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Presenter Background

Scientific background X-ray & Neutron scattering

- Thin film, multilayer and interface magnetism, magnetic nanostructures
- energy materials
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PTB-7 Pd/Fe(1ML)/Pd

Specialised thin films of high quality

nature

S. Tauchert, M. Volkov, D. Ehberger, D. Kazenwadel, M. Evers, H. Lange, A. Donges,
A. Book, W. Kreuzpaintner, U, Nowak, and P. Baum, Polarized phonons carry
anqular momentum in ultrafast demagnetization, Nature 602, 73 - 77 (2022).

https:/ /doi.org/10.1038 /s41586-021-04306-4
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internal user and support with user operation

- pre-characterization of user samples (x-ray, PPMS, etc.)

- lab introduction N e

- support with data processing and analysis
(specular/off-specular & polarized/unpolarized)
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- REFSANS:
(ToF)

internal and friendly user (taking part in the commissioning)

- debugging (2D ToF detector = own software to read and process list mode files)
- fixing (drives of neutron optics)

- improving (suggesting chopper upgrade = done in 2009/2010)

- improvise sample environments

- improvised polarizer
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Beamlines Biihreugh
here
BL20: - construction work for partially completed beamline
(ToF) - existing hutch, choppers, detectors ‘
Challenges:

- test-beamline for 3 groups (detector, chopper and polarized neutrons
- Groups have very different requirements = simple and quick change of configurations
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Neutron Optics
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Neutron Optics
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Presenter Background

Neutron Optics
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3He - spin filters

1st generation 3He filling station

Workhorse to fill cells:
- Mainly commercial components

2nd generation 3He filling station

Research-centered filling station:

sophisticated pumping and gas analysis system
Self-developed 3He gas purifier
Microwave-discharge-cleaning

etc.
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3He - spin filters
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2nd generation 3He filling station

Research-centered filling station:

sophisticated pumping and gas analysis system
Self-developed 3He gas purifier
Microwave-discharge-cleaning

etc.
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3He - spin filters
Solving the GE180 glass crisis ... in a new way!

Apply a coating to the inside of a glass cell to control the interaction of 3He with the surface?

()
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Sample Environments

Project leader SNP

AT mm

Y.-C. Dong, T.-H. Wang. W. Kreuzpaintner, X.-T. Liu, Z-H. L, Y.-D. Kang, J.-P.
Zhang, L. Tian, C.-Y. Huang, B. Bal, and X. Tong, Miniaturized time-of-flight neutron
spin flipper using a high-T e superconductor, Nuel. Scl, Tech. 33, 145 (2022).

https: / /dot.org/ 101007 /s41365.022-01134-7




Development of /n Situ Thin Film Growth Capabilities for
Polarized Neutron Reflectometry

Wolfgang Kreuzpaintner

For a review on the topic:

W. Kreuzpaintner, A. Schmehl, A. Book, T. Mairoser, J. Ye, B. Wiedemann, S. Mayr, J.-F. Moulin, J. Stahn, D.A. Gilbert, H.
Gabold, Z. Inanloo-Maranloo, M. Heigl, S. Masalovich, R. Georgii, M. Albrecht, J. Mannhart, and P. Boni, Reflectometry with
Polarized Neutrons on In Situ Grown Thin Films, Phys. Status Solidi B, 2100153 (2021).
https://doi.org/10.1002/pssb.202100153
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Introduction

- In situ Thin Film Deposition Setup
- Early in situ Experiments

- Speeding up the Measurements

- Current Experiments / Possibilities

- Latest Developments

Conclusion and Outlook




Introduction

Magnetic layers and hetero-structures are the basic building blocks of a large number
of magneto-electronic devices.
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http://www2.cnrs.fr/sites/en/image/fig4albertfert.gif

Performance of all devices:

- strongly relies on the magnetic properties of the layers
- is a function of the morphology and microstructure of the layers
(functions of growth conditions).




Introduction

Magnetic layers and hetero-structures are the basic building blocks of a large number
of magneto-electronic devices.

électrodes < barriére
ferromagnétiques tunnel

(isolant)

“o*

g
état de faible résistance état de forte résistance

“bit “ lines ] ;
- ! Reader writ
Requirement to understand how structure and magnetism are it
correlated with each other S~
urrent flow
& 5 or shifting bits
- In situ experiments

" word “lines

Read Amp

http://www2.cnrs.fr/sites/en/image/fig4albertfert.gif

Performance of all devices:

- strongly relies on the magnetic properties of the layers
- is a function of the morphology and microstructure of the layers
(functions of growth conditions).




Introduction

Common Practice:

- Structural in situ characterization of thin films is common practice
(LEED/RHEED, STM, x-ray reflectivity, GISAXS, etc.)
- Magnetic x-ray scattering (XMCD)

http://m.eet.com/media/1172820/1a%200veral%20lab%20x%20420.jpg http://www.esrf.euffiles/live/sites/wwwifiles/about/synchrotron-science/ESRF-02-386.jpg
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Introduction

Polarized Neutron Reflectometry
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Introduction

Polarized Neutron Reflectometry

regime of total reflection
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Introduction

Polarized Neutron Reflectometry
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Introduction

Polarized Neutron Reflectometry
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Introduction

Polarized Neutron Reflectometry
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Introduction

Polarized Neutron Reflectometry
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Polarized Neutron Reflectometry

- density of layers (critical edge)

- thickness of the layers (periodicity of the oscillations)
- rms roughness of the layers (decay of reflectivity)
- magnetisation profile (splitting)




Introduction

Advantages of in situ:

- very same sample (not comparing similar samples)

- no capping layer, which could influence the magnetization of the free film

- measuring as function of film thickness flexibility in reacting to results and in adapting

research strategy

Why now?

- scientific relevance because of
current development in magnetic
storage devices

- today new neutron sources being built

- modern neutron optics available
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Introduction

Advantages of in situ:

- very same sample (not comparing similar samples)

- no capping layer, which could influence the magnetization of the free film

- measuring as function gkeetieialuaaaailodelibvciasoaabiostouaemlie—nd in adapting

research strategy

very powerful

complementary

Why now?

technique!

- scientific relevance because of
current development in magnetic
storage devices

- today new neutron sources being built

- modern neutron optics available
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Introduction

- In situ Thin Film Deposition Setup
- Early in situ Experiments

- Speeding up the Measurements

- Current Experiments / Possibilities

- Latest Developments

Conclusion and Outlook




In situ Thin Film Deposition Setup

Starting Point

Pre-requisite:

sample must be prepared in the neutron beam under at least HV (or ideally UHV) conditions

Initial Construction of in-situ chamber:

Experimentalphysik VI
Institut fur Physik
Universitat Augsburg

TRR 80 Team:

*
,From Electronic Correlations to Functionality* Andreas Schmehl
Thomas Mairoser*

Alexander Herrnberger

DFG e
Forschungsgemeinschaft *Alumni (since 2013)

18t funding period: 01/2010 - 12/2013 (acting PI since Aug. 2013) - approx. 450,000 €

2" funding period: 01/2014 - 12/2017 (P1) - approx. 470,000 €

3" funding period: 01/2018 - 12/2021 (acting Pl until End of 2018, than advisor) = approx. 440,000 €

2022/2023 TU Munich — Uni Augsburg - relocation costs

since 2023 Paul-Scherrer Institut - operational costs




In situ Thin Film Deposition Setup

- footprint: less than 1m?

- total system weight: 700kg

- deposition method: sputtering with three 2 sources (DC & RF operation)
- Materials: elements, alloys, oxides, nitrides, silicides, etc.

Andreas Schmehl, Thomas Mairoser, Alexander Herrnberger, Cyril Stephanos, Stefan Meir, Benjamin Forg, Birgit Wiedemann, Peter
Boni, Jochen Mannhart, and Wolfgang Kreuzpaintner, Design and realization of a sputter deposition system for the in situ- and in
operando-use in polarized neutron reflectometry experiments, Nucl. Inst. Meth. Phys. Res., A 883, 170-183 (2018).
https://doi.org/10.1016/j.nima.2017.11.086




In situ Thin Film Deposition Setup

Support Infrastructure

10

- 4-circle diffractometer (Siemens D500)
- UHV chamber for coating tests
- class 100/1000 clean-room environment

- 2x 2-circle x-ray reflectometer
(Siemens D5000, D500-8)

- AFM/MFM

- SEM

- fume hood

S. Mayr, C. Randau, and W. Kreuzpaintner, Automatic Attenuator Upgrade for a Siemens D500 Diffractometer via a Generic

Software Library to Overcome Hardware Limitations, Nucl. Inst. Meth. Phys. Res., A 855, 6164 (2017).
http://dx.doi.org/10.1016/j.nima.2017.02.088




In situ Thin Film Deposition Setup

‘ In situ Thin Film Deposition Setup installed at REFSANS

11



In situ Thin Film Deposition Setup

Scattering Geometry

Deposition System

to neutron source

I

Neutrop beam
I

apertures

vacuum
chamber

12



Outline

Introduction

- In situ Thin Film Deposition Setup

- Early in situ Experiments
- Speeding up the Measurements
- Current Experiments / Possibilities

- Latest Developments
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Early in situ Experiments

Neutron reflectivity of in-situ grown Ni/Cr on Si Substrate
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Early in situ Experiments

Neutron reflectivity of in-situ grown Ni/Cr on Si Substrate
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Early in situ Experiments

Neutron reflectivity of in-situ grown Ni/Cr on Si Substrate

simulation =
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X

4
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o 7 L N .
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Early in situ Experiments

Kreuzpaintner et al., Application of a portable 3He-based polarization insert at a time-of-flight neutron reflectometer,
Nuclear Instruments and Methods in Physics Research A 848 (2017) 144—152, DOI: 10.1016/j.nima.2016.12.017




Early in situ Experiments
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Fe Film thickness (ML)
M. Wuttig et al., Ultrathin Metal Films: Magnetic and Structural Properties. Springer 2004.

/ magnetization is
function of thickness

\ Crystal Structure is
function of thickness
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.. but: 12 h data accumulation per layer and neutron
polarization = total 24 hours!

Cu(100) 20nm
Si(100) substrate




Early in situ Experiments

... too long data collection times, which leads to the big question of ...

,now clean does the surface of the sample really stay during the measurement due to
absorption and desorption of ,dirt“-adatoms in the vacuum?“

... which leads to the next big question of ...

,NOW can we make vacuum quality and measurement times compatible?“

- base pressure of vacuum 30min for performing polarized

improved to 5E-9 mbar neutron reflectivity
- use of 99.99999% (7n) pure measurements in a minimum
Ar working gas range of:

— 04 <Q. <014~

18
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- Speeding up the Measurements

- Current Experiments / Possibilities

4 5 6 7 8 9 10 11 12 13 14

A A

- Latest Developments

Conclusion and Outlook




Speeding up the measurements

Idea: polarizing supermirror (m=4) and flipper as part of sample environment

Polarizer Design and Construction: W. Kreuzpaintner

- Easier data treatment:

- No time dependence

of polarisation and - Investigated system Fe/Cu/Si(100) non epitaxially grown
transmittance - Observation: reduction in measurement time from 24h to 16h
- Less loss in flux
- Better signal to noise * Need more flux to get to 30min!

- Real in-situ because
sample does not need
to be moved

20



Speeding up the measurements

SELENE -- Elliptic (Montel) mirrors -- prototype on AMOR @ SINQ

- key-feature: focussed beam
- maximum flux at low background

Detector (PSD)
: Sputter-
Montel mirror chamber % A ) e
Neutron guide \ 5 S A=
Polarisor \ ;
: Montel mirror
& Flipper
< o m < 4 m g

21 J. Stahn, T. Panzner, U. Filges, C. Marcelot, and P. Boni, Nucl. Instrum. Methods A 634, S12-S16 (2011)



Speeding up the measurements
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Speeding up the measurements
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Speeding up the measurements
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Speeding up the measurements
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Introduction
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Current Experiments / possibilities

Selene:

AMOR @ PSI

24

Neutrons
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Current Experiments / possibilities

epitaxial growth of Fe on Cu,,. /Si
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Current Experiments / possibilities

deposition step i
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Wolfgang Kreuzpaintner, Birgit Wiedemann, Jochen Stahn, Jean-Francois Moulin, Sina Mayr, Thomas Mairoser, Andreas Schmehl, Alexander
Herrnberger, Panagiotis Korelis, Martin Haese, Jingfan Ye, Matthias Pomm, Peter Boni, and Jochen Mannhart, In situ Polarized Neutron
Reflectometry: Epitaxial Thin-Film Growth of Fe on Cu(001) by dc Magnetron Sputtering, PHYSICAL REVIEW APPLIED 7, 054004 (2017)
https://doi.org/10.1103/PhysRevApplied.7.054004
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Current Experiments / possibilities

Fe-layer induced ferromagnetism in Pd

S ———— e

Si Substrate

27 J. Guo, University of California, Irvine



Current Experiments / possibilities
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- — Fe-layer deposition step:
- continuous layer (rms roughness of Pd seed is reproduced by Fe)
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Current Experiments / possibilities

Pd seed layer Pd cover layer
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Pd seed layer Pd cover layer
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Solving the Phase Problem
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The phase problem:

2

dSLD
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A long standing Problem:
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We propose a solution based on the “reference layer method”
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Reconstructing the Phase information with
the help of /n situ grown additional layers
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After measuring at least 3 reflectivities |R;|? with known reference layers, one can
retrieve the reflectivity of the initially unknown part

B — a+ 21y
a+ 4+ 2

A. Book, S. Mayr, J. Stahn, P. Boni, and W. Kreuzpaintner, Phase Reconstruction of a Cu(001) Seed Layer from in situ

Polarized Neutron Reflectometry Data using Fe Reference Layers, Nucl. Inst. Meth. Phys. Res., A 1023, 165970
33 (2021). https://doi.org/10.1016/j.nima.2021.165970

R():




Outline

Introduction

- In situ Thin Film Deposition Setup
- Early in situ Experiments

- Speeding up the Measurements

- Current Experiments / Possibilities

- Latest Developments

Conclusion and Outlook




Latest Developments

Even more optimized sample environment
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Latest Developments

Transferred and handed over to PSI

Jochen Stahn
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Conclusion and Outlook

Development

sample environment

methodology of in situ PNR

fully completed

Available for users on Amor @ PSI

Applications:

- layer-by-layer growth of Fe on Cu
- Pd/Fe/Pd trilayer

- Phase reconstruction

Increase of interest in the technique by external users
- Magnetism
- Soft matter (additionally > GISANS)
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Conclusion and Outlook

ToF-GISANS test @ REFSANS:
- onset of magnetism on nanostructured surfaces (Fe on facetted Sapphire)

difference plot:
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