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* 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
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J I I.A Timescales of this talk: picoseconds and femtoseconds

CU Boulder and MIST

* 1000,000,000,000,000 femtoseconds = 1 second 1000,000,000,000 picoseconds = 1 second

* 1000,000,000,000,000 seconds = 30 million years
1000,000,000,000 seconds = 30 thousand years

-
Oligocene Period = Upper Paleolithic (Old Stone Agg

Image credit: www.floridamuseum.ufl.edu Image credit: André Houot



J I I.A Nanostructured materials have very different properties than bulk

CU Boulder and MIST

Novel architectures

CNFET logic and

Silicon logic

Ultra-dense |

interconnects Nature 547, 74 (2017)
iStock/gorodenkoff
Thermal Mechanical Structural/Interface Electrical/Magnetic

[~ - S A

Critical need for better functional metrologies



J ".A Extreme-UV and X-ray light > capture nanoscale processes

« Wavelengths A~1 —-100 nm; hv~10 - 1000 eV

» Elemental, chemical, magnetic specificity

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

/I‘M\ few-nm resolution

+_Capture dynamics relevant to function (~fs)

Requir'es coherence
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J I I.A Tabletop scale lasers in widespread use

X-raysel% Ultraviolet —k— Visible —<= Near-Infrared
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Excimer lasers

High harmonics:
Quantum-coherent EUV

soft X-ray beams Ruby laser



J

".A Discovery of high harmonics of light: 1987

CU Boulder and MIST

Studies of multiphoton production of vacuum-ultraviolet
radiation in the rare gases

A, McPherson, G. Gibson, H. Jara, U. Johann, T. 8. Luk, I. A. McIntyre, K. Boyer, and C. K. Rhodes
Department of Physics, University of Illinois at Chicago, P.O. Box 4348, Chicago, Illinois 60680

Received November 1, 1986; accepted December 18, 1986

Measurements of the vacuum- ultravmlet (<80 nm) radxatlon pmduced by mtense ultravmlet (248-nm) irradiation
{1015 1016 ‘W/'::m2 are gz ha : har adiation and fiuorescence

s, The hlghest harmomc observed was the seventeenth (14 6 nm) in Ne, the shortest wave
roduced hy that means. Strong ﬂuorescence was seen from ions of Ar, Kr, and Xe, w1th the shortes

: x yadis T sFations in Xe,
specifi cally the 4d9535p - 4d1°5s manifold of Xe’” at ~17. 7 nm, was detected These expenmental fi ndmgs, in
alliance with other studies concerning multielectron processes, give evidence for a role of electron correlations in a
direct nonlinear process of inner-shell excitation.

(111 R . . |
21 51 8|1 111
Harmonic Number

s, . BEm . How are they emitted?
g it " [“ll | l‘ ‘J\ {  Advice - ignore since likely nothing new...
2 I (1 P
5 | I\[ % -. 1 i ‘ ‘V Mf : More than 100 harmonics of near-infrared
£ MR ight!

McPherson, et al, JOSA B 4, 595 (1987)
Ferray et al., J Phys B 21, L31 (1988)
Macklin et al, PRL 70, 766 (1993)



J".A High harmonic generation
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J ".A High harmonic generation: nanoscale quantum antenna

WWWWWA/WM Femtosecond pulse Gas

New observation: HHG ————UV
McPherson, JOSA B 4, 595 ('87) X ray L —
Ferray, J Phys B 21, L31 (‘88)
Accelerated electron l
- . i S ‘
— ____.__-—-‘
,l""I. y l \ 17

Quantum nature of HHG
Krause, Schafer, Kulander, PRL 68, 3535 (1992)
Lewenstein, PRA 49, 2117 (1994)
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",A High harmonic generation: Quantum phase of radiating electron

CU Boulder and MIST

t 3
x(t)=ifdr'[d pdy[p-A(t)le™

Stp2) E()d | p-A(t)]+c.c.

0 Tunnel ionization Propagation Recombination
Femtosecond pulse Gas
X ray : S —

Accelerated electron l
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J I I.A Quantum sculpting: circularly polarized harmonics

qo

1-color linear 1-color circular NMWNW G

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)




J ".A Bright HHG beams - synchronize emission from trillions of atoms

The IR laser is a qguantum conductor, directing a

trillion atomic musicians!

I o ‘V'f' ﬂ|'i o'ml f‘“ o ‘HM'

-,_ _ | N ﬂ"# ke ﬂ” o Fl
—_— S oq"*:ﬂpwo M.Mo i
Jj“ wf'
ﬂ'n’f#

... each atom in the gas as a musician, emitting
attosecond pulses at the rate dictated by the
conductor.

Image courtesy of Carlos Hernandez-Garcia

* Laser wavelength: 800 - 4000nm
« X-ray wavelength: 1 - 30nm

« X-ray fields must add in phase to sub-A
spatial resolution and sub-attosecond (10-18
s) femporal resolution

* Nature does this passively due to the
quantum nature of strong field ionizationl!




CU Boulder and MIST

J I I,A Bright high harmonic emission - phase matching in time domain

Visible NLO: phase matching in spatial domain

Ordinary Wave
{Polarization L Plane)

Refractive Index
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Extreme nonlinear optics: phase matching in time domain

O+0+o.... qo
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waveguide

X-ray
Beam

¥
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‘¢ of x-rayfields
electron g/\/\/\’

E?

Laser and x-ray phase velocities are matched at the
speed of light ONLY during part of the laser pulse

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



I I.A Phase matching window sculpts the HHG in time and frequency

CU Boulder and MIST
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I Tabletop high harmonic sources = new quantum technology enabling
vt @XQUISite control over X-ray light

» 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 % ‘\

Science 364, 9486 (2019); Nat. Photon. 13, 123 (2019); Science Ad. 2, 1501333 (2016)
PNAS 112, 14206 (2015); Nature Photonics 9, 99 (2015) Nature Photon. 9, 743 (2015)

« Unique light source better than we dreamed of! Linear/circular v |

* Exquisite control over X-ray light using lasers OAM/SAM shaped

Broad coherent continuum OR
Isolated smgle harmonlc

1

X~-ray Intensity [linear scale)
&
S
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Science 336, 1287 (2012); Science 350,1225 (2015)

|_|G|-|]' INLIGHT

AND OPTICS

Full spatial coherence: | aytosecond pulses and pulsetrains: UV to soft X-ray

EUV HHG

L Experiment

Science 297, 376 (‘02); Science 348, 530 (*15) PRL 111, 033002 (2013); PNAS 111, E2361 (2014); PRL 120, 093002 (2018); Optica 7, 832 (2020)



J ".A The Nano, Bio & Materials Challenge

» Conventional methods struggle to characterize functional nanoscale (i. e. < 100 nm) properties

» Challenge: New energ
integrate materials, wit

um and energy device

Image the
g on — and correlate fu

movement of

heat, charge, and
spin inside next molecular processes without

« Challenge: Need functi@=rINSev e st t work without cutting, damaging the specimen

guantum and
energy devices

Image living biological

Photonic, 2D,

Solar Bio
technologies -

Nano-engineered
thermoelectrics

Integrated
circuits




J I I.A The Nano, Bio & Materials Challenge

CU Boulder and MIST

» Conventional methods struggle to characterize functional nanoscale (i. e. < 100 nm) 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 sources can see better and see things
as they happen!!

Photonic, 2D,

Solar Bio
technologies

Nano-engineered
thermoelectrics

Integrated
circuits




J I I.A High Harmonic Generation: laser-like temporal & spatial coherence

CU Boulder and MIST

Femtosecond Laser

FRONTIERS
IN LIGHT
AND OPTICS

PHYSICAL
REVIEW
LETTERS

13nm HHG beam (2004)

nature ===
photonics

A oo g2 bor X-rays

High Harmonic Generation

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



J ".A Putting EUV High Harmonic Generation to Work: Flux & Stability

0237 RAEA-driven XUUS achieves ultrahigh stability at BRIGHT, ULTRASTABLE, CONTROLLED

| 13.5nm of 1.5% RMS over 8 hrs, 1.8% RMS over 23 hrs * EUV intensity & phase
 Adjustable EUV beam shape and focus

Photocurrent (nA)

0-15  Accurate beam pointing
e « Stable and adjustable spectrum
* Minimal nonlinear fluctuations
0% « High EUV to VUV flux: yW to tens of mW
e 5 10 15 20

Time (hours)

Spectral filtering [F7 Grating / toroid |[Ts

M EUV camera
o ——

-

- : § P y 4 - '_' y i . - . s
W 7-fold focusing
Dr|ve Iaser reJectlon End station seIectlon )



J I I,A EUV metrologies: nondestructive, ultrasensitive, functional metrologies

INDUSTRY Collaborations

etamaterials
hermal materials

-]

(a) Sample Sch

ARPES, CDI, 2D

Nanoelectronics

Thin films
@,ﬂ' S THE UNIVERSITY
‘ PR . OF ARIZONA
Detectors

NATIONAL LAB Collaborations
—

iy Spintronic
NIST
Atom Probe
Argonne &

nnnnnnnnnnnnnnnnn

Combustion

-NST

Nanoelectronics

GORDOM AND BETTY

MOORE

FOUNDATION

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 <um spot size

Element specificity

Nondestructive & low dose

Broad access for tabletop R&D




J I lA HHG metrologies
-> nondestructive, functional imaging at high resolution, element specificity

Adv. Energy Mater. 1402180 (2015)

g.g Band
Cleaning Recipe IF!V]' Bending Surface Band Structure
(meV)
—/

NH,OH 06 180 j Upward
——
H,0, + NH,OH 0.4 130 , Upward
NHOH+3A°Cu 02 100 " Downward

Element-resolved
spin dynamics

Band bending, interfacial fields

Interfacial

Nanoscale Macroscale

New understanding of
nanoscale heat flow

Compositional, space &
depth-resolved imaging

Sub-wavelength EUV
imaging

Ultrathin films



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

/ Hardware Toolbox \

New microscopes and
low-dose methods

Science Advances (2024)
Optica (2023)

3D spin texture

Nature Nanotech (2023)

/ Computational Toolbox \

o

New predictive
| transport

Hydrodynamics Ballistic

In press (2025)

i
)

L

\moderna

Zhou Lab, UCLA (2020-)



STROBE)  Conherent diffraction imaging — a revolution in short wavelength imaging

BUILDING THE MICROSCOPES OF TOMORROW

ol Traditional X-ray microscopes

Pinhole « Limited by lossy, imperfect, optics

Micro zone

pate  Softxray|| o ~10x diffraction limited imaging

sensitive
Pinhole
Aperture

CCD
3D Image

Nature 435, 1210 (2005)

/ Tomographic
Reconstruction

= i * Diffraction-limited imaging = A/2NA

Phase \~
Retrieval

* Inherent contrast of EUV and x-ray light

* Phase and amplitude image contrast

Diffraction Patterns

* Robust to vibrations

Sayre, Acta Cryst 5, 843 (1952 Dinages . . .
Miao of az.?Nar{;re 400, 3(42 (1\3999) e * MOST photon-efficient form of imaging!



STROBE|

BUILDIMNG THE MICROSCOPES OF TOMORROW

Pinhole
Aperture
Sample \@

3D Image

Tomographic
Reconstruction

Phase
Retrieval

1/
.f’f

Diffraction Patterns

2D Images

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

Acta Oryst. (1952). 5, 843

Coherent lensless imaging — revolution in X-ray imaging

Some implications of a theorem due to Shannon. By D.Savse, Joknson Foundation for Medical
Physics, University of Pennsylvania, Philadelphia 4, Pennsylvania, U. S. A.

(Received 3 July 1952)

Shannon (1949), in the field of communication theory,
has given the following theorem: If a function d(x) is
known to vanish outside the points = +a/2, then its
Fourier transform F(X) is completely specified by the
values which it assumes at the points X = 0, +1/a,
+2/a, .... In fact, the continuous F(X) may be filled
in merely by laying down the function sin 7aX/7aX at
each of the above points, with weight equal to the value
of F(X) at that point, and adding.

Now the electron.density function d(z) describing a
single unit cell of a erystal vanishes outside the points
z = 4-af2, where a is-the length of the cell. The reci-
procal-lattice points are at X = 0, +1/a, £2/a, ..., and
hence the experimentally observable values of F(X)
would suffice, by the theorem, to determine F(X) every-
where, if the phases were known. (In principle, the

y points extend indefinitely in reciprocal space,
but by using, say, Gaussian atoms both d(x) and F(X)
can be effectively confined to the unit cell and the ob-
servable region, respectively.)

For centrosymmetrical structures, to be able to fill in
the |F|* function would suffice to yield the structure,
for sign changes could occur only at the points where
|F|* vanishes. The structure corresponding to the |F|*
function is the Patterson of a single unit cell. This has

twice the width of the unit cell, and hence to fill in the
| F|* function would require knowledge of | F|? at the hali-
integral, as well as the integral A’s. This is equivalent
to a statement made by Gay (1951).

I think the conclusions which may be stated at this
point are:

1. Direct structure determination, for centros;
structures, could be plished as well by finding the
sizes of the |F|* at hali-integral h as by the usual proce-
dure of finding the signs of the F's at integral A.

2. In work like that of Boyes-Watson, Davidson &
Perutz (1947) on haemoglobin, where |F|* was observed
i i & alues

t half-integral h.
The extension to three dimensions is obvious.

References

Boves-Warsox, J.. Davipsox, E. & Perurz, M.F.
(1947). Proe. Roy. Soc. A, 191, 83.

Gay, R. (1951). Paper presented at the Second Inter-
national Congress of Crystallography, Stockholm.

Saaxwow, C. E. (1949). Proc. Inst. Radio Engrs., N.Y.
37, 10.



STROBE) Coherent lensless imaging — revolution in X-ray imaging

BUILDING THE MICROSCOPES OF TOMORROW

Pinhole
Aperture
Sample .Q
3D Image

T —_—\-_-—--__._‘__.-."

/ Tomographic
Reconstruction

Phase \
Retrieval

Diffraction Patterns ' T SN

.
2D Imagek

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

Final Reconstruction

Initial random phase

new phase set |

with GA FFT4

Diffraction Pattern

- _]_. /age of Sample

Setting Frame Region to zero

FFT

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

« Diffraction-limited imaging = A/2NA

* Inherent contrast of EUV and x-ray light
* Phase and amplitude image contrast

* Robust to vibrations

* MOST photon-efficient form of imaging!



STROBE) CDI Ptychography

BUILDING THE MICROSCOPES OF TOMORROW

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

Probe Guess Object uess

L
|

> Ptychography
Algorithm

[ I
Updated Probe Updated Object

Current
scan

Detector

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



STROBE

BUILDIMNG THE MICROSCOPES OF TOMORROW

Coherent diffraction imaging — a revolution in short wavelength imaging

Condenser
zone plate

Pinhole

Nature 4385, 1210 (2005)

Micro zone
plate Soft x-ray

sensitive
cCD

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

» ~10x diffraction limited imaging

Coherent imaging

Difiraction Patiems P

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

Fundamentally new imaging

)2017: 1st sub-A EUV imaging >>2023: Periodic samples)

Nat. Photon. 11, 22 (2017)

Optica 10, 1245 (2023)

> 2021: Nano-hotspot >> 2023: General transport >

PNAS 118, 2109056118 (2021)

Nano Lett. 23, 2129 (2023)

Science Adv. 7, 9667 (2021)

2021: Nondestructive Maps>2 2023: Low-dose OAM >

Optica 10, 1245 (2023)



STROBE

BUILDING THE MICROSCOPES OF TOMORROW

Ptychography in reflection in the EUV

» Most materials reflect in the EUV (1 = 30 nm), with amplitude and phase contrast

« Can build a reflection-mode microscope in the EUV

* Most soft X-ray microscopes work in transmission

Reflectivity vs Angle in the EUV

Reflectivity
100 .
+— Data A=30nm
80 - taken ]
g
> 60
2
ﬁ 40 + .
‘©
= 20r Well .
separated v Sy

5 10 15 20 25 30 35 40 45

Incidence angle [degrees from grazing]

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

Phase Shift vs Angle in the EUV

Phase shift upon reflection

+«—— Data A=30nm

taken

Phase shift [deq]

Well
separated

O L 1 1 1 1 1 1

5 10 15 20 25 30 35 40 45

Incidence angle [degrees from grazing]



BUILDING THE MICROSCOPES OF TOMORI

» Unique non-destructive spatial and depth-resolved compositional mapping &gec
» Extract interfaces, layers, dopant profiles, composition of challenging semiconductor test samples m

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

Ellipsoidal Mirror

Multilayer
Mirror




STROBE) Phase-sensitive nondestructive EUV Imaging reflectometer

BUILDIMNG THE MICROSCOPES OF TOMORROW

» 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) Spatial & depth-
Esashi et al., RSI 94, 123705 (2023) res OIV e d maps

5 um ’
50 nmf ‘;’ o |

Ellipsoidal Mirror

Multilayer
Mirror

F 100 rumea . :
° B Sio,
s 10§ l?assivated)
o
g 1 j = SE3N4 e
> 01F Si0,
9 (Patterned) .
0 20 40 60 80 100 120

Depth (nm)



STROBE|

BUILDIMNG THE MICROSCOPES OF TOMORROW

Non-destructive Dopant Profiling

Atomic ratio [%]

1
Sio, 1 Sio, ]
(Passivated) ' (Patterned)
20 40 80 100 120
Lower-doped substrate
1
1
10 20 30 40 50 60
Higher-doped substrate
Si0,
(Passivated)
1
1
10 20 30 40 50 60

Depth [nm]

3D, chemically sensitive sample reconstruction

~0.1% As doped Sj
(~1020 atomsfcmsj

Inset field of view 3.3 um x 7.7 pm

o Si3N4
_Patterned SiO,

below structure

..]. Passivated SiO,on
higher-doped substrate

| Passivated SiO,on

lower-doped substrate

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

UCLA

(imee ., KMLABS.




S_TRO_BEA Friends and Enemies of Ptychographic Reconstruction
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Spin and orbital angular momentum of light

NISTER)

X-ray magnetic
circular

left fight  dichroism

Imaging in scattering media
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STROBE) High fidelity low-dose CDI of near-periodic structures

BUILDING THE MICROSCOPES OF TOMORROW

* Highly-periodic samples are challenging

Gaussian-HHG

Probe x Object Diffracted Intensity

+444%\  Periodic sample
111111
Far-field
diffractior
N - H
L) Object
v / (L]
@) il

Ptychography
reconstruction

R Gaussian probe

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



STROBE) High fidelity low-dose CDI of near-periodic structures
* Highly-periodic samples are challenging
 Solution: engineered illumination
Gaussian-HHG OAM-HHG
. ey OAM probe Probe x Object Diffracted Intensity
FHEEASS  Periodic sample 33 :"‘!*;‘3"3“3
Far-field b ) g
diffraction :
Object

Ptychography
reconstruction

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



STROBE) High fidelity low-dose CDI of near-periodic structures

BUILDING THE MICROSCOPES OF TOMORROW

* Highly-periodic samples are challenging
» Solution: engineered illumination

* Non-destructive and low dose
 Applications in defect inspection

S
SEM~'

induces line shhnkage

e

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



BUILDING THE MICROSCOPES OF TOMORROW

Hall effect in Skyrmion Lattice
Skyrmion Hall Effect

Magnetic Skyrmion
* Quasiparticle of 2D magnetic spin structure

iyl
» Topologically protected, robust to noise Tt T \ ",
Bloch-type Néel-type
t'! 1 ot ot ¢
*f :.\ r lr?a-\\\',
_._,, o W
fﬁ \ Neuromorphic Computing

f1iree 'lilllllf i If//M\\\U//M\\\I
Logic Gate

0=-3.5 mdim? H D=3.5 mJim?

44



STROBE)_ Current Approaches for Imaging Skyrmions

BUILDIMNG THE MICROSCOPES OF TOMORROW

Magnetic Force Microscope

(01 00 o — —

40m pm™ 1pm 200 nm

* 2D (surface only)
* Magnetic tip
* Pixel size ¥ 20nm

Lorentz Transmission Electron Microscope

e 2D (bulk projection)
* Electron beam
¢ Pixel size ~ 5nm

Small Angle Neutron Scattering Tomography

« 3D

ewbig
o
abieyo webiews

* Neutron beam
* Voxel size ¥ 15nm

* 3D
* Soft X-Ray
¢ Voxel size ~ 20nm

45



STROBE) Start with imaging topological magnetic monopoles

BUILDING THE MICROSCOPES OF TOMORROW

» 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., @] University of Colorado h "4 PennState
Nature Nanotech. 18, 227 (2023). 10.1038/s41565-022-01311-0 Boulder 4 J"'A UCLA mz;k m'S—;TTRAO—BEEE 'a



STROBE) 3D static imaging of spin texture in metalattices JHA 220 UCLA Q) rennst=e

BUILDING THE MICROSCOPES OF TOMORROW

Ni metalattice sample 3D vector CDI
Silica Nanospheres from Illi:ztt:"aatSI::eorzgeonm 192 Images @ each of 3 in-plane
S 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

L ‘ » Badding group synthesis

Coherent X-ray
beam (COSMIC)

Green — full density reconstruction
Rana et al., Nature Nanotechnology 18, 227 (2023) Blue-red — z component magnetization reconstruction
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STROBE) Hedgehog pairs in bulk
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iatcr ) = : Nearest-neighbor
Red pOIntS. Q - +1 hedgehogs mn bUIk Hedgehog pairs With effective field distance stagistics

Blue points: Q = —1 anti-hedgehogs in bulk
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Rana et al., Nature Nanotechnology 18, 227 (2023)



STROBE), Capture magnetization vector & emergent magnetic field of TMMs and anti-TMMs
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Rana et al., Nature Nanotechnology 18, 227 (2023)

« 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
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ALS synchrotron
COSMIC beamline

Ptychography
Scan
Region with fiducials added!

1
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Binnie et al., in prep (2025)



STROBE)_ Vector Tomography of Dipole-Stabilized Skyrmions & Stripe Domains
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Charge signal Magnetic signal

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
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