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Crystal structure

Bravais lattice Regularna
In three-dimensional space, A0V a=b=c
there are 14 Bravais lattices. F a=pf=y=320
Simple Face-centered Body-centered
) h bi bi
They form 7 lattice systems cubic cubic cubic
Tetragonalna a=bzc
= - a=[=90°
a=b=c 7 —120°
a=p= 90°
p=r= Simple Body-centered
tetragonal tetragonal Heksagonalna
Rombowa
azb=#c
Simple Body-centered Base-centered Face-centered
| orthorhombic orthorhombic orthorhombic orthorhombic
e | Jednosko$na | azbzc
ompoedryczna
y azb=c a#f#y
a=b=c 00°
a=f=y<120°# 90] a=y=
£ #90°
Simple Base-centered Triclinic
| Rhombohedral | Monoclinic monoclinic Trojskosna




Crystal structure

Planes in the Crystal Also: the family of planes orthogonal to:
hg. + kg, + g3

A family of lattice planes are written (hkl), and Where g1, g2, g3 are reciprocal lattice

denote the family of planes that intercepts the vectors
three points: i a3 E.g.: A=2, B=3, C=6, plane (3,2,1)
hl’ kz' 13 (hkl) plane
{hkl} set of planes

If one of the indices is zero, it means that the

planes do not intersect that axis (1/0 = infinity) [hkl] diections

(hkl) set of directions

(100) (110) (111)




Crystal structure

Planes in the crystal

(110) (120) (212)
/
(100) (110) (111)
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Crystal structure

Planes in the crystal
[001] (1111 [o11]

7 /7.
[100]

o x (110]
plane (111)
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http://pl.wikipedia.org/wiki/Wskazniki_Millera




Crystalography

Planes in the crystal

10
The crystalline structure is studied by
means of the diffraction of photons, 5
neutrons, electrons or other light
particles
2
E 1 5 Elektrony
R Z
& 0.5¢
=t 300K
i Atomy Hehu
0.1 L1l T B
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Fotony w 100 keV
Energia Elektrony w keV

Neutrony w eV

Atomy Helu w eV
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Crystalography

Crystals

1912 - Max von Laue noted that the wavelength of X-rays

are comparable to the distances between atoms in the

crystal. This suggestion was quickly confirmed by Walter

Friedrich and Paul Knipping o

Model of the crystal: set of
discrete parallel planes separated
by a constant parameter d

2dsinf = nA

William Lawrence Bragg (son) and
William Henry Bragg (father), 1913

Max von Laue eg. =154 A, d =4 A, crystals
1879 - 1960 with cubic symmetry, the first

reflex 0 = 11°

P. Atkins
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C rySta | Og ra p hy Brehmsstrahlung — promieniowanie hamowania

Crystals | j.w.)  continuous spectrum
wysokie noapigoie prod anodowy
il % 50 KV

T

=

S

g 40 kV

5y
30 kV
4t
2 -
20 kV

0 I

02 04 06 08 xmomm)

Swaldd .




Crystalography

Crystals characteristic spectrum

wysokie napigeie prod anodowy
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Crystalography

Laue method

. . . . . '-_--_‘ a)
* The crystal is illuminated with white o
light. wigzka padajaca 54;; probka 5
* As a result of scattering the waves of  niemonochro- |o—--7: ::E:__s
different wavelengths are distributed in gﬂiﬁ?@wa a \ / s
different directions. We get different nie X \ ~——_|

. . promieniowanie rozproszone

points for different colors
(wavelengths). . b)_ L %

* the pattern of the spots has a
symmetry of the crystal along the
direction of the incident wave

] 2m am a4 B
10 typdwr symetrii Laneogramde
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Crystalography

Debaye-Scherer method

klisza

wiazka padajaca

profiemie

monochromatyczne FOZProSEone

promieniowanie X

Peter Joseph Debye

1884 = 1966
é f~ W A
H ) 20 | _\'.
{ : \ N !
K 4

Typowy debajogram
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Crystalography

Debaye-Scherer method

klisza
The powder of the crystals with chaotic
orientation in space is measured. It is
illuminated by the monochromatic
wave. X-rays scattered by the _ _ =
differently oriented crystals creates wiazka padajaca ” <
arcs corresponding to the planes on monochromatyczne S oroemone
which the X-ray wave was scattered. promieniowanie X

e e pcm—
T —
s
—

-

Typowy debajogram
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Crystalography

Atomic form factor (czynnik atomowy)

P. Atkins
Na K

natezenie refleksu
natezenie refleksu

e AI“ 1 ;LI'\AI A ook N L i AI )L

o1 - 3N 40 3N W -N - 10 20 W & 9 o) B
a) kat ugiecia, 26 b) kat ugiecia, 20

Both salts have the same crystal structure, but
different diffraction, why?
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Crystalography

Atomic form factor (czynnik atomowy)

P. Atkins
Na K

natezenie refleksu
natezenie refleksu

g = AI“ s ;Lu\ht A L A JL JiN Al 1
0. 60 10

0 1020 30 40 010 0 W & 3 o) 8B
a) kat ugiecia, 26 b) kat ugiecia, 20

Both salts have the same crystal structure, but
different diffraction, why?
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Crystalography

Atomic form factor (czynnik atomowy)

e K* and Cl-have the same number of electrons.
They scatter similarly X-rays.

e For certain directions the destructive
interference occurs (total extinction)

e Na* and ClI" - waves are scattered by atoms with
different electrons, no total extinction.

e Thus there is atomic form factor

1A Key: 7A | 8A
(1) ] Metals : .

[C] Nonmetals ‘ (:13';) ‘
Metalloids "

4A | 5A | 6A
(14) | (15) | (16)

l 4B (5B | 6B | 7B ——8B— 1B | 2B "
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Crystalography

|
|
I
I
I
|
|
0

i
Rys. 8.2. Dyfrakcja fali elektromagnetycznel przez Rys. 8.3. Oznaczenia uzywane w obli-
chmure gestosci fadunku elektrondw w atomie czeniach
| . | kE k&
Elsatic scattering of X-rays by electron cloud: A =¢cosqa=¢—=—2
i.e. local electron concnetration p(gg) ];_(?;,g %g
> > A, =E&cosa’ = =
£l =[] = & =4 A
(K -R) _ak§
A=A, —A) = =
(8 = ) = — -
21TA >
QY = T = kA = Ak f
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Crystalography

Atomic form factor (czynnik atomowy)
k' —k)E AkE 4,
A=(A2—A1):( )S(: :

k k
S A=Ak
= Y = Ak¢$ / Charge density in € = 0

A BN S
¥(0) = —exp i(k7 — wt)]p.(¢ = 0)

of-——————-

A RN . Rys. 8.3. Oznaczenia uzywane w obli-
‘P(f) = exp (k7 — wt — Akg?)]pe (5) czeniach

Scattered wave:

e A . , I
W(§)ds = —expli(kr* — wt)]pe (§) exp[—iaké] dé

/ Density of charge

| 10/ . e
Atomic form factor f = —Ejpe(f) exp[—iAkE] d¢
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Crystalography

Atomic form factor (czynnik atomowy)

For instance spherical distribution of electrons

1 R I | ,
f=- j pe (&) exp|[—inkE] dE = ——2n f pe (&) exp[—AkE]| £2d(cos 0)d¢

( )exp[Akf —k SSxp[ Aké| ds = £2) (8 (_)) smAkf

For small angles of scattering Aké - 0 and f = —Z

The atomic scattering factor f is the ratio of the amplitude of the radiation scattered by the
actual distribution of electrons in the atom to the amplitude of the radiation scattered by one

electron.

1 - -
Atomic form factor f = _Ej pe () exp|[—inkE] d3¢
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Crystalography

Atomic form factor (czynnik atomowy)

For small angles of scattering
= Q (total charge)

1A Key: 7A | 8A
(1) [ Metals (17)  (18)
' 5A  6A
Nonmetals ‘(13)'(14) (15) | (16) H | He
] Metalloids
B|C|N|O|F |Ne

58 6B | 7B ——8B— 1B ‘ 28 [Tn

(3) |<4)(5) ©) () (& (9 (10) (1)

0 02 04 06 08 18 =8

1 > -
(sin O/A | f= _Ejpe(g) exp[—iAkg] d>¢

2016-01-25
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Crystalography A

Wave scattered on one of the atoms ()

Wave scattered on all atoms (in direction I:’): . . .

W =4 ei(E,F_wt)f}

‘) Basis ﬁnj = R)Oj +T
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Crystalography |

Wave scattered on one of the atoms ()

Y= ei(E’F—wt)ﬁ _ . . .
Wave scattered on all atoms: Ak = (k' — k)
. . .
W= Zz i(Tc’F—wt)f_ —iAKR

n j ) ° . O. u. 0.

/T "
Atoms in basis J ) ®) ®

Period of the lattice . . .

Ry;

‘) Basis ﬁnj = R)Oj +T
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Crystalography .

Wave scattered on one of the atoms ()

W =4 ei(E’F_wt)]C]-

Wave scattered on all atoms:

Y=4 Z Z el(K'T-wt) rlo

n|j

Atoms in basis

2016-01-25

/{AE

—iAKRp

‘) Basis ﬁnj = R)Oj +T
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Crystalography A

Wave scattered on one of the atoms ()

W =4 ei(E,F_wt)f}

Wave scattered on all atoms:

Atoms in basis

Period of the lattice

‘) Basis ﬁnj:I_?)Oj"‘T

2016-01-25 23




Crystalography A

Wave scattered on one of the atoms ()

W =4 ei(E,F_wt)f}

Wave scattered on all atoms:

Atoms in basis

Period of the lattice

‘) Basis ﬁnj:I_?)Oj"‘T
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Crystalography A

Wave scattered on one of the atoms ()

Y = A elK'T-wt)f _ . . .
Wave scattered on all atoms: Ak = (k' — k)

. . .

W=/ Zzei@’?—wt)ﬁ e—i‘N_c)/(ﬁOj+§) _ . . . .

= nyt; + nyty + nats O O O
_ Aei(ﬁ'?-wt)zz f; e~IbK(Roj) g —iak(T) = . . .
n j O O O O
@ 0 O

~|
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Crystalography .

Wave scattered on one of the atoms ()

Y = A elK'T-wt)f _ . . .
Wave scattered on all atoms: Ak = (k' — k)

. . .

W=/ Zzei@’?—wt)ﬁ e—i‘N_c)/(ﬁOj+§) _ . . . .

= nyt; + nyty + nats O O O
_ Aei(ﬁ'?-wt)zz f; e~IbK(Roj) g —iak(T) = . . .
n j K) K) k) k)
@ 0 O

— Ael(ﬁ"f‘)—(x)t) zf] e_l'ATé(ﬁO]) Z e—iATc)(n151+nZEZ+n3E3) —
j n

~|
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Crystalography .

Wave scattered on one of the atoms ()

.u .U .U

) .u .u .u
"3 X X X
oo o
» .u .u .U

_ i(k'?—wt
P = 4 el S, s
Wave scattered on all atoms: / _

Y=A Zzei(k),?_wt)f} e_iAk)(ﬁoj‘F?) —
~ /\

= nlfl + nzl_;z + n3i_f>3

_ Aei(ﬁ'?-wt)zz f; e~IbK(Roj) g —iak(T) =
noJ

~|

— Ael(ﬁ"f‘)—(x)t) zf] e_l'ATé(ﬁO]) Z e—iATc)(n151+nZEZ+n3E3) —

j n
_ 4pi(FF-wt) [Z f, emitik(Fs j)‘ [Z e—iATc)(nlfl)] [2 e-mﬁ(nzzz)] [Z e-mﬁ(ngzg)]
J ng N, N3
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Crystalography

Wave scattered on one of the atoms ()

W= 4 ei(E’F—wt)]CJ_ — . . .
Wave scattered on all atoms: / S . . .
W= 2 Z Z ei(?é’?—wt)f. o~ IAK(Roj+T)
o j : / \ T =ty + nyty + nsts . O. \). \).
@ 0 O
O al al av
@ 0 O

_ Aei(ﬁ'?-wt)zz f; e~IbK(Roj) g —iak(T) =

_Ael(k 7 wt)zf e zAk(ROJ)Z —iAk(nyty+nyta+nsts) —

_ i 7-wt) o —idk(Ro;) o~ ibk(nyt) ~iAR (nyt,) ~idk(n3ts)
M P D

Structure factor S S¢ =j de(ﬁ)e—iAﬁ
cell
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Crystalography A

Maximal value of the intensity

Z e—iAE(nlfl)‘ [Z e—iAﬁ(nzfz)‘ [Z e—iA%(nsfs)‘

When?

ooo
ooo
oo o e
oo 0
0.0.0.0

T == nlfl + nzl_;z + ngzg
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Crystalography .

Maximal value of the intensity

Z e—iAE(nlfl)‘ [Z e—iAE(nzfz)‘ [Z e—iA%(nsfs)‘

When e‘iﬁ(nlzl) =1

O o o
o o o
oo o 0
oo 0
Akts = 27l D .u .u .u

- g _ - - -
Aktl — Znh T - n1t1 + nztz + Tl3t3

Afcfz = 2wk | Laue conditions
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Crystalography

Maximal value of the intensity

When e‘iﬁ(nlzl) =1

> B

& &

<~|-¢ ISN :N
Il

Laue conditions

2mh
2k
2ml

>
=

l

Ak = G = hgy + kg, + Lga git; = 2méy;
21T S ZLJ X ék
_>_ f— g' - 277: - - -

9] a; l tl(t] X tk)

2016-01-25

Structure factor S

ooo
" X X X
3K K X
u.u.u.u

reciprocal lattice

S =J de(ﬁ)e‘iéﬁ
cell
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Crystalography .

1
, = 2mk Laue conditions

reciprocal lattice

git; = 2nd;;

—

T == nlfl + nzl_;z + n3€3

Geometryczny czynnik strukturalny S¢

Structure factor S¢ | Sg =j de(ﬁ)e‘iéﬁ
cell

D

sz LAk(ROJ)] [zf e lG(ROJ)] zf —i2n(ny h+nyk+nsl)

O 20 @0
@ © ¢
O 20 a0
@ © ¢




Crystalography

Structure factor

F(h k1) = z f] p—i2m(nih+nzk+nzl)
J

The crystal of Li and TIBr (bcc lattice - body centered cubic) — find

the possible values of the structure factor Body-centered
111 cubic
= (0,0,0 =|=,—,=
1= (0,0,0) "2 <2 2 2)

. 1. 1. 1
F;(h k1) = Zf] p—i2n(nyhnyk4ngl) — fLie—iZn(0+0+0) n fLie_lzn(fh'l-ik"'il)
J

FLi(h, k1) = fLi(l + e—in(h+k+l))

; . o111
Frigr(h k1) = Z f; ei2nihinakinsl) — £ o—i2m(0+0+0) | £ e—lZn(Eh+Ek+El)
J

FTlBr(h, k1) = fri + fBre—in(h+k+l)

/\

even




Crystalography

Neutrons

Neutrons - generated in the reactor are slowed down by
collisions with the moderator (graphite) to v = 4 km/s, which
corresponds to the energy E = 0.08 eV and that energy that
correspondstoA=1A

The neutrons interact with: nuclei (one can determine the
density of the probability of finding nuclei), determine the
phonon dispersion curves, the magnetic moments of nuclei.

hZ
2M
1

E=

q25 -

M=1,675x10%*¢g
A(A) =228
E(eV)

1 A for E=0,08 eV

N
o
AN

—

43458

%

J. Ginter
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Crystalography

Electrons
Electrons have an electric charge and interact strongly with L1
matter, penetrate it very shallow. gz 77_51-_2
The phenomenon of diffraction of electrons allows for hz @ in e
structural studies of surfaces and very thin layers E = > -
207 /
M=0,911x10-?"g =
\
° 12 |
AA) =
E(eV)

1 A for E=144 eV /,m mmmiI

T. Stacewicz & A. Witowski




3.00 nm
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Crystalography

Electrons

Rafat Dunin-Borkowski

Magnetic domains in a thin cobalt
film The colors in the image show
the different directions of the
magnetic field in a layer of
polycrystalline cobalt that has a
thickness of only 20 nm. The field of
view is approximately 200 microns

2016-01-25

http://www.rafaldb.com/pictures-micrographs/index.html

37



Crystalography

Electrons

Rafat Dunin-Borkowski

Magnetic nanotubes.The nanotubes
were fabricated in the University of
Cambridge Engineering department
by Yasuhiko Hayashi, who grew them
using a Cobalt-Palladium catalyst. This
alloy remains present in the ends of
the nanotubes, and is magnetic. The
nanotubes you see here have a 70-
100 nm diameter.

2016-01-25

http://www.rafaldb.com/pictures-micrographs/index.html
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Crystalography

Electrons

Rafat Dunin-Borkowski

This image won First Prize in the
"Science Close-Up" category in the
Daily Telegraph Visions of Science
competition. The image shows a
multi-walled carbon nanotube,
approximately 190 nm in diameter,
containing a 35-nm-diameter iron
crystal encapsulated inside it.
Electron holography has been used to
obtain a map of the magnetic field
surrounding the iron particle, at a
spatial resolution of approximately 5
nm.

.

http://www.rafaldb.com/pictures-micrographs/index.html
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Crystalography

Electrons

Rafat Dunin-Borkowski

The image shows the magnetic field
lines in a single magnetosome chains
in a bacterial cell. The fine white lines
are the magnetic field lines in the
cell, which were measured using off-
axis electron holography.

http://www.rafaldb.com/pictures-micrographs/index.html
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