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ABSTRACT 

The absolute temperature scale for single crystal cerium magne-

sium nitrate (CMN) has been extended to SiR = 0.002 by adiabatic demag

netization from values of HIT up to 68 kOe/oK. The temperature depend-

ence of the highly anisotropic angular distribution of the 255 keY 

'Y-ray from oriented 137Ince in the CMN provided the thermometric parameter. 

The nuclear orientation results were interpreted with the spin Hamiltonian· 

Ji = gl~H S I- B( S I . x x x x + S I ) 
Y Y 

where H x (a calculated dipolar field) 

= 6d.67 Oe and B/k = 0.00820 ± 0.00042°K. The hyperfine structure 

constant B was determined by normalizing the nuclear orientation 

results to the calorimetric resulto of Hudson and Kaeser in the entropy 

range 0.063 ~ (ln2,- siR) ~ 0.164. Analytic relations between temperature 

and entropy are presented for the entropy range 0.002 ~ siR ~ 0.640. 

The lowest temperature measured was 0.00135 ± 0.00008°K. The present 

results are in reasonable agreement with both the earlier nuclear orienta-

tion results of Frankel, Shirley, and 8tone and with the calorimetric 

results of Hudson and Kaeser. These results and the results of Hudson 

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

magnetization measurements on the CM1~ temperature scale are discusoed. 
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The l37mce ~-ray thel~ometer was also used to investigate the 

thermal behaviour of cerium zinc nitrate (CZN). The preliminary nuclear 

orientation reBults indicate a high degree of similarity between CZN 

and CMN. 
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I. INTRODUCTION AND HISTORICAL REVIEW 

Until recently ~emperatures below O.loK were obtained primarily 

by adiabatic demagnetizatton of a paramagnetic crystal. With the advent 

of 3He - 4He 'dilution cooling it now seems possible 'to maintain temper;.. 

atures of about O.OiloK 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 demagnetization of the 

paramagnetic salt, cerium tnagnesium nitrate. This theois will be con-

cerned with the establishment of an entropy-temperature relation for 

single crystals of this salt and will present results over practically 

the whole entropy range. 

Cerium magnesium nitrate, Ce2Mg3(NO)12~24H20,hereafter 

designated as CMN, has long been recogniz~d as a substance capable of 

being cooled by adiabatic demagnetization to extremely low temperatures. 

The otudies of the temperature scale to date can be grouped into three 

categories: calorimetric investigation of single crystal CMN, nuclear 

orientation stUdies of single crystal CMN, and calorimetric studies of 

powdered CMN. 

The pioneer investigation of the temperatUre scale was a calori

metric study by Daniels and Robinsonl on a sample which they described 

as a single crystal ,fashi,oned into an approximate prolate spheroid. 

They found that Curie's law was obeyed to 0.006°K and that In2 - siR 

3.2 x 10-6T-2 in thfsregion. Below 0.006°K there were' significant 

departures from Curie' s law, and for siR < 0.45 the temperature was 

constant and equal to 0.00308°K. In a subsequent re-analysis of the 
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2 Daniels and Robinson data, de Klerk asserted that the temperature did 

not become constant at SiR = 0.45 but continued to decrease until at 

SiR 0.150, T = 2.25m°K· (millidegree K). 

In 1965 Frankel, Shirley, and Stone3 demonstrated that nuclear 

orientation could be used to determine the t~mperature of a paramagnetic 

crystal. They found that the Danieis and Robinson T-S scale was unable 

to explain the nuclear orientation results for 137mce in CMN below 

3.0 oK. Using their resUlts and the Daniels and Robinson scale above 

6moK, Frankel et"aL derived a new T-S relation. They found that T" 

did not become constant at any value of entropy in the range available 

to them and at SiR = 0.303 (the lowest entropy which they m~asured), 

In the most recently reported investigation of single crystal 

CMN, Hudson and Kaeser4 studied several single crystal samples - both 

spherical and ellipsoidal. They found no shape dependence in the corre-

lation between absolute temperature and entropy and confirmed that 

Curie's law was obeyed down to 6moK. However, they found that for this 

tBmperature region £h2- SiR = 2.88 x 10-6T-2 in significant disagree

ment with the earlier work. At the low temperature end of the scale 

their work was in disagreement with the results of Frankel et al. 

Below siR = 0.296 they found the temperature to be essentially constant 

and equal to 1. 53moK. In addition a small anomaly in the heat capacity 

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

magnetic origin. 

~. 
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As an outgrowth of their studies of liquid 3He , Wheatley and 

cOllaborators5,6,7 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

ing the properties of liquid 3He and 3He in liquid 4He as a function of 

magnetic "temperature. Measurements of the self-diffusion constant of 

3He in both the pure liquid and in liquid 4He and of the attenuation 

of zero sound in pure 3He indicated that . . 
* T~T down to almost 2moK. 

They have assumed, however, that the demagnetizing or shape correction 

* to T is zero - an assumption which has recently been challenged by 

8 9 W . Abraham and Eckstein. Black and Anderson have presented results 

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

resolved. 

The mea:eurements reported in this thesis are concerned only 

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 background, experimental technique, the CMN temper-

ature scale, preliminary results on the cerium zinc nitrate temperature 

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

check the earlier nuclear orientation work and to extend the temperature 

scale to lbwer entropies and temperatures. 
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II. THEORETICAL BACKGROUND 

In this section the theoretical background relevant to the 

experiments described in this thesis will be presented. The first topic 

to be discussed will be adiabatic demagnetization followed by the 

measurement of temperature below 1 0 K, and nuclear orientation. 

A. Adiabatic Demagnetization 

6 . 11 12 In 192 Glauque and Debye independently proposed that the 

adiabatic demagnetization of a paramagnetic salt initially at 1 0 K 

would yield temperatures well below 1 0 K. In 1933.when liquid He first 

became available to Giauque, he and MacDougall13 demagnetized Gd2(S04)3·8H20 

to O.2°K. With the availability of appropriate magnets and liquid 

helium other invest,;Lgators at Oxford and Leiden began research at 

temperatures below 1 0 K. The subject of magnetic cooling has been re-
... 14 2 15 . 16 

viewed by Ambler and Hudson, De Klerk,' and Kurti. 

The technique of magnetic cooling consists of two main steps: 

isothermal magnetization of the paramagnetic salt at a temperature near 

1 0 K and adiabatic demagnetization to the lower final temperatures. In 

the first step the salt is thermally linked to a liquid helium bath 

either mechanically or by helium exchange gas. A direct current field of 

several thousand Oersteds partially aligns the electron spins of the 

paramagnetic ionsalol,1g the field direction giving a state of lower 

entropy. The paramagnetic salt is then isolated from the liquid helium 

bath by breaking the mechahical. link or by evacuating the experimental 

chamber to a low pressure. When the isolation 1.S complete, the magnetic 

field lG 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 i~itial temperature. 

Thermodynamically, magnetic cooling is directly analogous to the 

cooling of a gas by isothermal compression and subsequent adiabatic 

decompression. Table II.I presents the relevant formulae for an ideal 

gas and an ideal paramagnet. The latter is defined as a paramagnet 

whose magnetization M is a function only of external field Hand 

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

x = M/H = C 'JT (II.A.I) 

where X is the magnetic susceptibility and C' . 
M 

is the Curie constant. 

In Table II. I . h is enthalpy, CH is the heat capacity at constant magne-

tic field, and C 
P 

is the heat capacity at constant pressure. The 

familiar PV work for a gas is replaced by HM work for a magn~tic 

system. For the isothermal steps there is a decrease in entropy for an 

increase in pressure or field. In the adiabatic step both (dT/dP)S 

and (dT/dH)S are greater than zero, and thus a decrease in pressure 

or field yields a lower temperature. 

In the temperature region between O.3°K and 4°K,the magnetic 

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 

apprecia,bly populated. If, in addition, the collective interactions 
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Table ILL Comparison of an ideal gas and an ideal parainagnet. 

dE = oq + oW 

Ideal Gas 

oW = -PdV 

dE = TdS - PdV 

dh = TdS + VdP 

dA = -SdT - PdV 

dF = -SdT + VdP , 

PV = nRT 

Isothermal compression. 

(dS/dP)T =-(dV!dT)p = ~nR/p 
till = -nR£.nP/po < 0 

for (Pl > po) 

Adiabatic Decompression 

(dT/dP)S = - (dS/dP)~(dS/dT)p = 

T/Cp(dV/dT)p = (T/Cp)(nR/p) > 0 

. :.An adiabatic decrease in P 
.~ . 

,results in a lower T. 

oq = TdS 

Ideal Paramagnet 

oW = HdM 

dE = TdS + HdM 

dh = TdS - MdH 

dA =. -SdT + HdM 

dF = -SdT - MdH 

x = M/H = C 'JT 

Isothermal Magnetization 

. (dS/dH)T = (dM/dT)H = - CJI/T
2 

6S = - c' /~ (H - H ) < 0 M 1 0 

for (Hl > Ho) 

Adiabatic Demagnetization 

(dT/dH)S = - (dS/dH)T/(dS/dT)H = 

T/CH(dS/dH)T = C'JI/TCH > 0 

:. An adiabatic decrease in H 

results in a lower T .. 

" '. 
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between the paramagnetic ions are small, the salt obeys a Curie law 

or a modified Curie law: 

x = !:! = C' IT + ex H M (ILA.2) 

where ex is a. temperature-independent term arising primarily from the 

second order Zeeman'effect. 17 From Eqs. (II.A.l) and (II.A.2) we 

expect M to be directly proportional to H, but this is only true in 

the low-field limit. At high magnetic fields the magnetization saturates, 

and the expression for 6S in Table 11.1 is no longer valid. Thus in 
i 

order to calculate the thermodynamic properties of the salt during the 

isothermal magnetization, it is necessary to recast the problem in terms 

of statistical thermodynamics. 

If we let the ground state of the paramagnetic ion be characterized 

by angular momentum J, then in an external field H the (2J+l) 

degeneracy is. completely lifted and the energy levels are characterized 

oy Em = -mg~H. Here.' m takes on the values J, J -1, J -2, .... -J, 

and ~ is the Bohr magnet on and g the spectroscopic splitting factor. 

The last quantity depends in detail on the various interactions in 

the crystal and on the direction of the applied field. Theoretically 

it corresponds to the expectation value of the op.erator L + 28 where 

Land 8 are the orbital and spin angular momentum operators. The 

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

Q 



-8- UCRL-18476 

and the thermodynamic functions may in turn be defined in terms of Q 

* F == -kTlnQ (Gibbs Free Energy) 

M 

s 

(ILA. 4) 

(II.A.6) 

where R is the gas constant. The entropy removed during an isothermal 

magnetization is justa function of HIT, and a measurement of this 

quantity will uniquely define the entropy. This presupposes that the 

lattice entropy is negligible - an assumption which is usually well 

justified at magnetizing temperatures of 1 0 K or less. In zero external 

field the levels E are ,degenerate and siR = ,In(2J+l). This value of 
m '" 

siR corresponds to.the maximum amount of entropy which may be removed 

in the magnetic cooling process. 

B. The Measurement of Absolute Temperature Below 1 0 K 

In the nineteenth century Lord Kelvin18 defined thermodynamic 

or absolute temperature with respect to a Carnot cycle. "The absolute 

values of two temperatures are to one 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) is more appropriate 'than the Helmholtz function (A). 
It can beishown for such a system that Q = exp (-F/kT) or F = -kTlnQ. ~ 
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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workin~with a source and. a refrigerator at the higher an~ the lower 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 temperature: 

dS ;::: (eqjT) . reversl.ble (II.B.l) 

Using the methods of statistical thermodynamics (e.g. see Ref. 19) 

and the second law of. thermodynamics it can be shown that entropy is 

related to the probability that an energy state is occupied by 

where j 

S ;::: -k . LPjlnPj 

.j 

refers to the available energy states and P. . . . J is the 

(II.B.2) 

probability of occupation. It can also be shown that P. is the familiar 
J 

Boltzmann probability 

P. 
J 

-E ./kT/ ~ -E. ,/kT e J Le J (II. B. 3) 

j' 

for a closed isothermal system. Here E. refers to the energy' of the 
J 

state j and k is the Boltzmann constant. For our discussion then, 

we will regard (II.B.l) and (II.B.3) as equivalent definitions of the , 

thermodynamic temperature. 

The next subsection deals with the calorimetric measurement of 

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

standing of the method is necessary for the discussion in Section IV. 



-10- UCRL-18476 

,. 

1. Calorimetric Measurement ofT 

In a calorimetric determination of T Lord Kelvin's. definition 

and Eq. (II.B.l) are used. Two temperature regions are of interest in 

such an investigation. The first is the Curie law region where Eq. 
, 

(II.A.l) or (II.A.2) is valid while the second is the lowest temperature 

region, where the susceptibility is often no longer a useful thermo-

metric parameter. Tn the discussion of the calorimetric method primary 

attention will be placed on the method used by Daniels and RO~insonl 
and by Hudson and Kaeser4 in their studies of CMN. 

It is convenient to define a parameter * T known as the magnetic 

temperature which is defined by Eq. (II. B. 4), 

* X = C' IT = M/H 
M 

(II.B.4) 

* In general T is dependent on the shape of the sample because of the 

demagnetizing factor. . ~ * Kurti and Simon have suggested that T 's 

be referred to T @ , the magnetic temperature for a sphere. They have 

shown that the local field actually acting upon the ions rather than the 

e~ternal field is the fundamental quantity for determining susceptibilities 

and temperatUre. This field includes the interaction of other dipoles 

and also the demagnetizing effects. In the Lorentz approximation for the 

dipole field which is valid at high temperatures 

(II. B. 5) 

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

volwne, H ext 

'~ .. 

is the external field and FL is the Lorentz field. --Lor 
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Equation (II. B. 5) is valid only for ellipsoidal samples since only in 

these samples will the magnetization be uniform. For a sphered = 4rr/3 

and Hlocal = Hext • This implies that for a spherical sample, bulk 

susceptibility measurements in the high-temperature region will give 

T~ 's which, to a high precision, are equal to T, the thermodynamic 

temperature. Thus in the following discussion we will concern ourselves 

only with T ®; T* , s for other sample shapes can be converted to T ® 

by the appropriate demagnetization correction. 

In the Curie law region the S-T relation can be determined as 

follows .. ® An SiR - X - T correlation can be established by 

demagnetizing from a known HIT and measuring the susceptibility just 

after demagnetization. This presupposes that the X - T®- T .. 

correlation has been already established in the liquid He region (Le. 

C'M· has been determined). The theoretical relation between siR and 

T in the Curie law region, has been considered by Van Vleck,2l Hebb 

.. 22 23 
and Purcell, and Daniels. If the only important interactions are 

dipole-dipole and isotropic exchange, they find 

In (2J + 1) _ siR = bT-2 = b¥> -2 (ILB.6) 

By fitting the siR, T® data to (ILB.6) the value of b can be obtained. 

It is important, however, to choose the appropriate temperature 

region in which to apply Eq. (II.B.6) to the 

the magnetic specific heat C @ = dQj dT <3 ~nd 

data. As long as both 

SiR are proportional 
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to T ® -2, T is equal to T ® . * To determine whether C ® is 

proportional to T ® -2, it is necessary to introduce heat into the 

sample after the demagnetization. A convenient way of doing this is 

by exposing the salt tO,a large dosageof-y-radiation; this method has 

the advantage that the heating is quite uniform throughout the sample 

in the high temperature region and that the rate of heat influx is 

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

. susceptibility decreases linearly with time of heating ifC ® is indeed 

@ -2 t proportional to T . 

* This can be shown by a simple thermodynamic argument. 

Let 
® ®. ® 

C /R = (l/R) dQj d T = (T/R) dS/ d T 

If it is 

2bT ® -3 

® 

found that SiR = tn (2J+l) - bT® -2, then (l/R) dS/dT ® = 

® ® -3 ® ® '-2 and C = 2bTT . Therefore C = 2bT only when 

T = T • 

t 

where t = time 

now . '*' '*' '*' 2· ·C~ = dQjdT~ = 2bT~ -

Q.l~.D. 
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The temperature region where X(t) is linear [here t denotes time] 

can be established by demagnetizing from various values of HIT and 

measuring the initial susceptibility just after demagnetization and the 

amount of time 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 ® where X(t} is linear and siR is 

proportional to ® -2 T , one can easily determine the .constant b in 

Eg.· (II.B.6). Thus the thermodynamic temperature is known for all values 

of .. SiR in the Curie law region. From footnote (t) we also see that 

dQ/dt = -(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 

and C I

M known constants. Thus dQ/dt is determined in the absoiute 

sense by a measurement ofdX/dt. 

For the lowest temperatures the thermodynamic temperature is 

obtained by constructing a Q-S curve. The sample is demagnetized from 

various HIT.. values, which determine the entropy, and measuring the 

time of "I-ray exposure necessary to warm the crystal to some reference 

temperature. As was shown above, time is directly convertible to heat 

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

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

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

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

is fitted through the data pOints and the differentiation performed on 

the 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~~atest 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 

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

foundation for this method was given in Eqs. (II. B. 2) and (II. B. 3) which 

define the Bol1:zmann'probability, P .• 
J 

For P. 
J 

to be a useful thermo'-

metric parameter, the separation of the energy levels must be of the 

order of kT; i.e. E. - E., "'" kT. 
J J 

Because we are interested inmeastiring 

temperatUres below O.OloK, the only suitable energy levels are the hyper-

fine levels of an ionic-nuclear system in the paramagnetic salt. The 

method which we selected was to study the nuclear orientation of radio-. 

active nuclei grown substitutionally into the paramagnetic crystal. 

The theory of nuclear orientation and its use in temperature measurement 

will be discussed in the next section. . 

C. Thermal Equilibrium Nuclear Orientation 

An ensemble of nuclei is s.aid to be oriented if the various 

nuclear magnetic substates are not equally populated. The nuclei will 

populate the available levels according to a Boltzmann distribution as 

described in Eq. (II.B.3). If the nuclei are radioactive and have spin 

greater than 1/2, then the spatial distribution of emitted radiation will 

be anisotropic and the degree of anisotropy dependent on the absolute 

temperature and the magnitude of the electron-nuclear interaction. The 

. 24-31 subject of nuclear orientation has been thoroughly reviewed,' and 

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

I .. 
r 

• 
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. If we confine our~elves to ~-radiation and consider only the 

case where there is cylindrical symmetry about a quantization axis, then 

the angular distribution of radiation trom oriented nuclei can be 

written as 

(II.C .1) 

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

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

of the level which is oriented. In (II.C.l) e is the angle (in the 

plane defined by the detector and the axis of quantization) between the 

axis of' qUantization and the direction of emission of the photon. 

Pk(cos e) is a L~gendre polynomial of d~gree k, and gk is a factor 

correcting for the ·fini te solid angle subtended by the detector. Uk 

and Fk are angular mo~~ntum factors, and ~(T). contains all the 

temperature information in the problem. These factors will be- discussed 

in more detail below. 

1. !rk 
In a series of nuclear transitions 

L 
n 

.... I. l.---~ n- I' 
I 

let us designate .the observed transition as 

L 
n 

I' ---+) I imd the 
n-l n 

state w~ich is origin~lly oriented I . o If the lifetimes of tpe inter-
I 

mediate states .. are short, (-s 10-10 sec), and all the intermediate 

spins are greater than 1/2 then the orientation will be preserved through 
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the cascade. Because of conservation of angular 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 __ m_-+l 1m' then the modification factor is uk(m) and· is given 
m-l 

by 

U (m) 
k 

(II.C.2) 

where W(I 1,1 1,1 ,I ;k,L) is a Racah coefficient. If the transition m- m- m m m 

is of mixed multipolarity and the mixing ratio is· 

then 

U (m) 
k 

U (m)(L) + 02 U (m) (L+l) 
k k 

For a series of preceding transitions, 

U = U (1) U (2) u (3) ______ u(n-l) 
k k k k k 

0=(IIL+111> 
( L II) , 

(II.C.3) 

These t:tansitions maybe eithert3-decay or )I-emission and if the angular 

momentum properties of the transition are known, the Uk may be cal

culated exactly. 

This factor is an angular momentum coefficient concerned with the 

observed transition. Tl'e generalized F coefficient involves four 

angular momenta and may be written as: 

LL'k 
, x Cl_1W(jjLL' ;kjl) (II.c.4) 

• 
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where Cis a Clebsch-Gordan coefficient and W isa Racah coefficient. 

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

I n) I where 1: corresponds to . j, I to jl' and L n-l n . n~l, .' n n 

to L ~ L' inEq. ;(II.C.4). If the transition is not pure but contains 

anadmixture 82 of: n+l multipolarity thenF
k 

is written as 

[Fk(L ,I ,I 1) + 8
2 

Fk· (L +1,1 ,I 1) + 28 Fk(L ,L +l,T ,I 1)] n n n- n n n- n n n n-
F.k ~ -----------------------------~------------------------------

1 + 82 

(ILC.5) 

The F (LL'jj) k 1 
; 32 

have been tabulated by Ferentz and Rosenzweig. . 

3. ~ 

The ~ are the orientation parameters and contain all ,the 

temperature and solid state physics information. The most general 

~xpression for the ~. may be written as: ... 

P(E.) = 
J 

(2I~1)1/2 ·t P(E ) [. k· (A~) ~ (-1) I-micIIk 1 
. j ~. m. -m. 

~ ~ 
J~ ~~ 

exp( -E ./kT) 
. . J 

) exp(-E jkT) 
4r- n 

(ILC.6) 

In these formulae the following definitions apply: 

I 

E. 
J 

nuclear spin of the oriented nucleus 

the j-th eigenvalue of the electron-nuclear interaction 

Iiamiltojiian 

A~ the i-th element of the j-th eigenvector of the inter-
~ 

action Hamiltonian 
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R R = (2I+l)(2S+1) where S is the electron spin 

C a Clebsch-Gordan coefficient 

P(E. ) the population of the level E. 
J J 

mi eigenvalue of I z 

If the eigenvectors and eigenvalues of the electron-nuclear 

Hamiltonian can be determined, then the temperature dependence of ~ 

and therefore of W(B,T) can be calculated. For an axially symmetric 

system (where z represents the quantization axis) Abragam and pryce33 

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

of the phenomenological spin-Hamiltonian: 

2 1 2 1 ~ 
+ D[Sz - 3 S(S+l)] + P[Iz - 3 1(1+1)] - WI . H (II.C.8) 

For a paramagnetic crystal, S in Eq.(II.C.8) is an effective spin and 

will - in general - not be equal to the actual electronic spin of the 

paramagnetic ion. S i's defined by setting 2S+1 equal to the number 

of states in the lowest lying group of levels. These states are usually 

complicated mixtures of spin and orbital states resulting from the inter-

action between the crystalline electric field and the paramagnetic ion. 

Generally these states are well separated in energy from the next group 

of states. The first two terms in Eq. (II.C.8) describe the interaction 

of the effective spin with an external magnetic field. The terms in 

A and B represent the hyperfine interaction between the paramagnetic 

ion and its nucleus while the term in Ddescribes the splitting of the 

.. ' 
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levels of the effective spin S by the crystalline field. The final 

two terms represent the nuclear quadrupole and nuclear Zeeman inter-

actions respectively • 

. At this point it is necessary to distinguish between two different 

types of orientation: polarization and alignment. The former occurs 

when there is a non-zer,o first moment of nuclear magnetization and 

requires a magnetic field (ei the,r external or internal) of well-defined 

direction. In the latter the first moment of nuclear magnetization is 

zero and the second moment is non-zero. One may think of polarization 

as when a majority of the nuclear spins. are pointing in one.direction and 

alignment as when the nuclear spins are oriented both parallel and anti

parallel (in equal proportions) with respect to a direction of quantization. 

In the next f~w paragraphs the three most important types of orientation 

will be discussed with reference to Eq. (II-c.8). An excellent dis-

cussion of these .methods is given by Daniels in Chapter II of Reference 

26. 

4. The "Universal" Method 

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 magnetic field with the nuclear moment 

~I and requires fields of 
5 6 . 

10 - 10 Oe and temperatures of about 

O.OlOK. Because .of the difficulty of producing such large fields in 

the laboratory this technique has only been·used for several particularly 
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favorable cases. Orientation in theferromagnets Fe, Co, and Ni is a 

much more general case and has been used extensively since the discovery 

. . ,. 34 th t 1 t· f' ld \ by Samo1lov et a1. . a arge magne 1C 1e s are present at impurity 

nuclei in ferrOmagnetici1metals. Fields larger than 10
6 Oe have been 

measured, and with temperatures of O.OloKobtainable by adiabatic 

demagnetization and contact cooling, many nuclei have been oriented. 

With the recent development35,36 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 

2 1 ". 
~ = P[Iz - 3 1(1+1)] 

[ 

31z2 - 1(1+1) 
- e Qq. 41(21-1) l (ILC .10) 

If a nucleus with an electric quadrupole moment Q experiences 

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

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

has been shown by Sternheimer38 that closed electronic shells will be 

deformed by an electric field gradient, which may be produced either 

by the valence. electrons of the atom itself or by the crystalline field 

of the lattice. This deformation can amplify the field gradient at the 

nucleusiSy as much as a, ,factor of 100 in the case where the lattice is 
~ 

the source of the field gradient. Using the: nuclear alignment technique, 

, 39 40 Blok and Shirley' have systematically studled Sternheimer anti-

shlelding effects for several rare earth ions in the cerium magnesium 
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nitrate and neodymium ethyl sulfate lattices. Field gradients 

capable of orienting nuclei can also be produced by chemical bonding, but 

the "Sternheimer" technique appears to be the most general and practical 

method for quadrupole alignment. 

6. Magnetic Hyperfine Alignment or Polarization 

}! d gil 13 Hz Sz + gl I3(Hx Sx + Hy Sy) + A Sz I z + B(Sx Ix + Sy Iy) . 

(ILC .11) 

In this method we are specifically concerned with paramagnetic 

ions. Let us first consider the zero external field case - the so-called 

~ . . 5 
Bleaney method. Large magnetic fields (-10 Oe) are produced at the. 

nuclei of par~gnetic ions by the d or f electrons responsible for 

the paramagnetism. The crystalline electric fields, which we assume to 

be axially symmetric, interact 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 the magnetic 

field which the nucleus sees is dictated by the crystal field symmetry, 

and the nuclei will align with respect to the symmetry axis of the 

crystal field. The field at the nucleus results from the orbital motion 
'/ 

of the electrons and from an electronic spin dipolar interaction. If we 

consider only systems with Kramers I degeneracy, A and B· in Eq. 

(II. c.n) are the matrix elements: 413 I3N gI (1/ r 3) < + I Nz 1+)·, and 

4£) I3N gI (1/r3)(+I N
x l-) respectively. Here I3

N 
is the nuclear 

magnet on , the nuclear g-factor and ~ is the operator 

" "! 
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L {
. . 3(r.· s.)r·1 

-~ -~ ~ £. - s. + 2 
-~ -~ . r. 

~ 1 

where t. and s. are 
-~ -1 

electronic orbital and spin angular momentum operators. The 1+) and 

1-) refer to the two members of the Kramers' doublet. If A> 0 and 

B = 0, the hyper fine energy level scheme consists of 21+1 equally 

spaced levels characterized by I'Mg,~). For S = 1/2 the lowest 

level is doubly degenerate and corresponds to 1MB = ± 1/2,.~ = ± I) . 

At low temperatures the nuclei will preferentially populate this level, 

and consequently the direction of orientation will be parallel to the 

quantization axis. For A = B there are only two levels, and no 

nuclear orientation is produced at low temperatures. If B fo 0 

and. A = 0, the hyperfine level scheme consists of 21+2 unequally spaced 

levels characterized by linear combinations of I ± MS' ± ~). For 

S = 1/2 and half integral. I the lowest level corresponds to 

1/J2 [IMs= 1/2,~"= -1/2) - I - 1/2, 1/2)]. At low temperatures the 

nuclei will alig~ by populating this level preferentially. Phenomenolo-

gically, one may think of the nuclei as orienting in a plane perpendicular 

to the quantization axis, and consequently this is known as planar align-

ment. 

When a small magnetic field « 1000 Oe) is applied to the crystal, 

the electron spins will polarize and will in turn polarize the nuclei. 

This is known as Gorter
42

_Rose43 polarization. The Kramers' degeneracy 

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 
i 

- in general - warm the 'crystal. 
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Measurement of Absolute Temperature by Nuclear Orientation 

3 44 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 magnesiUlil 

nitrate3 above O.002<>"K and for neodymium ethyl sulfate44 between 1 0 K 

and O.OloK using the techniques to be described in the following 

paragraphs. 

In a nuclear orientation measurement of temperature the radio-

isotope is the thermometer, and as with any thermometer certain con-

ditions must be satisfied. In general the thermometer must be in good 

thermal contact with the system to be measured; it must be sensitive to' 

thermal changes in the system; and the relation between its thermometric 

parameter and temperature must be known. ' The first condition requires 

that the nuclear spin-electron spin relaxation time be short. An obvious 
'\ 

first choice for a salt like CMN would be a Ce isotope. The second 

condition requires a temperature-sensitive angular distribution of radiation 

which does not saturate at even the lowest temperatures. The final 

condition demands that all the relevant Uk' Fk, and ~(T) are 

known. 

Knowledge of ~(T) implies a knowledge of the spin Hamiltonian 

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 determined separately. If an S-T or a T @ - T 

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

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

w(e = 0) is measured at each temperature. The arigle e = 0 is chosen 

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

-;<, data are then fitted to Eq. (ILC.l), and the values of the spin 

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

obtained. When the values of the parameters are known, w(e, T) can 

be calculated for any value of T and e . 

The crystal is then demagnetized from known values of HIT 

(or entropy) to the low temperature, and w(e = 0) is measured. When 

the w(e)'s are converted into temperature,an entropy-temperature 

relation is established. Unfortunately for each (8, T) point a 

separate demagnetization is required'since the entropy is known only 

just after demagnetization. Irreversible heating effects due to natural 

heat leak and radioactive heating will change the entropy from the 

measured value over a period of time. It usually turns out however, 

that the sample remains isothermal sufficiently long to acquire 

resonable counting statistics in w{e). If this is not the case, then 

warm-up corrections must be applied. 

The major difficulties in this type of experiment arise from 

uncertainties in calculat,ing w{e) (e.g. background corrections). The 

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

dis'cussed in the next two sections, and these difficulties will be 

dealt with then~ 
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III. EXPERIMENTAL 

In this section the important details of the experimental technique 

and apparatus will be discussed. Such topics as the 3He refrigeration 

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

gamma ray detection system will be emphasized. The section will be con-

cluded by a chronology cif an actual experimental situation. 

A., 3He Refrigerator 

All the nuclear orientati6n experiments were performed in a 3He 

refrigerator manufactored by Cryonetics corporation45 (Model 302) and 

substantially modified in this laboratory. The apparatus is a conti-

" 46 
nuously operating refrigerator of the type described by Ambl~r and Dove 

and will be discussed briefly. A diagram of the apparatus is shown in . ' 

Fig. 111.1, and a block diagram of the circulation system is depicted 

in Fig. III. 2. 

The warm'incoming 3He gas is partially ~ondensed in the input 

4 capillary; which is soldered to the 1 0 K He bath. The liquid-gas mixture 

flaws downward toa porous plug of sintered stainless steel (the frit)47 

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

close to that of the 3He bath, and consequently additional condensation 

of the 3He gas is achieved at this point. The 3He flows f!om the frit 

into the 3He bath where refrigeration is obtained by pumping off the 

vapor above the 3He liquid. The bath container is high-purity copper 

and is hard soldered to a" stainless steel tube which is connected to 

'the pumping system. Several vertical copper rods are imbedded in the 
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Figure III.l. 3He Refri&erator . 

. , 
The liquid N2 dewar is not shown. 
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Figure 111.2. 3He Circulation System. 

The arrows indicate the direction of flow of the 3He • 

The symbols in the drawing refer to the following: 

F (frit); DP (diffusion pump); MP (mechanical pump); _ 

EC (to experiJllental chamber); S (3He storage tank); 

PG (PhillipS gauge); HG (Hastings-Raydist thermocouple 
,-

gauge); MG (M~Leod gailge); 0 ( valves) • The valve numbers 

refer to the following: 1. (fine circulation); 2. (coarse' 

circulation); 3. (flow throttle); 4,5,6. (isolation valves); 

7. (cryostat bypass); 8. (exchange gas admit). 
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bottom of the 3He chamber to insure homogeneity in temperature and 

dens~ty throughout the liquid. The total volume of liquid 3Hein the 

bath 'at anyone time is less than 10 cc. 

The temperature of the 3He bath is regulated by the speed of 

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

a Consolidated Vacuum Corp6ration48 PMCS-2B two inch diameter oil 

diffusion pump (105 l/sec at 10-3torr ) in series with a Welch Duo-Seal 

1.402 KOO49 mechanical pump (5 cubicper min,itte). A temperature of O.5°K 

is achieved with the mechanical pump alone., In,termediate temperatures in 

the ranges 0.3° - 0.5°K; and 0.$° _ 1 0 K are obtained by throttling valves. 

1, 2 and 3 (c.f. Fig. IIL2). The mechanical pump has been hermetically 

sealed and provided with an oil seal on the drive shaft to prevent 

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

either returned to therefrigeration'system or shunted to a 2.5 liter 

storage cyl~nder. Slightly lower temperatures in the 3He bath may be 

achieved if the 3He is not recirculated. 

B. Vapor Pressure Measurements 

As. was discussed in Section ILA the entropy removed during the 

magnetization is a function of the temperature of the paramagnetic 

crystal. In this work the temperature of the crystal was assumed to be 

equal t:J the temperature of the 3He bath. The latter was determined by 

vapor pressure measurements. The precautions taken to insure that the 

paramagnetic salt was at the same temperature as the 3He bath will 

be discussed in Sections III.C and III.F. 

... 

X' 

... 
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The vapor pressure of the 3He bath was measured with a Consolidated 

Vacuum corporation48 GM-100A McLeod gauge. This gauge covers a pressure 

range from 10-5torr to 10 torr and hase. manufacturer's quoted accuracy 

of ±l.l% of the indicated pressure on the 0-10 torr scale, ±1.2% on the 

O-ltorr scale, and ±1. 5% on the 0-0.1 torr scale. The pressure may be 

. -3 + -4 
read to flO torr at 0.2 torr and to -10 torr for pressures less than 

-2 10 torr. The gauge is connected to a liquid nitrogen trap and in turn 

to the 3He system through a O. 58cm i. d. stainless steel tube tapped into 

the 3He pumping line just above the 1.1 oK 4He bath (c. f. Fig. IIL1). 

The vapor pressures measured in this way must be corrected for 

thermomolecular pressure differences resulting from the temperature 

difference between the gauge and the 3He bath. This correc'tionwas 

obtained fr~m the results of Roberts and Sydoriak50 and is plotted in 

Fig. III. 3.. Recent measurements by Watkins et a1. 51 and by Freddi and 

ModEma52 are in disagreement with the results of Roberts and Sydoriak. 

However, according to Watkins et al., the temperature determined from 

3He vapor pressure measurements with their pressure correction would be 

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

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

it was neglected in this work. The temperature of the 3He bath can then 

be'determined from the 3He vapor pressure with the 1962 3He vapor 

pressure-temperature scale. 53 

The pressure fluctuation in the '3He bath during the magnetization 

(after the paramagnetic salt had come into equilibrium with the 3He bath) 

was about ± 3 x 10-3torr when the bath temperature was 0.5'oK. 
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Figure 111.3. Thermomolecular Pressure Correction. 

R is the radius in cm of the.· sensing tube. Pw is the 

pressure in microns measured at the room temperature (23°C) 

McLeod gauge. Pc is the actual pressure in microns of 

t~e 3He bath . 
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This corresponds t.o a fluctuation of about 0.0015°K. At 0.3°K the 

bath pressure could be continuously monitored with a Phillips gauge 
~ 4 . 

(ModelPHG-09). No devia:tionslarger than 2 x 10- torr (about 

0.003°k) were observed. 

C. The . Ex:perimental Chamber and i'is Contents 

As has been discussed previously,it is essential for the 

. measurement of entropy that the paramagnetic crystal attain thermal 

equilibrium with the 3He bath during the magnetization. In addition 

the sample must be so positioned within the experimental chamber that any 

heat leak will have a small effect at the low temperatures; Early 

experiments in the developmental stage of this research indicated that 

great care was necessary to satisfy these requirements. In the course of 

time the following, rather elaborate arrangement was developed and was 

\ 
employed in all,'the experiments reported in this thesis. 

The experimental chamber was a thin wall (0.010 inch) stainless 

steel right circular cylinder closed at the bottom and attached to the 

3He bath with Pb-Sn solder (c. f. Fig. IIL1). Thermal contact between 

the sample and the bath was achieved by a small pressUre « 0.02 torr) 

of 3He thermal exchange gas which could be both admitted and. removed 

through the experimental chamber pumping tube. During the magnetization 

a considerable amount of heat was evolved, and it was discovered that the 

rate of heat exchange between the crystal and the 3He bath was quite 

slow. This was primarily due to the fact that most of the surface area 

available to the 3He exchang~ gas was stainless steel, which has a low 

'" 
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thermal conductivity at temperatures below 1 0 K. To overcome this 

difficulty and to insure a minimum heat leak at the lowest temperatures, 

the following "cage", which fitted snugly- into the experimental cha.Iil.ber, 

was developed. 

A diagram of the cage and its contents is shown in Fig. III.4. 

The various parts of the cage, denoted by the letters on the right side 

of the figure, are explained in the following discussion. The upper 

part of the cage was a hollow right circular cylinder (a) of OFHC copper, 

partially c.1osed 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 horizontal circular brass rib (not shown) 

connecting the three vertical ribs was located at about the midpoint of 

the cage and added extra stability. 

Tungsten rods (c,n) were hard soldered into both the top and the 

bottom of the cage, and 3nnn thick pyrex rods (e) were joined to the 

tungsten rods by melting. The pyrex rqds extended downward and upward 

to pyrex vessels (g,k) containing chromium potassium alum-glycerine 

slurries~ This mikture was capable of cooling to O.OloK by adiabatic 

demagnetization and prevented any large heat transfer through the pyrex 

rod to the sample at the low temperatures. Compressed tablets of 

manganous ammonium sulfate (f,.e) capable of cooling to about O.loK . 

were glued to the pyrex rod above slurry holder (g) and below slurry 

holder (k). These tablets served as efficient cryopumps for any 3He 

exchange gas remaining during the demagnetization. The slurry holders 

were joined by 2mm pyrex rods (h), which formed a stirrup-like holder 
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~ .... 

Figure III. 4. Experimental Cage • 

. The letters are explained in the text. 

~ .. 
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(j) for the sample. When the sample was glued into the holder, it was 

prevented from undergoing any undesirable motion. Such motion might 

result either because of inhomogeneities in the magnetizing field which 

tend to pull the crystal toward the wall 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 O.OloK cryo

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

promote more rapid thermal equilibrium between the paramagnetic crystals 

and the 'He bath during the magnetization. Approximately ,0 1/16-inch 

diameter holes were drilled in the bottom and the top of the cage, and 

six strands (about five 'feet in length) of formvar coated copper wire 

(AWG #,0) ~ere strung up and down the length of the cage. For the sake 

of clarity only the holes are shown in Fig. 111.4. These wires were 

th~rmally anchored to the top of the cage by tightly winding each 

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

the bottom of the 3He bath, and both the cage and the wires were ther-

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

a significant surface area of high thermal conductivity to the 'He 

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 acces,s to the experimental chamber pumping tube. 
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D. MagneticField 

Magnetic fiE71ds up to 21 kOe were produced across a 2-5/8 inch 

54 gap by a water cooled iron core solenoid wi th 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 

one part in 105 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 potenti0meterwas driven by an 

appropriately 'geared :electric 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 model 720 

Rawson55 rotating coil gaussmeter was used in conjunction with a model 

203A George Associates56 rotating coil gaussmeter. The former was 

a relatively crude instrUment having a quoted accuracy of ±l% of the 

full scale reading which is equivalent to '±O.12 kOe for fields between 

4 and 12 ~Oeand ±o.4 kOe for fields between 12 and 40 kOe. The repro-

ducihility however, was .much better, being ±O.05 kOe on the lower range 

and ±O.l kOe on the up~errange; this arises primarily from the uncertainty 

i,n aligning the probe with respect to the field direction. The linearity 

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

was in the magnet during the experiment, the field could only be 

measured at the face of the pole piece and not at the location of the 

crystals. At the conclusion of the experiment the probe of 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 

the pole face w~ere the experimental measurements had been made. The 

field was t6en re-measured with both meters for each current setting 

used in the experiment. A plot of the field values from the two meters 

for the runs of June 1967 is shown in Fig. 111.5. A straight line was 

fitted through 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 experimental error in a field measurement included a 

precision (not accuracy) error from the Rawson meter, the least squares 

error from the fit.; and the ± 10 Oe from the George Associates meter. 

Above 20 kOe the Rawson meter was no longer linear. All the 

measurements made in this field range were made at a magnetizing current 
t , 

of 275 A. The field was determined bytaking.the average of all the field 

readings from the George meter obtained during the calibration measurements 

at the end of each experiment. For the current equal to 275 A, the field 

was found to be 21.07 ± 0.02 kOe. Since the magnetic field is near its 

saturation value at this current, it is expected that this procedure 

gives a reliable measure of the field. 

For all the remaining experiments a model 820 Rawson rotating 

coil gaussmeter with;.a quoted accuracy of ± 0.170 was used in conjunction 

with the George Associates meter. With the 820 Rawson meter the field 

is determined by ,balancing a bridge to give a null reading. The 
,;. 

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 ~ to readings from the Rawson meter. The 

arrow indicates the point at 2lkOe 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 associates meter, ± 0.1% from the Rawson meter, 

and an additional ± 20 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 detection system used in this eXperiment consisted of 

two 3 x 3 inch NaI(Tl) scintillators, each with a resolution of about 

7%. The scintillator and photomultiplier were purchased as a unit from 

the Harshaw Chemical Company. 57 The electronic amplification system. 

corlsisted of standard tra~sistorized units, and a block diagram is shown 

in' Fig. III. 6. The output from each biased amplifier was fed into a 

separate analogue to digital converter (AIX:::) 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 mention. Any given 

"live time" counting.period could be prescribed by a teletype command 

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

console at the experimental location. At the end of the prescribed 
, 

live time the computer would store two identification records and one 

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

The components are: source (S); NaI(Tl) detector (D); 

photomultiplier (PM); preamplifier (PA),; linear amplifier 

(LA); ,biased amplifier (BA); analogue to digital converter 

(ADC); teletype (TT); computer console (C); remote console 

(RC), magnetiC tape unit (MT). 

',.' 
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until a stoP. 'command was received. The first identificationr.ecord con-

tained an alphanumeric title supplied by the experimenter through the 

teletype while the second identification record contained the prescribed 

live tinie, the actual live time; and the on and off times of the AW's 

where time zero corresponds to the time. when the computer was first 

turned on. The stop command writes an 'lend of file" on the magnetic 

tape, and a new identification and live time can be specified for the 

next file. Data can be recalled from the magnetic tape and analyzed at 

any time when th~ADG's are not counting while more detailed analysis 

can be done in post-processing routines on the coc-6600 computer. 

F. Swmnary 

To swmnarize this section a chronology of an experimental 

situation will be presented. After the crystal is mounted in the cryostat, 

it is precooled in stages to 77°K by liquid nitrogen, to 4.2°K by 

li quid 4He , to 1. 1 OK by reducing the vapor pressure above the 4He , and 

.to temperatures below 1 0K by 3He refrigeration. During the liquid 

helium pre-cooling stage~3He thermal exchange gas has been in the 

experimental chamber to equilibrate the paramagnetic crystals with their 

surroundings. At operating temperatures of about 0.5°K the exchange 

gas pressure is approximately 10-20 microns Hg while at 0.3°K the 

pressure is less than 5 microns H€;. 

When the desired temperature is reached in the last pre-cooling 

stage, a magnetic field is applied to the crystals. The heat which is 

ev~lved 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 monitored continuously either with a Hastings-Raydist Model VT-6 

60 48 thermocouple gauge or a Phillips . gauge and usually takes between 

10-15 minutes to return to its equilibrium value. .After an additional 

15 minutes to insure thermal equilibrium between the crystals and the bath, 

the vapor pressure of the 3He bath and the ~gnitude of the magnetic field 

are measured. 

The exchange gas 'is pumped off by a Consolidated Vacuum Corporation 48 
,,/ : 

MCF-60 diffusion P~ until the pressure is less than 10-5torr at which 

point the magnetic field is turned slowly to zero field. When the zero 

field point is reached, a timer is started, the magnet rolled away, the 

counters rolled into pOSition, and the counting begun. Several "cold" 

counts of 15 or 30 seconds live time duration are taken,and after· 

approximately 5 minutes the crystals are warmed to the ambient. temperature 

by admitting 3He gas into the experimental chamber. A single "warm" count 

of 5 or 10 minutes duration is taken for normalization purposes. At the 

conclusion of the warm count the crystals are remagnetized and the 

process repeated until sufficient data are acquired. 

,'r, 
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IV. THE CERIUM MAGNESIUM NITRATE 'l'.EJ.\fPERA.TURE SCALE . 

This section is divided into five main parts: a summary of the 

137m " properties of Cr~ and Ce, sample preparation, data reduction, the 

presentation of the results, and discussion. The first part of this 

section is devoted to a brief review of the electric and magretic 

properties of CHN and the decay properties of 137mCe which will be 

relevant to the subsequent discussion. 

A. Phys~c1;l.l Properties of cr.IN and 137~e 

1. Crystal Structure 

The crystal structure of ClvIT{ has been investigated by Zalk~n 

t 1 61 ° th dO ff t· thO Th ° ~ ~. uSl.ng ex-ray :trac :ton ec nl.que. el.r measurements 

indicated that the site symmetry for the Ce+3 ions is C
3v 

if only Ce 

and Hg atoms are conside"red. The nearest Ce neighbors (to a Ce) are 
o 0 

three at 8.56 A and three at 8.59 A while the nearest r'lg neighbors 

(to a Ce) are one at 6.17 R, three each at 6.36 R, 6.98 ~, and 8.31 ~, 
" "0 

and one at 8.64 A. The 0 atoms of the nitrate ions, hOvTever, are 

actually the nearest neighbors tOo the Ce atoms and are located at the 

t,.,elve corners of an irregular icosahedron at an average distance of 

2.64~. Thus the .sJ-'1lIIlletry of the Ce +3 environment is not rigorously 

C3v but is lOvTered to C
3i

. In addition they found tyro types of (.1g 

atoms (C
3 

and C3i symmetries) and confirmed the paramagnetic resonance 
62 " 

results which showed octahedral hydration of the Mg atoms. The 

remaining six ~~ters of hydration are distant from the Ce atoms as was 

found by nuclear magnetic resonance. 63 Zalkinet ale concluded that the 
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most concise indication of the Ce and Mg coordination and the role of 

the waters is given in the formulation: 

2. Electric and Magnetic Properties 

Ce+3 has a single 4f electron corresponding to a 2F term which 

2 
is split by the spin-orbit interactionintoF

5
/ 2 and 

~ -1 
In the free ion the -F

5
/ 2 level is 2250 cm below the 

terms. 

64 
level. 

The crystalline electric field of the double.nitrate lattice splits the 

2 
F5/2 level into three Kramers' doublets, and some important properties 

of these doublets are listed in Tables IV.l and IV.2. In Table IV.l 

are ~he crystalline field spli ttings' between the first , 

and the second doublets and between the first and the third doublets 

respectively. In Table IV.2 gl refers to the direction perpendicular 

to the synrnletry axis of the crystal, and gil refers to the parallel 

direction. The measurements cited were. performed on either pure CMN 

or Ce+3 in isomorphous, diamagnetic lanthanum magnesium nitrate, and 

the close agreement among the various values suggests that there is 

no substantial difference in the crystal field properties between the 

concentrated and dilute salts. For this research we have chosen 

gl == 1.84 for, the concentrated salt. 

The crystal·:.field properties of CMN have been investigated in 

detail by Judd74 a~d by Leask et al. 65 The latter analyzed their 

susceptibility data in terms of a crystalline field of C3v synrnletry 

and showed that the ground Kramers doublet was primarily 

i , 
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Table IV.l. Crystal field spli ttings. 

% Ce+3 Type of ,~ 

~/2/kCX '1.3/
koK 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 

34 100 69 Casimir-du Pre .... 
relaxation 

34 0.2 70 spin-echo 
relaxation 

34 2 arid 0.2 71 paramagnetic reso-
nance relaxation 

1',;. 
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Table IV.2. Magnetic properties of ground doublet. 

" 

%ce+3 
gl gil Ref. Type of Measurement 

1.84±.01 0.25 100 72 Electron Spin Resonance 
(ESR) 

1. 8264±. 0013 0.032±.068 dilute 71 ESR 

<.03 100 63 ,Rotational Cooling 

1.832 0.05±.05 100 65 Susceptibility 

1.830±.003 2 73 ESR 

1. 838±. 002 100 ·73 ESR 
~ , 
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IJ = 5/2, Jz = ± 1/2) with an admixture of 15/2, ~ 5/2) and 

17/2, ± 7/2). Thus J is rigorously not a good quantum number for 

+3 ' Ce in CMN~ 'In addition they found "anomalouslyll large values for the 

cciefficierits->A~ . 6 
and A6' in the crystalline field expansion and 

suggested that the s'imple crystal field model may hot be strictly valid 

for CMN. Since"the correct synnnetry for the Ce +3 ion is C
3i 

- not 

C
3v

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

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

are valid for C
3v 

synnnetry but not for C
3i

: 

. 6 -6 
A6 = A6 · Interpretation of their susceptibility data in terms of C3i 

synnnetry is therefore highly desirable before drawing any conclusions 

about the validity of the crystal field model forCMN. 

While this thesis was being written, the results of high field 

magnetization measurements on CMN were reported by Williamson and Cape. 75 

They claimeathat their data could not be explained by the simple ionic 
'-. 

crystal field modei, and therefore entropy calculations such as those 

described in Section II.A are incorrect. In Appendix A we present 

extensive calculations based on their paper and give a qualitative 

.estimate of the effect of their findings on the calculation of entropy. 

For the reasons discussed in Appendix A we have retained the simple 

ionic model for the entropy calculations in this thesis. The effect 

of their results on the T-S relation for CMN is discussed in Section 

IV.E. 

We have calculated entropy as a·function of the magnetizing field 

(H) and th~ initial temperature (T) uSing Eg. (n.A.6) and the partition 

functlon: 
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(IV.A.l) 

where gl = 1.84. This calculation is rigorously correct only for an 
! +3 

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

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

CMN temperature scale, and although the strictly ionic model is probably 

slightly deficient, it allows us to compare our results with the earlier 
" . 

studies. The lattic~ contribution to the entropy has been neglected in 

our calculations since the heat capacity measurements of ~iley76 show 

that SLat/R ~ 5 X 10-5 at 0.5°K. Values of sIR calculated from 

(IV.A.l) have been tabulated as a function of HIT by Hull and Hun,77 

and a plot of sIR vs. HIT is shown in Fig. IV.l. In conclusion it 

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

thus there is no nuclear contribution to the entropy of CMN. 

3. 137mCe 

As was discussed in Section ILC the requisite properties for the 

choice of an isotope for nuclear orientation temperature measurements 

are: good thermal contact with the lattice and the electron spin system; 

nuclear and electronic properties which are well-understood; and a temper-

ature sensitive angular distribution of radiation which does not saturate 

t . th 1 t t t p 0 0 t 3,78-80 0 thO a even e owes empera ures. rev~ous exper~men s ~n~s 

laboratory have indicated that 34 hour 137mCe satisfies all these 

requirements. 
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, .: 

Figure IV.l. siR vs. HIT for spin ~Ideal Paramagnet • 

. ~ 



[. 

0.50 

0.30 

0.10 

" 0 '10 

-55- UCRL-18476 

20 30 40 50 60 . 70 

HIT (kOe/OK) 
X BL689-6771 

Fig. IV.l. 



-56-, UCRL-18476 

The decay piop~rties of l37~e have been investigated by Brosi 

81 ", 80 82 and Ketelle and most recently by Frankel et al.' The latter used a 

high resolution Ge(Li) detector, and the decay scheme resulting from 

their work is shown in Fig. IV.2. This figtire was taken from Ref. 80. 

The transition of interest is the 255 keY -y-ray which de-excites the 

11/2 - 137~e level. Frankel et al. 83 have concluded that the multipolarity 

of this transition should be very pure M4. They say that "the lifetime 

(of l37~e) is only a factor of three below the single particle estimates, 

and even if the E5 strength were enhanced by as much as a factor of 50 

over single~proton estimates, which is extremely unlikely, the E5/M4 

intensity mixing ratio would be only 2 x 10-4• ,,83 Angular distribution 

studi~s83 of conversion electrons fro~ 137~e oriented in neodytnium 

. ethyi ,sulfate support this conclusion. For this research we have there-·, 

fore assumed that the 255 keY transition is pure M4. In addition 

Franke180 has shown that this transition is highly converted with 

(e) K/-Y :::: 5: 4 and (e) K/(e)L+M :;; 2.0. This relatively high conversion 

coefficient places a limit on the amount of 137mCe which should be 

grown into the CMN because the conversion electron energy will be almost 

completely dissipated in the crystal. This will be an importallt source 

of heat leak at low temperatures. 

The angular momentum properties of the nuclear decay are thus 

well,known and the angular momentum coefficients described in Section 

Ir.C can be easily determined. Further discussion of this pOint, however, 

will be deferred until Section IV.D when the interpretati~n of the data 

will be presented. This section continues with a description of the 

method of sample preparation. 
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Table IV.2. l37m+gCe Decay Scheme. 

This figure was copied from Reference 80 • 

. . ~ 
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B. Sample Preparation 

137~e was prepared in the Berkeley 88 inch cyclotron by a 

(p,3n) reaction on 139 La in high purity La20
3

• At the bombarding energy 

of ,30 MeV a small amount, of 139Ce was produced in the (p,n) reaction 

139La but Was not enough to hinder the experiment. Approximately 

1012 _ 1013 atoms of 137mce were obtained for the bombardment times 

used in this experiment. 

on 

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

described by Glendenin et al.
84 

The target was first dissolved in a 

minimum amount of 16M HN0
3

• The Ce+3 was then oxidized to Ce+4 by a 

solution of KBr03 in 8M HN03 (8.3g KBr03' 31.5 ml HN03' 18 ml H20) and 

transferred to a separatory funnel containing methyl-isobutyl ketone 

saturated with the oxidant. After a vigorous shaking for several minutes, 

the phas'es' were allowed to separate and' the lower aqueous phase containing 
, +3 

the Lawes drawn off and discarded. Approximately one milliter of 

8M HN03 containing two drops of the oxidant was then added. The contents 

of the separatory funnel were again agitated vigorously and the lower 

aqueous layer drawn off. The purpose of this step was to remove any 

La+3 which remained after the first separation. Unfortunately a 

significant amount of the radioactive Ce+
4 

was always removed in this step 

possibly because the methyl isobutyl ketone had not been completely sat-

urated'~th the oxidant. 
+4 " 

The Ce "lost" at this point was saved for 

reclamation if necessary. The methyl isobutyl ketone containing the 

+4 
Ce was pipetted into another separatory funnel containing a reducing 

solution (rr ml 3a1o H202, 50 ml IIN03' 33 ml H20) and again vigorously 

,-
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/ 

agitated. The lower aqueous phase, which now contained the Ce+3 , was 

drawn off and boiled to dryness. The organic phase was discarded. 

Invariably after the solution was boiled to drynes~ a dark residue 

- presumably from stop-cock grease dissolved by the methyl isobutyl 

ketone - remained. This could usually be destroyed by one or two boil-

ingswith the H202 - HN03 solution. The residue ~ a mixture of La(N0
3

)3 

and Ce(N0
3

)3 - was converted to the respective chlorides by dissolution 

in 12M HCl and bOi+ing to dryness several times. 

As a final step in the separation procedure, the residue was 

redissolved in 0.1 MHCl and placed on a Do~ex-50 cation exchange column 

for further purification. The column was washed throughly with 0.1 M HCl 

and the La-Ce ~ixture stripped off with 6M HC1. A spectrochemical 

analysis of the ,La20
3

target material, however, showed that it was of 

sufficient purity 'to forego this step (c.f. Appendix B). Nevertheless 
i 

, I 

inertia perpetuated its inclusion until an interesting effect was dis-

covered. Occasionally the solvent extraction was not very efficient and 

a considerable amount of La remained as was evidenced by a white powder 

when dry. If the ion exchang,e column were purpos_ely made too small 

(generally a 2 nun Ld. column was used),~ it was found that most of the 

La would wash through in 0.1 M HCl along with some of the Ce while most 

of the Ce stuck on the column. The Ce could then be stripped off with 

6MHC1, and when the solution was ")Joiled to dryness only a clear trans-

parent film containing practically all of the radioactive Ce and some 

La ,remained. The explanation for this effect presumably is due to the 

near equality of the equilibrium constants for the Ce+3 - resin and 

.. 
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La+3 - resin systems and the great initial excess of La (La/Ce) 108 ). 

In this way 137~e sources of very small mass and high activity could 

be prepared. This last refinement (Le. the "small column" e'ffect) 
, 'i 137m 

was used only for the, Ce in cerium zinc nitrate experiment reported 

in SectionV. 

The Ce+3 -HCl solution from the ion exchange column was boiled 

to dryness, and the residue was dissolved in saturated CMN solution at 

5°C. Clear, visibly faultless, single crystals of CMN between 10 and 

15 rom in diameter and about 2 rom thick were placed irtthe solution. 

A photograph of one of the crystals is shown in Fig. IV.3. The light 

flecks on the surface of the crystal are due to reflection of light off 

surface imperfections. The solution was then placed in a 5°C refriger

ator, and the radioactivity was allowed to grow into the crystals for 

16-20 hours. Because of the incompleteness of the La-Ce separation 

some La was present in the solution and also grew into the crystals. 

A spectrochemical analysis85 showed that 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 

inactive layer was allowed to grow for 16-24 hours. The CMN solution 

and crystals had been prepared in the usual way: i.e., by mixing 

stoichiometric amounts of Ce(N0
3

)3 and Mg(N0
3

)2 in H20 to form a 

saturated solution, repeated recrystallization until the resulting 

crystals (arid solution) were clear, and subsequent growth of the cry

stalS from the saturated solution 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 CMl.'J. 

This crystal in this photograph is magnified by a factor 

·of about 2.5. 
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Fig. IV.3. 



UCRL-18476 

After the inactive layer has been grown on the crystals, they 

were removed from the solution, dried and five or six of the~ weighing 

about 1.4 g total were glued together with Duratite
86 

cement to form 

the experimental sample. The crystals were then mounted in the apparatus 

with great care being taken to insure that the c axes of the crystals 

were oriented properly with respect to the vertical plane and magnetic 

field direction (horizontal plane). The alignment in the vertical plane 

(i. e. perpendicular to the c axis) was checked with a level anq, was 

accurate to about ± 1.5°. A special procedure, however, was used to 

check alignment in the horizontal plane. The crystals were first aligned 

visually so that the c axis was oriented at 0° with respect to a set of 

angles marked off o,n the counting table. When all ,looked well, the 

crystals were gl~ed into the holder and the apparatus was completely 

assembled. The first three runs were demagnetizations from HIT. ~ 43 
'l 

koe/OK and were used to select the direction of the c axis., For these 

runs the "I-ray intensity (w(e)) was measured at six different angles 

(two per run), and the angular distribution in the horizontal plane 

was mapped. The centroid of the distribution could then be determined 

and the direction of the c axis was located at about ± 1°. A typical 

angular distribution is shown in Fig . IV. 4 in which the points are 

uncorrected for background. 

.' 
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,. 

Figure Iv.4. w(e) vs. e for the June 1967 Experiment. 

The maximum and minimum, indicated by the arrows, are 

located at 182° and 92°, respectively. The detector 

positions'were rotated to compensate for this slight 

( misalignment. 
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c. nata Reduction 

1. Background Correction 

All the experiments utilized NaI(Tl) scintillation detectors, and 

a typical "I-ray spectrum is shown in Fig. IV.5. A high resolution Ge(Li) 

spectrum over the same energy region is shown in Fig. IV.6. This spectrum 

was taken ten days after the cyclotron bombardment, and consequently the 

relative intensity of the 166 keY "I-ray from 140-day 139Ce is much larger 

than under normal running conditions. In actual practice it is usually 

about the same relative intensity as that of the 168keV "I-ray of 137Ce . 

The primary feature of interest in the Ge(Li) spectrum is the Compton 

edge at 284 keY, which falls under the 255 keY peak in the NaI(Tl) 

spectrum. This constitutes "background" and must be subtracted from the 

intensity of the 255keV "I-ray to give correct intensities. In addition 

there is a room background which becomes increasingly large for energies 

below 280 keY and is due primarily to Compton scattered radiation from 

40K in the walls of the laboratory and various 60co sources in use 

elsewhere in the laboratory. 

Because of the complexity of the background an empirical pro-

cedure was developed to make the necessary correction. The general 

slope of the background could be constructed by combining the room 

22 
background spectrum with a spectrum of, Na. The latter has an annihilation 

quantum at 511 keY and so will have a Compton edge at 341 keV., By 

translating the photo peak downwards in energy until it coincided with 

the 137ce peak at 446 keY, the behaviour of the Compton background 

under the 2~)5 keY peak could be qualitatively reproduced. Figure IV.7 

illustrates the two components of the background. The correction was 
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o 

Figure IV.5. NaI(Tl) Spectrum of l37m+~e. 

The" isotopic origins of the photopeaks are indicated in the 

plot with transition energies in parentheses. The peak at 

446 keY is a composite peak consisting primarily of the 446 

~-ray but also including the following ~-rays: 433, 436, 

479, 482, 492. The position of the Compton edge from the 

446 keY is indicated by E. 
c 
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Figure IV.6. Ge(Li) ~-Ray Spectrum of l37m+Sce. 

The isotopic origins of the ~-rays are indicated in the 

figure with the energies in parentheses. The small peak at 

about 265 keY was not identified but may correspond to a 

transition between the 708 and 446keV levels in l37La 

(c.f. Figure IV.2). The Compton edge from the 446 keY 

~-Ray is indicated by E. 
c 
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Figure IV. 7. Background Component s • 

The 511 keV peak of 22Na has been translated to the position 

of the 137Ce 446 keV peak and qualitatively shows the beha

viour of the Compton background under the 137mce 255keV 

peak. The intensity of the 511 keV peak has 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, which is a plot of a "warm" count 

spectrum. Line (bST ) is a linear extrapolation of the high energy back

ground while lines (bi ) were drawn to approxi~te the effects shown 

in Fig. IV.7. 

The selection of the best line (bi ) was the critical step and 

was performed in the following manner. The warm counts for a consecutive 

series of four or five runs were added together for each channel in the 

photopeak. The same was done for the cold counts, and the cold count 
-

channel values were multiplied by a factor accounting for any .counting 

time difference between the cold and warm counts. The background was 

determined for each channel for the various lines (bi ) in Fig. IV.8 and 

subtracted from the corresponding values in the cold and warm counts. 

The function C-BjW-B (where C, W, and B refer to the cold count, 

warm count, and background correction respectively) was then calculated 

channel by channel for each line (b.) and plotted as shown in Fig. IV.9. 
~ 

Because the cold and warm photopeaks are Gaussian 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 the proper background 

correction. The background line (b.) in Fig. IV.8 which best satisfied 
~ , 

this condition was chosen 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 constancy was observed. 

Differences in the background for the cold and warm counts have 

not been explicitly taken into account. Such differences would arise 

from anisotropy in the Compton distribution from the 446 keV'Y-ray. 

: .. 
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Figure IV.8. Background Approximations. 

Lines b. (1 < i < 4) were drawn to approximate the 
J. - -

effects illustrated in Figure IV.6. Line bST is a 

straight line extrapolation of the high energy background. 

" . .-. 
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Figure IV.9. (C -B)/(W - B) vs. Channel. 

B is the background correction per channel. The 

smoothed curves bl , b
3

, and bST refer to the correspond-

ing background approximations in Figure IV.7. 

corresponds to no background correction. Curve 

Eine b o 

was 

selected as the best approximation to the actual background, 

and the cold and warm intensities were calculated for the 

photopeak from channel 132 to channel 150. The upward curl 

for channels > 150 is due to a slight over-correction in the 

background. 
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The procedure outlined above, however, serves to pick the best average 

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

the data over a wide range of ~-ray anisotropy does not indicate an 

empirical need for further refinement along these lines. Another effect 

associated with Compton scattering is the low energy tail on the 255 

keV ~-ray. Because of the low energy of the ~-ray and the 7% resolution 

of the detectors, Compton-scattered radiation from this ~-ray falls under 

the low-energy side of its photopeak. The Compton tail has a different 

angular distribution than the ~-ray because the Compton scattering pro

cess is sensitive to the linear polarization of the ~_ray.79 Figure 

IV.10 illustrates this feature. This tail, however, is automatically 

excluded from the calculation of intensities by the method outlined in 

the previous paragraph. 

137m. Because of the relatively short half life of Ce, the back-
'\ 

ground contribution from the 137Ce Compton distribution will decrease in 

time with respect to the constant room background. In a long series of 

runs extending over several days this effect should be taken into 

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

count uncorrected for background, Was the intrinsic warm intensity 

of the l37mce ~-ray, S as the Compton background from higher energy 

~-rays in the source, and R as the room background, then 

B = S + R (IV.B.l) 

W
t 

~. W + B = W + S + R (rV.B.2) 

I 

" 
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Figure IV.IO. Cold and Warm Photopeak Intensities at e = o. 

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

This region was excluded in the calculation of w(e). 
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Wt = W + S + R = 1 + ~ + ~ 

W W 
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S/W depends only upon the geometrical set up of the experiment and 

should be constant for anyone experiment, since both Sand W have the 

same time dependence. R/W, however, varies in time since R remains 

or 

- 1 tjT = a 
+ a + b e 

t/Ta 
a + b e = l..;,a 

(IV.B.4) 

(rV.B.5) 

Thus the time dependence of the. background correction can be worked out 

by calculating the background as shown in Figs. rv.8 and IV.9 for several 

sets of runs at different points in time and fitting the results to 

Eq. (rrr.B.5). This formula can be converted to a simple linear equation 

merely by a change of variables, and the parameters a and b can be 

determined easily. The appropriate correction can then be calculated 

* ·~7 .. ~7 Because the half life of Ce (9 hri is shorter than the mce half 
life (34 hr), the d~cays of 137Ce and 37mce are in secular equilibrium. 
The effective half life of 137Ce is thus 34 hours. 
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at any time t. Figure IV.ll displays the background correction results 

as a function of time for the June 1967 experiment. Each of the points 

represents an average over a minimum of three runs. The background 

corrections dete~mined 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% (1. e.6% of a 

la{o 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. 

This was necessitated by very small electronic gain shifts in the 0 ° 

spectra. Presumably these gain shifts resulted from the large changes in 

the counting rate either just after demagnetization or upon warming the 

sample for the normalization count. An attempt was made to minimize the 

former by keeping a 137~e source of appropriate intensity in front of 

the detectors during magnetization. Since the 0° and 90° corrections 

were quite similar for the June 1967 experiment, it was assumed that no 

additional uncertainty was introduced by using only the 90° data to 

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

shift and the difficulty in correcting for· it, no attempt at correction 

was made. 

2. Warm,..;.up Corrections 

Innnediately after demagnetization a series of cold counts of 

either 15 or 30 second duration each were taken for about 5 minutes. For 

most of the demagnetizations in this experiment the counting rate did not 

change within statistics until several (between two and eight) of these 
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Figure TV.II. Time Dependence of Background (6/67 Experiment). 

The data points represent summations over four or five runs. 

The circles correspond to 0° data and the squares to the 90° 

. data. The solid line is the best straight line through the 

four pOints at the extrema of the plot. The intermediate 

points showed some evidence of a small electronic gain 

shift and were not used in the fit. The dashed lines 

represent ± 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 essentially con

stant. For four of' the demagnetizations into the high temperatUre 

region, however, the counting rate changed continuously 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 rv.4. The values of wee) 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 listed 

quantity and refer to the last significant figures of the experimental 

quanti ty. The error,s in W( e) were calcurated in the usual way from the 

statistical errors in the cold and warm counts and the estimated 6% 

uncertainty in the background correction (e.g. see Reference 87). A 

sample calculation of w(o) is given in Appendix C. The entropy values 

were 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 the magnetization since the change in 

entropy was found to be smalL This point is discussed in detail in 

Appendix D. In Fig. IV.12 w(o) is plotted against £n2-S/R (the 

entropy removed in the magnetization). and T o 
are explained later 

in Section IV.D (c.f. "Interpretation of Data Numerical"). The most 
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Table IV.2. 137rnce in CMN, March 1967. 

H/T~~) SiR W(O) W( 7T/2) TH(mOK) T (mOK) 
0 

27.9 (2) .139 (3) 1.895 (14) .6983 (75) 1.68 (9) 1. 73 (9) 

29.5 (2) .120 (3) 1.923 (14) ·7172 (69) 1. 49 (9) 1. 55 (9) 

31.7 (2) .098 (2) 1.895 (15) .7107 (55) 1. 68 (10) 1. 73 (10) 

35.8 (2) .065 (1) 1.940 (15) ·7055 (57) 1. 38 (10) 1.45 (9) 

21.6 (1) .241 (3) 1.886 (17) .7014 (93) 1. 75 (12) 1.78 (11) 

25.6 (2) .172 (3) 1.870 (12) .7105 (59) 1.86 (8,9) 1.89 (8) 

68.2 (7) .002 (0) 1. 960 (18) .6782 (79) 1.25 (11,12) 1.33 (10,11) 

43.8 (6) .029 (3) 1.937 (16) .7081(58) 1. 40 (11) 1.46 (10) 

The numbers in the parentheses indicate one standard deviation and . 

refer to the last significant figures in the listed quantity. W(O) 

and' W(7T/2) have not been corrected for solid angle effects. For 
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Table IV.3 . 137rnce in CMN, June 1967. 

. H/T~~e) S/R W(O) W(7T/2 ) TH(mOK) T (mOK) 
0 

41.8 (1) .036 (1) 1.936 (15) . 7076 (51) 1.41 (9,10) 1.47 (9) 
... 

34.7 (2) .072 (1) 1.918 (11) .7054 (48) 1. 53 (7) 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) .324 (2) 1.879 (14) .7028 (73) 1.80 ( 9) 1.83 (9) 

11. 7 (1) .489 (3) 1. 721 (13) .7367 (76) 3.04 (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) 2.34 (12) 2.36 (12,13) 

20.0 (1) .276 (2) 1.857 (11) .7211 (53) 1.95· (8) 1.98 (8) 

22.9 (1) .217 (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) .244 (2) 1.899 (13) - .7177 (65) 1.66 (9) 1. 70 (8) 

66.3 (7) .003 (1) 1.936 (15) .6877 (71) 1. 41 (10) 1.47 (9) 

53.9 (6) .009 (1) 1. 932 (16) .7148 (62) 1.43 (il) 1. 49 (10) 

33.2 (2) .084 (2) 1.936 (19) .7015 (66). 1.4L (12) 1.47 (12) 

68.0 (7) .002 (0) 1.933 (16) .6998 (58) i.43 (10,11) 1. 49 (10) 

44.6 (6) .027 (2) 1.937 (15) .6989 (65) 1. 40 ,(10) 1.46 (9) 

66.9 (7) .002 (1) 1. 941 (14) .7003 (59) :1.37 (9) 1.44 (8,9) 

32.8. (2) .088 (2) 1.933 (18) .7048 (66) 1.43 (12) 1. 49 (11) 

23.9 (2) .199 .( 4) 1.'890 (17) .6986 (74) 1.72 (11) 1. 75 (11) 

20.4 (1) .268 (3) 1.871 (15) .7068 (71) 1.85 (10) 1.88 (10) 

18.9 (1) ·301 (3) . 1.873 (17) .·7215 (73) 1.84 (11,12) 1.87 (11) 

The·numbers in the parentheses indicate one standard deviation and refer 

to the last significant figures in the listed quantity. W(O) and 

W(7T/2) have not beeri corrected for solid angle effects. For 

H/T < 45 kOe/~,T ~ 0.5°K;. for H/T> 45 kOe/oK, T ~ 0.31°K. 
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Table Iv.4. 137mce in CMN, January 1968. 

«, 

HIT (kOe) SiR W( 0) W( n/2) TH(mOK) T (mOK) , oK 0 

,,.. 

25.74 (lO) .170 (2) 1.894 (12) .7187 (47) 1.69 (8) 1. 73 (8) 
35.55 (13) .067-(1) 1.924 (15) .7194 (51) 1.49 (lO) 1.54 (9) 
30.18 (11) .112 (1) 1.919 (15) .7232 (66) 1.52 (lO) 1.57 (9) 
23.13 (9) .213 (2) 1.887 (12) .7255(57) 1. 74 (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) 
13.13 (6) .450 (2) 1. 797 (15) .7456 (59) 2.40 (12) 2.42 (12) 
17.48 (7) .334 (2) 1.901 (19) .7041, (67) 1.64 (13) 1.69 (12) 
9.28 (5) .554 (2) 1.655 (17) .7563 (70) 3.69 (17) 3.69 (18) 
8.10 (5) .584 (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) 
5.94 (5) .630 (1) 1.479 (17) .7766 (119) 6.17 (32) 6.17 (30) 
6.57 (5) .618 (1) 1.464 (12) .8053 (86) , 6.45 (22,24) 6.45(22,24) 
7.80 (5) .591 (1) 1.536 (12) .7944 (70) 5.22 (18) 5.22 (18) 
8.8'4 (5) .565 (1) 1.633 (14) .7656 (73) 3.94 (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) 2.14 (19) 2.16 (19) 
8.48 (5) .574 (2) L614 (24) .7570 (88) 4.17 (29) 4.17 (29) 

The numbers in the parentheses indicate one standard deviation and 
refer to the last significant figures in the listed quantity. W(o) 

and w(n/2) have not been cbrrectedfor solid angle effects. For 
HIT < 45 kOe/oK,T ::::::0.5°K; for HIT> 45 kOe/oK, T :::::: 0.31°K. 

~. 
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Figure IV.12. W(O) as a function of £n2 - siR for the 

three sets of runs. The solid curve represents the smooth 

curve through the present data and the broken curve the 

smoothed results of Frankel, Shirley, and Stone. These curves 

are discussed in Section IV.E. 
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notable feature of this plot is that W(O) 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(e) data in terms of temperature one must 

know the parameters ~(T), Uk' Fk, gk' and Pk(cose) (c.f. Eq. 

(II.C.l). For an M4 transition from an 11/2 level the maximum value of 

k is 8. Since there are no transitions preceding the <me of interest, 

all the Uk are equal to one. The Fk (4,4,11/2,3/2) can be determined 

from the tabulation of Ferentz and Rosenzweig. 32 ~alues of g2 and g4 

88 for thephotopeak have been calculated by Yates as a function of 

~-ray energy and experimental geometry. For our experimental geometry 

(the center of the source is 10 cm from the face of 3" x 3" NaI(Tl) 

detector), g2 and g4 for a 255 ~-ray were obtained by interpolation 
.. 89 

from Yates' tabUlation. Culvahouse has suggested that g6 and g8 

may be calculated from the formula given by Rose. 90 

Pk(COse) - cose Pk(cos e) 

(k t 1)(1 - ~os e) (IV.D.l) 

The value of cos e is chosen so as to reproduce the photopeak values 

of g2 and g4 given by Yates and is found to be 0.9464. 89 The values 

of the various gk and Fk are tabulated in Table IV.5· 

distribution can then be written: 

The angular 

+ 0.0169 B6(T) P6(cose) - 0.0774 Bg(T) P8(cose) . 

( IV. D.2) 

.. 

''":' 
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Table IV.5. F Coefficients and solid angle factors for 137mCe . 

i-

k Fk gk 
\" 

2 - 0.88902, 0.9214 

4 + 0.44341 0.7545 

6 + 0.03197 0.5297 

8 - 0.26243 0.2948 
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The minimum requirement for determining the ~(T) factors is 

that the form of the spin Hamiltonian be known. Kedzie et a1. 91 have 

observed the electron spin resonance absorption of l4lCe +3 (I == 7/2) in 

the isomorphous, diamagnetic salt, lanthanum magnesium nitrate, and 

found hy'perfine structure which they interpreted in terms of the spin 

Hamiltonian: 

~ ~ H S + gl ~(H S + H S) + AS I + B(S I + S I) o gil z z x x ' y y z z . x x y y 

(IV.D.3) 

where B» A. In the concentrated cerium salt spin-spin interactions 

will be present and should be included in the Hamiltonian. The spin-

spin Hamiltonian (~ ) includes both dipolar ss 

exchange (~ ) terms and can b.e written: exc 

~ =~ +~. ss exc .dJ.p 

where 

and 

~d' . J.p 

and interatomic 

(IV.D.4) 

(IV.D.5) 

( (IV.D.6) 

In these equations the subscript i designates the ion of interest. 

J ik ' is the exchange integral between ions i arid k and r ik the 

distance between them. In Eq. (IV.D.6) ~ 
fl is the magnetic moment of 

the atom and 
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(lV.D.7) 

All the available calculations of spin-spin effects have neglected 

the exchange interaction and have considered only dipolar effects. This 

is a good approximation for CMN in the temperature region above 0.006°K 

where Daniels23 has shown that the heat capacity of CMN is adequately 

explained by considering only dipolar inte~actions. The dipolar field 

has been calculated classically by Felsteiner92 who finds an effective 

field of 60.67 Oe acting on the Ce+3 ions. Culvahouse et al. 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. 
o 

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

exchange interaction is small. We have therefore neglected the effects 

of exchange and have chosen the following spin Hamiltonian for the 

purpose of analysis: 

~ = B(S I + S I) + gl ~ Hx Sx x x y y 
(IV.D.8) 

wh~re we have set A = 0 . and represented the dipolar interaction by 

a magnetic field H = 60.67 Oe. 
x 

3. Interpretation of Data, Numerical . 
The value of the hyperfine structure constant B was deter-

'+ mined by normalizing our data to the results of Hudson and Kaeser in 

the entropy range 0.063 ~ (Rn2 - siR) ~ 0.164. The region was 
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arbitrarily chosen as the region over which there was substantial agree-

ment between the two'sets of ~esult~. The (T, S) results of Hudson 

and Kaeser were converted to (W(O), S) points with the aid of a 

computer program employing Eqs. (II. c. 6), (II. C. 7), (IV. D. 2) and 

(IV.D.S) for various values of B. A smooth curve was drawn through these 

pOints and was compared to the W(O), siR data in the above-mentioned 

entropy range. The best value of B was selected by the least squares 

criterion and was found to be: B/k = 0.00S20 ± 0.00042°K. For com-

parison purposes B was also determined for the case when H = 0 
x 

(Le. no spin-spin interactions) and was found to be: B/k = 0.00S14 ± 

0.00043~. This is some~hat smaller than the value B/k = 0.ooS64°K 

(H = 0) found by Frankel et a1. 3 after normalization to the calorimetric x . -----

results of Daniels and Robinson. l 

With these values of B, W(O, T) was calculated by computer for 

values of liT in the range 0 ~ liT ~ 1000. A plot of the.results of 

these calculations is shown in Fig. IV.13. The values of W(O) in this 

figure have been corrected for the solid angle effects of the experimental 

geometry. The upper curve (a) refers to the case H = 0 and the lower x 

curve (b) to H = 60.67 Oe. 
x 

The two important features of this plot 

are that: W(O) is sensitive to temperature over the whole range of 

interest; and H 1= 0 x 
lowers W( 0) for a given value of liT. 

The importance of the ,P6 and Ps terms in Eq. (IV.D.2) is 

indicated in Fig. IV. 14. The abcissa represents the temperature 

determined from the k = 2 and k = 4 terms in the W(O) expansion. 

The ordinate denotes the (additive) change in liT when the k = 6 and 

k = S terms are included. 
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Figure IV.13. W(O) v's. liT. 

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

(a) corresponds to H = 0 and curve (b) to H =,60.67 Oe. x x 
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Figure IV.14. P6 and Ps Contribution (B/k = 0.00820oK; Hx = 60.67 Oe). 

(liT)' is the temperature determined from the, k = 2 and 

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

change in liT when the k = 6 and k = S terms are included. 
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From the W(o), T correlation established above, the W(O) 

values in Tables IV.2, IV.3,and IV.4 were converted to absolute temper-

atures and are listed in the last two columns of those tables. In these 

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

W(O), T relation corresponding to H 60.670e and T the x 0 

temperature for H = O. x . In cases where there are two numbers in the 

error parentheses, the value T(tl , t 2 ) is to be read T + tl or 

- t 2 . The error bars are not symmetric about T because W(O) is not 

a linear function of T. 

In Fig. IV.15, the temperature (TH) is plotted as a function of 

siR. 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. For the (TH, siR) data the fit was performed in two 

parts: a cubic equation for' 0.002 ::: SiR::: 0.312 and a sixth order 

polynomial for siR> 0.312. These equations joined smoothly with 

equal first derivatives at siR = 0.312. In the upper region the 

following (T, siR) points from the Hudson and Kaeser results were 

included with a weight of ten to insure consistency between the smoothed 

results and .. the normalization procedure described previously: (2.93, 

0.5063), (3.37), 0.5333), (3~90, 0.5595), (4.65,0.5844), (5.14,0.5963), 

(5.66, 0.6077), (6.18, 0.6185), (6.69, 0.6289). The same procedure Was 

followed for the (To' siR) 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 (siR = 0.002) and is 

approximately O.06m oK. The computer generated equations for the 

(T, siR) fits are given below. 
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,Hudson and Kaeser results 

computer generated curve to the present 

data (Eqs. IV.D.9 and IV.D.10). 
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Figure IV.16. TH and To vs. siR. 

a)TH vs. siR 

b) Tvs. SiR. o 
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H = 60.67 Oe 
x 

TH = l.3492 + 2.1458(sjR) - 3. 2667(sjR)2 + 5.8891(SjR)3 

for 0.002 ~ SjR ~ 0.312 

TH = 1.3768 - 0.31721(SjR) + 34.679(SjR)2 - 228.58(S/R)3 

+ 721.32(SjR)4 - 1145.6(SjH)5 + 784.30(SjR)6 

H = 0 x 

for 0.312 ~ SiR ~ 0.640 

TO = 1.4160 + 2.0082(SjR) - 3.3578(S/R)2 + 6.3913(SjR)3 

for 0.002 ~ SjR ~ 0.317 

(IV.D.lO) 

(IV.D.ll) 

To = 1.4402 - 0.071287(SjR) + 27.827(SjR)2 - 184.32(SjR)3 

+ 595.02(SjR)4 - 981. 22(s/R)5 + 704. 53(SjR)6 

for 0.317 ~ SiR ~ 0.640 • (IV. D.12) 

Tables IV.6and IV.7 list values of TH and To calculated 

for various values of SjR from Eqs. (IV.D.9-12). The column labelled 

"SIGT" lists the computed standard deviations in T resulting from the 

curve fitting only; it does not include the uncertainty in the hyperfine 

structure constant B. The uncertainty in TH and To resulting from 

uncertainty in B is tabulated in Table IV.8. In addition the heat 

capacity (C/R) and the enthalpy (H'/R) were calculated from Eqs. 

(IV.D.9-10) and are tabulated .in Tables Iv.6 and IV.7. H'jR is the 

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

~, 
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Table IV.S. HFS Error inTo 

I!' 

TH(mOK) +t{f.1H -t{f.1H T (mOK) +boT -boT 
0 0 0 

c', 

6.67 " 0.34 0·35 6.67 0.35 0·35 

5·0 0.27 0.25 5.0 0.27 0.26 

4.0 ' 0.22 0.20 4.0 0.21 0.21 

3·33 O.lS " 0.16 3.33 O.lS 0.17 

2.S6 0.15 0.15 2.S6 0.15 0.15 

2.50 0.14 0.13 2·50 0.14 0.13 

2.22 0.12 0.11 '2.22 0.12 0.11 

2.00 0.11 0.10 2.00 0.11 0.11 

1.S2 0.10 0.09 1.S2 0.10 0.10 

1.67 0.09 0.09 1.67 0.09 0.09 

1.54 
, 

o.oS 1.54 O.oS O.oS 0.09 

1.43 0.09 0.07 1.43 O.oS 0.07 

1.33 0.09 0.06 1.33 O.oS 0.06 

1.25 o.oS 0.06 ' ' 1.25 o.oS 0.06 

'., 



-112- UCRL-18476 

was not extrapolated to siR = 0.0. c/R and H'/R are plotted as a 

function of TH in Figs. IV.17 and IV. 18. The maximum in the heat 

capacity presumably indicates the onset of antiferromagnetism. 94 Only 

qualitative significance should be placed on the heat capacity values 

however since they result from differentiation 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 thermodynamic s results from the 

fact that the empirical T(S) function does not approach zero with zero 

slope. This, however, is only an artifact of the curve f~tting and has 

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

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

E. Discussion 

The various temperature scales for single crystal CMN are plotted 

in Fig. IV. 19. In this figure the present work (curve b) is represented 

by the (TH, siR) data. Two curves are given for the Frankel, Shirley, 

and Stone3 results, one of which (curve c) has been renormalized to 

the calorimetric results of Hudson and Kaeser4 for T > 0.006°K. The 

normalization yieided a value of H = 60.67 Oe. x 

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

of a difference in the high temperature nuclear orientation results for 

the two sets of data. Despite the renormalization of the earlier nuclear 

orientation results, a systematic discrepancy between this work and that 

of Frankel et ale still exists. 
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Figure IV.17. C/R VS. T . 
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Figure IV.1S. H'/R VB. T . 
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Figure IV.19. siR vs. T. 

4 a) Hudson and Kaeser • 

b) This work (TH vs. siR). 

c) Frankel, Shirley, and Stone (modified to 

B/k = 0.00826°K and Hx = 60.67 Oe). 

d) 'Frankel, Shirley, and Stone3 (as published). 

e) de Klerk2 • 

f) Daniels and Robinsonl . 

UCRL-18476 
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The two sets of data are compared on a more basic level in Fig. 

IV.12 where the smoothed w(e) vs. in2 - siR curves are shown along with 

the data points from the present experiment. The curve representing 

these data was derived from the computer generated entropy - temperature 

correlation resulting from the best fit to the (TH, siR) data 

(c.f. Eqs. (IV.D.9) and (IV.D.10)). The temperatures were then converted 

to W(O) values from the W(O), T correlation illustrated in Fig. IV.13. 

It should be noted that our smooth curve in Fig; IV.12 is heavily 

weighted to the Hudson and Kaeser data for in2 - siR ~ 0.187. Inspection 

of the data of Frankel et ale reveals that the scatter in their data is 

somewhat greater than in the present work. As is evident from Fig. 

IV.12, the Frankel, Shirley, and Stone results fall systematically below 

the present results for most of,the common entropy range. Most of this 

discrepancy presumably arises in the calculation of ~~ray intensities. 

As was discussed in Section IV.e, great care was taken in calculating the 

background corrections in this work, and the chances of serious error 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 between the two sets of 

results cannot be considered serious. 

The close agreement between our work and that of Hudson and 

Kaeser above 2.8 mOK is due primarily to our normalization procedure 

for determining the hyper fine structure constant B and does not test 

the validity of their data. The two sets of data are compared in some-

what more detail ln Fig. IV.20. The lightly-shaded area indicates the 
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Figure IV.20. Comparison of Experimental Errors. 

Lightly shaded area - error limits on the Hudson and 

Kaeser curve. 

UCRL-18476 

Darkly shaded area - error limits due to uncertainty in 

B for present 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, and the inner 

unshaded (or lightly shaded) area is the statistical curve-fitting error. 

The two sources of error in this work are represented separately since 

error 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 mO K the error bars associated with the present work are 

smaller by more than a factor of two. 

Although there is agreement within overlapping error bars, there 

is still a systematic disagreement between the two curves for temperatures 

less than 2.8 mOK. In the calorimetric method the temperature is ob-

tained by differentiating the experimental Q, S relation as was dis-

cussed in Section II.B .. Further insight can be gained by comparing the 

calorimetric Q, S relation with the H, S relation found by integration 

of the present TH, S results. In curve (b) of Fig. IV.21 values_of 

Q"/R = (lOOO/R) [Q(S/R) - Q(S/R = 0~043)], which have been read from Fig. 

4 5 of Hudson and Kaeser's paper are plotted. The shaded a:r:ea represents 

an r.m.s. error for Q"/R of 0.02 which probably slightly over

estimates the error at any given point. Curve (a) corresponds to the 

computed values of enthalpy from the present work: H"/R = (lOOO/R) x 

[H(S/R) - H(S/R = 0.043)]. The error bars on this curve are statistical 

curve;..:fitting errors on;Ly and do not take into account uncertainties 

in the hyper fine. structure constant. Inclusion of this uncertainty 
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Figure IV.21. Heat Content vs. T. 

a) .~ = ~ [H(S/R) - H(S/R = .043)] R R 

from the present work. 

Q" 1000 b) ~ = ---R--- [Q(S/R) - Q(S/R = .043)] 

from Figure 5 of Hudson and Kaeser's paper. 

UCRL-18476 

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 bars by about 4r:;fo at fn2 - siR = 0.45. 

The two curves correspond almost exactly until fn2 - SiR ~ 0.275, 

but the derived temperatures are somewhat different .. At this entropy 

Hudson and Kaeser report 1. 94 mOK whi'le our -results give TH = 2.19 m OK. 

It is reasonable to assume that the difference arises primarily from 

difficulty in measuring the derivative dQ/dS in the calorimetric work. 

At fn2 - siR ~ 0.45, the deviation between the two curves appears to be 

outside experimental error. Hudson and Kaeser report that the actual 

differentiation of their Q, S curve yielded a T, S curve which 

curled toward higher temperatures at the lowest entropies. Although 

this is physically :impossible, it would be equi valent to the fitted 

Q, S curve curling upward for fn2 - SiR> 0.40. This would have the 

effect of bringing curves (a) and (b) closer together. Any experimental. 

scatter near the end point of the calorimetric data will cause rather 

large statistical (curve-fitting) errors 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 explanations fbr the discrepancy at the lowest 

temperatures should be considered .. The first concerns the possibility . 

of significant systematic errors in the data reduction methods of this 

research. As mentioned earlier in this discussion, the method of back

ground correction is the most likely candidate. Any systematic error 

in this correction, however, would effectively shift the T, S curve 
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along the temperature axis and would not change the general shape of the 

curve. The change in the background correction necessary to bring the two 

sets of data into agreement appears to be unreasonably large and does not 
i I 

seem justified with respect to the criteria of Section IV.C. The other 

possibility concerns a radical change (not unusual in Berkeley) of the 
, 

spin Hamiltonian as the antiferromagnetic Neel point is approached. It 
I 

is more likely, however, that the onset of antiferromagnetism can be 

approximated by a continuous increase in H as the temperature is x 

lowered. The net effect :of this would be to move. 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 curve, how

ever, would be maintained. 

One final point should be considered. If Williamson and c~pe75 

are correct in their assertion that the simple ionic model is no longer 

valid for HIT> 7 kOe/oK, then all the temperatures below 5.8 mOK in 

the calorimetric work are incorrect. In our experiment siR would 

become merely a parameter related to HIT, and the temperature would be 

known as a function· of HIT. Since·thevalue of the hyperfine structure 

constant B Was deterinined by normalizing. the present nuclear orientation 

. 4 
results to the calorimetric results of Hudson and Kaeser in the range 

6 kOe/oK::: HIT.::: 10 kOe/oK, a re .. adjustment in B would be expected. 

However, the close agreement between the hr,perfine structure constant 

found in this work and that derived by renormalizing the results of 

Frankel et a1.3 for HIT::: 7 kOe/oK suggests that the present value of 

B is satisfactory. Thus the temperatures reported here are not affected. 

... 
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The effect of Williamson and Cape's magnetization measurements on 

the calculation of entropy is discussed in Appendix A. From the values 

given there, an adjusted (TH, SiR) relation is shown in Fig. IV. 22 

where curve (a) is based on Williamson and Cape's measurements and 

curve (b) is based on the simple ionic model. As was emphasized in 

Appendix A curve (a) should 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 calculations of Appendix A 

the Hudson and Kaeser data were also adjusted to the measurements of 

Williamson and Cape. The results of this modification (which also is 

only qualitatively correct) are depicted in Fig. IV. 22 where (d) is 

Hudson and Kaeser's original curve and (c) is the modified curve. As 

is apparent, the effect of the modification is small but in the direction 
( 

which reduces the disagreement between the calorimetric and nuclear 

orientation results. 

Although 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 Williamson and Cape 

experiment be undertaken. Measurements of the magnetization as a function 

of both T and H would be highly desirable. These measurements 

should be extended at least to 0.3 OK so that the HIT measurements in 

this work can be given a rigorous thermodynamic interpretation. 
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Figure IV. 22. Tvs. siR. 

Curve a Present results with entropy calculated on the 

basis of Williamson and Cape's results. 

Curve b Present results with. entropy calculated on t.he 

basis of the simple ionic model. 

.Curve c Modified Hudson and Kaeser results. 

Curved Original 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 

experiment for 137~e in cerium zinc nitrate (CZN) are presented. This 

salt has also been used in low temperature experiments, but its thermo-

dynamic properties have never been investigated. It therefore seemed 

worthwhile to use the 137mce thermometer to study the low temperature 

behaviour of CZN. 

A. Theoretical 

CZN has been primarily studied by Culvahouse, Sapp, and colleagues 

at the University of Kansas. They have measured the electronic g-factors 

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

have found 95 . 96 68 
gl = 1.823 ± 0.007 and gil == 0.125. Thornley has 

measured the far infrared spectrum of CZN and has determined the splitting 

between the two lowest Kramers 1 doublets to be ~ik == 30.2 ± 0.4°K. 

These values are quite similar to the values found for CMN (c.f. Table 

IV.l) and seem to indicate that CMN and CZN have similar crystal field 

properties. 

Culvahouse et al. 96 have investigated the crystal structure of -_. 
CZN by the x-ray powder diffraction technique and find unit cell dimen

sions similar to those' of Zalkin et a1. 61 A Laue photograph of single 

crystal CZN with the x-ray beam along the trigonal axis indicated C
3v 

symmetry in contradiction. with the C
3i 

symmetry found by Zalkin et al. 

for CMN. FtITthel~ore, investigation of the divalent sites in CZN by 
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96 
paramagnetic resonance gave results which are in disagreement with the 

findings of Zalkin eta1. for CMN. It seems 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 been used in nuclear orientation experiments, 

but the absence of a temperature scale for this salt has hampered the 

interpretation of the data. Levi et a1. 95 have studied the nuclear 

orientation of 60co in CZN and found a considerably larger anisotropy 

than found for 60Co 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/Coin Y = 1.6. (There are,two types of divalent sites; c.L 

Section IV.A. and Ref.61.) The limiting field was found to be 165 Oe 

in contrast ,with,the 66.71 Oe field calculated at a Mg site in CMN by 

Daniels and Felsteiner. 94 Carboni and Sapp, 99 however, have pointed 

out that the paramagnetic Co +2 ion will perturb the Ce long range order 

and that the spatial reversal of one nearest neighbor Cedipole would 

more than compensate for the difference. Carboni and Sapp also suggested 

that the 60co in CMN results could be explained by a local field of 

l650e, (Co,in X)/(Co in Y) = 2, and a lowest temperature of 1.05 mOK. 

The temperature invoked by Carboni and Sapp for CMN is inconsistent 

with the results presented in Section IV.D, and the temperatures in the 

. CZN experiments were not well known. The data which is presented 

below suggests a high degree of similarity in the thermal properties 

of -the two t5alts, but because of the unfortunate lack of data, especially 

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

The experimental technique and method of data reduction were 

identical to that described in Sections III and IV of this paper. A 
i 

spectrochemical analYSiS85 of the CZN crystal indicated a 1% Mg impurity·-

presumably as a substitutional impurity for Zn. Analysis of the solution 

from which the CZN crystals were grown, however, showed only 0.07% Mg. 

The apparent conclusion is that the double nitrate lattice exhibits a 

+2 
large preference for the smaller Mg ion. 

The results are listed in Table V.l where the values of SiR 

have been calculated from HIT and gl = 1.823 on the basis of the 

simple ionic model. The values of w(e) are corrected for radioactive 

decay between the cold and warm counts but not for solid angle effects. 

The background correction in the calculation of w(e) amounted to about 

11% of the warm count. In Fig. V.l W(O) is plotted with respect 

to 2n2 - siR. The scarcity of data for 2n2 - siR> 0.50 is due 

to a failure in the apparatus. The solid curve through the data 

represents the (W(0),2n2 - siR) correlation derived from the smoothed 

TH, SiR curve for CMN. The solid angle corrections, which were identical 

for the two experiments, are incorporated into the curve. The shaded 

area around the curve denotes the statistical curve fitting error 

from the CMN data. 
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Table V.1. 137mCe in CZN. 

·H/T SiR W(o) w( 7T/2) 

41.52 .037 1.953 (15) .7045 (76) 

14.22 .420 1.821 (15) .7298 (66) 

12.84 .460 1. 768 (15) .7216 (89) 

10.60 .518 1. 715 (23) .7407 (80) 

8.839 .565 1. 610 (17) .7731 (93) 

6.797 .613 1. 496 (22) .7716 (156) 

16.10 .369 1.879 (25) .7218 (75) 

17.86 .325 1.871 (15) .7156 (76) 

19.98 .276 1.884 (13) .7237 (60) 

22.79 .218 1.877 (14) .7107 (72) 

The numbers in the parentheses indicate one standard deviation and refer 

to the last significant figures in the listed quantity. W(o) and 

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

H/T < 45 kOe/oK, T ~ 0.5°K. 
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Figure V .:1. 137~e in CZN vs. £n2 - siR. 

The solid curve represents the (W( 0), £n2- siR) 

correlation derived from the smoothed TH, siR c~ve for 

CMN. 

The shaded area represents the statistical curve 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 entropy range 0.50 < in2 - siR ~ 0.60, and so 

"anomalous" behaviour in this region cannot be ruled out. The point at 

in2 - siR == .0.656, however, was confirmed in other experiments but 

difficulties with the apparatus prevented the acquisition of any fur

ther data. The additional points at in2 - siR == 0.65 are not included 

in this data. The lack of any calorimetric work on CZN prevents the 

determination of the hyperfine structure constant ,B for 137mCe in 

CZN, and therefore actual temperatures for CZN cannot be derived from 

this data. However, from the similarity in the nuclear orientation 

data for 137mCe in CZN and CMN, it can be concluded that the hyperfine 

structure constants for the two cases must be very nearly the same. 

If this is the case, then.the minimum temperature obtainable with CZN 

is about 1.35 mOK. 

In light of the results presented here, the early nuclear orienta-

tion work on CZN should probably be re-interpreted. For example, as was 

mentioned earlier, Levi et al. 95 derived a dipolar field of 165 Oe 

acting on a 60Co+2 ion in a CZN X site from their nuclear orientation 
* .- --,-. --'--- --- -

data. They based their interpretation on a minimum T ~ 3.3 mOK 

after demagnetization from HIT ~ 26.8 kOeloK. If the CZN and CMN T-S 

relations are identical, then the thermodynamic temperature for this -

value of H/~ is 1.67 mOK. With this temperature, however, the 

results of Levi et al. are reas~nably well explained by the calculations 



:~ 

'. 
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of Daniels and Felsteiner94 who derive a dipolar field of 66.710e 

at the Co site. Furthermore the disagreement between the 6oCo in 

CMN results and the 6oCo in CZN results are difficult to understand since 

the thermal ~roperties of the two salts seem so similar. If the dipolar 
, +2 

fields acting on the Co ions are equal for the two salts, then the 

only remaining variable is the ratio (Co in X/Co in Y). Since the 

X and Y sites have quite different hyperfine structure constants,99 

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

a significant effect 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 Function 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 upon this model are incorrect. The purpose of this 

appendix is to examine their conclusion and calculate the effect on 

our results. 

Williamson and Cape have measured the magnetization of CMN in 

fields up to 52 kOe and at temperatures between 1. 2 OK and 4.2 OK. They 

have interpreted their data according to the following expression: 

where 

x [1 _ (:3 g lt3
H 

) 
~ 

tanh (Xl] 2 
+~(IC'12 + Id ' 1

2
) 

~:3 . 
(A.l) 

~2 '~~1-3 are the energy spli ttings between the lowest Kramers I 

doublet and the two excited doublets. 

N is Avogadro i s number. 

a I is the matrix element of J:! = t3 H(L + 2S) connecting x x 

one of the correct zero-order ground states with one of the 

first excited states. 

b ' is the ~trix element between the same ground state and the 

other first excited state. 
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c',d' are the matrix elements between this ground state and the 

second two excited states. 

This equation is valid toa high precision for the following three 

conditions which are satisfied for Ce+3 in CMN: 

1) gl ~ H/2« ~2 

2)- the g-factor of the first excited doublet ~ o. 

3) the matrix elements c and d are less than the larger of 

a or b. 

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

* order temperature independent contirubtion to the susceptibility. 

. ~'. 

* The temperature independent contrib~tion to the susceptibility is 
defined by Eq. (A.2) 

C' -
M M 

X == if == T + 0:0 
(A.2) 

From Eq. (A.l) 

0: H ~2H ( la' 12 + I b' 12) +~2I! ( Ie '1 2 + I d ' 12) 
o ==~2 ~3 
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The third order effect of the first excited doublet is accounted for 

in the multiplicative term [1 - (3gI t3 H/4 ~12) tanh (x)], while 

third order effects from the second excited doublet are neglected. 

Williamson and Cape obtained CIM from their magnetization data 

and 
. 6 

took the value of aic 1M from the data of Leask, et al. 5, To 

test the ionic crystal field model, they subtracted the quantity 

noH [1 - 3:(: tanh (xl] from their magnetization data. The modified 

data (defined by them as MI/N) should be expressed by Eq. ,(A.4) 

MI glB 
N = 2 tanh (x) (A.4) 

From Eqs. (A.l) and (A.2) it can be seen that the third order effects 

are slightly overemphasized. Detailed calculations show that this 

discrepancy is inSignificant. 

Williamson and Cape presented data for two samples designated 

CMN#3 and CMN #4. In Fig. 1 of their paper they plot (2M/NgI B) vs. H 

for CMN #3 and in Fig. 2 (2M I/NgI B) vs. H/T for both samples. In 

the second figure the data for CMN,¥4 are systematically less (-1%) 

than .for CMN #3 for .' H/T > 15 kOe/ OK. We have read points o,ff the 

smooth curve in Fig. 1 (from an enlarged version in a preprint kindly 

sent to us by Dr. W~iliamson) and will compare detailed calculations 

which we have made with these points. 

We have calculated the magnetization of CMN by perturbation 

theory through third order and have included effects from both excited 

dOUblets. The perturbation Hamiltonian is }l = I3H (L + 2S ), and . x x x . 

.. 

". 



-141- UCRL-18476 

we have used the crystal field splittings and the zero order wave 
, ' 

functions derived by Leask et al. 65 from magnetic susceptibility data. 

These wave functions are given in L, S quantization and are linear . z z 

combinations of I~,~) where -3:: ~ :: +3 and ~ = ± 1/2. If we 

designate Leask's wave functions as la), Ib), Ic), Id), Ie), If), 

then it is easy to show that the correct zero-order functions to use in 

the perturbation theory are: 

~o = ~ (Ia) + Ib» 
1.[2 

~o 1 ( I e) + If» =-
5 J2' 

~6 
1 ( I e) - If» =-

J2 

The effect of the first order perturbation is depicted in Fig. A.l. 

'In first order the degeneracy between I c) and I d) is not removed. 

Leask et al. give the values of ~ik ,and ~3/k as 37.6°K and 

83.8 OK respectively. 

Using the third order perturbation formula given by Powell and 

CrasemanlOO the energies of the levels in the lowest Kramers doublet 

were calculated to be: 
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Figure A.l. First Order Zeeman Diagram for Ce +3 in CMN. 

The splittings are not drawn to scale. 
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Fig. A.l. ' 
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E 
gl ~2H2 

+ C 
~3H3 

= - 2" ~H B-- 7""" 1 k 

E2 
gl 

~H -
~2H2 

- C 
~3H3 

=2"" B-- 7""" k (A.6) 

where gl = 1.8356 (calculated) 

B = 0.02958 

C = 7.095 X 10 
-4 

The calculations necessary for. the derivation of Eqs. (A.3) and (A.4) 

were thoroughly checked for arithmetic errors. In addition the cal-

culations were cross checked by an exact computer diagonalization of the 

Hamiltonian matrix for various 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 Eqs. (A.5) and (A.6) and ElD and E2D refer 

to the values calculated by the computer diagonalization. 

The magnetization is then obtained from the Plrtition function Q. 

(A.7) 

M = kT (. d £nQ ) or 
di'f" :T 

(A.8) 

.< 
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Table A.1. Eigenvalues of ~ = ~ H(L + 28 ) x x x for ce+3 in CMNih oK. 

H(kOe) El EID E2 E2D 
I; 

5 -0·3117 -0.31169 0·3051 0·30501 

10 -0.6300 -0.62990 0.6032 0.60319 . 

15 -0.9545 -0.95437 0.8943 0.89428 

20 -1.2851 -1. 28513 1.1783 1.i7829 

25 -1.6219 -1. 62193 1.4549 1. 45499 

30 -1.9643 -1.96430 1. 7239 1. 72397 

35 -2·3130 -2·31302 1.9858 1.98580 

40 -2.6668 -2.66689 2.2394 2.23954 

45 -3.0261 -3.02628 2.4851 2.48543 

50 -3.3912 -3.39150 2·7232 2.72359 
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In addition there is a diamagnetic contributionlOlto the magnetization 

equal to 

The magnetization has been calculated from Eqs. (A.8) and (A.9) and is 

listed in Table A.2 under the heading (2MjNgl~)PER' For comparison 

purposes the magnetization has also been calculated from the equation 

where we have taken gl: = 1.835 and a = 0.02235 from the data of o . 

Leask et al. 65 Equation (A.IO) is just the combination of Eqs. (A.l) 

and (A.3) used by Williamson and Cape to test their data. The numbers 

calculated from (A.9) and (A.IO) are listed under the heading 

(2M/Ngl~)A.10' Magnetization values read from Fig. 1 of Williamson 

and Cape I s paper are listed under the heading (2M/Ng l~)WC . The 

column labelled "% Deviation" refers to the difference between 

Williamson and Cape I s experimental curve and the magnetization calculated 

. from Eqs. (A.8) and (A.9) (i.e. (2MjNg ~)PER)' 

The close agreement between the columns (2M/Ngl~)A.10 and 

(2MjNgl~)PER indicates that there are no serious mistakes in the 

calculated values. For the calculations at T = 1.270 oK the deviations 

between calculation and experiment are very close to the ± 1% experi-

ment~ error limits quoted by Williamson and Cape while for T = 4.194 OK 

the agreement is almost·· exact. Unfortunately the only available raw 

.-
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Table A.2. Comparison of calculated and experimental values of the 
magnetization. 

~ 

T :::; 1.270 oK 
lit 

H/T (2M/Ng 113 ) A.l0 (2M/Ng113)PER (2M/Ng113)wc rjo Deviation H 

5 3·937 .2595 .2595 .270 -3.70 
10 7.874 .4932 .4929 .500 -1. 40 

15 11.811 .6851 .6844 .681 0.44 
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. 0737 1.0721 1.059 1.23 
40 31.496 1.1154 1.1138 1.100 1.27 

45 35.433 1.1475 1.1460 1.133 1.15 

50 39·370 1.1734 1.1720 1.161 0·95 

T :::; 4.194°K 

5 1.192 .0948 .093 +1.93 

10 2.384 .1887 .189 o. 
15 3.577 .2806 .278 +1.08 

20 4.769 .3698 .370 o . 
25 5.961 . 4558 .460 -0.87 

30 7.153 ·5379 .543 -0·92 

35 8.345 .6155 .621 -0.80 
40 9·537 .6884 .692 -0.58 
45 10·730 .7566 .756 +0.13 

50 11·922 .8199 .821 -0.12 

rjo Deviation:::; (PER - WC)/100WC 
,. 
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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 the~r paper where they plot (2MI/Ngl~) vs. 

HIT for all the data, Williamson and Cape drew a smooth curve through 

the data. This curve fell a maximum 2.510 ± 1% below the expected 

value, and they based their conclusion 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 

on which set of data more closely represents the properties of CMN. 

Because of the large magnetic anisotropy· (gl = 1.84, gil = 0.02) of 

CMN, any misalignment of the crystal in the magnetic field would reduce 

the magnetization. Perturbation calculations taking misalignment into 

account are 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 suggest that the systemati-

cally higher set of data are more representative of CMN. If, indeed, 

this is the case; then our calculations show that the ionic crystal 

field model is a reasonable one for CMN. Thus the entropy can be cal-

culated from the partition function of Eq. (A.7). In this calculation 

it is easy to show that the second order Zeeman effect will not con-

tribute to the magnetic entropy of CMN. The third order contribution 

to the magnetization, however, reduces the effective HIT as shown 

in Eq. (A.8) for the magnetization. Our calculations show that at the 

maximum field used in our experiments (21 kOe) the effective HIT is 
...•. 

reduced by less thall 0.'2!fo. Thus we have neg;lected thirdorder·effects 

and have calculated entropy 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 :m the entropy 

can be estimated in the following manner. The magnetization, ,M', 

consists of two contributions 

M' = M + Mil 
CF (A.ll) 

where MCF is the magnetization of an ideal spin 1/2 paramagnet with 

g = 1.84 and Mil is the (negative) contribution to the magnetization 

ariSing from any non-ideality. (Mil corresponds to -26m'/N (3 in g 

Williamson and Cape's paper.) The entropy may be calculated as follows: 

1$ ~ I: (OM'/d'r)H dH " i~ (~.,Id'r)H dH + l~ (OM"/d'r)H dH. 

(A.12) 

The contribution from '~F is shown in Fig. IV.1. The values of Mil 

for various HIT may be obtained from the insert in Fig. 2 of Williamson 

and Cape's paper. If we assume that Mil is a function of HIT, ,then 

we elm fit the Mil (or ~,) data to the empirical function 

Mil L (H/rr)i-l R""= a. . 1. 
(A.13) 

i 

Then 

[~ r"H t::S" 
a i [(l-i)/iJ (H/T)i H"of R-' 
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A satisfactory fit to the M" values (read from Fig. 2 of Williamson 

and Cape's paper) was obtained for i = 8 in Eq. (A.13) and the 
max 

results are listed in Table A.3. It should be emphasized that the 

values of bS"/R in this table are only approximate since it was 

necessary to differentiate the fitted M"(H/T) function in the 

calculation. The effect of these calculations 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 = S + 68" CF (A.15) 

(A.16) 

,where dQ/dS
CF 

is the "temperature" derived by Hudson and Kaeser. 

[Here Q = "heat".] 

l/F dS 1 + d(bS") = 1 + d(68") 
= dS

CF 
= dS

CF 
d(H!T) 

From Eq. (A.14) it follows that 

L a
i 

(l-i) (H/T)i-l , 

i 

and from Eqs. (II.A.6) and (IV.A.l) it is easy to show that 

(A.18 ) 

' .. 
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Table A.3. Entropy corrections. 

H/T(kOe/oK) (S/R)CF 6S"/R (S/R)CF + 68/R F 

~p 

5 0.648 0.002 0.650 1.025 

10 0.534 0.004 0.538 1.027 

15 0.399 0.009 0.408 1.044 

20 0.276 0.015 0.291 1.054 

25 0.181 0.019 0.200 1.049 

30 0.114 0.022 0.136 1.040 

35 0.070 0.024 0.094 1.048 

40 0.043 0.025 0.068 1.031 
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(A.19) 

then 

J./F 1 -
[ 

... . (H)· i-l J. [COSh (g~::) f L a i (1-1) if ---.""")2...----

i . (g{:) (HIT) 

(A.20) 

It should be emphasfzed here 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. La20
3 

(Bryant Laboratory, Inc., Berkeley, California) 

The Only element detected was Ca; the ratio 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 10Cf/o. 

Al (0.01), Bi (0.05) , Ce (0.1), Cr (0.01), Dy (0.1), Er (0.05) , 

Fe (0.01) , Gd (0.05) , Ho (0.05), K (1. 0), Lu (0.05), Mg (0.01), 

Mo (0.01), Na (1~0), Nb (0.01), Nd (0.1), Ni (0.05) , Pb (0.1) , 

Sc (0.01), Si (0.01), Sm (0.05), Sn (0.1), Ta (0.1), Tb (0.5), 

Tm (0.05), W (0.1), Yb(O.Ol),Y (0.01), Zn (0.1), Zr (0.01). 

2. CMN: Ce2Mg
3

(N0
3
\2 .24H20 

Eu (0.01), 

Mn (0.01), 

Pl:' (0.1), 

Ti (0.01) , 

The CMN was prepared from 99.9% Mg(N03)2·6H20(J. T. Baker Chem

ical Co., Phillipsburg, N. J.) and "purified" Ce(N0
3

)3' 6H20 (Allied 

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

ce(N03)3·6H20 is given in Appendix B.3. 

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

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

all of which were 0.01~. Approximately 0.03 I-lg of Na were detected. 

The follOwing impurity elements were searched for but were not detected. 

The limits of detection are indicated in parentheses. 

Bi (0.05), Co (0.05) , Cr (0.01), Dy (0.1), Er (0.05), Eu (0.01), 

Fe (0.05) , Gd (0.05) , Ho (0.05), La (0.:05), Li (0.01), Lu (0.05), 

Mn '(0.01), Nb (0.01), Nd (0.1), Ni (0.01), Pb (0.1), Pr (0.1), Sc (0.05) , 
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Si (0.01), Sm (0.05), sri (0.1), Tb (0.5), Th (0.5), Ti (0.01), Tl (0.5), 

Till (0.05), V (0.01), Zn (0.1), Zr (0.01). 

3. ce(N0
3

)3· 6H20 (Allied Chemical Co., Morristown, N. J.) 

The results are listed in percentage with respect to Ce as the 

metal. The following elements were det ected: Ca (0.1%), Mg (0.5%), 

and Na (0.05%). The following elements were searched for but not 

detected. The limits of detection (percentage) are given in parentheses. 

Ag (0.01), Al (0.01), As (0.5), Au (l.0), Bi (0.05), Cd (0.5), Co (0.05), 

Cr (0.01), Dy (0.1), Er (0.05), Eu (0.01), Fe (0.01), Ga (0.05), Gd (0.05), 

Ge (0.05), Hf (0.05), Ho (0.05), In (O.O~), Ir (0.5), K (0.5), La (0.01), 

Li (0.01), Lu (0.05), Mn (0.01), Mo (0.01), Nb (0.01), Nd (0.1), 

Ni (0.05), Pb (0.1), Pr (0.5), Re (0.1), Rh (0.5), Sb (0.5), Bc (0.01), 

Si (0.01), Sm (0.05), Sn (0.1), Sr (0.01), Ta (0.1), Th (0.5), Ti (0.01), 

U (0.5), V (O.Ol),W (0.5), Yb (0.01), Y (0.01), Zn (0.1), Zr (0.01). 
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C. Sample Calculation of W( 0) 

In Table C.l the intensity values for three cold counts 

[C (1):, C (2), and C (3)] and one warm. count (W
t

) 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(O) is 

calculated as follows: 

(Note the distinction between W(O) and the abbreviation for the warm. 

count 
t'.en2 

W(O) = [c (1) +'C (2) + C (3) - aB] x e- t'l/2 
aWt - aB (C.l) 

where a isa factor accounting for the counting time difference 

between the warm. count and the sum of the cold counts and B is the 
-t' .en2/t' 

background correction~ The factor e 1/2 corrects for source 

decay between the cold and the warm. counts; here t' is the elapsed 

time between the midpoints of the cold and warm. counts and t'1/2 is 

the half-life (34.4 hr) of 137mce. For this run t' = 8.20 minutes and 
-t' .en2/t '1/2 .. 

e = 0.9972. From Table C.l the constant a is seen to 
) 

be (30 + 30 + 30)/300 = 0.3. From the method described in Section 

IV.B, B/Wt is found to be 0.0820 or B = 0.0820 Wt = 5083. 

Therefore 

_ [11581 + 11545 + 11540 - (0.3 x. 5083) l .. 
w( 0) -. .0.3 x (61984 - 5083) J (.9972) 

= (33141/17070) x .9972 1.936. 
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Table C.l. Raw data for the first run in the June 1967 experiment. 

Channel C (1)[30] C (2) [30] C (3 )[30] Wt [300 ] 

132 675 631 646 3592 

133 713 705 711 4022 

134 766 820 807 4318 

135 886 864 936 4395 

136 841 892 852 4535 

137 925 859 915 4620 

138 914 887 870 4675 

139 848 888 868 4536 

140 826 810 .. 826 4332 

141 767 741 717 4070 

142 662 648 677 3744 

143 571 615 591 3258 

144 512 544 484 2779 

145 397 445 408 2336 

146 391 346 366 1960 

147 301 303 315 1567 

148 233 239 213 1337 

149 204 181 178 1044 

150 149 127 160 864 

SUM 11581 11545· 11540 61984 , .. 
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D. Calculation of Heating Effects During the Magnet'ization 

1. Heating by Conversion Electrohs 

The 255 keV ~-ray of 137rnte is highly convertedj eKi~ = 5.4 

and K/L + M + •.• = 2.0. The energy of the K electrons is 214.6 keY, 

and the remainder of the conversion electrons will be assumed to 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 Sections III and 

IV, a 3 11 X 3 11 NaI(Tl) detector (of right circular cylindrical shape) 

is 10 cm from a source. For simplicity the source will be assumed to 

be a point source. Thus the problem is simply one of counting the 

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

and making the approp:r'iate solid angle correction. From simple goemetrical 

considerations we see that 

Counts (total) 2 (D.l) Counts (SOlid angle) 1 - cosa 

where a is shown in Fig. D.l. Then tana = 3.81/10 = .381 and 

( -1) cos tan a = .935. If we assume a ~-ray counting rate of 20,000 per 

minute ·and unit efficiency, then the number of K electrons in the 

solid angle is 108,000 per minute and the number of L + M conversion 
"-

electrons is 54,000 per minute. The total number of K conversion 

electrons per minute is then 3.32 x 10
6 and for L+M electrons 

~ 

1. 66 x 106• This corresponds in energy to 1. 8 erg/min. 



,. 
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Figure'D.l. Solid Angle Diagram. 

S indicates the radioactive source and D indicates a 

3 inch x 3 inch NaI(Tl) detector. 
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-, 
o 7.62cm 

~---,--j 20cm 

! 
X BL 689 -6763 

Fig. D.l. 
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2. Heating During Magnetization 

After the salt pill has come into thermal equilibrium with the 

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

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

the .137~e 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. 

and 

C H = T (~ ) H where S = kT (d£nQ) + k£nQ 
dT H 

-g~3H 
+ exp ( 2kT ) ] 

N 

. = [ 2 cosh ( ~~n r 
After some simple manipulat1-on it is found that 

( g(3l{ ) 2 ( 1) J [ ( g(3H) ] 2 } CH= N . 2T . k '( -. tanh . 2kT .' 

(D.2) 

Table C.l lists values of the heat capacity for a 1.4 gcrystal of CMN 

at various HIT's. For small heat inputs AQ ~ C~ where CH is 

assumed constant over. tIr. On the average, the pump out time was 

15 minutes, but the effective time of isolation was probably only 

about 10 minutes or less. This corresponds to a maximum heat input 

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

list the temperature rise in millidegrees and the associated change in 

entropy. Because of' the smallness of' the chailge, this effect was neglected. 

"., 
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Table C.l. Radioactive heating effects. 

HITi CH(erg/l.4 g, rooK) M'.(ro~) 
lo 

a(tS ) 

5·0 13·2 1.4 0 

6.0 18.3 1.0 0 

10.0 40.5 0.4 0 

20.0 66.5 0·3 0 

30.0 101.4 0.2 0 

40.0 26.0 0.7 0 

50.0 11.6 1.5 +0.001 

60.0 5.0 3·0 <0.001 

70.0', 2.1 8.6 <0.001 

For HIT. < 40 kOe/oK, T. = 0.5°K and for HIT. > 50 kOe/oK, 
lo- lo lo-

Ti = 0.31°K. 
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