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COMPARISON WITH EXPERIMENTS

1. Experimental arrangement
Having discussed in the preceding parts the macroscopie behaviour of
the magnetic tape in a homogeneous field, the influence of the gap on
recording and reproduction, and the magnetic behaviour of a sinusoidally
magnetized tape under the influence of the demagnetizing field, we shall
now compare the results of these calculations with the observed relation
between input and output voltages.
'

Fig.29. Schematic diagram of experimental arrangement •

..
A schematic diagram of the arrangement used in the experiments is
given in fig. 29. An endless loop of tape is transported with constant speed
in the indicated direction over the rollers A and B. Thus an element of
the tape has. to pass successively the erasing, the recording and the reproducing head.
'
The erasing head is fed by a 100-kHz oscillator and am.plifier which
delivers a current of sufficient strength to remove any previous recording.
From the same generator is derived the biasing current for the recording .
head. The amplitude ofthis current may be adjusted with a potentiometer.
A low-frequency generator G supplies an input current of variable
amplitude and frequency which is, after suitable amplification, superposed
on the biasing current through the recording head. The frequency range
covered extends from 50 Hz to 15000 Hz.
*) Continued from Philips Res. Rep. 8, 148-157, 161-183, 245-269, 1953.
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The variations of the flux through the coil of the reproducing head
due to the passage of the magnetized tape induce in this coil a voltage
that is amplified and fed to a voltmeter, a distortion meter, or other measuring device M. For some of the measurements it is useful to insert an
integrating network in the amplifier. In this way the rise with frequency
of the output voltage is compensated and the resulting voltage is a better
measure of the flux in the tape.
Both recording and reproducing head consist of a magnetic circuit with
a gap 0·4 mm high, filled with a 6-[L non-magnetic and non-conducting
distance piece. The actual gap length, measured under a microscope,
varies from 6·5 to 8 [L. The cross-section of the rest of the circuit is such
that its reluctance is negligible compared with that of the gap. The core
is built up of mu-metallaminations,
the thickness of which are 50 [L for
the recording and 100 [L for the reproducing head. The number of turns
of the coil is 125 for the recording and 350 for the reproducing head.
The tape used for the present experiments was the same as that with
which the magnetic measurements of section 3 of Part III were carried
out. The width of the tape was b = 6·3 mm, thickness of the magnetic
coating d = 15 [L, and relative permeability of the tape f1, = 3·6.
Distortion measurements were carried out at a frequency of 250 Hz.
The fundamental in the integrated output signal was cut off by a 400-Hz
high-pass filter and the remaining harmonics amplified and compared
with the original signal. Owing to symmetry, only odd harmonics occur
in tape measurements, and of these the third is predominant. The ratio
of the amplitudes .of the third harmonic and the fundamental in the output
signal is used as a measure of the distortion.
2. Output versus biasing current

If the biasing current is varied, at a constant signal current of 250 Hz,
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Fig.30. Output voltage as a function ofbiasing current, at a signal current of 0·2 mA, 250 Hz.
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an output curve is obtained (fig. 30) with a maximum at a biasing current
of 3 mA. At low frequencies, where the recorded wavelength is long
compared with the length of the gap of the reproducing head and with
the thickness of the tape it can be I!ssumed that the recorded flux is reproduced without error. For instance at the frequency of 250 Hz and a
tape speed of 0·76 m/sec the wavelength is 3 mm. It may he seen in fig. 23b
that for a tape thickness of 15 !L the influence of the demagnetization .
in the tape is very small. The gap loss at this frequency is completely
negligible. Moreover, at this frequency it can he assumed that the phase
of the signal is constant during the time an element of tape passes that
region where the recording process takes place.
It should therefore he possible to obtain the variation of the recorded
flux with the biasing current from the experiments and calculations of
the preceding chapters. A complication here is the variation of the field
with the distance at which an element of tape passes the head. The
simplest way for the calculation of the flux is to suppose at first that
biasing and signal currents are varied proportionally. Then the variation
of the recorded magnetization with the depth in the tape can be constructed
in the following way.
From fig. 7 can be read the maximum fieldstrength H that is experienced
by an element of tape passing the gap at a certain distance y, expressed in the
fieldstrength Ho deep in the gap. This gives, in fig. 31a, H/Ho as a function
of y for a gap length of 7 11-, as is the case for the recording head used.
The relation between the remanent magnetization and the maximum
values of the biasing and signal :fields experienced can he read from fig. 18.
For a signal :field equaling one tenth of the biasing field this remanent
magnetization is given in fig.31e as a function of the biasing field. For

~

75150

HR~

Fig.3I. Construction of the recorded magnetization as a function of biasing current
and distance to the head. For explanation see text;
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reasons of simplicity it is here supposed that the recorded magnetization
is longitudinal. The :field in the gap is found from Ho = nI/I, where n is
the number of turns of the recording coil, I the éurrent through this coil,
and I the gap length. Therefore, th~ biasing field Hi. is derived from

n,

PoHb = H

o

PonIb
-Z-,

where Ib is the biasing current. Hence the remanent magnetization as a
function of y is found by combining figs 3la and 3le with fig.3Ib, the
latter giving PoHb as a function of Hb/Ho for some values of the biasing
current. This construction gives the curves of fig.3ld for different values
of the biasing current. The remanent flux in a tape is obtained by integra-tion of MR over the surface of the. tape.
It is seen that for small biasing' currents the recorded magnetization
has a maximum near the side of the tape nearest the recording head,
and therefore the total flux depends to a large amount on the distance
between tape and head. For larger values the maximum is shifted to deeper
layers of the tape.
.
In order to obtain the remanent flux as a function of the biasing current
for a constant value of the signal current it must be remembered that
in fig.3ld the signal current increases proportionally to the biasing current.
Since the signal current. is supposed to be very small the recorded magnetization may be taken as proportional to the signal current, which enables
us to reduce the curves to one signal-current level.
Carrying out the computation for a tape of 15 f1. thickness and 6·2 mm
width, and for some values of the space between head and tape, the curves
of fig.32 are found for the variation of the recorded flux with the biasing
current at a constant signal current of 0·2 mA. In this figure the measured
points are also plotted. The flux corresponding tö the measured voltage

E

is computed with cp = --;., where n is the number of turns of the head,
.'
2nnJ
andfthe measuring frequency; in our case n = 350,f= 250 Hz.
Qualitatively the agreement between the observed points and the
calculated curves is reasonable. The maximum in the measurements,
however, occurs at a higher biasing current, while its level is lower.
The deviations between the experimental and the calculated curve may
be due to three causes. Firstly, it was assumed in the calculation that
the permeability of the tape was unity, while in reality the permeability
of the tape was 3·6. The error introduced in this way will be most marked
for the layers of the tape close to the head, and will therefore be most
pronounced at small currents, where these layers give the main contribution to the recorded flux. Secondly, the direction of the recorded magnetiza-

STUDIES

347

ON 1I1AGNETIC RECORDING

Hon varies over the thickness of the tape and is, moreover, dependent on
the amplitude of the biasing current. Thirdly, the direction of the biasing
field varies as the tape 'passes the gap, this variation being especially
rapid for the layers, of the tape close to the head. It is therefore to be
expected that an output reduction will occur at small biasing currents.
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Fig.32. Computed (full curves) and measured flux (circles) as a function of biasing current.

I

From fig.3Id it is seen that the decrease of the recorded flux for large
values of the biasing current is due mainly to the finite thickness of the
magnetic coating of the tape, so that the peak of the curve shifts to values
of y beyond the coating. It is therefore understandable that for homogeneous tapes the reduction in the output for high biasing currents is slower
and therefore the maximum in the output vs biasing curve is less pronounced than for coated tapes.

3. Distortion
In order to obtain a good reproduetion the distortion has to he kept
within certain limits. A measure for this distortion may be found in the
harmonics generated, if a purely sinusoidal signal is fed to the system.
For sound recording it is found that if the harmonic distortion does not
exceed 2% it is hardly perceptible.
The dependence of third-harmonic distortion on biasing and' signal
currents is very complex as may he seen from fig.33, where the ratio (da)
of third harmonic to fundamental is plotted against the signal current
for different values of the biasing current.
e shall not attempt here
to give a full explanation of the peculiarities of these distortion curves.
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However, some features

may be explained

starting

from the measured

M-H c~rves of fig.18.
0A>
TO

J
1/

9

'j
)1/

8

I/I
If, 2-5
'I l/

6

'(f

I1

),

vV

1/

\

1/
/;-...

~/
J

~

·5
)

If

/
,p

il

J

1/

lfi
J

T

2

" I 1\1/
'(fV

/

J
I

/

I/\,
1/

ao

/

3[/1.'5/

7

)
7
17 If

1/

./ r-, h=Tm~)7

/

./

V

lN

H

N

_Is

N

n

M

~

M

mA

75152

Fig.33. Third-harmonic distortion as a function of signal current for some values of the
biasing current.

For small values of the a.c. field (smaller than the coercive force) these
curves are convex in the origin, then follow a linear part and next, owing
to saturation effects, they become concave with respect to the H-axis.
Thus in first approximation they may be described by

M = aH

+ bH3-

CH5.

The inflexion point of this curve is situated

at

H= 1/ 3 ~.
V 10 C
If now H varies with time according to H = Hosinwt, it follows that
3
M= (a +4bHo2

5
-SCH04)Hosinwt-(ib-

5
16CHo2) Hbin3wt-

1

-- 16 C H05sin 5wt.
Hence we see th~t the third harmonic is zero for Ho = Y4bj5c, 'which
means that the r.m.s, value of the signal field equals approximately the
fieldstrength of the inflexion point.
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From fig.18 it is seen that for small biasing fields the inflexion point
is found at signal fields of approximately "'oH ~ 10-2 Vsec/m2. Since
for small biasing fields a magnetization is recorded close to the head only:
(cf. fig.31d), i.e. where the field is about 4/10 of that in the gap, the minimum of the third harmonic is to he expected in this case for signal currents
of approximately 1·4 mA. This is in good agreement with the measured
values.
Another feature that is clear from this point of view is that the minimum in the distortion curves is reached for smaller signal :fields the
higher are the biasing fields, in accordance with the shift to smaller fields
of the M-H curves (fig. 18) with increasing a.c. :fields.
For biasing fields of the order of the coercive force the minimum
disappears completely. However, the picture is confused by the fact that
the biasing field decreases with the distance from the head, whence there is
always a transition layer where distortion occurs. Therefore, the resulting
flux in the head is a superposition of the magnetization from layers where
the biasing field is too weak, layers where it has just the appropriate
strength, and layers where it is too strong and gives a reduction in
the output.
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Fig.34. Third-harmonic distortion as a function of biasing current, for some values of
the signal current.

Usually the distortion is plotted against the biasing field for constant
values of the signal field. These curves (fig.34) can be constructed from
fig.33. From what was said above it is clear that the minima of these curves
may be partly due to the extinction of a third harmonic generated in
the surface layers by a third harmonic of opposite sign generated deeper
in the tape. If now the signal frequency is raised and the recorded wave-
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length consequently decreased, the demagnetizing effect has more influence
on the inner than on the surface layers and thereby the cancelling. of
the third harmonic is disturbed. This explains why it is sometimes observed
that, when at low frequencies the distortion has been brought within
reasonable limits hy a critical choice of the biasing current, there may still
be an appreciable distortion for higher signal frequencies.
4. Frequency characteristic
In the preceding chapters we discussed the output at low frequencies,
where the demagnetization and gap loss could be neglected. When the
frequency is raised we can assume that the recorded magnetization is at first
independent of frequency, i.e. as long as there is no appreciable phase
change of the signal field during the passage of an element of the tape
past the gap.
.
The loss due to the finite length of the reproducing gap for a tape of
unit permeability can he found from fig.9. For a gap of 7 Il. as used in
the experiments this gives, even at the shortest wavelength used (13 Il.
occurring at a tape speed of_19 cm/sec and a frequency of 15 kHz) a
mV
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Fig.3S. Voltage measured across reproducing coil as a function of frequency with 0, 1,
2 or 3 paper sheets between head and tape.
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deviation not exceeding 6 dB. It may be assumed therefore that the application of the correction according to -fig.9 will not introduce serious
errors in our case where ft ~ 4.
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Fig.36. Calculated separation between tape and head against the number of sheets
between the two.
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Fig.37. -Frequency response for some values of the biasing current.
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The reason for the output reduction that remains after this correction has
been applied is to be sought mainly in the combined effect of demagnetization and distance to the head as given by eqs(8) and (11) depending
on whether the magnetization is longitudinal or perpendicular.
.
It is seen from eqs (8c) and (11c) that at short wavelength the reproduced flux is
(/J = (/J --

Ä.

o 2nd

---

p,

2

+1

e -2no/).

while the output voltage is given by

v

2

E = 2nf(/J = - -d p,

+1

e -2nofÀ

If therefore E is plotted on a logarithmic scale vs f = v/ Ä. a straight
line is obtained for those frequencies where the approximation holds.
In fig.35 this is done for the case where the same recording is played
back with one or more thin sheets of paper (9 !L each) placed between
tape and reproducing head. By computing a in the above equations from
the slopes of the lines through the measured points we obtained a satisfactory agreement between the calculated spacing and the actual thickness
of the sheets (fig.36). It. appears that direct contact between head and
tape is equivalent to an effective spacing of 3·5 !L'
That the recording process too has a marked influence on the frequency
characteristic is shown by fig.37, which represents a measurement of the
reproduced flux as a function of the frequency for some values of the
biasing current. Some of the peculiarities of these curves are clear from
the discussion in section 2. The rise and subsequent fall of the output
with biasing current at the low-frequency end of the curves was explained
in that section. Where, furthermore, the reproduced flux at the high
frequencies is determined mainly by the surface layers it is clear from
fig.3Id that high biasing currents will cause an output loss at these frequencies, since the magnetization of the surface layers is decreased.
Another reason for the output reduction at the high-frequency end may
he found in the recording process itself, viz. in the phase change during
the recording process already mentioned. This process take's place in a
critical range of fieldstrengths round the coercive force. It is therefore
important that this range is passed as quickly as possible. If, however,
the biasing current is increased, the place where this range is passed is
shifted away from the recording gap and is at the same time extended.
It -will then take an element of tape more time to pass it, and in this way'
a loss at high frequencies is caused due to the phase change.

STUDIES

ON MAGNETIC

RECORDING

353

Since the change of phase is proportional to the frequency 1; and as
the time of passing the critical range is inversely proportional to the tapè
speed v, the determining factor for the loss is the recorded wavelength
A = v/i
This effect, which may he called recording demagnetization,
was
determined in an' elegant way hy Muckenhirn 31). He measured the
field distribution in front of a 20-(l- gap. with an 8-fl. wire, then
calculated the sequence of fields an element of tape was subjected to
hy the comhined action of signal and hiasing fields during the passage
of the recording gap, and next measured the remanent magnetization
when a tape in a homogeneous field was subjected to the same
sequence of changes. In this way a loss of 19 dB was found at a
wavelength of 25 (l-.
In our case a similar experiment might he performed making use of
the computed distribution of the field in front of the recording gap.
Because of the inhomogeneity of the field owing to the small gap length,
however, these computations and measurements would he rather delicate
and tedious. It may. he estimated that for the smaller gap used in our
case the output reduction will he less than in the case of the 20-(l- gap
used hy Muckenhirn.
If now we wish to compare the measured frequency characteristic with
the calculations given in Part IV for the case that there is no loss in the
recording, we have first to decide whether to use eq.(8) or eq.(ll) and
we have to insert in these formulae values for the tape thickness d, the
spacing a, and the permeahility f-t.
It is helieved that the magnetization, although its direction may vary
over the thickness of the tape, is mainly longitudinal hecause the maximal
value of the magnetizing field is longitudinal. We shall therefore use eq.(8)
for Iongitudinal' magnetization.
The thickness of the magnetized layer depends on the hiasing current.
It is seen from fig.31d that for a hiasing current of 1·5 mA d = 8 (lis a reasonahle estimate. With a 2·5-mA hiasing current, practically
the whole coating is magnetized, so that d = 15 fl.. ,The permeahility
may he taken as f-t = 4.
Taking for the separation hetween head and tape a = 2 fl. it is seen
from fig.38 'that à. good agreement hetween the experimental and the
theoretical curve is ohtained for a 1·5-mA hiasing current. For the 2·5-mA
curve the deviations are greater, especially at the higher frequencies.
These deviations may he attributed to the phase change during the recording, which has, as we have seen, more influence at higher hiasing
currents.
In conclusion we may state that
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Parts 1I, III and IV are sufficient to account for the essential features
in the recording process determined experimentally.
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Fig.3B. Calculated and measured frequency responses for two values of the biasing current.
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In order to obtain an exact quantitative agreement it would be necessary to make more detailed calculations which, however, would require
an extremely accurate determination of the geometric configuration and
of the magnetic properties of the special tape considered. In our opinion, '
however, such a very laborious extension of the theory would not reveal
any essentially new aspects of the problem. Also the technical value
would be extremely limited.

V~. CHANGE IN THE RECORDING WITH TIME
1. Conservation of a magnetic recording
In the preceding parts we have discussed the processes that lead to
the recording of information consisting of the variation of a quantity
with time as the variation of the magnetic state along the length of a
magnetic tape, and the subsequent reproduction whereby the original
information is regained as a variation with time. In this part we shall
see if the information stored on the tape can be preserved over a period
without being subjected to unacceptable changes.
One kind of change that a recording can undergo is that itIs attenuated
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proportionally to the recorded magnetization. For the recording of sound
a certain amount of such a proportional attentuation
can he tolerated
since a decrease of 10% of the amplitude of a reproduced signal can hardly
be heard and a greater decrease can he compensated afterwards by suitable amplification. Even if the higher frequencies would he attenuated
more than the lower ones this could he overcome hy the use of correcting
networks. These corrrections, however, are limited by the background
noise since this, too, is amplified.
More serious in the case of sound recording is that extraneous fields
may intro'duce magnetizations
that are incoherent with the recorded
magnetization. Even if these additional magnetizations
are at a very
low level they may be very annoying.
These additional magnetizations may be introduced when a tape is
stored on a reel, because then the magnetization in one layer of the tape
may give rise to a stray magnetization in adjacent layers of the reel. The
magnetization effected in a this way is called spurious or accidental
printing, or print effect. It may happen that this spurious magnetization
extends over several layers on the reel, to the inside as well as to the
outside. In playback this is heard as one or more pre- and post-echoes.
The former, in particular, may be very disturbing in sound recording.
Of course care should he taken that a recorded reel is not subjected
to a field of some strength, for then a partial erasing may take place.
Here the accompanying print effect will be far more serious since this
field will act as a biasing field superimposed on the field from the adjacent
'layers.
In. the next section we shall investigate, experimentally as well as theoretically, the. change of magnetization with time under the influence of
weak fields.
2. Print effect
Investigations into the print effect have been carried out by Lippert 32),
Vinzelherg 33), J ohnson 34), Daniel and Axon 35) and Wendt 36). From these
investigations it appears that the magnitude of the print effect depends
on a number of factors, inter alia, the wavelength of the recorded magnetization, the distance hetween the layers, the temperature, the time during
. which the tapes have been in contact and the time elapsed since the ending
of the contact. In this section we shall give the observed dependence of
the print effect on some of these factors, while in the next section we shall
discuss the relation with the magnetic after-effect.
The printing was obtained by bringing part of a loop of a virgin tape
for a prescribed time into contact. with a magnetized tape in a U-shaped
groove made in a piece of metal. In order to rule out as many irreproducihle
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effects as possible, the contact pressure was kept constant, and the temperature of the metal could be controlled. The loop was then played back in
a loop-testing machine. Only sinusoidal signals were used for the measurements.
The amplitude of the printed flux as
magnetizing flux is given in fig.39. Here
scale along both axes. The slope of the
is 1·1, showing that the printed flux
. printing

a function of the amplitude of the
the flux is plotted on a logarithmic
straight line obtained in this way
is practically proportional to the

field.
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Fig. 39. Amplitude of the printed flux as a function of the amplitude of the flux in the
printing tape.

Fig.40 gives the variation of the printed flux ([J with the wavelength À.
Along the abscissa is plotted v/À = f, where v 'is the tape velocity at playback and f the corresponding frequency. It is seen that the printed flux
has a maximum at a frequency of 2000 Hz for the tape speed of 762 mm/sec
~sed. This corresponds to a wavelength of 380 (.I..
This may be understood in the following way. The field at a distance
y from a longitudinally magnetized tape is given by eq.(5c) of Part IV.
In this equation we can take a = 00, since no highly permeable metal
is present. In first approximation (:red/À ~ 1) this equation gives for the
absolute value of the field;
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This shows the general behaviour of the field as a function of the wavelength. At long wavelengths it increases proportionally with 1/), because
the apparent magnetic poles in the tape increase proportionally with 1/)..
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Fig.40. Dependence of printed flux cp and printing field Ho on wavelength.

At short wavelengths it decreases exponentially with 1/), because of the
decrease of the field with the distance from the tape. The maximum
value of the field is obtained for). = 2:n;y.
If two tapes are brought into contact. as is done for the measurement
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Fig.41. Increase of printed flux with time of contact.
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of the print effect we can calculate the amplitude of the printing field
with formula (5c) of Part IV, if it is assumed that the permeability of
the receiving tape does not affect the field. For a tape with a total thickness
LI = 56 (1. and a coating d = 16 (1., of permeability /)-= 1,7, as used in the
experiments and for an amplitude of the recorded flux ([Jo":_ 9,9.10-9 Vsec
this yields the full-drawn curve of fig.40, representing the printing field Ho
as a function of frequency. The dashed curve of this figure is a shift of the
field curve, The close agreement with the measured points shows once
more the proportionality of the printed flux with the magnetizing field.
The change of the printed flux with time is shown in figs 41 and 42.
In the first it is plotted against the time t1 during which the tapes have
been in contact, measured at a constant time t2 = 1 min after the ending
vsee.
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Fig.42. Decrease of printed flux with time after the ending of contact.
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Fig.43. Variation of printed flux with temperature.
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of the contact. If the flux is plotted on a linear and the time on a logarithmic scale a straight line is obtained obeying the equation
(jJ =

O·14.10-l2ln

tI

Vsec.

Fig. 42 shows the change in the printed flux with the time t2 since the
ending of the contact between the tapes, after a contacting time tI = 10 min.
Here again, an approximately linear relation is obtained, given in this
instance by
(jJ = (1·21- O·061ln t2) .10-12 Vsec.

oe.

In both cases the temperàture during and after the printing was 30
'I'he dependence on the temperature is given by fig.43, for tI = .10 min
and t2 = 1 min.
The outcome .of these measurements will be discussed below.
3. Magnetic lag

If the fieldstrength in a magnetizable medium is changed suddenly,
part of the magnetization will, in general, not follow instantaneously but
with a certain time lag. A consequence of this lag is that energy losses
will occur in an al ternating field.
From the measurements made by Preisach 37) it appearst hat a difference has to be made between a lag for which the principle of superposition does hold, and a lag for which it does not. Née138) distinguishes the
two as "trainage reversible" and "trainage irreversihle", The first is
found for only a limited number of substances in a limited range of tempera:
tures, and the magnetization reaches a definite limit. Snoek 39) has found
that the reason for this lag has to be sought in a relocation of carbon and
nitrogen atoms in the crystal lattice.
The second type of lag is found with all ferromagnetic materials. Here
the magnetization does not reach a limit but keeps on increasing with Int.
Already Preisach mentions as a possible explanation the influence of the
Brownian motion on delayed Barkhausen jumps. This idea has been
worked out in more detail by Street and Woolley 40) and by NéeI41)42).
Physically, the difference between diffusion lag and fluctuation lag may
be seen as follows. The moment after a change of the magnetic field,
the Bloch wall between two domains reaches a position of minimal potential
energy (A in fig. 44). In the case of diffusion lag the strain in the wall
will induce some atoms to take other positions in the lattice. In this way
the potential minimum is displaced somewhat, e.g. to B in fig. 44a. If
the field is removed the potential hole will after a certain time regain its
original position. In the case of fluctuation lag the minimum at A is separated
by a potential barrier at C from a deeper minimum at B (fig.44b). By
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exchange witli the lattice the energy of the wall will fluctuate and at a
certain time be sufficient to cause the wall to cross the potential barrier.
From the measurements in the preceding section it is seen that the
print effect does not approach a certain limit, and we will therefore assume
~hat the print effect can be ascribed to the fluctuation lag.
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Fig.44. Potential

distribution in the case of diffusion lag (a) and fluctuation lag (b).

The physical picture we can form is as follows. In a magnetic particle
the wall separating two domains of different direction of magnetization
has a number of preferred positions separated from each other by potential
barriers. By interaction with the lattice the wall will occasionally have
sufficient energy to cross a potential barrier. In this way an equilibrium
position will finally be attained if a large number of walls is present.
However, for a position separated by a high potential harrier from a position
with lower energy the chance of crossing will be very small, although the
latter position has the highest probability. The attainment of the equilibrium state can be accelerated by a rise in temperature, which gives the wall
more energy to cross the potential barrier, or by the superposition of an
a.c, field as is the case in the ideal 'magnetization. In this case the height of
the potentlal barrier oscillates so that at a constant energy of the wall
the chance of escape is increased.
If now a direct field is applied, the potential energy of the wall is increased proportionally to its displacement. The result.is that a redistribution of the walls over the potential holes will take place as a kind of
diffusion process. This redistribution is accompanied by an increase of
the magnetization in the direction of the applied field. In this picture
the permeability must be seen as a reversible displacement of the walls
in the potential holes, effecting an increase of the mean magnetic moment
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in the direction of the field. If after a certain time the field is removed a
permanent magnetization will have been obtained that will be attenuated
again by an analogous diffusion process, having as a final result the
original distribution.
With this picture in milld we shall try to give an explanation of the
print effect. It is also possihle to give a discussion for the case where the
magnetization is obtained for instance by the rotation of the magnetization of single particles in a cluster. The mathematical treatment-will be
the same for this case as for the picture discussed here.
We shall here first follow the treatment of Kramers 43) of the Brownian
motion in a field of force.
Le x be the coordinate descrihing the location of the Bloch wall between
two domains, and U(x) the potentialof the wall. The equation of motion is

mx

+rx = K(x) +X(t),

where m is the apparent mass of the wall, r the damping, K(x) = - 0 Ujox,
and.X(t) a term describing the influence of the fluctuations. The existence
of the apparent mass of a Bloch wall is due to the moment of inertia of
the spins that rotate while a wall is displaced. The" magnitude of this
mass was calculated by Döring 4_4) and Becker 45).
In the case where the damping r is such that K does not change appreciably
over a distance VmkTjr, Kramers deduces the equation of diffusion

oa
ot

-=--.;,.-

kT OU)
r ox

0 (Ka
----,

ox

r

.

where a(x, t)dx is the fraction of an ensemble of equal walls that has
at a time t a coordinate between x and x
dx.
In the stationary case this gives a diffusion current

+

w

= Ka _

kToa
r ox

r

= _ kT

e:

r

(a eU/kT).

U/kT ~
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Let us now consider a potential function as illustrated in fig.45. Since
the diffusion current w is constant between A and B, integration of the
equation

between these points gives
B
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Let the potential at A be represented by U = ax2, and at C by U =
Q _ fJ(X-XA)2.
Then the integral i~ found from

+~

f

f

B
eU/kT

dx

R::i

A

eQ-P(x-x.)t/kT

=ee

-dx = VkT
fJ

eQ/kT,

and in the case that Q is high enough for a Boltzmann partition to be established, the number of walls in the potential hole at A is found from

+~

r

nA R::i.

-a.,t/kT

dx

O'Ae

. l/kT
=
~O'A'

V

-~

A

If there are no walls at B,

U kT

O'e /

/
B

= 0'A' and the number of walls escaping

in unit time from A to B is given by.·
1

WAB = -e

-Q/kT
nA'

where r

"C

r
= ,/-'
Y afJ

Fig.45. Considered potential distribution.

We shall extend this result of Kramers to the case that walls are also
present in the potential hole B. This gives a diffusion current from B to
A whièh must be substracted from the current from A to B. If the potential
hole at B has the same shape as that at A, viz. U = E
a(x-xB)2,
then the diffusion current from B and A is given by

+

WBA

1

= _e-(Q+E)/kT

nB•

"£'

Let N be the total number of walls divided over A and B then
dnA

-dt

•

=

WBA --: WAB

•.

1 ~e - (Q+E)/kT (N-nA )-:oe·-Q/kT' nA' ~

= "£'

•
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This is satisfied' by

where

e = e-E/kT,
q = e-Q/kT•
If a magnetic field H is applied, E as well as Q will be changed. Let
2LlI be the increase of the magnetization in the direction of H when a
wall jumps from A to B, then the decrease of the energy at x is given by
2LlI
LlU=---Hx.

+

Hence the potential difference between A and B is now E
2HLlI, and,
if C is midway between A and B the potential difference between C and
A is Q-HLlI.
Had an equilibrium

been established before the field. was applied,
tI after the application of the field, the
would be given by

nAO= Ne/(1 +e), then at a time

A

number of walls in

~l-

whereh=

_
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D

e

~.

+e

1+

2
(e "

+ 8 -le )

_(1+ •• -2h) q.""/T~

1 +8

,

HLlI
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If at that moment the field is removed the distribution
will be given by
nA2=

Ne
(
--+
nAl1 +e

The increase of the magnetization

a time

't2

later

Ne ) -(1+elql,/T
-e
.
l+e

is

2 LlI(nAo - nA2) =
= 2LlINe (_1__

l+e

1 ) (l_e-(1+e.-2h)qoh'dT)
e +e
2h

e-(1+6)ql,/T.

In reality not all the potential holes will have the same energy difference

E, nor all the potential barriers the height Q. Therefore a summation
has to be carried out over all E's and Q's. It may be assumed that in the
region considered all values of E are of equal probability. When n(Q)dEdQ
denotes the number of holes with a potential difference between E and
E +dE and a potential barrier between Q and Q +dQ, integration over
Egives
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For small values of h. the main contribution comes from small values of e.
Hence, neglecting in first approximation e in the exponent it is found
that
Integration

over Q gives integrals of the type,

f

00

n

(Q)

dQ.

e-cc-Q/kT

o
x

The function e-<J- is zero for x~ 0, unity for x ~o, and goes from
o to 1 in a small interval round x = o. If therefore f(x) is a function
that changes little in this interval then
co

co
x

ff(x)e-<J- +

a

dx ~ f f(x)~.

o

a

Hence
kTln(Jl"

I ~ 4(LlI)2

f

+'.)/~

n(Q) dQ.

(1)

kTln',/~

4. Discussion
The formula deduced above gives the magnetization at a time t2 after
the removal of a field H that has been applied during a time tl to an
assembly of demagnetized particles. This is exactly what is done in the
experiments on the print effect.
The formula shows that the printed magnetization I is proportional
to the applied printing field H and to the hatched area in fig.46, representing n(Q) as a function of Q.
The physical interpretation 'is that for the particles to the left of AB
the potential barrier is so low and therefore the time of escape so small
that these particles have first crossed the barrier under the influence
of the printing field, but have returned already during the time t2• On
the other hand the potential barrier for the particles to the right of CD is
so high that the printing time tl was not sufficient to effect an appreciable
crossing. In the derivation it is assumed that the limits AB and CD· are
sharp while in reality there is a small region of transition.
It is seen that in the course of time the limit AB is displaced proportional
to kTlnt2 while, if ehtl>t2'· the limit CD is displaced proportionally to
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kTlnt!. This explains qualitatively the experimental relation between the
print, and t2 and ~ respectively. Néel arrives at the same result but along
a different line.
That the experimental proportionality
constant is higher for the
increase with Int! than for the decrease with ~t2 may be explained if
n(Q) increases with Q. This could explain also the rapid increase of the
printed magnetization with the temperature.
n(QJ

I
I

I
I
I

I

L_~l-.---k-T-m-~~/~r--.~~~~~Ic~--~~Q

I.

kT7n(h,+fzl!l"

.1
75165

Fig.46. Fictitious distrihution of thc number of potential barriers over Q. The hatched
area shows the barriers that contribute to the print effect.

A certain increase of n(Q) with Q is. to be expected. For in the ideal
case all the potential barriers should be of equal height Qo, where Qo is
su~h that the barrier is just crossed instantaneously if the coercive fieldstrength is applied. The function n(Q) is in that case a peak function with
a peak at Qo' In reality the Q's have a certain distribution round Qo which
means that n(Q) will rise for small Q, fall for high Q, and have a maximum
that is reached for field of about coercive strength. For the small printing
fields of about 4.10-4 Vsec/m2 we can therefore' expect to be in a rising
part of the n(Q) versus Q curve.

Eindhoven,

March 1953
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