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About me...

SNAP Beamll

FACULDADE DE
CIENCIAS E TECNOLOGIA
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PHYSICS OF MATTER UNDER EXTREMES

For the study of materials in extreme stimuli to develop new materials
and elicit optimized properties, and to characterize these far from
equilibrium states with fine spatial resolution and short times.

ARCS, BASIS, BIO-SANS, CNCS, CORELLI, CTAX, DEMAND, GP-
SANS, HYSPEC, IMAGINE-X, MARS, POWDER, POWGEN, PTAX,
SEQUOIA, SNAP, TAX, USANS, VERITAS, VISION, WAND?

universidade
de aveiro

MATEHIALS RESEARCH LABORATORY
the innovation engine for new materials
UC Santa Barbara
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Extireme Environments in Materials Science
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Fundamental Research

Structural Materials

Superconductivity

High-Temperature
Metals/Ceramics
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Real world applications
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Outline

* Neutron Scattering Role in Extreme Environments
* Pressure
« Magnetic Field / Pulsed Magnets
« High Temperature / Levitators

* Opportunities and Conclusions
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Neutron Scattering under Extreme Environments

Crystal / Nuc. Magnetic

Structure Structure

« Tracking phase evolution and
transitions even low Z species

» Detailed information on magnetic and
crystal structure.

« Sensitive to lattice dynamics and
accurate thermal parameters

* Instruments compatible with high
magnetic field

*,OAK RIDGE | $5eamen

National Laboratory | SOURCE

Inelastic ‘il Penetrating
Neutror_l . Access to mK
Scattering i Complex env.

Bulk sample characterization

Complex sample environments

Time of Flight (Pulsed sources)

Access to extended q — highest momentum
transfer/real space resolution

Energy resolved - ideal for spatially
constricted samples



Neutron Scattering for Extremes

Inelastic
Neutron
Scattering

Penetrating
Access to mK
Complex env..

Crystal / Nuc. Magnetic

Structure Structure @

Neutron Experiments Under extreme environments
* Low Flux « Smaller samples - long collection times
« Weak scattering cross section  Mixed phases
« Slow measurements * Fine spatial and temporal resolution
« Medium instrument resolution * (Very) complex and often hazardous
« “Large” samples sample environment

« Development of new data acquisition
reduction and analysis tools
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High-Pressure
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High-Pressure Neutron Diffraction

Hydrogen-Bonded Melts and glasses
systems -, at high pressure |

In-Situ synthesis

Wl

Magneto-Structural ;. 114} Guest-Host
Coupling ﬂ> @ systems

*
®

Quantum

phenomena Gas Storage

SPALLATION
NEUTRON
SOURCE
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High-Pressure Devices — an Overview:

*OAK RIDGE

Science

Gas Storage, Biology
Organic Chemistry
Quantum Phenomena
Magnetism

AAAAAAAAAA
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Cell Type

Gas

Clamp

Max.
Pressure
(GPa)

0.5 (1)

Temperature
range (K)

10-350

mK-350




Chemistry / Materials — The Workhorse:

PE — Paris-Edinburgh press

Chemical Synthesis | o0 o oter 300-2000 <68
Mineral Physics

Phase transitions

Crystallography PE 10-20 (1.8) 80-350 <87




Paris-Edinburgh Press

Wide angle: large q

Cubic BN anvils

Self collimating

Max. pressure : up to 10 GPa

Narrow angle: limited q
PCD /WC /ZTA anvils
Transparent anvils _ | _

Max. pressure : up to 20 GPa ngh pressure neutron diffraction

scattering to 20 GPa and below 1.8 K
y /

V//{
*,OAK RIDGE |saLarion NEUTRONS
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Pressure vs chemical doping in BaFe,As,
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Neutron Diamond Anvil Cells

’I -‘."g v
————— neutron beam

Enabled by the availability

Metallic gasket . | Diamond anvil .
g of CVD-grown diamonds

k"

Sample

L Force

500 pm x 100 pm sample

SPALLATION
NEUTRON
SOURCE

*OAK RIDGE

National Laboratory




Extreme Pressure

Gas Loading
compressor

Extreme Chemistry | DAC | 40 (95 max) 6-700 | <0.15 |

I
)v,;f}

Y

\ %
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Benefits of area detectors
L e | /\

\ |  Single crystal capability

| « Enhanced sensitivity
\'Lr
VA « Masking spurious signal
l.bGI ‘ ‘1,68‘ ;S#a]éfihg(k) 112 1.I14 1.16
» Sensitive to non ideal samples
« Large datasets
« Complex data reduction

0 L d L 1 1
*,OAK RIDGE | {a5eamen e - M d-spacing (A)
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New data reduction challenges
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Quantitative Rietveld Refinment @ Pressure

B, Structural refinement
AR, Ice VIl at 12.5 GPa
X / > 7 0.4 : , ‘
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lce VIl on the approach to H-bond symmetrization
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Ongoing Developments In-situ elamp cell

Clamp Cell

Advantages

Large sample size

Easily customizable

Full detector coverage
Compatible with single crystals
Amenable to fast cooling

Drawbacks

. Low/Medium pressure (2-3 GPa)
. No continuous pressure control/monitoring
. Laborious pressure changes

Collaboration with DAC-Tools
SPALLATION . .
*‘%\K RIDGE |t and Jamie Molaison
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NaCl Test Pressure Run

NaCl Pressure Run in Clamp Cell
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The “Iimpossible” clamped experiment

/700
hydrogen disordered 600

hydrogen ordered 500
polymeric 400

p !/ GPa

C.G. Salzman, J.Chem. Phys. 150(6) 2019
¥ OAK RIDGE ? [
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D,O Ice Compression

D20 Ice Compression

50 L35

w
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Workspace
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Pulsed Magnetic Field

Slides Contributed by Garrett Granroth
¥ OAK RIDGE ? [
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¥

TOF Neutron Diffraction

Wavelength is encoded in TOF
Fixed detector array

Laue pattern; but TOF allows identification
of individual peaks

Means multiple Bragg reflections for a
single orientation

OAK RIDGE |assanen
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TOF neutrons + pulsed magnet

Independently vary field and wavelength
band as a function of time
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The I\/\OgﬂeT Inner wall of

e Insert for an orange cryostat Orangecryo
Liq. N,

Can apply up to 30 T on a sample

Vacuum

Time synced to facility timing signal

He gas

1 pulse every 2-5 min depending on peak field
Thermo sensor

Sample

Magnet coil

w .

Design of Prof. H. Nojiri

SPALLATION
NEUTRON
SOURCE
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First High field measurement MNWO, )

SEQUOIA in white beam mode
~ No Fermi Chopper; T0 @ 30 Hz ~ 0.5 A bandwidth
- Phase magnet pulse for commensurate peak at 30 T

— Peak s for 30 pulses; 5 minutes between pulses
- Sum over two tubes and pixels 50-70
- T=2K

Peak shape change in HF phase

Two reflections observed in single angle
setting!

Details in H. Nojiri et al. PRL 106, 237202 (2011)

- —m— Field on
10 | —m— Field off

[@)]
T
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o 26 50 |— Vv Other neutron data
« Correlation between charge 24 o |
Polarization and magnetism is useful. _ ,, MELE -
N 20 :42: i
« Lofs of structural data from neutron 2 [ i i
Laue with pulsed magnets I I ]
14 ul :
12 132 — ?_; -
10 30 v Q= (0,1/3,0) —
60 =D i
I I I IV N b26 9 —
_ 40 24— —
é 0.6} 20 29 b— ]
= 0.4} /'J 0 20 -1V Qu=0002 §-® o o 7 —
. 0 : . . . @) Q gg— 14 (—II Q“a(o.olﬂ);“““wm”‘:“ i =
— 9 PR A i ‘g -
NE 4}t 10 — —
O
S o] Suasrere A e i
L= _® B ]
o 5 10 15 20 25 30 I I B IS
I.LOHZ [T] 0.8 1 12 14 16 1.8 2 0 2 4 6 8 10 12 ‘ 14 16 18 20 22 24
Q - (UKU} [rlLI] Temperature [K]
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&gﬂgﬁgﬁg RO R. Toft-Petersen et al. Phys. Rev. B 95, 064421 (2017). 024403 (2020).




Levitators

Slides Contributed by Dante Quirinale
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Containment is not simple af high femperatures

« For neutrons, we generally need large
samples and long measurement times

- Samples usually stay hot for hours

» There aren’t that many materials that -

are low background — Al V, Nb.... “At sufficiently high tfemperatures,

e Loss of containment can be very bad if everything reacfts with everything.’
the sample is activated | o T T -

 We support lots of different samples per
year. Sometimes, things don't go great
— hopefully things break on a pre-
beamtime test!
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Pushing materials to extremes tfemperatures

Aerodynamic* Electrostatic* Electromagnetic Acoustic
(AL) (ESL) (3,19) (ACL or USL)

Optimal Use Ceramics Metals, Metals Solutions, low density
Semiconductors solids
Material Limitation Density, Viscosity, Conductivity, Conductivity, Vapor  Density, surface
Atmosphere Vapor Pressure Pressure tension
Max Temperature ~3000 °C ~3000 °C? ~4000 °C?¢ ~1000 °C (under MG)
Complexity Low-Medium Very High Low Low-Medium
Thermophysical With Difficulty Fully Capable Limited (on earth) Limited

property meas.

Atmosphere Atm-pressure UHV — pressure UHV — pressure Atm-pressure
capability

Aero-Acoustic) also exist!

*,OAK RIDGE | $5eamen
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National Laboratory | SOURCE Ishikawa, Takehiko, Paul-Frangois Paradis, Junpei T. Okada, and Yuki Watanabe. "Viscosity measurements of molten refractory
metals using an electrostatic levitator." Measurement Science and Technology 23, no. 2 (2012): 025305.




Modern EML ,?

« Requires material to conduct (or be — e
heated to conductive state)

=

« Heafting infrinsically linked to levitation

Induction
current

~350kHz

ld
RF-power supply

« Operatesin vacuum or under

O _I_ m OS p h ere Coolitllf“\vvater Levitation coil i
. thb'fer, Georg. "High-resolution inductive measurement of electrical resistivity and .
° EXpeCT d eform d '|'|O N Of Ssdm ple density of electromagnetically levitated liquid metal droplets." Review of Scientific
. . . . Instruments 89, no. 12 (2018): 1247009.
terrestrially, not in microgravity... r —

« Methods exist for measurement of ey ] e st
temperature, and thermophysical — aorean | P
properties..... i _wt EH oy

« Natural stiring mechanism; low E 1 P
thermal gradients nc=niiN LI

l_}—:.F = CRg-e
Fun times at the P ndow 1 .| quartz gass tube

National High

||
M- Gao, L., Shi, Z., Li, D. et al. Applications of Electromagnetic Levitation and Development of Mathematical
Magnetic Field Lab

Models: A Review of the Last 15 Years (2000 to 2015). Metall Mater Trans B 47, 537-547 (2016).
https://doi.org/10.1007/s11663-015-0522-8

SPALLATION
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SOURCE
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Acoustic Levitation : E a
transducer 7
« Samples rest in pressure nodes
created by standing waves §
A2 Az
« Levitation limited by density, but T |
possible with correct optimization to i g
float refractory metals Bl ol
\\ 20 —— H _
.. OQ L £ 10 -— o =
- Temperature generally limited fo less | reflector I N —— H_5
than 1200 C . "[ng“; .
- Originally, just a fransducer/reflector in coustic lovitation * Braiian Journal of Physics 48, no. 2 (2018) 190:51.

pair was most common configuration

« Investigated by NASA in the 1980s as
microgravity technique; managed to o
get up to 1000 °C... |

Benmore, C. J., and J. K. R. Weber.
"Amorphization of molecular liquids of
pharmaceutical drugs by acoustic

SoALLATION levitation." Physical Review X 1, no. 1
*,OAK RIDGE | §asen (2011): 011004.

National Laboratory | SOURCE




Aerodynamic Levitation

Refle Laser
termoneter &
« Float on a gas stream in a special nozzle @comm
« Heat from above (and sometimes below) f ﬁ& e
with a CO, laser, or use induction coils sonpl? | - —
{window
* Pronounced thermal gradients can exist £
across the sample.... O i
| (a) Y X |

« Allows rapid, easy heating of many
different materials, quick sample changes

TABLE II. Sumrrary of the temparature gradients (“C) found In Bguid and sold samples.

Top Ty — Te 10001500 °C 1500-2500 °C 2500-3000 °C
Single crystal ruby i} 1]

Spherical ZrOy (Ball mill) 1] 0-30 .
Liquid {Zr0s, Y205, AlbOs, Ca0_Aly04) . 10-20 10-30
Zr0s solid (Molten hearth) 20-60 GO-180 250-320
Zr0y solid (Vibrating table) 80-120 120-180 180310
Entire Ty — T 1000-1500 °C 1500-2500 °C 2500-3000 °C
Single crystal ruby i} 0-10 sas

Zr(y Rotating (Ball mill) 0 0-30 .
Liquid {ZrOs, Y205, AlbO3, Ca0.Aly0y) . 30-60 100-200
Zr0y solid (Molten hearth) 110-260 260-590 590-900
Zr0y solid (Vibrating table) ~650 650-970 4T0-1120

“Single crystal ruby melts at ~2050 "C.

"Different samples were used to achieve a larger liquid range, ie, CaDALOs Tm = ~137132 AL, Tn =
~2060 "C 5% Y20y Tm = 2425 °C°1 and Zr0y T = 2715 °C3

“Below Ta = 1450 °C, position Tp ({towards the bottom of the spheroid) had temperatures below what the
filament disappearing pyrometer could detect (<700 "C).

Ge, Xuan, Xiaowei Xu, Qiaodan Hu, Wenquan Lu, Liang Yang, Sheng Cao, Mingxu
Xia, and Jianguo Li. "Ambiguous temperature difference in aerodynamic levitation
process: Modelling, solving and application." Journal of Materials Science &
Technology 35, no. 8 (2019): 1636-1643.

MDI, www.matsdev.com

McCormack, Scott J., Anthony Tamalonis, Richard JK Weber,

and Waltraud M. Kriven. "Temperature gradients for
SPALLATION

*,OAK RIDGE | 4580

National Laboratory | SOURCE of Scientific Instruments 90, no. 1 (2019): 015109.

thermophysical and thermochemical property measurements
to 3000 C for an aerodynamically levitated spheroid."

Review



Electrostatic Levitation

 The most challenging technique, but the
most stable and precise

* Requires conductive material

o Sample recharged by high energy UV
lamp

 Heating is decoupled from levitation

HV Amplifiers
(x,2)
Upper electrode L Band pass filter
ens / i
Sample, / Computer
\ 1t (st)
Positioning Laser ) (@) sy Eesidon (/M)
J - s sensor PID calculations
Y f =5
Side electrodes = L
Polarizer
Lower electrode
L |

e~
&G’Bradis, Paul-Francois, Takehiko Ishikawa, Geun-Woo Lee, Dirk Holland-Moritz, Jirgen Brillo, Won-Kyu
IRhim, and Junpei T. Okada. "Materials properties measurements and particle beam interactions studies
using electrostatic levitation." Materials Science and Engineerina: R: Reports 76 (2014): 1-53.

lowa State Univeri’ry



Neutron ElectroStatic Levitator (NESL)

« Samples must be able to charge
(metals, semiconductors)

« Operated at high vacuum (~107 torr)

« Unobstructed view of sample
e Infernal sample changer with 30 slots

e Runs at NOMAD (pair distribution
function), ARCS (inelastic scattering),
CNCS (quasi-elastic scattering)

Molten AI97T|3;

Lr,Ni— Cool frog

&OAKE\{DGE SPALLATION undercooling
URCE ! '8




Extreme conditions at the SNS Pressure

Levitators

Spallation Neutron Source at Qak Ridge National Laboratory

The world’s most intense pulsed, accelerator-based N

R T e T e e Wide Angular-Range
: Nanoscale-Ordered Materials Chopper Spectrometer Fine-Resolution Fermi Chopper
Backscattering Diffractometer (NOMAD) - BL-1B (ARCS) - BL-18 Spectrometer (SEQUOIA) - BL-17
Spectrometer (BASIS) -
iquids, glasses, d Atomic-level dynamics in materials science, of fluids, fluids,
BL-2 partially ordered complex materials condensed matter, materials sclence
mohcullr systems, polymers, biology, D : ) o A A
chemistry, materials science
Eugone Mamontov  855.574-5100 - mamontove@omt.gov Ulll'a Small-Angle Neutron
Scattering Instrument Vibrational Spectrometer (VISION) -
(USANS) - BL-1A (2014") BL-168

Y in Yy
Christoph Wildgruber + 865.574.5378 - wikigrubercu® ornl.gov

Lif
.um md anvlvonmuul sciences
Michaet Agamalian - 865.576.0003 «
magamaiian & ornl gov Rl - 182

Spallation Neutrons and Pressure Y g ; 2
: ¢ ; (NSE) - BL-15 Spectrometer

Diffractometer (SNAP] - BL-3
Materials sclence, geology, carth and High- of slow [(HYSPEC) - BL-14B

""’,"°"f'.‘".'.'" .cloncoc B < ) Michiel ONl « §65.574.8426 - ohime® ornl.gov Atomic-level dynamics In single

Neutron Spin Echo Spectrometer Hybrid Polarized Beam ‘

Magnetism Reflectometer - 4 % A \ =
BL-4A po . >\ \%

Chemistry, mmﬂlmoi yered 5 G \qf, 3
lom no . f .
—_— N : X VT Fundamental Neutron
Liquids Reflectometer - N . ‘ . i TRuntos Rutum taec .S
BL-4B ’ ~ A - & | Fundamental properties of neutrons
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Extreme conditions at the HFIR Pressure

High Flux Isotope Reactor at Oak Ridge National Laboratory
The United States’ highest flux reactor-based neutron source Levitato rs
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Neutron study of material under extreme conditions:

Poses new challenges.

Allows unique understanding of materials’ behavior both at the fundamental
level and their operating Limits.

Neutron scattering techniques can provide unique insights in this space:
« Track phase transitions,
« Assess the coupling between lattice spin and charge DoF.
« Determine magnetic structures.
« Evaluate the relative strength of competing interactions.

Beyond its own merits, the challenges addressed when performing these
experiments can be translated into better experiments across the board:
 Smaller samples
« Improved experimental control
« Sophisticated data collection, reduction and analysis
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Questions?e Suggested Reading:

Pressure (Antonio dos Santos):

« Technigues in High Pressure Neutron

Scattering” by Stefan Klotz, CRC Press
(2016).

“High-Pressure Physics, J. Loveday”,
CRC Press (2012)

1 . » . »

dossantosam@ornl.gov

Pulsed Magnets (Garrett Granroth): Levitators (Dante Quirinale):

. “Pulsed High Magnetic Fields for Neutron and X-ray . “Elecfrosfgﬁc Ieyifoﬁon .focilify .opﬁmized for
Scattering Experiments” by Nojiri, H. Journal of Neutron neufron diffraction studies of high femperatfure
Research 12(4):279-281 December 2004 liquids at a spallation neutron source.” by

“Automated Pulsed Magnet System for Neutron Mauro, Nicholas et al, Review of Scientfific
utom u y. U
Diffraction Experiments at the MLF in J-PARC"” by Instruments. 87. 013904. {2016)

\2"(/325090?9/ M.; Kihara, T.; Nojiri, H. Quantum Beam Sci. “Review of Progress in Acoustic Levitation.” By

Andrade, Marco Aurelio, et al. Brazilian Journal
of Physics. 48. (2017)
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