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Dynamics of Barkhausen jumps in disordered ferromagnets
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Evolution of Barkhausen jumps during the magnetization reversal process in disordered magnetic
material is investigated. Based on the magnetoelastic effect~DE effect!, we investigated the
dynamics of Barkhausen jumps through an internal friction measurement of amorphous Fe–B–Mo
ribbons. TheDE caused by the Barkhausen jump is found to have a power-law scaling relation with
the driving rate of magnetic field. Using numerical simulation, dynamics of Barkhausen avalanches
in a realistic spin-lattice model for a disordered ferromagnet is analyzed. The dynamic scaling and
inhomogeneous behavior observed in both experiments and theoretical models are presented and
discussed. ©2002 American Institute of Physics.@DOI: 10.1063/1.1488249#
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I. INTRODUCTION

It is known that disorder in ferromagnets causes anis
ropy and Barkhausen jumps in magnetization curves.1–5 The
magnetic Barkhausen noise is sensitive to domain-wall p
ning configuration which is affected by a domain or mul
domain structure, grain size, and residual stress.
Barkhausen effect plays an important role in determining
microstructure properties of magnetic materials and the q
ity of magnetic recording and data storage materials.6,7 In the
magnetic storage industry, Barkhausen noise is a major
cern in design and fabrication of thin-film inductive reade
and magnetoresistive heads. For example, in a thin-film
ductive head made of soft magnetic materials, Barkhau
noises usually occur after a write or erase operation.
duration time of Barkhausen jumps varies widely rang
from a nanosecond to a millisecond. As rece
developments8 of computer technology require the magne
hard disk drive to operate in ultrahigh frequency, t
Barkhausen noise can play a significant role in current m
netic recording materials. Consequently, many efforts
made to reduce or eliminate Barkhausen noise. Better un
standing of the dynamic process of Barkhausen jumps
magnetic recording materials can, therefore, be very usefu
the development of novel technology for future ultrahi
density and high data rate recording.9

Barkhausen noise is caused by movement of magn
domains or avalanches. These domains evolve collectiv
exhibiting nonequilibrium collective behavior in the syste
driven far from equilibrium. Although the Barkhausen sign
manifests as a random process in space and time domain
many disordered ferromagnets, the distribution
Barkhausen jumps in magnetic hysteresis loop exhibits
tistical scaling behaviors. It is interesting to notice that t
scaling exponents are related to the critical exponents
disorder-driven phase transitions in the system without
plied field.10,11 As for equilibrium systems, the scaling rela
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tions obtained from the magnetization reversal systems co
shed a great deal of light on our understanding of the n
equilibrium phase transitions.

Most of the experimental5,6 and theoretical10,11 work on
Barkhausen avalanches in disordered ferromagnets hav
cused on their stationary or metastable behaviors, e.g.,
statistical distribution of signal strength and duration time
Barkhausen noises. There is little knowledge about the
namical properties of Barkhausen avalanches.12,13 For ex-
ample, how avalanches evolve and how the driving rate o
applied field affects the avalanche kinetics13 remain un-
known. The question concerning the nature of the dynam
of the Barkhausen avalanche process, especially whether
process is homogeneous or heterogeneous, has not
clear.

The major motivation for this work is to provide som
detailed understanding of the dynamic Barkhausen proc
through experiment and simulation studies. In Sec. II a n
experimental technique using the magnetoelastic effect is
veloped to measure the rate-dependent Barkhausen jum
soft magnetic materials. In Sec. III a realistic model f
Barkhausen jumps is analyzed using Monte Carlo simula
and the dynamic scaling is obtained.

II. MEASUREMENT OF BARKHAUSEN DYNAMICS VIA
THE DE EFFECT

A. Experimental method and procedure

Most of the experimental investigations2,6 of Barkhausen
noise are based on measurements of the induced flux ge
ated by the Barkhausen jumps. However, kinetics
Barkhausen jumps may not be characterized well by the
ductive method. An alternative, and more accurate, appro
is to measure the built-in changes in the sample resul
from the Barkhausen jumps. For example, the magnetoela
effect can cause a large change in the Young’s modulu
amorphous magnets.14 This change can be readily monitore
with high accuracy using vibrating-reed internal frictio
measurements.
© 2002 American Institute of Physics
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FIG. 1. Automatic vibrating-reed ap-
paratus for DE measurement. The
sample is placed in a solenoid.
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It is well known that Barkhausen jumps are caused
the avalanches of local magnetic domains and strongly
pend on the varying rate of an external field. These ra
dependent properties suggest that we could study the dyn
ics of Barkhausen jumps in experiment through t
measurement of the dynamic response of ferromagnets.
such approach could be accomplished by measurement o
DE effect:3,4 Due to magnetostriction, magnetization co
pling to the mechanical degrees of freedom of the system
lead to large changes in elastic properties such as You
modulus in ferromagnet alloys. In iron-based amorphous
loys, theDE effect could be very large such that the det
mination of dynamics of Barkhausen avalanches is poss
In this work we measure theDE effect on Fe–Si–Mo me-
tallic glass ribbon using the vibration-reed technique.

The samples of Fe–Si–Mo amorphous ribbons are p
pared by the melt-spinning method. The nominal compo
tion is Fe86.15Si10.56Mo3.29 as analyzed by electron dipersiv
x-rays analysis~EDAX!. The thickness of the ribbon is abou
0.04 mm. The ribbon is cut into 5315 mm2 sized specimens
The specimens are then annealed at 370 °C in the furna
Ar-atmosphere for 20 min to relieve residual stress. T
crystallization temperature of these samples is aro
480 °C. The x-ray diffraction pattern shows that the spe
mens are amorphous before and after annealing. Soft m
netic properties of these magnetic glasses were measure
ing the induction method. The coercive force is less tha
A/m. The addition of Mo reduces the saturation magneti
tion compared with Fe–Si–B magnetic glasses.

The schematic of the experiment device is illustrated
Fig. 1. The specimen is fixed as a cantilever beam and fo
a part of the parallel plate capacitor, together with a fixe
drive plate made of copper. The resonant frequency can
changed through adjusting the length of the cantilever be
The internal friction and Young’s modulus~or the square of
vibrating frequency! are measured using this vibrating-re
technique. To activate the vibration of a specimen, a dc v
age is applied to the capacitor. Using phase-locked-l
control,15 the dc voltage is adjusted by the power-amplifi
Downloaded 12 Jul 2002 to 128.61.137.80. Redistribution subject to AI
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unit to maintain the vibration with fixed amplitude. This a
paratus allows us to automatically measure the vibrating
quency in the range of 100 Hz–20 kHz. For the meta
glass ribbon, the dc voltage is typically several hundred vo
and the results of internal friction and Young’s modulus a
independent of the dc voltage.

The accuracy for the relative change of Young’s modu
DE/Er , whereEr is the Young’s modulus without applie
magnetic field, is in the order of 1025. The accuracy for the
internal friction (Q21) is 1025. The magnetic field, which is
generated by a coil solenoid, is maintained to be a line
increased field at very low varying rate (h
51024– 1021 A/ms21). This linear varying field can be ob
tained by connecting the coil solenoid to a generator wh
output current is in sawtooth wave form. The magnetic fie
is applied perpendicular to the ribbon. Before each meas
ment, the magnetic field inside the solenoid is calibrated
ing a Hall sensor near the specimen surface. After the c
bration the strength of the magnetic field imposed on
ribbon can be read from a current meter. The measurem
were made at room temperature. ac~50 Hz! magnetic fields
were used for demagnetization after each measurement.

B. Results

Typical dynamic behavior of Barkhausen jumps can
seen from time-dependent measurements of internal fric
and Young’s modulus, as shown in Fig. 2. The applied m
netic field is kept as a constant and the internal friction a
Young’s modulus are measured every 0.05 s. The magn
domains first show smooth relaxation and then come
Barkhausen jumps manifested as several abrupt chang
the internal friction and Young’s modulus.

To investigate the kinetics of a Barkhausen avalanch
linear varying magnetic field is applied. Under large ma
netic field, theDE increases with increasing magnetic fiel
i.e., normal magnetoelastic effect in a transverse dom
structure. Since the coercive force is small in the meta
glass specimen, large Barkhausen jumps emerge when
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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magnetic field is increased to around 2 A/m. Figure 3 sho
the dependence ofDE on the applied field and the effect o
the driving rate on theDE effect in the low field region. The
vibrating frequency atH50 is f r57.98 kHz and the Young’s
modulus isEr} f r

2. The peak of theDE/Er;H curve indi-
cates the emergence of the largest Barkhausen avalan
This peak shifts to a higher magnetic field if the varying ra
of the magnetic field increases. Figure 4 shows theDE ef-
fects in the specimen with vibrating frequencyf r

5323.1 Hz.
We can determine the maximum heightem of the

DE/Er;H curve at different driving rates and calcula
DEm5e02em , where e0 is the maximum height of the
DE/Er;H curve at static driving field. Figure 5 shows th
relation betweenDEm and h. It can be seen thatDEm;h
curves have power-law relations if the driving ratesh are
small:

DEm[e02em}ha. ~1!

FIG. 2. The time-dependent resonant frequency and internal frictionH
50 whent,0. At t>0, the magnetic field is maintained atH54.0 A/m.

FIG. 3. The effect of field varying rateh on theDE effect in amorphous
Fe–Si–Mo. At room temperature, the resonant frequency without magn
field is f r57.98 kHz.
Downloaded 12 Jul 2002 to 128.61.137.80. Redistribution subject to AI
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The exponenta is not affected by the vibrating frequency o
the specimen.

The relation betweenDEm and h indicates that the dy-
namics of Barkhausen avalanches is affected by the fi
driving rates. Because its scaling exponent does not cha
with the vibrating frequency, the power-law relation betwe
DEm and h may serve as a new scaling relation to the d
namics of Barkhausen jumps in the amorphous ferromag
Therefore theDE effect is a useful property for investigatio
of the short-time evolution of Barkhausen avalanches.

III. DYNAMICS OF BARKHAUSEN JUMPS IN A MODEL
SYSTEM

A. A random-field Ising model for Barkhausen jumps

To consider the Barkhausen jumps in the disorde
magnetic system, we employed a coarse-grained Ising m
with quenched-in disorder. This model corresponds to a s
plified random anisotropy model in the case of infinite a

tic

FIG. 4. The effect of field varying rateh on theDE effect in amorphous
Fe–Si–Mo.f r5323.1 Hz.

FIG. 5. The log-log plot of the relation betweenDEm andh.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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isotropy, which describes the magnetic properties of
amorphous ferromagnet well. The Hamiltonian of a thre
dimensional system is written as

Ĥ52(̂
i j &

Ji j SiSj2(
i

hiSi2H(
i

Si , ~2!

whereSi ~11 or 21! is the spin variable at cubic lattice sit
i and ^ij & denotes the summation extending over all near
neighbor spins. The exchange interactionJi j between
nearest-neighbor spins is a constantJ. H is a homogeneous
external magnetic field;hi is an uncorrelated random fiel
that simulates the effect of disorder on the spins. The rand
fields have Gaussian distribution with zero mean and v
anceD2. H andD are in units ofJ.

The system described by Eq.~2! has been investigate
extensively in the past. The critical temperatureTc for a
paramagnetic–ferromagnetic phase transition decrease
zero asD increases toDc52.16 in a three-dimensional~3D!
system. For strong disorder the system may be trappe
metastable states if the magnetic field is not applied. Ther
fluctuation is too small to activate the system from tho
metastable states in finite time scales. Therefore to inve
gate the evolution of Barkhausen jumps under a fast vary
applied field, we keep the temperatureT of the system at
zero.

At T50, the system described by Eq.~2! shows a
disorder-driven phase transition atD5Dc . Under a sweep-
ing magnetic field at D>Dc , there are only smal
Barkhausen jumps in the hysteresis loop; while atD,Dc ,
there exists an abrupt change in the magnetization curve.
critical scaling for the disorder-driven phase transition h
the following relations:10

DM;~Dc2D !bn,
~3!

^t0&;~Dc2D !2nz,

whereDM and^t0& are the largest Barkhausen jump and
duration time during a magnetization reversal process,
spectively.b, n, andz are critical exponents that characteri
the phase transition atD5Dc . Moreover, the equilibrium
distributions of all Barkhausen jumps are found to obey
power-law scaling relations atD5Dc ,10,11

P~s!;s2a,

P~t0!;t0
2b , ~4!

A~ f !; f 2c,

wheres andt0 are avalanche size and duration time, resp
tively. A( f ) is the power spectral density of the Barkhaus
signal.a, b, andc are scaling exponents related to the critic
exponents of the system.

Equations~3! and ~4! are the results obtained from st
tionary or metastable scaling, i.e., the scaling relation is a
lyzed when the Barkhausen avalanches remain unchang
metastable. We are interested in the nonequilibrium dyna
behavior of a Barkhausen avalanche in this model syste
Downloaded 12 Jul 2002 to 128.61.137.80. Redistribution subject to AI
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B. Dynamic scaling for Barkhausen avalanches

Monte Carlo simulations are used for the numeric
study of the 3D random field Ising model~RFIM!. The algo-
rithms used are described below: For the systems gove
by Eq. ~2!, all spins are updated simultaneously. A spin w
flip if its local field f i5SJi j Sj1hi1H changes sign. The
external field is decreased bydH and then is fixed to drive
the Barkhausen avalanches until the system reaches a m
stable state. The time-dependent avalanche size is calcu
from the expressions(t)5@m(t)2m(0)#/2, wherem(t) is
the magnetization at timet. One time step, or one Mont
Carlo step~MCS!, in the simulation is defined as one attem
of all spin update. When the driving field changes, the time
reset to zero. The varying rate of magnetic field can be m
sured bydH. If dH is fixed throughout the magnetizatio
reversal process,H is a linear varying field. IfdH is adjusted
to be the local field of the most unstable spin,H is a quasi-
static driving field. To speed up the simulation, a fast alg
rithm similar to the sort-list algorithm11 is used. Physical
quantities are averaged over at least 5000 random field
figurations. The system has 1283 spins.

The evolution of the largest Barkhausen jump is mo
tored at different disorder strengthsD. Figure 6 shows the
evolution of the largest Barkhausen jumps under an infin
slow driving field. The short-time evolution can be fitted to
power law in time. AtD5Dc , because the duration time o
the largest Barkhausen jump tends to infinity in a large s
tem, the power-law dynamic scaling can be well obtained

^s~ t !&;t @d2b/n#/z;tu, ~5!

where d53 is the dimensionality andu51.7660.02 is a
new exponent that characterizes the Barkhausen avalan
^ & denotes the average over random fuild configuration.
Eq. ~5!, the relation among exponentsu, b/n, andz can be
checked by using the exponentsb, n, andz determined from
simulation11 and theoretical studies16 that are based on th
stationary scaling@Eqs. ~3! and ~4!#. We find that u5@d
2b/n#/z holds well.

FIG. 6. Evolution of the largest Barkhausen avalanche at different diso
strengths in a 3D RFIM. The dashed line is the best power-law fit. The p
are in log-log scales. The system size isL5128.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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The driving rate of applied field can be changed by a
justing dH. Figure 7 shows the effect of driving rate on th
kinetics of the largest avalanche atD5Dc . The driving rate
has a strong impact on the Barkhausen jump in short tim
At the late stage, the evolution is independent of driving ra
In short times, the larger the driving rate, the faster the la
est Barkhausen jump evolves.

Besides the largest Barkhausen avalanche, there
many small avalanches in the magnetization reversal. To
lyze the kinetics of all these Barkhausen jumps, we meas
the characteristic exponentu defined as

u5
logs22 logs1

logDt
, ~6!

where Dt5t22t1 . s2 and s1 are the size of Barkhause
jumps at timet2 and t1 , respectively, in an avalanche pro
cess.t154 MCS andt2 is taken to be 4t0/5. The distribution
of this characteristic exponent is plotted in Fig. 8. WhenD
>Dc , there is only one peak in the histogram plot. The pe
position is near the value of exponent (u51.76) in Eq.~5!,
i.e., the scaling exponent for the largest Barkhausen ju
WhenD,Dc , there is another peak atu852.30. The histo-
gram plot of Eq.~6! suggests two important features of th
kinetics of Barkhausen jumps. First, all Barkhausen a
lanches grow with power law in times at the initial stage
evolution. The exponents are characterized byu51.76. Sec-
ond, when the disorder strengthD is slightly belowDc , the
Barkhausen jumps are dynamically heterogeneous, i.e., t
are two distinct processes that governed the kinetic of la
Barkhausen jumps.

IV. DISCUSSIONS AND CONCLUSIONS

The relation betweenDE effect and the permeabilitym
can be written asDE/E}m.17 In this study,m ~h,t! can be
defined as a dynamical permeability if the magnetic field i
linear driving field. Therefore the abrupt Barkhausen jump
the magnetization reversal process gives rise to a largeDE

FIG. 7. The effect of varying ratedH on the evolution of the largest ava
lanche in a 3D RFIM.dH50 denotes the quasi-static driving. The plots a
in log-log scales.
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effect. Since the dynamical permeability usually decrea
with increasing driving rate, the maximum of the relativ
changeDEm increases with increasing driving rate, as o
served in our measurements.

In the RFIM for Barkhausen jumps, the driving-rat
dependent Barkhausen jumps suggest that the higher
driving rate the slower the Barkhausen avalanches evo
Therefore the dynamical permeability is small under a hig
frequency sweeping field and the Barkhausen jump is
significant. The simulation results are consistent with the
periments. These features are very important to the desig
the magnetic head and media used for the high-data-rate
cording.

To summarize, the dynamics of a Barkhausen avalan
is analyzed through an internal friction measurement of
DE effect. A vibrating-reed device is built to measure t
subtle change of the vibrating frequency caused by
Barkhausen jumps. This technique is found to be of h
resolution for the measurement of a dynamic Barkhau
jump. The responses of Barkhausen jumps under a lin
driving field are investigated. The discontinuity of th
Young’s modulus is observed when the largest Barkhau
jump occurs. The related change of the Young’s modu
(DEm) due to the largest Barkhausen jump is found to sh
power-law scaling relation with respect to the driving ra
when the driving rateh is small:DEm}ha. This power-law
scaling and the scaling exponenta is independent of the
vibrating frequency in the measurement. A random-fie
Ising model for the Barkhausen avalanches is employed
the simulation investigation on the dynamics. The kinetics
the largest Barkhausen jump is found to follow a power l
in short times. The scaling exponent of this power-law re
tion is u51.76, which reflects the dynamical nature of t
magnetization reversal process in the disordered ferrom
net. Besides the kinetics of the largest Barkhausen jump,
evolutions of other Barkhausen avalanches in the magne
tion process are also characterized. The kinetics
Barkhausen jumps shows two distinct dynamical proces

FIG. 8. The histogram plot of the distribution of exponentu at different
strengths of disorder in 3D RFIM. The system size isL5128.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Although the kinetics is inhomogeneous in nature,
Barkhausen jumps are observed to have the same powe
evolution in short times.
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