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Outline 3

1. Introduction

» Brief introduction of glass formation phenomena and charge
liquid/crystal/glass states in 6-BEDT-TTF compounds
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Glass formation mechanism 5

What is the mechanism of glass formation?

-Science 125 Questions: What is the nature of the glassy state?
125th Anniversary Issue of Science (2005)

-The 70 Wonders of Physics: Is Glass a solid or liquid?

75th Anniversary Issue of JPSJ (2017)
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Glass formation phenomena in SCES 6

Glass formation phenomena have been reported in various degrees of
freedom of electrons in strongly correlated electron systems:

spins, charges, orbitals, and superconducting vortices...

Spin glass
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However, the fundamental understanding of the glass formation

mechanism is still an open question.



Two representative insulating states in SCES

Extended Hubbard model Inter-site
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Charge liquid/crystal/glass states in 0-(BEDT-TTF),X

0-(BEDT-TTF)2RbZn(SCN)4 (abbreviated as 6-RbZn)
+0.5 -1 H. Mori et al., PRB 91, 041101 (1998).
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H. Oike et al., PRB 91, 041101(R) (2015). Randomly distributed



Geometrical frustration of triangular lattice

0-(BEDT-TTF)2MM’(SCN)4 (abbreviated as 8-MM’)
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Two different crystal forms in ©-TIZn/TICo

: e S. Sasaki, KH et al.,
Orthorhombic Monoclinic Seience 357, 1381 (2017)
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Critical cooling rate for CG formation
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The critical cooling rate of 6,,-TlZn is slower than that of 6,-TICo, suggesting
different charge-glass formation mechanisms between these two systems.



Outline 3

2. Comparison of CC and CG states in three different B-type salts

» Resistivity and optical conductivity spectra in the orthorhombic
and monoclinic systems



Resistivity curves in CC and CG states

KH et al., submitted.
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Optical conductivity spectra in 6-type compounds

KH et al., submitted.
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The CG state exhibits larger low-energy excitations than the CC state and becomes
more metallic with increasing V,4/Vs.

Gm-tyge
The optical gaps in the CG and CC states are almost identical.



Optical conductivity spectra of CG states in 6-type compounds 14

CG state

_800r —— 8,-CsZn
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KH et al., submitted.

As the anisotropy of the triangular lattice increases, the spectral weight
in the low-energy region shifts to a higher-energy region.
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3. Charge crystallization process probed by thermodynamic quantity

» TTT diagram constructed by DSC measurements



Time evolution of charge crystallization

Supercooled liquid/glass state S. Sasaki, KH et al.,
em-TIZn \ Charge-cwstal state Science 357, 1381 (2017).
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The crystallization time becomes faster with decreasing temperature,
and then, it becomes slower below ~ 160 K.



Time-Temperature-Transformation (TTT) diagram
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The dome-shaped TTT diagram is universally observed in other glass-
forming liquids such as metallic glasses and water as well as 8,-RbZn.



Differential scanning calorimetry (DSC) technique

Entropy

Supercooled
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DSC is a very powerful probe to observe crystallization, melting,
and glass transitions.
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Results of DSC measurements 19

A
Supercooled sy DSC-8500 (Perkin Elmer Corp.) at IMR, Tohoku Univ.
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Time evolution of charge crystal growth

Johnson—Mehl-Avrami—Kolmogorov (JMAK) model
¢(t) =1 —exp(—bt") 3D:n=3-4,2D:n=2-3,1D: n=1-2
-At high T, 3D crystal growth (n =4)

-At low T, 1-2D crystal growth (n = 2)
— Ostwald ripening

Consistent with the results of NMR  T. Sato et al., Science 357, 1378 (2017).
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TTT diagram constructed by DSC measurements

JMAK model 3D:n=3-4

CO fraction 2D:n=2-3
0 0204060810  ¢(t) =1 —exp(—=bt") *|p Z = 1.2

0,-RbZn

 —

High T: Nucleus growth is dominant

RN RN
~ O
o o

Temperature (K)
o
o

130

KH et al., in preparation

Dome

—_—>
nucleati

= 3D growth
Ostwald

Low T: Nucleation is dominant ripening

: |
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shaped TTT diagram constructed by thermodynamic quantity
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4. Randomness effects on charge crystallization and vitrification

» Reflectivity and DSC measurements for x-ray irradiated samples



Randomness effect on charge glass-forming ability

Large sample dependence in the charge glass forming ability

F. Kagawa et al., Our crystals (from Yamamoto Group
Nature Physics 9, 2642 (2013) in the Institute for Molecular Science)
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We examined how the randomness effect affects the charge-glass forming
ability by using molecular defects introduced by x-ray irradiation.



X-ray irradiation effect on k-type compounds
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Experimental setup

- 0-(ET),RbZn(SCN), single crystals iiggﬁ;ﬁ\rerr?tsslswlty
- Electrochemical redox method AU Wire /
Provided by S. Suda and H. Yamamoto /

- X-ray irradiation / R
+ Room temperature /
- Tungsten tube X-rays AR
(non.-filtered, 40KV, 20 mA) Irradiation from the 90
- White x-rays back of the sample %0

\ T Carbon paste R

‘»5 - Sample for optical
@ » z

r

-Experiments
- Resistivity
- Optical conductivity X-rays
- Differential scanning calorimetry (DSC)




Molecular defect by x-ray irradiation in 6,-RbZn

0,-RbZn Reflectivity
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X-ray irradiation effects on T-5 and entropy change

- Tco is systematically suppressed by x-ray irradiation.
- Almost no change in the total entropy at the CO transition

0.-RbZn K. Hashimoto et al., (unpublished)
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AH(T) = [ AG(T)

AS = AH/T

The entropy change at CO is obtained by integrating
the heat flow over time and divided by T.,.

The molecular defects introduced by x-ray
irradiation act as impuirities.



X-ray irradiation effect on the critical cooling rate

Cooling-rate dependence of the resistivity curve
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X-ray irradiation effect on the critical cooling rate

Cooling-rate dependence of the resistivity curve
\ pristine 20 h irradiated
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X-ray irradiation effect on optical conductivity spectra
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X-ray irradiation effect on optical conductivity spectra

CN
—~500 T T | l
5500 | Vs lak Charge glass state
200 - realized by rapid cooling

~100
S
500 T Fr—=——————T——=_._\.,
400
300 Y3 i - T TTE 9
200 -
100 / —
0 [ A Tsrrse &
~ 8 B +130h ¥
£ ol ’\moh s
S of :
G o0 -
~ o -
o} 0k -
0 — —
oL i 0.1
0 . .
ok T 100 0 20 40 60 80 100
0 oo - Irradiation time (h)
0 = 10h
- Features of CO state
8 - ,/,// / Oh _
0/ 1000 2000 3ooo 4ooo 5000 » Clear optical gap
Optical gap/Vave number (cm™) * Sharpening of v; mode

« Overtone of v; mode
Overtone of v; mode (2w) K. Yamamoto et al., PRB 84, 064306 (2011).



X-ray irradiation effect on the optical conductivity spectra 31
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Overtone of v; mode (2w) K. Yamamoto et al., PRB 84, 064306 (2011).



X-ray irradiation effect on TTT diagrams

TTT diagram conducted by DSC measurements

CO fraction
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K. Hashimoto et al., (unpublished)
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- The charge crystallization regime shifts to a longer-time region.
- The nose temperature decreases.

Charge crystallization is significantly suppressed by x-ray irradiation,
which leads to a slower critical cooling rate compared to that of the pristine sample.

» Even in 6,-RbZn, one can make a charge glass state in a very slow cooling rate.
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V D T. Sato et al., JPSJ 83, 083602 (2014).
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7. 1Energy landscape HbOlke et al., PRB 91, 041101 (2015).
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V1D“ X-r romotes charge glass formation
U Energy landscape -rays promotes charge glass formation.
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Randomness effect is also an important factor for the charge glass formation.
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