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by 

ROLAND SCHREIBER 

ABSTRACT 

A cryostat was constructed using conventional and 

superconducting shielding techniques. The ambient magnetic 
-5 

field at the sample was reduced to less than 10 Gauss. For 

the single crystal rhenium sample isothermal magnetization 

curves were obtained with thermodynamic critical fields Hc 

between 4mG and 0.3G. The slope of H^T) vs. T was found to 

be not constant near the zero field transition temperature 

T0. For H^T)>100mG a slope of 192 G/K was obtained, while 

for H^Tj^SmG the slope decreased to 88 G/K. Whether this 

change in slope is due to mechanical defects in the sample 

or due to effects of fluctuations near T0 is at present not 

fully determined. 
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I. INTRODUCTION 

Experimental results for different second order phase 

transitions indicate strong similarities near the critical 

point in various thermodynamic and electromagnetic quantities. 

While ordinarily the description of the transition via an 

order parameter gives good agreement with experiment outside 

the critical region, it fails to account for the singularities 

in the thermodynamic derivatives at the critical temperature 

T0. Theoretical investigations show that the interaction of 

large dimension fluctuations plays a fundamental role in the 

origin of these singularities [31]. This means that additional 

terms, which produce the divergencies at T0, have to be in¬ 

cluded in the partition function. For the superconducting 

state the paired electrons of opposite momentum and spin 

(Cooper pairs) are Bose particles, while the normal state is 

represented by a Fermi liquid. Thermal fluctuations from one 

state into the other produce changes in the partition function 

and the thermodynamic derivatives. This work was intended to 

obtain more experimental information on the magnetic behaviour 

of a type I superconductor near the zero field transition 

temperature T„. 

In recent years interest has centered on the observation 

and prediction of fluctuation effects in the critical region. 

Patashinskii and Pokrovskii [26] showed that the singularity 

in the specific heat in the A-transition of Helium [27] is 

primarily due to large scale fluctuations in the order para¬ 

meter near T„. With the assumption that the singularities are 

due to the long range correlations near T0 and using the 

Landau-Lifshitz fluctuation theory Chandler and Oppenheim 
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[32] derived an expression for the specific heat, which di¬ 

verges at the critical temperature as |r T-T*0 \ 

Glover [28] observed the effects of fluctuations in the 

conductivity of a superconducting film near T0 for which 

Aslamasov and Larkin [29] provided the theoretical explana¬ 

tion. Gollub [24] investigated the diamagnetic susceptibility 

in Indium above the transition temperature. The enhancement 
1/2 

of the diamagnetic behaviour is proportional to [T0/(T-T0)] 

for clean bulk superconductors and was attributed to fluctu¬ 

ations of the order parameter - which Boo Nam [30] described 

as boson-like exitations in his treatment of the enhanced 

diamagnetism. A logarithmic singularity in the specific heat 

above T0 is predicted for bulk superconductors by Batayev et 

al [31]; the temperature interval of the singularity was pre- 
-14 

dieted to be 10 K. In spite of the inaccessability of this 

temperature interval, experimental work was continued to ob¬ 

tain evidence for fluctuation effects below the transition 

temperature. Specific heat measurements in low magnetic fields 

by Cochran [38] showed bumps near the critical temperature 

of tin but failed to reveal a A-type singularity. Parks and 

Groff [35] observed an anomalous temperature dependence of 

the critical current in superconducting micro-strips near T0 

(for T<T0). More recently Schmidt [33] calculated the dynami¬ 

cal conductivity due to fluctuations below T0 for bulk ma¬ 

terial, and Lehoczky and Briscoe [34] found this to agree 

well with their experimental observations of an increase in 

microwave transmission through lead near T0. 

Fassnacht and Dillinger [23] observed strong discrep¬ 

ancies with the theory of Aslamasov and Larkin [29] in their 

magnetic measurements on pure Ga and Zn samples, so that the 
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theory cannot yet claim full agreement with experimental 

results. 

These discrepancies between theory and experiment led 

to our continuation of the work of C. Wells [12] to obtain an 

experimental clue about the magnetic properties of rhenium 

near T0. 

With improved shielding techniques, which employed 

superconducting shields for the experimental region, it was 
-4 

possible to reduce the ambient field to 10 Gauss (Fig.l) 

in any direction. An increased sisitivity of the magneto¬ 

meter system allowed us to measure transitions in critical 

fields of the order of 5 Milligauss to see whether there is 

evidence for a singularity in the slope of the critical field 

curve near the zero field trantition temperature T0. 
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II. FLUCTUATIONS IN SUPERCONDUCTORS 

Although the superconducting transition near the 

critical temperature Tc is extremely well described by the 

Ginzburg-Landau or the equivalent BCS theory [9] it is of 

interest to know whether there exists a temperature inter¬ 

val close to T0 where such mean field theories break down. 

(For other second order phase transitions, e.g. ferromag- 

nets, theoretical predictions do not agree with experimen¬ 

tal behaviour very near the critical point). The cause of 

this breakdown near T0 is attributed to the effects of ther¬ 

mal fluctuations in the order parameter [16]. For supercon¬ 

ductors it has been argued that the effect of intrinsic ther¬ 

mal variations of the order parameter in bulk material is 

severely limited by the large value of the superconducting 

coherence length [15,16]. 

Various calculations of the temperature interval where 

these variations become effective in pure type I bulk super- 
“"8 

conductors give estimates of |T-T0\< 10 T0. Where T0is the 

mean value of the transition temperature of the sample. For 

T<T0 these fluctuations in the order parameter towards the 

normal state reduce the magnetization and the critical field 

Hc <T) • 

II-l. SECOND ORDER PHASE TRANSITIONS 

In a second order phase transition the state of the 

material (the Gibbs free energy G and the entropy S) changes 

continuously while the symmetry undergoes a sudden change at 

the transition point [21] . In our case, the phase of higher 

symmetry corresponds to the normal state phase, while the 
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superconducting phase is the one with less symmetry. 

Phase transitions may he described in terms of a clas¬ 

sical order parameter which measures the reorganization of 

the physical system at the transition. For superconductors 

this order parameter P is the energy gap. The continuity of 

G and S is expressed by the fact that P goes to zero contin¬ 

uously as T approaches T0. Near the critical point the order' 

parameter has arbitrarily small values, and thus a singularity 

in the thermodynamic derivatives does not affect the expan¬ 

sion. Thus we obtain for constant pressure: 

Since the normal and superconducting phases have different 

symmetries, the coefficient of the linear term in P vanishes 

[22] . A(T) is negative for the s.c. phase (for a minimum 

in G) and positive for the normal phase; we have for T=T0, 

A=0. Symmetry considerations require [2l] that the third 

order term in P vanish and that the fourth order term be 

positive near T0 to obtain a stable state of the system. 

The average value of P which minimizes the free ener¬ 

gy is given as 

1i 2 A P0I = - - for the superconducting phase *) 
• B 

Substitution into the expansion for the free energy and 

differentiation with respect to T will give only a finite 

2 
*) |p0J =0 corresponds to the normal phase 
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jump in the specific heat. However, it turns out that due 

to thermal fluctuations of P of the order of magnitude of 

P0 very close to the transition temperature T0 these mean 

field theories are no longer valid and that in this critical 

region the thermodynamic derivatives diverge. 

II-2. SPACE AND TIME DEPENDENT VARIATIONS OF P 

So far our expansion of the energy neglected any var¬ 

iation of the order parameter in the material. As only slow 

variations of P are considered we take only the lowest order 

derivatives with respect to the coordinates: 

G(p,r) = + §tACr)mZ + + cj^P|2]<^V 

v 

(Due to the isotropy of the material only the square of the 

gradient can appear.) 

When variations of theorder parameter are considered 

it is of interest to see how the deviation of P from its 

average value <PC> at one point in the material is related 

to similar variations in neighboring regions of the material 

This description is given by the correlation function 

3 Cr.r'J = < (P (?) - <P.>) ( PC?) - <?.» > 

where the brackets <> indicate thermal averages. 

At T=T0 the range of g(r,r') extends to infinity and thus we 

have a very strong correlation of variations of P near Tc. 
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It is this divergence in g(r,r') which produces the diver¬ 

gencies in the thermodynamic derivatives, as can be seen by 

the analogous second order phase transition in ferromagnets. 

[25]. 

The magnetization of the sample depends only on the 
2 

time average of P so that the time dependence of the fluc¬ 

tuations is not very important in our case. Gollub [24] 

derives relaxation times for fluctuations and obtains values 
-13 -1 

of the order of 10 (T0-T) secs, so that for any experi¬ 

mentally obtainable temperature interval any fluctuations in 

P will decay in an extremely short time. 

II-3. CORRELATIONS OF VARIATIONS IN THE ORDER PARAMETER P 

The correlation function g(r,r') relates the thermal 

variation of P at r' to the variation at r: 

- <TCrO T Cf)> - <Po> 

k 

Following Landau's treatment we can obtain an analytical 

expression for g. Multiplication of the above equation by 

exp (-ik(r-r')) and integration over V will give for the 

Fourier components of the correlation function: 

0) 

e oL t1 

« V ̂ CR,o) 
V 

<a. 
% 

ck V 
tt) 
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Since g(r,r') depends only on R=r-r' the integration over r' 

can be carried out. Substituting equation (1) into (2) we 

obtain 

v (3) 

The expansion of the variation of the order parameter in a 

Fourier series gives: 

AT> - T»fr) - <?.> =Z l A) 
kr 

with k^O. The expansion of the change in free energy (see 

p. 6) requires that k should be small. An expansion valid 

for large k would have to include higher derivatives of P 

with respect to the coordinates. 

The k-th Fourier coefficient is given by: 

(?(r) - <?6>) 

V 

dV 

or 

^ _ i * i fifl (r-r1) s » 
fkTk = l'

FLl =fi jjcPtfi-<?.>)( ?<r)-<■?*■>) 3- ct-fcLr 
vv 

J7» |*« -i- |CP(W - elfe-S,dlr CS) 
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comparison of equation (5) with (3) shows that 

« < \\\*> 
Thus the k-th Fourier component of the correlation function 

is proportional to the mean square thermal fluctuations of 

from the change in free energy AG due to variations of the 

order parameter P in the sample volume. 

4G = G - G0 where G0 is the free energy calculated 

with the mean value PQ; G0 is constant over the volume, 

with 

where higher order terms in AP have been neglected. Sub¬ 

stituting equation (4) into the expression for AG gives 

where k is limited to small values; otherwise we would 

have to include higher order derivatives with respect to 

the coordinates in the free energy expression. As each term 

P. 
k* 

The mean square fluctuations in p can be calculated 

46 = VZ C-2-A* Ckl) IPJ1 

k 

in the sum contains only P, the variations of the different 
k 
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Fourier coefficients are statistically independent. 

The probability for thermal fluctuations to occur is 

given by [19] 

W <2. k*T 

Therefore we obtain for the probability distribution of the 

P 
k 

WCPjc* + CkJJ" ) (7) 

Using the equipartition theorem allows us to find an expres¬ 

sion for the mean square fluctuations of the Fourier compo¬ 

nents. 

A<5 = 27 jr 
k * 

C-ZA*Ckt)< IPk|l> 
k 

ZV C-ZAkC^) 
(e) 

With equations (6) and (8) we can calculate the space and 

temperature dependence of the correlation function: 

.,2 I i ft -i le-'Q .3 

<1^ > m T* % --7 ^ 
V 

With the right hand side of equation (8) we get the integral 

equation for g(R,0): 
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V 
Z. (-2/ + Ck‘) 

0?) 

For an integral equation of this type, e.g.: 

h* °ir 

_iL_ 
a1* f 

the solution for g(R,0) is of the form [20] : 

/ t * ^ \ I 

This gives the differential equation for g 

7*3 - aj ~ — 4Uo(§(8.5 (io) 

4 

Multiplication of (10) by e and integration over all 

space gives 

- 4T\< 00 

using the divergence theorem twice we can convert the first 

term in equ. (11) 
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where the surface integral vanishes as Vg is zero at infinity 

and equation (11) becomes thus 

>*+ t-1 

(13) 

comparison of equations (13) and (10) yields for our coef¬ 

ficients 

A 
1 

o( k>T ZA 
<=- i 



13. 

and for the correlation function we obtain 

arc a- e 
(i4) 

4*1 /2 
^ = (-C/2A) is the characteristic length for correlation 

of variations in the order parameter. J is real (A ^ 0) and 

becomes very large near the critical point, since A will be 

very small. 

At T=T0 : A=0 and g(R,0) = o£ R ^ , so that at the 

critical point T0 the range of g(R,0) is infinite, e.g. the 

correlation of the order parameter over a given distance is 

increased for T close to T0 since the correlation of fluctu¬ 

ations is very strong near T0. To obtain the general form of 

equ. (1) we rewrite (14) 

, „ kj- l 

3(r'rJ = TTfi & <‘s) 

This expression is correct whenever Jr-r'j is much bigger 

than a lattice constant, because then quantum fluctuations 

become insignificant [16]. (The above result is also based 

on the fundamental assumption that the free energy is ex¬ 

pandable in powers of the order parameter P and |T-T0|} . 

Since the singularities in the thermodynamic functions 

are interpreted to be due to the divergence in g(r,r'), we 

can now calculate the temperature interval around T0 in which 

one expects to observe critical phenomena. 
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III. THE CRITICAL REGION 

The critical region is the temperature interval around 

T0where the variations of the order parameter are comparable 

in magnitude to P itself. The width of this interval depends 

on the criteria chosen [15] and is predicted to be less than 

10 Tc for pure bulk superconducting material. In this 

region the fluctuations become important and limit the valid¬ 

ity of the phenomenological mean field theories. 

nd 
III-l. RANGE OF VALIDITY OF THE LANDAU THEORY FOR 2 ORDER 

PHASE TRANSITIONS 

The expansion of the free energy in only the lowest 

derivatives of the order parameter with respect to the co¬ 

ordinates is based on the assumption that the variations are 

small. Very close to the critical point, however, the system 

can have large fluctuations of the order parameter with little 

cost in free energy. By averaging the order parameter over a 

suitable range in space some of these fluctuations can be re¬ 

duced. [15] 

The largest region over which one could average can be 

only of the order of the coherence length | . We can now 

choose the criterion for the validity of the theory by re¬ 

quiring that the variation of the order parameter over dis¬ 

tances of order J must be small with respect to the mean 

value of the order parameter P„ : 

ofr,r'J < (•?{?•)-<£>)(><?>-<H>)>. «i'Pe|
i (\) 

* llr-r'i« J 
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Using our earlier results for <P0> and the expression for 

g(r,r') we obtain 

t<* r < T„ 

Thus we have the criterion 

<STTa jCT) 
« ~ 

A_ 
& 

U) 

The coherence length J is usually expressed in terms of the 

temperature independent zero temperature coherence length i0 

a- , A = cL £ ; c 

f «• f-' C/zA »• 121 

With this expression we can use equ. (2) applied to the 

critical region: 

k T 

<S7TC fm 
« z 

For temperature intervals l»j£.|»j£j the molecular 

field theory predicts the correct results; but for j £| « 

fluctuations become important. Kadanoff [16] uses the co¬ 

herence length of tin and the known jump in the specific at 
I t -14 

the transition to predict that |£J should be as small as 10 

to observe fluctuation phenomena in bulk material. Hohenberg's 
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criteria [15] on the other hand predict critical temperature 

intervals of £.< 10 Due to the large coherence length in 

superconductors the critical region becomes very small in 
-2 

comparison to other second order transitions (magnetic:£~10 , 
-4 c 

ferroelectries: 10 ). 

III-2. REQUIREMENTS ON THE RESIDUAL MAGNETIC FIELD 

In order to observe any critical phenomena like the 

logarithmic singularity of the specific heat at T0 in the 

superfluid transition of He (Fairbanks [27]), we need to be 

within the critical region near the transition point. 

In order to obtain an estimate for the necessary 

upper limits of the residual field H we assume that the c res 
parabolic dependence of the critical field H^ on the tem¬ 

perature T holds for 4T = IT^-TJS&IO °K: 

= 1 ~ » - C£r„-T)7r‘] = ZAT/^ 

-f. 

For our rhenium sample T0= 1.699 °K and Hc= 198 - 2 

Gauss [25]. We thus obtain a critical H for a temperature 

4 T=10 °K 

-4 
H fc* 2x10 Gauss c 

So that we want the residual field to be less than H /2 in 
c 

order to obtain a good signal from the transition. 

-4 
H 10 Gauss res 
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is the upper limit on the residual magnetic field. Our field 

cancellation and shielding system reduced the ambient fields 

in the laboratory to the above value in the cryostat. (See 

Fig. 1) 
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IV. EXPERIMENTAL DESIGN AND OPERATION 

The cryostat and dewar system were placed in a region 
-S 

of low magnetic field of the order of 10 Gauss, which was 

shielded by a set of high permeability cylinders [13] within 

a system of three mutually orthogonal pairs of Helmholtz 

coils [8,10]. With these magnetic shields changes in the 

nonaxial components of the external field were attenuated 

by a factor of 100, while the axial field component was 

only reduced by a factor of 20 at the sample. 

IV-1. CRYOSTAT 

The cryostat is constructed of nonmagnetic brass and 

is built in sections so that it could be dismantled to make 

changes in the sample chamber or exchange the sample for the 

magnetometer probe (Fig.5). Nevertheless the sample can be 

taken out and exchanged from the top when the whole cryostat 

is placed in the dewar system and this avoids vacuum problems 

once the system is tight. 

The sample was placed in a seperate He bath which could 

be temperature regulated as described previously [12]. Placing 

only the sample into the superfluid He II bath allows a much 

better temperature regulation since the big heat leaks from 

the magnetometer probe and other electrical sources (such as 

"heat" switches) could be eliminated. A modification of the 

previous design was that in this cryostat the pick-up coil 

of the d.c.-transformer was placed directly around the sample 

in the He II bath, while the rest of the superconducting loop 

was placed in the He I region. The sample chamber was insu¬ 

lated by a vacuum shield from the 4.2K He I bath. 
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The sample chamber could be raised and lowered to 

establish thermal contact to the outer wall of the vacuum 

jacket during the cool-down process. For investigating the 

rotational anisotropy of the magnetization curves of the 

sample as observed by Wells [12] , the sample chamber could 

be rotated through 360° during a run. 

A superconducting cylindrical lead shield was put 

around the cryostat to ensure a stable low magnetic field 

during the experiment. A 0.008" commercial lead sheet [11] 

was wrapped around an Al-cylinder and the ends fused together. 

The 8.8cm O.D. and 48cm long shield was mounted so that the 

technique developed by Vant-Hull and Mercereau [1] of in¬ 

creasing the shielding factor for transverse fields by in¬ 

duced eddy currents in a rotating superconducting cylinder 

could be applied; at present no use has been made of this 

feature for our experiments. 

Deaver and Goree [2] found that external fields were 

attenuated as H =H0exp(-3.4z/R) for cylindrical shields. At 
z 

the sample, this gives an attenuation of external fields by 
-7 

a factor of 10 . The remaining axial field inside the shield 

could be zeroed with the superconducting solenoid by applying 

the appropriate current and then switching the solenoid loop 

(Fig.3) into the constant current mode. 

To provide an environment for the magnetometer and the 

feed-back coil of the superconducting d.c.-transformer which 

was independent of the magnetic field in the sample chamber, 

two separate lead shields were used (Fig.2). 

The schematic (Fig.4) shows the electrical set up of 

the experiment. The feed-back current in the magnetometer 

system is proportional to the magnetization of the sample 
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(when the magnetic field system is balanced in the normal 

state) and is plotted on the y-axis of the recorder. With 

the solenoid current plotted on the x-axis, we directly ob¬ 

tained the isothermal magnetization curves (Fig.6). The out¬ 

put from the integrator (Self-Organizing Systems SI 120) was 

used as reference voltage for the constant current power 

supply which powered the field solenoid and the field balance 

coil. The small balance coil is coupled inductively to the 

superconducting loop of the d.c.-transformer (Fig.2). The 

ratio of field current to balance current is set so that for 

any solenoid field (at the sample) the magnetometer system 

will indicate zero magnetization for the normal sample. (The 

supercurrents induced in the loop by the solenoid field are 

cancelled due to the field in the balancing coil). The super¬ 

conducting sample expels the flux,.hence changing the ‘flux- 

linkage of the d.c.-transformer loop. The induced super¬ 

currents produce a field in the magnetometer coil which leads 

to a deflection in the Gaussmeter. The negative feed-back 

reduces the effect of the supercurrents on the sample field 

and stabilizes the signal. Reversing switches helped to ob¬ 

tain the correct orientation of the above mentioned fields 

relative to each other. 

The temperature stability was the most critical para¬ 

meter in these experiments; therefore only the sample and 

part of the d.c.-transformer were put into the superfluid 

He bath. The mechanical and electronic temperature regula¬ 

tion systems could be adjusted so that continuous readings 
-5 

of the vapor pressure did not show any drift (e.g. AT <2x10 K) 

^ within a five minute period. 

The following sections of this chapter (IV-2. to IV-5.) 
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give a more detailed description of the experimental design. 

IV-2. TEMPERATURE CONTROL 

For regulating the temperature of the sample bath two 

methods were used. For coarse regulation, the pressure above 

the bath could be adjusted by needle valves in the pumping 

line. For fine regulation an automatic temperature control 

unit as described by Blake and Chase [14] was employed. 

Using a 1/10 Watt Allen-Bradley 120 Ohm resistor as tempera¬ 

ture sensor of the 35 Hz a.c. resistance bridge and a non- 

inductively wound heater (#40 manganin wire, 110 Ohms), the 
—5 

unit was expected to regulate within ±10 K; the high thermal 

conductivity of the superfluid helium eliminated any temper¬ 

ature gradients. 

An auxiliary resistor (AB 120 Ohms,l/10W) was used as 

the sensor of a d.c. bridge in connection with a Fluke 840A 

electronic galvanometer to measure the temperature independ¬ 

ently from the control system. 

The vapor pressure above the superfluid He bath was 

measured with a Texas Instrument Fused-Quartz Precision 

Pressure gauge. Wells [12] provided a least square approxi¬ 

mation to the calibration points and this conversion table 

was used to obtain the absolute temperature of the bath. The 

standard deviations correspond to an error in the absolute 
-3 

temperature of 3x10 K. 

The quality of regulation and constancy of the temper¬ 

ature could be checked by repeated measurements of the iso¬ 

thermal magnetization and a comparison of the obtained 

critical fields H . 
c 
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Although theoretical considerations require the tem¬ 

perature interval to be smaller than 10 to see any criti¬ 

cal phenomena, i.e. a divergence in the slope of the criti¬ 

cal field curve, it is assumed that with the given regulation, 

the temperature will not fluctuate more than 10 during 

the transition itself. 

IV-3. SAMPLE 

The rhenium sample was the same one described by Wells 

[12] . The 99.99% pure zone refined sample had been annealed 

for a total of 250 hours at 1200°C. The single crystal sample 

measured 3mm in diameter and had a length of 10cm. The axis 

of the cylindrical sample is approximately in the basal plane 

along the [1010] direction of the hep lattice. Due to earlier 

mechanical deformation [12] the sample shows bands around the 

surface which seem to have their origin in the [1010] slip 

planes. 

IV-4. SOLENOID CONSTRUCTION AND FIELD APPLICATION 

For the calculation of the fourth order end-corrected 

solenoid a modified method based on the derivations of Girard 

and Sauzade [4] was employed. (See Appendix VI-1, for details) 

To determine the proper dimensions for the highest theoreti¬ 

cal homogeneity of the applied field along the axis, a com¬ 

puter program was used. The coil was wound with supercon wire 

T48B [5]. The I.D. is 6.80cm and only one layer was wound 

over the whole length (1022 turns). The correction coils were 

wound as two 3.0cm long sections (81 turns) at the ends of 

the solenoid. The computer calculation of the axial field 
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distribution showed a relative field variation of |H -Hq) /H0 
-5 z 

less than 10 over the length of the sample. (H0 is the field 

at the center of the sample). The experimentally determined 

field variation was within the noise level of the magneto- 
-5 

meter (10 G). 

The solenoid is part of the superconducting loop and 

is fed inductively (Fig.3). This arrangement made it possible 

to produce any desired constant field by applying a current 

to the feeding coil when the s.c. loop was opened by a heat 

switch and then switched back into the constant current mode 

after which the external current is turned off. A constant 

field over the sample region is obtained. Any residual trapped 

axial fields could be zeroed. 

The superconducting solenoid also shields external 

fields? for this the transformer coil for the solenoid has- 

negligible inductance relative to the solenoid. With 388 

turns, 1.96cm I.D. and 5.0cm length the ratio of the in¬ 

ductances of the transformer coil to the solenoid was cal¬ 

culated as 0.08. 

For the total system the experimentally determined 

constant is 0.71 Gauss at the sample for 1 Ampere in the 

feeding coil. j 

IV-5. FIELD MEASUREMENT AND NULL DETECTION 
-5 

The small ambient fields (10 Gauss) at the sample 

were measured with a fluxgate magnetometer system [7]. 

Together with the Hewlett-Packard Clip-on-Milliammeter No. 
-3 

428B this system has a full scale deflection of 10 Gauss on 
-5 

the most sensitive scale, with a noise level of 10 Gauss. 
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With only the conventional magnetic shields and Helm- 
-4 

holtz coils m use a field variation of H - H = 10 Gauss 
-r7 -7 

was found (sample region: -7cm to +7cm). With the supercon- 
-5 ducting shields this variation was reduced to 10 Gauss, 

which was already within the noise level of the magnetometer 

system (Fig.l).. 

To measure the magnetizatioxi curve of the supercon¬ 

ducting sample a modified magnetometer probe was used which 

was suitable for operation in a cryogenic environment [8]. 

This probe was placed in a 8.5mm I.D. and 58mm long cylindri¬ 

cal superconducting Pb-shield far below the sample (14cm 

from its center), so as to influence the magnetic field 

homogeneity around the sample as little as possible and to 

create a shielded region independent of any external fields. 

Thus only supercurrents in the superconducting pick-up loop 

(Fig.2) could produce fields around this magnetometer probe. 

It was assumed that the cancellation of the nonaxial 

field component was sufficient as to have the same negligible 
-5 

magnitude (below 10 G) in each run after the (rotatable) 

superconducting shield had been cooled below the transition 

temperature. 

The axial field component could be zeroed every time 

by the following method: 1) above the transition temperature 

of the sample and with zero applied solenoid field the mag¬ 

netometer is zeroed; 2) ..then the temperature is lowered until 

the sample is superconducting. In the case of a residual 

field trapped inside the lead shield the magnetometer system 

will register the flux expulsion from the sample. In this 

case we go above T0 and apply an external field of appro- 
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priate magnitude and zero the magnetometer again. A cooling 

through the transition temperature will show how effectively 

we have cancelled the field. After finding the correct field 

strength necessary to cancel the field one can switch the 

superconducting solenoid into the persistent current mode 

and make the field independent of the external power supply. 

IV-6. OPERATION OF THE D.C. TRANSFORMER 

The magnetization of the sample was measured with the 

aid of a flux transporter or d.c. transformer (Fig.2). This 

made it possible to place the magnetometer probe outside the 

homogeneous field region. 

The superconducting loop consists of three coils: 

a) the sample (pick-up) coil 

b) the magnetometer coil L 

c) the balance coil L 

The inductance of L was made much smaller than L or L. to 
2 Ml’ 

obtain a high sensitivity. 

To have a maximum field change at the magnetometer for 

a certain change in the magnetization of the sample, the 

following considerations were taken into account: The super¬ 

conducting loop will conserve its total flux linkage, so that 

the current i induced by the change of magnetization M of 

the sample is given by -^UM^A^N^ + i(L^+LM+L2) = 0 (where A^ 
s 

is the area of the sample in L^; N^ is the number of turns 

of the pick-up coil L^) . This current will induce a flux 

at the magnetometer 
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so that we have to maximize 

__ __ Nt L M 
Aft Art Lt + Lt 

The area of the sample A and the minimum area A„ of 
s M 

the magnetometer coil are given, so that we can vary the 

number of turns only. The inductance for a coil is given by 
2 

L=CAN , where C is a factor which depends on the ratio of 

length to diameter of the coil. Neglecting in the total 

inductance of the loop (L^I^+L^) and taking the turn ratio 

N„/N = X as our variable for maximization, we get (A =A ) 
1 M Is 

JSL ( \ _ __ AJL  -  
oiX V Aft , j 

Si** 

X 
i 

( g/Aa w 4 

Setting this expression equal to zero gives for the condition 

of optimum performance of the s.c. loop: 

v _ N, C.ft Aft 
a, As. 

Thus the inductance of the pick-up coil must be equal to 

the inductance L of the magnetometer coil to obtain maximum 
M 

efficiency of the loop. 

Experimentally it was best to use a 3cm long coil 

which covers all of the 2cm magnetometer probe. NM=159 turns 

of Supercon T48B [5] with an ID. of 6mm. For the pick-up coil 

we used an ID. of 4mm and the same wire for the N^=254 turns. 

The coil length is also 3cm. The balance coil in this 

superconducting loop was wound with an ID. of 3.7mm and a 

length of 4cm. With 108 turns for the inductance was less 
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than 10% of (L.+L ). This method of balancing the induced 
1 M 

currents in the loop due to the applied field proved to be 

advantageous over previously used techniques [3]. The current 

to this balance coil is always proportional to the field 

current (Schematic Fig.4). The total flux linkage in the 

loop of L^, L^, and is conserved and an external field 

at L, will induce a current i L in the loop, (for H = 0 
1 ext ext 

we have i =0) 
ext 

• ^ ^ Nt 

This current will produce H' L in L, and H" ^ in L and also 
ext 1 ext 2 

H' in L , which is measured. Feeding a balance current into 
M M 
will cancel iQxt and the sample will feel only the applied 

field H due to the solenoid. To obtain the magnetization 
6Xt 

curve for the superconducting sample the ratio of field to 

balance current is set when the sample is in the normal state. 

To minimize the supercurrents induced in the supercon¬ 

ducting loop when the sample is in the superconducting state 

a negative feedback system is used. The feedback current is 

taken as a measure of the magnetization (since it is propor¬ 

tional to the field at the magnetometer probe due to super¬ 

currents in the pick-up loop (Fig.4)) and is plotted on the 

y-axis of the Moseley x-y recorder. 
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V. EXPERIMENT AND DISCUSSION OF RESULTS 

The rhenium sample was placed in the pickup coil of the 

superconducting flax-transformer which was centered in the 

field solenoid. Zeroing the axial field proved to be an un¬ 

necessary procedure - it was better to apply an initial axial 

field and then sweep the field from -H to +H thus forcing the 

sample through a N-S transition followed by a S-N transition. 

This was advantageous for finding the zero field point of the 

magnetization curves and also to verify the amount of flux 

trapped in the sample in the N-S transition. This trapped 

flux produced a remanent magnetization in zero field and 

required a certain coercive field to reduce the magnetization 

to zero. The investigated values of the critical field gave 

a coercive field of approximately 10% of the critical field. 

The measured magnetization curves did not show 'the 

ideal sharp transition but rather were quite smeared out, 

especially at the lowest critical fields. Therefore we mea¬ 

sured the area under the magnetization curve and used the 

thermodynamic definition to obtain the critical field Hc: 

H =V 8TIA* (where A is the magnetic work done on the sample 
c 

per unit volume and is proportional to the area under the 

curve). 

The sweeprate used was lmG/sec; this was sufficiently 

slow, since the shape of the magnetization curves was not 

altered by a sweeprate of 3.8mG/sec. As the slower-sweeprate- 

critical field curves were identical to higher sweeprates, 

the lmG/sec sweep was used in all experiments. 

The magnetization curves of two runs were used to obtain 

the temperature dependence of the critical field Hc. The tem- 
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perature was varied only over an interval of approximately 

lmK about T0 (1.697K), which made it possible to obtain iso¬ 

thermal magnetization curves with H__ between 4mG and 0.3G. 

The slope of the curve, 'dH^/OT, is not constant near 

the critical temperature, but starts to decrease approximately 

50C>£*K below T0 (Fig.7). 

For relatively large values of Hc, e.g. for Hc>100mG, 

the slope is 192 G/K which is in reasonable agreement with 

the value of 204 G/K obtained by Wells [12]. 

For temperatures closer to Tc the critical field de¬ 

creased slower with T and a slope of 88 G/K is obtained for 

critical fields of the order of magnitude of 5 to lOmG. This 

decrease in the slope of the critical field curve may be due 

to the fluctuations of several domains to lower temperatures 

(i.e. higher critical fields) thus letting the magnetization 

of the sample go to zero slower than at lower temperatures. 

Since the transition temperature also depends on the 

mechanical strains [36,37], different portions of the volume 

may have different transition temperatures because of varying 

internal stresses. Although our sample had been annealed for 

250 hours at 1200°C [12], it is impossible to be completely 

stressfree. A statistical distribution of the magnitudes of 

these stresses due to lattice defects, which cause changes 

of the transition temperature by the order of microdegrees 

in parts of the sample, will also lead to a decrease of the 

slope of the critical field curve near T0 (where T0 is the 

transition temperature for a strainfree volume). 

The slope of the critical field curve near the transi¬ 

tion temperature is smaller and therefore the discontinuity 
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• 2 in the specific heat, which is proportional to (3H A)T) at 
c 

T0, is actually decreased and no peaking is observed near T0. 

This is in contrast to an expected singularity at T0 from 

fluctuation theory. The discrepancy may be due to the fact 

that these measurements of H were still taken outside the 
c 

critical region postulated by the theory for bulk super¬ 

conductors . 

For future investigations it is of interest to check 

the effects of strains on the shape of the critical field 

curve to find unambiguous proofs whether the change in slope 

of H^T) versus T is caused by strains in the bulk sample or 

the long range correlations of thermal fluctuations in the 

superconducting order parameter near T0. 
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VI. APPENDIX 

VI-1. PROGRAM FOR THE SIXTH ORDER END-CORRECTED SOLENOID 

The computer calculations for this superconducting 

solenoid were done to the formulas derived by Girard and 

Sauzade [4] for solenoids with constant inner diameter and 

additional windings at the ends. 

  c* 

— ■W  -I  
¥ 

2a, Zct t # 

1 

The solenoid is considered to be a composition of two 

cylindrical coils, one with ID 2a^ and OD 2a and length 2b; 

the second (fictitious) one with ID 2a^, OD 2a ^ and length 2b' 

which produces a field opposite to the first solenoid. A uni¬ 

form current sheet is assumed for each solenoid; the current 

density is the same in both coils. 

The resulting axial field component is given as: 

(rt Q) a CLz [N0 + * ^ €>) +. 

where the N^ depend on the ratios of the outer to inner 

radii and the lengths to inner radii of the two solenoids. 

For a sixth order end-corrected solenoid it is necessary 

that the coefficients and vanish. 
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For a given ID of 2a^= 6.80cm and a total length of the 

solenoid of 2b = 37.65cm and with a wire of 0.036cm diameter 

our program gave the following results which maximize the 

field homogeneity: 

one layer over the length 2b, a second layer for the 

end coils such that 2b'= 31.61cm. 

r2 
-7 

N0 = 1.0271 x 10 

N2 =-5.8339 x 10 

N. = 5.7153 x 10 
4 

N = 5.6268 x 10 
6 

N = 3.5549 x 10 
8 

-7 

-8 

-9 

With these coefficients the field calculations yielded 
-2 -2 

a solenoid constant of H^0)/i = 4.481x10 Gauss/amp cm ^ and 

a maximum variation of H^z)-H^0) = H^0)xl0 5 over the sample 

length. This could be verified experimentally - all changes 

in the field distribution due to different applied fields 

(0 to 0.5G) were within the noise level of the magnetometer 
-5 

system (10 G) . 

VI-2. THE DISCONTINUITY IN THE SPECIFIC HEAT AT THE S-N 

TRANSITION. THERMODYNAMICS 

In applying thermodynamics we assume that the sample 

has, in zero magnetic field a free energy g (T,p) when in 
s 

the superconducting phase and gn(T,p) in the normal phase. 

Below the transition temperature the Gibbs free energy g 
s 

is smaller than g . 
n 

For a sample in an external magnetic field H we obtain 

for the Gibbs free energy 

G(T,p,H) = U + pV - HM - ST 
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as du includes only the work done by H on the sample we have: 

dU = TdS - pdV + HdM 

dG = -SdT + Vdp -MdH 

and the free energy in an external field at constant tem¬ 

perature and pressure (for unit volume V) is given by: 

G(H) = g 

Gs(T,p,H) 

Gn(T,p,H) 

fU 
• \ MdH 

= gs(T,p) 

= gn(T,p) 

Setting the magnetization Mn of the normal phase equal 

to zero, we obtain for a superconductor in a magnetic field H 

(in equilibrium G =G ) 
s n 

gn(T,p) - gs(T ,p> = - JMS 
M dH 
s 

In a superconducting sample B =0 and M = -H/4TT . Hence 
s s 

f - M dH = H /8TT 
s c 

Thus the difference per unit volume in g and g at the transi- 
n s 

tion is 

g - g = H2(T)/8T 
n s c 

For the latent heat of transition we obtain 

T(S -S ) = - T(H /4TT)^H /<>T 
ns c c 

and the difference in the specific heats is: 
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C - C = (1/4TT) [H (<|H A»T2) + (3H /dT)2] 
s n c c c 

For measured values of H r&H /&T and AC near T0 there is c c 
good agreement between theory and experiment - but these 

measurements were taken outside the critical region. 

From our definition of the Gibbs free energy it follows 

that we can obtain the "thermodynamic* critical field Hc from 

the area between the superconducting and normal state 

magnetization curves. 

ftte 
H2/8TT = l(M -M ) dH 
c ins 

Since the transition is smeared out over an interval 

AH of the applied field this definition of the critical field 

was used to obtain consistent values of Hc for varying shapes 

of the magnetization curves. 

The experimentally obtained isothermal magnetization 

curves were integrated with the aid of a planimeter. A nor¬ 

malization coefficient for the area under the curve was, cal¬ 

culated for high critical fields - the thermodynamic critical 

field was made to agree with the field value for which 

the magnetization dropped drastically. This coefficient was 

then used for all curves to obtain the thermodynamic criti¬ 

cal field from the measured area. 
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a) Field variation in the solenoid 
(without residual field) 

Fig. 1: The field variations over the sample 
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Fig. 2: DC transformer loop 
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