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Chirality (Greek, from yeip "hand")

Hans Erni’s drawing
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H,NCO
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H,N  H H  NH,
bitter sweet

Bitter/sweet structural formulas for asparagin

31ambyToN: OANH 3HAHTMOMEP UCMONb3YeTCs NP NevYeHnm
TyOepKynésa, Apyroi Bbi3bIBAET CEnoTy.

HanpokceH: oANH 3HAHTUOMEP NEYUT apTPUT, HO APYroN Bbi3biBaeT
OTpaBreHNe NeyYeHun

Wikipedia.org




“Perhaps Looking-glass milk isn’t good to drink”
(Alice), Lewis Carroll

TannpomMua, — cegatmBHoe CHOTBOPHOE NeKAPCTBEHHOE CPEeACTRO,
NONy4yMBLUEE LUINPOKY U3BECTHOCTb M3—3a CBOEWN TEPATOreHHOCTH,
noc/ie Toro, Kak 6110 yCcTaHOB/IEHO, YTO B nepuop ¢ 1956 no 1962
roAbl B page cTpaH Mupa poaunoch no pasHbiM noacyétam ot 8000
A0 12 000 pgeten C BPOXKAEHHBIMU YPOACTBAMMU.

Wikipedia.org
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Modern definition of Chirality

*The geometric property of a rigid object (or spatial arrangement of
point or atoms) of being non-superposable by pure rotation and
translation on 1ts image formed by inversion through a point; the
symmetry group of such an object contains no symmetry operations
of the second kind ( T, m, 5, Z, 5). When the object is
superposable by pure rotation and translation on its inverted 1image,
the object 1s described as being achiral; the symmetry group of
such an object contains symmetry operations of the second kind.




Symmetry elements of 15t and 2"9 kind

-1 0 0
2,3,4,6 =0 -1 0

,m,ﬁ,Z,é 0O 0 =1

Mirror (Lord Kelvin) vs. Inversion (IUPAC)




TepmMmunHonorus

» Absolute configuration

* Absolute structure
 Enantiomer

* Enantiomerically pure

« Racemat / Racemic compound
* Racemic conglomerate

* Enantiomorph




Absolute configuration




Absolute structure

Helimagnet




Scyrmions: absolute structure or
absolute configuration?
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“real space depiction of spin Scyrmion density
arrangement”

Skyrmion Lattice in a Chiral Magnet
S. MUhlbauer, et al.
Science 323, 915 (2009);
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Enantiomer // Enantiomerically pure //
Racemat / Racemic compound // Racemic conglomerate

o1y

HZNCO/C\C/ Now WO NeT SCoN,
HN  H H NH,
bitter sweet

Bitter/sweet structural formulas for asparagin




Enantiomorphs




222 422
32 622 23

4/m 3 6/m




Chiral crystal structure vs. chiral space
group

International Tables for Crystallography (2006). Vol. A, Space group 198, pp. 610-611.

P23 T @ Cubic

No. 198 P213 Patterson

A crystal structure with P2,3 symmetry
is non-centrosymmetric and chiral.

BUT

P2.3 space group is non-chiral.

222 422
32 622 23

There are only 11 enantiomorphic pairs
of chiral space groups.

1[P23]=[P2,3]
i[P61]: [P65]¢ [P61]




How to distinguish enantiomorphs with X-ray
diffraction?

Fe Densitv="7.874, Angle=830.dag
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Resonant scattering (anomalous dispersion)

I ¢ Horescence

[J X
hv t4
ttered phot
NN\ statiered photon ener gy levels available to electrons

incident photon involved in scattering the photon

Ly E ; ‘ scattered photon

incident photon
re-emitted photon
(flnorescence)
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(Reprinted from Nature, Vol. 168, p. 271, August 18, 1951)

DETERMINATION OF THE
ABSOLUTE CONFIGURATION OF
OPTICALLY ACTIVE COMPOUNDS

BY MEANS OF X-RAYS
By Pror. J. M. BUVOET, A. F. PEERDEMAN

AND
A. J. van BOMMEL

van 't Hoff Laboratory, University of Utrecht

H. VAN '"I' HOFEF extended the structural

. formulse of organic chemistry fo include spatial
configuration ('‘La chimie dans I'espace’ (1874), the
aliphatic carbon atom with hydrogen or other atoms
at the corners of a tetrahedron surrounding it). X-ray
analysis has determined the exact configurations
and the interatomic distances accurately to within a
hundredth of an angstrom unit.

Optically active compounds are not superimposable
and are the inverted image of each other. Now it is
a remarkable fact that while all details of such con-
figurations can be determined, it yet remained
unsolved, whether model or inversion corresponds
with a given—say the dextrorotatory——compound.
Our present investigation was concerned with this
question.

It is impossible to determine absolute configurations
by chemical means, which show only the relation-
ship between different structures. These relationships
would not alter in any respect if every optically
active compound should posseds its inverted con-
figuration. Absolute 'configurations—introduced for
the sake of expressing relationship—were based on
mere convention. Emil Fischer attributed the con-
figuration of Fig. 2b to natural, dextrorotatory,
tartaric acid—with an even chance that this choice
would fit the real situation.

Of the physical methods of determining absolute

_configuration, the theoretical calculation of the

rotatory power is the most obvious and that mosé
studied ; hitherto, the results, however, have lacked
conclusiveness. Recently, a discussion of the relation

between crystal structure and face developruent has
§ SRR S A | An EaldTn W sinns v Ak Al W s e

1Hs |

=

Bijvoet used Anomalous
Dispersion (Resonant
Scattering)

to Solve the Absolute Structure
Problem around 1950




A(hkl) = L[I(hkl) + I(hkL)].

D(hkl) = I(hkl) — I{hkl)
and the Bijvoet intensity ratio is defined as

X =+ {D%)f{A)-

More information on the modern
use of Bijvoet intensity ratio:

www.absolutestructure.com J M. Bij voet (1 021 980)




Flack (1983) parameter. The parameter x in the

structure-amplitude equation

G*(h, k,1,x) = (1 — x)|F(h, k,1)|* + x|F(h, k, ])|?

(Flack, 1983).

Howard Flack proposed to
refine the fractional
contribution of “inversion
twins”

Twins — non-merohedral,
merohedral, partially
meroderdal — are crystals
of the same structure
related by certain
symmetry operation (twin
operation)/




H. D. Flack* and G. Bernardinelli

J. Appl. Cryst. (2000). 33, 1143—1148

Figure 1

Domains of values of x, its 1 and the inversion-distinguishing power: (a)
the physical domain of x: (b) the statistical domain of x: (¢) the domain of
x where the crystal and the model are inverted one with respect to the
other: () the statistical domain of a ervstal untwinned by inversion; (e)
the statistical domain of a crystal twinned by inversion; ( ) the domain of
strong inversion-distinguishing power: (g) the domain of enantiopure-
suffictent inversion-distinguishing power; (f1) the domain of weak
inversion-distinguishing power. For (f), (g) and (#), the horizontal lines
are of varving intensity. In the part of the line which i1s black, the
inversion-distinguishing power may be deduced from the value of « alone.
In the part of the line which is grey, the inversion-distinguishing power
may net be deduced from the value of wu alone. In (b), (d) and (e),
arbitrary values of u have been drawn and in practical applications the
value of u vielded by the experiment must be used.

Reporting and evaluating absolute-structure and
absolute-configuration determinations

. —

x(u) - statistical range

(b)

< 3u > < 3u

(©) x - inverted model ——
(d) H x(u) - statistical range - untwinned crystal
< 4u =

x(u) - statistical range - inversion - twinned crystal
{IE) <3u Ju=

(N h - strong inversion - distinguishing power

_ u- enantiopure - sufficient

u-weak inversion - distinguishing power
(h) i ee———— = 3

£

0.0 0.1 0.3 D:5 1.0
x for (a) to (e) : u for (f) to (h)



Fe(Co)Si story.

S.G. says:

* \WWe have opposite magnetic chirality for
Fe, C0o, 4Si and Fe, ,:Co, ,:5I. Is their
structural chirality the same or different?

* We can easily distinguish left and right
magnetic structures with neutrons. Can
one do the same for crystal structures?




Microsoft Excel - Friedif. xls

@_] File Edit Wiew Insert Format Tools Data  Window Help  Adobe PDF

PN EEERTE% GRS

oL@ 3 oA 2] 0% s @!inrial

el

C45 - & 0

A | B [ ¢ [ o | E | F [ G | H |

“ergion: Bth August 2007,
Method of |Use:
Click the button ZERD COMP

Move the cursor to a zero value in column "Composition'
Read the values of molecular mass, Friedif and Friedif centra in the lines just belaw.

Molecular Friedif  Friedif-centro
Mass Cr Ka 237 237

83.93 Cu Ka 1160 1160

Mo Ka 324 324
ZERO COMP
Element |Composition Cu f" Mo Crf z
All Centro

H 0 0 0 ] 0 1 0

1. Can we resolve absolute structure?
2. How to collect data?

3. How to compare two absolute
structures?

Set the values in columns Composition All' to the elemental composition of the compound.
Set the walues in colurmns 'Composition Centro'to the elemental composition of the centrosymmetric substructure.

Cu W2 | Mo N2 Cr N2 | N2 Atomass N7

m=8-12
Mo Ka:

u=8/324=0.025
0.01- ideal for AS

0.1 - good enough for enantiopure
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B-factor wR
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MUM

B fe075.cif - WordPad M=
File Edit Yiew Insert Format Help

Ded SR # | B B |

Col 5il Fel 114.24(3) 3_655 2 2 o

Fel 5il1 Fel 135.21(3) 2 565 2 2

Col 5il1 Fel 135.21(3) 2 565 2 2

Fel 5il1 Fel 114.24{3) 3_655 2 2

Fel 3il Fel 65.019{10) 4 556 2 2

Fel 5il Col 69.79(3) R

Col 3il Col 65.019(10) 4 556 2 2

Col Sil Col 114.24(3) 3 655 2 2

Fel 5il Col 135.21(3) & 565 2 2

Ccol 3il Col 135.21(3) & 565 2 72

Fel 3il Col 114.24(3) 3 655 2 2

Fel %il Col 62.019{10) 4 558 2 72

Fel 58il Col 0.00(3) 2 & 2

Fel 23il Fel 69.79(3) A

Col Fil Fel 135.2144) 4 556 4 2

Col il Fel 69.019{10) 3 655 4 72

Fel 5il1 Fel 114.24(3) 2 565 4 2

Col 5il1 Fel 114.24(3) 2 565 4 2

Fel 5i1 Fel 69.013{10) 3_655 4 2

Fel 5il1 Fel 135.21(4) 4 556 4 2

Fel 5il Fel 108.72(3) 2 4 2

Col 5il Fel 108.72(3) 2 4 2

Fel 53il <ol &62.79(3) A

Col 5il Col 114.24(3) 4 556 3 2

Col 3il Col 135.21(3) 3 655 3 2

Fel 3il Col 62.015{10) 2 565 3 2

Col %il Col 62.019{10) 2 565 3 72

Fel 3il Col 135.21(3) 3_655 3 2

Fel 3il Col 114.24(3) 4 556 3 2

Fel 5il Col 108.720(3) 2 3 7

Col 5il Col 108.72(3) 2 3 7

Fel 5il Col 105.72(3) 4 3 7

_diffrn measured fraction theta max 1.000

_diffrn reflns theta full 31.93

_diffrn measured fraction theta full 1.000

_refine diff density max 0O.411

_refine diff density min -0.3286

refine diff density rms 0.103 -4

- B B B -

For Help, press F1 TR

T




How to compare two absolute structure?

Fe, 4Co, ,Si Fey 75C0, 2551

[111]




Opposite chirality

Fe0.9 Flack=0 Fe0.9 Flack=1

¢ '5:0 i—_—ol _01 8 o % ¢
% o® __0 0 -1 o %0 ®
: “T?/“\Q ® ‘MOVE 1 1 1 -1..“%\%\“ ®

"oV,




Different structures!




week ending

L 102, 037204 (2009) PHYSICAL REVIEW LETTERS 23 JANUARY 2009

Crystal Handedness and Spin Helix Chirality in Fe, ,Co,Si

S. V. Grigoricv,1 D. Chcmyshov,2 V. A. Dyadkin,1 V. Dmitriev.” S. V. Malcycv,l E. V. Moskvin,'
D. Menzel.” J. Schoenes,” and H. Eckerlebe*
'Pefersburg Nuclear Physics Institute, Gatchina, 188300 St. Petersburg, Russia
*Swiss-Norwegian Beamlines at the European Synchrotron Radiation Facility, Grenoble, 38000 France
*Institut fiir Physik der Kondensierten Materie, TU Braunschweig, 38106 Braunschweig, Germany

*GKSS Forschungszentrum, 21502 Geesthacht, Germany
(Received 2 October 2008; published 22 January 2009)

PRL 102, 037204 (2009) PHYSICAL RE

Feu.gucou. mSi "Si ‘FEICO Fe COG.ZESj

0.7

...we have it published and now it is time to think ...



FeSi in P2,3: how symmetry works

International Tables for Crystallography (2006). Vol. A, Space group 198, pp. 610-611.

4 :
I Cubic
No. 198 P 21 3 Patterson symmetry Pm3

Symmetry operati

(1)1 (2) 2(0.0,3) 1,0z (3) 2(0,3,0) 0.y.3
(5) 3* x.xx (6) 3* ‘+§ XX (7) 3" x+1.7—1.%
(9) 3" xoxx (10) 3 (=100 xbbxtie (1) 3 (A1) bl
Positions
Multiplicity, Coordinates Reflection conditions
Wyckoff letter,
Site symmetry h.k,l cyclically permutable
General:
12 b 1 (1) x,y.2 (2) F+1 97+ (%)x‘;—k% Z 4)x+1.3+1.2 h0O: h=2n
' 8) Zx+3.7+3
(12) 7+ 4.7x+1

Special: no extra conditions




One sublattice.
Fe at (X,X,X)

«f’{‘

Four equivalent Fe positions form achiral object.
To see a chirality we have to apply translations.

Fe sublattice or any part of it bigger than unit cell is chiral.




Fe vs.Si

Fe [x,x,x], Si [1-x,1-x,1-x]

Fe and Si sublattices have opposite
{F e }¢ 1 {F e } chirality.

Fe,..Co, .S @S @Fe/Co Fe, ,:C0, ,:Si

157 } I{Sz}
157 }= I{Fe}




One sublattice.
Let us move Fe in [111]
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Special points with different
symmetry

A 3

P23

P21 3

Emsim

P2 8

Fﬂ]@m

0.125

0.375

P21 3

RUiIR372




Special points with different

symmetry
N
GO,
R % G2
FI
IERRN & =
=c o= D
SR % -
0 .125 0.25 5 0.375 D ).5
S =
(N] N
as N as
* Feg75C00 25 G2
FI
g?




Real story:

N -
= M = x £
{E " i - n
4 i
/i = N
£ = Ll — I — "'E'
w | . : )
z o 1 ot
0 o125 bas 375 03 {u,u,u)

=

FeQ.75 R

i
= ——~——= FeD.92L

» Chiral structures from neighboring domains that are symmetric relative to 0,
Ya... are different orientation and inversion twin domains related via parent

Fm3m.
* Two compounds (Fe0.92 and Fe=0.75) are not inversion twins and are not

symmetric relative to ¥4 . Once more, they represent two different albeit
isosymmetrical structures.




Symmetry relations

Space Group: 225 Fm-3m Oh-5

Pont in first Brillown zone: X, k10 {0,1,0)

Trreducible Eepresentation: 305-, k10t10

Order Parameter: P11 {(a,a,a,a,a,a) 198 P2 12 T-4

Choose one of the equivalent directions of the order parameter {distinct domaing):
P11{1) (a,a,a,a,2,a) 198 P2 13 T-4 v

space Group: 212 P4 332 O-6

Point in first Brillouin zone: G, k12 (00,07

Ireducible Eepresentation: G2, k12t2

Order Parameter: P1 (a) 198 P2_15T-4

Order parameter 15 i the general direction. Continue to next step.

Fm3m —[X;, K, T,,] — P2,3
P4,32 - [T, k,, T,] - P2,3

Fm3m - P4,32 — no group-subgroup relations



Phenomenology

1988 PH3HKA TBEPJOIrO TEJA Tox 30, 6. 4

1988 SOLID STATE PHYSICS Vol. 30, M 4

JANK &16.4d2.1

CKPBITAA CHMMMETPHA CTPYRTYP
H PEROHCTPYKTHBHBIE PA3SOBLIE IEPEXO/DI

0. M. I'yan, B. II. Auumpues, 1. Tosedanot

Ha n[umn;m\' KORKPeTHX CIPYRIV] UOKAIARED, 9T0 DEANYIAA KOMOOHENT DAapaMeTpa
NOPAXKA OROMPIONOIIUECKON TOOPHN ARJAMOTCH BEPHOANISCKO (hyHKIRed seUrTHA CMe-
e Enil atoxon, Yuer raxoll pepuoxpYROCTN (cxparrofl CUMMETPIIG) UPH CACIICHNAX AR pac-
CTOAHIA NOpMIAKa MERATOMHKX Jormsecs abOOUART TOOPHW, YYNTHEANIYK TONILED
MANHE CMOINENNR, 0 PACHPOCTPANAST 00 nA PERONCTPYRTHRRKO Uepaxofs Mekay gasamm,
HE CHRRIANHLME COOTHOMEHRINDE erpyiia—aogrpynnas, Ooncan pepexoq ws crpyrrypu AY
p whany (OP—DL).




Free energy

Specific:
F(T,p,u)=F (77 (u )) Free energy is functional of a lattice
function
5_F — 5_F 6_77 =( Lattice function is a periodic function of
ou 577 ou atomic shift [along [111]].
8_F = Landau phases (P2,3)
on
on _ 0 limit phases (P4,32).
ou

Now with Si sublattice:

Si shifts along [111] with a phase relative to Fe. This phase difference
preserves global P2,3 symmetry. The only phase transitions left are
isostructural ones at u=0, Y4, '> . These transitions can only be of the 1st
order.




Real story: powder diffraction

Phys. Soc. Jpn. 59, 305 (1990)

4.49 PHYSICAL REVIEW B 73, 024426 (2006) fited by A. Vasil'eva
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Is there a phase transition as a function of concentration?




Take-home message

« Chirality appears as absolute
structure when one deals with

a CryStaI- crystallography
 Absolute structure is not the

equivalent to absolute

configuration.

 There are chiral structures and
chiral space groups — they are
not synonyms.

* Only an object bigger than unit
cell carries chirality for a
structure build from achiral
molecules.




Chirality in MeSi (Me=Fe, Mn, ...)

* A periodic set of chiral structures appear as a
function of atomic shift along [111] axis.

« Change of absolute structure at u=1/4, 1/2, 3/4.
(change of chirality of a spiral build from Me-Me
nearest neighbors)

* In the case study of Fe(Co)Si system, different
absolute structures correspond to different
magnetic chirality. (sign of the Dzialoshinskii-
Moriya interaction is a function of atomic
arrangement).

* From a crystallographer’s point of view, the change
of absolute structure is consequence of a phase
transition between two similar isosymmetric
structures.




Next things to do...

 Single crystal diffraction as a function of
composition. Both metal and Si could be
substituted.

* Magnetic measurements with synchrotron
light — the same sample for crystal and
magnetic structure.

* What could we learn after doing all that??
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