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Scientific Background on the Nobel Prize in Chemistry 2011

THE DISCOVERY OF QUASTCRYSTALS

Dan Shechtman
Technion — Israel Institute of Technology, Haifa, Israel

The Nobel Prize in Chemistry 2011 was awarded to Dan Shechtman
"for the discovery of quasicrystals".



Co to jest krysztat ?

Wedtug: C. Kittel
Wstep do fizyki ciata statego




Siec :

Zbior weztdéw sieci w potozeniach jako
kombinacje liniowe trzech niewspdtliniowych

Matematyczny opis

wektorow: a,,a,,a;

L=14a +1.8, +1.4,

gdzie |, |,, 15 sg catkowite

a;

(0.3)

Baza:

Zbiér atomow potozonych
wewnatrz komorki elementarne;j.
Atomy majg wspotrzedne:

— 0=

0 0> 0=
X"=Xq+X,a+X;d,

gdzie 0<x° <1

a

(®

Wedtug: S. Van Smaalen ,Incommensurate Crystallography”



Hence, the classical definition of a crystal is as follows (before 1992)

A crystal is a substance in which the constituent atoms, molecules, or ions are
packed in a regularly ordered, repeating three-dimensional pattern

Istnieje 230 grup przestrzennych ktoére opisujg struktury krystaliczne
(w 3 wymiarach) z symetrig translacyjng. Zostaty one opisane w koncu XIX w.
przez trzech badaczy:

1 E.S. Fedorov (1891) "CummTpis npaBunbHbIXb cuctemb uryps” (“The symmetry of regular systems of figures”),
Zapiski Imperatorskogo S. Petersburgskogo Mineralogichesgo Obshchestva

2 A. Schoenflies (1892) Krystallsysteme und Krystallstruktur.
3 W. Barlow (1894) “Uber die Geometrischen Eigenschaften homogener starrer Strukturen und ihre Anwendung auf Krystalle” (“On the

geometrical properties of homogeneous rigid structures and their application to crystals”), Zeitschrift fiir Krystallographie und Minerologie, 23, pp
1-63.

Scientific Background on the Nobel Prize in Chemistry 2011 ,The Discovery of Quasicrystals” www.nobelprize.org



Uktfad
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International Tables for Crystallography (2006). Vol. A, Space group 16, pp. 200-201.
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Figure 1. Two 4-fold (left) or 6-fold (right) axes of rotation generate new rotational axes at the same distance of
separation as in the original pair. Repeating the procedure yields periodicity. For the pair of 5-fold axes (centre), the
procedure instead generates a new, shorter distance. An iterative procedure will thus fill the plane densely with 5-fold

axes, and no periodicity will result.

Mozliwe sg tylko osie 2-krotne, 3-krotne 4-krotne i 6-krotne !
(180)°  (120)° (90)° (60)° !

Scientific Background on the Nobel Prize in Chemistry 2011 ,The Discovery of Quasicrystals” www.nobelprize.org



Schemat doswiadczenia dyfrakcyjnego:

Dyfrakcja wysokokagtowa
5° < 20 < 160°

'Detektor

Wiazki rozproszone
o wektorze falowym k;

exp (iK, )

Wektor rozpraszania Q:

— — —

Q — kout - kinc

Detektor

o wektorze falowym k,

Rozpraszanie
Prébka niskokgtowe

Plaszczyzny atomowe 20 < 5°
(symbolicznie)



Warunek dyfrakcji:
Prawo Braggdéw
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2d sin 6 = nA
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Dyfrakcja rentgenowska

Prawo Braggow: ni=2d sin 0

Monochromatyczne promieniowanie X (A=0.3....0.7 A)

Potozenie piku 20 >

v

Szerokosc piku A260

Stata sieci

Rozmiar krystalitu
Naprezenia wewnetrzne



Lampa rentgenowska i  synchrotron

== Orbit



http://sls.web.psi.ch/view.php/about/whatis/description/whatis/LightRing1.jpg
http://sls.web.psi.ch/view.php/about/whatis/description/whatis/LightTube1.jpg
http://sls.web.psi.ch/view.php/about/whatis/description/whatis/LightTube1.jpg

European Synchrotron Radiation
Facility (ESRF) Grenoble

Obwod: 844 m
Energia 6 GeV

Okoto 50 linii
eksperymentalnych




Magnes zakrzywiajgcy

Zakrzywienie toru elektronow w statym polu magnetycznym



http://www.nsrrc.org.tw/eng/about/lightsource-3.html
http://www.nsrrc.org.tw/eng/about/lightsource-3.html
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Zdjecie dyfraktometru promieniowania synchrotronowego

Linia ID-31 ESRF Grenoble

Monochromatyczne
promieniowanie synchrotronowe.

Dtugos¢ fali 0.4 A = 0.04 nm

Rozmiar wigzki: 1 mm x 2 mm




Przyktadowe wyniki pomiaru dyfrakcji (SR)
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Natural coral Desmophyllum (a)

Ty SR diffraction ID31 1=0.40111A
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R. P., J. Stolarski, M. Mazur, M. Brunelli, Journal of Structural Biology 161 (2008) 74-82



Zmiana potozenia piku dyfrakcyjnego w funkcji temperatury
Normalna rozszerzalnosc termiczna !!!

sin 6 = A/2d d maleje — 6 rosnie
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Metoda 2.
Neutrony jako fale materii

Hipoteza de Broglie’a

Kazdej czgstce posiadajgcej mase przypisuje sie fale materii, przy czym
dtugosc¢ fali materii A, jest odwrotnie proporcjonalna do pedu czgstki p:

A= hip

gdzie h - stata Plancka

Fale de Broglie'a mogg by¢ rozpatrywane jako fale
prawdopodobienstwa, gdyz kwadrat ich amplitudy w danym punkcie
przestrzeni okresla gestos¢ prawdopodobienstwa znalezienia w tym
punkcie czgstki.

L. de Broglie ,Waves and Quanta” Nature 112, 540 (1923).



Reaktor w ILL Grenoble




Widok na synchrotron (ESRF) www.esrf.fr
oraz reaktor badawczy (ILL) www.ill fr
w Grenoble, Francja




Sie¢ odwrotna

—_

Q = ha, *-+kd, *+1d,* Wektor rozpraszania
Q

T = (ha, *+ka, *+a,*)(xd, + ya, + 28;) =hx+ky+lz ~ Zmiana fazy fall

| =|F (Q)\2 Natezenie rozproszonych fal

F(Q) =D b exp(274Q-F) = b exp[27i (hx + ky+12)]
2  N%’.gdy.heZ
0..gdy.hgZ

Q=hd* Wektor rozpraszania musi by¢ taki sam jak )
wektor sieci odwrotne] G 1

FQ) =

N-1 2
> b, exp(27ihj)
j=0

N-1
_Z(;bi exp (27ha* ja)
j=




Dyfrakcja neutronow, stop Fe-Co (1949)

Powolne chtodzenie
750°C — 20°C (100h)

o0y o) i 1200 (1) (Ti]

INTENSITY IPIUTM% )

o8 888

Szybkie chtodzenie
w  |850°C—20°C (kilka minut)

COUNTER ANGLE

F1G. 2. Neutron diffraction patterns for ordered and disordered
samples of FeCo.

Sie¢ bcc: dwa atomy bazy (0,0,0) oraz (1/2,1/2,1/2)

| { b, +b,.dla(h+k+1) =2n
2

F(Q):Zb‘ exp(27Q - F) = b exp(0) +h, eXIO[Z”"(gJ“KJFE)]: b, —b,.dla(h+k+1)=2n+1

C.G. Shull and S. Siegel, Phys Rev. 75, 1008 (1949).



Podsumowanie
(struktury z symetrig translacyjng)

Strukture krystaliczng opisuje sie¢ + baza.
Kazda struktura jest opisana przy uzyciu jednej z 230 grup przestrzennych
Kazdy pik dyfrakcyjny ma trzy indeksy (h,k,l) — liczby catkowite

Wektor rozpraszania Q = ha,*+ka,*+la*;
jest jednym z wektorow sieci odwrotnej



Dyfrakcja rentgenowska Na,CO, (1976)

Refleksy o indeksach:

Q=ha*+kb*+Ic*+mq*

Gdzie m=1,2,3,....

- l I I A

(b)
Fig. 3 (cont.) (b) k=3, a fourth-order satellite is visible near the centre (1324).

W. Van Aalst, J. den Hollander, W.J.A.M. Peterse, P.M. de Wolff, Acta Cryst. B32, 47 (1976).



Wedtug: S. Van Smaalen ,Incommensurate Crystallography”

Struktura podstawowa

@@@X@@@“ @ @@ @ @ “'@ @"'@ Modulacja
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Q}@@@.@ @---—@@ —-@ Powigkszenie komorki
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§ dwukrotnie.
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Fi1c. 1.2. Crystal structures with displacement modulations. (a) Basic struc-
ture. (b) Twofold superstructure with the supercell indicated by heavy
dashed lines. (¢) Incommensurate longitudinal modulation. (d) Incommen-
surate transversal modulation. Lattices of the periodic basic structures are
indicated by dashed grids. Circles denote atoms that are shifted out of lat-
tice periodic positions by varying amounts given by the heavy bars. Numbers
count periods of the modulation waves u(Z4) [eqn (1.7)].

Poprzeczna

Podituzna



Zaktadamy ze struktura jest modulowana.

Wektor modulacji q Amplituda modulaciji: u

2 2

FQ) =

N-1 —_— ~ . N -1 = N-1 - .
D b, exp(27Q( ja, + U cos(qa, j)| =|> b, exp(27iQ4, j)D  exp(2#Qu cos(qa, j)
j=0 j=0 j=0

W szczegélnym przypadku modulacji podiuznej gdy U_H q H ﬁi (oraz b=1)

2
\F(Q)\ = a '){1+i(§ﬁcos(qa1j)>{ = (zaktadamy ze |u |<<1)

2

+ [Q“]{Zexptzm@+q)a11]+zexp[2m(cz q)au]}

2
ocN25<<§—é)+N[ j 5@+G-G)+5@Q-G-G)]

/ Piki struktury

Piki struktury podstawowej mOdU|0W<'_3meJ
dlaQ =G tzw. satelity dla Q = G—q oraz Q=G+q



Dyfrakcja rentgenowska Na,CO, (1976)

Piki struktury
Podstawowej

Q = G=ha*+Ic*

Piki struktury
Modulowanej
,satelity” pierwszego rzedu
Q =G+mq m=-1 m=1

drugiego rzedu m=— m=2

W. Van Aalst, J. den Hollander, W.J.A.M. Peterse, P.M. de Wolff, Acta Cryst. B32, 47 (1976).



Dyfrakcja promieniowania synchrotronowego CaMn,O,, (2009)
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W. Stawinski, R. Przeniosto, I. Sosnowska, M. Bieringer, |. Margiolaki, A. N. Fitch,
and E. Suard. Journal of Physics: Condensed Matter, 20:104239, 2008.



Opis ilosciowy
- Modulacja potozen atomoéw w CaMn.,0,, w 10K
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) =1z, + A sin(2zqr, )+ B, cos(27r, )

Wedtug: W. Stawinski, praca doktorska, Uniwersytet Warszawski (2009).
W. Stawinski et al. Acta Cryst. B65, 526 (2009).



neciprocatl superspace 29 »
Wedtug: S. Van Smaalen ,Incommensurate Crystallography

o A a e e Konstrukcja przestrzeni
e @ o0 o0 Q——»o—o—o—»’ 0e 00 @O o0cc0 @ o 4-Wymiarowej
il tzw. ,super-space”
e @ oo o.a‘”--o-v-o-g--" ecco @ o0cc0 @O o
(a) -
* * ¥ Q=ha* +(h, +/h,)a*, +h,a*,
Wektor modulacji g= ya*, ,

(v -liczba niewymierna)

Dodajemy wektor b*

w kierunku prostopadtym

do a*;, a*, oraz a*; (4-ty wymiar)
Osie rozpinajgce

sie€ odwrotng ,super-space’.

FiGg. 2.1. (a) (hy hg 0) Section of reciprocal space of a crystal with a one-di- 3
mensional incommensurate modulation. (b) (0 kg 0 hg) Section of reciprocal = % = % S %
superspace, illustrating the projection of reciprocal lattice points of super- d S4 — 7@ ) +b
space onto Bragg reflections in physical space (horizontal thick line).



Btk St ngiug: S. Van Smaalen ,Incommensurate Crystallography”

——Tocor—<Lo—a—o< /Q_)\ Osie rozpinajgce

u

a; A ”,
() sie¢ odwrotng ,super-space”:
0 1 2 3 4 5 L x s
d’g=an
N X — A%
( %5, =a%,
a* . =4a*
(© @ a*,,=/a*, +b*
Osie rozpinajgce
sieC ,super-space”:
ag _ .
) dg; =&
<> dg, =d, — 7
( > dgs = 8
b \ ay ( / . _ —
© ® ds, =b

FiG. 2.5. (a) Modulation wave superimposed on a row of atoms. (b) Displace- N
ment of an atom derived from the value of the modulation wave at the basic a a x* —_— 5
structure position. (c) Rotation about atom 0. (d) Rotation about atom 1. Si SJ - Y
(e) Rotated waves for all atoms. Vertical bars indicate the basic structure
nacitions of the atoms (f) Same as Fio. 2.5(e) with orid lines hichlichtine



Modulated crystals in superspace

Wedtug: S. Van Smaalen ,Incommensurate Crystallography”

Direct superspace

20)

e
\
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ag
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F1G. 2.6. Continued on next page.

)

F1G. 2.6. Generalized electron density derived by superspace translations ap-
plied to the atoms in physical space. (a) Translation of atom 1 towards the
first unit cell. (b) Translation of atom 2. (¢) Translation of several atoms. (d)



Dyfrakcja promieniowania synchrotronowego - Wystepowanie
satelitarnych maksimow dyfrakcyjnych (ESRF - 1D31)
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W. Stawinski, R. Przeniosto, I. Sosnowska, M. Bieringer, |. Margiolaki, A. N. Fitch,
and E. Suard. Journal of Physics: Condensed Matter, 20:104239, 2008.



Table 2
Structural parameters of CaMn;0y, at 7' = 10 K.

The basic structure position and modulation parameters in relative
coordinates [see equation (1)] and the isotropic ADP B (A?) are given.
Results obtained by using the program JANA2006 (Petricek et al., 2006).

Atom  Position B (A% A, B,
Ca x, 0 0.46 (2) - -
o 0 - -
z, 0 —0.00905 (87) -
Mnl x, 05 0.29 (1) 0.01062 (17) -
vo 0 —0.00395 (24) -
g 0 0.00854 (28) -
Mn2 x, 05 0.29 (1) 0.00634 (14) -
vo 05 0.00431 (18) -
z, 05 —0.00255 (33) -
Mn3 xx, 0 0.29 (1) - -
Yo 0 - B
o 05 0.00686 (62) -
Ol X, 02231 (3) 041 (1) 0.00640 (49) 0.00334 (51)
v 02742 (3) 0.00794 (48)  —0.00403 (48)
zo  0.0817 (3) 0.00037 (82)  —0.00042 (90)
02 x, 03416 (2) 041 (1) 0.00722 (47)  —0.00047 (67)
v 05217 (2) 0.00077 (48)  —0.00011 (59)
zo 03414 (3) 0.00764 (82)  —0.00958 (80)

Wedtug: W. Stawinski, praca doktorska, Uniwersytet Warszawski (2009).
W. Stawinski et al. Acta Cryst. B65, 526 (2009).



Odlegtosci miedzy atomami
w oktaedrze MnO,

] —— Mn2-02 (x2)
—— Mn2-O1
— Mn2-0O1
1 —— Mn2-O1
| —— Mn2-01
0 10 20 30 40 50 60
2.05 T T T T T T
] ] Mn3-02
< 2.00 d] Mn3-02
Q 1.95 ]
& 1951 :
[ ] ]
\O E A
8 ] J
2 185 ]
2 4 4
8 1.801
1.75]
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0 10 20 30 40 50 60
potozenie z atomu w kierunku osic [A]

Wedtug: W. Stawinski, praca doktorska, Uniwersytet Warszawski (2009).
W. Stawinski et al. Acta Cryst. B65, 526 (2009).



Podsumowanie
(struktury modulowane)

Gdy modulacja jest wspotmierna (np. L=na,) wystarczy powiekszy¢ n razy
rozmiar komorki elementarnej w kierunku a;. Mozna uzy¢ formalizmu
dla struktur z symetrig translacyjng (i jednej z 230 grup przestrzennych)

Gdy modulacja jest niewspodtmierna, trzeba wprowadzic¢ ,superspace”
W CO najmniej 4 wymiarach.

Mozna wprowadzi¢ operacje symetrii w przestrzeni ,superspace”
zeby opisac w petni strukture krystaliczng. Potrzebne jest
zastosowanie 4-wymiarowych grup przestrzennych (de Wolff, Janner, Janssen).

Rzut z przestrzeni 4 —wymiarowej do 3-wymiarowej okresla potozenia
atomow w sieci krystaliczne,.

P.M. de Wolff (1974) “The pseudo-symmetry of Modulated crystals”, Acta Crystallographica A 30, pp 777-785.

A. Janner, T. Janssen (1977) “Symmetry of periodically distorted crystals”, Physical Review B15(2), pp 643-658.

A. Janner, T. Janssen (1979) “Superspace groups”, Physica 99A, pp 47-76.

A. Janner, T. Janssen (1980) “Symmetry of incommensurate crystal phases. |. Commensurate basic structures”, Acta
Crystallographica A36, pp 399-408.

A.Janner, T.Janssen (1980) “Symmetry of incommensurate crystal phases. Il. Incommensurate basic structures”, Acta
Crystallographica A36, pp 408-415.
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Metallic Phase with Long-Range Orientational Order and No
Translational Symmetry

D. Shechtman and 1. Blech
Depariment of Materials Engineering, Israel Institute of Technology—Technion, 3200 Haifa, Israel

and

D. Gratias
Centre d’Ewdes de Chimie Méiallurgique, Centre National de la Recherche Scientifique, F-94400 Viiry, France

and
J. W. Cahn

Center for Materials Science, National Bureau of Standards, Gaithersburg, Maryland 20760
(Received 9 October 1984)

‘Go away, Dany. These are twins and that’s not terribly interesting.’
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Figure 3. The notebook of Dan Shechtman dating the discovery of quasicrystals to 8 April 1982
(www.quasi.iastate edu/discovery.html).
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FIG. 1. Stereographic projection of the symmetry ele-
ments of the icosahedral group m35.

79.2° 58.29° 37.38°

FIG. 2. Selected-area electron diffraction patterns taken from a single grain of the icosahedral phase. Rotations matc
those in Fig. 1.
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FIG. 1.6. (a) Fat and skinny rhombuses and the formation of a hexagonal unit
cell from two skinny and one fat rhombus. (b) Two-dimensional periodic
tiling that violates the matching rules. (¢) Two-dimensional Penrose tiling

that fulfills the matching rules. Penrose tiling drawn with QuASL.C by E.
Weeks.
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Roger Penrose in the foyer of the Mitchell Institute for
Fundamental Physics and Astronomy, Texas A&M University,
standing on a floor with a Penrose tiling (wikipedia.org)
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A. Mackay, Physica A114, 609 (1982).
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FIG. 1. Stereographic projection of the symmetry ele-
ments of the icosahedral group m35.

79.2° 58.29° 37.38°

FIG. 2. Selected-area electron diffraction patterns taken from a single grain of the icosahedral phase. Rotations match
those in Fig. 1.



Uktad opisywany jest w przestrzeni 6-wymiarowe,.

Operator rzutu z przestrzeni 6-wymiarowej do 3-wymiarowej:

1 10 -1 1t 0
M= (12+1) V2 t 01 1 0-1
011t 0-1 1

Obrazem szescianu w przestrzeni 6-wymiarowej ,tzw. hypercube”
jest uktad potgczonych dwudziestosciandow (bez translacyjnej symetrii).
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Niedowierzanie

,Other early sceptics such as double Nobel laureate Linus Pauling never
accepted the reality of quasiperiodic order: ‘Apparent icosahedral
symmetry is due to directed multiple twinning of cubic crystals’ (Pauling,
1985). However, the increasing quality of quasicrystals and their diffraction
data forced him to use continuously larger unit cells for his twinning
models, from a mere 1120 (Pauling, 1985) up to a remarkable 19400
atoms per unit cell (Pauling, 1989).”

W. Steurer and S. Deloudi, Acta Cryst A64, 1 (2007)

Pauling, L. (1985). Nature (London), 317, 512-514.
Pauling, L. (1989). Proc. Natl Acad. Sci. USA, 86, 8595-8599.
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Natural Quasicrystals

Luca Bindi,® Paul ]. Steinhardt,®* Nan Yao,? Peter ]. Lu*

Quasicrystals are solids whose atomic arrangements have
symmetries that are forbidden for periodic crystals, including
configurations with fivefold symmetry. All examples identified to date
have been synthesized in the laboratory under controlled conditions.
Here we present evidence of a naturally occurring icosahedral
quasicrystal that includes six distinct fivefold symmetry axes. The
mineral, an alloy of aluminum, copper, and iron, occurs as
micrometer-sized grains associated with crystalline khatyrkite and
cupalite in samples reported to have come from the Koryak Mountains
in Russia. The results suggest that quasicrystals can form and remain
stable under geologic conditions, although there remain open

questions as to how this mineral formed naturally.

Fig. 4. The fivefold (A), threefold (B), and twofold
(C) diffraction patterns obtained from a region (red
dashed circle) of the granule in Fig. 1B match
those predicted for a FCl quasicrystal, as do the
angles that separate the symmetry axes.




The phenomenon was rapidly christened “quasicrystallinity” by Levine and Steinhardt in a
paper® that appeared a mere five weeks later (24 December 1984). Clearly, the old definition of
crystallinity was insufficient to cover this new class of ordered solids, and as a consequence, the
definition of “erystal” given by the International Union of Crystallography was changed.

While formal definitions may be more or less important to science, this one is interesting
because it makes no attempt to define the concept of “crystal” directly, but rather provides an
operative definition based on the diffraction pattern of the material: By "Crystal” is meant any
solid having an essentially discrete diffraction diagram. The discovery of quasicrystals has
taught us humility. As pointed out in a recent review?: “We do not know when the next class of
non-periodic exciting crystal structures will be discovered, or if there will be such a discovery at
all.” Rather than making the mistake of again being overly restrictive, science now treats
exclusive statements about long-range order with caution.
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