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FOR H HuiroAdikog oeouog
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OLO10TOAKOG 0ECUOG VTLAPYEL LOVO LUETAED OULOLOV OTOUMV.
Metald avouolmv atopmv vidpyel Kamorog Pabuoc moAkotnTac (LOVTIKOC YOPaKTNPOC)

------ | o+

Nonpolar covalent bond Polar covalent bond lonic bond
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" FOHTH lTovtikog — Ouolomolikog oecuog
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Tovtikog 0eopidc: Hiextpovia LeTaPEPOVTAL OO TO EVOL ALTOLO GTO OAAO
Oporomorkog osopdc: Hiexktpovia owaporpalovial LeTachd atOUmV o€ YELTOVIN

Sodium chloride (ionic) Diamond (covalent)
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FORTH Hoapaocryua ocouov
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Hlextpoviakn doun Si: 1s?2s?2p°3s?3p?
4 niextpovia Lovn c0évoug, 4 niektpovia Aeimovv yia va GoumAnpmBei n otoada,
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. FOBTH Hopaoeryua 2
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Hlextpoviakn doun Ga: 1s*2s?2p°3s?p®3d'°4s’4p!
3 nAektpovia Lovn oBévovug, S niektpdvia Aeimovy yia va coumAnpwbel  otoPdda
Hlextpoviakn doun As: 1s22s*2p°3s’p®3d'%4s4p?
5 niektpovia (ovn 6Bévoug, 3 nAekTpovia Asimovv Yo va courAnpwdel n otodda
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FOBTH Téror 2D kpveraliwy ( Bravais )
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Square lattice Rectangular lattice Centered rectangular lattice
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Hexagonal lattice
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"FORTH
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One atom basis
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Two atom basis
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FOHTH Lattice indexing
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Av Oewpnoovue ta a, b, i olavvcuata avopopag ToTe:
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FOBTH 2vuuctpics ( 2D Laue classes )
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In two dimensions there are (besides identity): mirror, rotation, and glide
In 2D, six crystallographic point groups (2D Laue classes) are compatible
with lattice periodicity:
1)1 (no rotational symmetry beyond identity)
2) 2 (twofold rotation)
3) m (single mirror line)
4) 2mm (twofold rotation + two perpendicular mirror lines)
5) 3m (threefold rotation + mirrors, hexagonal lattice)
6) 4mm (fourfold rotation + mirrors, square lattice)
7) 6mm (sixfold rotation + mirrors, hexagonal lattice)

Another representation comes from applying:

Rotation symmetry ( 1, 2, 3, 4, 5, 6 fold)

and Mirror and glide operation and combining them to get the
SAME Laue classes
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FOHTH 2opuerpia Il (meproTpopn)
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In two dimensions there are (besides identity): mirror, rotation, and glide

Figure by MIT OpenCourseWare.
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FOBTH 2opuerpio I (katorTpiopog)
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In two dimensions there are (besides identity): mirror, rotation, and glide

Figure by MIT OpenCourseWare.
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FOBTH 2vuuctpio Il (OlicOnon)
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In two dimensions there are (besides identity): mirror, rotation, and glide
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Figure by MIT OpenCourseWare.
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FOHTH 2vuuctpia g 2D viika
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Combining all the above operations result in 17 symmetry groups
The 17 groups (in international notation) are usually listed as:

Oblique: p1, p2

Rectangular: pm, pg, cm, p2mm, p2mg, p2gg, c2Zmm

Square: p4, pAmm, p4gm

Hexagonal: p3, p3m1, p31m, p6, pomm
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FOBTH Katnyopicc ocvuuetpiac oe 2D viika

INSTITUTE OF ELECTRONIC STRUCTURE AND LASER

Summary table of main 2D symmetry categories

How
Level many? What they encode Citations
Bravais lattices 5 Pure translation (Dempsey & Moeck, 2020; Gratias &
symmetry of 2D lattice Quiquandon, 2023; Moeck, 2018)
2D point 6 Rotations + mirrors (Dempsey & Moeck, 2020; Landsberg &
groups/Laue about a point Hankamer, 2007; Moeck, 2018)
Plane (wallpaper) 17 Full 2D space-group (Cervef, 2025; Dempsey & Moeck, 2020; Yan,
groups symmetry of patterns 2024; Landsberg & Hankamer, 2007; Moeck,
2018)

FIGURE 1 Hierarchy of 2D lattice, point, and plane symmetries.
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FOH H Graphene, Germanene, Silicene e.t.c.

Group theory for structural analysis and lattice vibrations in phosphorene systems May 2015 Physical Review B 91(20)
DOI: 10.1103/PhysRevB.91.205421
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CRC I R I R R
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FOH H Pseudo 2D Perovskites
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6-amino-2,4-trans,trans-hexadienoic acid, within a cadmium (II)
chloride perovskite framework

Inorganic
A

T .‘:i". .:;1
’ i ( | Organic
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(R-NH,),MX, (NH,-R-NH,MX
\ (a) (b)
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FOBTH Further reading
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* https://ocw.mit.edu/courses/chemistry/5-069-crystal-structure-analysis-spring-2010/lecture-notes/symm_handoutl re.pdf

> www.physics.smu.edu/scalise/P5337fal 1/notes/ch03/2DLatticeUnitCell.pdf

~ https://en.wikipedia.org/wiki/Crystal structure

~ G.Yang, L. Li, W. B. Lee, and M. C. Ng, “Structure of graphene and its disorders: a review,” Science and Technology of Advanced
Materials, vol. 19, no. 1, pp. 613-648, Dec. 2018.

> H. Wang, C. Li, P. Fang, Z. Zhang, and J. Z. Zhang, “Synthesis, properties, and optoelectronic applications of two-dimensional MoS2 and
MoS2-based heterostructures,” Chem. Soc. Rev., vol. 47, no. 16, pp. 6101-6127, Aug. 2018.

> C.Yelgel, O. C. Yelgel, and O. Giilseren, “Structural and electronic properties of MoS2, WS2, and WS2/MoS2 heterostructures
encapsulated with hexagonal boron nitride monolayers,” Journal of Applied Physics, vol. 122, no. 6, p. 065303, Aug. 2017.

> X. Liand H. Zhu, “Two-dimensional MoS2: Properties, preparation, and applications,” Journal of Materiomics, vol. 1, no. 1, pp. 3344,
Mar. 2015. [4]1. Song, C. Park, and H. C. Choi, “Synthesis and properties of molybdenum disulphide: from bulk to atomic layers,” RSC
Adv., vol. 5, no. 10, pp. 7495-7514, Dec. 2014.

~ https://ijret.org/volumes/2016v05/i109/IJRET20160509039.pdf

~  http://pubs.acs.org/doi/pdf/10.1021/ar400180e

> Fu, J., Kuisma, M., Larsen, A., Shinohara, K., Togo, A., & Thygesen, K. (2024). Symmetry classification of 2D

~  materials: layer groups versus space groups. 2D Materials, 11. https://doi.org/10.1088/2053-1583/ad3e0c

-~ Cerven, L. (2025). Crystallographic Plane Groups. **. https://doi.org/10.61544/0fdn3064

~ Dempsey, A., & Moeck, P. (2020). Objective, Probabilistic, and Generalized Noise Level Dependent Classifications of sets of more or less
2D Periodic Images into Plane Symmetry Groups. ArXiv, abs/2009.08539.

> 2/3Chen, Z., Zhang, Z., Yang, S., & Zhao, Y. (2023). Classification of time-reversal-invariant crystals with gauge structures. Nature
Communications, 14. https://doi.org/10.1038/s41467-023-36447-7

> Field, B., & Griffin, S. (2024). Symmetries of all lines in monolayer crystals.. Acta crystallographica. Section A, Foundations and
advances. https://doi.org/10.1107/s205327332500422x

> Yan, Z. (2024). On Euclidean, spherical and hyperbolic crystallography. Theoretical and Natural Science. https://doi.org/10.54254/2753-
8818/31/20241107

> Qratias, D., & Quiquandon, M. (2023). Crystallography of homophase twisted bilayers: coincidence, union lattices and space groups. Acta
Crystallographica. Section A, Foundations and Advances, 79, 301 —317. https://doi.org/10.1107/s2053273323003662
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FOBTH Further reading
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* Mamedov, S. (2024). The Aspects of Dimensionality in the Analysis of Raman Spectra of 2D Materials. ECS Meeting Abstracts.
https://doi.org/10.1149/ma2024-01121009mtgabs

» Landsberg, M., & Hankamer, B. (2007). Symmetry: A guide to its application in 2D electron crystallography.. Journal of structural
biology, 160 3, 332-43. https://doi.org/10.1016/;.jsb.2007.07.002

» Moeck, P. (2018). Towards Generalized Noise-Level Dependent Crystallographic Symmetry Classifications of More or Less Periodic
Crystal Patterns. Symmetry, 10, 133. https://doi.org/10.3390/sym10050133

» Mahynski, N., & Shen, V. (2021). Symmetry-derived structure directing agents for two-dimensional crystals of arbitrary colloids.. Soft
matter. https://doi.org/10.1039/d1sm00875g
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