Critical Soft Matter

Soft Matter In and Out of Equilibrium

Leo Radzihovsky

$: NSF, Simons Foundation Boulder Summer School, July 2015



Outline

Introduction and motivation
Critical states of matter
Smectics

Cholesterics

Columnar phase
Polymerized membranes

Elastomers



Critical soft matter

4+

v:




Fluctuations, nonlinearities and phase transitions

Upshot of 50 years of research on fluctuations and critical phenomena:

\usually,

Fluctuations and nonlinearities'

s'are only important near
isolated critical points (continuous phase transition)
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well-known exception: disordered systems, FQHE,...
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Critical phase

disord%d (boring)
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Properties of critical phases

critical ordered phase (interesting) disordered (boring)
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* spontaneously broken continuous symmetry

* nontrivial fixed point of strongly interacting
Goldstone modes (c.f. nonlinear O(N) sigma-model)

* universal power-law correlation functions and
amplitude ratios (throughout the phase)

* no fine-tuning to a critical point required

* quantum analogs? road to 3d “Luttinger liquids "7



Liquid crystal phases

cholesteric
pitch

smectic layer vortex lines
[fluctuations
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u(x) Smectics
o — LlJN e-i qu -

p(x) = po + Rele"®*(x)] = po + [1)] cos [qo(z — u(x)]

e elasticity by symmetry or via de Gennes model or :
1

1
57 [(V70)" =245(Vp)*| + Stp” —wp” +op* + ..,

Hsm —
2

e express in terms of u(x):

Hom = Jp?

2
13 (Vu)? + (qq - Vu — %QQ(VW) +4(¢* — ¢3) (qq - Vu — §q2(VU)2>]
!
nonlinear strain Ugg

e choose the q = q, along z: /

Ham = LK (V2u)? + LB(0,u — £(Vu)?)’




Undulation instability on dilation

Strain-induced instability of monodomain smectic A and cholesteric
liquid crystals

Noel A. Clark and Robert B. Meyer *

Gordon McKay Laboratory, Division of Engineering and Applied Physics,
Harvard University, Cambridge, Massachusetts 02138

(Received 9 February 1973)

A mechanism is proposed for the observed mechanical instability of monodomain smectic A
and cholesteric liquid crystals subjected to uniaxial dilative stress. The threshold condi-
tions for the instability are derived, and the possible roles of dislocations in controlling
the instability and in producing large plastic distortions are discussed.
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FIG. 1. Perio&ic undulation of the layers of a dilated smectic
A liquid crystal. Regions of maximum dilation are marked S.



N — [ °

ux) Sm _harmonic properties ’
-— N
T

N —
. L. 1 [ d%%
® harmonic approximation: H,,, = 5/ om)d (KK + BEZ) |ux|?,
7
- Ay Aok T power-law disordered smectic
” _ for x > &, with u,,,s ~ a
< >O /L_l (27-(-)d Bkg _I_Kkjl_a o > § s
- d a%éﬁ ~ TK d=?2
~ 90’ ’
- 2 ,—Cd 1L d<3 §1 ~ ae4”“2‘/ﬁ/T~ae;’_$, Q-3
47r\/BK IngoL), d=3, with 1 — %I
8mvVBK

e density is uniform:

(pq(x))o = 2po(cos [qO°X— qu(x)]>oa with
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ux) Smectic nonlinearities ,
a— \/ , , .
—— Grinstein-Pelcovits 81, L.R. 13

NN —
1 1
e nonlinearities : Hyonlinear = —§B(6’zu)(Vu)2 + éB(vu)4

e renormalize elastic moduli in length-dependent ways:
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Chiral liquid crystals: cholesterics

cholesteric pitch

e color selective Bragg reflection
from cholesteric planes

e temperature tunable pitch -> wavelength



Spontaneous symmetry breaking




Counting Goldstone modes

e

Symmetry breaking: - H / |
(conventional dogma) L => \@ -> G /H

number of Goldstone modes = dim[G/H]
e.g., classical ferromagnet: SO(3) -> SO(2) -> G/H = S,

Exceptions:
- guantum ferromagnet: noncommuting symmeftry
generators [S,,S,] =i S,

- Higgs mechanism: some of the GMs are ‘eaten” by

gauge fields, e.q., superconductor, Standard model,

crystals



Goldstone modes in a helical state
Isotropic state: G = T x SO(3)

Helical state: H =T, x T, x U(1) = Diagonal[T,,0,(2)]
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--> smectic elasticity (proposed by deGennes ‘72) ?



Goldstone modes via symmetry
0.

e small angle O rotational invariance
g

--> cholesteric <--> smectic elasticity (deGennes ‘72)

B K
2 2

2
- H = —(0,u)* + — (0] u)
e derivation?
® consequences?

e differences?



Derivation




Derivation of Goldstone modes theory

e Frank chiral elasticity or Dzyaloshinkii-Morya interaction

H =K (V- 7)? + Ky x V x 2)* + Ky(i - V X+ qo)°
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e Helical background: é1(r) x é5(r) = és(r) € Sy =T =

n(r) = éi(r)cos(q-r+ ¢(r)) + éx(r)sin(q - r + ¢(r))

e U(1) gauge theory:

K R K . . .
H = E(V(b +a+q—qes)’ + 1 (Vés)? + 2qoés - V X é3]

--> spin connection: a = é3 - Ve



Derivation of Goldstone modes theory i

U(1) gauge theory of helical state: T

K A K . ) . eess
H = 5(V§b +a— qO563)2 + Z [(V63)2 -+ 26]063 -V X 63} SR T

XL

: 1
e integrate out é;=¢é3, + 2\/1 —é5, ~és +2(1— 5@@:

--> Locking helical frame to pitch axis ("Higgs mechanism”)

és1 ~ (Vig+ayi)/qo

H ~ %[aqu—i—az + %(Wﬂra)?f +§ (V(Vé+a)? +2g02 -V x (Vo +a)]

e helical state no defects --> single-valued u and curl-free a
B 1 K
H =~ 5 D u+ i(Vu)Q}Z + E(VQu)2

-phonon u(r) = -&(r)/qe, B =K ge?, K=K/2



Rotational invariance of helical state

e nonlinear Goldstone modes R

:fﬁéé_' 3
B F St
H%E[(? U+ — (Vu) }2+5(V2u)2

- encodes large rotational invariance

Eluo(r)] =

0
for ug(r) = z(cos@ — 1)+ xsind

(V*u)?

NINI

B
Hlin ~ E (8,2“)

- important at long length scales --> anomalous elasticity




Adjacent phases

e Residual frustration

a:ég-Vél

K 1 2 2 K 9 N
ng[@z¢+az+§(v¢+a)} +Z[(V(V¢+a)) +2¢p2 -V x a
e Flux density = Pontryagin index density g s N
R SR
V Xa=c¢;é3 0,63 X 0;é e =
— Gy C3 1€3 7€3
e Skyrmion crystal g einmmn LI x\’m“\w‘n{\\i\&zg
N : B //<100> P AARANY 3% 3% YRR
S N R o
02} ‘/ Skyrmion crystal
0 : 2 — _— S. Milhlbauer et al. Science (2009)
o  1a0 2 % C. Pfleiderer, et al.

e Twist-Grain Boundary

B
Hlin ~ 5(821&)2 +

e Melting by dislocation unbinding into Isotropic

K
2

(VZu)”
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Membranes everywhere

b 100
' g band 3
- i - bease —

® physical realizations:

biological membranes
graphene
2d polymers and gels

MoS,, ZrP sheefs

e fascinating interplay of statistical mechanics, field theory
and geomeftry



Ingredients

vanishing surface tension

bending rigidity

in-plane elasticity

Cucsw®™®  Saactiin 0 Agtin
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S Band 1l
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4 Phospnatidylethancl ammre

in-plane order: anisotropy, hexatic,...

heterogeneity
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Kantor, Kardar, Nelson ‘86
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self-avoidance

bending rigidity
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O, 7 Mean-field theory  [%7% e e %
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ignore Kgl, minimize:

e Crumpled phase (T, > O, T, > 0): <Fx> - <Fy> — 0 ©

e Tubule phase (T, > 0, Ty < 0): <t_;3>

|
=
—~

Sl
<
~—

V

-

e Flat phase (T,< 0, T, < 0): (t,) > 0, (t,

Kz, self-avoidance, heferogeneity, nonlinearities: ?7?



Crumpling transition *“*- ™" %7 %%
\/ f oo ra(B)? + g(Fn)? w

| — TUBULE

<EB> 7 0, <Fy> =0 )

Y-TUBULE

(tz) = 0,{t,) #0




Crumpled phase
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Crumpled phase
F.|r] = T/dDaz(E)afF’)Q —- U/dDZEdD$/5(N)(’F(X) — 7(x"))

¢ short-range order in normals

n; <~ eli -1l 1
e disordered by KgT Re ~ LY
¢ analog of PM state of the normals

o fractal M ~ RF (Flory)

d: = D/V ~ D(d+2)/(D+2) = 2.5, v = 0.8

e self-avoiding interaction important: R ~ VIn L — Rg ~ L*/°



o = OaT" Mean-field theory (%" s e *
o~ 7o) + glE)’ n
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Y-TUBULE 3,

<t_;0> =0, <fy> # 0

kg1, self-avoidance, heferogeneity, nonlinearities: 777
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“Flat” phase

long range 2D orientation order: /mpossible ?
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Nelson, Peliti ‘87

Aronovitz, Lubensky '88
David, Guitter '88

; ; A
< T e B) = S@PRP i+ Sk,

¢ long-range order in the normals, breaks O(3) symmetry

- geomeftric analog of 2D ferromagnet in the normals
- “circumvents” Hohenberg-Mermin-Wagner-Coleman theorem, via order-from-disorder

e characterized by power-law roughness, T = 0.59
LeDoussal, L.R.'92
e “critical phase” with universal anomalous elasticity:

(L) ~L", p) ~L, o=-1/3  (p,=4-D—2)
(agrees well with MC simulations by Bowick, Falcioni et al, '96, '97)



Nelson, Peliti ‘87 “Flat” phase model

= (= + ua, y + uy, h(2,y))
X
X
R o Roaaee 2 Ao
o free-energy density: f|u,, h] = 5 (07h)” + pugg 5 Yaa

: . 1 |
e nonlinear strain: u.s = 5(aauﬁ + Ot + Ouh - Ogh) = 5(g(w — 0ap)

¢ integrate out uy: fer|h] = 5(82h)2 + Z\(aah - 0gh)Kap ~s(0yh - &;h?
Y
Gaussian curvature inferaction: R_4 R




k ET + nonlinearities

e PT in elastic nonlinearities: OJudhoh ﬁhﬁh

. K2
® dlverges for L > ENL = _T ~ 10A for graphene -> electronic physics

e need a fully nonlinear treatment; physical interpretation?



Neison, Peiiti 87 Anomalous elasticity LeDoussal, L.R."92

X
o SCSA theory: ——— = + _,,@Q_
- O

® length-scale dependent moduli: s (k) ~ k=", pu(k), AN(k) ~ Kk

RNAR = AN~

e Ward identity O(3) symmetry (Ou + 1ah(‘)h) ->nNn,=2-2n
2 §(L) = (L) hams(D)?

e RG with € = 4-D, l/d GXPCII’ISiOFIS (Aronovitz-Lubensky, David-Guitter, 88)

critical ‘flat’ phase crumpled phase
i ey pledr
- — - ™
[ ———= < —F—¢@— > > e T
0 T, TC >

e SCSA exact: O(g,d), lO(1/d,D), at d=D:n=0.82, ¢ =0.59, 0 = —1/3



Ovrder-from-disorder

® unstable harmonically for L > ae*™/3*5T = ¢ .0
]{IBT d2q q2 N SkBT

(~10"° graphene ->
crumpling /s irrelevant)

(0%) ~

~ In L
K (27m)2 ¢* Arr fa— o

o stabilized anharmonically by kgT: Opms ~ L™"2 hppg ~ L1712

d2 2
<92>szT/ 119

~ T 0
(27)2 k(q)q* _>




Tunable spontaneous anisotropy **"9 ‘-~ o

e sponfaneous in-plane nematic order (e.g., nematic elastomer

membrane) -> reentrant flat phase:




L.R., Nelson 91, '92
Bensimon, et al 91
L.R., LeDoussal ‘91, ‘92
Morse, Lubensky ‘92

Local heterogeneity

X
e proteins, nano-pores, holes, network defects, ...

-> random distribution of interstitials, dislocation,
disclinations, grain-boundaries, ...



LR, LeDoussal 91, 92 [ o q] heterogenei

e random stresses, preferred curvature:

o A
f=5@h=c(x))” + pugs + S tga = UapTap(X)
n = 0.45
. “Aat glass”gl”ound state, anomalous elasticity: ¢ =0.775
A\
crumpled glass
o ‘crumpled glass” ground state Q70, &0
crumpled
flat Q=0, t=0
0 [/ Q#0. Tz0

T, T



Open questions and implications

e systematic quantitative measurements e.q., graphene

e realization of the crumpling transition

® sheets with funable anisotropy

e nature of glassy phases

e statistical mechanics of membranes with nontrivial background

strain and topology (see e.g., vesicles: Nelson, et al.)

® redoing deformation analysis (Euler, Lame, crumpling,...) for free energy



Buckling of “flat” phase
-H[h,u]/T

¢ want: e'F/T = Trh,ue

® “poor mans” scaling theory -> nonlinear elasticity = no linear response

Enp=(k*/ )1

- u
[ L]
s &

A LY
|
L |
1
H:§/[ﬁ;R(VZh)Qerth—J(Vh)2+...]
1/4 1/(4—n)
()
Pg Py

¢ T 72 T2 PY) = (pgk) /QH(pg,{)@—n)/(‘l—n)



Nematic Elastomer Terentjev

Finkelmann

Ratna
cross-linked polymer liquid crystal PLC

TANE
1\ \"\ oo

nematic liquid-crystal

polymer

“Solid” Liquid-Crystal
exhibits most conventional liquid-crystal phases (I, N, Sm-A, Sm-C,...)



Nematic Elastomer Terentjev

Finkelmann
Ratna

“Solid” Liquid-Crystal
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Nematic Elastomer Terentjev

Finkelmann
Ratna

“Solid” Liquid-Crystal
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Thermal response and stress-strain relation

4+ Extensicn ;= ."Ln
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7. different strain rates

0.1

0.15

02

025 03 035 04

Properties: e spontaneous distortion (~ 400%) at T N thermoelastic
 “soft "elasticity

e giant electrostriction

Applications:

* plastic displays
« switches

* actuators

e artificial muscle

lerentjev, et al



Nematic elastomer as heat engine

e monodomain nematic

LCE
1 e 5cm x 5mm x 0.3mm
n e lifts 30g wt. on
heating, lowers it on
cooling
\4

e large strain (>400%)

7’] ~ 105 Pa H. Finkelmann,
Shahinpoor, et al

(P. M-Palffy)



Visualization of soft deformation
a “liguid” solid <--> a “solid” 1 \
liguid crystal >

/

/ reference state

Aoy = (6 fE)F

Warner, Terentjev 90
Olmsted ‘94



. Xing + L.R., PRL, EPL, AOP
Elastic theory Of INE  Lubensky + Stenull, EPL (2003)

 Construct rotationally mvariant elastic theory of deformations about U

e Study fluctuations and heterogeneities about U U,

Must incorporate underlying rotational invariance of the nematic state

=== some distortions cost no energy: lfS'Oﬁ 7 uniaxial solid
fIRx)] = fOrR(Opx)] =57 (0 o)-eanouar
C . . . NT _
 Vanishing energy cost for: 5g =0 U, Q

* Harmonic elasticity about nematic state: € =u — u

HN.E, —%5314'3 €zz +/1'_L57,j +)\€ + A2i€22Eii
0, required by rotational invariance

* Nonlinear elasticity about nematic state:
Hyg =B, u,zz + 1 u/ b )\u,n + AL W, Wi

= 0,u, + (Vuz) Wij = 5(8(7;%') — O;u,0;u,)



Fluctuations and heterogeneity

Nl

* Thermal fluctuations: Z = Trace,|e

—,BH[u]]

» Heterogeneity m==) random torques and stresses:
nematic elastomers are only statistically homogeneous
and isotropic

i = Hyplul —u-o(r) - (7 - §(r))?

—~— ;
encodes heterogeneity

Elastic “softness ”leads to strong qualitative effects of thermal
fluctuations and network heterogeneity



Predictions Xing + L.R., PRL (2003)
e Universal elasticity: (|du(q)[?) ~ ql4+", forr; > &, ~K?/A

- Non-Hookean elasticity: 0,5 ~ (u;,)°, 6§ > 1
(cf. non-Fermi liquid) 10 ,
— vanishing slope

no linear response

 Length-scale dependent elastic moduli: |
Ke(L) ~ L",  peg(L) ~ L™,  Beg(L) ~ By

 Macroscopically incompressible: Kefg ~ pefi(L)/Beg(L) — 0

. . . 0
e Universal Poisson ratios: Uyy = ?u:m:
i Upy > ) => 19
Uzz = _7uma:
1
Uyy > 0 ==> Ugy = Uyy = _Euzz
v







