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I. INTRODUCTION

I N the magnetization and reversal of magnetization of
ferromagnets, as well as in the polarization and rever-
sal of polarization of ferroelectrics, an important role
is played not only by the smooth (reversible) changes of
the magnetic or electric state of the crystal, but also by
jumplike changes of the magnetization of ferromagnets
or the polarization of ferroelectrics. In ferromagnets,
this effect was discovered in 1919 by Barkhausenc * ]

and bears his name.
Jumps of reversal of magnetism and in ferroelec-

trics were observed by a number of workers'- 2 " 4 ] in the
late '40's. In analogy with paramagnetism, they were
also named Barkhausen jumps.*

An appreciable number of papers have been devoted
to the Barkhausen effect both in ferromagnets and in
ferroelectrics. Nonetheless, it has been assumed for a
long time that this effect can serve principally only as
an illustrative demonstration of the existence of a do-
main structure, and does not have great physical signif-
icance.

Recently, however, as a result of a number of inves-
tigations, it has been concluded that a study of the Bark-
hausen effect makes an appreciable contribution to the
understanding of physical processes occurring during
reversal of magnetization or reversal of polarization.
A definite connection has been established between the
Barkhausen effect (the number of jumps, their distribu-
tion over the field, etc.) and the main elements and the
shape of the hysteresis loop. Unlike other methods of
investigating domain-structure dynamics, the Barkhau-
sen effect yields information on processes occurring
not only on the surface of the sample but also in its in-
terior. In spite of the fact that in many cases the per-
centage of the jumpwise polarization-reversal (magnet-
ization-reversing) volume of the crystal is negligible,
the Barkhausen effect makes it possible to assess cer-
tain aspects of the realignment of the domain structure
of the crystal as a whole. As a method of studying the
dynamics of the domain structure, the Barkhausen ef-
fect is valuable also because it is a sensitive indicator
of the "fine structure" of this dynamics.

Owing to the high sensitivity of this effect to differ-
ent external actions and to structure changes of the
sample, it can be used to measure with a high degree of
accuracy a number of magnetic and electric quantities.
Particularly advantageous is an investigation of the
Barkhausen effect when methods of directly observing
the domain structure and its dynamics are either diffi-
cult or nonexistent. Therefore definite interest attaches

*The first reports of the observation of the Barkhausen effect in
Rochelle salt were made back in 1933 by Kluge and Schonfeld [5] and
in 1935 by Miller [6]. Later on, however, Schonfeld has shown [7] that
the noise observed by him was not of ferroelectric origin.

not only to the study of the Barkhausen effect itself, but
also to its use as one of the methods for investigating
ferromagnets and ferroelectrics.

The study of the Barkhausen effect is also of definite
significance in physics as a whole, being one of the
problems of the kinetics of transient processes. Indeed,
as is well known, one of the main features of all the
transient processes is the jumplike character. In this
sense, the problem of a jumplike growth of the equilib-
rium phase in a nonequilibrium phase is common to a
number of phenomena: crystallization, condensation,
crystal polarization, magnetization, etc. In all these
cases, an important role is played by the jumplike
growth of the nuclei of the new phase. In spite of the
difference between the physical processes that occur in
these phenomena, there is one common feature, namely,
a small nucleus (or fluctuation) of the equilibrium phase
in the nonequilibrium phase becomes suppressed if it is
too small, whereas a nucleus larger than a certain
critical dimension begins to grow. In all these cases,
the critical dimension of the nucleus can be calculated
in accordance with the same scheme, namely from en-
ergy considerations with allowance for the competition
between the volume forces that contribute to the growth
of the equilibrium phase and surface-type forces that
prevent this growth.

In all transient jumplike processes, a common fea-
ture is also the following: if the jumps are frequent and
are small, the process appears to be smooth. On the
other hand, if the jumps follow each other rather infre-
quently and are large, then they can be observed. Exam-
ples of the use of jumplike processes in physics are
well known (the cloud chamber, the bubble chamber,
etc.). Barkhausen jumps in ferromagnets and ferroelec-
trics can also find certain applications, and indeed they
do, as will be shown below.

We review in this article the fundamental work done
on the Barkhausen effect, and show that the use of this
effect can yield a number of new methods for the inves-
tigation of ferromagnetic and ferroelectric crystals.
Assuming that the readers are more familiar with the
ferromagnetic Barkhausen effect, an elementary de-
scription of which is contained in all textbooks (see also
c 132,145]^ w e report here the results of research on fer-
romagnets in more compact form, and describe work
devoted to ferroelectrics in somewhat greater detail.

Π. BARKHAUSEN EFFECT IN FERROMAGNETS

1. General Description of Effect. Mechanism of the
Jump of Magnetization Reversal

When an external magnetic field is applied to a fer-
romagnet, the magnetization process, as is well
known/8J consists of three main stages: displacement,
rotation, and the paraprocess. The displacement proc-
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ess corresponds to the region of weak magnetic fields,
where the magnetization curve is the steepest, and the
magnetization is realized by displacement of the bound-
aries between the domains. A detailed investigation of
the magnetization curve in the displacement region1-9>

Wi has shown that it is precisely in this region that the
change of magnetization occurs jumpwise, i.e., a smooth
change of the external magnetic field induces jumps in
the magnetization of the sample. During the rotation and
paraprocess stages, no Barkhausen jumps are observed.

Haworthc ω ] has shown that the jumps always occur
on the steep part of the magnetization curve and on the
steep part of the hysteresis loop. It was initially as-
sumed that each Barkhausen jump corresponds to re-
versal of magnetization of an entire domain. Subse-
quently, by comparing data on the dimensions of the re-
gions that reverse magnetization in one jump, obtained
by Forster and Wetzel,c 1 1 ] by TsomaMon and Ivlev/ 1 2 j

and by others, with domain-dimension data obtained by
the powder-figure method, it became clear that there is
no direct connection between the dimensions of the mag-
netization-reversal jump and the dimensions of the do-
main. As a rule, the Barkhausen jump encompasses a
region much smaller than the region of spontaneous
magnetization, and the dimensions of the jumps oscil-
late in a rather wide range.

To determine the causes of the Barkhausen jumps*
it is necessary to consider in greater detail the question
of the displacement of the boundaries between do-
mains^ " ' M ] As shown by Landau and Lifshitz, c 1 5 ' 1 β ]

the boundary between domains is not a geometric sur-
face but is an intermediate zone of finite width with a
continuous variation of the orientation of the spin mag-
netic moments. The width of this zone δ , for the case
of a 180° neighborhood at room temperature, is of the
order of 102-103 A.** The surface density of the bound-
ary energy γ is

= (ke!,A/a)i
(1)

where A is the exchange integral, keff is the effective
constant of the magnetic anisotropy, and a has the di-
mension of length and is of the order of the crystal-
lattice constant, i.e., ~10~8 cm.

The dependence of γ on the coordinates determines
the boundary displacement under the influence of the
field. Indeed, in the absence of an external magnetic
field, the boundaries between domains pass through
those crystal locations in which the total energy has a
minimum and the sample is demagnetized. This means
that in the case of 180° neighborhoods the boundaries
are located as a rule at locations with minimal internal
stresses, so that according to c 1 4 ] we have

Kttsiak + ̂ 'ka, (2)

where k is the constant of the natural crystallographic

"The main mechanisms of the Barkhausen jump in ferromagnets,
as well as the ferroelectrics, are the formation of nuclei with their sub-
sequent growth, and the jumplike motion of the interdomain wall over
defects and inclusions. In this chapter we consider the mechanism con-
nected with the jumps of the wall, since in the opinion of most authors
it plays the main role in ferromagnets. The mechanism connected with
nucleus formation is considered in the chapter devoted to ferroelectrics.

**The measurements of the width of the boundary layer between
domains are discussed in [17].

anisotropy, λ is the magnetostriction constant, σ are
the internal mechanical stresses, and α and β are
constant coefficients for a given crystal.

It is seen from (1) and (2) that a minimal increase of
the free energy is produced by the boundary if it is lo-
cated in places corresponding to a minimum of the in-
ternal stresses.. Thus, the positions of the boundaries
in the absence of the field are determined by the action
of the internal forces. Among such "internal forces"
are, first of all, the internal stresses due to the defor-
mation of the crystal lattice or to some inhomogenei-
ties (inclusions), and also the stray magnetic fields
produced by such inhomogeneities.

If we now place the sample in an external magnetic
field, then the demagnetized state becomes energetical-
ly unfavorable. This is manifested in the fact that a
"hydrostatic" pressure PJJ becomes applied to the

boundary of a domain whose orientation is energetically
less favored by a neighboring domain having a more fa-
vored orientation; this pressure is equal to
here Η is the magnetic field intensity, Is the saturation
magnetization, and the index i corresponds to the do-
main with the more favored orientation.

The displacement of the boundary will obviously con-
tinue until this "hydrostatic" pressure becomes bal-
anced by some " internal" pressure. It can be shown
(see c U l ) that the role of such an " internal" pressure
is played by the gradient of the surface energy density
ρ^ = 3y/3x (it is easy to see that py has the dimension
of pressure).

Let us assume for simplicity that the domains have
the form of plane-parallel layers parallel to the easiest-
magnetization axis, and y is consequently a function of
only one coordinate perpendicular to the sign of the
boundary, say the coordinate x. Let the field be applied
along the Oz axis. Then, when the boundary is displaced
by an amount δχ, the decrease AWJI of the magnetic en-
ergy per unit surface of the boundary zone is

&wM=--2HI,6x. (4)

The growth of the energy of the boundary zone AWy
per unit boundary surface is

to*, = g6x. (5)

The equilibrium condition for the boundary is obvi-
ously

ητιτ &V I c\
Zli 1 c = -TT~ · I D I

OX \ I

R e l a t i o n ( 6 ) g i v e s t h e c o n n e c t i o n b e t w e e n t h e e q u i -

l i b r i u m v a l u e o f t h e f i e l d H , w h i c h b r i n g s t h e b o u n d a r y

t o t h e c o o r d i n a t e x , a n d t h e v a l u e o f t h e g r a d i e n t o f t h e

s u r f a c e e n e r g y d e n s i t y o f t h i s b o u n d a r y a t t h e g i v e n

p o i n t . T h i s e q u i l i b r i u m v a l u e o f t h e f i e l d i s

ffo=-Liv. ( 7 )

Figure 1 shows a plot of P s = 9y/3x against χ for
some possible distribution of the internal stresses in
the crystal. Let the equilibrium value of the field cor-
respond to the coordinate of the boundary x,,. If now we
increase Η further then, as is clear from the figure,
the reversible displacement of the boundary will pro-
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FIG. 1

ceed only until, after leaving its equilibrium state, it
reaches the point with coordinate XA, at which the
nearest maximum of Py is located.

The value of the external field Ho corresponding to
this position of the boundary (the maximum of Py) is
called the critical field. Obviously, after reaching Ho,
the growth of the magnetization, i.e., further displace-
ment of the boundary, can occur without a growth of the
field up to the point with the coordinate XQ, since at all
the points XA < x < XB the internal pressure Py is
smaller than the external pressure PJJ . As a result,
the boundary shifts jumpwise from the point XA to the
point XB, and the magnetization of the crystal changes
jumpwise by a certain amount Δΐ. This jump (the dis-
placement of the boundary from XA to XB) is irreversi-
ble, for when the field is subsequently decreased, as is
clear from the figure, the boundary will not move again
jumpwise from the point XB to the point XA, but will
move reversibly through the point xj1, XD up to the
point xc, from which it goes jumpwise to the point XH·

Thus, owing to the presence of inhomogeneities, in-
ternal stresses, variations in the gradient of the sur-
face energy density of the boundary layer, and other in-
homogeneities, irreversible displacements of the bound-
aries between the domains are superimposed on the re-
versible ones. These irreversible jumplike displace-
ments of the boundaries are the Barkhausen jumps.

Let us introduce some refinements. The definition of
the critical field in accordance with formula (7) is accu-
rate, strictly speaking, only in the case of a plane
boundary. Actually, the boundary between domains, as
shown by Becker and Doring/ 1 8 ] is not flat and has in
general a complicated shape, which is also determined
by the distribution of the internal stresses. As a result
of the curvature of the boundary surface, an additional
surface pressure P s is produced, equal to

P. = y(r? + r?), (8)

where r i and rz are the Gaussian curvature radii of
the boundary surface. Allowance for this additional
pressure yields the following expression for the criti-
cal field:

Η°~~2πΥΊΰ~"1 w~^^"/J " (9)

Although for estimating purposes the correction term
in (9) is negligible, it must be borne in mind that at dif-
ferent points of the boundary surface ps can change not
only in magnitude but also in sign.

An appreciable influence on the value of the critical
field may be exerted by the growth of the surface of the
domain boundary, connected with the detainment of a
section of the boundary by the inclusions.

If the Barkhausen jump is due to an irreversible dis-
placement of a 90° boundary, then the right side of
Eq. (9) for the critical field will contain also a term

expressing the change of the magnetoelastic energy of
the stresses, due to the rotation of the spontaneous
magnetization when the Becker boundary is displaced.
The order of magnitude of this term, which is propor-
tional to λ3σι (where λ s is the linear saturation mag-
netostriction and σ{ is the magnitude of the internal or
external stresses), is as a rule larger than 3y/9x, and
therefore the critical field Ho in this case is deter-
mined primarily by the distribution of the maxima of
the stresses σι that are encountered on the path of
boundary motion. In this case, too, the picture of the
appearance of these stresses can be represented in
analogy with Fig. 1.

A more detailed analysis shows that the critical
field corresponding to jumps of a 90° boundary (Ho,
90°) is much larger than the critical field of a 180°
boundary (Ho, 180°). It follows therefore that the Bark-
hausen jumps produced by 90° boundaries should be ob-
served only in strong fields, and consequently their
number should be much smaller than that of the 180°
jumps, since the stage of displacements corresponds to
low values of the magnetic field. The experimental data
of Honda and Kaya[ 1 9 J and of Bozorth and Dillinger : a 0 ]

confirm these conclusions.
All the foregoing reasoning was based on the fact

that the magnetization reversal jump is caused by a
jumplike motion of the boundary between domains. One
can visualize, however, another Barkhausen-jump mech-
anism, namely a magnetization-reversal jump due to
nucleus formation (see also Ch. ΙΠ, Sec. 2). We note
that in the opinion of most authors who investigated the
Barkhausen effect in ferromagnets, nucleus-production
play a much lesser role in the magnetization-reversal
jumps than the jumplike motion of the domain boundary.
This is confirmed also by observations of the dynamics
of the domain structure. 1 8 3 ' "^

2. Procedure for Investigating the Barkhausen Effect
in Ferromagnets

The procedure of investigating the Barkhausen effect
in ferromagnets consists in the following. The investi-
gated sample is placed inside a measuring coil (pickup),,
which in turn is placed inside a magnetizing coil (or be-
tween the poles of a permanent magnet). The magnetic
field in the magnetizing coil is varied smoothly with the
aid of a potentiometer (or by smoothly varying the gap
between the magnet poles), and Barkhausen jumps are
then produced in the sample. The voltage pulses in-
duced thereby in the search coil are fed to the input of
an amplifier. The amplified pulses can be counted with
the aid of a sealer system. In parallel with the ampli-
fier output one usually connects a cathode-ray oscillo-
scope for visual observation of the process, or a loop
oscilloscope that records the process on film. The use
of additional instruments (amplitude discriminators, in-
tegrators, etc.) makes it possible to investigate the
number of recorded jumps, their parameters (ampli-
tude, duration, dimension, etc.), and also their varia-
tion under the influence of various internal and external
factors (impurities, structure, temperature, mechani-
cal stresses, annealing, rate of change of the magnetic
field, etc.).

Figure 2 shows several schematic diagrams of in-
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stallations for the investigation of the Barkhausen ef-
fect in ferromagnets, used by authors of c l j 2 1 " 2 5 ] .

In the Soviet Union, the most widely used is the pro-
cedure developed by Kirenskii and Ivlev.11 ω ' 3 3 :

An important role in apparatus intended for the in-
vestigation of the magnetic Barkhausen effect is played
by the search coil. The role of the search coil and the
question of its correct selection has been considered in
a number of papers.c 2 5" 3 0] The sensitivity of the appa-
ratus is obviously determined by the ratio of the useful
signal at the amplifier input to the noise level.

As shown in c 2 5 ) 2 7 ] , the increase of the noise with
increasing number of turns of the search coil is due
principally to the growth of its inductance, and not of its
ohmic resistance, as was assumed earlier.1-26' 3 1 " 3 6 J

Therefore, to increase the sensitivity of the apparatus,
the search coils should have a large number of turns
but a minimum possible inductance, i.e., small inter-
nal and external diameters. By merely modifying the
search coil, they succeeded in [ 2 5 ' 27> 3 7 ] to increase
greatly the sensitivity of the apparatus compared with
that of [ 3 2~3 6 ' a i and to raise it to 0.9 χ 10~7 cgs emu of
magnetic moment.

At the same time it must be borne in mind that a de-
crease of the dimensions of the coil leads to a decrease
of the time constant, i.e., to a decrease in the time of
the transient process in the coil circuit. This, as shown
in [ 2 6 ' 2 8 > 3 0 ] leads in some cases to errors in the esti-
mate of the dimensions of the jumps. An important role,
depending on the purpose of the experiment, is played
also by the length of the coil . : 2 6 ' 2 B 3 Thus, the parame-
ters of the search coil should-be chosen with allowance
for the foregoing with allowance made for the purpose
of the research. For example, if the most important
task of the experiment is to determine the total number
of jumps, and it is desirable to include shallow jumps,
then the dimensions of the measuring coil must be made
as small as possible. On the other hand, if the charac-
teristics of the individual jumps are investigated, it is
necessary to take into account the influence of the coil
dimensions on the transient processes.

An important factor in many investigations of the
Barkhausen effect is a determination of the dimensions
of the jumps, i.e., a determination of the change of the
magnetic moment ΔΜ corresponding one jump, or the
volume AV of the magnetization-reversing region. It is
easy to showc 2 5 3 that the change of the magnetic flux
through the coil, ΔΦ, corresponding to the magnetiza-
tion-reversal jump, is proportional in turn to the
change of the magnetic moment ΔΜ occurring during
this jump, i.e., to the dimension of the jump, and conse-
quently

AM — (10)

where τ is the duration of the Barkhausen jump and 8
is the emf induced in the measuring coil.

It follows therefore that the areas of the pulses fed to
the input of the amplifier are proportional to the dimen-
sions of the magnetization-reversal jumps. If the jump
durations do not differ greatly from each other, then it
can be assumed in first approximation that the pulse
amplitude is proportional to the change of the magnetic
moment, i.e., to the jump dimension ΔΜ. Consequently,
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[ ' ] ) ; b ) 1 — s a m p l e , 2 — p i c k u p , 3 — g a l v a n o m e t e r ( a f t e r [ 2 1 ] ) ; c ) 1 — l i q u i d

p o t e n t i o m e t e r , 2 — s o l e n o i d , 3 — a m p l i f i e r , 4 — r e c o r d i n g d e v i c e , 5 — p i c k u p

( a f t e r [ 2 2 ] ) ; d ) 1 — c u r r e n t r e g u l a t o r , 2 — m a g n e t i z a t i o n s o u r c e , 3 — a m p l i -

f i e r , 4 — s o l e n o i d , 5 - p i c k u p , 6 — t o v i b r a t o r ( a f t e r [ 2 3 ] ) ; e ) 1 — a m p l i f i e r ,

2 — d i s c r i m i n a t o r , 3 - c o u n t e r , 4 — t a p e r e c o r d e r ( a f t e r [ 2 4 ] ) ; f ) 1 — p o w e r

s o u r c e , 2 — r o t a t i n g p o t e n t i o m e t e r , 3 — m a g n e t i z i n g c o i l , 4 — p i c k u p , 5 —

a m p l i f i e r , 6 — o s c i l l o s c o p e , 7 — s e a l e r c i r c u i t , 8 — m e c h a n i c a l c o u n t e r ( a f t e r

i n f i r s t a p p r o x i m a t i o n , t h e d i m e n s i o n s o f t h e j u m p s a n d

t h e r e l a t i o n s b e t w e e n t h e m c a n b e a s s e s s e d f r o m t h e

a m p l i t u d e s o f t h e p u l s e s a t t h e a m p l i f i e r o u t p u t ( a s s u m -

i n g t h a t t h e a m p l i f i e r d o e s n o t d i s t o r t t h e p u l s e w a v e -

f o r m ) . I n t h e p r e s e n c e o f a l a r g e s c a t t e r i n t h e d u r a -

t i o n s o f t h e i n d i v i d u a l p u l s e s , a n e s t i m a t e o f t h e j u m p

d i m e n s i o n s o n t h e b a s i s o f t h e a m p l i t u d e s ( w h i c h ,

strictly speaking, are proportional to Δ Μ / Δ Ϊ ) may turn
out to be too crude. To estimate the jump dimensions
for any scatter in the duration, it is necessary to con-
nect in the circuit (Fig. 2) a pulse integrator following
the amplifier.1 1 3 0 '3 9 ]

3. Principal Experimental Results

a) General laws. Jump parameters. When the mag-
netic state of the sample varies along the magnetization
curve or the hysteresis loop, the Barkhausen jumps do
not occur at all values of the applied field. For each
ferromagnetic sample, depending on its structure and
state, the jumps begin at a certain perfectly defined val-
ue of the field intensity (start field Hs^) and terminate
at a certain value in the field (finish field H f ) . t 3 3 > 3 S J

In the case of magnetization along the normal curve
the field corresponding to the start of the jump can be
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b)
FIG. 3. Oscillograms of the Barkhausen jumps for permalloy [20]

(a) and for iron ["] (b).

natural ly identi f ied with the end of the R a y l e i g h reg ion,
and Hf can be identi f ied with the end of the d i s p l a c e -
ment p r o c e s s . Many authors'- ^ J 3 3 ' 38J note that the
Barkhausen jumps o c c u r m o s t i n t e n s e l y in f ie lds c l o s e
to c o e r c i v e .

The m a i n p a r a m e t e r s c h a r a c t e r i z i n g the Barkhausen
jump a r e the jump duration τ and the volume A V that
becomes remagnetized in one jump, or e l se the jump
dimension ΔΜ = 2 I S A V ( I S i s the saturat ion magnetiza-
tion), which is uniquely defined by the volume AV.

Figure 3 shows osci l lograms of jumps obtained by
B o z o r t h [ 4 ° 3 and F o r s t e r . : 1 1 3 The volumes of the r e -
gions have become remagnetized during the jump, as
est imated from such osc i l lograms, fluctuate in the
range 10" 7 -10" e c m 3 . These values depend very strongly
on the deformation of the sample, a fact in good qualita-
tive agreement with the " c r i t i c a l f ield" theory consid-
ered above. A s e r i e s of investigations by Bozorth and
Dill inger [ 2 0 ' 4 1 ' 4 2 ] , Tsomakion and Ivlev/ a' 4 3 3 and
others c 2 7 ' 3 0 ~ 3 5 ' 3 8 3 has confirmed these data. The aver-
age duration of the jumps, according to the data of most
authors , i s on the o r d e r of 2 χ 10"4 s e c .

The total contribution introduced by the Barkhausen
jumps to the magnetization r e v e r s a l p r o c e s s , for differ-
ent samples , fluctuates in a wide range, from several
p e r c e n t 3 2 3 to 8 6 % . [ 2 6 ]

Investigations of the Barkhausen effect in single
crys ta l s , c a r r i e d out by Tebble and Newhause1-4 4 3 and
by Ivlev and A s e e v a / 3 5 ' 4 5 3 have revealed an apprecia-
ble anisotropy of the number of jumps along different
crystal lographic d i rect ions .

Telesnin 1 · 4 6 3 observed delayed Barkhausen jumps—a
viscous phenomenon, consist ing in the fact that the
jumps a r e observed with a considerable t ime delay
after the change of the magnetic-field intensity. This
phenomenon was subsequently investigated by Huzi-
m u r a c 4 7 3 and by Telesnin and his c o - w o r k e r s . c 4 8 " 5 ° 3 It
was shown by these investigations that in some cases
the jump delay t ime after the change of the field r e a c h e s
severa l minutes . The most intensely delayed jumps a l so
occur on the steep p a r t of t h e magnetization curve and
on the steep p a r t of the h y s t e r e s i s loop. The s izes and
numbers of the delayed jumps depend on the loads and
on the t e m p e r a t u r e .

Gerlach and L e r t e s 1 · 2 1 3 observed the so-called " m e -
chanica l " Barkhausen effect—the appearance of r e m a g -
netization jumps following the action of mechanical
s t r e s s e s on the sample . This effect was subsequently
investigated by Rodichev and Savchenko 1 · 5 1 ] and by
Khar i tonov. c 5 2 ]

Kirenskii and I v l e v [ 5 3 3 observed inverse Barkhausen

jumps, i.e., jumps corresponding to a magnetic-momentchange opposite to the applied field. However, Votru-bat54] and Fisherc55] were unable to observe the in-verse jumps and thought that the observations of Kiren-skii and Ivlev are the result of a defect in their appara-tus. Subsequently, Kranz and Shauer[563 succeeded inobserving inverse jumps by using the amplified magne-tooptical Kerr effect. Recently Zentko and Hajko1152]

observed reliably and investigated negative magnetiza-tion-reversal jumps in single-crystal Fe-Si. Their re-sults are in good agreement with the data of c533. Thus,the question of the presence of inverse Barkhausenjumps in ferromagnets can be regarded as answered inthe affirmative.b) Distribution of the jumps by dimensions and du-rations. Important questions attracting the attention ofmany investigators of the Barkhausen effect in ferro-magnets are the dimension and duration distributions ofthe number of jumps. The first attempt to obtain thedimension distribution of the Barkhausen jumps wasmade by Tyndall.1-23·1 However, the faulty procedure andthe small number of jumps with which he operated (onthe order of several hundred) do not make it possible toregard his results as sufficiently reliable.Bush and Tebble157] reached the conclusion that thenumber of jumps decreases monotonically with increas-ing size (Fig. 4a). Similar results were obtained by Iv-lev, Ilyushenko, and Aseeva.t33"35'453 Tebble, Skidmore,and Corner[263 using apparatus more sensitive than inc323, obtained for one sample, in addition to the mono-tonic distribution curves, also a distribution curve withclearly pronounced maximum (Fig. 4b). However, theauthors did not pay due attention to this curve, and con-sidered it to be the result of an experimental error.
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Sawada [ 5 8 3 investigated the distribution of the jumps
by dimensions for a wire of silicon steel. The meas-
urements were performed with seven measuring coils
of different length, but with equal numbers of turns per
unit length. For short coils, Sawada obtained a depend-
ence similar to that obtained by Bush and Tebble,
whereas for longer coils the distribution curves had
characteristic maxima (Fig. 4c). He concluded that the
jump-dimension distribution function can have two
forms, monotonic and extremal.

In a number of studies, Ivlev and Rudyakc 59> 3 7 ) 3 8 ) 2 5 ]

have shown that if the sensitivity of the apparatus is
sufficiently high the experimental distributions of the
jumps by dimensions have a clearly pronounced maxi-
mum, i.e., for each state of the sample there exists a
characteristic most probable dimension of the magneti-
zation-reversal jump. The distributions of the jumps by
dimensions for a nickel sample, obtained by these auth-
ors, are shown in Fig. 4d. A similar form is possessed
also by the distribution curves for iron. In c 3, is given
a justification for the existence of a most probable jump
dimension. In a later paper by Pfrenger and Stier-
stadt, c e° 3 no maximum was observed in the dimension
distribution of the jumps. The authors assume that the
question of the character of the distribution of the Bark-
hausen jumps by dimensions, remains open. However,
the measurements given in c 52> β 3 ] , where a pulse inte-
grator was used, have shown that the jump dimension
distribution curves have a clearly pronounced extre-
mum, i.e., they have a form analogous to the curves of
Fig. 4d. A monotonic distribution was apparently ob-
tained in [ 6°3, either because of the incorrect choice of
the measuring coil (see c 25~3°3) or because of insuffi-
cient sensitivity of the apparatus.

An analysis of the plot of the dimension distribution
of the number of jumps, carried out in : 3 8 ] by the meth-
ods of mathematic statistics, shows that the obtained
distribution deviates strongly from a Gaussian distribu-
tion. A calculation of the average variance coefficient
shows that this deviation does not have a random char-
acter. Pearson's method'6 1 3 was used to find a distri-
bution function having a form close to the experimental
curve.

Rodichev, Salanskii, and Sinegubovc623 have shown
that the jump-duration distribution curve also has a
clearly pronounced extremal character (Fig. 5a), i.e.,
most jumps have durations that do not differ strongly
from a certain most probable duration characteristic
of the given state of the sample. An analogous depend-
ence is obtained in c3°3.

Rudyak and Kharitonov1·83-1 observed an independent
group of anomaously long Barkhausen jumps in ferro-
magnets, the durations and dimensions of which extend
by almost two orders of magnitude the corresponding
parameters of the previously investigated ordinary
jumps. A detailed analysis of anomalously long jumps
in nickel, iron and permalloy samples is the subject of
a number of papers/ 28> 52> 6 4 " 6 6 ] It was shown in these
papers that in spite of their relatively small number
(5-10%), the anomalously long jumps make a contribu-
tion of the same order to the irreversible part of the
magnetization reversal as the ordinary jumps. It was
established that anomalously long jumps have their own
natural duration distribution, with the most probable

0 Ί S 12 № 20 2b r.fisec 0 0,5 1 IS 2 2,5 3 r.jixsec

a) b)

FIG. 5. Jump distribution by dimensions. Abscissas—jump durations

(in microseconds for Fig. a and in milliseconds for Fig. b); ordinates—

number of jumps whose durations lie in a unit interval of variation of

the duration τ. a) Data of [ " ] , b) [ 6 3 ] .

duration on the order of 1-2 m s e c ( F i g . 5b). A s one of
the p o s s i b l e m e c h a n i s m s for the appearance of a n o m a -
l o u s l y l o n g jumps, t h e r e i s c o n s i d e r e d in 1 5 2 ] the i r r e -
v e r s i b l e motion of mutual ly coupled 180° and 90° w a l l s ,
a mot ion o b s e r v e d in e x p e r i m e n t s by Haake and Lau-
m a n . c e 7 ] It i s shown t h e r e that an independent group of
anomalous ly l o n g jumps i s o b s e r v e d a l s o in the m e c h a n -
i c a l Barkhausen ef fect.

c) Influence of different factors on the Barkhausen
effect. A l m o s t a l l the i n v e s t i g a t o r s of the Barkhausen
effect note the high s e n s i t i v i t y of th i s effect to different
externa l in f luences and to s t ructura l changes of the
s a m p l e . Knowledge of the c h a r a c t e r of th i s inf luence on
the different a s p e c t s of the Barkhausen effect m a k e s it
p o s s i b l e to apply th is ef fect for a number of m e a s u r e -
m e n t s and i n v e s t i g a t i o n s .

The t e m p e r a t u r e dependence of the Barkhausen effect
w a s inves t igated by Ger lach and L e r t e s , c Z 1 ] I v l e v , 1 3 3 ]

P a p p / 6 8 3 I P y u s h e n k o / 3 * 3 St iers tadt and c o - w o r k e r s i 6 9 "
7 2 3 Ger lach and L e r t e s c 2 1 ] and Papp c e 8 ] have noted that
with i n c r e a s i n g t e m p e r a t u r e the number of jumps in the
n icke l d e c r e a s e s . Iv lev inves t igated the Barkhausen ef-
fect in p o l y c r y s t a l l i n e nickel in the t e m p e r a t u r e i n t e r -
val f rom liquid n i t rogen to the Cur ie point. He has
shown that the total number of jumps Ν and the average
volume AV that becomes remagnetized in a jump de-
crease exponentially, in a definite temperature interval,
with increasing temperature. Investigating the distribu-
tion of the jumps over the field at different tempera-
tures, he has shown that when the temperature is de-
creased the interval of fields in which the jumps are ob-
served broadens, and the maximum of the distribution
curve of the jumps with respect to the field shifts in ac-
cordance with the change of the coercive force. Stier-
stadt's researches, performed on single-crystal nickel,
confirmed in the main the character of the temperature
dependence obtained by Ivlev. The investigations of
Il'yushenko1·343 have shown that for iron the dependence
of the effect on the temperature has an extremal char-
acter. At a certain temperature, which depends on the
chemical purity of the sample, a maximum is observed
in a number of jumps.

Newhause : 7 3 3 has shown that the changes of the tem-
perature of a ferromagnet placed in a constant magnetic
field are also capable of causing magnetization-reversal
jumps.

A considerable number of investigations has been de-
voted to the influence of annealing and deforming
stresses on the Barkhausen effect. The influence of an-
nealing on the Barkhausen effect was noted by Bozorth
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and Dillinger, and also by Tebble, Skidmore, and Cor-
n e r / 2 6 3 Ivlet and Rudyakc 2 5 ] have established that in
nickel, under the influence of annealing, the total num-
ber of jumps decreases, and the most probable jump
dimension shifts towards larger jumps (Fig. 4d).

Forster and W e t z e l t l l ] have shown that plastic de-
formations in nickel lower the effect greatly. Ivlev [ 3 3 : l

has shown that at sufficiently strong stresses the mag-
netization-reversal jumps in nickel disappear com-
pletely. In a number of investigations of the influence
of plastic deformations on the Barkhausen effect in dif-
ferent ferromagnets, Votruba [ 7 4" 7 6 : has shown that with
increasing deformation the number of jumps increases
noticeably in mu-metal and in hypernik, decreases
weakly in iron, and drops strongly in nickel.

It is shown in t 2 5 ] that if internal stresses are pro-
duced in a nickel sample by tension, and the measure-
ments are performed after removing the load, then up
to loads σ = 9 kg/mm2 the total number of jumps in-
creases, and the most probable jump dimension de-
creases, i.e., the fraction of shallow jumps increases.
At σ > 9 kg/mm2, the number of jumps decreases
sharply, becoming smaller than in an annealed sample.
With increasing σ, the field interval in which jumps are
observed becomes much narrower.

The results of the influence of annealing and internal
stresses can be explained by starting from the theory of
the critical field, considered in Sec. 1. According to
this theory, the Barkhausen jumps occur when the exter-
nal field reaches values satisfying the condition (9). It
can be assumed [ 1 3 : i that the principal role in this r e -
spect is played by the first term, determined by the
gradient of the surface density of the boundary energy.
According to w

= {aAlbk+(3k,a/2)]}1 (11)

(the notation is the same as in Sec. 1). As shown by
Kondorskii/ 1 5 3 3 the main cause of the inhomogeneity γ
are the inhomogeneities of the internal stresses σ{.
Then, taking into account the expression for the thick-
ness of the inter domain boundary δ,1132 in terms of the
quantities that enter in (11), we can obtain for the criti-

cal field Hn the relation

(12)

Any cause leading to a change of the number of extrema
of the internal stresses gives r ise to a change in the
number of jumps.

Let the initial state of the sample correspond to a
definite number of jumps, and also to a definite distri-
bution by dimensions. Annealing draws away the sites
of internal stress, for the most part the shallow ones.
Some of the da/dx peaks disappear. Therefore anneal-
ing decreases the total number of jumps and leads to a
growth of their most probable dimension.

If the sample is under load, then homogeneous ten-
sion occurs in it, leading in ferromagnets with negative
magnetostriction to a decrease of the irreversible mag-
netization processes. Homogeneous tension leads to a
decrease in the number of stress peaks. Therefore the
number of Barkhausen jumps for a loaded sample is
smaller than for an unloaded one. If the load is re-
moved, on the other hand, then sites of local internal

stresses arise at different points of the sample, the
number of maxima of 9σ/3χ increases, and this in turn
leads to a growth in the number of jumps. If the load is
sufficiently large, then even when it is removed the r e -
sidual stresses play an important role and the sample
behaves like a loaded one. [ 3 8 : l

It is easy to show that the change of the second term
of (9) under the influence of annealing and internal
stresses leads qualitatively to the same results as de-
scribed above.

In contrast to the appreciable number of investiga-
tions of the influence of static stresses on the Bark-
hausen effect, the influence of dynamic stresses has
hardly been investigated. There is a paper by Mar-
keet, [ 7 7 ] in which it is noted that the number of jumps
is decreased under the influence of ultrasound, as well
as a p a p e r : 1 4 6 ] in which it is shown that ultrasound
causes a shift in the starting field of the jumps in nickel,
iron, and permalloy, namely, the jumps begin earlier in
all three materials. It was also shown recently that ul-
trasound can cause jumps on magnetization reversal at
a constant value of the external magnetic field/117-1

d) Connection of the Barkhausen effect with the do-
main structure and with the elements of the hysteresis
loop. We have presented above a review of the investi-
gations of either the characteristics of the jumps them-
selves or of the influence of different factors on their
numbers, parameters, and distribution with respect to
these parameters. At the same time, the greatest in-
terest, in our opinion, attaches to establishment of the
connection of the Barkhausen effect with the domain
structure, with the magnetization and magnetization-
reversal processes, and especially with hysteresis phe-
nomena.

The connection between the Barkhausen effect and the
change of the domain structure was first established by
Williams and Shockley. :82 : l Kirenskii, Savchenko, and
Rodichevc83' 8 4 : carried out parallel observations of the
change of the domain structure and of the Barkhausen
effect in silicon iron crystals stressed by tension along
the three principal crystallographic directions (001),
(110), and (111). These experiments have shown that the
Barkhausen jumps are due not only to irreversible in-
terdomain-boundary displacements caused by presence
of stresses and inclusions in the ferromagnet. In some
cases, the jumps can be due to a radical realignment of
the domain structure. Plots of the number of jumps
against the tension load reflect all the changes occur-
ring in the domain structure when the sample is
stretched, and the jumps reveal changes in the domain
structure earlier than, for example, the method of pow-
der patterns.

Inasmuch as the Barkhausen effect is connected with
irreversible magnetization-reversal phenomena, and
the most important characteristic of the irreversibility
is the hysteresis loop, it is natural to expect a connec-
tion between the Barkhausen effect and the elements of
the hysteresis loop. The first to establish a qualitative
connection between the induction and the intensity of the
effect were Gerlach and Ler tes . c 2 1 j They have shown
that when the magnetization of a ferromagnet is re-
versed, the induction of the sample and the intensity of
the effect proceed in parallel fashion in a certain field
interval. The maximum intensity of the effect in fields
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close to coercive has been observed, as already men-
tioned, by many workers. By studying the dependence
of the coercive field, the residual magnetization, and
the intensity of the Barkhausen effect in iron-nickel
alloys on the nickel content, Zschische c 8 5 ] has shown
that all three curves reflecting these dependences have
a similar form.

A direct connection between the residual magnetiza-
tion and the Barkhausen effect was established in [ 8 β : ι .
Parallel measurements of the value of the residual
magnetization IR of a nickel sample and of the number
Ν of jumps corresponding to magnetization reversal on
one of the branches of the hysteresis loop, carried out
first for an unloaded sample and then at different inter-
nal stresses produced by tension, have shown that the
residual magnetization and the number of jumps are
connected by the simple linear relation

iR = rR + kN, (13)

where k is a certain constant.
Starting from the existing theory of hysteresis phe-

nomena, this relation can be interpreted as follows:
according to Kondorsku, [ 8 7 ] hysteresis is due to three
causes: (a) delay in the displacement of the interdomain
boundaries; (b) delay in the growth of the magnetization-
reversal nuclei, (c) irreversible rotation processes.
Inasmuch as the first two causes are the ones that cause
also the Barkhausen jumps, it is natural to assume that
the residual magnetization is made up of two parts. The
first comprises the residual magnetization of the do-
main boundaries and the delay of the magnetization-
reversal nuclei. This part of IR should be proportional
to the number of defects causing the delays. But since
these defects cause also the Barkhausen jumps, this
part should be proportional to the number of jumps in
the sample. When the structure of the sample changes,
the number of defects causing the jumps changes, and
there should be a corresponding change in this first
part of the residual magnetization. The second part of
the residual magnetization is due to irreversible proc-
esses of rotation of the spontaneous-magnetization vec-
tor Is· Defects influencing the motion of the interdo-
main walls have little effect on the processes of rota-
tion, and therefore the change of the number of jumps
does not influence this part of I R .

It follows from the foregoing that in weak fields,
when the rotation processes do not play an important
role, the following relation should hold

IR = kN. (14)

An experiment in which parallel measurements were
made of the number of jumps Ν and of the residual
magnetization of the sample IR for a number of par-
tial hysteresis loops has confirmed the correctness of
this relation. c 8 6 ] An analogous connection between I R
and Ν was established recently for nickel films ob-
tained by electrolytic deposition, and also for i ron. t l B 4 : l

In concluding this section, it should be noted that
recently the attention of many investigators has been
focused on the Barkhausen effect in thin ferromagnetic
films.'3 0 > 7 8 " 8 1 : l It is shown in these investigations that
the general laws of the effect remain the same as in
bulky samples, but the dimensions of the jumps them-
selves are smaller in films.

ΠΙ. BARKHAUSEN EFFECT IN FERROELECTRICS

1. Procedure for Investigating the Barkhausen Effect in
Ferroelectrics

From the point of view of the character of the behav-
ior in an external electric field, ferroelectr ics c 8 8 " 9 0 :

are the electric analogs of ferromagnets.
Polarization-reversal jumps are produced in a ferro-

electric crystal when the electric field applied to it is
altered. Observation of these jumps is more difficult
than in the ferromagnetic effect, owing to the need of
producing a contact between the metal and the ferro-
electric in order to apply the field. A dependable obser-
vation and study of the Barkhausen effect in ferroelec-
trics has become possible only after a procedure was
involved for high-grade deposition of electrodes. An-
other feature of the experimental procedure of investi-
gating the Barkhausen effect in ferroelectrics, com-
pared with ferromagnets, is the method of varying the
applied field in time. Unlike the magnetic jumps, the
Barkhausen jumps in ferroelectrics are predominantly
delayed jumps of polarization reversal (this will be dis-
cussed in detail below), so that the main procedure em-
ployed by most workers is to investigate the jumps oc-
curring during a considerable time after the change of
the field, i.e., when the field is already constant. In
[92-100^ jjjg eiectpic fieicl applied to the investigated
crystal was varied by one of the methods shown in
Fig. 6c. The advantage of the method is that it makes
it possible to change the electric state of the sample
both along the polarization curve (Fig. 6c) and along the
hysteresis loops (Figs. 6c"-c'" ), so that the features of
the effect at different stages of polarization and polari-
zation-reversal of the crystals can be determined.

A schematic diagram of a setup for the investigation
of the Barkhausen effect in ferroelectrics, used in a
number of investigations, is shown in Fig. 7. When the
field applied to the sample (C s) is changed, the polari-
zation-reversal jumps occurring in the sample lead to
a jumplike change of the current through the resistance
R, which is connected in series with the crystal. Vol-

c) c") c-)
FIG. 6. Methods of change in the electric field applied to a sample:

a) data of [92], b) I 9 3 ' 9 4], c')-c'") [99].

FIG. 7. Schematic diagram of setup for the investigation of the
Barkhausen effect in ferroelectrics.
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Investigated crystal and
reference

Barium titanate [""" ]
Rochelle salt ["'""]
Triglycinsulfate

(TGS) ["·•·»]

Average pulse
duration, msec

0.06-0.5
0.1-1
0.5—0.8

Average volume
repolarized in
one jump, cm3

10-8 — 10-»
10-S — ΙΟ-9

10-'

Fraction of total
crystal volume re-
polarized by the
jumps, percent

0 . 4 - 1
0.01

0 . 5 - 1 5

tage pulses corresponding to the Barkhausen jumps are
picked off this resistance and fed to the input of a
broadband amplifier (DM), and analyzing apparatus (os-
cilloscope, sealer device, etc.) is connected to the out-
put of the amplifier.

Knowing the amplitude and duration of the pulses,
and also their number, it is possible to estimate the
average dimension of the pulse, the volume that be-
comes repolarized in one jump, and the fraction of the
total volume of the crystal that becomes repolarized by
the jumps.

It should be noted that the estimate of the value of
the jump expressed in terms of the change of the elec-
tric charge Aq and cited in practically all foreign pa-
pers c9 1"9 7] should be regarded as quite unsuitable, since
this quantity, other conditions being equal, is determined
not only by the volume that becomes repolarized, but
also by the thickness of the sample. On the other hand,
the dimension of the jump, naturally, should character-
ize the jump itself and should not depend on the dimen-
sions of the crystal. Therefore the magnitude (dimen-
sion) of the jump should naturally be taken to be the
change of the electric moment of the sample AP(C-cm)
occurring in one jump.

Elementary calculationsc u l ] yield for the jump ΔΡ
and the volume Δ V of the repolarizing region the fol-
lowing relations:*

AP = Udxl2R, (15)

w h e r e U i s t h e a m p l i t u d e o f t h e v o l t a g e p u l s e a t t h e

amplifier input, τ the pulse duration, R the input r e -
sistance of the amplifier, d the crystal thickness, and
P s the spontaneous polarization.

2. Fundamental Experimental Results

a) General laws. Possible jump mechanisms. Just
as in ferromagnets, the Barkhausen jumps in ferroelec-
trics, according to the data of most authors/ 9 2 ' 9 3 > 991

are observed most intensely in fields corresponding to
the steep section of the polarization curve and to the
steep part of the hysteresis loop.

The table lists the main parameters of the jumps and
the fraction of the crystal volume that becomes repolar-
ized by the jumps, for the three most investigated crys-
tals.

The pulses corresponding to the individual jumps as
seen on the oscilloscope screen have a shape similar to
those shown in Fig. 3.

The distribution of the Barkhausen jumps by dimen-
sions in ferroelectrics has hardly been investigated.

FIG. 8. Typical curves (1—integral, 2—
differential) of the distribution of the num-
ber of Barkhausen jumps with respect to
the field for a ferroelectric crystal whose
electric state is varied along the polariza-
tion curve in steps.

*With allowance for the fact that most pulses have a nearly triangu-
lar shape.

30 60 SO 1201, sec
FIG. 9. Growth of the number of jumps with time after switching

over the field in TGS (1) and in Rochelle salt (2).

Chynoweth t 9 3 ] notes that the number of jumps decreases
with increasing jump dimension.

Considerable information concerning the course of
the Barkhausen effect in ferroelectrics is obtained from
curves of the distributions of the number of jumps with
respect to the field and with respect to time. A typical
distribution of the number of jumps with respect to the
field with the electric state of the sample varied along
the polarization curve is shown in Fig. 8. The integral
curve is similar to a typical ferroelectric polarization
curve. The differential distribution curve has accord-
ingly an extremum. The jumps begin at a certain value
of the external field (E s t ) . The number of jumps corre-
sponding to a unit interval of variation of the field
Δ Ν / Δ Ε increases with increasing field, passes through
a maximum, and then decreases to zero (Ef).

The polarization-reversal jumps in ferroelectrics
occur not only at the instants when the field is switched
over, but also within a considerable time after switch-
ing. Typical curves showing the growth of the total
number of jumps with time, for TGS and Rochelle-salt
crystals, are shown in Fig. 9.11021 The existence of
such delayed jumps of polarization reversal points to
the presence in ferroelectrics of a viscous phenomenon
analogous to the phenomenon of magnetic viscosity and
superviscosity in ferromagnets. [ 4 6 3 This phenomenon
can be naturally called dielectric v i scos i ty/ 1 1 3 ' 1 W ]

Indeed, so long as the jumps take place, the domain
structure of the sample becomes realigned even though
the value of the external applied fields remains un-
changed. Thus, the electric state of the sample, corre-
sponding to an external applied field, is not established
immediately, since this (like any other relaxation proc-
ess) requires a definite amount of time, and this indi-
cates to the presence of viscosity phenomena. It is
natural to regard the dielectric viscosity as larger in
those cases when, other conditions being equal, the
jumps last longer, i.e., when the electric state of the
sample is established more slowly.

We emphasize that the delayed jumps in ferroelec-
trics play a considerably greater role than the delayed
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jumps inferromagnets. Whereas for ferromagnets the
delayed jumps of the magnetic viscosity constitute a
small fraction of the total number of magnetization-
reversal jumps, in f err ο electrics the bulk of the polari-
zation-reversal jumps are delayed jumps, i.e., jumps of
the dielectric viscosity.

It was shown in c l K ' " 8 ] , that when a constant elec-
tric field of intensity Ε is applied to a depolarized
crystal, the time evolution of the polarization Ρ is de-
scribed by the equation

> =/>„[! — exp( — .Ei/fS)], (17)

where P o is the value of the polarization corresponding
to the equilibrium state of the crystal in the field E,
and β is the coefficient of dielectric viscosity of the
crystal.

Inasmuch as the time evolution of the total number
of jumps (Fig. 9) is described by an analogous equation,
a connection is established in [ 1 4 S ] between the coeffi-
cient of dielectric viscos",^ of the crystal β and the
number of jumps:

where No is the total number of jumps due to applying
a field Ε to the depolarized crystal, Nx is the number
of jumps occurring by the instant of time t x, and N2 is
the same for the instant of time t 2 .

A question of fundamental importance in the investi-
gation of the Barkhausen effect in ferroelectrics is the
connection of this effect, i.e., the jumplike polarization-
reversal processes, with processes of polarization and
polarization reversal of the crystal as a whole, i.e.,
processes of reorientation of the entire polarization,
which have been investigated in a number of well-known
papers.t 1 5 5" 1 5 8 3 In £ ΐ 5 9 ] , in which a parallel study was
made of the Barkhausen effect and of the reversal cur-
rent in TGS crystals (the applied external field ranged
from 10 to 10s V/cm) it is shown that the time of estab-
lishment of the entire polarization of the crystal is
equal to the time of establishment of its irreversible
part due to the jumps. At the same time, in strong
fields, with increasing rate of realignment of the do-
main structure (i.e., with increasing applied or switched
field), the fraction of the volume of the crystal subject
to polarization reversal by jumps becomes smaller
and smaller.

A number of workers1 9 6 ' ω 3 ' M 9 ] have observed in-
verse polarization-reversal jumps. Although the gener-
al laws and the causes for the occurrence of inverse
jumps have not yet been investigated, the very existence
of inverse jumps of polarization reversal in ferroelec-
trics is undisputed.

The question of the mechanism of occurrence of
Barkhausen jumps in ferroelectrics has been discussed
by many authors. Whereas in ferromagnets the predom-
inant mechanism of the Barkhausen jump is the inter-
mittently jumplike motion of the domain wall over vari-
ous types of inhomogeneities, and the process of nucleus
formation has low probability because of the consider-
able thickness of the boundary wall, in ferroelectrics,
owing to the small thickness of the boundary wall (on the
order of several A units), the process of nucleus forma-
tion may play an appreciable role in the occurrence of
the polarization-reversal jumps.

The mechanism of the jump connected with nucleus
formation can be visualized as follows. Inside the crys-
tal there are always individual regions that are in the
stressed state. These regions serve as centers for nu-
cleus production, for when an external field Ε is ap-
plied the reorientation of the spontaneous polarization
P s in these regions will be easier than in other regions
of the crystal. Growing rapidly, these nuclei cause the
polarization-reversal jumps. In order for such a Bark-
hausen jump to occur, it is necessary that the growth
of the nucleus be energetically favored. Let us deter-
mine the critical dimensions of such a nucleus. If the
value of the nucleus is AV, then upon reorientation of
the spontaneous polarization the energy loss will
amount to Awy = —2PgEAV. However, the appearance
of such a nucleus is connected with a growth Aws

= CTAS of the boundary energy, where AS is the sur-
face of the boundary enclosing the nucleus, and σ is
the surface density of the boundary energy. Let the nu-
cleus have the form of an ellipsoid of revolution, strong-
ly prolate along the ferroelectric axis (so that the depo-
larizing field does not affect the reorientation of the
vector Ps). To simplify the estimate of the volume and
surface, we assume this ellipsoid to be a cylinder of
length I = 10 r, where r is the radius of the base. The
total change of the crystal energy as a result of the re-
orientation of such a nucleus is

—20itr'P,£. (19)

The critical dimension of the nucleus r 0 is obtained
from the condition 9(Aw)/9r = 0 . From this condition
we get

·). (20)

This means that only nuclei with r » r 0 will grow.
When r < r 0, an accidentally produced nucleus will be
"suppressed" by the surface forces. Substituting in
(20) the values of σ and P s from [ M 9 } and choosing for
Ε a value on the order of the coercive field (it is pre-
cisely in such fields that the jumps occur most intense-
ly), we obtain r 0 ~ 10"4 and ~ 10"3 for BaTiO3 and TGS,
respectively, corresponding to minimal jump dimen-
sions on the order of 3 χ 10 ' 1 1 and on 3 χ 10"8 cm for
BaTiQ) and TGS, respectively.

In view of the large degree of anisotropy of ferro-
electric crystals, the nucleus will grow principally
along the ferroelectric axis (along the same direction
that the field Ε is applied). The maximum growth of
the nucleus is limited by the crystal thickness d. The
volume that becomes repolarized in such a jump is
irr2d. At a crystal thickness on the order of 2 m m , c e 9 ]

this amounts to about 10"6 cm3 for TGS.
Recognizing that the growth of the nucleus through

the entire crystal is rare, owing to microcracks and
other defects, we can assume the average volume cor-
responding to the jump to be 10 " 7 cm3, which is in good
agreement with the experimental data (see the preced-
ing table). With increasing crystal thickness, the aver-

*An analogous expression for one of the dimensions of the critical
nucleus, with allowance for the depolarizing field, were obtained by
Miller and Weinreich [160], who considered nucleus production as one
of the mechanisms of the lateral motion of 180° domain walls in BaTiO3

crystals.
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age dimensions of the jumps should increase. This
agrees with the data of Chynoweth.c93:

It should be noted that the probability of polarization
reversal with subsequent growth of the nucleus greatly
increases near the interdomain wall. Therefore in the
process of polarization reversal, the jumps will occur
principally as the wall approaches the future nucleus.
The formation and growth of the nucleus far from the
boundary (inside the domain oriented opposite to the
field) are much less probable, although they are also
possible.

Certain investigators believe nucleus production to
be the only cause of jumps in ferroelectrics/ 9 3 3 To the
contrary, Mil ler/ 9 1 3 who observed simultaneously
domain-wall motions and Barkhausen jumps in barium
titanate, obtained results that indicate convincingly that
these jumps occur also both when the domains grow and
when the domain boundaries come together.

It is natural to assume that the process of the decay
of a single-domain state of the ferroelectric crystal be-
gins with the nucleation of new domains having a spon-
taneous polarization directed opposite to that previously
existing in the crystal. The resultant jumps must be r e -
garded as due to nucleus formation. Subsequently, how-
ever, when the crystal already has domains with differ-
ent directions of the spontaneous polarization, a change
of the electric field inevitably leads to a displacement
of the domain walls, and in this case, the nucleus for-
mation should be accompanied by the jump mechanism
considered by us in the case of ferromagnets.

In the investigation and discussion of the behavior of
Barkhausen jumps it is necessary, in our opinion, to
take into account all the aforementioned possibilities of
their occurrence (nucleus formation, jump formation,
motion of domain walls, and coalescence of domain
boundaries). We note, incidentally, that a study of the
topography of the jumps themselves does not afford an
unambiguous answer to the question of the possible
cause of their appearance. Therefore, in the investiga-
tion of the Barkhausen effect in ferroelectrics, much
attention must be paid not to the jump parameters, but
to their field and time dependences, to the influence of
the different factors on the effect, to the connection of
the effect with other properties of the crystal, etc.

b) Features of the evolution of the Barkhausen effect
in different ferroelectrics. An analysis of the results
of investigations of the Barkhausen effect in different
crystals [ 9 E " 9 5 ' 9 8" 1 D 2 ' ω 6 ] shows that besides the general
regularities noted in the preceding section, the evolution
of the effect in different ferroelectrics exhibits essen-
tial differences, not only quantitative but also qualita-
tive.

For example, in barium titanate and in the BaTiO3-
based varicaps VK-2 and VK-4, when the electric state
is varied along a branch of the hysteresis loop, i.e.,
when the field is decreased from the maximum value
corresponding to the polarized state of the sample, the
jumps begin long before the zero field is reached. 1 1 0 6 3

In TGS this p r o c e s s 1 " 3 begins only after passing
through the zero field value.

Such a different behavior is connected, in our opin-
ion, with the different degree of rectangularity of the
hysteresis loop of TGS and of materials based on
BaTiO3.

The largest amount of material for a comparison of
features of the Barkhausen effect was accumulated for
Rochelle-salt and TGS crys ta l s . ί 9 2 > " ' ω 2 ] At identical
geometrical sample dimensions and at the same tem-
perature, the number of jumps in TGS is much larger
than in Rochelle salt. The average dimension of the re-
gion that reverses polarization in one jump is also much
larger in TGS. This explains the large difference in the
percentage of the jumpwise repolarized volumes of the
two crystals (see the preceding table). The time during
which a jump is observed after the change in the field
is much larger in TGS samples than in Rochelle salt
samples, thus pointing to a different value of the coeffi-
cient of dielectric viscosity of these crystals (larger
for TGS) (see Fig. 9).

Entirely different influences are exerted on the
Barkhausen effect by mechanical stresses in the two
crystals. In Rochelle-salt crystals with an χ = 45°
cut, the number of jumps decreases under the influence
of static stresses applied along the normals to the side
faces of the sample. Mechanical stresses applied in
similar fashion to TGS samples have no influence what-
ever on the Barkhausen effect.

Shuvalov, Rudyak, and Kamaevcl<)°3 succeeded in ob-
serving in Rochelle-salt crystals a new modification of
the Barkhausen effect, namely polarization-reversal
jumps due to applied mechanical stresses (for details
see below). This effect does not appear in TGS crystals.

To a considerable degree, the foregoing differences
in the manifestations of the Barkhausen effect can be
explained on the basis of the crystal-physics classifica-
tion proposed by Shuvalov for ferroelectr ics/ 1 1 6 ' 1 1 7 ]

based on crystallographic attributes characterizing the
differences in the geometry of the domain structure of
ferroelectric crystals [ 8 8 ' ω 2 > m ' 1 1 β ] . In fact, the crys-
tal lattice of antiparallel domains in TGS crystals is
oriented in the same manner, and when the polarization
is reversed no additional energy is consumed in the re-
alignment of the structure, as is the case in Rochelle-
salt. It is therefore natural that the polarization-rever-
sal jumps in TGS encompass a larger volume. Another
cause of the considerable difference between the vol-
umes that become repolarized in one jump in these two
crystals is, in our opinion, the fact that in Rochelle-
salt the surface density of the boundary energy σ is
much smaller than in T G S / 1 4 9 ] Therefore, according
to (20), even when account is taken of the difference be-
tween the values of P s , the minimal and average vol-
umes of the nuclei in Rochelle-salt turned out to be
smaller than in TGS by 1-2 orders of magnitude.

c) Influence of different factors (external actions)
on the Barkhausen effect in ferroelectrics. We have al-
ready noted that mechanical stresses exert a noticeable
influence on the Barkhausen effect in Rochelle-salt. A
similar influence should be exerted by mechanical
stresses also on other ferroelectrics of the second
crystallographic class, which includes, according to
[ 1 3 , uniaxial ferroelectrics without piezoelectric prop-
erties in the initial paraelectric phase in general or
along the direction of occurrence of spontaneous polari-
zation.

Inasmuch as the temperature of the sample influ-
ences strongly the ferroelectric properties of the crys-
tal, and primarily the spontaneous polarization P s , a
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Ν, 10 s

F I G . 10. D e p e n d e n c e o f t h e

n u m b e r o f j u m p s o n t h e tempera-

ture for a T G S crysta l .

E,V/cm
N,10'

1000 D.cr I? 1 2 3 D,ci

a) b)

F I G . 1 1 . I n f l u e n c e o f 7 rays ( a ) a n d x-rays ( b ) o n t h e n u m b e r o f

j u m p s ( 1 ) and o n t h e start ing f ield ( 2 ) for t h e T G S crystal .

c h a n g e o f t h e t e m p e r a t u r e s h o u l d b e c o m e s t r o n g l y m a n -

i f e s t e d a l s o i n t h e e v o l u t i o n o f t h e B a r k h a u s e n e f f e c t .

K i b b l e w h i t e [ 9 1 : i h a s n o t e d a f u l l a n a l o g y b e t w e e n t h e

b e h a v i o r o f t h e n u m b e r o f j u m p s i n b a r i u m t i t a n a t e a n d

t h e t e m p e r a t u r e e v o l u t i o n o f t h e s p o n t a n e o u s p o l a r i z a -

t i o n . D e t a i l e d t e m p e r a t u r e i n v e s t i g a t i o n s o f t h e B a r k -

h a u s e n e f f e c t i n R o c h e l l e - s a l t w e r e c a r r i e d o u t b y

A b e [ 9 2 ] a n d i n T G S b y K a m a e v . t l l l : A c c o r d i n g t o A b e

t h e t o t a l n u m b e r o f j u m p s d e c r e a s e s w h e n e a c h o f t h e

C u r i e p o i n t s i s a p p r o a c h e d . T h e t e m p e r a t u r e e v o l u t i o n

o f t h e n u m b e r o f j u m p s i s a n a l o g o u s t o t h e t e m p e r a t u r e

e v o l u t i o n o f t h e s p o n t a n e o u s p o l a r i z a t i o n . I t i s s h o w n i n
[ 1 1 1 ] t h a t i n T G S t h e c h a n g e o f t h e t e m p e r a t u r e g r e a t l y

i n f l u e n c e s n o t o n l y t h e t o t a l n u m b e r ( F i g . 1 0 ) b u t a l s o

t h e f i e l d d e p e n d e n c e s o f t h e j u m p s . W i t h i n c r e a s i n g

t e m p e r a t u r e , t h e c h a r a c t e r o f t h e c u r v e s d o e s n o t

c h a n g e , b u t t h e s t a r t i n g f i e l d a n d t h e f i e l d c o r r e s p o n d i n g

t o t h e m a x i m u m n u m b e r o f j u m p s d e c r e a s e m o n o t o n i -

c a l l y . A b o v e t h e C u r i e p o i n t , n o j u m p s a r e o b s e r v e d .

W e s u c c e e d e d i n e s t a b l i s h i n g r e c e n t l y t h a t a t t h e l i q u i d -

n i t r o g e n t e m p e r a t u r e t h e B a r k h a u s e n j u m p s i n T G S v a n -

i s h , a l t h o u g h t h e c r y s t a l c e r t a i n l y r e m a i n s i n t h e f e r r o -

e l e c t r i c p h a s e . A c e r t a i n " b l o c k i n g " o f t h e d o m a i n

s t r u c t u r e t a k e s p l a c e . A s i m i l a r " b l o c k i n g " i s o b -

s e r v e d a l s o i n f e r r o m a g n e t s . [ 3 4 ' 1 2 0 ]

I n c l 0 3 > 1 0 8 > l a 0 ] t h e B a r k h a u s e n e f f e c t w a s i n v e s t i g a t e d

in TGS and Rochelle-salt crystals subjected to the ac-
tion of x-rays and γ rays. It is shown in [ 1 0 3 ' 1 0 8 ] that,
in a wide range of doses (from 5 kr to 1 Mr), γ radia-
tion decreases the total number of jumps and increases
the starting fields with increasing irradiation dose
(Fig. l la) . These data are in good agreement with those
of Zheludev and Yurin1 1 2 3"1 2 5 1 1 on the influence of γ
rays on the domain structure and other properties of
ferroelectrics. According to c 1 2 1 " 1 2 5 ^ decay products
are formed in irradiated samples and stabilize some of
the domains, thereby hindering the motion of the domain
walls. As a result fewer domains participate in the po-
larization reversal, leading to a decrease in the number
of jumps with increasing irradiation dose. Stabilization

of the domains and the decrease of the mobility of the
domain walls lead also to stretching of the hysteresis
loop, until a section with linear polarization appears.
On such sections, no realignment of the domain struc-
ture occurs, and the ferroelectric behaves like a para-
electric. Naturally, on the linear section of the polari-
zation curve, where there are no irreversible proc-
esses, there are likewise no polarization jumps. This
causes the growth of the starting field in y-irradiated
crystals.

Under the influence of x-rays, the number of jumps
first increases significantly with increasing dose, goes
through a maximum, and then decreases. The starting
field of the jumps increases monotonically with increas-
ing irradiation dose (Fig. l ib).

The extremal dependence of the number of Barkhau-
sen jumps on the x-ray dose in VK-4 film varicaps was
observed in ime\ It is interesting to note that in [ 1 2 3 J

there was observed a similar dependence of the dielec-
tric constant of the same material on the irradiation
dose. These dependences can be explainedL l u > } in the
following manner. If the sample is sufficiently " p u r e , "
i.e., the number of defects in it is relatively small,
then irradiation with a small dose should lead to a cer-
tain increase of the number of defects, which in turn
leads to the appearance of new centers of nucleus for-
mation, but small doses cannot cause stabilization of
the domain structure. Therefore the total number of
jumps first increases with increasing irradiation dose,
and then (when the stabilization of the domain structure
comes into play) the number of jumps decreases. As to
the monotonic increase of the starting field of the
jumps with increasing irradiation dose, this is con-
nected with the fact that the formation of any additional
defect hinders the motion of the domain wall from the
equilibrium position under the influence of the electric
field.

The influence of annealing and aging of samples on
the Barkhausen effect was investigated in [ W ' ' These
investigations have shown that aging of TGS samples l l U l

and varicaps [ W 6 ] leads to a decrease in the total number
of jumps and in their lifetime; the starting fields in-
crease. These results indicate that stabilization of
spontaneous polarization occurs during the aging of the
sample. One of two possible directions of the dipole
moment becomes energetically favored in the volume of
each domain (or of the entire crystal), and this causes a
certain "blocking" of the domain structure. Thus, the
influence exerted by aging on the polarization-reversal
processes is analogous to γ irradiation. Annealing, to
the contrary, leads to an increase in the number of
jumps, i.e., it facilitates the reorientation of the do-
mains in external fields.l>21^

d) New modifications of the Barkhausen effect in
ferroelectric crystals. It was already mentioned that it
became possible to observe1 1 0 0 3 and to investigate in
Rochelle-salt a new modification of the Barkhausen ef-
fect, namely polarization-reversal jumps due to appli-
cation of mechanical stresses in the absence of an ex-
ternal electric field. If a load is applied to a sample of
Rochelle salt with an χ = 45° cut along the normals to
the side faces of the plate, in one of mutually perpen-
dicular directions (i.e., so as to produce a homogeneous
mechanical compression stress equivalent to the shear
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stress σγΖ (or a z y ) , and if the stress is varied in steps,
then polarization-reversal jumps will occur, within the
ferroelectric temperature interval, on each stress stop.
These jumps are analogous to those produced by vary-
ing the electric field along the χ axis. The dimensions
and the durations of these jumps are the same as of the
"e lect r ic" ones. The plots of the distribution of the
number of jumps as functions of the mechanical stresses
are analogous to the plots of the distribution with r e -
spect to the field for the jumps produced by an electric
field. When the mechanical stress is decreased, and
also when a compression stress is applied in a direction
perpendicular to the initial one (corresponding to a r e -
versal of the sign of the equivalent shear stress), Bark-
hausen jumps of the opposite sign appear. If the number
of jumps of one sign is regarded to be positive and that
of the other sign negative, then the dependence of their
algebraic sum on the applied mechanical stress (if the
latter is cyclically varied) will have the form of a hys-
teresis loop (Fig. 12). These results are in good agree-
ment with the data of Zheludev and Romanyuk1-1183 on
direct observation of the dynamics of the domain struc-
ture in Rochelle-salt crystals under the influence of
mechanical stresses. Inasmuch as the spontaneous de-
formation of Rochelle-salt crystals (as well as other
ferroelectrics with analogous geometry of the domain
structure) contains a shear component' 1 J f i ' 1 1 7 ] that has
different signs for domains with oppositely directed
vectors P s , application of a corresponding shear stress
can cause a displacement of the domain boundaries. The
polarization-reversal jumps occur during the course of
this displacement. In TGS crystals (as well as in other
ferroelectrics having a similar domain-structure ge-
ometry), homogeneous mechanical stresses cannot di-
rectly cause displacements of the domain boundaries.
Therefore the effect described above is not observed in
TGS crys ta l s . [ 1 0 0 ' 1 0 2 ]

In the ferroelectric semiconductor SbSi, Rudyak and
Bogomolov c l l 2 : observed, in the wide temperature in-
terval from -78° C to the Curie point (Fig. 13); polari-
zation-reversal jumps produced by illumination. The
polarization-reversal jumps due to light cease after a
certain time interval and are not observed following a
second illumination. This indicates that the observed
effect cannot be attributed to photoconductivity noise.
We are dealing here apparently with an easing of the
nucleus-production processes under the influence of the
light.

One more modification of the Barkhausen effect was

FIG. 13. a) Polarization-reversal
jumps in SbSi, due to an electric field,
at the instant of the most intense re-
petition of the jumps: b) picture of
the electric jumps on the oscilloscope
screen one minute after the applica-
tion of the electric field; c) polariza-
tion-reversal jumps produced by il-
lumination (t = 0°C).

FIG. 12. Dependence of the algebraic sum of the number of jumps
of both directions in a sample with χ = 45° cut of Rochelle salt on the
applied mechanical stress in the case of cyclic polarization reversal of
the sample ( t = 12.5°C).

FIG. 14. Barkhausen jumps produced in an SbSi crystal on going
over from the ferroelectric phase into the paraelectric phase (photo-
graphed from an oscilloscope screen).

o b s e r v e d r e c e n t l y , n a m e l y p o l a r i z a t i o n r e v e r s a l j u m p s

o c c u r r i n g i n p h a s e t r a n s i t i o n s of f e r r o e l e c t r i c s (in t h e

a b s e n c e of a n e l e c t r i c f i e l d ) . 1 1 4 3 ' 1 5 0 ] T h i s effect w a s

o b s e r v e d i n c r y s t a l s of B a T i O 3 , SbSi, T G S , K D P , R b D P ,

a n d R o c h e l l e s a l t . T h e j u m p s o c c u r i n b o t h d i r e c t i o n s

( F i g . 14).

T h e o c c u r r e n c e of B a r k h a u s e n j u m p s i n p h a s e t r a n -

s i t i o n s m a y b e d u e , i n o u r o p i n i o n , t o t w o f a c t o r s :

j u m p l i k e d e c a y ( o c c u r r e n c e ) of r e g i o n s of s p o n t a n e o u s

p o l a r i z a t i o n a s t h e c r y s t a l g o e s o v e r f r o m t h e f e r r o -

e l e c t r i c p h a s e i n t o t h e p a r a e l e c t r i c p h a s e ( o r v i c e v e r -

s a ) , o r t h e p r o c e s s of r e a l i g n m e n t of t h e d o m a i n s t r u c -

t u r e w i t h i n t h e f e r r o e l e c t r i c p h a s e i t s e l f i n t h e i m m e d i -

a t e v i c i n i t y of t h e C u r i e p o i n t . In e i t h e r c a s e , a s t u d y

of t h i s effect i s of u n d i s p u t e d i n t e r e s t . I t i s not e x -

c l u d e d t h a t b o t h m e c h a n i s m s t a k e p l a c e s i m u l t a n e o u s l y .

IV. BARKHAUSEN E F F E C T AS A METHOD OF

INVESTIGATING FERROMAGNETIC AND

FERROELECTRIC CRYSTALS

T h e c o n n e c t i o n b e t w e e n t h e B a r k h a u s e n effect a n d

t h e d o m a i n s t r u c t u r e a s w e l l a s t h e m a i n e l e m e n t s of

t h e h y s t e r e s i s l o o p , t h e h i g h s e n s i t i v i t y of t h i s effect t o

d i f f e r e n t f a c t o r s , t h e s t a b i l i t y of t h e m a i n c h a r a c t e r i s -

t i c s of t h e effect ( the j u m p s t a r t i n g f ie ld , t h e f i n i s h i n g

f ie ld, t h e t i m e of p a s s a g e of t h e j u m p s , e t c . ) , for e a c h

s t a t e of t h e s a m p l e , a l l t h e s e m a k e i t p o s s i b l e to e m -
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ploy the Barkhausen effect as a method for the investi-
gation of ferromagnets and ferroelectrics, and also for
the measurement of certain magnetic and electric
quantities.

1. Measurement of the Coercive Force of Ferromag-
nets by the Barkhausen-jump Method

The first suggestion that the Barkhausen effect be
used for magnetic measurements was made in [ 1 3 1 ] ,
where it is used to measure the coercive force. It is
shown in that paper that if the number of jumps cor-
responding to a change in the magnetic state of the sam-
ple is measured along one of the branches of the hys-
teresis loop, i.e., from —Imax to +Imax (using the
procedure described in Ch. Π, Sec. 1), and then, after
again returning to state -Imax. the field is smoothly
varied from - H m a x to + H m a x , then the field at which
the number of jumps is equal to half the total number of
jumps corresponding to the total branch of the hystere-
sis loop is equal to the coercive force.

In fact, assume that during the displacement stage,
when the magnetization of the sample is varied from Ii
to I2, i.e., when the boundary* is displaced from xx to
x2, there occur η Barkhausen jumps. Inasmuch as dur-
ing the displacement stage the change of the magneti-
zation ΔΙ is determined completely by the boundary
displacement AX, we can put

Δ/=Δ*/0/ί, (21)

where I i s the width of the domain and I o i s the mag-
netization corresponding to the end of the displacement
stage.

Since each jump occurs on some nonmagnetic inclu-
sion or local site of internal s t r e s s e s , when the bound-
a r y moves back from x 2 to xi, an equal number of
jumps in the opposite direction will occur . Thus, if ni
Barkhausen jumps a r e produced when the magnetiza-
tion is var ied from Ii to I 2 , then n 2 = ni jumps will be
produced when the magnetization i s var ied back from I 2

to Ii. In particular, if Ν jumps are produced when the
magnetization is varied from zero to IQ, then Ν jumps
(in the opposite direction) will be produced also on go-
ing back from Io to 0.

Since no Barkhausen jumps are observed in the case
of I > Io (in the rotation stage), the number of jumps Ν
obviously corresponds to the change of the magnetiza-
tion of the sample from zero to I s (saturation magneti-
zation), or conversely from I s to zero. Consequently,
when the magnetization of a sample is changed from
- I s to +I S along the entire hysteresis-loop branch, the
number of Barkhausen jumps will be 2N, and the field
corresponding to half this number as the magnetization
is varied from - I s to +I S is equal to the coercive
force.

The conclusions of the foregoing reasoning remain
valid also for a polycrystalline sample. Experiments
carried out with samples of nickel, iron, and a number
of ferromagnetic alloys have shown that in all cases the
field corresponding to half the total number of jumps is
indeed equal to the coercive force.

Notice should be taken of the fact that this method
makes it possible, owing to the large number of Bark-

*For simplicity we consider the motion of only one 180° boundary.

hausen jumps and the good reproducibility of the results,
to measure the coercive force with accuracy to 10"2 Oe
even for samples with diameter 0.1 mm. The method
can be used also for samples with diameters of several
dozen microns.

2. Some Other Magnetic Measurements

In the investigation of the Barkhausen effect in ferro-
magnets, using the procedure described above, there is
a high degree of reproducibility, for each sample, not
only in the total number of jumps, but also in the field
corresponding to a definite number of jumps (particu-
larly, the starting field H s t , the finishing field Hf, the
field H c = Η (Ν/2), etc.). Since each of these fields is a
characteristic of the sample and determines its domain
structure, the field can be deduced from data given by a
sealer unit independently of the readings of the instru-
ments in the magnetizing circuit. This fact is the basis
of a number of methods ' 1 3 2 ] described below.

a) Determination of the demagnetizing factor. If the
sample is in an external homogeneous magnetic field of
intensity H e , directed along the sample axis, then, as is
well known, t l 3 ] the true field Η inside the sample dif-
fers from H e , namely

H = He — NI, \ii)

where Ν is the demagnetizing factor of the sample and
I is the magnetization corresponding to the field H.

Assume that there are two samples, one of which can
be regarded as infinitely long (/ » d, where I is the
length and d the diameter of the sample), and the de-
magnetizing factor of the other is to be determined. Let
us find the starting field (or the finishing field) of the
jumps for both samples. If the samples of one material
are subjected to identical treatment (for example, an-
nealing), then their starting fields should be the same.
But since the starting field of the jumps is determined
by the true field inside the sample, and the demagnetiz-
ing factors on the samples are different (Ni = 0 and
N2 Φ 0), the values of the external fields at which the
jumps begin will also be different. The difference be-
tween the external starting fields, determined from the
readings of instruments in the magnetizing circuit, is
equal, as follows from (22), to the demagnetizing field
NI of the second sample. Knowing I, we determine N.

b) Measurement of the earth's magnetic field. By
placing a magnetizing coil with a sample in such a way
that its axis is oriented in the direction of interest to
us, say in the vertical direction, we determine the val-
ue of the field corresponding to half the total number of
jumps H(N/2) when the sample is magnetized in one
direction, and then, when it is magnetized in the oppo-
site direction. Since in one case the component of the
e a r t h ' s f i e l d Η | * i s a d d e d t o t h e c o i l f i e l d , a n d i n t h e

o t h e r i t i s s u b t r a c t e d f r o m i t , t h e r e a d i n g s o f t h e i n s t r u -

m e n t c o r r e s p o n d i n g t o H i ( N / 2 ) a n d H 2 ( N / 2 ) w i l l b e

d i f f e r e n t i n t h e t w o c a s e s . I t i s e a s y t o s e e t h a t t h e

s o u g h t c o m p o n e n t H g i s g i v e n b y

Hi = [Hi (Nil) — H2 (Λ72)1/2. (23)

In [ 1 3 2 J , the vertical component of the earth's field was
determined accurate to 0.01 Oe. The method makes it
possible to perform measurements with high accuracy.
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Since this method makes it possible to m e a s u r e any
component of the e a r t h ' s magnetic field intensity H e , it
makes it a lso possible to measure the vector H e .

c) Sensitive indicator of the change of the magnetic
field, based on the Barkhausen effect. As was noted
above (Ch. II, Sec. 3), the Barkhausen effect is the most
intense in the steep p a r t of the hys teres i s loop, i .e. , in
fields close to coercive. In this range of fields, 107

jumps a r e counted when the magnetic field is changed
by 1 Oe per c m 3 of an annealed i ron sample, i .e. , on the
average one jump for each field change of 10~7 Oe. This
fact was used in c l 3 4 ] to detect small changes of a mag-
netic field.

A ferromagnetic sample placed in a magnetizing coil
of the apparatus is f irst magnetized to saturat ion. Then,
a potentiometer is used to vary the field smoothly to a
value at which the jumps a r e the most intense. This
state of the sample i s the initial one for the operation
of the indicator. If now an additional weak magnetic
field appears in the space near the magnetizing coil, d i-
rected along the field of the coil, or if a slight change of
the external field in the s a m e direction takes place, the
apparatus will r e c o r d this change by means of one or
severa l j u m p s . This method was used in [ 5 2 > 1 3 4 ] to
r e g i s t e r rel iably an external-field change amounting to
ΔΗ = 10"5 Oe.

The Barkhausen effect can also be used to compare
the coefficient of a magnetizing coil with a standard coil
without using a bal l ist ic s e t u p / 1 3 2 3

3. Determination of the Elastic Limit in Ferromagnets
with the Aid of the Barkhausen Effect

Among the methods of determining the elastic l imit
in solids t h e r e a r e many magnetic methods. 1 W 5 : The
high sensitivity of the Barkhausen effect to external
s t r e s s e s makes it possible to use it as one more mag-
netic method of determining the elast ic l imit in f e r r o -
magnets .

It is shown in L136 ] that when the elastic l imit is
reached in iron, nickel, and permalloy samples , a sharp
i n c r e a s e in the number of jumps Ν is observed. This
makes it possible to use the plot of the re lat ive change
of the number of jumps ΔΝ/Ν 0 against the s t r e s s σ to
determine the elastic l imit m o r e accurately than by us-
ing the plot of the induction Β against σ.L U 5 :

By way of i l lustration, Fig. 15 shows these two plots
for an i ron sample, in the s a m e sca le . It is seen from
these plots that the Barkhausen effect method is indeed
more sensit ive than the induction-change method. It is
shown in [ 5 2 ' 1 3 7 j that the elastic l imit in ferromagnets
can be determined also with the aid of the mechanical
Barkhausen effect.

4. Determination of the Depolarized State and Deter-
mination of the Coercive Field of Ferroelectrics
with the Aid of the Barkhausen Effect

Most grown ferroelectr ic crys ta l s have considerable
u n i p o l a r i t y / 1 3 8 ' 1 3 9 3 which influences their e lectr ic
proper t ies and the polarization p r o c e s s e s . The dielec-
t r i c hys teres i s loop of such crys ta l s is not symmetr ica l
(especially in weak fields), this being a manifestation of
the asymmetry of the domain s t r u c t u r e of the crysta l in
the absence of a field. The unipolarity of the crys ta l s

ΔΝ/Ν0,%
ΔΒ/Β0,%

2 it δ S № 12 σ, kg/mm"

F I G . 15. Relative change of the number of Barkhausen j u m p s (1)

and relative change of the magnetic induct ion (2) against the applied

stress after its removal.

b e c o m e s p a r t i c u l a r l y s t r o n g l y m a n i f e s t i n t h e i n v e s t i g a -

t i o n of t h e B a r k h a u s e n e f f e c t . T h u s , f o r e x a m p l e , i t w a s

o b s e r v e d i n c " ' 1 U j t h a t w h e n t h e e l e c t r i c s t a t e o f c e r -

t a i n s a m p l e s i s v a r i e d a l o n g t h e p o l a r i z a t i o n c u r v e , t h e

n u m b e r of j u m p s a n d t h e i r s t a r t i n g f i e l d a r e e s s e n t i a l l y

d i f f e r e n t w h e n t h e f i e l d v a r i e s f r o m z e r o t o + E m a x a n d

f r o m z e r o t o - E m a x . A t t h e s a m e t i m e , f o r a n u m b e r

o f m e a s u r e m e n t s ( n o t o n l y i n t h e i n v e s t i g a t i o n of t h e

B a r k h a u s e n e f f e c t ) , i t i s n e c e s s a r y t o s t a r t t h e p o l a r i -

z a t i o n p r o c e s s f r o m t h e d e p o l a r i z e d s t a t e , i . e . , f r o m a

s t a t e w i t h a s y m m e t r i c a l d o m a i n s t r u c t u r e .

A t t e m p t s t o d e p o l a r i z e a s a m p l e b y t h e m e t h o d e m -

p l o y e d i n m a g n e t i s m , i . e . , b y s l o w l y d e c r e a s i n g t h e a p -

p l i e d a l t e r n a t i n g f i e l d , d i d n o t y i e l d t h e d e s i r e d r e s u l t .

T h e s a m p l e s r e t a i n e d c o n s i s t e n t l y t h e " b u i l t - i n " u n i -

p o l a r i t y . O n l y a p p l i c a t i o n of a c o n s t a n t f i e l d o f s u i t a b l e

m a g n i t u d e a n d s i g n i s c a p a b l e of e l i m i n a t i n g t h e u n i p o -

l a r i t y o f t h e s a m p l e , i . e . , d e p o l a r i z i n g i t c o m p l e t e l y .

T h e d i f f i c u l t y l i e s p r e c i s e l y i n t h e c h o i c e o f t h i s c o n -

s t a n t f i e l d a n d i n f i x i n g t h e d e p o l a r i z e d s t a t e .
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I t i s s h o w n i n c l n ' 1 4 0 3 t h a t a s y m m e t r i c a l s t a t e of t h e
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i n g t h e n u m b e r o f p o l a r i z a t i o n - r e v e r s a l j u m p s o n o n e
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w i s e p a s s a g e a l o n g t h e t o t a l h y s t e r e s i s l o o p , a n d t h e n

t r a c i n g t h e l o o p a g a i n a n d t e r m i n a t i n g t h e p r o c e s s of

p o l a r i z a t i o n r e v e r s a l a t t h e i n s t a n t w h e n h a l f t h e p r e v i -

o u s l y o b s e r v e d h a d b e e n c o u n t e d .

T h e d e p o l a r i z a t i o n of t h e c r y s t a l i n t h i s m a n n e r i s

c o n f i r m e d b o t h b y d i r e c t o s c i l l o g r a p h y of t h e h y s t e r e -

s i s l o o p — t h e t o t a l a n d p a r t i a l l o o p s b e c o m e s y m m e t r i -

c a l — a n d a l s o b y a m o r e s e n s i t i v e m e t h o d , w i t h t h e a i d

of t h e B a r k h a u s e n e f f e c t . T h e n u m b e r o f j u m p s a n d t h e

c h a r a c t e r of t h e i r a p p e a r a n c e o n t h e " p o s i t i v e " a n d

" n e g a t i v e " p o l a r i z a t i o n c u r v e s c o i n c i d e . T h e s a m e

m e t h o d c a n b e u s e d t o d e t e r m i n e t h e c o e r c i v e f i e l d of

t h e f e r r o e l e c t r i c .

5 . S t u d y o f t h e P r o c e s s e s o f P o l a r i z a t i o n R e v e r s a l o f

F e r r o e l e c t r i c s a n d o f t h e I n f l u e n c e o f V a r i o u s

E x t e r n a l F a c t o r s o n T h e s e P r o c e s s e s w i t h t h e A i d

of t h e B a r k h a u s e n E f f e c t

F i g u r e s 8 a n d 9 ( C h . I l l , S e c . 2 ) s h o w t y p i c a l p l o t s o f

t h e d i s t r i b u t i o n of t h e n u m b e r o f p o l a r i z a t i o n - r e v e r s a l

j u m p s w i t h r e s p e c t t o t h e f i e l d f o r a f e r r o e l e c t r i c c r y s -
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tal, and also of the growth of the number of jumps with
time. An analysis of such plots can provide consider-
able information both on the time characteristics of the
polarization and polarization-reversal processes and on
the features of these processes on different sections of
the polarization curves and of the hysteresis l o o p . [ 1 W ]

From the start of the appearance of the jumps, i.e.,
from the value of the starting field E s t , it is possible
to determine with sufficient accuracy the value of the
electric field at which the process of irreversible po-
larization of the crystal begins under the influence of
an external field applied to the depolarized sample. The
value of E s t should correspond to the limit of the Ray-
leigh region on the polarization curve. The cessation of
the jumps with increasing field makes it possible to de-
termine the external field Ef at which the polarization
of the crystal reaches saturation.

In cyclic tracing of the total dielectric-hysteresis
loop, the start of the appearance of the jumps is evi-
dence of the start of the destruction of the single-do-
main state, i.e., the nucleation of domains polarized in
a direction opposite to that existing in the crystal. In
different crystals (depending on the degree of rectangu-
larity of the hysteresis loop), this process begins in
different fields. The Barkhausen effect makes it possi-
ble to determine the values of these fields. Such a pos-
sibility is particularly valuable for crystals in which
the domain structure cannot be observed directly under
a polarization microscope (for example for TGS or
SbSi).

The curves showing the distribution of the number of
jumps in time make it possible to use the Barkhausen
effect for the study of the duration of the realignment of
the domain structure in different sections of the polari-
zation curve and the hysteresis loop and for the study of
switching processes in different ferroelectrics. This
has both theoretical and practical significance. This
method is used in l ω 6 ' " ί : .

The high sensitivity of the Barkhausen effect to dif-
ferent external actions makes it possible to use this ef-
fect as a sensitive method of investigating the influence
of these actions on the dynamics of the domain struc-
ture and on polarization-reversal processes. The in-
fluence of different factors on the polarization and po-
larization-reversal processes has been investigated
with the aid of the Barkhausen effect in a number of
works. In [ 1 1 1 ] it is shown that the Barkhausen effect is
much more sensitive to changes of the state of the do-
main structure than, for example, internal friction. [ 1 4 1 : l

In c 1 0 3 ^ a definite connection was established between
the character of the influence of γ irradiation on the
shape of the dielectric-hysteresis loop and the distribu-
tion of the jumps with respect to the field. It is known
that stretching and displacement of the hysteresis loop
can result from irradiation.c i a 1 ' 1 2 5 ] Observation of the
Barkhausen effect in irradiated crystals makes it possi-
ble not only to confirm this but also to ascertain some
additional details, which are not always sufficiently
pronounced in simple oscillography of the loops.

When each of the branches of such a stretched and
displaced hysteresis loop is traced, two maxima are
observed in the distribution of the number of jumps with
respect to the field (Fig. 16), thus evidencing the pres-
ence of two steep sections on the hysteresis-loop

Ν

mo

-750 -500 -250 0 250 Ε, V/cm 250 500 751 Ε, V/cm

a) b)

F I G . 16. Distribution of the Barkhausen j u m p s with respect t o the

field in an irradiated TGS crystal (D = 0.5 Mr), obtained by step wise

variation of the field on tracing the descending (a) and ascending (b)

branches of the hysteresis loop. Top—appearance of the loop on the

oscilloscope screen.

b r a n c h , c o n n e c t e d w i t h t h e s t r e t c h i n g . T h e l o c a t i o n o f

t h e m a x i m a p r o d u c e d w h e n t h e b r a n c h e s o f t h e h y s t e -

r e s i s l o o p a r e t r a c e d i n o p p o s i t e d i r e c t i o n s i s a s y m -

m e t r i c a l . T h i s a s y m m e t r y i s c o n n e c t e d w i t h t h e d i s -

p l a c e m e n t o f t h e h y s t e r e s i s l o o p . F r o m t h e d i s t r i b u t i o n

o f t h e n u m b e r o f j u m p s w i t h r e s p e c t t o t h e f i e l d i t i s

p o s s i b l e t o d e t e r m i n e t h e v a l u e s o f t h e f i e l d c o r r e s p o n d -

i n g t o t h e s t r e t c h i n g o f t h e l o o p ( t h e m i n i m u m i n t h e

d i s t r i b u t i o n ) , a n d t h e a s y m m e t r y o f t h e d i s t r i b u t i o n

m a k e s i t p o s s i b l e t o o b t a i n a q u a n t i t a t i v e e s t i m a t e o f

t h e d i s p l a c e m e n t o f t h e l o o p ; t h i s c a n b e d o n e m o r e a c -

c u r a t e l y t h a n w i t h a n o s c i l l o s c o p e .

W e n o t e a l s o t h a t t h e p i c t u r e o f t h e j u m p d i s t r i b u t i o n

w i t h r e s p e c t t o t h e f i e l d c a n a l s o r e v e a l s l i g h t d i s t o r -

t i o n s o f t h e h y s t e r e s i s l o o p , w h i c h a r e p r a c t i c a l l y i n v i s -

i b l e o n t h e o s c i l l o s c o p e o r a r e n o t f i x e d r e l i a b l y .

T h e u s e o f t h e B a r k h a u s e n e f f e c t a s a r e s e a r c h

m e t h o d h a s m a d e i t p o s s i b l e l : 1 2 8 ~ 1 3 0 ] t o e s t a b l i s h t h e

c h a r a c t e r o f t h e a c t i o n o f u l t r a s o u n d o n t h e p o l a r i z a t i o n

a n d r e p o l a r i z a t i o n o f T G S a n d R o c h e l l e - s a l t c r y s t a l s i n

t h e q u a s i s t a t i c r e g i m e , i n c o n t r a s t w i t h t h e d y n a m i c r e -

g i m e . 1 1 4 2 ' 1 4 4 ] T h e B a r k h a u s e n e f f e c t w a s u s e d i n c l 5 ° '

ι,162] to investigate the action of illumination on polar-
ization and polarization-reversal processes in SbSi
crystals. It was established [ 1 6 1 ] that under certain con-
ditions (depending on the magnitude of the applied field)
light can produce either polarization or depolarization
of the crystal, and in some field interval (near the co-
ercive field) it can produce both processes simultane-
ously. We emphasize that in the case of SbSi the Bark-
hausen effect is presently the only method of observing
the dynamics of both processes simultaneously; meas-
urements of the dielectric constant, of the switching
current, etc., give only the integral picture. It is shown
in t l 6 2 ] that light from the spectral region in which the
SbSi crystals are photosensitive accelerates both the
polarization-reversal process and the process of estab-
lishment of the residual polarization of these crystals.

The presented examples, of course, do not exhaust
the possibilities of using the Barkhausen effect in the
investigation of ferromagnets and ferroelectrics. It is
possible to use it to register phase transitions from
the ferroelectric state to the paraelectric state (or vice
versa) (see Ch. Π, Sec. 2d).

We point out also the possibility of using the Bark-
hausen effect to investigate ferroelectric magnets.c W 3 ]

Using the high sensitivity of this effect, it is possible to
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observe jumps of the polar izat ion r e v e r s a l due to
changes of the magnetic field, or jumps of the magneti-
zation due to the changes of the e lectr ic field.

Finally, the overal l physical significance of the Bark-
hausen effect, noted in the introduction (Ch. I), allows
us to a s s u m e that methods used in the investigation of
this effect, and also i ts applications, may turn out to be
useful also in other branches of physics, in those cases
when phase t ransi t ions a r e accompanied by phenomena
analogous to real ignment of the domain s t r u c t u r e .
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