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APPARATUS FOR HEAT CAPACITY MEASUREMENTS IN THE RANGE 
0.24 TO 20°K;.APPLICATIONS TO .SOME TRANSITION-METAL 

SUPERCONDUCTORS AND FERROMAGNETIC-SUPERCONDUCTORS . 

Russell Howard Batt 

Inorganic Materials Research Division, Lawrence Radiation La.boJ'ntory, 
Department of Chemistry, College of Chemistry,: 
University of California, Berkeley, California. · 

ABSTRACT 

An apparatus for he-at capacity measurements ini the: temperature· 
. 3 4 . . 

---~---range 0.24 to 20°K, using liquid: He, He or,H2 as cooling agents,.· 
~ 

' ' is described. ·The main components of the lo~.temperature part of 
•. ~ 

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

bulb. and a chamber ·into which 3~~ is condensed, a magne:tic thermometer 

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

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

. I . • 

! 4 
between the block and the: liquid! He or H2 bath. The temperature of· 

I ' . - .;._.-

.. -.. " .._, 

,1, 

' .. 

the copper block can be maintained constant to 0.01~ at. most tempe:::-atures · 
.. 1: 

within the range 0.24 to 20°K. 
If. 

The heat capacity o~ ruthenium was _measured. from 0.27 to 1.2°K. 

Several parameters characteristid of the superconduct1ng stat~ are.·-· . . \ . 

. , .. 

~ I J ·• • •. 

. . . . . . I . . . 

I 

I. 

i ': 

(. 
'. 
t' ~ ; 

. I <' 

derived from the heat capacity measurements and are compared with those : ... ::_.. , 
• I . . I. 

' !' 
of several other superconductors.: This comparison shows no obvious 

,;_, 

~ ' . i'.•:' 
> • 

difference to exist between ruthenium and those superconductors which 
' ' . . ·-~: . . 

exhibit the isotope effect. A correlation is· found to exist between :the . : .·. 
• t • • • I · · 

' I I ; • . I > _;_; •• ·" •• 

deviations of these parameters from the BCS values and T /e , indica~ing .• ' ' 
. . c . 0 . . .·. ·: 

:. ';., 

that the main features; of the ~ritical field ~\).rve _conform to-a law of 

corresponding. st~tes whi.ch in~ludes th~ additional.par~eter T /e .. 
'1'•'' 

. . : . . . ' [. . . . .. : :. ·. ' .. -~- '... c 0 

Ruthenium is shown to· fit into this correlation. · 
: ~'. ,; : . . ' l 

·.· ... ·l. ; .... ·· 
. . -~ . '• . '·:' ~ . ' . ~ ·.· I , .. 

...... :. I 
:: ~ ~. 

I . . ~ . . \ 

·~ ':' ' . ··: ; . . ' . •. . . . 
•' .· •. •. ::·.~~-., ' ~: • t - ... • 

' ;.' ·\' 
'.: ·.··· ·' ,. . .'t . :. ~ 

· .. ,, . ···.· ..... 
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• .. 1 i ... 
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The -heat ca:pB.cities. of Ti;· a:na of_,-Ti. containing 0.05%, 0.25% and 
. I l 

l.Otfo Fe were measured from. 0.24 to 4.2°K •.. The results· show the o.bsence . ,• 
of an ordinarybulk superconducti:ng transition in all or the samples. 

. ' . .' ' i' ' 

A reduced superconducting transit'ion is observed in the :ltfo Fe-Ti alloy 

at ~ 3°K1 in agreement with magne;tic _measurements,_ but.~:. large linear. · ·. 

term in the heat capacity at tem~ratures b~low this trans~tion suggests 

' '. 
either that the superconductivitY: is not of the usual kind ;or that only 

15% of the sample particiPates in the superconducting transition. 
1 

I ' . . 
present results are compar'ed·with related work on Mn-Ti alloys~ 

. J ;. ' ' 

The 
. .l"· 

. ,· 
·'· .. -~ 

.. ~. '. 
/ .. , 

'' _.- . .. : 

/:-

.. 

·' ' ~ 

Heat capacity measurements w'ere ·made froin 0.25 to 20°K on two solid ... · .. >'<.\ 

' 
ordering were found by magnetic- nieasurements to coexist. The present 

I . : : --·- ·--.------;--......:.....___.,.. ~- .. - .· 

results, together with some earlier heat capacity measurements; 

:·that the magnetic and superconducting ordering. occur together -in the •.\: ·:\-.'· 
··:. •;;- t' 

same volume elements of the sample.· ... ,. ' ... ·.: :': 
".: 

'' ; ~ ' .. ... ,, ! . 

if 

·,• 
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APPARATUS 

A. Generali Description 
I 

i 
I 
I 

'' 

' ~ . 

r .. 

. Until recently, most heat capacity measurements at temperatures 

. ' 

/· below the triple point of hydrogen have been confined to the temperature . 

range .1.2 to 4.2°K1 which is easily accessible with liquid 
4

He. In the · 

past few years, adiabatic demagnetization of a paramagnetic sait has been 

used to extend th~ range ~f heat. capacity measurements to below 0.1 °K, . 

. and 3He cryostats have been used between 0.3 and. 1.2°K. There are many 

cases in which heat capacity measuremc=:nts from b~low l °K. to above 20°K 
.. , 

. ':· 

. \. . . ' . : . 
would be of consiaerable interest, but .with ,most of the calorimeters that·:.·/· • 

have been used previously, measurements over such an extended temperature .. · · . 

range would require two or three: separate experiments. 

'. 
The' apparatus to be described here is designed. so that measurements · · · 

can be mad.e from 0.25 to above 2p°K in a single experiment. The require- : 

ments for making heat capacity m~asurements at 3He temperatures and 
. ! 

I 
·j 

:between 4.2 and l4°K are sufficiently similar that it is practical to 
! 

design a calorimeter which will ~ork in each of these temperature ranges. 
' .. · 

4 ' : 
. and in the liquid He and .liquid! H2 ranges as well. ·The requirements for . 

! I . . . 

.... 

a calorimeter. using adiabatic demagneti:zation are,' however, sufficiently ;.: ' ' 
1 ! ' 

different that it was decided to be impractical to extend the range of 
' . 

! 
the present apparat~s. below 0. 25,11 K. · Th~ different nature_ of the experi..; 

I , 

' 

mental problems encountered belo~ 0.25°~ and abov~. 20°K suggests. these ··' ' .. 
. . ! . ' ~ : ! 

temperatures as natural points at which to change to different types of. ·. 
i. . 1 

) 

calorimeters. ! 

i· 
Figure 1 shows, :in schemati~ ·cross section, the low temperature·· .·.' ··-· 

part of the cryostat ;used in these experiments~ The 'copper block, . which .. 

i 

" 
'' 
I 

i 

I 
1. 

i 
'I 

I l ·. 
! 

' ·~· .• 

·, 
L 

:· .. ·· 
,·. 



·r 

j .. 

! 
i- . - -~ 

'' 

-2;.. 
.. -.... 

• .... 

·,! 
l:' , .. 

:,. ; I . 

·., 
•' ' ! ·: ,.; ''' 

,.·. 
- , .. 

l . .· 
was machined fr:am a single pie~e 

i . . . ... ; . ' . 
of :high purity copper,. contains a chamber 

~ .. ; . 

into which the :3He· :ii;s· condens~d, 
{ . . . . . . . ' 

. I . . 

I 

a vapor pressure bulb, and _several. small ;: . 
.) _-.·' .•. - · ... . i ·: ·.' ·. ·-_;·.<\ : .•• :.-·_ 

clamps for moun~ing a platinum resistance .thermometer and germanium :tesis- . ·.· .• 
··; 

. • 
tance thermometers~ 

., • t 

Attached to_. the bottom of the block. is a copper cage. 
. , . 
. . ~ ~ .. 

·. ' 

in which the sa.Inple is rigidly su~pended by means ot:' cotton threads···- A · · :·' . 
I ~ 

cerium magnesium nitrate crystal, .used to mea9ure temper~tures below l°K, 
; !. '\ 

is rigidly attached-to the bottom.of the cage by means' of a Plexiglas 
~. ; . 

' 
'~ ' . ' .· 

,. 
clamp • The salt crystal is thermally connected t() the sample cage which, ':_. },, •. !_-

; 

. '· 
· ... - ih turn, is thermally connected. td the block.· The block: and cage assembly 

.· . ; : . 4. i : ·. : 

is thermally isolated from the :su~roundirig, liquid· He ,(or l~qu:id H2 ) bath 
. ! . . 

by a vacuum can. f
1 

, .• 
. ; · .. ~ ·. 

. .;• 
I ~· • ~\ ' .· , ; - ••. 

Thermal contact between the copper b_lock and the surroundihg.-bath, . , 
I ;, . 

and between the copper block and the sample is provided. by. two mechanical 

heat switches, he~eafter. referred to as the upper and lowe.r swi~ches, re­

spectively. Each switch is actuated by a 0.025 inch diameter stainless 

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

' 
motion screw mechanism. . At several widely spaced points; each stainless '. · .: •, .· 

--· $. ; ' 4 .. ·.. . ._· . : . . · 
_steel wire. is thermally anchored to the . He bath to minimize heat conduction 

.·:.. 

along the wire to the block." The :jaws of each mechanical heat switch)lre . 
. .. i . 

thermally connected directly to the block or to the oath by means of ~eavy, .. ·· · 

flexible ·copper wires. ,.The thermeil resistance ci:e_the t9~er (sample to · · · 
. ' ! . 

block) heat switch was measux'ed b.y deterrilining the equilibrium temperature .. ·. ' .. 
, i 1 :. '. 

. j 

·! 
' 

. ' , .. 

.... 

' . : ' . ·. ' .. ., . • ;j ,. • 

difference existing between .the' sample and the block produced by a known .. ·_,_ r- ..... · 
. . . . . ' ' . . ':·. · .. _·j.. {,· ' 

. power input to the ·sample. The ·resUlts are given in Tablet. Heat input·,_,.·· 
i 'I ' ,; 

. . i ' ., '·,, ... 

·to the sample produced by opening ;the lower .mecharjical switch was typicalJ-y,. . . . . . ·. 

on the order of 20 to . 50 ergs. . The use of' these. two mechanical heat 
' .. 

. ' •' 't•;'·· 

switches made it unnecessary _tq use· helium- exchange gas at any time ~uring :,.,_:/·, !, ,, ' 

I : ~ ' 

an exp~rim€mt prior to make ·the h~at capacity measurements. 
. ; .. 

·' . :- .... 

i· 
. ~. : 

'' . P.' . ' .. ·· 
' I : (, ~ ' ' ' j. -•.- .. : . ; .: '· ~: 

I ~ ; 



' 

.. --~~ 

' 
-3:-

Table I. Thermal resistance·of the lower heat switch 

T K K/T
2 

(oK) (erg -1 -1) (e~g -1 deg-3) sec deg sec 

0.245 270 4500 

0-570 1416 44oo 

1.281 . 8ooo 4900 

.... . r 

I 

3He Figure 2 shows, in schematic. cross section, a diagram of the 

pumping line which was fabricated out of' stainless steel tubing. A Welch 

" 
"Duo-Seal" Type 1.402-KBG. 100 liter/minute mechanical vacuum pump, modified 

to provide a vacuum tight outlet port, was used to pump the liqu.id 3He 

to about 0.5°K. A 300 1iter/second oil diffusion pump was then used to 

pump the liquid. 3He to 0.:24 °K. In the present experiments, about 0.13 

mole of' 3He was condensed into th~ 3He chamber. This amount was sufficient 

to cool' the copper block (containing about 20 mol~s of' copper) from 1~08 
l . . ' 

: I • 

. I ' 
to 0.24°K and to maintain the latter temperatur~ for more than 24 hours~. 

The heat leak into the block (at: o: 24 °K) from the: AHe --bath-- (at 1. 06°K) 

was approximately 70 erg/sec. 

B. Temperature Regulation 

. : . . . 4 ·' 
When the block was in thermal contact with the He ·or H2 bath, the . ··, ;;, . 

block .temperature was regulat~d by regulating ·the .bath temperature. ·For· 
. I . . . ··~ 

this purpose, two kind~ of' temperature regulator were used. . A mechanical · · · · 

j 
l 

.. 
i 
i 

l. 
I 
I 

. ! 

I . 
! ' 

! ' . • • . • 1 .. ·. -~ ', ' '~ . 

pressure regulator simila~ to the; one described by Walker . was used to -. 

regulate the liquid H2 bath .in. the temp~rature range 14 to 20°K, and the 
4 . . 4 

He bath in-the range 1.8 to 4.2°K. For regulating the He bath at 
J·. 

I.· '. 
·; ., 

... ~ . . 
.. ·, ·, 

.; .. 

... ~ . 

. . ~ ·. 



., 

r 

..... ---

. '-

,, . 

·.· .. . 
J4 .... • .' 
' ' ·~ . 

.·~ ., 

.· ·'·• -:·. 

•' . •' 

temperatures below 1.8°Ki ·an electronic .. temperature regUlator similar to-
. . - i 2 - ·._ . . . 4 . ' . . -_ .. 

the one described by Sommers ·was used. With ·liquid He ir1 'the ba:th. the 
. i ' -~,; .'-

>. 

_-block could also be regulated at any temperature from 4. 2°K to' well above 

20°K. This was accomplished by opening the upper heat switch and using ,. 
the electronic regulator to supply sufficient power to the block to. 

.·.-

..,-
. r: 

I ·::- . 
. I J 

·/' 
·• ... ·-.. _11._ 
' ! . 

~ i . 

• .. , 

balance the heat leak from the block to the bath. For temperature below 

I temperature regulation was achieved by adjusting the rate of pumping.-· . . ,· 1 ., 

on the liquid 3He to produce a sJ,ow downward temperature drift and then ----

using the electronic regulator tci supply power sufficient to maintain a 

constant block temperature. Except at temperatures .just 'above the _.A.)point; .. ·. · 
1 : . . . . ; ·.· /·~:' . ··:~f. ~ . . 

(2.172°KL: the block temperature ;could be_ held ;constant :to within o.d1%~ :· __ ::·.·:· · .. '· 
... -~ . ' 

C. · . Thermometry 
',.· . '." 

' . ~ ... 
# • (' ::. ,. . ~ : ) . -~ .. 

Sample temperature was determined b~ means. of a resistance thermometer l 
·; .. 

placed in· intimate thermal contact with the. sample. Th~ bonding ~gent ~~s. ,;:· · :::· .. : 
< • • • ·"; • ~-·· 

. •t' 

GE 7031 ivarnish._. This thermometer was usually a carbon resistance .ther-: ';,,· ... ··'. 

mometer consisting of a thin layer of Aquadag paint.ed onto a Formvar in-· -.; · ·r ' . I 
,_· 

;>~- ·. ·' 
. : ~-

sulated copper wire. However, for a few measurements a gennariium resistance 

thermomet~r was used. > During th~ course· of this work, cryogenic resistanc~_: · _ ·· .. : ·, 
.. f .. 

thermometers,. incorporating· a crystal of_ semiconducting germanium as the . __ · .. _,, _. 
. . . ·, ~.' ~' ~ . .' . -': ~: 

·'. : ·~,~ ··. \ 
temperature sensing element, became commercially available from the · < • 

Minneapolis-Honeywell Regulator Company._ .One of these thermometers, having 
. ···.,. . 

a resistance of about 2000 ohms at 4.2°K, -was mounted. on the copper block •.. ·., .· . 
. ' . ' . . ' ~ . . 

9Yer a period of several months, ,during ,which time the _thermometer was;-: .. :•:< ,~ . · ... 
• ' . 0 , • ' I . • •' • .; • • •' . ~ : • I , , ,, : . • , 

cycled between 0.24°K.and room te'mperattll-e at least a dozen times, the·. . ·. ~- .~ ·. 
. . c::<-' • 

reproducibility of its resistance: vs, _temperature calibration was checked. · :-: · 
' : .. ~ ·. . . ;.: 

from 1.2 to 4.2°K and was found t!o be reproducible to within the precision.·'. 
i ·.· 

.·· ·:. 
1-

i 
j 

·-! 
i 

~ l 
. i 
'. l 

... 

.· . -~ ... 
.J •• < 

:::-
. ·J, 

': .· 



( .• 

~--~·-·· 

~ .. · 

! 
of the temperature measurements; It wa~.then d.ecided to ·use one of these 

I 
germanium resistance thermometers for some of the heat-capacity measure-

' .. ' 

ments in the range 1.2 to 20°K since the lengthy· procedur'l:f-of thermometer 

calibration would have to be performed only once. 

The DC resistance of the sample thermometer was d.etermined with-· a 

Rubicon Double Six Dial Thennofree Potentiometer. The unbalanc~ voltage 

from the potentiometer was amplified with a Keithley Model Number 149 

Milli-Microvoltmeter and then displayed on a recording potentiometer. The 

resistance vs temperature relation for ~he sample thermometer was deter-

mined. by calibrating it against differe~t·primary thermometers in the 

temperature regions discu~sed below. 
. I 

In this temperature range, the sample thermometer was calibrated against . ·· 

a platinum resistance thermometer manufactured by the_ -Leeds and Northrup 

Company ·(Serial Num'ber 1520046) and calibrated by the Nation~1 Bureau of 

Standards from 10 to 92°K against the NBS-1955 temperature scale. A 
! 

measuring current of 5 milliampe:r;es wa·s e~ployed an9.. ·the resistance was··· 

' 
determined. with the same Rubicon:potentiometer used with the sample 

! . 
' ·-.... . .,., 

' ' 

thermometer. Above l4°K a temperature sensitivity of 0.03% was possiblej' 

.. -' 

. ··. 

at l0°K the sensitivity was 0.1%.~ During an earlier experiment, the 

calibration of· the platinum thermometer wa.s · checked in, the present appara- .: : . .', · · 

' l . 

tus by comparing the, NBS calibration with the vapor pressure of 20.4 °K 
. ~· 

equilibrium H2· as .~i ven by Woole~, Scott and Brickwedde. 3 No significant ,. 

difference was· found. 
·' 

',• 

In this temperature· range, the 'sample thermometer was calibrated 
~ .· . t > 

' 4- : 
against the vapor pressure of He. . Vap.or. ~r~ssure readings were converted 

:·. 

r\ .. 

- ( 

'i 



. r 

·""":",.._.-- l 

·/ 

I . 

. , 
. -6- ~ . ~ . ' . 

. 4' ·... . .· . 4. 
to· temperatures according to the 1958 He scale of temperature. For • 

temperature measu;r-ement~ above the A. point (2.172°K), the vapor pressure:.; 

of·~ small amount of 
4

He contained. in the v~por pressure bulb was used. 

v.rhere the vapor pressure sensing: tube passed through tht$ main 
4

He bath .. -~· 
; . ' .• 

(see Fig. 1), it was surrounded kY a vacuum jacket. This was done··to 
; 

eliminate possible error in the :vapor pressure measurements due' to ... cold .'·· · · 

spots" on the wall of the vapor ~ressure sensing tube. 5 For measurements· 

I 4 · · ~ 
below the A. point, the vapor pressure bUlb was pumped free of liquid He . 

(to a void head input to the block due to superfluid film refiuxing), and ···.. , 
~ . . .· . ~ 

the vapor pressure of the main He bat~ was measured. At each calibration . 
. ' ,·,,.:· 

' point, the bath temperature was held constant by·means of either the 

,mechanical or the electronic regulator and, when the sample temperature 
'I 

'.'. 

had reached equilibri~, both the resistance of the thermometer and. the 

vapor pressure were determined. l Vapor· 'pressures were measured with mercury.· 
l \ 
I 

and oil manometers, and a Wild chthetometer. A precision of 0. 02 mm Hg · .: _ · 
. . 

was easily obtained. The tubes communicating from the· manometers into the· 

helium dewar were la~ge enough that thermomolecular pressure correctio~_s .. 

... _,. 

. . 
·' 

.._-were unnecessary ... - ·, ... 
' . . ' . 

•· ..... : 

! . 
. ~. . . i . 

In this temperature range, the· sampl;e thermometer was calibrated 
. . r! • M' ' ' • • 

' . '. 

·' 

against the ,magnetic susceptibil,ity_ of a. sphere of cerium magnesium nitrate 
\ ,"1·· 

·' 
Single c-rystals of cerium .magnesium nitrate _w~re 

. · ... ~. 
" 

. ~" .. 

grown by the slow evaporation o~ a ·saturated solution in a refrigerator ·::; ·..:: ·~;_ 
... : 

... · .;;· 
!' .• 

. and 1. 5 inches in· diameter, were obtained .. Two of these crystals were · ·· . 

glued together with GE 7031 adhe,sive varnish and machined into a hemisphere 
l· .. . -~.i 

.. 
with-'a radius of 0.50 inch.· Two: such hemispheres were then glued. with 

·.• . 
I . 

;= . . 
.. 

.. 
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! 
GE 7031 varnish to the opposite sides: of a piece of 0.005 inch thick 

. . . 
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 magnesium nitrate crystals were oriented with their hexagonal axes 

perpendicular to the field. of the susceptibility measuring coils. Daniels 

and Robinson 
6 

have shown that· the magne'tic susceptibility of cerium mag-

nesium nitrate is proportional to the.inverse of the absolute temperature. 

to temperatures well below those of interest' here. In our experiments, 
I 

I 
the ·mutual induc:t:ance of coils surrounding ·.the salt was measured and 

4 . ' . 
compared with the vapor pressure of He in the range 1..25 to 4.2°K. A 

linear extrapolation of mutual inductance vs 1/T was then. used to define / · 

a temperature scale below 1.2°K. The mutual inductance was determined 

with a 23 cps null detecting inductance qridge similar to the one .described 
' 

by. Erickson, Roberts and !Dabbs. 7 With the. apparatus used-, in the p.t-:!sent 

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

'\ 

• 1 .. 

Also located in the copper ,block (b~t not shown in Fig. ·1) are two. 

chambers which were originally ~ntended t6 b~ part of a ·constant volume 

gas thermometer of.design similar to the one proposed,by Scott, Kilgore 
' ' . . 

. 8 
and Gaumer . 

:··· 

• '1·. 

.. ··. ( .· 

. . : ~· 
;'-, 

' ' 

i 
! 

I 

' ',I· 

i' 
' 

!' 
·{ . 

It was planned to !use this gas ·thermometer to define <t 
• • 1: • • i _, .. : .~:· '• ' 

temperature 
. . tr'. . u . . . ; 

scale and. to calibrate the .Aquadag sample thermometeriin 

! 

. these therm~meters from 0.25 to :2'0°K. · · One of these .calibrated germanium: 

.. 
. / ... 

. , ...... 

-.I 
. • I . . 

' :~' •· ·l} 

: ',.' . 

. ·,·· 
·',,', 

.... . ~ ' 

·;.-
'i ..• 
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/ 
; ' 

thermometers could then either' be used as a sample thermometer or it 
. . . (•. . . . 

; 

could be mounted· permanently ori the ?opper block and used to calibrate ... •-, 
.. 

the sample thermometer during each experiment. The calibrating apparatus -·· 
,- f 

. '. 

is quite similar to that shown in Fig.· 1 'except for the ·omission of the :.- • ·.' t. 
' . 

lower heat switch_. ·.·. ;·i ~--~ :... / .. 
' 

Since this calibrating apparatus'was not completed in time to be. 
. ' 

used i~ conjunction with. the present experiments, ·a provisional temperature.· 
. I 

scale between 4.2 and l0°K was :established as follows.· The s~ple _ther-. 
. i . . . ·. 

mometer was calibrated between~.25 and'4.2°K.and between 10 and 20°K as 

described above. All of these ;calibration points were then fit by least.' _·, ' · 
! 

squares to one_of the polynomials 
\ ... 

_, ,1 

'l 1 ..... 

.'i . • ~' f.~. ' • 

·' (1) 
·.. ~ ·' ~ · .. 

. !· .• ... ·. :: 
'.~ ~-;·_-~:f .. ~"~:. 

-, '(2);;_. ·_.·.·:._ 

,. ·' 
or 

log 2 ; . · 3. ' · 4 
T _ = A+B log R+C log ~+D log R + E 1~~ R, .. · 

.. ·.: ~'"~; .. -~.:- ._'), ,:r ... 
~ J .. • 

l' ., 
where R is the thermometer resistance andA,-_·B,.C, D and E are constants.'-.··,_ 

;·,-. .. :>r . -~ 

Generally, Eq. __ (1) gave the best fit .to the calibrati-on data of .germanium.'~-)_: 

resistance· thermometers, wh.i:J::e. _E_ca· .(2) gav~ the best fit of, the Aquad~g,' -~?-A>'.~--;-
, ' ' • r • ~- ,·" "~ , . --. ..... -·---::--.~--. ·o:._...-~.:.. . ._ ... _ ' .. ..... . . . ' ....... ~: ·':~.:: ··-.·~ 

thermometers. For each calibration point, a· temperature Tc was calculatect_;'.:-~:.,:·;i. · 

from Eqs. (l) or (2) and a ploti ofT /T vs T , where T · is. the observed;':·:~;·:>,·:·,·' 
. . . . : 0 ' c . c ' 0 " . ' ,.. .. ' : . . ; . > ;·.: .:.~ . 

calibration temperature~. For both ty'pes of thermome-t;;er, t;he calculated -~~ .. ~·>;::; . ·. . . .: ! ·. . _:_~;·r,, . .-.Y .. ::r.~ 
temperatures differed from the pbs~rved_.·temperatures usually by less .: ··, .·.: , 

! :. 1 . 

. than 0.2% and- often by. less thari 0.05%·. A smooth "difference curve" was·.~--->(:'.: . . . . . . . . . l ' ·, . ..... . <. !--"~ . :t 

drawn through these points and ~nterpolated through the· temperature·: · · ~ ~;::/'·_: .·~. 
t .~. 

· region 4. 2 to l<?°K •.. This difference, c:urve w~s a· slow~y varying fun~~i;n ·' :-_·;_:·:-: .. 

' 

' • ,: , l,. 0 • • • ~ ' • • • \ L • I ', ' ' "" 

ofT and its· position and slope at 4·.2 and l0°K were such as to define·· . 
C · ; I . • . ;' \. ; ·; . ' 

the interpolation between 4.2 and l0°K unambiguously. The 
i . . ' '1 

·• . .i' . ; ~ .. 

I . ; • . 
i 
J 

' ' 

. . ~ . ·. 
'· 

; ~- .... ~ ... ·"" ... : . s 

. .,j' 

:H : ~~ .. 
.t i• 
. '-~' 
:: 

"difference ' 'J:' ·· . 

t:: 

. '1. 
" \·.,; .. . ~ ... 

.. :" . 

·.,' . ·' 

I ·,I 
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curve" was then used to correct all tem.peratures subsequently calculated 

from either Eqs.: (1) or (2). The validity of this interpolation procedure 

can only.be justified by using~ thermometer calibrated in this manner 

for measurements on a substance which has a slowly varying heat capacity. ~ 

of known temperature dependence' in this temperature region. Such a set 
/ 

of measurements on a high purity sample of Cu will be discussed in Section · 

I. 

i 
D •. ~ocedure· 

The following is a brief description of a typical experiment in 
' ' ! 

! 

which heat capacities were measured from 0.25 to 20°K. The apparatus was 
. . . . ! . ' . \ 

slowly cooled from roo~ t.empera~ure t~ 78°K by ·putting liquid nitrogen .. r, 

1 .' ; .. ·· ., ., ' 

in the outer nitrogen dewar and; about i500 mic~ons of hydrogen exchange·./< :,._. 

gas in the vacuum can. When the appa~atus had cooled to 78°K, liquid H2 
~-._ .. . . 

was transferred into the inner d.ewar. ! With the hydrogen exchange gas ... 
: ' 

still present, the sample thermometer wa.s calibrated against the platinum 
; 

thermometer from 14 to 20°K. For calibrating between 10 and l4°K, the 
(. 

hydrogen in the inner dewar was pumped to about 8°K, the hydrogen exchange. ;·. . . ' . . ' . 

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

The temperature of the block was rais~d above that of the bath and regu- · · 
<! ; ' . '. 
i lated by means· of the electroni? . temperature regulator as discussed above. 

\ .... 

Normally 15 to 20 caiibration p~ints were taken betwe~n 10: and. 20°K. When :_.' 

this calibration was completed,: the block' was ·recooled to about 8°K1 .the. 
,: ··• 

lower heat switc~ opened and heat capacity points taken up to 20°K. . , . ;_ 

The vacuum can ~as then p~ped to a pressure of lo-4 to 10-5 mm Hg · 
.•· ,• 

... 

~ . .· ' . -~ . 

... 

as read on an.ionizat;ion gauge ~t the top of the pumping line, and .th~' 
. .::. . ' ... _, 

. ; .. 4 '· 
· liquid..H2. in the inner dewar .wa~ replaced with liquid He. The bloc.k and , ·· .. 

: ..... ~ ..... - ( • ! ~ 

the sampl~ were cooled to 4.2°K by means of the two heat switches. When ; . ·,~ 
I . > ,• 

·: . . ~ ~ ., ,; . 
. :'_ :~ 

/ 
w • • • ' . ·, :·. 

:• . 
-~ . .'; -. -: . 

• t -~-· 

l: •.' '. 
' . _. ~ 

., ~· 
. . •-' ~ 

·"•' • ' f . . . ·· . 
.. ·: ··'· -.: ... 
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the sample had,cooied to 4.2°K, the lower mechanical switch was opened 
o- ... .... 

. '• ... '{ . 

and heat capacity points.taken from 4.2 .to l0°K. 'Botl'lmechanical switches: .. ~ 
. . ' : ·, ' • . . . ' ·. . . 'J(. 

4 ' . 
• were then 'closed and the He bath was pumped to approximately l.06°K· The·,·: , . 

. 3He was then condensed into its ;"chamber in th~. copper block, the upper. 
~~--- ~ 

. ,. ;! . ~ ,~ '..:, 
"4,, ,. . . . 

mechanical switch opened and th~ block ~ooled by pumping on the liquid .i · -~ · 
'· ,<.1- _.;_;.·,_ .·~ 

~He.· At approximat~ly ?5 tem~~atures b~tween 0.24 'and 1.2°K, · .. the block:_ :~·'.:: ,· .. 
, -. ~ I 

temperature was regulated as discussed.in Section·I-B and the sample. · 
"1·. \. 

thermometer calibrated against the susceptibility of the cerium magnesium 

.... # ~- ., • 

nitrate crystal. 
' .... _· .{, f . ~ • 

' ' 

. I 

The 3He was then ~econdensed into its chamber and the block cooled 

to 0.24°K~ The lower mechanicai switch was opened and heat capacity .. 
~ 

' <·; ·i·; -~ .. ·· '• 
. •' 

.• :' '._.;.. 
.. · ... 

points taken from 0.24 to. 4.2°K( As the final part of :the experiment,· ab~~t .. ·y 
. (,' ., ' '.l __ : • ,.., 

. 20 microns of helium e~change g~s were put. j_nto the vacuum can (to insure > .. :· > ;. 

thermal equilibrium between the bath,: :sample and block), and. both the_·· :. · .. , < 
• 1 . ·. . ,·. . ,· 

........... _ . } .. 
• , ~ • . I 

were calibrated :·:~ ~ .J 
'(. ···.,.."'· ., 
~. 1·, .• ?" ~ ' 

sample thermometer and.the cerium magnesium nitrate crystal 
4: . . . ·. ' . . . 

of He between 1. 2·5 a~d 4. 2 ~K. · against the vapor pressure 

each point were extrapolated to ~he midpoint of the,heating period to 

_-- r ... 
,. ~ccuracy l~f the Heat Capacity .Measurements; · ·. ;<·: · ·· · .. >: ~:.'<::~-~-. ~--: ~:·.,:;.·:. 

The equipment used for resistance .. tl'le:rmomet'ry and. :to measUre energy .';'·: ''. :· ·. 

E~ 

. . . ~ 

input .to the sample has ~~en thoroughl; t.ested and .the principal errors::;>·: .. _.:':<-.1::.~. 
. ' . ' ·~! .. . . : . . . . . . . -, ·~ ~ .... -. ~- . . __ .. ·#,._r!l:~.~·~·-· : ... 

:t,n -~he. present mee.sl.trements. are ex:Pect'ed to arise; froml:·tempera.ture::.scal~ =~::: ._.: ·j : 
, . . .. ' .. ·, ! .. · : · .. ; . : ··.·~:~~~:~t'<·.;.;··_, 

''· · • r . •" . .. l •" · , . ., • · · · , ·· ~ ;·~· '.,'t · ·~· ;· • , ~ ..". t • · 

~ ... ~;-/'' ' .. ~·. t .,,.,:- .... · ... '. :'· ... : 
. ',: :·_ .;·::: :- .· ... i):.:·· .. •' . . ' . ,, ..... ·. •"(···:_;:· . .. ~.'~; ·: _;.. . .. 

I !',. • < ' : ;~ ; 
. . . 
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errors. ':['he temperature scales!and te~perature measuring techniques used 
. : 

I 

between.0.24 and·4.2°K have beeri in.use in this Laboratory for several 
. I . 

years. Extensive heat capacity:measurements on a high purity copper 

sample (from o.o8 to 1 °K in an adiabatic': demagnetization calorimeter .. ·. 

and from 1 to lfoK. in a 4He calorimeter) and comparison of these mea:sure- \ 
/ 

ments with those of other laboratories show that· the heat capacities 

. 9 10 
are accurate to better than 1%. ' The heat capacity of one of the 

. samples used.in the present work (Ti0 •
99 

Fe~. 01) was measured from 0.2.5_ 
·' 

~. ·.· 

to 1.2°K in the apparatus described here and from 0.08 to 0.8°K in the adi- ... 
. ' .. · . ~ ·.' . ... 

abatic demagnetization calorimeter mentioned above. These two sets of . 

results agree to within the preciision .of the measurements (better than': ." .,: '.· · ~.? :·; 
. \\ ' ' 

'· 

2%) throughout the entire range ;Of overlap (see Fig. 10). We therefore··~·.,:.·· i . 

. ,. believe the mea-surements made i~ the 3He apparatus described here to be.· .. · .. ;: : ~: ·: . , . 
~- ) : . . 

accurate to within 1% throughou~ the temperature range 0.25 to 4.2°K. i · .. t' .. ~ . 

i ( 
0 ; . . . . •• ;· -~- ' 

Between ·10 and 20 K, the accuracy of the. present measurements depends ·• : ·. 

on the accuracy 'of the NBS-1955 ;temper~ture scale, against which the -' ··. ~~- · '· · .. 
i i ·' .. ••• 

platinwn thermometer was calibra:ted. It is generally believed that this. 
~. : 

.( ~- .. 

\ 4\ -,·_,.· 
·temperature scale, which is base:d on . He gas thennometer measurements, 'is > .. ·:·. ·.·: 

i 
! : 

accurate to within 1% over the tempera~ure range of interest here. Betwee~ _>·. ·.: · 
i ' . 
• I ,·_ .. 

4.2 and l0°K, the accuracy of the pres~nt measurements is. limited by the : ·. 
. . ~· ~ '. 

'•!'' _,·· 

I .. '. ' accuracy with which the ."difference curve". can be interpolated through ' ' 
~- l ·./:_· .• :· .... ~· ~:--~~-

I 

this temperature region. As a check of this interpolation procedure,; the : . ~ \: , · 

:heat capacity of a high purity eu sample was.measu~ed from.l.2 to 20°K 
: .. . ~. . 

: ,· 

in the pre~ent apparatus, using 13o carbon resistance sample thermometer .. · 
I. 

. . l . . ' . ·; •. 

calibrated as described in Section I-C. The data varied smoothly with "~· · · ·: ·· , . 
. ' •' . . .: .. · ·:.; -, .-~:.;· .. ·:··: ... ... 

i . . l . . . . ' .. ~. . . ~ ~ l . 

tempe rat lire and, could be represented. to within 1%, . in the temperature ·:· · ·1 · · >: • 
' l . :.!_... ..• .. ' 

range 1. 2 to l0°K, by the equation ·.; .. i , · ·.. ,, · ' . ! ' '' '. ·'. ,l i > •.''::;· ~::·,;,.', ::> .. : .... 
.:J 

. •' ..... 
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with r 
'l i 

= o.6s4'mJ'mole-l deg-2 ~nd 0.·= o.o496 mJ mole-i'deg-4• For 
:' .( 

comparison, the constants r and.: ci. obtained from other recent heat capacity_:. 
) ~ 

,· 

'· 
measurements on Cu are summarized.in Table II. From 10 to 20°K, the data 

increasingly. deviated from Eq. (3) as the T5 and T 7 te:nns in the lattice 
'· -~ 

heat capacity became larger. The absence of any pronounced 
II . II 
anomalies 

in the measured heat capacity between 4. 2 and. l0°K justifies the use of 

this· interpolatiori. to establish~ a .temperature scale in this region.· . p· ••· 
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.·Table II._, S.ummary of recent. heat capacity measurements 

·on copper·at liquid·helium temperatures. 
. . . 

' ~:·. 

This work 

Phillips a 

I b 
Cora.k etal. 

Ra 
c . 

· yne . 

Griffel et al. d 

' .. · 

Ramanathan and srinivasane 
. f 
Manchester . 

. ' . •, 

du Chatenier & de Nobelg 

h Kneip 

Hakei 

' ! . 

:•· 

i' 

··r 

y 
( . - -1 -2) mJ mole deg : 

.0.684 

0.695· 

0.688. 

·, ! 0.686 

0.691. 

o. 720' 

0.696 

" 

...... 

. -··' 

0.721 

0.698 

. o. 700 

a N. E. Phillips, Phys. Rev., 134, A385 (1964). 

a. 
( -1 -4) mJ mole d.eg 

o.o496 

o.o48o 

0.0478 

0.0473 . ' .. '' 

. .. 

.,· 

0. 0486 ·-· ..... : : " 

· .. ·-:· .. 

1 :_ -~ • 

0.0523 
.:·.-·· ';. 

.·· .. 

0.0478 
. . ~- .· ' . ; ' '. .· 

/ .. 

·o. 0500 

o.o482 
·, 1', 

· .. ; :; , .. · 
\ 

0.0469 .. :·' ~- . ,. ·, . 

b ; ·w. S. Corak, M. P. Garfun.kel,: c. B •. Satterthwaite· and A. Wexler, 

Phys. Rev., ~~ 1699 (19~5). . :. :.-. . ·~ . ·/ 
• • • • . • 1 • ~ • 

c J. A. Rayne, Australian J •. Phys., ,2,:189 (1956). . .. 
·' '. 

d M. Griffel, _R. W. Vest and J. F. Smith, J. Chern. Phys.~ g]_, 1267_ (1957).'. :_,.: 

· e K. G. Ramanathan and J. ·M. Sr~nivasan, J.:, Sci~ Ind., Res.· (India), 16B, ·,:,;: ;_ " 

277 (1957). 

f F. D. Manchester, Can> J. Phy~., ,n, _989 .. (1959)•/ 

g F. J. du Chatenier and J. de ~obel,: Physica, 
i 

h G. Kneip (private comniunication). · .. · 
! ' :. 

i' ' I 
· · R •. R. Hake, Phys. Rev., 123, ;t-986 (1961). 

I ·. .. 
I 

't- ':. 

-~ : 
... 

· .• •,· I, ... ' 

· .. ·.· .. 

28, 181_ (1962) •.. 

. • .. • ' ·.· 

.. , . 
·, 
! . 

·:. 

' 

~. ~ ·'» ' 
,· . ' ... . ~ 

.;::;, .. ···: · ... ,' . ' . ,. 
'" 

. i. :; _: ! . i -~ ·: . ' 

. ' - ' \ 

': (, . ~-· 

'.' 
'· "··. .· ... , 
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II. THE HEAT CAPACITY OF RUTHENIUM. 

-.j ·. 
··,' 

-. ' 
·. 

F - H 12,13 ·8 · 14,15 Tl 16'Pb 17 I '18 z 19' a· c~ .20 the · · or g, . n, . , _ i , -_ n, . n an , super-:- ; 

. ,, 
. ' . ~ . 

conducting transition temperatur~ Tc'is related to the isotopic mass M , 

by the. relation .. . ~ 
\:'/ .· ... 

'. 
- - -a. ··TeeM, 

c 
. , (4) . 

1''· •• · 

.: -.. ' _: . .-. : .. 21 
These 7xperimental resUlts confirmed Frohlich's .suggestion··:.:'.: 

'.' 
that' super_conductivity is the result of an electron-phonon interaction,': 

·and suggested the basis for the present BCS theory of superconductivity~ 
' 0 

·: 

Recently it wa's d.iscovered that the parameter ·a..~ 0 .for, Ru
22

' 23 and is:· 

. ' 19 24 i 25 
between 0 and o. 5 for Os ;' and Mo. These fi.ndings have led to 

. \ 

' 

' '._ I ~ 
' .. :' 

speculation that mechanisms· other than the electron-phonon interaction · ·'- .- ...... ~ 
. ... .. ·. 

' I 
't :; ·, :. '::~ ... - : 

may be responsible for s~perconductivity in th'e transition metals and ;to . _,. 
I .'• ~.. ,' 

.,. J,, . .'· i 
a reexamination of the assumptions and· approximati()ns used in the original .. , -. 

... ' . 'j. 1:. . • -~ '" 

26-28 - - .· - . . -. : ···> ..... J-

BCS theory. It was therefore of consid~,rable interest to compare the::-~~-·. 1 
' - l \. • . . ' -:' .--·,_i' 

parameters characteristic of the 'superconducting state of Ru with tl:lose ·· ~ ·:," .. ".. 
1

• 

-· 
I 

of other superconductors. ·. 
' ' ·~-- •• ~ <._:~ -•-';-.:~ 

We have measured the heat capacity of. . Ru from 0. 27 :to ·1. b °K. The;·.:/' · ;;~. <'}>: < 
o, ' : ' .. • • ' 'MO • ':, -~ 0 

sample was a 4.9325-g (0~048802 mole) a:tc-m~ltedopellet 'obtained from . .-_:0

, :_: : 0".':

0 

o, · 
f , I 0 ' ~ • , , I ' . ·' - :: -~ ~~ . . ;· . 

Dr. T. H. Geballe of Bell !Telephdne · Lab~rato:des·._ ... Spectrochemical · '', i · ,· 
.. . .. ',· !, . ! ··. -..... _,. .·,·· .. ·~-~f. __ .. j;·.~ 

analysis showed the sample to contain between 10 and 5Q ppm of Fe, Mn -: "_ . : 
0 

.. :· ;, 'I · · 
-I , _ _. : ·'. : 

and .. Pd and less than 10. PPm of AL:, Cu, Mg and Ni·. Most of the experi -. ·.' .: . : ;· c::' -~ 0 ·;-~:· 
i . . . ' . 

mental poj,nts are shown. in Fig. :3 as· a ~lot of c vs ·T. 'The. normal- . ·. ': -~: )"~:,_.-~o::·.·;T'o:~ 
• 

0 

0 , • • ••• • : 0 ' , o)j ; : . .\t/·~·· ._,; L · 
state heat capacity (mea~ured in :a mag~eti.c field of 225 Oe) is propor~ · '.o·;~.o _-:I.· 

tional to T' indicatinfi that thO ~attice heat capac it:{ is negligible .. in~~:· y, >.'.·: .. r .. : 
~-.: : .... :. ~ ' ~ ·• j 

'this temperature range. The slope of the straight line .that best fits 'the.· ~i ·, .. ._;. 
. . , . I 

. . . . ·, . . l . . . . t • -· ~ • / -~ -.;~:· '" ·••• • '. ; .• 

·, • • • • :. • 0 • •• -1 c;; 

.... normal state points gives the vall~.:~·?~ mJ mole 'odeg :,for r, the 
0 
•• :.,-

0

·_.:>·,-,: ·.: ~ ·,' 
j i' -:. ., i .\: ·: ~-- ·. 
l . : f' . • l ~: ; .. · . !, lt 

··.J . · •• :···· ) : . ,.. • "; ,• 

,' I' ." . ' . • ~ ' : . ''' ' ' • • •. : ' :' : . t ~-: :, • '• 
·· .. ~- : >! :': ··... · ..... : '· .· .· ;f• . > .. 

~ <' ! ·. . f ' ... ·. . . ~ · ... ~ . . . 
. . . ' ·, ~' ' ' . . ' ~; 

·. ', 

' ' ',: 

.l 1 
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coefficient of T in the normal~state electronic heat capacity. Figure 
.• ! 

·•·"! . . v 

4 shows some additional points :taken with small temperature increments 
' j ' ; ', 

' ! ' ' ' 
for the purpose of determining;the width and temperature of the super-

' ' 
conducting transition. The transition is complete within an interval ·of:~. 

o.oo6°K and.is centered at o.47l°K. 
.... / 

The BCS exp~ession for the superconducting~state electronic heat 

capacity C can be approximated by · es 

c 
~ = a exp(-bT /T), 
yTC . C 

( 5) .. 

where the parameters a and bare slowly varying functions of T/T and can c 

· be taken as constants within a restricted temperature interval. Figure 5 . 
' . \ . 

shows a semi~logarithmic plot ~f the experimental Ces/rTc vs Tc/T. The 

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

where a and bare usually evaluated_to determine the values of these 

parameters uniquely •. The straight line shown in fig. 5 fits the lowest 

by the third law of thermodynamics. In the present case such a procedure . 
. . ! I· 

··determines a and b quite preci~ely beqa~se more than 70% of the super-
: f •, 

. ' ' 
• ! () I : 

conducting-state entropy at 0.27 K is;iri thetemperature region just 
r . I • 

' ' ' 
below 0.27°K, thus making the calculated superconducting-state entropy . 

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

. •'. 

'. I ~ ' 

Smoothed experimental values of C , extrapolated to T = 0°K using ·, · es . ; ·· ·· 

. '. 

Eq •. (5) with ·a = 8.12 and b = 1.40, were used to calcul~te the free energyic ':.' · . · .. ' : . ' . ' ·; - ~ ·.. ~ 

difference betwe~n the .normal and superconducting.:.states .6.F(T), and the· 

critical field H (T), according to the thermodynamic relation. 
' ' ' 'c 

' 

i 
i 

.. _.·, ·. : 

:•' .' .. ,, ... :.; 
. •' ,' 

,: .. 

. ··:··, 

" 
•' . 

·.' ,· 

'·, 
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\ l 
I 

&(T) = 
V H 2 (T) ; 
m c · ; 

~= 

8TI .-" ..... 

·.! 
' 

Vm is the molar volume. !At T=0°K, the free energy difference is ', ., 

. . -1 '', ~' 

~ = 0.153 mJ mole • Since 
0 

low-temperature thermal exr-ansion.data for . . 
, .. 

ruthenium are not available, ~Je room-temperature molar volum~ V~·--=· 8.15~9 '·\· i·. 

cm3 mole-l was used to calculaie the value 68.5 Oe for H·, the critical 
j . . 0 

field at T=0°K. The error in H· resulting from this approximation should- .- .. ~­
;o 
; 

be less than 1%. The deviation of the. critical· field from parabolic . ·. · 
i . '· : .· "'2 . 

temperature dependence is shown-in Fig. 6 as a plot of D(t) = h-(1-t.) 
,,, 

2. 
vs t ' where h = H /H and t = :T/T • ; The maximum deviation D · = 

. . c. o · !· c '•.' m _, 

tt 07 . -\ ! ' occurs a _ = • _ • _·. , '/~ 

. J 

-0.043 ... . __ .. . - .... 

;.-_._ 

• a ~~ .. ~ ~. / '• ; • 

Table III summarizes the comparison of our data with other related· 
,..,,\..:. 

measurements. on ruthenium. The error l:i.mits quoted for' the present :x;e- · · -"'· · 
. ... ~ 

:t·.·;-\·, 

sults are estimates, intended to· include systematic errors in'-temperature_ 

measureme-nt and also possible errors a:dsing ·from--·s·catt·er~in the experi-.'/: :.:"> ., · 
• ' • • .0: -~ '.' _ .. ~ ~-~ 

· ·mental point&.: .·The five values· listed for-T are in reasonable agreement .· 
: . : . . . . i ·. . ' .C .. . . .· . ·<\ ··.: 

. . i . . . ,. 
consideririg the difficulties e1countere(i in producing :pure, strain-free · .:~. 

i -'·,.. ~ .. 

_ samples and in measuring temperatures below o. 5°K. · The value of H 
· ..• ·. .. 0-

. i ·. .· ·. . 

"• 

·reported here depends on the ·eXtrapolation of C • to T=0°K, but the ,re- · · ' .· .. 
_. . ! . -. • • es . _ . ·_ .. _.·-.~-: ·: ·· 

quirement that· the. extrapolation be consistent with the· third law of 
-.·' 

thermodynamics makes significant err.or unlikely. 
' . ~-

The 'magnetic determina_; · '·: · ··: ;, 
. -,. -; :·· ·' 

; . 
tions of H

0 
all make use. of an :assumed parabolic· temperature · .. ·dependence· .-\' ' •.. · 

. . -~-~ . 
for H . which can introduce appreciable. error into the . value for H • In · ·-·-< ;~ .. 

.. c . . . . I . . . . o. . _:_.'i , •.•.. 
· addition, the e:f_'fects· ·of strains, impurities. and non-cylindrical sample 

.~ . I . . . 

' . '~.; 

· shape may considerably broaden :the superconduct~ng to normal-state . · .. 
·•'.·' .. . . . . . . . I . 

' ~ ; _: . 

·. "'· · . transition in a mag~etic field :and introduce· ~ome· ambi/?;uity into the .. 
. i: . · ·.I ',.,, ... · . ',: ·' ,.·, 

' ;-~ ' • ·.• ' ... .l ' ~ '. 

magnetic determination of H . ' '. c 

'.•: ':· 

i. 

f 
i 

.. ! . 
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'. . ~·. . ,'• ·j 
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.., ... ' ... . ·. ·, ~ . •/.' . '~. . ' ' ' . . . ; ~ . 
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Table III. Summary of Low Temperature Calorimetric and Magnetic Measurements on Ruthenium 

_ ... -

.. · ' . "'. ~ .. -

. : .(• . ~ .•. 

·" This Work 
··-:-.--'"""'""': 

C H a 
J c 

c 
. '· . . :-- - .',:. . ~- ~· . ' ~~ ,. · .. ;:• . ';-· . 

' . .,. .... •· :· -... -~. 

. b 
N. M. Wolcott · · 

''...·,. ••• ~. "< 

H 
0 

(Oe) · 

. . ·.··.· 

0.471 
±0.002 

. J .A. Carruthersc H - 66 · o. 49 
- ----,... -------------arid A~-- connoll_y_ ~--- _--- c- ----------- ---- --------- --L ---- ----------- -· 

· .. 

·- ._ ·- -· .-_ . ···-·a 
. T.H. Geballe ._ .. H . 
· -et: aL --- :--- ,_ -"-:-- :,:~: __ '---<:-, ~,. ·· 

. -- ·""·-- ·-. -... 

, . . : . . 

.: . () -... •' .. 

D.K. Finnemoree 
& ]). E~ Mapother 

·H 
c.' 

: . ~. 

J.K. Hulm and B •. H­
B. Goodmanf ... - -_-. ·· - c 

. •',!" 

• --·-- > 

·. ··:l >\ ·.: ':: ~-
... · 

. -~ .. ~--

';.·· 

: • ... 

--
~ ' ...• --· ..·--

·. ,·.-

.. · .. 
62 

. . ·' , . 
••• . . -r.. 

46 

··: ... · .. ·· 

,. 

.. _· 

0.493 

0.47 

. · -· ·. ~ . . .. ,; 

---. 

·:--.. ,· 

.r 
. -1 · (mJ mole 

. -2 
de 

2.98 ± 
. o.o4 · 

3·35 

2.43; 

I 
l .- . i 

:! 

. . , ~ . - .' 

·--: 

C (T )-rT es c c 
sample purity 

. -1 -1 
(mJ mole deg ) 

1.9 

-· ·- .. ~.:. ----~- ____________ .._ ____ -~-----._; ______ ··-- ··- -~·- --

2.2 same 
Ref • 

.... 

~ . : -~ .. 

(%) 

99-99 

not. stated 

99·99 

samples as-
d" 

99·99 

_·-... 

I 
1-'' 
~ 
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Table III '(c~ntinued) .' •: 
...... t; 

a 

b 

'' 

C denotes 'calorimetric n~easuremerits j 

measurements. 

· ... '· 

., ,· 

H . denotes· critical fi'eld 
,c 

~: ' 

~. y .. 

I • 

l' 

T 
N. M. Wolcott, 

122..2. (Centre 

Conference de physique des basses temperatures , .. Paris,. 

de National de la Recherche · Scientifique and., UNESCO, 

Paris, 1956) p •. 286. 

·· c . J. A. Carruthers and A. Connoily, Proceedings. of the· Fifth International 

Conference on Low Temperature Physics and Chemistry, Madison, Wiscon­

·sin, August 30,1957, J. R. Dillinger·(ed),(Univ~· ofWisconsinPress, 

Madison, 1958), p. 276. 

d· See Ref. 22. ,, ..• 

e 

f 

-·/·. 

See Ref. 23. 

J. K. HuliD and B.· B. Goodman, _Phy;s~ Rev.'· io6,. 659 (1957). 
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The samples used by Finnemore and Mapother apparently showed more 
'r •. 

0'~ . • 

hearly ideal magnE;tic transitions than those used. in the other He measure-

ments, but their accuracy was· still somewhat limite9. by the near-spherical 

shape of their samples. This limitation and the fact that their measure-

ments extend only to the temperature of the maximum deviation of the 
/ 

critical field from a parabola could account for the discrepancy between · 

their H
0 

and that reported here.. There is, however, a significant dis-
1 

crepancy in the values of C (T :) - rT.c. The very low values of He ob-: 
. es c, 

served by Hulm and Goodman sugge'st that the flux penetration into their 

samples was inc~mplete at their reported values ror He. 

The discrepancies between the r value reported here and those derived 
.. t .,! . . . 

\ ' 

. from critical field measurements' are not surprising since the acquracy of 

critical field. curve n~ar 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 field curve in that temperature region. 

For the purpose of comparing Ru with other superconductors, values 
" . ; 

for~;several parameters characteristic of the superconducting-::state are. 
' ' 

; '. 

.·, 
critical field measurements. ·These data are judged to .be the most re- · ·· · 

liable present.ly available on the basis of close agreep1ent b.etw-ren inde- . , . 

pendent d.eterminations and/or the use of well established experimental . · ·:~. · 

. ' 

'·· 

.· 'l, ·. 

techniques. The entries in this: table ·are arranged according to ascending. . . 
. ' ' 

0 , o I l • 

values for T /e ·,·since correlations betw~en T /e and deviations fro:m · .. ~ ... · I,' 

· C 0 1 : · C 0 
.. I ~ . . \ . . .. . . . . ... 

'• .. 

BCS behavior have beeri pointed out. Goodmanhas drawn attention to a . .. .. . . . 
. . i.· ' ! '.' 2 2 ·. ' . . ...... 

correlation between. the parameter 11 ,; V H.· /Bnrr ·and T /e , and the· · · · 
. . . . . . . m o c : .. c o .· · 

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

.···. ·. 

,: . 

' 
I 

' 
! 

·i' 
! ' 

, I 

!· 
' ' 

,.'· 

. ... ' 

·,, 

~· .. , . ' 

. .... 

.. 

.. ,. 
.~··, . '·. 

.$,. •• "'·· .. ·.," .. -· . . .. · : 
•. i. ·':,· . 

. · . : : : 
.... { .. · 
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with their large T /e 
I C 0 

values. : Examination of Table IV shO\vs no anomalous 
' 

behavior of Ru relativ~ to the ;other superconductors. and, in particular,· 
! 

. relative to the non-transition:metal superconducto~s that show a normal 
' 

isotope effect. ; 
.• f . 

2 . 2 . . . 
Figure 7 is a plot of V H /8TIJ;T and ~€(o)/kT m o c . c 

= (2TIV /3r)i/2 (H /T ) 
m o .. c 

' i' • 

vs T /e of the type given by .Goodman, 'but including only data:· from Table·. 
c 0 . . . . . 

. . 
IV. Goodman's original plot · contained much ·apparently 'unreliable data .. 

(as indicated by the very large error bars .shown· for most of ~he point.s) ·.! .. 
and suggested a linear correlation between 2€(o)/kT and . .en ·T /e .. The . c .. c 0 

·. , : , . I . , 

nature of the .correlation indicated by Fig. 7 is quite different:. for 

T /e < 0.02, 2€(o)/kT .. is approximately independent. o.f T /e and only.· c ' 0 - c \. ' . . . . . . c 0 ·:. ., 
'. I 

slightly less than the BCS value in tp.e weak-coupling limit> t.e .. 3. 52 kTc;. 
;· ., ... ' 

only for Tc/e
0 

> 0.02 _do the points rise appreciably above the weak..; 

coupling value. This changes considerably the probable. significance ·of '. 

:: 
' . i 

·. .. 

,' . ! . . .~- . 
; ··: ·~· . 

the correlation •. Since deviations from the BCS law of corresponding : .. ·.··; 

states are important only for large :T je ·, they are probably a result ,· .· 
' ' . ' c .0. ·., . ' .. -~ . 

of the mathematical ~pproximations in the theory rather than an indication : · 
' 

of a more fundam~ntal approximation. 'i·. . 
. . I 

. ·, .-.. 
~· ' 

. .~ • l. • 
-.... 

. ·Plots of C ( T )/ yT and D , the maximum value of' D ( t ) , are not given.''.· : es c c · m· . . · . . ~ . . ',· 
. ·here, but they show a correlation with .T /e· very· similar to that· shown .: · ~:'.' 

•. • ! . c 0. .· . _· ..... . 
' 

by 2€(o)/kTc'· Theseparameter; are all related to the de\riation':of H · ··".·,. ',\ 
. ~ ·. . . . . - . . . -. . c:_~·~·~-;_' .. -~· 

f.rom parabolic· temperature depe:ndence~ Frcim Eq. (6) it. ,follows that· '·:. ;i .. :; "·· 

.6C = c n 
c. - .­

s 

V T d2H 2 ··: . ·\ '· 
m .. . ~ ·~ ·:: . . (7) . ''. :;.! .. ~·: •\. 

8IT · dT ·.•.,·'.:. 
I . ·.· ,. . 

. -~~--.. . ::-' .... , . 
. ~ .. 

. . .I ; 2 . 2 .·. , . . . 
and.the·substitutions H =.H (1'-t) + D(t), ... t ·=y, D'·= dD/dy, 

''' ·.· - ... 

... •• ~~-:·: 't :":~; ', :·. ... 

' ' 

~. . . . '' . ~·"·_,.-·~ 

.. ... 

c . 0 ; . ' ...... ·. . .· . ' 
' 

•.• j 

' . . . . ~ 

.. 
·' 

~ . ., 
-; . 

•' ' ·_-,. 
' ' 

... . ~ ; 

.. ~ ' .~~ 
~ ....... 

· .. · ~ 

'l .. ,· 

· ....... , .. 
.It": L, ... 

.: -~: .· ... . ··.-,:;.~:·. r:··,; 
j • • . 
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Table IV Summa~y of parameters characteristic of the superconducting state for several superconductors 

., . . . \ . 
: .\.: .. \: ' 

-- a-
_ C,Hc 

# -. ~ • \ 

RU:-- c 

Cd C 
. 0 ., :... . : .. 

. ·. ;· 

-. 
--~ .. :-.': ·. 

. ·--
·--:.· '· 

Al c 

Zn ..... ·-- ___ .c ___ ~-­

c--

·: Ga - C 
' c 

_._ 

-. -- v-

·sn · 

c 

c 
c 

.·· : 

He . 

-_ - rn ·-- : ---:c -. -
- H 

c. 

Nb c 

Hgct c 
H 
-1f· 
. c 

~ 

H B H g··- _I c 
.Pb H c 

•. 

-· 

0.078 

0.248 

. o~ 332 
0.343 

. i.49 - .. 

i.85 
L91 

3~07 

3·35 

5·71 

6.87 

,_ 

a 

8.12 

6.2 

7·1 

6.4 
5·8 

7.46 
7·0 

9·17 

7·63 
9·17 

8~25 

8.21 

b. 

1.40 

1.26" 

1.34 

1.27 
1.22 

1.39 
1.35 

1.50 

_1.41 
1.50 

1.34' 

1. 52 

. Db 
m 

-0.043 

-0.046 
--

/-.. 
-o·.o4o 

-0.043 
-0.050 -

-0.035 
-0.036 

-0.031 

-o. 026 
;::;0.024 .. 
-0.026 

-0.021 
-0.020 

+0. 01'[ 
+0.014' 

--. 

+0.023 

yT2 .c 
c es Ref. --

VH 2 yT · . 

m o . c 

0.172 2.35 . c 

0.177 2:32 d 

0.173 2.43 -e 

-O.lT7-- -·---- 2.30----------···· f-------------·-··--·• ---
0.183 g . ~ 

0.169- 2.44 0.170-- -- ____ _, ._- 2. 4i -.-

0.164 

0.164. 
0.161 
0.161 

0.158 
0.156' 

0.154 

0.139 

2.68 

I 

d 
' 
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i 
j 
k 

1 
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n 
k 
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Table IV (c6~t'inue.O.) ', . , ... ': ··~:: .:· '/.·,_. 

,, 
' I ·.~ .:. 

··:· .... · 

1 • . 1 ~ !. ~ • ~ • • ' . -: • ,f ~ ... . I; ' .. · .. 
a C denotes ·c~lorimetr.ic measur~ments; · H'· deri.otes :crit,icai· field . ;_ 

I 

measurements.· 
• I ,c ''i •·. I ' ' ·. . • 
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From the assumption that C goes;to zero more rapidly than T as T goes 
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to zero it follows that 
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The similarity of the correlations of TJ · D and c'. (T ')/r'!' with T /e 
· ·' m . es c , c .· c o 

is an i~dication that the D(t) cu;ves fo:it different superconductors have 

. , ·' 

. ~-

roughly the same shape (b~t di·f~e~ent ·amplitudes, Dm') .and that the main ;. .. · 
t' : 

·features of the critical field curves c·onform .to a la~ of corresponding 

·st~tes if a parameter, ~~y ~€(0)/kTc, that.de~ends on fc(e
0 

is included. 

Apart from the absence of an isotope effect, the superconducting 
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transition in Ru e.ppears to be no .different from those. of the non-transition · 
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metals, including those that show a normal~ isotope .effect. 
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III. TEE HEAT CAPACTI!Y OF Tf-Fe ALIDYS 

'0:· .... 
; •. . . r. ' : 

In 1958 M~~tJ:i:i.as et .al. 31 demonstrated that· small ~unts of the 

magnetic lanthanide elements dissolved in lanthanum depressed the super-
. . . 

conducting transition temperature of that· element by an amount that was 

.correlated with the net 4f electron sp~ of the solute atom. Thus Gd with. 
I. 

a spin of 7/2 depressed the transition temperature ten times as much as 
. . 

did Tm with a spih of one, even though both elements have the same ma~etic 
·, . I 

., 
·>moment.· ·:rn 1959 Matthias et.a1. 32 found that the transition temperature· of' 

/' 
. Ti could be increased by an order of magnitude by the addition of small 

: . (viz·. 1-5 at oj,) amounts of the magnetic transition metals Mn, Cr, Co and Fe • 

. _, .. :'on the basis o~ these findings Matthias et.aL32-andGeballe33 have 
\ . 

'. 

suggested that, since magnetic impurities raise the transition temperature 

of Ti but lower the transition temperature of 'La, a difference might exist 

between ~he mechanisms responsible for superconductivity in the rare earths .. 

.. 

and in the transition metals. 
. . ,. 

They suggested that an interaction between·'.: ' ' 
. .. 

,. ' ~ 

the 3d and conduction electrons might supplement or even replace the usual \; ' . 

· BCS electron-phonon interactions,as the cause of su~e~conductivity in the 

transition metals. . . ,, 

'. 

l . 
! ,·'\ . l . 

In view of the differing behavior exhibited by La and Ti when alloyed 
. I ' ' I • • >• ... ~ . I 

with magnetic e:).ements, and in view of the potential importance of the 

suggestions made by Matthias and .Geballe to the theoretical ·treatment of ·· · 

superconductivity, it was of considerable .intere~t to do further experi~ 

. .~. . .. 

4 • \'. • •• 

: .... 
·, .... 

',' :• ... ,. 

. . . ' ~ 

·' .... ~ 
mental work on some of th~ systems discussed above. . Sever8.1 samples of -the_/::: . ·.i . 

Fe-Ti .alloy system, siinilar to the ones used by Matthias e·LaL 32 -o~:·.:~their·;·: r 

.. i 
' i • . ~ .. 

."earlier investigations, were supi>lied by Dr. T. H. Geballe ·of the Bell. 
·1. 

' .. '. ',' t. ; ~ .. 
•' I ! 

Telephone Laboratories •.. Heat capacity .aeasurements. were made on them to.· 

determine if the. high transition temperatures observed by Matthias et .a.l·. : !, · ·,., 
• ' ' ~ o : • ' ' ' ... • ' ', ' ; : ' ' :, I • ' ' '• z ' o o' • ' ' ' ' I ' ',' l ·~ ~: ·, <o' • • • 

/, __ .! .:' ,:. ', ::~-:~·~:.)(~·: .. ,. ., ·' 

.. --· ;,: ... 
..... t "' .. ~. . .... 

;·.!- . ,'·.: .·. ' ... . . . 
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' :. --.'1 . )' 
are bulk properties of the samples.·. The magnetic.measurements, used jby 

,-,' • I . ·. i 
Matthias et.al. to· detect superc~nductivity, ·sqowed the superconducting 

. . ' 

transition to be accompanied by an apparently c·omplete diamagnetic 

' ~ ' ' 

.. 
. ~ . . •. .. ·~i. ~-.... 

.. ; •• :·,: ... .... •. ~ .lit' 

·transition, and they there.fore a~sumed the superconductivity to be a true ·':. \.; -~ 
. . f • . ; ~ -~ ... ·- ;j 

bulk effect. However, it is entirely possible _that a' suitable arrangeme~t ·! ':..-
. : . . ' ./:~. ~ . • .• f,. 

of interconnected superconducting filaments can produce complete._diamagnetic. 

··shielding even though only a relatively small fraction of the .sample volume.·,. ·. . 
. '~ 

is superconducting .. Heat capacity measurem~nts can, iri principle; differ- : ·~ 
; ·: ...... 

• '_ .. ·>i· entiate between a complete and partial volume superconducting transition. ·.: ., . 
-~: i..; 

...... 

. Heat capacity measur~ments <were car:ded out on samples of the alloy ~' \ ! 
. . " .. : ~ .... ·. 
;,f;. '~ ~:>;·:· .. ~J!' ·, 

_.system FexTil~xvdth x =.0~ 0.0005; 0.0025 a.nd. ?·OL {Hereaf'ter·sample .... , · · ·' :~,~, 
. . \· . . : • . . ; ,., 1 • 

. ·composition will be_ denoted as x% Fe-Ti.Y.,:,:The measurements on the 0.05% and . ' .. 
•1' .• 

·0.25% Fe-Ti alloy saillple.s covered the temperature range 0 •. 25 to' 4.2°K; and ~:· 1_;· •. ._. .. , 

on-the· 1.0% Fe--Ti sample, the range 0.25 to 20°K~ These measurements were:-
::_·, .. 

carried o~t in the' 3He cryostat describ~d in Part I. The measurements on '', ... ·. ·~ 
I . . ··(•.~·'-· 

"pure"·Ti (0.2 to 1.2°K) and an additional set.ofmeasurements on the l.O%·'"(-:' 
. " : . ..,·:··1:.. ·_.·.;>. 

Fe-Ti alloy ( 0~ 08 to o. 8°K) wer_e -~de .in an adiabatic demagnetization cal:;;._:)>( . . ;·_·: 
. 10 

orimeter. 
,~· . 

i 
' . ; 

•.' .. 
The heat· capacity ~f Ti is kresented in F.ig~ 

...... ' . 
.. ! f ; ~ .~ ; .. ' .• t 

. . ~- ;r_,. :, ;:':,L . .': ... 

·.·. 
measureme·nts on pure Ti .were ~B:~e;· J?ririlarily to· provide ,a, value· for r :.for .. ;~ -~-?·::"':\·. 

·,·.·.comparison with the y values of the Fe-Ti :alloy~~----;he norm~-state heat~~: ??:·:}:-}:;::· 
• 1 : 

... capacity (measured. in a magnetic field of 2i5 oe· is proportional to T, . .': 
' ! ~ .., ' ' . . . . ···~:~~ ~~. /~~·-.~~ :; ~;·\-~ ~:·~;-

'·. 

' ~ .. . ... 

indicating that' the lattice-heat capacity-'is negligible at these temperatures·~·, .. ·.:,: · 
. ' . . . ,:. ' . ' :- i ' . ' : ' . . . ' ' . <' .: . . ·. ' . ;>: : \ '' ) ;, ~- ~ ::~ 
.. ·' The slope of the best straight line fit to the: normal-state points gives ,a ', o:·:. · <·· : 

.. · .. value for' r or' 3·41 ± .0;03. mJ mol~ -l deg~2 •. The calorimetrically .. determin~d· . >,'' . 

·: ·. 

, -.l, I 

found by Wolcott,· a.re in reaso~bie agreement .· -< <~ :. ' ..... 
• 1 ,···.···· r: .. ; . .-.· ·:·· ... :. , . · ... · :::.···l .. :. <-: ::. 

t • :· '••, . ' ' 
; .. li ~' . . :, ; ·- ;, : ' . ·• ' ' . ·.t f . ,.1 ' ,. ' ~ 

•,. , , · • • :,. r 1 : ~ '. • ' .< •' • , , ~ h ' 
-~. .·:i,.1t', .. ;;,:· :.~~· .. ;;;,, 

. ,, ~ ' i!. :· ·, . ; . . ' ' ' .. ,. '. '. ' ., ' " 

·'. '(·<:·-.=:_~;. ·.. _ .... ·.. (~ .. ~, 
I, 

..... '' 

· values for Y;. except that 
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Table V Summary of Low Temperature Calorimetric and :t-1agnetic 
Measurements on Titanium 

. ... '·· 

H· c 
. -. 

. . r . 
( -1 ~2) mJ mole deg 

·3.41 ± 0.03 
... < -._ 

·.···- . 

. .. . ·,, 

. .. 
·' -.. . .-

0.33 

., 
. :--· 

. - ·-. -~ (--~---

. 0~42 .· 

H 

(Oe~ 
Sample Purity 

•, 

............. - --·· .... . . 

(c;t) 

>99·99 

:::::: 9 ppm Fe 

s::::4 ppm Mn 

< 5 ppm Mn 
· < 2 ppm Fe 1 

·- --~·- .... 

> 99. I 

M. c. Steel and­
R • .A. Heind . 0:37 86 99·98 

. --- ·- . . 
T. s. Smith and. 
J. G. Daunte. · 

. fc- ·. 
T •. S. Sm1th ·- ·. 
et .... al. · .. · · - ------· 

.... g··· 
G. D. Kneip . 
et.al. 

N. M. Holcotth 

R.R~ Hakei. 
and J. A. Cape 

·' . . ,._ 

H> 
c 

H· . c··· 

c 

C. 

c 

. . : .. ~ ~. 
~-. . ~ ': .. 

. 430. 

430 

-429 

3-35 

3.56 
·' 

0.558 

0.387 

99-95 

20 99-99 

99.86 
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99·92 
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Table V (continued) 
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with the value reported here. The magnetically determined values. for -y 

are subject to the same errors discussed in connection with Ru (see Section 

II). The superconducting-state heat.capacity was measured in a magnetic 

field of less than 0.1 Oe. The transition was 0.060°K wide and was centered 

at 0.33°K. The discontinuity in the heat capacity at 0.33°K was 1.2 mJ 

-1 -1 
mole deg • The width of the transition made it impractical to derive 

other superconducting state parameters from the present data. The values 

for T listed in Table V shmv a fairly large scatter. This is not surpris­e 

ing considering the difficulty of preparing pure, strain free samples. It 

has been shown34 that traces of Mn lower the transition temperature of Ti, 

while larger amounts raise the transition temperature. The large scatter 

in the reported values for Tc can perhaps be attributed to the differing 

purities of the samples used. We are inclined to view Falge' s value for 

T of o.42°K as the most reliable since his sample appeared to be ex­c 

ceptionally pure and strain free. 

Before meaningful conclusions can be 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 the metallurgy of these systems must be given. Since 

these four alloys are quite similar the discussion will be limited to the 

Fe-Ti system. 35 A phase diagram of the Ti-rich portion of the Fe.,.Ti alloy 

system is presented in Fig. 9. It must be emphasized that, since the 

phase boundaries are not accurately known, only semi-quantitative conclu-

sions can be drawn from Fig. 9. At room temperature, pure Ti has a hexa-
J( 

gonal close packed (hcp) lattice structure (the ex phase)' which transforms 

to a body centered cubic (bee) structure (the I? phase) at 882°C. By add-· 

ing small amounts of Fe, one, two or three phases can be prod.Uced depend...l; 

ing on the Fe concentration and the heat treatment given the sample. 
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The phase diagram indicates that the O.O'Y/a Fe-'I'i sample used in the 

present measurements, which was annealed at 700~C for 14 days, contains 

pure ·a (hcp) phase. However, since the solubility limit of Fe in a-Ti 
.. , .. 

at 700°C is not accurately known, the presence of small amounts of the 

iron-rich ~ (bee) phase cannot be ruled out. Shortly after the present 

heat capacity measurements were completed, the 0.0)% Fe-Ti sample was ex-

aminedby standard optical metallographic and.X-ray fluorescence microprobe 

techniques. Examination showed this sample to contain small amounts 

(<O.l%) of iron rich phase (> l'Y/a Fe) present as inclusions, with dia-

meters of z l-2 microns; in the bulk a phase. At present these inclu-

. . . 36 sions have not been further characterJ.zed. 

The 0.25% Fe-Ti sample, which was quenched from the melt to room 

temperature, is expected to consist of pure martensitic hcp (a') phase, 

formed from the parent ~ phase as the sample is cooled below the Ms temper­

ature. The a 1 phase is highly strained, supersaturated and metastable, 

with lattice constants similar to those of pure o:-Ti. Metallographic 

examination confirmed that the sample consisted of pure.a' phase. 36 

6n the basis of Fig. 9, the 1% Fe-Ti sample,. which was annealed at 

700 6 C.for 6 days, is expected to be a mixture of the a and of the iron-

rich ~ phases in the approximate ratio of 9:1. However, metallographic 

examination showed the sample to be more than 99.9% pure a' phase. This 
. ., . . . . . . 36 h .. 

discr~pancy can be attributed to the fact that t ·. e sample was quenched 
- .f>•., 

to room temperature from the melt and then annealed at 700°C without sub-

jecting it to cold-work, thus stabilizing the a' phase. 

The heat capacities of the o .o5%, 0 .2r;/'/o and 1.0% Fe-Ti samples are 

presented in Figs. 10, 11, 12 and 13 as plots of C/T vs 1'
2 • The relevant 

physical and chemical characteristics of these samples, together with the. 

.•:' 

" 
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·results of the present measurements and the magnetic measurements made at 

Bell Telephone Laboratories/ are. summarized in Table VI. 

The slopes of the c)T vs T2 plots should not be taken as an accurate 

measure of the lattice heat capacities of these alloys. Because of the 

small size (~ 0.05 mole) and high Debye temperature (~400°K) of thes_e 

samples, the 
3 ' ' / 

T term in the heat capacity of the addenda (which consisted 

mainly of a copper sample holder and the GE 7031 varnish used to provide 

thermal contact between the sample 

·· - 75'/o of the total ~3 heat capact ty. 

and the holder) amounted to approximately 
3 

Since the value of the T term in the 

'·.' 

'. 

·; ; .. 

. :.heat capacity of the varnish is known only approximately, considerable er-

ror is introduced into the T3 term :in tl:J,e heat c~pacity of the sample. 
l . ' . . . 

Each sample shows a s~ll T~2 term in its heat capacity at very low . · ' .. 
i 

temperatures. 
I 

This term 'is unaffected by a magnetic field of 300 Oe and· :. 

we· assume that it is a hyperfine: contribution. However, its origin is not 
. ! . . 

·clear. The known transition metal impurity with a large nuclear moment (Mn) 
. -

is present in too small an amount to account for it. If the Fe had a local.· ·. 
; 

moment, it could produce a hyperfine fi~ld on neighboring Ti ·nuclei, b~~ 

the size of the T-2 term is uncorrelate<i with Fe content. · A nuclear 
,, 

electric quadrupole contribution: would be expected to be the same in all •.. 
! 

I ' 

samples exc~pt for ,the possible effect~· of strain or differences in lattice ;.: . :':'· 
i 

j i . ~ 
parameters between the~ and~· phases.~ • 

·, I }'' .. 

The r values for the Fe-Ti alloys are listed in Table VI. 
,i 

The error 
• ·,. -~ ·: ' ,i • 

~ •' 

limits quoted are intended to indicate errors due ~o the. scatter in the: · .: •.. 
' \' . . r ·, 

experimental points; · a:ny errors due to temperature scale being small by ·: · 

comparison. The 0.05'/o Fe-Ti sample has ~· r value (within experimental erro:r) . 

•. ! 

,'.· 

. i 

equal to that of pUre Ti. The increas~ in the r value for 0.25'/o Fe-Ti '·:. ·:" ,. · .. ·.; .. 

f • ' 
";: ·, ' .. ~ 

over that for pure Ti lies just outside the range of experimental error> 
. ~ ' 

These results ·indicate that Fe, ~n concentrations of up, to at least 0.25'/o, ·_-: . ,_ 
.'·! 

I . . . ~ . . ~ · ... 

.. ·~ 
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.-- TABLE VI. Properties of the Fe-Ti Alloy samples used in the present experiments 
· .... 

Heat C (T )-yT 
Sample Impurities a a Treatment 

Phase __ 
Compositiona 

r -1 Tc(c) 
(mJ mR~~-2) ( oK) 

es c c .· . . 
( -1 ·-1) Transition mJ mole deg .-

Ti 
·(Bell Labs #5246, 

··.: .... -

9.2 ppm Fe 
4.0 ppm Mn 

1.2 ppm Mn 
~ ~ .. -~ .... ... 

. . . ""·- ~ ..... ·.··.' . . "' ... : . ' ,: . . . ~ .... . .>. 

·.· · ... _, •"'• .... --·,··· --~--- :---~--···'--:~-~-=-------. . . -: ~ ... --~-- ~ -
:· ·:: . ~- ~ : .. -. :,._,. -:. ~~ . . . ... ·: . ;. ' ... -.. · 

. - . 
arc melted 

- . .: , -~- -~-} 

cold worked 
and annealed 

· 14 days at . ,': :. ··"''' 
700°C , . ·. ·' 

3.41±0.03 - '·.0~33 .... 
··-·"::: ... :. ·. ::-~ .. ·- ".c.·_ ... .' 

. 3 ~36~6' :.()~:}: :;.3. ·.· · .. ·. ·••··. ·. : .•.. ~ 3 ' 
• ~ . .,.. • 'I .. 

:. : ~ . ~-. _: ~ .. : ., 

. '; ... ~-~ ·- '. 

·. 
~ppm Mn · q~~nched .. ·· .. , __ ··.a.' · - Tf Fe none 2.0 to 2.6 100 0 

I • '": • ·~• ~ • ·•-- •••. ·-··-· -~•••,·- -~-~~~ ~~ ~: • ·-" ~·:'·-;--- •••.' ?~,-:·:~;··-- ..... , '-~· :· 
·.._ ._ ... _ .. -~~--·- -~-~-

·. . . - 0.9975 0.0025 
.:...~~-,..~------------~---·-· ... ---· - . · .. 

~ .:~,... . ~ '._ '. -~ 

Ti ·-Fe --- · 
'. o. 99 0._01._ 

·.:, {Beil :Labs #4442) 
•..• ~---:. :·i .. : ··-:· .•. ,; ,. 

- . ... . ., - .• -·-· -- .:"' :·.: . . ...·_::- .::-:r: .· 
. .. . . .. '";: .. ·"-~-:"- :. < _.::-:_·~ :~·::_·_:: ·:::·;·.-.. ~~.\ : 

~ . : . . - ~ ' 

-4 ppm Mn Annealed 6 days, >
99 

9%. , 
at 700°C without • ocx. 
cold.:.. work 

·. 
3-25±0.03:. '. 3 
. {<loK) .·. 
3 .85±0.10: . ·' ~ 

(>4°K) .. -- .~:<: 
.·>: .. ~f.~~·~·::-~-·::.:.-- ~ 

:· .. - .· .. ' . 
'v . 

\,-_- ... 

''·;",.; 

. ... ... .-. 
'. . 

~ .. 
-~.6 

.. ··.-

· .. - .. 

.--· .. ~ a T. H. Geballe (Private COmmunic~tiori) •. .·. . . . . . 

·; _·:'.: :o'_':: T (c). d.enote~· -~~~erconducting tra~sitio~ tempe_ratu;e· .deter~~~d c~i~~~~etric:~ly. · 
- . . ·. ··: . . : . c ~ . . :, , ... _ --~ . '-1 ••••• ·.:-_ - - ................ . . - --·- ··.- .... -~ . - ... .. -··. 

•· :._._, ____ .,,,, ·:·~---'·'T- ·(M) de~~t~~ -su':Perc~nduct·i~g transition temperature determined magnetically:.· 
.. c ' ... ____ ,_ .. - .· - . 

. .. ', . -~· . 

100 
-~ .' ,·,. 

·--~ 

. , 
. -~ .. _-:. ~ _ ... , 

• 1-. • .• i,' 

. "' . : ~· :_' 

; ·., 

. ~ . . 
. .~ .. ,.-- ; ... ~ "."' .... ··· .. · :; - .... ~ 

,; 

I ',• 

. . ..... " . . . ~..,.,---~._ 

%_Transition denotes the apparent percentage of the ~ample volumen participating-in the superconducting 

. . . .,., ,_.· 

.I. 

··' 
.. transition as judged -by magnetic measurements. :',_ 

t· .._ 

I'.- .•• . ;· __ ·. 

\' 

. ;, ~ 
·I -. -.. ~ . ,. . 

. "'+ ... ~ "· •. ~---~:~;_---~:·> -~:_ .. ·_.-: .. ~- ·. :· ':. ~ 
. . . - i -<~- -~. ' i 

• ~";. -, ·C ;--~- •' 

.. ----···----· 

_, 
. . . .. . .. ~· .. " . •' . 

_, .)·. ~··::_-~-:.. . .... ,;· ... ;::· 
•' 

. , - -_, __ .. 

. .. . ___ .. ·,·, .. 
: • , • .- : --~·h :-... '· •' · ... 

A • ~- • --~ ':,·~ ~-~- .. -~.• 
!' ~-,., ..... 

-· -·~·· ... - ·---------- ---~- ··- ~ . · .. -~--

... 
·:·.--:-.·•,_.,-:• ---:- -:-; .. ·: -} -·- ·-:::--=: ___ : __ ;~-::--

.. ~ . . 
.. _._ · . 

. _ .... "" .. 

..""---~ . . ; ' . ,__-, 

.-_ ... ' . 

... ,. 

. :..t. · . 

. 
-.· -·· :. !"·"'·. 

.... · ~: -.· .~:. __ . 

.· '· - .. 

-.~ •. r. ~ • 

' 
'' 

I 
0J 
1\) 
I 

,. ~ .. · .· 

·'l' 
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has little effect on the density of states in hcp.T.i. The heat capacity 
··,,·1 

of the l.o% Fe-Ti ·sample showed ~wo linear regions.whe~ platte~ as c/T vs 

2 -1 -2 · T • A value for y of 3.25 mJ mole deg was derived from the low temp-

8 
. . -1 -2 

erature region and a value 3. 5 ± 0.10 mJ mole deg was derived from 

the high-temperature region. The relatively large error associated·with 
/ 

the latter value is due to the f
1

act that the C/T vs T2 plot is only approxi- . 
·-· ... 

mately linear at these temperatures (due to the T5 term in the heat 
,{" 

capacity of the GE 7031 varnish), making an accurate straight line extra.:.· 

polation to T2 = 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)·. 

that can be associated with bulk superconducting transitions of the usual 
• C (T ) ··.· 
· es c , .. 

kind. Asstuning the BCS. relation yT = 2.43 _to be applicable to these • 

systems and asstuning a value for y of ?·4 mJ mole-~ deg -2 , one would ex­

pect a discontinuity in the heat capac.ity of about 12'mJ mole-1deg-l at 
. I . 

2.5°K (the approximate superconducting transition temperature given by · 

I· 

J' 

.... 

magnetic measuremEmts32 ) for both the l<{o and 0.25% Fe-Ti alloys. The .. · 

. observed values are ~ 1. 7. mJ mo
1

le -lde'g -land ~ .0 for the _l%,and 0.25% 
\ .. 

' 
Fe-Ti samples, respectively. Even allowing for tre probable broadening=. of 

\ 

the transition in an alloy, it is clear that no anomalies approaching the _.. 

expected size occur •. ·,. 

·'. 
' ' 

We attribute the small anomaly obs:erved in the heat ca:Pacity of. the 
! 

0.05% Fe-Ti, sample at T2 ~ 9( °K)2 (see ri!g., lO).:to a sup~rconducting trans·~· ... '·:~-
ition occur:ti~gin' some minor phase pres.ent in the sample (possibly the iron 

·rich inclusions detected by the X-ray microprobe).· The scatter of the ·, 

experimental points in this region is due to the .occurrence of hysteresis 
. i ', 

' ' I . 

as the sample was· cycled through this ·temperature region. The reason for'·: : ,: . 

. .. 

'J ' 
:·~, I .,. 
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this hysteresis is not known~ _ ~gnetic~_measurement.s also detected a small-

superconducting transition 

ture~.36 

... i. ~ ;· ·. 

(1':::1 5'/o'of the: sample volume) at these tempera-: ' . . r 
i ·, 

' 

' ... · . 

i 

of both the 0.05'/o Fe- and 0.25% Fe-Ti alloys_ con-:' , :,:: ,; ~ The heat capacities 
: • 1 : • ·-~ \ : ..... 

tain a linear term With a -coeffichent quite close to that for purer -normal- ~· .. · · ·. ·.: · 
i ' 1. .. '<. ,. 

state Ti; indicating that the' oullt" hcp phase of--both-al..loy:s_rema1~s. in the -~ . : 
; ~-.. ·'-:; r ... 

.... · 
normal-state down .to the lowest temperature reached in the present measure_~-··._ ~- .; 

·.-.. 

For the 1% Fe-Ti alley a distinct a.noma.ly in ·the heat capacity· occurs··. 
• I ' ' 

ne_ar 3°K1 the tetnpei-ature at ~hich magnetic measurements show a bulk super-· , 

· .. :, 

/ 

/ . 

'/·· . . . . ... 
. . . . . 
' .· I' • 

f •• 

. : 
• • • ,i. ~ 

conducting tr~nsitiort. ·On the other hartdj the apparent y·value on the low 
' . 

temperature side of the anomaly is 85% of that on the high temperature side .
1 

'/ 

.A magnetic field of 15bq Oe had rio effect oh the heat c~paci ty anomaly~ 40 : · .. 

Abrikosov _and Gorkcv4i ha~e predicted that magnetic impurities,might pro-··· 
j 

duce "gapless sti.perconducti vi tyu :with ·:a linear tern in the superconducting- · "', 
' . ' . . . . ' ~ ' . ' ._...., . . . 

state electronic heat capacity, but the situation they considered H~ · 

clearly different frbm that e:X:isting in the prese~t case. The theory 
/ . .! . . . . ~ 

., .. 
• ••• • • ' ·; t ~ . · ... '· 

. ~"' . . 
.... ~. ~- - . ~. ~- . applies to free magnetic spihs,_and, while there is·some evidence from 

·:' • • : ~ . ..: • I 

electron transport properties ·fa~ local:i.ze~··mom~nt~. on Fe dissolved ~n ~i, 3~- -: _.::_ :,.: 
~-- ' 

~ ~ ! .. 

. any such moments would have to b~ stro~gly antiferromagnetic~lly couplecf to·'· , . : 
' ~ '· ' ., ' . . . . :' 

exp~:tn the ~bs~rvea magnetic sus;ceptibility.3T · .. - , ,: i ... -· :-·:.: .:·.··:)_.· :. 

' . ,. .. ·~ .. 
The more obviouS interpretation of the heat capacity of the 1% .Fe..:i-1.·_:_:.· , ·. 

·.· . \ . ~ I ', , ,'~ ' . ' • . \ . . . .,,: . . ·: . ~ 
sample is that. the observed superconductivity is: not a·property of the hcp : ' ' . • I,'-: ''o, 

. -t . ' . . . /-,._'· ...... ·. • ' 

phase, but is .due to a ;small amourit of a se_cond phase> .This point of v~-e~.' .; .. :_·-.. ... , 
·, ' . ';:;.·· 

. · · ·:· is· strongly supported by the constancy of the· ~ti.perc6riducting transition:. 
. . . ' ' 

'• -·! .. 
··:·temperature for the 0•05%, 0;.25% 'and l%_Fe~T:i.. sampl~s; as observed either 

: '.,:. :' 
';;,'· 

' calorimetrically or·magnetically. 
; ,'' ·. ·,;_ 

• ~ i- • I ~ ~ ' . ' 

I ~ . 

-;' 

.· .. .... , 
: ,' 

. '· '.: .. 
. ' 

\ :_ .. _ 

' ·' ,:. ,' '-

·: ,' ·i: 

·--" ,. 

.. :· '' ~ ... \ · ... ~ . 
.· .. ·, .. .... ' 

' : p .. : 

-,· "l' ; 

'I 
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The Mn-Ti system for which the addition of small amounts of Mn depresses 

subscript in the a phase and the superconductivity reported for Mn con-

centrations of the order of 1% or more is due to inclusions of the ~ 

phase.37-39 _However, the analogy is not exact because magnetic suscept-

ibility measurements suggest the existence of localized magnetic moments 

as the explanation of the depression of T in the Mn-Ti system, but show 
c 

no local moments in the Fe~Ti system. 37 Furthermore, no ~ phase can be 

detected in the 1% Fe-Ti sample: metallographic examination puts a.n 

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

h . d .._ t d ' th X fl l t . . b 36 S · p ase J.s evec e oy e -ra.y uorescence e ec ron mJ.cropro e. · J.nce 

only a very small amount of a second phase can be present, its ~ value would 

have to be very high to account for l'Y/o of the linear term in the heat 

capacity at temperatures above the anomaly. 

42 
Recent heat capacity experiments by Heiniger and Muller on 1% and 

l.'Y/o Fe-Ti give results similar to.those reported here except that their 

measurements do not extend to low enough temperatures to observe the linear 

term in the region below the anomaly and they estimate a 3o% transition 

from the size of the peak in the heat capacity. 

In conclusion, it appears that dissolving small amounts of the magnetic 

lanthanide elements in Laand small amounts of Mn in hcp 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 4f electron spins and the conduction electrons, and the de-

pression of the transition temperature of hcp Ti-Mn has b'een attributed 

to the localized moments of the unpaired 3d electrons· of Mn. The present 

experiments can best be interpreted as demonstrating the similarity in th~: 

behavior of the dilute Mn-Ti and Fe -Ti alloys. Furthermore, there is a 

r 



reasonable correlation between the occurence of superconductivity above 

1 °K and f3 phase inclusions in the Mn-Ti system but· not .in the Fe-Ti system. 

Much work remains to be done on these Ti alloy systems. In particular, 

metallurgic&l techniques must be improved to provide for accurate and re-

producible sample preparation and characterization. The Co-, Cr- and 

Ni-Ti alloysystems must be further investigated before reliable gener-

alizations can be made concerning the effects of magnetic impurities on·· 

superconductivity·in Ti; Also~ ·the reason for the increase in the transi-

tion temperature of the f'(bcc) phase of the Mn-Ti alloys remains unclear. 

• 
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l 
IV. THE HEAT CAPACITY OF :os2-GdOs

2
· SOLID SOLUTIONS 

i 
Since externally applied magnetic fields of a few hundred Oe are 

I . ' 

often sufficient to destroy superconductivity, it was generally thought 

that ferromagnetic materials, in ~hich very large internal magnetic-.fields 
/ 

are present, would not exhibit superconductivity. However, Matthias, Suhl 

a·nd Corenzwit, 43 while investigating superconductivity. in lanthanum - rare· 

·earth solid solutions, noticed t~t electronic·configurations favorable 

· .... to the occurrence of superconductivity were also favorable to the occurrence 

of ferromagnetism. For example, dilute solutions of ?d in the superco~­

ductors La and Th . showed~ f~rromagnetic behavior at. low temperatures, .. 

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

In pursuing these investigations,. Matthias and c.o-workers found several 

systems in which superconductivity and ferromagnetism apparently occurred 

. . 43 44 
simultaneously. These systems included Gd La1 , ' ce1 · Pr Ru2 and. x -x . -x x 

45,46 47 ; 48. 
ce

1 
Gd Ru2, Th

1
. Gd Ru2, and Y

1 
Gd. Os2 • -x x -x x , -x x 

'.,' 

-~ . 

In the above work, ferromagnetic Curie points and superconducting 
.... ~: t · •. 

transition temperatures were determined by magnetic susceptib~lity mea-,. 
•··. 

surements. However, by this method the fractions of the sample volume 

participating in the ferrOmagnetic and superconducting transitions could. 
• I· .. 

not be'determined. Determination of.these volume fractions is of parti-
. )' .. •· . .. . . 

~ ,· .. cular interest since it can be argued that the superconductivity and . ; ._:,. .. .. . . i ' 

ferromagnetism do not ;coexist within the same volume element of the .. 

sampie; but rather·that the sampl~ consists of.many domains, some of: 

· .. 
,• 

. :;} .·.·, 
·:· 1 

which are superconducting and others ferro~agnetic •. In some circumstances ·"··· 
. _.,_,. 

a decision between these two possibilities ·can .be made on the basis of·. · · ·,, ,: 

.. . }. ·. 
·: . : ;; .; . . -~-: ·, . _·. 

:. . .. 
··"' ·~· _r • :; •• 

heat capacity measurements. Preliminary measurem~nts between 1•2 and . .. 

, . I 

. I 

' 
···' 

'. 

;;. 

. . 
. . . . . ·. I ' . ~ .. 

\ . ~ 

~· ~' '· 

. ~· •··· '• . 
· .. ,_· .. 

. ·.:. '' . . ~ . 

.l 

l 
' 
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4.2°K.by Phillips and Matthias49 ~n two .. ·~amples o~ th~ c,omposition. 

..•.. 

. .,· 
~ -.;,: -. -, 

_ · Y0• 96Gd0 •04os2 and 'Y0• 
925

Gd0 •·
075

of>2 shewed that ·the ent~opy_ bet~een 1.2· .'·~, .,~- . • 1 

. . . . '• . 
and 4.2°K was about 50% .of the. yalue xRl.n8 expected for 'complete alignment 

I 

I 
I 

t 
i 
J 

·. of the Gd spins, and that the heat capacity anomalies attributed to the 
l .. ·· 

superconducting transitions were roughly of the size expected on the ·-basis.~ 
. ' .. '·; 

·!· . I 
I 

., -. ·of' BCS theory. These results were interpreted as being consistent with 

the· simultaneous existence of ferromagne·hsm and superconductivity through-:-

out the entire sample:. volume. . ' i . 'I: .. 
;_., 
;· 

.: . 
. . -~.: .. 

... ~ .... ' 
portion

1 

of the e~trfpy: associate_d wit~ the . ' ': ·~·: '.! . 
occurs outside the'· temperature range 1;2 to ·4.2°K1 . · 

' . ' : . . •. .• . ~ I 

Since a considerable 

·alignment of the Gd. ~spins 
·.·:, .. 

of interest to ext~nd the: measurements· to ·below 1.2°K and. to. above it was 
~- l . -~ '. ' ' .. . ' •. I·- , , · .. 

4.2°K to determine this entropy more accurately. Furthermore, it was~· . · ., '·· . . \. .. -: 
.;· ' 

;: ·• j • • 

hoped to obtain· a value for r from the normal state measurements. at low·.~ ... :.: . , ·.·. 
l ; • • ~ .. ,... :! . \ ~- ~.' . 

temperatures. The .resultsr of these· experiments are show~ :tn Figs~ 14, i;- ·- ;: ·: ~- --~ : 
• . . . "·' - i • 

and 16. The measurements below L2°K w~re made with an Aquadag samp'J:~ _ther~:-. ·::> i(· 
r . - l - . . .. , . -; .. :--.'- . 

. mometer and above 1. 2°K with a germanium res:!: stance: thermometer (MHSP :: '· ··~ :; :;;~: -'; .. ~,: 

4401-648). The :present _results between-•1.2 ·and 4.26 K are ·pra.e:t:tcal1y · .·:\·:·:·'-;,:;·._: .. ·:~·:; 
.identical-with th~se obta.:tned.b.y.~illips a~d.~tth:ta.s, 49 to which the::/.:_,· ·_·\, __ ,:::!·;;·_:· 

reader is referred for additional~ d:i.scuss~;n-~· . ·-·--:-· -~~--.-- • .•. ' ' :~t;;~·x,:·t]} 
The total entropy associate( with ea.oh.of the heat oa.pa.o:tty curves · · ... , \. · · .! . 

', ' ' • .. ' • I < ' ' ' ~·~~ '.:. '.·. :: -~; ;~/ 
shown in Figs. -;14 and 15 was obtained. by plotting C/T v_s· T, extrapolating·~· ;,._-;'; 

.. -~-

to 0°K and ·perfor.ming a graphical. :tntegra.t:ton. ·: To sep~rat~ ~the magnetic:·' ··· · , 

contribution, the entl!'Opy as sooie ied with the -i.ett'1oa W.l>~at:t.ono end l · '· ''i : ;,:· · .. ~ 
conduction .ele~trons must. be subtracted from the total entropy. ·. Alth6~gh' . :··;·:---:·; .· 

.i ..... . ... 
,· . . . . . .. , . ......:._;·, ... ' 

,, the low-temperature· heat _capacity of both sa.mples,. decreas~s precip:ttouslyj .· .. ·~ .. <' .:,. -
•• - • ' ~-· 'is·~ • 

. -indicating rapid :completion ot' the M ·spin al:tgninent, the 'magnet :La acn-· · .' -:;; -('_~:~·:.:.: 
• = • ;~. ·, . • • • :\~: .:1~~ A-:·.?-~~ ... 

tribut1on to the .heat ~apac:L ty :Ls ~still so ·large, that · ~ · M.re~t determtnation :· · '· .' - . 

. ,' .: 
... ·.i . -~- ,. . .·· .. 

; .,. . ... 
·:--· . . . }. ... 

.· .... _;·;.'· ' 

r.l: ), , : 
'\ . 

. '.:_:!: 

• ,.<l ;J:. 
• jt .. '• 

' • •• ·: •• i ~ j 

: ,: ~~ .: :·:~ \. ' 

:: -_:: '7;:·,~ p~· .. . _ 
:: 
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of the normal-state electronic heat capacity is impossible. The lattice 

" contribution to the specific heat had to 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-
2 

' 
; ·. 

, .. 
' . ~ 

in the region above the anomaly, that the lattice heat capacity was- pro­

portional to T3 and that the normal-state electronic heat capacity was 
2 5 . . . 

negligible. When plotted as CT vs T 1 the. data in the.region above !the 
. . . . ! 

anomalies gave approximately straight lines. The slopes of these lines 

yielded the values 200°K and 183°K for the Debye temperatures for the 

-7·5~ Gd and 4~ Gd samples, respectively. 

The magnetic entropie~ calculated from 0 to l~°K1 using the.above 

values for the Debye temperature and assuming values for r of 0 and 5 mJ 

-1 -2 . : . 
mole;; deg 1 are given .in Table VII, along with the values of xRln8, the· 
. . 

entropy expected if all of the Gd ions were participating in the ferro-. 

magnetic ordering. The entries in this table corresponding to r = 5 mJ 
I 

.1. 

i 
i' 

-1 -2 
mole deg are included to give some idea· of the possible error introduced 

into this calculation by the assumption that r is negligible. (Phillips 

and Matthias 49 came to the conclusion that r ~ 4 mJ mole-l dez - 2 on ther 

. basis of the size of the superconducting transition.) The entropy calcu-:-· .. ·. ·· 

lation was terminated at I8°K because the calculated lattice heat capacity·.' : 

;. 

and the observed heat capacity are equal at that temperature (see Figs. · · .. ··. ·-.;.. 
. ~ . . 

14 and 15). 
- .-- ~ .. ·-----··-···~--~ 

Due to uncertaintie$ in the derivation of the lattice heat 

capacity and to the assumption that r is negligible, the resulting mag- .· · 

netic entropies could be in error by as much as 10%. Within this un- ··· 

., certainty of the entropy calculation, . these results inciicate that the 

' ~. 1 .~ • ' • 

•. \· I ' 

.·.·-

. ·.·. t .·.'. " . . 
entire volume· of the sample participates in·. the ferromagnetic ordering. . . ,., 
.• ' 

i 

Even with a 10~ uncertainty in the magnetic entropy the. size of the 
' ;- :,- .. ·: ·: : ~. < .' 

•• ·:: _i· 

... .···. · .. l: 
,~ . 

,. 
:. ·,. 
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'!'able VII ... :Magnetic Entropy of ~l-xGdxOs~ ·from ·o to l8°K _, 

5
obs 

·' 

s· .. 
calc 

' -1 -1) (mJ mole · deg · (mJ. moie-1de~-l) 

r=Oa 
X=0.04 

r=5 

r=¢ 
X=0.075 

·· r=5 

,1.' 

817 

727 

1300 

·1210 

r',, ' '. 

·, 

. ~-

a -i -2 The units of r are·mJ.mole . deg • 
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1300 ·' 
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anomaly associated with the super~onducting transition makes it very un­
~· ': . 

likely that superconductivity and ferromagnetism are not coexistent. 

The heat capacity of the 4% Gd sample presents an interesting contrast. 

. to that of the 7-5~ Gd sample. The results for the latter are roughly. 

what one would expect for. a supercond.ucting transition taking place inde-

pendently of and superposed. on a magnetic ordering, i.e., a large, fairly 

regular.magnetic ordering anomaly on which is superposed a smaller ani;)maly 
' 

from the superconducting ordering~ The heat capacity of the 4% Gd sample 

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

is approximately:constant. Second, the supercondllcting transition intro-

, . 

.. \' 

duces a large irregularity ~nto the heat capacity curve. This irregularity, : 

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

apparently largely assoc~ated with the magnetic ordering. This would 

indicate that the superconducting ordering of ·the conduction el~ctrons~. ·· .. 

when taking place at temperatures ·at which the magnetic ordering is 

largely incomplete, significantly-modifies the magnetic ordering process. 

Tb.at the two ord.ering processes ·should interact is not surprising since 

the magnetic ordering in these systems results from coupling of the 4f 
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FIGURE CAPTIONS · 
•.· . : .· 

. ·. 
:' ~ + 

·., ,·. 

. : · .. ·· 
··. , .. 

.. 

., 

·-__ ;;. 

1 
1' 

·! 

. ·., 
Fig •. l .. ,., 

. ~ . ' ~-
. Schematic diagram of apparatus:::·. · .· '· · 
. ' .... . 

. .-." .... · 
. . . 

f .. . .. ~ -~ -.. 
.Fig. 2 .. :: ·s.~he~tic di~~;an:. o~ . 3He. pumping ~~,~e ~ I;, 

' . : ) .. .. ;: ._ r 
., .; 

Fig. 3 . The heat capacity of ruthenium •. :The ·sym~ols A . a~d' ··rz.n '"• '- :·.'·.: 
·I 

'+ _, ..... •.·· 
. •. 1. 

denote two separate: expe~iments •.. The. superconducting-state,. ·-: ; . 

heat capacity is extrapolated .to, 0°K on the basis of Eq. ; :' ·,: ' . '. ~ ... ;~. 
. ·.! ~ '· .~ ... 

•. .. . , :. ''" (5) of the text with a=8.12 and b=l.40. · <: .,_. ~ ·.. <· .. :-. -~;: ... ' · .. 
,. ... Fig; 4. :.. · · The heat capacity of ruthenium in the vicinity of. ~he , .. ,. · ·. • . . :', ',; 

. . . . . ~·~ ¥·:;_'<.: ' ' . ,;· ·;:·' 
su:perconducting transition. The. open and closed symbols : ... , ....... ... 

. ~ . \~·:_ .. ; - ;.-~--- .. ~ .. _:: ·-:·: .· 
-·1:~ .:;_:\? t' ! '-~- -~.' ~ . denote two · s~parate experiments. 

\ • t • • • •·; \ 

·' ,' ·.,.. . . . . ~ ' : 
· · · ., · The superconducting:.. state electronic heat capacity of' : , ··· . • . . ' . <~·.: .;,_ , .- I • ·• 

. . : ' '·;.,_ ' .. ·, : 

•.,.• 
1 •\~ 0 '>: f 

0 

·:~ ~0 '~. }'.:i. ~ 0 '~ "' 

0 

· · ·· · ruthenium.. The symbols denote two separate . experiments •.. · : _ 
' . ' ·_.., . . '· . 

-:. *. 

Fig.·_6 The deviation of the reduced critical field. of ruthenium .·:: :~·· ' 

Fig. 

., 
,/ 

-T ·-: from a parabola. hi=H /H ;: t=T/T •. 
. ·• ·.1 °•.• C 0 I · q · . 

.7·. <· ·,:,.:Correlation of th~ quantities V H 2/&rrrr 2 .and 2€(0)/kT, 
. .~·· .. : ,. · m o c . c 

::· :; .: · vs T /e for several superconducto~s •. The symbols 9 

:: .· ~ )<-.:~;~ b. r:pr:se~t ind.e:pend.ent cieasurements .(see Table_ IV). 
·. :, 

,,. ;; 
' ~ ' . . '. 

': ~ I~.· 

·· · Fig. 8: ··. •.-' . : .. The heat capacity o;r titani\un: measurements i~ an adiabatic'": · 
., ·! ~:~ ., ... ". . ... 

.. ·:{_~·!~.'. de~gnetization cry?stat. .·. . . .. . ,, ·.,\;_.~·; . .':: .. :.:' ~;: 
Fig. 9 .. ·· ~·· : ' : _Partial phase diagram o:f the Ti-Fe alloy ,system.. The. :· · '· · . , .. 

. . •' -:~~ .. : .:i .· __ . :- . . .. : . ' . . ., . . : :' :; .. · .. ~ . 
: ·, ~- / dashed. line represehts the martensitic. start temperature: .::.' <.: .. :_.·. '., · · 

c,f; • , · , . ., · .. , '-,. ' i·:~ ~.,.~. . . i . ' ' . ~ ;- .... :, ., - .· 
' .i:':.::; '.'For detailed discussion ·of the Ti;..Fe phas~ ·diagram, see ... :, · .. · ·' ' · 

.:;~~-::::,;~~~··• ·.Ref ·.35 ; · · ·· · · · . ·· : .:· . ·:·'~_:·~.~·:~~.~ .. :. ·\:1)~ .. : ::·· 
: ~-~~·:·{~}~·---~. • -. • ·-_} • ' 4 

'. ·. . • ~ :·~-~:~ .. -r.:l_.:~·.··.:-.~~~-1· . 
Fig. 10 ·.··.·.~~··The hea~ ;ca~city of Ti0• 999?e0~ 00~5 •··· .: . ~ · . · .• 

. ,. '-~· . ·, ~ ~ •. :::· . • "lo··;·~·. -.. ~·:.:··;~ •.• ·;',!,';' · .. ', 
Fig. 11./ /:'<~ The hea~ capacity ~f Ti0._997{eo.-~025 measured :t.'~>ero _- .:· ':·.>. >·. :. 

·· :.-'·'·~~,. ... ma.gnetic field. The two symbols:denote separate experiments.·:~. 

·.· 

·.· .: ·- ·~:· ~; ;: ' . · .. 
:.. ·. ·.-... · · . .. . , 

'1. 

. '~ . 

.. ·· .. ',. 
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The heat capacity of Ti0•
99

'·Fe0 •01 measured in zero 

magnetic· field. The dashed 1ine represents the electronic 

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

The use of A_as the;coefficient of the T3 term in the 

. ' ' 
equation for·the solid line implies that the slope of this 

line is not representative. of the lattice heat capacity of 

. the sample (see text ) • 

The heat capacity or Ti0 •
99 

FeO.Oi in zero m~gnetic field .. 

at T < l°K. The (); represents measurements in the 3He. 

calorimeterj the !J:.,, repr~s~nts measurements in an adiabatic­

demagnetization calorimeter. 

' 
The .heat capacity of Y0 •96: Gd0 •04 Os2 • Tc and Ts are, 

respecti veiy, the ferromagnetic Curie point and. supercon-

ducting transition temperature obtained by magnetic measure-

ments. The unlabled. arrm-rs designate temperatures at which 
. . . I . . . 

the heat capacity curves measured in H=O and 300 Oe cross. 

T and T have· ,': 

/ 

f. 

. : , .. -The heat capacity of Y0 •
925 

Gd0.
075 

Os2 • 

the same significance as in Fig. i4. 

s c 
I ~ • : • : I ' 

. ' ... 
..·!' 

(: 

. ~- . 

The heat capacity o;f Y0 •
925 

Gd0 •
075 

Os2 in the vicinity 
. ' • I . ~ ' \ 
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of the superconducting trans.ition. 
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This report was prepared as an account of Government 
sponsored work. Neithe~ the United States, nor the Com­
mlsslon, nor any person acting on behalf of the Commission: 

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

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

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






