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Discovery of X-rays

Wilhelm Conrad Réntgen, Hand of
our hero Bertha Rantgen

exposure 20 min,
8 Nov 1895



Crystalline materials

NaC(Cl

Flourite cell




Bravais Lattices
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Crystallographic planes and intercepts




Possible Lattice planes




X-Ray Scattering from periodic Arrangement of Atoms

incident waves
*  or particles
%~ |2 or 2|

ky

Figure 1: Secattering of waves or particles with wavelength of roughly the same size
as the lattice repeat distance allows us to learn about the lattice structure. Coherent
addition of two particles or waves requires that 2dsinf = X\ (the Bragg condition),

and yields a scattering mazimum on a distant screen.



Ewald Construction

hkl reciprocal

lattice point', hkl reflection

Diffracted beam

Detectar
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hkl lattice
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with radius r =
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Reciprocal lattice construction
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Bragg-Diffraction : Reciprocal Lattice

K=k-k,=G, Dy sin(8) = A

2d sin® = A
K,+G=K
k, =1/ A



Scattering within the bulk
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Kinematical-Scattering of X-rays

According to this approximation a x-ray once scattered does
not get re-scattered by other scatterers in the bulk and the
incident beam intensity(I,) remains unaffected during the
propagation of the beam 1n the bulk.

Intensity calculation based on this assumption matches very
nicely with the experimentally measured intensity from real
samples comprising “imperfect crystals” , small crystallites
with defects



Hierarchy in scattering
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Thomsan Scattering




Atomic scattering Factor
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Multiple Anomalous Dispersion (MAD)

At the absorption edge of an atom, its scattering
factor fono=F+ F +If”

Atom f r f”
Hg 80 -5.0 7.7
Se / 34 -09 141
- F(h,k,l) = F(-h,-k,-I) 2 anomalous differences -
positions of anomalous scatterers - Protein Phasing

imaginary

real




Magnetic scattering

Since electrons not only have charge but also have spin and orbital angular
momentum in an atom, these will couple with the electro-magnetic radiation
and hence the magnetic atoms, together with charge form factors will also
have magnetic form-factors too, which will give information on magnetic

materials
2 2 2
O-mag :(ha)) Nm <S>2 m

For Fe and x-rays of 10kV it will be

(02

2 2 2 _ 2

O-charge mc N f ™ =410 6<S>
O-charge

o... can be enhanced by using high energy and high intensity
Ouage  X-TAyS Or by setting up resonance condition using

tunable sources: The Synchrotron

(1) M.Blume JAP 57(1),3615 (1985) and (2) D.Gibbons et.al PRL 61(10) 1241 (1988)



X-ray Diftfraction - 1

Diffraction and interference of light




Scattering from small crystal: Kinematical treatment
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Scattered Amplitude
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Amplitude contribution at each level

1

Scattering from Electron L=l | : e 2
Scattered Amplitude from Unit cell F_ Z £ o 2/Me .

Scattered Intensity from a small Crystal with N=(N1N2N3) unit
cells with ai,az,aslattice parameters

Lo g sin”(n/ 2)(s—s,)-Nya, sin’(n/1)(s—s,)-N,a,

P

sin*(7/ A)(s—s,)-a, sin’(n/i)(s—s,) a,
sin®(m/4)(s—s,)N.a,
sin’(m/ A )(s—s,)-a,
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Extinction of Integrated intensity

9 Y/</</< Dynamical scattering Iim o ‘F‘

Imperfect crystal: smaller the mosaic size
better the match between the observed and
kinematically approximated intensity

o F?

nt

An Ideal imperfect crystal is not possible therefore some
Extinction always takes place even in usual powder samples



X-ray Instrumentation



X-ray Sources for
Crystallographic Studies

Home Source — Rotating Anode

........... e

M-orbital

Facu=sing Cup Anada

L-orbital

Filemezni |

K-absorption

K

o1

S K-orbital
Wave-lengths

Cu(K,q)= 1.54015 A; Cu(K,p)= 1.54433 A

Cu(k,)= 1.54015 A o
Cu(kg)= 1.39317 A




Synchrotron X-rays

Electron/positron injection

Storage Ring

Electron/positron
Magnetic Fields beam




Reciprocal space of powder-sample
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Diffractometer circle

X-Ray beam

Ewald Sphere

Cone of diffraction




Example diffraction experiment: powder diffraction

Used to determine the value of the lattice parameters
accurately.

It a monochromatic x-ray beam is directed at a single
crystal, then only one or two diffracted beams may result.

If the sample consists of some tens of randomly onentated
single crystals, the diffracted beams lie on the surface of
several cones.

A sample of some hundreds of crystals (i.e. a powdered
sample) show that the diffracted beams form continuous
cones. Each cone intersects the film giving diffraction lines.
For every set of crystal planes, by chance, one or more
crystals will be in the correct onentation to give the comect
Bragg angle to satisfy Bragg's equation. Each diffraction
line is made up of a large number of small spots, each from
a separate crystal.




X-ray Diffraction — practical examples
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Geometry of a XRD-Goniometer

Source

Diffm(mrer

Circle

Specimen

Target

Counter

Schematic diagram of an X-Ray diffractometer.




0-20 X-ray Diffractometer
(Rigaku)




X-ray Diffraction — practical examples - 2

Radiat on d =
Source A, % 18 —_
S inglecasst &l
Sampk Detector

Atomic form factor (f) — efficiency of an atom in
scattering X-rays (7 gives of intensity scattered

by an atom o the corresponding intensity from
an electron).

The Structure factor (F) — amplitude of the sum
of waves (sine waves of different amplitude
and phase, but identical wavelength) scattered
by each of the atoms in the unit cell. |FJ? is the
intensity of the observed reflection.

1912 - von Laue, Knipping, and Friedrich
the: 15t experiment on X-ray diffraction
= el-m. nature of X-rays

= the inner structure of crysials

iMobel prize, 1914)

1913 -W. H. Bragg and W. L. Bragg
determinad the KCI, NaCl, KEr, Kl crystal structures
s H-ray crystallography

{Mobel prize, 1815)
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Experimental Results



Analysis of the XRD data: Phase Analysis

F= Z £, E:m.-;t.[s-ﬁ: [F

I

Scattering Interplaneg Relative
Angle(20) Spacing(d-A) Intensity
26, d, I,
20, d, I
20, d, I,
26, d, L
20, dg L
206, dg I
26, d, L
206, dg I
20, d,y I,

ICDD data
base

Quick-
Phase
matching



Example of a XRD- data file for MgB?2

[ 17

T4 PDF # 740982, Wavelength = 1.54056

74-0982 Quality: C Mo B2
CAS Mumber: M agresium Baron
- Hef: Calculated from IC50 uzing POWD-12++, [1997)
Molecular Weight: 4593
v ;frﬁ:[‘gm: 58 99 Rief: Jones, M.E., Marsh, R.E..J. Am. Chem. Soc., 76, 1434 [1954]
D 2630 D 2 620 .
Syz Hexagonal '
Lattice: Primitive ==
5.G. PE22 [177) @
Cell Parameters: T %
a 3083 b o 3.5 E = &
t b Y . N
T T T ) T
| car 229 0 153 al 43 G0 fa 287
Rad: Cuk.al
Lambda: 1.54060 A Int-f h k|| 24 Int-f h k|| A Int-f h k|
Filter: 25271 45 001 |70463 24 200
drsp: calculated 33532 302 100 |76195 103 2 0 1
[C5D #: 026675 42 449 993 1 0 1 |32.028 2 003
51.889 116 0 0 2 |83.227 md 11 2
£9.951 198 11 0
63207 &1 0 2
BE.107 1T 11




Analysis of the XRD data:Using Reitveld Refinement

Very accurate structural (like lattice parameters, Wyckoff positions
of the atoms in the cell, thermal parameters) and microstructural (
strain, shape and size) parameter can be obtained by fitting of the
experimental XRD profile by multi parameter refinement of a given
structural MODEL, under the constrain of a space-group.

This 1s accomplished by a computer program initially developed by
Reitveld during his Ph.D. This works on the principle of least-
square fitting of the data.

DOS, Windows Versions



The Rietveld Refinement
Sy = ZWi(yi'yci)2
W.= 1.y and y, are respectively the observed and calculated
intensities at the it step.
y,; = stL, IF, [20(26,-26, )P, Ab +y,, here
s- scale factor, K-Miller indices,h,k,| for a Bragg reflection
L, - Lorentz, polarization, and multiplicity factors
¢- Profile function
P, - Preffered orientation function
A- The absorption factor
b-extinction

F. structure factor for the K, Bragg reflection

Yo - 1he background intensity at the i, step.



The Reliability Index

_ ) _%
Z Wi (yi(obs) N yi(cal))
R,, =|-
’ ; Wi yiz(obs)
N_P IOOZ()’Z'(ObS) —i(cal) )‘
exp — Rp = L
ZWz‘ yiz(obs) b 2 iobs)
| 1 _ i
- -2
= pr 12_ RWP _S2
= —— = _R —
i Rexp | | exp |




Making of In-put File

COMM BaTiO3
! Files => DAT-file: BaTiO3, PCR-file: BaTiO3

1Job Npr Nph Nba Nex Nsc Nor Dum Iwg Ilo Ias Res Ste Nre Cry Uni Cor

0510000000001 0000

Ipr Ppl Ioc Mat Pcr Ls1 Ls2 L.s3 Syo Prf Ins Rpa Sym Hkl Fou Sho Ana

000010200100000°710!

! lambdal Lambda2 Ratio Bkpos Wdt Cthm muR AsyLim Rpolarz

Ba Ba+2 0.00000 0.00000 0.00000 0.00000 0.12500 0 0 O
0.00 0.00 0.00 0.00 0.00

Ti Ti+4 0.50000 0.50000 0.51857 0.00000 0.12500 0 0 O
0.00 0.00 160.00 0.00 0.00

Ol 0O-2 0.50000 0.50000 0.00000 0.00000 0.12500 0 0 O
0.00 0.00 _0.00 0.00 0.00

1.540590 1.544400 0.5000 70.0000 12.0000 0.7998 0.0000 30.00 0.0000

02 0-2 0.50000 0.00000 0.51272 0.00000 0.25000 0 0 O

INCY EpsR atR anR prR gl Thmin Step Thmax PSD SentO
200.01 0.390.39 0.390.39 20.0000 0.0200 120.0000 0.000 0.000!

0.00 0.00 151.00 0.00 0.00

Scale Shapel Bov  Strl  Str2  Str3  Strain-Model

20 'Number of refined parameters

Zero Code Sycos Code Sysin  Code LLambda Code MORE
-0.0623 21.00 0.0000 0.00 0.0298 141.000.000000 0.00 0

Background coefficients/codes
4.6616 0.46056 0.30445E-01-8.1480  11.984 0.00000
31.000 41.000 51.000 61.000 71.000 _ 0.000
Data for PHASE number: 1 ==> Current R Bragg: 5.61

!

BaTiO3
!Nat Dis Mom Pr1 Pr2 Pr3 Jbt Irf Isy Str Furth ATZ Nvk Npr More

0.12649E-02 0.2111 -0.3431 0.0000 0.0000 0.0000 0

11.00000 131.00 171.00 0.00 0.00 0.00

U Vv W X Y GauSiz LorSiz Size-Model

0.02535 -0.02246 0.01610 0.00583 0.00000 0.00000 0.00000 0O

111.00 121.00 101.00 181.00 0.00 0.00  0.00

a b C alpha  beta gamma

3.993804 3.993804 4.029977 90.000000 90.000000 90.000000

81.00000 81.00000 91.00000 0.00000 0.00000 0.00000

| Prefl Pref2 Asyl Asy2 Asy3 Asy4

0.00000 0.00000 0.14705 0.07978 0.00000 0.00000

4 0 0000010 0 0 0 0 O 0.00 0 50

P4MM <--Space group symbol

!Atom Typ X Y Z Biso Occ InFin N_t /Codes

0.00 0.00 191.00 201.00 0.00 0.00
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> | Sizes of nanocrystals
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D=
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Infensity (w.1.)
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Intensity (a.u)

Reitveld Refinement analysis of BaTiHfO3
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Tetragonal to Cubic transition with increasing Hf in Ba(Ti,  Hf,)O;
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Intensity {t.u.)

Rietveld Refinement of La, ;,Ca, ,yMnO,
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Structural Phase Transformation in La, .Ca, MnO,
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Variation of Lattice parameters with doping

concentration.
5-60 L] I L] I L] I L] I L] I
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: 2
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Low-temperature XRD Studies

Down to 90K




Phase coexistence of CO and a Monoclinic phase

Charge-Ordered phase (150K) Monoclinic phase (150K)
J.C.Loudon et.al PRB 71,220408(R) (2005)



TEM Studies on LCMO x=0.67




A negative Result

Powder sample of

| La,,,Ca,,,MnO,
a=16.0677
b =7.54456
c =5.36793




Comparison of Room Temperature XRD OF Pellet and
powder for different LCMO samples

(a) Pellet (202} [(b) Powder  (202)
x=0.7 o
7]
5 |x=0.67 2 x=067 (202
o (040
& I (D40
=
L
=
@
= | x=0.8 {202) ¥=0 6 (20}
l (040 1040)
| | | T —— | ) |
46 47 48 46 - ¥ 48

20 26



Intensity(arb.units)

Presence of Random(Isotropic) Strained phase
in a Pellet

@




Intensity(arb.units)

Comparison of RT and LT XRD

(a) Pellet (202} |(p) Powder  (202) } palet = (VUM 80210 (a) | Poucer (E92)0 (04010 (b)
x=0.7 a0y | x=0.7 =07 g 2 x=(.7
®
x=067 %% x=0.67 (202) 5 x=0.67 50210
(040) | g (4000
] (040) =
&
i
c
x=0.6 202) x=0.6 (202) Eﬂ'ﬂlﬁ (040} (BOZ)0
(040) r
‘ 4 (040)0
| | | I | |
46 A7 48 47 48
20 26




Temperature variation of XRD-Profiles

Intensity(a.u.)




Intensity(arb.units)

Low-temperature XRD of Pellets at 87 K

x=0.7




Area and FWHM of Monoclinic phase

N | x=0.7 Pallet (a)| x=0.67 Pallet . (c)
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P.R.Sagdeo, S.Anwar and N.P.Lalla, Phys. Rev. B 74, 214118 (2006)



Comparison of XRD of PCMO(5050) pellet and powder
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Strain induced €, Orbital-Flipping transition

O Data
— Monoclinic COO2 phase Pellet Pellet
—— Orthorhombic COO1 phase 87K 87K
Total fit to the data
(002
(-121)
(121 .
: 200)
3: N \ IR
© [ o I I [ I
> WMWWWWWW
=
w e
c ¢ Powder
£ 7 87K
C '.
- ¢
g
0] ,0'..
? ) X
} %./.' "1\::«9«2:9..,;,!!:5,5,5,_':’. ;/.9" \\:
(I I , ‘
W\.«N
325 33.0 335 ' 29 ' 47.7 ' '

48.6
P.R.Sagdeo,N.P.Lalla,A.V.Narlikar,D.Prabhakaran,A.T.Boothro
yd, Phys. Rev. B 78 174106 (2008)



Transformation of COOI1 to COO?2
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Orbital-Flipping Transition




Coexistence of [4/mcm(FMM) & Fmmm( AFMI) phases in
A-Type AFM in Pr, sSr, sMnO;
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Low-Temperature Powder X-ray diffraction
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Intensity(Arb.)

Two-phase Profile Matching in Pr, sSr, sMnO,
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Lattice parameters (A)

Lattice parameter and Phase fraction variation with
Temperature Pr;, sSr, sMnO,
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Conclusions

X-ray diffraction can be used for phase identification of the
materials in a variety of forms (micro,nano etc.).

In conjunction with the Reitveld analysis 1t can used as a tool
for accurate structural parameter determination, study of
phase transformation and in some cases even for structure
solution too.

Non ambient XRD can be used to study the phase transitions
and phase coexistence leading to study of deep physics of
Materials.



