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Outline

part I: CRYSTALLOGRAPHY IN DIRECT SPACE

I.4. Beyond basic crystallography

Aperiodic crystals: superspace groups —
Magnetic structures: magnetic point groups and space groups




Outline

part IT: DIFFRACTION - CRYSTALLOGRAPHY IN RECIPROCAL SPACE




I.4. Beyond basic crystallography: Aperiodic crystals

Incommensurate modulated structures

Ex: displacive modulation along one direction:

Average structure

(A, j)="Fi+F +z]jsin[2m7.(ﬁ+/§)+¢j]

— 3D lattice

Deviations from the lattice-periodic structure —  modulation waves

= (3+d)-dimensional superspace group

Same approach based on higher-dimension crystallography for:

Incommensurate composite structures

Subsystems with different incommensurate lattices

Quasicrystals

No translation symmetry

Presence of non-crystallographic symmetry elements: 5, 8 or 12-fold axes




I.4. Beyond basic crystallography: Aperiodic crystals

e The six (3+1)-dimensional superspace groups derived from Pnma (ITC, Volume C)

9. BASIC STRUCTURAL FEATURES
Table 9.8.3.5. (3 4+ 1)-Dimensional superspace groups (cont.)

Basic Point Bravais
space group class Group
No. group K, No. symbol

62.1 Pnma (mmm, 111) 9 Pnma(00y)
62.2 9 Pnma(00+y)0s0
62.3 9 Pbnm(00%y)
62.4 9 Pbnm(00vy)s00
62.5 9 Pmcn(007y)
62.6 9 Pmcn(00y)s00

~

e The two icosahedral point groups (quasicrystals): (235 (order 60)
{2 __
335 (order 120)
Lm




IT.2. Diffraction: Beyond basic crystallography

Diffraction by an aperiodic crystal
H=ha +kb +/1 + mag + mMG...+ MyG
Average structure — main reflections: v/, m;= 0

Modulation — satellite reflections of weaker intensity (intensity < when m;T): v/, m;# O

Reflection conditions for the six (3+1)-dimensional superspace groups derived from Pnma
(ITC Volume C)

9. BASIC STRUCTURAL FEATURES
Table 9.8.3.5. (3 + 1)-Dimensional superspace groups (cont.)

Basic Point Bravais
space group class Group N
No. group K, No. symbol Special reflection conditions
62.1 Pnma (mmm, 111) 9 Pnma(00vy) Oklm: k+1=2n; hk00: h=2n
62.2 9 Pnma(00v)0s0 Oklm: k+1=2n; hOlm: m=2n; hk00: h=2n
62.3 9 Pbnm(007y) Oklm: k=2n; hOlm: h+1=2n
62.4 9 Pbnm(00y)s00 Oklm: k+m=2n; hOlm: h+1=2n
62.5 9 Pmcn(007y) hOlm: |=2n; hk00: h+k=2n
62.6 9 Pmcn(00y)s00 Oklm: m=2n; hOlm: 1=2n; hk00: h+k=2n




I.4. Beyond basic crystallography: Magnetic structures

Invariance properties of magnetic structures

Consider the spin, in addition to the atomic position
Spin = axial vector (magnetic dipole), supposed to be generated by an electrical current

e Additional symmetry operation: e Rotation: same effect as for polar vector
time reversal = spin reversal = 1' (electrical dipole)

But opposite effect for rotoinversion

Inversion 1 Mirror m

: © _“mirror m _~"mirror m
Primed operators

(= anti-symmetry operators):

operator nor /7 combined with 1’

eg: m=mxl ' M L mplane:  M//m plane:
i | Ry M~ M

=
§¢
\

S




I.4. Beyond basic crystallography: Magnetic point groups
Ex: Magnetic point groups M derived from crystallographic point group &= 2/m

1- Colorless magnetic (trivial) PG: 2- Black-white PG:
M= 6 2/m M=H+(6-H)T

2/m 2/m
(a) (b)

U

2/m = admissible magnetic point group

with admissible spin direction // 2-axis

— conserves a spin located at the origin
— FM state possible




I.4. Beyond basic crystallography: Magnetic point groups

48 1

—
)
1

Order k of group

L =
i L

[AS]
i

U U U M=H+(6-H)T
2/m’ 2'/m 2/m’

Fig. 10.1.3.2. Maximal subgroups and minimal supergroups of the three-dimensional crystallographic point groups. Solid lines indicate maximal normal
subgroups; double or triple solid lines mean that there are two or three maximal normal subgroups with the same symbol. Dashed lines refer to sets of
maximal conjugate subgroups. The group orders are given on the left. Full Hermann-Mauguin symbols are used.




I.4. Beyond basic crystallography: Magnetic point groups

Ex: Magnetic point groups M derived from crystallographic point group &= 2/m

(a)

1- Colorless magnetic (trivial) PG:
M= 6 2/m

2/m 2/m
(b)

U

2/m = admissible magnetic point group
with admissible spin direction // 2-axis

— conserves a spin located at the origin
— FM state possible

2- Black-white PG:
M=H+(6-H)T

2/m’
2'/m
2'/m'

(C) 2°m> ---

2'/m' = admissible magnetic PG
with admissible spin direction L 2-axis

3- Gray (paramagnetic) PG: 2/m1
M= G+ 61




I.4. Beyond basic crystallography: Magnetic point groups

The 122 magnetic point groups

32 colorless magnetic point groups (among which 13 admissible)
58 black-white magnetic point groups (among which 18 admissible)
32 gray point groups (among which O admissible)

The 31 admissible magnetic point groups

Admissible magnetic point groups Admissible spin (magnetic moment) direction
1 1 Any direction

2 2'/m" m'm2 Perpendicular to the 2-fold axis (& to m for m'm2")
m'’ Any direction within the plane

m Perpendicular to the plane

m'm’'m Perpendicular to the unprimed plane

2’22 Along the unprimed axis

2 2/m  m'm'2 Along the 2-fold axis

4 4 4/m 4272’ Along the four-fold axis

dm'm’  2m’ 4/mm’'m’ Along the four-fold axis

3 3 32 3m’ 3m’  Along the three-fold axis

6 6 6/m 62’2 Along the six-fold axis

om'm’  6m'2 6/mm'm’ Along the six-fold axis




I.4. Beyond basic CI"YSTC(”OQr'GphyI Magnetic space groups

The 1651 Shubnikov magnhetic space groups

230 colorless trivial magnetic SG of the form M= &
1191 black-white magnetic SG of the form M= H+ (6- H) 1’
674 in which the subgroup /' has the same translation as & (first kind: BW1)
517 in which the subgroup A contains anti-translations (second kind: BW2)
230 gray magnetic space groups of the form M= 6+ &1

The magnetic space groups derived from the Fedorov space group: Imaz2 (#46)

Listed with respect to the BNS setting: Belov-Neronova-Smirnova

o #46 241 Ima2 [0OG: Ima2 #46.1.338] Type | (Fedorov)
Examp/e-' o #46 242 Ima21' [0OG: Ima21' #46.2.339] Type l (grey group)
o #46 243 Im'a2' [OG: Im'a2" #46.3.340] Type I (transiationgleiche)
o #A6.244 Ima'2' [OG: Ima'2' #46.4 341] Type Il (translationgleiche)

b'lb Sta“ h o #6245 Im'a'2 [OG: Im'a'2 #46.5.342] Type Il (transiationgleiche)
I ao Cry Ograp Ic Sewer s #46 246 IcmaZ [OG: Clm'm2' #35.12.247] Type IV (Klassengleiche)
o #46 247 IamaZ [OG: Alm‘m'Z #38.13.277] Type IV (klassengleiche)
s #46 248 IbmaZ [OG: Alme #39.8.285] Type IV (klassengleiche)

[ The crystallographic site at the Condensed Matter Physics Dept. of the University of the Basgue Counti

[ Space Groups ] [ Layer Groups ] [ Rod Groups ] [ Frieze Groups | [ Wyckoff Sets |

Listed with respect to the OG setting: Opechowski—Guccione

» #4161 338 Ima2 [BN5: Ima2 #46.241] Type | (Fedorov)

o #4162 339 Ima21' [BNS: Ima21' #46.242] Type Il (grey group)

o #4163 340 Im'a2' [BNS: Im'a2' #46.243] Type Nl (translationgleiche)
o #4164 341 Ima'2' [BNS: Ima'2' #46.244] Type Hl {translationgleiche)
o #46.5 342 Im'a'2 [BNS: Im'a'2 #46.245] Type ll (translationgleiche)
o #46.6.343 IpmaE [BNS: leaQ #28.98] Type IV (klassengleiche)

o #4677 344 |_m'a2' [BNS: Plna.21 #33.155] Type IV (klassengleiche)
o #4168 345 |_ma2' [BNS: lec21 H26.77] Type IV (Klassengleiche)
o #4169 346 |_m'a'2 [BNS: Plncz #30.122] Type IV (Klassengleiche)

http://www.cryst.ehu.es
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IT.2. Diffraction: Beyond basic crystallography

Nuclear neutron diffraction

Diffracted intensity I, (@)OC‘ £, (C?) ‘2 5(@-?)

= N 2inQ.F; W,
with £y (@)= b; e Qe
Jj=1




IT.2. Diffraction: Beyond basic crystallography

Magnetic neutron diffraction

Diffracted intensity iy (C?)oc pA/@(Q) 2 J(é-f—@)

4

4 Magnetic structure factor £, (@) )
related to the magnetic motif
(arrangement and values of the

magnetic moments in the unit cell)

\_= governs the amplitudes of diffraction

_ . Nma_q 2/7Q.F
Fn(Q)= X 2 0
J=1 1]

bJ- f

IS(C?) = Magnetic form factor

X\

-

N

Dirac function 5(Q-7-k)
related to the magnetic lattice
(periodicity of the magnetic structure)

— governs the directions of diffraction

~

J

diffraction peaks 4’4"/’

(h', k', /" are not necessarily integers)

0

>Q

A;fjk = Fourier component of the magnetic moment




IT.2. Diffraction: Beyond basic crystallography

One measures |Fy, |2 and not | £yl Propagation vector k
'E:m - brojection of /-__:M in the plane 1 é (analogous to the wave vector of a plane wave)
E i It reflects:
(Fu ) 1- the periodicity L of the magnetic structure
. (k=0 if it is the same as the nuclear one,
= the neutrons are sensitive k= 2n/L otherwise)
to the projection of the magnetic moment P i @linae o o pro{oaga‘rion.
in the plane L to the scattering vector
it M//QG = Fy =0 Examples:
ifMLQ = Fy = Fylie maximum) |4 4 ferromagnets, some antiferromagnets:

k =0 — Magnetic peaks at @ =7 = (4,k,/)

e AF with periodicity doubled along 1, 2 or 3D: e Sine wave modulated structure
£~ (L 00) along ¢ (Eeriodici’ry L):
2 k=(00 %)
— Magnetic peaks at — Magnetic peaks at

Q=7+k =(h+1,k./) Q@ =72k = (h k /x1)




IT.2. Diffraction: Beyond basic crystallography

MnF,: space group P4,/ mnm URu,Si,: space group I 4/mmm
No extinction on Ak/ Reflection condition Ak/: A+k+/ = 2n

Antiferromagnet with k = (O, O, 0) Antiferromagnet with k = (O, O, 1)
/'zM (Q) = pf(QIM, [1 — e"”(/”k*/)} 0 if h+k+/=2n+1




