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 ABSTRACT

::_ Thé'fespﬁnse of a metallic speéimen_to an a.c. magnétic f;eld is
 ,examin¢di1n.termé of resistivity and complex pernwability; An equaﬁion

~ describing the response as a function of frequency.is developed and

vsupported by ekperimental measurements. It is deménstrated that mepals,

i.e. copper and niobium,go through a susceptance transition to become
.‘diamagnetic,,with'an,increase in field fregquency. The same transition may

be obtained with a decrease in resistivity, as assoclated with_a-deérease
:-'1n temperature. Fdr & speclal case,'the equation 1s shown to reduce to‘

a fdrm of the Curie-Weiss.relationship. Possible extension of the equation

- to 1include Larmor.frequency 1n'stétic fields 18 not descrfbéd. The results

of this study indicate that wﬁen a susceptance measurement is used to indicate
a superconductivity transition, valld comparisons with measurements taken at
differenf frequencies (or by other methods) may not be made ﬁithout.incorpora-

ting a frequency correction term.
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Electrdmagnetic induction techniques for the measurement of the
.electrical and magnetic properties of materials have long been useful.
There has been some question,l however, of the interpretation of the re--

sults in terms of the basic properties of the material belng examined.

-~ The classical concepts of resistivity, attributed to conduction electron

density and scattering, and permeabllity still represent a most convenilent
means for designating electrical propertles. The concept of permeability
is a:little more evasive than 1s resistivity since it involves fhe con~
duction electrons with associated scattering terms, the bound electrons
of fhe atom core, and on a fine scale the nucleus itself. It is clear
' that,reeistivity end permeability as used in electrical calculations are
not independent,variablee, althoﬁgh they are usually treated as such for
convenience. | |
Of interest here 1s the susceptance (or permeability) and the re-
sistifity of a metallic specimen as deduced from alternatiﬁg current
induction measurements; an@ the effect on these measurements of a change
in the specimen, and/or a change in the frequency of the applied magnetic
1nduction field. ‘
A meta;lic materiel, sitting in an alternating magnetic field, is -
‘representedfas a‘single turn current loop with three characteristics: (1)

Phjsical glze with an effecti#e cross~-section area A2 normal to the exciting
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Agenerate a voltgge in the sense coil é3. Upon makingvthe substitution

D=

.,fiéld;'(2)LResistivity_p, based ﬁpon'frée eléctrog density, mean-free-path
- £, the thermal (Boltzmann) electron velocity v; and (3) Permesbility Koo
'r‘where the'subscripf of the uo indicates the compqnent of the complex pér—

- meabllity in phase with the induced current in the specimen.' Also the

term My is used to represent the complex component in‘phasé with.the exciting
field ﬁ. The effective cross-section of the specimen A2,i§ eq@al to the
actual cross-section area multiplied by a constant g, for a particular
frequency. |

For a cylindriéal specimen, the inductive reactance may'be written
A .

“as X =_hﬂu6®*-g where ® is the radial frequency of the applied magnetic

ta

" field. The resistance may be written as R = %ﬂg « With an .induced voltage
SR ' ' . 2 ' : .
in the specimen €5 current in the specimen may be calculated:
L - e ] quHAeH e - '.. ’(l)
2 R+3X onp REZTIWA : ’ :
7. Y97

2 2

This specimen current will develop a magnetic field which will, in turn,
. N 2 -

o= EEEK;W’ the ratio of fhé'difference voltage é, to the reference voltage
) _ : ,
eo.bgcomgs:.; _.' : fg
° w A ‘ .
e = MH 3 (2)
éo, q»jm
A

2,
'whgre 7~ 18 the ratio of specimen effective cross-section, to actual cross-

Aq

section area of the sense coil. The permeability pH.containe elther a

positive or a negative sign, dependihg upon whether the specimen is para=-

magnetic or diamagnetic.

Considering conventional symbols,
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Here p is the effective permesbility as seen'by the sense coil. Using
_ A v _
the geometric relationship Lmy = EKg_ (han), the susceptance equation
"~ becomes:

iy (1-g) o 2 | (5)
8 a’+ (1-g)%F aPr(1-g)%"

where g 18 carried in the denominator on the left side of the equation for
conveniehce'in plotting experimental data. An evaluation of g is readily
made when the in-phase and 90°-phase susceptance componénts are numerically

. equal (at the "cross-over point") from the equation:

hax ') |
&, = [1-( 2’((.)3 ] s where [ ZXOJ | (6)

g

- 18 the experimentally measured value of the in-phase component, with appro-
priate algebraic sign. In Fig. 2, Eq. (5) is plotted for the exmsctm® case
g = 2. Thevdiamagnetic susceptance of this case 1s plotted against

o = 5;—%———— « Note that the value of a at the susceptance transition is
o2 ‘ '

" dependent upon the measurement frequency. To experimentally confirm the 4

e equation, 1t 1s more convenient to use a frequency varisble ®, rather than

a@s Graphically, thisvhas the effect of inverting.thekin-phaSe susceptance

. ) A
plot. TFigure 3 1llustrates calculated curves with frequency ebscissa,
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- term o =

normalized>to experimental data for copper at the cross;over‘frequency.

Data points are superimposed. The data points go off{seale on the high
frequency end, due to an unbalanced resonance in the field excitation coils.
Susceptance measurements are often used in meking Tc measurements

of superconductors. In such a case, the component resistivity p of the

p

2u A2

curve similar to Fig. 2. A room temperature "measurement transition for

decreases rapidly with temperature to give a transition

nicbium 1s illustrated in Fig. 4. Diamagnetic £lux exclusion 1is cbtained
at frequencles above -~ 1000 cy/sec. This is a room temperature '"Meissner
effect", obtainable with a frequency sbscissa.

It 1s of interest to examine Eq. (5) when g s 1, the.cendition for
‘paramagnetism: For the special case g = 1, Eq. (5) becomes

2
umbA2

fz«jscrfr — an J a ~ 9 P _ ()
Dropping the complex notation and setting My = (l+han), we get:
b = 2 ®

Remembering that the resistivity is an "slmost linear" temperature function

above the Debye temperature Te, the resistivity becomes p = pe ge .
. Equation (8) now transforms into the Curie-Weiss relationship:
Tc . ‘
by, = T | o (9)
i ouh (9 M\,’)"I C . are se isér?afz
where the Curie tempersture T = o ] Te. ).

Curves of the resistivity vs. temperature and, concurrently, susceptance

ve. temperature, for the ordered alloy MnEh have been published by Kovel,

. Hartelius, and Osika.3 Their data seem to directly sdbstantiate Eq. (8)

The susceptance cusp in their data curve occurs when the resistivity is

~9X 10% emu at ~ 180°K. ‘
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- The xesults of this study-indiCéte that when a susceptance measurement i1s
used to indicate a superconductivity transition, valid compérisons with
measurements taken at different frequencies (or by other methods) may not

-be made without incorporating 8 frequéncy correction term.

. This work was performed under the auspices of the United States Atomic

Energy Commission.
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Fig. 1

Fig. 2
Fig. 3
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FIGURE CAPTIONS

Specimen geométry and‘measuring circuit

A. C. Suséeptance, Plot of Eq. (5) forvg =2, at a measuring

)4 .
: o : Ay gy ! gy 1
. . = e———— : - + .
frequency of 100 cy/sec a QquQY ,’and = o J 2

'_Calculatedususceptance curve for copper. The superimposed points

are experimental values. A, =gA = 3.25'ém2, where'go = 2.58.
3 : i - . .

Nicbium susceptance. The transition giving "flux exclusion” occurs
at a field frequency of 4,L00 cy/sec.‘ A2 = goA = 2.37 cm2, where

' 8, = 3.16.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of ‘any infor-
mation, apparatus, method, or process disclosed in
this report. '

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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