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Introduction

Nanoparticles are nano-engineered structures, 1-100 nm in size
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Motivation

Nanoparticles are formed by crystals of materials such as magnetite

Individual crystals grow based on crystal habits, which give the
characteristic external shape of a crystal

Provide an easily accessible web based crystallographic tool which can

produce nanoparticles for simulation from any material as they grow in
nature of any type, any size and any shape

Magnetite (Fe304) unit cell Magnetite (Fe304) crystal shape




Unit Cell & Crystal Lattice

The unit cell is the smallest group of particles in the material, which builds
up the whole crystal structure

The crystal lattice is built up by repetitive translation of the unit cell and
its the symmetry and structure is completely defined by it

The connection points between the unit cells form the crystal lattice

Unit cell Crystal lattice
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Crystal Structure = Lattice + Basis

The basis consists of the arrangement of the building blocks (atoms,
molecules) of a unit cell

The basis is represented by a lattice point

All building blocks of a crystal structure are subject to the same translation
principle

o +..g....:.0‘0.0'0.0

Basis Lattice Crystal Structure



Crystal systems and Centering types

* Every imaginable crystal structure of the world belongs to one of
altogether 7 possible crystal systems each one having 4 centering

types
restrictions for cell constants cell angles
The 7 Crystal systems
triclinic none none
monoclinic none o=v=90°
orthorhombic none a=p=y=90°
tetragonal a=b a=pB=y=90°
trigonal a=b o=p=90°y=120°
hexagonal 1 a=b oa=p=90°%y=120°
M cubic a=b=c a=p=y=90°

symmetry

hexagonal crystal family

Primitive  Base-centered Body-centered Face-centered

The 4 Centering
types . " . .




Centering type (Bravais) & Symmetry
(Point groups) applied to crystal systems
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Bravais lattices

restrictions for cell constants cell angles

triclinic none none

monoclinic none a=y=90°

orthorhombic none a=B=y=90

tetragonal a=b a=p=y=90° . .

trigonal a=b o=p=90°%y=120° Bravals Iattlces
symmetry cubic a=b=c oa=p=y=90° //’/
hexagonal crystal family /

;
"7 x4= 14 (?)

\
\
\
\

crystal systems —

Primitive | Base-centered Body-centered Face-centered

\ kind of centerings

 Some of the 28 conceivable lattice types are redundant

 Some of them are not possible due to symmetry reasons



The 14 Bravais lattices

CUBIC

a=b=c
o= p=y=90° P

TETRAGONAL

a=b=zc P
o=p=y=90°

ORTHORHOMBIC
azbzc
o= p=y=90°

HEXAGONAL TRIGONAL

a=b=c
o=p=y=+90°

a=bzc
o=p=9A"°
v=120°

P
P
MONOCLINIC :
bzc P 4 Tylg)es of Unit Cell
T 90° c = Primitive
o [ = Body-Chnired
p=120° E = Face-Centred
P

C=SideCentred

TRICLINIC v
azbzc 7 Crystal Classes
o Pry90° —» 14 Bravais Lattices




Point groups

The 7 crystal systems consist of 32 crystal classes, corresponding to the 32

crystallographic point groups

A crystallographic point group is a set of symmetry operations

Class Group names

Cubic 23 | m3 432 |43m | m3m

622 |6mm | B2m

[
-]
5=

Hexagonal 6

Trigonal 3 |3 32 |3m | 3m
Tetragonal |4 |4 |%, (422 [4mm |42m
Monoclinic 5
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Orthorhombic
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The Ten Planar Point Groups



c axis

7 Crystal
sysiems

Screw axis
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Space groups
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Space groups

space group = translation + point group

T

mirror rotation inversion

, v

— glide rotoinversion

» SCrew

* Aspace group is a combination of the translational symmetry of a unit
cell including lattice centering and the point group symmetry operations

 The symmetry of a crystal is completely described by a space group



Symmetry operations

 The application of symmetry operations is a sequence of matrix
multiplications

Translation Rotation Inversion

' ) I O 0 | cosx O —=smax 0O | -1 0 0 0
s 01 0 2 O 1 0 0 0 -1 0 0| »
A 0O 0 1 3 sinax 0 cosx 0 0O 0 =1 0

1 Jltooo0o 1 o o o 1o o o 1)

£

Application of inversion, followed by a 2-fold rotation about
the b-axis and followed by a translation of [123]

 We use Miller indices because it is straightforward to
derive the orientations of other faces of the same kind for Miller indices
different degrees of symmetry (n-fold rotations)

14



Miller indices

* Miller indices are used to denominate lattice planes and form a notation system
for a family of planes

* Expressed by three integers: {h k I} such as {100}, which contains (100), (010),
(001) and the negative of any of those directions

How to find a Miller plane:
1) Take the reciprocals. If the reciprocal is ==, the plane is parallel to that direction
2) Multiply the reciprocals with each of the unit lengths, a, b and ¢
3) Mark the intercepts and draw the plane z

Unit length = a

Example:
How to find the plane with Miller indices: (210)
e Reciprocals (fractional intercepts): %,1, o

* Intercepts: %2a,a,o°

(0,a,0)

« Cartesian coordinates: (% a,0,0), (0,a,0), (42,0,0)

parallel to z direction



Crystal shape construction

Miller indices indicate individual planes

Crystal shape: A polyhedron that is created as the intersection of multiple
individual planes based on the unique crystal habit

In order to construct the crystal shape we have to find the crystal faces
from the symmetric Miller indices

Magnetite (Fe304) unit cell Magnetite (Fe304) crystal shape

16



Symmetric Miller indices

Calculate symmetric Miller indices by applying the point group symmetry
operations on the initial Miller indices

Generate Miller planes for all symmetric indices as before

Symmetric Miller planes with respect to the point group form polyhedrons
when they intersect

17




Nanoparticle growing planes &
morphology - crystal habit

* Acrystal will arrange itself such that its surface energy (Gibbs free
energy) is minimized by assuming a shape of low surface energy

* The equilibrium shape of the crystal will then be that which minimizes the
value of this energy (crystal habit)

{100}

dw=A*V,,  A=constant

Wulff morphology (crystal habit) expresses a <001>
particle produced in conditions of perfect
thermodynamic equilibrium. <010>
Magnetite: (001) plane dominates the morphology,
followed by the (111) surface truncating the corners
of the cube. magnetite




Creating the Wulff morphology
(crystal habit)

Input:
* Ciffile

* Planes dominating the morphology (minimum energy
surfaces) expressed in Miller indices

 Minimum surface energies of the planes

* Maximum radius from the origin

- Wulff morphology



1. Based on input, calculate Miller planes

Define the Miller plane for each hkl triplet and the desired distance d:
e Calculate x,y,z coordinates.
* Calculate the coefficients A,B,C of the plane equation
Ax+By+Cz+D=0
* Apply the distance d and calculate the coefficient D
* Place the origin on the negative side: D<0

Flane equation axr—+bytcz4+d=0
—>
ABXAC=(ab.c) (1) AB=(B,;—A5By—A4y,B,—A4,)
—
CiCx Oy, C2) AC =(C ;— A7, Cy—Ay,C—4,)
i — —=
by bzl (2) ABXAC = (b0
«H '55:(B!ﬂ'_f"‘-y)[Cz_ﬂz:'_(cy_ﬂyj[gz_ﬂz)
Alh Ay, A2) (Bx,B8Y.Bz] b=(B,— A, (Co—az)—(Co—A,)(By—Ay)

c=(By—Ag)(Cy—Ay)—(Cr—Az) By—Ay)
d=—(ad +bAy+cd,;)




2. Find all intersection points of three planes
Approach: Exhaustive search for all possible intersection points -> potential vertex

* 2 non parallel planes intersection: line

3 planesintersection (each 2 non parallel): point

Single intersection point No intersection point

100w, oneem

50 .---

4 <
e Bt




3. Keep points inside the polyhedron

Discard points that fall outside the polyhedron (on the
positive side of at least one of the planes)

Rejected points
Accepted points

22



YV VY

4. Create all faces of the polyhedron

Each face corresponds to one of the planes
Each face is defined by a subset of vertices

For each plane, find all vertices that lie on it (satisfy the plane equation)
Create a polygon of these vertices using the Quickhull algorithm

Result: obtain a list of all faces of the polyhedron

subset of vertices polygon

—)

23



4.a Use Quickhull algorithm to define the
convex hull of a set of points

Quickhull algorithm

1.

Connect the most distant points with a (double) line segment
Find the most distant point from the line segment
Replace the line segment with two new ones, connecting the most distant point

Repeat steps 2,3 until all points are included in the convex hull




h 4

Miller
indices

Symmetric Symmetric Symmetric
Miller indices Milerindices| s Miller indices
Y Y Y
Miller plane Miller plane | e Miller plane
intersection
points
A 4
Keep those
inside the
polyhedron
Y
Quickhull
Face Face

Workflow for creating the Wulff morphology

25



5. Create the symmetric unit from CIF file

e  Download from http://crystallography.net

* Cell parameters a, b, ¢, a, B, y, volume, etc.
* Space group symmetry operations

e (Cartesian coordinates of the atoms in the asymmetric unit

Asymmetric unit 5 Symmetric unit

Tio2 2, o5 o ° | S
Blue ---> Ti a=b=4.59373 A, c=2.95812 A
Red ---> O a=B=y=90°

26


http://crystallography.net/
http://crystallography.net/
http://crystallography.net/

5.a Symmetric unit cell

* Apply the given symmetry operations to the atoms of the asymmetric unit
with respect to the molecules lattice parameters.

e Atoms that are outside the unit cell should be moved inside.

 Atoms that are on the unit cell’s faces should be copied to all parallel
faces.

 Atoms that are on an edge should be copied to all edges.

jib
2
i\
‘V

. 4 4
TiO2 o 2 4 6 1 0 ] 2 3 4 5

Blue ---> Ti a=b=4.59373 A, ¢=2.95812 A
Red ---> 0 a=B=y=90°



6. Replicate unit cell and overlay the Wulff
construction

* Replicate unit cell across all directions until it reaches the maximum length
X, y and z of its crystal shape

* Remove duplicates

 Keep the atoms that are inside the crystal shape or on it, like we did with
the intersection points

30
20
10

-10
-20
-30

0 -20
20 20 0




Validation: TiO2 crystal shape

Ramamoorthy, et al., "First-principles calculations of the energetics of
stoichiometric TiO 2 surfaces." Physical Review B 49.23 (1994): 16721.

TABLE VI. Surface atomic coordination and surface en-
ergy for several 1x1 surfaces of different orientations. The
surface energies are in units of meV/(a.u.?).

o
a= b=4 593 73 A Surface Surface Ti Surface O Surface Surface
_ Q coordination coordination energy energy
c=2.95812 A (unrelaxed) (relaxed)
—R—\—ON° (110) 5.6 2,3 30.7 15.6
OL—B—V—9O (100) 5 2 33.8 19.6
(011) 5 2,3 36.9 24.4
(001) 4 2 51.4 28.9
MatLab Vesta
20 -
10 1
o -
-10 4
20
-20 10 -20 7



Validation: TiO2 nanoparticle creation

a=b=4.59373 A,
c=2.95812 A
a=B=y=90°

Ramamoorthy, et al., "First-principles calculations of the energetics of
stoichiometric TiO 2 surfaces." Physical Review B 49.23 (1994): 16721.

TABLE VI. Surface atomic coordination and surface en-
ergy for several 1x1 surfaces of different orientations. The
surface energies are in units of meV/(a.u.?).

Surface Surface Ti Surface O Surface Surface
coordination coordination energy energy
(unrelaxed) (relaxed)
(110) 5,6 2,3 30.7 15.6
(100) 5 2 33.8 19.6
(011) 5 2,3 36.9 24.4
(001) 4 2 51.4 28.9

TiO2
Blue ---> Ti
Red ---> 0

30




Example in Matlab

Ramamoorthy, et al., "First-principles calculations of the energetics of
stoichiometric TiO 2 surfaces." Physical Review B 49.23 (1994): 16721.

TABLE VI. Surface atomic coordination and surface en-
ergy for several 1x1 surfaces of different orientations. The
surface energies are in units of meV/(a.u.?).

Surface Surface Ti Surface O Surface Surface
coordination coordination energy energy
(unrelaxed) (relaxed)
(110) 5,6 2,3 30.7 15.6
(100) 5 2 33.8 19.6
(011) 5 2.3 36.9 24.4
(001) 4 2 51.4 28.9

e Calculated from quantum chemistry

http://nanocrystal.vi-seem.eu/CrystalTool

TiO2
Blue ---> Ti a=b=4.59373 A, c=2.95812 A
Red ---> 0 a=B=y=90°

31
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Algorithm & web-server implementation

The algorithm was first programmed in Matlab for visualization purposes
and then in C++ for speed and connectability to the web service

The web service was programmed in PHP

http://nanocrystal.vi-seem.eu/CrystalTool

A crystallographic tool for the
construction of nanoparticles

This tool constructs nancparticles for simulation of any material given as input the crystal structure, the size of the nanoparticle, and the preferred growing
planes and energies. As a result you have the choice to download the coordinates of the atoms in a xyz file and a .pdb file. For more information please read
the manual

m Video example Download example

Select a .cif file) Choose File | No file chosen

(>
1

WI-SEEM receives funding from the European Union’s Horizon 2020 research
and innovation programme under grant agreement No 675121

Created by Alexios Chatzigoulas
Powered by Cournia lab
Contact support: a.chatzigoulas@gmail.com
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Conclusions

A generalized algorithm was implemented for creating crystal shapes for
any kind of symmetry operations, Miller indices and distances based on
the crystal preferred growing planes

Production and replication of the symmetric unit cell across all directions
until it reaches the found crystal shape

Programming in MatLab, C++

Creation of a web service using PHP giving users a way to use the tool
without installation or accounts

http://nanocrystal.vi-seem.eu/CrystalTool

33
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Surface energy

* Acrystal will arrange itself such that its surface energy (Gibbs free
energy) is minimized by assuming a shape of low surface energy. He
defined the quantity:

.ﬂG.g — Z ’TjOj
i

* Hereyjrepresents the surface (Gibbs free) energy per unit area of the jth
crystal face and Oj is the area of said face. AGi represents the difference
in energy between a real crystal composed of i molecules with a surface
and a similar configuration of i molecules located inside an infinitely large
crystal. This quantity is therefore the energy associated with the surface.
The equilibrium shape of the crystal will then be that which minimizes the
value of AGi.



Crystallography

e Crystallography is the experimental science of determining the
arrangement of atoms in the crystalline solids.

* Acrystal or crystalline solid is a solid material whose constituents (such
as atoms, molecules, or ions) are arranged in a highly ordered microscopic
structure, forming a crystal lattice that extends in all directions.

 The description of the ordered arrangement of atoms, ions or molecules in
a crystalline material is called, crystal structure.

37




Unit Cell

 The smallest group of particles in the material that constitutes the
repeating pattern is the unit cell of the structure.

* The unit cell completely defines the symmetry and structure of the entire
crystal lattice, which is built up by repetitive translation of the unit cell
along its principal axes.

* The lengths of the principal axes, or edges, of the unit cell and the angles
between them are the lattice constants, also called lattice parameters.

f O/O * 2 z
r O— J

Crystal Lattice Unit Cell 38



Unit Cell

The unit cell is the unit, which builds up the whole crystal structure
by repeated translations along all three spatial directions.

39



Unit Cell examples

Cubic unit cell

a=b=c=10 A.
a=B=y=90°.

Hexagonal unit cell

a=b=8 A, c=12 A.
a=B=90°, y=120°.

10 40
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Crystal systems

* Everyimaginable crystal of the world belongs to one of
altogether 7 possible crystal systems.

restrictions for cell constants cell angles
triclinic none none
monoclinic none o=v=90°
orthorhombic none a=p=vy=90°
tetragonal a=b a=pg=y=90°
trigonal a=b a=p=90°%y=120°
hexagonal ] a=b oa=p=90°%y=120°
M cubic a=b=c a=p=y=90°
symmetry

hexagonal crystal family

41



Fractional coordinates

Usage of the crystallographic system of coordinates.
The lattice constants are used as units.

The atomic site parameters are given as a coordination triple (x, y, z) and
are fractional amounts of the lattice constants (a, b, c) .

C
Example: W el Y
a=5Ab=20A, c=15A ~NNT
a=B=y=90° - b
Atom’s fractional coordinates: 0.5, 0.5, 0.5 0 3
1/ ..,..vm:".':.‘f..‘...‘.:..‘..:.;fﬁ P

Atom’s cartesian coordinates: x =2.5A, y=10A,z=7.5A



Crystal lattice

The lattice points are the connection points between the unit cells

Z
4
o ©
o | )
p ° )
- pi- ©
f » ® ©
& & )
/&——'——/o © e >y
o o 1/ @
o 4 & ° o
© o |/
o [ & o
//
/ ./ .
"
X

43



Base/Motif

The motif consists of the arrangement of the building blocks (atoms,
molecules) of a unit cell.

The motif is represented by a lattice point.

All building blocks of a crystal structure are subject to the same translation

principle!
O\‘X three atomic molecule

Crystal Structure = Lattice + Base/Motif

44



Centering types

Primitive (P): lattice points on the cell corners only.

Base-centered (A, B, or C): lattice points on the cell corners with one
additional point at the center of each face of one pair of parallel faces of
the cell.

Body-centered (l): lattice points on the cell corners with one additional
point at the center of the cell.

Face-centered (F): lattice points on the cell corners with one additional
point at the center of each of the faces of the cell.

Rhombohedrally-centered (R): lattice points on the cell corners with two
additional points along the longest body diagonal (only applies for
the hexagonal crystal family).

Primitive = Base-centered Body-centered Face-centered
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Space groups

11.
12,
13.
14.
15.

PPN N s®

Table 1-1
Symbols for the 230 space groups. Notation is described in the text Table 1-1 (Confinved)
Trictinic 36. C1! (Cme2,) Tet 114. D}, (P32.c) 153. D} (P3:12) 192. D}, (P8/mcc)
. ¢l ) 37. CIb (Cee2) 7. C! (“)" 115. D:‘, (Pim2) 154. DS (P3:21) 193. D, (P6:/mem)
¢l (P 38. Ct (Amm2) 76. C? (P4 116. D:, (Pie2) 155. D} (R32) 194. DY, (P6,/mmc)
39. C (Abm2) 77. G} (Pay) 117. D}, (P3b2) 156. C}, (P3m1)
Monoclinie £0. C3 (Ama2) 78 C! (Phy) 118. Di, (;4»2) 157. CE (P31m) Cubic
. Ci (P2) 41. C}] (4ba2) 79. C} (I4) :; o ﬁ,z;';? iiﬁ E Eﬁiﬁ” 132 : (23)
Ci (P2) 42. C}* (Fmm2) 80. C} (I4) 2. Dy e - Gi. ) : '( 3)
c: (B2) 43. CI* (Pdd2) 81. S! (P3) 121. Dy, (I42m) 160. C}, (R3m) 197. T (123)
v . 12 .
¢ (pb) 45. CT (Iba2) 8. Cl, (P4/m) i e i A R
. C? (Bm) 46. C}! (Ima2) 84. C3, (P4s/m . D}, (P4/mcc) 163. Dj, (P31c) 200. T, (Pm3)
c" (Bb) s D',' (Pmmm) & c;‘ (“;/ )) 125. D3, (P4/nbm) 164. D}, (P3m1) 201. T} (Pn3)
: o P2 s D;‘ s se. c:‘ As A 126. DY, (P4/nnc) 165. D}, (P3cl) 202. T (Fm3)
- Cu - Du - Clu (Pds/n) 127. DY, (P4/mbm) 166. D}, (R3m) 203. T¢ (Fd3)
Caa (P2i/m) 49. Dy, (Pecm) 87. Cy (14/m) 128. D, (P4/mnc) 167. D!, (R3c) 204. T} (Im3)
" . - Mo - Mg ]
Cu (B2/m) 50. D;, (Pban) 8. Cl (I4:/a) 129. DI, (P4/nmm) 205. T (Pa3)
C:A (P2/b) 51. D:A (Pmma) 89. D: (Pm) 130. D! (P4/m) ”uagml 206. T! (103)
. DY, L
gi‘ (P2,/b) 52. Df- (Pnna) 90. DE (P42:2) 131. DY, (P4s/mme) 168. C} (P6) 207. O' (P432)
u (B2/b) 63. D:A (Pmna) 128 D: (P4:22) 132. D)} (P4s/mem) 169. C? (P6,) 208. 0t (P4:32)
_ 54. D:- (Peca) 92. D: (P4:2:2) 133. Di} (P4s/nbc) 170. C (P6,) 209. 0° (F432)
O"‘M'M"'W 55. D: (Pbam) 93. D: (P4,22) 134. D!} (P4s/nnm) 171. C! (P6y) 210. 0* (F4,32)
. z: :P222)) 5: D: (::: 94. D: (P4:2:2) 135. D3} (P4s/mbc) 172. C} (P8, 211, 0% (1432)
. D} (P222 67. Di} (Pbem) 95. D} (P4:22)
2 e 212 ) i R G . o 136. D} (P4s/mnm) 173. C} (P6y) 212. 0% (P4,32)
H 12y . Dy . Dy (P442,2) 137. D1} (P4s/nme) 174. Ci, (P%) 213. 07 (P4,32)
D} (P2,2:2,) 59. D} (Pmmn) 97. D} (1422 "
Gk AP - Ot n - D, (1422) 138. DI} (P4s/ncm) 175. Cl, (P6/m) 214. 0 (I4,32)
- D: (C222,) 60. D: (Pben) 98. D.:. (14,22) 139. DY (I4/mmm) 176. Ciy (P6s/m) 215. T} (Pi3m)
. g; (€222) 61. D: (Pbca) 99. Ci, (P4mm) 140. Di} (I4/mem) 177. D} (P622) 216. T% (Fi3m)
% (F222) 62. Di\ (Pnma) 100. C: (P4bm) 141. D}} (14,/amd) 178. D} (P6,22) 217. T3 (I33m)
. D: (1222) 63. D}l (Cmem) 101, C, (P4scm) 142. DY} (I14,/acd) 179. D; (P6,22) 218. T4 (Pi3n)
: D.' (12:2:2,) 64. Di} (Cmea) 102. Ci (P4anm) 180. D} (P6:22) 219. T$ (Fi3c)
- Cou (RiR3) 85. D}} (Cmmm) 103. Ci, (P4ec) Trigonal 181. D} (P6,22) 220. T (I43d)
: C:. (Pme2y) 66. D32 (Cecm) 104. Ci, (P4nc) 143. C} (P3) 182. D} (P6,22) 221. O} (Pm3m)
: C:. (Pec2) 67. DY (Cmma) 105. C7, (P4imc) 144. C? (P3)) 183. C}, (P6mm) 222. 0} (Pn3n)
. C:. (Pma2) 68. D! (Ceca) 108. Ci, (P4sbe) 145. C} (P3y) 184. CI, (P6ec) 223. 0} (Pm3n)
. C3}, (Pca2y) - D:: o 107. C3, (I4mm) 146. C; (R3) 185. Ci, (PBicm) 224. O} (Pn3m)
. C}, (Pne2) 70‘ D:: s 108. C}S (I4cm) 147. C}, (P3) 186. C;, (P6yme) 225. 0} (Fm3m)
. Cl, (Pmn2,) - ;:( ) 109. C!} (I4,md) 148. C3; (R3) 187. D}, (P6m2) 226. O} (Fm3c)
. C}, (Pba2) 71. Dy} (Immm) 110. C!? (J4.cd) 149. D} (P312) 188. D}, (PBc2) 227. O} (Fd3m)
. C, (Pna2,) 72. D;} (Ibam) 111. D}, (Pi2m) 150. Dj (P321) 189. D}, (P62m) 228. O} (Fd3c)
. C}} (Pnn2) 73. Dy (Ibca) 112. D}, (Pi) 151. D} (P3,12) 190. D}, (P62) 229. 0} (Im3m)
35. C}} (Cmm2) 74. D3 (Imma) 113. D}, (P32,m) 152. Dj§ (P3,21) 191. Dy, (P8/mmm) 230. 0}° (Ta3d)
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Miller indices

* Miller indices are used to name the crystal faces in a systematic manner,
and are also used to denominate lattice planes.

* Miller indices form a notation system for a family of planes and are
expressed by three integers: {h k |} such as {100} which contains (100),
(010), (001) and the negative of any of those directions.

(111)

(100)

oy

x




Cif files

* Contain all the required information of a molecule :

* 1)It’s cell’s parameters a, b, c, a, B, y,volume etc.

e 2)It’s space group symmetry in fractional coordinates.
e 3)The cartesian coordinates of the asymmetric unit.

journal page last 444 loop_ . _
. - _ 5 eLr eJquiv 05 as EyZ
—:.I curnal wvolume 1 iy}fug Y_SUIV_pes_as =
_Journal year 1563 -y, -%,Z

chemical formula sum "OZ Ti' Y}Xr—z ) )
— . - . . 1/ 24y, 1/2-x,1/2-2
_chemical name mineral RuElle 1/2-y,1/24%,1/2+2
_space_group IT number 136 1/24%,1/2-y,1/2+z
_symmetry space group name Hall '-P 4n ZIn' 1/2-%,1/2+y,1/2-z
__symmetry space group name H-M 'P 42/m n m' iyi;zﬂ
_cell angle alpha S0 v, X, 2
_cell angle beta G0 -y, ~X,-Z

cell angle gamma 90 ﬂ:—&’rij?fxrﬁ:‘z
— — — 1/2+y,1/2-%,1/2+z
_cell length a 4.59373 /2% 1/24y,1/2+2
_cell length b 4.5%373 1/24%,1/2-y,1/2-z
_cell length c 2.95812 X, -¥,-Z

cell volume 62.423 toop_
— — . . - _atom site label
_exptl crystal density diffrn 4,250 “atom site fract x
_[local] cod chemical formula sum orig 'Ti OZ' _atom site fract y
_cod_database code 9009083 _atom_site fract z

Ti 0.00000 0.00000 0.0000@38

_amcsd_database_code AMCSD#0011415 0 0.30530 0.30530 0.00000




