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Advanced Soft X-Ray Microscopy for
Nanomaterials Sciences

Peter Fischer
CXRO/MSD

o Materials aspects in nanosciences
o Soft X-ray microscopies as valuable tools
o Current achievements and future directions
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Key elements to nanoscience

SYNTHESIS

MODELLING K3 ANALYSIS
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Why soft X-rays?

Wave|ength Courtesy D. Attwood
1 um 100 nm 10 nm 1 nm 0.1 nm = 1A
| : 1 : | | : | :I
| | ' CuKy,|
m VUV | Soft X-rays 2ag
UVE Extrem-raviolet i Hard X-rays
i Sl O e
1eV 10 eV 100 eV 1 keV 10 keV
Photon energy
K edge
H -Lz,s edge He
Li | Be My s edge B|C|N|O]|F]|Ne
Na | Mg Al|Si| P|S|Cl|Ar

— access to elements relevant in
materials sciences down to
fundamental length and time scales
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Imaging with soft X-rays

cov
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BERKELEY LAB

Various X-ray imaging techniques

in real space

Scanning Transmission X-ray Microscopy
STXM

Monochromatic
X Rays

jil

Zone Plat ’ —
Facveing Lons (CE=DD

Fluorescence
Photons

Scanning
Sample Stage

J.B. Kortright, et al., in: X-Ray
Microscopy, AIP 507 49 (2000)

in reciprocal space

Transmission X-ray Microscopy
™M

Polychromatic
X Rays

Wi

Condensor =>>))

Monochromator
Pinhole ~20um

Micro
Zone Plate

P. Fischer, et al., Z. f. Phys. B101
313 (1996)

ST™XM image

\Z()ymhoie

Mask and sample

Au mask
SiN, membrane
Magnetic film

X-Ray Photoemisson Electron Microscopy
XPEEM

Magnified
Image

Phosphor

=0 T

—— — ADETUrE
e L
~t =

A A

Monochromatic

Photoelectrons
X Rays

Sample ﬂi‘/
S ——

——————V Courtesy J. Stéhr

J. Stoehr, et al., Science 259 658
(1993)

S. Eisebitt, et al. Nature 432, 885 (2004)
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Suite of X-ray microscopes at ALS

Diagnestic Bearnine [}
Surlace, Materals Scence [[ER]
Magnetic Spectroscopy, Materids Science [FEE]
Calbratian, Optics Testing, Spectrascopy [EEE]
¥-Ray Micrazcopy [EEEY

Femtosecond Pheromana a5

Folymer 5To0 [EE]

[503]
Fratain Crystaliography [EEE
[501]

Fratain Crystallography [EEE)
Magnetic Spectroscopy [}

nerUN [T

Commercidl LIGA [EER]
Dingnestic Beamine [}

National Centar for ¥-Ray Tomography B}

|R. Spectromicrazcopy [nusa}
[143]

PEEM-3 (11.0.1)
STXM (11.0.2)
STXM (5.3.2)

7.3 EERENTNES

R sustoce, Material Soence

% Frotein Crystallography

EEE Tornography

~EEN Chermical Cryramics, Diffraction Imeging

EERD /o Mstenials Science

EEEY Chemical Materials Science
IEXE) Comelated Meterials, AMO
IEER] - Ray Floressence Micoprobe
1032 JUEERERY

1101 fa==te]

[ Molecuer Emironmentel Science
EIER] St Maiccule: Crystailagragshy

JIEE] £uv Lithagraphy Mask Inspection

[ EUY Imerlerceety, Phooemission

Coherenl Son ¥-fay Scence
IEER High Pressure
EER] Frotein Crystallography

[EER ¥-Ray Mcrodiffraction

Coherent/diffractive imaging (9.0.1)

XM-2 (2.1)

« XM-1 (6.1.2) (operated since 1994)

Peter Fischer | PJFischer@lbl.gov
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Full-field TXMs

ALS

BESSY Il

Source Condenser Objective

W. Meyer-lise, et al. AIP Conf Proc 521 13 (2000)

Condenser
zone plate

Pinhole

Micro zone
plate Soft x-ray

sensitive
CCD

ALS Bending
Magnet

Capillary
Condenser

P. Guttmann et al, JOP Conf Ser. 186 012064 (2009)
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From XM-1 to XM-3

Spectral resolution
Photon E-range

Polarization

Sample environment

Spatial resolution
Time resolution
tomography

reflection geometry
| @

ER FOR X-RAY OPTICS

reLer riscner | FIriscner WiDlI. gov

400-600
(elemental mapping)

500-1200eV

elliptical polarisation
via movable aperture

magnetic field <0.2T
ambient T

25nm (standard)
10nm (demo)

<100ps

(yes) limited
capabilities

NO

1ICEU D0IL A-Tdy IMICroscopy vvor

2000-4000
(true microspectroscopy)

280-2000eV

EPU: circular and linear

magnetic fields 2T
variable T (4-600K)
variable pressure
In-situ experiments

<15nm (standard)
<<10nm (demo)

<100ps

YES, optimized for
materials science

YES, access to interfaces

KSMNoOp ALS UiVl UCL L4, ZU LU



Progress in spatial resolution
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2009

W. Chao, et al, Optics
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W. Chao, et al, Nature 435

P NS P2 PR RSl B e o

Express, 17(20) 17669

1210 (2005)

2010

W. Chao, et al, (2010) in preparation
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Development of green cements
M. Mancio, UCB

Problem to our environment: The production of Portland cement is
responsible for 5-8% of the CO, generation worldwide.

Challenge: New cements have to demonstrate long-term stability and
durability for over 120 years.

This 2d TXM image seems to show that

the “sheet of wheat” have a core which This assumption is wrong as verified by

acts as a nucleation point (see arrows) rotating the sample (done at BESSY II)
CAXR® ... rocher | prrischerainloon Advanced Soft X-ray MitorkcawithvBkisardyb evitzand Chae
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coeeer § Colloids in soil science AT

BROOKHAVEN SCIENCE ASSOCIATES
 Fe is abundant in soils and groundwater aquifers, J. Thieme NSLSII

but occurs in various oxidation states
* Problem: Too much iron in water used in engineering purposes
may cause corrosion

XM-1 Elemental mapping Stereomicroscopy

7048V | . 711eV |

Ry
i

el
e
43 Wl

il

S Gleber et al. J. of Microscopy 235 199 (2009)

But where exactly are the elements and what oxidation state are they in?
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> Center for Atomic-Level

ey Atomically controlled synthesis of Mono [ REces
and Bimetallic clusters in catalysis @
C. Kumar LSU
Core-shell nanoparticles and Nanostructured Mesoporous Materials (NMMS)

offer a great opportunity to modulate the properties of materials.

Delineating the size, size distribution, shape, core-shell dependent electronic

and geometric properties of nanomaterials allows to tune specific properties

such as magnetism, heat capacity, optical, photoconductivity and charge

transfer, electronic, melting point, catalytic by varying the size/shape of the
nanomaterials.

/c°/ M‘"/ F?/ ZNN NMMs is a new class of catalysts and are one of the key class

y v'$‘ of materials investigated by the DOE funded EFRC at LSU.
Ja X
? Cu25 Cu25@Mx Cu25@My Cu25@Mz

Y
M = Fe, Co, Mn, Zn

000000 >

Soft X-ray nanotomography is an essential tool to characterize
these 3-dim structures.
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Imaging buried interfaces

pEpU C. Fadley UCD
O/3,..
af/eeds Applied
Of pplie
f**%p magnetic

éng

e

field
lateral resolution

\/@

Micro
zone
plate =
standing-wave- Soft x-ray
- sensitive
depth resolution oeD

« Combining in a uniqgue way high lateral resolution with depth resolution =
access to magnetic interface

» Goal: combining with time resolution to study the dynamics at interfaces
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Nanocalorimetry of Magnetic Thin Films

~y,
frreeeer ‘m

C. Baldasseroni, UCB

thin a-SiN, membrane l,
Sample ”
area |Mm

s

| Heater and thermometers (sample
| area and matching on frame)

Si frame

Calorimetry: powerful technique, hard to do on thin films!

« Membrane-based micro/nanocalorimetry,
calorimeter-on-a-chip; 0.3-800K, 0-8T; ~2% accuracy for <1ug, 20
nm thick films

« Electron, phonon, magnon density of states; crystal field levels;
phase transitions; entropy, enthalpy

« Basis for proposed integrated in situ ALS heater/
sample imaging stage

APS

PAYSICS 5006 APS Keithley D.R. Queen and F. Hellman, Rev. Sci.
Instrumentation Award Instrum. 80, 063901 (2009)

CXR(©) Peter Fischer | PJFischer@lbl.gov Advanced Soft X-ray Microscopy Workshop ALS UM Oct 14, 2010
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/“\I » Membrane heater stage for in situ soft x-ray

r ‘m

microscopy

F. Hellman, UCB

Example: high anisotropy Fe;gRhg, nanoparticles produced from
amorphous alloy by annealing

GOAL: image DURING heating to understand the evolution

Longer term goal: measure thermodynamics of process

as-deposited after annealing

-200  -100 0 100 200 300

courtesy T. Suzuki/H.Yu Yu Ko
Y Temperature (°C)
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Mapping spin and orbital moments

Ni thickness (ML) Ni thickness (ML)

Ni L,[’, a‘bsorptlion speci‘ra of pixalI (128,136)|
al 4

S
Yy

NN
o N
Co thickness (ML)

®
Co thickness (ML)

1.6
-0.
\oor|
04 L 1 ! 1
850 860 870 880 890
photon energy (eV)
PHYSICAL REVIEW B VOLUME 62, NUMBER & 1 AUGUST 2000-IT
-0.5 0.0 0.5 -0.05 0.00 0.05

Magnetic-circular-dichroism microspectroscopy at the spin reorientation transiton

Ni spin moment (ug) in Ni(001) films

Ni orbital moment (ug)
W. Euch, J. Gilles, and S. 5. Kang
Max-Planck-Tnstitut fiir Mikrostrukturphysik, Weinberg 2, D-06120 Halle, Germany

5. Imada and 5. Suga
Ozaka Umiversity, Graduare School gf Engimeering Science, -3 Machikaneyama, Toyomaka 580-5331, Japan

J. Eirschner 0.10
Meax-Planck-Institut fir Milrostruknrphysit, Weinberg 2, D-06120 Halls
(Beceived 10 Movember 1009)

0.08
The spin reorientation transition in foc CoMNi‘Cu({001) epitaxial nltrathin films as a E

film thickness is smdied by the combination of photoelectron emission microscop 5!{; 0.06
circular-dichroism spectroscopy at the Mi L, ; edge. This microspectroscopic technigqu,
local quanftative information about the Mi magnetic properties oo 3 submicrometer s il 0.04
the thickness range of 1.4-2.4 atomic monolayers (ML) Co and 11-14 ML Ni show th
ocours &5 8 function of both Co and Mi thicknesses. Increasing the Co thickness or dea 0 02 | .
leads to a switrching of the magnetic easy axis from [001] out-of-plane to {110} in-plan - In'plane Out'Of'plane
effective Mi spin moment similar to the bulk magnetc moment is observed. The Mi 0.00 | | I | |
ratio shows distinctly different values for out-of-plane magnetization (0.080+0.005) = - -20 -10 ) 10 20
tion {0L033+ 0.0035). This is discussed in terms of the comnection to the Wi magnetocry

domain density of the perpendicular magnetization increases towards the spin reorient distance from spin reorientation (um)
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eeee] Heusler alloys:
Shape memory phase transitions in Ni2MnGa
C. Jenkins, ALS

Heusler compounds are a plethora of many spintronics and
multiferroic applications incl. MTJs and spin momentum transfer devices.

Tetragonal (low T) Cubic (high T) Photoemission

‘ Cubic
————— Tetragonal

Intensity

-4 -3 -2 -1 o 1
Binding Energy E-¢. (eV)

» Martensitic phase transition between cubic and tetragonal phase

« Magnetic easy axis coupled to tetragonal distortion
= ferromagnetically driven, ferroelastic actuation

« Anisotropy vs. orbital moments in Heusler alloys

CXR(©) Peter Fischer | PJFischer@lbl.gov Advanced Soft X-ray Microscopy Workshop ALS UM Oct 14, 2010
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Fast dynamics in nanostructures

BERKELEY LAB

[
-

Z. Qiu, UCB . :
, /8 A\ Magnetic vortices
= A Chirali
=y A e Chira Ity _ _
/ ] \— in-plane circular domain
- S / — ) stru cFu re

o o e Polarity

; out-of-plane component of
Iy E—— magnetization

J. Wu et al, J. Phys.: Condens. S.-K. Kim, SNU

Matter 22 (2010) 342001

F. Marcia, NYU

Current source
48)
NV

A. Kent, Nature Mat, 6 399 P. Fischer, S. Kasai, A. Thiaville
(2007) et al., in preparation (2010)

S.-K. Kim et al. APL
92, 022509 (2008)
Courtesy S.-K. Kim
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Stroboscopic pump-probe setup
for time resolved soft X-ray microscopy

. j=1.3x10!1 A/m?
PUMP = 1089 pump-probe events/image

Pulse generator
H
triggeri
signal :
storage
ring
coplanar zone plate
f=3 : lens

e perfect repeatability of the dynamics required
* nNo access to non-deterministic components e.g.

spin fluctuations

S. Kasai, P. Fischer, M.-Y. Im, K. Yamada, Y. Nakatani, K. Kobayashi, H. Kohno, T. Ono, Phys Rev Lett 101, 237203 (2008)
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Derivin in polarisation of currents P
€ g spin p

Permalloy (FeggNi,g) Solving Thiele egn with STT for u
t=40 nm _ - =

f=220 MHz GxV+oDV+kX-Gxu=0
At=0...9ns

drift velocity
(~-Pj/(2eMy))

100

—o— Experimental
| —— Fitting

(00}
o

[0))
o
[

Radius a(f) (nm)
S
[

N
o
|

0 1 l l
- CW rotation = polarity = -1 0.10 0.15 0.20 0.25 0.30

- gyration radius R~80 nm Frequency f (GHz)
measuring R(n) = P=0.67%=0.15

S. Kasai, P. Fischer, M.-Y. Im, K. Yamada, Y. Nakatani, K. Kobayashi, H. Kohno, T. Ono, Phys Rev Lett 101, 237203 (2008)
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The road to spin currents

Beyond CMOS

A. Hoffmann, ANL
Moore s law 7" 7%
L / f~
OCHARGE 2006
|
" Magnetic

A
F |
L0
[

Magnetic High Integration
Storage Logic (ML) ML Circuits
HDD, MRAM STT MRAM, DW

controlled b spin-polarized control by — pre

Magnetic ﬁe);d = chpargiocurrent = Electric field Spin-currents
manipulate spin transfer and
magnetization, logic with pure
transport, with spin currents

gate voltage

Courtesy C. Chappert

GR(©) Peter Fischer | PJFischer@lbl.gov Advanced Soft X-ray Microscopy Workshop ALS UM Oct 14, 2010 21
THE CENTER FOR X-RAY OPTICS



-~

rererrerer

BERKELEY LAB

fﬁ’ Future goal: imaging at the fsec scale

soft X-ray source

« fsec pulse length
« variable polarization
« high photons/pulse

I

~

pump stimulus

snapshot images of fs dynamics
with nanometer spatial resolution

THE CENTER FOR X-RAY OPTICS
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“Overview of recent advances and future opportunities in soft X-ray

microscopy”

10:00 P. Fischer (CXRO/LBNL)

10:30 A. Hoffmann (ANL) “New Insights into Spin Relaxation from Pure Spin Currents”

“Soft x-ray microscopy study of vortex dynamics in soft magnetic dots
at XM-1"

11:30 F. Marcia (NYU) “Spin-wave interference patterns created by spin-torque oscillators”

12:00 LUNCH

11:00 S.-K. Kim (Seoul Natl. U)

13:15 K. Jenkins (ALS/LBNL) “Design and application of multifunctional manganese intermetallics”

“Development of a membrane based nanocalorimeter as an X-ray

13:45 C. Baldasseroni (UCB) transparent heater stage”

“Adding depth resolution to soft x-ray photoelectron microscopy with

14:1 .S. Fadl LBNL/UCD . . . :
> C.5. Fadley ( /UCD) standing-wave excitation: applications to spintronic nanostructures”

14:45 Q. Qiu (UCB) “Microscopy study of magnetic nanostructures using X-rays”

15:15 BREAK
“Design and Engineering of Core-shell Magnetic Nanomaterials -
Current Challenges”

“Anthropogenic and natural nanoparticles in the environment -
dynamics and interactions”

15:35 C. Kumar (LSU)

16:05 J. Thieme (NSLSII/BNL)

“Probing the nanostructure and morphology of cementitious and
pozzalonic materials using x-rays”

17:05 W. Chao (CXRO/LBNL) “Ultrahigh Resolution Soft X-ray Zone Plate Microscopy at ALS”

16:35 R. Chae (UCB)

17:35 Adjourn
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