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After-class reading list
m 3.012 X-ray diffraction

m 3.014 X-ray diffraction, Raman spectroscopy, and
calorimetry



Technique Information
X-ray/electron/ Crystallinity, pair distribution
neutron diffraction function, medium range order

X-ray absorption

Local structure, electronic state
Structure spectroscopy (XAS)

Raman spectroscopy Phonon spectra, structural clusters

Nuclear magnetic

resonance (NMR) Local atomic configurations

Atomic emission

spectroscopy (AES) Elemental composition

Energy-dispersive X-ray

Glass spectroscopy (EDX) Elemental composition

chemistry Infrared SDECHrOSCo Chemical bonding, impurity
P Py concentration, optical absorption

X-ray photoelectron Valence state of constituents,
spectroscopy (XPS) electron density of states




Technique

Information

Differential thermal
analysis (DTA)

Glass transition temperature (T,),
crystallization (T,)

Differential scanning

Glass transition temperature (T,),

(AC conductivity)

Thermal calorimetry (DSC) crystallization (T,)
analysis Thermogravimetric . ”
analysis (TGA) Chemical decomposition
Thermomechanical Thermal expansion, softening
analysis (TMA) point, glass transition (T,)
Temperature-dependent | Conduction mechanism, activation
electrical conductivity energy, density of states at Fermi
measurement level (for VRH)
Slsile] Impedance spectrosco
properties P P 24 Conductivity, dielectric constant

Electron paramagnetic
resonance (EPR)

Defects (e.g. dangling bonds)




Technique Information
Indentation Hardness
Mechanical SlilEEoile wave Elastic modulus
and propagation
rheological | Fracture toughness test Fracture toughness
behavior 3/4-point bending test Elastic modulus, flexural stress
Viscometry Viscosity
vV spectoscapy | CBISS senuston & shearpton
Ellipsometry Refractive index dispersion
Opticgl Prism coupling Refr_active ir}dex (bulk ar.1d thin
properties film), optical attenuation
gl fiber/_wayeguide Optical attenuation (< 100 dB/cm)
transmission
Photoluminescence Defect states




Diffraction techniques

Full 3-D x-ray structure
factors of Photosystem I, a

Three dimensional visualization of diffraction intensities removed prOteIn Complex
due to copyright restrictions. See Figure 2: "Serial Femtosecond
Crystallography." CFEL Science, DESY. Image COUrteSy:

Thomas White, CFEL



https://desy.cfel.de/cid/research/serial_femtosecond_crystallography
https://desy.cfel.de/cid/research/serial_femtosecond_crystallography
https://desy.cfel.de/cid/research/serial_femtosecond_crystallography/

" A
X-ray diffraction (XRD)

Crystals:
m Strong scattering

m Localized, intense
Figure of XRD line scan of amorphous and annealed Metglas foils

removed due to copyright restrictions. See Figure 1: Li, M. et al. peakS
"Giant Magnetoelectric Effect in Self-biased Laminates Under Zero
Magnetic Field." Appl. Phys. Lett. 102, no. 082404 (2013): 1-3.

Glass:

m \Weak scattering

m Broad scattering
background across
the entire reciprocal
space

Appl. Phys. Lett. 102, 082404 (2013)


http://scitation.aip.org/content/aip/journal/apl/102/8/10.1063/1.4794056
http://scitation.aip.org/content/aip/journal/apl/102/8/10.1063/1.4794056

" A
X-ray diffraction in solids

Incident wave Assumptions:
m Approximate incident and

Difvf/":\f;ed diffracted X-ray as mono-
chromatic plane waves
m Elastic scattering:
Sample Wave!ength of X-ray
remains the same after
r,, . position vector of atom m scattering

m Neglect X-ray attenuation
In the solid sample



X-ray diffraction by a single atom m

Incident wave m  Complex amplitude of incident
wave:
Diffracted E. (r) =FE exp(iki -r)
wave

m Field amplitude of the incident
wave at r,:

E(r,)=Eexp(ik, -r,)
Sample

m Complex amplitude of wave
scattered by atom m:

o

: field amplitude of incident X-ray

; - wave vector of incident X-ray E (r) oc E eXp(iki -rm)
: wave vector of scattered X-ray X exp [i L - (r _ )]

- . Scattering factor of atom m > "

Q = k- k;: scattering vector =1, exp(—iQ ' ”m)

;™

S

—h



X-ray diffraction in solids

Incident wave m [otal scattered amplitude from
the sample :
Diffracted Z f,exp(—iQ-r,)
wave m

m Total scattered intensity:
2

Sample | = Z f eXp(—iQ-rm)
m
S (Q) : (static) structure factor = Z fm eXp(—iQ - rm)
N : total number of atoms in the m .
sample X Z f, exp(iQ-r,)
n

=S(Q) X N<fm>2
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X-ray diffraction in crystals of|  rteasoosn

Incident Beam

m The condition for a Bragg
peak to appear is:

™ In Phase

2dsin@ =1
or: Q=k,—k, =G,

. . Scattering Plane 1
= The Bragg peak intensity g
scales with:
2
— iQ.rj Scattering Plane 2 -
Z fie
J S\
where the sum is over all
atoms in a unit cell T. Preffen,
Characterization
of Materials
Unit cell: the repeating unit of a crystal using the PDF
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ftp://ftp.lanl.gov/public/allobet/gourdon/pdf_lecture.ppt
ftp://ftp.lanl.gov/public/allobet/gourdon/pdf_lecture.ppt
ftp://ftp.lanl.gov/public/allobet/gourdon/pdf_lecture.ppt
ftp://ftp.lanl.gov/public/allobet/gourdon/pdf_lecture.ppt
ftp://ftp.lanl.gov/public/allobet/gourdon/pdf_lecture.ppt
ftp://ftp.lanl.gov/public/allobet/gourdon/pdf_lecture.ppt
ftp://ftp.lanl.gov/public/allobet/gourdon/pdf_lecture.ppt
ftp://ftp.lanl.gov/public/allobet/gourdon/pdf_lecture.ppt

" A
Quantitative description of glass structure

m Structural descriptions of amorphous materials are
always statistical in nature

m Pair distribution function (PDF): g(r)

0 Consider an amorphous material with an average number
density of atom given by:

p=NN N : number of atoms  V : material volume

0 The number density of atoms at a distance r from an origin
atom is given by po-g(r)

0 When r ->0,9g—>0

0 When r >o,g —>1

12



" A
PDFs of ideal (hard sphere) crystals vs. glasses

g(r) 1st coordination shell

A v 2nd coordination shell

v




Mathematical description of PDF

m Probability density for finding an atom at r:

N
p(l) (r) = <Z5(r —r, )> = p Homogeneous solid

m Probability density for finding an atom pairat rand r’ :

p ()= (83551 )8 7)) =9 (1)

m n=m
Homogeneous,

m Pair distribution function: isotropic solid

1 NV .
0(1)= 2% (r=r) =z 27 (=)

14



Structure factor of isotropic amorphous solids

x <Z:: f,exp(—iQ-r,) x Z:l:fn*exp(iQ-rn)>
-1 <ZZN:[exp(—iQ-rm) 9 exp(iQ-rn)]>
—1+—<”{exp[ iQ-(r—r" ]xZZ& (r—r, r—rn)}drdr'>

n=m

=1+L.Hexp[—iQ- r—r') ]xp(z)(r,r')}drdr'

:1+pj:exp( 1Q- r }dr where I’=|r—r'|

[ In isotropic solids structure factor is related to the Fourier transform of PDF ]

15



" A
Debye scattering equation

m |sotropic amorphous media:

S(Q 1+pj[exp IQ r ]dr
© sin(Qr A .
=1+47z,oj0 rg(r) Cgr )-dr where Q=|Q|=77Zsm6’
m The inverse transform:
g(r): Q)—l]-QZ Smé?r)-dQ

[ XRD spectra can be used to infer PDF of isotropic amorphous solids ]

16
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Solving PDF from experimental XRD spectra

factor
normalization

Raw XRD . Data Structure Transform to

data correction real space

60000 —
Zrs7TisCuigNigAl o bulk metallic glass
50000 — Transmission geometry (2.8 mm diameter cylinder)
80.72 keV x-rays (APS beamline |-ID)
MAR image plate
@ 40000 — 300 mm camera length
5
o
£
> 30000 —
‘D
(=
©
£ 20000 —
10000 —
0 T [ | ' I ' I ' [T T r
0 2 4 6 8 10 12 14 16 Data from T. C. Hufnagel,
Scatterina vector maanitude (A™) Johns Hopkins University
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http://www-ssrl.slac.stanford.edu/conferences/workshops/scatter2006/talks/hufnagel.pdf
http://www-ssrl.slac.stanford.edu/conferences/workshops/scatter2006/talks/hufnagel.pdf
http://www-ssrl.slac.stanford.edu/conferences/workshops/scatter2006/talks/hufnagel.pdf
http://www-ssrl.slac.stanford.edu/conferences/workshops/scatter2006/talks/hufnagel.pdf

"

Solving PDF from experimental XRD spectra

Raw XRD

data

»

Structure
factor
normalization

Data
correction

Transform to
real space

Intensity (counts)

50000 —

40000 —

30000 —

20000 —

10000 —

|. Detector dead time

2.Background (substrate/container)
3.Absorption

4. Polarization

5.Multiple scattering

6.Inelastic processes (Compton, fluorescence)

6 8 10 12 14 16
Scattering vector maanitude (A"

Data from T. C. Hufnagel,
Johns Hopkins University
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http://www-ssrl.slac.stanford.edu/conferences/workshops/scatter2006/talks/hufnagel.pdf
http://www-ssrl.slac.stanford.edu/conferences/workshops/scatter2006/talks/hufnagel.pdf
http://www-ssrl.slac.stanford.edu/conferences/workshops/scatter2006/talks/hufnagel.pdf
http://www-ssrl.slac.stanford.edu/conferences/workshops/scatter2006/talks/hufnagel.pdf
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Solving PDF from experimental XRD spectra

Raw XRD

data

tructur
. Data Sfauéf[gr - Transform to
correction normalization real space

Intensity (electron units)

2500 —

2000 —

1500 —

1000 —

500 —

—— Coherent independent scattering
—— Scaled intensity
Scattered intensity oscillates
around the coherent independent
N < f >2 scattering at large Q values
m

S(Q) X N<fm>2

T e T
4 6 8 10 12 14 16 Data from T. C. Hufnagel,
Johns Hopkins University

Scattering vector maanitude (A™)
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http://www-ssrl.slac.stanford.edu/conferences/workshops/scatter2006/talks/hufnagel.pdf
http://www-ssrl.slac.stanford.edu/conferences/workshops/scatter2006/talks/hufnagel.pdf
http://www-ssrl.slac.stanford.edu/conferences/workshops/scatter2006/talks/hufnagel.pdf
http://www-ssrl.slac.stanford.edu/conferences/workshops/scatter2006/talks/hufnagel.pdf
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Solving PDF from experimental XRD spectra

Structure
Raw XRD . Data factor Transform to

data correction real space

normalization

” When Q — o«

I 1=S(Q) = N(f, )" > N(f )
3 Structure factor . (Q) < > < >
5 oscillates around unity . 5(Q)—>1

> 2 / at large Q values

0 2 4 6 8 10 12 14 16 Data from T. C. Hufnagel,
Johns Hopkins University

Scattering vector magnitude (A"
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http://www-ssrl.slac.stanford.edu/conferences/workshops/scatter2006/talks/hufnagel.pdf
http://www-ssrl.slac.stanford.edu/conferences/workshops/scatter2006/talks/hufnagel.pdf
http://www-ssrl.slac.stanford.edu/conferences/workshops/scatter2006/talks/hufnagel.pdf
http://www-ssrl.slac.stanford.edu/conferences/workshops/scatter2006/talks/hufnagel.pdf

"

Solving PDF from experimental XRD spectra

Raw XRD . Data . Sigﬁglrre . Transform to
data correction normalization real space

N ﬂ ()= 1 IOQmaX[S(Q)_l]QZ Siné?r)‘dQ

27°p

r-o,g—>1

0 5 10 15 20 Data from T. C. Hufnagel,
Johns Hopkins University

Distance from central atom, r (A)
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http://www-ssrl.slac.stanford.edu/conferences/workshops/scatter2006/talks/hufnagel.pdf
http://www-ssrl.slac.stanford.edu/conferences/workshops/scatter2006/talks/hufnagel.pdf
http://www-ssrl.slac.stanford.edu/conferences/workshops/scatter2006/talks/hufnagel.pdf
http://www-ssrl.slac.stanford.edu/conferences/workshops/scatter2006/talks/hufnagel.pdf

Solving PDF from experimental XRD spectra

m Sources of error

0 S(Q) data truncation error

[0 X-ray photon shot noise
0 Finite resolution
m  Mitigation strategies

0 Use Mo (A, =0.71 A) or
Ag (A, = 0.56 A) sources
instead of Cu source (A4,

=1.54 A)
1 Increase collection time

Determination of Pair Distribution
Functions (PDF) from Bruker

-» PDFgetX2 beta @Wed Apr 21 12:18:57 2004 [=]m][x]
File Switth— Help
Title: I:X—ray PLF Producer: I rargyon
History > | File Autosave:  ON _a| Quiet:  OFF _a| Waorking Direstory: || 24 dengrunprojectsiPDFgetilsource
DetoFileFommat.  SPEC  Costomize.| Batehosh.  Bik Bap. Tomes |
Sample: Ij Sam. Bk, I Con. Bkg.: I
Seressst b Sebwen  Dev Cobwes AddSue ek
" | =~ | | |
L | =~ | | |
5] =
Expt. Configuration Somple Informetion | 1(Q) Sewp | Calib. | 8(Q) Comertions | O(r) Optimization |  Dota Visuclization |
Method: #* Generic - 11Gh S Seelip Taens

I Sample Seli-Absorption I~ Compton Seattering

7 Multiple Scatrering (2nd only)

profile:  emperical form — Govar [Boooos e [Roo
I Rulandwin Fonc. Width: | .010000C Edit S(Q) wi: 5 + |1

I Cblique Incidence

Transtmissoin Coeff.: | £ o

! Fluorescence gy

I7 Breiv-Dirac Factor Expo: 3 — Gonr |Baoiss Wik [Loo roles, | 500
vear Gacoce Wild (B
I7 X-ray Polarization o |Bommex b |Sammne

I Energy Dependent. 11

cole: 1.0000000 I Interpolate Qmin to 0.0 ARERT =

J7 Seale with High Q Ratio: 0.0 1.0 Velue: |5 5000000

ResetData | Oetl(Q) | ColeComections|  Ged(Q) | GuGl |

Plot Data Advenced ->

T | Ready for next, Sir

PDFGetX2 homepage
J. Appl. Cryst. 37, 678 (2004)
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http://www.pa.msu.edu/cmp/billinge-group/programs/PDFgetX2/
https://www.bruker.com/fileadmin/user_upload/8-PDF-Docs/X-rayDiffraction_ElementalAnalysis/XRD/Flyers/Determination_of_PDF_Flyer_DOC-H88-EXS031.pdf
https://www.bruker.com/fileadmin/user_upload/8-PDF-Docs/X-rayDiffraction_ElementalAnalysis/XRD/Flyers/Determination_of_PDF_Flyer_DOC-H88-EXS031.pdf
https://www.bruker.com/fileadmin/user_upload/8-PDF-Docs/X-rayDiffraction_ElementalAnalysis/XRD/Flyers/Determination_of_PDF_Flyer_DOC-H88-EXS031.pdf

" A
Electron and neutron diffraction

m Electron diffraction
00 Much smaller wavelength (e.g. 4 ~ 2 pm for 300 keV electrons)

0O Small spot size (e.g. in the case of SAED)

m Neutron diffraction

1 Interacts with nuclei

rather than electrons O
i
0 Can discriminate (e
neighboring Amorphous Ta,O; | Crystalline Ta,O4
elements or isotopes Electron diffraction patterns

Courtesy of INSPIRE HEP. License: CCO.

00 Can detect light elements

Class. Quantum Grav. 27, 225020 (2010)
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http://inspirehep.net/record/871698/plots?ln=en

" JE

Raman spectroscopy

Chandrasekhar Venkata Raman
(1888-1970)

Image is in the public domain. Source: Wikimedia Commons.

When asked about his inspiration
behind the Nobel Prize winning optical
theory, Raman said he was inspired
by the "wonderful blue opalescence of
the Mediterranean Sea" while he was
going to Europe in 1921.

24


https://en.wikipedia.org/wiki/C._V._Raman#/media/File:Sir_CV_Raman.JPG

" A
Raman spectroscopy

m Raman scattering: inelastic and nonlinear interaction of
photons with phonons

0 Photon — phonon = Stokes line
0 Photon + phonon = anti-Stokes line

Virtual

energy *
states

laser-detect.com/technology-methods/ Vibrational

energy states

t

4
L 3
Y >

1

I 0
Infrared ¥IE-| ah Stokes  Anti-Stokes
absorption scattering Raman Raman

scattering scattering

25


http://laser-detect.com/technology-methods/

Raman spectra of amorphous materials

m  Amorphous materials typically have broad Raman peaks

Intensity (a.u.)

0 Dispersion of local structures and phonon energy

800~

o
=

=
1

-9

=

=
1

200 4

0

100 200 300 400 500 60O

Raman shift (cm™)

Raman spectrum of c-Si

700

Intensity (a.u.)

2800 4
2600 -
2400 -
2200 4
2000 -
1800 -
1600 -
1400 4
1200 4
1000 4
800 -
600 -
400 4
200

0

0 100 200 300 400 s00

Raman shift (cm™)

Raman spectrum of As,S; glass
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Example: Raman analysis of TeO,-Bi,04-Zn0 glass

—Fit Peaks

— Fitted Spectra

— As Deposited 576 652-663 750-772
I

Raman Intensity [arb.unit]
Raman Intensity [arb.unit]

T ; T T T i T T T Y T T ' T T T T T — T === T !
300 400 500 600 700 800 900 300 400 500 600 700 800 900
Wavenumber (cm'1) Wavenumber (cm"1)

Raman band (em')  Assignment

392 -404 Bending mode of Te-O-Te linkage in TeO; network backbone

463 - 465 Bending mode of O-Te-O linkages in TeO, network backbone

576 Soda-lime glass substrate contribution

656 - 657 Vibration of the Te-O bonds in TeO, trigonal bipyramid with bridging oxygen

750 - 772 Stretching of Te-O or Te=O which contain non-bridging oxygen (NBO) in TeO,,, or TeO,

J. Am. Ceram. Soc. 98, 1731 (2015)
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Calorimetry (thermal analysis)

Courtesy of Gallica.

Source: Dulong, "Mémoire sure la chaleur
animale." Annales de chimie et de physique
SER3, T1 (1841): 440-455 (plate p. iii).

Apparatus for
measuring animal heat

Pierre Louis Dulong,
Annales de chimie et
de physique (1841)
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http://gallica.bnf.fr/ark:/12148/bpt6k65712077/f523.item
http://gallica.bnf.fr/ark:/12148/bpt6k65712077/f523.item

Differential Scanning Calorimetry

Differential Thermal Analysis

(DSC)

(DTA)

Both techniques involve a sample and an inert reference with known heat
capacity both undergoing controlled heating or cooling

Heating rate is kept constant for
both the sample and the reference,
and heat flow to the sample minus
heat flow to the reference is recorded

Both the sample and the reference
undergo identical thermal cycle and
temperature difference between
sample and reference is recorded

PRI s
X

X
\

X

\
\
\
X
\
N -,

G
L

7
,«.«’
ﬁ
é
%

S AR

Computer control to ensure
identical heating rate

T

D R e

-Wouples record

temperature difference

W
G
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Differential scanning calorimetry of glass materials

Endothermic

Exothermic

A
T dHS_dHR_(C c ).d_T
—\ s R
dt dt dt
= |
2 ! Steady state
- 1
S G
e 1 |
— I I !
© L !
2 [y f
o )
5 SR Area under a DSC peak
= Glass is proportional to the heat
O transition o released or absorbed
Crystallization during a phase change

Temperature

>
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" JE

Glass transition regime behavior in DSC

Normalized enthalpy

~ Varying reheating rate

Cooling rate: 10 °C/s

;701 °Cls

s

Téﬂ BSD BéD
Temperature (K)

700

800

950

1000

Heat flow

,

H—ﬁfj/f 10 °Cls
\ /

1°Cls
0.1 °Cls

600

650

00

750 800 850

Temperature (K)

900

Shape of DSC curve at the glass transition regime depends
on heating rate and the sample’s thermal history

950

1000
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Differential thermal analysis of glass materials

Exothermic
<— Temperature difference —

Endothermic

>

dHS dT K : thermal conductance
1) =" a0 1 dT
aH, o [7 TR T (G )
K-(TF TR)— dTR. .
I
i Steady state
I
T ' Melting
I

Glass
transition

Temperature
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Evaluation of glass forming ability

m FOM for glass stability:
(T.—T,)/(T,-T,)

g, A "Evaluation of diast forming tendancy by means Hru by coefficient
of DTA." Czech. J. Phys. B 22 (1972): 1187-1193.
m Addition of Si increases
glass melt viscosity and

improves glass forming
ability

Czech. J. Phys. B 22, 1187 (1972)
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http://link.springer.com/article/10.1007%2FBF01690134
http://link.springer.com/article/10.1007%2FBF01690134

" Jd
Summary

m Diffraction

0 Debye diffraction equation: relation between structure factor
and PDF in homogeneous, isotropic amorphous solids

00 Solving PDF from experimentally measured XRD spectra:
corrections and normalization

0 X-ray, electron, and neutron diffraction

m Raman spectroscopy
0 Broad Raman peaks: phonon energy dispersion

m Thermal analysis
00 DSC vs. DTA: data interpretation
0 Glass transition regime behavior
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