
Atomistic spin model simulation of magnetic reversal modes near the 
Curie point 

J. Barker,1,a) R. F. L. Evans,1 R. W. Chantrell,1 D. Hinzke,2 and U. Nowak2 

IDepartment of Physics, The University of York, York YOlO 5DD, United Kingdom 

2Fachbereich Physik, Universitiit Konstanz, Universitiitsstrasse 10, D-78464 Konstanz, Germany 

The so-called linear reversal mode is demonstrated in spin model simulations of the high anisotropy 

material Llo FePt. Reversal of the magnetization is found to readily occur in the linear regime 

despite an energy barrier (KV / kB T) that would conventionally ensure stability on this timescale. The 

timescale for the reversal is also established with a comparison to the Landau-Lifshitz-Bloch 

equation showing good agreement. 

In order for the current increase in magnetic storage den

sity to continue, one must overcome the so-called magnetic 

recording trilemma; namely, that smaller grains are required 

for higher data densities and to ensure their thermal stability, 

materials with a high anisotropy are required. The higher 

coercive field that this produces also becomes a limiting fac

tor as the maximum fi e ld produced by the recording head is 

constrained by the saturation magnetization of the pole. One 

proposed solution to the trilemma is the use of heat assisted 

magnetic recording (HAMR), which utilizes the temperature 

dependence of the anisotropy to enable writing of materials 

with a high coercivity. For the highest anisotropy media, this 

will require heating to the Curie temperature (Td of the 

material. Close to Te. longitudinal Jlllctliations in the magne

tization can have a significant impact on the expected energy 

barriers and therefore the relaxation time of the magnetiza

tion . These effects become especially important when at

tempting to minimize the time to reverse the magnetization 

state of the media that will be important at higher storage 

densities. 

Recently, the existence of a so-called linear reversal 

mode was predicted I from the Landau-Lifshitz-Bloch (LLB) 

equation.
2 

During linear reversal, the magnetization does not 

coherently rotate, but instead linearly reduces along the easy 

axis, reappearing in the opposite sense in the same manner. 

This reversal mode is found in materials with a very high 

anisotropy and only occurs close to Te (although at tempera

tures less than T d, where this reduction of magnetization 

becomes more energetically favorable than coherent rotation. 

Analytic work by Kazantseva et al. I with the LLB equation 

has suggested that linear reversal occurs on a much faster 

timescale than coherent rotation . 

The linear reversal mechanism seems to be a contribu

tory factor in the optomagnetic reversal phenomenon ob

served by Stanciu et al. 3 These experiments circularly used a 

polarized laser light to demonstrate magnetization reversal 

using 100 fs pulses in the absence of an externally applied 

fi eld. This is a timescale that is much shorter than expected 

for magnetization reversal by precession, but one accessible 

to the linear reversal mechanism according to the model of 

Kazantseva et al. I Using a model based on the LLB equa

tion, Vahaplar et al. 
4 

showed that reversal on a subpicosec

ond timescale is possible via the linear reversal mechanism 
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and experiments supported the predicted criticality of the 

onset of the linear reversal mechanism, which occurs at a 

temperature determined by the ratio of the longitudinal and 

transverse susceptibilities. I Thus linear reversal seems to be 

central to the optomagnetic reversal mechanism. 

Consequently, linear reversal is an important mecha

nism, justifying detailed investigation of its physical basis . In 

this letter, we use atomistic scale dynamic simulations to 

demonstrate the existence of linear and elliptical reversal 

modes. We also show that reversal readily occurs where 

conventionally, a Stoner-Wohlfarth type barrier (KV/ kBT) 

would ensure thermal stability on a long timescale. Finally, 

we make a direct comparison between the reversal times in 

the atomistic spin simulation and the values calculated using 

the LLB equation. 

The model Hamiltonian uses the Heisenberg form of ex

change for moments well localized to atomic sites. It is im

portant in this work to have such microscopic detail so that 

temperatures close to the Curie point and through the phase 

transition can be reproduced in the model. In this paper we 

model the high anisotropy material L1 0 ordered FePt. This 

material is known to have a very large uniaxial magnetic 

anisotropy of K = 108 erg/ cc, making it a good candidate for 

next generation hard drive devices.
s 

The model is parameter

ized with ab initio data for the exchange interaction and 

anisotropy as found by Mryasov et al. 
6 

The large anisotropy 

in L 1 0 FePt arises due to the two-ion exchange that exists 

between the alternating layers of Fe and Pt. Mryasov et al. 

showed that the moment induced in the Pt ions has a direc

tion and magnitude that is linearly dependent on the ex

change field from the surrounding Fe. This allows the Pt 

spins to be combined onto the Fe lattice sites. The result is a 

Hamiltonian that only contains Fe spins, S;, but has a long 

range exchange that is mediated by the Pt sites.
6 

Equation (I) 

gives the Hamiltonian, where Ii) is the effective exchange, 

d~O) is the single ion anisotropy energy and d ~J) is the two-ion 

anisotropy energy, H is the applied licld. and ii= ,uFe+ ,uPt 

(1 ) 

Due to the dependence of the anisotropy on the ordering of 
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the FePt, perfect L 10 phase is assumed by the model, as is a 

I : I stoichiometry. 

The ab initio characterization in this model produces 

a ferromagnetic state with a Curie temperature of Te 

= 700 K for a bulk (periodic) system that is just slightly 

lower than the experimentally observed value of Te 

= 750 K 7 For granular (open) systems, the atomic sites are 

characterized using the same long ranged exchange and 

two-ion anisotropic energies as for the bulk, but the total 

exchange on many sites is reduced due to the absence of 

interacting neighboring spin sites at the surface. This ap

proximation is used in the absence of detailed experimental 

or ab initio characterization of FePt surfaces . It is noted that 

because the large anisotropy depends on the long range two

ion anisotropy, this will also be reduced at the surface. 

The dynamics of each atomistic moment is described by 

the Landau- Lifshitz-Gilbert (LLG) equation, 

rJS i = 

rJt ( 
2 Si X {Hj(t ) + ~[Si X Hi(t)]) . 

I + ~ )f-ts 
(2) 

The effec tive fi eld on each spin is given by Hi =- r'fHl r"JS i 
+ ~j, where ~i are three independent stochastic processes that 

satisfy the conditions 

(0=0; 

(3) 

(~ i(t)~j(t') = oij8(t- t')nkBTf-tiy, 

where (Y is the Gilbert damping parameter; kB is the Boltz

mann constant; and T is the temperature of the thermal heat 

bath. In ultrafast laser experiments to which this work is 

comparable, it would be the conduction electron heat bath 

that this represents. In such experiments, the phonon and 

electron heat baths are in a highly nonequlibrium state, thus 

the electron heat bath temperature can be considerably higher 

than that of the phonons .
8

,9 f-ts is the atomic moment that 

is 3.23 f-tB for the localized Fe+ Pt combined moments; 

y is the gyromagnetic ratio given the value 1.76 

X 101 1 rad S- I T- I
. The LLG equation was integrated using 

the Heun method with a time step of 0 .5 fs. For the fast 

processes being investigated in this paper and the high tem

poral resolution used, the validity of white noise is 

questionable.
lo 

Recent attempts have been made to include 

colored noise into the Langevin equation of motion; II how

ever the approach of Atxitia et at. requires at least two un

known parameters, the heat bath correlation time and the 

bath coupling strength. Therefore we will use white noise 

thermal processes. 

A reversal path for the system was calculated by allow

ing the system to evolve at thermal equilibrium for a long 

peri od of time in zero fi e ld . Comparing the mean va lues of 

the longitudinal magnetization, mz and transverse magnetiza

tion, mp as the magnetization moves through the confi gura

tion space, the mean reversal path was obtained. This calcu

lation was performed for both "up" and "down" initial 

configuralions so th at a range of' motion can be establi shed 

for systems that do not undergo thermal reversal within the 

timescale of the simulations. 

The results in Fig. I are from an ensemble of periodic 

systems with a total combined integration time of 2 ns . It can 

be seen that as the system approaches Te, the ellipticity of 

the mean reversal path increases. Very close to Te, the be

havior changes to a linear mode where mt remains very small 
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FIG . I. (Color online) Mean reversal path of a periodic system (T e 
= 700 K) showing the equilibrium magnetization vector for given tempera

tures. Dashed lines are guides representing a circular reversal path for each 

temperature. 

for all values of mz. The small remanent m t is a finite sil,c 

effect. A calculation of the Stoner-Wohlfarth type barrier 

/j.E=KVlkBT gives /j.E = 100 for 620 K and /j.E = 30 for 

670 K For both of these values, reversal would be very 

unlikely within the 2 ns of total simulation time, yet within a 

temperature change of 50 K the system goes from being 

thermally stable to superparamagnetic, suggesting a dramatic 

reduction of the energy barrier associated with the onset of 

the linear reversal mode. 

The reve rsal time is .also significant, as it governs the 

fundamental speed of magnetic phenomena. We have there

fore calculated the magnetization reversal time t6 for com

parison with the analytic solution of the LLB equation by 

Kazantseva et at. I for reversal times. The time t6 is dcllned 

as the time taken to for the system to change from a state of 

mz= I to mz=O with a revers ing field appli ed along the easy 

axis. The results are the average of many simulations to es

tablish a mean reversal time. We now compare the atomistic 

results with analytic LLB calcu lations. We note that in 

reference I the LLB equation has been parameterized for a 

system size of 6 nm. To allow a direct comparison with the 

analytical results we have carried out atomistic calculations 

for a system size of 6 nm to ensure that the susceptibilities 

and equilibrium magnetization had the same temperature 

variation as those used in the LLB mode l. Due to finit e si ze 

effects, which are especially pronounced in FePt due to the 

long range nature of the exchange, this system has a smaller 

Te of 600 K I2 

Figure 2 shows a very good agreement between the ato

mistic simulation results and the analytic solution of the LLB 

equation. I Importantly, the reversal time changes by an order 

of magnitude across Te in the linear reversal regime. This 

e fFect is signi fi cant for HAMR. as it shows that reversa l is 

possible in the magnetically hardest materials, but heating 

close to Te will be necessary. 

To illustrate this effect more explicitly, we have simu

lated the reversal probability of a 6 nm grain under a lOps 

heal pulse and I T fi e ld, as shown in Fig. 3 . The reversal 

probability is zero at low temperatures, consistent with the 
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FIG. 2. (Color online) A compari son of the characteristic reversal time 16 as 

a fun ction of temperature, through 1'c in a 6 nm cube of FePt (1'c= 660 K 

1'0 1' thi s smu ll finit e s izt: systl'm) . Reversing fl clds lun appli ed fi eld al ong tlw 

z-axi s opposing the magneti zation) of I and 10 T are compared. Atomistic 

spin simulations are represented by points and the solid lines are the analytic 

solution of the LLB equation (see Re f. I). 

large energy barriers noted earlier. At a critical temperature 

of - 640 K, the reversal probability increases rapidly. Note 

that this temperature is consistent with the estimate of 

- 642 K for ~he critical. temperature r for . t~e on~et:>f linear 

reversal. T IS determIned by the conditIOn XII I X I = I 12, 

where XII , X 1- are the longitudinal and transverse suscepti

bilities respectively. We note that the maximum reversal 

probabi lity reached is less than unilY. This ref'lects the lher

mal equilibrium probability, which is determined by 

tanh(JLH I kT) where JL is the total spin moment of the nano

particle. The sharp transition at the critical temperature fa

vorably compares with Fig. 2 and the results of Kazantseva 

et al. Importantly, the criticality of the reversal mechanism is 
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FIG. 3. (Color online) The reversal probability of a 6 nm FePt grain in a I 

T r ~ v e r s in g fi eld a fter the appli ca ti on of a lOps squ are heat pul se. Th ~ 

shaded area represents reversal (m, < 0) . 

demonstrated in agreement with the experimental data of Va

haplar et al. 
4 

In summary, we have demonstrated the so-called linear 

reversal mode within atomistic spin model simulations. This 

has shown that in the linear regime, reversal occurs within a 

timescale much shorter than the expected relaxation time for 

the conventional Stoner-Wohlfarth barrier (KVI kBT) . The 

onset of this linear regime also appears to be very critical 

with thermal stability and reversal being separated by a rela

tively small change in temperature. 

The atomistic spin simulations performed here support 

the analytic solution of the LLB equation by Kazantseva 

et al. with respect to reversal times . Again these results con

firm the apparent crilicalilY of lhe onset of the Ii near reversal 

mode. Very close to T c the reversal time of the system 

changes by at least an order of magnitude. These results also 

demonstrate that for temperatures and Il e lds achi evable in 

the nonequilibrium regime of ultrafast laser experiments, re

versal is possible on a subpicosecond timescale, which is 

consistent with the optomagnetic reversal experiments of 

Stanciu et al. 3 
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