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Johari-Goldstein (JG) relaxation

- Johari—Goldstein relaxation, or slow S, is one of the secondary relaxation
modes observed in glasses, supercooled liquid and other disordered materials.
t is widely observed in polymers, small organic molecules, metallic glass, ionic
glass,..

- JG relaxation is related to the mechanical properties of glasses, because the a -

relaxation almost freezes and is not relevant in glasses.
t is speculated to be a precursor of the structural a -relaxation, however the

microscopic mechanism of the Johari-Goldstein relaxation has not been
definitively identified.
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Purpose of this work

The purpose of this work is to clarify the physical mechanisms of
Johari-Goldstein mode, by means of microscopic experiments and
molecular dynamics simulations.

Johari’s scenario
The thermally activated motion occurs in restricted regions called “islands of mobility”

Williams and Watts scenario
All molecules partially relax due to the thermal activated motion

Or others?

We use an ionic glass Cay 4K, ¢(NO3); , and metallic glass ZrCuAl as
model systems.
They are accessible with our experimental and numerical methods.
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Quasi-elastic scattering using gamma-rays

It can measure slow dynamics
ranging 10-1000nsec in
atomistic length scale.

Applicable to microscopic slow

dynamics in liquids and soft
matters

JG relaxation in glycerol
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lonic glass Cay 4Ky (NO3), 4

Mechanical response Dielectric Neutron spin echo
spectroscopy
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lonic glass Cag 4Ky s(NO3);,: Gamma ray QES

Stretching parameter of

Relaxation time vs 7 Relaxation time vs g Intermediate scattering function
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All-atom molecular dynamics simulation

Born-Mayer-Huggins potential

r Cocﬁ daqdp Q o
U,.(r)=A,pexp| — — + O O
a,B( ) apf p( Uaﬂ) r2 " ‘
Uno bond (7)) = Kpona (T — 70)? NO31(504) K*(216) Ca?*(144)

Uono angle (0) = Kangle(g - 90)2

An-n = 33.7Mcal/mol, oy_y = 0.2646A, Cy_y = 259.3kcal/(mol - A®)
Ao—o = 62.2Mcal/mol, 69_g = 0.239264, Co_o = 259.3kcal/(mol - A®)
Ag—k = 36.1Mcal/mol, og_g = 0.33704, Cx_g = 350.2kcal/(mol - A®)
Aca—ca = 36.1Mcal/mol, 6ca_ca = 0.3278A4, Cca—ca = 350.2kcal/(mol - A%)

) . Cooling rate: —1K/nsec (NPT)
Kbong = 761.2 kcal/(mol : AZ),TO = 1.219(A) Equilibration time : 1usec (NPT)

Kangle = 77.15/mol, 6, = 125.13° Production run: 12usec (NVT)
10 sampling simulations.

Samples with the two longest and shorted
relaxation times are removed from the
averaging.

F. Signorini, J.-L. Barrat and M. L. Klein, J. Chem. Phys. 92, 1294 (1990)



Static properties of lonic glass Cagy 4K, s(NO3),
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Dynamic properties of Cay,K,s(NO3), 4

Mean square displacement Intermediate scattering function
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Y Near T, the rotational
motion of NO5 (or the motion
of the oxygen) is much faster
than the translational
motions of ions.

We focus on the

translational motions.
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Dynamic properties of Cay K, 5(NO3), 4

Total Intermediate scattering function Stretching parameter vs ¢

Relaxation time vs ¢
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(1) Intermediate scattering at g = 2.9A~! corresponds to mechanical
relaxation

(2) Wave number dependence of the relaxation time 7 « g=¢ ({ ~ 3.6)
(3) Anomalous stretched exponential parameter Bxww ~ 0.43




Mechanical relaxation

Intermediate scattering function Relaxation time vs 7

and mechanical response 10" -
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(1) Intermediate scattering at g = 2.9A71 corresponds to mechanical
relaxation (the correlation between O and Ca)

(2) Wave number dependence of the relaxation time t « g=¢ (¢ ~ 3.6)
(3) Anomalous stretched exponential parameter Sxww ~ 0.43

We can visualize the real-space relaxation picture of the JG mode by analyzing
molecular dynamics simulation, which are validated by QEGS experiments.



Trajectories of ions
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NI We defined a movement larger than 2.5

Ain 4 nsec as a jump motion.

At = 3000nsec Normalized J-particle density We call the particles exhibiting no jump

o _ o in 12 usec type NJ (non-jump) and the
31.9A,Az = 10A others type J (jump).



Correlation between jumping and non-jumping

Mean square displacement van Hove function
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Type NJ particles exhibit small, but non-
negligible sub-angstrom scale motion in the JG
time scale even without the jump motions.

Type J particles are loosely packed compared to
type NJ ones.

Auto-correlation of virial stress
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Correlation between jumping and non-jumping

Auto-correlation of virial stress Stress relaxation for type NJ near type J
after their jumps
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The motions of type NJ particles are very small (~ 0.14), their stress relaxation is not negligible.
The stress relaxation of type NJ is triggered by the thermally activated motion of type J.



Correlated motion caused by thermal jumps

Correlation function

0o | O Typel O| H@¢t) = X
o~ ' Typel QSOO O TypeNJ o (r,t) = Ngg )
= 2 > (87,0 - 47508 (r = [r(@) — 13(0)])
& i#j
ay

Cluster size
0 4 8 12 16 10 100 1000
Y Tim (09 V() = 4 [ drrH G0

The correlation of the directions of the motion for
type NJ is more remarkable than that for type,
although the motions are very slow.



g —dependence of the relaxation time for
individual ions

Relaxation time vs wave number

ISF for individual particles
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Correlation motions of directions of particle motions

Correlation motions of directions of particle motions Cluster size vs ¢
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The particles having the larger power
tend to belong to larger clusters.

The large g-dependence comes from the
confinement effect due to lower mobility
of larger clusters.



g-dependence of the relaxation time

FIG. 1 (color online).
typical trajectories of a single particle: (a) ¢ = 0.567,
(b) & = 0.701, and (c) ¢ = 0.749. Note that even though only
a single trajectory is shown for each ¢, particle tracking and
statistics were performed over all particles within the imaging
window. The scale bar is 2 mm.

Experimental frames with superposed

P. M. Reis, Phys. Rev. Lett. 98, 188301 (2007)

For large q, the Brownian scaling breaks down to a
stretched exponential with B < 1, which can be attributed to
the presence of dynamic heterogeneities due to caging.
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FIG. 4 (color online).
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(a) Wave vector dependence of the
and (b) local stretching exponent, 8. for

various values of filling fraction. The arrows point in the direc-
tion of increasing ¢, and the numerical values of ¢ are given in
the boxes. Along the arrow, the symbols () and (+) are located

at ¢, and ¢, respectively.



Johari-Goldstein mode in CKN

The QEGS for CKN experiments revealed a NJparticles
(1) Intermediate scattering function at g = 2.9A™1 ‘@
corresponds to the mechanical response. O\
(2) The wave number dependence of the
relaxation time obeys g~3®.

(3) Anomalous stretched parameter 0.43.

The molecular dynamics simulation reproduced
them quantitively.

The detailed analyses of the simulation which are ®
. . . . 600 —

validated by the experiment can visualize the PY

. c s00 ® ®
microscopic origin of the JG mode.

400 | Type NJ
We found that the unexpected collective motion o:iéwo L O
of non-jumping particles in the JG time scale. 200 0O
The anomalous g-dependence of the JG wl o  Twe
relaxation time is due to the collective motion of O
oK 1 11

the NJ particles.
The thermally activated jumps cause the small
motions and the stress relaxation around them.



Johari-Goldstein relaxation in metallic glasses
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Figure 3. Comparison of the behavior of g-relaxations (measured by DMA) between
typical MGs in (a) normalized temperature frame (Copyright 2011 American Physics
Society) and (b) normalized frequency frame [46] (Copyright 2011 American Institute of
Physics).

bl 4L
0| 2
1+
ol
% A
Y F
B 10t s 5l
= £
5 al
4
5L
@ [-relaxation
0% 811 ot
L 7 n — N
06 26 28 a0 2
1000/T(1/K)
(c) (d)

5 um

Figure 12. (a| Defarmation moda map summarizing tensilo tosts at ditfarent tomparatures and strain rates, soa [36] for the
meanings of the symbuls. {b) Arthenius plot of DBT and f-relaxation of the MG. (c] Image of the MG before and alter tensile
tsting. (d) SEM imaga of a La MG ductile fracture surtace (Copyright 2012 Amarican Physics Sociaty).
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Figure 3. String-like cooperative atomic jumps in MGs. Atomic displacement vectors for (a) NigPy, and (b) YeCuyy MGs; the slice is 1 nm,
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Y.-B. Yu, et al., Phys. Chem. Lett. 9, 5877 (2018)

Some metallic glasses exhibit large secondary relaxation, which is considered to be
Johari-Goldstein mode.

It is related to brittle-ductile transition.
String like correlation motions are observed in Johari-Goldstein relaxation.



Johari-Goldstein relaxation in Metallic glass

Zr47Cuy7Al; Dynamic mechanical analysis Loss modulus
Embedded Atom Method potential
—) ° .
YQ Cheng, et al., GF iRt e Tes 5 T = 10nsec

Phys. Rev. Lett. 102, 245501 (2009).
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Johari-Goldstein relaxation in metallic glass

Zr, @Cu,@ Al
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The behaviors observed in metallic glasses are essentially the same as those in
an ionic glass. Universal picture of Johari-Goldstein relaxation mode?



Summary

We carried out molecular dynamics simulation of a Nipituuy
ionic glass CKN and metallic glass ZrCuAl. :
(Rotational and internal motions can be ignored.)

We reproduced the experimental results for CKN
qguantitively.

We found that the unexpected collective motion of
non-jumping particles in the JG time scale in both

systems.
06 T T T T T T T T T T T T T T
The thermally activated jumps cause the small L nonjump 10nsce
. . \ = = < non-jump nsec
motions and the stress relaxation around them. 04F i\ jump 10nsee -
— 0 \\ ===jump 5120nsec
N . . S
These similarity suggests the universal picture of =t y
our finding on the JG-relaxation mode.




