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LOW TEMPERATURE SPECIFIC HEAT OF

CERIUM AND CERIUM-YTTRIUM ALLOYS™

PR ' Nicholas Theodore Panousis

Ais's E( TC ST

The 1ow,temperature specific heet'of a-cerium free frem
other allctropic modifications has been measured for. the
first time at'standerd pressures. The low temperature data
is represented by the equatieq: C=9.79T + (12/5)ﬂ4R(T/117)3
where C is in mj/mole-deg K. | |

The‘iow temperature specific heats of a:nearly pure
B-cerium sample (91%B - 9%«) and six B-stabilized Ce-Y alloys
were also determined between 2.5 and 20°K. Four principal
results'were obtained' 1) all six alloys showed magnetic
ordering characteristic of B-cerium, the ordering temperatures
were found to be linearly dependent on the cerium concentra-

~tion. 2) The‘magnetic specific heat of B-cerium was. found to

.depend  on. the cube of the absolute temperature in agreement
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with the pfediction;of‘spiﬁ wave stheory fo? an antifer:o?.
maghétic‘magefia1.  3) The entropy associated with the
magnetié ordering was found to bé R 1n 2, whiéh was explained
in terﬁs‘of»heXagonal érystal fiéld.splittingﬂ 4).The two
excited doublets resulting from the hexagonal crystal field
'werevestimaﬁed to bg‘SSli 5 aﬁdfllOli 10°k above-ﬁhe_ground:

state.
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INTRODUCTION

 Metallic cerium has been the topic of numgrOus'tﬁeoret-
ical and'experimental'étudies originating mainly from its
variable electronic and allétropic natures. It can exist in
at least four different éiIOtrOPic forms, three of which
. occur betweén room temperature and liquid nitrogen. At room
temperature-aﬁd‘one atmosphere pfeésure the stable allotrope
is F.C.C. (§ = 5.162) Y-cerium;= UponAcooling a sample at
normalypreséure the Y-allotrope Begins to tranéform to a
second allotrOpe,'B-cerium (D.H.C.P., a = 3.682, c = 11:922)
at ZSOOK, ‘Fﬁrther cooling results in the remaininle trans-
fdrming to a third allotrope, ao-cerium (F.C.C'., a = 4.853)
“;t 116OK. Unless special precautions are taken a sample of
Y-cerium coéled-to cryogenic temperatures at normal pressure
will invariably contain a mixture of the « and-f phases.’

Presentl& there is considerablé controversy concerning

the electronic configuration of a-cerium (1,2,3,4,5,6).
Positron annihilation experiments (1) suggest a-ceriuﬁ has
one 4f electron, magnetic susceptibility measurements 3,4)
indicate it has a partially filled 4f band, while neutron
diffraction fesults (5) suggest a-cerium has no 4f electrons.

In part, this uncertainty is due to the fact that essentially

<



all'experiments oerformed on cerium were done on multi phase
(o plus B) samples and not on pure single phase a-cerium.
| Because of this lack of reliable data and great interest
in the electronic nature of a-cerium a study of its low tem-
perature specific heat was undertaken. At low temperatures
the specific heat of most metals can be written as (7 8)
C(total) = C(electronic) + C(lattice) (1)
where C(electronic) and C(lattice) are respectively the elec;
tronic and lattice contributions ‘to the total specific heat.
In the free electron approx1mation the electronic c0mponent
is given by (7 8) |
C(electronic) - (1/3)ﬂ2k2VN(E)T @
- vr - O ®
- where k = Boltzmann's constant’ — |
'V = molar volume.
N(E) = density of electronic states at the Fermi surfacev
Y = electronic specific heat constant.
The important feature to notice is the electronic specific

heat' is directly proportional to the temperature and the pro-

portionality constant, Y, is in turn proportional to the

density of electronic states at the Fermi surface. The deri-
vation of Equation 2 shows N(E), and hence ¥, is an average.

property and so no details of the energy bands can be
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explicitly obtained from the electronic specifié heat. ane-
theless,'Y is a useful parameter especially for comparing one.

metal to another (9,10).

The lattice contribution to the specific heat for metals
at low temperatures is usually analyzed in terms of the Débye '

approximation.which'leads to (7,8):

C(lattice),=_(12/5)n4R( % )3 R 4)
where R = gas constant )
T = absoiute temperature
8 = Debye characteristic temperature.

 Substitution of Equations 3 and 5 into Equation 1 gives .

| C(total) = ¥T + BT>. | | (6)
Within this model for T << © a plot 6f c/T vs T2 will be |
linear. The intercept at T = 0°K gives v directly while @
is obtained from the slope, Thﬁs, the first objective of
this study was to prepare pure @-cerium and meaéﬁfé its low
temperature specific heat thereby providing reliable exéeri-
mental values for v and 6 to bévuséd to support or refute
current ﬁodels.

The secénd objective of this work was a-stﬁdy of the

D.H.C.P. B-allotrope. Magnetic susceptibility (3,4) and
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neutfon'df%fréction experiments (5) have established that
" B-cerium undergoes an antiferromagnetic transitioh'at'13°K.
Crystal field effects in B-cerium (fl) based on specific heat
| méaéurements (12,13) havébbeen considered, and an article by
Gschneidner éndASmoluéhowski (6) considered among othér tbpics
the eléctronic structure of the ﬁ-allotrOpe. Unfortunately, |
as Waé the case for &-cerium, ali measurements weré in fact
done on multi phase cerium-samples and sé interpfetatiogs |
based on these measurements are‘qpen to question.

'fo study the electronic and magnetic nature of B-cerium
a two-fold approach was used here. First, an attempt was made
to prepare pure single phase B-cerium. The second approaqh
‘was to utilize the observations that yffrium, when.added to
cérium, stabilized the B-phase in cerium with respect to both
" the o aﬁd Y phases (14,15). The regults of low temperature
specific heat measurements on the B-stabilized Ce-Y alloys at
several concentrAtions could then possibly be extrapolaﬁed to
obtain values for the pure B-phase. A combination of‘these
specific heat measurements with similar measufements on B-
cerium should yield reliable information about the electronic

and magnetic nature of the D.H.C.P. allotrope.
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~ SAMPLE PREPARATION

Table 1 contains a chemical analysis of the metals used

in this project. -

a-Cerium

As aiécussed above one cénqot obtain single phase a-
.cerium by simply codiing Y-cerium from room temperature to
cryogenic temperatures. Therefofe, a three step technique
based on the pressure-temperature diagram proposed by
Gschneidner and co-workers (16) was used to prepare a-cerium,
see Figqre 1. | |

In'the‘first stepAg well aﬁnéaled sample of y;cerium was
. compressed to 10,000 atmospherés pressure to convert it to the
a-allotrope. 'Figure‘z shows the pressure'cell.‘ The pistbn-
die'combin5tion was ﬁade of tungsten-carbide. A soft iron
shell surrounded the die to protect the operator in case of
- failure of the die or piston. The die and shell were in turn
~inside a metal container which was filled withhliquid_nitrogen
as réquired.in the second step.

The second step‘was to cool the whole assembly, housing

as well as sample, with liquid nitrogen while maintaining the

pressure at 10,000 atmospheres. After_reaching liquid nitro-



Table 1. Chemical analysis of components (impurity levels
1 are given in atomic ppm) o

b

Impurity. = . Cea . Ce ' Y

" H T 417 - 972 - 353 -
c ' - : - 180
N 40 30 - 76
0 551 1190 972
F, - - -
‘Mg 8 4 4
Al 6 6 30
Si 30 30 20
Ca 7 30 2
Sc 4 30 10
Cr 2 5 10
Mn 0.3 0.6 - 0.1
Fe - 40 - 20 ' 200
Ni 10 4 - 20
Cu 4 4° 20
Zn 0.7 0.6 0.2
Y - 20 - 160 M
La 10 5 1
Ce M M . 0.6
Pr 10 70 0.2
Nd 50 200 1.0
Sm N.D. N.D. N.D.
Eu N.D. - N.D. N.D.
Gd 40 '140. 4
Tb <6 20 : 1
Dy 7 50 0.8
Ho 5 . 20 2
Er 10 20 . 1
Tm . 0.1 . 0.1 N.D.

- Yb ' <1 . 0.5 N.D.
Lu . 0.2 0.3 1
Ta o - 30 ' 60 3
Th 40 50 1

M - Major component; < - Less than; N.D. - Not detected;

- Not analyzed for.
8Ce used in preparation of o« and B allotropes.

Dce used in preparation of Ce-Y alloys.
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. gen temperature, tﬁe third step was to release the.pressuref
Tﬁe éémple was maintaiﬂed at 77°K for loading into.the.cal-
orimeter aftér which it was cooled to 4.29K.~ This ioading
ﬁroégdure is aeséribed in more détail in'a latter section.
 Suffice it to say here that single phase o-cerium cqntaining

0.25% B-cerium or less was obtained via this technique.

B-Cerium

The procedure used in the past to prepare B-cerium was to
bégin with a Y-cerium‘sample, cool it to cryogenic'tempera-
tures, then WArm it back to room temperature. After this
first cyéle,the sample would contain about 25-50% B-cefium
with the rest Y-cerium. Further cycling as many as 100 times
normally resulted in a maximum of only about 69-75% ﬁ-cerium
' tﬁe‘remaining being Y or @-cerium depending onlfhe tempera-
ture. A 1007 chefium samﬁle was desired for the. present
study.

The technique used'hereyin an attempt to prepare pure
B-cerium was based iq part bn the work of Koch and McHargue
(17). They found the degree of completion of the transforma-
tion Y-8 was dependent on the original grain size of thevY- .

cerium. Specifically, they found that Y-cerium contéining

large grains (~5 mm average diameter) yielded more B-cerium
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on cooling than did a Y-égfium sample containingsmall grains
(0.005 to O;i mm'éVerage diémeter). It therefore appeéred,
regsonable thét as large aé possibie gfains should Be prepéred
for a Y-cerium sample which. should then be-thermally cycled to
induce the Y-B tfansformation. |

Large grainé of Y-cerium were prepared és follows.. A
: cefium”samﬁle was melted in a conventional arc melter into the
. shape of a finger approxiﬁately 3" long and 5/16" in diameter.
The samplé_was first sealed in a ﬁantalum crucible and fhen_in
a quartz‘tube, and heated to 975°K for 24>hours,A It was then
given a 5 step heat treatment té induce gréin growth: (1)
heateq to 1025°K‘for.12 hours, (2) cooled to'97S°K:for 12
hOurs, (3) heated to 1025°K for 12 hours, (4).cooledbto 975K
and held there for 10 days, (5) air cooled‘to room tempefature.
This method of grain'gfowth utilizes the induced strain which
résults from thermally cycling cerium through the allotropic
transformation occurring at IOOOOK,;-

8-Ce(B.C.C., a= 4.11‘3‘)'10200K y-Ce(F.C.C., a=5.168) (7)
Grain size after this procedure was 2-3 mm. |

The sample was then cycled thirty times between rbom tem-
perature and 4.2°K to in&uce the y-B transformation. Because-

of the'sample's large grains and their preferred orientation
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v

the relatiQe amounts of the vy and E phases preéent could not
‘be dgtermineé by convenfional Xx-ray diffraqtdmeter teéhniqﬁes;
Therefore low température»dilatometry, a methpd described and
“used by~G$chneidne% and co-workers'(16),_was-used ﬁo deterﬁihe
' the relative émoﬁhf of @« and B present in the sample. These
measurements indicated the sample was 91 + 5% B phase with the
rest a-phase.' To date this is the highest PB-phase fraction

ever preparéd in pure cerium samples.

B-Stabilized Ce-Y Alloys

For qpnvenient reference the Ce- Y phase dlagram (15) is
reproduced in Figure 3. The six. f111ed circles show the loca-
‘tions an&-anneal temperatures of the alloys. All six were
pfepafeg_By melting weighed amounts of Ce and Y iﬁ a cénven-
tionai érc‘melter. Contamination by air was kept to a minimum
by handling and storing the metéls and alloys in a dry.afgon
atﬁospheré. After arc melting the‘alIOys were sealed in Ta
crucibles and quartz tubes and given thélheat treatments
summarized in Table 2.

As seen froﬁ the Ce-Y phase diagram, Figure 3, sufficient
amounts of Y added to Ce results in the stabilization of B-
cerium. It was felt the 96.1 a/o cerium alloy which was in

the y-stabilized region may be induced to transform to the
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Table 2.- Summary of the anneal times and temperatures of the
' six B-stabilized Ce-Y alloys

A110y ~ ~ Anneal time Anneal temperature
(a/o Ce) (days) -~ (®0)

~.96.1 . . 68.9 o 700

-82.3 o 74.9 : - 400
- 78.2 61.1 : 700

-75.6 . . 40.2 : . 700

717 - 52.1 , - ..700

1 68.6 : , 60.9 700

- B-phase by thermal cyciing between room temperature and 4.2°K.
To check th;s pos§1bility the alloy was quenched to room tem-
petature after its heat treatment tﬁen cycled 30 times between
4.29K'and roem temperature. Examination by a conventional
x-ray -diffractometer showed the alloy was approximatély 85-
90% B-phase with the‘remainder v-phase. | |

The other-five alloys were air cooled to room temperature
following their heat treatment and examined with the'x6ray ~
diffractometer. As expected from the phase diagram all five
elleys were eingle ﬁhase D.H.C.P. to within a detection limit

.~ of ~10%.
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\ APPARATUS

 An adiabatic calorimeter was designed and constructed
fdr these expefimentsp. In simplest form the operating pfin-
cipal was to thermally iSolate a sample from iﬁs surroundihgs.
A known‘amoun; of ﬁeat_was supplied to the sample.and ﬁhe'
resultingiriSe in temperature was noted. The specific heat
was then given by the ratio of théuhea; input to ;he rise in
temperature. | |

Two modifications of the calorimeter were used in these

‘ éxperiments. First a special liquid nitrogen loading Qodifi-
cation waS'required because the @-cerium sample had to be
mOunted'in the.calorimeter'whilé'at 77°K.‘ The‘second, called
the normal modification, was used for the ééses Whefe the
samples were loaded into the calorimeter at room temperature.
The actual Opérating procedure as well as the methods of data
acquisition andvreduction are only briefly mentioned siﬁce

they have been carefully deécribed by R. R; Joseph (18).

Calorimeter, Normal Modification

Details of the normal modification are shown in Figure 4.
The addendum_consisted of a gold plated copper block to which
were attached: 1) the sample heater, 1940 Oi(room temperature

value) non-inductively wound manganin wire;, 2) a germanium
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Figure 4. Details of the calorimeter, normal modification
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resistance thermometer, 3) the gold plated copper auxiliary
‘holder, and 4) five gold ﬁlated coppef set screws to clamp
the au#iliary hblder into place. A stéinless steel vacuum
bjacket'surrOunded.the sampie—addendum c0mbinétion. Woods
metal was ﬁéed at the lid-jacket joint for’convenient-deméunt-
iﬁg.

.To make a run the sample was cooled to 4.2°K by raising
it'into thefmal contact with the liquid helium bath. After
bath temperature was reached, typically one to five hours,
the sample was loweréd to break thermal contact and the run
begun. Five to nine hours were usually required to complete

a specific heat run.

Calofimeter, Liquid Nitrogen Loading Modification

.The principal design requirement of this modification of
the calorimeter was the capability of loading the «a-cerium
samﬁle while.it was gndef liquid nitrogen. As discussed in
‘-detail iﬁ an earlier'section once a-cerium was pfepared it had
- to be kept bélow abqu'180°K to prevent it from transforming
back to the Y-phésé. |

‘Upon completion of. the temperature-preésure gycle the
a-cerium was drilled and tépped thle under liquid nitrogen

and then threaded onto a copper plug which was in turn clamped
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into the pspper blsck, see FigureVS; Thé iﬁtermediate:c0pber
ﬁlug‘was necessary‘becsuse<thsslsrger thermal coh;ractibn of
a-cerium witﬁ fespecs to cppﬁer caused the a-cerium sample to
fall out of place when clampéd directly to the copper block.
Next:the'sample was immersed in liquid nitrogen which was con-
tained in the stainless sceel'vacuum_jackst. Because of the
poOr'thermal.conductivity of the stainless steel vacuum jasket
it was possibie to'make eipher a soft solder or Woods metsl
connection atAtheilidéjackes joint while the sample was
immersed in,liquid'nitroggn jﬁstione inch away! The final
‘step was to pump ouf the'liquid nitrogen and cool so 472°K.
Dsts Acquisition and Reduction

Data acquisition wss bésically a fsur step process.
First, the sample tsmperature was measured. Second, twb
simultaneous Opsrations were carried out: a)van electric
cﬁrrent was supplied to tﬁe sample heater causing a rise in
temperature, and b) an electric interval timer was started,
seé Fiéufe 6. The third_step'was to end the heat pulse by
simﬁltaneously'sﬁutting off.the elsctric.surreﬁt and intgfval
timer. ‘Foﬁrth snd‘last the‘increased sample temperature was

measured. The procedure was then repeated for the next data .

point.
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Figure 4 .
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‘Data reduction consisted of a calculation of the sample

specific heat based on the following equation (all calcula-

tions were done on an IBM 360/65 computer):

where C
N
Iy

"Ry(T)

4Q

At

n

_ (IﬁZRH(T) + AQ) At
T - T

CN

- CAdd(T) (8) |

Specific heat - of sample

number of moles or gram-atoms of sample

heater current, values ranged between 0.1 to 2.0 ma
temperature dependent heater resistance, Rg(T) was
measured from 2.5% (17100) to 20°K (17320)
1/21H2RL, a one percent.correction for the heat

generated in the electrical leads between the bath

- and the addendum, Ry, is the resistance of this

portién of the leads (190)

elapsed time of heat pulse, typicaily 20-80 seconds,
At and Iy were adjusted to give AT ~ T/25°K
temperature of samplelafter heat pulse, temperature
was measurea with a Solition germénium resistance
thermometer which was calibrated against the T618
temperature scale (19)

temperature of sample before heat pulse
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' Cpdd(T) = temperature dependent addendum heat capacity
- Cpqq(T) was measured between 2.5 and.ZOOK
Plots of C vs T and C/T vs T2 were also generated by the -

computer.

Accuracy Check

' .The'accﬁracy of the apparatus was checked by.measuring.
the specific heat of a 1965 Calorimetry Conferencg copper
standard. Two separate runs were made and the results were |
éompared to the sﬁodtﬁed:values (20,21) in Figure 7, where
‘the points are the present resuits and the line is the best
values. for the 1965 Calorime;ry Conferencelc0pper; An over-

~all accuracy and precision of ~17 was indicated.



R
I

N
Ke,
T

o
|

C/T (MJ/MOLE-DEGKSQ)
o
|

o

COPPER STANDARD

L L]

1 i 1

7.

8 12- 166 20 24 28 32
 TSQ (DEG K Q) (x10').

C/T vs 'I_‘2 plot for copper

36 40 44

k44



23
RESULTS AND DISCUSSION .

4d-Cérium '

Thé.specifig heat of a-cerium between 2.5 and 20°K is
showﬁ in Figure 8. ~‘The smooth data indicates the sample &as
free of the other cerium allotrOpes Since B-cerium is known
to magnetically order at about 13 K (3,5) its presence would
be indicated by a peak in ;he specific heat at 13 %K. We
estimaté we can detect the presenée of approximateiy 0.25% 8
'becauée of'the‘largé specific heat associated with the mag-
netic ordering Sf this phase. Figure 9 shows the standard
C/T VS'TZ plot of the low tempér#ture'data which was least-
squares fitted by computer to give v = 9.79 + 0.10 (mJ/mole-
deg K ) and 8 = 117 * 5 k.

»These Y and 9-va1ues_agfee reasonably well with the high
pressure (11 kbar) specific heat results of Philips, Ho, and
Smith (22)'who found vy %<11.3_(mj/mole-deg Kz) and 6 = ZOOOK.
The large diffefencé between the'presént 6 value and that ofﬂ
Philips and co-workers is consistent with the observed in-
crease in a-cerium Debye temperatufe with iqcreasing pressure'
as reported by Vornov, Vereshchagin, and Goncharova (23). In

fact the present value of 117°K for the Debye temperature

compares very well with the value of 118°K as obtained by
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extrapolation to atmospherlc pressure of the high pressure -
room temperature data of Vornov and co-workers.

| The electronic spec1f1c heat constants as determined from
Mukhopadhyay and MaJumdar s (24) density of states values for
- a-cerium are 3. 7 (mj/mole-deg K2) for three s d electrons and

2.9 (mj/mole deg Kz) for the fOur s'd electrons These values,

respectively, are 2% and 3% times smaller than the observed
value. Probably this is due to electron-phonon and electron-
" electron interactions whlch.cause an enhancement of the
~observed electronic specific heat constant. This enhancement

is somewhat larger than the factor of two observed for Sc (25),
Y (26) and the heavy lanthanides (26) for which density of
states values were calculated by uSLng an APW method, the same
method as used for a-cerium.' |

Other low temperature specific heat measurements on cer-

ium have been on samples containing mixtures of the o and B
allotropes (12,13 27) - The values heretofore~for the elec-
tronic specific heat constant and the Debye temperature for
a-cerium were obtained by assuming a value for the B-phase
and estimate of the amounts of @ and B present. Values so
obtained for o-cerium are open to serious criticism. Indeed
Y_values for a-cerium from 21.0 to 57.7A(mj/mole-°K2) have

been summarized by Gschneidner (28).
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Finally the C/T vs 12 plot for q-éefium, Figure'9,'shows
positive curvature at thg'lowést-temperatures. >Whilé #he
origin of this'curvaturé is not knpwn a few posSibiiities can
be considered. First;‘magﬁetic ofderinngf the‘impurities-
présen£ muét be considered. Analyéis of thg‘samples before
and after'tﬁe mgasufements, Table 1, indicéted a rélativelj
low magﬁetic,impurity content and a high, 99.9 atomic percent,
A purity cerium sample was used in these e#periments., This
sample'anélysis,makes impurity ordering a' doubtful cause of'

_ thé positive curvatﬁre;

A second possibility is thét a small amount of the B-
phase wéé.actually present in the sample. Since ﬁ-cerium
magnetically orders at 13°K a-cerium coﬁld dilute the strength
‘qf che_magnetic interaction and cause the 5;phase't6 order at
. a muéh 1ower temperaturé..-A sample which was a mixture of B
plus v cerium was run‘through exactly the same temperaturé-
pressure cycle as described above and it was found to order
at ~13°K. Assuming the v transformed to « while the B re-
mé&ned unchanged this separate run makes the B-impurity idea
a doubtful origin of the observed curvature.

The laét‘gossibility considéréd here is simply that fhe,

a-cerium itself is undergoing a magnetic transition. This is
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atvleast.poésible since some earlier investigatofs have
~attributed approximately‘0.3 4f electrons to the'a-phase (6).
Furtﬁer-specific heat measurements to lower temperatures éom-
bined with magnefié Suséeptibility measurements should help

explain this observation. -

B-Cerium and B-Stabilized Ce-Y Alloys

Figures 10 through 16 show the specific heat results for
a 91%8-9% a-cerium.sample and the B-stabilized Ce-Y aliOys.
The first feature to notice is all six alloys showed magnetic
ordering.characterﬁstic'of B-cerium. Table 3 summarizes the
ordering temperatures and Figuge 17 illustratgs the almost |
linear depegdence of cerium concentration with ordering tem-

1
perature.

Table 3. Summary of the ordering temperatures and phases
present in the high B-cerium sample and the six
B-stabilized Ce-Y alloys '

—

Alloy (a/o Ce) ' " Ordering temperature (°K) Phase present
100 12.8 + .1 atB
96.1 11.4 ¥ .1 o+
82.3 8.5 + .1 B -

78.2 7.7 % .1 B
75.6 6.9+ .1 B
71.7 5.9 % .1 B
68.6 5.05 + .1 B




2 o q 6 8 10 12 14 16

TEMP (DEG. K)

Figure 10. Specific heat vs temperature for 91%B-9%x-cerium

%o ooo
8 °
o
(-]

o ‘ °
! 8 Oo.

. -]
o ° °
? o.o 0 °
w 0’
g ° .
2 o
~ r
3 ®
=4 8
x 8
a o
7] e

@
2 &o. ‘
&
0o . .
o
c’,o" . : e
(-]
0 | o] | I 1 ] | | |
0 18

68



IO T 1 T 1 I 1 L 1 : I T - L T ] L T T — 1 L] T
- : o - 68.6 ATOMIC PERCENT CERIUM
NI - 3.4 ATOMIC PERCENT YTTRIUM
; —
& ‘~ .
o 6+ .
-4 o
o } +
s .o
~ .
24} 0t
L . Lo
& A P
2r covoene * >
o 1 L 1 1 I 1 ) N | i i 1 1 1 I | 1 1 4 1
0 2 .4 6 8 10 12 14 6 18 20 -

TEMP (DEG K)

Figure 11. Specific heat vs temperature for 68.6 a/o Ce-31.4 a/o Y

0¢



o T 7T 7T T T 7 T T T T T T T

g o o 71.7 ATOMIC PERCENT CERIUM |
' : : 283 ATOMIC PERCENT YTTRIUM

%
@
]
w
a’ L +
= + .
~ . +
24 _ o
E‘ ' ° . * - _w
% i : o o*° =
-9 o+
2[_ °'¢ooo-o°°'°‘°’°°
0o | I i 1 t 4 1 1 1 1 PR L ) 1 ) Jt
0 2 4 6 8 10 12 14 16 18 .20

TEMP (DEGK)

Figure 12. Specific heat vs temperature for 71.7 a/o Ce-28.3 a/o Y



T T T T 1 T 1 LI

S
-
-
p
pe
-
-
—4
-

Ot 0 w©

- . o ' 75.6 ATOMIC PERCENT CERIUM
sl ‘ 24.4 ATOMIC PERCENT YTTRIUM
0 o
u +
S 6t °
) °
o o 2 :
3 L
3 4 '90 ’o ® ° ’ k.; )
g . .
P a
E - ‘ g o’o oot ¥ ¢
7)) . / o o °°
. 2 - . .

1 i
o 2 4 6 8 0 2 14 & I8 20.
- TEMP (DEG K) '

Figure 13. Speéific heat vs temperature for 75.6 a/o Ce-24.4 a/o Y



10 T L T T T T T T T T T T T T 1 T T T
[~ ‘ ' 78.2 ATOMIC PERCENT CERIUM
"8 | 21.8 ATOMIC PERCENT YTTRIUM
g .
O o
g ' o
3° o
S r & o
~ o o
Zal 2 °
[ g Rl °
x s 14 o © °
% — oe % o o
fo OAgo00 © ©
2r &
i &
0 1 1 1 L i { 1 i 1 L . i 1 i L L4
0] 2 4 - 6 8 10 12 . 14 .5) i8 20

TEMP (DEG K)

'.Figure 14. Specific heat vs temperature for 78.2 a/o Ce-21.8 a/o Y

€€



(o]

| S I SN IR AN S B SR IR SN SE RN SR SRR SR B AR

82.3 ATOMIC PERCENT CERIUM
17.7 ATOMIC PERCENT YTTRIUM

. .

[
(L]
& £ °
W | .4 o’ Oe
a® ¢ .
S : o
3 .°0 e o° *
- 4 o° *
o e° 'S ec®
%. / -‘000 o ®°
2
.0
e
P .
0 1 1 1 1 I 1 1 i 1 1 [ | ] 1 | i 1 | i
0. 2 4 6 8 10 12 14. 6 18

Figure 15. Specific heat vs temperature for 82.3 a/o Ce-17.7 a/o YAA.

TEMP (DEGK),

e



10 T T 1T —T T T T T Al T T T T T
= 96.1 ATOMIC PERCENT CERIUM :‘%o’ +
. 3.9 ATOMIC PERCENT YTTRIUM e o o ’
| . ®© . 3 .
Q 8 o‘.‘ ° . o ¥
g B ot % . ©
[} +0
w 6 o *
6 ¢
2T - “
2 4l ,° (V)]
£ P
& | r
2 = ‘-’.o -
0 11 / i [ GRS UEN UN SR N | ! 1 T S v 1
o 2 4 6 - B i0 12 14 6 18 20
TEMP (DEGK) o

Figure 16. Specific heat vs temperature for 96.1 a/o Ce-3.9 a/o Y



ORDERING TEMPERATURE (DEG K)

4

i2

)

®

6 et
4 — —
2~ -
oL ] | ]

100 90 80 ‘ 70 60

Figure 17.

ATOMIC PERCENT CERIUM

Ordering temperature vs atomic percent cerium

9¢



37

This decreése in ordering'temperaﬁure with increasing yttrium'
content is consistent with the magnetic origin of the
speéifié heat peaks in that the strength of the magnetic
intefaction is reduced by dilution and hence the ordering
temperatufe.iowered. |

In contrast to the case of simple metals treated earlier
theinterpretati;n of the low temperature specific heat of.
magnetic systems requireé a more'COmplicated analysis. The
detailed separétion_of»the tofai specifié heat depends on the
particular system under inqéstigation (7,8). Often the total
specific heat of a magnetic system as studied here can be
;ttributed to four terms. The first two the lattice and the
electronic.contributions were treated above. Thé third con-
tribution is associated with the magnetic ordering of the
material. The fourth contribution is due to the thermal
excitation of the electrons from the ground étate level to
the excited higher energy levels. These excited levels arise

because the crystal field around an ion removes the degen-

eracy of the ground state (7,8,11,29-31). In equation form:

C(total) = C(lattice) + C(electronic) + C(magnetic ordering)

+ C(crystal field) 9)

A straightforward analysis of the lattice and electronic
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coﬁtriﬁutibns4reéu1ting'in valﬁeS'of y and e.fo; fhe 9178B-
92a_cerium sample and for the B-stabilized Ce-Y .alloys was
not péssible. Essentially this was because the magnetic

ordering contribution.dominatedlthe total specifié'heat in

the low temperature region where the standard C/T vs T2

»separatiOn is performed. Therefore values for thé iattice
and electronicléontributions for;thé‘high B-cerium case were
'simply,taken as equal tofthose‘ofAianfhanum where the resﬁlts
Aof Berman and co-workers (32) were used below the supercon-
ducting transifions.and the fesuité of Lounasmaa (33) Qere
used for lanthanum above the transi;ion temperatures. No
correction‘was_made té théllattice‘and electronic contribuf
tions to the total épecific heat of the high B-cerium sample
&ue to the presence of the 9% o-cerium. This was becéuse the
specific heats of e-cerium (measured here) and lanthanum
(quoted above) are of similar magnitude and so a second order
correction, estimatéd Eo be on the order of 1%, results~in
the total specffic heat of the high B-cerium samplé.;.
‘Values for the lattice and electronic contributions for
the CefY alloys were based on specifig heat measurements made
on the D.H.C.P. La-Y system Sy.Satoh and.Ohtsuke (31). zThese

two alloy systems have the same crystal structures and the
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same dilutent,‘yttriuﬁ;b Addi:ionaily, B-cerium and a-l#ntha;
n?mAhave'electronic structures which differ by one 4f elec-
- tron. Since the measurements of Satoh and Ohtsuka were made
to oniy 4°K it was necessary.tb extfépolate their results up
tov23°K. |

The procedure used to obtaih~va1ues for the lattice and
electrOnic_cbntributioﬁs to the‘speéific heat of the.Ce;Y
allpys was as fdllows. At 4°K a ratio was formed betwéen the -
épeéific heat of a given La—Y‘alloy, C(La-Y, T = 49K), and.
the specific heat of La, C(La, T = 4°K).vwfhat.is, C(La-Y,
4°k)/C(La, T = 4°K) was computed. At some temperature, T,
be#ween'A‘and 23°k the-specific heat of the alloy was obtainea
by multiplying the specific heét of La at that T by the above

ratio. In equation form:

C(La-y, T) = S(la-Y, T=4 °%) x C(La, 'r) (10)
. C(La, T=4 K) S

In this manner, specific heat vs temperéture curves were con-
structéd froﬁ 4 tQ 23°K for the La-Y alloys measured by Satoh
,ahd Ohtsuka. Next, the specific heat was'assumedﬂto.vary
linearly wiéh concentration between any two La-Y alioys so
that the specific heat of an alloy"bf an intermediate concen-

tration was simply obtained by linear interpolation. Finally,
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' tﬁe laftige énd éléétronig contribugions to the‘specific.ﬁeat
of a Ce-Y ailby meaéured here was taken as equai to éhé
ASpecific heaﬁ of phe corresponding La-Y alloy as constructed
‘ab0yef Table 4 summarizes the Y andie-Qélues’obtainéd from
Satoh and bhtsuké's specific heat measurements élong with
those used_in.the-present work for ;he Ce-Y alloys as obtained‘

above,

" Table 4. Summary of the crystal structures, Y, and 8 values

: for the La-Y and Ce-Y alloys. Entries for the La-Y
alloys were taken from Satoh and Ohtsuka (31) while
those for the Ce-Y alloys were obtained as described
in the text

o

-Sahple ' ‘Crystal< ‘ Y 5
(atomic percent) structure (mj/mole—oKz) (°K)
85La-15Y : @-La. 6.6 162
75La-25Y . PR 6.2 170
60La-40Y - oo . 5.8 175
96.1Ce-3.9Y - o-Ce, B-Ce . 9.8 149
82.3Ce-17.7Y 8-Ce 6.5 165
78.2Ce-21.8Y " 6.3 168
75.6Ce-24.4Y oo 6.2 169"
71.7Ce-28.3Y h " 6.1 171

6.0 173

68.6Ce-31.4Y - "

Once the lattice and electronic contribufions'to the
total specific heat were obtained the magnetic ordering and

'crystal field terms could be separated. The 68.6 a/o cerium |
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.AIIOy qrdered,af the.lowest temperature, §.O5°K, aﬁd so Qbuld
be the most likely'to'have c&mplefed its magﬁetié ébntribuf
tion by‘823°K.v Tﬁereforé;vs§mewhat'arbitrarily,‘the total
'specific beat at 239K was assumed to be the gum of tﬁe lat-
tice, eiectronic, and crystal fieid tefms.:‘Nexﬁ'a'smoothly ;
'decreasing cﬁrvé was drawn from 23°K such that the crystal |
'. field térm progressively diminished fiﬁally becohing less
than 17 of the tbtal specific.heat at aroﬁnd SQK, see Figure
18. The crystal field term so constructed was then assumed
to be linearly'depeﬁdent on the atomic percent of ceriﬁﬁ,and
was used as - the basis for the‘separation Of the remaining
five'alloys and the B-cerium. | |

Valuable 1nfofhation can be'obtﬁined from the eﬂtrOpy
associated with the magnetic ordering. 'Thé~entropies weré |

’calculated from the equation (7,8):

AS (magnetic ordering) =. \j‘jmagn? %;'or ering) dT  (11)

where AS(magnetic ordering) = entropy associated with the

magnetic ordering

C(magnetic ordering) = magnetic ordering contribution

°

to the specific heat

T = absolute temperature
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~and afe summarized in Table 5.-

' Table 5.. Summary of the measured entrOples and the values’ of
- P for the high B-cerium sample and the six B-
stablllzed Ce-Y alloys :

Alloy (a/o Ce) - Measured entropy, A4S ' Values of P from

(J/mole—oK) ‘ AS = cR In P

100 4.8 + .1 1.9+ .1
96.1 5.5% .1 2.0F .1

82.3 5.1% .1 2.1% .1

78.2 4.5%F .1 2.0 % .1
75.6 4.3 % .1 2.0 ¥ .1

71.7 3.8% .1 1.9 % .1

6 3.8F .1 2.0% .1

68.

The significance of the entropy calculations stems from a
result of statlstlcal mechanlcs Wthh says the entrOpy asso-

ciated with a system of P energy levels is given by (7,8):

AS =R 1n P ‘ (12)

where AS entropy

R = gas constant
P = nuﬁber of separate energy levels
Fer the alloy cases, Equation 12 is modified to
5S = ¢ R 1n P BN
where |

¢ = cerium concentration in atomic percent

" Since AS, ¢, and R were known P was calculated, see Table 5,
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A possible interpretation for the oBserVed.P ~ 2.0 is'
crystal field éplitting. The hexagonal crystal field sur-
rounding ;he ¢e+3 ions splits the free ién 2F5/2 ground state
into three doublets (30). 'Therefore,;the ground state for
the Ce%3 ions would be a Kramers doublet (8). The ihternal
field associated with the magnetic ordefing then'splits the
Kramers doublet info two levels apd hence 4S = ¢ R 1n 2;

At tﬁis point an estimate was méde of the hexagonal
cr&s;al field splitting betweén the ground staté and the two
exciteq doublets based on thebscheme used in the separation
of the 68.6 atomic percent cerium alloy. 'from statistical
mechanics the specific heat associated with these energy

levels is (7,8):

‘ Nk E 2 _kr_1 § kT |
T L Y | G
r= :

, where C = specific heat

N = Avogadro's number

ey energy of level r above ground state
gr = degeneracy of level r
k = Boltzmann constant

T = absolute temperature
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:,Siﬂce N, k, m, and g, were knowﬁ the techniqué was to choose
Qélﬁeé foric:'r such that the spécifié heat calculated from
_Edﬁation 14 fitted the experimentélly.observed crystal field
specific heaf‘contribution, The Best fit for B-cerium was
for the first and second doublets at 85 + 5 and 110 + 10°K
above the ground. state.

' This crystal field splitting is in disagreement with
ﬁleeney (11)‘who suggested.fhe two doublets were at 30 and
ISOQK above the ngund state. Bleeney's results are open to
questibn dn two majdr points. Firs; his fit was based on
specific heat megsufements (12,13)'Which wére'madé on multi
phase cerium sampléé. Second since B-ceriﬁm has an atomic
stacking sequence of °°'ABACABAC--- Bleeney-assumed that one
half of the Ce™ ions were in a cubic crystal field while the
remaining half weré-in a hexagoﬁal crystal field. Nuclear
magnetic.resqnance experiments on D.H.C.P. lanthanum (34,35)
.do‘not supporﬁ this partition of D.H.C.P. iﬁto F.C.C. and
simple H;C;P. A more reliable energy level scheme than

either Bleeney's or the present would result from specific
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héat meaguremeﬁts eitended to higher tehperat@res andlddne on-
.single phase samples. .

| Finallyiit‘wés possibie to consider the-tempefatgfe
depéﬁdeﬁce of'the magﬁgtic specific heat of ‘the high B;cerium
sample. Since this allotrope ié known ‘to orderAaﬁtiferro-
_magnetiéallyA(3,5)vsPin wave theory predicts a cubic tempera-
ture dependence for the specific heat in a temperature region
suffiéiently below the Neel tempefature (7,8)7 In equation
form: | |

C(antiferromagnetic) = ar3 (15)

Therefore, a plot of the magnetic specific heat:againSt the
cube of the temperature should be linear. Figure 19 shows
excellent agreement.beﬁween théory and expérimentufor this

sample.
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- SUMMARY

A special technique‘was used to prepare pure-sing1e phase
~a-cerium.‘ Its specific heat.WasAthen meésured between 2.5'and
20°K and analfzed to give an electronic specific heat constant,
Y, of 9.79 + 0.10 (mj/mole-degAKz) and a Debye téﬁpefgture, e,
of 117 + 5~°x. The value for 6 is consistent with the observed
ihcrease iﬁ afcerium Debye temperature with inéreasing pres;
sure (23),.and the value for v is ip reasonable'agreement with
'thatAreportéd for o-cerium baged on spécific heat measurements
done at 11 kbér'pressure (22). At'the lowest temperatures the

standard C/T vs T2 piot for a-cerium showed positive curva-
ture. A magnetic trénsition in a-cefium waé considered as a
' -boésible explanation for this observation. |

The specific heéts of 91%3-9%a-cerium and six B-stabi-
‘lized Ce-Y alloyé Qefe also measured betweeﬁ 2.5 and 20°K.
Four pfincipal results were obtained. First; all six alloys
 showed magnefic ordering characteristic of the B-cerium phase.
The ordering temperature was oﬁserved to vary almost linearly
with ceriuﬁ c0ncentra£iOn from 5.05°K for the 68.6 atomic per-
éent cerium alloy to 12.8°K for B-cerium. This trend was
consistent with the magnetic origin of the séecific heat peaks.

Second, the magnetic contribution to the total specific
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heat for B-cerium was shown to be dependent on ;hé third
power:of the absolute témperature. This was in agréement
with thg predicted cubic témperature deéendenée for an anti-
: fe:fomagnetic material based on spin wave theory (7,8).

| Third, the hexagonal crystélffield surrounding the cet3
ions was believed to split the free ion 2F5/2 ground state

3 ions

into three doﬁblets'(30). The ground state for the ce’
would then beﬁaAKraﬁers doublet (8). The internal field
associated with the magnetic ordering was then assumed to
split- the ground ététe'doublet into two separate levels with
an ‘associated entropy of R 1n 2.

Fourth andllast; the twé'upper doublets which resulted

from the hexagonal crystal field were estimated to be 85 + 5

and 110 + 10°K above the ground state.
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APPENDIX .



MEASIRED SPECIFIC HEAT OF. ALPHA CER[UM

S C

(DEG K) (MJ/MILE=K)
2.78¢ 74,72
3.004 81.70
3,266 91.29"
3.53% 102.32
3.859 120.01
4.203 143.25
4.570 166.75
4.769 182.90
4.941 197.15
5.038 206.60
5,232 234,41
5.336 235.66
5.494 254,72
5,640 275.21
5.77%9 289.29
5.927 311.99
6.070 330.43

© 6.231 355,80
6.366 372.19
L 6.567 408.18
6.668 422,77
6.905  470.66
6.97% 474,04

T
(DEG K)

7.213
7.318
7.538
7.734
7.903
8.132
84302
8.537
8.676
9.002
9.076
9.527
9.604
10.014
10.057
10. 441
10.447
10.891
10.893

- 11.427

11.440
11.961

(MI/7 M

C .

'529.2
544,12
597.38
633.17
'683.74
730.58
793,32
842.40
890.84%
988.77
1012.10
1157.50
1193.08
1327.97
1363.37

1530.02

1506.48
1636.59
1728.62
1909.65
1338.82
2149.47

OLE-K)

T
(DEG K)

11.996
12.452
12.964

13.430 -
13.589

14,077
14.289

14,703

15.028
15.357
15.819

16.013
--16.611

16. 716
17.438
17.470

18.170

18.237
18.292
18.930
19.471
19.598

c.

(MJ/MOLE-K)

2173.53 .

2396.39
2624,.04
2829.18

2925.94

3109.58

3396.32
3541.12

'3654.31

3939.74

4023.79 -

4421.95

4439,25

4886.31
4847.92
5401.92

5529.26 -

5999.28
6039,02

6558.54 -

66477.21

19



MEASURED SPECIFIC HEAY OF 91 PERCENT BETA 9 PERCENT ALPHA CERIUM -

L2

C B

T C T C- T :

(DEG K) (MJ/MOLE-K)  (DEG K) (MJ/MOLE-K)- (DEG K) (MJ/MOLE-K)
3.016 265,22 T.143  2677.29 11.950 9567.79
3,193 302.47 7.239 2719.42 11.978  9437.38
3,389 352.19.. . T.403  2949.69 12.262 10085.54
3,575 405.26 7.541  3031.04 12.513  9993,27
3.796 469.3C 7.668  3222.62 12.561 10269.17
3,989 535,55 7.906  3436.65 13.108  9963.38
4.179 606.99 7.980 3578.96 12.152 10190.43
4.377 683.37 8.31C 3900.41 13.448 10018.43
4.587 782.92 8.322  4004.81 13.712  9805.25
4.807 888.03 8.679 ~ 4500.01 ~  13.739 9470.74
5.041 1013.10 8.729  4467.93 14.C41  9233.35
5.248 1132.81 9.055 4975.81 . 14.447  1735.19.
5.402 1246.89 9.163  5022.26 14.603  7410.68
5.483 1173.23 9.435 5483.99 15.271  6434,25
5.601 1382.46 9.604 5686.52 " 15.422 6522.43
5.759 1463.88 9.809 6089.72 16.129 6559.34
5,830 1543.30 . - 10.053  6293.43 16.415 6774.72
6.044 1671.19 10.182  6689.44  16.962  6908.59
6.069 1723.84  1C.495 6864.66 17.459 7108.77
6.322 1924.0C5 10.558  7296.09 17.766  7197.92
6.343 " 1911.92 10.923  7983,88 18.408 7757.52
6.59C © 2161.08 11.141  80562.06 18.530  T771.7¢
6.647 2169.51 ©11.278  8407.53 19.250 8221.76

6,863 2420.02 11.517 86%96.44 : 19.329 8l4l.17
6.952 2455.61 11.623 T774.05 '

96



MEASURED SPECIFIC HEAT NF 68.6 A/D CE-31.4 A/D Y

T C T C T c

(DEG K1 (MJ/MOLE-K) (DEG K) (MJI/MOLE-K) (DCG K} (MJI/MOLE-K)
3.477 1688.71 5.275 2567.21 2.461 1888,.37
3.554 . 1763.25 5.302 256T7.72 9.559 1898.58
3.648 1823.65 5.383 2446.79 3.933 - 1974.58
3,675 1831.13 5.477 2337.41 10.067 2010.58
3.751 1912.40 5.496 2312.90 1¢.410C 2084.18
3.754 1907.58 5.615 2186.98 10.571 2120.92
3.849 1984.09 5.691 2110.99 10.888 2216.07
'3.860 2007.61 5.T47 2072.45 11.450 2373.70
3.9%6 2072.29 5.888 1983.08 11.613 2436.54
3,978 2093,51 5.967 1936.92 12.099 2584.11
4.071 2154.44 : 6.040 1893.87 12.128 2582.95
4.104 2202.55 6.210 1842.99 12.690. 2773.26
4.193 2252.90 6.293 1809.03 12.705 2748,83
4.231 2287.61 " 64405 1776.11 13.283 2975.29
4.315 2333.11 6.628 1739.40 = 13.283 - 2944.30
4.353 2377.42 6.676 1725.40 13.907 3185.88
4.432 2419.28 6.880 1698.43 14.548 3531.09
4.543 2510.03 7.064 1679.31 14.586 3494.20

. 4.589 2544.35 7.182 1671.98 - 15.220 3721.89
4,652 2555.31 Te.bla 1673,47 15.393, 3842.79
4, T04 2605.52 7.525 1666.81 15.961 4091.59
6.758 2646.68 7.789 1676.13 16.303 4265.65
4.815 2667.8¢4 7.860 1674.02 16.810C 4545.47
4.863 2677.170 8.185 1707.36 17.269 4748.48
4,923 2695.38 8.216 1706.80 17.712 4994.66
4.966 2691.11 8.605 1740.31 18.224 5343.77
5.037 2733.98 8.615 1760.49 . 18.710 5560.87 "
5.068 2729.46 9.017 1808.33 19.097 . 5818.13
5.159 2692.27 9.073 1828.05 19.689 5183.12

5.171 2678.41

LS



MEASURED SPECIFIC HEAY NDF 71.7 A/0 CE-28.3 A/O0 Y

T o - T C T C

“(DEG K) (MI/MOLE-K) (DEG K) (MJ/MOLE-K)  (DEG K) (MJ/MOLE-K)
3.883  1860,66 5.485 3293,10 9.913 2093.32
3,937 1882.24 5.555 3333,35 10.148 2168.67

3,959  1917.20 5.613 3380.38 10.383 2222.75
4,022 1969.46 S.727 3463.641 10.53¢ 2276.59
4,061 1983.35 - 5.737 3490.14 10.896 2334.37
4.116 2047.83 5.869  3512.36 10.897 2328.31
4.117 2050.39  5.918 3507.46 11.242 2461.70
4,194 2111.86 ' 6.027 3498,.19 11.645¢ . 2501.04
4,213 2131.35. 6.132 3329,46 . 11.600 2537.72
4,273  2192.10 T 64233 3054.18 "11.976  2646.67
4.316 2215.71 6.433 2574.74 12.168 2688.43
4.358 2271.26 6.520 2415.40 12.347 2800.17
4.422 2322,.51 6.828 2133,20 - 12.770 2904.18
4.535 2423,53 6.872 2111.85 12.985 2996.50
4,550 2447.26 7.228° 1976.,92 13.226 3079.54
4,655 2528,.50 7.250 1972.99 . 13.760 3279.81
4.657 2541.61 7.574 1920,35 13.793 3305.06
4,767 2633,42 7.696 1904.74 14.488 3620.82
T 4.T87 2659.98 -7.918 1892.47 14.492 3617.90
" 4,862 2763.54 8.132 1885.93 15.170 -3872.42
4.924  2797.08 8.258 1893.36 15.188 3915.51
5.014 2888.73 8.530 1905.87 15,805 4149.08
5.069 2938.9% 8.618 ~ 1914.81 15.911 4237.69
5.142 2996.53 8.919 1950.82 16.503. 4494.85
5.215 3066.06 9,007 1951.58 17.304 4825,63
. 54272 3127.14 9.323 2012.25° 18.155 5299,70
5.352 3178.47 9.449 2018.49 .19.021 5683.24

-5.410 3228.28 9,739 '~ 2068,07 19.812 6189.15

8¢



3

MEASURED SPECIFIC HEAT OF 75.6 A/D CE-24.4 A/0 Y

(DEG K) (MJ/MOLE-K) . (DEG K) (MJ/MOLE-K) (DEG K) (MJ/MOLE-K)
3.943 1687.28 - 6.075 3806.38 12.292 2909.36
4.021 1763.38 " 6.091 3914.27 . 12.450 -2969.00
4.140 1868.66 6.344 4206.75 12.895 3131.37
4.263 1964.38 6.623 4541.05 12.900 - 3170.62
4,401 2093,04 : 6,664 4524.37 13.397 3306.08
4,538 2175.170 6.899 4657.66 13.473 3382.27
4.561 2234.87 1.076 4233.31 13.959 3579.94%
4.564 2241.16 7.202 3807.03 14.002 3536.40
4,623 2291.12 ' T7.630 2516.70 14.53¢4 3824.70
4.7C9 2358.03 T.644 2484 .89 ) 14,562 3863.23
4,733 2379.46 8.173 2228.28 14.151 4054.73
4.805 2466.13 8.341 2210.97 - 15.198 4084.20
4,907 2573.27 8.705 2176.73 -15.870 4447,.34
4.919 2576.12 9.093 2180.40 15.877 4368,29
5.056 2121.32 9.249 2215.78 16.540 4743.29
5.083 2745.78 9.794 2282.43. 16.T14 - 4799.04
$.220 2903,27 9,784 2295.59 . 17.288° 5081.58

. $.280 2963.24 -10.335 2393.76 17.613 5174.99
54407 3108.08 10.467 2390.77 18.105 5502.02
5.482 3182.71 . '10.895 2527.38 18.562 5722.46
5.610 3314.51 11.136 2568.57 18.943 ~ 5988,.30
5.678 3418.15 11.433 2681,95 19,624 6258.92

5.827 3589,.34 11.736 2758.54 : 19.850 6491.05

6S



T
{DEG K)

3.625
3,721
3.809
3.839
3,952
-3.971
4,097
4.113
4,248
4.269
4.399
4,431
4,552
4,59%
4,706
4,760
4.862
4,929
5.027
5S.101
5.224
5.275
5.438
5.464

5.656

MEASURED SPECIFIC HEAT OF 78.2 A/D CE~21.8 A/O0 Y

c
(MJ/MOLE-K)

1265.54
1342.35
1433,.84
1434.13
1538.55
1542.07
1689.04
1657.74
1811.76
1789.09
1927.98
1923.17
2076.35
2074.16
2212.43
2235.75
2392.68
2396.53 -
2556,23 .
2572.63
2743.85
2746.89
298B4.77
2952.11
3284.30

T

(DEG K)

5.677
5.897
6.120

"6.146

6.298

N

6.434
6.548
6.600
6.682
6. 808
6.834
6.997
7.011
7.158
7.208

" T.319

7.399

T.475
7.586
T.621
7.780
7.785
T.994
B.026

C
{MJ/MOLE-K)

3203.41
3562.13
3797.02
3776.18
4039.78
4082.01
4236.21
4420.60
4355.28
4543.36
4667.71
4804, 80
4826.85
4961.38
5087.94
5224456
15190.41
5438.40
5274.88
5712.84

. 5895.38
5473,56
5076.97
3380.68
3486,22

T - C

(DEG K) (MJ/MOLE-K)
8.256  2824.19 .
8.356 2655.71
8.629  2520.63
"8.819  26496.77
8.980  2409.22
9.135  2438.32
9.301  2442.85
9.504  2443.35
9.781  2480.46
10.165  2529.25
10.620 2613.85
11.126  2754.37
11.670  2917.32
12.236  3077.66
12.762  3299.91
13.358 3504.50
14,041  3784.08
14.764  4138,82
15.551  4499.30
16.398  4954.06
17.290  5405.03
18.166  5992.21
18.957  6461.06
6874.81

19.655

09



T c
(DEG K) (MJ/MOLE-K)
2.829 628.65
2.894  662.32
2.976 701.51
3,073 752,23
3.181 811.95
3,296 878.57
3.418  951.61.
3.674  1115.93
3,786 1189.07
3.893  1261.88
4,023 1363.85
4.169 1472.24
4.331  1600,94
4.361 1626.24
4.506 1746.41
4.520 1749.51
4.669 1884.29
4.689 1903.79
4.807 2004.84
4.878 - 2040.81
4.972 2160.24
5.076  2262.42
. 5.163 2345.,92 .
5.279 2463.18
5.369 2558.50
5.490 2686.44
5.589  2804.09
5.697  2903.01
5.798  3030.45
5.907 3155.45

MEASURED SPECIFIC HEATY OF 82.3 A/] CE-17.7 A/Q Y

T ) C .
(DEG K) (MJ/MDLE-K)
6.009 3269.42
6.147 3436.48
6.249 3586.98
6.416 3764.59
6.514 -3918.35
6.683 4142.20
. 6.797 4321.91
6.934 4503.03
7.093 4745.25
7.168 4841,.83
7.383 5191.33
7.391 5252.05
7T.586 5534.49
7.701 5716.15
T.7719 5840.98
T.961 6146.14
8.010 6243.51
8.136 6424.51
8.302 6669.03
8.320 6817.42
8.460 6895,01.
8.619 6811.45
8.652 6565.39
8,769 6053.85
8.928 4586.25
8.934 . 4528.14
9.154 3593.85
9.187 3539,01
9,408 3193.11

9.512

3091.65

T
(DEG K}

39,680
9.881

9.964

10.249
10.259
10.604
10.621
10.937
11.038
11.300
11.533
11.683
12.086
12.119
12.586
12.836
13,113
13,647
13.761
14.357
14.554
14,9170
15.539
15.822

- 16,813

17.689
17.862
18.673
18.899
19.521

C .
(MJ/MOLE-K)

2992.23
2949.12
2939.24
2958.22
2962.83
3006.42
2975.06
3106.09
3124.63
3153.36
3238.55
3239.38
3483.45
- 3410.35
3640.51
3635.70
3700.29
3949.23
4008.66
4353,95
4503.61
4713.58
5007.32
5089.78
5630.94
6138.37
6146,59
6933.43
6887.32
7533.13

19



MEASURED SPECIFIC HEAT OF 96.1 A/D CE-3.9 A/0 Y

T C T C

i T C .
(DEG K) (MJ/MOLE-K) "{DEG K) (MJ/MOLE-K) (DEG K) (MJ/MOLE-K}
3.036 394,23 5.926 2040.42 10.304 7958.11
3.105 411.33 6.095 2188.05 10.475 8006.12
3.193 439.49 6.198 2271.81 10.59%96 8280.12
3.302 475.8¢8: 6.318 2384.02 10.635 -8409.67
3.398 508.68 6.466 2535.53 10,798 8528.87
3.422 7 516.63 6.523 2722.58 10.951 8789.92
3,544 564.20 6.755 2823.16 11.004 8808.03
3.678 614.25 6,757 2842.58 11.095 9218.70
3.698 621.7¢€ o 7.024 3118,49 11.246 9215.73
3.820 674.21 7.067 3170.19 11.396 9323.17
3.884 697.35 7.314 3450,55 11.419 9052.98
3.974 740.96 7.381 3520.72 11.560 ‘9111.50
4.038 @ 769.12 7.623 3821.65 11.739 8916.39
4.038 769.12 : T.674 3861.26 11.880 8659.65
4.140 822.95 7.930 4229.84 11.961 8773.79
4.183 8464.98 7.951 4268.15 12.231 8246.74
4.301 901.03 | 8.223 4644.65 12.411 . 8032.71
4.324 917.64 8.227 46644.26 12.604 7790.56
4.467 . 993.14 8.505 4880.43 13.065 7028.94
4,471 992.28 8.507 4965.117 13.168 6870.64
4.630 - 1089.30 "8.758 5416.15 13,845 6236.49
4.662 1106.99 8.799 5495.85 13.980 6233.41
1 4.809 1194.61 ' 8.994 5782.69 14,708 - 6363.08
4.879 1242.37 9.218 6081,77 14,962 . 6370.14
5.005 1324.901 9.429 6330.32 15.619 .6643.57
5.113 °1398.51 9.472 6409.29 16.019 6849.20
5.214 1471.7Y 9.601 6768.40 16.596 7196.16 .
5.366 1582.89 9.778 7022.33 17.079 T472.98
5.430 1626.82 9.818 6896.79 17.58¢ 7685.55
5.636 1794.67 9.958 7285.56 18.082 8095.07
5.650 1890.45 10.13¢6 7591.80 18.514 '8469,99

5.874 1989.31 10.196 7520.51 19.345 91907.92

<9



