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Putting High Harmonic Quantum Technologies to Work



Outline

• Lecture 1 – Brief intro to the physics of High 
Harmonics (Nobel 2023) and coherent imaging

• Topic 2 – Nanoscale phonon transport (with Dr. 
Brendan McBennett, NIST)

• Topic 3 – Understanding spin and many-body 
electron-phonon dynamics via EUV MOKE and 
ARPES



Timescales of this talk: picoseconds and femtoseconds

• 1000,000,000,000,000 femtoseconds = 1 second
• 1000,000,000,000,000 seconds = 30 million years 

Image credit: www.floridamuseum.ufl.edu

Oligocene Period Upper Paleolithic (Old Stone Age)

Image credit: André Houot

1000,000,000,000 picoseconds = 1 second 

1000,000,000,000 seconds = 30 thousand years 
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2.5 & 3D packaging Novel architectures
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Nano Lett. 20, 3306 (2020)ansys

Nanostructured materials have very different properties than bulk

Critical need for better functional metrologies



Mid-IR

Requires coherence

• Wavelengths !	~	$ − $&&	'(; 	 *+~$& → $&&&	-.

• Elemental, chemical, magnetic specificity

• Non-destructive, low-dose compared with SEM, TEM

• Image with few-nm resolution

• Capture dynamics relevant to function (~fs)

Extreme-UV and X-ray light à capture nanoscale processes

Protein
crystallography
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High harmonics: 
Quantum-coherent EUV & 

soft X-ray beams

Tabletop scale lasers in widespread use



Discovery of high harmonics of light: 1987

How are they emitted?

Advice – ignore since likely nothing new…

More than 100 harmonics of near-infrared 
light!!

McPherson, et al, JOSA B 4, 595 (1987)
Ferray et al., J Phys B 21, L31 (1988)

Macklin et al, PRL 70, 766 (1993)



High harmonic generation

Tunnel ionization
w + w + …. qw



Quantum nature of HHG
Krause, Schafer, Kulander, PRL 68, 3535 (1992)
Lewenstein, PRA 49, 2117 (1994)

New observation: HHG
McPherson, JOSA B 4, 595 (’87)
Ferray, J Phys B 21, L31 (‘88)

High harmonic generation: nanoscale quantum antenna



High harmonic generation: Quantum phase of radiating electron
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Quantum sculpting: circularly polarized harmonics

PRA 51, R3414 (1995); PRA 52 2262 (1995)
Nature Photonics 9, 99 (2015); PNAS 112, 14206 (2015)
Nature Photonics 9, 743 (2015); Science 348, 530 (2015)
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Bright HHG beams à synchronize emission from trillions of atoms

Image courtesy of Carlos Hernandez-Garcia

The IR laser is a quantum conductor, directing a 

trillion atomic musicians! 

• Laser wavelength: 800 - 4000nm

• X-ray wavelength: 1 – 30nm

• X-ray fields must add in phase to sub-Å 
spatial resolution and sub-attosecond (10-18 

s) temporal resolution

• Nature does this passively due to the 
quantum nature of strong field ionization!!

4µm

1nm



Bright high harmonic emission - phase matching in time domain

Visible NLO: phase matching in spatial domain

w + w 2w

Extreme nonlinear optics: phase matching in time domain

w + w + w …. qw

Rundquist Ph.D. Thesis (1998); Science 280, 1412 (1998)

Laser and x-ray phase velocities are matched at the 
speed of light ONLY during part of the laser pulse
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Rundquist Ph.D. Thesis (1998)
Rundquist et al., Science 280, 1412 (1998)
Bartels et al., Science 297, 376 (2002)
Popmintchev et al., Science 336, 1287 (2012)
Chen et al., PNAS 111, E2361 (2014)

Near-IR laser Mid-IR laser

Phase matching window sculpts the HHG in time and frequency

1nm HHG beam



keV HHG beam
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Attosecond pulses and pulsetrains: UV to soft X-ray

>5000 
harmonics

Broad coherent continuum OR
Isolated single harmonic

Science 336, 1287 (2012); Science 350,1225 (2015) PRL 111, 033002 (2013); PNAS 111, E2361 (2014); PRL 120, 093002 (2018); Optica 7, 832 (2020) 

Full spatial coherence:
UV to soft X-ray

Linear/circular 
OAM/SAM shaped

EUV HHG 
beam

Science 297, 376 (‘02); Science 348, 530 (’15)

• 12 octave supercontinuum or isolated peaks
• Full temporal coherence: femto to atto to zepto
• Full spatial coherence to keV
• Bright linear, circular and OAM beams
• Unique light source better than we dreamed of!
• Exquisite control over X-ray light using lasers

Science 364, 9486 (2019); Nat. Photon. 13, 123 (2019); Science Ad. 2, e1501333 (2016)
PNAS 112, 14206 (2015); Nature Photonics 9, 99 (2015); Nature Photon. 9, 743 (2015)

Tabletop high harmonic sources à new quantum technology enabling 
exquisite control over X-ray light

Science Advances                                               Manuscript Template                                                                                           Page 21 of 23 
 

 
Figure 3. Experimental reconstruction of the circular HHG pulse train.  Three-dimensional 
field plot of the experimentally reconstructed pulse train of circular HHG, in direct comparison 
with our numerical simulation. The pulse train from theory is offset by -3 units along the xE  axis 
for illustration purpose. Different colors (red, blue and green) highlight the three linear bursts 
with different field orientations within each fundamental IR optical cycle (2.6 fs). The structure 
of three bursts and IR optical cycle are also labeled on the ŷ -projection of the electric field. The 
carrier field of the experimental pulse train is reconstructed by assuming the phase of the x̂  
component of the 13th harmonic to be zero. 
 



The Nano, Bio & Materials Challenge

• Conventional methods struggle to characterize functional nanoscale (!. #.≲ %&&	())	properties

• Challenge: New energy-efficient nano, quantum and energy devices require that we make, measure and 
integrate materials, with atomic-scale precision — and correlate function with structure

• Challenge: Need functional microscopies that work without cutting, coating, freezing or labelling

Image the 

movement of 

heat, charge, and 

spin inside next 

generation nano, 

quantum and 

energy devices

Image living biological 

molecular processes without 

damaging the specimen

Integrated 
circuits 

Photonic, 2D, 
quantum materials

Nano-engineered 
thermoelectrics

Solar 
technologies

Bio



Integrated 
circuits 

Photonic, 2D, 
quantum materials

Nano-engineered 
thermoelectrics

Solar 
technologies

Bio

High harmonic sources can see better and see things 
as they happen!!

The Nano, Bio & Materials Challenge

• Conventional methods struggle to characterize functional nanoscale (!. #.≲ %&&	())	properties

• Challenge: New energy-efficient nano, quantum and energy devices require that we make, measure and 
integrate materials, with atomic-scale precision — and correlate function with structure

• Challenge: Need functional microscopies that work without cutting, coating, freezing or labelling



High Harmonic Generation: laser-like temporal & spatial coherence

Rundquist et al., Science 280, 1412 (1998)
Bartels et al., Science 297, 376 (2002)
Popmintchev et al., Science 336, 1287 (2012)

13nm HHG beam (2004)

30nm HHG beam (2002)

1nm HHG beam (2012)

3nm HHG beam (2010)
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Putting EUV High Harmonic Generation to Work: Flux & Stability 

HHG source

Drive laser rejection

Spectral filtering

End station selection

Grating / toroid

EUV camera

Z-fold focusingDiode

RAEA-driven XUUS achieves ultrahigh stability at 
13.5nm of 1.5% RMS over 8 hrs, 1.8% RMS over 23 hrs

BRIGHT, ULTRASTABLE, CONTROLLED

• EUV intensity & phase
• Adjustable EUV beam shape and focus
• Accurate beam pointing
• Stable and adjustable spectrum

• Minimal nonlinear fluctuations
• High EUV to VUV flux: µW to tens of mW



EUV metrologies: nondestructive, ultrasensitive, functional metrologies

Metamaterials
Thermal materials

ARPES, CDI, 2D

Nanoelectronics

Thin films

Detectors

INDUSTRY Collaborations NATIONAL LAB Collaborations

Spintronic

Atom Probe

Combustion

Nanoelectronics

Quantum, Bio, 
Low dose

Unique HHG advantages

• Coherence: diffraction limit

• Short wavelength: high resolution

• Short pulses: functional imaging

• Ultrastable phase: ~pm sensitivity

• Shot noise limited metrology

• Penetrate buried layers, interfaces

• Focus to small <µm spot size

• Element specificity

• Nondestructive & low dose

• Broad access for tabletop R&D

1. All Rights Reserved.20 April 2022© 3M 3M Confidential.

UC Boulder Samples

1. 300nm deep w/defects 2. 900nm deep w/defects 3. 300nm deep w/o defects 4. 900nm deep w/o defects



Sub-wavelength EUV 
imaging Ultrathin films

Transport

Structural Elastic

Interfacial

Magnetic Electronic

Element-resolved 
spin dynamics

Compositional, space & 
depth-resolved imaging

HHG metrologies 
à nondestructive, functional imaging at high resolution, element specificity

Band bending, interfacial fields

Adv. Energy Mater. 1402180 (2015)

New understanding of 
nanoscale heat flow



Pushing Nanoscale Imaging Science to the Quantum Limits to 
address materials/nano/quantum/bio challenges

Hardware Toolbox Computational Toolbox

New microscopes and 
low-dose methods 3D spin texture

New predictive 
transport Better vaccines

Nature Nanotech (2023) Zhou Lab, UCLA (2020-)
Science Advances (2024)
Optica (2023) In press (2025)



Coherent diffraction imaging – a revolution in short wavelength imaging

Traditional X-ray microscopes
• Limited by lossy, imperfect, optics

• ~10x diffraction limited imaging

Nature 435, 1210 (2005)

Sayre, Acta Cryst 5, 843 (1952)
Miao et al., Nature 400, 342 (1999)

• Diffraction-limited imaging ≈ l/2NA

• Inherent contrast of EUV and x-ray light

• Phase and amplitude image contrast

• Robust to vibrations

• MOST photon-efficient form of imaging!



Coherent lensless imaging – revolution in X-ray imaging

Sayre, Acta Cryst 5, 843 (1952)
Miao et al., Nature 400, 342 (1999)



Coherent lensless imaging – revolution in X-ray imaging

Sandberg et al., PRL 99, 098103 (2007)

Sayre, Acta Cryst 5, 843 (1952)
Miao et al., Nature 400, 342 (1999)

• Diffraction-limited imaging ≈ l/2NA

• Inherent contrast of EUV and x-ray light

• Phase and amplitude image contrast

• Robust to vibrations

• MOST photon-efficient form of imaging!



Rodenburg et al., PRL 98, 034801 (2007)
Thibault et al., Science 321, 379 (2008)
Maiden et al., Ultramicroscopy 109, 1256 (2009)

CDI Ptychography

• Scan beam over sample
• Redundant data from overlapping illumination areas ensures accurate phase retrieval and imaging



Coherent diffraction imaging – a revolution in short wavelength imaging

Traditional X-ray microscopes
• Limited by lossy, imperfect, optics

• ~10x diffraction limited imaging

Nature 435, 1210 (2005)

Miao et al., Nature 400, 342 (1999)

Coherent EUV/SXR sources

ALS synchrotron and 
XFELs x-ray sources

Coherent imaging

Fundamentally new imaging

2017: 1st sub-l EUV imaging

Nat. Photon. 11, 22 (2017)

2021: Nano-hotspot

PNAS 118, 2109056118 (2021)

2023: General transport

Nano Lett. 23, 2129  (2023)

2023: Periodic samples

Optica 10, 1245 (2023)

2021: Nondestructive Maps 2023: Low-dose OAM

Optica 10, 1245 (2023)Science Adv. 7, 9667 (2021)



Ptychography in reflection in the EUV

Reflectivity vs Angle in the EUV Phase Shift vs Angle in the EUV

• Most materials reflect in the EUV (/ ≥ 30	34), with amplitude and phase contrast

• Can build a reflection-mode microscope in the EUV

• Most soft X-ray microscopes work in transmission

Tanksalvala et al., Sci. Advances 7, 9667 (2021)
Esashi et al., RSI 94, 123705 (2023)



Phase-sensitive nondestructive EUV Imaging reflectometer

• Unique non-destructive spatial and depth-resolved compositional mapping

• Extract interfaces, layers, dopant profiles, composition of challenging semiconductor test samples

Tanksalvala et al., Sci. Advances 7, 9667 (2021)
Esashi et al., RSI 94, 123705 (2023)



Phase-sensitive nondestructive EUV Imaging reflectometer

Spatial & depth-
resolved maps
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• Unique non-destructive spatial and depth-resolved compositional mapping

• Extract interfaces, layers, dopant profiles, composition of challenging semiconductor test samples

Tanksalvala et al., Sci. Advances 7, 9667 (2021)
Esashi et al., RSI 94, 123705 (2023)



Non-destructive Dopant Profiling

Tanksalvala et al., Sci. Advances  7, 9667  (2021)



Friends and Enemies of Ptychographic Reconstruction



Spin and orbital angular momentum of light

eurekalert.org/multimedia/pub/237444.php

Imaging in scattering media

Super resolution 
imaging

X-ray magnetic 
circular 
dichroism



High fidelity low-dose CDI of near-periodic structures

• Highly-periodic samples are challenging

Wang et al., Optica 10, 1245 (2023); Wang et al., Optics in 2023

Gaussian probe

Object

Probe × Object Diffracted Intensity



High fidelity low-dose CDI of near-periodic structures

• Highly-periodic samples are challenging
• Solution: engineered illumination

Wang et al., Optica 10, 1245 (2023); Wang et al., Optics in 2023

OAM probe

Object

Probe × Object Diffracted Intensity



High fidelity low-dose CDI of near-periodic structures

• Highly-periodic samples are challenging
• Solution: engineered illumination
• Non-destructive and low dose
• Applications in defect inspection

SEM –
induces line shrinkage

EUV CDI

Wang et al., Optica 10, 1245 (2023); Wang et al., Optics in 2023
Ph.D. Theses of Bin Wang, Nathan Brooks

Drs. Bin Wang & Nathan Brooks 



Magnetic Skyrmions (3D topological spin textures)

Hoffmann et al., Front. Phys. 9:769873 (2021)

Yu et al., National Science Review, Volume 
9, Issue 12, 2022, nwac021

Akazawa et al., Phys. Rev. Research 4, 043085 - 2022

Chen et al., Phys. Rev. Applied 14, 014096 - 2020

Memory Device

Logic Gate

Neuromorphic Computing

Hall effect in Skyrmion Lattice

44

Magnetic Skyrmion
• Quasiparticle of 2D magnetic spin structure
• Topologically protected, robust to noise

Kézsmárki et al., Nature Mater 14, 1116–1122 (2015)

Néel-typeBloch-type



Current Approaches for Imaging Skyrmions

Henderson et al., Nat. Phys. 19, 1617–1623 
(2023)

• 3D
• Neutron beam
• Voxel size ~ 15nm

Small Angle Neutron Scattering Tomography

Raftrey et al., Sci. Adv.10, 
eadp8615 (2024)

• 3D
• Soft X-Ray
• Voxel size ~ 20nm

X-Ray Laminography (through STXM) + Tomography

45

Lorentz Transmission Electron Microscope

Yu et al., Nature 465, 901–904 (2010)

• 2D (bulk projection)
• Electron beam
• Pixel size ~ 5nm

P. Milde et al., Science340,1076-1080 (2013)

• 2D (surface only)
• Magnetic tip
• Pixel size ~ 20nm

Magnetic Force Microscope



Start with imaging topological magnetic monopoles 

• Topological magnetic monopoles (TMM), 
also known as hedgehogs or Bloch points, 
are 3D nonlocal spin textures that are robust 
to thermal and quantum fluctuations due to 
their topology

• Predicted by Han and Crespi in 2002

• We used a new 3D soft x-ray vector 
ptychography to map TMM and anti-TMM 
pairs and interactions for the first time. The 
spatial resolution achieved (~10 nm) is 
comparable to the magnetic exchange length 
of transition metals.

• How does it work?

Direct observation of 3D topological spin textures and their 
interactions using soft x-ray vector ptychography, Rana et al., 
Nature Nanotech. 18, 227 (2023). 10.1038/s41565-022-01311-0

Han, Crespi, PRL 89, 197203 (2002)



2

3

1

Rana et al., Nature Nanotechnology 18, 227 (2023)

Green – full density reconstruction
Blue-red – z component magnetization reconstruction

Coherent X-ray 
beam (COSMIC)

Ni metalattice sample 
from infiltration of ~60nm 

silica spheres

3D vector CDI  
• 192 Images @ each of 3 in-plane 

rotations and @ each of 33 tilt angles, for 
LCP & RCP light (796,485 diff. patterns) 

• Several TBs of data!!!

Ideal metalattice sample
• Topological magnetic monopoles
• Electronic/structural & magnetic signals
• Badding group synthesis

structures).2 These “nanocasted” structures8 have an ordered
interconnected surface characteristic of a metalattice and meta-
atoms formed in the octahedral and tetrahedral template sites
with interconnecting metabonds (Figure 1a). Fabrication of
metallic inverse opals by methods such as electroplating,9,10

electroless deposition,11 metallizing impregnated salt solution,12

and nanoparticle infiltration13 is well developed for silica or
polystyrene templates with sphere diameters larger than 100
nm. The resulting materials and related porous ones fabricated
by other techniques have been of interest for applications
ranging from catalysis to photonics to sensing to energy storage
to strong, ultralight materials and more.7,14 However, for sphere

diameters less than 100 nm the structures fabricated by these
methods largely have limited connectivity throughout the
template and instead consist of powders15 or flakes.16 Thus, in
general nanocasting into templates is a powerful method for
synthesis of complex nanostructures,8,17 but the range of
applicable materials is more limited for templates with sub-100
nm features (Figure S1) that can be comparable to magnetic
exchange lengths, electron and phonon mean free paths, and so
forth.1,2 The range of applicable materials is especially limited
for metals and when void-free or nearly void-free infiltration is
required. Electroplating methods moreover require a conduct-
ing layer underneath which may interfere with physical
properties measurements,9,10 such as electrical transport,
thermal transport, and magnetic measurements. Controlling
precursor diffusion and transport, the balance between
heterogeneous and homogeneous nucleation, the rate of
growth of the deposit, the exit of reaction byproducts, and
avoiding blockage in the very small interstices of sub-100 nm
templates18 can be a formidable challenge.19 Moreover, much
of the reported work on nanocasting metallic inverse opals has
been on noble metals,15,16,20 whose precursors are easier to
reduce in comparison with more active ferromagnetic metals
such as nickel. The sphere size of the template determines the
metalattice periodicity.
Conventional chemical vapor deposition is typically not

suitable for deposition of interconnected metal inverse opal
structures in templates assembled from sub-100 nm spheres
because the mean free path of the precursor molecules at
conventional pressures is much larger than the silica template
interstices.21 Moreover, the vapor pressures of the available
precursors for metals such as nickel are generally low, excepting
extremely toxic nickel carbonyl (Ni(CO)4). Transport of high
precursor concentrations into small template interstices is
therefore difficult. High-pressure chemical fluid deposition
(CFD) from organometallic precursors dissolved in super-
critical carbon dioxide can transport reactant more rapidly at
higher concentrations into nanostructures such as silica
nanotemplate voids.22,23 The dissolution of precursor into the
carbon dioxide allows for higher reactant concentrations while
its high diffusivity and relatively low viscosity facilitates
transport.24 CFD can conformally coat nanostructures and
infiltrate high aspect ratio trenches.22 It can deposit on both
insulating and conductive substrates in contrast to electro-
deposition methods.9,10

However, we found that at CFD precursor concentrations
high enough for deposition of nickel into silica nano-
templates,18 reaction outside these templates produced films
on top of them that precluded infiltration (Figure 1b). Avoiding
undesired homogeneous prereaction of precursor before it
reaches a surface to heterogeneously deposit is a pervasive
challenge in chemical deposition, particularly at the high
precursor concentrations desirable for infiltration.25 A counter-
current reactor in which reactants enter from opposite sides of
the porous sample can help avoid reaction outside it but is not
practical for templates supported on impermeable silicon
wafers,19 such as we use in the present study. Instead, we
chose to use a confined reactor in which no space has any linear
dimension larger than a chosen value (Figures 1c and S2) on
the order of tens to hundreds of micrometers. Deposition
experiments with silane precursor to deposit silicon films in a
silica capillary reveal that appropriate confinement that
increases the surface-area-to-volume ratio can also increase
the surface reaction rate relative to the bulk reaction rate

Figure 1. (a) Schematic of an archetypal inverse opal metal metalattice
which can be synthesized by infiltration into a self-assembled silica
nanosphere template and showing its meta-atoms and metabonds. The
∼1−100 nm length-scale of these inverse opal metalattices differ-
entiates them from conventional inverse opal structures and is
commensurate with the range of typical magnetic exchange lengths.
(b) “Unconfined” chemical fluid deposition of nickel metal with >1000
μms or more space above the silica nanosphere template results in a
metal coating on top with little infiltration. (c) “Confined” chemical
fluid deposition of nickel metal with template with less than 250 μm
space above the template allows for infiltration into the sphere
template to form a magnetic metalattice with a layer of metal on top.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.7b04633
Nano Lett. 2018, 18, 546−552
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3D static imaging of spin texture in metalattices
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Hedgehog pairs in bulk

Red points: Q = +1 hedgehogs in bulk
Blue points: Q = −1 anti-hedgehogs in bulk

Hedgehog pairs with effective field

Hedgehog Anti-
Hedgehog Pair 

Hedgehog Pair 

Anti-Hedgehog Pair 

5nm

Nearest-neighbor 
distance statistics

Rana et al., Nature Nanotechnology 18, 227 (2023)
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• Lorentz TEM can image the scalar 2D magnetization vector field
• Vector ptycho-tomography is the first method that can image the 

3D magnetization vector field at the nanoscale without any prior 
knowledge or pre-assumed model.

• Highest spatial resolution 3D spin texture to date ~10nm
• Soft X-ray HHG can image dynamic spin textures

Capture magnetization vector & emergent magnetic field of TMMs and anti-TMMs

Rana et al., Nature Nanotechnology 18, 227 (2023)



Challenge: Vector Ptycho-tomography of Skyrmions

Image from Bonetti, J. Phys.: 
Condens. Matter 29 133004 (2017)

X-ray Magnetic
 Circular Dichroism (XMCD)

Kortright et al., Phys. Rev. B 62, 12216

52

ALS synchrotron
COSMIC beamline

Photon
Energy:
708 eV

Binnie et al., in prep (2025)

with fiducials added!



Vector Tomography of Dipole-Stabilized Skyrmions & Stripe Domains

Charge signal Magnetic signal

200 nm1 µm

Binnie et al., in prep (2025)



Summary

• High harmonic sources are a unique quantum technology allowing exquisite 
control over EUV and soft X-ray light

• The limits of HHG technology are not yet known: 10keV, 50keV?

• HHG technology is already a useful tool being put to work in other fields
- First sub-wavelength EUV imaging

- Non-destructive maps of heterostructures for nanotechnologies

- New understanding about nanoscale thermal transport

- New understanding of spin and charge dynamics 

- Bright future – everything scales with the wavelength

Light science     Materials Characterization          Spin Dynamics           ARPES         Imaging

CDISEM
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