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An evaluation of two of the most widely accepted methods for calibrating vibrating-sample mag-

netometers is given.
nickel.

The comparison method uses a material of known magnetization such as pure
In the slove method, the magnetometer is calibrated from the low field linear slope of the

magnetization curve of a sample of high permeability.
The primary source of error in the comparison method arises from an uncertainty in the absolute

magnetization of nickel and its dependence on environmental conditions.

The study indicated that

better accuracy can be expected from the slope method. The use of pure iron in this method was

found preferable to high permeability ferrites.
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1. Introduction

The vibrating-sample magnetometer as developed
by Foner [1]! is rapidly becoming one of the more
commonly accepted techniques for determining the
saturation magnetization of ferrimagnetic materials.
The many improvements and refinements which have
been made in these instruments in recent years have
been thoroughly described by Feldmann and Hunt
[2, 3, 4]. Although well designed magnetometers of
this type preseatly exist, their ultimate accuracy is
still dependent on the calibration technique used in
the measurement process. At the present time, two
different calibration methods have received the
greatest emphasis and have been included in a
standard test method for saturation magnetization of
nonmetallic magnetic materials by the American
Society for Testing and Materials [5]. In the com-
parison method the magnetometer is calibrated using
a material of known magnetization which is usually a
sphere of pure nickel. In the slope method the instru-
ment is calibrated from the initial slope of the mag-
netization curve of a spherical sample of high permea-
bility. It is the purpose of this paper to describe the
results of a study of the advantages and disadvantages
of each of the above two calibration techniques.

The more commonly used comparison method will
first be discussed with a brief description of some of
the precautions which we found necessary for im-
proving the accuracy of vibrating-sample instruments
in general. The experimental evaluation of the slope
method will then be described. The advantages of
using ultrapure iron rather than high permeability
ferrites which were mentioned [5] for use in the
slope method will also be discussed.

* Radio Standards Physics Division, NBS Boulder Laboratories, Boulder, Colo.
! Figures in brackets indicate the literature references at the end of this paper.

2. Comparison Method

The saturation magnetization of a magnetic material
using a Foner type vibrating-sample magnetometer is
determined from the voltage generated in a set of
pickup coils by a magnetized spherical sample vibrat-
ing perpendicular to the applied magnetic field as
shown in figure 1. The voltage generated in these
coils is proportional to the magnetization of the sample
[1]. We may thus write

Eo:KVo(‘l‘TTMo), (1)
where Ej is the voltage induced in the pickup coils by a
sample of magnetization M, and volume V,, and K is

.the proportionality constant. The factor 47 has been
inserted since the saturation induction, 47M,, given
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FIGURE 1. Sample and coil arrangement in electromagnet with
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in gauss, is normally quoted in the literature in describ-
ing these materials when using CGS units. In the
comparison method, K may be readily obtained from
the measured voltage, E;, obtained using a standard
sample of volume V; and known magnetization M;.
Thus from eq (1), the magnetization M, of an unknown
sample wusing the comparison calibration method

becomes,
Ey\ (D3} .
d7My= <k‘s> (D(‘,) 4 M, (2)

where the ratio of spherical volumes, V; and ¥, have
been replaced by the ratio of the corresponding cube
of the diameters, Dg and D,.

It is apparent that the accuracy of any measurement
depends directly upon how well one knows the magne-
tization of the standard sample, M. However, before
confronting this problem it is desirable to reduce the
possible errors from the voltage and diameter terms
to a minimum value.

2.1. Sample Diameter Measurements

It can be seen that the cube of the diameter of the
spheres appears in eq (2) which magnifies any errors
in the diameter terms. It is thus necessary to grind
highly spherical samples and then measure their
average diameter to the highest possible accuracy.

We have found that a sphere grinder such as de-
scribed by Cross [6] will usually yield spheres that
are out of round in the order of only 0.2 percent.
Some spheres have been ground better than 0.05 per-
cent out of round, while other spheres ground from a
soft material such as nickel may be 0.5 percent out
of round. The percentage of out of roundness is
here defined as 100 2% dlam T d]am.

min diam

The diameter of the spheres is usually determined
from an average of 20 to 30 random measurements
made on a given sphere using an electronic comparator
calibrated with gage blocks.

In some cases where the deviations in diameter are
somewhat larger such as for nickel, it has been found
more accurate to determine the volume and average
diameter of the sphere from mass and density measure-
ments. This procedure still requires obtaining at
least one good spherical sample in order to accurately
determine the density. This density is then used in
determining the volumes of other less round spheres
of the same material assuming the density is constant.

2.2. Voltage Measurements

Several factors will of course influence the voltage
readings. Repeatability or precision of the voltage
readings FE, and E; is, of course, of considerable im-
portance. Since the above voltage readings are from
two different samples, it is necessary to easily attach
and remove each sample from the vibrating rod with
the least disturbance possible. In one approach, the

sample was glued to a plastic holder which in turn was
fastened to the vibrating rod with a plastic screw.
Repeatability varied from 0.2 to 1.5 percent. A better
approach with a repeatability of less than 0.1 percent
is to cement the sample to a small plastic holder which
is in turn held on the end of the vibrating rod by means
of a vacuum. The samples and corresponding holders
are attached or removed from the rod by merely
controlling the vacuum.

Another source of error associated with voltage
readings is related to the position of the pickup coils
with respect to the sample position, as has been de-
scribed by previous authors [1, 3]. To study the
effects of coil adjustment, the pickup coils in our instru-
ment were mounted on a plastic beam which was
fastened to a milling machine table to provide vernier
adjustment in the three dimensions shown in figure 1.
Experimental data indicate that the coils must be
adjusted each time a sample is put in the instrument
to within a few thousandths of an inch of the maximum
voltage reading in the y and z direction, and a minimum
reading in the x direction. For example, a change of
0.010 inch in the z direction gave a change of 0.2 per-
cent in output voltage; a 0.020 inch change gave an
0.8 percent change in output voltage. The distance be-
tween the coils from center to center is approximately
1Y/g inches.

Still other precautions were found necessary for
obtaining accurate voltage readings. (1) The mag-
netometer was mechanically isolated from the elec-
tromagnet. Mounting the vibrating rod system on a
wooden table, independently supported by the floor,
reduced the residual signal as read on a voltage ratio
transformer from 0.0014 to 0.0001 at a field of 10000 Oe.
(2) The sample pickup coils were mechanically
isolated from the electromagnet. Mounting the pickup
coils on a floor supported table, independent of the
magnet, reduced the residual noise. (3) The empty
holder voltage readings were subtracted from the
corresponding sample readings. Failure to do this
can result in a 0.1 percent error in a typical ratio trans-
former reading of 0.1000 with an empty holder reading
of 0.0001. (4) A high field was applied to the sample
before taking measurements coming down the mag-
netization curve to avoid any hysteresis ambiguities.
This is of greater importance when measuring at low
applied fields such as in the slope calibration method
as will be discussed later in the paper. (5) The tem-
perature of the magnetometer and sample were sta-
bilized to a few tenths of a degree centigrade during
a measurement. This was necessary for holding any
variations in the calibration constant to 0.1 percent or
less during a measurement. Any further instability
effects due to temperature and other sources are
reduced by calibrating the system both immediately
before and after a measurement is made on an un-
known sample and interpolating the calibration
constant as a function of time.

Another possible source of error in vibrating-sample
magnetometers is related to magnetic image effects in
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the pole caps of the electromagnet. Errors from this
situation are apparently reduced by eddy current
shielding in the pole caps as pointed out by Foner [1].
Using a 2-inch air gap in the magnet, he estimated the
image effect to be less than 0.2 percent. In comparing
data on iron samples using a 2-inch and 3-inch air gap
at 9000 Oe applied field, we obtained agreement of
better than 0.1 percent which likewise implies that
image effects are small.

In addition to the above efforts to avoid errors, a
further check on the accuracy of the voltage readings
was made by measuring E for several different sized
samples of the same material at a given field and
comparing the E/D? ratios. In order to avoid errors
due to equipment drift, it was found advantageous to
refer the E/D? readings of each of the samples to the
corresponding E/D? value of one of the samples ar-
bitrarily chosen as a reference (R). The voltage from
this reference sample was measured immediately
before and after each of the unknown samples and
the reference voltage used for calculation was obtained
from interpolation between these two values. Dis-
agreement of slightly greater than 0.1 percent was
obtained as shown in figure 2. These results in con-
junction with the preceding discussion leads to the
conclusion that it is possible to hold any errors in the
diameter and voltage terms of eq (2) to less than a
few tenths of a percent.

2.3. Magnetization of Standard Sample

The saturation magnetization of pure nickel is almost
universally used as a standard when ferromagnetic or
ferrimagnetic materials are considered. Few investi-
gators have measured the absolute value of 47 M of
nickel. The results of a literature search as shown in
table 1 indicate several percent variation among those
values which have been reported. Most of these
values in the literature are given in terms of emu per
gram. We have not converted these values to 4 M,
in gauss since the density of the reported material
was not always known. Even if one chooses the cor-
rect value, it is difficult to know if his own nickel sam-
ple is of the same composition and is being measured
under the same conditions that were present when the
absolute value was determined. This problem results
from the fact that the magnetization of any given
sample of nickel depends upon purity, density, mag-
netic field, temperature, strains, annealing, etc.

The literature contains equations or graphs for
correcting for density, temperature, and field effects
when the experimental conditions differ from those
related to the absolute values [12]. However, some
of these corrections may not in themselves be entirely
correct. A typical example might be the equation for
the approach to saturation which could be used to
predict the magnetization of nickel at some other
field than where the absolute value is quoted. How-
ever, assuming that accurate corrections could be
made for temperature, density, and applied field, a
problem still exists regarding purity and strain effects.
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FIGURE 2. Comparison of E[D?* ratios of pure iron spheres as a
Sfunction of sample diameter.
The data were normalized to the £/D? ratio of one of the spheres, arbitrarily chosen as
pure iron reference sample, (R).
TABLE 1. Values of saturation moment (emu) per gram
for pure nickel
Ref. Remarks
emulg
5 [7] | Single crystal. #Calculated emu. Reference gives
B—H=6500 gauss. Temperature and field not
given.
:)')45 < [8] | Temp. 25 °C. Field not given.
55.05 *.05 [9] | Temp. 15 °C. Extrapolated to infinite field.
54.98 [10] | *Calculated from (B—H)=6150 gauss for density
grams
8.901 5 and infinite field
[11] | Temp. 20 °C. Field 18000 (Oe.).
[11] | Temp. 20 °C. Field 8000 (Oe).
[12] | Temp. 15 °C. Field not given.
[5] [ Room temp. Field not given. *Calculated from

B—H=47M,=6070 gauss and density==8.90 7—:%

H

“Data in reference given in B — -
7 density

H gauss.  From this we calculated emu =

"These values are based on Weiss values.

In general, one hopes that his particular sample is of
the same degree of purity as the material used in ob-
taining the absolute values quoted in the literature.
The problem of strains can become quite serious as
can be seen in figure 3 which shows the magnetization
curves obtained before and after annealing four
spheres ground from an ultrapure rod of nickel with
impurities of less than 0.005 percent. The variation
in the data apparently results from small strains in-
duced in the material in the grinding process. Such
strains are probably removed by annealing since the
curves after annealing are in much better agreement.

The annealing process itself may be a problem since
the literature is full of examples of rather large changes
in the magnetization curves of nickel due to different
annealing treatments. Fortunately such effects do
not greatly influence the true saturation value at high
fields, but they can become a problem if attempts are
made to calibrate an instrument at lower applied fields.

25



1.00

I I I T
VOLTAGE VERSUS EXTERNAL

1.00
0.99
0.98
0.97
0%
S 095
§ 094
st & 093 ———= ANNEALED NICKEL SAMPLES
& 092 - ——— NICKEL SAMPLES BEFORE —|
sS|s 091 - ANNEALING _
EE
TIY0s0 - o 0.058 INCH DIAM SPHERE |
9 .
G 089 a 0.100 n
g 088 [~ 2 0.ll8 N
x 087 — x 0.128 —
086 [— =
085 — =1
084 =
083 — =
082 - —
081 — —
0'80[11I1111J|1\llll!
1400 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 5000
EXTERNAL MAGNETIC FIELD, Ho (Oe)
FIGURE 3. Magnetization curves before and after annealing four

pure nickel spherical samples.

On the basis of the above arguments, it can be seen
that the primary uncertainty in calibrating a vibrating-
sample magnetometer using the comparison method
may well reside in the value of the standard sample.
As was shown, the measured diameters of the spheres
and corresponding voltages in eq (2) can be deter-
mined to a few tenths of a percent. However, unless
extreme care is exercised in choosing the value of the
standard sample, a further error exceeding 1 percent
may be introduced into the problem. In the following
section, we will show that the slope method was devel-
oped primarily to avoid this problem of uncertainty
in 47wM; of the standard sample.

3. Slope Method

3.1. Evaluation of Error

The slope method is based on the observation that
the voltage in the pickup coils from a spherical sample
is a linear function of the applied field over the lower
region of the magnetization curve [13]. Typical curves
for a high permeability ferrite and a pure iron spl.ere
showing this situation may be seen in figure 4. As
shown in the appendix, the slope of these curves in
the linear region is relatively insensitive to the perme-
ability of the material. It is also shown that this
allows the equation for determining the unknown
magnetization of a test sample at some field H using
the slope method to be written as follows:

EoD?
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47TMO: Py (3)

AE,
AH.

Dj

090~ MAGNETIC FIELD FOR A o
SPHERICAL SAMPLE OF ULTRA /
0.80/— PURE IRON AND A HIGH |
PERMEABILITY FERRITE 2

070~ SpHERE DIAMETER / o]
w IRON = 007672" 7
3 |- FERRITE = 0.07665" —
8 s /<IRON
= o

0.50 — / i
wl
(&}
<<
50401 Y |
o
>

030 / HIGH PERMEABILITY |

. y [ FERRITE

020 /EA" = 4

| _aEc _
0.10 /\SLOPE =
4
Py S L | L 1 | L !
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

EXTERNAL MAGNETIC FIELD, Ho (Oe)

sample voltage
reference voltage
ratio curves for an ultrapure iron and a high permeability fer-
rite sample of equal size.

FIGURE 4. Comparison of the linear region of the

where D.=diameter of calibrating sphere,

Dy = diameter of unknown sample sphere,

N=demagnetizing factor of calibrating
sample,

pw=relative permeability of calibrating
sample,

AH.=change in dc¢ magnetic field applied to
calibrating sample in linear portion of
curve (see fig. 4),
Ey= colil voltage from unknown sample minus
empty holder reading,
AE.=change in coil voltage from calibrating
sample corresponding to AH..

For greater precision the two voltage readings used
for determining AE., were taken at H. and zero applied
field. Although figure 4 implies that the voltage is
zero at the origin, a considerably expanded plot of
these results shows a small voltage corresponding to
a slight remanence at zero applied field is present.

We have already pointed out that an accuracy in the
order of 0.1 percent to 0.2 percent is not unreasonable
in the voltage and diameter measurements as was
shown in figure 2. The three remaining values in eq
(3) are the permeability, u, the demagnetizing factor N,
and the field, H. used in determining the slope
AE./AH.. The problem of comparing the two calibra-
tion methods thus reduces to a comparison of the ac-
curacy with which we can determine u, N, and H. to
the accuracy with which we know 47M; of a standard
sample as used in the previously described method.

Any errors in the measurement of H, may readily
be reduced to a negligible amount by using a nuclear
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resonance gaussmeter in conjunction with a frequency
counter. AE./AH. should be taken for several values
of H. to be sure that the linear portion of the curve is
being used.

o : 1
Consider now the remaining quantity (ﬁ+N>'

The permeability can, of course, have a wide range of
values depending upon the type of calibrating sample
used. However, as Frederick [13] pointed out the
versatility of this method is considerably enhanced by
choosing a material of high permeability. Under

these conditions, the term is very small com-

pared with N=1/3. For example, if we use ferrites
whose permeability is at least 2000, then the difference
in assuming pu =0 compared to using the initial per-
meability of 2000 in eq (3) would be only 0.15 percent.
Thus for samples with permeabilities of 2000 or greater,
the error contributed by uncertainties in the permea-
bility term should be less than this. The fact that we
do not need to know u accurately if it is sufficiently
high in this slope method is the primary advantage of
this technique over the comparison method. Further-
more, materials having permeabilities greater than
2000 are readily available and may easily be ground into
spherical shapes.

In the case of a perfect sphere, N=1/3; however,
any deviations from a true sphere would cause an
error in N which would cause practically the same
error in eq (3). The effect of out of roundness can be
calculated, theoretically, if we assume that the out of
round sample is still a prolate or oblate spheroid.
Stoner [14] has shown that for the nearly spherical pro-

late spheroid with a > b, e€2=1— <Q>~ <1

a
PR, 2( 3 2 )
N,,—3 156 l+7e TR (4)
Lla_m=1i1 (143 >
N,,—2(1 Np)—3+156 <1+7e S (5)
and for the nearly spherical oblate spheroid with
2
a<b,62=l—<2) <1
b
_1 2e/ 4,
Np—3+15 (1+7e Fo s ) (6)

1 gisi 4
—_ Far) e e S B —
N, 2(l Np) 3715 € (1+7e Ao ) (7)
where a=the polar semi-axis,

b=the equatorial semi-axis,
N, = demagnetizing factor along the polar axis,
N,= demagnetizing factor along the equatorial
axis.
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FIGURE 5. (a) Theoretical effect of small eccentricity, €, on values

of N when magnetic field, H., is applied first along the polar
axis and then along the equatorial axis for oblate and prolate
spheriods.

(b) Total percent error in N expected between field along polar axis

and along equatorial axis.
(Data are obtained from the difference between corresponding curves in graph (a)). Ex-
perimental points represent percent error in voltage readings which are proportional
to percent error in V.

Equations (4), (5), (6), and (7) are shown graphically
in figure 5a where

€ Max diam — Min diam

2 Min diam

As an experiment, E. was measured along the polar
axis and compared with E. measured along the equa-
torial axis for two samples. The error (difference) in
E. as shown in figure 5b, which is proportional to the
corresponding error in NV, was less than the theoretical
curve predicted by taking differences in N in figure 5a.
It was concluded that the calibrating spheres should
not be out of round more than approximately 0.1 per-
cent. The errors due to sample volume determination
are actually greater than those due to misorientation.
The diameter measurement has already been dis-
cussed earlier in the paper.

The above arguments thus imply that the error to
be expected from the AH., u, and N terms in eq (3)
should be less than a few tenths percent. This result
in conjunction with the 0.1 to 0.2 percent possible
error in the voltage and diameter terms makes it fea-
sible to expect errors of less than 0.5 percent in using

eq (3).
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FIGURE 6. Comparison of K. ratios for several different ferrite
samples with initial permeabilities ranging from 1000 to 3000.

The data were normalized to the arbitrarily chosen pure iron reference sample (R)
used in figure 2.

3.2. Experimental Results Using High
Permeability Ferrites

In order to further confirm the above analysis, an
experimental investigation of the validity of the cali-
bration constant obtained using the slope method was
carried out. The calibration constant may be readily
obtained by writing eq (3) in the form

1 Eo

daMoy=— —, 8
0 [(1 Dg ( )

where K, is given by

(L) a.
K, =-F Dind. )

On the basis of the previous discussion, it appears
reasonable that we may set N=1/3 in this equation
with negligible effect on the accuracy. With this
assumption, the value of K; as a calibration constant
was checked in the following ways:

(1) For a given calibration field H., K; was compared
for several ferrite samples of different size from the
same high permeability material (u assumed constant).
For six samples ranging from 0.090 to 0.128-inch diam-
eter, agreement was within 0.15 percent. No size
effect trend could be detected.

(2) For a given calibration field, K; was compared
for several samples of nearly the same size but for
several different ferrite materials with initial permea-
bilities, wo, that range from 1000 to 5000. As was

previously discussed, we used an arbitrary reference
sample before and after each measurement to improve
the accuracy. Using known values of initial permea-
bility [we, in eq (9)], the variation in the K, ratios as
shown in figure 6 for eight high permeability ferrite
samples was 0.28 percent. Assuming u= , the varia-
tion was 0.15 percent. This implies that the effective
permeability is equal to or greater than the initial
permeability as specified by the manufacturer as shown
in figure 6. A ninth sample with the highest initial
permeability (5000) gave 0.5 to 0.85 percent higher
values for K.

(3) For a given sample, K; was compared for several
values of the field H.. In the 350 to 600 Oe range,
K, varied less than 0.1 percent and there was no defin-
ite trend as to field dependence. The above procedure
was repeated for several calibration samples of
different materials of high permeability with similar
results.

3.3. Experimental Results Using Ultrapure Iron

Because of the discrepancy caused by the highest
initial permeability (5000) sample and because of the
above 0.3 percent variation of the other ferrites, further
investigation was carried out. As can be seen, an ideal
calibrating material would be one with a high initial
permeability of 10,000 or greater in which case the

term, . in eq (9) could be dropped with negligible

=1l
error. Data given in the literature, [15, 16], indicate
that high purity iron can be produced with initial
permeabilities in this range.

A commercially available sample of high purity
polycrystalline iron was obtained with a total impurity
of 0.005 percent including less than 0.001 percent
carbon impurity. Six samples were ground down to
various sizes and measured with the results shown in
figure 7. Again iron reference sample (R) was used.
The less than 0.1 percent variation in K; for iron shown
in the figure is less than the 0.15 percent variation
observed between different diameter samples of a
given ferrite as mentioned in the previous section as
well as the variation observed between different
ferrites as shown in figure 6. .

It can be seen from figure 7, that the iron reference
sample (R) is fairly representative of the iron samples.
The data in figure 6 were taken using the same iron
reference sample (R). Therefore, figure 6 is a means
of comparing how well several ferrites with different
permeabilities compare with a representative iron
sample using w=po and pw=0o for the ferrites and
p=oo for iron in eq (9). It appears the correct u
value to use for the ferrites lies between o and .
Some additional ultrapure iron samples were ground,
annealed. and reground. Measurements comparing
annealed and unannealed ultrapure iron samples
agreed within 0.1 percent at applied fields of 600 Oe
and 12,000 Oe.

The close agreement in the above results indicates
that high purity iron has several advantages when used
in the slope method to calibrate a vibrating sample
magnetometer. These are (1) high purity iron is
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FIGURE 7. Comparison of K, ratios for six ultravure iron spheres
versus sample diameter for an external field of 1125 (Oe).
The data were normalized to one of the spheres. arbitrarily clfosen as pure iron reference
sample, (R).

readily available commercially; (2) it is easier to accu-
rately calculate K; since w may be assumed to be
infinity; (3) the properties of a pure material such as
iron are more uniform than ferrites as to porosity,
density, homogeneity, etc., which give a more constant
Ki; and (4) because the slope of the linear portion of
the iron curve in figure 4 at an applied field of 5000
Oe deviates only 0.5 percent or less from the slope of
the curve at 600 Oe, a pure iron sphere could be used
to calibrate a magnetometer, with some sacrifice in
accuracy, at any field up to 5000 Oe using eq (9).

It is apparent that the saturation magnetization of
a given spherical sample of pure iron at high fields may
readily be determined using the same spherical sample
to calibrate the instrument at low fields using the slope
method. This self-calibration  procedure avoids
diameter and sample position errors which may be
present when the calibration sample and the sample
under test are different. A measurement of the satura-
tion magnetization of iron in this manner provides
another means of checking the accuracy of the mag-
netometer since this quantity may be compared with
values given in the literature which are in good agree-
ment. Using this approach, we found that the satura-
tion magnetization data taken on five pure iron samples
agreed to within 0.3 percent of measurements taken
by Weiss and Forrer [17] and Danan [9]. We meas-
ured a saturation magnetization value of 21465+ 20
gauss for a pure iron sphere at 23.3 °C and an external

field of 9000 Oe.

4. Conclusions

Experimental observations using the slope calibra-
tion technique show that only a few tenths of a percent
variation in K; may be expected. Ultrapure iron and
most high permeability ferrites can be used for

calibration. However, ultrapure iron is preferred for
several reasons as noted above. In an actual measure-
ment of M. the additional error in Dy and £ would also
be present. These errors as discussed earlier in
the paper are of the order of one-tenth to a few tenths
of a percent. These results thus show that an accuracy
of better than 0.5 percent for magnetization measure-
ments can easily be obtained with the slope method.
" In the comparison method previously discussed, we
had the same one-tenth to a few tenths percent error
in £y and Dy. In addition, we had the error due to the
uncertainty in 47M; of the standard nickel sample.
It is possible that this might be known to a few tenths
of a percent which would make this method com-
parable to the slope technique. However, the sen-
sitivity of nickel to its environment and the uncertainty
in the true absolute value make this seem unlikely.
It thus appears that the slope method is preferable to
the comparison technique for calibrating vibrating-
sample magnetometers.

The authors express their thanks to Nolan Frederick
who designed and built the vibrating-sample mag-
netometer and to William McNaney for precision
measurements of the specimen diameters.

5. Appendix. Derivation of Equation (3)

The relationship between the magnetization M and
internal field, H;, of a material in the demagnetized
state is defined as [18]

2 el

M dar
where w is the relative permeability. The internal
field, H;, in a finite specimen is related to the external
field Hy by means of the demagnetizing factor N as

follows: [19]

Hi?

Hi=H,— N4wM.

Substituting this value of H; in the first equation and
solving for 47wM, we get
il

iy
=1l

daM =

For a calibrating sample, this equation may be written
HE

S NS
=1l

daM.=

As in eq (1) in the text, we have

E.=KV AmM.
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or

= gt A

——+ N

—1
and thus
(—1 + N) AE,
O
V.AH,

For an unknown sample, E¢= KV dwM,, as in eq (1)
in the text,

E,
47TM()— KV()
Substituting the value of K,
47TM(): EOV(‘
1 +N] AE.
AH.

or expressing the volumes in terms of diameter, we
obtain eq (3) in the text.

EoD?
[—1 +N] Ao

47TMO_
AH.

It should be noted that the above derivation is based
on the assumption that the sample is in the demagne-
tized state. It was previously mentioned that a very
small voltage due to a slight remanent magnetization
may be observed at zero applied field in the spherical
samples. However, the excellent agreement in the
data obtained for different materials implies that eq
(3) is still essentially valid even though a slight hys-
teresis exists in the samples.
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