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ABSTRACT

The electronic;speéific heat of Qadmium ﬁ§s been
”determined by_a number_ofvindependent workers- using two
bgsic mgthods; magnetic and qalofimetriq, This thesis
_ gursués.the_prdblqm bf a.qa;orimepric determing;ion using
‘an_agugdag the;mgmetgr and.a3th¢rmal valve, ?roduction of
lqw temperatupes:js necessary‘as the trgésition tempergture
for ;his sugercqnductdr is‘about 0,351@1 Hence, the inte:est
lies in attempting to determine the hgat cgpacity of the
metal bqth in the normalband superconduc@ing states.

The experimental @ethod and results for s?eqific heat
méasuremen;s for other sgperconductorsJis;briefly reviewed.
?ﬁe design‘pf_the cryostat is discussedvin detailvin ?hapter'II.
A rather unique method of»preparing.a paramagnetic salt pill is:
also given. Resistance thermometers. and determination of temp~
erature is very important gnd the temperature range is obtéined
by adiabatic demagnetisation.

The conclusion and results of this research_pfoject is

given in Chapter ITIIL.
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Eany research yorkers have determined the electronic
§peci£ic heatjof Qadmium. This is so as'Cadmium was the first
metal foriwhich the ;ransition temperature using demagnetisation
techniqugs was discoveredf ‘In determining the transition temper-
ature the electronic specific heat was found,A Of more interest,
the electronic specific heat can be determined calorimet?ical;y
from the nprmql specific heat equation in.which the linear term
yields'I, Samoilov sucqessfully investigated cadmium in this way.
He used an interesting fact that a very weak thermal doupling_
allows one to raise the temperature only of the sample during the
short heating period, A phosphor-bronze'thermometer. calibrated
against the‘susceptibjlity of Fe ammonium alum, was also‘employed.
The author wishes to carry out a.similar experimgnt using a thermal
valve to break thermal contact between the salt and»sample, and
u;ing an aquadag thermometer to_determine the temperatures.involved,

This thesis bégins with a. brief survey of the work done on
specific heats pf metals, mostly ;uperconductors, in the very low
temperature region. The developement is ghronological forvthe most
part. One seqtion deals with the electronic heat cgpacity and
transition temperatures of superconductors alone. A brief review
of the principles of adiabatic demagnetisation is also presented

concluding Chapter I.
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Chgpter ;; is a necessary discussiop'of cryostat design for
specific heat wprk, Special attention j§ given to preparing the
a redorder, is discussgd along with a susqeptibility bridge.

The fiqal chapter, I1I, dgalsvwith ;he egperimeqtalvp;ocedure
for deye:mﬁning_the Speqific hgat Qf cadmium both in thg normal
and superconducting states. As the largest source of error is in
determining the heat input‘and ;he corresponding temperature rise
this subject is also dealt with. The results are also found in

the final chapter.



CHAPTER 1
Rgsume of Exgerimental Facts

_Eucken published an érticle. "Energie and Warmeinhalt",
in 1929 andnsince thisvdapplgur knowledgg of ;he §pgcific heat
of ;olids has steadily increasedf

In 1930.accurate qalorimetry‘in the liquid helium temper-
ature range began, using thermqmetric techniques of the vapor
pressure of 1iquid helium and phosphpr—bronze thermometers.,
V_Actgally, Kammgrlingh Onnes in 1911 disqovergd superconductivity
in the metal mercu:y}and he and Holst attempted to measure the
specific heat above and below the transition temperature.
‘The sensitive.phosphpr-hronzg thermometer, greatly needed in
this Work. gntered the scene in 1931. Keesom and Van den Ende1
were able to detect a discontipuity_in the atomic heat of tin{aﬁ
the transitiqn‘tempergturg. A therquynamical theqry has b¢en put
forewgrd. connegtingvlatent heat, changes in entropy and heat
capacity wjth»the magqgtic threshgld curve, Heat capacity
measurements of sevéral elements and_alloys have been performed
and found to be in egcellent agreement with the threshold curves
in many cases. Agence, ¥ ,4the electronic gpgqifjc heat can,be
depgrmined pymmagneyécmor qglorimetric methodsf A detai}ed
discussion of the theory is inen in sectioﬁ”3 of this chapter,

1. Keesom W.H.,, Van den Ende J.N., Proc. Acad, Sci, Amst..35,143,l932

73
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Table 1. Atomic heat of the elements at low temperatuves.

The Atomic Number stands on the left, the Symbol on the right of the tield. Below these are given 0, (° K) and (boldface) y (millijoules/mole deg?).
Parenthesis indicates uncertain value. For superconductors, @, refers to the normal state and 9 is the best estimate from calorimetric data.
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As our primary interest is in superconductors a brief account
mwill now be given of a particular few, Those in discussion
will be both hard and soft superconductor;; tin,.aluminum.
lanthanum, thallium, vanadium, niobium, and tantalum. Cadmiumn,
a soft superconductor. is discussed sepgratcly. With reference
to Table 1 the sgeQific heats of the abpve metals are_reviewed
by_?earlman% Ihe choice of Sn, Al,lLa, Tl, V, Nb and Ta for
discussion arises from the fact that at the lowest temperatures
the electronic spécific heat in the superconducting state has:
been proven to be exponential in form rather than cubic. In
fgct the emp?;ical relapionship is

~bT,/T
s :5UTbaelb?°/'
‘o 2

and iﬁ addition to being emperically applicable Corak et al

have pqinted out that this could be exgected to be true fqr a
;heo:y in which the levels occupied by superconducting electrons
are separated by a gap from those occupied by the normal
electrons.v The idea of an energy gap of the order4>E:XRTo

has beea dlscussed for many years and recently in partlcular

by Frohllch (1954) and Bardeen (1905{1and B1ond1, Garfunkel.

and mQCouberg (1956).

Further support for the energy gap theory was. utilized

1. Keesom P.H., Pearlman N., H. Der Physik, Vol XIV, P. 282

2. Corak W, S., Goodman B. B., Satterthwaite C.B., wexler A..,

o ' Phy.. Rev..96 1442 1954

3. Frohlich Ei, Phys. Rev., 97,845,1950.. '

4, Bardeen J., Phys. Rev, 97,1724,19355.

5. Biondi, MN.A., Garfunkel ﬁmP;, MCCOuberg A.C., Phys. Rev., 101, 1427, 1956.



by Tinkham1 (1956) . He concluded for lead a gap of the order
of 3kTo exists, Tinkham measured the ratio of power trans-—
mitted through thin films in the normal and superconducting

states.,.

The temperature dependence of the specific heat for a

normal metal is of the form

€y = 5-(—2-.-)3+ YT .

At lqw pemperatures the linear. term is predominqnt and Y,

the electronic specific heat term is of the order of 10-4 cal/mple

degg. It is not always possible to separate the electronic

contribution from the total specific heat with_great.accu:acy.

It is desirable‘to haveAthe latticelspecific heai"term as small

as pos#iblg and this occurs, with refereqciﬁcto equation (1.1),

for metals hgving large pebye temperatures. However, most soft

supercoaductors which have exqellent_superconduqting prgpérties

have rélatively small 's. Sn (185) and Al (420) have fairly high

8's and much work has been done on them.. The hard superconductors.“

in_period; IVa.and V, havé the desired larger Debye temperatures

but‘are difficult.to obtain with idgalvéuperconducting propertie;.
» Qne'verf-striking fact of superconductivity is that when

changing from a normal to a superconducting phase a discontinutiy

- 1. Tinkham ., Phys. Rev., 104, 845, 1956,



in the specific heat appears. This discontinuous jump occurs
through the transition temperature from a value of XT‘O to
about SKTO. This was first seen by Keesom and Van den Endé&
at Leiden, in 1932, Shortly after Keesom and Kokzmeasured the
magnitude of the discontinui;y in ;he specifip heat at transitipn
~to be about 0.0024 cal/mole deg.

_Also, they noticed that no latent heat was associated with
the ;ransition; The same jump in the specific heat was noticed
later in their experiments with thallium. Again, no evidence of
latent heat during the transition was noted,

20
Before World War I; more accurate work was performed by
Keesom and Van Laefson tin,. The transition temperature T, is

conveniently located in the He range, T,=<3.73 K. If the threshold

magnetic field is parabolic it can be shown that at T,

Y= -

corresponding to the jump of the atomic heat. The value (ZXC)T

C).
T ¢ )
2T,

o
is obtained by extrapolation from atomic heat curves above and

below T,. ¥ from (AC)y by Keesom and Kok is 10 mj/mole deg?
. T, v .

and from (1.2) is 1.4 mj/mole deg?, This is lower than calori-

1. Keesom W.H., Van Den Ende J.N., Proc. Acad. Sci. Amst., 35,143,1932.
2. Keesom W.H., Kok Jfé,. Physica, 1,770.1934,

3.. Keesom W.H., Van Laer P.H., Physica, 5,193,1938.



metric value,which is to be expected in this case.
Keesom and Van Laeg'alsp investigated tin, A plot of Cn/T

and Cs/ijver§gs T2 has been calculated from their data where
C, and Cg are the specific heats of Sn in the normal and super-
conduciing states. For the normal metal Keesom expressed C, in i
the qsual_manner

Co = A'T3+ YT (1.3)
and since the straight line répresenting C; passes through the
originvthen €, = A?? . Hence,

o
AC =Cs-Cy = =T - ¥T

(1.4
—_ m Td ( H dHc/>
4T+  dr dT
Integrating this equation twice leads to a parabolic threshold
‘ ) - o .
curve Hc_. Hol;l’ CT/TO)‘} (1.5

ThlS leads to

AC-— 0 Td (B di Vo 0. 1 (3ep/n)2 J
- * = o T|3(T/Ty)" -1
= YT [S(T/T'o)'z - 1] (1.0
| 2 | |
hen‘ce, , X - Vm EQQ . (‘1-'7)
/n., TO .
- - 2 ‘,
for T=T, (A0, = 2T = Yy T ( dH, 11.9)
. 4T dT

. From these equations we find that there are several ways in
which 3: the coefficient of electronic atomic heat in the normal
state can be obtained. It is connected directly with V. T,, ‘and

Hc by (1°§Q? with the jump in the atomic heat at the normal

1. Keesom W.H., Van Laer P.H., Physicé, 5, 193, 1938,



transition point, and also with the initial slope of the
threshold curve at T, by (1.0). Daunt and»ﬁendglssoh&Linvest-
igatéd Sn as well which showed fhat the linear term C,—Cg 1is
of the right order of mggnitude to justify its inte?pretation
gs_the»?ermi—Sqmmerfield specific heat term.

‘The reader should refer to a review bthisensteigufor a
comparison between calorimetric and magnetic determinations of Y.
He concludes: that thg‘x“s obtained from the threshbld curve data
are frequently in good agreement with the calorimgtric determina-
tions, However, in some cases discrepancigs gxist with the
magnetic values-usually lower than the calorime;ric values.

Koésassumes that for Cg :;@$3 this implies a cubic depend-
gncelforrthe superconducting electroniclspecific heaﬁr Using
this and §137 or 136} one can write

€s= 3 xTo” (T/TO)S
but even in the case of tin, from which data Kok originally
‘derived the§e relétions. a deviation from the straight line on
the plot of 95/?: vrs»?g can be seen around 12= S.

The fit of Sn data by Keesom and Van Laef‘to an exponential
temperature d??gndence-is cgrtainly no worse than the fit to ?3

except in the immediate neighbourhood of the transition point

1, Daunt J.G., Mendelssohn K., Proc.. Roy. Soc., &,160,127,1937,
. Eisenstein J., Rev, Wod, Phys., 26,277,1954.

. Kok J.A., Physiqa, 1,1103, 1934

S O\ N A

.. Keesom W.H., Van Laer P.H., Physica, 5,193, 19386,



where there are pronounced deviationslfrom ;hg eggonential.

Corak, Goodman, Sa;terthwgite.AWexléf?have gived'rgcent
more precise measurements for the syecific heat of Sn over a
more extended range of temperature, - Corak et al have revealed
that the exponential form is correct except near T,. They have
givgn the values ﬁor ;he constants a and b to be almost the
same as for vanadium, 9 and 1.5 resgectively. for the emperical
formula for the superconducting specific heat as in eéuation_{l.Q);

95= Xflfo ae"bTo/ T

2 _
heesom and Kok 1nvest1gated Al 1n the temnerature range of

1 - 20 K and foundfF/to be 1. 46 nu/mole deg2 Calorlmetrlcally.
Al da;a glvgsrg goqd»rgpre§enpap1on”ofmg sum of.a cublc_;erm and

a lipeax term for the specific heat. The value of SZKC)?O observed
was 1.9 mj/hqlg dgg2 and this corresponds by (1.2) a ¥ of 0.85..
this is.smaller than either the calorimetric or magneticndéfermin-
ation,

“ __?gunp”and Hée?salspvmgdé eléctronic specific heat measurements
Aand they indiqated that it is very”plausible to attrjbu;e thé
linear tefm pf Cn-gs to the Eermi-Sommerfield specific heat 0f the

normal state.

1. Lorak W S.. Goodman B B., Satterthwalte C.B., Wexler A.,
v “* "Phys. Rev., 96, 1A42 1954. a
2, Keesom W.H., Kok J,A,, ?hy51ca, 1, 770,1934,"

_3,5LDaunt_gtﬁf,Aﬂeeru§,V..‘Phys. Rev., 76,715,1949.
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GoodmaﬁLin his plot of Cy/T vrs ?? shows a distinct change
ispresent in the slope indiqating that again the elecﬁronic
specific héét in the_;upgrcondgciing state leaés to an exponen-
tigl equat;on of £he form of (1.0), | o |

~bT /T
Cg= YTO ae bTO/

VGoodmgn jndicates. as do pthers in“this field, that this form
can bg ggpeg;ed if there waé a small energ§ gapz&@‘iﬁ'thé energy
level‘spegtrum qfﬂ;gperqon@uctors for }henvg; the lowe§; ;émpgr—
atures a term of the fo;m 'e—AE/kT copld be;gxpected. The
constants a and b have been found for Al to be 0.9 and 1.28
;gspectiyele

La

[d——
B \

e
5 region extends to about 6 K

Belpw 35o l:( thg true T
according tov?arkinson et al A calor1metr1c determlnatlon of K’
gives 6 7 nu/hole deg2 and T 4 37 K. The value of (Z&C)T i;
58 nu/ﬁole de92 which corlesponds to the same value of K'g1ven
by (1.2). Lanthanum behaves as do the oabove superconductors
with‘;esppcf to the exponentigl form for the supgrconéucting
electronic gpeqific heaf. |

&L

Further support for the exponential law has been produced by

1. Goodman B.B., Conférence de Physique des Basses Temperatures, P, 506,

2, .Earkinsbn B.H., Quarrington J.E;. Proc. Ehys, Soc..vg.57,569,1954.
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Sni@er and Niqo1ion tha}liup:,Previous investigations were made
by Keesom and Van den Ende and Keesom andlﬁoﬁf Keesom and Kok
were the fifst ;o measure the sizg pf the jump ;n the specific
hgatlat Io‘and detected the_ab;eqce‘of latent heat during the

o

transition. T, was fopnd to be;2.36 K. By eggation ﬁl,?) Y =
1.3 nj/hmle degg which:agrges chellently wi;h theivaluebobtained
by tﬁe ﬁagnetic threshold field'measurementh Calorimetric values
which were obtained by a least squares fitrof Keesom and_Kok
dg;a abpve‘fo is much ;Qrger: ?he:e appears.no vaidu; reason
for phis disc:gpancyf
licilondt: 3

?hgse elemgnts_a;e_pf interest for invgstiggtion pf the
therﬁodynamiés of the phgse transition from the normal to the
;upe;conducting state, These hard superconducto;s have high @'s
and"To'55which is an advantaggf A slight disadvantagevis tha£ ?o
for Vvand.Nb falls between 4 - IOrK whe;e no co@l&hé bath is avail=-
able. One difficglty is that different samples give different
results by the same investigators for mo apparent réaspn.

Worlgy. %émansky and Boorséginvestigated V and Ta, Worley
et al obscrved positive deviations in C/T‘again indicating the
‘possibility of the prqnential form for V, Eor Ta, the data of
Worley et al agree with those of Keesom_and Desirané*in the no?mal

00

1. Snider J.L., Nicol J., Phys. Rev. 105, 1242. 1957,

2. Keesom W.H., Kok J.A., Haag 1, 175,503,595, 1934,

3. Worley B., Zemansky iLW., Boorse T., Phys.. Rev., 91,1567,1933.

4,. Keesom W.H., Desirant B., Physica, Haag 8,273,1941,
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‘$tatg. The measurements of Dgsirant and Eendelssohn?givexv?}ues
“of_QZXC}TO of 34 and 40 mj/moleadgg at T, equalv£o 4fO andb4.4°K
respectiéely.. By (1.2)' these correspond to ¥ of 4.2 and 4.b
mj/mole d392 which are_lower»than both the calorimetric and
magnetic values, |

For V Satterthwaite3 gt altdid not report deviations in C/T
vrs»?z. Hoﬁever. the resqlxs ofAEorley et al give the emperical
exponential equation with constants a and b as 9.17 and 1.5
respecti?ely,

Kb was investigated by Brown,-zemansky and Boorse, between

2-20%K. T

o ish8.9°K with Xha value of 8.5 nj/holedegz. Although

the déta needs revision Nb did»suppprt»the éxponential law,

The standard method of obtaining heat capacities is similar
to that of Rayne.1 He used cylindrical samples connected to the
‘salt pill by copper wire which is in thermal contact by the vane
technique. A manganin heater was glued to the metal using glyptal.
The qagnetic temperature for copper sulfate was determined ballist-
ically. The ratio of amounts of salt and metal was chosen in such
a way that at about O.SOK they had eqqal heat capacities. The

specific heat of the salt was measured in a separate experiment.

Plotting C/T vrs I? straight lines: were found for Cu, Ag, Pt, and

1.. Rayne J., Phys. Rev., 95,1426, 1954,
2.. Desirant B., Mendelssohn K., Nature, 148.316,1941,.
3.. Corak W.S., Satterthwaite C.B., Fhys. Rev,, 99, 1660, 1954,



others. confirming the C::AT3

v XT_relationship, From the slopes
of these lines'zlwas found to be in reasonable agreement. .
Samoilpéldgtermined the specific heatrof cadmium in the
following way.. The sample was of cylindrical shape containing
a heater, Hy , gluedlin a helical groove on the surfacef The
cadmium was connected to the salt pill, Fe ammonium alum, by a.
copper wire, W; , 0.1 mm dia. 30 cm long. The dimensions are
ghosen such that after demagnetisation it took abou£ an hour
for the metal to coql to the temperature of the pill. The}advan-
tage is tﬁat for a shqrt heating period the heat flow to the salt
was negligible so, that the heat capacity of the cadmium alone
was measured., In other words the resulting thermal cqupling was
50 weak that the heat supplied by the heater during a short periqd
_raisedvthe»temperature only of the cadmiumf Hence, it gives the
heat capacity directly which is an advahtage over Rayne's method.
Some difficulties were encoun;ered above O.59K since here the
specific heat of the salt bhecomes rather small and helium de;o:p-u
tion from the salt begins, so t?at the temperature rise due to
heat leak increases appreciably. One method around this is t0
connect a second wire

similar to W., to a heater H,. The salt

2! 1! 2
was kept at about o,1°x and the temperature of the cadmium was:

kept at a higher equilibrium temperature by generating a constant

l. Samoilov BelNey Doklady Akad. Nauk,gUSSR, 81,791, 1951.
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heat flow_through W1;and,w2’

The temperatures involved were measured with a phosphor-
bronze thermometer which was calibrated against the suscepti-
bility of Fe ammonium alum, the latter being determined ballist-
ically, Supply wires to thermometer and heaters were of tinned
constantan. Copper vanes, inserted in the wires, were embedded
in ;he salt in order to‘decrease the heat leak to the cadmiuﬁ.

u?he vacuum of the calorimeter was improved with an adsorption
pump. |

The results of Samoilov's experiments were very goo&. It
was found that

C,= 1.942 x 10 ( T/300) + 7.11 x 103 T (erg/mole deg’
.Accuracy recached in the superconducting state was small due to the
small temperature region in which measurements could be made,
_Sé: °ﬂ56 og _and to the irregula?ities in the phosphor-bronze
thermometer below Q,éogh It also appeared that‘C§§-T3 but the
possibility of a small linear term was not exciudéd.

The first metal for which T, was discovered with ;he aid of
demagnetisation technique was Cd, Kurti and Simo&?performed the
first experiments using a compressed mixture of a paramagnetic
salt and cadmium metal.. The transiiion temperature in zero field

0 . ‘s
was 0.54 K and the slope of this transition curve at T, was: 100

l. EKurti N., Simon F., Nature 133,907,1934,
furti N, S1mon F.. Proc. Roy. Soc. Lond., 151,610, 1935
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oersted/deg. The susceptibility of the‘pill consisted of a: para-
magnetic term due to the salt and a diamagnetic term due to the:
superconcducting cadmium, The transition curve can be derived
from observation of the heating curﬁes of the pill. for various
values of magneiic firld strength. A‘second method bésed on
mendoza's vane technique has the advantage that a field can be
applied to the metal without influencing the temperature of the
salt.

Smith and Dauné found by the same method a T, equal to 0.602°%K,
The transition curve could be represented by a parabola

Hi=1H, [ 1 -g(T/'rc}z]
ané Hy, the critical field at absolute zero, was calculated to be
33.8 oersted and a slope at T, of 112 oersted/aeg., If the above
equation is valid then the specific heat of the electrons in the .
normal state, assuming a reversible transition, obeys

Cor 91 = g_._;g_a) T

8M\datT 'T-T,

and¥=6.44 x 1'03 erg/mole degz._

Steele and Hein? applying the same method, investigated
small Cd grains of spﬁerical shape. They found T = 0.65°K and
the slope of the transition curve incrfeased as the particle size

' 32

decreased. Using the vane technique Goodman and Hendoza found

T to be 0.560°K, B = 28.8 oersted, slope at T,= 103 oersted/deg

L, Smith T.S., Daunt J.G., Phys. Rev., $B,1172,1952,
2. Steele M.,C., Hein R.A., Pys. Rev.,, 87,708,1952,
3. Goodman B.B., Mendoza E., Phil,Hag. 42;594.1951.
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and ¥ = 5,35 x 10° erg/mole dég2.

Samoilov;also.tried the vane téchnique but found that ¥
was 20% lower than his previous calorimetric determinatibns.
He suggested that the difference might be due to a small linear
term in the specific heat in the superconducting state. Clement
showed that the discrepancy may also be solved by assuming a
small term‘proportional to T3 in the magnetic transition
curve.. Samoilov's results were Tg O 547°K Ho= 28.4, slope |

at Tc.. 104 oersted/deg and¥ = 5.56 x 10° erg/ﬁole deg2.

3. Theory of the ice and E ectron LC_ S ec f c Heat of a.
- ox L _at Lou Temperatures

The_determiﬁatioﬂ of spec1fzc heat and its variation at
low temperatures has been a powerful tool in the stqdy of the
solid state. In the classical theory, each element of a
lattice had a thermal energy 6 x /% kTI"(kinetic -+ potential),
yielding a total energy per mole

E = 3NKT. = 3RT (1.30)
and therefo:e a constant specific heat
= d}?/dT = 3Rz 6 cal/mole deg

For most elements, reasonable agreement with exgeriment at
room temperature was shown by the emperical-law of Dulong and
Petit, although a notable exception was the case of diamond.

Eiﬂé&g&é,ﬂgﬁﬁl_. The recognition by Einstein® of the relevance of

1. Samoilov B.N., Doklady Akad Nauk, USSR, 81,791, 1951
. 2. EinsteinA., Ann. Phys, Lpz.. 22,180,800, 1907
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the quantization of energy levels ;n a simple (Plan#) oscillator
given by, ignoring the zero point energy, & =nhv shqwed that
this classical result could only be expected.to hold for temper-
atures not small compared with a characteristic temperature of
the lattice, O, defined by @ = hv/k where h and k isithe

Plandk and Boltzmann constant respectively.. The lattice was

simulated by an aggregation of Ntsimilar, independent, oscill-

ators .of frequency v and Einstein showed:.

(1.3D)

(1.31a)

For T>>6p we have E - 3RT, and €, = 3R in agreement with (1.30),

while if T <<@_ then

E =3RL (O/T « B7) (1.322)
2 /T "

C, A3R (0,/T) Q-¢E (1.32)

thus the specific heat falls rapidly to zero as T diminishes.

This ﬂmroretical deéduction added great qgfght to Nernst's Law,

the Third Law of Thermodynamics, from which a basic deduction
in its present fgrmulation is the vanishing of the specific heat
at absolute zero.
;i was soon recognizchthat this Einstein model was too
. crude an approximation to reprdduce the very low temperature

specific heat sufficiently accurately. In particular the very
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cieEgT, for T« © arises because a minimum energy, hv,

rapid decay,
is necessary to excite the lowest mode of the Planck oscillator
and the probability diminishes very rapidly as the temperature

i
is lowered. Nernst and Lindemann proposed a generalization of

Finstein's formula

(1.33)

with a corresponding expression for QV, This yielded much
better agreement with experiment down to temperatures of ZOOK,
The Nernsthindeman;-formula is regarded today as a very useful
approximate expressioﬁ,

;n his original paper Einstein identified‘the frequency v
with a sharp resonance absorption in the infra—red, but was later
led to consider the general connection with the elastic vibrations
of the crystal. Thus, other things being equal a high 9 wou;d
imply strong elastic binéing, that;is a more rigid soldi., This
conclusion is of general validity. Einstein_himself also recog-
nized thqt the coupling bétween neighbourjng atoms would gener-

ally be so strong that the assumption of a monochromatic vibra-

tional spectrum could only be regarded as a rough approximation,

1. Nernst W,, Lindemann F.A., Phys. Z. 11,609,1910.
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Q;?;é%ﬁhﬁﬁqggiﬁl Debye';Lapproach was to consider the coupled
vibrapional modes of the atomic lattice, somev3N in all, as
fprming a continuum of elastic vibrgtions runuing from the
longest wavelengths (v=>0) to arshort wavelength-limit of the
order of thella;tice structure. .This model leads directly tO
a fréquency den;ity distribution

dn = _4”7C3 vedv
yhere C is the velocity of elastic waves jnVFhe c:ystal assumed
independent pf v and isotrqpig. AASsoéiated with each proper

vibration we have the energy of a Plank oscillator and thus —
. R 3 . S

-~ (24
E- 4Ny hv"dv

o

€ - 1.
ST,

that is )
c E = 3$$°3S?ZCD) , 7§%g§ﬁ1"

X
o & - 1

where a characteristic Debye temperature, 6, is now defined by
8 th/
At high temperatures we have E = 3RT again in agreement with the

classical treatment, but at low temperatures

p=omr ] | fax

and the specific heat Cv:x:464~QT/bD)3 cal/moledeg.

1. Debye P., ‘Ann. Phys., Lpz. 39,789,1912,
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,Almgs; sigultangoygly_wigh'eryefs‘yorkﬁ Born and v. Karman
discussed the complete dynamical treatment of the proper vibfat—
ions of a 1aptice sturtipg from ;he atomic force constants.
Basically. thg problem was not new. ‘Newton first attacked the
analysis_of‘the vibration of a one-dimensional lat;ice wheﬁ
considering the ﬁelocity of sound, and Kelvin was the first to
consider a diatomic latFice gf large“and small coupled masses.
This then yields two distinct vibrati9ng1 modes, khe acoustic
and optical branches.v |

In this approach the velopity of prppagatién is no longer
constant nor necessarily isotropic and the simpie %fbbatiohal
frequency density 1is not obtained. The problem of analysing
the true spectrum forAa_gartiqular crystal‘is very complex and
difficu}t to gengyg};g?i congggpeht}yAeryefs much_siqpler and

very elegant approximation has been widely applied to the analy-

sis and comparison of experimental data.

in therpgbyg thgqu, OD is Qf course a constant parémeter
by definitioni hqwever in pégsenting expgrimental data it has
become conventional to derive vélues at various temperatures
fo: an effedtivg 99 nece;saryAto @prce_ag:eement with the_?ebye

theory and to plot thus a curve of 8y as a function of temperature.

_If a substance obeyed the Debye theory precisely then of course

QD would be constant. If this is not the case within experi-

1. Born M., v. Karman, Phys. Z..13,297,1912; 14,15,1913.
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imental error, strictly one may only say that the Debye theory
is inapplicable, but in fact this approach is of considerable
value when certain types of variation common to a number of
substances can be rccognized.
Electronic Specific Ileat - In the casec oi tlie electronic coutribution
to the specific heat in metals this term dominates in the temperature
range below 19K, It will be remembered that on the classical theory
the tliermal status ol the free or conduction electrons was very
unsatisfactory; on the one hand, the concept on an electron gas
in the Drude-Lorentz theory of thermal and electrical conduct-
ivity seemed very appropriate while, on the other, such a classical
gas should have contributed an additional specific heat 3/2 nR
cal/gm atom where n is tire number of free electrons per atom. To
explain the magnitude of the conductivities a value of n?1 was
necessary for simple metals, while no corresponding specific heat
was observed,

lodern quantum thcory, in particular the application of the
Pauli exclusion principle in Fermi-Dirac statistics, showed
however, that except at very high temperatures only a very small
fraction of the conduction electrons (those on the surface of the
Fermi sphere) can interchange thermal energy with the lattice;
consequently at noriial temperatures, the electronic specific heat

is negligible and the electron gas is said to be degenerate., liore
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generally, however, Sommerfeldlhas shown that the free electrons
should exhibit a specific heat linear in T at low temperatures;
this consequently should become significant at sufficiently low
temperatures where the lattice contribution is falling roughly
as T3. The actual magnitude of the linear term will clearly
depend on the density of electron states near the top of the
Fermi distribution and information about the whole energy-band
can only be obtained if measurements can also be make at suffic-
iently high temperatures and for all the electrons to contribute
essentially, This depends of course on the actual degeneracy
temperature and if this can be approached, so that the electron
gas tends to become Maxwellian, then an electronic specific heat
of the order of 3/2R should manifest itself in addition to the
classical lattice heat. This increase is observable in some
metals, particularly the transition elements, but in a simple
metal the degeneracy temperature is too high,

It is clear that, to separate out the electronic heat at
low teeperatures, the lattice heat must be known accurately and
it has been custonary, for the purpose, to express tlie specific
heat in the form

C = 464 (T/e»?f\~ ¥'T (1,39
where the validity of the Debye law for the lattice heat is

implicit in the second term, Thus:

1. Sommerfeld A.,, Z. Phys., 47,1,1928,



Keesom and Clark found for nickel in the range 1-10°K,
3 -

cv = 464 (T/413) + 1.74x10 3 T

2

Kok and Keesom for platinum and copper between 1,2 and 20°K,

C, = 464 (T/233)3+ 1.6x10~° T

C, = 464 /335> + L7ex10™ T
2

Keesom and van Laer found for tin between 1 and 3°K,

C, = 464 ('1‘/185)3+ 4x10'4 T

’—
Duyckaerts for cobalt between 2 and 18%K finds,

8 -
C, = 464 (I/443) "+ 1.2x10 Sy
Keesom and Kurrelmeyé§ for iron between 1.1 and 20.40K,

3 -3
Cv = 464 (T/462) + 1l.2x10 " T

6
Samoilov for cadmium between 0.4 and 1.105.

C = 464 (T/300) 3+ 7.11x10°0 T

In most cases, in fact, the experiments have been made at
a temperature sufficiently low to assume reasonably that the
Debye continuum has been reached. The Sommerfeld free electron
gas theory predicts }{::10_4 and it appears therefore quite
justifiable, to conclude from this data, in general agreement
with theory, that the density of states for certain bands is
much higher in the transition metals than for a simple metal

like Cu.

Keesom W.1,, Clark C.¥., Physica, 2,513,1935.

Kok J.A., Keesom W,i.,, Physica, 3,1035,1936.

Keesom W,H., van Laer P.H., Physica, 5, 193, 1938,
Duyckaerts, G., Physica, 6,401,1939,

Keesom W.H,, Kurrelmeyer B.,, Physica, 6,817,1939.
Samoilov B,N,, Doklady Akad. Nauk., USSR, 86,281,1951,

* »
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4. Ihexmal Valves

It is often desirable when cooling by demagnetisation to
break the thermal link between salt and sample. This was first
suggested by F. Simon% Hence, tliermal valves or switches are
very useful for specific heat work as it allows one to deter—
mine the specific heat of the sample directly.

aendozézwas the first to construct a practical thermal valve,
A very thin copper sheet was actually broken by force to break
tie heat contact., Using the fact that the thermal conductivity
of liquid helium becomes poor at lower temperatures, Kurti designed
yet another switch, He connected the salt and sample by a narrow
tube, containing a moveable copper rod, filled with liquid helium,
Bence, heat transfer is good along rod when rod is in proper
position, Otherwise, the heat transfer through the liquid helium
is poor,

The fact that the heat conductivity of solid helium is much
worse than that of liquid helium can also be employed as a basis
for a thermal valve, Wilkinson and Wilk: increased the pressure in
their cryostat to solidify the helium thereby breaking the heat
contact, Upon melting, the heat contact was restored,

Superconductors by far make the best thermal valves, The

metal is kept in the normal state by the application of an external

1. Wilkinson K.R., Wilks J., Proc. Phys. Soc., Lond., A64,89(1951)
2. MNendoza E., Ceremonies Langevin-Perrin, P, 67 Paris 1948
3. Simon F., Reunion d'etudes sur le magnetisme, Stratsbourg,P. 1(1939)
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magnetic field. Hence, thermal linkage is very good, With the
valve below its transition temperature the external field is
removed and the valve goes into the superconducting state providing
a much lower thermal conductivity, The transition temperature
should be well above 1° K and care should be taken that no flux
is trapped in the superconducting state, A high degree of purity
is also essential,

Several independent authors. proposed a valve based on the
above principle; Gorter: Heer and Baunt? and Mendelssohn and Olse;i
Heer and Daunt demonstrated the practical application of the switch
using a tantalum wire (56 cm long, 0.017 cm dia.) connecting the
salt pill to the liquid helium bath. Steele and Heiékﬁsed a super-
conducting thermal valve, replacing exchange gas, in their experi-
mentation with superconducting cadmium particles, DeVries and
Dauntgémployed a thermal switch for determining the specific heat
of He3. After the demagnetisation the heat contact between the
salt and helium container was broken allowing the specific heat of
the liquid to be measured separately., Cascade demagnetisation is
another application for thermal switches. This has been carried

out using lead by the following workers; Darby, Hatton, Rollin,

@ 7
Seymour, Silsbhee and Croft, and Falkner, Hatton and Seymour.,

Gorter C.J., Ceremonies Langevin-Ferrin, P. 76, Paris 1946,
Heer C.V., Daunt J.G., Phys. Rev., 76,854,1949,
lendelssohn K,, Olsen J.L., Proc. Roy. Soc, Lond., A63,2,1950.
Steele M.C., Hein R.A., Phys. Rev., 87,908,1952,
DeVries G,, Daunt J.G., Phys, Rev., 93,63l,1954,
. Darby J., Hatton J., Rollin B,, Seymour E.,, Silsbee H.,

Proc, Phys. Soc, Lond., A64,861,1951.
Croft A., Faulkner E., Batton J., Seymour E,,

Phil.Mag., 44,289,1953

[ J 3
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Heer, Barnes. and Daunt: give the following figures. for pure
coldworked lead below v K, which is adequate for design purposes:z

K (normal) = 4TW —cm deg |
K (super) = 0.08 T> W -cm deg'

The ratio of the thermal resistance of a wire in the two states.
is therefore 500:1 at. 0.3 K and 5800:1 at 0.1 K, To open and
close the valve an external field of 800-850 gauss: is required,

2
The field is usually provided by an external solenoid. Goodman

. used a: superconaucting solenoid, niobium, for his. external field.
It has.a critical field much greater than that.of lead and

could!prqduce a field of 2000 gauss with no power dissipation,.

1. Heer C.V., Barnes T., Daunt J.G., Rev. sci,. Instrum, 25, 1088
2. Goodman B B., Conference de. Phys1que des Basses Temperatures, P 506
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| If U represents the internal energy, T the absolute temper-

ature, S the»entropy, H vth_e_ applied magnetic field, and i is the
magnetisation of a system then, from the seéond la_w of thermo-

dynamics, | )

TS = CH§T+T(é_ﬂ ) dB’
o 2T JH -

For an isothermal change of field (reversible)

TdS = T 2_5) dH-

For a finite change of ﬁeld from Hy to Hg, the quantity of heat

Q may be given by

Q= T(Se-S;)= T e b_ﬁ dHi

With a. chnstant field, it is knoun thét an increase in temperature
of a paramagnetic 4solnid causes a deczfe‘ase in magne’ti‘satior{..
Therefore, ( «;_U is negative and heat is rejected when the
field is incre)a_xjs:ed gpd is absorbed when the field is decreased
isothemmally,

On the other hand, if we change: the field adiabatically

T = = [)i,!
W {3),

i |
.whence T=-\ " __'I,__(?_M dH-
- o TG\t ) E
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Note that if T and Cy can be assumed to be constant ("it is almost
so at room temperature for most paramagnetic substances)
H
- | f
Cy | Hi (2T )H

and so a decrease in temperature will occur if the field is: decreased

dH .

”gdiabaticallyf

The above equations gave fise to:;he so called magnetocaloric
effect and led to the currently used methods of cqoling substances
to témpe;afprgs below one. degree Kelvin. Debye and Giauque were the
first to suggest Qagnetic coolipg of paramggnetic salts.k The latte;
gctuglly first‘pgrformed such cooling p§periments inwgmgrica.

The grpggdure is a fairly simple one inlg;incip}g:‘méiéé;a—
magnetici§a1§,»$ych as’Qr K alum,‘whgse,yagnetic ions;gre'sufficf~
_ieﬁ@ly far apa?t }hat”Qpriefsflgw ;s_valjd, is suspended in a vessel
coptgining exchange gg;_fheliun@ at the lqqut tgmperaturelévgilable
yjthzailiﬁqid hglium bath.. Thgn a magng;ic field isrturngd on and
gfte;the'temperature”eggi}jbtium §§5re-e$;ablished,,the exchgngc.gas;
_;sigumped out leavinglthe salt ;hermally insulatgd. Adiapgtic
'demggnetisation is accomplished either by switchiﬁg off the magnet
‘.and rolling‘it_gw;y £rom the specimen or the spgcihen»it§§1f i§
removed from the poles of the magnet after the current bgs been cut

pff.



The next step consists in a_determinetion Qf the temperature
qf the selt pill. ‘For this purpose,_thelmagnetic susceptibility
is fi;st determined fpr five or Six temperatures in the kpewn
tempergture range (as determined by vapour pressure measurements)
so that.theﬂpuyieeweiss_law is determined accurately. A plot of
the reciprocal of galvanometer deflectlén per unit‘of current in
.thevprlma;y pf_the meesurlng eoﬁls egeinst_?l,—éﬁ) deternﬁnes a
straight llne whose extrapqletlen to_lew temperatures_is boldly
eerrled out, géils a constant degendentvon the characteristics
of the substance under cons1derat10n). H‘new temge:ature ﬁ_l?};

called the magnet1c temperature 1s def1ned as:

* |

‘ ““susceptibility L

In the region where Curie's law holds, T is. the real Kelvin
temperature whereas in the region around absolute zero, T is

expected to_differ fromvTHabsolute. In order to determine T

X .
from T, one may use the relation

- 49 - (J%J
e (z%% 0

‘The plot of S vs=T can be obtained from the initial conditions:

where a known magnetic field has changed S by a known amount.
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CH@P?ER‘}I
| Design of Cryostat for Specific Heat Work
1. Cryostat and experimental space.
' Ihe-cryostat is not unlike many that are.used for demagnet-
isation work,. Two glass dewars, an inner and an outer, are
easily_assembled concen;rically about the experimental space.

The dewars are silvered except for a small strip running the

——

length of the dewars on both sides. This enable§ one to see
the level of both the liquid nitrogen aﬁdrliquid hgliuﬁ under
experimental conditions, The dewar flasks also have long tails
such that a large_electromagnet can be rolled into position.
The tails of the dewars, the inner one encumbering the para-
magnetic salt pill, are exactly aligned between the pqles_of
_the magnet.

A stationary glass vacuum system with oil and mercury
manometers and a Fhillip's pressure gauge is an integral part
of the cryostat. The low vacuum section is obtained by means
of a backing»pumpf This_offers a pressure of about O,OEImm.
a:5'litre reservoir, was also in the backing system so that
the rotary pump could be turned off when necessary. The diff-
usion pump can producg a.prgssurexof about 10-6 mm, of Hg in
the expgrimental space. This is necessary so that the exchange
gas, in this case helium, can be removed dﬁring the demagnetisation

process.,
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A mercury and an oil monometer are provided in order to
determine the temperature qf the ;iquid helium using the vapor-
pressure technique., By pumping onrthe helium one can lower the
temperature from 4,533 to about‘i.éfg. This affqrds a good
initial temperature with which to begin an adiabatic demagnet—
isatippf ‘gzlarge capacity Kinngy mecbanical pump js used to
pump onvthe helium bath, |

‘Also a susceptibility bridge is available to determine the
temperature of the salt pill bgﬂi;tically.  Primary and secondary
coils are wound on.the can, qontainingrthe sample and salt,

The experimental space is the rggion which‘cqntainé the
cadmi um §ample and the paramagnetic salgf A long German-silver
tube, qonnecting the high.vgcggmzside_of the mercury diffusion

pump, to the sample space, extends into the bath of liquid helium.

A Wood's metal solder joint vacuum seals a. brass can to the tube.
Inside the can is a stainless steel cage which Supports the
cadmiqm and salt. Also, the leads are taken up the germaq—silver
;ube and out to the resistance bridge through a wax seal. The
leads, #32 B.G§; qonstantan. are thermally anchored to the cage
with Araldite,

The cadmium and salt are suspgnéed‘in ;he cage by cotton
fibres, 'Carelmust be taken that these substunces dp nqtutouch
the cage. To insuré this the fibres were tightened by turﬁing

a.screw at the bhase of the cage. This tends to keep the suspen~
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sion central}y located.

| _An iron core, water-cooled electromagnet with aéjustable
gap, and intgrchangeable pole_gieces was used in this‘experi@ent,
?hg‘gagn?; was gpe;gted at ;QQ vol;s and_?QO amps. which pro-
vided a figld of 21 kilogamss. The 2 ton magnet is easily
golled on tracks into posi;ioqf

Thé §aﬁpierf cadmium, five niqes pure, was obtained from
QQEIEQQ.;hrough our metallurgy_departmenp, N;ts_ggsSsislﬁs.SOQ
grams.. Thg_pa;s was deﬁermined before and after adding the
heatet! gqgadag thermometer, and bonQing'agents 50 that estimates
of the heat capacities of_these'substances 6ould be given. This
is important as i; has been shown byA?grkipspn and Qharrington
that the_heat Qapacity per gram of Araldite and“qudfs metal
are both far greater than that for copper between gafgamg, Thus,
even small amounts of these cements and solders used calorimetry
contribute apppeciably to itg heat qapacity and must ﬁot be
neglected.

The heater is éf #32 B,G?f cons;an;anﬁwi:e.._Sbme ten turns
were woupd thouroughly about one end of the gy;indrical cadmium
sample,. length 2& dia, 142", aﬁd glued with Araldite. Towards
the other end, on the surﬁace, two dabs of ngil varnishvwere

applied one ahout a centimeter above the other. Two turns of

1. Parkinson, D.H., Quarrington, J,E:, ?roq.~Phy;._soc.,$57,569.1954
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iqsulated constantan wire_yere'p;aged parallel to each other
and rupﬁjng pver-yhe ngii varnish, _Each_wire_was bared a little
over the nail varnish so that a thin strip of aqgadag could be
painted between them.. Hence, the two turns of wire acted as
leads with a.carbon-suspension resistor between'them. Finally
a thin cpgt_of yarnish wgsapainted over the_aquadag to preserve
it frdm flaking offf

| The base of the cadhium was tinned with Wood's metal so
that_a:small lead strip. a supercon&ucfing thermal valve. could
easily be_attached to the cadmium betweeh i£ and the salt piil.

A'vgry_interesting and useful method of prgparing a salt

pill was_suggested to the author by Br. P, Mafthew;.; The
resulting thgrmal contact is nearly lO times that of a Qompresgéd
pill,

About 63 grams of chromium potassium alum was g;ound into
~a very fine gpwder: Two'plape_glass Sectigns ﬁld!x 6.) had their
A§ur£aces roughened with‘stee1>wpql,. §j placing_small amounts of
‘alum be@ween theseuplateSgand‘pgssing the upperuplgte over‘the
stationary 1ower g}ate. in_a circular mqtion, p;oduces.a very fine
quwder‘indeed.» The grqin size very ngarly rgsemblgé that of flou:;
}About_8§lgrams of“Apiezén 0il is 9dded‘to the powdered salt in a

beaker and thouroughly stirrved. A very fine suspension of salt
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vin oil is Qesired. A mixture, a.thick liquid._of 5 grams of
oil to 4 grams of salt is produced, This liquid i; a slury.

A stainless steel tube (jS{B"’QD. length 21/2" ) was:
chpsen to be the_gjll cont_ainerf Qppper wires émbedded in the
méalt are necessary fof thermal contact. A desirable rétié of
the area of copper wire to the area‘df the tube is qf 5-107:.

A ration of 7% was achieved by 1230 wires ( #37 B.&S.).
A¢tually-1250_turns of this coppe?Awi:e was wound on a cylind--
pical mandrel ( length'a"‘diq. 13/3"’}. The cylindrical solenoid
of wire was then cut horizontally along the solenoid giving 1250
Qirés. As ;hé ends were taped the wires could be rolled up

~ tightly forming a cylinder of_1250 Wires some 6 inches long.

The ends were sheared to a convenient length and onevend of the
roll was put in;o a solid copper cap, crimped, and soldered in
.that position. This cap was later tinned_wifh Woods metal and
was the base for thermal contaét to the salt,

The bundle of wire is then placed vertically inside the
stainless-steel tubgf. One eqd of the tube is fitted with a plqg
containing a threaded hole and a glass filter. The hdle jsa8/32f’
dia. and the glass fi;gerlﬁ/léf’dia.. The gurépse_of the threaded

hole is to receive the syringe which is used to fill the tube
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with thg_slury. The glass filter, a‘small circu;ar one cut from
a larggr one, is designed to pgsé.the qil from_;he‘slury by
pumping but to leave the ;alt_garticles behing.

The tube is now filled from the bottom up gsing a syringe.
”$hewslygy QQ?S no; tgnd Fq flow_egsily and hence is forced in
from_the bottpm in order td penetrate:the mésh of wires.; it
also helps to tap the tube while filling.. When full the syringe
is removed and a threaded plug is inserted into the now vacant
hole. Using a rotary pump one pumps on the tube, through‘the
fjlter.‘and the 62l is extracted and cqllected in‘a’glass tube..
While pumping the level of the slury.drops slightly indiqgting
that as the oil is extracting and thg_pgrticles of_salt are
being compressed onto the copper wires. & little slury is now
added to thevopen top each time the level drog;,f After_21/2
hours the level pends to remainvstationary and coagulates.
Pumping then ceases‘and_the base plug is removed gnd is replaced
b& a similar one in size but it is a solid one. This plug is
glued into p;ace withrgraldite. Hhen removing the first plug
one sees that heavy packing has taken place in the salt pgrticlesw
This heavy pgcking about the copper vane of wires is responsible
for the goo§ thermal contact.
The mass of the extracted oil. and unu;ed §lnry is then

determined., This allows one to determine the mass and volume



of salt used with reference to the volume of free space avaii—
éble between the copper wires and stainless-steel tube. From
this a figure for the packing fréction is found. About 14,2
grams of salt fiiled'72% of the avéilab}e space and this is.
éonsidered to be a good figure7
4. Determination of Teuperature- A.C. Resistance Bridge
_A 33 cps resistance pheimometer bridge. sui;able for

precise tgmgerature‘measurements in the liquid helium.range,
has been designed as a completely self—contained urit. The
amplifier has a gain of 120 db, band width of 0.3 cps, and
input impedance of 10k ohms. With a power dissipation éf
2x10'8 watts in the thermometer, resistance changes of 0.1'
ohm can be detected. For a typical resistance thermometer
this corresponds to a temperature change of 4xldf6 K at 5%.
Other feapures include high rejection of line frequencybpickup,
short recovery time after saturation, and a combination gain
band~-width contrel which shortens the response time during
preliminary operations. This circuit was:designed by Blake,
Chase and Maxwellland the reader is reffered to this paper for
the circuit diagram,

| Carbon resistance thermometers provide one of the most
convenient and accurate methods of measuring small temperature

2
changes at low temperatures, The authors used a 1/2 watt

L.. Blake C, Chase C.E., MaxwelliE., Rev..Sci. Instr., 29,715(1958)

2.. Clement J-R., Quinnell.E.K., Rev..Spi._Instr,,TZS, 213(1952)
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carbon resistor of room-temperature resistance of 100 ohms.

Near 2K the resistance is of the order of 15000 to 20000 ohms, e
=

The resistpr has a temperature cogfficient of about -3x10
ohms[ﬂeg. at this temperature. Such thermometers must be
individuaily calibrated, during every run, but this disadvan-
tage is offset by ;heir high fesolution'and simplicity of
operation. For greatest precisiqn these thermometers must be
operated in a suitable bridge circuit; and the power dissipa-
tion in ;hem must be kept low.

The oscillator is of conventional design and its:output
is_adjusted to 0.4 volts rms to provide aU;;rrent of about
1 uaiin the thermometer. The linearity control adjus;sﬁthe
amount of feedback to minimize distortion of the output wave
fqrm, The cpmponenté of the bridge are shielded from the
Qscillator and amplifier to minimize pickup and heating effects,
The fixed arms of the bridge,are wire-wound resistors pf low-
temperature coeffiéienp,. The decade resistor consists of six
standard decade units which provides steps of 0.l to 10k ohms,
and is paralleled by a:250 uuf variable air capacitor which
serves to balance capacity of the thermometer leads. The
setting Qf this capacitor is independent of the resistive

balance, and need be changed only if the capacitance in the
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Vthermometer arm of the bridge changes. For a schematic diagram
of this resisxanée bridge circuit the reader is to referwto»the
literature.

A very good modification of this ci:cuit has been presented
by W. L. Briscoe? ;mprovgd Bridge for Low Temperature Heasure-
ments, Blake, Chase and Maxwell have met the basic requirement
of sgnsitivipy with a very §mall amount of bridge power; howevgr,
it has been found that its usefulness is limited by the need for
peripheral eguipment for npll indica;ion,. Hence, Briscoe'presents
a circuit as an extension of the Blake, Chase and ﬁaxwell circuit
to include a means for self-indication of the bridge null,

The basic differénce is as follows; The output from the
oscillator V=6, in addition to being fed to the bridge' i;_alsp
fed to the inverter tube V-7A,. The original polarity and the
;inverted polatity are placed on the suppressor grids of the phase
éomparatox tubes, V—B and V—9, respectivelyt »Type_@@Sb,tubes;
are usgd for the phase comparator because of their relatiﬁely
high sgpressor’sensitivity. “A~single stage of gain, V-4, amp~
lifies. the bridge output sufficiently to opera;e the control
grids of V-8 and V=9 in parall¢13< For proper operation the
circuit is adjusted so that the amplified bridge signal is in
Aphgse_with the suppressor signal on V-9;Qn one side of the null
énd is in phgsa with the suppressor signal»on V-8 on the other

sice of the null, With the plates of the comparator heavily

1.. Briscoe W.L., Rev. Sci.. Imstr., 31,999 (1960)



byggssed.»they‘are gssentially current sources, and it is
current differgnqes that arebmeasured by the meter. The
meter is. also equipped with large‘electrolytic capacito:sryo
integra;e the noise that comes”through the system. This
integration is essentigl bquuse‘an impulse at the input
causes ringing or fluctuations of random phase3t In regard to:
;his noise,‘a user should not bewglarmed if the noise as seen
on a test bgnch seems excessive, because the noise appears to
originate mostly in the témgeygtu;e_sgmﬁljng resistor. When
th¢ temperature of»this :esis;orljs reduqed to cryostatic
values, very liptle noisg remaigﬁ,

nﬁhe.functioner V;?§ is simply to reduce thg supp}y
voltgge té the proper value for the phase comparato;. The
portion of the circuit leading from phe bridge excitation
Ep;entiometer to the bridge groper.containsnﬁgg f@}tgr“sections
;hat are used for_gdjusting the Qhase of fhe bridge gignél as
secn by the comparator.

~The author of this thesis duplicated the bridge used by
Briscoevand modified it slightly so that iticould be adapted
to. temperatures below 1 K. The main modifications were three--
fold;_an_ggg§dag ;gsisppr was“used_as the gegistance ;hermometer
in the b?idge, an oscilloscope was alway; k?pt‘in the circuit

at'the‘point marked test-point balance, instead oi detecting
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the null position with a meter a Honeywell recorder was used to
monitor the output of the §§§Qfs.,.
$heupreperation of the aquadag resister hasselready been
discussed. It's room temperature valqe is about 2500 ohﬁsp
The oscilleseope is very’uéeful in obtaining balance in
“the bridge before the reeorder is ;wi;ched on,. ou; ofibalance
signal is very simple to detect at this point. Also, at a glance,
the scope indicates quickly whether one is coeling or heating,v
This js very useful in Fhe'Ere—coeling process end demagne?isatren
process. as well as the_aetpel ﬁeating prqcesslin the.epecific
heet meesuremen;srq
| _Qsing a recorder to monitor the phase comparator dutpqt
is very useful indeedi_ugather than having‘e sharp nulli point
indicating exact balance tﬁis section of the circuit was re-
designed to give a linear ourputfpn each side_ofiﬁalance. This
was acnleved by cutting down the overall ga1n of thc c1rcu1t and
adJust1ng the 1mpedance level at thls p01nt to match that of the
_§0neywell recorder. After obtalnxng balance, 1nd1cat10n by
QSQillQSCOP?f the recerder rs started and traces any change_1n
re51stunce of the thermometer. The recorder is relieble over the
'11near port1on of the output of out of balance S1gnal whlch was:

linear up to 3500 ohms each side of the nu1179051t10n.f Hence. the:



SUSCEPTIBILITY BRIDGE

‘Fa NG ~ Y-



~4l-

heating curve is ;raced di;gct}y but care must be taken in
determining the time lag of the stylus due to the time constant
?f”thelcircuit so Fhat theftrue heating curve can be arrived at.
‘4..;gugumﬁ;ypﬁin;4;£;§g¢pg§a§g;g- Susceptibility Bridge
Hany ballistic circui;s for megsuring the magnetic temp--

erature aﬁd hence the absolute temperature_of the chrqmium
potassium alum_a:e :gadily available in the literaturefy'@ very
sui;able one is that given by James Nico},r This is a d.C..
mutual inductance bridge. The mutual inductance coiliground
;hevparamagnetic sample is wound on the_b;gss can in the égperi—
mental space,. It consis;s of_g primary.and ;econdary poil.f The
primary is wound ;he.length‘pf the can., A seqpndary qpil is
qsqglly.woupd-oyer Fhe primary with all the compensa;ipg induc~
lﬁanée at room-temperature, mﬁtcommpn‘p;actice in this laboratory
is to wind thevsecondary‘as two cqils of equalAturns one in
oppqsition'to the_othe;. Sl is woundvon the.primary, in the
same dirﬁecti‘on. near the bc‘;tt}om of ‘th‘e can. '_I'l_le p‘a;amagnertic
sample is placed inside this Qoii:..$2 is wound in opposition
about 1/?? above S;. This is the'comﬁcnsating inductance network.
qu,.pqu a smalllamount of Qompensating indgctance need be in the
circuit_gt room temperature. |

The mutual inductor compensating coil is 40 mh in value.

1. Nicol J., Rev, Sci..Instr., 31, 211(1960)
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This is much la;ger than necessary but balgnce is easily obtained.
A heli-pot is used as a shunt in the primary of this coil_with
the center tap connected to the primary of the susceptibility
'qqil. The secondgry is in the galvanome;er circuit and in series
with the susceptibility secondary coils. The mutug; indﬁctance
of the susceptibility coils with respect to the standard orA
;qmpensating mu;ual inductance is given as

Ry
By By Ry

This value is not necessary for the operation of the bridge as

My —

. Mg

one need simply balance the circuit before demagne;isation.
The primary was‘wound‘with 9§2 turns of #37 B.ES,. copper
wire with polysol insulgtion,; Room-temperature dc resistance
was 125 ohms, 'The secondaries were wound with the same wire )
.gegarayed by a$142t”ggp; Sy, had 4500 turns and a de resistance
of 600 ohms (roow-temperature), while Sp had the same number of
tﬁrns bﬁtvwound in opposition;' The brass can was first #grgged
with’a fgst dfyiﬁg plgs;ic filmltobp;eveqtbshor;ing through the
thin in;ulation, which did tend tp sc;ape»qff while_wjnding gith

the lathe. Each layer of turns was also plastic coated,



CHAPTER. I11
Specific Heat of Cadmium

L.  Apparatus - Procedures

The largesfvsource of error in specific heat work lies in
determining the heat generated in the heater coil to give the
cprresponding temperature rise, A known current i is passed
through a;constan;an heater of 8,4;ohm resistance. In the
liqnid helium range R varies by about 0.1% per degree. However,
a large resistor in the heating circuit allows the current to
be kept constant. A high hxecision voltmeter (Hewlett-Packard)
measures. the voltage drop across the heaper coil,

The heat generated in the constantan coil is.Q= i2R_L_
where t is time and J is-the Joule constant. As R has beeg
measured with high precision during the heating intervals gnd as
i is.also accurately known the larggst source of error in deter-
mining Q lies in the measurement of t.. Hence, the pfecise heating
interval mus t be knpwg: This interval should not be less than 30
secqnds'and may beras long gs:180.seconds, Precision switching
and timing was greatly improved by adgpting an electrical timer
(Beikely) accurate to: better than 1/10 seconds into the heater
circuit. Hence, one switch controlled both heating and timing
~so that the time;‘;ecords ;he exact time of the heating interval,
Currents of 0.49 and 0,15 ma wereAqsed over intervals of 30 to 60
seconds and very litF}e error was introdiiced in this way.

Thermometer Bridge - The a.c.. resistance thermometer bridge

43~
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performed well, During the_pre-qopling stage one could readily
detect any temperature change by observing the out of‘balance
signal on the oscilloscope.. The desired effect of adding
exchange gas tq the sample space and performing demggnetisations
was readily seen in this way. |

‘The Honeywell recorder; monitoring the out of balance
signal, was only in the circuit when the bridge was very close to
balance, A Gain control on the bridge allowed full scale deflec-
tipn of the recorder for a resistance change of 1, 10, or 100 ohm
steps oﬁ the decade resistance hogf

Calibrating the gquadag resistor is a straight-foreward
procedure., Exghange gas. was let into phe sample.space allowing
the cadmium sample to achieve thermal equilibrium with the helium
bath at abput_432?§: _?he_mercupywand pil manometers were used to
de;ermipe“the temperature Qf the helium bath and hence the cadmium
by vapourfpregsgre thermometgry. The mercury or oil level co@ld
be held stationary at various points by adjusting the.pumping
speed. At these points with the recorder on a high sensitivity
scale the resistance bridge was»accprately balanced and the
resistance_;etting on the decade boxes‘noted, In this manner
various temperature and resistance readings were tgken between
4.2“and 1729K7

‘After a demagnetisation to a lower temperature the bridge
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was qyicgly balanced_and the recorder put in the circuitf

Before any heat was put into ;he cadmigm the recorder_wgs cali-
brated wi§h the qecgdg ?gsjstance by putting the bridge out of
balance by 1,2,5, or 10 ohm steps. This caused a step trace

on the reqorder. After(gdding a heat pulsa at this temperature
gchrresponding-temperatu;e rise and hence a resi§tance change
céusgd"a deflection on the.recorder, ?his deflection was ;hen
éasily,evaluated by comparing i; with the kpown resistance steps
previously recorded. This calibration was repeated often dﬁring
eathdemagngiisation. The temperéture rise was of the order bf

30 millidegrees corresponding to a resistance change of 0.5 ohns
in ZQK ohp#.. The bxidge and :ecorder-unit worked very well,
Susccptibility Bridge - Another method of determining the absplu;g
temperature was attempped by}use»of’avsu§c¢ppibility bridgg, The
”actﬁal bridge_§et up was very goodflugll §p:ay inducpanéé was
completely balanced_qgt at room temperature and at liquid nitrogen
temperature which indicated that the bridge would be successfully
Qperablef With_the'bridge ba}anced at_about 4f2?§_9n¢ ggc:easgs
the pempe;gture‘through steps t011$2oﬁ as abqve using the vapour-
pressure technique, aq§_:gcords increasing deflections on the
galvanome;er sgglg. Howevér. this bridgedid upt_yield_a susceptibi-

lity curve,
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2.  Experimental Results-Conclusions
Specific Héat of‘Cadmium - The éxperimental‘conditions‘were good
gnd througﬁout the exgeriment the apparatusiperforméd well
excgéﬁ for the.recorder trace. Upbn adding heat to the sample
a tgmpera;ure rise was observed on‘the recorder but when the
heat pulse was terminated the recorder returned to itszinitial
irace and hence indicated no.net temperature cbgnggf 19ver»$ix
demagnepisatiqnsuthis re@grder_t:ace per;isted fgrtggme’;hirt&—
six ﬁeat pglse§. The iﬁitiél déflec;jpn on fhe recorder certainly
indiqated a temperature rise pf the propef magnitude hut after the
duratiqn pf the heating intgryal. 30 toV60 seqonds, the trace
returned.to-tke>iniyi§l.temperature, |

Déglpo'tﬁg above regul;s ;hg gpecific heat Qf cadmi um was not
able to be found.. Examination;of_these results indicates that the
thermal contact between ;he Qadmium and the sait‘pill via.;he lead
strip was too good, fhe heat pglsg did not warm up the sgmple but
leaked away dqwn the_;hg:mal valve. even though in the superconduc-
ting state, to the salt pillﬁ The phySical dimensions of the lead
strip used (40mm x 5.0mm x Qt27hm9“in conjunction with.the equation
of the thermal conductivity qu lead in the.superconducting state
(Chapter I) clearly indigates ;hat these_re;ulxs were to be expec-
ted. The crqss—sectional area of the strip must be decreased some

500 times in order to achieve proper thermal contact between the
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sample and the salt.. This means produqing very fine_lead wire of
the highest purity. Unfo?tunately this lead wireAwas hot immed-
jately availablef

The data obtained should be a measure of thethermal conduct-
ivity of superconducting lgad. Knowing the diﬁensions of the lead
and gssuming that all the heat travelledAalong it after a temper—v
ature rise was ;eqorded on»the reco;der a measurement of the |
thermal conductivity was: estimated, From the accompanying graph
a well scattered.pattern of ppihtsdappeaf, The temperature‘:ange
is frpm_gfb tovltooK. The'gadmium is in the normal state while
the lead is in the suge:copducting state, Unfprtunately these
points do not follow a curve and the order pf magni tude, 10-5
wattg/cm deg is not goodf However. the pup;ty_pf tpe lead and the
heatvleaks in the cryostat are ve%y»imgqrtant.
?he;qpmgter Bridéé— ?he»;hermqmeter bridge with the”HOneywellv
recorder was exce}leny. §hanggs of Q.l ohms in 203 were éaéi%&
detgcted. ihe aquadag thermometer was very good but had to be
re;coated after every few runs and célibrated during each run,
Calibration of this the;mometer was good but before extrapolation
below_l.ZOK a: check qf this thermometer vrs a sqscgptibility
thermometer should be performed.
Susceptibility Bridge- Ihis bridge met with difficulty for ;wo
reasons: a large pure cénductof was in the compensating coil and,
the secondary éoi;s regeatediy becamevqpenbcircuits upon cooling

to helium temperatures.
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The bridge could be balanced at room temperature and at
liqu§d nitrogen tgmperatu:g butva net deflection of some 4 or 5
cm pefsisted at,4,2°§. This deflection of a.simple kick was in.
either difection depending on the position of ;he reversing
syaitchf However, upon cooling a double kick was observed.. _Ihe
first kick was: as above_and very quickly reversed itself and
kicked very ;argely in the opposite direction, Upon cooling the
initial thrpw remained the same but the sgcond one became mach
larger.. This was obvioqsly phe one to measure.. This double kick
phenomena is Qaused_by the presence of_a very pure and large
condqctor, the cadmium sample, which is,concentriclyfloqated in
the compensatingisecondary coi;, Upon exciting the_primg;y coil
eddy currentsmare‘set wp and die away in the cadmium which is
detected by the secondary coilg

Qs the turns of copper wire were wound on the brass can a
plastic spray was put.on each layer.. It is felt th?t after cool-
ing and“warming the plastic cracks cgusing open circuits in the
coil. ihis_pg:ticular wire is not gpod for coil winding. The
problem Qas Qartially solvgd by separating the coils withApgyer,

In fact, separating each layer with paper is better still,
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