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Arrested states formed on quenching spin chains with competing interactions
and conserved dynamics
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We study the effects of rapidly cooling =0 a spin chain with conserved dynamics and competing
interactions. Depending on the degree of competition, the system is found to get arrested in different kinds of
metastable states. The most interesting of these has an inhomogeneous mixture of interspersed active and
quiescent regions. In this state, the steady-state autocorrelation function decays as a stretched exponential
~exf —(t/7)"?], and there is a two-step relaxation to equilibrium when the temperature is raised slightly.
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When a system at a high temperature is cooled rapidly tarrested states as the degree of competition is véFied 1).
low temperatures, it may not be able to reach an equilibriunThe most interesting of these arrested states, reached for
state in an experimentally realizable time. Instead it maystrong enough competition, is of a qualitatively new type: it
reach a long-lived arrested state, often with a degree of spdras active and quiescent regions interspersed in a disordered
tial disorder, which ultimately relaxes towards equilibrium fashion throughout the system. Thishomogeneous quies-
over very much longer time scales. An intriguing possibility cent and activélQA) state has nontrivial dynamical proper-
is that the disorder induced by the kinetics may be strongies. In theT=0 steady state the autocorrelation function has
enough that the system has widely different levels of dy-a stretched exponential decay. Further, if the temperature is
namical activity in distinct regions of space. Dynamically raised slightly, there is a two-step relaxation: the IQA state
heterogeneous states are found to arise, for instance, inralaxes to equilibrium via an intermediate long-lived inter-
glass-forming liquid 1]. From the theoretical point of view it mediate energy state. We are able to quantitatively under-
is important to ask: Are there simple models in which dy-stand many of these unusual features, often found in glassy
namically heterogeneous states arise naturally? Can their fosystems, within this simple model.
mation and properties be understood in microscopic terms? The equilibrium phases and transitions of the axial next-
Finally, how do such states decay, and how is equilibriumnearest-neighbor IsingANNNI) model have been well stud-
approached? ied and characterizgd]. However, its nonequilibrium prop-

We address these questions by studying nonequilibriunerties remain relatively unexplored even in one dimension
quenches td@' =0, in simple lattice models. Following such (1D), except for a few studies. An early such study explored
guenches, the system may get arrested in a metastable stateested states obtained by quenching acibs phase
instead of reaching the ground state. A useful way to charboundaries of an extended ANNNI model appropriate to
acterize the resulting arrested state is to ask whether or ngblytypes[6]. More recently, time-dependent coarsening in-
there is any dynamical activity in it. Ajuiescentarrested duced by nonconserved dynamics has also been studied by
state is one in which the system settles into a single configuguenching the system across phase boundarids=& [7],
ration, and degrees of freedom are frozen. Another possibiland also fromTl =cc to T=0 [4]. Here we explore the inter-
ity is that the arrested state may involve a large number oplay of competing interactions with conservation laws in the
configurations which are dynamically accessible from eachlynamics. Our principal result is the identification and char-
other; in that case the system is dynamicaltyive Interest-
ingly, all these possibilities are realized in quenches of a
family of simple models, namely, Ising chains with different
degrees of competition and conservation laws. In the absenc
of competition, the system approaches the ground state if th
dynamics is nonconservin@], while it reaches a quiescent
arrested state under spin-conserving dynarh@]s On the
other hand, a system with competing interactions, evolving
under nonconserved dynamics, has been shown to exhibit a3
active arrested stafd]. This naturally leads to the question: |
Are new features brought in if both conservation and com-
petition are present? In this paper, we study the effects of - space =
guenching the simplest model which incorporates both these
features, namely, an Ising model with competing first and F|G. 1. Space-time depiction of the activitghown white in
second neighbor interactions, evolving through a dynamicsifferent arrested states. Different regimés: Quiescentii) mo-
with a single conservation law. Despite its simplicity, the bile domain walls,(iii) active, (iv) essentially quiescent, and)
model shows interesting transitions in the character of theéQA state.
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acterization of an IQA arrested state in this system. Evidently the dynamics is identical for all valuesjgffor

by the Hamiltonian (@), (f), and () are allowedi.e., Ae=0) for all j,. As | is
varied, Ae changes sign for moves], (c), and d). Each
H=—312, SiSis1+32> SiSisa. (1)  such change causes a change in the nature of the arrested
i i

state. While(c) is an allowed move foj,<0, (E) becomes

An antiferromagnetic next-neighbor coupling,&0) com- an allowed move fofj,>0. Similarly, acrosy,=0.5 and

petes with the nearest-neighbor couplihgnvhich may be of  12=1, the allowed moves change frof) to (d) and(a) to
either sign. In what follows, we shall assurdg>0 (ferro- (&), respectively. Thus there are distinct regions of dynami-
magnetic couplingand defing,=J,/J; as a measure of the cal activity along thej, axis: (i) j,e(—=,0), (i) j,
strength of competition. The equilibrium ground state showss [0,0.5),(iii) j,=0.5, (iv) j,€(0.5,1], and(v) jo & (12);

a transition from the ferromagnetic staté11... for j, S€e Fig. 1. In regiorv), i.e., for strong competition, the
<0.5, to the antiphase stafé | | ... forj,>0.5. The point SyStém reaches an IQA arrested state.

j,=0.5 is a multiphase point, at which the number of ground We used Monte Carlo simulation to study the ar_rested
states(all configurations with no single spinés exponen- Steady states that are reached unfle<0 DSFD starting

tially large in system sizé. [5]. We are interested in the from a random initial configuration correspondingTie- .

effect of a quench from an infinite-temperature random cony- ¢ Studied the approach to the arrested states, the dynamical
i ) - .. behavior in these states, and finally the relaxation from these
figuration of the system td=0. We use a double-spin-flip

s SarD T i bt v ey S5 S o i e gt e 2
chosen parallel spins is flipped...17...—...1l...).  tored by following the decay of the energy in time. Further,
Flips are attempted at unit rate, and are allowed only if then casegiii) and (v), we studied the dynamical behavior of
energy is not raisedXE<O0). Evidently, the DSFD con- tne steady state by monitoring the spin-spin autocorrelation
serves the differencé=M,;—M, of the two sublattice fynction

magnetizationsvl; and M,. The dynamics thus involves a 1

single conservation law. The DSFD maps onto the well- _ _ 2

known Kawasaki spin exchange dynamics through a sublat- CO=x Z (si(to)si(to+ 1) =(si(t))", ©

tice mapping, in which every spin on one of the two sublat- ) _

tices is inverted and the sign of the nearest-neighboiheret is the number of Monte Carlo steps per spin and
couplingd, is reversed. In the mapped model with Kawasaki( - - -» denotes an average owgr We allowed for an explicit
dynamics,M is the total conserved magnetization. We will dépendence of averages on the space locafias arrested
use the DSFD, rather than Kawasaki description; results ca .teﬁes need not be tr:anslanogally mvarlarr]]t. dOnIy at thehr_nul.-
be translated readily. The DSFD can be looked upon as t;tse tp;om}(m) IS the gro_und_state r%acbe éc:)_” qr)e?ﬁ Ing;
extension of the single-spin-flip Glauber dynamics to (e Other Tour regions o discussed abovéFig. 1), the

. . > o g . steady states are arrested.
multiple-spin flips at a time. Multispin moves arise in physi- Before discussing the IQA state in detail, we sketch some
cal contexts such as stacking dynamics in tike&H transi- !

SR ) he . . features of the states in the other four regions.

tion in SiC [8] and deposition-evaporation dynamics of () The arrested state is quiescent. It consists of ferromag-

bunches of particlef9]. . o netic patches separated by clusters of frozen domain walls,
The energy nonraising condition, which is a consequenc@ g, .. 117TITL117... . Itis qualitatively similar to the

of a T=0 quench, imposes local constraints on whether or . . . . .

not a pair of chosen spins can actually be flipped: these Coﬁ";grrested state obtained [i8], with only first-neighbor inter-

straints are a function gf,. The normalized energy changes actigns. e .
Ae=AE/J, involved ianlzipping a pairl 1 to | | dggend 0?1 (i) The steady state has a number of diffusing domain

. . . . walls separating ferromagnetically aligned patcligig. 1).
the environments of the pair, and are given in Eq. 2 belowsy, 4 it resembles the active arrested states fourjd]in

There are six distinct local environments; the other unlistedy o ra'is an important difference. The level of activity is much
environments are related to these by reflection symmetries;yver in our case. as the number of walls increases b2

as opposed te-L in [4].

@ I — 1L Ae=—(4-4jy), (iii) At the multiphase point there is a large degree of
activity (Fig. 1), because thae=0 moves (), (f) and their

(b) UMTINe — UNLING  Ae=4, reverses carry the system through a subspace of ground-state

i configurations labeled by a given value Mf The autocor-

() UMl — UnLlll  Ae=4j,, relation functionC(t)~t~*"2 at long times, as in the uncon-
strained DFSO9].

(d) Wit — Wil Ae=—(4-8jo), 2 (iv) The steady state has alternating opposite-spin clusters
of two or three spins, e.g., . LJITTLLITTT..., and is

(e UnTTen — Unliin Ae=0, quiescent. A single cluster of four or five spins may remain
in the steady state and diffuse through a quiescent back-

(f) W1t — uilinm  Ae=0. ground(Fig. ).

_ In region (v), an IQA arrested state with alternating qui-
The reverse of movén) in Eq. (2) will be referred to asd), escent and active stretches is reached. A segment of a typical
and similarly for the others. configuration is depicted below.
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Each active region has parallel-spin triplets in a backgrounevery triplet is replaced by a single particle, while a single

of alternating single spins, while the quiescent portions prespin  maps onto a hole T(TLLITITTTLLLT]
dominantly resemble the arrested state of region Crucial —0O0OO0@OO@@®OO). The mapped chain has a reduced

to the coexistence of active and quiescent regions is the exengthl’=1(1—2p). The stochasti¢V matrices for the two
istence of stable walls at the boundaries of quiescent regionprocesses are the same, as there is a one-to-one correspon-
These consist of left boundariggl or Jfift and right bound- dence between configurations and moves. This implies that
arieslyn or M, and are stable as movés) and (c) are  the eigenvalue spectra of th& matrices in the two problems
energy raising folj,>1. The numbers of quiescent and ac- are the same, and in particular, the ggpto the first excited

tive (g and a, respectively regions of sizd are found nu- state is the same. The inverse (?f the gap is/just the cutoff
merically to decay as exp()xT) with \q=0.05 and A, time 7'|-, and so the abgve equality implies=17,, . Egr the
~0.25. exclusion process, with free boundary conditions,

We now turn to the dynamical properties of the IQA state.=2| "Fr? for largel” (the diffusion constant equaky [11],
The autocorrelation functiorin the steady state decays as aand hencer(p) = 21%(1—2p)?/ 2.
stretched exponentiat-exp(—(t/7)"®) (Fig. 2). Interest- The autocorrelation functioBa(t) of the IQA state can
ingly, the dynamical behavior of the IQA state can be relateche expressed in terms of a sum over active stretches:
to the well-known symmetric exclusion proce€SEP of
particles on a lind10]. This can be understood as follows.
Each spin triplet in an active stretch can move by one unit Cioa() =2 Pi(p)Ci(p,1), (4)
right or leftt under the DSFD move (g Lp

(. '“”TTH VN 'H.H”“ ). Tr_\ere_ Is a hard- wherePj(p) is the probability of finding an active stretch of
core repulsion between triplets as moi@ is disallowed. ~ ) _ _ o
The dynamics within a single active region is thus precisely€ngth | and densityp of triplets. Even without explicitly
that of a symmetric exclusion process of hard triplets on #léterminingPi(p), we can derive bounds d@iga(t) using
lattice, where the single spins can be viewed as holes. The;=X Pj(p)~exp(—\,l). As p varies across its range, the
autocorrelation functior€j(p,t) averaged over spins, of an cutoff time 7, varies between the two limits;(0)= 212/

active stretch of Iengtﬁ with pl triplets (wherel =142 and (for a single triplet and 7,(%)=21%/972 (for a single hole
11=p=<1/3), is thus governed by the diffusion of these hardhopping over three lattice units at a tim&or each of these
triplets; triplets extend over an extra lattice unit at bothlimits 7,(p*), the sum in Eq(4) is dominated at long times
boundaries of an active stretch, making its effective letigth by the term with the saddle point valué =[tm?/\ (1
Hence, we expedEi(p,t) to decay ag™**for timest less ~ —2p*)2]*%. The bounds imply thaC o has a stretched
than a cutoff timer,(p), and as expt/7(p)) thereafter. Fur-  exponential form ~exg —(t/7)"%], with 8/2437%< ro\2
ther, 7(p) can be found by noting an exact mapping of every<g/2772. The numerically determined valueg=0.08 and
configuration of this problem to a corresponding configura-)\a:o_25 are consistent with these bounds
tion of the SEP. Under the mapping, (Fig. 2.
The dynamics of approacto the IQA state, starting from

L — ; - ; - ; ; - a random initial configuration, is also interesting. From nu-
- merical simulations the energy is found to decay~asxp

T [—(t/ty)*] (see inset in Fig. 2 This is associated primarily
o T with the fall in the numbemN, of four-spin clusters which
.. diffuse through ground-state stretches 17/]... until

I 1  they dissociate when they encounter “traps” in the form of a
“““ . single spin or a triplet; eg., .ITIT117...
—...T11LLTT... . The typical time for a four cluster to

(

e(t)

diffuse over a length before encountering such a trap is
12/D, implying that N,(I) decays as exp{Dt/I?). Further,

»
-4
107 10 “\',T 1 the stretch lengths are distributed exponentiatigxp(—\l),
13 6 S . .
. . . . Lt so that the average ®f,(l) overl is dominated by a saddle
0 1 4 point valuel * = (2Dt/\)*? at larget. This argument is remi-

FIG. 2. The autocorrelation function in the IQA state with
=12000 and 19 histories. The dotted curves are the bounds dis-
cussed in the text. Inset: Decay of energy exd@sunits of J;)

11/3

over the IQA value, starting from a random state.

niscent of that inf12] and implies a stretched exponential
form for the decay.

Finally, let us discuss theelaxation to equilibriumfrom
the IQA arrested state. The IQA state has regions with two
distinct types of excitations, namely, active patches with
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reaches a metastable state with clusters of length 2 and 3,
. much like the arrested state in regi@n). This continues till
t= wc’l, when triplets begin to decay. To leading order in
low T, the predominant decay channel involves the following
L U steps:(i) the conversion of a triplet to a single spin and a
1071L "0g, e, | four-spin cluster(at ratew,), (ii) the production of a single
= % e, spin when the four cluster meets the nearest triplet, (@nd
° - %oy e the fast diffusion of single spins till they meet triplets or
a® single spins at separatiomm2(n = odd), whereupon they
=9 annihilate, e.g., [[TLITTT=LITTTTTT—=LITTLITT.
. g Process(iii) is a variant of the single species diffusion-
s annihilation proces$13], implying a power-law t=1?)
' 108 ' 106 decay for the energy.

t To summarize, a simple understanding of the dynamics of

FIG. 3. Energy per site(t) (®) in units ofJ,, measured from the IQA state can be achieved in terms of diffusing excita-
the ground-state value, when the IQA state is takefi40.29;. tions; the nature of approach, steady-state autocorrelation
We usedw,=1, 0,=0.9x107% L=1200, and 12 initial condi- function, and decay of the state involve variants of the dif-
tions. Also shown are the fraction of single spins)(and triplets  fusion problem. For instance, the approach to the IQA state
(0. involves diffusion in the presence of randomly placed traps,
while the autocorrelation function involves the consequences
of confinement of diffusing excitations in active stretches of
random lengths. In both cases, an average over the dynami-
cally generated randomness results in a stretched exponential
decay. The two distinct time scales for relaxation from the
ground state, by annealing out both the single-spin and triplefiQA state arise from the different activation rates for the two
excitations. Figure 3 shows the subsequent variation of enypes of diffusing excitations. Diffusion-limited annihilation
ergy with time. There is a relatively rapid approach to aof the second type governs the power-law decay towards
second metastable state, evidenced by a long plégud),  equilibrium.
followed by an eventual approach to equilibrium. This can we conclude by pointing out that IQA arrested states oc-
be understood as follows. For finif§ the energy raising cuyr in several other situations, for instance, with antiferro-
moves @), (b), (c), and(d) are allowed, with probabilities magnetic nearest-neighbor coupling; €0), and also under
wi~exp(-Ae/T), k=a,b,c,d; the associated time scales 3 quench to regionv) from a quiescent arrested state in
are~ 1/, . Moves(a) and(c) are instrumental in annealing region (i). Further, an IQA state is found in quenches of an
out the two different kinds of local excitatioffisolated Spins extended ANNNI model relevant to p0|ytype transitions.
and triplets, respectively They act on time scales which are This model is richer, and shows variability in the micro-
widely different[ w; */w, *~exp(4);/T)] leading to the pla-  scopic nature of activity in IQA arrested states for different
teau. For smalt , i.e., t~w;1, only move(a) is effective, parameter valuefl4]. Interestingly, despite this variation,
which destabilizes active-quiescent boundaries and creatélse dynamical behavior remains of the same form—a general
five-spin clusters. Single spins diffuse out of active stretchesonsequence of the diffusion-based description given above.
and annihilate on meeting five clusters, e.g,T/]1]|] We thank A. Dhar, D. Dhar, and S.N. Majumdar for use-
— 11 T111]]. After the single spins anneal out, the systemful discussions.

mostly single spingand occasional mobile tripletand qui-
escent patches with mostly tripletand occasional frozen
single sping If T is raised to a small value, the system re-
laxes to an equilibrium state close to the T7]|...
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