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* Cyclic driving is ubiquitous
* [t can change non-equilibrium systems
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* Cyclic driving is ubiquitous
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* [t can change non-equilibrium systems
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* Multiple cycles = Multiple memories!?
* Different answers => different classes of memory
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* [t can change non-equilibrium systems
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* Multiple cycles = Multiple memories!?
* Different answers => different classes of memory
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Two amplitudes: Sheared Suspension

Strain amplitudes |.6,0.8,0.8,0.8,0.8, 0.8, 0.8, repeat...
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NO‘ Return-point memory
Yes: Transient self-organization

U

Contact lines
Maybe...




A 2D disordered solid

Polystyrene
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Masschaele et al., Phys. Rev. Lett. (2010)

d

()

S

(4]

<

)

n

5 c

O 0

! 2
nﬂ gO
603 &E
7)) <
—_ DN
5 = Cm
Pa)wr
OV s o
b

5 85 £
mvubhmne
ncmS|
@ s 0L
_&M./Ud.mb
st L&

()

—1 a Z

Y PO T TS,
B e e st e

X
a
o
o]
o
..
o
L
o
°
o
o
0.
o
o
o
o

Keim & Arratia, Soft Matter 2013

£

-1



Interfacial shear rheometer

Top view
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0.2 mm dia.

Magnetic driving => Shear stress

Brooks et al., Langmuir 1999
Keim & Arratia, Soft Matter 2013
Keim & Arratia, PRL 2014
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Interfacial stress rheometer

Top view

stress on material

Boussinesq # = ~ 100

stress on oil, water

-> ~stress only at boundaries



Rheology: Yielding transition
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Rheology: Yielding transition
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Interfacial shear rheometer

Top view

Walls

s |8 MM —
7]

Gap
2.2 mm Needle
_

0.2 mm dia.

Brooks et al., Langmuir 1999
Keim & Arratia, Soft Matter 2013
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About the Data

* Talk uses 4+ experiments between 2014 and 2018
— Particles changed
— Stress-controlled rheometer => Strain values vary
* All strains below yielding
— Memory results from just 2 recent experiments

* Focus on visualizing microstructure



Shear at 0.05 Hz  Strain amplitude yo = 0.055

github.com/soft-matter/trackpy By e | (
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Watching particles rearrange
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[dentify rearrangements with D?min
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“Are these particles behaving as an elastic solid?”

D2,in(t1, t2) ~ local plasticity between t), t2

1 — —
in = oy (1) — e (1)l

(residual of best affine transform ¢)

github.com/nkeim/philatracks
Falk & Langer, PRE 1998; Keim & Arratia PRL 2014
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Finding particle rearrangements
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Sampling microstructure
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Y
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Sampling microstructure

“reversible’’
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¥o = 0.055 D2, O (0.2 OC 0.4
reversible irreversible

Cycle 0 after quench

Keim & Arratia PRL 2014 200
Regev, Lookman, Ch. Reichhardt. PRE 201 3; Priezjev, PRE 2016 Hm
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Rearrangements can be reversible, hysteretic

-0 0 +y0
Strain Y



Making reversibility look easy
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Making reversibility look easy
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Steady state trajectories
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Steady State = memory of training amplitude
“Read” by trying a bigger amplitude
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Steady State = memory of training amplitude
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Two amplitudes?
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Steady state trajectories
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Steady state trajectories: 2 amplitudes

Yo =0.055 y0=0.035
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Steady state trajectories: 2 amplitudes

Yo =0.055 y0=0.035



How does system switch trajectories? Q
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Shear strain
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Shear strain
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Small-amplitude resp. is subset of large-amplitude
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Return to large amplitude => Remember prev. behavior

e 5 M
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Results

* Response to small amp. = subset of response to large amp.

* Return to large amp.=> Remembers prev. behavior
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Results

Strain at which
rearrangement reverses
o
o

* Response to small amp. = subset of response to large amp.

* Return to large amp.=> Remembers prev. behavior

Consistent with return-point memory

Arises from hysteretic subsystems + weak interactions
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Results

* Response to small amp. = subset of response to large amp.

* Return to large amp.=> Remembers prev. behavior
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Results

* Response to small amp. = subset of response to large amp.

* Return to large amp.=> Remembers prev. behavior

Consistent with return-point memory

Arises from hysteretic subsystems + weak interactions

Amorphous solids: Perchikov & Bouchbinder, PRE 2014

Return-point memory is not just for magnets:

* Random-field Ising model: Sethna et al. PRL 1993
* Martensitic materials: e.g. Ortin J.Appl. Phys 1991
* Charge-density waves:Wang & Ong PRB 1986



Results
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population of rearrangements!?
(Within extrema of training)




Results

* Response to small amp. = subset of response to large amp.

* Return to large amp.=> Remembers prev. behavior

Consistent with return-point memory

Arises from hysteretic subsystems + weak interactions

Amorphous solids: Perchikov & Bouchbinder, PRE 2014

“Steady state” means fixed
population of rearrangements!?
(Within extrema of training)

Check one more thing...



Steady state =~ Fixed rearrangements!

"« Train with 5.5%, then switch to 3.5%
* Response at 3.5% is subset of response at 5.5%!
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Steady state =~ Fixed rearrangements!

"« Train with 5.5%, then switch to 3.5%
* Response at 3.5% is subset of response at 5.5%
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Steady state =~ Fixed rearrangements!

"« Train with 5.5%, then switch to 3.5%
* Response at 3.5% is subset of response at 5.5%
* Same steady state—no transient
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Steady state =~ Fixed rearrangements!

"« Train with 5.5%, then switch to 3.5%
* Response at 3.5% is subset of response at 5.5%
* Same steady state—no transient

Same behavior as system
trained with 2 amplitudes
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Steady state = Fixed rearrangements

Train with

Switch to

Large

Large

Small

Both

Small




How “fixed” can the population be!

' . 01 = 0.4
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Then ramp up, 3 cycles at a time. ] s 0.2

Strain amplitude 0.001 reversible
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Steady State Conclusions

Does 2-amplitude training matter?

Fixed population > Return-point

=> Smaller amp. forgotten!
of rearrangements memory
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Steady State Conclusions

Does 2-amplitude training matter?

Fixed population > Return-point

=> Smaller amp. forgotten!
of rearrangements memory
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. Digging deeper...




Digging deeper...

* Preisach diagram at 5.5% strain doesn’t
predict 3.5% response




Digging deeper...

* First small cycle can be slightly different
Could be due to frustration: e.g. Gilbert et al. PRB 2015




Digging deeper...

* Simulation results for steady state

— Period-n limit cycles

Regev, Lookman, Ch. Reichhardt. PRE 2013
Lavrentovich, Liu, Nagel. PRE 2017
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* Simulation results for steady state
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Digging deeper...

* Simulation results for steady state

— Period-n limit cycles (a) 0.010 N
Regev, Lookman, Ch. Reichhardt. PRE 2013 T muerereee
Lavrentovich, Liu, Nagel. PRE 2017 o 0.008H —  Number of cycles — 4

TJ - umper or cycles =
— Readout of memories regardless & e C;:GS: i
of most recent applied strain & 0.006}
Fiocco, Foffi, Sastry. PRL 2014 ;
: . € 0.004f
* Multiple memories in bubble *
raft experiment 2 o0l
Talk by Ajay Sood
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Steady State Conclusions

Does preparation matter?

Fixed population > Return-point

=> Smaller amp. forgotten!
of rearrangements memory

0.06 x x x : 0.06

oo I EELHLLLEL o0

E 0.02} ! o.ozwnM M” MM
5 -oon ||| || 11|V TRV TR

—0.06

205 210 .. No difference?? **° 2 220
Cy nent

R —————temmetTT




Does preparation matter?

Strain at which
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Does preparation matter?

Prepared with 1 amplitude
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Does preparation matter?

Prepared with 1 amplitude 2 amplitudes
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Does preparation matter?

Prepared with 1 amplitude 2 amplitudes
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Transient with yo = 3.5%, 5%
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Transient with yo = 3.5%, 5%
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