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RESUME

With a view to verify the accuracy of the crystalfield
parameters from opfical spectra for a number of rare-earth
ions in anhydrous trichlorides and tribromides, hydrated |
ethylsulphates and sulphates, hydroxides (Céh); phosphate,
vanadate and Yttrium Aluminium garnet (ng) and thiocompounds‘
(Oh), a study of thermal and magnetic properties is carried
out in the framework of crystal field theory. Chapter I is
iﬂtroductorv-in,content and discusses the technique employed
and various physical quantities (Schottky specific heat,
principal magnetic susceptibilities, spectroscopic splitting
factors etc.) %o be calculated in the following chapters. The
crystal field potential for Cgy symmetry is discussed in
detail and expressed in terms of operator enuivalents,. 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.;hésis deals with the thermal and magnetic properties

: 3+ S+ o
3*, Dy3+, H05+ and Er5+ in LaClz, and Pr and Exr in

of Nd
LeBrg. Both the host lattices possess UC1lz type hexagonal
structure (sbaoe group Cgh) with bimolecular unit cell and
the point symmetry at the rare-earth ion site is Cgzy. The
calculations are compared with the available'experimental data.

The thermal and magnetic properties of NA“'

: | :La2(804)3.9H209
Th(OH) and Tb~ :Y(OH); 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
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be Czy, and we find that the same may be used to give

*

thermal and magnetic properties gsatisfactorily.
The ethylsulphates of rarec-earths form a series
of hexagonal structure'isomorphic to trichlorides. The
calculations for thermal and megnetic properties of
Dy(CoHgS04)z.9Ho0 and Yb(CoHgSO04)z.9Ho0 constitute Chapter IV.
‘ Tﬁese properties are found to be closely related to the
properties of the individual ions.
The last chapter relates to the caiculations of
thermal and magnetic properties of Er3+ in YA1G, YPO,, YVO4,

CdInosS CdInGaS, and_ZnIn254. The Yttrium Aluminium

4’
Garnet (YA1G) crystallizes in cubic groun Og} in which
Y?+ ion occupies dodecahedral sites. The Er>’ jons replace
Y5+ ions substitutionally and it has been found that the
crystal field at this site may be taken as tetragonal.
Fmploying the crystal field parameters reported under the

assumption of tetragonal field,  calculations of Schottky

specific heat, magnetic susceptibilities, ptpp 2nd g-values

3+

were carried out for Er” :YA1G over a temperature range

10-30C®K. ' This system is of special interest because the

crystal field splitting is aporeciably large. Similar

B

calculations for Er :YPO, and Er3+:YVO4 with tetragonal

fields at rare-earth ion siteg are also included.

The thiocompounds CdInzsé,_GdInGasq.and ZnIn284 |

crystallize in the spinel structure typified by Cdl/glnl/?

{Cd1/21n3/2]S4- The Er3+ ion occunies the In5+ site and
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has been found to possess a silight trigonal distortion
'on strongly cubic symmetry. The optical spectra of these
systems have suceessfuily been explained by avproximating
the site symmetry to be Op. The Schottky specific heat and
magnetic susceptibility are computed for the three systems
under the assﬁmption of O 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
gystems discussed in the four chapters indicates that
(i) the crystal field parameters reported for the systems
studied are reliably good; ¢
(ii) thé bulk thermal aﬁd magnetic properties are insensitive
of small splittings . as found in the two lowest levels of
Tb?+ systems;
(iii) the thermal and magnetic vroperties of -the garnet
system can be obtained relisbly under the Doy fiel&;
(iv) the approximation of low symmetry fields with higher ones

ig acceptable for calculations of thermal asnd magnetic

guantities.
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CHAPTER I

INTRODUCT ION

1.1 General Review and Electronic Structure of Rare-Earth Elemsnts

During the last few years, the properties of rare-earth iohs
and their compounds have been the subject of extensive investiga-
tion and considerable headway has been forged in understanding
the behaviour of rare-earth ions in crystals. These studies
iﬁclude parémagnetic resonance and relaxation, absorption and
fluoreécenee spectra, Schottky svecific heat and magnetic
susceptibility etc. Whereas swnectrosconic and paramagnetic
resonance studies’ give information about a single electronic
level, the specific heat and magnetic susoepfibility measurements
characterize the population density of various levels,. Thﬁs the
thermal and magnetic studies serve as an additional check on the
electronié structure of ions in paramagnetic substances, as
derived from optical studies.

The fourteen rare-earths, whose atomic numbers range
from 58(Ce) to 71(Iu), are characterized by their similar
chemical and physical proverties (1,2). These similarities
emerge from the idenfical electroﬂic structure of thevvalence
shells, given by [ |Xe|(4f™] {(53)2(5p)6(5d)1 (65)2}; where
n ranges from 1 té 14 for the entire series.

The rare-earths occur chiefly és 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 reéponsible for the magnetic

properties of the rare-earth ions. .On formation of chemical
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compounds the 4f electrons are not fully incorpoQated in the
chemical bonds and being deép lying are shielded from ligand
fields. This leaves the orbital angular momentum of 4f electrons
unguenched and enhances the magnetic behavior. The type of
coupling which is common and most applioéble to the rare-earth
group is the Russell-Saunders coupling, which considers only
., Since other

J
types of interactions are of a weaker nature. The resultant

interactions of the sj and 54, and 1 and 1

Spin vector S is the vector sum of the individual electron
spins and in a similar way i is the resultant orbital angular
momentum. These two resultants in turn conle to form the total
angular momentum 3. The orbital angular momentum ﬂuanfum number,
1, of the 4f electron shell is 3. Thergfore, the (21+1) mégnetic
quantum numbers of the orbitals are -3, -2, -1, 0, 1, 2 and 3.
According_télPauli principle, each orbital may contain two
_eleetrons, 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 mist have the maximum total
angular momentum and (ii) the orbital arrangement should have

the maximum<orbitai angulz: momentuﬁ within the restriction that
rule (i) and the Payli principle are not violated. Electrons
thus fill the 4f shell in the following order (1,s) = (3,1/2);
(2, 1/2); (1,1/2); (0,1/2); (-1,1/2)s..... : (0,-1/2). The total
, angdlar momentum quantum number J = L - S for less than a
half-filled shell and J = L + S for more than'ha1f~filled shell.

However, recently intermediate. coupling has also been employed."
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1.2 Crystal Field Theory

The crystal field theory is based on fhe 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 céncepts, 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 Pemmey (8) extended the assumption, in cdnnection
with magnetic phenomena, that the surrodnding’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 Whiéh acts on the central ion. \

1.3 General Hamiltonian and Crystal Field Potential

The study of the energy 1ev¢l structure of an ion situated
in a crystal of a given symmétry depends. on the crystalline

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

; 2 2
_ A 2 2 e
frree =~ B 1 9 -7 2. 3Ly E
<m 1 A 1 2 i T P! iwet
I‘i dJ 1)
=Hy + {(L.8) | (1.1)

Ho'inbludes the total kinetic enefgy, potential energy and
interelectronic repulsion energy for all the eleotrons;Z'(L.S)

~is the spin orbit interaction. When a rare-earth free ion is
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subjected to magnetic field ﬁ the Hamilfonian becomes
Hy = H, + Z(I;S)-#ﬁ%(L4—2S ). | '
= Hoo oo+ M &) H.J = Hppog + Hf ‘ (1.2)
For the case H <<Z b ), eachlterm characterized by J is SPlit

by 1 into (2J+1) equally spaced levels according to the megnetic

quantum number J,, the energy of each magnetic sublevel being
E(Jz) = ~gzMH J,, J, =d, (J-1),...., =(J-1), -J. (1.3)

Here/uB is Bohr megneton and ¢gj, LandéWSplitting factor gJ=1+

J(J+1)+S(S+1)-L{I+1)
2J(J+1)
ions embedded in crystals is strongly affected by crystalline

The magnetic behavior of rare-earth

field and exchange interactions. It can be accounted for by

.the Hamiltonian.

H=H

.+ H 4 Hopyg + H (1.4)

free ™ “mag cry exch
Hcrys fepresants'thé interaction of the crystalline electric
field produced by the surrounding ions with the 4f -eledtrons;.
Hexep 2ccCounts for the snln—spln exchange interaction. These

interactions are mvarlably smaller as compared w1th Z’L S)

Therefore,,J remains good quantum number for rare-earth ions
incbrporated in crystals. There are large variations in the
relative strengths of the exchange and crystal field terms for

<< H

. - Aq g e
various rare-earth compounds and usually Hey.y orys

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 Hexch*’Hcrys'
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For the calculation of Hopyss the éufrounding ions are
usually regarded as point charges which donot overlap the
paramagnetic ion. The electrostatic potential is thén asgumed to-
obey Laplace's law AV=0, which has generalized Legendre

polynomials as its solutions:
m _n ;
2 ky oy tn (8 %) (1.5)

The expansion coeffiéients Al are given by the relation

m 4 ' —
A - m -N-1 -~
n =g (<1)7 2 oe om0y )

and are constants depending upon the crystal struéture, Ty is
the distance of the kth 4f-electron from the'origin and Y%

C oo . . . m
are spherical harmonics. The normdlized harmonics Y, are

defined as

_ | 1/2
TRe, ) = (-1 4z |

J P: (cos e)eim¢;
(1.6)

(21+1) (n-]m| )
(n+|m| !

. For 4f electrons-(1=3) only terms upto n=6 have to be retained,
since for highér vaiues of n, the matrix elements with 1 = 3
wafe functions vanish. Odd n terms are excluded because of
inversion symmetry and n = O term revpresents onlv 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 fetains the site symmetry. This symmetry restricts.
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the'number of Agl termg contributing to the crystalline
electric potential. Evefy symmetry e}emeﬁt transforms'Yg into
a linear combination of'Yg. Following are some of the symmetry
relations for point groups (10) |
(i) Cp: If p-fold axis is chosen as z-axis, the potential
must be unaltered by a rotation of 2n/p around z-axis.

This rotation transforms Yﬁ as
M= 12m/p ym, T (1.7)
n n :
here m has to be aﬂﬂintegral miltinle of p:
m:-o, ip’ izp, ----- ) (1.8)
(ii) Ci: The inversion transformSYg as
m n_m ‘
Yo=> (-1)" v, (1.9)
whibh leads to the result

‘Aﬁ =0 for odd n. | (1.10)

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

transforms

v = (c)" y" - (1.11)
and thus |

ap = (-7 A" (1.12)

(iV>Sgp: A rotatory reflection or improper rotation by 2n/2p

transforms .
Yﬁ = . 1n(n+m+m/p).yg (1.13)
so that

n+m+m/p = even . - 0 (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'Y$ as

in(n+m+2m/pfvym

m
‘Yn'==> n

so thst we have

2m
n+m+ “5“ = even.

(1.15)

(1.16)

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

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

transforms'Yg as

m__ n ~I
Tn= (1) ¥
leading to
m n ,-m
An'z (-1) Ay

(1.17)

(1.18)

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

Thus the crystal potential takes varied forms
by the relative arrangement of the x-, y- and. z-axes
crystal axes. | |

- Employing the above relations we undertake to
form of the crystal potential of Cgy symmetry at the
ion site (il), which indeed is the case in anhydrous

some of the tribromides, ethylsulphates and hydrated

, determined

w.r.%t.

find the
'rare—earth
trichlorides,

sulphates.

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

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

in the origin i.e.

C e 41
6 -8 ~-7m and -ﬁb—’;f:+-——-3--

(1.19)
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The stherical harmonics under this operation transform as
m , n+m i 4 '
v, (6,8) = (-1) o 1 4nm/3 YD (8,¢) (1.20)

where Y (8,4 ) satisfy the relation
N . . *
m m
Yy (6,9) = D%y, (8,P). (1.21)

For spherical harmonics to be invariant under this operation
i4n .
o 14m/3 =1

yrHm (1.22)

(-1 =1 . n+m = even

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

47 ’(, Ty

T ¥ 2 { 0 0
crys k5 Tk © ) Rl Taleg Y (ek,#%)

H =z
i

n .
-z (-0, (85, ) Yn(6ap )+
M=

#Yﬁ (ei,¢g)ygm-(ek,¢k)]} (1.93)

where (ri, C ¢i) and (Rk, ek"¢k) are spherical polar
coordinates of the ith electron andthe center of the kth ionm,
regspectively; U is the charge on kth ion. The above e~uation

may be expressed alternatively as

- | 3 -3 e -
HFCrys =% ¥8( 1 vong [Ya (1) 475 (1) ]+iBgg [Ta()Y501) wa, gt o)

+ a%{yg( i)+Yg%i)]+i§553 [YZ(i)~Yg?i)J+aéng(i)
" oc66[Y2(i) + Ygs(i)]+ iBss[Yg(i) - Y;s(i)] i (1.94)

m ' : |
Y, (8,,9.) is avbreviated to Y, (i) and terms for n>6 have been
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left as explained earlier. The ané’s_and Bum'® are real

quant itfes proportional to r@, given by

_ (- (4n/2n+1) z (- T e Y (" RS Yo (%),

_ (- 1>n+m S (4 <% (=m0

[Yﬁ_(k)+Yn (kX], % (1.25)

and )n+m

Bym= (;1 (2ni/2n+1) z (_qk e )(r /R n+1

ﬁnwjxn (0].

However, all terms with odd parity (odd values of n) vanish
becauze of inversion symmetry relation. The z-axis is geherally
taken as c-axis .and the x-axis is chosen in such a way that

1(Y - YG ) does not anppear in (1.24). Since ¢ dependence of
Y6i 6 is exp (+ i6- ), there are’ %}X such x-axes, 309 apart.

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

the rare-earth ions at Cgy - Site symmetry and hence

- o ;. 0, . o
Hcrys<05h) - zj:_'{_ago Y2 (1)+oc‘40Y4(1)+ a60Y6(j,)
6 T '
+ agglTa(1) + Y (1)]} . (1.26)
Expressing the spherical harmonice in cartesian coordinates,

we get

0 2 , o 2 6 2 4
Horys = A2(5Z *r?)+A4 (35z4—30r z +3p )+A6 (2317 -315r z +

+1O5r42 *5r6)
N 4
w48 (x8o1sx 7y 15x°yy®)
" 0 _ o 0 .0 6 __6 )
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Ag‘s correspond 1o “hm‘s in Bq.(1.26) and are obtained from
exper.ments; vﬁ are propertional to (rn Yg). Proceeding'
analogously the crystal potential for various éymmetries can

be easily-derived. It is found that higher the svmmetry;

the simpler the expression for Hyp.g. In octaheral (0y,)
symmetry only two parameters A, and Ay determine the interaction:

4

. . 4 o
Hopys(Op) = Ay (Vg + 8V))+ ag(Vg - 21V¢). (1.28)

The rare-earth ions doped in YPO,, YVO,, 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 Dog and the interaction

is given by

_ 4,0 o 0 w0 , 4 4 0 10 4 4
Herys(Dog) = Ag Vo + AQ Vo + A7 Vo + AZ V2 4+ AL V.

(1.29)

1.5 Calculation of Energy Spectrum and Crystal Quantum Numbers

Once the point symmetry and the anpropriate 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 erystal is constructed first.
Within a manifold of states of constant J, the calculation of
matrix elements is particularly simplified by using the
‘operatorvequivalent method developed by Elliot and Stevens {12-

14) and Judd (15). The transition to the operator enuivalents
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is carried ount by replacing

X by Jx

| y . w3y
and

z by JZ

with proper regard for the commutation rules of these operators.

Thus one gets

m . ’
Horys = mzn A, <> <JI|leyl o> Oz (1.30)
, ‘

where <J||6y||J> are the reduced matrix elements aj, By and
'G.for n =2, 4 and 6 respectively (13), associated with the
m-
angular momentum operators Oy (16). The matrix elements for
Op have been tabulated by Hutchings (17). The complete Hamiltonian

due to the crystal field and magnetic field can be written as
H = Hcryé + gy M HoJ. ' (1.31)

To construct the energy mafrix apprdpriate to this Hamiltohian,
initially the magnetic interaction is omitted and the matrices
diagonalized to vield the eigenvalnes E; and their correéponding‘
g8 igenvectors y;.' Then the magnetic field effect'is determined
as a perturbation on the crystal field levels. The first and

second order perturbation effects give

(1) | RY C o

: b )
A S AEIR A

#i By - By

. | (1.3%)

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
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one another but not with the states belonging to another

class. Following Hellwege (18) we introduce a set of ecrystal

quantum numbers /L such that

J, =/u(mod. m) . | (1.34)

For an ion containing odd number of electrons, three di-tinct
classes are characterized by the crystal auantum numbérs

M=% 1/2 , £3/2 and t 5/2, and for an even number of electrons
the four classes are specified by M= O,.i 1, £ 2, 3> The

states for which m is double valued (e.g. M=% 1) will be

i+

doubly degenerate. The crystal auantum numbers classification
of various J states of the freé rare-earth ion in CBh symmetry
are given as a typical case, Table 1.1. o

As an illustratiOﬂ'ébnsider J = 6 tefm of a free ion,
which will be split into nine distinet levels. Three of these
levels will be nondegenerate with #= 0, two pairs ofthe levels
will be doubly degenerate and classifield by A= * 1 andar= % 2.
In addition to these seven levels there will be two wore
non-degenerdte levels with/L= 3. Thus the 13x13 crvstal fieid
energy matrix for a pure J = 6 term may be reduced to a 3x3
metrix ( k= 0) and five 2x2 matrices. However, two matrices
for = %1 are equivalent as are the two matrices for u= % 2.
Therefore, we are left with only a 3x3 submatrix and three
distinct ©x2 submatrices to be solved. The eigenvectors
of these submatrices will consist ¢f 1linear combination of

the'JZ states.



-13-

TABLE 1.1 Crystal guantum numbers for Czy, Symmetry

Even number of electrons

M- 0 +1 +2 3  number of
‘ Levels
J I, J, T, Iy
Q 0 1
1 0 +1 - 2
2 0 +1 _-‘4-;2 3
3 0 +1 - 2 ~3,4+3 5
4 0 t1 +2,74 ~3,+3 6
5 0 +1,%5 +2,54. -3 ,+3 7
6 §6,0,+6 i1,$5 +2,%74 ~3,43 9
7 -6,0,+6  ¥7,+1,F5 42,74 -3,43 10
8 ~6,0,+6  F7,¥1,¥0 18,+2,F4 -3,+3 11
9 -6,0,46  ¥7,x1,+5 48, +2,7,4 +9,-3,
- +%,-9 13
0dd number of electrons
M= . *i/2 +3/2 | f5/2 ~ number of
levels.
J J, J, I,
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,¥7/2 4
9/2 +1/2 +3/2,%9/2 +5/2,¥7/2 5
11/2 © x1/2,711/2¢3/2,%9/2 +5/2,57/2 6
13/2 +13/2,%1/243/2,59/2 +5/2,71/2 7
) T 11/2
15/2 +13/9, +15/2,  +5/2,37/2 8

+1/2,711/2 *3/2,¥9/2
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1.6 The Sbecific Heat

‘The total heat capacity of a sysfem 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 associated with the 1ocaiized f electrons
(19,20). The latter, generally Qalledthe\magnetic contri-
butions Cy, are observed as sharp peaks in the total specific
heat vs. temperature plots. To a good @pproximation, one

may write
Cyt = Cs + Cnes + Caip * Caga- (1.35)

Here Cqg is the Schettky specific heat;
Cﬁfé" the contribution from the interaction between
the localized f-electrons and the nuclear
spin of the ion;
Cdip’ the effect of'dipolar interactlons betweeﬁ
the paramagnetic ions in'the system;

and
Cogqq  @ccounts for other couplings.

At temperatures above He temperature, the last
three terms being'negligibly small are ignored in the further
digcussion.

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 €=kl ,
then for T<<Tgx the ions cannot be excited to the higher

levels and only the lowest state will be occuvied. As T-T oy
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some of the ions will be excited to thqhigher states and
.the "extra energy required for these transitions will result
in an additional specific heat in the region T~T,,. However,
for T >> Tex’ all levels will be equally populated and hence
there will be no further excitation with the conse-~uence
that there will be no more additional thermal capzcity. The
specific heat associated with the CEF levels is called Schottky
specific heat (21). |

Taking the system to be an assembly of indevendent
ions and applying the Mexwell-Boltzmann distribution function,
the total energy of excitation for a system with "n energy

levels {obtained in CEF) is (22)

n . o ’ o .
Uscnottiy = 12, P&y exp(Ey/KI)/T gy exp(-Ey/K0).  (1.36)

E? is the energy of the ith CEF level with degeneracy g

The specific heat associated with this energy is

bs = Mk z'g{z -Izlgi(Eoi/kT)ZGXP(“Edi/kT)‘[ggli (E° /KT ) exp( S /KT )] ?}
o=

1=1
, ‘ =
where ~ (1.37)

n o
Z=1 gy exP (E/kT). (1.38)

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

~extra entropy associated with the anomaly.

1.7 The Paramagnetic Suscentibility

The field where CEPF theorv was reasonablv 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.
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The energy level Wi of an ion'O0r molecule can be

expres: ed as a power series of the applied magnetic field H as

(o) (1) (2) 2
Wi = Wi + Wi H + Wi H +...,' (1.39)
where Wi(o) is the energy in the gzero field. The magnetic

moment /U/of the ion in the direction of applied field is

M=~ dW/3H , i (1.40)
and the total magnetic moment P is defined as thermal average

over all the states involved:

P = Ny M exp(-W, /k1)/ % exp(-W /KT) . (1.41)
oY Moo= - 0W;/8H = - ng) - QHW(B) v (1.42a)
and eXp(ewi/kT) = 8Xp [;(Wi(o) 2W (2) ..‘)/ij

wk
WS 3 (1.42b)

= exp (—Wgo)/kT) {;-v

In this approximation, P can be written as

Z (-wi(l)-sz (2) 5 (1)

P _ X )(1- Eﬂf‘ )gzp(—w /kT)

: *(1.43)
; exp (”Wi(O)/kT)
1

If the system does not have a vermanent polaerization in zero

magnetic field, we have

¥ - Wo(l) exp (-w(O)/kT) = (1.44)
Hence retaining terms llnear in H, we get
P kT —2W “Y exp (-5 O’/kT)}
P = NH - . (1.45)

% exp (—Wi(O)/kT)
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The susceptibility K; =§¢i (i = %,y,z) is given by

.= P./H.
,:Z‘_( — " ) exp (—W ;/XT)
=N
(o) (1.46)
I exp (-W.~7 /xT)
i 1
i and Wi 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 sulphates,
thioindates, garhets, vanadates etc. by the application of

‘crystal field theory, and compared the results with available

experimental data,
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CHAPTETR II

STUDY OF ANHYDROUS RARE-EARTH TRICHLORTDES AND TR IBROMIDES

2.1 INTRODUCT TON

The rare-éarth trichlorides and tribromides form a
subclass of. one of the ma jor groups of inorganic paramagnetic
~compounds. Hutchison and Wong (24) studied the paramagnetic
resonance in dilute solid solutions of various rare-earth ions
in LaClS, whereas eihaustive 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 GSh svmme try
in the crystals. They are similar in several ways to ethylsul-
ﬁhates; whose magnetic}properties have been examined in
considerable detail by BElliot 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 bv the anplication of the
crystal field theory developed by Bethe (5), Pennéy and
Schlapp (8,36) and étevens et.al. (12-14). Most of the anhydrous
Trichlorides and éome tribromides of rare-earths possess UCl3
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
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of strong fluorescence (25) iq%hese crystals, it is possible
to obtain low lying 1evels-ofthé'rare-earth ions in the crystal |
lattice.

The point symmetry at the rare—earth ion site in trichlori-
des is assumed to be Csh and because of this high svmmetry 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 verv low
femperatures, the magnetic properties of a given ion are,
- therefore, determined almost Completely by the crystalline
electric field. The determinatiocn of the CEF involveé some
unknown'parameters (CEF parameters), which are best achieved
if a complete Stark level spectrum is available from optical
spectra meésﬁrements (40,41). It may be pointed out that the
congideration of g-values of the lowest Stark level only,
may not necessarily ensdre a near estimation of the CEF strength
(41;42). Fortunately, absorption and fluorescence spectra .
are available 2lmost in all the rare-earth trichlorides énd
some of the tribromides diluted with LaClg and Lakr,; from
-which most of the low lying levels and their electric field
splittings have been obtained. The accuracy Qf. the CEF parameters
obtained from these investigations, can be dhecked by studying
the tﬁermalvand magnetic properties of these compounds.

Using the CEF parameters reported-in literature, we have
studied the temperature depeﬁdenée of magnetic and thermal
properties, viz. principal paramagnetic susceptibilities, magnetic

anisotropy, effective magnetic moment Mrr, Schottky specific

.
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3+ 3+

‘heat in the temperature range 20-300°K for Na”", Dy“ ", Hos+

3+, Er3+

and Er3+ in LaClz and Pr in LaBrg host lattices.
Furthermore, the anisotropy in the_Spectroscopic splitting
factor of the lowest Stark level and the additional entrovy
connected with the thermal anomaly have been calculated.

The paramagnetic Curie temperature and the temperature
dependence of torque in unit magnetic field are alsé determined

for some systems.

2.2 Crystal Structure

The trichlorides and tribromides 6f lanthanides
exhibit four tvypes of structure. Zachariasen has shown that
the trichlorides of La — Gd and tribromides of La - Pr
possess the hexagonal uranium trichloride - tyvpe (or Yttrium
hydroxide) -structure; Fig. 2.1 (43,44). The lattice
parane ters for UCl3 are éo = 7.428 + 0.00BE and ©5 = 4.312+
0.00SE . The space group is C6z/m (Cgh) and each metal atom
is bonded to nine-chlorine atoms, three at a distance
U ~-C1 = 2.95E and the remaining six at U - C1 = 2.963. The
closest distance of approach of two-Cl atoms ‘is C1 -~ C1 =
3.45 ﬁ. Algo the bonding is predominantly ionic in character.

The trichlorides of Dy - Lu crystallize with monoclinic
YC1lz ( or Alclg) structure; the space group being C2/m (Ogh).
This is distorted NaCl structure in which two thirds of the
metal atom sites are vacant. The structure of YClg is shown
in Pig. 2.2 (45).. The three sets of two chlorine atoms are
at distances 2.58, 2.63 and 2.69 E respectively from Yttrium
atom and the Tattice parameteré are ag, = 6.912, bo=1l-94ﬁ9

Q
Co = 6-443, B = 111.0 .
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More recently, another type.of structure has been
identified as the orthorhombic plutonium tribromide structure
(46). Terbium trichloride and fribromides of Nd- Eu posses$
| ~the PuBrz structure. This structure, Fig.2.3, has layer-lattice;
each metai atom being bonded to eight halogen atoms-— two
at 3.064 and six at 3.08 4 in P@Br5,~and the lattice parameters
are 8, = 12.628, b, = 4.09E and ¢ = 9.13&.

The tribromides of Nd-Lu possess the hexagonal ferrie
chloride or Bismuth iodide fype structure (47) as shown in

Fig.2,4.

2.5 Theory and Calculations

A number of workers (48,49) calculafed fhe eleotrostatic
and spin orbit matrix elements for various ions with 4fn
configuration, and predicted that J, the total angular momentunmn,
remains a good_quantum number in crystal field calculations.

The Hamiltonian of the system subjected to magnetic field is

H =Ho + Hepyg + Hpy (2.1)

g .
H, is the free ion Hamiltonian;
' o o O . o, 4 o 0 . 6./ O 6, 6 6
Horys = holr >a302 + hpfr >5J 04 * %6 <r >Y:]O6 + A6<r >f}06
(2.2)

-

‘_ { - 3 . ' .
and Hmag = ABgJ J. H.' Using the operator enuivalent method

and tables of Stevens (12) and Elliot and Stevens (1%,14),
the eigenvalueg E?-and corresponding eigenfunctions are calculated

under the CEF interaction H The Schottky specific heat

crys’
Cg can be generated from formula (1.37). Next, Zeeman splittings
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are computed under the magnetic perturbation, Hma , through

g
perturbation technigque and in turn used to generate the
paramagnetic susceptibilities from equation (1.46). The torque
L acting on a crystal placed in a magnetic field H is given by

2

L = 0.5(n/N) AK E” sin 26; (2.3).

B8 i8 the angle between H and z-axis and (n/N), the gram-atonm
fraction of the péramagnetic ion ih the crystal; AK, the
magnetic anisotropy. Further '}%ff is readily extracted at
different temperatures from the relation ' |

1/2

Hepp = (BRIR/M) 7L (2.4)

(i) Nd5+:LaClg

-

The ground multiplet of Nd3+i0h (4£7) is 4I9/2 and the
first excited term 4111/2 is about 1800 em higher (13)
.and,'tﬁerefore, the effect of higher multipléts on the ground.
term may be considered neglipgible. The absorption and EPR
spectra show that the ground level of ngtLa013 may be assigned
crys tal quantum number /%z i 5/2. In a Cgy field, the spherical
rotation group for'J~= 9/2 is transformed in accordance with

the reduction
Di5/2 = T+ 2P+ 2y

and gives five Kramers doublets. These doublets oan.alternatively

be represented by the crystal auantum numbers /u= + 5/2, + 3/2,

L B 4
t 1/2. Carlson and Dieke (25,27) found thatin NA  :TaCly, Ijp/0
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 CEF parameters obtained by Judd (26) in IS coupling scheume
are listed in Table 2.1 and used in these calculations. The

calculated matrix elements are given as

&) = <+ 9/2] Hepygl29/2> = 17.41
ho =<t 7/2|Hgpyglr 7/2> = -121.09

by = <x 5/2|Horys|t 5/2> = 74.23
Ay =<+ 5/2|Hcrysli 3/2> . = ;65,76'
by = <+ 1/2|H0ryé‘il/2> = -36.51
B, = <i9/2]Hcgysl; 3/25 =  -53.40
By = <17/2|Hcrys|;5/2> = -81.58.

The Stark splittings and correspbnding eigenvectors obtained

from these matrices are:

89 (ea™) IV U

~150.71 + 5/2  0.940|+7/2> + 0.341|75/2>

~ 36.33 +1/2 {i1/2>

- 17.00 : 33/2 ‘3.840|i9/2> + 0.542|53/2>
100.20 +3/2 0.542{29/2> - 0.840|F3/2>
103.85 £5/2 0.341|£7/2> - 0.940|% 5/2>.

The Zeeman splifttings of these Stark levels under the magnetic
field H parallel and perpendic¢ular to the symmetry axis are
obtained by employing perturbation technique. The complete

energy spectrum is:
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TABIE 2.1 CEF parameters (in cm™1) for various anhydrous
rare-earth trichlorides and tribromides, which
are uged in the present calculations. :

6 '
Crystals§n2<r2> g A2<r4> § Ag <r > ,§ Ag <r6> g Ref.
. 0

(a) Trichlorides

NaClz  103.7 -36.01 ~44.51 426 .21 40
Dy015 89.8 ~40.0 _23.% 253.0 28
HoC 1z 1156 ~33.9 -27.8 276."7 50
ExrCls  93. -35. ~25. 235. 30

(b) Tribromides

Pfox 54,18 —-44 52 ~-35.43 a88.7 29
EﬁBrs 117 -39.6 -19.2 212. 34
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H || sz-axis H | z-axis

0 2 O 2
B, + 2.802 ¢ - 0.0145 G E,t 1.282 g - 0.0288 ¢’
E, 2 0 | 2

o + 0.5 G + 0,0 G Ezi 2.5 G --0.1217 G
Eg L 2.735 G - 0.0837 G5 B+ O +0.1049 67

o 2 o o
Eg+ 0.264 G + 0.0837 G _ E4+0 -1.1619 G

0 | 2 o v 2
E2+ 1.802 G +0.0145 G Bgt 1.282 G +1.2076 G

where G = Mg M.

From the above energy-expressions;‘the prinoinal magnetic
su~ceptibilities and Schoftky gsnecific heat at different tempe-
ratures are-calculated from the formulae (1.46) and (1.37)
respectively. The K wvalues alongwith the calculations forAk

and‘/%ff are given in Table 2.2. The calculated K; T, X

f L
KT and Cg vs T are plotted in Figs.2.5 and 2.6. The extra

T,

entropy a=socigted with the Schottky anomaly can be calculated

from the following relations:

Cg = 49 _ IdS
at 4T
or ' . '
: _ CS . : o
S =f ™ aT _ (2.5)

Numerical integration by Simpson's rule would give the magnitude
of additional entropy. The result for NaClz f£ér temperature

upto 400°K is given in Table 2.8.

(ii) Dy°*:LaC1x

The ground multiplet of Dy°'(4f?) is 6H15/2,and the

firet excited term is about 3300 cm™ 1 above it (13) and as such

the effect of hizher multiplets on the ground term is negligible.
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TABLE 2.2 : Varijation of principal magnetic susceptibilities,
anisotropy, and\/%lf of NdClz with temperature.

Q*' . ﬁ \. 7 § —
g ' .10 P AK. 10° g ﬂ:_:,ff (./'LB}.

cgs emu ! cgs emu

- .
T(OK)gK,,.lo5 g K, .10

cgs emu © cgs emu

300 5.7 5.1 5.3 0.6 3.57
260 6.6 5.8 6.1 0.7 2.55
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 21.5 12.8 15.7 8.8 Z.17
60 28.6 1%.2. 19.0 14.4 3.02
40 42.4 16.5 25.2 £5.8 9.84
20 81.9 24.% 43,5 . 57.6 2.64
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Under the influence of 03h cryrtal 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 applving IS coupling apvroximation. The Stark levels

are described by the following eigenvalues and eigenfunctions:

Bt MY | -
-52.95  43/2  0.154|+15/25-0.234|+5/2>+0.960|79/2>
-43.13 t5/2  0.889|+7/2> -0.458|75/2>
~42.97 +3/2  0.986|+15/2> -0.022|+3/25-0.164|79/2>
~37.35 £1/2  0.085|£13/2> -0.171|+1/2>+0.982|F11/2>
'_11.31 £1/2  0.988|x13/2>- 0.114151/2}; 0.108|F11/2>
128,99 +5/2  0.458|+7/2> +0.889|F 5/2>
65.73 £3/2  0.060|415/2> +O.972|t3/2>+o.2271$9/2>

93,02 +1/2 0.130|+13/2> +0.979|+1/2>+0.159|511/2>.

The Zeeman splittings of these levels under the magnetic field

H §l and | to z-axis are

H| |to z-axis H | to z-axis
E] £ 3.889 G - 0.356 G° B + 0 ~1.792 6%
ES + 2.245 G - 0.083 G° EJ + 3.016 G - 0.117G"
By + 7.173 G + 0.339 G° EQ + 0  41.060 G°
Eg + 5.258 G - 0.056 G BY 4+ 0.557 G+ 0.582 G
B2 4 6.282 G + 0.042 G B0 4 0.514 6+ 0.382 G
EQ + 1.242 G + 0.083 G° Eg + 3.018 G - 0.302 &°
BQ 4 1.211 G + 0.016 G- EO + 0 - _o.172 67
Eg + 0.449 G + 0.013 G~ Eg L 3.940 G+ 0.560 G-
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The calculated values of principal end mean susceptibi-
lities, anisotropy, iéff and Cg 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 K’{T, KJ_T and KT is digplayed in

Fig.2.7.

(iii) Hoot:LaClz

The ground multiplet of the Ho3+ ion is a 4f10, 518 state,

Each J level of an ion with even number of elebtrons‘is snlit
into singlets and non Kramers dOubletS‘in a CEF of Cgzy symmetry.
In such ions the Jamm-Teller effect becomes operative and removes
the degeneracy of the non Kramers levels. Since the 4f electrons
are immer electrons and donot take part significantly in chemical
bonding, therefore this effect, if it manifests itself, is
probably very small. Thus Czy symmetry in such sysfems still
remains .:a good approximation. The nearest excited term is

5050 cm™ higher than the ground multiplet (13) so thét the
influence of execited multiplets on the ground term may be

- neglected. Rajnak and Krupke (50) found that 5I7 multivlet is

5161 om

‘higher than FI8 in H05+;La013.\ The CEF parameters
obtained by them in the IS coupling scheme are given in Table
2.1. These are slightly improved over those previously obtaineé
by Dieke st al. (33). Emploving these parameters, the Stark
levels of 4I8 term in H05+:La013 are determined and are as

given below:
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TABIE 2.3: Temperature dependence of principal magnetic
susceptibilities, magnetic anisotropy effective
magnetic moment and specific heat of DvCl3.

IT(OK)%K, .ioB gKL .ibs g‘}i .10° {AK.lOE ‘g(%}ff g

cgds emu | cgs emu Jcgs emu cgs emu { #'B) Q{J/g.i%.wt.de'g.)

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 59.1 64.2 15.4 10.63 0.71
200  82.8 64.5 70.6 18.3 10.62 .83
180 9%.1  71.1 78.4 22.0 10.62 0.98
160 - 106.1 79.1 88.1 27,0 10.61 AA1.,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 10.57 2.06

80 227.7 147.1 174.0 80.6 10.52 2,48
60 308.0 190.6  2029.7  117.4 10.46 2,83
40 459.5 2771 237.,9 182.4 10.29 2.85

20 854.8 432.3 ors.1 422.5 5.56 2.91




Eg (cm™1)

-107.67

95.
61.

40
18

3
10

43.

49

94

15
61

.62
.05

.13
.39

61

.38

.30

107.58

The complete

I+ -

oot

+

I+ -

Ho|
6.451 G
0

0

0.929 G
0.077 G
o

]

7.584 G

~30—

} O
ﬁy,

1+
[y

0.959|+7> - 0.267]+1>+0.101|¥5>

0 0.584|+6> -0.564|0>+0.584|-6>

0 0.707|+6> - 0.707]-6>

i; of2691t7> + 0.730[£1> _ 0.628|%5>
42 0.140}+8> ; 0.8001i2>+b.583]: 4>
3 0.707{+3> + 0.707[~3> |

0 0.399|+6> + 0.826|0> +0.399|-6>
2 O~982|£8> +0.038|f2> ;5,184{; 4>
i1 0.094[+7> + 0.629] 41> } 0.772|555
+2 0.126]48> + 0.599[+2> + 0.791|¥4>
3 0.707|+3> = 0.,707|-3>.

-

energy spectrum, including Zeeman splittings, is

to ‘z-axis - H ] to z-axis
o 2 o ' o
- 0.0065 G El + 0 -0.5450 G
0.7316 G° 70 . 2
-0.72 . >+ 0 +0.3303 G
: 2 0 L 2
+0.5727 G BS +0 ~0.1484 G
; , : .
- 0.0483 G E, + O ~0.4001 ©
2 2
~0.0982 G Eg + 0 +0.4673 G
' 2 0 ' 2
-0.0813 G B, + O _0.1254 G

2 ‘ | |
+0.1588 ¢ Es +0 - _0.1975 G~
| 2
_0.0164 G Eg + 0 +0.09224 G
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L9 2,522 G + 0.1039 G Eg +0 -0.0066 G
o : 2
0 & 0 ; .
. . + 0 + 0.4616 G
Eioil 661 G + 0.1146 G ElO _
‘ 2 0 . ‘ 2
12 +0 + 0.0813 G E +0 + 0.1417 G
11~ : 11

Once again this energy spectrum is employed to

ca1¢u1ate the value of K”‘, %L '

are catalogued in Table 2.4. The temperature devendence of

K and AK and the results

fgff and Cg is displayed in Fig.2.8. The e“tra entropy

aggociated with specific heat is given in Table 2.8.

) 3+ .
(iv) Br LaClz and Er +:LaBr5

o a _ 4 :
The ground multiplet of EroTion (4fﬁ3 is T 5 /0e
Wybourne (51) and Wong (48) calculated the electrostatic and
Spin—ofbit interaction for fﬂ“configuration and found that
| 4 : -
the term 113/2, thefirst e“cited term of Er5+, is

approximately 6770 cm_l above the groﬁnd term 41 and as

5
such the crystal field effect of excited multitlit/in the

ground term is neglected. A crystal field of Cgzy symmetry

with time reversal has three symmetry classes for an odd number
of electrons, each with doubly degencrate levels. These are
designéted by the crystal suantum nunmbers fL: +1/2, % 3/2, +5/92.

The ground term of Erzf is split into eight Kramers doublets,

" three with}*: + 1/2, three with f‘: + 3/2 and two withwfﬁz +5/2.
From absorption spectra of E35+:La015 by Dieke and Singh (52),
the lowest doublet has been‘assigned ; + 5/2 and the next two
doublets with ka +3/2. The 4113/2 term lies higher than the

4 -1 ., o 3+
ground term “Iy5/o by 6481. 6 cm - in Er" :LaCl,(52) and



TABIE 2.4 :

A2

mrmw&rsofﬂwlg

Galculatud paramagnetic susceptibility

| | | T
(%) QK” .10° g Ki_103 g £.10° gﬁsK 10° | Ky T,

lcgs emu)lfces eqm)Q@gs emuO(cgo enm}ﬁ@gsemu@

300
<80
260
240
220
200
180
160
140
120
100

80

60

40
20

49.9
53.8
58.2
63 .4
69.7
7.4
. 86.9
99.1
115.2
137.5
170.2
202 .4
316.2
517.0
1119.6

48.9
52.
56.

N O XA

@®
O
la B @ M)

-
N (@)

101.

DO

116.
135.
161.
197.
245.7

319.8

. 67,

O o o

49.3
0.
56.
61.

AV B T (e e 3

74 .

Iy

82,

92.8
105.9
123.3
147.2
181.9
256.7

o86.

iaN

1.0
1.4
1.9
2.6

3.5

4.8
6.6

9.4
12.9

21.3

34.6.

60.8
119.2
271.3

799.8

15.

15

15.

0
.0

1

15.2

15.
15.
15,
15,
16.
16.
17,
17,
19.

22.

ot R

o O

O m O g e

K KT
semu “Wlicgs emu %K)
14.7 14,8
14.7 14.8
14.6 14.8
14.6 14.8
14.6 14,
14.5 14.
14.4 14.
14.3 14
14,2 14,
13,9 14,
13.6 14.7
12.9 14.6
11.8 14.9
9.8 13.4
6.4 11.7




~3%~

6475.1 om © in Er5+:LaBr5(34). Thus the CEF mixing of higher
terms with the ground multiplet may be neglected. The
relevant CEF parameters for Ef3+;LéC15 and Er3+;LaBr5 obtained

by Varsanyi ana Dieke (30) and Kiess and Dieke (34), resvectively,
in the IS coupling scheme are listed in Table 2.1. Using
thesevparaﬁeters the Stark energy levels and corresDQnding-
eigenvectors are computed for both the systems and the results

are as following:

(a) Er3+:La013

Q
Eg(cm—ij }L _ 'qé | ]
_107.22 . +5/2 0.752|+7/2> - 0.660|¥5/2> |
- 68.55 +5/2 0,364|+15/2> - 0,626|+3/2>40.690|F9/2>
- 45.25 +3/2 o,924]£15/2> + o.1511i5/2>;o,351|;9/2>
- 7.79 - £1/2 O.185!£13/2> ; O,838]i1/2>+0.513[¥11/2>
2.81 55/2 0.660{£7/2> + 0.752|F 5/2> |
34.68 +3/2 o,116|i15/2> + 0.765|+3/2>+0.633|%9/2>
74.97 +1/2 0.341]+13/2> - 0.435|£1/2>-0.853|F11/2>
116.36 +1/2 0.922|+13/2> + 0.329|+1/2>40.206|F11/2>.

The Zeeman splitting calculéted from these eigenvalues and

eigenfunctions are:

H {f to‘z—axis H i to z-axis
EQ+ 0.890 G - 0.0804 G- BY £ 3.677 G - 0.3279 G
Egt 0.557 G - 0.5722 o Eg + O +0.1140 G
Esgt+ 5.882 G + 0,4691 G° Eg & O ~0.0193 G
£+ 0.873 G - 0.1059 G~ EZ-¢‘3.515 G + 0.1146 G°



=]
i+

+ 0.825 G

+ 2.968 G

td = =
wWoc ~No ™o o
+

+ 0.541 G

 E2(cm‘1)
_92.20
-60.99
~31.90
~-18.79
v6.52
30.53

66+98
100.05

0.1098 G + 0.0841 G

o |
B2+ 3.677 G - 0.4195 G
2 o 2
+ 0.1031 G E6+ 0 . +0.2386 G
‘ . | |
- 0.1009 G Eq+ 0.750 G + 0.1089 G2
. 2 o
+ 0.2068 G Eg +1.438 G + 0.1904 G°
(D) Er5+:LaBr3
Iz P! -
+5/2 0.724|+7/2> - 0.690|35/2>
£3/2 0.288[+15/2>-0.711|+3/2>+0.641|579/2>
13 /2 1 0.950]+15/25+0.128|+3/2>-0.285|79/2>
£1/2 0.182]+13/2>-0.885|+1/2>+0.428|T11/2>
+5/2 0,690|+7/2>+0.724|75/2>
+3/2 0.121]+15/2>+0,691|+3/2>+0.712] ¥9/2>
+1/2 0.319]+13/2>-0.359|+1/2>-0.877|F11/2>
+1/2 0

.930|+13/2>+0.296|+1/2>+0.217 |F11/2>.

The Zeeman splittings computed from the above Stark levels

are. as follows:

H || to z-axis

| 2
B] + 0.643 G -0.0911 G
ES + 0.469 G - 0.3280 G-
By + 6.426 G + 0.1996 G°
ES .

4 £ 0.401 G - 0.0806 G
B2 + 0.357 G + 0.0911 G
Eg + 1.457 G + 0.1283 G°
6 - o
Eg + 3.509 G - 0.1789 G

o 2
Eg + 5.411 G + 0.2595 G

H | to z-axis

B & 3.704 G - 0.4133 ¢?
EQ + 0 + 0.2109 G°
Bz + O - 0.0765 G°
o o

E, + 3.546 G + 0.2431 G
ES + 3.704 G - 0.5414 G
0 2

Eg + O + 0.6639 G
. 2

B, + 0.964 G + 0.0860 G
0 P
Eg + 1.417 G + 0.2285 G°,
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From these energy e.: pré531ons, the prlnctpal paramagnetlc
susceptibilities K“ an%.KL , the magnetic anisotropy A K,
mean effective moment /éff and Schottky specific heat Cg, are
calculated at different temperatures for both the systems;
. Tables 2.5 and 2.6. The temperature depenéence of K‘]T,
KJ,T and K.T as well as of Cg and /:ff is exhibited in Figs.
2.9 and 2.10 for Er3+:ﬁaﬁls, and Figs. 2.11 and 2.12 for
Er3+:LaBr5. The additional entropy associated with Cg is

listed in Table £2.8.

3+
(v) Pr :La'Br3

buring the recent years, perhaps more attention has
béen directed towards «<n analysis of the_absorption and
fluorescence spectra of Pr3+:‘ion than any other ion in the
rare-earth series. Spedding (53), Hellwege and Hellwege (54)
and Sayre et.al. {55) studled the ab%orptlon spectra of

3

Pr +:La015 and proposed the energy positions of dlfferent

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

spectra and gave firm footing t> the encrgy levels of Pr5+:La013.

Wong and Richman €29) carried out similar studies for Pr5+:LaBr5

and found the spectra to be in correspondence with that for

3+ :
Pr :LaClz; the centres of gravitv of the J levels were shifted

by about 100 ém_l,

PT3+(4f2) has a free ion ground term BH lying about

4
2152 cm™! below the first excited term "’Hb (5%). In crystal

3

field with Cgzy symmetry, H4 term smlits into three singlets,
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TABLE 2.5 : Maénetic Susceptibilities and anisotropy of
Er°t:LaClz at different temperatures (in cgs

emu)}
T (k) g‘ KH.lo3 g Ky .10° % AK .10° g %. 10°
] I ¢ | :
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 a4.2 48.9 - 4.7 47 .4
220 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 3.9 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




B

T&BLE 2.8 : Temperature dependence of calculated gram-
atomic susceptibility parameters of Erd+:pap .

(in cgs emu) .

7 ( °x) g K 1038 3 g %10 g 3

I ; ST 0 Ky .10 6 K.10 1 AK.10
300 35.5 39.3 38.0 - 3.7
275 38.5 43.0 41.5 - 4.5
250 42.0 an .4 45.86 - 5.4
225 46,2 52.8 50.6 - 6.6
200 51.2 59.6 56.8 - 8.4
175 57 .5 88.4 64.8 -10.9
150 65.5 80.2 5.3 -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.,0 208.6 -121.0
40 131.5 312.3 252.0 -180.8
30 125.8 414.5 318.53 -288.7
20 106 .0 599.3 434 .9 ~493 .4
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two of whlch are designated bv/u_ 3 and third bV/u' 0 and

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

/l= + 2 for the other two. The 3H5 term lies 2086.7 mel

higher than °

H, in Prm-:LaBr:3 (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 fqund to Ee a doublet with = i? and next

is a singlet with/ = 3. From the group tﬂeoretical considera-
tions, the repre=entation of the spherical rotation group

with J = 4, under Cgy symmetry, decomposes into six irreducible
representations 2[ﬁ+ r%+ 3[%. These can also be émployed 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:

' ' )
,E2< cm‘l) /i" 41 |

-97.26 + 2 - 0.4824+4>

- 0.8761; 2>

~62.63 3 0.707]+3> - 0.707|-3>

9.99 +2 o.é76!i4> + 0.

34.29 1 S U

56.86 3 0.707 |+3> + 0,707]-3>
112.54 - 0 lo>.
The complete spectrum ié

H || %o z-axis "~ H ] to z-axis

B3+ 0.603 G - 0.0602 G~ Ep+ 0 To0SER gg

EC+ 0 - 0.0753 G B2+ 0+ 0.1539 G°
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o
o 0 -0.0408 G
BO B :
2t 2.603 G + Q.oeoz G 5+ O 0.1394 G;
o o +0.0686 G
E® + 1.0 ¢ + 0 G + 0
4 = | : _ 4 -0.0591 o
o) 2 0 2
Ec + 0 + 0.075% G Eg + 0+ 0.1029 G
2
Eg + 0 + 0 Eg + 0  +0.1278 6.

Once again this energy spectrum and the Stark svlittings
are used to ¢+ .culate the principal magnetib sugceptibilities,
magnetic anisotropy, mean effective magnefic moment andthe
specific heat at different temperatures; Table 2.7. The
temperature devendence of K” T, Kl"T and.ET is denicted in
Fig.2.13. The extra entropy associated with the specific heat

over a temperature range upto 4OOOK is given in Table 2.8.

2.4 Results and Discussion

In this section, the calculations remnorted above
are discussed. Firstly, for Nd3+:L9013 the calculated sfectros_
copic splitting factors for the lowest Stark level; g" = 4,075
and gy = 1.864, are in good agreement with the experimental
values gy = 5.9961‘0.001 and g =1763+0.001 (24). For the

next excited level, the values are gy = 0.727 and g; = 5.632.

/
From Table 2.2 it is observed that Ky 2 KL and relative
anisotropy (JSK/E) 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 dependénce of magnetic

susceptibilities is in accordance with the Curie-Weiss law,

K = C0/(T+6), where 6 is Curie temperature. The dependence can
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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 Prd+:LaBrsz.

X.

T (°K) 3K”.103 %Kl.loz 8 K. 10° §AQK.103A %Ziﬁf (Aﬁ)% C
) lees emu) legs e@l{\cgs em) Jfegs emu) j Bﬁ/sgat.wt.deg.)
500 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 8.3 0.7 3.5% 1.92
225 7.5 6.6 6.9 0.8 3.52 1.49.
200 3.4 7.4 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. 204 6.22
60  20.3 19.4 19,7 0.9 3.07 6.69
40  22.4 4.5 23.8 _2.2 2.76 5.14
20  24.5 32,2 29.7 -7.8 2.18 2,94
10  28.8 35.4 33,2 ~6.6

1.63 0.70
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TABIE 2.8: Comparison between extra entropv associated
with Schottky svpecific heat upto 4000K and
that obtained from the relation S=R logg(2J+1)

P
X ‘ | |
System S IR logg(2J+1/p) (degeneracy of
e.u. e.u. {lowest level (v)

Na°*:La0 1, 12.8  13.4 -

5. | |
Ho +:La013 17 .4 17.8 o

3
Er +;La01? 16.8 17.3 o

3 a
Er +:L3Br3 17.1 17.3 5

34 ' |

Pr :LeBr, 12.3 12.5 2
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be described with the following relations

Ky

1.70/(T - 0.3) T 3 60K ,
K = 1.79/(T + 47.7) T

K = 1.76/(T + 29.3) T

The difference in 6 values along different directions
is a consejuence of the low symmetry of the crystal field
at the Nd3+ion. However, the Curie-Weiss constant C, related
to M. 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 145~2800K(58).
Furthermore, the room temperatwre value of//gff = S.VQ/L agrees
well with the free ion value of 3 62/U'B and 3. 4-9/“]-3 for N4
metal (59).

The Cq 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 entropv 12.8 e.u.
associated with it upto 4OOOK compares well with 13.4 e.u.
obtained from the relation R 1n(2741/2). |

For'Dy :1aClyg, Table 2.5 shows that /‘ remains
almost constant over a wide range of temperature and changes
only about 17/ round 80°K. At 300%K, }gff = 10.63/g§ which is
ih good agreement with the free ion value'lO.GE/qE and also
ekperimental value 10.62#% for Dysvrosium metal (60)., The
computed gfvalues for the lowest Stark level are gy = 10.37 ,
g, = 0.0; which have alréady been reported by Brower et al.(61)
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and are in good agreement with those obtained by them from
ESR measurements, gH = 10.43, g1‘<0.1. It is obvious from
Table 2.3 that magnetic anisotropy AK/K is positive and it
increases'from 0.18 at% 300°K to 0.42 at 1OéOK. Also Fig.2.7
shows that principal magnetic susceptibilities increase with
decreasing temperature. The variition of mean susceptibility
follows the relation X = 14.38/(T+4.1);Ithe 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 H03+:La015, the computed g-values for

the lowest CEF level are g, = 16.12, g, = 0.0 which are

{)
in nice agreement with gy = 16.0140.18, g ;=0.0 obtained from
PMR measurements (24). The variation of princival susceptibi-
lities with temperature is found to be in comparison with

that for experimental findings on isosvmmetric compound Holmium
. F £ A .

ethylsulphate (63), as catalogued below

T L 0 < L T
{ (cmo K/g.at. wh: ) 0 \cen¥ OR/g.at, wt.)
300 15.0 14.7 14.8 147 15f5 ) -
100 .17.0 13.6 1.7 - - 14.
20 22 .4 6.4 11.7 20, 6. 10.5

a) Fresent calculations for HoClg
b) Bxperimental results for Ho(CoHgSC4)s. 9HoO (Ref.63),

The temperature dependence of mean pafamagnetic susceptibility

follows the Curie-Weiss law K = C/(T+6) above 40°K with

S0 = 15.0 and 0 = 3.2°K.
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The calculated value of C is in good accordance with 14.5
obtained for Ho metal (64) over a wide range of temperaturé.
Fié.2.8a shows the température dependenée oflfsz and the
departure from the room temperature value is 1/ around 80%.
At room temperature‘/%ff = 10. 87,&% which agrees well with
the free ion value 10.6%% and the experimental value 10;3f§
for metallic Holmium (64). The relstive anisotronVABK/i
is 0.02 at 300°K and 0.24 at 100°K. Fig. 2.8b shows that
tHe Schottky specific heat will be maximum 8.2 J/g.at.wt.deg.
at BOOK. The additional entropy aésociated with this heat
capacity 17.4 e.u. is in nice harmonv with the expected value
of 17.8 e.u.; Table 2.8.
In mr LdClS dﬂd ur3+:LaBr5 the.maxima in Cq versus

T plots occur around 40 °k (8.6 J/g.at.wt.deg) and 36°K
(8.6 J/g.at.wht.deg), respectively. The peak positions and
peak values are in good agreement with the corresnonding
experlmental values of about 40- -50°% and 8.0 J/g. at.wt. deg.
foriFr(CnH5SO4)3 9H?O (65). The <xtra entropy associated with
the Schottky specific heat is listed ia Tuble 2.8 and these
values are in nice correspondence with the one obtained
from R 1n (2J+1/2).

The principal magnetic susceptibilities of two
‘ Er5+ systems vary with temperature according to the following
relations: |

+ ' '

:LeCls - Ky = 11.55/(7+1.9) T » 100%K

Ky = 11.68/(7-0.9) T > 40°K
T >

K = 11.71/(T+7.4) 20°K
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S+ ' -
E .
T GLEPTE Ry = 11.61/(T+26.9) Ty, 120%
K; = 11.52/(T- 6.3) T » 809K
K = 11.51/(T+ 2.8) T % 809K

The difference in 6 values along dififerent directions
is a consequence of low symmefry at the Erzf-ion. Nonetheless,
the Curie-Weiss constént which is connected with /ﬁff of
the ion, is nearly the same.llAt.temperafures lower than
the ones indicated above, deviations from these expressions
are very little and the magnetic susceptibility follows
Curie-Weiss law with slightly diiferent parameters down
to lower temperatures. As T tends %o OOK, K of these systems
Shows a temperature dependent behavior.as anticipated for
an ion with & doublet ground level.

In both these systems K > Ky , which is contrary
to the experimental findings in Erbium single crystal (66)
but similar to the experimental and theoretical observations
on isosymmetric Er(02H5SO4)3.9H20 (63). The behaviour of
K; T vs. T plots of Er$+;Lag13(Fig.2.9) and Er3+:LaBr5(Fig.2.1l).
systems is in accordance with that of Er(02H5SO4)3.9HéO;
The magnitude of AsK/E rises from 0.084 to 1.107 for Er5+:La013
and 0.091 to 1.134 for Er5+:LaBr3 as temperature is lowered
from 300°K %o 20°K. TFor lack of any available measurements
on these systems the calculations are compared with the

experimental findings on Erbium ethylsulphate:
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Comparisbn of magnetic anisotrony DK of Ersf systems

.(milli cmz/g.at;wt.dég).

o o B (a) B+ (a) ' - (b)
T( K) nr :LaClg' Er :La;Bl‘g Er(02H5304)3.9H20
Oscillation Direct
me thod measurement
290 -3.4 4. 4. -4,
90. \""B0.0 ""39.4‘ . ) —3840 "'44.0
20.4 -449.3 -484.4 . -520.0 -500.0

a) Present work

b) Ref.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+;La613) and 11.51 (Er3+:LaBr3);
correspond well with that of 11.98 for Er metal (64).

It is observed from Figs.2.10a and 2.1°a that‘;%ff
of ithe two systems does not.departrmore than 37 from the room
temperature value doWn to about 70%K. The decrease at lower
temperatures is due to gradual empiying of the higher energy
levels; e similar trend is exhibited by KT vs T plots; FPigs.2.9
and 2.11. The room temperature maghitudes of 9.45A§ (Er3+:LaGlg)
and 9,55}#%(Er3+:La3r5) are in excellgnt agreement withv9.§8,p§
for the free ion and the experimental value 9.52 g for EBr
metal (é?).

The spectroscopic Splitting‘factors for‘the lowest
Bt ’

' 3+ :
CEF levelsof Er :LaCly and Er :LsBrg are listed below along-

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

System
y &) €1
3+
- EBr :LaCIS(Calc.) 2.12 8.82
(Bxpt.) 1.989+0.001  8.757+0.002
Brot: LaBrs(Calc.) 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+:1e013 |

and Er3+:L?Hr3 systems, respectively. This ratio for IaClg

host lattice has been found to be 0.217 from the PMR éxperiments
(24) .

Next the 6-dependence of tor~ue experienced by a crystal,
containing 1 g.at.wt. of Er3+ ion, in a unit magnetic field is
calculated and displayed for Er3+:LaBr3 in Fig.2.14a as a tynical
case.

In the case of"Pr3+

:LaBrz, 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
perpendicilar direction and thé-anisotropy A&K/i increases from
0.098 to 0.145 with the décrease of temperature from 300K

to 125% . With further fall iﬁ‘temperature,lsK/K decreases and
changes sign at 520K. The reversal of anisotropy is not
surprising in light of the observations made by Rosenberg (19)
and Schneider (68). Schneider found similar change in
Pr5+:ﬁa015 at 46°K. Comparison of temperature dependence of
calculated principal magnetic susceptibilities of Pr3+:LaBr5
with the experimental observations on Pr3+;La013(68) is given

below:
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: Pr3+:LaBr§ ' : Pr3+:16013
Tlog) gy m KT Kyt By
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 susceptibilities can

be déécribed with the relations;

Ky = 1.66/(T-2.2) 1y 200%
Ky = 1.62/(T+ 8.1) T ) 160°%K
X = 1.63/(T + 10.6) T » 190°K

However, the variation is in accordance with Curie-Weiss law
down to 60K with slightly different parameters; anpreciable

departures are noted for temperatures lower than 60°%, 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 ;%ff = 3.55/§ agreesAwell with the free
. ion wvalue 3.58/%3 and exberimental value‘of 3.56/A% for'metallic
Praseodymium (70).

The computed values of the components of SDGQtrosbopic
eplitting factor for the lowest Stark level are gy = 0955,
g, = 0.0. No resonance data is available for this host’léttice,
but these values are in good égreement with PMR measurements
on PrtiTaC1,; gy = 1.085¢ 0.005, g = 0.1x0.15 (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 entrony

associated With it comes out to be 12.31 e.u. as conmpared with
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12.51 e.u. obtained from R 1ln (2J+1/2).

2.5 Comments and Conclusions

The increase in magnitude of the relative anisotropy
with decrease in temperature and its high value At low
temperatures, is in conformity wifh the low symmetry of the
CEP in the systems discussged 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 }2}f 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
behaviour. The deviations from the nredicted results can

occur at low temperatures due to the following reasons:

(i) The CEF parameters A} <r™> are somewhat temperature

dependént, while the values employéd are at li~uid air for

some systems and He tempersture for others.

(ii) The operatorrequivalent coefficients a?Bgand %;depend_
on the spin-orbit pérameter‘z’ , which is always nuenched by
the host lattice interactions. Accordingly, these coefficients
will be slightly different from the free ion values that have

been uszed here.

(iii) The couvling of different J manifolds by the CEF is not
comp].@tely negligible; for example, the upper limit for |
contribution from first excited term will be 3.2) for Erot

P 24 B
and 9.8/ for Pr" «systems.,
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(iv) The exchange interactions become important at very
low temperatures.

(v) The non-Kramers ground doublet of Pro+

:LaBrz 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+g];,a015 (24,71). This will result into
nonzero gi 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. /ﬁ?ﬁ”
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CHAPTER III

3+

THERMAT, AND MAGNETIG PROPERTIES OF WA~ :lan(50,),.9Hz0,

Tb(0H); AND Tb°*:Y(OH), SYSTEIS

3.1 Nd>TLag(50,) 4 . 9H 0

3.1.1_}ptroduction : )

Extéhsive studies on the rare-earth ions in various
host lattices, viz. ethylsulphates, trichlorides, bromates
etc. have been carried out by PiR,absorption and fluorescence
measurements but fewer reports are available in Lanthanum
hydrated sulphate lattice. The absorption spectra of Nd3+in

s

Lag(804) 5 .90 were reported by Dieke and Heroux (72).

However, recently s#tudies of the absorption spectra of Pr3+,

3+ 3+ .
NG™" and 64" in Lap(S0,),.9H,0 have been carried out (73,74)

and in addition, EPR spectra of Nd3+;Lag(so4)5.9H20 system

has been studied (74). The La"' ion occupies ‘two different
sites with symmetries Cgz; and Gy in the crystal of Lag(50,) .
9H,0 (75). Like ethylsulphates and bromates the Czy site

has nine water moleculeé as the nearest meighbours. The
rare-earth ions when present substitutionally exverience the
same symmetry. The simiiarity of EPR spectrum of Nd3+;Lag(SO4)3-'
9Ho0 to that for ethylsulphate (76) indicates that the rare-

earth ions in La2(504)5.9H20 occupy principally the Czp sites.

It will be welcome attempt to tie up the magnetic properties

of these sa&lts with the symmetry and strength of the crystal

field. In this section we give the detailed analysis oﬁ%he
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: A+ .
magnetic and thermal properties of Nd substituted in

Lag(80,)4.9Ho0 assuming the point symmetry to be Ca

3.1.2 Calculations

The ground term of_the free Nd3+ ion (4f3).is 419/2 and
the nearest multivlet T,y /p is higher by 1800 om™l. Roth EPR
and absorption spectra, indicate A = 5/2 as the ground levell
for Ngo+ in Cg)p site symmetry. Under the influeﬁoe of Cazy
field, the double valued representation of the snherical
rot2tion group for J = 9/2 decomposes into five irreducible
representations T;+ 2'r8+ 2(@ . Bach of these levels poscesses
a two-fold Kramers degeneracy because of the t ime-reversal
symmetry of the Hamiltonian which will be 1lifted only on
the application of magnetic field. Viswanathan et.al. (73)
have calculated the crystal field parameters by considering
‘J-mixing from the “F; levels obtained from the absorption
spectra and EPR data of 1% ng2t doped in Ta(504)=-9Ho0.

The CEF parameters are:

9 -~ ’

0o, 9 - '
by <r®> = 331.4 cm™t a7 <r* = _59.4 on™

6 1

- - .6 _ -
A > = -45.35 cm ~, A6<r6> = 487.7 cnm 1.

o
6 {r
Employing these parameters the eigenvalues Eg o?&he ground

- term and the corresponding eigenfunctions \kowere calculated
+

and are given below:

-0 -1 A 1,0
By (cm ) Ah : | Lk:

i

~186 .34 +5/2 0.942]+7/2>+0.336|75/2>

- 50.24 +3/2 0.922|+9/2>+0.388|73 /2>



7.84 $1/2 |+1/2>
118. 24 +5/2 0.336|47/2>-0.942]|¥5/2>
120.52 '33/2 0.388|+9/2>-0.922|¥3/2>

On the application ofthe external magnetic field degeneracy
of all Kramers doublets is lifted; the final energies upto

-
second order in H are given below:

H || to z-axis H | to z-axis
B 4 2.821 G - 0.01282 G° 89 +1.277 G - 0.0270 G
. O A '
By £ 3.596 G - 0.0269 G ES £ 0 + 0.0025 °
o 0
Bz £ 0.5 G+0 Ez + 2.500 G -0.0296 G
EO + . P 2 0 2
4 £ 1.820 G + 0.0122 G E4 + 1.267 G - 0.3795 G
0 " “ 0
Eg £ 0.595 G + 0.0269 G Eg 4+ g L 0.4%%8 G-
The ionic susceptibilities for directioms || and |

to symmetry axis are computed as a function of temperatdre;
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 displaved in Fig.3.1.

3.1.3 Discussion

The g-values calculated from the Zeeman splitting
of the lowest Stark level are g, = 4;105, gi'z 1.842, which
are in reasonable agreement with g, = 3.963+0.003 and
g, = 1.743+0.001 -btained from EPR measurements (74). The
magnetic anisotropy A K/K is 0.30 at 300°K and 0.75 at 100°K
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CTABLE 3.1: Variation of principal suuceptlbllltles,
magnetic anlsotrovov and ,l% ~with
temperature of Nad Lag(SOQ .9H g O

2 X = 3 | X
7 (°K) Q Ky 1O3Vg Ky .10° %.10° i AK.10° Aors
{cgs emu { cgs emu g ces emu Y cgs_emu MIKBI

——

300 6.3 4.7 5.3 ‘1.6 3.55
280 6.8 5.0 . 5.6 1.8 % .54
260 7.4 5.3 6.0 2.1 3. 5%
240 8.0 5.6 6.4 2.4 3,59
220 5.8 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 .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 %.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 1430 59.0 2.62
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and increéses further as the temperature is lowered which
con’orms with the presence of lower symmetry. The temperature
dependence of magnetic susceptibilitv is comparable with

our observations on isosymmetric Nd3+:L3013. However, the

anisotropy is relatively larger in Nd3+

:Lag(S0y,) . 9H0, which
is not unéxpected 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% is 5 = 12.65 e.u. ; the latter compares favourably

with 13.38 e.u. computed from Nk 1n (27+1/2) for the lowest

'ground state doublet. The room temperature magnitude of

JUPo 3.55 #y matches well with the free ion value 3.62 Mg,

and 3.49 4. for Nd metal (59). The devarture of the Mo £ r
from the room temperature value is less than 3% down to
aboutI15OOK.' This temperature range differs from that in
Nd3+:LaC13 system bescause of large CEF in sulvhate lattice.
It is clear from Table 5.i that the magnetic susceptibility
increases with decreasing temperature in accordance with

the Curie-Weiss law K3 - ¢;/(T+83). The linearity holds |
for K above 60°K with C = 1.78 and 6 = 36.7°K. The calculated

value of C is, in good accord with the experimentallvalue

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

3.2 Tb(0H) 5 and Tb5+:Y(OH)3,

2.2.1 Introduction

Although the rare—earth hydroxides have been known for

more than two.decades (77) but their optical and magnetic

AN
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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 Tb°' in
hydroxides. The hydroxides of La - Yb and Y have general

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

isostructural to the corresponding anhydrous trichlorides.

3.2.2 Crystal Structure

7

The rare-earth hydroxides have two rare-earth ions per
unit cell, but both the sites are magnetically equivalent.
These‘have.Y(Oﬁ)g type structure (77,83), which is hexagonal
with a5 = 6;24§ and ¢, = 5,53&. The space group of the crvstal.
is Cgh (Cﬁg/m) and the metal ion occupies Czy, sites. The
arfangement of atoms is shown in Fig.3.2. Each metél atom
is surrounded by nine OH groups, six of theée are at a
distance of 2.428 and the remaining three at 2.54£. The

' _ - 0
nearest approach of two OH is 2,78A.

3.2.3 Crystal Pield Cslculations

In a number of paramagnetic salts, where the angular
momentum of the paramagnetic ion has an integral quantdm
number, the degeneracy ofthe energv levels is not completely
1lifted. This occurs when the surroundings oﬁ%he paramagnetic
ion have higher than two-fold point symmetry. The doublets
. obtained in such systems are referred to as accidentally

degenerate or non-Kramers doublets. It is the characteristic



FIG.3-2 A BASAL PROJECTION OF THE
~ HEXAGONAL UNIT OF Y(OH)s
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of such doublets that first order Zeeman effect is obtained

if a magnetic field is applied parallel to the a&xis of symmetry,
but only a second order effect ifithe field is perpendicular

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

an even number of 4f electrons excluding £6 and g14 configura-~
tions which have J = O for their ground term. The trivalent

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

H05+ and Tm5+ 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(dH)g and Tb5+:Y(OH)5
systems isostructurél to anhydrous chlorides.

The ground term of Tb5+(4f8) is 7F6 and the Lande
g-factor ié 3/2. The first excited term 7F5 is separated
from the ground term by 2020 cm"1(84). When Tb3+ is present
in Cz,, sites, the represeﬁtation Dg of Rz is reduced to the
irreducible representations 2%E+e%%+ifé+ﬁ2+arb+z%%.. The CEF
levels thus obtained can alternatively be designated by the

. i ;
crystal quantum numbers.}k: 0 ( f&and iTé),AL: 11(27’5),
_ T 9 1 | ~
M=% 2(2T6) and 4= 3( 'z and [, ). Scott et al. (82) found
that the "F. lies 2082 and 2081 cm 1 above the Pg term in
3+

Tb(OH)5 and Tb" :Y(OH)z, respectively. They interpreted

the obgerved optical spectra with the following CEF parameters

(in Cm—l) :

T (OH)5: A<r% = 20843 , aA<rd < - 69:2
Ag<r6> = -45¢1 , Ag<r6> = 585+2 ;
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TH°¥ 1Y (OH) 5 ig<r™> = 189 £ 3, A<t = _g9s2
Ag<r6> = 46+ 1, Ag<r6> = 60643

Keeping in view the accuracy and assumptions made for
the determination of the JEF parameters and the fact +that the
breakdown of Russell-Saunders coupiing changes the gy 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 vposgitions o@%he Stark levels
Eg and corresponding wavefunctions are determined. In both

the systems p = 0% ana o~ levels are found to lie the lowest

and separated by about 0.4 cem™1

If the Stark levels M= 0% and 07 are taken as resolved,
i.e. the lowest CEF levelj4='0+ as a singlet, then g, and g
as obtained by a frist order perturbation will be identically
equal to zero and the second order effect of magnetic inter-
action will .be very large; it is -73.6762 G2 and +73.6758 Gg’
for 07 ang 0~ levels,respectivelv, when_gl is || to the z-axis
in Tb(OH)5 and corresponding values fof Tb§+Y(OH)3 are
-61.7202 G and +61.7196 G°. But Zeeman effect measurements
for Tb(OH)z give g, = 17.7&0.2 (79). To reconcile with this,\
the lowest two levels O and O~ should be taken as accidentally
degenerate. Under these conditions the calculated g-values- |

in thefirst-order approximation become

En =y
To(0H) 3 . 17.98 0.0

Y (0H) s 17.97 ~ 0.0.
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These are obviously in good agreement with the experimental
data. The'seéon order Splittingﬁor E || z-axis also'becomes
very small; it[ig.OOOZ G° for Tb(0H)z and -0.0003 ¢° for
Tb3+:Y(OH)5. The first and second order Zeeman splittings
E% and E? (corresponding to E || and | +to z-axis) for each
CEF 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 emploved to
generate the principal magnetic suzceptibilities in the
temperature range 10-300°K from the Van Vleck formula. The
results for the nondegenerate and degenerate groﬁnd levels
are found to be the same; the maximum difference being 0.0é%
(109K). The results are given in Table 3.2 and Fig.3.3.
Furthermore, the CEF energies Eg are emplayed to calculate
the Schottky specific heat for both the systems; Table 3.2.
The results with degenerate and non-degenerate 01 ang 0~
ground levels differ. at all only at low temperatures (the

calculations for nondegenerate cases are given in brackets).

3.2.4 Discussion

It is found that K, > K, and the relative anisotrovpy
rises from 0.615 and 0.556 at 300°K to 2.916 and 2.910 at 10%K

3+:Y(OH)3 systems resnectively. Furthermore,

for T‘o(OH)3 and Tb
the calculated %alue of K,, (3009%k) = 55.3x107° cgs emu for

To(OH)% is in fair agreement with the experimental value of

54.7x107° cgs emu obtained by Wolf et al (78). K, ircreases

with decreasing temperature down éo 130° and 125°K for Tb(OH)S
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TABIE 2.2: Calculated thermal and magrietic parameters for
Th(OH), and Tb ¥ :Y(OH),.

] T | |
T(°K) § K, 10° { X 10° | K.10° [ AK.10° % Mert ! Cs
cgs emu {§ cgs emu § cgs emal cegs emu {{MB) J/z.at.wt.deg.
Tb(OH) 3 . o .
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)
Too Y (0H) %
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 .,7 45.6 114.6 207 .0 9.58 10.72
50 594 .1 3%.5 £20.4 560.6 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 £999.1  9.08 0.00

(0.01)
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and Tb3+

:Y(OH)5, but it shows a decreasing trend at lower
temperatures. The mean paramagnetic susceptibility follows
the Curie-Weiss law K = C/(T+8) down to 40°K for both the

systems with the following parameters:

¢c °
TH{0H ) 11.93 4.10
TH°+ ;Y (OH) 4 - 11.92 | 3.85.

However, K follows Curie-Weiss law with slightly different
C and © values down fo,lOOK. The values of C compare well with
11.6 ebtained by Thoburn et al. for Tb metal (85).

The present caleulations show that ;%ff, derived from
the relationship Ahrr = 2.83VRT and listed in Table 3.2, does
not eghange mere than 3% from the room temperature value 9.70/%

(for both the systems) down to 60°K in Tb(OH)z and 55% in

T ":Y(0H)5. The room temperature value is in nice agreement
with the free ion value ofA9.72/kB and experiﬁental value of
9.7 for metallic terbium (85).

As pointed out earlier, the Schottky specific heat
values are slightly different for the case With degenerate
o' and 0~ levels from that with non-degenerate levels, but
the maximum difference is o@&he order of.eXperimental accuracy.
However, it is found that Cg will be prom1nent at low tempera-
tures and the maxima occur at 94°K for Th(O0H) = (11.17/g.at.wt. dea)
and 86°K for Tbs :Y(OH)3 (11,13/g.,at.wt.deg.). The extra
entropy assaciated with the SChottky anamaly eomes to be 15.
8.u., which matches well with 15.6 e.u. obtained from the

relatien R 1n (2J+1/2).
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Sinece the interpretation of g-facters demands the
ground levels to be degenerate and thevbﬁlk thermal and
magnetié roperties are found to_belinsensitive of the
degeneracy of the ground level, we may safely !onciude
that the lowest CEF leﬁels of Tbgf in both the hydrqxides
behave as accidentally dEgenerate. Moreover, the falr agreemeﬁt”
of present caleulatiéns with available measurements lends
support to such caleulations being carried osut in the groeund

J manifald,
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CHAPTER TV

THERMAL AIND N&GNETIC STUDIES OF DYSPROSIUM AND YTTERBIUM
ETHY LSULPHATES

4,1 Introduction

The magnetic propertieé of rare-earth ethylsulphates
have been of considerable interest since the first reports
of their magnetic susceptibility (86) and Pazraday retation
(87). The rare-earth ethylsulvhates form an isomorphous
series of salts of the general formula, R(CoHg504)=.9 HO,
where R is the trivalent rare-earth ion. These crystallize
readilﬁ throughout the series as crystals of hexagonal symmetfy.
Ketelaar (88) showéd that all the rare-earth ions in an
ethylsulphate lattice are magnetically enuivalent, so that the
bulk magnetic properties are closgely related to the properties
of the indivi&ual ions. Moreover, since the interactions
between the rare-earth ions are .important only at very'1oW

temperatures 1% (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 erystal field apnropriate
to the ethylsulphate series. Thev vroposed a CEF of predomlnant—
ly CSh symme try in rare-earth ethylsulphates and were succesSs—
~ful in explaining the observed EPR and magnetic susceptibility
results in a number of salts. The crystal field splitting

under a field of th symmetry c¢an be deseribed in terms of

2 4 6

four parameters A2<r >, A4<r >, Ag <r™> and bg<r6> Elliot
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and Stevens assumed that Ag <r™> 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 (proDortiona1 to <r’5>, wheretris the

radius of 4f—orbital) with Z in the rare-earth series and
assuming the 4f-wavefunctions to be hydrogenic. This
extrapoiation gave good agreement with the then available
experiméntal results. Later on Baker et al.(90) and Judd(26,40)
pointed out, while determining the CEF varameters for Praseody-
mium and Terbium ethylsulvhate and Neodymium chloride, that

the extrapolation procedure of Elliot and Stevens was nét
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 techninue for interpreta-
tion of the optical spectra of vérious rare-earth ethylsulphates.
Thermal and magnetic properties of Praseodymi&m, Nebdymium,
Holmium, Efbium and Thuliumfethylsulphates have been studied
both experimentally and on the basisjgie crystal field effects
(63,97-99) . Simiiar experimental studies for Dysprosium and
Ytterbium ethylsulphates have been re ported (100,101) at low
temperatureé (1—20°K), but no crystal field analysisvhas been
done. In the opresent sectién, we report the crystal field
.studies of thermal and magnetic properties of these two
~compounds. The CEF parameters obtained by Hiifner (92) for
Dy(C2H5504)3.9Ho0 and for Yb(CoHg50,),.9H,0 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 hexagonai
isostructural series with the point svymmetry at the metal ioen
as trigonal-dipyramidal (CSh)- These have two moleeular units
in a unit celi and belong to the space group Cgh (Css/m), Thé
metal ion has nine water molecules as the nearest neighbours;
six forming 2 trigonal prism above and below the mirror plane

containing the other three Ho0 moleeules and metal ion; Fig.4.1(88)

4.3 Crystal Field Analysis

(a) Dysprosium Ethylsulphate

3+ 9 .. 6
(4f”) is H15/2 state,

‘The ground multipleﬁ of Dy
which splits under a crystal field of axial symmetry (C3h)
into eight Kramers doublets. Theée dOublété can be represented
by crystal guantum numbersp = + 1/2, i 3/2 and + §/2. The
nearest multiplet level “Hqz/p is about 3,300 cm™' above the
gpcund multiplet and as such the effect of higher J-levels
on the ground term is negligible. The CEF parame ters obtai ned

by Hiifner (92) are:

AKr™ = 124, em !, Ar®s = 9. enl
- ‘ 9
Ag<r6> = =Dl cmfl, A2<r6> = 492, cm—l.

The various Stark levels and their wavefunctions are caleulated

through these parameters and the results are 1isted below
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o -1 o
Ei(Cm ) M | | fqi | -
-94.46 +3/2  0,058|115/2>-0.267|43/2>+0,962| 79 /2>
-78.31 ts/z_ 0.869l¢7/2> ;0.4951: 5/2>
—74.15 fl/z 0,102}513/2>‘-o,196}¢1/z>+o,975{:11/2>
\ -35.86 £3/2 '0.994l£15/2>- o.ossl;s/z>-o;osotxg/g>
~26.57 £1/2 0.985i£13/z>_o.128{i1/2> ; 0.131|¥11/2>
54.41 t5/2 0‘495|£7/2>+0(869I$5/2> |
107.27 +3 /2 0.087[i15/2>+0.959l£3/2>+0.269|¥9/2>
147.68 +1/2 0.151!513/2>+o.971131/2> +0.183|F11/2>

Further considering the effeet of the magnetié'fiéld as a small
perturbation on the erystal field, the Zeeman splittings of
‘various levels are eomputed; foxr direections parallel and
perpendicular‘to the symmetry axis. The complete energy

expressions are:

&=

H || to z-axis H | to z-axis

o~ . - - ' ‘
Bt 4.0%1 ¢ - 0.0224 67 ES + 0 ~1.2117 6°
Egt 2.029 G - 0.0502 G- EZ + 3,215 G + 0.7127 G°

o ’ | o
E; #5.146 G - 0.0433 G EQ + 0.678 G + 0.3451 G°
EJ +7.396 G + 0.0081 G° EQ + O ~0.4149 G2

o ° . ’

5 +6.196 G + 0.0329 G B2 .+ 0.615 G + 0.5549 G2

2

0o
t=
MO XTO MO Wo o NOo
| .

EZ+1.0288 G + 0.0502 G

+ 5,190 ¢ - 0.2520 G
P2 : '

2
+0  -0.1086 G

¥ 3.921 G + 0.3733 Gg.

=

Eq+1.113 G + 0.0142 G

es

5 o
Egt0.436 G + 0.0104 GZ
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Likewise the calculations are regported for the prinecipal magnetic
susceptibilities X, and K, ; magnetic anisotropy & K, effective
magnetic moment M, rr @nd the Schotiky specific heat Cg; Table

4,1 and Fig.4.2.

(b) Ytterbium Ethylsulphate:

2

The ground term of free TpoF jon is 4f13, Fv/z and

the entire energy level scheme consists of only two groups

%py /g 0 2F5/2 separated by about 10,300 cm™ L. Under: the
influence of a erystalline field of Oy svmmetry, the 2F7/2

term splits into four Kramers doublets; two being pure states
|+1/2> and 1#5/2>, and the other two are admixture between
l£5/2> and §¥7/2> states. However, when a magnetié field is
applied the degeqeracy of all the doublets is eompletely lifted.

Since the separation of the two terms is 10,300 cm—l,,the,.

influence of higher term 4F5/2~on the ground term 4F7/2 may
be neglected. Wheeler et’a;.(loz) explained their optiecal

spectra Qf'Yb(02H5304)3.9H20 with the following CEF parameters:

o, 9 -1 ' o -
bp <™ - 185.4 onl, 89 <x® = 577 em™,
A% <x® = —25.6 om 1, 42 <x8 - av2.9 ot

Employing these parameters the eigenvalues and eigenfuneticnse

of various Stark levels are found to be
o} -1 ‘ -'bo
By (en™®)  a A
~105.34 +3/2 | £3/2>

- 61.23 +5/9 0.313|+7/2> -0,950 |%5/2>
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"TEIE 2,1 Variation of principal magnetic susceptibili-
‘ ties, magnetic anisotropy and mean effective

magnetic moment with tem_perature of Dy ((52}15304)5
9H0.
K| | . e
(%) Ik, .10° § K .10° (¥ .10® { &x.10° g Mott
%cp;s emu cgs __emu ces ema § cos emn | (/8]
300 53.8 41.8 45.8 12.0 10.48
260 62,7 a7.8 52.8 15,0 10.47
220  75.0 55.9 62,2 19.1 110,46
200 82.9 61.1 68.4 21.8 10.45
100 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 7.0 . 33.7 10.41
120 138.8 99.6 1127 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 10,94
50 285.5 2467 £59.6 38.7 10.18
0  333.1 312.4 319,3 20.7 10.10

20 5557, 610.0 591.9 -54.3 9.74
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(i D)’ (CQHS 504)3’9}'{?0

(i) Yb (CpHg SCqI59H20
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FIG.42 Temperature dependence of schotty specific heat of

(1 Dy CoHg 504)3.9H20 and (i) Yb(CoHsg 804)391‘120' ‘

e ]



3.82  31/2 , f21/2
162,76 #3/2 0.950|+7/2>+0.313|35/2>

The complete energy spectrum ineluding the Zeeman splittings

=

is
H || to z-axis ~ H ] %o z-axis
©+1.56 40 Ef +0 ;0.1383 G
Bp £ 1.911 6 - 0.01426° EQ 4 0.787 G+0.0980 G
BE10.56 +0 ES & 2.0 G + 0,021 62 |
B3 ¢ 2.911 G + 0.0142 G° By £ 0.787 G + 0;6112 6=,

Using this energy spectrum the calculations are carried out
for principal magnatic Susceptibilifies K”l and K; , the
magnetlc anlsotropy,A K and mean effective moment :ﬁéff,_
Table 4.2. In addition, the temperature dependence of Schottky

specific heat is derived and displayed in FPig.4.2.

4.4 Discussion

In the case of Dy(CoHS 4)3.9H? s &= 10,75, g, = 0.0

for the lowest Stark level and &y = 5.42 = 8.57 for the

y &)
next excited energy level, which are in good agreement with
the corresponding experimental values of 844 =_10.76¥O.1,

g 2% 0.0 and gy = 5.6 i 0.2, g = 7.28 i 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 K, = 0.56 cgs emu and Ky = 0.61 egs

ema at 20°K compare well with the experimental K; = 0.5%7egs emu



70—

TABIE 4.2: Temperature dependence of aram&gnetic
SuSCGFtlblllty ara aters F c§s emu) and
Mot b(C2Hs504) 3 .9H20.

| T(°K) §AK" .10° § KL..lo5 § AK. 103 § "15,103 % ,u;ff

300 6.6 117 -5 ¢ 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 .85
160 10.6 2.1 ~11.5 - 18.3 4.83
140 11.7 £5.2 ~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 4.72

80 18.0 41.5 ~ -23.5 33.7 4.64

60 22,7 51.9 291 42.2 4.49

40 1.7 67.6 ~35.9 55.6 4.21

20 56.9 88.4 ~31.5 77.9 5.52
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and K = 0.59 cgs emu. The relative anisotropy. values
are 0.262 and 0.347 at 3009K and 140°K, respectively.
It decreases below 140°K and finally changes sign at about 34%.
The mean magne tic Suscept;bility increases with decreasing |
temperature according to the relation K = 13.90/(T+3.41).
The value.13,9d of C compares favorably with the experimental
value of 14.07 for Dysprosium metal (62). Furthermore, the
room temperature value of ;%ff is found to be 10.48Mg and
this 1is in good agreement with the free ion value 10,624
and 10.67 Mg 4forDy metal (60).

| From Fig.4.2 it is observed that Cg will be maximum
at 95% and thé peak value will be 11.1 J/g.at.wt.deg. The
extra entropy associated with the Schottky specific heat
upto 400°% comes out to be 15.05 J/g.at.wt.deg. as comﬁared
with 17.29 e.u. obtained from the formula R 1n (23+1/2).

For Yb(CoHiS504) 3. QHZO_, g, = 3.4%3, g, = 0.0 for

the lowest level which compares well with values from suscevti-

bility data g, = 3.40 & 0.07 = 0.0 + 0.05 (100). The

T |
corresponding values for the first excited level are g, = 4,37,
g, = 1.80. Cooke et al. (100) found thet magnetic anisotropy
changes sign at 18°% and the present calculations give this
temperature as 12°K. Also our low temperature value of

Ky T = 1.1 cgs emu %/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 susceptidility with

temperature follows the relation K ='3.12/(T+11.9) for tempe-

ratures higher than 80°% . Furthermore, the calculated room
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temperature value of —;eff = 4.89 Mp compares fairly with
the free ion value 4.54/U.B. The Cg vs. T plot exhibits

a maximm of 4.72 J/g.at.wt.deg. at 38°K and the extra
entropy associated with it upto 400°% is found to be 11.0
e.u. The latter is to be comﬁared with 11.5 e.u. calculated

from the relation R 1n (2J+1/2).
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CHAPTER V

STUDY OFZEr3+ ION IN CRYSTAL FIEEDS_WITH Dog AND Oy, STIE SYMMETR TEE

5.1 Thermal and'Magnetic Properties of Er3+:YA1G

5.1.1 Introduction

The magnetic properties of the rare-earth iron garnets
[3(RE)205.5Fe50,] have been a subject of intensive interest
ever sinc¢e their first dé?ailed‘investiggtion by}Pagthenet(lO4).
The rare-earth Gallium and raré-earth Aluminium_garnets of the
general formzla RgGa5012 or R5A15012 were studied next
 because of their relation to the ferrimagnetic rare-earth
_1ron_garnets, The 1nterestl1n these svstems arose Prlmarlly
from large anisotropic exchange interaction (105,106).
The main inferaction in the~irdﬂ garnets is among_ Fe3+ ions,
and it seemed interesting to sfudy CEF effects and exchange
interactions in the_paramagnetic,garnets)i.e,‘the ones in
which Fe ions are replaced by Ga or Al. These pfesent a
relatively simple problem than ferrimagnetic iron garnets.
I+t was observed that these garnets themselves form an
interestihg series of compoun~s and_observaticns have been
reported on magnetic resonance (106-08), magnetic susceptibili-
ty (109), specific heat (109-11) and optical svectra (112). N
It was thought expectedly_that the rére—earth ions,’on
substitution in éither of the Al or Ga garmets, would have

similar properties and this was confirmed experimentally107%,109).
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Further, the lattice constant of YA1G although slightly
smaller than that of YG &(AliGa = 12.008: 12.273), this

does not reflect in the above meaSurements. Trivalent
rare-earth ions replace v+ ggbstitutionally and since

the site symmetry at vot is orthorhombic, the rare—eafth
ions experience a CEF of low symmetry.

The only rare-earth ion for which a complete and
satisfactory treatment of the crysfal field inferaction
exists is Y527 ion with 4£1° electron configuration. Hutching
and Wolf (113) derived an appropriate set of CEF parameters
for Yb5+ in Yttrium gallium garnet by using the available
exper imental data. LateriBuo&%an and co-workers (114,115)
determined the CEF levels and improved the calculatioms of
Hutchings and Wolf by incofporating more experimental data.
These efforts showed that at least in the case of Ybo', the
properties in the garnet lattice could be described adequately
by using the phenomenological-Hamiltonian first introduced ‘
by Stevens. |
The absorption bands and fluorescence 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)™ 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 degeneracy is
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completely removed for integral value of J, and J+ % Kramers

pairs are left for helf-integral J. Koningstein et.al. (1186,
3+

117) studied the absorption and fluorescence snectra of Nd

and Er M in YA1G and noted the complete removal of (J+%)_f01d

degeneracy, which suggests that the symmetry of the crystal
field for these ions in YALG is lower than or erual to tetragonal.
This has also been observed in case of DyS?YAlg that g;valués
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 Dp yet in YAIG the tetragonal symmetry is a
| good approximation (119). |
In this section we report the calculations of thermal
and magnetic properties of Er5+:YA1G svstem considering the

- nearly tetragonal symmetry and emploving the CEF parameters

determined by Koningstein and Geusic (117).

5.1.2 Crystal Structure

The crystal structure of garnets is rélatively
cdmplicated, and the general formula is A3B5012, where A is .
a trivalent ion such as Y3+ or Lu3+; B can be a trivalent ion
like F95+,_A13+ or Ga°t. The crystallographic studies (120)
show that the garnets crystallize in the cubic group with épaee
sy mmetry Oﬁo(la 3d) and that there are eight molecular units )
per unit cell. 1In the unit cell of a typical garnet such as
YA1G, the 24 2t fons occupy the dodecahedral {c} sites; while
the 40 A13+ ions are distribdted in 24 tetrahedral (d) and

16 octahedral (a) positions. The Y5+ ion8 are surrounded by
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2 - ' : o -
eight O  ions situated roughly at the corners of a distorted
cube such that there are two distinct‘distances from the

rz .
+ R A .
central Y~ ion, Fig.5.1. The rare-earth ions replace

F O+
Y substitutionally and thus occupy 3-coordinated sites

with Do symmetry. However, as discussed in section 9.1.1,

the CEF at the rare—earth site may be taken as tetragonal.

5.1.3 Crystal Field Analysis
The gsround term of Er5+ ion (4f;1) is 4115/9 and
since the first excited term 4115/2 lies 6770 cm—1 higher,

J can be taken as a good qQuantum number. Now, the crystal

electric field in tetragonal symmetry can be expressed as

V‘::OZA (2_, ) Q0.4 4: o 2
c A2<? > 0g[39% ~I(I+1)] + Aacryp [357, - {B0a(T+1)-25}T)

' 2
- 63(3+1) + 3T (3+1)7]

4 4 4 4
+ hy<r> pyfo.s (3 + I2)] |
. 6 4 '
xS ¥ [em19, - 10537 (J+1)=7}J ,+21{57° (7+1) %257 (3+1)
.2
+14}JZ

g | L |
~55%(3+1)% + 405%(5+1) %2607 (3+1)]

+A6<I‘ >.{I% [{11JZ _J(‘J+1)_’Z8} (J+ + J_)

o -
+(Jﬁ + Jf_)'{llJZ ~J(J+1) _38}1. (5.1)

Under the influence of such a field, the spherical rotation grouy
D15/2 corresponding to the - ground multiplet 4115/2 is

transformed according to the reduction

2
Dissz = 4Eps + T
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and thus the ground term splits into eight Kramers doublets.
These dOubleté can also be designated by the crystal ~uantum
nambers M= + 5/2(21“6) and M= * 1/2(27ﬁ7), Koningétein

and Geusic (117) found that the first excited term “T;g/p
_ 4
I15/2
interpreted the optical spectra assuming a tetragonal field

lies at 6766 cm™i w.r.+t. in Er3+;YA1G. They

and employing the effective operator esuivalent factors

ays By, Y; within the ground J manifold as ebtained by
Erath (121). The CEF parameters reporfed by Koningstein‘and

Geusic are:

. ! . ’ 4: N R
., Afrh = _ 60, , A - _eo0,

45. and Ag<r6> = -710. cm 1

.
N
=
AV
H

The S+ark splittings and corresponding zeroth order wavefune-
tions obtained from these parameters are listed below:

©

Bi(cm 1 |
j{em™4) M N | N ﬂ*;, o
~-295.97 - t1/2 0.839]+13/2>+0.549|+5/2>-0.571|F3/2>
S . _ - =0.285|F11/2>
~-238.08 +3/2 0.054|+15/2>+0.079|. 7/2>-0.975|F1/2>
-0.201|¥9/2>
~204.11 t1/2  0.550|+13/2>+0.340|+5/25+0.634|F3/2>
- S +0.424|F11/2>
-109.40 t3/2°  0.789|+15/2>+0.608|+7/2>+0.088] F1,/2>
4 +0. 0??]¢9/?>
158.12 +1/2 0. 553{+15/2>~o z59[+5/2>+o 296 | F3/2>
| | ~0.777|F11/2>
175.50 £3/2  0.025|15/2>-0. 0181+7/2>+o 202| z1/2>

~0.979|79/2>
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233 .37 +1/2  0.531|+13/2>-0.684|4+5/2>-0.339|73/2>+0.367 |11 /¢
280.56 $3/2  0.611]+15/2>-0.790|47/2>-0.035|F1/2>+0,023 |79/2>

Further the Zeeman splittings of these doublets are as follows:

H || to z-axis H | to z-axis
N o o ,
EJ +1.708 G - 0.1442 ¢ Eq +3.243 G - 0,1457LG2
o - o ‘ | 2
BEo +0.613 G - 0.0039 6 B +3.692 G - 0.0890 G
EO 4 2 O 4 2
o2 +0.662 G + 0.1239 G Eg +2.905 G + 0.1562 G
w0 . 2 o | |
E, +5.954 G - 0.0074 G B, +0.143 G + 0.0432 G~
) . S
B. +2.462 G - 0.1530 G° B2 +2.489 G - 0.4614 G
o) | 2 .0 '
Bg £4.327 G + 0.0009 & Bg + 0.287 G + 0.3511 G°
o - o - '
o +2.092 G + 0.1732 G- By + 2.829 G - 0.0932 G~
Eg £4.986 G + 0.0103 G° B8 + 0.122 G + 0.2587 G2,

The Stark splittings are used to get the temperature dependence
 of Schottky Spcific heat; Fig.5.2. Next, the vrincipal
susceptibilities Ky and K, , anisotropy AK, and Abpr are
generafed and their values for some tyvnical tempefaﬁureé 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.). Tﬁe
second peak is not as sharp as the first and it appears because
the fifth CEF level (M= ¥1/2) is separated from the fourth

(M= +3/2) by 267.5 ¢, while the crys=tal field splittings of
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TABIE 5.1 : Temperature denendence of theoretical
gram~-atomic magnetic suscevntibility

parameters (in milli cgs emu) and’gff
(inMg) of Ers*:yAlc.

T( °K) 8 Ky, ér K, % X % AKX § fre
j j v
300 30.0 59.8  36.5 -9.8 9.36
256  34.2 47.8  43.3 -13.6 9.30
200 40.1 59.7 53,1 -19.6 - 9.90
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
60 94.1 : 1?8.5 150.4 -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 £94.6  245.3 ~146.3  7.68
°0  182.8 391.2  321.7 ~208.4 .17

10 264.0 673.2 53%6.8 ~-409.2 6.55
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levels with i = 1= 4 and i = 5 ~ 8 are 186.6 and 122.5 cm”l,
respectively. For lack of experimental measurements for
~Er3+:YAlG orIEr3+:YGaG, no comparison is possible. Nonetheless,
the extra entropy S = 15.1 e.u. associated with the Schottky
specific heaf upto 400°K shows a fair agreement with ;7.§.e.u.
derived fiom the relation, S = R 1n(2J+1/2). The closer
agreement obtained in the case of other Erot systems (Chavter 2),
is not tenable due to larger CEF Spiitting (576.5 cm"l)
in the garnet systemn.

The g-values for the lowest CEF level ére:rg”: 4.09 and
g, = 7.76, which give g = 6.53 in good agreement with the
experimental value of 6.27 (109). Also the result g > g,
is in harmony with the observation made by Ball et al. (109).
FProm Table 5.1, it is clear that X, < K and that the magnetic
susceptibilities increase with decreasing temperature. The

variation with temperature is in accordance with the following

relations:
K, = 11.62/(T + 87.4) , T » 120°K,
K, = 12.02/(T + 2.7) T 1009&9
K = 11.57/(T + 17.1) T 3 20%K.

The difference in ep values along different directions,
is a consequence of the low symmetry of the CEF at the Erot
ion. The computed value of Curie constant, C = 11.87, 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

y o7 I
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500°K to 10%K. The calculated K;T are plotted as fdnction
of temperature in Fig.5.3 and the results for K T’comﬁared
with the experimental data upto EOOK; 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 bec ome significant. It may be
remarked that anpreciéble deviation of calculations from
meagurements at low temperatures have been reported in the
case of Dy3+:YA1G (118). | | |

It is found that‘ﬁéff df Er3+:YA1G aoes not depart
more than 37 from the room temperature value down to 145°K,
The calculated room tenperature value of 9.56}%Ais in nice
agreenment with the free ion value 9'55f£8 and 9.5%&% for
metallic Br (6?).. The difference in the room-temperature‘
magnitude and the temperature down to which departure is less
than 3/, from the corresponding ~uantities for other'Er3$_systems
(Chapter II and Sections 5.2 énd 5.3) is due to comparatively
larger crystal fields in YA1lG host léttioe. The extravolated
’value of ;éff at 0% = 5‘88HB is in good agreement with 5.9#%

obtained by neutron diffraction from isesymmetric BrGaG (122).

s
5.2 Thermal and Magnetic Properties of Er3+;YVO4 and Er”+:YPO4

5.2.1 Introduction

The optical and EPR measurements of rare-earth substitu
ted Yttrium orthovanadate (YVO,) and Yttrium orthophosphate
(YPO4) 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 analvsis of the polarized



,tra of Eu5+ in YVO, . They found that the site symmetry

;he rare-earth ion in this lattice is Dogz. The optical

EPR spectra of Eu3+, Gd5+,iEr3+ etc. in YVC, and YPO,

; lattices have been analysed by Brecher,ef al.(123),
Rosenthall et al. (124) and Kuse (125) with Dpy site symmetry.

In the presént section we studied the thermal and magnetic

. S+
properties of Er :YVO, and Er3+:YPO4 systems.

5.2.2 Crystal Structure:

The vanadates and phosphates of scandium, Yttrium and
rare—eafths crystallize with gircon sfructure (128,129) and
can be described by the general formula ptm Q+(8_m) 04, where
P and Q are metal ions having coordination numbers of 8and 4,
respectively. This tetragonal structure belongs to tﬁe space
group Dﬁg - 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-
-Aéarth ions experience a Doy crysfal.field, whose 84 axis

coincides With,the crystalline four-fold axis.

5.2.3 Calculations

The ground term 4115/2 of Er5+ splits into eight Kramers
doublets under the crystal field with Doy Symmetry,Kuse (125)

‘ | ' . | |
stud ied the optical spectra of Er +:YVC4 and Er5+ YPO, systems

and interpreted the results through the crystal field given
by Eq.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"l)f
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3+
Er :YPO,

+
.YVO4
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Ao<r2

A4

AXT®>- 1a1.4, &

A= 1 83

2 = +068.2,

ST = ~102.8, AT = 45.5, Agr > 330,

Ag<r6> = +22.1;

0, 4 0
4<_r> = 18.1, Aglr

g<r6> = £88.95.

N

7.2 , A

The Stark splittings and corresponding wavefunctions for

the two systems are obtained through these CEF parameters

and these, in turn, are employed to find the Zeeman splittings

for each Stark level.

(a) EQ

-150

- -106

110

142.

170

(cm

.05

.47

.02

.85

.41

76

.03

3

(1) Be"7:yvo,

The results are listed below:

9

.

0.266]+15/2>-0.

0.296|+15/2>-0
0.162]|+13/2>-0

0.917|+15/2>+0
0.145[+£13/2>-0

0.714|+24/2>-0

0.666|+13/2>+0

0.026]+15/9>+0

.107]+5/2>-0.593

814|17/2>+0.318| %1 /2>
-0.406|59/2>

384 £7/2-0.127|FL/2>

+0.865|F9/2>

.813|£5/2>+0.497|*3/2>

~0.256|F11/2>

.353 | £7/2>~0.077|F1/2>

~-0.168|rg9/9>

.407[25 /25 0. 270 | %3 /2>

+0.861|F11/2>

F3/2>
~0.357|F11/2>

.402]+5/2>+0,573 |73 /2>

+0.258|F11/2>

253 17/25>40.936 |71 /2>

+0.242|¥4 /5>
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(b) ~ H || to z-axis - H ] %o z-axis
B £2.058 G - 0.2518 G° B9 4+2.697 G - 0.3324 G
B £2.199 G + 0.1250 G° ES +2.239 G - 0.0511 G
w0 - o * Lo I' . 2
Bz +1.094 G - 0.0651 GX E; +3.349 G + 0.2080 G

3 Y . 3 : :

0 : - ’
By 16.613 G + 0.1194 Gg, EZ +0.389 G + 0.0324 e
Eg £3.633 C + 0.0154 G B +1.509 G + 0.0434 6"
Eq +2.112 G - 0.4463 & EQ +0.8538 G - 0.0859 G
BS £2.427 G 4 0.4980 G° ES 42,693 G - 0.2030 G2
Eg £0.472 G - 0.0075 c Eg 43,931 G + 0.3886 G°

| NG E )
ii) Exr” .ym o

EZ (C'rn’l ( ) ,QY' 04 »\i{ .

(a> ~-147.27 0.275|£15/2>-0.871|£7/2>+0.301|%1/2>-0.273|¥9/2>
~108.60 0.184[+13/2>-0.846|15/2>+0.462|53/2>-0.193|F11/2>
- 94.80 0.171|+15/2>-0.310|+7/2>.0,229 | ¥1 /2> -0.907|F9/2>
- 14.91  0.150]413/2>-0.443 |45 /95 0,601 |%3/2>+0.648]F11 /9>
- 12.46 0.943(+15/2>+0.292| v /25.0,116|%1/9>-0.107|59/2>

99.93 0.158|£13/25-0.149|+5/2>-0.642|F3/2>~0.735|511 /o>
108.92 © 0.071|+15/2>40.245]£7/2>+0.918| 51 /2>+0.302|F9/2>
169.18 0.958]+13/2>+0.257| +5 /95 40.111 |73 /25+0,057 | ¥11/2>

(b) H || to z-axis H ] +to z-axis

| EO ' o 2 7o - V 2

1 £2.844 G - 0 1212 G 27 %#2.011 G = 0.4676 G

ES £1.484 G - 0.0540 G ES +3.916 G +0.2856 G7
ES £3.175 @ + 0.0847 G° EY +1.735 G + 0.0082 G

£ +2.210 2 20 ‘ 2

4 12.210 G + 0.0026 G B, £2.580 G + 0,582 G

E§ £6.914 G + 0.0202 G° ES +0.164 G + 0.0046 G
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EQ £5.372 G + 0.0268 G° EQ +0.126 G - 1.1560 G°
EZ +0.585 G + 0.0163 G~ | Eg +3.887 G + 1.196 g%
EO . | o o 2

g 16.098 G + 0.0246 G Eg +0.510 G +0.131 G

These values are used to calculate the principal
and mean magnetic susceptibilities, magnetic anisotropy, ﬁéff
and Schottky specific heat for both the svstems. 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 svecific
neat exhibits waxima at 28°%K (7.85'J/g.at.wt.deg.) and

22%K (6.78 J/g.at.wt. deg.) for‘ErBﬁ YVO, and:Er3+;YPo4

sysfems, respectively. The additional entrbpy asgociated
with the Eﬂhottky specific heét upto 407%K comes out to
be 16.0 andy 16.8 e.u. in the two systems: these numbers
compare fairly well with the value 17.3 J/g.at.wt. deg..

obtained from the relation, S = R 1n E%ii—

The computed g-values for the ground Stark level are

| = : SL
34
Er ;YVO4 ‘ 4,94 6.4%

3+ : '
Er :YPO, - 6.83 4.83

These have very poor corresporlience with the experimental

g-values for YVO, host lattice : %' = 3.544 +0.005, g, = 7.085 %

0.005. This has already been pointed out by Ranon (1286).

Nonetheless, the mean value of spectroscopic splitting factor

3 e -
for Er°":YVOy as caleulated(g = 5.96 ) and obtained from EFR

data(g = 5.90) show a good agreement.
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TABIE 5.2: Temperature dependence of Calcylated
susceptibility parameters and Agrs of

E33':%:‘_(‘]04 and Erot. YPO4 systems.

(%K) % SR % g § UN' § (/“fffi
| (milli cgs. emu/g.af.wt.)
(1) Br’lyvo,
300 28.9 37,3 37.8 1.6 1 9.53
250  46.4 44.6 45.2 1.8 9.51
200  57.2 55 .6 56.1 1.7 9.47
160  74.1 3.7 7.9 0.4 8.41
100 103.6  110.0 107.9 -6.4 9.29
75 198.4 145.9 140.1 ~17.5 9.17
50 168.9  214.2 199.1  -45.2 8.92
40 194.3  £60.5 238, 4 ~B6.2 8.75
30 £230.8 326.9 294.9 -96.1 8.4£1
20 '289.4  427.5 381.4  -138.1 7.81
10 417.2  641.7 566.9 ~224.5 6.75
(ii) Er3+5YP04
300 34.7 39.5 37.9 4.8 9.5%
250 40.7 47.6 45.3 ~6.8 1 9.51
200 49.2 59.7 St.e -10.5 9.48
150 62.1 80.0 74,1 ~17.9 9.42
100 . 84.1  120.3 108.2 ~36.9 9.30
75 103.2  159.2 140.6 _56.0 9.18
50 138.7  £30.6 £90.0 291.9 8.94



40
30
20
10

165,53
209.,7
295.4
526.5

~-86a~.

277 .2
341,95
429.7
568.6

239,9
297.6
284.9
554 .6

-111.9

~131.,7
-1%4.2
- 42.1

8.76

8.45
7.84
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 law, K = C/(T + Gp);
the temperature above which linear trend is observed depends
on the direction of study and the nature of the host lattice
and likewise the 8. values, This-behaviOur of susceptibilities

D
can be described with the following relations:

+:YVO4
Ky = 12.08/(T+11.4) T » 160K,
KL = 11,32/(T+5,2) o T % 80%K ,
K = 11.70/(7+9.2) T % 109,
Br®*.ypo,
K“ = 11.71/(T+38.2) T % 60°K ,
K, = 11.64/(T-51) | T % 160°K,
K = 11.66/(T+7.9) T 3 40°K,

The difference in 6p values along different directions is
a conseguence of low symmetry of CEF at the Er5+ site. The
computed values of C compare favourablv with exverimental

11.98 for Er metal (64). 1In case of E33+:YVO4'the relative
anisotropy AK/K decreases from 0.042 at 300°K to,;0.596 at
10°K, changing sign at about 144°%, However AK/K for

Er3f ¢PO4 decreases from -0.127 at 307 g to ~0.466 at 40°K

and then increases to -0.08 at 10°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 9.53My matches well with the Hund's
value of 9.53/Q8‘for the free ion and:9.52,MB for metallic
erbium (67). The/aeff values are found not to fall more

than 3% from the room temperature value down to 90 and- 850K

inYVO4 and YPO4 host lattices,

| - .
5.3 Thermal and Magnetic Properties of Br  : CdIngS,,

. Ot .
Er3+:OdInﬂaS4Aand Br™ 7nInoS, , Systems

5.3.1 Introduction

The efforfs.to understand the behaviour of the trivalent
rare—earth ions in crystals havelong been plagued by the
difficulty of iow point symmetJJVat the ion site, as the
nﬁmbér of parameters to be determined becomes large and
the arbitrariness involved in their evaluation reduces
the significance of the conclusions. However, the oroblem
is simplified if the raré-earth ions are introduced into the
cubic sites since then only two varameters suffice to specir~
fy it. Lea et.al (131) discussed the effect of a cubic
field on various rare-earth ioné as a function ofthe ratio
between the fourth and sixth degree CBF parameters. Recently,
Segal and Wallace (132) carried out similar analvsis for
hexagonal systeme with simplifving assumptions that only fourth
and gixth degree terms are involved. But, only a few systems
are.reaiisable where the impurity ion sees &an exactly cubic

or simplified hexagonal eoordination. Nonetheless, a number of
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workérs has discussed fhe optical spectra of various systems
by approximating the low site symmetry to a field of higher one,
particularly octahedral (Op). In this section, we vresent the
calculations of‘Schottky specific heat, paramagnetic susceptibilitw
parameters, /éff and g—va1ueS of Er3+ ion in CdIn254,
CdaInGaS, and Zn1n284 systems, whose site symmetry can be anproﬁi~

mated by Op.

5.%3.2 Crystal Structure.

The thidcompounds CdInéS4, CaInGaS, and ZnIngS,
crystallize in the spinel structure @nd have been shown to have
a strdctqre typified by Cd1/2 Iﬁi/ZBJdlg InS/ZJ 84(135—35).
The rare-earth ion occupies the trivalent Indium site and thus
goés to a cubic (Oy) site. Brown et 2l. (133) found that the
rare earth ion site has a slight trigonal distortional en strongly

cubic symmetry. i}

5.3.3 Calculations

S+

In a cubic field, the & ground term of BEr

Lis/2 ’
srs-lits infto a pair of Kramers doublets 2 I's and 2 7,

and three 4p, quartets. The calculations of Lea et al. (131)

show that in an O, field either 2)77 or 4!ﬂ8 can be the ground level
depending on the relative magnitudes of the Fourth and sixth degree
terms. When such a system is subjected to an external maghe tic
field, bthe mixteen-fold degeneracy is completely 1lifted 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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. .4 0, & ~dy , 16, 60 % a0 4
o= H +hgrty Bo(og + 50y + agx® T (0g - 21 05)

Free
+eyM BTz, (5.2)

~

-Since the CEF mixing of multiplets infEr3+ is small, the
calculations are carfi@d within the ground J manifold.

The optical spectra of Erot in the thiocompoun’s have been

interpféted by Brown st al. (133) and Sﬁand (135) assuming an

Oh field with the CEF parameters listed below:

Systen n4<r4> A6<r6> Ref.
(cm—1) (em=1)
Er5+.c S h :
: dIn2 4 195. 8. 133
34 - }
Er :CdInGaS4 208, 6. . 135
E‘3+ e -
LY :Zn1n254 205. 7. 135

The eiganvalues and eigenvectors of wvariouns Stark levels

obtained with these parameters are:

. ' o]
Eg (cm™ 1y I =4 fV{
- Erf C&Ings v
2128.46 4?8 0.039]+15/2>+0. 4801+v/?> 0.459|F1/2>
+0.750 |F9/2>
0. 04o|+1z/2>+o 181|+5/?> 0.220 |3 /2>
+0.958|F11/2>
- 2 : - |
- 85.12 P 0.653]i15/2>+0.582It5/2>—o.451[$5/2>
- 67.01 4{78 O. OV?I 15/?>+o 74°|+7/9> 0. 238J+1/°>

-0.622|39/2>

0. 77?]+13/2> 0. 460|+5/2>+o 413|33/2>
| +0.149|311/2>

143 .55 < e 0.882[415/2>+0.331|+7/2>+0.718|F1/2>
+0.191|¥9/2>
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0. 809|+15/2>—O 332;+7/2>-o 47?§+1/9>
-0.114]79/2>.

0. 032|+13/9> 0. 646[+5/?> 0.760]¥3/2>
-0.054|511/2>

3+

Er”":0dInGasS,

0 017l+15/9>+o 44?§+7/2> 0.427|51/2>
+0.,789|79/2>
0. OO6]i13/?>-O 194]+5/2>+0.260 |53 /2>
~0.946 F11/2>

0. 059]+15/2>+o 784]+7/?>—O 241 |$1/2>

~0.571|59/2>

0.774li13/2>-0.479115/2>+0.361 3 /2>
' +0.203|311/2>

0.6331115/2>+o.5821t5/2>?o{4511:3/2>
-0.239|F11/2>

0.582|+15/2>+0.%31|+7/25+0.718|¥1/2>
+0.1911x9/2>

°12]+15/?> 0. 284]+7/2>~O 494|F1/2>
-0.126|%9 2>

0.076]+13/2>40.628|+5/2>+0.774 |53 /2>
+0.084|F11/2>.

34
Er . ZnIngS ,

0.026|+15/2>+0.457|+7/2>-0.437 |51 /2>
+0.774|59/2>
0. 0121i12/9>+o 189}+5/?> 0.244|53/2>
+0.951|F11/2>

0.633|+£13/2>+0.582|+5/2>-0.451 |¥3/2>
-0. .239|F11/2>

0. 0561115/2>+O 767|+7/?>-O 241|F1/2>
-0.592|F79/2>

0.774]413/2>-0. 471 |+5/25+0.383 | 33 /2>
+0.182]F11/2>
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168.50 *[g 0.811|£15/2>-0.305|+7/2>.0.485|51/2>
. - -0.121|%9/2>

0. 0101113/2>_o 6361i5/?>-o 768|¥3/2>
: -0. 0711:11/2>
The Eg values so obtained are used to get the Schottky
specific heat and the results are shOWn in Fig.5.5.
Following Avant (1%36) the eigenvectors of Stark

levels in Op fleld are designated by

[ri + 1/2> a1|+15/2> + a2‘+7/2> + a5|+1/?> + a4|+9/?>

and : : : | - (5.3)
[P, £3/2> : 0[213/8> + bole5/2> + v3[F3/2> + b4|¥11/2>-

The state represented by Efé'belongs_to the first eigenvector,
ZT; to the second and 4fé has both the eigenvectors., The
Zeeman splitting of a ?é quartet has been discussed by

hyant (156)7and hie studies are very useful when it is
necessary to»take into account small deviations from the

pﬁbic 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 iﬁ thiocompounds;-then‘therg quartet
gplits into fwo Kramers doublets and these‘can still be
represented by the wavefunctions yg‘ii/RS and [Fé i 3/2>.

The components of spectroscopic splitting factors are given

by
transition.‘ gH | gl
ze=-1/2 g5(P-Q) , 8r(B+Q)
s3/2e £1/2  0.5g;[{3(P%Q%) 2P} 0.5g(P+Q)  (5.4)
~(P-Q)] /2

3/ 2-3/2 gJ,{_Z’)(P2+Q2)+2PQ} 0
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whe re ,
P=<]g 3/2| JZI{"S 3 /2>
and ' 5.5

<Féi/2iJth% 1/2>.

&O
I

The g-values for the lowest CEF level so generated are

listed below:

Host Transition g“ gl g
1/2%~ 1/2 3.85 8.21  6.76
CdIngSy 'i5/2$£ 1/2 4,19 4.11 4.14
3/R=~ 3/2 12,24 _ 0.0 4,08
1/2=- 1/2 3.27 8.56 6.80
CdInGaS, iz/z;eﬁ 1/2 L4 .64 4,28 4,40
| | 3/2=2- 3/2 12.54 0.0 4.48
1/2=- 1/2 3.80 8,43 6.79
InIngS, 13/2=2: 1/2 4.46 4.22  4.30
3/2%- 3/2  12.43 0.0 4.14.

Next, the first and second order magnetic interaction
perturbation energies are computed. The comple te energy

spectrum 1is as follows:
Unperturbed eigenfunctions Complete energy in magnetic field H

. |
Er”": CdInoS4

- o]
| Tg t1/2> By $1.817 6 - 0.1793 G

) 2O . : )
| T +3/2> \ E{ ¥5.027 ¢ - 0.0619 G°



| I's
s
106
I Tq
| s

T
I
1T
| Ts

1Py

ITe
L
T

| T'g
|Tg
HE
ITg
ITg
i

+ 3/2>

I+

1/2>
+3/2>
£1/2>
51/2>

+3 /2>

+1/2>
+3/25
£1/2>
53/2>
£5/2>
£1/2>
£1/2>

t3/2>

t1/2>

13/2>
+3/2>

+1/2>
+3 /2>

+1/2>

+2.833G - 0.4454 G

+0.197 G + 00,1609

t4.026
+2.500
+5.120

+0.167

CE
Er :CdInGaS4

=

= b= = = = =
MO o o (RO VO MNO HO KO

=

T2.205

F4.927.

+0.669
t4.045
+2.833

+2.500

= oo

=
WO NMOFO HO

&=

G

G

+

0.4907
0.4971
0.5156

0.0166

0.1568
0.0473

0.1409

°.7683%
2.7984
1.1357

1.1515

0.0172

0.1627
0.0487
1.4528

0.1462

1.4851

0.7379
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ITg +1/2> ~ B2 45.074 G + 0.7544 G°

Ty +3/2> Bg +0.098 G + 0.0165 G~ -

These energy expressions are employed to extract the gfam-
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 /gff for

Er3+:CdIn284 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) (I/z.at.wt.deg) T(°K) (J/g.at.wt.deg.
CdIngS, 36 488 130 3.02
CaInGsS, 37 5.12 - -
ZalngS, 36 5.03 120 5.19.

The first peak is relativély sharper thon the second and the
broadened peak can be attribﬁted to a large sepafation.(~210 ohml)
between a quartet and a doublet resulting into two groups -of
Stark levels. The extra entrovy associzted with Cg upto
400°%K, S = 10.7 e.u., compares well with the value 11.5 e.u.
gotten from S = R 1n(2J+1/4) for a quartet ground level.

Browh et al.(133) reported the‘EPR parameters of
Er3+:CdIn284 as g, = 1.90&0.05 and g, = 9.0;0.2. Accordint.'
to the present calculations, the experimental findings |
correspond to the allowed transition.1/2;#?—1/2 : the g...=6.63

exp
matches well with computed g = 6,76, Similar future experiments
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TLABLE 5.3: Temperature dependence of paramagnetic
susceptibility and effective magnetic
moment of Er3+:CdIn254 system.

T (%K) " K.lOg(cgs emu) ALee ()
300 37.9 : 9.54
250 45.4 . 9.5%
200 - L 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 B ' 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

It

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 Hrr values
extracted from the K values, are nearly same for the three
systems. Tﬁe room temperature magnitude of'9.54,ﬂ§ matches
well with the free ion value 9.58 M4 and 9452;*% for metallic
erbium (67). The XT as well as off Values exhibit a decrease
with decreasing temperature due to gradual emptying of higher
CEF levels; it lies within 3% of the room temperature value
down to about 60°K in all the systems.

The agreement observed for g~values.of Er3+

: CdIngS, with
experiment and that for M.. S and C of the three systenms

with the corresponding theoreticél parameters and C for

getal, shows that the aprroximation of low Symmetry fields
w;th.higher ones, 1is acceptable for célculations‘of thermal

and magnetic quantities.
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