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0.24k TO 20°K; APPLICATIONS TO SOME TRANSITION-METAL
SUPERCONDUCTORS AND FERROMAGNETIC-SUPERCONDUCTORS .

Russell Howard Batt '
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Department of Chemistry, College of Chemistry,:
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ABSTRACT - |

P N
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'An apparatus for heat capacity measurements in-the3temperature'

3He, hHe or H as cooling agents,}-'

is described. The main components of the low temperature part of

‘the apparatus are a copper block which contains a vapor pressure

bulb and a chamber into which 3He is condensed, & magnetic thermometer :'uﬁifﬁ

{

' for measuring’ temperatures below l °K, and two mechanical heat switches

, corresponding states which includes the additional parameter T /e .

.to provide thermal contact between the sample and the copper block and

'

between the block and the, liquid uHe or H2 bath. The temperature of'
|

the copper block can be maintained constant to O. Ol% at most temperaturesv'”{;;_‘:

within the range 0.24 to 20°K. | N
. .
The heat capacity of ruthenium was measured from O. 27 to 1.2° K.

_Several parameters characteristic of the superconducting state are .

i

~derived from the heat capacity measurements.and are.compared‘with thoseg

of several other superconductors; This comparison shows no obvious

difference to exist between ruthenium and those superconductors which

n

'_deviations of these parameters from the BCS values and T /G P indicaﬂing ?t",

that’ the main features of the critical field curve conform to.a law of

Ruthenium is shown to fit into this correlation.-‘;ﬁfup-i-*.

~ exhibit the isotOpe effect. A correlation is found to exist betweenlthe ffffﬂt'\,
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\

ordering were found by magnetic measurements to coexist. The present

© o v
v

v

The heat capacities of Ti, and of . Ti containing 0. OS%, 0. 25% and
e

1.0% Fe were measured from 0.2h to L, 2 K.v The results show the ubsence‘v

l

of an ordinary bulk superconducting transition in all of the samples.
K \ .

A reduced superconducting transition is observed in the l% Fe-Ti alloy

at 3 K in agreement with magnetic measurements but a - large linear. ‘u}v S

term in the heat capacity at temperatures below this transition suggests

)
}

either that the superconductivity is not of the usual kind or that only

. 15% of the sample participates in the superconducting transition. The

present results are compaﬁed with related work on Mn-Ti alloys.'

Heat capacity measurements were made from O 25 to 20 K on two solid

"solutions.(Y Gd Os ) in which superconductivity and ferromagnetic

LI

:
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R & APPARATUS

't‘A.t'GeneralfDeS¢r1Pti°n t.:

v _ _ | .
Until recently, most heat capac1ty measurements at temperatures

below the triple point of hydrogen have been confined to the temperature
range 1.2 to 4.2°K, which is easily accessible with liquid hHe. In the S
past few years, adiabatic demagnetization of a paramagnetic salt has been ;
used to extend the range of heat capacity measurements to below O. l K
'and 3He cryostats have been used between O. 3 and l 2 K. There are many
cases in which heat capac1ty measurements from below 1 K to above 20° K
| would be of considerable 1nterest but with most of the calorimeters that
. hawe been used.prev1ously, measurements over suchvan extended temperature f“jf
range would require twoior threeiseparate experiments. v*t )
~ The' apparatus to be described here is designed s0 that measurements ‘ ;{-
can be made from O 25 to above 20 K in a single experiment. The requireekgiljt
ments for making heat capacity measurements at 3He temperatures and
“between 4.2 and 14°K are sufficiently similar that it is practical to i
v..design a calorimeter which will work in each of these temperature rangesﬁﬁh;5E~'7”
‘.and'in the‘liquid hHe and'liquidgHa'ranées &s well; 'Thevreguirements;forp”;i{‘;‘
.vua calorimeter using‘adiabatic demagnetihation are,bhowever,-sufficientlyn%frf??tid
" . different ‘that it was decided to be imp;actical to extend.the range of I;?iitgf”i
the present apparatus below O. 25 K. The different nature of the experi-’f;thffif

mental problems encountered.below O 25 K and above 20° K suggests these

. temperatures as natural points at which to change to different types of
o I . A
R N S RN
calorimeters.p o -“_-: - f'rai SRS ,-%-t o - :

Figure 1 shows,vin schematic cross section, the low temperature

tvpart of the cryostat;used in these‘experiments., The copper block, which n§1;j;hff

1
|
[ : , R - |
B . ! R S
B : ' P : 3 i
|
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was machined from a Single piece of high purity copper, contains a chamber

| into which the 3He s condensed a vapor pressure bulb and several small

i - . e
. . . . , . A
- i i yh .

. ! B
clamps for mounting a platinum reSistance thermometer and germanium reSis-”xF

tance thermometers. Attached to the bottom of the block is a copper cage ;;l';ﬁ_
in which the sample 18 rigidly suspended by means of cotton threads.--A ~‘7jfit

cerium magnesium nitrate crystal, used.to measure temperatures below l K,. S
. is rigidly attached.to the bottom of the cage by means: of a Plexiglas ' f{_ L
. ) et N

clamp. The salt crystal is thermally connected to the sample cage which

I

“in turn, is thermally connecteddto the block. The block'and‘cage assembly
is thermally isolated from the{surrounding.liquid,hHew(or liquid He) bath.;ﬁé .

by a vacuum can. = ;-a b S 'j . ; -4,'p s o

o "

Thermal contact between the copper block and the surrounding bath,,jf_ -fi
and between the copper block and the sample is provided by two mechanical | |
« heat switches, hereafter referred to as the upper and lower sw1tches, re- ;jrfi
spectively. Each sw1tch lS actuated by a O 025 1nch diameter stainless

steel wire, the room temperature end of which is. attached to a vertical--

motion screw mechanism. At several w1dely spaced p01nts, each stainless ;?tu'

A
.

steel wire is thermally anchored.to ‘the hHe bath to minimize heat conduction ;'

along the wire to the block. The : jaws of each mechanical heat sw1tch'are
‘ i

thernmlly connected directly'to the block or to the bath by means of- heavy,

" flexible ‘copper wires. The thermal resistance of the lower (sample to fff‘f:d?*i

l

-“ block) heat sw1tch vas measured by determinlng “the equilibrium temperature ;agf'

difference existing between the sample and,the block produced.by a known EERT I

l

power input to the sample._ The results are given 1n Table I. Heat input

- i
“to the sample produced by 0pening the lower mechanical switch was typically .jw
i on the order of 20 to 50 ergs. The use of these two mechanical heat -

switches made it unnecessary to use’ helium exchange gas at any time during w

G-

an experiment prior to make the heat capacity measurements. fﬁftd“
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Table I. 'Thermal resistance’ of the lower heat switch

* T : :.‘ . K ;‘; t", o i . X/T ‘
(°x) | : (erg sec'il deg-l) | A’(erg sec t deg"3) o .?'"
0.245 . 270 L .- 4500 |
0.570 . 1 - ~ khoo

1280 . . .800 . 4900

DS

Figure 2 shows, in schematic cross section, a diagram of the -

pumping line which was fabrlcated out of stainless steel tublng. A Welch -
Y

"Duo-Seal" Type 1402-KBG 100 liter/minute mechanlcal vacuum pump, modlfled

He

/

to provide a vacuum tlght'outlet_port, was used to pump the llqu1d>3He

to about 0.5°K. A 300 liter/second oil.diffusion pump was then used to .
pump the liquid 3He to 0‘2h°K. In the present experiménts, gbout 0.13
3

~mole of “He was condensed into the 3He chamber. ThlS amount was sufflcient L
to cool the copper block (containing about 20 moles of copper) from l 08
to 0. 24 K and to maintain the latter temperature for more than 2& hours.u:u:f'

The heat leak into the block (at o 2& K) from the - uHe bath (at 1 O6°K)

was approx1mately 70 erg/sec.

. . B. Temperature Regulation ~7jx;¢h#‘

‘When the block was in thermal contact-With’the hHe";or H, bath, ‘then?l]fffy

. " dlock temperature was regulated.by regulating the bath témperature."For'?

this purpose, two kinds of temperature regulator were used - A mechanical

‘ s . ,

pressure regulator similar to the: one descrlbed by W'alkerl was used to "?

2

regulate the liquld H bath in the temperature range 14 to 20° K and the - '}L
hHe bath in the range 1. 8 to k.2° K. For regulating the une bath at.

RO I

b T . - N . . M e
. o . [ L . . S § .
. . .- 5 . e



20°K. This was accomplished by opening ‘the upper heat sw1tch and using tffﬁ__";,
ke balance the heat leak from the block to the bath. For temperature below.

ﬂr_l 2°K, temperature regulation was achieved'by adjusting the rate of pumping

'{n_constant block temperature. Except at temperatures just above the Kvaint,Lf

.;vmometer conSistlng of a thin layer of Aquadag painted,onto a Formvar 1n-i~

; : L v
the one described by Sommers2 was used.. With liquid He in the bath the R

block could also be regulated.at any temperature from h 2°K to weli above tﬂfi; o

(2. 172 K), the block temperature could be held constant to w1th1n O Ol%

coL s 5 . o R L )
! .o . —)-l--.: : . . PRI
s . - . - .
ot . . H | el " B
RN . T D, B
: H

i
: i

temperatures below l 8 K an electronic temperature regulator similar to ] ;
] ‘ s

the electronic regulator to supply suffic1ent power to the block to. ,_'ikﬂvg;}

?WI"Q

on the liquid 3He to produce a slow downward temperature drift and then

\

-~ using the electronic regulator to supply power sufficient to maintain a

i

C.:ﬁThermometry

o Sample temperature was determined by means of a res1stance thermometerlvisz

i

placed in intimate thermal contact w1th the . sample. The bonding agent was '

GE 7031 varnish. " This. thermometer was usually a carbon res1stance ther-ﬁ#i,;fﬁff

0-"{ St
e (R

’;L'. .
: B

sulated copper wire. However, for a: few measurements a germanlum res1stance ;‘”~?

thermometers, incorporating a crystal of semiconducting germanium as the 5llﬁ7 Sl

'Minneapolis-Honeywell Regulator Company., One of these thermometers, hav1ng et

a resistance of about 2000 ohms at h 2° K ‘was mounted on the copper block..}”fr

thermometer was used. During the course of . this work cryogenic res1stance R

temperature sens1ng element became c0mmerc1ally avallable from the l;f:}7$2'f

Over a period of several months, during which time the thermometer vas ifﬁisﬁfﬂu

-cycled between 0.24° K and room temperature at least a dozen times, the vwﬁfi}§ﬁ5”

i SEC

v reproducibility of its resistance vs temperature calibration wvas checked e

rrrrrr

I

: from 1.2 to b, 2 °K and was found to be reproducible to w1th1n the preCision




~ temperature regions discussed below.

'dlfference was found.'p‘

i'1.25 to h 2°K ._ -::é . f»g f

,75?H

of the‘temperature measurements;; It was then dec1ded.to use one of these _

| C
-germanium resistance thermometers for some of the heat capaclty measure- Lo

ments in the range 1.2 to 20 K 51nce the lengthy proc“dure of hermometer
calibration would.have to be performed only once."

The DC resistance of the sample thermometer was determined with a -

Rubicon Double Six Dial Thermofree Potentiometer. The;unbalance voltage

from the potentiometer was amplified with a Keithley Model Number 149

- MillieMicrovoltmeter and then displayed on a recording potentiometer. The

resistance vs temperature relation for the sample thermometer was deter-

mined‘by calibrating,it>against different-primary thermometers in the.

"10 to 20°K

In this temperaturé range, the sample thermometer was callbrated agalnst
a platinum resistance thermometer manufactured.by the Leeds and Northrup 1}viktf*
Company (Serial Numbex 1520046) and calibrated.by the National Bureau of.
Standards from 10 to 92 K against the NBS-1955 temperature scale. A |

measurlng current of 5 milliamperes was employed and the resistance was

determlned w1th the same Rubicon . potentiometer used with the samole

- thermometer. Above 14°K a temperature sen31t1v1ty of O 03% was p0351ble;fgfpfb

at 10°K the sensitlvity was O. l% Durlng an earller experlment the.

calibration of the platinum thermometer was’ checked in the present apparaf“f;ﬁt’ﬁ‘

tus by comparing the'NBS calibratiOn‘with.the vapor: pressure of 20.&°K

‘equilibrium. H ‘as glven by WOoley, Scott and Brickwedde.3 No s1cn1f1cant iﬂ”“ir .

In this temperature range the sample thermometer was calibrated

agalnst the vapor pressure of uHe. Vapor pressure readings were converted ; f”ftk

4
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to temperatures accordlng to the 1958 uHe scale of temnerature Forkﬂ‘.ﬁ

'temperature measurements above the A p01nt (2 172 K) the vapor pressure;;'

“of a small amount of hHe contalned in the vapor pressure bulb was used. ‘v*u3 Jen
'Where the vapor pressure sensrngftubeypassed,through the main hHe_bath

(see Fig. 1), it was surrounded by a vecuun jacket..‘This was done to - - -

eliminate possible error in the vapor pressure measurements due to "cold .-

snots on the wall of the vapor - pressure sensing tu'be.5 For measurements‘-~f-z
‘below the A p01nt the vapor pressure bulb was pumped free of llquld uHe

" (to avoid head.lnput to the block.due to superfluld £ilm refluxing), and

“the vapor pressure of the main hHe bath was measured. At each calibratlons;f? .

point, the bath temperature was held constant by means of ‘either the f},ng»r?

cmechanlcal or the electronlc regulator and when the sample temperature o
had reached equilibrium, both_the res1stance of the‘thermometerpand.ther”f’ E
vapor pressure were determined. 3vapor”pressures were'measured,with mercury .

and 011 manometers, and a Wlld.cathetometer A'precision of 0.02 mn Hg;
 was eas1ly obtalnedg- The tubes communlcatlng from the manOmeters 1nto the
" helium dewar were large enough that thermomolecular pressure correctlons,;'r

were unnecessary.. .. .. - oo .o T e T

0.2k to 1.25°K-~ .?;; ,-‘

In this temperatureirange the sample thermometer was calibrated ”
.'agalnst the magnetic susceptiblllty of a. sphere of cerrum magnesium nltrate ii;.v
(Ce Mg3(NO ) 2Ly O) Slngle crystals of cerlum magnes1um nitrate were o
- grown by the slow evaporation of a saturated solution in & refrlgerator’-tﬁ;jygi;
| at 5 °c. In thls way clear 31ngle crystals, approx1mately O 25 1nch thlck ”;';”
P_and 1.5 1nches in’ dlameter, were obtalned.A.Two of these crystals wvere . L

f.glued together with GE 7031 adhe51ve varnlsh and machined 1nto a hemlsphere ﬂfiﬂi

'w1th a radlus of O 50 1nch._ Two such hemlspheres were then glued w1th

. ) )
- . [

f
i L4

s . PR W
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- the range L. 2 to lh°K. However, when highly stable and reproduCible ger-

" decided to construct a separate ! apparatus for the purpose of calibrating

- ‘these thermometers from O 25. to 20 K, One of these calibrated germanium

- manium resistance thermometers became commercially available, it was‘wmi_

|

i

. GE 7031 varnish to the"opposite?sides:of a:piece‘of O.QOS inch thick

IS

copper foil which<was soldered to the bottom of the copper sample cage.

The cerium magnesium nitrate crystal was thus in good thermal contact with'
the copper block and, through the lower heat switch, with the sample. The

cerium magnes1um nitrate crystals were oriented with their hexagonal axes

B B

perpendicular to the field of the susceptibility measuring coils. Daniels

. and Robinson6 have shown that~the magnetic susceptibility_of cerium mag- jf‘“”

nesium nitrate isAprOportional to the inverse of the absolute temperatureli*;j;_”
to temperatures well;below those of interest‘here. In our experiments,
the mutual inductance of coils surrounding the salt vas measured and

compared with the vapor pressure of L‘LHe in the range 1. 25 to h 2 K. A

linear extrapolation of mutual 1nductance vs l/T was then used‘to define

a temperature scale below l 2° K. The mutual 1nductance was determined

with a 23 cps null detecting 1nductance bridge similar to the one described ;:~
by. Erickson, Roberts andeabbs,7 With the.apparatus used in the pfesent f

experiments, temperatures could be measured with a precision of 0.1% at

1°K and 0.04% at 0.3°K. . . v

4.2 to 1MWK ) ‘f o i.*‘. .'.f;*' lﬂﬁgr‘pf g,u-, S ;fi~-}i;.*‘§f

: I

Also located in the copper block (but not shown 1n Fig. l) are two

~ chambers which were originally intended.to be part of a" constant volume .5“T

gas thermometer of . de31gn s1milar to the one, proposed'by Scott Khlgore E‘

8 S
and Gaumer. It was planned to use this gas thermometer to define g
. w
temperature scale and to calibrate the Aquadag sample thermometer in

A
TR 'e“"

|

5
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' thermometers could then either be used as a sample thermOmeter or it

" could be mounted permanently on the’ copper block and used- to calibrate ”al:d

’ lower heat switch.

. . . AN -
- A PR
L, . T ey _8_
g L R ) “--".‘).
- ’

. the sample thermometer during eachvexperlment. The callbratlng apparatus o

. 1is quite similar to that shown'in'Fig.‘l'except for the omission of the.;afﬁifl,

B
‘

Since this calibratiné apparatus -‘was not completed in time to be o

.used in conjunction with. the present experiments, ‘a prov1s1onal temperature

. l

' scale between 4.2 and 10°K was;established.as £ollows.: The sample ther- . .-

" mometer was calibrated.between{l;es andjk.2°Kiandxbetween,lO and 20 K‘as :;;T'A

%

o describedtabove. A1l of these @alibration'points were then fit by'least‘grm,

.?fdrawn through these points and.lnterpolated through the temperature ;.Tv

i »?reg;on 4.2 to lQ,K.{ Thls difference curve was a slowly varying function

squares to one of the polynomials gj:'l v l.fd,[
" or

'where R is the thermometer res1stance and A B C D and E are constants.
resistance- thermometers, while Eq. (2) gave the ‘best flt of the Aquadag

3 from Egs. (l) or (2) and a plot of T /T vs T o where T is. the observed
’ calibration temperature.. For both types of thermometer, the calculated i
. temperatures dlffered from the observed temperatures usually by less

‘than 0. 2% and often‘by less than 0. 05% A smooth "difference curve" was

13

1/T = A+BR+CR +DR3+ERh @

, 2 _' = A+B log R+C log® ReD l°$3,4Rf'.E l°?u"R’-"~f e (2)
frac ; WF‘_u;»f ;;.‘Htu‘- fgt' i R

l.

Generally, Eq.,(l) gave the best fit to the callbration data of germanlum

H

B
RS s

thermometers For each callbration p01nt a temperature T was calculated-

l

1 ¥

!

' [y

of Tc'and,itS'positlon and slope at M.E‘and 10°K were;such as tO'deflne-f;.fi"w

PR

the interpolation between 4.2 and lO K unambiguously;t The."difference’ﬁiffﬁ .

|
i
]
a
I
!
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curve" was then used to correct all-temperatures subseduently calculated

" from either Egs. (1) or (2). The validity of this interpolation procedure -

can only be Justified by using a thermOmeter calibrated in this manner - :

for measurements on a substance which has a slowly varying heat capacityt;‘

of known temperature dependence in this temperature region. Such7a set

of measurements on a high purity sample of Cu will be discussed in Section :?-

- El L

A | |
_ D. Procedure - S S

‘.The following is a brief d;scription'of a typical experimént int?za“:l':

which heat capaCities were measured from 0. 25 to 20 K. The apparatus was\};J“’

'slowly cooled from room temperature to 78 K by putting liquid nitrogen fﬂﬂJEﬁ'-:

1

l‘;in the outer nitrogen dewar and about 500 microns of hydrogen exchange. o

gas in the vacuun can.'-When the apparatus had cooled to 78°K, 1liquid H2

" was transferred into the inner dewar With-the hydrogen exchange gasj?v

still present the sample thermometer was calibrated ageinst the platinum_:ﬁg;ﬂf

thermometer from 14 to 20°K. For calibrating between lO and 1L4°K, the ':ﬂf

hydrogen in the inner dewar was pumped to about 8°K the hydrogen exchangeéfgf};

gas pumped out of the vacuum can and the upper mechanical switch opened. .

B The temperature of the block was raised above that of the bath and regu-~u:1&i;;“

lated by means of the electronic temperature regulator as discussed aboveriﬁﬁi;l

Normally 15 to 20 calibration points were taken between lO and 20°K. Whenujgfgér

this calibration was completed,.the block was-recooledrto about 8°K,,the';:;;ipig

lower heat sw1tch Opened and.heat capacity points taken up to 20°K. b ;
-

The vacuum can was then pumped to a pressure of lO to 10 =2 mm Hg

:‘as read on an ionization gauge at the top of the’ pumping line, and’ the ,

"liquid H2 in the inner dewar was replaced,with liquid hHe. The block and
[ v

the sample were cooled,to h 2 K'by means of the two heat switches. Whenir
. , A , : o . . R ) e
T 1
. RN 't v .
R SRR i

o | 4- - . ¥ : Lo B ;
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- " were then closed and the hHe bath vas Pumped tO approximately 1.06°K. The;‘; s
-‘.vt 3 3 Sy T

mechanical swmtch opened and the block cooled by pumping on the liquid f{;

thermometer calibrated against the susceptibility of the cerium magnesium o

:f: nitrate crystal.-‘

. to O. 2h K. The lower mechanical switch was opened and heat capacmty '

- points taken from 0. 2l+ to h 2 K. As the final part of ! the experiment about

e2O microns of helium exchange gas were put Jnto the vacuum can (to insure-;ﬁ:

‘fvthermal equilibrium between the bath, sample and block), and. both the
'against the vapor pressure of hHe between 1. 25 and h 2° K. .

f; amounts of energy into the sample while monitoring the sample temperature

- each point were extrapolated to the midpoint of the, heating period to -h

not discussed here can be found in some of the recent pdblications from

‘this laboratory..

. % .
B T s 3 : _"10" R " -

4 . . -“. e . PUR B i - -A T . :

the sample had cooled.to h 2° K, the lower mechanical switch was opened

and heat capaCity pOints taken from h 2 to lO K. Both mechanical switches .

FARN
f‘.“ R

He was then condensed into Ats: chamber in the copper block, the upper

?He,' At approx1mately 25 temperatures between 0. Qh and l 2° K, the block ;qﬁﬁ S

temperature was regulated as discussed in Section I-B and the sample {"

. o ; , s
He was then recondensed into its chamber and the block cooled
)

The 34

l

sample thermometer and.- the cerium magne31um nitrate crystal were calibrated

Heat capacities were measuredvin the usual way by 1ntroducing known é

on a recording potentiometer.' The fore'and after temperature drifts of

t

obtain the temperature increment for that p01nt. Other procedural detail

/ [
I

9L LS

i
Z'E; Accuracy of the Heat Capacity Measurements V-fi'**'

R

The equipment used for resistance thenmometry and to measure energy

input to the sample has been thoroughly tested and the principal errors

in the present measurements are expected to arise from temperature scale Hf

}
(
RTIN .
T L”-i“ )
S
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"*  ments with thosevof other laboratories show that the heat capac1t1es ;}
¢ % are accurate to better than l%.9’l . The heat capacity of one of the e
_samples used. in the present work (Tl

“to 1.2° K in the apparatus described here and from 0.08 to 0.8 in the adi-f:

r’l results agree to within the precis1on .of the measurements (better than
2%) throughout the entire range of overlap (see Fig. 10). We' therefore :
‘believe the measurements made in the 3He apparatus described here to be

accurate to within 1% throughout the temperature range 0. 25 to Y. 2 X.
. on the accuracy of the NBS- 1955 temperature scale, gainst which the

fj'temperature scale, which is based on hH'e gas thermometer measurements, is

| accuracy with which the. difference curve _can be interpolated through
this temperature region. ‘As & check of this 1nterpolation procedure, the

1 heat capacity of a high purity Cu sample was measured from 1.2 to 20° K _l?

) ?in the present apparatus, using a carbon resistance sample thermometer g
':':calibrated as described in Section I C. The data varied smoothly w1th P
Li temperature and could.be represented to within l%, in the temperature

'range l 2 to 10 K, by the equation t‘uf}'

. N | B
H
errors. The temperature scales;and temperature measuring techniques used

between 0.24 and 4.2°K have been in use in this Laboratory for several ; N
‘ S

years. Extensive heat capacity measurements on a high purity copper
sample (from 0.08 to 1°K in an adiabatic demagnetization calorimeter

and from 1 to 4°K in a_uHe calorimeter) and comparison of these measure-:?;[:

o. 99 eo. Ol) was measured from O. 25

abatic demagnetization calorimeter mentioned above. These two sets of

l

|

b { : S
Between 10 and 20°K, the accuracy of the. present measurements depends"

platinum thermometer was calibrated. It is generally believed that this . %fnff;

,".

l accurate to within 1% over the temperature range of interest here. Between fi'.*

4.2 and 10°K, the accuracy of the present measurements is limited.by the

, .
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C . . with vy = 0.684 mJ mole ~ deg and m = 0. 0h96 mJ mole ) deg .
. . N . ' _r g t '
C 4 comparison, the constants Y and a dbtained from other recent heat capacity
N measurements on Cu are summarized in Table II. From lO to 20 K the data

T

L ' ﬂ.s] 1ncrea51ngly deviated from Eq. (3) as the T5 and T tenns in the lattice

o heat capacity became larger. .The absence ofceny pronounced anomalies_
,i;§ -~ in the measuredcheat capaC1ty'between k. 2 and 10 'K justifies the use of 5
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Table II Summary of recent heat capac:.ty measurements
‘on copper at liquid heli_um temperatures. |

Y : ' a

(mJ'mole-laegfz) (mJ mole-ldeg'h)l‘;n’T

matswork 0 0 - . 068 0.0k -
Phillips® .: . ;-u- [ 0.695 . 0.0480 L :
CGomketal® . 068 - - - ook8 o
Rayne® F~e 7?;1' 7 0-686,"f[;;f;; 3 o.oh73;;'3'
Griffel et al. | R 0.691',m5;: f%;__"o.oh86£,;fg?,"”
-?‘530.720jﬁf- 'i | ‘ ;'6-0523 ._!1m_v_ :
0.6%6 '}‘_:: '5‘;}* 0.0478 :‘57§i3;§15:f:

L 0.72L .- 0.0500

Ra.manathan and Srinivasane

- -Manchesterf
du Chaten:.er & de I\Iobelg

i

!
- N \ , o e
. Kneip™ . . 0.698 - o.0u82
Hake 5

0.700. o 0.0k69

N. E. Phillips, Phys. Rev., 13u A385 (196&)

W. 8. Corak, M. P. Garfunkel,’ ‘c. B. Satterthwaite and A. Wexler, -
Phys. Rev., i, 1699 (1955) '. - . . R :

:J. A. Rayne, Australlan J..Phys. 2, 189 (1956) '

M. Griffel, R. w Vest and. J.,F. Smith, J. Chem. Phys. _1, 1267 (1957)

K. G. Ramanathan and J. M. Srlm.va.san, J. Sci. Ind.} Res.~(Ind1a), 16B e

G2t (gsm). | |
 F..D. Manchester,’ Can-AJ- Phys-- ;1, 989 (1959)*3:5,“7’_
F. J. du Chatenier and J. de Nobel Phys1Ca, 287 lglx(196a);m5‘v‘

, i
y G. Kneip (priva.te communication)

R.l R. Hake, Phys. Rev., __3,_1986 (1961)




L ,‘IJ‘Z. THE HEAT CAPACITY OF RUTHENIUM | L

For Hg 12’13 lh 15 Tl, §;Pb,17f1n 18 9 nd Cd, 20 the super-bifﬂ-

conducting transition temperature T 1s related to the 1sotop1c mass M ‘;,
by the relation‘:'” ' L : _ : B S v” .
7 owith « =.0.5.. These experimental results confirmed Frohlich s 2L suggestion'flf:r'

oy

v that superconductivity is the result of an electron—phonon interaction,:;

‘H:’j"and suggested.the basis for the present BCS theory of superconductivity.v_'Ix*'”'

Recently it was discovered that the parameter o e=0 for Ru-’ 23 and is,mulu""
19, 2L

. between 0 and O 5 for Os an d Mo. 25 These findings have led to '

¢

J'speculation that mechanisms other than the electron-phonon 1nteraction ﬁf'

may be responsible for superconductiv1ty in the tran51tion metals and.to

i [EEA. .
+ CET

\: a reexamination of the assumptions and approximatlons used in the original

. BCS theory.26>28- Tt was therefore of considerable 1nterest to compare the

parameters . characteristic of the superconaucting state of Ru With those;3

of other superconductors.»i
We have measured the heat capac1ty of Ru from O 27 to ‘Lo O K. The
‘sample was a k. 9325-g (0 048802 mole) arc-melted pellet obtained from @:

Dr. T. H. Geballe of Belleelephone Laboratories ‘ Spectrochemical |
| =

analysis showed the sample to contain between lO and 50 Ppm of Fe, D .
i x' :",. I

vand Pa and less ‘than lO ppm of Al Cu, Mg and Ni. Most of the experi- CalE

_ mental points are shown in Fig. 3 as a plot of C Vs T._ The normal-“m
state heat capacity (measured in a magnetic field of 225 Oe) is propor-

_ "tional to T, indicating that the lattice heat capacity is. negligible in

this temperature range. The slope of the straight line that hest fits the EED

".V:normal state points gives the value 2 98 mJ mole l‘d g 2 for T, the

_: . . e

i
(

l
"'—'!‘l»,- o
Srd L
!
1
i
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coefficient of T in the normal- state .electronic heat capacity Figure" o

Q 4‘ .t

L shows some additional p01nts‘taken With small temperature increments

for the purpose of determining the width and temperature of the super- o

1

' conducting transition. The tranSition is complete w1thin an interval ‘of ¢

0.006°K and is centered at O. th X. S ) -

The BCS expressmon for the superconducting-state electronic heat

\'capacity Ce can be approximated by f

=5 = a’exp(-ch/T),‘ oo (8)

where the parameters a and b" are slowly varying functions of T/T and can ?'ﬂ

“ be teken as constants w1th1n a restricted temperature interval. Figure 5

shows a semi-logarithmic plot of ‘the experimental C /YT vs T /T The,ai ;

. present measurements do not extend far enough into the range of T-/T .

_where a and b are usually evaluated,to determine the values of these -

I

parameters uniquely. The straight line shown in Fig. 5 fits the lowest:“,:'" )

temperature superconducting-state points and has a slope that makes theu'jh’

. 3

entropies of the normal and superconducting states equal at T- as required ff

- by the third law of thermodynamics. In the present case sucth a procedure,"”

'
)

~ ~ determines a and b quite precisely because more than 70% of the super-r O

conducting-state entropy at O. 27 X is in the’ temperature region Just

- below 0. 27 K thus making the calculated superconducting—state entropy

at. T very sensitive to the slope of the extrapolation.

-Smoothed experimental values of C g extrapolated to T = O X using

. (5) with. a = 8 12 and.b = l MO, were used.to calculate the free energy\.!s'f

"difference between the normal and superconducting-states AF(T), and the’ f=;;~-7”

critical field H (T), according to. the thermodynamic relation



ooap(r) = me L Tigr fT=(———-'T~$§);'dT, (8

where Yh.is the molar volume."At T=0°K, the free energyvdifferenCe is’ ff'_n

b A
P T

ZF = 04153 nJ molel. Since low-temperature thermal expan51on data for ;v'

- e g
ruthenium are not avallable, the room-temperature molar volume V = 8.15 921
cm3 mole -1 was usedcto calculate the value 68. 5 Oe for H 57 the crltlcal

field at T=0°K. The error in H resulting from this approxlmatlon should

- be-less than 1%. The dev1ation of the eritical fleld from parabolic B

temperature dependence is shown-in Fig.-6 as a plot of D(t) h-(l t )

Vs te; where h = Hc/Ho and t = T/T . :The maximum devietion Dm =v-0.0h3.f;v"'n'

o

" occurs at t = O.7Jf ‘ifﬂ ' »;, R _ , PR S,
SIREE S * P R S
Table III summarizes thé comparison of our data with'other-related’ff o
‘ measurementsron-ruthenium. The error limlts quoted for the present xe- el

_sults are estlmates 1ntended to include systematlc errors 1n temperature'ﬁ

«

measurement and also possible errors ari51ng’frOmfscatter»1n~the.experl-jf

 mental points. .  The five values listed forchdare in reasonable agreement .. |

<l

- [ - o o : . ' - C
considering the:difficulties encountered.in'producing:pure, strain-free
,samples and in measurlng temperatures below 0. 5 K The value of H - Vf?

} ot .

"reported here depends on the extrapolatlon of C : to T 0°K, but the re—i{'

:f_ qulrement that the extrapolatlon be con51stent w1th the thlrd law of

_ thermodynamics makes 51gn1f1cant error unllkely. The magnetic determlna_;fr o

tlons of H all make use, of an assumed parabollc temperature dependence

for H, which can- introduce apprecxable error into the value for H . “I&fp‘

‘additlon, the eFfects ‘of stralns, impurlties ‘and - non-cylindrlcal sample Ji{:il”

: C . -
' ' R A

i"'shape may con51derably broaden the superconducting to ‘normal- state'f~‘

"itransitlon 1n a magnetic field and 1ntroduce some ambigulty 1nto the

i . . st
o . . . :,- b .

. magnetlc determination of H .

i R
i
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Teble III. Summary of Low Temperature Calorimetric and Magnetic Measurements on Ruthenium

_This Work -

eTes - o
(°k) . (mJ mole

Ces(Tc)-TTc

_(mJ méle—l~deg-l)

@

sample purity

MM Woleott® Tl

"7 ana AV Comnolly TS

. ' . et ; al., N ‘h _.:,._.,.._:_ AN

. J.A. CarruthersS H . 66

 T.H. Geballe?

~ D.K. Finnemoreé o
& D.E. Mapother. . -

J.K. Hulmsahquf;;'ﬁ ‘f;ﬂ'.f‘uéé o

B. Goodmar_lf EeLs

e

SOk aer o

. 2.98 * ‘ 11“: 1.9 _ 99-9913.

335 T T T 9998

9.9
© Ref. @~

9.9

“y

'notAstated

' same samples as-

C e,

LT
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Table III (contlnued) | o | |
‘. ,Y-" ¥ . i

C denotes calorlmetrlc measurements, H denotes crltlcal fleld

1

measurements. L '\ﬁ'.. O o I-‘;'Q?"

1.

P T

N. M. Wolcott Conference de thsiQue des basses ﬁemperétnres,nPafis,
1955 (Centre de National de la Recherche Sc1entif1que and, UNESCO
Paris, 1956) p..286 '

K

‘éj)J A. Carruthers and A. Connolly, Proceedlngs of tbe Fifth Internatlonal

Conference on Low Temperature'Physics and Chemistry, Madison, Wiscon-

Madlson, 1958), p. 276 Q C T T
'See Ref. 22.. | i -

J. K. Huln and B. B. Goodman, Phys. Rev.f 106, 659 (1957).

'sin, August 30, 1957, J. R: Dllllnger (ed) (Univ. of Wisconsin Press, B




B values for T /6 ' "since correlations between T /6 and dev1ations from 5 .
: 1 [ R

;,correlation between the parameter n = V H 2/8HYT and T, /6 , and the

- positive D(t) curves for mercury and.lead have frequently'been associated

‘ crepancy in the values of C (T ) - c' The very low values of H ob—

from critical field.measurementsvare not surprising s1nce.the accuracy of -

" techniques. The entries in this table are arranged according to ascending |

The samples used.by Finnemore and Mapother apparently showed more
nearly ideal magnetic transitions than those used in the other H measure-~
ments,_but their accuracy was~still somewhat limited.by'the‘nearfspherical-
shape of their samples. _This limitation:and the fact that their_measure;’f
ments extend only.to.the‘temperature of thevmaximum deviation of'the; |

critical field from a parabola coulduaccount for the‘discrepancy between -

: their H and that reported here.: There is, however, a significant dis-

served by Hulm and Goodman suggest that the flux penetratlon into their
samples was 1ncomplete at their reported values for H .

The. discrepancies between the Y- value reported here and those derived vur‘“

‘ N
PP

the latter values depends on an accurate knowledge of the shape of the :
critical field curve near T= 0° K.. None of the. critical field measurements
listed.in Table III extended to low enough temperatures to precisely de-
fine the shape of the critical fleld curve in that temperature region
For the purpose of comparlng Ru with other superconductors, values
for: several parameters characteristic of the superconducting =state are:

summarized in Table Iv, which includes most recent calorimetric and

critical field measurements. These data are Judged.to be the most re- R

. liable presently available on the basis of close agreement between inde-gf;{"fjf N

pendent determinations and/or the use of well established experimental

BCS behaV1°r have been p01nted Out Goodman has drawn attention to a fﬁﬁ =

R




. from parabolic- ‘temperature dependence From Eq (6) 1t follows that

R
with thelr large T /8 values.; Examlnatlon of Table IV shows no anomalous ':f‘
-_behav1or of Ru relative to the other sunerconductors and, in partlcular,v‘
',relatlve to the.non-tran51tlonzmetal'superconductors‘that show a normal_j’f“':

[

_ 1sotope effect.ll S 2' bk.' o "A' N :‘.Jﬂ-’. I :
Flgure T is & plot of V H, /BHYT and’ 26(0)/kT ;— (2HV /3Y)l/2(H /T )
vs T /8 of the type glven by Goodman, but 1nclud1ng only data Prom Table. Ef .
IV, Goodman s orlglnal plot contalned much apparently unrellable data vf%ih
(as 1ndlcated.by the very large error bars shown for most of the p01nts)
and suggested a llnear correlatlon between 2€(o)/kT and zn T /6 ; }The ';u
nature of the correlatlon 1nd1cated.by Fig T is qulte dlfferenxfi fofx-v
T, /6 <o0. 02 2e(o)/kT 1s approx1mately 1ndepenaent of T /e and only
-‘::sllghtly less than the BCS value in the weak—coupllng llmlt i e.‘3 52 kT ;J;‘h
only for T /6 > O 02 do the p01nts rlselapprec1ably above the weak-: i

' coupllng value This changes consmderably the probable 51gn1flcance of

the correlatlon.A Slnce dev1at10ns from the BCS law of corresponding Ah

' states are unportant only for large T /6 , they" are probably a result ;
of the mathematical approx1matlons in the theory rather than an 1ndlcahlon;
Cof a more fundamental approx1mat10n._% ';;'hf”ffi ,fh;. i' ji”‘ ‘

“Plots of C. (T )/YT and D, the‘maxlmum value of D(t) are not glven(
,'here but they show a correlatlon wlth T /9 very s1milar to that shown ”fr:p;‘v

by 26(0)/kT . These parameters are all related.to the dev1ation of H L

: VT d2H2

ST ,-aT?_- o LTI T e
o = H(167) D), 42 - -3, b - dD/dy; SEa
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Table IV . Sﬁmmary of parametérs characteristic of the»supercohducting state for several supefcdnductors

";Yifj;"vl,;-- >f” ¢, a- ‘TTC/eoXloga .N-_a, : R ‘D b . TTC o -C . Ref. -
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o0.212

©0.332. .
- 0.343
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3.35
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687

0.078
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8.25 |

- 8.21

1.40

1.26°

1.34

1.27
1.22

1.39
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'1.'59

1.k

1.50
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. & mE Phllllps, Phys. Rev. Letters, 1, 363 (1958)
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A T S b i
a' c denotes eelorimetric measurements, H denotes critical fie1d !'d““';"
| measureme;ts.~ ,-K?__i '.ﬁé Nflf ” 7jT:y;_"gf?,; ?x‘HVl“.'V jieé :.5?‘w!;§‘
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) (see Ref.ib of Table III); for value of v at 20° c, see Ref. 29. (;i i
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" to Zero it follows that

¥
'fJ.At t = l, Eqs. (8) and (9) give ?ff':ﬁ:.‘

, \ .
, 1 i
! ':
s -23-
P ' H
| o ;
I A
2.7, 2 ‘.‘ i v
D" =4 D/dy«, and ! S P ‘

- {
[

(r, 15 the value of T
corresponding to a parabolic ciitical field'curve)‘give7fw’

A = - Ypf [(D+l)(D‘—l);+zt2 §2D"(D+1)+2D'2-5Dj{1];?t D"]fr'(8)lfj]j'

¢
1

S

i

ﬂi From the essumption.that.Ces;goes;to zero more repidly tnen T as‘T goes

P

‘ r=1my£%e7£IyD%0D# 1,fﬁ»t¥§j;f?((9i

!
and o

:":ff(il)

Cd
!
I .
i

ip (1)} O e e

f“=-1 + 2 T57(0

2

3 - uD _)‘+ 2D'(O);:};;

b

- The 51mllar1ty of the correlatlons of n, D and C (T )/YT with T /6
is an 1ndicatlon that the D(t) curves for dlfferent superconductors bave

roughly the same shape (but different amplltudes, D ) and ‘that the main 5'

’ Apart from the absence of an isotope effect the superconductlng

i
i -
; :
: '
1 -
. N - X Lt BRI ,'--. ". o
c £ S b b
> . ! . i R R A .
e o
o
4 1
. o . v . . St -
i [ + . . (R -t O

o)

'v.‘},(i3>';:;]

4ﬂ?features of the critlcal fleld curves conform to a law of correspondlng ,‘

: ;states if a parameter, say 2€(0)/kT s that depends on T /6 is included. - -

tran31tion in Ru appears to be no . dlfferent from those of the non-transltion‘



.The-parametéfs'

metais,-ihcludiné'ﬁhbse that éhow’a_hormal

“1isotope effect.

¥

the thermodynamics .

‘curve (and'therefpfé_

eld

critical fi

characterizing the

‘regular manner.

i
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perconductors vary in a

diffe

rent

‘of the transition) -of




' moment .- In 1959 Metthias et. al

©'on the basis of these findings Matthiss et.al.
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III. THE HEAT CAPACITY OF Ti-F8 ALIOYS

H B S . R : ! : Lo

In 1958 Matthias et al.31 demonstratéd-that'small amounts'of'the
magnetic lanthanide elements dissolved in lanthanum depressed the super-L -

conducting transition temperature of that element by en amount that was

_correlated with the net hf electron spin of the solute atom. Thusfdd with;;

& spin of 7/2 depressed the- tranSition temperature ten times as much as

'}fdid Tm with a spin of one, even though both elements have the same magnetic .

32

found that the transition temperature of

CTi could be increased by an order of magnitude by the addition of small

.“'*“ (viz. 1-5 at %) amounts of the magnetic transition metals Mn, Cr, Co and Fe._ﬁ

32 33

and Geballe have

~ suggested that, since magnetic impurities raise‘the transition temperature ;v,'

of Ti but lower the transition temperature of La, & difference might exist“;'".

between the mechanisms responsible for superconductivity in the rare earths *

L

- and in the transition metals. They suggested‘that an interaction betweendffiff

the 3d and conduction electrons might supplement or even replace the usual

transition metals.

" BCS. electron—phonon interactions as the ‘cause of superconductivity in the :“L%”

H . .
. ~ - < i
! v . 1

In view of the differing behavior exhibited by La and Ti when alloyed

with magnetic elements, and in view of the potential importance of the. flﬁfﬂz

‘suggestions made by Matthias and . Geballe to the theoretical treatment of
:»superconductivity, it was of con51derable interest to do further experi-

'?fuhmental work on some of the systems discussed above.- Several samples of the

w‘n;earlier investigations, were supplied by Dr. T. H. Geballe of the Bell
f‘Telephone Laboratories. . Heat: capacity measurements were made on them to

‘, determine if the. high transition temperatures observed by Matthlas et al.

it

- Fe-Ti alloy system, similar to the ones used by Matthias et. al.32 On’their Vfﬁkj'f.




R ;system Fe Ti

[
)

Tyt

_fentiate between a complete and.partial volume superconducting transition.;jfwf**

0. 25% Fe-Ti alloy samples covered the temperature range 0.25 to h 2 K- and
'ff_on the 1. O% Fe-Ti sample, the range 0.25 to 20 K. These measurements were

. carried out in the 3He cryostat described 1n Part I. The measurements on

':r,measurements on pure Ti were made primarily to prov1de a value for Y for
' ’ucomparison with the Y values of the Fe-Ty alloys. The normal- state heatf'
.. .capacity (measured in a magnetic field of 275 Oe is proportional to T

j. indicating that the lattice-heat capacity is negligible at these temperatures

~transition to be accompanied by an apparently complete diamagnetic

‘tranSition, and they therefore assumed the superconductivity to be e true R

S - superconducting. Heat capa01ty measurements can, in prinCiple, differ-.fg'l'

.orimeter. B ,v,{’. . 'gi 1V\q¢,; . f}: 5:‘ S

~and the results are, compared with other recent work in Table V. The present

values for Y, except that found by Wolcott, are in reasonable agreement

g ce "i B W . e
are - bulk prOperties of the samples.s The magnetic measurements, used hy

Matthias et al: to detect superconductivity, showed the superconducting

bulk effect., However, it is entirely possible that a suitable arrangement ’5“

/’;“r'

‘, of interconnected superconducting filaments can produce complete diamagnetic

-shielding even though only a relatively small fraction of the sample volume';}'*

Heat capacity measurements were carried out on samples of the alloy .

) ox with x =.0, o ooos, 0. 0025 and 0.01.. (Hereai‘ter sa.mple -; =f_f'i‘-‘-' v

i - composition will be denoted as x% Fe-Ti) :The measurements on the O 05% and

[

10

The heat capacity of Ti is presented in Fig 8 as a plot of C vs T,

J 3_.‘

< The slope °f the beSt straight line fit to “the normal-state points gives a RIS

value for Y of 3 hl O 03 mJ mole » deg 2. The calorimetrically determined
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Table V Summary of Low Temperature Calorlmetrlc and Magnetic

Measurements on Tltanlum

. . =% . o ~\‘\ .
e - .C, Hc ‘ Oo . ' _ Tc

(k)  (°K)  (w moldlaeg™) (k)

(cef |

Sample Purity

(%)

ﬂ'QT S. Smith a.nd
. _J G. Daunte 2 TH

etal. . c' W0 . 3.35

g N. M. Wolc'qtth' ¢ w30 . 3.6

B This wqr#j;,uhﬁgf_ ;-“_ii.fj’ ; 3 hl 0 03 . 6.33 ;4

M. C. Steel and " .
R: A Helnd B ;-le .

R.R. Hakel . , e
and J. A. Cape C h29 1 3.30

0 ;37 |

0558 ¢

‘.56_

00

| -_> %

86

>99.99

~ 9 ppm Fe

<5 ppm Mn

< 2 ppm Fe ‘

o 99.98
. 99.95

99.99

99,86 |

. 99.98

99.9%
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with the value reported here. The magnetically determined values for vy

are subject to the same errors discuésed in éonnectién with Ru (see Section
_Ii). The superconducbtbing-state heat.capacity was measured in a magnetic
Tield of less than 0.1 Oe. Thg transition waé 0.060fK wide and was centered
at O.BBéK. The discontinuity in the heat capacity at 0.33°K waé 1.2 mJ
mjole'-l deg-l. The widfh of the transition made it impractical'to derivé
other supergonducting state parameters from the present data. The values
for TC liéted in Table V show a fairly large scatter{ This is not surpris-
'7 ing considering the difficulty of preparing pufe, strain free éamples. It

34

has been shown” that traces of Mn lower the transition temperature of Ti,
while larger amounts raise the transition temperature. The large scatter
in the reportea values for Tc cén perhaps be attributedbto the differing
pﬁrities of_the samples used. We are inclined to view Falge's value for
‘I‘c of 0.42°K as the most reliable since his samplé appeared to be ex-
ceptionally pure and strain free.

Before meaningful conclusions can bé drawn from the present results on
the Fe-Ti alloy system and related work on Fe-, Mn-, Cr- and Co-Ti alloys,
a brief summary of thebmetallurgy of these systems must be.given.  Since
these four alloys are quite similar the discussion will be limited to the

55

FeATi system. A phase diagraﬁ of_thé Ti-rich porfion of the FévTi alloy
system is presented in Fig. 9. It must be emphasized that, éince the
phase boundaries are not accurately known, only semi-quantitativé conclu-
sions can be drawn from Fig. 9. At foom temperature, pure Ti has a hexa-

o :
gonal close packed (hep) lattice structure (the a phasey-which transforms
to a bod& centered cubic (bcc) structure (%he B phase) at 882°C. ABy add-" -

ing small amounts of Fe, one, two or three phases can be produced depende‘“

ing on the Fe concentration and the heat treatment given the sample.
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'The phase diagram inddcates that the.O.Qﬁ% Fe-Ti sample usedrin the
present measurements, which was annealed atl700‘C‘for ih‘days, contains
pure O (hcp) phase. However, since the solublllty limit of Fe in 0-Ti
at T00° C is not accurately known, the presence ‘of small amounts of the T
' ;ron-rlch B (bee) phase cannot be ruled out. Shortly after the present
:heatdcapacity measurements Were compieted, the 0.05% Fe~Ti sample was eX-

amined-by standard-optical metallographic and:X-ray.fluorescence.microprohe
techniques Examination ShOWed this sample to contain small amounts
(<0.1%) of iron rich phase (> 15% Fe) present as 1nclus1ons, with dla-

- meters of 1—2 microns, in the bulk o phase. At present these 1nclu—
sions have not been further characterized. C
The 0.25% Fe=Ti sample, which Was‘quenched,from.the melt to room

temperature, is eXpected to cons1st of pure martens1t1c hep (a ) phase,
formed from the parent B phase as the sample is cooled below the M temper-
ature. The a' phase is highly stralned, supersaturated and metastable, v
with lattice constants similay to those of pure Q-Ti. Metallographic'v
examination confirmed that the sample consisted of pure.a' phase 36

| On the basis of F1g 9, the 1% Fe—Tl sample, whlch was annealed at
',700 C for 6 days, 1is expected to be a mlxture of the o and of the iron-

‘ r;ch B phases_ln the appr0X1mate ratio of 9:1. However, metallographlc:
.examination showed the sample to be more than 99.9% pure o' phase. This
dlscrepancy can be attrlbuted56 to the fact that the sample was quenched
~ to room temperature from the melt and theh annealed at T700°C without sub-
' jecting it to cold-work, thus stabilizing the o phase.

The ;héat capacities of the 0.05%, 0.25% and 1.0% Fe-Ti _sampies are
presented in'Figs, 10, 11; 12 and 13 as plots oé ¢/T vs TQ. The relevantf

- physical and chemical characteristics of these samples, together with the:
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‘results ofvthefpresent‘measurements and the magnetic measurements madeiat .
Bell Telephone Laboratories; are;sunmari;ed in Tahle vI.

The slopes of the C/T vs Tepplots should not be teken as an accurate':
measure of the lattice heat.capacities of these alloys. Because of the
small size (= 0.05 mole) and high Debye temperature (=L00°K) of these o
‘samples, the T3 termlin the heat capacity of the addenda (which consistedy
mainly of a copper sample holder and the GE 7031 varnish used to provide |
_ thermal contact between the sample and the holder) amounted to approximately ;
75% of the total T3 heat-capacity. Since the value of the T3 term in the '
_ heat capacity of the varnish is hnown only approximately, considerable er{c

3 term in the heat capacity of the sample.

Each sample shows & small T -2 term in its heat capacity at very low lf}p;

‘. ror is introduced into the T

‘.temperatures. This term is unaffected by a magnetlc field of 300 Oe and’ t:L
we assume that'it is a hyperfine:contribution. However, -its origin is not.

: o . S,
‘clear. The known transition metal 1mpurity with a large nuclear moment (Mn)_}'“

- 1is present in too small an amount to account for 1t. If the Fe had a local :E'

l

"moment it could produce a hyperflne field on neighboring Ti nuclei, but

vthe size of the T term is uncorrelated with-Fe content - A nuclear o

electric. quadrupole contribution would be expected to be the same in all
- samples except for the p0531ble effects of straln or. dlfferences in lattice P
1 : ! . . . ;

»-parameters betWeen the o and o' phases. ‘

,>‘,""

The r values for the Fe-Ti alloys are listed 1n Table VI. The error

limits quoted are intended to indicate errors due to. the scatter 1n the

\ -
i

‘;experimental points, any errors due to temperature scale being small by

g comparlson. The 0.05% Fe-Ti sample has 8 T value (within experimental error)hil,{

o equal to that of pure Ti. The increase in the 'S value for 0.25% Fe-Ti

- over that for pure Ti lies just out51de the range of experimental error.:f_“fp

- These results indicate that Fe, in concentrations of up to at least 0. 25%, 'ffv~‘

¥

'
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"uTABLE VI. Properties of tne Fe-Ti Alloy samples used in the present ekperiments

- s+ l
‘Samplélp..:_;‘,elImpuritlee ‘ Treatmenta Composition® (mJ mgle-e) (oK) ' (oK)

" Heat Phase . T T (C) T, (m)a

”

Transition (mJ mole”

deg™h)

0,33

.. ™ . 9.2 ppmFe arc melted ~ a 3 ul_o o3p
(Bell Labs #52&6: 4.0 ppm,Mn‘::<*. R "."%w: .

e o

o 9995 o 0005 1 2 ppm Mn éold worked .?99%1 ~.3;36+0 05‘

and annealed ;zfii .
"14 days at . i
v7oo° PRI - , o o
e m Ny B R O, - 2 0 to 2. 6 0 .
~h Mn ‘ uenched : (Po2.8 MO O
To. 9975 ®o. ooe5 = ‘ppm “4;._-._9 et e e S 3
’ ﬁn 'f" ~b Mn ' Anneéled“6tdéms S O S o
~.o. 99 o. or, e ppm at T00°C w1thzﬁt >99 9%“ 3(25 0)03 -3 =26 ~1.7
o Ll e <1°K el LT ~ RO
) (Bell nabs #hhhe) - - cold-work R 3 85£0.10 " ;
| ' 5 (>u°x) - -
:glﬂT H. Geballe (Prlvate Communlcation) p“'- -
'fvT (C) denotes superconducting trans1tion temperature determlned calorlmetrlcally. " ; i

) /"m DR

_f%T (M) denotes superconductlnv tran31t10n temperature determlned magnetlcally.'w'; N

Tran81tlon denotes the apparent percentage of the sample volumen partlcipatlng 1n the superconductlnvA f{f*‘¥

v tran31t10n as Judged by magnetlc measurements...r' i ;Jﬁ' "
”. :- o R ; . o B - - .. . ,~
g s
.’.’ o
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thas little effect on the density of states in hcp Ti. The heat capacity-
of the 1.0% Fe—Ti ‘sample showed two llnear regions: when plotted as C/T vs _'gii v
3T2. A value for T of 3. 25 mJ mole -1 deg -2 was derived from the low temp—'
~erature region and a value 3.85 0.10 mJ mole -1 deg "2 vas derived from_iu
- the high-temperature region. The relatively large error associated"with o
the 1atter value is due to the fact that the C/T vs T2 plot is only approxi-i '
5 ,

mately linear at these temperatures (due to the T term in the heat

capacity of the GE TO3l1 varnish), making an accurate'straight line’extra:?'
polation to T = 0 difficult.. | | | - |

Table VI.and Figs 10-13 clearly indicate that there are no heat
capacity anomalies ( in the temperature range of .the present measurements)
l that can be assocmated w1th bulk superconducting transitions of the usual

_ cc_(T)
" kind. Assuming the BCS, relation —g——— = 2.43 to be applicable to these

T
systems andAassuming'a value forér of 3 b my mole -1 deg -2, one would ex= -t
pect a discontinuity in the heat capac1ty of about 12 mJ mole ldeg -1 at
2.5°K (the approximate superconducting transition temperature given by

magnetic m.easurements3 ) for both the l% and 0. 25% Fe-Ti alloys. The

observed values are = 1.7 mJ mole ldeg-land O for the 1%- and 0. 25% f{4“

Fe-Ti samples, respectively. Even allowing for the probable broadenlng of ngf.‘

|

the transition 1n an alloy, it is clear that no anomalies approaching the f?ET--T

' expeoted size occur.:_ B § L @, o o

i '-3

We attribute the small anomaly observed in the heat. capacity of . the

0.05% Fe-Ti sample at T ~ 9(°K)2 (see. Fig. 10):to & superconducting trans—h_f

ition occurringin some minor phase present in the sample (p0351bly the iron Qif[?»

.rich inclusions detected by the X-ray microprobe) -The scatter of thelvhlfnﬂﬂ
' experimental points in this region is due to the occurrence of hysteresis 'ﬁfjfl

.;f as the sample was cycled through this temperature region.. The reason for-{aﬂl,f



", near 3° K, the temperature at which magnetic measurements show a bulk super—f“f

- this hysteresis'is not known. Magnetic measurements also detected a small
f i s ;,
- superconducting transition (z 5% of the sample volume) at these tempera— e
1 : + A

The heat capacities of. both the 0 OS% Fe— and 0. 25% Fe-Ti alloys con-

tures.

-tain a linear term W1th a coefficient quite close to that for pure, normal_;if":l

state Ti, indicating that the bulk hcp phase of-] oth~alloys remains in the B
‘_"normal-state down to the lowest temperature reached in the present measuref:;;j'

" ments (O 25°K) ; o ] ”.tA : »_‘_\ "ff,'

For the l% Fe-Ti alloy a dlstinct anomaly in ‘the heat capacity occurs “"(

- A-)_"v

"*'_"conducting transition.; on the other hand the zatppa-ren’G ks velue on the low i .

o state electronic heat capa01ty, but the situation they cons1dered is-

o is strongly supported by the constancy of the superconducting tran51tion

:'?_temperature £6r the 0:05%, 0 25% and l% Fe-Ti samples, ‘as observed either &Vi“

temperature 51de of the anomaly is 85% of that on the high temperature s1de.

A magnetic field of 1500 Oe had no effect on the heat capac1ty anomaly.uo‘;'u

‘.;Abrikosov and Gorkovul have predicted that magnetic impurities might pro-er

“duce ' gapless superconductivity with a linear term in the superconducting-’fQQQ“

clearly different from that existing in the present case.‘ : The: theory

‘applies to free magnetic spins, and, while there is some eVidence from

i39

electron transport properties for localized moments on Fe dissolved in T

. ; . l_‘ e

tany such moments would have to be strongly antiferromagnetically coupled to?.gff;h
37 | s

explain the observed magnetic susceptibility. T ,;%;yh't-;
. The more - obvious interpretation of the heat capacity of the- l% Fe-li_,;"y
’ sample is that, the observed superconductivity is not a property of the hcp :Vf;fil

. _ P £
~ phase, but is. due to a; small amount of 8 second phase. This p01nt of v1ew

calorimetrically or magnetically. It is also suggested by analogy With




v

no local moments in the Fe-Ti system.

The Mn-Ti system for which the addition of small amounts of Mn depresses
subscript in the & phase and the superconductivity reported for Mn con-

centrations of the order of l% or more is due to inclusions of the B

phase.57_59- However, the analogy is not exact because nagnetic suséept-

ibility measurements suggest the existencé of localized magnetic moments
as the explanation of the depression of TC in the Mn-Ti system, but show

57

Furthermore, no B phase can be

detected in the 1% Fe-Ti sample: metallographic examination puts an

upper limit of 0.1% to the amount of B phase present and no iron-rich

36

phase is detected by the X-ray fluorescence electron microprobe. - Since
only a very small amount of a second éhase can be present, its <y vaiue woula
ha?e to be very high to account for 15% of the linear term in the heat
capacity atvtemperatﬁres above the anomaly.

Recent heat capacity experiments by Helniger and Muller)+2 on i% and
1.5% Fe-Ti give results similar to:thbse.repofted here except that their-
meaéurements do not extend fo low enough temperatures tévobserve the linear
term in the region below £he anomaly and they éstimate a‘50% tranéition
from the size of the peak in the.heat capacity. |

In conclusion, it appears thatvdissolving small amounts of the magnetic

lanthanide elements in Ia and small amdunts of Mn in hep Ti produces a

similar effect on.the'superconducting transition temperature. The de~-

pression of the transition temperature-in La was traced to an interaction
between the Lf electron spins and the cOpduction electrons, and the de-
pression of thé transition temperature of hecp Ti-Mn has been attfiﬁgted

to the lécalized moments of the unpaired 3d electrons:of Mn. Ihe present ;
experiments can best be interpreted as demonstrating the similarity in thé?‘

behavior of the dilute Mn-Ti and Fe-Ti alloys. Furthermore, there is a
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reasonable correlation between the occurénce ofvsuperéonduétiﬁitypébove
1°Kvand B phase inclusions in the Mn-Ti system but not in the Fe-Ti sysﬁem..
| Much work remains to be done on these Ti alloy systéﬁs} -In~partiéﬁiaf,'
metéllurgical técﬁniques must be improyed to prbvide fbr accuratébénd re;
producible_sample preparation aﬁd characterizgfion. Tﬁé Co—,'c;f and
Ni-Ti alloy,éysteﬁs must be fu;ther'inveéfigated before reliaﬁlé gener- .
aiizations can be made éoncerning the effects of ﬁégnetic impurities on "
superconauctiVity'in Ti Also;:the reason for the increase‘in the transi;'

tion temperature of the B(becc) phase of the Mn~Ti alloys remains unclear.



' transition temperatures were determlned by magnetic susceptibility_meaf{y

© sample; but'rather'that‘the-sample consists of many domains, ‘some ofl
. which are superconducting and others ferromagnetlc.. In some circumstancesr_
i a decision between these two possibilities can be made on the basis of

_heat capa01ty measurements._ Preliminary measurements between 1. 2 and |

[

e
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IV.‘ THE HEAT CAPACITY OF YOSQ-GdOs2 SOLID.SOLUTIONS

¥

Since externally applied magnetic fields of a few hundred Oe are -
often suffiCient to destroy superconductivity, it was generally thougnt i"

that ferromagnetic materials, in which very large internal magnet1c~fieldsi

A

-are present, would not exhibit superconductiv1ty. However, Matthias, Suhl'.
_and Corenzwit, 43 while 1nvestigating superconductiVity in lanthanum - rare
-earth solid solutions, noticed that electronic’ configurations favorable

""" %o the ‘occurrence of superconductivity were also favorable to the occurrence:p

\
:

of ferromagnetism. For example, dilute.solutions of Gd in the supercon- -

ductors La and Th.showed ferromagnetic behavior at low temperatures, . =

whereas solutions of Gd in Y, a nonsuperconductor,'showed-no ferromagnetism.” -

‘In pursuing these investigations, Matthias and co-workers found several

systems in which superconductiVity and ferromagnetism apparently occurred

43,4k

simultaneously. These systems included Gd La 2 _x? Cel' Pr Ru2 and . S
Ce. GaRu,*™ qn ga Ru,, M and Y, G4 Os, M - v
ST1ex X2 . 1-x X 1-% . } -

In the above work ferromagnetic Curie pOints and superconducting

surements. However,.by this method the fractions of the sample volumeil-f?'"cﬂ
participating in the ferrOmagnetic and superconducting transitions couldtf{i**f“f‘

not be determined. Determination of,these volume fractiOns is of parti-ftifauf{l

i

cular interest since it can be argued that the superconductivity and

ferromagnetism -do not coexist within tne:same_volume element of the . .7
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.~ superconducting tran51tions were roughly of the size expected on the basis
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i: lb"eaxlb-‘l’aP.hill'if‘-PS and Matfhiashg on two samples of the’ composition
' 2 f —
o O 96Gd0 OhOS and YO 925 O 075 2 showed that the entropy'between l ; ‘_f ;

and 4.2° K was about 50% of the value len8 expected for complete alignment
"~ of the Gd SPinS, and that the heat capacity anomalies attrlbuted to the f:ifﬂ"” o
‘/

‘of BCS theory. These results were interpreted as being con51stent wltb f

the- 51multaneous existence of ferromagnetlsm and superconductlvity through- :

out the entlre sample volume.
' Slnce a considerable portion of the entropy associated w1th the "f?Vll ;f_i
. ialignment of the G4 . spins occurs outside the temperature range l.2 to h ?°K,'

1t vas of interest to extend the measurements to below 1. 2 X and to above l[ :

af'h 2°K to determine this entropy more accurately._ Furthermore 1t was

~_hoped to obtain a value for Y from the normal state meaSurements at low

. temperatures.' The results: of these ‘experiments are. shown in Figsa lh 15 Iiﬁzif.f

and 16. The measurements below 1.2°K were made with an Aquadag samplo ther-"*f”"
: i o
mometer and above 1.2° K with a germanium resistance thermometer (MHSP ;J*w

hh01i6h8) ~ The present results betweenil.z ‘and k 2 K are: practically
identical with those obtained'by Phlllips and Matthias,&g to which the

reader 1s referred for addltional discussion. ;L 7*

The total entropy ss001atedlwith ea ch of the heat 8 ‘tiv

to 0°K and performi‘ graphical integration., To separate the magneticff
| contribution, the entropy associated with the lattice vibrstions and. g
cOnduction eieetrons must be subtracted from the total entro“'l-Aithoﬁéﬁf
:_the low~tempe rature heat capacity of both samples decreas efipitouslyg”
';indicatlng rspld compietion of thé 6d spin alignment the magnetic ebh= };
‘o tribution to the heat éa p ty is 'still s 1 thlt” direct ete 'mina%ion;

1
)
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of the normal-state electronic heat capacity is impossible.  The lattice:.
contribution to the specific heat had t; be determined in'the temperature
.range above the magnetic anomaly: To separate the lattice heat capacity, ‘
it was assumed that the magnetic heat capacity was proportional to. T .
in the region above the anomaly, ‘that thevlattice heat capacity was--pro- _'=
portional to T3 and that.the normal—state electronic heat capacity was
negligible. When plotted as . CT Vs’ TS, the. data in the region above'the i
.anomalies gave approximately straigh* lines. The slopes of these lines..'.
.yielded the values 200°K and 183° K for the Debye temperatures for the '
.T.5% Gd and 4% Gd samples, respectively.'g*. ‘ : ‘_
The magnetic entropies calculated from O to 18°K, using the above ..‘
values for the Debye temperature and assuming values for Y of 0 and 5 mJ
molew deg 2, are given in Table VII along with the values of xRin8, the :w
: entropy expected if all of the GA ions were participating in the ferro-‘v
magnetic’ordering. The entries in this table corresponding toy =5 nJ
mole-l deg"2 are included to give some idea of the possible error introduced{
into.this calculation by the assumption that TviS«negligible. (Phillipsl‘.v

and Matthiashg

came to the conclus1on that ry=54 mJ mole ' eg"2 on theL'.fp:v;V j"

.basis of the size of the superconducting transition.) The entropy calcu-"fu?ﬁﬂt?'

lation was terminated at 18°K because the calculated lattice heat capacity

and the observed heat capac1ty are equal at thatvtemperature (see Figs;'yfﬁf'xtﬂw?

e SE

lh and 15). Due to uncertainties in the derivation of the lattice heat

capacity and to the assumption that Y‘is negligible, the resulting mag-e'
netic entropies could be in error by as much as 10%. Within,this un- "

certainty of the entropy calculation, these results indicate that the;»f

_ entire volume of the sample participates in: the ferromagnetic ordering.‘:

'Even with a lO% uncertainty in the magnetic entropy the size of the

{ R C
1 . R
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anomaly associated with the superconducting transitlon makes it very-un- -

likely that superconductivity and ferromagnetlsm are not coex1stent. B ;'; fg?
The heat capacity of the h% Gd semple presents an 1nteresting contrast ) »?

:‘to that of the T.5% G4 sample. The results for the latter are roughlyr :,sf A 3

what one would expect for a superconducting‘transition taking place inde: |

pendently of and superbosed,on.a magnetic ordering, i.e.;'a largé’lfairly

regular. magnetic orderlng anomaly on whlch is superposed a smaller anomaly |

from the superconducting orderlng, The heat capac1ty of the 4% Gd sample

1s different in two respects. First, the heat capacity from 0.8 to 3.4°K

is approximately.constant. Second .the supercondvcting transition lntro- '

.duces a large irregularlty into the heat capac1ty curve. This irregularity,i

being essentially unaffected by magnetic fields of up. to 300 Oe, is

apparently largely assoc1ated with the magnetlc ordering. This would

indicate that the superconducting orderlng of the conduction electrons,

when taking place at temperaturesvat which the magnetic orderlng is

largel& incomplete, significantlyjmodiflesrthe magnetic ordering processrcﬂ

That the two ordering processes shouldfinteract'iS»not surprisings'ince.,ig_,’:""?'‘=

the magnetic ordering.in these systems resultsffrom coupling of the Uf Tl

electrons of the Gd ions via interactionAwith;the conduction electrons.'ufﬂ;u-

Y
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Fig;.l.;ar' Schematic diagram of apparatus.-ipﬂiﬁ'fdv‘} ‘5;
| Fig. 2 ,ﬁ Schematic diagram of 3He pumping line.'e'ities'“ -ﬁilflﬁ‘gshtd;ﬂ?f”t
- R i\gv :
Fig. 3_"1f; The heat capac1ty of ruthenlum The symbols ﬁ& and EE ;ﬁ
R denote two separate experiments._ The superconductlng-state m;fs»"qd

heat capagity is. extrapolated to 0 K on the basis of Eq'.f
o (5) of the text with 8=8.12 and b—l uo._“{ P |
| ﬂ?ﬁFlg? H;iijhu The heat capacity of rutheniun in the v1cinity of the
L ”? superconducting transitlon. The open and closed symbols;

;;denote two - separate experiments.-

figiiépf e?The superconducting-state electronic heat capacity of
" '.Thfief ruthenlum.r The symbols denote two separate experlments.av
‘V‘Fig.y6.;1" The deviation of the reduced critical field of rutheniumi:u‘;f~
. va . ;wfrOm a parabola. h—H /H —T/T "Lﬂ ‘ . : | oo

Pig. 1 f}nc°rr61ati°n of the quantities VK /8m | 2 ana 2¢(0)/xn.
| 2 vs T /6 for several superconductors. The symbols © and
. ; szﬁ' represent independent measurements (see Table IV)
:(iFig;TS,W T;The heat capac1ty of titanium. measurements in an adiabaticx
E w demagnetization cryostat. ll:”"lififral'Af’jv,lrp’ ;t,-i“i

Fig. 9 .- ;I, Partial phase dlagram of the Ti Fe alloy system. - The 3;;¢;,Tu}'45.

f'dashed line represents the martensitic start temperature.;;,_nnflfi“”
'j“For detailed discussion of the Ti—Fe phase diagram, see . :
- Ref. 35.. | . SR L

Fig. lei ”The heat capaclty of Tio 9995Fe0 0005

. Eig.pllv: The heat capacxty of Ti0 9975Fe0 0025 measured in zero

f%_magnetlcifield. The WO symbols denote separate experiments.;,t?f 3

i
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Fig. 12

© Fig. 13

. Fig. 1%

Fig(;l6?5f_

'; The use of A as the!coefficient of the T

- .The heat capacity of ¥

. -The heat capacity of Y

'”“zi of the superconducting tr&nSition' f“

-y3-f

The heat capaC1ty of Tig. g9 & OvOl measured in zero

‘magnét1c~field. The ‘dashed line represents the electronlc

. -and lattice heat capac1ty measured at T<1 °K (see Fig. 13)

3 term in the_

" equation for the solid line implies that the slope of’this
- line 1is not representative of the lattice heat capac1ty of o

. the sample (see text)

The heat capacity of Ti in zero magnetlc fleld

0. 99 o0.01

- at T < 1°%. The O represents measurements in the 3He

‘7_'calorimeter; the A&;represents measurements in an adiabatic-

i
'

]'demagnetizaticn-calcrimeter.
' The heat capacity.of YO 96‘Gn u’Os . T and T are,
V'respectively, the. ferromagnetic Curie p01nt and supercon-‘f’

ducting transitlon temnerature dbtalned.by magnetic measure- S

i

", ments. The unlabled arrows ne31gnateutemperatures at which

. the heat capacitj curves measured in H=O,ana 300 Oe cross. . -

o. 925 O 075 .1 T and T have ;*\

~

o the same signiflcance as in Fig. 1k,

0. 925 O 075 in the vicxnlty
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