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CALORIMETRIC STUDIES OF SINGLET-GROUND-STATE SYSTEMS
| Marilyn Wun
Inorganic Materials Research Division, Lawrence Berkeley ﬁaboraﬁory

~and Department of Chemistry; University of California, . .
: Berkeley, California o ’ 4

ABSTRACT
Terbium ethyl sulfate and PrCu2 are examples of compounds in which

the rare eatth ions are in singlet crystal field ground states and the

'exchahgevcoupling between ions is smaller. than the critical vélue're-

quired for magnetié moment formation. Heat capacity measurements on

PrCu2 suggest that the singlet ground state arises from a Jahn-Teller

- distortion and give a value for the hyperfine enhancement of magnetic

field at the nucleus. In terbium ethYl'éulfate a cooperative transitidn

.to an ordefed.state is observed at 0.25 K. This transition probably

_ arises from a combination of dipole-dipole and hyperfine interactions.

[
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I. INTRODUCTION

For a rare earth ion usually only one J multiplet is populated at
room temperature and below, and the ion has a magnetic moment deter-
mined by J and g. Crystalline electric fields can split the 2J+1
levels of the multiplet, and if the ion has an even number of electroms,
it is possible for the ground level to be a non-magnetic singlet. In
such a case magnetic moments can occur in the low temperature limit
only if some perturbation such as an external field or an exchange
coupling between the ions mixes higher states with the ground state.
The former case is known as Van Vleck paramagnetism. In the latter
case there is a critical value of the ratio of J, the exchange coupling
parameter, to A, the crystal field splitting, required for the appear-
ance of magnetic moments.

If the calculated susceptibility including crystal-field effects
but not exchange coupling is X, and the exchange effects are repre-
sented by a molecular field approximation (MFA) with A the molecular
field parameter, the observed susceptibility is x = X'/(l—)\x').1 For
the special case of two singlet levels separated by an energy kA
magnetic moments occur only if Ax; > 1 where Xé is the OK value
of X', and the critical temperature below which moments appear is
given by the solution of x'/xé = tanh(A/2kT).1

These singlet ground state systems have attracted attention for
several reasons: They constitute a class of systems showing coopera-
tive magnetic transifions and provide examples for testing theories of

cooperative ordering. They have also been recognized as potentially
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useful in the production of low temperatures by adiabatic nuclear de-
magnetization because the effective field at the nucleus is greater
than the applied field. The enhancement arises from the hyperfine
coupling of the nuclear moment to the Van Vleck electronic moment and
is usually represented by a factor 1+K where K is determined by the
Van Vleck paramagnetic susceptibility and the hyperfine coupling.

In this thesis calorimetric investigations of two singlet ground
state systems are reported. In terbium ethyl sulfate the two lowest
crystal field levels are singlets and all other levels are appreciably
higher. The magnitude of J is too small to produce magnetic moments
but both the hyperfine coupling and the dipole-dipole coupling are
comparable with A and, apparently, one or the other or a combination

2

of the two produces moments. In PrCu, J is also less than the

2
critical value for the formation of electronic moments, but a coopera-
tive nuclear ordering has been reported.3 Presumably it arises from
a nuclear-nuclear interaction enhanced by the hyperfine coupling of

the nucleus to the electrons and the (subcritical) exchange coupling

between iomns.

[
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Andres et al.3'found a heathcapacityvanonaly‘in i’rCu2 that had a
maximum arbund:;Ksand an entrcpy close'td Rlné. Nearly'tenperature—
independent'susceptibility between 1 and 7K rules out the possibility
of‘ﬂxiandnaly being a precursor to magnetic order “and suggests‘that the

|

ground state is a singlet. They interpreted the anomaly as originating

'from a first excited singlet state which is separated in energy from

the ground crystal field state by‘kX13K. 'They found the heat capacity

of PrCu2 below 0.5K increased with decreasing temperatures. Below

'90mK they found a faster than 1/T dependence where a normal hyperfine

heat capacity would have a 1/T dependence. Their-susceptibility

-'”measurements show a maximum at 54uK in 110 Oe. The behav1or of the

w'heat capacity and the susceptibility together were interpreted as

assoc1ated with a cooperatlve antiferromagnetic nuclear ordering

The-origlnal.PrCu sample used in our measureménts, sample I,

2

” was'prepared by melting the components in an arc furnace. The compon-

ents consisted of 40.0185 gms of 99.9% pure Pr metal and 35.8734 gms
of a 99.999% pure Asarco copper rod. The sample was in the shape of
a right circular cylinder ahout 3/4 in. in diaﬁeter and 1 in. long._

X—ray examination of sample I showed only the PrCu2 phase. lThe heat .

capacity of this sample was measured in zero field from 0. 3 to 20K.

After that run, the sample cracked and the follow1ng measurements wereﬂ
made on a fragment, sample II, from the lower portlon of the orlginal
sample. Chemical analysis on a part of sample II gave 51 90/ by

weight of Pr‘and'48.28% by weight of Cu. The heat capacities of



samples I and II were different below 3.2K, but 1ndistinénishable be-
tween that temperature and 8k. In the following, it has been assumedl
~ that samples I and II have the same heat capacity above 3.2K. Sample
11 was messured.in zero field from 0.06 to ZOK,fin 9 kOe from 0.13 to _ ;
0;4Ké in 10 kOe from 0.3 to'0.6K,'in 20 kOe from Q;B to 0.6 K, and in
38 kOe fron:0.38-to ZOK. Sanple I1I was prepared.by remeiting'snd anneal-
ing'sanple“il. The“Sample'was.heid at 900-910°C‘for 45 min. "fhen'at'
835—840 C for 45 min and at 800-820°C for. three days, all’ under vacuum
'Sample III was measured only in zero field below 0 63K and had ‘a
heat'capscity on”the'Order of 20% higher than sample II. Heat'capacities
were measured as described in Appendix T. | |
figures 1 and 2 show the 7K anomaiy. “The dats'in.these figures
except for some of the high temoeratUre iero field points which were
taken on'ssmple.I are all on samnle II. They also include the hest h
capacity of LaCu2 used to provide a rough.estinste of the eleotronici'
and'lattice,hest'capaoities of PrCuZ. ‘(See Appendix II1 for details.)
The zero field 7K anomaly is approximately 25% higher.than thatbre-
ported by Andres et al. and somewhat sharper. The anomaly‘is much
.sharper than a Schottky for a two—level system as shown in Fig. 2, but.

similar to anomalies which have been observed for TmVO4 4 and TmAsO4 3.

-

and interpreted as arising from a Jahn-Teller distortion. (The Jahn- : ' cc
Teller effect is a distortion of the lattice that 1ifts the degeneracyv ¢
of the_two degenerate or nearly degenerate.levels and produces, at | |

low temperatures,va lowering‘of thexorystal field.energy.) Thev

anomalies for these compounds are quite accurately reproduced by a
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heat capacity of PrCu
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molecular field calculation.  Our results show a broader transition than

would be obtained by a molecular field calculation. This presumably is

‘the result of inhomogeneities in the sample. The solid curve in Fig.

2 represents a molecular field calculation for a doublet ground state
broadened by a gaussian distribution of critical'temperatures with
TD = 7.5K and the half width in critical temperature, 6TD = 0.35K to

account for the inhomogeneities. The sum of the molecular field cal-

“culation and the heat capacity of LaCuz'does not account for all of the

, mear 8K and above. The ‘additional substantial
heat capacity at these temperatures is most likely due to a Schottky"

anomaly,péaking around 12 or 13K. This Schottky anomaly is probably

) thé‘result of a third crystal field state near 25K. Thus, although

we have not made a detailed calculation, it seems probably that the

vcrystai field heat capacity in the l't0'20K-regiOn is the sum of ‘a co-.

operative JahhTTeller distortion invdlving the two ldweét singlet states
(which have a separation much smaller'ghan 7K at high teﬁperatures)vand
a third state near 25K (which may also be affected by the distorfion);

This intérpretation i§<ﬁfferentfrom that of Andres et él;;ﬁﬁt is still‘

consistent with the Pr ‘ions in PrCu, being in a singlet ground étate at

2

.temperatures small coﬁpared with 7K.

Ourrheat capacity results below 1K for PrCu2 in.zéfo abplied field
and several magpefic fields are shown invFié..3. In thié fegion, our
resdlts (on éample IT) and those réported by Andres ét;ai. have a
slightly different temperature_dependence;', They teport a faster
than l/T2 aependence below aﬁouf 90 mK whereas bur.resulfs show. a slower

than a l/Tzfdependencé above 80 mK while the few poiﬁts'below 80 mK

-
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increase as fapidly as l/T2. Furthermoré}'our_heat capacity results are
lower>thanvtheiré#—only 70% at highbas'O.lK; (Although oﬁr resulfs on
sample III are highéf than that on sample II, they"ére still substan-
tially lower than that of Andres et al.) .For.d;B <T< 0;6K and
0 <.H < 20 kOe the data are approximately represented by

C - 0.029T +(0.003 + 7.94 x 107 #5172 J/mole=k,
where H is the mégnetic field in kOe. The heat capacity increaseé-
in a magnetic field as one would expect for a-singlet'ground stafé, In
this region of temperature and magnetic fieid thé_field'dependentbterm.

can only be a hyperfine enhanced nuclear contribution,

< 1 (HD) 1,592 (JH2
C/R = 3 1 (07 ) -

We find for'1¥K, the‘facgorzby which the applied fiéid is‘enhaﬁced'?t’ 
‘éhe nucleus, i+K = 29, Tgis value is ip.reésonable agreement with |

- that obtéinéd by Andres et al. ffom their analysis of nuélear_magﬁetid
suSceptibilities below 0.5K.

Inbsuﬁmary, our interpretation’bf'the crystal field heat‘capadity_is
substaﬂtiailf different from that given by Andres et al. but still
correqundé to a singlet ground state of t:t'.le.Pr+3 ions in-Prcuz. The
field deﬁendence_qf thé heat capacity at moderately”iow témpera;ures
gives an enhancement factor in reasonabie agfeemen£ Withvtheir value and
(tﬁerefore suppérts"ﬁheir intérpretation 6f the sﬁéceptibility at tempgra—
tures just'abOQe the maximﬁm. Our heat capacityvﬁeasuréments show no_L
indicatioﬁ of a cbéperative anomaly; b#t they dd not éxtend-to the

temperature of the susceptibility maximum. However, the sample de-

pendence of the low temperature.heat éapacity suggest the possibility

%4
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that it is associated with a minor constituent. Obviously, measure-

ments on a more perfect sample would be of interest.



III. TERBIUM ETHYL SULFATE

The two lowest'energy levels of the Tb+3‘ion in terbium ethyl L.

sulfate are singlets separated by 0.4 cm—l;6',An EPR study of Tb-Tb .

v_'t’

pairs in YES has shown7_that the only interaction of significenee_between P

763" ions is the dipole—dipole one. Susceptibility measnrements shbw

ferromagnetie ordering around O.24K..2 For nearest neighburs aloné the

c—exis the dipole—dipole energy corresponds approximateiy“tO'0.25K'and

it has been suggested that terbium ethyl sulfate is an example of a system

where formation of the magnetic moments is produced by d1pole—dipole

coupling.2 However; ‘the hyperflne coupling constant is A = 0.30K (where

_AS Iz‘“ is the hyperfine term in the Hamlltonlan) so the possibility

that the hyperfine term is important in moment formation cannot be ruled
A.The'heat'capacity of terbium ethyl sulfate was measured‘hetween

70 mK ‘and 20K, but at temperatures below 0.13K the sample shows_en— |

tremely 1ong relaxation tlmes-—on ‘the order of several hours. Above

0.13K thefrelaxation'times were less than 10 min. The long

. relaxation times cannot be handled with uur'experimental.setup.' Be-

cause of'the uncertainty that these relaxation times intreduce we renort

only the,results ehove.O.ISK.” Thefheat,capaeity measurements were made

as described in Appendix I. (See»Appendix II for details on the

Lkl

Apiezon N grease used as a. thermal bonding agent.)

A considerable complication in the data is associated with an

1

apparent sensitivity of the heat capacity to the loss of water of

hydration. This effect appeared as successive decreases.in the heat

t
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of the first sample from run to run. 'It was:cbncluded that this effect
was associated with the loss of water of hydration when exposed to the
insulating vacuum of theicalorimeter before coolingyor ﬁheh warming
to room temperature. A second sample was oB;ained and care was taken
not to expése it to the'insﬁlating vacuqm.' Howéveré problems with the
-He3 appératus delayed measurements in the 0.3 to 20K region for several
months. During that period the sample was cooled to 77K several times and
warmed baék>to room temperature. Aftef a successful éxperiment w;s finally
carried out,ﬁhe data was found to'Be about_2% lower than the'adiabatic 
data (0.15K to 0.5K range) in the oveflap range even though the above’:
preéautions had been taken.

We believe that the low temperature measurements on the. second
sa@ple give correctly the heat capacity below 0.5K. Measurements on
. . ,
the first sample show that the loés of water of hydration,has;an effect at
.gll temperatures. As an approximate'correction to the high tempefature
data on the second‘éample we have scaled up thévl/T2 term‘(see‘following
description of analysis) byVZZ so'that the two sets of data meet.

In.the;temperature region between 2 and‘3.6K the data are
.rebresented by . ' ;

 c- 1.7560/T% +0.00649T° J/mole-K
but'in accord with the above mentioned_approximation,.we have used
© = 1.79112/T% + 0.00649T° J/mole—X.

'This allows us to separaée the data into two contributions, the mag-
'netic heaf capacity CM and the lattice heat capacity CL' Below 2K the

magnetic heat capacity C, = C—0;00649T3 J/mole-K. Above 2K,

M

CM = 1..79112/T2 J/mole-K. Below 2K the lattice heat capacity.
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CL =’0.00649T3 J/mole-K. Above 2K CL = C—1.79112/T2 J/mole-K.

The results of fhis'analysis are shown'in\Figs. 4 and 5 as
(C—0.00649T3) vs T and (C—l;79112/T2)/T3vvs'T, resPecti?ely. Table I

gives values of (C—l.79112/T2)/T3 from Fig. 5 at one degree intervals.

L

Smiths'on'Several other rare-earth ethylsulfates show reasonable agree-

Compafiéon of our results for C, with the results réported by Meyer and
ment. The shape of the curve:above 2K éﬁd the position of tﬁe beak .
in Fig. 5 are very similar td'that of Meyer and Smith's. We have
attributed the uptdtn in C/T3vreportéd by thesé'AUthors even in non-
magnetic rare-earth ethylsulfates és an experimental error associated -
with the use 6f helium exchange gas. At 9K they give a latiicé heat
capaéity yaiue:of 9.84.ﬁJ/mole-K for ytterbium etﬁyl'suifate aﬁd
neodymium ethyl sulfate8 which is in close agreement witﬁ our results
of 9.875 mJ/mole-K at the same temperature. . | |
;Thé magnetic. heat capacity shown in Fig. 4 is consistent with
known crystal field splittihgs'and_thé preViousiy'reported éuéééptibility.
A sharp ﬁeak of the kind typically associéted with a éqopera;ive
transition is suferimposed on the low témperature_siﬁé of a bfoa&er':
Schottky-l1like anomaly théﬁ_occUrs at the temperature expected ffqm
the crystéivfieldvsélittiﬁg.‘ . |
The totél_ehtropy associated with the magnetic'heat capacity above
0.13K (usingfall/T? extrapblation.abéﬁe 2K to T=w) is 10.19 J/mole—K.'
which is substantially more than R£n2?=5.763 J/molé-K expeétgd_fér_the.

two crystal field levels alone. This is not particularly surprising

because the formation of magnetic moments at 0.25K, the approximate

|
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temperature'of the cooperative transition obsered in both the heat
capacity and the susceptibility, would pfoduée a substantial hyperfine
field and the nuclear hea;'capaCity:shquld be quite appreciable at that

temperéture‘and below. What is somewhat surprising, however, is that the

entropY'aboﬁe 0.25K is very close to R&n2. If it is assumed that some of

the entropy below 0.25K is associated with the formation of électronié

moments and therefore part of the Rin2 entropy arising from the two -

vcrystal field levels, it follows that some of the eﬁtropy above 0.25K

must be nuclear in origin. This suggests that the hyperfine coupling

has some role in the production of eiectrqnic moments and that the @

>»formation_of these moments takes place partiallf above 0.25K, but in the

absence of a detailed theoretical calculation this is speculative.

In summary, the heat capacity measurements-have confirmed the

s

occurrence of cooperative ordering at 0.25K. There is some indication

that the hyperfine coupling is important in this transition but a firm

conclusion,must await further theoretical developments.



APPENDIX I. . FEXPERIMENTAL TECHNIQUES
Two methods of cooling were used, magnetic cooling (adiabatic de- -

v _ k! - » .
magnetiéation apparatus) and He™ refrigeration (He3 apparatus). The

-

apparatus will be described in the foliowing two sectionms.

A. Apparatus for the Temperature range from 0.06K to 1K

The adiabatic demagnetization cryostat used for measurepents‘in'che
0.06K to 1 K range is described by Triplett.9 ‘ |

By éotentiometfically monitoring a‘germénium resisfancevthermoﬁépef
(GE1751) thermally anchored to the éalorimeter, témperaturé drifts
betweeﬁ.heat capacity points (takeﬁ via the heat pﬁlée téchnique) and
rises in temperature during hé;t capacity pointsvweré'recorded. The"!
gérm#nium’thermometer (Ge1751)»wés-calibrated oﬁ.the laborétory's '
ﬁemperature-scale designatéd'Tn. Fof'details.én thefmbmetér énd 
" thermometer calibrations the reader is referred to the Ph.D. theses of
Bader;0 and Conway._l1 |

The calorimeﬁer made of high—purity silver ends‘in a thfeaded
bobbin to which a tapped sample or tapped sample hélder (gdaptof) can
be mounted. Thermal contact between the sample'an& the.célorimetef~is
made ﬁhrough:thg‘threads of the bobbin. | |

_ A superconducting high-purity léad wire isAused to make and break: R

thermal contact between the cooling salt and the calorimeter. For

s

details ‘on calorimeter design and experimental technique see Triplettfs9 &

and Bader'slp Ph.D. theses.
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” 'B. épparatus'for-the”TemperéturerRange'ffom 0.3K to 20K

For measurements in the 0.3K £6 ZQK';ange>He3 reffigeration'ﬁas
used to codl thé samples. The He3’cryb$tat_is_dquriBed iﬁ feferences
10 and_9.‘

'-JFHege the'caldrimetervis made of copper and, inStead_éf a lead switch,
a mechanical heat switch is used to make fhermal‘contact:bétﬁeen the
calorimeter and the pﬁmped Hé3 usgd for ref;igefggipn. A gerﬁanium
resistanqe thérmometer (G¢l609) is;therﬁally anchored to the caiorimeter
to monitor the temperature of the sample. ‘It is-also calibrated on the

9,10)'

Tn temperature scale. (See Iriplett's and Bader's Ph.D. theses.

- C. Sample'Hblders (Adaptors)

In the case of the Apiezon N grease a small cup-like adaptor was
fabricated. out of three:thin_cylinaérs of copper concentrically situated

on and hard_solderedjto a thin circular copper plate. A piece of copper

wire connected the tapped portion of the adaptor to the cup portion.

The entire sample holder was”then'plated with .approximately 0.5 mil
thickness of gold. The adaptor was then measured to determine its heat

capacity.

The adaptor fdr_the:PrCu was machined from a rod of "as-received"

2
6—9'§ Comiﬁco silver to which a piecé of silver foil was joined with
milligram quantities of hard-solder. The adaptor was not measured
but aSsuﬁed.to be pure silver. It's héat capacity will be diécussed ‘
invéecgion E.

A cell made from high—pufity copper was used fdrﬁthgiferbium ethyl

sulfate experiments. One end of the cell was tapped so it could be
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mounted on the calorimeter. The other eﬁd WasAopen.and had threads
on which the bottom tapped plate couid_be mounted: .Inside the cell
small amounts of hard-solder were used to attachvsmall copper fins
fotbbetter thermal contact to the sample.' The sample Qég packed in
,.the cell and the bottom plate mougted; The cell was not measured cut
, assumed to be purevcopper. It's:heat capacity wili‘be disCussed‘in‘

section E.

D. Heat Capacity Calculations

The heat capacity of a. sample is given by

c=(C Y/n

Total - CAddenda

Tota 1 is the total measured heat capacity, CAddenda is the sum

of the heat capacity of the empty‘calorimeter, an adaptor (if there is

- where C

.one), and of any thermal bonding agents used, and n is the number of
moles or grams of sample (depending on whether itvié‘more convenient
to have the sample on a per mole basis or per gram basis). The heat

capacity contributions of the addenda will now be discussed separately.

E. Heat Capacity of the Addenda

The heat capacity of the empty copper calorimeter is given by

Cyp = Co(THAT,m)

‘ 6 .
. C = -A(—H)- + B,T i, b, = 1,2,3,5,7, and 9.
c 2 :E: i i
T i=1 _ : .

A was determined grabhically and the Bi coefficients were determined by

where

a least squares fit to the data after the A(H)/T2 term was subtracted.

The coefficient of the l/T2 term was found to be a\fﬁnction of the
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applied field, H,‘sb A(T,H) is also a function of field. (See ref. 10.)
A A-table was constructedvby reading Values of A at intervals of 
loglOT(K) from a smooth curve:drawn through a graph of the fraétiohal

differehpes'[A(T)] between the sample heat capacities, C, and'CC as a

¥ .

| . . .
function of the logarithm of the temperature. . Interpolations done on

this A-table give the desired A(T) values.
The heat capacity of thé copper sample holdet is

. - = ' , .
.CAdaptor , Cc £1+A(T)]

R - 21+1
i -
whgrg CC‘ : E Byi41 T .

i=0

Q

The co?fficiéhts, 321+1,1were determined by a leastvsquares fiﬁ‘

- to the d#ta. A‘A—table for ;he adaptor was conSifucted.iﬁ the same 

ﬁanﬁér as #iséuséed abéve. ~f . o j.. o ?
Thé.ﬂeat capacity of the silver adaptof was calculafed'from

e 4 1
_ 2i+1
Crg = z B T - X

i=0
which was obtained by least-squares fitting to (a) the smoothed data
for 1< T<5K  genefated from Ahler's equation12 aﬁd multiplied 9y.‘
ﬁhe factor 0.994 to join’ﬁartin?s daté in the overlap region and
¥b) Martin"s13 smoothed data for 3 < T_< 30 K. A A—;ablejwas not
constructed from thé fréctional differences to improve the ﬂetermina—.

tion of C, 'as this would probably reflect Martin's temperature scale

Ag
which most likely is slightly different from that used here. The
weight of the adaptor in terms of the number of moles was used for

X. (The coefficients of the equation are on a per molé of Ag basis;)
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The heat capacity of the copper cell was calculated from |

3
C. = [yT +) BT
Cu i=1i

which was obtained'by least—squéres fitting of'dafa'taken on a rod

2+l ea(m) - ¥

of high-purity Asarco copper which had been annealed and then melted.
(See Triplett's Ph.D. thesis for details on the Asarco rod.) ' For Y,
the number of moles of copper, the weight of the copper cell was‘uéed,

ignoring milligram quantities of hard solder. The value of Yy was

i

determined graphically and the B coefficients were determined by
least—sqﬁafes'fitting of the data after the YT term had been subtracted.
This forces the fractional differences at the low temperéture end té }
go to zero. The data on the Asarco rod covered the region from 0.3K

to 20K. This methdd allows one to use just-thevdetermined equation *
(i.e. no A-table) in regions below 0.3K."A'A;téb1e waé‘constfucted

in the same manner as discussed above. °

The equation:
; 8

) |
Cogro3L = [ZAiT_ ] . [1+A(T)]v -z

i=1
was used in the LﬁCu2 analysis but in the PrCix2 anaiysis the,apprpximate—
ly 50 milligram quantities of GE7031 varnish uséd”coﬁtriﬁuted a .
negligible amount to the heat capacity so i; was not corrected for.
For Z the number of.grams of GE7031 used was enterea. For details on

the origin of this eQuation see Bader's Ph.D. theéis.10
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APPENDIX II. THE HEAT CAPACITY OF APIEZON-N GREASE

Apiezon grease is frequently used to méke thermal contact at
cryogénié'temﬁératures; ﬁo&ever,.theiaddition‘of]thé'thermal ﬁonding
égent contributes to the total heét.capacity measured. To get a more
accurate ‘picture of the heat capaciﬁy of the system, the contribution
due'Fo'thé grease must be sﬁbtracted; To facilitate tﬂis,'the'spécifié
heat of Apiezon-N grease was measured in the temﬁerature'régio; from
0.4K to 20K and, subsequently,'fitted.to a'po;ynomialiin powers'of
temperafure, T(K), by a least-squares method.

The measurement on the ApiezonlN'greasé was carried out in the
He3 cryostat and calorimeter as described in Appendix I of this text.

At the lowest temperatﬁres the'accuraéy of fhe measurement'wé§
limited By thezheat'capécity of the célorimeter, sémple holdér, e;é{
The heat cépacity of the grease was 4.7% of the measured heat capacity
at 0.4K, 9.9% at 1.0K, 46.7% at 4.0K, and 35.5% at 20K. We expect an
overall atcufacy in tﬁg meadasured heat_capacity of the order of 1%.

The results above 1K are shown in Fig. 6 as_C/T3 vs T, and below
1.4K in Fig. 7 as C/T vs Tz. The data‘beiow 0.8K suggest a weaker than
,T3 temperature dependence, bu; the deviatioh.from T3 isrnot much
gfeater thén thé uncerfainty, and tﬁe accuracy is cgrtainly not high
enough to distinguiéh betweeh, for example; a conséaﬁt tefm or:a linear
term. .Because of the uncertaihty.in tﬁe correct extrapolation of the
data to OK, several repfesentations of the déta ha?evbeenbdevélopéa.
Since for‘ouf immediate applications (to the measuréménts on terbium

éthyl sulfate) eveﬁ a linear term of 0.015T mJ/gm-K would be negligible,
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we have used only T3 extrapolations to OK. Table II gives smoothed

values of C/T3 from the curve through the data in'Fig. 6. Equation (1)

is an approximation to the data in the region 1K to 20K which has been

3

forced to go to zero as 0.0261 T~.
: - 9 ‘
c =BT + E Bt
c,grease 1" i
’ o i=2
where C .. is in mJ/g-K, and
c,grease . o _
B1 = 0.0261
Bz'= 9.953004 x
B3 = -2,2604 X
Bé = 4.45336 X
35 = -1.24733 x
36 = 1.338402 x
B, = -5.63988 x
B8 = 5.02937 X
and 39 = -3.0663 x
with bi = 4,5,6,7,8,9,
The.devigtions from

10”

€9)

107

10

10~

107

1077

10-10

10—13

11,13.

Eq. (1), shown in Fig. 8, were used together with

Eq. (1) in the terbium ethyl sulfate experiments. "Equation (2)

represents a least-squares fit to

efficients were fixed.

8 b
' - BT i
c,grease Z: i
i=1
where C' is in mJ/g-K, and

c,grease

the data in which none of the co-

(2)
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-~} o
L]

= 2.80019 x 1072
B, = -4.87887 1073
B, = 3.81416 1073
B, = f9.07297 x 1074
B, - 9.76703 x 107>
B, = -5.23844 x 107°
B, = 1.21072 x 1077
and | Bg = -3.12038 x 1071
with - b, = 3,4,5,6,7,8,9,11.

It représenté the data between 1K and 20K to'ﬁithin 1%, _
| Othef'measﬁrémeﬁts near 1K have giVen a heat'cabaciiy of 0.0325T3>

mJ/g-K for"Apiezon ﬁ grease.14 The Only.other measﬁrementérdf.its heat

capacity-éppeaf to be in fhe‘regioh‘above/BOK.ls Meaéuremenﬁs.on

Apiezon T grease have shown a similar temperature dependence, but_somé—'

what greater in magnitude.16
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APPENDIX III. THE HEAT CAPACITY OF LaCu,
The heat capacity of LaCU2 was méasurea befWéen-0.4 and 20K to
provide é basis for a crude estimate of the lattice and electronic
heat.caéacities of PrCuz. Although LaCu2 has the'hexagonal AlB2
structure which'differs ffom that of the neighbéring RECu2 compounds
which have the CeCué structure,17 it is related to them by a distdrti_on.l8
.It seems t§ provide as‘good é basis for comparisop as would a compound
with the same structure and substantially different atomic masses. The
density of LaCu2 is somewhat_lower than that obtained by extrapolation

2

in the series SmCuz, NdCuZ, PrCuz, CeCu,. Its -1attice heat capacity
might be exﬁected for this reason (apart from differences associated

with the different structures) to be somewhat higher than that of

PrCuz.

The results of the measurements are shown in Figs.9 and 10 as

2
18.7% of the measured heat capacity at 0.44K, 16.7% at 1.0K,

C/T vs T2 and.(C--'YT)/T3 vs T. The heat'Capacity:of the LaCu, was

14.2% at 5.0K, and 15.7% at 20K.
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PrCuy--Sample "1

zero field

0.32 L 20K
T (K) C(J/mole-K) O T(K) C(J/mole-K)
«32250 +03104 5.47811 7.84632 .
«34633 .02881 5.82002 8.63815
«27955 « 02639 6.21655 9.49927
041448 « 02459 . 6.21780 9.50219"
«45461 .02321 6.62112 10.22599
«50116 « 02240 7.04804 10.39043
«55423 .02197 7.60474 6.75484
« 61552 «02223 8.37208 4.99140
.68815 .02321 9.15549 4.77352
«75130 . 02456 . 9.97084 4.74026
" .81551 .02631 10.85784 4.80150
.88101 « 02840 12.04275 5.02977
.93158 .03037 13.38498 5.43264
- +59186 .03344 14.49486 5.88474 -
1.05401 03712 '15.63567 6.49863
1.123¢3 «04250, 16.78428 7.17002
1.19722 « 04935 17.832098 7-RQ21R
C1.27141 .05851 18.80518 8.62737
1.35776 07256 19.69876 9.30163
1.44213 .09055
1.51673 «11065
1.57598 «12939
1.66001 .16113
1.75011 «20299
1.85072 «25964
1.99497 «36358
2.16505 .51933
2.31446 «68752
2.45623 87251
2.73094 1.29620
2.90587 1.61025
3,10625 2.00958
3.,31672 2.46622
3.54627 2.99865
3,80314 3.,61858
4.,06848 4.35880
4,40236 5.13321
4.52093 5.43698
4,72954 5.98832
4.93064 6.50230
5.10740 6.94520
5436437 7.56042



60004 201673

T(K)
«06171
«06542
« 06961
.07431
.07672
.07962
.08409
© .08556

«09159
- «09220

« 09941
« 09997
« 10000
.;.10373
«10737
«10937

- 10937

ell613
" ¢11984%
«11990
- 612172
«12576
«13154

013165

013496
«14493
« 14704

«15940
«16417

« 17559

18148

«19368
«20130
«20511
«21363
«22384
22825
«23701
«23705

25154
025432

«26243
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Pfcuz--Sample IT

- .zero field

0.06 - 0.9K

C(J/mole=K)

«34032
.29338
«26321
«23349
021663
«20722
« 18749
« 18577
.16713
«16763
«15162
» 14964
«14861
«14370
«13776
+13389
«13441
<12511
«11957
«11839
_011797
« 11349
+10702
«10723
e 10446
. «09633
«09520
«08610
«08398
«Q07683
« 07443
«06843
«06567
+ 06476
405707
«05795
«05715
«05411
«05402
«05058
204976
" «04799

CT(K)
0262;6"

« 28066
«28408
« 29091
«31866
»31988
32214
«35698
«35729
«36057
«39533
«391782

041306'

« 44757

< 46965

«50440

.52918

«56007
«58713
«61949

«68315

«73822
« 719684
«85547

C(J/mole-K)

« 04794
« 04438
« 04394
« 04245
.03796
. «03837
« 03797
.03421
«03320
.03368
«03085
+03088
«02975
«02809
« 02726
<02649
'02611,
« 02592
.0258»
«02608
«02699
« 0282«
«03006
03232
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PrCuy--Sample II

zero field

0.33 - 8.2K
CT(K) C(J/mole=K) T(K) C(J/mole=-K)
+ 33038 «03706 4.,79002 6.16597
«33047 - 03691 5.19979 7.19637
26582 .03334 5.63645 8.23842
- 28007 .03213 6412041 9.32461
+40752 .03014 6.57221 10.17510
42150 «02933 6.78689 10.47669
. «44871 « 02807 6.82192 10.48157.
«45911 . 02768 6.88251 10.51320
48836 «02685 6.91568 10.54416.
45936 « 02660 6.94785 10.54072
«53267 « 02605 6.58063 _ 10.53436
.58365 «02576 7.01472 10.51006
62957 e 02602 7.05001 10.50198
L7869 .02674 '7.085868 10.42044
77625 02924 7.15724 10.23777
.82653 «03097 7.18465 10.05568
88249 03322 7.23333 . 9.85779
.53188 «03552 7.26986 '9,60695
1.00035 «03978 7.30757 9.18328
1.07712 .04539 7.35087 8.60778
1.'6124 «05341 7.35825 7.84639
1.25246 .06499 7.45010 6.99524
1.34584 « 08095 7.49973 6.39389
1.43894 « 10246 T7.54597 6.01208
1.52770 .12831 7.59336 5073690
1.63774 16785 T.64343 5.58110°"
1.75428 022224 7.65506 5.47407
1.84944 $27773 7.74829 529309
1.86806 «29029 7.80223 5¢34429
1.94701 e34632 7.85590 527432
2.05264 e43324 7.90955 5622843
2.15866 53561 7.56329 5.17485
2.27258 « 66022 8.02001 512560,
2.40630 «82919 B.07751 5.09303
2.56312 1.05338 8.13632 5.05370
2.72382 1.32975 8.21454 5.02361
2.92854 1.68174
3.16851 2.16817
3.43163 2.75648
3.70371 3.40454
4,02087 4.32845
4439542 5614547
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.PrCuQ
9 kOe

0.13 - 0.41K

T(K) C(J/mole-K)

<13493 42642
o 14344 . 38476

« 15599 . «33303
«16891 - «29060
«18237 «25455
«19635 «22434
.21223 «19657
«23078 « 17064
.27289 . «12890
« 29438 - «11351
«31824 ’ «10027
.34538 .+ 08762
«37633 « 07646

«41071 «06708
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b

PrCu2

10 kOQe

0.31 - 0.64K

T(X)

31052
32455

« 34227
«36152
« 38252
«40713
«43622
047049
.5 12[!'3
« 56752
+63245

C(J/Mole-K)

12318
. 1 46D
« 10409
« 0495862
LO8T10
078853 -
«070G99
00()571
«05734
205115
« 04671

PrCuy

20.k0§

0.32 - 0.62K

T(K)

«32689
«34003
«35876
37939
0,40225
«42803
« 45695

- «48900

«52469
056669
«61424

C(J/Mole-K)

.33616
«31182
.28192
025379
. «22780
220320
18063
.16065
c14215
212495
.10986



0O0U04201678

5.50484
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PrCu,
38 kOe
D - . 0.38 - 20K
CT(K) C(J/Mole-K) T(K) - C(J/Mole-K)
«3850% 96161 5.GT1%6 7.689%2
40516 .87081 6.0664% B hGL%0
41709 «82930 6.1656% 1 8.65906
«43066 .. 17624 6637420 842193
e %5613 - .70298 6.53904% 9:12285
Ce4T239 « 65547 6o BEH2D 9.00349
.50228 +58993 6.97839 877542
©« 52199 ¢ 54483 To21¢12 8. 33875
55794 «48453 1.57766 7.18079
58007 4 T06 7.80481 6.84810
62631 e39173 7.98938 6.534649
65159 e3615T. "B.43514 6.11331 .
LT1302 C «30788 8.6T499 5.93555
«737176 - .28863 8.89364 5.77055
. 82258 « 23864 9.52051 5.51022
- B2806 « 22469 1o 50820 Ge249460
4921638 « 19609 11.55456 5440839
1.02919 J1672% 12.58873 5e60442
l. 15424 14564 - 1 13.66023 5,93383
1.29283 . 13572 14 6TCGED 635835
Le43182 JL3877 15.69470 6.59202
1.56001 15377 16. 793239 154326
1667321 .17886 18.C0O27F5 837539
1.81410 W 22652 19.25635 8o 716626
2.11994 %0255
2.28852 54487
245578 . 72004
2.58918 88157
2.7T4048 1.69240
2.96489 S 1644722
3.21810 “1.91127
3.43708 . 2.35398
3.64954 2.81939
3.88243 3.35440
4.10701 3.88360
 4.335069 4.43868
4.66723 5.26475
4.83029 5.68703
5.67983 6.28454
5024420 6.69176
. 7¢2741f5
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PrCuz-—Sample'III,

—

zero field

0.06 - 0.63K

T(K)

e 06467
« 06689
«07044
« 07456
« 07921
.(C8268
«08411

« 08420

«09125

«10014
10237
«10632
11311

«11805

«12082
12902

«12751

016243
«19252
«23050
« 27047
+30888
«34899
«28084
«39084%
«41680
943943
« 44514
45430
«47659
«47846
«49446
«50927
«55532
«590173
62578

C (J/MOLE-K)

-«34804
«31411
«28281
e 24845
«23638 -
022841
022755
.20859
«19536
«17952
«1T7414
«16589
«15351

. 14394
«14057
.12867
.11850
« 09657
«07815
06323
«05212
«04512
+ 03961
« 03644
«03562
«03369
« 03260
«03213
«03176
«03133
«03150
«03073
«03037
« 02993
«03013
«02693
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Terbium Ethyl Sulfate
zero field

©0.15 - 0.5K

e 25151

5.92040

T(K) C(J/mole-K) T(K) C(J/mole-K)
<155806 4.95004 225163 5.98665
C 16379 4.86496 W 20217 5.85503
L17165 4,920903 C2u40 7% 5, 78783 -
W 17210 L4 94367 c20550% 5. 19285
. 18021 5.11040 « 25619% 5.61313
« 18244 5.17273 $258240%  5.65516
18729 5.32570 $ 25GHTH 5 .55 744
. 19499 5.67030 25982 %.,62296
. 19659 5.84149 $26095% 5.50011
. 1999% 6.03757 W 26226% 5.46239
« 20548 641513 ;26380# 5645507
.21059 6.38567 $ 2659 2% 5.43103
«21199 T.03727 2684573 5.44088
Ce21527 7.38391 - L2685T7% L5 .4456]
«21954 '7.83760 27179% 5432087
L22372 8.,41012 L2T568% 5.21240
22512 8.,01614 .280C2% 5.22365
22711 8.99411 . 284856 5.05036
23006 9.52619 .28607 5.19401
$23137 % 9.64634 e 294217 5.14068.
.232871 10.09355 . 30555 5.03853
23355 % 9.83556 «31458 " 4,95148
23575 % 10.40855 «32491 4. 877196
23800 % 10.90512 «33538 C4.79622
23886 11.58049 34565 4474000
. 23940 % 10. 89048 «35686 4.67597
24013 % 11.57286 37071 4.58528
.24081 * 11.91685 «38467 4e49474
24149 % 11.34159 «39882- 4.,40098
24220 % "11,48639 “e4l453 4,30214
«24233 12.50060 «43109 4.21192
24289 % 12.13046 « 44851 4.11352
$ 24355 % 12.05652 « 46528 3499051
024422 % 12.29138 ¢ 8385 . 3,87756
e 24485 % 12.06581 «498T% 3.78304
24557 % 11.13633
024640 9,86026
260644 % 7.74628 ‘
241762 % 6.47704 ‘
24889 % 6.06195
25024 % 6.06970 * small AT points



T(XY

« 33679
40962
« 43865
) 04743‘)
«S1757
52540
« 570106

« 57085

«6302!
+63780
« 71189%
< 78954
«80061
«+88287
.88850
«97328

HaXo Rt Kol
o s P24

1.07484%
1.10791
1.17213

- 1422723

1.26011
1.28123

1.35809

1.37177
1.45816
1.50719
1.51976
1.58553

1.70131

1.72680
l1.86492
1.86250
1.99813
2.14410
2.27608

2.33371

2.42791
2.56950
2.58522
271493
2.82341

zero field

0.38 - 19K

Cyy

4,50044
4.34981
4.,15673
3.93233
3.,66590
3.61094
3.33084
3.,323%4
2.98903
2.95427
2.61408
2.54370
2.23126
2.15028
1.88172
1.86659
1.62623
1.57427
1.38787
1.31951
1.19885
1.10833
1.06089
1.02893
092031
«91036
.81182
. 76724
« 75603
«69821
61287

" «59502
«51326 .

«50047
« 44734
«38961
«34574
32888

«30385.

«27129
« 26800
«24300
« 22469
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Terbium Ethyl Sulfate

Cp

.00038

00045

.00055
.00069
. 00050
.00094
.00129
.00121

 « 00162

00168

« 00226

«ON241
«00319
«00333
. 00447
00455

oM s e

«N0C806

. 00883

.01045
.01200
.01299
.01365
01626
.01675
.02012
02222
.02278
.02587
03196
.03342
« 04209
«04399
05177

« 06514

«08053

«UB8705

. 09351

-« 11052

11498

13053
14593

~ (J/mole-XK)
CTo%al-

4450082
4.35026
4.15728
3.93302
3.66680 -
3.61188
3.33204
3.32474
299066

2.9556G5
2.61634

2.54611
2.23445
2.19361
1.886138
1.87114

1e63221

1.5800%
1.39593
1.32834
1.20930
1.12032
1.07388
1.24258
.94257
.92712
.83194
78946
.17881
. 72408
. 64483

. 62 844 .

.55536
. 54446
W49911
<454T6
42627

. e41592

<39736
.38180
.38297
.37353
< 37062
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Terbium Ethyl Sulfate--0.38 - 19K (cont.)

T(K)

2.84634

3.02564

3.,07439
3.,18422
3.31356.

3.38702

3,55422
3.572217
3.72835%
3,82414

3.89260

. 4.03943
4,11582

4.29960 ;

4.35153
4,47352
4.57909
4,58152
4.620117
4,82413
4,.89011
T 4485503
5.08158
5.36694
5¢45696
5.75522
5.80697
6.114064
6.14399
6.58399
7.00680
7417046
7.48223
7.70476
7.98536

8.19570

8.48868
8.66885
8.99075
9.16125
9.60669
9.81709
. 10.36856
10.63349
11.11681
11.41107
11.8510%
12.19231

Cy

.22108
« 195065
« 18950
. 176(‘5
«16313
«15613
14179
« 14036
.12885
«122438
«113821
« 10977

.10573

+ 39689
«09459
«08950
.08542
.08533

-« 08361

« 07694
« 07490
« 07460
«06936
«NE218
«N6015
.05408
05312
04791
« 04745
«04132
« 03648
« 03484
«03199
.03017
.02809
026067
« 02486

.02383

«N2216
«02134
«01941
.01858
01666
.01584
. 01449
01376
«0N1275
«01205

"13.89431

‘CL

. 1[f860
e 17622
181728

20906

«23413

« 25007

« 29059

2597864

« 33637
" «37016
.39038
04‘452()

46605 -

546493
056481
« 62300
068(017
.67910
« 711576

82242

. 87399

.87"¢01

1.90924 .

- 1.21782
1.291G3
1.571¢6

1.61843

1.96116
2.00558
2.58986
3,19955
3.46111
3.97430
4,36565
4.93178
5.36150
6.01629
6.44459
7.15840
7.54686

8.73319

9.28115
10.77458
11.52208
13.00313

1524423

160310011. )

c. (J/mole-K)
Total | :

.36968 -
.37188
370678
38571
39726
43237
43820
T 46522

e 49264

50859
¢ 55503
57178

'y 64338
« 65940
71250

e 16960 v
76443
79967
89936
¢ 94885
1.07860
1.28000
1.35118
1.62574
1l.67154
2.00507
2.05303

2.63118 -
3,22703
3449594
4,00629

4.39%83 .
4.95987

5.38816 -
6.24115%
6.46843
7.18056
7.56820
8.75260
9.29974
10.79124
11.53792
13.02262
13.90807
15.25698
16.35816



-32-

Terbium Ethyl Sulfate--0.38 - 13K (cont.)

~ (J/mole-K)
“Total

T(K) CM ' CL

12.54974

«01137

17.54393

17.55530

12.935G7 «01070 - 18.85677 16.86747
13.23313 01015 20.03461 20. da4Th
13.83058 « 00936 22.09613 22.10549
14.14583 «0089%5 23.23497 23.24392
14.85405 . 00812 25.87294% 25.88106
15.18243 «00777 27.23221 2724004
©15.89815 00709 30.15372 30.16581
16.97979 «20621 34.58566 34.59187
17.18071 . 00607 35.40608 35.41215
18.08877 - « 00547 39.36416 39,36963



6000420

-T(K)}.‘

« 38679
« 40962
s 438565
cHT4H35
«H1757
- 69529490
«57016
«57083

63780
70316
T804
«78954%
'« 80061
+B8287
«B6850
«97328
«99393
1.77484
1,10791

117213

22723
1.26011
'1.28123

1.35809
1.37177
1.45816
1.50719
1.51976
1.58553
1.70131

1.72680

1.86492
1.89250
1.99813
2.09495
2.14410
2.27608
2433371
2442791
2.56950
2.58522

-33-

'zerd field

0.38

C(J/Mole-K)

441257

(fo 2()497

4.,07577.

3.85592
3.59492
3.54108
3266173
3.25958
293205
2.89803
2.56508
249624
2.19070
2.15066
1.84929
1e83454
1.60032
1.54977
1.36872

1.30247 -

1.18579
1.09859
1. 05308
1.02241
e 92441
«90927
«81602
17441
« 76399

«71039.

«63282
61677
«54529
«53465
«49034
«49992
h4T12
. ,f 1(’4‘9
«40948
«39140
. 37()198
37772

20K

Terbium Ethyl Sulfate

T(K)

2.71493

2.82341
2. 84634

3.0256%

3. 07439

2.18422
331357
3.38702
3.55423
3.57227
372836
3.82414%

- 3.89260

4. 039/§3
4.,11582

4 d5900

4.35153

4,4%7352
4.57901
4.58152

4,62018

4.,826173

4,89011

4s898073
5.08158
5.36694
545696
5.75522
5480697

6.11464
6414399

7.00680
7.17046

‘7.48228
7.70476

7.98536
8.19571

8.40868

8.66885
8.99075

9.16125

Cc(J/Mole-K)

.3637?'
e 3662}
e 3680%
$ 37307
e 2224
S e3940%
° 40‘51/7

. .',4?.‘) i")

e 43545
46270
e G024
« 50627
«55287
56971
HGlal
e 65754
L7105
® 76‘?‘)2
s 76276
JTGE02
« 89785
94142
e 94721
L.07724
1.27878
1.35000
162468
1.67C50
2.00813
2.05210
2.63037
3,22631
3.49526
4.005606

'4.33524

4.95932
5.38764
6.04066
6.46796
7.18012

Te567T78
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Terbium Lthyl Sulfate--0.38 - 20K (cont.)
C(J/Mole-K)

T(K) C(J/Mole-K) T(K)

Do GOGHY
9,8L702
10.3268%4
10.633250G

11.11602

1l1e41108

o El.85105%
12.19232
12.54914%
12.93598
13.28314
13.83059

B.75222

Q29937

10 72082

11.93761
13.02234

13.20781
15.25673
16.35793

17.%5508

16.86727
20. 04457
22,10531

14. 14589
14.85405
15.18243
15.89816
16.19150
16.97971
L7.18072
16.08877
18.36331

19. 15117

19.64302

23.24375
25,8807
2T.23989
30.16565
31.20224
34459174
39:.4120%
39,36953
40.63066
43,98559
46.30169



<&

B
o
)

T(K)

39228
41322
43171
W G4024

e 45933

e 49333
«51565

$ 53275

« 54177
«5T619
« 58917
«60248
60273

« 62005
6329420

< 65329
<65784
.67024
068152

.70323

« 72280
« 73013
« 75812
« 77283
« 79359
«80093
»81971
«83611
«853606
«85843
« 87065
« 88882
«89374
« 92844
«96320
«99078
1.02736
1.04104
1.07018
1.11437
1.12152

Apiezon N Grease

—35-

zero field

0.389

C(mJ/Mole-K)

- 01522

00440
.00864
.00571
. 00681
-« 00747

 L00636

«00709
00602
< 00578
00604
. 00877
«00716
008564
« 00758
L00881L
«01102
.00896
«01077
010565
00912
«01162
J0L126
.01128
.01351
« 01348
.01348
.01381
«01572
.01692
. 04095

.01833°

«01952
«01937
«02198
«02555
.02699
«03137
002()40
« 03405
02707
« 03260

20K

T(K)

la14157
1.15565
1.17755
1.19371

1.23255

1.23333
1.25109
127411
1.30438

134718

1.41034

1.42036

L.45549

1647119

150057
RN
- M h

1.53057

1.53909
157627

1.59511
1.61840
1.63445
1.65691

1.70108"

1.78982

- 1.87783

1.96594
2.04999

2415315

2.23743
2.25496
2433949
2.3874%4
2644919
2646657
2.55042
2467349
2.78187
2.88846
2.97140

- 3.03804
3.13002

AN

C(mJ/Mole-K)

L0387
«04086
04301
«040672
0‘0{)049
(35240

T .05281.

« 04899
«05639

" e 06344

07353
«0T131
«07211 -
< 08090
09028

naTrs o
LR VAVE Al

«097C0O
09751
. 09882
10887
11502
S11511"
12168
. 13451
15525
.18016
« 20638

- .23518

.27418
031210
.31647
«36057
.38269
«42203
43152
«48099
.56366
< 63631
. 70822
.78724

. 84806

¢33045



Apiezon N Grease--0.39 - 20K (cont.)

CT(K)

3.,25373
3.365%94
3.48628
3.66450
3.86239
4.025%44
4{25796
4.43706
4.45837
469936
4671207
4.90526
4497413
5.18927
5625376
5«51416
5.54053
5.87362
6000456
619962
6.44293
6.50329
687823
6.65848
T.42586
T.58412
T7.95269

C(mJ/Mole-K)

1.05%375
1.17771
132028
1.54717
1.82216
207265
2.44513
2.789490
2.84165
3.31874
3037994
3.82253
3.94240
4.48053
4.60924
5.33872
5.40377
637962

. 6.81080

741535

8.27310

8.45850
9.82840
1C.27926
11.87958
12.54538
14.12841

-36-

T(K) |

8. 125064
B L5468
8.72889
9. 21527
G.34%60
G 9% 840

10.02285
10.70433

10.84939
11.51253
11656693
12.35537
12. 44126
13.33119
13.36088
14.43867
1446362

15.58895

15.66107
16, 65382
l7.83829
17.36176
18096?90
15.05387
20.09526

20.12580

C(mJ/Mole-K)

6. 97134
16686459
17.74701%
2017197
20.78245
24.09327
24 4BLTS
28.,2320C3
29.12324
33,02578
33.94627
38415661
38, 67731
44.,47208
44 ,66219
51.83315%
52.11082
59.8737G54
60.74602
69.2944%42
7700152”
78.00%61
85.70492
86.575%7
94,44570
G4.89090



T(K)

o244
55123
48290
« 50085
B LTOH
e D 34139Q
T 54005
e 55458
« 587303
. () l OOT
«63583
64820
e 60298
WT21069
e THGRA
0 16240
« 16693
« 787317
« 809942
« 82597
«B860L5
« 86465
v089324
89726
09344 %
« 97098
1.02279
1.06052
1.09485
1.13072
1.1593%

: 1.204")6

- 1.26930

1.31797
1.36893
1. 41341
1.41872
1.46703
1.47910
1.54360
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LaCu2

zerc field

0.4y - 20K

Cc(J/1tole-K)

+0033%
00353
«00364
.00278
.00393
00402
< 00403
. 00409
< 00434
« 00445
< 004170
. 00478
00500
.00525
00548
00548
.00558
. 00574
00567
00580
« 00593
00609

00620

00611
. 00627
00666
« 00696
«00735
« 00799
«00791L

L0077

. 00854
00862
.00919
« 00993
«01048
«01054
00l136
«.01128
o 01184%
«01197
01263

T(K)

C1.68078

l.74861
1.57548

2.02326 .
2.04581 -

2.12741
2.1423%

2.20228

2.248%9
2.28005
229352
2.36102
2039036

2.40966v
2.44102.

2.51A01
2.52691

" 2.54612
20 S')()(f.:} )

2.65926
2.71877
2.78460

2.85237
2.979871

3.04042

3.16730.

3.265%49
341692
3.54216
3.78240
3.91684
4.006452
4.,23435
4.40799
4.59920
4.61617

4.83528
4.97384

5.,07338
521458
523902
5.28782

C C(J/Hole=K)

«OL%37
«01L519
001824
« 01941
«01979
«C2115
L02073
£ 022061

e 02341

« 02258
«0237%

o]
oOLQQS

-« 02540

02824
202638

NP
o wel s ¢

«02172
020874
+ 02984

203031
03210

03351

.e035%10

03833
«04058

e 04361

< 046064
005145
005434
. 06282
« 06671

- «07336 .

.08G03
.08892
.08856
.09911
L11262
.12057
$12579
< 13617
.13891
$14152



T(K)
5.5%025 7T
Se114¢2
CeB93ud3
6,02293
6GL111L3
6.34436
6.45502
6£.51812
6.76,029
64817206
7. 0 l (:,‘()()
Te229067
7.27736
T.51436
7.63828

T.77937

8,02253
8.,03808
8.35v93
B.57106
8.81972
8.8%405
"9.25248
9.31185
956500
9.84052
10.00195

C(J/Mole-K)

e L0510
. 16930
« 18761
20280
e 20815

«23030

« 25007
«25671
28364

e 280825

«31385
«34002
« 34187

«37860.

039456
41678
45822
0,46 092
«50768
+« 52805
«56375
«61290
«63341
+ 71240
e T2417
« 86617
«91165

-38-

LaCuzf-O.uu - 20K (cont.)

T(X)

10. 37764
1050082
10. 39062
11.0237%0
11.29442
11.54112
11.88066

12.06907

12.33259
12.99684
13.04716
13,79417

13.95926°

14'535[54

4. %2938

15.20758
15.24167
15.91477
15.94056
L6.58741
1664726
17.35391

17.39289

18. 15009
18.36487
18.96367

19.44492

19.94894

c(J/Mole-K)

—~
—r
-
(ot
[o e

~
-

o
e W Im

—~
3o e D o~

oL

Le74Y7T7
2.029506
2.02071
2.41651
2.48186
219167
2.80550

0 3.22393

3.24870
3.671071
3.69937
6,14162
L | AT
4,661C6
4070543
5.27061
5.43659
5.89501
6.30121
6.72020



10.
11.
12,
13.
14,

15.

16,
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Table I.

Terbium ethyl sulfate

3.

() | - 1.73112)/?
T
mJ/mole-K
2.0  6.490
3.0 . 6.495
4.0 ‘ 6,690
5.0 - - 7.520
6.0 ~ 8.503
7.0 9,280
8.0 , 9.708
9.0 © 9.873
10.0 9,785
11.0 ©9.483
12.0 9.102
13.0 o 8.690
14.0 8.275
15.0 - 7.858
16.0 | 7.450
17.0° 7.055
18.0 | 6.670

19.0 0 6.320
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Table II -

Apiezon N grease

T _ C/'r3 (mJ/gmrK
0.5 0.02615
1.0 ' 0.02630
1.5 0.02661
2.0 0.02741

25 0.02870
3.0 <+ =7 0.03010
3.5 . - .. 0.,03112
4.0 © 0.03182
4.5 " 0.03200
5.0 - 0.03189
6.0 . - 0.03142

7.0 | 0.02990
8.0 0.02805
9.0 ' 0.02620

10.0 0.02431
11.0 0.02244
12.0 0.02071
13.0 0.01917
14.0 0.01780
15.0 0.01652
16.0 | 0.01538
17.0 . 0.01436
18.0 0.01340
19.0 . 0.01250

20.0 0.01169




bl

~ FIGURE CAPTIONS

Fig. 1. The heat capacity of PrCuz‘in zefo field and in 38 kOe. The
dashed:curve represents the heat capgcity of LaCuz.

Fig. 2. The héat capacity of.PrCu2 in zero maéﬁetic field compared
with a molecular fiéld calculation for a Jahn~Teller distortion
and Witﬁ a Schéttky anomaly. |

NFig. 3. Low temperatu;e data on fngz in several magnetic fields.

Fig. 4. The magnetic he#t capacity of terbiuh ethyl sﬁlfate..

Fig. 5.. Thé latticé heat cépacity of terbium ethyl éulfate.

Figf'G. The heat cépagity of Apiezon—Nvgrease{li

Fig. 7.  Thé heat éaéacity of Apiezon-N grease.

Fig. 8. 'Deéiatioﬁ of the heat.capacity of Apiezoh;N grease from the
equ#tion given in the text. o |

Fig. 9. The heat capacity of LaCué.

Fig. 10. The lattice heat capacity of LaCu,.
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l4r
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responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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