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The Barkhausen effect [(BE) inometallic ferromagnetic systems is theoretically invesipatod by
a Langevin description of he siochastic mation al adomam wall ina pandomby perturbed
medivn, BE statistical propertics arc caleulated [ram approsimale analylical solutions of the
Fokker—Planck equation associated with the Langevin model, and from computer simulations
of domain-wall motion. 1t is predicted Lthat the amplitude probability distribution £, () of the

B fus rate 4 should abey the equation £, () o D

Fexp( — eb/ () ), with &> 0. This result

implics scaling properties in the inlermittent behavior of BE al low magnetization rates. which
are described in terms af a fractal structure of fractal dimension £ = | Analytical expressions
foor the B power speclium are aleo derived. Finally, the extension of the theory o Lhe case
where many domain walls participate in the magnelization process is discussed.

I. INTRODUCTION

Although the Barkhausen clfect' " (BE)Y plays, i prin-
cipbe, o Tundamental role i the phenomenology of [ereomig-
netic hysteresis, since it reveals e microscopic behavior of
Weiss domatns, a comprelicnsive guisnlitative reatment of
s connection with doman-wall [DW ) dynamics s yel Lo he
developod. Some penera, well-known facts, like the miler-
miltent character af BE when a ferramagnetic specimen is
maphetized al a slow mleor the strong dependence of BE on
demagnetizing fields, are usually justified by intuitive con-
siderations, There is an old tradition of statistical wadels,'
deseribing the intenmittent characler of BE in terms of clus-
tering of clementary DW jumps, but anly rough deseriptions
al e dynamic mechanism responsible for this clustenng
effect have heen given. Detailed BE sludies have been per-
formed in systems conlaining a single active DWW, but the
connection between these special cases and the peneral phen-
smenclogy of BE hias remained pusentially unexplored.

In this paper, we iy to Ol up this interprelalive gap
between 1HE phenomenology and DWW dynamics by study-
ing, in the frame af the theary of stationary Mlarkov pro-
crsses, The problem of a W maving m g randamly rer-
inrbed medium. Basic resulls on this subject have been
Loown Tor o long time. Williams, Shockley, and Kiltel®
showed in 1950 that DW nalion in metallic systems is gov-
erned by eddy current damping, which gives rise to o dnesr
dependence of DW velocity von magnet ic Geld A ol the form

ky=H —{T,, Ch)

where H s the coercive field expericnced by 1T moving
DWW o the constant & can b caleubated from Maxwells
equations. On the other hand, several authars, fallowing the
bt resulls obtained by Neel,” Tave stressed The trinsie
random nature ol the cogreive Gekd f, vriginating Troan Hhe
fine structure of the perbacsalios encounlered by o DW in
a prpsent b eess: Tslitiea Masienale di Frsica Nuclsmiee Seeomne odi Tisriew,
(16125 Torine, Haly,
A T sl EnparEimento di Figica, Politecmen i Tern, 10124 Tarindg,
laly,
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its motion. The experimental studies reporied in Refs, 57
show that £ is a random function of DW position, which
can be approximately deseribed by a Wiener Lévy'™ (WL
stochaslic process, " Mobady scems to have pad much atten-
ton so Tar Lo the joinl physical meaning of these resulis.
Actually, Eq. (11, or rather its bime dertvative. plays the role
al a Langevin cquation,'™'" where the properiics of the 1n-
ternal feld 7 can be inferced Trom the TNACTOSEOIE e Ret

zation law of the system, whereas /1, deseribes the stachastic
disturbance induced by microscopic DW inleraction pra-
cesses. Tn Lhe present paper, this Langevin eopuation and the
assaciated Fokker—Planck equation are solved Lo alaain Lhe
statistical properties of the process v}, Since el /) is basical-
ly proportional to the voltage deiccted ina BE experiment,
definite predictions on BE propertics and onats conneclion
with [YW dynamics will be obtained, "

When this conceptual frame is anatyzed in dedad, il ap-
pears o contain several physically interesting complici-
tions, closely connected with specific aspecls of BE phenn
menology, A frst poinl cancerns the evaluation of Lhe
internal field 4. The applied Geld &, and local magnelosia-
G fiehdls are the main contributions to 7 Under convenicnl
approsimations, the rate of change I At can be expressed
diveetly i terms of the magnelization rale [imposed Lo the
systerm and the differential permenbility g associated with
thal part of the hysteresis loop where LW tnolion i assumel
lo take place. This leads to strmgent predictions about the
BE dependence on { and pr. On the other hand, the inferac-
tioms giving rise (o A uctuations are basically o funcion ol
DWW position and ol of time. We will see that this facl 15
mlimately related 1o the onset of nlerontlency i 131 ol Jow
rapnetization rales, and inplies that this nternmetent be-
havior is associaled with a lractal structure"™ characterized
by a [vactal dimension £ < 1. Finully, there may be addi-
Gomal terms in H, depending expheitly on time, which
chould be considerel in more refined maodels. Lo purticular, a
viscosity ficld A, should be included when magnetic alter
elfects are present. By using the classical rosults oblained by
Neéel on the properties of £#,," the theory should be able o
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predict the BE behavior in the presenee ol magnetic afterel-
feets, However, this peneralization les outside the scope of
the present article,

As o concluding remarl, we wish to point oot tal,
owing to the witnnsic complesity of BE phenmmenclogy,
carrying oul a proper ciperimental characterizalion of BE
and a meaningful comparison with theorelical predictions is
by no means a trivial task. In partcutar, careful considera-
tiom should be given to e Tact al BLE 5 a noonstationary
process, associated with diferent dynamic conditions (e,
different values of f and ) and différent magnetization pro-
cesses [ W motion, domain crealion or annihilation ) when
different points of the hysteresis loop are considered. This
means that many lersiure resulls, implying averapes of BE
propertics over the entire hysteresis loop, wre nol casily wme-
nabile to a clear physical interpracation. In particular, thoey
are nol dircetly comparable with the theary discussed in this
paper, whose basic assumplions sre that e mechanism giv-
g rise to BE s DW maotion and that DW maotion can be
deseribed as a stationary Markoy process, associaled with
well-defined, fixed values of £and ji- The problem of a satis-
factory expenimental characterization of BE and a detaled
comparison al cxperiments wilh the present theory are dis-
cissed ina companion paper, '

il. THE MODEL

We consider a planar, TR DW moving across a metal-
lic slab of thickness o and cross-scolionad arca S0 1IN the inters
nal degrees of freedom related (o the DW Nexibilily are ne-
glected, the DW motion is fully described by the DW
velocity v or, cquivalently, by the magnetic fux rate of
chanpe b — 21 v, where T, is the saturation magnetizalion
of the material, We shall assume that the DW dynamics is
controlled by Eq. (1), which can be written as"’

oG =H - ., {2)

-

where @ 15 the electrical conductyily and the dimensionless
coelflicient @ = (4/7') E, (176" =0.1356, il a wide slab
(S%d Y is considered. ' Equatlions (1) or (27 have been
widely and successfully applied to the deseription of large-
scile DW motion, i connection, for cxample, with the pre-
diction af excess eddy current losses. ™" Here, however, we
arc assuming that BEq. (2) can be applicd even Lo Lhe descrip-
lion of finc-scale DW dynamics, where stochastic Auetu-
ations af d» are induced by corresponding Nuetoations of 2,
ariginating {rom the fine structure of DW interactions with
lattice defects or other perturbalions.

The leading features ol the stochastic behaviorof ff, can
be inferred from the results of the experiments™? with sys-
tems containmg a single active W, The basic conclusions
are that & s a random function of W position, 1.o., ol <,
and that its Muctuations as a function of 9 can be deseribed
approximately by a WL process.” However, when large DW
displacements are considercd, the presence of a finite corre-
fation length £ s mevitably expecled, corresponding (o the
inile interaction range of the B with a given perturba-
tion. " A convenient description of these features is obtained
by assuming that & obeys the Langevin equation

2802 JoAappl Phys Vol 68, Mo, 6,15 Septamber 1980

: { i
oI ] £ I,,Hf} _ d'lli (3)
edily & gty
where the WL process B{d ) s characterized by
(Y =0, ([P =24 didy 4]

A beidnp an unkoown constant.

Some specific considerations are needed 1o determine
thie behaviar af the magnetic feld Aol Eq. (2).In Rell & ths
liekd is simply wdentificd will the applicd Teld £ Towever,
e picture-friune single ervstal considercd in that case is a
very special system, charucterized by an extremely high per-
meabilily and neglipible magnetostatic effects. Inoa generic
system, we eapee! magneloslalic fields 1o contribute signifi-
cantly to H, o thal ff = K, — H,,, where £, s e magne-
tostatic contribution. A detailed descreiption of &, 15 hy no
macans A frivial task. Yot o line with the Langevin approach
anticipated in the Introduction, we can allempd an cvalui-
tion af £f,, inferred from that of its mean value, We shall
assume that Uhe DW motion takes place in a portion of the
lysteresis loop characterieed by s constant dilferential per-
meahibity" g = df Ad L and that (he average magneliz-
Lo ol the system inoreases al 3 constant rate 1. This is ob-
Gined by applying an external field also mercasing al o
constant rate ..F'.fh. = a".r’;.r.. Under these conditions, 41} is a
stationary process whose mean value is () — ST 1T we con-
sider the mean value of B, (23 and we take its lEme derva-
tive, we abtain, assuming that () 15 conslant in time,™

(H,y="H, =/50={b)/Sn (5}
The simplest assumplion consistent with Eq. (3 ol course

I, = @/ 5. (6)

Despite its simplicity, this description of magnetostatic of-
fects is quite satisliclory, and leads (o prediclions in good
apreement with experiments.'® The time derivative of Eq.
{21 can then be writlen as

L1 LI P ¢ | dH. :
{ +—= —— (r)
ot # ol elt

wliere the e constan! 7, defined as
7= iy, tH)

conlrols the decay of mapnetostatic lelds.

Ewven Eq. (7} has a Lanpgeyin stracture, buat the random
term e ff Ao docs nol correspond Lo o Gaussian while nose,
and must be evatuated from Eq. (3. Nate, however, thal &,
and not ¢, s the natural coordinate appeanng in Eq. (37,
This nterplay between magnetic Qux and tine dependencics
will have Tar-reaching cansequences, particularly in deter-
mining the wilermitlenl character of DW motion al low
ragnelization rales, On the other hand, we konow that the
YW will movve, under the action of B a0 e direction only,
corresponding, with the present conventions, to =10
Therefore, Eq. (7) is physically meaninglul only for &= 0,
and speeial care should be paid to s behavior for b -0

Let us introduce the dimensionless parameter

e = SHoG)/Ar, (9
the dimensionless variables

z=cth/SI, b = — H. /A5, {1
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anil the normalized B9 process w{dyy = 0D A5 Adler
rewriling Ee. (43 as o function of time, Egs (31, (7 )0 and
fdy take the Torm

e a_p el

di 2—e _dh (1)

i T i

ﬂ_l_i.ﬁ,.—{a’rr} _;_ht (123

i o r it

{|efio]*y = 22 f” ! (13]
T

where the time constanl

r. =&/51

: (14)
poverns Lhe decay ol local cocrcive field correlations. The
mcst intriguing aspects of Eogso (110120 are the prosence
al the nonhnear coupling between zand A in Eg. (12) and
e dependence of {|diw]™) onzin Eg. (130, These complica-
Lo play an important physical rale, which can be better
appreciated by first discussiog the approzimate description
i which v — se. This hmil illusteates the basic fealures af
Hee rooddel, and ean be Tully worked out by analytic Lools,

1 THE 7, — = LIMIT

Avccording to Eqs. (1D -CEb), the condition 7, — w {or
more precisely @ %) s attmined at low DW velooiies
and o when e correlanon length £ ol local cocreive lield
Muetuations s sullicieally large. By assonung 7, - ¢ i BEys
[(11y=(13}), we obtain

dz z—r dw

T e OO L1 157
ot T i

(| ®) = 2z df .
T

i)
ziey s a Markov process, whose statistical properiies are
governed by e conditional probabalily density P{z0 12,1
where z =z, is the initial condition at £ = 0. P obeys the
Fokker—Planck equation asseciated with Egs. (151 and
(L6,
4P dz—)P 4P
g — =
di fors az
We must look for o solution of this equation in the region
7= 0, decaying Lo zero exponentially when z— 4 o, and

=0 (173

reducing o8 (z — o, ) whent 0" Such o solation s been
obtained in el 4, interms of a series af Lapuerre patynomi-
abs L5 "zh, k=001 Here, we shall consider in mare
detail the relation between Eg, (171 and the two quantities
Hhat characierize the statistical beluvior of the process 208},
e, the stationary amphiode probability discibuiion £ (2]
and the avtocorrelution function &, (A0,

Ptz is abtained from Eq. (177 alter dropping the ime
derivalive derm, The solution is

ey el

where Tic) is the BEoler gamima Tunction, MNote that this

s - R 'unp[ (s

eaprossion imphes (20 = | 28 {2z = o, a resull eguavalend
to () = 5T and 1hos consstent with oo nital physical
wasimplions.

2a03% JoAppl Phys | Wol GE, Moo G, 1S Seplembar 1990

The mast interesting aspect of Eq, ( 18] o its power-law
beduvior for 200" This s the dircct consegquence of the
lincar dependence of {|dw|™) onzin Eq. (163, which i turn
is physically rebued o the St that e Jocal covrcve field
H o random function of € and notof time, The behavior
al B, (z) for 2—0 "' changes drastically, from £, (2) =0 1o
£ (2] — oo, when ¢ crosses the value © = 1T, We can say that
¢ = | defines the boundary between the regime (o= 1) of
continuous DW motion, where the condition 20 (ie,
w0 his o neglipible probabality to oceur, and that (< L)
of intermiltcot DW maotion, where the power-law diver-
pence of £,{z) for z-.0 implies the presence of burstlike
evenls separated by finite time intervals in which =) -0,
This intermitient hehavior s characterized by inleresting
scaling properties, According 1o Eq. (18}, when c < | the
system can be found arbitranly close loz =0, bul nol exact-
ly at z = 0, where £ (2) 15 undefined. Consequently, decid-
ing whelher the system is active (2> 0) or not (2=0} de-
penes an one ability to resolve the details of the process 2(¢),
Citven the resolution parmneter 2, , the system will appear
nel Lo be active whenever z(0) <z, Let 27 be the setof time
intervals where the condition z(¢) <z, occurs, IF we de-
crease 2, new 200 details are resolved and 27 splits into
more and more disjoint subintervals, The length £ of &7,
being proportional to the probability that 2 <z, can casily
bie evaluated from Bg. (18) When 2, < 1, we find Loz, o
relationship which poiots at 7 as a fractal sel of [ractal
dimension 2 =1 — ¢« |, 1o be compared with the Cantor
and Levy dusts discussed by Mandelbrot in Refll 14, This
resull provides a new conceptual frame for the descriplion
and interpretation of clustering processes i BE. A niee pie-
tarial representation of these considerations can be obtained
by computer simulations, in whish Eqs. (15) and (16) are
usedl Lo pencrate (/) step by step in tme. The numerical
problems associated with the simulation algorithm are dis-
cussed in the Appendix. In Fig. 1 we give a typical example
of the behavior of z(¢) obtained at the computer, with an
illastration of its sealing properiies when z -1

The avtocorrelation (autocovariance ) function & (A7)
i5 defined as

4 - e

L

21t

/ _' it
E_AL\L M _i_mLuJ‘;bjﬂ

FIG T Conrspuesaer simulations ol thos Joe belaviar of 2000 abisesed oo
L. €05 waned § V) fovr
s b Craeees Pl sel ol e intervnls where 200} =2 bs vepreseitod below

dh bt magmiheabieon of the sigeral el e
Chie fgeire B 2y, 00k s Below e st e gy = (00
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B_(A = erfz:!:;,[x —eh gy =€)

w Pz |2 18 La, ) (1%

The cquation obeyed by R, (&) can be denved brom L.
(173, writtenintheform v dP /dr + chf iz =0, whercJ{z,.0)
represents Lhe probability current density. The fact that DW
molion is confined within the region z= 0 implics that
Ji,61 = (b This resull can be dircetly caleulated from the
seneral solution for P20 |z, ) given in Ref. 4, Let us mulliply
Eq. (1T by (z —cilz, — e} Py [z, ), Integrate over 2 and 7,
and make use of the mentioned property of J. We obtain

A, ;
r—0—+ R, =0, Ar=0 {207
it
which shows that &, is an exponential function,
R, (A0 =cexpl — At /7)), (21}
where the preexponential [actor, representing {(z —¢)'),

can becalenlated from Eop. (181, The power spectrum . ()
of z is thus a Lorentzian,

Fo{w) = {2e/m1/ (e’ +7 e {231

According to the definition of z [Eq. (18], the speclrum
Fa) of @, the quantily actually measured in BE CRpTT
ments, is given by®!

Flar) — 20ST /eV'F w) = AST[A NGV /e’ +1 7).
(23)

Equations (22) and (23) imply that Flw) =~ A45TA(Sp)*
when wr< 1, and Flw) =457 [4 /(0C)’ | /o when i 1.
Thus, the influence of magnelostatic fields, described by g, 15
limited to the region w7 = 1 Whenarrs 1, Flar) s wncpuely
controlled by short-range coercive field interactions, de-
seribed by parameter A. This conclusion, logether will the
fact that the time constant of BE fluctualions I T, ro-
mains valid even when the limit 1, — e does nat apply, and
provides a definite prediction which can be expenimentally
fested.

V. THE GENERAL CASE

Fallowing the results ol the previous scolion, we shall
jiow discuss the general propertics of Egs. (1 Fy={ 13}, hoth
hy approximate analytic considerations and by compuler
simulations, in which the process z(1} is generated step by
step in time and stapdard dala analysis is then performed 1o
ahtain £, (z) and £, (). Details of the algarithm employed
in the simulations are given in the Appendix.

It is convenient 1o introduce the new variable

y=(z—c}—th. — {1 (24)
Equations (11) and (12) become then

d_2_|__z___r(1+ ‘F_E)_ .P_ELf{LEI (25)

el T T o r.¢c 4l

dy: ZT—=¢. 0, (26)

eli r

and the corresponding  Fokker-Planck  equation far

Playt iz, )i

2904 J.Appl, Phys., Vol 68, No, 6,15 Septerber 1998

A. Probability amplitude distribution

An analytic solution for £, (z) can be pblained in the
limit of high DW velocities, where, according to Eg, (%),
ex 1. In this Timil, 2(0) will show only small foctuations
arowind its mean value, {z) = ¢ We can thus assume thal
z=cin Eqs (12) and {133, or, equivalently, that all the
terms z/e of Eq. (27) are equal to L. The equation far the
stationary amplilude distribution £, becomes Lthen

T Fi
. {(.: - L"J(1 + —) P,,l J.—:;: - i
oz T, e

| '[I—IS'J ﬁ ..L_pi”i'.'_ = {3}
chye . oz
The last two terms of Eg. (28) vanish if we look for a {une-
tion £y | (z —c)* + /7, |, and the lirst two Lerms show
that this function must e Gaussian:

Pz wexpl — (1 +7/7.0 [ (2 — o)+ mtfe, |/ 2e).

(28)

(29]
In Lerms of the parameters
F—ell /7Y, P=(Efc)z=Ew/Sl, {300
we can simply write
P (3) wexp| — (2 — &)'/2E]. (3L

Starting from this resull, an intermediate- LYW oveloeily ap
proximation can be worked oul by assuming 2-=c oily in Eg,
{123 und not in Eq. (13). Thiscorresponds Lo cstimaling the
decay of local cocreive ficld correlations on the basis of the
average rather than the instantancous DW velocity, Instead
of Eqg. (28), we obtain

i 3y (1
i{(z—ﬁl(i+;J ’..‘-I-i- (2 ) =

oz az* iy

i = Y, [(32)

s a8
T
Sipee we are interested in the z dependence only, we can
inteprate Fg. (32) over yand, as a first approsimation, we
can use the high-DW-veloaity expression Tor £z, Ege
£ 297, in the calcutation of [ dy » % By doing sa, e twao last
terms of Eq. (32) vanish and the resulling equation simply
reads

_*'3'_[.:2 #1Ps] i (33)
oz ! ozt
The solution is

P(z)e Veapl — 20, (34

which. as a function of the variables Z and £, is coincident
wilh Eq. ( 18), obtained in the lmit v, — oo, This remarkable
result indicates that an amplitude distribution of the form of
Eq. (34) isoncol the basic, distinctive features of BE, which
should be guite generally observed in BE grperimenlts.

Alassandro gf al 2504
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It 15 important 1o discuss the actual role al the approxi-
mations underlying Eq. (343, in particular the linearization
obtained by assuming z=c i g (12). Lo fact, the nonlinear
term of Bg. (123 aets as an increasingly ellicient feedback,
when z( ) reaches high vatues, so that we expect £,(2) o
decay Lo zero more rapidly than Eqg. (34). The sccond Lerm
of Eq. (27) indicates that this deviation shonld oceur when
(riT 32/ |, e, 2B0(T /T This conclusion s con-
firmed by computer simulations, as shown in Fig. 2. On the
ather hand, the nonbinear term of B (12 heeomes nepligl
ble when z/c < L. Thus, the behavior of £, for z 8 should
approach the one relative o the 7, — o lisnit, aned we expect
a crossover Trom £, -2 ' predicted by Eoo (34] o
po—z ) predicted by Lo ( 18) when 2 is suflicientdy Lo,

B. Power spectrum

In the high-DW-velocity limil discussed in the previous
seclion, the pawer spectrom Fal is eusily caloolated assum-
ing thal z=¢ in Egs (12) and {13y, anel waking the Fourier
ccamsform of Eq. (120 This straightforwarndly Teads 1o the
fallowing expression [or the power spectrum £ () al fr,

Folw) = (/o + 7 ) (359
From the Fourer transform of g, 0113, we then ahtain®!

Flay = 2ST/eyF taa e 7 %)

T (36)
(orr) (w7 Mo 4T

!

‘This equation and Eeg. (23), obtained in the 7, — o Fimit,

represent our basic results on the behavior of the BE power
speclrum. According Lo Lg. {30},
Fia) =451 [ A (oG ] /o’ whenwre land w7, = | 1o this
[Fequency range, Eqgs. (36} and (23} become comcident and
are controlled uniquely by the local coercive ficld parameter
4. At lower frequencies, the hehaviar of Eqg. (30} becomes
more comples than the one of g, (23, Flan) reaches a
K ium

2905 SLoappl, Phys., Mob 60, Mo, &, 15 Saptembear 1880

F =450 |4 Ao e+ i) ! (37)

al the angulay Dreguency
L f.‘;s]

P |

and decitys 10 zero as M) —a’ when o 0.

A power spectrum having approaimately the shape of
Eq. (16) has been known for many years to boa characteris-
L feature of BE, commupnly observed in experiments.” Lo
Ref, 27, this belavior is attributed to the existence ofa Lune-
amplitude eorreltion of magnelosiatic orgn between sl
sequent § pulses, and an equation identical 1o Eq, (36) s
derived, However, ouc appraach shows that Eg. (36) has a
more peneral origin, nol necessarily related to the presence
ol well-separated B pulses. In [act, the presence ol 4 maxi-
w00 Fled appears as the incvitable consequence al the
mterplay betweon magnetastite effects, deseribed by e
nme constant 7, and the existence of a finite coreclalion
longth & in coercive ficld Nuciuations. Note thal, through
s (8) and (141, Eq. (303 provides definile, stringenl pre-
dictions on the behavior of #Cw) as o funetion of { and g,
which cin e experumentally testod,

Filling wp Uie gap between Lg. (36) (high-DW-velocily
fimed s Bg, £23) (7, — o0 i) by o convenient analylie
lreatment is far from betng a simple task. In fact, the nonlin:
earily of Eq. (12) has cruclal effeets which are Josl i any
lincarization, This problem will no longer be addressed in
this paper. In the discussion of experimentil data, one can
resorl 1o compuler simulations to analyze the behavior of
Fleny whenever neither Bg. (230 nor Ee). {36) are applica-
e,

V. EXTENSION TO MANY ACTIVE DOMAIN WALLS

A busic paint 51l to he discussed s the fact thal the
whale theory developed so fur refers Lo single W, wlile
w know Thal in reality many D'Ws participale in the magne-
lization process. We want (o show noaw thal, under CErTiin
comditions, the theory holds even when @ represents the to-
tal Qux rate produced by many DWs.

I er s assume that the ferromagnetic slab contiing, in
piven cross section, o active 1'Ws, cach ol which provides,
under L action of the applicd field £ longitodinal ffux
rate v, k= 1,20 Weare interested the time belavior
af the total flus rate & = 2, b, . 4, obeys the equation

{ib ; dif, {H
ST e S VR, (39

it ds di

corresponding Lo the tme dertvative of Eqg. (2}, where Lhe
interial ficld £7, has been sphit into its baste contributions,
the applied ficld A, and the local magnetostatic field 1
fiven in this case, I, can be approximately evaluated by
considering its average value. From Eg. (39), vecalling thal
£i, = /p, and again assuming that d (21, ) /dt = U0, we ob-
pain d (4, bidt = 2, (b, ) /5. The simplest assumptian

conststent wilh this result i

A,y &}
el -_—f ? {—'_"— |;-'-1-|ﬂ‘j

edi S g S
The term <, /% reprosents the instantancous reaction ol
the sureownding medivn to the motion of the Lth DW, 1o

Alassandro af & 2905



which a mean field evatuation of the demagnetizing effeils
" ussociated with the motion of the remaining DWs is added.
From Lgs. (39) and (40}, gumming up over & and taking
inigraccount that {‘i-k} 8T Are we oblain an cguation o
having the same structure of Bg. (7):

db b 1 _d

di Seop elt

where dH, = I, dif,. ln analogy willi B (3), ., will
ubey the Langevin cguation

dHy | Ho = (H.,) dW,

A, e i,
where {|d W, "} = 2A4dP, and Sy is the correlation length
associated with the motion afa single DW. In order Lo ovalu-
ate the praperties of off . let us lirsl consider the limil
Eppe — oo in this cuse, dil , =d W, anl
dH =dW=Z%, d¥, Since W, Huctustions originale from
loealized interactions, it is reasonable 1o assume that they are
statistically independent for different DWs, 50 that

(41]

{42)

(AH. [y =dW P = 3 (|dW.]) =24 4P, (43)
E

which is coincident with Eq. (4). Let us now consider Lhe
case where £y 15 not infinite. Summing up Eq. (42} over &,

= dilyy
dH, 5 (o, — (Ha)) —dW (44)
[ 1'1'Lr_'.-w

Equation (44} becomes identical to g (3 in the case
where (£, — {41}y and ddy, are uncorrelated, e

i

Z (F., — LH Hddy = [H, — ) —- {43)
T #
‘The total correlation length is then :

&= HE e - {46)

Equation (46) has a clear physical meaning, [f 2 DWs are
simulianecusly moving, il s necessary Uiat each of them re-
verses a flus — £, before the system loses the memory ol its
pasl interactions, and this implics a total Mux reversal £ —n
£ - On the other hand, Eq. {46 suggests that further com-
plications in the behavior of the BE power speclrum iy
arise from the facl that # may bea complex function of Fand
gt However, Lhese complicalicns are limited to the low w
range. When wrz | and wr % L, A is the only importan
parameter and o does noet play any role,

¥l. CONCLUSION

The theoretical description of DW dynaomes discussed
in the preceding seetions [Eqs. (111 133 ] leads o delinile
predictions aboul BE stalist ical propertics, m particular the
amplitude probalulity distribution £, (@) [Eqs. (18), (31},
(34 ] and the power speclrum Fle) [Egs. (23 and (363 |
These cqualions provide appraximate solutions (o the gsen-
cral model, which, as will be discussed in paper 11, cover
most of the siluations of physical interest in BE experimants,
Cin the other hand, we stress the fact, discussed in Sec, ¥,
that the theory, oripnally developed as a single-DW theory,
applies alsa to he deseription of BE when many DWs are
qctive. This resull makes (he Lheory much more realisiic and

2906 J. Appl. Plys, Mol 68, Mo, 6, 15 Soplermbor 1990

justifies ils direct application to Lhe interpretation of BE
phcnmu{nm]ugy il rdinary malerials.
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APPEMDEX

In this Appendiz, we discuss the algorithm employed in
the compuler simulations of DW motion, Let us consider
Egs. (70, (3), and (4] (1) 15 gencrated by calculating its
variation Adr associated with given small sleps Al gk At
acenrding (o the cgualivn

A = SIAL ST — Ad/7 — AIT /oG, (A1}
#f, is calculated as
AH. = — (H, — (H })Aw/E ATV, (A}

where AW is the variation of the WL process WA D) m the
step A, The variations A and At are not independent,
beeause they must be consistent with A /AL = b Further-
more, they must be such that Af /7 <1 and AL L

Each simulation slep ordinarily proceeds by setling
At = Agy and Aslr= drAs,, where Ay 15 a given, fixed value
{ =10 "=10 *sin inosl cascs of physical interest), and by
caleulating A and AFf, through Egs. (A1) and (A2},
where & B is chasen at random from the Gaussian distribu-
Lion

PlaW) «<exp| - {aH Y aaAd ], (A3

consistent with {|AW [} = 244, This schune works well
at high magnetizalion rates and/Sor low permeabilities
{i= 11, bul needs some refinements when & < 1, due Lo the
fuct that @ may come arbitrarily closc (o 2e00. Uniler these
condilions, the value ol o At is tested afler each caleula-
lion of Ad and AF 10D Ady < 0, weare inan unphysical
situation, where the simulation steps Al oand A are o
sl enough ta prevent the system [yom enlering the region
i <0, which is a forbidden region for Lhe process. Atb and
AH, arethen discarded, Adand a7are halved and the calcu-
lution is repeatedl. However, the wulue ol the WL process, say
W, , and the comesponding value of the magaetic Qux, @y,
are nol discarded, bul stored for later use. This Is a funda-
mental point, because otherwise the statistics of the process
W) waould b aﬁu_:ctm.l by our decision Lo acccpt or not
specific values of AD and A This also implics thal &AW
must not be pereraled [rom e distribtion {A3), but from
the conditionat distribution tuking account af all the values
Wi, p =W, Wid, ) = M, ... possibly pencrated i pre-
vious attempts to caloulate A and A, with larger steps
Acland An Artempls o reach the condilion @ + Ad - Dare
mistele o toa annimum value Adp ol Al evenin Llis
case o p A <0, an exit approxmation is adopted, in
which it is assumed that the lus variation A, takes phice
L time interval

Af = (AN F eI Al

b1 /81, (A4}
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This is just the interval taken by the applied ficld 1o over-
come Uhe coercive and magnetostatie field barrier hindering
the system at the tine wnder comsideration,

The algerithm generates the proccss ct*q.r}__.'-::!;m:]nrd AT
mal analysis 15 Lhen performed to ubiain Py and e,
The procedure has been tested by direet comparison will
those cases where analytical predictions of £, () and Fem)
were available | Egs. (18), (23], and {36} ].
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1.
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