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温度効果のあるジャミング転移 �
エマルション (emlusion;�乳濁液，�乳剤) �

水と油など， 混ざり合わない液体が �
ミセルを形成して �

 一方が液滴となって他方に分散している系�

エマルションの圧力と剛性率の測定（室温）�
(大きい○=圧力, 黒シンボル=剛性率) �

(s: 表面張力, R:�粒径) �
T. G. Mason et al. (1997) �

エントロピー弾性�
温度効果なしや液体では0�

接触力�

液滴(粒子)間の相互作用の大きさで �
換算して温度T ~ 10 -5 �

 
 

Soft Jammed Materials – Eric R. Weeks   23 

 
 
3. Other soft materials 
 
Now that I’ve introduced colloids, let’s discuss other soft systems which resemble colloids to 
varying degrees. 
 
3.1 Emulsions 
 
Emulsions are similar to colloids, but rather than solid particles in a liquid, they consist of liquid 
droplets of one liquid, mixed into a second immiscible liquid; for example, oil droplets mixed in 
water.  Surfactant molecules are necessary to stabilize the droplets against coalescence which is 
when two droplets come together and form a single droplet.  A cross-section of an emulsion is 
shown in Fig. 3.1, and a sketch showing a droplet with the surfactants is shown in Fig. 3.2.  
Mayonnaise is a common example of an emulsion, made with oil droplets in water, stabilized by 
egg yolks as the surfactant, with extra ingredients added for taste. 
 

 

 
 
 
Fig. 3.1.  Confocal microscope image of an 
emulsion.  The droplets (dark) are dodecane, 
a transparent oil.  The space between the 
droplets is filled with a mixture of water and 
glycerol, designed to match the index of 
refraction of the dodecane droplets.  The 
droplets are outlined with a fluorescent 
surfactant.  The hazy green patches are free 
surfactant in solution, or else the tops or 
bottoms of other droplets.  (Picture taken by 
ER Weeks and C Hollinger.) 

 

 

 
 
 
 
 
Fig. 3.2.  Sketch of an emulsion droplet.  Not 
to scale:  typically the surfactants are tiny 
molecules, whereas the droplet is micron-
sized.  (Sketch by C Hollinger.) 
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C. Holinger(2007) �
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圧力と剛性率の振る舞いがほぼ同じ�
→ 温度効果のない数値計算�

では出てこない �
cf. C. S. O’Hern et al. (2003) 等�
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in "Statistical Physics of Complex Fluids", 
 Eds. S Maruyama & M Tokuyama 
(Tohoku University Press, Sendai, Japan, 2007).
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tightly as possible; nearly every particle touches its neighboring particles.  Random packings with 
φ  > 0.64, or any packing with φ  > 0.74, require deforming the particles. 
 

 

 
 
 
 

 
 
 
 
 
Fig. 2.6.  A single layer within a colloidal 
crystal formed with 2.3 µm diameter 
PMMA colloids.  The scale bar is 5 µm.  
This sample is at a volume fraction φ ≈ 0.6. 

   Colloidal crystallization 
Interestingly, hard sphere colloids will spontaneously organize into the crystalline phase at a 
volume fraction φ ≈ 0.5.  Counter-intuitively, this transition to an ordered state is due to entropy.  
Consider two systems at equal volume fractions of 0.64, one random (and thus rcp) and the other 
in a crystalline hcp state.  The rcp system has no room for the particles to move.  It has high 
configurational entropy but low vibrational entropy.  The hcp system is the opposite; it is in an 
ordered, low entropy configuration, but the particles have plenty of room to move locally around 
their lattice sites.  After all, they could be packed in as tightly as φ  = 0.74, but the system is only 
at φ  = 0.64.  Thus, the vibrational entropy is higher.  In practice, the total entropy of the 
crystalline system becomes higher than the random system at φ ≈ 0.5.  More precisely, the system 
starts to form crystals at φ ≈ 0.494, and entirely crystallizes at φ ≈ 0.545.  In between the system 
is in coexistence between the liquid-like state at 0.494 and the crystal at 0.545; see Fig. 2.7 for the 
phase diagram. 

 

Fig. 2.7.  Phase diagram for hard spheres.  Note that the metastable glass phase is only 
present if the system is polydisperse, at least ~5%. 
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Mean-Field Picture on Glass transitions
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Figure 1: This figure show snaphots before/after a plastic event trigered by thermal noises. Here we used
a 2-dimensional version of the model (for the purpose of a demonstration) at volume fraction φ = 0.85
which is slightly above the jamming density φJ ∼ 0.84 (2-dim). The system is initially perturbed weakly
by a shear-strain γ = 0.05 and let to relax at zero temperature by the conjugated gradient method which
allows the system to relax using the harmonic modes. Then the thermal noise at (reduced) temperature
T = 10−6 is switched on. The configuration of particles are represented by the circles and that of the
contact forces fij = −dvij(rij)/drij are represented by bonds whose thickness is chosen to be proportional
to fij . The panels a) and b) show the snapshots before/after a plastic event (which took about 104tmicro

to complete). In panel c) the configuratoin of the particles before/after are overlaid : the one before the
event is shown by the lighter color.

Stress relaxation process
Okamura-Yoshino, unpublished  (2013)



solids under shear
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Twisting replicated hardsphere liquid

Replicated Mayer function (under shear)
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Following glassy states under shear/compression

Corrado Rainone, Pierfrancesco Urbani, Hajime Yoshino, Francesco Zamponi,
 Phys. Rev. Lett. 114, 015701  (2015)
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1 step RSB
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1+continuous RSB ��Gardner < �� < ��GCP

b' ! b'�
GCP p / 1/m ! 1

�(y) / �1y�(�1)  = 1.41575
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consistent with scaling argument + effective medium computation

HY and F. Zamponi,  Phys. Rev. E 90, 022302 (2014).
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 Field Cooled/ Zero Field Cooled Susceptibilities in Spin-Glasses 
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H. Yoshino, JCP 136, 214108  (2012)

(NOTE) spin-wave rigidity of spin-glass 
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FC/ZFC shear response of glasses  ? 

Energy minimization : conjugated gradient method 
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Non-linear shear-modulus 
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Implication of  “negatively” diverging non-linear shear-modulus

Vanishing linear response regime 
in the Gardner’s phase

see also Otsuki-Hayakawa, PRE 90, 042202 (2014)

3次元ジャミング系における非線形・線形シア応答
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Non-linear and Linear Shearmodulus of Jammed Soft-Particles
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シア歪み γ に対するシア応答 σ の係数シアモジュラス µ は µ = ∂σ
∂γ

∣∣∣
γ=0

と定義される。粒子
ジャミング系において、これはよく知られているように µ ∼ (φ− φJ )1/2 の関係がある [1]。しか
し実際上は有限のシア γ を用いて、有効シアモジュラス µerf = ∆σ

∆γ = σ(γ)−σ(0)
γ を観測すること

になるので、µの γ に対する依存性を議論することは重要である [2]。シア歪み γ に対するシア応
答 σ が γ で展開できるとすると対称性より σ(γ) = µ0γ + µ2γ3/3! + O(γ5) となる。非線形シア
モジュラスは µ2 = ∂3σ

∂γ3 と定義される。
一方、我々はソフトポテンシャル球系でMDシミュレーションを行いシアモジュラスの γ,φ, N

依存性を調べた（図 1)。その結果一番簡単には

µ(φ, γ, N) = µ0(φ, N) + µ′′(N)γα, α ∼ 1

2

の関係を得た。
線形シアモジュラスと非線形シアモジュラスについて議論する。
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図 1 剛性率のサイズ依存性
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