (Wed I'THON LZ'T'T)XN )
+ (P)IoA Ua Jew , (9dA 10N T)sSeW +
olweuAp ) = olweulp )
uay} (g'bawip™a) §
op pua
( Zwled 1'zH100 Lz wIp 1 T)XN
+ Zw(ed 1'THON L2 WP I'T)XN)
« (WipTioA"usi 18w (3dA 19007 1)ssRW
+ OlweuAp 1 = Jlweukp )
opP'0 = (ued 101 1'wip1)22.0}
wip u‘T = wip | op
1103 U0 = j0437| Op
(Med 1)adhy = wnb

o o3 o o oF oF o oF F

o3 o o

o

139



B. Programs

= (Wed I'THON L' wip
wip_u'T = wip_| op

T-104 U'Q = loa | op

ped Ut = ued | op

‘0 = Awwnp1 (g16°19pIo0 |

19pPI0 IyxZ = Awwnp i

J9pIO  U‘T = laplo | op
op pus
op pus

0PS'0x0PZ / (2dA 00 NI = (3dAI_ 100 )Ulpim
T-l04 U0 = J0N7 1 Op
adAy u‘t = adfAy 1 op
_ _ _ 2edP = TP
awn”yar'xew 100 p'awn s (+'T9)aM (0000T HdawWn_ Ny
abueyd
ZPWNTIp = awnp
24P =1p
awn ol xew 102 p‘awn ) (xT9)eIM (0000T H'dWN_ i
abueyo
T = JUnod Xew Jod
dais awn aseaioul
uayl (Ul Xew Jod)'xew Jod)jl S|
op pus
op pua
Awwnp™1 4 (Wip 149pI0 )X [eds = (wiIp 148plo” )X [eds
wip u'T = wip 1 op

op pua
op pus
Awwnp™s »
Awwnp™1 ®
wip_|
T-lo4 U0 = 1011 Op
yed u‘T = yed | op
‘0 = Awwnp 1 (216 18pio )y
19PI0 I/ T = Awwnp 1
J9pIO U'T = laplo | op
op pua
op pus
0PS'0x0PZ « (BdA 1900 NWIPM 1 = (2dA 1100 uipim 1
T-104 U0 = 104 | op
adAu't = adA1 op
_ _ _ 2edP = TP
AL Yal'xew 102'p‘awn 1 (+'T9)aIM (0000T )W it
abueyd
z/oul = awn1p
Znp =p
awin a1’ xew 100 p‘awns (x'T9)aIM (0000T H-dawWn i
abueyo

T = JUnod Xew Jod
da)s awn asealdsp
uay} (xew xew 10936 xew J02d)yl
SaAOW 0Jap X0 JO UIpIM apnjoul
abueyo

ain|re)'awiy Jal‘xew 102'p‘awl 4 (x'T9)oMm
abueys

JAyur st awnTyal, dois (graawn yany
Big 00} Jou SI awn Jal ains ayew

# pus
. 1abuo| Aue painseaw aq jou ued [au02 awil, dois
uayr ((T-barawi1p) pue’(xew xew 102716°xew 102)))l as|d@
ujW~Xew 109, = Xew Jod
uay) ((ew ‘barawiIp) pue’ (Ui xew 102} Xew 102)))
|rews/abre| 00} awo2aq Jusaop dais awn ey ains Aew

00T 0106
abueyo

JI pus
Ui~ Xew 109, = Xew Jod (0'au’(awi a1 pow)i
uay} (Ul Xew 1027 'Xew  J09)}

u jo siabajul sidynw uo ji Auo deys awn aseasdul

awnIp + awiy Jal = awi yal

8anupuod  TOT i

# pus
(g)abreyos xew
‘(2)abreyos uiw
‘(z)abreyo Bae

‘(T)abreyd xew
‘(T)9bIeys uiw
‘(T)abreyos bBae

‘awn1 (,(£°GT802).'29)9Mm

NSO~

Ax0~u/(z)abreyo Bae=(g)abreyos bBae

ol|Is~u/(T)abreys Bre=(T)abreys Bre
op pus
(Jed 1)abreyo=(adAy 1)abreyds uiw )
((edAy 1)abreys uiwry-(red 1)abreyos) y
(ued 1)abreyo=(adAy 1)abreyd” xew B

((edAy1)abreyo~ xew16°(1ed 1)abreyo) ji
(ued 1)abreyo+(adAr 1)abreyo Bae=(adAy 1)abreyo bre
(Wed 1)adAy = adAi

yed u ‘T = wed’| op

op pus
0€e'T=(edA1 1)abreys uiw
0go'T-=(adA) 1)abreyd” xew
0=(adAy 1)abreys bre

adAyu ‘T = adA&y1 op

uayy (6'ba (0T 2w )pow) 4

Oused pio ‘gred pio ‘red pio ‘awn 1 ((9°ZTH). TI)IIM ?
( ((2’boAnpwiwiAs ™) 10°(9'barAnowiwiAs 7)) B
‘pue’ (6'ba (0T awn pow)

pus
o (09)asop
usayl (000v«eds™awn” ubaawn ) asje

9€ 109 | ((T'g)ssonsp+(e'T)SS2ISY:G0 B
GE 100 j ‘((z'e)ssansp+(g'g)ssansP«G 0 ¥
Y€ 109 i ‘((1'2)ssonsi+(z'T)ssansP«G 0 ®
€E-TE 10D | ‘(e'e)ssansy'(z'z)ssans) (1'T)ssans) ®
0€-8Z 109 | ‘(e'T=wip 1'(wip nsajodip_jod) B

12-G2 109 j ‘(e'T=wip 1'(wip_Neorjod) B
¥Z 100 Jon” u/ured u/ebreys A
€2 109 i Jon” u/red u/ebreyo olweudp 1

140



.1. Molecular Dynamics Code

202000
o]
ana
0
INNILNOD 008
o]
3NNILNOD 0¢.

((ZvT - WzWtNzwEo3al = Gzw
0SZ'syT = ¥ 0z 0d

3NNILNOD 0TL
((e0T + MzZW'GNHzZWHoTI = BI)ZW
FT'T = M 0TL Od

o)
8'T = 1 008 OQ
2
dn ONINYYM O
2
3INNILNOD 009
dW3LIN = ((Dzyaav)zn
((Nzyaavzw = ((Ntyaavzn
((Ntyaavizw = dNTLIN
000T'T = | 009 OQ
2

INNILNOD 00§
(000T + NANVYY « "0G2 + T = ()zdaavi
()4NVHY « 052 + T = (DTyaavi
000T‘T = | 00§ OQ
2
(000Z'4NVHY'QIISHINNS 1TIVO

2
ONIXIN O
2
3NNILNOD  00%
((3nrzw)anvi = ()zw
T€'T = | 00r Od
2
INNILNOD  00€
((n191'zwygor = (zw
T€'T = | 00 Od
o)
SYIGNNN T€ 1SdId 40 INIWLVIYL TvIO3dS O
2

INNILNOD 002
((((te)ann LyoT1d)a18ax((N4ANVEE)ITaa) LNINGl = (DZW

0S§2'T = 1 002 OQ

o)

SYIOILNI JAILISOd OL STv3IY dVIN O

2
(052 ANVHY‘@3IISHNNS T1VD

2
(Te)4nI
(1€)491

(T - 0€x2) + 0ExC =
0Eng =
o)
INNILNOD 00T
T -1 2= (4l
(T -0 2= 049
0E'T = | 00T Od

T = dlaX

(6} @]

1 /0GZJuI9/ uowwod
1(0002)4ANVHY NOISIOFYd 378N0d
(oooT)Zz¥aavI'(000T)THAAYI HIOILNI
(1€)491'(T€)4NI YIOILNI
2
dldX ‘a33asI YIDILNI
(052)ZN ¥39OALNI
o)
dNl¥vlS ¥04 NNS s3asn O
i ATNO SH¥3LNdNOD Ll Z€ ¥0d O
YOLVHIANID ¥IGNNN WOANVY 0524 O INILNOY NOILVZIIVILINI O
2
(¥LdX'a33SI'ZN)0SZENI INILNOYENS

aupnoigns pua

op pus
op pua
op pua
op pus
(Wed 1'z+010 L' wIp 1'49pIo” xn- B
(ued 1'z+(01y 11100 U),g WIp” 1J9pIo” XN
(Wed I'THON LZ'WIP_I'49pI0_XN B
= (ued I'T+(00 100 U), 2 WIp 1'19pI0 XN
yed u‘T = yed | op
J9pIo U‘T = J8plo | op
SOAlJBALISP UBY}  ----j
op pus
(Ued 1'z+100 L Z'wip Non- ®

®

(wred 1 T+(00 10N U)W
yed u‘t = ued | op
suonisod sy
Wip_u‘T = wip_| op
T-Zn0N U = 1041 op

Jwod'pwid, apnjoul
auou

aupnoigns pua
anupuod 0T

(19)as0d (000T ba-awn Nyt i

# pud

op pus
op pua
Awwnp™1 , (Wip 1'19pIo )X [eds = (wip 149pJo” )X [eds
wip~u‘T = wip 1 op
op pus
op pus

Awwnp™1

Awwnp™1 , (Ued I'TH0N LZ'WIpT1epIo XN B

141



B. Programs

((wip 1'wip 1usbid)sqe = Belp xew

uayy (Beip™ xew 1B ((wip 1'wip 1uabia)sae) J

T-Xew wip ‘T = wip | op

Z = Xew o |

T = Xew o |

((z'T)uabie)sge = po xew

T = Xew p |

((1'T)usbid)sqe = Belp xew
juswa@ [euobelp-yo pue euobeip 1sabbiq 196
Xew Ja) ‘T = Jesd) 00T Op
Xew ™ WIpXew Wipy = Xew Ja) (0baxew Jan) i

op pus
‘T = (wip 'wiprew o4
op pus
(wip Twip Dxurew = (wip ['wip uable
0 = (wip )rew1o.
0 =_(wn p rewy

Xew wip ‘T = wip [ op
Xew wip ‘T = wp | op

Jgooel ur wsjqoid uonedo|y, dois (Xew wipauwip) Ji

yd uoisoaid sjgqnop

(£T-p'T=90UeI8|0}) Joroweled

9oueIa|0) ‘Yo xew ‘Belp xew uoispaid ajgnop

Xew o [ ‘xew 0 | ‘xew p | Jobajul

Xew Ja) ‘ressy Jabajul

(Xew wip‘xew™ wip)os 20| ‘(Xew wip‘xew wip)jew Yy uoispald ajgnop
(xew ™ wip‘xew”wip)uabla ‘(xew wip‘xew  wip)rew 104 uoisiaid ajgnop
(Xew wip‘xew” wip)xuyrew uoisaid a|gnop

(e=xewwip) Jajowesred

wip™| wipTy ‘wip T fwip”l xewwip ‘wip JaBaul

walsAs 8JeuIpIo0d MU Ul Xurew si udble

aoeds uanib 01 adeds ,euoBoyuio, woly swiojsuesy snyr Xurew
Xuyew Jo sioaAuabla Bulureiuiod xuyew s ew 1ol

1gooe[ jJo awayds uonelay Buisn
uoisuswip UsAIB yum xujew Xujew oudwwAs sazieuobelp

(xew " Jay ‘uable ‘rewjo4 ‘Xurew ‘wip)iqooel aunnoigns

T + XVAX = dldA

41 N3
0T OLO9
05z - 1 = 1
T = dldi
NIHL (0Gz O3 XvAM) 4

INNILNOD
ANIE « ONZW = (ONVY
T+ 1= |
((2yT - MzZW'GzWEoal = Bz
XVAM'NINM = M 002 Od

]

o o o

00¢

O3IUAON'dOOT TO0A«

(0SZININ = XVINM
(T+XYINY NINM)XYIN = NI

3NNILNOD
ANIE « ODzW = (I)NvH
T+ 1= |
((e0T + MzW'GNzAW™EOo3I = (N)zW
XYAM'NIAM = M 00T Od
YT ININ = XVINX
dLldX = NIAY

ANNILNOD

T - dldd + N
0

1
|

_ RURSELEIN]]
(wip"UNVY NOISIOZI™d 319n0ad
HLdX'N ¥39O3LNI

(0S2)ZIN ¥393LNI

(Ly9€8YL¥T2/ T=ANIY)dI LINVEVd

(T°0) TVAYILNI NI NOILNGIYLSIA WHOLINN IAVH SHIGNNN WOANVYH
ZN NI SYIOTLNI ONISN NV NI SHY3IGANNN WOANVY Tv3d N S3HO0LS

(MLdX'N‘WIp U'NVY'ZIN)0S2d INILNOYENS

20000

an3

3NNILNOD
()19NS = (D4ANVY
(000 T'HOLOVL-H)AONa=
N‘T = 1 00T OQ

41 aN3
T-=a33s|
(0Q0'T'HOLOVL:4)AONA=Y
8ZOML/(@33SsNI18a=y4
N3HL (0 39" a33s)) 4

/000°9S¥SEY892Z/ 8ZOML '/0A0°LSSSLPTY/ HOLOV4 Vivd

1 /0SgJuld/ uowwod
F(N)ANVY NOISIOI™d 319n0d
a33s| Y¥3I9ILNI

(z-0 ‘H-v) NOISIO=Z¥d F18N0Oa LIDMNdNI

JNTVA dNLYvils Vv sl a33si
dINVY NI SH3GANN NOANVY 1v3d N S3d0LS

(N'INVY'd33SINNS INILNOYENS

o)
[0[0)

0T

0o

O 0000 o0OLOoOo

o
S
0LO VOO

O 0000 O

142



.1. Molecular Dynamics Code

(5960.9 ' T=0”j01d 233
‘¥8G09T T=A®'2Z8Z€EYZ L=aIN0l' T90Z0"0=nNWe™ Ssew) _mHmESmQ
oejaid d9je‘Ae‘aInol‘nwe”ssew uoisoaid ajgnop

(180502€ . T=gUbs ?
'9G€Tey Ty T=gubs'dxz=1dom'59z6GTYT g=1d) Jojowe.ed
cubs‘zubs‘ idomyid |eal

aupnos AB1aua/adio) Mau allm
a|gqnedwod sy ndul pue 3y ndino ayew
uonisodwod [ediwayd }nejep pue aindnis Jnejep azifeniul
ABisus ur sylys erended <---
adA sjonted yoes loj sassew apowl JIWEUAP S|geuoSeal 8soyd <---
I"esed ul ainssaid ‘dals swn ‘ainjesadwasl
us‘yjo Ind‘sielewered uondeIBIUI'SSEW ) NeJep Bzifenul

sIn2o0 z'bajepuajod) aleym sadeid oy 00|

piing siab [enusiod mau uaym uonuspe Aed 0y alsym

J'wo2 pwid

pua
uinel

oppua
(T-)xx0TxWNU-WNUS=WNUS
T+UBJIS=UBIIS
(wnu+gp)reyo=(T+uspys:T+ualas)buuls
(T-)x«0T/WINUS=WINU

T-‘7'Bipou=1 op

T+(T 0+wnus,0'T)0TBoIuI=61pOU

1=Uajis 0T
oppua
0T 0106 (, =/()Bus)y
1-'7*(Bums)usi=1 op
Jaquinu=t E::w

Bums (y)ia10es2Yd
wnus‘wnu‘Bipou‘iaquinu‘uaiis’l yylabajul
auou yo1dwi
(4aquinu‘buins)buisojunuppe aunnoigns

aupnoigns  pua
anupuod 00T

op pua

op pus

(wipTwip Hrewy = (wip T wip 1) yew 104
Xew wip ‘T = wip [ op

Xew wip ‘T = wip

op pua
op pus
4§l pud
op pus

(wip Twip )01 20| » (WIp Y'wip Nyew 101 + ¥
(wip Twip rew Yy = Twip rewy
Xew wip ‘T = wip_| op
uay} (op-oau(wip” l'wip™)os 20]) 4
Xew wip ‘T = wip X op
Xew wip ‘T = wip [ op

I~

opo = (
(wip T'wip Nrew y

(wip™T'wip™)os 20} (w

(

fwip™rewy = !
Xew ™ wip ‘T = wip | op
uay (op-oaur(wip v_ wip | vcmm_mv N
Xew wip ‘T = wip 3 op
uay) (op-0au’(wip f'wip~()os 20]) §
Xew—wip ‘T = wip_| op
Xew wip ‘T = wip [ op
usbie xuew ayejol
(Xew 0 ['xew 0 1)oJ 20|- = (xew O I'xew 0O [)oi 20|
d)uis- = (xew 0 ['xew 0 1)oJ 20|
(xew ™0 I'xew 0 1)oJ 20| = (Xew o [‘Xxew o [)oi 20|
(yd)soop = (xew 0" I'xew 0 1)os 20|

( ((xew o I'xew o Nuabia-(xew 0 I'xew o 1uabiad) »
/ (xew o ['xew o 1uabla,z Juere , g0 = lyd

op pus

0pT = (wip f'wip o 0|
op pud

0pP0 = (wip_Twip_rew y

0p'0 =_(wip f'wip 1)oi 20|

Xew wip ‘T = wip | op
Xew wip ‘T = wip [ op
XUyjew-T = 9 20| ‘XUjew-Q = jew Y 1as
Bl UONeIo) [e90] dulap
wnyas (9ouess|oly(Beip” xewy o xew)sae) Ji
4 pud

Xew wip = xew p |

(xew wip‘xewwip)usbie = Belp xew
uay) (Beip xew 16 ((xew wip‘xew ™ wip)uabia)sqe) Ji

op pua

op pua

I pus
wip [ = xew o |
wip 1 = xew o |

((wip T'wip uabie)sqe = yo xew

uayl (o xew 1B ((wip T'wip )uabia)sqe) i
Xew wip ‘T+wip | = wip [ op
4 pus

wip | = xew p |

143



B. Programs

Nu—ody ‘lu~ady ‘sod sidiy ‘Bue”u jApogasiyly uowwod
(reinbueu‘ped u)yued aduy

‘(reinbueu‘ped u)ed sidy JEGEIT]
(wip~u‘reinbueu‘ped u)yreyap o|duy
‘(wip~utrenbue”u‘pedu)lieyepajduy
‘(reinbueu‘ped u)yua|duy
‘(reinbueu‘pedu)u"ajduy

‘(reinbueu‘ped u)sod aduy uoisald s|gnop

(9=Jejnbue u) Jarewered

(edAy"u)bue u ‘renbueu Jabajul

0/ ysea ‘Blayld ysea ‘| ysea ]

‘g ysen‘eydje ysea‘eld YseA'y YSeA /elysiysen/ Uowwod

(adAy"u)os ysen'(edAy u)eloyyo ysen

‘(8dAy"u)| ysea‘(adAi u)g ysea‘(adAy u)eydie ysen »

‘(adAy"u*adAy u)ela ysea‘(adAl u‘adAu)y ysea uoisioaid ajgnop

o

‘wuabreys‘dusbireyorn

‘xabreyo‘abreyorn

‘Wiay) m‘sjeempueA” o‘wiayl A‘YIYs 8z ewbis‘uabiaTy®

‘quenbyewbis‘isda‘uonouy‘ssew /seiuadoidd; uowwod

(Led u)dys

‘(ed " u‘ieplo”u)xabreys ‘(ped u)sbireyd uoispaid sjgnop

(ed u)wusbieyos*(ued u)dusbireyorn

‘wiayy” m‘(adAr u‘adAyu)sjeempuen 9%

{(adAy"u'T-100 U)Wy Af(8dAyutadAy u)ylys e

‘(adAy"u'adAy u)z ewbis(edAyu‘T-104 u:g)uabla yE

‘(adAy"u)uenb ¥ (adAy " u'adAy u)ewbhis' (adAy u‘adAyu)isdary

‘(8dAy"u)uonouy(edAy"u‘t-100 " u:g)ssew uoisald a|gnop

E]

o o3 o o

UIPIM- gu‘yIpim Ji‘adAl /adAlo uowiwod

UIpIMT g’ (2dAY U T-0N” U0)YIpIM - UOIsIdaid 8jgnop
(z=2dAy u) Jor0Wered

(1ed " u)adAr'adAy u'adhy T'adAy™1 Jabajul

delagelaq‘dyi>p /wiayld/ uowwod
dejagelag‘dyi>p uoisioaid sjgnop

AW 1’z IP"IP /BWNPI/ LOWIWOD

awn 1z Ipp uoispaid ajgnop

9Jes U‘1asqo u‘xeldl u‘awly | /BWND/ UOWWO
9jes u‘lasqo u‘xejal u‘awn | Jabajul

XOg 44 0)'XN /0JNd/ UOWWOd

(ured U001 Uy wip~ u)y(ed Uj0N Uy WP U)Oy®
‘(e+wip”u)xoq ym

‘(Med U104 Ukz'wIpTu‘lapio u)xn uoisipald ajgnop
(z=J1opi0 u) Jv18WeErRd

19p10~u‘IepIo [Iapio | Jabaul

Bae eal"s /Baejeald; uowwod
(wed™u‘T-300 U:Q‘wIp u)BAR [RBI 1 U aid ajgnop
[eal A /[e8IAd/ UOWWOI

(Jed U001 U,Z‘wip u)ieal” A uoisioaid ajgnop

unis” J'0oqd /0oqdo; uowwod

upjs™ ' (ued u'T-100 uQ'wip u)poqd Jabajul

00| 92J0}‘92J0)‘ON‘[eal” I'p|o 04‘0J /9240JQNQID/ UOWIIOD
(wip~u)o0| 8210} (ed ulon " u,Z‘wip u)on uoisidaid sjgnop
(ued u‘T-100 UQ'WIP U)adl0P

‘(Medu'T-100 UIQ WP U)jeas ' (Med U T-10 " U0 WIP U)P|O” 04
‘(uedu‘T-100 U0 WP~ U)0J uoIsIaId Bjgnop

|99 e)ap‘S BYSp /o) B)8pI/ UoWWOD
(wip~ )19 eyap (Wip~u)ieydp uoisald djgnop

(e=wip a'c=wip u) Joowered
WP~ 2 WIp” U WIp ™| ‘wip X wip fwip™1 Jabajul

dubs /dubso; uowwod
dubs uoisioaid sjgqnop
(T=le2s awn u‘T=104 U) Jorowelred
[eas” swn~u05"ul04 [Hon"1 Jebajul

xew ™ yBlau~u‘xew uig_u ybrauuIgTud/ UOWWO
xew yBrau™ u‘xew uig u Jabajul

Joqubrau j1oqyblaud/ uowwod

(Ked u‘ybrauu:g)loqubiau sabajul
(0oo0tT=ybreu"u) ss1vwered

ybiau~u‘ybiau1 Jabayul

(Axo™u+ol)1s u=ped u) Jerowesed

(z=Axo"u‘T=o11S" U) Ja18Wesed
ped u‘ued [ped | Jabajul

(9I1IS UxZ=AX0 U‘Z UIq UK UIg™ UyX UIG UxQ=D1jIS™ U) Ja)owesed
(=7 ulq u'p=A"uIg u‘9=x"uIq_u) Jarewesred
(P=z uig” u‘e=A"ulg u‘G=x uIiq u) Jayeweled
(p=Z Ui u‘e=A"uig u‘p=x_uiq u) Jarewelred
(2=AnswwAs™}) Jaroweled

zlenb eyde
IS UxZ=AXO U‘Z UIg UK UIg UX UIG UxQ=01|IS™ U) Jajowesed
(G=Z Uil u'p=A"uIg_ u‘9=x_uIq_u) Jajewesed
(P=z uig u‘e=A"ulg u‘G=x_uIq u) Joayeweled
(9=AnswwAs™}) Ja1pwelred

zrenb ®el9q
(OIIS"UxZ=AX0 U'Z UIg " U,A UIg~ UX UIQ - U,8=211S U) Jarawered
(X ulg u=z"ulg u‘’x uilg u=A"ulg_u‘e=x uiq u) Jajewesed
(p=AnowwAs™}) sarowered

wuoy 21gnd Ut
T Uyg=AX0 U‘Z UIq U A UIg UyeX UIG UygT=01IS” U) Jalawesed
(z=Z uig”u‘e=A"ulg u‘p=x_uIiq u) Jareweled
(e=AnswwAs™)) Jarowelred

auljealyy 0] SUSAUOD Sewnswos :sixe-d Buore ueqolsud
(911IS"UxZ=AX0 U‘Z UIg UK UIg UyX UIG Ux8=01|IS™ U) Jajowesed
(e=z uig u'e=A"uIg" u'p=x"uIq_u) Jajewesred
(z=AnswwAs™)) Ja1oweled

HwApLY
ST UxE=AX0 U‘Z UIg U,A UIQ™ UeX UIg- u=21is™ u) Jajaweled
(5=z wig u‘g=A"uIg u‘g=x_uIq_u) Jajewesed
(T=AnswwAs™)) Jaroweled

AndowwAs 29} T = AndwuwAs T}

Axo u‘Axo” 1I'oljis™utalps 1 Jabaul
Z uig u‘Auig u'x uig-u Jabajul

AnawwAs™} 1abajul

Awwnp~reyd (y9)ialoereyd
Awwnp™o xajdwod
Awwnp™1 uoisaid sjgnop
Awwnp™1 Jabajul

144



.1. Molecular Dynamics Code

abreyo jueisuod /babony/ uowwod

(adAy"u)abreyo jueisuod uoisaid ajgnop

adAywore u ‘uonouybab ‘ssewbab @

‘abreyopjobab ‘oaibab ‘epquelbsb ‘repquelbab ®
‘ssaupseybsb ‘Bauondsisbab /bab; uowwod
(adAy"u)adAywore u sabayul

uonouybab ‘(g:0‘wed u)abreyopjobab ‘(adfu)ssewbab ®
‘(Wed u)oaibab ‘epquwelbab ‘(ed u)repquelbab B

‘(adAy"u)ssaupreybab ‘(adAyu)bauoios@bab uoisipaid sjgnop

(T=18nlpeabieys j)ie1oweled

poyldW UOoISIaAUl Xujew ‘i = isnlpeablreys )

uelbuelbe| papualxe ‘g = isnlpeabreyd }

Aouaisisuod jjas ‘g = Hw:ﬁm.m?m;o }
safieyd jueisuod T = isnlpeabreys ) -

Hm::uuwm_mso } Jabay

au_mzcmuoa }1)ie1owesed

lenualod ojopueds ‘g = [enusod }
fenualod eysiysepn ‘8 = renusod
fenusjod b3da SN ‘L = repusiod 4
renusiod O-ony SW 9 = [enusiod
lenualod b3d SW ‘G = renuajod )
z1zy ‘v = lenuajod }

lenualod s)g ‘e = [enusod }
sauor pleuua 'z = [enuajod

107e([19S0 duowreH T = [enuayod }
lenuajod} Jabajuy

ABuipiodoe pjay 2110913
ainpow / youBW Ul L3033} =======
1os asea|d ‘lepuajod ojopueds oy NOILNVD
(T=palidde” 8™ })1e0Wesed
uondaIp Z Ul play dUPele ‘g = paldde 8}
uonoallp A ul pjaly U093
uondaIP X Ul pjay dUPBIR T = paljdde”a"y
play oMBfe [eussixe ou g = paldde 8}
paldde s} Jabajul

(0=a1n0Wyu0d ™ })1a)ewesred
10U Op ‘0 = SIAOWYUOD }

JUOD sawely a|dynw BUM ‘T = SIAOWUOD }
anowyuod } Jabaul

(0=a1now})ia180wered

jo0u op = aow

a|l-zAx sawely ajdynw M = alnow}
ainow™} 1abaul

oqd u /ogqd uo/ uowwod
oqd u Jabajur

2UNYTIUNOD /OUNY IUNODD/ UOWIWIOD
aunyiunod Jabajul

SQO awWp /SO 8wid/ UoWWwod
sqo awn uoisioaid ajgnop

2UNYITI09 /10219/ UOWIWIOI
(T-lo"u:p)ouny 10d uoisaud ajgnop

(reas awin u=aw u) Jsewered

2919/ UOWIWOD
awn 1p Jabajul

awnyarawn

|9A"PaIoIS ‘g ouny J0d /gOUNI09d/ UOWWOD

(Jed u'109 u:Q'WIp” U)[OA” palols k)

‘(1097 u:0)g ouny 102 uoisioaid d|gnop
010pb*1097j0pb 'y ouNy 102 /Z1029/ UOWIWOD

aJnseaw 1‘0uny 102'sqo J02‘UI JUOD /1039/ UOWIWOD
(J09™u:Q)y ouny 102 uoisioaid sjgnop

(Wed u‘wip u)piopb ‘(109" u:p)l109 10pb uoisidald 3|gnop
(adAy U109 u:Q)ouny 109°(J02” U:Q)Sqo 402 uoisidald a|gnop
(ued u‘wip u)uad Juod uoisiaid sjgnop

(8¥70z=109"u) Jajowesed

ainseaw’ 1109 U‘409" | Jabajul

Junod ajodip ‘psse|d ajodip ‘zsse|o sjodip
‘Tsse|o ojodip ‘ssed” ajodip /sse|osjodipd/ UOWIWOD
Junod” ajodip
‘(ZT'wip u:0)psse” sjodip(ZT wIp u:)zsse|d ojodip
‘(eT'wip” u:0)TSSEIY dj0dIp
‘(ZT'WIp~u:0)sse ejodip uoisioaid ajgnop
Apogealyy A /831yl UOWWOD
Apogaaiyy A uoisioaid s|gnop
abreydo A ‘sbuesuoys A ‘quojnodeas A ‘yasbab A /babady uowwod
afreyd A ‘sbueinoys A ‘quojnodeas”A ‘yashsb™A uoispaid sjgnop
T 1S9 UIA'T 1S9 UIAISS LIA 4SS UIAD/ UOWWOD
_>H TIS9 UIAISe WA uoisioald 8jgnop

]

oF oF 3

abneb A 'z "ol AT IS AISIUITA /I8IUID/ UOWIWOD
abnef A ‘'z il A'T ISl AUSIU A uolsidald a|gnop

abreys olweuAp 1T Belpu 1T Belp ¥ k)
Beipu—1‘Beip 1z dlweuAp 1T olweuAp ¥olweuip ) /oIWApo/ UoWWOod
abreys olweukp ¥'T Belpu 1T Belp ¥ ®

Belpu ¥'Belp 1z olweuAp ¥ T olweuAp 1'olweudp ) uoisiald signop

19027 1081102'4909 101paid 1oIpaidd/ uowwod
(JapJo~u:0)}200 10911007
‘(JapJo~u:Q‘T-18pI0” U:Q)4209 1o1pald uoisioald ajgnop

1dy'passI‘zWl /WOPURIY/ UOWWOD
(wip~u)wopuel uoisioaid s|gnop
ndy'(0gz)zw'paasi 1abaiul

sajodip_jod ‘fero)jod ®

‘Wed ajodip Baeajodip Bae‘sjodip /aziejodd; uowwod
(wip~u)sajodip”jod 3

‘(wip~u)relo) jod‘(ed u‘wip_u:g)ued sjodip bBae B

‘(adAy u'wipu:g)ajodip Bae ‘(ued u‘wipu)sjodip uoisioaid ajgnop
(29822°€0S = Ssnun suen) Joyowesred
elozsW usw ‘ewweb QISw'op /Ud18SasIow;/ UoWWOod
(edA"u)usw 1abayul
(edAy"u‘adA uyewweh ‘(adhyu‘adAyu)oisw
‘(adfy"u'adAy u)erozsw
‘(8dAy"u'adAy u)op‘snun~suely uoisald s|gnop
Xew  yond J'abuel
‘Z ebuel 1’z JOIND I'UNS J'HOoIND 1 JUBSHOINID/ UOWIWOD
xew joind J'(edAu‘adAy”u)ebues”s
‘(adAy"u'adAy u)z abues 1 (adAy u‘adAy u)z Homno U
‘(adAy u'adAy u)upis 1 (adAy utadAy u)yono 1 uoisioaid m_n:ou
yued odiy ‘fued aiduy ‘yreysp oduy __E_mc adiy

& J Y

]

145



B. Programs

97 Qplo'yy Dred pio'zg Dred pio'T Dled plo‘Dred pio /Oredpiod; uowwod
9 Qpio‘'y Dred pio‘z Dused pio‘T Dted pio‘Dred pio  uoisaid sjgnop

9 gpio'y gled pio k]
‘2 gred pio‘T gled pio‘gred plo /gred plod/ uowwod
2 gpio'y glred plo ®

‘2 gled pio‘T gred pio‘gred pio  uoisiald ajgnop
9 plo'y Jed pio‘g red pio‘T sed plo‘red plo red piod/ uowwod

9 plo‘'y Jed pio‘z red pio‘T Jed pioted pio uoisipald sgnop

awn ybieu ‘xew ybreu~s ‘uiwybieu s yybieuTId/ uowwod

('ved u)uo ybiau™1 Jabaul

109 BjLUTBIS U0} /100 BJW BISTI0JO/ UOWWOD
109 BjW eds o} uoisipaid ajgnop

up @ /U B9/ uoWWod
u)up ej@ uoisioaid ajgnop

uafle ‘rew 3joJ /100%€[D/ UOWIWOD
(wip u*wip ujuable “‘(wip u‘wip” u)yew 1ol uoisiald agnop

22173do™} pdo Jo/ uowwod

291 1do "} Jabaul

Z Urens‘y  urens‘urens Juresjso/ Uowwod

(wip™ u‘wip u‘wip u‘wIp u)z urens »
‘(wip”u‘wip u)T urens ‘(wip” u‘wip” u)urens uoisioaid ajgnop
ulogq awWN'T ulog e|d‘ulog B|@ /oIsSedd/ Uowwod

ujog awi(WIp u‘wIp” u‘wIp_ u‘wip u)T uiog e ®
Y(wip”u‘wip” u'wip u‘wip” u)uiog e@ uoisaid sjgnop

(0'6=M0ys N0 1) iorewered

(adAy u‘adAy u)uoys Biys a‘uoys N9 1 uoisioaid ajgnop

19s)j0 100 08119S}0” 9210} D8) [19SHO 98I/ UOWIWOD
19syo 1od 2au'(S+WIpTU)1esSyo 2240} 93l uoisiald sjgnop

1SI| 99A 081 fISI| 99A” 9849/ UOWWOD
(wip~u'xew 299A” 93l u)isi| 99A 231 Jabajul

(Med u,gT=xew 29aA 98l u) Jsyeweled

93N J8J U‘'Xew bu /plema 2819/ UOWIWOD

09/ 93J I'Xew 99A 284 U'09A 98l u'(wip” u)xew bu Jabaul

oejaid eydie‘n

N2 A'bp‘prema A‘AB1auajjas'z I beydie /plemad; uowiwod
oejaid eydpena A‘(wip”u‘wip”u)bpry

‘prema A‘ABiaua J|as‘z Ind beydje uoisioaid a|gnop

2ope uoisioaid sjgnop

unJTuunIT /uniT Ul _uowwod
uns—u‘unsT Jabaul

ewl dxa ge} jwi dxa gej/ uowwod
(renuajodu:renuajod u-)yewi dxa ge) xa|dwod
piod 1j0d 1t bz piod 1’z p jodl
‘T p 1od 1bz 10d 1z 30d T 30d 1 /plod U0/ UOWWOD
(renuajodu:‘adAy u‘adAy u)bz p jod 1
‘(renuajodu:0‘adAy utadAy u)z p jodu
‘(renualod u:0‘adAy utadAy u)T p jod I
‘(tenuajodu:p‘adAy u‘adAy u)bz 10d s
(renuayod ™ u:p*adAy u‘adAy u)z 10d 4
‘(jenualodu:p‘adAy u'adAyu)T 10d 1 uoisioald signop
(renuayodu:p*adAy u‘adAy u)p10d 4
‘(renuajod u:p‘adAy u‘adAy u)iod 1 uoisioaid sjgnop
(0000T=[enuajod u) Jayewesred
fenuajod u‘tenualod | Jabajul

3

o o o oF

3

16 /1762 uowwod
(T+pubu:p‘adAy u‘adAy u)i" 6 uoisaid sjgnop
(9Gz=pub u) ierowered

pubu‘pubT1 Jabajul

J8171 [§217 19/ uowwod
(Jed u‘wip u)@l 1 uoisoaid 8|gnop

ZIOA‘TTJoA'BWNjOA'ssaId A‘Z [0S T [e9S /Sqo” ssaido/ uowwod
ssaid A'(S+WIp” U‘g+WIp U)Z [eas B
‘27 I0A'T T joA BWINjOA'(E+WIPp~ U)T [eds uoisioaid ajgnop

jop 10A” B°10A™U8Y 18w ABIOAD/ UOWWOD
(s+wip—u)op 10A” B (E+WIp~U)IOA” Us) 18w uoisioaid d|gnop

AUl Tew yop yew B ]

‘AU 2 1w U'pg Yew ylop Jew  y'g rew yew Y /I0suald/ UoWwWod
(e'e)Aul rew y'(g'ghop tew B'(g'e)Aul g rew y'(g'e)pg rew yp
‘(e'enop rew y'(e'e)z rew y'(g'erew Y uoisioaid sjgnop

X0q 9l)'X0q” Ssew /gssaidd/ uowwod

ainssaid™ j'ssaid‘[eas 9210} bl
‘ainssaud‘x [e2s‘Q [eaS‘Iaul [edS 9210} /sSaidd/ UOWWOD
ainssaid ™} 1abajul

x0q ouy‘ssaid‘xoqssew'(g+wip”u)ainssaid uoisioaid sjgnop
(E+wWIp~uJopIo U)X [eds'(S+wIp u)Q [e9S'®

(g+wWiIp ™ u)Joul [edS” 9210)(E+WIP U)[eds 8210} uoisaid sjgnop

146



B.1. Molecular Dynamics Code

B.1.1. Inputfiles

Inputfile pimd.inp for BKS potential

3

1

10000
200000
10000
48674

0.130910E-03
3.000000e+02

0.579141E+00
0.763884E+02
0.464498E+01

0.000000e+00

0.000000E+00
0.208934E+09

0.000000E+00
0.487318E+01

0.000000E+00
0.154971E+07

0.300000E+00

0.450000E+00
0.450000E+00

f_potential, information available
f_chargeadjust
# of relaxation steps

# of observation steps

# of steps between configuration output
random # init

time step
temperature

0.329760E+00
0.763884E+02
0.763884E+02

masses
friction
mass + fr. of box

pressure
0 = NVT; 1 = NpT
1 = optimized Ewald

0.208934E+09
0.161167E+08

0.487318E+01
0.276000E+01

0.154971E+07
0.203088E+07

0.200000E+02

0.450000E+00
0.450000E+00

exp. energy parameters
exp. energy parameters

inverse exp. lenght scales
inverse exp. lenght scales

van de Waals strength
van de Waals strength

alpha, v_cut

skin radius
skin radius

Inputfile pimd.inp for fluctuating charge potential

6

3

50000
200000
10000
48748

0.130910E-03
3.000000e+02

0.579141E+00
0.763884E+02
0.464498E+01
0.000000e+00
1
0

0.483676E+05
0.809298E+05

0.400000E-01
0.763884E+03

0.295600E+00
0.459970E+02

0.341030E+01
0.161480E+01

0.117139E+02
0.880220E+01

0.148810E+01
0.186846E+01

3
0.300000E+00

0.450000E+00
0.450000E+00

f_potential, information available
f_chargeadjust
# of relaxation steps

# of observation steps

# of steps between configuration output
random # init

time step
temperature

0.329760E+00
0.763884E+02
0.763884E+02

pressure

masses
friction
mass + fr. of box

0 = NVT; 1 = NpT
1 = optimized Ewald

0.101435E+06
0.155083E+06

0.400000E-01

charge friction

0.459970E+02
0.536300E+00

0.161480E+01
0.378350E+01

0.880220E+01
0.104112E+02

0.148810E+01
0.186846E+01

0.000000E+00

0.450000E+00
0.450000E+00

N

electronegativity
hardness of EN

fictitious charge mass
MS bond strength DO
MS bond strength DO

MS bond length RO
MS bond length RO

MS force constant gamma
MS force constant gamma

slater orbital exponent zeta
slater orbital exponent zeta

principal quantum number n
alpha, v_cut

skin radius
skin radius
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Inputfile pimd.inp for fluctuating dipole potential

9 f_potential, information available
1  f_chargeadjust
1000 # of relaxation steps
6000 # of observation steps
1000 # of steps between configuration output
6811  random # init

0.130910E-03 time step
0.300000E+03  temperature

0.579141E+00 0.329760E+00 masses
0.763884E+02 0.763884E+02 friction
0.464498E+01 0.763884E+02  mass + fr. of box

0.217290E+04 pressure
1 0 = NVT; 1 = NpT

0.300000E+00  0.200000E+02  alpha, v_cut

0.450000E+00 0.450000E+00 skin radius
0.450000E+00 0.450000E+00 skin radius

B.2. Analysis Programs

examf60.f

Reads the output filort.60  and writes analysis output to standard out.

The output contains averaged box dimensions, lattice constants, stress, volume per
unit cell, elastic constants, polarization, dielectric constant and piezoelectric stress and
strain coefficients.

The gaussj routine from “Numerical Recipes in Fortrard][needs to be included in

the code.

calcstrain.f

Reads the output filort.60  and writes analysis output tort.59 . Needs a
reference box matrix from standard in.

The output is the strain with time, relative to a reference hoxThe reference box is
prompted at the start of the program.
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