1.3 Real Crystal Structures
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What structure do the solids have? Can we predict it?
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Consider inert elements (spheres). This could be anything with
no directional bonding (noble gases, simple and noble metals)
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Just put the spheres together in order to fill all space. This
should have the lowest energy. % 'E A 1R & 25 A2 HL HE iCAE —
g, XFEfTRAEAERMGEE (JRERATF—=EB)

A simple cubic structure? faj . J7 ?



. «  AS D>
Simple cubic Ta] M. /7
 The simple cubic structure is a Bravais lattice.

e The Wigner-Seitz cell is a cube
e The basis is one atom. So there is one atom per unit cell.

R, .no = may + nag + oas




Simple cubic

« We can also simply count the atoms we see in one unit cell.
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e But we have to keep track of how many unit cells share
these atoms. B 2 A — MR T % /b il 4 32
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A simple cubic structure is not a good idea for packing spheres (they occupy
only 52% of the total volume).

Only two elements crystallise in the simple cubic structure (F and O).

S.C.. 52% full



Better packing

bec:

¢ |n the body-centred cubic (bcc) structure 68% of the total
volume is occupied.
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Close-packed structures 'S5 %5 HE 45 f4)




Close- packed structures '25 % HE 25 1)
fcc and hep [l /{0 T 52 HENT

hcp fcc
ABABAB... ABCABCABC...
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hcp fcc
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hcp fcc
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The tightest way to pack spheres:

A ( stacking

sequence
(FCC)

sequence

A A stacking
(HCP)

ABCABC...= fcc, ABAB...= hep!
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Closest packing of first and second Iaynrs
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Cutaway side view Ili‘lr:ﬂs;:ﬁ view
Cutaway side view e A g 1 showing face-centered
showing hexagonal unit cell Expanded side view Expanded side view cubic unit cell
Hexagonal closest packing (abab...) (74%) Cubic closest packing (abcabe...) (74%)
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The unit cell of fcc structure

® The cubic unit cell contains more than one atom.

/ 1/8 atom %%

In the face-centred cubic (fcc)
structure 74% of the total volume
is occupied (slightly better than
bcec with 68%)

1/2 atom




The unit cell of hcp structure
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e The hcp lattice is NOT a Bravais lattice. It can be constructed
from a Bravais lattice with a basis containing two atoms.

e the packing efficiency is of course exactly the same as for
the fcc structure (74 % of space occupied).
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Hexagonal Close-Packed lattice

, with an included angle 120°

|al|=\a2

| =1.633a,|
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12 nearest neighbors

Transition metals : Sc, Y, Ti, Zr, Co...

ITA metals : Be, Mg

Basal Plane

Hexgonal lattice + basis of 2 atoms at (0,0,0) and (2/3,1/3,1/2)



Close packed structures
-metal

fcc: Cu,Ag,Au,Al,Ca,Pb,Pt
hcp: Be,Mg,Zn,Cd,Gd,Tb,Dy,Ho,Er,Tm

fm A c/a

Be 1.633

Mg 1.623 Cu a=3.16
Zn 1.861 Ag a=4.09
Cd 1.886 Al a=4.05
Co 1.622 Au a=4.08
Lu 1.586 Ca a=5.58
Gd 1.592 Ni 9=3 52

hcp fcc
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Kepler's conjecture (1611): The packing fraction of spheres in 3-dim < n/\18

Does the pFOOf stack upf) (the value of fcc and hep)

Think peer review takes oo long”? One mathemaltician has waited four
years Lo have his paper refereed, only to hear that the exhausted reviewers
can't be certain whether his proof is correct. George Szpiro investigates.
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Grocers the world over know the most efficient way to stack spheres — but a mathematical proof for the method has brought reviewers to their knees.

Nature, 3 July 2003
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Figure 1-30 Filling factors for identical spheres in contact, in four common cubic

Structures. After C. Wert and R. Thomson, Physics of Solids (McGraw-Hill, 2nd edition,
1970),
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Perovskite Type Structure ABO,  #kfitsm#t

A - cation:
cubic lattice

body centered
O - anion:
face centered

oxidation state examples
N/\v A%/ BaTiO,
Pb(Zr,Ti)O,
1/V A%/ KTaO,
HEZHE A3 LaMnO,

application: nonlinear resistors (PTC), SMD-capacitors, piezoelectric
sensors and actuators, pyro-detectors, ferroelectric memory
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{100y

(110)

(111)

Control and Ustof

> Defects in Materials

Science 282, 946 (1998)

GaN(0001) sprial growth mode
(Feenstra, J. Vac. Sci. Technol. A 16,

1641 (1998).)



fcc metals

Fcc 100

fec(100) fec(110) fee(111)
- symmetry 4-fold 2-fold 3-fold
- coordination 8 7 9

number

- roughness smooth atomically smooth
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Wood notation
Substrate unitcell : a, b " % a.
Surface unit cell : ag, bg b

s

M(hkl)-(|as|/|a] )x(|bs)/|b]) R 6°(rotation angle) -Adsorbate

eg1) Ni(100)-2x2-0

laslfla] =2ala=2
|bs|/|b|= 2b/b = 2
angle=0

o, 2X2 or p(2x2)

as:=2a+0b
b =0a + 2b

. . 20
Matix notation:
02



eg?2) Ni(100)-c(2x2)-CO or Ni(100)-+/2 x+/2 R45°-CO

a.=a+b

bs=a-b

las)/lal = V2ala= 2
lbsl/|b]= 2 blb= 2

angle = R45

~J2x2 R45°
or c(2x2)






adatom

dimer

restatoms

(1x1) bulk




Actual Si(001) surface under STM (Kariotis and Lagally, 1991

(2) Si(100)

Surface reconstruction (#f i)

Si(100)-2x1

Si(100)-4x2




molecular crystals (molecules are not round,
complicated structures)

Dry ice Sucrose crystal



Xiaocheng Zeng

U] e e* e’
» CE ] L
a ¥ > ] * 5 %
3 T T A ¥ A
oW W . - P -

° sagiw S,
Condensation

Ice formation

Top-view Side-view

X. Zeng ice formation PNAS (2017)

Initial

X. Zeng ice cage Sci. Adv. (2016)

Top view
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Quasicrystal (¥ fm)

INPRON “HEdR” B “HhER7 . 2 — M T EE AR ] AR . dE A RS
ra ALK ARG P R FHED s AR AR A B & SR F R S FRTE . AR PR A
fRiFR 2B (crystallographic restriction theorem) , il ffk R e A k. =k, Y
KBS IR TG R RRYE, B VR s (AT h A AT S B B AR R PR 1, 48] a0 0 CRERR
PR B B = a0 S IR BA B B AR

WA B v dn 1 JRL A 2



AL- 2¢ &fo Mn APA\ &,81

Tte SAD
el AAD
nwn 2%,
17 2¢ ned 17Tk
% (Ll B 36k
Yo :7"7 BERy s (1o Fold 222D
Te o 1Mve 3¢k of
9> M2y % 36k of
“ "e 124 % P3¢ ps
39 T2y | 76 0¢
&) 113 T 3D z3eo
N3 & j600
32| 5 36k B¢
33 > Joa k 84
1334 Jork pe
o Elaal az
VOLUME 53, NUMBER 20 PHYSICAL REVIEW LETTERS 12 NOVEMBER 1984

Metallic Phase with Long-Range Orientational Order and @
Translational Symmetry

D. Shechtman and I. Blech

Bl— AEREESEINGTEEES TEMRIE | ASE=EER - A _——
We have observed a metallic solid (Al-14-at.%-Mn) with long-range orientational order,

_f_ﬁz_}ﬁ% ( 36° ) ﬁﬁ?%g”&ﬁg}ﬁ%%%@@o b‘uf wilh icosahedral point group symmetry, which is inconsislepl with lattice translallions. ‘lts
diffraction spots are as sharp as those of crystals but cannot be indexed to any Bravais lattice.

The solid is metastable and forms from the melt by a first-order transition.
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Natural Quasicrystals

Luca Bindi, et al.

Science 324, 1306 (2009);
DOI: 10.1126/science.1170827

MYAAAS

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

remain open questions as to how this mineral formed naturally.



RESEARCH

QUASICRYSTALS

Dirac electrons in a dodecagonal
graphene quasicrystal

Sung Joon Ahn™, Pillkyung Moon™**, Tae-Hoon Kim™, Hyun-Woo Kim’,
Ha-Chul Shin’, Fun Hye Kim', Hyin Woo Cha®, Se-Jong Kahng®, Philip Kim®,
Mikito Koshine”, Young-Woo Sm“r, Cheol-Woong Ya.ng"‘f, Joung Real Alm“"f

Quantum states of quasiparticles in solids are dictated by symmetry. We have
experimentally demonstrated quantum states of Dirac elect in a two-di ional
quasicrystal without translational sy Y. A = ] ystalline order was
realized by epitaxial growth of twisted bilayer graphene rotated exactly 30°. We grew the
graphene quasicrystal up to a millimeter scale on a silicon carbide surface while
maintaining the single rotation angle over an entire ple and ully the
quasicrystal from a substrate, demonstrating its structural and chemical stability under
ambient conditions. Multiple Dirac cones replicated with the 12-fold rotational symmetry
were observed in angle-resolved photoemission spectra, which revealed anomalous strong
interlayer coupling with quasi-periodicity. Our study provides a way to explore physical
properties of relativistic fermions with controllable quasicrystalline orders.

Ahn et al, Science 361, TR2-TB6 (2018) 24 August 2018

Fig. 1. A LEED pattern and a TEM image of graphene quasicrystal. (A) A LEED pattern of
graphene quasicrystal. (B) A Fourier-transformed pattern of graphene quasicrystal (see also fig. S6
in SM). (C and D) An atomic structure model of TBG with R30°. (E) Atomic structures and TEM
images of Stampfli tiles [rhombuses (red), equilateral triangles (green), and squares (blue)).

(F) Afalse-colored TEM image of graphene quasicrystal mapped with 12-fold Stampfli-inflation tiling.
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NOBELP RIS
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upptickten eller fortvittringor
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Dan Shecitmar
For upptiickten. av
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® STOCKHOLM DENTO DECENMBER 2011

Dan Shechtman
The Nobel Prize in Chemistry 2011

Born: 24 January 1941, Tel Aviv, British Mandate of Palestine (now Israel)

Affiliation at the time of the award: Technion - Israel Institute of Technology,
Haifa, Israel

Prize motivation: "for the discovery of quasicrystals."

Prize share: 1/1






% “Metallic Phase with Long-Range Orientational Order and No Translational
Symmetry”, Phys. Rev. Lett., 53, 1951 (1984)

® MIMNEZIEANANFEER.

“Danny Shechtman is talking nonsense, there are no quasi-crystals,
just quasi-scientists.”

Dan Shechtman

' ' 2011 Nobel Prize
— Linus Pauling in Chemistry

A few years before he died, Pauling wrote to Shectman to suggest
a truce of sorts:

“And the letter says, 'Professor Shechtman, may | propose to you
to write the joint Shechtman-Pauling paper on quasi-periodic ma-
terials? And you will be first,” he says. And | answered him with a
letter: 'Professor Pauling, I'll be delighted to write this paper with
you, but before we even start we have to agree that quasi-periodic
materials do exist.” He wrote me back and said, 'Well, that may be
too early for that.” And that was the end of our communication.”

— Dan Shechtman

Linus Pauling
(1901-1994)

Nobel Prize in
Chemistry (1954)

Nobel Peace
Prize (1962)
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Roger Penrose
Nobel Prize winner, 2020




Amorphous or non-crystal solid (3F /&)

An amorphous solid is a solid in which there is no long-range order or repeating
pattern in the positions of its atoms or molecules.
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Liquid crystal (¥ &)
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