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ABSTRACT

The absoluté temperature scale forvsingle crystal cerium magnesium pitrate
(CMN)3has’been,é#tended to entrbpies'as low as S/R = 0.002 by adiabafié ‘
demagnetization from values of H/T ﬁp to 68 kOe/K..'The temperature dependenéé
bof the ﬁighly:anisotropié angular distribution of the-QSS-keV Y ray from
oriented 137m¢e in the CMN provided the thermometfic parameter. The nuclear
6rient§tionfresﬁlts were interpreted withrtﬁe spin HamiltonianA
M= gBHS +B(S T+ sny‘) where H_ is a calculated dipolar field. The
hyperfine structure constant B was determined by norhalizing the higher
temperature nuclear orientation results to the calorimetric résults of Hudson
and Kaeser and df Mess et al. at high entropies} A provigional temperature scale,
based on both our nuclear orientation results and the:calorimetric‘work, is
proposed. _This.sdale is compared in detail with the résults from ea;lier
studies of CMN.'f

The l37m

Ce Y-ray thermometer was also used to investigate the thermal
behavior of cérium zinc nitrate (CZN). The preliminary nuclear orientation

results indicate a high degree of similarity between CZN and CMN.
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I.  INTRODUCTION
Cerium magnesium nitfate, CéQMg3(NO3)12‘2hH20 (CMN),.has long been‘

recognized asba substénce cépéble'of being cooled by adiabatic demagnetization

¢

to expfemely:lgw.témpeqétures. Thé §ioﬁeer‘investiga#iOn:of‘the temperature

séalevfor sinélé.crystal CMN was repofted by Danieléfaﬁd_Robinsonl in‘l953;

Usihg qaiorimefric methbds, they foundvfhat the.minimum_éémperaturé reaph;d

Qas 3;08'mK'(miliidégfeeé K) and was c§ns£aht.fof_all ;alﬁes'of the magnetic

entfop&vin thé-rahgé.S/R < 0.ks5. Abpvé“6 mK Curie's_law'was fqgnd‘to beuobeyéd,
o | -6,-2

with 'T ‘and S related by‘ 2n2 - S/R = 3.2 x 107 T 7. . In a subsequent re-analysis

of their data,:dé'Klerkg'asserted that the temperature'didvnot become constant
at S/R = 0.U45 but continued to decrease to 2.25 mK at S/R = 0.150.

'In’1965'Frankel,‘Shirley, and Stone3vdemonstr§ted that nuclear orientation

“could be used'to determine the temperatﬁre scale of CMN. They -

_ found that both of the above ' T-S relations were unable to explain the nuclear

orientation results for 137m

Ce in CMN below 3 mK. Using their data and the
Danieié‘éhd'Rébihson resuité'above'6 mK, frankél gz;g;; derived a new T-S
relatién; They found that the>fémperature did nét becdme constant at éhy value .
of entropy in the range available to them and at S/R =:O.303 (the lowest

entropy whiéh they reached), they reported T = l.9h mK.

- In a_récently reported investigation of single crystal CMN, Hudson
and\kaeser% étudied both spherical and_ellipsoiaal samples usiﬁg tﬁevcalorimetric‘
Y-ray heating method. Tﬁey found ho shape'depehdence in the T-5 correla£ion,‘
and they confirmed that Curie‘s law‘was Qbeyed down to 6‘mK. However, théy

6

found that for the Curie law region #n2 - S/R = 2.88 x 10~ T—e, in significant

disagreement with the valuée given by Daniels and Robinson.

- At temperatures greater than 15 mK they observed
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a departufe'frdm £he .T—2 depéndence. At the low-teﬁperéture ehd of the-scalev
their résﬁlt§ differed soméwhaf'from-thdsé of Frankei‘gﬁ-éi{,.and below S/R = 0.296
they foﬁnd thé‘temperature to bé essentially constant_ahd equal to 1.53 * 0.3 mK.

.Shortiy after the preSenﬁ'experiméntal work was;ébmpleted, a calori-
metiic-study of CMN was feportedaby the Leiden grouﬁ-(Mesé gg;gégs). This -
work differedrffom the earliér.calorimetric studies in.tﬁb respecté. Fifst.the
ehérgy input was accomplished by'Jouie heating rathéf fhan by Y—réy-héaﬁing.
Secondly,vlowef'eﬁtropies were obtaihed through a»two-étége adisbatic demagneti-
zation proces;;;.Tﬁe results of this work can be summarized as follows: In the

¢

temperature range 8 mK < T <20 mK, 2n2 - S/R = (2.4 * 0.1) x 107%072  ynile

for 20 mK;< T <150 mK the T2 dependence is not oﬁgyed.' Above 150va,

#n2 - §/R = 3.1 x 1070172, | B

The 1owest“temperature'meaéured was

1.0 i 0.3mK at S/R = 0.02. vfinélly;vmagﬁefic‘suéceptibility measurements

indicated that at T =_l.9zi 0.1 mK CMN undergoes a trapsition té a_ferromégnetic:_"

stgte. This last_point hés bgen disﬁuted by.Abeshoﬁsé 93;5;,6-who ihtérpreﬁ .

their susceptibility results as indicati#e of an antiféfromagnetic transitionf
The work reported in fhis paper-waé undertaken3£ovextend'thé entropy-

temperature réiation‘over a wide range via the.nuclear_arientation mefhod. The

“ fheory of this method is'given”in Sectioh II. Seéﬁion IIi concerhs expérimental

details, én& fesults are given:in Section IV. The results are discussed and

compared with othér work in Section V. Section VI deals with a preliminary -

nuclear orientation study of cerium zinc nitrate. -
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" II. THEORY OF THE NUCLEAR ORIENTATION METHOD
In nuclear orientation studies employing CMN,.it.is important to know.
the ebsolute_tempEreture of the cooled crystal. 'The'originel objective of this

research was:eimply te establish a relation between Tf, the final temperature
attained oh'ediabatic demagnetizetion, and the initial conditions before:

demagneﬁiziﬁg, i,‘e,, the magnetizihg field H and the bath temperature | Ti'

But H and 'Tie‘aeferﬁihe theiipitial entrbby, s(H;Ti); Thus, provided that
the.eeﬁagnetizetion is ediebatie (Si.= éf), a knowledge of Tf(H,Ti).is equiva=-

lenf to a knoyledgevef Tf(Sf), i.e.,vthe low-temperature zero—field T-S relation.
.Tﬁeﬁsﬁal methOdkfor'determihingbthis relation employs an external heat inbut'
»(caiorimetrie method). At tﬁe lowest temperatﬁres the celofimetricbmethod losee
accuracy,'hoﬁever; while the accuracy of the nuclear orientation method‘improves.
The reason fer:this is that the ﬁagnetie susceptibilify; which is the thermo—
metric parameter:for the'paloriﬁetric method, beeomes only verj weekiy teﬁpereture-
dependent while the‘Y—ray_eniSbtropy, which is the thermometric pafametef,in

the nucleer'orientation method, retains considerable temperature sensifivity-at
the lowest‘teﬁperatures attained. The nuclear orientafion method’is also sub-
Jject to.some ﬁncertainties which will be discussed in detail in,Sec.:V. Despite
these uncer%eiﬁtiee it seemed worthwhile to use nucleer:orientation to shed |
what .1light it3¢en en the T-S5 relation for CMN at the lowest temperatﬁres; We
feel that‘the nuclear orientation method may be the best of a rather poor set

of choices for.determiﬂing the T-S relation of CMN at'the lowest.temperatures...'

The study of CMN has unfortunately been characterized by a good deal of dis-

agreement among the results of different investigatorS.' Another feature of
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several investigations has been a failure to make any‘really quantitative assess-

ment of the errors to be associated with final fesults. Accordingly in this
research we ha?e gone to considerable lengths to make Ah'accurate, objective -

evaluation of errors in our measurements. ‘ I
Qur procedure 1s described in detail bélow.» Briefly it is to calculate

S from the measured values of H and. Ti prior to'démagnetization and ﬁo

obtain T from the y-ray anisotropy of the radioactive isotope l37mce,' Since

the magnetic susceptibility ¥ is irrelevant in this work (and relatively
temperatureQinSensitive at the lowest temperatures anyway), we have not measured

x(T). Accordingly, our measurements provide the T-S relation for CMN, and

they also yield'data that allow the use of l37mCe in CMNlas a nuclear thermo-

meter. Of course the y-ray distribution, rather than -X(T), is the thermo-

metric parameter.

The evaluation of § and T  for *>/Ce in CMN is described below.

Entropy
137

The nuclear entropy of the Tce present (abéuf 10;O atoms) is-
‘negligible as is the CMN latficé entropy at Ti < l'K.- We therefore need only 
consider the.eiectroniCQmagnetic entropy of the Ce3+'ioné. The entropy
rembved during the isothermal magnetization of a paramagnetic salt may be cal-
culated from a knowledge of the partition fﬁnction:‘

Q= | ZGXP(— sj/kT) | (11.1)
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= kfnQ + kT(-y%Q#) S (11.2)

where €, are the energies of the electronic enefgy'levels and N 1is the

-

o +
number of ions. Ce3 has a single hf electron outside a closed shell and in
the double nltrate crystal the three lowest states are Kramers doublets spllt

by the crystal fleld from the lowest (malnly F ) free—lon level. The lowest

5/2
doublet lles approx1mately 36 K7 below the next doublet,-and consequently only
this state is 51gn1f1cantly populated at temperatures in the liquid helium
range. ngh fleld magnetization and electron spin resonence measurements by
Williemson gt_g;,a +9 indicate that the ionic crystal-f;eld model adequately

explains their dats and that the energies of the lowest Kramers' doublet states

are given by{

g | 3.3 -
E = - JL BH - B'B K +C ﬁ i (11.3)
1 k2
Lo L _n! _ - . -
E2 = -3 BH - B4 ¢ =3 - (II-L4)

k

where sl = 1. 8h0 9,10,11

, B is the Bohr megneton, aud 'B' and C are
constantsvevaluated by second and thifd‘order perturbation theory;‘ It can be
shown that the.second order term gives uo contribution to the entropy. The.
contribution of the third order term to the entropy is negligible under our
experimental’conditions, its maximum value in our experiments beihg

IASBI < 0.001 R- at- H= 20 k0e - and T = 0.31 K. Thus S can be regarded '

as a function of H/T oniy and can be read from the tabulation of Hull‘and
12 '

Hull™“ for a spin-1/2 paramagnet.
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The Absolute Temperature .

The entropy of a system having energy‘levels ¢3_is given by

! . - ; kfi{:P(ej)gnP(sj) o : _ , | : ~,[ '. (IIiS)

J

where P(ej) ig-the oééupation probability of the level of energy éj;
S exp(- €, /kT)
_ Y = J
P(e;).
S A
]

exp(- éJ/k'I‘)

Thus any measuremént that determines occupation probabilities also determines

the absdlute témperatures—;providéd that ali the relevant € are known.

J

Nuclear orientation is such a technique. It is useful only for measuring

temperatures much less than 1 K, becauée'the £, are separated by only

1

J

-2 - : y ; R s N 1as 3
"v-10 "em . -The angular distribution of radiation from oriented nuclei is

expressed as
w(e,T) = 1 + ZBk(T)Uk F_g P (cos 8) . - (1mn

The summation runs from 2 to the lesser of 2L or 2I where L is the

transition multipolarity and I is the nuclear spin. Uk is an angular

‘momentum factor concerned with preceding unobserved transitions (if any),

and Fk is aniangular correlation coefficient for the observed transition.

The coefficient & corrects for the finite solid angle subtended by the

detector, and"Pk(cos 8) is a Legendre polynomial..

o | B (11.6)
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All the temperature information is contained in the statistical

tensors Bk(T), which, can be written as

e ; . 'I k f ,
B =_(21+1)l/2(2k+l)l/2' (-1)T™ B - (11.8)

where pﬁm' is‘a.diégénal eleﬁent of the density’matri# in the nuclear menifold.
For a radio—iéotopé to be7uéeful‘as a thermometer, the-foliowing three'éon—
ditionsimuét be met: :£he nuciear temperature and.the ionic tempefature mﬁsf'

be equal; W(B,T) must be sensitive to T over the Qﬁole femperature raﬁge.éf
.interesﬁ; aﬁd thé'férm 6f.the'épin Hamiltonién must-be'known. For CMN the fifst
cbndition-shoﬁld:be met if the radio-isotope is a Ce,atom becéuse the nuclear
and eléctronicnsyStems are coupled through the hyperfine interaction. No
eVidehce-of sivarelaXation.effeéts were found iﬁ this work. Previous

experi_ments?’.’l?”lh in this laboratory have shown that the second condition is

137

satisfied by the isotope Ce. - The spin Hamiltonian is discussed below.

13m

The decay scheme of Ce is shown in Fig. 1. The transition of

137 1L

interest is the 255 keV Y-ray from the 11/2- state in “Ce.  Frankel et al.
have concluded that this transition should be very pure Mi. The maximum value
of k in Eq. (II.7) is therefore 8,vand the values of F, may be obtained

from the tabulations of Ferentz and Rosenzweig.15 As there are no preceding

‘transitions, U

" =1 for all k. In all the experiments reported'hefein the

"sample was 10 cm from the face of & 3-inch X 3-inch NaI(Tl) scintillation
detector. Thérvalues of g5 and gy, were obtained by graphical interpoiatioﬁv
from the tabulation of Yates.16 &8¢ and 'g8 were calculated‘from Rose's

formula for unit efficiency:
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. Pk_i(cbs-e) - cos B,Pk(cos_e)' - | .
%k =_ . (k +1)(1 - cos 8) o o : (11.9)

. An "effective" cos O was chosen so as to reproduce the photopeak values of

. S ry _ ‘
g, and g, given by Yates and was found to be 0.9k6h.18» The coefficients

g6 and g87 were then calculated from this value of;cos‘G,:ahd the vaiues of

the various ‘gk:iand F_ are tebulated in Table 1. The.angular'distribution

k

can then be written{

W(8,T) = 1 - 0.8191 B,(T) P,(cos 6) + 0.3346 B, (T) Py (cos 6)
- | | | o (I1.10)
+ 0.0169 B,(T) ?6(cos 6) - 0.07Tk 38(T)f98(c9s ) .

To calculate the Bk(T) the spin Hamiltonian must be known. The form
of the Hamiltonian may be deduced from the eieétron spin resonance work of:
9 f

Kedzie gﬁ_g;,;_ or lthe(I = 7/2) in the isomorphoué,rdiamagnetic crystal

La2Mg3§No3)12-2hﬁéo.' They founé;'}

:g" B stz g 8(Hxsx + Hysy) ASzIz _B(SXIX Sny)? o
L ' (IT.11)
with B >> A - '

In the concentrated salt both dipolar and exchange interactions between ‘

4o
the Ce3

ions may be present and should be included in the Hamiltdnian. If the

dipolar inte?action is regarded as an effective magnetic.field acting on the -
+ . ’ . ' . L

Ce3 ions, classical calculations by-Felsteinerzo yield a value of 60.67 Qe

for this field,  Culvahouse g§_§l32l have performed é quantum méchanical )

calculationvusihg the density matrix formalism and find that the dipolar effects’

«w
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can be>approximatéd byva'wéightéd éuperboéition'of.loéai;fields at the Ce
site for the‘high'temperaturefrégion (i.e., above 6imK), ~This reduces to
a local fielé-of.58 Oe at the lower temperatﬁres. The effective field is
perpendicular to'the”trigonal'axié‘of CMN‘forla givéﬁ Ce3+ site, but in thev

ensemble it is*diétributed equally along the thrée‘trigonal directions;v'Thus'

the effective field*dqes not, in the enéémble, destroyfthe axial symmetry and
éreaté new componéntswof: Bg; it Just changes the magnitﬁdebqf B - -Becéﬁse

of the large~distanée‘(8.56‘A)22 betweeﬁ'the_Ce iong, the exchange interaction
is expectedvto bé very.small; and we shall neglect if;"AWe have used the‘follow_

ing zero-external-field Hamiitonian for the purpose of ‘analysis:

H= - +' + ' o ' '.

B(lex Sny) g BHS _‘ o _ (I1.12)
where we have set A =0 (this is discussed in Section IV) and represented the
dipolar interaction by an effective magnetic field H_ = 60.67 Oe. The effect
“of the dipolar.fieid on the temperature dependence of'.W(O) is shown in

Fig. 2.
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IIT. EXPERI@EWTAL
'Cripgenics

All the‘experlments reported in this paper were performed in a 3He
refrlgerator manufactured by Cryonetics Corporatlon (Model 302 Burllngton,
Massachusetts)‘and substantlally modlfied 1n thls 1abqratory. The apparatus'
is_a continueualy‘operating refrigerator.of the type}deécribea by Ampler and
Dove™> and isrcapable>of maintaining temperatures as ior as 0.3 K. Thermal
‘eeﬁtaet betweeh the 3He bath and the sample was achleved by a small pressure'
(< 0.02 Terr) of 3He heat exchange gas whlch could be removed prlor to de-'
maénetizatioh;v Most of the demagnetizations were from 1n1t1al temperatures of
.O 5 K where the vapor pressure of 3He is about 0.16 Torr; only the lowest
entropy runs-orlglnated from 0.3 K.

The ipitial temperature of;the sample was aeterﬁined by heasuring the
vapor‘pressureref”the'3He,bath with a.McLeQd éauge (Consalidated Vacuum
Corperatiqn GM—lOQA)”and cerrectiné for thermomoleéular:preesure differences
with the'resultéiof Roberts'ahd Sydoriak.2h " The vapor'presaure.meaeurement:”
was made only when thermal‘eéuilibrium'was attained (ife., whentthe heat of
3ﬁe bath)Q"This point

could be determined by monitoring the'exchange gas-presSure'and the 3He bath '

magnetization had been completely dissipated into the

pressure with thermocouple gauges. The estimated errors 1n the determination.
of the initial temperature are ¥ 0.0015 K at 0.5 K and *-0.003 at*0.3 K3 they
arise prlmarlly from uncertainties associated w1th ‘the McLeod gauge and

small pressure fluctuations in the. 3He system.



-11- © UCRL-195h1

7Mggnetic Field

Magnetié fields’up to 21 kOe were produced across a 2-5/8 inch gap by
a water-cooled, iron-core solenoid. The magnet power supply was capable

of producing currents up to 300 AAwith a current regulation of better than one

p

!
h

pért,in 10 'ovefithé_whble range. The field was measﬁred with a Rawson_f
roﬁatiﬁg—coil gauss meter?.5 (Raﬁsonkﬁlectrical Instrﬁﬁenf Company, Cambridge,
Massachusetts)'dﬁring eaéh.magnefizatién.’ At the end of:eachvseries of runs
the'ngson‘meﬁérbwas ca;ibrated against a model 203'¢eorge Associafes rotating
coil“géuégmetef,(George-Associates, Berkeley, Califofnia). The estimated

uncertainty:in’the field measurements is no larger’thén 1% for all values of

the field used in this experiment.

Sample Preparation

'l37mCe was produced in the Berkeley 88-inch cyclotron by a (p,3n)

reaction on 139Ld in high'furity La The Ce was separatéd from the La by
a solvent extraction method described by Glendenin g&_g&,26 The Ce3 was

203,

purified on a Dowek-SO cation exchange column and wés fﬁen stripped off‘the
column &ithb6 M HCl. The solution was boiled tO'drynesé,land the residue was
dissolved iﬁ saturated CMN solution at 5° C. Clear; visibly faultless, |
natural singlevcrystals of CMN between iO and 15 mm in diameter and about 2 mm
thick were placed in the sblution. This solution was.réfrigerated at 5° C, and
the_radioactivity was allowed to groﬁ into_the crystals for 16420 hburs.' The
crystals were then removed from the.édlution, dried, and placed into a non-
radioactive CMN solution at 5° C. An inactive layer was allowed to growvfor",1

16-24 hours. The CMN solution and crystals had been prepared in the usual way:
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i.e., by mixihg §toichiometric amounts of high purityﬁce(N03)3 and Mg(NO3)2_..

as hydrates to form a saturated solution, repeated rééryétallization until thé_

' resultihg crystals and'solution weré clear,:and;subsequent gfowth of the

crystals from. the saturated_solution at'5° C. A_specﬁrbchémical'analysis
of the CMN cryétéls fevealed no signifiéant impuritiés§j The;reéults,pf this

analysis are given in Appendix I.

@
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Iv. RESULTS
The CMN cfystals wére demagnetized'froﬁ various‘values of H/T. Wﬁen

zero field was reached, a timer was started, the magnét was rolled away, the
counters were fpiled into pdsition, and the countiﬁg,was begﬁn. Several
"eold" cbhntsvéf lSvor‘30'secondsvduratibn'("live" timé)-were taken, and after
'appréximamely S‘minhtes'the crystals'were warmed fo the_ambient bath temperature
by admittiﬁg 3Hé gas ihtb the éxperimental chamber.. A single "warm" count -
of 5 of 10 minutes duration waé takén for normalization. All the data were
accumulated in a PDP-T cbmputer (Digitdl Equipﬁent Cbrpératién, Maynard;
Massachusetts). ﬁValues of W(& = 0) are plotted againét.;RnZ—S/R in Fig. 3.
‘The data havejbeén corrected for background under thef255—keV Y ray; details
of this corréétioﬁ are givén.in Ref; 28. vCorreétions have also been made fdr‘
_source deééy:and warm—up'although the latter were neg;igible in mostbcases.
The error bars oﬁ W(O)"repfesehi one sténdafd deyiatioh énd.aré célculated
in the usual way'from thé'statistical errors in the "cold"'and "wérm" counts
and an estimated 6% uncertainty in the background correction. vThe'error limits
on the. entropy are sbout the size of the points in'Fig.IB. These entropiesvhave
not been corrected for radioactive heating effects duriﬁg the isolation_period_
of the magnetization'because : 'calculationza showed that this correction’
was negiigible.‘

| To convert the values of W(O) ‘into temperafures, the'value,ofvthe
hyperfine struéture constant B in Eq. (II.12) must be_determinéd. Bécaqse‘

a magnetic‘resonance value of B (l37m

Ce) was unavailable, it was necessary
to determine B by normalizing our high temperature results to the calori-

metric results of Hudson and Kaeserh'and/or to those of Mess gg_gl.s For the
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former there was no problem in doing this, and the entfépy»range
0.529‘< S/R;<'0.660 was.used for the'normalizétion. In this région Boﬁh methods
(calorimetric,and nuclear orientation) should be sénsifive,and reliable. The
value éf B was vafied until the best léasteSquares fit_tb the_Hudéon and
Kaeser data was obtained. This gave .B/k = 6;00820'ti0,QOQh2 K. An indebgndent
check of this prbcedure>is'fhat tﬁe>n6rmélization of the Frankel 93.21; dafa to

0.00826 K,

the.HudsQn and‘Kaeser'results in the same entropy rangevyields B/k
in élose agréémegt with the value ébtained fromvour résﬁlts. vIt was, however,
not possible,to nérmaiize oﬁr data directly to thevresuits of Mess-gz_gl.
because the fWo ééﬁs of data (oﬁrs and those of Mess, éi;éi:) di&erged con-
siderably o&er»the ﬁhole common entropy range.b fbrtﬁnéﬁélj an alfernative éfo-
cedure could.bé'used. From Fig. 3 it is seen that our data énd the‘ﬁuclear

3

6rientétion daﬁa-of Frankel et al.~ converge below £&n2 - S/R = 0;070; Thus
the Ffankel.gg_gl..data; whiph exténd to higher temberatures and entropies;
were combined-with oﬁrs and.thé combined set of nucléarﬁgrientation data'was,
compared to the data.6f Mess éﬁ.él- to obtain another value of B. The most :
favorable region‘for such a normalization is the one in which both sets of daﬁal
obey a Curie law (i{e., S/R = &n2 - bT_2); namely, O.§§S*< S/R < 0.687. This
| normaliiationvyields B/k = 0.00749 K. : |

Thus two separate temperature scales, differing>by 9%, wefe.obtained;
These correspohq to the'twb values of B/k oﬁtained by high témperaturé
normalizatioﬁ of'our data to the two sets éf calorimetric data. With tﬁe;e
values of B/k_'the W(0) data fhroughout the whole'entropy ranée were'conei;-
verted to temperature points with the aid of Eqs. (II.8) and'(II.ld), The

results are plotted in Fig. 4. Note that the upper hofizontal scale corresponds
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to the Mess g;jg;, normalizationﬁ'(Téggé):

Kaeser normalization .(THK - The solid curve througn the-data represents. a

and the lower to the Hudson and

least squares computer fit to the data except in the. entrOpy reglon
0.340 <'s/R < 0. 540, where the data were f1tted by hand |

of course-two temperature scales are unde51rable. No deflnitire‘choice
can'be.made, however, untilp B/k- is>Rnounvboth precisely and independently of
the calorimetricjresults. To temporarily anéliorate-this problem, noweuer, ue

propose an "average" temperature scale (TA) ‘based on our nuclear orientation

- (No) p(NO)
results. Thus for a glven entropy value T, = (1/2) [TMLNH Tux 1, where
p(NO) (NO) s : ’ L
HK and TMLNH our nuclear orlentatlon-scales based on hlgh—temperature

, normalization-to,the "HK and MLNH. scales. Selected values of S/R and TA

are taoulated:in Table ér The uncertalntles in the various values of TA .are
indicatediin parentheses These uncertalntles correspond to the squarevroot.of
tne sum of the squares of the uncertalntles arl31ng from the hyperflne structure
constant and from the curve-flttlng procedure, As such they are a good measure
of the-precision-of the ‘TA scale: ~its accuracy still depends- on the.accuracies
of the calorimetric vT(S) relations in the high-temperature normalization range.
It is_easily shown that setting A = 0 has negligible effect on the
-interpretation of our data. The value of A can be approximated by'the__
following relation: A/B'*fg”/gl. Using g = 0.03> and. B/k = 0.00820 K, we

find A/k = 1.375 X 10’h K. TFrom Egs. (II.8) and (II.10) we calculated W(0)

with respect to T for A/k =0 and A/k = 1.375 % lO-h K and found that for
a given value'of W(0) the largest temperature difference between the two cases

if only 0.02:ng Thus setting A =0 is Jjustified.
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The heat ¢apacity”<()= T %%f, can be obtaiﬁéajby differentiétion of
the S-T cur#e}:;The results are depicted ianig._s;'fTﬁe,maximum in the
heat capaciﬁ&ffalis at about 1.66 mK_which'can be com?;réd with the heat
capacity peak.af l.9lmK,in the work of Meés gﬁ_gl: ,Tﬁéfmaximﬁm slope in the
Hudson'and'Kaéﬁéf,curve oceurs atil.53 mK. Ohly qﬁaiifgtiversignificance | o .
. should be pléggd'oﬁjour heat capacity'cﬁrvé sincé it;rééultsAfrom a diffgrentiation '
of our_experimeﬁtal curve and is thus‘quité_sensiti;e.to.thé curve-fittihg
proceduré. Of_éourse in the céloriﬁetric stﬁdiesl’h;5 the temperature‘séale
itself is'obta{hed by differentiation; and é heat capécityvsuch aé:that reporfed_ . |
by Mess EE;EL' is dbtained by double differentiation,:éf'aqéufve through fhe

data.
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v. DIScussIo
" The fauf,mdst recént T—S .ééalés'aré.shown in Fié{ 6. The two

nuclear orienfatibn.scales”(Frankel et al. and Huntzickgr and Shirle&) are in
réasdnabie agfeémént although,the Frankel gzggl, resuits yield syétématicglly
higher tempéfatures for a.giveh entropy than do the pfeéent results. Thev>
results of F?énkél g§’§;¥ have béenlrenormélized to the average of the Mess
gz_glf_ahd Hudédn'andrKaeser results ét”high temperafureS'in'é'manner Similér
to that described in Sectibh iV. in'Fig. 3 the.y—ray'anisotropy.data afe com-
- pared for the tﬁo experiﬁénté. vTheISmooth line througﬁ‘the present feéﬁits
’ correspondé to“the smoofh line in Fig. L, bﬁt with the vélues Qf T converted
to. W(0). Thé.bfokéﬁ line represents the results of Frankel et al. As in the
 T;S plot théré_iéva systematic discrepanéj‘bétween thé two. The explanation
for thisvdifferénce probably‘lies in the method of cor?eétion for the'backgroﬁnd
under. the Y-ray peék. This isva difficult cbrrectionito_make, and the present.
‘wprk fepreéeﬁféva somewhat'mofe sophisticéted approaéh'ég the problem than‘ﬁsed
by frankel gﬁ!g;, 'Morgover,'inépection of the data 6f’Ffahke1'§£_g;:‘reveals
that their experiméntal scatter is spmeﬁhat.greater than in’our work. We
believe, thereféfe, that the presént results are definitely to be preferred over
those of Frankel et al. |

The:diSagréemenf beﬁween our results aﬁd the calorimetric reéultsVappears':
to be more serious—;especially for temperatures below 2 mK. Furthérmore the?e
is & completé lack of agreement.between the two calorimetric scéieé:themselves.
In Fig.‘Y thé quoted erro?s are depicted for our work and for the two calorimetrié
scales. This figure illustrates one of the‘most‘important advantagés of fhé: |

nuclear oriehtation method: namely, that it retains considerable sensitivity
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even to the leﬁest tempefatufes (see also Fig. 2) ﬁhereetﬁe calorimeﬁric
methods deterioeate. It should be noted that the error'iimifs on our scale can
be reduced by = o 50~70% when an aceurate veluefof-tﬁe hyperfine
‘structure parameter B ie available. | o

' Since the" publlcatlon of the Frankel et al.-results, which also
originated from this laboratory,_a number_of comments have been made (1n the
compafieon of.different experimentaliy determined teﬁpefatufe>scalesefor CMN)
wnich ihdicate that a eritiCal coﬁparison of_the‘different meﬁhods fer
obtaining T'.weuid be useful. The basic principle of the caloriﬁetric pro—
cedure is'tobdemegnetiZe from a known enfropy and tofmeasere the heat (Q)x
required to QE?m the sample to some knewn'reference temperetufe. When'this is
don€é for a nﬁmber of:initial entroﬁies, an S-Q eurve is obtained Differentiation
of this curve ylelds the temperature ( -£i> In the nuclear orientation
technique one. also demagnetlzes from varlous 1n1t1al entroples but measures
Y-ray anlsotreples 1nstead of'heat 1nput, and therefere‘does not have to
different{ate the data. The YQray”enisotropies afe edhverted fo_tempefatﬁres
as described in:Seetions II and IV.

An obvious requirement for all three methods_is ﬁhat the entropyveff

the sample bevkﬁown inmediately after demsgnetization; fhaf is, the demagnetizetion

must be adisbatic. In general this condition is probably well-satisfied; In'

the measurement of heat contént, however, one must be concerned with three .

problems:> the calibration of the heater, extraneous heaﬁ leaks, and the
constancy (or lack thereof) of the rate of heat absorption by the CMN over the
. ¢

. - £,
-whole temperature range. The solution to the first is usually straight-

forward although quite critical since the temperature can be determined only -
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és accurately as the rate gf heating. Of coufse one can‘determine thié rate

by high—témperatufe normalization of the temperafurg. The problem of extraneous
heat léak éénvﬁé.minimiied by using a large rate of hééting relative.to the leak.
in ddditionbéﬁfreétionsvfbr thé hééx leak ﬁﬁsﬁ be estiﬁated. The third condition
(i.e., constancy of heat absorption) is>usually assumed to be valid although not
always verifiéd expérimentaliy. In‘the'nuclear orientation ﬁethod the measure-
ment of the 9-#ay ahisotropy must be made wﬁile the entrbpy‘of the sample is

still known. vEQperimehtally'this is equivalent to making an essentially.iso-
thefmal measufément és_detérminéd’bj the time rate of.cﬁangé of wW(0). If thé
measureﬁent is'néf isOthermal, theﬁ the results musf bevextrapolated back to the
time of demaénefizatioh. Such a situation generaliy'dccurs only in -the relative;
1y high—température, low heét capacity regioh{ ‘For.all but four of the démagneti—
zations'inwthis work, the isothermal condition was mét for lengths of time
sufficient ﬁo‘vauire réasopabie countiﬁg.stétisfics in Ww(0). )

The most serious problem encountered in the calorimetric technique is

that the tempefatufe is obtained.bf a differentiatibn of the experimental S-Q
. : : : : _ :
curve. Thus the'dérived temperature is very sensitive to the curve fitting
ofthe 8S5-Q data. Moreover, any experimental scatter at the lowest entropies
can cause large ﬁnceftainties in the slope/(T) since there is no:fixed point
other thah absolute zero to anchor the T-5 curve. It should be noted that
the heat funétion, Q, is determined in the calorimetric experiments by heating
the specimen frqm variousvlow,temperatures to a given high temperature,‘To,
It tekes a given length of time, At', to heaf the specimen from a giveh low-
temperature point, T'(S'), to To' Thus one must extract a heatvfunction,
Q', from a time interval Atf,vmaking appfopriate corrections fdr héat leak,

etc, While:certain checks can be made on the various assumptions that go into
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determining Q' .fromv At', we feel that these checks’afe not totally convincing.
Even’if one aééeﬁts the Q-S .curve‘as being freé of-sjstematic error, the data
that haﬁe been presenﬁed by the‘two-groups doing calOfimetric work (Fig. 5 in;
“Ref. 4 and Fig;vY:in Ref, 6) do not seem to us to be a quality that ‘can be dif-
ferentiatedwith confidence to give T = dQ/dS with very high accufacy-below 2 mK.

"The question of errorkestimates_is also importént; " In the nuclear orien-
tation work the'estimation'of errors is rather straightfqrward,'although guite
involved,28 and we-believe that our error estimates give a realistic accoﬁntvof
bothfranddm and sysfematic erfors. From experience in this Laboratory, however,
we appfeciate'thé‘difficulty associated with estimating errors. in the calori-
metric eXperiﬁehfs; especial1y'at thé-lowest-temperatures.‘ We note that the
error estimﬁteé in the HK and MLNH studiesvare grossly different. At S/R = 0.50,
for'examplé, the HK estimate is'i;O}S'mK. Mess, et -al. give ﬁo error expliciteiy
for this entropy, but their discussion'implies thét the'érror isvmuch smaller
than * O.lOlmK.>vThis_differenée is notbsupported byfthé appérent relative
quality of the two sets of Q~s{Lda£a (Ref.k4, Fig. 5, and_Ref.‘5, Fig. 7). We
note, on.clqsér study, that the Q values for a_giVenfentropy are iﬁ very bad
disagreement in these two figures,-differing by about a factor of 1.5 at the
~highest entrépieé. This plight is illust?ated in Fig. 8, where we have repro-
duced the two sets of Q-S -data. Apparently sxstemati¢ errors in the calori-
metric work should receive further study before firm cdnélusion aboutamagnetic
tran;itioﬁs can be drawn, especially since the Q-5 curves-ﬁust be'diffefen—
tiated to yield.the absolute temperatﬁre. | )
" In thé nuclear orientaﬁion technique the températures are derived:

directly from the y-ray anisotropies: no differentiation is required.
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However, the épih ﬁéﬁiltbnian mﬁét be known, énd in parficular the hyperfine.
structure paramétérv B must be determined by hormaiiigﬁibn to the high—tgmpera-
ture'caloriméfric results. If a magneticrresonange Qélué_bf B should become
available, héwever, our T-S scalebwould then be indéﬁéﬁdent of the calorimetric
work. We feél that the ﬁeakést point‘ih ourbwork is‘ﬁﬁe requirement that the
form of the spin Hamiltonian be known. There is alwa§é a possibility that the
Hamiltonian migﬁt.changé at the lo&esf temperafure in‘SOme unéipectedeay aﬁd
thus alter. the Yffay aﬁgular distribution. |

Aétuall&.fhe spin.Hamilﬁonian-gggg'chénge at-the lowest femperafﬁfes 
because»the-ﬁagneﬁic éntropy decreases rapidly, suggesting the onset‘of a col-
~ lective tranéitiop. "However, the resulfant v 60 Oe mégnetic fieldb Hx perpeh-
dicular to thé] e axis has,little effeét on W(0), and this small effect is
calculabie, és‘discussed‘above and illustrated in Fié. 2. In fact W(0) is
remarkably insénsifive.to_ Hx: Frankel13 calculated AW(C) for Q < Hx < th Oev
and found leéé than é 10% change.. Thus ﬁe do not regérd the existence of.f
dipole—dipole intéréétiéns as a criticism to be taken seriously: the effect 
on W(0) is small;

’Quadrupble‘coupling can also be shown to have a negligible effect for
anyvreasonable value of the coupling constant, . |

It is Just possible thaf some Ce-Ce exchaﬁge.is presént aﬁ»the lowesf
temperatures, although with an interionic spacing of.8.56'A:the interaction would
be very smdli; The major effect of_exchange could be deécribed ﬁhengmenologiéally
by.altering.the value of Hx in the spin Hamiltonian. ‘Even a fairly large
veriation in H_ will not affect W(0) wery much, aﬁd H cannot in fact
be grossly_different from 60 Qe if ng m.ch. Stiil the poséibility is'alﬁéys
present that the nuclear orientation results ére affected at the lowest_tempéra-'

tures by exchénge interactions.
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As we;baveLalréady'pointed‘out,‘the two nucléér 0fientation scales are - -

reasonably consisténﬁlwhile the two calorimetric scaiéé'afe-quite different.
: Morééver it shoﬁld“alsovbe pointed out that although{thé'tqunuclear orientation

scales originated”fromfthe same laboratory, the apparétus;gthe samples,:and;

the methods of data analysis were different for the two scales. Thus any syste-

matic errors pécnliar.tb a.particularvapparatuS'cahfbévfgiéd'out.. For this

reason. and thbse cited‘above, we feel that the'low-tempéfature_(Tv<'3'mK)'reSﬁltS

of the pfésent work more closely represent the thermglfbehavior offCMN than do’

 the calorimetric scales. . . _ S




&
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VI. THE NUCLEAR ORIENTATION OF Ce IN CERIUM ZINC NITRATE

in this_éeetion the pfelimiuary'results of a_nuclear orientation ..
13Tm '

experiment'for Ce in cerium zinc nitrate (CZN) are presented. This salt

has also been used in low temperature experiments, bUtiits thermodyhamic

propertles have never been ﬁnvestlgated. It therefore'seemed worthwhile to

13Tm

use the Ce thermometer to study the low temperature behav1or of CIZN.

CZN has been used prlmarlly by Culvahouse, Sapp, and colleagues at'

the University of Kansas. They measured the electronic- g-factors of Ce3

. in a CZN crystal with a small amount of Co substituted for the Zn and found

T

g =1.823% 0.007 2° ‘and g" = 0.125.39 'Thornley‘;has'measured the far in-

frared speetfum'of CZN and has determined the splitting between the two lowest

.vKramers',dOuhlets to be A/k = 30.2 % O,h K. These Valuee are quite similar -

to the values:found for CMN and seem to indicate that CMNIehd CZN have similar h
crystal—field‘properties.‘ | | |

Culvahouse eE;Q;,BO have investigated the crystal structure of CZN
by the x;ray powder diffraction technique and find uuit:cell dimensions
similar to those of Zalkin et al.22 A Laue photograph of single crystal CZN
with the x—rayhbeam along the trigonal_axis indicatea'c .

S 3v

diction with the C3i symmetry found by Zalkin SE,E&} for CMN. Furthermoré,;

investigation of the divalent:sites in CZN by paramagnetic resonance30 geve

symmetry in contre—;

results whlch are in disagreement with the flndlngs of Zalkln et al. for CMN.
It seems unllkely that the structure of CMN and CZN are 51gn1f1cantly different,

but only a thorough crystallographic study will dec1de this questlon.
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CZN has‘previously been used in nuclear orientation erperimehts, but
the absence of a'temperature scale for this salt hasvhsmpered the interpretatlon
of the data.x_Levi et.al.29 have studiedvthe nucleargorlentation of-6OCo
in CZN and found a consrderably larger anlsotropy than-found for 60Co in
They 1nterpreted the CZN results in terms of a temperature dependent local
magnetic fleld set up at the Co X sites and zero magnetlc field at the Co Y
sites with the_ratioj(Co in X)/(Co in Y) = 1.6 (There are two types of

divalent‘sites; Cf Ref. 22.) The llmltlng f1eld was found to be 165 Oe in

contrast w1th the 66 71 Oe field calculated at a Mg s1te in CMN by Daniels and

Felste1ner.33 »Qarbonl and Sapp,3h however, have‘p01nted out that the paramagnetic

Co2+ ion will perturh the Ce long;range order and thatfthe spatial reversal of
one nearestuneighbor Ce dipole would more than compensate for the difference |
'Carboni and Sapp.also(suggested'that the 60 Co in CMN results could be explalned
by a local fleld of’ 165 Oe, (Co in X)/(Co in Y) = 2, andia lowest temperature
of 1. 05 mK. | v | |
The temperature 1nvoked by Carbon1 and Sapp for CMN is 1ncons1stent

with the results’presented in Sectlon_IV, and the temperatures in the CZN
experiments were not well known.h The data which are:givén‘below suggestra v
high-degree of similarity in the thernal'properties of the two'salts. ‘Some
qualitative conclusions may be dra#n from these results. We present them here
because of this and because we do not plan to do further work in the CZN problem

| The experlmental technique and method of data reductlon were 1dent1cal
to that descrlbed in Sections III and IV of thls paper. A spectrochemlcal

analysis of the CZN crystal indicated a 1% Mg lmpurlty——presumably as a sub-‘

stitutlonaliimpurity for Zn. Analysis of the solution from which the C2ZN crystals

iy, 31232
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were grown, howe&er, shdwéd only 0.Q7% Mg. The'appafeﬁt éonclusion is that
the double nitrgﬁe-lattice'exhibits a sfrong preference;f6r>the smalier
Mg2+ ion. . | '

In Fig;_g}'W(O) iswplottédtvith against 2n2f—mS/R; the scarcity of
data for'flné7é S/R >vO.SQ is due fo a failure in the apparatﬁs. Entropy
values ﬁave'bééh c;lculétéa from 'H/T andv gL = 1;8231 Qith the aid of the

12 The values of W(0) are corrected for radio-

tabuiafion‘by_Huil and Hull.
acﬁiVé.decéy béﬁweeh fhé cold and warm counts and for.backgrbuhd'bﬁt‘not for -
. solidAangle effécts! The backgroundvéorrection invthe:calculation of W(0)
amounted"to”abogt 11% of the warm count. The solidfcurvg through thevdaté
'représents the" ;W(O), (4n2 - S/R) cdfrelﬁtidn deriVed from‘the smoothed T,
S/R  curve f or CMN. The soiid ahgle'correCtions; wﬁich.vere identical for the
twokéxperiméﬁté;,afé’inéorporafed into the curve.
| .Despitéjthe small number of dafavpointé it ié evident that thé therm;l

behavior of'CZﬁ and CMN are qﬁite similar. No reiiablé data &ére obtained iﬁ

the entrdpjlréﬁée'ﬁ0“50=< 2n2 -~ S/R < 0.60, and so fa@qmaloﬁs" pfoperties in this
region cannotfbe ruled out. The point at £n2 —'S/R'¥ 0.65, however, was
confirmed ée#éfal times. The additiénal points at £n2- S/R = 0.65 are not
included in Fig..9. The lackvof any.calofimetric work'on CZN preclﬁdes the
- | ' 13Tm

determinatiOn“bf the hyperfine structure constant B . for Ce in CZN, and

therefore aqtuai temperatures for CZIN cannot be derived from these data.
.However, f?dm_the simiiarity'in the nuciéar orientation data fof l37m¢é

in CZN and CMN; it can be concludeé that the hyperfine Structure_COﬁstantév
for the two cases must be very nearly the same. If thislié.the'éaée, then-r

the,minimum:témperature obtainable with CZN is about_1,3 mK.
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In light'of the results presented heré} fhe.eariy nuclear ofientationv
work on CZN sﬁou;d probably be re-interpreted. For éxéﬁplé,'aé was mentiéned
earlier, Levi g§!§1,29 derived a dipolar fiela of'lé5.0é acting on a 60C02+ ,
ion in a CZNbxléité from their huclear'orientatidn"data;- They based their
interpretaﬁion oﬁ a minimum T#* *’3.3'mﬁ» after demégﬁeti;ation from
H/T =~ 26.8 kOé/K.i Ir tﬁé*CZﬁ anA'CMN‘T;S..rélLtionS are identiCal; then £he
actual'tempefétﬁre for this‘vélue of H/T‘ is*l.60 mK.. With this temperature,
however,'the'resﬁlts of L¢Vi §§_§&:'are fé;sbnably wéll explained by the cal;
culations of‘Daniels and Felsteiner33 who derived a dipolar field of 66.71 Oe -
‘at the Co sife; Furthermore the disagréemeﬁﬁ.between the 60Co in CMN results
and the 6000 in‘CZN results are difficult to understaﬁd-since the thermal
properties Qf-thg two salts seen similar. If the dipolar fields acting
on the Co2+ ions are equal for the two salts, theﬁ_thé 6nly_reﬁaining variable
is the ratio (Co in X)/(Co in Y), Since the X and:_¥ _sitesrhave Quite
different hyperfine structure conste.ﬁﬂt:s,?’)4 a largezaifférence in the X/Y

ratio between the two salts would have a significan£ éffect on the nuélear

orientation_reshlts and could account for the diéagreement.
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Table 1. F coefficients and solid angle facerS'for
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UCRL-19541 =

l37mCe}

i

8y

-0.88902
»._+Q.hh3h1
. +0.03197

- -0.26243

0.921k £ 0.0029
ffo}75u5-t o,oo8o=
{io?5297_¢‘010152.

0.2048 ilo.0066

1Y
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Entropy~temperature relatlons for CMN, 1nclud1ng

Table 2.
- . proposed TA scale. K
S/R LU THk;mKﬁ: TA,mK
0.002 T1.29(9)0
0.010 . 1.30(9)
0.020 - 1.0% 1.32(9)
0.0k0. | 1.36(9)
0.050 1.2 1.38(9)
0.070 1.41(9)
0.100 1.k42 1.46(9)
0.130 o 1.51(9)
0.150 1.60 | - 1.54(9)
0.170 e o 1.57(9)
0.200 1.75 (1.53) 1.62(9)
0.230 1.82 (1.53) 1.66(10)
0.250 1.86 (1.53) 1.69(10)
0.270 1.88 (1.53) 1.72(10)
0.300 1.92 1.53 1.77(10)
0.330 1.93 1.54" 1.83(11)
0.350 1.94 1.56. 1.88(12)
0.370 ©1.95 1.6k 1.95(13)
0.400 1.97 - 1.81 2.07(13)
0.420 2.00 1.9% 2.18(1k)
0.450 2.07 2.2k 12.37(15)
0.480 - 2.16 - 2.57 - 2.62(15)
0.500 2.25 2.8l © 2.81(17)
0.510 2.34  2.98 2.92(17)
©0.520 2.45 3.06 3.04(18)
0.530 2.58 3.32 3.18(18)
0.5%0 2.75 © 3.50 3

.35(19)

- "(continued)
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Table é. continued.

S/R T v VTHK,mKr ;t~' T, »mK
0.550. 2.94 3.69 ¢ 3.55(20)
0.560 ~ 3.20 3.920 -3.79(22)
0.570 - 3.58 ;| b2o . . h.05(23)
0.580 3.75 kg - h.3k(2s5)
0.590 ©h.o7 L.87 - k.68(27)
0.600 k.40 530 . 5.06(29)°
0.610 . 4.80 5.75 - . 5.47(30)
0.620 5.30 6.26 . 5.93(32)
0.630 6.00 _-6.76”_ o '6.h6(35)r

aWe have made graphical 1nterpolat10ns, where necessary, using the values of
T glven in Table I of Ref. 4 and in Table 1 of Ref 5 The prec131on of
the 1nterpolat10n is 2- 3 x- 10 5 ' ' ' '

bErrors in last place are glven parenthetlcally for the TA scale. Errors -

in the other two scales are not 1nd1cated here. See Refs 4 and 5.

°For S/R > 0.590, Ty

procedure diSCussed in text. For S/R < 0.590, .T is derived directiy from

the (normalized) nuclear orlentatlon data ‘Only in the entropy range

0.655 < /R < 0.687, is T, equal to 1/2(TMLHN _HK)Q

dependS'on the othervtwo scaleSithrough the normalization
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| APPENDIX: SPECTROCHEMIQAL ANALYSISiQF éMN

.'vThe CMN Vas §repared from 99.9%>Mg(NO3)2-6H20 (J;_T. Baker Chemical
Co., Phillipsbﬁfg? N. J.) end "purifieq" cé(No3)3-6Héof(Ailiéd Chemical Co.,
MbrristoWh,>Niljf). 'Separ%te analyses of the Ce(NO3)éE6HéO and of thé La,0,
targét @atefialiafe given in Ref. é8{ | o

‘ VThe éaﬁpie size of CMN was chosen to.yield aboqtv50 ug of Ce as the
metal. Cu; Al, and»Ca were obsérved'at the limits of detection, all of which
were 0.0l.ﬂg. Approiimately 0.03 ug of Na were detected;= The following
impurity eiementsbwere searghed for but were not détected. The limits of
detection are‘indicéﬁed ih parehtheses. L
Bi (o;os), Co (0;05), Cr.(0.0l), Dy (0.1), Er (0.05), Eu(O.dl)5 Fe (0.05),
6d (0.05), Ho (0.05), La (0.05), Li (0.01), Lu (o.os);jMﬁ (0.01), Nb {0.01),
Na (0.1), N5 (0.01), Pb (0.1), Pr (0.1), Sc (0.05), Si (0.01), Sm (0.05),
sn (0.1), T (0.5), Th (0.5), Ti (0.01), T1 (0.5), Tm_(o;os), v (0.01),

Zn (0.1), Zr (o.o;).
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" FIGURE CAPTIONS

Fig. 1. 13"™"€ce Decay Scheme. This figure was taken from Ref. 13.

Fig. 2. W(O) vS. l/T; 'Curve a represents the case Hx = 0 while curve b

corresponds to H_ = 60.67 Oe. The appropriate'solid'angle corrections are

included in these curves.

Fig. 3. W(0) as a function of £n2 - S/R. The solid curve through the data

' represents our smoothed results and the broken curve the smoothed results
of Frankel Sh1rley, and Stone.3 |
Fig. k. S/R vs. T The SOlld curve represents our smoothed results.  Note the
two temperature scales, obtained by normalizationiof.the nuclear_orientetion
results to the two sets of.high-temperature'caloriuetric«data.' The scales
are not linearly interrelated. )

Fig. 5. Heat Capacity vs. T, obta1ned by dlfferentlatlng T-S curve.

Fig. 6. S/R vs. . T. Hudson and Kaeserh’(HK); Mess et al.5 (MLNH) ; Frankel :

3

et al.” (FSs); this work (HS).

Fig. T. Comparison-of Quoted Experimental Errors. Sheded area--this.work;

horizontal lines--Hudson and Kaeser,'slantlng llnes—-Mess et al.

Fig. 8. The heat content-entropy data from Fig. 5 of Ref. 4 (open c1rcles) and :

Fig. 7 of Ref. 5 (fllled circles). Curves through these two sets of data
" had to be differentiated to give the calor1metr1C’temperature scales,"

T = dq/as.

Fig. 9. 13-7mCe in CZN: W(0) vs. fn2 - S/R The solid curve éorresponds to

" the (W(0), &n2 - S/R) correlatlon derived ‘from the smoothed T- S/R curve

for CMN.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: “

A. Makes any warranty or representation, expressed or implied, with-

respect to the accuracy, completeness, or usefulness of the informa-
‘tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in- -
fringe privately owned rights; or ‘ :

B. Assumes any liabilities with respect to the use of, or for damages

resulting from the use of any information, apparatus, method, or
- process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”’
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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