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INTRODUCTION 

Cerium metal Is the only pure metal which undergoes an 

abrupt change in valence with temperature. It Is therefore 

an interesting material to study because the effect of dif

ferent valence states on electronic and magnetic properties 

can be observed. Studies of this valence change should 

contribute to an increased understanding of the electronic 

nature of solids. 

Cerium metal exists in four allotropie modifications (1), 

At high temperatures it is body centered cubic (6) and under

goes a body centered to face centered (6 Y) transformation 

at 1001°K, Upon cooling Y cerium transforms to the charac

teristic double close packed structure (P) of the light rare 

earths. The transformation is sluggish and shows a large 

amount of thermal hysteresis. On cooling the transformation 

temperature is 250°K and on heating it is 44l°K. At lower 

temperatures another phase (a) becomes stable with respect to 

any untransformed Y cerium, a-cerlum is also face centered 

cubic but it has a greatly reduced volume (-1? percent) com

pared to the higher temperature face centered cubic form (y). 

This transformation also exhibits considerable hysteresis. On 

heating a Is stable to 180°K but it does not start to form on 

cooling until the temperature is lowered to below 120°K. If 

P-Ce transforms to a it only does so below 4°K. 

Since cerium is known to have one localized 4f electron 
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it was surmised that the transformation Y—» a was due 

to the transfer of an electron from the localized 4f shell 

Into the conduction band thus giving the large volume de

crease (L. Pauling as quoted by (2) and W. Zacharlason as 

quoted by (3)). It Is also possible to force the 4f electron 

into the conduction band by the application of pressure, 8000 

atra at room temperature. The valence of the various allo-

tropes of cerium has been calculated from measured magnetic 

susceptibility data and atomic radii (4). The values given 

are 3.06 + .06 for y cerium and 3.6? + .09 for a cerium. The 

transformation of y cerium to a cerium on cooling is never 

complete at atmospheric pressure because of the formation of 

P cerium. The g cerium is stable till at least 4.2°K thus the 

only way to get samples of pure a cerium is to apply pressure 

at room temperature and then cool under pressure to form a 

cerium. The application of pressure causes y and a to become 

stable with respect to 3 and thus prevents the formation of g 

upon cooling. 

Because of the above difficulties in examining pure 

cerium, it was thought that it might be interesting to look 

for other techniques for studying the different valence 

states of cerium. It was observed that the cubic Laves phase 

CeRu2 became superconducting at 4.9°K (5). Because a large 

localized magnetic moment prohibits superconductivity, the 

electrons in CeRu2 must not have much localized 4f character. 

Therefore in this compound the cerium must be approximately 
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four valent. Also a plot of the lattice parameters of the 

compounds R Ru2 (where R stands for a rare earth element) 

versus atomic number shows an anomaly for the cerium com

pound. The lattice parameter of CeRug is 1.6 per cent 

smaller than that predicted from an interpolation of the 

lattice parameters of the other tri-valent lanthanides (6), 

If all the change in lattice parameter were due to a shrink

age of the cerium atom this would correspond to a volume 

change of l4.4 per cent contrasted with the 17 per cent 

change observed for pure cerium. In contrast to CeRug the 

lattice parameter of the cubic Laves phase CePtg shows no 

deviation. 

To better analyze the behavior of cerium Laves phases 

the lattice parameter difference between the actual compound 

and that which would be expected from a plot of the lanthan-

ide compound lattice parameters versus atomic number was 

determined. This difference was then converted to a volume 

difference per cerium atom and is given in Table 1 (data from 

6 . 7 , 8 ) .  

Table 1. Interpolated volume minus actual volume of the 
cerium atom In cerium Laves phases 

Compound AV/Vj^ % Compound AV/Vj^ % 

CeMg2 0 Ce0s2 12.5 
CeAl2 0 CeNl2 13.0 
CePt2 0 CeRu2 14.4 
CeRh2 7.8 CeCog 23.4 
Celr2 8.9 CePeg 27.4 

Vj[ = interpolated volume (trivalent Ce) 
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Based upon the above table one could make the assumption that 

the valence of cerium increases as the volume difference in

creases, To see if this approach is reasonable we will 

examine some of the electrical and magnetic properties of 

these compounds, CeAl2 (9) and CePe2 (10) known to order 

magnetically and the compound CePtg was found to order In 

this study. CeRu2 and CeCog (8) are superconductors and the 

other compounds are temperature independent paramagnets (?). 

The magnetic ordering in CePe2 Is thought to be associated 

with the Iron atoms (10). Thus it Is difficult to make any 

comments on the electronic configuration of cerium in this 

compound. In CeCo2 and CeRu2 there are probably no localized 

electrons because of the superconductivity. And in the CePt2 

and CeAl2 the moment per cerium atom is 2,5 Hg or approxi

mately equal to that of the Ce*3 Ion with one localized 4f 

electron. Thus the above properties agree with the list in 

Table 1. The room temperature susceptibility for these com

pounds (7) does not agree with this list In that the value 

for the Iridium compound Is the lowest and that for the 

cobalt compound the highest, excluding the platinum, iron 

and aluminum compounds. The high value for the cobalt com

pound may be related to the localized unpaired electron 

associated with the cobalt atom rather than a localized 4f 

electron of the cerium atom. The band structures of these 

compounds may contribute to the room temperature suscepti-
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bllity as much as the cerium atom, especially as the number 

of electrons per cerium decreases. 

The question may be asked, why does cerium behave dif

ferently in some of these compounds than in others? To 

answer this it is necessary to look at the structure and 

properties of Laves phases. 

Laves phases always have the ABg stoichlometry where the 

A atom is larger than the B atom. The B atoms lie on the 

corners of tetrahedra. In the cubic Laves phases, C15, these 

tetrahedra are joined point to point with the arrangement of 

the tetrahedra leaving holes in the lattice for the A atoms. 

The closest packing of hard spheres of two sizes in the above 

arrangement occurs if the ratio of the radius of the A atom 

to the B atom is 1.225. In this ideal case there are no AB 

contacts and the A-A contact distance and the B-B contact 

distance can be calculated from the lattice parameter of the 

compounds. 

Compounds however are known to form from atoms with 

radius ratios far different from the ideal value. But these 

atoms undergo considerable mutual size readjustment to achieve 

the closest packing i.e. a radius ratio of 1.225. If the 

radius ratio r^/rg is greater than 1.225 upon formation of 

the compound the A atom contracts and the B atom expands (11). 

It is usually found that the larger atom undergoes the larger 

size change and the lattice is controlled more by the more 
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rigid small atoms (12). 

Table 2 gives some information on the radius ratios of 

cerium and lanthanum compounds (listed in the same order as 

Table 1). 

Table 2, Radius ratios of cerium and lanthanum Laves phases 

Compound rOe+3 rOe+3-6 
Compound 

rLa^al Compound 
rs rs 

Compound 
fB fB 

CeMgg 1.152 1.070 1.180 LaMgg 1.122 1 .188 
CeAl2 1.289 1.198 1.218 LaAl2 1.311 1.231 
CePt2 1.330 1.236 1.207 LaPt2 1.353 1.209 
CeRhg 1.372 1.275 1.213 LaRh2 1.395 1.230 
Ce Ira 1.360 1.264 1.208 Laira 1.383 1 .226 
CeOs2 1.364 1.268 1.215 LaOs2 1.387 1.237 
CeNl2 1.482 1.376 1.224 LaNi2 1.506 1 .261 
CeRu2 1.379 1.281 1.219 LaRu2 1.402 1.244 
CeCo2 1.474 1.370 1.226 LaCo2 1.499 does not CeCo2 LaCo2 

form 
CePe2 1,449 1.346 1.240 LaFe2 1.473 does not LaFe2 

form 

rce°®'^/rB and the radius ratios determined 

by calculating the radius of cerium and lanthanum from the 

lattice parameter of the compounds and by assuming no size 

change for the B atom. It is obvious from Table 2 that there 

is a large change In rare earth atom size to adjust the r^/rg 

ratio so that it approaches the ideal radius ratio value of 

1.225. When the ratio gets too large as in the LaCo2 case the 

compounds do not form. The critical ratio for the lanthanum 

compounds is « 1.5 but the nickel compound may form 

because a larger electronegativity difference or another effect 
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may counteract the size (radius ratio) effect. In the cerium 

case there are two alternatives to reducing the size of the 

cerium atom. One is by a compression of the cerium atom as 

happens with the lanthanum atoms. The other case would be 

when the cerium atom reduces Its size by transferring all or 

part of the 4f electron into the conduction band. 

It can be seen from the lanthanum data that when r^/rg 

becomes greater than I.36 the observed radius r^a^^^/rg be

comes larger than 1.225. The same thing would be expected to 

be true for cerium except that for B atoms smaller than 

platinum the cerium atom starts transferring the 4f electron 

to maintain the ideal ratio of 1.225. From the observed 

radius ratio one would expect the transfer to be complete when 

the ratio starts increasing above 1.225. It would appear then 

that the transfer is complete for nickel as well as ruthenium, 

cobalt and iron compounds. Based on this analysis nickel 

would be expected to be a superconductor as are CeRu2 and 

CeCo2, but it is not (8). 

In addition to the anomalous nickel behavior this analy

sis does not explain the reason why the other compounds which 

have a non zero AV/V^ (listed in Tables 1 and 2) do not fall 

in order of the radius ratios. There are several ways in 

which the above analysis is not complete. It neglects the 

size change of the B atoms and the effects of band structure. 

Whether or not the above effects are important is difficult 
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to tell because of the almost complete lack of data on the 

elastic and electronic properties of these compounds. It was 

with these thoughts in mind that this study of the low tem

perature heat capacity and magnetic susceptibility of some of 

these compounds were undertaken. 

At the time this study was started CeRu2 the only 

known cerium Laves phase superconductor. For this reason it 

was decided to examine CeRug as the material which had cerium 

atoms with the minimum amount of 4f character, CePtg was ex

amined because platinum Is about the same size as ruthenium and 

the cerium in the CePt2 compound has one ^f electron. Further

more, it was hoped to form pseudo-binary alloys CePtg-yRux to 

study how the properties change as the valence of cerium 

changes. For reasons to be discussed later these alloys 

could not be formed. It was then decided to study the cor

responding lanthanum compounds to see how the extra electron 

in cerium affected the properties compared to lanthanum. 

Specific heat measurements at low temperatures can give 

Information on many types of electrical and magnetic phenome

non, This information has been discussed at length in other 

references and only the applicable parts will be discussed 

here (13,14). 

Most normal metallic materials have only two contribu

tions to the specific heat, an electronic and a lattice con

tribution. The first contribution can be given to a good 
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approximation by the following: 

CE = (2/3)TT2K2V N(G)T = VT (D 

k = Boltzinann's constant 

V = molar volume 

N(g) = number of states/volume with energies near Fermi 
energy 

T = temperature 

The important part to observe is that C@ is proportional 

to temperature and that the proportionality constant Y is 

related to the density of states near the Fermi surface. The 

density of states referred to here is the density of states 

averaged over all of the Fermi surface so that no details of 

the band structure are explicitly obtainable from the specific 

heat of the electrons. Useful information about the band 

structure can still be obtained particularly in the cases 

where measurements are made on a series of related metals and 

changes in Y between alloys are used to explain changes in the 

band structure with alloying (15,16). 

The second term, the lattice contribution for simple 

metals particularly at low temperatures is usually analyzed 

in terms of the Debye approximation which leads to the follow

ing equation; 

Cl = — -~ = (jT̂  (2) 
5 GqJ 

R = gas constant 

Provided temperatures are low enough, the Debye characteris

tic temperature ©q, and thus 3, are constant. 
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The total heat capacity can be written C = \T + 

where the constants Y and g are evaluated by plotting C/T 

versus T^, 

The Debye temperature for a simple medium is related to 

the maximum frequency which the atoms can vibrate and as such 

is a simple parameter which relates thermal and elastic 

properties of materials. Materials with high Debye tempera

tures have atoms which are difficult to get in motion with 

thermal energy because of high interatomic forces present in 

the solid. Thus the Debye temperature is related to the 

properties of the atoms which are responsible for the rigid

ity of the structure. 
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SAMPLE PREPARATION 

The chemical analyses of the components used In this 

study are given in Table 3. 

Table 3» Analysis of component materials 

La Ce Ru Pt 

H 2 2 1 21 
N 350 k 145 
0 395 665 15 103 
Mg <55 FT VFT 
A1 VFT VFT 
Si <15 <30 VFT FT 
Ca <15 <90 FT VFT 
Or <80 FT VFT 
Fe 105 <20 FT -

Ni <10 - VFT 
Ou <20 Ft VFT 
Zr <200 
Ru T(X) 
Rh T 
Pd FT 
Ag VFT 
La <200 
Ce <300 
Pr <600 <200 
Nd <200 <200 
Ta 66o <500 

- none found 
< less than 
T trace 
FT faint trace 
VFT very faint trace 
(X) Interference 

all impurities listed as ppm by weight 

On reviewing the literature on these compounds it was 

found that with the exception of CeRu2 little was known about 

the phase diagrams concerning these compounds. The phase 
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diagram of CeRug had been investigated and It was known that 

CeRu2 formed perlteotlcally from ruthenium and liquid alloy 

at 1570 + 10°K (17). The phase diagram is given in Fig. 1, 

Cerium and ruthenium were melted together using a conven

tional arc melter with a water cooled copper hearth and a 

gettered argon atmosphere to form the stoichiometric CeRu2. 

A Debye-Scherrer x-ray powder pattern of a sample of the ingot 

showed some lines in addition to those attributable to the CI5 

Laves phases, A metallographic examination of the ingot re

vealed three phases and evidence of peritectic rimming. An 

attempt was made to remove the nonequilibrium microstructure 

by annealing the ingot at temperatures just below the eutectic 

temperature, 645°C. An arc melted sample heat treated 84 

hours at 625°C showed no change in the amounts of the phases 

present. The conclusion reached was that at 625°C diffusion 

rates were too low for any homogenization to take place in a 

reasonable amount of time. At higher homogenization tempera

tures the low melting liquid would wet the tantalum crucibles 

used thereby making removal of the brittle Laves phase impos

sible. 

It was thought that if an alloy were prepared which had 

a cerium concentration greater than 35 atomic per cent cerium 

the peritectic reaction would be avoided and no elemental 

ruthenium would be present In an arc melted button. The above 

was indeed observed. The problem then remained of how to get 
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Figure 1. Cerium-ruthenium phase diagram after Obrowskl (1?) 
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rid of the cerium rich eutectlc which was Intermixed with the 

Laves phase» Leaching a powdered sample with nitric acid was 

found to work, but the process was messy and the resulting 

samples were not Ideally suited for calorlmetry. Another 

possible solution was arc zone melting (18), With this tech

nique a sample Is placed in a trough In a water cooled copper 

hearth and a molten zone Is established at one end of the bar. 

If the hearth is moved under the arc the molten zone will 

move along the bar. Since the material freezing out of this 

molten zone as It moves is CeRu2 the final phase distribution 

in the bar is in principle CeRu2 in one end of the bar and 

the eutectlc at the other end. In practice the phase separa

tion is not complete. Metallographic point count analysis of 

the bars show three percent of the eutectlc mixed with the 

CeRu2. Figure 2 shows photomicrographs of some of the micro-

structures obtained in an arc zone melted bar. From the phase 

diagram it is possible to determine that the bar would contain 

1.8 weight percent cerium-ruthenium solid solution if three 

percent of eutectlc is present. 

The phase diagram has not been established for the La-Ru 

system but on the assumption that it was similar to the Ce-Ru 

system an attempt was made to prepare LaRug in a similar 

manner to that of CeRu2. It was observed that a 35 atomic 

percent lanthanum sample was three phase not two phase like 

the cerium alloy had been. 
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Figure 2. Photomicrographs of arc zone melted CeRu2 
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A sample with LaRug stoichiometry was put Into a tanta

lum crucible which was welded closed under a helium atmos

phere, This sample was homogenized at 1200°C + 50°C for l6i 

hours. There was no sign of attack of the tantalum crucible 

and the alloy was 99.5^ single phase but with many voids 

present. The 0.5# of second phase present was thought to 

be ruthenium. 

No information is available on the La-Pt or Ce-Pt phase 

diagrams other than that there are at least two other com

pounds present in these systems RPt^ (19) and RPt (20). Arc 

melted pamples of CePt2 were not single phase thus indicating 

that these compounds also form peritectlcally. (Pig. 3) 

Homogenlzatlon of these samples was accomplished by placing 

the sample In a water cooled silver trough (21). The trough 

and sample ":ere placed inside of a quartz tube and the tube 

continuously evacuated. The sample was heated by an induction 

method and found to be free from any crucible contamination. 

Samples which were multiphase when arc melted could be 

made single phase by heating the sample to 1350° + 50°C for 

15 minutes and then cooling at the rate of 10 degrees per 

minute till a temperature of 700°C was reached. When 700°C 

was reached the power could be shut off and the sample cooled 

rapidly to room temperature. Figure 3 shows how clean a 

sample could be prepared with this technique i.e. there was 

no second phase present. 
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Figure 3, Photomicrographs of CePt2 
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The CePt2 and LaPtg samples were reactive In air. The 

samples would crumble Into powder If left unprotected, A 

metallographic sample left In the polished condition would 

show many cracks after a few days. These cracks did not 

follow any second phase and they were transgranular. The 

samples were protected by sealing them In helium filled vials. 

When sealed In the above manner the sample had no tendency to 

crumble and a polished surface remained bright. 

As usual for ternary systems, there Is no data In the 

literature on the pseudo-binary system CePt2_xRUj.. In an 

attempt to determine If a continuous solid solution exists 

between CePt2 and CeHu2 small buttons (6 gm) were prepared of 

compositions corresponding to Intermediate alloys. These 

buttons were examined metallographlcally and they were all 

found to be multiphase. Debye-Scherrer powder patterns and 

standard extrapolation techniques were used to determine the 

lattice parameters of the Laves phase present In the buttons. 

The lattice parameter data (Pig, 4) do not follow a smooth 

curve between the two end components as would be expected If 

complete solid solubility existed. Also, extra lines start 

appearing on the x-ray patterns as one moves away from the 

end components. It was suspected from the above Information 

that a new phase existed somewhere between the end components. 

X-ray microprobe analysis of the CePtRu alloy which had been 

annealed at 1375°C for 312 hours showed the existence of two 
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phases. One phase was equi-atomlc CePt and the other pure 

ruthenium. The microprobe analysis was confirmed by compar

ing the lines of the powder pattern with the lines expected 

for pure ruthenium and the compound CePt, which has the Bf (20) 

(B33, Til) (22) structure. The measured 29 values are com

pared with the generated values In Table 4, 

Table 4, Comparison of x-ray data on CePtRu 

Observed Generated® 
CePtRu CePt Ruthenium 

Intensity 20 ^cal hk<& 26 hk<^ 26 

WW 23.97 181 110 24,12 
WW 28,42 
vs 31,42 899 111 31,28 

w 32,82  370 130 33.50 
vw 34.82  
vw 36.97 

M 38,47 401 041 38.51 
vs 39.27 1000 131 39.20 100 38,2 

M 42,32 002 42,2 
VS 44,12 101 44,0 

WW 46,22 

0
 

CM 

200 46,3 
M 58,47 102 58,2 
W 69.57 110 69,2  
M 78,47 103 78,4  
W 81,02 200 82,2 
M 84,82 112 84,6 
W 86,07 201 86,1 

VW 116,72  203 116,6 
vw 121,02 210 121 
vs 125.17 211 125,2  
s 133.12 114 133.6 

vw 140,37 212 141,0 
M 146,4? 105 146,6 

^Values used were; x = 0,135 for Ce; y = 0,135 for Pt; 
a = 3.921; b = 10,920; c = 4,524, (20) 
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The CePtRu sample used here was prepared by arc melting 

together appropriate amounts of the compounds CePt2 and CeRu2. 

This indicates that CePt is so stable compared to CeRu2 that 

it removes the cerium atoms from the ruthenium atoms. 

It would appear from Pig, 4 that alloys with greater 

ruthenium content than CePtg might not be multi-phase. 

But several attempts to prepare single phase samples in this 

region all met with failure. Microprobe analysis of a 

CePto,iRui^9 alloy after arc zone melting showed the presence 

of the phase CePt. Furthermore, it was not possible to pro

duce single phase platinum rich alloys. 
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CALORIMETRY 

Apparatus 

The low temperature calorimeter construction during this 

project was designed so that measurements could be made in a 

magnet with a pole gap of 5 cm. This restriction meant that 

the diameter of the helium space was 2.8 cm. (Pig. 5) To 

keep within this diameter the construction of the calorimeter 

had to be very sophisticated or very simple. We chose the 

simple approach at the expense of the loss of some accuracy 

because we felt the results we desired would not need to be 

known to more than a few per cent. The calorimeter is the 

heat pulse type where a sample is thermally isolated from the 

surroundings. A pulse of electrical heat is applied to the 

sample for a kno%fn length of time, and from the temperature 

rise of the sample during that time interval and the heat 

input the specific heat of the sample can be determined. 

The dewar for the calorimeter (Fig. 5) is of conventional 

double wall design with a liquid nitrogen shield surrounding 

the helium space. To conserve space the lower part of the 

shield is not a layer of liquid nitrogen but a copper shield 

In contact with the nitrogen bath. Provisions are made to 

connect the helium space to a 115 CPM vacuum pump to lower the 

pressure above the helium bath. The calorimeter is suspended 

from the top of the dewar by three stainless steel tubes. 

One of the tubes leads to the vapor pressure bulb. One is 
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Figure 5. Drawing of dewar assembly 



the vacuum line to the calorimeter and contains the wire 

used to raise and lower the sample in order to make or break 

thermal contact with the bath. The other tube contains the 

electrical leads. The third tube is sealed at both ends with 

epoxy and filled with a low viscosity silicon oil to thermally 

short the leads to the bath. 

To further Insure that the electrical leads are at bath 

temperature about cm of the electrical leads are wrapped 

around the post which is at bath temperature (Pig. 6). The 

leads are then cemented to the post with General Electric 

7031 varnish* About 15 cm of the leads are left free in the 

calorimeter before connecting onto the addenda to provide a 

long heat leak path. The vapor pressure bulb is located in 

the post. The tube which leads from the vapor pressure bulb 

to the manometers is vacuum Jacketed to above the helium 

liquid level to prevent any cold spots from developing along 

the tubF, 

The addenda Is suspended from a 12 cm piece of nylon 

fish line which is connected to a 0.25 mm stainless steel 

wire 'ihich goes to the top of the calorimeter where it con

nects to a shaft. The shaft which Is sealed into the calorim

eter vacuum space with an 0-ring can be moved vertically to 

bring the addenda in contact with the bath. The stainless 

steel wire is thermally grounded to the bath by means of a 

copper wire. The top surface of the addenda is indium coated 

as well as the mating surface of the post. 
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The addenda consists of a sample holder which has the 

germanium resistance thermometer and sample heater mounted 

on It. The sample holder maintains the sample (In the shape 

of a rod or cube) In contact at all temperatures by means of 

a platform suspended on three threaded nylon screws. Nylon 

screws are used so that the contraction during cooling keeps 

the sample In contact with the copper piece on which the 

germanium resistance thermometer and heater are mounted. The 

maximum size sample which can be measured depends on whether 

or not the sample can be drilled to accomodate the nylon 

screws. The maximum size sample that has been measured was 

the 8 cm3 copper standard. 

Sample cooling from 77°K to 4.2°K was achieved by bring

ing the mating surfaces of the addenda and post together. 

About an hour was necessary to cool the sample to 4.2°K. 

The thermal switch was opened by lowering the wire causing 

the sample and addenda to break the contact. The Isolation 

of the sample causes some heating to occur at the lowest tem

peratures but since the calibration of the thermometer does 

not extend to the lowest temperatures this Is not a problem. 

With the bath at 1.2°K and the sample at 4.2°K the amount of 

the heat leak from the sample to the bath Is 1 M- watt. 

Temperature Measurement 

The temperature of the sample was measured by means of a 

Honeywell Type II germanium resistance thermometer (GET), 
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The establishment of the resistance versus temperature curve 

will be discussed in the section on thermometry. The GRT is 

a four lead resister and the leads used in the calorimeter 

were cotton Insulated manganin wire. Current to the 

resistor was maintained at either 1 n amp. or 10 |i amp. 

depending upon the temperature. The current for the GRT 

was provided by 10 mercury cells in series (Fig, 7) and was 

monitored by having the current go through a 1000 + 0.01 Q. 

standard resistor and checking the voltage drop. The voltage 

drop across the resistor was checked at 10 minute intervals 

with the auxiliary emf terminals of a Leeds and Northrup K-3 

potentiometer. The drift of the GRT current was considered 

to be negligible. 

The voltage drop across the GRT was measured using a 

Leeds and Northrup K-3 potentiometer and a high input impe

dance Keithley 153 microvolt-ammeter as a null detector-

amplifier. The drift in temperature of the sample was meas

ured by bucking-out most of the emf (Ei and Eg) from the GRT 

with the potentiometer and using the microvolt-ammeter to 

measure the difference between the potentiometer reading and 

null (E^ and Eg). The difference was amplified by the micro-

volt-ammeter and displayed on a chart recorder (Texas Inst. 

Servo-riter II). The green pen (0-10 mv) of the strip chart 

recorder was used at a chart speed of 6"/min (15 cm/min). 
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Heater Current Measurement 

The sample heater (Pig. 7) which Is part of the addenda 

is 1030 n of noninductlvely wound manganin wire cemented to 

the addenda with General Electric 7031 varnish. The current 

leads are ,f30 manganin wire while the potential leads are #40 

manganin. The current source is a 6 volt car battery in 

series with a variable resistance. Currents from 30 n amp 

to 1000 M- amp are obtained with the above arrangement. 

The current normally flows through a dummy heater which 

has the same resistance as the sample heater. This is to keep 

the battery conditioned so that a sudden change in current 

does not occur. When the current is switched from the dummy 

to the nam-ole heater the clutch on the timer (Standard Elec

tric Time Co, SV/-1) is engaged so that the elapsed time that 

the current is running through the sample heater may be 

determined. The timer reads to 0,01 sec without interpola

tion. 

The current through the heater is determined by passing 

the current through two standard resistors 500 X7 and 10,000 

n . The major portion of the voltage drop from one of these 

resistors is balanced by a Leeds and Northup K-3 potenti

ometer, The remaining voltage is displayed on the chart 

recorder using the 0-1 mv pen. If the current to the heater 

is greater than 150t^amp the 500 CÎ resistor is used, other

wise the 10,000 CI resistor is used. By this technique the 
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current can be read to 0.1 percent under the worst condi

tions, typically, however, the current is known to 0.01 per

cent. 

To determine the resistance of the heater as a function 

of temperature the voltage drop across the heater with known 

currents and at knovm temperatures was measured. The resist

ance varied from 102917 at 1.4°K to 1035 A at 9°K and it 

was reproducible to 0.1 percent upon thermal cycling between 

room temperature and 4,2°K, The resistance to the nearest 

ohm for each heat capacity point was determined from a plot 

of heater resistance versus resistance of the GRT. The 

resistance of the heater leads between the post and the 

addenda was determined to be 11.6 H . A correction for the 

amount of heat generated In these leads being taken as (23) 

AQ = IgR/2 (3) 

Ig = current through leads and heater 

R = resistance of leads (11.60 ). 

Data Acquisition and Reduction 

To determine the heat capacity of a sample the sample , 

which is usually a 20 gm rod with an eliptical cross section , 

is ground so that the ends are roughly parallel. The ends 

are then .ground and polished similar to a metallographic 

sample. The ends of the sample are then smeared with 0.1 

cc of Aplezon N grease to Improve thermal contact and the 
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sample Is mounted on the platform of the addenda. The nuts 

on the nylon screws are tightened doivn till they are hand 

tight. If tightened too much, the strain in the contracting 

nylon screws as the temperature Is lowered will break the 

screws. 

The copper can Is then slipped up around the sample and 

the addenda and soft soldered to the stainless steel ring. 

The joint Is the tongue and groove type. Care Is taken that 

the GRT Is not heated In the soldering process. If the GRT 

were heated above 100°C Its calibration would change. The 

calorimeter Is then leak checked and placed In the dewar. 

The sample Is kept overnight with liquid nitrogen In the 

dewar. Only mechanical contact Is used to cool the sample. 

Liquid helium Is transferred and the sample cooled to 4.2°K. 

If data are to be taken above 4.2°K the sample Is Isolated 

and the run begun. If not the bath Is pumped on till the 

temperature drops below 1.4°K. 

The output voltage from the microvolt-ammeter to the 

recorder Is adjusted so that full scale on the microvolt-

ammeter corresponds to full scale on the recorder. The sample 

is then isolated by lowering the stainless steel wire. The 

two K-3 potentiometers are adjusted so that the emf readings 

are on the chart (Fig. 8). The temperature drift of the 

sample is recorded on the chart for about a minute then the 

current is switched from the dummy heater to the sample 
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heater simultaneously turning on the timer. The setting on 

the potentiometer is adjusted to keep the pen on the chart. 

After the necessary time Interval was reached the current was 

switched back to the dummy heater turning off the timer. The 

drift rate was again recorded for one minute after the rate 

became linear, usually in about 10 seconds. 

The current through the heater was previously adjusted 

to give AT=T/30 (T = temp.) for heating periods which ran 

from 20 sec to 120 sec. No systematic deviation was ever 

detected which could be related to either the heating cur

rent used or the length of the heating period although 

several attempts were made to observe same. The GRT potenti

ometer setting before and after the heat pulse was recorded 

as well as the elapsed time and the heater current potenti

ometer setting. The timer is reset to zero and the calorim

eter is ready to take another data point. 

To compensate for the heat leaking from the sample 

during the heat pulse the drift rates before and after the 

heat pulse are extrapolated to the midpoint of the heat pulse 

to determine the off null voltages and (Pig. 8). The 

, I I T T 
C"! and £3 values are added to E^ and £3 to give E^ and Eg. 

T T 
iij and Eg divided by the GRT current, IGRT, give the resist

ances of the GRT which are then converted to temperatures, T^ 

and T2, by an established equation (see section on thermom

etry). The current through the heater is determined by adding 
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the voltage from the red pen on the chart to the potentiom

eter reading and dividing by the standard resistor being used 

(500 /2 or lOjOOOfl). A computer is used to calculate the 

specific heat using the following equation 

ON = -S-H CAdd(T) (4) 
T2-TI 

C = specific heat 

N = number of moles 

^AddfT) = heat capacity of addenda 

RH = heater resistance 

At = elapsed time of heat pulse 

Ijj = heater current 

AQ = correction due heater leads (see Eq, 3) 

T2 = temperature after pulse 

= temperature before pulse 

The output of the computer program is C, C/T, T, and 

percent of the total heat capacity represented by the addenda. 

A computer plot of C/T versus T^ is generated as well as 

cards with C/T versus T^ for later least squares fitting. 

The heat capacity of the addenda was measured in a 

series of experiments to determine the quantity €!&&&(?) 

needed in Equation 4. The 70 heat capacity points were 

least squares fit to an equation of the form 

CAaa(T) = AT + BT3 + CT5 (5) 
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The data points fit the equation with an average frac

tional deviation 1,6$. The scatter being associated with 

the high drift rate present for these early runs. 

Thermometry is one of the most Important parts of low 

temperature calorlmetry because of the necessity to know very 

small increments of temperature very accurately. Germanium 

resistance thermometers are ideal for heat capacity measure

ments in the range of temperatures of Interest here 1.4-9°K« 

They have a small heat capacity, are Independent of thermal 

history and have the necessary temperature sensitivity (24). 

The GRT (#598) used during this investigation was cali

brated over tvro temperature ranges. It was first calibrated 

over the range 4.2-22°K by comparing Its resistance with 

another GRT (#3) which had been previously calibrated using 

gas bulb thermometry (25)*. In the temperature range 4-9°K 

66 comparison points were taken which were fit to an equation 

of the form 

The seventh degree fit gave a root mean square deviation 

of T(cal) from T(obs) which was 2,15x10"^ deg. 

^This calibration differs from a more recent one (26) 
by +10 mdeg at 6®K to -10 mdeg at 

Thermometry 

7 
( 6 )  
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In the temperature range 1,^ to ^,2°K the GRT (#598) was 

calibrated against the vapor pressure of He^, A vapor pres

sure bulb with the resistor placed in contact with the bulb 

was used to establish the calibration. The gas line to the 

manometers was vacuum jacketed to prevent any place along the 

line from being colder than the bulb. Two manometers con

structed of 9.2 mm precision bore tubing were used to measure 

the vapor pressure. One of the manometers was filled with 

mercury and the other with butyl phthalate oil. Pressures 

were read to 0.1 mm with a Gaertner Scientific Corporation 

cathetometer. Between 1.2 and 4.2°K 68 points of pressure 

versus resistance were taken. The pressures were converted 

to temperatures, after corrections were made for room tem

perature and acceleration of gravity, using the 1958 helium 

vapor pressure scale (27). The temperatures and resistances 

were fit to Equation 6 using a least squares method. The fit 

gave a root mean square deviation of T(cal) from T(obs) of 

2.2x10*3 de%. The slope of the fit dR/dT was very smooth 

almost linear between 1.4°K and 4.0°K. 

To check out the operation of the calorimeter and the 

validity of the thermometry a Calorlmetry Conference Copper 

Standard was obtained (28). The specific heat of a 1.1 mole 

piece of the copper standard was measured from 1.4°K to 8°K 

and the results compared with the reference equation given 

for this copper standard (28) (Fig. 9). All but two of the 
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points fall within two percent of the reference equation 

with no systematic deviations thereby giving confidence to 

the two thermometer calibrations. 

Measurements of heat capacity in a magnetic field were 

made using an electromagnet with 10 cm diameter pole tips 

and a 5 cm pole gap. The current for the magnet came from 

a motor-generator. It was found that the change of resist

ance of the GRT above 4.2°K was negligible In fields of 9000 

06 (<5n). Below 4,2°K the change In resistance varied from 

1.3 percent of H at 3.3*^K to 2.3 percent at 1.6°K. The 

change in R at 9000 oe was fit to an equation of the form 

«0 - «9000 ' (Bgooo)^ + ^ = 1-205 

3 = 0.0461 

This equation was Incorporated into the computer program to 

correct for the effect of the field. The maximum effect of 

this correction was a one percent change in heat capacity. 

Specific heat measurements were usually made by cooling the 

sample In zero field, then applying the field and taking the 

data In constant field, 

. Errors 

All specific heat data In zero field were taken In at 

least tvjo separate runs with the sample warmed to room temper

ature between runs. No systematic deviation of the specific 

heat from one run to the next was found. Since ly and At are 
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known to 0.1 percent or better It Is felt that most of the 

errors associated with the measurement of the specific heat 

are random In nature and associated with determining AT by 

making the extrapolations on the chart paper. The scatter in 

the data varied from 5 percent for the addenda and LaPtg to 2 

percent for the copper standard. Some systematic error was 

introduced because the heat capacity of the addenda was not 

negligible. The addenda heat capacity amounted to about 20 

percent of the total heat capacity of most samples but for 

the low specific heat sample LaPt2 it was about 6o percent. 

Systematic errors may exist from the thermometry but their 

magnitudes are difficult to assess particularly in light of 

the fluctuation of the accepted temperature scale (26). 

Magnetic Susceptibility Measurement 

Measurement of magnetic susceptibility were made using a 

vibrating sample magnetometer (29). A small irregular shaped 

sample is placed on the end of rod, which is made to vibrate 

causing the magnetic moment of the sample to Induce a voltage 

In a set of pick up colls located around the sample. A 

reference voltage is established using as a standard the 

saturation moment of nickel at room temperature. The voltage 

from the pick up coils is then compared with the reference 

voltage to determine the moment of the sample. The sample rod 

is placed in a liquid helium dewar of conventional design. 

The sample temperature is measured with Au-Pe and Au-Co versus 
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copper thermocouples (30). Measurements are possible In 

temperature range I.3 to 300°K. 

It was discovered during the course of this work that 

the contribution to the susceptibility due to the sample 

holder was not negligible for samples with small suscepti

bilities (less than 3x10"^ emu/cc). Thus susceptibility-

measurements were restricted to samples which have a local

ized electron, i.e. the CePt2 sample. 
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RESULTS AND DISCUSSION 

CePt2 and LaPtg 

A review of the literature on the electrical and mag

netic properties of the compound CePt2 produced only one 

reference. In this work the magnetic susceptibility was 

measured from 77°K to 473°K, It was found that the suscep

tibility obeyed a Gurle-Welss law with a A value of -40°K 

and an effective moment of 2,33 p. g,. 

Measurements of the magnetic susceptibility of a 0.3 gm 

sample of CePt2 were made over the temperature range 1.3 to 

70°K. The data are plotted in Pig, 10 as 1/X versus tempera

ture. It can be seen that the sample starts deviating from 

Curie-Weiss behavior at about 3°K. Plots of magnetization 

versus field also show deviations from linearity at tempera

tures between 2.7°K and 3.85°K, Fig, 11. The data in Pig. 10 

with the exception of the two lowest points were fitted to a 

straight line by a least squares method. The value of the 

Intercept with the temperature axis is A = 0.5 ± .7°% and 

the effective moment calculated from the slope is 2.47 + .03 

M-g compared to 2.54 M-g for the theoretical Ce*3 ion. Close 

agreement between theory and experiment for the compounds 

RPt2 (where R is Pr, Nd, Gd, Ty, Ho and Er) was also found 

for measurements in the paramagnetic region (31). Measure

ments in the ordered region (31,32) of the above compounds 

indicate a moment less than theoretical. Because the moment 
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In the paramagnetic region is close to theoretical the re

duced moment in the ordered region is not due to crystal 

field effects (3I). Also the deviation from Curie-Weiss 

behavior must not be due to crystal field splittings. Since 

J = 5/2 for cerium the ground state would be a Kramers doub

let in a crystal field which would cause the susceptibility 

to increase faster than that predicted by Curie-Weiss behav

ior, not decrease as is observed. The above behavior can be 

explained if magnetic ordering occurs and this possibility 

will be discussed when the specific heat data are considered. 

The specific heat of an 11 gm sample of CePtg was 

determined from 1.4 to 9°K. The data in Fig. 12 plotted as 

C/T versus T show a large peak at 1.7°K. To determine if the 

peak was due to crystal field splittings of the energy levels 

(Schottky anomaly) a calculation was done of the specific 

heat that would be expected (14), The specific heat was 

calculated using a two level model with equal degeneracies 

of the levels. The Schottky specific heat is shown in Pig. 

13 superimposed on the measured specific heat. As can be 

seen the agreement is not very good and it is not expected 

that other possible level schemes would give better agreement. 

That is, the Schottky type anomalies would give broad type 

peaks compared to the sharp peak observed. Thus the specific 

heat data is in agreement with the susceptibility data that 

at low temperatures crystal field effects are not the dominant 

effect. 
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The most plausible explanation of the peak In the 

specific heat is that it is due to magnetic ordering. The 

application of a field to a material which has a Neel point 

causes the Neel point of the material to be lowered (30). 

Also If a material is ordered ferroinagnetically the applica

tion of field causes the Curie point to occur at a higher 

temperature. The heat capacity of CePtg was measured in a 

field of 9 Koe. As can be seen in Pig. 12 the temperature 

of the neak shifted slightly downward thus it is concluded 

that the peak in zero field corresponds to a Neel tempera

ture, Because of the low temperature of the peak it is 

difficult to determine the nature of the ordering in CePt2 

from susceptibility data alone. The reduced moments that 

have been observed for other RPt2 compounds (31,32) are quite 

likely to be due to antiferro- or ferri-magnetic ordering. 

For the compound LaPt2 the specific heat results are 

straight forward in that this compound acts like a normal 

metal (Pig. 14). The specific heat when plotted as C/T versus 

T^ Is a straight line at temperatures below 4.2°K with y = 

1.17 ± .02* mj/mole and p = .149 + .002 mj/mole 

(©D = 236 + 1°K ). The scatter in this data is somewhat 

larger than that present in the other data presumably due to 

the difficulty in obtaining rapid thermal equilibrium with 

®Error limits given by unweighted least squares fit of 
d a ta. 
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this compound, A higher density of points was taken on this 

compound to counteract the larger amount of scatter. LaPtg 

* has been reported to be a superconductor but the reported (33) 

transition temperature of 0.46°K is lower than can be meas

ured with this calorimeter. The low value of Y for this com

pound when compared to the pure elements (LaY= 10,1 aj/mole 

and Pt y= 6,68 mj/mole °K^) (34) Is not too surprising 

when It is remembered that the band structure of the compound 

Is expected to be considerably different from that of the pure 

metals (15), 

Figure 12 shows the specific heat data for LaPtg plotted 

to the same scale as that of CePt2. It Is difficult to draw 

any conclusions about the Y value of CePtg from the comparison. 

But If the 0Q value for CePtg were much lower than that of 

LaPt2 the specific heat of CePtg would have started to rise at 

the high temperature range of the heat capacity shown In Fig, 

12, Instead even at 9°K the specific heat Is still decreasing 

from the ordering peak. Thus It appears that Sjj for CePt2 Is 

at least as large as that measured for LaPt2, Also the 

values for pure cerium and lanthanum are about the same (34) 

so that It is not expected that 0q for the two compounds would 

be very different. Based on the similarity of constituent 

atoms, lattice parameter and crystal structure the Y value 

for CePt2 would be expected to have about the same value as 

that of LaPt2. 
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Assuming the specific heat curve of LaPt2 represents the 

electronic and lattice contribution of CePt2 the entropy due 

to the ordering of CePt2 was determined by extrapolating the 

C/T versus T curve to zero degrees. Then the lattice and 

electronic contribution was subtracted off and the area under 

the curve determined» The entropy was found to be S = R Ln 

1.75. This value is much smaller than that predicted for the 

J = 5/2 ground state, S = R Ln (2J +1) -RLn6, 

A possible explanation of this is that crystal field 

splittings do occur and the splittings are greater than 200 

cm"^. Thé ground state would then be expected to be a Kramers 

doublet. If exchange forces were large enough that ordering 

did occur the value of the entropy would be S = R Ln 2 which 

is probably within experimental error of that observed. The 

fact that the material orders would explain the positive devia

tion of 1/X from Curie-Weiss behavior even though crystal 

field splittings had occurred. 

The contribution of the higher levels to the susceptibil

ity at higher temperatures must be such that the 1/T tempera

ture dependence still exists. Because of the experimental 

problems with low moment samples mentioned before, small 

deviations of the susceptibility would not have been observed. 

The high temperature 77-400°K data on CePt2 shows some curva

ture and an oscillatory behavior of 1/X versus T (7). 
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LaRu2 

The only data on the compound LaRu2 that Is available In 

the literature on the electronic or magnetic properties of 

LaRug Indicate that it becomes superconducting at 1,63®K (5). 

Specific heat measurements taken on this compound (Pig. 15) 

indicate that the transition temperature is about 3^K. If 

the point where the heat capacity starts to deviate from the 

high temperature data (35) is taken to be Tg then Tg s 3,20°K, 

If the midpoint of the transition (36) is taken as Tg* then 

Tg = 3.08. The entropy of the normal and superconducting 

states should be equal because of the nature of the transform

ation i.e. 2nd order (37)• If Tg is taken as 3.20°K the 

entropy for the normal and superconducting states are the 

same. If Tg = 3,08°K is used the entropy in the normal state 

is 10% larger than that in the superconducting state. The 

entropy of the superconducting state was calculated assuming 

no linear term in the heat capacity as has been found for 

Nb^Sn (38) and vanadium (39). If a term like this exists for 

LaRu2 it would cause the entropy in the superconducting state 

to be somewhat larger. The entropy of the normal state was 

determined by extrapolating the data for T > Tg to T = 0°K. 

The value of y was found to be I3.6 + .13 mj/mole that 

of e to be 0.476 + .004 mj/mole or Gg = I60 + 1°K. 

It had been hoped initially that a field of 9 Koe would 

be sufficient to quench superconductivity so that a more 
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accurate value of Y could be determined. Apparently LaRu2 is 

a type II superconductor with a critical field greater than 

the thermodynamic critical field. The thermodynamic critical 

field can be determined from the superconducting specific heat 

data and a knowledge of the temperature dependence of the 

critical field. Since the curve separating the superconduct

ing and normal states of a type I superconductor is a true 

phase boundary (37) 

G = Gibbs free energy 

Hjj = critical field to destroy duper conductivity 

V = molar volume 

Therefore AS which is the entropy difference is given by 

The temperature dependence of was originally found 

experimentally to obey (37) 

where HQ is the critical field at T = 0°K i.e. the thermo

dynamic critical field. has been shown by Bardeen, Cooper 

and Schrieffer (BCS) theory (40) to have the above tempera

ture dependence to within a small error. 

For LaRu2 the jump in specific heat at T^ is 44.4 

mj/raole °K using the above value and V = 11.43 cc/mole calcu-

(9) 

Ho = Ho 1 (10) 
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lated from x-ray data 

(11) 

Differentiating Equation 10 and substituting Equation 11 

gives the thermodynamic critical field Hq = 585 oe. 

It can be seen in Pig. 15 that Tg = 2.49 °K in a field 

of 9 Koe, A type II superconductor is thought to have two 

critical fields and HQ2* is the applied field neces

sary to prevent the super conductor from being a perfect 

dlamagnet. R^2 Is the applied field necessary to remove all 

traces of superconductivity. It is found that can be fit 

to an equation similar to Equation 10 (39) then using the 

experimental points can be expressed as 

It can be seen from the form of this equation that at 

Recent papers (41,42,43) have dealt with the application 

of Abrikosovs' theories of type II superconductor. In this 

theory and its modifications 

2 
(12) 

0°K 25.7 Koe is necessary to quench superconductivity 

H_2 
where ̂  near Tg. 

VTH, 
(14) 
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Using a value of 31 for as determined from Equation 14 and 

the other quantities mentioned above a value of AC = 18,3 

mj/mole °K was derived. This value is only in fair agreement 

with that determined experimentally of 21.9 mj/mole °K. It 

is thought that the discrepancy partially arises from the 

lack of data used to determine Equation 12 and also the width 

of the transition, 

LaRug seems to be a material which does not obey the BCS 

theory very well, AC/YT is predicted by BCS theory to be 

1.4] but for LaRu2 the value is 1,09. The specific heat of 

the superconducting electrons was determined by subtracting 

the lattice contribution from the total specific heat. The 

data shown in Pig, l6 show that the electrons have a tempera

ture dependent specific heat that is considerably different 

than that predicted by BCS, The reason for this discrepancy 

is not known but large differences have been observed for 

other materials (42), 

CeRug 

Because of the difficulty involved in preparing single 

phase CeRu2 samples some of the early work on this compound 

is questionable such as the reported ferromagnetism (44), 

Also the superconducting transition temperature was origin

ally determined to be 4,9®K (5)« More recently the value of 

the transition temperature has been reported as 6,01 + .15°K 

(8). This value Is in close agreement with the value 
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(Tg = 5.92°K) determined from the specific heat data taken on 

this compound (Pig, 17). The magnetic susceptibility of this 

compound measured In the range 77°K to has been reported 

to be temperature Independent (7), 

Prom the specific heat data above the transition tempera

ture the value of Y and ©Q were determined to be 23.3 + .61 

mj/mole and 171°K + 2 respectively. It was found that the 

entropy of the normal state was 20 percent larger than that In 

the superconducting state. This anomaly Is comparable to that 

found In Nb^Sn (42). The discrepancy In Nb^Sn was attributed 

to the difficulty In determining the normal state specific 

heat. Large enough magnetic fields are not available to 

quench the superconductivity so that normal state behavior has 

to be Inferred from the data above the transition. For the 

case of Nb^Sn it was thought that the normal Debye extrapola

tion was incorrect and that the y value was about half of 

that predicted from the extrapolation and that the ©D Increased 

about 1°K/°K. Y and 0q can be determined for CeRu2 in such a 

way that the entropy is equal and the heat capacity above the 

transition is the same. The values determined this way are 

Y = 13.3 mj/mole = 144°K. It is not clear that the 

above analysis should be applied to CeRu2 and other possible 

explanations which are more plausible will be mentioned later. 

The specific heat of CeRu2 has been measured in field of 

2,4,6,9 Koe to determine the behavior of the superconducting 
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transitions in various fields. It is clear from the specific 

heat data that CeRu2 is a type II superconductor. The thermo

dynamic critical field determined from an analysis similar to 

that of LaRu2 is 1.53 Koe and H(J2 at 0°K is 40 Koe. 

It can be seen from Pig. 1? that the specific heat of 

CeRug in a field shows a bump occurring at about the same 

temperature as the transition in zero field. The bump appears 

to be independent of field with respect to magnitude and tem

perature, The origin of this bump is not clear. It does not 

seem likely that an impurity phase would cause an anomaly 

right at the superconducting transition of CeRug. Also if 

this anomaly occurred in zero field the transition might be 

expected to be broader than it is. The possibility of such 

an Impurity contribution can not be ruled out particularly 

since 1.8 percent of cerium rich cerium-ruthenium alloy is 

present in addition to the 2 percent inclusions. Also an 

Impurity phase being present could account for the difference 

in entropy observed between the two states. To determine 

whether or not the specific heat in the region of the bump 

depended upon sample history the specific heat was measured 

after the sample had been cooled through its transition in 

9 Koe. As the data in Fig, 1? show there is no difference 

between these results and those obtained when the sample is 

cooled in zero field. Thus the heat capacity of a sample 

appears to be completely reversible in a magnetic field 
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indicating no flux traplng. 

It is difficult to assess the effect of the 1,8 percent 

of cerium rich Ce-Ru alloy without knowing some of its elec

trical and magnetic properties. If the alloy is magnetic as 

is p cerium the effect could be large and might explain the 

entropy anomaly. If the alloy were superconducting with a 

higher transition temperature than CeRu2 the anomaly in the 

magnetic field might be explained by assuming shielding of 

some of the CeRu2 with a superconducting sheath. It is clear 

that the results for CeRug have been clouded by not knowing 

what effect, if any, the 1.8 percent of the extra phase 

present has on the anomalous behavior observed for CeRu2. 
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SUMMARY 

The low temperature properties of the Laves phase com

pounds CePtg, CeRugt LaPt2, and LaRu2 have been measured. One 

of the Interesting results of this Investigation has been the 

observation that both of the ruthenium compounds have large 

values of y and values of 0^ near those of the rare earth 

metal. The value of 0j) for LaPt2 has been measured and found 

to be close to the ©D for platinum. Also for CePt2 has 

been inferred,by comparing the specific heats of LaPt2 and 

CePt2,to be not much smaller, if any, than that for LaPt2. 

Thus it appears that for the ruthenium compounds it is the 

rare earth atoms which are giving the lattice its rigidity 

i.e. rare earth-rare earth contacts and in the case of the 

platinum compounds it is the transition metals. 

The value r^°®^/rg (Table 2) for the platinum compounds 

is somewhat less than ideal,1.208 versus 1.225. And as was 

described earlier, for radius ratios less than ideal, B atom 

contacts occur thus explaining why the platinum compounds have 

©Q values more like the pure B atoms. In the case of the 

ruthenium compound Table 2 shows that the radius ratios are 

1.244 and 1.219 for lanthanum and cerium respectively. Thus 

these values are about the same as the ideal or slightly 

larger thus making it plausible that in these compounds the 

elastic constants are controlled by A-A contacts in agreement 

with the specific heat data. 
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To ascertain whether or not the behavior of the 0q 

described above holds Just for these compounds or is general 

for Laves phases Table 5 WAS prepared which lists SQ for the 

Laves phases In comparison with SQ for the pure components. 

It can be seen that In all cases If Is considerably 

less than theoretical then SQ for the compound Is closer to 

©D for the pure B element than for the A element. If rC&l/rg 

Is approximately equal or greater than ideal then SQ for the 

compound Is closer to Gg for the A element. Considering that 

there are over 280 known Laves phase compounds the sampling 

statistics here are not very good but this Is apparently all 

the data available. The agreement between the Debye temper

ature of MgCu2 measured calorlmetrlcally and by elastic con

stants gives some confidence that the calorlmetric determined 

Debye temperature is a measure of the forces holding the 

atoms together in these compounds. 

The fact that the Y values of the ruthenium compounds are 

large compared to LaPt2 indicates that large band structure 

effects occur in these compounds which if sufficient informa

tion were available might serve to explain the order of the 

compounds in Table 1. 
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Table 5. Comparison of Debye temperatures for Laves phases 
and their components 

Compound r^/rg rOal/rg ©^(3^) 0g(3^) 

Compounds with rcal/rg less than Ideal 

ZrCo2 C15 1.280 1.203 420° 289 452 

HfCog C15 1.262 1.197 3 368C 256 452 

MgCu2 C15 1.253 1.194 332(15) 336.44 396 342 

LaPt2 C15 1.353 1.209 238 142 234 

CaMg2 Cl4 1.232 1.184 425.5® 234 396 

Compounds with rCal/rg ideal 

CeNlg C15 1.482 1.224 227(45) l46f 427 

CeRu2 C15 1.379 1.219 171 I46f 600 

LaRu2 C15 1.402 1.244 160 142 600 

&9Q21 = Debye temperature from specific heat data. 

^0gL = Debye temperature from elastic constant data, 

°G. W. Shannette, Ames Laboratory, Ames, Iowa, Debye 0 
of ZrCog and HfGo2. Private communications. 1968, 

'^Calculated from elastic constants at 80®K by G. W, 
Shannette, Ames Laboratory, Ames, Iowa from Ref. 46. 

^Calculated from elastic constants at 100°K by G. W. 
Shannette, Ames Laboratory, Ames, Iowa from Ref. 4?. 

^The value for Ce+3 is used here. A value of Ce+^ can 
be estimated from the Lindemann equation (34) 

e" = K(Tm/M)i(l/V)l/3 
if the melting point (T^) of Ce+4 can be estimated, Tm of Ce+^ 
was approximated from T™ of Ce+3 and the difference in melting 
point between lutetlum (+3) and hafnium (+4). The value of 0m 
so determined was 239°K. It is expected that the value is 
probably high so that 0d for Ce+^ falls between the values 
1460K and 239%. 
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Table Al, Specific heat of copper standard 

Ç mJoule ^2oj^2 C mJoule C mJoule ^2 0^2 
T mole ®K2 T mole T mole 

0.742 2,050 
0.792 2.113 
0.801 2.312 
0.821 2,380 
0.830 2 .657 
0 .815 2.704 
0.838 2.948 
0.834 3.271 
0.861 3.440 
0.858 3.815 
0.876 4.075 
0.900 4,317 
0.943 5.412 
0.984 6,004 

1.07 7.563 
1,06  7 .832 
1 .09  8 ,232 
i.n 8,657 
1 ,16  9.235 
1.21  9.824 
1.20  10 ,621 
1.32 12.060 
1.31 13.661 
1.33 14.356 
1.52 17.459 
1.54 18.148 
1,66 20.247 
1 .71  22.680 

1.80 24,229 
1.89  26 .254 
2 .03  28 .163 
2 .13  30.549 
2.32 34.452 
2,42 36.886 
2 .62  40.262  
2,97 46.293 
3.22 53.037 
3.35 54.603 
3.38 56.247 
3.50 58.811 
3.89 66.074 
4.30 71.924 

Table A2. Specific heat of Ce?t2 zero field 

Ç mJoule T^OR^ C mJoule T^OK^ Ç mJoule T^ 
T mole ok2 T mole °K^ T mole 

73.9x101 1.853 
77.6 1.885 
79.5 1.952 
81.1  2 .002 
79.1 2.055 
82.8  2 .121 
83.4 2.160 
95.9 2.451 

117.  2.796 
90.1  2.950 
74.8 3.168 
77.2 3.230 
76.7  3.315 
49.9 3.808 
54.8 3.833 
47.3 3.954 
39.4 4.476 

36.7x101 4.679 
33.4 5.100 
31.5 5.363 
31.1 5.570 
29.2 5.988 
26.9  6.273 
23.1 7.657 
21.4 8.232 
20.4 9.078 
19.6  9 .270 
18 .6  9.758 
19.2 10.186 
18 .0  10 .313 
17 .8  10.534 
17.8 10.638 
17.8 10.699 
15.7 12.483 

13.2xl0 l  14.240 
12.5  16 .621 
11 .8  lk]U 10.9  lk]U 
9.90 20.834 
9.33 22.693 
8.46 25.961 
7.42 30.078 

t i l  37.020 
38.730 

5.71 41.966  
4.73 52.784 
4.67  55.005 
4.45 59.157 
4.08  68 .652 
3 .66  82.817 
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Table A3. Specific heat of CePt2 9.0 Koe field 

C mJoule qi2OJ^2 C mJoule T20JJ2 C mJoule m20v2 
z T mole ok2 

qi2OJ^2 
T mole 0x2 

T20JJ2 
T mole oK' 

m20v2 
z 

7,49xlo2 1.987 7.66x10% 2.661 3.69x102 4 .938 
7.45 2.050 7.60 2.696 3.50 5.177 
7.68 2.113 7.63 2.740 3.30 5.452 
7.57 2.138 7.40 2.774 3.17 5.784 
7.69 2.178 7.32 2.791 3.01 6.154 
7.66 2.186 7.39 2.846 2.44 8.252 
7.74 2.244 7.19 2.891 2.32 8.816 
7.92 2.314 7.17 2.963 2.18 9.457 
7.82 2.405 6.70 3.016 2.05 10.086 
7,73 2.481 6.44 3.119 1.94 10.695 
7.74 2.509 5.98 3.209 1.58 14,361 
7.74 2.563 5.68 3.300 1.44 15.042 
7.66 2.603 5.28 3.395 1.48 15.738 
7.58 2.651 4.46 3.971 
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Table A^. Specific heat of LaPtg zero field 

C mJoule rp2oj^2 £ inJoule ,p2ojç2 £ mJoule 

T mole T mole T mole 

1.52 2.030 2.31 7.843 4.29 19.751 
1.57 2.064 2.43 8.239 4.39 19.851 
1.54 2.148 2.53 8.590 4.49 20.447 
1.56 2.187 2.50 8.783 4.36 21.055 
1.57 2,287 2,55 9.213 4.64 21.681 
1.59 2.334 2.46 9.286 4.70 22.281 
1.61 2.435 2,62 9.575 4.79 23.073 
1,66 2.479 2.63 9.762 5.01 23,806 
1.69 2.637 2.65 9.823 4.96 23,854 
1.65 2.824 2.68 10.109 5.09 24.563 
1.69 2.834 2.61 10.111 5.10 24.591 
1.65 3.003 2.74 10.430 5.20 25.397 
1.76 3.025 2.84 10.625 5.34 25.494 
1.67 3.194 2.67 10.738 5.53 26.151 
1.69 3.409 2.79 10.071 5.40 26.304 
1.64 3.415 2.87 11.287 5.59 26.892 
1.73 3.539 2.89 11.482 5.66 27.267 
1.66 3.621 2.91 11.914 6.03 27.617 
1.66 3,889 2.94 12.168 5.79 28.318 
1.71 3.933 2.96 12.286 5.73 28.358 
1.74 4.259 2.75 12.671 6.02 29.188 
1.65 4.467 3.10 13.073 6.49 29.211 
1.76 4.679 2.97 13.246 6.11 29.761 
1.78 4.719 3.11 13.620 6.48 30.009 
1.62 4.910 3.25 13.917 6.46 30.068 
1.84 4.996 3.21 13.974 7.03 30.097 
1.86 5.133 3.23 14.197 6.48 31.395 
1.89 5.291 3.35 14.269 6.55 31.957 
1.97 5.423 3.36 14.633 8.11 38.685 
1.91 5.458 3.39 14.635 8.10 39.682 
1.92 5.833 3.55 14.945 8.62 41.087 
2.07 5.909 3.65 15.269 9.67 44.506 
2.14 6.379 3.64 15.428 10.6 49.723 
2.26 6.894 3.80 15.689 11.7 54.934 
2.29 6.998 3.87 17.590 12.1 56.461 
2.24 7.073 3.82 18.268 12.8 58.306 
2.36 7.406 3.97 18.493 13.2 60.330 
2.23 7.474 4.11 19.099 13.3 62.889 
2.46 7.780 4.23 19.256 14.5 65.525 

15.3 68.167 



73 

Table A5. Specific heat of LaRu2 zero field 

C mJoule i^Zo^Z C mJoule C mJoule iji2oj^2 , 

T mole T mole °K^ T mole Ok2 

8.67 1.621 17.8 3.949 23.3 18.754 
8.86 1.648 18.4 4.147 23.4 19.267 
8.80 1.673 19.3 4.482 23.6 19.821 
9.10 1.732 19.8 4,608 23.8 20.391 
9.00 1.746 20.5 4.829 23.8 20.534 
8.56 1.792 20.3 4.852 24.2 20.981 
9.54 1.846 21.2 5.488 24.5 21.095 
9.32 1.850 22.9 5.705 24.2 21.098 

10.8 1.883 23.4 5.934 24.0 21.277 
9.67 1,908 25.1 6.492 24.3 21.465 

10.5 2.021 25.9 6.811 24.4 21.930 
10.1 2.025 28.1 7.615 24.8 21.940 
10.3 2.068 28.8 7.822 24.8 23.026 
10.4 2.102 29.4 8.034 25.4 23.239 
10.8 2.168 29.9 8.276 25.9 24.905 
11.1 2.214 30.5 8.634 26.6 25.080 
11.3 2.278 28.0 9.220 26.1 25.666 
11.5 2.311 28.7 9.298 26.6 26.129 
12.0 2.406 22.8 9.510 27.6 27.717 
12.1 2.441 18.6 9.903 27.6 28.294 
12.5 2.508 18.5 9.957 28.2 29.334 
12.7 2.565 18.4 10.122 29.2 30.525 
12.8 2.609 18.7 10.624 29.7 31.792 
13.3 2.703 19.2 11.031 30.4 33.179 
13.5 2.737 19.3 11.424 30.5 33.810 
14.0 2.878 19.1 12.048 30.9 35.389 
13.9 2.880 19.8 12.591 31.6 35.999 
14.3 2.986 20.1 13.626 33.7 38.870 
14.7 3.047 20.5 13.757 34.0 40 .906 
15.1 3.188 21.4 14.771 34.2 41.886 
15.2 3.213 22.8 17.319 34.8 42.975 
15.9 3.439 22.9 17.663 34.4 42.027 
16.0 3.466 22.8 18.024 35.4 44.158 
16.4 3.596 22.8 18.306 

35.4 

17.1 3.741 23.0 18.621 
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Table A6, Specific heat of LaRU2 9*0 Koe field 

C mJoule - mJoule ^20^2 Ç mJoule ^20^2 

T mole T mole T mole 

13.5 2,039 17.8 3.157 24.6 5.895 
11.6 2.171 18.9 3.604 17.4 6.790 
14.4 2.258 19.6 3.853 17.1 7.943 
14.9 2.400 20.7 4.294 19.1 11.568 
15.8 2.555 22.0 4.708 20.9 13.873 
16.8 2.857 23.0 5.220 21.9 15.100 

Table A7. Specific heat of CeRu2 zero field 

C mJoule ^20j^2 C mJoule T^°K^ C mJoule fji2oj£2 
T mole ok2 T mole ok2 T mole Ok2 

3.12 1.941 27.0 13.602 38.3 38.413 
3.68 2.187 29.8 15.151 38.1 38.656 
3.67 2.317 30.6 16.344 38.9 39.799 
4.55 2.545 33.0 16.846 39.2 40.430 
5.59 2.970 32.5 17.569 38.7 40 .697 
5.67 3.088 35.8 19.672 39.6 41.714 
6.58 3.634 37.1 20.702 40.4 43.421 
7.70 4.064 38.3 21.373 39.7 44.247 
8.51 4.471 39.0 21.819 40.4 44.499 
8.55 4.503 41.7 23.806 41.5 45.583 
9.96 5.133 41.9 23.842 41.4 46.837 
9.88 5.138 44.2 25.717 42.9 46.913 

10.1 5.257 47.7 26.866 41.7 48.238 
10.4 5.389 47.7 27.884 42.6 49.684 
11.2 5.675 51.4 30.139 43.1 51.219 
12.0 6.017 51.8 30.148 44.5 53.073 
12.9 6.484 55.2 32.429 43.9 53.399 
14.2 6.993 55.6 32.756 44.9 56.757 
15.8 7.785 57.5 33.012 46.1 58.694 
16.9 8.172 57.3 33.670 46.3 58.734 
17.7 8.731 54.6 34.258 46.7 60.893 
18.9 9.205 52.9 34.449 48.5 63.301 
20.1 9.797 44.3 35.367 49.5 65.627 
20.1 9.869 39.7 36.212 51.1 65.755 
21.5 10.534 39.2 36.582 50.7 68.369 
23.0 11.329 38.3 37.079 
27.0 13.563 38.1 37.862 
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Table Â8. Specific heat of CeRU2 2.0 Koe field 

C mJoule T2OK2 C mJoule ip2oĵ 2 C mJoule ijtZo^Z 
T mole Ok2 

T2OK2 
T mole °K^ 

ip2oĵ 2 
T mole °K^ 

M.7 26.228 49.0 28,787 46,8 33.144 
46.4 26.691 50.5 29.309 42.3 33.791 
46.7 27.195 51.0 30,117 42,1 34.566 
46.1 27.649 53.9 31.874 42,4 35.383 
47.5 28.221 53.4 32.419 38.7 36.195 

37.3 37.139 

Table A9. Specific heat of CeRu2 4,0 Koe field 

C mJoule T2OK2 C mJoule Qi20j^2 C mJoule fZoj^Z 

T mole °K^ T mole OK2 T mole °K^ 

44.9 25.742 49.3 28,723 39.8 33.026 
46.3 26.179 49.7 29.296 40.4 33.788 
47.3 26.642 50.2 29.309 41,9 34.536 
46.3 27.200 50.3 30.476 42,9 35.306 
47.9 27.708 44.1 31.815 38,8 36.055 
47.6 28.183 40.3 32.386 

Table AlO. Specific heat of CeRu2 6.0 Koe field 

C mJoule rp2oj^2 C mJoule ijjZojçZ C mJoule ip2oĵ 2 
T mole OK2 1 ' mole OK^ T mole °K^ 

ip2oĵ 2 

47.1 26,865 45.8 29.805 40,5 33.092 
48.2 27.617 39.9 30.422 42,7 33.760 
49.7 28.633 38.1 31.176 43.0 34.498 
49.0 29.303 37.4 31.721 
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Table All, Specific heat of CeRug 
Sample cooled in 9 Koe field 
Sample measured in 9 Koe field 

C mJoule ip20|^2 C mJoule ijiZo^Z C mJoule tjjZojçZ 
T mole Ok^ T mole °K^ T mole Ok2 

35.0 18.009 43.2 24.785 38.0 31.118 
35.3 18.483 43.9 25.229 38.0 31.815 
36.0 18.999 44.8 25.628 38.2 32.428 
37.9 20.677 45.4 26.079 39.5 33.047 
38.9 21.285 46.1 27.072 40.5 33.755 
39.8 21.933 41.2 27.575 41.9 34.499 
40.0 22.457 36.3 28.095 39.3 35.257 
41.2 22.992 35.5 28.643 37.2 36,145 
41.5 23.575 35.8 29.202 36.4 37.098 
42.1 23.985 36.1 29.826 37.2 37.862 
43.1 24.371 37.0 30.467 

37.2 

Table A12, Specific heat of CeRu2 
Sample cooled in zero field 
Sample measured in 9 Koe field 

C mJoule 

T mole OK2 
GI20G^2 C mJoule 

T mole °K^ 
T2OK2 C mJoule 

T mole OK2 
ip2o^2 

5.85 1.826 34.5 17.668 36.1 29.189 
5.81 1.956 35.2 18.268 36.6 29.810 
6.47 2.084 36.3 18.867 37.2 30.441 
7.10 2.573 37.1 19.658 37.6 31.050 
7.22 2.592 39.0 21.364 37.8 31.678 
8.38 2.928 40.0 22.024 38.6 32.306 
9.51 33.92 40.9 22.686 39.6 33.033 

10.5 4.042 41.8 23.375 40.2 33.767 
11.35 4.564 42.8 24.145 41.9 34.456 
12.2 4.866 44.0 25.009 39.3 35.212 
12.8 5.171 44.9 25.656 37.2 36.037 
14.1 5.792 45.7 26.119 37.0 36.966 
16.1 6.744 46.1 26.585 36.9 37.869 
17.8 7.550 45.9 27.078 37.5 38.699 
19.5 8.361 41.8 27.588 
24.2 11.546 35.6 28.645 


