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I. INTRODUCTION

~HE experience of Williams' and. his collaborators
has shown that it is possible to cut a sample from

a single crystal of a magnetic material in such a way
that the domain pattern includes only one movable
wall. This wall moves as the sample is magnetized, and
a linear relation exists between the magnetization of
the sample and the distance between the wall and a
fixed plane parallel to it.

We have used similar samples to study the motion of
domain walls in ferritcs, where eddy currents are a
relatively unimportant source of damping. These
samples are polygonal rings with each leg along an easy
direction of magnetization. Since the (111) direction
is the easy direction in ferritcs, the rings are diamond
shaped with their faces in the (110) plane as shown
schematically by the solid lines in Fig. i. The expected
domain pattern consists of four stationary walls, one
at each corner, and one movable wall all around the
ring. This pattern is indicated by dotted lines in Fig. 1.

The results of our experiments can be understood
very satisfactorily in terms of the theory of domain
walls and their motion developed in the last few years.
In fact, these results may be used to evaluate many of
the parameters used in that theoretical development.

II. EXPERIMENTAL

A. Descriptive

The first experiment performed on these samples is
designed to measure, by means of pulse techniques,
domain wall velocity as a function of the Geld. causing
the wall to move. The sample is wound with a primary
and a secondary wlndlllg. A square pulse of posltlvc
voltage is applied to the primary winding in series with
a resistor which is large enough to keep the pulse rise
time short. The rise time must be short compared. to
the time required for the Geld produced by the pulse
to reverse the magnetization of the sample. On the other
hand, since the pulse is applied for the purpose of
reversing the magnetization of the sample, the length
of the pulse must be longer than the time required for
the reversal to occur. It must, therefore, be longer than
the time required for the mobile wall to move from
one side of the sample to the other under the 6eld
produced by the pulse. A second pulse of negative
voltage is applied to the primary during each duty cycle
in order to bring the wall back to its original position,
so that the phenomenon may be observed repetitively.
By synchronizing an oscilloscope sweep with the pulser,

' H. J. Willisms and W. Shockley, Phys. Rev. 75, 178 (1949).

the signal induced in the secondary winding is observed
while the applied pulse is on the primary. Since this
signal is proportional to the velocity of the wall, it is
constant during the application of a constant Geld.

Irregularities in the crystal may cause this value to
vary somewhat during the motion of the wall, as we
shall see later, but the observer reads an average value.

The applied 6eM due to the primary pulse is deduced
from the current in the primary winding (measured by
observing the voltage across. the series resistor) using
the solenoid formula H,pp=4xXI. To obtain the rela-
tion between wall velocity and induced voltage per
secondary turn we have

Volts/turn =d4'/dt X 10-s
=8~M, (as/St)w. .»X10-s, (1)

where b,s/5t is equal to domain wall velocity s, and

zv, ll is the width of the wall between the boundaries
of the sample in the direction perpendicular to the
direction of magnetization. The result of the experi-
ment is thus a plot of ferromagnetic domain wall

velocity eersls the applied Geld. The slope of this plot
measures a viscous damping coeKcient for the motion
of th.e domain wall.

The second experiment is the measurement of the
complex initial permeability eersls frequency. Standard
bridge measurements arc made of the impedance of a
coil wound on the sample.

The interpretation of these experiments is, of course,
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FIG. 2. Domain wall velocity es applied field.

based on the domain pattern indicated by the dotted
lines in Fig. 1. Observations on the actual domain
pattern of each sample are, therefore, desirable. These
observations have thus far proved the most difficult
part of the experiments, but the essential features of the
ideal domain pattern have been observed.

As a further check to indicate how freely the movable
wall actually can move in the sample, a hysteresis loop
is also obtained on the recording Quxmeter. ' If the wall
does move freely, the loop should have sides which are
almost vertical, of course.

B. Results

The first experiments were done on a sample cut from
a crystal of Fe304.' These data are shown in the accom-
panying figures which indicate the nature of the results.

Figure 2 shows the result of the velocity versus

applied 6eld experiment. We see that, since the line
through the data does not pass through the origin, the
field effective in moving the wall is less than the applied
field. This difference varies somewhat as the wall tra-
verses the sample, since the signal induced in the second-
ary winding is observed to vary, but the average is by
definition the coercive force, II,. The value of II, is
given by the intercept of the line drawn through the
data.

Figure 3 shows the data on complex permeability
versus frequency. The magnitude of these values of
permeability is so large that we can be quite sure that
it is due almost entirely to domain wall motion.

Figure 4 shows the hysteresis loop obtained on the
Fe304 sample. The essential features of the domain
pattern were observed using the same technique as
that of Williams, Bozorth, and Shockley. 4 These ob-
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servations are discussed in more detail in a previous
publication. s

The nickel ferrite results are broadly similar, but
they are not as good, and must be regarded as pre-
liminary. NiFe~04 is, of course, a more complicated
substance chemically, and the crystals available thus
far are not as perfect as the Fe304 crystal. Under
chemical attack they show some signs of a variation in
chemical composition with position in the crystal, and
the composition of the crystal from which the best
sample was cut corresponded to the formula (NiO)p gy-

(FeO)p. pgFegOg. As a result of these inhomogeneities,
the hysteresis loop was not as square as is desirable,
and as a result of the differential chemical attack, the
domain pattern on this sample could not be observed.

The data on domain wall velocity versus applied
held seem reasonably satisfactory, however. The signal
in the secondary winding had a sharp peak at the start
of the applied pulse which we attribute to the motion
of walls around inhomogeneities, but a fairly constant
signal of the sort expected followed the peak, and the
observations were therefore made in this Aat region.
The data followed a straight line of the form v= 20 000
(P 1.5) where v—is in centimeters/sec, and H is in

oersteds. Data on other samples indicate that the 20 000
is accurate to something like 25—50 percent. Since this
value is considerably higher than the value for magnetite
given in Fig. 2, we see that the damping of wall motion
in nickel ferrite is considerably less than that in
magnetite.

The data on permeability versus frequency show in-

dications that only part of the movable pattern has
been observed. There is a substantial contribution which
shows no frequency dependence up to 20 mc/sec, which
was the highest frequency at which data could be
taken. There is a contribution, however which 6ts a
relaxation curve much like Fig. 2. This contribution
gives a permeability at zero frequency of 32, and its
relaxation frequency is approximately 7 mc/sec. This
is consistent with the smaller damping in nickel ferrite
indicated by the domain wall velocity versus applied

~ P. P. Cio%, Phys. Rev. 67, 200 {1945).
3 J. Smiltens, J. Chem. Phys. 20, 990 (1952); Technical Report

49. Laboratory for Insulation Research, M.I.T., December, 1951.
The authors wish to express their gratitude to Professor A. von
Hippel of the Laboratory for Insulation Research for providing
a crystal of Fe304.' Williams, Bozorth, and Shockley, Phys. Rev. 75, 155 (1949).
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6eld experiment and with the high coercive force of
this sample (1.5 oersteds) which leads us to expect a
high n, These data are probably somewhat less accurate
thRQ those on wall vcloclty Mfses Rppllcd 6cld.

DL THEORY

A theoretica, l treatment of the data divides itself
rather naturally into two parts. First, we may correlate
the data in terms of an equation of motion for unit area,
of domain wall. In doing this we determine the constants
of motion (mass, viscous resistance, and stiGness) of
unit area of wall. Secondly, mc can show the relation
bctmccn thc IDRss Rnd vlscoUs I'cslstancc of UQlt. RlcR
of domain wall and the constants which characterize
the ferromagnetic material in general. This last. Step
is essentially an application of the xecent work of
Becker, ' DOring, ~ and Kittel. '

Consider unit area of a 180' domain wall betmeen two
regions of saturated material. Such a system has an
equation of motion for small amplitudes of the applied
applied magnetic Geld H which may be written

mi "+Ps'+ns =2M,H,

where s is the displacement of the domain mall along
its normal, m is its mass per unit area, P is a para-
meter measuring viscous resistance, and. 0. is a sti8ness
parameter, which has meaning inly for small 6elds
such as those used in initial permeability measurements.
When 6elds larger than the coercive force are applied,
as in the experiment on wall velocity verses applied
6cld, the term containing n disappears and the cGective
6eld inside the material is less than the applied field by
an amount equal to the coercive force; this is shown by
the data given in Sec. IL These results are quite reason-
able when one remembers the spikes which pull back
on the wall, in the experiments of Williams and
Shocks;ly for small wall motions, and snap OG entirely
if the wall moves a large distance.

As these '1cmRI'ks lndlcatcj undcl the corldltlons of
the experiment in wall velocity, Eq. (2) takes the form

Pi'= 2M, (H,p,—H,).
This relation obviously 6ts the data given in Sec. II.

Let us now consider the initial permeability data,
We have for the relation between s and p,

p=hB/ZH=EC/A, .;gdH=SsM, sw, n//A, .;i8, (4)

where m„,11 is the width of the domain wall between the
boundRllcs of the sample ln R direction perpendicular
to thc magnetlzatlon Rnd Acojl ls thc cI'oss-scctloQRl
area of the coil around the sample, The general solutions
of Eq. (2) for a sinusoidal applied 6eid will not be repro-
duced here, because we note that Eq. (2) can be further
simpli6ed since we observe a relaxation mechanism

' R. Seeker, J. phys. et radium 12, 332 (1931).
& W. Doring, Z. Naturforsch. Ba, 374 (1948).
8 C. Kittel, Phys. Rev. &0, 918 (1950};J.phys. et radium 12, 291

(t931).
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(see Sec. II). The values of n, p, and Ns will be calcu-
lated 1~ter; sufhce it to say here that the order of

magnitude of m is, such that the 6rst term on the left
in Eq. (2) is negligible, and we may write

where 8=Hs+H„Hs is the applied Geld and H, is a
6eld associated with the motion of the mall as Bcckex

L. LaDdau alld K. LlfshItzj Physi~. Z. Sow]etuQloQ

(1935}.

mhich we may solve to give, if H= Hoe&'"',

M,IIs 1 ycop/n

n 1+aPP'/n' 1+resP'/ns

We shall derive values of n and P later by 6tting
Eqs. (3) and (6) to the data.

%'e now come to the second part of the theoretical
pxoblcIQ. Staxtlng with thc now famBlar cquatioxl of
motion for the magnetization M in a smaB volume 6rst
used by Landau and Lifshitz' and taking advantage of
the recent work of Kittel, s Seeker, ' and Boring, ~ mc
derive the relations between P and m and the funda-
mental constants which characterize the ferromagnetic
Inatcx'1Rl.

Thc equation of Inotlon ls

PM/dI=~LM&&Hj —(X/M )LMy(MyH) j, (7)

where p ls thc gyromagnetlc ratio) Rnd X ls R pRlRIQ-

eter characteristic of a given ferromagnetic material
which is determined by the magnitude of the damping
CGects in the motion of M and thus determines the
magnitude of the last term on the right in P). The
power dissipated per unit volume is H (dMdj), which is
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TAsLE I. Values of P. to (1/82r) J'H,2dV, and by means of Eq. (9) he was
able to write

Substance

Fe304
NiFe204

9.1X103
7.2X10&

p (from
&initial)

0.5
0.016

p (from
wall vel

vs Il)

0.484
0.026

p (corrected
for eddy
current
effects)

0.406
0.026

t" /88)2
222= (1/4&&2) ~~

(

—
)

d».&. &»)

If we use Eqs (10), (11), and (12), this becomes

(16)

has shown. It exists only in the wall and is perpendicular
to the wall. The value of this field is determined from
the precessional angular velocity of the spins in the
moving wall by means of the Larm~ relation, It is

I,= (v/—y) (88/»), (9)

where p is the gyromagnetic ratio and 8 is the rotational
angle of the spins in a 180' wall. In the theory of the
domain wall' it is shown that

m= (1/4~V2a:))" Lg(8)j'd8.
0

(17)

It will be noted that the above analysis neglects the
efFect of eddy currents. If this efFect is not negligible
(it is not negligible in Fe204), Williams, Shockley, and
Kittel" have shown that it will contribute part of the
measured value of P. The equations of Williams,
Shockley, and Kittel may be used to correct for this
effect when necessary.

where A is a measure of the exchange energy per unit
volume due to gradients in the direction of the mag-
netization as given by Eq. (11):
Exchange energy/unit vol.

=AL(Va1)2+(V02)2+(Va2)21. (11)

Here 0.~, 0.2, n3 are the direction cosines of the mag-
netization. g(8) is the anistropy energy density:

g(8) +l(121 &2 +122 123 +~3 &1 )y (12)

expressed in terms of 8. Ej is the first-order anistropy
constant.

If we use Eqs. (9) and (10) in Eq. (8) and integrate
over s to get the power dissipated for unit area of wall,
we have

dM
II ds= 2H2M, v= (lbs2/y2A&) ' Lg(8) j&d8 (13)

where we have used Eq. (10) to transform from integra-
tion over s to integration over 8 as well as to evaluate
Eq. (9). We may now write

23',y'A&
IIo

7~" tg(8)]98

This is the desired relation between e and Ho which is
to be compared with Eq. (3). In this way we find

P= (l1/pe&)
~

[g(8)]&d8
0

Ke derive m from the energy of motion of the mall,
which we equate to ~~ mv'. This was 6rst done by
Becker.' He pointed out that this energy was equal

"C. Kittel, Revs. Modern Phys. 21, 541 (1950);see Eq. (3.3.9).

IV. DISCUSSION

It is clear that Eq. (3) fits data of the type shown in
Fig. 2, and we therefore obtain a value of P in this way.
A value for n, and a second, independent, value for p
are determined by fitting the data on initial permeability
to Eqs. (4) and (6). As mentioned in Sec. II, we use
only the frequency dependent part of the permeability
for this calculation in the case of nickel ferrite. The
consistency of the two values of p provides a useful
internal check on the validity of the data of course,
but the value obtained from the initial permeability
involves an estimate of the cross-sectional area of the
winding, and is therefore not as accurate as the other. '

The values of n and P are given in Table I. In the
case of Fe304, eddy currents make a small but not
negligible contribution. This has been taken account of
by means of the low field theory of Willimas, Shockley
and Kittel, "and the corrected value is given in the last
column.

Some remarks on the significance of n and P are in
order here. As Eq. (2) shows, n measures the rate of
which magnetostatic energy' is built up when the
position of the wall changes. This energy is built up as
the wall passes crystal imperfections, impurity in-
clusions, and other impediments to its motion. 0. is
thus a measure of the magnetic imperfection of the
sample. It is characteristic of a particular sample, and
may difFer widely among difFerent samples of the same
material. As Eqs. (4) and (6) show, the factor (2M,2/n)
determines the value of the initial permeability at low
frequency.

P, on the other hand, is a fundamental property of the
material, as Eq. (15) shows. It is determined by the
relaxation time of the spin system, and therefore is a
measure of the damping of the wall.

It will be noted that these samples are not expected
to show the natural ferromagnetic resonance" in the

"Williams, Shockley, and Kittel, Phys. Rev. 80, 1090 (1950).
~ Rado, Wright, and Emerson, Phys. Rev. 80, 273 (1950}.
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anisotropy field, snce the alternating field and the
anisotropy field are parallel. Equations (4) and (6)
therefore, are a rather complete description of initial
permeability versls frequency for these samples over the
whole frequency range. Another characteristic of these
samples is the freedom of the moving wall from inter-
action with other domain walls. This removes one
impediment to wall motion which must be present
ordinarily and tends to give them a lower n than might
be expected in other samples.

The second part of our theoretical discussion, and
Eq. (15) in particular, makes it possible to determine a
value for X from our measured P. It should be empha-
sized that this value is determined independently of
the value deduced from ferromagnetic resonance line
width; it is therefore of interest to compare them. The
availability of a second independent determination of
) is especially desirable since the damping mechanism
in ferromagnetics is not understood.

In order to evaluate X using Eq. (15) we proceed as
follows. Since the wall is in a 110 plane we have

g(8) = lEiLcos4(8+35'16')+sin'2(8+35'16')], (18)

where 0=0 on one side of the wall and x on the other.
Then,

In performing this integration, care must be taken to
use the positive value of the square root over the whole
interval. A is best evaluated from a fundamental relation
recently derived by Herring and Kittel" between A
and the Bloch constant:

A = [So/Q]&[A/13. 3C&], (20)

where k is Boltzmann's constant, C is Bloch's constant
as used in the relation M, =MD(1 CT'I'), So is —the
atomic spin, and 0 is the atomic volume. (So/0) is equal
to the saturation magnetization at O'K divided by the
Bohr magneton.

For Fe304, we find C=4X10 by fitting the Bloch
T& law to the saturation magnetization measurements
of Weiss and Forrer. " From Eq. (20), we then find
3=1.53X10 . Ei—-—1.1X105 as given by Bickford. '
y=1.76X10r. Now from Eq. (15), we find X=3.5X10'
in Fe304.

"C. Herring and C. Kittel, Phys. Rev. 81, 869 (1951); see
Eq. (5).

'4 P. Weiss and R. Forrer, Ann. Phys. , Series 10, 12, 279 (1929).
'~ L. R. Bickford, Jr., Phys. Rev. 78, 449 (1950).

TABLE II.

Substance

Fe304
NiFeg04

X wall motion

3.5X10'
2.2X 107

) ferromag. res.

9X108 (24,000 mc)
2.1X10' (24,000 mcl
7.2X10' (9000 mc)

For nickel ferrite in the same way, usirig the data of
Guillaud and Roux" for saturation magnetization. we
find C=7X10~ and 2=9.0X10 ~. Ez= —6.2X104.'~

Using these figures and our measured value for P, we find
) =2.2X10' in nickel ferrite.

The relation between ferromagnetic resonance line
width and P has been given elsewhere. "Sample shape
enters this relation, but not in a critical way, and we
therefore ignore it except as it aGects the value of the
dc magnetic field at resonance, B . The relation is

X=b,HyM, /H (21)

where the line width is 2AH.
Data taken at 24,000 mc" lead by means of Eq. (21)

to ) = 2.1X10' for nickel ferrite. Data taken at 9000mc,"
however, lead to ) = 7.2X10' for the same material. If
we use Bickford'. s data on Fe304 taken at 24,000 mc,"
Eq. (21) leads to X=9X10' for Fe304.

The various values of X are compared in Table II.
In view of some of the as yet unresolved experimental

diQiculties in the wall motion experiments and the
inaccuracy they may have caused, it seems wise to
emphasize the agreement in order of magnitude be-
tween the values determined in the two different ways.
The value of X determined from ferromagnetic re-
sonance, in Fe304, however, is probably somewhat too
high because of experimental problems which arise
when samples are not small compared to the skin
depth. "Also, further ferromagnetic resonance work is
desirable to determine the variation of X with frequency,

All the factors in Eq. (17) have now been evaluated.
We find for Fe304, m=9.5X10 "g/cm', and for
NiOFe203, m=9.4X10 ". These values are so small
that we can neglect the first term in Eq. (2) in both
cases. It is possible, however, that with better crystals
the value of m in nickel ferrite could be measured from
the shape of the signal induced in the secondary winding
in the wall velocity versus applied fieM experiment.

"C. Guillaud and M. Roux, Compt. rend. 229, 1133 (1949).
"Yager, Gait, Merritt, and Wood, Phys. Rev. 80, 744 (1950).
"See Eq. (A-6) of reference 16. The X of the present paper is

equal to paM, in the notation of reference 16."D. W. Healy, Jr., Phys. Rev. 86, 1009 (1952).
"Yager, Merritt, and Guillaud, Phys. Rev. 81, 477 (1951).


