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ABSTRACT

The absolute_temperature scale forﬁsingle’crystal cerium magne-

v31um nitrate (CMN) has been extended to u/R 0.002 by adiabatic demag-

netization from values of H/T up to 68 kOe/ K. The temperature depend-

ence of the hlghly anlsotroplc angular dlstrlbutlon of the 255 keV

' y-ray from oriented 37mCe in the CMN prov1ded the thermometrlc parameter.

The nuclear orlentatlon results were 1nterpreted w1th the spin Hamiltonian

TR o . o . g
H g P8 B(SxIx Sny) where{ H, .(a calculated dipolar field)

= 66.67 Oe and B/k = 0;00820 + 0.00042°K. The hyperfine structure
constant B was determined by normeliZing the nuclear orientation
results to the calorimetric results of Hudson and Kaeeer ln the entropy
range 0.063 < (I1n2 - 8/R) < 0.16k. Analytic relations between tempereture
andventrepy are presented for the entropy range 0.002 < S/R:SIO.6MO.' o
The lowest temperature meaeured was 0.00135 * 0.00008°K. The present
results‘are in reasonable agreement with both the earlier nuclearvorienta-
tiun results of Frankel, Shirley, and Stone and‘with;the calorimetric
reeults of Hudson end Kaeser. These results and the resultsuof Hudeonr

andtKaeser are compared in detail. The effect of recent high-field

magnetization measurements on the CMN temperature scale are discussed.
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The lB?mCe yfi‘ay thermometer was also used to investigate the
tﬁermal behaviour of cerium_ zine niirate (’CZN).- The preliminary nuclear
orientation‘resultvs indicate a high degree of similarity between CZN |

and CMN.
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I,' INTRODUCTION AND HISTORICAL REVIEW
Until receﬁtly temperatures below C.l°K_were obtained primarily
by adiaﬁatic demagnetizat}én of a‘paramagﬁetic crystal. With the adveht
of 5He - uHe‘dilﬁtibn cooling it'now seéms possible’to maintain temper-

atures of about O;OJ°K for long periods of time and temperatures of

0.004°K for much shorter periods. At this writing the most common way of

_ reaching temperatures below 0.004°K is by adiabatic demagnetizatioﬁ of the
.paramagnetic salt, cerium magnesium nitrate. This thesis Will’bevCOn-

cerned with the establishment of an entropy-temperature relatioh for

single crystals of this salt and will present results over practically
Cerlumvmagngg}um nitrate, CegMgg(NOB)lE-Ehﬂeo,.hereafter
designated as CMN, has long been recognized as'avsubstance_capable of

being cooled by adiabatié'demaghetizafion to extremely low temperatures.

‘The studies of the témperature scale to date can be grouped into three

categories: calorimetric investigation of single crystal CMN, nucleaf
oriéntation studies of singleYCrystal CMN, and calorimetric studies of
powdered CMN.

The pioneer investigation of the temperaﬁhre scale was a calori-
metric study by Danielé and Robinsonl bn a sample which they deScribed
as a single crystal,féshipned into an approximate prolate spheroid.
Théy'found that curiefs 1Aw was obeyed to 0.006°K and that 1n2 - S/R =

3.2 X 10'6T'2 in thié'region. Below 0.006°K there were significant

departures from Curie's Iaw,iand for S/R < 0.45 the temperature was

constant and equal to 0.00308°K; In a subsequent re-analysis of the
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- Daniels and Robinson data, de Klerk2 asserted that the temperaturevdid:
not become constant at S/R = 0.45 but continued to decrease until at
S/R = 0.150, T = 2.25m°K (millidegree K).

In 1965 Frankel, Shirley, and Stone3

demonstratéd that nuclear
ofientation could be used to determine the temperature of a paramaghetiéi
crystal. They found:that the Daniels and Robinson T-S’scale Was unable
to explain fhe nuclear orientation resulté for 157'mCe in CMN below
3.Q°K. ‘Using their results and the Daniels'and Robinson scale above
ém?K, Frankel gzigi. derived a new T-5 relatidn. They found that T.
'did not begome constant at any value of entropy in the raﬁge availablé
to them and at S/R = 0.30% (théllowest entropy which they measured),
T = 1.94m°K.

In the most recently reported investigation bf'singlevcrystal
CMN, Hudson and Kaesérl‘L studied sevéral Single.crystal samples'— Both
sphérical and ellipsoidal. They found no shape dependence in the corre-
lation between absolute femperature and entropy ana confirmea'that
Curie's law was obeyed down to 6m°K. However, they found that for this

6

temperature regiqn £né- S/R = 2.88 x 10~ =2 “in significant disagree-
ment with the eariie; work. At the low temperature end of the scale
“their work was inidisagreement with the results of Frankel EE.Ei.

'Below S/R = 0.296 they founa the temperature to Be=essentially consfant
and equal to 1.53%m°K. In-adaitioﬁ a small anomaly invfhe heat capacity

with a maximum at 0.025°K was diécovered and was shown to be of non-

magnetic origin.
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As an outgrowth of their studies of liquid 5

He, Wheatley and
| 5,6, T : * S
collaborators have established a T - T .relation for powdered

CMN in the shape of a right circular cylinder with diameter equal to

~height. They have determined the thermodynamic temperature by consider-

3

ing the propertiesvof 1iquid He andIBHe in liquid hHe as a‘function of
magnetig'temperature. Measurements‘of the‘self-diffusion constant of
“He in both the-pure»liquid aﬁd in liéuid uHe and éf the attenuatidﬁv
He indicated that. T down to almost 2m°K.
They have assumed, however, .that the demagnetizing or‘shape correcfion

* : : :
to T ~is zero — an assumption which has recently been challenged by

Abraham and Eékstein.8 Black9 and Andersonlo have pfesented}results

contrary to Abraham and Eckstein, and this éontrbversy has not yet been

resolved.

The measurements reported in this thesis are concerned oniy

" with single crystal CMN, and so the subject of powdered CMN will not

‘be discussed further. The remainder of this thesis is divided into five

parts:' theoretical backgrouﬁd, experimental technique, the CMN temper-
ature scale, preliminary results on the cerium zinc nitrate.temperature-

scale, and appendices. The primary goéls in this research have been to

check the'earlier nuclear orientation work and to extend the temperature

scale to lower entropies.and temperatures.
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IT. THEORETICAL BACKGROUND

In this secfion tHe theoretical background’relevant to the : ™

experiments deécfibe&.in this thesis will be presented. The first topic
.to'be discusseduﬁili'be adiabatic demégnetization followed by ﬁhe

measurement of temperature below 1°K, and nuclear orientation.

A. Adiabatic Demagnetization

In 1926 Giauquell and Debye12 independently_proposed that fhe
adiabatic demagnetization of a paramagnetic salt initially at 1°K
would yield temperatures well beiow 1°K. 1In 1933 when liquid He first.
becamefa#ailablé to Giauque, he and MacDougalllB‘deﬁagnefized Gd2(80u55'8H20
to OAE‘K., With the availability of appropriaté magnets and 1iquid
helium other.ihveét;gators atAOxfard and Leiden began reseérch at
tempérafﬁres beidw_ldK. Thé Sﬁbject of magneticfcooling has been re-

2,15 and.Kurti.l6

viewed by Ambler and Hudson,»l)+ De Klefk,
The technique of magnetic cooling consists of tﬁo main steps:
iséthermal magnetization of the paramagnetic salt at artemperature'hear
1°K and adiabatic demagnetization to the lower fihal temperatures. In-
the first step the salt is thermallj linked to a 1iquid heliuﬁ bath
either mechanically or by helium exchange gas. A diréct current field Qf
sévéfal'thousand QOersteds partially'aligns the electron spins of the |
paramagnetic ionsiglong'the field direction giving a state of lower -
entrop&. The paramagnétic salt is then isolated from the liquid helium |
.béth by breaking the mechanicaillink_or by evacuating the experimeﬁtal” ‘ "

chamber to a 10w:pressure. When the isolation is complete, the magnetic

field is slowly reduced. If the crystal is demagnetized adiabatically .
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and reversibly to zero magnetic field, then a net entropy reduction in

‘the electronic spin system (and in the crystal) at zero magnetic field

will be achieved. Consequently the final temperature of the crystal will -
be lower than,the initial temperature.

Thermodynamically, magnetic codling is directly analogous to the
.eooling of a gas by:isothermal compression and éubsequent adiabatic

decémpression. Table II.1 presents the relevaﬁt formilae for an ideal

; gas ‘and an ideal paramagnet The latter is defined as a paramagnet

whose magnetization M is a functlon only of external fleld H and

temperature T.  For simplicity we leét the salt obey the Curie law:

X = M/H = C' /T . | | S (1T.aa)

where _X is the magnetlc susceptlblllty and C'- is the Curie constant

H is the heat capac1ty at constant magne-

tic field, ahd CP is the heatecapacity at constant pressure, The

~familiar PV work for'a gas is replaced by HM work fer a magnetic

system. For the isothermal steps there is a decrease in entropy for an
increase in pressure or field. In the adlabatlc step both (BT/BP)S
and (BT/BH) are greater than zero, and thus a decrease in preSSUre
or field ylelds a lower temperature

In the temperature region between 0.3 K and Lo the magnetlc '

'properties of‘the salt are due primarily to the electronic ground state

of the paramagnetic ion. This condition exists when the higher’states
are sufficiently removed in energy and only the lowest state is

appreciably populated. - If, in addition, the collective‘interactions
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Table II.1. Comparison of an ideal gas and an ideallparamagneti

dE = g + W

i

&g = TdS

‘Ideal Gas

Ideal Paramagnet

8W = -Pav
4E = TaS - Pav
ah = Tas + vaP
dA = -SAT - Pav
aF = -SaT + VAP
PV = LRT o
Isothermal CombréSsibhl'
(aS/aP)T ;-(BV/BT)P = -nR/P -
AS = R lnPl/Po.< o
for (P > P)

Adiabatic Decompression

(3/3P)g = - (38/3P)/(38/31), =
T/CP(aV/aT)P = (T/CP)(nR/P) >0
1.ffAh édiébatic decregseviﬁvf

.results in a lower T,

&W = HaM

" dE = TaS + HAM

dh = TdS - MdH

@A = -S4T + HaM

dF = -SdT - MdH

M/H = c'/T

Isothermal Magnetization

.(BS/éH)T - (), - - o8/

oS = - C'M/T2 (Hl - Ho) <0

for (Hl > Ho)

- Adiabatic Demagnetization

(3r/3)g = - (35/3H)y/(3s/31),, =

T/, (3s/3H),, = C'Mn/TqH > 0.

J, An adiabatic decréasé in H

results,in a lower T.

".«'\

'(J.‘
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between the paramagneticvions are small, the salt obeys a Curie law
‘or & modified Curie law:
M

X = T = C'M/T + QO . o v (II.A-Q)

where a is a>temperature-independent term arising prlmarily from the
second order Zeeman effect. 17 From Egs. (II A.1) and (II.A. 2) we
expect M _to be dlrectly proportional to H but this is only true'in
the low-field limit. At high magnetic fields the magnetlzatlon saturates,
and the expression for AS in Table II l is no longer val1d Thus in
Lorder to calculate the thermodynamlc properties of the salt during -the
-1sothermal magnetlzatlon, 1t is necessary to recast the problem in terms
Iof statlstlcal thermodynamlcs. | |

If we'let'the ground'state ofvthe‘paramagneticvion'be characterized
byfangular'monentum J, then in'an enternal field H the (2J+l) |
degeneracy is. completely llfted and the energy levels are characterlzed
by E = -mgBH -Here= m takes on the values J, J 1, J- 2, vee. =,
and‘sB is the Bohr magneton and- g the spectroscoplc splitting factor.
The last quantlty depends in detail on the varlous 1nteract1ons in
the crystal'and on the»direction of the applied field. Theoretically
: it;corresponds to the expectation'value of the operator L + 25 where
L and S are the orbital and spin angular momentum operators. }Theb

- partition function Q. for"N independent ions is then defined as -

| s N o
Q = VEEZA exp (-Em/kT) | (I1.A.3)

- m—-J
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and the thermodynamic functions may in turn be defined in terms of Q

F = -kTfnQ (Gibbs Free Energy) | (IT.A.L4) >
5 = -(3F/3T),; = KAnQ + KT(34nQ/T),  (1L.A.6)

where R 1is the gas:constapt. The entropy femovéa during an.isothermal
 magnetization is just:a function of H/T, and a measurement of this
‘quahtity will uniquely define the entropy. This presuppbses that the :
lattice entrbpy‘is_negligibie — an assumption which is usually well
justified at maghetizing temperatures of 1°K or less. .In zeré external
fiéld the levgls 'Em_ aie:@égenerafevand S/R = Zn(2J+i). Thisvvalﬁe Qf
'S/R'.cbrfesﬁondé tdfthe:méximum amount of entrop&'ﬁhiéh may be removed

in the magnetic cooling process.

'B. The Measurement of Absolute Temperature Below 1°K

In the nineteenth century Lord Kelvinl8 defined thermodynamic
or absolute temperature with respect to a Carnot. cycle. "The absolute
“values of two temperatures are to Qné another in the proportion of the

heat taken in to the heat rejected in a perfect thermodynamic:engine

' *For a magnetic system with the independent variables T, V, and H, the -
Gibbs function (F) 1is more appropriate 'than the Helmholtz function (A). .
It can be‘shown for such a system that Q = exp (-F/kT) or F = -kT/nQ. ¥

An excellent discussion of this point is given by P. .M. Morse in Thermal '
Physics (W. A. Benjamin, Inc., New York, 1964) pp. 292-3. -
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working-with a source and.a refrigerator at the higher and the lover of
the temperatures respectively." This statement is equivalent to the’
second law of thermodynamics — the mathematical formulation of which

may also be regarded as defining the thermodynamic témperature:

(Sq/ T)

rever51ble " - (11.3.1)

Using the methods of statistical thermodynsmics (e.g. see Ref. 19)
and the second law ofithermodynamics it can be shown that entropy is
related to the probability that an energy\stéte is occupied by
S = -k 'Z‘P.fnP. o . (11.B.2)
. _ - J J - _ ~
. E ‘ -
where j refers to the available.energy statesband in is the
probability of occupation.v It can also be shbwn that Pj is the familiar

Boltzmann probablllty _ : : : , o :
' —E/kT B JET ; S
P = Z - - . 7. (1I1.B.3)
for a closed isothefmal_system. Here Ej refers to the energy of the
state j and k is the Boltzmann constant. - For our diécussioﬁfthen,
we will regard (II.B.1) and (II.B.3) as equivalent definitions of the
thérmodynamic temperaturé. |
The next subsection deals with the calorimetric measufement of

teﬁperature. Although this method was not used in this work, an under-

standing of the method is»necésséry for the diséussioh in Section IV.
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1. Calorimetric Messurement of T

In a célorimepric determination of f Lord Kelvin's definitioh
and Eq..(II.B.l) are used. Twévtemperature regions are of interest in
such an investigati&n. -The fifst is the Curie law region where Eq. |
' (II.A.l)-or (11.4.2) is valid while the‘second is the lowest temperaﬁure
région,_where the susceptibility is often no longer'a.useful thermo-
,ﬁetrié barameter. Tn the discussion of the calorimeﬁric method priméry
attenfion will be placed on‘the method uéed by Daniels a.nd’Rob&nsonl
aﬁd by Hudson and Kaes§p4 in their studies of CMN.

. It'is_cpnvgnigﬂt tp'define a parameter ‘T* known as the magnetic

temperature which is defined'by Eq. (II.B.h)?
X = C'M/T =MH . - - (II.B.4)

In'genefal T*. is dependent'oh the shépe of the sample because of the
demagnetizing factor. Kurti and Simon2O have suggested that T*'s

be referred tb Tca., the magnetic température for a sphefe. They have
shoWn tba£ the local fiéld'actually écting upon the.ibps rathef than the
extérnal field is the fundamental quantity for»determining susceptibilities
and temperatﬂée; This field iﬁcludes the ihteraction of other dipolesb_
ané'also the?demagnetizing effec£s. In the Lorent; approximation fbf ﬁhe
dipdle‘field‘ﬁhich is valid at high temperatures

B oeal = 3ext4‘dM.+'HL°r =H . -dd+ (43/5)M - (II.B.5)

where d 1is the demagnetizing factor, M is the magnetization per unit

volume, H is the external field and HL is the Lorentz field.
ext » : or :
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Equation (II.B.5) is valid only fbr ellipsoidal samples since only in
these samples will the magnetization be uniform. For a sphere d = lgr/3

and H, H

Tocal = This implies that fo; a spherical sample, bulk»

ext’

susceptibility meaéurements in the high-temperature region will give

®

T~ 's ~which, to a high precision, are equal to T, the thermodynamic
temperature. Thus in theﬁfollowing discussion we will concern ouréelves

s for other sample shapes can be converted to T
by thenappropriéte demagnetization correction.
In the Curie law region the S-T relation can be determined as

@ .

correlation can be established by

demagnetizing ffom a known H/T and measuring the susceptibility Jjust

éfter_demagnetization. - This presupposes that the . X -'TO -T

~correlation has been already established in the liquid Hé region (i.e.

C' - has béen‘detérminéd). The theorétical.rélation between S/R and

M
T in the Curie law region, has been considered by Van;Vleck;El Hebb

25

and Pufcell,egvand Daniels. If the only important interactions are

dibole-dipole and isotropic exchange, they find

£n (27 +1) - 8/R = b8 = béD 2 'k_ (1II1.B.6)

By‘fitting the’s/R,_T()_ data to (II.B.6) the value of b can be obtained.
It is importént, however, to choose the appropfiate.temperature

®
data. As long as both
the magnetic specific heat 'Cca = dQ/dT(9 gnd _S/R are proportional

¥
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: : ® * . ® .
is equal to T . To determine whether C is

® -2 |

proportional to T , it is necessary to introduce heat into the

to T®'2, T
sample after the demagnetization. A convenient way of doing this is
by exposing the Salt‘tofa large dosage'of_-y-radiation; this'method has
the advantage that the heating is quite uniform throﬁghout'the sample
in the high tempefature region'and that the raté of heat influx is

constant. It can then be shown that for a constaht rate of heating the

,susceptibil{ty decreases linearly,wifh time of heating if _069 is iﬁdeed
proportional to T<9 2t
This can be shown by a simple thermodynamic argument.
Let c@-/R:' (1/R) aq/a r® . (T/R) as/a T®’ .

-  alm P ® -2 oY aa/am® _ -
If it is found that S/R = Zn (2J+1) - BT , then (1/R) ds/ar ™~ =
267® 3 ana ¢ @ ovmr® 3. meretore ¢ @ - 2bT® -2 ‘only when
T = T® .
t o e ®

X = CVM/T +4

L.oadx/at = (dX/dT® )dT@/d‘b = -‘(C'M/‘T® g)dT® /at  where t = time

now ¢® - ag/ar® - 2pr® -2
: e e ®omar® Jas < (v

then ax/at = -*(c',C. /2p)aT™ /at = (-C',/2b)aq/dt = constant

Q.E.D.
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The temperature region where X(t) is linear [here t. denotés~time]
can be established by demagnetizing from various values of ‘H/T and

measuring the initial susceptibility just after demagnetization and the

‘amount of timg required to warm the sample to some reference susceptibility

at a high temperature.  In this way a X - Q curve, can be constructed.

By selecting the region in T?CD- where X(t) is linear and S/R 'is

proportional to T.O '2, one can easily determine the constant b in-

. Eq;'(II.B.6).] Thus the thermodynamic temperature is known for all values

‘of fS/R in the Curie law region. From footnote (1) we also see'thét

aq/at =,-(dX/dt)(2b/C’M) where dQ/dt is the heat absorbed by the
crystal per unit'time, 'dX/dt the slope in the linear region, and’ b

y known constants.  Thus dQ/dt isidetermihed in the absolute
sense by a meésureﬁéﬁt of 'dX/dt. - |

For £heblowest tempefaﬁureé the'thermodynamié temperaturé is
obtained by cohétruéting‘a Q-8  curvé. The sample is demégnetizéd from
varidus H/T} Valﬁes,'which'detefmine the entroﬁf, and measuring the
timé of 7—réy expospfe'nééessary to warm the crysﬁal to some reference
tempéraﬁure. As wes éhown-above, time is=&irectly convertiblevto.heat,'

input. Corrections for normal heat leak and for the fact that the sample

cannot be instantaneously exposed to the -y-ray source must be made.

- The absolute temperature for any value of § - is then determined by the

slope of the Q-S ‘curve: T = dQ/dS. Generally an analytic function

is fitted through the détavpoints-and the differentiation performed on

bthe chosen function. It is obvious that the slope depends critically

on the chosen function and that great care must be taken in curve fitting.

'This comprises the g}éatest single difficulty in this type of determination.
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2. Statistical Measurement of T

The second method of determining absolute temperatures is the .

ey

statistical method, which was used in this research. The thermodynamic

B

foundation for thts:methodeas given in Eqs. (II.B.2) and (II.B.3) which
define the Bgltzmann"probability, P,. For P, to be a useful thermn;.l
metric parameter, the separetion of the energy levels must be ef-the'

: efder of ijvi.e; Ej - Ej' =~ KT. " Because we are interested in:meeeuring
temperatures below 0.0l°K,‘the only suitable energj levels are the hyper-
fine levels ofban ionic-nuclear system in the paramagnetic salt. lThe
method which we selected was to study.the nuclear orientation of radio-.
‘active nncleingrown snbstitutionally into the paramagnetic crystal.
Thettneery of:nucleer:orientatien and its use in temperature:measurement
will be discuSsed:in the next section. .J | |

RS

C. Thermal Equilibrium Nuclear Orientation

An ensemble of nuclei is said to be oriented if the various
nucleer magnetic substates are‘notvequally populated. The nuclei will
_ populate the aveilable.levels according to a Boltzmann distribution‘as
_ described in Eq. (iI.B.}). If the nuclei are rédibactive and have spin
- greater than 1/2, then the spatial distributien of emitted radiation nill
be anisotropic and the degree of anisotropy dependent on the absolute :
_‘temperature and the megnitude of the_electron-nuclear interaction. The
2h-31

" subject of nuclear orientation has been thoronghly reviewed, nd

so only a summary of the pertinent results will be presented. o e

-
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'If we confine ourselves to <y-radiation and consider only the
case where there is cylindrical symmetry about a quantizetion‘axis, then

the angular distribution of radiationifrom oriented nuclei can be

i

wrltten as

w(e T) =1 + ZBR(T) Ek g By (cos 6) . (II.C.l)

'The summation runs from 2 to 2L or 2I whichever is lesser where L

is the multipolarity of the transition of interest and I vis the spin

of the level which is oriented. In (II C.1l) 6 1is the angle (1n the
plane deflned by the detector and the axis of quantlzatlon) between the

ax1s of" quantlzatlon and the dlrectlon of emission of the photon

P (cos 8) is a Legendre polynomlal of degree k, and gk is a factor

correctlng for the f1n1te solid angle subtended by the detector Uk

‘and Fk are angular momentum factors, and Bk(T) contalns all the
temperature information in the problem. These factors will be;dlscussed

in more detail below.

1. U, )

In a series of nuclear transitions
o . Ln ' .
IO-————--) I-l — In-l-—-_—_) In —_— In+l ;
L !
' n | ,
let us de31gnate the observed tran31t10n as I | — I and the

n-1

: statevwhlch 1s‘or1g1nalIy oriented Io' If the llfetlmes of the inter-

-10

mediate states .are short,' (S 10 vsec), and all the 1ntermed;ate

spins are greater than_l/E then the orientation will be preserved through
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~the cascade. Because of conservation dfvangular momentum the magnitude
of the angular anisotropy (although not the angular dependence itself) .

will be modified. If we consider a particular unobserved transition

L i
Im-l'f_lg__é Im, then the modification factor is Uk(m) and-is: given
vby
(m) _ rror aivie 1/2 m-1 "m m
U = [(QIle+l)(21m+l?} (-1) x W ., I ,I klh?
(II.c.2)
where W(Im‘l,Im l,I I k L ) is a Racah coefficient. If the transition

is of mixed multipolarity and the mixing ratio is & = ( L+l ,

then ,
o (m) _ Uk(m)-(L) + 62 Uk(m) (1+1) ' S
U ' = —5 , . (I1.C.3)
o | 1+ o
For a series of preceding transitions, ’
o =p W y@y (3) ______ y (n-1)

-k k. ko k

Thesebtfansitions'mabee‘either‘B-decay or y-emission and if the angular

momentum properties of the transitioh are known, the U,_ may be cal-

» k
culated exactly.

-

This factor is an angular momentum c¢oefficient concerned with the
observed transition. The generalized F coefficient involves four
 angular momenta and may be written as:

-j-1

F (LL’blj) (1) h (?L+l)(2L'+l)(2j+1)]l/2j’

LL'K s Sy |
(;x_cl_l W(JJLL';le) (II.C.4)



e

-17- a | _ UCRL-18476

where C is a Clebsch-Gordan coefficient and W is a Racah coefficient.

In the notation of the previous paragraph the transition of interest is

L
n , . . X .
In_l————f——e In \where: In-l corresponds»to Js In_ to Jl,»‘and Ln

to L =L' inqu.;(II C.4). If the transition is not pure but contains
an admixture 82 of - L+1 multlpolarlty then Fkv is written as

2 o .
[F (Ln IT . 1) + 8 Fk(Ln+l,In,In_l) + 28 Fk(Ln,Ln+1,In,In_l)]
5 ,

1+5 _
' (1I1.C.5)

The Fk(LL'jij) have been tabulated by Ferentz and Rose'nzﬁeig.32

3. ';.Bk

-The Bk are- the or1entat10n parameters and contaln all the

temperature and SOlld state phy81cs 1nformat10n The most general

“expression for the Bk ‘may be written as:-

o - L _m-v,
B = (2I+1)1/2 Eﬁ;vP(EJ)'[ Eﬁ;(Ag) (-1)I 1ci?fm.  (II.C.6)
| | =1 I= T

?XP(-Ej/kT) | - | | |
Z; exp(.En/kT) . ' ' | | (11.0.7)

P(Ej)

" In these formulae'the following definitions apply:

I : nuclear srin of-the‘oriented-nucleus

Ej . the‘j-th eigenvalue‘of'tﬁe electroh-nuclear interaetion‘
Hamiltorian | '

Ag>‘: the i-th element of the j-th eigenveetor of the_inter-

action Hamiltonian
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R : R = (2I+1)(25+1) where S is the electron spin
-C : a Clebsch-Gordan coefficient

P(Ej) : the population of the level Ej
'mi : -eigenvalue of Iz '

. If the eigenvectors and eigenvalues of thg electron-ﬁuclear
Hamiltonian can bevdetermiﬁed, then the tempefature dependence of Bk
vand therefore of W(O,T) can be calculated. For an axially symmetric.-
fgystem (where =z réﬁresents the quaﬁtization axis) ‘Abra‘gamvvand.Pryce33

have shown that the electron-nuclear interaction can bé treated in terms

>of.the phenomeholggical'spin-Hamiltonian:
=g ' + + + B(S +
H. g BH, S +g B(Hx S, Hy sy) AS, I 13(sX I, Sy Iy)
+ D[sz2 - %- s(s+1)1-+ P[Iz2 - -51- (1+1)] - ‘71 LB (11.C¢.8)

For & paramagnetic crystal, S ‘in Eq. (II.C.8) 1is an effective spin and
will - iﬁ'general.— not be equal to the'actualrelectronic spin of the
paramagngtic.ion. S is defiﬁed by.settiné 25+1 equal to the number
of étateé in éhe lovest lying gfoup of levels. vTheée states are usually
céﬁplicated mixtﬁres of spiﬁ and orbital states resulting from the inter-
_acfion between the crystalline electric field and the paramagnetic ion.
Generally theée states are well separated in energy from the,next group.
of states. The first two terms in Eq. (II.C.8) describe thé interaction
- of the effective spin wiﬁh an external magnetic field. The terms in

A ‘ahd B represent the hyperfine interaction between the paramagnetic

‘ion and its nucleus Vhile‘the'term in D _deséribes the splitting of the
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levels of the effectivo spin S by the crystalline field. The final
two terms represent the nuclear qundfupole and nuclear Zeeman inter-
actions réépectively.

At this point it is necessary to distinguish between two different
t&pes of.orientanion: polarization and alignment. The former occuro
when there is ; non;Zépo first moment of nuclear magnotization and
requires a magnetic field (eithe;,external or_internal) of well-defined .
direction. TIn the latter the first moment>of nuclear magnetization is
zero and the second moment is non-zero. One may think of polarization
as whon a majority.of the nuclear spins are pointing in one direction and
alignment as when ﬁhe nuclear spins are oriented_botn parallol and anti-
panallei (iﬁneqnal pnoportions)'ﬁifh'respect to a direotion of quantization.
In the next_fow parégraphs the thnée‘most imporfant'typés of orientation
will be discussed with réferénce»to Eq. (iI.C.8). An excellent dis-
cnséion of thesegnethods_is given by Daniels in Chapter IT of Reference
26.

4. The "Universal" Method

ZH:-;?I - G o | | (1I.C.9)

This may be subdivided into two separate topics: brute force
polarization and polarization in ferromagnets. The first is simply the
direct interaction of an external magnétic_fiéld with the nuclear moment

5

6 _ _
Hy and requires fields of 107 - 10 Oe and temperatures of about
0.01°K. Becéusehof_tho difficulty of producing such large fields in

thé'laboratory this-techniQue has. only been ‘used for -several particularly



-20- - . ' UCRL-18476

favorable cases. Orientation in the ferromagnets Fe, Co, and Ni is a
much more general case and has been used extensively since the discovery

34

iby Samoilov et al. 'thatvlarge_magnetic fields are present at impuritf
'ﬁﬁCIeiuin ferromagnétic?metals. Fields larger than lO6 Oe have been
ﬁeééufed, and with tempefatures of_o.01°K'obtainéble by adiaba£i¢
demagnetization and contact cooliné, many nuclei have been o;iénﬁed.

35,36

With the recent development of the combined nuclear magnetic
resonance-nuclear orientation technique, the universal method has
yielded accurate information about nuclear magnetic moments, hyperfine mag-

netic fields, and nuclear spin-lattice:relaxation times . at very low

temperatures.'

5; Electric Quadrupole Alignment

BIZE'- I(1+1)

LI(2I-1) )

2

- %‘. I(I+]_)] = e Qq_ (II..C‘.]_O)

2

If a nucleus with an electric quadrﬁpole moment Q experiences

an electric field gradient q, thén the nucleus will align parallel to

the direction of the field gradient as first suggested by Pound.37 It

58 that closed electronic shells will be

has been shown by Sternheimer
deformed by an electric field gradient, Which.may be produced either

by the valence electrons of the atom_itselfAdr by the crystalline”fiéld'
ofifhe_lattice. Thisidéfdrmation canvgmplify the field gradieﬁt at the

nucleus %y as much as a _factor of 100 in the case where the lattice is

r
#

the source of the fiéld‘gradient. ‘Using the’ nuclear alignment technique,
" Blok and ShirleyBg’uo have systematically studied Sternheimer anti-

shielding effects for several rare earth ions in the cerium magnesium
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nitrate and neodymium ethyl sulfate latticesf Field gradients

capable of orienting nuclei'can also be producea by Chemicél bonding,.but
the "Sternheimer" technique appears to be the most general and practical
method for quadrupolevalignmentl

6. Magnetic Hyperfine Alignment or Polarization

ZH:‘g" BH, S, +g B(H}'( Sx+Hy Sy) +AS, Iz+13(sX ;x+sy Iy) )

- (1I.C.11)
.In this methpd we are spécifically copcerned with paramagneticv

ibns. Let us first consider the zero ex£ernal field case — the sofgalled
Bleaneyul méthod.  Large m;gnetic fields_(~105 Oe) are produced at thé:_
nuciei of paramagneﬁic ions by the-vd or f électrqns reéponsible for

the,paramagnetism, The crystailine electric fields, which we assume to |

vbe éxially symmetric, interéct.directly with the orbital angular

momenta of the electrons and”indirectly with the spin angular momenta
through the spin-orbit interaction. Thus the_symmetry of theimagnétic
fiéld.which the nucleué sees is dictated by the crystal field symmetry,
anduthé.nuclei willvgligg with respect to the symmetry axis of the
crystal field.' The fié?dfat the ﬁucleus results from the orbital mdtion
Qf the electrons andvffgéian electronic spin dipolar interaction. If we

consider only“systems with Kramers' degeneracy, A and B in Eq.'

(II.C.11) are the matrix elements: ULiP By &1 (l/rB)(+|NE|+)”' and

N

magneton, 81 the nuclear g-factor and N 1is the operator

'_MB By &1 (l/ra)(lexl-) . respectively. Here B is the nuclear
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' _ ' 3(r, * s, )r,
: e s S
: Z{: £, - s, + where . and s, are
i  ~i r 2 =i ~i
i i - N
electronic orbital and spin angular momentum operators. The |+) .and
YI-) refer to the two members of the Kramers' doublet. If A > 0 and
B =0, the“hyperfine energy'level scheme consists of  2I+l1 equally
spaced levels characterized by .IMS, mI). For S = 1/2 the lowest
level is doubiy'degenerate and corresponds to IMS = & l/2,,mI‘= 1) .
At low temperatures the nuclei will preférentially populate this level,
and consequently the direction of orientatioh will be parallel to the
quantization axis. For A = B +there are only two levels, and no
ﬁuclear orientation is produced at low temperatures. If BE£O
and A = 0, the hyperfine level scheme consists of 2I+2 unequally-spacéd

levels characterized by linear combinations of [t MS’ * mI).‘ For

S = 1/2 and half.inﬁegral“ I»~the lowest level corrésponds to

l/JB [|Mé-= l/2,.th= -1/2) -} - 1/2? 1/é>] . At low temperafuieé the
nucleil wili align byApopuiating this level preférentially. Phenomenolo-
gicélly, one may think of the nuclel as orienting in a plane perpendicular
to fhé quantization axis, and consequently this is known as planar align-
meﬁ£. | | |

When a small magnetic field (< 1000 Oc) is applied to the crystal,
the-electroﬁ spins will polarize and will in turn polarize the nuclei.

b3

This is known as Gorterhe-Rose polarization. The Kramers' degeheracy
of the hyperfine levels is completely removed, but the wave functions are
complicated linear combinations of the basis states. The primary dis-

advantage of this method. is that the application of the magnetic field will

¢
— in general — warm the crystal.
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7. Measurement of Absolute Temperature by Nuclear Orientation

3, ik

Shirley and co-workers have shown that thermodynamic

temperature scales can be established for paramagnetic crystals by

nuclear orientation. They determined T-S relations for cerium magnesium

3

nitrate” above 0.00E”K and for neodymium ethyl sulfatemL between 1°K

and 0.01°K using the techniques to be described in the following.

paragraphs.

| In a nuclear orientation measurement of temperature the radio-
isotope 1s the thermometer, and as with any thermometer certaln con- |
ditions must be satisfied. In general the thermometer must be in good
thermal contact w1th the system to be measured, it must.be sens1t1ve to .

thermal changes 1n the system, and the relation between 1ts thermometrlc

vparameter and temperature must be known ' The first condition requlres_'

that the nuclear spin- electron spln relaxatlon time be short. An obvious

'.flrst ch01ce for a salt llke CMN would be a Ce 1sotope. The_second

condltlon requlres a temperature-sensitive angular dlstribution of radiation
which does not saturate at even the lowest temperatures. The final
condition demands that all the relevant U, P, and Bk(T) .are

known.- ,
. | Knowledge‘of Bk(T) implies a‘knowledée of thevsplanamiltonian
parameters. In general however, only the form of the Hamiltonian is

known by resonance work on stable isotopes of the atom in question, and

®

" the parameters must be determlned separately. If an S5-T or a T - T

relation is known for the paramagnetic salt over part of the temperature

rauge,‘then the parameters of the spin Hamiltonian can be determined as
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follows. The samplé is demagnetized to various known temperatures, and

W(6 = 0) is measured at each temperature. The argle 6 = O is chosen

:because w(e) assumes 1ts maximum values for this angle. The W, T

data are then fitted to Eq. (II C.1), and the values of the spin

Hamiltonian parameters in Bk(T) are varied until the best fit is

obtéined. When the values of the parameters are known, W(6, T) can
be calculated for any value of T and 6 .

'The.crystal is then demagnetized from kﬁown values of ~ H/T
(or entropy):to the 1ow;témperature, and VKG O) is measured. When
thé W(8)'s "are §onveftéd into temperature, an entropy-temperature
relation is'e§£abliShed. ‘Unfortunately for each (S, T) point a
separate demagnetlzatlon is requlred 31nce the entropy is known only
just after demagnetlzatlon. Irrever81ble heatlng effects due to natural
heat leak and rédioaétive heating will change the entropy from the
measufed value over a peribd of time. It usually turns ouf however,
that the sample remains isothermal sufficiently long to acéuire
resonable counting statistics in W(6). If this is not the case, then
warm-up correctiohns must bé applied.

The major difficulties in this type of experiment arise from

'uncertainties'in;calcﬁlap}hg W(8) (e.g. background corrections). ‘The

'details of the expefimenfal technique and the data analysis will be

L1

dealt with then.
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III. EXPERIMENTAL
In this section the important details of the experimental.technique

3

and apparatus will be discussed. Such topics as the “He refrigerétion'

system, :the production and measurement of the magnetic fields, and the

| gamma ray detection systém will be emphasized. The section will be con-

éluded by a chronology of an actual experimental situation.

A D

He Refrigerator

All the nuclear orientation experimehts were performed in a 3Hé '
refrigerator manufactored by Cryonetics Corpora’ci'onlL5 (Model 302)vand
subétantially modified in this laboratory. The apparatus.is a cénti-
nuéusly oberaﬁipg refrigerator of the type described by Amble,r'\andl_DovelL6
éﬁd-will bebdisgussed briefly. .A diagrém of the apﬁaratﬁs is shown in

Fig. I1T.1, and a block diagfamvof the circulation system is . depicted

' in Fig. III.2.

The warﬁ?incoming 5He gas is partially condensed in the input
capillary, which is soldéfed to the 1°K hHe bath. The liquid-gas mixture
o . : I

flows downward to & porous plug of sintered stainless steel (the frit).7

which acts as a flow impedance for the 3He. The frit is at a temperature

3

He bath, and consequently additional condensation

3

of the 3He gas is achieved at this point. The “He flows fromvthe frit

3

into the “He bath where refrigeration is obtained by pumping off the

vapor above the 5He liquid. The bath container is high-purity ébpper

and is hard soldered_tova\stainless steel tube which is connected to

=Zthe pumping system. Several vertical copper roas are imbeddéd in the
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3

Figure III.1. “He Refrigeraﬁor._

Tﬁe liquid N2 dewar is not shown.
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 Pig. III.1.
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3

Figure III.Z2. He Circulation System.

The arfows indicate the direction of flow of the 5.He. 

The symbols .il.l the drawing refer to the following:

F (frit); DP (@iffusion pump.),-' MP (xﬁechénical pump); .

ﬁ EC (tO'expefiﬁental chamber); S (3He storage tank);

PG (Philli_ps’ _gauge); HG (Has‘;ing_s-Raydist fhermocouple v
gauge); MG (MéLeQa ga;p.ge) ;. _ (valve_s).' The valve mmbers
refer t§ the -‘folioﬁng: 1. (:fine circulation); 2. (coarse’
circula.tion)_; 3. (flow throﬁtle); 4,5,6. (isolation valves);

7. (cryostat bypass); 8. (exchange gas admit).
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Fig. III.2.
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3

bottom of the “He chamber to insure_homogeneity in temperature and

>

density throughout the liquid. The total volume of liquid “He in the

bath at any one time is less than 10 cc.

3

The temperature of the “He bath is regulated by the speed of

the pumping system. The minimum temperature of 0.3°K is attained with

a Consolidated.Vacuum Corpéraﬁionh8 PMCS-2B two inch diameter oil

3

diffusion pump (105 1/sec at 10 “torr) in series with a Welch Duo-Seal

1k02 KBG ? mechanical punp (5 cubic per minite). A temperature of 0.5°K

is achievéa with the méchanical pump alone. . Inpermediate temperatures in
the ranges o;5°-f 0.5°K and 0.8° - 1% are obtained by throttling valves
1, 2 éhd 3 (c.f. Fig. III.2). The mechanical pump has been hermetically
seaied‘and provided with an oil seal on the drive shaft to prevent

3

loss of the 3He. The “He exhaust gas from the mechanical pump may be

either returned to the*refrigeration'system or shunted to a 2.5 liter
“storage cylinder. Slightly lower temperatures in the JHe bath may be

5

achieved if ﬁhe He is not recirculated.

B. Vapor Pressure Measurements

As was discussed in Section II.A the entropyvrembved dﬁring the
magnetization is a function of the temperature of the paramagnetic
crysﬁal. In this work the témperature of the crystal was assumed to be

3He bath. The latter was determined by

equal to the temperature of the
vapor pressure measurements. The precautions taken to insure that the
paramagnetic salt was at the same temperature as the 3He bath will

}'be diseussed in Sections III.C and III.F.

i

©
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The vapor préssure of the 3He bath was measured with a Consoiidated

Vacuum Corporationu8 GM~100A McLeod gauge. This gauge covers a pressufe
range from 10-5torr to 10 torr and has a manufacturer’s quoted accuracy
of *1.1% of the indiééfed pressure on the d-lO torr scale, *1.2% on the
0-1 torr scale, and 11{5% on the 0-0.1 torr scale. The pressure may be

reaa to ilO-Btofr at 0.2 torr and to 1—“l.()-u’corr for préssures less than

lQ'gtorr. fhe gauge is connected to a liquid nitrogen trap and in turn
to the 5He system through a 0.58cm 1.d4. stainless steel tube tapped into

3 L

the He bath (c.f. Fig. III.1).

He pumping line just above the 1.1°K
The vapof pressures measured in this way must be corrected for

thermomolecular pressure differences resulting from the temperature

3

He bath. Thisvcdrrec%ibn-was

50

diffe;ence between the,gauge_and”tﬁe
 obtaiﬁed frbm the'results:of Roberts and Sydbriak ‘and is plotted in
Fig. II.3, Recent measurements by Watkins et al.”’ and by Freddi and
Modéna52 aré in disagréemeht with fhe results of Roberts and Sydoriek.

However, according to Watkins et Ei{, the temperature determined from

’5He vapor pressure measurements with their pressure correction would be

!

decreased by less than 0.005°K from the temperature determined'with thé

Roberts and Sydoriak correction. Because of the smallness of the difference

5He bath can then

3

it was neglected in this work. The temperature bf the

e vapor pressure with the 1962

25

. pressure-temperature scale.:

He_vapor :

The pressure fluctuation in the 3He bath during the magnétization

3

(after the paramsgnetic salt had come into equilibrium with the “He bath)

3

was about * 3 X'lof'torr when the bath temperature was 0.5°K.
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Figure IIT.3. Thermomolecular Pressure Correction.

‘R is the radius in cm of the sensing tube. P.. 1is the

W

prgésUfe'in_micfons measured_at'the room temperature (25°C)

McLeoa gaugé. . P, 1is the actual pressure in microns of

. C
the 5He bath.

i
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This corresponds to a fluctuation of about 0.0015°%K. At 0.3°K the

bath pressure could be continuously monitored with a Phillips gauge

L8

(Model- PHG-09). No deviations larger than 2 X lO_utorr (about

0.00jék)’were observed.

“c. The Experimental Chamber and its Contents
‘As has been discussed previously, -it is essential for the
~‘meagsurement of entropy that the paramagnetic crystal attain,thermél

3

equilibrium with the “He bath during the magnetizatibn. In addition
the sample must be so positioned %ithinvthe experimental chamber that any
‘heat leak will héve a smail éffec£ at the 10W’tempefatures; Eérly
‘experimenfs“in thevdevelopmental stage of:this reseéréhbipdicated that
gréat care‘wés neéeésary td satisfy thése requirementé. In the coursevof
time the foilbwing, ratherlelaﬁorafé afréngemenf was develbped and was
eﬁployed in allﬁfhe éxﬁeriments reportéd in this thesis. |
The'gxpérimental‘chamber was é thin.wall (0.010 inch) stainless
steel right circular éyliﬁder cloéed at the bottom gnd attached to the
5He bath with Pb-Sn solder (c.f. Fig. IIT.1). Thermal contact bétween
the sample and the bath was achieved by a small pressire (< 0.02 torr)

3

of “He thérmal ékchange gas which could be both admittéd and,fémoved
through the expefimental'chambérvpumping tube. During the magnetization
a considerable amount of heat was evolved, and it waé-disco?ered that the
rateiof heat exchange between the crystal and the.BHe bath:waé_quite

- slow. This was primarily due to the fact fhat most of‘the'surface area

3

avéilable-to the .”He exchange gas'was_stainless steel, which has a low
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thermal conductivity at temperatures below 1°K. To overcome this
difficulty and to insure a minlmum'heat leak at.the lowest temﬁeratures,
the‘following "cage", which Fitted snugly- into the experimental chamber,
was developed. | |

A diagrem of the cage and its contents is shown in Fig. III.M.
The various parts of the. cage, denoted by the letters on the right side
of the flgure, are explalned in the following discussion. The upper

part of the cagevwas a hollow right circular oylinder (a) of OFHC copper,

partially closed at the top. Three.equally spaced vertical brass ribs

. (d) were hard soldered at the top to the copper cylinder and at the bottom

to a brass ring (m) A hor1zontal circular brass rlbv(not shown )
COnnecting the three vertical ribs was located at‘ebout.the midpoint of
the cage and added extra stablllty

Tungsten rods (c n) were hard soldered into both the top and the
bottom of the cage, and 3mm thick pyrex rods (e):were joined to the
tungsten rods by melting.‘vThe pyrex rods.ektendedfdownward and upward
to pyrexcyessels (g;k) containing chromium botassium alum-glycerine
slﬁrries, This mikture was capable of cooling to 0.01°K by adiabatic
demaénetization and prevented ahy_large heat transfer through the pyrex
rod to the sample at the lowrtemperatures. Compressed tablets of |
manganous ammonium sulfate (f,{) caﬁable of cooling to- about Ofl°K”
were glued to the pjrex rod above élurry holder (g) and below elurry
holder (k). These tablets served as efficient cryopumps for any 3.He |

excﬁange gas remaining during the demagnetization. The slurry holders

were JOlned by 2mm pyrex rods (h), which formed a stirrup-like holder
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Figure IIT.4. Experimental Cage.

- The letters are explained in the text.
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(1) er the saméle., When the sample was glued into themhdlder, it was
prevented from undergoing any undesirable motidn. Such motion might
result either becéuse of inhomogeneities in the magnetizing field which
tend to pull the cf&stai-toward the wﬁll of the experimental chamber or

because of room vibrations transmitted to the cryostat.

" Two additional features of the cage deserve mention. First, two
narrow, thin (0.005 inch) sheets (i) of high purity copper joined the

upper and lower slurries and served as high surface area 0.01°K cryo-

3

pumpé'for the “He exchange gas. The second feature was designed to

promote more rapid thermal equilibrium between the paramagnetic crystals

3

and the Helbath'during the magnetization. Approximately 30 l/lé-inch

diametervholés ﬁere_drilled in the bottom ahd the top of the cage, and
six strands (about five‘feét'in length) of formvar coated copper wire
(AwG #BO)Lﬁere strung up and down the length of the cage. For the sake
‘of élarity only ghe holes are sﬁown in Fig. III.4. These wires were .
thermally anchored fo the top of the cége by tightly winding each

. wire once around the copper cylinder (a). The;cage was then bolted to

3

the.bottom’df the “He bath, and both the cage and the wires were ther-

‘mally anchored at the temperature of the bath. The wires thus presented

3

a significant surface area of high thermal conductivity to -the “He

3

eXchange gas and allowed thermal equilibrium with the “He bath to be,
reached in less than fifteen minutes. The hole (b) in the top of the

cage provided access to the experimental chamber pumping tube.
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D. Magnetic-Field

Magnetic fi@lds.up to 21 kOe were produced across a 2-5/8‘inch
. : 5k

gap by a water cooled iron core solenoid with an iron yoke.” ~. The -

' magnet assembly was mounted on a carriage which could be rolled along

a-set of tracks in the laboratory. The power supply-was capable of.
producing currents up to 300 A (60 KW) with a regulation of better than
5 | |

one part in 10” over the whole range. The current was determined by
the voltage across a potentiometer and could be varied continuously
from zero through the whole range. The potentiometer‘was driven by an

appropriately -geared plectric motor, and thus the field could be raised

and lowered automatically. At the operating speeds used the field was

‘reduced from maximum to zero in about four minutes.

For the experiments‘of March 1967 and June 1967 a mbdel 720
Rawson55 rotating coil gaussmeter was used_ih conjunction with a model

56

203A George Associates”™  rotating coil‘gauSSmeter. The former was
a relatively crude instrument having a qﬁoted accuracyiof 1% of the
full scale reading which is equivalent to *0.12 kOe for fields between

I and 12 kOe and *0.k kOe for fields between 12 and 40 kOe. The repro -

ducibility.howevef, was much better, being 10.05 kOe on the lower range

and iO.l»kOe on the uﬁ%er‘range; fhis arises primarily from the uncertainty
in aligning the probe with respect to the field direction. The linearity

-of the meter was fbuhd to be quite good below 20 kOe. Since the dewar

was in the magnet during the.experiment, the field could bnly be
measured at the face of the pole piece and not at the location'of the

cryétals. At the conClusion'of the experiment the probevof the George
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 gaussmeter (accurate to about * 10 Oe) was placed at the location of the
crystals in the center of the gap and the Rawson probe at the point on
Ithe pole faée whére thé'experiﬁental measurements héd been made. Thé
field waéltﬁen re-meaéureq with both meters for each current settingb
used in the experiment. A plot of the field valugs from the two meters
for the runs o} June 1967 is shown in Fig. ITI.5. A straight line was
Titted throﬁgh the.points below 20 kOe by the least squares method and
the experimental Rawson meter readings for each magnetization_converted
into "true" field values from the least squares coefficients. .With this
procedure the experimentél error in a field measurement inciudéd a
precision (noﬁ acéﬁracy) error from the Rawson meter, the least squares
error from the fit; and the * 10 Oe from the George Associates meter.
zAboVe‘EO,kOe the Rawson meter waévno longer linear. All the
méésuréments made.in‘th%s field-raﬁge‘were'mAde at ébmagnetizing current
of é75 A; . The field waévéétefmined by.takingﬂthe average of all the field
' readings from the Georée meter obtained duringbthé”calibrétion measurements
ot the end of each experiment. For the curremt equal to 275 A, the field
waé found to be 21.07 * 0402 kOe. Since the magnetic field ié near its
saturation value at this curfent, it is4expected that this pfocedﬁre.
gives a feliable measure of the field.
~ For allvthg remaining_experiménts a model 820 Rawson rotating
.coil gauésmeter With;a quoted accuracy Qf i.O.l% was used in conjunction -
with the Gebrgé AssociqteS'meter. With the 820 Rawsbn meter the_fieid‘
is determined byiﬁélanciné a‘bridgé to give a null reading. The a

measurement procedure for these experiments was essentially the same as
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Figure III.5. Magnetic Field Calibration for June 1967 Experiment.

HG refers to readings from the George Associates gauss-
meter and HR to readings from the Rawson meter. The
. arrow indidates the point at 21 kOe which was not included

in the fit to the data.
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described above except that the least squares fit was unnecessary because
of the high accuracy of both meters. The difference between the two
meter readings — a slowly varying function of field — was applied to the
experimental field measurements:with the Rawson meter to give "true" field
Values at the location of the crystals:_ The experimental error included

+ 10 Oe from the George‘agsociates meter, * 0.1% from the Rawson meter,
and an additional_i/ad Oe from the Rawson meter because of uncertainty

in aligning the probe properly with respect to.the field direction.

E. Counting System
'The y-ray detectionlsystem-used in this exPeriment consisted of

two 5 X 3 inch NaI(Tl) scintillators, each w1th a resolutlon of about

.7%. The sc1nt111ator and photomultlpller were purchased as a unlt from

o7

the Harshaw ChemiCal Company. The electronicgamplification system
consisted of standard transietoriied nnits; and é:block diagram is shown
in Flg ITI. 6 ‘The output from each biased emplifier was fed into a
separate analogue to digital converter (ADC) which in turn transmitted

the information to a PDP-7 computer58

where the data was stored in two
groups of 512 channels each. | |
The operation of the computer was controlled by a program called'
Twist59 and employed several features worthy of mentlon Any given
llve time" countlng perlod could be prescrlbed by a teletype command

and the countlng begun or terminated by a command delivered to a remote

console at the experlmental location. At the end of the prescrlbed

live time theicomputer would store two identification_records and one

data record on megnetic tape, clear the data from memory, and recycle
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" Figure III.6. Counting System..

The coﬁponents'are: sourée (8); NaI(T1) detectér‘(D);'

pmmmnmﬁw(mﬁpmmmﬁmrﬁm5nmﬂa@nﬁw
-(LA);rbiased amplifier (BA); analogue to digital converter
(AbC)#_teletype'(TT); computér‘console (C);.remote console

(RC), magnetic tape unit (MT).
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urtii a stopfcommeed was received. The first identification¢record con-
taiﬁedfen alphanumeric title supplied by the experimenter through the
teletypefﬁhile the second identification record contained the préscribed
live time; the actual live time, and the on and off times of the ADC's ‘ .
where éime Zero corresponds to the time when the computer was.first
turned on. The stop command writes an "end of file" on the ragnetic
: tape, and a new identification and 11ve time can be spec1f1ed for the
next flle. Data can be recalled from the magnetlc tape and analyzed at
aﬁy time when the,ADG s are not counting while more detailed analysis

" ¢an be done in post-processing routines on the CDC-6600 computer.

F. Summarj
To summarize this sectlon a chronology of an experlmental
situation w1ll be presented. After_the crystal is mounted in the crysstat,
it is precooled in stages-to 77°K by ligquid nitrogen, to ﬁ.2°K by
liquid hHe, to 1.1°%K by reducing the rapor pressure above the hHe,'and

3

to temperatures below l °K by “He refrlgeratlon. During theiliquid

hellum pre- coollng stages 3He thermal exchange' gas has been in the
experimental chamber te equilibrate the paramagnetic crystals.with their
surroundinés.. At opereting temperatures of about 0.5°% the eXchange

gas presSure;is apprbximstely 10-20 microns Hg while at 0.3°K the

~ pressure is less than 5 microns Hg.

Wheh the desired temperature is reached in the lastfpre-cooling
' stage, a magnetic field is applied to the crystals. The heat vhich is

evelved is transferred to the 3He bath by the exchange gas, and con-

sequently the vapor pressure of.the'bath rises. The vapor pressure can-
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be monitéred continuously eithér ﬁith a Hdstihgs-Raydist'Model VT-6
thermocouple gauge6o or aAPhillipshg gauge and usually takes betweeh
10-15 minutes to return torifs equilibrium value. After an additional
15 minutes to insuré ﬁhermal equilibrium between the crystals and the bath,
the vapor pressure of the 5He bath and the magnitude of the magnetic field
are measu}ed. |

» The eXcﬁange;gaé is pumped off'by a Consolidated Vacuum Cérporation
MCF-60'diffusion ppmgfuntil the pressure is less than 1o'5torr_at.wh1¢h
point ﬁhé magnetic field isvturned slowly to zero field. When the zero
field point is reached, a fimer is started, the magnet rdlled away, fhé f
counters rolled into position, aﬁd the couﬁting beguh;' Several "cold"
“counts of 15 or 30 seconds li#e time duration aré takén,‘and after'
- approximately 5 minutes the crystals are wérmed to the ambient. temperature

by admitting 5

He gas into the experimental chamber. A single "varm" count -
of 5 or 10 minutes duration is taken for normalization purposes. . At the
conclusion of the warm count'the'crystals are remagnetiied and thé

process repéated until sufficient data are acquired.
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| IV. THE CHERTUM MAGNESIUM NITRATE TEMPERATURE SCALE
. This section.is divided into five ﬁaih parts: = suﬁmary of'tﬁe
properties of CMN and 137m'Ce,'sample prepafafion,_data reduction, the
preSentationrof’the reeults; and disouesion. ‘The first'paft of tbis
section is dé&oted to a.brief review of the electric and magnetic

properties of CMN and the decay progertles of 15Tm Ce which will be

relevant to the subsequent discussion.

A. Physical Properties of CII and lB(mCe'

1. Crystal Structure

The crystal structure of CcMH has”been investigated by Zalkin
et g}.él using the x-ray diffraction technique._ Their measureﬁente
.indicated that the site eymmetry for the Ce+5 ions is C5& if only Ce
and Mg etoms are considered. AThe eearest Ce neighbors (to a Ce)iare
three at 8.56 X and three at 8.59 X while the nearest Mg neighbors
(to a Ce) are one at 6. 17 A three each at 6. 36 A 6. 98 X and 8.31 A
and one at 8 6h 2. The 0 atoms of the nitrate ion 1S, bowever, are
actually the nearest nelghbors ‘o the Ce atoms and are located at the
»twe}ve corners of an_lrregular 1cosahedron at an average distance of
+5

2.64 A. Thue‘the symmetry of the Ce “ envirorment is not rigorously -

c but is lowered to C In addition they found two fyﬁes of Mg

“3v 310
atoms (C and C3 symmetries) and confirmed the paramagnetic resonance
results62 which showed octahedral hydratlon of the Mg atoms. The

‘remaining six waters of hydration are distant from the Ce atoms as was

found by nuclear magnetic resonance.63 .Zelkin'ez gi;'concluded that the
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‘most concise indication of the Ce and Mg coordination and the role of

the watéfs is given in thé formulation:

2.. Electric and Magnetic Properties

ce’? has a single 4f electrbn corresponding to a °F term which
is split by the spin-orbit interaction into ?F5/2 ‘and 2F7/2 terms.
In the free ion the:_2F5/2 level is 2250 cm = below the 2F7/2 lever. o
The crystalline electric field of the double,hitrate lattice splits the

2

F level -into three Kramers' doublets, and some important properties

5/2 _
of these doublets Qré listed in-Tables Iv.1l and IV.2. ‘In Table IV.1l
Aie/kv‘and:véis/k are ?he crystalline field éplittings'between the first
and'the‘Second doublets and between ﬁhe fifét and the thifd.doublets

- fespectively. In'Table Iv.2 8] refers to the directiﬁn perpéndicular
to the symmetry axis of the crystal,'apd g” ‘refers to the parallel
diréction. The measurements cited were performed on either pure CMN

or Ce+5 in isogorphous,.diamagnetic lanthanum magnesium nitraﬁe, and

the close agreement‘among the various valges suggests that there is

no substantial difference ;n the crystai field properties between the
conééntratéd and dilute s#lts. For this research we have chosen |

g = i.8h for, the ééﬁcéhtrated salﬁ.

The‘éryéké}ffield properties of CMN have beén investigated in

™ 65 The latter analyzed their

* detail by Judd' ' and by Leask et al.
susceptibility data in terms of a crystalline field of CBV symmetry

and showed that the ground Kramers doublet was primarily
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“Table IV.1. Crystal field splittings.

Type of

Al/e/koK \ AEE/k K _%.Ce‘ Ref. Measurement
37.6 + 2.5 83.8 ' 100 65 susceptibility
33.1 142.8 100 66 susceptibility
43 300 + 50 ° 100 67 susceptibility
36.25 £ 0.4 100 68 far infra-red

: spectroscopy
3l 100 69 Casimir-du Pre’

: o relaxation
34 0.2 70 spin-echo
S _ relaxation
3l 2 and 0.2 71 paramagnetic reso-

nance relaxation
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_Table.IV,é. Magnetic.propertiesvof ground doublet.

qoe™?

g, g“ Ref. Type of Me&sUfgmght
l.8hi.01 0.25 100 T2 Electron Spin-Resonance
o (ESR).
1.826k4%,0013 0.0%32+,068 . dilute L ESR
| <.03 100 63} Rotational Cooling
1.832 0.05%.05 100 65 Susceptibility
1.830%.003 -~ 2 75 ESR |

V'75_ ~ESR

1.838i,ooe

. 100.
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| = 5/2, 3, = *1/2) with an admixtuie'of |5/2, 7 5/2) and

|7/2, + 7/2). Thus J is rigorously not a géod quantum number for

Ce+§ in CMN?_;In addition tﬁey found "anomalously" large values for the

cdefficieﬁéé;ﬁAzl aﬁd  Ag; in the crystalline field'gxpansioh and

suggested Pﬁét the ;imple crystal field model may not be stricfly_valid
: 5

ion is C,, - not

35

the interpretation of their data in terms of crystal field para-

¥ ‘ +
for CMN. Since the correct symmetry for the Ce

CBV’
meters will certainly be affected. For example, the following equalities '

| - - S R B T,
are valid for C3v symmetry but not for C3i' Ah = Ah 5 A6 = A6 s a§d
- 6 6

Ag = Aé . 'Interprétatidn of their susceptibility data in terms of C

31

symmetfy is therefére highly desirable befdre.drawing any conclusions
about-the vaiidityvof'the crystal fiéld model for'CMN.‘

While this.théSis was being wr;tteh, the results of high field
magnetizatibg'measurements on cMN were'reported-by Williamson and Cépe.75
Theyxclaimea.thét their.data COﬁld not be éxplained by the simple ionic
crysfal field model, ;ndvthéreforé en@ropy calculations such as those
deséribéd in Secﬁion_II.A are incorrect. In Appendix A we present
extensive calculations based on their paper and give a qualitative
_eétimate_of the effect of.their findings on the calcﬁlation of entropy.
For the reasons discussed in Appendix A wé have retained the Simple
ionic model-for'thé entropy calculations in this thesis. The effect
of:their results on the T-S5 relation for CMN is discussed in Secfion
WE

We Hé;e calculatéd entropy as a function of the magnétizing field
(1) agd the.ihitiéljtemperature (T) uSiﬁg Eq. (II.A.6) and the partition

function: : _ _ !
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N

Q = ?xp ~5 texp | ’ (IV-A-I)

where g = 1.84. This caleculation is rigorously correct only for an

i .

‘ +
ensemble of non-interacting Ce 5 ions populating only the lowest Kramers'

~doublet. This assumption has been used in ail previous studies of the

CMN temperature scale, and although the strictly ionic model is probably
slightly déficient, it allows us to comparé our results with the earlier

studies. The 1gtticé contribution to the entropy has been neglected in

76

our calculatibns since the heat capacity measurements of Bailey =~ show:

that S /R ~5x 107 at 0.5°K. Values of §/R calculated from
(IV.A.1) have been tabulated as a funcfion of H/T :by.Hull and Hull,77'

and & plot of S/R vs. H/T is shown in Fig. IV.1l. In conclusion it

vvshould be noted that all stable Ce isotopes have zero nuclear spin, and

thﬁsfthére is no nuclear contribution to the entropy of CMN.

5. L3Tm

As was discussed_in Section II.C fhe réquisite properties for the
choice of,an'iédtopé for nucieaf orientation temperature measurements
are: good théfﬁ;l contaét with the latticévand the electfon spin system;
nuCléar.éﬁd eleétronic propertieé which arebwell-understobdj and a_temper-
ature sensitive angular,distriﬁution of radiation which does not saturate
‘ | 3,18-80 4 this

137m.C

laboratory have indicated that 34 hour e satisfies all these

requirements.
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Figure IV.1. S/R vs. H/T for spin % Ideal Paramsgnet.

o
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Thebdecay'nroperties of l37mCe{hafre heen'investigated by Brosi
and Ketelle8.l and most recently by Frankelletba£.8o’8?, The Jatter used a
,high_resolution'Ge(Li) detector, and-the decayrscheme resulting from
their work is shown in‘Fig Iv.2. This figure was taken from Ref. '86.
The transition of 1nterest is the 255 keV y-ray whlch de-excites the
11/2 - 13.7mCe level. Frankel et al 8 have concluded that the multlpolarlty
of this transition should be very pure Mi. They say that "the lifetime
(of l§7mCe) is only a factor of three below the single particle estimates,
andveven if the E5 strength were enhanced by as much as a’factor of .50
over singleéproton estimates, which is extremely unlikely,”the E5/Mh

)+ "85

1nten31ty m1x1ng ratio ‘would be only 2 x 10~ Angular distribution

studies8‘3 of convers1on electrons from 37mCe orlented in neodymlum
‘ethyl‘sulfate support this conclus1on ‘For thls research'we have thereé=
tfore assumed that the 255 keV‘tran31tlon is pure th In addition
: Frankel8o has shown~that this transition isvhighly converted with
(e) /y 5. ¥ and (e) /(e)L+M 2.0. This relatively high conuersion
coefflclent places a limit on the amount of 157m, Ce ‘which should be
grown into the CMN because the conversion electron energy will benalmost :
.combietely“dissipated in the crystal. This Will_Be an important source
of heat leak at low temperatures |

The angular momentum propertles of the nuclear decay are thus
'Weli?known and_the angular momentum coefficients descrlbed in Section
II.c can‘be easily determinedv Further discussion of this p01nt, however,
’w1ll be deferred until Section IV.D when the 1nterpretat13n of the data

will be presented.- This section continues with a descrlptlon of the

" method of sample preparation.
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This figure was copied from Reference 80.
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Ce'37™(34.4 hr)
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B. Sample Preparation

157mCe was ﬁrepared in the Berkeley 88 inch cyclotron by a

(p,3n) redction on e in high purity:Lagos. At the bombarding energy
of 30 MeV a small aﬁéﬁﬁt;pf 5%e was broduced in the (p,n) reaction on
159La bﬁt was not enoﬁéh~to hinder the ekperiment. Approximately
lO12 - idl3 atoms of 137mCé were obtained for the bombardment times

"used in this experiment. |

The Ce was separated.from the La by a solvent extraction.method

- described by:Glendeﬁin et é£.8h The target was first dissolved in-a

5

minimum amount of 16M HNOB' The Ce ” was then oxidized to Ce+u by a

solution OvaBrOBIin'8M HNO, (8.3¢ KBrO,, 5;.5_m1VHN05,.18_m1 H,0) and
transferfed to a separatory funnel contaiﬁiﬁg methyl-isébutyluketoﬁe

saturated with the §xidant; After‘a vigdrous shaking for se&eralvminutes;.
the phaség‘ﬁere allowed tojseparatévand=the:lower aqueoﬁétﬁhase containing
+3

the La vWas.drawnboff'aﬁd'discarded. Approximately'one'millitervof

8M HNO3 containing two drops:of the Oxidént\was then addéd. Thé contents
of tﬁe separatofy funnel were again agitated vigorously and thé lower
aqueous layer drawn off. The purpose of this step was to remove-any

Laf3 which remained after the first separation. Unfortunately a
sighificant_amount of the radioactive CeflL was_élWays femoved in this step
poésibly because the methyl iSébutyl ketone had not been completely sat- |
'uratédjwith the oxidant; iThe Ce+lF "lost" at this point was saved féf
reclamation if'ﬁéceggafy. The methyl isobutyl ketone containing the
Ce+u_was pipetted into andther separatory furinel containing}évreducing

solution (17 ml 30% H,0,, 50 ml HNO3, 33 ml HQO) and again vigorously
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agitated. The lower;aqueous phase, Whioh now contained the Ce+5, wés
drawn off and boiléd fo dryness. .The organic phase was discarded.
Invariably aféer the solution was boiled to dryness.a dark residue
- presumably from stop cock grease dlssolved by the methyl isobutyl
ketone — remalned Thls could usually be destroyed by one or\two boil-
1ngs w1th the H202 - HNO3 solution. The residue — a mixture of La(NOB)3

and Ce(NO — was converted to the respective chlorides by dissolution

3)5
'in'12M HC1 and boiling to dryness several times.

| As a finai step in the separation procodure, the residue was
rodissblved in 0.1 M HC1l and piaced on a DowefoO oétion exchange column
for further purlflcatlon VThe column was washed throughly wifh 0.1 M HCl
and the La-Ce mlxture strlpped off with 6M HCL. A spectrochemical

analysis of the La,0 target materigl, however, showed that it was of

25
sufficient'puflty to forogo this step (c.f. Appendix B); Nevofthelessv
ioertia perpetuated its éﬂclusion until an interesting effect was disQ
ooveréd. Qcoasiohally the solvent e#tfaction was not'vofy efficieﬁt énd
a cohsiderable amount of La remained as was evidenced by a white powder
when dry. If the ion exchange column were purposely made too‘small
(generally a 2mm i.d. éolumn wao used); it was found that_mosf of the
La would wash through in 0.1 M HC1 along\with oome of the Ce ﬁhile most
of %he Ce stuck on the column. The Ce could then be stfipped off ﬁith
6M’HC1,4and_wheﬁ the solution was boiled to dryness only a clear trans-
parenflfilm contain{hg practically all of the radioactive Ce and.some
Laéoemained. ”The explanafion for this effect presumably is due to the
B 3 .

near equality of the equilibrium constants for the Ce ©~ — resin and
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Ls.+3 — resin systems‘and the great initial excess of La (La/Ce) 108);
In this way lB?mbe sources- of very small mass and high activity could
be prepared. This last refinement (i.e. the "small column" effect)

157mC

was used only for the ° e in cerium zinc nitrate experiment reported

in Section“v;

The Ce+3

- HC1 sSlution from.the ion,exchﬁnge cblumn waé boiled
to'dryness, and the residue was dissolved in safurated CMN solution at
,5°C, Clear, visibly faultless, single crystals of CMN between 10 and
15 mm in diameter and aboutv2 mm thick were placed in_fhe solution.

.A photograph of one of the crystals is sﬂown in Fig. IV.3. The light
flecks oﬁ the surface of the crystal are dﬁe td’reflection-of light off
surfaée imperfeéﬁions.~ The SOlutionvwas.theh plgcédiin3é 5°C refriger-
" ator, énd the_rédioac#iVity was allowed to grow>intbﬂth¢ crystals for

_ 16-20 hours.: BéééuséAof;£he incompleteness of the La§Ce separation
some La wﬁs‘presentvin’thé solution and élso grew intq‘the érystals.

85

A spectrochemical analyéis showed fhat‘the ratio of La to Ce was
< 5/1000. The crystals were then removed from the radioactive_solution;‘
dried, and placed into a.non-radioactive solution of CMN at 5°C. An
inagtive layer was alloﬁed to grow fdr 16-24 hours. The CMN solution
and crystals had been prepared in the usual way:' i.e., by mixing

and Mg(NO

stoichiometric amounts of Ce(NO in Hzo to form a

o 3)3 ,5)2
. saturated solution, repeated recrystallization until the resulting

crystals (and solution) were clear, and subsequent growth of the cry-
stals-from'the‘saturated’sblution at‘5?C.' A spectrochemical analysis

of the CMN used in this experiment is given in Appendix B.
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Figure IV.3. Single Crystal of CMN.

This crystal in this photograph is magnified by a factor

“of about 2. 5
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Fig. IV.3.
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After the inactive layer has'beén grown on the crystals, they
were removed from the solution,.dried and five or six of thém weighing -
about 1.4 g totél Were.glued together with Duratite86 cement tb form
the ekperimentai sample. The crystals Wege then mounted in the apparatus
with great care beihg'taken to insure that the c\axéé of the crystals.
were oriented ffoperly with respeét to the vertical plane aﬁd.magnetic
fie;d direction (horizontal plane). The alignment in the verticallplane
(i.é. perpendicular to the ¢ axis) was checked.with a level and was
aceurate to atout *1.5° A special procedure, however, was used to
check alignmént in the horizontal piane. The cryétals were first aligned
visﬁally so that the ¢ axis was oriented at 0° with respect to a set of
angies marked off on thg counting tablef When all <looked well, thé.
crystals were gluéd iﬁto th¢ holder and.the_apparatus.was éom@letely
assembled. The firét'tﬁree runs were’demagﬁetizatibﬁs from H/Ti ~ b3
.kOe/°K and were‘used to select the difection-of the ¢ axis.. For these
runs the ~y-ray infensity (W(8)) was measﬁred at six different angles
(two per rﬁn),'and the aﬁéulartdistribution in the horizontal piane
was_mappea. The centroid of the distriﬁution could then be détermined'
and the direction of the c axis was located at about * 1°. A typical
angﬁiar distribution is sﬂown in.Fgg.lIV.h in which the'points_are

: uhcorrected for background.
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Figure IV.k. W(6) vs. 6 for the June 1967 Experiment.

The maximum and minimum, indicated by the arrows, are
‘located at 182° and 92°, respectively. The detector
positionéfwere rotated to compensate for this slight

misalignment. .’
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C. Data Reduction

1. Background Correction

All the experiments utilized NaI(T1l) scintillation defectors, and
a typical 7y-ray spectrum is shown in Fig. IV.5. .A high resolution Ge(Li)
speétrum-over the same energy region is showﬁ in Fig.-IV.6. This spectrum
was taken ﬁén days after the cyclotron bombardmént, and cohsequently the
relative intensity of the 166 keV y-ray from.lho-day 159%e is much larger
than under normal running conditions. In actual préctice it is usually
anut the same relative intensity as that of thé'l68'keV Yy-ray of 15.7Ce.
The primary feature of interest in the Ge(Li)‘spectrum is the Compton
edge at 284 keV, which falls under the 255 keV peak-iﬁ the NaI(T1l)
spectrum. This constitutes "background" and must be subtracted from the
intensify-of thé 255-keV y-ray to give correct inteﬂsities. In addition‘
there isva rooﬁ backgfound which becomes increasingly iarge for énérgies
beiow 280 keV and is due primarily to Compton scéttered radiation from
uOK in the walls of the laboratory and various 6000 sources in use
élsewherevin the.laboratpry.

‘Becauée of the complexit& of the backgroundlan empirical pro-
cedure was developed to meke the necessary correction. The general
slope of the background could be constructed by combining the robm
background spectrum with a spectrum of,22Na. The latter has an annihilation .
quaﬁtum at 511 keV and so wiil have a Compton edge at 347 keV.blBy
translating the photo peak downwards in energy until it coincided with
heg137Ce‘peak at %N6 keV, the behaviour of the Compton background

under the 255 keV peak could be quélitatively reproducéd. Figure IV.7

illustrates the two components of the background. The correction was
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Figure IV.5. NaI(T1l) Spectrum of Lmtes,.

The  isotopic origins of the photépeaks are indicaﬁed'in the
piot with transition eneréies in parenthesés, The peak at

hh6:keV is a composiﬂé peak consisting primariij of the kL6
y-ré& but also including the following -y-rays: U33, 436,
79, 482, 492, The posiﬁiori of the Compton edge from the

L6 keV is indicated by Ec..
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Figure IV.6. Ge(Li) <y-Ray Spectrum of 1ot

The isotopic origins of the y-rays are _indicatédAvin the

: figure ﬁith the energieé in parentheseé. Thé small peak at
about 265 keV was nét identified‘but may correspond t§ a
transition betﬁeen the 708 aﬁd hh6fkeV levels in 2 La
(c.f. Figure I.V.E); The Comptoﬁ edge from the M6 keV

“v-Ray is indicated by E,.
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Figure IV.7. Background Components.

The 511 keV peak of 22Na has_been translated to the position

~ of the 157Ce hh6ikeV peak and qualitatively shows>the behé-
viour of thé Compton background under the = Mce 255 keV

peak. The‘intensity.of the 511 kéV peékvhas not been.normaliz—
ed to the intensity of the 446 keV peak since the latter
source was inside the stainless steel dewar while the former
.was not'. This figure is}designed only to show the shape

of the background. The_lowest line represents the room

background.
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then estimated as:is shown in Fig. IV.8, whieh is a plot of a "warm" count
spectrum. Line (bST) is a linear exﬁrepolation of the high energy back-
ground while lines (bi) were drawn to aﬁproximate the effects shown

in Fig. IV.T.

| The selection of the‘best‘line (bi) was tﬁe efitieel.step and
was performed in the following manner.  The warm couhts‘for a' consecutive
series of four or five runs were added togeﬁher fof eech ehennel in the
photopeak. :The same was done fer the cold eounts, and the cold count
channel"values were'mulfiplied by a factor accounting for any,eountiﬁg
time difference between'the cold and warm counts. The background was
determined for each cl.riannelvfor the various lines .(vbi) ip Fig. IV8 and
subtracted from the cofresponding values in the coldiand warm counts. .
The function C-B/W—B (where C, W, and B refer to the cold count,

warm couﬁt, and baekground‘correction respectively) was then calculated
channel by channel for each line (bi> and plotted as shown in Fig. IV.9.
Because the cold and warm photopeaks are Gauseian in shape to first order
and have”the same full width at half maximum, the afore-mentioned .
function will be constant:across the peak for ﬁhe proper background
‘corfecfion. The'backgreund.line (bi) in Fig. IV.8 which best satisfied
this'condition was choeen'as the appropriate correction; This correction
was then used to calculate the cold and warm intensities over that part
of the photopeak in which the censtancy was observed.

| Differences in the backgroﬁnd for the cold and warm counts have
not been explicitly'taken into account. Such diffefences wouldearise

from anisotropy in the Compton distribution from the 446 keV y-ray.
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Figure IV.8. Background Approximations.

Lines bi(l < i <.lk) were drawn to approximate the :

effects illustrated in Figure IV.6. Line by, is a

straight line extrapolation of the high energy background.
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Figure IV.9. (C - B)/(W - B) vs. Channel.

B 1is the background-correction per channel. The

smoothed curves bl,'bB,vana .bST refer_to:the“ﬁofrespond-
iﬁg background ap?roximations in Figure IV.?. ﬁine bé
corresponds to no background correction. Curve -b5 wés.
sélected aé the best approximéﬁion to the actual background,
aﬁd the cold.and warm intensities were calculated for the
photopeak from channel 132 to channel iSO. The upward curl
fdr‘channels > 150 ié.due to arslight over-correction in the

background.
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The procedure outlihed aboVe, however, serves to pick the best average

background for the cold and warm counts. The internal consistency of

_the data ovef a wide range of -y-ray anisdfropy does not indicate an

émpirical need for further refinement along these lines. Another effect
associated with Compton scattering is ﬁhe low energj tail on the 255

keV V—réy;’ Because of the low energy of the -y-ray and the 7% fesolution‘
of the deteétors, Compton-scattered‘radiation from this <y-ray falls under
the low-energy side of its photopeak. The Compton tail has a different
angular distribution than the -y-ray becaﬁse‘the Compton scattering pro-
cess is sensitife tovthe linear polarization of the y-ray.79 - Figure
Iv.10 illustrates this féature. This téil;.however; is autdmatically
exciuded from the calculation of inﬁeﬁsities by_thetmethod_outlinéd in
the'previoué paragraph. | |

137

Because of the rel§tively:short half life of mCe, the back-

157,

ground contribﬁtion from the e Compton distribution will decrease in
time with respect to the constant rbom background. In a long sefies of
runs extending over several days this‘effect should be taken into

account. If we designate B as the total background, _W£ as the warm

count uncorrected for background,.w*as the intrinsic warm intensity

‘of the lB?mCe Y-ray,: S--as the Compton background from higher energy

. v—rays'in the source; and R as the room background, then

"B=5+R | | © (1Iv.B.1)

W =W+B=W+8+R _ ‘ (IV.B.E)
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Figure IV.10. Cold and Warm Photopeak Intensities at 6 = O.

The broken line delineates the region of the Compton "tail".

This region was excluded in the calculation of w(e).



0

Relative intensity at 8

2500,

-81-

UCRL-18476

2000 |-

1500 —

1000 —

500 [~

——

N\ 255 keV,

’ ///rCMd

o R

137m Ce

0o

100

300 400 -

Energy (keV)

Fig. IV.10.

XBL689-6749



-82. S UCRL-18476

and »
| S,R
B S +R W W '
T WFETR “[ 5, F (Iv.B.3)
W W

S/W depends only upon the geometrical set up of the experiment. and
should be constant for any one experiment, since both S and W have the
eame time dependence. R/W) however, varies in time since R remains

constant while W decreases exponentially with time. If we let S/W =

*
and R/W =b et/T where t = time and T (mean lifetime) = tl/2/£n2,

then
_ A 74 . :
. %_ ._atbe T = (IV.B.4) .
t l+a+be’” S . : , .
or
P " (1v.B.5)

Thus the time dependence of the background correction can be worked out -
by calculating the background as shown in Figs. IV.8 and IV 9 for several
- sets of runs at different p01nts in time and flttlng the results to

Eqg. (III B. 5) This formula can be converted to a simple linear equatlon
. merely by'a'Change of variebles, and the paremeters a and b can be

determined easily. The appropriate correction can then be calculated.

Because the half life of 57Ce (9 hrz is shorter than the 137mCe half"
. life (34 hr), the decaysof 27Ce and 13TMCe are in secular equilibrium.
" The effective half life of 157Ce is thus 34 hours.

1%
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at any time t. Figure IV.11l displaye the background correction results
as a function of time for the June.l967 experiment. Rach of the points
represents an average over a mimimum of three runs. The background
corrections detetmined in this way ranged between , 7.6%
to 11.6% of the total warm count depending on when the run came in the
series. The estimated error in the correction is * 6% (i.e. &% of a
10% correction is equivalent to 10% * 0.6%).

For the‘experiments of March 1967 and January 1968 the 90° data

rather than the 0° data were used to calculate the background corrections.

"Thls was necess1tated by Very small electronic gain shlfts in the 0°

spectra. Presumably these gain shifts resulted from the large changes in
the ceunting rate either just after demagnetization or upon werming the
eample fof the nermalizatien count. An attempt was made to minimize the
former by keeping a 37mCe source of approprlate 1ntens1ty 1n front of
the detectors durlng magnetlzatlon. Since the 0° and 90? corrections
were quite 51m11ar for the June 1967 experiment, it was assumed that no
additional uncertainty was introduced by ﬁsing only the 90°=daté to

make the corrections. Furthermore, because of the smallness of the gain

. 'shift and the difficulty in eorrectinglfor.it, no attempt at correction

was made.

2. Warm;up Cefrectiene

| Immediately after_demagnetizetion‘a:series of cold eompts of
either 15 or 30 second duretion each'were taken forvébout 5 minutes. For
most of the demagnetizations in this experiment the countimg rate did ndt

change within statistics until several (vetween two and»eight) of these:
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Figure IV.1l. Time Dependence of Background (6/67 Experiment).

~ The data pointé represent summations over four or five runs.
Thé circles correspond to 0° data and the squares to theI9O°
vAdata. Thé solid.line is‘the best straight line fhfough the
fogf points at the extrems of the plot. The intexv'mediatev
points showed some evidence of a small electronic gain
| shift and were not used in the fit. The dashed lines

.représent x 6% uncertainty in the background correction.
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counting periods had elapsed. The total cold count was taken_as a sum-
mation over the periods where the‘counting rates were essentdally con-
stant. For four of the demagnetizations into the high temperature
region, however, the countlng rate changed contlnuously as a function
of time and had to be extrapolated back to the time of demagnetization.

This was done empirically.in the linear least. squares sense. -

D.. Results

1. Data

The data from the various runs are listed in Tables IV.2, IV.3,
and IV. h The values of W(G) have been corrected for source decay
between the cold and warm counts but not for solid angle effects. The
numbers in parentheses represent one standard deviation in the llsted
quantlty and refer to the last s1gn1f1cant flgures of the experlmental
quantlty. The errors in w(e) were calculated in the usual way from the
statistical errors in the cold and warm counts and the estimated 6%
uncertaint& in the background correction (e.g. see Reference 87).
sample calculation.of _W(O) is given inaApnendix C. The entropy values
vwere'determined from‘the values of H/T as discussed in Section IV.A;
These entropies have not been corrected for radioactive heating effects

- during the isolation period'of thewmagnetiiation-since the change in
entropy was found to.be Shall; This point is discussed in detail in
Appendix D. In Fig. V.12 W(0) -rs plotted against £n2-S/RV (the

hentropy removed in the magnetization). T._ and T, are explained later

H

in Section IV.D (c.f. "Interpretation of Data Numerical”). The most
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Teble IV.2. 7 '™Ce in CMN, March 1967.

UCRL-18476

43.8 (6)

1.937 (16)

. 7081 (58)

H/T<?§5> S/R w(o) w(m/2) T, (m°K) -To(m°K)
27.9 (2) .139 (3)  1.895 (14) .6983 (75) 1.68 (9) 173 (9)
29.5 (2) .120 (3) . 1.923 (1k) .7172 (69) 1.49 (9) 1.55 (9)
51,7 (2) .098 (2) 1.895(15) .7107 (55) 1.68 (10) "1;75'(10)
35.8 (2) .065 (1) 1.94%0 (15) .7055 (57) 1.38 (10) 1.45 (9)
21.6 (1) .21 (3) 1.886 (17) .7oLk (93) 1.75 (12) 1.78 (11)
25.6 (2) .172 (3) 1.870 (12) .T205 (59) 1.86 (8,9) vv 1.89 (8)
j 68.2 (7) .002 (0) 1.960 (18) .6782'(79) A1.25 (11,12) 1.33 (10,11)
.029 (3) I 1o (11) . 715h6'(1o).

The numbers. in the parentheses indicate one standard deviation and -
refer to the last significant figures in the listed quantity. W(o) .
and 'W(7r/ 2.) have not been corrected for solid angle effects. For

H/T < U5 k0e/ K, T =~ 0.5°K; for . H/T > 45 kOe/°K,. T ~ 0.31°K.
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Table IV.3. 2 ™MCe in CMN, June 1967.
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=

©1.84% (11,12)

S/R w(0) Wwin/2) TH(m°K) To(m°K)
41.8 (1) .036 (1) 1.936 (15)  .7076 (51) “1.41°(9,10) 1.47 (9)
347 (2)  .o72 (1) 1.918 (11) .7054 (M8) 1.53 (T) 1.58 (7)
29.6 (2) .118 (3)  1.932 (14) .7045 (49) 1.43 (9) 1.49 (9)
27.1 (2)  .150 (3) .1.915 (12) .7060 (55) 1.55 (8) 1.60 (8)
17.9 (1) .32k (2) 1.879 (14) .7028 (73) 1.80(9)  1.85 (9)
11.7 (1) .489 (3) 1.721 (13) .7367 (76) 3.0k (13) 3.05 (12)
10.2 (1) .529 (3) 1.703 (20) .7601 (62) ;3.22/(19,20)_ 3.22 (19)
13.7 (1) 434 (3)  1.804 (16) 7168 (77) 2.3k (12) 2.36 (12,13)
20.0 (1) = .276 (2) 1.857 (11) = .7211 (53) 1.95-(8) 1.98 (8)
22.9 (1) .e17 (2) 1.879 (11) .7050 (53) 1.80 (7) * . 1.83 (7,8)
25.4 (2) .175 (3) 1.897 (12) .7050 (56) 1.67 (8)  1.71 (8)
21.5 (1) .24k (2) 1.899 (13) = .7177 (65) 1.66 (9) 1.70 (8)
66.5 (7) .005 (1) 1.936 (15) .6877 (T1) L.k (10)  1.47 (9)
55.9 (6) .009 (1) 1.932 (16) .7148 (€2) 1.43 (11) 1.49 (10)
33.2 (2) .08k (2) 1.936 (19) ;7015f(66),'.;.41i(12) 1.47 (12)
68.0 (7) .002 (0)  1.933 (16) .6998 (58) 1.43 (10,11) 1.k9 (10)
_ L. 6-(6) .027 (2) 1.937 (15) .6989 (65) | 1.&01(10) 1.46 (9)
66,9 (7)  .002 (1)  1.9M (14)  .7003 (59) 1.3T (9)  1.hk (8,9)
32.8 (2) .088 (2) . 1.933 (18) .7048 (66) 1.u43 (12) 1.49 (11) -
25.9 (2) .19 (4) ‘1.890 (17) 6986 (T4) 1.72 (11) 1.75 (11)
20.k (1) .268 (3) 1.871 (15) .7068 (71) 1.85 (10) 1.88 (10)
18.9 (1) .301 (3) | 1.873 (17) .7215 (73) 11.87 (11)

'The'numbers in the parentheses indicate one standard deviation and réfer

to the last significant figdres in the listed quantity.

w(o)

and

W(m/2) have not been corrected for solid angle effects. For

H/T < 45 kOe/°K, T =~ 0.5°%; for H/T > 45 kOe/°K, T ~ 0.31L°K.
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L7570 (88)

H/T,<%%%>' S/R w(0) W(n/2) Ty (m°K) T (n°K)
25.74 (10) .170 (2) 1.894 (12) . 7187 (k7) 1.69 (8) 1.75 (8)
35.55 (13) .067 (1) 1.92k (15) .7194% (51) -1.49 (10)  1.54 (9)
30.18 (11) .112 (1) 1.919 (15) .T7232 (66) 1.52 (10) 1.57 (9)
25.15 (9) .213 (2) '1.887 (12) .7255 (57) 1.7k (8)  1.78 (8)
21.89 (9) .235 (2) 1.885 (11) .7245 (46) 1.75 (8) 1.79 (7)
16.41 (7)  .362 (2) 1.838 (12) .7205 (52) 2.08 (9) 2.11 (9)
13.15 (6) 450 (2) 1.797 (15) .7456 (59) =2.ko (12)  2.k2 (12)
17.48 (7)  .33% (2) 1.901 (19) .70OML-(67) 1.6k (13) = 1.69 (12)
9.28 (5) .55 (2) 1.655 (17) .7563 (70) 3.69 (17) ' 3.69 (18)
08.10 (5) ..58L (2) 1.551 (12) .7726 (71) ' 5.00 (18) 5.00 (18)
7.27 (5) .~ .603 (1) 1.518 (13) .7838 (66) 5.49 (21).  5.49 (22)
5.9% (5)  .630 (1) 1.479 (17) .7766 (119) 6.17 (32) = 6.17 (30)
6,57 (5)  .618 (1) 1.46h (12) .8053 (86) . 6.45 (22,2h) 6.45 (22,2k)
7.80 (5) .591 (1) 1.536 (12) .79kk (70) 5.22 (18)  5.22 (18)
8.84 (5)  .565 (1) 1.633 (1k) .7656 (73) 3.9% (16)  3.94 (16)
11.84 (7) .485 (2) 1.745 (15). .7282 (84) 2.83 (13) 2.84 (13)
15.07 (7)  .397 (2) 1.831 (26) .7081 (78) 2.1k (19)  2.16 (19)
8.48 (5) .57k (2) 1.61k4 (2k) 4.17 (29)

4.17 (29)

The numbers in the parentheses,indicate one standard deviation and

refer to the last significant figurés.inrthevlisted'quantity. w(o) -

and W(ﬂ/E) have not been COrrected'for.solid angle effects.

For

H/T < 45 kOe/°K, T ~ 0.5°K; for H/T > 45 kOe/°K, T ~ 0.31°K.
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Figure IV.12. W(0) as a function of (n2 - §/R for the
three sets of runs. The solid curve represents the smooth
curve throuéh the pfesent data and thé broken curve the
smoothed_results of frankel, Shirley, and Stone. These curves

are discussed in Section IV.E.
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notabie feature of this plot is that W(0) continues to increase over
practically all of the entropy range which indicates that there is no
region where the temperature becomes constant.

2. Interpretation of Data, Theoretical

.To interpret the W(O) data in terms of temperaturé one_must
know the parameters. Bk(T), U ¥, g, and Pk(cosle) (c.f. Eq.
(I1.C.1)). For an M4 transition from an 11/2 level the maximum value of
k is 8. Sinée there are no transitions breceding the one of intefest,
all the Uk are equal to one. »The Fk (4,”,11/2,5/2) can be détermined
from.the tabulation of Ferentz and Rosenzweig.32 Values of 8> and. 8),
for the photopeak have bgen calculated by Yates88 as a funétion of | |
7—réy energy and'éxperihéntai geometry. For our experimental geometry
(the ;enter of the source is 10 em from tﬁe face of 3" x 3" NaI(T1).
detector), g2 and gu for a 255 <y-ray were obtained by interpolation
from Yates' tabulatlon Culvahouse89 has suggested that g6 "and g8

90 ‘

may be calculated from the formula given by Rose.

P, (cos ) - cos 6 P, (cos 6)
& T (k + 1)(1 - cos 0)

(Iv.D.1)

The value of cos 6 1is chosen so as to reproduce the photopeak'values
6f g, and g, given b& Yates and is found to be O.9h6h.89 The values
&y and Fk‘ are tabulated in Table IV.5. The angular

distribution can then be written: -

of the various

W6, T) =1 - 0.8191 B,(T) Pe(cose) +0.3346 B (T) P) (cos6)

+ 0.0169 B6(T) P6(cos9) - 0.077h B8(T) P8(cose)
(Iv.D.2)"
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lB?mCe .

Kk 8k
2 - 0.88902 0.9214
b + 0.4h3h1 0.7545
6 + 0.03197 0.5297
8 - 0.26243 0.2948
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The minimum'reQuirement for determining the Bk(T) factors is
that the form of the spin Hamiltonian be known. Kedzie et al.?" have
observed the electron spin resonance absorption of lthe+3 (1 = 7/2) in
the isomorphdus, diaﬁagnetic salt, lanthanum magnesium nitrafe, and
found hyperfine etructure which they interpreted in terme Qf the'spin '
Hamiitonian: |
He = g BH, S, *g B(Hr Sx +5Hy S-y) * A.Serz * B(Sx L™ Sy Iy)

| (Iv.D.3)
where B >> A. In the concentrated cerium salt spin-spin interactions
will be present: and should'be included iﬁ the Hamiltonian. The spin-

spin Hamiltonian CHSS) includes both dipolar (Mdip) and interatomic

exchange (l%xc) terms and can be written:

Mes = Hegé * Edipv | . : o | | '(Iva.u)
where

M= s -8 - .

exc =4ZJik 5 5 - (1v.2.5)
”

et RO Ay T
M, - Hk’ K, * T, “k cr,
L p _ i ik ik

Hasp = Z —5— — . (1v.D.6)

k ik Tik |

In these equations the subscript i designates the ion of.interest..
Jik"is-the exchange integral between ions 1 and k and Tix the
distance between them. In Eq. (IV.D.G) ﬁ; is the magnetic moment of

the atom and



-95- o ~ UCRL-18L476

l-?= - B[g.!.(SX ;-\ + Sy 3) + g” SZ k] o . ’ (IV.D.?)

All the available calculations of spin-spin effects.have neglected
the éxéhange interaction and have consideredvonly dipolar effecfs. This
is a good abproximation for CMN in the temperature region above 0.006°K
Vhere‘Déniels23 has shown thét the heat capacity of CMN is adeéuately

explained by considering only dipolar interactions. The dipolar field

has been calculated classically by Felstei‘ner92 who finds an effective
field of 60.67 Oe acting on the Ce 3 ions. Culvahouse et El.93 have

performed a quantum mechanical calculation using the density matrix

formalism and find that the dipolar effects can be approximated by a -

weighted superposition of local fields at the Ce site for the high

temperature region (i.e. above 0.006°K). This reduces to a local field

of 58 Oe at the lower temperatures.

Because of the large distance (8.56 A) between the Ce ions, the

exchange.inﬁéractibn is small. We have therefore neglected the effects

of exchange and have chosen the folldwing spin Hamiltonian for the

Apufpose of analysis:

H = B(sx I+ sy Iy) +g B gx S, 1 (1v.D.8)

where we have set A = O and represented the dipolar interaction by

‘60.67 Oe.

a magnetic field H,

3

3. Interpretation of Data, Numerical’
The value of the.hyperfine structure constanﬁ‘ B was detef—'

B ’ )
mined by normalizing our data to the results of Hudson and Kaeser+ in

the entropy range 0.063 < (2 - 8/R) < 0.164. The region was
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arbitrarily éhoseﬁ as the region over which there was substantial agree-
ment between the two’éets of results. The (T, S) results of Hudsén

and Kaeser were convérted to (w(0j, 8) points with the aid of a |
computer program employing Eqs. (11.c.6), (1I.C.7), (IV.D.2) and

(Iv.D.8) for variéus values of B. A sﬁooth curve was drawn through these
points and was compared to the W(O), S/R data in tﬁe above-mentioned
entropy range. The besf value of B was selected by the least squares
criterion and was found to be: Bk = 0.00820 * 0.00042°K. For com-
parison purposes B was also determinéd for the case_when Hx =0

(i.e. no $pin-spin intéractions)_and was found to be:  B/k = o.oo81& +
0.00043 K. This is somewhat smaller than the-value, B/k = 0.00864°K

(Hx = 0) fou@d by Frankel et al.’ after normalization to the calorimetric
results of Daniels and Robinson.l

With these valueé of B, W(O, T) waé calculated by computer for
values of 1/T- in the range IO S'l/T < 1000. A plot of the .results of
theée calculations is shown in Fig. IV.13. The values of W(0) 1in this
figure have Been corfected fér.the solid angle effects of the experimental
geomeﬁ?y. The uppervcurve (a) refers to the case Hx.=.O and the lower
curve (b)/to H, = 60.67 Oe. The twé,impbrtant features of this plot
arevthat:t'W(O) is sgﬁsitiVevto témperature over the whole range of
interest; and H_ # 0 lowers W(0) for a given value of 1/T.

The importance of the P6 and P8 terms.in Eq. (IV{D.E) is
indicated in Fig. IV.1Lk. The ;bcissa represents the temperaturé
defgrmined from the k = 2 cand k = 4 terms in the W(O)i expanéiqn.

The ordinate denotes the (additive) change in 1/T when the k = 6 .and

k = 8 terms are included.
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Figure IV.13. W(0) vs. 1/T.

- The solid angle corrections are included in W(0). Curve

(a) corresponds to H =0 and curve (v) to H# =:60.67 Oe.
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Figure IV.1lk. P; and Pg Contribution (B/1_< = 0.00820°K; H = 60.67 Oe).

(/1) is the temperature determined from the k.=2 and

k = 4 terms in the W(O) expansion. Al/T is the (additive)

change in 1/T when the k =6 and k = 8 terms are included.
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From the W(0), T correlation established above, the W(0)
values in Tables IV.2, IV.3, and IV.4 were converted to absolute temperQ
atures and are listed in the last two columns of those tables. In these

tables T is a temperature (in millidegrees K) determined from the

H
W(0), T relation corresponding to H, = 60.67 Oe and T, ‘the
temperature for Hx = 0. In cases where there are two numbers in the

error parentheses, the value T(tl,‘te) is to be read T + t, or

- te'.

The error bars are not symmetric about T because W(O) 1is not
a linear function of T.
In Fig. IV.15, the temperature (TH) is plotted as a function of

S/R. The broken line corresponds to the calorimetric results of Hudson

" and Kaeser while the solid line is the best least squares computer fit

to the data. Forrthe (T ,.S/R) défa the fit was performed in two
parts: 'a cubic equation for ‘0.002'§-S/R < 0.312 and a sixth order
poiynomiai for. S/R.> 0.312. These eqﬁ&tions joined smoothly with
equal first aerivatiVes at S/R = 0.312. 1In the upper fegion the

following (T, S/R) points from the Hudson and Kaeser results were

' inéluded with a weight of ten to insure consiétency between thé smoothed

results and.the normélization procedure described previously: - (2.93,

0.5063), (3.37), 0.5333), (3.90, 0.5595), (4.65, 0.584k4), (5.1k, 0.5963),

(5.66,,0.6677),_(6.18,7of6185), (6.69, 0.6289).' The same procedure was

followed for the (T, 5/R) results and the smooth curves for the two

- sets of results are shown in Fig. IV.16. The largest difference between

the two curves occurs at the lowest temperatures (S/R = 0.002) and is

approximately 0.06 m°K. The computer generated equations for the

(T, S/R) fits are given below.
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0

Hudson and Kaeser results

; computer generated curve to the present

data (Egs. IV.D.9 and IV.D.10).
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H, = 60.67 o¢
Ty = 1.3492 + 2.1458(S/R) -3.2667(3/3)2 +'5.8891(S/R)5
for 0.002 < /R < 0.312 ' (1Iv.D.9)
Ty = 1.3768 - 0.31721(8/R) + 5&.679(5/?)2 - 228.58(8/;2)5
+ 721.52(3/3)” - llh5.6(S/R)5 + 78&.3o(s/R)6‘
for 0.312 < 8/R < 0.640 ~ (1v.D.10)
H =0
T_ = 1.4160 + 2,0082(8/R) - 3.35T8(S/R)° + 6.3913(5/R)’
for 0.002 < S/R < 0.317 . (Iv.D.11)
T, = 1.k4kko2 - O.O7l287(S/R)>+v27;827(S/R)2 - 18&.52(S/R)3',

+ 595.02(S/R)uv- 981.22(8/3)5 + 704.53(S/R)6
 for 0.317 < S/R<0.6k0 . - (IV.D.12)

Tables IV.6 and IV.7 list values of T_ and T, calculated

H

'fof Vafioﬁs values of S/R . from Egs. (IV.D.9-12); The column labelled
"SIGT" lists thé computéd standard deviations in T resulting from the
~curve fitting only; it does not include the uncertainfy ih‘the hyperfine
structure constant B. The uncertalnfylin Tﬁ |
unéertéinty in B 1is tabulated‘iniTable IV.8. 1In addition the heat

and T0 resulting from

capacity (C/R) and the enthalpy (H'/R) were calculated from Egs.
(IV.D.9-1o)vand are tabulated in Tables IV.6 and IV.7. H'/R is the

function (1000/R)[H(S/R) - H(S/R = 0.002)]; i.e., the enthalpy curve

N
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. -AT

Té—(m°K)

n(e) e, - w, o,
6.61 o3k 0.35 6.67 0.35 0.35
5.0 0.27 0.25 5.0 0.27 0.26
Lo 0.22 0.20 4.0 0.21 0.21
3.3% ' o.i8 1 0.16 | 3.33 6.18 0.17
2.86 0.15 0.15 2.86 0.15 | 6{15
'2.50. o.iﬁ 0.13 2.50 | O;lh 6.15»
2.22 0.12 o e 0.12 :\_9,11
2.00 0.11 0.10 2.00 0.11 0.11
1.82 0.10 0.09 1.82 0.10 0.10
1.67 0.09 0.09 . 1.67 '0.09 : 0.09'
1.5k 10.09° 0.08 1.5k 0.08 0.08
1.43 0.09 0;07 : 1.&3 - 0.08 0.07
1.%3, 0.09 0.06 1.33 0.08 ' 0.06
1.25 0.08 10.06 1.25 0.08 0.06
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was not extrapolated to S/R = 0.0. C/R and H'/R are plotted as a
function of T, in Figs. IV.17 and IV.18. The meximm in the heat ¢
| ol

capacity presumably indicates the onset of antiferromagnetism. Only

qualitative significéncevshould be placed on the heat capacity values i
however since they result from differentiafion,of the T(S) function

and are very sensitive to the curve fitting. The apparent failure of the
heat capacity to obey the third law of thermodynamﬂ:svresults from the
fact that the embific#l 'T(S) functioﬁ does not approach zero with zero
slope. .This, however, is only an artifact of the curve fittiné and has

no physical significance. The enthalpy function, which reéults from an

integration of the T(S) function, should be much more reliable.

E. Discﬁséion
The various temperaﬁure séales for single grystﬁl‘CMN are plotted
in Fig. IV.19. In this figufe the present work (curie b) is represented
by the (TH, S/R) data. Two curves are givep:for the Frankel, Shirley,

3

and Stone” results, one of which (curve c¢) has been renormalizéd to

the éalorimetric results of Hudson and Kaeser® for T > 0.006°K. The

" normalization yiéided a value of B/k = 0.00826?K for H, ; 60.67 Oe.

The value of B 1is slightly higher than feported in this work because

of a diffefence in the high témpéfature nuclear‘orientafion results for

the two sets of data. Despite the renormalization of the éarlier huclear L

orientation results, a systematic discrepancy between thisvwork and that

of Frankel et al. still exists.. , _— >
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Figure IV.19. S/R vs. T.

Hudson and Kaeéeru.

This work (TH_vs. S/R).

Frankel, Shirley, and Stone (modified to

B/k = 0.00826°K ana H = 60.67 Oe).

- ‘Frankel, Shirley, and Stone” (as published).

de Klerkz,

Daniels and Robinsonl.
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The two sets of daté are compared on a more basic level in Fig.
IV.lEv'where the smoothed W(O) vs. Zné - 8/R curves are shown along with
the data points from the present experiment. The curve representing
these data was derivéd from the computer generated entropy — temperature
correlafion resulting from the best fit to the (TH, S/R) data
(e.f. Egs. (IV.D.9) and (IV.D.10)). The temperatures were then converted
to W(0) wvalues from the W(0), T correlation illustrated in Fig. IV.13.
It should be noted that our‘smooth curve in Fig; Iv.12 is hea?ily
weighted to the Hudson andAKaeser data for In2 - S/R < 0.187. Inspection
of the data of Frankei et al. reveals that the scatter in their data is
somewhat greater than in the présent work. As is evident from Fig.

Iv.12, the Frankel, Shirley, and Stone results fall Systematically'below '
the present results for ﬁﬁst of the common entropy range. Most of this
dlscrepancy presumably arlses in the calculatlon of y-ray intensities.

As was discussed in Section IV.C, great care was taken in calculating the
background corrections in this work, and theichénces of serious errbr in
this research appear to be less than in that of Frankel, Shirley, and
Stone. In light of the difficulty of making measurements at these |

low temperatures, however; the disagreement betwéeh the two sets of
results cannot bevconsidefed»serious;

The close agreement between our wbrk_and %hat of Hudson ana'l
Kaeser»abové 2.8 m°K is due primarily to our norﬁalizatioﬂ_proéedure
fo£ determining the‘hypeffine structure constant B and doeé not test
the validity of their data. The two sets 6f data are comﬁéred in some -

what more detail in Fig. IV.20. The lightly-shaded afea indicates the
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Figure IV.20. Comparison of Experimeﬁtél'Errors.

Lightly shaded‘area - error limits on'the ﬁudson and -
Kaesef curve. . |

Darkly shaded area - error limits dﬁe to uncertainty in

B for presént work. | |
Inner unshaded (or lightly shaded area) —"statistical curve

fitting error in present work.
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error range which Hudson and Kaeser assigned to their data. _The darkly
shaded area around the smooth curve from this work represents the uncer-
tainty in TH resulting from the uncertainty in B, aﬁ@ the inner
unshaded (or lightlf shaded) area is the statistical cufve-fitting error.
The two soufces of error in this work are represented separately since
efror'arising from an uncertainty in B .is — in a sense — a systematic
error with respect to the (T, S) curve. As is evident, the two curves
agree within overlapping error bars over the common range of entropies
and below 2 m°_K the error bars associated with the present work are
smaller by more than a factor of two.

Althouéh there is agreement within overlapping error 5ars, there
is still a systematic disagreement between_the two curves for temperatures
‘less than 2ﬂ8 m°K. In the caloriﬁetric method the temperaturevis ob-
tained byﬁdifferehtiating_the experimental @, S relation as was dis-
cuééédvin Section IT.B. Further insight can be gained by comparing the
calorimetric Q, S relation with the H, S felation found by integration

of the present T,, S results. In curve (b) of Fig. IV.21 values of

H’
Q"/R = (1000/R)[Q(8/R) - Q(S/R = 0.0l3)], which have been read from Fig.
»5 of Hudson and Kaeser'slL paper are plofted. .The shaded area representé
an r.m.s. error for: Qf/R- bf 0.02 which probably_slightly over-

» estimétes the error at any given polnt. Curve (a) corrésponds to the
com@uted values of enthalby-frdm'the present work: H“/R = (1000/R) X |
'[H(S/R) - H(S/R = 0.0ﬁB)]. ‘The error bars on this curve are statistical

curve-fitting errors only and do not take into account uncertainties ,

in the hyperfine.Stfucture constant. Inclusion of this uncertainty
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Figure IV;él. Heat Content vs. T.

© Lg_o_q [H'(S/R.) - H(S/R

a') g_ = 'OL"B)]
- from the present work.
b) g_ = 222 [q(s/R) - a(8/R = .043)]

from Figure 5 of Hudson and Kaeser's paper.

"The shaded areas represent the limits of error for the

two curves. . The solid circles represent data points read

from Figure 5 of Hudson and Kaeser's paper.
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would lengthen the error Bgrs by aBout kot at n2 - S/R = 0.45.

The two curves correspond almost exactly until fn2 - S/R ~ 0.275,
but the derived temperatures are somewhat different. - At this entropy..
Hudson and Kaeser report 1.94 m°K while our results give TH = 2.19 m°K.
It is reasonable to éssume that the difference arises primarily from
difficulty in measuring the derivative dQ/dS in the calorimetric work.
At In2 -VS/R ~ 0.45, the deviation between the.tWO curves appears to be
outside experimental error. Hudson and Kaeser report that tﬁe actual
differentiation of their Q, S curve yielded a T, S curve whiéh
curled tdwardvhigher temperatures at the lowest entropies. Althoﬁgh
~this is physically iﬁ?bssible, it would be'equivalenf to the fitted
Q, 8 curve curling upward for In2 - S/R } 0.40. This would have the
effect of bringing curves (a) and (b) closeér together. Any experimeﬁtal.
‘scatter near the end poiht of the calorimetric data will cause rather
large statistical (curve-fitting) erfors both in the Q, S curve and
in the slope (i.e. T); The conclusion to be drawn is that the calori-
metric method probably breaks down at the lowest temperatures and that
the.nuclear.orientation results provide a more'reliable picture.of the
physical situation. | |

Two alternative explanatioﬁs for the discrepancy at the lowest
teﬁperaturéé.should be cénéidereé;_ The first céncerns'thé-pbssibility.
'of‘significaﬂﬁ systemafic errors in the data'reductidn méthods’of this
: reséarch. As mentionedvéarliér ih this discussion, theé méthod of Back-
ground .correction is the moS£ likely candidate. Any systematic errbr‘,

in this correction, however, would effectively shift the T, S curve
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along the temperature axis and would not chahge £he general shape of the
curve. The change in. the background correction necessary to bring the two
sets of data into agreement appearslto be unreasonably large and does not
seem justified with %eépect to the criteria of Section IV.C. The other
possibility concerns a radiéal change (not unusual in Berkeley) of the
spin Hamiltonian as the antiferromagnetic Neel point is dpproached. It
is more‘likely, however, tégt the onset of antiferromagnetism can be
appfoximated by a continuous ipcrease in Hx as the temperature is
lowered. The net effect ‘of this would be»tovmove‘the TH, S curve
toward lower temperatures; this is somewhat analogous to the situation
depicted in Fig. IV.15. The general shape of the TH’ S féurve, héw-
‘ever; would be maintained. | |
One final point should be considered. if Williamson and C{a.pe75
are_correct in their aséertion that the simple ionic model is no longer
valid for H/T > 7 kOe/°K, then all the temperatures below 5.8 m°K in
the calorimetric work aré incorrect. In our experiment S/R would
beéome'merely a parameter reiated tb H/T, and the témperatﬁre.would be.
knowh aé é function of H/T.'.Siﬁce'fhé"valueigf the hyperfine strucfure>
constan£ :B ﬁas determined by normaliZingithe present nuclearvorientation
results‘té thé'Calorimetricirgsults-of'Hudson and Kaeserh;in the range
‘6 kOe/°Kv§ H/T:E 10 kOe/ K, a re-adjustmént in B would be expected.
Howéver, the close agreément between thé hyperfine strﬁcture coﬁstant
found in this work and that derived b& renbrmé;izing the results Qf

Frankel et gixi‘fbr H/T < 7 kOe/°K suggests that the present value of

B. is satisfactotry. Thus the temperatures reported here are not affected.
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The effect of Willia@son and Cape's magnetization measurements on
the calculation of entrbpy is discussed in Appendix A; From the values
given there, an adjusted (TH,'S/R) felation is shown in Fig. IV. 22
whefe curve (a) is baeed on Williamson and Cape's measurements and
curve (b) is based on the simple ionic ﬁodel,' As was emphasized iﬁ
Appendix A curve (a)tshould be regarded as only qualitatively correct
because of the difficulty in calculating the "non-ideal" contribution
to the entropy. As is evident, the two curves differ only slightly
over the whole entropy range. From the calculatiens of Appendix A
the Hudson and Kaeser data were also adjusted to the measurements of
Williamson and Cape. The results of this modificationv(whicﬂ also is
-only qualitatively correct) are depicted in Fig. IV. 22 Wﬁere (a) is
Hudseh'and Kaeser's original curve and (c) is the modified eueVe. - As
is apparent, the effect of the modification is small but in the direction
ﬁhieh reduces the disagreement beﬁween the calorimetric and nuclear
orientation resulté.

Altheugh the resultant changes in the  T-S relations are small
for both cases, it seems imperative that a complete study of the
magnetic properties of CMN along the lines of the Williamsoh and Cabe
expefiment,be undertaken. MeﬁsUrements of the maénetization as a funetion
~of both T and H weqldveevhighly'deeifeble.' These measurements
sheﬁld be- extended at.least.to.0.5°K'so that the' H/T measurements in

this work can be‘given a rigorous thermodynamic interpretaﬁion.
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. Figure IV.22. T vs. S/R.

Present results with entropy calculated on the
basis of Williamson and Cape's results.

Present results with entropy calculated on the

"basis of the simple ionic model..

Modified Hudson and Kaeser results.

"Origingl Hudson and Kaeser results: :
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V.  THE NUCLEAR ORIENTATION OF 137mCe IN CERIUM ZINC NITRATE:

PRELIMINARY RESULTS
In this section the preliminary results of a nuclear orientation
. 13Ty, o it | .
experiment for e in cerium zinc nitrate (CZN) are presented. This
salt has also been used in low teﬁperatufe ekperiments, but its thermo-
dynamic properties have never been investigated. It therefore seemed

worthwhile to use the l57mCe thermometer to study the low temperature

behaviour of CZN.

A. 'Theoretical

CZN has been priméfily studied by Culvahouse,lSapp, and colleagues
at the University oeransaé. They have measured the electfonic g;factors
of a CZN crystal with‘a small amount of Co>substituted for £he Zn and
~ have found »gi - 1.823 * 0.0077° and 'g" =_Q.125.96 Thornley68 has
measured the far infrared spectrum of CZN and has detérmined the splitting
between the two lowest Kramers' doublets to be Aie/k =.30.2'i 0.4°K.
These values are quite similar to the values found for CMN (c.f..Table
‘Iv;l) and seem to indidate:that CMN and CZN have similar crystal field
properties.
| Culvahouse et §£.96:haye investigated the crystal structuré.of
| CZN by the eray powder diffraction technique and find unit cell dimen-
sions similar tolthoée:of'Zalkin éE 52.61 A_Lagévpﬁotograph'of single
cryStal CZN with'tﬁe x-ray béam along the trigonalbaxis indicated CBV

symmetry iﬁﬁcbntradictioh with the C.,. symmetry found by Zalkin et al.
. : 31 ; ==

 for CMN. . Furthermore, investigation of the divalent sites in CZN by
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.paramagnetic resonance9 gave results which are in disagreément with the
findings of Zalkin et al. for CMN. It seemé unlikely that the structures
of CMN and CZN are significantly different, but .only a thorough crystallo-
graphic study will decide this question.

CZN has previously'beén used iy nuclear orientation experiments,
but the absence of a temperatﬁre scale for this sélt has hamperéd»the

95

interpretation of the data. Levi et al. have studied the nuclear
orientation of 6000 in CZN and found a considerably larger anisotropy
than found for 6000 in CMN.97’98 They interpreted the CZN results in
terms of a temperature.dependent local magnetic field set up at the Co
X sites and zero magnetic field at the Co Y sites with the ratio Co
in X/Co in Y = 1.6. ‘(There are:tWO types of divalent sites; c.f. .
Section IV.A.‘and Ref.61l.) The limiting‘field.wés found to -be 165 Oe
in contrast with' the 66.71 Oe fiéld caiculated at a Mg,site in CMN by
9k 99

Daniels and Felsteiner. _Carbdni and Sapp,v however, have pointed
out'thaﬁ the paramagnetig Cofe ion willvperfurb_the Ce long rénge order
and that the spatial reversal of one neafesf neighbor Ce dipole would
mofe»ﬁhap compensate for the difference, Carboni and Sapp also suggested
.that the 60Co in CMN results éould be explained by a locél,fiéld of
165 Oe, (Co in X)/(Cé_in.Y) =2, ana a lowest.fempefature of 1.05 m°K.
'The temperatﬁre invoked by Carﬁoni‘and:Sapp for CMN is inconsistent
with\the resulté'pfesented in Sectioﬁ IV.D, and theitempefatures in the
A expefiments were not weii known. The data which is presented
beiow-suggests a ﬁigh degrée of similarity in the thermal properﬁies
of the two salts, butvbeCaﬁSe'of'the unfortunate lack of data, especially

at the lowest temperatures, no firm conclusions can be drawn.
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f ,
B. Experimental and Results

The experimental technique and method of data reduction were
identical to that dgscribed in Sections III and IV of this paper. A
P 85

spectrochemical analysis ~ of the CZN crystal indicated avl% Mg impurity~-
presumably as a substitutional impurity fér 7n. Analysis of the solubion
from which the CZN crystals were gfown, however, showed onl& 0.07% Mg.
The apparent conclusion is that the double nitrate lattice exhibits a
large preference for the smaller Mg+2 ion.

The results are listed in Tgble V.1l where the values of S/R
have been caiculated ffom H/T and ‘glv= 1.825 bh thé basis of the
simple ionic model. The Qalues of W(6) ére corrected for radioacfive
decay between‘the cold.ana warm counts buf.nbt for solid.angle effects.'
The background correction in the calculation of W(@) amountedvtp about
11% of the warm count. In_Fig._V.l W(b) is plotted with reépect
to o2 - §/R. The scarcity of data for fn2 - S/R > 0.50 is due
to-a failure in the apparatus. The solid éurve through the data
represents fhe (w(oY, tn2 - 8/R) éorrelation~derived from thé smoothed
TH’ S/R curve for vCMN. The solid angie corrections, which wére identicgl
for the two experimeh£s? are incorporgted ihto the curve. The shaded

areé around the curxfe denotes the statistical curve fitting error

frpm the CMN data.
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Mg in czw.

Table V.1.

CB/T S/R ’ w(o) W(m/2)
h1.52 . L037 1.953 (15) .T045 (776)
1k.22 .b20 1.821 (15) . 7298 (66)
12.84 .60 1.768 (15) . .7216 (89)
10.60 ~ .518 1.715 (23) . 7407 (80)
8.839 .565 | 1.610 (17) 731 (93)
6.797 613 1.496 (22) 7716 (156)
16.10 ©.369 | 1.879 (25) ‘ " .7218 (75)
17.86 . .35 1.871 (15) .7156 (76)
19.98 276 1.884 (;j) .7237 (60)
- 22.79 .218 l_ . .1.877 (1k4) | .7107 (72)

The numbers in the parentheses indicate one standard deviation and refer
to the last significant figures in the listed quantity. W(p) and
W(7/2) have not been corrected for solid angle effects . For

H/T < U5 k0e/°K, T = 0.5%.
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Figure V.1, 137mCe in CZN vé, in2 - S/R.

. The soiia curve represents the (w(o), £h2.5WS/R)
correlation derived from~th§ sﬁpothed TH’ S/R'cuivé for
CMN. | | |

The shaded afea represents the étatiétical cufvé»fitting_

error.
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C. Discussion .

Despite the small number of data points it is evident that the

. thermal behaviour of CZN and CMN are quite similar. No reliable data

was obtained in the éntropy range 0.50 < ’£n2 - S/R < 0.60, and so
"anomalous" behaviour in‘this region cannot be ruled out. _Thé point at
2 - S/R = 0.656, however, wasbconfirmed in other experiments but
difficulties with thé apparatus‘prevented tﬁe acquisition of any fur-
ther data. The additional points at in2 - S/R = 0.65 are not included
in this data. The lack of any calorimeﬁric work on CZN pre?ents the
determination of the hypérfine structure constant B fdf l57mCe in
CZN, and therefore actual temperatures for CZN cannot bé derived from -
this data. However, from the similarity in the nuclear orieﬁtatipn
data for = MCe in CZN and CMN, it can be concluded that the hyperfine
structure constants for the two cases musf be very nearly the same.
If this is the case, then.the minimum témperature 6btainable with CZN .
is about 1.35 m°K. | |

In light of the résﬁltsAprésented here, the early nuclear orienta-
tion work on CZN shquld probabiy be're-interpreted. For example, as was
mentioned eérlier, Levi gﬁ 5&.95 derived a dipolar fieldvof 165 Oe

+
acting on a 6000 2 ion in a CZN X site from their nuclear orientation

data. They based their interpretatibn on a minimuﬁr-f*ﬂ;yélB'm;Kﬁ
affef demagpetization from H/T ~ 26.8 kOe/°K. If the CZN and CMN T-S
relations are identical, then the thermodynamic temperature for this -
valﬁe of H/T is 1.67 m°K. With this temperatﬁre, however, the.

results of LeVi‘gE_gi. are"reasahably well'explained by the calculations
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of Daniels and Felsteiner9,h who derive a dipolar field of 66.7L Oe

éf the Co site. Furthermore the disagreement between the 6000 in

CMN results and the 6000 in CZN results are difficult to understand since
the thermal properties of the two salts seem so similar. If the dipolar

fields actigg oh the Co+2 ions are equal for the two'saits, then the
- only remaining variable is the ratio (Co in X/Co in Y). Since the

X and Y sites have qﬁite different hyberfine structure constants,99

a large difference in the X/Y ratio between the two salts would have

a significént éffect on the nuclear orientation results and could account
for the disagreement. To resolve these questions, it is clear that

further nuclear orientation, calorimetric, and magnetic resonance work

is required before the properties of CZN are well understood.
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APPENDICES

A. The Magnetization of CMN as a Functioh of Magnetic Field

High field magnetization measurements on CMN have recently been
"reported by Williamson and Cape.75 From their data they concluded that
the ionic crystal field model is not valid for CMN and that entropy
calculations based upoﬁ‘this model are incorrect. The purpose of this
appendix is to examine tﬁeir conclusion and calculate the effect on
our.résults.

Williamson and Cape have measured the magnetization of CMN in
fields up to.52 kOe and at temperatures between 1.2°K and H.2°K. They
ha&e interpreted their data according to the following expression:‘

y o -
T=— tanh (x) + [8° H(|a'|® + [b'[%)/2n,]

: g BH - |
1P : fH 2 2
X1l - BE_L—_ tanh (X) -+ ('Cll + |d" )
. . : 2 ’ 4

D5

VV(A.l)
where x =g P H/2kT
. Aig’A13 are the energy splittings between the lowest Kramers:'
. doublet and the‘twb excited doublets. |
N is Avogadro's rumber.
a' is the matrix element of H =8 H(Lx + QSX) conhecting V
one of the correct éero-order ground states with one of the
firstJeXcited states.
b' is the mat;ix element bet&één the same groundfstate and ﬁheb

other first excited state.

»
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¢',d' are the matrix*elementsvbetween this gfound state and the
.second‘two excited states.
This equation is valid to‘a highvprecision for the following three
conditions which are satisfied for Ce+?-in CMN:
1) g P H/2 << _A12
2) the g-factor of the first excited doublet ~ 0.
3) +the matrix eiements ¢ and 4 are less»thaﬁ the larger of

~a or b.

" The terms in Eq. (A.1) which are linear in H correspond to the second

' *
order temperature independent contirubtion to the susceptibility.

< .
The temperature 1ndependent contrlbutlon to the susceptibility 1s

- defined by Eq. (A.2)

cr , o
Mo - S - - (A.2)

T o

=
o
==

From Eg. (a.1)

a0 ) + B (et + ar®) - (a3)

23
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The third order effect of the first excited doublet is accduﬁted for
in the multiplicative term [1 - (3gl B H/h-Alg) tanh (x)], while
third order effects from the second excited doublet are neglected.
Williamson and Cape obtained C'M from their magnetization data
and took the value of ab/CfM from the data of Leask, et gl.65f To
test the ionic crystal field model, they subtracted the quantity
3g,BH .
o H{? - - tamn (x)| from their magnetization data. The modified
° B,
data (defined by them as M'/N) should be expressed by Eq. (A.L)

= éif tanh (x) . ' : o (aMk)

z':—s:

2

From Eqs; (A.1) and (A.2) it can be seen that the third ordef effects
are siightly overemphasized. Detailed calculations show that fhis_
discrepan¢y~is insigﬁifiéant.

‘Williamson and Cape presented data'for two samples designated.
, CMN'#j and CMIV #. In Fig. 1 of their paper they plot (éM/Nng)‘vé. H
for CMN #5 and in Fig.‘e (2M'/Nng) vs. H/T ‘fof both samples. In
the second figure the data for CMN #4 are systematically less (~1%)
.than,for CMN #3 for H/T >vl5'k0e/°K. We have read points off the
smooth curve in Fig. 1 (from an enlarged &ersion'in a preprint kindly
sent to us by Dr. W@iiiamsoh) and will compare detailed calculatiqns
«,whiéh we héve made withvﬁﬁeée points. -
| ‘We have caiculated'the magnetizétion of CMN‘by perturbation 7
theqry through third order and have.includedveffecté frém both excitéd

doubléts. The perturbation Hamiltonian is N = B.HX(Lx + QSX), and
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we have used the crystal field splittings ahd the zero order wave

65

functions derived by Leask et al. from magnetic susceptibility data.

These wave functions are given in Lz, S quantization and are linear

z
combinations of |ML, M) where -3 <M < 43 and Mg =t 1/2. If we
designate Leask's.wave functions as |a), |b), |e), |d), |e), |£),

then it is easy to show that the corréct zero-order functions to use in
the perturbation theory afe:

¥ == (la) + Ip))

V2

99 = == (-la) + |b))

=
¥5 = le)
Yy, = 1)

g (e el

¥ == (e - 1)

The effect of the first order perturbation is depicted'in Fig. A.1.
‘In first order the degeneracy between |c) and Id) is not removed.
Leagk EE al. give the valqes of Aié/k_;and AiB/k as 37.6 K and
83.8°K respectively. '
Using the third order’perturbation formﬁla given by Poﬁell and

Craéemanloo the enefgies of the levels in»fhe lowest Kramers. doublet

wereicalculated to be:
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5

: ' . +
Figure A.1l. First Order Zeeman Diagram for Ce ~ in CMN.

The splittings are not drawn to scale.
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63H3

g B2H° — . .
El=--2—-BH‘-B—k—— +c—kT o , - (A.S)
E2='2'—~BH'B_E— - —2- . ' (A.6)

; X
where g, = 1.8356 (calculated) | ' |
B = 0.02958
C = 7.095 x 10'“ .

Thevcalculations nééeSsgry‘for the derivation of Egs. (A.3) and (A.k4)
were thoroughly checked for_arithmetic érrors. In addition the cal-
.culations_were cross checked by an éxact compﬁter diagonalization of the
Hazﬁi-ltonié.n matrix for vgr_ious values of the magnetic .field.‘ The very

" ‘close agreement is_shoWn in Table A.l where El and - E2 ‘refer'to'the
values calculated from Egs. (A:.5) and (A.6)vand E;p, and E,j refer

to the values calculated by the'computervdiagonalization.

The magnetization is then obtained from the partition function Q.

O.
Il

‘: £eXP-(—El/kT) ; eXP_(-Eé/kI*}N. A o | | ' .(A;Y)

==
T
m
|
[ -
Y .
a
w
AN
=
no
.

'8, cs3ﬁ2 BE | . .. 8%
tanh{(-e— - 5 ) al + 2B 5= (A.8)
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. . . . + . °
Table A.1. Eigenvalues of H =8 HX'(Lx + 2sx) for Ce 5 in CMN ‘in °K.

H(kOe ) B B E, B,
5 . _0.3117 -0.31169 0.3051 0.30501
10 -0.6%00 -0.62990 0.6032 0.60319
15 -0.9545 ~0.95437  0.8943 © 0.89428
20 12851 -1.28513 11785  1.17829
25 .' -1.6219  -1.62195 1.45k49 _1.45#99.
30 -1.9643 | -1.96&50 | 1.7239 1.72397 :
35 -2.3130 -2.31302 1.9858  1.98580
4o -2.6668 -2.66689 2.239k L 2.2395§}
bs 3.0261 3.02628  2.4851  2.48543

50 33912 0 -3.39150  2.7232 0 2.72359
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In addition there is a diamagnetic contribution101'to the magnetization

equal to

8 4

' (M/N)dia = - 5.463 x 10~ ~(4A.9)

The magnetization has been calculated from Eqs. (A.8) and (A.9) and is
listed in Table A.2 under the heading (2M/Nng)PER. For comparison

purposes the magnetization has also been calculated from the equation

M gjP g,PH - g PH g Bl ' ( )
=] =-—>-tanh [ =) +Q H| 1 - tanh | 7 A.10
Nj, @ 26T o A" NS 2kT |

‘where we have taken g = 1.835 .and o = 0.02255. from the data of
.Leésk et g;.65 Equation (A.10) is.just'ﬁhe combination of Egs. (A.i)

énd (A.B) used by,Williaméon and Cape to'tesf theirvdata} The numbers
calculated frém,(A;9) and (A.10) are listed under the heading
'(EM/Ngiﬁ)A.lo' Mégnetizétion values read from Fig. 1‘pf Williamson
and‘cape's paper are listed under the heading (EM/NgLB)WC' The

column labelled "% Deyiation“ refers to the difference between
WilliamSonvand Cape's'expefimental curvevand the magﬁetizafioh éalculated
" from Eqs. (A.8) and (A.9) (i.e. (2M/Ng B)éER)f |

The cloée_agreement beﬁwéén the columns .(EM/Nng)A.lO and

(2M/Ng B)p, indicates that there are no serious mistakes in the
caiculated values. For'the.caléulations af T = 1.270°K the deviation$
between calcﬁlétion and experimént aré very ¢lose to the.ii 1% expéri-
menﬁél.error limits quo%ed'by Williamsbp and Cépe’while for T = h.19h5K

the’agreemeht!is.almost”exact. Unfortunately the only availéble_rawv'¢
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Table A.2. Comparison of calculated and experimental values of the

magnetization.
T = 1.270°%K ‘

H H/T (W/Ng B), 1o (2M/Ng B)pre  (2M/NgB)py % Deviation

5. 3.937 -2595 : .2595 ‘ .270 -3.70
10 T7.874 Jhg3z2 - .hoog . 500 -1.40
15 11.811 6851 .68l .681 0.k
20 15.748 ~.8320 .8311 .822 1.09
25 19.685 .9398 .9385 .927 1.20
30 23,622 1.0175 1.0160 ~ 1.006 ©0.99

35 . 27.559 1.0T37 1.0721 11.059 - 1.23
o 31.496 1.1154 1.1138 1.100 1.27
b5 35.433 1.1475 1.1460 1.133 '1.15
50 ' 39.370 1.173k 1.1720 1.161 -0.95

T = L19kk :

5 1192 . 0948 .093 . +1.93
10 2.384 .1887 .189 0.
15 - 3.577 .2806 . .278 . +1.08
20 L. 769 : . .3698 U370 0.
25 5.961 Cohss8 460 -0.87
30 7.155 5379 543 -0.92
35 8,345 | L6155 .621 ~0.80
1o 9.537 o 688k 692 -0.58
45 g 1 10.730 . 7566 N .56 +0.13

50 11.922. 8199 821 -0.12

% Deviation = (PER - WC)/100 WC .
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data were those shown in their Fig. 1 which is systematically the larger
of the two sets. In Fig. 2 of their paper where they plot (EM'/NgLB) vs.

H/T for all the data, Williamson and Cape drew a smooth curve through

o

the data.‘ This curfe fell a maximum 2.5% i'l% below the expected
value,vaﬁd they based their coﬁclusion on this ‘deviation. It seems
dangerous (to this author) to draw an average curve through two sets

of data which are systematically different. Rather one might speculate
onvwhich set of data more3closely-represents the properties of CMN.
Bec;ﬁse of the large magnetic anisotropy (gl = 1.8k, g” = 0.02) of |
CMN, any misalignment of the crystal in the magnetic field ﬁould reduce
the magnetization. Perturbation calculations taking misalignment into
accdunt ére'possible, but very complicated, and we have not performed
them. Thus we cannot give a numerical estimate of this effect.

It dOes seem reasonable, however, to suggeét that the systemati-
”caliy higher set of_da£a are more fepresentative of CMN. If, indeed;
vﬁhiS'iS thé case; then Cur‘calculationsAshow that the ionic crystal
fiél_d model.is a reasénable one for CMN. Thus the entropy can be cal-
‘ﬁﬁlated frém the .partition function of Eq. (A.7). 1In this calculation
iit is easy.to show:that'the second ofaer Zeeﬁan effect will not con-
tribute'tb thé magnetic'entropy of CMN. The third order COntribﬁtion-
+to the magnétizétion, howé#er, reduces the effective H/T as shown
in Eq. (A.8) for the magnetization. Our caleulabions show that ab the
meximum field used in our experiments (21 k0e) the‘efféctive H/T 1is
redﬁéed by leés'théﬁ 0.2%. Thus we have neglecféd third'order éffects
and have calculated entrdéy in terms of the first order Zeeman effect

for the treatment of our data.
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If, however, the smooth curve given by Williamson and Cape in
their Fig. 2 is representative of CMN, then the effect on the-entropy
can be estimated in the following manner. The magnetization M'

consists. of two contributions

' = v + M" | :
M= Mo M | (A.11)
where MCF is the.magnetization of an ideal spin 1/2 paramagnet with

g = 1.84 and M" is the (negative) contribution to the magnetization
arising from any non-ideality. (M" corresponds to —ZAmf/NgB in
Wiliiamson and Cape's paper.) The entropy may be calculated as follows:
£ £ roo
Q. 1 _ i "
AS = (oM /aT)&H gH = (aMCF/aT_)H aH + (oM /aT)H dH

=0 =0 : =0

(A.l?)

The contribution from . M,y is shown in Fig. IV.1l. The values of M"
for various H/T ‘may be obtained from the insert in Fig. 2 of Williamson
and Cape's paper. If we assume that M" is a function of H/T, then

we can fit the M" (or Am') data to the empirical function

i

w Z a, (/) U )

i

Then
: H=H,
(A.14)
H=0 . »

2| S et/ 't

i
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A satisfactory fit to the M" values (Eggg from Fig. 2 of Williamsbn
and Cape's paper) was oﬁtained for i %-8 in Eq. (A.13) and the
results are listed_ianable A.3. It iiﬁuld be emphasized that the
values of AS"/R in this table are only approximate since it was
necessary to differentiate the fitted M"(H/T) function in the
calculatién. The effect of these calculafions on the nuclear orientation
T-S relation for CMN is discussed in Section IV.E.

The last column in Table A.3 lists a multiplicative factor (F)

to be applied to temperatures determined by calorimetry. The factor

is derived in the following manner:

S = SCF + A8 _ | E - (A.15)

T = dq/as = (dQ/dSCF) (dscﬁ/dS)'= (dQ/asCF) - F . : (5.16)

_where dQ/dSCF is the "temperature“ derived by Hudson and Kaeser.

[Here Q = "hest".]

i d ) |
&) . UE/T) (:17)

) 1" i
e ) ) o
- From Eq. (A.14) it follows that
aas"/R) _ Z 1) (mi-l .
ATy a; (1-1) (W/T)"7" , : (A.18)

and from Egs. (II.A.6) and_(IV.A;l) it is easy to show that
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Table A.3. Entropy corrections.

UCRL-18476

| H/T(x0e/ °K) (S/R)éF &5"/R '(s/R)CF + AS/R F
5 0.6L8 0.002 0.650 .025

10 0.534 - 0.00k 0.538 .027

15 0.399 0.009 - 0.408 ol

20 0.276 0.015 0.291 .05k

25 0.181 0.019 0.200 .okg

30 0.11k - 0.022 0.136 .0ko

35 0.070 0.02L - 0.09k .0l8

40 0.043 0.025 0.068 .031




~152- ' - UCRL-18L476

a(s,/R) o 5 (A.19)
( §k> (B/T)
then | ' _ .r[ Il(ngHv ]2
‘ ) _ C i-1 ‘] |cos m)
YF =1 - Zai (1-1) (;—I) e 8'2
i g
‘ (—%) (8/1)
- ‘ | (A.20)

It should be emphasiied hefe that the tabulated values of F are only
approximate because of the double differentiation involved in the

calculation. The effect of these calculations on the Hudson and

Kaeser T-S relation is discussed in Section IV.E.
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B. = Spectrochemical Analysis -

1. La205 (Bryant Laboratory, Inc., Berkeley, California)

The anly element detected was Ca; the raﬁiO'of Ca to La was 0.005.
The following elements were searched for but were not detected. The
numbers in parentheses indicate the percentage limits of detection with
respect to La equal to lOO%.

A1l (0.01), Bi (0.05), Ce (0.1), Cr (0.01), Dy (0.1), Er (0.05), Eu (0.01),

- _Fe (0.01), Gd (0.05), Ho (0.05), K (1.0), Lu (0.05), Mg (0.01), Mn (0.01),
Mo (0.01), Na (1;0), Nb (0.01), N4 (0.1), Ni (Q.o5), Pb (0.1), Pr (0.1),

Se (0.01), si (0.01), Sm (0.05), Sn (0.1), Ta (0.1), Tb (0.5), Ti (o.oi),

Tm (0.05), W (0.1), ¥b (0.01), Y (0.01), Zn (o.l), Zr (0.01).

2. CMN: CegMgB(NOB)lQ ~24H20

The CMN was prepared from 99.9% Mg(NO3)2-6HéO (J. T. Baker Chem-

ical Co., Phillipsburg, N. J.) and "purified" Ce(N05)5-6H20 (Allied

" Chemical Co., Mbrristown, N. J.). A separate analysis of the

Ce(N03)5

.The sample size of CMN was chosen to yield about 50 pg of Ce as

°6H20 is given in Appendix B.3.

- the metal. Cu, Al, and Ca were observed at the limits of detection,

all of which were 0.0l pg. Approximately 0.03 pg of Na were detected.
The following impurity eleﬁeﬁts were searched for but were not detected.

The limits of detectlon are indicated in parentheses

.Bl (o 05), Co (0.05), Cr (0.01), by (0. 1), Er (0. 05), Eu (o 01),

~ Fe (0.05), G4 (0.05), Ho (0.05), La (0.05), Li (0.01), Lu (0.05),

Mn (0.01), Nb (0.01), Nd (0.1), Ni_(0.0l),:Pb (0.1), Pr. (0.1), sc (0.05),
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si (0.01), sm (O. 05), Sn (o 1), T (0. 5), Th (0.5), Ti (0.01), T1 (O. 5),
Tm (0.05), V (0.01), Zn (o 1), Zr (0.01).

-6H,.0 (Allled Chemical Co., Morristown, N. J.)

3. Ce(N03)5 o _ , "R

The resultsvafe_listed in‘percentage with respect to Ce as the
metal. The following elements were detected: Ca (0.1%), Mg (0.5%),
and Na (0.05%). The following elements were searched for but not
detected. The limits of deﬁection (peréentage)_are given in parentheses.
Ag (0.01), A1 (0.01), As (0.5), Au (1.0), Bi (0.05), Cd (0.5), Co (0.05),
- ¢r (0.01), Dy (0.1), Er (0.05), Eu (0.01), Fe (0.01), Ga (0.05), Ga (0.05),
Ge (0.05), Hf (0.05), Ho (0.05), In (0;05), Ir (0.5), K (0.5), La (0.01),
Li‘(Q;Ol), Iu (0.05), Mo (0.01), Mo (0.015, Nb (0.01), Na& (0.1),
Ni {0.05), Pb (0.1), Pr (0.5), Re (0.1), Rh (0;5),.Sb (O.5),'Sc (0.01),
si (0.01), Sm (0;65),'sn (0.1), Sr (0.01); Ta (0.1), Th (0.5), Ti (0.01),

U (0.5), Vv (0.01), W (O§5),:Yb (0.01), Y (0.01), Zn.(Ogl), Zr (0.01).
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C. Semple Calculation of W( 0)

In Table C.1l the intensity values for three cold counts
[c (1), c (2), and C ‘5)] and.one warm count (W%) are listed for the
channels covering the photopeak. These values are for the first run
in Table IV.3 (June 1967). The numbers in the brackets list the
counting time in seconds for the respective counts. Then W(0) is
calculated as follows:
(Note the distinction between W(0) and the abbfeviaﬁion for the warm
count W%)

t' In2

e
’ 1/2 (c.1)

_ (e +c(2) +c(35) - aB
w(0) B [ aW - aB

whefe a is a factor accounting for the counting time difference
between the warm count and the sum of the cold counts and B is the

-t £n2/t'l/

background correction, The factor e corrects for source

decay between the cold and the warm counts; here +' 1is the elapsed
time between the midpoints of the cold and warm counts and t’l/2 is

the half-life (3l.k4 hr) of P™se. For this run +' = 8.20 minutes and
-t' 2/t

e 1/2 = 0. 9972 From Table C .1 the constant a is seen to
" be (30 + 30 + 30)/500 0.3. TFrom the method'descrlbed in Section
IV.B, .B/Wf is found to be 0.0820° or B = O. 0820 W, 5085
Therefore
R 11581 + 11545 + 11540 - (o 3. % 5083) '
w(o) = [ 0. 5 X (61984 - 5089) (-9972)

(331h1/17o7o)-x L9972 = 1.936 .

il
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Table C.l.r Raw data for the first run in the June 1967 experiment.

chammel ¢ (1)[30]  c© (2)[30] . ¢ (3)[30]  W,[300]
132‘ | 675 | - 631 646 o 3592
133 73 05  hoee
134 766 820 807 - 4318
135 886 8ol 936 4395
136 8hi o 892 852 . . ) 4535 -
157 925 859 915 4620
138 | ook 887 870 ' 4675
39 8 886 868 1536
iko 826 810 - 826 4330
iy 767 ARG e A . koo
1o 662 . 648 B e
143 s 61 S 38
Wy 512 . Shh B orr9
_145 ‘_: 397 o s o8 " 2336
146 391 o 346 366 1960
147 Ss01 303 | 315 :  1%W .
118 235 e39 oo 1337
149 20k 181 s 10Lk
150 149 R K 60 86k

SuM 11581 11545 ~115k0 61984




157= - UCRL-18476

D. Calculation of Heating Effects During the Magnetization

1. Heating by Conversion Electrons

The 255 keV -y-ray of LN is highly converted; eK/y = 5.4
and K/L +M+ ... = 2.0. The energy of the K electrons is 214.6 keV,
and the remainder of the conversion electrons will be assumedvtb have an
energy of 249 keV, the energy of the L electrons. It will be assumed
that all the energy of the conversion electrons is dissipated in this
sample; this will give a maximum energy input.

Under the experimental conditions described in Seétions IITI and
IV, a 3" x 3" NaI(T1) detector (of right circular cylindrical shape)
is 10 cm ffom a source. For simplicity the source will be assﬁmed to
be a point source. Thus the problémvis simply one of éouhtihg the

conversion electrons or y-rays emitted in the solid angle of the detector

 and making the appropriate solid angle correction. From simple goemetrical

considerations we see that

Counts (total) =~ 2

Counts (solid angle) T - cosa (D’l)v_-

where & 1is shown in Fig. D.1. Then tand = 3.81/10 = .381 and
cos(taﬁ—la) = .935. _If wefassume a y—rayvcounting rate of 20,000 per
minute and unit efficiency,ithen the number of K electrons in the
solid angle is 108,000 per minute and the number of L + M 'conversion’
eléCtroné'is 54,0ooiper minute. The total nﬁmbér of K conversion

electrons per minﬁfé is then 3.3%2 X 106 and for L + M electrons

1.66'X 106.- This corresponds in energy to 1.8 erg/min. :
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Figure D.1l.. Solid Angle Diagram.

i

S 1indicates the radiocactive source and D indicates a

. 3 inch. X 3 inch NaI(Tl) detector.
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XBL689-6763

Fig. D.1.
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2. Heatlng Durlng Magnetization

After the salt pill has come 1nto thermal equlllbrlum with the

3He bath, the exchange gas is pumped out of‘the experimental chamber.

During this period the sample will be suﬁjected to an energy input from -

the3157mCe conversion electrons and will warm slightly. The amount of
warming can be estimated in the following manner.
The heat capacity (CH) of a spin 1/2 system at constant field

can be expressed in terms of the partition function Q.

dInQ

Q
jn ]
]
H
—
=
e
s
3
[}
2]
o
2]
1
A
T
OH/I

+ kinQ
H .

. r . A | N
SEEEICREIE )

'[2 cosh (-g%l)] . S (D.2)

After some simple manipulation it is found that

cor(s) (B)h-[ e (8)]) o

. ‘Table C.1 1lists values of the heat capacity for a 1.k g crystal of CMN

-at various H/T's. TFor small heat inputs AQ = CHAT where CH

is
'éssumed constant overl AT. On the avefage? the ﬁump out time wés‘
15 minﬁtes, but‘£he,effec€ive time of isqlation was probably 6nly

ébout 10 minutes_or less. This cofresponds to a maximum heat input

,of 18 ergs (c.f. preceding Séction). The last two columns in Table C.1

1lst the temperature rise in millidegrees and thé'aSSOCiaﬁed change in

ehtropy."Because of the smallness of the change, this_effect‘was_negleéted.

v
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Table C.1. Radioactive heating effects.

H/T, Cylerg/1.h g, mK) AT, (mX) 8(as)
5.0 . 13.2 1.4 0
6.0 183 10 0
10.0 40.5 _ 0.4 , 0
20.0 66.5 , 0.3 . -0
30.0 .101.4 - 0.2 0 |
Lo.0 26.0 | 0.7 .0
50.0 11.6 L5 - +0.001
6o_,vo 5.0 _ 30  <0.00L
. 2.1 . 8.6 . <0.001

- 70.07"

For H/T, < 40 kOe/°K, T,

T, = 0.31°K.

0.5°K &nd for H/Ti > 50 kOe/ °K,
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