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I. 1OW TEMPERATURE HEAT CAPACITIES OF VANADIUM,'NIOBIUM, AND TANTALUM
II. LOW TEMPERATURE HEAT CAPACITY OF FERROMAGNETIC CHROMIC TRIBROMIDE
' Yun Lung Shen ' '

Inorganic Materials Research Division, Lawrence Radiation Laborétory
b Department of Chemistry, University of California,
Berkeley, California

ABSTRACT
" September 1965

I

Bxperimental studies were made on the heat capacities of vanadium,

niobium, and ‘tantalum from 0.3 to 25°K in both normal and superconducting _

statess Of particular interest is the anomalous superconducting-state

heat capacities at low temperatures which are ascribed to the exiétence

v

of a second energy gap. These measurements constitute the first experimentai

evidence for the theoretically-predicted second energy in superconducting

transition metals, The effect of purity on the superconducting electronic
heat capacity was studied, and compared with the electron mean free path
via measurements of residuval resistances. It»;s concluded that the.lattice
heat capacities for these metals are likely to be the same in both normal
énd superconducting states. Bofh vanadium and niobium have the same limiting
normal-stete lattice heat capaéities as that determined froﬁ the elastic
constants. o

II

The heat capacity of ferromagnetic chromic tribromide was measured

from 0.3 to 25°K in 0, 20,4, and 27 kG magnetic fields. We made use of .

_ three parametérsi Jt’ Jl’ and HA determined from the magnetic properties



‘fields dev1ated con31derably from the calculatlon of the simple theory

'f—and an emplrlcal formula was used to fit the data below h°K.

e 5
I 0

N'.The zero—fleld experlmental data agree closely with the calculatlon from L

ff the model of Gossard,_ Jaccarlno,:and ‘Remeika between 1 and- 2°K where the

. lattice heat eapacity islnegligible. Out81de +this temperature reglon, the'

'q‘interpretation is less certein. The heat capa01ty in high magnetic
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A, INTRODUCTION

The total heat capacity of a normal metal at low temperature is

customarily written as the sum of a lattice, electronic, and nuclear term

i

C

n Czn AT Cnuc e - (1)

" ey FH f 4 PPN
u‘e] b O:T 4 af » s

= (12/5 )-nl‘a_ (T/é)3'

where 4T is the normal-stete electronic. heaticapaclty, ahd i L

¢, is the lattice heat capacity. « is related 4o the Debye characteristic’
) : } , v

in
temperature at 0°K, 6y bY
o = (12/5)711‘1{ 90"3 :
-The éssumption thgt the lattice vibrations tﬁat determine‘e are identical
with sound waves, identifies @0 as @e, the value.t#at can be calculated
from elastic constants. Discrepancies between 6, and ee.have‘been reported
for a few metais (including vanadium and niobium),'but in most cases the

discrepancies have been resolved by improved calorimetric measurements.

At the same time the validity of the relation has been questioned on theoretical i

groundsal

' Cnuc comes from interaction between the nuclei and electric field

gradients or megnetic fields. In this report an external magnetic field NS

H is the only field acting, and Cﬁuécis represented by

2,2
_l/Ia N () ' __
Crue = 5 T B2 R for kT > uH (2)

where I is the nuclear spin, p is the nuclear magnetic moment, (H?) is the. .

averége of external magnetic field over the entire volume of the sample, R -

- 1s the Boltzmann constant, and R is the gas cbnstante

In the superconducting state we express the heat capacity &g the



| f;‘.isum,offe,latticevterm C., . and electronic term‘Ces

"xf;where T is the superconductlng trans1t10n temperature, the parameters &

. e

L

.xs

G Oyt O .tlt-v.x;;;_tﬁve ’VﬂiftKB):';e‘fi e
‘Aecerdingﬂtnlthe'BCS theor&‘bf superconductivity,? the lattice heat capacmty

;tCl is the ‘same as that of the normal statey and C is given”by :v,;;nn.

S -(bT T) S SR O
i, / o w

P

'and b are slowly varylng functlons of T/T for T <T /2 and can be taken j* v
as: constants within a restricted temperature 1nterval. At low enough |

' temperature C ' JS vanlshlngly small, only C 1s left,‘

One of the many problems 1n superconduct1v1ty is whether C equaIvavﬂ'f “

m* Measurements on the change of elastlc constants durlng the super-

‘f conductlng transitlon indicated that the change is only seyeral parts in ,:; o
B lO5 2 therefbre C! .should equal cln within the.limit of error of calori- - o
metric measurements. But it wa.s discovered experimentally that C

:lesslthan “En in 1nd1umyand this led to a series of theoretical specula- }xitlf{

' tions. The extension to othe; metals of measurements that would test the Se e
eqﬁality of C and C ~is thereforevof-interest' and vanadlum, nloblum, ,At:

~and tantalum, are among the metals for which such measurements are poss1ble.:v

is
part of the total heat capacity at temperatures er which CZS can still be —

The determlnation of C is poasmble only if C becomes & negllgiblei'f

measured. This condition is fulfilled for metals with high Tc and/or
. small 80, e.g. indium, lead, mercury, thallium, tin, vanadium,'niobium,;-'H
~.and tentalum. The 1aet.three'metals are especially suitable for calori- ?‘ft‘

" metric studies at helium-three temper atures because of their relatively_n; - 'i ;.
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high Tc‘ Furthermore,” for V and Nb elastic constants are available for a
comparison with the lattice heat capacity. _Earlier,results)’ indicated
that C, might not equal Cén or that @6 disagreed with eé for V and Nb.

Ls
In view of the lack of information on the low temperature heat capacities f

. of superconducting V, Nb, and Ta, we undertook measurements from 0.3 to

25°K in a He3 cryostat to test whether Czs is equal to Cﬁﬁa
Secondly, an extension of the BCS theory to transition metals with
s= and d~energy bands by Suhl, Walker, and Ma‘cthias7 shows that the

temperature dependence of Ces might be more complicated than the BCS ex=-

pression. Investigation of Ces on very high purity materials in the

region T < < Tc might reveal the effect of extreme energy gap anisotropy.

Niobium has the highesﬁ Tc among pure metals except radicactive technetium,

- hence, it is suitable for experimental studies of this effect.

-Experiments on both heat capacities and residual resistances are

described in Section II. Section III contains heat capacity data as well

'as a conventional analysis for each of the th;ee metals. In this analysié

we assume that Czsw Czn and this point will be justified in Section IV

which is denoted to & discussion of the results and a comparison with

theory.
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Bl EXPERIMENTAL ASPECTS
‘1.  Calorimeter

. B Brlef Descrlptlon of Calorlmeter

A calorlmeter that used He5 to reach temperatures below l°K and which o f? Q}
'"'g"can also be used above h K was used in all heat capaclty measurements.

' ,_<Temperature measurements were made w1th a low-re51stance (35 ohms at

”"’h 2°K) thermometer. Detalls of the constructlon of the apparatus were

{fdescrlbed by N. M Senozan,B:and will be only briefly mentloned heregr;

Coollng to 0. 5 X was accompllshed by pumplng on liquid. hellum—
.:three with a beinch diffusion pump. - The sample was isolated thermally
~ by mechanical motion of the heat switch in a vacuum space that was immere :f_
. eed in 1iquid helium~h.l A measured amount of energ& wes put in via'e | |
" resistance heater that was aftaehed to the sample, and.the temperature
:';rise.of the sample was recorded potentiometricaliy from the‘resietanee
change of the germanium.fhermometer."
Superconducting-state heat capacities'were meesured after Fhevsample:_
- was cooled down in 1/36 earth field, This was the residual field inside;’
a mu-metal shield placed‘outeide the dewer. The sample wa.s surrounded |
- with a superconductmng magnet that, could driie the sample into the normal.'z* 

state.v Heatvcapacitles up to 25°K could be measured both with and wlthout;eJTJ'.

" an external_magnetic-field°'
. b, Thermometgx _ ‘v-h, f - L o E : -jf*;ﬂ .
A germanium resistance thermometer wa.s mounted on the sample holder

- and callbrated from 0.3 to 25°K as prev1ously reported 8 The germanlum

" thermometer was reproducib]e on thermal cycling to better than the )

accuracy of temperature detenninatlon.;-The thermometer on which all -
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measurements were based, was recalibratéd against the vapor pressure of-
liguid helium ten months after its original calibration without aﬁy

observable difference. In the same period, the germanium thermometer

. on the sample was compared repeatedly with another calibrated germanium

thermometer on the He3 block from 0.3 to 25°K and agreed with the original

- calibration.

The thermometer resistance was determined by meaéuring the D. C.

voltage across the two potential leads with a measured current flowing.

The thermal E.M.F. remained nearly constant and small (0.1 micro-volt)
in each run. Since dR/dT is small for a low resistance thermometer, a
higher thermometer current had to be used at higher temperatures (0.1

ma. at 25°K)., The heating effect of thermometer current was measured by

vSenozan,B and care was always taken to let the thermometer operate in a

region where its resistance was power-independent.,

The resistance vs temperature calibration table was based on the

‘following:

0.3 ﬁo 1.1°K - Magnetic susceptibility of cerium magnesiuml
“ - nitrate crystél, extrapolafed from above.l°K.
1.1 to 4.2°K « Helium-U vapor pres;urg,scale (1958). A vepor
_ pressure‘bulb was used for calibretion from 2.2
to 4.2°K, and below.2.2°K the pressure aﬁofe the
batﬁ was measured. With helium exchange gas
inside vacuum can, no calibration diséontinuity
appeared near the lambda point of helium.

lO‘to 25°K  « Platinum resistance thermometer (calibrated by'NBS)g

4.2 to 10°K - Interpolation of the resistance of an Allen-

Bradley radio resistor which was calibrated below



"to ‘

~~;:“fractional difference was plotted'as_a function of calculated temperature, -
.. end a smoothed curve, called the "difference plot", was drawn through
the po:.nts. The "ciiifference plot" was fed into the COmputer so that for o

] each resistance value the machine calculated a temgerature correspondlng .:Q:ne;

©. . 0.3 and 3°K to within 0.1%, and we used a straight line for the difference

‘plot. An attempt to fit R vs T_over the whole temperature range with upv"" '

- the difflculty of having a thermal gradient between the two germanium

) u“K agalnst Heu vapor pressure and above lO K
agalnst the Pt thermometer._ g L '}:g :ie_-5_}ﬁ

To make use cf a. computer to calculate heat capacltles and to qmooth

‘out random.errorsvln-thermometer callbratlon, we fit the calibration data _f- >

1/T - k o+ kl log R + ke(log R) + k (log 3)3 + ku(log R)

+ xy(1cm R) . - PRI (5)

- From 2.5 to 25’K thévfit was better than 1% in T. For each calibration -~ .

" point we had a calculated temperature and an observed temperature... Their  e{&;3 .

to the observed temperature. Equation (5) fit calibratlon data between

to 15 parsmeters falled to give satisfactofy results. The present methodm;Qyw”

- did not introduce error as 1ong as the two "difference plot were made to

2-1301n smoothly.

The thermometer calibration with maximum current flowihg in the super- _,‘%;

Ie conducting magnet was &lso checked by comparison with another germaﬁium

thermometer outside the magnetic fieid. We observed no detectable changei,'

'-l:w’on calibration from 0.46 to 25°K with sbout one kilogauss field on the - j; i;f'
" . thermometer. Below 0.46°K which represented the lowest operating tempera- ;i;

'-ture for our electronic temperature regulator, the calibration encounterea
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thefmometers.due to eddy current heating from the superconducting magnet.

Even though the created temperature difference waS'only‘two'millidegrees,

- the calibration became less accurate. An upper limit to the thermometer

resistance change was set at 0.5% at the lowest temperatﬁre with 27.7‘kG

at the center of the solenoid.

d. Sample mounting |

The sample was supported by cotton threads attached to two copper

rings which were clamped on the sample by copper sérews. One‘of the

.rings carried the thermometer and a copper wire that led toc the heat

switches. A manganin resistanée heater was wound on a third copper ring.
Thermal contact between the sample snd the rings was improved by applying
about two milligrams of Apilezon vacuumvgrease,between the sample and the
copper rings. Apait from Tantalum I and Niobium III, all saﬁplés were

£"-diameter, 4".1ong, rod which could be slid in and out of the sample

2
~‘holder without demounting the rings. The addenda consisted of "approxi- -
" mately 5 g of copper, 0.05 g manganin, a Minneapolis Honeywell, type

- MHSP-L401 germanium thermometer of special low resistance, and unmeasured

but smali (less than 100 mg) amounts of G.E. 7031 varnish and silver
solder. Tﬁe heat capacity of addenda was ﬁeasured‘byjattaching the rihés
to a thin-walled, high-purity, copper tube. Another check on'the heat |
capacity of.addenda waé made by W. R. Gardner of fhis laboratory ten

months after the first addenda run with the same result. We'iepresent

‘the addenda correction by the following equation

o 0. 802><10'3
addenda .

!

i
e

at O.}?K were sO small that the movement of the mechanical heat switch

In the superconducting state, the heat capacities of all three metalég'ﬁv
. L&

= 0.0622 T + 0,00879 T - 0.33 x 107 17 + 282X0 7 ppye. T



created enough héat to raise the sample teﬁperature by several hundfed'

-mlllldegrees. waever,-vibration heatnleakvinto the sample was small,

“‘.1n most cases, that - the _sample cools down in approxlmately two hours to .

© 0.3°K by losing its uhermal.energy to the surround;ngs even when the heat

switch was completely open. chsuch_heating difficulties were encountered_'

-f in the normal state measurements because of the large T term in the heat |

capacity.

The menganin heater resistance was measured as a function of tempera- .

L “ture and was represented by the‘equation

1 1012.0 + 0,34 T + 0,015 P - 3.7 x 102 T ohms.

E Wefhavé found that the heater resistance decreased in high magnetic field

by spproximately 0,5% and showed less temperature dependencé. 'ThiS"' .o

' 'effect is presumably due to the alignment of the magnetic ions with the
'thigh magnetic field, rendering the ions to be less effective_séattering
'f-centers for the conduction electrons.

Coa, Heat caparlty of copper

Copper has been measured by a number of investlgators over varlous f

o temperature ranges. We meauured a 2. 22-mole sample (99 9999 pure) in . i

»'”{’order to chcck the thermometer callbratlon from 0. 3 to 25°K. The same-

' sample was measured by 3. Co M. Mo down to O. 1°x.7 A plot of C/T vs 'rz

'fls shown 1n Fig. 1. The best fit to the data 1s glven bv

C = 6.696"T + 0.04785 mJ/mole - °K

J. !‘

 from‘Oa3 to 4,2°K.,  The p01nts above 4.2°K are plotted as @ vs T. together o

i

B

: ﬂ,gwith”reéqlts_bvaartinret al.. in Fig. 2. - - N B
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P



)
-‘?.
13{ |
» Copper (99,9999 %)
.2F
I
-~ l."‘"
o ,
o
o |0~
g
o~ -
e 0.9}
L]
L ] I .
E o8t ‘
[
“~
© 07 ~—0.696 T + 0.04785 T3 ‘
0.6 A 4 A i 1 i { 1 I 1 3 3 N
0 § 2 3 4 ) (] 7 8 9 10 it 12 13
T2 °k?) 1
i \. i
Fig. 1
lj ] ' . ’ . . ' B ) . . M .
: o ‘Heat capaci’cy of copper between (_).5 and 4°K.

o,
P g



: o
. » N ‘_vv‘ '," T , T ¥ T ' k) ¥ L 4 L) l L A d L 4 ¥ l 1 v T
380 o . S I
o e a o0 0000 . : 4
o 1>«—-—-—f;—°e°.%om€q,.°ooo ‘oo °.°;° . Q - o
. N o 340 ; ' S ) S A R o cooe e
3 . o o .
. A . e o . K .' .
) ) : ' ° - .
;Z‘ 330 o . ° ' J o
: "o .. Copper ¥ =0,696 mJ deg mole- @0 '
" : Rad B e T C ° .
' o ‘  ® Martin et af, .- -
U310 - o

300

.
Lt
E
¢
H
t w0
PR

' V&ri"a,tioﬁf of the Debye»,t_emperaturé» of copper wit:‘h'-t;a'mperatuzf'e.__]

20

-

L e~
S

) " x .

R U YL T RN

. Fge2

o

” Lo . L o _

J

o

o
. a

\ . ‘
‘
X B




“Resistances were measured in different magnetic fields and extrapolated

e % e s i e+ e Sy e e s by st i et 8 e .

wlle

2. Construction of s Superconducting Magnet

In order to apply a homogeneous high-magnetic field to the sample
during heat capacity measurements, a solenoid was wound with copper=-clad,

Nb-Zr wire supplied by Westinghouse Corporation. The magnet is 3"-0.D.,

1.3"-I.D. and 6" in length. Its crossection is shown in Fig. 3. It

consists of two concentric solenoids connected in series. The Formvare-

coated wire ié wound on copper-plated stainless steel tube. Mylar tape

acts as layer to layer insulation. The outer solenoid contains compen- .

‘sating coils designed to obtain a uniform field region up to 2.5" long

with spatial variation of field less than 1%.

The ends of the meZr wire were tinned ultrasonlcally flrst and

soldered to heavy copper wires that fed current to the superconducting
‘solenoid, The magnetlc field inside the magnet was measured by a flux
.. integrating device that agreed with the calculated field which is 1510

. gauss/ampere,

'3, Residual Resistance Measurements

A simple D.C. potentiometric method was used to measure the residuval .

'wi.j reSisﬁance ratio R}OO/Rh 2 for the vanadium, niobium, and tantalum samples.
. . In order to obbain a D.C. potential that is more than one microvolt at

2% 1n the normal state, we passed a measuring current of 10 amperes

through the whole 1ength of the sample by means of a sprxng-lqaded

n';‘1 mechanical copper contact. Potential leads were taken directly from the
; surface of the sample, ( See Fig. 3). The superconducting state was

' quenched at 4.2°K by the same magnet as describeéd in the preceding section.. '

to zero field value to eliminate megnetoresistance. This correction was
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-Electrical leads:

— Electrode

—l'nner'coi] R e

-Quter coil = - "

7~ . L

Eleéfficol I'_edd's'_; RS

EINb 20 winding .

NBakelite
[ Copp_e‘r » R
— Stainless steel " "o

: W
; . MUL36230
30 A, - e « . ¥

" . The system for measuring residual resistivity. The’ sa.me super=
- conducting magnet was used in the heat capacity measurements.
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-never‘greater’than 5% even in our purest niobium sample., The room

temperature resistance was taken as the averaged value before and after

cooling. All thermal E.M.F. correctlions were not significant as compared :

with the readings.
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Table T summarizes the propertles of the samples and the results of s

' -zfc,'[RESULTs AND'ANALYSIS‘“

 the residual resistance measurements. The experlmental data are analyzed N
oo . ¢,
-'iiaccerdlng to Egs. (1-4), with the further assumptlon that Czs = Can o o

V'Sif"ffThis assumption will be discussed in Sec. Iv.

The measurements were made on_ two cyllndrlcal single crystals. Table'.;

fi;II gives the abundances of the various 1mpur1t1es.v Apart from a small

L1, Vanadlum

:”_dlfference in T "t both samples yleld 1dent1cal results. The normal-

state heat capac1ty below h 2°K could be represented by

c, =0. Ohl/Tg + 9. 6h T+ 0. 050 T5 mJ/mole-

':.The T -2 term we.s determlned by plottlng CT2 vs T3 for the below -1° K e

data. The 1ntercept in this plot gives the-T-e coeff1c1ent.u The calcu-yﬁ':

satisfactory agreement since C is only 1od of C at the lowest tempera- .:j
- tures and (H ) is not accurately known,

Approximate values of the T and '1‘3 coefficlents were found by

its intercept and slope correspond to y = 9. 6h mJ/mole- K2, a =0. O}O mJ/mole

Aivlated C c? from the inteIactlon of the nuclear moment (5 l nm., 99 8%,

.. 3.3mm., O, 2%) with the 22 kG applled field is . QOk2 o2, This is &

» ‘:A'PIOLtlng C /T vs T2 as shown in Fig. h; The straight llne that passes

" the normal state data. represents C less the nuclear contrlbutlon, and

- Ku, respectively. Finally we obtain v, ¢, and B by‘plottlng (C -‘y’l‘)/T5

. elastic constants.

Vs T2 for dlfferent Y's in Fig. 5 The 1ntercept in*this graph is o and
; ]the»slope if ﬁ. Flgure 5. also shows the value of a correspondlng to the

It is found from Fig. 5 that (l) 4 small change of 7y o
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’ ., .
from the value 9.6k mJ/mole~°K“ distorts the expected linear behavior of

the experimental data; (2) calorimetric o agreés wiﬁh that determined from

. elastic constants within the relativelyvlérge experimental error, since

¢, is a small fraction of Cﬁ in the low temperature region; (3) Con

n

contains no observeble T5;term below h.ZfK.

"Figure 6 shows heat capacities taken with small temperatﬁre incre=-

‘ments (about'5 millidegrees) for the purpose of determining the tempera-4

ture and width of the superconducting transition. The transition is

. complete within an interval of O.lfK.and is centered at 5.08L°K for
" Vanadium I and 5.068°K fof Vanadium,II. The difference in heat capacities

' between the normal and superconducting states at Tc‘is‘(csucﬁ)/WTé = 1.50.

See Table ITI. . _

Below 1°K, CS is plotted in Fig. 4 togethervwith a straight line
_that represents-cnu It is clear that at low temperatures Cs approaches
Cln; Figure 7 shows a semi-logrithmic plot of the experimental Ces/wT;':"v‘

vs‘Tc/T, where C__ = C_ - 0.,030k4 ™, From Eq. (2), & and b are deter-

mined as 7.86 and 1.l3, respectively, for 2 < Tc/T < 6. The value of b

. ‘corresponds to an energy gap 2A(0) = 3.5 chiat 0°K. Possible expléna-

tions of the positive deviation from the BCS theory for T/Tc less than-'ﬁ

' 0.2 is presented in Sec.. IV.

Smoothed experimental values of Cs, extrapolated to T = 0°K, wére

used to calculate free energy difference between the normal and super-

~conducting states, AF(T), and the critical field HE(T), eccording to ‘the

;thermodynamic relation

'AF(T) =.jmg%fww é ‘dT I v< ;E%.E) ar - (6):
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;{wﬁere‘v is’the molar vdlume;et'o°x(8.u55 ¢ﬁ3/goié);1¥:‘For &hig'pﬁrpose - -
Ib:Te 1s chOSen to be 5. 118 K;_at which the entropy dlfference vanlshes. . -i;
II'rvtThe deviatlon of the crltlcal fleld from parabollc temperature dependence, R T
IIA;I:D(t)‘= - (’-t ), is’ shown 1n Flg. 8 as a plot of D(t) vs t2, where the f?-ff;;l;i

' .. -reduced temperatur t = T/T , and h H (T)/H (O)

"vi'mm Hg pressure for 24 hourq befbre the measurements. Mo III was a -

The value of the energy gap can also be estlmated from. the BCS ,;fr

ﬂrelation B

.gag 2 kn ( o P e RGO -

and the-experimental values of H.(O) and T .%2‘ For vanadlum, the valuef .
of ZA(O) was calculated as 3,56 kT from the above. equatlon.." .
Table IV summarizes the comparlson of our data with other related -
‘measurements on vanadium. ~Different grade samples_as-well as dlfferences :
in temperatﬁrermeasurements abeve E.2°K'probably‘aecount fbr the differenfj ‘

-

'values of T . 7y 1is a very 1mpur1ty—sens1t1ve quantlty for many metals.{Ifg{]xﬁ'-~

I_The hlghest res1dual-re31stance-ratlo sample for whlch measurements have lf:€¥"7gfi
. been reported, is that of Keesom and Radebaugh 5 who_repor#ed R -
Y = 9.92 mJ/molewa?.» . S
'*:”é'ﬂbwiobium

" We bave extended»prev1ous‘work by N. M vSenozan8 of thls laberatory IU{IT;I ;?
':v;(hls sample is later referred as W I) to 1nclude measuremenes on nlobium L f;
of different puritles. Nb II. was 8 99 9%-pure, polycrystalllne sample of k f
'ifmaterlal smmllar to. that from which the s1ngle-crystal Nb I was prepared f;:liff;é

by triple zone-reflnlng. Nb II was vacuum-annealed at lOOO °C and 10 -5 ‘.ﬁfﬁ e

' ot
il/h" O D., 6" long, cyllndrlcal, zone-reflned single crystal.: In thls SR 2
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'lmlgxfrom Mo I only by the orlentatlon of 1ts crystalllne ax1s. Nb-IV was’ ﬁj,-»;fgf;ﬁ_;;u
"Jl_later annealed at 1200°C and lO % mm Hg pressure for 24 hours, and was‘f,
.Uccalled b V af ter anneallng. Vb VI was a pure, polycrystalllne, zone- o

”trefined rod. The alloys anre (100 ppm Fe) and Mo-Zr (1000 ppm Zr) wererﬁ" I

T are presented in. Table V together w1th analyses reported by the suppllers-'riﬁ

”s:fof the samples. |

‘fftwere longer than the coherence dlstance (See Sec..D), Wthh 1mplles that
--;;i?the samples.were qulte. clean .V\However, 1n‘order to s1mp11fy our'iiﬁ
h,descrlptlon three classes of samples are dlstlngulshed on the,ba51s of
'nitheir low-temnerature C < Nb I and Nb v belonged to the_"clean class
';pwhlch had the hlghest low-temnerature C ' Nb II, Nb V, No VI, Nh-Fe,-and l;
yn”Nb—Zr belonged to the "dlrty cless' which had ‘the lowest low—temperature - ;

.'f 'Ces‘ "Nb IIl stood out as the 1ntermed1ate case, The nomenclature of

'ﬁ.{'and w1ll be dlscussed agaln in Sec. D.- The results of the representatlve
. cases Nb I Nb II, and Nb I1I, w1ll be presented in detall here. (Thls'
:v‘tclas51f1cat10n 1nto clean and "dirty" samples is consmstent with the one'ffgafi

pebased on resldual resrstances and known 1mpur1t1es fbr the tantalum ‘
samples, but for niobium there are some 1ncon31stenc1es which will be h[tfk‘f

irdlscussed 1ater.)

"'normal-state heat cacacity of Mo II in 2h kG fleld by }p R }ilﬁx~ e

L ppe

"thjcase we used three addltlonal copper rlngs, that constltuted an. addmtlon | }ji"ﬁ7fs

-“pto the addenda, to acccmmodatc Nb III in the sample holder.v Nb IV dlffered 51??'(

"ﬁfprepared by doplng samptes 81m11ar to Nb VI : Awneutron-actlvatlon analys1sgjpi

* was carried out on Mo 5 Nb II ~and b III.' The results of thls analysms:_:”*f

For: all elght nloblum samples that we studled the mean—free-paths

"elean" and ”dlrty ‘was used to indlcate the relatlve purlty of the samples’

z

' C is essentla]ly the same for all samples. ' We can represent the _‘;';gf?‘ -

-~ :
T c e

L
PR
I I .
! >




-2

c - 0.085/T+ 7.79 T + 0.0915 T+ 0,001 72 mJ/mole-°K.

. The '.1?_2 term was determined by plotting CT2 vs T5'for the below.1°K data.

@ = 0.0915 mJ/molem°Kh, B = 0,001 mJ/mole-fKP are taken from the report
on b I by N. M. Senozan,8 + changes slightly (less than 1%) from sample

to sample. For Nbo IL <y = T.79 mJ/molean?, and for both Nb I and Nb III

Y =T.85 mJ/xﬁo'le-°K2.

The pérameter v which characterizes Cn for all éight niobium samples;

are listed in Tsble VI. Within the experimental error, @o is the same .

for ail samples and agrees with @e.. Figure 9 shows Cn/T‘plotted Vs 12‘ v

vwith_a straight line that best represents Cn data for Nb I below 3°K.

The Cn of Nbo I, Nb I, and Nb III are all presented in Fig. - 9. In. the

Qlcases of Nb I and Nb IIT, the applied fields were not great enough tQ'make

the whole sample normal below‘l°K. Hence, only the resuits of Wb II are

~given in that temperature region.

Figure 10-shows the heat capacities taken with small temperature

increments (about 5 millidegrees) near T, Tc'is equal to 9.287°K for

Nb III, 9.261°K for b I, and 9.128°K for Nb II. Table VI presents a
- complete list of T, the maximum width of transition, and (CS-Cn)/y T, |
. of other niobium samples. (CS-Cn)/y T, has been determined to be 1.80 .

et T for M I

Below l°K,_Cs is plotted in Fig. 9 together with a straight line that

. represents Czn_for all samples. ' C_ of the "dirty class" samples is close

to that of ¥b II. For some of these "dirty" samples, C, is closer to Con

but for all of them it remains slightly above. CS for the other sample

© of the "clean class" was essentially the same as that of Nb I, . The

difference between the "clean" and "dirty"‘classes is clearly demonstrated
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.ﬁ_ when Nb v of the clean class transferred to Nb Vof the dlrty class by

"“-';plcklng up 5 mg of gaseous’ 1mpur1t1es durlng anneallng at 1200 C and lO

'.w iimm Hg pressure of air. The re31dual re51st1v1ty ratlo RjOO/Rh 2 Of
.?{_Nb IV decreased from 110 to 61 during ‘this process. - ‘ 'v"’,'ff;}zkf'el’fs
Cog's for Wo I, No.II, and No IIT are shown in Fms-;ll where we Pl°t . i

C_ /VI, vs T /T by taklng c . =C, -0 00915 T3 - 0,001 17 | Between T, ,;gﬁ57
5;7?} and TC/G’ CeS/W? is essentmally phe same for b I: No II and Nb III |

. and is given by Coo/ oo = 7.0 exp( 1.&6 T /1) for 2 < T o/ < 6 For.'v»'

\"ﬁpﬂT < T /lM C, '/VT is proportlonal to exp( 0. 12 7T /T) but ‘the proportlonal
constants are O. 0066 0.0018, and o ooo65 for. Nb I, Mo III, ‘and b II

’ r.respectlvely., At 1ntermed1ate temperatures Cq /WT is less than the sum

mcprrespondlng exponentlal terms for all samples, but the dlscrepancy

:isiespec1ally Dronounced for both Nb I and Nb'III.- Nb II appears to be'
ﬁ{ihearrthe 'dirty sample lmmlt because the other four samples of’ the dirty et
t‘if:'cless' are similar to No II even though the nature and the quantlty of
r'impurltles are guite dlfferent. Figure 12 shows C /yT vs. T /T for Nb IV,
"lligng v, M VI,.Nb-Zr and Mo-Fe. .
s From.Eq. (6) we calculafed'the criﬁicalzfield of ﬁb I, using.
| = 10, 79 cm3/mole at 0%t T, was chosen to be 9.257 °K at which the

Vi,
'f;entropy difference vanlshed. H, (O) was found to be 1995 G, in excellent

".‘:ﬁlagreement with the fleld deduced from’ calorimetric measurements by Leupold
i‘ and Bc»orse;l1L vwho found the value to be l99hG andg by McConv1lle and
: 'Serln, 15 1990G. rr‘he value obtalned from direct magnetlc measurements by
‘~Stromberg~and Swenson16 wa.s 1960+MOG Figure 8 shows the plot of D(t)
z:v-_vs P for;Nb‘I. “The unusual.temperaxure dependence of D(t), which has f»'i‘i; _;'{ 

Y

both positive and hepaﬁige'valueSQ was?also found by Leupold and Boorse,l

.1&.

A_who explained this benav1or in terms of Swihart's calculatlon of

3 1
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- \ _
"strong-coupling” effects.‘T D(t) is not sensitive to the anomalous CS
below Tc/6' Following Eq. (7) we can determine that the value of the

energy gap 2A(0) is 3.69 KT, at 0°K.



1;¥1 a copper f01l and a. small amount of G.E. 7031 varnlsh whlch constltuted

TRt e R e bt Sk i iy e s e 11 £t et S e o 5 e oo e aren st a1t h

‘thls experlment Ta II was a- trlply zoneureflned 51ngle crystal tha westy-
5.prepared from the”'same materlal as polycrystalllne Ta III,[ Ta I con—.';_f'f

-sisted of two zone-refined single crystals that were bound together by T

‘addltlonal coqtrlbutlons to the addenda. Table VII llsts the 1mpur1ty

W7~:.contents of Ta II and III as glven by the supnller. The normal state

‘:The_T _term was deternlned by’ plottlng CT2 vs T3 fbr uhe below l °K

tive to. that of vanadlum and nloblum, and hence C e is correspondlngly

'v.vsmall. C of Ta I and Ta II are essentlally the same as Ta IIT.

:mental pomnts.

'_canac1t1es between the normal and superconductlng states, (C ~-C )/7T
is best determlned +o be 1. 51 for Ta II at T . Table VIII shows the S -

’resultsfbr different tantalum samples.

B T S PR

..s .3O‘ 

;sJB;, Tantalum t;

_ Three tantalum samnles of dlfferent 1mpur1uy contents were used fbr ;:

5

data below k. 2 K, in a 24 KG field,are- represented by

Cp =0 Ol/T -+ 6,02 T+ 0. 113 15« + 0.00019 T°- mJ/mole-°_K.» e

data of Ta 'III. The nuclear moment of tantalum is small (2 1 nm) rela-"¥~'

nApprox1mate values of T and ‘I‘3 coeff1c1ents have been found by

,plotting-Cﬁ/T vs T° as shown in Fig. 13. Final values of y 6 o2 mJ/mole-.i,g'u;:

°¥®, o = 0,115 mJ/mole—"Kb', and B = O. 00019 nJ/mole-"° K6 ha.ve been obtained

by plottlng (C -y ’I.‘)/‘I'5 vs T2 for dlfferent ¥'s in Flg. lh A dlfferent'

'f: value of vy can greatly dlstort the expected lineaxr behav1or of the experl- ,'-3

Flgure 15 shows the heat capac1t1es taken with. small temperature_

increments (about 5 millidegrees) near'T . Tc is-equal to h.h78°K-for_"

- Ta I, h 455°K for Ta II and L, h50°K for Ta IIL The-difference in heat_:::? ¥f?‘;l
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"5[ nearly temoerature 1ndependent c, between T /8 and T /15 seems to be.

S it b i b o kb o < o a oo moran

;3£,'

‘nBelow I°K; C is plotted in Flg, 15 together w1th a stralcht llne.

: that~represents.c X At low temperatures, Ta III 1s the only case for
Whlch C aporoaches C C of hlgh-purlty tantalum 1s s1m1lar to that
of nloclum where it behaves anomalously for T < T /6 Plgure 16 shows l":F ”t::;
C /yT on a semi- logrlthmatlc graph where c es = CS - O 115 TB-O OOOl9 T5
Between T /2 and T /6 c s 18 the ‘same for the three samples and is ..

represented by Ces/wTC'= 8,13’exp(-l.h5T /T); The exponent is. equlvalent
"0 the energy gap 2A(0) = 5.55 KT . Below T /6, excess C ' appears in - . ;

‘ :pure tantalum Al hough the measurements extend only to T T‘/13,"the L

v‘ff the common oroperty of hlgh—purlty nloblum and tantalum
Ve calculated H (T) from the smoothed values of C and C of Ta TII ”f*:ﬂzhn;iy'

accordlng'to Eg. (6). For this purpose, T was taken to ve k. hh2°K at .

h_which the entropy dif lerence-vanlshed.v The uncertalnty in the extrapo-ip,rf .

latlon of C /T to T = 0°K was. not s1gn1f1cant° ch = lO.82 cm?/molechas:L'

been estlmatea fromethe knovm lattice parameters.of tantalum ll H (O) .

has ‘been found to be dlh G. Flgure 8 shows the plot of D(t) Vs t for ;_I )

Ta II. _FolIOW1ng Eq. (7), the value of 2A(O) is determined as 3 55 kT

':;_from thegexperimental values of H (O), v and T o Table IX summarlzes

. the  comparison of our data. with other related measurements on tantalum ’f}fﬁ

The V&lﬁe”Of the energy gap can be obtalned by dlfferent methoas.,:;tilh
LA complete list of ?A(O), together w1th our measurement, is presenteq flﬁ~J;.; jg#f

'_,1n Table X‘for'vanadlum,.nloblum, and tantalum.
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D. . DISCUSSION.
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L. Mean-free-path'Effect on TranSition Temperature i_”“w”
For concentratlons of non—maanetlc 1mpur1t1es, of the order of a v;

. few tenths of an atomlc percenu, T decreases llnearly w1th the rec1pro—._

;-fcal electronlc mean free path z Thls effect was, flrst p01nted out by

19”@7”

':E-Iater showed that a smearlng—out of the energy gap anlsotropy by the

‘1mpur1t1es could lead to thls effect When the lowerlng of T by 1m-ﬁ52'“>
~v>pur1t1es 1s domlnated by the reductlon in energy gap . anlsotropy, 1t is ':'
determlned‘entlrely by 1/3, and is 1ndependent of the nature of the
- dmpurities Accordlng to. the more detalled theory of Markow1tz and

,Kadanoff 20 the 1mpur1t1es ‘have two effects on T, :(1) the gross pro- f .

“?.'pertles of the system are changed by the impurities and produce a llnear ;;§'1ﬂ

change in T - the valence effect, and (2) the anlsotrooy of the energy_-h:;;'_i o

| &ap is reduced by 1mpur1 Ly scatterlng and produces an. abrupt 1n1t1al C

decrease in TC - thevmean—free-path effect. At the llmlt of low 1m- ‘

cvpurity'concentrations,;where the coherence length ¢ is less than 2, both »Ag:"‘!‘

. effects are linear with respect to 1/3, i ey proportlonal to the re51dual_<?f;fu~§

resistance p = Rh 2/R500 In this . reglon, the valence effect is small o

icompared with the mean-free-path effect for the metals that have been

o fstudled.

In our measurements, T is. taken to be the mldp01nt of the heat capa-'

C1ty Oump, and therefore truly represents a bulk property Flgure 17 shows’f et

,the result on the nloblum sam ples.. Our results show that T decreases lln

ST

':early,w1 n p The ewtrapolated Tc in the pure sample llmlt is 9 29M°K for Q;'lﬁ
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'””gnloblum ; The slope AT /p oP the stralght llne 1s —h l K. '} o i"-f?;;:i'jf;.ff

blrf“stralght line that was rePrOted by Budn1ck22 as: the best representatlon

"of hls p01nts over a w1der range of oS The extrapolated T in the pure p
AT/p -2;61{

:leach of Flgs l6 and l7 are: llnear in p, we can conclude that the lower-?
'.li‘lng of T is- domlnated by the smearlng-out of the energy gap anlsotropy
. Consequently, uhe_e fects of anlsotropy on the thermodynam:Lc propertles j_

“of our samples are llkely to be found In the low-lmpurlty reglon,

'fv]~relat10n.

e; Where the energy gap anlsotrop& 1s expressed b& means of‘multlplylnv the
-;;BCS energy gap by (l + a(Q)) -—an angle-dependent factor for whlch (a) v o;en
?;lIn order to dbtaln the value of (a ) ). we need to know the ratlo & /z i

}}whlch is proportlonal to the area of the Ferm1 surface obtalned usually '

;fpfrom the anomalous skln effect Thls 1nformatlon is not avallable‘for;‘“.;iz,

i T RGN - S v e e st i B la3e s e v s et i e e g oot s N3 o RS i s

Flgure l7 shows the T vs p plot for tantalum Our data fall on the

‘sample limit is L, h85 K for tantalum, and the slope of the llne is

Slnce our samples contaln a varlety of 1mpur1t1es and. the p01nts 1n

: where £ <L z, the Lheory of Markow1tz and Kadanoff 20 glves the follow1ng ;; {;21}‘4‘

O d

— =

oo:}

) o

',nioblum and tantalum, but 1n the case of nloblum &y 'could be found ;w:;fﬁ*';*?'

from the ratlo of London penetratlon depth and the Glnzburg-Landau lj‘j'f?ﬁ:;?{ f;;ﬁ
'_ parameter. The former was measured to be 3 9 x 10 6"'cm bpraxfleld:r L .l;'
~and Mclean,z)l the latter was reported to be l.l by“étromberg and'.vlflp“;m i*f:?
Swenson.il6 "Hence, ' ~ 3 6 x 10 -4 cm  and from that, the-Ferml_yelo-':;" )
‘Autcity'vF%E;Q‘n lQ? cm/sec was calculated from the BCS relatlon.2 , Making f?;’ ? i
i
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use of a free electron model and this vélue‘of Fermi velocity which
corresponds to a Fermi surféce which is 1/5 of the free'electronivalue

- withlﬁ electrons per atom, the ratio go/ﬂjhas been found appfoxiﬁately
equal to 3.0p57 for niobium. TFor our dirtiest niobium, 4 = 0.31 x ;O" em
which 1s larger than g, hence Eq. (8) is valid to represen£.our“data.

'<a2) héé beeﬁ found to be 0.07 for niobium.

In the case of tantalum we could estimate the area of the Fermi' v
surface to be close to that of niobium by analogy wifh ﬁhaﬁ Fawcefﬁ25 :
foﬁnd for W, and Mo. This is equivalent to using the same vF‘for both
Nb and Ta. 'The.ratio go/z is #hen’found to be approximateiy 6.6p. For
our dirtiest tantalum £ =~ 8.9 Q iof5vém‘whichAis iarééf thaﬁ g;g028.lxlof6cm,
. hence Eq. (8) could be used. (ag) has been determined as 0.0k, o

. A comparison of (ag) for niobium and tantalum.with the values for

' some non=-transition metals is presented in fhe,following.table. .'

- (a7)
w0 ~ o.001
m? 0.0l
8n=0 © o o,021
w . o071
T - . 0.0k N

. The above estimation of the energy gap anisotropy in terms of (ég)"‘L

- ' U £ : ' 20
-1s based on the use of the theory of Markowitz and Kadanoff, the ECS

: ' 2

iV , _
v relationigo = 0,18 ﬁu—TE s &nd the estimation of the Fermi surface area
P _ ¢ :



5‘.fwh1ch lo proportlonal to vre for a free electron model ~"In the oresent7"}'lﬂ”rj?fa

.;7fcases.where‘there mlgh exlst two dlstlnct eneroy gaps (see Sec. L) thev’

{:meanlng of Eq (8) 1s less clear than 1mplled in 1ts orlglnal derlvatlon.-;if

L2y -Nuclear=Heat”Capacity’

T We havé ossgr;ed ' for the:first time3v£he'effec£ of an external f;;_li:gffi :
_:f;magnetlc field on the heat capac1ty of nuclel.. The Observed o -2 termsiy r
iln Cl were ; 1n all cases, con31stent w1th the known nuclear moments:,iy N
'Jvland the average of HE over the volume of the sanple.‘ Experlmentally, .

I ;,(Hz)depended on the pos1t10n of the sample relatlve to that of the
superconductlng magnet and was not determlned to better than lO?. 'The-:
large*contrlbutlon from Cnuc’ however, llmlted the accurate determlnatlonf'fﬁ’?;bl“

- of 7y and 90 in the_normal_state below O.8°K.- If we reduce the external

"E“ffieid to thewnoint.that.cnucfis‘negllglble,<a smallwfraction'Of the 1”75’~“f7”' :
, l-ﬂj;sample becomes:superconducting, and adds’an unknonn amount to the mea-.
'”"}sured‘heat'capacity.- . t
L | The determination'of-c h contalns no newllnformatlon.anart from ﬁriiéagl;ijfjfl
IZU,.the fact that the nuclear-lattlce relaxatlon tlme is short enouﬂh that | ;;j 5
hl,the_heat'capac1ty of the nuclel.could be'observed;;:ﬁaﬁg ‘.Hé Tk
‘. . o
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3. Lattice Heat Capacity

in the normal state, the.iattiCe heat capadity was analyzed grapﬁically o
based on Eq..(l); A least squares fit by comﬁuter‘was also made with.
essentially the same result. Below 1°K the 1attice heat capacity is a
small fraction of the total heat capacity, which includes thé large elec-
tronic term characteristic of the transition metals. For thié reason,
and because of fhe ’I‘_2 term, we gilve more weight to measurements between
1 and 4°K in determining @O. The effect of the impurities on Cjﬁ is negm
ligible, although the limitation oﬁ the accuracy of our determination shéuld
‘be kept in mind;

The Debye characteristic temperature @e which is.calculatedvfrom
elastic constantsB,lies_within the errof limit of @O whichvis'obtained by'
extrapolating Cfn frgm higher teméératufes for vanadium and niobium. No
. comparison can be’maae for. tantalum because thé elastic constants at 4°K
are not available, | |

' The observed 1ow-tempe£atﬁre CS cannot be expressed simply aé the
. sum of aT5 and the BCS expression for Ces.2 The discrepancy is espegially |
pronounced for high-purity niobium aﬁd‘tantalum,'of which Cs's have é»very
v complicated temperature dependenée. Therefore, it is‘necessary fo consider
the possible causes for this behavior. | T

_ The possibility of "frozen-in-flux" existing in the.supercénducting
. samples can be ruled outf The reasons are as foilOWS. First, ﬁhé samples
were cooled to 0.3°%K in l/BO‘of the earth's fieid, and the superconducting;
" state meésﬁrements always precedéd the normal;state measurements. éecond,

- during the Ta II run, it Qas Observed that Cq measured in the earth's field
was the Same.as in'zero-field. This indicéted that, even if a small stray

magnetic field existed, the sample expelled it completely (Méissner effect).

e
T LR
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Third, the application and the .removal of a strong_magnetic field during’

.

'the Ta, II run procuced an additional heat capaclty that was equal to
0.1xT mu/mole~ K, as expected from frozen in-flux" y wWhereas the observed
anomalous heatucapacity was not linear in T."Hence;ﬂwe'believe that no
"frozen in-flux" exists in our superconducting-state measurements.
For a few_non-transition-metal'superconductors;"there have been
. ' s ' - .
heat capacity measurements that gave n rmatlon about Czs‘ Tin,

2k -

‘mercury, and thalldium, ali give the expected result CE = c2n°

. . N “ ) Ve
A small discrepancy (oropo t ona, 1 to T ) has been reoorued for lead

i

' = 2&
but measurements by_w.oR..Gardner in uhls laboratory showed no such. dls-

P

crepancy. Only for indium doeu 1t seem poss1bre that there is. a dlS—

fcrepancy, and 1n this case’ Cé 1s proportlonar‘fo T3 buu about 15%
d smalWer thaq uhe aoparcnu C . There is no experlmental ev1dence for
”an_anomaly in‘CE;-thab would explainvtheqcs-obServedvfor vanadium,:
Tniobiuﬁ, and:tanbalnm;r{74 | | | o |

As w1ll be dlscussed in: the follow1ng sectlon, for pure trans1ulon
ﬁetals there are uheoreblca; reasons for expectlng an excess o S.over..
the BCS value, that can be decreased oy . the adaltlon of 1mpur1t1es.19
Srnce thls is in general uhe Alnd of behav1or observed for vanadlum,
Anlobaun and tanoalun,.we conclude thau thlS effch is the 1mnortant
one ‘and that Cs becomes equal to Czs-at low temperatures only in the
"dirty sample".limib.-vLooking back to'our'resalts,<we conclude.that Czs
cannot be accuravely determined because C S,does:not become negligivle
| for the 1oWest5temperature reasurements. However,‘ in the cases of
ndirty" ‘vanadium"and tantalum, ‘Cé approaches .Czn yery'closely as

_shown in Figs. 4 and 12. In fact,-a very smzll discrepancy remains as
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demonstrated‘by Figs 6 aha 15 In the case of niobium, CS is always

appreciably larger than C even in the dlrty samples thau we studlea.A

n
Nb II, shown in Flg.'A; is tyolcal. Probably Nb differs from V or Ta

" in this respect because & is smaller (about 2. 5xlO 6cm) for Nb, and

the extreme ”‘1rty condition" z<<g, was not reached; The discrepancies

between C, and C for the "dlruy niobium samples are very different in‘

In

"magnltude, sign, and temoerature dependence from the apparent dlscrepancy

- b
_between Czs-ana Czn for-lndlum Therefore, there is more reason to oe-

T lieve that’C behaves anomslously than there is to belleve that C ¥ c, .:.1"

et

4s

and 1is very 11kely to be equal Certalnly, there is no dls—.

We conclude from the present ev1dence that C cannot dlfrer very much

from Cz s
:crepancy like that of 1nd1um, as’ reoorted by leshfeld Leupold and Boorse
The:equalltles of @o and_@eband of.Cz‘ and Cz ) agree wlth 0uher
pmeaSurements on a majority . ofvpure metais. They uhus do not support the_
Jrecent theory of Ellashberg who proposed that the 1autlce heat capacmuy

;‘v}or the normal state is nroporulonal to T§ log T, and that Czs £ Cont
| - In general our nloblum results for dlrty _samples, agree with re-
”ir_cent reports by Van der Hoeven and Keesom,gs_and by Leupold and Boorsel
xz-;above Of7va We note that Keesom et a128 atpribufed thejexcess heat
;capaeity.of the superconductlng‘nloblum to etrainsvor impurities instead
" of the anisotropic effect.' | |

The hlghatemperature normal-state heat capac1t1es for vanadlum and

: ’tantalum are plotted in terms of @ vs T,,where © is defined in Eq (1).

" The corresponding plot for niobium was given_by.Senozan.8 fFigures 19 and
20 indicate that @ has the usual kind of temperature dependence'for
~ vanadium and: tantalum. A similar curvature was also foﬂhd in niobium.

iy
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L. Flectronic Heat Capacity

a. Heat Capacity Discontinuities at the Transition Temperature

'Neaf Tc,the BCS theory predicte a finite heat capacity diecontinuity,
(CS-Cn}/yTC = 1.h3. Experimental<values are either equal to or slightly
higher than 1.43, Teh observed magnitude of this ratio is related to
Tc/ee’ and is a measure of the “strong coupling" effect Present deter-

- minations of ( _C )/yT are listed in Tables III, VI, and VIII. The
averaged vaWues of (C -C )/yT of different metals follows the general
behav1or of various sunerconductoru..9 The Small variations of (C -C )/yT

30

- from sample to sample are probably related to the energy gap anisotropy.

'b. Qualitative Features of the Electronic Heat Czpacities at Low Tempera-

tures
The superconducting-state hesat capacity of high-purity V, Nb, and Ta
‘ below T /6 is con31derably different from prev1ously reported measure-

lh 28,31

ments., 'Few measurements of Ces on metals extend to reduce@
“temperatures low eneugh to compare with our data. Some of the early
measurehents below 1°K showed positive deviations from exponential be-

_ havior at the loﬁest.temperature reached, but different measurements_oh
‘the same meﬁale did not agree. Tin, for whieh deviations had been re-

| ported, is oﬁe of the most favorable‘examplee for experimental investiga-
4,32 '

tion (high @o and Tc), and two recent measurement on high-purity

-samples agree in showing a simple exponential temperature dependence of Ces
down to T ~ T /9, below which C is lost in the lattice heat capacity.

The energyfgap anlsotropy th at has been oboerved by more dlrect methods -
‘.in V, Nb, and Ta, is far too small.(about lOp) to account for the two

texponentlal terms in C s of Xb. DBoth V and Ta show behavior similar to-

that of Nb of correupondln _nurity (Butlthe measurements extend only to -



T~Tc/12). As a function of reduced temperature t =,T/Tc, Ces/ﬁmc is

strikingly similar_for ail'three:metals; This suggests that a simplified

.model may be useful, in spite of the complexity of the electronic structure’
“of these met31s;59

" Suhl, Mafthlas, and Walker (SMW)7 pointed out that transition-metal

i fsuperconductors might have two dlstlnct energy gaps. In connectlon with - |

3k

| his calculatrons on the 1sotope effect in trans1tlon metals, Gerland
| suggested that this would produce anomalles_ln the thermodynamic proper;
ties. Our observed C o for the pure class''niobium samples can be par~ t
.trally explalned on the basis of SNW‘s model. The sens1t1v1ty of C s to‘t.
_Sample purlty can be understood on the ba51s of Anderson s theory19 _f
‘,r"dlrty superconductors, and explalns why the dev1atlon from a s;mple
exponent;al has not been observed in earlier measurements. 'We present

in the remainder of tnis section a qualitative interpretationvof,the re- v
sults and.in the last section a more quantitative,comparisonlwith the

} éMW's model-without introducing the impurity effects. |

We shall concentrate on the heat cana01ty of nloblum.because a wider

range of reduced temperature is avallable. The sum of two erponentlals,

.which fit both the high temperature region and the low temperature region.

does not ’1t the experlmental data in the 1ntermed1ate reglon. Empirically, -

. g (0.25 T, /T)? exp(0.25 TQ/T ) ' :
. a Schottky anomaly ~- 0.0038 17 exp(0.25 To/T) . - represents

Ces/yT - 7.0 exn(-l 46 T /T) very well as shown by the dashed curve in
~dFig.lluv Intultlvely one might exnect this to glve an aoprox1mate re-
presentatmon of the anomaly in C if the second energy gap A(0) is in-
dependent of temnerature at kT < A;(O) The coefficient of the exponen;
tial in the Schottky curve suggests AE(O) 4_0.25 kfc.'3We note; howeyer;

that thefSchottky curve is not a good fit to the lowest temperature points,



approach the BCS value as closely as the "dirty" tantalum and vanadium.

and these points alone suggest Aq(O) ~ 0.12 XT . The second energy gap

As(05 determined by different methods is between 0.12 kTC which‘differs

'from the BCS value of 1.76 ch by an order of magnitude.

For none of the "dirty" niobium samples that were measured does Ces

- This was probably because the coherence length of Nb was shorter than that

. of Vand Ta, and the "dirty" limit could not be reached without introducing

a large amount of impurities. If more than 1% impurities were introduced.
the lattice heat capaéity would probably be affected by impurities thus
causing difficulties in the separation of Ces and Cs’ whereas in the
purer samples we cculd use the limiting value of Cﬂs that‘Was calculated
accurately from the elastic constants.

¢. Relationship between C,q and T,

At first thought, our interpretation leads to a corfelatioﬁ betweén
thé anomaly.in Coq 2nd the value of T, which is related.to tﬁe residual
resistances in the low-impurity limit. This is indeed the case for the L
three tantalum samples investigated. To our sﬁrprise,'the niocbium samples

aid not follow this pattern. Nb IIT has a higher Tc than Nb I but the low

:'temperature Ces of Wb III becomes lower than Nb I. The polycrystalline -

Nb IV has the same Tc as Nb I bubt the low temperature Ceﬂ of Nb VI behaves -

like Nb IT of the "dirty class". To clarify this puzzle, we put b IV

- which belonged to the "clean class” through an annealing proéess at 1200°C

=L : , .
and 10 mm/Hg pressure for 24 hours. The "clean'" sample absorbed gaseous
impurities ‘during the heating process and Ry (normal;state) increased by
a factor of two. After the treatment, CeS at low temperatures decreases

by a factor of 10 on the some sample. - This phenomena is consistent with

 the fact that the energy gap anisotropy is smeared out by the addition of



‘,i-only crlterlon,@e01d1ng how Ce_ should behave at.low temperatures.: It is

'1mpur1t1es to tne samole N
| To 1nterpret the 1ncowolote correlatlon between hloh T and hlvn
iowutemperature Ces;xwe'are:forced_to eccept that an 1mpur1ty can affect'
:‘v Tc and the Iow~temperature-cé differentiy. The orderioé pafaﬁeter, which'
is a meaSure ofithe density_of the superconducting electrons,'is quite
' different near T' and at‘low temperatﬁres. ‘Hence, the effect‘of impurities"
.'on superconduculng electrons could be dlfferent at dlfferent temperaturee,‘v‘ »j_;,Q
":and one partlcular kind of 1mpur1ty may affect C os more than T . The com-}ﬂ

plexity of the,"impurity proﬁkm 1srevealed by the theory of Narkow1tz and. -

_Kadanoff?o that gave an expression for the lowering of Tc by 1mpgr1t1es;-;f7

- In tﬁeir theory which was'valid>near Tc; they introduced.a collision

time Ty characterizing the mean time for‘smearingfout thevenergy-gap o
anisotropy, and e different collision time”Tt,'characterizing‘the resid--
ual reSistivityvp; Their anelysis of the experimental data of Lynton

| et~a118 showed that the ratlo T /T was dlfferent for each 1mpur1ty in.a jii
7. given host. If we further assumed that 't /Tt depended on temperature, ‘

fvthe energy-gap anlsotropj could be smeared out in one way near T and 1n_

another way at lower temperatures. In other words, T may nov be the .

\

" ‘most unfortunate that we cannot control the minute quantity of impurities'.e.f_;j'

S

. /in niobium which cannot be purified easily.

E:d{ Two Eoergy Gap Theory et the "Clean Sample" ILimit

If we assume that the heat capacity of tﬁe Vclean";olaes niobium

:irepresents the case where no impurity is present, we can use the SMW

Vﬂ_model to fit the data in a semi—quantﬁztiwa‘way, In view oftthe eomplex-

B ity of the real situation, this is not the only abproaph that might eipleinu Lo
.the'results. The exten31on of this. ‘method to the "dlrty" case was dlffl—_

cult and produced poor results.f_
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The basic aSsumption of the two-energy-gap theéry-is that there
exist'two distinct energy gaps in superconducfofs having two energy baﬁds;
_Tbe‘two gaps cqrrespond to the possibility of forming pair étates for
either s- or d- states. The larger gap corfesponds_td the ordinary BCS
energy gap that explains the usual properties of superoonducfors.  At |
lower temperatures, few quaéi~particles have enough thermal energy to
' juﬁp across the larger energy gap, and the smaller gap becomes important.
With this additional degrée of freedom, we separate Ces into two parts
that represent the larger gap Aﬁ and the smaller gap A%, respectively.
This appréximation implies the neglect of the interaction between two
types of quasi-particles. The theory is a special model of anisotropic
enefgy gap in which we make use of SMW's Hemiltonian to fit the experi-
mental data. Attention will be concentrated on pure niobium (Nb I) be~
cause of the large feduced temperature range covered by the experimental
data. No effort was made to fit tantalum dafa which did not extend to
low enough reduced temperatures.

'v According to the theory, we can determine the following parametersz
Aof the two-gap model: the small energy gap A%, NS(Nd, (Ns;td) is the
density of states of s-(d-) band) and the magnitude of the. inter-band- |
“interaction J.’ | | | 7

- The Hamiltonian of a pure two-gap superconductor

+ + : + + .
= Z -+ -
;5 ks ko “ko " Z%a %o %o T Ts 1kt Skr Saxy Sxry Sy

o " . | . . . |
+ 3y k%k'jdkf dgey Gy Gy ¥ 7 k§k, (sk? S_xy ey d_k,T + H.Co)  (9)



= values corresponding to the Debye cut=off frequency 0 = 277°K, vwhich is .

52

where Gko and de are the s~ and d- band kinetic energy measured from _ .
b » | ’ - ’ o . : . .
the Fexmi surface and S, .(d. ), S._ (& ) are the cor ai tion
. fermi d, ' e corresponding creatio
» le. ermi. eurlace_enl ko' %q’7 Byg ,de are rYesp g _ ]
and annihilation operators. J_, Jd,_and J are the coupling constants of

s~s,s=-d, and d-d bands. In Eg. 9,,the.summations of k are extended over - ..

' chosen to be the same for both bands. The numerlcal results of the heat -
capacity are not sensitive to whether different cut-off frequency are
‘used for different bands.

The equatlonm to determine Ag, Aa and Tc are taken from the work of

"Dr. C. C. Sung55
A (T . ' ' . A (T) - o

2; ( ) /N (JJ —-J ) an——-(-T—T - 21’120(-1)1} Ko[(n+l) s ](lO) \

i

A (T) . | S A
S e 7 .l : d .
Iy =T 5Ty / ¥, (;SJd-JQ), i AT - 2 £ (-1 K, [(n2) 5 -] (1)
W(JJ-»JE)NN +<J"\T + )W+l—0 . o (12)\—
“where W = ln (O 88 T /@) and K is the modlfled Bessel functlon of nuth ' h

order.’ We neglect the 1nterdcﬁ10ns between the quaSW—partlcles in our

"I"“.'*nodel, and write uo‘cal entropy as the sum of ’Che entrop:.es of s~ and d=

guasi-particles. It follows that the electronlc heat capac:ty contalns two

terms:
d .4 WS , . . _ R
Ces =7 —C * 7F— Ces N ¢ =)
v ‘ _ s d es s “d . - o ‘ . -
_where .. - < .. o S : .
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uéﬂn) = (n+l)4d; ? and 7 2 ﬂz(N +Vd)x (Boltzmnn Constant) o o
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By exchanging the label'(s) and (d) in Eq.v(lh) we’obtain_cd .- Which energy
N,.

gap, A or, A 1is larger is" deuermlned as follows~'31nce ﬂ"I:“ =1 and

N R
_ﬁ,:g-—— << 1,56 Ad has to be assigned as the larger gap so tnat at high

s d i '
reduced temperature Eg. (13) gives Coq ~;C§s which fits the experimental
s '
NS+N a

S ST . '
data. Ces becomes dominant in the low temperature region where

T Ad
| A (o) 2,(0) 'J
Let X(T) = m and ¢ = - A (O) (N n _J2) .
R . v s 4

Equation (10) becomes -

2% (-1 K[ (n)) ='m x(7) - o(ix)  (29)
n=0 v '
_and ’

' 2u (0) & (- 1)? (n+l) K 2 (ug (n))
1 n=0 (16)‘

ad) - s T " o - 2w o) % (- l)n(n+l)K1(u (n))

& (7)

Parameters used in determining'cs. are N /N fd, and~A'. .Equation (15)

is solved numerically for x and substituted in Eq. (16) to obtain C <
(O) is related to the limiting slope of the electronlc heat capacxty

 at low temperatgre limit.’ The best flt 1s‘given by AS = 0.16 TC as shown»i”

| in_Fig;Ql;.Iﬁ.the tam;nakurejregion:t=T/Tc froﬁ'or}%'tolo.i{ the peculiar L

temperature dependence of AS accounts for the neéfiy‘constant heat

vcapacity. See.Fig. 21. «, which is related to thevintefband couﬁling

constant J, is an important parameter in this fegién. Finally using

: Ns/Nd = l.5x10-2 and adding Czs to CZS we obtain the solid curve shoﬁn_

in Fig. 2l. | | |

We hote that the parameter to measure the strength of the interband ;
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coupling o ‘
J(NN )1/2 \1/2 )
—2 - ~ 0.06.
JSNstﬁd \\V o

'f{ From the parameuers A.,A 'y and N /V whlch are determined by flttlng the';
data and Egs. (lO 12) we should be able to calculate Jd’J and J.‘ However,
because of the -small values of N /N and Ak/A and tﬁe large experlmenual ’
'-uncertalnty of T and AH we are unable to obtain rellable values of Jd.

'JS and J. |

The above model glves a reasonable heat capac1ty of ! pure niobium

over the .whole measured temperature range. Even though detalled baﬂd ‘

4-‘,structure calculations are lacklng in nloblum, we obtaln N /N from heat

capacities alone The dlscrepancy w1th,the experlmental values and the
calculation may be due to (l) the pure class™ is not OO% pure as 1t is
l assumed in the calculatlon and (2) the real phys1cal s1tuatlon is more

compllcated than that represented vy Eq. (9).

The largest deviation from the experlmental»daﬁa occurred.in thee

lg region 0.1 > t4>'O.lh, vhere the empirical Sehottkyiformgla gave a éood -

EE fit.‘ A variation in either @ or A could noﬁ remove this‘discrepancy, 'f’

‘l.whlch limited our ability to determlne the parameters other than N /N .
':and A%. "The ratio N /N ~ 0.02 is typlcal for tran51tlon metals and

-?'A%(O) is smaller than the BCS energy gap by an order of magnitude.

| A more reflned theory would give an: exten51on to the impure case

- whereas in the present case the attempt was a fallure. The present

.“>calculatlon therefore leaves a great deal unexplalned. o




E. CONCLUSION AND FURTHER SUGGESTIONS

Our observations show that the measurements of heat capacities
of superconductors can be used to study the nature of the energy-gap

anlsotropy and its dependence on lmpurlty scauterlng of superconducting

) electrons. A two~energy—gup model partially explains the behavior of

superconducting heat capacities as a characteristic of transition metals
with two energy bands. The observed anisotropy is an order. of magnitude

larger than that detected in other metals by more direct methods (elec-

- tron tunnelling, infrared absorption, and ultrasonic wave attenuation).

It would be interesting to study the energy gap anieotropy in
niobinm,by other methods'such as microweve ansorption and electron
tunnelllngo The exceSS centribution to the entropy~at lcn temperatures‘
suggests that there must be an effect on the hlgh-temperature, supercon=-
ducting-state heat capacity. For niobium and tantelum this effect is teo
small ﬁo be observed but for other transition metals this might not be “
the case. Another suggesfion'is to measure the heat cépacity of lead~
bismuth alloy of a certain composition which has twe energy geps,Aue to
"proximity‘efféet". A PburaBi55 sample, ﬁhat was kindly‘provided by Df.
J. M. Rowell of Bell Telephone Laboratories, has no anomalous heat capa—

city. Only further studies on the energy gap of hlgh~pur1ty nloblum by

‘different methods may be possible to explain the pecullar behavior of the

low temperature heat capacity in more detail.



Table I Sampie List

Amount - L Physical
(mole) RBOO/RH.Q Source Purity Form
Vanadium I L. 133 Material Research Corp. 99.95% Zone-refined
B o S : B ~ single crystal
Vanadiﬁm IT 1.38 - . Material Research Corp. 99.95% Zone-refined
- : . . ' : single crystal
Niobium I .23 110 Material Research Corp. ©99,992% Triply zone-
I ' S ' - S , . refined single
_ crystal
* Niobium IT .21 . oh Union Carbide 99,99 Polycrystal -
Niobium IIT 0.50 279 " Westinghouse Research - Zone-refined
. o Laboratories _ single crystal
Niobium IV - 1.25_;4v . 110 ‘Material Research Corp. 199.95% Triply zbné—
S D LT S : refined single
» . ' crystal
Niobium V 1.25>N 4 -. 61.6 - Material Research Corp. - 'Anneéled single
: S e - s o “crystal
Nicbium VI 0.9%5 106 . Material Research Corp. - Triply zone- - .
: P E U L ' ' refined polycrystal
No-Fe 1.0 - 59 ' Material Research Corp. 0.01% Fe . Polycrystal -
: - : . - : . : A L “doping - ‘

-gg_ .



Table I (continued)

Amount - . Physical
(mole) . - BBOO/RH.Q Sourcg Purity Form
CMb-Zr - ) 1.25 56 Material Research Corp. 'Q.l% Zr Polyerystal
S : : ' doping - . :
Tantalum I _ 0.185 - Loo Westinghouse Research - Two zone-.
- : Laboratories refined single
: ‘ crystals
Tantalum II . ,’ .02 90' Material Research Corp. ‘ 99.995% Triply zone-
' . : , refined single
crystal
Tantalum IIT - 1.22 72 Union Carbide 99.9%

. Polyecrystal 1




Table II Vanadium sample impurities (ppm) . . - el
from the supplier. o

o I 100
H oo a S 0.7
 fe o T 20
Moo <i°
Mg C e .f;‘._ <5

st .25

| Table III Heat capacities of
' © vanadium :

1yt
S

Venadium I i‘ ‘ - Venadium II~?

i .

Rs00/Ry. 2 I 435 | R
T, o g 5.08k R 5.068
y(mJ/mole;°K?) o ‘.‘i 9.6 - - o 39.64




Table IV  Summary of calorimetric and related
data for vanadium

- ‘[ Q-o

‘ . Range H (0) T . 0y =2 -1 0.(°K)
Measurement RBOO/R4.2 (°k) . (eSuss) (02) v(mJ K. mole ) 0
Elastic constant® 150 oo _ V Loo

Alers and Waldorf . :
Calbrimetricb ) ' ' . ‘ _ T
Keesom and Radebaugh 150 0.7-7 127 5.37 9.92 399
Calorimetric® . : : : _ , -
Corak, Goodman et al. 12.5 1.1-5 1310 5.03 9.26%0, 03 33315
Calorimetricd
VWorley, Zemansky, : o . : :
‘and Boorse : - » 1.7-5 ~13ko - L.89 . 8.86 . 273
" Critical field® . | S
* Jean Mueller - 1.5-5 . 1170 " 5.30
This work - 13.3 0.3-25 1337 5.068 9.6h 400
% G. A. Alers and D. L. Waldorf, Phys. Rev. Letters 6, 677 (1961).
® R, Radebaugh and P. H., Keesom, Phys. Rev. Letters 13, 685 (196k).
¢ W. s. Corak, B. B. Goodman, C. B. Satterthwaite and A. Wexler, Phys. Rev. 102, 656 (1956).
R. D. Vorley, M. W. Zemansky, and H. A, Boorse, Phys, Rev.“gg, Lt (1995).
e '

J. Mueller, Helv. Phys. Acta. 32, 1kl (1959).
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Table V
Niobium semple impurities (ppm). TFigures enclosed in brackets - v
give results of neutron activation analysis. Figures not S Co
enclosed in brackets give the amount of the impurity reported '

by the supplier of the sample. No entry indicates that the f .
_supplier did not give an analysis. N
No I No II o IIT No IV Mo V. MNo VI Wo-Zr Mb-Fe .
Interstitial | - - | o
cC, H, 0, N <10 o < 10 . .High %6 o
. ) : : . . . . . N
. <5500 1000 <3500 <3500 100 o
{5380} {1330} ({73} - o
. | 500 T
\ (e6.6} {338} (5T}
si - <20 300 . .<20 <20 @ <O0.6
Ty . 100 . Do . <O.l02.7 .
v =200 - . <o0.8.-
0% . . ™M 100 . W _ N - 0.2 . 50-100
NL ’ 200 . <015 |
Zr 200 | S, <0.3 1000
Mo | < 10 . <10 <10
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. _ o Table VI - Heat capacities of niobium and niocbium e,
- : o alloys. ' LT
L. ‘ WM I WMII N III NIV NV No VI MNo-Fe No-Zr

Byoo/Ryz 110 25 . 279 . 110 . 6L6. 06 52 56
T 9.261 9.128 9.278  9.261 9.233 9.261 9.225 9.26
maximum
width of

transition 0.020 0.086 0.0k0  0.020 0.065 0.020 0.13 0.15
7(mJ/mole°K2)7.85 7.79° T7.85  T.85 - - 7.79 1.8

'cS(TC)-cn(TC)

1.80 1.79 1.8  1.80 1.85 - - - - -
Y Tc - ; : ' )
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gap for vanadium, niobium and tantalum
n units of kTC o

Measurement

‘Vanadium ~ Niobium. ' ‘Tantalum

‘Mendelssohn

Goodmana ' »
(Calorimetric)

: o
Keesom

(Calorimetric)

Brewsterc
(Ultrasonic)

'_ Richard and Tinkhamd

(IR absorption)

e {
Levy ™
(Ultrasonic)

.F'
Bohm™ ,
(Ultrasonic)

Dietrichg
(Tunnelling)

. h
Giaever

~ (Tunnelling)

Townsend and Sutton

(Tunnelling)

J

3.5 L | | .3.6_
3;28.a;'
3.4

2.8

35 3T 3de3s

3-1-3.4
3.65
3h 036 35

- 3.84

(Thermal conductivity) . , _fj; 3,8_ ‘

Dobbs and_Per_ezk
(Ultrasonic) .

Neugebauér and Ekvall

(Tunnelling)

This work

(Calorimetric)
(1) I?Eﬁ X 3.52
(2) ES it (HO?V

V3 8HYT§

- 3.77(100)
ST e 37l ( 1)
E S0 3.65(110)
1 ' f_ ;’_ e e
30 0 36 350

3.5 3.6 . . 355

v3.50 o '_'j N 3.55. :

T
4
p




Table X (continued) *

- d..

f.

W. . Corak, B. B. Goodman, C. B. Satterthwaite and A. Wexler,
Phys. Rev. 102, 656'(1956).

J. L. Brewster, (Ph.D. Thesis); Department of Physiecs, University
of California. Los'Angeles (1962). |

M. Levy; (Ph.D.'Thésis), Department of Physics, Universify of
California, Tos Angeles (1962). |

D. White, C. Chou and Hf S. Johnstoﬁ, Phys. Rev. 109, 797 (1958).

P. H. Keesom and R. Radebaugh, Phys. Rev. Letters 15, 685 (196h).

H. V. Bohm and N. H. Horwitz, BEighth International Conference on

Low Temperature Physics, (Butterworth‘s Scientific Publicatiohs,

Ltd., London, 1962).

I. Dietrich, Eighth International Conference on Low Temperature

Physics, (Butterwofth’s Scientific Publications, Ltd., London, 1962).

I. Giaever, Bighth International Conference on Low Temperature.

Physics; (Butterworth's Scientific Publications, Ltd., London, l96é).
P. Townsend and S. Sutton, Phys. Rev. 128, 591 (1962).
K. Mendelssohn IBM J. of Research and Development é; 27 (1952).

E. R. Dobbs and J. M..Perez,.lnternational Conference on the Science

of Superconductivity, Colgate University, August 1963.

. C. A. Neugebauer and R. A. Ekvall, J. Applied Pays. 35, 547 (l96h).'




8.

9.

. 10.

13. P.
1.

- 15.

16.

a7,
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3

G. M. Elleshberg, Zh. Eksperlm 1 Teor. Flz. Mj 1005 (1902),

(Engl. Trans.: Soviet Phys. ~JETP 16, 780 (1963).

J..Bardeen, L. N. Cooper, ene. J. R. Schr;.e:f‘fer, Phys. Rev. 108

175 (1957). | S ‘

G. A. Alers and D. L. Waldorf, Phys. Rev. Letters §, 677 (19‘61).“

H. R. O'Neal and N. E. Phillips,_Phys. Rev. EL ATLS (1965).
R"..P'Worle'y, M. W. Zemans}ey, H. A. Boorse, 'Phys Rev. 99, L7 (1955).

W. 8. Corak, B. B. Goodman, C. B. Satterthwalue, and A. Wexler, Phys

© Rev. 102, 656 (1956).

H. Sunhl, B. T. Nauthlas, and L. R. Walker, Phys.- Rev. Letuers 2,

552 <1959>

N. M. Senozan, (PhD. Thesis) Un1vers1ty of Callfornla, Berkeley (1965)

J. C. M. Ho, (PhD. The51s) Un:.vers:x.ty of Callfornla, Berkeley (1965)
J'. P. TFranck, r. D. Mancnester, and D. L. Mar‘bln, P”oc. Roc. Soc. _'

A, 265 ok (1961). x

J. W. Edwards, R. Spelser, H. I. Johnswn, J Appl Phys. 22 h21+ (l951),~"

~and D._.L. Bolei, J. Appl. Phys. 32, 1oo (1961)

B. B. Goodman, Compt; . Rend. 2&6 3031 (1958)

P. H. Keesom and R. Radebaugh Phys. - “Rev. Letters 15 685 (190u)

"H. A. Leupola and H. A. Boorse, .Phys. Rev. lBh A 1322 (196L).

T. NcConwlle and B. Serin, Inuernatlonal Conference on the Science
o;_ Superconducblv::.ty, Colg te U’xlversn.ty, August 1909 (unnuollsned)

T. F. Stromoerg and C. A. Swenson, Phys. Rev Leuters 370 (1962).

J. c S\.lhart Pbys Rev. 131, T3 (196))
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19.
20.

22.
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2k,

25,
26.

27.

28.
- 29.

30.

51.
32.

s

~69 -

FAETY

E. A. Lynton, B. Serin, and M. Zucker, J. Phys. Chem. Solids 3,

1165 (1957).

P. W. Anderson, J. Phys. Chem. Solids 11, 26 (1959) .

D. Markowitz and L. P. Kadanoff; Pnys. Rev. 131, 563 (1963).
B. W. Maxfield gnd W. L. McLean, Phys. Rev. 139, Al515 (1965).
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z. Fawcett, Phys. Rev. 128, 15k (1962).

N. E. Phillips, M. H. Lambert and W. R. Gardner, Rev. Mod. Phys.
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1501 (1962). |

B. J. C. Van der Hoeven and P. H. Keesom, Phys..Rev. 13k, A1320.(196h).
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to R. H. Batt, (PhD. Thesis) University of California, Berkeley (196L4).

J. Bardeen, private communication.
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TIuURT CAPTIONS

Heat capaCity of copper between 0. 3 and h°K

'Variation of tne Debye cemperacure of copper W1th temperature..:g

conducting magnet was used 1n the heat capaCity measurements.

The heat capacityvof,vanadium,, The slopes of the solid lines

On'

- Kl Lo

" The heat capacities of two different’ vanadium samples near

the transition temperature.

- The lattice heat capacity.of-normal Vanadium;

The oev1ations of- the critical fields of vanadium, nioOium,

and,uantalum from 2 parabola.

The heat capac1t1es of" different-purity niobium samples. The

slopes of uhevsolid lines represent Czn'

The heat capacities of'phree niobinm,samples near theftransi-li'-'

Ve

"Thevsystem'ior measuring residual re31stiV1ty. The,same super= oo

The superconductingéstategelectrOnic heat capacity ofhvanadium.ig‘

The superconducting-state electronic heat capacities of differ-

ent-purity niobium samples.. The dashed curve represenus the

| expression C_ /yT =17. o exp( 1.6 T T/T) + 0. 0038 (o 25 7 /T)

‘Fig. 12

- Fig. 13

“Fig. 14

'slopes of the solid lines represent c

i.exp(o 25 T /") (l + exp(o 25 T /T) )

The superconducting-state electronic heat capaCities of Nb v,

¥b V, Mo VI, Nb-Zr and Nb-Fe.-“

vThe heat capac1t1es of different-purity tantalum samples. 'The';_i

4n

The lattice heat capac1ty of normal uantalum

¢

¥ T
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The heat capacities of three tantalum samples near the transi-
tion temperature.

The superconducting-state electronic heat capacities of

different~purity tentalum samples.

The change of transition temperature vs the reciprocal of the

residual resistance for niobium.

The change of transition temperature vs the reciprocal of the

. risiduval resistance for tantalum. The straight line is taken

‘ ‘ 21
from Budnick!s work.

Variation of the Debye temperature of vanadium with temperature,
Variation of the Debye temperature of tantalum with temperature.
The calculation of the superconducting electronic heat éapacity '

for different ﬁg(O)'s based on Eq. 13. The points are the

"~ experimental data of Nb.I and Nb IT.

The value of A%(T)._ The change of & between 0.3 and 0.7 does
not affect the general feature of the fit with experimental

data.
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II. THE HEAT CAPACITY OF FERROMAGNETIC CHROMIC- TRIBROMIDE

A. | INTRODUCTION

' Ferromagnetlc CrBr~ (Curle uemperature 37°K) is one of the few f o

knopn ;erromavneulc insulators. These materlals are 1deal for testlng
>‘sp1n-wave theorles ofvvarvlng degrees of - s0ph1st1catlon, because the
.:splﬁs are loc 'bed on Jattlce s1tes The magnetlc propertles of CrBrBA
;pvhave heen well-studled, partly because it was the flTSu such materlal
to be dlscovered,.ahd partly because 1tS‘Cur1e temperature.ls,ln a -
JJCOnvenient»regioh;'”The anisotropic magnetizationhwae-measpred by a
static method (Teubokawa)l ahd byvferrcmagnetic resonance.(Dillcn).
The temperature dependence of the magneulzatlon was studied via the
Cr53 nuclear magnetlc resonance from l to héK_(Gcssard,nJaccariho;:an§»
Remeika)? end from 1 to 20°K (Davis.and Narath);A"Althoﬁgh CrBrBIhas"
the R 3 structure in whﬂch hexagonal layers of Cr ilons are separated
_by two hexaeonal closed.packed layers 0¢ Br 1ons, the s1mp11f1ed moael'
suggested by'Gossard, Jaccarino, ahd Remelka (GJR)3-has been applled
4very'successfully to magnetization data. In thls model there are two.ﬁ“”
'y: exchange parameters J£ and Lz, that represent exchange coupllng in the E
hexagonal basal plane and between *ayers5 and an anlsotropy field HA'

A test of whether the Spln wave theory can prov1de a satlsfactoryj
1nterpretatlon of the heat capa01ty data as well as the magnetlzatlon '
. data by,u31ng the same parameters is Qf partlcular ;nterestf' Becausev.

CrBr, has no conduction electrons, andvtherefore3nc electronic heat

b,

capacity, the analysis of t he low—uemperature heat capaclty is smmpler o
',,than it would he for a metal. On uhe other hand, the temperature de-
.pendence of the Lattlce heat capatlty can be expected to be relatively

-complicated due to the complex, layer-llke, crystal structure..
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If we separate the heat capacity into magnetic and lattice cohtri-
butions, the magnetic heat capaéity should decrease inva'magngtic field
~and fhe lattice heat capacity remain unchanged.' By measuring the
heat capacity both in zero and in high magnetic fields, we hoped to
tesﬁ the possibility of separating the heat capacity into a fieldfigde-
pendent lattice contriubtion and a field-dependent magnetic contribution

calculated from spin-wave theory.

B. EXPERIMENTAL PROCEDURES

The flake-like, polycrystalline CrBr5 sample was kindly provided
by Dr. A. C. Gossard and Dr. J. P. Remeika of the Bell Telephone Labora-
tories. CrBr5 decomposes élowly at, room tempe%ature by losing bromine.
We_preserved the sample in a sealed tube at 78iK to prevent any change .
in composition with time. . Before and aftef the calorimetric measure-
ments, the bromine content was chemically analyzed with a result
corresponding to 99.8% CrBrBf |

We tightly packed the small crystals of_prlBr3 (05039 mqle)finside
‘a 1/2" 0.D., .cylindrical, thin—walled; copper containér that had beeﬁ
machined from a single piece of_99;9999%'copper. The calqriﬁeter was

“held in’place by the same copper rings with heater and thermometer
assembly fhat was described iﬁ Parf I. The thermal contact between
flakes was provided by wetting the crystals wifh chemically~inert Déw
Corning 703 éilicone diffusion pump-éil. The heat capacity of the
silicone oil is'listed in the Appendix. The addenda correctién in-.
cludes 16 g. of copper_from £he container, 0.73 g. of siliéone:oil, and
fhe addenda from thermometer etc. obtained fram Part I. Theitotal
addenda was lh% of the measured value at 0.4°K whére-the zero;fieldv

heat capacity of CrBrB attained its smllest value. In the high_magnetic
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field, there is a nuclear heeu capacity of the copper contalner This = : .";,r

was estimated to be O. 08/T mJ/deg for each mole of CrBr5 in 27 kG.

This additional correction of addenda was‘madefior_measurements ;p‘the
'magnetic fields. g |
The hea+ canaCJuy was measured by the same method described 1n
. Part I. Ve aool¢ed a series of unlform magnetlc.fleld from 20 h to
527 kG on CrBr5la¢ter the zero-field mea;urements,_iThermal relaxatlont}>ﬁ_,
Qas‘rapid except for the éero-field measgremept below b.ng.  At,the.:
vvioﬁéstftemperétu?e a‘£hermal relaxation fime of‘épproximatelyfonerminuﬁe.
-was obsérvéd. It séems probable that this is thé spin-lattice reldxatioﬁ

: 5 ,

~ time ‘of the Br nuclei.”

' C. RESULT AND COMPARISON WITH SPIN WAVE THEORY -

 We_rep6rt here the heat capacity of CrBfB'from 0.3 to 25°K invO,;
20.&, and 27 kG fields. The zgro_fiéld'heat capacity agreed with,the'

- , _ } s _ . o S S
‘measurements by Jennings and Hansen above 14°K where the two measurements .

overlapped.

The heat capa01ty of CrBr below 5°K in the zero fleld is plo»ted

: ) :
. as C/TB/Q vs TD/ in Fig. 1. Figure 2 extends the heat cabaClty to 10°K -
in zero and 27 kG on the same type of plot We assume that ‘the total heat.

capa01ty is a sum. of lattlce and magnetlc contributions

= + .
c Cﬁ Gmag
At low enough temperatures, Cé is prbportional to ‘I‘5 and Cméé is:pfopor-
. '. 2 ) : _. . ] i 'I .‘f 7
tional to TB/ Tor an ddeal ferromagnet Thls type of temperature dependenCe :

'glves a stralvht llne on the C/TB/_ Vs TB/ . plot, where the slope and uhe 3

1ntercent deuermlne and €, respectlvely.
g/ . omag’-
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from 0.3°K to 5°K in O, 20.& and

nts the calculation from Eq.(2).

The solid curve that passes through the zero-field data is ob-

tained from Eq.(2) using a different Hy. The solid curves ncar

the high-field data are calculated from Eq.(3).
& d.{D




¢/T (md °K¥*mole™)

.40

T
>

e
e B EO LR

A eoke e
AL - B A’27_k'.G ‘ . ‘ -

>

20

oK 4k Tk I0eK
O Lt 1 . b d —_— T T
S oo 20 T 0 30
TR ek B ’

'llf-hn.:

IO

i

. The hest capacity of CrBrx'fram-O.3 to 10°K.
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In the present case, there are three reasons to expect a deviation
from the linear behavior. First at the lowest temperature, we have the

nuclear heat capacity from the hyperfine field acting on the magnetic

o _ 2
moment of the nmuclei. The nuclear heat-capacity has a T -dependence.

Second, in the presence of an anisotropy field HA’ the'magnetic heat
capacity'is proportional to T5/2 multiplied by a function of'HA/T that.
decréasés exponentially t§ zero as T tends to zero. Third, the latfice
heat- capacity is proportional to T5 only iﬁ the limit T goes to Zero,
and for a complei‘crystal structure such as that of CrBr5 it is ﬁet
possible to predict the temperature range in Which;this is a-goodb
approximation. |

- The nuclear heat capacity in zZero field was déterminéd to be

'l.h5/T2mJ/mole-deg by subtracting out the calculated Cmag below 1°K.

‘The nuclear heat capacity first decreased in a magnetic field reaching

a minimum at 23 kG and increased to 0.25/’1‘2 nJ /mole~deg in 27 kXG. This
could be explained by a negative hyperfine field of 23 kG. But the zero-
field nmuclear heat capacity was 5 times larger than the heat capacity cal-

(&)

culated from the known nuclear energy levels of Br. ,Br8l,and Cr53. We were

. not able to explain the origin of the Tf2vterm in zero magnefic field or

its field depehdenceo' It seems clear that this term should be subtracted
from the total -‘before attempfing aﬁ~anélysis of‘Cz and cmag' The‘total
heat capacity less the contribution that is proportionai'to‘T-g is pre-
sented in Figs. 1 and 4 for zero and é? kG field. . |

In the low temperature 1limit, Cmag depends on . H, and the product

A

1/2
Jz/ Jt' HA was. reported by Dillon from ferromagnetic resonance,2 whereas

A'Jz and Jt were determined by Davis and Nerath from thé tempefature dependencé
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of Cr zero-field nuclear magnetic resonance frequency.

The curves in Fig. 1 were calculated by Dr. D. L. Milié?fromlthe

simplified spin wave model of Gossard, Jaccarino, and Remeika.” By

<1

using thelr notation, the dispersion relation to order k where k is the

wave vector with components kx’ ky, kz is given by .

W

2.2 2,2 2
- I o] . 1
w(k) = Hgp + 83,7k, + {8, a (x, + l_iy).‘
In the above equation, S = 5/2 is the spin of Cr+3'ioh, g is very close

: L L L '
to 2 for the ground state A2'of Cr ion, P 1is the Bohr magneton, a and
¢ are the lattice parameters, and H is the magnetic field acting on the
spin.

The internal energy per unit volume u of the spin waves which obey

Bose statistics becomes -

1 w(k)

u==3 i, :
V2 oo [@W/ED)T

where V is the volume of the unit cell. Replacing the summation by
integration of ¥ from zero to infinity we obtain the total internal
energy U as

1545 1 kil

CadPe ey L T TR

1

U

where R is the gas constant.. Differentiating U with respect to T, we
get the heat capacity in magnetic field H

J

D



N 156 c(5/2)R TB/F(E) (1)
e -’6%5/2 5/2 .L/2 T S

I

where_

with Rlemann zeta functloa C(5/2) l Bhl._ When e take Jﬂ = O’h97°K -

h‘- .
O 895 X from the work of Dav1s and Narath and anlstropy fleld

and J,
[

A

- CrBr, in zero external maﬂneu1c fleld becomes

- 76 o7 T5/2 (6 85) mJ/mole—deg (2‘)'”

- H=H =6. 85 kG from.the" work of Dlllon,? the magnetlc heat capac1ty of

'Thle ls shown asﬂfhe dashed curve 1h Flé. l. The functlon F(H/T) as’ 2
lfunctlon ofIH/T 1S'Uaken from the calculatlon of MlllS and Shown on
.-A.Flg 3. | . L o
Although the orlalnal ourpose of the heasurehenos.ln an external
fleld was to flnd Cg by freez1ng out the spln—wave heat capa01ty, the

‘ dllflcultles in calculatlng c a& for the experlmenual condltlons prevont
p 5 .

'~ an accurate- aﬂaly31s of these measu”emenus. Tor the avalluble magnetlc

© field and temoerature range, whe*e H/T \as less than 50 kG/°K T(h/T) . ;

. was alwayu lalge“ than O. Ol; and C &'was nOt negllglole compared WIuh
. b .

. poss1ble values of CZ et,all‘uemoeratures Furthermore, the CCYDllCuted

way in which hevand the anisotropy.energy¢(represented by HA)vcomblnes _
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The function F(H/T) from the work of D. L. Mills.
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to pfoduce an effectiVe field; Héf for & crystal with an: aroltrory .
-orlentaulon relative to H o makes uhe calculatlon of e /T) extremely
difficult. If H, is not. negllglble compared w1th H the spln wave (_ . e

A

':;dispersiop relation becomes a Luanlon o; d HA, the Wave vector B,

énd the angle-between ﬁ and the c-ax1s (uhe easy dlreCulon of mugneulza—"“
' fion) The correct C eg 1nvolves flrst a proper averaglng of k using the
.dLSDers1on relatlon Tor each direction of the cry3u“lllne orlentatlon

and then averaglng over uhe &arioﬁe cfy;.al ;revalreeuions.v In view of

other dlfflcultles in the 1nterpretaulon of the data, thls oomplex cai~
'culatlon,was not considered worthwh;le._ Flrst the packed CrBr3 flakes,f- ::i’v"‘“-J
emight not have:random o?ienﬁetions;‘}Second the demagnetizatlon‘field L
- cannof be included exeotiy'oecaﬁeeuo;i he cyllrdrlcal geometry and the e;
polycryoualllne nature of the.sample, but lu can’'create correctlons to

the aopllea ‘1e’d and uhe fleld actlng on the splns of the order ,of l kG

Ty

The empirical formula s _-”#’ o P .'fﬁ '."f:§:
RSP V- R H - Hp « H+H IR A
CH = 76.07 '.L g- ’ '2" (F ("_""A ) + F(——T-——— A ) ).' }lmJ/'oK"mOle
' ' (3)
'Whlch wa.s obtamed by takmg H ett = LI + HA for half of the sample and R
Hope = H, - HA for the other half fit bhe 20.4 and 27 kG data. falrly

- well as shown in ng l. If the c—ax1s is parallel to H Héff-'is
indeed H +H’ N but for the c-axis peroendlcular to H o H f . becomes.’

() )1/2 8 |

| Slnce we cannoﬁ culculate C"g in the.magnetlc fielas satlef@ctorlly,
.'vcz is rather uncertaln and quuher analy31s must be re3ur1Cued tovune } o i'ik‘
zero-fleld-daba. Belov ”,A uhe valldlty of 7. (2) wnere ve ncglectea the o

L | B
k- term in the dlspersion ormula and B”Llloulﬁ zone- oounaery effects is

W

"'supported by GJR's analysis of magnetization data. The“neglect of the . "z ~
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of Cr zero-field nuclear megnetic rescnance frequency.

The curves in Fig. 1 were calculated by Dr. D. L. Millézfromithe

. s s . . Lo . . >
simplified spin wave model of Cossard, Jaccarino, and Remeika. By
.using their notation, the dispersion relation to order k  where k is the
wave vector with components kx’ ky, kz is given by

o 22 3 2,2 2
) — (&
<;>{1<) = HgB + QJEC K, + % 8T, @ (kx + 1_{y).

In the above eguation, S = 3/2 is the spin of Cr 2 ion, g is very close
S Ry L oy 2 L}' sl 3 » 2 : g
to 2 for the ground state A2 of Cr ion, B is the Bohr magneton, a and
¢ are the lattice parameters, and H is the magnetic field acting on the
spin. . . v
. _ . . .

The internal energy per unit volume u of the spin waves which obey B
Bose .statistics becomes

(k)
exp (w(k)/kT)-1

woi
Y

™

X
where V is the volume of the unit cell.  Replacing the summation by
integration of ¥ from zero to infinity we obtain the total internal
energy U as

e 153 R [ Hee 3/2 3 e"m{%ﬁ/ki
: veuﬂj/gsyg%l/g I, - k Cm=1 /2

where R is the gas constant.,”Differentiating U wifh respect to T, we




Where

with Riemann zeta function. §\5/2) l 3&1.

o
=3
&

o
it

= 6 85 kG from the work of Dlllon

faal
S

==

"

W

When ;{re"take: Jz'»=' 0.497°K

4 S
0. 895 from the work of Dav1s and Narath and anlsuropy fleld

vxtheﬁmagnetlc heat capac1ty of R

,”CvBr 1n zero external maenetlc fleld becomes

>
: —-76 07 TB/E

m :

This is shown as the qashed curve. in Flg.”

_<6 es> ;;;/;n;l;-g;g* o

The functlon T H/T) as a -

-'functlon of H/T is taken from the calculatlon of Mllls and Shown on

' Flg.'B.

Althouah the orlvlnal Durpose of the measurements 1n an external

fleld was to Llnd c, by free21ng out the spln-wave heat capac1ty, the

L

' d1 Ticulties in calculatlnﬂ Cmag for the experlmenual condltlons prevcnt

"~ an accurate aﬂaly51s of these measu*ements.

' fleld and temnerature range, whe*e H/T vas

les

was always larger uhan O Ol and C ”g was not negllglole compared w1tb

2

© way in which Hévand the. anlootrony energy (

. possible values of C '°t ell ueﬂoeratures

FUrthermore, the ccmollc ued

represented by H ) comblneuv

For the avallable magnetlc '

' than 50 kC/°K P(d/” .;

S
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second order term in their formula constitutes less than 5% error at

2°K and 10% at L°K. Between 1 and 2°K the theory gives a reliable CW“S'
: . i £

In this temperature regior, we believe Cz is negligible compared with

C because, for xT > gPH,, the ratio of C, to C is of the order of
mag . ~ A 4 7 mag T ‘

m e . . ’ '
@2— 5/ %— 3/2 0.0001 TB/2 where @  and T are the Debye and Curie
o c : c ' ' ‘ v
temperatures. Jennings and Hansen proposed an empirical formula for CE’
based on their heat capacity measurements above 1L4°K, which gives a heat
capacity in this region corresponding to 0, = 118°K and 2% of the mea-

sured heat capacity at 1°K. Since thelr formula was obtained by fitting

Debye functions to the heat capacity at tempefatures,for which CrBr5

~ may have a large T5 term in C it probably overestimates the low-

z’

temperature T3 term. The experimental data 1s below Cvag calculated

L4

from Eq. (2), showing that Eq. (2) must give an overestimate. Since we

a narrow temperature region is involved, we have varied only HA in tryihg

have already chosen Jz and J, given by Davis and Narath,h and since on%y'

4

to fit the data. As shown by the solid curve in Fig.‘l, Hy = 7.2 kG

does give a good fit to the zero-field data.

Ferromagnetic resonance determined HA to be 6.85'kG2 which differed
. \

by a factor of 2 from the results of static magnetization measurement.

Whether the macroscopically determined EA is the same as the HA in spin

wave,theory was solely determined by the temperature dependence of NMR

frequency v(T), where Hy = 6.85 kG was used as a fixed parameter. However,

the magnetic heat capacity is more sensitive to HA than y(T), because as
. t

T tends to 0°K the leading term of the latter is

‘ -H,gB/kT
[v(0) - v(T)1/v(0) = o.ooog76,$?/2 e &7
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which is less dependent on HA than

| H,g8
c__ (1) = k6.5 /2 A

: é_HAgB/kT nJ fmole~deg (.

Furthermore, our measurements extend to relatively low temperaturesﬁwhere

A

in HA between the measured magnetic heat capacity and ferromagnetic

the effect of H is-largé} We Qonclu@e that there»is-é small discrepancy

'resonance.

In generai, iv Qould be‘of iﬁt?rest.to”lookvfor &Hsetvoeraiues §f S
v._J%, Jh, and HA coﬁsisteﬁt with§o£h-Cﬁag and v(T), baséa onvthéspih;ﬁave
renormalization technigue of Davis and l\T‘ara.‘ch_.)+ However, in fhe pfesent

case, the uncertainty_in Cz would make the result less valuable,:
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APPENDIX

The neau capacity of Dow Corning 703 5111cone dlffu51on pump oll
(supplled by Dow Cornlng Corn., Mlaland, Mlchlgan) was measured from

0.3 to 25 K. A oo—cm?, l-mil thick, copper foil splral-was put 1ns1ae"

the calorimeter to aid_tbermal equilibrium, but long thermalﬁequilibrium

time was still observed. The 3 25~g. sample had a thermal relaxatlon

*

trme that varled from 5 mrnutes at and aoove L°x to lees than one min-

-0
ute at . 0.3 K. The silicone oil contalned a small amounp of dissolved -
alr while it was exposed to the atmosphere at room temperature.

The result of the heat capacity measurements‘are shown in Fig. L.

. ‘ o . ’ o s
The scatter in the points below 1 K is a consequence of the relatively

large electronic heat cepacity of the copper eontainer. Below-5°K the
date are represented by O 60 5 + 0. OOOM} T5 mJ/deg-g. Above ] K une“
smoothed curve in Flg. h was used to represent the heat capac1ty for 3

the addenda correctlons in the CrBr5 run.. The valued of C/Tj are .

" taken from the curve at l °K 1nuerval and lleed in Table III.
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Table I

Heal Capacity of Cr3rz in Zero Magnetic Field

(3K) (mJ/molg—deg) (°£) (mJ/molg—deg)
0.3541 18.14 '2.718L 299.95
0.55%2 - 17.96 2.9937 352.55
0.36kL7 14.63 3.16% - 385.6
0.3700 15 .70 3.486 L51.0
0.3803 12.85 3.6L48 185.8
0.3896 12.91 L.o17 567.1
0.4008 12.98 4,205 611.2
0.4118 13 .2k L.359 645.9

0.437h 1%.88 4.418 660.7
0.4763 15.26 4,670 726.0
0.5272 17.59 4,789 _ 756.7
0.5707 19.76 $5.205 - 872.2
-0.5996 21.33 5.615 99k.0
0.6535 2h,92 6.008° . C1277.4
0.6895 27.66 C6.911  1458.8
0.7217 29.63 7.950 1923.6 -
0.7978 3k, 51 9.138 2521k -
0.8901 41.61 - 10.396 328%.8

0.95T3 47.28 12,158 4sh8.6
1.0018 51.47 k.71 6189.1
1.0617 56.92 16,491 8115.6
1.1285 63.62 18.360 9952.7
1.351k4 88.49 20.650 - 12608.
1.5053% 107.55 - 23.077 15829.
1.6786 131.02 ' '
1.8765 159.438
2.1222 . ¢ 196.91
2.4365 248.80
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Table II

Heat Capacity of CrBr5 in 27 Kilogauss Field

H H HHF H O OO OO O O O O O O

2.668

193.0

T c T c .
(°x) (nJ/mole-deg) (°x)  (mJ/mole-deg)
.380 1.579 3.026 - 255.0
itele 1.820 3.hok 336.9
Jipg . 1.957. 3.872 4135.8
RIS I 2.247 L.o12 . L% .8
.518 2.77L L.361 520.4%
.585 . 3.785 4.921 . 658.2
.603 4,069 5,545 ‘"83h.u_
646 4,893 6.107 1009.7
697 6.073 6.657 1201.0
LT81 - 8.h3T 7.343 © b7k b
866 - 12.02 8.167 1850.0
015 1759 9.093 25171
.183 | 26.85 - 110.118 2911.1 -
318 . 35.59 11.348 . . 3676.5
552 5L.63 12.849 4700.2
.865 86.00 1h. ko2 . 59L45.0 -
<253 1133.8 16.679 T 7930.6
2,508 169.6 19.165 T 10387-
21.858 .. ‘

© 13353.
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Table IIT

Heat Capacity of Dow Corning 703 Silicone Diffusion Pump Cil

(°x) o . C/T5 (mJ/ g.—deg)h
1 0.0607
2 0.0620
> 0.0639
4 0.0629
5 0.0590
6 0.053L4
T 0.0471L '
8 . 0.0416 -
9 . 0.0376
10 - | 0.0341
11 ' » 0.0309
12 o . 0.0278
13 - . 0.02L9
1  0.022k
15 e 0.0202
16 B 0.0182 {
17 - - - 0.0167 %
- 18 . - 0.015%
19 . - 0.0141
20 : ' : 0.0130
21 o , 0.0120
2 R 0.0112
25 . ' S . 0.0107

o o 0.0102
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FIGURE CAPTIONS

The heat capacity of CrBr, from 0.3°K to 5% in 0, 20.% and 27 kG.
The dashed curve represents the calculation from Eq. (2). The
solid curve that passes through the zero-field data is o tained
from Eq. (2) using a different H, . The solid curves near the
high-field data are calculated from Eg. (3).

The heét capacity of CrBr5 from 0.3 to 10°K.

The function F(H/T) from the work of D. L. Mills.

The heat capacity of Dow Corning 70> silicone diffusion pump oil.
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