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ABSTRACT

- The heat capacity of indium has been measured between 0.08 and hfeva_

in the normal state (H = 1000 Oe) and between 0.1°K and T, in the super- .

At T £ 0.8°K, C_ = 0.00101 72 4 1.69 T + 1.k2 3 mJ

-1

~ of the hyperfine contribution to Cs is a consequence of the long spin-

lattice relaxation time. 'Below‘o.35°K, where the supercon&ucting-state-
léttice heat capacity can be measured, the normal-state lattice heat
capacity 1s only a small part of Cn and calorimetric measurements alone .

cannot exclude the possibility that the lattice heat capacities in the’

two states are equal. However, the excellent agreement between the elastic

constants and the apparent normél-state lattice heat capacity supports the

conclusion that they are not. The apparent diserepancy in the léttice

heat capacities is less than that reported by Bryant and Keesom but the

difference 1s largely accounted for by differences in énalysis of the

normel-state date and by their assumption that the measurec Cs included

the nuclear quadrupole term. The measurements of CS extend to'ﬁemperatures (:f
well below that at which the electronic contribution. becomes negligible%ang

therefore rermit a comparison with theoreticai studies of the superconducting-:

- A
deg ©. The absence ..
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.state lattlce heat capac1ty.

' The heat capacity of tln wa.s measured only below l K Below'lt 

0. hS X, C O.2h6_T3”mJ mole -1 deg'l; in good agreement W1th the f”'v.. .

‘elastic constants. Within the expe:imental error, C, = l 78 D+ 0. 2#6?3fffnéﬂ:v:

? T3 nJ mole-l_deg—lge

o idets mirmen




I. INTRODUCTION

Prior to the report by Bryant and Keesbm on.the heat capacity df S
indium,l’2 the heat capacity of superconducting metals had generally
been interpreted as the sum of separable éiéctronic and lattice contrygu- Lo

tions,-the latter of which was assumed to be unchanged by the supefconducf'-v

ting transition. ' This interpretation can be summarized by the equatiocns ?}-”.

Cn = ‘Y'T + Czn’ . . (l)
Cs = Ces_+ Cﬂs’ (2)
and - c,=C, | (3

in which Cn‘and Cs are the heat capacities in the normal and superconduc- -,

ting states, C ‘and C, are the lattice contributions,'ces is the super- -

n Is

conducting-state eleétronic heat capacity, and the electronic heat capacity
in thé normal state is the product of the constant vy and the tempereture T.
At low temperatures the.latt;ce heat capacity can be expressed as & series;I
.in odd powers of T. The first term is the T3-term aﬁd its coefficient is

related to the Debye charscteristic temperature Qo. For the nofmal'state,

cp=a 1 ep ..., W

andA _— :a.n = (12/5)7{)4- R O;?l ; ' : - , - (5)

. for the superconducting state analogous.relationS'canvbe written. AEquation' C

(3) is then equivalent to a,= o, B= Bs,,etc..\Siﬁce the  BCS theory3
rredicts that Ces goes to zero eprnentially as T goes to zero, measure-
ments at sufficiently low temperatures should reveal a T3 term in Cs that is«U

‘equal to the  one found by the conventional analysis of Cn. Bryant and . .

-3“ . .‘_ UCRL_1‘O426 R_ev 1 R .
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f{ Keesom made heat capacity measurements on indium from above the tranSition -

temperature, jci— 3. h°K to O 35°K and 1nterpreted their data as show1n~- r?;ig

‘Cﬂn/cﬂs ~ 1. 41 for the lowest temperature points. Thls result is contx ary fu}f"

to what had been inferred from several kinds of evidence. For example, the'
very small‘sine-of the change'in elastic‘consta.ntslF et the transition G
suggeets that Czs and C;nvshould differ by no more than about 1 in th,l
'Furthermore, the BCS‘theory, which has been s0 succeesful in explaining
‘ many of the properties of the'superconducting state, treats the chenge in',; ;.
the phonon spectrum as‘negligible;
We have made new heat capacity measurements on indium to confirm the ;

.existence of the effect reporteduby‘Bryant and Keesom andrto"extend the
measurements to lower temperatures in the hope of'gaining some insight intob.
its origin. For'comperison we have also made measurements on tin, which

was reported by Bryant and Keesom to behave in the expected way; i.e., in
accordance with Eqs. (l), (2), and (3). A preliminary report on the indium
5 . S

, measurements has already been given.
IT. APPARATUS . -
The apparatus used below 1°K,. and shown in Fig. l, was a modification -

of that described in connection,W1th earlier experiments.6 Copper potaSSium

sulfate was-reteined as the cooling salt but. a sphericai crystal of cerium f--?f«*

magnesium nitrate (CMN) was added to serve as the basis for the temperature

measurements. Experiments by Daniels and.RobinsonT show’ tnat the magnetic

susceptibility of CMN follows a Curie law at the tempeératures of interest

here. This can also be predicted from the weakness of the intéractions between - °

~ the ions and the absence of Stark splitting.8 The mutual inductance of the ,t‘

T RSO

Lo = e e o oyt R
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coils surrounding the CMN crystal-wés théfefore assumed to be linear in

. . oo
T 1 and was calibrated against the vapor pressure of liquid He on thev>

1958 Heh vapor pressure scale.? Above the A-point a vapor pressure bulb';_i?

was used; below the A-point the pressure over the bath was‘measurediMVA'
carbon thermometer attached to the sample and calibrated againstlthe CMN -

crystal was used in the heat capacity determinations.

A copper heat link, interiﬁpted:by a lead thermal swiltch, was attached 

. %o the sample.and to the CMN crystal with GE 7031 varnish. The time

necessary for thermal equilibrium between the sample and the CMN crystal

was less than 1 minute at temperatures above 0.08°K (the lowest temperature

at which tests were made) although equilibrium with the cooling salt re-

~

qﬁired appreciably longer times at the lower temperatures. Care was taken

to ensure that the heat leak down electrical léads and support thfeads did
not set up temperature differences between the sample and the CMN crystal.
In the earlier apparatus the coils for applying magnetic fields. to
the thermal switch and to the sample were located in the liquid nitrogen -
bath. ' The power dissipation in the coils increased the rate of boiling: 
of the nitrogen bath and the accémpanying,increase in vibration heét;ng
of thé sample was a possible éource of error in calibration of the_resis-
tance thermometéf.‘AIn additiénz the stray field of the thermel switch

coil produced eddy current heating in the sample when the switch was

operated. The first of these effects was eliminated and the second reduced-

by using smaller, superconducting coils located in the liquid helium bath

and by compensating for the dipole term in the stray field of the thermal- - o

switch coil.

A disadvantage of the use,of the,superconduétiﬁg coil around the

gl

1 e ——

e g eaem
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sample 1s the ‘small field that remeins rfrozen-in once ‘the coil has.f@i:_jffﬁ-'l'

.‘been exposed to a magnetic field or used.to produce one. Because of this f~f'z-

- field.it is 1mpossible to make zero field measurements below 1 K w1th }

the coil in place. The first superconducting-state measurements were’ made ?t

with this coil'in place and were several percent higher in the region ' j')«ﬂli;ﬁ

above 0.4°K than points taken with the coil removed. This'discrepancy”

L was apparently prooucedﬂby the absorption of heat accompanying a gradual

“v'tran31tion of part of the sample to the normal state when a magnetic field

was present. The superconducting—state data reported here were obtained. w1th
_the c01l removed and the laboratory stray field compensated.
The - apbaratus used above 1°K was similar to ‘that descrived earlier6‘

-except for the superconducting-coil'used to apply a magnetic field to the |

sample. . In order to avoid the difficulty mentioned above, the superconducting o

state measurements were made before the normal state measurements..
As a test of the accuracy of the measurenents be10w l°K the heat
~ capacity of a 99. 999% copper sample was measured. In Fig. 2 the results

. are compared with an extrapolation of the heat capacity of the same sample

. from above 1 K. Except at the lowest temperatures, the experimenual points m”fvf

are systematically high but within 1% of the expected values. ~ This dis<

”'crepancy is about what might be expected to arise from the various errors

- in thevtemperature'calibration.of the CMN crystal. Near 0.1°K there is arl-»;i£*~

larger error, sbout 1.5%, which is probably a consequence of the uncertainty . -

_ in the temperature coefficient of the resistance thermometer at the end

of its range of calibration. The precision of measurements in this'apparatusp;,

is usually sbout 1% in the adiabatic demagnetlzation region and somewhat

10

(U]

better in the liquid helium region.. However, for the meaSurements’in the .?Tf*”'“

superconducting state near 0.l°K, the smell size of the measured heat

S st e v
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capacity reduces both the accuracy and the precis1on. Both samples have
heat capacities of the ‘order of 100 ergs/deg in the superconducting state .
at 0.1°K and the correction for the heat capa01ty of the addenda could

introduce a systematic error of 2 or 3%. The preczsion is llmlted by

fluctuations in the stray heat input to the samples: a temperaturemlncre;c'

ment of AT = T/lO requires a heat input of 1 erg and,a'stray heat input -

of only 0.0l erg would produce .an error of 1% in a heatfcapacity'point.,cx;

III. HEAT CAPACITY OF INDIUM
A. Experimehtal Results
The materisl used in the sampie wa.s 99.999% icdium supplied_by.,i E
the Aﬁerican Smelting and Rcfining Co.ll Thc measurements wcre.madc . .
on a TOS-g vacuum-cast single cr&stal. The experimentél points are giveql
in Tables I and IT and in Fig; 3; | | |

B. Analysis of Normal-State Data

The normal-state heat capacity Includes a hyperfine contribution,:
cy = AT-E, and if we retain only the first two terms of Eq. (L) the
expected temperature dependence of Cn becomes ) N

" . S
| C,=AT " + 7T +'ahT3 + BnTs. (6)

A plot of CnT2~fs T3 for the lowesﬁ-témperature pcic£55 shown in Fig. M,ff:
gave A = 1.01 x 1073 mJ more™t deg and a preliminary v;iuerf Y. The

final value cf.Y was determined by inspcction of a series of plots of

c, /1% = (c, - 1.00 x 1073 7% - ¢ 1)/73 for aisferent values of T (see

Fig. 5). In view of the large experimental error in C, below abcut 0.5°K,

points in that region were given relatively little ﬁeight and the plot for -




- dependence of Cp o With this velue ' of Y, the first two terms of Eq. (h) I

ﬁhe values of r and,ah. The experlmental p01nts near O 15°K are about 2%
- higher than the line but this discrepancy is not necessarily signiflcant . ;1?3. ’;
_since the experimental accuracy is only about 1% and Ch is an appreciableuf“{fif” g

';_partvof_Cn at this temperature. The same discrepancy appeafs in Fig. b4, -.-°

relaxation time T. . Neither Tl nor the Knight shift has been measured in_ o :

' shift data for liquid indium™ and the Korringa relation.lu This predlctionﬁf;pi,'

'measurlng apparatus and the failure to detect any unusual time,effects in

-8- " UCRL-10426 Rev 1

v =1 69 mJ mole -1 de g-e»was chosen asgﬁying:the most reasonable temperature:,i ' i

are a good approximation for T 2°K and the values of ah and B are l ha

mJ mole lﬁdeg-LL and 0.023 nJ mole ™ deg ’respectively.v In Figs. 6 and 7,‘,;f”}’r“ f

(C - C )/T is plotted Vs . T and compared with the stralght line represenuingl,

as a slope greater than that corresponding to v = 1.69 mJ mole’l deg_z,;r

C. Analysis of Superconducting-State Data

'
\
5

Figures 6 and 7 also show the superconducting-state points. The

ebsence of the 'I'-2 term in the superconducting stete'has,also been observéd\

in galliumlo and mercury,lg and 1s a consequence of the long spin:leﬁtice,

1

solid indium, but the discussion by Knight, Berger, and Heine13 suggests . i

that, at the melting point, they are about the same as in the liquid. TniS'ff“ '

assumption makes it possible to estimate TlT = 0.8 deg sec from the Knight -
B l 3 '

is reasonably con31stent with the 5 sec. time constant of the temperature->'-~""

the normal-state measurementSa The increase in'Ti that 1is -expected to.

accompany the transition to the superconducting state15’16 easily,accountslth'"

for the absence of the hyperfine. term there.

At temperatures below O. 35 K, the measured.heat capac1ty in the ﬂﬁ}?i]l Lfﬁf

superconducting state is 0.0L1T + 1.2 73 nJ. mole -l deg -1 The;term 1f{ff“"”';ﬁs{_§

‘proportional to T was unexpected, but a similar term;wes:found_in tin andff
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also in lead and mercury;lg It'is-appareutly associated with a small -

 amount (0.6% for the indium sample) of ﬂfroien~in"_nohnal{state material,ill

which is produced by the exposure of the sample to the'strayvfield‘of.thef‘ L

_magnet used to magnetize the cooling salt. This interpretation of the

linear term in the heét‘capacity of mercury has been tested;? by-makingve7“Qj

very pre01se heat capacity measurements just above 1°K. for a saﬁple

cooled in zero field the application and subsequent removal- of a field s
l;greater than critical produced an increase in heat capacity approx1mately .
equal to the linear term. We therefore conclude that. for T < 0.35°K, |

C, =1.22 T nJ mole™" deg™,

D. Comparison with Other Experiments

In Table III, some of the parameters characterizing the heat capacity

cf the two states are compared with other experimental data.

A comparison with the normal-state measurements by Bryant and Keesom
in the region below 2°K can be made conveniently on the basis of the valuesi
. of Y, @ s and B Of particular interest is the fact that our value of
o is 7% lower than the average for their two samples and 9% lower than -
their preliminary estimate. Part of this discrepancy is produced.by
systematic differences in the experimental data, our pcints are in.good

agreement with theirs near 1°K, sbout l% lower at higher temperatures, and

. an average of 2% higher below 0.8°K (see Fig. 6). Although these differences S

must be considered reasonable for independent calorimetric measurements at

these temperatures, they do have a significant effect on the interpretastion

of the data. Bryant and Keesom mention an improvement in.their temperaturewhif_fﬁ A

measurements that was introduced after their measurements on indium but .
before their measurements on tin. Since their lowest temperature points

for tin are, on the average, slightly higher than ours (see Fig. 10) rather

[

B
[PPSR
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| vthan 2% low as for indium, this may show that the temperature scale they
used for their 1ndium measurements led- to low values of the heat capac1ty
-& in the region below O 8°K., In addition, Fig. 7 of their paper suggests

.nthat they a551gned a lower Y value and.a higher ah Value in order to repre-*{'

sent CZ by the first two terms of Eq. (h) over a wider temperature range.

In the superconducting state our low-temperature points” are con51stentlyi--7

higner than those of Bryant and Keesom, but a large part of the difference l;r»yf',:

: - is accounted.for by the linearvterm in our data; after subtraction of,this;of
" term our data are again about 2% higher than their lowest points:o Bryant
'-and Keesom assumed.that their measured points 1ncluded the nuclear quadru-:

-pole heat capacity and subtracted an estimate of this term from C to . ,vvhﬁ?h
give an upper limit of l.l\mJ mole l h for C /T3 at O 35°K. The
work presented here shows that this term is not included‘and their data .

.'therefore correspond to C, /T3 1.2 mJ mole™t degvu, in good agreement"l,”‘

with the value reported here. | .

' To summarize the comparison of our data with those of Bryant and
I.Keesom,.the agreement in the actual measured heat capac1t1es is as good:"
as can be expected but differences in‘the‘analyses of the data lead to'a
different estimates of the discrepancy.between Czsvand C. 0’ Bryant anaa;f,‘a:;:]
.KEesom found'cznfcz = 1.k at 0.35 °K and we find the smaller but still

- significant discrepancy_Czn/Cz ‘ = 1. l6 at temperatures between O 1 and .1.:v;

L 0.35%. o

The heat capacity data reported here are-alSo:in reasonable_agreementpif'f>3

17

with the values reported by Clement and Quinnell above 1.7°K. The: -

. apparent difference in Table III is again largely a matter of the way the'ilfifph

data are analyzed.
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' Chandrasekhar and Rayne&'haVe meesured.the e;astie constants“o£’ '

indiuni at 1.4°K and find the same value in both the nomal and supér-. -

’+. - ) s - -
conductlng sta +es, within l part in 10:. The actual values cqrrespond,¢;wv,

to as_e a = 1.4 ¢ 0.04 mJ mole-l deg-h, in excelient agreement with

,‘our value of ah and in obvious dlsagreement w1th our value of aé. Tﬁe A

‘experimental error in the calorimetric ah is difficult to estlmate but it f:ﬁ

is likely to be 2% or less, as long as the T3 reglon of Cz is not muehs' IR

- shorter than has been assumed in uhebanalys1s.

Tne critieal magnetic field Hc was:dbtained.by cerrying out the.:
necessary integrstions on smocthed values of Cn'- CS- The.lrneer.tefélf
iin the measured.heat capacity in the superconducting state was subtracted?i

'and C .and C were extrapolated.to T=0" as 1l. 69 T + 1.h2 T3 and 1.22 T3

' mJ/mole deg, resPectively. The transition temperature T was taken as the

temperature at which the entroples of the two states were equal. The value .

obtained in this way,. 3 hos X, was consistent with heat capacity p01nts

‘and warming curves taken through the zero-field transition. The critical

field at T = 0, Hb; was’found.fo*be 285 Oe. The temperature dependence of =

Hc is given graphically in Figs. 8 and 9 as the deviation from a parabbla,:-”f

D(t) =h = (1-t2), in which h=H /H and t = T/T .

The most accurate value of H avallable is prdbably that reported by -

Finnemore and Mapo‘bher,],'8 H = 282. 66 Oe. For ‘their lowest-temperature

measurements, near 0.3 K H is within l% of H .and it seems unlikely that

the extrapolation to T =0 could 1ntroduce an error as large as the dlfference'_,

between their result and ours. A large part of this difference is urdbably

a consequence of the magnification of sySuematic errors in calculatlng
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'vf;C -C ; which is small relative to C and C above l K. D(t) can be 1:;5j
'expected to be less sens1tive to systemacic errors in C '- C than H
Hand therefore the excellent agreement between our values of D(t) and
:tnoce ‘of Finnemore and Mapother (also shown in Figs. 8 and 9) 1s not |

rnrising in spite of the discrepancy in H . The positive values of

D(t) obtained Trom the heat capacity points at t2 < 0.025 are a direct
- consequence of the inequality e >_as: Hc is very insensitiverto theﬂﬁh;ilid:
properties of the_superconducting state at these temperatures and;_as'
shown in Fig.'9, this feature would not be apparent in'H measurements,}fi
even with the high precision obtained by Finnemore and Mapother. The
agreement between the v value reported here and that calculated from
1the critical field data is satisfactOry. The two values are comparablylgfflf'
: sensitive to‘temperature scale errors-and these, rather than,scatter i97~f}z{f
.the experimental points, probably limit the accuracy-. : |

Indium nuclei have spin I = 9/2. In the metal, the ten degenerate-;:.hdwf:>
. .states of a free nucleus are split. into five doublets by the interaction*:
between the nuclear electric quadrupole moment and an electric field gradient;h.ht
’The nuclear magnetic dipole moments are large enough that the splitting of -

“the doublets by‘the 1000-0e magnetic field used to quench superconductiv1ty '.”'

cannot be neglected.~ The coefficient A in Eq. (6), calculated from the
_quadrupole couPlinévconstants 9,20 and magnetic moments,_n-isvi. i

= (0.90 + 0.1k cos2 #) x 1073 r‘xx_sl'_xrxole-l deé; where ¢ is the angle between:fgﬁfif:
the applied.magnetic.field and the ¢ exis of the crystal. The_observed A: ";"“:
falls within the range of possihle valueszbut we have'been'unable‘to neasure;;ffﬁﬁf

¢ and make an exact comparison. It appears that- handling the samplefhaS'--'f
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P

brought about a recrystallization of the surface and made it impdssible T:f' -

4o obtain -clear x-ray patterns..
IV. HEAT CAPACITY OF TIN
The neasurements were made on an 843-g polycrystalline sample that‘

was cast under vacuum trom 99.9999% tin supplled‘by Cominco Products Inc.

The experlmental points are given in Tables IV and V and plotted as C/T vsi”;

' T2 in Figs..lo and 11.

The superconducﬁing-state heat capacity includes a linear term which ?;
we again associate with the presence of a small amount of "frozen—in"

normal materisl. After subtractlon of the linear texm of the superconduc—'

{
N

ting staté, points below about O. hS K are represented by C = 0.246T3

-1 deg’u;

mJ mole -1 deg_l and we therefore conclude that a, = 0.246 mJ mole
No T-2 term is expected in C_, even in the 1000-Oe field used to

suppress superconductivity, because the naturally occurring tin lsotopes

have zero electric gquddrupole moment and only small magneticldipole moments. .

An accurate caloiimetric evaluation of @ is more difficult than for in@lum-
because, as shown by the measurements by Bryant and Keesom,2 the effects of
dispersion on CZn become important at temperatures where Czn is smaller
relative to yYT. For example, at 2°K the T5 termdis gbout 6% of Czn and -

C, is still only about 35% of C 0 For our highest—temperature p01nts

in
cZn
the expected accuracy, the normal-state data are represented by~ah =

and ¥ = 1.78 mJ mole ™t deg-Q; |

The parameters ¥, ah,'and d; are compared with dthef experimental date

in Table VI. Our ah is in good agreement with that obtained by Bryant and

22:f.l,p

L

is only 13% of C n’ SO the uncertainty in a is considerable, but w1thin ‘l

T T,
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Keesonm from experlmental data extendlng to hlgher temperatures and an S
analys is oased on the first two terms of Eq. (h) They also conclude»fy:ihf;g'

that their lowest superconducting staue-points are cons;stent‘w1th :

: . - : : E ‘ | o B
@ = . Ixcept for the @ reported by Corak.and Satterthwaite, 3 the . .

' ,calorbnetfic values of % and dh'agree_with thHe dh Calculatedvfromﬁthe”f,:em-fl"

-elastic constantszh to within the quoted'experimentel error in that

measurement alone. 'Corak and Satterthwaite obtained a higher value'ofﬂﬁﬁi

"'an from calorimetric data abeve l.2°K but enalysis“of their data using.;ifﬁ&ffz°
~two or more terms of Eg. (4) has shown® 25 that they give lower values .

' than the one originaliy reﬁorted. ;All available experimental data are/gfe ﬁjni
therefore consistent with the equality o = o and a value in the vicihity;f;l
of 0.238 to 0. 246 mJ mole -1 deg-u.‘ | | | -

Although the Y value reported by Bryant and Keesom is in reasonable

“agreement with ours’eit is slightly higher;_whereas forvindlum their value_j;'
was lower. fhe same trend is shown by the individual heat‘capacity poinﬁs :;;fi 
‘,“(compare Figs. 5 and 10) and, as mentioned in Sec. IIIB, mayﬁbe a conse-" .
quence of the change invﬁheir temperature scale ﬁhat was iutroduced.beuween_i‘: i@
‘their indium and tin measuremenfs..The discrepancy between eur.T.and thet e
’calculated.bvainnemore and Mapother18 from critical.fieid data is similer:>¥tfuv;;‘

to the corresponding discrepancy for indium discussed in Sec. IIIB. '  ‘"'f‘

, V. .DISCUSSION . e

- A. Interpretation of Experimental Results |

The foregoing ahaiysis of our data, and the eaflierﬁheat éaPaC1t?hee;£:g5‘
.measurements on iudium by Bryant and Keesom, suggest that at least one efi:

.t_ the assumptions expressed by Egs. (1), (2), and (3) 15 not -valid. In. thef3j}5§-?r

following discussion the only generalization of these equations that wmll ffi

-be considered is that Czs and C‘en may be different. For the comparlson
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of the experiments with existing theories it is:unneceesery’torconSidér;'»
the possibility thct the heat capacity is not the sum cf'eepareble latticefﬁ ; )
and electronic terms, ee long.as ch and C, are understood in a more
" general way than has been usual. ' v | . ‘
- For tin, at temperatures below 0.45° K C is proportional to T3 and _/"

3 ,

the 1naent1f1cation of this T° term with Cz permlts an evaluation of
¢S. The magnitude and temperature dependence of Czn make the calorimetric
determinatlon of @ ‘less accurate but there is no evidence for a discrepancy
between @, and.c;. Because of the uncertainty in the calorimetric a the
agreement between the elastic constants and the calorimetric 0(.s is 1mportant-
in es;ablishrng the equali%y @, = aﬁ. Figure 12 ehows that'Ces, defined.

3

by C._ = CS - aST s

es has the expected exponentiasl temperature dependence;

for 3 < TC/T <9, C, = 7.85 v T, exp ('l‘hQ,Tc/T)" Since the BCS theoryv
gives a C,_ propcrtional to exp (-l.Lk TC/T)'in this temperature region |
and an energy gapat T =0 of.3.50 ch, the observed Ces corresponds to a
0°K energy gap of approximately 3.h5 ch. .The possibility that the energy
gap is anisotropic complicates the comparison of velues dbtained'by different
methods but, as snown in Teble Vii, the calorimetric ralue isﬂin'good
agreement with those obtained by several other neasurements_that are sensi--
tive to the size of the gap at T §<_TC.‘ The behavior of tin 1s thus - )
ventirely consistent with Eqs.A(l), (2),'end (3) and the expected tempereture L
. dependence cf Ces;- any discrepancy between Crzs-?and C én 1s less than the
experimental error.

For indium, the analysis of the normal state data in Sec. III B
follows a conventional procedure and we would ordinariiy assume that the

resulting a value was correct within about 2%. . However;ﬂif this value—

i
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.is correct, the total superconducting—state heat capacity is less than

'-the normal state lattice heat capacity at temperatures below O 65 K and

'3‘consequently, CE‘ < C " Since this difference between Cz' and CB

difficult to account for theoretically (see below), and.since it is evi-a;_pa_“f o

dently not a general feature of the superconducting tran51tion, it 1s

n,and thet: the indium data could be represented by the same lattice heat

S capaCity in both normal and,superconducting‘states.. This is possiblehevenJ
,.though the analysis in Sec III gave a significant discrepancy'between

rt“h and @, s because the values of these parameters were chosen to fit the

experimental data in different temperature intervals, ct.s was determined by“igqﬁ:ff. '
the measurements at temperatures for which Ce << a T3, i.e., at T < 0. 35 K
“but @ T3 is a small part of C in that temperature range and the value of..;'”ﬁ
o was largely determined by the measurements at T > 0.4°K. More accuiétéi"'l””
measurements at lower temperatures have generally tended to give-lower

10,26 and'cadmiumlo 27)

calorimetric ahs and there are metals (e.g., gallium
for which deviations from the T3 Jlattice heat capacity amount to several
percent at Tz~«90/200,>which corresponds to 0.5°K for indium.- The possi-,a;'

.bility that a was overestimated and that more_accurate measurements of.Cz

at T < 0.4°K would reveal a limiting lepe of (C - C )/T vs T2 equal to 5%,}:' Tk

that of C /T vs T should therefore be considered. This possibility is }”gh?f
actually suggested by'the deviation of the lowest-temperature c ‘1Ch »aﬂi'
points from the straight_line of Figs. 6 and T. An obvious feature ofv-tf'

these figures is the possibility of representing the (C - C )/T and Af

_ . 2 . :
: CS/T points at T < O. 3 K? by parallel curves, which would correspond to
,eoual lattlce heat capacities. It was pointed out in Sec. IIT B that these?

deviations are within the probable experimental error and therefore not

necessarily significant but, for the same reason, the possibility of a

'change in slope of (C - C )/T vs Te near T2 ~ 0. 15 K? would have to be R “S'f’=f



-17- | UCRL-10426 Rev 1

considered even if the experimental points dld fall on the line. .
The effect of. such an 1nterpretatlon of the data on the apparent '
| temperature dependence of the lattice heat capacity is shown in Flg. 13 as R
a plot of the effective Debye temperature 9, defined.by equating the- lattrceie
heat capacity to (lQ/S)W R (T/e)3, against T. The open clrclesvrepresent_:;

i the'CZn values obtained in Sec. III B and the solid curve represents’the t{
'extrepolation to T = O equivalent to the straight line of Figs.»6 and 7.: .
The dashed curve ehows a lattice heat capacity that'COuld"be assigned tolq
both normal and_superconducting states, 'within the erperimental error. ~It:;

corresponds to a curve for (Cn - C )/T Vs T2 that follows the individual

~heat capacity points above ™ ~ 0. 7 o2 and the straight line of Figs. 6

and T for 0.15 < T2 < O.7°K, but goes over smoothly to the line (C - C )/T = f».<

1.72 + 1.22 T2 md mole—l deg-g below Tg'z O.lS°K2. It differs from the
original llne by no more than the possible experlmental error, but is
actually a better representatlon of the low-temperature p01nts, and corre-ffﬁ
sponds to an @ that is equal to % . This interpretatlon of the datavwould>V‘
‘ require an unusual frequency spectrum (the higher-temperature_measurements

17 confirm the negative curvature of the © plot

by Clement and Quinnell
near 4°K) but this seems to be insufficient Teason for excluding it as
1mpossible, particularly for a metal that is as anisotropic acoustlcally ».
~as indium. X
4Comparison of the normal-state heat capacity with the elastic constantsA
provides a mcre obvious reason for accepbting the N value derived in Sec.
IIT B and, coneequently, the discrepancyjbetween C)en end‘Czs. Excluding '
metels for which an accurate calorimetric determination of @ is difficult,eff
most of the available data support the assunption that the o calculated

from elastic constants is the same as the calorimetric o - . The discrepan-

cies that have been reported28 have usually been for metals for which the:
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2 term could be important at temperatures‘soilow that, Cz is stlll only o

ey

small paru of C n’ and in some of these cases heat capacity measurements_ ‘f:q?.'

29 :
below 1°K have resolved ‘the dlscrepancy O 27,29 For indlum, the only 3

6 - T curve that could represent’the lattice ‘heat capacities of both K ;hEQ;'ﬁfftf
normal and superconducting states and also agree W1th the elastic constants. :ZLff
is one that follows the.p01nts in Fig. 13 above lFS‘K and.theldashed curvepr;;'ghlf
from>l.5°K to O.l°K; but then drops"”_to.eo = lll°Kusomewherebetweenfo.ifKZJ;ﬂ;ﬂf
- and the temperature corresponding to the frequency of.the,elastic'constants‘;}f;7ﬁn

‘measurements, 5 x lOfu°K.' Since experimental data on other metals i the ... . -

30,31

normal state offer no precedent for such a @ - T curve
reasonsble to accept the inequality of CJes and Czn.' A difference between

C‘es and Czn of this size certainly does not occur for all superconductors;‘"

“but the existing measurements of Cz for other superconductors permit no

further generalization: “for tin CZS’ Cz » and the elastic constants all

- agrees for mercury the elastic constants are not known but C,. and C
: 48 in

' agree;le for lead,l2’32_and for n:f.obium33"3)+ there are conflicting experie’fgfh

mentalvresults.

.
.~

The apparent temperature dependence of C shows that the dasheé curve'.
of Fig. 13 is at least an approximation to Cz s 1ndependently of the inter--7
Vpretation of the normal-state data._ As shown in Fig. 1k, the assumption
th:av.t_CJeS = abT3 gives C__ = = 8. 25 TT, exp(-1.34 T /T) for 3<0 /T < 6,

corresponding to 3.26 kT for the energy gap at 0 K. - This is clearly an -

- overestimate of C . hear T and'comparison with'other measurements of theinﬁs,iali

energy gap (see Table VII) suggests that it is also an overestimate in the_fﬁfﬁ;

region 0.5 to 1.5°K. The other measurements are in good agreement with

the calorimetric velue for tin but conspicuously high in_comparison yith‘jgﬁ“‘“*'

the 3.26 ch for'indium, It therefore appears_that at least,part of the'L

it seems more .r: .

o s
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differeﬁcé.between'cs and asTB in thg iegion justvabGQe Oﬂ5°K‘Quét_5e ;iﬁq
produced by an increase in Cﬁs/TS from theé lbwfte@perature“value:aé.

The assumption thﬁtqug is represented by the dashed'curvé of F;g.vl3 l‘ f:

gives Ces = 9.&0 Y TC exp(-1.55 TC/T) at 2 < TC/T < 4 and the more.regsoﬁifh -
“able value“3.77 ch for the energy gap at 0°K. Below Tc/h; C;é décfééses»ié"f o

‘with decreasing temperature more rapidly than exp(-1.55 TC/T) and drops *{f‘]i:“ j’?

to zero near. 0.6°K, but the discrepancy is less than 2% of C_ at all

temperatures and could be eliminated by a relétiVely small éhift_in,the   i:,7f;°
i dashed'cufvé. ' E | o | o | - 'v.fEJE;Q;'f .
Although the effective Debye temperatures for the twd'states cah be:i iﬁlh
ﬁsed as a basis for comparison of the_léttiée heat\capécities; they cannotxfj{lf“ﬂ,'r
be taken as a measure of a ;hift in the frequency spectrum as.a whole; .Iffffifi,“v:
the discrepancy between the normal and supercon@ucting states;.ABo =f5.8°K;‘:
were produced by a shift of this size in tﬁe_whqle.spectrum, it would cofre;‘i;‘
spond to a change in the lattiée zero-point energy approximatel&~loh:pimés ;
_ . : i
as great as the total normal-superconducting energy difference. The actual"ﬂf ; é
: . . : 1
changes in the frequency spectrum must be such as to leave the average- i

frequency relatively unchanged. As pointed out e;Lsewhere,12 the Debye-Waller

factor, which does depend on the whole frequency spectrum, can be expected
to change by an“gmount corresponding toia much smaller AQo° Therefore, the

‘failure to detect changes in the Debye-Wéller facfor at, the supercdnductihgjlxvfj
37 | ‘ L

“transitions in tin35’36 and indium™ has no bearing on the reality_of‘the~
discrepancy in lattice heat capacity and is to be expected, independently ;;  ﬂ}f_;

"of the mechanism pfoducing the discrepancy. ‘

B. Comparison with Theory )

There have been several attempts to provide a theoretical basis for :“l¢fuf.‘

the discrepancy between C,_ andlcz Tn this section the experimentel =~ =~ "
. n. ] . B : : ‘.. L
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P T

data for indium are compared with the theoretical predictions. R ’?!h;-e;~w'§
Calculations by Eliashberg3 suggest that the electron-phonon 1nter-' AR

action contributes a T3 T term to C but not to C {‘ This term might be

included in the T3 term obtained by analy51s of calorimetric data and dh
:would then appear to be larger than Qé- However, 1t is A which should' v
- ‘agree . W1th the elastic constants, contrary to the experimental result for
* indium. _Furthermore, the calculations are contradictedvby the general_'j:f
: agreement between calorimetric dh's and elastictconstantsf .
tFerrell39 has used.the difference in response to sound, waves of.normalftf;

and superconducting electrons to derive a modified dispersion relation forvhff.f

‘phonons in the superconducting state. He finds that phonons with wave

length longer than the coherence distance and energy less than the gap

R B 4T TR AR AT PSRN

‘ energy are shifted upward in frequency'by a constant amount. 'This produces'jf
a negetive term proportional to frequency in the frequency spectrum'and w
Cﬁs becomes the sum of th3 and.a negative T2_term. As shown in fig. 15, 'jf”::fj é
a relation of this type does‘not fit the experimental points as well as.a‘ |
single T3 term. If the decrease in,lattice heat capacity that accompanies tfff'L
the transition to the superconducting state is produced by an,increase'in'iif
frequency of the thermally excited vibrational modes, the temperature de- ;,5

pendence of Cz and Cz shows that the shift must be proportional to frequency

.

for the frequenc1es that determine the heat capacity‘between 0.1 and o. 35 K.

| Ferrell': s conclusions are also contradicted;by calculations by Kulik.ho A'Q;;f;' o

Daunt and Oil.sen)+ have suggested that the discrepancy'between Cz and[_}*gi.f;

Gy is produced by different temperature dependent zero-point energies in'iftf"""

the two states. The temperature dependence of the zero-point energy is

. suggested by the temperature dependence of the elastic constants and by the!:gij

relation between the elastic constants and the low-frequency end of the fff”facﬁ'vf

vibration spectrum. Since the high-frequency modes.are~important in tﬁéu;L[ A




-1 UCRL-10426 Rev 4~ e

interaction producing superconductivity and since the zero-point energy-.- . =~ . }

of these modes is so large, it seems possibdle that changes in their fref;‘”

-quency associated with the :)ercormucclu,O transition might make an

ORI

appreciable contribution to C, . It would requlre only a very smasl sh
D

in the high-frequency part of the spectrum to produce an energy shiftm

aE

comparable to that indicated by the discrepancy in lattice heau capac1ties.-;

-

However, there are several

aif ficulties associated w1uh ~'e'la;,:‘.ng the_
change in zero-point energy to the elastic constants: (1) +the temperature -
'dependence of the elastic constants is not confined to the superconducting - - -~ |

state, and the same argument sould pre61Cu a contribuulon to tne heat

capacity of all solids; 2) there would be a latent heat assoc1ated with

the discontinuity in the bulk modulus at T_. It therefore seems clear that %3-1»5
the wvhole spectrum does not shift in the same way and that any concributlonjf  ‘;: 5f€
to C,  from the zero-point energy of the high-frequency modes cannot be - ;

calculated from the elastic constants. .. : T

VI. SUMMARY S T
If the normal—state heat capacity is interp:eted_in the usﬁal.way snd,cf
in particular, if it is assumed that the lattice heat capacity is propor-

tional to T3 for tempera ures up tc about O 5/130 the calorimetric data 1 o ;-:i

for indium show tnat a decrease in the lattlce heat capacity accompanies f”'

the transition from the normal to the superconducting'state. The valldity

"of this 1nterpretation of the no*mal-state data is supported by the agree-’y‘: L 4
ment between the res ulting e . and.the value calculated from the elastic B i
116. 8°K and 9 lll 0 K

constants. The heat capacity data give Qos

o = 111 3_°K.‘. Any alterna-

n

whereas the: elastic constants data give gon

- tive interprefation of the heat cepacity data thet gives the Same lattice_]

¢
1
‘
i
. i R R
'
'
§
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g

heat capaC1ty in the two states requlres an unusual: temperauure dependence_d*[‘

‘.

of the lattlce heat capac1ty, and, 1if the calorlmetric data are to agree R

3 region of lattice heau capacity must

_extend only to T < 4] /lOOO.

* None of the proposed explanatlons of ‘the decrease is 1n accorddwith

constants with the calorimetric gon rather than Qos excludes explanatidnsffﬁ'¥'

| based on an additional T3 term in the normal-state heat capacity.:‘,;i

If the decrease in lattice heat capacity is associated with a

shift in the frequencies of the thermally excited modes of vibration, thoseid)-ﬁ'“

modes. with frequencies that correspond to temperatures between approrij jf

mately 0.05 and 0.7°K must be increased by an average of 5%. Within this;

.interval the shift in frequency‘must be_proportional to frequency in order .

3

to give the observed T~ dependence of the superconducting—state lattice
heat capaclty, and at higher frequencies the shift must drop rapidly to

zero, since the discrepancy in lattlce heat capacity disappears at about

' 1.5°K. Alternatively, the shift may extend to somevhat higher frequencigs ' -

if it develops only gradually as the temperature is redncedfbelow_Té. In L

either case, the very-high—frequency modes must be relatively unaffected‘

 since there can be no large change in zero- point energy, and the very-low- fji

- frequency modes can change by at’ most 1 in th in- order 1o agree with the }:l;{)?, ’

change in the elastic constants.

’

A change in lattlce zero-point energy of only 1 in lOT nould.be

equivalent to the ‘energy associated with the discrepancy in laﬁtice heat

- capacities. However, if such a change is responsible for the discrepanc&;'_j.j

it appears that the shift in the high-frequency modes is not related in a xvff

simple way to the differences in the elastic constants.

‘iall features of the ‘experimental’ results. The agreement of the elastic~:5fe5f5.l'_j
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' TABLE I. The heat capacity of indium: H=O. The units -

of heat capacity are mJ mole™l deg~l.

i A S S T S S Ry S B Ay

T . C T ¢ .. T - cC
.1051 .00258 .2113 .01368 L4006 .08360
.1064 .00310  .2130 .01l24h 4175 -.09k25
.1131 .00298  .2329 01788 .4388 . . .1094_.
L1149 .00334  .2385 ' .01901  .4543 - 1234k . ¢
.1168 00366 .2506 ..0217A4 L4766 .1bho o - e
.1175 .00343  .2581 - .02374  .4932 - .1605 v
1329 -.00452  .2610 © .02431  .5191 - .1852. O .o¢
1407 . .00504  .2708 02729 .5223 . .1905 | ST
1412 .00508  .2808  .02992  .5091 .  .1735. =
L1422 .00527  .2834  .03082 . .5604 . .2338 -
.1515 .00590 - .2876 .03224 - .5633  .2kor
1524 .00596 3066 ~ .03860  .6183  ..3240° ‘
.1603 .00674 = .3178 .04286 . .664T 4182
.1608  .00666 4ok L 05667 .6821 - .4565 -
1639 . .007T17  .3686 06528  ..7618  .6708 -
1643 © ,00709  .3796  .o7241  .8450 = .9553
.1679 .00756  .3229-  .04558 .8915  1.155
1689 .00782  .3245 ° .ous62 .9750  1.560
.1841 .00933  .3402 05271 .9501 - 1.453
.1928  .01065 .3635 .06396 1.0221  1.838
1965 .01129  .3792  .07187 o
.206  3.221. 1.919  ~14.11 = 2.945 - 50.28
.222 3.419  2.044 17.21 - :3.049  56.12 R
274 3.863 2.092  18.23°  3.191 = 64.11
.381 5.084 2.230° 22.27 . - 3.296  70.38 . o+ ..
R 5.905 2.297  24.07.° 3.565  78.57 .o
503 6.669  2.407 . 27.89 - 3.710 - 88.12 .. .o |
572 7.751 . 2.506 . 31.12 | ..3.862 . 100.3 . - " .
.630  8.594 - 2,501 34.09  '3.985 109.4 . oo
767 11.03  2.715 - 39.48  4.158 . 125.5 - o ]
.866  13.09 2.811  44.08 - It
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TABLE IT.- The heat capacity of indium: H=1000 (e. Theé =
. ~unilts of heat capacity are mJ mole~l deg~l. .

T

T

¢

. 08659
.08774
. 08897
.09231
.09532

.1055

.1095
.1166
.1170

.1288
.1296
L1344
1422

O 00000000000 O0OOOOo O O O
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TABLE TIY. Summary of éalorimetric and related experimental data for indium. .

Finnemore and

1.66

‘ . : / ‘
Measurement = T K X L T Hy
o ‘ SRR (mJ mole~1 (mJ mole~d (mJ mo}e : -
(°K) deg~2) . deg~%) - deg™™)  (°K) (0e)-
Heat capacity._ _ 4 _ o ' o )
‘This work - - 0.1 - 4.2 1.69 1.42  1.22  3.405 285
Bryant and Keesom®  ~0.35-. 4.2 1.61,1.59 1.50,1.53 3.403 284
Clement and Quinne1l® 1.7 -21 . 1.81 1.50 . 3.387 |
Elastic constants
Chandrasekhar . _
and RayneC 1.h 1.41 1.41
Crltical field _ K
Shaw, Mapother e e
and Hopkinsd 1 - 3.4 3,408 285.7.

282.66

~ Mapother® .~ - . 0.3-3.4 7 3.407
See Ref. 2_7'4f‘5;u. J
See Ref. 17'*
See Ref. U . _ o : : . _ S S
R, W. Shaw, D. E. Mapother and D. C. Hopkins, Phys . 120,88 (1960). . .

0 a6 T oW

See Ref 18 fuf,jy
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"TABLE IV.
' . heat. capacity are mJ mole‘l deg"1

9. 'ijr';CRL-szz(a Revid

The heat capacity of tin: H—O ' The units of

C :

OO0OO0OO0O0CO0OO0O0000O0OO0OO000O0O0O0O0O0O0OOOoOOo OO ol

1456 . 0.001585 0.3382 = 0.01056  0.3082  ~.0.008556 .
.1519  0.001461  0.3402 . 0.01118  0.3242- 0

.1569  T0.001566  0.3537  0.01218 - 0.3287 . O.

1667  0.001870 . 0.3635 0.01332  0.3367 O i
1676 0.001902 0.3577  0.01282 . 0.3543 "1 0.01231 . .
.1720 ©0.001921 . 0.3672° 0.01359  0.3636 - O

.2305 - 0.003998 0.3703 - 0.01392 - 0.3736 .. 0

.2380  0.004477  0.1558 = 0.001647 = 0.3881 - 0 ,
.2384  0.004429 - 0.1601  0.001673 0.3900 ~ 0.01620 - . '
.2523 . 0.004629  0.1616 0.001800  0.4058 ~ 0.01807 ..
.2539 . 0.004953 - 0.1725 0.002074 - 0.4112 = 0.01892 .
.2540  0.005036  0.1770  0.002139 =~ 0.4419 * 0.02327 ¢
2572 0.005063 = 0.2009 0.002925  0.4434 = 0.02339
.2575 ~ 0.005052  0.2014 0.002892  0.4554 ~ 0.02552
.2818 . 0.006604  0.2174 0.003514 = 0.4837 - 0.03032 -
.2875 © 0.006939 0.2279  0.003913 0.5150 ‘ O R
.2884. . 0.007198" 0.2288 .- 0.004013 . 0.5383 . 0.04298 .. .
.2894  0.007019 0.2333  0.004129 . 0.5749 - O. o
2914  0.007282  0.2338 ' 0.004060. - 0.5826 . - 0.05661 ..
.2981  0.007626 = 0.2340 .0.004179 * 0.6170 .. ©

.3024  0.007996  0.2345  0.004058 - 0.6557 . 0.07992 .
.3067  0.008135 = 0.2525 0.004968 0.7016 - 0

.3128  0.008928 . 0.2564 - 0.005300 = 0.7879  0.1887

.3178 - 0.009192 - 0.2667 = 0.005724 * 0.8596 ' O.

.3195 = 0.009500 0.2831 = 0.006727,  0.9203 . O

.3200 . 0.009459 0.2840 - 0.006765 - .0.9564 0O

.3333 -~ 0.01029 " 0.3021 = 0.008097 < 1.061 ' .0.6489

.oog727
$01009 - T |
.01075 R

014330

.03698,531“fi  ;4
.05460 é;,e{-"
07003 i
11150 ff: 'i.”:
;2714,f35:*7ﬁf:‘

36k L
R R




TASLE V. The heat capacity of tin:  H=1000 Oe. The units

-3¢

. ‘ )
UCERL- 10426 Rev 1

of heat capaclty are mJ mole-1 deg'l.

O O OO O O OO0 OO0 OO0 0O 000 OO0 O

126

.338

k39
o734

B3

T C T o T C

.09269  0.1615 0.1780 0.3141 = 0.3973 . 0.7153 - 7.
.09L7L  0.1645 0.1821  0.3204 0.4339 . 0.7928.
.09517  0.1658 0.1865 0.3297-- - 0.4408 0.7998 .
.10373  0.1754  0.1966 - 0.3493 ~ 0.4886 = . 0.8998
10470  0.1756°  0.2003 0.3529 - 0.5137. - .0
.11136  0.1887 0.2051 0.3646  0.5264 0
.11165  0.1887 0.2182 0.3888 . . 0.5423  °1.003
.11734  0.2043 0.2204  0.3913.  0.5681  1.057 -
11868  0.2085  0.2301 0.4088  0.6260 . 1.180.. . .
1217 0.2162 0.2402 - 0.4266 0.6374  1.204 - .
.1286 0.2318 0.2438  0.4313 0.6923 - .1.319 - .
1315  0.2369 02594  0.4616 0.6932 . 1.325 - -
1342 0.2367 . 0.2652 0.4737 . 0.7637 -1
1410 0.2488  0.2888 0.5148  0.8199 : 1.597 . -
1453 0.2555  0.2925  0.5209 . 0.8393 : 1.643°
1480 - 0.2597 0.2978  0.5301 - = 0.8941 ~ - 1.774 .. .
.1485 0.2602 0.3198° 0.5727 - 0.9341 1.862 =
1603 0.2797 0.3592 0.6647 - 0.9637 . 1.944 - .
.1625  0.2847 0.3550 ~0.6362  1.032 - -2.107
.1652  0.2900 . 0.3948  0.7158  1.037 2.110.

‘1 2

.
T e
,4

T et v




TABLE VI. Summary of calorimetrlc and related experimenﬁal databfdr'fin;l

Measuremént_ o T b

(mJ mole-l  (mJ mollte‘1 (mJ mo&e

(°K) ~ deg=?) . deg”

-T._

deg~

Heat capacity.

This work 0.1 -1.0  1.78 '(0¢246)
Bryant and Keesom® 0.4 - 4.2 .1.80 0{242 o

Corak and-

Satterthwaite® 1.2 - 4.5  1.75  0.262.

Zavaritskii® = 0.15-4

Elastic constahté' “
Rayne and ‘

Chandrasekhard k.2 ,':,‘_ - ‘» - .0.238

 Critical field*'_"f_‘

' Shaw, Mapother. . - . ... . ..
. and Hopkins® -~ 1 - 3.7
o Finnemor? and B

o 246 o
o 242 3 701

f 3. 722
O 236

"3;72é 

" 3.722

s

303

308.7 -

3055 ©

See Ref. 2. SR
See . Ref'. 23 n L

N. V. Zavaritskii Soviet Phys. JETP 6 837 (1957)
See Ref. 24 : : :

oo o o;<r m

See Ref 18

R. W. Shaw, D, E Mapother, and D C Hopkins, Phys. Rev. 120 88 (1960)

-fe-
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TABLE VII. Energy gap at 0°K, in units kT,. -

Measurement S - Tin - - . Indium .

» This work D .3'45 ' S 3.26 - 3.77

Infra-red absérpt%on. | | |
“in the bulk metal - 3.6 | L.y

Infra-red absorption o ‘_Aff SR

in £ilmsP" 3.3

, _ 3.9
Electron tunneling® - 3.5. - 3.6

D. M. Ginsberg and M. Tinkham, Phys. Rev. %%é, 990 (1960). -
I. Giaevar and K. Megerle, Phys. Rev. 122, 1101 (1961). 3:

o o o

P. L. Richards and M. Tinkham, Phys. Rev. 119, 57'5‘(1.960-)._'_',‘Tﬁ-f.ir ;,




1.2.

13.

‘The apparatus. = - -

33 . UCRL-10426 Rev 4

* FIGURE CAPTIONS.. = ="«

The heat capacity of.copper: - O.l-to.i9K;.>The straight.iinevis_an"‘”n

extrapolation from measurements'ahove 1°K on the'same sample;f: 1£e;§fe’ff
_The normal and superconducting-state heat capacities of inaium

0.1 to h 2°%K. A ¢ POlnts taken with small temperature increments.ffﬁ_ijf

Graph used to determine the hyperfine contribution to the normal-

'state heat capacity of 1nd1um

- The nonnal-state lattice heat” capac1ty of indium corresponding to

several different N values.

..The normal and superconducting-state heat capacities of indium.iO.laf N s

" t0:0.9° K.

The normel and superconducting-state heat capacities of indium: 0.1.

to O.M5°K. . .

Deviation of the critical field of indium from a parabola. The curve’..f

is calculated from smoothed heat capacity data. @ critical field g;d

i
measurements by Finnemore and Mapother.«

-

Detail from Fig.-8, showing the data at temperatures below 0. 7 K.

The normel and superconducting—state heat capacities of tina O 1 to 'iijZ';i

>

1.1°K.

The normal and superconducting-state,heat,capacities of tin: . O.l.to_g ;fh,d ﬁ

0.45°K.

The superconducting-state electronic heat capacity of tin.

The effective Debye temperature of indium. O : normal-statevlatticeijzgf
heat capacity obtained in Sec. III B.::: The solid curve-is.equivaient B

to the straight line of Figs. 6 and 7._ The dashed curve is a possiblepaul_fgfﬁ

superconducting-state lattice heat capacity.




1L,

| 15.

-89- , ) UCRL-10426 Rev 1

. The superconductlng -state electronlc heat capacity of indlum. The;
points are based on the assumption that the lattice heat capaC1ty o

is 1.22 T mJ mole l-degvl. Another possibillty is discussed in .~ "

Sec. VA.

Comparison of the superconducting-state lattice heat capacity of

indilfi-with Ferrell's prediction. The lines through the or1g1n have fff?:>"'

‘slopes o and as; The third line also has slope @ and represents fs,j'}5

the temperature dependence predicted by Ferrell.
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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.








