U/:/NT Introduction: X-Ray Diffraction
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XRD is a powerful experimental technique used to determine the
— crystal structure and its lattice parameters (a,b,c,a.,[3,y) and

— spacing between lattice planes (hkl Miller indices)—> this interplanar spacing (dy,,) is the distance
between parallel planes of atoms or ions.

Diffraction is result of radiation’s being scattered by a regular array of scattering centers
whose spacing is about same as the A of the radiation.

Diffraction gratings must have spacings comparable to the wavelength of diffracted
radiation.

We know that atoms and ions are on the order of 0.1 nm in size, so we think of
crystal structures as being diffraction gratings on a sub-nanometer scale.

For X-rays, atoms/ions are scattering centers (photon interaction with an orbital electron in
the atom). Spacing (d,,) Is the distance between parallel planes of atoms...... class24/1
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XRD to Determine Crystal Structure

& Interplanar Spacing (d,)

Recall incoming X-rays diffract from crystal planes:
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The interplanar (d,,,) spacings

The value of d, the distance between adjacent planes in the set (hk/), may be found
from the following equations.

2 2 2
Cubic: L - M
d*? a*
l'2 2 2
Tetragonal : % —_ :2k i_z
| 4 (h* + hk + k* ?
Hexagonal : — =T TR )+
g d? 3 ( a? c?
Rhombohedral :

| (h* + k* + 1*)sin* o + 2(hk + kl 4+ hi)(cos® & — cos )

d? a*(l — 3 cos? o + 2cos® @)
Lr e
d* o b P

i (hz N k? sin? f8 . 1 2hlcos /)’)

Orthorhombic:

Monoclinic: i R
d*  sin? f

Y 2
a? b* c? ac

Triclinic: 715 = % ()77 4+ Sy.k% + Syal? + 28,0k + 2S,3k1 + 2S,30)
¢

In the equation for triclinic crystals,

V = aben' 1 — cos? o — cos® f — cos? p + 2 cos o cos f§ cos Y
Sy = b*¢?sin? g,
S,, = a*c? sin’ f,
Sy3 = a*bh? sin? y,
S\, = abc*(cos o cos f — cos ),
S,3 = a*be(cos B cos y — cos %),

S,; = ab*c(cos y cos « — cos f).

*As crystal symmetry
decreases, the humber

of XRD peaks observed
Increases:

*Cubic crystals,

highest symmetry, fewest
number of XRD peaks, e.g.
(110)=(101)=(011), since
a=b=c - all 3 have same
interplanar (d,,) spacing.

*Orthorhombic crystals,
lower symmetry, larger
number of XRD peaks,
e.g. (110)#(101) #(011),
since a#b#c - all 3 have

different interplanar (d,,,)

spacings
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gNT  Geometry of XRD (F.Y.I.)

by
ué*

NogTn

*A single (monochromatic) wavelength of
x-ray radiation is often used to keep the
number of diffraction peaks to a small

workable number, since samples often *The diffracted beam intensity is monitored
consists of many small crystal grains - _— electronically by a mechanically driven scanning
orientated randomly. ‘y setecor  radiation detector,

/

Soller slits

S
Anti-scatter slit Usually graphite to
/ Single crystal ~ focus beam like a Source
Y 4 k monochromator parabolic mirror - .
:&Larsée Divergence \\ \ Hiah

slit \ _ ighZ t_o max. _ =
Collimate \ Soller siits - absorption. Removing
beam 0 3 6 \ unwanted radiation

Receiving slit

Sample

Bragg angle = 6
Diffraction angle, what's measured experimentally = 26

600 \
*Counter/detector is rotated about O-axis; 260 is its angular position.so- 100°
*Counter and specimen are mechanically coupled such that a rotation of the specimen
through 0 is accompanied by a 20 rotation of the counter. class24/4

*This assures that the incident and reflection angles are maintained equal to one another.
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More on Bragg’s Law

*Bragg’s Law is a necessary but insufficient condition for diffraction.
-It only defines the diffraction condition for primitive unit cells, e.g. P cubic, P tetragonal, etc., where
atoms are only at unit cell corners.
*Crystal structures with non-primitive unit cells have atoms at additional lattice (basis) sites.

*These extra scattering centers can cause out-of-phase scattering to occur at certain Bragg angles.
*The net result is that some of the diffraction predicted by Bragg’s Law (egn. 1) does not occur, i.e.
certain sets of planes do not exist (forbidden reflections).
*Selection (or Reflection) rules:

Bravais Lattice

Example Compounds/Structures

Allowed Reflections

Forbidden Reflections

Primitive (P) Cubic

Simple Cubic (¢-Po)

Any h k.l

None

Body-centered (I) Cubic

Body-Centered Cubic metal

h+k+l even

h+k+| odd

Face-centered (F) Cubic

Face-Centered Cubic metal

h.k,| all odd or all even

h,k,| mixed odd or even

Face-centered (F) Cubic

NaCl-rocksalt, ZnS-zincblende

h.k,| all odd or all even

h,k,| mixed odd or even

Face-centered (F) Cubic

C, Si, Ge - Diamond cubic

As FCC, but if all even
then h+k+l=4n (n is
integer)

h.k,| mixed odd or even
and if all even and
h+k+1#4n

Primitive (P) Hexagonal

Hexagonal closed packed metal

All other cases

h+2k=3n, | odd

These rules are calculated based on atomic scattering factors (f) and

structure factors (F), which we will discuss next class (you will also

see them in HW4 and possibly on the final exam).
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Selection Rules for Cubic

dhkl = -

Jh2ik2+12 S

where “S”is line #,
e.g. for (100) S=1 and
for (200) S=4

As we will determine
later when we calculate
the structure factors,
these selection rules
also hold for the other 5
non-primitive Bravais
lattices, e.g.
|-tetragonal,
F-orthorhombic, etc.

P
S | (hkD S (hkh) |S (hkl)
1 |100 - - - - Odd+even
2 110 2 110 |- - > Odd+even
3 |111 - 3 111 All odd
4 | 200 4 200 |4 200 All even
5 |210 - - - - Odd+even
6 |211 6 211 |- - > Odd+even
7 |- - i _ _
8 |220 8 220 |8 220 All even
9 (221,300 |- - > Odd+even
10 | 310 10 310 Odd+even
11 | 311 - - 11 311 All odd
12 | 222 12 222 |12 222 All eyglioase




*The unit cell size and geometry may be resolved from the angular positions of the diffraction peaks.
*When the distance between the peak spacings are all pretty much the same (260) it is likely cubic.
*The arrangement of atoms within the unit cell is associated with the relative intensities of these peaks

Z Z Z
(200) 211
c (110) c . b e
(110) °
> "y -y -y
2r+a b a b a b
g X X . X (211)
\S | Diffraction d-spac!ng decreas?s
@ pattern for according to Bragg’s Law
£ polycrystalline (200)
— [ |a-iron (BCC) |
MMWMWMM Iyttt el g
20 30 40 50 60 70 BO 80 100

Diffraction angle 26
—> h+k+l even are only allowed according to previously shown
selection rules for BCC metal.
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NT Review of Systematic Absences in the
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- When indexing XRD data for your material always try cubic first (least amount
of diffracting planes since most symmetric lattice parameters). Class24/8



/’ﬂT X-Ray Diffraction for Tetragonal,

) L Hexagonal and Orthorhombic Crystals

; : Plane spacings for:
Bragg S}{_aW (1): Trf."r{r;rme: J % _ K :1 k* + :r_i (4)
-—— (1
2 SlneC ( ) ] Hexagonal : _I.; — i(hl_"'r M:J"’ ‘E;_l) + (5)
d,, = a (2) Plane spacing 3 CERLAE
Jh2 + k2 412 for cubic crystals Orthorhombic - % _ h_2 % . % )
Combined (1) and (2): d* a ¢
(n/lj sin® @ or sino A2 (h? 1K +17) If crystal is tetragonal with a=a#c then (1) and (4) become:
T K2 2 | 12 = T a2 2
2a he + k- +1 4a (3) sin2¢9_ ﬂ, (h2+k ) ;LZ(I ) (7)

4a® 4c

If crystal is hexagonal with a=a#c then (1) and (5) become:
2

sinZH:/l—zz(hz P2+ hk)+ 2 (12) (8)

For a particular incident x-ray wavelength and cubic
crystal of unit cell size a, this equation predicts all
possible Bragg angles at which diffraction can occur

from planes (hkl). 3a 4¢?
If crystal is W|th a#b#c then (1) and (©):
Diffraction planes are determined solely by the Y&
shape and size (lattice parameters) of the unit cell. ~ SIN 6= —(h )+ 4b2 (k%) + (I ) (9)

*Next class we will determine how intensities of diffracted beams are determlned by positions of the
atoms within the unit cell. Thus, we must measure the intensities if we are able to obtain any
information at all about atom positions. (Intensities (l) are related to Structure Factor (F), i.e.,

| is proportional to F).

*We will determine that for many crystals there are particular atomic arrangements which reduce
the intensities of some diffracted beams to zero, i.e. no diffracted beam at the angle (6) preq:ilté%es(i 4/9
by Equations (3), (7), (8), (V), etc., which means F=0.




/m— The Effect of Cell Distortion
) L

(Symmetry) on XRD Patterns

*As the symmetry of crysta
seen, e.g. cubic 2 triclinic.
«Similar with cell distortion. If distort | cubic along [001]
by 4% so ¢ is now 4.16A get | tetragonal. > | "
*This decreases symmetry more, and shifted diffraction oy S
lines are formed (shown in the middle for tetragonal).

*If now stretch 8% along [010] axis with a=4.00A, b= 4.32A,
and c= 4.16A to get which lowers symmetry
even more thus adding more diffraction lines (shown far right).
*The increase in number of lines is due to the introduction of ot
new hkl plane d-spacings, caused by non-uniform distortion. 1o ----1a — o
*Thus in cubic cell, the (200), (020) and (002) planes all
have the same spacing and only one line is formed, called
the (200) line. However, this line splits into two when the

gecreases more peaks are

cUBIC TETRAGONAL ORTHORHONBIC

20 = 0°- -

020
002 - — =002
200 5 =200

[~
— [E——

DISTANCE ON FILM OR CHART

121
cell becomes tetragonal since now the (002) plane spacing 211 b o J
differs from the other two. 022 }
*When the cell becomes , all three spacings 20— B T
are different and three lines are formed. . o }
-Common in phase transformations, e.g. carbon steel 310 ---- 3 S
slowly cooled get Ferrite (BCC) ->Cementite (orthor.), and
quench from austentite (FCC) > martensite (I-tetragonal). . J
In disorder-order reactions (CuAu), cubic in disordered - =
state but becomes either tetragonal or orthorhombic classP4/10

(depending on temperature) when ordered. 20 = 1807




]\IT Example: Phase Transformations in ZrO,
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Low-pressure forms of

ZrO,.
Red=0

monoclinic
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250

00

Calibration=
Ref. Bouvier

Radiation=Cul<z1

P, Djura

Lambda=1.5405999
2T=30.338-148 245
do, E., Ritter, C., Dianoux
Int. J. Inorg. Mater., w3 pE47 (2001)

Filter=
VIc(RIRY=10.2

VA Lucazeau, G

Ref: Ibid

Density(m

)=

Tetragonal - Profile Analysis, P4z/nme (137)
CELL: 3.5815 x 3.5815 » 51685 <90.0 x 90.0 x 90.0>
Density(c)F6.172

Talipt=123.22

=2 mp=
P 5=tP6.00
Wol=66.30

F(30)=999.

Strong Lines: 2,94/ 2.68/3 2,631 1.81/1 1.79/2 1.55/ (1%-Type: Peak Height)

Calculated Pattern Original Remarks: Manol

crystalline fi.8 nm sample ICSD Collection Code: 093028, Temperat
Data Collection: 265 K. ANX AX2. Wyckoff Sequence.

: d 2 (PA2/NMCE). Unit Cell Data Source: Rietveld or prof
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Property

Cubic ZrO,

Tetragonal ZrO,

+4 start

[ & [rnTzz00

Monoclinic ZrO,

.= [Rioke

Lattice parameters (A)

0,=4; 0,=4

0,=4; 0,=4

a 5.034 5.037 5.098

b 5.034 5.037 5.171

c 5.034 5.113 5.264
Temperature (K) >2570 1400 to 2570 <1400
Coordination Zr=8; Zr=8; Zr=T7;

0,=3; 0,=4

Volume (A3)

127.57

129.73

136.77

Density (g/cc)

6.17

6.172

5.814

Space Group Fm-3m P4,/nmc P2,/c

| 1l Jade 7

strator... | § Phase ID 2r02.doc

XRD scan of a tetragonal ZrO,
thin film taken from UNT'’s
Rigaku Ultima [l high-

resolution XRD

class24/11



File Edt Fiters Analyze Identify POF Optiens

Sl sEE 80

i e b | A o | B8 5 @

Cu ~||B0S04R1_Zi020n5 wansl 2[4 7 [B]B| Ilv\HSEAN.Eweu.wuua

Wiew Help ~ || Display Load Save Print Erase Maoro Axes Hide Report

Sl s E &8 LW

W he ks k|28 S @ [T

il PDF#01-0B6-1450(RDB): QM=5tar(S); d=Calculated; I-Calculated

| ) Co <]

Referance | Linss(101)|

Baddeleyite, syn (Zirconium Oxide)
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Ell Calibration= 2T=17.445-69.604 Wc(RIR)=4.69
Ref. Gualtieri, A, Norby, P., Hanson, J., Hriljac, J
J. Appl. Crystallogr., v29 p707 (1996)
Monoclinic - Profile Analysis, P2i/c (14) I=4 mp=
300 CELL: 5.14604 x 521162 x 531308 <900 x 99.222 » 900> P.S=mP12.00
Density(c)=5.619 Density(r)=5.8 Ihwt=123.22 Vol=140.65
Ref: lhid
& F(30)=564(0.001 37/
5 . . Strong Lines: 5.08/1 3.70/2 3.64A1 3.16/4 2.847 2.62/2 261/ 2.54/72 (1%-Type: Peak Height)
% M 0 n OCI I n I C ICSD Collection Code: 82544, Sample Source or Locality: Specimen from Commission on Powder Diffraction of
= 250 IUCR. Temperature Factor: ITF. Mote: Rietveld profile refinement applied. ANX: AX2 Wyckoff Sequence: 83
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Ref Boehm, J

Z. Anorg. Ally. Chern., w149 p217 (1925)

Lambda=1 6405995
2T=30331-145 669

Cubic - (Unknown), Fm3m (225)

CELL: 5.1 % 5.1 x 5.1 <890.0 x 90.0 x 90.0>
Density(c)=6.17 Density(rm)=

Ref: |hid

Strong Lines: 2.94/4 2.56/2 1.60/4 1.54/3 1.281 114741 (1%
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0 Peaks 27=31.536 d=2.8346 1=98.2%

Calculated Pattern Original Remarks: Cell from 2nd reference: 5.108. Tetragonal cell from 3rd reference: 4.95, 516, A
cubic if doped with Mg O ICSD Collection Code: 53998 Polymarphism/Phase Transition: High-temperature form
ANX BX2 Wyckoff Sequence: © a (FM3-M). Minor Warning: Mo R value given in the paper. No e.s.d
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