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Abstract We consider history-dependent behavior in domain-type configurations in orientational order that
are formed in configurations reached via continuous symmetry-breaking phase transitions. In equilibrium,
these systems exhibit in absence of impurities a spatially homogeneous order. We focus on cases where
domains are formed via (i) Kibble-Zurek mechanism in fast enough quenches or by (ii) Kibble mechanism
in strongly supercooled phases. In both cases, domains could be arrested due to pinned topological defects
that are formed at domain walls. In systems exhibiting polar or quadrupolar order, point and line defects
(disclinations) dominate, respectively. In particular, the disclinations could form complex entangled struc-
tures and are more efficient in stabilizing domains. Domain patterns formed by fast quenches could be
arrested by impurities imposing a strong enough random-field type disorder, as suggested by the Imry-Ma
theorem. On the other hand, domains formed in supercooled systems could be also formed if large enough
energy barriers arresting domains are established due to large enough systems’ stiffness. The resulting
effective interactions in established domain-type patterns could be described by random matrices. The
resulting eigenvectors reveal expected structural excitations formed in such structures. The most impor-
tant role is commonly played by the random matrix largest eigenvector. Qualitatively different behavior is
expected if this eigenvector exhibits a localized or extended character. In the former case, one expects a
gradual, non-critical-type transition into a glass-type structure. However, in the latter case, a critical-like

phase behavior could be observed.

1 Introduction

History-dependent configurations are ubiquitously
formed in diverse physical systems. In particular, they
might also appear in systems that in equilibrium display
a relatively simple order in a phase that is entered via a
symmetry-breaking phase transition [1]. Such systems
often display kinetic-dependent qualitatively different
configurations, where several features display univer-
sal behaviors which are independent of systems’ micro-
scopic details [2, 3]. It is of strong interest to identify
key parameters that dominate such behaviors.

Take for example discontinuous temperature-driven
order—disorder phase transition, which in the lower
symmetry phase exhibits (i) polar or (ii) quadrupolar
(e.g., uniaxial nematic order) [4, 5]. The hallmark exam-
ples of these p-atic orientational order (where p = 1
and p = 2 refer to the polar and quadrupolar order,
respectively) are (i) ferromagnetic—paramagnetic and
(ii) isotropic-nematic liquid crystal (LC) phase tran-
sitions. The mesoscopic-scale order parameter could
be in such cases represented by (i) vector m = ms
and (ii) tensor @ = m(s® 5 — I/3) field [4], where
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|s| = 1. Note that, these order parameters consist of
two qualitatively different contributions: amplitude m
and phase 5. The amplitudes determine the strength
of the established order, whereas phase fingerprints the
symmetry-breaking choice. In the quadrupolar case, the
states +35 are physically equivalent. In bulk equilibrium,
the symmetry broken phases are characterized by spa-
tially homogeneous values of m and s. Furthermore, m
exhibits a unique temperature-dependent value. On the
other hand, § displays infinite degeneracy [4] (i.e., any
symmetry-breaking direction choice is equivalent).
However, complex configurations could be estab-
lished on varying kinetic phase transition paths, par-
ticularly in the presence of impurities (i.e., different
imperfections or the presence of “foreign” elements in
the system). Let us first consider cases following phase
transition quenches, where the phase change is realized
in a relatively short time scale with respect to the rele-
vant amplitude order parameter relaxation time [6]. In
such cases, in well-enough separated regions, different
symmetry-breaking directions are in general selected
due to the finite speed of information propagation [6, 7].
Consequently, domains are formed, within which points
along a similar direction. At domain interfaces, topolog-
ical defects (TDs) are formed [8, 9], corresponding to
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topologically protected localized order parameter dis-
tortions. Due to their topological protection, they could
be eliminated only via the annihilation [10, 11] of rele-
vant defect-antidefect pairs if the field is not melted.
Domain walls and TDs are in general energetically
expensive. Consequently, in common cases, the char-
acteristic linear size of domains grows with time [12,
13], which is enabled by the annihilation of TDs. Note
that, qualitatively different TDs appear for polar- and
quadrupolar-order parameter. The former can exhibit
topologically stable point defects, while the latter can
display in addition also line defects [4].

If the impact of impurities is relatively weak, the
domain growth exhibits a universal scaling law &4 o t7,
where + is the scaling coefficient [12—-14]. For example,
in three-dimensional (3D) nematics, it holds v ~ 3.
But if the interaction with impurities is significant, they
might arrest the domain size growth. Namely, phases
reached via a symmetry-breaking phase transition pos-
sess energy costless Goldstone modes [4], which can be
easily excited. According to the Imry-Ma theorem [15,
16], one of the pillars of statistical mechanics of dis-
order, even an infinitesimally weak random-field type
of disorder destroys long-range order, which is antici-
pated in pure systems. The resulting structure is pre-
dicted to exhibit short-range order, where the char-
acteristic Imry-Ma domain size §C(IIM) x w24 g
determined by the disorder strength w and d stands for
the spatial dimensionality. Note that, subsequent inves-
tigations reveal that for weak enough disorder, quasi-
long-range order or even short-range order might be
established [17-20].

Finally, in slow enough quenches, where the system’s
free energy barrier separating the competing phases at
the phase transition temperature T is large relative to
kgT,. (kp stands for the Boltzmann constant), super-
cooling of the higher symmetry phase could be real-
ized. At low enough temperatures, the energy barrier
(which is decreasing with T) could be overcome. Sim-
ilarly, as for fast quenches, domain-type structures are
expected to form. However, in supercooled cases, the
relevant order parameter times are significantly shorter
and the resulting ordering within domains is expected
to be stiffer.

In summarizing, systems exhibiting a symmetry-
breaking order—disorder phase transition are expected
to exhibit domain-type configurations if they are
reached via fast enough quenches or they are strongly
supercooled in presence of impurities. If topologi-
cal defects are strongly enough pinned [21] (i.e., the
annihilation of TDs is hindered by energy barriers
that are unlikely to be overcome by thermal fluc-
tuations), domain-like structures could be stabilized
for macroscopic scale time regimes, or even corre-
spond to arrested metastable states protected by unsur-
mountable energy barriers. The effective interactions in
such arrested configurations could be approximated by
random-bond-like effective interactions. Furthermore,
such systems are expected to exhibit several univer-
sal features, where some of which could be described
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by random matrices [22, 23]. In the following, we illus-
trate how such approaches could be implemented to
analyze different configurational changes on varying rel-
evant controlled parameters in systems of our interest.

The plan of the paper is as follows. In Sect. 2,
we present common domain-type generic mechanisms.
The resulting configurations experience randomness,
and related effects are analyzed in Sect. 3. In Sect. 4,
we present how these features could yield history-
dependent phenomena. In the last section, we summa-
rize the key features.

2 Domain generating mechanisms

In the following, we illustrate two universal and qual-
itatively different domain generating mechanisms that
are effective in configurations that are reached via a
continuous symmetry-breaking transition. We present
the Kibble [6], Kibble-Zurek mechanism [1], and the
Imry-Ma theorem [15].

2.1 Kibble and Kibble-Zurek mechanism

We first illustrate the derivation of the characteristic
size £ of protodomains that are nucleated via the
universal Kibble [6] and Kibble-Zurek (KZ) [1] mecha-
nism. The Kibble mechanism was originally introduced
in cosmology [6] in order to explain coarsening dynam-
ics of topological defects in the Higgs field in the early
universe. The principal aim of this and consequent lat-
ter investigations has been to study the impact of infla-
tion velocity on the concentration of defects in the early
universe because they might serve as nucleating sites
for galaxies. The two conditions needed for the mech-
anism are (i) continuous symmetry-breaking and (ii)
finite velocity of information propagation. Later, Zurek
suggested [1] that critical slowing down should also play
the important role. The resulting combined effects of (i)
continuous symmetry-breaking, (ii) causality, and (iii)
freezing of ordering close to the relevant phase tran-
sition are referred to as the Kibble-Zurek (KZ) mech-
anism. Validity and fundamental consequences of the
KZ mechanism have been since 1990 intensively stud-
ied in various condensed matter systems [1, 7, 24-30],
in which experiments can be realized and controlled.
Namely, such experiments can not be realized on the
cosmological scale.

Let us consider a fast enough temperature-driven
order—disorder phase transition, where the symmetry
broken phase exhibits a spatially homogeneous orienta-
tional order. For illustration, we consider the case where
the established order is described by the vector order
parameter m = mS$. Due to the finite speed of informa-
tion in well-separated regions, the symmetry-breaking
directions are not correlated. Consequently, a domain-
type pattern is formed. Here, a domain refers to a region
characterized by a similar ordering (i.e., orientations of
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S) within it. At domain intersection, there is large prob-
ability that TDs will be formed. To a good approxi-
mation, the established pattern can be described by a
single characteristic length &;. Note that, the average
separation between nearby defects is also given by &4.
This is the essence of the Kibble mechanism. The first
formed domains are referred to as the protodomains.
Derivation of their characteristic size is described by
the KZ mechanism.

Originally, the KZ mechanism was derived for the
temperature-driven second-order phase transition [1, 6].
The temperature variations are described by the dimen-
sionless temperature

r=(T-T)/T, (1)

where T, stands for the phase transition temperature.
Let us assume linear time variation in temperature
across 1., which is characterized by the quench rate

TQ -
t=—mqor. (2)

where 7o describes the time needed to increase the
temperature from T = 0 to T,.. Close to the second-
order phase transition, the characteristic amplitude-
order parameter relaxation length and relaxation time
obey equations
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where 7 and v stand for the universal critical
coefficients, and 79 and &; determine characteristic
responses deep in the symmetry broken phase. For
example, the mean-field description of the paramag-
netic—ferromagnetic second-order transition yields [1, 4]
n=1and v=1/2.

To estimate the size of protodomains, we assume that
we start from the disordered phase, corresponding to
r > 0 (see Eq. 1). Then we linearly in time approach
the phase transition according to Eq. (2). The max-
imal size of fluctuations exhibiting local order within
the disordered “sea” is estimated by & (see Eq. 3). The
regime corresponding to [¢| > 7 is referred to as the
“impulse” regime, where the dynamic of the system is
fast enough to adapt to changes in temperature. There-
fore, in this regime, we assume that the system exhibits
roughly equilibrium ordering. The qualitative change in
behavior is estimated by the condition, when the time
to reach the phase transition, referred to as the Zurek
time t,, becomes comparable to the relaxation time.
Thus, the Zurek time is defined by the condition [1]

lt=| =, (4)

Taking into account Egs. (2) and (3), it follows

_1
tol ~ (r073) (5)
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In the time regime —|t,| < ¢ < [t;], to which we
referred as the adiabatic regime, the order parameter
dynamics is relatively slow. In our approximate treat-
ment, we set that dynamics is frozen in in this time
interval and that the system falls out of equilibrium.
When the system exits the adiabatic regime at ¢ = |¢,|,
the dynamics unfreezes. Note that, at t = —|t.|, the size
of the largest fluctuation generated clusters exhibiting
ordering is estimated by

wmﬂzg(mr=ﬁj) (6)

For temperatures, corresponding to ¢t < 0, such clus-
ters are unfavorable. One assumes that on crossing
the temperature interval {—|r.|,|r.|}, corresponding to
the adiabatic regime, the correlation length is frozen
due to dynamical slowing down. On exiting this inter-
val, the fluctuations unfreeze at = [t,|. At the corre-
sponding temperature, the clusters exhibiting orienta-
tional order become energetically favorable and tend to
expand. Therefore, the initial size &, of domains, com-
monly referred to as the protodomains, is estimated by
&y = €M) Tt follows [1]

&~ & <TQ> Hn. (7)
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For n =1 and v = 1/2, one obtains [30]

1/4
[t.| ~ /ToTq, & = fo(:_f) . (8)

2.2 Imry-Ma theorem

We next consider a possible static source of disor-
der. The Imry-Ma theorem [15] claims that even an
infinitesimally weak random-field type disorder breaks
the system into a domain-type pattern exhibiting short-
range order. The corresponding characteristic domain

length fC(IIM) reveals the compromise between elastic
and random-field tendencies. The former favors spa-
tially homogeneous order and the latter tends to align
the nematic field along a local random-field enforced
orientation.

To express fC(lIM) in terms of material parameters,
let us consider an average domain of volume V4 and
estimate the key free energy contributions within it.
We use a minimal continuum type model describing an
ensemble of spins 5, where [5] = 1. We set that they
tend to be aligned homogeneously along a symmetry-
breaking direction in absence of disorder. In addition,
we introduce a random-field term that enforces locally
randomly selected orientation €, and |é] = The resulting
free energy density is expressed [15, 20] as f = fe+ frF :

K <.
fe=5|V3f, (9)

@ Springer
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W ..
frr = —?Pn(e's). (9b)

The elastic term f. enforces homogeneous orienta-
tional order and is weighted by a positive elastic con-
stant K. The random-field contribution frg is weighted
by a positive constant W, P, stands for the Legen-
dre polynomial of order n and enforces locally orienta-
tion along €. The cases n = 1 (Pi(z) = z) and n = 2
(P2(z) = (3z2 — 1) /2) refer to systems exhibiting polar
and nematic orientational order, respectively.

We focus on an average domain of volume V; ~ (fd)d7
where £; stands for the characteristic linear domain
size. The corresponding average domain free energy
penalty is approximated by [20]

Vd(K_

where the overbar (...) stands for the spatial average
within V;, whose average orientation is determined bys.
According to the central limit theorem, it holds [4, 15]
P,(é-8) ~ 1/\/Ngl7 where Ny ~ (§d/aRF)d estimated
number of € random reorientations within V;, where the
average separation of nearby reorienting sites is given
by arr. The size §;IM) is obtained by balancing the elas-
tic and random-field interactions. From the requirement
AF,; =0, one obtains [15, 20]

_2

K 4—d

M = . (11)
‘ Wagly

Therefore, in 2D and 3D systems, it holds §((iIM) ~

K and §§IM) ~ ( K

WaRF 1/1/(1‘?{/F2

2
) , respectively.

3 Random-field favored configurations

We further discuss nature of excitations [4, 22, 23, 31]
that are enabled by effective interactions within the sys-
tem. For illustrating purposes, we use the simplest pos-
sible toy model.

We originate from the Ising lattice model in a trans-
verse field in the Cartesian system (z, y, z), which is
defined by the unit vector triad (é;,é,,é,). The local
orientation at the ¢-th site is determined with pseu-
dospins §;, to which we henceforth refer to as spins.
Furthermore, in domain-type patterns, these spins rep-
resent average orientation within each domain. Com-
plex interdomain interactions are described by interac-
tion matrix.J. The matrix component J;; describes the
interaction between i-th and j-th spin (i.e., domain).
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We express the dimensionless interaction energy of N-
interacting spins as [32-34]

W:—%ZZJijsfsj—QZsf. (12)
7 J 1

We treat 5; as a classical unit vector and we use XY-
type model, where the orientation of spins is confined to
the Cartesian (z, z) plane. Cases J;; > 0 (J;; < 0) favor
parallel (antiparallel) alignment of spins along the z-
axis. The transverse field ) plays the role of an external

ordering field O = Qe,. In the limit Q — oo and finite
values of J;;, spins are homogeneously aligned along €.

Furthermore, in our approximate treatment, we ana-
lyze conditions at zero temperature (i.e., we neglect
thermal fluctuations). We parametrize spins in terms
of angles 0; (i.e., scalars u; = cosb;) as

§; = cosb;é, +sinb;é, = u;é, + A/ 1-— uféz (13)

In the following, we study how ordering imposed by
interactions J;; is established on decreasing {2 where we
start from the limit @ — oo, where it holds 5; = €, (i.e.,
u; = 0). We focus on the regime where the spins begin
to depart from the z-axis alignment, and we assume
|u;] < 1. Consequently, we can expand W in terms of
small values of w;.

It follows

1 2 4
WN_§Zi Zj J”“i“j_gz< _UQZ_%)
Q
W@
=W +3 Ez uj,

where we took into account all the terms up to the
fourth order in u;.

Note that, the minimization of W (i.e., harmonic
term) yields the equilibrium equation Zj Jiju; = Quy,
which we express in the matrix notation as

JaN) = Qa™. (15)
where  the  N-dimensional  vector —a(V) =
(u1,us,us, ... uy) approximates the configuration

of spins that are slightly misaligned from the e,
direction, and J = {J;;} stands for the interaction
matrix. Equation (5) is solved for eigenvectors a(™ of
J:

Ja™ = Qa0 (16)

where (2, stands for eigenvalues, and eigenvectors are
normalized and orthogonal. It holds

S u™ " = G, (17)
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and &, stands for the Kronecker symbol.
For relatively large values of €2, it is sensible to
expand V) in terms of J eigenvectors as

AN =" A, (18)

where A,,, is the measure amplitudes of modes.

Taking into account the expansion Eq. (18) and
ortho-normal condition Eq. (17) in the expression for
W (Eq. (14)), we get a Landau-type expansion in terms
of excitation mode amplitudes

W:—NQ+12A2 Q- Q)

+ - ZZZZUWMA An AR Ay 19)

where

Q m n
3 Zug )ug )ugk)ugl). (20)

i

Omnkl =

3.1 Configurational changes on varying €2

In the following, we study configurational evolution on
decreasing the external ordering field strength 2. In the
first step, we neglect the interaction among competing
modes. Afterward, we analyze the interaction between
two modes and estimate threshold conditions leading
to structural transformations.

3.1.1 Independent modes

We first neglect couplings among modes. It follows

W~NQ+Z( A2 (Q— Q) + A4am)

(21)
where we introduced quantities
Q m
Om = 55;5 ), (22)
Fm =3 u™", (23)

where n € {1,2,4}. Note that ¢, > 0 and F2(m) =1
because to modes are normalized.

Minimization of W with respect to mode amplitudes
yields

AV >, =0, AV <0, =V (Qn — Q)/om.

(24)
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where the superscript (0) indicates that the modes are
decoupled. It follows that on decreasing €2, the m-th
mode condensates via a second-order-type structural
transformation at Q = €,,. The total response of the
system along the z-axis is given by Eq. (18).

3.1.2 Coupled modes

Next, we consider coupling among the modes, which
is in general enabled by the last (fourth-order) term
of Eq. (14). For analytical purposes, we limit to cases
when only two modes mutually compete, i.e.:

1 2
W:—NQ+§ZAm(Q—Qm)

+ Z(amA + > (ApmiAm A} + 3y AL, Al)>

I£m
(25)

Q (m), ()3 Q (m)2, (12
Mml = Ezzzuz U; " Yml = 5212% U; " -

(26)

For Q@ > 0, it holds ¢,, > 0 and ~,; > 0. On
the contrary, contributions p,, might be also nega-
tive. Furthermore, these terms are in general smaller
with respect to oy, and ~,,; values because the sum-
ming contributions in p,,; could be of opposite sign.
Despite this, the latter terms might affect the qualita-
tive behavior of the system and give rise to hysteresis
behavior. Namely, these terms are the only contribu-
tions in Eq. (25) that are sensitive to relative orienta-
tion (i.e., the sign of amplitudes) of modes.

An equilibrium (meta) stable configuration, in which

two (i.e., m-th and I-th) modes are opened, satisfies
; oW W *w ’w
equations 77— = 8Az = 0, oAz, = ‘gaz > 0, and

°W *wW *w ips
942, 9AZ — <8Am8AL > 0. The condition, where such

a configuration becomes unstable, is determined by

2 2 2 2
OW N\ _OWOW (27)
9A,0A, DA2, DA:
where
aaTW — (0= Q) Ay + o AP,
+ p (A} +34,A2) + 37A, A7, (28a)
2
gAVQV — (= ) + 30m A%, + 6pA Al + 3vA2,
m (28b)
92w
AL " 3u(Af + A%) +67An A, (28¢)

and for simplicity, we set v ~ V1, and g ~ -
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3.1.3 Destabilization of parallel
and “antiferromagnetically” coupled localized modes

Next, we derive an estimate for the critical condition for
which “antiferromagnetic” coupled (i.e., ;1 > 0) modes
become unstable. For illustration purposes, we set that
the mode amplitudes are equal, i.e., A; = A,, = A.

We originate from the cubic equation aaTV,V = 0 (see

Eq. 28a) and we solve it by expanding A about the
independent mode solution (see Eq. 24). It follows

dp+3
o A [ ZHTOY
A~ A (1 25 ) (29)

where 8 = (,, ~ ;. This equation suggests that the
coupling between the modes diminishes their ampli-
tude. We insert this results into the stability condition
Eq. (27), which yields the critical condition

B =6(u+ ) (30)

This condition could be fulfilled only if the overlap
between the modes is large enough. To illustrate this,
we set that both modes are localized and we model
them using a one-dimensional ansatz

ul(-m) ~ e 1B Tml/Em (31)

where x; determines the i-th spin site, which is localized
at x,,, &, describes its localization length, and ¢, in
an amplitude (note that, the normalization condition
Eq. (17) should be fulfilled). In our estimate, we set that
the modes have the same shape, i.e., £ =&, ~ &. Using
the ansatz Eq. (31) in Eq. (30) yields the condition

|z — xm|/€ ~ 0.7. (32)

This relation reveals under what circumstances an
initially parallel (i.e., they both have positive ampli-
tudes) modes which are “antiferromagnetically” cou-
pled become unstable. One sees that the instability
occurs if they are close enough with respect to their
localization length.

3.1.4 Mutual immobilization of coupled extended modes

We next analyze coupling between extended (i.e., non-
localized) modes. We show that on decreasing €2, in
general, the first extended opened mode hinders open-
ing of the later extended modes.

To illustrate this, we consider value of 2 where only
one mode (A,, = Aj) is open, and conditions are
such that it is extended. To estimate its amplitude, we
assume that its structural configuration is Gaussian. It

follows Ffll) ~ % and (see Eq. 24)

IN(Q; — Q)

A(O) -~
! 3

(33)
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Then, we decrease € slightly below the second largest
eigenvalue (2. In this case, the system energy is deter-
mined by Eq. (25), where only two modes are open (i.e.,
A = Ay, A = As), and we neglect the term weighted
by ttmi- In the equilibrium, it holds

ow :
0= —— ~ (Q—0)Ay + A3 +3yA24,, (34)
0A,
where we assume § = (1 ~ [z and v = 71 ~ 7.

Nonzero solutions of Eq. (23) read

Ay =1/ (Q — Q- 3743) /5. (35)

Let us set 2 ~ Q9 and for Gaussian distribution of
mode components, one obtains v ~ /(2N) and it fol-
lows

2N
A3 ~ B—Q(Q2 - <0. (36)

Thus, the second mode cannot open.

3.2 Eigenvector and eigenvalues of the interaction
matrix

Below, we illustrate numerically behavior which is com-
monly observed in systems whose key features are
described by random matrices [34-36]. We claim that
the latter well describe dominant properties in domain-
type configurations.

For sake of simplicity, we limit to one-dimensional
systems, where we consider different ranges of inter-
actions. In such a way, we mimic roughly higher-
dimensional systems in which systems’ elements inter-
act with a larger number of neighbors. As testbed sys-
tems, we treat cases where (i) first neighbors, (ii) n-
neighbors, and (iii) all N elements (i.e., infinite range)
interact. We remind that in domain-type patterns, spins
represent “scaled” objects (i.e., the i-th spin §; fin-
gerprints the average orientation of the i-th domain).
Note that, the stability of domains results from pinned
topological defects [8, 37, 38]. Different types of local-
ized topologically stable defects that can be present
are determined by the symmetry of the system [4,
39, 40]. For example, systems described by a vector
orientational-order parameter (e.g., magnetic or elec-
tric ordering) can exhibit only point defects. On the
other hand, systems exhibiting nematic symmetry pos-
sess also line defects, which present in general domain-
type patterns most abundant [12] TDs. In cases dom-
inated by point defects, one expects relatively strong
coupling only among adjacent domains. On the other
hand, in presence of line defect, also, relatively well-
separated domains could be correlated, giving rise to
an effectively longer range of order.

As a reference, we consider an unperturbed system
in which the nonzero pair interactions are equal to
Jij = J = 1. In these cases in the equilibrium, all
the spins (independent of the range of interaction) are
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aligned along the positive or negative z-axis direction.
This solution equals the J eigenvector corresponding
to the largest eigenvalue. In addition, we consider also
random matrices. We study two qualitatively different
random distributions in J;; values. We either randomly
chose J;; values in the interval [0, 1] or [— 1, 1]. We
refer to these cases as “glass” and “spin-glass” matri-
ces, respectively.

The structural details of the mode eigenvectors can
be inferred from values of F’ fm) and F, 4(m). Let us assume
that N(™) spins are “opened” (i.e., the orientation of
these spins deviates from the z-axis) in the m-th mode.
We henceforth refer to such an assembly as a cluster if
N() <« N and the opened sites are connected. Owing

to the normalization of modes, it roughly holds u HON
+1/VN) (ie., F{™ = 1). Consequently, the value of
Fim) fingerprints the m-th mode cluster size:

1/F{™ ~ N (37)

Furthermore, the value of F\™ is expected to be rela-

tively small with respect to V' N (™) if the mode exhibits
oscillations about zero.

In Fig. 1 (J;; € [0,1]) and Fig. 2 (J;; € [—1,1]), we
plot the first four modes (corresponding to the first,
second, third, and fourth largest eigenvalue ,,) that
open on decreasing ), where the number of interacting
neighbors equals to (a) 4, and (b) N. One sees that for
both “glass” and “spin-glass” matrices, these modes
are localized for the case (a). Note that, the overlap
between these clusters is in general negligible (see
Figs. 1a, 2a). Therefore, in these cases, the modes are
effectively decoupled and do not hinder each others
growth if the relevant parameter (in this case 2) varies.
On the contrary, if the range of interactions is large
enough, all the modes are extended, see Figs. 1b, 2b.
Consequently, in this case, the modes are strongly
coupled.

Note that, the general features of “glass” and “spin-
glass” matrices are similar. This is well manifested in
the distribution of eigenvalues P(,,) (Figs. 3, 4) and
values of 1/Fflm) (Figs. 5, 6) as a function of ,,
the case of short-range interactions (first neighbors and
1D), both P(f,,) distributions exhibit a singularity
at Q,, = 0. It fingerprints appearance of nonlocalized
states. This anomaly was first observed by Weissmann
[41] who studied electron states in the tight-bounding
approximation with randomly distributed atoms within
the crystal lattice, which illustrates the universality of
the phenomenon. In fact, this phenomenon is related to
the “famous” Anderson localization [42, 43]. The char-
acter of modes strongly changes on varying the number
of neighbors. For a larger number of neighbors, the cen-
tral anomaly in P({,,) vanishes and nonlocalized states
appear at finite values of €2,,. Note that, the character

of states could be well inferred from 1/F flm). Figures 5b,
6b illustrate that for the infinite range of interactions,
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all the modes are nonlocalized. The corresponding dis-
tribution of eigenvalues is in this case well described by
the Wigner distribution [22]

2
o Jeroe2. (38)

P(I] < 10]) = —

4 Discussion

We consider possible origins of domain-type config-
urations that are metastable or arrested on macro-
scopic time scales, exhibiting glass-like features, in sys-
tems that in “normal” conditions exhibit long-range
orientational order in a temperature-driven symmetry-
breaking phase transition. We present qualitatively dif-
ferent domain generating mechanisms in such systems,
that might also appear mutually. These are (i) fast
enough quenches, described by the universal Kibble-
Zurek (KZ) mechanism [1], (ii) supercooling phase
transformations, described by the Kibble mechanism
[6], and (iii) Imry-Ma mechanism [15].

Note that, the KZ mechanism was originally derived
for the second-order phase transition. However, it could
be applied also to weakly first-order phase transition,
e.g., isotropic-nematic LC phase transition [30]). The
necessary condition is that the “freezing” condition is
realized (i.e., one can introduce the Zurek time, see
Eq. (4)). This requirement supplements the two condi-
tions for the appearance of the Kibble mechanism: the
existence of continuous symmetry-breaking phase tran-
sition and the finite speed of information propagation.
The characteristic linear size of resulting protodomains,
that are nucleated below the phase transition temper-
ature is determined by the quench rate. Note that,
after the domains “unfreeze,” they start to grow. In
the presence of impurities, which are coupled to the
relevant phase ordering field [4], an effective random-
field could be stabilized if the coupling is strong enough
[20]. Consequently, the domain pattern could persist in
a metastable state.

Similarly, domain-type structures could appear in
supercooled first-order phase transitions. In this case,
we define the reduced temperature as r = T;*T , where
T™* stands for the supercooling temperature. These sys-
tems should experience low enough perturbations so
that supercooling is possible. In such cases, a sys-
tem experiences local jumps into the ordered phase
well below the equilibrium phase transition tempera-
ture T,, where the energy barrier between the compet-
ing phases could be overcome via thermal fluctuations.
Owing to the universal Kibble mechanism, domain pat-
tern is expected. In this case, domains might remain
arrested even in relatively pure samples, where impuri-
ties are weakly coupled with the relevant order param-
eter. Namely, at low enough temperature, the system
might be stiff enough to enable unsurmountable energy
barriers [44].

@ Springer
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Fig. 1 First four opened modes 4(™ (corresponding to the
first, second, third, and fourth largest eigenvalue) for a four
first neighbors, and b N coupled neighbors (infinite inter-
action range). J;; € [0,1], 1D, N = 3000. The plot shows
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Fig. 2 First four opened modes atm (corresponding to the
first, second, third, and fourth largest eigenvalue) for a four
first neighbors, and b N coupled neighbors (infinite inter-
action range). J;; € [—1,1], 1D, N = 3000. The plot shows
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values of ugm) along the z-axis. The vertical axis is scaled
in arbitrary units (ie., >, ugm)Q =1)



Eur. Phys. J. E (2022) 45:70

(a)
1.0 n
0.8
0.6
g
c
Q ' i
0.4 ‘% n ZII é?
ANAr 0 all Hal Mokl Hn 1 r AN P
D I A0 A LN P
%/ W W 7
0.2 '/
i! f
g
0.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
o
Fig. 3
= 3000
(a)
1.0
]
0.8

Page 9 of 14 70

0.020
0.015

. f

g

<] 1

& 0.010
0.005
0.000 -30 -20 -10 0 10 20 30

Qn

Distribution of eigenvalues for a first neighbors, b N coupled neighbors (infinite interaction range). J;; € [0, 1], N

0.010

0.008

& 0.006

0.004

0.002

0.000

Fig. 4 Distribution of eigenvalues for a first neighbors, b N coupled neighbors (infinite interaction range). J;; € [—1,1], N

= 3000

The potential stabilization of domains strongly
depends on the symmetry of the order parameter [4].
Structures described by vector order parameters could
exhibit point defects. On the contrary, the quadrupo-
lar symmetry allows also line defects. Domain pattern’s
growth is enabled by the annihilation of appropriate
defects and antidefects. If line defects are present, this
process is less probable. The resulting domains tend to
grow with time [13, 14, 25], however, in the presence
of impurities, their growth could be arrested. Impuri-
ties could strongly pin topological defects or even create

additional TDs. This is well manifested in recent studies
in LC phases perturbed by colloids [45-47], nanoparti-
cles [48-52], or by surface imperfections [53]. The fun-
damental ingredient stabilizing and pinning topological
defects seem to be curvature [54-63] and elastic terms
supporting excitations exhibiting Gaussian curvature in
a relevant physical field [64-71].

The resulting domain pattern might be presented as
an ensemble of randomly interacting effective spins,
where the latter represents an average orientation
within a domain. Within such a complex system, the
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interaction among the spins is strongly influenced by
topological defects that are formed at domain bound-
aries. Essential universal energy-related features of
resulting configurations can be described by random
matrices. The corresponding eigenvectors of matri-
ces reveal patterns that such interaction intrinsically
favors. Their character might have a strong impact on
the resulting structural changes when relevant control
parameters are changed (e.g., temperature). Note that,
several studies reveal that the essential behavior of such

@ Springer

systems is weakly dependent on detail interaction char-
acter [34-36]. For this reason, we use a relatively sim-
ple description, where the scaled interaction strength of
mutually coupled spins either varies within the interval
[— J, J] or [0, J], where J ; O describes the maximal
coupling strength favoring local parallel orientation of
interacting units. These cases roughly mimic the behav-
ior in systems exhibiting polar and quadrupole interac-
tions, respectively. Of particular importance are eigen-
vectors corresponding to the largest matrix eigenvalue
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[36]. Namely, in general, they correspond to configura-
tions that exhibit minimal energy penalty. The essential
properties of these states are determined by the range of
interactions within a system and spatial dimensionality,
which both increase the number of mutually interacting
system elements. In our model via mimic these effects
just by increasing the number of interaction neighbors.
The key features of such systems are as follows. In sys-
tems where few elements interact by random interac-
tions display localized eigenvalues occur. On varying
relevant parameters, one expects that different local-
ized eigenmodes could be opened because the overlap
between the competing modes is expected to be rela-
tively low. Such systems are expected to show gradual
non-critical evolution of order on varying relevant con-
trol parameters (e.g., temperature). On the other hand,
if eigenmodes are nonlocalized, a critical-like behavior
might be observed. Namely, the firstly opened mode
is expected to hinder the opening of other competing
modes, which promote different configurations.

5 Conclusions

In the paper, we summarized common conditions
that might stabilize domain-type structures in sys-
tems, which are under normal conditions expected to
exhibit spatially homogeneous orientational order. In
such systems, one expects several universal features
which depend on the symmetry of order parameter
and range of effective interactions within the system.
We showed that domains are almost inevitable formed
in continuous symmetry-breaking phase transitions if
either quenched or strongly supercooled systems. In
the former case, impurities are needed to pin topo-
logical defects and consequently stabilize domains. In
the latter case, which appears only in first-order phase
transitions, structures could be stabilized also if stiff
enough order is formed. In either case, stabilization of
domains is more effective if line defects could exist.
The resulting general character of domain-type con-
figurations could be inferred from behavior of random
matrices, which mimic energetics of such structures
entangled by essentially random network of topologi-
cal defects. The related eigenvectors, corresponding to
relatively large eigenvalues, are in general expected to
have the strongest impact. If these states are localized,
one expects gradual evolution of order on varying a
relevant control parameter (e.g., temperature). If the
states are extended (nonlocalized), critical-like behavior
might emerge. We plan to perform research to illustrate
these effects also quantitatively by matching results of
selected well-defined experimental systems and numer-
ical studies using well-defined model which is designed
to model experimentally measured quantities.

Acknowledgements The authors acknowledge support
from the Slovenian Research Agency grants P1-0099
and J1-2457. SJR and ADR were also supported by

Page 11 of 14 70

the National Centre for Science (Poland): ref. UMO-
2017/25/B/ ST3/02458, headed S. J. Rzoska. Szymon Star-
zonek would like to thank the National Science Center for
support from grant no. 2019/32/T/ST3/00621. The paper
is associated with the International Seminar on Soft Matter
& Food—Physico-Chemical Models € Socio-Economic Par-
allels, 1st Polish-Slovenian FEdition, Celestynéw, Poland,
22-23 Nov., 2021; directors: Dr. hab. Aleksandra Drozd-
Rzoska (Institute of High Pressure Physics PAS, Warsaw,
Poland) and Prof. Samo Kralj (Univ. Maribor, Maribor,
Slovenia)

Author contribution statement

The authors collaborated equally.
Data availability Raw data are available by personal
request.

Open Access This article is licensed under a Creative
Commons Attribution 4.0 International License, which per-
mits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropri-
ate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indi-
cate if changes were made. The images or other third
party material in this article are included in the arti-
cle’s Creative Commons licence, unless indicated other-
wise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and
your intended use is not permitted by statutory regu-
lation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

References

1. W.H. Zurek, Cosmological experiments in superfluid
helium? Nature 317, 505-508 (1985). https://doi.org/
10.1038/317505a0

2. L. Berthier, M.D. Ediger, Facets of glass physics. Phys.
Today 69, 1-40 (2016). https://doi.org/10.1063/PT.3.
3052

3. K.H. Nagamanasa, S. Gokhale, A.K. Sood, R. Ganapa-
thy, Direct measurements of growing amorphous order
and non-monotonic dynamic correlations in a colloidal
glass-former. Nat. Phys. 11, 403-408 (2015). https://
doi.org/10.1038 /nphys3289

4. M. Kleman, O.D. Lavrentovich, Soft Matter Physics: An
Introduction, 1st edn. (Springer, New York, 2004)

5. J. Park, T.C. Lubensky, F.C. MacKintosh, N-atic order
and continuous shape changes of deformable surfaces of
genus zero. Europhys. Lett. 20(3), 279-284 (1992)

6. T.W.B. Kibble, Topology of cosmic domains and
strings. J. Phys. A Math. Gen. 9, 1387-1398 (1976)

7. A. Keesling, A. Omran, H. Levine, H. Bernien, H. Pich-
ler, S. Choi, R. Samajdar, S. Schwartz, P. Silvi, S.
Sachdev, P. Zoller, M. Endres, M. Greiner, V. Vuletié,
M.D. Lukin, Quantum Kibble-Zurek mechanism and

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/317505a0
https://doi.org/10.1063/PT.3.3052
https://doi.org/10.1038/nphys3289

70 Page 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

critical dynamics on a programmable Rydberg simu-
lator. Nature 568, 207-211 (2019). https://doi.org/10.
1038/s41586-019-1070-1

N.D. Mermin, The topological theory of defects in
ordered media. Rev. Mod. Phys. 51, 591 (1979).
https://doi.org/10.1103/RevModPhys.51.591

G.E. Volovik, O.D. Lavrentovich, Topological dynamics
of defects: boojums in nematic drops. J. ETP 58(6),
1159-1167 (1983)

D. Svensek, S. Zumer, Hydrodynamics of pair-
annihilating disclination lines in nematic liquid crys-
tals. Phys. Rev. E 66, 021712 (2002). https://doi.org/
10.1103/PhysRevE.66.021712

M. Svetec, S. Kralj, Z. Brada¢, S. Zumer, Annihilation
of nematic point defects: pre-collision and post-collision
evolution. Eur. Phys. J. E 20, 71-79 (2006). https://
doi.org/10.1140/epje/i2005-10120-9

J.L. Billeter, A.M. Smondyrev, G.B. Loriot, R.A.
Pelcovits, Phase-ordering dynamics of the Gay-Berne
nematic liquid crystal. Phys. Rev. E 60, 6831 (1999).
https://doi.org/10.1103/PhysRevE.60.6831

Z. Brada¢, S. Kralj, S. Zumer, Molecular dynamics
study of the isotropic-nematic quench. Phys. Rev. E
65, 021705 (2002). https://doi.org/10.1103 /PhysRevE.
65.021705

A.J. Bray, Theory of phase-ordering kinetics. Adv.
Phys. 43, 357-459 (1994). https://doi.org/10.1080/
00018730110117433

Y. Imry, S. Ma, Random-field instability of the
ordered state of continuous symmetry. Phys. Rev.
Lett 35, 1399-1401 (1975). https://doi.org/10.1103/
PhysRevLett.35.1399

A.l. Larkin, Effect of inhomogeneities on structure of
mixed state of superconductors. Sov. Phys. JETP 31,
784-791 (1970)

J. Chakrabarti, Simulation evidence of critical behav-
ior of isotropic-nematic phase transition in a porous
medium. Phys. Rev. Lett. 81, 385 (1998). https://doi.
org/10.1103/PhysRevLett.81.385

D.E. Feldman, Quasi-long range order in glass states of
impure liquid crystals, magnets, and superconductors.
Int. J. Mod. Phys. B 15, 2945-2976 (2001). https://doi.
org/10.1142/S0217979201006641

T. Giamarchi, P. Le Doussal, Elastic theory of flux lat-
tices in the presence of weak disorder. Phys. Rev. B 52,
1242-1270 (1995). https://doi.org/10.1103/PhysRevB.
52.1242

A. Ranjkesh, M. Ambrozi¢, S. Kralj, T.J. Sluckin, Com-
putational studies of history dependence in nematic
liquid crystals in random environments. Phys. Rev. E
89, 022504 (2014). https://doi.org/10.1103/PhysRevE.
89.022504

C. Zhou, C. Reichhardt, C.J. Olson Reichhardt, I.J.
Beyerlein, Dynamic phases, pinning and pattern forma-
tion for driven dislocation assemblies. Sci. Rep. 5, 8000
(2015). https://doi.org/10.1038/srep08000

E. Wigner, Characteristic vectors of bordered matri-
ces with infinite dimensions. Ann. Math. 62, 548-564
(1955). https://doi.org/10.2307/1970079

M.L. Mehta, Random Matrices, 3rd edn. (Elsevier, Aca-
demic Press, Amsterdam, 2004)

@ Springer

24

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Eur. Phys. J. E (2022) 45:70

. L. Chuang, R. Durrer, N. Turok, B. Yurke, Cosmology in
the laboratory: defect dynamics in liquid crystals. Sci-
ence 251, 1336 (1991). https://doi.org/10.1126/science.
251.4999.1336

I. Chuang, B. Yurke, A.N. Pargellis, N. Turok, Coars-
ening dynamics in uniaxial nematic liquid crystals.
Phys. Rev. E 47, 3343 (1993). https://doi.org/10.1103/
PhysRevE.47.3343

P.C. Hendry, N.S. Lawson, R.A.M. Lee, P.V.E. McClin-
tock, C.D.H. Williams, Generation of defects in super-
fluid *He as an analogue of the formation of cosmic
strings. Nature 368, 315-317 (1994). https://doi.org/
10.1038/368315a0

M.E. Dodd, P.C. Hendry, N.S. Lawson, P.V.E. McClin-
tock, C.D.H. Williams, Nonappearance of Vortices in
fast mechanical expansions of liquid 4He through the
lambda transition. Phys. Rev. Lett. 81, 3703 (1998).
https://doi.org/10.1103/PhysRevLett.81.3703

S. Digal, R. Ray, A.M. Srivastava, Observing correlated
production of defects and antidefects in liquid crystals.
Phys. Rev. Lett. 83, 5030 (1999). https://doi.org/10.
1103 /PhysRevLett.83.5030

E. Kavoussanaki, R. Monaco, R.J. Rivers, Testing the
Kibble-Zurek scenario with annular Josephson tun-
nel junctions. Phys. Rev. Lett. 85, 3452-3455 (2000).
https://doi.org/10.1103/PhysRevLett.85.3452

Z. Brada¢, S. Kralj, S. Zumer, Early stage domain
coarsening of the isotropic-nematic phase transition. J.
Chem. Phys. 135, 024506 (2011). https://doi.org/10.
1063/1.3609102

J.V. Selinger, Interpretation of saddle-splay and the
Oseen-Frank free energy in liquid crystals. Liq. Cryst.
Rev. 6(2), 129-142 (2018). https://doi.org/10.1080/
21680396.2019.1581103

P.M. Chaikin, T.C. Lubensky, Principles of Con-

densed  Matter Physics  (Cambridge  University
Press, Cambridge, 1995). https://doi.org/10.1017/
CBO9780511813467

P.A. Lebwohl, G. Lasher, Nematic-liquid-crystal

order—a Monte Carlo calculation. Phys. Rev. A 6, 426
(1972). https://doi.org/10.1103/PhysRevA.6.426

P. Bleher, A. Its, Semiclassical asymptotics of orthog-
onal polynomials, Riemann-Hilbert problem, and uni-
versality in the matrix model. Ann. Math. 150(2),
185-266 (1999). https://doi.org/10.48550/arXiv.math-
ph/9907025

M. Caselle, U. Magnea, Random matrix theory and
symmetric spaces. Phys. Rep. 394(2-3), 41-156 (2004).
https://doi.org/10.1016/j.physrep.2003.12.004

C.A. Tracy, H. Widom, Correlation functions, cluster
functions, and spacing distributions for random matri-
ces. J. Stat. Phys. 92, 809-835 (1998). https://doi.org/
10.1023/A:1023084324803

0O.D. Lavrentovich, Topological defects in dispersed
words and worlds around liquid crystals, or liquid crys-
tal drops. Lig. Cryst. 24, 117-126 (1998). https://doi.
org/10.1080/026782998207640

S. Meiboom, J.P. Sethna, P.W. Anderson, W.F.
Brinkman, Theory of the blue phase of cholesteric liquid
crystals. Phys. Rev. Lett. 46, 1216 (1981). https://doi.
org/10.1103/PhysRevLett.46.1216

P.E. Cladis, M. Kléman, Non-singular disclinations
of strength S = + 1 in nematics. J. Phys. France


https://doi.org/10.1038/s41586-019-1070-1
https://doi.org/10.1103/RevModPhys.51.591
https://doi.org/10.1103/PhysRevE.66.021712
https://doi.org/10.1140/epje/i2005-10120-9
https://doi.org/10.1103/PhysRevE.60.6831
https://doi.org/10.1103/PhysRevE.65.021705
https://doi.org/10.1080/00018730110117433
https://doi.org/10.1103/PhysRevLett.35.1399
https://doi.org/10.1103/PhysRevLett.81.385
https://doi.org/10.1142/S0217979201006641
https://doi.org/10.1103/PhysRevB.52.1242
https://doi.org/10.1103/PhysRevE.89.022504
https://doi.org/10.1038/srep08000
https://doi.org/10.2307/1970079
https://doi.org/10.1126/science.251.4999.1336
https://doi.org/10.1103/PhysRevE.47.3343
https://doi.org/10.1038/368315a0
https://doi.org/10.1103/PhysRevLett.81.3703
https://doi.org/10.1103/PhysRevLett.83.5030
https://doi.org/10.1103/PhysRevLett.85.3452
https://doi.org/10.1063/1.3609102
https://doi.org/10.1080/21680396.2019.1581103
https://doi.org/10.1017/CBO9780511813467
https://doi.org/10.1103/PhysRevA.6.426
https://doi.org/10.48550/arXiv.math-ph/9907025
https://doi.org/10.1016/j.physrep.2003.12.004
https://doi.org/10.1023/A:1023084324803
https://doi.org/10.1080/026782998207640
https://doi.org/10.1103/PhysRevLett.46.1216

Eur. Phys. J. E (2022) 45:70

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

33, 591-598 (1972).
01972003305-6059100
P. Oswald, P. Pieranski, Nematic and Cholesteric Liquid
Crystals; Concepts and Physical Properties Illustrated by
Ezxperiments, 1st edn. (CRC Press, Boca Raton, 2005)
M. Weissmann, N.V. Cohan, Density of states of a
one-dimensional system with off-diagonal disorder. J.
Phys. C 8(9), L145 (1975). https://doi.org/10.1088/
0022-3719/8/9/017

P.W. Anderson, Ill Consensed Matter (North Holland,
Amsterdam, 1978)

P.W. Anderson, Absence of diffusion in certain random
lattices. Phys. Rev. 109, 1492 (1958). https://doi.org/
10.1103/PhysRev.109.1492

R. Teerakapibal, C. Huang, A. Gujral, M.D. Ediger,
L. Yu, Organic Glasses with tunable liquid-crystalline
order. Phys. Rev. Lett. 120, 055502 (2018). https://
doi.org/10.1103/PhysRevLett.120.055502

P. Poulin, H. Stark, T.C. Lubensky, D.A. Wietz, Novel
colloidal interactions in anisotropic fluids. Science 275,
1770-1773 (1997). https://doi.org/10.1126/science.275.
5307.1770

D. Pires, J.B. Fleury, Y. Galerne, Colloid particles in
the interaction field of a disclination line in a nematic
phase. Phys. Rev. Lett. 98, 247801 (2007). https://doi.
org/10.1103/PhysRevLett.98.247801

T.C. Lubensky, D. Pettey, N. Currier, H. Stark, Topo-
logical defects and interactions in nematic emulsions.
Phys. Rev. E 57, 610 (1998). https://doi.org/10.1103/
PhysRevE.57.610

H. Kikuchi, M. Yokota, Y. Hisakado, H. Yang, T.
Kajiyama, Polymer-stabilized liquid crystal blue phases.
Nat. Mater. 1, 64-68 (2002). https://doi.org/10.1038/
nmat712

E. Karatairi, B. Rozi¢, Z. Kutnjak, V. Tzitzios, G.
Nounesis, G. Cordoyiannis, J. Thoen, C. Glorieux, S.
Kralj, Nanoparticle-induced widening of the tempera-
ture range of liquid-crystalline blue phases. Phys. Rev. E
81, 041703 (2010). https://doi.org/10.1103/PhysRevE.
81.041703

X. Wang, Y.K. Kim, E. Bukusoglu, B. Zhang, D.S.
Miller, N.L. Abbott, Experimental insights into the
nanostructure of the cores of topological defects in liquid
crystals. Phys. Rev. Lett. 116, 147801 (2016). https://
doi.org/10.1103/PhysRevLett.116.147801

X. Wang, D.S. Miller, E. Bukusoglu, J.J. de Pablo,
N.L. Abbott, Topological defects in liquid crystals as
templates for molecular self-assembly. Nat. Mater. 15,
106-112 (2016). https://doi.org/10.1038 /nmat4421

S. Copar, M. Ravnik, S. Zumer, Introduction to col-
loidal and microfluidic nematic microstructures. Curr.
Comput.-Aided Drug Des. 11(8), 956 (2021). https://
doi.org/10.3390/cryst11080956

C. Chiccoli, I. Feruli, O.D. Lavrentovich, P. Pasini,
S.V. Shiyanovskii, C. Zannoni, Topological defects in
schlieren textures of biaxial and uniaxial nematics.
Phys. Rev. E 66, 030701(R) (2002). https://doi.org/10.
1103/PhysRevE.66.030701

D.R. Nelson, Toward a tetravalent chemistry of col-
loids. Nano Lett. 2, 1125-1129 (2002). https://doi.org/
10.1021 /010202096

https://doi.org/10.1051/jphys:

55

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Page 13 of 14 70

. V. Vitelli, A.M. Turner, Anomalous coupling between
topological defects and curvature. Phys. Rev. Lett. 93,
215301 (2004). https://doi.org/10.1103/PhysRevLett.
93.215301

M. Bowick, D.R. Nelson, A. Travesset, Curvature-
induced defect unbinding in toroidal geometries. Phys.
Rev. E 69, 041102 (2004). https://doi.org/10.1103/
PhysRevE.69.041102

R.L.B. Selinger, A. Konya, A. Travesset, J.V. Selinger,
Monte Carlo studies of the XY model on two-

dimensional curved surfaces. J. Phys. Chem. B
115, 13989-13993 (2011). https://doi.org/10.1021/
ip205128g

G. Skacej, C. Zannoni, Controlling surface defect valence
in colloids. Phys. Rev. Lett. 100, 197802 (2008).
https://doi.org/10.1103/PhysRevLett.100.197802

T. Lopez-Leon, V. Koning, K.B.S. Devaiah, V. Vitellj,
A. Fernandez-Nieves, Frustrated nematic order in spher-
ical geometries. Nat. Phys. 7, 391-394 (2011). https://
doi.org/10.1038 /nphys1920

D. Jesenek, S. Kralj, R. Rosso, E.G. Virga, Defect
unbinding on a toroidal nematic shell. Soft Mat-
ter 11, 2434-2444 (2015). https://doi.org/10.1039/
C4SM02540G

M. Mesarec, W. G6zdz, A. Iglic, S. Kralj, Effective topo-
logical charge cancelation mechanism. Sci. Rep. 6, 27117
(2016). https://doi.org/10.1038/srep27117

L. Mesarec, W. Gé6zdz, A. Iglic, V. Kralj Igli¢c, E.G.
Virga, S. Kralj, Normal red blood cells’ shape stabilized
by membrane’s in-plane ordering. Sci. Rep. 9, 19742
(2019). https://doi.org/10.1038/s41598-019-56128-0

L. Mesarec, A. Iglic, V. Kralj-Iglic, W. Goézdz,
E.G. Virga, S. Kralj, Curvature potential unveiled
topological defect attractors. Curr. Comput.-Aided
Drug Des. 11(5), 539 (2021). https://doi.org/10.3390/
cryst11050539

T.C. Lubensky, S.R. Renn, Twist-grain-boundary
phases near the nematic—smectic-A—smectic-C point in
liquid crystals. Phys. Rev. A 41, 4392 (1990). https://
doi.org/10.3390/cryst11080956

L. Navailles, P. Barois, H.T. Nguyen, X-ray measure-
ment of the twist grain boundary angle in the liquid
crystal analog of the Abrikosov phase. Phys. Rev. Lett.
71, 545 (1993). https://doi.org/10.1103/PhysRevLett.
71.545

S. Kralj, S. Zumer, Saddle-splay elasticity of nematic
structures confined to a cylindrical capillary. Phys. Rev.
E 51, 366 (1995). https://doi.org/10.1103/PhysRevE.
51.366

J. Fukuda, S. Zumer, Quasi-two-dimensional Skyrmion
lattices in a chiral nematic liquid crystal. Nat. Commun.
2, 246 (2011). https://doi.org/10.1038 /ncomms1250
G. Cordoyiannis, V.S.R. Jampani, S. Kralj et al.,
Different modulated structures of topological defects
stabilized by adaptive targeting nanoparticles. Soft
Matter 9, 3956-3964 (2013). https://doi.org/10.1039/
C3SM27644A

M. Lavri¢, V. Tzitzios, S. Kralj, G. Cordoyiannis, I.
Lelidis, G. Nounesis, V. Georgakilas, H. Amenitsch, A.
Zidansek, Z. Kutnjak, The effect of graphene on liquid-
crystalline blue phases. Appl. Phys. Lett. 103, 143116
(2013). https://doi.org/10.1063/1.4824424

@ Springer


https://doi.org/10.1051/jphys:01972003305-6059100
https://doi.org/10.1088/0022-3719/8/9/017
https://doi.org/10.1103/PhysRev.109.1492
https://doi.org/10.1103/PhysRevLett.120.055502
https://doi.org/10.1126/science.275.5307.1770
https://doi.org/10.1103/PhysRevLett.98.247801
https://doi.org/10.1103/PhysRevE.57.610
https://doi.org/10.1038/nmat712
https://doi.org/10.1103/PhysRevE.81.041703
https://doi.org/10.1103/PhysRevLett.116.147801
https://doi.org/10.1038/nmat4421
https://doi.org/10.3390/cryst11080956
https://doi.org/10.1103/PhysRevE.66.030701
https://doi.org/10.1021/nl0202096
https://doi.org/10.1103/PhysRevLett.93.215301
https://doi.org/10.1103/PhysRevE.69.041102
https://doi.org/10.1021/jp205128g
https://doi.org/10.1103/PhysRevLett.100.197802
https://doi.org/10.1038/nphys1920
https://doi.org/10.1039/C4SM02540G
https://doi.org/10.1038/srep27117
https://doi.org/10.1038/s41598-019-56128-0
https://doi.org/10.3390/cryst11050539
https://doi.org/10.3390/cryst11080956
https://doi.org/10.1103/PhysRevLett.71.545
https://doi.org/10.1103/PhysRevE.51.366
https://doi.org/10.1038/ncomms1250
https://doi.org/10.1039/C3SM27644A
https://doi.org/10.1063/1.4824424

70 Page 14 of 14 Eur. Phys. J. E (2022) 45:70

70. M. Lavri¢, G. Cordoyiannis, S. Kralj, V. Tzitzios, 71. A. Nych, J. Fukuda, U. Ognysta, S. Zumer, I. Mugevic,

G. Nounesis, Z. Kutnjak, Effect of anisotropic MoS2 Spontaneous formation and dynamics of half-skyrmions
nanoparticles on the blue phase range of a chiral lig- in a chiral liquid-crystal film. Nature Phys. 13,
uid crystal. Appl Opt. 52, 47 (2013). https://doi.org/ 1215-1220 (2017). https://doi.org/10.1038 /nphys4245

10.1364/A0.52.000E47

@ Springer


https://doi.org/10.1364/AO.52.000E47
https://doi.org/10.1038/nphys4245

	History-dependent phase transition character
	1 Introduction
	2 Domain generating mechanisms
	2.1 Kibble and Kibble-Zurek mechanism
	2.2 Imry-Ma theorem

	3 Random-field favored configurations
	3.1 Configurational changes on varying Ω
	3.1.1 Independent modes
	3.1.2 Coupled modes
	3.1.3 Destabilization of parallel and “antiferromagnetically” coupled localized modes
	3.1.4 Mutual immobilization of coupled extended modes

	3.2 Eigenvector and eigenvalues of the interaction matrix

	4 Discussion
	5 Conclusions
	Author contribution statement
	References
	References




