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PREFACE BY EDITOR-IN-CHIEF OF THE JOURNAL OF INNOVATIVE
MATERIALS IN EXTREME CONDITIONS (JIMEC)

Branko Matovi¢h?"

! Institute of Nuclear Sciences “Vinca”, University of Belgrade, Belgrade, Serbia
2 Centre of Excellence “CextremeLab ”, Centre for synthesis, processing, and characterization of
materials for application in the extreme conditions, Belgrade, Serbia
Corresponding author*: mato@vinca.rs

In connection with the online publication of the first Number of the Journal of Innovative
Materials in Extreme Conditions (JIMEC), | want to express my recognition and respect to all of our
authors, editors, all those who worked so long and waited for the first issue of the Journal.

The scientific journal Journal of Innovative Materials in Extreme Conditions (JIMEC), invites
authors to publish their results of scientific experimental and computational investigations of
materials obtained or operated under extreme conditions. The emphasis is on the innovative materials
processed and/or exploited at high pressures, under high magnetic and electric fields, over a wide
range of temperatures, radiation conditions, corrosive environments, under extreme mechanical loads,
and non-equilibrium thermodynamic conditions.

Members of the editorial board of the journal are leading world, and domestic scientists,
representing the world's leading research centers.

The task of the editorial board is to quickly acquaint the readers with the current problems
and achievements of modern materials obtained or used in extreme conditions. Therefore, the editorial
board will choose to publish high-quality articles in the journal that contain new scientific results of
great interest to the community in this scientific interdisciplinary field.

The journal is intended for scientists, engineers, developers, university professors, PhD-
students, graduate students, undergraduates, and students specializing in the field of innovative
materials in extreme conditions.

1 Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia.
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ENERGY LANDSCAPES 2019

Dejan B. Zagorac™*", David J. Wales®, Christian J. Schén®, Dasari L. V. K. Prasad®

! Institute of Nuclear Sciences “Vinca”, University of Belgrade, Belgrade, Serbia
2 Centre of Excellence “CextremeLab ”, Centre for synthesis, processing and characterization of
materials for application in the extreme conditions, Belgrade, Serbia
3 Department of Chemistry, University of Cambridge, United Kingdom
* Max Planck Institute for Solid State Research, Stuttgart, Germany
® Department of Chemistry, Indian Institute of Technology Kanpur, Kanpur, India
Corresponding author*: dzagorac@vinca.rs

Abstract: This article summarizes the presentations delivered at the Energy Landscapes Conference
held in Belgrade, Serbia, from 26 to 30 August 2019. The focus of the conference was on the present
state of the art in theoretical energy landscape approaches, and their applications in the fields of
chemistry, physics, biology, and materials science in general. The presentations were organized
around some of the hot topics, such as applications from spectroscopy to the solid-state, folding and
misfolding of proteins, DNA and RNA, multiscale modeling, materials under extreme
pressure/temperature conditions, designing landscapes for self-assembly and multifunctional systems,
landscapes for machine learning, atomic, molecular, colloidal and nanoalloy clusters.

Keywords: energy landscapes, multiscale modeling, extreme pressures, high temperature, structure
prediction, biomolecules, nanostructures, proteins, theoretical methods

1. Introduction

The energy landscape workshops originated in Telluride (USA), where since the mid-1980's
specialized workshops about e.g. structures and dynamics of clusters, global optimization methods,
modern thermodynamics, and dynamics of proteins, have taken place. During these workshops, short
presentations followed by long in-depth discussions (typical ratio: 1:3) allowed researchers from
different sub-fields to closely interact and form new alliances; frequently new collaborations were
born or papers were conceived and partly written as an outcome of these discussions.

In the mid-nineties, it became clear that all these topics were intimately connected with
complex energy landscapes but that different research communities were often unaware of the
progress in other groups, regarding the underlying energy landscape concepts. Thus, it was decided to
start a dedicated workshop series on energy landscapes every one or two years, with the first one
taking place in 1997, which were aimed at researchers from a wide variety of fields, ranging from
computer science over physics and chemistry to biology and beyond. Originally all meetings took
place at the Telluride Science Research Center (TSRC) in Telluride, U.S.A. [1], but in 2000, an
energy landscape workshop took place in Europe (Chemnitz, Germany), and since 2007 (Petritoli,
Italy) [2-7], workshops have more or less alternated between Telluride and Europe, with one
workshop taking place in India (Goa, 2017) as well [8].

2. Conference Summary

This Energy Landscapes Conference was held in Belgrade, Serbia, from 26 to 30 August
2019. The focus of the meeting was on the present state of the art in theoretical energy landscape
approaches and their applications in the fields of chemistry, physics, biology, and material science in
general. The conference was organized around the morning and afternoon sessions, with afternoon
breaks for a guided walking tour and a visit to the Tesla museum. The presentations were organized
around some of the hot topics, such as applications from spectroscopy to the solid state, folding and
misfolding of proteins, DNA and RNA, multiscale modeling, designing landscapes for self-assembly
and multifunctional systems, landscapes for machine learning, atomic, molecular, colloidal and

2 Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia.
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nanoalloy clusters, and molecules on surfaces. Presentations were all contributed talks of 25 minutes
with 10 minutes discussion, and posters [9,10].

Figure 1. A group photo of the participants of the Energy Landscape 2019 in the conference hall.

The Energy Landscapes 2019 meeting consisted of twenty-five oral presentations and eight
poster presentations. A group photo of the participants is shown in Figure 1. The scientific sessions
were followed by guided city walking tours and a visit to the Nikola Tesla science
museum (Figure 2). We would like to note the gender balance of the conference since 30% of all
presentations were contributions from female participants, which we aim to increase in the future
[11]. We would also like to point to the great variety of participating countries, ranging from the
U.S.A. to New Zealand, including Germany, India, China, Israel, Luxemburg, France, Romania, the
United Kingdom, and Serbia. Furthermore, participants included representatives from top-ranked
institutions and universities of the participating countries. A sizable fraction of the participants came
from the University of Cambridge (United Kingdom) and the Institute of Nuclear Sciences “Vinc¢a”
(Serbia), which was expected, since the conference was organized by David J. Wales and Dejan B.
Zagorac from these institutions.

After arrival and official welcome reception on Monday, the oral presentations started on
Tuesday with opening remarks Welcome to Energy Landscapes 2019, given by one of the organizers,
David J. Wales, from the University of Cambridge (UK). This introduction was followed by an oral
presentation by Biman Bagchi, from the Indian Institute of Science, Bangalore, India, talking about
the free energy landscape of insulin dimer dissociation. The next talk was given by Vladimir
Mandelshtam, the University of California, Irvine, USA, presenting quantum-induced disordering in
anionic hydrogen and deuterium clusters, followed by a talk from Atreyee Banerjee, University of
Cambridge, UK, presenting Crystal Structure Prediction for Benzene Using Basin-Hopping. After a
coffee break, Karl Heinz Hoffmann, from the Technical University Chemnitz, Germany, presented
Preferential Trapping and Controlled Dynamics on Energy Landscapes.

The morning session finished with the talk: Finding low-lying minima structures of Au and Pt
nanoclusters; given by Anna Garden from the University of Otago, Dunedin, New Zealand. The
afternoon session consisted of the oral presentations given by Maria Cebela, Institute of Nuclear
Sciences “Vin¢a”, Belgrade, Serbia, on Bismuth ferrite (BiFeO3): A multidisciplinary approach to
multiferroics, and Snezana Zarié¢, from the Faculty of Chemistry, University of Belgrade, Serbia,
presenting Energy landscapes of aromatic/aromatic interactions.

Wednesday (28™ of August) started with the talk: Algorithms which aim at fast bracketing
interval reduction for the solution of nonlinear equations and one-dimensional minimization: how
answering a simple question leads to simultaneously highly efficient and very robust procedures,
given by Arnulf Moebius, IFW- Leibniz Institute for Solid State and Materials Research Dresden,
and TU Chemnitz, Germany. It was followed by a lecture Exploring energy landscapes of reactive
condensed-phase systems, given by David Furman, from the University of Cambridge, UK. The next
talk was given by Vladimir Damljanovié, Institute of Physics, Belgrade, Serbia, with the title: The
connection between electronic dispersions and symmetries of two- and three-dimensional single

3 Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia.
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crystals. After the coffee break, Igor Pasti, from the Faculty of Physical Chemistry, University of
Belgrade, Serbia, gave a talk on reactivity of graphene basal plane around point defects and surface
functional groups. The last talk of the morning session was given by Christian Schon, Max Planck
Institute for Solid State Research, Stuttgart, Germany, with the title: Energy landscape explorations of
molecules in vacuum and on surfaces.

Figure 2. The conference logo, participants of Energy Landscapes 2019 visiting the Tesla Museum,
and the conference dinner (read from the anti-clockwise).

Wednesday afternoon was a poster session, consisting of posters by Jelena Lukovi¢, Institute
of Nuclear Sciences “Vinc¢a”, Belgrade, Serbia, with the title: Synthesis, Characterization, and
Prediction of New Crystal Structures of WSi, using ab initio data mining approach; Manuel Perez
Jigato, Luxembourg Institute of Science and Technology, Luxembourg, with the title: The CuBO,
conundrum: neither delafossite nor monoclinic; two posters by Tamara Skundrié, Institute of
Nuclear Sciences “Vinéa”, Belgrade, Serbia, with the titles: Structure prediction and energy
landscapes of the novel CrSiN system; and Energy landscapes of ZnO on atomic scale; Maria
Cebela, Institute of Nuclear Sciences “Vinga”, Belgrade, Serbia, with the title: Structural and
magnetic properties of holmium doped BiFeOs; Geoffrey Weal, University of Otago, Dunedin, New
Zealand, with the title: Using a CNA-based structural comparison method to improve the efficiency of
the genetic algorithm; Qiang Zhu, Nanjing University, Jiangsu, China, with the title: A Data-Driven
Accelerated Sampling Method for Searching Functional States of Proteins; and DuSica Jovanovic,
Institute of Nuclear Sciences “Vinca”, Belgrade, Serbia, with the title: Theoretical investigations of
pristine and doped TiO, using DFT.

The morning session on Thursday 29" started with the oral presentation A minimalistic model
for nanoscale closed-shell structures based on ionic interactions: Goldberg shells and beyond given
by Szilard Fejer, from the Promedical Center, Cluj-Napoca, Romania. It was followed by the talk
Autonomous exploration of defective crystal energy landscapes using kinetic uncertainty measures
given by Tom Swinburne, CINaM - Centre Interdisciplinaire de Nanoscience de Marseille, France,
and the talk Multifunctional nanodevice based on a TiO, monolayer given by Igor Popov, from the
Institute of Physics, Belgrade, Serbia. After the coffee break, Ben Shires, University of Cambridge,
UK, gave an oral presentation: Visualising energy landscapes using stochastic neighbour embedding.
The Thursday morning session concluded with Evolutionary free energy landscape of Ag-Au
compositional alloys, given by Dasari L. V. K. Prasad, from the Indian Institute of Technology
Kanpur, Kanpur, India. The afternoon session consisted of two lectures, the first, Pasta, viruses and
chiropoles: a novel coarse-grained chiral potential, given by John Morgan, University of
Cambridge, UK, and, the second, The metal-insulator transition in disordered solids: How theoretical

4 Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia.
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prejudices influence its characterization: A critical review of analyses of experimental data, given by
Arnulf Moebius, from the IFW- Leibniz Institute for Solid State and Materials Research Dresden,
and TU Chemnitz, Germany.

The last day of the conference (Friday 30th) started with the lecture Energy landscapes of
some knotted proteins, given by Sridhar Neelamraju, University of Cambridge, UK. It was followed
by Asem Hassan, Northeastern University, Boston, U.S.A., with the title: Describing collective
motions in a large biomolecular assembly. The next oral presentation, Local ab initio optimizations of
globally predicted CeON compound using empirical potentials, was given by Jelena Zagorac, from
the Institute of Nuclear Sciences “Vinca”, Belgrade, Serbia. After the coffee break, Alasdair Keith,
University of Cambridge, UK, gave a talk: Using the Energy Landscape to Elucidate Protein-Ligand
Interactions. The last talk and closing remarks were given by one of the organizers, Dejan Zagorac,
Institute of Nuclear Sciences “Vin¢a”, Belgrade, Serbia, with the title: Structure prediction and
energy landscape investigations of ZnO,,S, solid solutions using threshold algorithm and PCAE
method.

3. Conference news and announcements

Our dear friend and colleague, Professor Roy Johnston, 58, has passed away after a long
illness [12]. He was a Professor of Computational Chemistry at the University of Birmingham and a
regular attendee of Energy Landscapes conferences. All those who have worked and interacted with
him, all his friends, and colleagues, will deeply miss him.

The next Energy Landscape 2020 workshop with the title "Energy Landscapes: Structure,
Dynamics and Exploration Algorithms™ is planned at the Telluride Science Research Center (TSRC)
for the period August 3rd - August 7th, 2020 organized by Janett Prehl, Karl Heinz Hoffmann, and
Christian Schon. The workshop will be devoted to a discussion of systems with multi-minima energy
landscapes, such as glasses, crystalline solids, proteins, clusters, large molecules, and combinatorial
optimization problems. More information is available here [13].

We also want to point out that in the week before, a closely related workshop on
"Optimization of thermodynamic systems" is organized by Karl Heinz Hoffmann and Peter Salamon
(July 27th — July 31st, 2020). We would like to welcome a number of the participants of the
landscapes workshop there as well (and conversely) to allow and support additional discussions and
perhaps the development of research projects beyond the time available during the first week.
Therefore, we recommend joining us for both weeks. More information is available here [14].
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METAL-LIKE THERMAL CONDUCTIVITY POSSESSED BY ATMOSPHERE
ASSISTED SYNTHESIS OF SPARK PLASMA SINTERED MAYENITE (Cai2Al14033)

Teslin Johnson', Eranezhuth Wasan Awin*, Marija Prekajski Djordjevic®, Branko
Matovic?, Ravi Kumar®

! Laboratory for High-Performance Ceramics, Department of Metallurgical and Materials
Engineering, Indian Institute of Technology-Madras (IIT Madras), Chennai 600036, India
2 Centre of Excellence “CextremeLab ”, Centre for synthesis, processing, and characterization of
materials for application in the extreme conditions, Belgrade, Serbia
Corresponding author*: nvrk@iitm.ac.in

Abstract: Mayenite (Ca;,Al14033) samples have been synthesized in ambient air, argon, and nitrogen
atmospheres to vary the defect chemistry and to investigate its role in thermal conductivity. Highly
dense sintered pellets (SEM) were obtained through spark plasma sintering and the X-ray
diffractograms revealed predominantly mayenite phase with the presence of a minor amount of
secondary phases. Thermal conductivity was measured for the sintered samples and it was observed
that mayenite synthesized in nitrogen atmosphere exhibited a colossal value of 579 Wm™K™ at room
temperature close to that of cubic-BN, comparable with that of metals.

Keywords: ceramics, sintering, transport properties, thermal conductivity.
1. Introduction

The calcium aluminate based compound, mayenite has attracted intense interest due to its
highly tunable electrical and optical properties resulting in applications such as solar cells, flat panel
displays, organic light-emitting devices, and gas sensing devices [1]. Mayenite has the ability to
incorporate many anions such as CI*, OH™, and even electrons in its cage structure [2].

Mayenite exhibits different physical properties depending on the replacement of free
“oxygen” with anions (F", CI, OH’, O,  and H")/cations (Ga, Sr, Al, Zn, Fe, and Cu) in the nano-cages
without much change in the lattice structure [3, 4]. The caged oxygen ions can be gradually replaced
with electrons generating a series of compounds with the formulae; [CaleI14032]2+ O 15 25(0<8<
1) making these materials insulating at 6 = 0 and metallic conducting electrides at 6 =1, where
electrons form ionic bonds with the framework [5-6]. Recently, it was also shown that doping of
mayenite with Sn and Si resulted in high conductivity values of 280 S.cm™ and 300 S-cm™
respectively [7]. The removal of loosely bound “free oxygen” by ions plays a crucial role in
determining the thermal properties as well. However, limited reports are available toward
understanding the thermal properties of mayenite.

The heat conductivity in a material is contributed by both phonons (lattice conductivity) and
free electrons (electron conductivity) and are related by the Wiedemann-Franz law; K o oT. Hence,
by varying the defect chemistry of mayenite, it is believed that the electronic contribution to the heat
conductivity in mayenite could be altered. Kim et al. reported thermal conductivity values in the range
2.3 -45Wm™K™ at 300 K, exhibiting an amorphous type T? dependency at lower temperatures in
single crystals of mayenite [8]. Recently, the presence of O, ion vacancies were found to reduce the
thermal conductivity of the spark plasma sintered mayenite/nano-carbon black composites [9]. The
activated bamboo charcoal/C12A7 mayenite composites reported lower thermal conductivity values
ranging between 1.2 - 1.4 W m™ K" at room temperature due to carbon diffusion [10].

In this work, we try to realize the effect of processing atmospheres on the thermal properties
of dense mayenite samples. The polycrystalline mayenite samples were synthesized in controlled
atmospheres (air, argon, and nitrogen) and were subjected to spark plasma sintering to obtain dense
pellets. Herein, we report for the first time the colossal thermal conductivity values for mayenite
samples prepared in air and nitrogen atmospheres.

7 Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia.
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2. Results and discussion

The X-ray diffractograms of both powder samples and pellets showed the presence of
crystalline mayenite with a minor fraction of secondary phases such as calcium dialuminate and
tricalcium dialuminate as shown in Figure 1(a) and (b). These phases occur on both sides of the line
compound mayenite in the CaO-Al,O3 phase diagram and were inevitable. The lattice parameters
calculated from the powder X-ray diffractograms of M/air, M/N,, and M/Ar are tabulated in Table S1.
The cell volume of M/N; is 1.08% larger than that of M/air and M/Ar is 1.23% larger than that of
M/air.

(a) ] (b): MN, . i inate
J_wi 1L xLJ,LAALLLJ
71 WMAr

Intensity (a.u)
Intensity (a.u)

LU pb il W

T T T

20 30 40 50 60 20 30 40 50 60
26 (deg) 26 (deg)

Figure 1. X-ray diffractograms of M/air, M/N,, and M/Ar (a) powder and (b) spark plasma
sintered pellet revealing the presence of phase pure mayenite.

The increase in cell volume could be attributed to the extra framework of oxygen ions that
gets replaced with electrons. As a result of this, the cage structure of mayenite is expected to relax due
to the weak interaction of the framework with the electrons, which is in line with earlier observations
[11]. Hence, we hypothesize that the lattice parameter increase from M/air to M/N, and M/Ar (Table.
S1) is due to the electron replacement with oxygen ions. The density of the sintered mayenite pellets
has been tabulated in Table. S2. Near true densities have been obtained for all three samples. The true
density decreases from that of pure mayenite with higher electron loading and this could be observed
in the reduction in density from M/air to M/N, and M/Ar.

The mayenite exhibits several modes in the range of 100-1500 cm™ in its Raman spectra
which are assigned to the Al-O vibrations in the framework (Figure 2). The most prominent mode at
520 cm™ is ascribed to the Al-O-Al vibration of the bridge oxygen in the AlQ, tetrahedrons. The Al-O
stretching vibrations within AlO, tetrahedrons give rise to the modes at 771 cm™, 881 cm™ and 916
cm™ [12]. Doubly and triply degenerated framework oxygen atoms contribute to the group of weaker
modes between 150 cm™ and 400 cm™ in the spectra [13-15].
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Figure 2. Raman spectra of the pellets of M/air, M/N, and M/Ar confirming the presence of
mayenite.

The SEM micrographs as exemplified in Figure 3a clearly show the microstructures of the
sintered sample with grain size varying in the range of 400-500 nm and trigeminal grain boundaries.
The grains were densely sintered, pore, and crack-free with the absence of secondary phases at the
grain boundaries. The microstructures appeared to be defect-free at the nanoscale regime.

The thermal diffusivity (o) values vary significantly between the three samples as shown in
Table 1.

Table 1. Thermal diffusivity values obtained by laser flash technique

Temperature a-M/air a-M/N, o-M/Ar
(C) (x 10 m?/s) (x 10* m?/s) (x 10* m?/s)
35 1.395 2.397 0.0116
199 2.179 0.0084
404 2.133 0.0066
606 1.213 2.062 0.0058
799 1.019 1.753 ---

The o values of M/N, are almost double that of M/air at all temperatures and the o of M/Ar is
almost 2 orders less than that of M/air and M/N,. The a values were found to be decreasing with an
increase in temperature and could be attributed to the increase in phonon and electron scattering at
higher temperatures. The C, values were observed to increase parabolically with respect to
temperature as given in Figure 3b. The C, values increased with an increase in temperature as
vibrational and rotational degrees of freedom become increasingly dominant in the total enthalpy of
the system. The k values in turn obtained as the product of thermal diffusivity, density, and specific
heat capacity as a function of temperature are shown in Figure 3c.

It could be noted that the k value of M/N, is anomalously high ( ~ 579 W/m.K at 600 °C)
comparable to that of metallic thermal conductors such as silver, copper, and other metals and close to
high thermally conducting ceramics such as cubic boron nitride. The k values of M/Ar were in the
order of 1.5-3.0 W/mK which was in accordance with the values reported by Sung Wng Kim [16].
However, the reasons behind the anomalously high values of thermal conductivity of M/N, and M/air
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are still not clear. We believe that the processing atmosphere (air and nitrogen) could have altered the
defect chemistry resulting in colossal thermal conductivity values.

]
v MIN,
O M/AIr
o M/Ar
r 1
0 T T T T v T 0--"‘ T AR T n T 1 v: T
0 200 400 600 800 1000 Of N0 _ 200 M0 400 50 _60__ 700 80 900

T (°K) T(C)
Figure 3. (a) SEM micrographs of the pellets of M/Air, M/Ar, and M/N, (b) Specific heat capacity
(Cp) of mayenite as a function of temperature (T) [28-29] and (c) Thermal conductivity of M/air,
M/N,, and M/Ar. The inset image shows the magnified view of k (M/Ar) vs T

3. Conclusion

The transport properties of spark plasma sintered mayenite samples synthesized in controlled
atmospheres (air, nitrogen, and argon) have been investigated. The XRD and Raman spectroscopy
confirmed the formation of the mayenite phase with a small amount of secondary phases. The
transport properties were found to be significantly influenced by the processing atmosphere. The high
thermal conductivity value of M/N, (k > 500 W/mK) is comparable to that of metals and is expected
to be due to the alteration in defect chemistry as a result of varying processing atmospheres. However,
the transport mechanisms have to be still elucidated.
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LUMINESCENCE PROPERTIES OF Eu* DOPED MAYENITE UNDER HIGH
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Abstract: Europium doped mayenite (C1,A;) powders of different concentrations (0.5, 1.0, 1.5, and
2.0 at.%) have been synthesized by a modified glycine/nitrate procedure - MGNP). Obtained samples
were characterized by X-ray diffraction (XRD), field emission scanning electron microscopy (FE-
SEM), and steady-state photoluminescence spectroscopy. The effect of doping concentration on
photoluminescence properties of Eu** doped mayenite was studied and discussed. With the increasing
of Eu®* doping concentration, the red-emitting intensity exhibited behavior that increased firstly and
then decreased. The optimal Eu®" ion concentration is found to be 1.5%. High-pressure luminescence
was measured in a Betsa high-pressure membrane diamond anvil cell up to 23 GPa.

1. Introduction

Mineral mayenite is one of the intermediary phases of the CaO-Al,O3; binary system, known
as a constituent of calcium aluminate cement with a formula written as 12Ca0-7Al,0; or C;,A; in the
cement-chemist notation. The first time it was originally reported from Eifel volcanic complex in
Germany and is named after the place of its discovery, Mayen (Germany) by Hentschel [1]. Recently,
mayenite encouraged research interest because of its oxygen mobility [2], ionic conductivity [3], high
anti-carbon and anti-sulfur characteristics [4-7] and catalytic properties [8]. Mayenite possesses a
distinct feature related to its crystal structure. The unit cell of C;,A; contains two molecules and could
be expressed as a positively charged lattice framework [(CasAl,s064)**] and 20% negative one [9].
The positive part of the framework consists of three-dimensional 12 crystallographic cages per unit
cell, which are interconnected in such a way that the channels of complex shape form between them
with an inner free space of ~0.4 nm in diameter. The letter part, 20%, is known as “extra-framework
oxide ions,” which are distributed within the cages to maintain charge neutrality [10, 11]. It is
assumed [2] that weakly bound oxygen anions can move through empty channels between cages and
thereby create high oxygen conductivity in the material. Mayenite has been synthesized using various
methods. The commonly used method is a solid-state reaction between CaCO; and y-Al,O3 [12].
Although it is a simple way that also provides mass production, the high firing temperature is a
critical issue, and a new fabrication method was developed which is also capable of being utilized at a
much lower temperature. Single crystals of C;,A; with regular morphologies can be obtained by
applying the Czochralski method [13] and floating zone (Fz) methods [14,15]. Also, a low-
temperature approach is possible, such as hydrothermal and sol-gel synthesis [16,17] and oxalate
precursor route [18]. One of the most efficient and precise methods is a modified glycine/nitrate
procedure [19], which is used in this paper.

Since they share common planes in cages that are open and oxygen can move easily, it is
assumed that the C;,A; structure is very sensitive to pressure. Moreover, in phosphors doped
mayenite, the change can be followed by its luminescence properties due to subatomic motions or
stress on a crystal. In this work, the results on synthesis and high-pressure dependent
photoluminescence properties of Eu doped C;,A; powders are described.

2. Experimental
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Precursors used for the production of the powder were Ca and Al nitrates, and Al and Ca

acetate, (Aldrich, USA), and aminoacteic acid-glycine, (Fischer Scientific, USA). Europium is added
as Eu nitrate in different concentrations (0.5, 1.0, 1.5, and 2.0 at.%) in order to obtain a solid solution
in small concentrations. Starting chemical reactants were dissolved in a glass beaker according to the
composition of Ci,A; following thermal treatment on a hot plate until the reaction smoke is
terminated. This reaction is based on self-combustion of the metal nitrate/acetate and glycine mixture
which occurs at 180°C spontaneously and terminates rapidly [19]. The resulting powder was calcined
to 600°C to burn any organic residues from precursors and at 1200°C to induces crystallization.
The phases of samples were identified using X-ray powder diffraction (XRPD) on an Ultima IV
Rigaku diffractometer using Cuk, radiation with a scanning step size of 0.02° and at a scan rate of
2 °/min. (26-range: 20 - 80°). Phase analysis was done by using the PDXL2 software (version 2.0.3.0)
[20], regarding the patterns of the International Centre for Diffraction Data database (ICDD) [21],
version 2018. The microstructural observations of obtained powders were performed by scanning
electron microscopy (SEM), Vega Tescan.

The photoluminescence spectra measurements were done under continuous Nd YAG laser
excitation at 532 nm. Data were collected from Ocean Optics USB2000 (200-800 nm) spectrometer.
High-pressure luminescence was measured in a Betsa high-pressure membrane diamond anvil cell
with steel gasket (T301). The sample chamber was 125 pm in diameter and 70 pm in thickness. A
mixture of methanol and ethanol with a 4:1 volume ratio was selected as the pressure-transmitting
medium. Ruby loaded with sample determines the pressure. For measuring Ruby R1 line shift
HR2000 Ocean Optics spectrometer (600-800 nm) was used.

3. Results and discussion

The microstructure of synthesized powders exhibited a porous structure (Figure 1a). Since the
reaction for Ci,A; synthesis is based on self-combustion of the metal nitrate/acetate and glycine
mixture which produced a huge amount of gaseous; normally, the highly porous texture is obtained.
On the other side, the microstructure is changed after thermal treatment. Morphologies of calcined
powders at 1200°C are cemented in a form of agglomerated, mostly well-formed faceted grains.
Agglomerates manifested layer structure with plate grains consisting of regular crystals of a narrow
size range of 0.8—1 pum and thickness roughly estimated about 200-250 nm (Figure 1b).

2014.10.02 11:50 N D4,1 x10k 10um. 8889 2014.10.03 1157 N D40 x9,0k 10um
a) b)
Figure 1. SEM images of samples C;,A; calcinated at (a) 600°C, and at (b) 1200°C.

The XRD study confirms the SEM results. The patterns of obtained powders by the MGNP
method calcined at 600°C show typical amorphous diffraction lines (Figure 2).
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Figure 2. X-ray diffraction patterns of the powder obtained by the MGNP and calcinated at 600° /1 h.

Unlike as-synthesized powder (Figure 2), the annealed powders exhibit clear diffraction lines
that could be assigned to the cubic unite cell (SG 1-43d with lattice parameter a = 11.989 A, Z = 2;
JCPDS: 48-1882). Peaks relating impurities or other Ca or Al-oxide phases were not observed (Figure
3). XRD patterns of obtained C1,A-:Eu** powders with different doping concentrations are shown in
Figure3.
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Figure 3. XRD patterns of 12Ca0-7Al,05:x% Eu®*" (x = 0.5; 1.0; 1.5; .2.0) calcined at 1200°C/2 h.
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Emission spectra of 0.15 Eu®" doped mayenite sample excited with 532 lasers are shown in
Figure 4.a. In this picture, five bands associated with Dy -'F; (J=4, 3, 2, 1, and 0) spin forbidden f—f
transitions can be observed (Figure 4.b). For the °D, -'F; transition we observe only one peak, which
is expected knowing that the coordination difference between two Ca®* non-equivalent
crystallographic sites, where Eu®* ion can be placed, is practically negligible.
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Figure 4. a) Emission spectrum Eu" doped mayenite with 532 nm laser excitation. b) Energy scheme

levels of Eu®*

Pressure dependence of emission spectrum Eu®*

doped mayenite is shown in Figure 5a. The

*Dy-'F, is an electric dipole transition (AJ=2) very sensitive to the local environment around Eu**, and
its intensity depends on the symmetry of the crystal field around the europium ion. In contrast, the
°Dy-'F; transition is the parity allowed magnetic dipole transition (AJ=1), and its intensity does not

vary with the host.
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Figure 5. a) Excitation spectrum Eu®* doped mayenite;

samples obtained with different Eu** concentrations.
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Figure 6a shows the intensity ratio of these emission lines. It can be seen that the intensity of
the line °D,-'F, decreases relative to the intensity °Do-'F; line up to 15 GPa, which indicates an
increase in the symmetry environment of Eu®* ions. Also, splitting °Do-'F; line (Figure 6b) shows the
increase of the crystal field in the Eu** surrounding.

440

0.55

420 - -

.- . -m
¥ - -
400 - 0.50 / =
380 i = /
. '\u_ / L]
L 3680 o [ ]
‘e o 5 0454 /
S, 340 - 2
2 =
£ o L]
£ 320 . .% -
0.40 f
2 300 = -
i ' £ 4
w wn
= 280+ § .- N
] L] £ 035 ; -
260 .
-e.
2404 ® -t
220 T T T T T T 0.30 T T T T T T
0 5 10 15 20 25 0 5 10 15 20 25
Pressure [GPa] Pressure [GPa]

Figure 7. Pressure dependence of a) intensity ratio of *Do-'F; magnetic dipole and *Dy-'F, electric
dipole transitions. b) °Do-'F; emission line splitting.
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4. Conclusion

The effect of doping concentration on photoluminescence properties of Eu®* doped mayenite
under high pressure was studied. Pressure dependence of emission spectrum Eu®* doped mayenite
shows that it is very sensitive to the local environment around Eu®*, and its intensity depends on the
symmetry of the crystal field around the europium ion. Obtained results suggest that Ci,A;: Eu
phosphor may serve as promising red luminescent materials used in the fabrication of optical storage
and illumination in dark environments.
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Abstract: Boron carbide (B,C) has attracted great attention as a semiconducting material with
excellent properties and has found various technological applications. High hardness value makes it
a potentially superhard material as well as a low density, high degree of chemical inertness, high
melting temperature, thermal stability, abrasion resistance, and excellent neutron absorption,
contributed to the use of boron carbide as an abrasive material for extreme conditions, wear
resistance components, body armors and as a nuclear absorber or solid-state neutron detector.
However, B,C is known for its unusual structure, bonding, and substitutional disordering whose
nature is not yet fully understood, and exhibits brittle impact behavior. In this study we investigated
the chain-model structure with an arrangement of 12-boron atom icosahedra and linear 3-carbon
atom chains, using available experimental data. We employed the DFT method with LDA and GGA-
PBE functional, as implemented in the CRYSTALL17 software package. Electronic properties of boron
carbide have been investigated by calculating the density of states (DOS) and band structure.
Calculated mechanical properties have been investigated: bulk modulus, shear modulus, Young
modulus, Poisson’s ratio, hardness, and elastic tensor constants, and compared with available
experimental data.

Keywords: boron carbide; B,C, superhard, ab initio; DFT; electronic structure; mechanical
properties

1. Introduction

Boron carbide (B4C) has attracted great attention as a material with excellent properties and
has found various technological applications. This material possesses an extreme hardness of about 30
GPa and has been found as the third hardest material known and less expensive and easier to prepare
than diamond and cubic BN, which hardness may be higher than in a diamond at temperatures above
1200 °C [1]. In comparison with Al,O; and SiC, B4C has a higher hardness and lower density [2]. In
addition to low density, this semiconductor can sustain a high temperature, has a high degree of
chemical inertness, high melting temperature, high thermal stability, high abrasion resistance, and
excellent neutron absorption [1, 3]. These properties are used in abrasive materials at extreme
conditions, wear resistance components, body armors, and as a nuclear absorber or solid-state neutron
detector. The boron carbide also shows high efficiency direct thermoelectric conversion, the
possibility of making superconducting materials and doped semiconductors, and can be used as a non-
oxide matrix for composite materials with application in environmental monitoring, etc. [1-4].
However, there are some failures, such as substitution disordering whose nature is not yet fully
understood, and exhibits brittle impact behavior.

Many authors have investigated various properties of boron carbide, both experimentally and
theoretically, particularly structure, electronic, and mechanical properties [5-23]. The first-principles
calculations of the crystalline polar (B1;C-C-B-C) and chain (B;,C-C-C) B,C structures showed that
only the chain structures have hexagonal symmetry, while the rest of the theoretical samples in that
study was found to be composed of disordered icosahedra that are connected by an amorphous B-C
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matrix, and do not contain linear chains [11]. Furthermore, Ivashchenko et al. [11] reported that no
chain atoms are found in amorphous samples, due to their lower bulk moduli than those in crystalline
samples, while the substitution of boron atoms by carbon atoms in the linear chains could cause p-
type semiconducting properties of chain B4C. The results of Nelmes et al. research [23] showed that
the boron-rich structures have bulk moduli smaller than those of comparably hard materials. Lazzari
et al. [16] investigated the atomic structure of B,C and a-boron and suggested considering them as
members of a new class of covalently bonded materials. Some authors investigated boron carbide
stability under stress in line with the available experimental and theoretical work and it has been
estimated the amorphization pressure for the (B1,)CCC polymorph and found compelling evidence
that the (B;,)CCC configuration does not exist in nature [13, 14] while some authors found that the
configurational disorder of B and C atoms is of large importance for the elastic properties of boron
carbide [18]. Therefore, there are still many open questions regarding B,C structure and structure-
property relationship, which leaves yet an unexplored field to investigate, although a great amount of
theoretical and experimental work has been performed.

2. Computational details

The calculations from first principles have been performed using the CRYSTALL7 software
package [24], which is based on a linear combination of atomic orbitals (LCAQO) as the basis set. For
boron atom a [3s2pld] all-electron basis set has been used [25, 26], and for carbon atom a [3s2pld]
C_6-21G*_catti_1993 AEBS basis set [27] has been used adopted from Crystal basis sets library [28].
Ab initio calculations were performed using density functional theory (DFT) method and two
exchange-correlation functionals, Local-density approximation (LDA) with Perdew—Zunger (PZ)
correlation functional [29], and generalized gradient approximation (GGA) with Perdew-Burke-
Ernzerhof (PBE) functional [30]. Experimental data of initial structure for rhombohedral boron
carbide (B4C), have been adopted from the Inorganic crystal structure database (ICSD) [31, 32]. Full
structure optimization of B,C structure has been obtained using correction keyword TOLINTEG,
tolerance for Coulomb and HF exchange sums: ITOL1=-log;, x 7 for overlap threshold for Coulomb
integrals, ITOL2=-log;, x 7 for penetration threshold for Coulomb integrals, ITOL3=-log,, x 7 for
overlap threshold for HF exchange integrals, and ITOL4=-log;, X 7, and ITOL5=-log,y x 14 for
pseudo-overlap (HF exchange series), for calculation with LDA functional, while calculation with
GGA-PBE functional has not required any correction. Calculations of second-order elastic constants
(SOEC) as implemented in the CRYSTALL17 code are fully automated [33, 34]. Structure analysis and
visualization were performed using the KPLOT [35] and VESTA [36] programs, while electronic
properties were visualized using XMGrace.

3. Results and discussion
3.1. Structural properties of boron carbide

Boron carbide as a B4C compound has been found in rhombohedral space group R-3m (no.
166). However, structural features were greatly discussed in the literature. The x-ray and neutron
diffraction techniques have so far failed to locate the C atoms in the B,C structure [37, 38]. By
comparing experimental vibrational spectra with those obtained by ab initio calculations, the most
likely C locations have been identified but did not solve the intrinsic defects nor the type of disorder.
The structure of solid boron carbide has an arrangement of 12-atom icosahedra and linear 3-atom
chains, with six atoms that sit at the polar sites and are covalently linked to the atoms in neighboring
icosahedra, and six atoms with equatorial sites (Fig. 1) [5, 6, 36, 37]. The most theoretically obtained
structures of the 15-atom periodic unit cell are the chain-, polar-, and equatorial-model and the one
similar to the polar model. In the literature, the boron carbide was mostly described as B;3C, and used
B1,C; structure type within the same rhombohedral space group [5, 6, 10, 13, 39]. At higher pressures,
boron carbide is described as B,C structure type but with the use of partial occupancy within the same
space group R-3m (no. 166) [40] or with lowering the space group to P3,21 (no. 154), but keeping the
rhombohedral symmetry [41].
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Figure 1. Boron carbide showing: a) the B;,Cs (or B,C) modification, space group R-3m (no. 166),
chain-model (experimental data [10] and calculated using GGA and LDA); b) the B13C, structure
type, space group R-3m (no. 166), [5, 6], adopted from ICSD database [31, 32] and visualized by
VESTA program [38].

In this study, we have used the B4C structure type by Clark et al. [10] as the initial structure
from the ICSD, in order to have correct stoichiometry. Optimized unit cell parameters, atomic
positions in the crystallographic unit cell, and calculated total energy values are given in Table 1,
compared with experimental data of initial structure parameters (adopted from ICSD database) [10].
Our results are in good agreement with experimental data and both calculated structures were
successfully compared to the experimental data using the CMPZ algorithm in the KPLOT [42]. In
particular, we note that in the common B13C, structure type boron is situated at 3b Wyckoff position
(Fig. 1b) [5, 6, 13, 38], while in the B;,C; (or B4C) structure, a carbon atom is located at Wyckoff 3b
position (Fig. 1a) [10]. This might help in the future investigation of boron carbide related compounds
as well as structure-property relationship studies.

Table 1. Optimized unit cell parameters, atomic positions in the crystallographic unit cell, and calculated
total energy of boron carbide (B4,C) obtained by DFT method with LDA and GGA functional as
implemented in CRYSTALL17 software package [24].

Structural parameters of B,C

Method LDA-PZ GGA-PBE EXP[iO']CSD
a=559 A a=5.67A ca-=15;6114'8,5\\
Unit cell c=12.03 A c=12.20 A Y—‘ - 1.200
parameters V =325.25 A3 V =339.20 A3 _ 3
R-3m (s. g. 166) R-3m (s. g. 166) V =330.88 A
e e R-3m (s. g. 166)
Wvekoff ang| (18M B -0-1661 0.3322 0.3590 |B;-0.1661 -0.3321 0.3501| B, -0.1667 0.1667 0.36
yatomic (18h) B, -0.1078 -0.2156 0.1137 | B, -0.1081 -0.2161 0.1139 | B, -0.106 0.106 0.113
ositions (6c) C; 00 0.3887 C. 000.3893 C, 000.385
P @) C, 0 0 % C,0 0 % C,0 0 %
Total ener -408.4474 Ha ~412.0337 Ha _
9y 11114 keV 11.212 keV
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Furthermore, a detailed crystallographic analysis of the calculated structures using LDA and GGA
and comparison to the experimental data from the ICSD database has been performed. The results of
the calculated and experimental interatomic distances are given in Table 2, suggesting very good

agreement with experimental data.

Table 2. Interatomic distances of boron carbide optimized by DFT method

with LDA-PZ and GGA-PBE functional using CRYSTAL17 code, compared

with initial experimental data [10].

B,C structure - interatomic distances (A)

LDA-PZ GGA-PBE EXP - ICSD [10]
B, - B, = 1.7326 B, - B, =1.7578 B, — B, = 1.7441
B, - B, =1.7725 B, — B, = 1.7989 B, — B, = 1.7647
B, - C, = 1.6467 B, - C, = 1.6710 B, — C, = 1.6477
B; - C, =2.3366 B;—C,=2.3688 B, —C,=2.3476
B, - B, = 1.7090 B, — B, = 1.7260 B,— B, =1.7572
B,-B,=1.8074 B,-B,=1.8371 B,-B,=1.7840
B, - C; =2.9363 B, - C;=2.9766 B,-C;=2.9614
B, - C,=2.9216 B, - C,=2.9620 B,-C,=2.939%
C,-C,=1.3383 C,—-C,=1.3506 C,-C,=1.39%61

3.2. Electronic properties of boron carbide

Band structure and density of states (DOS) calculations were performed after structural
optimizations. Previous band structure and DOS investigations in boron carbide related compounds
have produced a large span of the results [1, 11, 13, 18, 43, 44]. It is well known that semiconductor
materials investigated using DFT methods underestimate the size of the band gap [45] which was also
observed within this investigation. The value of the indirect band gap obtained by band structure
optimization calculation was 1.417 eV (0.05206 hartrees E;) determined by LDA-PZ functional, and
1.492 eV (0.05484 hartrees E;,) obtained with GGA-PBE functional. The calculated results of the size
of the band gap were in reasonably good agreement with experimental data (2.09 eV [13]) and
previous theoretical data (~1.5-3.5 eV) [11, 13, 43]. We observed the direct band gap at A or M point
of the Brillouin zone (Fig. 2), although it can easily convert to indirect band gap, as observed in many
other studies. We would like to highlight that this is the first band structure of B,C modification in
space group R-3m (no. 166) using a hexagonal setting (Fig. 2a). The density of states for calculated
boron carbide structures using GGA-PBE functional is presented in Fig. 2b (confirmed by similar
results obtained usina LDA functional).
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Figure 2. Band structure a) and DOS b) of boron carbide optimized by DFT method with GGA-
PBE functional, using CRYSTAL17 code.
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3.3. Mechanical properties of boron carbide

Mechanical properties of boron carbide have been investigated using the ELASTCON
keyword for CRYSTAL calculations. We have analyzed elastic constants according to hexagonal
structure symmetry, while bulk modulus K, shear modulus G, Young modulus E, and Poisson’s ratio v
were all obtained according to Voight-Reuss-Hill. Mechanical stability that are given in Ref. [46]
have been determined for elastic tensor constants Cq;_13, Cs3, and C44. Hardness H, has been calculated
according to Eq. (1) given in Ref. [47, 48]:

H,=0.92 (G/B)**¥ Go7 (1)

Obtained results compared with available experimental and theoretical data are given in Tables 3 and
4. Calculated mechanical properties show very good agreement with previously calculated or
experimentally observed data of B4C (Table 3). The hardness value of 36.54 GPa calculated using
LDA functional showed an excellent agreement with available experimental data proving this material
as superhard, while GGA-PBE calculations of bulk modulus and Poisson’s ratio showed values
closest to the experimentally measured. Calculated elastic tensor constants showed good agreement
with previously calculated constants of B,C (Table 4).

Table 3. Calculated values of mechanical properties: bulk modulus K, shear modulus G, Young
modulus E, Poisson’s ratio v, according to Voight-Reuss-Hill, calculated by DFT method with LDA-
PZ and GGA-PBE functional; hardness calculated according to Ref. [47, 48]; available experimental
and theoretical data.

Mechanical properties of B,C

Method K (GPa) G (GPa) E (GPa) v H, (GPa)
LDA-PZ 169.43 173.89 388.70 0.118 36.54
GGA-PBE 220.66 172.32 410.18 0.190 26.55
XRD 245 [16] 200 [13, 49] 472 [13, 49] 0.18 13, 49] [36.82[17]
Neutron
) scattering 197 [13, 50] 462 [13, 50] 0.17 [13, 50] -
Available 220 [16, 22]
experimental data Ultrasound
24716, 22] 188 [13, 51] 448 [13, 52] 0.21[13, 52] -
247 [13, 49] - 441 13, 51] - -
235 [13, 50] - - - -
199 [13] -

248[16] | 156 [18, B1sCy] | 379 [18, BsCy] |0.22 [18, BuCol| -
246 [13,50] | 200 [18, B,C] | 469 [18, B,C] | 0.17 [18, B.C] -
23413, 20, 53] - - ;

Available 248 [13, 16] - - - -
theoretical data 239 [13, 54] - - - -
220 [13] - - - -

222 [18, B;Cy) - ; 5 -
239 [18, B,C] - : 3 -
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Table 4. Elastic tensor constants of B4C obtained by DFT method with LDA-PZ and GGA-PBE
functional compared with available theoretically obtained data.

Elastic Available theoretical data
tensor GGA-
constants |"PAPZ] PBE | Theory | GGA GGA 'B—Dé\ TBhec():ry
p 132 132
(GPa) [13] [19] [20] 1] (18]
Cpn 448.15 | 484.83 561.8 517 531 500 516
Cuw 65.36 108.76 123.6 118 105 125 118
Cis 34.29 71.13 69.6 73 54 74 74
Css 468.03 | 514.31 517.7 453 528 430 451
Cu 138.03 | 139.86 - 114 167 - 106
4. Conclusion

In this study, we have performed ab initio calculations using DFT approximation with two
independent exchange-correlation functionals (LDA-PZ and GGA-PBE) within the CRYSTAL17
software package. Detailed structural, electronic, and mechanical properties of boron carbide (B4C)
have been investigated. We investigated the chain-model structure using available experimental data,
and our results are in very good agreement with literature data. Furthermore, we manage to clarify
structural features related to the By3C, and B;,C; structure types. Electronic properties of boron
carbide have been investigated by calculating the density of states (DOS) and band structure. Our
calculations are in good agreement with previous studies and we show the first band structure of B,C
using the hexagonal setting. Calculated mechanical properties have been investigated: bulk modulus,
shear modulus, Young modulus, Poisson’s ratio, hardness, and elastic tensor constants, and compared
with available experimental data. Again our results are in good agreement with previous theoretical
and experimental work, while the hardness value of 36.54 GPa calculated by LDA functional showed
an excellent agreement. Thus, the results show new structural features of B,C, promising
semiconducting properties, and great potential of B4C as a superhard material.
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Abstract: Aluminum borides have various industrial applications, used in fuels, explosives,
abrasives, and as additives to consolidated materials based on boron carbide. The structure of AlB;,
is similar to that of boron carbide, including almost regular icosahedrons of boron atoms. The
absence of the structure data of some higher aluminum borides and the presence of a large number of
reflexes in their diffraction patterns makes the identification of phase compositions very difficult and
limits the possibilities of the computer modeling of the AIBy,. The crystal structure of AlB,, is usually
considered as tetragonal a-AlBy, (space group P45;2,2) and orthorhombic y-AlB;, (space group
P2,2,2,) which can be synthesized from high-temperature Al-B melts.

In our work, we have performed ab initio optimization of the experimentally observed
Yannoni’s AlB;, using GGA-PBE functional and obtained relaxed unit cell parameters and atomic
positions. Furthermore, we have predicted three different AIB;, structure candidates obtained as a
result of the ICSD data mining. The most favorable structure according to total energy ranking was
found in the UBy, structure type, which crystallizes in the cubic space group Fm-3m. Therefore, for
the new cubic AIB;,, we have calculated mechanical properties on different pressures and made the
comparison with available experimental data in the AIBy, system.

Keywords: Aluminium borides, crystal structure, ab initio optimization, AlBy,.

1. Introduction

Investigation of aluminum borides’ properties and development of methods of their production
has been studied since the 1950s [1]. However, up to now, not all crystalline structures of the known
modifications of aluminum dodecaborides are decoded and the industrial and half-industrial
technologies of their powder production remain yet to be developed (at present these materials have
not found widespread use and can only be synthesized in small amounts in laboratories). [2, 3]
Characteristic properties of aluminum dodecaboride (AIBy;) are similar to those of boron carbide
(B4C) due to the similarity of their structures: it is believed that they exhibit high hardness values and
thus belong to superhard materials due to their almost regular icosahedral boron configuration [4].
Lightweight ceramics based on polycrystalline AlB;, exhibit high fracture toughness, thermal
stability, and hardness (they easily produce scratches on silicon carbide, and even on boron
carbide).[5]

Of the five phases of binary Al-B systems (AIB,, AlBiy, a-AlB1,, S-AlB1,, y-AlB1y), which are
known for more than 50 years [6], two are shown to be stabilized by impurities (AlB1, and S-AlB1,)
[7-9] and three are considered to be pure binary aluminum borides (AIB,, a-AlB,, and y-AlB;,). The
phases AlB,, and S-AlB,, were shown to be ternary Al-B-C systems

Aluminium dodecaboride (AlBy,) is the hardest boride of the aluminium-boron system. There are
two very similar crystalline forms, a-AlBj,, and y-AlBy, and a combination of three-dimensional
networks of icosahedra B;, and By, is characteristic for both. Crystals of orthorhombic v-AlBy,
(P2,2,2; a = 16.57, b = 17.51, ¢ = 10.14 A) are usually obtained as intergrown crystals with
tetragonal a-AlBy, (P4:2:2 or P4;2,2; a = 10.16, ¢ =14.28 A) from high-temperature Al-B
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solutions.[10, 11] Efforts to prepare single crystals of boron-rich y-AlB;, showed it’s instability,
where after pulverizing y-AlB;, transforms completely to a-AlB;,.[10, 12]

Aluminum borides can be synthesized using different powder metallurgy routes [13]: high current
impulse arc discharge, mixing and annealing of elemental powders, grinding in a ball mill and
annealing of AIB,, grinding of elemental powders in an agate mortar (compacted and annealed
afterward), plasma recondensation, radiofrequency thermal plasma method, as well as other
techniques used to synthesize aluminum borides [14], such as: grinding of amorphous boron or boron
oxide and metal aluminum in a ball mill, laser treatment of aluminum and boron-containing materials,
crystallization from the melt of aluminum and boron-containing materials, spark plasmic sintering,
thermodynamic, electroarc and other methods.

AIB;, is a diamond-hard semiconductor and this extreme hardness makes it a favorable
component of polycrystalline cubic boron nitride (PCBN) inserts, which are mainly used in cutting
and grinding to replace diamond or corundum. It was also studied in terms of the possibility to be
used as the fuel [15] and explosives, as additives to consolidated materials based on boron carbide,
and as abrasives [3]. Furthermore, boron treatment is a widely used practice in the industry for
removing transition metals such as Ti, V, and Zr that decrease electrical conductivity. For this
procedure called boron treatment, Al-B alloys containing AIB, and AlIB,, are mostly used. Also, the
AlB;, a wide band gap semiconductor, is an interesting candidate for the detection of thermal
neutrons.[16] Because of their hardness, high melting temperature, and semiconductive properties,
which are useful in different applications, aluminum borides show promising applications in
metallurgy, aerospace field, automotive industry [17], military industry, [18] and electrotechnics [19].
Materials based on AlB;, hold great potential for a wide range of applications: because of their
lightweight combined with high hardness and fracture toughness, they can be used as shock wave
resistant ceramics [3]; since '°B isotope has large thermal neutron absorption cross-section, high-
boron materials (of which AIB;, has one of the highest among boron compounds — about 83% by
mass) is indispensable in nuclear energy application [4]; also aluminum dodecaborides can be used as
a fuel, explosives or abrasives [20], impact-resistant and armor materials [18], ceramic filling in metal
matrix composites and it is shown to be a promising material for radiation detection (in solid-state
devices for the detection of thermal neutrons) [16].

2. Computational details

The idea of this work was to use theoretical ab initio methods to relax the structures of a-AlB;,
and y-AIBj; and calculate their electronic and mechanical properties since there is no enough
experimental data on this topic. In order to search for experimental and theoretical structures of AlB;,
the ICSD database [21, 22] was used. The crystal structures of a-AlBy, [12, 23] and y-AlBy, [24, 25]
were identified, wherein in both cases aluminum atoms only partially occupy their positions in the
structure. This introduces complexity in theoretical models and makes calculations extremely
computationally demanding.

To overcome this problem, we took the AlIB;; model of Yannoni [26], where positions of
aluminium atoms are not partially occupied. Furthermore, we have used a data mining procedure [27]
and found structure types with the general formula AN;,. For every candidate, we have performed
local optimization for the AIB,, composition. More details of such ab initio data mining explorations
can be found elsewhere [28, 29]. Structure optimization was performed using GGA functional inside
of the Crystall7 code [30]. After DFT optimization, the total energies have been obtained for all
calculated structures, which were further analyzed.

For both boron and carbon, an all-electron basis set based on Gaussian-type orbitals was
employed. In the case of boron, a [3s2p1d] basis set was used [31, 32] and for aluminium, a [4s3p1d]
basis set was used, [33, 34] respectively. The calculation of elastic constants and mechanical
properties is fully automated in the Crystall7 code [35, 36]. Space group determination for the
investigated modifications was performed using KPLOT software [37]. VESTA code [38] was used
for crystal structure visualization.
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3. Results and discussion
3.1. Ab initio data mining analysis

Local optimization of existing AlB;, structures was performed only for the model of Yannoni
[26] since this is the unique structure where positions of aluminum atoms are not partially occupied.
Results of local optimization including space group, unit cell parameters, and total energy are given in
Table 1. Besides Yannoni’s model of AlB;,, we have found three different structure type candidates
using the ab initio data mining investigation of the ICSD crystal structure database.[21, 22, 27, 39,
40] Starting from these three models we have optimized AlIB;, composition with UBy,[41], Al ,W
[42], and Mn,Th [43] structure types. The results for these three phases are also given in Table 1.

Optimized unit cell parameters of the Yannoni’s model show good agreement with the
experimental values (Table 1). The unit cell parameter a = 10.18 A is almost the same as the
experimental parameter a = 10.17 A. The difference occurs for the value of the unit cell parameter c,
where the theoretical value ¢ = 15.67 A, is increased in comparison with the experimental ¢ = 14.28
A. If we follow the coordination of the boron atoms in Figure 1a and after analyzing distances using
KPLOT software, one can observe that each boron atom is mostly coordinated with 11 or 12 boron
atoms, but there is no regular icosahedral network as in a-AlBy, and y-AlB;, compounds. Among the
predicted structures obtained using the data mining procedure, the best in total energy ranking is the
cubic AIB1,-UBy; structure type. It appears in the Fm-3m space group (no. 225), and the unit cell
parameters are shown in Table 1, while the predicted structure is shown in Figure 1b. The structure
shows the network of regular icosahedra whose presence usually is also characteristic for a-AlB;, and
y-AlB1, compounds. This structure arrangement is probably the reason why this structure type is
ranked as the best in total energy.

Interestingly, there is another predicted AIB,, structure with cubic symmetry appearing in
space group Im-3m. It has been calculated in the Al;,W structure type and the optimized unit cell
parameters are given in Table 1. It has a different arrangement of boron atoms if compared with the
UB,; structure type. Each of the boron atoms is in the center of 8-fold coordinated polyhedra (Figure
1c). Nevertheless, the Al;,W structure type in AlB;, is high in energy, supporting the fact that this sort
of packing of boron atoms is not favorable for AIB;, composition. Finally, the structure type that is
highest in the calculated total energy is obtained in the Mn;;Th modification of AIB,,. Figure 1d
shows the characteristic planar arrangement of the boron atoms in this structure type. Similar to the
previous case, lacking icosahedral boron arrangement causes a bad ranking in total energy for the
AlB,, system.

Furthermore, we have calculated curves showing the dependence of Energy vs. Volume and
they are shown in Figure 2. The structure type that has the best energy ranking is the UB;,. Yannoni’s
model is presented only with a single point since calculating energy-volume dependence was
computationally expensive. Since there is no experimental evidence for the existence of AlB, with
the UBy, structure type, but keeping in mind that Yannoni’s model is experimentally observed, it
would be reasonable to expect the existence of UB;, structure type in the AlB;, system, especially
since it has better total energy ranking than Yannoni’model.
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Table 1. Space group, unit cell parameters (A), atomic positions, and total energy values in Hartrees
(Ey) for four optimized AlB;, modifications obtained using GGA functional.

Cell parameters (A) and fractional coordinates The energy on
Space group and PBE level
modification PBE (Hartrees, Ey)
a=7.39
A'Fan;r:]B(lzzz%’g’e Al (000) -540.0656
B (0.3304 0.3304 1/2)
a=10.18, c = 15.67
Al (0.0696 0.1814 0.1976) B(0.9609 0.0620 0.1170)
Al (0.9290 0.7478 0.0183) B (0.8544 0.0930 0.1981)
B (0.3043 0.1836 0.1761) B (0.7823 0.8362 0.1138)
B (0.48750.8582 0.2874) B (0.4894 0.8872 0.0291)
B (0.3606 0.8842 0.1030) B (0.6818 0.1945 0.0420)
B (0.0770 0.9592 0.9887) B (0.9042 0.9241 0.1667)
AIBy,-Yannoni B (0.4134 0.0544 0.1419) B (0.5234 0.9462 0.1893) 530.0041
P4,2,2 (92) B (0.3129 0.0376 0.2358) B (0.6961 0.0032 0.1832) '
B (0.0189 0.8544 0.2394) B (0.6241 0.9100 0.0997)
B (0.2237 0.8868 0.1778) B (0.8070 0.1235 0.9841)
B (0.1964 0.9401 0.0652) B (0.7230 0.1683 0.1461)
B (0.2160 0.0976 0.0071) B (0.5821 0.0869 0.1084)
B (0.1991 0.2425 0.0906)
B (0.0794 0.9632 0.1559)
Exp. a = 10.17(1); ¢ = 14.28(1) [26]
a="5.74
AlBro-AliW type Al (000) 1539.8059
Im-3m (229) B (0.2196 0.2196 1/2)
a=880,c=317
Al (000)
A'Fﬁmmﬁggpe B (1/4 1/4 3/4) -539.7554
B (0.743600)
B (1/2 0.2615 0)
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c)
Figure 1. Crystal structures of the: a) AlB;,-Yannoni model; which is experimentally observed; and
b) UBy, type; c) Al,W type and d) Mny,Th type in AIB;, system, which is theoretically predicted in
this study.
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Figure 2. Energy-volume curves calculated using PBE functional for four different structure
arrangements in the AlBy, system.

3.2. Mechanical properties of a cubic AlB;, at extreme pressure conditions

Since our investigation proved cubic AIBy, with the UBy, structure type as a potential
candidate for experimental synthesis, our next step was to calculate its mechanical properties,
especially hardness up to 50 GPa. In the sequence of our investigation, we have calculated elastic
constants C;; for AlB;, with the UBy, structure type, and second-order elastic constants are given in
Table 2. For the polycrystalline materials, the mechanical properties are usually described by various
elastic moduli, such as bulk modulus B, shear modulus K, and Young’s modulus E, which are the
measure of the compressibility, rigidity, and stiffness. In further work, obtained elastic constants from
Table 2 were used to calculate elastic moduli: B, K, E, and v for investigated AlB,, with the UB;,
structure type for the pressure range 0-50 GPa.

Table 2. Calculated bulk modulus B (GPa), shear modulus K (GPa), Young’s modulus E (GPa),
Poisson’s ratio v, hardness Vy (GPa), and elastic constants AlB;, (UB1,-type).

AlB;, (UB,-type) Cu Ci Cu B K E Vv Vi
0 254 177.1 | 167.2 | 202.7 93.6 243.3 | 0.3 9.50
5 273.6 | 1939 | 177.3 | 220.5 98.4 2571 | 0.3 9.47
10 292.7 | 210.3 | 185.2 | 237.8 | 1025 | 268.8 | 0.3 9.37
15 313.7 | 2289 | 1953 | 257.2 | 107.1 282 0.3 9.30
20 331.3 | 246.4 | 2048 | 2747 | 1104 292 0.3 9.12
25 349.3 | 263.4 | 213.8 | 292.1 | 1139 | 3025 | 0.3 9.01
30 366 280.5 222 309 116.6 | 310.7 | 0.3 | 8.83
35 383.1 | 296.9 | 229.9 | 3256 | 119.6 | 3198 | 0.3 8.72
40 399.2 | 3136 | 2374 | 3422 | 1219 | 3268 | 0.3 8.53
45 4153 | 330.2 | 2442 | 358.6 124 3335 | 0.3 8.35
50 4304 | 346.1 251 3742 | 1258 | 3395 | 0.3 8.17
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Hardness Vy is related to the elastic and plastic properties of materials, and can be calculated from
bulk modulus (B) and shear modulus (K) according to equation (1) from Ref. [44]:

Vi = 0.92(K/B)H 7K )

Values for the hardness of AlIB;, (UBi,-type) in the pressure range 0-50 GPa are given in Table 2.
According to [2] materials sintered from o-AlB;, powders have hardness =~ 24 GPa. With the
increased pressure hardness values are decreasing from 9.50 GPa at 0 GPa pressure down to 8.17 GPa
at 50 GPa pressure. Our calculations show that the hardness of AIB;, is drastically decreased if the
UB,, structure type is adopted, which can have an enormous effect on future technological
applications. We can conclude that the crystal structure and the boron coordination have the greatest
influence on mechanical properties. Furthermore, Poisson's ration v provides information about the
ductility/brittleness of the materials. If the value of v is smaller than 0.26, the material will have brittle
behavior. Otherwise, as in the case with UB;, structure type, the AlB;, appears to be ductile (v=0.30).
Interestingly, the value of the Poisson's ration v doesn’t depend on pressure, and ductility is preserved
for the whole investigated pressure range.

4, Conclusion

We have investigated the AlIB;, system and performed structure prediction using ab initio data

mining investigation. We have found three new structure candidates as the result of the data mining of
the ICSD database (UB;,, Al;,W, and Mny,Th). Besides them, we have optimized experimentally
observed Yannoni’s model of the AIB;, compound. Among these four candidates, the best ranking in
total energy has been observed for the UB;, structure type with the cubic Fm-3m space group.
We have investigated structural properties for four structure candidates and additionally mechanical
properties for the AIB;, with UB,, structure type, and the effect of extreme conditions of high
pressure up to 50 GPa. According to Poisson’s ratio AlBy, with UB;, exhibits ductile character, while
the hardness decreases with the pressure increase. In this context, we conclude that the crystal
structure and the boron coordination have the greatest influence on mechanical properties, as well on
future scientific and technological applications of AlB».
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PREFACE BY EDITOR OF THE JOURNAL OF INNOVATIVE MATERIALS IN
EXTREME CONDITIONS (JIMEC)

Dejan Zagorach?*
! Institute of Nuclear Sciences “Vinca”, University of Belgrade, Belgrade, Serbia
2 Centre of Excellence “CextremeLab”, Centre for synthesis, processing, and characterization of

materials for application in the extreme conditions, Belgrade, Serbia
Corresponding author*: dzagorac@vinca.rs

We are all aware that the climate is becoming more extreme, with the seemingly
neverending current series of natural disasters providing a preview of a future of extreme
weather conditions. While "extreme" is a relative measure of the state of a system and must
always be compared to a "normal” state, it is clear that our modern infrastructure is being
challenged by the exposure to extreme conditions that had previously been limited to small
regions of our planet (extreme cold at the poles, extreme heat in the deserts, volcanoes, high
pressures in deep ocean trenches, etc); similarly, we are faced with learning about and
exploring the extreme conditions of the inner Earth or outer space. Over the years scientists
have begun research to invent materials sustainable under extreme conditions. Furthermore,
such innovative materials explored at high pressures, under high magnetic and electric fields,
over a wide range of temperatures, radiation conditions, corrosive environments, under
extreme mechanical loads, and non-equilibrium thermodynamic conditions are applicable not
only in e.g. deep ocean explorations or space travel, but become increasingly relevant in our
daily life, such as in applications to energy production and conversion, maintenance of the
water supply, or the stability of the computer infrastructure under coronal mass ejections. By
searching the Web of Science (WoS) database using the keyword “extreme condition”, one
reaches more than 70.000 publications. This, of course, includes environmental sciences,
geosciences, engineering, materials science, etc, and Figure 1 shows a graph with the
growing field of research on systems under extreme conditions in the past 20 years.
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Figure 1. Graph showing the growing field of research under extreme conditions in the past
20 years obtained by searching the Web of Science (WoS) database using the keyword
“extreme condition”.
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Theoretical studies and methods are especially important in the field of materials
under extreme conditions, applied independently, or as a complement to experimental
research, due to the limitations of experimental methods under extreme conditions. The field
of energy landscapes of chemical systems and materials constitutes one of the most important
theoretical foundations for the investigation and design of materials, with more than 30.000
publications found in the WoS database. Similar to the field of research on extreme
conditions, the study of energy landscapes is a rapidly growing field of research (Figure 2)
and includes contributions from and applications to mathematics, computer science, physics,
chemistry, biology, environmental sciences, engineering, and materials science.
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Figure 2. Graph showing the growing field of research on energy landscapes in the past 20
years obtained by searching the WoS database using the keyword “energy landscape”.

However, when the keywords "energy landscape™ and "extreme conditions™ are
combined, there are only 233 publications available in the WoS database. Although the
number of publications is growing at a steady pace and "energy landscapes under extreme
conditions™ constitutes a promising new field of research (Figure 3), there exists no
comprehensive study on the energy landscapes of materials under extreme conditions so far,
and the proper way(s) to incorporate extreme conditions into the energy landscape approach
is just beginning to be explored. Therefore it is my great pleasure to introduce a publication
by a world expert on energy landscapes, Prof. Dr. J. Christian Schon, entitled “Energy
landscape concepts for chemical systems under extreme conditions”, which is being
published as a highlighted article in an individual volume of JIMEC. Currently, Prof. Dr. J.
Christian Schon is a senior scientist at the Max Planck Institute for Solid State Research in
Stuttgart (Germany), and a professor at the Rheinische Friedrich-Wilhelms-University in
Bonn (Germany). A short biography is found below; for more information, including a full
list of publications and teaching details, contact information, etc., please visit Prof. Schon's
official web pages:

2 Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia.



@ & @ Journal of Innovative Materials in Extreme | 2021
2 o Conditions | /oume?

Issue 1

www.chemie.uni-bonn.de/ac/schoen and https://www.fkf.mpg.de/person/31475/5017348, or
contact the JIMEC journal: http://jimec.edu.rs/contact/ .
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Figure 3. Graph showing the growth of the new field of research on energy landscape under
extreme conditions, for the past 25 years, obtained by searching the WoS database (citations
and publications) using the combined keywords “energy landscape and extreme condition”.

Short CV

. Prof. Dr. J. Christian Schén was born in
Bonn (Germany) in  1957.  After
undergraduate studies in physics at the
Rheinische Friedrich-Wilhelms-University
in Bonn (Germany) from 1977-1980, he
did his graduate studies in physics at the
Massachusetts Institute of Technology in
Cambridge (USA), where he obtained his
M. S. in mathematical physics in 1982, and
his Ph. D. in theoretical solid-state physics
in 1988. From 1988-1991, he was a
lecturer and post-doctoral fellow in the
P : \ = department of mathematical sciences at the
San Dlego State Unlver3|ty in San Diego (USA) Next, he was a research scientist in the
department of physics at the Niels Bohr Institute of the University Copenhagen in
Copenhagen (Denmark) in 1992, and in the department of chemistry at the Rheinische
Friedrich-Wilhelms-University in Bonn (Germany) from 1993-1997. After his habilitation in
1997, he was assistant professor in the department of chemistry at the Rheinische Friedrich-
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Wilhelms-University in Bonn (Germany) from 1997-1999. He then joined the MP1 for Solid
State Research in Stuttgart (Germany), first in the department for solid state chemistry of
Prof. Dr. M. Jansen (1999-2012) and subsequently in the department for nanosciences of
Prof. Dr. K. Kern (since 2013). Since 2008, he has been a professor (apl) in the department of
chemistry at the Rheinische Friedrich-Wilhelms-University in Bonn (Germany). In addition
he has been guest researcher in the department of physics in the University of Southern
Denmark in Odense (Denmark) in 1991 and 1997, and guest professor at the Laboratoire
d'Analyse et d'Architecture des Systemes (CNRS) in Toulouse (France) in 2014.

Prof. Dr. J. Christian Schoén has published over 130 scientific papers in international

refereed journals from the SCI list, with over 3400 citations (h-index=33, Scopus) and over
5400 citations (h-index=39, i10-index=106, Google Scholar), several book chapters in edited
books, and over 100 other scientific publications. He has presented many invited lectures
from his field of expertise at international and national scientific meetings and universities,
he has been a reviewer for many different international scientific journals, and has been an
evaluator of a number of international scientific projects. Prof. Dr. J. Christian Schon has
been highly engaged in the training and formation of future scientists by guiding the research
of numerous M.Sc. and Ph.D. students, post-docs, and young guest researchers. For the past
25 years, he has organized many conferences, in particular regular meetings in the field of
energy landscapes, bringing together researchers on energy landscapes from chemistry,
physics, applied mathematics, computer science, biology, and engineering. He is a member of
the Royal Society of Chemistry, American Physical Society, Materials Research Society,
Deutsche Physikalische Gesellschaft, New York Academy of Sciences, and the Deutsche
Kristallographische Gesellschaft.

Prof. Dr. J. Christian Schon's main research areas are the theory of complex multi-
minima-energy landscapes, the development of new computer algorithms for the exploration
of energy landscapes, and their applications in chemistry such as prediction of molecular
structures and clusters in vacuum and on surfaces, and the prediction and modelling of
metastable crystalline materials and of amorphous materials, computing their properties, and
simulating and optimizing their synthesis, employing techniques from the area of global
optimization, MC and MD simulations, optimal control and finite-time thermodynamics.
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ENERGY LANDSCAPE CONCEPTS FOR CHEMICAL SYSTEMS
UNDER EXTREME CONDITIONS

J. Christian Schon
Max-Planck-Institute for Solid State Research, Heisenbergstr. 1, D-70569 Stuttgart, Germany
e-mail: C.Schoen@fkf.mpg.de

Abstract:

Traditionally, energy landscape studies of chemical systems deal with an isolated system with
no interaction with the environment except possibly non-zero pressure and temperature. This changes
drastically, if we consider materials under extreme conditions, since now the interaction with the
environment plays a central role. In this work, we present extensions and generalizations of the energy
landscape paradigm to chemical systems that strongly interact with their environments. The focus is
on the general concepts involved, where we discuss the way to incorporate general external fields,
e.g., mechanical stresses, electric and magnetic fields, and fluxes, e.g., electric and thermal currents,
and analyze the issue of time-dependent energy landscapes. Finally, possible applications of energy
landscape concepts in a variety of chemical and physical systems in strong contact with the
environment are discussed, and first examples of landscape studies of materials under extreme
conditions are given.

Keywords: energy landscapes, extreme pressures, high temperature, structure prediction,
stress, nanostructures, theoretical methods, electromagnetic radiation, corrosive environments

1. Introduction

Materials found in nature and developed for technological applications are usually
observed and employed at so-called standard conditions: room temperature, the pressure of
one atmosphere, etc. However, very often the processes needed for these materials to come
into existence are quite extreme,[1] e.g., high pressures and/or high temperatures,[2-5] and
similarly the materials might be exposed to extreme conditions during their applications, e.g.,
high magnetic or electric fields,[6-10] large currents,[11,12] aggressive chemical
environments[13,14], high fluxes of radiation,[15,16] or high temperatures and
pressures.[17,18] Such "extreme™ conditions can occur not only in situations with exposure to
highly energetic processes as mentioned above but also at the other end of the energy
spectrum in cases of an (effective) reduction of a bulk material to lower dimensions such as
monolayers,[19,20] quasi-one-dimensional systems[21,22] or sub-monolayer molecular
structures on substrates,[23-25] not to mention three-dimensional materials with an extremely
low density such as metal-organic frameworks.[26,27] Here, too, our standard intuition
trained in the study of bulk materials can fail, and new concepts and methods - both
experimental and theoretical ones - will be needed. However, we do not include the energy
landscapes of such systems in this overview, since they will be discussed elsewhere.[28]
Similarly, we are not discussing single molecules or clusters under extreme conditions,[29]
such as the so-called Coulomb explosion [30], current flows through single molecules
[31,32], or high-pressure studies of single molecules, [33] although the general concepts
presented in this work will also be relevant for such systems.

Trying to resolve the details of the thermodynamic processes involved under extreme
conditions, including the existence of thermodynamically stable and metastable materials and
chemical compounds and their synthesis - in a controlled fashion if feasible -, or of the
morphology and stability of the materials in equilibrium and non-equilibrium situations, and
their physical and chemical properties in general, constitutes a great challenge. From a
theoretical point of view, combinations of molecular dynamics and Monte Carlo simulations
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with finite element modeling,[34,35] analytical phenomenological models,[36,37] and
empirical and ab initio computations of equilibrium properties,[38] have been employed to
investigate specific features of systems and the processes taking place in a given phase and/or
structure, at extreme conditions.[39-41] In recent decades, there has been added a more
holistic point of view,[42-48] where one investigates the energy landscape of the chemical
system on a global level in order to explore the full range of possible stable and metastable
phases the system can exhibit for, e.g., a given pressure,[49-51] to analyze their stability
against transformations as function of pressure and temperature,[52] and to study the system's
reactions to perturbations and its relaxation to equilibrium. This approach has proven to be
highly fruitful and has led to the prediction of new not-yet synthesized compounds and
modifications[53-56] and high-pressure structures[57,58] up to the prediction of phase
diagrams as function of temperature, pressure, and composition.[46,52,59-62]

Typically, such studies assumed that the system was isolated from the environment,
apart from a given constant pressure and temperature. In the case of materials under extreme
conditions, such isolation is no longer true - and usually not appropriate even for simple
models -, unless the energy landscape were to include the atoms that make up the whole
experimental apparatus. Instead, we have to add the environment of the material in some
reasonably efficient fashion, where extreme conditions usually are only a special instance of
the general type of environment added to the system of interest. The impact of the
environment can make itself felt through applied external fields such as pressure,
electromagnetic fields, mechanical stresses, etc., or in the presence of various kinds of
currents, such as electric or thermal ones, moving through the material in a steady-state
fashion. Other very important aspects of the interaction with the environment - both for strong
and weak interactions - are the externally applied temperature, and furthermore the time
variation or time evolution of the environment, and their effects on the material. Such
interactions can result in new (meta)stable equilibrium phases and equilibrium properties of
the material, a steady-state configuration of the material, and/or non-equilibrium behavior of
the system. In principle, there can even be a coupling between the material and the
environment in the sense that the change in the material can affect the properties of the
environment in the zone near the material; an example might be the formation of protective
surface layers of the material, which prevents or slows down further corrosion.

It is thus an interesting question, how and to what extent energy landscape concepts
can also be applied to materials under extreme conditions. In this overview, we are going to
address this issue, discussing both general concepts and first applications.

2. Energy landscape concepts
2.1 General cost functions and exploration methods

Energy landscapes in chemical systems are a special case of so-called cost functions,
which are studied in a large number of fields ranging from mathematics,[63-65] physics,[66-

68] chemistry,[43,44,69] over various fields of engineering,[65,70] to the social sciences and
economics.[71-73]
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Figure 1: a) Potential energy landscape made by nature (near Disentis in Switzerland). Note
that to reach the highest snow-capped mountains on the left, you need to cross the deep Rhine
valley in-between. b) Potential energy landscape made by man (downtown Chicago). Note
that this is like a fitness landscape for managers - the higher the office, the fitter the manager,

in many ways.
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Quite generally, a cost function C:S — R is a real function that maps configurations
Xes (also called (micro)states or solutions, depending on the field of application) to real
numbers C()?) € R. In the case of a molecule consisting of N atoms, the configuration space
S would be equal to R3V, i.e., each possible arrangement of the atoms in the molecule would

correspond to a point X = (X1,...,Xy) € R3N, where ¥; are the position vectors of atoms i in
R3.! Similarly, if we want to study the behavior of a set of elementary magnets that each can
only point up or down along, e.g., the z-axis, then each point in configuration space would

correspond to a possible arrangement of orientations of the magnets 4;, X= (64,...,0y) €
(Z,)N, where Z, = {—1, +1} is the set of possible orientations of a given spin. Clearly, the set
of states S of the simple magnetic system is a discrete one, while, for the molecule, S is a

continuous set of configurations. The cost function € (X) can represent a real economic cost,
the value of a combinatorial optimization problem,[63-65] the difference between computed
and measured data,[69,74] or the potential energy of an arrangement of atoms, where the last
two types of costs are of particular interest in materials.

In order for the cost function and the state space to become a landscape, we need to
define a neighborhood relation between the states, such that we can associate a neighborhood

to each state, X - N(X). In physical or chemical systems like a molecule or the magnet
system mentioned above, this neighborhood tells us, which states are (infinitesimally) close to
the current state, and thus how the system can evolve on a given time scale. If the set S is a
subset of, e.g., R™ (as would be the case for the molecule), then we often employ the standard
neighborhood relation in R™, i.e., the neighbors of a configuration are all the atom
arrangements that differ from the present configuration by only (infinitesimally) small shifts
in the atom positions. Similarly, if S consists of, e.g., a finite number of discrete states, then a
sensible definition of the neighbors should be consistent with the time evolution algorithm,
i.e., the moveclass represents our model of the system's dynamics.? But if the cost function
refers to, e.g., an optimization problem such as the traveling salesman problem (TSP) of
finding the optimal route among a set of cities, then the neighborhood describes the way our
search algorithm moves in the state space of the problem, and we usually call the
neighborhood relation the moveclass of the algorithm.

Configuration space, moveclass and cost function together define the cost function
landscape; for discrete spaces this is sometimes called a metagraph.[70]

Once the cost function landscape has been constructed, we are particularly interested
in the evolution of the system, i.e., its movement in configuration space. Such an evolution
can correspond to the changes that occur in a physical or chemical system as function of time
according to the laws of physics; in chemical systems, the existence of stable states
corresponding to distinct regions on the landscape dynamically separated from the rest of
configuration space by barriers is of special interest. In general cost function problems,
evolution usually refers to the progress of a given global exploration or optimization
algorithm, but it can also refer to the time evolution, e.g., of the fitness of an organism, or to
the populations dynamics on a socio-economic landscape.

In order to analyze and model such an evolution, the landscape is globally explored
using various computational methods, c.f., e.g. [43,75] and references cited therein. This
results in a "complete” description of the landscape in terms of static properties such as local

! The configuration space is also called the state space, or sometimes the solution space if we consider the
microstates as the feasible solutions of a cost function optimization problem.

? For example, a neighbor state of a current state in the magnet system might differ from the current state by only
one or two magnets having flipped their orientation, as this would appear to be a good approximation of the true
dynamics.
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minima and maxima, saddle points, including their curvatures, characteristic regions®,
together with the probability flows between various regions of configuration space,[77-79]
i.e., the probabilities goAB(tstep) to reach a certain region A c S from region B c S during
the time step tsse,. Here, tye, coOrresponds to both the time between two measurements of the
real system, and to the length of the exploratory simulations used to measure the transition
probabilities between the two regions A and B. Of course, these flows are completely
determined once the landscape and its dynamics, such as the (deterministic or stochastic)
exploration / evolution algorithm we employ to study the landscape, have been given.*

Such regions of interest are often basins around local minima or locally ergodic
regions (for a given observational time scale; see below) that are separated by generalized
barriers on the landscape, which are extracted from the probability flows and incorporate
entropic and kinetic features in addition to purely energetic aspects.[81] Based on this
information, one can actually optimize the optimization search procedure or control the time
evolution of the system, such that one will reach the global minimum or any other prescribed
region of the landscape (perhaps corresponding to a desired metastable compound), in the
most efficient fashion with the highest probability for a given (or randomly chosen) starting
point on the landscape[82-84].

We note that in this description, the landscape appears as the constant playing field on
which the time evolution of the chemical system takes place; however, in many situations -
both in physical/chemical systems and in general cost function problems -, the cost function,
and also the set of states S, might vary as a function of time.® Clearly, this can have important
effects on how we employ energy landscapes in practice, to address physical and chemical
questions or typical cost function problems. This is discussed in more detail below in section
3.5.

2.2 Application to chemical systems isolated from the environment

In the case of a chemical system without any applied external fields or other contact
with the environment, i.e., zero pressure p = 0, no magnetic or electric fields B = 0,E = 0,
etc., the configuration space is usually given by all the possible arrangements of the N atoms
of the system in space, such that each point corresponds to a vector X=(@,..., %) in R3N
with ¥; € R3 as the coordinates of atom i. As energy function serves the potential energy of

* A characteristic region is defined as the set of all microstates, from which one reaches the same distribution of
local minima when performing many stochastic quenches.[76] In particular, this allows us to assign microstates
with energies higher than those of various saddle points to minima basin states (this can refer to one minimum or
a group of structurally related minima) or transition states (two or more structurally distinct minima are reached
by the quenches from the same microstate).

* One should also note that studies of the behavior of the phase space trajectories obtained by solving Newton's
equations in the so-called phase space where the microstates are defined by the position and momentum vectors
of the N atoms (%4, ..., Xy; P1,-.., By) € R®Y, can result in valuable insights [80] beyond the standard molecular
dynamics results, e.g., illuminating the importance of entropic and Kinetic aspects of the generalized barriers on
the landscape, in addition to the more standard energetic ones.

> From a mathematical point of view, this optimization of the time evolution of the system constitutes an optimal
control problem, as one encounters in applications of finite-time thermodynamics to chemical systems, where
one attempts to maximize the output of a chemical process or to minimize the entropy production, if the process
has to be finished within a finite time span.[85-87]

® The variation of the cost function can easily be imagined as, e.g., building, repairing or blocking roads between
cities in the TSP problem and thus increasing or decreasing the length of a route, or the time the route requires,
throughout the day or over a year. But the set of states (= set of feasible routes) can also change by
adding/removing/substituting cities along the route, or by permanently removing or adding roads between two
cities. Note that the removal of a road between two cities can be effectively achieved by assigning such a road an
infinite length - in that case, the route is still "feasible™ but "infinitely" unfavorable.
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the system Epot()?), which is either evaluated via some empirical potential or as the
electronic ground state energy on ab initio level computed, e.g., using DFT or the Hartree-
Fock approximation.” In the case of solids, where the number of particles is on the order of
Avogadro's number N,,, one usually ignores surface effects and reduces the number of
degrees of freedom by assuming periodic boundary conditions (with variable size and shape
of the periodic cell), such that the configuration is defined by
X = (%1,..., %y, @b, c,a,B,y), where Ny is the number of atoms in the periodic cell,
and x; = (x;,v;,z;) wWith x;,y;,z; € [0,1] are the fractional coordinates of the atom i inside
the cell, and (a, b, c,a, B,y) are the variable cell parameters. Since x; = 1 corresponds to
x; =0 (and analogously for y;,z;) because of the periodic boundary conditions, and,
furthermore, many choices of the cell parameters correspond to the same infinite crystal, the
topology of this landscape is the one of a complicated high-dimensional torus.

If we want to describe the time evolution of the system or study the stability of
metastable phases, it is important to keep in mind that a physical or chemical system has a
"natural™ or "inherent” time evolution based on the laws of physics, which depends on, and
thus is prescribed by, the initial state, the (effective) interactions between the constituents of
the systems (atoms, spins, ...), and the applied external forces and thermodynamic boundary
conditions, where the external parameters can vary with time, of course. In such a case, we
have a naturally defined set of states and neighborhoods, as function of evolution time, which
cannot be modified, in principle. In order to ensure that the moveclass corresponds to the
physical time evolution, we only allow very small changes in the atom positions or the cell
parameters during each move, as mentioned above.® This requirement of physical realism also
presents us with a natural set of properties and features of the system's landscape which we
want to determine via various exploration algorithms. To identify these, we note that our
physical measurements in the experiment always depend on the observational time scales t, .
over which the measurements are performed, on the values of the external parameters, and on
the initial state of the system, unless we can assume that the system is in (local) equilibrium.
Here, we remark upon the importance of keeping apart the features of the true landscape of
the real physical system, and those aspects accessible in model systems when using
simulation algorithms, as far as their time evolution is concerned.

On the other hand, for global optimizations in configuration spaces, e.g., if we want to
find the local minima of the potential energy, or the atom configuration whose diffractogram
agrees best with the measured data, we frequently include additional (unphysical) moves such
as atom exchanges, local scrambling of atoms etc., which occur in real systems on much
longer time scales but are very efficient for jumping among major basins of the energy
landscape. Thus, the neighborhood of a configuration X = (#,,...,%y) contains states
Y = (y1,...,yy) that are a (large) finite distance away from the current configuration if

measured by a typical distance metric D()?, 17) = Y N_, (X, — Y)?. Therefore, the topology of

7 In this notation, we are ignoring the spin degrees of freedom associated with the atoms/ions, which need to be
included, of course, in the more general case, e.g., for non-vanishing magnetic fields. Furthermore, we assume
that the Born-Oppenheimer approximation can be used, to separate the electronic from the nuclear degrees of
freedom.

® Note that if we model the solid via a reduced set of coordinates with a small periodically repeated simulation
cell, then we can only describe a very limited type of evolution. For example, typical nucleation and growth
processes are only accessible if we use very large periodic cells, and, similarly, surface reactions or
transformations cannot be modelled (unless we replace the 3D solid by a 2D slab).
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the configuration space becomes highly complex when seen through the eyes of the global
optimization algorithm.®

Having considered the basic concepts of a static landscape in isolation from the
environment, in the following section we turn to the modifications needed and the effects
generated by including the environment into the description and analysis of the landscape of a
chemical system. Here, we note that one will always prefer a minimalistic approach when
dealing with and accounting for the effects of the environment. Thus, instead of including the
atoms of the device that generates, e.g., the high pressure or the electric field, or those that
represent the interface through which a constant temperature inside the material is established,
one modifies the cost function by adding simple terms to the energy that reflect the
thermodynamic (boundary) conditions due to the environment. However, in many situations,
it will be necessary to include the contact with the environment explicitly in the configuration
space of the energy landscape, e.g., when heating a substrate while growing a film at a high
deposition rate on its surface,[88] because otherwise important features of the time evolution
of the system would be lost.

° As a consequence, most global optimization algorithms employed in, e.g., structure prediction in chemistry, are
unsuitable for obtaining information about the barriers that surround and stabilize the predicted metastable
compounds.
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3. Energy landscape of chemical systems in contact with the environment
3.1 Extensions of the potential energy landscape in the presence of external fields

When applying external fields or other related boundary conditions representing the
environment, the energy landscape needs to be modified appropriately. Three different levels
are to be distinguished: a) The additional quantities are constant in time with zero flux of any
quantity, i.e., the system is in thermodynamic equilibrium with respect to the applied field. b)
The fields are constant in time but induce non-vanishing stationary fluxes of some quantity,
i.e., the material is in a steady-state as far as the flows induced by the externally imposed
fields are concerned. c) The external fields are variable in time, usually implying time-varying
fluxes of some quantity, and thus the system most likely is in a non-equilibrium state.® Note
that in all the necessary extensions of the original potential energy landscape, we will be
guided to a considerable extent by thermodynamic considerations. Due to its conceptual
complexity, level c) will be discussed separately in section 3.5.

3.1.1 External stresses

The most straightforward case is the application of a constant (mechanical) pressure.
In this case, the cost function of interest is the so-called "potential enthalpy", which is defined

as  Hpo(X) = Epor(X) + pV(X).[42,43] Here, we are inspired by the Legendre

transformation of the energy to the enthalpy in thermodynamics, where the pressure p = —Z—i

replaces the volume V as the independent thermodynamic variable, and the enthalpy H = E +
pV replaces the energy E as the thermodynamic potential.[91] Of course, in statistical
mechanics and thermodynamics, E and V are now functions of pressure and we have

performed the ensemble average over all microstates X. But in the case of the energy

landscape, the potential enthalpy function, like the potential energy before, is a function of X
and p is just an external parameter. The local minima on this potential enthalpy landscape are
those modifications of the chemical system, which are favored at a prescribed pressure p.
Note that we can generate a whole family of potential enthalpy landscapes by modifying the
pressure, and analyze how they slowly change as a function of pressure (c.f. Fig. 2).

1% In the non-equilibrium situations - both full non-equilibrium and steady state -, we also need to be concerned
with how the field penetrates into the material. The frequently implicit assumption that the field is present
everywhere with constant strength does not hold in general - just recall the screening of the electric field by a
metal.[89] Another example would be the time scale on which a variation of an external temperature will
establish itself throughout the material, or heat generated by, e.g., chemical reactions or phase transformations,
will spread through the system. Other examples are, e.g., the heat release during the deposition of atoms on a
cold surface with finite thermal conductivity, leading to a "hot" surface layer that allows some annealing at an
effective temperature much higher than the one inside the substrate,[88], or the billions of years needed for the
heat stored and generated inside the Earth to reach the surface (according to an estimate of the cooling rate of
Earth of ca. 5 - 10 K/10° years) [90].
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Figure 2: Schematic potential enthalpy landscapes Hpot()? ; p) as function of pressure p. Note
how the potential enthalpy of the corresponding ground states increases with pressure, due to

the presence of the pV term in the potential enthalpy, H,o;(X; p) = Epot(X) + pV (X) .

The constant pressure is a special instance of applying an external stress field & to the
chemical system. Viewed as a macroscopic solid, the system will adjust its macroscopic shape
according to the applied stress, e.g., a shear force or an uni-axial pressure gradient, within and
beyond the elastic approximation; especially for large stresses, plastic deformations will
occur. While this effect is important in its own right, we can only model this within the
energy landscape picture if we consider all O(N,,,) atoms in the solid, i.e., by treating a N, -
atom configuration of the macroscopic solid as a point in R3V4v | As long as we employ the
usual periodic cell model, we can only deal with the second effect of the applied stress, i.e.,
the deformation of the periodic cell** without additional changes in the macroscopic shape of

the solid." In this case, we introduce a local deformation term &%(X) to the generalized

potential energy function, where H()? ) is the macroscopic deformation tensor of the material
translated into the deformation of the periodic cell.[92,93] In general, we might need to use
the continuum approximation in the case of spatially varying stress fields and integrate the
energy term &(F)u(7#; )?) over the whole macroscopic solid (7 labels the material points in the
continuum approximation [94]). We also note that when talking about external pressure (and
stresses), one usually thinks of mechanical pressure p,,.., applied at the surface of the
material, but other sources of pressure are also common, e.g., due to electromagnetic fields or
intense laser radiation.™

! Note that the system could try to minimize the energy by massively deforming the simulation cell, thus
mimicking the macroscopic deformation of the material. To avoid such spurious low-energy minima (which -
due to the periodicity of the system - represent the same infinite crystal by being just different approximants of
the same crystal), we would restrict the allowed anisotropy and flatness of the simulation cell.

2 As far as elasticity theory is concerned, we are essentially staying in the "elastic" region without allowing for
macroscopic plastic deformations, even though the applied stresses might go far beyond those for which the
elastic approximation is appropriate. Here, the "elastic" behavior does not need to be linear, and can even
involve a complete rearrangement of the atoms inside the periodic cell including a transformation to a different
crystalline modification as far as the local minima are concerned. The importance is that the changes are
restricted to the periodic cell containing only a small fixed number of atoms.

In this context, we note that for systems with a finite number of atoms that are exposed to an external pressure,

it is not always clear how the volume V(X) at microstate X is supposed to be evaluated. If the atoms form a
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3.1.2 External electric and magnetic fields

An analogous procedure yields extensions of the energy landscape for the case of
magnetic and electric fields. Concerning the electric and magnetic fields, several cases need
to be distinguished, depending on the level of model description we employ: i) direct
interaction of the external fields with atom level degrees of freedom, specifically the charges
of the nuclei or ions and of the electrons; ii) direct interaction of the fields with electric and
magnetic dipole moments of the atoms/nuclei/ions/electrons, if such (permanent) degrees of
freedom are present in the system - depending on the level on which we model the microstates
of the system, this might also include permanent dipole moments of molecules; iii) dipole
moments present on the molecular or material point level™: in particular, induced electric and
magnetic moments, especially for strong electric and magnetic fields; and iv) the energy
density of the applied electromagnetic field.

1) The fact that a chemical system is composed of N atoms i that each consists of a
positively charged nucleus with charge q; = Z;e (e = |q.;| > 0) and Z; negatively charged
electrons (q.; = —e), has, in principle, dramatic consequences in the presence of a constant
electric field E = E,ée, with E, > 0. The global minimum configuration of the
nuclei+electrons system would involve a total separation of nuclei and electrons, with all the
nuclei located at x = +oco and all the electrons at x = —oco , regardless of the strength of the

electric field (1), since for each nucleus i and electron j we need to add a term —Zl-eﬁ . ﬁi and

ek - 7; to the potential energy™. Here, we note that the microstates of the system would be
given as X = (Ry,...,Ry; #,...,7y,,) listing the “positions" R; of the N nuclei and the
"positions” 7 of the Ny = X, Z; electrons, i.e., Epor(X;E) = Epor(X) + XM, (—ZieE -
R)+ X5 eE -7 1

In practice, we usually do not have to deal with such an infinitely extended field. More
commonly, we study a finite piece of material, such as a molecule or a crystal, that is placed
inside a capacitor (with the plus-plate located at x = 0 and the minus-plate at x = d, with a
voltage difference between the two plates of V, = E,d, and a constant electric field between
the two plates E= E,é, (and zero outside the capacitor). Now, as long as eV, < W, where W
is the work function of the material, i.e., the amount of energy needed to remove an electron
from the material, the electrons will remain inside the material, and the electric field
contribution to the total potential energy will not dominate the energy landscape of the
material. At least for insulators, this often means that we can try to include the electric field
directly into the quantum mechanical calculation of the energy of a given atom configuration,
and thus return to microstates that only refer to the atom positions.

However, such a constant electric field will influence the electron distribution inside
the material, of course. For insulators, this can lead to local induced dipoles, and in the case of
a metal, it can result in a macroscopic change in the electron distribution - inducing a

more or less cohesive cluster, for which an approximate surface can be defined via a convex-hull construction,
then the volume enclosed by this surface can be identified with the volume of the system. If this is not possible,
an alternative is to evaluate the term pV(X) via the application of an effective pressure-like force on the
individual atoms, where this force is proportional to the applied pressure and is directed towards to center of
mass of the finite set of atoms.

*In principle, we also need to consider higher moments such as quadrupole moments, etc.

> The zero of the potential energy connected to the electric field is located at the origin, x = 0, w.l.0.g.

'° Of course, in principle, we need to deal with the electrons and nuclei on a quantum mechanical level, and thus
find the solution of the Schrédinger equation for an electron/nucleus modeled as a point charge in an infinitely
extended constant electric field. However, this would not change the discussion of the ground state of the
system, i.e., we would again obtain a separation of positive and negative charges.
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macroscopic electric dipole inside the material that shields the external field - or,
alternatively, in a constant current through the material. The latter requires the presence of
external contacts to the material such that both a source and a sink for the electric current are
available. Usually, this has only indirect effects on the spatial arrangement of the atoms, but it
can change the potential energy of the atom configurations such that high- and low-electric
field phases and atom arrangements will exist, and thus structural distortions or phase
transformations can occur; examples are piezo-electricity or ferro-electric phase transitions
that involve structural re-arrangements.[95]

An important special case is the presence of mobile ions, where not only the electrons
but also the atoms can be so easily moved even for moderate electric fields, that ion currents
can be caused by the presence of the electric field. In model energy landscapes where we
employ cations and anions as the basic entities instead of the atoms, such individual charges
that directly interact with the electric field would appear, e.g., when one uses empirical energy
functions that include ions instead of atoms, or allow charge transfer between the atoms. In
that case, we need to distinguish two different situations.

Firstly, the chemical system consists of a finite set of atoms, such as a molecule or

cluster of N atoms. In this case, we can write down a term —g;E - R; for every ion i with

charge g; in the energy function, where ﬁi is the distance of the ion from the center of mass of
the cluster, analogous to the case of the nuclei and electrons, favoring the movement of every
ion towards x = too. Again, one would want to exclude this effect by restricting the size of
the volume that can be occupied by the ions belonging to the cluster; e.g., the ions are only
allowed inside a sphere with some maximal diameter D, < 2Nd,,n, Where d;,, IS the

diameter of an ion in the cluster.” As long as i |qiE|Dmax does not exceed the cohesive
energy of the cluster without electric field applied, we can expect that the low-energy isomers
with a diameter d st < Dpax Will still be the relevant minima of the system. For fields

where |qi§|ddust is larger than the cluster energy, we would expect a break-up of the
molecule to occur, similar to the case of a Coulomb explosion that takes place when too much
charge is placed on a small molecule or cluster [30].

The second case is the one of an infinite ionic solid when we employ as description a
variable unit cell containing only a small number N,;,,, of atoms, with periodic boundary
conditions, as a periodic approximant to the true infinite solid.*® Again, the electric field can
couple directly to the charges of the ions (due to the use of an empirical model potential for
the ion-ion interactions). Now, we can try to deal with the situation by assuming that the
periodic cell and its content play the role of the cluster in the finite system case a) above. We
again use the same approach of trying to estimate a maximal allowed cell size (with Ny om

atoms), where we use the expression —g;E - R;, where now R; is the distance of ion i from the
center of the periodic unit cell in Cartesian coordinates, as the interaction term of the ions
with the electric field in the energy function.® Due to the periodicity of the system, the
potential energy contribution of the electric field takes on a "saw-tooth"-like shape, since each
repeated cell resets the zero of the potential. As a consequence, the effect of the electric field
becomes larger if we go to larger simulation cells containing proportionally more atoms.
Especially for large fields, this will make itself felt in the ranking of the energies of the

”We encounter similar complications when studying a single molecule or cluster in a simulation cell of infinite
size: except at T = 0, the statistically preferred state would consist of isolated atoms randomly spread out over
the infinite available space. Again, one addresses this problem by restricting the atoms to be inside a sphere of
finite diameter D,,,, when performing global explorations of the landscape.

'® Analogous considerations would apply when modeling the solid as nuclei+electrons instead of cations+anions.
*In order to avoid the simulation cell to maximize the electrostatic energy by becoming extremely anisotropic
and flat, one would need to enforce limits on the shape of the periodic simulation cell, similar to the case of an
applied mechanical shear stress field.
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equivalent minimum structures representing the same infinite crystal, when they are computed
for different sizes of periodic simulation cells.

We note that one also needs to avoid double-counting the energy, e.g., if the electric or
magnetic field contribution is already included in the ab initio energy calculation.”
Furthermore, even if no ionic charges are present in the system and we only deal with atom
centered dipole moments in an insulator, very large fields might remove the valence electrons
from the atom, effectively destroying the localized dipole moments and creating an ion-
electron plasma in the system, or, at least, switching the system from an insulating to a

conducting state for the same configuration X

i) In the next case, the presence of permanent atomic or molecular electric or
magnetic dipoles, we first need to compute the (permanent) magnetization ﬁ()?) =
Myerm(X) or electric polarization P(X) = P,e,n(X) of the system associated with a
microstate X. In the most straightforward case, this can be done by computing or employing
given atomic electric and magnetic dipole moments p; and m;, respectively, such that
Boorm(X) =% B and Mpem(X) =%, m; 2* Alternatively, (relativistic) spin-polarized
energy calculations can provide a split of electronic bands via spin-orbit coupling for the
given atom configuration, which again allows us to couple the magnetic field to the spin of
the quasi-electrons occupying the bands for a given atom configuration X. However, if we
cannot associate the moments with individual atoms, and thus straightforwardly with a single
microstate, i.e., atom arrangement, it may be necessary to compute the moments in the
continuum approximation.[89] Analogously to the application of pressure, we are now guided
by thermodynamics in adding terms —M(X)B and —P(X)E to the potential energy or
enthalpy, resulting in a cost function €(X) = E,o(X) + pV(X) — M(X)B — P(X)E .2

iii) If such a coupling to permanent (atom level) dipoles is not present, this term linear
in the electromagnetic field does not appear. However, if the applied field is large, it can
induce a dipole moment for individual atoms, molecules or groups of atoms, which is a
function of the applied field, e.g., Mmd()?; §) or ﬁind()?; E) This induced polarization
subsequently couples to the field, yielding non-linear terms (in the field), e.g.,
—My,4(X; B)B, in the cost function. In general, we would have, e.g., for the magnetization in

the presence of a magnetic field a term M(X) = Mppm(X) + Minq (X; B). Such terms might
become very relevant at extreme conditions. Here, we must note that the induced
magnetizations and polarizations will often be many-body effects in the sense that the already
re-oriented permanent dipoles together with induced dipoles of neighbor atoms or molecules,
will have an effect on the size of the induced electric and/or magnetic dipole moment on a
given atom or molecule, up to a transition to, e.g., a ferromagnetic phase. Thus, such induced

dipoles, e.g., M()?; F), are often associated not only with individual atoms but with all the
atoms contained inside a material point (labeled 7) in the continuum approximation[89],
which can considerably complicate the evaluation of the energy contribution due to the

% |n some ab initio codes, such constant electric fields can be directly implemented when computing the ground
state energy; external magnetic fields are more difficult, although there have been proposals how to address this
issue.[96] Here, we are more concerned with the general principle for an ideal energy landscape.

*! Note that the orientation of these magnetic and electric dipoles are additional degrees of freedom in the
microstate description of the atom configuration. If we deal with the interaction on the electrons+nuclei level,
then the individual nuclear spins and the individual electron spins would enter the definition of the microstates.
Here, one must again be careful not to double-count the interactions with the electric and magnetic fields, e.g., if
we include both individual electron spins and permanent dipoles of an atom or a molecule in our model.

2 Clearly, if the electric or magnetic field becomes large enough, (crystalline) modifications with large
polarization or magnetization, respectively, are the preferred ones, just like a high pressure favors high-density
modifications.
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interaction of the magnetic and electric field with the induced dipoles of the material, for a
given microstate.?

iv) In addition to the terms that couple directly with the atoms via their dipole
moments or charges, there is the term associated with the energy of the magnetic and/or the

. oL . . . 1 =\ 2 2 1 =y 22
electric field itself, which generates an energy density —u(X)(B) and _—e(X)(E) |
respectively. This term is always present, regardless of whether the chemical system couples
directly to the electromagnetic field or not.?* This electromagnetic energy density contributes
a pressure-like term to the cost function, resulting in the expression C(X) = E,o(X) +

|[Pmecn + Bnu(X)(B) +—e(X)(E) ]V(X) M(X)B — B(X)E + ¥,(—q;E - R)) -
where the last term corresponds to the effect of the electric field on the ions in the system (if
this term has not been already included in E,,.(X) ) - for the generalized energy function,
which again favors modifications that exhibit a high density analogously to the case of high
pressures.®

3.2 Temperature and free energy landscapes

Pressure, mechanical stresses, and electromagnetic fields are quantities that can be
taken into account via a straightforward generalization of the potential energy as a function of

atom arrangement X. In fact, the resulting cost function does not structurally differ from the
original potential energy landscape insofar as we can still characterize the energy landscape in
terms of its local minima and generalized barriers[77,81].

In contrast, introducing temperature into the system results in a major conceptual
change in our treatment of the energy landscape. While the configuration space and the
energy function of the system do not change, we can no longer expect to find the chemical
system at a fixed position in configuration space, e.g., a local minimum, during a given
observation time t,,. Instead, the system will explore various regions of configuration space
during this observation time, depending on where we start initially. In order to be able to
perform statistical mechanical calculations of various properties of the system that are in
agreement with observations (averaged over the observation time), we have to focus on
regions of the energy landscape that are locally ergodic on the time scale of
observation.[97,43] We call a region R locally ergodic on the time scale t,,s, if tops >
Toq(R) while the observation time is much smaller than the time scale on which the system

would leave the region, t,,s < Tesc(R). Here, 7,4(R; 0; a) is the shortest time for which the
time average of an observable O for a typical trajectory inside the region R equals the
ensemble average of the observable over the region R with an accuracy a, ||(0)ens;IR -
<0)tobs:R” < a. Similarly, 7.,.(R) would depend on the amount of probability flow leaving
the locally ergodic region R, which one is willing to accept up to the escape time scale. Of

 We also note that establishing such induced dipoles in response to the application of the field might require
some time to occur 7,4, such that adding the corresponding energy terms might only be appropriate if we study
the system on sufficiently large observational time scales t,ps > Ting -

?* Even if the atoms in the system do not react to the applied field at all (we assume the field is not so strong that

it “jonizes" the atoms in the material as discussed above), we still have u(X) = 1(# 0) and &(X) = 1(+ 0), and
thus this energy density does not vanish.
» In principle, the magnetic and electric field can vary as function of position - thus requiring an integral

V(X) V(X)M(X #)B(#)aV instead of M(X)B, and an analogous expression for the electric field term -, but we

will assume for now that they are constant as function of position.
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course, both the equilibration time and the escape time for a region depend on the temperature
of the system; as a consequence, the set of locally ergodic regions for a given observation
time scale changes as a function of temperature. Those states that do not belong to these
locally ergodic regions (LER) are assigned to transition regions between the LERs or to
marginally ergodic regions [46] commonly observed in liquids and glasses.

One important consequence of local ergodicity is the existence of a well-defined local
free energy F(R) = —kgTInZ(R) = —kgTIn[T;cr e E/*8T| for all the regions R that are
locally ergodic on the time scale of observation.? These locally ergodic regions correspond to
the (meta)stable modifications of the system that can be present on the given time scale of
observation. Note that once the system is prepared inside a locally ergodic region R, it is not
"aware" that other locally ergodic regions might exist with lower local free energy for
observation times ¢, < Tosc(R).2’

Clearly, this local ergodicity analysis can be applied to all generalized potential energy
landscapes that include pressure, electric and magnetic fields, yielding a set of locally ergodic
regions for a given time scale of observation at a given temperature and thermodynamic
boundary conditions. We can visualize this effect by constructing a free energy landscape in a
graph-like fashion consisting of discrete locally ergodic regions that are separated by
generalized barriers (on a given time scale t,,,,, and at a given temperature). These barriers
incorporate both energetic and entropic aspects and are computed from the probability flows
between the regions,[77,78] which are determined using global exploration algorithms such
as, e.g., the threshold algorithm.[98,99,79] This time scale dependence of the free energy
barriers can be seen in the changes in the free energy landscape as function of observation
time.[100] Another way to visualize the observation time dependence of the phases in a
chemical system is shown in Fig. 3, where for different temperatures and pressures, the free
energies and the time range over which the phases are locally ergodic are shown.

? As far as the microstates of the configuration space are concerned, they can either be assigned to non-
overlapping locally ergodic regions or to transition regions between the locally ergodic regions. To what extent
the transition regions contribute to the total free energy of the system depends on type of system, temperature,
and observation time scale. In a crystalline material at low temperatures, only the locally ergodic regions are
important, but for a liquid or glass, the transition regions can be thermodynamically relevant. Here, we note that
a glass usually exhibits a sequence of nested locally ergodic regions, whose escape times approximately equal
their equilibration times, leading to marginally ergodic behavior.[46] Finally, we remark that the microstates
belonging to a locally equilibrated region remain in equilibrium on all time scales larger than 7., (R; 0; a), even
if the observation time scale exceeds the escape time 7., from this region.

*” This seems to contradict the approach of "minimizing the (local) free energy” when finding the preferred

phase of a system. But this minimization can only be done, if we have allowed the system to equilibrate globally

over a relaxation time t,zq, > r;f;"b“l before the measurement takes place, such that the probability p(R) =

Z(R)
Ztotal i i . . o i
an observation time t,;,, is maximal for the minimal local free energy F(R). Furthermore, this concept makes

only sense, if ¥, Z(R,) = Ziotay SUCh that Y, p(R,) = 1, i.e., the locally ergodic regions dominate the
relevant regions of configuration space at the given temperature.

= exp(— F(R)/kgT)/exp(— Fiptas/k5T) to be found in region R during a subsequent measurement for

18 Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia.



O & @ Journal of Innovative Materials in Extreme | 2021
Conditions | Yo"me?

Issue 1

G(o.T) Nt
1 1 1 | 1
i i i i i
ORI P S SR o i
M ! ! !
L b T i
5 ! H-1 s | ! !
SO T T — L i i
SV J S S — i , ! !
B | i | i - T 1 I | 1
S S I R o ey ey g ! !
Poe b : —] ! !
| I| | | | | |
Pa | (! i 1 i Ly i
P . i .
P, 2|1 }_'_|__| [ ! 1
S ' i i
SR ! L ! !
S Iy v - - !
P, 1 } 1 1 1 1

Figure 3: Qualitative sketch of Gibbs free energies of some typical locally ergodic regions
found in a solid, for a given temperature and pressure. C corresponds to individual defect
configurations, M is the super-cooled melt, B is a solid solution phase, A is a glassy phase,
and Py - Ps are (real, i.e., including all the local minima that correspond to equilibrium defect
configurations) crystalline modifications. At temperature and pressure (T;,p,) - marked in
black -, Py is the thermodynamically stable phase, P, - P4 are metastable phases, and Ps is not
locally ergodic on any observational time scale. In contrast, at (T, > T;,p,) - marked in red -,
P, is the thermodynamically stable (high-temperature) phase, P1, P; and P, are metastable
phases, and Ps is not present. Finally, at (T}, p, > p,) - marked in blue -, P3 is the stable
(high-pressure) phase, and P;, P4 and Ps are metastable phases, while P, is no longer locally
ergodic on any time scale. Note that the Gibbs free energy of a given phase usually increases
with increasing pressure - due to the +pV term in the free energy -, while it usually decreases
with increasing temperature - due to the —TS term in the free energy -, respectively. The
horizontal solid lines indicate the range of observation times for which these phases would be
locally ergodic - the bar to the left would be the equilibration time, and the bar to the right the
escape time, respectively. The horizontal dashed line to the right indicates the marginal
ergodicity of the amorphous phase - at the end of this line, formation of crystalline
modifications within the amorphous matrix would take place. The dashed line to the left of
the solid solution phase B indicates the marginal ergodicity of this phase while it slowly
moves towards full local ergodicity. The vertical lines denote various observation times; e.g.,
at time t4, we have only two locally ergodic regions left: P; and P, for (Ty,p;), P2 and the
solid solution phase B for (T,,p;), and P3 and P4 for (T, p,). Remember that once we have
prepared the system in one of the phases that are metastable for a given observation time, we
would not know of the existence of competing phases with possibly lower local free energy.
Note that we have assumed that T;, < Tpere, and thus only a super-cooled melt can be
present (on relatively short observational time scales), and not the actual melt phase.

3.3 Steady-state energy landscapes

Next to the static external conditions such as applying a constant pressure or
electric/magnetic field, we can expose the system to various fluxes that are constant in time,
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resulting in a stationary state or steady-state of the system. Examples are electric currents,
thermal currents or diffusion currents, due to an applied electric field, a temperature gradient,
or chemical potential gradient, respectively.?® The effects on the system of such fluxes are
threefold, in principle: i) a direct coupling to the (atomic) degrees of freedom, beyond the one
discussed above for electric or magnetic fields, ii) an indirect effect through the build-up of,
e.g., a large magnetic field inside the material carrying the electric current, which results in a
pressure-like term as discussed above, and iii) the generation of heat in the system through
dissipation of the electric current, leading to a non-zero temperature inside the system even in
cases when the system is not connected to an external heat reservoir at some temperature T.
Conversely, a temperature gradient can generate an electric field (the Seebeck-
effect[91,101]). Quite generally, we must keep the Onsager relations[91] in mind, which
couple the thermal, the diffusive and the electric currents. Again, we take our inspiration on
how to proceed from thermodynamics, specifically non-equilibrium thermodynamics.[102-
105]

A direct coupling of, e.g., an electric current to the atomistic degrees of freedom of the
chemical system is not a common situation. An example may be the (supposedly non-thermal)
effect of the electric current on phase transitions in orbital liquids,[106] but in this case, we
are dealing with a primarily electronic effect. While this subsequently might induce some
structural phase transition, this example would be less a "chemical” one and more a "physical

one. Usually, for a given configuration of the atoms X, the current itself does not play a role;
instead, it is the electric field driving the current, which exerts a force on the atoms, and thus
leads to a contribution to the potential energy of the system, as discussed above. An instance
where such a direct effect of the current on the energy of the configuration may be observed,
might be ionic transport, since - on a given observational time scale - this would lead to an
"averaged out" position of ions along various channels in the structure and thus influence the
locally ergodic regions of the landscape.?®

Of greater relevance is usually the generation of a contribution to the electric and
magnetic field energy of the system. Here, we assume that we are applying a constant current

= - -1
7 to the system. This implies a driving electric field E = (ael(X)) 7 that generates the

current for the electric conductivity the system possesses in configuration X% Thus, if we
want to enforce the value of the current to be j, we generate an energy density contribution

due to the electric field of magnitude %?[(ael()?))_ljr. Similarly, due to the magnetic
field associated with the electric current, there is a contribution to the magnetic energy density
of %}?[52].31 In both cases, we can modify the energy contribution (which is obtained by
multiplying the electromagnetic energy densities with V()?) as before), if we change to a

?® We note that for an applied voltage generated via a static electric field, a current can only flow if the material
is also connected to a source and a drain for the electrons (or ions). For the case of the electric field discussed in
section 3.1, it was assumed that the material was isolated and thus no current could flow - only a build-up of
electric charge at the surface resulting in a (macroscopic) dipole moment, would have been possible for a finite
size system. Similarly, a steady-state diffusion current also requires a source and a drain for the atom/molecule
carriers, where the injection and removal of the carriers takes place, respectively. In contrast, in a thermal
current, no exchange of material particles with the environment is required as heat can also be carried by lattice
vibrations or radiation.

 One could also imagine that the collisions of these ions that are trying to move on average in a certain
direction with the other (stationary) atoms can be represented by a pressure gradient leading to a deformation of
the system.

*%In general, the conductivities and permeabilities will be tensors.

3 To compute the magnetic field B generated by the current I flowing through the material one would usually
employ Biot-Savart's law;[89] note that the field will depend on the shape of the material, in general.
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configuration X that exhibits a different magnetic permeability u()?) electric permeability

g(X) or electric conductivity g,,(X) .* Fig. 4 shows a schematic representation of the
extended energy landscape as function of electric current density, indicating the effect of
electric conductivity and the pressure created by the electric and magnetic fields associated
with the current density.
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Figure 4: Schematic depiction of an extended energy landscape as function of constant
current |j,;|. At very high currents, and thus at very high electromagnetic pressure
contributions, the global minimum of the extended energy landscape will favor a structure
with minimal volume / atom. However, at intermediate currents, the phase with the largest
(but finite) conductivity can dominate the low-energy region of the energy landscape, even if
it does not exhibit a high density nor does it constitute a minimum of the regular potential
energy.

Concerning a constant thermal current, we note that creating such a current requires
establishing a thermal gradient in the material. As a consequence, the (macroscopic) solid
would consist of a sequence of slices with different temperatures. Within each such slice, the
temperature is approximately constant - as can be seen in, e.g., MD simulations[107] -, and
we could treat the degrees of freedom associated with this slice as a subsystem that
establishes its own local equilibrium at the temperature of the slice. Regarding the energy
landscape as a whole, the locally ergodic regions associated with the whole solid would
correspond to a union of atom arrangements restricted to each slice, which are individually in
local thermal equilibrium, slightly modified by the interfaces, of course, in case the general
structures of adjacent slices are different. In particular, we would see a competition between
locally ergodic regions that correspond to a homogeneous phase of the whole solid with those

*2 There is one general problem here: what does one do, if ael()?) = 0 for configuration X2 Enforcing a current
7 then implies the application of an infinitely large electric field. Since this would result in an infinite energy
contribution of the electric field density, such states would not (and should not) contribute to the
physics/chemistry of the system. In particular, one would remove those configurations from the configuration
space of the system, either directly or indirectly by assigning an infinite energy penalty. Of course, in reality
such gigantic electric fields would destroy the constituent atoms of the chemical system by turning the solid into
an electron-ion plasma, making an atom-based energy landscape description infeasible. However, since we are
interested in extreme conditions, this possibility should be kept in mind; after all, once the electric field is so
large that it can promote electrons from the valence to the conduction band, current can flow even in an
insulator.
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that correspond to, e.g., a low-temperature phase at the low-temperature end and a high-
temperature phase at the high-temperature end, with some interface or even intermediary
phases in-between. Note, that this description can only be realized in the context of the energy
landscape picture if we are dealing with the complete landscape consisting of Ny, atoms. In
the reduced picture, where we use a small periodically repeated cell, such a description is not
possible, of course.*®

We note, that, in contrast to the electric current, no term is added to the generalized
potential energy function. In principle, we could try to introduce a "minimization-of-thermal-
current” criterion to the system, i.e., we add a penalty term associated with the total amount of
heat energy being fed into the system in the sense that we "prefer" those phases, which have
the highest thermal conductivity and thus require the smallest thermal gradient to establish a
given amount of heat current, i.e., Tp;gn — Tjow IS the smallest temperature difference possible
that generates a given thermal current (per volume) for a given average external temperature

Toyr = Thigh=Tiow, However, since this thermal energy does not, by itself, influence the

generalized potential energy function, we will not include this term in our description of the
energy landscape proper.3*

The third type of current due to interaction with the environment would be the
diffusion of some type of atoms or molecules through the material, with equal numbers
entering and leaving the chemical system.* The driving force behind such a current are
differences in the concentration of the species of interest at the two sides of the material, and
thus in the differences in the associated chemical potentials that are related to the
concentration of the species (frequently in an exponential fashion when the relevant atoms
can be modeled as a gas-like entity).[91,101] Again, we need a source and drain, respectively,
on the opposite sides of the material for a steady-state current; else, the chemical potential
difference would just lead to an accumulation and depletion of the species on the two sides of
the material.®® Enforcing such a current requires the presence of an appropriate chemical
potential difference that could be explicitly included in the extended cost function. However,
one issue complicating the situation is the fact that one frequently incorporates the electric
potential into the chemical potential, thus employing an “electrochemical potential” when
dealing with diffusion of ions in both an electric field and concentration gradient.[101] In the
present discussion, we try to keep these potentials separate, although the fact that the same
carriers (ions) realize both currents establishes a connection automatically, which is
formalized by the Onsager relations mentioned above.[91,101]

We note that, as in the case of the electric field derived from the imposed current, we

would need to determine the diffusion constant D(X;7) that enters Fick's law[91,93]
connecting the current with the concentration gradient, by using simulations or models on the

* As a compromise, one could study the reduced periodic system for a multitude of temperatures in-between the
applied temperatures Ty,,, and Tp;4p, and construct an approximate landscape description by combining the
locally ergodic regions for all the different temperatures, which might yield decent results as long as we can
ignore the interfaces between the slices.

** If we consider the system on time scales ¢, large enough to establish local equilibrium, then we also need to
keep in mind the thermal expansion associated with each modification for non-zero temperatures. As a
consequence, each locally ergodic region would be associated with an average density that enters the cost
function via the pV()?) term. Of course, as long as we compute the energy / cost directly as function of X, this
term is included directly, but if we were to analyze the free energy landscape based only on the locally ergodic
regions instead of the energy landscape, such a term should be included, similar to the induced magnetization or
electric polarization for the contribution due to the magnetic and electric fields, respectively.

* Of course, there are other types of currents that could be established in a material, such as spin-polarized
currents.[108] We are not discussing such currents, but an analysis analogous to the one we have given in this
section could be performed, of course.

** This is similar to the case of ion conduction but driven by concentration differences instead of an electric field.

22 Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia.



Q
@

@ @ Journal of Innovative Materials in Extreme | 2021
Conditions | /0ume?

Issue 1

material point level, before we can compute the difference in the chemical potentials.
However, there is no new energy density term associated with the chemical potential in this
steady-state situation, in contrast to the energy of the magnetic field of the electric current.

As mentioned earlier, the material properties such as permeabilities, conductivities,
etc. are usually defined and computed on the continuum level, i.e., entering them into the

energy landscape is a non-trivial calculation by itself for a given atom arrangement X, even if
we employ the reduced periodic cell description of the energy landscape of a solid.
Nevertheless, this contribution extends the potential energy landscape to steady-state
situations with constant currents flowing through the system, or to the presence of static
external elastic and electromagnetic fields. In practice, it is highly non-trivial to compute,
from first principles, quantities like electric or thermal conductivity, the electric or magnetic
permeability, or the elastic constants relating the stress tensor to the deformation tensor,®
possibly as function of material point position 7 in the continuum approximation. It might
require performing MD-simulation experiments of "macroscopic” (or at least mesoscopic)
versions of the (solid) system, in order to deduce these quantities from the simulations.*
Alternatively, one could use semi-classical[101] or - if feasible - linear response

methods[109] to deduce, e.g., conductivities via integration over (w; E)-dependent quantities
like the group velocity, relaxation time, specific heat, charge, etc., of the (quasi-particle)
carriers involved. Usually, one would not invest the time and effort, but, in principle, such an

analysis for a given configuration X is possible, and should be performed as part of the
evaluation of the cost function (X) .

3.4 Systems with a variable number of atoms

A very important though subtle interaction of the chemical system with the
environment concerns the addition or removal of atoms to or from the system, respectively.
Again, this can take place in equilibrium, in a steady-state situation, or while the system is in
a non-stationary state out of equilibrium. There are several approaches for including this
interaction into the energy landscape picture, of different complexity.

Ideally, we include all the relevant atoms or degrees of freedom that describe the
interface to the environment directly in the landscape. For non-equilibrium situations, this
might often be the only solution that captures the important features of the dynamics of the
system.

In contrast, the minimalistic extension represents the environment via a chemical

potential-like term y; in the cost function, uiNi()?), for species i, and configuration
)?.[110,42] Here, u; can either be the "price-to-pay" for removing an atom of species i from its
reservoir, before including it into the chemical system, or we can consider y; = u® — u"* as

the difference between the chemical potential parameter inside the material u® and the
chemical potential of the atom of type i in the appropriate reference reservoir.*

A major consequence of this approach is that the configuration space of the system
must now accommodate atom arrangements with different numbers of atoms of the various

%7 Actually, this latter case is not so relevant since we can often employ the directly computable deformation
tensor.

*® Such simulations might be needed especially in the extreme conditions we are considering here, since then the
linear approximations and the formulas based on linear response theory would not really apply anymore.

** Note that if we allow a variation in the number of atoms while we set u = 0, then the system usually gains
energy when adding an atom, although the energy / atom might not be favorable, if the interaction energy of the
newly added atom lies below the average interaction energy of the other atoms. This can lead to phase separation
in, e.g., multinary systems.
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species in the chemical system. Thus, the locally ergodic regions no longer correspond to sets
of atom arrangements for only a fixed number of atoms, but can include atom configurations
with a spread in the composition. Furthermore, the moveclass will need to be modified to
allow an efficient insertion and extraction of the atoms in the chemical system.*

In principle, we can introduce whole molecules or complex ions as species, each with
its own chemical potential. By modifying the moveclass such that it becomes possible to, e.g.,
exchange one carbon atom plus two oxygen atoms (that are close together) by one CO,
molecule, we now are constructing an energy landscape for the efficient realization of
chemical reactions in a spatially distributed system on a time scale, where such reactions can
be visualized as taking only "one-step” between configurations in the state space. Of course,
the underlying time scale of this moveclass is much larger than the one on which the actual
reaction of a carbon atom with two oxygen atoms takes place.**

We note, that we can, in principle, treat u; as a thermodynamic parameter we are free
to vary, like the applied pressure, and, thus, we can analyze the extended energy landscape as
a function of y;. Usually, u; would be fixed by the specific environment the system interacts
with, but we often might have some freedom in adjusting the chemical potential by modifying
the experimental set-up. However, determining such an energy price is a rather tricky issue,
since one needs to decide whether one wants to use an atom in the gas phase, an atom in the
element in its solid ground state, or in some other state such as in a molecule or in an educt
(e.g., in some binary compound), as the reference energy. In addition, this chemical potential
would change as a function of temperature, of course.

Of course, like in the case of the electric field or the temperature, the chemical
potential can vary as a function of position 7 (and time). Thus, the term in the cost function

. . . . . 1 N -
would again require an integral over all material points, W?)fv()?) Nl-(X; r),ul-(r)dV. As a

consequence, the LERs on the time scale of observation would consist of atom arrangements
X, where certain species are accumulated in some spatial regions of the material while being
depleted in others. We note that a spatially varying chemical potential can be of interest even
if we enforce the requirement that the overall number of atoms of a species

1 = . . . . .
WIV(’?) N;(X;7)dV is constant, i.e., if there is no exchange of atoms between the material
and the environment. Then the LERs could, for a given set of atoms, correspond to unions of
spatially distributed modifications that are each stable but for different values of the locally

“0 For solids represented by a periodic simulation cell, we encounter a conceptual and practical problem: we need
to add/remove the atoms "inside" the system, i.e., inside the periodic simulation cell, instead of through the
surface as would happen in a real system, - clearly a non-physical process; an exception is the transmutation of
atoms during radioactive decay (but in that case there is no back-mutation possible, of course). As a practical
consequence, "empty space" needs to be created to accommodate the added atoms, because we encounter
extremely high repulsive interaction terms due to the fact that we insert an atom "on top" of the (usually tightly
packed) atoms already in the cell. But a fluctuation in the volume of the simulation cell sufficient to create a
large enough empty space to accommodate an additional atom is extremely unlikely, and furthermore, we
generate additional pAV terms, whenever we change the volume of the simulation cell. In practice, the
insertion/removal of the atom would be combined with an enlargement/reduction of the periodic cell, possibly
followed by a local optimization, such that the energy/atom does not vary by a large amount after performing
this complex move. Clearly, such a move corresponds to a realistic time evolution of the system only on very
large time scales, and thus it is usually only employed in the context of global optimization studies such as
structure prediction or structure fits to experimental data, for variable compositions.[110,42]

*! For the analysis of an individual chemical reaction, we would employ the usual moveclass that allows only
tiny atom displacements, but we would add the excited states of the atoms as part of the configuration space
description of the microstates. Alternatively, we could also introduce the excited state landscape(s) of the
chemical system, i.e., for each atom arrangement, several possible energy levels of the system (on ab initio level)
exist, and our moveclass allows us to move on either landscape, and to switch between the landscapes with a
certain probability.
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prescribed chemical potential, similar to the distribution of high- and low-temperature phases
in a material in a temperature gradient.

Of course, such spatially distributed modifications that split the material into regions
with high and low occurrences of various atom species will also be possible, if we allow the
overall number of atoms of the various species to vary due to atom exchange with the
environment, such that the average chemical potential will establish an overall composition of
the chemical system.

There are certain situations, e.g., the study of defect compounds as a function of
composition, where the use of a chemical potential can be very helpful. In such a case, we can
assume that we are on time scales, for which the amounts of, e.g., hydrogen or oxygen
atoms/ions inside the material are expected to be in thermodynamic equilibrium with a
reservoir of gaseous hydrogen or oxygen molecules. Instead of dealing with the many
additional degrees of freedom required by an atom level description of the reservoir, its
presence is incorporated in the chemical potential. Another example is, e.g., the use of a
chemical potential based on the partial pressure of, e.g., an oxygen atmosphere in equilibrium
with a solid.[111] In this situation, the gaseous state of the oxygen atoms which are in
equilibrium with the solid is properly accounted for by the (adjustable) chemical potential,
since in this case the dependence of the chemical potential on, e.g., the temperature or the
overall pressure, is well-established from experiments for many gas species.

We note that for the special case of a simple gradient of the chemical potential for a
particular atom species, with corresponding source and drain, a diffusion flux will be
established inside the system, and the material will be in a steady-state, where a sequence of
modifications from high- to low-concentrations of the species appears when moving from the
source to the drain region. This is the dual case to the enforced steady-state diffusion flux that
implied a chemical potential difference, which we discussed in the previous section 3.3.

The third way to incorporate the environment into the energy landscape when the
number of atoms in the chemical system is not constant, is to add an explicit reservoir to the
energy landscape. Here, a large number of atoms are in equilibrium in a reservoir in form of
the reference state, which might be an elemental gas, liquid, solid, or some simple binary or
ternary compound at given thermodynamic boundary conditions such as the temperature. In
that case, the chemical potential as a "price-to-pay" is automatically computed from the (free)
energy loss of the reservoir when moving the atom into the chemical system.*® In this way, we
would be able to establish a grand canonical (equilibrium) energy function. This approach is
particularly useful, if it is difficult to directly obtain the chemical potential as a function of,
e.g., pressure or temperature.

This last approach again underlines the importance of time scales. Just like an
externally applied pressure or temperature require time to establish themselves throughout the
chemical system, the same holds true for an externally prescribed chemical potential. Now,
we often can assume that the generation of a prescribed pressure distribution will take place,
e.g., with a speed on the order of the speed of sound, and thus, the time needed can frequently

be ignored in experiments, t,,s > ré’q’), and, similarly, one can often assume that t,,s > rg),
®)

where 7., and rg) are the time scales on which applied stress or temperature are present

42 . . . .

Here, we can either employ the instantaneous change in energy or a time-average of the (free) energy
associated with the atom in the reservoir as the "price-to-pay". In both cases, we catch the fluctuations in the
reservoir, as function of temperature, pressure, etc., when we average over many moves that correspond to a
forward-and-backward transfer of an atom between the system and the reservoir. Such in-situ simulations of the
chemical potential that also include efficient procedures to insert the atoms into the chemical system, are by now
incorporated in a number of simulation packages.[112]
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throughout the system, respectively.** However, the equilibration time scales for external
parameters is often a problem in the case of the chemical potential, since the addition/removal
of atoms usually takes place via a real interface (surface, grain boundary, etc.). Thus,
equilibration with respect to the thermodynamic boundary condition in form of the prescribed
chemical potential will be established on the time scale of the diffusion, which can be
extremely slow when we are dealing with a solid.

We still can explore the extended cost function landscape of a chemical system for a
given chemical potential, and thus determine, e.g., the set of metastable phases in the system
as function of the chemical potentials y;. But we will often have to deal with non-equilibrium
situations, because the processes we are interested in take place on much shorter time scales,

I8, tops K rgg), where ré’;) is the time scale on which a chemical potential has been

established throughout the material.

3.5 Time-dependent energy landscapes

In the context of materials under extreme conditions, and especially in the case of
material-environment combinations, which exhibit strong non-equilibrium behavior, we often

encounter energy landscapes that depend on time, E()?; t). Since an energy landscape is
defined via three elements - cost/energy function, moveclass and configuration space -, we
must address possible time dependencies of all three elements. Of course, in general, all three
elements together can, and often will, depend on time. In addition, derived features that
control the dynamics on the landscape such as generalized barriers or locally ergodic regions
will also depend on time, especially if the equilibration times are large compared to the time
scale of variation of the landscape.

3.5.1. Time-dependent moveclass

In this case, neither the set of configurations nor the energy assigned to a given
configuration changes with time; instead, it is the connectivity of the configuration space
which is affected. This case is most relevant for optimization problems, although it can also
occur in the case of physical or chemical systems, where the time evolution of the system is
modified. Usually, the physics of a system does not allow for a change in the evolution laws
without at the same time modifying, e.g., the energy function itself; exceptions are externally
driven dynamics where, e.g., certain "flips" of spins are controlled and initiated by some
(time-varying) external effective force. But here the issue is one of the time scales, because,
on the physical time scale (femto seconds), our "control” does not apply unless it makes itself
felt by a modification of the energy function to generate the driving force (but this was not
supposed to happen!). In that case, we would be back to the situation of a physically defined
moveclass with a time-varying energy function. As a consequence, variations of only the
moveclass in a physical time evolution must reflect the behavior of the chemical or physical
system on (moderately) long time scales exceeding the time scale of the elementary processes
which would be involved in variations of the energy.

Since the moveclass implicitly defines what we call a local minimum, changes of the
moveclass also change the locally ergodic regions on the landscape. Furthermore, moveclass
changes modify not only the energetic but also the entropic and kinetic barriers, and thus the

* Of course, there are many instances, such as shock waves, where we are interested in the way the system
reacts to the sudden application of an external stress at some local region on the surface of the material, and thus
the influence of the barrier landscape on the relaxation behavior of the (macroscopic) system would need to be
studied.
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generalized barriers and probability flows, and therefore alter the corresponding free energy
landscape.**

3.5.2. Time-dependent changes in configuration space

Next, we turn to changes in configuration space as a function of time, where we
modify the set of states S over which the energy function is defined. The most relevant such
change in chemical systems is usually the addition or removal of atoms from the system.*
Clearly, we can treat this as a switch between two configuration spaces, but we could also
consider a giant state space (analogous to the Hilbert-Fock space in elementary particle
physics), where creation and annihilation of atoms is part of the moveclass, and
configurations can exhibit varying numbers and types of atoms or molecules. In a way, we
would keep the "additional” atoms in "reserve" in some kind of a virtual reservoir. As
mentioned earlier in the discussion of the chemical potential (c.f., section 3.4), it is not always
clear, how to account for these atoms energetically, but we could imagine that this change in
configuration space is enforced from the outside and does not constitute an equilibrium
process (as our interpretation of the chemical potential as a "price-to-pay" implies).

In this context, we note that the locally ergodic regions change automatically when
adding/removing an atom. If we have an order parameter, which classifies all (relevant)
LERs,[97] then we might be able to group the LERSs for different numbers of atoms - and
even for some ranges of composition - together according to the order parameter value. This
might work for LERs corresponding to real crystalline phases - i.e., the LER consists of a
minimum representing the ideal crystal plus all minima associated with equilibrium defect
configurations -, on relatively long observation times, which can be classified based on, e.g.,
(averaged) symmetries, cell parameters and atom positions inside the unit cell, which is
possible for a slowly varying energy landscape. But this order parameter approach becomes
essentially impossible for fast variations of the landscape that allow only stable regions on
very short observation times, where single local minima corresponding to individual defect
arrangements constitute the only LERs of the system.

3.5.3 Time-dependent energy function

Probably the most common and important time-dependence occurs when the energy
function itself is modified. There are two different basic types of changes for chemical
systems: i) changes of the interaction terms, leading to what is sometimes called
"computational alchemy"[114-117] since we are essentially transforming one chemical
system into another one, and ii) changes in the external forces and thermodynamic
parameters, such as pressure, electric field, stresses, etc. Of course, any combination of these
two basic types is likely to occur for some environments the material is in contact with.

* From an algorithmic point of view, any adaptive exploration or global optimization algorithm changes the
moveclass as function of its progression, perhaps based on information about the properties of the landscape
studied so far.

** Other typical changes of the configuration space of chemical systems would be adding or removing
restrictions on the allowed volume V(X) that the simulation cell is allowed to have (both maximum and
minimum bounds - e.g., for a MOF - on the volume are possible), or allowing the oxidation state of the ions to
vary instead of keeping them fixed; the contribution to the energy is then accounted for in terms of the ionization
energies and electron affinities of the ions.[113,42]
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In both cases, the configuration space and the moveclass do not change, i.e., we are

still dealing with the same set of atoms, where the state X is given by their coordinates (plus
the unit cell parameters when we model a solid via a periodically repeated simulation cell),

and, furthermore, the neighborhood of the states N()?) is unchanged, and only the energy or

cost functions E(X) or C(X), respectively, are modified. Of course, changing the cost
function can and will modify not only the size of the LERs, but will also lead to the creation
and/or annihilation of LERS on a given observational time scale. This is obvious when one
considers the fact that both minima and energy barriers (and also entropic barriers) will
change their shape and size, and even vanish or appear as such. Clearly, this affects the
probability flows in the system, and thus the equilibration and escape times of feasible LERs.
As a consequence, the (thermodynamic) time evolution of the system changes, and we gain a
measure of control over the system, which can be used to guide it to a certain modification, or
compute the difference in free energies between two chemical systems in an efficient
fashion.[118]

3.5.4 Slow variation of the energy landscape

Of particular interest is the comparison between the time scale of observation t,;¢ and
the time scale of variation t,,,- on which a noticeable change of the moveclass, the energy
function and/or the configuration space takes place. If t, .- > t,ps , then we can picture the
time-dependent landscape as a sequence of only slightly modified versions, where for each
such time slice we can compute the locally ergodic regions, probability flows, and other
properties of the system for small enough time scales of observation.

If now physically and chemically interesting locally ergodic regions exist on the time
scale of interest t,;., then there will be an adiabatic slow evolution of this set of LERs and
other features of the landscape, and we can treat the landscape at each time as an essentially
constant (time-independent) case, as far as features present on the time scale t,,, are
concerned. Possibly critical is the case when, e.g., LERs vanish or come into existence
starting at some time along with the time evolution of the landscape, corresponding to a
singularity in the free energy landscape as a function of time. But since the size of the LER
will decrease/increase only slowly and smoothly, this can be handled without major
discontinuities.

3.5.5 Fast variation of the energy landscape

But what about fast variations of the landscape with time? Then, we will only be able
to define LERs and "controlled” probability flows on very short observational times scales
tops K tyar, Which might correspond to having only a few local minima representing
individual defect states as LERs on the landscape. In such a case, the system becomes
strongly non-equilibrated, where we never reach local equilibrium - and, usually, also do not
reach a steady-state - on the relevant time scale of observation. Thus, the results will not only
strongly depend on the starting state, but we never establish any real control over the system.
Still, if the fast variation with time is periodic (!) in time, we might again be able to establish
some kind of equilibrium-like state, plus some resonances in the system. Similarly, the case of
a fast variation around some average energy function but with only limited amplitude as far as
the changes are concerned, might be amenable to treatment.
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Fig. 5 shows the evolution of a schematic landscape where the energy function
changes with time, at two different speeds (a: moderately slow; b: rather fast), together with
the evolution of a probability distribution of a system that had originally been prepared in
region B in configuration space in the first time slice. Here, it is assumed that the moderately
slow change in the energy function results in an adiabatic transfer of the system into a target
region E in the configuration space in the final time slice 5, even though region D is assumed
to be the minimum of the free energy in this time slice. Here, we can imagine that region E is
the result of a "merged” evolution of the former regions B and C, while region D is mostly the
result of the evolution of region A. Thus, for a very slow change, such that the system is
always in global equilibrium at each time slice, we would find some non-vanishing
probability in every region for all time slices, and in the final slice, the maximum of the
probability would be in region D. On the other hand, a rapid change in the energy function
leads to a transfer of some probability into region D, when switching between slices 3 and 4.
The reason is that the fast evolution of the energy function "left" some of the original
probability from region B in the transition region between the former regions A and B at slice
3, and thus when regions B and C "morphed" into region E in slice 4, some of the probability
in the transition region moved into the region D that incorporated the former region A.

- - - -
E(X:t) X E(X:t) X

1 2 3 4 5 t 1 2 3 4 5 t

Figure 5: Schematic time-dependent energy landscapes, shown for five different time slices.
The general change in the two landscapes is the same but the rate at which the change takes
place is assumed to be slower in picture (a) than in picture (b), i.e., the actual times elapsed
between the slices are considerably larger in the picture (a) than in picture (b). At the
beginning (slice 1), the system is prepared in region B, with no probability in regions A and
C, even though some probability would be in these regions in global equilibrium. At the last
time slice, we show two valleys: the "target" region E, and a second region D, where D is
actually assumed to be the thermodynamically stable phase at the last time slice. The
moderately slow evolution shown in Fig. (a) allows the system prepared in the locally ergodic
region B to adiabatically be transformed into occupying only one locally ergodic region, the
target region E, at the end of the transformation of the landscape. In contrast, the fast
evolution of the landscape in Fig. (b) leads to a split of the probability flow of the system
when moving from slice 3 to slice 4. Thus, not only the target region E is occupied at the end
of the process, but also a non-negligible amount of probability resides in region D.

Let us consider now some energy landscape aspects if the time variation of the energy
function (or the moveclass or the configuration space) is very rapid:*®

i) tyar = tops = Teq(R) such that the escape time shrinks to the order of ¢4,
Tesc(R) = Tq(R) = t,qr - In this case, the locally ergodic regions are reduced to being only
marginally ergodic, but without the nesting property which had generated aging behavior in
the case of, e.g., amorphous solids. Thus, we will not observe aging but a kaleidoscopic

*® Note that here we mainly think of time variation of the energy function; we assume that the moveclass and the
configuration space are essentially unchanged. But the discussion would also apply if the moveclass and/or the
configuration space varied in time.
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procession or random walk through a gallery of LERs that are capable of existence on the
time scale t,,s. However, the fraction of the landscape associated with transition regions is
also very likely to grow compared to the fraction belonging to LERs, possibly quite
substantially.

i) The noticeable variation of the energy landscape with time is so fast and so large
that we are greatly out of equilibrium, such that even local minimizations (via, e.g., a
stochastic quench - both in physical experiments and in simulations with realistic moveclasses
- ) are no longer controllable. In this situation, we face serious problems, like a sailor in a boat
with rapidly but also randomly appearing mountains and troughs in the water, and it is not
clear, whether knowledge of the energy landscape as such will yield insights beyond its
availability to compute, e.g., the (Newtonian) forces on the atoms at any given moment.

i) However, we might want to consider fast variations of the energy function, which
only show a small amplitude in the random fluctuations of the landscape parameters around
some average values. Usually, this means that the LERs actually do not change by much,
unless the small fluctuations reduce the generalized barriers stabilizing the LERs to such a
degree that 7,,.(R) < t,ps. Such "noisy" landscapes are sometimes assigned a noise-
temperature proportional to the (square root) of the size of the fluctuations in the energy of the
system; as a consequence, simulations on the landscape represent the dynamics reasonably
well at temperatures larger than the noise-temperature.*’” An application of such a noisy
landscape is the optimization of the parameters in a neural network (NN) for machine learning
applications.[119-121] The cost function landscape for such an optimization problem consists
of varying training sets of examples to be solved by the network. Since the members of these
training sets present slightly different tasks to the neural network, the cost function that
measures the agreement between the correct assignment and the one produced by the neural
network of the quantity of interest for a given set of NN parameters, changes with time as
function of the training set currently being shown, thus acquiring a "noise" feature in the
process.

Iv) We next consider periodic variations, i.e., the landscape is periodic in time with
period t,,: If we check the landscape on periodic time points, t,t + T, t + 2T,... , where
T = t,q IS the period of the time variation of the landscape, we might expect to find various
kinds of attractors, like in the theory of chaos. Quite likely, the system will reach some
"steady-state” like behavior via a "spreading” of probability all over the landscape such that
we get a stable distribution of probability over all the LERSs in the system when observed in
time steps of the period of the variation.*® This kind of distribution might correspond to a
limit cycle, but it might also show properties of a strange attractor,[122] depending on the
type of energy function and its time variation.

To identify this set of stationary distributions of the occupation probability of the
LERs, we need to simulate probability flows over many periods of the system, starting in
various LERs, and see whether the flow becomes periodic in agreement with the driving force

*” From a mathematical point of view, we expect some kind of "quasi-periodic" and/or chaotic behavior for such
a "noisy" landscape. But while the trajectories of the system in configuration space can rapidly diverge, this
might not influence the existence of the LERs; it may well happen that the equilibration times are actually
somewhat smaller (since the chaotic mixing of the trajectories can accelerate the establishment of local
ergodicity), while the escape times are only weakly reduced, as long as the magnitude of the fluctuations is
small.

*® In the limit of very long observation times, we would expect to have a certain distribution at each location in
time between two such measurement points, which evolves into the next "stable" distribution a short time
afterwards, and always repeats after a time interval T has elapsed. Clearly, since we have a strongly varying
though bounded variation of the energy landscape, at each point in time inside the time interval of the period of
the system, there will be a different set of LERs present (only for very short observation times t,,s < t,q,, Of
course), in principle, and thus the distribution over these LERs will change from time to time until one period
has passed.
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(= landscape variation), after some initialization phase. However, one should note that the
probability distribution over the configuration space might not exhibit, or cannot be
associated with locally ergodic regions at all, especially if the variation of the energy function
is very large such that no consistent set of LERs can be identified as stable (or at least as
approximately stable) between successive times of observation in the first place. As a
consequence, we can only try to extract a periodic occupation probability over the whole
configuration space from our simulations or explorations, which reflect or incorporate the
time-dependence of the energy landscape (possibly, but not necessarily in an average
fashion).

v) Even if there is no periodicity in the rapid and sizeable fluctuations of the energy
landscape, i.e., we are dealing with a non-periodic or chaotic variation of the landscape with a
large amplitude in contrast to the small amplitude in case iii) but not so wildly oscillating as
in case ii), we might obtain some "averaged" occupation probability distribution over the
configuration space as a whole as long as the amplitude of the variation is limited in size. But
in this case, since we no longer have a real "reference” set of LERs (which could reappear
periodically as in the case of periodic variation), we must extract such a "constant"
distribution over "quasi-stationary" not-equilibrated regions from the outcome of many
simulations starting from a large number of starting points on the landscape at the initial time
to(= 0). We note that this behavior of the probability flows on the energy landscape exhibits
many analogies with the chaotic dynamics found in many classical mechanical systems, when
viewed from a statistical point of view.[122,123]

vi) A special case would be a large variation of the energy function with time, where
the "amount of change" with respect to the starting energy function increases in a monotonic
fashion. We note that monotonicity lies in the eyes of the beholder considering the fact that
we have a high-dimensional parameter space to perform the change in, e.g., by varying the
many parameters in empirical potentials. Here, we assume that the change is monotonic in
terms of the energies of the ground state and other low-energy local minima; our discussion
also would apply to other criteria of monotonicity as long as we do not enter unphysical
regimes.

In order to avoid a growth of the energy in the system beyond all bounds in either the
negative or the positive direction (i.e., we demand that the energy of the system remains
bounded from below and the ground state energy does not grow toward positive infinity
either), this usually would require the change to cease after a finite total time (of the
simulation or experiment). Alternatively, the change in the energy function of the system
might rapidly slow down for times beyond some cut-off time, e.g., corresponding to an
exponential cut-off. Of course, this would result in a "limit" landscape, which could be
analyzed like any constant or nearly constant energy landscape. But on observational time
scales shorter than this limit time, interesting phenomena may emerge. We note that such
monotonic changes in the landscape are reminiscent of the adiabatic change of the landscape
mentioned earlier in the context of chemical alchemy: again, we essentially switch the system
from a starting to a final landscape. But in this more general case, the switch can take place in
an arbitrary fashion, ranging from a single sudden jump over a multi-jump trajectory to a
smooth movement like in the case of the adiabatic transition. As a consequence, we most
likely will be able to split the analysis into studying separately the time-regimes, where the
change is slow enough to allow the establishment of locally ergodic regions and well-defined
probability flows between them, and those where the large sudden jumps occur,
corresponding to the case discussed earlier under the heading of very fast landscape changes.

But as long as we deal with large but solitary jumps in the shape of the energy
landscape that are separated by long time intervals, the dynamics resemble the relaxation
processes of a quenched system, in the sense that the original equilibrium probability
distribution over the microstates greatly differs and is highly inappropriate for the new
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landscape after the jump in the parameters of the energy function, yet there is enough time
until the next jump in the shape of the landscape to extract important features of the relaxation
behavior.

This seems to resemble the analysis of the relaxation processes in, e.g., a glass
quenched from the melt. But an important difference to the dynamics of a quenched melt, is
that the temperature of the system might still be high, because the new landscape is caused by
the change in the energy function and not by a reduction in temperature. In contrast, when
quenching from the melt, we only change the relevant accessible part of the complete
(unchanged) landscape seen by the system: at high temperatures, the system moved in a zone
of the landscape above the deep minima basins barely noticing the underlying energy barriers
and deep minima, while at low temperatures, the system is forced to cross major energy
barriers all the time by essentially hopping among the deep minima separated by large
barriers, and thus possibly getting frozen into, e.g., amorphous atom arrangements.*®

3.5.6 Bounds derived for smooth time variations

Beyond these more general considerations, let us consider, whether we can deduce any

information from the change in time of the energy function E ()? t), if this change takes place

in a smooth fashion, such that its derivative is defined, ang’t), at state X , i.e., can we make

statements about the time evolution / equilibration / search algorithm performance if we know
PE(Xt) o,
at

If % varies weakly enough such that max, [aEg’t)] tyar K Efyrrier(t), inside
some region A (which might be taken as a locally ergodic region at the initial time), then this
region would (probably) be stable enough to preserve local ergodicity on time scales t,,s =
tyqar - We say "probably”, because it is not clear what energy barriers we might have to deal
with - just those that separate A from the rest of the landscape and thus mainly affect 7,4.(A),
or also those barriers inside the region A, which would influence the equilibration time
Toq(A), leading to a possible split of the region A into several smaller regions that are each
locally ergodic on the time scale ¢,

Let us assume that we are dealing with a low-temperature case such that energetic
barriers are most relevant in the system. Then, for a locally ergodic region R, the ratio of the
largest relevant energy barrier and the rate of change of the energy,

ER rier(t)/maxg [ang’t)] = t,qr represents the time scale beyond which R is expected to

be strongly affected by the change in E(X’, t) with time. As long as t,q > Tes(R), We can
treat the local ergodicity property of R as being preserved on the time scale t,,,. If this
applies to all LER of E(X’, t) on the time scales t,,¢ of interest, then the LER structure of the
system does not change by much. Thus, for t,,s < t,.-, We essentially remain inside the
phase R which is modified, of course, due to the time dependence of E (X, t), but we do not
leave the specific region(s) during, e.g., the experiment, which we are simulating.

*Such a rapid change in the relevant landscape by slight changes in temperature has been proposed as the
mechanism of the glass transition via so-called exponential trapping in the low-energy range of the landscape of
glass formers that exhibit exponential growth in the local density of states of the low-energy range of the
landscape, such as in lattice networks.[124]
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If tops > toar > Tesc(R), then we need to be concerned about the effect of the

changes in E(X, t) on the probability flows. If, on the other hand, t,q, > tops & Toq(R), then
we can expect that, at least to a certain extent, the probability flows between the LERs on the
time scale of ¢, are still similar to those at the starting time.

Clearly, this suggests that we might be able to use optimal control theory, analogously
to finite-time thermodynamics, to guide the system to a certain region in configuration space,
if we can control the change in the energy function. But can this be done even if we are not
close to equilibrium ?*°

In this case, we might have to deal with cost functions that are defined by a very

complicated process but which still depends on the ()?; t), of course.™

>% Sometimes, this is possible if the non-equilibrium probability flows are moving in the “right" direction, even
without detailed control via quasi-equilibrium states.

>! An example would be a TSP problem with N, cities where the connections between the cities and their travel
times evolve on an (exterior) time scale - called t,,;, and the goal is to finish the route in as short a time

T()? i text) - This task is straightforward, if the we can finish the route before the connections have changed as
function of the exterior time. But we have problems, if the travel time T(X; t) = T(X; t.,.) needed to cover the

route X changes as function of time while we are still driving, i.e., the speed v is so small that we cannot drive
the whole route while the effective lengths (which change with time) of the individual distances between the
cities are still approximately constant. In this case, we have a "quasi-external" parameter (the interior time),
which controls the route scheduling. Assuming, we have a well-defined starting time for the route t,, we must
compute, for given speed, for each suggested route the total time expression (which corresponds to our cost

function) €(X) = L1 T;(t) =+ X1%, Ly(t:), where T; is the time it takes to drive piece i, and t; = = %17} L, (t;)
= Y1 Ti(t;) is the moment in time when the salesman starts segment i of the route. In this case, the cost
function is a bit complicated, since it is "path-dependent”, but, due to the straightforward relationship between
the effective path lengths L;(t;) and the "internal" time points t; , each state X (= selected city route) of the
system has a well-defined length (as long as we fix the point in time when we want to start the route). Thus, we

can globally optimize the corresponding TSP-problem; ie., we have "incorporated” the time aspect into the state
itself, because the state corresponds to the whole route. Only, if we were to compute the cost (= time) of the

route for extremely high speeds such that in the expression iZ?’fl L;(t;) all the L;(t;) have essentially the value

L;(t.,:) (and thus we can add them in arbitrary order without having to worry about their changing in the time
needed to cover the whole route), would it make sense to consider a distinct sequence of cost functions
C()?; text) = T()?; tm) and their corresponding cost landscapes. But this approach only works on the level of an
optimization problem, for which we know the L;(t) for every distance piece between any two cities at any time
(of the day). Ideally, we would proceed in the same fashion for all processes with general time dependent energy
functions - also for physical or chemical systems -, but this is usually much too complex and difficult to do, as it
would correspond to solving the time-evolution on the time dependent energy landscape for each possible
trajectory of the system. However, if simplified model descriptions of the chemical and physical processes are
available, then such problems can be addresses with the tools of finite-time thermodynamics.
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4. Systems under extreme conditions: Examples for possible energy landscape
applications

The above extensions of the energy landscape picture that allow us to include
pressure, external electric and magnetic fields, or currents, temperature, and chemical
potentials, in a general fashion, can straightforwardly be employed when dealing with very
large pressures, currents etc., as long as we do not destroy the constituents, i.e., the atoms,
molecules, etc., of the system. Furthermore, these extensions of the energy landscape can also
be employed in the study of molecules and clusters, or (quasi-)low-dimensional chemical
systems, keeping in mind that for such small systems, the continuum approximation most
likely will no longer be applicable, and therefore the influence of the electric and magnetic
fields, etc., always needs to be accounted for on the atomic level as part of the Hamiltonian.

However, there are a number of extreme situations, where an energy landscape
representation of the solid via a small periodic cell is not sensible. We have seen this in the
case of large mechanical loads, where a major effect, in practice, will be the macroscopic
deformation of the solid, which cannot be captured in the periodic cell model of the solid
without moving to cells of macroscopic size. Furthermore, we realize that in such situations
the system will often be out of equilibrium as far as temperature, stress, or field distribution,
or composition are concerned. If possible, we would want to establish a steady-state situation,
as we did in the case of currents, where the amount of, e.g., energy deposited inside the
system is balanced by the outflow of, e.g., heat through the surface of the system. Once this
kind of stationary state has been reached, we can treat the system as exhibiting a steady-state
behavior, but possibly requiring a modeling of the energy landscape on the continuum level
instead of only the atomic level, in order to incorporate the non-homogeneous ways energy or
particles are inserted/injected into the system.

We also note, that for strong interactions with the environment, non-negligible
changes in the composition will frequently occur. In certain situations, we can assume that the
system is in equilibrium with the environment in form of a reservoir of atoms, which can be
included in the cost function in terms of a chemical potential. However, in many instances,
the chemical potential by itself is not sufficient for modeling the effect of the environment;
thus, the actual interface needs to be included in the configuration space and the energy
landscape.

In this section, we consider a couple of important cases of extreme conditions, and
investigate, to what extent energy landscape concepts can still apply and be useful.
Furthermore, we present a number of examples of energy landscape studies for bulk-like
materials in extreme conditions. However, one should note, that only very few dedicated
studies of such energy landscapes have been published. Thus, for most of the examples we
only indicate how the concepts mentioned above would be applicable in practice, or that such
systems might be suitable for analysis with the help of the extended energy landscapes
presented above.

4.1. High-pressure structure prediction

The most clear-cut examples of energy landscapes for extreme conditions are the
enthalpy landscapes in chemical systems at high pressures. Usually, these are investigated
with the goal of identifying possible high-pressure modifications as might be found in a
planetary interior or might be of interest for technological applications. Quite commonly,
these landscape studies assist experimentalists in characterizing the structure of such newly
synthesized modifications. The reason for the latter application is the fact that in many cases
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only powder diffractograms of moderate quality are available from the experiment, making it
very difficult to deduce the crystal structure of the new polymorph only from experimental
data. For that reason, one often calls this work structure solution in contrast to structure
prediction, because some experimental information such as, e.g., cell parameters, or a number
of formula units per periodic unit cell are known from the experiment - even just knowing that
a compound with a certain composition and density exists tends to be of help in setting and
tuning the parameters of the global exploration algorithm.

Twenty years ago, examples of early successful structure predictions of high-pressure
phases based on global enthalpy landscape explorations at a variety of pressures were the
alkali metal sulfides M,S (M = Li, Na, K, Rb, Cs). At the time, these theoretical explorations
were performed in parallel with experimental high-pressure investigations of the compounds
Li,S, Na,S and K,S, where the theoretical[57,58] and experimental[125-127] results were
published at essentially the same time. The experiments and the global searches found the
same high-pressure structures in these systems, confirming the validity of the energy
landscape approach in the prediction of high-pressure phases. Nearly ten years later, finally
the experiments for Rb,S [128] and Cs,S [129] were successful, where also the originally
predicted structures[58] were found.

At the same time, a similar confirmation of originally theoretically predicted high-
pressure phases occurred in the sodium nitride (NasN) system. Here, theoretical predictions
based on global energy landscape explorations had suggested that a metastable compound of
this composition should be capable of existence, with several possible candidate structures
being suggested in the M3N family of compounds (M = alkali metals),[130,131,57] e.g., the
LisP, LisN or the ReOj3 structure type. The reason for suggesting several feasible candidates
was two-fold: For one, the fact that the expected compound would only be metastable against
decomposition into sodium metal and nitrogen gas made it impossible to select one of the
local minima as the thermodynamic "winner" since the modification obtained in the
experiment would greatly depend on the synthesis route. Furthermore, the precise energy
ranking of these structures depended on the choice of DFT functional where the lack of
experimental information made it impossible to guarantee the “correct” choice of functional.
However, the global searches combined with the ab initio calculations allowed us to predict a
sequence of high-pressure phase transitions - independent of the choice of functional -, from
the ReOs-type over the LisN- and LisP types to the LisBi type. Several years after the
successful synthesis of NasN in the ReOj3 structure type,[132] these high-pressure structures
were successfully obtained,[133] validating the earlier predictions.

Since these early studies, high-pressure structure prediction and structure solution
using global energy landscape exploration methods has grown into a veritable industry,[134-
151] employing a variety of landscape exploration algorithms, with many reviews available
[49-51]. However, only rarely one finds attempts to go beyond the search for local minima
and to identify, e.g., enthalpy barriers on the landscape that separate the possible structure
candidates represented by local minima, such as was done for several of the earth alkaline
oxides.[53] An example for such studies of how the enthalpy landscape and its barrier
structure, and also the free enthalpy landscape change with pressure / temperature are the
investigations of SrO [53,52] for pressures ranging from -16 GPa to +160 GPa. Fig. 6 shows a
free energy landscape for two different pressures by combining the Gibbs free energies with a
tree graph depicting the energy barriers between the different locally ergodic regions.

> However, since structure prediction sounds more exciting, and one often technically employs a structure
prediction algorithm, some authors ignore the direct or indirect contributions of the experiment to the shaping of
the global search they perform, and call their work "structure prediction" with the implication of an unbiased
non-guided search in a completely unknown chemical system.

>* In the experiment, an additional intermediary phase exhibiting the YF; structure type was observed.
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Figure 6: Free energy landscape of SrO for two different pressures and ten different
temperatures (free energy in the harmonic approximation); note that only the potential energy
barriers are shown (energy difference between black and white circles), and not the full
generalized barriers, in order to avoid cluttering the picture.[52] Left: 0 GPa; Right: 16 GPa.
Note that the NaCl- and the CsCl-type structures are the ground state for all temperatures at
pressures of 0 GPa and 16 GPa, respectively. Modifications shown: 1 = sphalerite; 2 = -
BeO; 3 = wurtzite; 4 = 5-5-structure; 5 = NaCl; 5 = rhombohedrally distorted NaCl; 6 =
CsCl; 7 = NiAs; 8 = NbS; 9 = TiP; 10 = 1I-SrO; 11 = I-SrO. Fig. adapted from ref. [52].

In this context, one should note that for multinary systems, studying only the enthalpy
landscape of the compound of interest is not sufficient, because decomposition into, e.g.,
binary compounds can take place as a function of pressure. An interesting example is the case
of the hypothetical alkali metal orthocarbonates M4(CO,) - M = alkali metal -, whose possible
modifications were studied as a function of pressure.[56] Several of the orthocarbonates were
predicted to be stable at high pressures, but they are expected to decompose into the
corresponding oxides M,O and carbonates M,(CQO3) at standard pressure. To compute the
transition pressures below which the decompositions will occur for the various
orthocarbonates, or conversely, above which the orthocarbonate would be stable, required the
analysis of the enthalpy landscapes of the alkaline oxides [60] and alkali metal carbonates
[152].

4.2 Very high temperatures

As we have discussed in section 3.2, for non-zero temperatures, we need to switch
from energy to free-energy landscapes, where we analyze the system on various time scales
regarding the existence of locally ergodic regions, and the evolution to thermodynamic
equilibrium. But at very high temperatures, we can sample pretty much the full configuration
space of the landscape, including not only atom configurations associated with crystalline
solids but also configurations belonging to the gaseous and the liquid phases. As a
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consequence, we need to use large periodic cells or very large clusters as approximations to
the full macroscopic system with O(N,,,) atoms.**

Thus, the usual picture of a landscape dominated by many well-defined locally ergodic
regions that are stable over a large range of observation times and/or at least marginally
ergodic regions, might no longer be suitable. On time scales shorter than the global
equilibration time, i.e., until the material has completely reached the liquid/gaseous state, the
probability flows are dominated by entropic barriers and less so by energy barriers - unless we
are dealing with situations where "ultra-high temperature™ also includes temperatures below
the evaporation, and even below the melting temperature.

We comment here on two special situations, starting with the case Tyqs > T > Tppepe-
Here, a MC or MD simulation based exploration of the landscape would encounter only
intermittently stable regions on the landscape.[153] This is somewhat analogous to a glass
transition-like behavior but on much shorter time scales where local clustering of atoms,
similar to the behavior of cage models of liquids,[154] is relevant on these very short time
scales. Similar to glasses, only marginally ergodic regions are present instead of locally
ergodic regions, until the global equilibrium of the melt phase has been reached. Quite
generally, individual local minima become irrelevant, and even whole minima basins may not
be very important on typical observational time scales. Energy landscapes of such systems
have been studied for a long time.[155,156]

Similarly, energy landscapes are of great importance for the second case, T < Teis-
Here, glass formers are of particular interest, especially for temperatures near the glass
transition temperature, T S Ty 1455 (= 2/3 Typere)- In this case, we are in a temperature range,
where the onset of aging phenomena and a widespread marginal ergodicity of nested regions
on the energy landscape are central to our understanding of the dynamics of the chemical
system on the landscape.[46,157] For such systems, more or less random network structures
or random atom packings dominate the landscape and crystalline modifications are difficult to
reach. Just as with research in the liquid state, energy landscapes of amorphous and glassy
materials have been common subjects of study,[158,159] and great efforts have been devoted
to the analysis of the similarities and differences between liquids and glasses.

On the other hand, for predominantly crystalline systems that do not easily form
amorphous phases, we frequently find transformations to high-temperature crystalline
modifications associated with a single minimum, or directly a transition to the melt. In this
case, standard crystal structure prediction via global exploration of the energy landscape will
yield candidates for (metastable) high-temperature modifications.[42,43,45,48] Alternatively,
the central elements on the energy landscape relevant at high temperatures are often multi-
minima basins that include various defect structures, and multiple symmetry-related stable
regions, etc., instead of individual crystal structure minima. As long as the energies of these
minima are very similar, they can jointly contribute to the so-called configurational entropy
that provides thermodynamic stability to high-temperature phases, such as glasses, high-
temperature structures with partly mobile (rotations and/or translations) complex anions, solid
solution phases, or combinations thereof. Studying such systems and predicting their phases is
considerably more involved than the simple search for local minima representing standard
crystalline modifications, however.[160,59]

>* For practical purposes, we might want to study ultrahigh temperatures only in the presence of high pressures to
avoid evaporation of the material. Clearly, without high pressures, the liquid or even the gaseous state constitutes
the dominant locally ergodic region, and since all the other regions are massively suppressed for most
experimental times scales if they exist as locally ergodic regions at all (like a superheated solid, for example),
this locally ergodic region essentially constitutes the only set of configurations that are of interest.
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4.3 Spin-glass systems with magnetic fields

An important class of complex energy landscapes is encountered in the study of spin
systems and, in particular, spin glasses.[161] Here, a more or less random interaction among
neighboring spins leads to frustration and a multitude of local minima with nearly the same
energy in contrast to the well-developed global minimum of a spin system with, e.g.,
ferromagnetic interactions. Such systems exhibit highly complex multi-minima landscapes
with aging behavior already in zero external magnetic fields,[162] and their energy
landscapes have been studied in great detail for a long time[66,67,163] using a variety of
exploration algorithms. For example, it was found that the local densities of states, and also
the local densities of local minima, exhibited approximately exponential growth in the low-
energy region of the landscape, and tree graph representations of their equilibration as a
function of time - so-called equilibration or free-energy trees[63] - were obtained.[67] We
note, that for many physical and non-physical problems, spin glasses have served as
prototypical complex systems and test-beds of both new algorithms and new concepts.

Thus, it is no surprise that the application of magnetic fields has been an important
tool in learning more about the properties of such systems.[164-167] For example, using a
three-dimensional Edwards-Anderson spin-glass model on a cubic lattice, the ground states of
this system have been determined as a function of the magnetic field.[165] Not surprisingly,
the high degeneracy of the ground state is eliminated already for small magnetic fields, and
the spin-glass phase does not survive, and the system starts behaving like a paramagnet.
However, if one employs an energy function of the mean-field type that can be represented by
a highly dilute spin glass, there remain distinct large regions exhibiting spin-glass behavior
even for finite non-zero magnetic field up to some maximum critical field.

4.4 Phase transitions in a temperature gradient

Concerning the study of energy landscapes for systems exhibiting a macroscopic
temperature gradient, there do not appear to exist typical standard landscape explorations.
However, MD simulations of such systems have been performed yielding well-developed
temperature gradients in a steady state of constant heat flow through the system.[107,168]
Furthermore, phase separation in thin films has been studied using the master-equation
approach[169] on an Ising-spin model description of a binary mixture,[170] and phase-field
simulations have been performed regarding the effect of a temperature gradient on the
interface structure in diffusion couples.[171] Thus, global energy landscape studies should
clearly be quite promising for systems with thermal gradients, especially considering the large
number of experimental investigations, which have studied the effect of temperature gradients
on phase transitions and phase separations. These range from phase equilibria such as in the
UO,-PuO, system,[172] phase separation in polymer solutions,[173,174] phase and
morphological changes in, e.g., diamond films,[175] to phase transitions in, e.g., ferro-electric
crystals.[176] Of course, here not only temperature gradients play a role, but also applied
stresses, e.g., due to the substrates onto which the film is deposited, or external pressures for
bulk materials can be important. We note that an inverse application of the phase transition
due to thermal gradients, and the concurrent heat flows in the system, is the use of
combinations of two phase change materials to block the flow of heat in one direction, thus
creating a thermal rectifier, analogous to an electric diode.[177]

A well-known classic application of the combination of high pressure and temperature
gradients is the formation of minerals inside the mantle of the Earth.[178,179] This has
actually motivated a large part of the body of work mentioned above in the context of high-
pressure structure prediction and structure solution via energy landscape methods mentioned
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in section 4.1, although no landscapes incorporating thermal flows appear to have been
employed up to now.

4.5 Energy landscape with applied electric currents

An important class of steady-state energy landscapes is that, where we encounter
phases, which are stabilized by the applied electric currents. While there do not appear to
exist global investigations of such energy landscapes, instances observed in the experiment
should serve as a motivation to perform such landscape studies in suitable systems where
theoretical calculations are feasible. An example are the current-stabilized electronic phases in
CayRuQ,4,[180] where the current induces a semi-metallic state without any significant heating
because in the experiment a sufficient amount of cooling was provided.[106] Since the two
phases - the equilibrium and the steady-state non-equilibrium one - exhibit slightly different
crystal structures, the transition between the phases as a function of current would be present
on the steady-state energy landscape of atom configurations. One should note that even
without applied currents, Ca,RuO, switches from an antiferromagnetic Mott insulator to a
(2D) ferromagnetic metal,[181] and even becomes superconducting[182], under application
of pressure, and, furthermore, it exhibits a metal-insulator transition[183] as a function of
temperature.

Such phases based on the electronic degrees of freedom are not always easily treatable
in an energy landscape picture, due to the difficulty in setting up a suitable state space and
moveclass for the system. However, recent work on orbital ordering[184] shows that such
electronic phase transitions can also exhibit nucleation-and-growth behavior typical for first-
order phase transitions, suggesting that complex landscape models that exhibit a multi-basin
structure and a hierarchy of time scales for the equilibration among the microstates of the
system, should be useful for modeling the state space of this quantum system and analyzing
its dynamics.

In the materials literature, there exist investigations of phase transitions in the presence
of electric currents, where the transitions are associated with a rapid change in the electric
conductivity.[105] These are concerned with the existence and growth of nuclei of the second
phase, and thus the possible appearance of hysteresis, but fit nicely into the general formalism
of steady-state energy landscapes. A related class of theoretical studies deals with the
investigation of the use of electric currents in alloy processing,[103,104] which represents
processes that occur on the steady-state energy landscape of alloy-forming systems in the
presence of substantial electric currents.

4.6 High levels of particle and/or electromagnetic radiation

In the case of electromagnetic radiation, we deposit energy into the system, leading to
two effects, in general: The first one is an overall heating of the system, once the deposited
energy is transformed into vibrations and distributed throughout the material. The steady-state
equilibrium state would correspond to the system being at a certain (high) average
temperature, possibly with a more or less complex distribution of regions at different
temperatures, depending on where the absorption happens, such that a thermal flow takes
place on top of the average temperature of the system, e.g., from the inside to the surface that
is at the temperature of the environment; in the case of a vacuum, we would lose the heat
energy via emission of black body radiation. The second effect is the direct absorption of
radiation via electronic excitation of the local atoms or ions. While this may well lead to
interesting phenomena such as luminescence, etc., this is not really a classical energy
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landscape feature, since it does not deal with the arrangements of atoms in a molecule or a
solid. An exception would be the breaking of bonds due to radiation - in this case, we can use
the standard energy landscape of the (free) system, and implement the effect of the radiation
as part of the moveclass, i.e., as a move corresponding to the breaking of the bond under
discussion.”

Of course, we can always extend the energy landscape treatment to include energy
landscapes describing electronically excited states of the atoms in the material, as is
frequently done in the study of molecular reactions.[185,186] In this fashion, absorption of
radiation can be modeled and the coupling of electronic and ionic degrees of freedom can be
studied, and the influence of electronic excitations on transition probabilities and flows and
the corresponding generalized barriers can be investigated. Quite generally, while we usually
discuss the energy landscape only as a function of atomic or ionic coordinates, one should
keep this option of adding excited state energy landscapes in mind since they might be
relevant for materials in contact with extreme environments. However, in such a case, one
should also investigate, whether the Born-Oppenheimer apgroximation is still valid as far as
states of the system and the energy function are concerned.”

In the case of particle radiation, not only do we deposit energy into the system "via the
surface", but also change the composition of the system if the particles are incorporated into
the material.>” As discussed earlier in section 3.4, a change in composition can be
accommodated in the energy landscape picture, in principle, but requires the introduction of
an appropriate chemical potential that assigns a "price in energy" analogous to a chemical
potential accounting for the addition of an atom (or other constituent) to the system -
essentially, we would be taking the atom from a reservoir (and removing it to a reservoir, in
principle, e.g. when an atom decays radioactively) whenever we change the composition of
the system.

In the way described above, we would be able to establish an extended energy
function for a system in thermal equilibrium as far as its atom exchange with the environment
is concerned. However, this would most likely not correspond to the physical/chemical
situation of a piece of material being bombarded by energetic particles, since in that case there
would be no "price to pay" because the environment, i.e., the ion beam, forces these
molecules/atoms/ions into the material. Then, we can ignore this chemical potential (or set it
to zero), and just assume that there exists a continuous stream of particles that are added to the
system.® But in that case, there is no steady-state, and we are dealing with a non-equilibrium
situation.

Note, that the time scales of the processes involved become of importance, depending
on the features we want to investigate: Do we want to study the system on time scales where
we can assume that a constant spatial distribution of foreign atoms in the material is
established, and we are interested in short-term local equilibrium properties, or are we

> Essentially, we are crossing a high-energy barrier along a (usually) very narrow path, which would not be
easily reached via thermal excitations of the system; the effect of the high-energy radiation on the molecule
corresponds to avoiding a large entropic barrier by a well-focused injection of energy into a narrow group of
degrees of freedom, i.e., the ones that need to be activated in order to, e.g., split the molecule into two pieces.

>® For example, the ground state energy landscape (as function of atom positions) might correspond to a
superconducting state instead of the metal or insulator obtained as the ground state from the simple DFT or HF
based calculation in the Born-Oppenheimer approximation.

>7 If we deposit (or have incorporated) radioactive material inside the system, we generate not only heat in the
bulk of the material but also He-atoms from the a-particles produced during the decay.

>% If we were to study the likelihood of the system to absorb these particles and later release them back into the
environment, then the chemical potential controlling the emission of the molecules out of the material into the
gas phase would become relevant. After a very long time, a steady-state process of the particle flow into and out
of the material via an ongoing implantation and subsequent release of the particles might become established,
with some constant (time) averaged distribution of the particles over the material.
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interested in the time evolution of the system without it ever reaching some kind of local
equilibrium? In the former case, we can deal with it in analogy to the temperature gradient
situation, where we split the system into slices or regions of different compositions, and
analyze the energy landscapes of each such slice individually. In the latter case, we need to
modify the energy landscape approach with respect to the boundary conditions. We now deal
with a fast evolving landscape compared to, e.g., the equilibration with respect to various

thermodynamic boundary conditions, t,q, < ré?,rgg), for which concepts like global - and
even local - ergodicity and equilibration are most likely not applicable. Instead, we must
define probability flows on a landscape that varies with time, such that we can address
questions that are of relevance in such a situation: limits on stability of (formerly) locally
ergodic regions under changing external conditions such as structural changes due to
changing composition, size dependence of locally equilibrated regions, etc. Here, we need to

employ the approaches discussed in section 3.5 for time-dependent energy landscapes.

4.7 Corrosive environments

In general, corrosion processes are a special case of chemical reactions occurring at
the surface or interfaces such as grain boundaries of a material. We can surely study the
mechanisms of various local reactions on the atomic level, e.g., oxidation of (individual)
atoms belonging to a metal surface, using energy landscapes restricted to the few atoms and
molecules involved in this reaction. As mentioned earlier, such energy landscape studies are
rather common.

However, once we go beyond such individual local processes that essentially take
place in equilibrium, we are confronted by a non-equilibrium situation, which is, furthermore,
complicated by a spatially inhomogeneous evolution of the surface structure. Thus, this is an
example of a system out of equilibrium on large time scales while exhibiting local equilibrium
on the time scale of individual reaction processes. Unless we focus on small regions and short
time scales only - where we can assume constant thermodynamic conditions and a constant
overall atomic composition -, we are again dealing with a situation, where standard landscape
ideas do not apply, and we have to look towards the approaches suggested for time-dependent
energy landscapes.

For slow corrosion, we could probably use time-slices, i.e., consider the landscape
spatially varying in composition and boundary conditions but constant in time otherwise, and
analyze corresponding quasi-stable slices/regions, perhaps with a large (periodic) simulation
cell, analogous to the case of nucleation and growth phenomena. Again, we would want to
introduce either particle reservoirs or chemical potentials, in order to deal with the changing
composition of the chemical system.

Of course, we can imagine that we continually remove, e.g., the few atom layers of
rust once they have been formed, thus establishing a kind of steady-state for a sub-system of
interest, i.e., at the interface between the material and the corroding environment. But quite
generally, the interesting issues of corrosion and its mechanisms are usually the time-
evolution, stability, and non-equilibrium aspects involved in these processes, and not a true
steady-state situation.

4.8 Prediction and analysis of synthesis routes
Energy landscapes in the presence of external fields or currents, or an environment in

general, would be expected to play an important role in describing the atomistic behavior of
chemical systems during various processes involved in chemical synthesis. The reason is that
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the energy landscape of the "pure™ system that contains only the atoms belonging to the final
product, is often much too limited for representing the actual synthesis, for a number of
reasons: For one, unless the synthesis takes place essentially spontaneously from the gas
phase or by phase transformation, additional atoms, e.g., in the educts or in the solvent or in
the substrate, must be present to facilitate the synthesis. Furthermore, in many cases, we need
to steer the synthesis, e.g., by applying le Chatelier's law via pressure variation, and thus we
clearly move within the family of enthalpy landscapes of the system at a variety of pressures.
Similarly, the presence of external fields in some fashion represents our ability to, e.g.,
polarize molecules or individual bonds, which reduces or raises energy barriers on the
landscape that favor the desired outcome of the synthesis.

A classic example of an implicit use of energy landscapes for guiding a synthesis is
the so-called reverse synthesis in organic chemistry,[187,188] because the individual reaction
steps can often be modeled and analyzed theoretically with the help of appropriate energy
landscapes for the atoms and molecules involved in the step under consideration. This kind of
kinetic control of the chemical reactions by the organic chemist is based on the "intuitive" yet
systematic [189] visualization of these reaction step energy landscapes. In practice, most
theoretical studies of such energy landscapes start with known chemical reactions, and devote
their efforts to understanding in-depth the processes occurring during such a synthesis step or
sequence of steps.[190,191] But conversely, one could as well analyze many hypothetical
reactions via their corresponding energy landscapes, before turning to the experiment for
validation and implementation. Analogous to the optimal control built into the study of
thermodynamics in finite time, one could then envision the design of synthesis routes in an
optimal fashion by combining a whole library of models for specific synthesis processes
derived from detailed analyses of the corresponding energy landscapes.[192]

4.9 Computational alchemy and finite-time thermodynamics

Another important application of energy landscapes under extreme conditions is the
computation of free energy differences between compounds via the smooth change of the
energy function, sometimes called computational alchemy.[114-117] Here, the "extreme"
aspect is the change in the underlying energy function of the system, while we use
thermodynamic integration methods[193-196] to compute the free energy difference along the
"path" connecting the two compounds of interest. This approach to compute free energy
differences is based on the laws of thermodynamics, where the change in the energy function
results in work being done on / by the system. If we can stay as close as possible to
thermodynamic equilibrium along the path, the total amount of work corresponds to the free
energy difference between the two compounds. In the case of a realization via simulations,
this corresponds to running an ensemble of walkers that are equilibrated in a locally ergodic
region while the underlying energy landscape slowly changes (c.f. Fig. 5a). Thus, the formal
change in the Hamiltonian of the system can be visualized in analogy to a Hamiltonian that
depends on time, resulting in a time-dependent energy landscape, with all the consequences
for, e.g., the time scales involved in switching between the two different chemical systems.

Besides the question of optimally controlling the path between the two energy
landscapes, i.e., how to distribute the amount of change per step, for a given number of
allowed changes in the energy function[118,197] - a problem belonging to the realm of finite-
time thermodynamics[87] -, a major complication is that we must perform this transformation
of the energy landscapes fast enough such that the walkers still remain inside the given locally
ergodic region all along the path. For simple systems, e.g., when moving from NaCl in the
rocksalt structure to KCI in the rocksalt structure, via a smooth change in the ionic radius
from r(Na) to r(K), this is most likely assured. But we clearly will face problems, if the
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transformation is supposed to be from MgO in the rocksalt structure to BaO in the cesium
chloride structure, or if it involves metastable structures with short escape times: in that case,
we either must confront the possibility that some of the walkers will leave the locally ergodic
region during the process (c.f. Fig. 5b), or accept that the resulting free energy difference will
most likely be rather inaccurate.

4.10 Time crystals

In analogy to the usual periodicity in space exhibited by crystalline compounds, it has
been suggested[198,199] that one should define "time crystals”, which exhibit periodicity in
time as far as their structure is concerned. We note that this does not refer to individual
vibrational excitations of the system, but to ground state analogues of a structural crystal with
respect to periodicity in time. However, it has been proven that such a breaking of time-
translation symmetry is not possible in a standard equilibrium system.[200] Nevertheless,
such a time-crystalline state is possible, if the system is out of equilibrium, e.g., in a steady-
state situation, where periodic forces are applied in some fashion, or periodically varying
currents flow through the material. Clearly, this constitutes an example of a time-varying
energy landscape. In particular, we are talking about the special case mentioned in subsection
3.6.5.iv), where we observe the system at periodic intervals, with a period that is an integer
multiple of the time period of the driving force, Tsystem = NTariving »n > 1. Usually, it is
assumed that the induced periodicity is due to external fields or flows that add/extract energy
to/from the chemical system with a certain period.

While we do not have our usual locally ergodic regions on the landscape, we can
identify time-repeating configurations of the relevant degrees of freedom, which are stable for
essentially infinite numbers of periods, and exhibit ground-state like properties such as no net-
heating of the material (no entropy production) due to the periodically applied forces.
Furthermore, to distinguish the "time crystals” from many phenomena observed in
periodically driven systems,[201] one usually demands that the period of the time crystal be
larger than the one of the driving force, i.e., n > 1. So far, example systems tend to be very
small and focus on some spin degree of freedom in, e.g., 1D chains of trapped ions[202] or
nitrogen vacancy centers[203], but more complex systems might be feasible where positional
degrees of freedom exhibit non-trivial periodicity in time, creating a time-crystalline ground
state.

4.11 Quark-Gluon Plasma

Finally, a perhaps a bit outlandish example of an energy landscape at extreme
conditions would be the one associated with the phase diagram of quantum
chromodynamics,[204,205] where a so-called quark-gluon plasma phase is expected. Here,
the temperatures and pressures or densities are gigantic compared to anything we encounter in
chemical systems. But even in this extreme case, we would expect an energy landscape
approach to be feasible once we have decided on the proper state space and moveclass of the
system. The landscape would be one that includes variation in the number of particles, i.e., we
would need to introduce a chemical potential, and the state space would consist of quarks and
gluon fields discretized on a four-dimensional (3 space and 1 time dimension) grid, and the
Hamiltonian that provides the energy function would have to be replaced by the QCD
Lagrangian.[206,207] This lattice field theory allows us to explore the energy landscape;
however, the open question is the choice of moveclass, since for this we need a reasonable
model for the time-evolution operation. Besides temperature and density, people have studied
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the effect of, e.g., magnetic fields,[204] yielding - in the limit of time-scales where the system
is globally ergodic - a magnetic field-temperature-density phase diagram, which covers both
the state of the early universe, neutron stars, and the "normal™ world around us on Earth at the
present time. But there are open questions regarding the existence of metastable phases in the
quark-gluon plasma; such phases might be accessible when employing energy landscape
exploration methods to this system.
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5. Conclusions and outlook

In this essay, the energy landscapes of chemical systems in contact with the
environment have been discussed, with a focus on extreme conditions. Ideally, the atoms or
relevant degrees of freedom that constitute the interface between the devices representing the
environment and the (bulk) material of interest would be included in an all-encompassing
landscape. Since this is usually impossible for macroscopic systems, we introduce
minimalistic extensions of the (potential) energy landscape of an isolated system by
parametrizing the environment in terms of, possibly time-dependent, macroscopic fields and
fluxes, such as mechanical stresses, electromagnetic fields, electric, particle and thermal
currents, other thermodynamic parameters such as the temperature, or particle reservoirs and
the associated chemical potentials.

Here, we are guided by the way such forces and fluxes are added to the potential
energy in thermodynamics. A critical technical issue one confronts in this process is the
computation of material properties - needed for the implementation of the desired
(minimalistic) parametrization - that are usually defined on the continuum level, such as
conductivities and permeabilities, which must nevertheless be associated with individual
microstates of the configuration space of the chemical system. While complicating the matter,
this is the price one often has to pay when representing the environment in the cost function
by terms that involve only simple field variables. The appropriate choice of such
representative variables will depend on the specific chemical system and the kind of extreme
conditions it is exposed to, i.e., on the environment it interacts with. Since these external
parameters will frequently show spatial and/or time dependences, it might often be necessary
to explore the landscape for many small versions of the system - still perhaps containing
thousands of atoms -, on small enough time scales such that the parameters can be taken as
constant, to obtain information about the feasible (meta)stable states or phases of the system.
These piecemeal landscapes can then be joined together to describe the macroscopic system
and its time evolution. In particular, the characteristic time scales on which the energy
landscape varies, are going to be in competition with the inherent time scales of each of the
time-independent energy landscapes, such as the equilibration and escape times of locally
ergodic regions and the time scales of the probability flows on the landscape, for given fixed
values of the environment parameters.

However, this competition will allow us to control the dynamics of the chemical
system, providing a way to obtain optimal synthesis routes for difficult to synthesize
compounds or enable phase transformations in a given system in a controlled fashion. We
also note that the "extreme conditions” are only special cases of the general interaction with
the environment, as long as the forces we apply do not "destroy" the system, e.g., by turning it
into a plasma. Similarly, extreme conditions can also be realized in the landscape of small or
(quasi-)low-dimensional systems, such as molecules, clusters or nanotubes. However, in these
instances, the use of continuum level parameters, such as conductivities or permeabilities, to
simplify the extended energy landscape, will be problematic or impossible. Instead, we would
need to include the fields explicitly in the Hamiltonian when solving the Schrédinger or Dirac
equation of the system.

This points to one of the major open questions in the field of energy landscapes of
chemical systems: the construction of an energy landscape for systems, whose state space is
fully quantum mechanical in nature, e.g., when the Born-Oppenheimer approximation is no
longer valid and thus the space of atom arrangements is no longer sufficient as the
configuration space, or where the landscape of interest is primarily a function of the electronic
degrees of freedom and only secondarily depends on the atom arrangement. While there are
many phenomenological models described by quantum mechanical Hamiltonians for specific
systems or properties, there does not always exist a natural choice of microstates for the state
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space of the landscape - after all, any linear combination of eigenstates of the Hamiltonian
with the same energy, or even with different energies, can be employed as a quantum
mechanical basis for the system. Similarly, the choice of moveclass is less obvious than in the
case of classical atom arrangements, since the interaction with the environment can couple
many microstates that seem to be far away or are very different, with a non-negligible
probability. Furthermore, the interference of probability amplitudes describing the time
evolution can lead to strange connectivities among the states of the landscape when defining
the moveclass. This touches on the famous measurement problem in quantum mechanics,
which we encounter, e.g., if we want to enforce a periodic reduction to a classical state, in
order to recapture our familiar energy landscape picture.[208,209]

While some answers to these questions may be found in the field of quantum
thermodynamics [210,211] and, in particular, in the use of quantum master equations [212-
214] for the description of dynamics of coarse-grained models of the energy landscape at the
quantum level, properly addressing these issues may require new energy landscape concepts,
whose development might be driven by the study of systems under extreme conditions. But
for the moment, there are enough chemical systems under extreme conditions, ranging from
high pressures and temperatures over strong electric and magnetic fields and electric currents,
to large thermal gradients and heat flows, all of which might vary with time, where the use of
the generalized "classical” energy or cost functions discussed in this work can provide deep
insights into the properties and dynamics of the materials.
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Abstract: Efficient exploitation of the industrial components at elevated temperatures and in
aggressive environments is demanded in modern industrial production. The TisAl-based alloys are
proposed as materials that can meet these demands since it is determined that improved high-
temperature corrosion resistance of industrial construction materials is often more significant for
industrial exploitation than the improvement of their mechanical properties. Therefore, the aim of the
present research was to determine the effect of various parameters, i.e. initial microstructure and
high-temperature processing conditions, on the cyclic oxidation kinetics of the TizAl-based alloy with
the Ti-24Al-11Nb (at.%) composition. Cyclic oxidation tests were conducted in air at 600 and 900 °C.
The oxidation process was monitored up to 120 h by recording mass gain data as a function of time to
define the kinetic models. Examination of alloy microstructure and alloy degradation during the
cyclic oxidation was undertaken using light microscopy (LM), scanning electron microscopy (SEM),
energy dispersive spectroscopy (EDS), and X-ray diffraction (XRD). Alloy hot-rolled at 1050 °C and
hot-rolled alloy subsequently thermally treated at 1200 °C were examined before and after cyclic
high-temperature oxidation. Obtained results indicated that the initial alloy microstructure has a
significant influence on its high-temperature oxidation behavior. Namely, hot-rolled alloy thermally
treated at 1200 °C with a higher volume fraction of the 8 phase in the microstructure shows improved
oxidation resistance compared to the alloy only hot-rolled at 1050 °C. An increase in oxidation
temperature caused the progress in alloy degradation. In contrast to the compact external layer
formed at the alloy surface after cyclic oxidation at 600 °C, during cyclic oxidation at 900 °C
formation of a multi-layer scale was observed. The main products of oxidation are Al,O; and TiO,.
Kinetic models of the Ti-24AI-11Nb (at.%) alloy cyclic oxidation at 600 °C and 900 °C in the air are
defined with linear and parabolic oxidation curves for most of the examined conditions.

Keywords: Ti-24Al-11Nb alloy, thermo-mechanical processing, phase distribution, cyclic oxidation,
external scale, internal diffusion zone, kinetic model

1. Introduction

Production of more durable structural components, which can withstand exploitation at
extreme temperatures and in extremely corrosive environments without degradation and failure, is
crucial for modern industrial advancements [1, 2]. Obtainment of materials resistant to high-
temperature oxidative degradation is extremely important in automotive and aviation applications
where structural components are subjected to extreme temperature variations in the highly-corrosive
gas atmosphere. Moreover, structural components produced for these applications should be
characterized by low density and exceptional mechanical properties to fulfill strict demands regarding
low fuel consumption and low air pollutant emission. These challenges led to the intensification of
research in the field of intermetallic titanium-based materials. Special attention is directed to the
development of titanium aluminides, such as TisAl-based alloys, as these materials show improved
mechanical properties at elevated temperatures, good dimension stability, lower density, and higher
oxidative durability than nickel- and iron-based superalloys and can be used for the production of
turbines, engines, and gas exhaust systems [3-6].

Conventional Ti-based alloys were for decades materials of choice for the construction of
machine parts with improved work efficiency. However, these alloys showed poor mechanical
properties at temperatures higher than 600 °C and poor creep and fatigue resistance in demanding
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exploitation conditions. Moreover, early failure of machine parts at elevated temperatures is often
caused by the surface formation of a brittle oxide layer. Recent developments in this field indicated
the TizAl-based alloys as materials suitable for exploitation in extreme industrial conditions where an
increase of the material's high-temperature oxidation resistance is more important than an increase of
its creep and fatigue resistance [7-14]. Additional alloying of binary titanium aluminides with B-
stabilizing elements, such as Nb, V, and Mo, showed beneficial effects on their room-temperature
ductility and oxidation resistance due to their B-phase stabilizing effect [15, 16]. However, additional
alloying of titanium aluminides with ternary elements is not sufficient to ensure their exceptional
oxidation resistance at elevated temperatures and should be complemented with other methods, such
as thermo-mechanical processing [14, 16-20]. Namely, a,-TisAl-based alloys can not be used as
single-phase materials due to their poor room-temperature ductility [21]. Enhanced ductility is
attained via duplex a, and  phase microstructure obtained by selection of appropriate alloy chemical
composition and/or thermal treatment. Furthermore, an increase of the B phase content in the
microstructure of these alloys contributes to the increase of their oxidation stability at elevated
temperatures.

Therefore, the scope of the present study was to investigate the influence of processing
parameters on the high-temperature oxidation behavior of the TizAl-based alloy with special emphasis
on oxidation kinetics.

2. Experimental Procedures

For the present investigation, the TisAl-based alloy with the Ti-24AI-11Nb (at.%)
composition was selected. The investigated alloy was supplied in the form of hot-rolled sheets with a
thickness of 0.5 mm. Hot-rolling of the alloy was performed at 1050 °C in the two-phase (o,+p) field.
From the hot-rolled alloy sheets, samples with a size of 15 x 15 mm? were cut. One group of samples
was additionally subjected to annealing at 1200 °C in the B-phase field and subsequent water
guenching to induce microstructural modifications and examine the influence of the alloy phase
composition on its high-temperature oxidation kinetics. Detail description of the alloy production and
thermo-mechanical processing procedures is given previously [22]. Samples of the alloy hot-rolled at
1050 °C and the hot-rolled alloy thermally treated at 1200 °C were metallographically prepared and
ultrasonically cleaned with ethyl alcohol to eliminate any surface contamination.

Alloy samples were subjected to the high-temperature cyclic oxidation in air at 600 °C and
900 °C in five successive cycles. For each oxidation cycle, the samples were oxidized in a tube
furnace for 24 h at test temperature and subsequently furnace-cooled down to room temperature. Mass
gain, 4m, was measured after each oxidation cycle using the Mettler electronic balance with +0.0001
g accuracy to determine the mass gain vs. oxidation time function and oxidation kinetics parameters.

A Reichert Jung light microscope (LM) was utilized to undertake the microstructural
characterization of the alloy hot-rolled at 1050 °C and the hot-rolled alloy thermally treated at 1200
°C. For that purpose, previously metallographically prepared samples were etched in Kroll's reagent
that contains 3 ml HF, 6 ml HNO; and 91 ml H,O. Additional identification of the phases present in
the alloy microstructure was conducted using a Simens D500 PC automatic x-ray diffractometer
(XRD) with CuK, radiation. The XRD analysis was also used to determine the composition of
external scales formed on the sample surface during the high-temperature oxidation process. A JEOL
JSM-6460LV scanning electron microscope (SEM) was used for the oxidized samples' cross-sectional
analysis and estimation of the oxidation affected zones thickness and morphology, while the
elemental composition of the formed oxide scales was determined by energy dispersive spectrometer
(EDS) Oxford Instruments INCA X-sight system attached to the SEM.

3. Results and Discussion

Typical duplex microstructure obtained during the hot-rolling of the Ti-24Al-11Nb alloy at
1050 °C and subsequent slow cooling to room temperature is presented in Fig. 1a. The obtained XRD
patterns confirmed the already established presence of duplex microstructure, Fig. 1c. The appearance
of the diffraction peaks at 34.5°, 38.7°, 58°, 62.5°, and 72° indicate the existence of the a,-TizAl
phase in the microstructure, while the presence of the diffraction peaks at 35.7°, 72.5°, 83.8°, and
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94.6° confirm the existence of the B-Ti phase in the microstructure. Quantitative microstructural
analysis revealed that the a, and B phase are present in approximately equal volume fractions, Fig. 1d.
Namely, the volume fraction of a,-TisAl phase, observed as bright irregularly shaped grains in the
LM micrograph present in Fig. 1a, is slightly higher than the volume fraction of B-Ti phase (~5.94
vol.%).

Microstructure of the hot-rolled Ti-24AI-11Nb alloy thermally treated at 1200 °C and
subsequently water quenched is presented in Fig. 1b. Rapid cooling from the single-phase field did
not prevent the transformation of the high-temperature 8 phase. Namely, in the dark matrix, shown in
Fig. 1b, one can observe the presence of bright elongated platelets appearing inside and at the grain
boundaries. The XRD analysis confirmed that these platelets are the a,-TizAl phase which appeared in
the microstructure as a result of the B-Ti phase transformation during the rapid cooling from the
thermal treatment temperature, Fig. 1c. Since rapid cooling from the thermal treatment temperature
prevented the complete p—a, transformation it can be expected that the metastable B-Ti phase is
present in the microstructure in higher volume fraction than in the microstructure formed during the
slow cooling after the hot-rolling treatment. Quantitative microstructural analysis showed that rapid
cooling resulted in the phase distribution that differs from the phase distribution in the hot-rolled alloy
microstructure. Namely, the results of the quantitative microstructural analysis showed that the
volume fractions of the a, and B phase are approximately 40% and 60%, respectively (Fig. 1d).
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Figure 1. (a,b) LM micrographs of the Ti-24Al-11Nb alloy microstructure obtained (a) during hot-
rolling at 1050 °C and (b) subsequent thermal treatment at 1200 °C accompanied with corresponding
(c) XRD patterns and (d) phase distribution.

Detail investigations conducted in this study reviled that modification of the Ti-24Al-11Nb
alloy microstructure, attained during the thermal treatment at 1200 °C of the hot-rolled alloy,
influenced the change in alloy cyclic oxidation mechanism and increased the alloy high-temperature
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oxidation resistance. The observed increase of the alloy high-temperature oxidation resistance is
determined to be highly dependent on the cyclic oxidation temperature and oxidation duration due to
the change of selective oxidation model, morphological characteristics of the externally formed
scales, preferential formation of the protective Al,O; oxide particles, and thickness of the internally
formed diffusion zone.

Table 1. Effect of processing parameters and oxidation conditions on the Ti-24Al-11Nb alloy surface
characteristics.

Alloy

Oxidation

High-temperature oxidation time [h]

External scale
morphology

layered external
scale with variable
thickness

layered external

scale with porous

and uncompacted
layers

processing |temperature h Surtf ace ‘i
conditions [°C] characteristics| 24 72 120
External scale| ) o Ay TiO,, AN [TiO,, AlN, Ti,AIN
composition
600 compact external some cracking of
External scale | scale with good | compact external | external scale
morphology | adherence to the scale which is detaching
alloy surface from alloy surface
A"oy External scale A|203, TiOQ, Nb, A|203, TiOz, Nb, A|203, TiOZ, Nb,
hot-rolled composition AIN, TiN AIN, TiN AIN, TiN
at 1050 °C formation of two- | POrous: granular,
. multi-layered .
layered internal porous multi-
900 diffusion zone and external scale layered external
External scale " I detaching from le with bi
morphology presence ot smal alloy surface and scale with big
cracks and pores in| . .~ . |cracks is detaching
three-layered |nternal_d|ffu5|on from alloy surface
zone with coarse
external scale |
amellae
External scale .
CompOSition A|203 A|203 A|203, T|02, Nb
600 indistinctive oxide| local appearance incompact
External scale | layer with locally | of oxide clusters | external scale
Hot-rolled morphology present oxide due to slow susceptible to
Oailrgye particles oxidation process detachment
thermally ch;rggléf;']e Al,05, TiO,, Nb | A0 s AIN, | Al20s, NEZ AlN,
treated at -
1200 °C appearance of appearance of stagnation of
. . cracks in multi- | oxidation process
900 cracks in multi-

and appearance of
cracks in multi-
layered external
scale

Results of the SEM/EDS cross-sectional analysis, summarized and presented in Table 1,
indicate that higher volume fraction of the  phase in the alloy microstructure caused an increase of
the alloy oxidation resistance even at 600 °C due to the preferential formation of the compact external
scale composed mainly of protective Al,O3; oxide particles contrary to the scale formed at the surface
of the alloy processed only by hot-rolling at 1050 °C which is composed mainly of the TiO, oxide
particles. Namely, except the nitride particles at the surface of the hot-rolled alloy during the later
stages of cyclic oxidation at 600 °C the TiO, oxide particles are formed and their presence caused the
cracking of the externally formed scale. Moreover, a higher volume fraction of the B phase, as a phase
which is enriched with Nb, resulted in the higher thermodynamical activity of Al, protective Al,O3
oxide particles formation, and Nb diffusion into the externally formed scale. The overall thickness of
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the external and internal zones, formed at the surface and in the subsurface regions of the investigated
alloy samples, is shown in Fig. 2.

Positive effect of a higher volume fraction of the B phase in the microstructure iS even more
evident during the cyclic oxidation at 900 °C. Namely, even though the formation of the multi-layered
external scale at the surface of the hot-rolled alloy thermally treated at 1200 °C is faster at the
beginning of the cyclic oxidation process than in the case of the alloy hot-rolled at 1050 °C, in the
later oxidation stages this process significantly decelerates and, as a result, overall external scale
thickness is found to be 35% lower for the alloy samples characterized with higher B phase volume
fraction, Fig. 2. Furthermore, when the hot-rolled alloy thermally treated at 1200 °C is concerned, it is
evident that the oxidation process is taking place only at the alloy surface and that the externally
formed layers, although porous and cracked, do not spall from the surface, Table 1. Results of the
SEM/EDS analysis, summarized in Table 1, indicate that the multi-layered external scale formed
during cyclic oxidation at 900 °C is composed of alternating TiO, and Al,O; layers and the mixture of
these two oxides.
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Figure 2. Effect of cyclic oxidation parameters on the overall thickness of the externally and
internally formed oxidation affected zones: (a) alloy hot-rolled at 1050 °C, (b) hot-rolled alloy
thermally treated at 1200 °C.

0.10 0
m  Alloy hot-rolled at 1050°C oxidized at 600°C —a— Alloy hot-rolled at 1050 °C

Alloy hot-rolled at 1050°C oxidized at 900° | —@— Hot-rolled alloy thermally treated at 1200 °C

0.08 4 A Hot-rolled alloy thermally treated at 1200°C
oxidized at 600°

v Hot-rolled alloy thermally treated at 1200°C

-10 4 ——e

< oxidized at 900° -
§ 0.064 . < s
= e
£ L 204
S 0.04- k=)
%) ~T
2 . £ 25
= v v
0.02 -
-30 4
| |
(3
0.00 77717 liiigfiiiifiiifiiii -35 T T T T T T T
0 24 48 72 9% 120 144 80 85 90 95 100 105 11.0 115 12.0
Time [h] 10%T [K™]
(@) (b)

Figure 3. (a) Mass gain data and (b) Arrhenius plots of oxidation rate constants of the Ti-24Al-11Nb
alloy hot-rolled at 1050 °C and hot-rolled alloy thermally treated at 1200 °C.

Detail examination of the Ti-24Al-11Nb alloy behavior during the high-temperature cyclic
oxidation showed that modification of the alloy microstructural features induced by the additional
thermal treatment at 1200 °C of the hot-rolled alloy significantly improved the investigated alloy
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response to gas corrosion degradation at elevated temperatures. Namely, a positive effect of the 8
phase content increase on the alloy oxidation resistance is additionally confirmed by a significantly
lower mass gain recorded for the oxidation process at 900 °C presented in Fig. 3a. However, to define
and better understand the oxidation process it is necessary to determine the oxidation kinetic models.
Oxidation rate can be defined with different kinetic models determined by designing of the
thermogravimetric curves, i.e. mass gain variation with time, and by specifying kinetic parameters,
i.e. rate constant, oxidation rate power exponent, and activation energy. Oxidation rate can be
described using the model presented in Eq. (1):

(am)" =k, -t. €

where 4m is mass gain per unit surface area, n is oxidation rate power exponent, k, is oxidation rate
constant and t is oxidation time. The following dependence derived from Eq. (1):

Iog(Am):%log K, +%Iogt. )

Linear regression fitting of log (4m) vs. log t data for all investigated conditions is utilized to
evaluate and determine oxidation power exponent and oxidation constant values. According to the
data obtained using this method, it can be said that when n=1 then mass gain with time variation is
considered to be linear, when n=2 then this variation is considered as parabolic, etc. [23].

Table 2. Effect of processing parameters and oxidation conditions on the Ti-24AIl-11Nb alloy
oxidation Kinetic parameters.

. o Oxidation  |Oxidation rate power | Oxidation rate constant, k,
Alloy processing conditions

temperature [°C] exponent, n [g"cm?"h™]
. 600 4 2.98419 x 10™
Alloy hot-rolled at 1050 °C 900 1 499147 x 10°
Hot-rolled alloy thermally 600 1 2.77973 x 107
treated at 1200 °C 900 2 6.015 x 107

Isothermal curves, obtained during this study, confirmed better oxidation resistance behavior
of the investigated alloy during the oxidation at 600 °C than during the oxidation at 900 °C,
irrespective of the alloy processing procedure, Fig. 3a. Namely, results obtained during the mass gain
measurements revealed that the linear increase of the mass gain values with cyclic oxidation time is
characteristic for the oxidation at 900 °C of the alloy hot-rolled at 1050 °C and oxidation at 600 °C of
the hot-rolled alloy thermally treated at 1200 °C. Attained data combined with the surface chemical
and morphological analysis results indicate that oxidation of the hot-rolled alloy at 900 °C did not
result in the protective surface scales formation and therefore led to the oxidation process
intensification. This observation is supported by the SEM/EDS results, presented in Table 1, which
reveal that the externally formed multi-layered scale is porous and prone to cracking, detachment and
spallation implying the oxidation process acceleration. Moreover, the highest value of the oxidation
rate constant, as an indicator of the high oxidation rate, is observed for the oxidation at 900 °C of the
alloy hot-rolled at 1050 °C, see Table 2. When oxidation at 600 °C of the hot-rolled alloy thermally
treated at 1200 °C is concerned then it can be noted that the linear dependence observed for the alloy
oxidative degradation behavior is a consequence of the modification of oxide scale composition with
the oxidation time, Tables 1 and 2. Namely, at the beginning of the oxidation process on the alloy
surface the incompact protective Al,O; layer is formed, however, during the later oxidation stages the
surface layer composition is changed and the amount of undesirable TiO; is increasing in the external
scale. Cracking and detachment of the newly-formed TiO, layer are accelerating the oxidation
process, which is confirmed by the moderately high k, value, Table 2.

An increase of the B phase content in the alloy microstructure, induced by thermal treatment
at 1200 °C, showed the significant influence on the oxidation rate reduction during the cyclic
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treatment at 900 °C which is evident by the obtainment of the three orders of magnitude lower k,
value than the k, value obtained for the alloy hot-rolled at 1050 °C under the same oxidizing
conditions, Table 2. Lower k, value and parabolic mass gain vs. time dependence (n=2) are caused by
the formation of protective Al,O; oxides and change in the oxides forming mode, Tables 1 and 2.

Oxidative degradation of the hot-rolled alloy during the cyclic oxidation at 600 °C can be
described by mass gain vs. time dependence of fourth-order, Table 2. Since oxidation of the hot-rolled
alloy at 900 °C is characterized by linear dependence of the mass gain with time (n=1) it is evident
that this process is significantly faster than in the case of the oxidation process conducted at lower
temperature and obtained k, values confirm this finding, Table 2. Change in the kinetic model of the
hot-rolled alloy indicates the change in the external scale formation mode from single-layered scale
obtained during oxidation at 600 °C to multi-layered scale obtained during oxidation at 900 °C,
Tables 1 and 2.

Effect of the cyclic oxidation temperature on the TizAl-based alloy oxidation rate can be
determined after the Kinetic models were completely defined. Namely, following the Arrhenius law it
is possible to define values of activation energies based on the previously defined oxidation rate
constants. Oxidation rate constant dependence on the oxidation temperature can be determined
according to the Arrhenius equation:

E
k, =k -—=|. 3
p oexp( RTJ (3)

where k, is pre-exponential factor, E, is the activation energy, R is the universal gas constant and T is
absolute temperature. However, to completely define the oxidation rate constant, E, and k, values
must be determined by plotting In k, vs. 1/T. Plots of In k, as a function of 1/T for the oxidation of
alloy hot-rolled at 1050 °C and hot-rolled alloy thermally treated at 1200 °C are presented in Fig. 3b.
Activation energies are determined from the slopes of these plots. The experimentally obtained values
of activation energies and pre-exponential constants are presented in Table 3.

Table 3. The Ti-24Al-11Nb alloy oxidation kinetic parameters.

Alloy processing conditions E. [KJ/mol] Kk, [9"cm™"h™]"
Alloy hot-rolled at 1050 °C 668.0951 2.80755 x 10°
Hot-rolled alloy thermally treated at 1200 °C 641.1294 0.19055

"n = oxidation rate power exponent

Differences in the experimentally obtained E, values for the alloy hot-rolled at 1050 °C and
the hot-rolled alloy subjected to additional thermal treatment at 1200 °C indicate that the high-
temperature cyclic oxidation process is not controlled by the same mechanism. A significant increase
in the k;, values showed that alloy oxidation resistance was drastically reduced during exposure to air
at 900 °C, especially in the case of the alloy hot-rolled at 1050 °C. However, since oxidation rate is
proved to be highly dependent on the alloy phase composition it was found that an increase of the 8
phase content in the alloy microstructure significantly improved its oxidation resistance at higher
exposure temperature, which was confirmed with obtained k; values.

4. Conclusions

The present research was focused on the effect of processing parameters on the Ti-24Al-11Nb

alloy high-temperature cyclic oxidation kinetics and resulting conclusions are summarized as follows:
1. Cyclic oxidation of the Ti-24Al-11Nb alloy at 600 °C and 900 °C in the air for 120 h resulted

in external and internal oxidation of the alloy hot-rolled at 1050 °C, as well as the hot-rolled

alloy thermally treated at 1200 °C. The initial microstructure of the investigated alloy, i.e.
volume fractions of the a, and P phase in the alloy microstructure, showed a significant
influence on the gas corrosion degradation and oxidation kinetics of the TisAl-base alloy.
Obtained results confirmed that the B phase is characterized by higher oxidation resistance
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than the o, phase. Accordingly, the hot-rolled alloy thermally treated at 1200 °C, which is
characterized with the higher volume fraction of the B phase in the microstructure, showed
higher high-temperature oxidation resistance in the air.

2. Oxidation temperature and oxidation duration show considerable influence on the
investigated alloy degradation process. During oxidation in air at 600 °C on the alloy surface,
the compact single-layered scale was obtained and its detachment from the alloy surface was
noticed only during the last stage of the cyclic oxidation process. On the other hand, during
the cyclic oxidation at 900 °C the oxidation process was intensified and, as a result of the
more intensive oxidation degradation process, on the alloy surface, the multi-layered scale
was formed while cracking and detachment of the external scale fragments was noticed much
earlier than in the case of oxidation at a lower temperature.

3. The main oxidation products are Al,O; and TiO, particles. These oxides were present in the
externally formed scales as individual layers or as mixed porous layers. The presence of
Al,Os particles is beneficial for the alloy oxidation resistance, while the presence of TiO,
layers caused accelerated degradation of the alloy due to their porosity. The presence of pores
in the TiO, layers enabled easier oxygen diffusion and thus resulted in faster alloy
degradation. At the beginning of the cyclic oxidation process, thin Ti and Al nitride layers can
also be formed.

4. Kinetic models were defined based on the mass gain vs. oxidation time results. These models
confirmed that a more distinct oxidative degradation process is characteristic for the alloy
hot-rolled at 1050 °C than for the hot-rolled alloy thermally treated at 1200 °C.

5. Oxidation rate constants, obtained during this study, confirmed that the oxidation process was
significantly faster when it was performed at a higher temperature.

6. Linear progression of the mass gain with time is found to be characteristic for the oxidation at
600 °C of the hot-rolled alloy thermally treated at 1200 °C, while its oxidation at 900 °C can
be described by the parabolic kinetic model.
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Abstract: Glassy carbon samples containing boron are produced via two different procedures. Boron
was introduced into the glassy carbon precursor to avoid the commonly used high temperature
doping process and also to obtain the samples of glassy carbon with boron uniformly distributed
throughout the bulk of a material. Structural analysis of specimens treated under different
temperature-pressure conditions shows that boron enhances the structural ordering of all samples but
not to the same extent, clearly indicating that boron in different samples occupies different structural
positions.

Keywords: X-ray diffraction; glassy carbon; boron; graphitization
1. Introduction

Glass-like carbons are usually obtained by pyrolysis of thermosetting resins around 1273 K.
Due to their unigue combination of properties including isotropy, chemical inertness, gas
impermeability, high hardness, and wear resistance, glass-like carbons are used in a wide variety of
applications, such as medical implants, high performance materials for the aerospace industry,
electrochemical electrodes, fuel cell components and as essential material for silicon wafer processing
equipment used in the manufacture of semiconductor devices [1,2]. Boron has a unique property as a
substitutional element in the carbon structure. It can replace a carbon atom in the graphene layer thus
altering numerous properties of the original carbon material: structure, thermal and electrical
conductivity, oxidation stability, etc. [3-7]. One of the major disadvantages of employing doping as a
route for the introduction of boron into carbon material is the necessity for high temperatures
application during the doping reaction (usually around 3000 K) [8]. The other disadvantage of this
widely employed boron doping strategy is the existence of a concentration gradient, i.e. the boron
content in carbon material decreases with the depth of material.

The aim of this work was to examine the possibilities for the boron atoms introduction into
the glassy carbon precursor to avoid high temperature doping process and also to obtain the samples
of glassy carbon with boron uniformly distributed through the bulk of a material.

2. Experimental Procedures

Materials used in this investigation were as follows: resol type phenol-formaldehyde resin
(»Latex«, Yugoslavia), boric acid (HsBOz3) p.a., amorphous boron metal powder, p.a., ethyl alcohol
(CszOH), p.a.

Boron was added into the matrix precursor (resin) in two different forms:

(i) — as boron oxide (B,0O;), obtained during the H;BO; thermal degradation, in an amount sufficient
to obtain 4 wt.% of boron in a resulting glassy carbon (designated as GCBL1 in the further text) was
dissolved in C,HsOH and this solution was then mixed with the resin which was also previously
dissolved in C,HsOH.

(ii) — in the form of amorphous boron metal powder in an amount sufficient to obtain 4 wt.% of boron
in a resulting glassy carbon (designated as GCB2 in the further text).

Undoped glassy carbon is marked as GC.

All samples were heat treated at 350 K and 420 K to achieve the complete polymerization of
the resin. Samples were then carbonized under an inert atmosphere of flowing nitrogen up to 1270 K
with a heating rate of 12 K/h. In the next step carbonized samples were exposed to two different
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treatments: at 2073 K in an atmosphere of flowing argon (HTT), and at 2073 K in an atmosphere of
flowing argon with the simultaneous application of uniaxial pressure of 25 MPa (HTT+P).

Structural analysis of powdered samples was carried out by a Siemens D-500 powder
diffractometer. The CuKa radiation was used in conjunction with a CuKp nickel filter.

3. Results and Discussion

The X-ray diffraction patterns of the samples carbonized at 1273 K are given in Fig. 1. All
investigated samples have two broad maxima corresponding to the (002) and (10) reflections of a
turbostratic carbon structure typical for the GC structure [1]. The (002) reflection for the GC sample
is very broad (full width at half maximum value, FWHM, is approximately 7°) and becomes even
wider in the case of GCB1 and GCB2 samples (approximately 7.7° and 7.5°, respectively). Observed
changes in 26, i.e. dooz, Values are less than corresponding standard deviations, and the decrease of the
doo> Spacing in boron-containing samples cannot be unambiguously confirmed as it was reported in
Ref [1]. Nevertheless, some important observations can be made. Namely, for the GCB2 sample, a
sharp reflection corresponding to the crystalline B,O; (and/or H;BO5) was detected at 26 = 28° which
does not appear in the GCB1 sample, nor the GCB sample in the Ref [1]. A small peak detected at
14.5° also belongs to B,Os. Obviously, B,O; was formed in the GCB2 sample during the sample
preparation, probably as a result of the reaction of boron with released co-products of polymerization
and carbonization, such as H,O. Insert in the upper right corner of Fig. 1 shows the magnified
encircled area of the GCB2 sample with the arrow pointing to the diffraction peak present at 17.5° that
belongs to the strongest reflection of the added elemental boron. The presence of this peak indicates
that boron in the GCB2 sample is partly present as B,O3z and partly as elemental boron. The absence
of B,Os or elemental boron reflections in the GCB1 sample demonstrates that there is a difference in
the nature between boron present in this sample and boron in the GCB2 sample. It seems that boron,
detected in the GCB1 sample, was not formed as a separate phase and it was efficiently protected
from reaction with the above-mentioned co-products. It should be mentioned that no reflections which
may originate from H3;BO; or B,0; could be observed in the X-ray diffraction patterns of the
polymerized GCB1 sample. This suggests that boron is uniformly distributed throughout the bulk of
the material and presumably chemically bonded to the polymer cross-linked structure. Structural
parameters obtained from the X-ray diffraction patterns of samples carbonized at 1273 K are
presented in Table 1.
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Figure 1. X-ray diffraction patterns of the samples carbonized at 1273 K: (a) GC; (b) GCBL1; (c)
GCB2.
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Table 1. Structural parameters obtained from the X-ray diffraction patterns presented in Fig 1.

Sample 20 () doz(Mm) | FWHM() | L. (m) n

GC ~ 23.7 ~0.375 7.0 1.2 4
GCB1 ~23.4 ~0.380 1.7 1.1 4
GCB2 ~ 239 ~0.370 7.5 1.1 4

The X-ray diffraction patterns for the samples treated at 2073 K under ambient pressure are
presented in Fig 2. Samples containing boron clearly show enhanced structural ordering and crystal
formation indicated by the appearance of higher and narrower (002) reflections. The width of the
(002) reflection (FWHM) is proportional to the crystallite size, i.e. crystallite thickness (L. ) and a
number of graphene layers (n) present in the corresponding crystallite. Data presented in Tables 1 and
2 indicate that the temperature treatment at 2073 K significantly increases L. and n values for all
samples when compared with the values for the same samples treated at 1273 K.
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Figure 2. X-ray diffraction patterns of the samples treated at 2073 K: (a) GC; (b) GCB1,; (c) GCB2.

Table 2. Structural parameters obtained from the X-ray diffraction patterns presented in Fig 2.

Sample 20 (°) doo> (NM) FWHM (°) L. (nm) n

GC 25.560 0.3482 4.3 1.9 6
GCB1 25.920 0.3435 1.0 8.2 25
GCB2 26.120 0.3409 1.0 8.2 25

The X-ray diffraction patterns for the samples treated at 2073 K under high pressure (25
MPa) are presented in Fig 3. The GCB1 and GCB2 samples are obtained as solid pellets while the GC
sample remained powdered although an increase of the grain size was observed. It is obvious that the
application of high pressure influenced the more efficient structural ordering of the GCB1 sample than
the GC and GCB2 samples. This is clearly illustrated in Fig 3 by height and width of the (002)
reflection and also by the data presented in Table 3, i.e. the GCB1 sample exhibits the lowest dgo,
value and the highest L. and n values. It may also be seen that only the GCB1 sample possesses the
clearly developed (004) reflection positioned at 20 ~ 54.2°, while the (10) reflection (20 = 43°) of
glassy carbon is completely diminished. It is also important to observe that only in the X-ray
diffraction pattern of the GCB1 sample the reflections that presumably originated from the presence
of B,4C appear. The appearance of these reflections implies that: 1) when the amount of boron in the
carbon sample exceeds the substitutional solid solubility limit for a given temperature (~ 1 wt.% at

13 Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia.



9
@

@ __ @ Journal of Innovative Materials in Extreme | 2021
Conditions | Yo!me?

Issue 2

2073 K) [10], B4C reflections appear indicating that excess of boron is present in the interlaminar
positions [9] between graphene layers, and 2) it is possible that solution-precipitation mechanism [9]
involving B,C plays an important role in enhancing structural ordering of the glassy carbon by
forming the graphite domains in the disordered glassy carbon structure.
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Figure 3. X-ray diffraction patterns of the samples treated at 2073 K and 25 MPa pressure: (a) GC;
(b) GCBL1; (c) GCB2.

Table 3. Structural parameters obtained from the X-ray diffraction patterns presented in Fig 3.

Sample 20 (°) doo> (M) FWHM (°) L. (nm) n

GC 26.125 0.3408 3.8 2.1 7
GCB1 26.377 0.3376 0.4 20.4 61
GCB2 26.183 0.3401 1.0 8.2 25

The absence of the B4C reflections in the X-ray diffraction pattern of the GCB2 sample
indicates that the formation of the B,C phase is clearly influenced by differences in the procedures
conducted during the boron-containing sample preparation. Namely, when dissolving B,0; in
C,HsOH a highly reactive boron alkoxide B(OEt); is produced [11]. It is possible that boron alkoxide
chemically interacts with the resin thus incorporating boron uniformly throughout the non-
polymerized and polymerized sample. This could also be a possible explanation for the appearance of
B4C only in the GCB1 sample. Boron, chemically bonded to the polymer, can easily form the B-C
bond during the carbonization processes, HTT and HTT+P treatments, while HTT and HTT+P
treatments are clearly not sufficient to produce B,C in the GCB2 sample, where boron is present in the
form of metal and/or B,Os.

4, Conclusions

It was shown that a substantial degree of structural ordering (i.e. graphitization) of glassy
carbon could be obtained by adding boron into the glassy carbon precursor (resin). This approach
avoids two major disadvantages of the commonly used high temperature doping process: necessary
attainment of high temperature (usually 3000 K and above) and non-uniform distribution of boron
throughout the bulk of the sample. Structural ordering of the glassy carbon sample obtained by adding
the ethanol solution of B,0O; into the resin is especially efficient when high pressure is applied
simultaneously with high temperature. This procedure can be used for the relatively simple synthesis
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of graphitic materials and carbon/carbon composites with higher oxidation stability, taking into
account that graphite is more resistant to reaction with oxygen than glassy carbon.
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Abstract

Mild steel is an important material in construction, automobile, and other engineering applications.
Long exposure to a corrosive environment causes damage to the material and makes it less efficient
for usage. Various methodologies such as barrier coatings and self-healing coatings are employed to
prevent corrosion to occur. To increase the performance of the coatings, modifications are carried
out by the addition of corrosion inhibitors into the coating matrix. Direct addition leads to unwanted
reactions with the coating matrix and loss of corrosion inhibitor itself. In order to prevent this
problem, nanocontainers are used to encapsulate the self-healing agent/corrosion inhibitor.
Therefore, recent corrosion prevention methods involve the fabrication of multifunctional coatings
using different nanocontainers such as halloysite nanotubes, polymeric microcapsules, layered double
hydroxide, etc. loaded with corrosion inhibitors. The release of corrosion inhibitors works on trigger
mechanism arising due to change in external stimuli and thus increasing the durability of the
coatings.

Key words: Corrosion protection; Nanocontainers; Self-healing; Mild steel

1. Introduction

Mild steel is regarded as one of the best industrial materials used in automobiles,
construction (buildings, bridges, chemical reactors, etc.), and pipeline industries. Due to its ease of
availability and cost-effectiveness, it is widely used in engineering applications. It possesses high
mechanical strength, toughness, malleability, and ductility, because of which it is used in the
aforementioned sectors readily [1]. Despite several applications, mild steel has poor corrosion
resistance, because of which they are reactive to the outer environment when exposed for increased
time duration. Corrosion is the chemical oxidation reaction leading to oxide film formation on the
surface and making it less useful for extended use and vulnerable to the deterioration [2].

In order to prevent corrosion, the most common method is the use of protective coatings in
the form of paints. These coatings function as a barrier between the surface of the metal and the
corrosive media and hence provide protection [3]. However, paints are not adherent when directly
applied on mild steel substrates, and hence hexavalent chrome based or phosphate based conversion
coatings that act as adhesion promoters are used prior to painting. Due to their toxicity and
carcinogenic nature, these conversion coatings have been forbidden to be used [4]. An environment
friendly alternative is the use of sol-gel coatings. Since these coatings may get damaged with time
leading to corrosion, corrosion inhibitors were directly added into the sol-gel matrix in order to
inhibit the corrosion. The major drawback of this method was the solubility and chemical reaction of
the inhibitors with the coating, which deteriorates the protection capability of the coating matrix.
Recent research has shown the use of encapsulation methods to store and confine the corrosion
inhibitors into nanocontainers in order to minimize excessive leaching as well as to prevent
unwanted reactions between the coating and the corrosion inhibitors. These nanocontainers when
embedded into the coatings provide corrosion resistance by actively releasing the corrosion inhibitor
in a controlled manner [5].

Based on the extensive research investigations in this direction, different types of micro and
nanocontainers proposed for corrosion protection are discussed/analyzed based on their shape, size,
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and geometry. These nanocontainers are classified into nanotubes, nanofibers, nanolayers, and
porous microstructures [6,7].

2. Nanocontainers based self-healing coatings
2.1 Nanotubes

Falcon et al. [8] have reported the use of halloysite nanotube (HNT) for encapsulation of
dodecylamine (DOC) as an efficient corrosion inhibitor for carbon steel. The inhibitor loaded HNT
was dispersed into the alkyd primer at 10% and coated on carbon steel. The electrochemical
impedance spectroscopy (EIS), scanning vibrating electrode technique (SVET) and salt spray tests
showed the self-healing behaviour of the coatings because of the controlled release of the corrosion
inhibitor from the lumen of the HNT when subjected to change in pH. Joshi et al. [9] have used three
different types of corrosion inhibitors: benzotriazole (BTA), mercaptobenzothiazole (MBT) and
mercaptobenzimidazole (MBI) for loading into HNT. Tube ends were sealed using urea-
formaldehyde and copper as end stoppers to achieve controlled release of the corrosion inhibitors.
The loaded tubes were mixed in the alkyd paint and coated on steel panels. To observe the self-
healing behaviour, the panels were dipped in 0.5 M NaCl solution and current density maps were
obtained. The corrosion current scans obtained after SVET analysis shows that the
mercaptobenzimidazole and benzotriazole loaded HNT with urea-formaldehyde microcapsules as end
stoppers proved to be better corrosion inhibiting materials for the protection of mild steel. Xing et al
[10] reported the use of HNT loaded with Na,MoO, as a corrosion inhibitor and CaMoO, as end
stoppers to control the release rate of the corrosion inhibitor. Different loading percentages (5, 10, and
15 wt%) of the end stoppered-inhibitor loaded halloysite nanotube was mixed with an epoxy matrix
and was deposited on Q235 steel. The steel coupons were immersed in 3.5 % NaCl solution before
performing electrochemical and immersion studies. The EIS and salt immersion data obtained showed
that the optimized loading of 10 wt% exhibited the highest corrosion resistance and least extent of
corrosion products on the surface, suggesting the controlled release of the corrosion inhibitor to obtain
the self-healing behaviour. Nawaz et al. [11] have reported the use of titania nanotubes (TNT) for
loading dodecylamine (DOC) as corrosion inhibitor. The encapsulated TNT was dispersed into the
epoxy coating, and the properties of the coating were observed after immersing in the corrosive media
at two different pH, 2.0 and 5.0. The EIS investigation showed that the coatings exhibited enhanced
anti-corrosion performance at pH 2 where the active release of the corrosion inhibitor was efficient,
rather than at pH 5. Abdulrahaman et al. [12] have synthesized multi-walled carbon nanotubes
(MWCNTSs) using acetylene and Fe-Ni/ kaolin as the catalyst. The MWCNTSs were characterized
using high resolution scanning electron microscopy (HRSEM), high resolution transmission electron
microscopy (HRTEM), Brunauer-Emmett-Teller (BET), X-ray diffraction (XRD), differential
thermogravimetry (DTG), and thermogravimetric analysis (TGA). The synthesized MWCNT was
dispersed in appropriate amount of water/Arabic gum mixture using ultrasonication followed by
coating on mild steel panels. The first set of samples were heated at austenitic temperature of 900 °C
whereas second set of samples were heated to 950 °C for different time periods (30, 60 and 90 min)
followed by soaking. The mechanical properties such as hardness, tensile strength and yield strength
were found to be the best for samples heated at 950 °C with holding time of 90 min, and similar
results were obtained from electrochemical measurements. The samples heated at temperature of 950
°C for 90 min possess good anti-corrosion properties suggesting that the increase in heat treatment
temperature and holding time increased the corrosion protection efficiency of the coatings to a much
greater extent. The schematics of different nanotubes mentioned above are shown in Fig. 1.
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Fig. 1. Different types of nanotubes (a) Halloysite nanotube and (b) Titania nanotube loaded
with corrosion inhibitor and (c) Carbon nanotube

2.2 Nanofibers

Yao et al. [13] have synthesized polyaniline (PANI) nanofibers using the interfacial
polymerization method. To observe the anti-corrosion behaviour of the PANI nanofiber and
aggregated PANI, two different coating formulations were prepared using PANI nanofibers and
aggregated PANI and were deposited on carbon steel. The coated steel samples were exposed to 5 %
NaCl solution to evaluate the electrochemical properties. The results showed that the PANI nanofibers
have better corrosion resistance than aggregated PANI which is ascribed to the uniform and dense
coating obtained using PANI nanofibers because of the excellent dispersivity in ethanol. Raman
spectral analysis further confirmed the chemical composition of the passive layer formed on the
surface. PANI nanofiber coated sample showed the presence of a-Fe,0O3; and Fe;O, corresponding to
the formation of a thin passive film which in turn protects the mild steel from getting corroded further.
Zhang et al. [14] have reported the use of epoxy microcapsules along with PANI nanofibers to
incorporate into the conventional epoxy/polyamide coatings to obtain uniform and dense coating on
mild steel. EIS studies were carried out after immersing the steel substrates in 12 wt% NaCl solution
for 100 days at room temperature. The results obtained indicate that the controlled release of epoxy
fluid from the microcapsules imparts protection and autonomous-healing properties whereas the
PANI fibers form a passive film acting as a barrier to protect the metal surface from corrosion. Zhao
et al. [15] in their work reported the synthesis of electrospun microfibers using a mixed solution of
PANI and PMMA (polymethylmethacrylate). Different coating formulations were prepared using
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different loading percentages of PANI (4, 8, 15, 25, and 35 wt%) and were coated on Q235 steel for
evaluating the anti-corrosion performance. For comparative studies, PANI/PMMA coating obtained
by drop-casting technique was chosen as a reference. The electrochemical results recorded after
immersing the steel panels in 0.1 M H,SO, solution showed that the coating obtained with 25 wt%
PANI possessed better protection (n = 99.9%) among all loading percentages and drop-casting
PANI/PMMA coated substrates. The obtained high protection with 25 wt% PANI can be attributed to
the formation of a compact film which restricts the entry of the corrosive media. The polarization and
electrochemical data reveal that the corrosion resistance increases with an increase in the dosage of
PANI. The optimized loading of 25 wt% has shown superior corrosion resistance properties, and the
schematic illustration of nanofibers deposited on substrate is shown in Fig. 2.

Nanofibers

i —

Substrate

Fig. 2. Synthesized nanofibers deposited on the substrate

2.3 Nanolayers

Arora et al. [16] reported the synthesis of layer-by-layer (LbL) nanocontainers using
lanthanum cerium molybdate (LCM) nanoparticles synthesized by sol-gel method. The synthesized
LCM nanoparticles were used as the core onto which two different combinations of polyelectrolyte
layers were deposited as the shell, and a corrosion inhibitor was sandwiched between the layers. One
type of nanocontainers was made up of LCM nanoparticles/polypyrrole/benzotriazole/polyacrylic acid
LbL configuration, abbreviated as LCM/PPY/BTA/PAA, and was used for mild steel substrates. The
other type of nanocontainers was made up of
nanoparticles/polyethyleneimine/benzotriazole/polystyrene sulfonate combination, abbreviated as
LCM/PEI/BTA/PSS, and were used for magnesium alloy. The nanocontainers were then mixed into
the epoxy coating and coated on the metal surface. Fourier transform infrared (FTIR) spectroscopy,
X-ray diffraction (XRD), Scanning electron microscopy (SEM) and Thermogravimetric analysis
(TGA) were carried in order to investigate the loading of the corrosion inhibitor into the
nanocontainers, crystallinity, surface morphology, and thermal stability of the nanocontainers.
Electrochemical measurements reveal that the coatings possessing nanocontainers have the highest
corrosion resistance compared to only nanoparticles dispersed epoxy coated substrates. In another
paper, Liu et al. [17] discuss the use of pH-responsive attapulgite (ATP) nanoparticles covered with
polyelectrolyte layers of PEI and PSS with BTA layer sandwiched in between the polyelectrolyte
layers. The obtained nanocontainers were added at 2 wt% to the epoxy resin and applied on Q235
carbon steel. The loading of corrosion inhibitor and surface morphology of the coatings was
confirmed using transmission electron microscopy (TEM), SEM, XRD, and BET analysis. The
corrosion performance and self-healing behaviour of the bare and coated substrates were evaluated
using electrochemical impedance spectroscopy (EIS) and scanning electrochemical microscopy
(SECM), respectively. The EIS results reveal that the coating acts as a barrier because of the presence
of nanocontainers in the matrix. Further, the corrosion inhibitor is released and healed the affected
zone by forming a passive film on the metal surface. Edraki et al. [18] have reported different types of
nanolayers based on ion exchange to protect the mild steel surface. The investigation focuses on the
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use of 2-mercaptobenzothiazole (MBT) and 2-mercaptobenzimidazole (MBI) as corrosion inhibitors
which were intercalated between the layers of sodium montmorillonite clay (Na*™-MMT). XRD
analysis was carried out to confirm the loading of corrosion inhibitors into MMT. The corrosion
studies were performed after immersing the mild steel samples into different solutions; blank, MBT,
MBI, MMT-MBT, MMT-MBI, and Na*-MMT. The corrosion protection efficiency observed for
MMT-MBT and MMT-MBI was very high when compared to only MBT, MBI, and Na*-MMT. The
SEM images obtained after immersing the samples for 24 h in the respective solutions suggest that the
MMT-MBT absorbed surface has shown more uniform layer formation, hence confirming the
inhibition action of the corrosion inhibitor. Duong et al. [19] reported the use of layered double
hydroxides (LDH)/graphene oxide (GO) hybrid for intercalation of 2-benzothiazolylthio-succinic acid
(BTSA) as an effective corrosion inhibitor. FTIR spectra, XRD profiles, and SEM images were
recorded for GO, LDH-BTSA, and LDH/GO-BTSA to confirm the loading and surface morphology
of the layered nanocarrier. For analyzing the corrosion protection performance, the carbon steel
samples were immersed in the corrosive media (0.1 M NaCl solution) consisting of LDH/BTSA and
LDH/GO-BTSA at 1 ¢/l concentration for 2 h. The polarization data indicate that the inhibition
efficiency for LDH/GO-BTSA was 94.2 % whereas it was 85.5 % for LDH-BTSA. The high
inhibition efficiency of LDH/GO-BTSA could be explained with the presence of GO, which also
shows corrosion inhibitive action in addition to BTSA. Different types of nanolayer based
nanocontainers are shown in Fig. 3.
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—— LDH sheet |
W - —— Octahedral Alumina
M™ anion i
A A% AL
; \ Basal Exchangeable cations
spacing A A “ (Mn, M2+ or M"3+)
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Inhibitor Layer

Polyanionic Layer

— Core

(©

Fig. 3. Different types of nanolayer based nanocontainers: (a) Layered double hydroxide, (b)
Montmorillonite clay and (c) Layer-by-Layer nanocontainer using polyelectrolyte layers

2.4 Porous microstructures

Roselli et al. [20] have reported the use of Cerium (Ce) ions as an effective corrosion
inhibitor and loaded into the porous zeolite microstructure in order to replace the phosphate based
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coatings on SAE 1010 steel panels. Two different zeolite compositions were used and were
abbreviated as Z; and Z,. XRD pattern obtained for both the rocks revealed that the concentration of
mordenite was higher in the case of Z; (more than 80%) than Z, (50-80%). SEM images obtained
for both zeolite rocks and zinc phosphate (PZ) showed that the average particle size was <10 um.
Five different coating formulations were prepared and the following nomenclature was assigned:
control alkyd coating (C), Ce-Z;/coating (1A), Ce-Z,/coating (1B), Ce-Z,/PZ/coating (2A), and Ce-
Z,/IPZ/coating (2B). Electrochemical studies were carried out after immersing the coated steel panels
in 0.5 M NaCl solution for 1, 18, and 31 days. The results suggested that the modified zeolite based
coatings could effectively replace the zinc phosphate coatings partially with the use of Z, or totally
with the use of Z;. The corrosion protection increased for the modified zeolite based coatings
because of the presence of Ce (l11) ions as a corrosion inhibitor. Yeganeh et al. [21] proposed the
use of mesoporous silica (MS) based nanocontainer with Na,MoO,4 (NMO) as a corrosion inhibitor
to be loaded into the nanocontainer. The composite coatings were generated by mixing Na,MoO,
loaded MS nanocontainers into the polypyrrole (Ppy) matrix and coated on steel substrates. FESEM
images revealed that the MS powder has hexagonal pores, which was confirmed further from the
observed XRD pattern relevant to the hexagonal structure of the powder. BET analysis indicated
that the pore volume and diameter decreased after loading the corrosion inhibitor. The corrosion
behaviour of the Ppy/MS(NMO) and Ppy/MS coated substrates was evaluated after immersing the
substrates in 2 g dm™® NaCl solution at pH 8. Results of the electrochemical impedance and
polarization studies indicate that the incorporation of the corrosion inhibitor NMO increased the
coating functionality to much higher extent as it protects the surface from corrosion attack. Further,
the inhibitor restricts the formation of the corrosion products rather it helps in forming a passive
layer as soon as the inhibitor is released in the vicinity of the damaged area. Figure 4 shows the
schematic representation of different types of microstructures used for encapsulation.

(@)

Corrosion
inhibitor

Fig. 4. Porous microstructures: (a) Zeolite and (b) Mesoporous silica nanostructure

Corrosion
inhibitor
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3. Conclusions

Surface coatings obtained with the incorporation of different types of nanocontainers impart
self-healing properties. This review provides insight into various types of nanocontainers used to
protect mild steel on exposure to aggressive corrosive media. The nanocontainers are used as an
encapsulating agent for storing and retaining the corrosion inhibitors. Nanocontainers store and seal
the incorporated active corrosion inhibitors and keep them aside from leaching and/or reacting with
the coating matrix, thereby enhancing the stability and durability of the surface coating. Encapsulation
enables the sustained and controlled release of the corrosion inhibitors precisely at the time of the
corrosion attack on demand, and thus enhanced corrosion protection efficiency would be observed
with surface coatings comprising inhibitor loaded nanocotainers. With these additional functionalities,
the coating properties can be enhanced to a much higher extent, and thus the durability of the mild
steel substrates would be increased making it more useful for modern-day industrial applications.
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Abstract: Thermodynamic modeling based on the CALPHAD approach is a powerful tool for
understanding the behavior and designing materials with optimized properties. This method relies on
the availability of relevant Gibbs energy functions. The present work is concerned with developing the
Gibbs energy functions for Si-Zr-N and Ti-Zr-N systems. The outcome of implementing such an
approach is a set of internally consistent Gibbs energy functions for various phases. These functions
are used to build Gibbs energy databases for multicomponent systems that are accessed by Gibbs
energy minimization software to compute phase diagrams and thermochemical properties. They can
be used to compute the thermochemical and constitutional information that would help in
understanding the behavior of these materials and optimizing their compositions for different
applications.

1. Introduction

The development of superhard materials for extreme environment applications is a subject of
great importance. Most of the cutting tools and other components, subjected to friction and wear are
coated with superhard materials. Though the durability of these coatings depends on mechanical
properties such as hardness and wear resistance, their high-temperature oxidation resistance is also
important. The excessive oxidation of these coatings leads to loss of adherence and reduction in wear
resistance.

TiN and ZrN are used as protective coatings for cutting and forming tools due to their high
hardness and wear resistance. Though these coatings possess excellent mechanical properties, their
oxidation resistance at elevated temperatures is poor. It was reported that the oxidation resistance of
these coatings can be enhanced by the incorporation of silicon [1]. The highest oxidation resistance
was achieved in Si-Zr-N coatings containing about 10 mol% Si as reported by [2]. Cemented carbide
tips coated with the mixed nitride (Ti, Zr)N have shown improved cutting performance due to the
alloying effect of Zr with Ti in the fcc-TiN unit cell [3]. At high cutting speeds, spinodal
decomposition can be expected to occur because of an increase in temperature at the contact zone,
leading to a further increase in hardness and wear resistance [4].

The main aim of this work is to explore the phase equilibria and thermochemistry of ternary
nitride coatings for tribological applications using the CALPHAD method. It is possible to obtain the
thermochemical and constitutional information with the help of Gibbs energy functions for individual
phases using this method. This information will be beneficial for the selection, processing, and
application of these materials for various applications. In this study, an internally consistent set of
Gibbs energy functions for various phases are obtained using the CALPHAD approach combined
with ab initio calculations for Si-Zr-N and Ti-Zr-N systems.

These functions are an integral part of Gibbs energy databases for multicomponent systems that are
accessible to Gibbs energy minimization software such as Thermo-Calc [5].

2. The Calphad method

The term CALPHAD is the acronym for CALculation of PHase Diagrams. This method
combines the classical thermodynamic principles with mathematical formulations that facilitate the
calculation of thermochemical properties and phase equilibria of multicomponent multiphase systems.
The CALPHAD approach is based on the principle that state variables corresponding to
thermodynamic equilibrium can be computed using Gibbs energy minimization. The required
functions for multicomponent systems can be obtained by combining the Gibbs energy functions of
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the bounding binary systems. Correction terms are usually required to account for the higher-order
effects, usually not exceeding the ternary effects. Hence, the central theme of this approach is Gibbs
energy modeling. The main task of this approach is, thus, to develop a consistent set of Gibbs energy
functions for relevant phases in the bounding binary and ternary systems that reproduce the
experimental information satisfactorily. The foundation for this method was laid by van Laar [6], who
calculated binary phase diagrams using ideal and regular solution models. In 1970, Kaufman and
Bernstein [7] introduced the idea of lattice stability. This concept along with the Gibbs energy models
for developing phase diagrams from experimental data led to the computer calculation of phase
diagrams.

2.1. Gibbs energy models
2.1.1 Elements

Elements and stoichiometric compounds have fixed composition and hence, their Gibbs
energies will be dependent only on pressure and temperature. The Gibbs energy of an element in a
chosen structural state can be expressed as the following.

G(T,p)=G"+G"+G" 1)
where G is the chemical (lattice) contribution, G™ is the physical contribution, typically due to
magnetic ordering and G is the pressure contribution. The functions recommended by Scientific

Group Thermodata Europe (SGTE) [8] are to be used for G, which has the following format (Meyer-
Kelly polynomial).

Gj (T) =H*F +a+bT +cTInT +dT*+eT "+fT°+... )
1
where, a, b, c. . . are the model parameters. © indicates that standard pressure (1 bar) is used. SER
refers to the Stable Element Reference i.e., with respect to the enthalpy at 298.15 K and 1 bar (H;*%? )

and entropy at 0 K, which is zero according to the third law of thermodynamics. Similarly, the Gibbs
energy as a function of temperature for a stoichiometric compound 0 is as follows.

8T = Z v;H® L A + BT+ CIInT +DI? +ET" +FI*... (3

where, A, B, C. .. are the model parameters. v; are the stoichiometric coefficients of the elements that
make up 0. These functions are generally valid above room temperature.

2.1.2 Solutions

The general form of Gibbs energy of a solution is
G = Gref _l_Gconf -I-GE _l_Gph + Ger (4)

where G/ is the reference term and can be considered as Gibbs energy of a mechanical mixture of

the constituents. G/ refers to the contribution from ideal mixing of constituents and GZ is the
excess contribution that accounts for deviation from ideal behavior. The exact form of these terms
depends on the Gibbs energy model chosen for a phase.

Random substitutional solutions

A substitutional solution model is one of the simplest mixing models, where the solute atoms
substitute the solvent atoms randomly. For a multicomponent random substitutional solution at
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standard pressure, the G™ in Equation 4 can be written as
G =) " 2i(Go — HR) (5)
where, x; is the mole fraction of component i. The G°™/ can be represented as
oo — BT Z xinz; (6)

The composition dependence of GE term in Equation 4 can be expressed by Redlich-Kister

(R-K) polynomial [9]. Using this polynomial, the GZ for the random-substitutional solution in a
system A-B can be written as

GE = zazy Z VLap(ra —xB)" )

v=0

where, "Lag is the R-K polynomial coefficient of v order. The temperature dependence of these
parameters can be represented as

Vap =" a+"bT'+" cTInT (8)

In the case of multicomponent solutions, the excess Gibbs energy (G5,..) can be written in terms of
the excess Gibbs energies of the constituent binaries (GI-E_ J,-) using geometrical extrapolation. Although
there are many geometrical extrapolation schemes are available, the Muggianu extrapolation [10]
along with R-K polynomials is preferred due to its simplicity. Hence, for a multicomponent solution
with random mixing, the excess Gibbs energy can be represented as

c—1 c

mL = Z Z ar (@, ;) 4 correction terms 9)

i=1 j=u141

where, ¢ is the number of components. The correction terms represent the contributions from the
higher-order systems, generally not exceeding ternary or quaternary systems. The excess Gibbs
energy for a ternary random substitutional solution (G£_,_3) can be represented as

T|—)—s = Z z G 7 (Zi, ;) + 1%273L1 23 (10)

i=1 j=i+1
where, L, 5 1 is the ternary correction term.

Sublattice formalism

A simple mixing model such as the random-substitutional solution is not usually adequate
since many phases have more than one type of site in which mixing takes place. This leads to a
general modeling concept known as sublattice formalism. The concept of subdividing configuration
space into sublattices was introduced by [11] to describe the thermodynamics of reciprocal salt
systems. In this model, it was proposed that the anions and cations occupy separate sublattices and the
mixing is random in each sublattice. This approach is very suitable for modeling a variety of phases
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such as random substitutional as well as interstitial solutions, stoichiometric compounds, intermediate
phases with homogeneity range, ionic melts, etc. This concept was adapted for other systems by [12].
It was further extended by [13] to include an arbitrary number of constituents in each sublattice. The
generalized sublattice formalism with an arbitrary number of sublattices as well as constituents within
each sublattice was proposed by [14]. According to this a formula unit of a phase can be represented
by
(A,B,C..0q,:(ACE .. )g:(BDE.)g, (1)

where, the constituent species A, B, C... may be atoms, molecules, charged species, or vacancies
(Va), and a; is the relative number of sites in sublattice s. It is also assumed that there is random
mixing among the constituents in each sublattice. Each pair of parenthesis denotes a sublattice, a
colon (;) separates each sublattice and a comma (,) separates each constituent within a sublattice. It
should be noted that a constituent species is allowed only once in each sublattice.

A composition variable called site fraction (v;z) is introduced in order to formulate the
Gibbs energy using the sublattice formalism. It is defined as the mole fraction of a constituent species
i in sublattice s, i.e.,

Nigs
Yits = N—j (12)

where, N;x; is the number of constituent species i and N is the total number of sites in sublattice s,
including vacant sites. Using the sublattice formalism, the Gibbs energy per mole of formula unit
(mfu) of a phase is given as

(.:Trml'il . Z H Yizts CT'?[(J] +=RT Z g Z ,"/-i,z',tsln.‘}."#s i Z H Yidts L.{'{.‘. )

(0 1{0) 1(z) I(z)
(13)

where I(z) is the constituent array of z*" order. An 0™ order constituent array (I(0)) has only one
species occupying each sublattice. It is commonly referred to as an end-member since it resembles a
stoichiometric compound. The first term in Equation 13 represents the reference term that is formed
by the weighted sum of the Gibbs energies of all the end-members I(0). The second term is the
contribution of configurational entropy to Gibbs energy due to the random mixing of constituents
within each sublattice. The excess contribution to Gibbs energy is given by the third term. It consists
of several interaction energy terms L;; which arise due to the interaction of constituents within a

sublattice. The interaction terms beyond the second order constituent array are not considered since
their contribution to Gibbs energy is negligible. Sublattice formalism provides an appropriate method
to formulate realistic mixing models for a variety of phases. Care must be taken to choose the right
number of sublattices that must agree with the crystallography and homogeneity range of the phase
that is considered. The use of too many sublattices is not beneficial since the Gibbs energy needs to be
determined for a large number of end-members, which is not practical. Hence, for phases with
complex crystal structures, one may need to simplify the model by combining sublattices based on
point group symmetry, coordination number, etc.
Table 1: Typical settings used for VASP calculations.

Pseudopotential PAW
Exchange-correlation functional GGA-PBE
Energy cut-off 600 eV
k-point spacing =0.02A!
k-point sampling scheme Monkhorst-Pack [17]
Force convergence 2x10 2evVA!
Energy convergence 10 7 eV
. Tetrahedron method with Blochl
Integration scheme .
corrections [18]
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4. Ab initio calculations

With the advancements in high-performance computing, it is now possible to carry out
intensive low-length scale calculations for systems with a large number of atoms and molecules.
Amongst these calculations, the total energy calculations based on density functional theory (DFT)
have gained much use in the context of CALPHAD. Results from these calculations often serve as
input in the thermodynamic modeling, greatly improving the quality of the Gibbs energy functions.
The predictive capability of DFT can be utilized to obtain the structural, electronic, and
thermodynamic properties of materials.

Thermochemical properties such as enthalpy of formation, enthalpy of mixing, etc. serve as
important input gquantities in the optimization of Gibbs energy functions. When the experimental
values are unavailable, calculated values of these properties can be used in the optimization. Besides,
the enthalpy of formation of hypothetical end-members of the sublattice formulation (Equation 13)
may be required. These quantities can also be obtained using ab initio calculations based on DFT. In
the past, empirical methods such as Miedema model [15] were used for estimating the enthalpy of
formation. At present, methods based on DFT are being used for generating thermochemical
information such as enthalpy of formation and enthalpy of mixing of a solid solution at absolute zero
of temperature with good accuracy.

In the present work, DFT calculations are performed using Vienna Ab initio Simulation
Package (VASP) [16]. General settings used for the calculations are listed in Table 1.

The enthalpy of formation (A-H34g) is estimated by calculating the difference between the

total energies of the compound and pure elements in the chosen structural state
ArHjgg ~ Eq(AyB;) — YEo(A) — zEo(B) (14)

where, Eq(A,B;), Eq(A) and E(B) are the total energies of compound A,B, and elements, A and
B, respectively.

The mcsgs [19] code of Alloy Theoretic Automated Toolkit (ATAT) [20] is used for
generating the SQS supercells at different compositions. This code generates SQS structures using
stochastic techniques such as the Monte Carlo method which are more efficient in finding the
optimum supercell. The enthalpy of mixing, An,ixH obtained from these calculations is useful input for
thermodynamic assessments. In the present work, SQS has been used to generate random mixing of
the substitutional atoms in the nitrides of Ti-Zr-N and Al-B-N systems.

200
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=
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. . . . . .
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Figure 1: Calculated C;, for o and BSisN, using QHA.

DFT calculations are capable of predicting the total energy (E;) of a structure at 0 K. To
obtain accurate Gibbs energy parameters, thermodynamic properties at finite temperature (above 0 K)
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are crucial. In this work, both harmonic and quasiharmonic approximations are used for calculating
the finite-temperature thermodynamic properties. The harmonic approximation is implemented using
the PHONON code [21]. Phonopy [22] was used for estimating the thermodynamic properties using
guasiharmonic approximation (QHA).

4. Thermodynamic optimisation

Thermodynamic optimization was performed using the PARROT module [23] of the
Thermo-Calc. Details about the optimization of Si-N, Zr-N, Ti-Zr-N, and Si-Zr-N are given below.

4.1. Si-N system

Thermodynamic functions for this system are available from the work of [24]. However, it
was not possible to reproduce the phase relations in Si-Zr-N system using that description. Hence, the
Si-N system has been re-optimized in this work. The enthalpy of formation (A¢H;45) as well as heat
capacities (C,) of and SisN, are calculated using the ab initio calculations mentioned above. The

computed values of A¢H 344 for o and BSisN, are —790012 and —788858 J/mol, respectively. The €,
as a function of temperature obtained using QHA for a and pSisN, is shown in Figure 1. The C;(T)
values are fitted to appropriate expressions down to 0 K and integrated to obtain the Gibbs energy

functions (Equation 15).

4
°GSiaNa _ 3HSER _ 4 SER — {a +bT +yT

15
a+bT +cTInT +dT 1 +eT 2 +1T3 (15)

The model parameters for this system are optimized using thermochemical (experimental
and ab initio) and constitutional data as input. The calculated phase diagram is shown in Figure 2a.
There is good agreement between the experimental data and the calculated phase boundaries. The
phase diagram calculated without considering the gas phase is shown in Figure 2b.
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Figure 2. Calculated Si-N phase diagrams.

Table 2. Enthalpy of formation of end-members in Zr-N system using DFT

End-member AfHagg (J/mol)
ZrN (fcc) -341593
ZrNg s (hcp) -148695
ZrN; (bcc) +280996
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4.2 Zr-N system

The Zr-N system was initially modeled by [25]. Since some of the critical experimental data
available in the literature were not used in that work, a re-optimization of the system is done here. The
computed A fH3o4 values with respect to Zr(hcp) and N, (g) using DFT are listed in Table 2. It is to
be noted that ZrN; and ZrNg s are the end-members of the sublattice formulations of bce and hep solid
solutions. The Helmholtz energy estimated using harmonic approximation is converted to Gibbs
energy with respect to SER using the following equation [26].

G5 (phase) — Z v;H3os(i) = Ey(phase) + ZPE(phase) + A7 (phase)

i=elements

— Y VilEo(i) + ZPE(i) + (Hses — HO)() + 0V ()] (16)

i=elements

where ZPE is the zero-point energy that was obtained from these calculations. The Gibbs energy
calculated using a harmonic approximation for stoichiometric ZrN is shown in Figure 4.

This system was optimized with experimental thermochemical and constitutional data as well
as the ab initio thermochemical data as input. The calculated Zr-N phase diagram and its comparison
with experimental data show that they are in good agreement (Figure 3). The calculated Gibbs energy
of ZrN matches well with the values estimated from ab initio calculations, as shown in Figure 4.

4.3. Ti-Zr-N system
Experimental information indicates that TiN and ZrN are immiscible with each other below

2000 K [28]. However, there is no experimental data regarding the critical point of the miscibility
gap. The enthalpy of mixing of TiN and ZrN, computed using SQS, indicates that demixing is favored
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(Figure 5). The Gibbs energy of formation of one of the compositions of the mixed nitride (&-phase)
corresponding to the formula Zr,,sTig7sN was calculated using harmonic approximation is shown in
Figure 6. The calculations for other SQS structures failed due to negative phonon frequencies.

In order to model the Gibbs energy functions of the Ti-Zr-N system, the thermodynamic
descriptions for Zr-N from present work as well as Ti-N and Ti-Zr from [29] and [30], respectively,
were combined. The model parameters for the & phase were optimized with the ab initio
thermochemical data as input. Figure 7 shows the calculated TiN-ZrN section. The predicted critical
temperature and composition of the miscibility gap are 1844 K and 0.34 (xz,), respectively. The
partial isothermal section at 1473 K indicates the presence of §-phase miscibility gap, as shown in
Figure 8.

4.4. Si-Zr-N system

Experimental data indicate that the dissolution of nitrogen makes ZrsSi; phase stable down to
room temperature in Si-Zr-N system. The phase equilibria at 1273 and 1573 K were presented in the
form of isothermal sections in the review by [31]. Ab initio calculations were performed for ZrsSizN
end-member since there are no experimental thermochemical data available for this system. The
calculations predict it AfH g to be —968142 J/mol. The Cp as a function of temperature, obtained
using QHA is shown in Figure 9. The C; (T') values were fitted to relevant expressions and the Gibbs
energy functions similar to Equation 15 were obtained by integration. A preliminary version of the
Gibbs energy description for the ternary system is obtained by combining Gibbs energy functions of
Si-N and Zr-N from the present work and the modified thermodynamic description of Si-Zr system
from [32]. The Gibbs energy parameters for Zr.Si,N were optimized with the ab initio
thermochemical data and the experimental constitutional data. The calculated isothermal sections at
1273 and 1573 K using the parameters obtained in this work and its comparison with experimental
data from [31] are shown in Figures 10a and 10b, respectively.
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The change in the disposition of the tie-triangles between BSizN,, ZrN, ZrSi, and ZrSi, at 1273 K and

1573 K indicates the presence of a U-type invariant reaction between these temperatures. The
calculated U-type invariant reaction (SizN4 + ZrSi = ZrSi, + ZrN) temperature is 1382 K. It is worth
mentioning that when the Gibbs energy descriptions for the Si-N system from [24] was used, this
reaction occurred at <500 K, which is inconsistent with the experimental data.

5. Conclusions

The present work was aimed at obtaining the thermodynamic descriptions for Si-Zr-N and Ti-Zr-N
systems using the CALPHAD method. Ab initio calculations were used extensively to improve the
guality of the Gibbs energy functions. Some of the key findings from this work are: BSizNg is
thermodynamically more stable than aSisNy; the critical point of the miscibility gap in &-phase was
estimated to be 1844 K and 0.35 xz.y in Ti-Zr-N system; U-type invariant reaction temperature is
calculated to be 1382 K in Si-Zr-N system.
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Figure 10. Comparison of calculated isothermal sections at 1273 K and 1573 K with
experimental data from [31]
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Abstract: Recently predicted a-phase in the Ce,ON, compound has been further investigated using
ab initio methods. The structural properties of the a-Ce,ON, have been investigated and compared
with the related AlICo,Pr, structure. Mechanical properties including elastic constants, bulk, shear
and elastic moduli, Poisson's ratio, Pugh’s criterion, and hardness are calculated in the pressure
range from 0 to 10 GPa. Also, electronic properties are calculated at the same pressure conditions
using DFT-LDA approximation and the characteristic band structure has been analyzed.

Keywords: a-Ce,ON,, ab initio, mechanical properties, electronic properties, high pressure

1. Introduction

When investigating the materials under extreme conditions it is important to know the energy
landscape concepts for chemical systems under extreme conditions, as well as materials properties
investigation under extreme conditions.[1-3] Nitrogen doping is often used for oxide photocatalysts if
band-gap tuning is needed.[4] In this way obtained stoichiometric oxynitrides can have useful optical
properties.[5] Furthermore, the incorporation of nitrogen has been reported as an alternative method
for cation doping that increases the anion vacancy concentration and stabilizes the cubic or tetragonal
form of ZrO, at room temperature.[6] The nitrogen-doped oxides exhibit good mechanical, catalytical,
and optical properties and have been reported as superionic conductors.[6]

On another side, pure ceria (CeO,) has important technological applications, e.g., as catalysts, in
electrolyte solid oxide fuel cells, oxygen storage components, mechanical polishing for
microelectronics, metallurgy, and biomedicine.[7-11]. Doping of ceria with nonmetals is extremely
rare, but it has been reported before, where that doping significantly changes the physical and
chemical properties of ceria [12-14]. Besides doping with nitrogen, ceria has been doped with carbon,
phosphorus, sulfur, magnesium, lanthanum, europium, and praseodymium.[15-18] Similarly, cerium
nitride (CeN) is a material with interesting optical, electronic, and magnetic properties, related to the
structure and oxidation state.[19-21]

In our previous study, we have identified stable and metastable modifications of the Ce,ON,
compound for the first time, using a combination of global optimization and data mining. [22] The
a-Ce,ON, modification, with the post-AlCo,Pr, structure, is predicted to be the thermodynamically
stable modification at standard conditions. In this work, we go one step forward giving the predicted
structural, mechanical, and electronic properties in the high-pressure range for the not-yet-synthesized
a-Ce,ON; phase.

2. Computational details
Ab initio calculations of the mechanical and electronic properties in the high-pressure regime

were performed using the CRYSTAL17 code [23], which is based on linear combinations of atomic
orbitals. Local optimizations are performed on the density functional theory level using the local
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density approximation (LDA). In the case of Ce*" a pseudopotential [24] was used, together with a
[454p2d3f] basis set, for O” a [4s3p] basis set was used [25, 26], and for N* [3s2p] an all-electron
basis set based on Gaussian-type orbitals was employed [27, 28]. A computational strategy
implemented in the CRYSTAL solid-state quantum-chemical program has been performed for the
accurate ab initio simulation of elastic properties of crystalline materials under pressure.[29] Full
elastic tensor has been generated by using the keyword ELASTCON. [30, 31] Crystallographic
analysis was performed using KPLOT code,[32] and structure visualization using VESTA software
[33].

3. Results and Discussion

Figure 1a shows the parent structure obtained from data mining based searches in the ICSD
database [34] in the AlCo,Pr, type of structure [35]. It crystallizes in the monoclinic space group C2/c
(no. 15) with 8-fold coordination of cobalt by Al and Pr atoms (Table 1). The structure evolved after
ab initio structure optimization into a-Ce,ON, phase, with so-called post-AlCo,Pr, type of structure,
shown in Figure 1b. The new a-phase shows trigonal symmetry with the P-3m1 space group (no. 164)
and details considering unit cell parameters and atomic positions are published elsewhere. [22]

a) b)

Figure 1. Crystal structure of a) AlCo,Pr, type, where aluminum atoms are orange color, cobalt atoms
are blue, and praseodymium atoms are green, b) a-Ce,ON, phase, where cerium is yellow, oxygen is
red, and nitrogen is shown as grey balls.

Table 1. Atom distances and coordination of cobalt in the AlCo,Pr, structure, and cerium in the
a-Ce,ON, structure.

Co-coordination/Atom | AlCo,Pr; (A) Ce-coordination/atom | a-Ce,ON, (A)
Al 2.5714 N 2.2536
Al 2.5879 N 2.2536
Pr 2.9613 N 2.2536
Pr 2.9778 N 2.2752
Pr 2.9778 O 2.5674
Pr 3.0270 O 2.5674
Pr 3.0521 0] 2.5674
Pr 3.0618 N 3.2944

Interestingly is that the cerium atoms are in 7-fold coordination with four nitrogen and three
oxygen atoms in the a-Ce,ON, phase with the polyhedra edge-connected (Figure 2a). However, when
including the second coordination polyhedra of cerium atom (distances up to 4 A), one can observe
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distant nitrogen atom at 3.2944 A (Table 1). When plotting an additional N atom, the Ce atom
becomes 8-fold coordinated in the a-phase with a square prism connected by planes (Figure 2b).

a) b)
Figure 2. Crystal structure of a-Ce,ON, phase with a) 7-fold coordination; b) 8-fold coordination of
cerium atoms by O- and N-atoms. Note that cerium is yellow, oxygen is red, and nitrogen is shown as
grey balls.

Since the a-Ce,ONj structure is only theoretically predicted phase in the Ce,ON, system, future
experimental work is expected. In this respect, we show theoretical X-ray diffraction patterns (XRDP)
of a-Ce,ON.,. which could be used for the identification of a-Ce,ON, (Figure 3a). Moreover, in Figure
3b, we show the experimental XRPD of the parent AICo,Pr, type, clearly different from the predicted
a-phase of the Ce-O-N compound.
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a) b)
Figure 3. X-ray diffraction patterns (XRDP) of: a) theoretically predicted a-Ce,ON, phase; b)
experimentally observed AICo,Pr, type of structure.

In our investigation, we have calculated elastic constants C; for the investigated a-Ce,ON,
compound up to 10 GPa, in order to get insight into the mechanical stability. Second-order elastic
constants for a-Ce,ON, candidates are given in Table 2. It is known from the literature that
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eigenvalues of the elastic constant matrix should be all positive in order to have mechanically stable
structure. [36] Since this condition is satisfied, the a-Ce,ON, phase should be the mechanically stable
phase.

Relation between bulk and shear modulus was calculated to connect the mechanical and
elastic properties of the a-Ce,ON, modifications. This simple relation B/K is called Pugh’s criterion
[37]. According to this criterion, its critical value of 1.75, separates ductile from brittle materials. In
the cases when this value is above 1.75, the material exhibits ductile behavior. In contrast, the
materials with values of Pugh’s criterion under 1.75 have a brittle character. Thus, calculated Pugh’s
criteria are given in Table 3 and according to them, a-Ce,ON, exhibits ductile behavior. Another
insight into ductile/brittle behavior comes from Poisson's ration v. For the values of v smaller than
0.26, the material is expected to have brittle behavior. In this context, we note that according to this
criteria a-Ce,ON; has ductile nature. To conclude regardless of the applied criterion (Pugh’s or
Poisson’s), the a-Ce,ON, phase exhibits ductile character, which is important for its future
technological applications. This trend continues for the whole investigated pressure range.

Furthermore, hardness Vy is related to the elastic and plastic properties of materials, and can
be calculated starting from bulk modulus B and shear modulus K according to equation (1) from Ref.
[38]:

VH - 0.92(K/B)1.137K0.708 (1)

Table 2. The calculated elastic constants of a-Ce,ON, modifications up to 10 GPa.

"o’ | Cu | ce | Ca | Ca Cus
0 312.21 180.08 120.02 169.97 103.97
1 318.60 184.60 124.32 174.50 106.08
2 325.18 188.90 129.94 181.98 109.54
3 330.73 192.80 134.63 188.35 111.99
4 337.29 197.02 139.66 189.44 114.70
8) 343.31 200.53 143.75 194.50 117.06
6 349.37 204.30 148.63 203.23 119.66
7 355.64 208.20 152.61 209.97 121.99
8 361.73 211.69 156.21 217.16 123.91
9 367.66 215.19 159.88 222.15 125.62
10 373.10 219.05 163.97 230.05 127.55

Table 3. Bulk modulus B (GPa), shear modulus K (GPa), Young’s modulus E (GPa), Poisson’s ratio
(v), hardness Vi, (GPa), and Pugh’s criterion,B/K, calculated with LDA in the a-Ce,ON, up to 10 GPa.

P(rés;:)r ¢ B K E v Vi BIK
0 168.18 72.62 190.46 0.31 7.36 232
1 172.85 74.14 194.60 0.31 7.41 233
2 178.94 76.28 200.38 0.31 751 235
3 184.10 77.89 204.80 0.32 755 2.36
4 187.85 79.20 208.32 0.32 761 237
5 19238 80.91 212.88 0.32 771 238
6 198.41 82.87 218.23 0.32 7.79 2.39
7 203.49 84.71 223.16 0.32 7.87 2.40
8 208.47 86.52 228.02 0.32 7.96 241
9 212.66 88.01 232.02 0.32 8.03 2.42
10 218.02 89.51 236.20 0.32 8.06 2.44
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Calculated hardness Vy for the investigated a-Ce,ON, modification in the pressure range 0-10
GPa is given in Table 3. The hardness increases with the applied pressure. In principle, Bulk modulus
B, shear modulus K, Young’s modulus E, increase more rapidly with the increase of pressure, while
Poisson’s ratio (V), hardness (Vy), and Pugh’s criterion (B/K), increase more gradually within the same
pressure range (Table 3). The mechanical properties of a-Ce,ON, under pressure are very interesting
for their scientific and future industrial application.

Electronic properties of the a-Ce,ON, are investigated theoretically. The compound is a
semiconductor, with an indirect band gap of ~1.11 eV, with a tendency of the band gap transition from indirect
to direct band gap along the H-K special points of the Brillouin zone. Band structure calculation of the a-
Ce,0ON; has been performed using DFT-LDA functional (Figure 4).

In order to investigate the effect of pressure on the electronic properties of the a-Ce,ON,, its behavior
up to 10 GPa was investigated. The band gap value at 0 GPa is 1.11 eV and increases linearly with pressure up
to 1.17 eV at 10 GPa. Although the band gap widens with the pressure it remains indirect for the whole pressure
range. This can be very important for possible band gap tuning of a-Ce,ON, at high pressures, especially since
possible change of a direct and indirect band gap indicates applications in e.g. photovoltaics (solar cells) and
light-emitting diodes (LEDs).

0.4

N =

- )
S ———— —  ——————
E O e R e T
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-0.4
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Figure 4. Band structure of the a-Ce,ON, phase. DFT calculations were performed using LDA functional.

4, Conclusion

Detailed investigation of the structure and properties of the a-Ce,ON, have been performed
and compared with the related AlCo,Pr, phase. Closely related 8-fold coordination of the a-phase has
been presented. Mechanical and elastic properties have been calculated at extreme pressures up to 10
GPa. Investigation of mechanical properties of the «-Ce,ON, indicates the ductile character and
mechanical stability of this compound. Bulk modulus, shear modulus, and Young’s modulus increase
more rapidly with the applied pressure, while Poisson’s ratio, hardness, and Pugh’s criterion increase
more gradually with the increase of pressure (0-10 GPa). Electronic properties are characteristic for
semiconductor materials with an indirect band gap of ~1.11 eV and studied under high pressures.
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Investigated properties are important for future synthesis and possible application of the investigated
a-Ce;ON, compound.
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