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Practical XRD

with Confidence

Episode 1 — Powder XRD Fundamentals:
How to Identify Phases and Trust Your Data

Presenter: Ekaterina Vinogradova, PhD

» You will be muted during the workshop
* You can ask questions using the Q&A tool.
» You should hear music if your sound is working
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Presenter: Host:
Ekaterina Vinogradova Tom Concolino
Applications Scientist Sales Manager, XRD
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Zoom Meeting ID: ...

You can ask questions

during the presentation.
Please use the Q&A to g ¥

ask questions. Chat  Raise Hand
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Recording will be
available tomorrow.




Agenda

= The physics behind the peaks

= Phase identification foundations
= Basics of sample preparation

= Data collection quality

= Practical example
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Basics of X-rays

= Discovered by Wilhelm Roentgen (1895)

= Electromagnetic waves with very short wavelength (~0.01-10nm)

Soft X-rays
Hard X-rays ’ Ultraviolet

/ Visible
Gamma \ l v
Rays

= |nteraction with crystals occurs via elastic (Thomson) scattering

Shortwave
Longwave

Il Infrared Microwave

Quartz unit cell

from atomic planes
= Wavelength is comparable to interatomic distances in crystals (0.1-0.5 nm)
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Generation of X-rays

X-rays

Filament (cathode) Target (anode)

O—>

8
1
6
5 -
O— >
Electrons G 4t % M
- )
. g3y \
High voltage = &
‘] - |
0 Il Il
Generation efficiency e=11%x10°ZV  (Cu 0.1%) 0.3 0.5 0.7 0.9
Z : atomic number of a target material V : applied voltage (V) Wavelength (A)

» The X-ray tube voltage is optimized to suppress bremsstrahlung and maximize characteristic
X-ray emission.
» Biggest source of intensity fluctuations: cooling water t° (1°C change ~ 10% variation).
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Generation of characteristic X-rays

Intensit
M-shell y
K, (25— 30) Lg
L shell Kpa || FP?
K_, (100) =3 e
1
K shell < ‘
Loﬂ . - Kaz
\—/ Koo (50)
° & ® Wavelength
Kicked out K -shell O
electron Target Kal, A Ka2, A Ka2/Kal, A Ka, A KB A
electron e /|cu 1540593 1544414 0497000 1541862 1392246 »
° Co 1.789001 1792886 0497000 1790291 1620823
Mo 0709317 0713607 0497000 0710741 0632303
. cr 2280746 2293652 0.500000 2291048 2084912
Electrons from the filament Fe 1.936081 1940019 0.500000 1937394 1756645
v 2503610 2507430 0.500000 2504883 2284446 v
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X-ray diffractometer

D|rect dl‘ive 6'6 Detector
X-ray generator _ , goniometer y :
ncident optics ———__Receiving optics

~

®
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Bragg-Brentano para-focusing geometry

- .~ Focal point

Focusing 26

circle

Diffractometer
circle

The radius of focusing circle changes
depending on the diffraction angle
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Bragg's Law

Diffraction peaks occur when the path difference between waves scattered by
planes spaced d equals an integer multiple of 4, fixing the observed 28 angles.

Sy
&

wavelength A Al
Sir William Henry Bragg
and William Lawrence
Bragg (Nobel Prize in 1915)

Lattice spacing

@)

2d sinB

M) M)
L %4 Y N

O
N

N\
U

The Bragg's Equation: nA = 2d,,, sin6

n: integer
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What is a crystal?

A crystal is a solid in which atoms are arranged with long-range order,
producing a repeating pattern.

i

Unit cell «—__ The smallest repeating
unit of a crystal lattice
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Crystal systems

Cubic a=b=c
a=B=y=90
Tetragonal a=b#c
C a=B=y =90

Orthorhombic azb#c

a=B=y=90°
B ol Rhombohedral a=b=c
> . o
b Trigonaland oa=p=y#90
v Hexagonal a=b#c
a a=p=90" y=120°
Monoclinic azb#c
a=B=90° #y
Triclinic azb#c

a#B#y #90°
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High and low symmetries

mmmmm

Molybdenum
S.G.= 229 Im-3m
Cubic/a=31A

Corundum

S.G
He

=1

aggnal /g4 =47A, c=129 A

b7 R-3cC

|
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Miller indices

= The Miller indices (h k I) specify the orientation of crystal planes relative to the unit cell.
= Obtained by taking the reciprocals of the plane's axis intercepts and reducing to the smallest
integers.

€ c/1(2/3)

Lattice plane /

b/k (12)_L>b

Miller indices (343) >/<
a/h (2/3) ° /
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Database powder diffraction pattern from Si
2d sinf = nA

t.10+05—

111
d=3.11355 A

220

510405

Intensity, cps

311

81
422
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Visualizing diffraction peaks

As 20 increases, lattice planes with appropriate d-
spacing satisfy Bragg's law and diffract from
favorably oriented crystallites.

a = 2A; L = 1.54A

hkl d Sin(0) )

100 2.00 0.38 22.64
10 1.41 0.54 33.00
200 1.00 0.77 50.36
120 0.89 0.86 59.40
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Experimental powder diffraction pattern from Si

» Peak broadening (instrumental, micro-
- strain, grain size, etc.)
= » Position shifts vs. reference (macro-strain)
» Changes in relative intensities (texture)
1:10*%8 » There is a 'noisy’ background
N
g N
g
E —
510054 ™
- 3
o M
S
[ e L ﬁ

I | | |
20 40 60 80
248, °

Low 26 the Koy Ka, doubletis unresolved Ka1-Ka, splitting is resolved at high angles
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Peak position

* Lattice parameter } 2dsin@ =nA,(n=1,23-)

- Wavelength d = f(a,b,c,0,B,7)

* Instrument related systematic errors

A

o Flat sample
o Sample displacement
> Absorption

o Axial divergence

v

o Misalignment
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Peak width
 Crystallite size D= K1
pcosb
- Lattice distortion oo P
4tand
* Instrument related broadening
= Resolution A

= Flat sample

= Absorption

= Axial divergence
= Misalignment

v
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Peak intensity
 Crystal structure
2
Ly < ‘Fhkz‘ K
F _ife—Bj(siné?hkl/ﬂ)zeZIZi(huj+kvj+le)
Wkl = j

J=1

* Preferred orientation (March-Dollase)
1 & 2 2 -1 .2 o
Phk,=—2(r cos” a; +r sin aj)
hkl  j=1

* Particle statistics

v
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Types of diffraction patterns

Scanttering intensity

Scattering intensity

Scattering intensity
Scattering intensity

i T
180

0 180

o
—_
[o]
o
o

180

o

Scattering angle Scattering angle Scattering angle Scattering angle

Gas Liquid / amorphous Powder / polycrystalline Single crystal
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XRD pattern / Sample information

Whole pattern = Phase identification, quantitative analysis

Peak position = Lattice parameters

Peak width - Crystallite size & strain

Scattering intensity

Diffraction %Crystallinity
Amorphous scattering

180
Scattering angle
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Phase identification - SearCh/MatCh Smartlab Studio Il
Powder XRD identifies crystalline phases from the positions o“;;’:sg
and relative intensities of diffraction peaks. . A

v" Database of reference patterns

v" Experimental diffraction data
v' Search/Match software

\_ J
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Phase identification

% ;;‘; k»‘.‘*%\_
E Search/Match |8 |2
)] NN |
E ‘M 78 \
@ é-‘://// —
= = wET
© =
3 ® + ) =
? 0 180 E sl

Scattering angle £

o Database
o
- g
% » N
= 0 Scattering angle 180
[=)]
L
8
©
Q
)
0 180

Scattering angle
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Crystallographic databases

« |CDD(International Centre for Diffraction Data):
v  PDF-5+: 1,126,200+ entries (1-year license)
v’ PDF-4/Axiom: 114,000+ entries (3-year license)
v PDF-2: 369,200+ entries (5-year license)

« |ICSD (Inorganic Crystal Structure Data)
FIZ Karlsruhe — Leibniz Institute for Information Infrastructure

Structure Database of Inorganic Crystal Compounds
v' 318,000+ entries

 Crystal Open Database (COD): open-access

Administrated by Journal of Applied Crystallography
v 530,000+ entries
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User subfiles

Candidate phase
Set
Phase Name Chemical Form.. QM FOM/F20 RIR  DB(
» Albite, Ca-bearing (Na,Ca)Al(. | 1.200 1060 00-(~
+ Almandine, syn Fe330AIN70(.. S 1185 2760 04 d-1 database t
7 » Siderite, Mg-, Ca-bearin.. Ca0.10 Mg033.. S 1470 2820 04
» Swontium Palladium Hyd... SrPd(OHM | 1578 0000 00 ok Sepctiiea
40000 » | (mu2$-Sulfido)-bis(d =¥ CUARMBINI. S 1476 510 024 e — e e L e
e SOk b O N B . L : PDF-2 2026 5 M1 Neelimite sym CasA6O12504 | 0000 000160335
= * | ETFE pobyft.122-teafl.. |(CAHAFAIn M 1208 0000 |00 VI PDF-5+ 2026 u ]2 Yeelimite, sym Ca3AGOT2.CaSO4 | 0000  00-016-0440:..
| » sodium titanyl phosphate NaTiOPO4 | 1371 0.000  00- 3 Ye'elimite, syn Cad AIGO125 04 I 0000 00-033-0256:.
E »  Thulium Oxide Nitrate Tm(NO3)0O P 1.607 10.730  04-( {1 Phase name: l4  Calcium Aluminum Onid. Cal2 Al14 0325 B 0000  00-036-0677 .
g 20000 * Lanthanum Tellurium Ni.. La4Te6Nb20O.. S 1406 0000  00-(¥ Chemical formuta: = 3| Caigtin NuminairOod. .. | CRAGOL2 S04 ||| {0000 1000821478
16 Yeelimite, syn Ca4 (A6012)(SO. | 3410  01-083-7086:..
* Lanthanum Gallium lodide La3 Ga I3 S 1463 11900 04 k Specify Elemen
v ] e E = |7 Ye'elimite, syn Ca8(AIN2024)(S.. | 1060  01-083-9042 ...
=} . CAR chuona. sendnnitdl | 1S . lyaer.  laoon oo
& Stoichiometry: |8 Ye'elimite, syn Cad AIG(S04)012 B 3360 04-009-7268:.
0 Crystal system: ]9 Calcium Aluminum Oid.. Ca4 AIS(SO4)012 S 1020  04-011-1786:
= | g 10| Cakcium Aluminum Oxid... a4 Al6 S 012 | 3510 04-011-2231
| Albite, Ca-bearing, { Ma , Ca ) Al ( 5i, Al)3 08, 00-041-1480
' AT & C14 13 A1 50308 ] DB card number:
| Alma 1E 23, 0413 04-015-9398
- S " QM and Environment...
| Siderite, Mg-, Ca-bearing, syn, Ca0.10 Mq0.33 Fe0.57 { C 03 ), 04-009-7660 (M and emaronment
l Strontium Palladium Hydroxide, SrPd { O H 4, 00-038-0580 Subfie:
]mugﬂSu!ﬁdg[-bis dicarbonyl-(hydrogen tris(3 5-dimethyl-1-pyrazolyl)borato)-tungsten), C34 H44 B2 N12 04 5 W2, 02-066-9044 Gl
] | 1 sodium y OP 04 5
| | Thulium Oxide Nitrate, Tm (N 03} O, 04-018-3746 o |
» = = 4 < >
J, e Lanthanum TEHI..II']I.-II'I‘I Miobium _Oxlde, I.a4.Te5 NITZ 023 E[J-OS?—EHEH-G FveRTe— Search | | 1 iic10 Previous 1000 000 || ‘Creschist
| | Lanthanum Gallium lodide a3 Ga |3, 04-010-9394
Az = TS 18 tabase b Delete: file...
| | SAN, styrene-acrylonitrile (32%) copolyrner, { C8 HE In { C2 H3 N Jx 00-072-1392 Eolors feo Uyos e Jroen ver Sbfies: || A0kl | Chcm
-4.4 5 5-tetramethyl-4, 5-dihydro-1H-imidazoyl-1-oxyl-3-oxide, C14 H19 N2 04, 02-003-1080
T T : T 1 T T T ]

10 20 30 40 50 60 70 a0
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Sample preparation for powder XRD

(Use finely ground powder (< 45um / 325 mesm
to produce a flat surface and allow X-rays
penetration.

= Ensure the sample surface is level with the holder
rm.

= The sample holder cavity should be completely
Qilled, unless using a low background holder). /
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Sample preparation
Common factors and errors

= Sample height displacement
= Sample flatness

= Sample particle size

= Preferred orientation

= Sample transparency
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Sample displacement

A. Positive displacement

e - Detector

X-ray source -~ po ) N

= The biggest source of error
= Peak position shifts ~ 0.02°
for every 30 um

= A20 = 2hcos g,

B. No displacement

. . Poly crystal
where R — goniometer radius. (Sample)

C. Negative displacement

Goniometer circle
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Preferred orientation

Back loading  Side loading | * Randomized mounting
» Slurry mounting with acetone

Common in samples with
plate/needle/fiber
morphologies R
Alters relative peak N
intensities
Can compromise phase
1D

Certain sample
preparation methods can

increase the effect

Kaolinite
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Sample transparency

= Diffracted intensity arises
form multiple depths
Common in low-attenuation _
(low-u) materials: organics, | Solutions:

polymers, low-Z | . » Thin sample layer
elygleleliylel » Transmission

Shifts peaks (to lower 26) geometry
and makes them '
asymmetric
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Data collection strategies

(v

Pre-scan your sample (5-80° 26, 0.02° step, 50°/min). \
. . General Measurement (BB) @“
v' Adjust the scan range, step size and speed. | e (D= ) e
« Step size: FWHM x 1/10 o Bl el el ol e~ e T Bl i
. . . . . .y Scan duration: 2 min.
» Adjust the scan speed to have high diffraction intensities and decrease
\ statistical fluctuation.
3000 3000 3000 3000 -
Step size 0.1° Step size 0.02° Scan speed 20°/min. Scan speed 2°/min.
2500 2500 2500 2500
» 2000 » 2000 » 2000 @ 2000 r
5 5 S &
121500 53 1500 2 1500 | 2 1500
E 1000 E 1000 g 1000 g 1000 r
500 500 500 500 R
0 0 0 1 1 L ) 0 L L .
63 64 65 66 67 63 64 65 66 67 63 64 65 66 67 63 64 65 66 67
26(deg.) 26(deg.) 26 (deg.) 20 (deg.)
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Data quality

4 )

« Resolution (peak width and shape)

» Peak-to-background ratio

* Signal-to-noise ratio

\_ J
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Peak resolution

= = Angular resolution
= Diffraction maps d — 26

High resolution ~ Low resolution

W

Peak List

Only displayed in chart Phase name:

No. 26,* dA Height, ¢ps I FWHM, *
FWHM 1 25244(5)  35250(6)  21862(191)  0.153(4)

2 27.372(3) 3.2556(4) 8049(123) 0.111(3)
3 36.019(3) 2.49139(18)  3845(90) 0.100(3)

Intensity
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Peak-to-background ratio

Contrast of a peak against the baseline e o
BrRnnn | AR
P (pea k) :;r:,: .Hf‘TaiWi;Re Ds:‘ll\Pl_Auj‘Hg_fﬂ‘\Pb_:'Ei P/ At| R

e i s
— [1a]/ce][ pr | a| pm][sm| e [6a] 0 by He| Er [Tm v [ Lu
| =1lac| th][pa] u |Inpl[pu]/am jem] ek cf [Es ] Fm|Md o] Lr

P/B Use P/B to compare
optics choices and
background reduction

Intensity

T B (background)
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Signal-to-noise ratio

Statistical confidence of the peak Use SNR to decide if a weak

peak is truly detected

Peak Evaluation

, N/S: 0 %
» N (noise) m———
O'(%) = 1 / P + 2B X 100 V| Peak search
JF P Preprocess: = Customize...
P (pea k) 0 _ 1 i . Method: | Second derivative method |~
0(%) =——=x100 (B is negligible.) ot T |
( O) '\/E Find amorphous peak

> Count longer (SNR o Vtime)
B (background) > Repeat N scans and average
(SNR oc \N)

20
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Phase identification / Pattern matching

All reference peaks must be present in the data; unmatched peaks indicate no

valid match. .
) Exceptions

= Preferred orientation (check if

2000+

absences are hkl-specific)

“ = Bad statistics / coarse grains
ol all,J LHAJ‘\JAKLJ-—.L»-JLLA. A

Zincte, syn Zn 0, 04-020-9583 (regrind to reduce size)

Intensity, cps

| I T —— = Below detection limit (very weak

peaks not visible above background or

20 - I 40 I I ] I ) I i I 80 I Overlap)
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Phase identification / Additional peaks

UM Possible reasons
il . JJ**Z;E.;,:ZHQ;.LMJ = Extra peaks may indicate an impurity in
|| L0 m : .
‘ | et the sample (continue searching for
ENRE AR SR references)
y ™ = Very small peaks can be spectral
Jb Lo artifacts (e.g. KB, W L-lines (verify with
1 Lo i o i A z,:m,;y:,m - !EJ
| | L the Ko, KB, La Lines Display cursor)
| n g ‘um‘ |
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Phase identification / Peak shift

Diagnosing peak shifts

4 = Larger at low angles, smaller at high angles (oc cos6)
> Likely: sample displacement
= Grows with angle (oc tan®)

> Likely: true lattice-parameter change (thermal

expansion/contraction, chemical composition)

v

» Direction: expansion — lower 26; contraction — higher 20
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Questions?
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e
[

We'll follow up with Recording will be Register for
your questions. available tomorrow. webinar.




Practical XRD
with Confidence

Episode 2 — Quantitative XRD in Practice:
From Phase Estimates to Defensible Results

Presenter: Akhilesh Tripathi, PhD
Host: Tom Concolino, PhD
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