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Monte Carlo simulations of the short-time dynamic behavior are reported for three-dimensional Heisen-
berg model with long-range correlated disorder at criticality, in the case corresponding to linear defects.
Former was carried out both from high-temperature and low-temperature initial states. The static and
dynamic critical exponents are determined for systems starting from different initial state. The obtained
values of the exponents demonstrated a strong influence of long-range correlated quenched defects on the

critical behavior of the systems described by the many-component order parameter.
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Critical properties of structurally disordered magnets remain a problem of great interest in
condensed matter physics, as far as real magnetic crystals are usually non-ideal. Commonly, in
theoretical studies, as well as in Monte Carlo simulations, one considers point-like uncorrelated
quenched non-magnetic impurities [1]. However, in real magnets one encounters non-idealities of
structure, which cannot be modeled by simple point-like uncorrelated defects. Indeed, magnetic
crystals often contain defects of a more complex structure: linear dislocations, planar grain
boundaries, three-dimensional cavities or regions of different phases, embedded in the matrix of
the original crystal, as well as various complexes (clusters) of point-like non-magnetic impurities.
Therefore, a challenge is to offer a consistent description of the critical phenomena influenced by
the presence of such complicated defects.

In this paper one present a numerical study of the influence of structural long-range (LR)
correlated defects on the non-equilibrium critical behavior of complex systems described by the
Heisenberg model. A special type of such a disorder has been considered at first by Weinrib and
Halperin [2]. As a result, the existence of LR correlations in the disorder gives significant effect
and wider class of disordered systems can be characterized by a new universality class of critical
behavior.
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1. Model and methods

We have considered the following 3D site-diluted ferromagnetic spin model with Heisenberg
Hamiltonian. Hamiltonian defined in a cubic lattice of linear size L with periodic boundary
conditions H = —J Zi,j pipjgl-gj, where S; = (S¥,SY,S7), the sum is extended to the nearest
neighbors, J > 0 is the short-range exchange interaction between spins gi, and the p; are
quenched random variables (p; = 1, when the site 4 is occupied by spin, and p; = 0, when the
site is empty), with long-range spatial correlation. It is believed that the effects of long-range
correlations between the point like defects are implemented in the form of randomly oriented
lines. We used the following method for creating impurity configurations: the lines parallel to
the coordinate axes were deleted randomly from a filled three-dimensional lattice spins in order
to acquire a given concentration of impurities.

According to the argument of Janssen et al. [3] obtained with the RG method and e-
expansion, one may anticipate a generalized scaling relation for the k-th moment of the magne-
tization

m®) (¢, 7, L,mg) = b~/ m®) (b=, b1/ V1, b7 L, b"0my). (1)

And it is realized after a time scale t,;c which is large enough in a microscopic sense but still
very small in a macroscopic sense. In (1) b is a spatial re-scaling factor, 5 and v are static critical
exponents, z is the dynamic exponent, the new independent exponent x is the scaling dimension
of the initial magnetization mg and 7 = (T — T..)/T. is the reduced temperature.

When system evolving from high-temperature state (mo < 1) we can choose the scaling
factor b = t'/* and applying the scaling form (1) for k = 1 to the small quantity t*°/*my, one
obtains

m(t, T,mo) = rno?f(’lﬂz(tl/”‘%'7 /2 mg) = mot? (1 + atl/”zT) +0(72%,md), (2)

where ¢’ = (z¢ — 5/v)/z has been introduced. For 7 = 0 and small enough ¢ and myg, the scaling
dependence for magnetization (2) takes the form m(t) ~ mot? . For almost all statistical systems
studied so far, the exponent 6’ is positive. Time scale for this initial increase of magnetization is
t() ~ maz/IO.

Other interesting observable in short-time dynamics is the second moment of magnetization
m®)(t) and autocorrelation function A(t). As the spatial correlation length in the beginning
of the time evolution is small, for a finite system of dimension d with lattice size L the second
moment m (t, L) ~ L¢. Combining this with the result of the scaling form in (2) for 7 = 0 and
b = t!'/#, one obtains

mP (@) ~ 728/ D (1 VALY o2, A(t) ~ tCa 3
(t) (1, ) , A(t) , (3)

where ¢o = (d — 2%)/75 and ¢, =d/z — 6.
For ferromagnetic films the order parameter can be defined as magnetization. For disordered
system k-th moment of magnetization and autocorrelation function can be determined like

k
m®(t) = KNI% > . At) = K; Zpiﬁi(t>§i<0)>], (4)

where angle brackets denote the statistical averaging, the square brackets are for averaging over
the different impurity configurations, N, = pL? is a number of spins in the lattice, and p is a

N .
> piSi(t)
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spin concentration. Thus, the investigation of the short-time evolution of system from a high-
temperature initial state with my = 0 allows to determine the dynamic exponent z, the ratio of
static exponents /v, and the initial slip exponent 6.

Until now, a completely disordered initial state has been considered as starting point, i.e.,
a state of very high temperature. The question arises how a completely ordered initial state
evolves, when heated up suddenly to the critical temperature. In the scaling form (2), one can
skip besides L, also the argument mg = 1 with b = ¢'/# and for k = 1 one has

m(t,7) =t P/Em(1, ¢ i) = ¢ Fve (1 +at'/v: 4 0(72)> : (5)
In order to calculate the critical exponent z we have used the ratio [4]

Fy(t) = m® (8)lmo=0/m” () me=1 ~ t¥/*.

2. Results of Monte Carlo modeling and analysis of results

Most of the work is devoted to the study of weakly disordered systems with spin concentration
p = 0.80 and above. Strong-diluted systems with spin concentration p < 0.69 down to the spin
percolation threshold p. = 0.31 are less studied. Initial configurations for systems with the spin
concentration p = 0.60 and randomly distributed quenched linear defects were generated numer-
ically. Starting from initial configurations, the system was updated with Metropolis algorithm
at the critical temperatures T.(p = 0.60) = 0.888(2) J/k[5]. Simulation have been performed
up to ¢t = 2000 Monte Carlo steps per spin (MCS/s).

For calculating the critical exponents z and 6’ of ferromagnetic we considered systems with
linear size L = 64. We have studied evolution both from high-temperature (mg < 1): mg = 0.03,
0.02, 0.01, 0.003, 0.002, 0.001, 0.0001 (Fig. la) and from low-temperature (mo = 1) (Fig. 1b)
initial states.

m(o) PR ' - —
0.1} 4 m@ ¢ . |
o . 0.6F E
001} o 0 ® 4 o4l ]
o]
. (@) (b)
1E-3 % 10 100 1000 0.2 b ' : '
? MCS/8 1 l(t), MY 1000

Fig. 1. Time dependencies of magnetization for different initial state my < 1 (a): 0.03 (o), 0.02
(2), 0.01 (0), 0.003 (4), 0.002 (&), 0.001 (M), 0.0001 (o) and mo = 1 (b)

In this work we investigated the time dependencies of the magnetization m(t), second moment
of magnetization m(?(¢), cumulant Fy(t) and autocorrelation function A(t). From the slope of
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this curve we can estimate the value of critical exponents ¢, ¢a, d/z and ¢, for different initial
state, correspondingly. Final values of exponents obtained by linear interpolation of the initial
magnetization to zero. From this ratios we calculate values of z, 3/v and €¢'.

The present results of Monte Carlo investigations allow us to recognize that the short-time
dynamics method is reliable for the study of the critical behavior of the systems with LR-
correlated disorder and is the alternative to traditional Monte Carlo methods. The dynamic
and static critical exponents were computed with the use of the leading corrections to scaling
for the 3D Heisenberg model with linear defects and their values z = 2.497(2), 8/v = 0.473(4),
6’ = 0.425(3) can be considered as final.

The obtained results confirm the strong influence of LR-correlated quenched defects on the
critical behavior of the systems described by the many-component order parameter. It was shown
that weakly and strongly diluted Heisenberg model with long-range correlation disorder defects
belong to different universality classes. We have found that increasing of the concentration struc-
tural defects with long-range correlations lead to significant slowdown in the critical processes of
relaxation compared with order and weakly disordered systems. This is indicated by the values
of the critical exponents for weakly disordered Heisenberg model z = 2.257(61), 8 = 0.393(77),
v = 0.770(74) (MC simulation [6]), z = 2.264, 5/v = 0.481 (RG [7]) and the values of the
critical exponents for pure Heisenberg model /v = 0.516(10), v = 0.705(3), 8 = 0.364(5) [8]
and z = 2.049(31), 8/v = 0.510(10) [6].

The dynamic critical exponent z = 3.529(125) and static critical exponent 8/v = 0.946(48),
v = 0.821(14) were obtained in work [5] in the investigation of defects influence on the char-
acteristics of the non-equilibrium critical behavior of the three-dimensional Heisenberg model
in its evolution from low temperature initial state (mo = 1). We suppose that there is carried
out the non-equilibrium domain structure changes during the transition from the single-domain
state at Ty = 0 to multi domain fluctuation structure arising at the critical temperature of 7.
This results due to the pinning of domain walls on the structural defects to significant changes in
the characteristics of the non-equilibrium behavior of structurally disordered Heisenberg model
compared to the simulation case from the high temperature state.

The work was performed within the grants mo. MD-6024.2016.2 and MD-6868.2018.2 of
Council on grants of the President of the Russian Federation and within the projects of Russian
Foundation of Basic Research mo. 16-32-00581, 17-02-00279, 18-42-550003. The calculations
were performed using the resources provided by the Shared Facility Center “Data Center of FEB
RAS” (Khabarovsk), the Supercomputing Center of Lomonosov Moscow State University, Moscow
Joint Supercomputer Center and St. Petersburg Supercomputer Center of the Russian Academy
of Sciences.
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Buino mposedero kKomnwvromeproe modesuposarue memodamu Mowme-Kapao das mpexmeproti modesu
Tetizenbepea ¢ daavrodeticmeyrowets Koppessyuels dedpekmos 66AUSU KPUMUNECKOT MOYKY 8 CAYUAE, CO-
omeememeyrowem aunelHvm degexmam. Modeauposarue nposodusoct Kak u3 8biCOKOMEMNEPAMYPHO20
MAK U U3 HUSKOMEMNEPAMYPHO20 HAYAALHO20 coOcmosruA. Cmamuueckue U OUHAMUNECKUE KPUMUE-
CKUE UHOEKCHL GbIAYL DACCUHUMANHDL ONL CUCTIEM U3 DASAUNHLT HAUAALHBT cocmosnut. TToayvwernnvie 3na-
yenus noxazameneti 0eMoHCMPUPYIOM CUALHOE BAUAHUE 0AAbHOOETCTEYIOULEl KOPPEAAUUU EMOPOIHCEH-
HOE dedhermos CmpPyKMypvl HA KPUMUECKOe NOBEJEHUE CUCTNEM C MHO2OKOMNOHEHMHOLM NAPAMEMPOM
nopAdKa.

Karoueswie caosa: memodu, Mornme-Kapao, neynopadowermvie cucmemst, KopOMKo-6peMeHHas OUHAMUKG,
Mmodeaw Tetizenbepea, depexmot ¢ dasvrodeticmeyroweti Koppeaayued.
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