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448. Magnetochemistry of the Heaviest Elements. Part I .  A Sensitive 
Magnetic Susceptibility Balance for S m l l  Samples. 

By J. K. DAWSON and M. W. LISTER. 
A balance is described by means of which magnetic susceptibilities may be measured on 

milligram amounts of solids by using a modification of the Faraday method. With a maximum 
field strength of about 2500 gauss, the susceptibility of a 10-mg. sample of spec& susceptibility 
1 x 1o-S is measurable to  0-5y0. The balance is convenient for general susceptibility measure- 
ments even when larger amounts are available. 

INVESTIGATION of the magnetic properties of compounds of the elements beyond actinium calls 
for the development of a balance for use with samples of the order of a milligram. When the 
sample is a solid, such measurements cannot be made by the Gouy method. The non-homo- 
geneous-field method of Faraday has been described 
in various modifications, but in general these have 
not been devised for very small samples. The inter- 
ference balance of Bathnagar and Mathur (Phil. 
Mag., 1929,8,1041) can be used with small samples, 
but is more elaborate than the present method and 
is not particularly easily adapted to measurements 
over a wide temperature range. Temperature con- 
trol of the sample is easier when the measurements 
are made by a vertical-force method, as in Suck- 
smith’s balance (ibid., p. 158) and the present 
apparatus. 

The balance now described consists essentially 
of a quartz torsion fibre microbalance by means of 
which the changing force on the sample under 
investigation may be measured as the magnet poles 
are moved vertically past the sample. Since the 
sample is small compared with the magnet, the 
accuracy of the method is not dependent on van- 
ations in the packing density. As, moreover, the 
measurements are all relative to a standard sub- 
stance, extensive mapping of the field in the vertical 
direction is unnecessary and mapping in the 
horizontal plane is avoided by careful alignment 
of the sample with respect to the magnet pole- 
pieces, as described below. 

The magnetic force as measured per mg. of 
sample is comparatively high in the present method. 
This force depends, of course, on the dimensions of 
the pole-gap as well as on the strength of the 
magnet; the former cannot be made too small, 
primarily because the apparatus for temperature 
control must be accommodated, and, secondly, 
because if the field gradient is too steep the align- 
ment of the sample becomes too critical. With a 
magnet of maximum field strength about 2500 gauss, 
and a pole gap of 28 mm., the difference between 
the maximum and the minimum force on the sample 
is about 3 x 10-3 times its weight for a g.-sus- 
ceptibility of 1 x 1W. Consequently the force on 
a 5mg.  sample of a moderately paramagnetic sub- 
stance is of the order of 10-100 WE. and the neces- 

FIG. 1. 
Susceptibility balance, end view. 
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sary accuracy was made possible because the balance sensitivity was about 0.01 pg. The general 
layout of the balance is shown in Figs. 1 and 2. 

The Quartz Beam.-The beam is made of 200-p. quartz rods and is supported a t  0 by two 15-p. 
horizontal torsion fibres, A, one of these is fixed, through the quartz tensioning bow Q, and the other is 
fused to 1-mm. quartz rod which in turn is cemented to the drive from a reduction gear, B.  This gear, 
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can be controlled independently. 
furnace has two thermocouple inlets about 1 cm. above and below the sample respectively. 
is ground flat a t  the top, and a seal with the case is effected by the rubber gasket N.  

in steps of 1 mm. 
observed. 

F = mXH dHldx 

for a sample of m a s  m and susceptibility x in a field of strength H ,  where x measures the position of the 
sample relative to  the magnet in a v e h c g  direction. A plot of F, measured in balance scale divisions, 
against sample position shows a maximum and a minimum (Fig. 3). 

FIG. 3. 

Heat insulation on the outside is provided by more asbestos, and the 
Each jacket 

Operation of the Ba2ance.When the sample is on the balance, the magnet is moved vertically past it 
At each step the beam is restored to its null position, and the torsion head reading is 

The magnetic force so measured is given by : 

* Magnetic effect on the sample compared 
with zero length (%). 

0 1  I. 

0 8 16 24 32 40 4.4 
Position of sample with respect 

t o  magnet (mrn.). 

FIG. 4. 

The magnetic effect on the empty sample-container is measured first and then the sample is weighed 
on an ordinary microbalance. The weight of the sample and container is counterbalanced on the 
susceptibility apparatus by platinum wire tares, and only the varying magnetic forces are balanced by the 
torsion head. At the same magnet positions, the scale reading obtained for the empty container are 
subtracted from those of the sample plus container to  give the effect on the sample alone. The exact 
values of the maximum and minimum on the sample curve are then obtained graphically and the distance 
between them, in scale divisions, is used to calculate the susceptibility. Since the measurements are 
made relative to a standard substance, the g.-susceptibility (xl) of an unknowm is given by : 

where, xa = g.-susceptibility of the standard, sl, 52,  sp = the magnet forces on respectively (i) the sample 
plus container, (ii) the standard plus container, and (iii) the empty container, m,, m,, mp = the weights 
respectively of (i), (ii), and (iii). 

Since the method depends on comparing the magnetic effects on a sample and on the standard when 
placed in the same magnetic field, it is pertinent to enquire how reproducible the position of the sample 
container must be from one measurement to  the next 

An experiment with a small sample of ferrous ammonium sulphate showed that the magnetic force 
differed by less than 0.9% over all horizontal positions within 1 mm. of the centre of the field. By moving the magnet the sample is always aligned to within 0.1 mm. of the centre (measured by a travellmg 
microscope) so that errors from this source are negligible. 

The alignment of the sample in the vertical direction introduces two possible errors : (i) the length of 
the sample may not be very small relative to  the distance over which H dl7ld.z is sufficiently close to its 
maximum value, and (ii) the sag of the torsion fibre under different loads may mean that readings on the 
sample plus container and on the container alone are not made a t  precisely the same place. 
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(i) The correction for the finite length of the sample was found by determining the curve of magnetic 

force against position for a small piece of platinum foil (1-5 x 1.5 x 0.1 mm.) hung with its plane 
horizontal so that its length was negligible. By graphical integration of the curve for various distances 
round the maximum, the relative force on samples of different lengths was calculated and hence a 
correction factor for the length. The correction curve is shown in Fig. 4. 

Direct 
measurement showed that this introduced no significant error ((2 scale divisions) into the determination 
of the magnetic force on the sample alone. 

Accuracy of Measurements.-Examination of the accuracy of the measurements yielded the following 
results. 

(1) With the magnet removed, the torsion head was repeatedly turned away from the null position 
and brought back again. The root mean square deviation (u) of the readings of the null position was 
about 1 scale division under a l-mg. load, and 2.0 scale divisions for a 20-mg. load. 

This was 
done a t  all parts of the torsion head scale by changing the counterweights and also with different total 
loads on the balance. No detectable difference in sensitivity was found for various parts of the scale up 
to 34 fibre revolutions from the relaxed position. It was found, however, that the sensitivity varied 
slightly with the load as shown below. 

(ii) The sag of the torsion fibre increases slightly when the empty sample container is loaded. 

( 2 )  A piece of 50 S.W.G. platinum wire (86.9 p g . )  was weighed repeatedly on the balance. 

Total load, mg. ............................................. 1-0 20.7 31-3 

u, scale divisions * .......................................... 3-0 9.7 9-2 
No. of weighings 10 10 10 

....................................... 0-9982 Relative sensitivity 1 0.9987 

....................................... 
* u = root mean square deviation in weight found for platinum wire; this weight is the difference 

The u for the mean relative sensitivities is 0.0003. The change in sensitivity for the operating region 
of the balance (20-30 mg.) was so small that it  was ignored. 

(3) A sample of a paramagnetic substance (uranium dioxide) was placed on the balance and, with the 
magnet replaced, the maximum amd minimum forces due to the magnet were measured in the usual way. 
The same sample was measured ten times, and over different regions of the scale by altering the counter- 
weights. 

of two dial settings and 8000 scale divisions = 1 fibre revolution = 70 pg. 

The load in each case was about 25 mg. ; the results for 3 different samples were : 

............................................................... 25 21 
Difference in scale divisions .............................. 2231 9570 20,900 
u 15& ............................................. 0.26 0.10 u/diff erence, yo 0.7 

It was found that merely taking the sample on and off the balance and adjusting the magnet if  
necessary, but not altering the counterweights, gave a much smaller deviation. It will be seen that 
altering the Counterweights causes a sharp rise in the experimental error, the reason for which is not clear. 
Part of the extra rise with magnetic measurements is because the maxima and minima are found by 
graphical interpolation from 5 or 6 readings a t  successive magnet positions, and it cannot be claimed that 
these interpolations are better than f 5 scale divisions for the larger values of the differences. 

As regards the total error of the measurements, equation (1) above leads to the following expression, 
approximately, for a, the r.m.s. error in xl. 

where the subscripts to the various u show the quantities to which they refer, and n, and n, 
are respectively the number of measurements on the unknown and on the calibrating substance. The 
errors in m,, m, and m, depend on the microbalance on which these weighings are made ; a good com- 
mercial microbalance should have mean weighing errors not above 2 - 3  pg.  in a sample weight of ca. 5 mg. 
and a weight of standard substance of 2-3 mg. Thus even if n, = n2 = 1, lhe weighing errors are only 
0.15%, i.e., the urn parts of (ii) above are about 2-5 x 1W. In most cases the weighing error should be 
less than the errors in magnetic measurements. US, is about 15 as s, was about -2500 (the container of 
course is diamagnetic), and u1 and u2 are between 20 and 25 for reasonable sizes of samples. In the case 
of the very paramagnetic ferrous ammonium sulphate S, - S was about 10,000 scale divisions per mg.. 
and for a 2-5-mg. sampIe the second term on the right hand zde of (ii) becomes 1 x 10-6/n,. The first 
term on the right hand side of (ii) is in general the largest : if 10 mg. of a compound of x = 1 x 10” are 
used, S, - S, = 3750 approximately, so that S, is about 1250. I f  we put usl = us, = 15. this term in 
(ii) equals 32 x 10-6. With these values, and if f i ,  = n, = 1, uX/x = 0.6%; but of course, a number of 
calibration runs was made and n, does not need to be large for oX/x to be considerably below 0.5%. The 
accuracy for compounds of high susceptibility is considerably better, of course. These estimates naturally 
include only the random errors of the instrument, though the method is sufficiently simple to make it 
improbable that otherJarge errors are involved and the estimates agree quite well with experiment. It 
should however be noted that xz ,  the susceptibility of the standard substance, is assumed as known. The 
chief dangers are ferro-magnetic impurities, and if only one magnet is used these are not detected by the 
magnetic measurements themselves ; they have to be avoided by careful preparation and analysis of both 
the standard substance and the unknown. With two permanent magnets of different strengths or with 
an electromagnet it is possible to be sure that x is independent of H .  
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In the calibration of the present instrument a pure grade of ferrous ammonium sulphate was used as a 

standard. Analysis gave no measurable deviation from the calculated amount of ferrous ion present. 
In order to prevent 10s of water of crystallisation measurements were made in an atmosphere of nitrogen 
which had been passed over saturated sodium bromide solution. 

The authors thank the Director of the Atomic Energy Research Establishment for permission to 
publish this paper, and Mr. P. G. Salmon for making several quartz beams which were supplied from the 
Chalk River Laboratories, Ontario, by courtesy of Dr. H. Carmichael who designed them for use as 
standard microgram balances. 
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