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Crystal structure

An ideal crystal is
constructed by the
infinite repetition of
identical structure
units in space

with long range order.




Crystal structure: lattice + basis

R=na,+n,a, +na;
a,,a,,a, . prinitive  vectors

6,4, 4
A basis of atoms is attached to every

lattice point, with every basis identical
in composition.

A Bravais lattice
consists of all points
with position vectors R

Ti = X4, +x2a2 +x3a3

where  0<x,x,,x, <1
0.00 121213



Face center square lattice

Square lattice Square lattice

convention cell
Square lattice

Primitive cell

Face centered Not face centered



Primitive lattice

1. Simple cubic lattice

~

a, =ai
a, =aj
a, =ak

2. Body center cubic lattice

convention cell
simple cubic
(2 atoms)



3. Face centered cubic lattice (fcc)

. as- - (4 atoms)

a, :E(J +k)

_ i - 7

a, :5(: +k)

d; :E(I TJ ) convention cell

. simple cubic
4. Hexagonal lattice

aa[l?+ﬁ}]
B 3
—1 e
=ck




Primitive cell

Wigner-Seitz primitive cell

Drawing lines connecting the
point to all others in the lattice,
bisecting each line with a plane,
and taking the smallest
polyhedron containing the point
bounded by these planes



Examples of Wigner-Seitz primitive cell

bec
Wigner-Seitz
primitive cell of
bee lattice

fce

Wigner-Seitz
primiftive cell of
fce lattice




Periodic table

Table 3 Crystal structures of the elements

HY 2g He® =«
e The data given are at room temperature for the most common form, or at hep
e the stated temperature in deg K. For further deseriptions of the elements e -
512 see Wyckoff, Vol. 1, Chap. 2 Structures labeled complex are described 583
E there.
Li 7z« | Be —mee— | B C M2 |O F MNe 4
bee hep rhemb. | cimmond | eubic mnpE foc
3491 | 227 3.867 |566 (O 446
359 (M)
Ma s | Mg Al Si P s c1 Ar ax
bee hep Crystal structure feo damond | compiex | eomplen | complen | foc
4295 1321 | ————  a lattice parameter, in A 405 [5.430 il 531
521 |« ¢ lattica paramater, in A
Kss | Ca Sc Ti v Cr Mn Fa Co Mi Cu Zn Ga Ge As Se Br K 4w
beo foc hop hep bec bec aible boe hcp fee fce hep mmplen | dianend | rhomb | bex ompen | fon
5225 | 5.58 3.31 2.95 3.03 2.88 wnples | 287 251 3.52 sl 2.66 5.658 chatin [Bry) 5.64
527 4.68 4.07 4.95
Rb = | Sr Y Ir Nb Mo |Tc Ru Rh Pd Ag Cd In Sn (a)]Sb Te [ Xe 4
bec fec hep hep bec bec hep hep fcc fee fee hcp terr. | damcnd §rhomb | hex wmples | oo
5585 leog l3es |aza |zao |3as |274 271 ]380 |389 408 |2938 }3.25 (640 chaims  Jil) 6.13
573 515 440 [az8 5.62 4.95
Cs == | Ba La Hf Ta W Re 0s Ir Pt Au Hg TI Pb Bi Po At Rn
bee b Fiene. hep bee bee hep hep fce foc fee rhost. | hep foo momb. | 3¢
6,045 | 502 377 3.19 3.30 (316 276 274 384 392 |14.08 346 4.85 3.34 — ot
ABAC | 5.05 446 432 5.52
Fr Ra Ac
fec Ca Pr Nd Pm |5m |Eu Gd Th Dy Ho Er Tm Yb Lu
= =5 J5N tee | hex | hex wapia foce | Ihcp Ince fnep Inep Jnep e Jree
5.16 367 366 — 4.58 3.63 3.60 359 368 3.56 3.54 5.48 3.80
ABAC 578 |8570 |565 |562 559 5.56 5.55
Th Pa u Np Pu Am Cm Bk Cf Es Fmi Ho Lr
foo totr g | compbes | complen | beei,
5.08 392 3.h4 — fd — —_ - — —_ i
3.24 ABAC




Examples of lattices with basis

1. Diamond structure

fce lattice

7 =0 Diamond.S1.Ge
_ l e — 3
,=—{+j+k)
4
2. Zincblende structure
fce lattice
= _)0 /nS, GaAs
0= Si1C. ZnS
1 - _
,=—(+j+k
> 4( J+k)




(Rocksalt)
3. Sodium chloride structure

fcc lattice

7,=0
7 =47
=4

2

NaCl, LiH, MnO, KCI, KBr

4. Cesium chloride structure

. S

sc lattice H
f = 0 ‘ xf "'ﬂ;:-:x'x_
1 - T—
€ gl

. a - - "
L= 5 (i +j+k) CsCl, AgMg, AINi, CuPd



5. Hexagonal closed-packed structure (hep) i &

hex lattice

c=1.633a

hcp: ABABABAB......
fcc: ABCABCABC....

fce alﬂng (l 11) direction



One dimensional lattice

m Reciprocal Lattice
w -0—0—0—0—0—0
2

hp=2="
a-b =2x
9
p=2"
a
k =F?2i

Nx)= 140+Z(A sink x+B cosk x) -
1=l
y(X)=y(x+a) > k,a=2 r m —k =2 7 m/a=0,b,2b,3b, ..., b=2 7 /a, b: reciprocal lattice
Bloch theorem confines to the first Brillouin zone: 0~b (2 7 /a)



Two dimensional lattice

a, -5}. = 2;?2'51}.
b,
SN
b2
iG-(F+R) __ _iGT
e — € Reciprocal lattice

—

G=hb, +kb,; R=na +n,a,



Reciprocal lattice

R=na, +na, +na, - G = hb, + kb, +ID,
a,,a,,a, . prinitive  vectors [ b,b,,b, -reciprocal lattice vectors
3d Fourier Transform = . 7, S N 0 i= J
a.-b. =2m10. where . =
! J i ) l j— ]
The reciprocal lattice vectors 1s given by:
~ a, Xa - a. xda — a, Xd,
b =2r—— . b =2r—3—L . b =2r——=
Gl'(azxai) . zxaz) 1'( 9 X 3)




Plane waves QEEF = C-OS(/; : F) +1 S‘iIl(E ' If_;)

Plane waves with the periodicity of a given Bravais lattice
R =n,a, +n,a, +na, ;: primitive  vectors
TR — o7 F b 4 kb, + (b, =G
Proof:

G-R= 2n(nh+nk+nl)

Q!

—> 61"@'(?+ﬁ) _ eiG-F‘ iG-R 7

et =¢

The set of all wave vector G that yield plane waves with the periodicity
of a given Bravais lattice 1s known as its reciprocal lattice.



Examples of reciprocal lattice and first Brillouin

Z0ONEe (The Wigner-Seitz primitive cell of the reciprocal lattice)

1. Simple cubic lattice (sc)

-~ ' 2.-'? -

— - b Z—f
a, =ait 1T

e _ "': e 2.-’? "

a, = aj b, ==""—7j
A )

a. = ak . 27 -~

3 — ¥ b, ="k

1 2?3-

The reciprocal lattice of a sc lattice is a sc lattice of side —

2. Body center cubic lattice (bcc)

_ a; - - = ~ 4dxl,- =
{?125(\—1+_}+k) bI:FE[J'rH'()
— ai—- - 7 Az 1 - - ._«_.
a, :E(I — +f{}] b, :?E[z +k) i*, ,t‘

_ _ Arl,- - 1 BZ of a bee lattice
53=§(i+j—k] by=—>(i+])

4

a

The reciprocal lattice of a bee lattice 1s a fcc lattice of side




3. Face centered cubic lattice (fcc)

— air—- - = 47 1 - = 7
ﬂ:—fﬂﬂ =——(—i+j+k
1 2( . 1 a 2( J )
= _G= i — Azl - =
a,=—\\i +k _ (77
2 2( ) b, . 2(1 Jr+k]
e - - Arl,-. - -
— + _ = ;-
“ 2(1 J) by = p 2(““? k) 1 BZ of a fcc lattice
: : . : . 4;
The reciprocal lattice of a fcc lattice 1s a bece lattice of side il
a

4. Hexagonal lattice (hex)

S —

ork: —9
Homework: bl,bz,bj = !
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Vaspview
visualizing the charge (spin, partial charge) density

VASP Data Viewer |
Sipen File:
CHGCAR

Diata Set: 51 Diapriond

Data [ Atoros | Bounds | Wiew | Options
M Duaww Slice

A zirnwthal slice angle: 0

1’0o 0ooo nooooc 8000000000 1
1} an 120 270 360
Polar slice angle: 0
(NI nooooc 8000000000 1
1] a0 120 270 260
Slice affset: 0

o g0 80 )8 5O 00 0 60 0 00
-2 -1 a 1 2
M Diaww Iso-Sueface

Iso-surface walue: 7,541
O00[00E(E00[O00(O00;EE0)o00(o00aEa])00a]
-7.70G 7. 1288

Iso-surface detail:

- ILIZIW

22878

-7.7256

i T Z: Walue:

"CHGCAR" Loaded.
e




"CHGCAR" Loaded.

W

Walue:

21878

Open File:

CHGCAR
Data Set: 51 Diarnond

Open

Elice offset: [l
RN " 0 I oo
-2 -1 ] 1 iy
X Diraw Iso-Surface
Iso-surface smlue: 20,12
I"'I"'I"'I"'"'I"'I"'IW
=7 .Tah T .adl ]

Iso—surface detail

1 1
Loser




VASP Data Viewer




vl VASP Data Viewer (= I[EI])




VASP Data Viewer

cocer  om

ol dons (mhus| Vi Optos|




VASP Data Viewer

Open File:

CHGCAR
Data Set: 51 Diak

= W b Walue: -1 u 1

"CHGCAR" Loaded.




Density of state

DOSCAR:
2210

0.2001288E+02 0.3839590E-09 0.3839590E-09 0.3839590E-09 0.5000000E-15

1.0000000000000000E-004
CAR

-8.088 0.0000E+00 0.0000E+00

-8.002 0.0000E+00 0.0000E+00 | <——
17.457 0.0000E+00 0.1600E+02

17.543 0.0000E+00 0.1600E+02

17.629 0.0000E+00 0.1600E+02

S1 Diamond
17.62901345  -8.17412253 301 1.00000000
-8.174 0.0000E+00 0.0000E+00

Save to dos.dat
Plot DOS using xmgrace
Shift Ef to zero

17.62901345  -8.17412253 301  5.77032221  1.00000000

-8.174 0.0000E+00 0.0000E+00 0.0000E+00
-8.088 0.0000E+00 0.0000E+00 0.0000E+00
-8.002 0.0000E+00 0.0000E+00 0.0000E+00



hd Grace: Untitled (modified) Uk,
File Edit Data FPlot  Wiew  Window Help ‘
GO: ¥, ¥ = [-12.9105, 10.6575] |
D . . iy
Dy | Si(Dia)
A A
g H 16'-_ Y O Y Y O B BN O :l
ﬂﬂ 15 N
|t B — DOS _
4= |1— ipos o
AutoT | 13 |
AutoD | 12 = =
T . :
iml| 300 -
Pol el 5 0 N
5011 3 g ]
cwia g L -
Exit o 7 B .
e :
L B
41— ]
- ]
N h
0 b 1| Ll L [ [ T A AN _J
-13-12-11-10 9 8 -7 6 5 4 -3 -2 -1 0 9 =
Energy (eV)
S |

L'igf:rver, l[ocalhost:10.0, Untitled



Partial density of state

DOSCAR:
2210
0.2001288E+02 0.3839590E-09 0.3839590E-09 0.3839590E-09 0.5000000E-15
1.0000000000000000E-004
CAR
S1 Diamond
17.62901345  -8.17412253 301  5.77032221  1.00000000

“8.174 0.0000E+00 0.0000E+00
-8.088 0.0000E+00 0.0000E+00
-8.002 0.0000E+00 0.0000E+00 total DOS
17.457 0.0000E+00 0.1600E+02
17.543 0.0000E+00 0.1600E+02
17.629 0.0000E+00 0.1600E+02

17.62901345  -8.17412253 301  5.77032221  1.00000000

8,174 0.0000E+00 0.0000E-00 0.0000E+00
18,088 0.0000E+00 0.0000E+00 0.0000E+00 : :
8,002 0.0000E+00 0.0000E+00 0.0000E+00 Partial DOS of Sil

........................................................... .‘ Save to pdos.dat
17457 0.0000E400 0.0000E+00 0.0000E+00 Plot PDOS

17.543 0.0000E+00 0.0000E+00 0.0000E+00
17.629 (0.0000E-+00_0.0000E+00_0.0000E+00

17.62901345  -8.17412253 301  5.77032221  1.00000000

-8.174 0.0000E+00 0.0000E+00 0.0000E+00
-8.088 0.0000E+00 0.0000E+00 0.0000E+00
-8.002 0.0000E+00 0.0000E+00 0.0000E+00

Partial DOS of Si2




¥ Grace: Untitled (modified) - | ][5

File Edit Data Plot  View ‘Window ﬂelp‘

GO: #, % = [-6.48314, 0.0286621)

Draw_| Si (Dia)
K Ay
Z| z| 0.58
el Il
ﬂ ﬂ L — 8 _
AutaT | —d
oo | 0.4 - .
24 zv| I )
#x] av|
Pz| Pu|
Po ¢y

a01
CW:0

Exit |

L

0.3 —

0.2 —

DOS (state/e V/iatom)
[

0.1—

W A

-13-12-11-109 8 -7 6 5 4 -3 -2 -1 0
Energy (eV)

_"ﬁg@rven localhost:10.0, Untitled




Homework
please Emaill to jeng@phys.sinica.edu.tw

* Plot charge density, DOS, and PDOS of
Si(Dia) and C(Dia) using LDA with
experimental lattice constant

* Plot charge density, DOS, and PDOS of
Cu(FCC), V(BCC), and Ti(HCP) using GGA
with experimental lattice constant (Hint: for
HCP lattice, use Gamma Monkhorst-Pack k-
mesh by adding ‘G’ in front of ‘Monkhorst-
Pack’ In KPOINTS)



