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Abstract: Chirality depends on particular symmetries. For crystal structures it describes the absence 1

of mirror planes and inversion centers, and in addition to translations, only rotations are allowed as 2

symmetry elements. However, chiral space groups have additional restrictions on the allowed screw 3

rotations as a symmetry element, because they always appear in enantiomorphous pairs. This study 4

classifies and distinguishes the chiral structures and space groups. The chirality is quantified using 5

Hausdorff distances and continuous chirality measures and selected crystal structures are reported. 6

The chirality is discussed for bulk solids and their surfaces. Moreover, the band structure, and thus, 7

the density of states, is found to be affected by the same crystal parameters as the chirality. However, 8

it is independent of handedness. The Berry curvature, as a topological measure of the electronic 9

structure, depends on the handedness, but is not a proof for the chirality because it responds on 10

the inversion of a structure. For molecules, optical circular dichroism is one of the most important 11

measures for the chirality. Thus, it is proposed in this study that the circular dichroism in the 12

angular distribution of photoelectrons in high symmetry configurations can be used to distinguish 13

the handedness of chiral solids and their surfaces. 14

Keywords: Chirality; Chirality measure; Dichroism (List three to ten keywords.) 15

1. Introduction 16

Compounds without center of inversion, that is, the non-centrosymmetric compounds, 17

are of particular interest because of their symmetry dependent physical properties in 18

addition to hosting various interesting topological properties. Pyroelectricity, ferroelec- 19

tricity, piezoelectricity, and optical activity or nonlinear optical behavior are employed in 20

numerous applications. These properties require the absence of centrosymmetry. How- 21

ever, describing a compound simply as non-centrosymmetric is insufficient because its 22

properties depend on additional details of the crystalline structure. Consequently, various 23

relations between crystallographic structures, symmetries, and physical properties of non- 24

centrosymmetric compounds were proposed and are summarized in Table 1 (compare 25

Reference [1]). Second order nonlinear optical behavior (second harmonic generation) 26

possesses symmetry requirements similar to that of piezoelectricity. Cubic compounds 27

are either chiral (Laue classes 23, 432) or solely piezoelectric (Laue class 43m). Gyrotropic 28

crystals [2] are only found among the groups in the first 3 classes of Table 1. The gyrotropic 29

point group symmetry cannot differentiate between axial and polar vectors, and only 30

structures from the first non-centrosymmetric class (Laue classes 1, · · · , 4, and 6) are both, 31

enantiomorphous and polar. 32

In this study chiral structures were focused upon. The definition of chirality was 33

presented in 1894 by Lord Kelvin [3,4] 1. For an object to be chiral, they must not possess 34

1 The original definition by Lord Kelvin was: "I call any geometrical figure, or group of points, chiral, and say that it
has chirality, if its image in a plane mirror, ideally realized, cannot be brought to coincide with itself." [3,4].
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Table 1. Structure–Symmetry–Property relations in 7 non-centrosymmetric classes composed from
the 21 non-centrosymmetric Laue classes.
E := enantiomorphism (chirality), PY := polar (pyroelectric, ferroelectric), O := optical active, and
PI := piezoelectric and nonlinear optics.

Property
No. Laue class E PY O PI

1 1, 2, 3, 4, 6 ⊠ ⊠ ⊠ ⊠
2 222, 32, 422, 622, 23 ⊠ ⊠ ⊠
3 432 ⊠ ⊠
4 m, mm2 ⊠ ⊠ ⊠
5 3m, 4mm, 6mm ⊠ ⊠
6 4, 42m ⊠ ⊠
7 6, 62m, 43m ⊠

neither a mirror plane, a center of inversion, nor any rotation–reflection axes [5]. If an object 35

possesses either one of these symmetry elements, it can be superimposed on its mirror 36

image and is therefore achiral [3,5]. However, when considering terms such as chirality and 37

handedness further attention is needed [6] 2. As mentioned above, chirality is defined 38

by the lack of certain features of symmetry, thereby resulting in an object that cannot be 39

superimposed on its mirror image. Handedness classifies (chiral) objects into right-handed 40

and left-handed [8]. Handed, geometric objects are chiral, but not all chiral objects are 41

handed [9], and this is referred to as Ruch’s shoe–potato problem [6,9]. 42

Moreover, handedness is sometimes also assigned to the helicity (rotational direction) 3
43

of rotating objects. The rotation is a result of a cross-product. In addition, it is invariant 44

under horizontal mirror operations and thus achiral. In general, right- and left-(handed) 45

rotations are not necessarily chiral although they are characterized considering handedness. 46

The situations are illustrated in Figure 1. 47

Figure 1. Chirality and handedness.
a) A pair of shoes is chiral and handed. The right shoe is the mirror image of the left shoe, but
none of the mirror images coincide with itself. b) Potatoes are chiral because there exists no mirror
operation that transform them into themselves; however, they are not handed, and there exist no left-
or right-handed potatoes. c) A rotating ball can exhibit a left (clockwise) or a right (anti-clockwise)
("handed") rotation and thus it may be called handed; however, one of its mirror images coincided
with itself and therefore it is not chiral but helical.

2 The terms chirality and handedness are oftenly used in very different context. Cintas traced their use in
chemistry in a comprehensive essay [7].

3 In chemistry, helicity assigns the rotation sense of screw type entities e.g.: a helix in molecules [5]. In physics,
it stands also for the projection of the spin on the linear momentum.
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It is worthwhile to note that there exist several more definitions of chirality and 48

handedness in other disciplines for instance in magnetism, particle physics, cosmology, 49

or biology. As an example, the optical handedness is defined in Reference [4] by: "A 50

chiral medium is called optically right- or left-handed according as the propagational velocity of 51

right-handed or of left-handed circularly polarized light travelling through it is the greater". The 52

most part of the present work is related to the chirality of the crystal structure which is a 53

"static" problem, in contrast to the chiralty of elementary particles which is a "dynamic" 54

problem. L.D. Barron [10] distinguished these two cases by the terms "true" or "false" 55

chirality, respectively. The definition for the static chirality by Barron is: "true (static) chirality 56

is exhibited by systems that exist in two distinct enantiomeric states that are interconverted by 57

space inversion (parity), but not by motion reversal (time reversal), combined with any proper 58

spatial rotation" [11]. K. Mislow [12] criticised the true/false characterisation of Barron as 59

infelicitous and used the terms geometric and motion-dependent chirality, instead. 60

In the following, tables are presented that provide the necessary information for the 61

classification of chiral compounds in terms of space group symmetry and their surfaces by 62

plane groups. Subsequently, various examples were presented and, furthermore, a set of 63

chiral compounds, which was of particular interest, was selected. Their crystal structures 64

are listed and for certain selected materials the electronic band structures were reported. 65

Finally, the relation between chirality and circular dichroism via photoelectron spectroscopy 66

was demonstrated for two selected compounds. 67

2. Chirality in three dimensions 68

The symmetry of the three-dimensional solids can described using space groups. 4
69

When considering crystals, the definition of chirality is [14]: A crystal is to be considered chiral 70

if its space group contains only proper operations. To determine the chiral crystals, only those 71

crystals that have space groups satisfying this definition must be identified. The overall 230 72

space groups can be divided into three classes. Class I comprises the 165 space groups that 73

contain at least one improper operation (inversion, mirror, glide, or Sn (a rotation followed 74

by a reflection in a plane perpendicular to the axis of rotation) operations). In addition, 75

solids in these space groups are always achiral even if the 3-dimensional asymmetric unit 76

is chiral. Class II comprises the 22 chiral space groups (11 enantiomorphous pairs) that 77

contain at least one screw axis that is not the 21-screw axis. Solids in these space groups 78

are always chiral even in cases where the asymmetric unit is achiral. Finally, class III 79

is often considered confusing, where it comprises the 43 space groups that contain only 80

proper rotations and the 21-screw rotation. Although there are no reflections and inversions, 81

among other things, these space groups are achiral. Moreover, although Class III space 82

groups are achiral, the crystals that are fabricated using them always have a chiral structure. 83

Table 2 summarizes the 65 space groups under classes II and III, wherein the chiral crystal 84

structures are determined. These space groups are referred to as the Sohncke groups. The 85

subset of chiral Sohncke groups is asymmorphic. 86

As mentioned above, not all of those 65 space groups are chiral when considered 87

individually, although the crystal structures in these space groups are always chiral. The 43 88

class III groups are transformed into themselves when the atomic positions are inverted, 89

thereby demonstrating that they are achiral. Moreover, the inversion of the atomic positions 90

results in a reversal of the chirality sense in the accompanied chiral structures or in at least 91

one of their substructures. 92

The chiral crystal structures are related to screw axes. The various 2-, 3-, 4-, and 6- fold 93

screw rotations are shown in Figure 2. Via inversion, screw rotations Nn are transformed 94

into a screw rotation Nm, where m + n = N. Nn implies a rotation by 2π/N followed by a 95

shift of τ = n/N applied to a lattice point, where τ is in relative coordinates. Consequently, 96

the following pairs of enantiomorphous screw rotations exist: {31, 32}, {41, 43}, {61, 65}, 97

4 The hierarchy of the crystallographic space groups is explained for example in Reference [13].
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Table 2. The Sohncke groups: 65 space groups for chiral structures.

Crystal Laue Point Hermann-Mauguin Space Group
system class group symbol number

Triclinic 1 C1 P 1 1
Monoclinic 2 C2 P 121, P 1211, C 121 3 – 5
Orthorhombic 222 D2 P 222, P 2221, P 21212, P 212121, 16 – ...

C 2221, C 222, F 222, I 222, I 212121 ... – 24
Tetragonal 4 C4 P 4, P 41, P 42, P 43, I 4, I 41 75 – 80

422 D4 P 422, P 4212, P 4122, P 41212, P 4222, P 42212, 89 – ...
P 4322, P 43212, I 422, I 4122 ... – 98

Trigonal 3 C3 P 3, P 31, P 32, R 3 143 – 146
32 D3 P 312, P 321, P 3112, P 3121, P 3212, P 3221, R 32 149 – 155

Hexagonal 6 C6 P 6, P 61, P 65, P 62, P 64, P 63 168 – 173
622 D6 P 622, P 6122, P 6522, P 6222, P 6422, P 6322 177 – 182

Cubic 23 T P 23, F 23, I 23, P 213, I 213 195 – 199
432 O P 432, P 4232, F 432, F 4132, I 432, 207 – ...

P 4332, P 4132, I 4132 ... – 214

and {62, 64}, with each being chiral. The three screw rotations 21, 42, and 63 are invariant 98

under inversion and thus cannot be considered as enantiomorphous pairs. These neutral 99

screw rotations with n = N/2 are achiral, that is, they have no enantiomorphous partner, 100

although an atomic distribution around any of these screw axes is chiral. Moreover, the 101

neutral screws do not have a definite helicity. Further, the pure screws Nn are those where N 102

and n have no common divisor (21, {31, 32}, {41, 43}, {61, 65}). 21 is the only neutral as well 103

as pure screw [15]. 42 and {62, 64} result from combinations of 21 or {31, 32} screws with a 104

2-fold rotation axis, whereas 63 screws imply a 3-fold rotational symmetry. Regarding the 105

screw axes that are not neutral, n < N/2 results in right and n > N/2 in left screws (see 106

Figure 2). In general, the screw axes for n > N/2 may also be realized with negative values 107

n′ = n − 1, where, for example, 32 ≡ 3−1. 108

The {31, 32}, {41, 43}, {61, 65}, and {62, 64} screw rotations result in the appearance 109

of the 22 chiral groups of class II. The first partner of these pairs is defined as right- 110

handed while the second as left-handed. The 22 chiral-helical space groups that occur as 11 111

enantiomorphous pairs are tabulated in Table 3. Most of the databases for crystal structures 112

typically provide only one of the chiral space groups for the chiral structures because the 113

second one is redundant. For example, in the Pearson database [16] only structures with 114

space group number 213 can be found but not with number 212. 115

Within the cubic space groups only one enantiomorphous pair exists, which comprises 116

the groups P 4332 (212) and P 4132 (213). The hexagonal crystal systems contain four pairs, 117

whereas the trigonal or tetragonal systems comprise three pairs each. Further, orthorhombic 118

or lower symmetry crystal systems do not contain enantiomorphous pairs and thus the 119

related space groups are achiral. Thus, only primitive (P) space groups out of the Sohncke 120

groups are chiral, whereas the centered ones are not (C, I, or F). 121

Two types of symmetry axes, chiral and polar, can be defined to describe properties of 122

the Sohncke groups. According to Reference [1], a direction is referred to as polar if its two 123

directional senses are geometrically or physically different, and a polar symmetry direction 124

of a crystal is referred to as a polar axis. Only proper rotation or screw axes can be polar. 125

Moreover, as mentioned earlier, "chiral" and "polar" are not the same things. Polar axes are 126

linked to a polar property or geometry whereas chiral axes are linked to a chiral property 127

such as enantiomorphism. In Reference [17], the chiral axes were defined in analogy to 128

polar axes. Table 4 lists the chiral and polar axes of the Sohncke groups, and the ones of the 129

remaining non-centrosymmetric structures can be found in References [1,17] along with all 130

non chiral and non-polar directions. The symmetry axes of different type coincide only for 131

the Laue classes 2, 3, 4, 6, whereas class 1 has no definite symmetry axes. 132
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Figure 2. The 2-, 3-, 4-, and 6-fold screw axes.
For each screw, the relative translation τ = n

N along the z axis after the rotation is assigned by an
arrow. For the neutral axes a positive or negative rotation about the z-axis(e.g., rotation by ±π in
case of the 21 screw rotation) yields the same result.

3. Chirality in two dimensions 133

Chirality in reduced dimensions is crucial to solid surfaces or projections of the crystal 134

structure along a particular direction. In such cases the symmetry is described by the 135

17 plane space groups or wallpaper groups. Out of the 17 groups, only 5 contain pure 136

rotations, namely, the groups pn with n = 1, 2, 3, 4, and 6 which contain the purely 137

rotational subgroups Cn of the full rotational group SO(3). The remaining 12 groups 138

describe achiral objects. 139

The plane space groups are listed in Table 5 (compare References [18,19]) coupled 140

with those marked that describe chiral objects. These five groups are often referred to 141

as the "chiral" plane groups, which is somewhat misleading because they do not exist in 142

enantiomorphous pairs and thus, are not chiral by themselves. However, objects that 143

adopt their symmetry are chiral similar to the achiral subset of the Sohncke groups in three 144

dimensions. 145

4. Chirality measures 146

Determining and quantifying the chirality and handedness of molecular and crys- 147

talline structures can be challenging. Problems related to the crystallography of chiral 148

compounds and their structure were discussed in References [20,21], whereas those related 149

to quantifying chirality were discussed vividly in literature [6,22–28]. Chirality measures 150

are special cases of symmetry measures [29]. Various measures for chirality have been 151

proposed in the literature that are mostly based on distances [30,31]. Avnir’s continuous 152

chirality measures are based on the mean square of distances [32–35]. Although the chirality 153

measures have in most cases been developed for chiral molecules, they may be extended to 154

solids through certain modifications [36]. 155
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Table 3. The 22 chiral space groups of class II in 11 enantiomorphous pairs.
(Columns as in Table 2)

Tetragonal 4 C4 P 41, P 43 (76,78)
422 D4 P 4122, P 4322 (91,95)

P 41212, P 43212 (92,96)
Trigonal 3 C3 P 31, P 32 (144,145)

32 D3 P 3112, P 3212 (151,153)
P 3121, P 3221 (152,154)

Hexagonal 6 C6 P 61, P 65 (169,170)
P 62, P 64 (171,172)

622 D6 P 6122, P 6522 (178,179)
P 6222, P 6422 (180,181)

Cubic 432 O P 4332, P 4132 (212,213)

Table 4. Chiral and polar axes of the Sohncke groups.
c is assumed as unique axis for the monoclinic system. The rhombohedral axes are assumed for
trigonal systems (eg.: 32), for hexagonal setting Laue class 321 must be distinguished from 312. Single
axes are denoted by [], groups of axes are denoted by ⟨ ⟩.

Crystal Laue Point Chiral axes Polar axes
system class group

Monoclinic 2 C2 [001] [001]
Orthorhombic 222 D2 [001], [100], [010] None
Tetragonal 4 C4 [001] [001]

422 D4 [001], [100], [010], None
[110], [110]

Trigonal 3 C3 [001] [001]
32 D3 [111], [110], [110],

[011], [101] [011], [101]
Hexagonal 6 C6 [001] [001]

622 D6 [001], [100], [010], None
[110], [110],
[210], [120]

Cubic 23 T ⟨111⟩, ⟨100⟩ ⟨111⟩
432 O ⟨111⟩, ⟨100⟩, ⟨110⟩ None

The Hausdorff distances [30,37,38] are defined by the Euclidian distances d(x̂, x̂′) be- 156

tween the points x̂ of a structure X and those (x̂′) of a reference structure Xref
5: 157

h(q) = sup
x̂∈X

g(x̂(q)), (1)

g(x̂(q)) = inf
x̂′∈Xref

d(x̂(q), x̂′).

for a particular parameter q or a set of parameters depending on the dimensionality. 158

The abstract parameter set q will later be identified as the position parameters of the atoms 159

in crystals. To determine a chirality measure, the reference system is usually chosen to 160

be achiral. h(q) is always positive by definition, because d(x, x′) =
√
(x − x′)2. Further, 161

the Hausdorff distance may be normalized to H(q) = h(q)/hmax or similar by choosing a 162

suitable value and reference system for hmax. However, herein, primarily unnormalized 163

Hausdorff distances were used. 164

5 Here: sup := supremum, that is the least upper bound and inf := infimum, that is the greatest lower bound.
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Table 5. Plane lattices and space groups.
The 5 groups without mirror operations, that are hosts for chiral objects, are marked in bold. The
numbering of the groups is according to Reference [18].

Bravais Point Plane Number
lattice group group

Oblique C1 p1 1
C2 p2 2

Rectangular Cs pm, pg 3, 4
C2v p2mm, p2mg, p2gg 6, 7, 8

Rhombic Cs cm 5
C2v c2mm 9

Square C4 p4 10
C4v p4mm, p4gm 11, 12

Hexagonal C3 p3 13
C6 p6 16
C3v p3m1, p31m 14, 15
C6v p6mm 17

The unnormalized (lower case) and normalized (upper case) continuous chirality 165

measures are defined by: 166

s2(G) =
n

∑
i=1

∥∥∥pi − psym
i

∥∥∥2
, (2)

S2(G) =
s2(G)

N

N =
n

∑
i=1

∥∥∥pchiral
i − psym

i

∥∥∥2
.

where ∥· · · ∥ is the norm and G assigns an abstract manifold or group of parameters, 167

that is related to the appearance of the investigated system. For example, it may comprise 168

the symmetry operations and structural parameters of molecules or crystals. Here, pi are 169

the points in the actual crystal structure depending on the positions of the atoms, psym
i are 170

the closest points of the nearest achiral structure, and pchiral
i are the points of the chiral 171

structure where N is at maximum. Alternatively, the square root of the continuous chirality 172

measure: S(G) =
√

S2(G) may be used. When normalized, it has the same range 0 ≤ S ≤ 1 173

as its square S2. A square root normalization was also used in the chirality functions of 174

Cossé-Barbi and Raji [39]. 175

Apart from S2(G), the chirality measure S(G) can be directly interpreted as a type of 176

distance similar to the Hausdorff measure; however it exhibits different behavior. Hausdorff 177

distance and continuous chirality measure are of different character. h(q) is an extremal 178

and S2(G) an average property (mean square deviation). In cubic systems, relative position 179

parameters are used, such that both measures, continuous chirality and Hausdorff, are 180

independent of the lattice parameter a. In contrast, in tetragonal or hexagonal systems the 181

c/a ratio must be respected as well if the z-parameter is provided relative to c. 182

An achiral structure may be determined by averaging over the positions of an enan- 183

tiomorphous pair of structures. In addition, the chirality measures may be defined in 184

slightly different ways as well. In principle, the distances between the positions of the 185

enantiomorphous pair of structures may also be employed as a measure of chirality. 186

The chirality measures are illustrated by means of a simple cubic structure with 4 187

atoms in the primitive cell, where the basis is the space group P 213 with one Wyckoff 188
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position 4a (u, u, u) occupied, as illustrated in Figure 3(a) 6. For special values of u (e.g., 189

±1/8), the symmetry changes to one of the enantiomorphous space groups P 4332 or P 4132. 190

Figure 3. Screw rotations and simple structure in space group 198.
a) Arrangement of the atoms on position 4a. b) Position of the 2- (blue) and 3-fold (red) screw axes.
The three 21 screw axes are parallel to the principle axes. The three 32 screw axes are parallel to

〈
111

〉
type axes. The [111] axis shown in a) (green diagonal line) is a simple 3-fold rotational axis.

Space group P 213 contains 12 symmetry elements. In addition to the unity operator 191

these are three 2-fold screw rotations, five simple, 3-fold rotations, and three 3-fold screw 192

rotations. The three axes for the 21 screw rotations are parallel to the principle axes along 193

the lines [1/4,0,z], [0,y,1/4], and [x,1/4,0]. For instance, one of the axis of a simple C3 rotation 194

is along [1,1,1] (for others see [18]). Further, the three 32 screw rotations have axes parallel 195

to [1,1,1], [1,1,1], [1,1,1] that is in detail along the lines [x+1/6,x+1/6,x], [x+1/3,x+1/6,x], and 196

[x-1/6,x+1/3,x]. The axes of the six screw rotations are illustrated in Figure 3(b). These six 197

screw rotations are the same in the enantiomorphous space groups 212 and 213, which 198

contain in addition three more 21 as well as overall six 4-fold (41 and 43) screw rotations as 199

symmetry elements. 200

As an achiral reference system for the determination of the chirality measures, a face 201

centered cubic lattice ( f cc) was used. The positions of the atoms in the three types of 202

structures are compared in Table 6. It is evident that the chiral simple cubic structures 203

are produced by shifting the atoms out of the high symmetry positions of the achiral f cc 204

structure with space group F m3m. 205

Table 6. Atom positions in cubic, achiral and chiral structures related to space group P 213.
Tabulated are the positions for u ≤ 1/8. Others may be found using a shift vector (n/4, n/4, n/4)

(n = 1, 2, 3) and the equivalence of positions with −u and 1 − u. The minimum distance of the
positions between P 213 and F m3m is in all four cases u

√
3.

F m3m P 213 P 4332

(0, 0, 0) (u, u, u) (1/8, 1/8, 1/8)
(1/2, 1/2, 0) (1/2 + u, 1/2 − u,−u) (5/8, 3/8, − 1/8)
(1/2, 0, 1/2) (1/2 − u,−u, 1/2 + u) (3/8, − 1/8, 5/8)
(0, 1/2, 1/2) (−u, 1/2 + u, 1/2 − u) (− 1/8, 5/8, 3/8)

Figure 4 shows the Hausdorff distance h(u) and continuous chirality measure S2(u) 206

with variation of the u parameter of the 4a Wyckoff position in space group 198, P 213. 207

For special values of u, the structure adopts a higher symmetry. Both, H(u) and S2(u), 208

vanish for u = i/4, i ∈ N when the structure adopts the Cu or A1 type [40] f cc structure 209

with space group F m3m. The chirality is largest for u = 1/8, 6/8 or u = 3/8, 7/8 where 210

a structure with one of the chiral space groups P 4332 or P 4132 was adopted. The latter 211

two cases may be referred to as ideal chiral structures. The 21 screw axis of P 213 does not 212

have a definite helicity; therefore, the handedness (R for right and L for left) for variation 213

of u may be adopted from the closest chiral space group with 43 or 41 screw axes. Space 214

6 (u, u, u) is used for the position to avoid confusion with the coordinates x, y, z
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group 198 is a subgroup of the enantiomorphous groups 212 or 213, accordingly structures 215

or substructures that are close to one of these are assigned as L or R type structure. 216
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Figure 4. Hausdorff distance h(u) and continuous chirality measure S2(u) in a chiral cubic compound
based on space group 198 with a single 4a Wyckoff position occupied. Shown are the dependencies
of h(u) and S2(u) on the position parameter u of the Wyckoff position 4a. The character (R and L) of
structures in space group 198 is adopted from the handedness of the closest chiral space group 213 or
212.

5. Chiral Systems: from crystalline elements to compounds 217

5.1. Elements with chiral structures 218

The only elemental metal with a chiral structure is β-Mn (Mn, cP20, 213, P 4132) [16] 7. 219

The Strukturbericht notation for this structure is A13 [40]. Two other chiral elements are Se 220

and Te, with the prototype structures (Se, hP3, 152, P 3121) or (Te, mP4, 4, P 1211), where 221

the latter is a high pressure phase. 222

Here, the A8 [40] crystal structure of γ-Se (Se, hP3, 152, P 3121) is of particular interest 223

as the space group P 3121 is chiral in an enantiomorphous pair (see Table 3). The inverted 224

structure belongs to the enantiomorphous space group P 3221 (154). In the first type (152), 225

the Wyckoff positions are 3a with (0.23,0,1/3), and in the second type (154), the Wyckoff 226

positions are 3a with (0.23,0,2/3). Equivalently, it is possible to change 3a from (0.77,0.77,0) 227

to (0.23,0.23,0) while going from P 3121 to P 3221. A pure inversion of the atomic position 228

in the same space group would result in an entirely different structure and not only in a 229

different helicity, because the 3a type would be changed to a 6c type position. Moving the 230

atom from 3a with (0.23,0,2/3) to (1/3,0,2/3) changes the symmetry to space group R 3m 231

(166) while the structure becomes achiral. However, Se at high pressure (> 80 GPa) adopts 232

a β-Po structure, which also belongs to space group R 3m with the atoms on (0,0,0) [41]. 233

The chirality measures h and S2 of the (Se, hP3, 152, P 3121) structure are shown in 234

Figure 5. The maxima of the chirality measure appear at 1/6, 1/2, and 7/6. At u = 1/2, the 235

structure adopts the P 62,422 space group, depending on whether started with the 31 or 32 236

screw rotation. As expected, the chirality measure becomes zero at u = 0, 1/3, 2/3, and 1 237

when the structure becomes achiral. Further, at uSe = 0.23 and uTe = 0.2636 as reported 238

7 Here and subsequently, the prototypes are provided in braces by name, Pearson symbol, number, and name of
the space group.

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 July 2022                   doi:10.20944/preprints202207.0091.v1

https://doi.org/10.20944/preprints202207.0091.v1


Version July 5, 2022 submitted to Materials 10 of 31

0.00

0.05

0.10

0.15

0.20

 

 

H
au

sd
or

ff 
di

sta
nc

e 
 h

(u
)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0

50

100

R 
-3
m

 

 

Ch
ira

lit
y 

 S
2 (u

) [
%

]

3a Position parameter   u

R 
-3
m

P 
6 4

22
 

opt
  exp

Figure 5. Chirality of the A8 structure of γ-Se.
Shown are the Hausdorff distance h and the continuous chirality measure S2 as function of the
internal parameter u. Open symbols assign the values at optimized and experimental u values
(Section 7.1) and closed symbols mark the parameters where the space group changes away from
P 3121. The range of u and S2 under pressure in the experiment [42] is marked by the thick red line.

for Se and Te, the chirality measures are approximately S2
Se = 38.4% and S2

Te = 17.5%, 239

respectively. Moreover, the u parameter can be varied by external pressure. In experiments 240

performed on Se it varies from 0.2254 under ambient conditions to 0.2487 at a pressure of 241

86 GPa [42], which results in a decrease of S2
Se from 41.9 to 25.8%. 242

5.2. Compounds with chiral, cubic structures. 243

This paragraph addresses cubic structures, of which certain have recently been very 244

prominent in work on topological materials [43,44]. As mentioned above, within the cubic 245

space groups, only one enantiomorphous pair exists, comprising P 4332 (212) and P 4132 246

(213). Moreover, these groups are not polar, implying that crystals with this symmetry 247

do not exhibit pyroelectricity. There are two simple binary chiral compounds reported to 248

belong to the chiral cubic space group 213, P 4132, which are: BaSi2 and SrSi2. The prototype 249

structure is (SrSi2, cP12, 213, P 4132). Other binaries crystallizing in space group 213 are 250

more complicated and have much more atoms in the primitive cell. Certain prototype 251

structures are (space group information not repeated): (Mg3Ru2, cP20), (V8C7, cP60), 252

(K6Sn25, cP124), (K8Sn25, cP136), and (RuZn6, cP252). Certain prototypes for ternaries in 253

this space group are: (Mo3Al2C, cP24), (CsBe2F5, cP32), (Ag3AuS2, cP48), (Zn2Ge3O8, cP52), 254

(Cu3Mn3O8, cP56), and (LiFe5O8, cP56). 255

Several alloys exist that crystallize in the A13 structure of β-Mn. They have non-integer 256

and random site occupations. Ordered derivatives of this structure are the binary prototype 257

(AlAu4, cP20, 198, P 213) and the ternary (Mn3IrSi, cP20, 198, P 213). In both cases, the 8c 258

Wyckoff position (u, u, u) of the A13 structure is split into two 4a positions of space group 259

198 with different site occupation. Further, position 12d (1/8, u, 1/4 + u) becomes 12b. 260

However, the splitting of the 8c position causes the change of symmetry from space group 261

P 4132 to P 213. 262

Another, large number of compounds with chiral structure exists in the cubic space 263

group 198, P 213. This group is not polar and the compounds do not exhibit pyroelectricity; 264

however, they are optically active and can be piezoelectric. Famous in space group 198 are 265

the B20 compounds, which will be dealt with in more detail. In addition, solid ammonia is 266
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in this space group as well. The B20 compounds exhibit not only chiral crystalline structure 267

but also a chiral magnetic order (for example MnSi and FeGe are hosting the "skyrmions"). 268

Further compounds with the B20 prototype structure (FeSi, cP8, 198, P 213) are: 269

AuBe, CoGe, CoSi, CrGe, CrSi, FeGe, FeSi, HfSn, HfSb, MnGe, MnSi, NiSi, OsSi, PdAl, 270

PdGa, PtAl, PtGa, PtMg, ReSi, RhGe, RhSi, RhSn, RuGe, RuSi, TcSi, ZrSb. 271

These compounds with B20 structure possess various different physical properties, 272

which are for example: 273

• Semiconductivity: FeSi, OsSi, RuZ (Z=Si, Ge) [45] 274

• Kondo insulators [45] 275

• Magnetic order: MnZ, CoZ, (Z=Si, Ge), and FeGe as well as some mixed alloys 276

(Fe1−xCox, etc.) 277

• Superconductivity: AuBe, ReSi 278

• Topological types: CoSi, RhSi, PtAl 279

The structure of the prototype (FeSi, cP8, 198) is shown in Figure 6. A FeSi racemate 280

contains the same amounts of an enantiomorphous pair of structures with opposite chirality 281

sense. Here, the enatiomorphous pair is given for example by the pairs RL and LR with 282

(uFe, uSi) = (0.3858, 0.094) and (0.6142, 0.906), respectively. The u parameters are provided 283

for the standardized crystallographic data. RL implies that the sublattice of the Fe is of 284

R type and the Si sublattice is of L type. In contrast, the opposite is true for LR 8. Both 285

structures are shown for views along the [111] axes and along arbitrary axes. The Fe (or 286

Si) atoms observed in the triangles of the [111] view are in the same (111) plane, whereas 287

atoms in the center, on the [111] axis, are in a different planes. In addition, the projection 288

of the positions onto the [111] axis is p111 = 1 − u for the off-axis atoms and p0 = u
√

3 for 289

the on-axis atoms at (u, u, u). Owing to the different chiral character of the two sublattices, 290

the structure of most of the B20 compounds cannot be directly assigned a particular 291

handedness even for the case of enantiopure single crystals. Thus, the handedness would 292

only be definite if one of the species occupied high symmetry sites of the cubic lattice 293

whereas the other one is located on sites with lower symmetry resulting in a screw axis. An 294

example would be (uFe, uSi) = (0 < uFe < 1/4, 1/2) with highest chirality measure of 50% 295

at (1/8, 1/2) at an Hausdorff distance of 1/8 (compare also Figures 4 and 7). In such cases 296

one still stays in space group number 198. 297

The continuous chirality measure is defined by Equation (3). Here, the positions pi are 298

defined by the position parameter u of the transition metal (uTM) and main group element 299

(uMG) such that n = 2. p0 denote the values for the closest achiral structure either with 300

space groups F m3m (225) or F 43m (216) that appear for position parameters u0 = 0, 1/4, 301

1/2, 3/4, or 1. The closest implies that p0 is chosen such that the norm ∥pi − p0∥2 is at 302

its minimum. Further, for parameter pairs (uTM, uMG) = (0, 1/2), (1/4, 3/4), or similar, 303

the rocksalt (NaCl type) structure with space group 225 is observed, whereas the pairs 304

(uTM, uMG) = (0, 1/4), (1/2, 3/4), or similar result in the zincblende (ZnS type) structure 305

with space group 216. 306

Moreover, S2(G) is normalized by the structure that appears when both u parameters 307

attain the paired values (1/8, 5/8), or (3/8, 7/8) resulting in min(∥pe − p0∥2) = 3/64. 308

In contrast to the simple cubic problem with a single site of Section 4 above, the enan- 309

tiomorphous pair of space groups (212),(213) appears for these u parameters only when the 310

difference between the two parameters is 1/2 and thus both sublattices exhibit the same 311

handedness. This implies that the compounds adopt at S2(G) = 1 not necessarily one of 312

the chiral space groups, as explained above. 313

Figure 8 summarizes the position parameters u and the resulting continuous chirality 314

measure S2 for various B20 compounds reported in literature. It is evident that the chirality 315

measure of the considered compounds is in the range of 60 to 75% but does not depend 316

8 Some work uses alternatively R and S (from Latin sinistram = left) whereas for molecules often D (from Latin
dexter) and L (from Latin laevus) are used (see also [22]). In other cases, the two enantiomers of the B20
structure are assigned by A and B [46,47].
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Figure 6. The B20 structure of FeSi.
The enatiomorphous pair RL and LR is shown with (uFe, uSi) = (0.3858, 0.094) and (0.6142, 0.906),
respectively. RL implies that Fe atoms are positioned in a R type and Si in a L type structure and
opposite for LR. Both structures are shown for views along the [111] axes and arbitrary axes. Fe (or Si)
atoms in the triangles of the [111] view are in the same (111) plane; these planes appear at a distance
of (2 − ui)/

√
3 from the origin. Atoms in the center, on the [111] axis, are in a different plane ui

√
3

away from the origin. See Figure 3 for the positions of the screw axes. Connections between atoms
are drawn for better visibility and may not be confused with bonds.

on the lattice parameter a. Thus, this reflects the fact that the u parameters are not that 317

dependent on the lattice parameter. The average position parameters for the compounds 318

shown in Figure 8 are uTM = 0.39 and uMG = 0.093. In addition, the average chirality 319

measure is 66.5%. 320

α-N2 (prototype: [N2], cP8, 198, P 213) has a similar chiral structure. Owing to the 321

appearance of N2 molecules it is slightly different from the B20 compounds. The u parame- 322

ters of α-N2 are (0.180,0.2878) [48]. α-CO has the same structure with position parameters 323

(uC, uO)=(0.292,0.183) [49]. Both systems may be viewed as chiral molecular solid. 324

For the body centered cubic space group 199 in the Pearson database [16] the binaries 325

CoLa and CoU (CoU, cI16, 199, I213) can be found. However, the 1:1 composition of CoLa 326

is not stable, but CoLax is stable [50,51]. In addition, various oxides with the samarium 327

oxide structure (Sm2O3, cI80, 199, I213) adopt this space group as well. 328

There are also many simple ternary compounds found in space group 198. They adopt 329

the NiSSb (Ullmanite) or F01 structure. Two equivalent prototypes are assigned to that 330

structure namely (NiSbS, cP12, 198) and (ZrSO, cP12, 198). In principle, the structure is 331

based on the C1b or (CuMgSb, cF12, 216) structure of the XYZ Heusler compounds with 332

1:1:1 stoichiometry. However, here the atomic positions are shifted away from the high 333

symmetry positions of the C1b structure. 334

The F01 structure hosts the oxides ZrSO and HfSO with 16 valence electrons in the 335

cell. Furthermore, based on elements from the Co group 9 (VIII), we obtain 336

with 16 valence electrons: IrBaP and IrSrP, 337

or with 20 valence electrons: CoAsS, RhBiSe, RhSbS, RhSbSe, RhPSe, RhSbS, RhSbSe, IrBiS, 338

IrBiSe, IrSbSe, IrPSe, IrSbS, IrSbSe, and IrSbTe. 339

Based on elements from the Ni group 10 (VIII) 340

we obtain with 16 valence electrons: PdBaSi, PdSrSi, PtCaSi, PtBaSi, PtSrSi, PtBaGe, PtSrGe, 341

with 17 valence electrons: PtBaAs and PtBaP, 342

or with 21 valence electrons: NiAsS, NiBiSe, NiSbS, NiSbSe, NiPS, PdAsS, PdAsSe, PdBiSe, 343

PdSbS, PdSbSe, PdSbTe, PtBiSe, PtSbS, and PtSbSe. 344
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Figure 7. Chirality and nearest neighbor distances of the compounds with FeSi structure.
Shown are on top the nearest neighbor distances and on bottom the continuous chirality measure
S2(uTM, uMG) for spacegroup 198 with two 4a Wyckoff positions occupied (B20 compounds). The
values for FeSi (LR), the space groups of the achiral structures where S = 0, or the chiral space groups
where S = 1 are assigned in the graph. Important note: The borderline parameters (uTM, uMG) =

(0, 1), and (1/2, 1/2) are not possible as is evident from the graph of the nearest neighbor distances.
Note that the largest possible nearest neighbor distance in B20 compounds is dNN,max/a =

√
3/(1 +√

5).

However, the Pearson data base [16] reports certain compounds that do not exist in 345

the F01 structure, such as, PtCrSb and PtFeSb [52]. Till date, no chiral compound that has a 346

typical Heusler composition with two different 3d transition metals and one main group 347

element has been reported. 348

The only known compounds with one main group and two transition metal elements 349

are LaRhSi and LaIrSi. Further, rare earth containing compounds reported with F01 350

structure are: CeIrSi, NdIrSi, PrIrSi with 16 + n4 f valence electrons, where n4 f is the 351

number of 4 f electrons, and further EuIrP, EuPdSi, EuPtSi, and EuPtGe with 17 + n4 f 352

valence electrons. Among those, LaRhSi and LaIrSi are known to be superconductors with 353

transition temperatures of 4.35 and 2.3 K, respectively [53]. In the same work [53] it was 354

proposed that the magnetic structure of NdIrSi is probably non-collinear. 355

Figure 9 summarizes the continuous chirality measure of various F01 compounds. It 356

is evident that the chirality of the considered compounds is in the range of 52 to 66% but 357

does not depend on the lattice parameter, as was already discussed for the B20 compounds. 358

Further, an "ideal" F01 structure will still belong to space group 198, for example with the 359

three u parameters 1/8, 3/8, and 5/8, whereas the achiral case with space group F 43m 360

appears exemplary for u1,2,3 parameters of 0, 1/4, and 1/2. Moreover, in many cases the 361

u parameter of the transition metal atom is close to zero; that is, its contribution to the 362

chirality measure that is defined by the positions of the main group elements is minimal. 363

The set of u parameters with 0, 3/8, and 5/8 still results in a chiral structure, albeit with 364

a reduced continuous chirality measure of 2/3. However, the small contribution of the 365

transition metals on the chirality measure is different from the B20 compounds, where they 366

are mainly responsible for the size of the chirality measure and Hausdorff distance. 367

The high-pressure structure of PdF2 is also reported to appear in this space group 368

(PdF2, cP12, 198, P 213). Under moderate pressure (p > 1.4 GPa) the structure of PdF2 369
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Figure 8. Chirality of the B20 compounds.
Continuous chirality measures of B20 compounds where the complete structure determination
is reported in Pearson’s database [16]. The full and dashed lines mark u values of 1/8 and 7/8,
respectively.

changes from rutile (TiO2, tP6, 136, P 42/mnm) to a C2 pyrite (FeS2, cP12, 205, P a3) or 370

to the F01 ullmannite type structure, that is, from an achiral form to a chiral one. The 371

fluorine site at u = 0.3431 of the C2 structure splits into two positions with u1 = 0.344 and 372

u2 = 0.658 at a nearly unchanged lattice parameter of aexp = 5.329 Å. In other words, the 373

two fluorine atoms are in F01 on screw axes with opposite chirality sense (see Figure 4). 374

Pd is placed at the achiral site with u0 = 0 in both structures, C2 and F01. Therefore, the 375

chirality in the F01 structure is defined solely by the fluorine atoms. Further, the splitting of 376

the fluorine positions away from the one observed in the C2 structure is very small. Here 377

the C2 structure is the closest achiral structure and not C1 (CaF2, cF12, 225, F m3m) or C1b, 378

which results in very small chirality measures. Compared to the two achiral structures, the 379

Hausdorff distances are h(C2) = 0.001 and h(C1) = 0.093. This demonstrates the necessity 380

of determining and always using the closest achiral structure when calculating chirality 381

measures. 382
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Continuous chirality measures of F01 compounds where the complete structure determination is
reported in the Pearson database [16].
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5.3. Compounds with tetragonal chiral structures. 383

WOBr4 and WOCl4 are interesting tetragonal systems as they have a rather simple 384

structure (WOCl4, tI12, 79) with only 3 different atomic positions. This structure is chiral 385

as well as polar and belongs to space group I 4. Tungsten occupies a high symmetry 2a 386

position at (0,0,0) of the tetragonal lattice, whereas the oxygen (0, 0, u) and halogen (x, y, z) 387

atoms occupy Wyckoff positions 2a and 8c with free parameters. The experimentally 388

reported free parameters of WOCl4 for oxygen and chlorine are u = 0.545 and (x, y, z) = 389

(0.0669, 0.2584, 0.0789), respectively. In addition, the symmetry remains unchanged if 390

the oxygen positions are changed while the chlorine positions are maintained. A close 391

centrosymmetric structure can be easily determined by setting u = 1/2, x = z = 0, 392

and y = 1/4. The resulting structure has I 4/mmm (139) symmetry and is achiral and 393

non-polar. Another, achiral and non-polar structure is found by setting u = 1/2 and 394

only z = 0 resulting in I 4/m (87). Furthermore, the chirality can be removed while 395

maintaining the structure as non-centrosymmetric, when setting the chlorine parameters 396

to (x, y, z) = (0, 1/4, 0), but keeping the u parameter of the oxygen atoms. Consequently, 397

the resulting structure possesses I 4mm (107) symmetry and is no longer chiral although 398

still polar. The chirality measures for WOBr4 and WOCl4 are presented in Table 7. The 399

Hausdorff distance is dominated by the oxygen position, whereas s depends on both, O 400

and halogen positions. The closest achiral structure is the one with the smallest continuous 401

chirality measure and thus I 4 in both cases. This example shows the manner in which to 402

select the achiral structure for comparison. 403

Table 7. Chirality of WOZ4 compounds (Z = Br, Cl).
Given are the unnormalized Hausdorff distances, h, and continuous chirality measures, s, with
respect to different possible achiral structures.

achiral WOBr4 WOCl4
group polar h s h s

I 4/m N 0.049 0.0650 0.045 0.0642
I 4mm Y 0.049 0.0654 0.045 0.0645
I 4/mmm N 0.049 0.0818 0.045 0.0800

5.4. Compounds with hexagonal or trigonal, chiral structures. 404

Several sets of chiral space groups appear for hexagonal structures. Among the inter- 405

esting chiral materials is quartz SiO2 as its C40 structure belongs to the chiral space group 406

(180). This space group, P 6222, has an enantiomorphous partner, namely P 6422. Further, 407

the prototype of the C40 structure is CrSi2 (hP9, P 62,422, 180, 181) and several transition 408

metal (T) silicides TSi2 crystallize with the same structure. Additional compounds with this 409

structure are: CrSi2, VSi2, NbSi2, TaSi2, MoSi2, WSi2, VGe2, NbGe2, TaGe2, WAl2, HfSn2, 410

and NiMg2. SiO2 is a wide band gap (> 5.9 eV) insulator and CrSi2 is a narrow band gap 411

(0.35 eV) semiconductor with trivial topology [54]. The remaining compounds with C40 412

structure are metals or semimetals. 413

The atoms of compounds with C40 structure are placed on Wyckoff positions 3c 414

(1/2,0,0) and 6i (u, 2u, 0) (or 3d (1/2,0,1/2) and 6j (u, 2u, 1/2) (see Figure 10). In the 415

prototype CrSi2 u = 0.16577 can be observed. However, the structure becomes achiral 416

when the Cr atoms are placed at 3a,b (0,0,w) and simultaneously the Si atoms on 6i,j 417

(1/3,2/3,w), where w = 0 or 1/2. The resulting achiral structure belongs to space group 418

P 6/mmm (191). Table 8 summarizes the chirality of the compounds with C40 structure 419

where the complete structure was determined according to the Pearson database [16]. 420

The Hausdorff distance for the atoms on the 3c position is fixed because this position 421

has no free parameter. The former has the value h1 = 1/2. However, the value of the atoms 422

in the 6i position varies and is h2 = u sin(60◦) = u
√

3/4 for 0 ≤ u ≤ 1/2 (u = 0 or 1/2 423

cannot be reached, because the distance between atoms cannot vanish). Consequently, the 424
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P P

Figure 10. The CrSi2 structure of quartz and transition metal C40 compounds.
The enantiomorphous pair of structures in the chiral space groups P 6222 (180) and P 6422 (181) are
shown. Transition metal atoms (Cr) are green (dark), main group elements (Si) are shown in grey
(light).

largest value of the continuous chirality measure attained is S2(u) = 1. The normalized 425

chirality measure of CrSi2 is S2 = 27%. 426

Table 8. Chirality of compounds with C40 structure.
Given are the lattice (a, c) and position (u) parameters, as well as the continuous chirality measures
(S2). Lattice parameters are from the Pearson database [16].

a [Å] c [Å] u S2

CrSi2 4.4283 6.3680 0.1658 0.2706
MoSi2 4.6220 6.6460 0.1642 0.2702
NbSi2 4.7974 6.5923 0.1593 0.2690
TaSi2 4.7839 6.5700 0.1590 0.2689
VSi2 4.5726 6.3744 0.1626 0.2698
WSi2 4.6180 6.6740 0.1640 0.2702
NbGe2 4.9670 6.7830 0.1631 0.2699
TaGe2 4.9380 6.7300 0.1640 0.2702
WAl2 4.7422 6.6057 0.1618 0.2696

Cinnabar (HgS, hP6, P 3121, 152) with B9 structure is the prototype for a set of chiral 427

binary compounds within the chiral space group 152. HgS, HgSe, HgTe, HgO, and partially 428

ZnTe adopt this structure. Moreover, the topological status of HgS and the other mercury 429

compounds in space group 152 is trivial [54]. Sometimes the prototype is assigned to CdTe, 430

however, CdTe also exists in other structures. In addition, the structure was also observed 431

in a high-pressure phase of GaAs. Furthermore, at high pressure (11.2 GPa) a chiral phase 432

of ZnTe (ZnTe, hP6, P 31, 144) was reported that is derived from the Zincblende structure. 433

Both positions (3a (u1, 0, 1/3) and 3b (u2, 0, 5/6)) of the hexagonal HgS structure 434

have free parameters ui that determine the chirality. The continuous chirality measure 435

of the cinnabar structure is S2 = 2(u′2
1 + u′2

2) where the position parameters are reduced 436

to u′ = min(u, |1 − u|). Consequently, it becomes S2
HgS = 0.637 using uHg = 0.28 and 437

uS = 0.51. Further, u1 = u2 = 1/2 results in the chiral space group P 6422 (181), whereas 438

u1 = u2 = 0 results in P 6/mmm (191) and thus the structure becomes achiral. 439

Before continuing with 2-dimensional systems we like to point on an overview of 440

chiral metals given by Riva [55], reporting mostly intermetallic compounds with many 441

more atoms in the cell than considered in this study. The chiral oxides were compiled very 442

complete by Halasyamani and Poeppelmeier [56]. Yiwen Li et al [57] focused on chiral 443

transition metal oxides. Recently, properties of chiral, nanostructured materials and their 444

applications [58] have been reviewed [58]. 445
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6. Chirality at solid surfaces. 446

The occurrence of surfaces has drastic effects on the symmetry. The translational 447

symmetry along the surface normal is broken and inversion as well as horizontal mirror 448

operation in the surface are removed as the latter two would exchange bulk and vacuum. 449

Moreover, the symmetry is no longer described by the 3-dimensional space groups and 450

thus the wallpaper groups (see Section 3) are used instead. With respect to chirality, four 451

different situations may arise: 452

1. achiral bulk with chiral surface, 453

2. chiral bulk with achiral surface, 454

3. chiral bulk with chiral surface, 455

4. achiral bulk with achiral surface. 456

The last case of an achiral bulk with an achiral surface is the most trivial and will 457

not be considered here. In addition, surfaces may also be modified to become chiral via 458

reconstruction or adsorption of atoms, molecules, or chiral molecules. These cases will also 459

not be included in the discussion. We consider certain simple examples. The importance of 460

chiral inorganic crystalline surfaces for chiral selection and discrimination was reviewed 461

by Hazen and Sholl [59]. The chiral geometry of the surfaces of metal nanocrystals was 462

reviewed by the group of Ki Tae Nam [60]. 463

6.1. Achiral bulk with chiral surface. 464

Most prominent examples for the 1st case are the high index surfaces of elemental 465

metals. Particular examples are the f cc(hkl) surfaces with (hkl) = (531), (643), and (874). 466

Typical for this type of surfaces is the occurrence of narrow (111) oriented terraces with 467

high densities of steps and kinks. The kinks serve as chiral centers. The enantiomorphous 468

pair of surfaces (hkl) and (hkl) with h ̸= k ̸= l ̸= 0 are denoted by (hkl)R and (hkl)S, 469

respectively. The upper indices assign the clockwise (R) or anticlockwise (S) decrease of 470

the atom density about the kink atoms [61]. f cc(hkl), f cc(hkl), and f cc(hkl) are equivalent 471

to f cc(hkl). 472

Figure 11 shows the enantiomorphous pair of f cc(643)S,R surfaces. Such high index 473

surfaces are observed for Au, Ag, Cu, or Pt and in particular many of the high index Pt 474

surfaces are very stable. The edge and kink sites are drawn in different colors to allow 475

better comparison of the handedness. However, the surface atoms are not coplanar as 476

is evident from the side view. Moreover, the plane group symmetry of the surface is p2, 477

thereby confirming its chirality. 478

Chiral surfaces appear in f cc as well achiral sc, bcc or hcp structures, see [62,63]. 479

Similar to the case of f cc structures, chiral bcc(hkl) surfaces are characterized by three 480

inequivalent Miller indices (h ̸= k ̸= l ̸= 0) and those f cc(hkl) and bcc(hkl) surfaces with 481

identical Miller indices exhibit the same handedness. In certain cases the indices S and R 482

are replaced by D and L, respectively, where the latter are often used to characterize chiral 483

molecules as well. However, the case of hcp surfaces is more complex, and a complete 484

description of chiral and achiral surfaces of the elemental metals with bcc, f cc, or hcp 485

structures was reported by Jenkins and Pratt in Reference [62]. 486

6.2. Surfaces of chiral bulk materials. 487

The question that arises is whether the surfaces of chiral bulk materials also need to 488

be high indexed as in the case of achiral structures. Certain special projections for the space 489

groups mentioned in previous sections are listed in Table 9. The remaining space groups 490

may be found in Reference [18]. It is obvious that certain projections along low index, high 491

symmetry directions of chiral structures are achiral although the symmetry of the bulk is 492

described by a chiral space group. However, there also exist certain low indexed projections 493

that are chiral. For example, in space group 198 the symmetry of the projection along [111] 494

belongs to the plane group p3 and thus, this projection is chiral. 495

The projections are ideally plane 2D structures without an extension in 3D space. 496

In contrast, solid surfaces have an extension also in the direction perpendicular to the 497
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(643)S (643)R

Figure 11. The chiral f cc(643) surface.
The two modifications f cc(643)S and f cc(643)R with opposite handedness from different perspectives
are shown. Different colors are used to better distinguish edge and kink atoms from those on terraces.

plane defining the surface. The difference lies in the fact that the periodicity along the 498

surface normal is broken. Regarding binary or higher compounds, both the symmetry and 499

the termination of the surface are vital and the element that defines the surface layer is 500

important. 501

The appearance of chiral surfaces of a chiral material will be illustrated for the example 502

of space group 198 using the FeSi(001) surface. It is assumed that the surface is terminated 503

by the Fe layer. This top layer exhibits a fourfold symmetry (p4mm) as is expected for 504

a cubic crystal (Figure 12a)). Further, the first Si layer is only slightly below the top Fe 505

layer (Figure 12b)), and removes the fourfold rotational symmetry as well as the mirror 506

planes. Moreover, the surface appears to be closed when including four layers (12c). In the 507

projection, the Fe and Si atoms appear to follow each a zig-zag line and similar to the chiral, 508

high index f cc surface, the atoms forming the closed surface are not coplanar, although 509

kinks that serve as chiral centers do not appear. In reality, the structure comprises simple 510

atom rows in different height that are shifted with respect to each other. 511

a) top layer

(001)

b) top 2 layers c) top 4 layers

[0
0
1
]

Figure 12. The FeSi(001) surface.
The evolution of the surface structure and symmetry is shown for increasing number of layers in a)
to c). The upper row shows the side view and the lower row the top view. Fe atoms are drawn in red
(dark) and Si atoms in grey (light).

The evolution of the FeSi(111) surface structure is illustrated in Figure 13. The starting 512

point is the Fe atom at (uFe, uFe, uFe) as center of the topmost layer in 13(a). This layer (type 513

A) exhibits a sixfold rotational symmetry (p6mm) and has a hexagonal cell with a basis of 514

one atom. It is followed by the Si layer (type B) shown in 13(b), whose cell has the same 515

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 July 2022                   doi:10.20944/preprints202207.0091.v1

https://doi.org/10.20944/preprints202207.0091.v1


Version July 5, 2022 submitted to Materials 19 of 31

Table 9. Symmetry of special projections of the chiral space groups.
Chiral projections are marked by printing their plane groups (pi, i = 1, 3, 4, 6) in bold. The cubic,
achiral Sohncke group 198 is given for comparison.

cubic [001] [110] [111]
212,213 p4gm p2gm p3m
198 p2gg pg p3

hexagonal [0001] [1120]
180,181 p6mm p2mm
178,179 p6mm p2gm
171,172 p6 pm
169,170 p6 pg

trigonal [001] [100] [210]
152,154 p3m p2 pm
151,153 p3m pm p2
144,145 p3 p1 p1

tetragonal [001] [100] [110]
92,96 p4gm p2gg p2gm
91,95 p4mm p2gm p2gm
76,78 p4 pg pg

shape but with a basis of 3 atoms, resulting in a 3-fold symmetry. The orientation of the 516

triangles of atoms depend on the position of the atoms in the three-dimensional cubic cell. 517

The combination of these first two layers already results in the chiral p3 symmetry shown 518

in 13(c). The completed chiral surface structure is shown in 13(d). Similar to the case of 519

the FeSi(001) surface, no chiral centers were observed; however, the threefold rotational 520

axes serve as chiral axes. Moreover, four different types of surfaces depending on the 521

termination are expected: Fe type A, Si type A, Fe type B, or Si type B. The position of the 522

layers with respect to the origin along [111] are uFe
√

3, (2 − uSi)/
√

3, (2 − uFe)/
√

3, and 523

uSi
√

3. 524

a) Top layer (Fe) b) 2nd layer (Si)

c) Top 2 layers (Fe+Si) d) Complete FeSi stack

Figure 13. An Fe terminated FeSi(111) surface.
The evolution of the surface structure and symmetry is shown for increasing number of layers in a)
to d), assuming that the surface is terminated by Fe with layer type A (see text).
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The surfaces of opposite sites of a chiral are not completely equivalent because of the 525

lack of inversion and mirror symmetries. For example, the four-fold (001) and (001) in space 526

group P 213 are not equivalent, in contrast to the (001) surfaces of a W type body centered 527

cubic structure with space group I m3m. Consequently, this affects the measurements 528

that are surface sensitive. For a full characterization of surfaces of chiral crystals, at least 529

four measurements may be necessary, which are two each for the opposite surfaces of an 530

enantiomorphous pair of crystals. 531

As a final example, the four different (0001) type surfaces of the chiral CrSi2 structure 532

(compare Figure 10) are illustrated in Figure 14. 533

P

P

Figure 14. Different CrSi2(0001) surfaces and their (0001) counterparts.
The upper row shows the right-handed and the lower row the left-handed crystal, with the indicated
space group. The stacking order is sketched in the middle using [1120] as viewing directions.

Upon comparing the chiral surfaces of chiral and achiral structures it is evident that 534

the predominating difference is the appearance of chiral axes and centers in the first and 535

second cases, respectively. 536

7. Electronic structure and chirality 537

This paragraph discusses the relations between chirality and electronic structure. 538

Simple prototypical elemental and binary systems, such as Se and FeSi were chosen. Details 539

of the electronic structure calculations are summarized in Appendix A. 540

7.1. Electronic structure of Se 541

Se exhibits various different crystal structures [16]. Here, the chiral γ-Se structure 542

is considered with respect to its electronic structure. The calculated band structure of 543

Se is shown in Figure 15, where the calculations are based on the crystal structure with 544

space group P 3121. Subsequently, the position parameter u and thereby the chirality S2
545

was varied. Further, the lattice parameters a and c were optimized for each u ̸= uexp 546

to avoid unphysically small nearest neighbor distances. Herein, uopt corresponds to a 547

full structural optimization for a, c, and u. The variation of the chirality S2 with u was 548

already shown in Figure 5. Moreover, the calculations for the opposite handedness using 549

the enantiomorphous space group P 3221 result in identical band structures, which also 550

includes space groups P 6222 and P 6422. 551

Se was determined to be a semiconductor at the experimental lattice parameters 552

including the position parameter (u = 0.23 with S2 = 0.38) as well as at optimized lattice 553

and position parameters. For u = 1/6, S2 = 1 was obtained, and the band gap was largest. 554

However, Se becomes metallic in the achiral structure with u = 1/3 and S2 = 0 and is also 555

metallic at u = 1/2 where the chiral space group P 6422 is reached. 556

Considering the band structure at the experimental lattice parameters (Figure 15c)), 557

a highly degenerated state appears at Γ approximately 4 eV below the Fermi energy. A 558

detailed analysis shows that there is a small splitting of only 11 meV between the upper 559
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Figure 15. Electronic structure of chiral and achiral (u = 1/3) Se.
The band structures are calculated for variation of the chirality by changing the position parameter
u. From left to right: (a) u = 1/6 (S2 = 100%), (b) u = 0.22 (optimized) (S2 = 45.2%), (c) u = 0.23
(experiment) (S2 = 38.4%), (d) u = 1/3 (S2 = 0), (e) u = 1/2 (S2 = 100%). The corresponding
chirality measures are given in brackets (compare also Figure 5). Note that the parameters u = 1/3
(R 3m) and u = 1/2 (P 6422) result in different space groups and symmetry. Calculations are for
variation of the position parameter at optimized lattice parameters.

a1 and the lower e states. However, the small variation of the u parameter from 0.23 560

to 0.22 already results in a much larger splitting of 266 meV in the optimized structure 561

(Figure 15b)). Simultaneously, another highly degenerate state at K, approximately 3 eV 562

below ϵF, stays rather unoffended. 563

However, a dependence of the electronic structure on the (free) u parameter is also 564

observed in achiral systems. Therefore, it is concluded that the general character of the 565

band structure E(k, u) depends predominantly on the position parameters (u), with the 566

dependence on the chirality S2(u) or handedness being only indirect. 567

7.2. Electronic structure of FeSi and other compounds with B20 structure 568

Before discussing certain details of the electronic structure of FeSi, the problem of 569

"how to change the chirality" of a given structure is addressed. If the atomic positions 570

are fixed by the composition then an external parameter that is able to change these 571

positions in a controlled manner is required. One external parameter is pressure. Here, 572

hydrostatic pressure was simulated in the calculation by changing the volume away from its 573

equilibrium to smaller values. Thereafter, the pressure was determined using the equation 574

of state. The results obtained for the prototype FeSi are illustrated in Figure 16. The position 575

parameters remain, with a change of approximately 1 . . . 3%, nearly unaffected while the 576

chirality decreases from 68 to 65% with increasing pressure (0 ≤ p ≤ 60 GPa). In addition, 577

the band gap decreases by only 10 meV when applying a pressure of approximately 60 GPa. 578

Consequently, much higher pressures (up to 500 GPa) would be needed to approach the 579

"ideal" position parameter of Vocadlo et al. [64]. 580

The calculated band structure of FeSi is shown in Figures 17 as a function of position 581

parameters u and chirality measure. Similar to the case of Se, the band structures are 582

identical when the chirality sense of the structure is reversed by applying mirror operations 583

or inversion to the crystal structure. In addition, the lattice parameter a was optimized at 584

fixed position parameters u to allow for a better comparison. The change in the u parameters 585

results in rather large differences in the lattice parameters caused by the variation of the 586

nearest neighbor distances. At the optimized lattice and position parameters, FeSi is 587

a semiconductor with an indirect band gap of ≈ 170 meV. Further, in the achiral ZnS 588

structure, the size of the band gap is reduced to ≈ 50 meV. Consequently, the compound 589

becomes semimetallic with a small overlap of approximately 30 meV between valence and 590

conduction bands when the u parameters are changed such that S = 1. However, the space 591

group P 213 is maintained. In case of the structure with chiral space group P 4321, the 592

band gap is zero without an overlap of bands. Although not shown here, two other cases 593
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Figure 16. Pressure dependence of the chirality of FeSi.
The position parameters (symbols connected by lines) for Fe and Si and the continuous chirality
measure S2(p) are shown. The position parameters resulting in S2 = 1 are marked in the upper part
by full (1/8) and dashed (3/8) lines (blue).

are also remarkable. FeSi would become metallic in the NaCl structure with space group 594

F m3m, while, an indirect band gap of approximately 150 meV is still retained when only 595

Fe determines the chirality and (uFe, uSi) = (1/8, 1/2). Furthermore, the effect of pressure 596

up to 60 GPa on the band structure is minimal. 597
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Figure 17. Band structure of FeSi,
calculated for variation of the chirality by changing the position parameters uFe and uSi. From left
to right: (a) F 43m achiral, (b) P 213 at 60 GPa pressure, (c) P 213 optimized, (d) P 213 with S2 = 1,
and (e) P 4321 also with S2 = 1. Calculations are for variation of the position parameter at optimized
lattice parameter a for each structure. Note that the ∆ direction (ΓX) has in space group 198 only a
2-fold rotational symmetry, therefore, the perpendicular directions MX and XM′ are not equivalent.
(Please note the different Brillouin zone of the face centered space group in (a).)

RuSi, RuGe, or OsSi are also semiconductors, with their band structure being very 598

similar to FeSi, provided the spin orbit interaction is neglected. They were investigated 599

theoretically in Reference [65], where it was found that the RL type structure can be distin- 600

guished from LR via the electric polarization response to a magnetic field. However, this 601

has yet to be verified experimentally. Recently, it was shown that the crystal symmetry can 602

yield free fermionic excitations thereby giving rise to Fermi arcs in non-Weyl systems [66]. 603

Consequently, a notable number of publications demonstrated that these excitations are 604

found in the B20 compounds CoSi, RhSi and PtAl [43,44,67,68]. The observed Fermi arcs 605
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are interesting because of their unusual Chern numbers (±2). The conduction band of FeSi 606

reveals a four-fold degeneracy at the R point (at ≈ 0.5 eV above ϵF). However, this point 607

becomes six-fold degenerated when spin-orbit interaction is included. The appearance 608

of the four- and six-fold degenerate states has been explained using theoretical methods 609

in Reference [66]. For CrSi, with less electrons occupied, a highly degenerate point at R 610

coincides with the Fermi energy (at 0 eV), with the energies at the Γ point being above 611

and below 0 eV. In addition, in Reference [44] the B20 compound PtAl was discovered to 612

be a topological metal that hosts four- and six-fold fermions with Chern numbers of ±2 613

resulting in long Fermi arcs. 614

Thus, it was found that the characteristic quantities of the electronic structure, namely 615

the band structure and consequently the density of states, depend on the position parame- 616

ters of the atoms in the crystal structure but are not indicative for chirality and handedness. 617

7.3. Berry curvature and chirality 618

In the previous section, the band structures E(k) were determined to be independent 619

of the chirality sense of a crystal. They are the same in the enantiomorphous pair, although 620

the symmetry elements of the Hamiltonian are different. This is because the important 621

information on the wave functions arising from the chiral potential are not included in these 622

quantities. Another quantity being related more directly to the wave functions is the Berry 623

curvature [69,70] and it is expected to carry certain information on the chirality. Certain 624

crystals lacking an inversion center are known to exhibit piezoelectricity (see Table 1), which 625

is connected to the Berry phase. The sign of the Berry phase is changed when the structure 626

is inverted. However, not all chiral materials are piezoelectric and vice versa. Therefore, 627

the piezoelectricity cannot be used in all cases to distinguish between enantiomers. In 628

particular, space group P 213 (198) provides piezoelectricity and thus, the compounds with 629

B20 or F01 structure may be piezoelectric. However, piezoelectricity can only be measured 630

for insulating materials, which requires usually large band gaps. Here, the influence of 631

chirality and structural inversion on the Berry curvature instead of the Berry phase will be 632

briefly investigated for FeSi. 633

The Berry curvature Ω⃗(k) as function of the electron momentum k is defined in the 634

pseudovector form by the equation [71]: 635

Ω⃗(k) = −ℑ
(〈

∇⃗kuk|×|∇⃗kuk

〉)
(3)

where |uk⟩ = e−ik·r|Ψk⟩ are periodic Bloch wave functions, and ℑ assigns the imag- 636

inary part. Here, Ω⃗ was calculated using Wannier functions based on first principle 637

calculations of the electronic structure (see Appendix A). 638

Figure 18 shows the calculated in-plane components of the Berry curvature of FeSiRL
639

and FeSiLR in the (001) plane through the Γ-point (kz = 0). The z-component vanishes in 640

this plane. The absolute value of the Berry curvature is the same and has an achiral C2v 641

symmetry similar to the band structure. This is because of the sign and thus any phase 642

information is lost when calculating it. However, the sign information is still present in the 643

x and y components of Ω, to a certain extent. The x and y components have mirror planes 644

that are absent in the crystal structure. Certain details and differences of the Berry curvature 645

can be better observed from the plot of the vector field Ω⃗(kx, ky) as shown in Figure 18. 646

Remarkably, the rotational sense of the vector field distribution is opposite for FeSiRL
647

compared to FeSiLR, thereby demonstrating that the Berry curvature is a characteristic 648

quantity of the electronic structure that is also sensitive to the or more general chirality 649

sense) of a chiral crystal structure. The appearance of magnetic moments induced by a 650

current as well as other Berry curvature related gyrotropic effects in chiral Tellurium were 651

investigated in detail by Tsirkin et al. [72] using first principles methods. 652

At present there exist no experimental methods to measure directly the vectorial Berry 653

curvature and to distinguish the enantiomers in this manner. Moreover, as changes of the 654

sign of Ωn already appear through the inversion of the structure in achiral systems without 655

inversion center, they cannot be used to decide whether a structure is chiral. Therefore, 656
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Figure 18. Berry curvature of FeSi, calculated for the two enantiomers of FeSi.
The x and y components Ωx,y(kx, ky) in the (001) plane through the Γ-point (kz = 0) and the corre-
sponding in plane vectorfield Ω⃗(kx, ky) are shown.

they must be distinguished using results from circular dichroism and in particular circular 657

dichroism in the angular distribution of photoelectrons. However, the Berry curvature is a 658

ground state property whereas photoelectron spectroscopy deals with excited states and 659

the ground state is included only in an indirect way. 660

7.4. Circular dichoism, chirality, and electronic structure 661

In contrast to the band structure, the optical absorption depends on the handedness of 662

a crystal and measures the transition between occupied and unoccupied states. Obviously, 663

the transitions between different states are affected by at least one physical quantity that is 664

not observed from the usual electronic structure representations. Indeed, the band structure 665

does not contain information regarding the phase of the wave functions related to the 666

states. Photoemission, that is emission of electrons excited by photons, is complementary 667

to photoabsorption and also exhibits dichroic effects. Photoabsorption or angular inte- 668

grated photoemission average over the momentum space. Angular resolved photoelectron 669

spectroscopy (see [73,74] and references there) offers the advantage of being able to scan 670

the momentum (k) space. Therefore, the circular dichroism in photoemission allows the 671

investigation of the interrelation between structural chirality and electronic structure. 672

The circular dichroism (CD) in photo absorption is typically a small effect (order 10−3
673

and less) that is based on electric dipole – electric quadrupole (E1–E2) or electric dipole – 674

magnetic dipole (E1–M1) interaction. In contrast, large effects (order 1) can be observed 675

when investigating the circular dichroism in the angular distribution of the photoelectrons 676

(CDAD), which already arise in pure electric dipole approximation (E1–E1 interaction). 677

The CDAD is essentially a non-magnetic effect appearing even in the absence of spin 678

orbit interaction. It was first proposed by Ritchie for chiral molecules in gas phase, where 679
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the effect was small [75,76]. Later it was found by Cherepkov that large effects should 680

appear already for achiral but oriented molecules when a handedness is enforced by the 681

experiment [77]. In particular, photon incidence and molecular orientation and direction 682

of electron emission should not be coplanar. This effect was demonstrated first through 683

the experiments conducted by Westphal, Schönhense, et al. for CO adsorbed on Pt [78,79]. 684

Feder [80] showed that the effect also appears in photoemission from solids, which was later 685

subsequently observed in experiments as well. Further, Fecher et al. [81,82] investigated 686

the role of the surface on the CDAD in emission from solids. A recent, extensive review of 687

the group of Schönhense explained the present experimental possibilities for investigating 688

the electronic structure of solids employing CDAD [83]. Till date, the CDAD with its 689

handedness enforced by the handedness of the experiment has been used to investigate 690

achiral systems. However, it is also a powerful tool for investigating the electronic structure 691

of chiral solids as shown below. 692

The impact of the symmetry on the CDAD was investigated by Cherepkov and co- 693

workers for oriented achiral systems belonging to the point groups C2v [84], C3v [85], and 694

C4v [86], and more general under consideration of the solid surface [87]. It was found 695

that the CDAD vanishes when quantization axis, photon spin, and electron emission are 696

collinear. In addition, it also vanishes in mirror planes of the experiment. These symmetry 697

considerations indicate the manner in which to use CDAD for investigation of chiral 698

systems. To avoid a handedness enforced by the geometry normal incidence should be 699

used where the surface normal coincides at best with a high symmetry (chiral) axis of the 700

crystal. The dichroic response on a change of the helicity of the circular polarized photons 701

can subsequently be observed in normal emission of the electrons. 702

Figure 19 demonstrates the appearance of the CDAD from the FeSi(001) surface (see 703

Figure 12) for the normal incidence – normal emission case using first principle calculations 704

(Appendix A). The polarization dependent spectra were calculated for a photon energy 705

of hν = 21.2 eV and were then compared to the band structure in the ∆-direction. The 706

comparison allows to determine which states contribute to the photoemission process. 707

However, changing the photon polarization has a distinct effect, although the spectra are 708

calculated in the direction of photon incidence. The largest positive dichroism appears at 709

3 eV below the Fermi energy (ϵF), where it amounts to 42%, while the most negative value 710

of -44% is observed 0.7 eV below ϵF. The normal emission spectra calculated for the RL 711

enantiomer with σ+ polarization cannot be distinguished from those for the LR enantiomer 712

and σ− polarization. Consequently, the circular dichroism spectrum ICDAD = I+ − I− 713

has an opposite sign, whereas the bare intensity spectra with I0 = I+ + I− are the same. 714

Further information regarding the handedness of the crystal is included in the angular 715

distribution as will be demonstrated next. 716

The missing dichroic response in mirror planes of achiral system enables the investi- 717

gation of handedness of chiral crystals. Using normal incidence along a high symmetry 718

surface normal, the angular distribution of the electrons in the half-space above the surface 719

reflects the symmetry of the crystal by the CDAD. An example is provided using VSi2 720

crystallizing with the chiral space groups 180 or 181. 721

The circular dichroism in the angular distribution of the photoelectrons emitted from 722

the hexagonal VSi2(0001) surface (see Figures 10 and 14) is illustrated in Figure 20. It was 723

chosen because it is metallic and thus has states crossing the Fermi energy. The calculations 724

were performed for normal incidence of the photons with an energy of hν = 21.2 eV. Further, 725

the energy of the photoelectrons was set to the Fermi energy and thus reflected a part of 726

the Fermi surface. Consequently, the changes of the intensity distributions between the 727

two enantiomers with changing photon polarization are striking and result in a memorable 728

CDAD. The intensity distributions and the dichroism clearly reflect the absence of mirror 729

planes and the rotational structure with opposite handedness. The maximum dichroism 730

was ±53% with respect to the intensity maxima. Moreover, an integration of the angular 731

distribution ICDAD(kx, ky) shown in Figure 20 results in a circular dichroism of 1.86% for 732
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Figure 19. Polarization dependent photoelectron spectra and CDAD from FeSi(001).
The polarization dependent spectra are shown in comparison to the band structure along ∆ for one of
the enantiomers. The calculations are for normal incident photons of 21.2 eV energy and opposite
helicity. For the enantiomorphous pair, the resulting circular dichroism is compared to the total
intensity.

the right-handed (P 6222, 180) surface and -1.86% for the left-handed (P 6422, 181) one. Thus, 733

the sign of the circular dichroism is opposite for the crystals with opposite handedness. 734

These two examples, one for a chiral structure and another for a chiral space group, 735

demonstrate the manner in which angular resolved photoelectron spectroscopy can be 736

used to investigate the electronic structure of chiral solids when using circular dichroism. 737

The method is particularly interesting for metals that are not transparent for photons 738

with optical wave length (infrared to visible light). Owing to its ability to scan the k- 739

space it carries much more information compared to photoabsorption methods, including 740

for example the natural X-ray circular dichroism [88] which also depends on the E1–E2 741

interference term. Moreover, the CDAD method is also suitable for investigating chiral 742

surfaces or chiral molecules adsorbed at chiral or achiral surfaces. Recently, the relations 743

between optical rotation, circular dichroism and the chirality of light have been reviewed 744

by A. Liniger et al [89]. The use of super-chiral and optimal chiral light will allow different 745

pathways to examine chiral solids making use of novel dichroic effects. 746
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Figure 20. CDAD from VSi2(0001).
The intensity distributions for excitation by circular polarized photons of opposite helicity with
normal incidence (that is along the (0001) surface normal) are shown. The intensities and circular
dichroism (CDAD) from crystals belonging to the two space groups with opposite handedness are
compared.

8. Discussion, summary and conclusions 747

The study presented an overview on chiral structures and chiral space groups, distin- 748

guishing structure from space group. Chiral space groups are related to special but not 749

neutral screw rotations as symmetry elements and always appear in enantiomorphous 750

pairs. Two measures of the chirality were introduced to quantify and distinguish chiral 751

structures: Hausdorff distance and the continuous chirality measure. Examples for these 752

characteristic quantities were reported for selected crystal structures. The discussion of 753

the chirality measures revealed that the transition from achiral to chiral structures (and 754

vice versa) is smooth and can be forced by very small displacements of the atoms forming 755

the crystal structure. Further, the chirality was discussed for bulk solids and their surfaces 756

where the latter is vital to catalysis and photoelectron spectroscopy. In addition, the chiral 757

surfaces and the surfaces of chiral crystal were distinguished through several examples. 758

For the electronic structure it was found that its basic characteristic quantities, the band 759

structure, and density of states, were affected by the same crystal parameters as the chirality. 760

However, these quantities are independent of the handedness, implying that they stay the 761

same when the handedness of the crystal structure is changed through mirror operations or 762

inversion. Further, the Berry curvature depends on the handedness, but is not a proof for 763

the chirality because it reflects the inversion of a structure also in achiral crystals. Finally, 764

it was proposed that the circular dichroism in the angular distribution of photoelectrons 765
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allows the distinguishing of the handedness of chiral solids and their surfaces. The chiral 766

response of the photoelectron distribution excited by circularly polarized photons of oppo- 767

site helicity was demonstrated through two examples. Consequently, the appearance of a 768

handedness of the experiment which also produces a dichroism was avoided when using 769

high symmetry, collinear configurations. 770

In the presented work, four main aspects were dealt with and have been concretized 771

using various materials as examples: 772

I) chirality, chirality measure, chirality sense, handedness, and helicity; 773

II) chiral structures and chiral crystallographic space groups; 774

III) chirality in two and three dimensions; 775

IV) material properties depending on chirality measures or chirality sense. 776

In particular, it was shown that the 22 chiral space groups result in handed structures but 777

not the 43 achiral Sohncke groups. Nevertheless, the chiral structures described by those 778

achiral type III space groups can have opposite chirality sense resulting in enatiomorpous 779

pairs. Further, achiral bulk materials may have chiral surfaces. Chirality measures have 780

been used to quantify chirality and to compare different chiral compounds with the same 781

structure type. So far, chirality measures do not distinguish the chirality sense. It is also 782

not seen in the standard quantities of the electronic structure of solids that are density 783

of states and band structure, even though chirality is definitely present in the charge 784

density distribution through the crystal structure. Finally it was demonstrated that circular 785

dichroism in photoelectron spectroscopy is able to determine the chirality of the electronic 786

structure. 787
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Appendix A. First principles calculations 790

In the main part certain calculated band structures were shown. The reported elec- 791

tronic structures were investigated with ab initio calculations using the full potential lin- 792

earized augmented plane wave method as implemented in WIEN2k [90]. The exchange– 793

correlation functional was considered within the generalized gradient approximation in the 794

parameterization of Perdew et al. [91]. For integration, 16000 k-points of the full Brillouin 795

zone were used for cubic and 9000 k-points for hexagonal structures. The final numbers of 796

k-points were reduced to the irreducible wedges of the Brillouin zones and thus depend 797

on the symmetry. Further, the energy convergence criterion was set to 10−5 Ry, and simul- 798

taneously the criterion for charge convergence to 10−3e−. In addition, a force criterion of 799

0.2 mRy/aB (aB = Bohr’s radius) was used during optimization of the free u parameters 800

and full structure optimizations. Wannerisation was performed using Wien2Wannier [92] 801

and the Wannier functions have been analyzed with Wannier90 [93]. Photoelectron spectra 802

were calculated with the spin polarized full relativistic MUNICH SPRKKR code [94,95] 803

with modifications based on the full relativistic slab code RSLAB of Braun [96]. Both 804

codes are based on Korringa–Kohn–Rostoker (KKR) type multiple scattering methods and 805

use 4-component Dirac-type wave functions. Here, spin-orbit interaction is an intrinsic 806

property of the Dirac equation and not introduced as a pertubation. 807

Appendix B. Relation between chiral structures, symmorphic space groups, and 808

topological spaces 809

The only allowed symmetry operations in symmorphic space groups are pure rotations, 810

pure reflections, and roto-reflections, of which the latter two result in achiral structures. 811

Combining the 32 point groups with the allowed translational lattice types, 73 out of the 225 812

space groups are found to be symmorphic. The symmorphic groups are listed in Table A1. 813

Further, 23 out of these groups contain only proper rotations and thus, belong also to the 814

set of Sohncke groups. However, none of these space groups belonging simultaneously 815

to both sets is chiral by itself although they describe chiral structures, implying that all 816
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symmorphic space groups are achiral even though certain structures belonging to those 817

groups might be chiral. In other words, all chiral space groups are asymmorphic. 818

35 out of the 65 Sohncke groups have orbifolds belonging to S3 (3 sphere) topological 819

space. Only 13 out of these are symmorphic. They are markeded in Table A1. Five pairs of 820

the non-symmorphic Sohncke groups belonging to S3 are chiral, namely P 41,322, P 31,212, 821

P 61,522, P 62,422, P 41,332. 822

Table A1. The 23 symmorphic Sohnke groups.
Printed in bold are those groups belonging to S3 (3 sphere) topological space.

Crystal system Space group

Triclinic P 1
Monoclinic P 2, C 2
Orthorhombic P 222, C 222, I 222, F 222
Tetragonal P 4, P 422, I 4, I 422
Trigonal P 3, P 312, P 321, R 3, R 32
Hexagonal P 6, P 622
Cubic P 23, I 23, I 432, F 23, F 432

References 823

1. Klapper, H.; Hahn, T., Point-group symmetry and physical properties of crystals. In International Tables for Crystallography; 824

International Union of Crystallography, 2006; Vol. A, chapter 10.2, pp. 804–808. 825

2. Authier, A., Introduction to the properties of tensors. In International Tables for Crystallography; International Union of Crystallog- 826

raphy, 2006; Vol. D, chapter 1.1, pp. 3–33. 827

3. Thomson (Lord Kelvin), W. The Molecular Tactics of a Crystal; Clarendon Press: Oxford, 1894. 828

4. Kelvin, L. Baltimore Lectures on Molecular Dynamics and Wave Theory of Light; C. J. Clay and Sons, Cambridge University Press 829

warehouse: London, 1904. 830

5. Moss, G.P. Basic Terminology of Stereochemistry (IUPAC Recommendations 1996). Pure & Appl. Chem. 1996, 68, 2193. 831

6. Ruch, E. Algebraic Aspects of the Chirality Phenomenon in Chemistry. Acc. Chem. Res. 1972, 5, 49. 832

7. Cintas, P. Tracing the Origins and Evolution of Chirality and Handedness in Chemical Language. Angew. Chem. Int. Ed. 2007, 833

46, 4016. 834

8. Ruch, E. Chiral Derivatives of Achiral Molecules: Standard Classes and the Problem of a Right-Left Classification. Angew. Chem. 835

Int Ed. 1977, 16, 65. 836

9. King, R.B. Chirality and handedness. Ann. N.Y. Acad. Sci. 2003, 988, 158. 837

10. Barron, L.D. True and false chirality and parity violation. Chem. Phys. Lett. 1986, 123, 423. 838

11. Barron, L.D. False Chirality, Absolute Enantioselection and CP Violation: Pierre Curie’s Legacy. Magnetochemistry 2020, 6, 1. 839

12. Mislow, K., Molecular Chirality. In Topics in Stereochemistry; Denmark, S.E., Ed.; John Wiley & Sons, Inc.: New York, Chichester, 840

Weinheim, Brisbane, Singapore, Toronto, 1999; Vol. 22, p. 1. 841

13. Nespolo, M.; Aroyo, M.I.; Souvignier, B. Crystallographic shelves: space-group hierarchy explained. J. Appl. Crystallogr. 2018, 842

51, 1481. 843

14. Dryzun, C.; Avnir, D. On the abundance of chiral crystals. Chem. Commun. 2012, 48, 5874. 844

15. Bader, H. Screw Axes of Symmetry and their Symbols. American Mineralogist 1949, 34, 752. 845

16. Villars, P.; Cenzual, K. Pearson’s Crystal Data – Crystal Structure Database for Inorganic Compounds Release 2019/2020; ASM 846

International, The Materials Information Company: Materials Park, Ohio, USA, 2020. 847

17. Glazer, A.M.; Stadnicka, K. On the Use of the Term ’Absolute’ in Crystallography. Acta Cryst. 1989, A45, 234. 848

18. Aroyo, M.I. International Tables for Crystallography Volume A: Space-group symmetry; International Union of Crystallography, 2016. 849

19. Shiozaki, K.; Sato, M.; Gomi, K. Topological crystalline materials: General formulation, module structure, and wallpaper groups. 850

Phys. Rev. B 2017, 95, 235425. 851

20. Flack, H.D.; Bernardinelli, G. Absolute structure and absolute configuration. Acta Cryst. 1999, A 55, 908. 852

21. Flack, H.D. Chiral and Achiral Crystal Structures. Helv. Chim. Acta 2003, 96, 905. 853

22. Cahn, R.S.; Ingold, S.C.; Prelog, V. Spezifikation der molekularen Chiralitat. Angew. Chem. 1966, 78, 413. 854

23. Prelog, V. Chirality in Chemistry. Science 1976, 193, 17. 855

24. Buda, A.B.; Heyde, T.A.; Mislow, K. On Quantifying Chirality . Angew. Chem. Int Ed. 1992, 31, 989. 856

25. Gilat, G. On quantifying chirality-Obstacles and problems towards unification. J. Math. Chem. 1994, 15, 197. 857

26. Weinberg, N.; Mislow, K. A unification of chirality measures . J. Math. Chem. 1995, 17, 35. 858

27. Petitjean, M. Chirality and Symmetry measures: A Transdisciplinary Review. Entropy 2003, 5, 271. 859

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 July 2022                   doi:10.20944/preprints202207.0091.v1

https://doi.org/10.20944/preprints202207.0091.v1


Version July 5, 2022 submitted to Materials 30 of 31

28. Fowler, P.W. Quantification of chirality: Attempting the impossible. Symmetry: Culture and Science 2005, 16, 321. 860

29. Alemany, P.; Casanova, D.; Alvarez, S.; Dryzun, C.; Avnir, D., Continuous Symmetry Measures: A New Tool in Quantum 861

Chemeistry. In Reviews in Computational Chemistry; Parrill, A.L.; Lipkowitz, K.B., Eds.; John Wiley and Sons, Inc, 2017; Vol. 30, p. 862

290. 863

30. Weinberg, N.; Mislow, K. Distance functions as generators of chirality measures. J. Math. Chem. 1993, 14, 427. 864

31. Zimpel, Z. A geometrical approach to the degree of chirality and asymmetry. J. Math. Chem. 1993, 14, 451. 865

32. Zabrodsky, H.; Peleg, S.; Avnir, D. Continuous Symmetry Measures. J. Am. Chem. Soc. 1992, 114, 7843. 866

33. Zabrodsky, H.; Avnir, D. Continuous Symmetry Measures. 4. Chirality. J. Am. Chem. Soc. 1995, 117, 462. 867

34. Alvarez, S.; Alemanyband, P.; Avnir, D. Continuous chirality measures in transition metal chemistr. Chem. Soc. Rev. 2005, 34, 313. 868

35. Pinsky, M.; Dryzun, C.; Casanova, D.; Alemany, P.; Avnir, D. Analytical methods for calculating Continuous Symmetry Measures 869

and the Chirality Measure. J. Comp. Chem. 2008, 29, 2712. 870

36. Dryzun, C.; Zait, A.; Avnir, D. Quantitative symmetry and chirality – a fast computational algorithm for large structures: proteins, 871

macromolecules, nanotubes, and unit cells. J. Comput. Chem. 2011, 32, 2526. 872

37. Buda, A.B.; Mislow, K. A Hausdorff chirality measure. J. Am. Chem. Soc. 1992, 114, 6006. 873

38. Yewande, E.O.; Neal, M.P.; Low, R. The Hausdorff chirality measure and a proposed Hausdorff structure measure. Molec. Phys. 874

2009, 107, 281. 875

39. Cosse-Barbi, A.; Raji, M. Constrained and Unconstrained Chirality Functions. A New Method, Going from Discrete to Continuous 876

Space, to Find the Best Overlap Between Enantiomer Atoms. Struct. Chem. 1997, 8, 409. 877

40. Ewald, P.P.; Hermann, C. Strukturbericht; Akademische Verlagsgesellschaft M. B. H.: Leipzig, Deutschland, 1931. 878

41. Akahama, Y.; Kobayashi, M.; Kawamura, H. Structural studies of pressure-induced phase transitions in selenium up to 150 GPa. 879

Phys. Rev. B 1993, 47, 20. 880

42. Keller, R.; Holzapfel, W.B.; Schulz, H. Effect of yressnre on the atom yositions in Se anti Te. Phys. Rev. B 1977, 16, 4404. 881

43. Sanchez, D.S.; Belopolski, I.; Cochran, T.A.; Xu, X.; Yin, J.X.; Chang, G.; Xie, W.; Manna, K.; Süß, V.; Huang, C.Y.; et al. Topological 882

chiral crystals with helicoid-arc quantum states. Nature 2019, 567, 500. 883

44. Schröter, N.B.M.; Pei, D.; Vergniory, M.G.; Sun, Y.; Manna, K.; de Juan, F.; Krieger, J.A.; Süß, V.; Schmidt, M.; Dudin, P.; et al. 884

Chiral topological semimetal with multifold band crossings and long Fermi arcs. Nature Physics 2019, 15, 759. 885

45. Vescoli, V.; Degiorgi, L.; Buschinger, B.; Guth, W.; Geibel, C.; Steglich, F. The Optical properties of RuSi: Kondo insulator or 886

conventional semiconductor. Solid State Commun. 1998, 105, 367. 887

46. Dmitriev, V.; Chernyshov, D.; Grigoriev, S.; Dyadkin, V. A chiral link between structure and magnetism in MnSi. J. Phys.: Condens. 888

Matter 2012, 24, 366005. 889

47. Burkhardt, U.; Borrmann, H.; Moll, P.; Schmidt, M.; Grin, Y.; Winkelmann, A. Absolute Structure from Scanning Electron 890

Microscopy. Scientific Reports 2020, 10, 4065. 891

48. Placa, S.J.L.; Hamilton, W.C. Refinement of the crystal structure of alpha-N2. Acta Crystallogr. B 1972, 28, 984. 892

49. Krupskii, I.N.; Prokhvatilov, A.I.; Verkin, B.I.; Erenburg, A.I.; Yantsevich, L.D. Structure and Thermal Expansion of alpha-CO. 893

Phys. Status Solidi A 1973, 19, 519. 894

50. Buschow, K.H.J.; Velge, W.A.J.J. Phase Relations and Intermetallic Compounds in the Lanthanum-Cobalt System,. J. Less-Common 895

Met. 1967, 13, 11. 896

51. Okamoto, H. Section III: Supplemental Literature Review: Co-La (Cobalt-Lanthanum). J. Phase Equ. Diff. 2009, 30, 408. 897

52. Otto, M.J.; van Woerden, R.A.M.; van der Valk, P.J.; Wijngaard, J.; van Bruggen, C.F.; Haas, C.; Buschow, K.H.J. Half-metallic 898

ferromagnets: I. Structure and magnetic properties of NiMnSb and related inter-metallic compounds. J. Phys.: Condens. Matter 899

1989, 1, 2341. 900

53. Chevalier, B.; Lejay, P.; Cole, A.; Vlasse, M.; Etourneau, J. Crystal Structure, superconducting and magnetic properties of new 901

ternary silicides LaRhSi, LaIrSi and NdIrSi. Solid State Comm. 1982, 41, 801. 902

54. Vergniory, M.G.; Elcoro, L.; Felser, C.; Regnault, N.; Bernevig, B.A.; Wang, Z. A complete catalogue of high-quality topological 903

materials. Nature 2019, 566, 480. 904

55. Riva, S. Chirality in metals: an asymmetrical journey among advanced functional materials. Mater. Sci. Technology 2017, 33, 795. 905

56. Halasyaman, P.S.; Poeppelmeier, K.R. Noncentrosymmetric Oxides. Chem. Mater. 1998, 10, 2753. 906

57. Li, Y.; Wang, X.; J, M.; Li, J.; Zhu, X.; Chen, R.; Tang, Z.; Pan, R.; He, T.; Cheng, J. Chiral Transition Metal Oxides: Synthesis, Chiral 907

Origins, and Perspectives. Adv. Mater. 2020, 32, 1905585. 908

58. Kuang, H.; Xu, C.; Tang, Z. Emerging Chiral Materials. Adv. Mater. 2020, 32, 2005110. 909

59. Hazen, R.M.; Sholl, D.S. Chiral selection on inorganic crystalline surfaces. Nature Mater. 2003, 2, 367. 910

60. Im, S.W.; Ahn, H.Y.; Kim, R.M.; Cho, N.H.; Kim, H.; Lim, Y.C.; Lee, H.E.; Nam, K.T. Chiral Surface and Geometry of Metal 911

Nanocrystals. Adv. Mater. 2020, 32. 912

61. McFadden, C.F.; Cremer, P.S.; Gellman, A.J. Adsorption of Chiral Alcohols on “Chiral” Metal Surfaces. Langmuir 1996, 12, 2483. 913

62. Jenkins, S.J.; Pratt, S.J. Beyond the surface atlas: A roadmap and gazetteer for surface symmetry and structure. Surf. Sci. Rep. 914

2007, 62, 373. 915

63. Hermann, K. Crystallography and Surface Structure, second, revised and expanded edition ed.; Wiley-VCH Verlag: Weinheim, 2017. 916

64. Vocadlo, L.; Price, G.D.; Wood, I.G. Crystal structure, compressibility and possible phase transitions in e-FeSi studied by first 917

principles pseudopotential calculations. Acta Cryst. 1999, B55, 484. 918

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 July 2022                   doi:10.20944/preprints202207.0091.v1

https://doi.org/10.20944/preprints202207.0091.v1


Version July 5, 2022 submitted to Materials 31 of 31

65. Kübler, J.; Yan, B.; Felser, C. Non-vanishing Berry phase in chiral insulators. EPL (Europhys. Lett.) 2013, 104, 30001. 919

66. Bradlyn, B.; Cano, J.; Wang, Z.; Vergniory, M.G.; Felser, C.; Cava, R.J.; Bernevig, B.A. Beyond Dirac and Weyl fermions: 920

Unconventional quasiparticles in conventional crystals. Science 2016, 353, aaf5037. 921

67. Rao, Z.; Li, H.; Zhang, T.; Tian, S.; Li, C.; Fu, B.; Tang, C.; Wang, L.; Li, Z.; Fan, W.; et al. Observation of unconventional chiral 922

fermions with long Fermi arcs in CoS. Nature 2019, 567, 496. 923

68. Takane, D.; Wang, Z.; Souma, S.; Nakayama, K.; Nakamura, T.; Oinuma, H.; Nakata, Y.; Iwasawa, H.; Cacho, C.; Kim, T.; et al. 924

Observation of Chiral Fermions with a Large Topological Charge and Associated Fermi-Arc Surface States in CoSi. Phys. Rev. 925

Lett. 2019, 122, 076402. 926

69. Berry, M.V. Quantal Phase Factors Accompanying Adiabatic Changes. Proc. Royal Soc. A 1984, 392, 45. 927

70. Chang, M.C.; Niu, Q. Berry curvature, orbital moment, and effective quantum theory of electrons in electromagnetic fields. J. 928

Phys.: Condens. Matter 2008, 20, 193202. 929

71. Gradhand, M.; Fedorov, D.V.; Pientka, F.; Zahn, P.; Mertig, I.; Gyöorffy, B.L. First-principle calculations of the Berry curvature of 930

Bloch states for charge and spin transport of electron. J. Phys.: Condens. Matter 2012, 24, 213202. 931

72. Tsirkin, S.S.; Puente, P.A.; Souza, I. Gyrotropic effects in trigonal tellurium studied from first principles. Phys. Rev. B 2018, 932

97, 035158. 933

73. Hüfner, S. Photoelectron Spectroscopy: Principles and Applications, 3rd ed.; Springer-Verlag: Berlin, Heidelberg, 2003. 934

74. Suga, S.; Sekiyama, A. Photoelectron Spectroscopy: Bulk and Surface Electronic Structures; Vol. 176, Springer Series in Optical Sciences, 935

Springer-Verlag: Berlin Heidelberg, 2014. 936

75. Ritchie, B. Theory of the angular distribution of photoelectrons ejected from optically active molecules and molecular negative 937

ions. Phys. Rev. A 1976, 13, 1411. 938

76. Ritchie, B. Theory of the angular distribution for ejection of photoelectrons from optically active molecules and molecular 939

negative ions. II. Phys. Rev. A 1976, 14, 359. 940

77. Cherepkov, N.A. Circular Dichroism of Molecules in the Continouus Absorption Region. Chem. Phys. Lett 1982, 87, 344. 941

78. Westphal, C.; Bansmann, J.; Getzlaff, M.; Schönhense, G. Circular Dichroism in the Angular Distribution of Photoelectrons from 942

Oriented CO Molecules. Phys. Rev. Lett. 1989, 63, 151. 943

79. Schönhense, G. Circular Dichroism and Spin Polarization in Photoemission from Adsorbates and Non-Magnetic Solids. Phys. Scr. 944

1990, T 31, 255. 945

80. Feder, R. Directional Photoemission of Polarized Electrons from Adsorbate Systems. Solid State Commun. 1977, 21, 1091. 946

81. Fecher, G.H. The solid surface as origin of circular dichroism in the angular distribution of photoelectrons from spherical states of 947

adsorbates. Europhys. Lett. 1995, 29, 605. 948

82. Fecher, G.H.; Braun, J.; Oelsner, A.; Ostertag, C.; Schönhense, G. Dichroism in Angular Resolved Photoemission from Pt(111). 949

Surf. Rev. Lett. 2002, 9, 883. 950

83. Fedchenko, O.; Medjanik, K.; Chernov, S.; Kutnyakhov, D.; Ellguth, M.; Oelsner, A.; Sch"onhense, B.; Peixoto, T.R.F.; Lutz, P.; 951

Min4, C.H.; et al. 4D texture of circular dichroism in soft-x-ray photoemission from tungsten. New J. Phys. 2019, 21, 013017. 952

84. Kuznetsov, V.V.; Cherepkov, N.A.; Fecher, G.H.; Schönhense, G. Angular Distributions and Dichroism of Photoelectrons ejected 953

from Fixed-In-Space Molecules of Definite Symmetry: Applications to the C2v Symmetry Group. J. Chem. Phys. 2002, 117, 7180. 954

85. Kuznetsov, V.V.; Cherepkov, N.A.; Fecher, G.H.; Schönhense, G. Angular Distributions of Photoelectrons ejected from Fixed-In- 955

Space Molecules of C3v Symmetry Group. J. Chem. Phys. 1999, 110, 9997. 956

86. Kuznetsov, V.; Cherepkov, N.; Raseev, G. Photoionization of adsorbates on sites with non-axial local symmetry. An example of 957

the C4v symmetry group. J. Phys.: Condens. Matter 1996, 8, 10327 – 10345. 958

87. Fecher, G.H.; Kuznetsov, V.V.; Cherepkov, N.A.; Schönhense, G. The Influence of the Symmetry on the Circular Dichroism in 959

Angular Resolved Core-level Photoemission. J. Electron Spectrosc. Relat. Phenom. 2002, 122, 157. 960

88. Goulon, J.; Goulon-Ginet, C.; Rogalev, A.; Gotte, V.; Malgrange, C.; Brouder, C.; Natoli, C.R. X-ray natural circular dichroism in a 961

uniaxial gyrotropic single crystal of LiIO3. J. Chem. Phys. 1998, 108, 6394. 962

89. Lininger, A.; Palermo, G.; Guglielmelli, A.; Nicoletta, G.; Goel, M.; Hinczewski, M.; Strangi, G. Chirality in Light-Matter 963

Interaction. Adv. Mater. 2022, Accepted, 10.1002/adma.202107325. 964

90. Blaha, P.; Schwarz, K.; H.Madsen, G.K.; Kvasnicka, D.; Luitz, J.; Laskowski, R.; Tran, F.; Marks, L.D. WIEN2k, An Augmented Plane 965

Wave + Local Orbitals Program for Calculating Crystal Properties; Karlheinz Schwarz, Techn. Universität Wien: Wien, Austria, 2019. 966

91. Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865. 967

92. Kunes, J.; Arita, R.; Wissgott, P.; Toschi, A.; Ikeda, H.; Held, K. Wien2wannier: From linearized augmented plane waves to 968

maximally localized Wannier functions. Comp. Phys. Commun. 2010, 181, 1888. 969

93. Pizzi, G.; Vitale, V.; Arita, R. Wannier90 as a community code: new features and applications. J. Phys.: Condens. Matter 2020, 970

32, 165902. 971

94. Ebert, H.; Ködderitzsch, D.; Minar, J. Calculating condensed matter properties using the KKR-Green’s function method: Recent 972

developments and applications. Rep. Prog. Phys. 2011, 74, 096501. 973

95. Minar, J.; Braun, J.; Mankovsky, S.; Ebert, H. Calculation of angle-resolved photo emission spectra within the one-step model of 974

photo emission—Recent developments. J. Electron Spectrosc. Relat. Phenom. 2011, 184, 91. 975

96. Braun, J. The theory of angle-resolved ultraviolet photoemission and its applications to ordered materials. Rep. Prog. Phys. 1996, 976

59, 1267. 977

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 July 2022                   doi:10.20944/preprints202207.0091.v1

https://doi.org/10.20944/preprints202207.0091.v1

