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CHAPTER I 

INTRODUCTION 

In today's world of solid state electronic devices, 

a significant emphasis is being placed on research into the 

interaction of ions substitutionally introduced into crys

talline environments in order to understand the optical and 

magnetic properties of the system. Such work has aided in 

the development of solid state devices for radiation sour

ces or detectors, lasers and masers, semiconductors, and 

transistors. The optical and magnetic properties of ions 

in crystals contain information about valency, electronic 

structures, types of bonding, energy levels, and crystal 

structure. Studies into the mechanisms of electron para

magnetic resonance, optical absorption, and the tern.-

7-9 perature dependence of magnetic susceptibilities have 

provided a large part of the data used in analyzing such 

interactions. A basic theoretical tool underlying miany 

of these studies has been the crystal field theory. 

The basic idea of crystal field theory is that, in 

a chemical complex consisting of a central cation sur

rounded by a symmetrical array of anions (also called 

ligands), the cation is subjected to an electrostatic 

1 
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field originating from the anions of the crystalline 

lattice. The earliest detailed treatment of such a system 

12 
was made by Bethe in explaining how the strength and 

symmetry of the crystalline electric field affect the 

electronic levels of metal ions and by Kramers,'''̂  who 

showed that the electronic levels in molecules containing 

an odd number of electrons must be at least two-fold degen

erate in the absence of an external magnetic field. The 

first applications of the new theory were made in the 

early 1930's by Van Vleck ~ in explaining the magnetic 

properties of salts of paramagnetic ions and paramagnetic 

properties of certain complexes of the first transition 

18 series. During this same time period. Schlapp and Penny 

19 and Jordahl showed that both the anisocropy and tem.pera-

ture variation of the magnetic susceptibility could be 

explained by crystal field theory. In 1940 Finkelstein 

20 21 

and Van Vleck, and Van Vleck applied the theory to 

electronic absorption in the visible region and laid the 

foundation for many later studies. New theoretical meth

ods aiding the analysis of paramagnetic resonance and 

optical spectroscopy data were developed in the 1950's by 
22 23 24 25 

Stevens, Elliott, Elliott and Stevens, ' and 
, ,, 26-29 Judd. 

30-32 
More recent work in the field has been di

rected toward the resolution of discrepancies in the ionic 



33 
model arising from the simplified role played by the 

ligands in providing only a steady crystalline electric 

field for the cation. Marshall and Stuart have shown 

that the effect of placing a free ion in a crystal is to 

expand the wave function of the ion into the crystal as 

a result of screening of the 4f electrons of the rare 

earth ion by overlapping charge clouds of the surrounding 

ligands. Such shielding effects, and the associated 
o c _ o ̂  

state mixings, were studied by Freeman and Watson, 
37 38 

Burns, and Rajnac and V7ybourne in the 1960's. More 

recently, Newman and others and Furrer and Tellenbach 

have investigated the problem. Additionally, charge com

pensation mechanisms can occur v/hen an ion in a crystal 

is replaced by one of different valency. These effects 

have been investigated by Stepanov and Feofilov, 
/ o / o // / ^ 

Sierro, '"" Ranon and Yaniv, and Yi and Choh. The 

possibility of covalent bonding, rather than the ionic 

type in the simpler theory, has been studied by Burns and 

Axe, ~ McGarvey, and others. " Theoretical inves

tigations into the Zeeman effect, energy levels, and spec

troscopic properties of the rare earths have been done by 
52 53 54 

Judd and Lindren, Wybourne, and Freeman and Watson. 

In particular the theoretical work of Lea, Leask, and 

Wolf in attempting to relate fourth and sixth order 

crystal field parameters has been significant. 



This work attempts to determine the crystal field 

energy levels of the trivalent rare earth cerium ion in 

the diamagnetic host crystals SrF2, SrCl2, and CaF2. 

3+ 1 
The free Ce ion has a 4f electronic configuration 

2 2 
which splits into F^,2 ^^^ ^111 spin-orbit levels. 

When introduced into the host crystal, each spin-orbit 

level splits into crystal field energy levels according 

to the symmetry of the crystal field provided by the host 

lattice. If a magnetic field is then applied, the mag

netic susceptibility can be calculated in terms of the 

Zeeman energies and spacings of the crystal field levels. 

Unfortunately, only the lowest lying crystal field levels 

are obtainable from such measurements. However transi

tions to higher levels can be seen in optical absorption 

spectroscopy. The two techniques can therefore be com

bined to yield the complete energy level scheme of the 

crystal field levels. In this work, measurements are 

made of the temperature dependent paramagnetic suscepti

bility of SrF2:Ce^'^, CaF2:Ce"̂ '̂ , and SrCl2:Ce"̂ '̂  over the 

temperature range 300-1.5K. Attempts to record the infra

red absorption spectra are reported for each crystal at 

room and liquid nitrogen temperatures. In Chapter II the 

basic theories relating optical spectra and magnetic sus

ceptibility to the crystal field are discussed. Chapters 

III and IV discuss the experimental apparatus and 
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procedures used. The experimental results for each 

crystal studied are reported in Chapters V, VI, and VII. 



CHAPTER II 

THEORY 

Faraday Method of Susceptibility Measurement 

If a material is placed in a non-homogeneous 

magnetic field, then the force exerted on the material is 

given by 

SH 
F = mxH ^ (2.1) 
^ ^ 3z 

where x is the magnetic susceptibility of the sample in 

the X direction, m is the mass of the sample, and 
8H 

H —T^^ is the field-gradient product in the z direction. 
X 9z 

Contributions to the force in the x and y directions as 

well as other terms in the field-gradient product can be 

made negligible by proper choice of the magnetic field 

geometry at the position of the sample. For isotropic 

samples the susceptibility is the same in all directions 

and orientation in the field is unimportant. In general 

the force exerted on the sample depends on sample tem

perature as v/ell as the magnitude of the applied field. 

This dependence allows the classification of materials 

according to their magnetic properties, i.e., paramagnetic, 

6 



ferromagnetic, etc. Calculation of the susceptibility 

from measurement of the force on the sample and knowledge 

of the field-gradient product is termed the Faraday 

method and is the method used in this work. 

Magnetic Susceptibility 

When a material medium is placed in an external 

magnetic field H, the magnetic susceptibility of the sam

ple in the direction of the applied field is 

M 
X = - ^ (2.2) 

where M is the total magnetization of the sample. The mag

netization of the sample can be further expressed in terms 

of the average magnetic moment y" of a single atom and the 

total number of atoms N in the sample as 

M = Ny. (2.3) 

Since the energy E of the system depends on the applied 

field, the magnetic moment in the direction of the applied 

field can be given as 

w = - - 1 ^ . (2.4) 

For magnetically dilute samples, that is, atomic systems 
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in which the atoms are essentially non-interacting, 

Boltzmann statistics can be used to calculate the aver

age magnetic moment of a given state of the system. Such 

systems can be formed by dilute doping of a diamagnetic 

host crystal with paramagnetic ions as in CaF«:Ce , 

SrF2:Ce-̂ "̂ , and SrCl2 tCe"̂ "̂ . 

Let the energy levels and wave functions of the 

system be specified by E , ^ in the absence of an 
•̂  ^ ^ n,m n,m 

applied field. In the presence of the field the energies 

can be expanded to the second order as 

E - E° + HE ^̂ ^ + H^E ^̂ ^ (2.5) 
n,m n,m. n,m n,mL 

where m specifies the degeneracy that has been removed by 

application of the field. For the N ions contributing to 

the susceptibility, the Boltzmann distribution yields the 

total magnetization 

E 
, - n , m V 

Z \i exp ( —r-^— ) 
M = N -J^LiI^LJJh3 1 5ST (2 .6 ) 

hi 
, - n , m s 

Z e x p ( —T-^— ) n,m ^ kT 

w i t h 

^ ^ - / ^ ; ^ = - E ^^^-2HE ^^^ (2 .7 ) 
^n,m dn n,m n,m 



where k is Boltzmann's constant and T is the temperature 

Substitution of equations (2.5), (2.6), and (2.7) into 

(2.2) yield the susceptibility in the direction of the 
p 

applied field and correct to the second order as 

-E° -HE ^^^-H^E (2) 

' ^ "" -i° -HE ^^^-H^E ^̂ ^ 
n^. exp , - ^ - ^ ^ ^ ) . (2.8) 

For all cases considered in this work the field dependent 

part of the energy is much smaller than E so that 

E° >> HE ^'-^ + nh ^̂ -̂  . (2.9) 
n,m n,m n,m 

Moreover, even for relatively large magnetic fields, the 

thermal energy kT is also much larger than the field 

dependent part of the energy so that 

UT » HE^_^l> + H \ _ ^ 2 ) ^ (2.10) 

The exponentials in equation (2.8) can therefore be 

expanded and simplified by use of conditions (2.9) and 

(2.10). For paramagnetic systems the only contributing 

. 8,11 
term m the expansion is 
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X = N 
z 

n,m 

(E (1>)2 
^ n,m ^ 

L- kT 
- 2E (2) 

'n,m -̂  

-E" 
exp (—^—) 

- E 
E exp ( n,m ^ ̂  

n,m 
kT 

(2.11) 

If the separation between ground and first excited states 

is small, Van Vleck has further shown that the final form 

of the susceptibility in the direction of the applied 

field is 

X = N E ^ n,m 

(1),2 (2) 

o,m 
j kT 
-̂m 

- 2 o ,m 

'm 
(2.12) 

Here i is the multiplicity of the ground state and -̂ m r . o 

(1) _ 
o,m 

, (2) 
'o,m 

= < ^ 
o,m 

y U* 
o ,m 

I \<^ Iy U > n,m' ^o,m' ' n,m 

E° - E° 
o ,m n ,m 

(2.13) 

(2.14) 

with 

y = 3(^ + 2s) (2.15) 

where 6 is the Bohr magneton and I and s are the compo

nents of the orbital and spin angular momenta, respectively, 

in the field direction. 

In essence much of the work contained herein 

concerns the determination of the energy levels E^ 

of the dopant ions under the influence of their 
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crystalline environment, i.e., the crystal field ener

gies. Experimental determination of x as a function of 

temperature is made using the Faraday method and equation 

(2.1). From knowledge of the Zeeman energies E ^^ and 
*̂  o ,m 

the matrix elements in (2.14), the experimental data are 

fitted to equation (2.12) and the crystal field energies 

are obtained. Unfortunately the higher excited states 

are so far removed from the ground state that the above 

method is often useful only for determination of the first 

excited level. However, theoretical expressions exist for 

the energies in terms of the so-called "crystal field 

parameters." Moreover, absorption spectroscopy allows 

the determination of some of the higher excited states. 

The combined results can hopefully be-utilized to deter

mine the crystal field parameters and yield the complete 

crystal field energy level scheme. These techniques will 

be discussed in the following sections. 

Quantum Theory of Crystal Field Splitting 

The free trivalent cerium ion has a (4f) elec 

tronic configuration described by the Hamiltonian 

f^ = ^ + it'S (2.16) 

where 9/ describes a single electron outside some 

effective center of charge and ci-s gives the spin-orbit 
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coupling energy. If Russell-Saunders coupling is assumed 

to hold and the above Hamiltonian is diagonalized in the 

representation spanned by the well-known Clebsch-Gordon 

coupled wave functions for a single 4f electron, then 

the single electron F energy level is split into the 
2 2 
^5/2 ^^^ ^7/2 P̂iî ~ô t>it levels. The splitting between 

the two levels is easily shown to be 7e/2. Lang" has 

experimentally determined this splitting to be 2250 

reciprocal centimeters. If the ion is introduced substi

tutionally into a crystalline environment, the spin-orbit 

levels split further into "crystal field" energy levels 

under the action of the external electric field provided 

by the crystal. The splitting of each level depends on 

3 59 

the S3niimetry of the crystal field. * Moreover, the 

energy of each level can be expressed in terms of parame

ters which occur in the expansion of the potential describ

ing the crystal field. In general the crystal field 

splittings of rare earth ions in alkaline earth halides are 

smaller than the spin-orbit splitting and can be treated 

as a perturbation to the Hamiltonian given above. 

A general expression of the potential describing 

the crystalline electric field is 

V ^ . I Y„^ (e. , (j).) R „ (r.) (2.17) 
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where the Y^ (6^, <^/) are the standard spherical harmonics 

and the R^ ^ (r^) are functions of the positions, r., of 

the dopant ions but are not to be confused with hydrogenic-

type radial wave functions. Since a perturbation calcu

lation must be made using a complete Hamiltonian of the 

ion in the crystal 

^ =^^ + d-s + V^ , (2.18) 

matrix elements of V must be calculated using the afore

mentioned Clebsch-Gordon coupled wave functions. These 

matrix elements involve integrals over the radial functions 

R (r.) which are difficult, if not impossible, to cal-

culate. Generally, the radial function integrals are left 

as parameters to be determined from experiment and are 

directly related to the crystal field parameters. Fortu

nately, many of the terms in the expansion of V can be 

eliminated due to symmetry considerations, since the 

potential must transform under group theoretic symmetry 

operations as the totally symmetric representation. This, 

of course, requires knowledge of the symmetry of the 

crystalline host lattice. 

The potential at the cation site of the eight-fold 

cubic coordinated crystals CaF^, SrF2, and SrCl2 transforms 

according to the cubic group 0, . Replacement of the 
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divalent cation with trivalent cerium, however, can reduce 

this cubic symmetry to the lower tetragonal (C, double 

group) or trigonal (C^ double group) symmetries by several 

mechanisms. Charge compensation resulting from substitution 

of a divalent ion with a trivalent one can occur. In gen

eral, lattice distortion can occur if the ionic radii of 

the divalent and trivalent ions are very different. For 

the crystal systems studied herein, most experimental evi

dence indicates both cubic and tetragonal type sites, 

with a preference for the tetragonal symmetry. The group 

theoretical energy splittings of the spin-orbit levels 

under the cubic 0, group and the tetragonal C, group are 

shown in Figure 1. In a cubic crystal field, the Tg levels 

are 4-fold degenerate while the r̂  and r̂  levels are 

doubly degenerate. All levels are doubly degenerate in a 

tetragonal field. By Kramer's rule there can be no 

singlet states in the absence of an externally applied 
2 

field. Hund's rule shows that the ^c^n* ^8 '^^'^^'^ must 

have the lowest energy. 

The cubic potential used in this work has been 

64 given by Weber and Bierig as 

V̂  ̂  B̂ ° (0̂ ° + 5 O^S + Bg° iQ° - 21 OgS (2.19) 

6 5 ( 
where 0 ̂  are related to spherical harmonics and B, 



Af" 

7/2 

7V 

N L 

5/2 

8 

\ r (r : 
\ 7 7 

^6^^8> 

'7(^8) 

\_vv 

\ 
r^cr^) 

15 

8 

6̂<V 

'i^'s^ 

Free Ion Spin-Orbit Cubic Tetragonal 

Figure 1. Crystal Field Splitting of a 4f Electronic State in 
Cubic or Tetragonal Crystal Fields. 
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and B^ are the crystal field parameters. 

Equivalent expressions in slightly different nota

tion have been used by Low^^ and by Sabisky and Anderson.^^ 

Weber and Bierig have also given the tetragonal potential 

as 

\ = V °2° + V 0,° + Bg° Og° + B,° 0,̂  (2.20) 

where B^ = 5B^° and B/^ = '^^^e^' ^^ ^^^ perturbation 

approximation previously mentioned is carried out using 

these potentials, the first-order energies listed in 

Table 1 are obtained in terms of the crystal field param

eters. The tetragonal energies have been calculated and 

used by Weber and Bierig and by Rabbiner, while the 

69 cubic energies are from Manthey. It should be noted 

that these energy expressions are correct to first order 

only. Moreover, in the expressions in Table 1, B, and 

B , B^ and B , etc. are not the same numbers, but are o ' 6 o ' 
CO 

related by operator equivalent factors. The crystal 
2 2 

field can mix states from the "^^/^ ^^^ ^7/2 '^^^^folds, 

causing second order corrections which may not be negli

gible if the crystal field splittings are not small com

pared to the spin-orbit splitting. Mires, Arnold, and 

9 70 
Dean and Mires have found energy expressions which 
include the second order effects. 
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TABLE 1 

CRYSTAL FIELD ENERGIES OF A ^f^ ELECTRON IN TERMS OF 
THE CRYSTAL FIELD PARAMETERS 

Cubic Potential Tetragonal Potential* 

E ( — , r,) = 

E(-^, Fg) = 

E ( — . r^) = 

E(-^, r,) = 

E(-^. Fg) = 

17 o 143 o 

77 O 
80 ^ 6 
429 o 

^ B ̂  + -^f- B 6 
11 o 429 o 

* B * 
21 o 

2 B ^ 
21 o 

E(-^, r^(r^)) = b2° + 8b^° 

(6b2° - b^° + 3b^°) + 

2b ° + 
6 

4 4 2 
35(b, + 3b^ ) 

H D 

is 

H-i-. r^(rg)) = - b2° - 8b^° + 2b^° + 

(2b^° - 5b,° - 7b;)2 + 

4 4 2 

E(-f, r,(rg)) . - b / - 8b^° + 2b^° -

(2b 2° - 5b^° - 7b̂ °)2 + 

4 4 2 

E(-f, r^(r^)) = b2° + 8b,° - 2b,° 

(6b ° - b° + 3b °)^ + 
Z 4 D 
4 4 2 

35(b, + 3b/) 
4 6 



Table l~Continued 18 

Cubic Potent ia l 
r 

Tetragonal Potential* 

E ( - ^ , r ^ ( r p = -8B2° - 120B^° 

E(—-, r^Cr^)) = ^^2 ~ ^ ° V ^ 

6 (B2° + 20B^°)^ + 20(B^^)^ 

E ( - | - , r^CFg)) = 4B2° - 60B^° 

6 
0 . 2 4.2 

(B^ + 20B^ ) + 20(B^ ) 

*b,° = 3B^°, b ° = 60B ° , b / = 1 2 B / , b ° = 1260B ° , b / = 6 0 B / 2 2 4 4 4 4 6 6 6 6 
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Zeeman Splitting of Crystal Field Levels 

If an external magnetic field is applied to an 

ion in a crystal, the Hamiltonian can be written as 

cv̂  =9^Q + d'S + V^ + 3(1+ 2s)-it (2.21) 

where the last term is the Zeeman term giving the magnetic 

energy in terms of the Bohr magnetron 3 and the magnetic 

field strength H. Under the action of the magnetic 

field, the degeneracy of all crystal field levels is 

removed. The Zeeman energy is small enough to be treated 

as a perturbation to the crystal field problem previously 

discussed. Solution of the perturbation problem yields the 

first and second order Zeeman energies, E and E , 

which, along with the crystal field energies E ° , must 

be used in equation (2.11) or (2.12) for the magnetic 

susceptibility. 

To solve the perturbation problem, one must calcu

late matrix elements of the form 

g^ (Jr, JT') = <^a,v)\i. 4- 2s U (J',r')> (2.22) 
&n,m n i i m 

where i = x, y, z and the wave functions are those obtained 

from the solution of the crystal field Hamiltonian. These 

wave functions have been tabulated throughoat the 
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literature ' ~'^^ and are listed in Table 2 for the ^F^ ,2 

manifold in terms of the quantum numbers (J,J ) in the 

spin-orbit coupled wave functions. For a magnetic field 

applied in the i(i = x, y, z) direction relative to the 

crystal c axis, the first order energies of the Zeeman 

levels are given in terms of the diagonal elements of the 

perturbation matrix by 

E^^^^ (J,r) = Ĥ̂ gn̂ ^̂ ^̂ '̂-̂ )̂ (2-2^^ 

where the g 's are directly related to the so-called 
4 

spectroscopic splitting factors. The non-vanishing 
2 

matrix elements for the Ft-,̂  manifold are listed in 

Table 3 for later reference. For cubic fields all direc

tions are equivalent so that the direction of the applied 

field is not important. For tetragonal fields, the mag

netic field is usually applied either perpendicular 

(perpendicular Zeeman effect) or parallel (parallel Zee-

man effect) to the optic axis of the crystal. In this 

case it is necessary to utilize a gi calculated from the 

operator £ + 2s for the perpendicular direction, and a 

gil from the operator £ + 2s for the parallel direction 

Optical Transition Selection Rules 

Optical transitions within the 4f manifold of the 

crystals studied in this work are expected to occur in the 



21 

TABLE 2 

FIRST ORDER CRYSTAL FIELD WAVE FUNCTIONS FOR THE 

F , MANIFOLD OF A 4f ELECTRON 

Cubic 
Level 

Wave Function Tetragonal Level 

^,iV^) 

*2(r,) 

*3(rg) 

*4(V 

*5(V 

*6(V 

5 5 l//6-M-^,-f-)-^/4^H-|-, - 4 

1 / / 6 i | ; ( - | - , — - ) -

, 5 1 , 

5 , , 5 3 

^lJ(-
2 ' 2 

/-f ĉ ^ 2 , -f-) + i / ' ^ ^(-a"'-

^H' 2 ' 2 
^ ) + 1 / / 6 i:(~, -—-) 

i>^(r.j(.T^)-) 

<^>2(7^(r^)) 

*3(rg(rg)) 

*4<r6<V> 

*5(r/rg)) 

*g(r/rg)) 
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TABLE 3 

-̂  -> 2 
MATRIX ELEMENTS OF THE OPERATOR £ + 2s IN THE F , MANIFOLD 

g. . = <i|;. |£ + 2s \^.> 

11 
^55 ^66 ' 7 

%3 ^44 7 

^22 ^11 7 

^ I J l ' X x ' J 

g 65 ^56 ^21 ^ 

SA-^I ~ g-jA St;/. S 

12 7 

2/3 
63 " ^36 ^54 ^45 7 

^61 ^16 ^52 ^25 
2/5~ 

g c i g , c g^o S 
2/5" 

51 ^15 ^62 ^26 3 ^43 ~ ^34 ~ 7 

g/, 1 g i / . goo g 
6 / 5 

41 " ^14 ^32 ^23 7 / 3 
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region below 4000 cm" . The selection rules can be de

termined from group theoretical methods . "̂' ̂ ^ As is well 

known, the selection rules are basically determined from 

the non-vanishing of the matrix element <'iJ. | H | ij;-̂> , where 

i|;̂  and i|;̂  are the initial and final state wave functions 

and H is the operator for the electric or magnetic dipole 

moment, depending on which case is being considered. 

The matrix elements will vanish unless the irreducible 

representation, r^, of the final state is found in the 

decomposition of the direct product r„ x r.. Koster £t 

73 al have tabulated the characters, multiplication 

tables, and transformation properties of various quanti

ties under the group operations for use in determining 

energy levels, selection rules, etc. 

The components of the magnetic dipole moment 

transform like the components of an axial vector. For 

the octahedral double group, these components transform 

as the T, representation so that 

^8 ̂  ^4 = 6̂ + ^7 + ^8 

2 
Transitions are therefore allowed from both F^/2 levels 

o 

to all F-7,2 levels excepting the transition 
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ry( F^^2) -^ r^( ^j/2^' ^o^ the double group C, , the 

z component of an axial vector transforms as a r2 repre

sentation while the x and y components transform as r.. 

Therefore, the selection rules depend on the direction of 

polarization of the incident radiation. The direct product 

decompositions are 

^6 ̂  ^2 = 6̂ 

r̂  X r2 = r̂  

SO that for radiation which is linearly polarized along 

the z axis, transitions are allowed between the r^(F^,o) 
6 5/2^ 

and r^(F^,2) levels and between the ^-jC^^/o^ ^^^ ^1^^1/1^ 

levels. All transitions are allowed for radiation that 

is circularly polarized in the xy plane. 

The electric dipole moment is an odd parity 

operator while the parity of all crystal field wave func

tions is the same if the field has inversion symmetry. 

Therefore, electric dipole transitions are strictly for

bidden in a cubic field. However, Van Vleck has shown 

weak electric dipole transitions can occur if the crystal 

field has no center of symmetry or vibrations destroy the 

center of S3niimetry. Selection rules for these vibronic 
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transitions have been worked out from the symmetry of this 

coupled vibration-crystal field problem. ' It is 

shown that transitions from all Fc/2 levels to all F^,2 

levels are allowed in both cubic and tetragonal symmetry 

regardless of polarization. It has been shown that most 

crystal field transitions actually are vibrationally forced 

77 electric dipole transitions. 



CHAPTER III 

APPARATUS 

Magnetic Susceptibility 

The Faraday method discussed in Chapter II was 

used to measure the magnetic susceptibility as a function 

of temperature from 300K to 1.5K. A schematic diagram of 

the apparatus, which has been used in other work,'̂ ^ is 

shown in Figure 2. The force exerted on the sample (N) 

by the 2000-G permanent magnet (M) was measured by a Cahn 

RG-2000 electrobalance with maximum sensitivity of 0.1 yg. 

The sample was suspended from the balance arm of the 

weighing mechanism (A) into the region of the magnetic 

field by means of a thin quartz fiber (D). The sample 

and suspension fiber were counterbalanced by tare weights 

and a small aluminum pan (K) supplied with the balance. 

A glass envelope (B) enclosed the weighing mechanism, 

and the open end of the envelope was fitted with a metal 

end plate (J) and 0-ring for vacuum sealing. A pyrex 

hangdown" tube (C) was connected to the envelope by a 

ground glass joint and enclosed the sample and its suspen

sion. Electrical connections from the weighing mechanism 

to its control units were made through the metal end 

26 
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J 

K 

Figure 2: Schematic Diagram of Apparatus 

riimiiTiiiwa mu\m taammMijrK-aiatvts.'jtjaii^^'tsix^iji.r:r^vr^'.'ji. 
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plate, while those to the hangdown tube sample chamber 

were made through the tube (E) which was then sealed with 

Cenco Softseal Tackiwax. The hangdown tube was partially 

encased in a double dewar system consisting of an outer 

liquid nitrogen dewar (G) and an inner liquid helium 

dewar (H). 

The hangdovm tube was equipped with a small tubular 

copper heater using a 26 fi, 4 W carbon resistor as a heat

ing element. The heater was placed at the bottom of the 

handgown tube, and the sample was suspended so that it 

hung at the top edge of the heater. A Cu-constantan 

thermocouple and a germanium resistance thermometer were 

installed in the copper tube for temperature measurements. 

The thermocouple wires were standardized Leeds and North-

rup No. 30 with limits of accuracy less than 17c,. The 

cryoresistor was manufactured by Cryocal, Inc., and was 

calibrated in the laboratory against a reference thermom

eter also supplied by Cryocal. These temperature sensors 

were in thermal contact with one another, were insulated 

from contact with the copper tube and heating element, and 

were placed within \ inch of the sample. The individually 

insulated electrical wires leading to these elements were 

fed down the hangdown tube inside two small diameter 

pyrex tubes which were pressed against the inside of the 

hangdown tube by small cylindrical clamps made of 5 mil 
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beryllium-copper sheeting. 

Evacuation of the hangdown tube and envelope 

assembly was accomplished by connecting a Model 1402 

Duo-Seal vacuum pump to tube (L) of the envelope. Pres

sures to below 10 y could be reached in the sample cham

ber and held overnight. An auxiliary vacuum line and 

needle valve system was made in the main line to allow 

refilling of the sample chamber with helium gas for 

exchanging heat and promoting thermal equilibrium be

tween the sample and thermometers. 

To remove condensible vapors from the helium 

gas, a liquid nitrogen cold trap was placed in this 

auxiliary line. A mercury manometer was also included in 

the system to monitor the exchange gas pressure in the 

sample chamber. More accurate measures of this pressure 

were made by means of an NRC-804 thermocouple vacuum gauge 

attached to the face plate (J) of the balance envelope. 

Vacuum leaks throughout the system were sealed with 

either Emerson & Gumming, Inc., Stycast 2762 or General 

Electric Gevac. 

A separate vacuum system was used for the inner 

dewar of the double dewar system surrounding the hangdown 

tube and sample. The top of the inner dewar was equipped 

with a manifold (F) which was connected to a Model 1397 

Duo-Seal vacuum pump. A small needle valve and a 7/8 inch 
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vacuum valve were connected in parallel in the main line 

of this system and were used to control the vapor pres

sure above the liquid helium. Temperatures between that 

of liquid helium and 1.5K were obtained by use of these 

valves to control the pumping rate on the helium vapor 

above the liquid. Additionally, this technique was used 

in conjunction with the heater system in the sample cham

ber to enable temperature selection in the range 5K-20K. 

A mercury manometer was installed in the system to moni

tor the helium vapor pressure and allow a rough determina

tion of the temperature. Again, more accurate measure

ments of the pressure in the system could be made by 

means of a second NRC-804 thermocouple vacuum gauge placed 

in the vacuum line. 

Room vibrations, which would greatly affect the 

accuracy of measurement, were eliminated by mounting the 

entire cryogenic system and weighing mechanism on an 

elevated platform which was heavily loaded, braced, and 

attached to the outer wall of the concrete block building. 

The glass envelope containing the balance was mounted on 

a flat metal plate suspended by two lab-jacks on top of 

the platform. This system permitted decoupling of the 

envelope and hangdown tube. The suspension fiber was 

constructed in three sections joined by small u-shaped 

hooks, one of which was near the ground glass joint 
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so that the fiber could be decoupled from the weighing 

mechanism when the envelope was disconnected from the 

hangdown tube. Additionally, the cryogenic system and 

hangdown tube were mounted on slide rails so that they, 

along with the suspension fiber, could respectively be 

separated from the envelope and balance and slid forward 

to change samples. To insure that all samples were 

placed in the same position relative to the magnet, a 

cathetometer was used. Alignment marks on the slide 

rails were also utilized to place the cryogenic system 

and sample in the same place relative to the magnet. 

The magnet used to supply the inhomogeneous field 

around the sample had a 2% inch gap and pole pieces which 

were approximately % inch thick and perfectly cylindrical, 

Therefore, two regions of equal, but opposite, maximum 

field-gradient product were located symmetrically on oppo

site sides of the gap. By moving the magnet past the 

sample, measurements of the force could be made using 

both maxima in the field-gradient product. An average of 

these two values is then independent of bouyant forces, 

pressure gradients, or other effects dependent on the 

ambient conditions surrounding the sample. To accomplish 

this the magnet was mounted on a heavy metal plate at

tached to the top of a motorized hydraulic jack. Data 

were taken only during the descent of the magnet since 
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the descent speed of the jack was very slow and uniform. 

Therefore, all measurements were well within the response 

time of the weighing mechanism. To prevent any vibration 

in the magnet, which could easily be detected by the Cahn 

balance, the entire assembly was counterbalanced by large 

lead weights. 

A schematic diagram of the electrical apparatus 

is shown in Figure 3. A Texas Instruments Servo/riter 

Model PSI0W6A chart recorder was used to continuously 

record the output of the Cahn balance, which was propor

tional to the magnetic force exerted on the sample. Ten 

inch chart paper with 100 divisions was used. The record

er pen width was approximately two-tenths of one division, 

and the dead band was less than one-tenth division. Span 

step response time of the recorder was 1.0 second. Full 

scale deflection was 1 mv with zero set at the center of 

the chart. The instrument was calibrated at the factory 

and checked in the lab with a Leeds and Northrup Model 

7554-All potentiometer. Calibration of the Cahn balance 

against the potentiometer and recorder was done on three 

different mass ranges using two different sets of National 

Bureau of Standards calibration weights. Linearity and 

drift of the balance were periodically monitored over 

several weeks prior to the actual experimental runs. 

Error was not detectable using the recorder. Since 
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force measurements were made by allowing the magnet to 

pass by the sample, a maximum force was produced in one 

direction, then zero force at the center of the magnet 

gap where the field-gradient is zero, then a maximum 

force in the opposite direction. Therefore, data appear

ed as a sinusoidal curve on the recorder, and the force 

was found from half the peak-to-peak amplitude of the 

curve. 

The heater shown in Figure 3 was powered by a 

50v/1.5a Heathkit Model IP20 regulated power supply. 

The Leeds and Northrup Model 7554-All potentiometer was 

used to measure the emf of either the thermocouple or 

the cryoresistor as the case warranted. An ice bath 

reference at 0.0 C was needed for the thermocouple. The 

thermocouple reference junction and a Weston Model 2261 

bimetallic, dial type thermometer were immersed in a small 

pyrex hangdown tube containing oil, which was then im

mersed in a vacuum dewar containing the ice and water 

mixture. The current supply for the germanium probe 

resistor shov/n in Figure 3 was developed by Arnold for use 

78 
in a prior experiment. His electrical circuit is shown 

in Figure 4. With the switch SW-1 in the "I" position, 

switch SW-2 selects the proper current of lya, lOya, or 

lOOya for each respective temperature range of 1-2K, 2-15K, 

or 15-40K as recommended by the manufacturer of the 
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resistor. Exact values for each current were obtained by 

adjusting resistors R^, R^, or Rg so that an emf of lOmv 

was read across the precision resistor Rl, R4, or R7 

respectively. The resistance of the thermometer was then 

determined from the emf measured with switch SW-1 in the 

"V" position. In both setting the current and reading the 

thermometer resistance, the Leeds and Northrup potentio

meter was used. 

Infrared Spectroscopy 

Absorption spectra in the region 400-4000 recipro

cal centimeters were taken with a Beckman IR-9 infrared 

spectrophotometer at room and liquid nitrogen temperatures 

The IR-9 is a standard double-beam instrument in which the 

optical null principal is utilized when operating in the 

double-beam mode. Radiant energy from the Nernst glower 

source is alternately directed through the sample and 

reference beam chambers by action of a rotating half-

mirror. After passage through the reference and sample 

chambers, the two beams are converged by a second rotat

ing mirror. Since the two beams share a common origin in 

the source, small warpage or misalignment of the source 

elements affects both beams equally and their relative 

intensity remains unchanged upon recombination. The re-

combined beam is then dispersed by a KBr fore-prism 
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before being diffracted by one of the two gratings used 

in the double monochromator prism/grating system. The 

first grating of 50 lines per mm is used for the 400-

2000 cm range, while the other 150 lines per mm grating 

is used for the 2000-4000 cm"^ range. After diffraction 

through the grating system, the spectrum passes through an 

exit slit to the detection thermocouple. When the sample 

and reference beams are equal in intensity there is no 

signal to the detector. Any variation in the intensities 

of the beams appears as an alternating signal of strength 

proportional to the variation. The output signals from 

the detector are then recorded on a linear strip-chart 

recorder in terms of percent absorption. The maximum 

resolution of the instrument is 0.25 cm~ at 923 cm~ 

with accuracy ranging from 0.2 cm" at 400 cm" to 0.6 cm" 

at 4000 cm when operated with the standard, automatic 

slit width control provided by the instrument. For low 

intensity signals from optically thin samples, the slit 

width can be chosen by the operator to increase the inten

sity of the signal through the sample at the risk of losing 

resolution. For measurements taken in this work, it was 

necessary to operate with 2-5 cm resolution in order to 

gain intensity. 

For measurements below room temperature, a double-

dewar system, much like the one previously described, was 
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used. In this case, however, the dewars were of stainless 

steel construction and equipped with KBr windows to allov; 

passage of the sample beam. The sample chamber consisted 

of a long cold-finger encased in a stainless steel cryo-

stat which, in turn, was surrounded by the outer dewar of 

the double dewar system. Direct thermal contact between 

the sample and cold-finger was made through a highly pol

ished copper sample mount. A diffusion pump was used for 

evacuation of the sample chamber. Since the only low 

temperature runs were made at liquid nitrogen temperature, 

a thermometer system was not employed. 



CHAPTER IV 

EXPERIMENTAL METHOD 

Magnetic Susceptibility Measurements 

Samples and Suspensions 

The SrF2:Ce and CaF2:Ce samples used in this 

work were manufactured by Harshaw Chemical Company. 

Dr. P. P. Mahendroo of Texas Christian University supplied 

3+ 3+ 

the CaF^rCe sample, while SrF^rCe was obtained from 

Dr. Truman Black of the University of Texas at Arlington. 

Both samples were rhombohedral in shape and were approxi

mately the same size and weight. They were oriented by 

Laue back-reflection x-ray technique and were cleaved with 
3+ two faces perpendicular to the c axis. The SrF^rCe 

sample was cleaved from a slightly larger crystal, while 

3+ CaFr^iCe was used exactly as it was obtained. The SrCl2: 

Ce sample was grown in the laboratory. The vertical 

Bridgman technique was used to grow single crystal SrCl2 

to which the cerium was added in the form of CeCl-̂  in con

centration of 5% by weight. All samples were stored in a 

dry box unless in use and were exposed to room environment 

a minimal amount of time. This was a relatively unneces-
O ! 3-f-

sary precaution for SrF2:Ce and CaF2:Ce ; however, the 

39 
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3+ 

SrCl2:Ce sample was very hygroscopic. 

Each sample was suspended from the balance arm by 

an extremely thin quartz fiber which was made in three 

sections joined by small hooks to facilitate sample chang

ing. The bottom section of the fibers was formed into a 

small "basket" to hold the sample. Fortunately, the 

same basket could be used for all samples studied. This 

was important since Arnold^ had found in earlier work 

that a correction was needed for force exerted by the 

field on the quartz fiber. His correction was -(2.0 + 

0.4) yg. However, the fiber used in this work was at 

most 1/20 the diameter of Arnold's and, consequently, no 

correction was made to any measurement herein. The mass 

of each sample was obtained from a series of twelve meas

urements using a Mettler Semi-Micro Balance. Table 4 

lists the masses and their standard deviation. 

Calibration of the Field-Gradient Product 

In order to obtain the susceptibility from a 

force measurement, the field-gradient product must be 

known as discussed in Chapter II. This was accomplished 

by measuring the force on a sample of high purity platinum 

whose susceptibility is known. Use of equation (2.1) then 

yielded the field-gradient product. The susceptibility of 

platinum is given as a function of absolute temperature T 

u 80 by 



Sample 

TABLE k 

SAMPLES 

Mass (mg) 
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SrF :Ce 
3+ 

532.79 + .02 

CaF :Ce 
3+ 

515.63 + .02 

SrCl :Ce 
3+ 

232.83 + .02 
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V = —S + ^ (4.1) 
^ T - 6 d̂ 

where C and e are the Curie-Weiss parameters. The dia

magnetic susceptibility x^ has been given by Selwood'̂ ^ to be 

X. = -0.144 X 10"^ emu/g 

80 
Arnold has determined the Curie-Weiss parameters to be 

C = 1869 X 10 ^ °K-emu/g 

e = -1384 °K. 

Therefore, the susceptibility can be found at any reference 

temperature. In actual practice measurements were made 

only at room temperature. However, calibration runs were 

made over a several day period during which room tempera

tures varied so that equation (4.1) was used to find x at 

each temperature. 

The calibration sample was placed in the system as 

near the center of the magnet gap as could be obtained by 

visual alignment through the windows of the double dewar. 

The cathetometer and side rail alignment marks were then 

set as a reference for later sample alignment. Before each 

run the sample chamber was evacuated to below 10 y pressure 
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then refilled with helium exchange gas to atmospheric 

pressure. The force data are shown in Appendix A under 

the headings "PTl" to "PT3" corresponding to the three 

calibration runs. It should be noted that data are 

listed for two orientations of the magnet, "parallel" 

and "perpendicular." These two positions were used later 

on the actual crystals being studied to orient the mag

netic field either perpendicular or parallel to the crys

tal c axis and thereby determine if the crystal was 

isotropic. Moreover, slightly different forces were 

recorded for these two positions. This is due to imper

fect vertical alignment in the travel of the magnet that 

could not be removed even after extensive effort to re

balance the magnet. Therefore, separate calculations 

for the field-gradient product were made for each orien

tation and were used in later data reduction for the 

actual samples. In either case the estimated uncertainty 

in the field gradient product is the sum of the average 

deviation in the force measurement and a 1% uncertainty 

attributed to the platinum susceptibility. 

A possible problem can exist in calibration of the 

system when different size samples are used if the volume 

of a sample exceeds the volume over which the field-

gradient product is constant. An extensive study of this 
•70 

problem by Arnold determined that this volume was 
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approximately 200 mm^ which was larger than any sample 

used in this work. Additionally, all samples studied in 

this work, including the platinum calibration sample, 

were approximately the same size so that the effect would 

be minimized. 

Temperature Measurement 

Temperature measurements in the 300K-50K range 

were made using the Cu-constantan thermocouple, while the 

Cryocal germanium resistor was used in the temperature 

range 50K-1.5K. The physical location of these sensors 

was described in Chapter III. For measurements with the 

cryoresistor, a standard four-point emf measurement was 

used to determine the resistance of the thermometer uti

lizing the constant current source and potentiometer 

described in Chapter III. Stability of the current source 

was excellent on all current ranges. Resistance values 

were converted to temperature using a calibration chart 
•70 

prepared in the laboratory. The germanium resistor was 

supplied by Cryocal, Inc., with calibration points at 

77.4K and 4.2K. Further calibration was done over the 

temperature range 1.6-20. OK by comiparison with a factory 

calibrated resistor also purchased from Cryocal. For 

temperatures below 1.6K and in the range 20K-77.4K, a 

straight line extrapolation was used. Agreement between 
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the thermocouple and germanium resistor was within 1% in 

the 50-77.4K range; however, the thermocouple was employed 

in this range due to its faster response time. 

The thermocouple emf in the temperature range 

50-300K was measured as discussed in Chapter III and con

verted to temperature readings using the Leeds and North

rup conversion tables for Cu-constantan thermocouples. 

In order to better utilize the extreme accuracy of the 

Leeds and Northrup potentiometer readings of the thermo

couple emf, a linear interpolation to 0.2K accuracy was 

made between the IK temperature increments given in the 

conversion chart. The stability of the reference junction 

ice bath was checked by direct immersion of the measuring 

junction into both liquid nitrogen and the ice bath it

self. Readings were always within the 1% error assigned 

to all temperature measurements. 

Since the temperature sensor could not be directly 

attached to the sample, thermal equilibrium between the 

two was assured by introducing helium gas into the sample 

chamber. Relatively high exchange gas pressures of 200-

1000 y were used for measurements in the temperature range 

1.5-77K without introducing significant noise in the sys

tem due to thermal convection currents in the region of 

the sample. A technique to be discussed in the next sec

tion assured that thermal equilibrium had been reached 
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and that noise was a minimum before each run was taken. 

For measurements above 77K, exchange gas pressures of 

about 1 mm were generally used although pressures of 

1 atm could be used with no discernable difference. An 

extensive study of the problem of reaching a suitable com

promise between poor thermal contact at low pressures 

78 and excessive noise at high pressures was made by Arnold, 

and a small correction factor was found as a function of 

exchange gas pressure for temperatures at or below 4.2K. 

Due to the experimental technique employed in this work 

in assuring that thermal equilibrium was reached before 

each measurement, no correction factor was used for 

temperatures below 4.2K. 

Experimental Procedure 

All measurements, with the exception of those 

above 77K, were made at night to minimize vibrations due 

to heavy student traffic through the building during the 

day. Additionally, the room was darkened to avoid any 

light into the sample chamber during the low temperature 

runs. 

Measurements between 300K and 77K were made by 

two methods. Agreement between the two was excellent. 

For runs descending in temperature from 300K to 77K, 

the sample chamber was evacuated to below 10 y pressure 
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at room temperature for at least a day then refilled 

through the cold trap with helium gas to a pressure of 

about 1 mm. After the pressure stabilized, room tem

perature data were taken. The inner dewar was then 

evacuated and refilled to atmospheric pressure with 

exchange gas. Small amounts of liquid nitrogen were 

poured into the outer dewar, and runs were made as the 

temperature slowly drifted downward. Alternatively, 

measurements ascending in temperature were made as the 

sample slowly warmed up after a run made at or below 

liquid nitrogen temperatures. Due to the length of time 

involved in either of the above procedures, measurements 

were made during the day on a weekend when building vi

brations were minimal. Temperature was measured before 

and after each run, and the average was used in data 

analysis. Since the time during which the sample was in 

the field was approximately 30 seconds, most runs were 

made with very little temperature drift. In no case was 

a run used in which the temperature drifted by a degree 

or more, even though the force was practically indepen

dent of temperature in this region. Moreover, a drift of 

IK at a measurement taken at lOOK would only introduce 17c 

error, which is the limit of accuracy of the thermocouple 

In the temperature range 77-55K between the boil

ing and freezing points of liquid nitrogen, the sample 

o 
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chamber was evacuated as before and refilled with helium 

gas to a pressure between 1 mm and 1 atmosphere, depending 

on whether or not measurements were to be made as the 

temperature fell. Both the inner and outer dewars were 

then filled with liquid nitrogen. After the temperatures 

began to stabilize at or near 77K, the exchange gas 

pressure in the sample chamber was reduced to 500-1000 y 

and measurem.ents were taken around 77K. The vacuum pump 

and needle valve system controlling the vapor pressure 

above the liquid in the inner dewar were then used to 

slowly reduce the vapor pressure above the liquid nitro

gen and thereby reduce the temperature in the sample 

chamber. The general procedure was to determine what 

thermocouple emf reading was necessary to give the de

sired temperatures, and set the potentiometer to this 

value. The potentiometer was continuously monitored and 

the pumping rate adjusted until a null-balance was ob

tained on the null detector of the potentiometer. This 

technique also required some final adjustment of the 

potentiometer emf to obtain a null-balance; therefore, the 

final stable temperature point was not exactly that 

chosen at the start. The recorder trace was then observed 

for indications of any noise or drift due to thermal con

vection currents around the sample. When both instruments 

indicated an equilibrium condition for the duration of 



49 

time that the sample was to be in the magnetic field, the 

magnet was passed by the sample and the measurement made. 

After the temperature of solid nitrogen was obtained by 

pumping on the nitrogen vapor, the pump was turned off, 

allowing the temperature to slowly rise. Measurements 

ascending in temperature could then be made by the tem

perature and noise monitoring procedure discussed above. 

Generally the agreement between readings taken ascending 

and descending in temperature was good when comparison 

was possible. It should be noted that an exact null-

balance could not always be maintained on the potentiome

ter during the course of a run, indicating temperature 

drift. Therefore, an exact reading of the temperature 

was made before and after each run, and the average was 

used in data analysis. As before, no measurement was 

retained in which drift was larger than 1% of the meas

ured temperature. 

Experimental runs at or below 4.2K were made by 

the same technique used for the 77-55K runs except that 

liquid helium was introduced into the inner dewar with 

the system already at liquid nitrogen temperature. How

ever, measurements were made with 200-500 y gas pressure 

in the sample chamber in order to reduce noise. As the 

temperature fell from 4.2-1.5K, it was necessary to occa

sionally add gas through the cold trap to maintain 



50 

pressures above 200 y in the sample chamber. It was not 

possible to make measurements ascending in temperature as 

before by simply pumping down to the lowest temperature 

obtainable and then allowing the system to warm back up. 

The rate at which the temperature drifted upward was far 

too fast. However, readings at about the same tempera

ture could be made by using the helium vapor pumping 

technique to descend to the desired temperature from a 

higher one or to ascend to this temperature from a lower 

one. When this was done, agreement between the measured 

forces was better if the low temperature correction 

previously discussed was not made. Again, exact temper

ature readings were taken before and after each run. For 

these measurements, however, the two readings were re

quired to be the same within the accuracy with which the 

calibration chart could be read. Moreover, an exact null-

balance on the potentiometer was required for a longer 

period of time before a run was made. These precautions 

were taken since, at the temperatures involved, a small 

temperature change in the cryoresistor corresponds to a 

large resistance change. It was therefore felt that an 

exact resistance reading was required to assure thermal 

equilibrium in the system. This was quite often extremely 

time consuming. 

The most difficult and critical temperature region 
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in which data were taken was 4.2-50K. These runs were 

always made immediately after the measurements below 

4.2K. The outer and inner dewars were completely filled 

with liquid nitrogen and liquid helium, respectively, 

so that the heat capacity of the system was large. The 

heater described in Chapter III was then used to slowly 

raise the temperature. The general procedure was to 

determine what emf must be read on the potentiometer to 

give the required resistance of the germanium resistance 

thermometer, and set the potentiometer to this value. 

Then, while the heater was slowly adjusted, the potenti

ometer was continuously monitored until a stable null-

balance was obtained. The noise and drift in the re

corder was monitored as before, and a measurement was 

made when all systems were stable. Exchange gas pres

sures in the sample chamber were kept between 200 and 

1000 y. The same before and after temperatures averaging 

process was used, and runs with a temperature drift of 

17o were not used in data analysis. It should be noted 

that, at the outset of the experiment, it was felt that 

this region would be the most difficult in which to ob

tain satisfactory readings. However, with a large amount 

of liquid helium in the inner dewar, stability at each 

temperature reading was excellent, and most measurements 

were made with no temperature drift. 
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The results of all measurements are reported in Appendix 

A. Data under each entry are not reported in the order 

in which runs were made, but in order of descending tem

perature. The uncertainties in the force measurements 

are given as the sum of the recorder dead band error, 

chart reading error, and error due to any drift in the 

recorder base-line. This recorder base-line drift occur

red randomly and could not be correlated to sample, tem

perature, or recorder, although it has been observed in 

previous work. 

Diamagnetism of Host Crystals 

Since the samples studied in this work consist of 

a diamagnetic host crystal doped with paramagnetic ions, 

the measured magnetic susceptibility will contain both 

paramagnetic and diamagnetic contributions. The diamag

netic susceptibility must therefore be subtracted from the 

experimentally measured values to obtain the desired para

magnetic susceptibility of the cerium ion. The measured 

susceptibility should obey the relation 

C_ ^ 
^ "d ' '^w 

X = - ^ + x^ + X _ (4.2) 

where the C/T term gives the temperature dependence of 

the susceptibility, XJ is the diamagnetic susceptibility, 

and X is the temperature independent Van-Vleck 
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susceptibility. It should be noted that the value of 

X.̂ ^ is positive, while that of XJ is negative. At higher 

tem.peratures, the temperature dependent term in equation 

(4.2) becomes negligible so that the measured suscepti

bility is a constant given by the sum of the diamagnetic 

and Van-Vleck paramagnetic terms. The values of this 

temperature independent susceptibility, as determined by 

a least-squares fit of the data from 77-300K, are listed 

in Table 5 for the three samples studied herein. These 

values unfortunately give no direct indication of the dia

magnetic correction, since nothing is known about the tem

perature independent paramagnetic susceptibility; however, 

they do indicate the difference between the two constant 

terms in equation (4.2). 

78 Arnold has measured x̂^ for pure single crystals 

of SrCl2 and CaF2. The diamagnetic susceptibility of 

powdered samples of all three host crystals studied herein 

81 
have been reported by Foex. The results of both workers 

are reported in Table 5. The differences in their results 

can perhaps be understood on the basis of the physical 
78 

difference in the powdered and crystalline states. The 

values determined by Arnold for the crystalline samples 
3+ 

are used as the diamagnetic corrections for SrCl2:Ce 

and CaF2:Ce-̂ "̂  in the analysis to follow in this work. 

Unfortunately, there is no value for the diamagnetic 



54 

TABLE 5 

DIAMAGNETIC SUSCEPTIBILITIES 

c 1 This Experiment Arnold Foex 
^^ -6 -6 -6 

-(X^+X,^)(10 emu/g) "X^jdO emu/g) "~X̂ (10 emu/g) 

SrCl^ 

CaF2 

SrF2 

.360 + .009 

.316 + .006 

.216 + .010 

.356 + .009 

.343 + .008 

.397 

.359 

.296 
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susceptibility of single crystal SrF2. However, an esti

mate of x^ for SrF2 can be made from examination of the 

results displayed in Table 5. The diamagnetic suscepti

bility of crystalline SrCl2 is approximately 107o lower 

than the value for the powdered sample, while x.. for 

single crystal CaF2 is 47o lower than the value for 

powdered CaF2. It is assumed herein that the difference 

between the diamagnetic susceptibilities of crystalline 

and powdered SrF2 also fall in this percentage difference 

3+ range. The diamagnetic correction to be used for SrF2:Ce 

is therefore assumed to lie in the range -0.266 x 10" emu/g 
- 6 

to -0.284 X 10 emu/g. In the experimental analysis for 
3-f 

SrF2:Ce given in Chapter VI of this work, results are 

reported for both of these estimated diamagnetic correc

tions . 

A preliminary analysis for the paramagnetic suscep

tibility of cerium in SrCl^ can be made by examination of 

the results in Table 5. As experimentally determined in 

this work, the temperature independent susceptibility of 

SrCl«:Ce (XJ + X ) is within experimental error of the 

diamagnetic susceptibility of pure single crystal SrCl2; 

therefore, within experimental error, x,̂ ^ is zero. When 

corrected for diamagnetism of the host crystal, the para-

3+ 
magnetic susceptibility of SrCl2:Ce determined herein 

must therefore be described by only the simple C/T 
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dependence in equation (4.2). As will be discussed in 

Chapter VII, this result indicates that the effect of the 

crystal field is, within the experimental error herein, 

negligible in SrCl2 :Ce"̂ "̂ . It should be noted that the 

uncertainties reported in the work by Arnold were most 

probable errors from a least-squares data fit. Therefore, 

for consistency, the deviations in the values of the tem

perature independent susceptibilities measured herein are 

also most probable errors. 

Infrared Spectroscopy Measurements 

Samples 

The samples used in infrared absorption measure

ments were the same samples used for magnetic suscepti

bility studies. They were approximately 4-5mm thick in 

the direction parallel to the 4-fold symmetry axis as 

was determined by x-ray analysis. They were placed in 

the light path parallel to this axis in the same manner 

as they were placed parallel to the magnetic field in 

susceptibility studies. However, polarization studies 

were not made, and the source was not polarized, so that 

transitions from all symmetries could occur. The samples 

were relatively thin optically, both in actual thickness 

and in number of dopant ions per gram of sample (+10 

ion/g-sample). 
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Experimental Procedure 

Room temperature runs were made in three types. 

Measurements were made with the sample placed directly 

in the sample chamber of the spectrometer in two ways. 

One method employed a beam condenser which reduced the 

size of the incident beam to the size of the sample, while 

the other runs did not employ the condenser. Runs were 

also made with the sample in cryostat and dewar system 

for comparison xvith later measurements using the cryostat 

for liquid nitrogen measurements. For each run made, a 

complementary measurement was made without the sample in 

the beam in order to obtain background information. To 

reduce absorption due to atmospheric water or carbon 

dioxide, the entire internal section of the spectrometer 

was under positive pressure from a dry air blower system 

which passed the dry air through Ascarite to reduce CO2 

bands. Runs with the sample in the cryostat and dewar 

systems, or background runs without the sample, were made 

after evacuating the sample compartment for two days. 

This procedure was also employed for the measurements at 

liquid nitrogen temperatures. The wavelength range was 

scanned at speeds of 250, 80, or 40 cm per minute depend

ing on the appearance of the spectra. 

Measurements at liquid nitrogen temperature were 

made after evacuating the sample chamber for two days. 
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Liquid nitrogen was introduced into the outer dewar in 

order to condense any water remaining in the system on the 

walls above the sample chamber and dewar windows. The 

inner dewar and cold-finger section were then filled with 

liquid nitrogen and allowed to stabilize for one hour 

before measurements were made. The direct contact of the 

sample to the cold-finger through the sample mount assured 

that the sample temperature was that of liquid nitrogen. 

Due to what appeared to be an unknown impurity on the KBr 

windows, back-ground runs were also made without the 

sample at liquid nitrogen temperature. It should be 

noted that the IR-9 spectrometer was property of 

Dr. R. L. Redington of the Texas Tech University Chemistry 

Department. 



CHAPTER V 

MAGNETIC SUSCEPTIBILITY AND INFRARED 

SPECTRA OF CaF2:Ce'̂ "*" 

Introduction 

A considerable amount of work has been done in 

attempting to clarify the crystal field problem of 

3+ 
CaF2:Ce , and many experimental techniques have been 

employed. Optical spectra have been studied by Dvir and 

Low^^, Feofilov^-^, Kiss^^, Loh^^, and Manthey^^. Para

magnetic resonance investigations have been done by Dvir 

82 6 2 Rfi 
and Low , Baker, Hayes, and Jones , and Kiel and Mims 
A review of the problem of crystal field splitting of all 

64 
rare earths in CaF^ has been given by Weber and Bierig 

Recently, an attempt to theoretically predict the energy 

3+ levels in CaFpiCe on the basis of Hartree-Fock calcula-

87 tions has been made by Starostin and others . More 

61 
exotic experiments using techniques of ENDOR , spin lat-

88 89 
tice relaxation , magnetic circular dichroism , and 

90 vibronic transitions have also been performed. The net 

result of these studies has been a rather mystifying pic-

3+ ture of the crystal field in CaF2:Ce since no complete 

crystal field analysis has been attempted until recently. 

59 
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In 1960 the optical spectra and paramagnetic 

82 resonance data of Dvir and Low were interpreted as due 

3+ 
to Ce in cubic sites in CaF2, and it was proposed that 

the cubic field splitting of the F^/2 manifold was very 

small, not much larger than the Zeeman energies. On the 

other hand, Weber and Bierig used optical data , para-

magnetic resonance data indicating tetragonal sjmimetry, 

and the theoretical work of Lea, Leask, and Wolf to con

jecture that the Fc/2 splitting could be as large as 

700 cm . Moreover, the spin relaxation data of Weber, 

88 
Bierig, and Warshaw did not indicate the possibility of 

a small crystal field splitting. In addition, a prepon

derance of work ~ ' ' indicates that Ce enters 

CaF2 in tetragonal sites, although the tetragonal dis

tortion may be very small and approximate cubic symmetry 

may be achieved. In order to resolve such discrepancies, 

69 Manthey has made a complete crystal field analysis using 

absorption and fluorescence techniques. The results are a 

tetragonal crystal field with energy levels at 0, 110, 

579, 2192, 2307, 2440, and 3562 cm" from the F^^2 ground 

state. Of these energies, only the 110 level was not 

directly measured, but theoretically predicted. Kiel and 

Mims^^ have used this data in an examination of electric 

field induced g-shifts. Their calculations agree well 

with experimental data only if the 110 cm level predicted 

by Manthey is actually 65 cm . 
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Experimental Measurements and Analysis of Results 

3+ This work on CaF2:Ce was intended to be a 

re-examination of the crystal field problem with particu

lar emphasis on experimental location of the low-lying 

Fc/o energy levels. Optical absorption spectra taken in 

the range of 400-4000 cm" unfortunately gave no informa

tion on the upper F.,,2 levels. The crystal used was 

simply too thin and too lightly doped to give any spectra 

at either room or liquid nitrogen temperature. However, 

room temperature spectra in the ultraviolet range were 

taken using a Gary 14 spectrophotometer. The results 

69 duplicated those published by Manthey . The measured 

magnetic susceptibility, corrected for diamagnetism of the 

host crystal using x̂ ^ = -0.343 x 10" emu/g, is shown in 

Figure 5. The error bars represent a 1.57o error in cal

ibration of the field-gradient product, the error in the 

force measurements on the sample, and the given 2.37o error 

in Arnold's^^ diamagnetic susceptibility value. The solid 

line represents a least-squares fit over the temperature 

range 4-77K to the eqiiation 

X = | + a . (5-i) 

It should be noted that the least-squares curve fit from 

4-77K gives a reasonably good fit to the measured data 
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throughout the entire temperature range of 1.5-300K with 

perhaps the exception of the points at the temperature 

extremes. 

As a preliminary investigation, the cubic equation 

(B.l) given in Appendix B was compared to (5.1). This 

resulted in values of the concentration, N, and the cubic 

field splitting. A, of the F^.2 manifold given as N = 1.084 
18 1 

x 10 ion/gm and A = 98 cm' . This value is extremely 

different from the tetragonal value of 580 cm" measured 

by Manthey. If the tetragonal distortion is small, as is 
3-f indicated by g factor measurements for Ce ions in tet-

62 86 ragonal symmetry ' , then the cubic and tetragonal 

splittings might logically be expected to be much closer 

in value. However, as Appendix B shows, the cubic sus

ceptibility equation can be obtained from reduction of the 

tetragonal equation if the splitting, 6, of the first 

excited Fc/o state is much smaller than kT. If 6 is on 

the order of 60-100 cm~ , the cubic equation would not be 

expected to give reliable results in the temperature range 

3+ 4-77K. Moreover, as previously referenced, Ce almost 

exclusively enters CaF2 in tetragonal symmetry sites due 

to necessary charge compensation. 

The measured magnetic susceptibility is plotted as 

a function of the reciprocal of temperature in the range 

4-300K in the graph of Figure 6, while in Figure 7 the 
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temperature range 1.5-lOK is displayed. The error bars 

indicate the sum of a 1.5% error in calibration and the 

error in the individual force measurements as given in 

Appendix A. The solid line in Figure 6 represents the 

result of a least-squares fit to the data throughout the 

temperature range 4-77K, while that in Figure 7 gives the 

least-squares fit to the data as expressed by the relation 

X = ( ̂ - ^ - .2940 ) X 10"^ ̂ ^ . (5.2) 

Examination of the low temperature results displayed in 

Figure 7 indicated a linear dependence of the suscepti

bility upon temperature throughout the 1.5-lOK range, and 

the least-squares fit is a good representation of the data. 
fiQ P,f\ 

Since most work ' indicates that the spacing, 6, 

between the ground and first excited state is relatively 

3+ 
large in CaF2:Ce , equation (B.3) for 6<<kT should be 

applicable throughout the 1.5-lOK temperature range. In 

the high temperature region displayed in Figure 6, the 

slope of the susceptibility curve changes abruptly at 

approximately lOOK. It would be expected that throughout 

this range, the use of equation (B.l) would be appropriate 

since 6<kT should hold throughout most of the 100-300K 

region. In the intermediate temperature range of approxi

mately 20-lOOK the general formula (B.2) would be 
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applicable, and the exponential terms in the suscepti

bility expression would contribute, if the preceding argu

ments are valid. 

In the attempt to extract 6 from the susceptibility 

measurements, the value for A of 580 cm"''', experimentally 

69 measured by Manthey , is assumed valid. A least-squares 

fit of the measured susceptibility data was obtained for 

the temperature range 100-300K resulting in 

, _ / 1.478 ni c \ in~6 emu /c o\ 
X = ( — ^ -315 ) X 10 - — . (5.3) 

The paramagnetic susceptibility would then be obtained by 

subtraction of the diamagnetic susceptibility from this 

equation. Since A is assumed known in equation (B.l) for 

the theoretical paramagnetic susceptibility, the only two 

"unknown" quantities in comparing the relations (5.3) and 

(B.l) are the concentration and the diamagnetic suscepti

bility. The value of the diamagnetic susceptibility can 

therefore be assumed unknown and then determined in the 

above comparison. This is perhaps more acceptable than 

using the value measured for a pure crystal since the 

effects of possible impurities in the crystal would be 

eliminated. The result of the comparison between the theo

retical expression (B.l) and the experimentally determined 

relation (5.3) yields 
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N = 1.789 X 10^^ i ^ , 
g 

X^ = .313 X 10"^ ̂  . (5.4) 

It is interesting to note that the value of XJ determined 

in this procedure and the results of the high temperature 

analysis described in Chapter IV are very close. If the 

above values are now used in the theoretical equation (B.3), 

applicable to the low temperature region, and comparison 

with (5.2) is m.ade, the location of the first excited 

energy level is found to be 

6 = 15 cm"-'- . (5.5) 

The complete results of this determination are 

shown in Figure 8, where the experimentally determined 

magnetic susceptibility is displayed as a function of 

temperature over the entire 1.5-300K range. The solid 

line represents the results of using N, x̂ * ^^^ 6 deter

mined in this work in the general formula for the suscep

tibility given in equation (B.2). Although the determined 

value of 6 is small compared to the values estimated by 

Manthey , Weber and Bierig , and Kiel and Mims , it 

is in general agreement with the small value predicted by 

82 Dvir and Low . Moreover, it is consistent with the 
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stipulations concerning the relative size of 6 and kT in 

each temperature region used in the analysis and fits the 

measured data well as displayed in Figure 8. It should be 

mentioned, however, that the data fit in Figure 8 can be 

duplicated with a much larger value of 6 if the concentra

tion of ions is smaller. A value of N = 1.2 x lO"'"̂  ion/g-

sample and 5 = 100 cm" has been found to fit the data 

reasonably well also. In this regard it is worth noting 

the difference in the measured diamagnetic susceptibility 

78 for an undoped CaF2 crystal, given by Arnold as -.343 

X 10 emu/g-sample,and the value of -.313 x 10" extracted 

from the data analysis in this work. Based on these 

3+ results it is not inconceivable that the sample CaF2:Ce 

used in this study had some type of impurity. Such impurity 

concentrations usually appear in the susceptibility data at 

low temperatures. As evidenced in the low temperature 

region shoxv̂ n in Figure 7, there seems to be no "abnormal" 

behavior such as a change in slope. 

Conclusion 
34-

The magnetic susceptibility of CaF2:Ce has been 

measured in an attempt to positively locate the lowest 

lying excited state in the tetragonal crystal field. 

Infrared absorption measurements attempting to verify the 

positions of the higher excited states yielded no informa-
3-f 

tion due to the small sample size and low Ce concentration 
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in the sample. The results of the susceptibility measure-
go 

ments agree with the work of Dvir and Low but disagree 

6Q 86 
with the majority of data from other workers ' . The 

consistency of the data from the work herein would indi

cate that the determination of 6 from the magnetic sus

ceptibility is valid. However, the history of the sample 

would greatly help in determining this validity, especially 

in regard to the diamagnetic correction used in this work. 



CHAPTER VI 

MAGNETIC SUSCEPTIBILITY AND INFRARED 

SPECTRA OF SrF2:Ce'̂ "'" 

Introduction 

In contrast to the case of CaF2:Ce , very little 

direct work has been done on SrF2:Ce . Even though the 

systems have been studied quite often simultaneously, most 

experimental analysis has been directed toward the CaF^ 

3+ host with inferences then made to the SrF2:Ce system. 
o 

Since the lattice constants of CaF2 and SrF2 are 5.46A 
o 

and 5.80A, respectively, it is expected that the crystal 

field scheme of impurity ions in these hosts would be very 

similar except that the energies in the SrF^ case would be 

lower due to the larger lattice; that is, the crystal 

field splittings are smaller. Moreover, the ionic radius 

of l.llA for Ce-̂ "̂  makes it a slightly "tighter" fit in 

CaF2 than in SrF2, the radii of Sr̂ "*" and Câ "̂  being 1.27A 
o 

and 1.06A, respectively. This hypothesis has been carried 
3+ through in the ultraviolet absorption work on SrF2:Ce 

and CaF2:Ce by Loh , although it was carried no further 

than to note the similarities in the spectra. Similar 

3+ 93 
results have been noted for Pr in the two hosts by Loh 

72 
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94 and Davydova and Stolov . The ultraviolet absorption 

2+ 95 

spectra of H by Weakleim and Kiss and the paramagnetic 

resonance studies of Sabiski also support the hypothesis. 

While most of the references concerning g value measure-
3+ ments and preferred tetragonal symmetry for CaF2:Ce are 

3+ also valid for SrF2:Ce , no attempt has yet been made to 

obtain a complete crystal field energy, level scheme for the 

SrF2 host. 

Experimental Measurements and Analysis of Results 

3+ The infrared absorption spectra for SrF2:Ce at 

room and liquid nitrogen temperatures is shown in Figure 9-

Three sharp peaks at 2215, 2280, and 3380 cm'-'" appear at 

77K. Two of these, 2215 and 2280 cm" , occur near the 

middle of a broad CO2 band centered at approximately 

2340 cm" . This CO2 band could not be removed from the 

spectra and occurred as background in all runs, regardless 

of the sample or temperature used. The sharp absorption 

peak occurring at 3380 cm" and liquid nitrogen tempera

ture appears also at room temperature as a relatively 

broad peak of very weak intensity. The two absorptions 

occurring at approximately 2860 and 2930 cm" in the spec

tra at 77K and 300K appeared as background in all runs and 

were most probably due to impurities on the KBr dewar 

window. Referencing Figure 1, the absorptions at 2215, 

2280, and 3380 cm""̂  are. assigned as transitions from the 
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tetragonal symmetry ground state r̂  (Fg) to the F.,,2 

levels r^ (Fg), r^ (Fg), and F̂  (F^), respectively. 

Assuming the correlation between CaF2 and SrF2 as host lat

tices for rare earth ions, the missing F̂  (Fg) level in the 

^7/2 ̂ ^^ifol<^ is predicted by simple ratio on comparing 

the experimentally determined energy splittings between 

the various levels in CaF2:Ce to those in SrF2:Ce . 3+ ._ .^_.. ..„ o„^ ^_3+ 

-1 The predicted value is 2393 cm" . The results of these 

assignments, along with the experimental results of 

Manthey on CaF2:Ce and theoretical values for both 

3+ 3+ 
CaF2:Ce and SrF2:Ce obtained from Hartree-Fock cal-

87 culations by Starostin , are displayed in Table 6. 

Although Starostin's calculated values differ considerably 

3+ from Manthey's experimental values for CaF2:Ce and the 

3+ experimental values for SrF^rCe measured herein, they 

again show the similarity between the crystal field 

schemes for cerium in CaF2 and SrF2. Ratios of calculated 

3+ to experimental results for CaF2:Ce can be compared to 

3+ calculated values for SrF2:Ce to obtain a set of "pro-

3+ 

jected" experimental values for SrF2:Ce . These "pro

jected" levels are also listed in Table 6, and the agree

ment between them and the actual experimental values for 

3+ SrF2:Ce measured herein is quite good. An exception to 

this occurs in the levels of the F^/o manifold where cal

culated values disagree considerably with experimental 
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ones. It should be noted that Starostin also gives cal

culated energies for the BaF2:Cê '*" system. Projected 

experimental levels could therefore be obtained for 

3+ Q-i-

BaF2:Ce using the experimental results from CaF2:Ce 

discussed herein. Since no experimental energy scheme has 

been determined for BaF2:Ce^"^, this might afford future 
work. 

Results of magnetic susceptibility measurements 

are shown in Figure 10, where the measured susceptibility 

is plotted as a function of temperature. The error bars 

include a 1.57o contribution from the field-gradient prod

uct measurement and the error in the measurement on the 

sample. The solid line is a result of the application of 

the theoretical equations in Appendix B in a fit of 

experimental data to extract the crystal field levels and 

will be discussed in the following sections. Since no 

known value exists for the diamagnetic susceptibility of 

SrF^, the two assumed values of XA~~^'266 and -0.284 x 
- 6 

10" emu/g, as discussed in the section on diamagnetism of 

host crystals in Chapter IV, are used as separate diamag

netic corrections to obtain the paramagnetic susceptibility 

of the ceriur ion from the measured magnetic suscepti-
- 6 

bility. Howe ir, the value of x^ = -0.284 x 10" emu/g 

has been used in the determination of the solid line dis

played in Fig.'.re 10, as will be discussed later. 





79 

To obtain the second excited state splitting, A, 

it is assumed that 6<<kT in the temperature region 80K-300K. 

The paramagnetic susceptibility values obtained by use of 

the two assumed values of x^ can then be used in a least-

squares fit of the sets of data in this temperature range. 

The results obtained by comparison with the theoretical 

equation (B.l) for 5<<kT are 

A = 941 cm' for x^ = -.266 x 10" emu/g , 

A = 205 cm"-*- for XJ = --284 x 10"^ emu/g , 

N = 6.66 X 10"̂ ^ ion/g . (6.1) 

The average of the two values for A is 

A = 573 + 368 cm""*" (6.2) 

and is reported in Table 6 as the predicted value of the 

second excited state crystal energy since the diamagnetic 

correction is not known exactly. The large variation in 

the two values obtained for A indicates the extreme sensi 

tivity of the high temperature data to the diamagnetic 

correction and the importance of knowing its value 

exactly. Moreover, subtraction of two very nearly equal 
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numbers with approximately the same error produces very 

inaccurate results. The strong dependence of these 

results on the diamagnetic correction is not surprising 

when equation (B.l) is examined. The general form is a 

linear function of 1/T whose intercept is entirely deter

mined by the difference in the measured and diamagnetic 

susceptibilities. 

In order to obtain 5, the first excited state 

energy, equation (B.3) is employed in the temperature 

range 10-1.5K where the relation 6>>kT should hold. A 

least-squares fit to the two sets of data corresponding to 

the two diamagnetic corrections was compared to (B.3) to 

obtain values of N and A. The results are 

6 = 37 cm"-"- for A = 941 cm""'" 

6 = 36 cm"-̂  for A = 205 cm"-*" . (6.3) 

It should be noted that a slightly different value of 

+18 

N = 6.53 X 10 ion/g was obtained in this fitting pro

cedure, indicating a change in slope between the high and 

low temperature regions when x Is plotted as a function of 

1/T. However, this should be expected since the exact 

equation needed for the entire temperature range involves 

complicated exponential functions which cannot be assumed 
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negligible throughout the entire temperature range of 

1.5-300K. In contrast to the strong high temperature 

dependence of the paramagnetic susceptibility upon which 

diamagnetic correction was used, the determination of 6 is 

extremely insensitive since values of the measured sus

ceptibility are large in the low temperature region. Even 

a relatively large variation in XJ makes little contribu

tion when subtracted from values of the measured suscepti

bility in the low temperature range. 

The results of these determinations can be 

observed in Figure 10, where the solid line represents the 

plot of equation (B.2) with A = 205 cm" , 6 = 36 cm"''", and 
-6 

XJ = -.284 X 10 emu/g. The value of XJ ̂ ^S chosen since 

it yields results closer to physical reality. The theo

retical curve fits the data well with the possible excep

tion of points in the 50-5K region. This is most probably 

due to experimental error since stable temperatures are 

hard to obtain in this region, as discussed in Chapter IV. 

However, the approximations concerning the size of 6/kT in 

the high and low temperature regions may not be quite 

valid for 6 = 36 cm" . Perhaps a more accurate determina

tion could be made by computer fitting equation (B.2) to 

the entire temperature range. It is especially important 

to mention that the fit of the theoretical curve in Fig

ure 10 to experimental data is essentially unchanged when 
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values of A as high as 400 cm" are used in conjunction 

with parameters stated above. The fit with experimental 

data is not quite as good in the region above 200K when 

examined analytically, rather than graphically, but the 

fit in the temperature region below this is relatively 

unchanged. Therefore, it is not unlikely that A = 400 cm""'" 

and 6 = 36 cm , since this would correspond closely to the 

case where the average of the two assumed values for XA is 

used in data reduction. 

Conclusion 

The magnetic susceptibility and infrared spectra 

3+ of SrF2:Ce have been studied and the crystal field energies 

of the 4f manifold have been partially determined as dis

played in Table 6. Infrared spectra analysis has lead to 

energies of the F., ,« manifold which are in good agreement 

with theoretical and experimental determinations for 

34-

the similar system CaF2:Ce . Due to the lack of knowl

edge of the diamagnetic susceptibility, only a large range 

can be placed on the second excited level of the F^/2 mani

fold so that A = 573 + 368 cm" . The first excited state 

is reasonably well determined at 6 = 36 cm above the 

ground state. This is a plausible value when considera

tion of other workers^^' ^^ suggests that 6 = 50-110 cm" 
o_i_ 

for the CaF2:Ce system. It is worth noting that the 

magnetic susceptibility data for systems such as these 
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studied in this work might best be analyzed by computer 

methods. The method for determining the two parameters 

6 and A in separate temperature regions may not be accur

ate when 6 is in the range 50-100 cm" , and equation (B.3) 

should be fitted to the data with no approximations. 

Again, experimental values for both excited and ground 

state g factors would be desirable for use in the suscep

tibility equations. Accurate values for diamagnetic 

susceptibilities are also needed in this type calculation 

since high temperature analysis is very sensitive to the 

diamagnetic correction. 



CHAPTER VII 

MAGNETIC SUSCEPTIBILITY AND INFRARED 

SPECTRA OF SrCl2:Ce-̂ '̂  

Introduction 

As in the case of SrF2:Cê "'", very little work has 

been done specifically on the SrCl2:Ce system. Due to 

the large lattice constant (6.997 A) of SrCl2 compared to 

the fluoride hosts, it is expected that the crystal field 

energies of rare earth ions in this crystal would be much 

smaller than in CaF2 or SrF2. Additionally, the large 

expanse of the lattice should minimize charge compensation 

effects so that the crystal field potential could approach 

pure cubic symmetry. This has been noted by Mires, Arnold, 
9 

and Dean in magnetic susceptibility and optical absorption 

3+ studies of SrCl2:Yb . These effects have also been 

observed in the electron paramagnetic investigations of 

SrCl2:Yb"̂ '̂  by Boatner and others^^. EPR Studies of 

98 99 100 

SrCl2 doped V7ith divalent europium and holmium ' 

and with trivalent gadolinium ' , have also indicated 

cubic symmetry and small crystal field energies. Therefore, 

the SrCl2 host crystal should be a good lattice in which to 

study the cubic crystal field behavior of trivalent cerium. 

84 
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This simple analysis is not without problems, 

however. Mires, Arnold, and Dean^ have found that, while 

the sixth order cubic crystal field parameter is positive 

in rare earth doped alkaline earth fluorides, the sixth 

order parameter is negative for SrCl2 : Yb̂ "*". In a study 
24-

of Ho in the same host crystals as examined in this 

99 
work, Weakliem and Kiss ^ have observed that the ratio of 

sixth to fourth order parameters decreases with increasing 

lattice size in the series CaF2, SrF2, and BaF2, while it 

increases in the SrCl2 crystal system. In the same Hô "̂  

doped crystals, Sabisky could not account for the 

behavior of the magnetic hyperfine constant in SrCl2:Ce . 

Moreover, Sabisky ' ^^ has found that the ground state 

changes in going from the fluoride type crystals to the 

SrCl2 system. A similar effect has been observed in these 

2+ systems when the actinide ion Es is introduced into the 

lattice . A possible explanation of these results has 

been that the point charge model is not valid for SrCl^ 

and covalency effects are important. 

Experimental Measurements and Analysis of Results 

3+ Infrared spectroscopy measurements on SrCl2:Ce 

were again fruitless. Although the crystal was doped the 

heaviest of all crystals studied, its size was consider

ably smaller and no absorption was recorded. The spectra 

did indicate an appreciable amount of water in the crystal. 
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as might be expected, due to its hygroscopic property. 

This was also evidenced at low temperatures in the magnetic 

susceptibility data. 

The results of magnetic susceptibility measurements 

are shown in Figures 11 and 12, where the paramagnetic sus

ceptibility is plotted as a function of temperature and 

reciprocal temperature, respectively. A diamagnetic cor-

78 fi 

rection of x^ = 0.356 x 10" emu/g has been used. A 

least-squares fit to the data between 4K and 77K resulted 

in 
X = ( ̂ ^-^|5^ + .0001 ) X 10"^ emu/gm (7.1) 

with a correlation of .99998. This equation is plotted as 

the solid line in Figures 11 and 12. It should be noted 

that the agreement between the curve fit and the experi

mental points is good throughout the temperature range 

8-300K. When the cubic susceptibility equation of 

Appendix B is fitted to (7.1), a value for A on the order 

of 3000 cm" is obtained. This is not surprising, however, 

since the intercept of equation (7.1) is so small as to be 

considered experimental error. If the intercept is zero, 

as indicated in Figure 12, then the crystal field splitting 

of the Fey2 manifold is too small to be obtained from mag-

3+ 
netic susceptibility measurements and SrCl2:Ce approxi
mately obeys a simple Curie law in the region studied. 
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Examination of Figure 11 shows an obviously large 

deviation from the cubic type behavior indicated in equa

tion (7.1) at temperatures below about 6K, This is also 

evidenced from a rather large negative intercept possible 

in Figure 12 if only low temperature points are used. 

However, infrared absorption work on the crystal did indi

cate a relatively large emount of water present in the 

crystal. The presence of an impurity in magnetic sus

ceptibility measurements appears most readily at low tem

peratures when ion clusters form easily. It is therefore 

presumed that the low temperature deviation of the sus-
34-

ceptibility of SrCl^iCe from a cubic system with small 

crystal field splitting is due to the observed presence of 

water in the system. 

Conclusion 

3+ 

The magnetic susceptibility of SrCl2:Ce indi

cated the expected cubic symmetry for the trivalent 

cerium ion. The crystal field splitting is smaller than 

might be expected, appearing to be zero in the limit of 

accuracy of magnetic susceptibility measurements, so that 

the paramagnetic susceptibility of trivalent cerium may be 

described by a simple Curie law in the SrCl2 lattice. 

Additional support for this conclusion can be drawn from 

the discussion of the diamagnetism of the host SrCl2 cry

stal given in Chapter IV, where the zero value for the 
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temperature independent paramagnetic susceptibility indi

cates a simple Curie law dependence for the total 

paramagnetism. 
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The following tables contain all the raw force 

data for the calculation of the field-gradient product 

from the platinum sample and all runs on each sample 

studied. A separate listing is given for each run made, 

and entries are listed in order of decreasing temperature 

rather than the actual order in which they occurred. 

Separate field-gradient products were calculated for the 

perpendicular and parallel directions and were used in 

the calculations of susceptibilities of the samples. This 

was necessary due to an instrioment anisotropy introduced 

due to a slight off-centering of the vertical travel of 

the magnet. The difference thereby introduced in the 

field-gradient products for the parallel and perpendicular 

directions was still less than VL. 

The uncertainties given the tabulated force measure

ments are estimated maximum random uncertainties due to 

the sum of chart paper reading error, recorder dead band, 

noise, and baseline drift. Since most runs were made with 

negligible noise, and runs with excessive baseline drift 

were not reported, the deviations mainly indicate an 

estimated accuracy in reading the recorder chart paper. 

This, in turn, depends on a scale expansion capability of 

the Cahn electro-balance. For example, a reading of 10 

divisions on the recorder chart can be expanded to 25 

divisions without changing the estimated .1 division chart 
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reading error and thereby apparently reducing this error 

from 17o to .47o. However, the scale expansion can con

siderably increase the noise in the system. Consequently, 

the reported deviations should not be taken too seriously. 
34-

As an example, the room temperature run for SrCl2:Ce has 

data reported utilizing the scale expansion factor as well 

as the normal setting. The standard deviation in the 

measurements is even less than the smaller reported 

deviation. 
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100 

Platinum Calibration* - PT 1 Mass = 549.96 mg 

P a r a l l e l 

T(K) 

297.9 

I'^l,^ 

298.0 

298 .0 

298.0 

298.0 

298.0 

298 .0 

298.0 

298.0 

F(yg) 

349 .5 

348.5 

347 .5 

350.5 

350.0 

348.5 

348.0 

348 .5 

349.0 

349.0 

Perpendicular 

T(K) F(yg) 

297.8 352.5 

297.8 

297.8 

297.8 

297.9 

297.9 

297.9 

297.9 

297.9 

297.9 

352.5 

352.5 

352.5 

352.5 

352.5 

352.0 

352.0 

352.0 

352.5 

Platinum Calibration - PT 2 

Parallel 

T(K) 

298.1 

F(yg) 

348.5 

298 .1 

298 .1 

298 .1 

298 .1 

349.0 

350.0 

349.0 

349.0 

P e r p e n d i c u l a r 

T(K) 

298.2 

298.2 

298.2 

298.2 

F(yg) 

352.0 

352.5 

352.5 

353.0 

298.2 352.5 



101 

PLATINUM CALIBRATION—Continued 

Platinum Calibration - PT 3 

P a r a l l e l 

T(K) 

2 9 6 . 3 

296 .3 

296 .3 

296 .3 

296 .3 

296 .3 

296 .3 

296 .3 

F(ug) 

350 .0 

348 .5 

349-0 

348 .5 

348,5 

348 .5 

349.0 

349-0 

Perpendicular 

T(K) F(ug) 

296.3 351.5 

296.3 352.0 

296.3 

296.3 

296.3 

296.3 

296.3 

296.3 

352.0 

351.5 

352.0 

352.0 

351.5 

351.0 

*A11 runs have a + 1.0 deviation. 



102 

SrF :Ce 
3+ 

Room Temperature Run - RT 1 

Parallel 

T(K) 

294.7 

F(yg) 

-85.5 + 1.0 

Mass = 532.79 mg 

Perpendicular 

T(K) F(yg) 

294.8 -86.0 + 1.0 

294.7 -85.0 + 1.0 

294.7 -85.5 + 1.0 

294.8 

294.8 

-86.0 + 1.0 

-86.0 + 1.0 

294.7 -85.5 + 1.0 294.8 -86.5 + 1.0 

294.7 -85.0 + 1.0 294.8 -86.0 + 1.0 

294.7 -85.0 + 1.0 294.8 -86.0 + 1.0 

294.7 -84.0 + 1.0 294.8 -86.5 + 1.0 

294.7 -85.5 + 1.0 294.8 -86.0 + 1.0 

Liquid Nitrogen Run - N 1 

Parallel 

T(K) F(yg) 

79.3 -68.0 + 1.0 

79.3 -67.0 + 1.0 

79.3 -68.0 + 1.0 

79.3 -67.5 + 1.0 

Perpendicular 

T(K) F(yg) 

79.3 -67.5 + 1.0 

79.3 -67.0 + 1.0 

79.3 -68.0 + 1.0 

79.3 -68.0 + 1.0 

79.3 -67.5 + 1.0 79.3 -67.0 + 1.0 



103 

3+ SrF^:Ce - Cont inued 

L i q u i d N i t r o g e n Run - N 2 

P e r p e n d i c u l a r 

T(K) F(yg) 

L iqu id N i t rogen Run - N 3 

P e r p e n d i c u l a r 

T(K) F(yg) 

295.2 

295 .2 

107.4 

9 3 . 6 

9 3 . 2 

82 .4 

81 .8 

8 1 . 3 

80 .7 

79 .3 

79 .3 

77 .1 

76 .0 

71 .9 

6 4 . 3 

62 .6 

59 .9 

58 .9 

58 .4 

- 8 6 . 0 + 1.0 

- 8 5 . 5 + 1.0 

- 7 3 . 0 + 1.3 

- 7 2 . 5 + 1.0 

- 7 0 . 0 + 1.5 

- 6 8 . 5 + 1.0 

- 6 8 . 5 + 1.0 

- 6 8 . 0 + 1.0 

- 6 8 . 0 + 1.0 

- 6 7 . 0 + 1.0 

- 6 7 . 0 + 1.0 

- 6 6 . 0 + 1.0 

- 6 6 . 5 + 1.0 

- 6 6 . 0 + 1.0 

- 6 0 . 5 + 1.0 

- 6 0 . 0 + 1.0 

- 5 9 . 5 + 1.5 

- 5 9 . 5 + 1 . 0 

- 5 8 . 0 + 1.0 

296.2 

296.2 

296.2 

209.4 

202.9 

201.3 

200.3 

198.1 

178.6 

170.5 

163.6 

163.5 

159.5 

158.4 

153.0 

151.2 

147.4 

143.7 

136.0 

- 8 6 . 0 + 1.0 

- 8 6 . 0 + 1.0 

- 8 5 . 5 + 1.0 

- 8 3 . 0 + 1.0 

- 8 2 . 5 + 1.0 

- 8 2 . 0 + 1.0 

- 8 2 . 5 + 1.0 

- 8 2 . 0 + 1.0 

- 8 1 . 5 + 1.0 

- 8 1 . 0 + 1.0 

- 8 0 . 0 + 1.0 

- 8 0 . 0 + 1.0 

- 7 9 . 5 + 1.0 

- 7 9 . 0 + 1-0 

- 7 9 . 5 + 1.0 

- 7 8 . 5 + 1.0 

- 7 6 . 5 + 1.0 

- 7 7 . 5 + 1.0 

- 7 4 . 5 + 1.0 



3+ 
SrF :Ce - Cont inued 

104 

L i q u i d N i t r o g e n Run - N 4 

P e r p e n d i c u l a r 

T(K) F(yg) 

L iqu id N i t rogen Run - N 5 

P e r p e n d i c u l a r 

T(K) F(yg) 

7 8 . 5 

77 .9 

77 .2 

76.9 

76 .1 

7 5 . 1 

74 .1 

72 .7 

72 .1 

71 .4 

71 .3 

70.7 

70 .0 

68 .6 

68 .5 

67 .5 

6 6 . 1 

64 .1 

6 2 . 5 

- 6 6 . 5 + 1.5 

- 6 7 . 0 + 1.0 

- 6 7 . 0 + 1.2 

- 6 6 . 0 + 1.0 

- 6 6 . 0 + 1.0 

- 6 6 . 5 + 1.5 

- 6 5 . 5 + 1.0 

- 6 4 . 0 + 1.0 

064 .5 + 1.0 

- 6 3 . 5 + 1.0 

- 6 5 . 0 + 1.0 

- 6 3 . 5 + 1.0 

- 6 4 . 0 + 1.0 

- 6 3 . 0 + 1.0 

- 6 3 . 0 + 1.0 

- 6 2 . 5 + 1.0 

- 6 2 . 0 + 1.0 

- 6 1 . 5 + 1.0 

- 6 0 . 5 + 1.0 

272.2 

270.8 

268.4 

266.5 

263.7 

261.9 

261.2 

261.0 

260.9 

260.8 

260.8 

260.8 

259.7 

256.2 

254.5 

253.2 

252.0 

250.2 

250.1 

250.0 

- 8 5 . 0 + 1.5 

- 8 5 . 0 + 1.5 

- 8 4 . 5 + 1.0 

- 8 5 . 0 + 1.0 

- 8 4 . 5 + 1.0 

- 8 4 . 0 + 1.0 

- 8 4 . 0 + 1.0 

- 8 4 . 0 + 1.0 

- 8 4 . 0 + 1.2 

- 8 4 . 0 + 1.0 

- 8 4 . 0 + 1.0 

- 8 4 . 0 + 1.0 

- 8 4 . 5 + 1.0 

- 8 4 . 0 + 2 .0 

- 8 4 . 5 + 1.0 

- 8 4 . 0 + 1.2 

- 8 5 . 0 + 1.0 

- 8 4 . 0 + 1.0 

- 8 4 . 0 + 1.0 

- 8 4 . 0 + 1.2 



105 
3+ 

SrF^:Ce : Liquid Nitrogen Run N 5 - Continued 

Perpendicu lar 

T(K) F(yg) 

250.0 

248.4 

247.2 

246.0 

245.2 

244.3 

243.2 

242.5 

238.1 

237.7 

-83.5 + 1.2 

-84.0 + 1.3 

-84.5 + 1.0 

-84.0 + 1.0 

-83.5+1.5 

-83.5 + 1.5 

-83.0 + 1.5 

-83.0 + 1.0 

-83.0+1.0 

-83.0 +1.0 

Perpendicular 

T(K) 

237.7 

237.0 

236.6 

234.7 

234.4 

234.1 

233.9 

233.1 

233.1 

233.1 

F(yg) 

-83.0 + 1.0 

-83.0 + 1.0 

-83.0 + 1-0 

-83.0 + 1.0 

-82.5 + 1.4 

-82.5 + 1.0 

-83.0 + 1.0 

-82.5 + 1.0 

-83.0 + 1.0 

-83.0 + 1.0 

Liquid Helium Run - H 1 

Perpendicular 

T(K) F(yg) 

Parallel 

T(K) F(yg) 

4.13 +328.5 + 1.0 

T(K) 

68.3 -63 .5 + 1.0 

64.4 

59.9 

55.1 

50.5 

-63.0 + 1.0 

-60.5 + 1.5 

-57.0 + 1.0 

-55.0 + 1.0 

T(K) 

46.10 

40.10 

35.10 

31.30 

23.21 

F(yg) 

-50.5 + 0.4 

-41.6 + 0.4 

-35.0 + 0.4 

-24.6 + 0.4 

-18.0 + 0.4 



106 

3+ 
SrF^iCe : Liquid Helium Run H 1 - Continued 

Perpendicular 

T(K) F(yg) 

21.61 -12.2 + 0.4 

20.02 - 6.0 + 0.4 

18.12 + 2.5 + 0.4 

12.98 +46.0 + 0.4 

9.70 +77.0 + 1.0 

8.58 +100.5 + 1.0 

7.31 +138.5 + 1.0 

6.23 +179.0 + 1.0 

5.02 +247.5 + 1.5 

4.13 +329.0 + 3.0 

3.56 +400.0 + 4.0 

3.52 +402.0 + 4.0 

T(K) F(yg) 

2.98 

2.42 

2.38 

2.09 

2.09 

1.86 

1.85 

1.72 

1.72 

1.65 

1.64 

1.64 

+485.0 

+616.0 

+629.0 

+728.0 

+728.0 

+805.0 

+810.0 

+867.0 

+870.0 

+915.0 

+917.0 

+923.0 

+ 4.0 

+ 5.0 

+ 4.0 

+ 4.0 

+ 4.0 

+ 4.0 

+ 4.0 

+ 4.0 

+ 5.0 

+ 5.0 

+ 4.0 

+ 5.0 

3.04 +475.0 + 4.0 



107 

CaF ;Ce 
3+ 

Room Temperature Run - RT 1 

Parallel 

Mass = 515.63 mg 

T(K) 

295.6 

295.6 

295.6 

295.6 

295.6 

F(yg) 

-105.0 + 1.0 

-104.0 + 1.0 

-105.0 + 1.0 

-104.5 + 1.0 

-104.0 + 1.0 

Perpendicular 

T(K) F(yg) 

295.6 -106.0 + 1.0 

295.6 -107.0 + 1.0 

295.6 -105.0 + 1.0 

295.6 -106.5 + 1.0 

295.6 -106.5 + 1.0 

Room Temperature Run - RT 2 

Parallel 

T(K) 

295.1 

295.1 

295.1 

295.1 

295.1 

F(yg) 

-105.0 + 1.0 

-104.5 + 1.0 

-104.5 + 1.0 

-105.5 + 1.0 

-105.5 + 1.0 

Perpendicular 

T(K) F(yg) 

295.1 -106.5 + 1.0 

295.1 -106.5 + 1.0 

295.1 -105.5 + 1.0 

295.1 -106.5 + 1.0 

294.1 -105.5 + 1.0 



108 
3+ 

CaF22^e__ - Continued 

liquid Nitrogen Run - N 1 

Parallel 

T(K) 

88.2 

86.9 

85.6 

79.1 

79.1 

79.1 

79.1 

79.1 

75.3 

73.6 

71.4 

67.5 

F(yg) 

-100.5 + 1.0 

-100.5 + 1.0 

-100.5 + 1.0 

-101.5 + 1.0 

-101.5 + 1.2 

-101.0 + 1.0 

-101.0 + 1.2 

-101.0 + 1.0 

- 99.5 + 1.0 

-100.0 + 1.0 

-100.0 + 1.0 

-100.0 + 1.0 

T(K) 

67 .3 

66 .0 

65.2 

64.7 

63.4 

61 .5 

60 .0 

55.4 

55 .3 

55 .0 

54.9 

54 .8 

F(yg) 

- 9 9 . 5 

- 9 9 . 0 

- 9 9 . 5 

- 9 9 - 0 

- 9 9 . 0 

- 9 9 . 0 

-9910 

- 9 9 . 0 

- 9 8 . 5 

- 9 8 . 5 

- 0 0 . 0 

- 9 9 . 5 

+ 1.4 

+ 1.0 

+ 1.0 

+ 1.0 

+ 1.0 

+ 1.4 

± 1-0 

+ 1.0 

+ 1.0 

+ 1.0 

+ 1.0 

+ 1.0 

Perpendicular 

T(K) F(yg) 

79.1 -102.5 + 1.0 

79 .1 

79 .1 

79 .1 

79 .1 

- 1 0 2 . 5 + 1.0 

- 1 0 2 . 5 + 1.0 

- 1 0 2 . 5 + 1.0 

- 1 0 2 . 0 + 1.0 

T(K) 

54 .6 

54 .5 

54 .5 

54 .5 

F(yg) 

- 9 9 . 0 + 1 . 0 

- 9 9 . 5 + 1.0 

- 1 0 0 . 0 + 1.0 

- 9 9 . 5 + 1.0 



^ T, ^ 3 + 
CaF ;Ce - Continued 

109 

Liquid 

Parall( 

T(K) 

251.0 

250.3 

249.8 

249.4 

234.1 

233.5 

232.8 

232.1 

Ni 

2l 

.trogen Run - N 2 

F(yg) 

-104.5 

-104.0 

-104.5 

-104.5 

-104.0 

-105.0 

-104.0 

-104.5 

+ 1.0 

+ 2.0 

+ 1.0 

+ 1.0 

+ 1.2 

+ 1.2 

+ 1.0 

+ 1.2 

T(K) 

231.4 

200.1 

186.1 

170.7 

169.4 

168.4 

166.7 

165.8 

F(yg) 

-104.5 + 1-0 

-104.0 + 1.0 

-104.5 + 1.0 

-104.0 + 1.2 

-103.0 + 1.5 

-104.0 + 1.5 

-103.5 + 1.0 

-103.0 + 1.0 

Liquid Helium Run - H_J. 

Parallel 

T(K) 

132.7 

131.6 

128.3 

127.4 

124.9 

124.8 

F(yg) 

-103.5 + 

-103.5 + 

-103.5 + 

-103.0 + 

-102.5 + 

-102.0 + 

1-0 

1.0 

1.0 

1.0 

1.2 

1.0 

T(K) 

4.15 

4.15 

4.15 

4.15 

2.11 

2.11 

F(yg) 

-31.5 + 1.0 

-31.0 + 0.4 

-31.6 + 0.4 

-31.4 + 0.4 

+34.5 + 0.4 

+34.0 + 0.4 



3+ 
CaF ;Ce - Continued 

Liquid Helium Run - H 2 

Parallel 

110 

T(K) F(yg) 

112.9 - 1 0 1 . 0 + 1.0 

4 .13 - 31 .8 + 0.4 

4 . 1 3 - 31 .8 + 0 .4 

4 . 1 3 - 31 .8 + 0.4 

1.96 + 39 .5 + 1.5 

T(K) 

1.94 

1.56 

1.56 

1.57 

1.28 

Perpendicular 

T(K) F(yg) 

F(yg) 

+34.5 + 0.4 

+69.0+1.0 

+69.0 + 1.0 

+69.5 + 0.4 

+109.5 + 0.4 

1.57 +68.0 + 1 . 0 

1.57 +68.0 + 1 . 0 

1.57 +68.5 + 1.0 

L iqu id Helium Run - H 3 

Parallel 

T(K) 

80.5 

80.5 

80.5 

53.2 

52.1 

33.20 

31.50 

22.04 

F(yg) 

-100.5 

-101-0 

-101.0 

- 98.5 

- 98.0 

- 94.0 

- 94.0 

- 91.5 

+ 1.0 

+ 1.0 

= 1.0 

+ 1-0 

+ 1.0 

+ 1.5 

+ 1.0 

+ 1.2 

P e r p e n d i c u l a r 

T(K) F(yg) 

4 .14 

4.14 

4 .14 

2.46 

2.24 

-32.0 + 0.4 

- 3 1 . 8 + 0.4 

- 3 1 . 4 + 0.4 

+15.0 + 0.4 

+26.2 + 0 . 4 



3+ 
CaF^:Ce : L iqu id Helium Run H 3 - Continued 

P a r a l l e l 

111 

T(K) 

20 .27 

19.82 

12.07 

12.06 

10 .11 

10.10 

10.10 

7 .99 

7.99 

6 .53 

6.52 

6.52 

5 .02 

4 .56 

4 .56 

4 .48 

3 .82 

3 .82 

3 .81 

3 .78 

F(yg) 

- 9 0 . 0 

- 9 0 . 0 

- 7 7 . 5 

- 7 8 . 5 

- 7 3 . 0 

- 7 4 . 0 

- 7 3 . 5 

- 6 5 . 5 

- 6 5 . 0 

- 5 6 . 0 

- 5 5 . 5 

- 5 5 . 5 

- 4 3 . 5 

- 3 8 . 5 

- 3 8 . 0 

- 3 6 . 5 

- 2 4 . 4 

- 2 4 . 4 

- 2 5 . 4 

- 2 4 . 4 

+ 1.4 

+ 1.5 

+ 1.5 

+ 1.5 

+ 1.0 

+ 1.0 

+ 1.5 

+ 1-0 

+ 1.0 

+ 1.6 

+ 1.0 

+ 1.0 

+ 1.0 

+ 1.5 

+ 1.0 

+ 1-0 

+ 0.4 

+ 0 .4 

+ 0 .4 

+ 0 .4 

T(K) 

3.31 

3.30 

3.29 

3.28 

2.87 

2 .81 

2.79 

2.49 

2.47 

2.46 

2 .31 

2.27 

2.26 

2.24 

2.24 

1.96 

1.96 

1.54 

1.44 

F(yg) 

- 1 5 , 8 + 0.4 

- 1 5 . 0 + 0.4 

- 1 5 . 2 + 0.4 

- 1 4 , 8 + 0.4 

- 4 .2 + 0.4 

- 3 .3 + 0.4 

- 2 .6 + 0.4 

+13.2 + 0.4 

+14.0 + 0.4 

+14.6 + 0.4 

+20.8 + 0.4 

_ 2 4 . 6 + 0.4 

+25.2 + 0.4 

+26.2 + 0.4 

+26.0 + 0.4 

+39.5 + 0.4 

+40.5 + 1.0 

+100.0 + 0 .6 

+97.6 + 0 .6 



112 

SrCl :Ce 3+ 

Room Temperature Run - RT 1 

Parallel 

T(K) 

294.5 

294.5 

294.5 

294.5 

294.5 

F(yg) 

-54.8 + 

-54.6 + 

-54.4 + 

-54.2 + 

-54.4 + 

.04 

.04 

.04 

.04 

.04 

Mass = 232.83 mg 

Perpendicular 

T(K) 

294.4 

294.4 

294.4 

294.4 

294.4 

F(yg) 

-54.8 + .04 

-55.0 + .04 

-54.8 + .04 

-55.0 + .04 

-54.4 + .04 

Room Temperature Run - RT 2 

Parallel 

T(K) 

295.0 

295.0 

295.0 

295.0 

295.0 

F(yg) 

-54.5 + 1.0 

-54.0 + 0.4 

-53.2 + 0.4 

-54.0 + 0.4 

-54.2 + 1.0 

Perpendicular 

T(K) F(yg) 

295.0 

295.0 

295.0 

295.0 

294.0 

-54.2 + 0.4 

-54.0 + 0.4 

- 5 3 . 8 + 1.0 

-53.8 + 0.4 

- 5 4 . 0 + 1.0 



3+ 
SrCl^:Ce - Continued 

113 

Liquid Nd 

Parallel 

T(K) 

174.4 

174.0 

170.4 

122.6 

119.6 

117.1 

102.3 

102.1 

102.0 

101.9 

95.5 

85.5 

85.5 

trogen 1 ûn - N 1 

F(yg) 

-53.4 

-53.2 

-53.2 

-53.4 

-53.0 

-52.8 

-52.0 

-52.0 

-52.0 

-52.2 

-51.2 

-51.2 

-52.0 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

0.8 

0.4 

0.8 

1.0 

0.4 

1.0 

0.4 

0.4 

0.4 

0.4 

0.4 

0.4 

0.4 

79.2 

79.2 

79.2 

79.2 

73.7 

-51 .2 + 0.4 

-50 .8 + 1.0 

-51 .8 + 0.4 

-51 .4 + 0.4 

-51 .0 + 0.4 

T(K) 

73.7 

73.1 

73.1 

72.7 

71.5 

67.7 

67.5 

67.3 

67.1 

61.1 

60.5 

60.3 

60.1 

59.9 

54.7 

54.4 

54.1 

53.8 

F(yg) 

-51.4 

-51.8 

-51.8 

-51.2 

-50.6 

-50.2 

-51.2 

-50.4 

-50.8 

-50.2 

-50.6 

-50.2 

-50.0 

-50-0 

-50.0 

-49.6 

-49.2 

-49,8 

+ 0,4 

+ 0.4 

+ 0.4 

+ 0.4 

+ 0.4 

+ 0.8 

+ 0.4 

+ 0.4 

+ 0.8 

+ 0.4 

+ 0.4 

+ 0.4 

+ 0.4 

+ 0.4 

+ 0.4 

+ 0.4 

+ 0.4 

+ 0.4 



114 

3+ 
SrCl^:Ce : Liquid Nitrogen Run N 1 - Continued 

Perpendicular 

T(K) F(yg) T(K) F(yg) 

79.2 -52.0 + 0.4 79.2 -52.2 +_ 0.4 

79.2 

79.2 

-52.0 + 0.4 

-52.0 + 0.4 

53.7 

53.5 

-50.4 + 0.4 

-50.4 + 0.4 

Liquid Helium Run - H 1 

Parallel 

T(K) 

83.0 

82.9 

82.8 

F(yg) 

-51.4 + 1.0 

-51.8 + 1-0 

-51.8 + 1.0 

Perpendicular 

T(K) F(yg) 

4.15 +15.2 + 0.6 

4.14 

4.14 

4.14 

+14.4 + 0.8 

+15.0 + 0.4 

+14.2 + 0.4 

Liquid Helium Run - H 2 

Parallel 

T(K) 

80.6 

80.6 

80.5 

F(yg) 

-51.2 + 0.4 

-51.0 + 0.4 

-51.2 + 0.4 

T(K) 

4.14 

4.14 

4.14 

F(yg) 

+14.6 + 0.6 

+15.2 + 0.8 

+14.4 + 0.8 



115 

3+ 
SrCl^ :Ce : L iqu id Helium Run H 2 - Continued 

• I. 

Perpend icu 

T(K) 

8 0 . 5 

8 0 . 5 

8 0 . 5 

18.6 

13.14 

9 .73 

7 .65 

7 .65 

6 .10 

6 .10 

5 .13 

4 .92 

4 .92 

4 .15 

liar 

F(yg) 

- 5 1 . 4 + 0 .4 

- 5 1 . 4 + 0.4 

- 5 1 . 0 + 0 .4 

- 5 0 . 0 + 1.0 

- 3 3 . 5 + 1.0 

- 2 6 . 0 + 0 .6 

- 1 9 . 2 + 0 .6 

- 1 8 . 4 + 0 .4 

- 8 .0 + 0 .6 

- 8 .2 + 0.4 

0 .0 + 0 .4 

+ 4 . 0 + 0 .6 

+ 4 . 0 + 0 .8 

+14 .0 + 0 .8 

T(K) 

4 .14 

4.14 

3.46 

3.45 

2.90 

2.90 

2.46 

2 .45 

F(yg) 

+14.4 

+15.0 

+37.0 

+36.5 

+54.0 

+54.0 

+78.5 

+78.0 

+ 0 .3 

+ 0 .8 

+ 1.0 

+ 1.0 

+ 1.0 

+ 1.0 

+ 1.0 

+ 1.0 

2 .03 +115.5 + 1.5 

1.96 +121.0 + 1.0 

1.52 +195.0 + 1.0 

1.51 +201-0 + 1.0 

1.51 +198.0 + 1.0 
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The expressions for the magnetic susceptibility 

can be obtained from the formulas of Chapter II and the 

matrix elements listed in Table 3. For cubic crystal 

fields, it is assumed that the r^ level of the F^,^ mani

fold is far enough removed from the ground state that 

equation (2.12) can be utilized with the summation over 

the four Zeeman levels of the Tg ground state. The cubic 

susceptibility expression then becomes 

X^ = N ( ̂  + J f l ) X 10-2^ (B.l) 

where A is the energy difference between the r-7 and To 

levels. For tetragonal symmetry the parallel and perpen

dicular susceptibilities must be calculated. For the 

magnetic field along the crystal c axis, the effective 

susceptibility is the sum of 1/3 of the parallel sus

ceptibility and 2/3 of the perpendicular susceptibility. 

If 6 is the tetragonal energy splitting between the ground 

and first excited state of the ^cin nianifold, while A is 

the splitting between the ground state and the second 

excited state, then the effective susceptibility is 

-6/kT 
1 -f- t 

M i n - 2 4 r . 7 2 4 7 . . 7 0 6 9 . 1 - 6/A . 
X = N X 10 [ —Y- + — ^ — ( , 5 / k T ) 

^ 1 + e 

1 / 1 / 1 ^ - ' S / k T 
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In this expression the general formula (2.11) has been 

used since 6 is not assumed to be large, and the summation 

is over the ground and first excited tetragonal levels. 

Off-diagonal terms connecting the '^-jin level to the two 

levels considered in the summation have been neglected. 

69 
Manthey has shown that this mixing is small. It should 

be noted that calculated values for the tetragonal g 

factors have been used, rather than experimental ones. 

Although experimental determinations have been made for 

the lowest Zeeman split level, no values exist for 

excited state g values. 

For 6<<kT the exponentials in equation (B.2) can 

be expanded and the tetragonal expression reduces to the 

cubic equation (B.l). Conversely, if 6>>kT the exponen

tial terms become zero and equation (B.2) becomes 

M in-24 , .7247 , .7069 , .1414 . .^ ^. X^ = N X 10 ( — ? ^ — + — ^ — + — ^ — ) . (B.3) 




