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ABSTRACT 

An apparatus for measuring static magnetic susceptibilities, based on a 
sensitive vacuum microbalance, has been used for studying the magnetic 
behaviour of small superconducting samples in small gradients of low fields. 
Forces on superconducting vanadium discs, cooled in fields < 10 mT, have been 
measured at 3 K following the Faraday method. It is observe3 that the sum of 
the magnitudes of the susceptibilities, related to i) the Meissner-Ochsenfeld 
effect and ii) the frozen-in currents, is equal within experimental error to 
the magnitude of the susceptibility at the induction of the moments at 3 K by 
generating similar fields. 

INTRODUCTION 

A vacuum microbalance, with a sensitivity about lo-' N, is the striking part 

of an apparatus for measuring static magnetic susceptibilities on small solid 

samples following the Faraday method (ref.1). The low temperature performances 

of the apparatus have been described previously (ref.2). Forces on a thin 

superconducting vanadium disc, cooled in fields ( 10 mT, have been measured at 

3 K. Results obtained in this way have been analysed for sample m~ents con- 

sisting of two parts: an induced one which is proportional to the field and a 

permanent one. The susceptibility of the sample has been shown: i) to be 

independent of the magnetic fieldstrength in the range where u,H < 8 milli- 

tesla; and ii) to be independent of the permanent moment which had been 

generated in the sample by cooling it in an applied magnetic induction field of 

12 mT. The permanent moment was shown to be reproducible to better than 0.5 per 

cent. The aim of the present paper is to report on the behaviour of the 

generated permanent moment and on its relation with the Meissner-Ochsenfeld 

effect. 

EXPERIMENTS AND RESULTS 

The susceptibility measurements, for the present study, have been carried 

out on a thin 3.00 mm diameter disc of very pure zone-refined vanadium. The 

sample stems from one of the cold-rolled 0.2 mn thick foils of the batch used 

in reference (3). The sample Sl has been punched out of the foil as received. 
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Its mass m = 8.22 mg. With P = 5.96 x IO3 kg m"3, the density of bulk vanadium, 

the average sample thickness is calculated to be 195 urn. After the magnetic 

measurements having been carried out, sample Sl has been heat treated for one 

hour at 600°C in a vacuum < low3 Pa. The sample then is labelled S2. 

During the whole experiment, the vanadium continuously lies on the balance 

pan for the force measurements. The pan hangs in the dewartail on which a small 

ironless coil is mounted. The latter generates a magnetic field with a gradient 

at the sample place. For the present study all experiments have been carried 

out with the sample at the same position on the coil axis, P = 11.0 mm in the 

copper-~oil/sample-pan situation as described in reference (2). The applied 

field at the sample, therefore, is proportional to the coil current I. It is: 

H = HI.1 = 8.00 x IO3 x I (Am-l) (1) 

At the same place the gradient of the applied induction field is also propor- 

tional to I, i.e.: 

G = u. (dH/drf = G1.1 = - 0.464 x I (Tm-') (2) 

with u. the free space permeability. Before starting the series of experiments, 

to be carried out on a chosen sample, the latter is oriented with its flat 

plate perpendicular to the applied field. 

For each experiment the persistent currents are generated in the vanadium 

disc in the following way. The sample temperature is brought to 7 K and the 

coil current is set to I,. The disc is cooled to 3 K afterwards. Time is spent 

for allowing the balance to settle for low noise and high sensitivity. The coil 

current intensity then is brought down to zero and the related force change 

Fc = FI - FO (3) 

is read. Subsequently, force measurements are carried out for coil currents 

I, = 60.0 (t 0.1) mA in a chopping mode alternating the current direction. 

Reversing the direction allows for differentiating between the induced m~ent 

and the permanent one. The measured sample force in the system is: 

F = m(xH+P)G (4) 

where x is the susceptibility per unit of mass and P the permanent dipole 

moment per unit of mass. Because H and G are proportional to the measuring 

current I, the force fraction due to x, FA , is proportional to If while that 

due to P, FB, is only proportional to Im. Consequently, the force can be 

expressed as: 

F = FA + FB = AI: + BI, (5) 

The values of A and B are calculated, using the balance output voltage V and 

the balance constant C = 5.14 x lo5 VN'l, by: 

A = (V(+) * V(-))I(pI;C) (6) 

8 = (V(t) - V(-))/(2~Im~C) (7) 

The signs (t) and (-) refer to the polarity of the coil current I,. 

The susceptibility x = A/(mHIG1) (8) 
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The persistent moment P is related to x8 by: 

XB 
= P/(HI.Ic) = B/(mHIGIIc) (9) 

The susceptibility xM = Fc/(mHIGIIz) (IO) 

Also it has been calculated, for each experiment: 

z=x - M XB = - (IxM\/+Ixg/) (11) 

Such an experiment, from the cooling of the vanadium in the field of the 

coil current Ic to the computation of x, xB, xM and z has been carried out for 

each sample for the series of current intensities IC = + 0.200 A, + 0.400 A, 

+ 0.600 A, + 0.800 A, + 0.900 A, + 0.700 A, + 0.500 A and + 0.300 A, in the 

order given. 

The values of x, xB and c of sample S2 are plotted versus I, in Figure 1. 

The averages of X, 1, xB, xM and their sigmas are given in Table 1 for both 

samples. In the same table the upper- and lower-limits, of the temperatures at 

which the x and xB measurements on the sample have been carried out, are 

reported too. It appears that the values of xM, although small, are repro- 

ducible. 

DISCUSSION 

In all experiments considered here the susceptibilities x are observed to be 

negative, which means that the superconductors behave as diamagnetic materials. 

The small values of u indicate that the values of x mainly consist of a con- 

stant term j; on which small deviations are superposed. The observation, that x 

seems to be a sample constant, is consistent with the statement made in refe- 

rence (2). In that reference only the extreme cases, Ic = 0.0 and Ic = 0.9 A, 

have been considered. The present work extends the statement to hold also for 

Ic values in between. 

1.35 

1.15 ’ 1 I 

0.0 0.5 1.0 

Ic IA1 

Fig. 1. The susceptibilities of sample S2. 
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TABLE 1 

Average susceptibilities (m3kgm1) T(K) 

Sample -:soj: 
oz.10 

+&Jo; 
aB.10 

Sl 1.334 1.346 1.329 0.017 
<O.OlO <0.002 (0.005 (0.005 ii:: 

s2 1.313 1.329 1.208 0.121 3.2 
<O.OlZ <0.004 <0.031 (0,031 3.0 

The present study concerns more the magnetic moments which are generated in 

the vanadium discs by cooling them, in a small applied magnetic field H, from 

above to below the critical temperature T,. The experimental results are 

analysed to show that, during the cooling in the field, a minor flux fraction 

is expelled while the major flux part is retained in the sample. 

The force change, at the reduction of Ic after the cooling, was measured 

accurately when the balance had stabilized during the stabilization of the 

measuring temperature at 3 K. All the xM values also were observed to be 

negative. Upon cooling in a constant field the superconductor became more 

diamagnetic, as expected from the Meissner-Ochsenfeld effect. When the coil 

current intensity Ic is reduced to zero the gradient G of the field is reduced 

to zero too so that no forces are exerted by the coil on possible persistent 

currents. The F, forces, therefore, are attributed to the Meissner-Ochsenfeld 

effect. 

When a small measuring current Im is sent through the coil, thus creating a 

gradient, the resulting xB values all are positive. It expresses that, as far 

as the force fraction F8 is concerned, the samples are attracted by the coil 

when the current direction of I,,, and I, are the same. They are repelled, 

however, when their signs are different. The observation is understood on the 

model in which currents are induced, in the sample, in a direction as to 

"oppose" the change in magnetic flux through the disc. In the "B" case the disc 

is not superconducting when the field has been put on by I,. The generated 

sample currents, therefore, died out. After the cooling, however, the vanadium 

is superconducting. At the field lowering the generated currents then are 

opposing the flux decrease. They are not dying out anymore. In terms of an 

effective.ring current, its direction in the case of xB is opposite to that at 

the measurement of x. Indeed, in the "A" situation, the disc is superconducting 

before the field is applied by I,, so that the persistent superconductive 

currents in the case of x are opposing the flux increase. 

When the vanadium is superconducting, the currents persist as long as the 

applied field remains unchanged. The resulting sample dipole moment, therefore, 
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is persistent too. The observation that, for a sample cooled through I, in an 

applied field XD # Cl learns that the dipole moment is not free to change direc- 

tion in the disc. Depending on the sign of I, the dipole behaves as a paramag- 

netic- or as a diamagnetic-entity.. 

The deviations: 

dD = XD - ii, (12) 

are small. The largest relative deviation, IdD max/iB/ = 0.038, is observed to 

occur for sample S2. The deviations dB for S2 ire shown in Fig. 1 to be correl- 

ated with Ic. It means that they can not be considered as due to randomly 

distributed measuring errors. A similar systematic behaviour of: 

dM = XM - ii, (13) 

versus I, is observed too. Moreover, dM is about equal to dB for all values of 

I c, so that for C = x,_, - xB the sigma value: 

aG = (f dc/(n-l))0'5 (14) 

is an order of magnitude smaller than CID or aM. The deviations dz do not show a 

correlation with Ic so that they can be considered as due to random measuring 

errors. The value of dz, 4 x 10m6 m3kg -1 , can be considered as a high figure 

for the u value on the measurement of xD. It results in a variation coefficient 

iD ( lOO.o,fjiD ( 0.34 % which is a measure for the precision on xD. Conse- 

quently, the measured differences in xB are significant. 

In relation to the constant C are the values of -xB complementarylto those 

Of xl,,' The m~ent retained in the sample after cooling, is c~plementary to the 

moment, due to flux expulsion by the Meissner-Ochsenfeld effect at the cooling 

in the applied field. The complementary behaviour is understood when on the one 

hand the flux fraction a+, expelled following the Meissner-Ochsenfeld effect, 

yields values for xM, while on the other hand the retained flux part (l-a)+ 

results in values for -xB, both with the same proportionality constant. The 

latter constant is observed to be the same, within experimental error, as that 

for inducing moments at 3 I(. The observation broadens the meaning of the state- 

ment made in reference (2). Not only x but also X = x is a sample constant. 

In the expression x,,, = al: and -xB = (1-a)c one has a << 1 in all experi- 

ments. Only the smaller part of the flux was expelled from the sample. In the 

flat discs the deviations from the ideal plan parallel surfaces may cause flux 

trapping. It therefore becomes difficult to predict the value of a. This does 

not mean that a is not reproducible. Indeed, as part of the measurements have 

been carried out with an I, value smaller or larger than the previous I, value, 

the smooth evolution of xB versus I,, as shown in Fig. 1, is a good indication 

for the reproducibility of the measurements and for the independence of the 

results from the previous ~asur~ents. In every sample a is observed to depend 

on Ic, indicating that field dependent trapping occurs, The value of a of Sl 
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for Io = 0.7 A was increased, by the heat treatment, by a factor of 4. The 

maximum of a occurred in Sl at I, = 0.7 A in S2 at Ic = 0.3 A. The flux expul- 

sion clearly depends on the heat treatment. 

The susceptibility value i.e. the sample constant, allows the calculation of 

the demagnetization coefficient n, quoted in reference 4 to be about 1.0 for 

thin plates oriented perpendicular to the applied field H. Following reference 

5: 

B = iJo+ + I) = llu,F$ (15) 
with: 

Hi = H/(~-n(l-~~) (16) 
where n is the non-superconducting fraction of the sample; and where the magne- 

tization: 

I = PX (18) 
The minimum value of n, calculated by assuming that n = 0, is 0.875. The exper- 

imental value is well approximated by the one which is calculated for an oblate 

spheroid for which the length of the axis of revolution is the sample thickness 

and the length of the other axes is the diameter of the vanadium disc. Equation 

(2.20) of reference 6, yields for our sample n = 0.93. 

In superconducting vanadium flux penetration is expected for an applied 

field 

H 2 (l-n)H, . 

With our value n = 0.875 and the critical field H, = 80 mT at 3 K fref.7) 

our sample flux penetration is not expected for applied fields H 5 10 mT, 

field range used in the present work. No field penetration means that n = 

assumed for the calculation of n. 
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