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Characteristic Lattice Complexes
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2D and 3D lattice complexes with increased self-coordination numbers=1—3, of
nearest, second and third neighbors were derived for characteristic Wyckoff sets with
zero or one parameters. Structure types of adsorbed atoms in 2D or elements A in 3D
and AB, compounds are approximated to the list of lattice complexes. Covalent bonding
or electronic effects of atoms like lone electron pairs or Jahn—Teller distortion give rise
to deviations from lattice complexes. Homogeneous structus®s, Avith identical A-A

or B-B self-coordination numberg,, T,, T; of nearest, next-nearest and third neighbors
are selected for different systems like magnetic ordering wits & and B=© spin
direction or crystals of organic molecules with different orientations.

1. Introduction

Some basic phenomena can be interptdtem different viewpoints. A very
well-known example of the atomistic world is the simultaneous particle or
wave-like character. The wave-lengthand masam are related by the de
Broglie relation £ =h/mv). Other examples of different viewpoints can be
found for atoms in solid matter [1]. The atoms in solid matter are character-
ized by rigid spheres in crystallogray or as point masses interconnected by
spring forces in IR spectroscopy or the Ising model [2, 3]. The crystallographic
atoms are on different positiorgs b, ¢ of a space group with certain symme-

try elements and parametexy z. Deviations from this position are given by
thermal parameters or additional contributions on electron density maps. The
present article will show,hiat the different positions, b, ¢ of space groups

can be approximated by characteristic lattice complexes with maximum self-
coordination numbers. In the next fea simple examples for educational
purposes are considered for ladies A and gentlemen B sitting in 1D rows in
school or an opera house. 1D ordering of elements A and B in the space groups
with and without inversion center is not observed. Adsorbed atoms A on metal
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surfaces and different inorganic structurggBAwill follow as examples for 2D
and 3D structures. The self-coordiim numbers of A and B can frequently
be correlated with attractive or repulsivgeractions of the Ising model [2, 4].
Small numbers of nearest neighbdrsindicate repulsive A—A interactions,
small numbersT, of next-nearest neighbors attrizet interactions, as will be
outlined for 1D ordering in the next section. The maximum Madelung factor
MF = 2In 2 at repulsive A—A interactionis obtained for B positions between
two A positions.

2. 1D lattice complexes

The ordering of a single species A with different sizes likesACu atoms,
macromolecules, colloidal particleleaves or ladies can be characterized by
the A—A self-coordination numberg, i = 1— 3, of nearest, next-nearest and
third neighbors [2]. The ladies in a moslem school for example fave 2,

T, =2 andT; = 2 neighbors at distances= 1, 2 and 3 between the chairs.

A minimum of n =7 ladies in a row is required for the 2 2 2 value of the cen-
ter lady. The differenfT; values of ladies close to the aisle are added to the
averagedT; values Zn—1)/n, 2(n—2)/n, 2(n—3)/n for n ladies in a row.

The 2 2 2 ordering of ladies is a homogeneous 1D structure. A second homo-
geneous 1D structure is found for a school desk with two ladies and a vacant
place to the next desk. The A positions in the periodic sequence (within the
commas) ,AAJAAL], etc. haveT, =T, =1 andT; = 2 A neighbors at dis-
tances 1,2and 3. The 22 2 and 1 1 2 orderings are ttibdacomplexes, which

are obtained in the same way as 2D or 3D lattice complexes [5]. The Wyck-
off positions (1a)x =0, (1b)x = 1/2 and (2c)x, X can be occupied by A in

a periodic 1D ordering with lattice constaat= 1 and inversion center. The
self-coordination numbers = 2,i = 1— 3, are obtained for (1a) or (1b) with
distancesl = 1, 2 and 3 between A positions. Thevalues of the (2c) position

can vary within the asymmetric range<Ox < 1/4. TheT, values are 2 2 2 for
x=1/4 and 1 1 2 for all othex values. The distances between nearest neigh-
bors Z and second neighbors-12x are identical ak = 1/4. The same lattice
complexes with distances-12x, 2x or a between nearest, second or third
neighbors, respectively, are obtained fovalues in the range/4 < x < 1/2.
Structures with self-coordination numbers 1 1 2 (distorted structure) can be ap-
proximated to the increased 2 2 2 values by variatiorx @ x = 1/4. The
vacancies] between A positions are diministheThe 1D ordering without in-
version center contains only the lattice complex Withralues 2 2 2. The lattice
complex of a second species B is translatedxbirhe maximum Madelung
factor MF=2 In2 for A= & and B= © is obtained from

MF(X) = —X[¥(X) + ¥(1—X) —2¥(1)],0 < x < 1/2, ¥(x) = I""(X) / T(X),
U(1l/2)=—y—-2In2,¥(1) = —y (y = Euler constant
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for x =1/2 (MF(0) = 1). The B positions are on the border of the A—A Dirich-
let domain as will be outlined for 2D AB structures in Sect. 3. The A and B
atoms form a chain witfl; = 2,i = 1— 3 A or B atoms. The distances between
A, Banddin the 1 1 2 complex are identical far=1/6.

The homogeneous structuregBy of two species like A= ladies and B=
gentlemen can be derived for the two 1D lattice complexes with A—A self-
coordination numbers of the minority component A and the rgtio> 1: ,AB,
(020;1), ,AABB,(101;1), ,ABB,(002;2), ,AB, (002;1), ,AADBB,
(100;1) and ,ABIBALJ, (01 0;1). Homogeneous structures with periodic
borders in 1D are obtained for A and B on a round table tike 4 people in
the sequence AABB (101;1) or ABAB (020;1) aiid., =T, values. The
T; values of all 1D structures can be plotted in two structure maps [2]. The
homogeneous structures are on the corners1af g T; polyhedron. The cor-
ner structures with minimum or maximui values like 101;10r020;1
are obtained at attractive or repulsive A—A interactions [2]. The number of lat-
tice complexes with different;, i = 1— 3 values is increased in 2D or 3D to
more than 23 or 250, as will be outlined in the present investigation for invari-
ant or univariant solutions with some examples for homogeneous structures of
elements A and compoundsB,,. Homogeneous 2D or 3D structures can fre-
guently be characterized by the 1D sequences of A and B atoms like AB,AB or
AABB in [100], [110] or [111] direction.

3. 2D lattice complexes with increased self-coor dination

numbers
Periodic 2D structures are usually characterized by the lattice constants
andb, the angley betweerna andb and the positional parametetrandy. Ho-
mogeneous structures of a single species A are obtained for the occupation of
a single Wyckoff position. Positionsith identical neighborhood like the pos-
itions of a square net with; = T, = T; = 4 neighbors at distances Y2 and
2 can be described by the Wyckoff position 11-a or b (Table 1). The number of
different values in a Wyckoff position is restricted to asymmetric rangég af
or x values in characteristic lattice complexes [5, 6]. The incredsedlues are
obtained for certain ratids/a of lattice constants, anglesbetweera andb or
positional parametersandy. TheT,, T, or T; values at intermediate values are
decreased. The self-coordination numbers 4 4 4 of the square net w90’
betweena andb axes for example vary to 4 2 2 for 6& y < 90° and reach
6 6 6 aty = 60° (hexagonal net) in the characteristic Wyckoff position 2-a-d
(Table 14.1 of Fischer and Koch [5]). The values vary furtherto 244,246
242,264224,226and 22 2. The cog values for increased; values
(underlined values) are given in Tablel@lentical structures are obtained at
90 +y. The 2 2 2 values at low values (ory values close to 180 corres-
pond to the linear chain. The formation of 1D chains from 2D structures is also
observed for the characteristic Wyckoff set 6-a-d wita: 90> and small ratios
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Tablel. Self-coordination valued;, T,, T; for 2D lattice complexes of characteristic
Wyckoff positions [5] with less than two parametdy&, cosy or x. The cos/ value of
2-a-d position is varied for the special case- b. Maximum Madelung factors MF of
A*B~ with translation between A and B positions.

cosy T MF Tr. (B) X T MF Tr. (B)
b/a=1
12-c
2-a-d B—VDN/4 146 13095 [21/2
>17/18 222 (-1++/3)/4 521 14014 14x0
17/18 226 (a) 1.3863 R 1/2 1/4 444 16155 14 1/4
7/8 264 13863 121/2
3/4 246 13871 121/2 14d
3/4 246 13871 120 1/6 446 12852 132/3
1/2 666 15422 131/3
0 444 16155 1212 15
1/3 666 15422 131/3
(3-+3)/3 428 13199 8-13x—1
b/a Ti MF . (B) 172 446 12852 132/3
6-a-d 17-a
<1/3 222 - 666 15422 132/3
1/3 224 (a) 1.3863 O/ 17b
1/2 244 13863 0R2
V3 226 (b) 1.4044 12 1/2 - 863 13249 131/3
1 444 16155 121/2 17-
- 446 12852 132/3
X Ti MF Tr. (B)
17-d
Lab 1/4 222 11863 11216
&, 2-V3 231 1.2045 x/3 2x/3
- 444 16155 J21/2 1/3 363 13249 192/9
11-d,e 17-e
14 224 (b) 1.2990 40 (—3+2v3)/3 223 12038 x0
(2-v2)/2 314 12632 2-1/21/2—x 16 243 12301 160
(-1++v3)/2 125 12727 j21/2 (3-+3)/6 422 13271 L 4xx
11 (3-+v3)/3 344 11892 §-27x-3
(-14+2)/2 232 13717 x X
1/4 444 16155 14 1/4

b/a (ora/b). (The Wyckoff set 9-a,b witlh/a = tany/2 is identical with 2-a-d,
a=Vb, cosy.) The other lattice complexes of Table 1 with the variation of the
positional parametex show a different degeneracy. The multiplicity of atoms

is decreased at small or largevalues. The four positions with the special
andy coordinatex 0,x 0, Ox and OXx of characteristic Wyckoff position 11-d,e

for example decrease to one or two positionscat 0 or 1/2, respectively.
Some lattice complexes like the square net (4 4 4) or the hexagonal net (6 6 6)
occur in several characteristic Wyckoff positions with one variable parameter
(Table 1).
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Table2. Self-coordination values, T,, T; of nearest, next-nearest and third A—A neigh-
bors of adsorbed atoms A in different structure types [7] with A on top (T), bridge (B) or
hollow (H) positions. TheT; values in brackets are approximate.

T, T, Ty substrate structure type adsorbate
666 Al (111) (1x 1) OonT
Cu (111) (< 1) NionH
Ni (111) (/3 x+/3) R30 COonB
Ir (111) (/3 x+/3) R30 SonH
Rh (111) /3% +/3) R30 coonT
Ni (111) (2x 2) SonH
Cu (111) (2x 2) CsonT
(6 6 6) Rh (111) (%2) 3COonTorB
Pd (100) (2V2x+/2)R45 2COonB
Rh (110) C( 2) SonH
Ir (110) C(2x 2) OonB
Ir (110) (2x 2) 2SonH
444 Ni (100) (1x 1) CuonH
Ni  (100) C(2x 2) SeonH
Ni (100) (2x 2) 2ConH
Ni (100) (2x 2) OonH
(444 Pt (111) C(4« 2) 2COonTorB
363 Ni (111) (2¢ 2) 2HonH
(226) Ag (110) (2x 1) OonB
Ni (110) (2x 2) SonH
224 Ta (100) (& 3) OonH

The adsorbed atoms A of many surface structures are ordered in a hex-
agonal or square net with Ieoordination numbersl,, T,, T; of nearest,
next-nearest and third A—A neighbors 6 6 6 or 4 4 4 (Table 2). This is obviously
related to the hexagonal or square net ofdtiestrate atoms of most structures.
Some structures with (6 6 6) or (4 4 4) values in brackets show that the hex-
agonal or square net of adsorbed atomapigroximated for other symmetries
of substrate atoms (Table 2). A hexagonal net can also be found in incommen-
surate structures (like Ag (111) Xe) [7] or the 2D ordering of macromolecules
or colloids without specific bonding to the Ag, water or glass surface. The
honeycomb net witfT; values 3 6 3 is observed for H atoms on Mi{). The O
atoms on Ag (110) withb/a= 0.71 or the S atoms on Ni (110) wittya~ 0.62
are close to the lattice complex 2 2 6 (b) of characteristic Wyckoff position
6-a-d atb/a = 1/+/3 (Table 1). The 2 2 4 values hta = 1/3 are obtained for

O atoms on Ta (100).

The hexagonal net (6 6 6) and square net (4 4 4) of adsorbed atoms corres-
pond to circle packings with maximum dgty [2, 8]. The density is decreased
inthe 363,226 o0r2 24 lattice complexes.

The 2D Ni (100) C(2x 2) Na/ C(2 x 2) S structure [7] with two square
nets (4 4 4) of Na and S atoms at translatigi2 1/2 (maximum distance be-
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tween A and B atoms) has the 2D ordering with maximum Madelung factor
(Table 1). The Madelung factor is decreased from 1.6155 to 1.3789 in Ni (100)
(2 x 2) Na/ (2 x 2) S with translation 22 0 of the square nets. The maximum
MF value for the combination of lattice complexes is obtained at different
translations of B atoms. The B positions are such that a maximum number
of them lies on the border of the A—A Dirichlet domain. The A and B atoms
form lattice complexes like a square or honeycomb net of A and B atoms in
Wyckoff position 11-a,b or 17-a. There are two groups of 2D lattice complexes
with space groups 10-12 (square) or 13-17 (hexagonal). The lattice complexes
of the same space group can be combined without distortion. The MF values
of homogeneous structures with identical potential surfaces like 044 ;1 and
220;1b of the 4 4 4 (square) net [2] are related:

MF(444|044;1)=2MF(444|220;1b) & 1.6155),
MF(363/060;1)=3MF(446|200;2) & 1.5422),
MF(363/060;1)=6/5MF(446|040;2),
MF(363/060;1)=1/2MF(A=666, B=36 3).

The last example shows a relation between MF values of an AB and AB
structure (with A and B at Wyckoff positions 17-ab).

Rod-like molecules with rotational freedom (calamitic liquid crystals) are
frequently ordered in two dimensions][# hexagonal net (6 6 6) is observed
for liquid crystals in hexatic B, smectic I, F, L or crystal B, J and G phases.
The tilt of molecule axes in smecti¢gdrystal J or smectic ferystal G phases
is directed towards the top or bridge position of the hexagonal net. The two-
dimensional ordering of crystal E, K or H phases is approximated by the
(226), (26 4) or (24 6) complexes of Wyckoff letter 2-a-d with two orien-
tations A and B (instead of two species). AB structures are also observed in
smectic G, Cq4, C, or C, phases. Non-rotating molecules can be analyzed by
different directions A, B, Cetc. of the molecules depending on the symmetry
elements of the space group [2]. The center atom of a molecule in the gen-
eral Wyckoff position with coordinatezyz hasT,, T,, T; first, second and
third neighbors. 2D tiles similar to Dirichlet domains are obtained, if the lines
between A or B positions are intersected midway by vertical lines (vertical
planes in 3D structures). The other atoms of the molecule are in these do-
mains with different orientation A, B, C, D depending on the symmetry. The
A, B, C, D sequences of molecules frequently form 1D rows in different direc-
tions. Thex 60000 entries of the Cambridge Structure Database with a single
molecule in the triclinic unit cellP1 have the same orientation in linear,A
chains (2 2 2) in [100], [010] and [001] directions [2,10]. The third neighbors
(Ts) form A, rows in [110] direction of the triclinic unit cell of layered com-
pounds. AB sequences are formed in compounds crystallizifRy.if10]. This
alignment of molecules with 18Gotation of the B position can be compared
to antiferromagnetic ordering in magnetic compounds. The orientations A, B,

Bereitgestellt von | Forschungszentrum Jilich
Angemeldet
Heruntergeladen am | 24.04.18 15:53



Characteristic Lattice Complexes 445

C and D are observed in most organic molecules with frequently occurring
space groups likéc, Cc, C2, P2, (AB) or C2/c, P2;/c, P2,2,2,, Pca2, and
Pna2, (ABCD) [11, 12]. Centrosymmaetr molecules with space grou@?/c

or P2,/c have two different orientations A and B. The minimum values 11 1
are obtained in the oblique (monoclinic) space gr@p(2e). Symmetrical
molecules like GClg or rotatinga-N, with the center of the molecule in the
special Wyckoff positiork = y = z= 0 form the 6 6 6 packing with increased
density. The stacking of the Dirichlet domains of molecules without ionic or
hydrogen bridge bonding can be compared with the formation of stone walls
without cement. The Dirichlet domains of space groups with mirror planes will
deteriorate. These space groups arg vare for organic molecules [11, 12].

4. 3D lattice complexeswith increased T, values

The self-coordination numberg, T,, T; of 3D lattice complexes with zero

or one parameters could be determined in a similar way as outlined for 2D
structures [13] (Table 3). The cubic lattice complexes with variatdan de-
generate at certair values as was outlined for 2D complexes. The tetragonal
or hexagonal lattice complexes of space groups 75-194 degenerate to 2D lat-
tice complexes like 4 4 4 (square net), 6 6 6 (hexagonal net), 4 4 6 (kagom
net), 3 6 3 (honeycomb net) or the 1D sequence 2 2 2 for small or large ratios
of lattice constants/a.

Most of the lattice complexes with4 T, < 12 are homogeneous sphere
packings [8, 13]. The nearest neighbof$ayered structures or unstable sphere
packings are on the meridian or one hemisphere. Layered structures and struc-
tures withT, < 4 are usually formed at attractive A—A interactions like co-
valent bonding in Gl (T, = 1), sulfur chains T, = 2) or graphite T; = 3).
Straight chains of A positions are rod packings [14].

Structures of the Inorganic Crystal Structure Database (ICSD) [15], stan-
dardized structure types (TYPIX) [16] or alloys [17] with one or two Wyckoff
positions are analyzed fdr values (Table 4), if the positions of atoms can be
approximated by the lattice complex with maximdirvalues.

Some elements like Cu (12 6 24), W (8 6 12) or diamond (4 12 12) have
the structure of undistorted lattice complexes. The same applies for homoge-
neous structures /8, with identical neighborhood of A and B atoms like NaCl
(12 6 24), CsClI (6 12 8) or NaTI (4 12 12). The electron configurations of the
atoms are either spherical like Na and Cl or in accordance with the symme-
try of the lattice complex like thep® electron configuration of C atoms with
T, =4 C-C bonds. Most lattice complexes however are distorted. Several rea-
sons for the distortions can be recognized:

Jahn-Teller distortion: The C&* atoms of CoO (126 24) have a non-
sphericald’ electron configuration with different bond lengthddirection and
c/a=0.99 of the tetragonally distorted NaCl structure.
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Table3. Self-coordination valued;, T,, T; for 3D lattice complexes of characteristic
Wyckoff positions [5] with less than two parametar& or x in space groups 75-194 or
195-230, respectively including invariant cubic lattice complexes (second origin of space

groups).

c/a Ti c/a T c/a Ti c/a Ti
123-ad 141-cd 1/2 446 191-cd
222 222 V6/4 488 222
1/3 226 /27143 226 V3/2 4410 1//27 225
1/2 268 /2763 264 V6/2 8 6 16 1/4/12 256
1/V/3 2410 J2/55 246 V152 4410 1/3 238
1 612 8 J2/15 642 V332 4410 1//3 566
V2 468 V2/3 426 446 1 389
2 446 1/2 444 180/181-c.d 2//3 365
444 277 426 590 363
139-ab V261212 4 m 191-f
, NV )4 1o /v/320 226 9
222 44 3/4/140 264 222
V2/35 2210 3//128 246 1/6 226
V2715 210 8 166-a,b 3/V/32 644 1/4 268
1/2 286 222 3/J20 464 YJV12 2410
J2/3 10 4 8 /3780 228 3J6/8 446 1/2 684
1 86 12 J3/35 286 3v2/4 44 4 V2/2 4212
V2 12 6 24 V3732 268 3J3/4 4410 V3/2 46 14
NG 412 20 3/8 86 12 3/2 410 4 1 448
V14 4 4 12 \/::’L% ggg 3/3/2 104 8 446
444 9/2 6 4 10 194-cd
141-ap VI2. 6128 3Tip 6104 222
222 V3 6612 3 755 6610 2/JI0E 228
2/V143 226 ve 12624 666 v 286
V15 66 12
2//63 264 ez 6 12 12 191-ab 2//21 268
2/+/55 246 666 222 2/3 866
2//15 648 1/3 228 V6/3 626
2/J7 468 166-de 1/2 2812 1 686
J2/3 4410 222 1/4/3 2614 4/3 668
2/v/6 4122  /3/320 226 1 8126 V873 1262
V2 41212 V/3/140 264 V2 6218 203 6612
2 4416 V3128 246 V3 6818 V323 61212
Vi2 8124 V332 648 2 668 666
444 320 464 666

Lone electron pairs. The neighborhood of Tlatoms in TIF withc/a=1.14

of the same structure type is non-spherical with a lone electron pair. A different
tetragonal distortion witlt/a’ = 1.05 is found in the high pressure modifica-
tion of GeP. (Thea' value of the lattice complex is different from tlevalue

of the hexagonal cell.) Trigonally distorted NaCl structures wjth= 2.57 or
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Table3. continued.

X T, X T, X T,
198-a 211-i 216-e
0 12 6 24 (3—+5)/8 126 1/8 6 12 12
(3-+5)/8 66 12 (-1+v2)/4 324 217-c
1/8 6126  (-3+v12/4 234 o /78 3614
199-a 1/8 414 3/16 968
0 6128 V3/12 225 1/4 6128
1/16 396 212/213-ab 20-ab
1/8 366 - 6126 _ 848
199 A2c 220¢
-1/8 8438 -1/8 366 0 86 12
(3—-+/13/8 462 1-2)/4 367 @2 /3)/16 563
0 428 (5-v30/8 376 1/8 3212
(3-v5)/8 426 0 412 12
1/8 444 <1/8 136 220d
0 144
2009 212-d (_3+ VID)/8 542
(5-+21)/4 189 0 444 s 454
(3-+5)/4 198 5/24 262 5. /64 445
1/4 2816  (—1++/33/16 622 18 482
0d-e 3/8 4108
1 1/2 444 221-ab
/8 1412 ~ 612 8
(-1+3)/4 581 214-ab
(3—+5)/4 4109 - 366 221-cd
1/4 428 21404 - 8 6 16
205-c _ 44 4 221-e
(-1++5)/8 763 1/4 428
1434 6709 o M L., @22 518
(-3+V15/4 667 (—1++3)/2 149
1/4 612 8 214-f 21-g
206-C -1/8 482 (-1++/3)/4 334
(1-+3)/8 225
3-+/5)/8 137 2—/B)/4 234 1/4 61238
(—1+v2)/4 416 —1/24 216 221-h
1/8 3212 0 344 (-1++2)/2 231
206-d 24-h 1/4 428
0 8616 (3. /138 342 221-i
3-V5)/8 446 (—1++/8)/8 424 (2482 426
1/8 482 1/4 248 1/4 448
208-k| (—1++/33)/16 226 (2-v2)/2 676
(3-+8)/4 162 (1++17)/16 262 1/3 254
(-3++12)/4 342 3/8 9418 223-c.d
2109 215-e - 2816
0 28 16 (2-2)/4 369 223-gh
(3—-+/38)/8 442 1/4 126 24 1/8 224
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Table3. continued.

X Ti X T; X T,
223 ] 227-f 229-h
(—3++/12)/4 234 >1/8 414 3/16 428
(3-+6)/4 414 (-1++/10)/8 452 (4—10)/4 466
(=24+7)/4 225 5/16 834 1/4 8 6 16
one (—1+/14)/8 446 (2-v2)/2 462
3/8 488 1/3 425
—2+/6)/4 4126
(2o . 227-h V3/8 614
224-i j 18 428 (4—6)/4 258
1/8 222 / .
2- 432 531 1/6 223 229-i
1/6 363 228 /12 232
18 4128 V24 432
225-ab 6 624 1/8 224
- 12 6 24 2-v2)/4 223
229-a
225-e _ 86 12 230-b
(-1++v2)/2 454 S - 3212
1/4 86 16 ) s 230-c
225 _ 482
(—2+/6)/4 334 229d 230
1/8 364 - 428 i 482
2-v2)/4 661 229-e
225-hi 2—-2)/4 4109 " 230-e b33
2-+3)/2 425 1/4 428
2-+2)/4 434 2-+2)/2 sg1 (-1+VD/16 143
1/6 52 12 3/8 1128 230-f
3-v5H)/4 1410 229-f 0 488
27-ab 1/8 332 (-3+V/1D)/8 125
- 412 12 3-6)/4 341 2309
227-cd (3-+73)/8 431 (-=3+/12)/8 344
" 612 12 3/16 139 1/4 2816
229-g “4-3)8 622
227-e 18 2924 (1++/17/16 426
(-2++/6)/8 463 2-2)/4 314 3/8 496
1/4 12 6 24 (—1+v3)/4 125 (8—+/23)/8 524
5/12 164

2.50 instead of 2.45 are found in GeTe or BiO with lone electron pairs &f Ge

or Bi%*.

Non-invariant sphere packings: Thec/a = 0.539 of Sn orc/a = 0.831 of Pa
are close taec/a= 0.516 of the (6 4 8) or t@/a = 0.817 of the (10 4 8) sphere
packing. The same applies far= 0.1667 orx = 0.1003 values of C op-Si
inthe (4 3 1) or (4 1 6) sphere packings with= 0.1585 or 0.1036 values. The

Bereitgestellt von | Forschungszentrum Jilich

Angemeldet

Heruntergeladen am | 24.04.18 15:53



Characteristic Lattice Complexes

449

Table4a. Self-coordination valued;, T,, T; of A and B atoms in A or AB, structure
types with one or two characteristic Wyckoff positions [5] of Table 3. Thevalues in
brackets are approximated in the experimental structures.

A B A,By SG-WS A B ABy SG-WS

12624 - Cu 225-a 8612 - w 229-a
(12 6 24) - (Al,zn) 166-a 8612 6128 PtHg 229-ac
(12 6 24) - In 139-a 8612 4126) Sik 208-ag
(12 6 24) - N> 198-a 8612 2816 SiGr 223-ac
12624 12624 ZnS 216-ac 848 - Ga 220-a
12624 12624 NaCl 225-ab 848 (563) EYS, 220-ac
(12624) (12624) CoO 139-ba 848 (3212) ThP, 220-ac
(12624) (12624) GeTe 160-aa (834) 61212 FEKFe 227-fc
(12624) (12624) GeP 107-aa (76 3) - N, 205-c
12624 8612 OCy 224-ab (61212) (61212) PtCu 166-ba
(12624) (834) As0O; 227-f 61212 41212 CuMg 227-cb
12624 (763) Fes 205-ac 61212 41212 @Si 227-ca
12624 (763) CQ 205-ac 6128 - Po 221-a
(12624) 61212 TiC 227-ec 6128 6128 CsCl 221-ab
12624 6128 CafF 225ac (6128) (6128) TiCu 123-da
(12 6 24) 6128 FeC 215-ea 6128 (518 CaB 221-af
(12624) (6128) PtS 131-ce 6128 488 QP 229-cb
(12624) (6128) ThH 139-ad 6128 2816 QP 223-ec
(12624) (6612) N 198-aa (6128) (2410) HgPt 123-ea
(12624) (6612) CO 198-aa 6126 (376) SrsSi  213-ac
12624 (5212) UB, 225-ai (6818) (6818) LiRh 187-da
12624 (4126) COQ 201-be (6818) (6612) Nd 194-ac
12624 (4126) Cag 20l-be (6612) - Hg 166-a
12624 488 AgO; 224-bd 6612) (6612) FesSi 198-aa
12624 (224) PH  208-hi (6612) (6612) Hgin  166-ab
(126 2) - Mg 194-c (6612) (6612) BN 194-cd
(1262 (1262) C 186-bb (6612) (6218) C 194-cb
(1262) (1262) ZnS 186-bb (6 6 8) - Po 166-a
(1262) (8126) SFe 194-ca (668) (2614) AsNi  194-ca
(1262) (2614) SCo 194-ca (64 8) - Sn 141-b
(10 4 8) - Pa 139-a (622) (376) B-Mn 213-dc
(968) 8612 RSi 217-ca (566) (2614) HgU 191-da
(968) (3614) LiB 217-cc (566) (2614) Ti 191-da
(812 6) - (Sn,Hg) 191-a (563) 542) PuC; 220-cd
(8126) (8126) WC 187-ad 41212 - C 227-a
(8126) (389) MoB 191-ad 41212 41212 NaTl 227-ab
(8126) (365) AIB 191-ad (468) (468) CuAu 123-ad
(8124) (8124) NbP 141-ab (4416) (4416) UPb  141-ab
(8124) (8124) NbAs 109-aa (446) (446) PdO  75-ab
8616 8616 NbO 221-cd (431) - C 229-f
8616 6128 CyAu 221-ca (416) - Si 206-c
8616 6128 QRe 221-da (396) (396) UCo 199-aa
(8616) (6128) ETi 166-da
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Table4b. The same as Table 4a forB,C,.

A B C AB,C, SG-WS
12 6 24 12 6 24 12 6 24 Mg Ag As 216-abc
12 6 24 12 6 24 8 6 16 Cu Ptft 225-abd
12 6 24 12 6 24 (6 12 12) Mg Sn Qu 216-ace
12 6 24 12 6 24 6 12 8 Al Mn Gu 225-abc
(12 6 24) (12 6 24) (4 6 8) V Sn Rh 139-abd
12 6 24 (8 6 16) 6 12 8 Pt €K, 225-aec
(12 6 24) 8 6 16 6 12 8 SCu; As 215-eca
(12 6 24) 8 6 16 6 12 8 Lu; V 215-eda
(12 6 24) (8 3 4) 6 12 12 NiMn; Si 227-efc
(12 6 24) 6 12 12 6 12 12 L Ti 227-edc
(12 6 24) 6 12 12 4 12 12 LAl, Mg 227-ecb
(12 6 24) (6 12 8) (6 12 8) CYCo 131-cfa
(12 6 24) (6 12 6) (6 6 12) Ni Sb S 198-aaa
(12 6 2) (12 6 2) (8 12 6) Ga Ge Li 186-bba
(12 6 2) (12 6 2) (8 12 6) Be Si zr 194-cda
(9 6 8) (9 6 8) 488 RtGe, Nag 217-ccb
(9 6 8) 8 6 12 488 SV T, 217-cab
(8 12 6) (8 12 6) (8 12 6) Li Ba Si 187-eda
(8 12 6) (8 12 6) (389 N Li Li 191-abc
(8 12 6) (4 6 14) (389 Sn Gdn, 191-afd
(8 12 6) (4 6 14) (389 Ca GlCu, 191-agc
(8 12 4) (8 12 4) (8 12 4) LaPtSi 109-aaa
8 6 16 8 6 16 6 12 8 sSUs U 221-dca
8 6 16 6 12 8 6 12 8 QCaTi 221-dba
86 12 6 12 8 2 816 Na OPt; 223-aec
86 12 49 6) (4 8 8) Ga NiGa 230-agf
848 8438 (3212 CaU; S, 220-abc
(6 12 12) (6 12 12) (6 12 12) Mo S S 160-aaa
(6 12 12) (6 12 12) (6 8 18) Cdll 186-bba
(6 12 12) (6 12 12) (6 2 18) K As Sn 186-bba
(6 12 8) (6 12 8) (4 6 8) Sr Pb Bb 123-ace
6 12 8 6 12 8 (2 8 16) W Ge Al 200-abf
6 12 8 581 (425 SiCe; Nig 229-ceh
6 12 8 614 (4 2 8) AgAgs Cas 229-che
(6 12 8) (2 4 10) (2 4 10) WU (UMo) 123-eac
6 12 6 622 (376) C MpAl, 213-adc
(6 8 18) (6 8 18) (6 8 18) Ni Ni H 156-abc
(6 8 4) (5 6 6) (2 6 14) CoB, Ce 191-gca
(6 6 12) (6 6 12) (6 6 12) ZrsSO 198-aaa
(6 6 12) 6 6 12) (6 2 18) Cd CI (OH) 186-bba
(6 6 8) (6 6 8) (2 6 14) In Ni Ni 194-cda
(5 6 6) 4 2 12) (2 6 14) NiAl; Pr 191-cga
(4 12 20) (4 12 20) (4 68 Ti Al Al 139-abd
(4 6 8) (4 6 8) (4 6 8) Fe Ni N 123-cha
(4 31) 428 (112 8) SnSny Ir; 229-fde
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x =0.31125 or 0.2976 values of oxygen atoms inGpor As,O; are close to
X' = 0.3125 of the undistorted (8 3 4) packing.

Covalent A—A bonding: The structure of pyrite (Fepwith T, = 12 6 24 of Fe
atoms contains S-S dumb-bells with covalent bonding between S atoms. The
same applies for the peroxides like Cd@ith x' = 0.09 of the same structure
type (identical lattice complexes forHOx or 1/2+x’). Thex’ =~ 0.16 value of

SiO, and Pdk without O-O or F—F bonding is close to= (—1+ \/5)/8 of

the lattice complex withl; values 7 6 3 (Table 3). The O atoms in €®With

X~ 0.12 contain a C atom in the center of the dumb-bell (linearG2-0O
molecules).

Combinations of packings: The invariant cubic F and T lattice complexes [5]
with T; values (12 6 24) and (6 12 12) occur in different space groups 225
and 227. Thex = 0.245 value of Ti atoms in the JC structure (CdGlanti-
structure type) is close to= 1/4 of the (12 6 24) packing. The cubic F and P
(primitive cubic lattice withT; values 6 12 8) lattice complexes of space groups
225 and 221 are combined in the ratio 1 : 2 in the invariant,Gafacture. The
combination in the ratios 4: 1 or 1: 1 in & or PtS is not possible in an in-
variant structure. Thg = 0.265 value of Fe atoms in E€ is close tax = 1/4

of the undistorted lattice.

Combinations of distorted packings. Thec/a= 1.41 andc/a = 2 values of
undistorted F and P complexes in PtS are different. d/lae= 1.758 value of
PtS is intermediate. The same applies for the combination of the hcp sphere
packing (12 6 2) withc/a=1.633 and two primitive hexagonal packings
ph (8 12 6) withc'/a=2 in SV with ¢/a=1.73 or SFe withc/a = 1.69.

A different complex (2 6 14) at/a = 1.155 is approximated for metal atoms
with decreasedat/a = 1.548 (SNi) or 1.525 (SCr). The (6 6 8) packing with
c/a= 133 is approximated for Se, As or Sh atoms in SeiXa(= 1.46), AsNi
(1.39) or SbNi (1.31). The formation of the (2 6 14) chain of Ni atoms with
T, = 2 nearest neighbors adirection is probably related with attractive Ni—Ni
interactions.

Combinations of three or more packings: Compounds with three or more
Wyckoff positions (Table 4) are frequently related with binary compounds. The
three compounds PtgK,, S,Cus;As and SCu,;V with the (12 6 24), (8 6 16)
and (6 12 8) packings of A, B and C atoms for example are related tg CaF
or Fe,C with (12 6 24) and (6 12 8) packings in the ratio 1: 2 or 4: 1 and to
CusAu or O;Re with (8 6 16) and (6 12 8) packings in the ratio 3: 1. The B
and C atoms of C4Au and SCu;As or O;Re and $Cu;V have the translations
1/21/200r/200.

Colloids and micelles: Colloidal particles can crystallize in (12 6 24) (fcc-),
(10 4 8) (bct-), (812 6) (bcc-), (2 84) (sft-) or (22 8) (bco-colloids) pack-
ings [18]. Binary mixtures of colloidgparticles with different sizes were ob-
served in (8126) (365) AIB (6128) (6128) (624) NaZnZn (8 12 6)
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(4614) (389) CaCiCu, or (612 12) (4 12 12) CMg structures (Table 4)
[19]. The NaZn; and CaCuy structures are examples of different neighbor-
hoods of B particles. Different packings were also observed for micelles [20]
in Wyckoff positions 225-a (12 6 24), 229-a (8 6 12), 223-ac (86 12 and 2 8 16)
or227-da (6 12 12 and 4 12 12).

5. Surfacesof cylindersor spheres

Some circle packings with high density like 6 6 6 or 4 4 4 can be related to
the ordering of leaves (phyllotaxis) [21, 22]. This can be shown, if the packing
within the periodic boundary lines [2] is rolled to a cylinder around the stem
of the plant. Whorles withh = 6 leaves for example can be compared with the
table ofv = 6 ladies A (Sect. 1). The ordering is periodic within a short section
of the stem. The A positions show the directions of leaves. The formation of
single spirals{ = 1) with an angle8 ~ 360 /7% ~ 138 (r = (1++/5)/2) [22]

can be described by a distorted (4 4 4) packinghef 2 rhombs with angle

y ~ 99 and the inclination angle. Other spirals like the:-helix (n = 3) or

a double helix ¢ = 2) with vn = 10 or 12 base pairs are obtained at variation
of nandy:

360(n — cos sin
v 0ANZCOSY) g SNV

, =—— rise=sina, 1
nZ—2ncosy +1 n—cosy @)

ng=360coyy (x¢=0), rise=siny. 2)

A pairwise spiral is also obtained for= 2 rhombs withe = 0° and differ-

ent 8 values at varied angleg of the rhombs (Eqg. 2). A double helix with

v =2 leaves at the same height of the stem is observed for the stinging net-
tle as example. The spiral growth in the 6 6 6 or 4 4 4 packing is observed for
about 80% of the plants [21, 22]. The density of leaves is decreased in the 36 3
honeycomb or 4 4 6 kagoennet on the cylinder surface. 33% or 25% of the
positions of the hexagonal net (6 6 6) are vacant.

Other structures can be considered as circle packings on the surface of
a sphere (Platonic or Archimedeanlids) [2]. The highest density of homo-
geneous solids is obtained for the icosahedron Witvalues 55 1 of thd; +
T,+ Ts+ 1= 12 verticesv in alloys or polyoxomolybdates. The density is in-
creased for viruses witli; = 5 or T, = 6 values of capsomeres protecting the
virus genome. The capsomeres of the tobacco mosaic virus form a single spiral
(v =1) with n = 17 rhombs. Thes values of the helices in cholesteric liquid
crystals increase at increased temperatures [9].

The curved eyes of many insects like flies, bees or dragon-flies contain
many facet eyes in a hexagonal net with a honeycomb frame [23]. The muscle
of the fly (bombylius major) has a hyperbolic surface with a hexagonal net of
bundles of myosin molecules and a kagonet of actin molecules.
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6. Conclusion

All 2D or 3D structures can be characterized by lattice complexes with in-
creased self-coordination numbers efnest, second and third A—A neighbors

T, i =1- 3, if the values for more than one parameté, cosy or x (Tables 1

and 3) are available. The homogeneouBAstructures are characterized by
two lattice complexes for A and B positions. The same applies for two direc-
tions A and B for the ordering of magnetic moments or the ordering of organic
molecules [2]. The lattice complexes for organic molecules with more than one
parameter are not yet determined. Curved surfaces like the surfaces of cylinders
or spheres are analyzed By i = 1— 3 values for phyllotaxis or the ordering of
capsomeres of viruses.

Most homogeneous structures with identidalvalues of A and B can be
related with different interactions. Pauling’s rule of parsimony is obeyed for
the homogeneous structures with identical neighborhd@bd:number of es-
sentially different kinds of constituents in a crystal tends to be small [24]. The
AB, AABB or ABB sequences of the linear row are observed for most ho-
mogeneous 2D and 3D structures [2]. Most structures of the 555 0r 521
nets are not homogeneous. A structure with=5 neighbors cannot be di-
vided in equal parts because of the absence of a five-fold symmetry operation.
The honeycomb (3 6 3), square (4 4 4) and hexagonal (6 6 6) nets are exam-
ples with T, = 3-, 4- or 6-fold symmetriesT; = 5-fold symmetry is obtained
in the icosahedron (5 5 1). Inhomogenedsstructures are essential for DNA
sequences, music notes or letters of languages [25].
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