ORIGIN AND CONSEQUENCES OF
LONG-RANGE STRESS CORRELATIONS IN GLASSES
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THE GLASS TRANSITION
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THE GLASS TRANSITION
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THE GLASS TRANSITION
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Equilibrated
supercooled
liquid

Noticeable SL properties:

- non-Arrhenius behaviour (fragility)
- diffusive plateau (caging)
- stretched exponential relaxation




THE GLASS TRANSITION
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HOPPING BETWEEN INHERENT STATES

Goldstein (1969) Relaxation as hopping between inherent states
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HOPPING BETWEEN INHERENT STATES

Goldstein (1969) Relaxation as hopping between inherent states
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THE GLASSY STATE
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THE GLASSY STATE

Excess of modes & local defects?

Anderson et al (1972)
Phillips (1972)
Buchenau, Parshin, Schober,...

Buchenau (1986)
Malinovsky & Sokolov (1986)
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THE GLASSY STATE

Rayleigh scattering ' ~ atl o

Baldi et al PRL (2010)
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THE GLASSY STATE

... or non-Rayleigh scattering I' ~ —k%T1Ink

Gelin et al Nature Mat. (2016)

From Baldi et al PRL (2010)
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INHERENT STATES ARE ELASTIC SOLIDS

Inherent state

Local minimum

Mechanically stable state

Elastic solid

2D, Bidisperse U = Z V(rj)
Lennard-Jones i<




THE LocAL |S STRESS FIELD
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REAL SPACE STRESS CORRELATIONS

Cup(r) = aaroabro r)
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REAL SPACE STRESS CORRELATIONS

Observations:

- amsotropy
- 1/’/“ decay in 2D & 3D

Cause? @sticit@
Glass ~

elastic continuum
+ random sources

Cup(r) = aaroabro r)

Problems:

1) the IS stress cannot be described
via an elastic response problem
2) Henkes&Chakraborty:

correlations near jamming
001 0.005 0 0005 O / interpret via Edwards theory




A GENERAL RESULT

Take:
- an ensemble of mechanically balanced states
- materially isotropic
- with normal stress fluctuations (to be specified)

Then:

- the stress autocorrelation presents isotropic and anisotropic terms
- its anisotropic part decays at long range as 1/r“

Applies both in
2D [AL, PRE, 96, 052101 (2017)]
3D [AL, JCP, 149, 104107 (2018)]



TENSORS AND ROTATIONS
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A VECTOR REPRESENTATION FOR STRESS

“Magnetic” & azimuthal numbers
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A VECTOR REPRESENTATION FOR STRESS

“Magnetic” & azimuthal numbers
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THE STRESS AUTOCORRELATION

A
C(r) = (g(rg +r)a(rg))e

Assume:
- translation invariance Clyp(1) = Cpe(—T7)

- spatial inversion symmetry C'ab(f) = Cab(—r)

Cab — Cba

21 coeflicients



THE STRESS AUTOCORRELATION

A

e, =r/r=r

C(r) = (g(rg +r)a(rg))e

Assume: L : Material isotropy implies:
- translation invariance Clp(r) = Cpo(—1)

- spatial inversion symmetry Cgp(r) = Cup(—1) C(r) = C(r)

—_— '~ \— ~
~ ~

Cab — Cba = g('rgw)

21 coeflicients




MATERIAL ISOTROPY

C(r) = (g(rg +1)a(ry))e
must have the same functional form in all bases
Take any R, and write the stress autocorrelation in BZ

r———» R-r CR-r)=D-C(r)-D"

~ \—
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Case 1: Take any point 7
Define ﬁ — ﬁf . % - > {Q97§q§7§7’}
r ———» (0,0,1)

C(0,0,7) = C(re,) =D - C (r)- (DY) = C(r)

~
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Case 2: Take r = re,

and R = R*(9) | C(r) =C(re,) =D*(0) - C(r) - D*(~0)




MATERIAL ISOTROPY

- \T
Prop. 1: ‘ C(r)=C(r) C(r) = (D7) -
Prop. 2: Q(T) = D*(0) - Q(T) - D*(—0)
recalling ( (1) (1) 8 8 8 8 \
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IN FOURIER SPACE

Prop 1: |C(k) = C(k)

Prop 2:

VS
3

C2)e Qe

VN
=

o o O O

) Colk) 0

) Galk) 0
0 4(k)
0 0
0 0
0 0

>o
"o o o

o O

o O O O

o o o O O




MECHANICAL BALANCE
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CARTESIAN AND RADIAL, IN REAL AND FOURIER SPACES

Can(r) = (04(1g) ob(rg + 1))
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AFTER A BIT OF ALGEBRA...

(Cy(r) = CY
: ol
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AFTER A BIT OF ALGEBRA...

(Ci(r)=C1
° 2
Cao(r) = —g )
: C 44 P —act  oC™M 4608
§ )= 10 N 7 i 35
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o 10 14 35
Cuiry = GV HaC? O —acl) scft ol
OV 10 7 70
o 3\ k
where | O (r) = (21)™ 1™ Fopn C(k|m)]

We will show Continuity in k=0 )
- does not exclude a singularity in Cl(k) or Cs(k)
- yet, for all m #0 , 1/k™ leading singularity (under the inverse transform)

C™ ~1/r® atlong range



|ISOTROPIC TENSORS

Definition: an isotropic tensor = a tensor invariant under all rotations
in the case of rank four tensors, it means:

C=D-C- DT
Schur: Co 0 0O O O O \
0 C, 0 0 0 0
a_l0o o c oo 0o o0
7o 0o o ¢ o o
0 0 0 0 C, 0
\o 0 0 0 0 C

Take any C'(r)

Define its isotropic part Iso [C’] as the isotropic tensor with:

~
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L OCAL STRESS FLUCTUATIONS

In an infinite medium,
the window-averaged stress: T Qr Jjpr—rj<r

Its fluctuation matrix: Ju,(R) = (54 (r; R)op(r; R)),

1
Check that J(R) = 0z d3£1/ d°ry C(ry — 1)
R T

1S an isotropic tensor

=3



L OCAL STRESS FLUCTUATIONS

In an infinite medium,
the window-averaged stress: T Qr Jjpr—rj<r

Its fluctuation matrix: Ju,(R) = (54 (r; R)op(r; R)),

1
Check that J(R) = 0z d3£1/ d°ry C(ry — 1)
R T

1S an isotropic tensor

Normal fluctuations means that:

QrJ(R) — finite when R — oo

=3



L OCAL STRESS FLUCTUATIONS

In an .1nﬁn1te medium, 5(rR) = — a2 o(r')
the window-averaged stress: Qr J|r—r|<R
<
Its fluctuation matrix: Jup(R) = (74(r; R)op(r; R)), r
1
Check that J(R) = 0z d3£1/ d’r, C(ro—ry)
R ri<R ro<R

1S an isotropic tensor

Hence: J(R) = IsoJ(R)

1

— o [ / d?r, Tso [C] (I|rs — 11 ])
R r1<R ro<R
1 Bk ~

~r | @0 au(k; 1) Iso LQ } (k)

Where @ (the scaled intersection volume function) is real-valued, positive, and

a — (2m)° 6°(k) when R —



L OCAL STRESS FLUCTUATIONS

In an .1nﬁn1te medium, 5(rR) = — a2 o(r')
the window-averaged stress: Qr Jyjr—r|<r
4
Its fluctuation matrix: J,(R) = (G4(r; R)Tu(r; R))., -
1
Check that J(R) = 0z d3£1/ d’r, C(ro—ry)
. . . R ri1<R ro< R
1S an 1sotropic tensor
Hence: J(R) = IsoJ(R)
1
= 02 d3£1/ d3f2 Iso [Q} ([[ry —r11])
R Jr<R ro<R
1 d’k —
R (27) continuous at k=0

Where @ (the scaled intersection volume function) is real-valued, positive, and

a — (2m)° 6°(k) when R —



L OCAL STRESS FLUCTUATIONS

. . . 1
In an infinite medium, 5(ri R) = — / 2y o (r')
|

the window-averaged stress: Qr Jyjr—r|<r

Its fluctuation matrix: Ju,(R) = (G, (r; R)os(r; R))., r
1
Check that J(R) = 0z d3£1/ d’r, C(ro—ry)
. . . R ri1<R ro< R B
1S an 1sotropic tensor
Normal fluctuations means that:
(Co(0) 0 0 0 0 0 )
0 50) 0 0 0 0
-~ /
Qrd(R) —ToC=| 0 0 GO0 00
< < 0 0 0 "0) 0 0
R — o0 =~
0 0 0 0 "0) 0
\ 0 0 0 0 0 C'0))
~ 1 = 2 A




NUMERICAL DATA
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NUMERICAL DATA
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CONCLUSIONS

Proven:
Material isotropy Long-range correlations
Mechanical balance = . elastic Green functions

Normality of local fluctuations

2D [AL, PRE, 96, 052101 (2017)]
3D [AL, JCP, 149, 104107 (2018)]

Observed:

Normal fluctuations, local and macroscopic, (fully expected)
Ergodicity breaking

Associated with correlation background (homogeneous term) in real-space
Impacts the value of stress fluctuations
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