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Abstract. A Monte Carlo simulation of the non-equilibrium behavior of multilayer magnetic structures 
consisting of alternating magnetic and nonmagnetic nanolayers is realized. The calculated two-time 
autocorrelation function for the structure during its evolution starting from high-temperature initial state is 
analyzed. The analysis reveals aging effects characterized by a slowing down of correlation characteristics 
in the system with increase of the waiting time. The dependence of aging characteristics on thickness of 
ferromagnetic films is investigated. It is shown that, in contrast to bulk magnetic systems, the aging effects 
in magnetic superstructures arise not only at the ferromagnetic ordering temperature Tc in the films but also 
within a wide temperature range at T ≤ Tc. 

1 Introduction  
The behavior of systems with extremely slow dynamics 
stays one of the intriguing problems in theoretical 
physics [1]. It demonstrates a wide range of interesting 
phenomena such as aging, and violation of the 
fluctuation-dissipation theorem. Originally, these 
features were founded in complex spin glass systems [2] 
but different studies of these phenomena showed that the 
main properties of slow dynamics can be observed in 
simpler systems with second-order phase transition near 
critical point, because the evolution of such systems is 
characterized by large relaxation times [3]. 

The nanoscale periodicity in magnetic multilayer 
structures gives rise to the mesoscopic effects of the 
spatial spin correlation with the slow relaxation 
dynamics of magnetization accompanying the quenching 
of the system in the non-equilibrium state. In contrast to 
the bulk magnetic systems, where the slow dynamics and 
aging effects manifest themselves near the critical point 
[4], magnetic superstructures with nanoscale periodicity 
allow increasing the relaxation time owing to the effects 
related to the larger characteristic spin-spin correlation 
length. That is why the aging and nonergodicity effects 
can be experimentally observed in the multilayer Co/Cr 
magnetic structure [5] within a wider temperature range 
as compared to that for the bulk magnetic systems.  

We have performed in paper [6] a numerical Monte 
Carlo simulation of the non-equilibrium behavior of the 
multilayer Co/Cr/Co magnetic structure with the 
thickness of Co films equals to N=3 ML. Calculations of 
the two-time correlation functions and the staggered 
magnetization allow us to reveal the aging effects in the 
multilayer magnetic structure occurring not only in their 
non-equilibrium critical behavior at Tc but also within a 
wide range of temperatures at T<. Tc. The revealed aging 

effects in the behavior of the magnetization relaxation 
for our model multilayer structure are in good agreement 
with the aging effects observed in experiments for the 
Co/Cr/Co structure [5]. The present work deals with 
study of dependence of aging characteristics on 
thickness of ferromagnetic films in the multilayer 
Co/Cu(100)/Co magnetic structure. 

2 Model, methods, and results 
We realize in this work a numerical Monte Carlo study 
of the nonequilibrium behavior of a multilayer magnetic 
structure (Figure 1) consisting of ferromagnetic films 
separated by nonmagnetic metal layer. The magnetic 
films have linear sizes of L×L×N with imposed periodic 
boundary conditions in the film plane.  

 

Fig. 1. Model of a multilayer structure consisting of two 
ferromagnetic films separated by the nonmagnetic metal film; 

L and N are the linear sizes of the films, J1 and J2 are the 
exchange integrals. 

 

We consider the array consisting of ferromagnetic 
films with the thicknesses N = 3, 5, 7, 9 in units of 
monatomic layers. The exchange integral J1 determining 
the  interaction  between  the  neighboring  spins  is 
assumed to be J1/kBT=1 (kB is the Boltzmann constant), 
whereas that for the interlayer interaction is J2 = - 0.3 J1. 
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The sign of J2 is negative because the thickness of 
nonmagnetic spacers in multilayer structures exhibiting 
the giant magnetoresistance effect is tuned such that both 
the long-range and oscillating RKKY exchange 
interactions between the ferromagnetic layers effectively 
provide antiferromagnetism. Owing to this interaction, 
the magnetizations of the neighboring ferromagnetic 
layers have opposite orientations. Thus, the structure 
under study models artificially created multilayer 
structures exhibiting the giant magnetoresistance effect 
[7–9]. 

The magnetic characteristics of ultrathin films 
based on Fe, Co, and Ni in contact with the nonmagnetic 
metal substrate are most adequately described by the 
anisotropic Heisenberg model [10, 11] with the 
Hamiltonian  
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vector at the i-th site. ∆(N) is the parameter of anisotropy 
for Co films with the thickness N (N=3,5,7,9) on 
Cu(100) substrate which values are presented in Table 1. 
The dependence of the anisotropy parameter ∆(N) on the 
film thickness N were chosen proportional to the 
experimental critical temperatures for Co/Cu(100) 
system [12]. The form and parameters of Hamiltonian 
(1) correspond to the Co/Cu(100)/Co multilayer 
structure, for which the ultrathin Co films exhibit the 
spontaneous magnetization in the XY plane of the film 
below the critical temperature. 

Table 1. The values of the anisotropy parameter ∆ and the 
critical temperature Tc for films with thicknesses N = 3,5,7,9. 

Thickness, 
N 

Anisotropy 
parameter,  

∆ 

Critical 
temperature, 

Tc 

3 0.66 2.5413(8) 

5 0.476 2.9033(12) 

7 0.337 3.0356(6) 

9 0.253 3.1014(11) 

At the first stage of this work, we calculated the 
equilibrium characteristics of the multilayer structure 
with the aim to determine the critical temperatures Tc of 
the ferromagnetic films with different thicknesses N. For 
a more accurate determination of the critical 
temperatures, we considered the structures with films of 
different linear sizes L = 20, 32, and 40. We calculated 
such characteristics as the staggered magnetization  

mstg = m1 – m2,                (2) 
where m1 and m2 are the magnetizations of the films; 
staggered susceptibility 

χstg =[<mstg
2> – <mstg>2]/TNs ,          (3) 

 

specific heat 
Ch=[<E2> – <E>2]/kBT2Ns ,               (4) 

where Ns is the number of spins in the film; the Binder 
cumulant 

U4 = (3 – <m4>/<ms
2>2)/2.             (5) 

The values of the critical temperature Tc (N), presented in 
Table 1, were obtained by the method of intersection of 
curves for the Binder cumulant U4 with different linear 
sizes L.  

At the next stage of our studies, we considered the 
non-equilibrium behavior of the multilayer structure. We 
calculated the time dependence of magnetization for a 
ferromagnetic film located in the structure 
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and the two-time autocorrelation function 
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where brackets < ... > denote a statistical averaging. 
The aging effects arise at t  trel , where trel  is the 

relaxation time, and manifest themselves in the 
dependence of the autocorrelation function on 
characteristic time variables such as waiting time tw and 
time of observation t − tw with t > tw not via t − tw only. 
The waiting time tw characterizes the time interval from 
the preparation of the sample up to starting 
measurements of its characteristics. It is important that 
decays for the two-time autocorrelation function as 
function of time of observation t − tw are slower for 
larger waiting times tw. Initial conditions affect the 
evolution of the system at t − tw, tw << trel. 

We considered the evolution of the system from the 
high-temperature initial state created at T0>>Tc with 
normalized staggered magnetization mstg

0 = 0.05 << 1. In 
calculations of the non-equilibrium behavior of the 
autocorrelation function C(t,tw), we simulated the 
structures with the linear size of the film L = 64, which 
allows us to analyze the nonequilibrium characteristics 
of the system at times up to 5000 Monte Carlo steps per 
spin (MCs/s). We used the waiting times tw = 10, 30, 50, 
100 MCs/s in the study of the two-time dependence of 
C(t,tw). The averaging of C(t,tw) was carried out on 500 
MC runs for every tw. 

The obtained time dependence of the autocorrelation 
function C(t,tw) from observation time t − tw for different 
tw values and thicknesses N of ferromagnetic films are 
presented in Figures 2 and 3 at the critical temperatures 
Tc(N) and in the low-temperature phase with 
temperatures Tc(N)/2. The curves of C(t,tw) demonstrate 
the aging effects, i.e., the slowing down of time 
correlations with increasing system age tw. We must note 
that the aging effects in the multilayer structures arise 
not only at T=Tc as in bulk systems, but also at T<Tc . 
Furthermore, the comparison of C(t,tw) curves in Figure 
2 at temperatures T=Tc and Tc/2 shows that the aging 
effects become stronger in the low-temperature phase, 
i.e. the falling of time correlations at Tc/2 with the same 
waiting times tw become more slow than at the critical 
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temperature. Reason for this behavior is connected with 
XY-type anisotropy, which is realized in Co/Cu(100)/Co 
structures, and with extremely slow dynamics in two-
dimensional XY-model characterized by aging not only 
near the temperature of the Berezinskii–Kosterlitz–
Thouless phase transition TBKT, but also in the entire 
range of the existence of the low-temperature phase [13, 
14]. These features of non-equilibrium behavior are 
conserved in ultrathin XY-type films. 

The dependence of aging characteristics on 
thickness N of ferromagnetic films is demonstrated in 
Figure 3 where the curves of the autocorrelation function 
C(t,tw) are given for film thicknesses N=3,5 at 
temperatures Tc and Tc/2. The analysis of the C(t,tw) 
slowing down with the same waiting times tw shows that 
the aging effects in multilayer structure are decreased 
with increasing thickness of ferromagnetic films N at the 
critical temperatures Tc (N). This is due to the weakening 
of the correlation for dimensional transition from quasi-
two-dimensional systems to three-dimensional bulk 
systems. The analysis of the C(t,tw) curves at Tc/2 in 
Figure 3b indicates the opposite dependence of the 
autocorrelation function C(t,tw) with increasing thickness 
N of ferromagnetic films in considered range of 
thickness changes.  

It is well known that in the aging regime at t − tw ~ 
tw >> 1 the two-time autocorrelation function is 
characterized by the scaling form [4] 

),/()(~),( wC
b

ww ttFtttC 
                  (8)  

where the exponent b at the critical temperature Tc is 

expressed in terms of the critical exponents as bc = 2β/νz. 
The scaling function Fc (t/tw) is a homogeneous function 
of its argument t/tw and, at the long time stage of its 
evolution with t − tw >> tw >> 1, is characterized by the 
power-law decay  

ac
ww ttttFc )/(~)/( ,                  (9) 

where the exponent  ca  is given at  Tc by relations ca = 
d/z – θ’ for the evolution from the high-temperature state 
and by ca=1 + d/z + β/νz for the low-temperature one. 
Here, β, ν, z and θ’ are well known static and dynamic 
critical exponents, d is a system dimension At the 
thermal bath temperatures Ts ≠ Tc, the exponents b and ca 
in Eqs. (8) and (9) are not related to the critical 
exponents.  

To check the scaling predictions for C(t,tw) given by 
relation (8), we plot the dependences of tw

2β/(νz) C(t,tw) 
versus t/tw in Figure 4 for different Co film thicknesses N 
at the critical temperatures Tc(N) with the use of 
exponent 2β/νz chosen to fit the data for different tw 
values to a single curve at t/tw >> 1. The exponent bc = 
2β/νz obtained from this fit is characterized by following 
values: 2β/νz=0.3184(4) for N=3, 2β/νz=0.4140(4) for 
N=5, 2β/νz=0.4364(5) for N=7, and 2β/νz=0.4562(5) for 
N=9. These values of exponent 2β/νz demonstrate a 
dimensional crossover from quasi-two-dimensional to 
three-dimensional systems. 

3 Conclusions 
A Monte Carlo simulation of the non-equilibrium 

behavior of multilayer Co/Cu(100)/Co magnetic 

 
Fig. 2. Time dependence of the autocorrelation function C(t,tw) as a function t − tw for different values of tw for Co/Cu(100)/Co 

structure with Co film thickness N = 7 at temperatures Tc = 3.0356 (a) and Tc/2 = 1.5178 (b) for evolution from high-temperature 
initial state. 

 
Fig. 3. Time dependence of the autocorrelation function C(t,tw) as a function t − tw for different values of tw for Co/Cu(100)/Co 

structure with Co film thicknesses N = 3, 5 at temperatures Tc (a) and Tc/2 (b) for evolution from high-temperature initial state. 
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structure was realized with use of the anisotropic 
Heisenberg model for describing magnetic properties of 
ultrathin Co films. The calculations of the two-time 
dependent autocorrelation function C(t,tw) revealed the 
aging phenomena in multilayer structures in wider 
temperature range at T ≤ Tc than in bulk systems by 
reason of the increase of characteristic spin-spin 
correlation length in magnetic nanostructures. 

The analysis of C(t,tw) showed that aging effects are 
characterized by a slowing down of the correlation time 
in the system with increasing waiting time tw. It was 
detected that these effects are increased in the low-
temperature phase in comparison with slowing down of 
C(t,tw) at the critical temperature Tc. This phenomenon is 
connected with extremely slow dynamics in 
Co/Cu(100)/Co magnetic structures with Co films as 
quasi-two-dimensional XY systems. 

The study of dependence of aging characteristics on 
thickness N of Co films revealed that the aging effects in 
multilayer structure are decreased with increasing 
thickness N of ferromagnetic films at the critical 
temperatures Tc (N) but characterized by the opposite 
dependence at temperatures Tc (N)/2. 
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