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RESif ME  

With a view to verify the accuracy of the crystalfield 

parameters from optical spectra for a number of rare-earth 

ions in anhydrous trichlorides and tribromides, hydrated 

ethylsulphates and sulphates, hydroxides (C3h); phosphate, 

vanadate and Yttrium Aluminium garnet (D2d) and thiocompounds 

(Oh), a study of thermal and magnetic properties is carried 

out in the framework of crystal field theory. Chapter I is 

introductory in. content and discusses the technique • employed 

and various physical quantities (Schottky specific heat, 

principal magnetic susceptibilities, spectroscopic splitting 

factors etc.) to be calculated in the following chapters. The 

crystal field potential for C3h1 symmetry ,is discussed in 

detail and expressed in terms of .operator eluivalents. Through-

out these calculations, the exchange interaction was ignored. 

The anhydrous trichlorides and tribromides constitute 

a .widely investigated class of rare-earth systems. Chapter II 

of this ,thesis_ deals with the thermal and magnetic properties _ 	_ 

of NU3+, Dy3+, Ho
3+ 

and Er
3+ 

in La013, and Pr
3+ 

and Er
3+ 
 in 

LaBr3. Both the host lattices possess UC13  type hexagonal 
2 

structure (space group C6h) 
the point symmetry at the rare-earth ion site is C3h. The 

'calculations are compared with the available experimental data. 

The thermal and magnetic properties of Nd3+:11a2(SO4)3.9H20, 

Tb(OH)3 and Tb
3+

:Y(OH)3 systems are discussed in Chapter III. 

The optical spectra of these systems have been interpreted 

by assuming the point symmetry around the rare-earth ion to 

with bimolecular unit cell and 



be C3h and we find that the same may be used to give 

thermal and magnetic properties satisfactorily. 

The ethylsuiphates of rare-earths form a series 

of hexagonal structure isomorphic to trichlorides. The 

calculations for thermal and magnetic properties of 

Dy(C2H5SO4)3.9H20 and Yb(C2H5SO4 )3.9H20 constitute Chapter IV. 

These properties are found to be closely related to the 

properties of the individual ions. 

The last chapter relates to the calculations of 

thermal and magnetic properties of Er3+ in YA1G, YP04, YV04, 

CdIn2S 4 , CdInGaS4 and ZnIn2S4 . The Yttrium Aluminium 
10 Garnet (MG) crystallizes in cubic group Oh 	in which 

Y3+ ion occupies dodecahedral sites. The Er3+  ions replace 
Y3+ ions substitutionally and it has been fo!ind that the 

crystal, field at this site may be taken as tetragonal. 

Pmploying the crystal field parameters reported under the 

assumption of tetragonal field l .calculations of Schottky 

specific heat, magnetic susceptibilities,i.A.eff and g-values 

were carried out for Er34. :YA1G over a temperature range 

10-300°K. 'This system is of special interest because the 
crystal field splitting is appreciably large. Similar 

calculations for Er3+ :YPO4  and Er3+:YV04  with tetragonal 

fields at rare-earth ion sites are also included. 

The thiocompounds Odin2S 4 ,0dInGaS4 .and ZnIn2S 4  

crystallize in the spineI structure typified by Cd1/2In1/2  

[Cd1/21n3/2]S4. The Er3+ ion occupies. the In3+ site and 



iii 

has been found to possess a slight trigonal distortion 

on itrongly cubic symmetry. The optical spectra of these 

systems have successfully been explained by approximating 

the site symmetry to be 	The The Schottky specific heat and 

magnetic susceptibility are computed for the three systems 

under the assumption of Oh field. The g-values are•calculated 

by incorporating slight trigonal distortions. The findings 

are compared with available experimental results. 

The nice agreement with the available experiments in the 

systems discussed in the four chapters indicates that 

(i) the crystal field parameters reported for the systems 

studied are reliably good; 

(ii) the bulk thermal and magnetic properties are insensitive 

of small splittings.as found in the two lowest levels of 

Tb3+ systems; 

(iii) the thermal and magnetic properties of .the garnet 

system can be obtained reliably, under the DN.  field; 

(iv) the approximation of low symmetry fields with higher ones 

is acceptable for calculations of thermal and magnetic 

quantities. 
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CHAPTERI 

INTRODUCTION 

1.1 General Review and Electronic  Structure of Rare-Earth Elements  

During the last few years, the properties of rare-earth ions 

and their compounds have been the subject of extensive investiga-. 

t ion and considerable headway has been forged in .understanding 

the behaviour of rare-earth ions in crystals. These studies 

include paramagnetic resonance and relaxation, absorption and 

fluorescence spectra, Schottky snecific heat and magnetic 

susceptibility etc. Whereas snectrosconic and paramagnetic 

resonance studies' give information about a single electronic 

level, the specific heat and magnetic susceptibility measurements 

characterize the population density of various levels. Thus the 

thermal and magnetic studies serve as an additional check on the 

electronic structure of ions in paramagnetic substances, as 

derived from optical studies. 

The fourteen rare-earths, whose atomic numbers range 

from 58(Ce) to 71( Lu), are characterized by their similar 

chemical and physical properties (1,2). These similarities 

emerge .from the identical electronic structure of the valence 

shells, given by [ IXel(4fn)] I
(502(5p)6(5d

)
1 
(6s)21. where 

n ranges from 1 to 14 for the entire series. 

The rare-earths occur chiefly as trivalent ions and 

are strongly paramagnetic; in some cases these do exhibit 

ferromagnetic or antiferromagnetic coupling at low temperatures. 

It is the incomplete 4f shell which is responsible for the magnetic 

properties of the rare-earth ions. ,On formation of chemical 
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compounds the 4f electrons are not fully incorporated in the 

chemical bonds and being deep lying are shielded from ligand 

fields. This leaves the orbital angular momentum of 4f electrons 

unquenched and enhances the" magnetic behavior. 	The type of 

coupling which is common and most applicable to the rare-earth 

group is the Russell-Saunders coupling, which considers only 

interactions of the si and sj, and li and 1, since other 

types _of interactions are of a weaker nature. The resultant 

spin vector S is the vector sum of the individual electron 

spins and in a similar way L is the resultant orbital angular 

momentum.. These two resultants in turn couple to form the total 

angular momentum J. The orbital angular momentum quantum number, 

1, of the 4f electron shell is 3. Therefore, the (21±1) magnetic 

quantum numbers of the .orbitals are -3, -2, -11  0, 1, 2 and 3. 

According to Pauli principle, each orbital s may contain two 

.eleotrons, one with a spin quantum number s = 1/2 and other 

with s = -1/2;. Hund's rule states that in the most stable 

state; (i) the spin arrangement must have the maximum total 

angular momentum and (ii) the orbital arrangement should have 

the maximum. orbital angulr momentum within the restriction that 

rule (i) and the Pauli principle are not violated. Electrons 

thus fill the 4f shell in the following order (1,8) = 3,1/2); 

1/2); (1,1/2); (0,1/2); (-1,1/2); 	 ; (0,-1/2). The total 

angular momentum quantum number J 	S for less than a 

half-filled shell and J = L + S for more than half-filled shell. 

However, recently intermediate: coupling has also been employed. 
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1.2 C rys tal F ie ld The ory  

The crystal field theory is based on the assumotion that 

central paramagnetic metal ion in a compound or syStem, is 

subjected to an electric field produced by the surrounding 

atoms or molecules, called the ligands; and is known as the 

crystal field (3). This basic assumption first made by 

Becquerel (4), was employed by Bethe (5) through the use of 

symmetry concepts, to show the effect of the symmetry and 

strength of a crystalline field on the splitting of the electro-

nic levels of the metal ions. Lateron Kramers (6), Van Vleck (7) 

and Schlapp and Penney (8) extended the assumot'ion, in connection 

with magnetic phenomena, that the surrounding ions'may be 

regarded as point charges or point dipoles placed at lattice 

sites; these charges being polarizable by the presence of 

cations. The effect of the ligands is to set up static electric 

field which acts on the central ion. 

1.3 General Hamiltonian and Cry tal Field Potential 

The study of the energy level structure of an in situated 

in a crystal of a given symmetry depends on the crystalline 

surroundings. The free ion Hamiltonian can be written as (9) 

H 	4r1 = 
free 	- 	E r7

2 • _ E e
2 

Ze
2 

+ 	E 	+ E 	(41.i.i.) 

	

2 	. i _ 

	

r . 	ij rii  1  
1 

. Ho  + 	(TJ.g) 	 (1.1) 

H0  'includes the total kinetic energy, potential energy and 

interelectronic repulsion energy for all the electrons; (L.S) 

is the spin orbit interaction. When a rare-earth free ion is 
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subjected to magnetic field HI  the Hamiltonian becomes 

H1 = Ho  + 	a .§ 	(1)*  + 

Hfree 414B gj  H.J = Hfree  + H. 	 (1.2) 

For the case 1-1"<< Z(L.g), each term characterized by J is split 
. 	/ 

by H into (2J+1) elually spaced levels according to the magnetic 

quantum number Jz, the energy of each magnetic sublevel being 

E(Jz) 	-0/$H Jz, 	Jz  = J, 	-(J-1), -J. (1.3) 

Here /uB  is Bohr magneton and gj, Land‘splitting factor gj-1+ 

. The magnetic. behavior of rare-earth 
2j(J+1) 

ions embedded in crystals is strongly .affected by crystalline 

field and exchange tnteractions. Lt can be accounted for by 

the Hamiltonian. 

	

H Hfree ± Hmag 	Hcrys 	Hexch 	(1.4)  

Hcrys represents the interaction of the crystalline electric 

field produced by the surrounding ions with the 4f -electrons; 

Hexch accounts for the spin-spin exchange interaction. These 

interactions are invariably smaller as compared with 	L.S). 

Therefore, .J remains good quantum number for rare-earth ions 

incorporated in crystals. There are large variations in the 

relative strengths of the exchange and crystal field terms for 

various rare-earth compouns and usually Hexch  << Hcrys • 

The rare-earth compounds remain paramagnetic down to low tempera- 

tures ( 	few °K). However, many rare-earths and their 

intermetallic compounds show magnetic ordering and in these 

cases Hexchcrys• 
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For the calcQlation of Hcrys , the surrounding ions are 

usuall3 regarded as point charges which donot overlap the 

paramagnetic ion. The electrostatic potential is then assumed to 

obey Laplace's law AV=0, which has generalized Legendre 

polynomials as its solutions: 

Hcrys = E 	rilic Y2  (6k, 4/c ).  k,m,n 

The expansion coefficients 1411  are given by the relation 

A m  = 	 n1m 	-n-1 -m/ 
2n+1 \ -1, i ek,rk 	Yn  k k,k) 

(1.5) 

and are constants depending upon the crystal structure, rk is 

the distance of the kth 4f-electron from the origin and 41i 
are spherical harmonics. The normalized harmonics 711111/  are 

defined as 
n  etf) 	 ( k2rin++10t)(i np-imill112  Y m( 	 j P2 (cos 9)eil4  I 	IN) 

 

6  
(1.6) 

For 4f electrons (1=3) only terms upto.n.6.have to be retained, 

since for higher values of n, the matrix elements with 1 . 3 

wave functions vanish. Odd n terms are excluded because of 

inversion symmetry and n = 0 term represents only a constant 

shift. Accordingly, terms corresponding to only n = 2, 4 and 

6 give contribution to Hcrys° 

1.4 Symmetry of Crystal Potential 

In a crystal, a lattice site is characterized by one 

of the thirty-two point groups, and a rare-earth ion embedded 

in crystal retains the site -symmetry. This symmetry restricts. 
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the number of 41  terms contributing to the crystalline 

electric potential. Every symmetry element transforms In  into 

a linear combination of Y ri:(11. Following are some of the symmetry 

relations for point groups (10) 

(i) C P'• If p-fold axis is chosen as z=axis, the potential 

must be unaltered by a rotation of 21z/p around z-axis. 

This rotation transforms Y m  as 

ym 	e  i2mit/p ym; 	 (1.7) 

here m has to be an integral multi-ole of p: 

m = 0, ± p, ± 2p,   (1.8) 

(ii) C i: The inversion transforn4 as 
ynm, 	.vm  

(1.9) 

which leads to the result 

A m =0 	for odd n. 	 (1.10) 

(iii)Cs: If the symmetry plane is zx-plane, the reflection 

transforms 

Ynm 	(-1)m yam 	 (1.11) 

and thus 

An = (-1)m  An
m 
 • 
	 (1.12) 

(iv)S2p: A rotatory reflection or improper rotation by 27E/2p 

transforms 

Yn 	
e iTc(n+m+m/p) m 	 (1.13) 

io that 

n+m+m/p = even . 	 (1.14) 
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(v)Cph'• The p-fold axis leads to relation (1.8) and inversion 

to (1.10) for p = 4 and 6. A rotatory-reflection 

by 2n/p transforms Yn  as 

	

m 	in(n+m+2m/a m  

	

Yn 	e 	 Yn 

so that we have 

2m n+m+
-P  = even. 

(1.15) 

(1.16) 

(vi)D10' The p-fold axis leads to (1.8) and if one of the p 

two-fold axes is x-axis, then two-fold rotation 

transforms Ym  as 

Yn 	(-1 )
n  Y -m 	

1.17) 

leading to 

m = (-1)nm  

	

n . 	 (1.18) 

(viaDph:The relations (1.8),(1.12),(1.16) and (1.18) hold. 

Thus the crystal potential takes varied forms, determined 

by the relative arrangement of the x-, y- and. z-axes w.r.t. 

crystal axes. 

Employing the above relations we undertake to find the 

form of the crystal potential of C3h  symmetry at the rare-earth 

ion site (11), which indeed is the case in anhydrous trichlorides, 

some of the tribromides, ethylsulphates and hydrated sulphates. 

The group of this symmetry is generated by the single operation: 

rotate the system by 60°  about the 	(c-axis) and invert 

in the origin i.e. 

A 7 e n and ( 1.19) 
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The spherical harmonics under this operation transform as 

Yn (0,/;) == 	(-1)114-111  e i 4nm/3  4 (e4,)  (1.20) 
m where Yn  (8,0) satisfy the relation 

Y
m
11 ( 0 	) = ( -1)m 

m 	
( e ,  ) . (1.21) 

For spherical harmonics to be invariant under this operation 

e
i4nm/3 	

m = 0, ± 3, ± 

(-1)n+m = 1 	n+m = even 
	 (1.22) 

for integral n and m. The crystal potential can thus be 

expanded as 

n 
Horys  = 	E E 4n (-q.  e2)  ri  fY(1 (0

4+ 
 q0y° 	It>) k n 2n+1. k 	Rkn+1 	' 	n 	k 

n 
+ E (-1)n[Y--  e. 96 )Y m 4- nm (1, 	n(e k' k) m=1 

-171 
+Y  1;11  ( 019  961)Yri. 	ek 99k)-1} 1.23) 

where (r i, 8i, 96i) and (Rk, 8k, ic ) are spherical polar 

coordinates of the ith electron andthe center of the kth ion, 

respectively; qk  is the charge on kth ion. The above e-cation 

may be expressed alternatively as 

r   3  	-3  	r    3 
Hcrys 

	0   = 	0(26q(1)+a33LY3(i)+Y3  (i).1+433j3(i)-Y;i)]+a46Y4(i) 

i,) 1.) • {Y5( +Y5 ] +43535(*) -Y 	
0 . 

[Y 5 1+a60Y6(1) 

a66[
6 	 6 
Y6(i)  + Y66 (i)j± iP66[Y6(i) 	Y66 (i).} 1.24) 

m / U_ is abbreviated to n  (i) and terms for n>6 have been 
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left as explained earlier. The unr:s and prints are real 

quantitiesproportionaltorill lgiven by 

( -1)
n/2

(4n/2n+1) E (-qk  e2)(rril/Rkn+1  ) Ync)  ano = 	 (k), 
k - 

anm= (-1)11+m  (2n/rn 1) E (_clic e2) (rin/Rkn+1)  
k 

[Y inn  (k)+Ynm(k) -1, -..,• (1.25) 

_D,  e2)(rin/Rkn+1)  
Prim= (-1)n+m  (2n1/2n+1) E 

k 	7K 
( 

[Ynni(k)-Y;111  (k)j. 

However, all terms with odd parity (odd values of n) vanish 

because of inversion symmetry relation. The z-axis is generally 

taken as c-axis and the x-axis is chosen in such a way that 
/ 6 	-6  
ia6- Y6  ) does not appear in (1.24). Since ei& dependence of 

+ 6 
f6 	

is exp (+ i6 ), there are 'six such x-axes, 300  apart. 

These restrictions limitthe value of n to 2,4 and 6 only for 

the rare-earth ions at C3h  site symmetry and hence 

H crys(C3h) = E fa20 (i)+a40Y.1(i)+ a60Y6(i)  
r  6  / 

	

a66[Y6(i) + Y6
6 
 (i).1  •  (1.26) 

Expressing the spherical harmonics in cartesian coordinates, 

and 

we get 

crys = Ao 	2 2 
+A°4  ° (35z4-30r2z2+5r4 )+A(6)  (231z6  -315r2z4+ 

+105r4z2-5r6
) 

+A6 (x6-15X
4 

 y2+ 15x2 y4  -y6\  
) 

o 6 6 A6 V 6 + A6 V6 • 	(1.2?) 0 



An's correspond to anm's in Eq. (1.26) and are obtained from 

experiments; V11:111  are propertional to (rn  Yr;11 ). Proceeding .  

analogously the crystal potential for various symmetries can 

be easily derived. It is found that higher the symmetry, 

the simpler the expression for Horys . In octaheral (oh) 

symmetry only two parameters A4  and A6  determine the interaction: 

H 	(0  ) 	A . (v4 
 

o 	5v44..  ) A  (vo 	
21V4) crys h - 4 	 6 6 - ' 6 ' (1.28) 

The rare-earth ions doped in YP04, YV04 , scheelites and 

Yttrium Aluminium Garnet experience an axial field with 

tetragonal distortion on a basic cubic potential. The site 

symmetry in these cases may be taken as D2d  and the interaction 

is given by 

Hcrys(D2d ) = A°  V°  + A°  2 	4 4 
4 V4 + Ao

66 V o + A4 V. 6 6 
(1.29) 

1..5 Calculation 'of fnera_21291ramand Cr stal Quantum Numbers 

Once the point symmetry and the appropriate form of 

the crystal field potential are established, it becomes 

possible to find the Stark splittings and further Zeeman 

energy spectrum with the help of first and second order 

perturbation. In order to find the Stark splittings the 

energy matrix for the ion in crystal is constructed first. 

Within a manifold of -states of constant J, the calculation of 

matrix elements is particularly simplified by using the 

operator equivalent method developed by Elliot and Stevens (12-

14) and Judd (15). The transition to the operator equivalents 



is carried out by replacing 

x 	by 	Jx 
by 	Jy 

and 
z 	by 	Jz 

with proper regard for the commutation rules of these operators. 

Thus one gets 

crys 	
-m = E 	<rn> <31119n10 °n 	(1.303 

m,n 

where <J1)60n11J> are the reduced matrix elements a j, p j  and 

Y for n = 2, 4 and 6 respectively (13), associated with the 

angular momentum operators 02(16). The matrix elements for 

0n have been tabulated by Hutchings (17). The complete Hamiltonian 

due to the crystal field and magnetic field can be written as 
■ Ow 

H = Hcrvs + gji/AB  H.J. 	(1.31) 

To construct the energy matrix appropriate to this Hamiltonian, 

initially the magnetic interaction is omitted and the matrices 

diagonalized to yield the eigenvaLles E/ and their correRponding 
4 

eigenvectors t. Then the magnetic field effect is determined 

as a perturbation on the crystal field levels. The first and 

second order perturbation effects give 

(1) 
= gJi-LB <IJ:"I J.  I f")>  

W(2) 
= g

2p,. 2 	
I<Yild- 1 Tj>1 2  

ij  
j/i E i  Ei  

(1.32) 

(1.33) 

By introducing suitable crystal quantum numbers it 

becomes possible to diVide the states of the free ion into classes 

so that all the states within a given class may interact with 



one another but not with the states belonging to another 

class. Following Heliwege (18) we introduce a set of crystal 

quantum numbers p- such that 

Jz  =/(1. (mod. m). 	 (1.34) 

For an ion containing odd number of electrons, three di-tinct 

classes are characterized by the crystal quantum numbers 

A. ± 1/2 , ± 3/2 and ± 5/2, and for an even number of electrons 

the four classes are specified by ,1 -= 0, ± 1, ± 2, 3:-  The 

states for which ict,  is double valued (e.g./4. ± 1) will be 

doubly degenerate. The crystal quantum numbers classification 

of various J states of the free rare-earth ion in c3h  symmetry 

are given as a typical case, Table 1.1. 

ks an illustration consider J = 6 tei'm of a free ion, 

which will be split ityto nine distinct levels. Three of these 

levels will be nondegenerate with,L= 0, two pairs of -the levels 

will be doubly degenerate and classifield by 	± 1 and -= ± 2. 

In addition to these seven levels there will be two wore 

non-degenerate levels with/4.= 3. Thus the 13x13 crystal field 

energy matrix for a pure J = 6 term may be reduced to a 3x3 

matrix (/&= 0) and five 2x2 matrices. However, two matrices 

for ICA.= ±1 are equivalent as are the two matrices for 	± 2. 

Therefore, we are left with only a 3x3 submatrix and three 

distinct 2x2 submatrices to be solved. The eigenvectors 

of these submatrices will consist a linear combination of 

the Jz  states. 
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TABLE 1.1 Crystal quantum numbers for 03h symmetry 

Even number of electrons  

J 

0 

0 

Jz 

0 

±1 

Jz 

+2 

Jz 

3 

Jz 

number of 
Levels 

1 

1 0 +1 2 

2 0 _ ±1  +2  _ 3 

3 0 ±1 ±2 -39 +3 5 

4 0 ±1 +2,T4 -3,+3 6 

5 0 +1,15 ±2,T4 -3,+3 7 

6 -6,0,+6 +1,75 +2,-74  -3,+3 9 

7 -6,0,+6 -77,+1,75 +2,-74 -3,+3 10 

8 -6,0,+6 T7,±1,-75  +81+2,T4 -3,+3 11 

9 -6,0,+6 ±8, +2,T4 +9,-3, 
+3,-9 13 

Odd number of electrons 

±1/2 ±3/2 +5/2 number of 
levels 

J Jz Jz Jz 
1/2 ±1/2 1 
3/2 +1/2 	±3/2 2 
• 5/2 ±1/2 	+3/2 ±5/2 3 
7/2 ±1/2 	+3/2 +5/2,T7/2 4 
9/2 ±1/2 	+3/2,-7-9/2 +5/2,-77/2 5 

11/2 ±1/2,T11/2±3/2,479/2 ±5/2,T7/2  6 

13/2 ±13/2,t1/2±3/2,T9/2 +5/2,77/2 7 
T 11/2 

15/2 ±13/2, 	+15/2, '-h5/2,T7/2  8 

+1/2,711/2 	±3/2079/2 
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1.6 The Specific Heat 

The total heat capacity of a system containing a 

paramagnetic ion (e.g. rare-earth ion) is the sum of the 

lattice contribution which nearly follows .  a T3 law, and 

the contribution ar,sociated with the localized f electrons 

(19,20 ). The latter, generally calledthe magnetic contri-

butions Cm, are observed as sharp peaks in the total specific 

heat vs. temperature plots. To a good approximation, one 

may write 

Cm  . CS 	Chfs 	Cdip Cadd' 
	 (1.35) 

Here 	Cs  is the Schottky specific heat; 

Chf s  , the contribution from the interaction between 

the localized f-electrons and the nuclear 

spin of the ion; 

Cdjp, the effect of dipolar interactions between 

the paramagnetic ions in the system; 

and 
• C add accounts for other couplings. 

At temperatures above He temperature, the last 

three terms being negligibly small are ignored in the further 

discussion. 

When an ion is placed in a crystalline electric field 

(CEF) the energy levels get split up and at very low temperatures 

only the ground level will be occupied. If one or more levels 

are separated from the ground level by a small energy 

then for T<<Tex  the ions cannot be excited to the higher 

levels and only the lowest state will be occupied. As T-T ex 
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some of the ions will be excited to th1h.igher states and 

the 'extra energy required for these transitions will result 

in an additional spe&ific heat in the region 	Tex. However, 

for T >> Tex, all levels will be equally populated and hence 

there will be no further excitation with the conse -Ilence 

that there will be no more additional thermal cap:=Icity. The 

specific heat associated with the CEF levels is called Schottky 

specific heat (21). 

Taking the system to be an assembly of independent 

ions and applying the 14va(well-48oltzmann distribution function, 

the total energy of excitation for a system with n energy 

levels (obtained in CEF) is (22) 
.  0 

NZ E i 	 -4 exp(Z i/kT ) 	g, exp(/kT). 	(1.36) USchottky . -L 

E i  is the energy of the ith CEF level with degeneracy gi. 
The specific heat assoc iated • with this energy is 

n ( i Cs 	Nk Z-2 
 1Z 4310E /kT ) 2  exp( --El/kT ) 	(Eyla) exp( --EoilkT j 

i=1 

where 
Z 1E1 

1  
g. exp (-4./kT). 

The specific heat Curve can, in turn, be integrated to give 

extra entropy associated with the anomaly. 

1.7 The Paramagnetic Susceptibility  

The field where CEF theory was reasonably successful 

is the interpretation of magnetic susceptibilities. We 

outline the derivation of Van Vleck (23) formula for calculating 

the paramagnetic susceptibility of an ion in the crystal field 

technique. 



+ H2W. (2)+... 

(1.42b) HWP11 
kT 

In this approximation, P can be written as 
(_wi( 1) _aiwi( 2)  ) (1_ 1 2l(   1) )exp( -W1( o, )/kT  

P = N (1.43) 
exp (-117 (0).  /16) 
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The energy level Wi of an ion'Or molecule can be 

exprec3L ed as a power series of the applied magnetic field H as 
(0) (i)  ( 2 ) 2 Wi  = Wi  + Wi  H + Wi  H +..., 

where W• (0) is the energy in the zero field. 

(1.39) 

The magnetic 

moment 	of the ion in the direction of applied field is 

10.-= - aw/all 
 

(1.40) 

and the total magnetic moment P is defined as thermal average 

over all the states involved: 

P = Nl µi exp(-W i/kT)/ iexp(-Wi/lff). 	 (1.41) 

Now 	
= 	aWi/aH = _ w(il) 	2H42)  	(1.42a) 

and 
exp(-Wi/kT) = exp [-(Wi(°) +HW(il)  

exp (-W(0)  AT) -[1- 

If the system does not have a permanent polarization in zero 

magnetic field, we have 

- W. (1)  exp (-14(0)/1) = 0. 	 ( 1. 44) 

Hence retaining terms linear in 119  we get 
rw  ( 1)1  2 (2) 	(o) E ( 	1 	j  2 Wi 	) exp (-Wi 	/kT) i 

P = NH 

 

(1.45) 
E exp (-Wi(°)/kT) 
1 
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The susceptibility K1  =)(i (i = x,y,z) is given by 

P i/Hi  

IW(1)1 2 	(2)  z( 	1  	- 2W. ) exp (-Wi/kT) kT 

exp (- ( 
(1.46) = N 

(1) and W1(2)  are the first and second order Zeeman energies. 

In the following chapters we have calculated the 

thermal and magnetic properties of rare-earth ions in anhydrous 

trichlorides, tribromides, ethylsulphates, hydrated sulnhatea, 

thioindates, garnets, vanadates etc. by the application of 

crystal field theory, and compared the results with available 

experimental data, 
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CHAPTER II 

STUDY OF ANHYDROUS RARE-EARTH TRICHLORIDES AND .TRTPROMIDES 

2.1 INTRODUCTION  

The rare-earth trichlorides and tribromides form a 

subclass of one of the major groups of inorganic paramagnetic 

compounds. Hutchison and Wong (24) studied the paramagnetic 

resonance in dilute solid solutions of various rare-earth ions 

in LaC13, whereas exhaustive studies of absorption and 

fluorescence spectra of dilute trichlorides and tribromides 

have been made by a number of workers (25-35). This work in 

rare-earth trichlorides and tribromides pertains to 03h symmetry 

in the crystale. They are similar in several ways to ethylsul-

phates, whose magnetic properties have been examined in 

considerable detail by Elliot and Stevens (14). 

The main purpose of these investigations has been to 

study the departure of the physical properties of various ions 

in crystals, from those of free ion and to provide, whenever 

possible, a relevant explanation by the a-nplication of the 

crystal field theory developed by Bethe (5), Penney and 

Schlapp (8,36) and Stevens et.al. (12-14). Most of the anhydrous

trichlorides and some tribromides of rare-earths possess UC13  

hexagonal structure with two molecules per unit cell (37,38). 

These give, in general, considerably sharp and well-defined 

absorption lines and are largely free from the superimposed 

molecular and lattice vibrations. Moreover, due to the existence 



of strong fluorescence (25) 
	

hese crystals, it is possible 

to obtain low lying levels of the rare-earth ions in the crystal 

lattice. 

The point symmetry at the rare-earth ion site in trichlori-

des is assumed to be C3h  and because of this high symmetry of  

the crystalline field, the Stark and Zeeman effect calculations 

are relatively simplified. As the interactions between the 

rare-earth ions themselves are important only at very low 

temperatures, the magnetic properties of a given ion are, 

therefore, determined almost completely by the crystalline 

electric field. The determination of the CEF involves some 

unknown parameters (CEF parameters), which are best achieved 

if a complete Stark level spectrum is available from optical 

spectra measurements (40,41). It may be pointed out that the 

consideration of g-values of the lowest Stark level only, 

may not necessarily ensure a near estimation of the CEF strength 

(41142). Fortunately, absorption and fluorescence spectra, 

are available almost in all the rare-earth trichiorides and 

some of the tribromides diluted with LaC13  and 1,4-5r3; from 

which most of the low lying levels and their electric field 

splittings have been obtained. The accuracy Of_ the CEF parameters 

obtained from these investigations, can be checked by studying 

the thermal and magnetic properties of these compbunds. 

Using the CEP parameters reported-in literature, we have 

studied the temperature dependence of magnetic and thermal 

properties, viz. principal paramagnetic susceptibilities, magnetic 

anisotropy, effective magnetic moment itff, Schottky specific 



FIG. 2-I CRYSTAL STRUCTURE OF UCt 3 

FIG. 2- 2 MONOCLINIC STRUCTURE OF Y C13  VIEWED 

ALONG ITS Co  AXIS. 
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.heat in the temperature range 20-300°K for Nd3+0  Dy3+, Ho3+ 

and Er3+ in LaC13 and Pr
3+ 

Er
3+ 

in LaBr3 host lattices. 

Furthermore, the anisotropy in the spectroscopic splitting 

factor of the lowest Stark level and the additional entropy 

connected with the thermal anomaly have been calculated. 

The paramagnetic Curie temperature and the temperature 

dependence of torque in unit magnetic field are also determined 

for some systems. 

2.2 Crystal Structure 

The trichlorides and tribromides bf lanthanides 

exhibit four types of structure. Zachariasen has shown that 

the trichlorides of La - Gd and tribromides of La - Pr 

possess the hexagonal uranium trichloride - type (or Yttrium 

hydroxide) structure; Fig. 2.1 (43,44). The lattice 

parameters for U013  are ao  = 7.428 + 0.003A and Co  = 4.312+ 

0.003A . The space group is 063/m (0
2  
6h) and each metal atom 

is bonded to nine.chlorine atoms, three at a distance 

U - Cl = 2.95A and the remaining six at U - Cl = 2.96A. The 

closest distance of approach of two Cl atoms is Cl Cl = 

3.45 	Also the bonding is predominantly ionic in character. 

The trichlorides of Dy 	Lu crystallize with monoclinic 
• 2 

Y013 ( or A1C13) structure; the space group being 02/m (C3h). 

This is distorted Na01 structure in which two thirds of the 

metal atom sites are vacant. The structure of Y013  is shown 

in Fig. 2.2 (45).. The three sets of two chlorine atoms are 
0 

at distances 2.58, 2.63 and 2.69 A respectively from Yttrium 

atom and the lattice parameters are ao  = 	b0=11.94A, 

Co  = 6.44E, p = 111.o°. 



 

C 

a 0 

C 

Pu AT y 7-0 

Pu AT y 

Br AT y = C 

   

o Br AT y 
- 2 
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FIG. 2-3 THE LAYER STRUCTURE OF PuBr3  

o Bi 

(Th 

FIG. 2-4 PROJECTION OF THE HEXAGONAL CELL OF Bil3 
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More recently , another type of structure has been 

identified as the orthorhombic plutonium tribromide structure 
• 

(46). Terbium trichloride and tribromides of Nd- Eu posses 

the PuBr3  structure  . This structure  , Fig . 2.31  has lay e r-latt icel 

each metal atom being bonded to eight halogen atoms— two 

at 3.06A and six at 3.08 A in PuBr3, and the lattice parameters 

0 0 	 0 
are a0 	12.62, , b 0  . 4.091,  and c0  = 9.13A. 

The tribromides of Nd-Lu possess the hexagonal ferric 

chloride or Bismuth iodide type structure (47) as shown in 

Fig.2,4. 

2.3 Theory and Calculations 

number of workers (48,49) calculated the electrostatic 

and spin orbit matrix elements for various ions with 4fn  

configuration, and predicted that J, the total angular momentum, 

remains a good quantum number in crystal field calculations. 

The Hamiltonian ofthe system subjected to magnetic field is 

H = H0  + Hcrys  + Hmag  • 	 (2.1) 
• 

is the free ion Hamiltonian; 

0  2 	0 	0 	, o 	6 	0 	6  6 	6 04 + /16  <r ›i0.06  + 	> J06  
Hcrys 	112<r > a(1°2 	k4<r441, 

(2.2) 

and Hmag I
;ig

J 
J. H. Using the operator erluivalent method 

and tables of Stevens (12) and Elliot and Stevens (13,14)9  

the eigenvalues ET. and corresponding eigenfunctions are calculated 

under the GEF interaction Hcrys'  The Schottky specific heat 

CS can be generated from formula (1.37). Next, Zeeman splittings 
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are computed under the magnetic perturbation, Hmag,through 

Perturbation technique and in turn used to generate the 

paramagnetic susceptibilities from equation (1.46). The.torepe 

L acting on a crystal placed in a magnetic field H is given by 

I = 0.5(n/N)4K H2  sin 20; 	(2.3)_ 

8 is the angle between H and z-axis and (n/N), the gram-atom 

fraction of the paramagnetic ion in the crystal;AK, the 

magnetic anisotropy. Further 	 ff  is readily extracted at 

different temperatures from the relation 

ff 	(3 /N) 1/2 	 (2.4) 

( i) Nj+:LaC13 

3+ 
• The ground multiplet of Nd ion (& 	4  ) is I9/p  and the 

first excited term111/2  is about 1800 cm higher. (13) 

and, therefore, the effect of higher multiplets on the ground. 

term may be considered negli'gible. The absorption and EPR 

spectra show that the ground level of Nd
3+ 

 T.JaC13  may be assigned 

crystal quantum number /L= + 5/2. 	In a C3h  field, the spherical 

rotation group for J = 9/2 is transformed in accordance with 

the reduction 

D15/2 	
I17  + 2 pe  + 2 r9  

and gives five Kratuers doublets. These doublets can alternatively 

be represented by' the crystal quantum numbers /4.= + 5/2, + 3/2,  

3+ 	4 
+ 1/2. Carlson end Dieke (25,27) found thAtin Nd :LaC13 , 

term is 1973.8 cm+1 above the ground term 419/2  and that there 
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is no mixing of higher J multiplets with the ground term. 

The CEP parameters obtained by Judd (26) in LS coupling scheme 

are listed in Table e.1 and used in these calculations. 	The 

calculated matrix elements are given as 

A l = <+ 9/21 Herys1±9/2> = 17.41 

A2  = <± 7/21Hcrys 1+ 7/2> . -121.09 

A3 = <71: 5/21Hcrys1+  5/2> = 74.23 

A4  = <+ 3/21Hcrys1+ 3/2>.. 65.76 

A5  = <+ 1/21Hcrys1±1/2> -36.31 

B1  = <±9/21Hcrys 1T 3/2> = -53.40 

B2 = <+7/21Hcrys1;5/2> = -81.58. 

The Stark splittings and corresponding eigenvectors obtained 

from these matrices are: 

E7 (c 1) P-  Ulf 

	

-150.71 	± 5/2 	0.9401+7/2>.+ 0.3411-75/2> 

	

- 36.33 	±1/2 	 1±1/2> 

	

- 17.00 	±3/2  

	

100.20 	±3/2 

	

103.85 	+5/2 

The Zeeman splittings_ of these Stark levels under the magnetic 

field H parallel and perpenditular to the symmetry axis are 

obtained by employing perturbation technique. The complete 

energy spectrum is: 

3.8401+9/2> + 0.5421;3/2> 

0.5421+9/2> - 0.8401;3/2> 

0.341J±7/2> - 0.9401; 5/2>, 
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TABLE 2.1 CEF parameters (in cm-1  
rare-earth trichlorides 
are used in the present 

) for various anhydrous 
and tribromides, which 
calculations. 

 

(a) Trichlorides 

NdC13 103.7 -36.01 -44.51 426.21 40 

Dy0 13  89.8 -40.0 -23.3 253.0 28 

HoC13 113.6 -33.9 -27.8 276.7 50 

ErC13  93. -35. -25. 235. 30 

(b) Tribromides 

PrBr3 54.18 388.7 29 -44.52 

n•milo••••••■••••••••••■•■•■• 

-35.43 

ErBr3  117. -39.6 -19.2 212. 34 
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H 11 z-axis 	H i z-axis 

B1 + 2.802 G - 0.0145 G2 	E
o+ 1.282 G 	- 0.0288 G2 

-  
o 

E2 ± 0.5 	G + 0.0 	G2 	e+ 2.5 	G 	-0.1217 G2 2- 

E3  o 

	

+ ± 2.735 G - 0.0637 G2 	Eo 3 0 	+0.1049 G2 

E4± 
	 o E4+ 0.264 G + 0.0637 G

2 	
E4+0 	-1.1619 G

2 

E5+ Eg± 1.802 G +0.0145 G2 	E5  + 1.282 G 	+1.2076 G2 

where G = I gj  H. 

From the above energy-expressions, the principal magnetic 

su ,,ceptibilities and Schottky specific heat at different tempe-

ratures are- calculated from the formulae (1.46) and (1.37) 

respectively. The K values alongwith the calculations forAK 

and 	are given in Table 2.2. The calculated KH  T, K T, 

KT and CS vs Tare plotted in Figs.2.5 and 2.6. The extra 

entropy associated with the Schottky anomaly can be calculated 

from the following relations: 

CS _TdS 
dT 	dT 

or 	
S = f CS dT 	 (2.5) 

Numerical integration by Simpson's rule would give the magnitude 

of additional entropy. The result for Nd013 fe'r temperature 

upto ,400°K is given in Table 2.8. 

(ii) DY3+:LaC13 

The ground multiplet of 1)3734-(4f 9).  is 6H15/2 and the 

first excited term is about 3300 cm-1 above it (13) and as such 

the effect of higher multiplets on the ground term is negligible. 
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TABTR  2.2  : Variation of principal magnetic susceptibilities, 
anisotropy, andAif  of Nd013 with temperature. 

771 	K.1  .10 0 	.10 	OAK. '103 3 K' 
77,.. 3 1 T( 	- 	. 103  

Vcgs emu 	cgs emu Dogsemu 	cgs emu 

 

A PP f f frtB 

300 5.7 5.1 5.3 0.6 3.57 

260 6.6 5.8 6.1 0.7 3.55 

220 7.8 6.7 7.1 1.1 3.53 

200 8.6 7.3 7.7 1.3 3.51 

180 9.6 7.9 8.5 1.7 3.49 

160 10.8 8,6 9.3 2.1 3.46 

140 12.3 9.5 10.4 2.9 3.42 

120 14.4 10.4 11.8 3.9 3.36 

100 17.3 11.6 13.4 5.7 3.28 

80 1.5 12.8 15.7 8.8 3.17 

60 28.6 14.2 19.0 14.4 3.02 

40 42.4 16.5 25.2 25.8 2.84 

20 81.9 24.3 43.5 57.6 2.64 

I 
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Under the influence - of 03h crystal field, the 6H15/2 term 

would split into eight Kromers doublets. Crosswhite and 

Dieke (28) interpreted the Stark splitting of the ground term 

by using the CEF parameters listed in Table 2.1; they derived 

these by applying LS coupling approximation. The Stark levels 

are described by the following eigenvalues and eigenfunctions: 

ET(cm-1) 	1)- 	 -41;  

	

-52.95 	±3/2 	0.1541+15/2>_0.2341±3/2>+0.9601+9/2> 

	

-43.13 	±5/2 	0.8891+7/2> -0.4581T-5/2> 

	

-42.97 	+3/2 	6.9861+15/2> -0.0221+3/2>-0.1641T9/2> 

	

-37.35 	±1/2 	0.0851+13/2> -0.1711+1/2>+0.9821T11/2> 

	

-11.31 	±1/2 	0.9881+13/2>- 0.1141+1/2>- 0.1081T11/2> 

	

28.99 	+5/2 	0.4581+7/2> +0.8891T 5/2> 

	

65.73 	±3/2 	0.0601+15/2> +0.9721+3/2>+0.2271T9/2> 

	

93.02 	+1/2 	0.1301+13/2> +0.9791±1/2>+0.1591T11/2>. 

The Zeeman splittings of these levels under the magnetic field 

H fl and i to z-axis are 

H11to z-axis 	 H 1 to z-axis 
,0 
zi ± 3.889 G - 0.356 G2 

± 2.245 G - 0.083 G2  

E3 + + 7.173 G + 0.339 G2 

4  + 5.238 G - 0.056 G2 

E ,o 5  + 6.282 G + 0.042 G' 
E° 6 ± 1.242 G + 0.083 G2 

E °  + 1.211 G + 0.016 G2 
7 

E8  ± 0.449 G + 0,013 G2 

ET + 0 

E2 ± 3.016 G 

+ 0 

Eo + 0.557 G 4 - 
E' 5  + 0.514 G 

E6°  ± 3.018 G 
E°  + 0 7 
E 8  ± 3.940 G 

-1.792 G2  

- 0.117G2 

+1.060 G2 

+ 0.382 G2 

+ 0.382 G2 

= 0.302 G
2 

-0.172 G2 

+ 0.560 G2  
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The calculated values of principal and mean susceptibi-

lities, anisotropy, il-ff  and Cs  are listed in Table 2.3. The 

derived value of S upto 400°K is given in Table 2.8 and the 

temperature dependence of KIIT, K1 T and KT is displayed in 

Fig.2.?. 

(iii) Ho3+:LaC13 

The ground multiplet of the HO+  ion is a 4f10, 518  State. 

Each J level of an ion with even number of eleCtrons is split 

into singlets and non Kramers doublets in a PEP of C3h symmetry. 

In such ions the Jahn Teller effect becomes operative and removes 

the degeneracy of the non Kramers levels. Since the 4f electrons 

are inner electrons and donot take part significantly in chemical 

bonding, therefore this effect, : if it manifests itself, is 

probably very small. Thus C3h symmetry in such systems still 

remains 	good approximation. The nearest excited term is 

5050 cm-1 higher than the ground multiplet (13) so that the 

influence of excited multiplets on the ground term may be 

neglected. Rajnak and Krupke (50) found th.at 517  multiplet is 
4 

5161 cm 1  higher than 
P 
 18 in Ho3+:LaC13''  The CEF parameters 

obtained by them in the TS coupling scheme are given in Table 

2.1. These are slightly improved over those previously obtained 

by D ieke et al. (33). Employing these parameters, the Stark 

levels of 418 term in Ho3+:La013 are determined and are as 

given below: 



T( °K) 	.103  
0c s emu 
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TABLE  2.3:  Temperature dependence of principal magnetic 
susceptibilities, magnetic anisotropy effective 
magnetic moment and spec if is heat of DvC13. 

K1  .103 	K .103 
cgs emu Ocgs emu 

A K .103 
AL 

,,eff 
cgs emu 0 V-B) 	QU/2..ai.vrt.deg:) 

300 53.0 44.3 47.2 8.7 10.63 0.42 

280 57.1 47.2 50.5 9.9 10.63 0.48 

260 62.0 50.6 54.4 11.3 10.63 0.54 

240 67.7 54.5 58.9 13.1 10.63 0.62 

220 74.5 39.1 64.2 15.4 10.63 0.71 

200 82.8 64.5 70.6 18.3 10.62 0.83 

180 93.1 71.1 78.4 22.0 10.62 0.98 

160 106.1 79.1 88.1 27.0 10.61 1.16 

140 123.2 89.2 100.5 33.9 10.60 1.40 

120 146.2 102.4 117.0 43.7 10.58 1.70 

100 178.8 120.6 140.0 59.2 10.5? 2.06 

80 227.7 147.1 174.0 80.6 10.52 2.48 

60 308.0 190.6 229.7 117.4 10.46 2.83 

40 459.5 277.1 337.9 182.4 10.29 2.85 

20 854.8 432.3 573.1 422.5 9.56 2.91 
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) 0  

ET.  (cm-1) 	Aj. 

-107.67 

- 95.15 

±1 

0 

0.9591+7 

0.5841+6> 

- 0.2671+1>+0.1011;5> 

-0.56410)+0.5841-6> 

- 61.61 0 0.7071+6> - 0.7071-6> 

- 40.62 +1 0.2691+7> + 0.7301+1> 	- 0.6281;5> 

- 18.05 +2 0.1401+8> - 0.8001+2>+0.5831; 4) 

- 	3.13 3 0.7071+3> + 0.7071-3> 

10.39 0 0.3991+6> + 0.82610> +0.3991-6> 

43).61 +2 0.9821+8> +0.0381+2> -0.1841T 4> 

49.38 +1 _ 0.0941+7> + 0.6291+1> + 0.7721;5> 

94.30 +2 _ 0.1261 	8> + 0.5991+2> + 0.7911-T4> 

107.58 3 0.7071+3> - 0.7071-3>. 

The complete energy spectrum, including Zeeman splittings, is 

H 11 to .z-axis 	H 1 to z-axis 

E°  + 6.451 G - 0.0565 G2 	Bo +  0 1 - 	 1 	-0.5450 G2 

E2 o + 0 	-0.7316 G2 	Bo ' _,_ n  +0.3303 G2 2 ' 
o 

E°  3  + 0 	+0.5727 Gc- 	E +0 0 	-0.1484 G
2 

0 	 0 	2 
E4  ± 0.929 G - 0.0483 G

2 
E4 + 0 	-0.4001 G 
0 IV)5  + 0.077 G -0.0982 G

2 
E5 + 0 	+0.4673 G

2 
, - 

0 E
6 +  0 	-0.0813 G2 E6 + 0 	-0.1254 G2 

E7  ° + 0 	+0  .1588 G2 E + 0 	-0.1975 G
2 

0 
E 8 

_, 	 0 + 0 E ± 7.584 G -0.0164 G2 	+0.0224 G2  
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,0  

	

o 
-.2 +2 .522 G + 0.1039 G2 9 9 

	

	 E + 0 	-0.0066 G2  
,-, .0 

0- 	
o 
0

n  E +1.661 G + 0.1146 G' 	E10+ 0 	+ 0.4616 G2 
 

.t, 

	

E
o 
+ 0 	G2  ,o 0 	+ 0.0813 G

2 
+ 0.1417 G + 11- 	 11 

Once again this energy spectrum is employed to 

calculate the value of Ku., K1 	and 2SK and the results 

are catalogued in Table 2.4. The temperature dependence of 
t.f  and CS is displayed in FiR'.2.8. The ex=tra entropy 

associated with specific heat is given in Table 2.8. 

(iv) Er34-1JaC13  and Er3+:LaBr3 

The ground multiplet of Er3+ion (4f1t) is 
4
115/2. 

Wybourne (51) and Wong (48) calculated the electrostatic and 

spin-orbit interaction for f V/ configuration and found that 

the term 4I ,13/2' thehrst e::cited term of Er3+, is 

approximately 6770 cm-1 above the ground term 4
15/2 

and as 

such the crystal field effect of excited multiYaet on the 

groUnd term is neglected. A crystal field. of C3h  symmetry 

with time reversal has three symmetry classes for an odd _number 

of electrons, each with 'doubly degenerate levels.  These are 

designated by the crystal .ivantum numbers 11. + 1/2,. t 3/2,+5/‹ 

The ground term of Er3+ is split into eight Kramers doublets, 

three with P= ± 1/2, three with /- + 3/2 and two withih= ±5/2. 

From absorption spectra of Er3+  :LaC13  1::)1T Dieke•and Singh (52), 

the lowest doublet has been assigned = + 5/2 and the next two 
. doublets with ,---- +3/2. The 4  113/2  term lies higher than the 

Frround term 4115/2 by 6481. 6 cm-1 in_Er3+ :LaC13(52) and 
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TABTR  2.4  : Calculated paramagnetic susceptibility 
parameters of HoC13. 

, 	 :.i -T 	r."--- -T..1"----  
T ( '-'10 Kit .103 	K1.103  1 k-  .103  1 iS.K .10 - 	OcK8, 11 :8  ?(egl.(s,  L Tu  , 

0(p gs  e mu) N'pgs e mu)Olgs e m00 (cgs  22H1121 	em Acgs  Tem °4 

300 49.9 48.9 49.3 1.0 15.0 14.7 14.8 

280 53.8 52.4 52.8 1.4 15.0 14.7 14.8 

260 58.2 56.3 56.9 1.9 15.1 14.6 14.8 

240 63.4 60.9 61.7 2.6 15.2 14.6 14.8 

220 69.7 66.2 67.4 3.5 15.3 14.6 14.8 

200 77.4 72.6 74.2 4.8 15.5 14.5 14.8 

180 86.9 80.2 82.4 6.6 15.6 14.4 14.8 

160 99.1 69.6 92.8 9.4 15.8 14.3 14.8 

140 115.2 101.3 105.9 13.9 16.1 14.2 14.8 

120 137.5 116.2 123.3 21.3 16.5 13.9 14.8 

100 170.2 135.6 147.2 34.6 17.0 13.6 14.7 

80 222.4 161.6 181.9 60.8 17.8 12.9 14.6 

60 316.2 197.0 236.7 119.2 19.0 11.8 14.2 

40 517.0 245.7 336.1 271.3 20.7 9.8 13.4 

20 1119.6 319.8 586.4 799.8 22.4 6.4 11.7 
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6475.1 cm-1  in Er6+  :LaBr3(34). Thus the CEF mixing of higher 

terms with the ground multiplet may be neglected. The 

relevant CEF parameters for Er3+  :La01 and Er3+ :LaBr3 obtained 

by Varsanyi and Dieke (30) and Kiess and Dieke (34), respectively, 

in the LS cou"pling scheme are listed in Table 2.1. Using 

these ,parameters the Stark energy levels and corresponding 

eigenvectors are computed for both the systems and the results 

are as following: 

ei(cmij 

(a) Er3+:LaC13 
0 

.-107.22 • 	±5/2 	0.7521+7/2> - 0.6601;5/2> 

- 68.55 +3/2 0,1641+15/2> - 0.6261+3/2>+0.6901T9/2> 

- 45.25 ±3/2 ' 	0.9241+15/2> + 0.1511+3/2>-0.3511;9/2> 

- 	7.79 ±1/2 0-1851+13/2> 	- 0.8381±1/2>+0.5131T11/2> 

2.81 ±5/2 0.6601+7/2> 	+ 0.7521T 5/2>' 

34.68 +3/2 0.1161+15/2> + 0,7651+3/2>+0.6331T9/2> 

74.97 ±1/2 0.3411+13/2> - 0.4351±1/2>-0.8331T11/2> 

116.36 ±1/2 0.9221+13/2> + 0,3291+1/2>+0.206[T11/2). 

The Zeeman splitting 

eigenfunctions are: 

H II to z-axis 

0.890 G - 0.0804 G2 

0.557 G - 0.5722 G2  

5.882 G + 0.4691 G2 

0.873 G - 0.1059 G2 

H 1 to z-axis 

1 
,o m ± 3.677 G - 0.3279 G

2 • 

E o ± 0 2 	+0.1140 G
2 

E o - 0 	-0.0193 G2 
3  

E4 + 3.313 G + 0.1146 G2 

E l+ 

4*. 

E3+ 

E ,o 
4- 

calculated from these eigenvalues and 
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5 
,o 
1J ± 0.1098 G + 0.0841 G

2 
Eo+ 3.677 G - 0.4193 G2 5- 

E6  + 0.825 G + 0.1031 G2 	Eo 6+ 0 	+0.2386 G2 

E°7  + 2.968 G - 0.1009 G2 	Eo+ 0.750 G + 0.1089 G
2 

-  

8 E ± 5.341 G + 0.2068 G2 	,o 
8 	 ' ±1.438 G + 0.1904 0' 

E7(cm-1)  p.  

(b) Er
3+
:IaBr3 

IP: 
-92.20 ±5/2 0.7241+7/2> - 0.6901;5/2> 

-60.99 +3/2 0.2881+15/2>-0.7111+3/2>+0.6411T9/2> 

-31.90 +3/2 0.9501+15/2>+0.1281+3/2>-0.2851T9/2> 

-18.79 +1/2 0.1821+-13/2>-0.8851+1/27+0.4281-711/2> 

6.32 ±5/2 0.6901+7/2>+0.7241T5/2> 

30.53 +3/2 0.1211±15/2>+0.6911+3/2>+0.7121c9/2> 

66...98 +1/2 0.3191+13/2>-0.3591+1/2>-0.8771T11/2> 

100.05 +1/2 0.9301+13/2>+0.2961+1/2>+9.2171T11/2›. 

The Zeeman splittings computed from the above Stark levels 

are- as follows: 

H 11 to z-axis 	H J.  to z-axis 
o o El + 0.643 G -0.0911 G

2 
E il, 1 ± 3.704 G - 0.4133 G2 - 

oo E + 0.469 G - 0.3280 G2 E 2 + 0 	+ 0.2109 G2 

E3 Eo3  + 6.426 G + 0.1996 G
2 	E3  + 0 	- 0.0765 02 

2 
Ec.4)  + 0.401 a - 0.0806 G2- 	Eo4  + 3.546 G + 0.2431 0 

Eo 5 + 0.357 G + 0.0911 G2 5 Eo + 3.704 G 	0.5414 G2 - 	- 
E6 E° 6  + 1.457 G + 0.1283 G2 	E6 + 0 	+ 0.6639 G2 

E°7  ± 3.509 G - 0.1789 G
2 

E7  ± 0.964 G + 0.0860 G
2 

o E 8  + 5.411 G + 0.2595 G
2 

E 8 1J ± 1.417 G + 0.2285 G-. - 



From these energy e.-pressions, the principal paramagnetic 

susceptibilities K and K1  , the magnetic anisotropy A, K, 

mean effective moment Ateff and Schottky specific heat Cs , are 

calculated at different temperatures for both the systems; 

_ Tables 2.5 and 2.6. The temperature depen6ence of KIIT, 

KIT and K.T as well as of Cs  and itff  is exhibited in Figs. 

2.9 and 2.10 for Er3+:14.113 , and Figs. 2.11 and 2.12 for 

Er3+:LaBr3 . The additional entropy associated with Cs is 

listed in Table 2.8. 

(v) Pr31- :LaBr3 

During the recent years, perhaps more attention has 

been directed towards an analysis of the absorption and 

fluorescence spectra of Pr3+: ion than any other ion in the 

rare-earth series. Spedding (53), Hellwege and Heliwege (54) 

and Sayre et.al. (55) studied the absorption spectra of 
, 3 rr +  :LaC13 and proposed the energy positions of different energy _ 

levels. Later on Dieke and Sarup (56) observed, the fluorescence 

spectra and gave firm footing tp the energy levels of Pr3+ :LaC13- 
Wong and Richman fi  29).carried out similar studies for Pr3+ :LaBr 3 

and found the spectra to be in correspondence with that for 
3 

rr
+ 

 :LaC13; the centres of gravity of the J levels were shifted 

by about 100 cm-1  

Pr34-(4f2) has a free ion ground term 3H4  lying abiwt 

2152 cm-1  below the first excited term 3H5  (57). In crystal 

field with C3h  symmetry, 3H4  term splits into three Singlets, 



TILE 2.5  : Magnetic Susceptibilities and anisotropy of 
E r  :LaC13  at different temperatures (in cgs 
emu). 

T( -K) 0 K .103  Y x K '103  ,AK-  .103  1 K. 103 
0  0 

300 35.8 39.0 - 3.2 38.0 

280 38.2 41.9 - 3.6 40.7 

260 41.0 45.1 - 4.1 43.8 

240 44.2 48.9 - 4.7 47.4 

22r 47.9 -  53.4 - 5.5 51.6 

200 52.3 58.8 - 6.5 56.6 

180 57.5 65.4 - 7.9 62.8 

160 63.9 73.6 - 9.8 70.4 

140 71.7 84.2 -12.5 80.1 

120 81.5 98.3 -16.8 92.7 

100 93.9 118.1 -24.2 110.0 

80 109.4 147.7 -38.3 134.9 

60 126.9 197.3 -70.4 173.9 

40 136.6 297.0 -160.5 243.5 

20 .107-.-7 564.7 -457.0 412.4 
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TAIBIE 2.6  : Temperature dependence of calculated gram_ 
atomic susceptibility parameters of Er3+ :LaBr3 
(in cgs emu). 

/,, TCK) v Ku .103Q K .103  	1-Z.103 	LS.K.103 

---------1----j-L---------1--  j--  

300 35.5 39.3 38.0 - 3.7 

275 38.5 43.0 41.5 - 4.5 

250 42.0 47.4 45.6 - 5.4 

225 46.2 52.8 50.6 - 6.6 

200 51.2 59.6 56.8 - 8.4 

175 57.5 68.4 64.8 -10.9 

150 65.5 80.2 75.3 -14.7 

125 75.9 96.8 89.9 -20.9 

100 89.8 121.9 111.2 -32.2 

80 104.1 153.5 137.0 -49.5 

60  120.5 206.5 177.8 -86.0 

50 127.9 249.0 908.6 -121.0 

40 131.5 312.3 252.0 -180.8 

30 125.8 414.5 318.3 -288.7 

20 106.0 599.3 434.9 -493.4 
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two of which are designated 
bar  )14_.= 3 and third by /(11,  0 and 

three non-Kramers doublets having /1= + 1 for one of them and 

/)-= + 2 for the other two. The 3H5 term lies 2086.7 cm-1  

higher than 3H4  in Pr3+
:LaBr3  (29). The corresponding 

CEF parameters in the LS coupling approximation as . obtained 

by Wong and Richman (29) are included in Table 2.1. The 

lowest level is found to be a doublet with 	+2 +2 and next 

is a singlet with /A  3. From the group the 	considera- 

tions, the representation of the spherical rotation group 

with J = 4, under C3h  symtetry, decomposes into six irreducible 

re presentations 2 F.. + 2 - 3 r + { 3 • These can also be employed to 

designate the CEF levels. Using the reported CEF parameters 

and restricting to the ground J manifold, the Stark splittings 

and corresponding eigenfunctions are obtained: 

E?( cm 1) 	At 
1 

	

-97.26 	+ 2 

	

-62.63 	3 

	

9.59 	+2 _ 

	

34.29 	±1 	 1± 1> _ 

	

56.86 	3 	0.7071+3> + 0,7071-3> 

	

112.54 	0 	 10>. 

The complete sioectram is 

H 11 to z-axis 	 H i to z-axis 
o 
+ E o

+ 0.603 G - 0.0602 G2 

	

E 1 	0 	-0.0322 G2 
-0.1818 G2 

o , 	 o r., + 0 	- 0.0753 G2 

	

E 2 	0 	+ 0.1539 G''' 
0 

0 

° Illi 

0.483++4> - 0.876147  2> 

0.7071+3> - 0.7071-3> 

0.8761+4> m 0.48312> 
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2 	0 	-0.0408 G E°  + 2.603 G + 0.0602 G 3 - 	 E3 + 0 
+0.1394 G

2 

E o 	1.0 G + 0 	G
2 	4 .1 _ 0 	+0.0686 G2  

4 	 -0.0591 G2 

,o L 5 + 0 	+ 0.0753 G2  E5 + 0 	+ 0.1029 G2 

E6 
	

+ 0 	 D 0 	 ,o 	 2 
+ 0 	+ 0.1278 G2. 

Once again this energy spectrum and the Stark splittings 

are used to cculate the principal magnetic susceptibilities, 

magnetic anisotropy, mean effective magnetic moment andthe 

specific heat at different temperatures; Table 2.7. The 

temperature dependence of K j1  T, K_LT and KT is depicted in 

Fig.2.13. The extra entropy associated with the specific heat 

over a temperature range upto 400°K is given in Table 2.8. 

2.4 Results and Discussion 

In this section, the calculations reported above 

are discussed. Firstly, for Nd3+:11aC13  the calculated spectros-

copic splitting factors for the lowest Stark level; gil  = 4.075 

and gl = 1.864, are in good agrPewnt with the experimental 

values 	= 3.996+ 0.001 and 	.1.763+0.001 (24). For the 

next excited level, the values are g11  = 0.727 and gi.= 3.632. 

From Table 2.2 it is observed that Kh > K1 and relative 

anisotropy (AK/7) increases from 0.103 at 300°K to 0.424 

at 100°K and as the temperature is further lowered it 

increases more rapidly. The temperature dependence of magnetic 

susceptibilities is in accordance with the Curie-Weiss law, 

K = C/(T+0), where e is Curie temperature. The dependence can 

2 
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TABLE 2.7:  Temperature dependence of principal and 
mean magnetic susceptibilities, magnetic 
anisotropy, mean effective magnetic moment 
and Schottky specific heat of Pr3+:LaBr3. 

T(°K) K0 .103 0 K.L .10 	K. 103 	.6-1K.10 t- 	,eff (/LA) C 
Svgs  emu  t222gs emu cgs e221_1 gat.wt.deg) 

300 5.6 5.1 5.3 0.5 3.55 0.86 

275 6.1 5.5 5.7 0.6 3.54 0.99 

250 6.7 6.0 6.3 0.7 3.53 1.22 

225 7.5 6.6 6.9 0.8 3.52 1.49. 

200 8.4 7.4 7.7 1.0 3.51 1.84 

175 9.5 8.3 8.7 1.2 3.49 2,34 

150 11.0 9.6 10.0 1.4 3.47 2.09 

125 12.9 11.2 11.7 1.7 3.42 3.91 

100 15.3 13.4 14.0 1.9 3.35 5.16 

80 17.7 15.9 16.5 1.8 3.24 6.22 

60 20.3 	- 19.4 19.7 0.9 3.07 6.69 

40 22.4 24.5 23.8 -2.2 2.76 5.14 

20 24.5  32.2 29.7 -7.8 2.18 2.24 

10 28.8 35.4 33.2 -6.6 1.63 0.70 



loge (2J+1/10 Odegeneracy of 
e.u. 0 e.u. 	lowest level  (P)  

System 

TABTR 2.8: Comparison between extra entropy associated 
with Schottky specific heat upto 4000K and 
that obtained from the relation S=R loge(2J+1) 

Nd3+:LaC13  

Ho
3+
:LaC13 

Er
3+

:LaC1,K  

Er3+:LaBr3 

Pr
3+

:LaBr3 

12.8 13.4 2 

17.4 17.8 2 

16.8 17.3 2 

17.1 17.3 2 

12.3 12.5 
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be described with the following relations 

K 11  = 1.70/(T - 0.3) T >p, 60°K 

K1 = 1.79/(T + 47.7) T 140°K 1  

K = 1.76/(T + 29.3) T > 110°K. 

The difference in 0 values along different directions 

is a consequence of the low symmetry of the crystal field 

at the Yd3+ ion. However, the Curie-Weiss constant C, related 

to /tff  of the ions, is almost same for different directions 

in the crystal. -  The value 1.76 of this .  constant for mean' 

susceptibility matches favourably with experimental 1.72 for 

metallic Neodymium over the temperature range 145-280°K(58). 

Furthermore, the room temperature value ofAff  = 3.75/t agrees 

well with the free ion value of 3.62 8  and 3.49/t for Nd 

metal (59). 

The Cs  vs. T plot, Fig.2.6, shows that the contribution 

from Schottky specific heat will be maximum around 80°K 

(8.3 J/g.at.wt. deg.). Also the extra entropy 12.8 e.u. 

associated with it upto 400°K compares well with 13.4 e.u. 

obtained from the relation R ln(2J+1/2). 

For Dy3+ :LaC13 , Table 2.3 shows that j(eff  remains 

almost constant over a wide range of temperature and changes 

only about 1: round 80°K. At 300°K, Aff  = 10.63/i which is 

in good agreement with the free ion value 10.62/%4  and also 

- experimental value 10.67,A.t for.  DysprosiuM-Metal (60). The 

computed g-values for the lowest Stark level are go  = 10.37 , 

g4.= 0.0; which have already been reported by Brower et al.(61) 



and are in good agreement with those obtained by them from 

ESR measurements, go  = 10.43, gl_<0.1. It is obvious from 

Table 2.3 that magn4tic.anisotropy ZIK/7. is positive and it 

increases from 0.18 at 300°K to 0.42 at 100°K. Also Fig.2.7 

shows that principal magnetic susceptibilities increase with 

decreasing temperature. The variation of mean susceptibility 

follows the relation K . 14.38/(T+4.1),the calculated value 

14.38 of Curie-Weiss constant is in nice agreement with the 

experimental value 14.07 for metallic Dy (62). 

In the case of Ho
3+
:LaC13, the computed g-values for 

the lowest CEF level are go  = 16.12, g1  = 0.0 which are 

in nice agreement with go  = 16.01+0.18, g i_=.0.0 obtained from 

PMR measurements (24). The variation of principal susceptibi-

lities with temperature is found to be in comparison with 

that for experimental findings on isosymrnetric compound Holmium 

ethylsulphate (63), as catalogued below. 

T(°K) 	/1  
K I T

aT
K(T7 -T K T 	KT 

0 7T.at.wt. (a2211/x.at.wt. 	 

300 15.0 	14.7 	14.8 	14. 15.5 ' 

100 .17.0 	13.6 	14.7 14. 

20 22.4 	6.4 	11.7 	20. 

a) Present calculations for HoC13  

6. 10.5 

10 Experimental results for Ho(C2H5SO4)3. 9H20 (13.f.63). 

The temperature dependence of mean paramagnetic susceptibility 

follows the Curie-Weiss law K = C/(T+0) above 40°K with 

C = 15.0 	and 6 = 3.2°K. 



• 

The calculated value of C is in good accordance with 14.5 

obtained for Ho metal (64) over a wide range of temperature. 

Fig.2.8a shows the temjerature dependence ofpieff  and the 

departure from the room temperature value is 17/, around 80°K. 

At room temperature teff = 10.87PB  which agrees well with 

the free ion value 10.6it and the experimental value 10:8/4t 

for metallic Holmium (64). The rel,Ttive anisotropy.6K/K 

is 0.02 at 300°K and 0.24 at 100°K. Fig. 2.8b shows that 

tile Schottky specific heat will be maximum 8.2 J/g.at.wt.deg. 

at 50°K. The additional entropy associated with this heat 

capacity 17.4 e.u. is in nice harmony with the expected value 

of 17.8 e.u.; Table 2.8. 
3+ 	 3+ 

In Er :LaC13  and Er :LaBr3  the maxima in Cs versus 

T plots occur around 40°K (8.6 J/g.at.wt.deg) and 36oK 

(8.6 J/g.at.wt.deg), respectively.. The peak positions and 

peak values are in good agreement with the corres-nonding • 

experimental values of about 40--50°K and 8.0 J/g.at.wt.deg. 

for Er(C2H5SO4)3 .9H20 (65). The extra entropy associated with 

the Schottky specific heat is listed in Tble 2.8 'an," these 

values are in nice correspondence with the one obtained 

from R In (2J+1/2). 

The principal magnetic susceptibilities of two 

Er3+ systems vary with temperature according to the following 

relations: 

Er3+:LaC13 	KN  = 11.55/(T+1.9) T ;, 100°K 
11.68/(T-0.9) T > 40°K 

K = 11.71/(1+7.4) T > 20°K 



E
3+ r  

:LaBr3 K11 = 11.61/(T+2r .9 ) 

K1  = 11.52/(T- 6.3) 

= 11.51/(T+ 2.8) 

>, 120°K 

T > 80°K 

T 	80°K 

 

The difference in 0 values along different directions 

is a consequence of low symmetry at the Er3 .+  ion. Nonetheless, 

the Curie-Weiss constant which is connected with AL  of eff 
the ion., is nearly the same. At. temperatures lower than 

the ones indicated above, deviations from these expressions 

are very little and the magnetic susceptibility follows 

Curie-Weiss law with slightly different parameters down 

to lower temperatures. As T tends . to 0o K of these systems 

shows a temperature dependent behavior as anticipated for 

an ion with a doublet ground level. 

In both these systems Ki  > K ii  , which is contrary 

to the experimental findings in Erbium single crys tal ( 66) 

but similar to the experimental and theoretical observations 

on isosymmetric Er(02  H5 SO43  ) .9H2  0 (63). The behaviour of 

K i  T vs. T plots of Er3+ 
 :LaC13(71g.2.9) and Er3+ :LaBr3  i (Fg 2.11). 

systems is in accordance with that of Er(C2H5SO4)3 .91-120. 

The magnitude of 4'./R rises from 0.084 to 1.107 for Er3+:LaC13 

and 0.091 to 1.134 for Er3+:LaBr3 as temperature is lowered 

from 300°K to 20°K. For lack of any available measurements 

on these syStems the calculations are compared with the 

experimental findings on Erbium ethylsulphate: 
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Comparison of magnetic anisotro-ny K of Er3+ 
systems 

(milli cm3/g.at.wt.deg). 

(20 	3+ 	(a) 	 (b) TCK) Er3+:LaC13 	Er :11Br3 Er(CpH5SO4)3.9H20 
Oscillation 
method 

Direct 
measurement 

290 -3.4 -4. -4. -4. 

90. ,-30.0 -39.4 - -38.0 -44.0 

20.4 -449.3 -484.4. -520.0  -500.0 

a) Present work 

b) R f.63. 

Evidently, the results are in fairly good agreement taking 

into consideration the host lattice effects. Further, the 

calculated values of C, 11.71 .(Er3+ :LaC13 ) and 11.51 (Er3+:LaBr7), - 
correspond well with that of 11.98 for Er metal (64). 

It is observed from Figs .2.10a and 2.12a that itkff  

of ;the two systems does not .depart more than 3./ from the room 

temperature value doiAn to about 70°K. The decrease at lower. 

temperatures is .due to gradual emptying of the higher energy 

levels; 2 similar trend is exhibited by KT vs T plots; Figs.2.9 

:LaC13) and 2.11. The room temperature magnitudes of 9.45A-  (Er3
4-  

and 9.55 iyEr3+;LaBr3 ) are in excellent agreement with 9.58A 

for the free ion and the experimental value 9.52/ for Er 

metal (67). 

The spectroscopic splitting factors for the lowest 

CEF levels of Er3+ 	
and Er3+  :LaBr3  are listed below along- 

with the experimental findings for the former (24). 
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System 

Er
3+
:La013(Cale.) 

(Expt.) 

3 
Er

+  :LaBr3(Calc.) 

g1 )  J. 
2.12 	8.82 

1.989+0.001 	8.757+0.002 

1.54 	8.89 

Our calculations suggest that the ratio of the magnetic hyperfine 

interaction parameters A and B is 0.24 and 0.17 for Er3+:LaCi. 

and Er3+:LP.Pr3 systems, respectively. This ratio for LaC13 

host lattice has been found to be 0.217 from the PIC experiments 

(24). 

Next the 0-dependence of tor-lue experienced, by a crystal, 

containing 1 g.at.wt. of Er3+ ion, in a unit magnetic field is 

calculated and displayed for Er3+
:110r3  in Fig.2.14a as a typical 

case. 

In the case of Pr3+:LaBr3, it is seen from Table 2.7 

that the magnetic susceptibility along the symmetry axis 

(which coincides with the c-axis) is larger than that ,along a 

perpendicaar direction and the .anisotropyAK/K increases from 

0.098 to 0.145 with the decrease of temperature from 300°K 

to 125°K. With further fall in temperature, /K/17 decreases and 

changes sign at 52°K. The reversal of anisotropy is not 

surprising in light of the observations made by Rosenberg (19) 

and Schneider (68). .Schneider found similar change in 

Pr3+:LaC13 at 46°K. Comparison of temperature dependence of 

calculated principal magnetic susceptibilities of Pr3+:LaBr3  

with the experimental observations on Pr3+  :LaC13(68)  is given 

below: 
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3+ 

Pr :LaBrli 
T(oK) 	K

11
T 	K1  T 

Pr3+:LaC13 
K 1 T 	K1T 

300 1.68 1.52 1.65 1.44 

52 1.10 1.10 1.03 0.98 

46 1.00 1.04 0.95 0.95 

The temperature dependence of principal supceptibilities can 

be described with the relations: 

K11 = 1.66/(T-2.2) T > 200°K 

K1 = 1.62/(T+ 8.1) T 160°K 

K = 1.63/(T + 	10.6) T 1  190°K 

However, the variation is in accordance with Curie-Wei rs law 

down to 60°K with slightly different parameters; appreciable 

departures are noted for temperatures lower than 60°K.  The 

calculated value of C = 1.63 .is in close agreement with the 

experimental. 1.585 for Pr metal (69). Furthermore, the room 

temperature value itff  = 3.55 agrees well with the free 

ion value 3.588  and experimental value of 3.56A for metallic 

Praseodymium (70). 

The computed values of the components of spectroscopic 

• .splitting .f actor for the 1 owes t • S tark level are g u  = 0.965, 

gl  = 0.0. No resonance data is available for this host lattice 

but these values are in good agreement with PMR measurements 

on Pr3+  :LaC1 3 ' • g - - 1.035+ 	g1  . 0.1+0.15 (24) . The -  

maxima in the Schottky specific heat contribution occurs around 

62°K with the peak value 6.7 J/g.at.wt.deg.. 	The extra entropy 

associated with it comes out to be 12.31 e.u. as compared with 
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12.51 e.u. obtained from R In (WW2), 

2.5 Comments and Conclusions 
Maameasismacrw..• -mweime••••••wraVIII.•■••••• 

The increase in magnitude of the relative anisotropy 

with decrease in temperature and its high value At low 

temperatures, is in conformity with the low symmetry of the 

CEP in the systems discussed in this chapter. The checking 

of Curie-Weiss constant with that of corresponding metals 

is justified by the fact, that this parameter is determined 

by 	values of the ions and that the rare-earth metals 

can be regarded as collection of weakly interacting ions; the 

localized f-electrons being the main source of paramagnetic 

behaviotr. The deviations from the predicted results can 

occur at low temperatures due to the following reasons: 

(i) The CEP parameters An <ria> are somewhat temperature 
dependent, while the values employed are at 	air for 

some systems and He temperature for others. 

(ii) The operator equivalent coefficients a ? 
 p and / de lend 

• 

on the spin-orbit parameter. 	, which is always quenched by 

the host lattice interactions. Accordingly, these coefficients 

will be slightly different from the free ion values that have 

been used here. 

(iii) The coupling of different 3 manifolds' by the CEP is not 

completely negligible; for example, the upper limit for 

contribution from first excited term will be 3.2X for Er3+ 

and 9.8% for Pr3+ 'systems. 



(iv) The exchange interactions become important at very 

low temperatures. 

(v) The non-Kramers ground doublet of Pr31- :LaBr3 may have 

a small initial splitting caused by the Jahn-Teller effect 

or by random deviations from the ideal trigonal symmetry as 

is observed in Pr3+ 
3 :LeC1 (24,71). This will result into 

nonzero g i 	for the ground state. 

However, the nice agreement disCussed above for magnetic 

and thermal properties indicates clearly that the CEF parameters 

reported for these systems are reliably good. 
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CHAPTER III 

THERMAL AND MAGNETIC PROPERTIES OF Nd3+:La,(SO),.4 .9H22 
‹t7 	 9  

Tb(OH)3 AND Tb3+:Y(OH)3  SYSTEMS 

3.1 Nd3 :+ La2(SO4),  .9H 20 

3.1.1 Introduction 

Extensive studies on the rare-earth ions in various 

host lattices, viz. ethylsulphates, trichlorides, bromates 

etc. have been carried out by PAR I absorption and fluorescence 

measurements but fewer reports are available in Lanthanum 

hydrated sulphate lattice. The absorption spectra of Nd3+in 

La2(SO4)3 .91120 were reported by Dieke and Heroux (72). 

However, recently studies of the absorption spectra of Pr3+, 

Nd3+ and Gd3+ in La2(SO4)3 .9H20 have been carried out (73,74) 

and in addition, EPR spectra of Nd3+:La2(SO4)3 .9H20 system 

has been studied (74). The La3+  ion occupies two different 

sites with symmetries C3i  and C3h  in the crystal of La2(SO4)3 . 

9H20 (75). Like ethylsulphates and bromates the 0311  site 

has nine water molecules as the nearest neighbours. The 

rare-earth ions when .present substitutionally experience the 

same symmetry. 	The similnrity of EPR spectrum of Nd3+
:La2(SO4)3* 

9H20 to that for ethylsulphate (76) indicates that the rare- 

aarth ions in La,(SO4 )3 .9H20 occupy principally the 03h  sites. 

It will be welcome attempt to tie up the magnetic properties 

of these salts with the symmetry and strength of the crystal 

field. In this section we give the detailed analysis ofthe 
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3+ magnetic and thermal properties of Nd 	substituted in 

Lap(504)3 .9H20 assuming the point symmetry to be C3h. 

3.1.2 Calculations 
/ The ground.term of the free Nd3+ 

 ion k4f")7\ 	4.is 19/2 and 

the nearest multiplet 4111/2 is higher by 1800 cm-1. Both EPR 

and absorption spectra, indicate 	5/2 as the ground level 

for Nd3+ in C3h  site symmetry. Under the influence of C3h  

field, the double valued representation of the spherical 

rotation group for J = 9/2 decomposes into five irreducible 

representations T77+ 2 r8+ 25 . Each of these levels possesses 

a two-fold Kramers degeneracy because of the time-reversal 

symmetry of the Hamiltonian which will be lifted only on 

the application of magnetic field. Viswanathan et.al. (73) 

have calculated the crystal field parameters by considering 

J-mixing from the 4F J  levels obtained from the absorption 

spectra and EPR data 	1$ Nd3+ doped in•La(SO4)3.9H20. 

Ihe CEF parameters are 

<r2> = 331.4 cmi- 

A <r6> W -45;35 cm-1, 

-44 <r 
	-59.4 crl 1, 

Ar6> = • 487.7 cm-I  . . 
6 

Employing these parameters the eigenvalues E° 	he ground 

term and the corresponding eigenfunct ions 	were calculated 4 
and are given below: 

_E 	( c - 	) 

-186.34 	+5/2 	0.9421+7/2>+0.3361T5/2> 

- 50.24 	+3/2 	0.9221+9/2>+0.38817-3/2> 
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7.84 	±1/2 	1+1/2> 

±5/2 	 0.3361 7/2>70.9421T5/2> 

	

120.52 	±3/2 	 0.3881±9/2>-0.9221T3/2> 

On the application ethe external magnetic field degeneracy 

of all Kramers doublets is lifted; the final energies upto 

second order in H are given below 

H II to z-axis 	 H 1 to z-axis 

	

ET.  ± 2.821 G - 0.0122 G 
	

ET ±1.277 G - 0.0270 G2  

	

± 3.596 G - 0.0269 G 
	Eo + 0 	+ 0.0023 G2 

E3°  + 0.5 	G + 0 

'4 ± 1.820 G + 0.0122 G
2 

G. E°  + 0.595 G + 0.0269 	'" 

TE4

E°  

± 2.500 

± 1.26? 

0 

G -0.0296 G2  

G - 0.3795 G2  

2 + 0.4338 G  

The ionic susceptibilities for directions II and 1 

to symmetry axis are computed as a function of temperature; 

Table 3.1. These, in turn, are used to generate magnetic 

anisotropy and mean effective moment. These are also listed 

in Table 3.1. Furthermore, calculations are presented 

for specific heat and results displayed in Fig.3.1. 

3.1.3 Discussion 

The g-values calculated from the Zeeman splitting 

of the lowest Stark level are go  = 4.103, g i  = 1.842, which 

are in reasonable agreement with go  = 3.963+0.003 and 

gE  = 1.743+0.001 -btained from EPR measurements (74). The 

magnetic anisotropy '\.K/R is 0.30 at 300°K and 0.75 at 100°K 
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TkBT.11-   3.1: Variation of principal susceptibilities, 
magnetic anisotropy and peff .with 
temperature of Nd3+:11a(504)3 .9H20. 

3 X 	X 	AL  T( °K) 	K1) .10' 	la .10' 0 K.10` 	OAK icy- 	0 idj,,  eff 
e mu Ls zp e 1711iLCES e mu j cEseau_11.13) 

300 6.3 4.7 5.3 1.6 3.55 

280 6.8 5.0 , 5.6 1.8 3.54 

260 7.4 5.3 6.0 2.1 3.53 

240 8.0 5.6 6.4 2.4 3.52 

220 8.8 6.0 7.0 2.8 3.50 

200 9.8 6.5 7.6 3.3 3.48 

180 10.9 6.9 8.3 4.0 3.45 

160 12.4 7.5 9.1 4.9 3.41 

140 14.1 8.1 10.1 6.0 3.36 

120 16.4 8.8 11.4 7.6 3.30 

100 19.4 9.7 12.9 9.7 3.21 

80 23.6 10.8 15.1 12.8 3.10 

60 30.1 12.4 18.3 17.7 2.96 

40 43.0 15.3 24.6 27.7 2.80 

20 82.4 23.4 43.0 59.0 2.62 
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and increases further as the temperature is lowered which 

conforms with the presence of lower symmetry. The temperature 

dependence of magnetic susceptibility is comparable with 

our observations on isosymmetric Nd3+.  oLaCl3' However, the 

anisotropy is relatively larger in Nd3+ 
:La2 (SO43 ) .9H2  0 '  which 

is not unexpected because of large splitting. The maximum 

in Schottky specific heat vs. T. curve occurs around 108°K 

(8.5J/g.at.wt.deg.) andthe entropy associated with it upto 

400 °K is S = 12.65 e.u. ; the latter compares favourably 

with 13.38 e.a. computed from,Nk In (2J+1/2) for the lowest 

ground state doublet. The room temperature magnitude of 

off , 3-.55/JB  matches well with the free ion value 3.62)14, 

and 3.49:u for Nd metal (59). The departure of the illeff 

from the room temperature value is less than 31/.. down to . 

about 150°K. This temperature range differs froM that in 

Nd3+:LaC13  system because of large CEF in sulphate lattice. 

It is clear from Table 3.1 that the magnetic susceptibility 

increases with decreasing temperature in accordance. with 

the Curie-Weiss law Ki  =Ci/(T+00. The linearity holds 

for K above 60°K with C = 1.78 and A = 36.7°K. The calculated 

value of C is, in good accord with the experimental value 

of 1.72 for Nd metal in the .temperature range 145 -280°K(58). 

3.2 Tb(OH)3  and Tb3+  :Y(OH)3. 

3.2.1 Introduction 

Although the rare-earth hydroxides have been known for 

more than two .decades (77) but their optical and magnetic 
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properties did not receive much attention. Recently, 

Wolf and co-workers (78-81) observed the optical and magnetic 

properties of some of the single crystals of hydroxides and 

Scott et.al.(82) studied the crystal fields for TO+  in 

hydroxides. The hydroxides of La Yb and Y have general 

formula R(OH) and form a series of simple magnetic crystals 

isostructural to the corresponding anhydrous trichlorides. 

3.2.2 Crystal Structure 

The rare-earth hydroxides have two rare-earth ions per 

unit cell, but both the sites are magnetically equivalent. 

These have Y(OH)3 type structure (77,83), which is hexagonal 
0 

with 	6.24k and co  . 3.53A. The space group of the crystal 

is C6
2  h (C63/m) and the metal ion occupies C3h sites. The 

arrangement of atoms is shown in Fig.3.2. Each metal atom 

is surrounded by nine OH-  groups, six. of these are at a 

distance of 2.422 and the remaining three at 2.548. The 
0 

nearest approach of two OH is 2.78A. 

3.2.3 Crystal Field Calculations 

In a number of paramagnetic salts, where the angular 

momentum of the paramagnetic ion has an integral quantum 

number, the degeneracy ofthe energy levels is not completely 

.11Cted. This occurs when the surroundings ofthe paramagnetic 

in have higher than two-fold point symmetry. The doublets 

obtained in such systems are referred to as accidentally 

degenerate or non-Krariers doublets. It is the characteristic 



FIG. 3-2 A BASAL PROJECTION OF THE 
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of such doublets that first order Zeeman effect is obtained 

if a -iagnetic field is applied parallel to the axis of symmetry, 

but only a second order effect if1the field is perpendicular 

to this axis. This applies to the rare-earth ions with 

an even number of 4f electrons excluding f 6 and f14  configura-

tions which have J = 0 for their ground term. The trivalent 

ions to which these considerations apply are Pr3+ 
Pm3+, Tb3+  

Ho3+ and Tm3+ with 2,4,8,10 and 12 electrons, respectively. 

The properties of such ions have been investigated in the 

isomorphic series of salts such as ethylsulphates, chlorides 

etc. Here we consider the cases of Tb(OH)3 and Tb3+:Y(OH) 3 
systems isostructural to anhydrous chlorides. 

The efround term of Tb3+(4f 8) is  7iF 6  and the Lande" 

g-factor is 3/2. The first excited term 7F5  is separated. 

from the ground term by 2020 cm-1  (84). When Tb3+  is present 

in C3h  sites, the representation D6  of R3  is reduced to the 
1 '1 1 1 2 2 

irreducible representations 2 C+ Fre P3+T-74+ 1-75+ 	The CEF 
(L 

levels thus obtained can alternatively be designated by the 
\ crystal quantum numbers 	0 ( i'land 	) 	±1.k 	5), 

gy p. 	 1 	f. 
/Lt= ± 2( , 6) and At= 3( F3 and 1-4 ). Scott et al. (0) found 

that the 7F5  lies 2082 and 2061 cm-1  above the 7F6  term in 

Tb(OH)3  and Tb3+ Y(OH)3 , respectively. 	They interpreted 

the observed optical spectra with the following CET' parameters 

(in cm-1): 

Tb(OH) 0<r r2> 	 08±3 	, 	 11.4‹ r
4 

> 	- 69+2 	, 

	

 

A6<r6  > = -45i1 	, 	A6<r6> 	585+2 • 6 



Tb3+:Y(OH)3 : 2 189 + 3, 
o 6 A6<r > = 	1, 

r4> = -69±2 

A6< r6> =- 606+3 . 

Keeping in view the accuracy and assumptions made for 

the determination of the REF_ parameters and the fact that the 

breakdown of Russell-Saunders coupling changes the gT  value 

of 7F6 term by only 0.5% and our main interest being to 

calculate the bulk thermal and magnetic properties, we carried 

out the calculations within the ground J manifold. Using the 

operator equivalent method the positions o the Stark levels 

i E ,0  and corresponding wavefunctions are determlned. In both 

the systems /AL= 0+ and 0 levels are foe.nd to lie the lowest 

and separated by about 0.4 cm-1 

If the Stark levels AL= 0+ and 0 are taken as resolved, 

i.e. the lowest CEO' level/u.= 04-  as a singlet, then go  and gl  

as obtained by a frist order perturbation will be identically 

equal to zero and the sec-ond order effect of magnetic inter-

action will be very large; it is- -73.6762 G2 and +73.6758 G2  

for 0+  and 0-  levels,respectivelv, when H is 11 to the z-axis 

in Tb(OH)3  and corresponding valdes for TJ4-Y(OH)3  are 

-61.7202 G2 and +61.7196 G2. But Zeeman effect measurements 

for Tb(OH)3  give ga  = 17.7+0.2 (79). To reconcile with this, 

the lowest two levels 0+  and 0-  should be taken as accidentally 

degenerate. Under these conditions the calculated g-values 

in th irst-order approximation become 

Tb(OH)3 	 g1, 	 gi 
17.98 0.0 

Tb34- :Y(OH)3 	17.97 - 	 0.0. 
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These are obviously in good agreement with the experimental 

data. The second order splittin!eor H i J z-axis also becomes 
is 

very small; it.L-0.0002 G2 for Tb(OH)3 and -0.0003 G2   for 

Tb3+:Y(0H)3 . The first and second order Zeeman splittings 

Ei 1  and E (corresponding. to H 	and 1 to z-axis) for each 

CEP level are obtained separately by first taking the ground 

level to be nondegenerate and secondly by assuming it to be 

accidentally degenerate. These in turn are employed to 

generate the principal magnetic susceptibilities in the 

temperature range 10-300°K from the Van- Vleck formula. The 

results for the nondegenerate and degenerate ground levels . 

are found to be the same; the maximum difference being 0.02.04 

(10°K). The results are given in Table 3.2 and Fig.3.3. 

Furthermore, the CEF energies E° are employed to calculate 

the Schottky specific heat for both the systems; Table 3.2. 

The results with degenerate and non-degenerate 0+  and 0 

ground levels differ. at all only at low temperatures (the 

calculations for nondegierate cases are given in brackets). 

3.2.4 Discussion 

It is found that Ku  > K1  and the relative anisotropy 

rises from 0.615 and 0.556 at 300°K to 2.916 and 2.910 at 10°K 

for Tb(OH)3  and Tb3+:Y(0H)3  systems respectively. Furthermore, 

the calculated value of K4  (300°K) = 55.3x10-3  cgs emu for 

Tb(OH)3  is in fair agreement with the experimental value of 

54.7x10-3  cgs emu Obtained by Wolf et al (78). KJ_ imreases 

with decreasing temperature down to 130°  and 125°K for Tb(OH)3 
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TABU, 3.2: Calculated thermal and magnetic parameters for 
Tb(0103  and Tb3+:Y(OH). 

T-2 
T ( c)K 	103  0 KA.  10

3 
 0 K 103 	K.10`' 	eff 	CS 

cgs  emu 0 cgs  emu  cESemu0  cgs emu  00433) 	0J/g.at.wt.de. 

Tb(OH)3 

300 55.3 31.2 39.2 24.1 9.70 2.07 

200 96.7 39.4 58.5 57.3 9.68 4.72 

100 260.7 41.2 114.4 219.6 9.56 11.01 

50 597.9 30.6 219.7 567.3 9.37 4.91 

20 1516.1 28.9 524.6 1487.1 9.16 0.10 

10 3032.1 28.9 1030.0 3003.1 9.08 0.00 
(0.01) 

Tb3+:Y(0H)3 

300 53.8 32.0 39.2 21.8 9.70 1.75 

200 93.3 41.2 58.6 52.1 9.68 4.06 

100 252.? 45.6 114.6 207.0 9.58 10.72 

50 594.1 37 .5 220.4 560.6 9.39 5.86 
(5.92) 

20 1515.0 30.8 525.5 1484.2 9.17 0.15 
(0.16) 

10 3029.9 30.8 1030.5 2999.1 9.08 0.00 
(0.01) 
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and Tb3+:Y(OH)3' but it shows a decreasing trend at lower 

temperatures. The mean paramagnetic susceptibility follows 

the Curie-Weiss law R = C/(T+e) down to 40°K for both the 

systems with the following parameters: 

C 	 e 

TbkOH)3 	 11.93 	 4.10 

Tb3+:Y(00,3 	11.92 	 3.85. 

Homever,K follows Curie-Weiss law with slightly different 

C and 0 values down to 10°K. The values of C compare well with 

11.6 obtained by Thoburn et al. for Tb metal (85). 

The present calculations show that &ff , derived from 

the relationship Aff = 2.83VE and listed in Table 3.2, does 

not change mere than 3% from the room temperature value 9.70/% 

(for both the systems) down to 604°K in Tb(OH)3 and 55°K in 

. Tb3+:Y(01)3 . The room temperature value is in nice agreement 

with the free ion value of 9.72/01 and experimental value of 

9.711B  fot metallic terbium (85). 

As pointed out earlier, the Schottky specific heat 

values are slightly different for the case with degenerate 

Dt and 0-  levels from that with non.,-degenerate levels, but 

the maximum difference is of/the order of experimental accuracy. 

However, it is found that Cs will be prominent at low to 

tures and the maxima occur at 94°K for Tb(OH)3 (11.1J/g.at.wt.deg) 

and 86oK for Tb3♦:Y(OH)3 (11.1J/g.at.wt.deg.). The extra 

entropy associated with the Schottky anomaly comes to be 15. 

e.u., which matches well with 15.6 e.u. Obtained from the 

relation R In (2J+1/2). 
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Since the interpretation of g-faetors demands the 

ground levels to be degenerate and the bulk thermal and 

magnetic properties are found to be insensitive of the 

degeneracy of the ground level, we may safely !anclude 

that the lowest CEF levels of Tb3+ in both the hydroxides 

behave as accidentally degenerate. Moreover, the fatr agreement 

of present calculations with available measurements lends 

support to such calculations being carried out in the ground 

J manifold. 



CHAPTER IV 

THERMAL AND MAGNETIC STUDIES OF DYSPROSIUM AND YTTERBIUM  
ETHYLSULPHATES 

4.1 Introduction 

The magnetic properties of rare-earth ethylsulphates 

have been of considerable interest since the first reports 

of their magnetic susceptibility (86) and FaTaday rotation 

(87). The rare-earth ethylsulphates form an isomorphous 

series of salts of the general formula, R(C2H5SO4)3 .9 H20, 

where R is the trivalent rare-earth ion. These crystallize 

readily throughout the series as crystals of hexagonal symmetry. 

Ketelaar (88) showed that all the rare-earth ions in an 

ethylsulphate lattice are magnetically equivalent, so that the 

bulk magnetic properties are closely related to the properties 

of the individual ions. Moreover, since the interactions 

between the rare-earth ions are.important only at very low 

temperatures 1°K (for magnetically dilute crystals), the 

.magnetic properties of the salts are completely determined 

by the CEF seen by the paramagnetic ion. In a series of 

papers Stevens (12), Elliot and Stevens (13,14) and Elliot 

et al. (89) developed a theory of the crystal field appropriate 

to the ethylsulphate series. They proposed a CEF of predominant-

ly C311  symmetry in rare-earth ethylsulphates and were success-

ful in explaining the observed EPR and magnetic susceptibility 

results in a number of salts. The crystal field splitting 

under a field of O311  symmetry can be described in terms of 
0 2 	0, 4 	o 	6 	6  6 four parameters A2<r >, ALI■r >, A6 <r > and .L'6<r >. Elliot 
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and Stevens assumed that A1;11  <rn> varies as (Z-55) 
-n/4 

, 

where Z is the atomic number of the rare-earth atom. This 

followed from the observed empirical variation of the spin-

orbit coupling constant (proportional to <r-3>, where pis the 

radius of 4f-orbital) with Z in the rare-earth series and 

assuming the 4f-wavefunctions to be hydrogenic. This 

extrapolation gave good agreement with the then available 

experimental results. Later on Baker et al.(90) and Judd(26 40) 

pointed out, while determining the CEF parameters for Praseody-

mium and Terbium ethylsulphate and Neodymium chloride, that 

the extrapolation procedure of Elliot and Stevens was not 

correct. They suggested the empirical determination of the 

CEF parameters by fitting the absorption and fluorescence 

spectra. This procedure was further developed by a number 

of workers (91-96), who employed this technique for interpreta-

tion of the optical spectra of various rare-earth ethylsulphates. 

Thermal and magnetic properties of Praseodymium, Neodymium, 

Holmium, Erbium and Thulium ethylsulphates have been studied 
of 

both experimentally and on the basisZthe crystal field effects 

(63,97-99). Similar experimental studies for Dysprosium and 

Ytterbium ethylsulphates have been reported (100,101) at low 

temperatures (1-20°K), but no crystal field analysis has been 

done. in the present section, we report the crystal field 

studies of thermal and magnetic properties of these two 

compounds. The CEF parameters obtained by Hefner (92) for 

Dy(C2H5SO4)39H20 and for Yb(C2H5SO4)3.9H20 by Wheeler et al. 

(102) have been used in the present calculations. 
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4.2 Crystal Structure 

The ethylsulphates of rare-earths and Y form a hexagonal 

isostructural series with the point symmetry at the metal ion 

as trigonal-dipyramidal (C3h). These have two molecular units 

in a unit cell and belong to the space group egh (C6 /m) The 
3  

metal ion has nine water molecules as the nearest neighbours; 

six forming a trigonal prism above and below the mirror plane 

containing the other three H2O molecules ana metal ion; Fig.4.1(88) 

4.3 Crystal Field Analysis 

(a) Dysprosium Ethylsulphate 

The ground multiplet of Dy3+(4f 9) is 61115/2  state, 

which splits under a crystal field of axial symmetry (C3h) 

into eight Kramers doublets. These doublets can be represented 

by crystal quantum numbers'e.= ± 1/2, + 3/2 and + 5/2. The 

nearest multiplet level 	13/2 is about 3,300 oT:/a-1  above the 

ground multiplet and as such the effect of higher J-levels 

on the ground term is negligible. The CEF parameters obtained 

by HUfner (92) are: 

0 2 ii2<r 	= 124. cm-  , = -79. cm-1  

- A06<r6> = -31. cm 1 	6<r> = 492. em 

The various Stark levels and their wavefunctions are calculated 

through these parameters and the results are listed below 
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E Ci'(om-1) 

-94.46 +3/2 

-78.31 ±5/2 

-74.15 ±1/2 

±3/2 

-26.57 ±1/2 

54.41 ±5/2 

107.27 t3/2 

147.68 ±1/2 

iy 

0.0581+15/2>-0.2671+3/2>+0.9621;9/2> 

0.8691+7/2> -0.4951T 5/2> 

0.1021±13/2>. -0,1961±1/0.9751T11/2> 

0.9941±15/2>- 0.0691±3/2>-0.080t+9/2> 

0.9831±13/2>-0.1281+1/2> - 0.1311;11/2> 

0.4951+7/2>+0.86914:5/2> 

0.0871+15/25+0.9591±3/2>+0.2691T9/2> 

0.1511±13/2>+0.971111/2> +0.1831T11/2>. 

Further considering the effect of the magnetic field as a small 

perturbation on the crystal field, the Zeeman splittings of 

various levels are computed; for directions parallel and 

perpendicular to the symmetry axis. The complete energy 

expressions are: 

H II to z-axis 	H 	to z-axis 

E0 fh 4.031 G - 0.0224 G  

E2± + 2.029 G - 0.0502 G2 2  
o E3  ±5.146 G - 0.0433 G2 Eo3  + 0.6T8 G + 0.3451 G2  

E21 +7.396 G + 0.0081 G2o  E4 + 0 	-0.4149 G2  
o o  E5 ±6.196 G + 0.0329 G2 E5 0.613 G + 0,5549 G2 

E6+1.0288 G + 0.0502 G2 	E6 + 3.190 G - 0.2520 G2 

0 -D7±1.113 G + 0.0142 G2 	E 4. - 0.1086 G2   

E8  ± 3.921 a + 0.3733 G
2
. 

Eo 1 + 0 	-1.2117 G7  

Efl + 3,215 G + 0.7127 G2 

Es ,t0.436 G + 0.0104 G2 
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Likewise thecalculations are reported for the principal magnetic 

susceptibilities Kt1  and Kj. ; magnetic anisotropy K, effective 

magnetic moment jueff  and the Schottky specific heat Cs ; Table 

4.1 and Fig .4 .2 . 

(b) Ytterbium Ethylsu 1phate  

The ground term of free Yb3+ ion is 4f1:5 , 2F712  and 

the entire energy level scheme consists of only two groups 
2F7/2 and 2F5/2  separated by about 10,300 cm-1. Under the 

influence of a crystalline field of 03h  symmetry, the 2F712 

term splits into four Kramers doublets; two being pure states 

1±1/2> and 1±3/2>, and the other two are admixture between 

1±5/2> and j. 7/2> states. However, when a magnetic field is 

applied the degeneracy of all the doublets is completely lifted. 

S ince the separation of the two terms is 10,300 cm-1, the 

influence of higher term 4F5/2 on the ground term J- 7/2 11.Y 
be neglected. Wheeler et al.(102) explained their optical 

spectra of Yb(C2H5SO4)3 .9H20 with the following CEP parameters: 

A2 (r2> = 155.4 em-1, 	 <r4> = -57.7 cm-1, 

A°6  <r6> 	-25.6 cm-1 	 <r6> 	472.9 cm 1, 

Employing these parameters the eigenvalues and eigenfunctions 

of various Stark levels are found to be 

(cm 1) 	/4.4, 	 Y-t.° 

	

-105.54 	±3/2 	 1±3/2> 

	

- 61.23 	±5/2 	0,5151+7/2> -0.9501T5/2> 



T(°K) K,, .103  
cgs emu 

	 Variation of principal magnetic susceptibili- 
ties, magnetic anisotropy and mean effective 
magnetic moment with temperature of Dy (021.15SO4),;  

9H20- 

	

.103 	1,Z .103  	4sic.103 	)110ef 

	

cgs emu 	cgs emu 	cgs emu 	04413)  

300 53.8 41.8 45.8 12.0 10.48 

260 62.7 47.8 52.8 15.0 10.47 

220 75.0 55.9 62.2 19.1 10.46 

200 82.9 61.1 68.4 21,8 10.45 

180 92.5 67.5 75.8 23,0 10.45 

160 104.4 75.4 85.1 29.0 10.43 

140 119.4 85.8 97.0 33.? 10.41 

120 138.8 99.6 112:7 39.1 10.39 

100 164.4 119.5 134.4 44.9 10.36 

80 199.5 150.1 166.6 49.3 10.32 

60 250.2 203.2 218.8 47.0 10.24 

50 285.5 246.7 259.6 38.7 10.18 

40 333.1 312.4 319.3 20.7 10.10 

20 555.7 610.0 591.9 -54.3 9.74 



4 

2 

10 
(i) Dy (C2H5 SO4)3.9H20 

6r-- 

4— 

2h 
& 

vn 

 

 

6 

 

(1i) Yb (C2H5 SC4)39H20 

  

  

   

0— 	 ; 
' 0 	50 	100 	150 	200 	250 	300 	350 4001 

T ( °K) 

F1G.4.2  Temperature dependence of schotty specific heat of 
(i) Dy (C2H5 SO4)319H20 and (ii)Yb(C2H5S0z)a9H20. 



	

3.82 	+1/2 	 ±1/2> 

	

162.75 	+3/2 	0.9501±7/2>+0.5131-1=5/2>. 

The complete energy spectrum including the Zeeman splittings 

is 

H 	to z-axis 

E °1  + 1.5 G + 0 

E2 2 	1.911 G - 0.0142G2  

H 1 to z-axis 

E1 .4. 0 	-0.1385 G2 

E°  2 ± 0.787 G+0.0980 G2  

Eic3)  ± 0.5 G 	+ 0 	 E3 ± 2.0 G + 0.0291 G2  

E4 ± 2.911 G + 0.0142 G2 
E4 ± 0.787 G + 0.0112 G2. 

Using this energy spectrum the calculations are carried out 

for principal magnetic susceptibilities K4  and K1  , the 

Magnetic anisotropy K, and mean effective moment Jeff; 

Table 4.2. In addition, the temperature dependence of Schottky 

specific heat is derived and displa ced in Fig.4.2. 

4.4 Discussion 

In the case of Dy(C2115SO4)5.91120 ge 10,75, gc 0.0 

for the lowest Stark level and g4  = 5.42, gi  = 8.57 for the 

next excited energy level, which are in good agreement with 

the corresponding experimental values of go  = 10.76±0.1, 

ge.% 0.0 and go  = 5.6 ± 0,2, gl  = 7.28 ± 0.6, respectively 

(103). Cooke et al.(101) determined the magnetic susceptibility 

of this compound over the temperature range 1-20°K. The 

calculated values of 	0.56 cgs emu and K = 0.61 cgs 

emu at 20°K compare well with the experimental Ku = 0.57egs emu 
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TABLE 4.2: Temperature dependence of paramsgnetic 
susceptibilityparaTaters Om cgs emu) and 
ileffk in/A8J of Yb(02H5304)3.91120. 

300 6.6 11.7 -5.1 10.0 4.89 

280 7.0 12.6 -5.6 10.7 4,89 

260 7.4 13.6 -6.2 11.5 4.89 

240 7.8 14.7 -6.9 12.4 4.88 

220 8.4 16.1 -7.7 13.5 4.87 

200 9.0 17.7 -8.7 14.8 4.86 

180 9.7 19.7 -10.0 16.4 4.85 

160 10.6 22.1 -11.5 18.3 4.83 

140 11.7 25.2 -13.5 20.7  4.81 

120 13.1 29.1 -16.0 23.8 4.77 

100 15.1 34.3 -19.2 27.9 4./2 

80 18.0 41.5 -23.5 33.7 4.64 

60 22.7 51.9 _29,1 42.2 4.49 

40 31.7 67.6 -35.9 55.6 4.21 

20 56.9 88.4 -31.5 77.9 3.52 



and KL = 0.59 cgs emu. The relative anisotropy values 

are 0.262 and 0.347 at 300°K and 140°K, respectively.. 

It decreases below 140°K and finally changes sign at about 34°K. 

The mean magnetic susceptibility increases .with decreasing 

temperature according to the relation K = 13.90/(T+3.0). 

The value .13.90 of C compares favorably with - the experimental 

value of 14.07 for Dysprosium .metal (62). Furthermore, the 

room temperature value of j.leff  is found to be 10.'48/wB  and 

this is in good agreement with the free ion value 10.62At 

and 10.67 )0,B _4forDy metal (60). 

From Fig.4.2 it is observed that Cs will bp maximum 

at 95°K and the peak value will be 11.1 J/g.at.wt.deg. The 

extra entropy associated with the Schottky specific heat 

upto 400°K comes out to be 15.05 J/g.at.wt.deg. as compared 

with 17.29 e.u. obtained from the formula R In (2J+1/2). 

	

For Yb(02H5SO4)3. 9H20 	gn 	 = 0.0 for 

the lowest level which compares well with values from suscepti- 

	

bility data g11  = 3.40 ± 0.07, 	= 0.0 + 0.05 (100). The 

corresponding values for the first excited level are go:= 4.37, 

g-L. = 1.80. Cooke et al. (100) found that magnetic anisotropy 

changes sign at 18°K and the present calculations give this 

temperature as 12°K. Also our low temperature value of 

Ko  T= 1.1 cgs emu °K/g.at.wt. matches fairly with 1.08 cgs emu 

°K/g.at.wt. obtained by Cooke et al. in the temperature range 

1-20°K. The variation of mean magnetic susceptibility with 

temperature follows the relation K ='342/(TA-11.9- ) for tempe-

ratures higher than 80°K. Furthermore, the calculated ,room 



-72- 

temperature value of pLeff  = 4.89/aB compares fairly with 

the free ion value 4.54/U. The Cs  vs. T plot exhibits 

a maximum of 4.72 J/g.at.wt.deg. at 38°K and the extra 

entropy associated with it upto 400°K is found to be 11.0 

e.u. The latter is to be compared with 11.5 e.u. calculated 

from the relation R in (2J+1/2). 
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CHAPTERV 

 

STUDY OF Er
3+ ION IN CRYSTAL FIELDS WITH D AND 0 SITE SYNDETRIES 

5.1 Thermal and Magnetic  Properties of Er3+:YA1G 

5.1.1 Introduction 

The magnetic properties of the rare-earth iron garnets 

.[3(RE)203.5Fe201 have been a subject of intensive interest 

ever since their first detailed investigation by Pauthenet(104). 

The rare-earth Gallium and rare-earth Aluminium garnets of the 

general formula R3Ga5012 or R3A16012  were studied next 

because of their relation to the ferrimagnetic rare-earth 

iron garnets. The interest in these systems arose primarily 

from large anisotropic exchange interaction (105,106). 

The main interaction in the iron garnets is among 
Fe3+ 

ions, 

and it seemed interesting to study C11  effects and exchange 

interactions in the Taramagneticgarnets,i.e. the ones in 

which Fe ions are replaced by Ga or Al. These present a 

relatively simple problem than ferrimagnetic iron garnets. 

It was observed that these garnets themselves form an 

interesting series of compoun ds and observations have been 

reported on magnetic resonance (106-08), magnetic susceptibili-

ty (109), specific heat (109-11) and optical s-oectra (112). 

It was thought expectedly that the rare-earth ions, an 

substitution in either of the Al or Ga garnets, would have 

similar properties and this was confirmed experimentally(107,109). 
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Further, the lattice constant of YA1G although slightly 

smaller than that of Yii e(Al:Ga = 12.003: 12.273), this 

does not reflect in the above measurements. Trivalent 

rare-earth ions replace Y
3+ 

substitutionally and since 

the site symmetry at Y
3+ 

is orthorhombic, the rare-earth 

ions experience a CEF of low symmetry. 

The only rare-earth ion for which a complete and 

satisfactory treatment of the crystal field interaction 

exists is Yb3+  ion with 4f13 
electron configuration. Hutching 

and Wolf (113) derived an appropriate set of CEF parameters 

for Yb3+ in Yttrium gallium garnet by using ,the available 
a 

experimental data. Later Buclran and co-workers (114,115) 

determined the CEF levels and improved the calculations of 

Hutchings and Wolf by incorporating more experimental data. 

These efforts showed that at least in the case of Yb3+
, the 

properties in the garnet lattice could be described adequately 

by using the phenomenological Hamiltonian first introduced 

by Stevens. 

The absorption bands and fluore'scence lines of rare-

earth doped garnets in the infrared and visible spectral 

regions are nearly all due to transitions between ISJ states 

which arise from the (4f )n  electronic configurations of the 

lanthanide ions.. The LSJ manifolds of the free rare-earth 

ions are (2J+1)-fold degenerate. If the ions experience a 

crystal field of orthorhombic symmetry, this degeneraby is 



1 completely removed for integral value of J, and J+ -2-  Kramers 

pairs are left for helf-integral J. Koningstein et.al. (116, 

117) studied the absorption and fluorescence spectra of Nd3+ 

and Er3+  in YA1G and noted the complete removal of (J+n) -fold 

degeneracy, which suggests that the symmetry of the crystal 

field for these ions in YA1G is lower than or equal to tetragonal. 
+ This has also been observed in case of Dy3  :yA 1G that g-values 

have nearly axial symmetry w.r.t. the. z-axis (118). Though 

in the.garnets, the point symmetry at the rare-earth ion site 

is accepted to be DR.  yet in YA1G the tetragonal symmetry is a 

good approximation (119). 

In this section we report the calculations of thermal 

and magnetic properties of Er3+:YA1G system considering the 

nearly tetragonal symmetry and employing the CEF parameters 

determined by Koningstein and Geusic (117). 

5.1.2 Crystal Structure 

The crystal structure of garnets is relatively 

complicated, and the general formula is A3B5012, where A is. 

a trivalent ion such as Y3+ or 3+ ; B can be a trivalent ion 

like Fe3+ Al3+ or Gr a3+ The crystallographic studies (120) 

show that the garnets crystallize in the cubic group with space 
10 

symmetry Oh (Ia 3d) and that there are eight molecular units 

per unit cell. In the unit cell of a typical garnet such as 

YA1G, the 24 Y3+ 
ions occupy the dodecahedral {c) sites, while 

the 40 Al3+ 
ions are distributed in 24 tetrahedral (d) and 

16 octahedral (a) positions. The Y3+  ions are surrounded by 
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eight 02-  ions situated roughly at the corners of a distorted 

cube such that there are two distinct distances from the 

central Y3+ ion Fig.5.1. The rare-earth ions replace 
3+ 

substitutionally and thus occupy 3-coordinated sites 

with D2 symmetry. However, as discussed in section 5.1.1, 

the CEF at the rare-earth site may 	taken as tetragonal. 

5.1.3 Crystal Field Anal121S 

The ground term of Er3+ ion (4f11) is  115/2  and 

since the first excited- term 4113/2  lies 6770 cm-1  higher,. 

J can be taken as a good quantum number. ,Now, the crystal 

electric field in tetragonal symmetry can be expressed as 

Irc= g<r2> aj[34 -J(J+I)] + A2<r4  

9 
- 6J(J+32) + 3r(j4-1)2] 

4 	r + A<r4  > [30.'0.5 (J+4  + J4)] 

4 P, 35,T z _ {30,1-.0+1)-25 J2 

, 4 
44/°6<r6> 1/0- [27.:14 	105{3J(J+1)-7/Jz+21{5J2(J+1) -25J(J+1) 

+141Jz 
-5J3(J+1)3  + 40J2(J+1)2-600. (c1 1)3 

+A 64<r6 
 >"10.  E{ 11Jz  -J(J+1)-381 (J+  + 

+0+4  + J4  ) ii0.2 _J(J+1) 38 ja . 	(5.1) 

Under the influence of such a field, the spherical rotation groi.Ap 

D15/2 corresponding to the.7 ground multiplet 4115/2  is 

transformed according to the reduction 
2 D15/2 	4(2r6  +- 117) 



yo 

.5491±5/2>-0 

.0791- 7/2>-0 

.3401±5/2>+0 

.6081±7/2>+0 

.3391±5/2>+0 

.0181±7/2>+0 

.5711T3/2> 
-0.2851-711/2> 
.9751T1/2> 
-0.20119/2> 

.6341T3/2> 
+0.4241-711/2> 

.0881T1/2>.  
+0.0271-T9/2> 

,3961T3/2> 
-0.77711711/2> 

.2021 T1/2> 
-0.9791.79/2> 

and thus the ground term splits into eight Kramers doublets. 

These doublets can also be designated by the crystal.-luantum 

numbers 11.= ± 3/2( 2176 ) andiA= ± 1/2(2 1'17 ). KoningOtein 

and Geusic (117) - found that the first excited term 4113/2  

lies at 6766 cm-1  w.r.t. 4115/2  in Er3+:YA1G. They 

interpreted the optical spectra assuming a tetragonal field 

and employing the effective operator e iuivalent factors 

aj9. 3 j, Yo- within the ground J manifold as obtained by 

Erath (121). The CEF parameters reported by Koningetein and 

Geusic are 

A? <r2> = 260. , A°4<r4> = _ 160. 4r4> = -800, 
 

A6<1.
6 

 > 	45. 	and A4<r6  > 	-710. cm-1  

The Stark splittings and corresponding zeroth order wavefune-

tions obtained from these parameters. are listed below: 

EY(cm-1) /4. 
-295.97 	• ±1/2 0.5391:U3/2)+0 

-238.08 /2 0.0541±15/2>+0 

-204.11 ±1/2 0.5501±13/2>+0 

-109.40 ±3/2" 0.7891±15/2>+0 

158.12 ±1/2 0.3531±13/2>-0 

175.50 ±3/2 0.0251±15/2>0 
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233.37 	+1 2 	0.5311+13/2>-0.6841+5/2>-0.3391T3/2>+0.3671T11/2 

280.56 	±3/2 	0.611f+15/2>-0.7901+7/2>-0.0351T1/2>+0.0231T9/2> 

Further the Zee'man splittings of these doublets are as follows: 

H II to z-axis 	 H 1 to z-axis 

o 
ET ±1.708 G - 0.1442 G2 	E l  +3.243 G - 0.1457-G2 

o E2  +0.613 G - 0.0039 G
2 Ep +3.692 G - 0.0890 G2 

E3°  +0.662 G + 0.1239 G
2 E30  +2.905 G + 0.1562 G'

0  
- 

,o 	 o 
E4 ±5.954 G - 0.0074 G2 E 4  +0.143 G + 0.0432 G2 

0 	 0 E5  ±2.462 G - 0.1530 G2 E5  ±2.489 G - 0.4614 G2 

6 	+ 

7 

E° +4.327 G 	0.0009 G2  ' 

Eo +2.092 G + 0.1732 G2 

E8
ET ±4.986 G + 0.0103 G2 

1,06  11' ± 0.287 G + 0.3511 G2  

E7 E7  + 2.829 G - 0.0932 G2 

E 8  ± 0.122 G + 0.2387 G2 , 

The Stark splittings are used to. get —the:temperature dependence 

of Schottky spcific heat; Fig.5.2. Next, the principal 
■ •••■■•... 

susceptibilities Ku and 	anisotropy CsK, andfreff are 

generated and their values for some typical temperatures are 

catalogued in Table 5.1. 

5.1.4 Discussion 

The Schottky specific heat exhibits two peaks at 44°K 

(6.26 J/g..at.wt.deg) and 210°K (4.83 J/g.at.wt.deg.). The 

second peak is not as sharp as the first and it appears because 

the fifth CEF level (II= ±1/2) is separated from the fourth 

±3/2) by 267.5 cm-19  while the crystal field splittings. of 
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TAB_IE 	Temperature dependence of theoretical 
gram-atomic magnetic susceptibility 
parameters (in milli cgs emu) andAeff 
(initB) of Er3+:YA1G. 

T(°K) 	Kra 	 K~ 	 K 	K 	Aff 

300 30.0 39.8 36.5 -9.8 9.36 

250 34.2 47.8 43.3 -13.6 9.30 

200 40.1 59.7 53.1 -19.6 9.22 

175 43.9 68.0 60.0 -24.1 9.16 

150 48.8 79.0 69.0 -30.2 9.09 

125 55.4 94.0 81.1 -38.6 9.00.  

100 64.8 115.5 98.6 -50.7 8.88 

75 79.9 148.7 125.8 -68.8 8.68 

GO 94.1 178.5 150.4 -84.4 8.49 

50 107.3 205.4 172.7 -98.1 8.31 

40 124.7 241.4 202.5 -116.7 8.05 

30 148.3 294.6 245.3 -146.3 7.68 

20 182.8 391.2 321.7 -208.4 7.17 

10 264.0 673.2 536.8 -409.2 6.55 



levels with i = 1 - 4 and i = 5 - 8 are -186.6 and 122.5 cm-1, 

respectively. For lack of experimental measurements for 

Er3+:YA1G or Er
3+ 

 :YGaG, no comparison is possible. Nonetheless, 

the extra entropy S = 15.1 e.u. associated with the Schottky 

specific heat upto 400°K shows a fair agreement with 17.3 e.u. 

derived from the relation, S = R ln(2J+1/2). The closer, 

agreement Obtained in the case of other Er3+ systems (Chanter 2), 
is not tenable due to larger CEF splitting (576.5 cm-1) 

in the garnet system. 

.The g,values for the lowest CEF level are: gn= 4.09 and 

gi  = 7.76, which give R.= 6.53 ta'good agreement with the 

experimental value of 6.27 (109). Also the result g1  > gu  

is in harmony with the observation made by Ball et al. (109). 

From Tat)le 5.1, it is clear that Kif  < K1  and that the magnetic 

susceptibilities increase with decreasing temperature. The 

variation with temperature is in accordance with the following 

relations: 

Ku  = 11.62/(T + 87.4) 	T 	120°K, 

KA.  . 12.02/(T + 2.7) 	T rJ  100®K, 

R = 11.57/(T + 17.1) 	T >r, 20°K. 

The difference in Ap  values along different directions, 

is a consequence of the low symmetry of the CEF at the Er3+  

ion. The computed value of Curie constant, C = 11.57, for the 

mean susceptibility corresponds well with 11.98 measured for 

Erbium metal (64). Furthermore, the relative anisotropy 

changes from -0.270 to -0.'762 as temperature is varied from 
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300 K to 10°K. The calculated KiT are plotted as fdnction 

of temperature in Fig.5.3 and the results for K T compared 

with the experimental data upto 20°K. The not so good 

agreement is not unexpected because at low temperatures for 

which the measurements are available, other interactions not 

accounted for in our work become significant. It may be 

remarked that appreciable deviation of calculations from 

measurements at low temperatures ha- e been reported in the 

case of Dy3+:YA1G (118). 

It is found that)1/4ff of Er3+:YA1G does not depart 

more than 3X from the room temperature value down to 145°K. 

The calculated room temperature value of 9.36/118  is in .nice 

agreement with the free ion value 9.551'8  and 9.52 for 

metallic Er (67). The difference in the room - temperature 

magnitude and the temperature down to 'which departure is less 

that 3X, from the corresponding quantities for other Er3,+ systems 

(Chapter II and Sections 5.2 and 5.3) is due to comparatively 

larger crystal fields in YA1G host lattice. The extrapolated 

value of P-eff  at 0°K = 5.88ft is in good agreement with 5.9 it 

obtained by neutron diffr6.ction from isosymmetric ErGaG (122). 

5.2 Thermal and Magnetic Properties of Er3+,YVO and Er3-Y-204 
+ 
. " 

5.2.1 Introduction 

The optical and EPR measurements of rare-earth substitu. 
ted Yttrium orthovanadate (YV04) and. Yttrium orthophosphate 
(YP04) have been of recent interest to a number of workers 

(123-127). Brecher et al. (123) investigated the nature of 

crystal field in orthovanadate from the analysis of the polarized 
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Itra of Eu3+  in  YV04. They _found that the site symmetry • 

he rare-earth ion in this lattice is D2d . The optical 

EPR spectra of Eu3+ 1  Gd3+, Er3+ etc. in YV04  and YPO4  

lattices have been analysed by Brecher .et al.(123), 

Rosenthall et al. (124) and Kuse (125) with D2d  site symmetry. 

In the present section we studied the thermal and magnetic 

properties of Er -1- :YV04  and Er3+:Y1)04  systems. 

5.2.2 Crystal Structure: 

The vanadates and phosphates of scandium, Yttrium and 

rare-earths crystallize with zircon structure (128,129) and 

can be described by the general formula P-4-rn  Q4-(8-m)  04 , where 

P and Q are metal ions having  coordination numbers of Band 4, 

respectively. This tetragonal structure belongs to the space 
19 group D 4h.  - I4/amd. There are four molecules in the Unit 

Cell and the rare-earth ions enter the lattice substitutionally 

in the 8-coordinated trivalent ion sites. Thus the rare-

earth ions experience a D2d  crystal field, whose S4  axis 

coincides with the crystalline four-fold axis. 

5.2.3 Calculations 

•  The ground 	 4nd term 115/2  of Er3+ splits into eight Kramers 

doublets under the crystal field with D2d  symmetry,Kuse (125) 

studied the optical spectra of Er  
:YATO4  and Er3+  YP04  systems 

and int€rpreted the results through the crystal field given 

by E q .5.1. The relevant CEF parameters are transformed to 

the present notation using the relations given independently 

by KuSe.(125) and Kassmann (130). These parameters are (in cm 1) 
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3+ 	2 	o 4 	6 :YV04 	A2<r > 	-102.8, A4<r > 	45.5, A 6<r 	-43.0, 

4 4 	4 6 A<r > 	+968.2, yr > 	±22.1; 

Er3+:ypo
4 

A°, 2 	 o 6 
2'r >=-141.4' 	A4 	= 18.1, A6<r > 	.40.4, 

4 4 	4 6 
A<r >. + 837.2 , A6<r > = ±88.5. 

The Stark sDlittings and corresnonding wavefunctions for 

the two systems are obtained through these CEF parameters 

and these, in turn, are employed to find the Zeeman snlittings 

for each Stark level. The results are listed below: 

(i) Er3+.•YVO 4 

1);  

0.2661+15/2>-0.8141±7/2>+0.3181T1/2> 

-0.4061;9/2> 

0.2961+15/2>-0.3841±7/2-0.1271T1/2> 

+0.8651.79/2> 

0.1621+13/2>-0.8131±5/2>+0.4971-r3/2> 

-0.2561T11/2> 

0.9171+15/2>+0.3531+7 2>-0.0771T1/2> 

-0.168179/2> 

0.1451±13/2>-0.4071±5/2>-0.270173/2> 

+0.8611T11/P> 

0.7141±16/2>-0.1071+5/2>-0.5931473/2> 

-0.5711711/2> 

0.6661+13/2>+0.4021±5/2>+0.5731T3/2> 

+0.2581711/2> 

0.0261+15/2>+0.2531±7/2>+0.9361T1/2> 

+0.242174/5> 

E91_ (cm-1) 

-150.05 

-106.47 

- 97.80 

- 65.02 

- 3.85 

110.41 

142.76 

170.03 



(a) -147.27 

-108.60 

- 94.80 

- 14.91 

- 12.46 

99.93 

108.92 

169.18 

-84- 

(b) 	H 4 to z-axis 
	H 1 to z-axis 

E°1  +2.058 G 	
0.2518 G 

+2.199 G + 0.1250 G
2 

.o 
B3 ±1.094 G - 0.0651 G2  

E4 4  + -6.613 G + 0.1194 G2  

Eo  ±3.633 G + 0.0134 G2 5 

ET ±2.697 

E 	±2.239 

Eo +3.349 3 - 

E4 +0.389 

i1.509 

G - 0.3324 G2  

G - 0.0511 G2  

G + 0.2080 G2 

G + 0.0324 G2  

G + 0.0434 G2  

3 
E6  
° 
±2 .112 G 	0.4463 G 

E9 +2.427 G 	0.4980 G2  

E°  ±0.472 G - 0.0075 G2 8 

Eg -±0.8538 G - 0.0859 G6  

+2.693 G - 0.2030 G2  

vo 
+3.931 G + 0.3886 G2  

(ii) Er3+TPO4 	
0 

0.2751+15/2>-0.8711+7/2>+0.3011T1/2>-0.2731T9/2> 

O.1841+13/2>-0.8461+5/2>+0.4621T3/2>-0.1931T11/2> 

0.1711+15/2>-0.3101±7/2>-0.2P91T1/2>'0.9071T9/P> 

0.1501±13/2>-0.4431±5/2>-0.6011*3/2>+0.6481T11/7> 

O.9431±15/2>+0.2921±7/2>-0,1161T1/2>-0.1071T9/2> 

0,1581±13/2>-0.1491+5/2,>-0.6421T3/2>-0.7351+11/2> 

0.0711+15/240.P451+7/2>+0.9181T1/2>+0.3021-179/2> 

O.9581+13/2>+0.2571 5/2>+0.1111T3/2>+0.0571M/2> 

(b) H II to z-axis 	H, I to z-ax.is 

	

ET +2.844 G - 0 1212G- 	T;to
1 
 , - z2.011 G - 0..4676 G

2 

E? ±1.484 G - 0.0540 G
2 E2  +3.216 G +0.2856 G2  

+1.735 G + 0.0082 G2 E3  ° +3.173 G + 0.0847 G
2 

- 

	

+2.210 G + 0.0026 G2 	17,0 ±2.580 G+ 0.:582 q 

	

15 +6.914 G + 0.0202 G2 	Eg +0.164 G + 0.0046 G2 



 

Er3tCd1n2  S4  

  

2.01—  

In Gc S4 

6.0 • 

;,11) Er 34,  Zr ,n2 

4.01— 

40 	80 	120 	160 	200 	240 	280 I  
T (°K ) 

3+ 
FIG.5.5 Temperature dependence of schottky specfic heat of Er:CdIn2S4,, 

Er34:Cd In Ga S4 and 	Er34-: Zn:n2 
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E6. ±3.372 G + 0.0268 G2 	
4 +0.126 G - 1.1560 G2  

E7C) ±0.585 G + 0.0163 G' 
	

E o
7  +3.887 G + 1.126 G2 

-̀ 1 8 ±6.098 G + 0.0246 G2 	E8  +0 510 G +0.131 G2 
- 

These values are used to calculate the principal 

and mean magnetic susceptibilities, magnetic anisotropy, Pe-ff 

and Schottky specific heat for both the systems. The results 

are displayed in Table 5.2 and Fig.5.4. 

5.2.4 Discussion 

From Fig.5.4 it is observed that the Schottky specific 

heat exhibits maxima at 28°K (7.85 J/g.at.wt.deg.) and 

23°K (6.78 J/g.at.wt. deg.) for 14r34-; yv04  and Er3+:YP04 

systems, respectively. The additional entropy associated 

with the Schottky specific heat upto 400°K comes out to 

be 16.0 and 16.6 e.u. in the two systems; these mmbe7-s 

compare fairly well with the value 17.3 J/i.at.wt. deg. 

obtained from the relation, S 	R In 2'3-2+1  

The computed g-values for the ground Stark level are 

g,1 

Er3+:YV04 	 4 .94 	6.47 

Er3+
:YPO4 	 6.83 	4.83 

These have very poor corresponlence with the experimental 

g-values for YV04 host lattice : go  = 3.544 +0.005, gl  = 7.085 ± 

0.005. This has already been pointed out by Ranon (126). 

Nonetheless, the mean value of spectroscopic splitting factor 

for Er3+ :YV04 as calculated(R = 5.96 ) and obtained from EPR 

data(g = 5.90) show a good agreement. 
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TAB -ER 5.2: Temperature dependence of CalcR;ated 
susceptibility parameters and Peff of 

Er3± :YV04 and Er3+ : yp04 systems. 

 

-1-----  _ 
T( -

n 
 10 K  K  K  14-eff • 

	

" 	 (14t)  

(milli ogs.emu/g.at.wt.) 

(i) Er3+  :y1T0 4 

300 38.9 37.3 	37.8 

250 44..4 44.6 	45.2 

200 57.2 55.6 	56.1 

160 74.1 73.7 	73.9 

100 103.6 110.0 	107.9 

75 128.4 145.9 	140.1 

50 168.9 214.2 	199.1 

40 194.3 260.5 	238.4 

30 230..8 326.9 	294.9 

20 289.4 427.5 	381.4 

10 417.2 641.7 	566.9 

(ii) Er3+ :-Y- • _,04 

300 34.7 39.5 	37.9 

250 40.7 47.6 	45.3 

200 49.2. 59.7 	,- .2 

150 62.1 80.0 	74.1 

100 84.1 120.3 	108.2 

75 103.2 159.2 	140.6 

50 138.7 230.6 	200.0 

1.6 9.53 

1.8 9.51 

1.7 9.47 

0.4 9.41 

-6.4 9.29 

-17.5 9.17 

-45.2 8.92 

-66.2 8.73 

-96.1 8.41 

-138.1 7.81 

-224.5 6.73 

-4.8 9.53 

-6.8 9.51 

-10.5 9.48 

-17.9 9.42 

-36.2 9.30 

-56.0 9.18 

-91.9 8.94 
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40 165.3 277.2 239.9 -111.9 8.76 

30 209.7 341.5 297.6 -131.7 8.45 

20 295.4 429.7 384.9 -134.2 7.84 

10 526.5 568.6 554.6 - 42.1 6.66 
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In both the systems, the principal and mean 

magnetic susceptibilities increase with decreasing temperature 

in accordance with the Curie-Weiss lay. , K = 0/(T + Op); 

the temperature above which linear trend is observed depends 

on the direction of study and the nature of the host lattice 

and likewise the 0 values. This behaviour of susceptibilities 

can be described with the following relations: 

Er3+:YV04  

K t 	= 12.08/(T+11.4) 

K -7 - 11.32/(T+3.2) 

K 

.1_  

= 11.70/(T+9.2) 

T > 

T 

T 

160°K, 

80°K 

10°K; 

Er3+:y20 4 

K 11  = 	11.71/(T+38.2) T > 60°K 

K 	- 11.64/(T-51) - T > 160°K, 

K 	= 11.66/(T+7.9) T > 400K. 

The difference in 0 values along different directions is 

a consequence of low symmetry of CEF at the Er3+ site. The 

computed values of C compare favourably with experimental 

11.98 for Er metal (64). In case of Er3+ :YV04 the relative 

anisotropy AK/K decreases from 0.042 at 300°K to -0.396 at 

10°K, changing sign at about 144°K. However AK/K for 

Er3+  : YPO4 decreases from -0.127 at 309°K to -0.466 at 40°K 

and then increases to -0.08 at 1O K. 

, 
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The effective magnetic moments are also derived 

for the two systems and included in Table 5.2. The room 

temperature value of 9.53/t matches well with the Hund's 

value of 9.58/B  for the free ion and 9.52 /LB  for metallic 

. erbium (67). Theitteff values are found not to fall more 

than 3% from the room temperature value down to 90 and. 85°K 

in YV04  and YPO4  host lattices. 

5.3 Thermal and Magnetic .Properties of Er.
3 

 +: CdIn2S4,  

Er3+:CdInGi7S4 and Er34-ZnIn2S4 t Systems 

5.3.1 	Introduction 

The efforts to understand the behaviour of the trivalent 

rareeearth ions in crystals hamelong been plagued by the 

difficulty of low point symmet2y at the ion site, as the • 

number of parameters to be determined becomes large and 

the arbitrariness involved in their evaluation reduces 

the significance of the cenclusiOns. However, the problem 

is simplified if the rare-earth ions are introduced'into the 

cubic sites since then only two parameters suffice to speci-

fy it. Lea et.al (131) discussed the effect of a cubic 

field on various rare-earth ions as a function of the ratio 

between the fourth. and sixth degree CEP parameters. Recently, 

Segal and Wallace (132). carried out similar anal-rsie for 

hexagonal systems with simplifying assumptions that only fourth 

and sixth degree terms are involved. But, only a few systems 

are .realisable where the impurity ion sees An exactly cubic 

Or simplified hexagonal coordination. Nonetheless, a number of 
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workers has discussed the optical spectra of various systems 

by approximating the low site - symmetry to a field of higher one, 

particularly octahedral (0h).. In this _section,_ we present the 

calculations of Schottky specific heat, paramagnetic susceptibility 

parameters, A*ff  and g-values of Er3+ ion in CdIno‹,S  4' 
CdInGaS4 and ZnIn2S 4  systems, whose site symmetry can be approxi-

mated-by Oh. 

5.3.2 Crystal Structure, 

The thiocompounds CdIn2S 4 , CdInGaS4  and ZnIn2S 4  

Orystallize in the soinel structure and have been shown to have 

a structure typified by Cd1/2  In1/2[0d12  1n3/2] S4(133-35). 

The rare-earth ion occupies the trivalent Indium site and thus 

goes to a cubic (Oh) site. Brown et al. (133) found that the 

rare earth ion site has a slight trigonal distortional 	strongly 

cubic symmetry. 

5.3.3 Calculations 

In a cubic field, the 4115/2 ground term of Er3± 

sy..:71its into a pair of Kramers doublets 2 r6  and 2/77  
and three 4r8  quartets. The calculations of lea et al. (131) 

show that in an Oh field either 2 r  or 4n 
8 
 can be the ground level 

1 7  
depending on the relative magnitudes of the Fourth and sixth degree 

terms- When such a system is subjected to an eternal magnetic 

fteld, the sixteen-fold degeneracy is completely lifted and for 

axis of quantization along one of the cubic axes, the 

Hamiltonian becomes (neglecting the rare-earth exchange inter.... 

action): 
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H 	H Free 	A4<r4> 130. (04  + 5 ol) + L2<r6> 7  (0° - 6 	21 og) 

. (5.2) 

Since the CEP mixing of multiplets in Er3+, is small, the 

calculations are carried within the ground - J manifold. 

The optical spectra of Er3+ 
in the thiocompoun 3 have been 

interpreted by Brown et al. (133) and Shand (135) assuming an 

0 field with the CEF parameters listed below: 

System '4<r4> 
(cm-1) 

.1, 6<r6> 
(cm-1) 

Ref. 

:CdIn2S4 

Er3+:CdInGaS4 
3 Er +  :ZnIn2S4 

	

195. 	 8. 	 133 

	

205, 	 6. 	 135 

	

205. 	 7. 	 135 

The eignnvalues and eigenvectors of various.  Stark levels 

obtained with these parameters are: 
0 

ei  (cm 1)r; 3+ c n 
Er 	ain2s 4 

-128.46 

- 85.12 

- 67.01 

143.55 

4, 
8 	0.0391+15/2>+0.480I+7/2>-0.4521T1/2> 

+0.7501-79/2> 
0.0401+13/2>+0.1811+5/2>-0.22013/2> 

+0.9581T-11/2> 

0.6331+13/2>+0.5821+5/2>-0.4511T3/2> 
-0• 2391-711/2> 

4 r8 	0.077 H15/2>+0.7421+7/2>-0.2381 
, 	• 

 

--0.6221 T9/2> 
0.7721±13/2>-0.4601±5/2>+0.4131T3/2> 

+0.149IT11/2> 
2 
6 0.5821+15/2>+0.3311+7/2>+0.7181T1/2> 

+0.191I-79/2> 

2 
177 



Er3+:CdInGaS4 

-0.0541;11/2> 

0.0171+15/2>+0.4421+7/2>-0.427 ;1/2> 
+0.789 T9/2> 

0.0061±13/2>-0.1941+5/2>+0.260 -f3/2> 
-0.946 T11/2> 

0.0391+15/2>+0.7841+7/2>0.241 T1/2> 
-0.571 T9/2> 

0.7741±13/2>-0.4791±5/2>+0.361 T3/2> 
+0.203 T11/2> 

-136.09 

- 71.14 
	

4 8 
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166.25 4 r8 O.8091±15/2>-0.3321+7/2>-0.4721T1/2> 
• -0.1141T9/2>. 

O.0321+13/2>-0.6461±5/2>-0.7601T3/2> 

	

- 67.90 
	2r7 	0.6331±13/2>+0.5821+5/2>-0.4511T3/2> 

-0.2391T11/2> 

	

153.67 	2r6 	0.582 (±15/2>+0.331(±7/2>+0.718(-1/2> 
+0.191IT9/2> 

	

164.35 	1'6 	0,3121 4-15/2>-o.2841+7/2>-0.4940=1/2> 
-0.126IT9'2> 

0.0061+13/2>+0.6281+5/2>+0.7741T3/2> 
+0.0841T11/2>. 

Er
3+

:ZnIn2S4  

-135.57 
4
1's 

- 76.86 

- 70.77 

0.0261+15/2>+0.4571±7/2>-0.437IT1/2> 

+0.7741T9/2> 
0.0121±13/2>+0.1891+5/2>-0.2441T3/2> 

+0.9511;11/2> 

2(.7 	0.6331+13/2>+0.5821+5/2>-0.4511T3/2> f? 
-0.2391T11/2> 

48 	0.0561t15/2>+0.7671+7/2>-0.2411T1/2> 1 
-0.5921T9/2> 

0.7741+13/2>-0.4711+5/2>+0.3831T3/2> 
+0.1821;11/2> 



1   	J_ 
Nt 

0 -0 

0 
(1) 

_C 
Nt 

U 
Q) 

O 
C 
CN 

0 _C 
U 
w 

0 
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168.50 4r8  0.8111±15/2>-0.3051+7/2>-0.4851;:1/2> 
. 	70.1211T9/2> 

0.0101±13/2>-0.6361±5/2>-0:768143/2> 
-0.0711711/2> 

The E i  values so obtained are used to get the Schottky 

specific heat and the results are shown in Fig.5.5. 

Following Ayant (136) the eigenvectors of Stark 

levels in Oh field are designated by 

[r ± 1/2> : al1+15/2> + a21 ±7/2> + a31T1/2> +•a41+9/2> 

and 	. 	 (5.3) 
± 3/2> : b11±13/2> + b21±5/2> + b3173/2> + b41T/1/2>. 

2 The state represented by I -" 6  belongs to the first eigenvector, 

2r to the second and 4r8 has both the eigenvectors. The 

Zeeman splitting of a f8 quartet has been discussed by 

AyLnt (136) and his studies are very useful when it i8 

necessary to take into account small deviations from the 

cubic field. If the actual CEF has slight trigonal distortion, 

which is larger than Zeeman energy but smaller than the cubic 

field, as is the case in thiocompounds then ther8  quartet 

splits into two Kramers doublets and these can still be 

represented by the wavefunctions 1 +1/2> and tp8  t 3/2>. 

The components of spectroscopic splitting factOrs are given 

by 

trans 

1/2 ;,-... 

it ion 

-1/2 

±1/2 

-3/2 

g et 
gj(P-Q) 

0.5go-L[3(P2+Q2)+2PSt 

-(P-Q)i 	1/2 
gJ r3(P2-1r-,)+2PQ1 

g1 
g3(P+Q) 
v  0.5gj(P+Q) (5.4) +3/2-v-?- 

3/2 
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where 

P = <F8  3/21 Jz1 r8  3/2> 

and 	 5.5 

Q = <F81/21Jz1r; 1/2>. 

Transition gi b  

1/2,vt.-- 1/2 3.85 8.21 6.76 

-±3/2+ 1/2 4.19 4.11 4.14 

3/2 r,.- 3/2 12.24 0.0 4.08 

1/2- 1/2 3.27 8.56 6.80 

±3/2-,=-2-L+ 	1/2 4.64 4.28 4.40 

3/2.7::'- 3/2 12.54 0.0 4.18 

1/2#.-- 1/2 3.50 8.43 6.79 

±3/2+ 	1/2 4.46 4.22 4.30 

3/2;,..- 3/2 12.43 0.0 4./4. 

Next, the first and second order magnetic interaction 

perturbation energies are computed: The compete energy 

spectrum is as follows: 

Unperturbed eigenfunctians 	Complete energy in magnetic field Fl 

Er3+
: Cdin2S4  

1 r8  +1/2> 

I 78  +3/2> 

El ;1.817 G - 0.1793 G2 

,o 
'1 +5.027 G - 0.0619 G' 

The g-values for the lowest CEF level so generated are 

listed below: 

Host 

CdIn2S4  

CdInGaS4  

ZnIn2S4 



+P 833G - 0.4454 G2  2 _ . 
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3/2> 

118 ± 1/2> 

478  +3/2> 

1r6 ±1/2> 

078  +1/2> 

I r8  ±3/2> 

E4  +2.500 

E5  +5.120 

5  ,o -0 ±0.167 

3 
Er

+ 
 :CdInG,=]S  

0.1609 G2  
G + 0.4907 G

2 

G - 0.4971 G2  

G + 0.5156 G2 

G + 9.0166 GP  

.E(;)  ±0.197 G + 
Eo 
3  ±4.026 

TB  +1/2> 

IC8  ±3/2> 

1r, ±1/2> 

1118 ±3/2> 

Ir7  ±3/2> 

116  +1/2.› 

±1/2> 

rg t3/2> 

Ir8  ±1/2> 

±3/2> 

ir, ±3/2> 

Ir8  ±1/2> 

1r8 +3/2> 

1r6 ±1/2> 

4.4.,ww./.1■(■.■■■•••■••■■••. 

El 
72.205 

E o T4.927 1 
ED  2 ±0.669 

E2 t4.045 

Eo ±2.833 3 
E4 +2.500 

,o E5 +5.037 

E°  ±0.049 5 

G - 

G - 

G + 

G - 

G + 

G - 

G + 

G + 

0.1568 G2 

0.0473 G2 

0.1409 G2  

2.7683 G2 

2.7984 G
2 

2 1.1357 G - 

1.1515 

0.0172 G2  

3 
Er

+ 
 : , Zn.In2S4 

G - 

G 

G 

G + 

G + 

G - 

0.162? G2 

0.0487 G2 

1.4528 G2 

0.1462 G2 

1.4851 G2 

0.7379 G2 

Eo 	2.054 1 + 
Eo 	4.974 
1 T 
Eo 2 ± 2.833 

E3 	0.480 

E° 	4.042 3 - 

E°4  + 2.500 - 
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1r8 ±1/2> 	 ±5.074 G + 0.7544 G2  

1r8  ±3/2> 
	 Eg +0.098 G + 0.0165 GP  

These energy expressions are employed to extract the gram-

atomic susceptibility from the Van Vleck formula and it is 

found that the results for the three host lattices are nearly 

same. The values of magnetic susceptibility and tff  for 

Er3+:CdIn2S 4  system as a typical case are given in Table 5.3. 

5.3.4 Discussion 

The Schottky specific heat of Er3+ 
 in three thiocompounds 

shows two peaks: 

Host 	 First peak 	Second peak 
Position magnitude Position magnitude 
T(°K) (J/g.at.wt.deg) T(°K) (J/g.at.wt.dep. 

CdIn2S4 36 4.88 130 3.02 

CdInGaS4  37 5.12 

ZnIn2S 4  36 5.03 120 3.19. 

The first peak is relatively sharper thqn the second and the 

broadened peak can be attributed to a large separation (,-210 cM-1) 

between a quartet and a doublet resulting into two groups -of 

Stark levels. The extra entropy associated with Cs upto 

400°K, S = 10.7 e.u., compares well with the value 11.5 e.u. 

gotten from S ..R ln(2J+1/4) for a quartet. ground level. 

Brown et al.(133) reported the EPR parameters of 

Er3+:CdIn2S4 as g11= 1.90+0.05 and gi  = 9.0±0.2. Accordin,- 

to the present calculations, the experimental findings 

correspond to the allowed transition 1/24.,=,-1/2 ; the Rexp=6'63 

matches well with computed R = 6.76. Similar future experiments 
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TiiBLE 5.3: Temperature dependence of paramagnetic 
susceptibility and effective magnetic 
moment of Er3+:0dIn2S4 system. 

T( °10 	 K.103(ogs emu) 
	

4ff(6 ) 

300 37.9 9.54 

250 45.4 9.53 

200 56.5 9.50 

150 74.7 9.47 

100 110.4 9.40 

75 145.2 9.33 

50 212.0 9.21 

40 259.5 9.11 

30 334.2 8.95 

20 472.2 8.69 

10 862.1 8.30 
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in other two systems for different transitions would provide 

a good check on the present calculations. 

The paramagnetic susceptibility shows a Curie-Weiss 

dependence on temperature in accordance with- the relation, 

K = 11.54/(T+4.4) down to 10°K. The computed value of Curie 

constant, C = 11.54, is in good agreement with experimental 

11.98 for erbium metal (64). Furthermore, the iltff values 

extracted from the K values, are nearly same for the three 

systems. The room temperature magnitude of 9.54 	matches 

well with the free ion value 9.58IN and 9.52/13  for metallic 

erbium (67). The KT as well as itff  values exhibit a decrease 

with decreasing temperature due to gradual emptying of higher 

CEF levels, it lies within 3Z of the room temperature value 

down to about 60°K in all the systems. 

The agreement observed for g-values of Er3+ : CdIn2S4  with 

experiment and that for ittff , S and C of the three systems 

with the corresponding theoretical parameters and C. for 

metal, shows that the aprxoximation of low symmetry fields 

with higher ones, is acceptable for calculations of thermal 

and magnetic quantities. 
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