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ABSTRACT
As advanced computational techniques have led to significant advances in the field of material science,
contemporary methods of generating hetero-interfaces involving amorphous materials have fallen short.
Crystacean is a Rust based Python library which aims to fill this gap in the available computational tools.
To demonstrate the method developed, the library is used to find configurations of the SiC/SiO2 interface.
Crystacean can generate multiple amorphous SiO2 layers on top of a SiC substrate lattice. This is done
by first identifying where the silicon atoms of the SiO2 could be placed, and then creating exclusion
rules. These sites and exclusion rules are then represented with bitvectors, allowing memory and compute
efficient searching of configurational space. This thesis also demonstrates how Crystacean can generate
more configurations for a lattice than would be practical by hand and the generation of layers beyond the
direct interface, and why these capabilities might be desired. Possible broader applicability beyond the
SiC/SiO2 interface system is also discussed.
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POPULAIRWETENSCHAPPELIJKE SAMENVATTING
De transistor is misschien wel de belangrijkste uitvinding voor onze moderne wereld. Ze zijn natuurlijk
beroemd voor rol in de microchips die computers en smartphones mogelijk maken, maar er zijn ook andere
soorten transistors. Transistoren kunnen ook gemaakt worden voor toepassingen, zoals bijvoorbeeld
een regelbare spanningsbron of een circuit dat gelijkspanning omzet naar een wisselspanning. Dit soort
circuits zijn cruciaal voor elektrische auto’s, omdat deze wisselspanning nodig hebben voor hun motoren,
terwijl batterijen een gelijkspanning leveren. De transistoren die voor deze circuits nodig zijn, worden
MOSFETs genoemd.

Deze MOSFETs werden traditioneel gesproken van silicium gemaakt. Dit is hetzelfde materiaal
als voor computerchips gebruikt wordt, waardoor we goed weten hoe we met dit materiaal kunnen
werken. Silicium heeft echter problemen bij hoge spanningen en hoge temperaturen. Elektrische
componenten, zoals elektromotoren, kunnen vaak efficiënter werken, wanneer ze met hogere spanningen
worden aangedreven. Silicium MOSFETs kunnen echter kapotgaan wanneer ze met te hoge spanningen
of temperaturen in aanraking komen. Daarnaast verliezen silicium MOSFETs efficiëntie bij hogere
temperaturen. Om deze reden is de halfgeleiderindustrie op zoek naar nieuwe materialen om MOSFETs
mee te maken.

Siliciumcarbide is één van de aangewezen materialen om silicium op te volgen. Siliciumcarbide is
bekend als het materiaal waar boorbitjes van gemaakt worden. Het wordt hiervoor gebruik vanwege zijn
hoge hardheid en smeltpunt. Vooral deze laatste eigenschap is nuttig voor een materiaal om silicium te
vervangen in hoge energiedichtheid MOSFETs. Siliciumcarbide is op atoomniveau een kristal gemaakt
van een gelijke mix van silicium en koolstof en heeft de scheikundige aanduiding SiC. De belangrijkste
eigenschap van SiC voor dit project is, dat het gebruikt kan worden om MOSFETs te maken die met
hogere spanningen en temperaturen kunnen werken. Daarnaast blijven SiC MOSFETs ook efficiënter bij
hogere temperaturen. Met de hogere spanningen en minder vereiste koeling kunnen efficiëntere, kleinere
en lichtere apparaten gemaakt worden. Siliciumcarbide MOSFETs zijn hierdoor erg gewild geworden.

Er is echter één probleem met SiC MOSFETs. Een transistor kan gezien worden als een schakelaar,
die stroom door laat lopen wanneer er een bepaalde spanning op hun derde pin wordt gezet. Bij veel SiC
MOSFETs verandert over de loop van een jaar de spanning echter, waardoor de schakelaar of te vroeg, of
te laat opengaat. Dit is slecht nieuws voor ingenieurs die met deze MOSFETs willen werken, omdat zij
precieze waardes nodig hebben om effectieve circuits te ontwerpen. Het is daarom belangrijk om erachter
te komen hoe deze verandering ontstaat en hoe deze vermeden kan worden.

Om deze verandering te onderzoeken, willen we de materialen in onze MOSFETs kunnen simuleren.
Hiervoor moeten we de structuur van de materialen op atomair niveau weten, maar dit lastig voor
SiC MOSFETs. De reden hiervan zit in de naam. De afkorting MOSFET staat voor “Metallic Oxide
Semiconductor Field Effect Transistor”. Belangrijk hier is het “Metallic Oxide” gedeelte, een metaaloxide.
Het metaaloxide wordt gebruikt in de “gate” die te zien is in Figuur 1a en is voor een SiC MOSFET
gemaakt van siliciumdioxide, SiO2. Dit is dezelfde SiO2 als waar glas van gemaakt is. Het raakvlak waar
deze twee materialen elkaar tegenkomen wordt de SiC/SiO2 interface genoemd.

(a) Schematische weergaves van twee
verschillende technieken om MOSFETs te
maken. Voor een Siliciumcarbide MOSFET is
de groene ‘gate’ gemaakt van siliciumdioxide,
ookwel bekend als glas. De blauwe en rode
delen zijn gemaakt van SiC. Afbeelding
van She et al. (2017)

(b) Voorbeelden van de atoomstructuren van (links) Siliciumcarbide
en (rechts) het amorfe siliciumdioxide.

Figure 1
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De SiO2 vormt echter een probleem bij het maken van onze modellen. De twee materialen van
de transistor zijn schematisch weergegeven in Figuur 1b. Hier is te zien dat de SiC een geordende,
voorspelbare kristalstructuur heeft. Bij de SiO2 is echter geen enkele voorspelbare structuur te bekennen.
Deze vorm van SiO2 wordt daarom ook amorf – zonder vorm – genoemd. Door deze amorfe structuur is
het lastig om te voorspellen hoe een SiC/SiO2 interface er op atomair niveau uitziet. Er zijn heel veer
variaties en het liefst zouden we die allemaal af willen gaan.

Dat is waar mijn project in beeld komt. Ik heb voor mijn project een programma geschreven dat
variaties van de SiC/SiO2 interface kan genereren. Dit programma kan laag voor laag een amorfe SiO2
laag op een kristal van SiC groeien. Door de datastructuren in mijn programma zo klein mogelijk te
maken, heb ik het programma zo snel en geheugenefficiënt mogelijk gemaakt. Van deze structuren kan
vervolgens de energie berekend worden die zou vrijkomen als de structuur in het echt gevormd zou
worden. Deze energie kan dan tussen de structuren vergeleken worden om te bepalen welke structuren het
waarschijnlijkst zijn om te vormen.

Ik heb daarnaast ook mijn programma gebruikt om te laten zien hoe het programma nuttig kan zijn
voor onderzoek naar interfaces. Ik laat zien dat er SiO2 lagen met een lagere energie te vinden zijn op
grotere SiC kristallen, wanneer het vergeleken wordt met kleinere SiC kristallen. Ook demonstreer ik de
mogelijkheid om meerdere lagen te maken. Ik laat hierbij zien dat een structuur die op de eerste laag de
laagste energie heeft, mogelijk meer energie nodig heeft voor zijn volgende lagen dan andere structuren
die een hogere energie hadden op de eerste laag.
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1 INTRODUCTION
The advent of advanced computational techniques have led to significant advances in the field of material
science, enabling the exploration of vast configurational spaces for the design and discovery of new
materials. An important area of research is that of hetero-interfaces, the surface where two different
materials meet, as these kinds of interfaces are important in applications like catalytics (Yang et al.,
2022), energy storage (Fang et al., 2019) and transistors (She et al., 2017). Analyzing these interfaces
computationally requires methods to generate valid interface structures, but these have proven challenging
to develop for non-epitaxial systems.

The previous method used to determine interface configurations for epitaxial systems, is the lattice
matching approach by Zur and McGill (1984). It utilizes the periodicity of the crystal lattices of both
materials, by combining small crystal lattice cells into larger “superlattice cells” containing many smaller
units. Two lattices are then said to match, when two of their superlattice cells coincide to within 1% in
both dimensions and angle. This method is powerful, but cannot be used with non-epitaxial systems, as in
these systems the materials are not aligned in crystal direction. New methods are thus needed to explore
this field of material science.

Random Structure Searching (RSS) is a different approach to finding new material structures (Johnston,
2003). This method tries to find structures by assembling structures from scratch and computationally
testing their stability and properties afterwards. This allows for the discovery of possible stable or
metastable configurations, which could correspond to real materials under experimental conditions. There
are many implementations, the most prominent being USPEX (Glass et al., 2006) and AIRSS (Pickard
and Needs, 2011). The rough process of an RSS search is as follows: First, structures are generated
within certain constraints, such as density or composition. These constraints are left loose enough to allow
for a wide sampling of configurational space. After this, the new structures are evaluated with ab initio
methods, particularly Density Functional Theory (DFT). The results of this search can be used to refine
subsequent searches, to focus searching on the most promising configurations.

The fundamental ideas of RSS are both simple and broadly applicable. The large amount of samples
needed to explore the entire configurational space can be challenging, however. To overcome this
challenge, the concept of Restricted Random Structure Searching (RRSS) (Cottom et al., 2019) was
introduced. With this new method, the searched configurational space will be shrunk by applying rules
and restrictions based on physically and chemically reasonable considerations.

In this thesis, I will show how I used RRSS to develop an interface configuration generator called
Crystacean, which can generate multilayered interface configurations, and use it to generate interfaces
for the SiC/SiO2 interface. In Section 2 I will cover the theory of RRSS and finding the configurations.
In Section 3 I will describe the development process of Crystacean in more detail. Then, I will present
some results I obtained with my generator in Section 4, which will show in what ways Crystacean can be
used for the analysis of interfaces, by showing how bigger structures and multiple layers can affect the
energetic properties of materials. Finally, I will summarize my findings in Section 5.

2 THEORY

2.1 The SiC/SiO2 interface
To demonstrate Crystacean, I will determine possible atomic configurations of the interface between
silicon carbide and silicon dioxide (SiC/SiO2). Silicon carbide has long been regarded as a possible
candidate for use in semiconductors. Devices made of SiC are desirable, because of their superior
electronic properties compared to standard silicon (Millán et al., 2014; Roussel, 2011). This makes the
material suitable for high voltage, high temperature and high frequency applications.

Silicon carbide possesses polytypism, meaning it has many crystalline forms (Choyke and Pensl,
1997). The SiC lattice unit cell can be seen as a repeating pattern of alternating silicon and carbon atoms.
However, every next layer has two ways with which it can follow up the previous. This means that there
are countless amounts of SiC polytypes possible. Out of the many known SiC polytypes, the 4H-SiC
variant appears to be one of the most popular for the creation of devices (Presser and Nickel, 2008). An
example of 4H-SiC can be seen in Figure 2. This SiC variant can be used to make a Metallic Oxide
Semiconductor Field Effect Transistor, or MOSFET, possibly the most important active components in
electronics. These devices require an oxide layer in their construction, and in SiC this layer is commonly
made of silicon oxide, thus forming a SiC/SiO2 interface (Dhar et al., 2005).
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This interface has led to problems with device performance and lifespan (Aichinger et al., 2018; Presser
and Nickel, 2008). 4H-SiC based devices suffer from threshold voltage instabilities, which are attributed
to point defects in the SiC at the SiC/SiO2 interface. These point defects include silicon vacancies and
various amounts of dangling carbon bonds (Cottom et al., 2018). Analyzing these configurations requires
the ability to construct a SiC/SiO2 interface. Lattice matching would normally be used to construct
such an interface, but silicon oxide is amorphous. This makes the SiC/SiO2 interface non-epitaxial and
ineligible for lattice matching, but a good candidate to demonstrate RRSS.

2.2 Restricted Random Structure Searching
The RRSS method is largely based on, and shares many similarities with the ab initio Random Structure
Searching method by Pickard and Needs (2011). RRSS differentiates itself on the strictness of the
restrictions placed on possible atom sites. A schematic representation of RRSS can be seen in Figure 3.
Where AIRSS allows atoms to be placed freely within a given bound, RRSS first determines discrete
allowed sites these atoms can occupy. These sites are derived from the atomic properties of the next
layer’s atoms, such as valence, and the geometry of the previous layer. After finding these sites, additional
restrictions can be added to represent the sites’ interdependencies (Cottom et al., 2019).

These sites can then be used to find possible interface structures. If the identified structures contain
many unphysical interfaces, additional restrictions could be applied to reduce this amount. The identified
structures will then be subjected to energy and geometry calculations to relax them to a local energy
minimum. These structures can be used as they are, or used to add additional interface layers. By using
this more restricted approach, this technique aims to efficiently sample the space of possible interface
configurations, despite possibly missing less obvious stable solutions.

2.2.1 Application to the SiC/SiO2 interface
In the following section, I will show how I applied RRSS to the SiC/SiO2 interface. When seen from
above, 4H-SiC has a hexagonal unit cell, see Figure 2b. Building the first layer starts with placing oxygen
atoms on the lattice, as seen in Figure 2. The silicon atoms will be attached to these oxygen atoms.
Following the RRSS method, the valence of the present atoms can be used to construct possible sites of
different types. Silicon has a valence of four, from which three possible ways a silicon atom can connect
to the previous layer can be derived. The three connection types are shown in Figure 4. A silicon atom can
connect to either one (singlet), two (midpoint) or three (tripoint) oxygen atoms from the previous layer.
The unconnected bonds of the atoms are then presented upwards for the construction of the next layer.

Besides the restricted placement, there are two more restriction rules which should be implemented.

(a) (b)

Figure 2. An example of a 4H-SiC lattice shown from the side (a) and the top (b). The crystal is
hydrogen terminated at the bottom and oxygen terminated at the top.
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Figure 3. A schematic representation of the Restricted Random Structure Searching method.

The first rule is to limit the amount of singlet states present in final solutions. This rule exists, because
a large amount of singlet states in close proximity would cause voids on the surface of the SiC, which
would be unstable. The second rule applies to secondary layers and states that the formation of small
loops should be prevented. An example of a small loop is shown in Figure 5. A small loop here means
that two or three of the oxygen atoms, to which a midpoint or tripoint is connected, are connected to the
same silicon atom of the previous layer. The formation of these loops is unfavorable as, although they are
easy to detect, they are never seen experimentally in SiO2.

2.3 Programming details and considerations
When writing any scientific program, using Python would be an obvious first choice. It is a popular
programming language in the world of physics and has a large number of libraries aimed at doing many
numerical calculations. A big downside of using Python is its speed: Python code generally takes orders
of magnitudes longer to run than comparable code in other languages (Heer, 2023). Its generous use of
pointers and runtime typing also make it inefficient with memory. There are a few ways to make Python
faster. Using NumPy arrays can make calculations over many numbers faster, but this lacks the fine
control needed to optimize this problem (Harris et al., 2020). Numba can speed up Python code execution
by using a JIT compiler (Lam et al., 2015). However, using Numba hurts Pythons ergonomics, as it does
not support classes and only partially supports NumPy.

Another option is to write an external Python library in a faster, compiled language, like Rust. The
Rust programming language (Matsakis and Klock, 2014) is a compiled language focusing on memory
and type safety, extendability and developer experience. The language has been growing in popularity
over recent years in many fields, from embedded software to web development (Daigle and Staff, 2023),
but has not yet had the years-long support from the scientific community Python has had. A Rust library
can be easily compiled into a Python library by using the PyO3 crate1 (Rust library). This is the route I
decided to take, mainly because of familiarity.

(a) (b)

Figure 4. Examples of the three types of connections a silicon atom of an SiO2 layer can have. a shows
the triplet (left) and the singlet (right) states. b shows two midpoint examples.

1https://crates.io/crates/pyo3
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There are many more possible options. Python also has libraries specialized in atomic modeling and
simulation, like Atomic Simulations Environment (ASE) (Larsen et al., 2017), possibly in combination
with a framework like Atomistic Global Optimization X (AGOX) (Christiansen et al., 2022). These
libraries allow researchers to design whole experiments in a single function and interface with many
popular computational science tools. While these extensive libraries might not have been the fastest
for every step of my structure search, the all-inclusive experience of these libraries might be worth this
trade-off for many.

RSS is commonly used together with software which can run Density Functional Theory calcula-
tions (Pickard and Needs, 2011). To this end I have used CP2K (Kühne et al., 2020). I used CP2K with
the MOLOPT dataset (Li et al., 2021) and a PBE functional to calculate the energy of the system and
geometrically relax the atoms in the structure. While this method can be very accurate for formation
energy calculations, it is also very compute intensive; calculations on a structures of around 80 atoms can
take dozens of hours on consumer grade hardware.

3 CODE DEVELOPMENT
3.1 Python
At the beginning of the project, I started by finding potential silicon sites for a given input lattice.
My supervisor had given me some examples of how these sites could be found, and one used the
KDTree (Maneewongvatana and Mount, 1999) data structure from SciPy (Virtanen et al., 2020). This is a
data structure which orders elements based on multidimensional proximity, which enables finding points
which are within a certain distance from one another. This was exactly what I needed, as the midpoints
and tripoint sites could only form between attachment points within a certain distance. I also needed to
make sure multiple silicon sites would not get double generated. A site could be generated multiple times
when, for example, a midpoint coupled to two attachment sites was added by both of its ends. To prevent
this, I sorted the list of coordinates and only allowed a coordinate to create an attachment site with its
neighbors when the neighbors are placed further down the list.

Eventually I could reliably find all potential silicon sites, even for larger input lattices. I then
implemented exclusion rules for the silicon sites. The oxygens of the input lattice can only connect to one
silicon atom in the new layer, which means that any potential silicon site has to check if its associated
lattice points are already taken when it wants to be filled itself. I implemented this check by giving
every lattice point a variable, which stated whether the point was used in a connection and with which

Figure 5. An example of a small loop, of which the formation should be prevented in secondary layers.
The small loop marked here is caused by a midpoint connecting to two oxygen atoms, which are
connected to the same silicon atom of the previous layer.
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silicon site. A potential silicon site could then check and update its associated lattice points. This process
has been illustrated in Figure After implementing these features, I also wrote a breadth first searching
algorithm. To follow the minimize singlets restriction from Subsection 2.2.1, the algorithm first checked
if any tripoints or midpoints were allowed to be filled. Only if no other sites were available, could singlet
states be filled. The layouts of the interface configurations identified with this algorithm were saved to
json files, which would have to be converted to atomic structures for further analysis.

After this, I also implemented periodic boundary conditions for input lattices. Periodic boundary
conditions mean that an atom which would exit the unit cell of the material on one side, would reappear on
the opposite side. This has the effects of simulating an infinitely large input lattice and allowing potential
silicon sites to cross over into neighboring unit cells. To achieve this, I created a new kind of lattice point
called a ghost point, which would act like one of the original points, but in a different place. At this point,
I started to encounter significant performance and memory limitations; I could not even find all of the
solutions for a sixteen atom input lattice without boundary conditions. The cause of these limitations was
clear: Each step of the breadth first search algorithm required many deep copies of a rather inefficient
data structure. If I still wanted to be able to find all solutions of bigger systems, I would need to take a
different approach.

3.2 Rust and bitvectors
At this point I switched to writing a Rust library. This did mean that I had to rewrite the logic I had
previously written for finding the possible silicon sites, but the process did not have to change much to fit
this new language. I found a new Rust KDTree library in “kiddo”2, which was almost as easy to work
with as the SciPy version. After this step, my new implementation diverged.

I realized that a potential silicon site could either be occupied or unoccupied, which means that the
occupancy of a site could be described with just a single bit of information. An entire lattice with N
potential silicon sites could be described with a bitvector containing N bits. Therefore I define

v⃗ =


0
0
0
...
0

 (1)

1 2

3

c

a

b

a checks 1 and 2 b checks 2 and 3,
fails

Figure 6. An example of how the exclusion rules for the Python implementation work. The example
lattice has three atoms: 1, 2 and 3, and three midpoint silicon sites: a, b and c. When a is attempted to be
filled in the middle diagram, it checks 1 and 2 to see if they are available, and finds that they are
unallocated. A then gets filled, and 1 and 2 get allocated to a. When b is attempted to be filled in the third
diagram, its checks 2 and three and finds that 2 is allocated to a. This causes the filling of b to fail.

2https://crates.io/crates/kiddo
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as a partial solution vector. I then also made a binary representation of the exclusion rules. I did this by
creating the exclusion matrix, which is an N ×N bitmatrix, defined as

M =


1 1 0 · · · 0
1 1 1 · · · 0
0 1 1 · · · 1
...

...
...

. . .
...

0 0 1 · · · 1

 (2)

where if site j is excluded by site i, this gives

M(i, j) = M( j, i) = 1 (3)

and the opposite when i does not exclude j. A sample of the responsible code for this conversion is shown
in Listing 1. When these definitions are made, determining which states can still be filled for a given
partial solution also becomes trivial, as it can be determined with

Mv⃗ = w⃗ =


1
1
1
...
1

 (4)

with w⃗ the allowed vector. The code for this process is shown in Listing 2. In practice, this means that
for every bit i of the new allowed vector a bitwise AND operation gets performed between the partial
solution vector and the ith row of the exclusion matrix, with the new bit being set to one when all bits in
the result of this operation are zero. New partial solution vectors can then be made with the identified
allowed states. This bitvector approach has the following two upsides:

1. A single configuration takes up a minimal amount of memory. The bitvector library I used3 uses 24
bytes on the stack to note the vector length and heap allocation. It then stores the bits on the heap in
32 bit chunks, which makes the total memory footprint of an N-bit long bitvector 24+4 · ⌈N/32⌉
bytes.4

416 for (number, oxygen) in self.oxygens.iter().enumerate() {
417 let mut exclusions =

FixedBitSet::with_capacity(self.oxygens.len());↪→

418 for exclusion in &oxygen.exclusions {
419 exclusions.set(exclusion.0, true);
420 }
421 match &oxygen.sitetype {
422 SiteType::Tripoint(_) => tripoint_mask.set(number, true),
423 SiteType::Midpoint(_) => midpoint_mask.set(number, true),
424 SiteType::Singlet(_) => singlet_mask.set(number, true),
425 };
426 exclusion_matrix.push(exclusions);
427 }

Listing 1. Rust code responsible for creating the bitvector representation of a lattice. Full code can be
seen in Appendix B

3https://crates.io/crates/fixedbitset
4Since the writing of the Crystacean version described in this report, many changes have improved the performance and memory

footprint of the FixedBitSet library. This does mean the information presented in this report is outdated in respect to the most recent
versions.
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2. The calculations can be performed with simple bitwise operations. The calculations for determining
the allowed vector only require AND operations and comparisons to zero. These operations could
theoretically even be vectorized with SIMD instructions5, which would mean a single row-vector
and operation could be performed in a single clock cycle.

With this new representation, I once again implemented a breadth first searching algorithm for the
structures. This time, all solutions could be identified for the sixteen lattice input lattice, both with and
without periodic boundary conditions. These solutions could again be exported as json files. At this point,
the amount of solutions identified for the sixteen atom input lattice was over 100,000, many of which
would likely be translations or rotations of one another. To filter out these duplicates, I created a post
processing program in Python. This program created a sorted list of distances between each occupied
silicon site of each structure. These lists were then compared with one another, where two structures were
marked as being duplicates when all the distances on their list were within a given margin. This margin
can be chosen freely, dependant on the desired culling aggressiveness. With this program and my chosen
margin, about 99% of the identified structures could be eliminated.

3.3 Subsequent layers
The interface configurations identified in the previous sections could then be converted to an atomic file
format which could be energetically and geometrically analyzed with CP2K. The geometrically relaxed
structures would look like the structures in Figure 4 and were encoded in the XYZ format. To be able to
add a second layer to these structures, Crystacean would need to be able to parse these files. I used ASE
to convert these files from XYZ to json files, as these would be easier to work with in Rust. As can be
seen in Figure 4, the silicon atoms of the second layer had hydrogenated ends where they could connect
to a following layer. Therefore I could create a new input lattice by selecting these hydrogen atoms and
extracting their coordinates. This new input lattice could then be processed similarly as the earlier input
lattices.

An important thing which did have to change, was saving the resulting structures to files. As
Crystacean already received a valid ASE json file, I decided to let it output copies of the original ASE
json file, with the atoms of the newly generated layer added. The first step in the process of adding the
new layer, was to replace the existing hydrogen atoms with oxygen atoms. After this, the new silicon
atoms could be added to the file. Lastly, new hydrogen atoms had to be added to the newly added silicon

204 fn matrix_vector_multiply(&self, vector: &FixedBitSet) -> FixedBitSet
{↪→

205 let mut output_vector = FixedBitSet::with_capacity(vector.len());
206 for bit_nr in 0..output_vector.len() {
207 let mut enabled = true;
208 // equal to: (vector &

&self.exclusion_matrix[bit_nr]).is_clear()↪→

209 for (v, m) in zip_eq(vector.as_slice(),
self.exclusion_matrix[bit_nr].as_slice()) {↪→

210 if (v & m) != 0u32 {
211 enabled = false;
212 break;
213 }
214 }
215 output_vector.set(bit_nr, enabled);
216 }
217 output_vector
218 }

Listing 2. Rust code responsible for the boolean linear algebra. The method receives a bitvector, which
it then logically ands with the rows of the exclusion matrix. Full code can be seen in Appendix B

5SIMD has been added in newer library versions.
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Table 1. The energies calculated by CP2K for the three small structures.

Sample Total energy (a.u.) Total energy (eV) ∆E to lowest (eV)

Small 1 −345.80 −9409.62 0.00
Small 2 −345.76 −9408.63 0.99
Small 3 −345.76 −9408.64 0.98

atoms. Though adding the hydrogen atoms to the tripoint and singlet silicon atoms was trivial, adding the
midpoint hydrogens was a bit more involved. I had to derive at which angle the hydrogens would connect
by looking at the relative locations of the oxygen atoms associated to the silicon atom.

At this point I also had to implement the last restriction of the system mentioned in Subsection 2.2.1,
the prevention of small loops. According to this restriction, some of the possible silicon sites could not
be filled. To prevent these sites from being filled, I created a method which accepted a bitvector. The
sites marked in this bitvector would then temporarily be removed from the intermediary representation. I
illustrated the effects of this filter in Equation 5. Solving the problem with the new exclusion matrix and
partial solution vectors would then yield smaller solution vectors, which would need to be corrected to the
original size. This is done by applying the filter in reverse, as shown in Equation 7.

1 0 0 0 1
0 1 0 1 0
0 0 1 0 0
0 1 0 1 0
1 0 0 0 1

+filter


0
1
0
0
0

→

1 0 0 1
0 1 0 0
0 0 1 0
1 0 0 1

 (5)

Where [0,1] denotes the removed row and column. (6)
1

1
1
0

+filter


0
1
0
0
0

→


1
0
1
1
0

 (7)

4 CRYSTACEAN RESULTS
In this section, I want to show some of the reasons of why using Crystacean is useful, or possibly even
necessary, for the modelling of interfaces with amorphous materials. In the first subsection, I will show
how using larger input lattices can reveal solutions with lower formation energies compared to those
found on smaller lattices. After this, I will demonstrate the formation of additional layers, and show how
structures which had low formation energies on their first layer, can have significantly higher energy in
subsequent layers. Finally, I will give a short demonstration of the performance of Crystacean.

4.1 Small and large input lattices
The first results contain four oxygen atoms. Without considering boundary conditions, this system has
four interface configurations. Three of these have been chosen for energetic comparison, see Figure 7.
Structure 7a contains a tripoint site and a singlet and Structures 7b and 7c both contain two midpoints.
The fourth structures was left out, as this structures was a rotation of structure 7a. The formation energies
of these structures have been calculated with CP2K, and their values are shown in Table 1. The formation
energy here is the energy needed to form the supplied atomic structures from individual, unpaired atoms,
or diatoms in the case of oxygen and hydrogen. The formation energies for the structures covered here are
negative, meaning that energy would be released if these structures have been made from loose atoms.
The table shows that the first structure, with the tripoint and singlet, has the lowest formation energy. The
energies of the midpoint structures are about an electron volt higher. Additionally the energies of the
structures 7b and 7c are nearly identical, indicating that rotations of the lattice likely have equal energies.

While the configurational space of this simple input lattice is small, the amount of possible configura-
tions increases sharply with larger systems. To show the necessity of considering larger systems, I also
prepared some larger structures, see Figure 9. Each of these structures contains sixteen attachment sites.
These larger structures can be divided into three catagories: Structures 9a and 9b are small structures
from Figure 7 repeated four times, structures 9c and 9d are combinations of the smaller structures and
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(a) (b)

(c)

Figure 7. A small SiC substrate with four attachment points has three unique SiO2 configurations.
Structure a contains a tripoint site and a singlet and Structures b and c both contain two midpoints.

Sample Formation energy
per atom (eV)

a −2.20
b −2.07
c −2.14
d −2.15
e −2.76
f −3.80

a b c d e f
0

1

2

3

4

En
er

gy
 (e

V)

Formation energy per atom

Figure 8. The formation energy of the larger structures shown in Figure 9. The energies have been
normalized to amount of new atoms added in the layer.
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structures 9e and 9f are structures which are not made from smaller structures and which contain larger
patterns. The resulting formation energies are given in Figure 8. Because the structures covered in this
part do not have the same amount of atoms added in their new layers, the formation energy has to be
normalized to the amount of atoms added for a fair comparison. To do this, a theoretical formation energy
is first calculated for the added silicon and hydrogen atoms. This energy is then added to the energy of a
structure with the new layer removed, calculated with CP2K. By subtracting this value from the actual
formation energy found, a difference in energy can be found. Dividing this energy by the amount of atoms
added in the new layer gives the additional energy released forming a layer of SiO2 per atom.

Figure 8 shows that both repetition of the small solutions and combinations of solutions have ap-
proximately the same formation energy per atom added. The differences also align, with 9b having the
highest formation energy of the structures, analogous to the small structures 7b and 7c. The unique larger
structures have significantly lower formation energies than the ones made from smaller configurations.
For example, the difference in formation energy per atom between structure 9a and 9f is about 1.6 eV.
These results show that the ability to generate larger structures is a necessary to properly analyze the
interfaces of non-epitaxial systems, as small structures might not be able to represent the lowest energy
configurations of an interface. Additionally, forming tripoint connections appears to be energetically
favorable over forming midpoint or singlet connections.

4.2 Subsequent layers
This last point changes when a second layer is added. To evaluate the effects of adding a second layer on a
generated material, I took the geometrically optimized versions of the structures from Figure 7 generating
structures with a second layer from them, as shown in Figure 10. The structures 10a and 10b are based off
structure 7a, structure 10c is based on 7b and structure 10d is based on 7c. Structure 10a and 10b both
contain one midpoint connection and two singlet connection, while the 10c and 10d structures both have
two midpoints in their second layers. The formation energies per atom are given in Figure 11. The figure
shows second layers identified for the two midpoint solutions, 7b and 7c, which had the highest energies
for their first layer, have significantly lower energies for their second layers. The two structures based
on 7a have a second layer with an energy which is op to 0.8 eV higher. These results show that structures
with multiple layers are needed for the modeling of non-epitaxial interfaces.

4.3 Performance
Finally, I want to give some indication of the performance of Crystacean. To do this, I have recorded the
time taken to find all solutions for a sixteen atom input lattice with periodic boundary conditions. The
measurement is taken with the “time” command in bash on a laptop running Linux Mint. The laptop has
an AMD Ryzen 5 PRO 2500U and 32 GB of 2666 MHz DDR4 RAM. This laptop can find all 125,992
solutions to this input lattice in about 8.5 seconds. A plot of the profiling results of the solving method is
shown in Figure 12.

5 CONCLUSION
To summarize, I developed the Crystacean Python library in Rust to identify possible atomic configu-
rations for non-epitaxial interfaces based on the principles of RRSS. I then used it to identify interface
configurations for SiC/SiO2. The library is able to do this efficiently by using bitvectors. It first identifies
possible silicon sites, after which it represents the filled status of these sites in a bitvector. I also encoded
the exclusionary relations of the silicon sites in a binary exclusion matrix. The available silicon sites for
a given partial configuration can then be calculated with binary operations between the vector and the
matrix. With this method, I was able to identify interface structures for input lattices of four and sixteen
atoms. I also showed why the ability to generate larger structures is important, as I presented larger
structures which had lower formation energies than combinations of smaller structures. I also showed
that Crystacean can generate subsequent layers on existing structures and demonstrated how the relative
energies between structures can shift, when a second layer is introduced.

5.1 Future work
In the near future, many more configurations of the sixteen atom input lattice are going to be analyzed
with CP2K. As mentioned in Subsection 3.2, Crystacean was able to generate 1,469 unique structures for
the sixteen atom input lattice. These structures have been sent out for analysis, but as these calculations
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(a) (b)

(c) (d)

(e) (f)

Figure 9. A larger sixteen atom input lattice has many possible solutions, of which the six shown above
have been analyzed for this paper. Structures a and b are simply small structures from Figure 7 repeated
four times, structures c and d are combinations of the smaller structures and structures e and f are
structures which are not made from smaller structures and which contain larger patterns.
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(a) (b)

(c) (d)

Figure 10. The second layer solutions for the structures shown in Figure 7. Structures a and b are based
off structure 7a, structure c is based on 7b and structure d is based on 7c.

Sample Formation energy
per atom (eV)

a −0.81
b −0.93
c −1.30
d −1.69

a b c d
0.0

0.5

1.0

1.5

2.0
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Formation energy per atom

Figure 11. The formation energy of the larger structures shown in Figure 9. The energies have been
normalized to amount of new atoms added in the layer.
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require significant computation time, these could not be finished in the time allocated for a Bachelors
project. When the analysis of these structures is finished, I would likely want to try adding second layers
to these structures.

Crystacean does need better culling methods to combat the high memory usage of the library and
enable the analysis of larger input lattices. Currently, the breadth first searching algorithm prevents
considering duplicate states by storing the next generation of states in a hash set, a data structure which
can only contain a single copy of any type of data. This is a reasonable solution for breadth first search, as
this searching method needs to store all candidates for the next generation anyway. However, for a more
memory efficient approach like depth first, this would only add the large memory footprint of breadth first
search to the slower searching speed of depth first searching. A better method would thus need to be used
if I wanted to switch to a different algorithm. Additionally, in the current implementation, Crystacean
does not consider whether new structures are translations or rotations of existing ones. As mentioned
in Subsection 3.2, I used a post-processing script to remove the translations and rotations from the set
of solutions found by Crystacean. It might however be more efficient to perform this processing filter
inside of the search itself. With both of these additional culling methods, Crystacean could analyze larger
structures, and process smaller structures faster.

An additional hurdle to finding structures is the high computational cost of performing DFT calcu-
lations. The DFT calculations are needed to compute the energetic properties of our found structures
and geometrically relax their atoms for the deposition of the next layer. Performing these calculations
can take hours per structure and a method to speed up these calculations for found structures would be
desirable. It is possible that advances in machine learning might develop methods which could be used on
our structures, but currently no such methods exist.

Lastly, I have shown that the bitvector approach works well for the SiC/SiO2 interface I covered in
this paper, but it would be beneficial if this technique could be applied to more material combinations.
Given that the library could theoretically process any type of input lattice, this program could be used
on any substrate other than SiC to form an interface with SiO2. A modified version of Crystacean could
also be used for different oxides, given that the oxidized material only has a single oxidation state, or
a non-oxide where one of the constituent atoms can only form two bonds (sulfur comes to mind). The
approach taken for Crystacean will however struggle with materials, where both atoms can form more
than two connections, or where one or both atoms can have a variable amount of connections. For the
first case, the original process of Crystacean could possibly be altered to where the two types of atoms
are alternatingly deposited. For the second case, while the different amounts of bonds of an atom could
theoretically be encoded in its exclusion matrix, it would be rather inelegant and drastically increase the
configurational space. The same would apply for amorphous materials with more than three constituent
elements.

0 20 40 60 80 100
Crystacean profile

get_possibilities method
HashSet insert

Progress bar update
Other

Figure 12. The profile of the solving method of Crystacean. This bar chart shows the breakdown of
where the program has spent the most time.
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A LINK TO THE CODE
This is a link to the Github repository of the Crystacean code used for this thesis:
https://github.com/pluumenbrownie/lattice_solver/tree/FrozenForThesis

B FULL RUST LIB.RS FILE
The following is the Rust part of the Crystacean code.

1 use fixedbitset::FixedBitSet;
2 use itertools::{izip, zip_eq, Itertools};
3 use json::{object, JsonValue};
4 use kdam::{tqdm, Colour, Spinner};
5 use std::{
6 collections::HashSet, f32::consts::PI, ffi::OsString, fs::File,

io::{stderr, IsTerminal}, iter::zip, mem, sync::{Arc, RwLock}↪→

7 };
8

9 use kiddo::{KdTree, SquaredEuclidean};
10 use std::io::prelude::*;
11

12 const TRIPLE_CROWN: [f32; 9] = [
13 -0.000082766,
14 -1.397718937,
15 -0.517599594,
16

17 -1.222253196,
18 0.702780512,
19 -0.517599594,
20
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21 1.204777673,
22 0.711865236,
23 -0.517599594,
24 ];
25 const DOUBLE_CROWN: [f32; 6] = [
26 2.2252961107321143 - 1.0526814404964109,
27 -1.3867293215799141 - -1.0917258490752173,
28 -(9.26392293591872 - 8.41953003801284),
29

30 2.2252961107321143 - 3.3223088674933625,
31 -1.3867293215799141 - -1.6248356621955473,
32 -(9.26392293591872 - 8.313286837087986),
33 ];
34 const SINGLE_CROWN: [f32; 3] = [0.0, 0.0, -1.7];
35

36 fn double_crown_rotated(theta: f32) -> [f32; 6] {
37 // println!("{theta:?}");
38 let r = ((2.2252961107321143 - 1.0526814404964109 as f32).powi(2)

+ (-1.3867293215799141 - -1.0917258490752173 as
f32).powi(2)).sqrt();

↪→

↪→

39 [
40 r*(theta).cos(),
41 r*(theta).sin(),
42 -(9.26392293591872 - 8.41953003801284),
43

44 r*(theta + PI).cos(),
45 r*(theta + PI).sin(),
46 -(9.26392293591872 - 8.313286837087986),
47 ]
48 }
49

50 fn triple_crown_rotated(theta: f32) -> [f32; 9] {
51 // println!("{theta:?}");
52 let r = ((-0.000082766 as f32).powi(2) + (-1.397718937 as

f32).powi(2)).sqrt();↪→

53 [
54 r*(theta).cos(),
55 r*(theta).sin(),
56 -0.517599594,
57

58 r*(theta + (2.0/3.0 * PI)).cos(),
59 r*(theta + (2.0/3.0 * PI)).sin(),
60 -0.517599594,
61

62 r*(theta - (2.0/3.0 * PI)).cos(),
63 r*(theta - (2.0/3.0 * PI)).sin(),
64 -0.517599594,
65 ]
66 }
67

68 #[derive(Clone, Copy, Debug, PartialEq, Eq)]
69 struct OxygenIndex(usize);
70

71 #[derive(Clone, Copy, Debug)]
72 struct LatticeIndex(usize);
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73

74 #[derive(Debug)]
75 struct LatticePoint {
76 x: f32,
77 y: f32,
78 z: f32,
79 connected_to: RwLock<Vec<OxygenIndex>>,
80 ghost_to: Option<Arc<LatticePoint>>,
81 }
82

83 impl LatticePoint {
84 fn new(x: f32, y: f32, z: f32, ghost_to:

Option<Arc<LatticePoint>>) -> Arc<Self> {↪→

85 Arc::new(LatticePoint {
86 x,
87 y,
88 z,
89 connected_to: RwLock::new(vec![]),
90 ghost_to,
91 })
92 }
93

94 fn get_connections(&self) -> &RwLock<Vec<OxygenIndex>> {
95 match &self.ghost_to {
96 None => &self.connected_to,
97 Some(point) => &point.connected_to,
98 }
99 }

100

101 fn distance_squared_to(&self, other: &LatticePoint) -> f32 {
102 (self.x - other.x).powi(2) + (self.y - other.y).powi(2) +

(self.z - other.z).powi(2)↪→

103 }
104 }
105

106 #[derive(Clone)]
107 struct Oxygen {
108 x: f32,
109 y: f32,
110 z: f32,
111 sitetype: SiteType,
112 exclusions: Vec<OxygenIndex>,
113 }
114

115 impl Oxygen {
116 fn new(x: f32, y: f32, z: f32, sitetype: SiteType) -> Self {
117 Oxygen {
118 x,
119 y,
120 z,
121 sitetype,
122 exclusions: vec![],
123 }
124 }
125 }
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126

127 #[derive(Clone, Copy)]
128 enum SiteType {
129 Singlet(Singlet),
130 Midpoint(Midpoint),
131 Tripoint(Tripoint),
132 }
133

134 impl SiteType {
135 fn iter(&self) -> std::slice::Iter<'_, LatticeIndex> {
136 match self {
137 Self::Tripoint(c) => c.0.iter(),
138 Self::Midpoint(c) => c.0.iter(),
139 Self::Singlet(c) => c.0.iter(),
140 }
141 }
142 }
143

144 #[derive(Clone, Copy)]
145 struct Singlet([LatticeIndex; 1]);
146

147 #[derive(Clone, Copy)]
148 struct Midpoint([LatticeIndex; 2]);
149

150 #[derive(Clone, Copy)]
151 struct Tripoint([LatticeIndex; 3]);
152

153 #[derive(Debug, PartialEq)]
154 pub struct BitArraySolution(pub FixedBitSet);
155

156 impl BitArraySolution {
157 /// Convert a solution from a filtered `BitArrayRepresentation`

back into↪→

158 /// it's full form.
159 ///
160 /// ```

161 /// use lattice_solver::BitArraySolution;
162 /// use fixedbitset::FixedBitSet;
163 ///
164 /// let mut compressed = BitArraySolution(
165 /// FixedBitSet::with_capacity_and_blocks(4, vec![0b10110])
166 /// );
167 /// let full = BitArraySolution(
168 /// FixedBitSet::with_capacity_and_blocks(6,

vec![0b1001010000])↪→

169 /// );
170 /// let filter = FixedBitSet::with_capacity_and_blocks(6,

vec![0b1101011000]);↪→

171 ///
172 /// compressed.inflate(&filter);
173 /// assert_eq!(compressed, full);
174 /// ```

175 /// Shown schematically:
176 /// ```text
177 /// 10 1 10
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178 /// 1101011000
179 /// 1001010000
180 /// ```

181 pub fn inflate(&mut self, filter_bitset: &FixedBitSet) {
182 let mut new_vector =

FixedBitSet::with_capacity(filter_bitset.len());↪→

183 for (self_number, new_location) in
filter_bitset.ones().enumerate() {↪→

184 new_vector.set(new_location, self.0[self_number]);
185 }
186 self.0 = new_vector;
187 }
188

189 pub fn __str__(&self) -> String {
190 format!("{}", self.0)
191 }
192 }
193

194 pub struct BitArrayRepresentation {
195 filled_sites: FixedBitSet,
196 exclusion_matrix: Vec<FixedBitSet>,
197 tripoint_mask: FixedBitSet,
198 midpoint_mask: FixedBitSet,
199 singlet_mask: FixedBitSet,
200 filter: Option<FixedBitSet>,
201 }
202

203 impl BitArrayRepresentation {
204 fn matrix_vector_multiply(&self, vector: &FixedBitSet) ->

FixedBitSet {↪→

205 let mut output_vector =
FixedBitSet::with_capacity(vector.len());↪→

206 for bit_nr in 0..output_vector.len() {
207 let mut enabled = true;
208 // equal to: (vector &

&self.exclusion_matrix[bit_nr]).is_clear()↪→

209 for (v, m) in zip_eq(vector.as_slice(),
self.exclusion_matrix[bit_nr].as_slice()) {↪→

210 if (v & m) != 0u32 {
211 enabled = false;
212 break;
213 }
214 }
215 output_vector.set(bit_nr, enabled);
216 }
217 output_vector
218 }
219

220 pub fn get_possibilities(&self, vector: &FixedBitSet) ->
FixedBitSet {↪→

221 let non_singlet_mask: FixedBitSet = &self.tripoint_mask |
&self.midpoint_mask;↪→

222 let possibilities: FixedBitSet =
self.matrix_vector_multiply(vector);↪→
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223 let masked_possibilities = &possibilities &
&non_singlet_mask;↪→

224

225 if masked_possibilities.is_clear() {
226 &possibilities & &self.singlet_mask
227 } else {
228 masked_possibilities
229 }
230 }
231

232 pub fn get_bitarray(&self) -> FixedBitSet {
233 self.filled_sites.clone()
234 }
235

236 pub fn filtered(&self, filter: SiteFilter) ->
BitArrayRepresentation {↪→

237 // println!("{filter:?}");
238 let mut filter_set =

FixedBitSet::with_capacity(self.filled_sites.len());↪→

239 filter_set.toggle_range(..);
240 for number in filter.wrapped {
241 filter_set.set(number.0, false);
242 }
243 let new_length = filter_set.count_ones(..);
244

245 let filled_sites = FixedBitSet::with_capacity(new_length);
246

247 let mut tripoint_mask =
FixedBitSet::with_capacity(new_length);↪→

248 let mut midpoint_mask =
FixedBitSet::with_capacity(new_length);↪→

249 let mut singlet_mask =
FixedBitSet::with_capacity(new_length);↪→

250

251 let mut exclusion_matrix = vec![];
252

253 for (new_number, old_number) in filter_set.ones().enumerate()
{↪→

254 tripoint_mask.set(new_number,
self.tripoint_mask[old_number]);↪→

255 midpoint_mask.set(new_number,
self.midpoint_mask[old_number]);↪→

256 singlet_mask.set(new_number,
self.singlet_mask[old_number]);↪→

257

258 let mut new_matrix_row =
FixedBitSet::with_capacity(new_length);↪→

259 for (col_number, old_col_number) in
filter_set.ones().enumerate() {↪→

260 new_matrix_row.set(
261 col_number,
262

self.exclusion_matrix[old_number][old_col_number].into(),↪→

263 );
264 }
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265 exclusion_matrix.push(new_matrix_row);
266 }
267

268 BitArrayRepresentation {
269 filled_sites,
270 exclusion_matrix,
271 tripoint_mask,
272 midpoint_mask,
273 singlet_mask,
274 filter: Some(filter_set),
275 }
276 }
277

278 pub fn solve(&self, find_all: bool) -> Vec<BitArraySolution> {
279 let test_lattice = self.filled_sites.clone();
280

281 let mut current_generation = HashSet::from([test_lattice]);
282 let mut next_generation = HashSet::new();
283 let mut depth = 0;
284 let mut solutions = vec![];
285 kdam::term::init(stderr().is_terminal());
286

287 while solutions.is_empty() | (find_all &
(!next_generation.is_empty())) {↪→

288 depth += 1;
289

290 next_generation.clear();
291

292 let iterator = tqdm!(
293 current_generation.iter(),
294 desc = format!("Current depth: {depth}"),
295 mininterval = 1.0/60.0,
296 bar_format = "{desc suffix=' '}|{animation}|

{spinner} {count}/{total} [{percentage:.0}%] in
{elapsed human=true} ({rate:.1}/s, eta:
{remaining human=true})",

↪→

↪→

↪→

297 colour = Colour::gradient(&["#5A56E0", "#EE6FF8"]),
298 spinner = Spinner::new(
299 "*CENSORED UTF-8 CHARACTERS*"
300 60.0,
301 1.0,
302 )
303 );
304 for candidate in iterator {
305 let possibilities =

self.get_possibilities(candidate);↪→

306

307 if possibilities.is_clear() {
308

solutions.push(BitArraySolution(candidate.clone()));↪→

309 continue;
310 }
311

312 for fillable_site in possibilities.ones() {
313 let mut new_candidate = candidate.clone();
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314 new_candidate.set(fillable_site, true);
315

316 next_generation.insert(new_candidate);
317 }
318 }
319

320 mem::swap(&mut current_generation, &mut next_generation);
321 }
322 if let Some(filter) = &self.filter {
323 for solution in &mut solutions {
324 solution.inflate(filter);
325 }
326 }
327 solutions
328 }
329

330 pub fn __str__(&self) -> String {
331 let mut output = String::from("BitArrayRepresentation: {\n");
332

333 output += format!(" filled_sites = \n {}\n",
self.filled_sites).as_str();↪→

334 output += " exclusion_matrix = \n";
335 for (number, row) in self.exclusion_matrix.iter().enumerate()

{↪→

336 output += format!("{number:5}. {}\n", row).as_str();
337 }
338 output += format!(" tripoint_mask = \n {}\n",

self.tripoint_mask).as_str();↪→

339 output += format!(" midpoint_mask = \n {}\n",
self.midpoint_mask).as_str();↪→

340 output += format!(" singlet_mask = \n {}\n",
self.singlet_mask).as_str();↪→

341 output += format!(" filter = \n ").as_str();
342 output += match &self.filter {
343 None => "None".into(),
344 Some(fbs) => format!("{}", fbs),
345 }
346 .as_str();
347 output += "\n}";
348

349 output
350 }
351

352 pub fn __repr__(&self) -> String {
353 format!("BitArrayRepresentation[{}]", self.filled_sites)
354 }
355 }
356

357 #[derive(Clone, Debug)]
358 pub struct SiteFilter {
359 wrapped: Vec<OxygenIndex>,
360 }
361

362 impl SiteFilter {
363 pub fn empty() -> Self {
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364 SiteFilter { wrapped: vec![] }
365 }
366 }
367

368 pub struct Lattice {
369 points: Vec<Arc<LatticePoint>>,
370 oxygens: Vec<Oxygen>,
371 source_file: Option<JsonValue>,
372 }
373

374 impl Lattice {
375 /// Create an empty `Lattice`
376 fn new() -> Self {
377 Lattice {
378 points: vec![],
379 oxygens: vec![],
380 source_file: None,
381 }
382 }
383

384 /// Push a point to `self.points`
385 fn add_point(&mut self, new_point: Arc<LatticePoint>) {
386 self.points.push(new_point);
387 }
388

389 fn generate_exclusions(&mut self) {
390 for (number, oxygen) in self.oxygens.iter().enumerate() {
391 for index in oxygen.sitetype.iter() {
392 let mut connections =

self.points[index.0].get_connections().write().unwrap();↪→

393 connections.push(OxygenIndex(number));
394 }
395 }
396 for oxygen in &mut self.oxygens {
397 for connection in oxygen.sitetype.iter() {
398 let point = &self.points[connection.0];
399 for ox_con in

point.get_connections().read().unwrap().iter() {↪→

400 oxygen.exclusions.push(*ox_con);
401 }
402 }
403 oxygen.exclusions.dedup();
404 }
405 }
406

407 /// Turns the lattice problem in an abstracted form based on
bitarrays.↪→

408 fn generate_intermediary(&self) -> BitArrayRepresentation {
409 let filled_sites =

FixedBitSet::with_capacity(self.oxygens.len());↪→

410 let mut exclusion_matrix: Vec<FixedBitSet> = vec![];
411

412 let mut tripoint_mask =
FixedBitSet::with_capacity(self.oxygens.len());↪→
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413 let mut midpoint_mask =
FixedBitSet::with_capacity(self.oxygens.len());↪→

414 let mut singlet_mask =
FixedBitSet::with_capacity(self.oxygens.len());↪→

415

416 for (number, oxygen) in self.oxygens.iter().enumerate() {
417 let mut exclusions =

FixedBitSet::with_capacity(self.oxygens.len());↪→

418 for exclusion in &oxygen.exclusions {
419 exclusions.set(exclusion.0, true);
420 }
421 match &oxygen.sitetype {
422 SiteType::Tripoint(_) => tripoint_mask.set(number,

true),↪→

423 SiteType::Midpoint(_) => midpoint_mask.set(number,
true),↪→

424 SiteType::Singlet(_) => singlet_mask.set(number,
true),↪→

425 };
426 exclusion_matrix.push(exclusions);
427 }
428

429 BitArrayRepresentation {
430 filled_sites,
431 exclusion_matrix,
432 tripoint_mask,
433 midpoint_mask,
434 singlet_mask,
435 filter: None,
436 }
437 }
438

439 /// distance_margin should be 1.1 for 2D, 1.4 for 3D
440 pub fn python_new(
441 input_lattice: Vec<(Vec<f32>, Vec<Vec<f32>>)>,
442 distance_margin: f32,
443 autodetect_margin: bool,
444 ) -> Self {
445 // Convert 2D structures to 3D
446 let lattice_3d = turn_2d_3d(input_lattice);
447

448 // Create the silicon lattice
449 let mut out_lattice = create_silicon_lattice(lattice_3d);
450

451 let first_point_location = {
452 let first_point = &out_lattice.points[0];
453 [first_point.x, first_point.y, first_point.z]
454 };
455

456 // Fill in the oxygens
457 let silicon_iterator = out_lattice
458 .points
459 .iter()
460 .map(|p| [p.x, p.y, p.z])
461 .collect_vec();
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462 let kdtree: KdTree<_, 3> = (&silicon_iterator).into();
463 let node_search_distance = if autodetect_margin {
464

kdtree.nearest_n::<SquaredEuclidean>(&first_point_location,
2)[1].distance

↪→

↪→

465 * distance_margin
466 } else {
467 distance_margin.powi(2)
468 };
469 // println!("{node_search_distance:?}");
470

471 // Tripoints
472 let mut covered_sites = HashSet::new();
473 for (number, silicon) in

out_lattice.points.iter().enumerate() {↪→

474 let mut close_points = kdtree.within::<SquaredEuclidean>(
475 &[silicon.x, silicon.y, silicon.z],
476 node_search_distance,
477 );
478 // Sort results on lattice number
479 close_points.sort_by_key(|p| p.item);
480 let sites = close_points
481 .iter()
482 .filter(|s| s.item as usize != number)
483 .combinations(2)
484 .filter(|a| {
485 let mut identifier = [number as u64, a[0].item,

a[1].item];↪→

486 identifier.sort();
487 covered_sites.insert(identifier)
488 })
489 .filter(|a| {
490 out_lattice.points[a[0].item as usize].x
491 != out_lattice.points[a[1].item as usize].x
492 })
493 .filter(|a| {
494 out_lattice.points[number].ghost_to.is_none()
495 || out_lattice.points[a[0].item as

usize].ghost_to.is_none()↪→

496 || out_lattice.points[a[1].item as
usize].ghost_to.is_none()↪→

497 })
498 .filter(|a| {
499 out_lattice.points[a[0].item as usize]
500

.distance_squared_to(&out_lattice.points[a[1].item
as usize])

↪→

↪→

501 <= node_search_distance
502 });
503

504 for site in sites {
505 let x = (out_lattice.points[number].x
506 + out_lattice.points[site[0].item as usize].x
507 + out_lattice.points[site[1].item as usize].x)
508 / 3.0;

30/61



509 let y = (out_lattice.points[number].y
510 + out_lattice.points[site[0].item as usize].y
511 + out_lattice.points[site[1].item as usize].y)
512 / 3.0;
513 let z = (out_lattice.points[number].z
514 + out_lattice.points[site[0].item as usize].z
515 + out_lattice.points[site[1].item as usize].z)
516 / 3.0
517 - 1.1;
518 let sitetype = SiteType::Tripoint(Tripoint([
519 LatticeIndex(number),
520 LatticeIndex(site[0].item as usize),
521 LatticeIndex(site[1].item as usize),
522 ]));
523 out_lattice.oxygens.push(Oxygen::new(x, y, z,

sitetype))↪→

524 }
525 }
526

527 // Midpoints
528 for (number, silicon) in

out_lattice.points.iter().enumerate() {↪→

529 let mut close_points = kdtree.within::<SquaredEuclidean>(
530 &[silicon.x, silicon.y, silicon.z],
531 node_search_distance,
532 );
533 // Sort results on lattice number
534 close_points.sort_by_key(|p| p.item);
535 let sites = close_points
536 .iter()
537 .skip(1)
538 .filter(|s| s.item as usize > number)
539 .filter(|s| {
540 out_lattice.points[number].ghost_to.is_none()
541 || out_lattice.points[s.item as

usize].ghost_to.is_none()↪→

542 });
543

544 for site in sites {
545 let x =
546 (out_lattice.points[number].x +

out_lattice.points[site.item as usize].x) /
2.0;

↪→

↪→

547 let y =
548 (out_lattice.points[number].y +

out_lattice.points[site.item as usize].y) /
2.0;

↪→

↪→

549 let z = (out_lattice.points[number].z +
out_lattice.points[site.item as usize].z)↪→

550 / 2.0
551 - 1.4;
552 let sitetype = SiteType::Midpoint(Midpoint([
553 LatticeIndex(number),
554 LatticeIndex(site.item as usize),
555 ]));
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556 out_lattice.oxygens.push(Oxygen::new(x, y, z,
sitetype))↪→

557 }
558 }
559

560 // Singles
561 for (number, silicon) in out_lattice
562 .points
563 .iter()
564 .enumerate()
565 .filter(|s| s.1.ghost_to.is_none())
566 {
567 out_lattice.oxygens.push(Oxygen::new(
568 silicon.x,
569 silicon.y,
570 silicon.z - 1.7,
571 SiteType::Singlet(Singlet([LatticeIndex(number)])),
572 ));
573 }
574

575 out_lattice.generate_exclusions();
576 out_lattice
577 }
578

579 fn add_source_file(&mut self, source_file: JsonValue) {
580 self.source_file = Some(source_file);
581 }
582

583 pub fn from_dft_json(filename: String, distance_margin: f32,
autodetect_margin: bool) -> Self {↪→

584 let mut buffer = String::new();
585 let mut file = File::open(filename).expect("Opening file

failed.");↪→

586 file.read_to_string(&mut buffer)
587 .expect("Reading file failed.");
588 let parsed = json::parse(&buffer).expect("Parsing file

failed/");↪→

589

590 let last_id = &parsed["ids"][parsed["ids"].len() -
1].to_string();↪→

591

592 // let hydrogen_amount =
&parsed[last_id]["numbers"]["__ndarray__"][2]↪→

593 // .members()
594 // .filter_map(|n| n.as_usize())
595 // .filter(|n| n == &1)
596 // .count();
597

598 let numbers =
&parsed[last_id]["positions"]["__ndarray__"][2];↪→

599 let atoms = numbers
600 .members()
601 .map(|j| j.as_f32().unwrap())
602 .collect_vec()
603 .chunks_exact(3)
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604 .map(|c| c.to_vec())
605

.zip(parsed[last_id]["numbers"]["__ndarray__"][2].members().map(|i|
i.as_i32()))

↪→

↪→

606 .collect_vec();
607

608 let hydrogenated_ends = atoms
609 .iter()
610 .filter(|(_, i)| i == &Some(1))
611 .map(|(v, _)| v)
612 .filter(|v| v[2] < 20.0)
613 .collect_vec();
614

615 let cell =
&parsed[last_id]["cell"]["array"]["__ndarray__"][2];↪→

616 let (x_vec, y_vec, _z_vec) = cell
617 .members()
618 .map(|v| v.as_f32().unwrap())
619 .tuples::<(_, _, _)>()
620 .collect_tuple()
621 .expect("Json 'cell' property format is incorrect.");
622

623 let input_lattice = {
624 let mut input_lattice = vec![];
625 for end in hydrogenated_ends {
626 let mut new_point = (end.clone(), vec![]);
627 new_point
628 .1
629 .push(vec![end[0] + x_vec.0, end[1] + x_vec.1,

end[2] + x_vec.2]);↪→

630 new_point
631 .1
632 .push(vec![end[0] + y_vec.0, end[1] + y_vec.1,

end[2] + y_vec.2]);↪→

633 new_point.1.push(vec![
634 end[0] + x_vec.0 + y_vec.0,
635 end[1] + x_vec.1 + y_vec.1,
636 end[2] + x_vec.2 + y_vec.2,
637 ]);
638 new_point.1.push(vec![
639 end[0] + x_vec.0 - y_vec.0,
640 end[1] + x_vec.1 - y_vec.1,
641 end[2] + x_vec.2 - y_vec.2,
642 ]);
643 new_point.1.push(vec![
644 end[0] - x_vec.0 + y_vec.0,
645 end[1] - x_vec.1 + y_vec.1,
646 end[2] - x_vec.2 + y_vec.2,
647 ]);
648 input_lattice.push(new_point);
649 }
650 input_lattice
651 };
652
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653 let mut lattice = Lattice::python_new(input_lattice,
distance_margin, autodetect_margin);↪→

654 lattice.add_source_file(parsed.clone());
655

656 lattice
657 }
658

659 pub fn diagnostic_ase(&self) {
660 let parsed = self.source_file.as_ref().unwrap();
661 let oxygens = &self.oxygens;
662 let last_id = &parsed["ids"][parsed["ids"].len() -

1].to_string();↪→

663

664 let mut new_numbers = parsed[last_id]["numbers"].clone();
665 let mut new_positions = parsed[last_id]["positions"].clone();
666

667 println!("Added {} oxygens.", oxygens.len());
668

669 for oxygen in oxygens {
670 new_numbers["__ndarray__"][2]
671 .push(8)
672 .expect("new_numbers[\"__ndarray__\"][2].push(8)");
673 new_positions["__ndarray__"][2]
674 .push(oxygen.x)
675

.expect("new_positions[\"__ndarray__\"][2].push(oxygen.x)");↪→

676 new_positions["__ndarray__"][2]
677 .push(oxygen.y)
678

.expect("new_positions[\"__ndarray__\"][2].push(oxygen.y)");↪→

679 new_positions["__ndarray__"][2]
680 .push(oxygen.z)
681

.expect("new_positions[\"__ndarray__\"][2].push(oxygen.z)");↪→

682 }
683 new_numbers["__ndarray__"][0][0] =

new_numbers["__ndarray__"][2].len().into();↪→

684 new_positions["__ndarray__"][0][0] =
new_numbers["__ndarray__"][2].len().into();↪→

685

686 let mut export_data = json::JsonValue::new_object();
687 export_data["1"] = object! {
688 cell: parsed[last_id]["cell"].clone(),
689 ctime: parsed[last_id]["ctime"].clone(),
690 mtime: parsed[last_id]["mtime"].clone(),
691 numbers: new_numbers,
692 pbc: parsed[last_id]["pbc"].clone(),
693 positions: new_positions,
694 unique_id: "Not unique",
695 user: parsed[last_id]["user"].clone(),
696 };
697

698 let mut file = File::create("output.json").unwrap();
699 file.write_all(export_data.pretty(4).as_bytes()).unwrap();
700 }
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701

702 pub fn no_rings_plot(&self) -> Vec<(usize, f32, f32)> {
703 let parsed = self.source_file.as_ref().unwrap();
704

705 let last_id = &parsed["ids"][parsed["ids"].len() -
1].to_string();↪→

706

707 let numbers =
&parsed[last_id]["positions"]["__ndarray__"][2];↪→

708 let atoms = numbers
709 .members()
710 .map(|j| j.as_f32().unwrap())
711 .collect_vec()
712 .chunks_exact(3)
713 .map(|c| c.to_vec())
714 .collect_vec();
715

716 let top_silicon_locations = atoms
717 .iter()
718 .sorted_by(|&a, &b| a[2].total_cmp(&b[2]))
719 .filter(|&s| (s[2] > 8.4) & (s[2] < 10.0))
720 .map(|v| [v[0], v[1], v[2]])
721 .collect_vec();
722

723 let points_vector = self.points.iter().map(|p| [p.x, p.y,
p.z]).collect_vec();↪→

724 println!("{points_vector:?}");
725 println!("length: {}", points_vector.len());
726 let points_tree: KdTree<_, 3> = (&points_vector).into();
727

728 let point_group_vector = {
729 let mut point_group_vector = vec![1000;

self.points.len()];↪→

730

731 for (number, atom) in
top_silicon_locations.iter().enumerate() {↪→

732 let close_points =
points_tree.within::<SquaredEuclidean>(atom,
1.7f32.powi(2));

↪→

↪→

733 println!("{:?} --- {:?}", atom, close_points);
734 for point in close_points {
735 point_group_vector[point.item as usize] = number;
736 }
737 }
738 point_group_vector
739 };
740 println!("{point_group_vector:?}");
741

742 izip!(
743 point_group_vector,
744 self.points.iter().map(|o| o.x),
745 self.points.iter().map(|o| o.y)
746 )
747 .collect_vec()
748 }
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749

750 pub fn no_rings(&self) -> SiteFilter {
751 let parsed = self.source_file.as_ref().unwrap();
752

753 let last_id = &parsed["ids"][parsed["ids"].len() -
1].to_string();↪→

754

755 let numbers =
&parsed[last_id]["positions"]["__ndarray__"][2];↪→

756 let atoms = numbers
757 .members()
758 .map(|j| j.as_f32().unwrap())
759 .collect_vec()
760 .chunks_exact(3)
761 .map(|c| c.to_vec())
762 .collect_vec();
763

764 let top_silicon_locations = atoms
765 .iter()
766 .sorted_by(|&a, &b| a[2].total_cmp(&b[2]))
767 .filter(|&s| (s[2] > 8.4) & (s[2] < 10.0))
768 .map(|v| [v[0], v[1], v[2]])
769 .collect_vec();
770

771 let points_vector = self.points.iter().map(|p| [p.x, p.y,
p.z]).collect_vec();↪→

772 // println!("{points_vector:?}");
773 // println!("length: {}", points_vector.len());
774 let points_tree: KdTree<_, 3> = (&points_vector).into();
775

776 let point_group_vector = {
777 let mut point_group_vector = vec![1000;

self.points.len()];↪→

778

779 for (number, atom) in
top_silicon_locations.iter().enumerate() {↪→

780 let close_points =
points_tree.within::<SquaredEuclidean>(atom,
1.7f32.powi(2));

↪→

↪→

781 // println!("{:?} --- {:?}", atom, close_points);
782 for point in close_points {
783 point_group_vector[point.item as usize] = number;
784 }
785 }
786 point_group_vector
787 };
788 // println!("{point_group_vector:?}");
789

790 let mut disabled_oxygens = vec![];
791

792 for (number, oxygen) in self.oxygens.iter().enumerate() {
793 match oxygen.sitetype {
794 SiteType::Singlet(_) => {}
795 SiteType::Midpoint(p) => {
796 let connections = p.0;
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797 let same_group = |a: usize, b: usize| {
798 point_group_vector[connections[a].0] ==

point_group_vector[connections[b].0]↪→

799 };
800

801 if same_group(0, 1) {
802 disabled_oxygens.push(OxygenIndex(number));
803 };
804 }
805 SiteType::Tripoint(p) => {
806 let connections = p.0;
807 let same_group = |a: usize, b: usize| {
808 point_group_vector[connections[a].0] ==

point_group_vector[connections[b].0]↪→

809 };
810

811 if same_group(0, 1) | same_group(1, 2) |
same_group(0, 2) {↪→

812 disabled_oxygens.push(OxygenIndex(number));
813 };
814 }
815 }
816 }
817

818 SiteFilter {
819 wrapped: disabled_oxygens,
820 }
821 }
822

823 /// Returns the coordinates of the lattice points in two lists.
824 /// Use with the * star operator in a `plt.plot` function:
825 ///
826 /// ```python
827 /// plt.plot(*solved_lattice.points_to_plot(), "o")
828 /// ```

829 pub fn points_to_plot(&self) -> (Vec<f32>, Vec<f32>) {
830 let x_points = self.points.iter().map(|p| p.x).collect_vec();
831 let y_points = self.points.iter().map(|p| p.y).collect_vec();
832 (x_points, y_points)
833 }
834

835 /// Returns the coordinates of the oxygen points in two lists.
836 /// Use with the * star operator in a `plt.plot` function:
837 ///
838 /// ```python
839 /// plt.plot(*solved_lattice.oxygens_to_plot(), "o")
840 /// ```

841 pub fn oxygens_to_plot(&self) -> (Vec<f32>, Vec<f32>) {
842 let x_points = self.oxygens.iter().map(|p|

p.x).collect_vec();↪→

843 let y_points = self.oxygens.iter().map(|p|
p.y).collect_vec();↪→

844 (x_points, y_points)
845 }
846
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847 /// Returns the coordinates of the tripoints in two lists.
848 /// Use with the * star operator in a `plt.plot` function:
849 ///
850 /// ```python
851 /// plt.plot(*solved_lattice.tripoints_to_plot(), "o")
852 /// ```

853 pub fn tripoints_to_plot(&self) -> (Vec<f32>, Vec<f32>) {
854 let x_points = self
855 .oxygens
856 .iter()
857 .filter(|p| matches!(p.sitetype, SiteType::Tripoint(_)))
858 .map(|p| p.x)
859 .collect_vec();
860 let y_points = self
861 .oxygens
862 .iter()
863 .filter(|p| matches!(p.sitetype, SiteType::Tripoint(_)))
864 .map(|p| p.y)
865 .collect_vec();
866 (x_points, y_points)
867 }
868

869 /// Returns the coordinates of the tripoints in two lists.
870 /// Use with the * star operator in a `plt.plot` function:
871 ///
872 /// ```python
873 /// plt.plot(*solved_lattice.midpoints_to_plot(), "o")
874 /// ```

875 pub fn midpoints_to_plot(&self) -> (Vec<f32>, Vec<f32>) {
876 let x_points = self
877 .oxygens
878 .iter()
879 .filter(|p| matches!(p.sitetype, SiteType::Midpoint(_)))
880 .map(|p| p.x)
881 .collect_vec();
882 let y_points = self
883 .oxygens
884 .iter()
885 .filter(|p| matches!(p.sitetype, SiteType::Midpoint(_)))
886 .map(|p| p.y)
887 .collect_vec();
888 (x_points, y_points)
889 }
890

891 /// Returns the coordinates of the tripoints in two lists.
892 /// Use with the * star operator in a `plt.plot` function:
893 ///
894 /// ```python
895 /// plt.plot(*solved_lattice.singlets_to_plot(), "o")
896 /// ```

897 pub fn singlets_to_plot(&self) -> (Vec<f32>, Vec<f32>) {
898 let x_points = self
899 .oxygens
900 .iter()
901 .filter(|p| matches!(p.sitetype, SiteType::Singlet(_)))
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902 .map(|p| p.x)
903 .collect_vec();
904 let y_points = self
905 .oxygens
906 .iter()
907 .filter(|p| matches!(p.sitetype, SiteType::Singlet(_)))
908 .map(|p| p.y)
909 .collect_vec();
910 (x_points, y_points)
911 }
912

913 /// Generates a more efficient representation of the lattice
914 /// problem for the given lattice.
915 pub fn get_intermediary(&self) -> BitArrayRepresentation {
916 self.generate_intermediary()
917 }
918

919 /// Returns a solved version of the lattice. Usefull for plotting
920 /// and exporting.
921 pub fn to_solved_lattice(&self, solution: &BitArraySolution) ->

Self {↪→

922 let mut solved_oxygens = vec![];
923 for number in 0..self.oxygens.len() {
924 if solution.0[number] {
925 solved_oxygens.push(self.oxygens[number].clone());
926 }
927 }
928 Lattice {
929 points: self.points.clone(),
930 oxygens: solved_oxygens,
931 source_file: self.source_file.clone(),
932 }
933 }
934

935 /// Export the solved lattice to a json file.
936 ///
937 /// - path must be a valid path name.
938 /// - name should end with ".json".
939 pub fn export(&self, path: OsString, name: String) {
940 let mut data = json::JsonValue::new_object();
941 {
942 let mut points = vec![];
943 for point in &self.points {
944 let mut new_obj = json::JsonValue::new_object();
945 new_obj["x"] = point.x.into();
946 new_obj["y"] = point.y.into();
947 new_obj["ghost"] = point.ghost_to.is_some().into();
948 points.push(new_obj);
949 }
950 data["lattice_points"] = points.into();
951 }
952

953 {
954 let mut tripoints = vec![];
955 let mut midpoints = vec![];
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956 let mut singles = vec![];
957 for oxygen in &self.oxygens {
958 let mut new_obj = json::JsonValue::new_object();
959 new_obj["x"] = oxygen.x.into();
960 new_obj["y"] = oxygen.y.into();
961

962 match oxygen.sitetype {
963 SiteType::Tripoint(_) => tripoints.push(new_obj),
964 SiteType::Midpoint(_) => midpoints.push(new_obj),
965 SiteType::Singlet(_) => singles.push(new_obj),
966 };
967 }
968 data["tripoints"] = tripoints.into();
969 data["midpoints"] = midpoints.into();
970 data["singles"] = singles.into();
971 }
972

973 let mut filename = path.clone();
974 filename.push("/");
975 filename.push(name);
976

977 let mut file =
File::create(&filename).expect(&*format!("{:?}",
&filename));

↪→

↪→

978 file.write_all(data.pretty(4).as_bytes()).unwrap();
979 }
980

981 pub fn export_as_ase_json(&self, filename: String) {
982 let parsed = self.source_file.as_ref().unwrap();
983 let oxygens = &self.oxygens;
984 let last_id = &parsed["ids"][parsed["ids"].len() -

1].to_string();↪→

985

986 let old_numbers = parsed[last_id]["numbers"].clone();
987 let mut new_numbers = parsed[last_id]["numbers"].clone();
988 let mut new_positions = parsed[last_id]["positions"].clone();
989

990 let z_coords =
new_positions["__ndarray__"][2].members().skip(2).step_by(3);↪→

991

992 new_numbers["__ndarray__"][2].clear();
993 for (old_number, z) in

zip(old_numbers["__ndarray__"][2].members(), z_coords) {↪→

994 if (old_number.as_usize() == Some(1usize)) & (z.as_f64()
< Some(20.0)) {↪→

995 new_numbers["__ndarray__"][2]
996 .push(8)
997 .expect("Pushing new number failed.");
998 } else {
999 new_numbers["__ndarray__"][2]

1000 .push(old_number.clone())
1001 .expect("Pushihng old number failed");
1002 }
1003 }
1004
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1005 for oxygen in oxygens {
1006 new_numbers["__ndarray__"][2]
1007 .push(14)
1008 .expect("new_numbers[\"__ndarray__\"][2].push(8)");
1009 new_positions["__ndarray__"][2]
1010 .push(oxygen.x)
1011

.expect("new_positions[\"__ndarray__\"][2].push(oxygen.x)");↪→

1012 new_positions["__ndarray__"][2]
1013 .push(oxygen.y)
1014

.expect("new_positions[\"__ndarray__\"][2].push(oxygen.y)");↪→

1015 new_positions["__ndarray__"][2]
1016 .push(oxygen.z)
1017

.expect("new_positions[\"__ndarray__\"][2].push(oxygen.z)");↪→

1018 self.add_crown(oxygen, &mut new_numbers, &mut
new_positions);↪→

1019 }
1020 new_numbers["__ndarray__"][0][0] =

new_numbers["__ndarray__"][2].len().into();↪→

1021 new_positions["__ndarray__"][0][0] =
new_numbers["__ndarray__"][2].len().into();↪→

1022

1023 let mut export_data = json::JsonValue::new_object();
1024 export_data["1"] = object! {
1025 cell: parsed[last_id]["cell"].clone(),
1026 ctime: parsed[last_id]["ctime"].clone(),
1027 mtime: parsed[last_id]["mtime"].clone(),
1028 numbers: new_numbers,
1029 pbc: parsed[last_id]["pbc"].clone(),
1030 positions: new_positions,
1031 unique_id: "Not unique",
1032 user: parsed[last_id]["user"].clone(),
1033 };
1034

1035 let mut file = File::create(&filename).expect("Folder does
not exist!");↪→

1036 file.write_all(export_data.pretty(4).as_bytes()).unwrap();
1037 println!("Saved {filename}");
1038 }
1039

1040 fn add_crown(&self, oxygen: &Oxygen, new_numbers: &mut JsonValue,
new_positions: &mut JsonValue) {↪→

1041 let double_crown;
1042 let single_crown;
1043 let new_crown = match oxygen.sitetype {
1044 SiteType::Singlet(_) => {
1045 single_crown = triple_crown_rotated(0.0);
1046 single_crown.iter()
1047 },
1048 SiteType::Midpoint(p) => {
1049 double_crown = double_crown_rotated(
1050 double_angle(&self.points[p.0[0].0],

&self.points[p.0[1].0])↪→
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1051 );
1052 double_crown.iter()
1053 }
1054 SiteType::Tripoint(_) => SINGLE_CROWN.iter(),
1055 };
1056

1057 for (x, y, z) in new_crown.tuples() {
1058 new_numbers["__ndarray__"][2]
1059 .push(1)
1060 .expect("Adding to borrowed new_numbers failed");
1061 new_positions["__ndarray__"][2]
1062 .push(oxygen.x + x)
1063 .expect("Adding to borrowed new_positions failed");
1064 new_positions["__ndarray__"][2]
1065 .push(oxygen.y + y)
1066 .expect("Adding to borrowed new_positions failed");
1067 new_positions["__ndarray__"][2]
1068 .push(oxygen.z + z)
1069 .expect("Adding to borrowed new_positions failed");
1070 }
1071 }
1072 }
1073

1074 fn double_angle(p1: &LatticePoint, p2: &LatticePoint) -> f32 {
1075 PI - ((p2.y-p1.y) /

((p2.x-p1.x).powi(2)+(p2.y-p1.y).powi(2)).sqrt() ).acos()↪→

1076 }
1077

1078 fn create_silicon_lattice(lattice_3d: Vec<(Vec<f32>, Vec<Vec<f32>>)>)
-> Lattice {↪→

1079 let mut out_lattice = Lattice::new();
1080

1081 for (location, ghosts) in lattice_3d {
1082 let new_point = LatticePoint::new(location[0], location[1],

location[2], None);↪→

1083 out_lattice.add_point(new_point.clone());
1084

1085 for ghost in ghosts {
1086 out_lattice.add_point(LatticePoint::new(
1087 ghost[0],
1088 ghost[1],
1089 ghost[2],
1090 Some(new_point.clone()),
1091 ))
1092 }
1093 }
1094 out_lattice
1095 .points
1096 .sort_by_key(|p| (100.0 * p.x + p.y).round() as u32);
1097 out_lattice
1098 }
1099

1100 fn turn_2d_3d(input_lattice: Vec<(Vec<f32>, Vec<Vec<f32>>)>) ->
Vec<(Vec<f32>, Vec<Vec<f32>>)> {↪→

1101 if input_lattice[0].0.len() == 2 {
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1102 let mut new_lattice = vec![];
1103 for (point, ghosts) in input_lattice {
1104 let mut new_point = point.clone();
1105 new_point.push(0.0);
1106 let mut new_ghosts = ghosts.clone();
1107 for g in &mut new_ghosts {
1108 g.push(0.0);
1109 }
1110 new_lattice.push((new_point, new_ghosts));
1111 }
1112 new_lattice
1113 } else if input_lattice[0].0.len() == 3 {
1114 input_lattice
1115 } else {
1116 panic!("Input lattice layout is incorrect: points must be two

or threedimentional.")↪→

1117 }
1118 }

C PYTHON CODE
This section contains several Python files used in the development of Crystacean.

C.1 classes.py
1 from __future__ import annotations
2 from itertools import chain
3 import json
4 from typing import Sequence
5 from dataclasses import dataclass, field
6 import matplotlib.pylab as plt
7

8

9 SINGLE_POINT_ENERGY = 1.4
10 MID_POINT_ENERGY = 0.7
11 TRI_POINT_ENERGY = 0.4
12

13

14 @dataclass
15 class LatticePoint:
16 x: float
17 y: float
18 _connected_to: None | SinglePoint | MidPoint | TriPoint =

field(default=None, init=False)↪→

19

20 def get_location(self) -> list[float]:
21 return [self.x, self.y]
22

23 def get_real_location(self) -> list[float]:
24 return self.get_location()
25

26 def get_link(self) -> LatticePoint:
27 return self
28

29 @property
30 def connected_to(self) -> None | SinglePoint | MidPoint |

TriPoint:↪→
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31 return self._connected_to
32

33 def set_connection(self, connection: None | SinglePoint |
MidPoint | TriPoint):↪→

34 if not self._connected_to and not connection:
35 raise ValueError("Connection already None")
36 if self._connected_to and connection:
37 raise ValueError("Point already connected")
38 self._connected_to = connection
39

40

41 def __hash__(self) -> int:
42 return hash((self.x, self.y, self.connected_to))
43

44

45 @dataclass
46 class GhostPoint(LatticePoint):
47 linked_point: LatticePoint
48

49 def get_link(self) -> LatticePoint:
50 return self.linked_point
51

52 @property
53 def connected_to(self) -> None | SinglePoint | MidPoint |

TriPoint:↪→

54 return self.linked_point.connected_to
55

56 def set_connection(self, connection: None | SinglePoint |
MidPoint | TriPoint):↪→

57 self.linked_point.set_connection(connection)
58

59 def __hash__(self) -> int:
60 return hash((self.x, self.y, self.connected_to))
61

62

63 @dataclass
64 class SinglePoint:
65 x: float
66 y: float
67 _connections: list[LatticePoint] = field(init=False)
68 populated: bool = False
69

70 def set_connections(self, connections: list[LatticePoint]) ->
None:↪→

71 assert len(connections) == 1
72 self._connections = connections
73

74 def get_connections(self) -> list[LatticePoint]:
75 return self._connections
76

77 def available(self) -> bool:
78 if self.populated:
79 return False
80

81 for connection in self.get_connections():
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82 if connection.connected_to:
83 return False
84 return True
85

86 def populate(self) -> bool:
87 """
88 Connect oxygen to connections, if possible.
89 Returns `True` if all connections are available, else returns

`False` and↪→

90 doesn't connect.
91 """
92 assert not self.populated, "This point is already populated."
93

94 for connection in self.get_connections():
95 if connection.connected_to:
96 return False
97

98 for connection in self.get_connections():
99 connection.set_connection(self)

100 self.populated = True
101 return True
102

103 def depopulate(self) -> None:
104 """
105 Reset the point and connected lattice sites.
106 """
107 assert self.populated, "Point not populated."
108

109 for connection in self.get_connections():
110 connection.set_connection(None)
111 self.populated = False
112

113 def __hash__(self) -> int:
114 return hash((self.x, self.y))
115

116

117 @dataclass
118 class MidPoint(SinglePoint):
119 def set_connections(self, connections: list[LatticePoint]) ->

None:↪→

120 assert len(connections) == 2
121 self._connections = connections
122

123 def __hash__(self) -> int:
124 return hash((self.x, self.y))
125

126

127 @dataclass
128 class TriPoint(SinglePoint):
129 def set_connections(self, connections: list[LatticePoint]) ->

None:↪→

130 assert len(connections) == 3
131 self._connections = connections
132

133 def __hash__(self) -> int:
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134 return hash((self.x, self.y))
135

136

137 def points_to_plot(input_points: Sequence[Plottable]) ->
tuple[list[float], list[float]]:↪→

138 """
139 `Plottable = LatticePoint | SinglePoint | MidPoint | TriPoint`
140 """
141 x_points = [point.x for point in input_points]
142 y_points = [point.y for point in input_points]
143 return x_points, y_points
144

145

146 @dataclass
147 class FullLattice:
148 points: list[LatticePoint]
149 singles: list[SinglePoint]
150 midpoints: list[MidPoint]
151 tripoints: list[TriPoint]
152

153

154 def energy(self) -> float:
155 total = 0
156 for tri in self.tripoints:
157 if tri.populated:
158 total += TRI_POINT_ENERGY
159 for mid in self.midpoints:
160 if mid.populated:
161 total += MID_POINT_ENERGY
162 for single in self.singles:
163 if single.populated:
164 total += SINGLE_POINT_ENERGY
165 return total
166

167 def is_solved(self) -> bool:
168 for point in self.points:
169 if not point.connected_to:
170 return False
171 return True
172

173 def empty_amount(self) -> int:
174 total = 0
175 for point in self.points:
176 if not point.connected_to:
177 total += 1
178 return total
179

180 def plot(self, draw_single: bool = False):
181 plt.plot( *points_to_plot(self.points), "o")
182 for num, point in enumerate(self.points):
183 plt.annotate(str(num), (point.x, point.y))
184

185 plt.plot( *points_to_plot(self.midpoints), "x")
186 plt.plot( *points_to_plot(self.tripoints), "s")
187 if draw_single:
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188 plt.plot( *points_to_plot(self.singles), "^",
markersize=10)↪→

189 plt.show()
190

191 def plot_report(self, lattice_size: int, site_size: int):
192 plt.plot( *points_to_plot(self.points), "o",

markersize=lattice_size, label="Previous layer")↪→

193 plt.plot( *points_to_plot(self.midpoints), "x",
markersize=site_size, label="Midpoint",
markeredgewidth=4)

↪→

↪→

194 plt.plot( *points_to_plot(self.tripoints), "s",
markersize=site_size, label="Tripoint")↪→

195 plt.plot( *points_to_plot(self.singles), "^",
markersize=site_size, label="Single")↪→

196 plt.axis('equal')
197 plt.xlabel("x (Å)")
198 plt.ylabel("y (Å)")
199 plt.show()
200

201 def plot_ghost_connections(self):
202 plt.plot( *points_to_plot(self.points), "o")
203 for num, point in enumerate(self.points):
204 plt.annotate(str(num), (point.x, point.y))
205

206 for point in self.points:
207 linked_point = point.get_link()
208 if not linked_point == point:
209 plt.plot( *points_to_plot([linked_point, point]),

"--")↪→

210 plt.show()
211

212 def as_spg_tuple(self, oxygens: bool = True) ->
tuple[list[tuple[float, float, float]], list[tuple[float,
float, float]], list[int]]:

↪→

↪→

213 basis_vectors = [(0.0, 0.0, 1.5)]
214 return_points = []
215 return_elements = []
216

217 for silicon in self.points:
218 if isinstance(silicon, GhostPoint):
219 print("skipped")
220 continue
221 return_points.append(( *silicon.get_location(), 0.0))
222 return_elements.append(14)
223 if len(basis_vectors) == 1:
224 if not silicon.y == 0.0:
225 basis_vectors.append((silicon.x, silicon.y, 0.0))
226 elif len(basis_vectors) == 2:
227 if silicon.y == 0.0:
228 basis_vectors.append((silicon.x, silicon.y, 0.0))
229

230 if oxygens:
231 for oxygen in chain(self.tripoints, self.midpoints,

self.singles):↪→

232 return_points.append((oxygen.x, oxygen.y, 1.5))
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233 return_elements.append(8)
234

235 return basis_vectors, return_points, return_elements
236

237 def export(self, filename: str):
238 export_dict = {
239 "lattice_points" : [],
240 "tripoints": [],
241 "midpoints": [],
242 "singles": []
243 }
244 for point in self.points:
245 export_dict["lattice_points"].append(
246 {
247 "x": point.x,
248 "y": point.y,
249 "ghost": isinstance(point, GhostPoint)
250 }
251 )
252 for tri in self.tripoints:
253 export_dict["tripoints"].append(
254 {
255 "x": tri.x,
256 "y": tri.y
257 }
258 )
259 for mid in self.midpoints:
260 export_dict["midpoints"].append(
261 {
262 "x": mid.x,
263 "y": mid.y
264 } )
265 for single in self.singles:
266 export_dict["singles"].append(
267 {
268 "x": single.x,
269 "y": single.y
270 }
271 )
272 with open(f"exports/{filename}.json", mode="w") as file:
273 json.dump(export_dict, file, indent=4)
274

275 def __hash__(self) -> int:
276 return hash(tuple(self.points))
277

278

279 def from_file(filename: str) -> FullLattice:
280 points: list[LatticePoint] = []
281 singles: list[SinglePoint] = []
282 midpoints: list[MidPoint] = []
283 tripoints: list[TriPoint] = []
284 with open(filename) as file:
285 structure = json.load(file)
286 for point in structure["lattice_points"]:
287 points.append(LatticePoint(point["x"], point["y"]))
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288 for single in structure["singles"]:
289 singles.append(SinglePoint(single["x"], single["y"],

populated=True))↪→

290 for mid in structure["midpoints"]:
291 midpoints.append(MidPoint(mid["x"], mid["y"],

populated=True))↪→

292 for tri in structure["tripoints"]:
293 tripoints.append(TriPoint(tri["x"], tri["y"],

populated=True))↪→

294 return FullLattice(points, singles, midpoints, tripoints)
295

296

297 type Plottable = LatticePoint | SinglePoint | MidPoint | TriPoint
298

299 if __name__ == '__main__':
300 import os
301 path = "exports/sizeable_unique_1/(4, 0, 4)"
302 for structure in os.listdir(path):
303 lattice = from_file(f"{path}/{structure}")
304 lattice.plot(draw_single=True)
305 # lattice = from_file("exports/sizeable_unique_wrong/(5, 0,

1)/sizeable_rust_0022.json")↪→

306 # lattice.plot(draw_single=True)

C.2 findthosepoints.py
1 from __future__ import annotations
2 from copy import deepcopy
3 from typing import Sequence
4 import matplotlib.pyplot as plt
5 from matplotlib import rcParams
6 from itertools import combinations, permutations, product
7 from scipy.spatial import KDTree
8 from dataclasses import dataclass, field
9 from classes import *

10 import numpy as np
11

12

13 def find_ox_sites(lattice: list[list[float]]) -> FullLattice:
14 lattice.sort(key=lambda x: 100*x[0] + x[1])
15

16 lattice_points = [LatticePoint(point[0], point[1]) for point in
lattice]↪→

17 single_points = [SinglePoint(point.x, point.y) for point in
lattice_points]↪→

18 for s_point, point in zip(single_points, lattice_points):
19 s_point.set_connections([point])
20

21 point_kdtree = KDTree(lattice) # type: ignore
22 node_search_distance =

point_kdtree.query(lattice_points[0].get_location(),
k=[2])[0][0] * 1.1

↪→

↪→

23 unsorted_pairs: set[tuple[int, int]] =
point_kdtree.query_pairs(node_search_distance,
output_type='set')

↪→

↪→

24 pairs = sorted(unsorted_pairs)
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25 print(node_search_distance)
26

27 midpoints: list[MidPoint] = []
28 for pair in pairs:
29 point1 = lattice[pair[0]]
30 point2 = lattice[pair[1]]
31 new_point = MidPoint((point1[0] + point2[0]) / 2, (point1[1]

+ point2[1]) / 2)↪→

32 new_point.set_connections([
33 lattice_points[pair[0]],
34 lattice_points[pair[1]]
35 ])
36 midpoints.append(new_point)
37

38 tripoints: list[TriPoint] = []
39 for pair1, pair2 in combinations(pairs, 2):
40 if (not pair1[0] == pair2[0]):
41 continue
42 point1 = lattice[pair1[0]]
43 point2 = lattice[pair1[1]]
44 point3 = lattice[pair2[1]]
45 # if abs(point2[0] - point3[0]) > node_search_distance or

abs(point2[1] - point3[1]) > node_search_distance:↪→

46 if not (pair1[1], pair2[1]) in unsorted_pairs:
47 continue
48

49 # print(f"{pair1=}, {pair2}; {point1=}, {point2=},
{point3=}")↪→

50 new_point = TriPoint((point1[0] + point2[0] + point3[0]) / 3,
(point1[1] + point2[1]+ point3[1]) / 3)↪→

51 new_point.set_connections( [
52 lattice_points[pair1[0]],
53 lattice_points[pair1[1]],
54 lattice_points[pair2[1]]
55 ] )
56 tripoints.append(new_point)
57

58 return FullLattice(lattice_points, single_points, midpoints,
tripoints)↪→

59

60

61 def point_sorting_key(point: LatticePoint) -> float:
62 return point.x * 100 + point.y
63

64

65 def find_ox_sites_bounds(lattice: list[tuple[list[float],
list[list[float]]]]) -> FullLattice:↪→

66 """
67 Where `ghost_lattice` is a superset of `lattice`.
68 """
69 lattice.sort(key=lambda x: 100*x[0][0] + x[0][1])
70

71 lattice_points: list[LatticePoint] = []
72 for point in lattice:
73 point_object = LatticePoint(point[0][0], point[0][1])
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74 lattice_points.append(point_object)
75 for ghost in point[1]:
76 lattice_points.append(GhostPoint(ghost[0], ghost[1],

point_object))↪→

77

78

79 single_points = [SinglePoint(point.x, point.y) for point in
lattice_points if not isinstance(point, GhostPoint)]↪→

80 for s_point, point in zip(single_points, [point for point in
lattice_points if not isinstance(point, GhostPoint)]):↪→

81 s_point.set_connections([point.get_link()])
82

83 lattice_points.sort(key=point_sorting_key)
84 new_lattice: list[list[float]] = []
85 for point in lattice:
86 new_lattice.append(point[0])
87 for ghost in point[1]:
88 new_lattice.append(ghost)
89 new_lattice.sort(key=lambda x: 100*x[0] + x[1])
90

91 for one, other in zip(lattice_points, new_lattice):
92 assert one.x == other[0]
93 assert one.y == other[1]
94

95 point_kdtree = KDTree(new_lattice) # type: ignore
96 node_search_distance =

point_kdtree.query(lattice_points[0].get_location(),
k=[2])[0][0] * 1.1

↪→

↪→

97

98 unsorted_pairs: set[tuple[int, int]] =
point_kdtree.query_pairs(node_search_distance,
output_type='set')

↪→

↪→

99 pairs = sorted(unsorted_pairs)
100 print(node_search_distance)
101

102 midpoints: list[MidPoint] = []
103 for pair in pairs:
104 point1 = lattice_points[pair[0]]
105 point2 = lattice_points[pair[1]]
106 if isinstance(point1, GhostPoint) and isinstance(point2,

GhostPoint):↪→

107 continue
108 new_point = MidPoint((point1.x + point2.x) / 2, (point1.y +

point2.y) / 2)↪→

109 new_point.set_connections([
110 point1.get_link(),
111 point2.get_link()
112 ])
113 midpoints.append(new_point)
114

115 tripoints: list[TriPoint] = []
116 for pair1, pair2 in combinations(pairs, 2):
117 if (not pair1[0] == pair2[0]):
118 continue
119 if not (pair1[1], pair2[1]) in unsorted_pairs:
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120 continue
121

122 point1 = lattice_points[pair1[0]]
123 point2 = lattice_points[pair1[1]]
124 point3 = lattice_points[pair2[1]]
125 # if abs(point2[0] - point3[0]) > node_search_distance or

abs(point2[1] - point3[1]) > node_search_distance:↪→

126 if isinstance(point1, GhostPoint) and isinstance(point2,
GhostPoint) and isinstance(point2, GhostPoint):↪→

127 continue
128

129 # print(f"{pair1=}, {pair2}; {point1=}, {point2=},
{point3=}")↪→

130 new_point = TriPoint((point1.x + point2.x + point3.x) / 3,
(point1.y + point2.y+ point3.y) / 3)↪→

131 new_point.set_connections( [
132 point1.get_link(),
133 point2.get_link(),
134 point3.get_link()
135 ] )
136 tripoints.append(new_point)
137

138 return FullLattice(lattice_points, single_points, midpoints,
tripoints)↪→

139

140

141 def points_to_plot(input_points: Sequence[Plottable]) ->
tuple[list[float], list[float]]:↪→

142 """
143 `Plottable = LatticePoint | SinglePoint | MidPoint | TriPoint`
144 """
145 x_points = [point.x for point in input_points]
146 y_points = [point.y for point in input_points]
147 return x_points, y_points
148

149

150 def make_site_plot(
151 lattice: FullLattice,
152 draw_single: bool = False
153 ):
154 plt.plot( *points_to_plot(lattice.points), "o")
155 for num, point in enumerate(lattice.points):
156 plt.annotate(str(num), (point.x, point.y))
157

158 plt.plot( *points_to_plot(lattice.midpoints), "x")
159 plt.plot( *points_to_plot(lattice.tripoints), "s")
160 if draw_single:
161 plt.plot( *points_to_plot(lattice.singles), "^",

markersize=10)↪→

162 plt.show()
163

164

165 def fill_oxygen_maxtri(lattice: FullLattice) -> FullLattice:
166 """

52/61



167 Fill the lattice with points by first trying to populate all
`TriPoint`s.↪→

168 """
169 # shuffle(tripoints)
170 filled_tri: list[TriPoint] = []
171 for tri in lattice.tripoints:
172 if tri.populate():
173 filled_tri.append(tri)
174

175 filled_mid: list[MidPoint] = []
176 for mid in lattice.midpoints:
177 if mid.populate():
178 filled_mid.append(mid)
179

180 filled_single: list[SinglePoint] = []
181 for single in lattice.singles:
182 if single.populate():
183 filled_single.append(single)
184

185 return FullLattice(lattice.points, filled_single, filled_mid,
filled_tri)↪→

186

187

188 def fill_oxygen_midonly(lattice: FullLattice) -> FullLattice:
189 """
190 Fill the lattice with points by first trying to populate all

`MidPoint`s.↪→

191 """
192 # shuffle(midpoints)
193 filled_mid: list[MidPoint] = []
194 for mid in lattice.midpoints:
195 if mid.populate():
196 filled_mid.append(mid)
197

198 filled_single: list[SinglePoint] = []
199 for single in lattice.singles:
200 if single.populate():
201 filled_single.append(single)
202

203 return FullLattice(lattice.points, filled_single, filled_mid, [])
204

205

206 @dataclass
207 class Solver:
208 lattice: FullLattice
209 lowest_energy = 1_000_000.0
210 archive: set[int] = field(default_factory=set, init=False)
211 depth: int = field(default=0, init=False)
212

213 def start_solve(self, depth: int = 0) -> list[FullLattice]:
214 current_gen: list[FullLattice] = []
215 current_gen.append(deepcopy(self.lattice))
216 gen_nr = 0
217 solutions: list[FullLattice] = []
218 while not solutions or (depth and gen_nr <= depth):
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219 if depth:
220 print(f"Generation {gen_nr}/{depth}")
221 else:
222 print(f"Generation {gen_nr}")
223

224 next_gen = []
225 for lattice in current_gen:
226 options_found = 0
227 spare_lattice = deepcopy(lattice)
228 for number, tripoint in enumerate(lattice.tripoints):
229 if not tripoint.available():
230 continue
231 spare_lattice.tripoints[number].populate()
232 spare_lattice_hash = hash(spare_lattice)
233 if spare_lattice_hash in self.archive or

spare_lattice.energy() >= self.lowest_energy:↪→

234 spare_lattice.tripoints[number].depopulate()
235 continue
236

237 self.archive.add(spare_lattice_hash)
238 if spare_lattice.is_solved():
239 solutions.append(deepcopy(spare_lattice))
240 elif not solutions or (depth and gen_nr < depth):
241 next_gen.append(deepcopy(spare_lattice))
242 options_found += 0
243 spare_lattice.tripoints[number].depopulate()
244

245 for number, midpoint in enumerate(lattice.midpoints):
246 if not midpoint.available():
247 continue
248 spare_lattice.midpoints[number].populate()
249 spare_lattice_hash = hash(spare_lattice)
250 if spare_lattice_hash in self.archive or

spare_lattice.energy() >= self.lowest_energy:↪→

251 spare_lattice.midpoints[number].depopulate()
252 continue
253

254 self.archive.add(spare_lattice_hash)
255 if spare_lattice.is_solved():
256 solutions.append(deepcopy(spare_lattice))
257 elif not solutions or (depth and gen_nr < depth):
258 next_gen.append(deepcopy(spare_lattice))
259 options_found += 0
260 spare_lattice.midpoints[number].depopulate()
261

262 # do not try to fit singles in if not necessary
263 if options_found:
264 continue
265 for number, single in enumerate(lattice.singles):
266 if not single.available():
267 continue
268 spare_lattice.singles[number].populate()
269 spare_lattice_hash = hash(spare_lattice)
270 if spare_lattice_hash in self.archive or

spare_lattice.energy() >= self.lowest_energy:↪→
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271 spare_lattice.singles[number].depopulate()
272 continue
273

274 self.archive.add(spare_lattice_hash)
275 if spare_lattice.is_solved():
276 solutions.append(deepcopy(spare_lattice))
277 elif not solutions or (depth and gen_nr < depth):
278 next_gen.append(deepcopy(spare_lattice))
279 spare_lattice.singles[number].depopulate()
280 current_gen = next_gen
281 gen_nr += 1
282

283 if not solutions:
284 raise ValueError("Depth was to shallow. Deepen search or

remove depth requirement.")↪→

285 return solutions
286

287 # def start_solve_accelerated(self, depth: int = 0) ->
list[FullLattice]:↪→

288

289

290

291 def reduce_lattice(lattice: FullLattice) -> FullLattice:
292 return FullLattice(
293 lattice.points,
294 [single for single in lattice.singles if single.populated],
295 [mid for mid in lattice.midpoints if mid.populated],
296 [tri for tri in lattice.tripoints if tri.populated],
297 )
298

299

300 def full_lattice_from_basis_vectors(size: int = 1) ->
list[tuple[list[float], list[list[float]]]]:↪→

301 points = []
302 bottom_points = {}
303 left_points = {}
304 vec_x = np.array([1.5, 0.0, 0.0]) / 1.5 * 3.076
305 vec_y = np.array([0.75, 1.299038105676658, 0.0]) / 1.5 * 3.076
306 vec_z = np.array([0.0, 0.0, 1.5])
307

308 for x, y in product(range(0, size), range(0, size)):
309 # create main cluster
310 new_point_lb = (list((2*x - y) * vec_x + 2*y *

vec_y)[0:2], [])↪→

311 new_point_rb = (list((2*x - y + 1)* vec_x + 2*y *
vec_y)[0:2], [])↪→

312 new_point_lt = (list((2*x - y) * vec_x +(2*y + 1) *
vec_y)[0:2], [])↪→

313 new_point_rt = (list((2*x - y + 1)* vec_x +(2*y + 1) *
vec_y)[0:2], [])↪→

314 points.append(new_point_rb)
315 points.append(new_point_lb)
316 points.append(new_point_rt)
317 points.append(new_point_lt)
318
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319 # note left/bottom boundaries
320 if y == 0:
321 bottom_points[new_point_lb[0][0]] = new_point_lb
322 bottom_points[new_point_rb[0][0]] = new_point_rb
323 if x == 0:
324 left_points[new_point_lb[0][1]] = new_point_lb
325 left_points[new_point_lt[0][1]] = new_point_lt
326

327 # create and link top/right boundaries
328 if y == size - 1:
329 bound_point_1 = list((2*x - y - 1) * vec_x + 2*(y +

1)*vec_y)[0:2]↪→

330 bount_point_2 = list((2*x - y) * vec_x + 2*(y + 1)*
vec_y)[0:2]↪→

331 bottom_points[bound_point_1[0]][1].append(bound_point_1)
332 bottom_points[bount_point_2[0]][1].append(bount_point_2)
333 if x == size - 1:
334 bound_point_3 = list((2*x - y + 2)* vec_x + 2*y *

vec_y)[0:2]↪→

335 bount_point_4 = list((2*x - y + 2)* vec_x +(2*y + 1) *
vec_y)[0:2]↪→

336 left_points[bound_point_3[1]][1].append(bound_point_3)
337 left_points[bount_point_4[1]][1].append(bount_point_4)
338 if y == size - 1:
339 corner_point = list((2*x - y + 1)* vec_x +(2*y + 2)

* vec_y)[0:2]↪→

340 bottom_points[0.0][1].append(corner_point)
341

342

343 # points.append(list(0*vec_x + 0*vec_y)[0:2])
344 # points.append(list((0 + 1)*vec_x + 0*vec_y)[0:2])
345 # points.append(list(0*vec_x + (0 + 1)*vec_y)[0:2])
346 # points.append(list(1*vec_x + 1*vec_y)[0:2])
347 # print(points)
348 return points
349

350

351

352 if __name__ == '__main__':
353 litterally_just_a_line = [
354 [0.0, 0.0],
355 [1.5, 0.0]
356 ]
357 equilateral_triangle_points = [
358 [0.0, 0.0],
359 [0.75, 1.299038105676658],
360 [1.5, 0.0]
361 ]
362 flipped_triangle = [
363 [0.0, 1.299038105676658],
364 [0.75, 0.0],
365 [1.5, 1.299038105676658]
366 ]
367 double_triangle_points = [
368 [0.0, 0.0],
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369 [0.75, 1.299038105676658],
370 [1.5, 0.0],
371 [2.25, 1.299038105676658]
372 ]
373 big_lattice_points = [
374 [0.0, 5.3],
375 [1.6, 13.4],
376 [3.1, 5.3],
377 [9.3, 0.0],
378 [10.8, 2.7],
379 [7.7, 2.7],
380 [1.6, 8.0],
381 [6.2, 0.0],
382 [13.9, 8.0],
383 [12.4, 5.3],
384 [3.1, 10.7],
385 [0.0, 10.7],
386 [4.6, 8.0],
387 [13.9, 2.7],
388 [4.6, 2.7],
389 [3.1, 0.0],
390 [10.8, 8.0],
391 [9.3, 5.3],
392 [10.8, 13.4],
393 [6.2, 5.3],
394 [1.6, 2.7],
395 [0.0, 0.0],
396 [6.2, 10.7],
397 [13.9, 13.4],
398 [12.4, 10.7],
399 [7.7, 13.4],
400 [7.7, 8.0],
401 [12.4, 0.0],
402 [4.6, 13.4],
403 [9.3, 10.7]
404 ]
405 boundary_points = [
406 ([0.0, 0.0], [
407 [0.0, 5.3],
408 [6.2, 5.3],
409 [6.2, 0.0],
410 ]),
411 ([1.6, 2.7], [
412 [7.7, 2.7],
413 ]),
414 ([3.1, 0.0], [
415 [3.1, 5.3],
416 ]),
417 ([4.6, 2.7], []),
418 ]
419 bigger_boundary_points = [
420 ([0.0, 0.0], [
421 [0.0, 10.7],
422 [9.3, 0.0],
423 [9.3, 10.7],
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424 ]),
425 ([0.0, 5.3], [
426 [9.3, 5.3],
427 ]),
428 ([1.6, 2.7], [
429 [10.8, 2.7],
430 ]),
431 ([1.6, 8.0], [
432 [10.8, 8.0],
433 ]),
434 ([3.1, 0.0], [
435 [3.1, 10.7],
436 ]),
437 ([3.1, 5.3], []),
438 ([4.6, 2.7], []),
439 ([4.6, 8.0], []),
440 ([6.2, 0.0], [
441 [6.2, 10.7],
442 ]),
443 ([6.2, 5.3], []),
444 ([7.7, 2.7], []),
445 ([7.7, 8.0], []),
446 ]
447 big_lattice_points = [point for point in big_lattice_points if

point[0] < 12 and point[1] < 9]↪→

448 rcParams.update({'font.size': 11})
449 lattice_size = 10
450 site_size = 16
451

452 filled_lattice = find_ox_sites(big_lattice_points)
453 filled_lattice.plot_report(lattice_size, site_size)
454 # filled_lattice = find_ox_sites_bounds(bigger_boundary_points)
455 # points = full_lattice_from_basis_vectors(size=2)
456 # filled_lattice = find_ox_sites_bounds(points)
457 # filled_lattice.plot_ghost_connections()
458 # make_site_plot(filled_lattice, draw_single=True)
459

460 # solved_lattice = fill_oxygen_maxtri(filled_lattice)
461 # solved_lattice = fill_oxygen_midonly(filled_lattice)
462 # shuffle(filled_lattice.midpoints)
463 # shuffle(filled_lattice.tripoints)
464 solution_list = Solver(filled_lattice).start_solve(depth=0)
465

466 # Use the "just look at it" theorum to select for unique
solutions↪→

467 # exportset = {0, 1, 2, 3, 25, 26, 37, 70}
468 # exportset = {0, 9, 10}
469 for number, lattice in enumerate(solution_list):
470 print(f"Showing {number+1} of {len(solution_list)}")
471 print(f"Energy: {lattice.energy()}")
472

473 reduced = reduce_lattice(lattice)
474 reduced.plot_report(lattice_size, site_size)
475 # if number in exportset:
476 # reduced.export(f"bigger_lattice_{number:0>4}")
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C.3 cull_results.py

1 import os
2 import json
3 from itertools import chain, combinations
4 from math import sqrt
5 from alive_progress import alive_bar
6

7

8 # FOCUS = {"sizeable_rust_32232.json", "sizeable_rust_35469.json"}
9 FOCUS = set()

10

11

12 def nearly_in(new: list[float], uniques: list[list[float]], margin:
float) -> bool:↪→

13 """
14 Returns true if `new` list has matching list in `uniques`, where

all elements↪→

15 differ by no more than `margin`:
16

17 For every `x`:
18 ```

19 new[x] - uniques[:][x] <= margin
20 ```

21 """
22 for unique in uniques:
23 if not len(new) == len(unique):
24 continue
25 for a, b in zip(new, unique):
26 if (a - b) > margin:
27 break
28 else:
29 return True
30 return False
31

32

33 def sorting_key(input) -> float:
34 return 100 * input["x"] + input["y"]
35

36

37 def cull(path: str, margin: float, postfix: str):
38 list_of_files = os.listdir(path)
39 new_path = path + "_unique_" + postfix
40 os.mkdir(new_path)
41 unique_spacings = {}
42 unique_files = {}
43 total_amount = 0
44

45 with open(f"{path}/{list_of_files[0]}") as file:
46 lattice = json.load(file)
47 max_x = 0
48 max_y = 0
49 for number, lattice_point in

enumerate(lattice["lattice_points"]):↪→

50 if lattice_point["x"] > max_x and lattice_point["y"] ==
0:↪→
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51 print(f"Choose point {number} for {max_x=}")
52 max_x = lattice_point["x"]
53 if lattice_point["y"] > max_y:
54 print(f"Choose point {number} for {max_y=}")
55 max_y = lattice_point["y"]
56 # extremely important progress bar
57 with alive_bar(
58 len(list_of_files), spinner="dots_waves", title="Analyzing

files..."↪→

59 ) as bar:
60 for filename in list_of_files:
61 with open(f"{path}/{filename}") as file:
62 lattice = json.load(file)
63

64 connection_type_count = (
65 len(lattice["tripoints"]),
66 len(lattice["midpoints"]),
67 len(lattice["singles"]),
68 )
69 oxygens = list(
70 chain(
71 lattice["tripoints"], lattice["midpoints"],

lattice["singles"]↪→

72 )
73 )
74

75 oxygen_spacing = []
76 for o1, o2 in combinations(oxygens, 2):
77 dx = abs(o1["x"] - o2["x"])
78 if dx > max_x/2:
79 dx -= max_x
80 dy = abs(o1["y"] - o2["y"])
81 if dy > max_y/2:
82 dy -= max_y
83

84 spacings = sqrt((dx)**2 + (dy)**2)
85 oxygen_spacing.append(spacings)
86 oxygen_spacing.sort()
87 if filename in FOCUS:
88 print([round(number, 4) for number in

oxygen_spacing])↪→

89

90 if not unique_spacings.get(connection_type_count):
91 unique_spacings[connection_type_count] =

[oxygen_spacing]↪→

92 unique_files[connection_type_count] = [filename]
93 total_amount += 1
94 elif not nearly_in(
95 oxygen_spacing,

unique_spacings[connection_type_count],
margin

↪→

↪→

96 ):
97

unique_spacings[connection_type_count].append(oxygen_spacing)↪→
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98

unique_files[connection_type_count].append(filename)↪→

99 total_amount += 1
100 bar()
101

102 # print(total_amount)
103 # print(f"{len(unique_files[(4, 0, 4)])}")
104 with alive_bar(
105 total_amount, spinner="dots_waves", title="Copying

uniques..."↪→

106 ) as bar:
107 for conn_type, files in unique_files.items():
108 for filename in files:
109 if f"{conn_type}" not in os.listdir(new_path):
110 os.mkdir(f"{new_path}/{conn_type}")
111 with open(f"{path}/{filename}") as file:
112 with open(f"{new_path}/{conn_type}/{filename}",

"w") as new_file:↪→

113 json.dump(json.load(file), new_file)
114 bar()
115

116

117 if __name__ == "__main__":
118 cull("exports/sizeable_remade", 0.2, "2")
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