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Abstract: The development of new materials in an efficient fashion requires progress both in the 

computational search for promising targets and in the design of suitable synthesis routes by a 

combined effort of theory and experiment. This applies not only to bulk materials but also to low-

dimensional systems such as thin films and monolayers. In this presentation, we will discuss some of 

the methodological features specific to the prediction and synthesis of (meta)stable (quasi)-low-

dimensional systems, together with examples of structure prediction and modeling for crystalline and 

amorphous atom- and molecule-based monolayers and thin films. This is complemented by direct 

comparisons with experiments, and the discussion of additional thin film experiments that focus on 

new structural insights in seemingly completely understood systems like gallium and ZnO films. 

 
 
1. Introduction 
 

New chemical materials and compounds serve as the foundation for the modern technology of 

our civilization, where these materials should be environmentally friendly, with stable and 

controllable properties for a multitude of applications, and at the same time energy efficient in their 

synthesis as well as easily recyclable.[1,2] In particular, the development of new devices, of ever 

greater sophistication yet smaller size at the same time, requires providing new types of inorganic or 

hybrid materials, whose structure can be controlled down to the atomic level, in order to fine-tune 

their physical, and chemical and/or biological properties.[3-5] Traditionally, such materials are 

generated in bulk and then chemically machined down to whatever size is needed.[6,7] But such 

materials are also often grown in a bottom-up approach on a substrate, and in the extreme, we are 

dealing with and aiming for low-dimensional systems with bespoke properties, where details of their 

structure and the stability of such materials often become an issue of concern.[8,9]  

 The ability to predict such (meta)stable nanomaterials via the investigation of their energy 

landscapes, followed by a computation of their properties and stability, is of great value in their 

design and synthesis.[10] Over the past three decades, the structure prediction of 3D bulk crystalline 

compounds, atom clusters, and (bio)molecules has shown great progress,[11-13] and the 

computational approaches used are expected to be also applicable to low-dimensional systems.[14] 

Such landscape explorations are of great value since the synthesis and design - within the limitations 

of physical laws - of such materials often lead to compounds or modifications that are metastable or 

only stable under certain specific structural or thermodynamic boundary conditions. Thus, further 

insights come from modeling and simulating the synthesis process, and the detailed experimental 

study of the structure and properties of these materials. 

 Furthermore, since we are not necessarily dealing with macroscopic bulk phases that are 

thermodynamically stable, the outcome will be greatly influenced by the details of the synthesis route. 

But trying to design a path to a desired compound, whose structure is controlled on the atomic level, 

is only possible if we know the many feasible (meta)stable phases, as a function of the 

thermodynamic and process parameters, that might appear along the road as intermediary 

modifications or even constitute traps to be avoided. Conversely, studying the energy landscape of the 

system, on which these modifications are located, allows us to identify promising targets for such a 

synthesis, especially if they are predicted to exhibit useful properties. 

 Besides such targets and competing phases, a full design of a synthesis route requires 

information about the evolution of the structures on both the atomic and the mesoscopic levels. Both 

reliable comprehensive experimental data and extensive input from theory are needed to provide this 

information about the processes involved. [15] Once such descriptions are available, optimal control 
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methods can be applied to identify the choice of an (optimal) synthesis route or the optimal schedule 

of the parameters for a given type of route [16-18], yielding the desired outcome. 

 The theoretical tools as such are well-known - molecular dynamics and Monte-Carlo 

simulations or through global explorations of the energy landscape on the one hand and in the form of 

differential equations representing, e.g., reaction-diffusion and various growth laws on the other hand, 

thus describing the evolution of the system on the atomic and mesoscopic level, respectively - 

although need to be adjusted for every chemical system and proposed synthesis route, and encounter 

obvious limitations due to numbers of atoms involved and the computational cost of the energy and 

force calculations when performed on the ab initio level. In contrast, sufficient input from the 

experiment is usually lacking in the case of solid-state synthesis. The reason for this is a 

"psychological" one, due to the historical focus on describing the one synthesis route that yielded the 

new never-before-seen compound. However, in order to provide the necessary information for 

modeling and optimizing a synthesis route, one needs not only a careful analysis of the specific 

synthesis route (including the associated parameters) that has been successful in producing the desired 

compound but also analogous detailed information about the outcome of unsuccessful routes or 

parameter choices for the synthesis of this specific compound! This includes, e.g., which byproducts 

have been produced, what parameter choice increases the yield, what influence certain impurities 

have, etc., ideally not only at the end but also along the various stages of the different synthesis routes 

and studied parameter schedules.  

 While such information is often available for organic syntheses, for inorganic compounds 

such data are commonly lacking or, if available, have not been published, since the focus of the solid-

state chemist and materials scientist usually is on the "successful" synthesis of a new compound and 

not on the analysis of the synthesis route as such. One reason for this is the very time-consuming 

investigation of all the parameters involved in the synthesis. But such data are highly valuable, since 

they greatly increase our knowledge of the chemical system itself, allow the formulation of general 

laws effectively describing solid-state syntheses, and would be expected to be transferable, with slight 

modifications, to other chemical systems, for which successful syntheses are still lacking, especially 

in combination with theoretical analyses of the system and the attempted synthesis routes. 

 This issue will take on an even greater urgency as the availability of sufficient computer 

resources and general expertise in machine learning [19,20] will allow us to attempt to train large 

neural networks to predict the outcome of proposed synthesis routes for achieving a given chemical 

systems - or even directly suggest the best route for a given target compound or modification. In a 

way, this would be the computer science equivalent of incorporating the knowledge of many 

experienced experimental chemists into the "ideal wise chemist". However implementing this 

approach will require the availability, as input, of a plethora of detailed information about both the 

successful syntheses and those which have "failed" to produce the desired outcome. 

 Another related issue is often the lack of full and detailed information about the structures of 

the synthesized compounds of interest, ideally as a function of the synthesis route. Due to the 

overwhelming pressure to generate new compounds with exciting new properties, one frequently 

observes that the structures of the published compounds are known only in quite a rough fashion - if 

at all -, where reflections in diffraction patterns, bands in Raman or IR spectra, UV-VIS 

measurements, etc., are not fully explained or just attributed to some unspecified disorder in the 

system. Here, theory can only assist by pointing out that these peaks should not appear in the data 

assuming that the compound exhibits the proposed "ideal" structure. But theory by itself cannot 

identify, in a definitive way, where to look for explanations, unless we can fully model the whole 

synthesis starting from the educts and taking all admixtures or surfaces of reactions, etc., into account. 

Clearly, clarifying such issues and identifying the underlying structural peculiarities of the material is 

an important challenge that needs to be answered by the experimentalist. 

 However, although these subtle quasi-invisible features can influence the properties of a 

material to a large extent, it is not easy to extract such information for macroscopic 3D-bulk systems. 

Besides explaining the physical properties of a given material, we need to address even more 

fundamental questions regarding our control of a chemical system: Can we specifically synthesize all 

polymorphic forms of a compound? Do we understand which differences in synthesis procedures and 

choices of synthesis parameters are responsible for the formation of these different crystal structures? 

But such detailed information can often be obtained, and much control over the synthesis is expected, 
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if the system is of lower dimension. Examples of such systems are two-dimensional monolayers of 

atoms or molecules, either free-standing or on a substrate, and thin films that have been deposited 

from a gas phase of controlled composition without impurities in high vacuum at low temperatures, 

thus avoiding the complication of the presence of a solvent or flux and the high temperatures and 

pressures often used in solid-state syntheses. 

The amount of work that has been done on such thin films and monolayers is enormous and 

doing it justice in a comprehensive fashion would result in a large review far beyond the purview of 

this contribution.[21,22] Instead, we will present some prototypical examples drawn from our work, 

which illustrate the issues and challenges mentioned above. 

 
2. Methods 

 
In order to avoid getting into technical details in the example section, we are summarizing the 

methods - theoretical and experimental ones - that have been applied in the examples presented 

below. For more details on the algorithms and synthesis methods mentioned, we refer to the literature 

and the original publications. 

 
2.1. Theory 

 
 In the examples below, a variety of computational methods have been employed. To start 

with, global optimizations have been performed on the energy landscape of the chemical systems, in 

order to predict the structure of molecules and atom clusters in vacuum and on surfaces, to predict the 

arrangement of monolayers of atoms and molecules on a substrate or as a free-standing 2D-

monolayer, and to predict the structure of bulk crystalline modifications in 3D. The algorithms 

employed have been simulated annealing (SA) [23], both with and without large jumpmoves - 

sometimes combined with local minimizations directly after the jumpmove -, the threshold algorithm 

(TA) [24,25] and the closely related threshold minimization (TM) algorithm [26], and the IGLOO 

algorithm [27].  

 All of these are stochastic optimization and energy landscape exploration algorithms that are 

based on random Monte Carlo (MC) walks in configuration space employing both simple and 

complex moveclasses, with or without a prescribed energy threshold, and often combined with 

periodic local optimizations. These are performed at different temperatures: T = 0 K (stochastic 

quench where only downhill steps are accepted), T =  (unbiased random walk where every step is 

accepted), and 0 < T <  (every step is accepted according to the Metropolis criterion [28]). 

 Next, molecular dynamics (MD) simulations have been employed for modeling monolayers 

of molecules and atoms and their evolution with time, for the simulation of the deposition processes 

and growth of thin films, and for the computation of properties such as diffusion constants or the 

phonon density of states. We note that the global optimizations and MD simulations are usually 

performed with robust generic or specially adapted empirical potentials, but in some cases, ab initio 

energies were employed. 

 All promising structure candidates obtained during the global optimization were locally 

optimized on ab initio level. For those 3D crystalline modifications with low energies, the energy was 

also computed as a function of volume, or the enthalpy as a function of pressure, respectively, in order 

to be able to estimate, which ones would be classified as standard pressure, high pressure or effective 

negative pressure phases. 

 Finally, various properties were computed, on ab initio level, such as band gaps, Raman 

spectra of clusters or of crystalline modifications - with and without defects -, in order to interpret the 

peaks in the experimental data of molecules/clusters in the gas phase and of the thin films that exhibit 

nucleation and growth of crystalline phases. 
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2.2. Experiments 

For the study of single non-reactive molecules and monolayers thereof on a metal substrate 

with smooth surfaces, the electrospray ionization (ESI) method was employed [29], while for the 

deposition of precursor molecules that react to form periodic or amorphous monolayers on a substrate, 

the gas phase resulted from sublimation of the precursor molecules. The thin films were generated 

using the low-rate/low-temperature deposition technique, which works on the border of the beginning 

of crystallization. Here, a beam of atoms and/or few-atom cluster fragments was generated by thermal 

evaporation [30] or via pulsed laser ablation [31] of materials with the same composition as the thin 

film that should be grown. In special cases, the electron beam gun evaporation combined with a 

plasma activation of gases was used [32,33]. The deposition usually takes place at reduced mobility 

conditions (low deposition temperatures TD between -240 °C and + 450 °C) which allows the local 

addition of individual atoms or cluster fragments on the atomic level without large atom movement on 

the surface, thus forming a homogeneous, originally amorphous, deposit. Thus, a large variety of 

(meta)stable phases can readily nucleate and grow even when one tempers at quite low temperatures, 

and subsequently transform into other modifications upon slow heating and cooling of the deposit. 

 
3. Examples 

 

In this section, we will present a number of prototypical examples that illustrate a variety of 

aspects of the modern view of syntheses, ranging from structure prediction of target compounds to 

complete synthesis modeling as far as theory is concerned. Regarding the experiments, they deal with 

the deposition of monolayers via the gas phase and the systematic analysis of phase formation and 

transformation as a function of synthesis and subsequent treatment parameters for thin films in the 

experiment. These investigations are moreover combined with a detailed analysis of the generated 

phases and their properties as a function of the deposition parameters.  

 

 

3.1. Prediction of 2D monolayers in the Si/C system 

 
Monolayer graphene being a material with exciting properties, it is a natural question to ask, 

how the admixture of Si atoms would affect its behavior. Since only (meta)stable compounds should 

be considered for such a hypothetical material, in the first step, the energy landscape of SixC1-x two-

dimensional structures was globally explored for a range of values of x (x = 1/4, 1/3, 1/2, 2/3, 

3/4).[10,34] For each choice of x, the global minimum consisted of a graphene-analogue structure, 

where a fraction x of the carbon atoms in graphene were replaced by Si atoms; however, many other 

network structures consisting of a mixture of rings of three, four, five, six, seven, eight or more atoms, 

were also frequently found as kinetically stable structures. Since there is no efficient robust empirical 

potential for the Si/C system, the global optimizations using the SA algorithm with jumpmoves were 

performed on ab initio level (DFT). 

 When comparing the energy of these configurations with the energy of decomposition into a 

fraction (1-x) of pure C-graphene and fraction x of pure Si-graphene, only the alternating (see Figure 

1) graphene analog with composition Si : C = 1:1 was thermodynamically stable [34]. Considering the 

band structures of Si-, C-, and SiC-graphene, we find that those of C-graphene and Si-graphene are 

very similar with both exhibiting Dirac points, while the SiC-graphene structure is a semiconductor 

with a finite band gap of about 2.5 eV.  

 We note that recently, Polley et al. [35] have succeeded in preparing the alternating SiC-

graphene analog by first depositing an ultrathin transition metal carbide film (TaC) on a silicon 

carbide substrate. Then the system was slightly heated such that Si and C atoms of the substrate 

diffused in equal amounts onto the TaC surface, and with Si and C atoms being in close proximity to 

each other, a monolayer of SiC-graphene could form as the "nearest" thermodynamically stable 

minimum. 
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 This example nicely demonstrates the successful application of suitably modified versions of 

the well-established crystal structure prediction methods to low-dimensional systems, with a 

subsequent realization of the predicted structure in the experiment. However, it also demonstrates that 

the successful synthesis method is not a very straightforward one, at least for the non-expert in thin 

film and surface layer modification and growth. 

 
 
 
 

 
 

Figure 1. Structure of the global minimum of a monolayer of SiC. Red spheres and blue spheres 

represent carbon and silicon atoms, respectively. 

 
 
 
 
3.2. Prediction and synthesis of monolayers of sucrose molecules on a Cu(100) substrate 

 

As a second example, we consider the formation of periodic monolayers of sucrose molecules 

on a Cu(100) surface [36]. From a theoretical point of view, modeling the full synthesis, i.e., the 

generation of the gas phase via ESI, the deposition of the gas of protonated or deprotonated or 

otherwise charged sucrose molecules on the surface and the diffusion based re-arrangement of these 

molecules into possible amorphous and periodic structures would be highly complex and 

computationally extremely expensive: already the analysis of the deprotonated molecule in a vacuum 

takes a large effort to describe and analyze because of the many (22) hydrogen atoms that can be 

involved in the deprotonation [37]. Thus, we have employed global optimization techniques in a 

stepping stone approach, to obtain structure candidates for the (periodic) sucrose monolayer on the 

surface for comparison with the experiment. 

 As a first step, the TM algorithm using an AMBER force field was used to obtain the optimal 

shape of the neutral sucrose molecule in vacuum [26], where all angles and atom-atom-distances were 

allowed to vary. Next, this molecule was placed on the metal surface in various orientations as the 

initial configurations for a second round of global optimizations, where the optimal shape, orientation, 

and location of the molecule on the metal surface were identified [38], using the IGLOO algorithm. 

Here, the interaction with the surface was via a Lennard-Jones term and an image charge term, while 

only a limited number of internal degrees of freedom of the sucrose molecule, the dihedral angles, 

were allowed to be varied, together with the orientation and location of the molecule with respect to 
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the atoms in the Cu-surface. The best candidates were locally re-optimized on the ab initio level on 

the Cu-surface, where all atoms in the molecule were allowed to vary.  

 The optimal structure of the single molecule on the surface was used as input to the global 

search for low-energy periodic configurations of the sucrose monolayer, represented by a finite 

number of sucrose molecules in a variable 2D-periodic simulation cell with the actual Cu-surface 

being replaced by a featureless metal-like surface. Here, the individual molecules were treated as 

rigid, but they were allowed to be shifted and rotated in the plane of the surface, together with the 

variation of the cell parameters of the simulation cell. The result was a very large number of low-

energy structures that all corresponded to slightly different compact packings of the sucrose molecules 

[38] (see Figure 2 for a typical example). 

 In parallel, the experiments produced STM images, which showed a periodic arrangement of 

bright and dark regions of sizes on the order of about half a sucrose molecule, with a more or less 

quadratic arrangement of these elements, suggesting a square-like unit cell.[39] By computing the 

STM images of the individual sucrose molecules arranging these in a compact fashion analogous to 

the results of the global optimization, and comparing these arrangements with the experimental STM 

images, a good agreement between theory and experiment was achieved [36]. 

  

 

 
 

Figure 2. Low-energy local minimum of a monolayer of sucrose molecules, with four molecules in 

the variable periodically repeated simulation cell. Red, blue, and purple spheres correspond to carbon, 

oxygen, and hydrogen atoms. Note that each molecule contains 45 atoms, many of which are 

projected on top of each other in this view along the vertical to the surface. 

 

This study underlines the importance of close collaboration between theory and experiment, 

in particular, if the system consists of many (large) molecules and surface atoms with a large variety 

of interaction types involved. In such a case, the number of atoms that need to be taken into account is 

so large, and in addition, the synthesis process is so complex, that a complete synthesis modeling and 
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structure prediction on ab initio level is not feasible. As a consequence, the structure prediction needs 

to take place in stages [38]; however, the gain in "efficiency" is paid for by the price of potentially 

large inaccuracies when the hand-over between two stages of the modeling process occurs. 

 

 

 

3.3. Modeling and synthesis of amorphous monolayers of 1,3,5-tris-(4-bromophenyl)-benzene on 

an Au(111) substrate 

 

The periodic arrangement of sucrose molecules on the Cu-surface was due to a combination 

of dense packing - thus maximizing the van-der-Waals interactions among the molecules -, hydrogen 

bridge bonds, and relatively weak (mostly dipole and quadrupole) electrostatic interactions between 

the molecules. As a consequence, the molecules could quite easily move about and rearrange 

themselves within a certain temperature window-, thus achieving energetically optimal (periodic) 

packings. However, if the temperature was too low, the molecules remained essentially frozen where 

they were deposited, as could be seen during the analogous deposition of trehalose, where a variety of 

arrangements of the molecule in small groups of molecules were observed [40], while at higher 

temperatures the molecules diffused very rapidly on the surface thus preventing the formation of any 

stable structures visible in the STM. The characteristic features of these packings could be predicted 

within the limitations of the purely global optimization approach to structure prediction, which 

typically aims at the structure that has the lowest energy and thus would be guaranteed to be the 

thermodynamically stable one at a temperature of 0 K. These limitations include imperfect energy 

functions - even on ab initio level, van-der-Waals and hydrogen-atom mediated bonding are non-

trivial to account for -, small energy barriers against molecular re-arrangements combined with a 

multitude of low-energy arrangements. Adding finite temperatures that allow the molecules to switch 

between different arrangements, these limitations makes a perfect prediction nearly impossible, 

although one on the level of the experimental (STM) accuracy - where the resolution is usually not 

higher than ca. 1/2 nm - is possible. 

 This contrasts with the case of precursor molecules that react with one another on the 

surface, usually via reactive functional groups at the rim of the molecule, releasing, e.g., X2 (X = F, 

Cl, Br, ...) gas molecules in the process. The resulting network of covalently bound molecules 

(actually, the remaining molecular cores of the precursor molecules) is thus quite stable, and 

rearrangements are exponentially slow at temperatures below those at which the molecules 

themselves decompose or the network degrades. As a consequence, the network largely reflects the 

original more or less random amorphous arrangement of the precursor molecules, analogous to the 

case of a network-type glass former like SiO2 when cooled below the glass transition temperature 

[41]. Once the network has formed, changes in the frozen-in yet energetically non-optimal structure 

take place on logarithmically slow time scales, similar to the aging processes in glasses [42-45]. 

 From a theoretical point of view, the appropriate approach thus takes its inspiration from the 

modeling of the glass transition or precursor-based 3D network formation and the simulation of the 

evolution of glasses and other amorphous compounds, i.e., one performs very long MC or MD 

simulations, while including the formation (and subsequent rare breaking) of bonds between the 

precursor molecules via appropriate empirical potentials. 

 As an example, we consider the amorphous network of 1,3,5-tris-(4-bromophenyl)-benzene 

on an Au(111) substrate, where each of the molecules could form three covalent bonds to neighbor 

molecules in a triangular fashion [46]. The experiment yielded an irregular network of triangular 

nodes (each representing one of the molecules) with a wide distribution of ring sizes - predominantly 

ranging from 4 to 8 -, where the optimal arrangement would have been a perfect hexagonal lattice. For 

the simulations, we performed long-time MD simulations of partly rigid molecules, i.e., the atoms 

inside each of the four rings consisting of six atoms each, which together constituted the individual 

molecules, were rigidly connected. The resulting structures (for example, see Figure 3) were very 

similar to the experiment. They showed good agreement with the experiment regarding both the ring-

size distributions and the distribution, overall molecule nodes of the network, of the sets of the 

possible combinations of the sizes of the three rings that share a common corner molecule. 

Furthermore, the plot of the average energy of the network vs. the logarithm of simulation time 
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exhibited a smooth linear decrease over many orders of magnitude as expected from a typical system 

with standard aging behavior. 

  

 
 

Figure 3. Except from an amorphous two-dimensional network of 1,3,5-tris-(4-bromophenyl)-

benzene during a MD simulation of 5750 model molecules. The red and blue dots represent the 

central benzene and the three bromophenyl groups of the molecules, respectively. 

 

While the modeling did not take into account the atom level processes that occurred during the 

reactions that formed the covalent bonds between the molecules, it captured the creation and evolution 

of the network of the molecules in a satisfactory manner. In particular, by changing the parameters in 

the effective potential describing both the molecule-molecule interactions and the interior flexibility 

of each molecule, it would be possible to suggest the outcome of the network formation for other 

(triangular) molecules that interact more weakly or more strongly or exhibit different degrees of 

internal flexibility, than the original molecular system studied. This would allow us to select a-priori 

the right kind of molecular building blocks to achieve specific networks (defined by their ring-size 

distributions) with a high probability and predict their stability as a function of evolution time. 
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3.4. Prediction of 3D crystalline LiBr modifications and their realization in thin films 

 

Turning to the investigation of thin films, the analysis of LiBr thin films deposited at low 

temperatures is a classical example of a true 3D crystal structure prediction followed by a successful 

synthesis of one of the predicted yet previously not observed (meta)stable modifications [47-49]. 

Using the SA algorithm for global optimization on the empirical potential energy landscape followed 

by ab initio level local optimizations of the promising structure candidates, the resulting E(V) curves 

indicated that besides the known rocksalt type modification, a number of other ones, including a 

wurtzite, sphalerite and 5-5 type [50,51] modification, should be accessible and stable at standard 

pressure and moderately low temperatures. In fact, depending on the density functional employed, one 

of the structures with four-fold coordination, such as the wurtzite-, sphalerite-, or the -BeO-type, 
might have a lower energy than the known rocksalt-type structure of LiBr.[47,48] 

To explore the configuration space experimentally, the low-rate/low-temperature approach 

was employed using evaporation from a heated LiBr solid as a source to deposit Li/Br atoms and 

cluster fragments on a sapphire substrate.[49] The deposition rate (characterized by the vapor pressure 

pD) was systematically varied (1 ≤ pD < 8x10
-4

 mbar) as well as the temperature of the substrate 

(typically called the deposition temperature TD) using a resistance heater (-100 °C ≤ TD ≤ 0 °C), and 

the outcome was carefully recorded (see Figure 4). As a result, an optimal combination of pressure 

and TD was determined for which the new predicted wurtzite modification β-LiBr could be obtained 

in 100% of the syntheses. Furthermore, this study demonstrates the importance of a dense mesh size 

of the (pD,TD) parameter set. In the experiments with TD below -100 °C, at low vapor pressures 

amorphous samples were obtained, which transform during heating into the stable rock salt 

modification, while at higher vapor pressures broad reflections of the rock salt modification directly 

emerged in the diffraction patterns. Similarly, for depositions above 0 °C the rock salt type is 

detected, too. However, for TD between -100 °C and 0 °C, the β-LiBr can be stabilized where the 

likelihood of obtaining this modification systematically varies as a function of pD and TD. 

Besides being a very nice example of a true successful prediction with subsequent 

experimental verification, this case also provides a demonstration of the proper way to not only 

present a newly synthesized modification but also to perform a quantitative analysis of the outcomes 

for a large range of the synthesis parameters. We note that an analogous successful validation of 

prediction was achieved for LiCl, where again the prediction of a wurtzite modification [47,48] was 

confirmed by the experiment [52]. 
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Figure 4. Yield of β-LiBr (wurtzite structure type) as a function of LiBr vapor pressure pD and 

substrate temperature TD for a set of depositions of LiBr on a sapphire substrate. 

 

  

 
3.5. Theoretical modeling of the deposition of thin films of MgF2 on a sapphire substrate and their 

tempering at elevated temperatures combined with their experimental realization 

 
Considering the great success of the deposition at low temperatures combined with the 

variation of the deposition rate in generating new compounds or new crystalline modifications of 

known compounds, the question arises, what is happening during the deposition-annealing process on 

the atomic level? The fact that several of the first test systems yielded so-called high-temperature 

phases inside an amorphous film deposited and tempered at temperatures far below those at which the 

HT-modification is usually synthesized,[32,53] suggests that a competition among nuclei of several 

different crystalline phases of the compound of interest exists inside the amorphous deposit. These 

studies require an in-situ characterization of the samples during the annealing process, which was 

realized by a transfer of the samples from the deposition chamber to the various measurement 

apparatuses while maintaining cooling and vacuum. To achieve this, a special cart system was 

employed that allows a suitable transfer of the deposited films as well as of an argon matrix 

containing embedded gas phase species to an X-ray diffractometer with an integrated Raman 

spectrometer. Furthermore, the films can also be directly deposited on a TEM sample holder at low 



Journal of Innovative Materials in Extreme 
Conditions  

2023 
Volume 4 
Issue 2 

 

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

 

temperatures and subsequently transferred in a vacuum to an electron microscope for in-situ TEM 

characterizations. 

 Quite generally, since the density of the deposit is usually lower than the ones of the feasible 

crystalline modifications, each nucleus of a crystalline phase will have a higher density than the 

surrounding amorphous material and thus will experience an effective negative pressure due to forces 

exerted by the atoms in the amorphous phase on those belonging to the "surface" of the nucleus. 

Thermodynamically, this clearly favors the nuclei with the lowest density, and once such a nucleus 

has reached a critical size, it can continue to grow even after the direct contact with the enclosing 

amorphous matrix has been lost thus eliminating the effective negative pressure, and become a 

kinetically stable though thermodynamically metastable crystal. This argument is also supported by 

the E(V) curves of the various crystalline modifications, where we can estimate the effective negative 

pressure at which the low-density modification would become the thermodynamically stable one. 

 While being a convincing thermodynamic argument and yielding a plausible easily visualized 

scenario of the processes taking place inside the amorphous film during the tempering stage of the 

synthesis, it lacks both experimental and theoretical evidence. In particular, since it is not clear at all 

that the hypothetical nuclei are really nearly spherical enough with a well-defined surface separating 

them from the atoms belonging to the amorphous phase to allow the establishment of a "real" negative 

pressure, we need direct atom-level information, either from theory or experiment or both. 

 Thus, we have investigated the deposition and growth of thin films of MgF2 on a sapphire 

substrate at low temperatures to generate the films,[54,55] and complemented this by computer 

simulations of the complete process [55,56]. 

 Regarding the experiments, depositions were performed at different deposition temperatures 

(-228 °C ≤ TD ≤ 450 °C) and a variety of vapor pressures, where the gas phase was generated via an 

effusion cell. Directly after deposition at low temperatures, the deposit was X-ray amorphous, and 

upon tempering at slowly increasing temperatures, first, a slightly disordered CaCl2-type phase was 

identified, which at somewhat higher temperatures transformed first into a disordered and finally into 

a fully ordered rutile phase, which is the well-known modification of MgF2 at standard pressure.[54] 

 Regarding the theoretical simulations, we note that ca. 25 years ago, global optimizations 

with empirical potentials had identified a variety of promising structure candidates for MgF2 besides 

the global rutile minimum, such as an anatase-type, a CdI2-type, or a half-filled rocksalt-structure 

(reminiscent of an AB2 analogue of the Li3N structure but with MgF6 square bipyramids, i.e., slightly 

squeezed octahedra, instead of the NLi8 hexagonal bipyramids).[57,58] While in other analogous AB2 

systems distortions of the rutile structures resembling the CaCl2 structure appeared as local minima 

for some of the empirical potential parameters [57], for the MgF2 system relaxations on both the 

empirical potential and ab initio level had shown that the CaCl2-type structure was kinetically 

unstable transforming instantaneously into the rutile-type structure, contradicting the claim of the 

experiment to have observed a CaCl2-type modification in the tempered MgF2 films. 

 In order to clarify this issue and to fully reproduce the synthesis of the MgF2 films, the 

theoretical modeling proceeded in three stages. First, global optimizations on empirical potential and 

ab initio level for neutral and charged Mg/F clusters of various compositions including (MgF2)n (n = 

1,...,10) clusters were performed using SA and TA. [59,60] For many of the small low-energy 

clusters, Raman spectra were computed and compared with the spectra taken from the gas phase in the 

experiment, thus identifying both MgF2 monomer and MgF2 dimer species, plus some charged 

molecules, as the dominant components of the gas phase after thermal evaporation.[60] 

 In the second stage, these clusters were deposited on a cold sapphire substrate at a constant 

rate, using MD simulations with empirical potentials. This resulted in an amorphous phase that was in 

good agreement with the experiment, according to the X-ray diffraction data.[55] 

 In the final stage, the deposit was tempered at elevated temperatures, again using MD, 

yielding a layered structure of alternating Mg- and F-atom sheets.[56] Upon closer analysis, it was 

found that the structure consisted of a multitude of small regions that exhibited the CaCl2-type or the 

CdI2-type structure (see Figure 5), where these crystalline regions shared all the sheets of F-atoms that 

extended throughout the film parallel to the xy-plane, i.e., to the surface of the substrate. In general, 

the CaCl2-type regions were larger than the CdI2-type regions, though both were clearly identifiable. 
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Figure 5. Outcome of a typical simulation of the deposition and annealing of MgF2 on Al2O3 

substrate. The substrate was kept at TD = 50 K during the deposition, and the deposit was 

subsequently annealed for 3 ns at 1500 K. Al, O, Mg, and F atoms are shown as grey, red, green, and 

golden spheres, respectively. In order to allow easier visualization of the nano-size regions of 

crystallites of the CaCl2- and CdI2-type, we also depict the MgF6 coordination polyhedra as semi-

transparent slightly distorted green octahedra. (Reprinted with permission from S. Neelamraju, J. C. 

Schön, M. Jansen, Inorg. Chem., (2015), 54, 782-791; Copyright 2015 American Chemical Society.) 

 

 In the case of the CdI2-type regions, only every second layer between the F-sheets was filled 

with Mg-atoms, as expected for a CdI2-type structure. In contrast, in the CaCl2-type regions, all in-

between layers contained Mg-atoms, being about half-occupied, and where these positively charged 

Mg
2+

-ions tried to stay far away from each other on average, leading to a slightly disordered CaCl2-

type structure, but which would still be recognized in an X-ray pattern as CaCl2. Since the two 

modifications shared all the densely packed F-atom sheets throughout the film, the presence of the 

small CdI2-type nuclei stabilized the - by themselves unstable - CaCl2-type regions, because they 

prevented the execution of shearing motion (with zero activation energy required) that otherwise 

transforms the CaCl2-type structure to the rutile-type structure without requiring any barrier crossings. 

 Continuing the tempering for very long times, the CdI2-type regions vanished due to the 

effective diffusion of some of the Mg-atoms into the "open" empty zones between the individual 

CdI2-type layers. We note here that the presence of the CaCl2-type phase prevented the CdI2-type 

"FMgF-monolayers" to move towards each other along the c-axis, which usually closes the gap 

between these layers and thus helps stabilize the CdI2-type structure due to a gain of van-der-Waals 

energy. Therefore, it was comparatively easy for the Mg-atoms to enter the region between the 

"monolayers" thus leading to a relatively fast destabilization of the regions exhibiting the CdI2-type 

phase. But once these stabilizing CdI2-type regions had vanished, no barriers existed that prevented a 

shearing motion, and the remaining (mostly) pure CaCl2-type regions right away transformed into the 

stable rutile modification throughout the simulated MgF2 film. 
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 Thus, the theoretical modeling and simulation not only reproduced the experimental results of 

the various stages of the deposition-tempering process of the thin films of MgF2 but also were able to 

explain, on the atomic level, the existence of an, in principle, kinetically unstable phase via the 

presence of a second - invisible to simple X-ray measurements - modification. Clearly, the simple 

picture of spatially separated nuclei of various modifications that compete on purely thermodynamic 

grounds in an effective negative pressure environment is too simple, and one needs to take the 

interactions among the different kinds of nuclei into account.  

 

 

3.6. Phase formation in thin films of gallium as a function of deposition temperature and phase 

transformations during heating and cooling cycles 

 
In the next example, the focus is on the experiment, where even in a supposedly well-known 

system, elemental gallium, new (meta)stable phases can appear. At standard pressure, four 

modifications of gallium are known in the literature [61]: the, presumably, thermodynamically stable 
-Ga phase, whose density is even lower than the density of the melt, and -, - and -Ga phases 

(ranked by order of energy, according to ab initio calculations,  <  <  < ), where the three 

metastable phases all have a higher density than the melt:  < melt <  <  < . 
 These phases can be reached, more or less reproducibly, by rapid quenches from the melt 

(,,) or via heterogeneous nucleation () from the melt, respectively. However, no direct 

transformations from the metastable modifications to the -phase are observed. In order to gain more 

insight into the energy landscape of the gallium system, the femtosecond pulsed-laser-deposition 

(PLD) method [31] was employed to generate thin Ga films for many deposition temperatures (-190 

°C ≤ TD ≤ +25 °C),[62] the highest TD being just below the melting point of gallium, +29.8 °C. [63] 
The stability ranges and the phase transitions of the initially obtained gallium allotropes were in-situ 

investigated during subsequent cooling and heating cycles over the same temperature range from -190 

°C to +25 °C. ). [62] (see Figure 6). 

 For the lowest deposition temperatures (-190 °C to -80 °C), the deposited films show the -

phase. Between -60 °C and -40 °C, the -phase was observed, while between -40 °C and -20 °C, the -
phase formed, and above -20 °C to room temperature amorphous films were obtained. Again, the 

modification with the lowest density (-Ga) formed at the lowest deposition temperatures where the 

density of the deposit was even lower than the density of the melt. However, since this phase is the 

thermodynamically stable one, none of the other modifications appeared when tempering the -phase 

at temperatures up to +25 °C. Similarly, the "high-density" phases,  and Ga, appeared at higher 

deposition temperatures than the low-density -phase. This behavior appears to correlate with the 

expected density of the deposited films, which presumably is larger for higher deposition 

temperatures. Furthermore, upon tempering at somewhat higher temperatures (> -40 °C), the -phase 

transforms into the -phase, as one might expect. However, even when tempering the -phase at 

temperatures up to +25 °C, we never observe a transformation to the -modification. Instead, a solid 

amorphous phase appears, which resembles a quenched super-cooled melt of liquid Ga, with a density 

in-between the one of the melt and the one of the -modification. 
 The reason for this difficulty in reaching the α-phase is the great difference in density 

between the - and the -modifications, such that the thermodynamic fluctuation needed to generate a 

stable nucleus of the -phase of critical size inside the -phase or even inside the amorphous phase is 

extremely unlikely. On the other hand, the energy landscape accessible to the system when starting 

from the -modification slightly below the thermodynamic melting temperature of gallium (i.e., the 

one defined by thermodynamic equilibrium between the -phase and the liquid Ga-phase), is highly 

complex, with a multitude of accessible local minima that exhibit structural similarities to the pure -
modification and the "quenched" melt-like phase. 
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Figure 6. Deposition-temperature-annealing-schedule phase diagram, summarizing the allotropes 

formed during the pure gallium deposition (x-axis), followed by the phase evolution of the gallium 

deposits through the cooling+heating cycles (y-axis). The stability ranges of the allotropes are 

extrapolated from the experimental data. 

 

  

 

This has a fascinating consequence: when cooling the system in its amorphous phase down to 

temperatures around -40 °C we reproducibly obtain not the -modification, but a structurally related 

yet distinct new phase, which we have denoted as the '-phase. The density of this '-phase is larger 

than the one of the -phase, and this '-modification is preserved down to the lowest temperatures 

studied (-190 °C). Upon heating the'-phase to +25 °C, we again obtain the amorphous gallium 

phase, from which we reproducibly regain the '-phase upon cooling. Again, we never observe a 

transition from either the '-phase or the amorphous phase to the -modification even after long 

annealing cycles. Again, this is connected to the difference in the density; if we add the '-phase and 

the amorphous phase to the list of densities, we obtain  < melt < highT-amorph <  <  < < '; 

i.e., there is a sizeable gap in density between the -phase and both the amorphous and the '-phase. 

In this context, one should also note that for depositions of Ga atoms at temperatures below liquid 

nitrogen temperature, e.g., at liquid He temperature, one obtains a second amorphous phase,[64] 

whose density lowT-amorph should be comparable or even lower than the one of -Ga, lowT-amorph < , 
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and which would quickly evolve into the -modification upon heating to liquid nitrogen temperature 

and above. 

 On the other hand, the -phase remains unchanged over many heating and cooling cycles 

between -190 °C and +25 °C. However, we note that we observe some slight variations in the 

structure of the -modification depending on the deposition temperature, which can be recognized in 

the relative arrangements of the (distorted) Ga-hexagons that characterize the -Ga structure.  
 Ab initio calculations on various levels of refinement [65] indicate a close competition in the 

energy ranking among the -, - and '-modifications, with the most sophisticated methods that 

include d-electrons and a large basis set suggesting that E < E < E'. We also note that the simple 

structure suggested based on the X-ray powder data for the '-modification might actually be an 

average over a multitude of structurally closely related local minima on the energy landscape inside 

the large multi-minima mega-basin that contains the original -modification and many slightly 

different alternative structures of very similar energy (c.f. supplementary information in [62]).  

From the point of view of the energy landscape of the gallium system, the stability of the '-
modification is not so much due to high-energy barriers that prevent the transformation of one unit 

cell of the '-phase into a similar size unit cell of the -phase, which is the situation one often finds in 

crystalline systems and is reflected in standard tree graph models of the energy landscape of crystal-

forming compounds. Instead, we are dealing with a combination of entropic barriers separating the 

different sub-regions of the megabasin containing both the - and '-phases, which greatly slow down 

the transformation kinetics - similar to the aging kinetics in glasses mentioned earlier -, and of an 

entropic stabilization on the thermodynamic level due to the great malleability of the structural motifs 

in the '-structure resulting in many distinct but structurally related local minima with similar energy. 

This is reminiscent of the currently very popular so-called high-entropy materials [66,67], where a 

large configurational entropy, often due to a solid solution kind of behavior, is observed to stabilize 

the multi-minima compound. 

 Besides demonstrating the importance of synthesis routes in accessing different phases of a 

chemical system in a reproducible manner, the example highlights the necessity of trying to explore 

the energy landscape of a chemical system as fully as possible not only theoretically but also 

experimentally, in order to get a complete overview over the structures and their stability for the many 

feasible modifications that are (meta)stable on physically and technically relevant time scales. 

 

 

3.7. Structural details of films of ZnO as a function of the deposition temperature 

 
The final example again demonstrates the great variety in the results of a synthesis of thin 

films as a function of the synthesis parameters. The system chosen, ZnO, is well-known and is 

employed in many technological applications, but the real material exhibits some curious properties 

that do not appear to be consistent with the pure ZnO compound with the ideal wurtzite structure and 

a clean band gap of ca. 3.4 eV [68]: essentially all crystals of ZnO are transparent, as expected, but 

with a (mostly) yellow color, [69] and they exhibit an intrinsic n-type conductivity [70]. In the 

literature, these phenomena are commonly attributed to the presence of impurities that are supposed to 

cause resonances in the yellow or green band and serve as the origin of impurity bands in the band 

structure that are then associated with the n-type conductivity.[71] Furthermore, the Raman spectra 

show bands at high wavenumbers, which are ascribed to the combination/overtones of some first-

order Raman bands.[72] 

 However, these explanations are rather unsatisfying in their non-specificity and generality. 

Especially with regard to the Raman band at ca. 1140 cm
-1

, assigned as multi-phonon modes 

derivatives from the predicted LO bands, one notes that this band is visible even if the corresponding 

first-order LO-bands are missing! Furthermore, they imply that essentially all samples of ZnO are not 

pure, and raise the question of whether the various synthesis methods employed are suitable to create 

pure ZnO. Thus, we have decided to generate ZnO in the form of thin films employing the 

femtosecond PLD method.[73,74] We are using laser ablation of a pressed, pure powder of ZnO to 
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create the gas phase that is deposited on a sapphire substrate, where we vary the deposition 

temperature from -240 °C to +300 °C. This ensures that the spurious inclusion of impurities is 

eliminated as much as possible. 

 At very low deposition temperatures, we observe a transparent colorless film of ZnO, and 

similar films are found at high deposition temperatures. However, at intermediate deposition 

temperatures, we find yellow, greyish, and opaque films. At the same time, Raman spectra of these 

films exhibit noticeable peaks beyond 800 cm
-1

 wavenumbers [73]. These bands fit perfectly well 

with the bands associated with various dioxygen species (O2, O2
-
, O2

2-
). We next note that these 

species fit perfectly into the trigonal bipyramids formed by the Zn-sub-lattice of the ideal wurtzite 

structure. Usually, these bipyramids are visualized as two face-connected tetrahedra present in the hcp 

arrangement of the Zn-atoms, where only half of the tetrahedra are occupied by the O
2-

-ions in the 

ideal wurtzite structure (c.f. Figure 7). Thus, in the ideal wurtzite crystal, all the normally filled Zn-

tetrahedra are only connected via corners, with no face connection being present.  

 

 
 

 

Figure 7. a) ZnO wurtzite structure (2x2x2 supercell) highlighting the OZn4 tetrahedra arrangement, 

yellow tetrahedra with the tip pointing up along the c-axis (normally filled in ideal ZnO), and blue 

tetrahedra with tip down along the c-axis (normally empty). b) Structural realization of possible 

disorder in the ZnO wurtzite structure (2x2x2 supercell, distortions neglected) where one oxygen 

atom has moved: The figure depicts an occupied inverse tetrahedron (blue) adjacent to a filled regular 

tetrahedron (yellow), forming a dioxygen species, e.g., a superoxide ion (red bond); in addition, the 

empty (normally filled, yellow) Zn4-tetrahedron (void) is shown by green lines. 

 
However, during the deposition and tempering of the film, it is very easy to fill, once in a 

while, a tetrahedron of the orientation opposite to the normally filled Zn-tetrahedra, which results in a 

dioxygen species; of course, this implies that an empty Zn tetrahedron is also generated. The presence 

of such a filled "inverse oriented" tetrahedron is not detectable via, e.g., additional X-ray reflections. 

Instead, we obtain indirect evidence when analyzing the electron density derived from the diffraction 

patterns.[74] Here, the presence of additional occupants of the tetrahedra makes itself felt in a large 

broadening of the difference in electron density in the oxygen positions compared to what we would 

expect from an ideal ZnO wurtzite structure.  

 A fascinating consequence of such rearrangements of the oxygen atoms in the wurtzite 

structure during the film growth is the fact that the Zn-atoms no longer need to be all in the Zn
2+

 

oxidation state. The formation of superoxide ions generates excess electrons (2 O
2-

  (O2)
-
 + 3 e

-
). It 

follows that there are additional "free" electrons in the structure, which account for the intrinsic n-type 

conductivity. Furthermore, in the intermediate range of deposition temperatures, the local depletion of 

the Zn tetrahedra is quite concentrated in nanometer-sized regions, and X-ray reflections typical of 
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metallic zinc are present in the diffraction pattern, where the width of the peaks indicates that the size 

of these Zn metal regions is in the nanometer range. From this, one concludes that mesoscopic regions 

of metallic zinc are formed throughout the film at intermediate temperatures, whose existence is 

further supported by the greyish color of the films. In addition, we note that the yellowish tinge is 

caused by the yellow superoxide ion O2
-
 present in the film.  

 This example demonstrates, how the systematic use of special synthesis methods can result in 

different compounds or variations of a given compound represented on the energy landscape of the 

ZnO system, ranging from the pure wurtzite ZnO to a combination of Zn metal and ZnO, including 

the presence of superoxide ions.  

 Still, perhaps more important than the variability of synthesis outcomes even for pure systems 

of a well-defined overall composition, ZnO, this example system highlights our general 

underappreciation of the structural and compositional flexibility of supposedly simple, even binary, 

ceramic-type compounds; in alloys such flexibility is well-recognized, of course. This is going to be 

an even more relevant issue in the future since such detailed knowledge of the structural variability of 

a compound will become more and more crucial as we try to control a system's properties on smaller 

length scales down to the atomic level. Furthermore, when we try to employ such materials, we need 

to be able to establish time scales for the stability of the metastable modifications of the compounds of 

interest, which includes detailed information about the pathways for their decay or transformation to 

other (meta)stable or intermediary modifications. Clearly, the degree of control we have over such a 

material that is tuned and exploited down to the atomic level greatly relies on the completeness of our 

structural knowledge about the system. 

 
 
4. Discussion and conclusions 

 
In the preceding section, we have considered several examples of thin films and monolayers, 

the interplay of theory and experiment - including chemical synthesis and in-situ physical 

measurements - concerning the prediction of possible modifications and their structures, and 

demonstrated the influence of the synthesis parameters and subsequent treatment of a deposited film 

on the formation of additional modifications, the transformations between modifications and their 

properties. Furthermore, we have highlighted the importance of using such tools for the analysis of the 

whole field of possible stable and metastable phases that exist on the energy landscape of the 

chemical system, and for elucidating the structural basis of unusual physical properties.  

 All this work can be seen as contributing to the field of systematic synthesis exploration in a 

chemical system, which encompasses the theoretical prediction of synthesis targets via the study of 

the energy landscapes of a chemical system, the simulation of synthesis routes that are employed in 

attempts to reach such targets in the experiment, and finally the careful reproducible performance of 

such syntheses on well-defined chemical systems, where the syntheses are accompanied by, e.g., X-

ray, IR, Raman or other measurements that yield structural data about the current state of the system 

at all stages of the syntheses and subsequent transformations of the material. The long-term goal of 

this joined theoretical and experimental enterprise is to achieve such a high degree of control in the 

experiment, that we are able to reach all regions of the energy landscape not only in the computer but 

also in the experiment - in some ways this can be understood as the final aim and highest possible 

achievement of the field of solid state chemistry.[15] 

 In particular in the field of thin films and monolayers which are essentially two-dimensional 

and thus allow us much more access than a bulk 3D system, such a control should, in principle, be 

feasible on the atomic level. In the ideal case, one would place the atoms or molecules one-by-one on 

a smooth surface, next to and on top of one another, at extremely low temperatures, such that their 

arrangement is as close as possible to one of the metastable structural arrangements we have found on 

the energy landscape. Activating the formation of bonding by adding heat or radiation, we could thus 

realize essentially all metastable modifications of the chemical system.  

 In the examples presented above, the starting point of the growth of the monolayers of 

molecules (c.f. sections 3.2 and 3.3) were individual molecules that were deposited on the surfaces 

and then rearranged themselves into islands with common (periodic) structural features or reacted to 
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form an amorphous layer. These structures corresponded to typical local minimum structures found 

during global optimizations or molecular dynamics simulations of the monolayers. We note that the 

periodic islands seen in the experiment exhibited one of the many possible very similar dense periodic 

packings of the molecules with similar energies found on the energy landscape. This is a typical 

problem with molecular crystals, where the energy differences between many similar arrangements 

are so small that the quality of the energy function is not always sufficient to establish the correct 

energy ranking among the local minima needed to identify the true global minimum. [75,76] 

Similarly, the amorphous arrangement was not the global minimum, which was a perfect periodic 

hexagonal arrangement of the reacted precursor molecules, according to the simulations; since in this 

case chemical bonds were involved as the major stabilizing force of the possible structures, the 

theoretical prediction of the global minimum is more reliable than in the case of a molecular packing 

controlled by van-der-Waals and hydrogen-bond interactions.  

 In contrast, for the thin films grown from the gas phase (3.4 - 3.7), the constituents of the 

entities that were to be deposited on a substrate were generated by global, i.e., thermal, or local, i.e., 

via laser ablation, heating of a solid compound with the same composition as the final product of 

interest. As a consequence, the gas phase before deposition consisted of various small or larger 

clusters or molecules with essentially the same composition as the source material; in particular, we 

note that in these fragments the various atoms already have neighbor atoms in similar numbers as in 

the source material, although the detailed structure of small clusters usually is quite different from 

cut-outs of the bulk crystal. This fact clearly might prejudice the resulting deposit when these clusters 

reach the surface and form the thin (amorphous) film at low temperatures, thus locking the system 

into a small region of the energy landscape. In some fashion, this method is reminiscent of the 

classical gas phase transport synthesis method [77] for the synthesis of out-of-equilibrium solids 

starting from a stable modification of the compound. 

 Such a lock-in can be possibly avoided by synthesizing the thin film directly from the 

individual elements, ideally in the form of single atoms being deposited on the substrate, usually at 

random unless STM/AFM or related techniques are available that allow a single atom placement on a 

given surface; however, the latter are not yet ready for macroscopic thin film production. For such a 

separate-atom deposition procedure, multiple evaporation and/or plasma sources are needed, one for 

each type of atom involved in the system. Only a few studies have been performed in this fashion, 

most notably the synthesis of the two metastable nitrides Na3N [33] and K3N [78] about twenty years 

ago.  

 However, in contrast to the deposition of the fragments with well-defined ratios of the 

different atom types involved, we need to fine-tune the strength of the various sources, in order to 

achieve a certain desired composition of the initial deposit. On the one hand, this is a serious 

complication of the synthesis method, since it is nearly impossible to guarantee that what arrives on 

the substrate exhibits exactly the target composition. On the other hand, by employing a narrow mesh 

of evaporation parameters, we can scan a large range of compositions in the thin films we generate, 

even for binary, and much more so for ternary or higher-order compounds of interest. We already 

have seen in the example of LiBr, how the control of the evaporation rate, i.e., of the gas phase 

pressure, allowed us to identify the exact range of deposition temperature-vapor pressure 

combinations that yielded the desired metastable LiBr modification. Thus, controlling the composition 

of an atom-level mixed deposit at low temperatures via small variations of the source parameters, 

allows us, in principle, to scan the whole phase spectrum of a chemical system, including not only 

thermodynamically stable but also metastable phases as a function of composition and deposition and 

process temperatures. Of course, this requires a large effort, ideally performed with modern robotic 

assistant high-throughput techniques employing multiple synthesis chambers at the same time. But 

once enough information has been accumulated about a given chemical system or many related ones, 

this can be fed into modern machine learning neural networks, with the goal to be able to obtain fast 

suggestions of optimal control parameters for the sources and other synthesis parameters when 

targeting a certain kind of metastable phase in a given chemical system. Similarly, the analysis of, 

e.g., the thousands of X-ray patterns produced by a high-throughput experiment that had been 

performed by hand in the past, can be assisted by an automated (pre-)screening in the future, using 

(self-learning) neural network based pattern recognition and pattern learning systems. 
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 To demonstrate the power of the atom-separated deposition approach even without the high-

throughput machinery, we want to discuss some curious features of two other examples that have 

been investigated using separate sources for each atom type: the synthesis of AgNO3 films [32] from 

Ag, N and O atoms deposited at random on a sapphire substrate, and a study of the Mg/N system [79], 

where the ratio between Mg and N atoms was systematically varied during the deposition. 

 In the case of the Ag/N/O system, silver was deposited together with plasma-activated 

nitrogen and oxygen in approximately the ratio of N:O = 1:3 at -180 °C, and while the material was 

slowly heated up to +130 °C, powder patterns were acquired at a number of intermediary 

temperatures. At the lowest temperatures up to ca. -150 °C, only a broad amorphous hump could be 

seen, indicating that the deposit was still in the amorphous state. At -110 °C, we observe first 

reflections indicating the formation of a crystalline phase, but this phase corresponds to the molecular 

crystal of N2O4, with the silver in the system still being in the amorphous state. Here, we note that we 

are already close to the temperature range where the N2O4 molecular crystal begins to 

evaporate.[32,80] 

 But once we reach -70 °C, the X-ray reflections indicating the N2O4 molecular crystals 

vanish, and are replaced by a set corresponding to the high-temperature phase of AgNO3, which 

remains present up to room temperature (even though HT-AgNO3 is metastable at these low 

temperatures). Sometimes small impurities of AgO were also detected as a byproduct. While this 

outcome was unexpected at the time of the experiment, this is no real surprise, since the density of the 

amorphous material is lower than the one of the HT-AgNO3 modification which in turn is lower than 

the one of the low-temperature modification of AgNO3, and thus the nuclei of the high-temperature 

phase are enthalpically preferred over those of the low-temperature phase inside the amorphous 

matrix. When increasing the temperature to 85 °C, the compound transforms into the 

thermodynamically stable low-temperature modification LT-AgNO3, and at even higher temperatures, 

we recover the - by now thermodynamically stable - HT-AgNO3 phase.[32,80]  

 While this sequence of amorphous, HT-, LT- and again HT-phases of AgNO3 with increasing 

temperature is quite fascinating in its own right, perhaps the most thought-provoking aspect is the 

observation that inside the semi-amorphous film the same kind of chemical reaction appears to take 

place, which occurs in the standard aqueous solution chemistry (Ag + HNO3(aq)  AgNO3(aq)), 

under seemingly completely different circumstances. Seen from the point of view of time scales, we 

realize that the atom-level mixing present in the amorphous thin film allows chemical processes to 

take place at experimental time scales, which are completely analogous to the fast processes in melts 

or aqueous solutions that are enabled by the fast diffusion of the reaction participants in the melt or 

solution. 

 In this context, we note that when we repeat the same procedure by replacing Ag with Au in 

the deposition process, the N2O4 crystals form already at the lowest temperature (-180 °C), which 

indicates that no strong Au-O bonds are formed that would compete with the crystallization of N2O4. 

Upon heating the sample, the N2O4 crystals again vanish at around -100 °C, but instead of AuNO3, we 

now find only tiny crystalline gold particles (with a diameter of only a few dozen nanometers, based 

on the width of the diffraction peaks), again in agreement with the solution chemistry experiments 

where Au does not dissolve in nitric acid.[80] 

 Similarly, the study of the Mg/N system with a wide variation of compositions deposited at 

room temperature (TD = +25 °C) from atom-type separated sources, resulted in the formation of 

unusual phases as a function of source parameters and annealing temperature. If we consider the 

powder patterns of a sample prepared employing an intermediate rate of Mg deposition (Mg source at 

320 °C, nitrogen flux of 1.5 cm
3
/min activated by a 80 mA microwave-plasma) at room temperature, 

we observe the reflections of a fcc-atom arrangement of the Mg atoms (called -Mg), the presence of 

which is supported by corresponding Rietveld refinements (Fm-3m, a=451.6 pm) and XPS studies. In 

contrast, after annealing up to 300 °C the reflections correspond to a mixture of the standard hcp-

packing of Mg atoms (-Mg) and the crystalline Mg3N2 compound. We note that the first reflections 

characteristic of crystalline Mg3N2 begin to be observed already at around +200 °C, together with 

clear peaks belonging to the -Mg modification, while the presence of crystalline -Mg is only 

confirmed at around +300 °C where no peaks of -Mg remain. It appears that when the amorphous 

Mg/N matrix is transformed into crystallized Mg3N2, -Mg loses its stability and transforms into the 
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global minimum -Mg on the energy landscape of magnesium. We recall (see section 3.5) the case of 

the unstable, in principle, CaCl2 phase in the thin films of MgF2, which was stabilized by the presence 

of essentially invisible nanometer-size crystals of the metastable CdI2 modification, where the CaCl2 

phase transformed, without requiring activation energy, into the stable rutile modification once the 

CdI2 phase had vanished. 

 Regarding the outcome for different deposition rates of magnesium, we find that if the Mg 

rate is reduced (Mg source running at 300 °C) only Mg3N2 is formed on the substrate and if the Mg 

rate is increased (Mg source at 340 °C) then a mixture of Mg3N2, β-Mg, and α-Mg is obtained. Thus, 

with increasing Mg content the reaction of magnesium and nitrogen reaches a point where only a part 

of Mg reacts to magnesium nitride, and thus first β-Mg and later α-Mg remains as a byproduct. If we 

now vary the parameters of the plasma source (while keeping the Mg source at 320 °C), we find that 

as long as we supply a high activation of nitrogen atoms, the -phase of Mg is present, possibly 

together with some crystals of Mg3N2. However, when we reduce the activation of nitrogen, we only 

obtain pure α-Mg, which clearly indicates that the presence of some additional amorphous Mg/N 

phase is needed for the stabilization of -Mg. In this context, we note that -Mg would be kinetically 

stable against the transformation into -Mg, at least at low temperatures, since it constitutes a low-

energy local minimum on the energy landscape of elementary Mg, in contrast to the CaCl2 structure in 

the MgF2 system, which does not correspond to a local minimum on the landscape of MgF2. 

 These two short examples display not only the richness of the landscape of the chemical 

system investigated, but also the subtle features of the synthesis in the solid state, and how even small 

changes in synthesis and processing conditions can stabilize or destabilize the many competing 

metastable phases in the system. Together with the examples discussed in more detail in section 3, 

which have demonstrated the strength of combining theory and experiment in the realization and 

analysis of metastable compounds, these studies and their surprising results also highlight the many 

gaping holes in our understanding of chemical systems, e.g., why does -Mg seem to require the 

presence of amorphous Mg2N3 for its stabilization, or why does the aqueous solution reaction that 

produces AgNO3 take place in a seemingly analogous fashion in the solid film? 

 Although the aim of developing a rational approach to the planning of solid-state syntheses in 

analogy to the toolbox of organic chemistry was formulated already in the 1990s [81] and discussed 

as a vision even earlier [82], it often feels as if we were still at the beginning. The past three decades 

have seen much progress in the field of structure prediction of crystalline modifications [11,83], and 

the concept of the energy landscape of a chemical system as the world where the chemistry of a 

material takes place is by now well-established among theorists and experimentalists [11,84] 

Nevertheless, in the field of solid-state chemistry, the focus still appears to remain on the ideal crystal 

structure, and the path to the synthesis of such ideal modifications is chosen by analogy to successful 

syntheses in similar systems. But the examples discussed here in the context of low-dimensional 

materials clearly show that one needs to explore the whole energy landscape of the chemical system, 

including the complex barrier structure that lies beyond the singular local minima that correspond to 

the ideal crystals, from both a theoretical and experimental point of view. In reality, we never obtain 

such an ideal flawless arrangement of atoms, neither in the experiment nor during a molecular 

dynamics simulation containing a sufficiently large number of atoms to represent a real macroscopic 

system (unless we start with the ideal structure and stay at very low temperatures). Instead, in both the 

experiments and the simulations, we explore the landscape's mega basins or locally ergodic regions, 

each of which contains the many minima associated with defect structures that together represent the 

real crystals for each given crystalline phase. Furthermore, we need to identify the true pathways the 

system follows during synthesis and transformation processes for given external boundary conditions 

(temperature, pressure, etc.), both in the experiment and on a theoretical level. But this means, we 

must not only study the successful routes but also learn about the dead-ends, learn to understand why 

they are "failures", and how we can exert control over the path the system takes on the landscape 

according to the laws of physics. From a theoretical point of view, this means that it is not sufficient 

to study the energy landscape of the isolated chemical system, but we also need to investigate the 

landscape of the system in contact with the environment. This includes not only variations in the 

thermodynamic boundary conditions such as temperature, pressure, electromagnetic fields, etc., but 

also the presence of atoms belonging to a substrate, a solution, or a melt that serve as surface or 
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medium, respectively, where the synthesis takes place.[11,85] Dealing with these influences via 

modeling and simulations is a tremendous challenge, of course. Both the sheer number and diversity 

of the atoms involved and the large time scales of the chemical processes during the synthesis push 

the boundaries of the feasible as far as computational resources are concerned, in particular since the 

simulations should take place on an ab initio level wherever possible. Nevertheless, great progress has 

been made in recent years, both regarding the development of faster algorithms and with respect to 

suitable energy functions, where the use of machine-learning for accelerating the computation of ab 

initio energies and forces is a highly active field[86] although surely no panacea.  

 Once we have gained such an understanding, we can complement the atom level description 

by an appropriate and useful continuum description of the chemical system, for which 

phenomenological models describing various combinations of reaction-, diffusion-, growth-, etc. 

processes can be formulated with spatio-temporal resolution. To achieve this, both theory and 

experiment have to contribute: the theorist by studying the landscape of the system for substantial 

numbers of atoms, in order to acquire some realism as far as the atom level processes are concerned, 

while the experimentalist needs to carefully analyze the seemingly uninteresting results of his 

syntheses as these also tell us important information about the chemistry, i.e., the structural and 

compositional changes, in a material.  

 Together, they can open up a comprehensive view of the whole chemical system, and the 

surprising richness of the chemistry in even those systems that are often declared "dead" and 

uninteresting. Once such a full understanding has been achieved, the road is open to the systematic 

generation of new materials for future technological applications. 
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