JOURNAL OF APPLIED PHYSICS VOLUME 92, NUMBER 2 15 JULY 2002

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 efieEt effect), we investigated the
dynamics of Barkhausen jumps through an internal friction measurement of amorpheBisAe

ribbons. TheAE 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 Physic§DOI: 10.1063/1.1488249

I. INTRODUCTION tions obtained from the magnetization reversal systems could

shed a great deal of light on our understanding of the non-
It is known that disorder in ferromagnets causes anisotequilibrium phase transitions.

ropy and Barkhausen jumps in magnetization curvég.he Most of the experimentaf and theoreticaf''* work on

magnetic Barkhausen noise is sensitive to domain-wall pinBarkhausen avalanches in disordered ferromagnets have fo-

ning configuration which is affected by a domain or multi- cused on their stationary or metastable behaviors, e.g., the

domain structure, grain size, and residual stress. Thstatistical distribution of signal strength and duration time of

Barkhausen effect plays an important role in determining theBarkhausen noises. There is little knowledge about the dy-

microstructure properties of magnetic materials and the quakamical properties of Barkhausen avalanclfés.For ex-

ity of magnetic recording and data storage matefidln the ample, how avalanches evolve and how the driving rate of an

magnetic storage industry, Barkhausen noise is a major compplied field affects the avalanche kinetitsemain un-

cern in design and fabrication of thin-film inductive readersknown. The question concerning the nature of the dynamics

and magnetoresistive heads. For example, in a thin-film inef the Barkhausen avalanche process, especially whether this

ductive head made of soft magnetic materials, Barkhauseprocess is homogeneous or heterogeneous, has not been

noises usually occur after a write or erase operation. Thelear.

duration time of Barkhausen jumps varies widely ranging  The major motivation for this work is to provide some

from a nanosecond to a milisecond. As recentdetailed understanding of the dynamic Barkhausen process

developmentsof computer technology require the magnetic through experiment and simulation studies. In Sec. Il a new

hard disk drive to operate in ultrahigh frequency, theexperimental technique using the magnetoelastic effect is de-

Barkhausen noise can play a significant role in current magveloped to measure the rate-dependent Barkhausen jumps in

netic recording materials. Consequently, many efforts argoft magnetic materials. In Sec. lll a realistic model for

made to reduce or eliminate Barkhausen noise. Better undeBarkhausen jumps is analyzed using Monte Carlo simulation

standing of the dynamic process of Barkhausen jumps imnd the dynamic scaling is obtained.

magnetic recording materials can, therefore, be very useful in

the d_evelopm_ent of novel technology for future ultrahlgh”_ MEASUREMENT OF BARKHAUSEN DYNAMICS VIA

density and high data rate recordihg.

L. THE AE EFFECT
Barkhausen noise is caused by movement of magnetic
domains or avalanches. These domains evolve collectivelyA. Experimental method and procedure

exhibiting nonequilibrium collective behavior in the system Most of the experimental investigatidfsof Barkhausen
driven far from equilibrium. Although the Barkhausen signal noise are based on measurements of the induced flux gener-

manifests as a random process in space and time domains, if.q by the Barkhausen jumps. However, kinetics of
many disordered ferromagnets, the distribution = ofgahaysen jumps may not be characterized well by the in-
Barkhausen jumps in magnetic hysteresis loop exhibits Stgyctive method. An alternative, and more accurate, approach
tistical scaling behaviors. It is interesting to notice that theig 1o measure the built-in changes in the sample resulting
scaling exponents are related to the critical exponents of, the Barkhausen jumps. For example, the magnetoelastic
disorder-driven phase transitions in the system without apgastect can cause a large change in the Young's modulus of
plied field1%* As for equilibrium systems, the scaling rela- amorphous magnelé This change can be readily monitored
with high accuracy using vibrating-reed internal friction
dElectronic mail: gz15@mail.gatech.edu measurements.
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It is well known that Barkhausen jumps are caused byunit to maintain the vibration with fixed amplitude. This ap-
the avalanches of local magnetic domains and strongly deparatus allows us to automatically measure the vibrating fre-
pend on the varying rate of an external field. These ratequency in the range of 100 Hz—20 kHz. For the metallic
dependent properties suggest that we could study the dynarglass ribbon, the dc voltage is typically several hundred volts
ics of Barkhausen jumps in experiment through theand the results of internal friction and Young’s modulus are
measurement of the dynamic response of ferromagnets. Omedependent of the dc voltage.
such approach could be accomplished by measurement of the The accuracy for the relative change of Young’s modulus
AE effect®* Due to magnetostriction, magnetization cou- AE/E,, whereE, is the Young’s modulus without applied
pling to the mechanical degrees of freedom of the system camagnetic field, is in the order of 18. The accuracy for the
lead to large changes in elastic properties such as Youngisternal friction Q1) is 10 °. The magnetic field, which is
modulus in ferromagnet alloys. In iron-based amorphous algenerated by a coil solenoid, is maintained to be a linear-
loys, theAE effect could be very large such that the deter-increased field at very low varying rate h(
mination of dynamics of Barkhausen avalanches is possible= 10" 4—10"* A/ms™1). This linear varying field can be ob-

In this work we measure thAE effect on Fe—Si—Mo me- tained by connecting the coil solenoid to a generator whose
tallic glass ribbon using the vibration-reed technique. output current is in sawtooth wave form. The magnetic field

The samples of Fe—Si—Mo amorphous ribbons are preis applied perpendicular to the ribbon. Before each measure-
pared by the melt-spinning method. The nominal composiment, the magnetic field inside the solenoid is calibrated us-
tion is Feg 155110 5dV103 59 @S analyzed by electron dipersive ing a Hall sensor near the specimen surface. After the cali-
x-rays analysi$SEDAX). The thickness of the ribbon is about bration the strength of the magnetic field imposed on the
0.04 mm. The ribbon is cut intoX$15 mnt sized specimens. ribbon can be read from a current meter. The measurements
The specimens are then annealed at 370 °C in the furnace were made at room temperature. (&0 Hz magnetic fields
Ar-atmosphere for 20 min to relieve residual stress. Thavere used for demagnetization after each measurement.
crystallization temperature of these samples is around
480 °C. The x-ray diffraction pattern shows that the speci-
mens are amorphous before and after annealing. Soft ma&—' Results
netic properties of these magnetic glasses were measured us- Typical dynamic behavior of Barkhausen jumps can be
ing the induction method. The coercive force is less than &een from time-dependent measurements of internal friction
A/m. The addition of Mo reduces the saturation magnetizaand Young’s modulus, as shown in Fig. 2. The applied mag-
tion compared with Fe—Si—B magnetic glasses. netic field is kept as a constant and the internal friction and

The schematic of the experiment device is illustrated inYoung’s modulus are measured every 0.05 s. The magnetic
Fig. 1. The specimen is fixed as a cantilever beam and formdomains first show smooth relaxation and then come to
a part of the parallel plate capacitor, together with a fixed-Barkhausen jumps manifested as several abrupt changes in
drive plate made of copper. The resonant frequency can bike internal friction and Young’s modulus.
changed through adjusting the length of the cantilever beam. To investigate the kinetics of a Barkhausen avalanche, a
The internal friction and Young’s modulusr the square of linear varying magnetic field is applied. Under large mag-
vibrating frequency are measured using this vibrating-reed netic field, theAE increases with increasing magnetic field,
technique. To activate the vibration of a specimen, a dc volti.e., normal magnetoelastic effect in a transverse domain
age is applied to the capacitor. Using phase-locked-looptructure. Since the coercive force is small in the metallic
control® the dc voltage is adjusted by the power-amplifierglass specimen, large Barkhausen jumps emerge when the
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FIG. 2. The time-dependent resonant frequency and internal frickon.
=0 whent<0. At t=0, the magnetic field is maintained ldt=4.0 A/m. FIG. 4. The effect of field varying rate on the AE effect in amorphous
Fe—Si—Mo.f,=323.1 Hz.

magnetic field is increased to around 2 A/m. Figure 3 shows
the dependence &E on the applied field and the effect of
the driving rate on th E effect in the low field region. The

vibrating frequency ati =0 is f, =7.98 kHz and the Young's The relation betweeAE,, and h indicates that the dy-

oE o £2 N gty
modulus ISE,fr. The peak of theAE/E,~H curve indi namics of Barkhausen avalanches is affected by the field

cat'es the emergence of the Iarge;t Barkhausen a.valanc%iving rates. Because its scaling exponent does not change
This peak shifts to a higher magnetic field if the varying rate

o } . with the vibrating frequency, the power-law relation between
of the magnetic field increases. Figure 4 shows Alte ef- : ) i
fects in the specimen with vibrating frequenc, AEm_ and h may serve as a new scaling relation to the dy
—3231 Hyz. namics of Barkhausen jumps in the amorphous ferromagnet.

. . . Therefore the\E effect is a useful property for investigation
We  can determm(_a the maximum height, of the of the short-time evolution of Barkhausen avalanches.
AE/E,~H curve at different driving rates and calculate

AE,=ey—ey,, wWhere ey is the maximum height of the
AE/E,~H curve at static driving field. Figure 5 shows the
relation betweemE,, and h. It can be seen thaAE,,~h

The exponentr is not affected by the vibrating frequency of
the specimen.

Ill. DYNAMICS OF BARKHAUSEN JUMPS IN A MODEL

. . L SYSTEM
curves have power-law relations if the driving ratesre
small: A. A random-field Ising model for Barkhausen jumps
AE,=ey—e,*h?. ) To consider the Barkhausen jumps in the disordered

magnetic system, we employed a coarse-grained Ising model
with quenched-in disorder. This model corresponds to a sim-
plified random anisotropy model in the case of infinite an-
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FIG. 3. The effect of field varying rate on the AE effect in amorphous h(A/ms)
Fe—Si—Mo. At room temperature, the resonant frequency without magnetic
field is f,=7.98 kHz. FIG. 5. The log-log plot of the relation betweeE,, andh.
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isotropy, which describes the magnetic properties of an 10’
amorphous ferromagnet well. The Hamiltonian of a three-
dimensional system is written as

HZ_(E) JijSiSj_Ei hiSi_HEi S, 2
ij

. . . . . . 10—2
where§; (+1 or —1) is the spin variable at cubic lattice site =
i and(ij) denotes the summation extending over all nearest “
neighbor spins. The exchange interactidy between

nearest-neighbor spins is a constdnH is a homogeneous

o—o D=1.80

external magnetic fieldh; is an uncorrelated random field - 33;}2
that simulates the effect of disorder on the spins. The randon 107 o D=2.33
fields have Gaussian distribution with zero mean and vari- — - power-law fits
anceD?. H andD are in units ofJ. " D=240
The system described by E(R) has been investigated 10 100 1000

extensively in the past. The critical temperaturg for a t (MCS)
paramagnetic—ferromagnetic phase transition decreases to _ _ _

. ~ - . . FIG. 6. Evolution of the largest Barkhausen avalanche at different disorder
zero asD increases t(D_C_ 2.16ina three-dlmensmnéZBD) strengths in a 3D RFIM. The dashed line is the best power-law fit. The plots
system. For strong disorder the system may be trapped ifte in log-log scales. The system size.is 128.
metastable states if the magnetic field is not applied. Thermal
fluctuation is too small to activate the system from thoseB. Dynamic scaling for Barkhausen avalanches
metastable states in finite time scales. Therefore to investi-
gate the evolution of Barkhausen jumps under a fast varyin
applied field, we keep the temperatufeof the system at
Zero.

At T=0, the system described by E{) shows a
disorder-driven phase transition Bt=D.. Under a sweep-
ing magnetic field atD=D., there are only small
Barkhausen jumps in the hysteresis loop; whileDat D,
there exists an abrupt change in the magnetization curve. T
critical scaling for the disorder-driven phase transition hast
the following relations?

Monte Carlo simulations are used for the numerical
S;1>tudy of the 3D random field Ising mod@kFIM). The algo-
rithms used are described below: For the systems governed
by Eq.(2), all spins are updated simultaneously. A spin will
flip if its local field f;=xJ;;S;+h;+H changes sign. The
external field is decreased liH and then is fixed to drive

the Barkhausen avalanches until the system reaches a meta-
stable state. The time-dependent avalanche size is calculated
fom the expressiors(t) =[ m(t) —m(0)]/2, wherem(t) is

he magnetization at timé One time step, or one Monte
Carlo stepMCS), in the simulation is defined as one attempt

AM~(D,—D)B" of all spin update. When the driving field changes, the time is
¢ ' 3 reset to zero. The varying rate of magnetic field can be mea-
(to)~(D—D) " sured bydH. If dH is fixed throughout the magnetization
C )

reversal proces$ is a linear varying field. IdH is adjusted
whereAM and(t,) are the largest Barkhausen jump and itst© Pe the local field of the most unstable spihjs a quasi-
duration time during a magnetization reversal process, restatic driving field. To speed up the simulation, a fast algo-

spectively.,, », andz are critical exponents that characterize fithm similar to the sort-list algorithffi is used. Physical
the phase transition @ =D.. Moreover, the equilibrium guantities are averaged over at least 5000 random field con-

distributions of all Barkhausen jumps are found to obey thefigurations. The system has F2gpins.

power-law scaling relations & =D, % The evolution of the largest Barkhausen jump is moni-

tored at different disorder strengtiis Figure 6 shows the

P(s)~s"?, evolution of the largest Barkhausen jumps under an infinite
slow driving field. The short-time evolution can be fitted to a

P(70)~1,°, (4)  power law in time. AtD=D,, because the duration time of
the largest Barkhausen jump tends to infinity in a large sys-

A(f)~f~¢ tem, the power-law dynamic scaling can be well obtained as

<S(t)>~t[d_‘8/”]/z~t0, (5)

wheres and 7y are avalanche size and duration time, respec-
tively. A(f) is the power spectral density of the Barkhausenwhere d=3 is the dimensionality and=1.76+0.02 is a
signal.a, b, andc are scaling exponents related to the criticalnew exponent that characterizes the Barkhausen avalanche.
exponents of the system. () denotes the average over random fuild configuration. In

Equations(3) and (4) are the results obtained from sta- Eq. (5), the relation among exponents g/v, andz can be
tionary or metastable scaling, i.e., the scaling relation is anaehecked by using the exponemsv, andz determined from
lyzed when the Barkhausen avalanches remain unchanged simulatiort! and theoretical studié$that are based on the
metastable. We are interested in the nonequilibrium dynamistationary scalindEqgs. (3) and (4)]. We find that =[d
behavior of a Barkhausen avalanche in this model system. — 8/v]/z holds well.
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FIG. 7. The effect of varying ratedH on the evolution of the largest ava- FIG. 8. The histogram plot of the distribution of exponehtt different
lanche in a 3D RFIMdH=0 denotes the quasi-static driving. The plots are strengths of disorder in 3D RFIM. The system sizé is 128.
in log-log scales.

The driving rate of applied field can be changed by ad-€ffect. Since the dynamical permeability usually decreases
justing dH. Figure 7 shows the effect of driving rate on the with increasing driving rate, the maximum of the relative
kinetics of the largest avalanche@t=D,. The driving rate  changeAE,, increases with increasing driving rate, as ob-
has a strong impact on the Barkhausen jump in short timeserved in our measurements.

At the late stage, the evolution is independent of driving rate.  In the RFIM for Barkhausen jumps, the driving-rate-
In short times, the larger the driving rate, the faster the largdependent Barkhausen jumps suggest that the higher the
est Barkhausen jump evolves. driving rate the slower the Barkhausen avalanches evolve.

Besides the largest Barkhausen avalanche, there aréherefore the dynamical permeability is small under a high-
many small avalanches in the magnetization reversal. To an&equency sweeping field and the Barkhausen jump is less
lyze the kinetics of all these Barkhausen jumps, we measurgignificant. The simulation results are consistent with the ex-

the characteristic expone#itdefined as periments. These features are very important to the design of
the magnetic head and media used for the high-data-rate re-

_ logs,—logs, 6) cording.
log At ' To summarize, the dynamics of a Barkhausen avalanche

where At=t,—t;. s, and's; are the size of Barkhausen is analyzed through an internal friction measurement of the
jumps at timet, andt,, respectively, in an avalanche pro- AE effect. A vibrating-reed device is built to measure the

cesst; =4 MCS and, is taken to be 4./5. The distribution ~ Subtle change of the vibrating frequency caused by the
of this characteristic exponent is plotted in Fig. 8. Wiizn Barkhausen jumps. This technique is found to be of high
=D,, there is only one peak in the histogram plot. The pea|,\_resolut|on for the measurement of a _dynamlc Barkhagsen
position is near the value of exponertt=£1.76) in Eq.(5), Jump- The responses of Barkhausen jumps under a linear
i.e., the scaling exponent for the largest Barkhausen jumpﬁr'v'”g field are investigated. The discontinuity of the
WhenD<D., there is another peak at =2.30. The histo- Young’s modulus is observed when the largest Barkhausen
gram plot of Eq.(6) suggests two important features of the JUMP occurs. The related change of.the Young’s modulus
kinetics of Barkhausen jumps. First, all Barkhausen ava{AEm) due to the largest Barkhausen jump is found to show
lanches grow with power law in times at the initial stage of POWer-law scaling relation with respect to the driving rate
evolution. The exponents are characterizedbyl.76. Sec- When the driving ratér is small: AE,>h®. This power-law
ond, when the disorder strengfhis slightly belowD., the ~ Scaling and the scaling exponeatis independent of the
Barkhausen jumps are dynamically heterogeneous, i.e., thetdbrating frequency in the measurement. A random-field

are two distinct processes that governed the kinetic of largésing model for the Barkhausen avalanches is employed for
Barkhausen jumps. the simulation investigation on the dynamics. The kinetics of

the largest Barkhausen jump is found to follow a power law
in short times. The scaling exponent of this power-law rela-
tion is 6=1.76, which reflects the dynamical nature of the
The relation betweeAE effect and the permeability =~ magnetization reversal process in the disordered ferromag-
can be written a?\E/Ex .'" In this study,x (h,t) can be net. Besides the kinetics of the largest Barkhausen jump, the
defined as a dynamical permeability if the magnetic field is avolutions of other Barkhausen avalanches in the magnetiza-
linear driving field. Therefore the abrupt Barkhausen jump intion process are also characterized. The kinetics of
the magnetization reversal process gives rise to a lAf§e Barkhausen jumps shows two distinct dynamical processes.

IV. DISCUSSIONS AND CONCLUSIONS
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