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Correlation studies with coherent X-ray scattering

Spatial correlations: X-ray Cross Correlation
Analysis (XCCA)

» Orientational structure beyond pair correlation

; S [
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Example 1: Structure of self-assembled films

 Plasmonic NP: structure of assemblies correlates

with emergence of coupled plasmon modes

* Deep strong coupling under ambient conditions
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Example 1: Structure of self-assembled films

« Scanning SAXS approach at P10 (PETRA1II) Conventional SAXS analysis
« Beamsize about 1 um = scan step size « ldentify number of layers by scattering intensity
* Intensity + order maps « Lattice constant

« Fourier coefficients 1,(q) = |1,(q)] exp(iQ,(q)) b 4

o

DESY. | XCCA applications | Felix Lehmkdihler | 03 June 2021 Adv. Mater. Inferf. 7, 2000919 (2020)

B ) | |
Lo | 1 |
| | l |
2.5 —
= VLT Ve il
_ SEVY ] R
- Lo | | |
i 2 0% = B | | |
¥ = Lo | I |
= 2 T 11 r |
= : | has | |
1.5 2 S 32.6 : - : I '
D Q I I | | |
S 5 Lo | | |
12 Bl 11 s
g =324F % | % nsAC
~ R | | | * monolayer
0.5 I | A  — :
0.05 0.1 0.15 0.2

intensity (arb. u.)

Page 4



Example 1: Structure of self-assembled films
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Example 1: Structure of self-assembled films

1.2 .
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Adv. Mater. Inferf. 7, 2000919 (2020)
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Soft matter 11, 5465 (2015); J. Appl. Cryst. 49, 2046 (2016);
IUCrJ 5, 354 (2018); J. Appl. Cryst. 52, 777 (2019)
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Example 2: In-situ self-assembly

GISAXS studies

Initial state: colloidal suspension

q(A

Final state: atomically aligned bee superlattice

q (A

e X-ray transparent window

— Helium outlet

Helium inlet — {7}

Incident
X-ray beam

WAXS detector

Droplet of

2 SAXS detector
nanocrystal colloid

Weidman et al. Nat. Mater. 15, 775 (2016)
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Example 2: In-situ self-assembly

« Obtain information of the structure
formation by self-assembly in-situ

* Bulk assembly: Time-resolved
SAXS at ID02 (ESRF)

 PDbS particles

e radii between 3 nmto 8 nm
« Stabilized by oleic acid

» Dispersed in heptane (hexane,
toluene, ...)

* About 25 ul sample volume

« Evaporation rate in the range of
0.25 pl/min by helium flusing

DESY. | XCCA applications | Felix Lehmkdihler | 03 June 2021

(a) (b) Sample cell with two
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pure solvent \ l Temperature controller
17
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Xray beam ~~___ (c)
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Vacuum pump/ i  Scattered X-ray superstructures
Helium gas v = X-ray beam  peam
inlet - - — <— Evaporation front
Helium gas Silicon nitride
outlet membranes

NC suspension

Rev. Sci. Instrum. 90, 036103 (2019) Page 8



Example 2: In-situ self-assembly

(a) (b) Measurement points on

Solvent silicon nitride windows
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Example 2: In-situ self-assembly

(a)

(b)

Lattice constant (nm)
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Small 15, 1900438 (2019)
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Two-step assembly

hcp crystal form once the evaporation
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Example 2: In-situ self-assembly

Impact from XCCA
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Symmetry of Bragg peaks
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Example 2: In-situ self-assembly

Impact from XCCA @ 5778min  5967min 6155min  63.42min  6532min  86.63min 8858 min

PbS particles as cubocahedron
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Glass transition

14 v m,o-Xylene

12 @ m,o-Fluorotoluene
T @ Chlorobenzene
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Q
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I3 o K+ BiClI-
o 6 -
L] O K*tCa?*NO;
gap A
— O

2

0

-2

-4 2 | ] ] ] 1

Science 267, 1927 (1995)
Nature 410, 259 (2001)
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Approaching the glass transition

Dynamics slow down by orders of magnitude

(Average) structure remains unchanged

Role of local order, e.g. icosahedrons?

B
2.04 | I: Q=0.086 nm'
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1.54 IV:Q =0.044 nm"'
g
17}
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0 i 2no0 n 2n
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Wochner et al. PNAS 106 11511 (2009)
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Glass transition

Spatial and temporal heterogeneities in the vicinity of the glass transition and crystallisation of soft matter

a X
(y :
® Access higher-order
ol correlations in time (XPCS)
and space (XCCA)
atute:Materials 9, 324 (201G
H
0.50 0.60 0.70 0.80

Local bond order parameter
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X-ray Photon Correlation Spectroscopy

« Time domain: changing sample structure — change of speckle pattern

- Access to dynamical properties via g,(g,7) = U(q’(?(lq(z’;f) = B1f(q,7)|?
Ut

 Intermediate scattering function f(q,7) = S(q,7)/5(q,0)

1.6}

1.2}

10° 10’

Diffusing particles Speckle pattern > function
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Example 3: Structure — dynamics correlations in hard spheres

Hard spheres Fluid-glass transition

* Phase defined by volume fraction « Structure factor S(q) remains almost unchanged

« Fluid, crystal, glass phases (and coexistence « Dynamics slows down by orders of magnitude
regions)

« Impact from orientational local order > XCCA
« ID10 experiment on structure and dynamics

A B C RegionI ! Region II
0.1 1 T 25 r - . . v r 103 . g v : v & v
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0.08l ! —0.514 0.558 | | ! 1
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B 00 . 0.529 ——0.577 3 :
g 0.06f 157 054 —0.577|] ) - i
by = < 10'} : :
S 0.04} 1} g |
K .
_ 10%} =t 1
0.02 O.S 1 VFI- ﬁt
ey 4+ Experimental data
0 1 I 1 O 1 i i " A L -1 " i P | i 2
0.5 0.55 0.6 0.65 0.02 0.03 0.04 0.05 006 0.07 0.08 05 052 054 056 058 06
Volume fraction ¢ g (nm™) Volume fraction ¢
DESY. | XCCA applications | Felix Lehmkduhler | 03 June 2021 FL et al. Sci. Adv. 6, eabc5916 (2020)
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Example 3: Structure — dynamics correlations in hard spheres
XPCS and XCCA

Map of Fourier coefficients * ,Order parameter” from XCCA analysis
« Strict g-dependence « Combine synchrotron and FEL data
. .. g (nm™)
» Weak dependence on Fourier coefficient > Use B OBl G0E 008
average over all Fourier coefficients B T Volume
=y fraction
S 55 ——0.498
2 " . 6F S 0 ]|—os14
x10 6510 Fe) a 0.8
af - a5 0.7 — 0,522
< & 9 % 0.529
o 1 ’§~ 0.54
= 0.551
*n = z 0.558
o~ 25 o 25 1| ——0.576
E ' E —0.577
% 20 !j % 20f I —0.577
§ 15 § 15¢ >
E 10F L% 10f X
5F 5f f‘;
‘ : >
0.02 0.04 0.06 0.08 0.02 0.04 0.06 0.08
q(nm™) g (nm™)
0 0.02 0.04 0.06 0.08
q (nm™)
DESY. | XCCA applications | Felix Lehmkdihler | 03 June 2021 FL et al. Sci. Adv. 6, eabc5916 (2020)
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Example 3: Structure — dynamics correlations in hard spheres

Results
 Broad range of volume A g B ;
. < T T
fractions: FEL and o $ S(@Gmn) ' S e 5
- : X ¢ (¥) atgm,=0.012 nm™
storage ring studies % &M B0 aty it G2 ol
«  Growth of medium &
U'] ~~
range order % 4 < 10"} 7
= -
« Ordered precursor at R S e ; H oo =0.012 nm!
. . S : 10V E ——A=26.7, ¥y=4.79|3
next-neighbour distance = i Gun=0.029 M-’
< Region I Region II ; - A=20.5, ¥,=3.67
. rrelation of str r 0— : : : : 1 . . . :
Correlation of structure 05 052 054 056 058 10 5 3 4 : 6
and dynamics Volume fraction ¢ (¥)x 104

 Growth of order inside
glass phase

FL et al. Sci. Adv. 6, eabc5916 (2020)
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Example 4: Liquid jets

Quantifying non-isotropic structures
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Wrap-up

« Self-assembly of nanoparticles for functional devices

* Ex-situ characterisation: domain structure, size, orientations

* In-situ real time assemblies: ,hidden” structures and phase
coexistence

« Glass transition in colloidal systems: structure-dynamics
correlations

« Characterize non-isotropic structure in liquid jets

« What's next > New facilities?

DESY. | XCCA applications | Felix Lehmkuhler | 03 June 2021

Sample
EN
ea®
co
XCCA

C(q, D) =

Cross-correlation function

(I1(q, @)1(q, ¢ + D))y, — (1(q, 9));

(1(q, o))

¥, (arb. u.)

3 (@) = (G @)en ~ @

M2 polygons
Il 1600 polygons

4 8 12 16 20 24
Fourier coefficient |

XPCS

Intensity-intensity time
autocorrelation function

_ (1(‘1; f)l(q; t+ T))t

yT) =

92(q,7) 1(q D)2

115 : Exp. data
— Theory
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Example: XPCS —time scales

XPCS signal-to-noise ratio
* RSN X Icoh Tc

« Coherent flux I, «< B,

« Shortest correlation time t,

«  Consequently, 7, o« 1/I2,,

« XPCS performance scales ~B?

« Many new possibilities at new facilities!

Coherent flux (per s) compared to PETRA Il
« PETRAIV: 2100 x
« European XFEL: 10° x

DESY. | XCCA applications | Felix Lehmkuhler | 03 June 2021
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XPCS —time scales at storage rings

VOLUME 74, NUMBER 11

PHYSICAL REVIEW LETTERS

()

13 MarcH 1995

X-Ray Intensity Fluctuation Spectroscopy Observations of Critical Dynamics in Fe;Al

IBM Research Division, T. J. Watson Research Center, P.O. Box 218, Yorktown Heighis, New York 10598

Center for the Physics of Materials and Department of Physics, McGill University, Montréal, Québee, Canada, H3A 2T8

Correlation Function {g(a)—H (10_3)
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S. Brauer* and G. B. Stephenson

M. Sutton, R. Briining, and E. Dufresne

S.G.J. Mochrie
Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusers 02139

G. Griibel, J. Als-Nielsen," and D. L. Abernathy

European Synchrotron Radiation Facility, B.P. 220, F-38043 Grenoble Cedex, France
(Received 31 October 1994)
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Sub-microsecond-resolved multi-speckle X-ray
photon correlation spectroscopy with a pixel
array detector

Qingteng Zhang,* Eric M. Dufresne,” Suresh Narayanan,® Piotr Maj,”
Anna Koziol,” Robert Szczygiel,” Pawel Grybos,” Mark Sutton® and
Alec R. Sandy™*

*X-ray Science Division, Argonne National Laboratory, 9700 South Cass Avenue, Lemont, IL 60439, USA, bAGH
University of Science and Technology, al. Mickiewicza 30, Krakow 30-059, Poland, and “Department of Physics,
McGill University, 3600 Rue University, Montréal, QC, Canada H3A 2T8. *Correspondence e-mail: asandy@anl.gov
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XCCA = outlook

Possibilities at new light sources: towards
molecular time and length scales

Beyond ,single shot” experiments for static
structures: FXS / XCCA probed in real-time

Time limitations =2 SNR

Intensity needs - correlation of events within
the same pattern - radiation damage

Detector limitations for studying molecular
length scales - (partial) coherent illumination

Quantitative results: Influences from
experimental setup and geometry (e.g. speckle
size, Bragg peak widths ...) 2 amplitudes and
appearence of Fourier coefficients
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Coherent X-ray scattering group (FS-CXS) at DESY

* M. Schroer, D. Sheyfer, A. Jain, F. Dallari, I. Lokteva, L. Frenzel,
M. Walther, M. Dartsch, V. Markmann, N. Striker, W. Roseker,
and G. Grubel

Hamburg University

« F Schulz, H. Lange, B. Hankiewicz et al.
Siegen University

« C. Gutt

P10 at PETRA Il

* M. Sprung, F. Westermeier et al.

ID10 at ESRF

. B. Ruta, Y. Chushkin, F. Zontone et al.

IDO2 at ESRF
* A. Mariani, T. Narayanan et al.
cu, THE HAMBURG CENTRE
FOR ULTRAFAST IMAGING SACLA / RIKEN
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