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Why X-ray?
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Typical interatomic distance in a crystal is 3.5 A



X-rays

A=10nNm-0.01 nm

E=0.1keV-100 keV (E=hv=hc/A=hck),
Charge=0, Magnetic moment=0, Spin=1

Soft X-rays : A > 1 nm, E < 1keV
Hard X-rays: A < 1 nm, E > 1keV
Penetrates Earth’
Eneﬁrtieﬂiphere?a N N
Radiation Type Radio Microwave Infrared Visible Ultraviolet
Wavelength (m)  10° 10°°

X-ray Gamma ray
107 0.5%10F 10°®

Approximate Scale
of Wavelength

Buildings Humans Butterflies MNeedle Point Protozoans Molecules  Atoms  Atomic Muclei

10*

10° 10" 10 10 10 10
Temperature of
objects atwhich A
this radiation is the || )
mostintense g 1K 100 K 10,000 K 10,000,000 K
length emitted : 000,
wavelength emitte 272 °C 172 °C 0727 °C

~10,000,000 *C



(1) Classical Description

transverse Electro-Magnetic wave : Light!

A(wavelength) : 0.01 nm ~10 nm
c(speed of light) : 3x10°m/sec
v(frequency) : v:%

w(angular frequency) : @ =2zv

<l

Scatter, Interfere, Diffract = Superpose
(2) Quantum Mechanical Description (particle nature)
E=hv=hw=h <
A
h (Planck constant) = 6.63x10>*Joule -sec

E. 1 =12400 eV- A
(Hard) x-ray Energy : 124 keV ~ 1.24 keV



(3) Maxwell’s Equations (wave nature)

V-E= Ao Coulomb's law
= B 1 9°E
VxE = —l 8_B Faraday's law —V°E = — ——5 - Wave equation
c ot ¢ ot
V- § =0 Absence of free magnetic poles
VxB= 4—7ZJ +l% Ampere's law
C c ot

Solution : E(r,t) = E,exp(i(k-r-at))

27
‘k‘ = 7 " wave vector



Wave equation :

1 &’E
c? ot?
Spherical coordinate:

V2E =

1 o0(,0 1 o ( .
— r +—— sin @
r<or or) r°sin@ oé

Cartesian coordinate:
0> 8> 9% )= 1 0%E
rt—>t+t—5 |[E==
oxX® oy® oz
Plane wave solution :
E(r,t) = E.exp(i(k-r-wt))

_\ 2
‘k‘ = 7 - wave vector

Spherical wave solution:

~ %exp[i (kr —at) |

1 0% |- 1 0%E
2 2 2 E:_z 2
resin“ 6 op c” ot




(4) Polarization

E(r,t) = E,exp(i(k-r-wt))

|k| = 2—” : wave vector
A

Linear polarization Circular polarization

E(r,t) = XE, exp(i(k - r — wt)) + YE, exp(i(k - r — ot + %))
=E_(X+iy)exp(i(k - r — wt))
- Polarization : the direction of electric field

always perpendicular to the direction of the propagation.
parallel to the acceleration of the electric charge

-Phase : the argument in the exponential



(5) Coherence

Coherence length : the length scale within which the phase of the
electromagnetic field is correlated

(a) Longitudinal coherence length, L,

2L=N 1
L A
P ] ] | | | | ] ]
1 1 | | | | 1 1
L]
A O
1 1 | | | | 1 1
N R
+“—r B
A—AL

2L, =NA=(N+1(1-AA1)

N~A/AA
2
:LLzll_
2 A

(b) Transverse coherence length, L,

A
B \
DI AD | \\
B

2L, A6 =24
1 A AR
LT = | —
2D/R 2\D

2L,

If two waves are in—phase at a point, how far do we have to go away before
the waves are out of phase? — coherence length (L L;)



Use of X-ray

v Imaging: Real Space Measurement: I(r)
(Medical application)

mevue.f..'-ff “nm

Differences in Absorption |
Computed Tomography scan

v’ X-ray Scattering or Diffraction: Reciprocal Space Measurement :
(q), 1(6) w,

Co (101)
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(111)
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4004  ALO,
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Nobel Prizes for Research
with X-Rays

1901 W. C. Réntgen in Physics for the discovery of x-rays.
1914 M. von Laue in Physics for x-ray diffraction from crystals. 4
1915 W. H. Bragg and W. L. Bragg in Physics for crystal structure determination.
1917 C. G. Barkla in Physics for characteristic radiation of elements.
1924 K. M. G. Siegbahn in Physics for x-ray spectroscopy.
1927 A. H. Compton in Physics for scattering of x-rays by electrons.
1936 P. Debye in Chemistry for diffraction of x-rays and electrons in gases.
1962 M. Perutz and J. Kendrew in Chemistry for the structure of hemoglobin.
1962 J. Watson, M. Wilkins, and F. Crick in Medicine for the structure of DNA.
1979 A. McLeod Cormack and G. Newbold Hounsfield in Medicine for computed axial
tomography.
1981 K. M. Siegbahn in Physics for high resolution electron spectroscopy.
1985 H. Hauptman and J. Karle in Chemistry for direct methods to determine
x-ray structures.
1988 J. Deisenhofer, R. Huber, and H. Michel in Chemistry for the structures
of proteins that are crucial to photosynthesis.

2009 Venkatraman Ramakrishnan, Thomas A. Steitz and Ada E. Yonath
in Chemistry for “studies of the structure and function of the ribosome" X-ray crystallography



Structure-Function Relationships

Diamond

Graphite

Graphene

C540-fullerite

C60-fullerene

Carbon nanotube

— Materials Control and Engineering



Structure Determination

Incident
planeg wave
0l ~

2d sin 8 f

!

4 ' . Constructive interference
dsin® when
e ©¢ o o o o |ni=2dsino |
Bragg's Law

Hard X-rays: A <1 nm, E > 1keV
Soft X-rays: A >1nm, E < 1lkeV

William & Lawrence Bragg
Novel Prize for Physics 1915
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- X-ray interaction with matter
- Scattering cross-section

- Diffraction

- Why Synchrotron?

- Coherent X-rays



X-ray interaction with matter



Interaction Mechanisms

~

Nuclear
/ . SCE}@\/Q\/
® Electr nﬁ[ ® ° °

Scattering

Nuclear

Interaction
Surface |

Neutron

Neutron

X Ray

X-rays interact with electrons via an electromagnetic interaction.
(cf. Neutrons interact with atomic nuclei via very short range (~ fm) forces.
Neutrons interact with unpaired electrons via magnetic dipole interaction.)



Penetration in Matter

8 keV X-rays, Thermal Neutrons, & Low Energy Electrons
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X-rays interacting with electrons

(1) Photoelectric absorption X-rays kicks electron from shell to continuum

= Leads to fluorescent X-ray emission when hole in shell is filled from outer shell
= Goes as 1/E3 but with sharp steps at shell energies when new channel opens

................ Continuum
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X-rays interacting with electrons

(2) Thomson scattering : elastic and coherent

-
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 E=FE ey

(3) Compton scattering : inelastic and incoherent




Refractive Index

" Regions of "Anomalous Dispersion”

- . - -
= i
o Normal Normal Normal
S dispersion dispersion = dispersion
o
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0 Wy, W3 W3

Infrared Visible Ultraviolet X-ray

n=1-0+1p



Visible vs. X-ray

Visible Optical Spectroscopy ¢ X-ray Scattering
n=1: vacuum
n=1: vacuum ' o _ =
n>1: BE 2, Bt 22537 <t ?55’% e S7l>=2
n=1-3 + i

|

Monochromator: grating Monochromator: Si single crystal
Mirror: Metal coated glass Mirror: Si single crystal

I(E), (), 1(A) 1(6), 1(q)



Scattering cross-section



Intrinsic cross-section

Plane
Wave
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Reciprocal Space Measurement

Schematic layout of a scattering experiment to determine the differential cross-section

Number density
R?AQ

X |E'r'ad!2 /hw '

/

," /
7215 W
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D

: ds) ®oAQY  |E;, |
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Intrinsic cross-section

One electron

by

of the Electron /

(classical electron radius) :

7, = = 282x10"m

d4rre mc v




For bound electrons

Intrinsic Cross

Section: X-Rays
A

A

e
de2

)

Resonance

Rayleigh Scattering
Scattering f ® = W,
cC 604

E. I(R"r) ’ .?"02 ) |f(£2)|:
= =—l|a(w)|” P(y) = ———
£ | R lac()|* Py) e
d 1 , , , :
(do =—(1+cos’y) ?"'od|(1'(fﬂ)|_ for unpolarized
\ d€2 /, sources
! (fﬂ) = @ for bound

2 2 :
w., —w —1Nw electrons

Thomson Scattering

da)
0

dQ

w>>on = (




One atom

Z electrons

=l

The resultant phase difference: A@(r) = (IZ—lZ') T = (j
‘IZ‘ = ‘IZ" . elastic ‘(j‘ = Z‘E‘Sin 0= 477[sin %

Volume element dF at I : I,o(F)dr with phase factor e'Q"

,f(Q) =1 || p(7)e dr

Atomic Form Factor
: Fourier transform of charge density
(distribution of electrons)




f(Q) = [ p(r)e® dr
Q — 0 all of the different volume elements scatter in phase
f°(Q=0)=2
f°(Q > 0)=0

£(Q, how) = £°(Q)+|f'(hw) +if "(hw)

Anomalous Dispersion Corrections

!
f - Real part of scattering length -
P 9 1eng Element Specific

f” .
. Dissipation



One molecule
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Reciprocal Lattice
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Reciprocal Space

— An array of points (hkl) that is precisely related to the crystal lattice

G = 21/ (hkl)=(260)

a* =2n(b x ¢)/V,, etc.

A single crystal has to be aligned precisely to record Bragg scattering



A crystal

N . - - M -
—~\ —~\ 1g-h | 1¢g-R,
Fcr}rstal (Q) - E f](Q) e E e
=1 n=1
Unit Cell Structure Factor Lattice Sum

M

2 SR, M>>1 for ¢-R, =2 xinteger

0 otherwise

n=1 L
Reciprocal Lattice:
R =na,+n,a,+n.a,
a. Efj =2;rr5ij 1,]=1,23 4
- I Laue Condition
G, =ha, +ka, +1a,

G, - R =2m(hn, +kn, +1n,) q = thl

n




Elastic scattering from a crystal

Differential d
O do
Scattering —— S(G)
Cross Section dQ 4o \
/ Properties of
the Sample

without Beam

S(q) =

crystal (q )|



The measured intensity from a crystallite

I.. (photons/sec)

{\\ Detector
@, (photons/cm®/sec) L
B 4:-';::" N20
’ "'0' ---------------------------------
>
-
do\ Number of Photons Scattered per Second into d€2
de2 (Incident Flux) (d€2)

dO’ — * — -
(—) = 17 P|Fy (@) MV, 3(G - Gy)

de2 \

Thomson Scattering Structure Factor Number of Reciprocal Space
of an Electron of the Unit Cell  Unit Cells  Unit Cell Volume
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Compton Scattering by a free electron (inelastic scattering)

- Assumption: view the incident x-ray as a beam of photons.
Electron is at rest and is free.
In a collision, energy will be transferred from the photon to the electron, with the
result that the scattered photon has a lower energy than that of the incident one.
: Compton Effect

q
Energy conservation : E; te; = Ef Ter Momentum conservation
me® + hek = \/mcz + (hcq’)z + hick' ~ .
k'-k = q'
hic he Y k E A
divide by mc* =1+ k-K)=,1+ ( '} _ _ _
; ot o P_1+ch(l_COSW)_E_7

€ —386x10°A

2

mec-

compton scattering length 4. =

I 1

~ 55  Fine structure constant

o =—2
X. 137



.................................................................................

1000 keV

0 50 100 150

Scattering angle

- Vary slowly with scattering angle (more important at higher scattering angle).
- Effective when the x-ray energy approaches the rest mass of electron.
- In a diffraction experiment, 1t gives rise to a smoothly varying background.

mc2=511 keV
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Diffraction



X-Ray Reflectivity vs. Diffraction

reflectivity

diffraction

substrate

substrate

2dsin@ =mA

Bragg’s Law
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Scattering Geometry

Incident Radiation:

End

k-Vector: k;
Ik, =27/ A

Energy : E.

Polarization: p,

Scattered Radiation :
k — Vector : I-c‘f
Wavevector Transfer : Energy: =
Gk -k Polarization: p;
Energy Transfer :
AE=E.-E =hw For X -Rays:
Polarization : AE << E,.E;

jji = pf == lq |= Zki sin(26/2)



X-ray Diffractometer (4-circle)




X-ray diffraction from real crystal

Some aspects of real crystals that go beyond these assumptions:
- thermal motion of atoms
- lattice strain
- finite size of crystal
- defects
- disorder

In addition, we had assumed that the photons only scatter once
before leaving the sample. In the case of reflectivity, we already know
that multiple reflection have to be taken into account when the
reflectivity is close to 1.

We have to consider such multiple reflection in Bragg condition.



X-ray Crystallography

’ - ® K_. = ®
26|k
\ . 0¥ AK a .
' . e g Ewald Sphere
— > f’ ’ )
’
Max von Laue . I R £ e

Nobel Prize Physics 1914



- X-ray crystallography
. the size of the atoms, the length and types of chemical bonds, the
nature and differences of various materials on the atomic scale.
: knowledge of crystals (the appearance and the symmetry of the
crystals)

: X-rays are just electromagnetic radiation as visible light but of
short wavelength

9
- t 1/h
%’ ' _ phases \'Qf‘ \
{; L1/p [
P SN
- \€
CRYSTALS DIFFRACTION ELECTRON-DENSITY ATOMIC MODEL
PATTERN MAP

€ - tilt of helix (angle from perpendicular to long axis)

h =34 A (Distance between bases)

p=34 A (Distance for one complete tum of helix;
Repeat unit of the helix)

yyyyyyyy
Oberthar, CFEL/DESY)



Powder Diffraction

Powder Diffraction gives Scattering on

Debye-Scherrer Cones
(220) ‘)

Incident beam
X-rays or neutrons

(200)

Bragg’s Law A = 2dsin®
Powder pattern — scan 20 or A

Intensity (10 counts)

L

| 18 IL B imil Jimimmipin »

0 L) & 50 &0 " 30 %0
28 (degrees

1 e+

Cubic — = ,
d? a?
1 h24 k2 |2
Tetragonal — = - =M
d* a* c?
1 4 (h®+ hk + k* I?
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Why synchrotron radiation?



Synchrotron sources offer

Intensity !!!

v’ Brightnesss (small source, collimated) T A

v’ Tunability (IR to hard x-rays)
v’ Polarization (linear, circular)
v’ Time structure (short pulses)

B = photons/source area, divergence, bandwidth
F. ~ A?B -




SAREIESo1e] 2

Electrons (~GeV)
1st & 2nd Generation

Bending Magnet

3'd Generation

Insertion Device
(Wiggler, Undulator)

S

X-& Xt & XY 0l A
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Electrons

# /' ~_ Synchrotron
Radiation
X-rays

4th Generation (4kIIEH 28, DLSR)
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TM|CH: Parasitic SR mode from existing high-energy machines
2M|CH: Dedicated SR sources (with IDs later)

3M[CH: Fully optimized to adopt insertion devices

4M|CH: Multi-Bend Achromat (MBA)

/1)



Intensity and Spectrum
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Brilliance [photons/s/mm2/mrad%/0.1% BW]

Brilliance & Emittance

10%
1026 ............... ............... ............... .............. ath generation
z | z (DLSR)
1022 ............... ............... ............... ............... / .....
3rd-generation/
: undulatc;)rs gDLSRs
1018 ............................... ............... .............
Wigglefs
g [ 6 L] TR, ERRe— .............................. mr 3
Bending
magnets
qotoSealed i il
tube
—® Rbtating
106 . a;nOde : g
1890 1920 1950 1980 2010

Year

Emittance [nm.rad]

10

0.1

0.01

1 T Tt ] T T -
B o CLS 7]
AuslLS
== Elettaa ® ¢ SSRL =
L e ®Pohangll -
E OO e SE s O
[ BESSY I f. . Shanghai ® o -
L Diamond SPrings
— ALS ; ° go
Solei CHESS II
— ® PETRAIII —
~ e NSLSII ]
—  Soleil 1l -
- Diamond Il -
MAX IV
™ Elettra Il Sirius 7]
ESRF-EBS
- SLS 2.0 —
— APS-U ]
— ALS-U SPring8 Il .
[ Korea—4GSR -
B 0.58 nm.rad 7
PETRA IV
I I R A N R SR R R R
2 4 6 8

Storage-ring energy [GeV]



Time Resolution

Synchrotron vs. XFEL

Synchrotron

~ 80 picosec

10-100 femtosec

Rep. Rate

500 MHz

0.1-10 KHz

# Photons/pulse

10°

102

Coherent Flux

10%-10° photons/sec

10'*-10'® photons/sec

Spatial Coherency 0.1% ~100%
Time Coherency No 0.5%
Bandwidth 0.3 x10°3
Photon degeneracy 4 8
At 9keV 2.2x10 3x10
Stability Stable Not stable




3rd Gen. vs. 4th Gen.

SMICH SAHS

XHMICH (AGSR)
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1020

>1022

37|
(Source size)

280umx11um (HxV)

8umx10um (HxV)

Q= X-A
(Transverse

coherence
lengths (9keV)

12umx340um (HxV)

420umx340um (HxV)

mAZ

[Pulse Iength)

80ps

35-70ps

(=]
=8

(Repetition
rate)

~650MHz

10-100 MHz

Ol= APSZ2F APS-UZ| AFZH Bl W

=2 iU XIol X-M WOl Jis
@l =F9| 41X EAM

AT S AN 5

1O OO

ZUASMO| SS X-M Ul ==
Uk0]H 3)|0] =Y

: 0|O1A

r Sost o

0
Q, [nm]



=/ BN -W/N -

SMICH AR5

4M|CH XFEL

4M|CH CI=XH-AREIHS7|

3k PLS-I

3 GeV (=2 280m)

~20 keV

35 Beamlines

Emittance: 5800 pm.rad (Hor.)
500 MHz

Pulse duration ~100 ps

ZSEPAL-XFEL

10 GeV (Z0] 1.1 km)
2-15 keV. 0.25-1.25 keV
3 Stations

~100% coherence

Pulse 120Hz

Pulse duration 10-40 fs

Q% (2028H 2¥ = H)

4 GeV (=2 800 m)

~30 keV (100 keV 7X| = 7+s)
~40 Beamlines

Emittance: 58 pm.rad (Hor.)
500 MHz

Pulse duration ~100 ps

3M|CH CHH| = B4BH Ot 2| =







Coherence

[(x,r,; 1) = (E*(rl, NE(r,, t + ‘L'))

Single slit envelope
Double slit

e

v

Visibility of fringes is a direct measure of the coherence of a beam.
If beam is coherent across the spacing of the slits a Fourier Transform

of the slit structure is observed downstream.



Coherence

longitudinal coherence
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Coherence: Laser Speckle

A. L. Schawlow “Laser Light"
Scientific American, 219 (3), p. 120, (1968)

Laser Speckle:
Interference pattern
arising from randomly
distributed scatterers



Courtesy Prof. Oleg Shpyrko (UCSD)

First Speckle: Exner, First Speckle Photo:
1877 von Laue, 1914

(using candle light) (using arc discharge lamp)

2

\Q‘"“\m\ﬂ/&/

#-:—.::: o P —

Wﬂ/\“ﬁ

//0
NN

K. Exner: Sltzungsber. Kaiserl.

_ _ M. von Laue: Sitzungsber. Akad.
Akad. Wiss. (Wlen) 76,522 (1877) Wiss. (Berlin) 44,1144 (1914)



First X-ray Speckle
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Coherent vs. Incoherent

Small-angle X-ray
scattering pattern of
silica nanospheres

-0.05

Coherent scattering

Speckle pattern directly
related to the electron
density

Speckle arising from the
path length difference of
X-rays in the sample
Local information

0.05

Q,[nm"]

-0.05

S. Lee, et al.,
Optics Express 21, 24647 (201 3).

Incoherent scattering

Statistical average of
incoherently scattering
regions

No speckle

Local information lost



“Speckle” = Coherence based Techniques

o

First X-ray Speckle

Studying Dynamics:
X-ray Photon Correlation
Spectroscopy (XPCS)

Imaging:
Coherent X-ray Diffraction
(CXD)

‘ Fourier Transform Holography

-04 -02 0.0 0.2 0.4
(26-268) (mrad)

TU|F@Q)

Speckle of (001) Cu,Au
M. Sutton, et.al., Nature 352, 608 (1991).



X-ray Photon Correlation Spectroscopy

Brownian motion of . _
100 particles Diffraction Pattern
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Intensity-intensity
auto correlation
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Application: XPCS

Bulk

Hard SOoft

« Equilibrium critical fluctuations
« Decomposition kinetics « Diffusion
« Antiphase-domain dynamics « Phase Transition

» Ordering Kinetics + Hydrodynamic Fluctuations
» Domain Fluctuations « Ordering & relaxation dynamics
« Coarsening « Atomic Diffusion

Surface

- Liquid crystal (Smectic Membranes)

- Liquid (Water, Glycerol, etc)

- Polymer Films: Confinement? Selective detection?
- Organic Semiconductors, etc.




Nano dynamics: Soft materials & Nano system

o,
-
e 108
l - o
short chains Te et .: long chains (entangled) At
(unentangled) » —

L LI
j g 5 4 3 2 1
W A REPTATION MODEL
ROUSE MODEL

k{r, ;1) sample
B =- O i .
friction G| _<I(@.0I(Q,t+AD>
Kir.,r) :: Eg(A)= <I>?
s fe—_— —
% 04 Ty
i 2 ; ;
Parameters k_:}kBT/ b% ¢ b correlation function
1©Q,n
lagtime At
colloids

colloidal jels

L &K
Dynamics 7t

lipid
bilayer

Coherent small angle x-ray
scattering beamline

micellar
polycrystal

lipid molecule ’
+— protein molecule

emulsions

bio-membranes



Surface Dynamics

LI
Thermally driven surface capillary waves R

Organic Semiconductors,
(OLED, OTFT, OPV)

< Diffuse R
~9nm

Si Substrate

Surface Dynamics of Polymer Films, PRL 90, 068302 (2003).

Viscoelastic Effects in Ultrathin Films, PRL 98, 227801 (2007).

Surface Dynamics near Tg in High q, PRL 101, 246104 (2008).

Surface Dynamics of “Dry” Homopolymer Brushes, Macromolecules 42, 737 (2009).
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In-situ growth

High Energy E=25.75 keV MOCVD, GaN growth
a Measured C(t,,1,) b Measured Cit,.t,)
867 K x1072
5 5 5 e ; I
5] 2 o
E g JE:
p = 24
g g 7 F
0 i 1 —: . =
0 -:. 'I'f C'.FE' .- s
1
0 1 2 3 4 0 1 2 3 4
Growth amount (ML) Growth amount (ML)

Coherent X-ray spectroscopy reveals the persistence of
island arrangements during

layer-by-layer growth, Nature Physics (2019)



Imaging Regime of Coherent X-rays

near-field ::ar-ﬁe'I‘d ]

2a Fresnel e

= —— -
X-ray beam -L g gpem S 5 e
> el .
5 Q -
P~ g -1
--------- .
zZ ~ az/\
Z >> az/\
absorption phase in-line coherent

radiograph contrast holography diffraction
: A
Wi

7 e ‘
Kagoshima (1999) Jacobsen (1990) Miao (1999)




Bragg Coherent Diffraction Imaging

Coherent X-ray Diffraction Pattern

Phase Retrieval Algorithm

S B G.0-FQ)Iee
B -

FT
FT*

| \ | 4
LX) =pi(x), xeS ER
Sh -0, xeS | M
ape = '
Py (X)=p(X), X S —
p(X)—Boi(x), xe S HIO
&
Phase

Coherent X-ray Diffraction Studies of Inorganic
Atomic

. » Crystalline Nanomaterials, Wonsuk Cha,
Displacement i Sungwook Choi, Hyunjung Kim

Reference Module in Chemistry, Molecular
Sciences and Chemical Engineering 2022

https://doi.org/10.1016/B978-0-12-823144-9.00082-0



https://doi.org/10.1016/B978-0-12-823144-9.00082-0
https://www.sciencedirect.com/science/referenceworks/9780124095472

Diffraction vs. Interference

Double Slit
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Phase Retrieval Algorithm

Final stage § Measured
pattern

G,(Q)=FQ)|e™®

pk+1(x) = Pk (X)’ X€S ‘

R ‘ =0, XS

Pea(X)=p(X), XeS
— 2 () AR, X S

Final 3D image

Amplitude Phase

3D displacement
field distribution

T
in reciprocal space




3D scanned
diffraction pattern
at Bragg (1-11) coherent
diffraction peak

341DC, APS



Structural Sensitivity & In situ Measurement

v' Achievable at the nanoscale with sub-angstrom sensitivity
to crystalline lattice distortion.
v In situ measurements are easily available.

Gold nanoparticle by
adsorption of propane thiols
. ~ pico meter level distortion

| /
H

pm

Nat. Mater. 10, 862 (2011).

Single zeolite crystal of organic residue

effect with “in situ” temperature dependence
. ~ 0.1nm scale lattice distortion

— Spatial derivative of the displacement

along the entire size of the crystal:10-4

Sample
\w'“‘" 25°C 100 °C 200 °C 300 °C 400 °C

V -
12h ! | / 1 I : 1 ’
= : - - .
550 °C 0160 -o.114T°-;T)lsg if)',)olzaac eom.oigto(.gg) 0.114 0.160
3h I; ] i; !i | . 1
e “! * - -
r._'-,. " - = I
550 °C w \‘ ( \ (/
6h I LR J 1
- NG ‘

)l
Nat. Mater. 12, 729 (201 3).



Operando techniques

commercialq
battery

neutron

modified il
cell

STXM/nanoprobe

AFM

nano
battery "“@,W

R ﬁ,;,"f/‘?‘v

environmental
TEM

&7 l
J. Nelson Weker &M. F. Toney
Adv. Func. Mat. 25, 1622 (2015)

open-cell 4 | HR-TEM | TEM | SEM
1 1 1 |

nm um

spatial resolution



Operando Study

in situ coin cell Edge dislocation
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X-rays

A. Ulvestad, et al., Science 348 (6241), 1344 (2015)
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Science 348, 1344 (2015). Nano Lett. 14, 5123-5127 (2014)
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In situ Catalysis

Active site localization

Experimental results Simulation results
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Nat. Commun. 9, 3422 (2018)
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Imaging Lattice Dynamics

oray dotoctor Laser Pump — CXD Probe @ LCLS
Diffracted X-ray 211
pulses A, ex (T+7 n)] + Cp,.
........ Z b [ Tq n] [Tn °
Nanocrystale 600 pm “breathing modes”
Coherent X-ra
pulses ’ Crystal A Crystal B
b c 101 psand 241 ps 4 90 ps and 256 ps
= 0 Rina, 0 .....nl-
E..{n L 04 :\'
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S -03 I.‘.)r ‘lv/.'. L:" 03 I| I|I ,‘b‘ Yoy ¥
2 o Y 4 o
< 04 ' ” ! 0.4 bd' [
-100 0 100 200 300 400 500 -100 O 100 200 300 400 500
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Ultrafast three dimensional imaging of lattice dynamics in individual gold nanocrystals
J. N. Clark, et.al. (2013). Science, 341(6141), 56-59



Imaging Lattice Dynamics

X-ray detector
: *- ; - i : 5
-
Diffracted X-ray : o ' -
pulses - - ° ;

-----------

&
#
®
£
*
&
-
*
B
&
*
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Ptychography

Magnetic materials

Monochromator »
Grating :
Undulator \\\\\

Real Space
Constraint

Fourier Space
Constraint

Synchrotron
Storage Ring

Pinhole
Aperture

Magnetic‘ X-ray Area
Sample Detector

PNAS 108, 13393 (2011) Advanced coherent/polarized X-ray scattering
beamline (ACPXS)
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v" Local quantity measurements (nano probes & coherence)
— Discovery of New Materials?
Understanding & Control Defects
v Flux-hungry techniques available! (Inelastic scattering, Resonant
magnetic Hard x-ray scattering---)
v Operando, in Situ study

- need more
High Eneray &
New Idea n High Flux
New Instrumentation
New Peopie!

Nano Beam - Coherence
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