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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 soectrosco 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 (Ty),

(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)
Electrical Impedance spectrosco
properties P P Py Conductivity, dielectric constant

Electron paramagnetic
resonance (EPR)

Defects (e.g. dangling bonds)




Technique Information
Indentation Hardness
Mechanical Ultrasonic wave Elastic modulus
and propagation
rheological | Fracture toughness test Fracture toughness
behavior | 3,4 oint bending test Elastic modulus, flexural stress
Viscometry Viscosity
UV-Vis spectroscopy Optical attenuation, Tauc gap
Elliosometr Refractive index dispersion,
P y attenuation (k > 0.001)
Optical Prism counlin Refractive index (bulk and thin
properties Piing film), optical attenuation
Optical fiber/waveguide | Optical attenuation (thin films with
transmission k < 0.001)
Photoluminescence Defect states
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Diffraction techniques

Photo 51, X-ray diffraction
pattern of DNA

Image courtesy:

Raymond Gosling
& Rosalind Franklin

Source: public domain



Diffraction techniques

Full 3-D X-ray structure
factors of Photosystem |, a
protein complex

Image courtesy:
Thomas White, CFEL
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" Jd
X-ray diffraction (XRD)

2000 -
—— Annealed Metglas Crystals:
@te|  — Amorphous Metglas = Strong scattering
1500 + m Localized, intense
peaks
72} a .
£ 1000 Amorphous Glass:
= background m Weak scattering
m Broad scattering
background across
the entire reciprocal
0 . t . | , . , : space
30 40 50 60 70

26 (°)
Appl. Phys. Lett. 102, 082404 (2013)
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X-ray diffraction in solids

Incident wave Assumptions:
m Approximate incident and

Diwaa\f;ed diffracted X-ray as mono-
chromatic plane waves
m Elastic scattering:
Sample Wavellength 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. (I’) =F eXp(ikl. -r)
wave

m Field amplitude of the incident
wave atr,,:

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

l

Sample
m Complex amplitude of wave

E : field amplitude of incident X-ray scattered by atom m:

k; : wave vector of incident X-ray E. (r) oc E exp(iki -rm)
k, : wave v.ector of scattered X-ray X exp [i k. - (r —r )]

f,, . scattering factor of atom m

Q = k, - k; . scattering vector < f, eXP(_iQ ‘ ”m)



X-ray diffraction in solids

Incident wave o

Diffracted
wave

Sample

S (Q) : (static) structure factor

N : total number of atoms in the
sample

Total scattered amplitude from
the sample :

me exp(—iQ - rm)

Total scattered intensity:
2

I= ;fm exp(—iQ-r,)
=> fexp(—iQ-r,)
x Zj:ﬁexp(iQ-rn)
=5(Q) x N (/)

11



Reflected Beam

X-ray diffraction in crystals

= The condition for a Bragg
peak to appear is:

7= In Phase

2dsin@ =1
or: Q=k -k =G,

. . cattering Plana 1 -
m The Bragg peak intensity s
scales with: ¢
2
—iQ'rj Scattering Plane 2 —T . -
D fe
j

where the sum is over all

atoms in a unit cell T. Proffen

Characterization
of Materials
Unit cell: the repeating unit of a crystal using the PDF
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Quantitative description of glass structure

m Structural descriptions of amorphous materials are
always statistical in nature

m Pair distribution function (PDF): g(7)

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

p=N/V N :number of atoms  V': material volume

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

0 When r >0, g —>0

0 When r > 00, g —>1
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PDFs of ideal (hard sphere) crystals vs. glasses

2(r)  1st coordination shell

A v 2nd coordination shell

v




Mathematical description of PDF

m Probability density for finding an atom at r :

N
. <Z 5(r —-r, )> = Homogeneous solid

m Probability density for finding an atom pairatrand r’:

)

e e : _ Homogeneous,
m Pair distribution function: isotropic solid

oo a0 .
g(r)— 2 P (|r r|) sz (|r r|)

Jo,

:<ii5(”—"m)5("'—"n)>=p(2)(r—r'

m n+m
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Structure factor of isotropic amorphous solids

S(Q)= L& <§:fmexp(—iQ-rM) x ZZ::f:exp(iQ-rn)>

1 ($5 om0 < caten]

m

:1+%<”{exp[—iQ-(r—r')]xii5(r—rm)5(r'—rn)}drdr'>

=1+ —:Hexp[—iQ (r—r ')] x p?) (r,r ')} drdr'

= 1+pj :exp(—iQ-r)xg(r)] dr where 7 =|r|

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

m |sotropic amorphous media:

S(Q)—1+pj[exp zQ r xg ]dr

) sm(Qr)
Qr
m The inverse transform:

=1+47zpj:r2g(r -dr where Q=|Q|:47ﬂsin¢9

sin (Qr)
Qr

g(r Q)-1]-Q’ -dQ

27z,0

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

Raw XRD
data

Structure
factor
normalization

Data
correction

»

Transform to
real space

60000 —
Zrs;TisCuigNisAlip bulk metallic glass
50000 — Transmission geometry (2.8 mm diameter cylinder)
B0.72 keV x-rays (APS beamline [-ID})
MAR image plate
B 40000 — 300 mm camera length
S
(=]
A=
> 30000 —
‘o
s
£ 20000 —
10000 —
ﬂ - L —I' LI 'I' T '!_ T '[ T '[ T '[ T 'l
0 4 6 8 10 12 14 16

Scattering vector maanitude (A

Data from T. C. Hufnagel,
Johns Hopkins University
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Solving PDF from experimental XRD spectra

Raw XRD

Intensity (counts)

data

50000 —

40000 —

30000 —

20000 —

10000 —

»

Structure
factor
normalization

Data
correction

|. 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™)

Transform to
real space

Data from T. C. Hufnagel,
Johns Hopkins University
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Solving PDF from experimental XRD spectra

factor
normalization

Raw XRD . Data Structure Transform to

data correction real space

2500 —
—— Coherent independent scattering
. 2000 - — Scaled intensity
5 Scattered intensity oscillates
1500 — c
E around the coherent independent
2z 2 .
> 1000 N< f > scattering at large Q values
z AN (L
5 e
= 2
5{)0 -
j I=S(Q) x N{(f,)
0 - T T T T T T T T
0 é :lI é é 1In 1|2 1r4 1|5 Data from T. C. Hufnagel,
Scatterina vector maanitude (A™) Johns Hopkins University
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Solving PDF from experimental XRD spectra

Structure
factor
normalization

Transform to
real space

Raw XRD . Data

data correction

ﬂ When Q — o
3- I=5(Q) x N(f,)" > N(f,)
Structure factor .
5 oscillates around unity . 85(Q)—>1
a7 / at large Q values
! ! ' ! U | . |
0 2 4 6 8 10 12 14 16 Data from T. C. Hufnagel,

Johns Hopkins University

Scattering vector maanitude (A)
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Solving PDF from experimental XRD spectra

Raw XRD .
data

Structure
factor
normalization

Transform to
real space

Data

correction

g(r)=1+ 1 J‘OQmax [S(Q)—1]~Q2 Sin(gSr).dQ

277 p

r—>oo,g—>1

20 Data from T. C. Hufnagel,
Johns Hopkins University

5 10 15
Distance from central atom, r (A)
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Solving PDF from experimental XRD spectra

m Sources of error N

] Ttle: IjX—rayPDF Produser Im]gyun
0 S(Q) data truncation error s | o on o] oo | sosgpeeny || o

DoaFleBomar | SPEC  Customias | S | Befi Ses |
0 X-ray photon shot noise R L Rl

o Finite resolution e e —T— T

1
. Miti ti n StrE tE i ES Expt. Configuration Somple Informetion | 1(Q) Sewwp |Calib. | H(Q) Comections | G(d) Optimizotion | Dota Visuslization |
g g Method: > Generc  ~ 113 Sieer, Senlip’ __.l I Lone Diffuse Scattering

I Bemple Seli-Absorption I7 Compton Scettering [T Weighting Function. Type:  <as

0 Use Mo (Ag, =0.71 A) or I P =
I Obligue Incidence
7 Rulandswin Fune. Width: :nmnnnnc I Edit 3(Q) wi: L +

Ag (Jx, = 0.56 A) sources e RS

I Fluorescence e osaneas
I Energy Dependent: 3£ Linoar =

instead of Cu source (Ag,

7 Ke-ray Polarization

— a |Bowmoos b |Rosesser
1 ) (- BRI I 10Value: [[.0000000  calc: 10000000
Reser GerGiir

Data | Gerl(Q) | ColoComections|  GerS

User Message | [ ——

1 Increase collection time

Determination of Pair Distribution PDFGetX2 homepage
Functions (PDF) from Bruker J. Appl. Cryst. 37, 678 (2004)

© Michigan State University. All rights reserved. This content is excluded from our Creative

Commons license. For more information, see https://ocw.mit.edu/help/faq-fair-use/


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://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/

" A
Electron and neutron diffraction

m Electron diffraction
0 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

" 'u
p. ". ‘.‘:..
"‘:W.L; .
S
"" 0 ‘.'

0 Can discriminate
neighboring Amorphous Ta,0Os

elementS Or iSOtOpeS ] C?urtesy of INSPIRE HEP. License: CCO
Electron diffraction patterns

Crystalline Ta,O5

0 Can detect light elements
Class. Quantum Grav. 27, 225020 (2010)
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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.

25
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Raman spectroscopy

m Raman scattering: inelastic interaction of photons with
phonons

00 Photon — phonon = Stokes line

00 Photon + phonon = anti-Stokes line

Virtual
energy *

states A

Vibrational

energy states
4
3
¥ :
} Y !
0

Infrared ¥|E'| I"I Stokes Anti-5tokes
laser-detect.com/technology-methods/ absorption scattering  Raman Raman

scattering scattering
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(Confocal) micro-Raman system

L1

-3, S o
Raman Microscope ‘ Pinhole A e
aperture / \ fperture
/ \
\ v é Objective

Pinhole
aperture

Confocal micro- g \
Raman spectroscopy:
depth resolution at

I Object Object
the expense Of Slg nal © Elsevier. All rights reserved. This content is excluded from our Creative Commons license. For more
Strength information, see https://ocw.mit.edu/help/fag-fair-use/
\_ ) Bright field microscopy (Confocal) Raman
© Thermo Fisher Scientific Inc. All rights reserved. This content is excluded Spe CtrOSCOpy

from our Creative Commons license. For more information, see

“Confocal Raman Spectroscopy,” Micro and Nano Technologies Ch. 7, 141-161 (2017) 27


https://www.thermofisher.com/order/catalog/product/IQLAADGABFFAHCMAPB
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/

" A
Raman spectra of amorphous materials

m  Amorphous materials typically have broad Raman peaks
0 Dispersion of local structures and phonon energy
0 Breakdown of selection rule

2800 4
800+ \ 2600

2400 -

2200 4
. 2000
1800 -
1600 -
1400 -
1200 3
1000
2004 800 ]
600
400
0 ' ' ) : 2001

&
=
=
1

Intensity (a.u.)
I
=
=
|
Intensity (a.u.)

0 100 200 300 400 500 600 700 0 100 200 300 400 500
Raman shift (cm™) Raman shift (cm™)

Raman spectrum of c-Si Raman spectrum of As,S; glass



Example: Raman analysis of TeO,-Bi,0;-Zn0O glass

—Fit Peaks
— Fitted Spectra

— As Deposited 576 652-663 750-772
|

T A <
a63laes | -

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

300 400 500 600 700 800 900 300 400 500 600 700 800 900
Wavenumber (cm'1) Wavenumber (cm'1)

Raman band (cm!')  Assignment

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

463 - 465 Bending mode of O-Te-O linkages in TeO4 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=0O which contain non-bridging oxygen (NBO) in TeO;., or TeO;

J. Am. Ceram. Soc. 98, 1731 (2015)

© John Wiley & Sons, Inc. All rights reserved. This content is excluded from our Creative Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use/
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Calorimetry (thermal analysis

FAST FOOD: CALORIES PER DOLLAR Thermometer measures —— |  Jacket keeps

temperature changes heat from
escaping

McDonald’s

Big Mac Bacon Cheese Angus Burger Large Fries
5 $,

7 &y e e e ey e

Double Whopper with Cheese Tendercrisp Chicken Sandwich
3 $4.79 $4.79

CALORIES . CALORIES

790

Fiesta Chicken Salad

%4.09 \

4| cALoriES PER A = % cALORIES PER
COLLAR GOLLAR e GOLLAR

164 - 208

IHOP  Subway . _ 5 i — Food
Meail.aver'sp:ersgnal Country Fried 6" Meatball Sub 12% Sweet Onlon Heatlng = : She

n Pizza Steak + Eggs Chicken Terlyal
$4.09 R $10.99 £ $3.79 m“ |u36.39

] \ CALORIES / CALORIES 2. CALORIES e I eme nt
\ 890 5 580 770
BETEP T T ongER e
: 217 140 153 121

2008-2009 Washington Post.Newsweek Interactive « All rights reserved

« thebigmoney.com

© The Washington Post. All rights reserved. This content is excluded from
our Creative Commons license. For more information, see
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Differential Scanning Calorimetry
(DSC)

Differential Thermal Analysis
(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

T T TR AT T T3

R
§
\
\
\
\
\

A7

\
§
\
\
\
\

o

I OO in e

Computer control to ensure
identical heating rate

A T T Y

§
| EE
X
\

i

M‘m\

5
g
%
é

Thermal couples record
temperature difference




Differential scanning calorimetry of glass materials

O A
S T dH. dH dT
= S R _(r—~ _—~ Y%t mmmmmmmm— .
ps - =(Cs—Cy)- | ' Melting
< dt di dt : .
N : i
= | Steady state ; !
-+~ I ! !
5 - :
L 1 | | |_ _________ I
s | f
2 v ./ . N
G) |
O S Area under a DSC peak
o = Glass is proportional to the heat
s 0 " o released or absorbed
EJ transition Crystallization . during a phase change
|
X
- >

Temperature
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Glass transition regime behavior in DSC

Normalized enthalpy

" Varying reheating rate

Cooling rate: 10 °C/s

\_\T’,
s 0.1°Cl/s
7

i

600

TéD BéD Béﬂ
Temperature (K)

650 700

800

950

1000

Heat flow

Y

mﬁ'fj// 10 °Cls
\ /

1°Cls
0.1 °Cl/s

600

650

700

750 800 850

Temperature (K)

200

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

>

dH, dT ) K : thermal conductance
K-(T,-Ty)= S .
g TS—TR:——.(CR_CS)
K.(T_ ):dHR.dT K dt
oo dT dt !
i Steady state
:
| | Melting
LY
Glass
transition

Temperature
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Evaluation of glass forming ability

m FOM for glass stability:

e /¢

o (Z.-T, )/, -T.)

QT% Hruby coefficient

m Addition of Si increases
glass melt viscosity and
improves glass forming
ability

ASZ TE3 8’0.2

Czech. J. Phys. B 22, 1187 (1972)

DTA

1 t 1
100 200 300 400 500 T [PCI

© Springer Nature Limited. All rights reserved. This content is excluded from our Creative Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use/ 35
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Ultrafast DSC using on-chip heater & sensor




Ultrafast calorimetry for material analysis
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" Jd
Summary

m Diffraction

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

0 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

0 DSC vs. DTA: data interpretation
0 Glass transition regime behavior
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