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w@%=%—vH#u/%§Aiw@N& (51)
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Wior i, ¥HEHN oo —vHE, TN
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_2&‘5’& s')) dsds’
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B Jo Jo
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il

B
t) = _—

2
exp {_ ﬁ[w - (w;V;tWHt)] } _
(53)

PUESEP RIS 6 M S vty s W M RE= WU i
TR BT R T HA R 0, AFFAERRE 4.
{RAEERAAR R, o BB FE(0 , 2m) X [H] -, B2
T R i (51) =X R 5 R 30T A Ak 1
WAR, TR A EERTR, B & o (0 1Y
PHEARAE(0, 2n) X (8] . XA, (53) X9 iR
B, AR AR BRI ik BE AL AR T A X (A] L
HSEMER . I, @ MIRROE 43 A S [0, 2m) X [i]
s 1/ (20). TR, RGEAEIRANR R AR
PSR 437 1T LAAS3):

pan (0,) = 5= exp | 5Hn (0)

1
= exXp [BSH cos 6] S? sin 6. (54)
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4 # #
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ArbRZ R, R AT AT (68 M 2 75 4 5

140501-9



#) 32 2 3R Acta Phys. Sin. Vol. 72, No. 14 (2023)

140501

3. TE—A>H [ e | € (AN BRI & v,
I3t B AR B =2 03 T AR AT G S A ) 3 A
R 1 AR HERA P, Rl i A e 2 7 O
FEAEBENL Landau-Lifshitz J7 8 Z 4ME Z 1B 1
AR, SRt T HARR BT, A SR T AR AT L 98
W2 7 AU 7 R AR S — R BE I A T AR
7Y, [ A el 288 R G Bl 24 g
T iR e T RJZ S %,

S7% 30k

[1] Gilbert T L 2004 IEEE Trans. Magn. 40 3443

[2] Antropov V P, Katsnelson M I, van Schilfgaarde M, Harmon
B N 1995 Phys. Rev. Lett. 75 729

[3] Antropov V P, Katsnelson M I, Harmon B N, van
Schilfgaarde M, Kusnezov D 1996 Phys. Rev. B 54 1019

[4] Ma P-W, Woo C H, Dudarev S L 2008 Phys. Rev. B 78
024434

[6] Guo B, Ding S 2008 Landau-Lifshitz Equations (Singapore:
World Scientific)

[6] Brown W F 1963 Phys. Rev. 130 1677

[7] Kubo R, Hashitsume N 1970 Prog. Theor. Phys. Suppl. 46
210

[8] Garcia-Palacios J L, Lazaro F J 1998 Phys. Rev. B 58 14937

[9] Ma P-W, Dudarev S L 2011 Phys. Rev. B 83 134418

[10] Coffey W T, Kalmykov Y P 2012 J. Appl. Phys. 112 121301

[11] Atxitia U, Hinzke D, Nowak U 2017 J. Phys. D:Appl. Phys.
50 033003

(12] Landau L, Lifshitz E (edited by Pitaevski L P) 1992
Perspectives in Theoretical Physics (Amsterdam: Pergamon)
p5l

[13] Saslow W M 2009 J. Appl. Phys. 105 07D315

(14] Lakshmanan M 2011 Philos. Trans. R. Soc. London, Ser. A
369 1280

[15] Eriksson O, Bergman A, Bergqvist L, Hellsvik J 2017
Atomistic  Spin  Dynamics: Foundations and Applications
(New York: Oxford University Press)

[16]
(17]
(18]

(19]

(20]

(21]
22]

(23]

[24]
[25]
[26]
[27]
28]
[20]
[30]
[31)
[32]
[33]
[34]

35]
(36]

140501-10

Risken H 1989 The Fokker-Planck Equation: Methods of
Solution and Applications (Berlin: Springer-Verlag)

Zwanzig R 2001 Nonequilibrium statistical mechanics (New
York: Oxford University Press)

Kampen N G van 2009 Stochastic Processes in Physics and
Chemistry (3rd Ed.) (Amsterdam: Elsevier)

Klyatskin V 1 2015 Stochastic Equations : Theory and Applica
tions in Acoustics, Hydrodynamics, Magnetohydrodynamics,
and Radiophysics, Volume 1, Understanding Complex Systems
(Switzerland: Springer)

Garanin D A, Ishchenko V V|, Panina L 'V 1990 Theor. Math.
Phys. 82 169

Garanin D A 1997 Phys. Rev. B 55 3050

Martinez E, Lépez-Diaz L, Torres L, Alejos O 2004 Physica B
343 252

Mayergoyz I D, Bertotti G, Serpico C 2009 Nonlinear
Magnetization Dynamics in  Nanosystems (Amsterdam:
Elsevier)

Ma P-W, Dudarev S L, Semenov A A, Woo C H 2010 Phys.
Rev. F 82 031111

Evans R F L, Hinzke D, Atxitia U, Nowak U, Chantrell R W,
Chubykalo-Fesenko O 2012 Phys. Rev. B 85 014433

Coffey W T, Geoghegan L J 1996 J. Mol. Liq. 69 53

Fredkin D R 2001 Physica B 306 26

Cheng X Z, Jalil M B A, Lee H K, Okabe Y 2006 Phys. Reuv.
Lett. 96 067208

Denisov S I, Sakmann K, Talkner P, Hénggi P 2007 Phys.
Rev. B 75 184432

Serpico C, Bertotti G, d'Aquino M, Ragusa C, Ansalone P,
Mayergoyz I D 2008 IEEE Trans. Magn. 44 3157

Denisov S I, Polyakov A Y, Lyutyy T V 2011 Phys. Rev. B
84 174410

Giordano S, Dusch Y, Tiercelin N, Pernod P, Preobrazhensky
V 2013 Eur. Phys. J. B 86 249

Aron C, Barci D G, Cugliandolo L F, Arenas Z G, Lozano G
S 2014 J. Stat. Mech. :Theory Ezp. 2014 P09008

Titov S V, Coffey W T, Zarifakis M, Kalmykov Y P, Titov A
S 2021 J. Magn. Magn. Mater. 539 168365

Ma P-W, Dudarev S L 2012 Phys. Rev. B 86 054416

Pan F, Chico J, Delin A, Bergman A, Bergqvist L 2017 Phys.
Rev. B 95 184432


http://doi.org/10.1109/TMAG.2004.836740
http://doi.org/10.1109/TMAG.2004.836740
http://doi.org/10.1109/TMAG.2004.836740
http://doi.org/10.1109/TMAG.2004.836740
http://doi.org/10.1109/TMAG.2004.836740
http://doi.org/10.1103/PhysRevLett.75.729
http://doi.org/10.1103/PhysRevLett.75.729
http://doi.org/10.1103/PhysRevLett.75.729
http://doi.org/10.1103/PhysRevLett.75.729
http://doi.org/10.1103/PhysRevLett.75.729
http://doi.org/10.1103/PhysRevB.54.1019
http://doi.org/10.1103/PhysRevB.54.1019
http://doi.org/10.1103/PhysRevB.54.1019
http://doi.org/10.1103/PhysRevB.54.1019
http://doi.org/10.1103/PhysRevB.54.1019
http://doi.org/10.1103/PhysRevB.78.024434
http://doi.org/10.1103/PhysRevB.78.024434
http://doi.org/10.1103/PhysRevB.78.024434
http://doi.org/10.1103/PhysRevB.78.024434
http://doi.org/10.1103/PhysRev.130.1677
http://doi.org/10.1103/PhysRev.130.1677
http://doi.org/10.1103/PhysRev.130.1677
http://doi.org/10.1103/PhysRev.130.1677
http://doi.org/10.1103/PhysRev.130.1677
http://doi.org/10.1143/ptps.46.210
http://doi.org/10.1143/ptps.46.210
http://doi.org/10.1143/ptps.46.210
http://doi.org/10.1143/ptps.46.210
http://doi.org/10.1103/PhysRevB.58.14937
http://doi.org/10.1103/PhysRevB.58.14937
http://doi.org/10.1103/PhysRevB.58.14937
http://doi.org/10.1103/PhysRevB.58.14937
http://doi.org/10.1103/PhysRevB.58.14937
http://doi.org/10.1103/PhysRevB.83.134418
http://doi.org/10.1103/PhysRevB.83.134418
http://doi.org/10.1103/PhysRevB.83.134418
http://doi.org/10.1103/PhysRevB.83.134418
http://doi.org/10.1103/PhysRevB.83.134418
http://doi.org/10.1063/1.4754272
http://doi.org/10.1063/1.4754272
http://doi.org/10.1063/1.4754272
http://doi.org/10.1063/1.4754272
http://doi.org/10.1063/1.4754272
http://doi.org/10.1088/1361-6463/50/3/033003
http://doi.org/10.1088/1361-6463/50/3/033003
http://doi.org/10.1088/1361-6463/50/3/033003
http://doi.org/10.1088/1361-6463/50/3/033003
http://doi.org/10.1063/1.3077204
http://doi.org/10.1063/1.3077204
http://doi.org/10.1063/1.3077204
http://doi.org/10.1063/1.3077204
http://doi.org/10.1063/1.3077204
http://doi.org/10.1098/rsta.2010.0319
http://doi.org/10.1098/rsta.2010.0319
http://doi.org/10.1098/rsta.2010.0319
http://doi.org/10.1098/rsta.2010.0319
http://doi.org/10.1007/BF01079045
http://doi.org/10.1007/BF01079045
http://doi.org/10.1007/BF01079045
http://doi.org/10.1007/BF01079045
http://doi.org/10.1007/BF01079045
http://doi.org/10.1103/PhysRevB.55.3050
http://doi.org/10.1103/PhysRevB.55.3050
http://doi.org/10.1103/PhysRevB.55.3050
http://doi.org/10.1103/PhysRevB.55.3050
http://doi.org/10.1103/PhysRevB.55.3050
http://doi.org/10.1016/j.physb.2003.08.103
http://doi.org/10.1016/j.physb.2003.08.103
http://doi.org/10.1016/j.physb.2003.08.103
http://doi.org/10.1016/j.physb.2003.08.103
http://doi.org/10.1103/PhysRevE.82.031111
http://doi.org/10.1103/PhysRevE.82.031111
http://doi.org/10.1103/PhysRevE.82.031111
http://doi.org/10.1103/PhysRevE.82.031111
http://doi.org/10.1103/PhysRevE.82.031111
http://doi.org/10.1103/PhysRevB.85.014433
http://doi.org/10.1103/PhysRevB.85.014433
http://doi.org/10.1103/PhysRevB.85.014433
http://doi.org/10.1103/PhysRevB.85.014433
http://doi.org/10.1103/PhysRevB.85.014433
http://doi.org/10.1016/S0167-7322(96)90006-9
http://doi.org/10.1016/S0167-7322(96)90006-9
http://doi.org/10.1016/S0167-7322(96)90006-9
http://doi.org/10.1016/S0167-7322(96)90006-9
http://doi.org/10.1016/S0167-7322(96)90006-9
http://doi.org/10.1016/S0921-4526(01)00958-9
http://doi.org/10.1016/S0921-4526(01)00958-9
http://doi.org/10.1016/S0921-4526(01)00958-9
http://doi.org/10.1016/S0921-4526(01)00958-9
http://doi.org/10.1016/S0921-4526(01)00958-9
http://doi.org/10.1103/PhysRevLett.96.067208
http://doi.org/10.1103/PhysRevLett.96.067208
http://doi.org/10.1103/PhysRevLett.96.067208
http://doi.org/10.1103/PhysRevLett.96.067208
http://doi.org/10.1103/PhysRevLett.96.067208
http://doi.org/10.1103/PhysRevB.75.184432
http://doi.org/10.1103/PhysRevB.75.184432
http://doi.org/10.1103/PhysRevB.75.184432
http://doi.org/10.1103/PhysRevB.75.184432
http://doi.org/10.1103/PhysRevB.75.184432
http://doi.org/10.1109/TMAG.2008.2001793
http://doi.org/10.1109/TMAG.2008.2001793
http://doi.org/10.1109/TMAG.2008.2001793
http://doi.org/10.1109/TMAG.2008.2001793
http://doi.org/10.1109/TMAG.2008.2001793
http://doi.org/10.1103/PhysRevB.84.174410
http://doi.org/10.1103/PhysRevB.84.174410
http://doi.org/10.1103/PhysRevB.84.174410
http://doi.org/10.1103/PhysRevB.84.174410
http://doi.org/10.1140/epjb/e2013-40128-x
http://doi.org/10.1140/epjb/e2013-40128-x
http://doi.org/10.1140/epjb/e2013-40128-x
http://doi.org/10.1140/epjb/e2013-40128-x
http://doi.org/10.1140/epjb/e2013-40128-x
http://doi.org/10.1088/1742-5468/2014/09/P09008
http://doi.org/10.1088/1742-5468/2014/09/P09008
http://doi.org/10.1088/1742-5468/2014/09/P09008
http://doi.org/10.1088/1742-5468/2014/09/P09008
http://doi.org/10.1088/1742-5468/2014/09/P09008
http://doi.org/10.1016/j.jmmm.2021.168365
http://doi.org/10.1016/j.jmmm.2021.168365
http://doi.org/10.1016/j.jmmm.2021.168365
http://doi.org/10.1016/j.jmmm.2021.168365
http://doi.org/10.1016/j.jmmm.2021.168365
http://doi.org/10.1103/PhysRevB.86.054416
http://doi.org/10.1103/PhysRevB.86.054416
http://doi.org/10.1103/PhysRevB.86.054416
http://doi.org/10.1103/PhysRevB.86.054416
http://doi.org/10.1103/PhysRevB.86.054416
http://doi.org/10.1103/PhysRevB.95.184432
http://doi.org/10.1103/PhysRevB.95.184432
http://doi.org/10.1103/PhysRevB.95.184432
http://doi.org/10.1103/PhysRevB.95.184432
http://doi.org/10.1103/PhysRevB.95.184432

#) 32 % 3R Acta Phys. Sin. Vol. 72, No. 14 (2023) 140501

Discussion on generalized formulation of spin semiclassical
. . *
Langevin equation

Li De-Zhang!  Lu Zhi-Wei?  Zhao Yu-Jun?  Yang Xiao-Bao VT
1) (School of Physics and Optoelectronics, South China University of Technology, Guangzhou 510640, China)

2) (Department of Applied Physics, School of Engineering Sciences, KTH Royal Institute of Technology, Stockholm SE-10691, Sweden)

( Received 26 January 2023; revised manuscript received 14 March 2023 )

Abstract

The stochastic dynamics of spin semiclassical system at finite temperature is usually described by stochastic
Landau-Lifshitz equation. In this work, the stochastic differential equation for spin semiclassical system is
studied. The generalized formulation of effective Langevin equation and the corresponding Fokker-Planck
equation are derived. The obtained effective Langevin equation offers an accurate description of the distribution
in the canonical ensemble for spin semiclassical system. When the damping term and the stochastic term
vanish, the effective Langevin equation reduces to the semiclassical equation of motion for spin system. Hence,
the effective Langevin equation can be seen as a generalization of the stochastic Landau-Lifshitz equation. The
explicit expressions for the effective Langevin equation and the corresponding Fokker-Planck equation are
shown in both Cartesian coordinates and spherical coordinates. It is demonstrated that, the longitudinal effect
can be easily illustrated from the expressions in spherical coordinates. The effective Langevin equation is applied
to the simple system of a single spin in a constant magnetic field. Choosing an appropriate form, the Langevin
equation can be easily solved and the stationary Boltzmann distribution can be obtained. The correctness of the

Langevin approach for the spin semiclassical system is thus confirmed.

Keywords: stochastic Landau-Lifshitz equation, Langevin equation, Fokker-Planck equation, Boltzmann

distribution
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