EIGHTEENTH INTERNATIONAL CONFERENCE
ON
LIQUID AND AMORPHOUS METALS

LAM 18

JMSPASTER PLAZA

Hiroshima International Youth House

September 4-7
&

Online September 8-9, 12

2022

........

-
} 4Lk y
Yy’ )
‘)
\ "
i
T »
- .
" 4
its B
_ 123g%es f = 3 -
ERSSERRRRRREET T v i0r (1 7s o Tvegumaan S -
alliiiinemt Tt ntal it st Sl AL bt ebbt by
g1 1 -.t:'.-?.{.;a‘.t __L‘m'i-.;;::-.;ii_h_ A1 :r::.L;.t.&q;.;S\'hEﬁi: ’..&i“h"" 11}
H L 3t ghr - gtirisaniy i

i ) : mipih






EIGHTEENTH INTERNATIONAL CONFERENCE
ON
LIQUID AND AMORPHOUS METALS

LAM 18

JMSPASTER PLAZA

Hiroshima International Youth House

September 4-7
&
Online September 8-9, 12

2022



CONFERENCE ORGANIZATION

ORGANIZING COMMITTEE

Chair (General): M. Inui (Hiroshima Univ.)
Chair (Program): F. Shimojo (Kumamoto Univ.)

Co-Chair: S. Hosokawa (Kumamoto Univ.)
Co-Chair: H. Kato (Tohoku Univ.)
Y. Kajihara (Hiroshima Univ.) S. Munejiri (Hiroshima Univ.)
S. Ohmura (Hiroshima Inst. Tech.) S. Kohara (NIMS)
H. Masai (AIST) T. Morishita (AIST)
Y. Kawakita (J-PARC) K. Matsuda (Kumamoto Univ.)
S. Tahara (Univ. of Ryukyus) H. Shimakura (Niigata Univ. of PALS)
T. Usuki (Yamagata Univ.) T. Iwashita (Oita Univ.)
J. Saida (Tohoku Univ.) T. Otomo (KEK)
K. Fuchizaki (Ehime Univ.) K. Kimura (Univ. of Tokyo)

A. Chiba (Keio Univ.)

INTERNATIONAL ADVISORY BOARD

A. Di Cicco (Ttaly) C. D. Dalian (China)

B. Gelchinski (Russia) D. J. Gonzalez (Spain)
S. Hosokawa (Japan) M. Inui (Japan)
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P. Popel (Russia) J. F. Wax (France)

K. F. Kelton (USA) D. L. Price (France)

P. S. Salmon (UK) F. Shimojo (Japan)

T. Scopigno (Italy) M. Vasin (Russia)

INTERNATIONAL PROGRAM COMMITTEE

T. Bryk (Ukraine) F. Demmel (UK)

S. De Panfilis (Italy) V. Giordano (France)

D. Holland-Moritz (Germany) N. Jakse (France)

J. Z. Jiang (China) K. Khishchenko (Russia)
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SPONSOR

THE KAJIMA FOUNDATION
(RE B AR B A [F])

JSMS Committee on Metallic Glasses
(HARMEN 2R T 7 AHMEES)

ELECTRIC TECHNOLOGY RESEARCH FOUNDATION OF CHUGOKU
(FREE 1 E At gE i )

SPONSOR Company

Heraeus K.K. MAKABE R&D Co.,LTD

SCOPE OF CONFERENCE

Since the 60s the state-of-the-art in the field of liquid and amorphous metals and alloys is the
focus of an international conference, the “Liquid and Amorphous Metals conference” (LAM),
which is in its 18th conference. Born as a conference on liquid metals in 1966 at Brookhaven,
since 1980 it has been renewed including amorphous metals (1980, Grenoble, France) and then
has continued a three years basis, with the last three editions held in Beijing, China, in 2013,
in Bonn, Germany, in 2016 and in Lyon, France, in 2019.

The aim of the LAM conferences is to bring together scientists working in the field of liquid and
amorphous metals in order to discuss new advances and future directions in this intriguing field
of condensed matter physics, chemistry and materials sciences. Although primarily aimed at
discussing the hottest topics in liquid and amorphous metals including semiconductors, molten
salts, quasicrystals, complex systems, and some non-metallic systems such as molecular glasses,
polymers, and colloids have in the past found their place in the conference, with the aim of
stimulating discussions and brainstorming.

The conference includes the following topics:

- Structure - Mechanical properties

- Dynamics - Solidification

- Atomic transport and diffusion phenomena - Glass transition

- Microstructure — heterogeneities - Metal-nonmetal transition

- Modelling and simulations - Amorphous and quasicrystals

- Electronic structure and transport - Exotic phenomena

- Thermodynamics. - Experiments performed in space
- Surface and interfacial properties - Hyper-order investigation

- Magnetic properties - Industrial applications



INFORMATION ON LOCAL CONFERENCE

CONFERENCE VENUE

JMS Aster Plaza Hiroshima International Youth House
Kakomachi 4-17, Naka-ku, Hiroshima City, Hiroshima pref. 730-0812, Japan
TEL: 082-244-8000

HBG Hall (Welcome party, Buffet Lunch)

JR rail way

ShinHakushima

Hiroshima |.C.=

I Bus Center‘ b Pref. Hall I
. 1

Kamiyacho
Peace |
Memorial Par NHK @

Heiwa(Peace) str.

- I HBG Ha& iy :_2 Kakomachi
Funairicho 3 E - Shiyakusyomae
i1 o i/
JMS. Aster Plaza = P City Hall
- . r
route 2

=
N

4 © i 4 g

From JR Hiroshima station

Street Car (190 JPY) : D to Kamiyacho-keiyu Ujina : getting off at Shiyakusyomae and 600 m
: ©® to Eba : getting off at Funairicho and 400 m
Bus (190 JPY) Line 24 of Hiroshima Bus

: to Yoshijima eigyosyo or to Yoshijima Byoin: getting off at Kakomachi and 200 m
Taxi (about 1,200 JPY) : about 15 min

From Bus Center
1.5 km on foot

Taking Street Car or Bus above at Kamiyacho (Be careful, several stops to different destinations)



Hiroden (Street Car) route map
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JMS Aster Plaza Hiroshima International Youth House

z HBG Hall
Welcome party
Lunch
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JMS Aster Plaza
~ Registration
. desk

Coffee Break |
Poster sessign-—|

Elementary School

Attention: Please come to Registration desk at first before going to Welcome
Party open at 18:00 (close at 20:00).

REGISTRATION

Registration desk at JMS Aster Plaza (ground floor) will be open during the following times:
September 4 15:00-18:00

September 5-6 09:00-18:00
September 7 09:00-16:00
MEALS

Buffet Lunch is included in the registration fee.

COFFEE BREAK

Coffee break is supplied at Citizen’s Gallery (poster session room) on the ground floor in Aster
Plaza.



ORAL SESSIONS

Oral presentations are conducted at Medium Hall upstairs in JMS Aster Plaza.
Please keep your allocated time that includes discussion & comments.
Total duration:

Plenary Speaker 140 min
Invited Speaker : 30 min
Committee Member Talk : 30 min
Local Committee Member Talk 1 25 min
General 120 min

Online participants can watch live steam of oral session but please send the questions and
comments to the presenter by e-mail.

POSTER SESSION

Poster session is conducted at Citizen's Gallery on the ground floor in JMS Aster Plaza. The
area for each poster is about 1200 mm X 1800 mm. We are assuming a poster size of about 900
mm X 1200 mm. The poster can be mounted at the allocated area from 15:00 on 4th September
till 15:00 on 7th September. We provide permitted tapes to fix a poster on the wall. Never use
pushpins and your own tapes to do it.

SOCIAL PROGRAM

WELCOME-RECEPTION-PARTY

Date ! Sunday, September 4, 2022
Time :18:00-20:00
Place : Café & Restaurant in HBG Hall

CONFERENCE DINNER (BANQUET)

Date : Wednesday, September 7, 2022
Boarding Time : 18:35-

Time 1 18:50-21:00

Place : Cruising by Ginga

Fee : 11,000 yen



INFORMATION ON ONLINE CONFERENCE

ORAL SESSIONS

We are preparing zoom for the online presentation. Please see notes in ORAL SESSIONS above.

POSTER SESSIONS

Online poster session includes online posters plus most of posters in Local conference. We are
preparing the web site to upload a poster of about 900 mm x 1200 mm whose size is 20 MB
maximum. Files of pdf and jpeg per poster (the name should be poster number.pdf and poster
number.jpg) should be submitted to a file exchanged system whose URL will be announced to
each presenter. When your file becomes larger than 20 MB, please contact us. Short presentation
(within 5 min, within 5 slides including a cover sheet) is programmed for every poster. The short
presentation is conducted using zoom of oral presentation. Please prepare slides for short
presentation. Discussion of each poster can be done using breakout room in zoom or the zoom

prepared by the presenter.

MANUSCRIPTS

The special issue on18th International Conference on Liquid and Amorphous Metals (LAM18)
is published by J. Phys.: Condensed Matter, similarly to LAM17. The deadline of the submission
will be in November after LAM18 conference. All relevant researchers, regardless of whether
they participated in LAM18 or not, are eligible to present their research in the special issue.
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9:20-9:30

9:30-10:10

10:10-11:00

10:10-10:40

10:40-11:00

11:00-11:20

11:20-12:05

11:20-11:45

11:45-12:05

12:05-14:00

14:00-15:30

14:00-14:30

Local Conference Programme

LAML1S

LAM-18 Conference
Local Conference Programme

Day 1 - Monday 5th, September 2022

Welcome/introduction

Plenary Session |
Plenary Talk

Medium-range Order and Cluster Connectivity

Session A1

Structural Properties of Glasses

Invited Talk

The Intermediate-Range Structure of Glasses as seen
from their Magnetic Properties and Under an Optical
Microscope

Structural Origin of Temperature Memory Effect of
Quenched Strain in Metallic Glasses

Coffee Break

Session A2

Synthesis of Metallic Glasses

Local Committee Member Talk

Synthesis and Mechanical Property of Highly Structure
Controlled Metallic Glasses by Thermal Rejuvenation
Technique

High-entropy design and its influence on glass-forming
ability in Zr—Cu-based metallic glass

Lunch
Session A3
Dynamic Properties of Metallic Glasses

Invited Talk

Dynamic heterogeneities in undercooled metallic alloys

Organizers

Chair: Masanori Inui
Xun-Li Wang PL1

City University of Hong Kong,
China

Chair: Junji Saida

Giancarlo Jug IL1
Universita dell’Insubria, Italy
Masato Ohnuma o1
Hokkaido University, Japan
Chair: Noel Jakse

Junji Saida CcL1
Tohoku University, Japan
Yusuke Ohashi 02
Tohoku University, Japan
Chair: Giancarlo Jug

Noel Jakse IL2

Université Grenoble-Alpes, France



14:30-14:50

14:50-15:10

15:10-15:30

15:30-15:50

15:50-17:50

9:20-10:00

10:00-10:50

10:00-10:30

10:30-10:50

10:50-11:10

11:10-12:15

11:10-11:35

Local Conference Programme

Relaxation dynamics of glass forming metals: Study of
aging anelasticity and supercooled liquid behavior in a
ZrTiCuNiBe alloy

Emergent structural heterogeneity and it's effect on
viscosity and transport in a model binary metallic glass

Creation of Three-Dimensional Relaxation State
Gradient in Zrs5,Cu,0Al,, Metallic Glass Through a
Thermal Process

Coffee Break

Poster Session PS1

LAML1S

Eloi Pineda 03
Universitat Politecncia de
Catalunya, Spain

Peter Michael Derlet 04

Paul Scherrer Institute, Switzerland

Day 2 - Tuesday 6th, September 2022

Plenary Session |l
Plenary Talk

How the Liquid Structure is Formed; Bottom-up, Top-
down, or Both?

Session A4

Dynamic Properties

Invited Talk

Hydrodynamic Interaction Between Quasi-elastic and
Acoustic Modes Observed by Inelastic X-Ray
Scattering

Ab initio Study of Collective Excitations in Liquid Sb

Coffee Break

Session A5

Phase Transition in Liquids

Local Committee Member Talk

Interpretation of thermodynamic anomalies of liquid
water in terms of critical fluctuations

Rui Yamada 05
Tohoku University, Japan

Chair: Shinya Hosokawa
Takeshi Egami PL2

University of Tennessee, USA

Chair: Yukio Kajihara

Alfred Q.R. Baron IL3
RIKEN SPring-8 Center, Japan

06

Ecole Normale Supérieure, France

Ari Paavo Seitsonen

Chair: Alfred Q.R. Baron

Yukio Kajihara CL2

Hiroshima University, Japan



11:35-11:55

11:55-14:00

14:00-15:15

14:00-14:30

14:30-14:55

14:55-15:15

15:15-15:35

15:35-16:20

15:35-16:00

16:00-16:20

16:20-16:40

16:40-18:40

Local Conference Programme

Phase relation between supercooled liquid and
amorphous Silicon

Cancelled

Lunch

Session A6

Structure |

Invited Talk

Structure of amorphous Cu-Ge-Te and the implications
for its functionality

Local Committee Member Talk

X-ray and neutron diffraction of semi-crystalline
isotactic poly (4-methyl-1-pentene) with alkane
absorption

Direct observation of concentration fluctuations in Au-Si
eutectic liquid by small-angle neutron scattering

Coffee Break

Session A7

Dynamic and Transport Properties

Local Committee Member Talk

Structural Relaxation in Complex Liquid Metals
Antimony and Bismuth by Means of Coherent Quasi-
Elastic Neutron Scattering and Time -Space Correlation
Function

Estimating Thermal Conductivity of Silver
Chalcogenides Using Machine-Learning Interatomic
Potentials

Coffee Break

Poster Session PS2

LAML1S

Junpei T. Okada o7
Tohoku University, Japan

o8
Chair: Yukinobu Kawakita
Jens Riidiger Stellhorn  IL4
Hiroshima University, Japan
Ayano Chiba CL3
Keio University, Japan
Yoshifumi Sakaguchi 09

Comprehensive Research
Organization for Science and
Society (CROSS), Japan

Chair: Jens R. Stellhorn

CL4

Japan Atomic Energy Agency,
Japan

Yukinobu Kawakita

010

Kumamoto University, Japan

Kohei Shimamura



9:20-10:00

10:00-11:15

10:00-10:30

10:30-10:55

10:55-11:15

11:15-11:35

11:35-12:45

11:35-12:05

12:05-12:25

12:25-12:45

12:45-14:00

Local Conference Programme

LAML1S

Day 3 - Wednesday 7th, September 2022

Plenary Session I

Plenary Talk

Supercritical Elasticity and Structural Entanglement of

Multicomponent alloys

Session A8

Liquids and Glasses under Pressure

Committee Member Talk

Investigation of local structural changes in GeSe2 glass

under ultra-high pressure

Local Committee Member Talk

Bonding and structure of liquid iron-light-element-
oxygen ternary alloys under high pressure: molecular

dynamics simulations

Inelastic X-ray scattering measurements of liquid Fe-S

at high pressure

Coffee Break

Session A9

Properties under Pressure and Shear Strain

Committee Member Talk

Simulation study of the collective excitations in liquid

sodium under high pressure

Structure of liquid Cd under high-pressure condition

Ab initio simulation for the ductility mechanism of silver

chalcogenides

Lunch

Chair: Hidemi Kato
Yang Ren PL3

City University of Hong Kong,
China

Chair: Jean-Frangois Wax

Andrea Di Cicco CL5

University of Camerino, Italy

Satoshi Ohmura CL6

Hiroshima Institute of Technology,
Japan

Yoichi Nakajima o1

Kumamoto University, Japan

Chair: Andrea Di Cicco

Jean-Frangois Wax CL7
Université de Lorraine, France

Fabio lesari 012

Aichi Synchrotron Radiation
Center, Japan

Hinata Hokyo 013

Kumamoto University, Japan



14:00-15:30

14:00-14:30

14:30-15:00

15:00-15:30

15:30-15:50

15:50-17:00

15:50-16:20

16:20-16:40

16:40-17:00

17:00-18:35

18:35-
18:50-

Local Conference Programme

Session A10

Properties of Metallic Glasses

Invited Talk

Reverse Monte Carlo modeling: state of affairs and
applications to metallic glasses

Invited Talk

Long-time and intermittent structural evolution of
metallic glasses

Invited Talk

Decoupling between thermodynamic and dynamical
glass transitions in high-entropy metallic glasses

Coffee Break

Session A11

Structure |l

Invited Talk

Structure Determination in a new Type of Amorphous
Molecular Solids with Extreme Nonlinear Optical
Properties

Static Structure of Liquid Ag,Se Based on Molecular

Dynamics Simulations Using Artificial Neural Network
Potential

Semianalytic Formula for Multiphonon Thermal Diffuse
Scattering in Solids

Free time

Boarding

Dinner

LAML1S

Chair: Wolf -C. Pilgrim

Laszl6 Pusztai ILS
Wigner Research Centre for
Physics, Hungary

Robert MaaB IL6

Federal Institute for Materials
Research and Testing (BAM),
Germany

Takeshi Wada IL7
Tohoku University, Japan
Chair: Laszl6é Pusztai

Wolf -C. Pilgrim IL8

Philipps-University of Marburg,
Germany

Akihide Koura 014

Kumamoto University, Japan

Hikaru Kitamura 015

Kyoto University, Japan



Online Conference Programme 5

LAM-18 Conference
Online Conference Programme

Day 4 - Thursday 8th, September 2022

JST
CEST
16:00-17:00 Session R1 Chair: Kazuhiro Matsuda
9:00-10:00 Structure and Dynamics of Liquids |
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PL1 Plenary Mon. 5, Sep. 9:30-10:10

Medium-range Order and Cluster Connectivity

Si Lan'?, Zhenduo Wu*?, Xiaoya Wei?, *Xun-Li Wang>*

! Herbert Gleiter Institute of Nanoscience, School of Materials Science and Engineering, Nanjing University of
Science and Technology, Nanjing 210094, China

2 Department of Physics, City University of Hong Kong, City, 83 Tat Chee Ave., Kowloon, Hong Kong

3 Center for Neutron Scattering and Applied Physics, City University of Hong Kong Dongguan Research
Institute, Dongguan 523000, China

4 City University of Hong Kong Shenzhen Research Institute, Shenzhen Hi-Tech Industrial Park, Shenzhen
518057, China

*xlwang@cityu.edu.hk

Keywords (Maximum: 6 keywords, Minimum: 3 keywords, 10 point): Synchrotron scattering, neutron scattering,
short-range order, medium-range order, cluster, connectivity.

Amorphous materials have no long-range order, but there are ordered structures at short-range (2-5 A),
medium-range (5-20 A), and even longer-length scales [1,2]. While regular and semiregular polyhedra are often
identified as short-range ordering in amorphous materials, the nature of the medium-range order has remained
elusive. In a recent study of a Pd-Ni-P amorphous alloy during crystallization, we captured an intermediate
crystalline cubic phase and found a six-membered tricapped trigonal prism cluster (6M-TTP) existing in both
phases [3]. The 6M-TTP clusters can periodically pack to several tens of nanometers to form the cube phase. In
this regard, our experimental observations established a structural link between the amorphous and crystalline
phases and suggested that it is the connectivity of the 6M-TTP clusters that distinguish the crystalline and
amorphous phases. Furthermore, we found the idea of cluster connectivity to be rather versatile, as it can explain
the structure evolution during crystallization [3,4], mechanical deformation [5], and liquid-to-liquid phase
transformation [6], where the short-range order structures or the clusters change only slightly. Rather, it is the
connectivity between clusters at a medium-range scale that drives the dynamic response. In this talk, we
discuss the meaning of cluster connectivity within the context of these in situ experimental results.

References.

1. D. B. Miracle, Nature Materials 3, 697-702 (2004).

2. D.Ma, A.D. Stoica, and X.-L. Wang, Nature Materials, 8, 30-34 (2009)
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4. X.-L. Wang et al., Phys. Rev. Lett., 91, 265501 (2003).

5. D.Maetal., Phys. Rev. Lett., 108, 085501 (2012)

6. S.Lan et al., Nature Comms., 8, 14679 (2017)
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Fig. 1. A structure model illustrating the unit cell of the intermediate cubic crystalline phase in a
Pd-Ni-P metallic glass during crystallization. (a) Red balls are Pd and Ni atoms, whereas the blue balls
represent P atoms. The orange-colored polyhedron represents the Pd-enriched small cluster, and the
blue-coloured polyhedron represents the Ni-enriched small cluster. Only part of the small clusters is
displayed for clarification. (b). Schematic diagrams showing the construction of the 6M-TTP cluster
by the edge-sharing scheme. The 6M-TTP cluster is the structural link between the cubic crystalline
and the amorphous phases.



L1 Invited Mon. 5, Sep. 10:10-10:40

The Intermediate-Range Structure of Glasses
as seen from their Magnetic Properties and Under an Optical Microscope

*Giancarlo Jug'??3

'DiSAT, Universita dell’Insubria, 22100 Como, 22100, Italy, 2INFN Sezione di Pavia, 27100 Pavia, Italy,
3To.Sca.Lab Universita dell’Insubria, 22100 Como, Italy

*giancarlo.jug@uninsubria.it

Keywords: Glass structure, SQUID-Magnetometry, Nanometric structures, Optical microscopy.

While the atomic-range- and long-range-structure of glasses are basically agreed upon, the
intermediate-range has witnessed controversy since the early 1930s. In this talk I shall argue that
low-temperature experiments (particularly in a magnetic field) have recently contributed enormously to elucidate
such intermediate structure as being characterized by frozen-in heterogeneities that issue from the super-cooled
liquid state. When creating glass through avoided-crystallization, the liquid is characterized by solid-like
fluctuations already in the proximity of 7 (the crystallization temperature). A highly correlated liquid ensues
upon rapid cooling and the seeding with solid-like particles creates growing quasi-ordered clusters (Regions of
Enhanced Regularity, RER) that jam-pack at the onset of glass formation. The RER become static and trap in
their “voids” particles that remain liquid-like all the way down to the lowest temperatures (7<<7g, T, the
nominal “glass transition” temperature). These liquid-like regions are responsible for a plethora of new
phenomena known as cryogenic anomalies: I will show that the magnetic (and other) effects arise from some
collective yet localized modes and are responsible for new puzzling physical phenomena. I shall review the
most-probable explanation for the magnetic and other anomalies, including a rationale for the so-called
Two-Level Systems (TLS). The discovery of a new unexpected true magnetic effect will be reported and
explained in its unusual details in the light of a new microscopic theory that relies on the existence of collective
tunneling modes in the said “voids” between the RER. These collective modes have staggering new physics
properties. At the same time, the creation in the laboratory of a glassy multi-silicate specimen provides the
confirmation at milli-metric scale of the proposed cellular intermediate structure at the nano-metric scale
characterizing all glasses. Including metallic glasses. Visible to the naked eye, and well-characterized in an
optical and better in a scanning electron-microscope, the cells remain non-crystalline though seeded by dirt and
nano-crystals and provide for the solidity of the whole specimen. Images taken with a simple smartphone camera
and an optical microscope reveal a cellular, self-similar and fractal structure where the solid-like regions are
jam-packed and yet present no crystallinity. The two investigations (SQUID-magnetometry and purpose-seeding

of the hot liquid) corroborate each other and give full support to the cellular model of glasses.

Left: temperature dependence of the intrinsic
magnetization of a borosilicate glass at 3.0
(red) and 5.0 (black) Tesla. Beside the
unexpected peak at low temperatures, clear
temperature oscillations arise at higher
temperatures.

Right: smartphone camera image of the
cellular structure (whitish regions) in a
macroscopic BaO-Al,03-SiO; glass specimen
seen from above (meniscus of the vitrified
liquid). Specimen diameter 16 mm.

Duran glass (3.0 T, 79.5 mg; 5.0 T,
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Structural Origin of Temperature Memory Effect of Quenched Strain in Metallic
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Stress annealing (SA) induced magnetic anisotropy is known in iron, nickel and cobalt-based ferromagnetic
metallic glass ribbons and it has already been used in commercial processes. Uniaxial elastic strain is introduced
by SA and is quenched into the ribbons even after cooling and removing the external stress. The release of the
uniaxial quenched strains is clearly observed as an anomaly in the linear thermal expansion coefficient, LTEC,
when the ribbon is re-heated without stress as. The rate of strain release corresponding to the LTEC anomaly,
reaches a maximum at the temperature at which the original
SA was performed shown in Fig.1. We have observed this
temperature memory effect for the first time over the whole
temperature range from 280 to 400°C, which is below the
crystallization temperature, Tx. As shown in Fig.2, the
observed results are explained well by the existence of a
localized “flow unit” embedded in an elastic matrix, which is
accepted as the origin of the shear band formation and
rejuvenation of metallic glasses with Tg(glass transition
temperature) < Tx. Although Ty is hardly visible in calorimetry
measurements in most of the ferromagnetic metallic glass
ribbons (Tg > Ty), the results here indicate that the same
important structural feature is common to metallic glasses with SA temperature (°C)
both Ty < Txand Ty > Ty. Because magnetization behavior is g 10 Relation between SA temperatures and peak
very sensitive to the existence of residual elastic strain which  temperatures in LTEC. The difference in colors
is difficult to evaluate in most of the metallic glasses, detailed  correspond to two experiments with different atmosphere
studies, and a revival of interest in ferromagnetic ribbons will ~ (blue: in air, red: under N, flow). The dotted line

. corresponds to the case that peak temperature perfectly
help us to understand more about the nature of the localized  ,orcc with the SA temperature.
flow unit, as well as non-affine deformations.

400} g
360 - g -
320 & .

2801 & s

Peak temperature of LTEC (°C)

280 320 360 400

(a) (b) 1 1 (d)

quenched strain

Fig.2" Models for the mechanism of the temperature memory effect. In (a) to (d), atoms inside the flow unit are shown in red and
atoms in the elastic matrix are shown in blue. Dashed green lines are eye—guides for the elastic strain, i.e. the distance between #3
atoms and the line1-2 is perpendicular to the external stress. The atoms in blue can move only elastically through the SA, while the
atoms in red have high mobility when ribbons are heated for SA. The dotted green curves show the original (before SA) shape of a
cage formed by the innermost atoms in the elastic matrix. The solid curve shows the elastically deformed cage produced by the
external stress ((b) and (c)) or the accommodation of atoms inside the cage ((d)).
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Synthesis and Mechanical Property of Highly Structure Controlled Metallic
Glasses by Thermal Rejuvenation Technique
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Metallic glasses have random atomic configuration intrinsically and generally exhibit attractive mechanical
behaviors such as high strength, elastic modulus, hardness and wide elastic limit'. Recent progress of alloy
development for highly stabilized glassy structure (high glass-forming ability) has enabled us to produce glassy
alloys with a bulky shape. Such bulk metallic glasses (BMGs) are expected to apply for new industrial parts with
a precision shape due to their attractive properties. Metallic glasses also cause a slight local atomic structure
change, that is, “structural relaxation” by low temperature annealing and/or mechanical processing, which
generally leads to serious embrittlement. However, since it has not been reported an effective way to get back the
less relaxed state from the relaxed metallic glass, it has been necessary to avoid relaxation during a machining
process until now.

The authors have studied the relaxation behavior in metallic glasses under the cooling process from the melt.
Consequently, we have reported the strong dependence of relaxation state with the cooling rate just above the
glass transition temperature, T in the supercooled liquid state®. The results indicate a possibility of recovering
the less relaxed metallic glass by a simple way using thermal process with heating above T, for short duration
followed by a rapid cooling. Actually, we succeeded in preparation of the recovered less relaxed metallic glass
from the relaxed one by appropriate annealing and cooling conditions in Zr-Al-(Ni)-Cu and Mg-Cu-Ag-Gd
BMGs3®. This recovering process is so called as “rejuvenation”. These rejuvenated metallic glasses generally
bring a mechanical softening with improved ductility. It is due to the re-introduction of free volume and local
atomic structure change in the metallic glass*>®.

In this presentation, detailed rejuvenation process and improved mechanical properties in metallic glasses
will be reported. These studies provides beneficial information on the industrial application of metallic glasses.
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High-entropy design and its influence on glass-forming ability
in Zr—Cu-based metallic glass
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[Introduction] Bulk metallic glasses (BMGs) and high-entropy alloys (HEAs) are advanced materials that are
attracting much attention in both the industrial and academic fields because of their various properties that differ
from those of conventional alloys. BMGs have no long-range structural periodicity in their atomic arrangement
and are generally obtained from freezing a disordered liquid structure below the glass transition temperature (7).
HEAs are crystalline alloys with equimolar compositions of five or more elements, which form a single-phase
solid solution with a simple lattice. Four core effects have been proposed ' and several HEAs with novel
properties that cannot be obtained with conventional materials have been reported. High-entropy metallic glasses,
which combine the properties of BMGs and HEAs, have high mixing entropy in the liquid phase, and the
confusion principle [?! is also applicable to them and excellent glass-forming ability is expected. BMGs have
enhanced GFA in eutectic compositions, but most HEBMGs are set to equimolar compositions for entropy
maximization, and alloys that combine both eutectic composition and high mixing entropy are currently
extremely limited. In this work, we systematically increased the number of components up to a senary system
and fabricated new Zr-Cu-based multicomponent eutectic alloys. By doing so, we attempted to clarify the effect
of component increase to the high-entropy region on the GFA from the thermodynamic and kinetic viewpoints.
[Experiments] The alloys were prepared by arc-melting high-purity elements of Zr, Hf, Al, Ag, Cu, and Ni
under Ar gas. The fully melted alloy was poured into a cylindrical copper mold to produce rapidly quenched bulk
samples. Heat treatment was performed by sealing specimens in a quartz tube under a vacuum of less than 5 x
1073 Pa, and held at 1000 K, just below the melting point of the specimens, for 12 hours using an electric furnace.
The phase of the cast specimens was identified using X-ray diffractometers. The microstructure and composition
of the phase were analyzed by a scanning electron microscope equipped with an energy-dispersive spectrometer.
Thermal analyses were performed using a differential scanning calorimeter (DSC8500, PerkinElmer) to evaluate
the solidification behavior, phase transformation temperature and specific heat capacity.

[Results] Fig. 1 shows the slow-cooled solidification microstructure of the fabricated quaternary alloy,
confirming its eutectic composition. Increasing the number of components in Zr—Cu-based eutectic alloys, e.g.,
Zr4gAlgAgsCuss (n = 4, Dimax= 25 mm), and Zr3sHf13Al11AggNigCuss (n = 6, Dmax = 14), does not result in
increasing the GFA. A clear tendency exists where the GFA of the alloy decreases when the additive element is
solidly dissolved into the original liquid competitive crystalline phase. This is because of the thermodynamical
stabilization of the dissolved crystalline phase from the increased configurational entropy, which results in
increasing the driving force of the eutectic reaction. In contrast, the GFA of the alloy increased when the additive
element created a new crystalline phase. Ag and Ni have larger differences in atomic size and chemical
interactions with other elements compared with the substitution source, Cu. The addition of Ag and Ni forms a
new phase, and thus enhances the GFA in a Zr—Cu-based eutectic alloy. However, Hf has a smaller difference in
atomic size from the substitution source, Zr, and a smaller
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crystalline phase, thus degrading the GFA. The GFA of the b
Zr—Cu-based multicomponent eutectic alloys can be v
understood using both thermodynamic and kinetic parameters,
e.g., the ZrigAlgAgsCuss quaternary alloy with the largest

GFA bears both a smaller driving force for the eutectic
reaction and the smallest fragility parameter (m = 38). In
contrast, the Zrs; ¢Hf134Als 7Ags 4Cusy g quinary alloy with the
smallest GFA bears the largest driving force for the eutectic
reaction and the largest fragility parameter (m = 44).
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Dynamic heterogeneities in undercooled metallic alloys
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Understanding evolution of dynamic properties in undercooled liquids and their interplay with their structural
features represents an important issue for solidification processes of metallic alloys, such as crystallization and
formation of quasi-crystalline or amorphous phases [1-4]. In the present work, we focus on various classes of
Aluminum alloys such as Al-Ni [5], Al-Cu [6], Al-Cr [7] and Al-Zn-Cr [8] that we investigated using ab initio
molecular dynamics. We simulate the undercooling process of these alloys during which we monitor the
structural and atomic transport properties. We find that diffusion, viscosity and structural relaxation time undergo
a crossover between an Arrhenius and non-Arrhenius behavior at a temperature Ty during the slowing down,
which corresponds to an onset of developing dynamic heterogeneities (DHs). The structural features display
characteristics compatible with the occurrence of the icosahedral short-range order (ISRO) as well as the
development of a medium range order (MRO) upon cooling. The interplay between the ISRO, MRO and DHs is
examined. New developments in detecting such heterogeneities using unsupervised topological learning will be
discussed [9].
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Relaxation dynamics of glass forming metals: Study of aging, anelasticity and
supercooled liquid behavior in a ZrTiCuNiBe alloy
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The structural relaxation of supercooled liquids (SCL) and glasses involves spatial and temporal
heterogeneity, a high degree of cooperativity and long timescales. The complex relaxation spectrum of
disordered materials, the effects of aging and the wide range of experimental timescales make difficult to relate
the different observations in a whole picture of the liquid-glass dynamics. We will present here our recent work
on a Zr4675Tig25Cu7.5sNijoBesys s alloy. This glass forming alloy is characterized by an outstanding stability against
crystallization and decomposition. In addition, the mechanical spectrum shows a single a relaxation peak with
no evidence of a secondary process. This makes this material a good model to get insight into the dynamics of
metallic glasses discarding, as maximum as possible, the peculiarities of each particular composition.

Firstly, we will present the anelastic, or delayed
elasticity, behavior. This phenomenon is particularly
large in glasses due to a broad distribution of reversible
deformation modes. Recovery experiments after
different loading times show that the time distribution of 3
modes is invariant over a large range of temperatures s
with a v dependence, that can be directly related to the ool = i, S
high-frequency wing of the o relaxation. Fig. 1 shows 10 10" 10° 10 10"
the mechanical spectrum (a), the distribution of b logio (wTa)
relaxation modes (b) and the corresponding anelastic e D()=1", n=0.64 /
recovery functions (¢). Secondly, we will show the stress ©
relaxation behavior obtained by strain step tests in both & | Experimental P
the SCL and glass states'. In the SCL, the relaxation ig:’, resolution e

x  Experimental data
HN function

a=0.80, y=045
——= w1, n=064

time limit _
functions show an invariant shape, fulfilling the |
time-temperature  superposition principle and in 0
agreement ’w1th the viscosity behaylor.. Iq the glgss state logio 7 (s)
the relaxation becomes stretched, indicating an increase 10 :
of .dynamlcal heterogeneity. The study of the physwal ---- CHTT
aging process, performed by means of step strain tests 0.8
after different isothermal annealing times, shows that the 0.6 R
atomic mobility decreases with an aging shift rate of
p~0.5 and, interestingly, the dynamical heterogeneity 0.4f « =200min, £©5=09x10°s “o ".°2,
increases. This result implies that the dynamics becomes 02 t'=400 min, ©s=18x10°s =, “.-1,
. : e £ =600min, ts=2.7x10°s . oo

more heterogeneous in more stable glassy states, , . tets

. . R o =800 min, ts=3.5x10s Teasitie,
contrarily to the homogenization expected when the 0.0 kil
system evolves towards the equilibrated SCL 0 ! 2| ogro ¢ (:) 4 °
Conﬁgurat,lon' T'hll‘dly, \{VC Wlu compare ,the mechanical Fig. 1. a) Mechanical spectrum of the ZrTiCuNiBe glass. b)
results with MICTOSCOpIC insights obtained by X-ray Distribution of reversible relaxation modes generating the
Photon Correlation Spectroscopy. At temperatures near transient creep and the recovery behaviors. The colored areas
and above T,, the mechanical and microscopic results indicate the fraction of modes activated after different loading
show a constant dynamical heterogeneity, fulfilling the times c¢) Anelastic recovery functions after different loading
. .. Lo ’ times. The shape of the function remains invariant and the
t1rpe—temp§ramre superposfc}on prmc.lple. .Below .T & the timescale evolves linearly with loading time.
microscopic and macroscopic dynamics disagree in both
functional shape and timescale. The intermediate scattering function changes from a stretched shape in the SCL
to a compressed and fast decay in the glass. Taking into account the aging and anelasticity behaviors, this effect
may be explained by how the aging rate and the stress relaxation are observed in the microscopic scale. Finally,
we will summarize the complete view of the metallic glass relaxation dynamics and we will compare with the

results observed in other glass forming alloys.
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Emergent structural heterogeneity and it’s effect on viscosity and transport
in a model binary metallic glass
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How thermally activated structural excitations quantitatively mediate transport and micro-plasticity in a
model binary glass at the micro-second time-scale is revealed using atomistic simulation. It is found that such
local excitations underlie the transport of free volume and bond geometry. Viscosity estimates are obtained
giving a relaxation time-scale that is comparable to the strain recovery timescales seen in micro-plasticity
simulations. The transport is found to correspond to the evolution of a disclination network describing the spatial
connectivity of topologically distinct bonding environments, demonstrating the important role of geometrical
frustration in both glass structure and its underlying thermally activated dynamics. The character of this
disclination network, and how it emerges from quenching of the under-cooled liquid, is studied revealing a
system-spanning micro-structure of icosahedral and Frank-Kasper structural motives which are essentially
frozen at the time scale of molecular dynamics. Upon loading in the nominally elastic deformation regime, this
leads to a dissipation-driven heterogeneous internal stress distribution, and upon unloading negative creep and
complete residual-strain recovery.
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Metallic glasses are attracted much attention in engineering materials owing to their superior mechanical
properties and formability, which are originated from a unique random atomic configuration (amorphous
structure). Previous studies revealed that the amorphous structure is not completely random but it would be
rather heterogeneous". Recently, manipulation of heterogeneity through tailoring a relaxation state is intensively
studied with the aim of extending the range of a glassy state?. One of the representative processes is mechanical
way such as cold rolling, shot peening, high pressure torsion (HPT) etc.?. These processes are based on a heavy
plastic deformation with introducing gigantic strain in the sample. Though such processes achieved a certain
success in tailoring a glassy state, there still have some drawbacks. One is that these processes inevitably
destruct an initial geometry shape of a sample. Another problem is that some of the process does affect only on a
surface but it is difficult on a whole area. The third is that applicable sample size is limited, accordingly, most of
them can apply only for a bulk sample. From these backgrounds, it has been highly desired a new process to
solve these problems.

A thermal process is one of the strong candidates for meeting such demands. It is realized that, unlike the
mechanical way, the process is non-destructive and there is no shape change. In addition, it is isotropic,
homogeneous, and it can affect not just a part but an entire area of the sample. Moreover, it can apply to any
shape of samples like ribbon, disk, bulk etc.. Because of these advantages, thermal process is currently getting
attention regarding on tailoring the relaxation state heterogeneity.

In our previous study, it was revealed that a glassy state can be tuned by changing a cooling rate from a
supercooled liquid region®. It was also found from a dynamic mechanical analysis that heterogeneities of the
samples are different from each other with cooling rate®. These results confirmed that a relaxation state
heterogeneity can be tailored through the thermal process. More recently, our research group revealed that
relaxation state gradient can be created in a single monolithic metallic glass with creating a cooling rate
difference within a rod sample?. Interestingly, the sample with relaxation state gradient showed an improved
ductility during compression.

Though a creation of the gradient has already attained for a simple case (i.e. two-dimensional), more complex
case (e.g. three-dimensional) has never been achieved yet. Moreover, key factors for creating such relaxation
state gradient through the thermal process are still uncertain. Therefore, the objectives of the present study are to
create a three-dimensional relaxation state gradient in a ZrsoCu4oAlo metallic glass through the thermal process
and to clarify what factors do affect a creation of the gradient.

In the present study, a sample holder with a tilt angle of 24 degree against a horizontal direction is newly
developed aiming to create the relaxation state gradient in the diagonal direction of the rod sample. ZrsoCusAlio
rod sample was firstly heated to a supercooled liquid region and then one side of the holder was cooled down
rapidly by attaching a Cu mesh which was indirectly cooled with liquid nitrogen in advance. After the heat
treatment, a specific heat measurement and an indentation test were conducted to evaluate the creation of
relaxation state gradient.

It was revealed that three-dimensional relaxation state gradient was successfully created in the rod sample
through the thermal process. Thermal conductivity of the as-cast sample was calculated to be around 5-18
W/m + K which is far below the normal pure metal data. From the result, it was suggested that this low thermal
conductivity of the sample plays an important role in a creation of relaxation state gradient during the heat
treatment. Our present findings will give a beneficial information for creating a relaxation state heterogeneity in
metallic glasses.
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How the Liquid Structure is Formed; Bottom-up, Top-down, or Both?
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Liquid is a condensed matter of which physical density is similar to that of solid. Atoms form a random
structure with short- and medium-range atomic correlations. To elucidate such local correlations has long been a
major challenge. The conventional approach is to start with local structural units made of several atoms, and to
use them as building blocks to form a global structure, the local bottom-up approach. However, this approach
fails to explain the strong drive to form the medium-range order (MRO) which is different from the short-range
order (SRO) in nature [1,2]. We propose to add an alternative global fop-down approach to explain the driving
force to form the MRO. In this approach we start with a high-temperature gas state and then apply interatomic
potentials to all atoms at once. This causes collective density wave instability in all directions with the same
wavelength. These two driving forces, local and global, are in competition and are mutually frustrated. The final
structure is determined through the compromise of frustration between these two, which creates the MRO. This
even-handed approach on global and local potential energy landscapes explains the distinct natures of SRO and
MRO, and strong temperature dependence of various properties of liquid.

The key to the top-down approach is the use of the pseudopotential. To consider all atoms at once it is more
convenient to use reciprocal space. However, the Fourier-transform of the interatomic potential, ¢@r), is
dominated by the strongly repulsive part of the potential and is meaningless. We consider the pseudopotential by
truncating @(r) at a cut-off distance, 7, to remove the diverging repulsive part of the potential, and assume ¢(r)
= @(r.) for r <r.[1]. This is reasonable because at short distances no pair of atoms are found, so that the strongly
repulsive part of the potential has no physical effect on the liquid. The Fourier-transform of ¢@,(7) has a strong
minimum at g; which only weakly depends on 7. as shown in Fig. 1.

The minimum in ¢p(r) at g1 causes density waves with ¢ (|g| = ¢1) for all directions, forming a Bragg sphere.
This state is the structurally coherent ideal glass state, conceived in extrapolation from the real liquid state [4].
The pair-distribution function (PDF), g(r), of liquid and glass decays with distance as |g(r)-1| ~ exp(-r/)/r, as
suggested by Ornstein and Zernike. Thus, the PDF of the ideal state is obtained as go(r) = g(r)exp(r/&). This state
has long-range density correlations and is described by the density wave model. The local structure of this state
is very diverse, with little icosahedral order [4]. Therefore, this state is not compatible with the driving force to
form the SRO. This conflict between the SRO to minimize the local energy and the density wave to minimize the
global energy is resolved by the compromise, resulting in the MRO. Thus, the structural coherence length of
MRO, ¢, reflects the balance. When the density wave is strong & is long, whereas it is short when the SRO
dominates. Therefore, it is short for systems with strong covalent bonds, and long for systems with metallic
bonds. For this reason, the MRO coherence length is directly related to liquid fragility [5] through &~ m?3, where
m is the fragility coefficient [6]. Furthermore, the activation energy for viscosity is proportional to the coherence
volume, &, suggesting that the resistance by the
density wave, not structural defects, determines
the mechanical properties. Thus, the density wave 1.0

theory explains a wide range of liquid properties.
0.5
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Improvements in methodology and instrumentation for meV-resolved inelastic x-ray scattering
(IXS) [1-4], coupled with a fresh examination of older theory (e.g. [5]), allow identification of an
interaction between the quasi-elastic and acoustic phonon modes in liquids [6]. This helps
explain a decades old controversy about the appearance of additional modes in water spectra,
and provides a strong base to discuss new phenomena in liquids on the mesoscale. Further, we find
that the intensity of the quasi-elastic peak in water is in good quantitative agreement with an estimate
from a simple viscoelastic model [7] using the magnitude of the positive dispersion, so the huge
increase in the quasi-elastic scattering in water on the mesoscale (relative to the long wavelength
Landau-Placzek ratio) can robustly be interpreted as being due to the relaxation that causes fast
sound [6]. We also show that including the interaction changes the fit results, resulting in significant
changes to the observed sound velocity relative to a model without interaction.

[1]A. Q. R. Baron, in Synch. Light Srcs. & FELS, edited by E. Jaeschke, et al.(Springer International Publishing, Cham,
2016), pp. 1643-1757. See also arXiv 1504.01098.  [2] D. Ishikawa, D. S. Ellis, H. Uchiyama, and A. Q. R. Baron, J.
Synch. Rad. 22, 3 (2015).  [3] A. Q. R. Baron, D. Ishikawa, H. Fukui, and Y. Nakajima, AIP Conf. Proc. 2054, 20002
(2019). [4] D. Ishikawa and A. Q. R. Baron, J. Synch. Rad. 28, 804 (2021). [5] J. P. Boon and S. Yip, Molecular
Hydrodynamics (Dover Publications, Mineola, New York, 1980).  [6] D. Ishikawa and A. Q. R. Baron, J. Phys. Soc. Japan
90, 83602 (2021).  [7] R. D. Mountain, J. Res. Natl. Bur. Stand. -A. Phys. Chem. 70A, 207 (1966).
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IXS from water at 301K at Q=2.5 nm™'. The various contributions are as indicated. A fit
with the full interacting model (black line) gives small residuals (reduced chi-squared
0.92, probability>0.5) while a fit without interaction gives large and correlated residuals
(reduced chi-squared 1.56, probability<107). [6]
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We report ab initio and machine learning study of dynamic properties of liquid Sb at temperature 973 K. The
thermodynamic point corresponds to a recent experimental study of collective dynamics in liquid Sb by inelastic
X-ray scattering [1]. In the ab initio simulation we used a system of 600 particles in order to reach small wave
numbers k& for the density-density and current-current time correlation functions. Additionally we used the
trajectories, the forces on the ions and the total energies as input quantities in machine learning for fitting a
potential for liquid Sb. We were able to perfectly recover structural properties of liquid Sb by machine learning
as well as reasonable agreement for single-particle dynamic quantities.

The spectra of collective excitations in liquid Sb from ab initio simulations were derived by two
methodologies: one was purely numerical via peak positions of longitudinal and transverse current spectral
functions, while the second was based on an advanced approach of generalized eigenmode analysis of time
correlation functions proposed for the case of ab initio simulations in Ref [2]. We discuss the comparison of
simulation and experimental dynamic structure factor S(k,w) and collective modes contributing to it in different
regions of the (k,w)-plane. Additionally we report an analysis of positive dispersion for longitudinal collective
excitations outside the hydrodynamic region.
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Liquid water near ambient conditions is known to exhibit various thermodynamic anomalies, and the
relationship with the liquid-liquid phase transition (LLT), which is believed to exist in the supercooled region,
has been discussed [1]. However, the actual first-order (discontinuous) phase transition is proposed to exist in the
extremely supercooled and high-pressure region (no-man’s land), and no conclusive experimental evidence has
yet been obtained to complete the debate.

On the other hand, thermodynamic anomalies similar to those of liquid water have been known for liquid Te,
and there is a long history of ongoing debate on the relationship with LLT separately from liquid water [2]. We
aim to gain a comprehensive understanding of the thermodynamic anomalies commonly seen in liquid water and
liquid Te, focusing on critical fluctuations. The important point here is to discuss the critical fluctuations of the
LLT and liquid-gas phase transition (LGT), sorting out the similarities and differences. In LGT, density
inhomogeneity, as measured by small-angle scattering, is a key parameter for critical fluctuation. On the other
hand, in LLT, this density inhomogeneity = static critical fluctuation is overwhelmingly smaller than in LGT, a
fact that is not a quantitatively important parameter [3]; dynamic critical fluctuation is considered important in
LLT. As a physical quantity corresponding to this dynamic critical fluctuation, we have proposed the relaxation
intensity [3], which is obtained by measuring the frequency dependence of the sound velocity [3].

The presentation will discuss the effect of static and dynamic critical fluctuations of LLT and LGT on the
thermodynamic quantities of liquid water, showing the temperature and pressure dependence of some important
thermodynamic quantities [4] (isochoric specific heat Cv is shown in the figure as an example).

References:
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Fig. 1. Pressure and temperature dependence of isochoric specific heat capacity of liquid water [4]
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It is well known that liquid Si (/-Si) can be deeply supercooled by preventing heterogeneous nucleation. The
phase relation between supercooled /-Si and amorphous Si (a-Si) has been widely investigated!™. It should be
noticed that the electronic properties and the atomic structures are different in /-Si and a-Si; the former is
metallic with the coordination number of 6 and the latter is semiconducting with the coordination number of 4.
Therefore, it is difficult for the supercooled /-Si to directly transform into a-Si. In our experiments,
electrostatically levitated /-Si samples were supercooled down to low temperatures, 300 K below the melting
temperature (7 1683 K) and solidified accompanied with the release of latent heat. It was found that solidified
Si samples melted again at 1480 K caused by the latent heat. Also, it was found that the Si samples rapidly
quenched near the solidification temperature contained a large amount of a-Si with the tetrahedral coordination.
These two findings indicate that the supercooled /-Si samples solidified into a-Si and a-Si melted, indicating a
first-order phase transition between two metastable phases®.
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We have investigated the structure of amorphous Cu-Ge-Te (CGT) by a combination of anomalous X-ray
scattering (AXS) and extended X-ray absorption fine-structure (EXAFS) experiments [1,2]. In particular,
Cu,GeTe;s is a novel phase-change material (PCM), i.e. it exhibits a reversible change from an amorphous phase
to a crystalline phase, which can be utilized to encode binary data. CGT is expected to be used for a next
generation of (nonvolatile) data storage devices due to its favorable properties [3,4]. For example, the CGT
crystalline film was found to be amorphized by laser irradiation with a lower power and shorter pulse width than
currently employed and widely studied Ge-Sbh-Te alloys, which are essential properties to achieve rapid data
recording and low power consumption in PCMs [3-5]. Further differences between these PCM systems are a
reverse density change, i.e. amorphous CGT is actually denser than the crystal, and a negative optical contrast,
i.e. the reflectivity of the crystalline phase is lower than that of the amorphous phase, contrary to Ge-Sh-Te [6].

The experimental AXS and EXAFS data are analyzed with reverse Monte Carlo (RMC) modeling, and they
are interpreted in terms of short-range-order parameters as well as by using ring statistics and persistent
homology to study the intermediate-range order. Based on this information, the structural relationship of the
amorphous phase to the corresponding crystal can be discussed. It is found that the amorphous network can be
rationalized by small atomic displacements of the crystal structure, directed toward the intrinsic void regions.
This structural similarity establishes the possibility of a fast phase-change process. On the other hand, the atomic
rearrangements also lead to the formation of new chemical bonds and to distortions on the
intermediate-range-order level. These are realized by a collapse and contraction of the strict hexagonal ring
arrangements of the crystal and by the formation of small, triangular rings as well as Cu cluster configurations.
These structural features allow for a new understanding of the phase-change property contrast of this material,
especially concerning the density change and the optical contrast.
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Fig. 1. a) experimental AXS and EXAFS datasets (symbols) and results of the RMC modelling (colored lines).
b) model of the phase change-process regarding the ring structure.
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We are studying the possibility that confined space is useful for liquid separation. Syndiotactic polystyrene
(SPS) is known to form host-guest co-crystals with various small molecules, and it may be useful for liquid
separation because some small molecules are preferentially absorbed when an SPS film is immersed in a mixed
liquid [1,2]. Although there are many studies on SPS, there had been no study on isotactic poly
(4-methyl-1-pentene) (P4MP1) from such a point of view.

We used to study the structure of high temperature and high pressure liquids such as arsenic and antimony,
and noticed that some similarities between the pressure-temperature (P-T) phase diagram of SPS and that of
P4MP1. Based on the similarity, it was conceived that the phenomena found in SPS might also occur in PAMP1.

With this idea, it was found that PAMP1 as-cast film absorbs various organic solvents [3]. Not only that, but
we also found the preferential absorption of long alkanes from a liquid mixture of long and short alkanes by
using this polymer film and it may be useful for liquid separation [3]. However, not even whether the solvent is
absorbed in the crystalline region or in the amorphous region is clear. We thus aimed to clarify the host-guest
structure when this polymer (host) absorbs small molecules such as alkanes (guests).

Generally, polymer semi-crystals have both crystalline and amorphous regions. The solvent is likely to be
absorbed in the amorphous region, which usually have lower density than crystalline regions. However, the
density of the crystalline region of PAMPI is slightly smaller than the density of the amorphous region, and there
was a possibility that it was absorbed in the crystalline region. In order to clarify whether the absorption was
mainly in the crystalline region or the amorphous region, samples with different crystallinities were prepared and
the solvent absorption was investigated 4
by infrared absorption spectroscopy. As 10
a result, it was found that more solvent
was absorbed in the amorphous region.
Specifically,  P4MP1 films  of
crystallinity of 38% and 26% absorbed 3L e
decane for 0.5 mmol/cm’ and 1.6
mmol/cm’, respectively.

We also measured small-angle
X-ray scattering (SAXS)
accompanying  absorption of the
solvent, and found that a peak occurred
at 0.15 nm™! accompanying absorption.
This peak is assigned to the lamellar
long period, and is usually not observed
in this polymer because the crystal and 10
amorphous densities are too close. It
seems that the scattering contrast
became non-negligible as the solvent is
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appears as the solvent is absorbed (Fig. 0.1 1 1
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the results of wide angle x-ray Fig. 1. SAXS profile of the As-cast film (black thin line) and the time dependence of
diffraction and smal]-angle neutron the profile of the film after hexane is added. Orange dashed line, red thick line, and
: black dotted line show the SAXS profile of the as-cast film at 30, 360 and 1200 s after
scattering as well. hexane is added.
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Eutectic alloys have attracted much attention because of their low melting temperatures from both
application and scientific points of view. Especially, gold-silicon (Au-Si) alloy exhibits anomalous melting point
depression, which is more than 1000 °C from the melting point of pure Si (1414 °C). It is noted that the eutectic
alloy is not a compound with lower melting point, but a mixture with two phases, Au and Si phases which have
higher melting points. According to the thermodynamics theory, the mixture melts at lower temperature than the
melting points of individual elements when the free energy of the homogeneous liquid (completely mixed liquid)
is lower than the sum of the free energies of the two elemental solids. For Au-Si eutectic alloys, this mixing state
was proved by the detection of the Au-Si pair correlations from the diffraction measurements [1, 2] and the
molecular-dynamics simulations [3-5]. However, it is not fully explained yet why the mixing occurs at such
lower temperatures at the specific eutectic composition (Aus; 4Siis).

To date, an anomalous behavior in the deep eutectic liquids was pointed out from the electrical resistivity
measurements by Itami ef al. [6]. They observed a deviation from a linear temperature dependence of the
electrical resistivity in liquid Ag-Si and Au-Si alloys and proposed that there were concentration fluctuations in
the liquids. A presence of concentration fluctuations contradicts the theoretical understanding of the eutectic
liquids where atoms are homogeneously mixed. However, such micro-heterogeneity in eutectic melts was also
pointed out by other research group [7] in the same period (2004), when the 12th International Conference on
Liquid and Amorphous Metals was held at Metz in France. Concentration fluctuations are often referred while
fluids above a critical point of two liquid phase separation are concerned. However, there may exist small
fluctuations of mixing state, where a clear liquid phase separation is not related. Assuming such concentration
fluctuations, they can disturb the solidification where each kind of atoms is perfectly aligned, resulting in the
anomalous melting point depression.

To directly observe such concentration fluctuations in the Au-Si eutectic liquid, we performed small-angle
neutron scattering (SANS) measurement of Aug;4Siigs (room temperature ~ 800 °C) and AuysSizs (room
temperature ~ 900 °C) on BL15 (TAIKAN) at the Materials and Life Science Experimental Facility, Japan
Proton Accelerator Research Complex (J-PARC). To observe small SANS signals as clear as possible, we
developed a furnace for SANS measurement with a low background [8]. At room temperature, a large
small-angle scattering resulted from a sharp interface between Au and Si phases was observed in both samples.
In both liquids, there still remains a small-angle scattering although its intensity is weaker than that at room
temperature. This small-angle scattering in the liquid state could indicate a presence of concentration fluctuations
in the liquid which Itami et al. suggested. The relationship between the small-angle scattering and the anomalous
melting point depression is discussed in terms of the concentration fluctuations.
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Antimony (Sb) and bismuth (Bi) have A7 crystal structure which a simple cubic lattice is deformed to by
Peierls distortion and is characterized as three short bonds and three long bonds". The complex local structures
in their liquid state are considered to be originated from the Peierls distortion and inferred to have a layered
structure?. We performed quasi-elastic neutron scattering (QENS) by utilizing AMATERAS spectrometer?
which is cold neutron disk chopper instrument installed at Materials and Life Science Experiment Facility
(MLF) in Japan Proton Accelerator Research Complex (J-PARC) aiming at extraction of a direct evidence for
layered structure by difference in structural relaxation time between intra- and inter-layers. From QENS
experiments for Bi and Sb, their coherent dynamics structure factor is obtained directly because of small
incoherency of their neutron scattering

lengths, which is useful to deduce a o B ottt
time-space correlation function (tscf), ‘
so-called van Hove function®?.

Figure shows the tscf obtained for liquid
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presentation, we will discuss on structural Fig. 1. Time evolution of time-space correlation functions of liquid Sb at 650°C.
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with comparing liquid Bi and Sb.
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The Green-Kubo (GK) method, which is the combination of Molecular dynamics (MD) simulations and the
GK formula for estimating thermal conductivity (TC), have the powerful advantage of being applicable to even
irregular systems such as liquid systems. The combination of machine-learning interatomic potentials (MLIPs)
with the GK method further improves the accuracy of TC and broadens the scope of application. MLIPs, which
are trained with data from first-principles molecular dynamics (FPMD) simulations, successfully reproduce the
high accuracy of FPMD while maintaining the low computational cost of conventional empirical interatomic
potentials (EIPs). The MD simulations using MLIPs can yield sufficient statistics concerning fundamental physical
quantities such as TC and free energy, or to investigate atomic dynamics in large-scale systems. However, even
though heat flux is a major factor in the accuracy of TC in the GK method, the definitions of heat flux formulas
for MLIPs employed in the previous studies were inconsistent with each other. MLIPs is a many-body potential
that includes not only two-body functions but also three-body functions, and heat fluxes that did not account for
the many-body effect have been used in previous studies. The heat flux formulas correspond to analogues of the
rigorous one for two-body interatomic potentials, which would fail to estimate TC. This meant that the
methodology for the combination of MLIPs and the GK method had not yet been established.

Therefore, we aimed to establish a methodology that can calculate TC with high accuracy [1-3]. Here, artificial
neural networks were used for MLIPs (hereinafter referred to as ANN potential). The derivation of the heat flux
formula (referred to as ](12) considering the many-body effect of ANN potentials was based on the previous work
for Tersoff-potential by Fan et al [4]. We also found that this ](12 was closely related to the pressure formula of the
virial theorem. Current standard training of MLIPs does not guarantee pressure accuracy, which could interfere
with accurate estimates of TC. It became necessary to train MLIPs with pressure. To investigate the effect of heat
flux formula ]5 and pressure training on TC, we set a superionic conductor, a-AgSe, as the test system. The EIP
of Ag>Se [5] was used to generate training data for ANN potentials. With EIPs, which have a low computational
cost, a reference TC value can be obtained in advance and compared with the TCs obtained from ANN potentials.
Figure 1 shows the absolute differences between the TC («F, 0.274 Wm™'K™!) obtained by the EIP of Ag,Se and
those obtained by ANN potentials (x*NN) as function of pressure training errors (AP). Model 1 and Model 2 denote
the ANN potentials without/with pressure training, respectively. For comparison, the TCs calculated by the heat
flux formulas without considering the many-body effect (]6 and ]3) which were used in previous studies. In
addition, to clarify the dependence of the initial weight values of e

ANNs, we constructed five ANN potentials for each Model and ™ ® Model | with Jb e
calculated k™. Only when J§ and Model 2 were used, the absolute ™ (2 || ¢ Miodel 1 with 32 .
differences showed almost zero, indicating that xE° was reproduced g o
: 2 3

correct?y. In1 coTltrast, Model 1, not only with Jg and Jg but also \% - | s Model 2 with 3 i
evenwith Jg did not show the correct TC, and there were some ANN % Model 2 with J2
potentials that showed significant deviation from xFF. This is due to & 0.1+ 3 —
the fact that Model 1 does not guarantee pressure accuracy, and the % Y
deviation was positively correlated with AP. Therefore, the use of % % 4
pressure training and the heat flux formula considering many-body <¥ N ® ®
effect of MLIPs would be essential for TC calculations. T 0.0X L e L

In the presentation, we will report the results using the above 0.0 0.5 1.0 15 2.0
method to compare the TCs obtained for not only the superionic AP(GPa)
conducting phase but also liquid and low-temperature (f) phases of
silver chalcogenides including Ag,Se. Figure 1: The absolute differences between «EP

obtained from the EIP for a-AgzSe at 500 K and
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Elasticity is an important property of solids. The elastic strain limit of metals rarely exceeds 1%. Shape
memory alloys exhibit a large recoverable pseudo-elastic strain of up to 10% resulted from the stress-induced
martensitic transformation (SIMT). However, the intrinsic hysteresis and temperature sensitivity of the
first-order phase transformation significantly hinder the usage of smart metallic components in many critical
areas, such as in deep-space and deep-sea exploration and intelligent robotics etc. We have prepared a series of
metallic fibers of multicomponent alloys, Niss.«CoxFeisGazy, by the Taylor liquid drawing technique. We found
that at low Co concentration, x=6, the fiber shows a stress-strain behavior with typical SIMT characteristics,
exhibiting a large hysteresis between the loading and unloading plateaus. With increasing Co concentration, the
flat and hysteretic region diminishes, and trilinear non-hysteretic stress-strain responses occur. This peculiar
elastic behavior closely resembles the characteristic
feature of the isothermal pressure-volume (P-V)
curves of a gas-liquid system, where the
discontinuous P-V  curve gradually becomes
continuous above a critical temperature/pressure.
Both pressure-volume and stress-strain curves present 400
energy variation of the system, reflecting 200} e
compressibility and elasticity, respectively. A A P /
modified Landau model was proposed to describe the
supercritical feature of observed stress-strain curves,
which indicate that an endpoint exist for the SIMT at =~ 7120 e=00%
a critical Co content. We found that fibers with high
Co content exhibit over 15% non-hysteretic elasticity,
a small temperature dependence, high-energy-storage
capacity and ultra-stable cyclability. In-situ 0o 2 4 s
synchrotron X-ray diffraction measurements show
that the supercritical elasticity is correlated with a
stress-induced continuous variation of lattice
parameters accompanied by structural fluctuation.
Neutron diffraction and electron microscopy
observations reveals an unprecedented microstructure
consisting of atomic-level entanglement of ordered
and disordered crystal structures, which can be
manipulated to tune the supercritical elasticity. The
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discovery of the large elasticity related to the
entangled structure paves the way for exploiting
elastic strain engineering and development of related
functional materials.
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Fig. 1. Super-elastic behavior and in situ synchrotron x-ray
diffraction of Niss<CoFe 3Ga,; single crystal fibers. (a) Stress—strain
curves for different Co-concentration alloys on loading and
unloading. Inset: high resolution transmission electron microscope
image of a Co20 alloy, showing an atomic-level entanglement of
ordered/disordered structures. (b) Ultimate mechanical tests for the
Co20 alloy. (¢) Cyclic stress—strain curves of the Co20 alloy
performed up to 8,000 cycles, without any degradation of the
functional properties. (d) 2D neutron diffraction pattern collected at
298 K. (e) 1D neutron diffraction profiles of the characteristic region
delineated by the frame in d. (f) Lattice parameters a, b and ¢ and
d-spacing of (444) reflection as a function of engineering strain,
showing continuous changes.
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Experimental studies of ultra-high pressure (P>1 Mbar) polyamorphism in the covalently bonded network
forming amorphous systems has long been a challenging topic. There is not yet enough experimental data for
convincingly describe the densification and evolution of local structures in the common simple amorphous
materials including SiO; and other geophysically relevant disordered systems under ultra-high pressures (e.g,
conditions in the deep Earth), because of the experimental challenges related with the studies of tiny amorphous
samples (typically in diamond anvil cells) using diffraction techniques. Here, using extended x-ray absorption
fine structure (EXAFS, an ideal probe of local structures in the amorphous systems) technique, we investigated
the pressure induced local structural changes in the network forming GeSe, glass under ultra-high pressures
exceeding 150 GPa. For each pressure point, EXAFS data have been measured scanning through both Ge and Se
K-edges along the same compression run, allowing us to perform more reliable data analysis using the double-
edge EXAFS refinements.
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Liquid iron-light-element (LE) mixture is a constituent of Earth’s outer corel[1.2]. LE have a strong
influence on the structural and transport properties of liquid iron under high pressure. However, there are still
many uncertainties regarding the influence of LE. Recently, a systematic theoretical investigation based on ab
initio MD simulations for the LE-effect on the structural properties of liquid Fe-LE binary systems under high
pressure was reported [3]. The simulation clarified that H, C, and O are incorporated into liquid Fe interstitially,
while Si and S are “substitutional” type impurities.

For the liquid Fe-LE-O ternary systems, several experimental and theoretical studies on the properties of
liquid Fe-LE-O, including immiscibility of liquid Fe-Si-O [4,5], have been reported. However, the detailed local
structures and bonding properties in liquid Fe—LE—O ternary systems, which are the origins of various properties
of liquid, remain unclear. For this reason, in this study, we have investigated the structural and bonding
properties of liquid Fe-LE-O ternary systems such as Fe-H-O, Fe-C-O, Fe-Si-O and Fe-S-O under high pressure
using ab initio molecular-dynamics simulations.

From our simulations, it is found that H, C and O show “interstitial-type” behavior while Si and S show
“substitutional” type properties in the liquid iron-light-element-O ternary systems, similar to liquid Fe—LE binary
systems. For the interactions between light elements, C-C, Si-Si and Si-O shows covalent-like interactions while
H-H, S-S, C-O and S-O have no strong interactions. We will also discuss the effects of the covalent-like
interactions on the atomic charges in the liquids.

S—— T S ————— S—— T L R
(A) Fe-H-O F ! (B) Fe-C-O h (C) Fe-Si-O; | (D) Fe-S-O +

8

Partial pair distribution functions of liquids Fe-H-O, Fe-C-O, Fe-Si-O and Fe-S-O at 140 GPa and 5000 K. (Bottom panel) Snapshots of
C-C bond in liquid Fe-C-O and Si-O bond in liquid Fe-Si-O
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The physical properties of liquid Fe alloys are crucial to understanding planetary metallic cores. Terrestrial planets
such as Earth, Mercury, and Mars have molten cores. Because these cores are located inside deep planets, the
pressure (P) and temperature (T) conditions are extremely high, e.g., the P-T conditions of Earth’s core are 136-
364 GPa and 4000-6000 K. Iron is the dominant component of planetary cores. The cores also contain lighter
elements such as H, C, O, S, and Si [1]. Longitudinal sound velocity (P-wave velocity) and density are the primary
observables of Earth’s liquid core. Therefore, these properties of liquid Fe alloys under relevant extreme conditions
are important to investigate the core. Sulfur (S) is one of the candidates for the core light elements. Iron sulfides
are commonly found in variety of meteorites, and the S concentrations are relatively high in chondrites [2].
However, sulfur is depleted in Earth’s silicate mantle [3]. A recent study on the element partitioning between
magma ocean and core-forming metal proposed that a large amount of S could have been trapped in the core-
forming metals during planetary formation processes [4]. To examine the possibility of S in the core, we have
determined the P-wave velocity of liquid Fe-S alloy based on inelastic X-ray scattering (IXS) measurements.

We carried out IXS measurements at the RIKEN Quantum NanoDynamics beamline BL43LXU of SPring-8
[5,6]. High P-T conditions were generated using a laser-heated diamond anvil cell. A foil of Fes3S17 was loaded in
LH-DAC together with single-crystal Al.Os discs that act as thermal and chemical insulators. The sample melting
was confirmed based on X-ray diffraction measurements. IXS spectra of the liquids were collected in an energy
range of +40 meV and a momentum transfer range of 3-5.7 nm™!' with an energy resolution of ~2.8 meV at 17.79
keV. Then we obtained the dispersion relation of the longitudinal acoustic phonon mode of the liquid sample. We
determined the P-wave velocity of liquid Fes;S17 at 32-98 GPa and 2100-2950 K from the dispersion relations
obtained at each P-T condition.

The P-wave velocity of liquid Fes3Si7 is slightly higher than that of liquid Fe [7]. Using the present P-wave
data-set, we constructed an equation of state (EoS) for liquid Fes3S17 and estimated the P-wave velocity and density
under the core P-T conditions. Comparing with seismological observations of the outer core, we found liquid Fe
alloying with 6-7 wt% S to satisfy both P-wave velocity and density of the outer core simultaneously, which is
similar to the S content based on previous element-partitioning experiments [4]. The present results imply that S
can be the dominant light element in the Earth’s outer core.
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The dynamic structure of liquid sodium is investigated using classical molecular dynamics simulations over a
wide range of densities (from 951 to 4177 kg/m?) (see figure 1). The interactions are described using screened
pseudopotential formalism with Fiolhais model of electron-ion interaction. The effective pair potentials obtained
are validated by comparing the predicted static structure and self-diffusion coefficients with ab-initio simulations
at the same state point.

Both longitudinal and transverse collective excitations are computed from the corresponding current
correlation functions and their evolution with density is investigated. The frequency of the longitudinal
excitations increases with density (see figure 2), as well as the sound speed, which is extracted from their
dispersion curves. The frequency of the transverse excitations also increases with density, but they cannot
propagate over macroscopic distances and the propagation gap clearly appears (see figure 3). The value of the
viscosity, which is extracted from these transverse functions is in good agreement with available results
computed from stress autocorrelation functions.
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Fig. 1. Phase diagram of sodium and investigated state points.
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Fig. 2. Longitudinal excitations dispersion curves. Fig. 3. Transverse excitations dispersion curves.
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The structure of liquid metals lacks the long-range order typical of crystals, but still maintains a short-range
ordering. In particular, in previous studies the presence of local icosahedral configuration has been identified in
liquid Cu and Ni [1,2], possibly explaining the deep undercooling properties of small metal particles. Under high-
pressure condition, molecular dynamics (MD) simulations have shown that the fraction of icosahedral ordering
increases in liquid Cu [3], at the expenses of crystal-like configurations (fcc, hep).

In this work, we present a study on the structure of liquid cadmium under pressure probed both by experimental
X-ray absorption spectroscopy (XAFS) data [4] and computer simulations. Cd, like other group 12 elements,
possesses particular physical properties respect to other transition metals, like lower melting point, due to the
completely filled d-orbital in the outer shell. At ambient condition, Cd crystallizes in an hexagonal structure, but
with an axial ratio ¢/a of ~1.886, far from the ideal value for hexagonal close-packed configuration, indicating
complex interactions that could also affect the liquid structure.

XAFS experiments have been carried out at different temperatures and pressures above the melting line: data
have been analyzed using the Reverse Monte Carlo (RMC) method to obtain compatible three-dimensional models,
which can be directly compared with ab-initio MD simulations. The evolution of the local structure at different
thermodynamic conditions is presented.
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Fig. 1. EXAFS signal for liquid Cd at 350°C and ambient pressure and corresponding RMC fit.

References:

1) A. Di Cicco, A. Trapananti, S. Faggioni, and A. Filipponi, Phys. Rev. Lett. 91, 135505 (2003).

2) A. Di Cicco, F. Iesari, S. De Panfilis, M. Celino, S. Giusepponi and A. Filipponi, Phys. Rev. B 89, 060102
(2014).

3) M. Celino, F. Coppati and A. Di Cicco, Solid State Sciences 12, 179-182 (2010).

4) M. Minicucci, A. Trapananti, A. Di Cicco, S. De Panfilis and G. Aquilanti, Physica Scripta T115, 1056-1058
(2005).



013 Wed. 7, Sep. 12:25-12:45

Ab initio simulation for the ductility mechanism of silver chalcogenides

*H. Hokyo!, M. Misawa?, K. Shimamura!, A. Koura', F. Shimojo!
'Kumamoto University, Kumamoto City, 860-8555, Japan, 2 Okayama University, Okayama City, 700-8530, Japan,

*hokyohinata@gmail.com
Keywords : Silver chalcogenides, Ductilily, Ab initio simulation

Silver chalcogenides are candidate for thermoelectric materials and attracting attention as new device materials.
Among them, Ag,S is an important inorganic semiconductor that has metal-like ductility despite being a
semiconductor [1]. On the other hand, Ag,Se, which has a similar chemical composition, is non-flexible but has
high electrical conductivity suitable for thermoelectric materials. Experimental studies have reported that the
ductility is confirmed in the compositions Ag,S,_,Se, (x < 0.6) with Ag,S-type (monoclinic) crystal structure
[2]. In this study, we performed simple shear deformation simulations as shown in Fig. 1 for (100)[010], (100)[001],
(010)[100], (010)[001], (001)[100], (001)[010] shear systems of Ag,S;_,Se,(x = 0.0,0.2,0.4,0.6,1.0) based on
ADb initio molecular dynamics (AIMD), where the (KLM)[kIm] shear system means that the (KLM) plane is slipped
toward [k/m] direction during the shear deformation. As a result, disappearance and restoration of the peak of the
radial distribution function between chalcogens during the deformation process were observed for almost all shear
deformations. This implies that the chalcogen sublattice is structurally recovered under shear stress. By analyzing
the movement of chalcogen atoms, we confirmed that structural recovery of the chalcogen sublattice occurs. As
an example, Figure 2 shows the structural recovery of chalcogen atoms during the shear deformation process of
(100)[010]. It can be seen that chalcogen atoms, which were initially aligned vertically, tilt in response to
deformation and move collectively in the plane parallel to the deformation direction, reorganizing the vertical lines
and recovering their structure. In doing so, the atomic arrangement is rearranged, as indicated by the color of
atoms above and below the red dotted line. Analysis of the mechanism of structural recovery of the chalcogen
sublattice revealed that chalcogen atoms move collectively into three planes: 1) a plane that slides during shear
deformation, 2) a plane that is tilted by shear deformation, and 3) a plane that forms a parallelepiped with the
above two planes. In general, atoms can move to the direction in which the distance between atoms is the shortest,
e.g., the [111] direction in the bce structure. At room temperature, the Ag,S-type crystal structure is characterized
by the fact that chalcogen atoms are almost equally spaced in all directions. This feature allows the chalcogen
sublattice of Ag,S to select the plane and direction of atom transfer for each of the six types of shear deformation,
and to recover the structure. In addition to the above structural recovery of chalcogen ions, silver ions have high
mobility. This high mobility allows silver ions to flexibly recombine their bonds with surrounding chalcogen ions
and follow the structural recovery of the chalcogen ion sublattice without destroying the crystal structure. This can
be interpreted as the silver ions functioning like free electrons in the metal. Thus, the high mobility of silver ions
enables the structural recovery of the chalcogen ion sublattice, which is thought to be responsible for the ductility
of the inorganic semiconductor Ag,S,_,Se,.

Based on these considerations of ductility due to chalcogen sublattice structure and high mobility silver ions,
it can be predicted that Ag,Se, which is not ductile at room temperature, is also ductile at high temperature because
the Se sublattice in the superionic conducting phase has a cubic bec structure and is more isotropic than the S
sublattice in Ag,S. To verify this, we performed simple shear deformation simulations for Ag,Se based on
classical molecular dynamics rather than AIMD, using a model potentials that that reproduce the nonsuperionic-
superionic phase transition [3]. In this simulation, the peak of the radial distribution function between seleniums,
which once disappeared during the deformation process, reappeared, confirming that the structure is recovered as
predicted. siide to [kim]

(KLM) plane

¥ =0.00

y =0.50

[100]
© ¢ e o
010]
Fig. 1. Simple shear deformation that slides the [001]
(KLM) plane in the [k/m] direction while keeping Fig. 2. Chalcogen atoms recovering structure during (100)[010] deformation
the height constant. process. y represents the degree of deformation.
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Reverse Monte Carlo (RMC) [1] is a computer modeling tool that enables us to create large scale, three
dimensional structural models, containing (tens, or even hundreds of) thousands of atomic coordinates. These
structural models are consistent, within errors, with experimental data from neutron and X-ray diffraction,
EXAFS and anomalous X-ray scattering (AXS). The later versions of the RMC computer code [2,3] make it
possible to also include various constraints on, e.g., coordination numbers and angular distributions.

In this contribution, I will briefly introduce the RMC algorithm, then focus on a conundrum very much
relevant to metallic glasses: that of information deficiency. The easiest to understand reason behind this
phenomenon is that for a multicomponent material, such as bulk metallic glass, the number of independent
(diffraction, EXAFS, AXS) measurements is practically always lower than the number of partial pair correlations
in the system. In addition, available experimental techniques can provide information only on two-particle
correlations: the validity of structural models must therefore be addressed.

Metallic glasses were among the very first targets of Reverse Monte Carlo modeling [4,5], so it is rather apt
to finish the presentation with showing and analyzing old [5] and new [6,7] results on Pd-based metallic glasses.
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The advent of x-ray photon correlation spectroscopy (XPCS) allows now for a detailed in-situ exploration of
the structural evolution of metallic glasses. Based on intensity-intensity cross-correlations of coherent speckle
patterns, it is possible to extract time scales that are characteristic of the atomic-scale structural dynamics. Such
data generates a fundamental understanding of glass dynamics both for the undercooled liquid regime and for
glassy solids well below the glass transition temperature, T,. The increasing body of literature relying on XPCS
presents a consistent picture of stationary structural dynamics well above Tg, but a variety of monotonous and
non-monotonous signatures have been reported in the glassy solid regime at or below T, Observed during
step-wise cooling, first evidence of non-monotonous aging, also called intermittent aging, was reported for a
Pd-based metallic glass [1]. Our own work focusing on stress-driven structural dynamics far below T, also
revealed various signatures of intermittent aging [2, 3]. Surprisingly, this was also the case for a completely
unbiased state along an isotherm at ambient conditions. What could the underlying structural mechanisms for
such temporal fluctuations of the characteristic momentary time scales be?

In this talk, we shed light onto such intermittent aging signatures via both long-time XPCS experiments and
molecular dynamics simulations. Specifically, we track the temporal fluctuations of aging at 0.98T, of a Zr-based
bulk metallic glass. Probed over the duration of eight individual experiments of ca. 35000 s each, we reveal
temporal fluctuations of all extracted quantities, including the short-time plateau, the first moment in time, the
relaxation time, and the shape parameter. Whilst strong fluctuations of any investigated parameter may appear as
a rare event in an individual two-time correlation function, variations over larger timescales emerge as the norm,
which emphasizes the time-scale interplay between an experimental time and a broad distribution of material
timescales. This suggests that aging close to or below T, is generally a temporal heterogeneous process, if
sufficiently sampled in time. We further observe changes in correlations between the quantified parameters upon
the occurrence of an intermittent aging event, which indicates disruptive collective structural activity. MD
simulations of isothermal annealing and simulated XPCS data complete our effort in understanding temporal
fluctuations in the intensity-intensity cross-correlations, implying that much of the seen effects originate from
atomic activity associated with the emergence of structural heterogeneity within the glassy solid.

References:

[1] Z. Evenson, B. Ruta, S. Hechler, M. Stolpe, E. Pineda, I. Gallino, R. Busch, Physical Review Letters 115
(2015) 175701.

[2] A. Das, P.M. Derlet, C. Liu, E.M. Dufresne, R. Maass, Nature Communications 10 (2019) 5006.

[3] A. Das, E.M. Dufresne, R. Maass, Acta Materialia 196 (2020) 723-732.



IL7 Invited Wed. 7, Sep. 15:00-15:30

Decoupling between thermodynamic and dynamical glass transitions in
high-entropy metallic glasses

Jing Jiang, Takeshi Wada®, Hidemi Kato

Institute for Materials Research, Tohoku University, Sendai, 980-8577, Japan
*takeshi.wada.d7@tohoku.ac.jp

Keywords: High entropy metallic glasses, glass transition, a-relaxation

[Introduction]

Glass transition is one of the critical unresolved issues in glassy physics and materials science, at which a
viscous liquid is frozen into the solid state or structurally arrested state. On account of the uniform arrested
mechanism, calorimetric glass transition temperature (Tg) always presents a same tendencywith dynamical glass
transition (or a-relaxation) temperature (Ta). Here, we explored the correlations between the calorimetric and
dynamic glass transitions of three prototypical high-entropy metallic glasses (HEMGs) systems. We found that
HEMGs present a depressed dynamical glass transition phenomenon, i.e. HEMGs with moderate Tg represent
the highest Ta and the maximum corresponding activation energy. This decoupled glass transitions are
associated with the high mixing entropy effect and the induced nanoscale spatial homogeneity. The results have
implications for understanding the high mixing entropy effect on dynamics of metallic glasses for designing new
metallic glasses with plenteous physical and mechanical performances.

[Experimental]

Master alloys were prepared by arc-melting mixtures of raw metals (purity: >99.9 mass %) in an Ar
atmosphere purified with a Ti getter. Ribbon specimens were obtained via a melt spinning technique. Three
systems were designed, La (Ce)-based, Pd (Pt)-based and Zr (Hf)-based, to compare the behaviors of high
entropy and low entropy metallic glasses. The microstructure was observed by X-ray Diffraction, Scanning
Electron Microscopy combined with energy dispersive X-ray spectroscopy and Transmission Electron
Microscopy. The thermal characters were detected by the Differential Scanning Calorimetry (DSC). The
dynamic processing was performed by the Dynamic Mechanical Analyzer (DMA).

[Results]

Differential scanning calorimeter (DSC) traces shows obvious glass transition and crystallization signals
confirm the glassy state of the three samples. LaCe-HEMG with the highest ASmix yields an intermediate value
of Tg. MGs exhibit multi-complex relaxation dynamics, a-relaxation as the main relaxation mode is directly
related to the viscous flow and the glass transition. With Ce half replacing La, LaCe-HEMG exhibits the highest
a-relaxation temperature Ta, which is not synchronous with the calorimetric Tg. According tothe conventional
wisdom, a glass with a higher Tg always poses higher difficulty in activation of a-relaxation and thus has a
larger value of Ta. Nevertheless, LaCe-HEMG, with the modest thermodynamic devitrification behavior,
performs the uppermost dynamic glass transition process.
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A new class of molecular cluster material has recently been synthesized exhibiting extreme nonlinear optical
behavior when irradiated just by an inexpensive continuous wave infrared laser diode.” The molecular building
blocks consist of adamantane-like cluster units of general formula [(RX)4Ys], where X is a group-14 element, Y is
a chalcogen and R is an organic ligand attached to a group 14 atom. The shape of these materials is displayed in
the insets of the Figure, where the organotin and the organosilicon sulfide clusters [(PhSn)4Se] and [(PhSi)4Se] are
respectively shown, with phenyl (Ph) ligands (-C¢Hs) attached to the Sn and Si atoms. The materials can be
synthesized comparatively easily and variation of the ligands and/or the chalcogens or of the group 14 element
allows great chemical variability of the cluster composition. A large number of derivatives has now been
synthesized as easy-to-handle powders. All of them either act as second harmonics generators (SHG) or as White-
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Light-Generators (WLQG), the latter providing a bright
white optical emission.? The visible part of such
spectra resembles the color of a tungsten-halogen lamp
at about 2900 Kelvin and the emitted beam retains the
excellent beam divergence of the driving laser.
However, the morphology of the substance has a
significant impact on the type of response. While
crystalline compounds clearly react as SHGs, only
amorphous materials respond as WLGs. This is
exemplary demonstrated for two of these systems in
the Figure. The two compounds differ only by the
exchange of Sn by Si in the cluster core, but they show
completely different optical and morphological
properties. The Figure shows the optical answers if
being irradiated by a 980 nm laser-line (1.265 eV).
While the Si-based compound replies with a distinct
2™ order harmonics at 2.53 eV (a), the Sn-containing
material emits a broad white spectrum ranging from
about 1.5 to 3 eV (b). Also shown are the respective
diffraction-patterns of the two substances. The
[(PhS1)4Se] material is clearly crystalline, indicated by
the Bragg peak dominated diffractogram, while
[(PhSn)4S¢] is fully amorphous and the scattered X-
rays yield a structure factor S(Q), typical of a fully
disordered system. Hence, disorder seems to be a

mandatory requirement for the WLGs. The fact that WLG is never observed from crystalline cluster materials
indicates that the effect is enabled by microscopic structural correlations or degrees of freedom which are only
accessible in a sufficiently disordered state. To understand this, we have developed a new code to perform
molecular Reverse Monte Carlo simulations and we have started a comprehensive exploration on the structural
properties of the WLG materials using scattering and EXAFS experiments. We will report on the current state of
research on the amorphous WLG materials and we will present our findings regarding structural differences
between SHG and WLG materials.

1) N. W. Rosemann, J. P. Eufiner, A. Beyer, S. W. Koch, K. Volz, S. Dehnen, and S. Chatterjee,
Science 352, 1301 (2016).

2) S. Dehnen, P. Schreiner, S. Chatterjee, K. Volz, N. W. Rosemann, W.-C. Pilgrim, D. Mollenhauer,
and S. Sanna, ChemPhotoChem 5, 1 (2021).
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Silver chalcogenides (Ag.Se, Ag.S, and Ag,Te) are important materials for thermoelectric devices, which
contribute to capture/reuse waste heat. They have hish Seebeck coefficient and low thermal conductivity [1,2].
These features are suitable for the devices. It is reported that the thermal conductivity has a peak at around phase
transition temperature between non-superionic and superionic phases [1,2]. In the superionic phase, Ag atoms
migrate in the chalcogen sublattice even in the crystalline state. In order to clarify the mechanism of such
interesting properties, many experimental and theoretical studies have been reported so far. On the other hand, the
number of structural studies on liquid silver chalcogenides are not reported so much. For example, details of the
static structure of liquid Ag.Se was reported with the neutron scattering measurements [3] and the molecular
dynamics (MD) using empirical potential and the ab initio molecular dynamics (AIMD) simulations [4]. The
theoretical result [4] is in good agreement with the experimental result [3], however, it is necessary to be careful
to discuss based on these studies due to the system size of theoretical study consisting of only 69 atoms [4].

To study the static and dynamic properties AgrSe with computer simulations, it is necessary to solve the
calculation cost problem. Using AIMD simulations, the precise calculation can be performed in principle, however,
the calculation cost is extremely high. Although MD simulations with empirical potentials are quite faster than
AIMD simulations, making potential functions is difficult. In recent years, the machine learning based on the result
of AIMD simulations to construct an interatomic potential is developed with the artificial neural network (ANN)
[5]. MD simulations with ANN potential (ANN-MD) is actually slower than typical empirical MD simulations,
however, it enables us to perform the fast calculation with the high precision as same as AIMD simulations.

In this study, we focused on the static and dynamic
properties of liquid Ag.Se based on the ANN-MD , .
simulations. We used a 384-atom system (256 Ag + 128 Se). “[@ .f\g-_-f\ggf :
Training data, i.e., AIMD simulations were performed at by
1200 K with our previous condition of the Hubbard e
correction for Ag atoms [6]. The total simulation time of
training data was 9.4 ps with the time step of 2.4 fs. ANN-
MD simulations were executed at least 240 ps with the
canonical ensembles. Figure 1 shows the partial radial
distribution functions (PRDFs) g,z(r) of liquid Ag.Se
obtained by ANN-MD and AIMD simulations drawn with
black solid and red dashed lines, respectively. The blue circle
shows the experimental result [3]. Peak positions of PRDFs
Iagse(r) and gsese(r) obtained by AIMD and ANN-MD
are in reasonable agreement with those by experimental
result. gagag(r) obtained by simulations are different from
the experimental result. ANN-MD simulations well
reproduced AIMD except for the Se-Se correlation. In the
presentation, we will discuss details of static structure,
bonding and dynamic properties obtained by AIMD and

ANN-MD simulations. r(A)

Figure 1 Partial radial distribution functions g,z(r) of
References: liquid Ag.Se. Black and red lines correspond to the result of
[1] K. Hirata, T. Matsunaga, S. Singh, M. Matsunami, and T.  ANN-MD and AIMD simulations, respectively. The blue
Takeuchi, J. Elec. Mater. 49, 2895 (2020). circle shows the experimental result [3].

[2] K. Hirata, T. Matsunaga, S. Singh, M. Matsunami, and T.

Takeuchi, Mater. Trans. 61, 2402 (2020).

[3] A. C. Barnes, S. B. Lague, P. S. Salmon, and H. E. Fischer, J. Phys.: Condens. Matter 9, 6159 (1997).
[4] F. Kirchhoff, J. M. Holender, and M. J. Gillan, Phys. Rev. B 54, 190 (1996).

[5] N. Artrith, A. Urban, Comput. Mater. Sci. 114 (2016) 135.

[6] S. Fukushima, M. Misawa, A. Koura, and F. Shimojo, J. Phys. Soc. Jpn. 88, 115002 (2019).
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A new semianalytic formula for the static structure factor S(k) of polycrystalline and amorphous solids at
elevated temperatures, applicable to the entire wavenumber (k) range, is presented. Particular attention is paid
to the contribution from thermal diffuse scattering (TDS) due to phonons, Stps(k), where multiphonon processes
beyond the one-phonon term are taken into account up to infinite order within the Debye model. It is thereby
proven that the one-phonon TDS accounts for the compressibility relation in the £ = 0 limit as well as the
logarithmic singularity at the Bragg points, whereas the multiphonon TDS ensures the convergence of S(k)
towards unity at large k. The present formula is computationally efficient, requiring only a one-dimensional
radial integration of the elastic scattering part of the structure factor Sei(k) and the kernel function (see Fig. 1);
the latter is expressed analytically in terms of the atomic density n, average sound velocity, and the
Debye-Waller exponent W(k). A numerical example for a face-centred-cubic polycrystal near the melting point
is exhibited in Fig. 2; significance of the multiphonon contribution is clearly indicated. Comparison with the
previous formula by Meisel and Cote will be discussed.

References:
1) L.V. Meisel and P.J. Cote, Phys. Rev. B 16, 2978 (1977).
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Fig. 1. Structure of the semianalytic formula for S(k).
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Fig. 2. TDS structure factor for fcc polycrystal near the melting point, with
a denoting the lattice constant. Full result is indicated by the red curve
(“all phonons’), whereas the blue curve represents the one-phonon
contribution. The first eight Bragg peaks are indicated by vertical bars and
Miller indices (hkl).
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Li-Pb alloys and UO, are systems of technological interest in the field of energy production through nuclear
reactions. The liquid alloy at the Pb-rich eutectic composition is a strong candidate to be used as breeding
blanket in tokamak fusion reactors, while the study of the properties of molten uranium dioxide is important in
terms of risk asessment in fission reactors.

From the physical point of view, Li-Pb alloys and uranium dioxide share some common characteristics, such
as a large mass disparity between their components. We have also recently observed [1] that, at the
stoichiometric composition LisPb, the liquid structure (like the solid one at a nearby composition) can be
described in terms of interconnected polyhedra, which is a structural feature typical of molten (and solid) oxides.
But they also show some large discrepancies, with a melting temperature lower than 1000 K for Li-Pb alloys and
larger than 3000 K for UO,, due to a strong difference between the bonding type in both systems (metallic in Li-
Pb alloys, ionic/semiconducting in UQO; ). It is therefore interesting to compare also the dynamic properties of
both systems, in particular the effect that such different bonding characteristics may have on features like the
particular type of “fast sound” phenomenon that was observed for the first time in LisPb several decades ago.

The accurate description of the forces involved in the dynamics, obtained from first principles, enables us to
study with confidence the atomic trajectories so as to compute the longitudinal and transverse collective dynamic
properties, which are analyzed and compared with some theoretical approaches. We also present some results for
other less commonly studied magnitudes such as the cage correlation functions. We finally discuss the
limitations inherent to the method employed and possible alternatives that preserve the accuracy of the forces.

References
[1] M.M.G. Alemany, J. Souto-Casares, L.E. Gonzalez and D.J. Gonzélez, J. Molec. Liq. 344, 117775 (2021).
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I will review recent theoretical approaches for explanation of positive sound dispersion (PSD — a bending of
the dispersion curve of collective excitations beyond the hydrodynamic regime towards higher frequencies) in
liquids and will present results of a very recent eigenmode analysis for density-density time correlation functions
in simple fluids, liquid metals and binary liquid alloys.

The eigenmode analysis enables an estimation of mechanisms of sound propagation on different spatial
scales: k-dependent contributions from different types of fluctuations to eigenvectors corresponding to sound
excitations provide very clear picture of dynamic processes responsible for sound propagation in and outside the
hydrodynamic regime. Two dynamic models were used for the eigenmode analysis: viscoelastic and thermo-
viscoelastic ones [1,2]. The k-dependent eigenvectors of sound eigenmodes make evidence that the change from
hydrodynamic mechanism (due to conservation laws) to the elastic one is taking place via a gradual
replacement of contribution from density fluctuations by a contribution from stress fluctuations. For large wave
numbers the longitudinal and transverse (shear) collective excitations propagate solely due to coupled mass-
current and stress fluctuations. Namely this gradual replacement of the contribution from conserving density
fluctuations by the one coming from stress fluctuations is responsible for emergence of the positive sound
dispersion. Another very important consequence of this eigenmode analysis is a prediction when the slowest
relaxation mode shows a crossover from thermal relaxation (hydrodynamic regime) to non-hydrodynamic
structural relaxation [3] with increasing wave number, that should be observed in behavior of the central peak of
experimental dynamic structure factors S(k,w).

For the case of liquid binary alloys additional crossover takes place because of interaction of sound modes
with concentration fluctuations and overdamped optic-like modes.
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For liquid Cu-Co, which shows a rich phase diagram, it has been shown that Cu and Co demix, if the liquid is
undercooled below its binodal line. In contrast Ni-Cu shows a comparatively simple phase diagram of a solid
solution and no phase separation in liquid state has been reported so far. On the other hand, measurements of the
electrical resistivity show a non-linear temperature dependence for melts of the Cu-rich alloys NisCug, and
NixCugo [1]. A possible explanation for this non-linear temperature dependence might be concentration
fluctuations that increase with increasing undercooling of the liquid, hence indicating a tendency for demixing.
Also the slightly positive enthalpy of mixing of Ni-Cu points towards a demixing nature of this system.

While these are indirect arguments, in this work we present direct investigations on the short-range order in
Nig, 5CUs7 5 alloy melts by elastic neutron diffraction that have been performed on the D20 diffractometer at the
Institute Laue-Langevin. An electromagnetic levitation furnace was used as sample environment allowing to
undercool the melts below the melting temperature [2]. Partial structure factors have been determined by
application of an isotopic substitution technique using samples of the four different isotopic compositions
58|\|i42A5nmCU57A5, 60|\|i42A5natCUs7.5, nat|\”42.5natCU57.5 and 62’\“42.563C:U57.5-

The Bhatia-Thornton partial structure factor Syy that describes the topological short-range order of the melt
closely resembles the structure factors observed for melts of the pure elements Ni [3] and Cu, indicating a
similar topological structure. For the Bhatia-Thornton partial structure factor Scc that describes the chemical
short-range order of the melt a rise in intensity is observed at low momentum transfer, g, on top of a relatively
large flat background with some smaller oscillations towards larger g. The rise of Scc at low g increases with
decreasing temperature. It directly points to the demixing nature of the system with concentration fluctuations on
large length scales that become more pronounced with increasing undercooling.

Interestingly, the generic behavior of phase separation has recently been studied by means of molecular
dynamics simulations on binary symmetric Lennard-Jones mixtures [4,5]. A demixing behavior has been found
for attractive Lennard-Jones liquids, if the interaction parameters of the unlike atomic pairs are smaller than
those of the like atomic pairs. The shape of Scc and its temperature dependence calculated by the molecular
dynamics simulations closely resemble those we observed experimentally for liquid in Ni, sCus; 5 showing that
main predictions on the dependence of the chemical short-range order on the atomic interactions inferred from
this simple generic model are found in real metallic systems like Cu-Ni.
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The short-range order in water was determined from experimentally measured partial radial distribution
functions by applying the Quasi Crystalline Model (QCM), an approach to analyzing the short-range order in
liquids and amorphous systems, which employs a structural model to determine the short-range order of a liquid
directly from the radial distribution function. This model uses a reference lattice structure to generate a
hypothetical amorphous radial distribution function that is compared with the radial distribution function
obtained from experiments or simulations. The short-range order of the amorphous system is identified with the
specific reference lattice producing the best fit for the data.

Three partial radial distribution functions were analyzed for water at several pressures and temperatures. It was
found that at low temperatures and pressures, the short-range order of water is similar to that of the hexagonal
ice (Ih) structure. At higher pressures and low temperatures, the short-range order of water becomes similar to
that of tetragonal ice III structures with c/a ratio of 0.8. At higher temperatures of 573K, the short-range order
obtained was similar to that of rhombohedral ice II.

An example for a successful fit of the partial O-O radial distribution function at ambient conditions is shown
below:

—Experimental gin

—QCMfit

Gaussians
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Figure 1 The QCM of water at ambient conditions., RDF of partial O-O modeled by the QCM using the ice Th
structure with c/a=1.5
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Bulk metallic glasses feature an amorphous structure, which results in exceptional properties as engineering
materials. Typically alloying additional components improves the glass forming ability (GFA). Beside adding
non-metallic elements like P, B, C, recently sulfur has been found to facilitate bulk metallic glasses formation at
different concentration levels [1]. This makes them promising candidates for commercialization, where the alloy
composition can be tuned according to applications. In the case of the binary Nis;Nbsg glass forming alloy, it has
been found that an optimal enhancement of the GFA can be achieved by alloying only 3 at% S. Such kind of
“minor alloying” effects cannot be understood by applying the common empirical rules like a denser packing of
the melt, or the formation of deep eutectic compositions.

Employing electrostatic levitation combined with in-situ synchrotron diffraction, we studied impacts of sulfur
on the structure and dynamics of Ni-Nb based alloys, as well as on the solidification behavior from undercooled
melt. First results show that small, but notable changes can be observed in the measured liquid structure factor
upon an addition of 3 at% S. In particular, in the obtained X-ray total structure factor the position of the first
structure factor maximum appears to shift towards lower ¢ values. The structure changes are analyzed with the
help of the partial structure factors of the binary Ni-Nb alloy [2]. It has been also observed that the initial phases
solidified from the undercooled melt seem to be different with and without S. The implication of these changes
on the glass forming behavior is discussed together with the melt viscosity measured using the oscillating drop
technique.
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Composition interpretation of metallic glasses with high glass-forming abilities is an important issue, which
relies on insights into their complex atomic structures. Metallic glasses, especially bulk metallic glasses, do have
specific compositions, which strongly suggest the possible existence of some molecule-like structural units, in
which the versatile but specific compositions are rooted. These structural units mimic the molecules in chemical
substances but generally differ from the crystallographic unit cells. The possibility of having these fundamental
units has been apparently overlooked because of the lack of structural models to properly address the short-range
order in metallic glasses. A simplified atomic picture for short-range order is therefore required to identify the
molecule-like composition units, in combination with an electronic factor for the concern of the structural
stability.

Our research group has already proposed the cluster-plus-glue-atom model in 2007, which is a
short-range-order structural model that renders any structure with a structural unit containing the essential
structural information of the whole system. From the nomination of this model, one immediately determines a
molecule-like structural unit consisting of a nearest-neighbor cluster plus a few outer-shell glue atoms. Actually,
such structural unit, serving as the composition carrier, can be seen as the composition gene of the material. The
proposition of composition genes facilitates the understanding of prevailing metallic glasses and can be a useful
tool to guide the exploration of new composition space. With aides of the cluster-plus-glue-atom model and the
thus-obtained molecule-like structural units (or said composition genes), fairly accurate composition
interpretation and eventually design of metallic glasses with large glass-forming abilities could be envisaged.
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Previously we have proposed the cluster-plus-glue-atom model, by introducing a new description method
based on the short-range-order structural units. In this model, good glass formers satisfy the general formula
[cluster](glue atom)s or3, Where the cluster is the nearest-neighbor coordination polyhedron with a central atom
and the glue atoms are situated between the clusters. Thereof, the dual-cluster formalism is developed, which
assumes that a complex material may consist of two subunits, each being expressed by a cluster formula. Thus,
the structural unit of a multi-element metallic glass can be deciphered to be composed of two clusters from basic
binary crystalline phases plus 2, 4, or 6 glue atoms.

In the present work, the bulk metallic glass ZrssCuscAlioNis is taken as a typical example of quaternary
complex systems, and the cluster-plus-glue-atom model is extended to the dual-cluster case to conduct the
composition interpretation. Combing the cluster-based composition analysis method and the 24-electron rule for
ideal metallic glasses, the composition origin of the bulk metallic glass ZrssCuspAlioNis is revealed and a series
of possible new compositions are designed. Finally, higher glass forming ability is exhibited experimentally,
indicating the achievement of composition optimization. This work provides a quantifiable composition design
method for multi-element metallic glasses.



RO4 Thu. 8, Sep. 20:50-21:10 JST
13:50-14:10 CEST

Colorless and high refractive SnO- and Sb,Os-containing borosilicate glasses

Kazuki Mitsui', “Akira Saitoh"

! Graduate School of Science and Engineering, Ehime University, Matsuyama, Ehime 790-8577, Japan
*asaito@ehime—u.ac.jp

Keywords : Oxide glasses, Structure, Transparency, Refractive index.

We studied a relationship between the structure and optical properties in SnO- and Sb,Os-containing
borosilicate glasses. Recently, PbO containing oxide glass has been excluded from optical devices such as lenses
and optical fibers, caused by its toxicity. Instead, Bi,O3 containing oxide glasses show the high refractive and
small photoelastic properties that meet an optical criterion about lenses and filters V. However, one of the
drawbacks is a coloration in the visible range attributed to the mid-gap absorption ?. A notion is to choose Sb,O3
oxide as a co-dopant since no absorption derived from 5s2-5s'p' bands exists.

Fig. 1 shows transmission spectra of SnO and 4
Sb,0s-containing borosilicate glasses. Meanwhile, 100 = xSn0O-yB,05-(100-x-1)SiO,
these glasses exhibit a high refractive index K eSS0 80.20 8548

| =
i

(~1.8) and very small photoelastic constant (+ T
0.05x 1072 Pa™!). The optical absorption edge is
blue-shifted with increasing of B>Os;. The optical
bandgap of the 55Sn0—45B,0; glass is about 3.6
eV. The micro-Raman scattering spectra
elucidates that a four-coordinated borate unit
(BOs) exists in the SnO and Sb,Os-containing 50 |-
glass systems. Then, a blue-shift occurs by
substitution of B,Os by SiO; in SnO-containing
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borosilicate glasses. This may corroborate that 0 ! 1 ! L 1 Ly
the tetrahedral BOs units with non-bridging 300 400 500 600 1500 1600
oxygens are selectively coordinated to a Sn?* ion, Wavelength (nm)
resulting in a weak ligand. Fig.1. Transmission spectra of xXSnO—yB203—(100-x—)SiO:
(upper), and xSb203—yB203—(100—x—y)SiO2 (lower) glasses
with 1-mm thickness show very small PEC values.
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The structure of glassy, liquid and amorphous materials is still not well understood, due to the insufficient
structural information from diffraction data. Here, attempts are made to understand the origin of diffraction peaks
in disordered materials. Furthermore, we applied topological analyses to reveal the relationship between diffraction
pattern and topology of disordered materials?.

Figure 1 shows total structure factors, S(Q), for disordered a a a

materials whose structure contains tetrahedral motifs obtained (FSDP) (PP)
by neutron diffraction (ND) and X-ray diffraction (XRD). All
amorphous and glassy materials form a tetrahedral network T
whereas two liquids are molecular liquids in which CCls and P4 aSi (XRD)
tetrahedra are isolated. As can be seen in the fiture, a three-peak 6
structure, the first sharp diffraction peak (FSDP, (i), the \/‘ g-ZnCl, (ND)
principal peak (PP, 02), and the third peak (Q3), can be observed S \/\’\/\’_
in the S(Q) except a-Si. It is confirmed that the FSDP is not a -/ g-GeSe, (ND)
signature of the formation of a network, because an FSDP is 4r }
observed in molecular liquids. The FSDP appears as the result g-GeS, (ND)
of a sparse distribution of planes in polyhedra by analyzing the g 3 VJ
atomic configuration for g-SiO2 generated by a combination of 5] g-GeO, (ND)
reverse Monte Carlo (RMC)!? and molecular dynamics (MD) 2 '\A / \M
simulations. It is found that the PP reflects orientational j \/ g-Si0, (ND)
correlation of polyhedra. (s, that can be observed in all 11 \/
disordered materials, stems from simple pair correlations. / LcCl

. . ) . -CCl, (ND)
Moreover, information of the topology of disordered materials =
was revealed by utilizing persistent homology'" analyses. The ’
persistence diagram of silica (SiO2) glass suggests that the a4k / / \/W P (XRD)
shape of rings in the glass is similar not only to those in the
crystalline phase with comparable density (a-cristobalite), but ) I A TR O IS B
also to rings present in crystalline phases with higher density 0 5 10 15 20 25
(o-quartz and coesite); that is thought to be a signature of good Qrix

glass-forming ability in SiO2 glass. Our series of analyses Fig. 1. Total structure factors, S(Q), for amorphous (a)-Si?,
demonstrated that a combination of diffraction, computer glassy (¢)-ZnCL”, g-GeSe:", g-GeS>”, g-Ge0,?, g-Si0.”, I-
. . . . 8) 9) i i

simulation and topological analyses is a useful tool to uncover CCl”, and [-P". The scattering vector O is scaled by

structural features hidden in halo pattern of disordered multiplying by rax (distance between center and corner of
terial tetrahedra. In the case of /-P, rax is estimated from the side
materials.

length of P4 tetrahedron).
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ABSTRACT

Local structure plays an dominant role in the structural polyamorphsim and novel electronic
properties under extreme conditions[1-4]. Liquids and disordered solids under extreme conditions in the
Earth interior is important for Earth and planetary science. However, measurement of the local structure
of non-crystalline materials at high pressure remains a challenge. Recently we have succeeded in obtain
high-quality atomic pair distribution function (PDF) using high-energy X-ray microbeam[5] and X-ray
absorption fine structure at high pressure[1,6].

PDF is a powerful local-structural tool for studying crystalline, disordered and nano materials [7-
13]. The total scattering, including Bragg peaks as well as diffuse scattering, contributes to the PDF, and is
particularly useful for characterizing the local structure of amorphous materials, e.g. ref. [14] and the
aperiodic distortions in crystals as well [10]. XAFS is a well-known local structural tool, which can provide
an upper level resolution in the short order of local structure, being able to probe the subtle structural and
electronic polymorphs[3,4,15]. In this conference, we will report our recent progress in the high-energy X-
ray focusing, HP-PDF and HP-XAFS, and the related first-principles calculations.
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Functional oxide glasses are one of the key materials in our life. For example, lead oxide glasses providing high
refractive index have been applied to optical glass devices V. But the toxicity elements including PbO are restricted
in the optical devices, nevertheless the ns>-type ions (Sn**, Sb3*, Pb?", and Bi*") with high electron polarizability
being effective. We have reported a non-toxic oxide glass being high refractive index over 2.0 and very small
photoelastic constant less than 0.05x1072Pa~! by choosing Bi** ion >3

The sesquioxide Bi,Os in oxide glasses lead large ion-filling structure constituted by octahedral BiOg units by
micro-Raman spectroscopy. However, no direct evidence regarding the valence of bismuth ions and the short- and
medium-range structures had not been elucidated. Thus, we report the valance state of bismuth ions elucidated by
HAXPES and XANES (Bi Li-edge) and anionic structure about silicate, borate, and phosphate glasses network
by 2°Si, "B, and *'P MAS-NMR spectra and EXAFS.

Fig. 1 shows EXAFS spectra of the (a) NaBiOs, (b) BixOs, (c)
57Bi203—43Si02, (d) 558i203—458203, and (e) 4OBi203—60P205
glasses. The first coordination manners of a Bi** ion in (c) and (d) are
almost the same of the crystalline Bi»Os3. On the other hand, the second- &
nearest coordination in phosphate glass (e) is slightly shorted compared
with that of crystalline Bi,Os. In short, there are four oxygens that

o
J
position at ~0.28 nm from a Bi*" ion. These structures relate to optical J\/
properties such as light absorption and photoelasticity.
.0 0‘.1 0

Bi

(a) NaBiO,
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Fig. 1. EXAFS spectra of (a) NaBiO;, (b) Bi,Os,

(C) 57B1203—438102, (d) 55B120;—45B203, and
(e) 40Bi,05—60P,05 glasses.

(c) 57Bi,0,-438i0,

(d) 558i,0,-45B,0,

() 40Bi,0,-60P,0;
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Structural changes in a relatively strong Zr-Cu-Ni-Al bulk glass-forming liquid alloy on cooling from above
the equilibrium liquidus temperature were studied in-situ by synchrotron radiation X-ray diffraction and
supported by the results of first-principles molecular dynamics (MD) simulation. The results are also compared
with those of a relatively fragile Pd-Cu-Ni-P liquid alloy, studied earlier. According to the pair distribution
functions (PDF(R)) obtained chemical ordering forming extra Zr-Cu,Ni, Zr-Al and Zr-Zr atomic pairs takes
place in the Zr-Cu-Ni-Al supercooled liquid alloy on cooling towards the glass-transition temperature (7y) [1].
However, here the change in the ratio of Zr-Cu,Ni atomic peak area to other peaks area in the first coordination
shell (Fig. 1a) is smaller than that found in case of the Pd-Cu-Ni-P alloy (Cu,Ni-P to other peaks ratio) in
accordance with a lower fragility index m=dlog(#7)/d(Ts/T) (where 7 is the viscosity) of the Zr-Cu-Ni-Al melt.
Atomic redistribution between the first and second coordination shells is also observed. These findings indicate
that fragility is a sign of instability of short and medium range order in fragile liquids. These results will be
compared with those of other research groups.

Also, the atomic structure of a Ni-Nb bulk metallic glass was directly resolved (Fig. 1b) by means of ultra
high vacuum scanning tunneling microscopy (STM). Owing to the complicated electronic structure of the Ni-Nb
glassy alloy it also acts as a spectroscopy giving a chance to resolve local chemistry. STM allows detection of Ni
and Nb atomic positions separately depending on the applied potential. Direct atomic structure observation was
supported by MD simulation [2].

The structure of these and other bulk metallic glasses was also studied by high-resolution transmission
electron microscopy. New results will be presented.
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Figure 1. (a) Three typical PDF(R) (g(R)) functions of the ZrssCu3NisAljo glass-forming alloy upon in-situ
vitrification experiment on cooling. (b) An atomic structure of the Nis3 sNbss s glassy alloy (STM).
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The secondary f-relaxation is an intrinsic feature in glassy materials. However, its structural origin is still not
well understood. Here we report that the f-relaxations in metallic glasses (MGs) mainly depend on the vibration
of small atoms, not only related to their surrounding local geometry but also chemical constitutions, i.e., the
short-range order. For examples, by using advanced synchrotron x-ray techniques and theoretical calculations,
we find that the tricapped-trigonal-prism-like polyhedra with more large La atoms in shells favor the local
vibration of center Ni atoms, leading to the pronounced fS-relaxation event in LasoAl;sNiss MG [1]. In contrast,
Cu atoms are relatively close-packed with some Cu in the nearest neighbors while they could easily diffuse out
of the cages compared to Ni, somehow triggering the onset of a-relaxation in LasoAl;sCuzs MG. When focusing
on the as-cast and annealed LasoAl;sNiss MGs[2], we demonstrate that the chemical constitution around mobile
Ni atoms in Ni-centered polyhedra tends to transform from Al-free to Al/Ni-containing with decreasing the free
after annealing, suppressing the local vibration of central Ni atoms and thus leading to the unpronounced
f-relaxation event. Moreover, the atomic mobility of Ni atoms more depends on their local polyhedral geometry
and chemical constitution than the content of surrounding free volume. Despite the same composition and
similar atomic sizes of Ni and Fe atoms, the S-relaxation in Y¢NijsAl4 and YeoFeisAl,a MGs mainly depends on
the vibration of small Ni and Fe atoms, respectively [3]. From the x-ray absorption fine structure and Voronoi
tessellation statistics, it is found that the dominant local structure of mobile atoms changes from <0, 3, 6, 0>
centered by Ni atoms into <0, 2, 8, 0> centered by Fe atoms. More large Y atoms in shells promote the local
vibration of center Ni atoms. In contrast, with more Y atoms replaced by Fe atoms, the vibration of center Fe
atoms gets significantly slow down, thus leading to an unpronounced f relaxation. Our results provide an idea
for understanding the structural origin of S-relaxation behaviors in MGs and other glassy materials from their
local atomic environments and dynamics point of view.
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By quenching a liquid metallic alloy, the crystallization process can be bypassed to obtain an amorphous metal
called metallic glass. This class of metallic materials exhibits very high mechanical properties (high yield stress,
high hardness, large elastic strain) perfectly suitable for applications in micro-mechanics (such as micro-gears
for example) [1]. However, in this kind of application, the life time of the metallic glass object is directly related
to the its wear resistance which is not clearly understood up to date depending on the contact conditions as well
as the mechanical properties of both the metallic glasses and the counterpart. For most of the crystalline metallic
alloys, the Archard’s law directly correlates the wear resistance with the hardness of the material: the harder the
better. This law does not always apply for metallic glasses [2] suggesting that the difference in the local
deformation mechanisms (shear bands VS dislocations) can play an important role in predicting the tribological
behaviour of amorphous metals.

In the case of metallic glasses, the nucleation of shear bands is related to the hardness but their propagation is
related to the plasticity. This work aims to propose a correlation between the wear resistance and the hardness as
well as plasticity. To do so, three strategies are performed to modify the hardness and/or plasticity of a Cu-based
BMG (Cus7ZrssAl7, at%): the addition of Nb, the relaxation of the excess free volume and the partial
crystallization of the alloy (see Figure). Each strategy is evaluated by micro-indentation as well as three points
bending. Moreover, using the results of numerous micro-scratch tests analysed by optical interferometric
profilometry, we will show the impact of these different strategies on the wear resistance, both on the wear rate
and the friction coefficient. Specific structural analyses along the wear tracks also show the development of
different shear bands patterns depending on the chosen strategy revealing the importance of the hardness and/or
plasticity.

Plastic deformation (mm)
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0,7 Cu47Zr4sAl+Nb
A

Composition

0,4 CusrZr4sAlr CusrZrysAl+Nb |

540 Hardness (HV)

Fig. 1. Hardness and plastic deformation in function of the different treatments
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Phase transitions in materials are the subject of great interest. The polyamorphic transition induced by
temperature and/or pressure, defined as a transition between two different disordered phases (without long range
translation and orientation symmetries and with the same composition) in disordered materials, e.g., liquids and
amorphous materials, is often more complex as compared to the polymorphic transition in crystalline materials.
In this talk, we will survey behaviors of disordered alloys (metallic liquids and metallic glasses) under various
temperatures and pressures. Firstly, temperature-dependent atomic structure evolutions in various metallic
liquids (from pure element to multi-component systems) will be mentioned, esp. challenges and potential for
liquid-to-liquid transition in metallic liquids will be critically discussed. Secondly, pressure-induced phase
transformation in various metallic glasses will be further discussed. Finally, simultaneously temperature- and
pressure-induced polyamorphic transitions in disordered materials will be presented.
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Whether due to their exceptional combination of high strength and high elasticity in use as spring elements or in
transmission applications, or due to their high corrosion resistance and even biocompatibility as medical sensors
or long-term implants, amorphous alloys have been seen as a potential solution to many challenges in high-tech
applications since their discovery. However, the challenging production of components from amorphous alloys,
in a reproducible, high quality with as little post-processing as possible and in a cost-efficient way, has so far
inhibited the use of this promising class of materials.

Heraecus AMLOY Technologies has managed to overcome this limitation as a fully integrated contract
manufacturer along the value chain. With its own alloyed raw material range of amorphous alloys, AMLOY is
able to mass-produce bulk metallic glass components reproducibly according to technical drawings using an
adapted injection molding process and the additive LPBF process. The general quality controls by means of CT
and optical measurement are also extended by application-related test rigs and thus the performance of
components made of AMLOY alloys continues to be confirmed and improved.

Fig. 1: Mechanical performance of AMLOY alloys regarding strength and elasticity
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In addition to the mechanical properties shown in Fig. 1, AMLOY has also succeeded in addressing markets and
entering development partnerships that place high demands on material purity (medical technology),
reproducible dimensional accuracy (sensor technology) and long-term stable performance (robotics &
mechanics). AMLOY's consulting and support in the development process of the components also plays a
decisive role here, successfully contributing its expertise in materials and manufacturing processes to design
guidelines for improving component performance in the application environments.

In addition to the recent expansion of AMLOY’s machine park, with its own and independently manufactured
production equipment in injection molding, in the future, the use of AMLOY materials in near-net-shape
manufactured components is expected to solve specific challenges in medical technology, robotics and sensor
technology and improve performance, to continue to accelerate amorphous alloys from scientific innovation to
an established manufacturing method.
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Phase transformation between two disordered structures i.e., the so-called polyamorphism, is a long-standing
issue in the field of liquid and glass physics, still being intensively studied and debated. This kind of
liquid-liquid (LL) transition was first suggested to be present in water [1]. Meanwhile, indications of the
LL-transition have been found in oxide, semiconductor, and a number of metallic glass-forming melts [2-4],
pointing to a rather general phenomenon. It has been proposed that such transitions can be interpreted as
analogous to an order-disorder transition, with a diverging correlation length at the transition point and a lambda
shaped heat capacity [2]. This scenario implies large impacts on the structural and dynamic properties of the melt,
including diffusion or liquid viscosity, as well as the glass forming ability (GFA). However, the physical nature
and microscopic mechanism of the LL-transition is still not well understood. For oxide and molecular liquids,
the microscopic mechanism of the LL-transition can be often viewed structurally as a change of the bonding
angle or the coordination of the structural units. Classical metallic bonding is, on the other hand, nondirectional.
Thus, so far, changes of the medium-range order are considered to be relevant for the LL-transition in alloy melts
[2,3]. Whether and how the observed LL-transition in metallic glass-forming liquids can be understood in
accordance with the general picture together with other glass formers is still not clear.

Only recently, direct structural investigations on two well-known bulk metallic glass forming liquids,
Zra12Ti138CU125Ni10.0Be225 and ZrsgsCuiseNir2sAliosNbz g, show that the kinetics of the LL-transition are rather
slow, which must involve long range, diffusion like mass transports [4]. Using a simultaneous SAXS/WAXS
setup, combined with electrostatic levitation, we are now able to investigate in-situ structural changes in the
undercooled liquid across the liquid-liquid transition region on a length scale well beyond the medium range
order. We confirm the previous estimation of the occurrence of large-scale structural fluctuations on the order of
nanometers close to the transition temperature. Depending on the temperature of the undercooled melt, such
structural changes also act as a “precursor” of the crystallization of the undercooled liquid. The observed
characteristic length scale is incompatible with a transition mechanism involving local structural changes only, as
in the case of oxides or molecular liquids.

References:

[1] C. A. Angell, Science 319, 582 (2008).

[2] S. Wei, F. Yang, J. Bednarcik, I. Kaban, O. Shuleshova, A. Meyer, and R. Busch, Nature Comm. 4, 2083
(2013).

[3] M. Stolpe, I. Jonas, S. Wei, Z. Evenson, W. Hembree, F. Yang, A. Meyer, and R. Busch, Phys. Rev. B 93,
014201 (2016).

[4] 1. Jonas, F. Yang, A. Meyer, Phys. Rev. Lett. 123, 055502 (2019).



RO11 Fri. 9, Sep. 20:00-20:20 JST
13:00-13:20 CEST

Structure and dynamics in the no-man’s land of phase-change materials

*Shuai Wei

Department of Chemistry, Aarhus University, Aarhus, Denmark

*shuai.wei@chem.au.dk

Keywords: phase-change materials, liquid-liquid transition, fragile-strong transition, metal-semiconductor
transitions, X-ray/Neutron scattering, crystallizations.

Phase-change materials such as Ge-Sb-Te and Ge-Sb can be reversibly switched between amorphous and
crystalline states within the timescale of nanoseconds. The switchable states can be used to encode information
for data storage applications. While fast-switching rewritable nonvolatile memory units based on phase-change
materials are promising technologies for future computer memory devices, an in-depth understanding of the
physical factors that determine their success is still lacking(/, 2). Here we show the existence of a liquid-state
metal-to-semiconductor transition, located not far below the melting point, Tm, as essential(/, 3-5). The
metal-to-semiconductor transition is itself a consequence of atomic rearrangements that are involved in a
high-density to low-density liquid-liquid transition and a fragile-to-strong transition in liquid viscosity. The latter
controls both the speed of crystallization and the

stabilization of the glass state(6), which are 12

essential for the understanding of materials’ :: ;z

switching behaviors. Furthermore, we 10 o= Ge.,Te,, Adam-Gibbs
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Fig. 1. Angell-plot of alloys based on group-VI, V,V. The

double kink in the Adam-Gibbs fitting curve (red curve)

reveals a fragile-strong transition. Taken from Ref.1.
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Metallic glasses (MG) are known for their great properties at room temperature (hardness, yield stress, elastic
strain...) but are also interesting for their ability to be shaped at high temperature by thermoplastic forming
(TPF) and surface patterning. Many studies were performed on precious MG such as Au-, Pd- or Pt-based
compositions and due to their oxidation resistance, TPF can be done under air'. Some Zr-based alloys are also
reported for TPF, because of the existence of a supercooled liquid region (SLR) usually associated with
Newtonian rheologies?2.

In the present work, the ZrssCozsAli6 MG was chosen for its great potential for medical applications thanks to its
good compromise between corrosion resistance and mechanical behaviour®. This work focuses on the high
temperature rheology of this alloy with an emphasis concerning its thermal stability and the structural
transformation processes occurring in the temperature range of the TPF window. Differential Scanning
Calorimetry (DSC) (Fig. 1) reveals a limited SLR (leading to a lack of Newtonian regime and suggesting
non-ideal conditions regarding TPF) and a two-stage crystallization behavior. Both X-Ray Diffraction and
Transmission Electron Microscopy suggest that crystallization actually happens only around the second
exothermal peak. Compression tests including strain rate jumps at different temperatures were performed and
showed that an increase of the strain rate and/or the temperature may enhance the phase transformation Kinetic.
Finally, despite relatively high viscosities and a lack of Newtonian regime (resulting from the associated
structural transformations), surface patternings were successfully performed.
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Fig. 1: DSC curve of the ZrssCo,5Al16 metallic glass
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Shape memory effect (SME), mainly present in crystalline Ti-Ni alloys, is basically missing in metallic
glasses (MGs) that lack the long-range periodic order to characterize crystals. Here we report experimental
results of SME in annealed MGs, in which the low-energy configuration state recovery is observed by both
differential scanning calorimetry and X-ray photon correlation spectroscopy. We elucidate the origin of SME in
MGs under the potential energy landscape framework, i.e., after annealing, the energy of MGs enters into a deep
basin and atoms are located in the low-energy configuration state. Albeit deviating from their relative stable
configurations by temperature changes, atoms in the annealed MGs tend to return to the low-energy atomic
configurations along certain trajectories as pre-annealing temperature is approached. These results could extend
the application of MGs as functional materials by directionally manipulating their energy states via annealing
and rejuvenation.
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Co-based metallic glasses (MGs) have attracted great attention due to their excellent soft magnetic properties
including high permeability, low coercivity (Hc), and near-zero magnetostriction, whereas the poor
glass-forming ability (GFA) severely limits their applications and development -2, To improve the GFA of
Co-based MGs while maintaining superior soft magnetic properties, microalloying with appropriate elements is
an effective method B4, Recently, we found that the thermal stability and GFA of Co7sB2s alloy are effectively
enhanced with minor Y addition, accompanied by the improvement of magnetic softness. However, the influence
mechanisms of Y content on GFA and magnetic behaviors remain unclear. Therefore, we employed ab initio
molecular dynamics (AIMD) simulations and density functional theory (DFT) calculations to analyze the
relationship between local atomic structures and properties.

The experimental results demonstrated that the addition of 3.5 at.% Y into CossBgs alloy promotes the
occurrence of glass transition (Fig. 1 (a)), and enlarges critical thickness t; to 240 um, lowers H¢ to 1.5 A/m with
saturated magnetic flux density Bs of 0.73 T. By calculating the local atomic structures (pair distribution function,
coordination numbers, chemical short-range order, Voronoi polyhedron, structure factor, and the ratio of voids),
dynamic behavior, electronic structure, magnetic moment, and magnetic anisotropy energy (MAE), it is revealed
that the local atomic structures of Co-Y-B MGs are dominated by the B-centered prism units, and Y plays a vital
role in the formation of the densely packed structures. The strongest chemical affinities between B-B, Co-Y, and
B-Y pairs in Corn5Y35B2s alloy are the critical factor for enhancing GFA and magnetic softness (Fig. 1 (c)). In
addition, we proposed a method to estimate the MAE of MGs, and the changes of H. can be interpreted from the
changes in MAE (Fig. 1 (b)). We expect that our findings will provide new insights into the mechanism of the
microstructure-induced improvement of GFA and soft magnetic properties for Co-based MGs.
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Fig. 1. (a) The differential scanning calorimetry curve, (b) coercivity and magnetic anisotropy energy, and (c) the typical VVoronoi polyhedron
of CO75.xYszs (X = 0, 35, 5) MGs.
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Abstracts

Acoustic emission (AE) has been experimentally investigated with a decrease in the temperature of the aluminum
melt in the temperature range of 860-660 °. A Fourier analysis of the amplitude-frequency spectrum of AE signals
in the frequency range of 20 -200 kHz was carried out; periodically repeating signals with maximum intensity
were established. It is assumed that the acoustic spectrum of signals is associated with structural rearrangements
in the melt and reflects the transition from disorder to local order in liquid aluminum in the form of clusters. At
the Table.1 presents the results of cluster modeling and compares the frequencies calculated theoretically with the
frequencies determined experimentally. Below is a cluster model when the melt is cooled from a temperature of

860 °.

Tabl.1 The experimentally and theoretically calculated frequencies of cluster elements.

n

1

2

3

4

5

6

7

F

kHz

TeopeTHYIeCKHE

127

F

kHz

IKCNCPHMEHTATHHBIC

126

40

30

HeT

Based on calculations frequency data, taken from the Table were used to build a cluster model.

Fig.1 Model of an Al melt cluster during melt cooling from a temperature of 860°C.

Based on the above, the concepts of the melt structure before crystallization as a partially ordered clusters discussed

Key words: Crystal structure, Melts, Gradient, Acoustic emission, Temperature.
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High-entropy alloys (HEAS) or called multi-principal component alloys have gained increasing attention in
the field of advanced metallic materials over recent years due to their unique composition characteristic and
excellent properties. The HEAs with a glassy structure, known as high-entropy bulk metallic glasses
(HE-BMGsS), have also been synthesized in some specific alloy systems, which provide an approach to design
novel BMGs. We have successfully developed metal-metalloid type HE-BMGs in the alloy systems of
Fe-Co-Ni-(B, Si, P, C) and Fe-Ni-Cr-Mo-(P, C, B), which exhibit larger supercooled liquid region, higher
crystallization temperature (Ty), larger undercooling, and more sluggish crystallization process upon heating than
the conventional metallic glasses in the same systems. In addition, the Fe-Co-Ni-(B, Si, P, C) and
Fe-Ni-Cr-Mo-(P, C, B) HE-BMGs exhibit good soft magnetic properties and excellent corrosion resistance in
acids and NaCl solutions, respectively. Recently, we added an appropriate amount of refractory metal (RM) into
a FeCoNi(B, Si) alloy and synthesized new HE-BMGs with further enhanced glass-forming ability, thermal
stability, and strength. The FeCoNiRM(B, Si) HE-BMGs possess high Tx and fracture strength up to 867 K and
4.2 GPa, respectively, which are superior among the reported HE-BMGs (Fig. 1).
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Fig. 1 Fracture strength versus crystallization temperature of FeCoNiRM(B, Si) and other typical HE-BMGs.
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The thermodynamic functions of substance do not undergo any drastic changes in the point of phase
transition, and despite its exceptional influence in some manner on the behavior of a substance, is not special for
them [1]. Widely known, that any phase can exist, at least as metastable, and on the other side of the transition
point; thermodynamic inequalities at this point are not violated within the relaxation time.

Preliminary analysis of metastable fluids [2] with use of the molecular dynamics simulations (MD) revealed
features in the region of phase transitions for specific two-particle motion correlators [2, 3], and promising
change in described collective dynamics of particles in various models of particle interactions was found.

In this particular work, the temporal behavior of motion correlators observed in deep supercooled state of
aluminium film near glass-transition temperature [4, 5]. The analysis shows a change of dynamical structure
(Fig.1a) till and during the relaxation processes of vitrification and gives vitrification temperature which
consistent with volumetric (Fig.1b) and other analysis methods [6].
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Figure 1. Temperature dependence of correlator CC(7, 7) for different diagnostic radius (left) and volume of film
(right) for pure aluminium film after overcooling with rate in interval 10'>-10'* Ks™'. Both shows two transition
temperatures 610 and 520 K, which detach different metastable states of supercooled liquid aluminium film.
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Abstract

Atomic transport properties namely the shear viscosity and diffusion coefficient for liquid Bi;«Zny segregating alloys are
theoretically investigated using the Rice-Allnatt theory. The interioinc interaction is described by a widely used local
pseudopotential. Temperature dependent behaviour of the mentioned transport properties is also investigated. The overall
agreement of our theoretical results with the available experimental data is found to be good for the whole range of
concentration. More interestingly, results clearly exhibit the segregating feature of bending of the viscosity profile near the
critical concentration.

*gbhuiyan@du.ac.bd

Keywords: Segregating alloys, Rice-Allnatt theory, shear viscosity, diffusion coefficient.



RIL4 Invited Mon. 12, Sep. 16:00-16:30 JST
9:00-9:30 CEST

High-Dimensional Neural Network Potentials
for Simulations of Complex Systems

*J. Behler!

! Theoretische Chemie, Institut fiir Physikalische Chemie, Universitit Gottingen, Gottingen, 37077, Germany
=l‘joerg.behler@uni—goettingen.de

Keywords: Atomistic Simulations, Machine Learning Potentials, Molecular Dynamics

A lot of progress has been made in recent years in the development of machine learning potentials (MLPs)
for atomistic simulations?. While the first generation of MLPs relying on single feed-forward neural networks
has been restricted to small molecules with only a few degrees of freedom, the second generation extended the
applicability of MLPs to high-dimensional systems containing thousands of atoms by constructing the total
energy as a sum of environment-dependent atomic energies. High-dimensional neural network potentials
(HDNNP)? have been the first example of a second-generation MLP, and to date HDNNPs have been applied to
many different types of systems. Long-range electrostatic interactions can be included in third-generation
HDNNPs employing environment-dependent charges®, but only recently limitations related to the underlying
locality approximation could be overcome by the introduction of fourth-generation HDNNPs®, which are able to
describe non-local charge transfer and multiple charge states using a global charge equilibration step.

In this talk, the basic concepts of the different generations of HDNNPs will be briefly summarized, followed
by a discussion of applications with a focus on solid-liquid interfaces. In particular, our recent work on the
lithium intercalation compound LixMn20O4, which is used as positive electrode material in lithium batteries,
and its interface with water will be presented™.
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The use of machine learning is a new paradigm in modern computational materials science [1-2]. One of the
most promising and widely accepted techniques is using ab initio reference data on energies, forces, and stress
tensors to develop machine learning interatomic potentials (MLIPs) with a flexible functional form which can
effectively fit the potential energy surface of the particle system. This approach allows solving the principal
problems of ab initio simulations: the effects of “small size” and “short time”, associated with difficulties in
simulating sufficiently large supercells at long enough computational times. MLIPs can provide nearly ab initio
accuracy with orders of magnitude less computational cost for systems composed of up to millions of particles.

One of the most challenging applications of MLIPs is design of new functional materials on top of classical
molecular dynamics simulations. It requires developing accurate MLIPs, universal for ordered (crystal) and
disordered systems (melts, supercooled liquids, glasses) in wide temperature and concentration ranges. This is a
difficult task for materials design when possible ordered structures are not known.

We have found that MLIPs for multicomponent metallic alloys trained only on disordered configurations can
accurately describe crystal structures even at low temperatures. Training MLIP on liquid configurations is
straightforward: using certain algorithm we generate disordered configurations and find energy, interatomic
forces and virials using DFT. Disordered systems require rather large supercells (we use 512 particle sells) that
include a number of possible local structural configurations. Sampling enough the configurational space one can
build representative training dataset.

We address MLIPs for multicomponent metallic melts taking the ternary Al-Cu-Ni ones as a convenient
example [3]. It is shown that MLIP trained on liquid configurations demonstrates good compositional
transferability, which extends far beyond compositional fluctuations in the training configurations. Using so
trained MLIP we can describe not only liquid, but find with ab initio accuracy all stable and low-lying
metastable crystal configurations of AICuNi using a laptop and USPEX genetic algorithm. Fig.l shows that
MLIP trained on liquid quite well reproduce DFT equation of states for a crystal. The results obtained open up
prospects for design multicomponent metallic alloys with MLIPs.
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Figure 1. (Left) Ternary plot for Al-Cu-Ni system with the compositions included in the training dataset.
(Middle) Snapshot of AICuNimelt with 512 particles in the cell. (Right) Energy-volume relation obtained for
Al,Cu,Ni crystal using MLIP (Dp2) trained on liquid configurations and AIMD DFT in VASP.
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When modeling materials and molecules at the atomic scale, achieving a realistic level of complexity and
making quantitative predictions are usually conflicting goals. Data-driven techniques have made great strides
towards enabling simulations of materials in realistic conditions with uncompromising accuracy. In this talk I
will summarize the core concepts that have driven the extraordinarily fast progress of the field, discuss some of
the most promising modeling techniques that combine physics-inspired and data-driven paradigms, indicate the
most pressing open challenges, and present several applications to semiconductors and to metallic systems.
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The melting point of alkali metal alloys depends non-linearly on the composition, and shows a minimum at a
certain composition which is different for each combination of alkali metals [1]. For instance, it has been
experimentally reported that Rb.Na,., alloy has the lowest melting point around x = 0.8 [2]. Due to these
remarkable characteristics, alkali metal alloys have drawn attention for the application as high-performance
coolants [3]. The purpose of this study is to theoretically clarify the microscopic origin of the minimum melting
temperature, which is lower than those of simple substances. We have investigated the concentration dependence
of melting points by using thermodynamic integration (TI) based on the first-principles molecular dynamics
(FPMD) simulations. A non-empirical simulation model with high precision can be achieved using FPMD, but it
is computationally demanding, making it difficult to apply FPMD to TI. Machine learning interatomic potentials
(MLIP) obtained by training FPMD data with artificial neural networks have enough accuracy and low
computational cost, and, therefore, contribute to overcoming this cost problem.

We estimated the melting temperatures of Rb,Na,., at x = 0.0, 0.5, 0.8 and 1.0. The system consists of 128
atoms in total. Figure 1 shows the composition dependence of melting points of Rb,Na,., by numerical simulation
and experiment [2] (black crosses). The red circles represent the results obtained by TI with MLIP based on FPMD
with T’ point for Brillouin-zone sampling. The calculated melting points of RbgsNags are much lower than the
experimental values. To take system-size effects into account, we performed FPMD simulations with 44-point
sampling, which corresponds to an electronic state calculation with an eight times larger system than the I' point.
The green squares represent the results of 4k-point sampling, and show that the melting temperatures of Na and
RbosNag s are 20 K [4] and 65 K higher than those of the : :

' point, respectively. We consider that the size effect on HITI (4k)
the melting temperature for the mixture is larger than COTIT) 7]
%< exp. values [2]

400+

pure Na because RbgsNag s consists of only 64 atoms of
each atomic species. Figure 2 shows Helmholtz free
energies of the solid (black squares) and liquid (blue 3001
circles) phases of (a) Na and (b) RbosNag s as a function L
of the number of sampling & points. In pure Na, both the
Helmholtz free energies of the solid and liquid phases 200 ‘ ,
decrease with increasing the number of k points from 1 0 0.5 1
to 4. In contrast, the Helmholtz free energy of the liquid X (Rb Na )

phase of RbgsNag s is almost independent of the number x

[K]

T

of sampling & points, while that of the solid phase has the
same behavior as in pure Na. The k-point dependence of
the Helmholtz free energy is mostly due to that of
potential energy U, and the entropy S is nearly unrelated
to the number of k points. It is quite characteristic that
the potential energy of RbosNags in the liquid phase
remains unchanged when the number of k& points
changes.

In the presentation, we will discuss the dependence
of physical quantities on the number of sampling & points
in detail.
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Fig. 1. Composition dependence of melting temperatures of
Rb,Na,.,. The green squares and the red circles represent
melting points sampling 4k and I points for Brillouin-zone
integration, respectively. The black crosses correspond to
experimental values [2].
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The free-energy-landscape (FEL) approach is a theoretical frame work for non-equilibrium systems [1]. It
provides unified understanding of dynamic and thermodynamic properties of super-cooled liquids including
cooling-rate dependence of specific heat and time-temperature-transformation diagram, and it gives a solid
foundation of the trapping diffusion model of glass transition [2] and the Adam-Gibbs relation [3,4]. The FEL is
defined in the configurational space by the density function produced by fast motion of atoms and therefore
depends on temperature in contrast to the potential energy landscape. Expressing the response of the FEL to a
temperature modulation by relaxation of the FEL, I investigate the waiting time dependence of aging in various
systems

Many non-equilibrium systems show a delayed response to a sudden perturbation and the delayed response
is represented by a relaxation function. I first classify the aging into two types: Type I when the apparent
relaxation time is always an increasing function of the waiting time ¢» and type 1l when the apparent relaxation
time can increase or decrease as a function of the waiting time f». I show that (1) the relaxation of the FEL
manifests itself as type II aging and (2) the relaxation time of the FEL can

be deduced from the waiting time dependence of the apparent relaxation ==

time. \\\\\\ t, =

As examples, | first investigate the self-part of the intermediate o8 \\\ 1
scattering function (FSKT) for a random walk model and show that the \\ v
delayed response of the FEL gives rise to type II aging. Figure 1 shows ~_°° 100
the time dependence of FSKT for various values of & when the & w1000
temperature is increased (7" 1) or decreased (7 |) suddenly at time ¢ = 0. 04 Yy
The relaxation time of FSKT is a decreasing function of #w for T-up T \\ T1T
protocol and an increasing function of & for T-down protocol which is not 02 \\\
seen in the KWW relaxation. A

Next, I investigate the relaxation function and the susceptibility of a o o5 1 18 2 25 s

dielectric relaxation [5,6] and the massless Landau model under sudden
modification of temperature. On the basis of the two-time relaxation
function and the two-time instantaneous decay constant, I show that the  Fig. 1 Time dependence of FSKT

aging in these systems belongs to type II aging when the free energy for different waiting times

landscape responds to the temperature change with a delay [7]. when the temperature is
increased or decreased
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Understanding most basic thermodynamic properties of the liquid state such as energy and heat capacity
turned out to be a long-standing problem in physics [1]. Landau&Lifshitz textbook states that no general
formulas can be derived for liquid thermodynamic functions because the interactions are both strong and
system-specific. Phrased differently, liquids have no small parameter. Recent experimental and theoretical results
open a new way to understand liquid thermodynamics on the basis of collective modes (phonons) as is done in
the solid state theory. There are important differences between phonons in solids and liquids, and we have
recently started to understand and quantify this difference. I will review collective modes in liquids including
high-frequency solid-like transverse modes and will discuss how a gap in the reciprocal space emerges and
develops in their spectrum [2,3]. This reduces the number of phonons with temperature, consistent with the
experimental decrease of constant-volume specific heat with temperature [1]. I will discuss the implication of the
above theory for fundamental understanding of liquids. I will also mention how this picture can be extended
above the critical point where the recently proposed Frenkel line on the phase diagram separates liquid-like and
gas-like states of supercritical dynamics [1,4]. I will subsequently describe how this leads to the theory of
minimal quantum viscosity in terms of fundamental physical constants and will compare this minimum to the
holographic bound [5]. The minimum of thermal diffusivity can be equally written as the same combination of
fundamental constants, in agreement with experiments. I also mention an upper bound on the speed of sound in
terms of fundamental constants following from a similar approach [6]. Finally, I will note that the kinematic
viscosity of the quark-gluon plasma is surprisingly close to the kinematic viscosity of liquids at their minimum

[7].
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Glass transition is one of the most important unsolved subjects in condensed matter physics. It is said that the
history of the glass transition study started when Giauque found a heat capacity jump of glycerol in 1923 [1]. As
shown in this example, thermodynamic experiments, e.g., heat capacity, thermal expansivity, etc., are the most
direct approach to investigate the glass transition. For the last 20 years, we have measured the heat capacities of
many simple molecular liquids to investigate the structures of liquids and glasses through the configurational
entropy based on the Adam-Gibbs theory [2]. For very simple molecules, which crystallize readily on cooling,
we used vapor deposition (VD) method at low temperature (7' < 10 K) whose speed is estimated to be more than
107 Ks!. The VD procedure was performed by using an adiabatic calorimeter with which heat capacity was
measured in situ. We found that the cooperative rearranging regions (CRRs) of liquids increase on cooling,
especially below their melting temperatures, and reach 4-7 molecules at the glass transitions for many molecules
including carbon tetrachloride (CCly), carbon disulphide (CS,), propane (CH3;CH,CH3), and propene
(CH3CH=CHa), which cannot be vitrified by usual liquid quenching [3,4].

Recently we are studying the short- and intermediate-range structure of simple molecular liquids and glasses
by using X-ray and neutron diffraction techniques [5-7]. The simplicity of molecular structure is more important
in diffraction works than in thermodynamic ones since the structure factor S(Q), which is Fourier transformation
of the pair distribution function, cannot provide definite information on intermolecular correlations for
complicated molecules with many intra- and intermolecular atomic pairs with close atomic distances. Hence, we
have constructed cryostats for both an in house X-ray diffractometer [5] and a high-energy X-ray diffractometer
at BL04B2, SPring-8 [6]. By using these instruments, we have succeeded in forming the glasses of carbon
dioxide, carbon disulphide, carbon tetrachloride, propane, propene, and toluene, and measured their X-ray
diffraction data in a wide Q range of 0.2 to 25 A!. Both CO, and CS; are rigid linear molecules while propane
and propene are dog-leg molecules and toluene is a planar molecule. The diffraction data of their liquid states
were also measured in a temperature range above their crystallization temperatures. Fig. 1 shows the reduced
pair distribution functions of liquid and glassy CS, in a wide temperature range of 3-300 K. These data clearly
indicate that the intermolecular correlation becomes gradually larger on cooling and drastically sharpened at a
glassy state. On the basis of these data, we have performed molecular dynamics (MD) and reverse Monte Carlo
(RMC) analyses. The results are quite consistent with the CRRs obtained by the thermodynamic works. In the
presentation, we are going to show very recent diffraction data under high pressure up to 5 GPa.
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Contrary to basic hard sphere structure models, recent studies revealed, significant structural differences
between Pt-Cu-Ni-P and Pd-Cu-Ni-P metallic glass-forming liquids with the same stoichiometry. To cover the
#(Pt/Pd)425Cu27NgsP21. For this systematic set of alloys, the thermodynamic properties, such as isobaric heat
capacity, enthalpy and Gibbs free energy are assessed. A systematic drop of the Gibbs free energy difference
between crystal and liquid, providing a lower estimate of the driving force for crystallization was observed,
underlining the high glass-forming ability of the Pd-rich systems. Contrary to kinetic fragility data, a change of
the thermodynamic fragility can be observed, drawing the picture of an increasing thermodynamically strong
behavior with rising Pd-content. Further, the temperature induced changes of the total structure factors S(Q)
were monitored using high-energy synchrotron X-ray diffraction. Focus was laid on the changes on the
medium-range length scale, by analyzing changes of the first sharp diffraction peak. Here a good correlation of
the changes in peak-width and the thermo- dynamic fragility was found. From the determination of the excess
enthalpy, large amounts of residual enthalpy in the glassy state were observed for the Pt-rich alloys, supporting
the increased ductility of these alloys. The current findings further carve out the different roles of the
topologically similar Pt and Pd in the Pt/Pd-Cu-Ni-P alloy system and how the change of the structural motifs on
the medium range order is influencing thermal properties such as enthalpy and heat capacity.
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Figure 1: Graphical Abstract of the Talk: The structural changes, namely the changes of the width of the first sharp diffraction peak,
correlate to the jump in specific heat capacity, used as a measure of the growth in configurational entropy in the liquid state during
deep undercooling of the melt.
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The dynamical slowing down in glassy system is attributed to the cooperative motion of particles. The Adam-
Gibbs scenario is one of the theories focusing on the cooperative motion and can explain the divergence of
viscosity at finite temperatures of glassy materials in a phenomenological way [1,2]. The central idea of this theory
is to relate cooperatively rearranging regions (CRR) to configurational entropy. The CRR is defined as the
minimum size of a space in which atoms can relax. The size of CRR has been determined in several ways, but
distributed depending on experiments [3]. In this study, we carried out molecular dynamics (MD) simulations to
determine the temperature dependence of CRR size and discuss the relationship between the CRR and
configurational entropy.

We used Kob-Andersen Lennard-Jones (KALJ) model which has been widely used as a simple glass former of a
binary alloy [4]. All simulations were performed using LAMMPS with a timestep of 0.005 in LJ units. The
isothermal-isochoric (NVT) conditions at a density of 1.2 were realized using the Nose-Hoover thermostat. To
determine the size of CRRs, we set up a space of spheres of various radii and fixed the atoms outside the spheres.
We changed the radius of sphere and determined the minimum size of sphere in which atoms cannot relax in a
sufficient time. Structural relaxation of atoms was observed by analyzing the bond break correlation [5]. The
method measures the bonds between particles at =0 can survive after time or not. Fig.1 shows the number of
survival bonds at various radii of spheres at T=2.0 (normal liquid). As the radius decreases, the bonds are hard to
break. Fig.2 shows the temperature dependence of the number of survival bonds with the radius R=3.0. At the high
temperature of 7=2.0, the number of bonds decreases rapidly. The rate of decrease becomes slow at 7=1.0, but the
bonds still breaks with time. At 7=0.5, near the glass transition point, the bonds at /=0 hardly break after 500,000
timesteps, thus the number of bonds keeps the initial value. Namely, the atoms in the spherical area does not relax.
We will discuss the size of CRRs in relation to the configurational entropy.
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Fig. 1. The number of survival bonds between Fig. 2. The number of survival bonds between
particles versus time at 7=2.0 (normal liquid) particles versus time at the radius of a mobile
as the radius of a mobile space R is changed. space R=3.0 as the temperature is changed.
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The Johari-Goldstein-(JG) process is widely observed in a variety of glass-forming systems and recognized
as an intrinsic process in deeply supercooled and glassy states. In a deeply supercooled region, the JG process
starts to be observed as its time scale branches from the time scale of microscopic diffusion process (o process)
by cooling. The JG process appears on the high-frequency (shorter time scale) side compared with the o process.
By further cooling, the temperature dependence of the JG relaxation time follows the Arrhenius law in
supercooled state and even in glass state, where the a process almost freezes. Therefore, the JG process is often
one of the main origins of the structural relaxation in glass and known to be the microscopic origin of some glass
properties related to the structural relaxation such as stability of glass state and resistance for impact. Therefore,
understanding the mechanism of the JG process is highly useful to effectively improve these glass properties.

Some experimental techniques such as dielectric relaxation spectroscopy and NMR, which are often used to
study the JG process, have poor information on the spatial scale of the JG process. Here, inelastic and
quasi-elastic scattering experiments allow us to determine the spatial scale of dynamics. In Fig. 1(A), we show
the typical time and spatial scale of the a process and the JG process. In Fig. 1(B), time and spatial scales
covered by some established inelastic and quasi-elastic scattering techniques such as inelastic X-ray scattering
(IXS), quasi-elastic neutron scattering (QENS), neutron spin echo (NSE) techniques, are shown. As shown in the
figures, the JG process is difficult to be directly observed by the conventional techniques. In addition to the
experimental difficulty, the JG process is quite difficult to be observed by MD simulation because of its
relatively slow time scale. Therefore, the microscopic picture of the JG process is largely uncertain.

Quasi-elastic gamma-ray scattering spectroscopy (QEGS) using multi-line Maossbauer time-domain
interferometry (TDI) based on synchrotron radiation has been recently developed to the application level in
SPring-8.) Using this technique, microscopic motions can be observed by measuring intermediate scattering
function in appropriate momentum-transfer (¢) ranges corresponding to angstrom scales and in the time scales
between nanosecond to sub-microsecond.!? As shown in Fig. 1(A) and 1(B), TDI-based QEGS is very suitable
for direct observation of the JG process because the method can access to the atomic/molecular scale dynamics
in the time scale of 100 nanosecond, where the JG processes dominate the relaxations.

The JG process has not been observed in small molecular glass-forming systems by the conventional inelastic
and quasi-elastic scattering techniques. Previously, we succeeded to observe the JG process in small molecules
for o-terphenyl by using TDI-based QEGS.? In addition, we found the anomalous g dependence of the relaxation
time of the intermediate scattering function whose relaxation is caused by the JG process. TDI-based QEGS
was also applied to polymeric glass former polybutadiene and the JG process was microscopically observed in
polybutadiene.? Very recently, the JG process was revealed in glycerol, where the JG process has not been
clearly observed by any methods, by using TDI-based QEGS.> There results suggest that the JG process exists in
variety of glass forming systems and TDI-based QEGS is ideal tool to investigate the JG process.

We introduce summary of the studies on the JG process and recent upgrade of the TDI-QEGS experimental
system at BL35XU. In addition, we discuss the new experimental scheme to directly reveal the microscopic
behaviour of the JG process based on the experimental data such as the temperature and g dependences of the

relaxation time obtained by using TDI-QEGS. Spatial scale (nm)

10 1 lIO' 10
References: (A) - .|B)
1) M. Saito, R. Masuda, Y. Yoda, M. Seto, Sci. Rep. 7, 10 B =
12558 (2017). . 107 | aens 3
2) A. Q. R. Baron, H. Franz, A. Meyer, R. Riiffer, A. I. proces 16 :1 NSE §
Chumakov, E. Burkel, W. Petry, Phys. Rev. Lett. 79, bcess|- o
2823 (1997). [1es iF)
3) M. Saito, S. Kitao, Y. Kobayashi, M. Kurokuzu, Y. L 10¢ —
Yoda, M. Seto, Phys. Rev. Lett. 109, 115705 (2012). r : »
4) T. Kanaya, R. Inoue, M. Saito, M. Seto, Y. Yoda, J. ! 10 ol
Chem. Phys. 140, 144906 (2014). )
5) M. Saito, M. Kurokuzu, Y. Yoda, and Makoto M. Fig. 1. (A) typical time and spatial scale of the diffusion process (&

process) and the JG process. (B) time and spatial scales covered by

Seto, PhyS. Rev. E 105, L012605 (2022) some experimental techniques.



P3

Configurational entropy of an isotropic monatomic glass

A. Ueno! and *T. Mizuguchi?

! Graduate School of Science and Technology, Kyoto Institute of Technology, Kyoto, 606-8585, Japan

2 Faculty of Materials Science and Engineering, Kyoto Institute of Technology, Kyoto, 606-8585, Japan
"mizuguti@kit.ac.jp

Keywords: Glass transition, Configurational entropy, Reversible scaling method, Adiabatic switching process,
Lennard-Jones-Gauss potential

The glass transition is one of the major unsolved problems in condensed matter physics. A theoretical
framework that can explain the glass transition in a unified manner does not yet exist, and various theories are
currently being proposed. One of the most promising candidates is the theory based on the configurational entropy,
which is the entropy corresponding to the number of atomic configurations. Various methods have been proposed
to estimate the configurational entropy in computer simulations. In general, it is not easy to calculate only the
configurational entropy, since the total entropy is composed of multiple contributions including configurational,
mixing, harmonic vibrational, and non-harmonic vibrational components. Therefore, the relationship between the
configurational entropy and the structure is still a central issue for the study of glass transition. To discuss this
relationship quantitatively, we calculate the configurational entropy in simulations using a monatomic glass-
forming model where the atoms interact each other isotropically.

We performed molecular dynamics simulations using Lennard-Jones-Gauss (LJG) potential [1] (Fig. 1). The
general form of the effective two-body potential of alloys is an oscillatory potential consisting of a short-range
repulsion term and a damping oscillation (Friedel oscillation) term. The LJG potential can be regarded as the cutoff
of such an oscillatory potential at the second maximum [2]. First, we quenched from the melt at T=2.5 to T=0.1
and obtained a glassy state. Fig. 2 shows the temperature dependence of the potential energy during heating from
the glassy state at T=0.1. We obtained the configurational entropy by calculating the free energy over a wide range
of temperatures. The configurational entropy is defined as the total entropy minus the vibrational entropy. The free
energy of the glass at any temperature was obtained by the reversible scaling (RS) method [3] using the glass at a
temperature T=0.1 as the reference system, and the derivative of this free energy with respect to temperature is
regarded as the vibrational entropy. The free energy of the liquid at any temperature was obtained by the RS method
with the liquid at T=2.5 as the reference system, and the derivative of this free energy with respect to temperature
is considered as the total entropy. The free energies at T=0.1 (glass) and T=2.5 (liquid), which are the references
in the RS method, can be obtained by adiabatic switching process [4] using the Einstein crystal and the Uhlenbeck-
Ford model, respectively.
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Fig. 1. The shape of LJG potential. All quantities Fig. 2. Temperature Dependence of potential
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Recently, we have shown that linear thermal expansion measurements using Thermo-Mechanical Analysis
(TMA) can detect small length change due to the release of quenched-in strain even in the amorphous ribbons.
Analysing anomaly of Linear Thermal Expansion Coefficient (LTEC) can give us the relationship between the
mechanism of quenched-in strain and localized flow units?. Because LTEC is also sensitive to the volume change
due to release of free volume, we applied TMA measurements before and after rejuvenation treatments in as-

quenched and pre-treated Fe-Si-B amorphous ribbons. Sample
size for TMA measurements is 15mm x Smm x 0.02mm. As
the rejuvenation treatments, samples are dipped into liquid
nitrogen for 10 seconds and following by dipping into warm
water for 10 seconds. These process were repeated 20 times
for the one set of the rejuvenation treatment. Figure 1 shows
the temperature dependence of LTEC with and without
rejuvenation process. One set of LTEC measurement consists
of four heating processes. The first one was the heating process
with the heating rate of 20 K/min up to 300°C which is shown
as black curves in the Fig.1. Then, the sample was cooled
down to 80°C and again heated to 400°C as the second heating
process which is shown by red curves. The difference between
black and red is caused by the release of free volume in the
temperature range below 300°C. Then the sample was cooled
down again to 80°C and then heated to 550°C. Since the
inflection point due to the invar effect of this alloy appears at
410°C, it is difficult to discuss the free volume release above
this temperature. However, free volume release from 300 to
400°C appears as the difference between green and red curves.
More than three times measurements have been performed to
suppress the artifacts manly due to vibration and slipping.
Comparing the LTEC behavior between the ribbons, clear
enhancement of the free volume release in the sample with
rejuvenation treatments appear as shown by the circles in
Fig.1. The effects of pre-treatment including annealing for
releasing quenched-in strain or cold rolling will also be
discussed in this presentation.
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Fig.1 LTEC curves of Fe-Si-B as-quenched amorphous
ribbons measured along the ribbon direction (a) before
and (b) after the rejuvenation treatment. LTEC are
obtained from the linear thermal expansion rate measured
by TMA with the heating rate of 20 K/min. The color of
the curves represents the heating process; black (1st
heating up to 300°C, red: 2nd one up to 400°C, green 3rd
one up to 550°C. Those are the curves for amorphous
state. Since the crystallization occurs by the 3rd heating,
the LTEC curve for the fourth heating reperesent the
crystalline state. It shows relatively constant compare to
other curves.
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After the exciting discovery of phosphorus' liquid-liquid transition (LLT)" at the beginning of this century,
many substances undergoing an LLT have been identified. However, like phosphorus, substances exhibiting a
transition between thermodynamically stable phases are still rare. Under these circumstances, sulfur may
probably be a unique substance whose polyamorphic phase diagram, including the location of the (second)
critical point, was unveiled.? Although phosphorus and sulfur are believed to transform from a molecular to
polymerized liquid state on the pressure-induced LLT, the Clapeyron slope of phosphorus (sulfur) slope is
negative (positive). The quantitative entropy difference between the low-density liquid (LDL) and high-density
liquid (HDL) phases could explain the difference in the slope's sign. However, no structural analysis useable for
the entropy estimation has been done to the authors' knowledge. Here, we show for the first time the
three-dimensional atomic arrangement in phosphorus' LDL state with the help of reverse Monte Carlo (RMC)
simulation.”

The simulation requires the two indispensable inputs; the structure factor S(k), given as a function of
wavenumber k, and the liquid density p in question. Here, S(k) at 0. 77 GPa and 1040 °C (open circles in Fig. 1)
was taken from Ref. 1, whereas p=1.75 g/cc resulted from the method given in Ref. 4. The other nontrivial input
is an initial configuration. An aggregation of randomly oriented 2744 tetrahedrons was prepared using the
molecular dynamics method developed for a system of Snls molecules.>
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Fig. 1. The structure factors of LDL phosphorus used as Fig. 2. The resulting radial distribution function plotted
input (circles) and resulted from the simulation (red line). against radial distance.

Red lines in Figs. 1 and 2 are the resultant structure factor and
radial distribution function. The former justifies the simulation result.
As shown in Fig. 3, we visually confirmed that phosphorus atoms in
LDL constitute regular tetrahedrons. The regularity was ensured by
the sharpness of the first peak at 2.2(2) A, showing the
intramolecular P—P correlation.
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Fig. 3. A three-dimensional view for the resultant
aggregate of P, molecules shown in green.
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The structure of the Gasgsglnis eutectic liquid alloy is investigated both under ambient conditions and at high
pressure/high temperature using X-ray absorption spectroscopy (XAS) and X-ray diffraction (XRD) techniques.
The local structure of the liquid alloy at ambient conditions is analyzed using double-edge refinements of the
XAS data. Solid-liquid phase transitions under high-pressure and high-temperature conditions are monitored by
combined XAS and XRD measurements along several quasi-isobaric heating runs, allowing to draw a melting
line up to 10 GPa. The established melting line is found to be slightly below the one of pure gallium (Ga) and to
follow its trend as expected from the eutectic nature of the compound. A series of Ga K-edge X-ray absorption
fine structure (XAFS) spectra measured at different pressures indicates the absence of large structural
modifications at local Ga sites in the liquid within the investigated pressure and temperature range.
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Figure: Best fit double-edge EXAFS refinement of the local structure of Galn eutectic liquid alloy at ambient conditions.
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Lithium metal batteries (LMBs) are regarded as promising candidates for post-lithium-ion batteries, because
of their large theoretical capacity of 3860 mAhg' V. LMBs are widely used as primary batteries but not as
secondary batteries, because it is difficult to control the interfacial behavior between liquid electrolytes and the
lithium-metal electrode during charging and discharging. So far, extensive studies have been performed to
characterize the interfacial properties using various techniques such as the optical microscopy?, electron
microscopy®®, and X-ray photoelectron spectroscopy?. However, these studies have focused on the
electrode-side of the interface, but not on the electrolyte-side. It is important to investigate the electrolyte-side of
the interface in order to comprehensively understand the electrolyte/lithium interface.

In this study®, we used an X-ray total reflection to investigate the electrolyte-side of the interface. Since the
density of lithium (~ 0.5 g cm™) is lower than that of typical electrolytes (> 1.0 g cm™), grazing incidence X-rays
going through the electrolyte can be totally reflected by the electrolyte. Therefore, reflected X-rays from the
electrolyte/lithium interface strongly reflect the electrolyte properties at the interface.

Reflected X-ray from the electrolyte/lithium interface was measured at BL28XU in SPring-8 using a
specially designed cell, where a lithium deposition film on a SiC substrate was inserted. A mixture of propylene
carbonate, 1 mol L of LiPFs, and 50 ppm of H,O was used as the electrolyte. The incident X-ray energy was 28
keV. Two dimensional CdTe detector was used for the measurements.

Figure 1 shows the two-dimensional image of the X-ray intensities measured at the incident angle of 0.035°.
We can clearly observe a total reflection X-ray together with the direct beam, which demonstrates the occurrence
of X-ray total reflection from the electrolyte-side of the electrolyte/lithium interface. Figure 2 shows the X-ray
reflectivity curve. An abrupt drop of the reflected X-ray intensity is observed at 0.042° corresponding to the
critical angle. This value is in good agreement with the calculated value of 0.039°, which further confirms the
successful detection of the total reflection X-ray. In the presentation, details of the cell design and the application
to the in-operando measurements will also be described.

This work was based on results obtained from projects, JPNP16001 and JPNP21006, commissioned by the
New Energy and Industrial Technology Development Organization (NEDO).
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For recent twenty years, Mg alloys containing Zn and rare-earth impurities discovered by Kawamura et al. [1],
which is the so-called KUMADAI Magnesium (denoting the Kumamoto University Magnesium), have achieved
much attention owing to their potential for applications as new structural materials. As well known, pure Mg is
flammable and chemically active as well as the strength and ductility are very poor. By adding small amounts of
Zn and Y impurities, however, Mg becomes non-flammable and shows high thermal stability [2]. Moreover, these
alloys exhibit superior mechanical properties, such as a tensile yield strength of about 600 MPa and an elongation
of about 8% at room temperature [1,2]. Due to such excellent properties together with an ease of recycling, these
Mg alloys are promising as next-generation structural materials, such as for bodies of subways or even aircrafts.

These properties are found to be based on the formation of a long-period stacking ordered (LPSO) phase with
a L1z type (fragments of fcc structure) ZneYs clusters, which was observed by a high-angle annular dark-field
scanning transmission electron microscopy observations [3]. Okuda et al. [4] investigated the phase transition
process of amorphous-to-crystal states in the MgssZnsYs alloy by using small angle x-ray scattering, and observed
a hierarchical transition process; the clustering of the impurity atoms occurs first, and the spatial rearrangement of
the clusters induces secondary, leading to two-dimensional order of the L12 clusters. To obtain proof of the
existence of the clusters in the amorphous phase, Hosokawa et al. carried out Y 3d core-level photo emission
experiments, and the obtained spectrum shows three doublets and one on them coincide well in binding energy
with that of polycrystalline MgssZneYs alloy having mostly 100% of the LPSO phase [5]. Therefore, some
fragments of the clusters are expected to exist even in the amorphous phase.

In this study, we carried out anomalous x-ray scattering (AXS) measurements at BM02 of the ESRF and x-ray
absorption fine structure (XAFS) experiments at BLIC of the PF-KEK close to the Zn and Y K edges to acquire
direct structural information. The obtained experimental data were analyzed by using reverse Monte Carlo (RMC)
modeling to obtain partial structure factors, Si(Q), partial pair distribution functions, gi(r), and the corresponding
three-dimensional atomic configurations. An ab initio molecular dynamics calculation was, furthermore,
performed to compare the simulated structures with the experiments.

A large number of the Zn-Zn and Y-Y correlations were found in the first-neighboring shell region unlike the
crystal configurations of the L1z clusters; however, the Zn-Y heteropolar bondings are preferable rather than the
Zn-Zn and Y-Y homopolar bondings in the amorphous phase, which can be considered as the seeds of the
crystalline L12 clusters. A charge transfer from Y to other elements is expected from the estimated atomic radius
of Y. However, a large fraction of the L 1> cluster fragments are not observed in contrast to the previous conclusion
without the XAFS data in the RMC analysis [6].
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The so-called A transition in liquid sulfur occurs at about 159°C, which is attributed to the formation of long chain
molecules by breaks and polymerizations of eight-membered sulfur rings at low temperatures. Inelastic x-ray
scattering (IXS) experiments on liquid sulfur were carried out at BL35XU of the SPring-8 [1], below and above
the polymerization temperature (140 and 180°C, respectively) to investigate collective dynamics of this unique
molecular liquid showing a liquid-liquid phase transition. The obtained IXS spectra were analyzed by using a
damped harmonic oscillator (DHO) model [2] with a Lorentzian quasielastic peak.

Figure 1 shows the dispersion relations of the longitudinal acoustic (LA) excitation modes at 140°C (empty
circles) and 180°C (solid triangles) obtained from the DHO model. The solid and dashed lines indicate the
dispersions of the hydrodynamic limits obtained from ultrasonic sound velocity data [3]. Only slight differences
are observed in the excitation energies, wp, although the macroscopic shear viscosity is very different across the A
transition temperature, 7». Note that the so-called positive dispersion of dynamic sound velocity are observed by
about 40% for both the phases. The width of the LA modes does not change mostly when crossing 75..

Figure 2 shows the width (half-width at half maximum, HWHM) of the central quasielastic peaks, /0. As seen
in the figure, the /o values at O < 6 nm'! beyond 7 are narrower than those below 7. This result indicates that the
diffusion of sulfur atoms is distinct at the correlation length of more than the molecule size of Ss rings. A
generalized Langevin formalism with a memory function [4] will be applied to obtain microscopic thermodynamic
parameters. The results will be discussed by comparing a previous IXS experiment [5].

10 T T T 0.8 T T — T T T
140 °C 1322 m/s
8+ 180 °C 1275 m/s —
180 °C ; 0.6 -
< i
> § 9 ; —
g 6- Y ﬁéé 5 E’
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Fig. 1. Dispersion relations of the LA excitation modes at 140 Fig. 2. HWHM of the quasielastic peak at 140 (empty circles) and
(empty circles) and 180°C (solid triangles). The solid and dashed 180°C (solid triangles). The solid curves are the guide for eyes.

lines indicate the dispersions of the hydrodynamic limits obtained
from ultrasonic sound velocity data [2].
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In 2002, an inelastic x-ray scattering (IXS) measurement on liquid Hg was carried out at room temperature [1] as
one of the pioneering IXS studies on liquid heavy metals. For this experiment, an in-line IXS spectrometer with a
resolution of 2.2 meV was used at APS, and the statistical quality was insufficient. Only the longitudinal acoustic
(LA) modes could be obtained. The so-called positive dispersion, i.e., larger excitation energies beyond the
hydrodynamic prediction at small O values, was observed by about 20%, which was similar to those in other liquid
metals [2]. However, the indication of extra excitation modes was hardly detected due to an insufficient data quality.

In 2009, we found an indication of transverse acoustic (TA) phonon modes in liquid Ga in addition to the usual
LA modes [3] by IXS with much higher statistical quality [4]. We also detected the TA signals in liquid Sn [5],
Zn [6], and transition metals of Fe and Cu [6]. We analyzed the IXS data using current correlation functions, which
are in good agreement with results of an ab initio molecular dynamics simulation [5]. Thereby, the theoretical LA
and TA data show a mixing effect, i.e., mixtures of two excitation branches of quasi-LA and -TA contributions,
and the experimental data are always very similar to the theoretical LA result.

Based on these experimental and theoretical understandings, we recall liquid Hg to examine if such an extra
excitation mode exists in liquid heavy metals. IXS experiments were carried out at BL35XU of the SPring-8 using
a high-resolution IXS spectrometer with an energy of about 1.5 meV and an incident x-ray intensity of more than
one order of magnitude [4]. Liquid Hg sample was contained in a single

crystal sapphire cell with a sample thickness of about 0.02 mm and an ! ! !
x-ray window thickness of 0.2 mm [7]. liquid o #

Figure 1 shows IXS intensities of liquid Hg at the selected QO values, s
where extra excitation modes may be clearly observed, i.e., including o ™y = ; . N
the quasi-first and -second Brillouin zone border. As seen in the figure, "D,,; {q e
shoulders are observed at 8-10 meV depending on O, which are surely 2 10.6 5 “‘-\_
the LA excitation modes. Compared with the IXS data on liquid light 2 : W S
metals [2], the IXS signals have quite different features. Further analyses < ;;
are now in progress, and the results will be shown in the presentation. % . .ﬁp‘ 53*«1 %

£ - Z % &%\"“"—
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Fast phase-change materials (PCMs) such as ternary Ge,Sh,Tes have been intensively investigated for the last
two decades since the fast phase change phenomena between crystalline and amorphous states were utilized in
nonvolatile memory [1]. PCMs for memory devices show strong optical contrast between the crystalline and
amorphous states and its origin has been related to the difference in bonding properties between them. Besides
Ge,ShyTes, GeCu,Tes was found to be another candidate of PCMs [2,3]. In the memory device, an amorphous bit
is formed by rapid quenching a liquid spot made by laser beam irradiation. Hence, to investigate atomic
dynamics in the liquid phase is important to understand fast crystallization in PCMs. So far we have carried out
inelastic x-ray scattering (1XS) measurements for liquid Ge,Sh,Tes to obtain dynamic structure factor S(Q,E),
where Q and E are momentum and energy transfer, respectively. We found that high energy excitation in S(Q,E)
behaves like optical mode with the excitation energy approaching to approximately 20 meV at Q=0 [4]. In this
study, we have carried out 1XS measurements for liquid GeCu,Testo investigate Q dependence of excitation
energies.

IXS measurements were conducted using high-resolution inelastic x-ray scattering spectrometer at
BL35XU/SPring-8 in Japan. The I1XS spectra at 2 < Q < 33 nm™ were obtained with the energy resolution of
approximately 1.5 meV. After background subtraction, we could obtain S(Q,E) of liquid GeCu,Tes at 803 K.
S(Q,E) was deconvoluted with a model function composed of a Lorentzian and damped harmonic oscillator
(DHO) functions. Fig.1 shows the excitation energies

obtained by a model function of 3-DHO components as : : : 2~ : ‘
a function of Q before averaging the results at similar . =1
Q values. The excitation energies of DHO functions 201 o & =2
disperse with Q and the main component (black ° - o o j=3
circles) is assigned as the longitudinal acoustic mode, Lo "o .0 -~ Ge-Te
which disperses with Q similarly to liquid GeTe 3 PR Lo
denoted by a chain curve [5]. Lower excitation energies £ '_,j o . L
(open triangles) below the longitudinal acoustic ones g o D'&-’. *ea L o
appear at Q > 3 nm™ and they do not show strong 10L o . E 5
dispersion staying at approximately 5 meV at 5 < Q < i a Vo g
15 nm?. Interestingly, the longitudinal acoustic n# T L spes /q.}’g;ii
excitation energy exhibits bifurcation at 10 < Q < 20 . ;’ Lo 5,2 8eg%8 0 %0]
.. . . . o * 004

nm?, similarly to liquid Ge,Sh,Tes. However, higher Sk a0 R Ah
excitation energy (open squares) does not show the = o Aéa
optical mode-like behavior that was observed in liquid oL_&as L - L e L

0 10 20 30
Ge,Sh,Tes. 1

Q[nm™]
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The dynamic structure factor S(Q, E), where Q and E are
momentum and energy transfer, respectively, has been obtained 15
for liquid Sb [1] and liquid Bi [2], using inelastic x-ray scattering
(IXS) at SPring-8 in Japan. S(Q, E) was deconvoluted by a model
function composed of a Lorentzian and the damped harmonic —
oscillators. We have obtained lower excitation energy besides the 10
longitudinal acoustic excitation in S(Q, E) of these liquids. The I
longitudinal acoustic excitation energy experimentally obtained
was in fairly good agreement with that predicted by ab initio
molecular dynamics (AIMD) simulations [3,4,5]. Fig.1 shows the
dispersion relation in liquid Sb at 973 K. The excitation energy of
the longitudinal acoustic mode in liquid Sb (squares) exhibits
flat-topped Q dependence as predicted by an AIMD simulation (a
magenta curve) [5]. When we analyzed the data using a modified
damped harmonic oscillator model function, it was clarified that Qinm g
the lower excitation energy (triangles) below the longitudinal
acoustic excitation shows Q-gap behavior. The triangles at 4 < Q
< 10 nm? were fitted with a theoretical equation
(Q)*=cr?Q%-1/(4ns?), where o(Q), cr, and zyv are the excitation
energy, transverse acoustic sound speed and Maxwell relaxation
time, respectively. The broken curve in Fig.1 denotes the
optimized one and the results show a Q gap of 4.7 nm™. The
crosses in Fig.1, the simulated transverse acoustic excitation
energy, lie in a lower energy region compared to the triangles,
and similar fits gave a Q gap of 1.4 nm*. We speculate that the difference between IXS and AIMD arises from
that IXS observes the transverse acoustic energy in the longitudinal S(Q,E) whereas the simulation can predict
the excitation energy in the purely transverse S(Q,E). From the viscosity estimated from the Q-gap
experimentally obtained, nevertheless, it is inferred that the lower energy excitation arises from the transverse
acoustic excitation in the liquids.

T
L lig.Sb 973K

E [meV]

Fig.1 The optimised excitation energies
of the inelastic components for liquid Sb.
Also shown are the longitudinal
(magenta curve) and transverse (crosses)
acoustic excitation energies obtained by
AIMD. The ultrasonic sound speed
(black line) is 1910 m s,
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Intermetallic clathrate has been expected as a candidate for high-performance new thermoelectric materials
since the concept of phonon glass-electron crystal was proposed [1]. Among various clathrate compounds, the
type-VI1I modification of BagGaisSnso exhibits preferable thermoelectric performance [2,3]. To design a suitable
preparing route for the intended modification, it is important to know the properties in the liquid state. We have
studied static and dynamic structures in molten clathrate compound BasGaisShso to investigate clusters in the
liquid state [4]. The pair distribution function in liquid BasGaisSnso suggests shorter and longer interatomic
distances in the first coordination shell corresponding to (Ga, Sn)-(Ga, Sn) and Ba-(Ga, Sn) correlations,
respectively. The dynamic structure factor of liquid BasGaisSnso obtained by inelastic x-ray scattering (1XS)
exhibits the longitudinal acoustic excitations with a peak profile, and another excitation at a lower energy. The
lower excitation energy in the liquid state was higher than a vibrational energy arising from a rattling motion of a
guest atom in the solid state. The result suggests that the host-guest interaction in a solid BagGaisSnao clathrate is
strengthened on melting.

In this study, we have carried out IXS measurements of type-I crystalline and liquid EusGaisGeso to compare
phonon dispersions between crystalline and liquid states. IXS measurements with the energy resolution of
approximately 1.5 meV were conducted using a
high-resolution IXS spectrometer at BL35XU/SPring-8
in Japan. IXS spectra of type-1 clathrate EusGaisGeso
were measured at the ambient conditions using a single
crystal piece. As molten EugGaisGesp at 993 K was
found to react with sapphire, the molten sample was
sandwiched with glassy carbon in a sapphire cell. Ab
initio phonon calculations based on the density
functional perturbation theory were carried out for
type-1 crystalline EusGaisGes. The [IXS spectra
estimated from the calculated phonon modes are shown
in Fig.1 as a color map, where the symbols in Fig.1
denote the excitation energies obtained from IXS
spectra. The symbols fairly well agree with the ] ) =
simulated curves. The dynamics structure factor in  Fig.1 Phonon dispersion of type I clathrate
liquid EusGaisGeso exhibits the inelastic excitations of ~ compound EusGaiesGeso. Bright curves denote
the longitudinal acoustic mode that disperses faster than ~ Simulated phonon excitations and yellow and white
the energy simulated for type | crystalline form. symbols are excitation energies obtained by IXS.

Energy (meV)
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The static density response function of electrons provides a unified view in describing the screening effects in
metals. In the electron gas, the derivative of the density response function exhibits logarithmic divergence, which
is responsible for the Friedel oscillation. Theoretical investigations have been made to calculate it in high
accuracy, including the effects of exchange correlations U, but it has been difficult to confirm the theoretical
calculations experimentally. Recent inelastic x-ray scattering (IXS) techniques using synchrotron radiation allow
us to determine the density response function 2. In principle, dynamical structure factors can be related by the
fluctuation dissipation theorem to the imaginary part of response function, and Kramers-Kronig transform of the
dynamic structure factor leads to the real part of response function. In the present study, IXS experiments were
performed on solid and liquid Li ¥. Valence electrons of Li are well described by the electron gas model and
suitable for the investigation of screening in simple metals. The measurements were performed at the beamline
BL12XU at SPring-8. IXS spectra were collected in the momentum transfer of 0.30 - 3.47 A"! and in the energy
range of 0 to 350 eV. Density response function was constructed that can be compared with a theoretical model.
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Understanding evolution of dynamic properties in stable and undercooled liquids as well as their interplay
with their structural features represents an important and still open issue. Cooling a liquid will decrease the
fluidity of a particle and the mobility of the neighboring particles, resulting in an increase of the viscosity until
the system comes to an arrest. This process with a concomitant slowing down of collective particle
rearrangements might already start deep inside the liquid state. By considering the Lennard-Jones potential [1] as
a generic model and Aluminium [2] a typical liquid metal, it is shown that such a behavior takes its roots in the
characteristics of the potential energy landscape which provides an attractive picture for these dramatic changes.
The similarity found in dynamics of these two systems as well as with other monatomic liquid metals suggests a
universal dynamic crossover above the melting point. The possible correlation with the excess entropy scaling
law for diffusion is discussed.

[1] A. Saliou, P. Jarry , and N. Jakse, Phys. Rev E 104, 044128 (2021).
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Interatomic potentials based on machine learning have developed into a widespread and powerful method of
material science, opening up for ab initio quality simulations at a computational cost near that of classical force-
fields. In commonly used approaches such as Behler-Parinello high-dimensional neural network potentials [1]
and SNAP [2], among others, an intermediate set of atomic descriptors is used to represent the atomic
environment in lieu of directly feeding atomic positions into the potential. An important component of any such
approach is to select an appropriate set of atomic descriptors, with a bad choice potentially rendering the final
potential unusable.

In this work we apply variable selection techniques to the Behler-Parinello high-dimension neural network
potential framework in order to automatically select optimal subsets of atomic descriptors from much larger sets.
This removes the need for the developer of the potential to manually select the set of descriptors based on
physical intuition and guesswork, while allowing for computationally faster, more interpretable, and potentially
more accurate potentials. We present a complete approach to the selection of atomic descriptors for high-
dimensional neural network potentials, based on the adaptive group-lasso [3]. Although the approach is general,
our work is largely focused on aluminium, owing to its important real-world applications and the existence of
high-quality experimental data against which to evaluate the final potential [4]. This also allow us to build upon
our recent study applying a machine learning potential for aluminium to the exploration of solidification
phenomena [5].

Future work will be focused on applying the method to multi-component systems. Each added species will
increase the number of descriptors needed, with variable selection being a promising approach to partly
counteract this added cost. A further line of research will be to explore the introduction of higher level physical
information into the training procedure, with the long term aim of studying the link between low-level properties
of the potential and high-level macroscopic material properties of aluminium and its alloys.
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The compaction mechanism of oxides glasses under high pressure has been a topic of high interest in
geoscience with the ultimate aim of understanding the nature of Earth's interior, and GeO, glass has been a
subject of study in this regard as an analogue to silicate glasses. Although average local structures are relatively
well understood™, there has been little progress in understanding the intermediate-range structure, which has
been suggested to play a key role in the compaction mechanism under pressure.

Many classical and first-principles molecular dynamics (FPMD)?! studies have been performed to tackle this
issue. Classical MD relies on empirical data and gives widely varying results depending on the parameterization.
FPMD, on the other hand, is computationally expensive; it is virtually impossible to explore intermediate-range
order due to the small number of atoms it can handle. Another issue is the accuracy of the approximations used
in FPMD; standard approximations such as generalized gradient approximation (GGA) neglect the nonlocal
dispersion interaction, which has been suggested to be important for reproducing the pressure-induced structural
transitionl], Although more accurate approximations are available, they are even more computationally intensive
and cannot be used directly for long-time simulation of glassy systems. In this work, we address these issues
using neural network potential molecular dynamics (NNP-MD)¥, where FPMD data is fitted with a
machine-learning potential to enable large-scale and long-time molecular dynamics simulations with FPMD
accuracy.

We employ VASPDPI code for generating the training data set using three different approximation: the
standard GGA-PBE, vdW-DF2-B86RI®! which contains nonlocal correlation, and HSE06L"! which corrects the
delocalization error in GGA but is ~100 times more costly. A melt-quench process was simulated using FPMD
using GGA-PBE and vdW-DF2-B86R with a 96-atom model to obtain glass structure from crystal. The glass
and crystal structure under isotropic pressure were also simulated. The training dataset was then extracted from
these simulation trajectories, which finally contains 1850 structures and their total energies. The training data for
HSEO06-based NNP was collected by recalculating the structures contained in the training data of the GGA-PBE.
We employed SIMPLE-NNI®I code for construction of neural network potential from the training dataset. The
constructed NNPs were used for melt-quench glass formation and compaction simulations using LAMMPS code
on 3240-atom supercell, which are clearly beyond the reach of FPMD.

Total structure factors obtained from our NNP-MD glass structures are shown in figure 1. The GGA-PBE
result is in decent agreement with experiment, although the peak position at high k side is shifted to low k side
and the peak intensity at k = 1.5 A" is slightly underestimated. The discrepancy in the high k region comes from
usual GGA-PBE trend to overestimate covalent bond lengths. The low k peak at 1.5 Al implies
intermediate-range order in the glass network. The vdW-DF2-B86R showed a larger deviation from experiment,
which was surprising since we expected an improvement due to inclusion of nonlocal interactions. HSEO06, the
most expensive approximation examined here, yields almost perfect agreement for the bond length and best
agreement in the low-k intensity. Moreover, only HSEO06 could reproduce the preservation of the four-fold Ge-O
coordination up to 4 GPa observed in experiment. In summary, NNP technology enabled large scale MD
simulation of glass formation with HSEO6 accuracy, which turned out to be imperative for accurate description
of the pressure-induced structural transition in this 04

prototypical glass network. 2 —— GGA-PBE
'ié, 03F ---- vdW-DF2-B86R
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Copper is widely used in automobile batteries, motors, and so on due to high electric conductivity. The
welding of copper, which is a highly infrared-light-reflective material, is performed with blue and green lasers in
addition to an infrared laser'*. Quality of the laser welding is determined by the absorptivity, which strongly
depends on the laser wavelength and temperature.

Optical properties of pure copper have been a subject of many studies since the 1950's*?. Some pioneering
studies of electronic structure in liquid have been carried out using ab initio simulations'®!D. Optical properties
of high-temperature solid and liquid copper in the visible light were not so clear in comparison with them in the
infrared light'?19.

In this paper, the optical properties of molten pure copper
investigated by the Density Functional Theory (DFT) using
QUANTUM ESPRESSO package!>. We used the
pseudopotentials Cu.pbe-dn-rrkjus_psl.1.0.0.UPF from the
QUANTUM ESPRESSO pseudopotential data base. The
electron density of states (DOS) in face-centered cubic and
liquid copper are shown in Figures 1(a) and (b). The density
of 7.99 g/cc is chosen at the melting temperature of copper.
The simulations were performed on a supercell containing 32
atoms and its size was (7.5A)°.

The change of the absorptivity at the phase transition is
considered using the joint density of states and complex
dielectric constant obtained from DTF.
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Amorphous metals possess a disordered atomic structure which is responsible for their high strength and
elasticity in comparison to their crystalline counterparts. Recently, our group reported on the bulk glass
formation in the Ti-Ni-S and Ti-Ni-Cu-S system [1], [2]. As sulfur addition is very effective in both systems, its
influence on the Tiss4Zrs33Cuss s eutectic composition in terms of glass forming ability, thermal stability and
mechanical properties was investigated by conventional X-ray diffraction, differential scanning calorimetry and
three-point beam bending experiments. A novel bulk glass forming region with a critical casting diameter of
4 mm was found in the quaternary Ti-Zr-Cu-S system, however, brittle fracture behavior was predominant.
Various alloying strategies were employed to improve mechanical properties and a compositional transition from
brittle to ductile has been found (e.g. for TizsZrs35Cu245S6). A change of the primary precipitating phases from a
C14 Laves (Frank-Kasper structure) to an intermetallic (Ti, Zr),Cu phase (and vice versa) can be observed, as
well as a stabilization/destabilization of the glass transition. The origin of a thermally unstable behavior resides
in the easy formation of the icosahedral phase upon heating, which is structurally close to the supposedly
predominant icosahedral short-range order in the amorphous state. The systematic study carried out in this work
indicates a strong correlation between primary crystallizing phase and thermal stability with the mechanical
properties in Ti-based bulk glass forming alloys. The transition from the Laves to the intermetallic phase resulted
in a distinct glass transition and ultimately improved mechanical properties with ductility in bending. It is
assumed that this enhancement is directly related to the destabilization of the icosahedral short-range order in the
amorphous structure.
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Figure 1 (a) XRD patterns of 5 mm partially crystalline samples. The primary precipitating phase is changing
from a C14 Laves phase to the intermetallic (Ti, Zr),Cu phase. (b) In addition, the thermal stability of fully
amorphous samples increases as the icosahedral phase (first exothermic event) is pushed to higher temperatures.
(c) The change in primary phase and stabilization of the glass transition indicate a destabilized icosahedral
short-range order, ultimately lead to a ductile fracture behavior in 3-point beam bending.
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Generally, for low-molecular-weight
pharmaceuticals, the active pharmaceutical ingredient
(API) has been formulated as a solid (crystal) formulation
from the viewpoint of drug stability and homogeneity. On
the other hand, amorphous formulations of the API are
increasingly being developed for difficult-to-water-
soluble drugs, transdermal drugs, liposome formulations,
and other products. However, amorphous formulations
need to be investigated in detail due to the high risks
associated with crystal transition and stability.

This study is a structural study of the amorphous
molecular structure of disodium etidronate (Didronel), ~ 10l J
which is currently marketed as an active pharmaceutical ShuNi
ingredient in an amorphous state. It has been foundthat the .
stability and molecular shape of the amorphous state
varies depending on the generation method. With the L s>

20

S(0)+10

Tetrahydrate crystals

increase in the number of pharmaceuticals in the form,
methods for evaluating the stability of these amorphous
drug products have been developed not only by
conventional thermal analysis and long-term stability
testing, but also by predicting physical stability based on
molecular mobility [1], and there is a need to establish a ol J ]
method that can be used for many amorphous drug Tetrahydrate crystals {cafeulation)
products. 0 2 4 ¥ 6 8 10
Figure 1 shows the structure factors S (Q) of disodium QoA
etidronate tetrahydrate and anhydride crystals and the
structure factor calculated based on the tetrahydrate crystal
structure reported by Barnet et al. The tetrahydrate crystals
measured in this study show almost the same spectra as the
structure reported by them.
Figure 2 shows the reduced pair distribution function
G (r) for the disodium etidronate tetrahydrate and
anhydride crystals, showing that there is slight change in
the peaks associated with molecular geometry at distances 3
below 4.0 A, indicating that the structure of the etidronate
molecule remains unchanged. On the other hand, in the
region corresponding to the intermolecular distance above
4.0 A, differences between the tetrahydrate and anhydride
crystals are apparent. In particular, the anhydride crystal
shows a peak at 4.0-5.0 A, indicating that there is a
difference in the arrangement of etidronic acid molecules.
In my poster, we will mention to structural comparisons

Anhydride crystals

Fig.1 Structure factors of etidronate II sodium
tetrahydrate crystals and anhydride crystals
obtained experimentally and calculated from the
structure reported by Barnet et al.

of them in crystals and amorphous. 2, S zitﬁay}éﬁ; tcer}sslzasltsals
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Agl is well known as a superionic conductor in the high temperature solid (o) phase where Ag ions can migrate
through interstitial sites of b.c.c sublattice of I ions." In the case of typical salts such as RbCl, the first neighboring
distance of cation-cation correlation is the almost same as that of anion-anion in both solid and liquid phases,
however the first neighboring distance of Ag-Ag in Agl is anomalously close.? The anomalous Ag-Ag correlation
in a- and molten Agl has been studied by several methods,
for example reverse Monte Carlo method3¥, classical MD 50
simulations,” and ab initio MD simulations®. The .51 Ag (RIM)
mechanism of Ag conduction is discussed from the
viewpoint of the one-dimensional stream of Ag ions*¥ and
the cooperation between Ag and I ions®. The observation
of the first sharp diffraction peak at Q = 1 A! in the total

structure factor for Agl and the partial structural factor of e §

Ag-Ag are interpreted to be due to such an anomalous 20 ot
distribution of Ag ions. In order to reproduce such an . 15

anomalous Ag distribution by classical MD simulation, < 10 I I R N N 100
the polarizable ion model (PIM) which incorporates the ﬁ e e
polarization effect of anions by a self-consistent algorithm a] s0

is important®. us

In the present study, we carried out the classical MD e i w?
simulation for a-Agl at 573 K with PIM and analyzed the ' P ﬁﬁw
atomic configurations by means of persistent homology > ﬁ@ﬁ . -
analysis method which is new geometical mathmatics > 1 -
method. Figure 1 shows that the 1-dimensional persistence 3 ?
diagram (PD) for Ag distribution for rigid ion model 201 e
(RIM) and PIM simulations. Obviously, the PD 5]
distribution spreads due to the anion polarization, 10 00
indicating that the two-dimensional polygons found in the oo s e e
distribution of Ag ions are diversified. In the presentation, Birth (A)
we will report on the details of PD analysis, including 2- Fig.1 1-dimensional PD for Ag distribution in a-
dimensional PD. Agl at 573 K of RIM and PIM simulations.
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Particle transport processes in dense melts are governed by highly cooperative phenomena. This makes
available to predict their physical properties based on their structural-temporal properties.

We discuss the dependence of self- and inter-diffusion and collective coefficients on temperature and
composition of melts. Earlier it was shown that certain spatio-temporal characteristics reflect the processes of
transfer and glass transition [1]. The analysis of the behavior of the glass transition temperature is compared with
experimental data for similar systems [2,3]. The analysis of interparticle interactions demonstrates a similar
dependence of partial functions on the percentage composition of alloys found earlier in experiment [4] and MD
simulation [5], reaching saturation with a change in the qualitative nature of the collective transfer of melt
particles.

This work was supported by the grant of the President of Russian Federation (project No. 17-79-20391). The
authors acknowledge the JIHT RAS HPC and HSE University HPC Cluster "cHARISMa”.

References:

1) D. Fleita, G. Norman and V. Pisarev, J. Phys.: Condens. Matter 32, p. 214009 (2020)

2) P. Kuhn, J. Horbach, F. Kargl, A. Meyer and T. Voigtmann, Phys. Rev. B 90, p. 024309 (2014)
3) B. Nowak, D. Holland-Moritz, F. Yang, Th. Voigtmann, Z. Evenson, T.C. Hansen

and A. Meyer, Phys. Rev. B 96, p. 054201 (2017)

4) B. Nowak, D. Holland-Moritz, F. Yang, Th. Voigtmann, T. Kordel, T.C. Hansen

and A. Meyer, Phys. Rev. Mat. 1, p. 025603 (2017)

5) D. Fleita, G. Norman and V. Pisarev, J. Phys.: Conf. Ser. 1147, p. 012015 (2017)



RPS5

Local density fluctuation realized in Nb-Ni amorphous alloys

“T. Kawamata', N. Takehara!, R. Kuroda', K. Sugiyama'

!Institute of Material Research, Tohoku University, 980-8577, Japan
kawamata@tohoku.ac.jp

Keywords: Amorphous alloy, Anomalous X-ray scattering, Reverse Monte-Carlo simulation.

The details of short and medium-range ordered structures realized in amorphous alloys are associated with their
interesting material properties such as high GFA and high strength. For the understanding the fine structure of
amorphous alloys, AXS-RMC, which is a combination of anomalous X-ray scattering (AXS) and RMC-simulation,
could be counted as one of the powerful analytical tools”. In this study, we report on the unique geometrical
features with respect to the nearest neighbor pairs and the diversification of short-range ordered structures observed
in Nb-Ni amorphous alloys?.

Nb-Ni amorphous alloys were prepared by a copper single roll rapid quenching method. The anomalous X-ray
scattering measurements were performed at the beam line BL-7C, high energy accelerator research organization
(Tsukuba, Japan). In the present AXS analysis, X-ray diffraction measurement using two different energies were
carried out at the Nb and Ni K edges. RMC analysis was performed using the environmental structure information
obtained by the AXS as a constraint, and a three-dimensional amorphous structure model (RMC-model) was
created so as to reproduce the environmental structure information around the constituent elements. The DRP
(Dense Random packing of hard sphere) -model was used as the initial model for the RMC simulation.

As an example, the result of RMC simulation for NbeNisg

150

s
=

3

amorphous alloy is shown in Fig. 1. The DRP-model reproduces the NbyoNigy o Experimental
experiments, however the fine osculation profiles such as the split

50 Jv/ Ni-AXS, O4iy, (Q)

0
to reproduce the details of both the ordinary and environmental

fundamental features of the ordinary (Qi(Q)) and environmental o
interference functions (4Qixo(Q) and AQini(Q)) obtained from the s fg Nb-AXS, Qi (0)
observed at the second peak at about 50 nm! for every Qi(Q)s could

not be reproduced well. On the other hand, the RMC-model is able

interference functions. This fact indicates that RMC-model created : :' Ww“
by AXS-RMC method allows to discuss the structural role of

Interference functions, Qi (Q) s / nm’!

constituent elements in Nb-Ni amorphous alloy. Fig. 2 shows the 0 50 100 150 200
Nb-Nb partial distribution functions, g(#)s calculated from DRP and RiSyE Vel C Coe
RMC-models of Nb-Ni amorphous alloys. The g(r)s calculated from Fig. 1 Ordinary and environmental
DRP-model show similar shape in the nearest neighbor region for interference functions of NbyNig
all alloy compositions, indicating single peaks near the sum of amorphous alloy calculated from DRP
Goldschmidt radius for Nb (0.294nm). On the other hand, the and RMC-model.
present AXS-RMC analysis suggests the characteristic Nb-Nb g .
correlations with a harmony of short (0.250 nm) and long (0.320 NbsNizy | i i
nm) distances. The subsequent CNA (common neighbor analysis) 4 jﬁ\M
with respect to the Nb-Nb correlations revealed the unique CN 0 E
structures of [666]cn and [433]cn. The former [666]cn structure is il NbyNigy !
associated well with dense tetrahedral packing and developed in the & ¢ ﬂ_/-v—
Nb-Nb correlations on the short-range region (0.240 nm to 0.280 é ] -
nm). The latter [433]cn structure represents the correlations g, s |
developing on the long-range side (0.310 nm to 0.340 nm), which is g A-/\_\_/__
associated with low-density octahedral filling. In other words, the g 0 NbuNiy
variation of Nb-Nb pairs observed at the nearest neighbor region is :f 4 —A—/v‘
attributed to the fluctuation of local density in Nb-Ni amorphous £ 5
alloys, which could not be explained by DRP-model. =0 NbogNis, l
4
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Fig. 2 Nb-Nb partial distribution functions,
g(r)s of DRP and RMC-models for Nb-Ni
amorphous alloys. Vertical dotted lines in
this figure indicate sum of Goldschmidt
radius for Nb atoms.
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Crystal nucleation in liquids is a fundamental process that we experience daily in nature (e.g., formation of
ice) or through the human industry and creation of materials. Such a phenomenon is initiated at atomic scales
that are still experimentally inaccessible, making the understanding of the underlying physics challenging. Thus,
large-scale atomic-level simulations have been shown to provide a powerful way to investigate detailed
information at such small spacetime levels [1]. From this perspective, we propose an unsupervised machine
learning method [2] for the autonomous structural analysis of materials based on original topological descriptors
of local atomic structures computed from persistent homology [3, 4]. From this protocol [5], a model is learned
in course of nucleation in order to identify, without a priori on a system, clusters of atomic structures which arise
in the process. This method has been applied to investigate several molecular dynamics configurations up to 10
million atoms undergoing homogeneous nucleation at the nose of the time-temperature-transformation curves of
four pure metals chosen for the variety of their crystalline phase [6]; namely: Tantalum (Ta) and Zirconium (Zr)
for body-centered cubic, Aluminium (Al) as face-centered cubic and Magnesium (Mg) for hexagonal close-
packed. Precursors of the crystalline orders are highlighted as emerging from low fivefold symmetry regions in
structural heterogeneities of the supercooled liquids and a general behavior for all the nuclei and embryos shows
a concurrent emergence of the translational and orientational orderings. This unsupervised learning approach
more generally opens the route to further investigation of atomic level structure-dependent phenomena.
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