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MAGNETIC NOISE, BARKHAUSEN EFFECT

The change of the magnetic state of a ferro- or ferrimagnetic
body under the effect of a slowly changing externally applied
magnetic field is a complex process, involving reversible and
irreversible changes of the magnetization. Due to irreversible
magnetization processes, any change of the magnetic state is
accompanied by losses, manifested in the presence of the
magnetic hysteresis. The reason for the losses is that any real
material has a defect structure, responsible for the details of
the hysteresis loop. The magnetization changes discontinu-
ously, by jumps from defect to defect, giving rise to magnetic
noise, which can be made audible through a headphone. This
process and the corresponding noise is named after its discov-
erer, H. Barkhausen (1919) as Barkhausen jumps and Bark-
hausen noise.

The magnetization process (M) of a ferromagnetic (or ferri-
magnetic) body is represented by a nonlinear and multivalued
function of the applied magnetic field (H), the magnetic hys-
teresis loop. Figure 1 shows the magnetic hysteresis loop of a
magnetic composite of nanometer size iron particles embed-
ded in a nonmagnetic ZnO matrix. At any given temperature
the maximum attainable magnetization is called the satura-
tion, or spontaneous magnetization, Ms. Reducing the mag-
netic field from saturation to H � 0 brings the magnetic body
to the remanent state with the remanent magnetization (or
remanence) of Mr. Further reducing the field in the negative
direction down to the coercive field (coercivity), at �H �
�Hc, the magnetization will be reduced to M � 0.

The equilibrium state of the magnetization corresponds to
the minimum of the free energy of the magnetic material. The
most important contributions to the free energy are due to (1)
the quantum mechanical exchange energy, responsible for the
collective ordering of the individual spin magnetic moments
of the electrons; (2) the magnetocrystalline anisotropy energy,
favoring some crystalline directions for the magnetization di-
rection with respect to others, giving rise to the easy and hard
directions of magnetization; (3) magnetostrictive stresses,
that is, the length change of a magnetic material in the pres-
ence of mechanical stress; (4) the Zeeman energy of the inter-
action with the externally applied magnetic field(s); (5) the
magnetostatic energy due to the creation of internal and ex-
ternal demagnetizing fields, depending on the shape and size
of the magnetic body; and (6) the energy of interaction of the
magnetization with defects in the magnetic body. Due to (6)

–10

–5

0

5

10

0.300.200.100.00

Ms

Mr

Hc

Magnetic field (T)
–0.10–0.20–0.30

M
a

g
n

e
tiz

a
tio

n
 (

a
rb

.u
n

its
)

Figure 1. Magnetic hysteresis loop of a nanocomposite of iron in
ZnO. Ms saturation magnetization, Mr remanent magnetization, Hc

coercivity (M. Pardavi-Horvath, unpublished data).
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in Fig. 2 for a single crystal grown along the [111] crystalline
direction. The threefold symmetry of that axis is evident.

Upon applying an external magnetic field to a previously
demagnetized magnetic body, its magnetization follows the
initial (virgin) magnetization curve. Assuming a perfectly ho-
mogeneous, flawless material without any preferred axis, the
process of magnetization change might proceed reversibly,
with no losses involved (1,2). In such a case, the field will
exert a force on the domain magnetizations and increase the
magnetizations of the domains lying near to the field direction
by increasing their volume. This magnetization change hap-
pens via the motion of the DWs to new positions. This wall
motion is reversible up to a certain magnetic field value and
if the field is reduced to zero, the walls move back to theirFigure 2. Magnetic domain structure in H � 0 applied magnetic

field of a defect-free 5 �m thin single crystalline yttrium iron garnet original position and M returns to zero (Mr � 0) in H � 0. In
film. The magneto-optic contrast is due to the opposite direction of an ideally perfect material this reversible wall motion would
the magnetization in black-and-white domains with respect to the dominate the magnetization process up to magnetic field val-
surface normal. The periodicity of the domain structure in 10 �m ues near to saturation. Then the magnetization vectors of the
(Microphotograph in polarized light). remaining domains would start turning into the direction of

the field, completing the magnetization process by rotation.
This magnetization process is illustrated in Fig. 3. For a thin
slab of a magnetic material, having an easy axis of the mag-the details of the magnetization curve of two apparently simi-

lar pieces of the same magnetic material might differ sub- netization along the side of slab, the magnetic field is applied
along this easy axis.stantially. In the absence of any applied magnetic field, the

equilibrium state of a magnetic body would be that of zero In any real material there are always microstructural de-
fects: inclusions of foreign phases, voids, dislocations, inhomo-magnetization. The existence of the remanent magnetization,

the basis of the operation of any permanent magnet or mag- geneous stresses, irregular surfaces and interfaces, grain
boundaries, cracks, and so on, such that the free energy of thenetic recording device, is the result of the defect structure in

the material, and/or shape and size distribution of the parti- material is not uniform over the body, and the conditions for
magnetization change will vary locally. The free energy mightcles or grains. These features are controlled by the technology

of manufacturing the material. However, any magnetic mate- have local minima (or maxima) at some defects, where the
DWs will be pinned. They can only move and increase (de-rial can be brought to the M � 0 state in H � 0, by demagne-

tizing it. The most frequent process of demagnetization is to crease) the magnetization when the magnetic field changes
enough to provide a force sufficient to overcome the energyapply an ac magnetic field of an amplitude large enough to

saturate the material, and slowly and gradually reduce the barriers between the defects. The domain wall will then dis-
continuously jump from one pinned position to another. Theamplitude to zero.

In the demagnetized state the distribution of the magneti- irreversible processes of discontinuous DW displacement are
zation inside of the magnetic body is nonuniform. The mag-
netic structure consists of domains, small regions of different
magnetization direction (1). The vectorial sum of all of the
domain magnetizations is zero in the absence of any applied
magnetic field. The geometry and the size of the domain
structure is governed by the interactions, delineated pre-
viously. The domain structure can be observed by a number
of techniques, including magnetic force microscopy, Lorentz
electron microscopy, or in polarized light, utilizing the mag-
neto-optic Faraday or Kerr effects. In some cases the domain
structure can be very simple, consisting of only two sets of
domains, magnetized ‘‘up’’ and ‘‘down,’’ as in the case of a 5
�m thin, single crystalline ferrimagnetic garnet sample, a mi-
crophotograph of which, taken in polarized light via the mag-
neto-optic Faraday effect, is shown in Fig. 2. The areas of
dark and light contrast correspond to the directions of the
magnetization perpendicular to the sample surface, directed
‘‘downward’’ and ‘‘upward,’’ respectively. In H � 0 the two
regions have equal volumes, such that the total magnetiza-
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tion M � 0. The boundary line between the domains is the
Figure 3. Magnetization processes by wall motion and rotation. (a)domain wall (DW), where the direction of the magnetization
Demagnetized state: H � 0, M � 0; (b) Irreversible wall motion: H �

is changing gradually between the two domains whose mag- 0, domains having favorable magnetization direction with respect to
netization directions differ by 180�. The size and shape of the the applied magnetic field are growing; (c) The magnetization in do-
domains and the position of the DWs correspond to the mini- mains with unfavorable direction is rotating toward the magnetic
mum free energy configuration. In a flawless material the do- field direction; (d) Saturation: domains disappeared, magnetization

aligned with the applied field.main structure is very regular by crystal symmetry, as seen
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netized state, is not, in general, a unique state, as there is a
very large number of possible domain arrangements summing
to a particular M value. Consequently, the sequence of the
Barkhausen jumps is probabilistic. Moreover, the critical field
for a jump depends not only on the strength of the actual
defect-DW interaction, but on the magnetic state of the neigh-
boring domains too. These domains, like small magnets, cre-
ate their own magnetic fields at the site of their neighbors
(magnetostatic, dipole fields). Depending on the direction of
the magnetization of a given domain, it can help or prevent

(a) (b)

1

1 2

2

the externally applied magnetic field in supplying the energy
for the jump. This energy, needed to overcome the barriersFigure 4. Magnetization change by irreversible wall motion: Bark-

hausen jumps of domain walls (lines) pinned at defects (dots). (a) Wall caused by the defects, results in hysteresis losses.
pinned at many defects, simultaneous breakaway with a large mag- The discrete and irregular nature of the magnetization
netization jump. (b) Domain wall motion by individual jumps from process causes hysteresis loss and noise in magnetic devices.
defect to defect. 1 is the original DW position in H � 0; 2 is the DW To reduce these losses, the material should be uniform. The
position in H � Hcr. losses can be reduced, even in the presence of a large defect

density, if the defects are uniformly distributed and/or they
interact very weakly with the moving DWs. In this case thecalled Barkhausen jumps. In a macroscopic body, the defects
DWs are moving smoothly across the material, with no sud-are distributed more or less randomly in space and energy.
den jumps in the magnetization. The other limiting case isWhen the magnetic field reaches the critical value for the ir-
when the material has a very narrow distribution of defectsreversible DW motion of the weakest defect, H � Hcr, the wall
yielding a rectangular hysteresis loop. In contrast, for a goodwill move until it reaches the next defect, where it will be
permanent magnet very active and strong pinning centerspinned again. Upon increasing the field there might be an-
have to be created to keep the magnetization from changing,other DW pinned at another defect, having a critical field
that is, avoid spontaneous demagnetization.equal to the applied field, and now that wall will jump to the

next available energy minimum, and it will be pinned at the
next defect. Depending on the density of the defects and the EQUILIBRIUM MAGNETIZATION DISTRIBUTION
strength of the interaction between defects and DWs, it might
happen that a wall will be pinned by many similar defects Domains and Domain Walls
and it will move, breaking away from many defects simulta-

The equilibrium state of the macroscopic magnetization ofneously, giving rise to a large magnetization jump. Figure 4
any magnetic body is the state with minimum total free en-shows these two different scenarios for Barkhausen jumps.
ergy (1–5). The term in the free energy responsible for theFigure 5 shows strong DW pinning at inclusions in a garnet
existence of ordered magnetic states is the exchange interac-crystal, near magnetic saturation. The applied field is high
tion between the electrons’ magnetic moments. The magni-enough to reduce the black domains to a very small area, but
tude of the atomic magnetic moments is constant at a givenit is not enough to overcome Hcr of the inclusions.
temperature. The atomic magnetic moments are renderedA finite size ferromagnetic material is usually broken into
parallel (antiparallel) to each other due to the exchange inter-many magnetic domains. Any material, including the demag-
action, giving rise to ferromagnetic (antiferromagnetic, ferri-
magnetic) order. The thermal energy tends to randomize the
direction of the atomic magnetic moments, and at the Curie
temperature, Tc, it overcomes the exchange energy, and there
is no magnetic order above Tc. The magnitude of Tc is propor-
tional to A, the exchange constant, characterizing the
strength of the exchange interaction. For iron, A � 1.49 �
10�11 J/m.

The origin of magnetocrystalline anisotropy energy is the
interaction between crystalline electric fields and atomic mag-
netic moments (spin-orbit coupling), rendering these mo-
ments parallel to certain, easy crystallographic directions.
The simplest form of the magnetocrystalline anisotropy is the
uniaxial anisotropy, with one easy axis. The anisotropy en-
ergy density can be characterized by a single anisotropy con-
stant Ku. For the hexagonal, uniaxial cobalt at room tempera-
ture Ku � 4.1 � 105 J/m3. For cubic crystals the anisotropy is
weaker and characterized by two constants, K1 and K2, where

Figure 5. Strong domain wall pinning at inclusions in an epitaxial
usually K2 � K1. For iron K1 � 4.8 � 104 J/m3.garnet crystal in applied magnetic field near to saturation, where the

In the absence of an applied magnetic field, the equilib-magnetization M � Mup � Mdown � Ms. The black stripe domains corre-
rium state of the distribution of the atomic moments can bespond to Mdown. Upon applying a magnetic field H � Hc, most of the
found from the minimalization of the total energy, that is, itwalls disappear, only those pinned by the strongest defects (black

dots) are left. is determined by the competition of the anisotropy and ex-
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change energies, giving rise to the magnetic domain struc- DW energy (5,6):
ture. The change of the magnetization direction between adja-
cent domains is not abrupt, because it would require a large
investment of energy against the exchange energy. However,

2HMdx = d(vγw)

= γw dv + vd(γw) � γwd(hLδw) + vd
√

A(x)K(x)
if the transition is very broad then many magnetic moments
would be along unfavorable directions from the point of view The critical field for the start of the motion of a given DW,
of anisotropy energy. The result is the minimum energy situa- that is, the first Barkhausen jump, is:
tion with a formation of a DW of width:

δw = π
√

A/K Hcr = 1
2Ms

d(vγw)

dx

To create a DW, a new, magnetic surface has to be formed. For the whole material, the average critical field, that is, the
This surface energy of the DW energy is given by: coercive force of the start of the DW motion, for the case when

the DW volume remains constant, is given by the rms value
of the critical fields of all defects:γw = 4

√
AK

There are other contributions to the free energy of a magne- Hc = H2
cr

1/2 = 1
2hLMs

(dγw/dx)2
1/2

tized body, which have to be taken into account when calcu-
lating the distribution of the magnetization. These are the

Thus the necessary condition for the occurrence of Bark-magnetostrictive stresses, the Zeeman energy of the interac-
hausen jumps is the presence of a gradient of the DW energy.tion with applied magnetic field, and the magnetostatic en-
Figure 6 shows a one-dimensional sketch of the energy land-ergy due to production of demagnetizing fields, depending on
scape of a magnetic body, due to the gradient of the DW en-the shape and size of the magnetic body.
ergy. The DW is located in an energy minimum, pinned byThe total magnetization of the body is the vector sum of
the defect. Upon reaching the critical field of interaction withthe domain magnetizations, M � �mivi, where mi is the mag-
a defect, the DW breaks away, jumping to a new metastablenetization vector in each domain directed along 	i with re-
equilibrium position. The DW can freely move and the magne-spect to field direction, and vi is the volume of the ith domain.
tization changes continuously if the defects along its path areA magnetic material is saturated when all the atomic magne-
weaker than the previous maximum in the gradient. The vari-tization vectors are parallel to the applied magnetic field
ation of the DW volume across the surface might have a sig-(ei � cos	i � 0), that is, all the domain magnetizations are
nificant contribution to hysteresis losses due to surfaceturned into the field direction M � Ms. (See Fig. 3.) Before
roughness effects, as in the case of soft magnetic thin films insaturation any change of the total magnetization can be de-
recording heads (6).scribed by:

The change of the DW energy due to local variations of
anisotrophy and exchange energy causes DW pinning at local-δMMM = δ

∑∑∑
mmmivi = ∑∑∑

eeeiδ|mi | + ∑
e

∑
e

∑
eiδvi + ∑∑∑

vi|mi|δeee ized defects. These defects are responsible for Barkhausen
jumps and hysteresis losses. During the magnetization pro-

The first term is zero because the magnitude of the magnetic cess the energy from the applied magnetic field has to over-
moments is constant; the second term describes the change of
the volume of the domains via DW motion, and the third term
is the contribution of the rotation of the magnetization angle
	i, inside the domains to the change the magnetization.

DOMAIN WALL—DEFECT INTERACTION

Domain Wall Pinning Coercivity

The equilibrium magnetization distribution in any H field is
expected to be determined by the minimum energy configura-
tion, when all the contributing energies are taken into ac-
count. In a perfectly uniform material the DW energy is the
same everywhere and the position and the distance between
the DWs is uniform. However, real materials are not uniform.
Material properties differ from point to point, and as a conse-
quence, the material constants A and K are not constants, but
they are functions of the position r: A(r) and K(r). The result
is that at some sites the DW energy is locally lowered (or

0

+

d w(x)
dx

γ

–

Distance
increased) and extra energy is needed to move the wall from Figure 6. One-dimensional variations of the DW energy landscape
that position, that is, to change the magnetization. In a one- of a magnetic body due to the position dependence of anisotropy and
dimensional case, the energy needed to move a DW of volume exchange energies, caused by localized crystalline defects. Arrows de-
v (v � hL�w, height h, length L, width �w, specific DW energy note the jump of the domain walls to the next position of equal

energy.�w) by dx has to be compensated by the change of the total
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come the energy of interaction of the moving domain wall tropy of the material:
with defects in the magnetic body. Due to the statistical na-
ture of the defect distribution, the magnetization curve of two
apparently similar pieces of the same magnetic material

Kσ = −3
2

λσ cos2 φ

might differ substantially, depending on the technology of
where 	 is the direction of the stress relative to the magneti-production. Figure 7 is a measured hysteresis loop of 25
zation. The total anisotropy of the magnetic body is the sumquasi-identical magnetic garnet particles. Each particle is
of the magneto-crystalline and stress-induced parts: K �seen to be magnetized at different fields, illustrating the dis-
Ku 
 K�. Localized fluctuations of the internal stresses �(r)tribution of critical fields (7). The mean value of the critical
cause fluctuations in the DW energy through K(r) and con-fields for DW motion is scaled with the coercivity of the mate-
tribute to the coercivity, that is, to the critical fields for Bark-rial. However, for the macroscopic critical field, the coercivity
hausen jumps.is a statistical parameter, and it has a certain distribution

If there are long range one-dimensional stress fluctuationsand standard deviation. The standard deviation of the critical
�(x) in the material, with an average spatial periodicityfield distribution characterizes the spectrum of the defects
(wavelength) �, large compared to the DW width, then thebased on the strength of DW-defect interaction. More accu-
DW energy will fluctuate asrate, statistical models, given in Ref. 5, take into account that

the process of pinning/depinning takes place only over a dis-
tance of one domain width wd, so there will be a ln(wd/�w) γw = 4

√
A[Ku + (3/2)λσ (x)]

factor in all formulas for DW pinning. If the defect size is very
causing a critical field for the DW motion of:small (10�7 m) compared to the DW width, then the moving

DW averages out the defect potential, and there is no irre-
versible magnetization and hysteresis loss associated with a
very fine microstructure. On the other hand, when the defects

Hσ
cr = 3λσw(x)

4Ms

dσ (x)

dx

are very large compared to �w, then the energy associated
This is the basic equation of the stress theory of Barkhausenwith the inclusions will be reduced due to the presence of sec-
jumps and coercivity. If �(x) is known then Hcr can be calcu-ondary domain structure and the associated discontinuous
lated.DW motion will be negligibly small and the irreversible mag-

Assuming a quasi-sinusoidal stress field with an amplitudenetization losses will be reduced.
of (�0  ��/2) in the form of

Inhomogeneous Stress Fields

One of the main contributors to Barkhausen noise is related
σ (x) = σ0 + �σ

2
sin(2πx/�)

to the stress sensitivity of magnetic materials. The magnetoe-
the critical field for the start of the DW motion is given bylastic behavior is characterized by the magnetostrictive strain

� � dl/l, the relative shape and size change of a magnetized
body upon change of the magnetization, or vice versa the
change of magnetization upon deformation (1, 5). For single

Hσ
cr = p

λ|σi|
2Ms

crystals the strain might be different in different crystallo-
where p depends on the ratio of �w/�. Although the usual ef-graphic �hkl� directions, with different �hkl. For polycrystalline
fect of the stress fields of the defects is that the anisotropy ofmaterials the average value of � is used. For most of the mag-
the material is locally reduced, thus creating an effective en-netic materials � � 10�5 to 10�6. Elastic stresses � couple to
ergy well for the DW, it was demonstrated that it is possiblemagnetostriction causing an effective stress-induced aniso-
to have anisotropy barriers with locally higher DW energy,
preventing the change of the magnetization very efficiently
(8). Figure 8 shows such a case, where the stress field from an
inclusion in the nonmagnetic substrate penetrates a magnetic
crystal and the DWs are repulsed by both stress fields, pre-
venting saturation of the magnetization at fields much higher
than the theoretical saturation field.

Domain Wall Interaction with Dislocations

A special case of the stress effects on magnetization processes
is due to the presence of dislocations (9,10,11,12,13,14). Plas-
tic deformation produces defects, such as dislocations, stack-
ing faults, and point defects, each associated with an internal
stress field, which will affect the Barkhausen noise. For low
deformation the number of dislocations increases linearly

H(Oe)400300

M

200100

with shear stress �, and depends on the material’s shear mod-
ulus G and the magnitude of the Burgers vector b character-Figure 7. Measured hysteresis loop of 25 quasi-identical magnetic
izing the dislocation. The moving DW interacts with thegarnet particles, illustrating the sequence of Barkhausen jumps cor-
stress field of the dislocation, depending on the direction andresponding to the distribution of critical fields of individual particles.

(From Ref. 8.) the distance between them. The dislocation exerts a force f
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to get the whole DW over the single dislocation barrier is
W � (3/2) Gb�w�. The critical field for the DW motion from a
single straight edge dislocation is:

Hd
cr = (3/2Ms)Gbλ

For a dislocation density of N m�2 Hcr will be proportional to
N1/2, that is, the linear defect density.

In some cases the measured Hcr is much higher than the
expected from the above equation. This is due to the fact that,
depending on material parameters, the DW might be elas-
tically deformed, that is, stretched between two dislocations
before breaking free (1,5,15). Assuming that the amplitude of
DW bulging is one-quarter of the distance between disloca-
tions, the critical field for the DW jump is:

Hd
cr =

√
2Nγw/Ms

Domain Wall Pinning at Inclusions and VoidsFigure 8. Repulsion of domain walls in a magnetic garnet material
by the stress fields of triangular and hexagonal Ir inclusions, originat- In developing new magnetic materials the control of the mi-
ing in the nonmagnetic substrate. The inclusion’s stress field pene- crostructure is of primary importance. Nonmagnetic grain
trates the magnetic layer and interacts with the domain walls. The boundaries are essential for magnetic recording media in de-
sample is near saturation, only the thin black domain remains due to creasing the exchange coupling between grains; the proper-
the very strong interaction with the stress field.

ties of permanent magnets are defined through inclusions of
phases with magnetic properties different from that of the
matrix, while soft magnetic materials should be as homoge-upon the DW according to its line element dl and the magne-
nous as possible. In case of nonmagnetic inclusions or voids,tostrictive stress tensor � of the DW: f � �dl � �b. The cal-
the DW is pinned because the local DW energy is reduced byculation of this interaction for a general case is not trivial.
the missing volume when the DW includes the inclusion orFor a simple case of a 180� DW, lying in the x�y plane and
void. At the same time, depending on the size of the defects,a dislocation running parallel to the plane of the DW, the
there will be free magnetic poles on the surface of the inclu-geometry shown in Fig. 9, the critical field is calculated in
sions and voids, producing demagnetizing (stray) fields withRef. 10. For the simple case of the change of the magnetiza-
a significant energy contribution (10,16,17,18,19).tion across the DW 	 � �/�w, � � 0. The edge and screw com-

ponents of the dislocations are bsin � and bcos �. For an edge
Small Inclusions, d �� �w. When a spherical inclusion of sizedislocation � � � � 90�, for a screw dislocation � � 0. For a

d, volume v � �d3/6, is located outside of the DW it behavesdislocation running parallel to the x axis � � 0. The angle
like a dipole, having a dipole energy of WD � (1/3) M2

sv. If itbetween b and the z axis is �. The component of the force f z
is inside of the DW, then it behaves as a quadrupole, andis given as
WQ � WD/2. If the interaction depends only on the distance
between the inclusion (or void) and DW, then d�w/dx �fz = (3/2)Gbλ(sin2φ cos α + 2 sin2

φ sinω sinα)
d3�w/� 2

w, and the critical field for the start of the DW motion,
due to the volume effect for d � �w is given by (10):The DW interacts with the dislocation only as long as the

dislocation is inside of the wall, because f z � 0 for 	 � 0,
consequently, fmax � (3/2) Gb�. To move the DW by dz,
dW � f dz work should be performed. The energy necessary

Hi
cr = 2.8γw

Msw

[
d
δw

]3/2

v1/2
[
ln

2w
δw

]1/2

The contribution due to the demagnetizing field effects:

HD
cr = 2.8Msd7/2

wδ5/2
w

v1/2[ln(2w/δw)]1/2

The critical fields Hi
cr and HD

cr are comparable when d � �w/4.

Large Inclusions, d �� �w

For large inclusions there would be a very large demagnetiz-
ing field contribution due to the strong dependence on the size
of the inclusions, which is disadvantageous from the point of

��
��

��x x

yy

(a)

θ δw

(b)

z

Ms

z

V

t

εφ

α

ω

view of energy minimalization. The consequence is that a
wedge-shaped secondary domain structure is developedFigure 9. Geometry of the DW dislocation interaction. Ms saturation

magnetization, �w DW width, V Burger’s vector of the dislocation. around large inclusions to dilute the density of free poles over
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a larger surface of the new DWs. The irreversible motion of The loss associated with an individual Barkhausen jump
dWB is determined in a similar way, by the area of the minorthe DW starts before it would be completely torn off the inclu-

sion, at a field: loop of one jump. Integrating over all individual jumps gives
the total loss, WH.

The shape of the hysteresis loop is expected to be deter-HI
cr = γwv2/3/(2Msd)

mined by the sequential events of depinning the DWs from
the defects, or the sequence of the individual switching eventsThe theory of inclusions was originally developed for spheri-
of particles by rotation. The sequence would depend only oncal inclusions. The case of elliptical inclusions was treated in
the strength of the interaction between a defect and a DW. InRefs. 18 and 19, showing that the strongest demagnetizing
this case the shape of the hysteresis loop would be reproduc-field effects are due to flat inclusions lying perpendicular to
ible and no random noise would be associated with the mag-the plane of the DW. The critical field is for the case of ex-
netization process. At the absolute zero of temperature T � 0tended planar inclusions, width d, including magnetic inclu-
K, with no interaction between the particles, this could be asions, Hcr depends on the relative magnitude of the anisotropy
valid assumption. However, the shape of the hysteresis loopand exchange constants of the two materials (A and A�, and
and the associated losses are influenced by several other irre-K and K�), and it is given in Ref. 20:
versible processes. First of all, at finite temperatures tempera-
ture fluctuations add a random noise to the magnetization
process, randomly raising or decreasing the energy barriers
what the moving DW should overcome in order to change the
magnetization (30,31). Moreover, the height of the barrier,

Hi
cr = 2Kd

33/2Msδw
[A/A′ − K ′/K], for d � δw

Hi
cr = KA′

2MsA
[A/A′ − K ′/K], for d � δw

that is, the strength of the interaction between the DW and
the defect, might depend on the temperature itself.The calculation of critical fields can be solved analytically for

At any given temperature if one waits long enough theresimple cases only (21,22,23). Numerical methods of micro-
will be a finite probability that a temperature fluctuation ap-magnetism are very powerful in calculating the critical fields
pears, large enough to push the DW over the next barriers.for DW pinning for any geometry and combination of defects.
This characteristic time delay between an instantaneousThe most cumbersome part of the calculation, the magne-
change in the applied field and the subsequent change of thetostatic fields due to the nonzero divergence of magnetization
magnetization is the magnetic aftereffect (4,30). The higherat the defects, can be handled easily by numerical methods.
the temperature the more effective is the assistance of tem-Details of the pinning process can be revealed by these meth-
perature fluctuations. The slower the change of the field, theods, like the repulsion of the approaching DW by the dipole
more chance the DW has to jump over the energy barrier,field of small inclusions in high magnetization materials
waiting for the moment of the temperature fluctuation as-(24,25). Figure 5 shows the domain structure of a garnet sin-
sisted decrease in the energy barrier. The critical field of thegle crystal in H � Hc, near to saturation, where the strongest
start of the DW motion at one given defect depends on thedefects keep the last DWs pinned (26,27,28).
temperature and time: Hcr � Hcr(T, t). As a result, the faster
the rate of change of the field, the larger the field needed to

IRREVERSIBLE MAGNETIZATION PROCESSES change the magnetization, that is, the coercivity Hc is increas-
ing with frequency. The defect-DW interaction is influenced

In a ferromagnet with a domain structure irreversible magne- by the aftereffect, leading to an apparent frequency depen-
tization takes place by DW motion, due to the sudden changes dence.
of the magnetization as the applied magnetic field reaches the Another effect that can’t be neglected is the shape and size
critical field of depinning a DW from a defect, as given in the dependence of the magnetization curve. If a magnetic body of
previous section. On reducing the size of the magnetic body finite size is magnetized, free magnetic poles occur on the sur-
down to the typical size of a single domain, no DW can be face, producing demagnetizing field, Hd, which opposes the di-
formed and, consequently, there is no DW motion, and no ir- rection of the magnetization. The demagnetizing field is pro-
reversible losses associated with it. However, there are still portional to the magnetization, Hd � �NM, where N is the
irreversible magnetization changes due to the sudden rota- demagnetizing factor (1,2,32). When the magnetization
tion of the magnetic moment of the single-domain particles at changes in a small region of the body, the demagnetizing field
the switching field of the particle. The sequence of individual changes too, and the slope of the hysteresis loops changes,
rotation events of particle magnetizations gives rise to the depending on the demagnetizing factor and the permeability
hysteresis loops of particulate materials, usually described by � � dB/dH � d(�0 H 
 M)/dH. This change causes an appar-
Preisach models (1,7,29). The energy barrier for magnetiza- ent change in the magnetization at a given applied field. A
tion switching is related to the effective anisotropy field of the more serious problem is that the magnetic body is not homo-
particles: Hrot

cr � 2 Keff /Ms, a fairly large value. These irrevers- geneously magnetized. The direction and the magnitude of
ible wall motion or rotational magnetization processes are the the domain magnetizations vary, and the permeability is not
cause for the hysteresis losses. The measure of the energy loss a well-defined quantity. The effect of the sample’s shape and
associated with the hysteresis can be determined from the size makes the comparison of experimental data very difficult.
area under the hysteresis loop: Eddy current losses can’t be neglected in the case of ac

magnetization processes of metallic magnets. When the mag-
netization is changed in a conductor, eddy currents and, asso-
ciated with it, a time-dependent magnetic induction B(t) is
produced. Integrating B(t) over the sample surface, the

WH =
∮

loop area

HdM
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In materials with strong uniaxial anisotropy, the equilib-
rium domain structure is relatively simple. In a stressed long
wire or ribbon, domain magnetizations will be aligned along
the long axis and the magnetization process is dominated by
one huge Barkhausen jump. The hysteresis loop of such a ma-
terial is nearly square. For a wire with large magnetostric-
tion, � � 0, under tensile stress � along the axis, there is a
stress-induced uniaxial anisotropy: Ks � (3/2)��. The large
change in magnetic induction upon changing the magnetic
field will induce a large, narrow pulse of voltage in a coil
wound around the sample, used in many sensors and devices.
Stress can be induced in amorphous magnetostrictive wires
during heat treatment, and can be used as inductors. Figures
11 and 12 show the effect of magnetostriction and mechanical
stress on Barkhausen noise statistics upon magnetization of
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a highly magnetostrictive amorphous metallic ribbon in a free
Figure 10. Barkhausen jump statistics of a low carbon steel speci- state and when the same ribbon is slightly stretched along its
men, and the integrated jumpsum signal. The inset is the measured axis (36). The change of the Barkhausen jump spectrum from
signal at higher magnification. (Courtesy of L. J. Swartzendruber,
NIST, unpublished data).

change of the flux in time, that is, the voltage induced by the
eddy current is obtained. Due to interference from this eddy-
current induced signal, the measurement of the Barkhausen
noise in metallic magnets is not a simple task (33).

BARKHAUSEN NOISE

Any discontinuous, sudden change of the magnetization in a
slowly changing magnetic field, due to the irreversible break-
away of a DW from a pinning center or an irreversible act
of rotation, induces a voltage spike in a coil surrounding the
specimen. The sequence of these pulses is the Barkhausen
noise. The pulses are characterized by their number in the
applied field interval, magnitude of the induced voltage,
width of the pulse, and the integrated voltage, the jumpsum.
The change of the magnetization during one jump is related
to the integral under the area of the resultant pulse. The
steepest part of the hysteresis loop, around the coercivity Hc

contains the largest number and highest amplitude pulses.
The defect structure influences both mechanical and magnetic
properties of the materials. The distribution of jump size,
shape, duration, and the power spectrum of the Barkhausen
noise is directly related to the microstructure of the magnetic
material, and carries very important information for nonde-
structive testing. Figure 10 shows the applied magnetic field
dependence of the Barkhausen noise data for a steel specimen
in terms of pulse heights of the induced voltage, and the inte-
grated voltage (jumpsum), which is related to the magnetiza-
tion (33).

Stress Effects

The defect DW interaction is very sensitive to the stress due
to stress-induced anisotropy in materials with finite magneto-
striction. Upon an application of stress the DW energy land-
scape and the critical field for individual DW jumps change
and, as a result, the shape of the hysteresis loop and the per-
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meability change with stress as well. After proper calibration, Figure 11. Effect of magnetostriction and mechanical stress on
and over a wide range of stress, the Barkhausen noise can Barkhausen noise statistics upon magnetization of a highly magneto-
often be used as a measure of the strain state of the mate- strictive amorphous metallic ribbon (a) Free ribbon; (b) Ribbon under

weak tensile stress (M. Pardavi-Horvath, unpublished data).rial (34,35).
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Figure 12. (a) Integrated signal of individual jumps for the sample
in Fig. 12. 1 is the free ribbon; 2 is the ribbon under tensile stress.
(b) Number of jumps for 1. (c) Number of jumps for 2. (M. Pardavi-
Horvath, unpublished data.)
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numerous small jumps to a very few huge jumps is evident. DW-defect interaction energies, many of the low energy de-
fects are ‘‘turned off ’’’ and the width of the defect-DW interac-The integral of the jumps over the magnetic field gives a

curve similar to the magnetization curve (37). tion spectrum decreases too. The magnetic material becomes
magnetically softer.

Temperature Dependence
Statistics of Barkhausen Jumps

The Barkhausen effect has a strong temperature dependence.
The DW energy itself depends on the magnetic anisotropy, a The statistics of Barkhausen jumps has been the topic of wide

ranging investigations for many years. The static interactionstrong function of temperature, leading to the increase of the
DW energy and the coercivity on lowering the temperature. of one defect with one domain wall is just the beginning of

the theoretical treatment of the magnetization process of aThe energy of temperature fluctuations play a lesser role at
low temperatures, and the characteristic time constant of the magnetic material. In a real material, a very large number of

statistically distributed defects interact with a large numbermagnetic aftereffect is increasing with decreasing tempera-
ture. As the probability for a jump decreases, the DW has to of DWs, resulting in a complex Barkhausen noise behavior.

The process depends on temperature, time, sample size, andwait longer for a kick from the thermal fluctuations, and the
number of jumps in a given field and time interval decreases shape (38,39). For the interpretation of the Barkhausen sig-

nal the functional form of the energy landscape is needed.(33). On the contrary, upon increasing the temperature the
coercivity decreases, and due to strong thermal activation All these unknown parameters can be taken into account as

fluctuations in the DW energy, and described by an ensembleprocesses, it’s easier for a DW to make a jump. At the same
time the thermal energy becomes larger than some of the of stochastic Langevin functions. The model generates both
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hysteresis loops and Barkhausen jump distributions, showing instant of time, tn, the value of the magnetic field, Hn and the
induced voltage is Vn measured. So the amplitude of jumpsa power-law behavior for small jumps and a rapid cut-off at
versus field, the integrated signal, the jumpsum, and the ratelarge jump sizes, in agreement with the experimental data
of the jumpsum can be determined. The jumpsum rate is(40,37,41).
qualitatively similar to the rms noise. Power density spectraUnfortunately, along the hysteresis loop different types of
and autocorrelation functions can also be obtained from themagnetization processes take place. Therefore, the treatment
data. For a stationary random process, the power densityis usually restricted to the constant permeability region
spectrum is the Fourier transform of the autocorrelation func-around the coercivity. The assumption used in predicting the
tion, �(t) � �V(t) � V(t 
 �)�, so that statistical properties ofnoise power spectrum (42) is that both dB/dH and dH/dt are
the Barkhausen noise can be easily investigated by this tech-constant. This approach was extended to the whole hysteresis
nique (49).loop assuming that the Barkhausen activity in terms of the

A widely used method in studying the Barkhausen effectjumpsum is proportional to the differential susceptibility,
is to measure the power as a function of the frequency of cy-which can be determined from hysteresis models (43).
cling the field. This technique yields information about theAn important question is whether the individual jumps are
intervals between jumps (33). The frequency of the Bark-correlated or not. For statistically independent jumps the the-
hausen jumps is related to the average DW velocity, and itory predicts that the power density is constant at low frequen-
contains information about the average time it takes for acies and decays as 1/f 2 at high frequencies. Some experimen-
moving DW to reach the next barrier through the averagetal data agree with this prediction, however, in some cases
distance between defects.there is a maximum at low frequencies. The analysis of the

Utilizing the optical activity of magnetic materials it isBarkhausen noise signal characteristics, as autocorrelation,
possible to identify individual defects, pinning mechanisms,jump amplitude correlation, jump time and amplitude corre-
and measure actual DW velocities. In transparent magneticlation, and power density show no evident deviation from ran-
materials individual DW-defect interactions can be investi-dom noise behavior. Evidently, a different mechanism is re-
gated via the magneto-optical Faraday-effect (26,27,28), as il-sponsible for the low frequency losses (44).
lustrated in Figs. 2, 6, 7, and 9. In metals, the Kerr effectThe progress in nonlinear dynamics and chaos, relatively
offers a possibility to visualize the defect-DW interaction, as iteasily applicable to the behavior of domains and domain was done for several metallic film magneto-optical recording

walls, leads to simple nonlinear models for DW dynamics, media, in order to study the cause of media noise in readout
taking into account the viscous damping of the DW moving (50). It was shown that the distance between pinning centers
under the effect of a harmonic external force in the field of is about 0.4 �m and the DW ‘‘waits’’ up to several seconds
defects. It was shown that Barkhausen noise can be charac- before the next jump. The pinning time decreases exponen-
terized by a low fractal dimension (45,46). Barkhausen jumps tially with increasing driving field.
show the attributes of self-organized criticality, with the dis-
tribution of lifetimes and areas of discrete Barkhausen jumps Nondestructive Testing
following a power-law behavior (47,48).

When applicable the measurement of magnetic Barkhausen
noise is a fast, reliable, and simple technique for nondestruc-

Experimental Techniques

Modern Barkhausen spectrometers are based on the same
principle of Faraday’s law of induced electromotive force
(emf), as used by Barkhausen in 1919. According to Faraday’s
law, whenever there is a magnetic flux change dB/dt there
will be an induced voltage V, proportional to dB/dt and the
number of turns of a measuring pickup coil. The difference
is that the original amplifier is now substituted by a digital
computer controlled data acquisition system and digital stor-
age oscilloscope (33,44,49). Usually the size and the duration
of Barkhausen pulses is measured and statistically regis-
tered. The results are frequency distributions. The entire se-
quence of Barkhausen pulses can be considered as a stochas-
tic process and then the spectral density of the noise energy,
related to the total irreversible magnetization reversal is
measured (33,39). Figure 13 shows the block diagram of a typ-
ical apparatus. The equipment consists of a magnetizing sys-
tem used to sweep the sample through the full hysteresis loop
from negative saturation to positive saturation, at a fre-
quency of typically 0.05 Hz; a Hall probe to measure the mag-
netic field; a surface coil to measure the induced voltage and/
or another pick-up coil, surrounding the sample, for power
spectrum measurements. The measurement is controlled and

Surface pickup

Sample

Energizing yoke

Encircling coil

Hall probe

Filter

A to D converter

the data are analyzed by a digital computer. The bandwidth
of the system is from 100 Hz up to 100 kHz. A discriminator Figure 13. Block diagram of Barkhausen noise measurement. (Cour-

tesy of L. J. Swartzendruber, NIST.)is used to reject signals below a certain noise level. At each
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tive material evaluation, as compared to x-ray diffraction, ul- technical materials: superconducting cables are multifila-
ment, multicore, twisted, stabilized composites where the cou-trasound, and other more sophisticated measurements

(49,51). The Barkhausen effect is especially well-suited for pling losses to the normal matrix play a significant role in
dissipation (55).the study of steel, one of the most important structural mate-

rials. Commercial instruments to characterize materials
based on Barkhausen noise are now available. The Bark- Vortex Structure
hausen spectrum can be, for example, related to the grain size

Superconductors (SC) are characterized by the penetrationof the material, so it can be used for grain size measurement
depth of the weak magnetic field �, the coherence length �,after cold-rolling (52). The stress sensitivity of the DW motion
and the Ginzburg-Landau parameter � � �/�. Superconduc-makes it very convenient to study residual stresses, using the
tors can be classified according to the magnitude of �. Type IBarkhausen emission under stress. Depending on the band-
SCs have � � 1/�2, and the external field is totally screenedwidth of the measurement, either the surface or near subsur-
by diamagnetic supercurrents flowing in the penetrationface layers can be tested (34). The Barkhausen emission test
depth distance from the surface (Meissner effect). For Type IIis used in the grinding industry to check the residual stress
SCs � � 1/�2. The N/S boundary is in equilibrium only indue to thermal damage and microhardness (53). Plastic defor-
high applied magnetic field. A type II SC below the first criti-mation increases the dislocation density, an effect easily de-
cal field Hc1 behaves as a Type I material. In a field of H �tected by the DW-dislocation interaction induced critical field
Hc1 it is energetically more favorable to break into the mixedincrease. There is a possibility to use deformed thin wires of
state of alternating N and SC phases, consisting of thin, nor-iron and iron–nickel alloys as strain gages in the 10�3 range
mal core vortex lines, parallel to the external field, with circu-with a sensitivity of 5% (35).
lating paramagnetic supercurrents. Each vortex carries aBarkhausen noise plays an important role in magnetic re-
quantum of flux 	0 � hc/2e, where h is the Planck constant,cording. The head-to-medium velocities in hard drives may
c is the light velocity and e is the electron charge. The size ofrange from 1 to 50 m/s, with data frequencies from 100 kHz
a vortex is typically a few hundred nanometer. The vortexto 50 MHz; for tape systems the velocity might be as low as
lattice is in some way analogous to the magnetic domain25 mm/s at 1 Hz frequency. These parameters are very near
structure of ferromagnetic materials, as discussed previously.to the range of Barkhausen noise. The main source of the me-
Upon increasing the applied magnetic field H, the number ofdium and head noise is the Barkhausen noise. The nonunifor-
vortices increases as the vortex lattice period becomesmity of media leads to a localized, regular noise, superim-
smaller. At H � Hc2 � �2 �Hc the vortex cores overlap andposed on the random noise from magnetization switching
the material becomes a normal metal. Hc2 of SC for practicalprocesses. For particulate materials the noise is related to the
applications is on the order of 102 T.shape, size, and orientation dispersion of the particles; for

multigrain thin film media the signal-to-noise ratio (SNR) de-
Vortex Motion and Flux Jumpspends on the microstructure, texture, and grain cluster size.

In soft magnetic write-read head materials the DW pinning Many technical applications of SC require high current densi-
and the related hysteresis losses are the most important ties and low losses, which can be accomplished by immobiliz-
source of noise (50,54). ing the vortices by pinning them at defects. The vortices have

a complex magnetic field around them, decaying exponen-
tially within the distance �. If the SC is placed in an applied

FLUX PINNING AND LOSSES IN SUPERCONDUCTORS field H, parallel to its surface, then supercurrents Jm will be
generated by a vortex located at x0:

The basic parameters defining the transition from the super-
conducting to the normal state are the critical temperature Jm = λ−1H exp(−x0/λ)

Tc, critical magnetic field Hc, and critical current density Jc.
Type II superconductors possess the highest possible critical and a repulsive Lorentz force will act on the vortex, Fm �

Jm	0. This force changes with the distance, thus changing theparameters. Destruction of their bulk superconductivity oc-
curs at the upper critical field Hc2. If no applied magnetic field free energy of the vortex system. If there is an energy gradi-

ent, that is, a local change in the potential for the vortex mo-is present, then Jc up to 1011 Am�2 can be reached. High cur-
rent density and small energy dissipation is the main reason tion, then the vortex can be pinned at the defect lowering the

free energy of the system. There is an energy barrier to thefor industrial applications of superconductors in magnets,
electrical machinery, and power transmission lines. Ideal su- penetration of vortices in and out of the SC at the boundary,

and vortex motion into the SC can be prevented by surfaceperconductors are lossless, however, using Type II supercon-
ductors for practical applications dissipative processes are of treatment. Ideal Type II SCs are thermodynamically revers-

ible if there are no defects in the material to act as pinninggreat importance. In Type I superconductors dissipation is
negligible up to very high frequencies, where the electromag- centers. But even in the absence of bulk pinning, there is al-

ways the surface, itself an irregularity, so there is no idealnetic field destroys the Cooper pairs, responsible for supercon-
ductivity. Losses in ideal Type II superconductors are associ- SC. In the absence of pinning centers, the vortex lattice’s mo-

tion is like a hydrodynamic flow in a viscous medium. Dissi-ated with viscous motion of vortex lattices. Losses in the most
important class of superconductors, the Type II nonideal su- pation is due to the viscous damping process. The power nec-

essary to move the vortices is WSC � �nJ2
s, where �n is theperconductors, are due to magnetic hysteresis, similar to the

case of ferromagnetic materials. In superconductors the irre- specific resistance. Because there are always thermal fluctu-
ations, and Jc is decreasing with increasing T, any slight in-versible motion of magnetic flux lines through pinning centers

causes the hysteresis. The problem is more complicated in crease in the temperature decreases the critical current and,
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by preserving the total current, the current distribution has at grain boundaries. In the high-Tc cuprate SCs vortex pin-
ning is linked to the layered structure of the material, theto change, and as a consequence, the magnetic field distribu-

tion generated by the current distribution is changes too. Ac- vortices are interacting strongly within the layers (pancake
vortices) and weakly between layers. As a result the electricalcording to Maxwell’s law whenever there is a flux change

there will be an electric field, and this field does the work to properties are highly anisotropic. The pancake vortices are
very mobile. Increasing the interlayer coupling would makemove the vortices, that is, a flux jump is observed. Flux jump

instabilities are very dangerous because they can transform a more effective pinning with higher (and isotropic) current
densities (57).the SC into the N state completely. Thermally activated flux

flow is one of the main reasons for the low current density in In an ideal SC the vortex structure is a regular two-dimen-
isonal network. Due to the very inhomogeneous structure ofnew high-Tc SCs.

Another case of flux jumping occurs due to magnetic field the hard SCs, the vortex lattice is distorted, following the mi-
crostructural features, that is, the energy landscape of thefluctuations. As the applied field increases, critical shielding

currents are induced to prevent the penetration of flux into material. For high defect densities and high current densities
the vortex lattice becomes ‘‘amorphous’’, the lattice isthe SC until a certain field H* (or magnetic flux density asso-

ciated with that field B*) value , where flux jumps occur. For ‘‘melted’’.
thin filaments the flux completely penetrates the material,
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