Aging in a two-dimensional Ising model with dipolar interactions
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Aging in a two-dimensional Ising spin model with both ferromagnetic exchange and antiferromagnetic
dipolar interactions is established and investigated via Monte Carlo simulations. The behavior of the autocor-
relation functionC(t,t,,) is analyzed for different values of the temperature, the waiting tignend the
quotienté=Jy/Jy4, Jg andJy being the strength of exchange and dipolar interactions, respectively. Our results
show that this nondisordered model presents a slow nonequilibrium dynamics which, depending on the values
of 8, is consistent either with a linear scaling,, of the correlation function or with a logaritmic scaling
In(t)/In(t,) which is usually associated with activated dynamics scenarios in disordered systems.

Microscopic long-ranged interactions are always of inter-Maclsaac, Whitehead, Robinson, and De’Bélave shown
est in different fields of physics because they can give rise tthat the ground state of Hamiltonid8) is the antiferromag-
a variety of unusual macroscopic behaviors. Perhaps the beatetic state for§<0.85. For §>0.85 the antiferromagnetic
ter example in condensed matter are dipole-dipole interacstate becomes unstable with respect to the formation of
tions. In particular, the competition between long-range anstriped domain structures, that is, to state configurations with
tiferromagnetic  dipolar interactions and short-rangespins aligned along a particular axis forming a ferromagnetic
ferromagnetic exchange interactions can give rise to severatrip of constant width, so that spins in adjacent strips are
interesting magnetic phenomena. Recent works in twoantialigned, forming a superlattice in the direction perpen-
dimensional uniaxial spin systems, where the spins are oriicular to the strips. They also showed that striped states of
ented perpendicular to the lattice and coupled with these kinthcreasingly higher thickneds become more stable ain-
of interactions, have shown a very rich phenomenologicatreases fromé=0.85. Moreover, they showed that the
scenario concerning both its equilibrium statistical striped states are also more stable than the ferromagnetic one
mechanick? and nonequilibrium dynamical propertigés. for arbitrary large values o, suggesting such a phase to be
Magnetization processes in these kinds of systems are ofie ground state of the model fée>0.85. Monte Carlo cal-
interest due to aspects related to information storage in ultraeulations on finite lattices at low temperattitejave further
thin ferromagnetic films. Moreover, there are several consupport to this proposal, at least for intermediate value$ of
texts in which a short-ranged tendency to order is perturbateBurthermore, such simulations have shown that striped
by a long-range frustrating interaction. Among others, modephases of increasingly higher valuestofnay become ther-
systems of this type have been proposed to study avoidegiodynamically stable dinite temperatures for intermediate
phase transitions in supercooled liqdidsd charge density values ofs. This results are in agreement with other analytic

waves in doped antiferromagnéfs. ones*® For low values ofé the system presents an antifer-
The above-mentioned systems can be described by awmagnetic phase at low temperatures. At high temperatures,
Ising-like Hamiltonian of the type of course, the system becomes paramagnetic.

The dynamics of the model is characterized by the forma-
H=—3J 2 oot ] 2 gi0; 1 tion and growth of magnetic domqins, dl_Je to thg compe@ition
0<in> igj d(i,j) rﬁ ' between the exchange and the dipolar interactions, which at
low temperatures generate very large relaxation times. In a
where the spin variable;=*1 is located at the siteof a  Monte Carlo study of the time evolution of the magnetiza-
square lattice, the surli; ;, runs over all pairs of nearest- tion, Sampaio, de Albuquerque, and de Men&zkave
neighbor sites and the suby; ;) runs over all distinct pairs shown the existence of two different types of relaxation, ac-
of sites of the latticey;; is the distance(in crystal unit3 ~ cording to the value ob. For 6> 6.~ 2.7 the magnetization
between sites andj; J,>0 andJ4>0 are the ferromagnetic relaxes exponentially, with a relaxation time that depends
exchange and antiferromagnetic dipolar coupling parameterdoth on the temperature ad For §< &, the magnetization
respectively. For simplicity, we rewrite this Hamiltonian as presents a power-law decay, with an exponent independent
follows: of 6. They also showed the existence of strong hysteresis
effects in the presence of an external magnetic field &or
g0 >4, . Since hysteresis is a typical nonequilibrium phenom-
H=- 5<izj> i Ui+“2j) ? (2 enon associated with domain dynamics with large relaxation
’ times, one also expects the presencagihg effects, that is,
with §=J,/J4. There are few numerical results concerninghistory dependence in the time evolution of the response
the equilibrium statistical mechanics, i.e., the finite temperafunctions after the system has been quenched into some non-
ture phase diagram, of this model. In a recent workequilibrium state.
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Aging phenomena have been vastly studied in disorderec R e R DU 100 OO0 500
systems such as spin glassege Ref. 8, and references 09 4 '53?;3"--5.&% '“L""‘Mm....‘,,b&&?;
therein, which are essentially out of equilibrium on experi- ) Yy,
mental time scales. However, they appear also in the phas 0.8 - °'-@. T
ordering kinetics ofordered systems, such as the lIsing 0.7 - Ce g
ferromagnef 1! associated with a slow domain dynamics. s, B
Aging can be observed in real systems through different ex- 06 1 6=-1.0 %q “qu
periments. A typical example is the zero-field-coolhgx- % 05 A o et
periment, in which the sample is cooled in zero field to a »=
subcritical temperature at timg. After a waiting timet,, a @) o oo °
small constant magnetic field is applied and subsequently the 0.4 0.9 "‘b
time evolution of the magnetization is recorded. It is then S
observed that the longer the waiting timg the slower the 3 f X
relaxation. 03 1 d""’ >

Although aging can be detected through several time- O e e v o 'éo
dependent quantities, a straightforward way to establish it in 10° 10" 102 108 104 t ®-.. 0. 00000
a numerical simulation is to calculate the spin autocorrela-

tion function

100 10" 102 108 104

1
Cltt) =y 2 (oi(t+twai(tw), (3 t

) o FIG. 1. Autocorrelation functionC(t,t,) vs the observation
where(---) means an average over different realizations ofjmet atT=0.5 ands=—1, fort,, =52 (circles, t,,=5° (squares

the thermal noise ant, is the waiting time, measured from t =54 (triangleg, and t,=5° (hexagons Inset: magnetization
some quenching timg,=0. m(t) (filled circles and staggered magnetizatiom(t) vs time.

In this work we present the results of Monte Carlo simu-
lations in the two-dimensional Ising spin model defined byconstant value. These kinds of behaviors appear for negative
the Hamiltonian(2) on aN=20x20 square lattice with free yajyes and also for small positive valuesidt enough small
boundary conditions. We chose the heat-bath algorithm fofemperatures, in agreement with previous calculations of the
the spin dynamics and time is measured in Monte Carlo stepshase diagram of the modeThe existence of these plateaus
per site. The quantity3) is averaged over 100 samples; for s ggests some type of quasiequilibrium state. This behavior
each run the system is initialized in a random initial configu-is rather unusual in this kind of system and it is probably
ration corresponding to a quenching from infinite temperayg|ated to the long-range character of the interactions.
ture to the temperaturE at which the simulation is done. We We have also studied the decay ©ft,t,,) in the para-
analyze the behavior di(t,t,) as a function of the obser- magnetic phase, fof=0.5 andT=0.5. Althought the sys-
vation timet, for different values ot,,, 6, andT. tem does not display aging, it is worth to note thgarith-

At enough high temperatures we find that the system doegc decay ofC(t,t,,). This is a characteristic feature of this
not present aging, that is, for any value ®there is a tem-  gynamics, that is, the relaxation @(t,t,,) is always slow,
perature above whick(t,t,) is independent of,, as €x- even in the paramagnetic region. It would be interesting to
pected in a paramagnetic phase. At low temperatures we finghalyze whether this behavior is characteristic of the whole
different types of aging behaviors @ds varied. paramagnetic phase.

The typical behaviors o€(t,t,) are illustrated in Figs. 1 | Fig. 2 we showC(t,t,,) for different values ofs cor-
and 2, forT=0.5 and different values of [waiting times responding to the striped region, befbWFig. 2a)] and
t,=5" (n=2,...,6)]. We also analyzed, for the same valuesapove[Fig. 2(b)] 5,~2.7. The behavior ofn(t) in all these
of T and 6, the time evolution of the magnetization per site cases shows no traces of antiferromagnetic ordering. On the
m(t) and the staggered magnetization per sit€t) starting  other hand, the behavior ofi(t) starting from a random
from different initial conditions, in order to characterize the [m(0)=0] and a fully magnetizefim(0)= 1] states shows
different relaxation regimes. _ _ a clear distinction between both regions: while @ &,

In Fig. 1 we see the typical behavior G(t,t,) in the  strong hysteresis effects appear, ®¢ 5, such effects are
antiferromagnetic state. The characteristic signature Oﬁegligible, in agreement with the results of Ref. 3.

C(t,ty) in this regime is the appearance of a plateau at some \ye found thatC(t,t,,) obeys a different type of dynamic
intermediate value ot independent oft, (t~10° for & scaling law for both striped regions, as can be seen from the

=—1), whereC(t,t,,) remains constant for a period of time gata collapse of Fig. 3. Fai< 5, C(t,t,,) obeys the dynamic
that depends o and g, after such perio€(t,t,) relaxes to  gcaling

zero. We also see a dependencytgn that is, aging. The

inset shows the evolution oh(t) (filled circles and mg(t)

(open circleg starting from a random initial condition. We Clt,tw)xctin(t)/Inf 7(ty) I} )
also analyzed the evolution of the same quantities startin? i ) ) , ,
from a fU”y magnetized initial Sta@,.n(o): 1] We did not see Flg Sa)], while for 6> 5(: it ObeyS the fO||OW|ng Scallng
find any hysteresis effect in this region, the only difference

being a much more slower convergenceneft) towards a C(t,ty)xcy t/m(ty)], 5)
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FIG. 2. Autocorrelation functiorC(t,t,,) vs the observation FIG. 3. Data collapse of the curves shown in Figite values

timett for t,,=5° (circles, t,=5* (squares t,,=5° (triangle3, and  of t and the corresponding symbols are the same in both figures
t,,=5° (hexagony for different values of5 corresponding to the

striped phase. Insets: magnetizat'm(t) Vs time stqrting fromran- 54 3 slow domain growth at low temperatures, where after
dom [m(0)=0, open circlesand a fully magnetizedm(0)=1,  ¢ertain timet a characteristic domain side(t) is reached.

filled circles] states. The time evolution of quantities like the autocorrelation
function will then present a crossover from dynamical pro-
cesses characterized by length scales smaller than the already
achieved domain size to processes at larger scales dominated
by domain growth through the movement of domain walls.

In this scenario, scaling argumetitdeads to the following
expected dependency 6f(t,t,,):

[see Fig. 8)], where the time scale(t,,) (Ref. 13 is shown

in the insets. We observed, for valuesé&far enough ofs.,

the scaling formz(t,,)~t3 . The log-log linear fitting from

Fig. 3 gives the following valuesa=0.83+0.02 for &

=2.0 anda=1.00+0.05 for 6=4.0. We have also studied

the scaling law for other values @ in both regions, which

are not presented here. In all these cases we obtained for C(t,ty)cc[L(t+1t,)/L(ty)], (6)

well below &, a logarithmic scalingC(t,t,,) «<c[ In(t)/In(t,)] . )

[Fig. 3@)], while for 6>, we observe a scaling form at I_east for large yalues df andt,, . Hence, in the aging

C(t,ty)<c(t/t?) [Fig. 3Ab)], with a exponenta that ap- '€gimet>t, a scaling form

proaches the unity a$ increases. The scaling form of

C(t,t,,) deviates from the previous ones &approaches, . Ctty) = c[LO/L (L], @

We also tested the linear scaling f6 5, and the logarith-  is expected?

mic scaling for8>6.. In both cases no data collapse was Our results for5> . are consistent with Ht,, scaling for

observed, regardless the freedom introduced by the functiolarge values o, where the ferromagnetic short-range inter-

7(ty)- actions are dominant. This type of scaling, which is associ-
It has been proposé&t!!that aging phenomena are basedated with an algebraic growth of the domain slzg)=t?,
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appears in the slow domain growth dynamics of disorderedctivated dynamics scenario, usually associated with disor-
systems with a ferromagnetic ground statt: dered systems like Lennard-Jones glaSsasd disordered
Much more interesting is the logarithmic scaling form ferromagnets® This result suggests a possible relationship
In(t)/In(t,) when §< .. This scaling is associated with a between the microscopic dynamic properties of this model
logarithmic time dependence of the domain sik¢t) _and that of disordered systems. In this sense, it wquld be of
«(Int)* predicted by an activated dynamics scenario prointerest to investigate, for instance, the possible existence of
posed in the context of spin glasd8sn which disorder and broad energy distributions of low-lying excitations in the

frustration generate active droplets excitations with a broa@’€Sent model. Works along these directions are in progress
energy distribution and will be published elsewhere.

In summary we have shown that the interplay between pryitful suggestions from Leticia F. Cugliandolo, Silvia
short- and long-range competitive interactions in an ordereg)rreta, and Daniel Stariolo are aknowledged. This work was
system give rise to different kinds of aging at low tempera-partially supported by grants from Consejo Nacional de In-
tures. The different behaviors appear to be related to differvestigaciones Ciefficas y Tenicas CONICET(Argenting,
ent domain dynamics as the relative strengths of the interaconsejo Provincial de Investigaciones Ciéinais y Tecno-
tions are changed. In particular, for intermediate valued of logicas (Cordoba, Argentina and Secretaa de Ciencia y
where the strengths are comparable, the competition betwedrecnologa de la Universidad Nacional de’ @oba(Argen-
them generate a slow relaxation dynamic consistent with atina).
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