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Outline

• Strongly-correlated quantum solids

• Competing orders and nanoscale granularity

• Resonant Soft X-ray Scattering: in a nutshell

• Soft X-ray nanodiffraction at beamline CSX

• Scale-invariant spin textures in nickelates 
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Why bother about 

nanoscale physics?



Phase segregation

Strongly-interacting quantum matter

Percolation phenomena

A. S. McLeod, Nat. Physics 13, 80 (2017)

Quantum matter is almost 

inevitably inhomogeneous 

at the nanoscale



Phase segregation

Strongly-interacting quantum matter

Percolation phenomena

A. S. McLeod, Nat. Physics 13, 80 (2017)

Y.  Tomioka, et al., Physics of Manganites (1999)

Colossal resistive switching



Emergent 

functionalities

Strongly-interacting quantum matter

Nanoscale 

textures
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Ti V Cr Mn Fe Co Ni Cu
292722 23 24 25 26 28

2𝑝 → 3𝑑

Resonant scattering



Kang et al, in preparation (2018)
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density-

wave 
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Resonant scattering



Scanning nanodiffraction (50 nm)

HOW

Electronic orders at the nanoscale

Full-field lensless imaging (10 nm)
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Recover real-space information



Scanning nanodiffraction (50 nm)

HOW

Electronic orders at the nanoscale

Full-field lensless imaging (10 nm)

Sample

Detector

Sample

Detector

• Nanoscale granularity: 

• Intrinsic (phase competition & 

segregation)

• Extrinsic (disorder, defects, 

doping, …)

• Scale-invariant phenomena:

• Extended range of length 

scales (10 nm to 10 µm)

• Emergent physics at the edge or 

boundary:

• Domain walls; lateral 

interfaces; nanoengineered 

structures

WHY

Need

COHERENCE



S. Wilkins C. Mazzoli

Soft X-ray nanodiffraction

Scanning resonant nanodiffraction



Soft X-ray nanodiffraction

Scanning resonant nanodiffraction



Zone-plate focusing optics: 75 nm spot size

E ~ 850 eV (Ni-L3)

Soft X-ray nanodiffraction



Nickelates
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Cubic nickelate perovskites (RNiO3)

Torrance et al. PRB 1992
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(metal)
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Metal insulator transition

Torrance et al. PRB 1992

Nickelates

Cubic nickelate perovskites (RNiO3)

NdNiO3



Magnetic order

Metal insulator transition

Torrance et al. PRB 1992

Goal: map antiferromagnetic order 

across metal-insulator transition

Nickelates

Cubic nickelate perovskites (RNiO3)



Coherent magnetic scattering from 

spin-density wave in NdNiO3

RECIPROCAL SPACE

Jiarui Li

Nickelates

Johnny Pelliciari



Coherent magnetic scattering from 

spin-density wave in NdNiO3

RECIPROCAL SPACE
Speckle pattern: coherent 

interference between 

magnetic domains

Jiarui Li

Nickelates

Johnny Pelliciari



Coherent magnetic scattering from 

spin-density wave in NdNiO3
Nano-mapping of order parameter

REAL SPACE (mapping)RECIPROCAL SPACE

First case study: spin-density-wave in NdNiO3 thin films

Step: 100 nm

Nickelates



Nanoscale inhomogeneity on length scales 0.1 – 10 µm

SDW order 

parameter

1x1 µm2

square

Nickelates



Domain pinning  = memory effect

Possibly a hidden local parameter controlling domain nucleation

Nickelates

100 K 150 K TNeel



Domain pinning  = memory effect

Possibly a hidden local parameter controlling domain nucleation

Nickelates

100 K 150 K TNeel



NdNiO3 manifests near-critical behavior – static (quenched) 

spatial fluctuations appear at all length scales

Scale-invariant textures – a fractal magnetic landscape

Nickelates



NdNiO3 manifests near-critical behavior – static (quenched) 

spatial fluctuations appear at all length scales

Scale-invariant textures – a fractal magnetic landscape

Nickelates



Scanning resonant nanodiffraction

Soft X-ray nanodiffraction

PROS

• Direct visualization of 

order parameter

• No phase retrieval 

needed

• Versatile (applies to any 

material)

CONS

• Slow, point-by-point 

scanning required (1-4 

hrs)

• Spatial resolution limited 

by NA of optics (not 

detector)

• 10-15% throughput 

across ZP lenses



Doped nickelates

Electron-doping 

induced a colossal 

metal-insulator 

transition



Doped nickelates

XAS shows doping 

induced crossover 

in electronic ground 

state

Electron-doping 

induced a colossal 

metal-insulator 

transition



XPEEM mapping across Ni-L3 edge (@ESM beamline)

Doped nickelates

XAS shows doping 

induced crossover 

in electronic ground 

state



XPEEM mapping across Ni-L3 edge (@ESM beamline)

Doped nickelates



Coherent magnetic Bragg diffraction

REAL SPACERECIPROCAL SPACE

𝐹 𝑸 = 𝐼(𝑸) ∙ exp 𝑖𝜙(𝑸)

We need to recover the 

phases of the exit waves

𝐼(𝑸)

Coherent Diffractive Imaging

From measurement

COMPUTATIONAL IMAGING

𝐹 𝑸 = ℱ 𝑂 𝒓 ∙ 𝑃 𝒓

Object Function: what we 

are interested in

Probe Function: E-field 

profile at the sample



Coherent Diffractive Imaging

Chapman & Nugent, Nature Photonics 2010

Plane-wave CDI Fresnel CDI

Bragg CDI Ptychographic CDI



Coherent Imaging

Metal-insulator transition in VO2

Coherent Diffractive Imaging

Resonant holography

Vidas et al., arXiv:1612.07998 (2016)

(few sec for a full hologram)



Coherent Imaging

Coherent Diffractive Imaging

PROS

• Spatial resolution limited by 

NA of detector (10 nm)

• Fast acquisition (1-100 sec)

• No need for diffractive 

optics

• Depth resolution (3D 

Bragg CDI)

CONS

• Intensive computational 

effort (phase retrieval)

• Sometimes requires 

sample pre-patterning

• Beware dynamical 

scattering effects
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