Coherent X-ray Diffraction
Imaging of Phase Defects in
Magnetically and Electronically
Ordered Materials
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X-ray Contrast mechanisms:

» Electron density (atomic density)
- Elemental sensitivity (John Miao)

» Electron density variations
- Charge ordering, Charge Density Waves (CDW)
- Strain fields (Ian Robinson)

» Spin ordering (e.g. Antiferromagnets)
- Resonant (need convenient adsorption edges)
- Non-resonant (weak scattering)

* Orbital ordering
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Spin Density Wave (SDW) in Chromium:
Commensurate Anti-
ferromagnetic SDW (C-SDW) I l’ I l’ I 'l' I l’ I
Wave follows periodicity of .
underlying atomic lattice N

SDW Period 1/

<€ >

Incommensurate SDW (IC-SDW) .
Modulation period incommensurate | <
with lattice periodicity

For chromium incommensurability parameter is 6=0.038 at room T
(period is 0-1~26 times the lattice constant)

Scattering experiments typically measure Q=1-0
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SDW: nesting of Fermi Surface

E. Rottenberg et al., New Journal of Physics 7, 114 (2005)



Charge, Spin and Lattice order parameters:
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Microscopic SDW/CDW Domains in Chromium:

[0, O, 2-23] Charge-density wave satellite
Scanning X-ray Microscopy: D

~— Fresznel Zone Plate
“~__ (condenser optics)
.

~ | Detector
|/ ‘Y % / ESD

Sample

x-y raster

40

» bulk probe (micron-sized
penetration depth)

- spin, charge, lattice
and chemical sensitivity

a0




Domain Wall Fluctuations in
Antiferromagnets
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Domain Wall



Magnetic domain wall fluctuations

| and reciprocal space

In rea

Momentum Space:

Real Space:
elemental switching block,
w/ volume (A/2)3, A

transfer of intensity from

satellites 1 to 2 due to switch

3-4 nm



X-ray Photon Correlation Spectroscopy (XPCS):
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O. G. Shpyrko et al., Nature 447, 68 (2007)



Autocorrelation function g,(1):
Multiple relaxation timescales

v B -
b\@%%
oo S-o-co-
< 0.8 — @@\@
—_
S
= 06 40 s
AN
A
0.4 —
02 (1QOIQt +2)

0, Q0 =1+ASQt)/SQF =

2
T

(1Q.)

O 17K,
fit t=3000s

fit t,=3300s 1,=40s

3000s

10 100 1.000
Time [s]



[/10 [det/mon]

o)

[/10 [det/mon]

Random Telegraph Noise measurements:
Focus on the Domain Wall

telegraph noise scan
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Why is the CDW speckle so "speckly”?

Number of speckles # Number of coherent volumes



Intensity per pixel
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Speckle with microfocused (0.5x2) um beam
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Domain Wall Fluctuations in
Antiferromagnets
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Phase vs. Polarization domain walls:
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Antiphase domains in binary alloys:
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CCD camera

S

Surface
topography |
50

100
1b0

200
- - i =~
Interfacial
" = 250
phase . 4
contrast
o 300

350

100 200 300 400
[ | s

P. Fenter et al., Nature Phys. 2, 700 (2006)

In-situ growth, surface defects, reactions at buried interfaces



Phase defects in nematic-like order parameter:
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Phase defects of SDW/CDW

Phase strain:

periodic phase

compression, dilatation

shear

Edge dislocations:
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X-ray Speckle Imaging of dislocations
in electronic (CDW) crystals

D. LeBolloc’h et al., PRL 95, 116401 (2005)
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Interactions of SDW/CDW with defects

Phase elasticity

Pinning potential

H. Fukuyama and P. A. Lee, Phys. Rev. B 17, 535 (1978)
P. Littlewood and T. M. Rice, Phys. Rev. Lett 48, 44 (1982)

V - pinning potential, ¢ - concentration of defects, K - phase elasticity of SDW/CDW
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Metastability and glassiness of pinned SDW in Cr

Vorume 48, Numser 1 PHYSICAL REVIEW LETTERS 4 JANUARY 1982
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Q-value relaxation, measured by
X-ray microdiffraction:
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Avalanches in Q-relaxation

Mu Parameter (of Gaussian Fit for Int. ws. 2Theta) vs. Time
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mini-Summary:

Currently can measure change in correlation length of
CDW order parameter
(ensemble average over ~1 micron sized beam spot)

NEXT:

We want to "see” CDW defects, their (collective?)
dynamics, relationship to crystalline defects

Resolution ~ 10 nm may be sufficient!



Equilibrium Q(T=4K) Value map:
after 6 hr of "aging” at 4K




"Old" Q (T=150K) map at 4K
isolated pinned domains - "memory" of 150K persists
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Collective dynamics of elastic media

Charge-, spin- 1N presence of quenched dlsordgr.
density waves Magnetic domains Sandpiles tectonic plates
(10-10-10-7 m) (10-8-10-4 m) (10-3-10 m) (102-10° m)

Abrikosov vortex Jamming, shear Liquid droplets Avalanches
lattice (107 m) flow in granular pinned on rough (10-103 m)

(10-6-10-2 m) (10-4- 102 m)



What/where are the pinning centers?
(CXD provides phase information!)

 Need to image defects in order parameter
(charge, spin, orbital ordering)

* Classify domain walls/defects
(polarization vs. phase defects: dislocations, shear, etc.)

- Is there correlation to atomic lattice defects
(strain, lattice dislocations, etc.)

- Surface vs. Bulk pinning?

- Can we engineer pinning?



Surface vs. Bulk phase diagram for Cr
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Coherent X-ray Diffraction
(Lens-less imaging):

Reciprocal (momentum) Real space object
space 3D “Spgckle" (phClSCS and densiTies):
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M. A. Pfeifer et al., Nature 442, 63-66 (2006).



Lens-less imaging of defects

Scanning energy instead of
rocking the sample theta



Ptychographical Iterative Engine (PIE)

(talk by Oliver Bunk earlier in the workshop)

x-ray pinhole
source a pﬁrtur,a

sample Fraunhofer
. plane

J. M. Rodenburg et al., PRL 98, 034801 (2007)



Ptychographical Iterative Engine

» Complications arising from Bragg
Diffraction (high-angle) geometry

* Precision of scanning
- Wavefront characterization
» Curved beam (?)

» Scanning Diffraction X-ray Microscopy
+ PIE
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Intensitx
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Anti-phase architecture at UCSD




