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Abstract

The main and most productive project I have undertaken during my Phd involves the study and
characterization of magnetic monolayers from first-principle calculations. In the following pages are
presented methods developed during this time and the results that followed.

The motivation for this kind of research lies in the undeniable increasing interest that scientific
community is showing towards materials design for novel technological applications. Two-dimensional
(2D) materials, characterized by a thickness of just few atoms, have always been deemed an optimal
compromise between extension and lightness. The isolation of the first 2D material, graphene, hit the
ground running in 2004, exhibiting as well strength and electric proprieties out of the ordinary. Since
then, thanks to advancement in both theoretical and experimental expertise, many others have been
successfully synthesised.

But until very recently, magnetism has eluded researchers in Flatland. Only in 2017 it was demon-
strated that a single monolayer of Crls exhibits intrinsic out-of-plane ferromagnetic order up to a
temperature of 45 K, and just few others examples are nowadays known to do the same. This may
sounds quite surprising looking at the fair variety of available bulk systems which display a robust
magnetism even at high temperatures. Furthermore, many of these crystals are in a multilayered
form, meaning they could be mechanically exfoliated into free standing nano-sheets. But magnetic
proprieties result to changes dramatically when the dimensionality of the system is reduced and better
insights are required to predict new promising candidates.

The interactions between magnetic moments inside a crystal contribute in outlining its magnetic
proprieties, such as the critical temperature. This is defined as the temperature above which thermal
fluctuations prevent any magnetic order in a sample and sets the conditions for its usability in real
devices. Magnetic anisotropy, originating from to the geometry of the system, also plays a crucial role,
in particular for 2D materials. In a microscopic model, these interactions are typically reproduced by
the Heisenberg model and in this work we investigate the role of some of its most relevant terms.

We also suggest the spin-wave gap as a main descriptor for the critical temperature of ferromagnetic
order in 2D systems, which can be easily obtained from first-principle methods, such as Density
Functional Theory calculations.

Combining the results of classical Monte Carlo simulations, we further simplified and generalized
our method in order to perform high-throughput computational search of 2D materials with high
critical temperature. Our results are in good agreement with available data in literature and provide
a list of new promising candidates for further experimental investigations.

The screening has been run over the Computational 2D Materials Database, the Crystal Structure
Database and the Crystallographic Open Database, and can be used as a future reference for bench-
marking.

The thesis consists of a brief introduction to the established theory in the field followed by the list
of publications produced by the submitter, each introduced by a short commentary and a summary
of the original contents presented.







Resume

Det vigtigste og mest produktive projoekt jeg har arbejdet pa, pa min PhD, involverer studiet og
karakteriseringen af magnetsk enkeltlag fra ab-inito beregningers Pa de fslgende sider praesenteres
metoder udviklet p4 min PhD og de resultater der fulgte deraf.

Motivationen for denne form for forskning ligger i den unsegteligt ggede interesse, som det viden-
skabelige samfund viser omkring materialedesign for nye teknologiske applikationer. To-dimensionale
(2D) materialer, karakteriseret ved en tykkelse pa fa atomer, har altid veeret anset for et optimalt kom-
promis mellem udvidelse og lethed. Isoleringen af det forste 2D materiale, graphen i 2004, viste sig at
have ekstraordinzere egenskaber omkring styrke og elektriske egenskaber. Siden dengang, takke veere
fremskridt i bade teoretsk og eksperimentel ekspertise, er mange andre blevet syntetiseret sidenhen.

Men indtil for nyligt, magnetisme har undgaet forskerne i fladland. Kun i 2017 blev det demonstr-
eret at et enkelt enkeltlag af Crls har en intrinsisk ferromagnetisk orden ud-af-planen for temperature
op til 45 K, og kun fa andre eksempler er i dag kendt for at have det samme. Deyte lyder maske over-
raskende, nar man kigger pa brede vifte af tilgeengelige bulk systemer, som udviser en magnetisme
selv ved hgje temperature. Ud over dette, er mange af disse systemer i multilagsform, hvilket betyder
den kan blive mekanisk eksfolieret til fritstaiende nano lag. Men magnetiske egenskaber reagerer pa
endringer drastisk nar dimensionaliteten af systemet bliver reduceret og bedre indsigt er ngdvendig
for at forudsige nye lovende kandidater.

Interaktonerne mellem magnetiske momenter inden i en krystal bidrager med at vise dets mag-
netiske egenskaber, sdsom den kritiske temperatur. Denne er defineret som den temperatur over
hvilken, termiske fuktuationer forhindre nogen magnetisk orden i en prgve og sstter betingelserne
for dets brugbarhed i virkelige apparater. Magnetisk anisotropi stammer fra geometrien af systemet,
spiller ogsa en afggrende rolle, specielt for 2D materialer. I en mikroskopisk model, vil sddanne in-
teraktoner typisk veere reproduceret af Heisenberg modellen og i dette studie undersgger vi rollen af
nogle det vigtgste led.

Vi foreslar ogsd at spin-bglge gappet som en hoveddeskriptor for den kritiske temperature af
ferromagnetisk orden i 2D systemer, som nemt kan fas fra ab-inito metoder, som Densitets Funktional
Teoretiske beregninger.

Ved at kombinere resultaterne med klassiske Monte Carlo simuleringer, simplificerer og generalis-
erer vi vores metode sa vi kan udfere high-throughput udregninger af 2D materialer med hgo kritisk
temperatur. Vores resultater er i god overenstemmelse med tilgsengelig data i litteraturen og giver en
liste af nye lovende kandidater for fremtidig eksperimentel undersggelse.

Screeningen er blevet kgrt oier databaserne: "The Computatonal 2D Materials Database”, The
Crystal Structure Database” og "The Crystallographich Open Database”, og kan blive benyttet som
en fremtidig reference for sammenligning.

Denne athandling bestar af en kort introduktion til at etablere teorien for dette felt, efterfulgt af
en liste af publikationer lavet af forfatteren, hver iseer introduceret af en kort kommentar og et resumé
af det originale indhold af publikationerne.
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4.3 Implementation 37
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Figure 4.5: Monte Carlo testing. Magnetization curves obtained for MC simulations on square
systems, varying (a) the number of last steps to average over, (b) the total number of MC steps, (c)
the size of the system and (d) initial configuration for each value of T'. The value of critical temperature
is generally not affected, but smoother and best results are obtained increasing the number of MC
steps, overaging over a large number of final steps, larger systems and a thermal annealing approach.
The Heisenberg parameters are J = 1 meV, S = 1, B = 0.0 meV and A = 1.0 meV (for (a) and
(c)) or A= 0.1 meV (for (b) and (d)). Magnetization curves obtained for MC simulations on 25x25
square systems, varying (e) A/J and (f) B/J. The stronger influence of anisotropic exchange B on
the robustness of the magnetic order is due to the coordinate number z that prevent flip-back when
the order is reached. Furthermore, over a certain value it behaves as a effective Ising model which is
known to pose an upper bound for the persistence of magnetic order in spin lattices.
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44 5 Summary of the results
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Figure 5.6: C2DB apparatus. (a) The main process providing data into C2DB: it starts with the
identification of bare prototypical 2D structures (from experimentally known examples or designed by
intuition), which are subsequently decorated by combinatorial methods. Finally the (c¢) computational
workflow calculates, analyses and gathers relevant data into a (local or online) depository. Pictures
from Paper 2.



