WQ’
Extreme sp
active crystals

. h '“_ ‘t'
gues Chat Xla— Sh| o

Hu
EA- Saclay, Fr@ % ‘ oTe ’ el nivers r)\.) \ '
zhoUu@hina &\; —
Beijing CRC China WL~ \ |

- )
.-

netions of

A [/ & )



Introduction

= Unavoidably, people were going to
look at 2D active crystals and how
they melt...

= Two main reasons for this:
= Fashion to look at anything-active

= Fascination of theorists for KTHNY
theory

= Also recent excitement about chiral

) dd elastici h Crystal of spinning starfish embryos
active matter, odd elasticCity, etc., wit (Tan et al., Nature 607, 287 (2022)

crystals found in experiments

KTHNY: Kosterlitz-Thouless-Halperin-Nelson-Young



Introduction

* We consider a more general problem:
stability, under their intrinsic
fluctuations, of 2D crystals formed by
interacting active particles

» previous works have considered this;
in particular melting of crystals made
of active particles such as active
Brownian particles ( )

» Most concluded that KTHNY scenario
holds or assumed it to be true...

Today we revisit this and show how and
why 2D active crystals are very different
from equilibrium ones

Deformation field of a large defect-less active crystal



Outline

= Recall main results of KTHNY theory
= Numerical investigation of simple 2D active crystals
* Theoretical understanding

= Summary, remarks, perspectives



Main results of KTHNY theory

= 2D crystal: = first, a continuous KT-like transition
positional order and LR bond to a phase with SR positional order
order and bond order (usually

hexatic, i.e. 6-fold symmetry);
driven by unbinding of pairs of
dislocations, which move like a gas
in the bond-quasi-ordered phase

» Point defects [interstitials,
vacancies] and bounded pairs of
dislocations can be present
nevertheless

. = second, another KT transition
" KTHNY: meltlng of 2D CryStalS’ where bond-order becomes short-

in equilibrium, can proceed in range, leaving a fluid phase; driven
two steps: by the unbinding of dislocations in
free disclinations



Main results of KTHNY theory
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Schematics from Digregorio et al., Soft Matter,18, 566 (2022)
(arrows are showing local hexatic order orientation)



Main results of KTHNY theory

= exponents & scaling laws with an exponent n that increases
characterizing each of these transitions continuously with temperature and
11
are known, but were not observed N <Ny € [Z’E]

really convincingly [difficult!]
" remarks:
= easier [and usually adopted] check of
KTHNY: upper bounds that the theory
sets on the decay exponents of
correlations in the QLRO phases.

= often the transitions are not
continuous but discontinuous, with
coexistence sub-regions

= direct melting [from crystal to fluid]

= In the crystal phase in particular, the can also be observed

two-point correlation function of
positional order decays algebraically



Main results of KTHNY theory

» KTHNY work essentially within linear = Combining the two equations yields

elastic theory, plus energetic/entropic (triangular lattice)
arguments about the nucleation and () (Bt \) 1
binding of dislocati ' — ¢ K _
un. inding of dis o.ca lon.palrs n ICIEBNE < 3
= Spin wave fluctuations give
. 3+ A
= kpT |G|’
N = kpT|G| A (20 + N)

= Melting occurs roughly when entropy
and elastic energy for creating a
dislocation are balanced
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Numerical study of crystals of ABPs

= interactions: = use perfect triangular lattice as initial
mainly pair-wise repulsion condition
= most results obtained with weak local | |
alignment of polarities 016 |
r; = spe(0;) + pir Z(do — Tij) €ij = | =
T Q) e
jri 0.08f R
0; = kY sin(0; — 6;) + /2D, &(t) crystal i
jri |
0 I

02 04 06
K
Basic phase diagram in (x, s,) plane

(u=1.5,d,=D,=1,2,=+3/2)



Numerical study of crystals of ABPs

* phase diagram seems to show
that KTHNY scenario holds..

1
= butn > 3 §
5
= 17 can take very large =
values...

= n~s§ indicates that polarity
field s = spe(@) can be seen
as effective space-time
correlated noise
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Decay of two-point correlation functions in crystal phase
Left: positional order. Right: bond (hexatic order)



Numerical study of crystals of ABPs

» phase diagram seems to show of

that KTHNY scenario holds...

= butn > 1!
~
= 11 can take very large
values...

= n~s¢ indicates that polarity
field s = spe(@) can be seen
as effective temperature, but
with space-time correlations
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Theoretical understanding 003 I

= Spatial power spectra of s confirm increase of k=0.37 S
effective large-scale temperature Tg with k 0.02t

= but only on large scales...
two-temperature picture?

Kk =10.30

~~
~2
~—
N
t
~——"

k=0.25
= Within linear elastic theory, displacement field 0.01p ==
u Obeys K=0.15
ou= A+ p)V(V-u) +pViu+s k=0
N —
= |n equilibrium s is noise; here s obeys ' k

Spatial spectra of s at various k values
Ois = —as + bV?s + o
= u s displacement from perfect crystal positions

with o white noise of variance s¢’D,.p . .05~ 0 b due to alignment



Theoretical understanding

= Spatial power spectra of u can be calculated; 104
good agreement with numerics (included k* tail)
= small-k limit: % |
. - p()\ -+ 3,&) S%Dr ~ i
I k)|?) = )=
a0l = LG aee 2
yields effective Tg = —SO 2D../a? Lol

= rescaling wavenumbers by k*(k) and spectra by a
coefficient c*(x) yields an excellent collapse

Spatial spectra of u at various k values
and collapse using k-varying coefficients



Theoretical understanding
10;‘_

» The product c*(k)k*?(k) provides an estimate of
the prefactor of 1/k? scaling region of u spectra

= Using spinwave expression for 7 yields

1= G Pk

0.1f
= Agreement with direct estimates and i
extrapolation to very high values where direct
measures cannot be performed 10721
(displacements beyond lattice spacing, Oi3 ()i4 015
Bragg peak ill-defined) R

Decay exponent n from direct measures
and using k-varying coefficients



Theoretical understanding

Displacement field u (left) and hexatic order field (right)
Movie of Iarge Crystal (color is orientation, intensity is magnitude)

in strong deformation
regime

= system of size
1536x1536

» (indirect) value of
decay exponent
n=1411

* Maximum |u| Iarger

= Perfect crystal order
without defects




Theoretical understanding
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Let’s now turn to the LR bond order ol ﬁ 4/
[ YAk A
= Equilibrium predicts that | v'::_.‘ )] '
A . A N I V,"* A A A
9600 — th,T—)OO g6 (T) g&i - vv",g : A AAA
i v /¥ A Vi
decreases exponentially with T 5010_2 J E' ey )
A | ;
= We do observe that —log(gg°) ~ sé Y A&
= This suggests the existence of a “bond-order N/ ’
(effective) temperature” Ty = t¢(k, D;)s§ _al /)
10 - - |
107 107 1
. . 2
* To be meaningful, T, must be adjusted to S0
coincide with Ts in the equilibrium D, —» o Variation of asymptotic bond-order value
limit with s,? at various k and D, values

(all straight lines have slope 1)



Theoretical understanding

D, .2 :
522 S0 we define

ts(Dr, Ii) = Ts/S% = DT/QCL2
and adjust t;and t, so that they coincide in
equilibrium

= Since 1g =

= divergence of tsand t, as k increases, but also
with D, even for k=0

* bond temperature t, lower than elastic
temperature s

»wild deformations without unbinding
dislocations

. ——t5(D,, £=0)
0.01 0.1 1 D!

T

0.0 0.2 0.4

Variation of reduced temperatures
tsand t, with k and D,



Summary, remarks, perspectives

= Active crystals can sustain strong = Alignment not crucial; key
spontaneous deformations without ingredient is (time-) persistence of
melting fluctuations

= KTHNY bounds do not apply: = Similar results obtained in systems
melting can occur at arbitrarily large without alignment, with chirality, for
values of n, but also, probably, for passive crystals in active bath, even
n<1/4 for XY model with time-correlated

noise

» Two-temperature picture: local
fluctuations stay weak while large- » Key open problem is whether
scale elastic deformations occur melting transition remains KT-like

Physical Review Letters 131, 108301 (2023)



