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Bratislava 2013
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Obhajoba dizertačnej práce sa koná .......... o ..... h pred komisiou pre obhajobu dizertačnej práce v od-
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Abstract

The thesis provides an introduction to computer simulations of structural phase transitions in

crystals, with specific applications and results presented in the second part. In the beginning, the

’many-body problem’ in condensed matter physics is formulated, followed by Born-Oppenheimer ap-

proximation reducing the problem into two separate issues: the electronic and the ionic problem. A

comprehensive discussion on their treatment is the main topic of the first Chapter. The next Chapter

introduces the theory of structural phase transitions in crystals and describes the relevant state-of-the-

art computer simulation methods. A particular attention is devoted to constant-pressure molecular

dynamics, a method being successfully used to simulate solid-solid phase transitions, and to ab ini-

tio metadynamics - an efficient algorithm capable of simulating ’rare-events’. Ab initio molecular

dynamics in combination with metadynamics was employed to study high-pressure behavior of two

layered materials: boron nitride (BN) and molybdenum disulphide (MoS2), both being of a massive

interest in last years due to their similarity to graphite. The layered forms of BN - the hexagonal

boron nitride, h-BN, and rhombohedral, r-BN, were investigated at pressures from 20 to 31 GPa in a

wide temperature range (from 300 to 3000 K). Whereas r-BN transformed into cubic BN (c-BN) at all

temperatures, the transition pathway from h-BN has shown an interesting temperature dependence.

At T < 700 K, a ’chair’ deformation of hexagonal planes led to the formation of the common wurtzite

phase (w-BN). Surprisingly, the planes were deformed differently (’boat’) at higher temperatures, and

a structural phase transition into an unexpected tetragonal structure (’β-BeO-BN’) was observed. The

calculated hardness of the new phase is similar to that of c-BN, which is the second hardest material

known inferior to diamond. Further simulations performed at extreme pressures in the tera-pascal

range, starting from sp3 bonded c-BN and w-BN structures, revealed an unknown structure of NiAs

type. Simulations with the hexagonal molybdenum disulphide, 2H-MoS2, predict the band gap closure

of this layered semiconductor at the pressure between 25 and 35 GPa. In the same pressure range, a

free mutual sliding of layers occurred, accompanied by a structural phase transition into a phase with

different stacking sequence, so far never discussed for 2H-MoS2. Our finding explained the previously

mysterious experimental X-ray diffraction and Raman data.



Abstrakt

Dizertačná práca pozostáva z dvoch čast́ı. Prvá poskytuje úvod do poč́ıtačových simulácíı štruktúrnych

fázových prechodov v kryštáloch, kým v druhej časti sú prezentované naše výsledky z konkrétnych

aplikácíı. Teoretická časť práce zač́ına formuláciou problému mnohých telies vo fyzike kondenzovaných

látok, a pokračuje Born-Oppenheimero-vou aproximáciou, redukujúcou problém na dva nezávislé pod-

problémy - elektrónový a iónový. Diskusia o možnostiach ich riešenia je jadrom prvej kapitoly. Nasle-

dovná kapitola obsahuje základnú teóriu štruktúrnych fázových prechodov v kryštáloch a popisuje mo-

derné metódy ich poč́ıtačových simulácíı. Špeciálna pozornosť je venovaná molekulovej dynamike pri

konštantnom tlaku, ktorá sa úspešne použ́ıva na simulácie fázových prechodov v tuhých látkach, a

taktiež metadynamike - efekt́ıvnemu algoritmu na prvoprinćıpové simulovanie málo pravdepodobných

javov (tzv. ’rare events’). S využit́ım molekulovej dynamiky v kombinácii s metadynamikou sme

skúmali bór nitrid (BN) a molybdén disulfid (MoS2) a ich správanie pri vysokých tlakoch. Záujem

o výskum týchto široko použ́ıvaných materiálov v posledných rokoch opätovne vzrástol, a to hlavne

vďaka ich podobnosti s grafitom. Vrstevnaté formy BN, t.j. hexagonálny BN (h-BN) a rombo-

hedrálny BN (r-BN), sme skúmali pri tlakoch od 20 do 31 GPa a teplotách 300 az 3000 K. Zatial’čo

r-BN sa pri všetkých teplotách transformoval na kubickú fázu BN (c-BN), mechanizmus štruktúrnych

prechodov z h-BN vykázal zauj́ımavú teplotnú závislosť. Pri teplotách T < 700 K nastal štruktúrny

fázový prechod do očakávanej štruktúry wurtzitu (w-BN), a to prostredńıctvom tzv. ’chair’ deformácie

pôvodných hexagonálnych rov́ın. Pri vyšš́ıch teplotách došlo, prekvapujúco, k tzv. ’boat’ deformácii

rov́ın, a následne k štruktúrnemu fázovému prechodu do neočakávanej tetragonálnej fázy (’β-BeO-

BN’). Vypoč́ıtaná tvrdosť tejto štruktúry je vel’mi bĺızka tvrdosti c-BN, po diamante druhého na-

jtvrdšieho známeho materiálu. Simulácie pri extrémnych tlakoch (∼ TPa), štartujúce s sp3-viazanými

štruktúrami (c-BN a w-BN) odhalili dosial’ neznámu fázu NiAs-typu. Výpočty s druhým študovaným

materiálom, vrstevnatým polovodičom MoS2, predpovedali zánik zakázaného pásu pri tlakoch medzi

25 a 35 GPa. V rovnakom rozsahu tlakov sme pozorovali vzájomný šmyk rov́ın vedúci k štruktúrnemu

prechodu do novej štruktúry. Analýzou difrakčných obrazcov sme zistili, že záhadné difrakčné dáta

a Ramanové spektrá z experimentu z r. 2006 patria práve tejto, doteraz nediskutovanej štruktúre

MoS2. Identifikácia nového polytypu MoS2 a predpoveď prechodu polovodič-polokov pri vysokých

tlakoch predstavuje výsledok, ktorý je zauj́ımavý z fundamentálneho, ako aj z aplikačného hl’adiska.
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1 Introduction

Today, we are gaining knowledge in physics either by making observations (experiments), by building

the theory, or through performing computer simulations. The observations of Nature are wall stones

for the theory, enable us to improve the existing theoretical models, and put constraints on them. On

the other hand, theory provides an inspiration for further experiments and suggests their direction.

But still there are certain limitations on what can be accomplished in a real experiment. For example,

it is impossible to make experiments inside the deep interior of the Earth or to achieve arbitrarily high

pressures and temperatures in real laboratories. This is the point, at which ”virtual experiments”

come into play. Based on the laws of physics provided by the theoretical research, and constrained by

observations from real experiments, one can create an abstract computational model of the system.

Then a computer simulation can be performed by running the model on a computing system (e.g.,

a computer grid, or a network cluster). In this way, physical phenomena are studied similarly as

in real experiments, though with no limitations, except those from computer technology. Computer

simulations are nowadays routinely used to study complex, and eventually nonlinear systems, for which

the analytical solutions are not possible. Since the first simulation, computer modeling has become a

powerful and indispensable tool in various scientific disciplines, including mathematics, engineering,

biology, economics, sociology, and others.

This thesis is devoted to the branch of condensed matter physics dealing with structural phase

transitions in crystals. Condensed matter physics (CMP) originated in the sixties from the ”solid state

physics” by including the study of liquids [1]. By now, it has grown into a broad field of physics, with

plenty of textbooks written on the subject [2; 3; 4; 5]. CMP deals with systems of many interacting

atoms, which further consist of nuclei and electrons. As we were taught at the beginning of the

twentieth century, classical Newtonian mechanics fails on such tiny scales and quantum mechanics

must be used in order to correctly calculate system properties. A general formulation of the many-

body problem within the quantum mechanics framework, and approaches to its solution are given

in the first Chapter. The many-body problem is perhaps the most fundamental difficulty in the

theory of condensed matter. Even for classical particles the task of dealing many (∼ 1023) particles

whose equations of motions are coupled and must be solved simultaneously is practically insoluble.

Therefore, in order to make a step forward, the electronic and ionic degrees of freedom must be

some-how decoupled. A very elegant way of reaching this goal is provided by the famous Born-

Oppenheimer approximation, introduced in 1927. The electronic problem is, however, still very hard

to solve even for the ground state, and many different methods have been proposed so far. One of

them, Density Functional Theory (DFT) invented in 1964 by Hohenberg and Kohn has dominated

the quantum mechanical simulations of condensed matter systems for the last 30 years. Although

some more accurate methods have been developed, e.g., Quantum Monte Carlo or quantum chemistry

methods, only very small systems containing few atoms can be treated with them so far, as they

are extremely computationally demanding. The last part of the first Chapter deals with the solution

of the ionic problem. Adopting the classical-limit approximation and assuming the validity of the

ergodic hypothesis, the ionic problem can be solved by a numerical integration of Newton’s equations

of motion. This can be done quite easily by using a molecular dynamics (MD) integration technique,

such as the commonly used Verlet integrator [6], for example. After finding the approximate solution

to the many-body problem, one is able to investigate various equilibrium and non-equilibrium (e.g.,
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transport) properties of a condensed matter system, such as the total energy of the system, the free

energy, various equations of state (EOS), diffusion coefficients, mechanical and optical properties, etc.

Computer simulations constitute a very useful supplement to experiments, as they allow us to

study various properties, which are difficult or even not accessible by present-day experiments. This

is, for example, the detailed microscopic mechanism of structural phase transformations. An intro-

duction to computer simulations of crystals, with a focus on polymorphism and structural phase

transitions, is given in the second Chapter. The first part of the Chapter introduces the general

problem of polymorphism in crystals, i.e., the ability of a given substance to exist in various crys-

talline forms. A typical representant of the phenomenon of crystal polymorphism is carbon, which

is naturally found both in the form of graphite and diamond. These materials, completely different

on atomic scales, manifest an important property of polymorphism, namely that substances of the

same chemical composition can possess different macroscopic properties, as a consequence of differ-

ent atomic arrangements. Undoubtably, this property is of a great fundamental as well as practical

interest, with a wide exploitability in commercial and industrial applications.

One of the most important parameters determining properties of a crystalline system is the external

pressure. It controls the volume, and thereby also other properties of the solid system, for example

the microscopic structure [7]. In most cases, when the external pressure is being increased, the system

undergoes a continuous compression. Occasionally, however, an abrupt structural change is observed

instead. Such process is associated with a structural phase transition of the crystal. The newly

formed crystal has usually a different lattice symmetry, and the new unit cell is not commensurate

with the original one. It follows that every computer simulation method aimed at reproducing this

phenomenon must account for a considerable change of the crystal’s unit cell. Hence the constant-

volume molecular dynamics or Monte Carlo simulations, though successfully used for liquids, are not

suitable for simulations of solid-solid transitions. In these cases, it is convenient to use the constant-

pressure molecular dynamics, a description of which is provided in the second part of the second

Chapter.

Going back to our example, graphite is the stable form of carbon at standard conditions, whereas

diamond is a metastable form, becoming stable at pressures of ∼ 5 GPa. Nevertheless, also diamond

is found in Nature, and we practically do not observe its spontaneous conversion into the graphite

structure at ambient conditions. This is due to a very high transition energy barrier between them,

making the spontaneous transformation on common time-scales very improbable. Such process would

take a time of the order of thousand years. Although the diamond example represents an extreme case,

also the usual duration of structural transformations, which mostly span from seconds to hours, poses a

severe problem for computers. Typical accessible time scales of computer simulations are at most of the

order of ns to µs. Moreover, due to limitations from computer technology, we are still able to simulate

only relatively small systems, which are perfectly crystalline, leading to an artificial enhancement

of the energy barrier between structures. This makes an observation of structural transition very

unlikely. Terminus technicus for such kind of transitions, occurring with a very small probability, is

’rare events’, and the problem related to the huge gap between experimental and computationally

accessible times is known as ”time-scale gap problem”. Methods used to overcome it are described in

the last part of the second Chapter, with a special focus on metadynamics, which was used also in

our work.

In the second part of the thesis, results of our work are presented. We have focused mainly on

two attractive materials, boron nitride (BN) and molybdenum disulphide (MoS2), both receiving a

massive attention among solid state physicists during last years. As to BN, it is isoelectronic to
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carbon, and one of its dense modifications - cubic boron nitride (c-BN) has a hardness second only

to diamond. Moreover, in contrast to diamond, the c-BN structure is not dissolvable in iron and

steel, and withstands much higher temperatures. This interesting compound further exhibits other

exceptional properties such as chemical inertness, high melting point, and high thermal conductiv-

ity, which predestinate it for various industrial applications. The other popular BN polymorph -

hexagonal boron nitride (h-BN), very similar to graphite, is being widely used as a lubricant. Con-

cerning polymorphism of BN, we explored possible structural phase transitions between its layered

and dense phases by using metadynamics in combination with ab initio molecular dynamics. We have

found two previously unknown polymorphs of BN. The first one (’β-BeO-BN’) with a very interesting

temperature-dependent transformation process, and a large bulk modulus similar to that of c-BN, and

the other one (’NiAs-BN’) formed at extreme pressures. The second part of our work was focused on

MoS2. It is probably the most popular member of a large group of materials commonly known as tran-

sition metal dichalcogenides (TMDs). A brief description of TMDs, with a focus on MoS2, and results

obtained from our simulations with this promising semiconductor are provided in the last Chapter.

Again, due to several physical analogies between single layer MoS2 and graphene, the research interest

in MoS2 and other TMDs has been renewed since the famous Scotch-tape experiment with graphene

in 2004. Especially the property of a direct band gap of 1D-MoS2, in contrary to gap-less graphene,

offers a prospect of producing future semiconductor technologies on atomic scales. As to our results, a

pressure-induced structural phase transition into a new phase (’2Ha-MoS2’) was found. Interestingly,

this phase was theoretically predicted already in 1964, but never observed until 2006 during a diamond

anvil cell experiment, though without identification. We have further determined the so far unknown

metallization pressure of MoS2.

2 Polymorphism and structural phase transitions

A property of a substance to exist in various different crystalline forms is called polymorphism. It is a

general attribute of solids, meaning that various different atomic arrangements can be realized in Na-

ture (or synthetically) for a given chemical formula. These distinct realizations are called polymorphs,

and they usually possess different physical properties. Probably the most common example is that of

graphite and diamond. Both of them are made of carbon atoms, though bonded in a different manner.

This microscopic difference leads to macroscopically totally different properties. Whereas graphite is

an easily cleavable layered structure, the 3D network of strong covalent bonds of diamond makes it

the hardest material in Nature.

Under specific external conditions, one polymorph can be transformed into another. Such process

is known as structural phase transition. It can be induced by a change in the external parameters

such as pressure p or temperature T. According to thermodynamics, the stable structure for an NPT

ensemble is the one representing a global minimum of Gibbs free energy G. Alternatively, a metastable

structure can be created, which corresponds to a local minimum in the Gibbs free energy surface. As

can be seen from the illustrative Figure (1), there are energy barriers which must be overcome in

order to realize the transitions between different structures. The energy barriers are often too large to

be crossed on achievable time-scales, hence a metastable structure instead of the stable one is often

observed. A typical example is again that of graphite and diamond. Despite the fact the graphite

structure is the thermodynamically stable one at normal conditions, diamond is also found in Nature,

and fortunately does not spontaneously transform into graphite. This is a consequence of a high

energy barrier ∆G∗ which needs to be overcome in order to escape from the metastable diamond
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phase into the stable graphite form. Such process would take too long time even on a geological time

scale. The situation is schematically depicted by familiar diagrams (Fig.2). In Fig.2.a, the relations

between the free energy of a compound and the pressure are shown. The pressure at which the Gibbs

free energies of two different phases cross is called transition pressure Ptr. Above this pressure, phase

B becomes more stable than phase A. The important energy barrier ∆G∗ which has to be crossed

during a transition is depicted in Fig.2.b. The difference in G is in most cases vanishingly small near

the transition pressure or temperature (∆G ≈ 0), whereas the activation energy could be of the order

of 10-20 kcal/mol [8]. A typical situation for the case of reconstructive and displacive transitions is

shown in Fig.2.c. For solids it is usually the thermal excitation energy kB∗T which enables the crossing

of the barrier ∆G∗ into the stable phase. Therefore at low temperatures a metastable structure may

exist for very long times, and at the same time such existence does not imply the thermodynamic

stability. Another important fact, arising from the existence of the activation barrier is that the real

pressure of the transition is usually higher than the thermodynamic transition pressure Ptr shown

in Fig.2.a. The difference between these pressures is called over-pressure. It’s value depends on the

magnitude of ∆G∗ and temperature T. As a consequence, the transition observed upon increasing or

decreasing pressure around the transition pressure Ptr will be affected by a hysteresis effect.

Figure 1: 3D representation of the Gibbs free energy surface. Metastable and stable phases are

depicted, corresponding to local and global minima, respectively.

3 Computer simulations of structural phase transitions in crystals

3.1 Constant-pressure molecular dynamics

External pressure is one of the most important parameters determining properties of a condensed

matter system. It controls its volume, microscopic structure, and thereby also other physical prop-

erties [7]. In general, the crystalline system is continuously compressed upon increasing the external

pressure. Sometimes, however, the structure may change abruptly. Such process is called structural

phase transition, and is often associated with a change of the lattice symmetry [7]. Macroscopically,

the structural phase transition is usually accompanied by substantial changes in various physical and

chemical properties of the system. During the transition process, the unit cell of the crystal, i.e.,
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Figure 2: Basic free energy - pressure relations between two polymorphs. Figure reproduced from Ref.

[8]

the smallest repeating unit of the crystal having the required symmetry, typically undergoes a con-

siderable change. Therefore each method for simulating the process of structural phase transition

must consider such unit-cell modification. Within the constant-volume molecular dynamics or Monte

Carlo simulations, the simulation cell (i.e., the supercell) is chosen such as to be commensurate with

the unit cell of the initial structure. A problem arises, however, after the transition, because the

supercell is very unlikely to be commensurate also with the final structure due to the change of the

symmetry. This would imply a free energy penalty preventing the phase transition to occur. Hence,

the constant-volume molecular dynamics simulations, successfully used for liquids, are not suitable for

simulations of solid-solid transitions. In these cases, the constant-pressure molecular dynamics must

be used. The very first constant-pressure method was proposed by Andersen for liquids [6]. It allowed

for isotropic changes in the volume of the simulation cell, however, it did not account for the changes

of the cell shape. This issue was for the first time addressed in the modification of the Andersen’s

method by Parrinello and Rahman [9]. They extended it to allow the simulation box to change both

its size and shape, thus making it suitable for solid-solid transition simulations [6]. The PR method

has started up a new field of computer simulations of structural phase transitions in crystals [10]. It

has a predictive ability (particularly in combination with ab-initio methods), and enables us to find

the possible candidates for the new structure merely from knowing the initial one. However, despite

the great success of the method in many cases [7], it has a serious limitation common to all standard

molecular dynamics methods - the so called ”time-scale gap problem” (to be discussed in the following

section).

3.2 Rare events and time-scale gap problem

Due to the lack of group-subgroup relation between the initial and final structure symmetries during

most structural phase transitions of crystals, these are of first-order, as follows from the Landau

theory of phase transitions. In Nature and in experiments they proceed via heterogeneous nucleation

and growth which are likely to start on surface or at structural defects. In computer simulations,

however, there are no defects and no surface since the periodic boundary conditions are commonly used.

Therefore, the heterogeneous nucleation is suppressed and the transformation occurs in a collective

manner, including all atoms in the system. This, however, leads to an artificially enlarged energy

barrier, preventing us to observe the transition in time accessible within a simulation. Processes for
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which the energy barrier to be crossed is very large in comparison to the thermal energy of atomic

motion kBT are often called ”rare events”. Even in Nature they occur on time scales much longer that

those of atomic vibrations. From the point of view of computer simulations such processes present

a severe problem [7], in particular when treating large systems with many atoms. The time needed

to find the electronic density for N electrons is roughly proportional to N2 − N3. It follows that we

are able to simulate maximally few nanoseconds by ab-initio methods. Comparing to experimental

transition times of the order of seconds or even hours, the simulation times are extremely short. As a

consequence, only a very small piece of the system’s phase space is explored.

The most straightforward solution to this problem is to increase the pressure beyond the thermo-

dynamic transition pressure, in order to increase the transition probability within the simulation time

[11]. The transition pressure observed in this way in a simulation may be, however, even by an order

of magnitude larger than the real equilibrium transition pressure. This may result in the observation

of unrealistic transition mechanisms, skipping of some intermediate phases, or even in creation of a

different final structure. The structure resulting from a computer simulation is often not the stable

one, which would form experimentally under given conditions, but a virtually metastable one due to

the lack of the simulation time. It follows that a method capable of accelerating the barrier-crossing

mechanism without the extensive overpressurization of the system, is needed. The two most wide-

spread techniques satisfying these criteria are metadynamics [12] and transition path sampling [13].

Here we focus on the former one.

3.3 Metadynamics

A very efficient approach aimed at accelerating the barrier crossing and facilitating the system to

escape from the local free-energy minima was proposed by Laio and Parrinello a decade ago [12].

Besides the first-order phase transitions, the method is applicable to the study of activated processes,

such as protein folding, chemical reactions, and to all other cases where the crossing of large barriers

in the free energy surface (FES) is problematic by using the MD or Monte Carlo techniques, due

to the time-scale gap problem. This method, called metadynamics, is furthermore able to find the

lowest energy transition pathway between the local minima by an efficient exploration of the free

energy surface. The idea behind it is based on a combination of the coarse-grained dynamics [14]

with adaptive bias potential methods [15]. An artificial bias potential is constructed in the space

of chosen collective variables, and is added to the original free energy in order to lower the energy

barrier. The crucial step consists in the dimensionality reduction based on the assumption of time

separation. The latter assumption is based on the fact that microscopic degrees of freedom can be

split into two groups - the slow ones, which may be completely included in the space of collective

coordinates (in the ideal case) and treated by metadynamics, and the fast degrees of freedom which

are easily equilibrated by a standard MD simulation. The dimensionality of the problem is reduced

by a suitable choice of collective coordinates (often called order parameters) of the system, reducing

the full 3N dimensional problem (N is the number of particles) to a coarse-grained description in

the space of relatively small number of order parameter components s = (s1, s2, ..., sm). The order

parameter is chosen as to characterize some crucial system properties (e.g., geometrical properties

such as bond lengths or angles, coordination number, etc.) and to distinguish between the initial and

final state.

Following the original formulation of metadynamics [12], the algorithm is based on discrete steepest-
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descent-like equations,

st+1 = st + δs
φt

|φt |
, (1)

where δs is a dimensionless stepping parameter, the discrete time index t is used to label the states,

and the dynamics direction is given by the normalized driving force φt

|φt| in each iteration. The driving

force φt is defined as a gradient of the modified free energy F t
s ,

φt = − ∂F
t
s

∂s
, (2)

which is given as a sum of the thermodynamical free energy Fs and a history-dependent term,

F t
s = Fs +

∑
t′<t

W e
−
|s − st

′
|
2

2 δ s2 . (3)

The history-dependent term is given as a sum of Gaussians of height W and width δs placed at all

previously explored points in the s-space. By adding this term to the thermodynamical free energy

Fs, the system is pushed out of the local minimum by gradually filling the free-energy well [7]. This

results into a history-dependent non-Markovian dynamics, where the system tends to avoid visiting

again a previously visited point. When the initial well is filled, the system escapes from it into another

basin of attraction through the lowest saddle point. This corresponds to a transition into a new local

or global minimum. The metadynamics algorithm has also another useful property. If the evolution

of a system is perfectly reversible at every metastep, then after a sufficiently long time the sum of the

Gaussians converges to the underlying free energy (with ”-” sign) [16] up to an additive constant,

lim
t→∞

∑
t′<t

W e
−
|s − st

′
|
2

2 δs2

 ∼ −Fs . (4)

It follows that the free energy landscape can be recovered from the metadynamics simulation in such

case. The relation (4) cannot be derived from any known relation. It was postulated on a purely

heuristic basis in Ref. [12]. It should be noted that the calculation of the free energy Fs itself is

essentially not required in order to search for the low-energy pathways to new minima. Instead, only

the free energy derivatives, which are much easier calculated than Fs, have to be calculated according

to eq. (2). The parameters W and δs are chosen such as to ensure a good compromise between

the accuracy and efficiency of the sampling. Larger values of them enable a faster exploration of the

free energy surface but at the cost of a lower accuracy. The efficiency of the metadynamics method

is determined by the number of Gaussians needed to fill the potential energy well. This number is

proportional to ( 1
δs)

d, where d is the number of order parameter components which represents the

dimensionality of the problem [12]. For a more detailed treatise on general metadynamics method we

refer the reader to Refs. [12], [16] and [11].

An implementation of the general metadynamics algorithm to the simulations of structural transi-

tions in crystals was developed by Martoňák et al. [9]. It was done by adopting the Parrinello-Rahman

idea of treating the supercell edges as dynamical variables (discussed in the previous chapter), thus

enabling the change of supercell shape during the simulation.
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4 Applications and Results

4.1 Boron nitride

4.1.1 Introduction

Boron nitride (BN) is a synthetically produced compound with a wide range of remarkable and useful

properties. It is also of intrinsic interest mainly because of its similarity to carbon. The experimentally

found phases, like those in carbon, fall into two classes. There are two layered phases consisting of sp2

bonded planes, hexagonal (h-BN) and rhombohedral (r-BN). The planes in both phases are identical

and differ only by stacking sequence, which is AA’ in h-BN and ABCABC in r-BN. The interlayer

distance in these phases is rather large, about 3.3 Å, resulting in low density. We note that none

of these phases is a direct analogue of hexagonal graphite, which has a different stacking sequence.

Similarly to carbon, there are two dense sp3 bonded phases consisting of 3D covalent network, cubic BN

(c-BN) which is an analogue of diamond, and wurtzite BN (w-BN), which is an analogue of hexagonal

diamond (lonsdaleite). As a consequence of the very different character of bonding in the two kinds of

structures their compressibility is quite different. While the layered ones are easily compressible, the

dense phases of BN belong to the hardest materials known. The c-BN (zinc-blende BN) is a superhard

material of a great practical interest. It has a hardness second only to diamond, and its bulk modulus

reaches about 400 GPa [33]. Besides the extreme hardness, the cubic modification of BN exhibits

also other remarkable properties, such as high thermal conductivity, chemical inertness far superior

to diamond, and a wide band gap.

4.1.2 Simulations starting from layered phases

Simulations with the r-BN structure were performed at temperatures in the range 300-3000 K and

pressures between 25 and 29 GPa. We found in all cases a direct transformation to cubic BN. The

transition proceeds via a simple ”chair” puckering of r-BN rings [44; 42]. The same result was obtained

in static and shock experiments at very high pressures [35; 36].

Simulations starting from h-BN, on the other hand, revealed an interesting temperature depen-

dence of the transformation. We started metadynamics simulations at p = 31 GPa and T = 300 K, and

observed a direct transition into the w-BN phase. This agrees well with experiments [48]. The mecha-

nism can be simply described as ”chair” deformation of h-BN planes, resulting in creation of interlayer

bonds, as shown in the upper part of Fig.3. The same outcome was found at the temperature of 500

K and pressure of 31 GPa. At temperatures between 700 and 950 K and pressures around 26 GPa we

observed besides the transformation to w-BN also a different pathway resulting in defective but fully

tetrahedrally bonded structures. In these cases only a part of the supercell could be described as w-BN.

In the rest of the supercell we observed the presence of 4-membered as well as 8-membered B-N rings

suggesting that another tetrahedrally bonded structure is entering into the transformation and com-

petes with w-BN. In order to pursue the possible temperature effect we performed the simulations at yet

higher temperatures. At T = 1200 K and p = 25 GPa we found a clean transition to a perfectly crys-

talline and fully tetrahedral structure different from wurtzite (Fig.3). The same result was obtained at

T = 1500 K and p = 20 GPa. The new structure was relaxed to 0 GPa and identified as tetragonal with

space group P42/mnm. Besides 6-membered rings it contains also 4-membered and 8-membered B-N

rings. The lattice parameters are a = 4.37 Å and c = 2.52 Å, and fractional coordinates of the B and N

atoms are B(0.1741,0.1741,0.5000), B(0.8259,0.8259,0.5000), B(0.3259,0.6741,0), B(0.6741,0.3259,0),

N(0.1877,0.8123,0.5000), N(0.8123,0.1877,0.5000), N(0.6877,0.6877,0), and N(0.3123,0.3123,0). The
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structure is of β-BeO-type [19] and has been recently predicted as a possible metastable structure of

BN by means of simulated annealing [49]. We note that it is an analogue of the ’bct C4’ (I4/mmm)

structure recently discussed for carbon [50; 56] and belongs to the family of hexagonal-sheet-based

structures. To our knowledge, no dynamical pathway leading to this structure in BN has been reported

so far.

Figure 3: Snapshots of the initial, intermediate and final stage of the transformation from h-BN to

sp3-bonded phases at different temperatures as found from the metadynamics simulations. In the

upper panel, w-BN is created by the chair deformation of h-BN planes at p = 31 GPa and T = 300

K. In the lower panel the boat deformation of h-BN leads to a structural transition into a perfect

P42/mnm structure at p = 26 GPa and T = 1200 K.

We analyzed the structural and electronic properties of the β-BeO-type BN structure in more

detail. It has two different bond lengths of 1.52 Å and 1.58 Å and four different bond angles of 86, 94,

112 and 114 degrees, which are distorted from the ideal tetrahedral value. The equation of state was

calculated by optimizing the unit cell with a 4×4×8 Monkhorst-Pack k-points mesh. The enthalpy of

the β-BeO-type BN is higher by about 0.1 eV/atom than that of w-BN and the structure is therefore

metastable at all pressures (Fig.4). By fitting the energy vs. volume dependence to the Murnaghan

equation we found the bulk modulus of B = 374 GPa and the coefficient B′ = 3.61. The bulk modulus

is lower compared to c-BN and w-BN by 7 %. This difference is similar to the case of carbon where

the ’bct C4’ (I4/mmm) structure has B lower also by 7 % compared to the diamond phase [50]. The

equilibrium volume of the β-BeO-type BN structure at p = 0 is 6.03 Å
3
/atom which is about 5 %

larger than that of c-BN. This is also similar to the case of carbon where the equilibrium volume in

the ’bct C4’ phase is slightly larger compared to diamond. It is an insulator with indirect band gap

of 4.4 eV within the LDA approximation. This value is somewhat lower than the corresponding LDA

calculated band gap of c-BN which is 5.0 eV (the experimental value for c-BN is 6.1 eV) [33].

It is interesting to analyze the mechanism of creation of the β-BeO-type BN structure. The w-

BN structure is created via chair puckering of hexagonal rings in the layers of h-BN. On the other

hand, upon creation of the β-BeO-type BN structure the h-BN rings undergo a boat deformation. A

convenient way to distinguish between the two kinds of puckering is provided by the generalized ring
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Figure 4: Equation of state for various phases of BN. In agreement with other theoretical studies

[41; 42; 39] c-BN was calculated to be the thermodynamically stable phase at ambient conditions,

with cohesive energy of −16.13 eV per formula unit. Cohesive energies of other BN modifications

calculated by LDA are −16.10 eV (w-BN), −16.01 eV (r-BN), −16.00 eV (h-BN), −15.89 eV (β-BeO-

BN), −12.71 eV (rocksalt-BN), and −12.65 eV (NiAs-BN).

puckering coordinates introduced by Cremer and Pople [52]. For the case of 6-membered rings there are

just two coordinates, q2 and q3 which allow to distinguish between the chair and boat deformation (for

reader’s convenience the definitions of q2 and q3 are given in the Appendix of the Dissertation thesis).

We employed the ring puckering coordinates in order to study the temperature dependence of the

transition mechanism from h-BN into sp3 bonded phases. A series of MD simulations was performed

with constant supercells corresponding to different values of the interlayer distance c, starting from the

h-BN structure (originally relaxed to 25 GPa). These simulations were done at different temperatures

between 500 and 1800 K. As the planes came closer we observed a transition to w-BN (below 800 K), to

a mixture of w-BN and P42/mnm structure (at 900 K), and to the perfect P42/mnm structure (at 1000

K and above), see Fig.5. This well agrees with the temperature dependence of the transformation found

in the metadynamics simulations. In the case of transition into P42/mnm structure, the parameter

q2 approaches a finite value of approximately 0.76 Å, whereas the parameter q3 goes to zero, which

corresponds to the boat conformation of h-BN rings. In the case of transition into w-BN, q2 goes to

zero, and q3 approaches a value of 0.63 Å corresponding to the chair conformation of h-BN rings.

4.1.3 Simulations at extreme pressures

Similarly to carbon, there is an interesting question concerning the “post-diamond” phases in BN. This

question was studied long time ago in Refs.[53; 54]. By calculating enthalpies of several candidate

structures it was proposed that upon compression the c-BN phase transforms to the rocksalt (RS)

phase. The transition pressure was found to be 1100 GPa in Ref.[53] and 850 GPa in Ref.[54]. Since

no real structural search at Mbar pressures was performed, it might be possible that between the

tetrahedrally bonded c-BN phase and sixfold-coordinated RS phase there might be another unknown

phase.

The simulation starting from c-BN was performed at 1200 GPa and T = 300 K and we observed

a direct transition to the RS phase. For the case of carbon it was recently found [55] that upon

compression of diamond the BC8 phase is likely to be skipped for kinetic reasons. Actually, the first
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Figure 5: Upper panel: Puckering coordinate q2 vs. interlayer distance c at various temperatures T.

Lower panel: Puckering coordinate q3 vs. interlayer distance c at various temperatures T.

post-diamond phase that should appear in carbon is the simple cubic phase. In the same work it

was shown that the BC8 phase is accessible upon decompression of the simple cubic phase [55]. In

order to check whether a similar scenario could apply in BN we performed decompression of the RS

structure at 600 GPa and 300 K. In this case we actually observed the reverse transition where the

RS phase transformed directly into c-BN. These results suggest that most likely in BN there is no

intermediate phase between the c-BN and RS BN. It cannot be excluded, however, that there might

be a phase that cannot be easily reached on the free energy surface for kinetic reasons. Since the

metastable w-BN phase is energetically very close to the c-BN phase, we decided also to check what

happens upon compression of w-BN at extreme pressures. To this end we performed a metadynamics

simulation at 1500 GPa and 300 K. We found a direct transition to a new 6-coordinated structure

with space group P63/mmc (Fig.6). This structure is of NiAs-type (B81), with lattice parameters

a = 2.468 Å and c = 3.981 Å at p = 0, and fractional coordinates of atoms B(0,0,0), B(0,0,0.5000),

N(0.6667,0.3333,0.2500), and N(0.3333,0.6667,0.7500).

Figure 6: Snapshots of the initial, intermediate and final stage of the transformation from w-BN to the

perfect P63/mmc structure of NiAs type. The transition was observed in metadynamics simulation

at p = 1500 GPa and T = 300 K.

We further calculated the equation of state of this structure in order to compare its enthalpy to

that of the RS phase in the Mbar range of pressures (Fig.4). We found that the enthalpy of the NiAs-

type BN structure is higher than that of the RS phase, the difference being 0.05 eV at 100 GPa and

0.18 eV at 1500 GPa. The transition pressure from the metastable w-BN to the metastable NiAs-type
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BN at T = 0 is 890 GPa.

4.2 Molybdenum disulphide

4.2.1 Introduction

Molybdenum disulphide (MoS2) is the only naturally abundant transition metal dichalcogenide, occur-

ring in a form of mineral molybdenite, being found both in terrestrial environments and in meteorites.

Its well-known hexagonal structure with a space group of symmetry P63/mmc, denoted as ’2H-MoS2’,

was determined by Dickinson and Pauling in 1923. More than a quarter century later, also the rhom-

bohedral modification of MoS2 (’3R-MoS2’) was synthesized by Bell and Herfert (1957), which was

afterwards found also in Nature by Traill (1963). These two most common MoS2 forms differ only in

the number of layers in the unit cell and in their stacking sequence (Fig. ??). While the hexagonal 2H-

MoS2 is a common form, the 3R-MoS2 is rarely found in Nature, probably due to its screw-dislocation

growing mechanism, which naturally occurs predominantly in impurity-rich environments [26]. The

discovery of 2H and 3R forms opened up a question of existence of other possible polytypes. In 1964,

Takeuchi and Nowacki [27] derived that four distinct structural forms can be obtained by using screw

and translation stacking operations, and denoted them according to the Ramsdell notation [28] as

follows: 2H1, 2H2, 3R, and 1T. Up to now, only three polytypes have been found in Nature or synthe-

sized in laboratory: 2H1, 3R, and 1T. As shown in the next section, we have shown by using ab initio

metadynamics that the so far unknown 2H2 structure appears as stable phase at pressure of 20 GPa.

Recent studies revealed that MoS2 is a very promising material, with a wide-rage of possible

applications, such as field effect transistors, low power switches, optoelectronics, and spintronics. The

resurgence of the research interest in the molybdenum disulphide came after the breakthrough success

with isolating graphene in 2004. Because of the similarity of graphite and layered structures such as

TMDs, it is not surprising that the attention was straightforwardly focused on a possible 2D MoS2

analogue of graphene. It was found that it possesses a direct bandgap of 1.8 eV, unlike the indirect

one of bulk MoS2. For comparison, graphene does not have a gap, which makes it more difficult to

apply in the semiconductor industry. Such attribute of MoS2 offers a real prospect of scaling the

semiconductor technology down to atomic scales.

Despite the recent massive interest in the 2D MoS2, some important properties of the bulk MoS2

are still unknown. Although some special phenomena are linked exclusively to the two-dimensional

form, the basic physics is common with the bulk counterpart, and needs to be fully understood in

order to make further steps forward. One of the unresolved problems was the metallization pressure of

MoS2. Another related open issue is whether it is prone to reach a superconducting state. Besides, the

MoS2 phase diagram is still not fully known, as well as possible paths and mechanisms of structural

phase transitions between different polytypes at various external conditions. The possibility of a

pressure-induced phase transition in MoS2 was also still an open question. We have found only one

experimental work on the topic, which reported a possible structural phase transition at high pressures

[29]. Resul Aksoy and co-workers investigated the high-pressure behavior of molybdenum disulfide by

using an energy dispersive synchrotron X-ray diffraction method in diamond anvil cell, at pressures

up to 38.8 GPa and at room temperature. As the pressure increased, they found a discontinuity

in the c-axis reduction between 20.5 and 28.9 GPa. This could result from a phase transformation,

either structural or electronic, as they proposed in conclusions. This experimental study inspired our

work to address two main questions: 1. What is the mysterious structure observed by Aksoy etal. in

2006 [29]? 2. At what pressure will MoS2 metallize? And further, is molybdenum disulphide prone
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to develop superconductivity under high pressures, similarly as it does upon intercalation by various

elements?

4.2.2 Metadynamics simulations

The metadynamics algorithm in combination with ab initio molecular dynamics performed by the

VASP code were employed in order to explore the free energy surface of molybdenum disulphide in

the vicinity of 2Hc-MoS2 structure, and to investigate whether it is prone to undergo some structural

phase transitions into other phases. Most of the simulations were done on a 72-atoms simulation cell

and with a 2 x 2 x 2 Monkhorst-Pack k-point sampling grid. All metadynamics simulations started

from the 2Hc-MoS2 structure - the only known hexagonal one so far.

During a metadynamics simulation at room temperature and at the pressure p = 40 GPa, two

successive sliding events were observed. In the first event, which occurred after 73 metadynamics

steps (”metasteps”), the two layers within the supercell underwent a mutual shift so that the Mo

atom coordinates (x,y) in the two layers became finally coincident. At the same time the supercell

was tilted from the right angle, and the lattice parameter a increased, while the parameter c decreased

from their original values. In the second event after 125 metasteps, the cell angles α and β returned

to the initial 90 degrees, whereas the lattice parameters a and c further increased and decreased,

respectively. In the end, a stable structure with the same Mo atoms coordinates (x,y) in every layer

was formed. The evoution of enthalpy during the simulation is shown in Fig.7.

Figure 7: Evolution of enthalpy in the metadynamics simulation during the transformation from

2Hc-MoS2 to 2Ha-MoS2 via an intermediate structure. Note the drop of enthalpy after each sliding

event.

4.2.3 The new structure: 2Ha-MoS2

The geometric optimization of the new structure formed during the metadynamics simulation revealed

the same hexagonal space group P63/mmc as that of the initial 2Hc-MoS2 phase. We looked up in

the literature and found that some other TMDs, for example the NbSe2, are realized in the same

structural form, it was however never observed for MoS2. Finally we identified the structure according

to its stacking sequence as ”2Ha” type [31], and denoted the new phase as 2Ha-MoS2. Whereas 2Hc
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Figure 8: Structures of (a) 2Hc-MoS2 and (b) 2Ha-MoS2.

is of ’AbA BaB’ stacking, layers of the 2Ha polytype are stacked as ’AbA CbC’ (see Fig.8). Both 2Hc

and 2Ha have the same space group.

We optimized the enthalpy H(p) = E + pV of both structures at different pressures in the range

from 5 to 50 GPa, and found that enthalpies of 2Hc- and 2Ha-MoS2 cross at the pressure 20 GPa.

At this pressure, lattice parameters of the new structure were determined as follows: a = 3.080 Å,

c = 10.754 Å. 2Ha-MoS2 is an indirect band gap semiconductor at low pressures, similarly as the

common 2Hc form, and metallizes near 20 GPa, which is slightly earlier than 2Hc.

4.2.4 Comparison with experiment

In order to find out, whether the structure observed in simulations is the one observed in 2006 by Aksoy

etal. during a diamond anvil cell compression experiment [29], we performed a series of computations.

The lattice parameters obtained from structural optimizations of 2Ha and 2Hc phases at various

pressures up to 50 GPa were plotted as a function of pressure together with the experimental data from

Ref. [29]. The results strongly suggest that the simulated structural phase transition is identical with

the experimental observation. Also the calculated crossing of enthalpies at 20 GPa is in agreement

with the experimental finding of a discontinuity between 20.5 and 28.9 GPa. The authors of the

experimental study considered it to be due to either electronic or structural phase transition, but did

not identify the new structure.

Further confirmation of the equality of the simulated and experimentally found structures came

from a comparison of diffraction patterns. We performed relaxations of the structures at the same

pressures at which the experimental X-ray powder patterns are provided in the experimental article

[29], and afterwards calculated the diffraction patterns by making use of Diamond software [32]. The

agreement is very good, as can be seen from Fig. 9.
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Figure 9: Comparison of X-ray powder patterns from the experiment [29] and from our calculations

with 2Hc-MoS2 structure below 20 GPa and 2Ha-MoS2 structure above 20 GPa. As can be seen, the

pressure-induced onset of 2Ha polytype is accompanied by a birth of (104) reflection (indexed as ”006”

in Ref.[29]), and a much stronger (102) reflection. The demise of 2Hc is signaled by a disappearance

of (105) and a drop in (103) reflections.
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Conclusions

The thesis provided an introduction to the theory of computer simulations of crystals, with a

focus on structural phase transitions between different structural forms of a crystalline substance.

The discussed theoretical concepts were applied to the study of specific materials, with the results

of simulations provided in the second part of the thesis. The research attention was devoted to two

materials: boron nitride (BN) and molybdenum disulphide (MoS2). Both of them represent highly

attractive materials nowadays, mainly due to their similarity with graphite (i.e., h-BN and hexagonal

MoS2), and with diamond (c-BN), and exploitability in various applications, such as lubricants (h-BN,

hexagonal MoS2), high temperature equipments (c-BN), or potentially even as a platform for future

electronic devices instead of silicon (MoS2). The simulations with boron nitride brought two main

results. At first, a novel transition pathway from the hexagonal boron nitride was found, resulting

in the fully tetrahedrally bonded (sp3) metastable structure with space group P42/mnm, of the β-

BeO type. To our knowledge, this structure has not been experimentally observed so far. According

to our analysis, the new structure could be found in high-pressure experiments (P > 10 GPa) at

temperatures above 900 K. We note that the P42/mnm structure might be practically interesting

because of its extreme hardness (B ≈ 373 GPa). Secondly, simulations at extreme pressures in the

Mbar range revealed a previously unreported metastable phase of NiAs-type formed by the compression

of w-BN. The transition pressure at T = 0 was determined to be 890 GPa. Thanks to the advent

of new experimental techniques based on ramp compression in the Terapascal pressure range, an

experimental verification of the prediction might be possible in a short time. Simulations with the

second material of interest, MoS2, also brought new insights. Firstly, a structural phase transition into

a previously unknown polytype of MoS2 was observed during a metadynamics simulation at 40 GPa

and at the room temperature. The existence of such structure was predicted already in 1964 [27], and

recently (2006) observed during a diamond anvil cell experiment [29] - though not identified by the

authors. We have found that this new structure (denoted as 2Ha-MoS2) with space group P63/mmc

should be formed from the most common hexagonal form of molybdenum disulphide, 2Hc-MoS2,

when compressed to approximately 20 GPa at room temperature. We have further calculated that

a pressure-induced metallization of 2Hc-MoS2 should take place between 25 and 35 GPa, though the

produced metallization is not comparably large to the one due to the alkali or EDL field doping. The

new phase, 2Ha-MoS2, is undergoing a pressure-induced metallization near 20 GPa. Both 2Hc- and

2Ha-MoS2 remain semimetallic even at very high pressures up to 100 GPa. Moreover, our calculations

indicate that intrinsic MoS2 is not prone to reach a superconducting state at high pressures. Some

interesting possibilities, however, still remain, connected to an excitonic insulator driven charge- or

spin-density waves occurring near the metallization pressure. This concurrently represents an eventual

future research direction.
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Structure change, layer sliding, and metallization in high-pressure MoS2,

Physical Review B. - Vol. 87, No. 14 (2013), Art. No. 144105, s. 1-6
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[47] R. Martoňák, D. Donadio, A. R. Oganov, and M. Parrinello, “Crystal structure transformations

in SiO2 from classical and ab initio metadynamics,” Nature Materials, vol. 5, pp. 623–626, Aug.

2006.

[48] Y. Meng, H. Mao, P. J. Eng, T. P. Trainor, M. Newville, M. Y. Hu, C. Kao, J. Shu, D. Hauser-

mann, and R. J. Hemley, “The formation of sp3 bonding in compressed BN,” Nature Materials,

vol. 3, pp. 111–114, Feb. 2004.

[49] K. Doll, J. C. Schön, and M. Jansen, “Structure prediction based on ab initio simulated annealing

for boron nitride,” Phys. Rev. B, vol. 78, p. 144110, Oct 2008.

[50] K. Umemoto, R. M. Wentzcovitch, S. Saito, and T. Miyake, “Body-centered tetragonal c4: A

viable sp3 carbon allotrope,” Phys. Rev. Lett., vol. 104, p. 125504, Mar 2010.

[51] K. T. Park, K. Terakura, and N. Hamada, “Band-structure calculations for boron nitrides with

three different crystal structures,” Journal of Physics C: Solid State Physics, vol. 20, no. 9,

p. 1241, 1987.

[52] D. Cremer and J. A. Pople, “General definition of ring puckering coordinates,” Journal of the

American Chemical Society, vol. 97, pp. 1354–1358, Mar. 1975.

[53] R. M. Wentzcovitch, M. L. Cohen, and P. K. Lam, “Theoretical study of BN, BP, and BAs at

high pressures,” Phys. Rev. B, vol. 36, pp. 6058–6068, Oct 1987.

[54] N. E. Christensen and I. Gorczyca, “Optical and structural properties of III-V nitrides under

pressure,” Phys. Rev. B, vol. 50, pp. 4397–4415, Aug 1994.
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