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ϒ(t) = ϒ0sin(ωt) 

0 < c 

0 > c 

Sharp onset of diffusive dynamics 

Nature (2005) 



Random Organization & Basis for Mechanical Memory 

Pine et al., Nature 438, 997 (2005) 
Corte et al., Nature Physics 4, 420 - 424, (2008) 

• Irreversibility onset – Non-equilibrium phase transition from an 
absorbing state to a fluctuating steady state 

• System adapts to a particular strain  



Mechanical Memory – Dilute Suspensions 

Reading memory 
Done by applying one cycle of shear of 
each strain amplitude across ϒt 

ϒt = 3 
ϒt = 2 

Simulations 

ϒt = 3 

Newtonian Liquid 
In (b) , Two memories. 

Noise stabbilizes multiple memories. 



the particles have 

diameters, d, between 

106 and 125 μm, with 

volume fraction of ϕ = 

0.35. 

Also see Keim, Paulsen 

and Nagel, 

PRE 88,032306(2013) 



Do concepts carry over to dense suspensions? 

Elastic Regime – Reversible Dynamics 
Plastic Regime – Irreversible Dynamics 

Dense Suspensions 
Appearance of a yield stress 

Examples: Emulsions, Foams and Suspensions 

Yield Zone y 

Mohan et al., J of Rheology (2013) 

Fiocco et al., PRE (2013) 

Knowlton et al., Soft Matter (2014) 

Yielding shares similarities with Random Organization 

Memory in Simulations 

Fiocco ,Fofffi and Sastry, PRL (2014) 

Roughness of the energy  
landscape plays the role 
of noise 



Binary Colloidal Glass made of 
Poly N-isopropylacrylamide (PNIPAM) particles 

size (~  1 um ) 

nsmall  : nbig = 3:1  Rsmall : Rbig = 1:2 

φParticle > φglass  58% at 27°C 

Random Organization and Yielding in Colloidal Glasses 

K.Hima Nagamanasa, S Gokhale, 

A K Sood and R Ganapathy, 

 

      PRE 89, 062308(2014) 



Quantifying Irreversible Yield Events (3D) 

Fraction of particles (fIR) that did not return to their 
positions after one complete oscillation cycle 



Signatures of Slowing Down Near Yield 

“Absorbing Phase Transition”, CDP Universality Class 
Menon and Ramaswamy PRE 79, 061108 (2009) 

Irreversible events lead to dissipation  
of energy and should also reflect  

in the loss modulus G’’ 



Spatial Cooperativity Near Yielding 

Debye-Waller factor: mean squared 
deviation of a from its mean position 

o = 0.27 



Time Evolution of Spatial Cooperativity 

Maximal cooperative  
dynamics near yielding  



Δ 

Questions 
 Experimental system to directly observe memory in amorphous solids?  
 Role of shear-banding and cooperative relaxations for memory in  
   amorphous solids?  

Nagamanasa et al.,  
Experimental signatures of a nonequilibrium phase 
transition governing the yielding of a soft glass 
Phys. Rev. E 89, 062308 (2014) 

 Memory in amorphous solids differ from those seen in dilute  
   non-Brownian suspensions 

Amorphous  
solids 

Sequence of reversible states below ϒt Irreversibility seen even prior to ϒt  

ϒt 

Paulsen et al., Phys. Rev. Lett. 113, 068301 (2014); Fiocco et al., Phys. Rev. Lett. 112, 025702 (2014) 

Dilute  
non-Brownian  

suspensions 



Experimental System – Bubble Rafts 

Area fraction – φ > 0.8  

2D Couette Geometry Amorphous Solid: Bi-disperse Bubble Raft  

Soft - Frictionless - Athermal Particles  
 

 Interaction potential between two bubbles 

ρ = r/R 

r = Distance between 
bubbles; R = Bubble radius 

ρ is the density of the solution and g is acceleration due to gravity. 

K0 is the zeroth-order Bessel function. 

z is the elevation of the free surface in the meniscus. 
α = R/a is the ratio of bubble radius to Laplace constant a. 

Argon et al., Philosophical Magazine A, 86, No.2, (1982). 
Origins of Elasticity and Plasticity : The Bubble 

Raft, Fall (2007). 



Experimental Details  – Bubble Rafts 

Basic characterization: 
 
 

Area fraction: φ > 0.8 

Number ratio of bubbles used: On an 
average for every 8 big bubbles there are 
11 small bubbles in this raft.  

Type of raft: Bidisperse amorphous with 
some polydispersity 

Size of bubbles: Between 1mm and 2.5mm 
                        in diameter. 

Number of bubbles in the 
 field of view: ~1300 . 

Couette geometry 



Below Yield Above Yield 

Irreversible T1 Event 

 A True “Absorbing/Reversible State” below Yield 

Random Organization – Athermal Amorphous Solids 

T1 events 
correspond to a 
neighbor switching 
event in which two 
neighboring 
bubbles lose 
contact, and two 
next nearest  
neighbors become 
neighbors . 



Time Evolution of Irreversibility 



Encoding and Retrieving Memory 

 = 0.628 rad/s 

Write Read 

Writing Memory  
Done by applying repeated  
cycles of shear of the same  
strain amplitude ϒt 

i: particle index 
n: step number 

Reading memory 
Done by applying one cycle of 
shear of each strain amplitude 
across ϒt 

MSD  fraction of particles that did 
              not return at the end of a cycle  

y y
 



ϒt = 0.06,  = 0.628 rad/s 

Writing Memory 

Stroboscopically Viewed 
ϒy = 0.06 



Reading Memory 

Reading memory after  
training at ϒt = 0.06 

Stroboscopically Viewed 



Memory as a function of training extent  

In  encoding of memory, MSD decays within 2-3 cycles.  
Is  memory writing complete at the end of 2-3 cycles?  

Likely that though MSD has reached steady state, force chains have not ?( BB talk ). 

Number of cycles of training, n 

For every 

run, pre-

shear at 5 

s-1for 

180s. 



Force of between two droplets of radius Ri & Rj 

Aij - Contact area 

   - Surface tension 

Bubble Rafts 

Distortion of bubble 
perimeters from a 
circle contains information 
of forces  

For us , this is “ to do next” 



Rheological Signature of Memory 

Strength of Memory  

 maximum at yield!  

Why?? 

Δ 

Strength of memory Δ 
Δ = fnull(ϒt)/fread(ϒt) 

Δ 



Experimental Evidence for Multiple Memories  
in Amorphous Solids  

t
1 = 0.042 ; t

2  = 0.053 

Training sequence –  
t

2 t
1 t

1   t
2 t

1 t
1, 

 11 cycles of each  

Dilute non-Brownian suspensions -- noise required for persistent multiple memories. 

Athermal amorphous solids - experiments confirm-persistent multiple 
memories –achieved without external noise due to complex landscape. 



Two read outs  for Multiple Memories…….. 

t
1 = 0.042 ; t

2  = 0.053 

Training sequence –  
t

2 t
1 t

1   t
2 t

1 t
1, 

 11 cycles of each  



Comparing Single and  multiple memories 

t
1 = 0.042  

t
2  = 0.053 

Training sequence – 
 t

2 t
1 t

1   t
2 t

1 t
1, 

 11 cycles of each  



What happens during READ? 

ϒ = 0.05 

ϒ ~ ϒt = 0.056 

ϒ = 0.06 

In the vicinity  

Over a short span of strain 
amplitudes across ϒt a large shift in 

the band-edge is observed.  

Not just a linear change in profile-height 

Small hole  

in spindle to 

 measure  

strain 
Threshold=0.1  



What happens during WRITE? 
 

 As a function of training cycle, a clear shift 
in band edge is visible. 

2nd write cycle 

16th write cycle 
 

t = 0.014 

t = 0.049 

t = y=0.06 

t = 0.08 

t = 0.105 

t = 0.06 



Origin of a Maximum in  at Yield 

16th write cycle 

δA = A2-A16 

Pre-yield: Active particle band edge does not reach out during initial  
write cycles, but collapses completey by the end of write 

Post-yield: Active particle band edge reaches out farthest during initial  
write cycles, but does not collapse completey by the end of write 

At Yield: Maximum motion of the active particle band edge 



Is the act of reading creating memory? 

ϒt = 0.055 
Read protocol 1 

Same ϒt and same read protocol 
but different number of write cycles 

Starting from a given trained microstate, 
 only sequential READ is possible in experiments  

WRITE CYCLES 



The act of reading memory may reinforce memory  
but it is not the reason for observing memory 

Is the act of reading creating memory? 

Read protocol 2 

Linear read 



Origin of a Maximum in  at Yield 

16th write cycle 

At Yield: Maximum motion of the active particle band edge 



At yield size of percolating clusters is maximal 
Schall et. al., PRL (2017) 

Origin of a Maximum in  at Yield 

Size of most-mobile particle clusters 
maximal at yield 
Nagamanasa et al., PRE (2014) 

Percolation of largest active cluster. Normalized size of 

the largest and second-largest nonaffine cluster  



Shear band length scale maximal at yield 
in steady shear 

Subjecting  amorphous solids to repeated yield 
strains makes well-annealed glasses 



Summary 
• First experimental observation of memory in  
      amorphous solids. 

 

• Memory is maximal at the onset of yield and is  
      correlated with spatial motion of active particle  
      band  edge. 

 

• Is noise at yield strain self-optimized to result in a  
      maximum in ? 
 

• Is  a read-out for ultrastability of glasses? 
 

• System appears to remember similar strain  
      amplitudes – is this a form of associative memory? 
 


