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ABSTRACT

The magnetic properties of ‘the heavy rare earth tita-
nium oxides RTiOB, R=Th, Dy, Ho, Er, Tﬁ, Yb and Lu, have
been invéﬁt?gated. . The RTiO3 develop a spontaneous magneti-
zation below critical temperatures ranging from 28K to 64 K.
Both the rare earth and titanium moments order at the same tem-
perature. The field dependence of the magnetization at 4.2 K
indicates that the magnetbcrYstalline anisotropy is very large.
The paramagnetic susceptibility of the maéeria}s formed with
R=Tb-Tm is analyzed with molecular field theory fo obtain ‘
the molecular field coupling constants KTi—Ti'.AR-Ti

The magnetic structures are determined for RTiO

and AR—R'
3’

R= Tbh-Tm with the technigue of neutron diffraction. The er-
bium and thulium moments form a ferromagnetic arréy along the
orthorhombic ¢ cxis and the terbium, dysprosium and- holmium »
moments have both ferromagnetic an% antiferromagnetic compé—
nents iq the.ab plane, giving riée to a canted structure. The ~
titanium méments are in a ferromagnetic array which is directed -
antiparallel to the ferromagnetic compdnent of the rare earth
moment. The preferred direction‘éf Fhe ré;e earth magnetization
with respect to the orthorhombic p'axis‘is discussed in terms

of the interaction between th¢-4f electrons on the rare earth

gnd the crystalline environment. Calculations are presented'which.

support this hypothesis.
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CHAPTER 1

INTRODUCTION

S e i
1-1 WHY STUDY THE MAGNETIC PROPERTIEE:OF RTi0,?

The magnetic properties of materials which crystallize

in various modifigations of the cubic perovskite structure have
been studied extensively and are well documented in. the lite-
rature (Goodénough and Longo, 1970). Materials which have the

formula RMO where R is a trivalent rare earth ion and M is a

3’
trivalent transition metal ion or aluminum ion, generally crys-
tallize in tﬁe O-orthorhombic distortion of cubic perovskite.
The ideal perovskite structure consists of a simple cubic lat-
tice of M3+ cations with R3+ cations at the body centre posi-
tions and an octahedron of oxygen aniops centred on each M3+.
The O-orthohombic distortion is formed by a cooperative buck-
ling of the corner-shared octahedra of oxygens, such that a<b
and F/a > /2, where a, b and c are the_lattice parameters of
the orthorhombic unit cell. Both of these strucfures are shown
in ‘figure 1-1.

Although the magnetic properties 6f the compounds BMO3,
M=Fe, Cr, Mn, V and Al, have been thoroughly inyestigated
(Gqédenough and Longo, 1970), .comparatively little interest hés

been shown towards the materials formed with M= Ti. Recent work

has revealed that YTiO3 is a ferromagnet with a critical tempera-
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3.

ture of'ZQK, and that the ferromagnetism arises from a single
d electron localized on the titanium site (Greedan and Maclean,
1978, MacLean, 1980, Johnson, 1973). 1In addition,’GdTiO3 has
been reported to be a ferrimagnet‘in which magnetic moments on
both the gadol;nium and titanium sublattices couple at a tem-
‘perature of 34K (Greedan and MacLean, 1978). This behaviour
"is truly remarkable since there seem to-be no other-structures
in which the trivalent titanium ion has a local magnetic moment.
The ferromagnetic coupling of the titanium magnetic momentsris'
in marked contrast to the antiferromagnetic coupling of the tran-
sition metal moments reported in the isostructural materials
RMO3, M= Fe, Cr, Mﬁ and V. The existence of a magnetic ﬁoment
on titanium along with ferromégnetic cogpiing of the titaniuﬁ
moTents feported for éhe above heavy rare earth titanium oxides
make this a uniqué and exciting series of compounds whose mag-

. netic properties are well worth inﬁestigating.

Much of the theory that is pertinenf to this investiga-
tion will be discussed in the foilowing sections of the intro-
duction. The preparation and characterization of the mate-
rials will be~discﬁsséd EE chapter 2. A_descriptign of the
equipment used to collect the magnetic data, along with the
teéhniques used to align the single crystals, is presented in
chapter 3. Chapter 4 includes the presentatién and interpreta-
tion of the magnetic data. Bulk magnetic data collected for
- polycrystalline saméles are discussed in section 1 of chapter

4. These include critical temperatures ‘and moledular field



coupling constants. In section 2, the magnetic structures are.

described and compared with the isostructural RMO M=Fe, Cr

3!’
and Al. The direction of the mégnetization of the rare earth

sublattice can be explained by the interaction between the rare -

earth ion and the crystal field. C;lculations which support
this are discu;sed in section 3. The temperature dependence
of'the magnetization of RTiO3 is.presented in section 4 and
cohparisons are madé with the rare earth iron garnets. . In
section 5, bulk magnetic data collected for samples in the ﬁgxm
of single crystals are presented and compared with the poly-

crystalline data.

1-2 ORIGIN OF THE MAGNETIZATION IN RTiO

3
There are two magnetic moments per formula unit in the

‘heavy rare earth titanium oxides RTiO R=Gd, Tb, Dy, Ho, Er,

3!
Tm and Yb. One ﬁagnetic'moment'is localized on the titanium
site (MacLean, 1980) and arises from the single 3d electron
.of TiIII. Thé second, and larger, magnetic moment is produced
by the‘unpaired 4f electrons on the trivalent rare earth ion:
In YT103 a?d LuTiOB, the only species'.with a magnetic moment

TII 11 have no un-

is the t;tanium ion, since both Lu and YI
paired electrons, hence they are diamagnetic. Magnetic moments
which originate from unpaired electrons are called atomic mag-
nétic moments. Atoms (or ions) can also have a nuclear magne-

tic moment whose magnitude is governed by the nuclear structure.

%



-The nuclear magnetic moment is. several orders gf magnitude
émaller than the atomic magnetic moment. As it has no bearing
on the bulk magneﬁic propertieé as far as this iﬂvestigation is
concerned, it will not be discussed any further. ;ﬁ
The '‘enerqgy levels of atomic states are affected by the
application of:an external magnetic field. The effect is small
enough to be treated by perturbation theory. The Hamiltanian.

for the system can be written as

Ho= Hy o+ U AR CITAC S (1-1)

where H0 is the unperturbed part and the perturbation is deve-
loped as a power series in the magnetic field, H. The .energy

of the jth state can be written as a power series in H to give

_o(0) (1) 2.(2) _
Ej = Ey ' + HES™' + HOEj (1-2)

It can be shown by perturbation theory that (Van Vleck, 1932)

(1) (1)
E. = <y.|H >
] wjl |wJ
and .
: (1) 2.
|<"p |H I’s“'>| 1 ‘ )
k#] | Ej--Ek ’
wj and wk are eigenfunctions of H0 with eigenvalues Eg and Eg
respectively. In the presence of a magnetic field, the kinetic

ith

energy of the i™" electron is expressed as (Ashcroft and Mermin,

(1976) '



»

Lo oAy :
Ti = z—ml' (Pi + —C'-") ' (1-4)

-_where the vector potential ii'is defined as

- 1 - - ’
Aj=-Fr, X H . (l_ 5)

1= eA; ’
T = — (P. - —=)
s . 2m, 1 C
’ 1 1
eb.-r, xH 2.2 -
S 2 i73 2, .2
= o= I (PS5 + = + 5 (xi+yi))
4c
S
2.2 :
=1y - wghed + SHox xZ+y3) . (1-6)
8mc” 1 .
Y ex
where kg 1is the Bohr magnetton, U5 T Imc’ and hL = ; riXPi

i .
is the total orbital angular momentum. The integaction energy

of the field with each electronic spin is given by

HS = - 2uBS-H (s = ? si) . : {1-7)

-

The combination of this term with the kinetic energy gives

the field dependent terms of the Hamiltonian:

A A 2.2 .
H = g (E+28)-8 + e H. r (x2+y%) . (1-8)
‘ gmc i & % .

Comparing this expression with the power series expansion.sﬁ

the Hamilton, we make the following identifications;
[ Y



K = @+ 28) (1-9)
= - , where § is thé magnetic
moment operator, )
and
(2) _ e? 2 '
H > I “‘21 v . (1-10)
8mc” i

The magnetic moment in the direction of the field for the jth

state with energy Ej is defined as (Morrish, 1965)

IJJ = = (BH)
(- 'EJ?“ - 2HEJ.(2)) ) (1-11)

Substltutlon for Eél) and E(z) leads to

' g{ e 4D [y o
Pj='<‘P|H(l)|¢>' T
E;-E
j k
S (2)
oy [H py>)
e |<y, |T+25|yp.> |2
_ T 2 k )
= u <¥i|L+25|¢p.> - 2Hp b
L I Y e
j
. &2y
- = 7 <V |): (x2 Tty )w > . | (1-12)

4mc

The magnetic moment has contrlbutlons from a permanent moment
plus an 1nduced moment whlch vanishes in zero applied field.
The wayefunctlons wj are eigenstates of the unperturbed

KEamiltonian HO. The major contributions to the unperturbed
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'y 8
- S
Hamiltonian are
= + . + A . ) - .
HO TO + He-n.+ He-e Hs—o HCF" (1-13)
where TO = kinetic¢ energy of electrons in zero applied field
H

e-n = attraction between electrons and nucleus

T

= electron-electron respulsion

s—0 T spin orbit coupling )

”CF = crystal field interaction.
He-n’ He—e and HCF originate from the Coulomb interaction, while
H is & relativistic effect. The relative magnitude of the terms

s-0

comprising HO’ as well as the symmetry of the local atomic en-
vironment (through HCF) determines the form of the wavefunctions

wj and the atomic magnetic moment.

Exﬁeriments have shown that the magnetic moment of TiIII

L4

in YTiO3 is 0.84 yp

value of 1 u

p Per formula unit - close to its’'spin-only

B (Garrett, Greedan and MacLean, 198l). Recall from

section 1-1 that this is the ‘enly structure where a local mag-

netic moment has been observed on the titanium (III) ion. Al-

though there is some unceftainty with respect to the origin of

the moment, the experimental evidence is conclusive. Hence,

the assumption will be made that TiIII has a moment of similar

magnitude in the other heavy rare earth titanium oxides. At-
tempts to calculate the moment in the ground state of TiIII in
YTiO3 are currently in progress, (Goral, unpublished). The zero .

field Hamiltonian for the 4f electrons on the rare earth ion can

..

X,
. ‘,4 L



be written as

Hy =Ty +H __ +H __+H __+4_, (1-14)

where the-last four terms appear in descending order of magni-
tude. The effect of electron-electron repulsion is to group

the many-electron 4f waﬁefunctions into terms of different ener-
gy. Each term is labelled by its totJi orbital and spin angu-

lar momentum, defined as L = & ii and'S = ¢ §i respectively.
i i
This is referred to as Russell-Saunders coupling. L and S are

-

good quantum numbers and the many electron wavefunctions are

written |L M, SM_> where M = L,L-1, ... -L and Mg =8, s-1,...

-S. The term which maximizes S and L, without violating the

Pauli exclusion principle, has the lowest energy. The spin-
\

orbit coupling operator has the form (Levine, 1974)

e

Hs-o =1 Ei(ri)zi'si
i
where
dav(r.)
1 1 i
E.(r.) = = . (1-15)
i'7i 2m202 r, dri

H,_ o commutes with the total angular momentum J = L+ but not
with L or § separétely. Therefore, H,_, is diagonal in J but .
‘nqt.in L or 8. 1If we assume Russell—Saunaers coupling ané ig-
nore any off-diagonal elements in L or S, the Hamiltonian for

spin orpitfcoupling can be expressed as (Silver, 1976)



Hs_0 = AL-S
= L (J(I+1)ILIL+1) -S(5+1)) . (1-16)

For the heé&? rare earths, the 4f shell is more than half-

filled so A< 0. Therefore the grouhd state has J = I+5 and
is (2J+1)-fold degenerate in the absence of HCF' The states
which are labelled by the quantum numbers S, L, J and MJ

com-
pose a multiplet. The expectation value of the magnetic mo-

ment operator M in the multiplet |LSJMJ> is equal to

B o= -uB<LSJMj|i+2§ILSJMJ> .

Using the Wigner-Eckart theorem (Silver, 1976), we can\éxpress

this as
W= -y gJ<LSJMJ|3{LSJMJ> ‘ . (1-17)
where
_ J(J+1) +L(L+1) ~S(5+1) " (1-
95 = 1 + 23 (5+1) . . (1-18)

This form of the magnetic mbment 6perator ignores elements
which are off-diagonal in J and assumes that the multiplets are
11 separated in ;nergy. When EPe fare earth ion is piaced in
(:j:%;rystalline environment, the interac;ion between the 4f elec-
trons and the crystal field can remove some, or all, of the
degeneracy of the free ion multiplets. A theorem;due to Kra-
mers states that the crystal field can lift all of the degene-

racy of the electronic wavefunctions of an ion with an even num-

at tmin Arwemme e x  t Y
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ber of electrons, but must leave an odd-electron system with at

least two—-fold degenerate wavefunctions (Kramers, 1930). The

4 (1)

expectation value of to first order is zero for non-dege-

. _ 3
nerafe states and so, when the crystal field has removed all’

of the degeneracy of the electronic wavefunctions, the perma-
nent magnetic momentlis zero {(see equation 1-12). If a field
is.applied,(such as when the magnetic susceptibility is mea-
sured, the induced magnetic moment is finite due to the second
and third terms in equation (1-12). In the crystalline envi-
ronﬁent, both J and MJ cease to be good guantum numbers. Hag:
ever,’ the crystal field splittings are generally small compared
with the separation between the multiplets so that mixiné of -
the wavefunctions from different mulﬂ%gi?ts can be ignored to

a good approximation.

\ The magnetic susceptibility per unit volume is defined

as (Ashcroft and Mermin, 1976) -

where
L y.(H)exp(~-E./KT)
_ 13 J ] ‘ . {1-19)
M(H,T) ¥V oI exp(-Ej/kT) ) :
| 3

The magnetic moment of the jth state is given by equation

(1-12):
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=, .= 2
2 . |<kaL+2s[wj>]
uj = p <¢ [L+ZSI¢ > - ZUBI{ z T 0
, k#] EjTEk
. e2H
-——wlz x+y)|¢>-
4mc N

If an ion has no Unpaired electrons then I, and -S are zero.

Thus the only contribution to the susceptibility comes from

—e2H

<y.|E (§?+§?|w.>. The result is a small negative suscep-
4mc N R T

tibility which is temperature independent end is referred to
as diahagnetiem. If the ion has unpaired electrens, then L
and/otr SYare nen-zerq and the first two terms in equation @
* (1-12) make contributions tp the susceptibility which are
larger than the diamagnetiléterm. The expressi;h for the
susceptibility of an ipn_iff a crystal field, ignoring the dia-
lmagnetic ébntributionl is shown in section 4-5. Its deriva-
tion is outlined in Mabbs and Machin (1973)7and invelves a
statistical mechanical average over the available érystal field
levels in which are kept only those terms that are independent
of 'the applied field. The susceptibility is p081t1ve with '
both temperature—dependent and temperature lndependent terms
_and is called paramagnetism.
- So far, there has been no mé%tiOn ef any interections
between magnetic moments on different sites in the lattice and
the Hamiltonian has been written for a single ion. When such

interactions’ occur, there is a crltlcal temperature, T . below

which cooperative ordering of the moments is observed. This
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spontaneous magnetization produces a susceptibility which
normally can be several orders of magnitude larger than that
observed for paramagnets. If the moments couple parallel to
one another, the phenomenon is cailednferromagnetish while, if
they order antiparallel, it is called antiferromagnetism.

' When there aretwo different magnetic species present in the
material, there is a third possibility known as ferrimagne-
tism. Here, moments of different magnitude are aligned anti-
parallel such that there is a-net magnetic moment. Other more
complicated arrays of magnetic moments are;knbw;} such as spi-
ral’, pelical, conical or triangular. It is noﬁ the intent here
to present an exhaustive discussion of these various pﬁenomena,
but merely to indicate that they all result from a Spontaneous

1

coupling of the magnetic moments at a finite temperature.

1-3 COUPLING OF THE MAGNETIC MOMENTS

Phenomenological Theory

In order for a material to develop ; spontaneous magne-
tization a£ a finite temperature, some mechanism must exist
for coupling the magnetic moments. Current theories ascribe

.

this to a correlation of.the spins on the neighbouring sites
due to a pombinatidnxpf the Coulomb interaétion and the Pauli
‘exclusion principle. Group theory can.be used to determine the
ways in which the spins comb%pe.

The spin associated with a magnetic ion can be repre-
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. sented by three orthogonal components Sy, Sy and Sy. These >

(2=1)

three components form a basis for the D irreducible re-

presentation of the full rotaticnal group (Silver, 1976). This

means that suitable linear combinations of the components

S_, 8, and Sz will transform as the spherical harmonics

x y
Y?(8ﬂ¢) for £ = 1. The coupled spins from two different mag-
" netic ions form a basis for the representation D(l) e D(l).

This representation can be decomposed with standard techniques
of group;theory, to the irreducible representations D(z) +\Q(l)
+ D(O). it follows that linear combinations of the products
fslaSZB’ where 1 and 2 refer to different spins and o,B refer
fto the components x, y and z, must transform as the spherical
harmonics Y?(8,¢), for ¢ = 2, 1 and 0.

“The spherical harmonic Yg is a scalar, so that its ba-
sis function must be formed from the scalar product §l-§2.
" This is identified as the Heisenberg term and is isotropic and

symmetric. The energy of the coupled spins is expressed as

.H=-3.., 8,°5. , (1-20)

where Jlé is a scalar. The Heisenberg term couples the spins
parallel or;?ntiparallel, depending on whether le is positive
or negative. The'cross product of two spins is a vector whose
il and Yg.

This coupling is referred to as the Dzyaloshinsky-Moriya in-

components transform as the spherical harmonics Y

teraction (Dzyaldshinsky,_lQSB; Moriyé} 1960, 1963) and is both
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anisotropic and antisymmetric, Its contribution to the energy

of the coupled spins is written as

H = Dlz'SlXS2 {(1-21)

where 512 is an axial vector. The dipolar-coupling between two
spins g¢gan be written in a way which transforms as the spherical
harmonics Y? for & = 2. This interaction is symmetric and

anisotropic and usually appears in the form.

H = Sl.TlZ.SZ . ‘ (1-22)

Group theory'has been used to show that there are three
ways to couple the two spins origihating from different mag-
netic ions. These can be ideﬁzifieéias an isotropic symmetric,
anisotropic symmetric and anisotrOpic.antisymmetric coupling.
However,.group theory dges‘not give any insight into the origin

or magnitude of these terms.

N

Origin of the Coupling of Spins

One way of coupling two spins is by a direct magnetic
dipole-dipole interaction. However, this mechanism underesti-
mates the critical temperature of some well known ferromagnets
by several orders of magnitude. With the advent of gquantum
mechanics} Heiseﬁberg was able tb show that the coupling be-
tween two spins originates from the exchange interactidn, which
is simply the Coulomb interaction combined with the Pauli ex-

clusion principle (Heisenberg, 1926)}. The following derivation
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can be found in many- textbooks on quantum mechanics (Levine,

1974}).

Consider two electrons moving in the potential field

of two nuclei. The Hamiltonian for this system has the form

(Hy + )4 = Ey

where
2
1 2 2 e e
Ho = = = (V74+7%) - =— - & __ ‘
0 Z2m 1 2 1a er
2 2 2 2
H' = : _f - : + : . (1-23)
ab 1b 2a 12

The subscripts a and b refer to the nuclei, and subscripts 1
and 2 refer to the electrons. In the absence of H', the ener-
gies of electrons 1 and 2 are identical. Since the electrons
are‘ind;stinguishable, the spatial part of their wavefunctions

el

can be written as

Vsymmetric = (Vo (L)wp(2) + vy _(2)y (1)),

and . '
l‘bar‘mtisymmet:::i.-:: = (wa(l)wb(Z) ‘_wa(2)¢b(l)) . (1~24)

H' lifts the degeneracy of this system so that

: K+J
E - = 2E + F)

symmetric 0 l+s2 .

0
and
‘ _ K-J
Pantisymmetric = 2Eg * 1-g2 ° . (1-25)
0

2E0 is the energy of the system in the absence of H' ’



17

.o * -
K = ¢a(l)wb(Z)H'wa(l?wb(Z)drldrz ,

* * ’
J = UJa(l)"llb(Z)H'lPa(Z)wb(l)dTldT2 ,

and
f

* *
-SO = wa(l)¢b(l)d11 = J wa(2)wb(2)dT2 . (1-26)

K, J and S0 are referred to as the Coulomb, exchange and overlap
integrals respectively. The Pauli exclusion principle demands

that the waveﬁunctioﬁ'for‘any system of electrons be antisymme-

tri¢. Since the wavefunctions for a system of two electrons

can always be written as the product of functions of the spatial

d wantisymmetric
combined with antisymmetric (S=0; singlet) and symmetric

and spin coordinates, Y must be

. dn
symmetric

(§=1; triplet) spin functions respectively. Thus

-

Yy = wsmetric(ﬂ(l)B(~2)-B(l)a(2)) ,
and a(l)a{2)
3 = —
¥ = wantisymmetric a(l)B(2)+a(2)B (1)} - (1-27)
B(l)B(2)

where o and B refer to the two spin states of a single electron.
" )

If the energy__ZE0 and the overlap integral S0 are ignored, the

energies of the singlet and triplet states can be expressed as

LY
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Esinglet = K+J (§=0) ,

and ?

E = K-J (s=1) . °  *(1-28)

: triple£

The energies of the singlet and triplet states differ by an
: ¥
amount which is determined by the exchange integral, J. Al-

though J originates from the Coulomb interaction -

e2 e2 e2 e2
H' = - - + '

ab F2a Tib Fi12

LY

this can be interpreted as an effective coupling of the electron

spins. For S = §, + S, ,

1 2

2 2 2 z .z

s = 8] + S, + 28,5, .
For the singlet state, S = 0 and §l-§2 = - 3/4 .
The triplet state has § = 1, so §,°5, = 1/4..

If the interaction between the two spins is written

<1 -
' —-_ - — - -
H' = K 5 J 2J Sl S

}

the energy of the system is E = K+J when §1-§2 =~ 3/4 (S=0)

and E = K-J when §1-82 = /4 (S=1). 1If we ignore the terms

2 (Van Vleck,1932) (1-29)

that are independent of the spins,

| e - -
H' = 2J12 Sl_ 52 ’ _ (1-30)

*

which is the Heisenberg spin Hamiltonian. When J12> ¢, the

triplet state (+t) is the ground state and when J12< 0, the
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singlet state (++) is lowest in energy.

The exchange integral J is given by

* *
J = H YLy (2)H % (2) ¥ (L)dT,dT,

ez/bs; 28 o (1) e? p. (1)d
= -0 - T
rab 0 0 a rbl"b ' 1
* * e2
+ W (1), (2) S—= v (1§ (2)dr dT, . (1-30)
12

If the elect;ons are in orthogonal orbitals, the terms‘in S0
are zero, so J> 0. In this case, .the triplet {S=1) state

is the grdund state. This is the physica; origin of Hund's
rule which ‘'says that the state which maximizes the spin of an
atom will be the ground state. When the orbitals are noﬁ ortho-
gonal, the sign of J depends on the relative size of the va-
rious terms in the above éxpression.

The interaction between spihs on adjacent sites is
called direct exchange. Often, the magnetic ions are separated’
by a diamagnetic anion or ligand such that a direct inte;ac-
tion is not possible. Exchange which is mediated in some way
" by an intervening diamagnetic species is referred to as super-
exchange. The first theory of superexchange, introduced by
Kramers (1934) involved electron transfer from filled orbitals
on the anion to'partially.filled orbitals on the adjacent ca-
tions, hence creating an excited ionic state.. This i; illus-‘

trated in figure 1-2 for the anion 02_ and the cation M**. an
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electron is transferred from the P, orbital of 0°~ to the dz2
orbital on M++, thus forming the species M+O-M++ in an excited
state. The remaining P, electron on 02_ can exchange gouple
with the d22 electron on the adjacent M**. since the P, and
and dz2 orbitals are not orthogonal, the sign of J depends on
the relative strengths of the various terms which go into the
expression for J. 1In figure 1-2, ¢ase ¢) corresponds to J> 0
and d) corresponds to J< 0. The wavefuncgion which describes
the system is a mixture of the ground state before electron
transfer plus the-excited ionic state. Configuration mixing
will stabilize either the singlet or triplet ground state, de-
pending on the sign of J. This picture of superexchange has
subsequently been modified to treat superexchange as the re-
sult of direct overlap of cation 4 orbitals which have been
expanded by interqption with the intervening anion. In this
sénse, there is no fundamental difference bétween‘direct ex-
change and superexchange (Anderson, 1963).

It is very difficult to predict the sign of the ex-
change interaction as there are many one-electron transfers
which must be considered. Goodenough (1955, 195§) and Xanamori

{1959} have had some success at predicting the.sign of J
for 180° and 90° exchange for d electrons in Eubic symmetry.
Theii?r?—?i bond angles in RTiO3 are intermediate between
theééwtwo limiting cases (Maclean, Ng and Greedan, 1979), and

so0 any predictions of the sign of J would be dubious. The
) !

a4
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a { 1 1L 1 triplet\f

grtm#nd
state -
b 1 Al | single
Mf O" .MH' |
JL y .1
c . 2 A 4 triplet
excite
- state J ,
d | AL ¥ . singlet
y ” |

"Vfotaﬁpquground t q%xcifed

. . ++ = ++
Fig. 1-2 Superexchange in the M O M system.
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closest Ti-Ti contact in RTiO3 is about 4 R, withrghe result
"that direct exchénge is no£ likely to be important._ Thé‘rare
earth 4f wavefunctions are tdo localized to participate in
direct exchange, although R-Ti superexchange can occur by the
transfer of an ;lectron-to the unoccupied 54 orbitals of the
rare earth ion.

The exchange Hamiltonian derived by Heisenberg describes
only one way that spins on neighbouring sites can couple. The
phenomenological Eheory predicted vector and dipolar couplings
as well. By taking account of spin-orbit coupling in the
mechanism of superexchange, Moriya obtained ;erms‘of the form

DlZ-SlXS2 and Sl-F12

term does not originate from dipole-dipole coupling, it is re-

xS, (Moriya, 1960, 1963). As the latter
ferred to ag pseudodipolar coupling. Moriya's calculation
treated A/A as a perturbation, where X is the spfn,orbit coup-
ling and A represents the cryétal field, and so it is most
applicablé for the discussionAof exchange involving 3d elec-
troné; White and White (1968) cg;;idered exchange'cogpling be-
tween single £ and-a electrons. They also found terms in the
exchange splitting which correspond to anisotropic symmetric

ahd antisymmetric coupling.

1.4 THE CONSEQUENCES OF FERROMAGNETIC TITANIUM EXCHANGE

A survey of the magnetic properties of the materials

03, M=Fe, Cr and Al, reveéals the following two features:
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a) antiferromagnetic ordering of the transition metal mo-
ments at temperatures of order 100K.
b) antiferromagnetic ordering of the rare eérth moments at
temperatures close to 4K.
In the orthoaluminates, where. the only mégnetic species is
the rare earth ion, magnetic ordering occurs only for DyAlO3
and TbAlO3 at Approximately 4Kf This indicates that R-R ex-
change in these systems is very small. Figure 1-1 shows that
the rare earth ion can couple with eight nearest neighbour tran-
sitionmetal ions which are all crystalloéraphically equivalent.
When the transig§bn metal moments are coupled antiferromagne-
tically, the isotropic R-M coupling vanispes by symmetry and
the rare earth and t;ansition metal moments order at different
temperatures. The fact that the critical temperatures for
ordering of the rare earth moments in RFeO3 and RCrO3 are in-
creased.only marginally from their values in RAlO3 indicates
that the magnitude of the R-M anisotropic coupling is also
small. In RTiO3, the titanium'moments couple ferromagnetical-
ly, so that the isotropic R-Ti coupling does not cancel. As a
result,hboth the gadolinium and titanium moments in GdTiO3
order- at the same critical temperature of 34K (Greedan and
MacLean, 1978). This is one order of magnitude larger than the
critical temperature at which ordering of thé rare earth mo-
ments in RMO3, M=TFe, Cr andAl is observed. The fact that ;he

gadolinium moments are ordered at such a high temperature is a
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direct consequence of-the non-vanishing isotropic R-Ti coupling.
The critical temperature for GdTiO3 is greater than that for
YTiOB, which suggests tha£0the ﬁ-Ti eﬁchange coupling could
be makihg a significant contribution compared with the TijTi

coupling.

1-5 MOLECULAR FIELD THEORY

The Hamiltonian for a system of identical non-interac-
ting magnetic atoms with éngular momentum J and magnetic mo-

ment Hys in the presence of a magnetic field H0 along the z

axis is given by

with eigenvalues

E = -gumH, m=J, ... -J . (1-31)

1

Application of the standard techniques of statistical mechanics

yields the magnetization of the system:

M = N<py >,
z

h
where 'gumH
+J B 0
"~ KT
L gu . _me
<. > = M==Jd 5 (1-32)
Mg gu_mH !
Z +J B 0
KT
Z e
=-J

and N is the number of magnetic atoms per unit volume.

The expression can be reduced to the form (Smart, 1966)

M = Ngu JB.(x) , o (1-33)
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where BJ(x) is called the Brillouin function, and

_ 2341 23+1 1 X
‘ BJ(X) = 57 COth(T x) _2J coth —_2J
with , h
gu.JH ’
- B 0 -
X = T . (1.34)

]

In the limit that T + 0 or H +» =« (x >> 1), the Brillouin func~
. . o

tion tends to unity. This corresponds to all of the magnetic

moments being aligned parallel with the field, so the system

has reached saturation. The high temperature, low field ex-

pansion of the Brillouin function is given by

kS

= I+l -
BJ(x) =33 X ’ X << 1. (1-35).
Under these conditions, the magnetization is equal to’ *
NgZuZ (J+1) |
,M = KT H0 - (1-386)

and the magnetic susceptibility becomes

NgzugJ(J+l)

X = ﬁ% = T3%T -5 . (1-37)
where _
NgzugJ(J+l)
c = 3K - . (1-38)

This is known‘as Curie's Law and it describes the paramagnetic
éusceptibility of a systém of non-interacting magnetic mo-
'ments for which J and m are good quantum numbers.

Systems that develop a spontaneous magneéiéation at
a finite temperature must have interactions between the con-

stituent magnetic moments as has already'beén discussed. The
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earliest attempt_t§ account for these interactions was made by
Weiss (1907). He ¥epresented the interactions between a single
magnetic atom and the rest of the crystal with an effective
field. The effective field is assumed to be proportional to

“the éverage magnetic moment of the crystal and is written

He = AM , | (1-39)

[ .

where A is the molecular field i&upling constant. The total

— .
field acting on a magnetic ion has contributions from both the
external and the molecular field such that

H=Hjy+ AM . . (1-42)

It has alfeqdy been shown that the paramagnetic susceptibility

has thé form

=M-C -
X=g=F- | o (@ma

M = %H , - (1-42)

where C/T is the susceptibility of a non-interacting system.
When there are interactions between the constituent moments,
the magnetization above the critical temperature can be ex-

pressed as .

3j0

H = (HO + AM) , (1-43).

i]ln ‘
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and

. M C :
}\:—:.._ = —_
i =7s - ©0=AC. (1-44)

*This is known as the Curie-Weiss law fq; ferromagnéts and the

Weiss c0nstén§/ 0, is propdrtional to thé molecular field

o~
coupling constant, A. For antiferromagnets, * < 0 and

X = (1-45)

_C_
T+0 °

The interaction between two spins can be written in

-

-

terms of the Heisenberg spin Hamiltonian ,

A

(146)

H.,, = =23..8. 5.
ij ij"i 73

- *

In the spirit of the molecular field theory, the energy of .

" . th

interaction betwéen the i spin and all of the remaining

-

spins in the crystal is written as
. :

—

H. = -28., « £ J . . (1-47)

i i . i'si'
3 J 1]

‘This can be replaced by an interaction between a single spin

and an efféqtive field Hei so0 that

Hi=- guBSi-Hei . (1-48)

‘Frbm,these two equations we obtain an expression for the effec~

tive field He,: .
g B 2 5 7.8 (1.-49)
e, = — . . . < -
i gup 5§ "i37] *
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-

Ll

- If each spin is replaced by its average value <§j>, the ef-

fective field becomes

2{Z Jj) .
ﬁe = "—%2—. F‘I ’ l (1"50)
Ng ug
where M = NguB<§j>. The subscript i_has been dropped since

the effective field is the s@ﬁe for each magnetic atom. The
subscript j refers to first, second, etc. neighbours. If only
isotropic coupling is considered, He and M will be paral-

lel. Therefofe, we can drdp theé vector notation to write

(=

2(? Jj)
He = —_t M=

where

s A= —d | (1~51)
If the total field, H = H0 + AM, is substituted into the argu-
ment of the Brillouin function, the high temperature expansion

of eguation (1-33) becomes

Ng®uZs (s+1)

. M= 5T (Hy+AM) . y (1-52)

Writing the susceptibility X = ﬁL =.T§§ 2 we obtain an
) 0
expression for 0:
2(Z Jj)S(S+l)

. = J . -
- = w0 {1-53)

3
-
6%



29
In general, the magnetization is given by:

‘ . gu.S

= = _ B
M = NguBSBS(x) ;X T (H0+AM) .

-

Since M appears in éhe argument of the Brillouin function, this
equation must be solved by numerical or graphical techniques.
The result is that, for zero applied field, there is a non-
vanishing spontanecus magnetization below a critical tempergr
ture Tc' given by:

¢ 2(Z Jj)S(Sfl)

T, = J o = Q. (1-54)

Therefore, molecular field theory predicE§ a spontaneous magne-
tization below a finite critical temperature. The magnitude
of the critical temperéture depends oﬁ the strength of the in-
teractions between neighbouring spins, Figure 1-3 shows the
reduced spontaneous magnetization g = M(&ﬁ/M(Oi against the
_feduced temperature 17 = T/TC éccording to molecular field
theory for spins }w % and o, taken from Smart (1966). Molecu-
lar field_thgoey\ean be generalized to include ferfomagneti;
and antiferiomagpetié interactions as wdll as lattices with
more than oné mégnetic ioen. The molecﬁlar field equations
 for the ferrimagnets, RTiO3,raf¢ written down in detail in
section 4-5 and the equation for the susceptibilty above Tc,'
as a function of the molecular field coupling constants, is found
in section 4-2.

For temperature approaching absolute zero,
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"REDUCED MAGNETIZATION

0.5 .0
REDUCED TEMPERATURE

Fig. 1-3 Temperature dependence of .the reduced mag-
" netization for ferromagnets with § = 1/2,
7/2 and e .
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3 Tc
o =1~ Zexp(- g7 37) '
limo= 1 ,
T+0
and
lim g% =0 . (1-55)
T-+0 . ’
S

Thus, molecular field theory satisfies the third law of ther-

-

- modynamics. Near the critical temperature,
o (TC-T)l/2 , o
with the consequence that 02 should vanish linearly with tem-
perature as (TC-T) + 0. Also, the heat capacity shows a dis-
continuity at T = T which is characteristic of second order
phase transitions.
Molecular field theory has had some qualitative success.
It predicts a spontaneous magnetization at a finite critical
tempera£urerand it links the magnitude of Tc with the coupling
constant A. It satisfies the third law of thermodynamics near
T=0 and predicts a discontinuity in the heat capacity af the
_critical temperature. However, the quantitative predictions
of the theory near T = 0 and T = Tc are not borne out by ex-
perlment {Smart, 1966 Carlln, 1977) Experiments with feryxo-
. magnets have ‘'shown that the decrease of ¢ with increasing tem-

3/2

perature just above“absolute zero follows a T law as predic-

ted by spin wave theory (Smart, 1966). The susceptibility of
) ra
ferromagnets shows deviations from the Curie-Weiss law near T

-

which are not predicted by molecular field theory. Also, the
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ratio TC/O is usually observed to be less than 1 for ferro-
magnets (Smart, 1966) whereas mean field theory predicts
T, = Q.

Molecular field theory fails to predict the correct
temperature dependence for o near absolute zero because the
effective field is propottional to th& average magnetization.
Therefore, it takes ‘more energy to fiip one spin.than is re-
gquired by spin‘wave theory where each spin flip is shared by
many atoms. The interactions in mean fieid theory are effec-
tively infinite in range, so no account is taken of the effects
of short range order, which become important near Tc. Also,
molecular field theory is independent of the dimensionality of
the system. This has serious implications because the impor-
tance of short range order depends on tﬁé dimensiqnélity of
the spins and of the.l-attiée (Carlin, 1977). With these short-
comings,'ﬁolecular field theéry is not reliable near T = 0 or
T = Tc. However, it does work well for temperatures not too
close to Tc or absoluté zexo. It will be used to analyze the
paramagnetic susceptibility of the ferrimagnets, RTiO3, in
sections 4-1 and 4-5, for data collected betﬁeen réom tempe-
rature and temperétureiaéproximately 20K above Tc. In section
4-4, the temperature dependence of the reduced magpetization
of RTi03, as determined by neutron diffract;On, will be com-
pared with the results of molecular field theory for data taken

in the range .20 < T < .98 . There are theories which go beyond



33

the simple assumptions of molecular field theory (Morrish,
1965; Smart, 1966), which try to take account of short range
order or offer a better evaluaéiou of the partition function.
But these theories do not offer any significant improvement
over mean field theory for the temperature rangé:of interest
and insofar as the analysis of the data in sections 4-1, 4-4

and 4-5 is concerned, the results of mean field;gh%Pry are

adequate.

1-6 ©SPIN CONFIGURATIONS OF IONIC STRUCTURES

Many ionic compounds, of the general formula RMO, are

3
known to undergo magnetic ordering (Goodenough and Longo, 1870).
Although most of these materials have the same crystallographic
'structure, they differ in their magnetic structures.: How many
magnetic structures are possible for a given crystal structure-
type, and what factors determine which magnetic structure will
be the most stable one? ﬁerﬁaut has developed a systematic

way of approachihg these questions using a technique known

as representation analysis (Bertapt, 1963, 19§7). The basic
jdeas of this method will be outlined below.

The theory applies to materials which have a well-de-
fined crgsta} structure and which have magnetic cell parameters
that are integral muliiples of the chemical cell parameters.

The folldwing analysis is restricted to the case where the

magnetic and chemical unit cells are the same size. The ques-

tion is, what are the allowed spin configurations in this

*

¥
-~ LR
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crystal structure? The, Hamiltonian must be invariant under
spin reversal and symmetry operations of the crystallographic

group. For the bilineq; Hamiltonian

N

H=-2 I J..5,°S5. , (1-56)
A s I S
lr]

the allowed spin configurations are those which form basis
- functions for the irreducible representations of the space
group. The product of any irreducible representation with it~
self will contain the symmetric representation, _ thus ensuring
that the Ha@iltbnian will be invariant under all.symmetry
operations of the groub,

The materials RMO, belong to the space group Pbnm -

3
(D;g). The M atoms are on the sites:

(4b) 1 0

o
=
~

LT o
=

tof -
<

ST

N
-
O

(S

[P

which are centres of inversion. They are labelled 1, 2, 3 and

4 in figure 1-4. The R atoms occupy the sites:

1--31 1 1 1
(4c) le:ZFer %75"" xl-]z':_y'l%;-z__ xf§+Y:'4_ .
The general position is 8-fold: -
(8d) & (x,y,z;%-—x,%i-y,%—-z:i,?,%+—z;%+—x,%-—y,§)

where 4a, 4b, 4c and 8d are the'symbols used by the -Interna-
tional Tables for Crystallograp;f} Volume I, to label the dif-

flerent sites.

The generators of the group are the independent sym-

r
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Fig. 1-4 Rare'earth and titanium positions in

the orthorhombic unit cell.
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metry elements which will generate all of the equivalent points
of the gengral position from a given point (x,y,z). The choice
of generators is not unique and could be the set b, J and m
which specify the space group Pbnm. For theé purpose of label-
ling to which irreducible representation the spin configurations

belong, the following generators will be used:

1l
le at (x,E.O)

1
2,y at (x,yq)
1

The first two are 2-fold screw axes and the third is the inver-
sion operator. Since the spin configurations must form basis

functions for the irreducible representations of the crystal-~

LV

lographic space group, the appropriate linedr combination of -
. t

spins can be chosen by inspection of the character table. The

translational symmetry of the spins is described by a propoga-

tion vector k. For example, if k = % b.,, where b; is defined .

3! - -
- _ 2rik-1
by bi°aj = Gijfor'aja lattice parameter, the phase factor e
woulll ‘change sign for a translat

- -
ion of TI=¢ (8231 3 b3ec =

et = -1) corresponding to a spin reversal. This would result

in a doubling of the magnetic unit cell along the ¢ direction,.
Here, the magnetic and chemical unit cells are the same, and
so k.= 0. The vector k = 0 has the full symmetry of the point

group; therefore, the character table for D can be used to

2h
choose the basis vectors.
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The character table for the point group D2h {alsc Pbnm, ﬁ1=0)
is shown in table 1-1. The linear combinations of spins

whichetransform like the irreducible representations of the

point (space) group are

A=85, -5, -8, +58, . (1-57)

The next step is to determine the transformation properties of

1x’ 21y and 1. It

is easier to deal with the basis functions component by compo-

these basis functions under the operations 2

nent. Starting with the transition metal spins located on the
sites (4b), we can determine the transformation properties of

the x, y and z components of the basis functions F, G, C and A
under the three s&mmetry operations. The spins are axial vec-

tors which transform according to (Arfken, 1970)

1w

s, = lAIl
l .

LA LS., | (1-58)
: j ' |

1 3]

where A is an orthogonal matrix representing the symmetry ope-
ration and |A| is its determinant. The transformation proper-
.ties of axial vectors are summarized in figure 1-5. For example,

if Gx represents the spin configuration S x-52k+é -8 for

1l 3x "4x

spins located on sites 1, 2, 3 and 4, then:
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Table 1-1
Character table for the point group D2h and the
space group Pbnm (k = 0).
E 2lx zlyi le 1 lel zlyl 21 1
1 1 1 1 1 1 1 1
1 1 -1 -1 1 1 -1 -1
1 -1 1 ~1 -1 -1 1 -1
1 -1 -1 1 1 -1 -1 1
1 1 1 1 -1 -1 -1 -1
1 1 -1 -1 -1 ~1 1 1
1 -1 1 -1 -1 1 -1 1
1l -1 -1 1 -1 1 1 -1
»
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2. G = le(Slx—S +S, =5, ) = -G

1x x 2x T3x T4x x
2lYGk - (Slx Sox™S3x784y) =7 Gy
l.Gx = l(slx-52x+83x-s4x) ='Gxo' ‘ (1-59)

Therefore, Gx transforms as the irreducible representation

labelled I, (--+) for spins on the sites (4b). The same procedure
. P . .
can _be applied to the spins on the rare earth sites (4¢). In

this case, Gx tfansformsnas P5(+&—), which means that for spins

on tiese sites, the linear combination G, changes sign under
'

1 but is invariagt under 2, and 2, . The results for all the

spin configurations on éiles (4b) and‘(4c) are summarized in
table 1-2. |

The bilinear Hamjiltonian must be invariant under sym-
metry operations of the group.‘Therefore,'this Hamiltonian will
only couple spin configu:atioﬁs which belong to thé;same irre-
ducible representation, since the product of an'irreducible re-.

presentation with itself contains the symmetrié& representation.

In the heavy rare ear h.tltanlum oxldes,'lf the- rare ‘earth and

titanium spins are coupled, then thelr Spln conflguratlons must
-
belong to identical representatlons; Thlsresult plays an 1m—'
1}-’
portant role in the 1nterpretatlon Qf the magnetlc properties

,f)f these materials. | _ NS



41

-

Table 1-2 ]

Transformation properties in space group Pbnm’

Representation Transition Metal. Rare Earth
Pp(F+4) ' A, G, . C, . c,
I (4= F CY G, F, C,
rl3 (=++) | C, Fy A, C, rf'y
Fgl==t) Cy Ay . F.
Mg (++=) ‘ . G, Ay'
Pelmm) . A,
FT(_+_) " | Gz
Tg(==-) ' A, G,

1 'g-g.

bR

e

payaXi
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1-7 AN OVERVIEW OF NEUTRON SCATTERING

The theory of neutron scattering is well described in
the literature (Bacon 1975, Gurevich and Tarasov 1968, Marshall
and Lovesey 1971, Squires,.1978) and will not be reproduced here.
Only those aspects of neutron #cattering which areﬁpertinent to

the present investigation will be discussed.

4

A beam of neutrons which is directed towards a sample

will be scattered by the nuclei in the sample. The incident

#

neutrons can be described by a plane wave,

p, = etkz (1-60)

L4

where k = 2n1/) is the wave number. For thermal neuﬁkons, A
i
[~} .
l A which is much larger than the nuclear radius, so the scatte-
ring from a single nucleus is spherically symmetric. The scat-

tered wave can be written as

b gikr (1-61)
r .
where r is the distante from the scattering cenfre and b is the

scattering length. . The total scattering cross section is defined

as

_ outgoing current & neutrons .
~ incident flux of neutrons

2 | b ikr|Z2 '

. ‘= 4Tfr¢VI—'1—_ e |
. 2
vlelkzl
' ' 2 R ' 2

= 4nbh” -, {1-62)
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provided that the outgoing current does not include unscat-
tered neutrons from the incident beam.

The scattering length, b,'is different for each isotope : \‘\
of an element. Forvthose isotopes that have a nuclear spin I,
there are different scattering lengths, b+ and b-, depending on
whéther the neutron spin is parallel or ahtip;rallel to the nu-
clear spin. Consequently, when the neutrons are incident on - a '
sample which is composed of a single elemenﬁ, Fhe scattering
lengths will change in a rapdom-fashion from site to site, pro-
vided‘that the isotopes are distributed randomly throughout
the material. The wave scattered from an assembly of nuclei

is written as

b . = aE ,
b = _ ;g e1kr alP Ak , (1-63)

s z
p
where p is a vector from thé_origin to the pth nucleus and
|x| >> |p|, where r is the distance to the‘séattering centre.
The scattering vector Ak is equal to Es'-ii where Es and Ei
are the wave vectors of the scattered and incident neutrons
. respectively. The expression eiB.Ai represents the phase dif-
ference between neutrons scattered fyraom different éoints in the
sample. If b is the average scattering length of the element,

‘then the scattering length at any site is

-

b =5+ (b - b) O (1-e4)

and the scattered wave becoOmes
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v = 3 (5+(bp-5))el°'Ak ) | (1-65)
; _

The scattering intensity is proportional to lws|2,‘thus we can

write - 5
ike _ _ mE
1« |& ¥ (b:X (b_-B)) Ptk (1-66)
: o
o]
At uniﬁ distance from the sample,
I« |T (R+ (b-b)e? ok
p b
p ]
-t 1 (b%+ b(b-b) + b(b_,-b)
£ [] p . p
o" p
- - A i RN
+Ab_~B) (b_,-B))el PRI Ak
p p
_ 31 (B2 +(b -B) (b ,-B)yyetlPTPiIAk (1-67)
p o' P P e -

since the cross ‘terms average to zero. The scattering intengity,
‘ 1
is the sum of two terms which represeﬁt coherent and incoherent

scattering respectively. The coherent term is given by

o TSy AR ;
I, =Lz biel(p pt) bk
p o'

__2
elpfpk

(o]

=L

= (1.68)
P

The amplitude of the coherently scattered wave is summed over
all the sites and the coheréent scattering intensity is propor-
tional to the total amplitude squared. The incoherent term is

given by

= = i(p-p')-ak
I oon © 5 I (ByB) (b, -Ble
: b P L
- 3 (B-b_ ) (b-b_,INé= =
- (b p)(\ p') 5,5
= N(B2-B%) - d (1-69)

The total incoherent scatterinhg intensity is the sum of the in-

coherent scattering intensity from each site in the sample.
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The position vector p, defined as the vector from the

origin to the pth nucleus, can be reglaced by

~~

p=p + p. s : 1-7
P pmfnlp p] ( 0)

o ; i o i a = ma+nb+pc
wheke pm,n,p is a lattice vector defined as pm,n,p nb+pc,

from the origin to the unit cell m,n,p and m,n,p are in-

tegers,. ‘3‘

and Ej is the position vegtor of the jth nucleus in the unit
cell.
Substitution of (1-70) into (1-68) leads to . {f
_ _ _|2
i(p +p.) Ak
I_p.=| I I Bbie ™MPJ
c m,n,p p,
J - o .
£ - - - 2 .
i(p «Ak) _ ip.-Ak
= )X e /P b bje ]
m,n,p pj
o 7 ip,-0k|? -
= [N §(G-2k) © b.e ' (1-71)
o, J :
]

- ok % —* . ) .
‘where G = ha + kb + %c is a reciprocal lattice vector, and

- - - F
a, b, c are reciprocal lattice parameters defined as (Ash-

croft and Mermin, 1976)

3" = 2ribxe) |
*bxc
—% CXa ;
p* = 2M{cxa) | ~
a-bxc . .
ot - mlaxb) | & (1-72)
pehvr
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The coherent scattering will be zero unless Ak equals a reci-
procal lattice vector This is equivalent to Bragg's law:
A = 2dsin0®, where d is parallel to the scattering vector Ak.

The Bragg diffraction intensity for nuclear scattering is

- - . | -2 .
I = IN I b. ex 1 Aky.+8z. 1-73
con & | e p2r (jhj Yi+ez3)) | | ( )
and
p. = x.a + y.b + z.c , ©(I-74
DJ ?xja yj z; _ (I-74)

where xj, yi, z. are the fractional Cartesian coordinates of

]
the jth nucleus in the unit cell. So far, the nuclei have been

treated as if they werk static. 1In reality, the nuclei vi-

. ' &

brate about thedix equilibyium positions so that they are not
reaily point \scatt . This introduces a term e-2W into the
expression for the coherent scattering intensity, where W is

.called the Debye-Waller. factor. Thus, the expreésion for the

coherent nuclear scattering intensity is

R <IN Z Bjexp2ﬂi(hxj+kyj¥£zj)|2e~2w . (1-75)
3

ICO

The.factof z Ejexp2ﬂi(hxj+kyj+£zj) is called the structure fac-
tor, Fhkz,,Jas it provides structural informatipn about the
material under investigation.

The neutron has a magnetic moment of 1.91 huclear mag-

netons. Therefore, when the atoms in a compound have unpaired

electrons, there is an additional interaction between the mag-

e
netic moment of the neutron and the atomic magnetic mofiﬁg,p—a——-_
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This additional magnetic scattering enables neutron diffraction

experiments to provide definitive proof of the existence of
magnetic ordering and, under favourable conditionsg, to deter-
mine the magnetic structure. The magnetic scattering length

can be defined as

. 2 :
' : P =gI(&XL )f (1-76)
2&3%\%“*’”$#‘h\\\\

where: g Landé factor

[
I

angular momentum of the unpaired electrons

Y = 1.91 nuctear magnetons

hh
|

form factor.

The form factor f arises from the interference between waves
scattered from different regions of the unpaired electron den-~
sity on the same atom. This factor did not occur in the ex-

"pression for the nuclear sdattering length because the neutron
¢ ./—-—
wavelength is large compared with the nuclear diameter. It

PRl

could be argued that the Debye-Waller factor is the nuclear

analog of the form factor. The differential cross section for

magnetic¢ scattering is defined as

K do = q2p2 ’ ' (1-77)
where . - .
= c(e+M) -M , (1-78)

jte ]

m>
i

> unit vector in the direction of Ak,

M = .unit vector in the direction of the
magnetic moment. * .



-

a8

The magnitude of a is equal to sin o, where o is the angle
between £ and M. . In a paramagnetic material, € and M can

assume all possible relative orientations, and so

- ~
_ _ 2.2
ddpara =4aPp
2 2
= 2 g%3(a+1) (20 52 (1-79)
. 2me

. . 2 2
since sin a = 3 . ,

For materials that undergo magnetic ordering

2 2
do = q’(g3)? (21 £ (1-80)
, 2mc

below the critical temperature. Since the magnetic moments are

’ordered, g cannot take on all possible values, but only those
for which g is equal to E(E-ﬁ}:ﬁ__igg_ﬁ is parallel to a reci-
procal lattice vector. The intensity of fhe magnetic scatte-

. ring fromla B;fgg plane depends on the‘relative orientation of
the magnetic moment and the scattering vector Ak wh;ch is per-
pendicular to thé plane. If the moments are perpendicular to
the scattering plane, then o and q2 are zero. Consequently, the
intensity of the Btfagg scattering is zefo from éhe plane perpen-

Vg .
dicular to the magnetic moment.

The differential scattering cross section for nuclear ,

plus magnetic scattering can be expressed as

2 2

do = b“ + 2bpg-X + pzq , (1-81)

. where X is a vector in the direction of the polarization of the
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incident neutron. When the incident neutrons are not polarized,

the average value of &-X is zero; therefore,
P

dg = b® + p?q’ . (1-82)

Hence, the nuclear and magnetic scattering intensities are ad-

ditive. The,total scattering intensity is propoftional to

Flexp (-2W) where 7 : e

2 = . 2
Fluc |§ bjexp2ﬂ1(hxj+kyj+22j)| (1-83)
R

P 2 2 .
4 a | P.exp2Ti{hx.+tky_.+2z. , 1-84
: mag lj 3SXP ( 37 °Y 3)| { )

and the résultant F2 is defined by

F2 = F°__ + q°p? ) (1-85)
= “nuc 7 9 Fmag " '

s

A

In section 1~6, we showed that there are foufydiffe— )
-~ . . . .
rent spin configurations for the rare earth and titanium mo-

ments, which Qere labelled:

F =5 +5, +5;+5

G=5 -8,+5;-5,
C=85 +5, =5, 5_54
A=2S5) -8,-8;+5,. . (1-86)

1
If we substitute the above spin configurations into the magnetic

)
-
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4

structure factor for the rare earth and titanium moments, we
can determine the conditions for which Fmag # 0. The results

for the reflections (h,k,%) are

F: h + k = 2n £ = 2n
G: h + k = 2n+tl , 2 = 2n+l
y C: h + k = 2n+1 , L = 2n ’
A: h + k = 2n r L = 2n+l (1-87)

where n is an integer. The above conditions are rigorous for
the titanium moments as they occupy special positions.. The
rare earths are not on special positions, so the above condi-
tions are such tgat Fmag is a maximum. °

In order to determfn; the magnetic structuxe of a ma-
terial, it is necessary to know the space group of the chemical.
cell. Neutron diffraction patterns are then collected above
and below the critical temperature. Additional diffraction ef-
fects which develop below Tc can be attributed to magnetic orde-
ring, on the assumption that the chemical cell remains the same.

The procedure will be outlined for the e -earth titanium

oxides. »
The chemical cell belongs to the space EZEBB“anm,
which means that the following reflections will be absent from

the nuclear diffraction pattern (Woolfson, 1970):

(h,0,0) , h = 2n#l. @
’ (0,0,2) , & = 2n+1

(0,k,2) ,

(h,0,2) , (1-88)
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If the magnetic and chemical unit cells are the same size, all
magnetic reflections canbe indexed using integral h,k and 1.
Otherwise, some reflections will appear with fract;onal indi-
ces. A ferromagnetic array of magnetic moments has the same
symmetry as the chemical cell, and therefore the magnetic re-
flections will have the same systematic absences as the nuclear
. -
regflections. If additional magnetic reflections appear which ‘
are systematically abseﬁt in the guclear pattern, then the or-
dered array of magnetic moments has lesé symmetry than the‘nu- -
clear structure. Such is the case when the moments order anti-
ferromagnetically. The mements may have one component that is
ferromagnetic and one that is antiferromagnetic, which leads
to a canted spin structure. If antiferromagne&ic reflections
‘axe present,ére can deterﬁine the spin configuration by exami-

ning the conditions for which Fm g # 0. The direction of the

a

magnetic moments can be determined by identifying which reflec-
-tions are absent that are otherwise allowed by the above con-

ditions. This procedu}e can be complicated in practise due to OS-
the many overlapping reflections that occur in the diffraction

pattern of polycrystalline samples. p

*

1-8 THE CRYSTAL FIELD

when an ion is placed in a crystalline environment, .it
is subject to an electrostatic potential due to the neighbouring
anions and cations. If the neighbouring ions are tréated as

paint charges, the energy of this interaction can bhe written

Al
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2
.8
cp =L —L—, (1-89)
lJ\i i-R'l '
J

=]

H

HI

where Ei and ﬁj are the position vector of the i™! siectron

on the ion of interest and the jth neighbouring ion respective-

-

ly and Zj is the effective charge of the jth neighbouring jion.

The ion of interest is Placed at the origin of the coordinate

system. In the limit that ﬁj >> Ei' (fi - ﬁj) 1 can be ex-

panded as follows (Arfken, 1970):

F @ r _
- == oFT Pk(cose) ’ (1-90)
1 3

where 6 is the gng;e between ;i and Ry and P,cos(8) is a Legen-
dre pélynomial. Pk(cose) can be expressed in terms of spheri-

cal“harmonics such that (Arfken, 1970)

, K .
= 4T k k : _
Pk(cose) = T qjik yq(ei,wi)Y_q(ej,wj) . (1-91)

Thus, the crystal field Hamiltonian can now, be expressed as

L)

+k Eje24nr§ k K .
H.=I:f § I Y(8,, ¥, )Y (8.,9.). (1-92)
F i 3§ k=0 q=—k (Qk+l)R§+l ERE R A G R

A term can be isolated which depends only on the crystalline en-

vironment. This term, labelled A;, is composed of*-

2 -
Z.e
k _ i 4Tk -
A, = g G / aaT Y_q(ej,¢j) . . (1-93)
. 3

o)

. A; and rk are often combined to form B;’ which is called the
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crystal field intensity. If we replace the spherical harmonic

k . k _ 47 k
Yq(ei,¢i) with the ten%or operator Cq / 2k+l_Yq' the crystal
field Hamiltonian becomes a
]
B S
Hep = L L L BLC (8,,¥:)
i k=0 q=-k 994
[ k - )
= ¢ 1 s8Rk, (1-94)
k=0 g=- 949
where _'f'
k k
C.=L C (8.,v.) . (1-95
a” ! % N )

For the £V configuration of the rare earth ion, the

matrix elements of HCF are given by:

. ' :
. N N 1 ] 1 =. k N k N ' ) ' -
<ETSLIM_[H  [£7SL'T'M)> = kzq By <f SLIMglC [£sLtarMp> . (1-96)
’ s .
where
T J=J_[J K J' :
. <fNSLJMJ|CglfNSL'J'M&> = (-1) % . <fNSLJ||Ck[|fNSL'J'>

“My a My (1~97)

. | , I3 K
<es1a) [cX| | Nserars = (<) SR T D {L.I‘ s}

X stSLllck]|SL'> ; (1-98)
.--""‘ ™

<£Vsn||cX| |51 > = <eVsp) |u¥ || NsLr <] K| e>.  (1-99)

The abowe equations are derived in detail in the literature

(Judd 1963, Silver 1976, Wybourne 1965). The reduced matrix
element <f]|Ck[[f> imposes the condition k < 6, since %= 3 for_#//z//
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an f electron. Also, <f][ck||f>»will.vanish unless k is even,

as a result of parity. The 3-j symbol [_;J é ﬁé] imposes the
further restriction that M 4-q+—MJ = 0. gk is an n-electron
unit operator such that .

uk = 2 ug- and <f]|u ||f> =1, ~ (1-100)

i=1 _ :
K . . . . J K J'
where‘ui is a l—electron unit operator. The 3-j symbol M; g M
-Mg "
) . .
and the 6-j symbol g iJ g} have been tabulated by Rotenberg
AN
et al. (1959) ang the reduced matrix elemenks <SL||Uk||SL'> and
<f||Gk|1f> have been calculated by Nielson and Koster (1963).

With these restrlctlons, the Hamlltonman 51mp11f1es to

6 +k C T
HCF = kio iik Bqu ¢ k= 0,?,4,6 . _ {1-101)
q
Many terms in the expansion of Hop Will vanish due to symmetry, -
For example the rare earth ion in RT:LO3 occuples a s;te of
mirror.;;;;Ztry. The requirement that the Hamiltonian be in-
variant under all symmetry operatiohsspf the point group  im-
poses the conditiep k+q = 2n, for n an integer. Since k.is
already restricted tp even valuee,,q'mﬁst also be even. How-
ever, the crystal field Hamiltoﬁian still'hae fifteen terms.
Sites‘with hlgher symmetry lmpose more strlngent conditions on
- k and q, and sO the number of terms 1n the crysﬁal field Hamil-
4t?23an deékeasesa' " -
: Equatio n (1-96) is completely general as it calculates'

"the matrix elementss of HCF.between states wi;h different L, s,

z
.y
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J and MJ. If the free ion multiplets are well_separatéd in ener-
gy, then only the interaction between components of thg same
multiplet needs to be considered. Under this conditioﬁ, the
Hamiltonian is diaggqpalized with the free ion wavefunctions as

a basis set. In the intermediate coupling scheme, matrix ele-
ments are calculated between multiplets thatediffer in L and S

but which have the same J. The wavefunctions which form the
- . . .\. ‘ *
basis for the,diaganalization of HCF are linear combinations

of LS functions with constant J. If the free ion multiplets

are not well separated, then the effects of J-J mixing must be

\"‘n
taken into consideration (Dieke, 1968).

(ﬁf The point chargg model of the crystal field has some

severe limitations as it eééentially ignores the overlap of the

.t

‘electronic wavefunctions in the crystal. Although this ap-

proxlmatlon is better for the 4f electronsthan.for the 3d eléc-

-

trons, it is Stlll rather poor ’rsonsequently the crystal field

lnten51t1es, gg, are usually treated as adzuatable parameters

v

r
to be fitted to experimental data, fathexr than to be‘calcula:/

'ted from first principles. Still, the point chqrge mode.l has’
. : R 3 o
been used successfully in the interpretation of the optical"

spectrum of many rare earth and transition metal ions in crystal
-

lattices. . Once the energy levels of an ion have been fltted

to a crystal f}eld Hamlltonlan, the appr0pr1ate lonlc wavefunc--
[ 4
tions can be constructeg as llnear combinatipng of the free ion

- - : : »

- . -
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wavefunctions. From a knowledge of the wavefunctions and
energy levels, magnetic properties such as the magnetic suscep-
tibility or the preferred direction of magnetization can, in

e }

principle, be calculated.

~




-
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CHAPTER 2

SAMPLE PREPARATION AND CHARACTERIZATION

2 - 1 SAMPLE PREPARATION

General Preparation Schemes

All samples with the exception of YbTiO3 and LuTiO3

.were p{gpared as‘single.phases by the following solid state

reaction at a temperature of 1600°C:

RO, + T1,.0

293 203 * 2RTiO

3 - (2-1)

This reacﬁion temperature is below the melting point of both
the_reactants and the products. If the reaction was carried °
out in the molten state, theaproduct included some pyrochlore
phase R2Ti207. The presence of any competing phase in the pro-
duct was determined by powder X-ray diffraction.

'R263 of 99.99% purity was obtained from Research'che?
micals and prefired at 1000 C to drize off any hydroxides or
carbonates. Tb, 0, had to be prepared by the reduction of Tb,0

293 a7

with H2 at- 1200 C:

Tb407 + excess H2 -+ 2Tb203 + H20 ‘ (2-2)

\ . . + . .
as terbium can exist in the 3 or 4+‘ox1dat10n state.

Ti O3 was prepared by the following reaction:

2
51 N
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3T102 + Ti -+ 2T1203 . _ (2-3)

TiO2 of 99.95% purity was obtained from Atomergic
Chemicals Company and the titanium sponge was‘supplied by Ven-
tran. Stoichiometric amountis were mixed together with a mortar
and pestle, and then pressed‘into pellets which were arc melted
_on a wéter~cooled copper heak under half an atmosphere of
purified argon. %he stoichiometry of the product was deter-
mined by measuring the oxldatlve weight gain of a small porticon

(v 100 mg) of the product accordlng to

| . 1 . _
- Ti03 + 3 0, » 2TiO, . | (2-4)

Either TJ.O2 or Ti was added and the product remelted until the
!

N

st01chlometry was adjusted to T101 500+.005"

The prefired R203 and TlOl.soo were mlxed together in

stoichiometric quantities using a mortar and pestle and then
pressed into pellets. The pellets were sealed in a molybdenum
crucible under half an atmosphere of purified argon and heated

for twelve hours at 1600 C in a radio frequency induction fur-

I

nace which had been evacuated tollo-'5 torr. By this method, |,
single phase products were obtained for R #\Fb, Dy, Ho, Er and

Tm and used for bulk magnetic®’measurements.
J :
YbTi03 and LuTio3 . ) ’ ..

The method was not successful in producing single

{ . ‘
phase YbTiO3 or LuTi03. An examination of the products by powder -
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X-ray diffraction revealed prominent reflections due to Yb'zTizo7

and Lu203 respectively. A 32 mg éample of single phase LuTiO3
in the form of small crystallites on the pellét surface was ob-
tained by heating the pelletized reaction products in a closed
holybdgnum crucible sealed undg; half an atmosphere of purified
argon at 1600 C for 72 hours. It was used for the bulk magne-—

tic measurements.

Further attempts were made to prodgce YbTiO., and LuTiO

3 3

without impurity phases through the following synthesis des-

cribed by Bazuev and Shveikin (1977).

C + R203 + 2T102_ + 2RT103 + CO ¢+ . o {2-5)

The Gibbs free energy of reaction was calculatedlto be
- 18 Kpal.'pgr mole at 1600 C., Powder X-ray diffraction experi-
meﬁts shg;ed that the\?fbﬂﬁéféLiﬁthded small amounts of the
éyrochlofe phase. Attempts to eliminate the pyrochlore by hea-
ting thé-sample uhder a reduCing atmosphere of hydrogen at 1200 C

were not successful.

Sample Preparation for Neutron Diffraction

Equimolar quan;ities of R203 and Ti203 were mixed to-
gether with a mortar and pestle and pressed into pellets. These -
péllets were arc melted on a water-cooled copper hearth under
half an atmosphere of purified argon. A disadvantage of this
preparatioh is that a small amount of pyrochlore appears upon

. [ 4 . . 3 3 3
melting. This was not considered serious for neutron diffraction

measurements as the pyrochlore reflections were easily identi-



'with“a'charge of 2.5 g. and a pulling rate of 1 cm. per hour.

-
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fied. The advantage of the method is that it allows'la:ger
quantities of material to beprepared,twhich are necessary for

neutron diffraction experiments.

drystal Growth

'Various attempts were made to grow single crystals from
the melt. Crystals ranging in mass from 12mg. to 60mg. were
obtained for Er'I‘iO3 and HoTiO3 with the Czochralski technique
and a Centorr modified tri~arc crystal growing apparatus (Reed,
1968). fhe chérge was melted in a water-cooled molybdenum
hearth under a continuous flow of argon gas and the~crystals
were pulled:with a water-coocled tungsten seed rod. Stable

growth.conditions could be maintained for approximately two hours

L]

2-2 SAMPLE ANALYSIS

The crystal structures of selected members of the se-

‘ries RTiO3 have previously been solved (MaclLean, Ng and Greedan,

1979). The materials crystallize in the GdFe63—type structure

which is an orthorhombic distortion of the cubic perovskite.

"The space group isbenm and there are four formula units per

unit cell, It was assumed that the heavy rare earth titanium
oxides would also crystaldize in the GdFeO3 structure and the -

lines in the X-ray dlffrquibn patterns were 1ndexed aceordingly.

' The magnetlc structures and the nuclear contrlbutlon to the

i

neutron dlffractlon lntega.yles are consistent with the space
v

group Pbnm as will be s§own*1n a later chapter.
. i .. -.. R Gl : - -

rl

a
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The results of the X-ray powder diffraction data for
DyTiO3 are given-.inh table 2-1. They are typiéal of other members

of the series. The data were analyzed for an orthorhombic unit

cell and the agreement is excellent. Table 2-2 shows the unit -

cell parameters calculated for all members of the series with
a least squares refinement of at least sixteen unambiguocus re-
flections. The peak poSitions were corrected to an internal
silicon stqndard.
. 7' Figure 2-1 shows a plot of unit cell volume against
the trivaleﬁt rare earth radius cubed in eigﬁ%zfold coordinar
tion (Shanngn and Prewitt, 1969). The linear relationship
indicates that the change in cell volume is governed by the
volume occupied by the rare earth¥ion and that there is no
change in the crystal structure across the series.

The extent of non-stoichiometry - of the materials was
checked by measuring the oxidative weight gain, a technique

. known as thermal gravimetric -analysis. -Nonstoihhiometry has

3
models have been proposed (Tdfield and Scott, 1974):

been investigated in perovskite structures ABO, and three
a) Interstitial oxygen may be present on sites of low electro-
static potential. .

b) Vacancies may exist on both A and B sites leaving a perfect

oxygen lattice.

t) Vacancies ﬁay exist on the A site only.

Another means of maintaining perfect B cation and oxygen lat-
tices at the expense of A cation vacancies is the formation of

a second phase but it would be detected by X-ray or neutron dif-



- : Table 2-1

Observed and calculated d-spacings for DyTiOjy
determined by powder X-ray diffraction (CuK,

radiation)
h k & d (observed) d (calc)
110 3.881 ‘ 3.897
00 2 _ 3.821 13.827
111 3.468 . 3.473
020 ‘ 2.839 2.841
112 . 2.728 ‘ 2.731
200 ' 2.679 2.678
021 : 2.666 2.663
211 | 2.309 2.309
202 2.194 ‘ 2.194
;113 2,131 | 2.135
220 . 1.947 1.948
00 4 " 1,915 1.914
221 1.889 1.888
301 1.739 1.739
132 . 1.618 1.618

™
[ 5]
L

1.551 1.549
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N
N
Table 2-2
Unit cell parameters for RTiO3, R = Th-Lu

. : 5 5 > 5
RTJ.O3 a(li) b(A) c(A) Vol. (&)
TDTiO, 5.355(2) 5.665(2)  7.647(r) 232.0
PYTiO, 5.355(2)  5.681(2) . 7.655(3) 232.9
néwio3 5.347(2)  5.672(5)  7.621(5) 230.9.
EXTiO, 5.295(2) 5.649(2) 7.588(2) 226.9
TMTiO,  5.293(2) 5.648(2) 7.586 (3) 226.8
meio3 5.288 (3) 5.638(3) 7.585(4) 226.1
LuTio,  5.282(2) 5.617 (1) 7.583(3) 225.0

-
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fraction. The Lu203 phase in the LuTiO3 preparation may arise
from (Tofield and Scott, 1974)
3+ 4+ 1 . 3+ 4+ _
LUTL () _2x)T22x%34x ™ 3 ¥ LUp03% 00 3 oy 3y T (1-2x) T*2x03+ (276)

-

The results of the thermal gravimetric analysis are
li;ted in table 2-3., No attempt has been made to fit these
data to any particular model. In evéry case, except YbTi03,
the experimental results are within a few percent of the calcu-
lation based on a stoichiometric prodgct. Tablé.2-3 also in-
cludes the R:Ti ratios determined by neutron activation analy-

sis where possible.



66
Table 2-3 .
Results of thermogravimetric «and neutron activation
analyses
¢
RTin % mass gain %.mass gailn R:Ti
. {exp) {theo)
THTiO, 3,13 3,14
DyTiO3 2.99 3.10
HoTiO, 3.06 3.07 1.02#.01
ErTio, . 2.99 3.04 .998,.010
'I‘mTiO3 _ , 3.09 3.02
YbTiO3 a 2.37 -
: 2.98
YbTiO3 b 2.66
LuTiO3 2.89 2.95
a: Yb,0, + T;zqa > 2me;o3 A
b: Yb,0, + 2TiO, + C + 2YbTi03_+ co

273 2
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CHAPTER 3

EXPERIMENTAL PROCEDURES

e

. ) e
3-1 INTRODUCTION

Bulk magnetic data, collected as a function of tem-
perature and applied magnetic field can provide much useful in-
formation about the magnetic properties oi a4 material. How-
ever, these data éo not necessarily give information regarding .
the microscopic magnetic properties such as the magnitude and .
direction of the magnetic moments in the crystal lattice. This
information can, in prinCiple, be determined, from magnetic neu-
tron diffraction experiments. The fo;lOWing sections outline
the experlmental procedures used to investigate both the macro-

scopic and the microscopic magnetic properties of the heavy

rare earth titanium oxides. " ‘ . T

3-2 BULK MAGNETIC MEASUREMENTS:

Data wefe—collected fron’polycrystailine samples of
mass 100 mg. to 400 mg. “in the form of a flnely ground powder h
pressed Into 3/16" pellets. The pellets were fastened with |
ceramic comment (Sauerisen Cement Company, Pittsburgh) to a
1/4" 0.D. quartz tube. For ErTiO3 and HoT103, data were also
collected from single crystals of mass 14 mg. and 42 mg. respec-
o .

tively. These crystals were aligned by X-ray diffraction tech-

B 67
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.sample maintained in a liguid helium cryostat (Andonlan Assoc ).

68
{

AN

__—-niques apd fastened to .the quartz tube Wlth G.E. 7031 low

L
temperature varnish. This varnlsh is soluble in a 50:50 vo-

lume solution of "toluene and methano® which allows the crystals
to be retrieved and remounted in diffexent orientations.
Magnetlc data were collected at temperatures ranging
from 4.2K to 300K u51ng a Prlnceton Applied Research vrbratlng
sample magnetometer. Magnetic fields up to 15 kllogauss-were
prov1ded by a Magnion waEér\cooled electromagnet with the
For magnetlc-flelds up to 60 kilogauss, the sample was placed
in another cryostat Sulfrian Cryogenics) contalnlng a4 super-
conductlng solen01d.
‘The temperature of the sample was measured with a ca-
librated chromel vs. gold - .07 atomic percent iron thermo-

couple. . A small heater in the tail of'the Andonian crygstat

iallowed temperatures up to BOOK to be achieved. .

_ Voltages proportlonal to the magnetization,tempera-

ture or applled field were collected by an on-line Texas In—

struments computer which averaged the voltage proportional to
the sample’ magnetlzatlon over one degrde lntervals in tempera-
ture or 500 gauss lntervals 1n magnetlc fleld ‘The magnetometer
was calibrated with a pure nlckel sphere of mass .07507 g.

The accepted value for the magnetization of nlckel at room tem~
perature, 55.11%,06 emu-g l,,was.used. : . : -




3-3 NEUTRON DIFFRACTION MEASUREMENTS

Neutron diffraction data were collected from polycrys-
talline samples above and below the critical temperature. The
measurements were made at the McMaster Nuclear Reactor with the
triple axis sggperometer in the éeuble axis mode. This instru;
ment is fully described in reference (Rowe, 1966). A mono- -
ehromatic beam of wavelength 1.40<£ was obtained from the (200)
refleetion of a single crystal of copéer. The instrumental
: reselution, the zero.angle and exact neutron wavelength were
determined by measuring the diffraction peaks from finely di-’
vided_pol&crystalline copper. The full width at half maximum
- for a single reflection was .?6 degrees.in the parallel posi-

tion which occured at a scattering angle of about 45 degrees.

ErTJ.O3 and H¢T103

Several grams of loosely packed powder were placed in

a flat sample holder'with vanadium windows. T%is semple holder
‘was placed in a- Suifrlan cryostat.' Data were collected at '
scatterlng angles ranging from 10 degrees to 65 degrees at ln-
tervals of ;2 degrees and temperatures of 4.2K and 298K. The
sample temperature was monitored by a 100 ohm carbon resistance

thermometer. .

. N

ThTi0,, DyTiO,, TmT10 and_YbTiO,

A cylindrical thln-walled vanadium sample holder was

used for TbTiO.,, TmTiO, and YbTiO while Dy'I'iO3 was mounted in

3 3. 3
a, fla;-geometry due to the large absorptlon Cross sectlon of

[N ot

= -
. . : ’ P !
.
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dysprosium. Several grams of sample were used in each case,
maintained-in a Displex Closed-Cycle Refrigeration System (Air
Products and Chemicals, Inc.). Data were collectede at scat--
tering angles ranging from 10 degrees to 65 degrees in inter-

vé%s of .2 degrees at temperatures of 10K and 100K. The tem-

perature was measured using a calibrated chromel vs. gold - .07 -

-atomic per cent iron thermocouple and was varied with an Air

Products model APD-B temperature controller.

The Air Products Displex Refrigeration System and tem-
pPerature controller were used for measurements of the tempera-
ture aependence of the magnetic scattéring intensity for all

of the materials mentioned above except YbTiO The experi-

3.
ment was not performed for YbTiO3 due to the very small mag-
netic enhancement of the nuclear peaks found for this compound.
This rendered the magnetic scattering. too small for its tem-

perature dependence to be measufgd with useful accuracyz

3-4 ALIGNMENT OF THE SINGLE CRYSTALS

The pseudo-cubic symmetry of this system can be ex-

ploited during the ‘aﬁlignmeni of single crys-&ls by the Laue

method. The relationship between the orthorhombic unit celil

(gnd the pseudo-cubic unit cell is shown in figure 1-1. The

-

pseudd—cubic <11l0> directions correspond‘to the orthorhombic
- _“__/ [}

a and b axes plﬁ‘;directiégs approximatdly 45° from the ¢ axis

in the orthorhombic™N 110} planes. The Laue photograph provides

L]
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enouﬁh useful informationlto determine the orientation of the
crystal axeékrelative to the incident béam, even when this align-
ment is arbitrary. This is not so with precession photographs.
Once the Laue technique has been used to align the pseudo-

cubic <110> direction parallel to the incident beam, the pre-
cession camera can be used for final adjustments and to deter;
.mine which axis in the orthorhombic system is parallei to the
beam. The oriented crystal can now be transferred to the experi-
mental apparatusﬂl Figure 3-1 shows g.crystal of ErTiO3 ha&ihg
been transferred from a goniometer t6 a gquartz tube which is
held—hy an xyz manipulator. The sample can now be transferred

to the magnetometer for magnetic measurements.



12

.

f-"ig', 3-1 The crystal of 'ErTiO3 has been transferred from
the goniometer to a quartz tube which is held by
an xyz manipulator.

T



CHAPTER 4

EXPERIMENTAL RESULTS AND DISCUSSION .

4-1 BULK MAGNETIC MEASUREMENTS

‘'Figures 4-~la and 4-1lb show the net magnetization- cubed
plotted as a function of temperature for the heavy rare earth-
titanium oxide series. The marked change in the magnetization,
which'occurs over a broad range_of temperature, is evidence for
the onset ofIlong‘range magnetic order. Molecular field theo-
ry predicts. that the temperature dependence of the spontaneous

magnetization will follow a Brillouin function {Smart, 1966):

_ 2J+1 2J+1

1 X -
BJ (x) = =7 COth(z—J x) 37 COth(—z—'E) .
J = free, ion atomic angular momentum ,
gu_J (H+AM)
X = kT . - ‘ - ' ' . (4_1)

1l

For temperatures just be%oﬁ tﬁé critical temperature Tc,‘mole-
cular field theorj_predicts that'the spontaneous magnetization
will be proportional to Tl/z. However, accurate NMR measure-.
ments on the insulating ferromagnet EuS give an exponent closer
to 1/3 (Heller and Benedek, 1965). - Therefore, it is the net
magnetization cubed which is plotted against tembefature in‘
figure 4-1.

The critical Fempefature,’below which theimaterial de-
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velops a spontaneous magnetization, is taken to be the inter-
section of the l?near portion of the curve with the temperature
axis. Some magnetization persists above the_critical tempera- -
ture due to short range order.

Figure 4-2 shows the critical temperature,the free
ion megn?tic moment and the de Gennes factor, (g-l)zd%J+l),
plotted against the rare earth atomic number. There is no ob-
vious correlation between the critical temperature and either'
the free ion moment or the de Gennes factor This is not sur-
prising for.the latter as T should only vary smoothly w1th
{g-1) J(J+l) in systems where the R-R interactions are domi-
nant (Wallace, 1973) and the exchange mechanism is RKKY coup-
ling. Since the 3d wavefunctions' are extended further into
space than the 4f wavefunctions, one would expect the relative
strengths of the ‘tation-cation interactions to be Ti—Ti >
R-Ti > ﬁ- For constant Ti-Ti coupling, we could argue that the
critical temperature might vary w1th the strength of the R-Ti
exchange. However it is surprlslng that this interaction should
vary in the manner suggested by the critical temperatureS-
Without a theory for calculating the R-Ti exchange, one must
resort to experiment. Measuremengiof the spin wave dispersion
by 1nelast1c neutron scattering 1s probably the best way to de-
termine exchange'coupling constants’ However, this méthodﬁreﬁ
quirif laTE: (v 1 c.en):single crystals which are not yetyevai-

ese materials. Therefore, coupling constants were

LN
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determined by fitting the paramagnetic susceptibility 6f poly-
crystalline éamples to 2 model based on molecular field theory.
The procedure is outlined in the next section.

One final comment on figure 4-1 is necessary. When.a
ferrimagnet or ferromagnet is cooled'below its critical tempera-
ture, the magnetic moments begin to line up within regions
called domains. Thé domains are oriented with respect tg one
another’ts give zero, or nearly zero, net Magnetization. Im-
perfections in the crystal lattice, anisotropy, the arbitrary

shape of the crystallites and the small residual magnetic g

field prevent an exact cancellation of the contributions from

. each domain and so there will be a small net magnetization

L

(Morrish, 1965; Cullity, i972). It is this magnetization cubed
that is plotted in fidures 4-la and 4-1b. It should not be
confused with the sat -tiOn magnetization which results when
the sample consists of oné.lérge domain whose magnetization is
parallel to the applied magnetic field. ‘

The temperature dependence of the iﬁverse magnetic
susceptibility iu_the paramagnetic regime is‘Fhown in figure-4j5
for RTiOB, R = G4, Tb, Dy, Ho, Er and Tm. Daté’werelnot colle?-
ted for YbTiO3 or Lu'I‘-J'.O3 as they cbuld not be prepared as singiz

phases. éhe hyperbolic shape of the curves is ihdicative of

L] - - 0 T IS ‘ I’ ' a
ferrimagnetism, In this case, 'the ferrimagnetism arlses-from‘/

. the antiparallél coupling of the rare earth moment with the

- -

~
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T

smaller titanium moment. An antiparallel arrangement of two
different magnetic moments results in a rapid change in %
near Tc which is not observed in ferromagnets or antiferro-
magnets. 'Ferrimagnetism is algp—obéerved in systems where the
same magnetic ion r¢sides on two different crystallographic
sites which may have different ocdupation numbers. The concept
of fefrimagnetism has been expanded to include éystems with
more than. two magnetic éublattices as well as to spiral or
triangular spin configurations (Morrish, 1965).

Deviations from linearity fgr the temperature'depen—
dence of x~t have been observed in systems where the crystal
field spﬂittingsuafe large compared to kT (Mébbs and Mackin,
1973). Howeﬁer, this is not believed tolbe.the source of the
nonlinear X_}_— T curves observédfc& the‘heavf rare earth-
titanium oxides. The temperature dependence of the reciprocal

susceptibility of GATiO, is also hypérbolic in shape (Goral

3
and Greedan, 1982). Gd3+(4f7) has an 857/2 ground state. With

zero orbital angular momemtum, this state will not be split by

3+

the crystal %}eld and Gd should behave as a free ion in the

1

cryséalline solid. The shape of the X~ - T curve for GATio

3
can fherefore be attributed to ferrimagnetic ordering of the

gadolinium and titanium moments. Further{#kidence that the
gadolinium moments are coupled antiparallel to the titanium

moments comes from the saturation magnetization of 5.9 Hg per

formula unit for GdTiO3 BT

(Goral and Greedan, 1982). If Gd
L l v |
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and Ti3+ are contributing their free ion moments of 7.0 Mg

and 1.0 Mg respectively, then it.fol%ows that the gadolinium

and titanium moménts are coupled antiSarallel to one another.
The susceptibility data shown in Figure 4-3 were ana-

lyzed by applying molecular field theory to a two-sublattice

model. The X_l - T curve predicted by this treatment can be

expressed as:

c T-6' ° . (4-2)

The constahfs 0, £ and 0' are defined as (Morrish, 1965)

J
, _ o2 _ 2 ,
© = - T (2 Cdp_pg Cri‘pi-ri T CRMr-r! ¢ (4-3)
 c..c ’ h !, .
_ CriCr v , _
ot = 7% R-Ti ¥ *r-r ¥ *p-mi) - (4-4)
Cn:C y
- TTi“R 2 2 2
& = o3 (Cps (A Ti- “mithpems) * CROp g *AR-mi)
.2
~2CgCq3 Ap-pi * Qi mi*tAp-p)Ap-ri * Ap-prri-ri)?

hd (4-5)

-

where the CurieICOPStanE C = CR + CTi is equal to the inverse

slope at high temperétures, CTi and CR are the titanium and.

rare eayth Curie constants respectlvely,anquﬁrTi;.AR_Ti

AR—R are the molecular fieldncoupiing consfants. Positive and
negative exchange constants fmély patélle},amd_antiparallél,
coupling'reépect%yely. For the.ab§ﬁe énalysis.the sign of
AR-fi wass assumed to be negétive as previouslyv¥discussed for.

-

and

°
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the case of GdTiO3. This assumption is later substantiated by
the neutrén diffraction experiments. If CTi and CR are re-
defined as xC and (l-x)C respectively, the above eéuations re-
duce to a form given by Néel for identical magnetic ions on
two different sites with a fraction x on one site and (l-x)

on the other (Smart, 1966).

If the Curie constant for titanium is fixed at 0.36

. cmg/mole deg. as measured for YTiO//jQphnson, 1975), equations
" 3 .

-

;
(4-3), (4-4) and (4-5) can be solved for A A and’

Ti-Ti’ "R-Ti

Agr-r* The results for ThTi0, throudh to TmTi0, are shown. in
table 4-1 along with the values of C, 0, 0' and £. The-rela-
Ti-ri  Mr-1i 7 *gr-r
are as expected from the spatialmsxtension 6f the 4f and 34

>
wavefunctions. We do not attach any significance to the varia-

tive magnitude of the coupling constants - A

tion in the exchange constants across the series and there is

no correlation between the exchange constants and the critical. _

- ]

temperatures. : L -~

, An independent determination of ATi-TI is possible by

-

-

fitting the temperéture dependefice of the magnetic susceptibi-

lity of the ferromagnet YTiO3~t§ the Cﬁrie—Weiss-law:

< - e

.

X =

L]

ATi-Ti is simply related to the Weiss constant OIbyl(Smart, "

v
1966)
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: ‘ 3k0 2
A . s = >, (4=~7)
T1i Ta Ng2u28(5+l) .

»
where k is the Boltzmann constant'and_pELis the Bohr magneton

,If X is taken to be the molar susceptibility, N is Avogadro's

number. The Weiss constant for Y:}OB has been reported to be
33K (Johnson, 1975), which gives a value of 93"rnole/cm3 for

lTl -Ti that is in.reasonable agreement w1th the values in

' table 4-1. T

' Mean field theory neglects short range order. There-
fore, it gives erroneous resulté in the vicinity of the criti-

cal temperature. However, it is instructive to compare the

\
-critical temperature calculated from paramagnetic data T , with

" the crltlcal temperature determined from data taken in the
magnetlcally ordered reglme. For a 51mple ferromagnet, mean

field theqry predicts T

Tp = 0 (Smart, 1966), while for the

_two sublattlce ferrlmagnet (Morrish, 1965),

c p 2 aa a bbcb) *

5 5 . (4-8)
Y (Aaaca+lbb b) - 4(J\aa;’\bbc cb c Cbx b)

™

Table 422 shows a comparison of .the critical tempera-
tures Tc and Tp..*Tp tends to‘be larger than Tc in most cases.

The fie%d'dependence of the sample magnetization at
4.2K ig shown in-figure 4-4 for fields up to 15 kilogauss and in

figure 4-5 for fields up to 60 kilogauss. Thejdata were ob-

L)
7
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Table 4-2

Critical temperatures determined from the
temperature dependence of the spontaneous
magnetization (To) and the paramagnetic
susceptibility (Tp) .

RTle | . TC . Tp
TbTiO, . 48 58
DyTiO, 64 ~ 61
HoTiO3 55 . 58 -
ErTio, - 40 42 -
TmTios 57 67
YTi0 . 29 - 33
3
)
[
R J i
. 4
Y
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téined for polycrystalline samples. The freé energy of a

~

ferromagnetic or ferrimagnetic material is given by (Morrish,

1965)

FT = FH4-FM+-FBX4-FAN+-FS4-F0 . (§—9)

FH is the energy of the magnetization M in an external mag-

netic field H and i§ written as -

F. = M-Hdv . (4-10)
vel. . - \

FM is the energy of the magnetization in its own demagnetizing

field HM such that

—_ l . . -
Fy = 3 MeH dv . (4 11).

' : vol.
The next term is the exchange energy. It can be written most

generally as (Bertaut, 1963) ‘ '
P = <=2 £ 3J, K .3.5, " (4-12)

where A is a second rank Cartesian tensor for the coupling be-

tween the i?h h

0y -

tum of the i

and jt ions and Ji is the total angular momen-

th.ion in the lattice. .

FAN is the magnetocrystalline anisotropy enefgy which is the

-+

energy necessary to rotate the magnetization away from the easy

direction. For an orthorhombic system the anisotropic energy
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to lowest order in the direction cosines has the form {Zijlstra,

1967)

— 2 2 2 _
FAN = klcos ) + kzcos o, + k3cos ay {4-13)

where al,_uz and a; are angles which give the orientation of
the magnetization vector relative to the crystallographic axes.
fs_is the freé energy'bf magnetostriction, which is a stralin
energy pfoduced in the crystal lattice by the ordering of the
‘magnetic moments. FO represents all other sources of the free
energy in the solid state that are not related to ﬁagnétic
ordering. In zero applied field and at temperatufes below the
critical temperature, the magnetic moments form a domain struc-
ture that will minimize the total free energy. The process of
magnetizing a sample to saturation involves applying a large
enough external magnetic field so that the cOntribution from
this term to the total free energy dominates all of the 6£hers.
There are two striking features about the curves in fi-
gures 4-4 and 4-5. Notice in figure.4-4 how the magnetization
remains negligibly small until:the field reac?es 3 to 5 kilo--
gauss at which point it rises abruptiy to a new level. -Also,
the magnetization is much smaller than expected from the free
ion magnetic moments, even at fields of 60 kilogauss as figure

4-5 indicateéﬂ

[N
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The peculiar "S" shape of the magnetization cufves is
" not readily understood without more information about the mag-
netic structures. Relevant discussion willvbe deferred until
the structures and single crystal magnetie data are presented.
The lack of saturation at fields up to 60 kilegauss is probably
due to the domination of the contribution from the magnetocrys—
talline anisotropy to the total free. energf\ The 1nteractlon
of the 4f electrons with the electrostatic crystal fleld is
much smaller than spin orbit coupling. Consequently, the orbi-
tal angqular momentum is not quenched and' the magnetlc moments
are coupled to the crystal field through spin orbit couplinq‘
{Cullity, 1972). The preferred direction of \the magnetic mo-
ments in the crystal lattice is referred to.as the easy direc-
tion o% magnetization. ' Work ﬁust be done on the system to re-
tate the moments away from this direction. Since, in a poly-
ctystelline sample, the easy direction in each crystallite is
oriented at some arbitrary angle with respeet to the applied
magnetic field, large fields are neceseary to magnetize the
sample to saturation if the magnetocrystalline anisotropy energy

.

is large.

4-2 MAGNETIC STRUCTURES

The bulk magnetic measurements have provided ‘much use—
ful 1nformat10n about the magnetic properties of the heavy rare

earth orthotltanltes. However,. there are some questions for

wh*éh the data cannot provide answers. Are the rare earth and
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-
titanium moments coupled antiparallel to one another as in

GdTiO3§ Is the shape of the M-H curve due to a reorientation

'of the magnetic moments as a function of the applied field?z

What are the magnitudes of the rare earth and titanium moments?
These questions can be answered froma detailed knowledge of the
magnetic structures which are determined using neutron diffrac-

tion techniques.

General Procedure

With unpolarized neutrons, ﬁhe Bragg %cattéring below
the critical temperature is the sum of the intensities due to
nuclear and magnetic scattering. 1In order to determine the
magnetic structure, the magnetic scattering intensity must be
separated from the total sc;ttering intensity. _This is achieved
by subtracting the scattering intensity measured above the cri-
tical temperature from the scattering intensity measured at
& temperature suf?iciently below’Tc such that the sublattice
magnéfizations will be close to saturation. The difference will
be the magnetic scattering provided that the crystal structure
has hot changed. ’

i Quantitative information, such as the size of the mag-
netic moments, can be determined from_the magnetic diffraction
intensities after they have been normalized to account for
sample size, counting time, incidenF neutron flu#, etc. A de-

tailed knowledge of the chemical structure is required such

that the observed nuclear intensities can be fitted to calcu-~
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lated inténsities with a scale factor as the only parameter.
Thé scale factor is used to normalize the magnetic intensities.
This procedure is outlined in the following section. Recent-
ly, Rietveld (1967) has introduced a profile analysis for
neutron data obtained from polycrystals that is capable of re-
fining both nuclear and magnetic structyres but it requires

a knowledge of the space group..

Nuclear Scattering: T > Tc

The X~ray analysis of the materials is consistent with
the GdFeO3 structure as discussed in chapter 2. Atomic positio-
nal parameters are obtained by extrapolation from those deterT
mined for the series RTiO,, R = La, N&, Sm, Gd and Y (Maclean,
Ng and Greedan, 1979) and are shown in _table 4-3. The para-
meter .used was the volume of the rare earth ion. The ﬁuclear
scattering intensities were calculated from these atomic posi-,
tions and nuclear scattering lengths recorded in the litera-
ture (Bacon, 1975). They are in good agreement with the ex-
perimentdl nuclear intensities.

The scattering intensities for flat and cylindrical

polycrystalline samples are given by

L3

ce_utsecemfﬁkze_zw
. Flat: I = 5 (4-14)
sin” (29)
where c¢ = scale factor Q
U = linear absorption coefficient (Bacon, 1975)
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Table 4-3

Positional parameters for RTi03, R = Tb-¥Yb

Positiénal Th Dy Ho Er Tm Yb
Paramgter
R A x ~0.0190 -0,0205 -0.0230 -0.0240 -0.0255 -0.0265
y 0.0696 0.0730 0.0760 0.0780 0.0805 0.0820
z 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500
Ti x 0.000 0.000 0.000 0.000 . 0.000 0.000
y 0.500 0.500 0.500 0.500 0.500 0.500
2 ©0.000., 0.000 0.000 0.000 0.000 0.000
0(1) x  0.1095 0.1165 0.1220 0.1240 0.1288 0.1316
y 0.4668 -0.4615 0.4570 0.4550 0.4516 0.4500
2 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500
o(2) - x| 0.6942 0.6918 0.6900° 0.6880 0.6860 0.6850
y 0.3063 0.3083 0.3100 0.3110 0.3130 0.3145

z 0.0541 0.0565 0.0580 0.0590 0.0603 0.0613
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t = sample thickness
m = multiplicity of (hk&) reflection

Fhkl = structure factor amplitude per unit cell
t 2

W = Debye-Waller factor (EEE%*QJ
A
20 = scattering angle
' 2 -2W
cnF e '
N Oy ®  Byyg .3
Cylindrical: I = Sin0sino0 64-15)

where

Ahkl = absorption factor . (Bacon, 1975)

The nuclear intensities for HoTiO3 and ErTiO3 were
measured at rooﬁ temperature. The sampies were maintained in
a flat geometry and the sample thickness was chosen sucﬁ that

ut ¥ 1. The coefficients B in the Debye-Waller factor were
estimated from X-ray data (MacLean, Ng and Greedan, 1979).
Since these materials have high melting points (A 2000°C), the
lfhermal amplitudes of vibration are* small at room temperature.
Consequently, they account for only a small (v 9%) decrease

in diffraction intensity over the angular range studied. For

TbTiO3 and TmTiO3, nuclear intensities were collected at 100K
and the Debye-Waller effect was‘neglected. The materials were
maintained in a cylindrical geometry. The absorption factor,
Ahkn' which is a slowly increasing function of scattering
angle, was set equal to a constant. This is a sufficient ap-
proximation for the samﬁles and the angular range used. The

nuclear intensities for DyTiO which was maintained in a flat .

3'
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Comparison of observed and calculated nuclear

Table 4-4

\

scattering intensities for TbTiO3. R" = 5.9%
h k 2 Iobs Icalc

10 :

803+38 854
0 2

! v

11 13422 133.
0 2 1605i64 1080
20 :
04 830:56 “ g2
23 -
21 N
2 3 83:8 57
30
13“',
01
31 1004+50 918
22 o
14 r
10 .
M 9420 108
0'a)
12 199£20 246
2 3
3 0,
3 1) o
2 0+ 142115 125
2 4]
0 5)
0 3+ 30417 306
3 3

241319 245
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geometry, were also collected at 100K. The sample thickness
was chosen such that pt A 1.

Table 4-4 shows a comparison of observed and calcula-
ted nuclear intensities for TbTiO3 along with the agreement

;,factor, R" (Hamilton, 1965). Comparisons for other members

}of the series are shown in Appendix A.‘ The diffraction pat-
terns also contained reflecfions from aluminum that was used for
the cryoétat tail. Samplé reflections which are overlaid byt
aluminum reflections are not included in the comparisons.

Figure 4-6 shows data collected at 100K for.TbTiO Graphs

3°
: of intensity against scattering angle for T > Tc for other

members of the series are shown in Appendix A.

Magnetic Bragg Scattering T < Tc'

Af temperatures below the critical temperature, the
nfagngtic moments on neighbouring sites couple and become aligned.
When this occurs, the magnetic scattering from different‘sites

- appears in the foiﬁ‘of Bragg diffraction peaks. ‘It is possible
that the nuclear structure will change at or. below the critical
temperature, usually due td magnetostriction. There is no
evidence that this occurs with the materiais under investigation.
When ;he nuclear structure is the same 5elow Tc, a model for
the maénetic stiucture can be determined by indéxing the mag-
netic diffraction peaks on the basis of the chemical cell, as
discussed in section 1-7.

The form factors for the rare earth and titanium ions,
whicq'account for the interferencé between neutrons scattered
from different regions of the unpaired electron densityxﬁithin

whoia
At

N
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an atomic site, were obtained from the calculations of Stassis
et.al. (1977) and Freeman and Watson (19€1). For the refine-
ment of the magnetic structure, only the magnitude of the tita-
nium moment and the magnitude and direction of the rare.earth‘
moment were adjustable parameters, while the atomic positional
coordinates were fixed at their room temperature values. The
function minimized by the least squares refinement was

Hamilton's R" defined as (Hamilton, 1965)

2 ‘l/z
FwiUFslomIFsle) ~
R" = 2 P wi = Oi - (4—16)
: wilFylg

where the subscripts o and ¢ refer to observed and calculated,

Fi is the square root of the ith intensity and 9 is the stan-

dard deviation of Fio' The standard deviations of the adjustable

parameters correspond to a doﬁbling'of Xz defined by (Bevington,

1969) - v
| 2 25w (|F.]| -|F ]--)2 : (4-17)
x' = oW UFP TR G -

-(-,,

"

HoTiO

DyTiO

3
The magnetic sﬁructure of the three compounds above
4.2K are basically £he same .and so they will be discussed to-
gether. A plot of scattering intensity against scattering angle
for TbTiO3 at 10K is shown in figure 4-7 and it illustrates the

essential features of the common magnetic structure.  Similar®

plots*for HoTiO, and DyTiO, are.given in Appendix B.

£
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By éqmparison of figures 4-6 and 4-7, it is evident
that extra Bragg scatiering has developed at 10K.‘ﬁe'attribute
this to magnetic ordering on the rare earth and titanium sub-
lattices. The magnetic scattering can be divided into two sets
of reflections, one of which is coincident with the nuclear

e

reflectionis. Since this set satisfies the same symmetry re-

<

quiféﬁeﬁ%s as the nuclear reflections, it must arise from a
ferrolor ferrimag;etic ordering of the magnetic moments. The
secoﬁg set of reflections consists of (100),.(1010) in the case
of HoTiO3 and DyTi03), (012) and (102) which are systemati-
cally absent in the nuclear structure.but which can ali be
indexed on the basis of the chemical cell. Therefore the mag-

netic and chemical unit cells are the same size. The second set

" of reflegtions corresponds to a lowering of the symmetry upon

‘magnetic ordering, as would happen if one component of the mag-

netic moments was ordered antifér;omagneticaliy; The anti~.
ferromagnetic reflectiong sati’sfy h+k = 2n+l, & = 2n and are
characteristic\of C-type ordering (++--). .
We must choose a model for the magnetic structure which
incorporates magnetic moments with ,both ferromagnetic and anti-
ferromagnetic components. The largest antiferromagnetic and
ferromagnetic reflections are the same order of magnitude as
the nuclear reflections. The magnetic moment of TJ'.B-h cannot be
larger than.l Hp and is too small to give magnetic scattering

bl

intensity of the magnitude observed. However, the rare earth
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moments can be as large as 10 Hp

a magnetic sgattering intensity which is comparable with the

and are capable of producing

nuclear scattering intensity.- Thus, the rare earth magnetic
moment must have both ferromagnetic and antiferromagnetic éom-
ponents. The titanium moment was put in a ferromagnetic array
only, since YTiO3 is a ferromagnet (Greedan and MacLean, 1978;
Johnson, 1975). ‘

The (010) antiferromagnetic reflection is absent in
the TbTiO3 data which indicates that the antiferromagnetic
component of the' terbium moments lies along ﬁhe crystallogra-
phic b axis. 'Therefore, the components along the crystallo-
graphic a and c axes must be ferromagnetic. The ferromagnetic
(002) reflection appears to make a significant contribution to
the intensity at 28 = 21° (see figurg 4-7) from which we con-
clude that the ferromagnetic component is aloﬁg the a axis.

Three refinements were tried with the titanium moments
along each of the crystallographic axes. The terbium moments
had an antiferrémagnetic component in a C-type (++--) array
along the b axis and férromagnetic components 'in the ac plane.
The best fit was obtained with the titanium momgntsaglong the‘
a axis. The titanium moment refined to -0.5+0.5 Mgt the nega-
tive sign indicates that the titanium moment is antiparallel to
the ferromagnetic component of the terbium moment along a. The
terbium moment refined to 8.1%.4 Mg at an angle of 35°+3° with

the a axis, The value of R" was 5.2%. The terbium moment also
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Table 4-5
Comparison of observed and calculated magnhe-
tic scattering intensities for TbTiOB, R" = 5.2%
h k& . Iobs Icalc
100 1789+53 1682
101l 341:41 173
011
110 301075 3023
00 2
111 547+41 : 640
» .
012 1419139 1543
102
020 273+30 248
112 211772 2075
021 .
121 237464 498
210 ‘
0°1 3
211 805£230 674
103
022
2 02 382+88 259
113 24690 313
122
2 2 0)
00 4
0 2 3+ 661+90 638
2 21 - ' -
01 4)
10 . _
12 34 787445 _ 604
13
300

(cohtinued next page)

¥



Table 4-5 (continued)

h k 2- Iobs Icalc

2 1 3)

301

13 . ;
2 2 24 1395483 1278 ¢
11 '

310

0 3 2

311 10430 67
0.2 4]

20

31 2¢ 37336 458
2 2

2 3 0

Sy
A

102

&
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had a small component (< 0.5 uB) along the c-axis but uncer-
tainties in the data which result from the overlap of many
refléctions do not permit it to be stated with confidence that
the ¢ component exists. A comparison of the observed and calcu-
lated magnetic intensities for the best fit is shown in table
4-5,

Figure 4-8 shows a projection of the terbium and ti-
tanium moments in ghe ab plane. The titanium moments are in
an F{++++} array along the é axis and the terbium moments have
components in F (++++) and C(++--) arrays along the a and b axes

respectively. The titanium moments are shown antiparallel to

the ferromagnetic component of the terbium moments.

L
Similar sets of ferromagnetic and antiferromagnetic

reflections were observed for HoTiO3 and DyTiO3 at 4.2K and 10K
respectively. In these cases, the (100) and (020) reflections
were absent, whicﬁ indicates an antiferromagnetic component

along the a axis and a ferromagnetic component along the b axis.

The best.fit was for the titanium moments colinear with the

ferromagnetic component of the rare earth moments. Once again,

‘the refinement gave a ferromagnetic component of the rare earth

moment along the”c axis but the data were not sufficient to con-
firm its existence. If there was a component along the c axis,
it would contribute to the intensity of the (020) reflection.

Since the structure factor for the (020) reflectiq& is so small,

it is impossible to surmise from the absence of the reflection
o,

9

LY
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X TERBIUM d
‘ ’ TITANIUM ‘gt

Fig. 4-8 Terbium and titanium moment dlrect:.ons
* in the magnetic unit cell.
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whether or no he rare ¢arth moments have a ¢ component.
The observed and calculated magnetic intensities for
DyTiO3 and HoTiO3 for the best fit are given in Appendix B.

The results of the refinements for DyTiO3 and HoTiO3 are shown

in table 4-6.

37 'I‘mT:LO3

The magnetic structuresomeTiO3 and ErTiO3 are iden-

tical and thus the following analysis applies to both materials.

ErTiO

Figure 4-9 shows the total scattering intensity for TmTiO. at

3
10K. Comparison with the scattering intensity at 100K, shown

" in Appendix A, indicates that extra Bragg scattering has de -
veloped at 10K. This is attributed to magpetic ordering of the
thulium and titanium sublattices. Aall ofm;he magnetic reflec-
tions are coincident with nuclear reflections which means that
_there has not been a,reduction in symmetry with the onset of
magnetic ordering. Therefore, the thulium and titanium moments
form a strictly ferép or ferrimagnetic array with no anti- )
ferromagnetic component. The magnetic intensity at 26 = 21°
does not appear to have a contribution from the (002) reflec-
tion and so we expect that the moments are along the ¢ axis.
The‘éapg were refined using a model in which the thulium gﬁd
titanium moments were in ferromégnetic‘arrayé and colinear with
one "another. Table 4-7 shows the observed and calculated magne-
tic intensities for TmTiO3. Data for ErTiO3 are shown in Appen-
dix B. The results of the refinements for both compounds are

given in table 4-6.
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Table 4-7 )

Comparison of observed and calculated magnetic scaﬁ-
tering intensities forﬂTmTiOB. R" = 4.2%
bk 2 Iobs Icalc
1% o 2388+68 2342
002 34234 42
111 592+34 713
020 : 231+34 123
11 2]
2 0 04 1724+85 1750
02 1
2 1 1]
103+ 298+144 276
02 2]
202 | 400161 446
11 3)

T 9847 102
12 2]
2 20)
0 0 4 : .

T 797+124 760
0 2 3). :
2 21
2 1 3)
301
13 %ﬂ 14732102 1214
2 22 |
114
310

(Continued next page)
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Table 4-7 (continued) .

E

% Iobs Idalc
1 102441 101
4 15+34 20
41
- ;
2 LA ,
- 483156 B 495
3 .
0) .
o ﬁ{£
¥
~
Y
KE
F
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There are several important conclusions that éan be
drawn frém table 4-6. Although no titanium moment is more than
two standard deviations in magnitude, the averaée'value from
the five structures is .7:*.2 Hgr which compares well with its
value of .84 p_ in YTiO3 (Garrett, Greedan and MacLean, 1981).

B
The titanium ﬁoment is consistently negatave which indicates
an antipérallel coupling between it and the ferromagnetic com-
ponent of the rare earth moment. This confirms the assumption
of antiparéllei coupling between the rare.garpﬁ,and titanium
moments that was made for the analysis of the-paramagnetic
susceptibility data. A comparison of table 4-6 .with table 1-2
shows that the configurations of_the titanium and rare earth
moments belong to identical irregucible representations. Within
the approximation of a bilinear Hamiltonian, th}s must be the
case if the titanium and rare earth moments are to couple to-
getﬁer {Bertaut, 1963}. It.was argued in section 1-4‘that the
rare earth sublattice undergoes magnetic ordering at the same
critical tempe;ature as the titanium sublattice due to the
non-ieqo isotropic coupling betweén tﬁe rare earth and titanium
ions. The magnetic‘structureé determined by neutron diffrac-
.

tion have confirmed that the magnetic moments adopt configu-
rétiogs for which the'couéling is alloﬁed by sﬁmmetry.

jfj For TbTiO3, DyTiOB and HoTiO3, the refinements of the
data’were inconclusive with respect to the existence o£7a c
component for theafare earth moment. . However, according to

table 1-2, it would belong to an irreducible representation which
=3 . ’ :
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would not couple to either the F2(+—+) or F3(—++) irreducible
representation within the approximation of a bilinear Hamil-
tonian. It could couple via a higper order Hamiltonian but the
resulting interaction would.be weaker than the bilinear term.
Therefore, the z componen£ would not be expected to couple at
the same critical temperature as the components coupled by the
biline;: term. Thefe is no évidence of more than one critical
tempeféture in the temperature depefidence §f either the bulk
magnetization or the magnetié scatterihg intensity (to be dis-
cussed in section 4-4). Thus, it is unlikely that the rare
earth momen£ has a z component. |

Neutron diffraction éatterns wéréﬁmeasured at 10K and

Tt

100K for YbTiO3 as well. The differences between the two dif-

fraction patterns were vér}'small. The weak ferrimagnetic

lines which were observed could all be indexed on the basis of

the chemical cell and there was no evidence for any antiferro-
t. . .

magnetic reflections. Powder patterns for YbTiO. at 100K and

3
10K are given in Appendices A and B respectively.

Only one magnetic peak was intense enough to allow a

statistically significant determination of the ytterbium’
Y :

-

moment. It occuré at a scattering angle of 21° and arises from

a- combination of the (110) and (002) reflections. If the
ytterbium moﬁents lie along the crystallographic c-axis as

do the erbium and thgliuﬁ moments, then the (002) magnetic

reflection will be absent and the magnetic intensity at 20 = 21°

N
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T,
will be due entirely to the (110) reflection. 1In this case,
the ytterbium moment is found ‘to be>1l.7%.2 Mg For the cal- .

culation the titapium moment was fixed a£ .84 Mg (Garrett et.
al. 1981); antiparallel to the rare earth moment. The ytter-
bium moments could also lie in thé ab plane like the terbium,
dysprosium and holmium moments. Then, both the (110) and (002)
reflectigns will .be present. The contribution from the (110}
reflection will be zero if the ytterbium moments ‘lie along
[110] and will inérease to a maximum if the moments lie along
the crystallographic a or b axes. Once again, the titanium mo-
ment; are assumed to bé .84 uB; antiparallel to the rare eartQ
moment. For this model, the magnitude of the ytterbium moment
ranges from 2.0%,2 Hp up to 2.4%.2 Hgr™ depending oﬁ the contri-
bution from (110). The ytterbium ument of 1.7+.2 Mg deter-
mined for_tﬁe moments parallel to the c axis is identical to
the value found in Yb,V,0. by Solderholm, et.al. (1980) .

| It is instructive to compare the ﬁagnitudeSzand direc-

tions of the rare earth moments in RTiO3 with those found in

the isostructural series RM03, M = Al, Fe and Cr*. Table 4-8

*Goodenough and Longo, 1970

Koehler, Wollan and Wilkinson, 1960
Van Laar and Elemans, 1971

-Tamaki, Tsushima and Yamaguchi, 1977 .
Bertaut and Mareschal, 1967a

Bertaut, Mareschal and De Vries, 1967b
Bertaut et. al., 1967c

Mareschal et.al., 1968

Bidaux and Mériel, 1968

Herpin and Méiel, 1964

Bielen, Mareschal and Sivardiére, 1967
Bertaut et.al., 1964

Shamir_g;zig., 1981
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Table 4-8

Comparison of the rare earth magnetic moments(in Bohr magne-
tons) found in RMO3, M = Cr,Fe,Al and Ti with their free ion

values
Th Dy Ho Er . Tm
gJ (free ion) 9 10 10 9
gJ (M = Ti) 8.1*.4 9.7:.8 B.1l%.5 8.5+.5 6.0t.3
. 7.3£.3
gl (M = Fe) 8.6 7.5 5.8
gJ (M = Cr) 8.6 ) 7.8 5.2
gJ (M = Al) 8.3 8.8
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compares the magnitudes of the rare earth moments found in

each of the above series with their free ion values. With the
exception of erbium, the rare earth moments ére Between 75%

and 97% of their free ion values. The terbium and holmium mo- f’
ments show little variation between series, while the largest
discrepancy is found for the erbium moment. The fifst measure-
ment of this moment in E;;'TiO3 by neutron diffraction yielded

8.5 “B while a subsequent measurement gave 7.3 UB' Both va-
lues are somewhat larger than the erbium moment.repoited for
ErCrO, and ErFe03 where it is only 5.2 up and 5.8 ug.

Table 4-9 shows the directions of the rare earth mo-
ments in the series RM03, M = Fe, Cr, A and Ti. It is clear
from this table that the erbium and thuliuﬁ méments prefer to
lie aloné the ¢ axis, thle the terbium; dysprosium and holmium
moments prefer to lie in the ab plane. The angles ihat tﬁe
rare earth moments make with the crystallograﬁhic axes in the
orthochromites, orthoferrites and orthoaluminates compare yell
with those found in the orthot;tanites. This suggests that the
interaction governing the direction of the rare earth moment
is detefminéd by the identity of the rare earth ion. Moreover,
the existence of essentially ideqtical angles in the ortho-
alumigates'gs in the other series shows that exchange with-the
- transition metal ions is not involved in the interaction mecha-

. . “
nism. One can also rule out the influence of rare earth-rare

earth exchange as it appears to be negligibly small. Therefore,

we conclude that it is the interaction between the rare earth



Rare earth moment directions in RMO

Table 4-9

3'
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= Cr,Fe,Al and Ti

Rare Earth Moment Direction

Rare Earth Spin

3 Configuration
DyAlO3 ab plane, 33° to [010] -
DyFeO3 ab plane, 30° to [010] -
DyCrO3 ab plane, 29° to [010] -
DyT103‘ ab plane, 31° to [010] CxFy
ThbALO, ab plane, 34° to [100]. -

o
TbFeO3 ab plane, 38° to [100] Fxcy
TbCrO3 ab plane, - ‘Fxcy
3 [-]
TbT103\ ab plane, 3§ to [100] Fxcy
. (-]
HoFeO3 ab plane, 27° to [010] ny
HoCrO3 ab plane, 26° to [010] ny
3 3 o
hoTJ.O3 ab plane, 24° to [010] xFy
ErFeO3 [001] Cz
ErCJ:O3 [001] Cz
EIT103 [001] Fz
TmFeO3 A- —\
'I‘mCrO3 - [0o01] -
TmTi0 [001] F
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and the surrounding crystal field which is determining the pre-
ferred direction of the rare earth moments in these materials.
As all mémbers of the series RMO3, M = Al, Cr, Fe %nd Ti,
R = Tb - Lu, are isosﬁructufal, the crystal field experienced
by a heavy rare earth ion in any of the above compounds should
be approximately the same.

If the rare earth moment direction is determined by
the crystal field, then the preferred direction must correspond
to a minimum in the magnetocrystalline anisotgopy free energy.

The free energy per ion can be expressed as a series eXpansion:

\

3 3 3 3 3

3
Fan== L Fiai + I z P..aia. Z I L Fi.kaiu.ak + ...
i=1 i=1 j=1 *3 t I =3 4=1 k=1 13 ] :

i
(4-18)

where®the a, are the direction cosines of the magnetization
with respect to some convenient set qf axes and the ['s are
property tensors (Birss, 1964). Magnetocrystalline anisotropy
is a static property and is invakriant with respect to time -in-
Yersion. Since the magnetization reverses direction under time
inversion, both orientations must have the same.free energy.
:Therefore, terms containing.odd powers of a in the above expan-
s}on nust vanish. If we retain only the second order term, the
anisotropy energy becomes

! ) . 3 3

F = I £ T

an (%1% s w (4-19)
i=1 j=1 *1 1] T
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where Fij is a'symmetric second rank tensor. There exists a

set of principal axes for Pij,.so it is possible to define the
a, as the direction cosines of the magnetization vectof referred
to these principle axes. Through transformation to the prin-

ciple axis system, Fan can be written as

F_ = L T..af = fi*T*y , (4-20)
g f

where ﬁ is a unit vector in the direction of the magnetization.
One can show that the extrema in the anisotropy energy occur
when the magnetization lies along any of the principle axes,

and one of these will gos;espond to a minimum (2Zijlstra, 1967).
The directions of theprinciple axes are determined by the site
symmetry.

The symmetry at ‘the site of the rare earth ipn is a
mirror plane perpendicular to the orthorhombic ¢ axis. There;
fore one principal.axis must be perpendicular to the mirror
plane énd the remaining two axes will lie in the plane. ‘As
there is no unique direction within a mirror plane, the two
principle axes can assume an arbitrary orientation with respect
to the orthorhombic a and-b axes. This has some important
conseguences.

Thé space group Pbnm is derived from the point group
D2h' The generators of the point group are three mutually

orthogonal 2-fold axes of rotation which are labelled a, b and

¢ in-figure 4-10. The principal axes, x, y and z, of.- the tensor
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Fig. 4-10 Transformation properties of the principle

axes of a second rank tensor in the point
.group Dj;,. The principle axes are labelled
x, ¥ and z and the 'generators of Dy} are
2-fold axes of rotation along a, b and c.
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— c-":"",--
' are also shown. The z axis is coincident with c, while x

and y can assume ah arbitrary orientation with respect to a
and b.

Since the a axis is a two-fold axis of rotation, the
axes (x,y.,z) are'equivalent to the set (x',y',-2z). Similarly,
the set {(x,y,z) is equivalent to (x",y",-z) under'a two-fold
rotation about b and the sets (x,y,z) and (-x,-y,z) are equi-
valent due to a two—fbld rotatién about ¢. Therefore, if the
rare earth moment lies along either the x or y principal axis,
there are four directions in the plane which are equivalent by
symmetry énd must have the same energy. If the rare earth .
moment lies aldng the z principle axis, thére aretmm:equi;;j
lent directions which also must have the same energy.

The principal axes at two different rare earth sites
in the unit cell are related to each other by the same ﬁrans-
formation which takes one site to the other. 'Figure 4-11 shows
the unit cell for the spaée group Pbnm with the crystallographic”
axes labelled a, b and c. The fafé earth sites labelled (5)
and (8) at (x,y,%) and (%-—x, %4—y,%) respectively aéé connec-
ted by a b glide plane located, at x = %. Therefore, the priq-
ciple.axes (XS’YS’ZS) are transformed into (-xg,ya,éa) by the

action of the b-~glide plane.

Consider the situatio:f;y‘&e the rare earth moment lies

along the principal axis label¥ed y. If the rare earth moments

are coupled ferromagnetically then they will lie along Yg and
" .
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A RARE EARTH O
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\

',,‘f,p. .

Fig. 4-11 The transformation properties of the principle axes
of a second rank tensor in the space group Pbnm.
Directions related by a 180° rotation are equivalent.
Only the positive directions are shown.

.. b-glide_ ,_

(xstySlzs) __L_’ ( xal‘YsrzB)
..+ h=glid

(xslystzs) n_‘g_l-—g"‘ (x-Ir_.y?rz—I)

2
l R
(xslysfzs) —_— (_XGIHYBIZG)
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y8 at sites (5) and (£) respectively. Thus, the rare earth mo-
ments will have ferromagnetic components along b. and antiferro-
magnetic components along a, as in HoTiO3. If the rare earth
moments are coupled antiferromagnetically then they will lie
along ys'apd —y8.at sites (5) and (C). 1In ﬁﬁis case, the ferro-
magnetic components will be along asand the éntiferromagnetic
components along b, as in HoFeO3 and HoCr03. The rare earth
may also lie along the p}incipal axis labelled z. Now, for both
ferromagnetic and antiferromagnetic couplings, the rare earth
moments at sites (3) and (8) will be colinear, with no anti-
ferromagnetic components. This is observed for the éfbium and
thulium compounds in all of the above series. The sifes la-
belled (6) and (7) are related to (5) by a }—fold screw axis

and an n-glide plane respectively. 'Therefore,-the principal
axes are colinear at sites (5) and (6) and at sites (7) and -

(3) and the rare earth moments will be parallel at the respec-
tive sites.

Consideration of the symmetry at the rare earth site
has shown that the moment can lie either parallel or perpendi-
cular to the orthorhombic ¢ axis. This, i; turn, governs
whether the rare earth moments are in a colinear or a canted
arraY. The key to the discussion_is that the rare earth moment
directions are determined by the crystal field and therefore

correspond to a minimum in the magnetocrystalline anisotropy

energy. To determine which configuration has the lowest energy

. .

o



122

‘requires a calculation which takes into account both the crys-
tal field and the molecular field experienced by the rare
earth ion. This calculation is the subject of the next sec-

tion.

4-3 MAGNETIC STRUCTURE ~ CALCULATIONS

Crystal field calculations were briefly outlined in
section 1-8 and are discussed in detail in the literature |
(Huchings, 1964). The perturbation Hamiltonian represepting
the crystal field acting on a rare earth ion at a site with
only mirror symmetry is

6 +k

H = I z

kK
CF k=0 q=-k 29

, k=10,2,4,6, q= £2,%4,%6 (4-21)

where the axis of quantization is perpendicular to the mirror
'plane: The Cg are irreducible tensor operators and the Bk
are the crystal field intensities which, although they can be
calculated, are usually treated as adjustable parameters to:
be fitted, to experimental data. The B: are, in general, com-
* , .

plex;igﬂeig = (-)qB§q- ' .

A perusal of the literature disclosed three sets of
crystal field intenéities; Bg, relevant to the problem at hand
and these were ihvestigated.'One set was determined by Shamir

and Atzmony (1978) by fitting the crystal field energy levels

of the rare earth ions in RCr03, for R = Th, Dy, Ho, Er, Tm

JnY
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and Yb, to the following crystal field Hamiltonian:

where,

and

Her = Heubic ¥ Hpert (4-22)

_ 4,4 4 4
chbic = Bo(c0 + V5714 (0, + 0_,))

6,6 6 i 6
+ By(Cq - V172 (O, + 0_,))

_ 2
H = B %,

22 2,2 2 2. 2
pert = BoCg T By(0;707;) + B,(05+07,)

The authors argued that, since the orthochromite struc-

ture is an orthorhombic distortion of the cubic perqukite,

the crystal field Hamiltonian could be written as a cubic term

plus a perturbation which represented a distortion from cubic

symmetry. In the Hamiltonian, the 4-fold axis of the cubic

cell was taken as the axis of quantization.

The energy of a system is a scalar quantity, and, there---

fore, must be invariant under symmetry operations. The rare

earth ion is located on a mirror plane. The invariance of the

crystal field Hamiltonian with respect to reflection in the

mirror plane requires that k+g = 2n, where n is an integer

The crystal field_Haﬁiltonian that was chosen by Shamir and

Atzmony contains a term for which the sum of k and q is odd.

Thus, it has a lower symmetry than the rare earth site itself

and is not useful for calculating the easy direction of magne-

“tization of the rare earth ion.

-
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A second set of crystal field intensities was deter-
mined by Karaziana, Wortman and Morrison (1976) by fitting the

rare earth crystal field energy levels, for R in YAlO to a

3°
crystal field Hamiltonfan which had nhe correct synme;;y. The
¢rystal field intensities reported fom erbium in yttrium alu-
minum garnet‘were used as starting parameters -in the least
squares refinement (Morrison et al., 1975). However, the fit-
ting of a complicated function with many parameters to ex- '
pPerimental data can have the result that the refinement de-
pends on the choice of starting parameners. An ineorrect choiee
_of initial conditions can lead to an erroneous result: As :
the dependence af the crystal fleld intensities on the choxce
of starting parametexs had not yet been investhigated, this set
of crystal field intensities was also nén'nsed.

A third set of crystal field intensities was investi- °
gated and proyed'to be qptisfectory. It was determined by
O'Hare and Donlan (1976, 19775, who fitted the polarized ab-

v - . ’

sorftion sﬁéctra of erbium and thulium in YAlO, to a crystal

. field Ha@iltonian'with the'cerrect symmétry...The starting
parameters ‘'were carefully chosen with a technique known as
desdending'symmetries. It is well described in the literature
(Wybourne, 1965- O'Hare and Donlan, 1976) and will only be
briefly outllned below.

The object of the method is.to find reliable crystal
field coefficients for ione on sitge/df low symmetry. It re-

7/ .
gards the low symmetry crysta] field as being made up of

-
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components of higher symmetry fields. The rare earth site
in RTiO, has C_{(m) symmetry. With the aid of table 4-10 the

observed Stark spectrum is projected to an'Oh spectrum then

fitted to a crystal field Hamiltonian with cubic symmetry.‘

S 4.4 .. 6,6 6.6
Hoh = B, (Cy /5/14 (C§¢C_4)) + By(Cy + Y772 (C4+C_4)) »

(4-23)
where the quantization axes are chosen to be those of the

orthorhombic uNt cell. The bh spectrum is then projected

to a D,, spectrum and fitted to a crysfal field Hamiltonian
of D4h symmetry. The Bg‘s determined in the refipement of

the Oh spectrum are used as étartinglparameters in the D4h

Hamiltonian. The procedure is fepeated as the D spectrum

4h
is projected.to a D,y and, finally, a CS spectrum. The

crystal field Hamiltonians for D4h and D2h symmetry are’ as

follows:l y
‘ 4.4 4 4. 4 6.6
Bogo + B4(C4+C_4)_+ BOC0
6,.6, .6
+ B4(C4+c_4) , - (4-24)
and v
H = B%c% + 8ic? + B (c +c )A+ B (C +cd )
D 0 0 00 -4
2h \ 4
6.6 6 ' .
+ BOC0 + B (c +c ) + B (c +c ) o B (c +C 6) . {4-25)
H resembles H_ . except Bk(Ck+Ck ) is replaced. by .

k, 6k k k

ReB® (Cq+C ) + ImB (Cq q). Wh?n Hcs ?as fitted to the

Cs spectrum, the basis set was formed from all of tpe free
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TABLE 4-10

. s .
Compatability tables for the groups
Onr Dypr Dyp and C (Koster et.al. 1963)

°y 7D - Psn ™ Pan Pon ™ Cs

‘ Ty Ty 1?1 Ty
SRS 1, o I, b
e R | fry-trg e S
e A T r, > tr,
rg o tr, o+ P, rg » tr.+ 1r,
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icn J multiplets, thug the éryétal field calculations were
fully J mixed.(O'Hare and Donlan, 1976).

When the Bg's determined for erbium in YAlO3 are
compared with those determined for thulium in YA103, there
are some large discrepancies, eﬁen though many of the inten—_
sities compare well. O'Hare and Bonlan sugéest that the dif-
ferences may, be the result of a two-electron or higher order
n-electron co:relétioy potential (O'Hare and Donlan, 1877).
The crz}tal field calculations described so far assume that
each electron in the valence shell of the ion under conside-
- ration éeeé\s potential which is independent of the states
‘of the other valence electrons. A two-electron correlation po-
tential can be introduced to descfibe the orbital correlation
between pairs of valence electrons which is induced by the
crystal field. The effect of this correlation potential is
-to.introduce a term (LS} dependence to the Bg's {(Bishton and
Newman, 1970). Configuration interéction also has contri-
butions from a one-electron and two-electron correlation po--
tential tﬁat introduces shielding (or éntiashie1Qing) para- - *
meters which depend on the individual configuratiqns. The para-
meﬁg;é can depend on both k and q (linear shieldi g), and for
some configurations, they can be different for different.terms
(noﬁ-linear shielding)} (Rajnak énd Wybourne, 1964). The ne-

glect of the n-electron correlation potential and configura-

tion interaction in the determination of the crystal field in-
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tensities, B;, ultimately limits the extent to which they can
be used to calculate the magnetic propeiﬁies of the rare éarth
ions in RTiO3.

Despite the uncertainties, the Bg's determined by
O'Hare and Donlan (1977) for erbium in YAlO3 were chosgp to
calculate the crystal field splittings of the ground multiplet
for the rare earth ions Tb3 through the Tm3 in RTiO3. Cal-
culations were restricted to the ground multiplet as the ex-
cited multiplets have no appreciable population at, or below,
room temperature. After the calculation of the crystal fielgd
eigenfunctions and eigenvalues, the crystal field plus molecu-
lar field were applied as simultaneous perturbations to ob-

¥ tain the eigenfunctions and eigenvalues of the rare earth ions
in the magnetically ordered ;ystem. ‘The molecular field was
placed both parallel and perpendlcular to the orthorhombic c
axis.

In general, the’molecular field at the rare earth site
has contributions from rare earth-rare earth and rare earth-
transition metal exchange. These interactions can be further
subd1v1ded 1nto contributions from isotropic, anisotropic
symmetric and antlsymmetric exchange. However, table 4~ ~9 indi-
cates that +4he orlentatlon of a given rare earth moment is
independent of exchange w1th thé transition mét;i ion. There-
fore, a simplified model for the molecular field was used. _

Only isotropic coupllng was considered, with the result that_

the rare earth magnetization must be colinear with the mole-
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cular field. No attempt was made to partition the molecular
field into contributions from R-R or R-Ti coupling. Instead,
the mPlecular field at the rare earth site was represented

.
by just one term, HM' The energy of the rare earth moment

in the field Hy,for the molecular field parallel and.perpendi-
‘ F

cular to the orthorhombic ¢ axis, is

L]

H = - gJ“BJszM ’ (4-26)

and

gJuBJ (4-27)

XH M
X

respectively. The eargh site symmetry only defines a

unique“axis perpendicul to the mirror plane, thus the crys-

'l

tal field intensities contain no information about directions
in the plane. Therefore, when HM is placed along ? it merely
represents a direction perpendicu}a: to the uﬁique axis. Since
the analysis considers only one molecular field, the magnitude

of HM was estimated from the critical temperature through

molecular field theory applied to a ferromagnet. The relation-

-

ship between T_ and H, is given by (Cullity, 1972)

guB(J+l)HM

Tc = 3% . ' (4—28)

In this model the rare earth moment and the molecular field are

M
gives the-lowest energy will be the preferred direction for the

colinear. Hence we conclude that the direction of.H that

rare earth magnetization.
‘ -
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In table 4-1l1 the results of the calculations are com-
pared with the rare earth moment directions détermined by neu-
tron diffraction experiments. Only the energies of the ground
states are tabulated. 1In every .case, the energy of the ground
state depends strongiy on the direction of the molecplar field.
Moreover, the direction of the molecular'field which gives the
ground state with lower energy‘agrees with tégeﬁirection of
the rare earth moment determined byuexpgriment. The calculations
confifm'tﬁat thé crystal field determinés whether the magneti-
cally ordered rare earth moments lie parallel‘or perpendicular
to the orthorhombic ¢ axis. Presumably, the crystal %ield
also determines fhe rare earth moment direction within the
plane. However that information is not contained in the set
of crystal field intensities which were used .

A diagonalization of the perturbation Hamiltonian, with

the free ion wavefunctions forming a basis set, yields both the
eigenvalues and their cdrfesponding zeroth-order wavefunctions.
The latter are linear cdmbinations of the free ion wqyefunctions,
<MJ>, multiplied by cogfficieﬁté.which are complex and depen-
dent on the strength and symmetry of the perturbation. A
typical zeroth order wavefunction may be written as

| _

. o +J _
. . Jws =L by |M_> . (4-29)

where J is the quantum number for the total angular momentum

P
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of the free ion. The complex coefficients, bM . of th?fground

J
state wavefunctions determined from the perturbation Bamilto-

nians HCF and IICF+HM are listed in table 4-12. For the odd

electron ions, only the coefficients for one member of the
.crystal field ground doublet are shown. The direction of the
magnetic moment in the ground state of the various rare earth

ions for the perturbatlon HCF+HM ifn be determined by inspec-

tion of the coefficients. For example, the ground state

of the thulium ion is composed mostly of IMJ==6> while that of

the erbium ion is largely |M& =-%§e Both ions have their

magnetic moments directed parallel to the ¢ axis. By comparij
son, the gronnd state of the terbium ion has the largest co-
efficients for IMJ = 1,0,-1 and -2>, corresponding to a mag-
netic moment perpendicular to the ¢ axis.

Included in table 4-11 are the zero fleld magnetic
moments calculated for the ground state wave functions and the
moments'measured by'neutrOn diffraction. For the even elec-
tron ions, the crystal field eigenfunctions are singlets and the
permanent magnetic moments are zero. Therefore, the ground
state moments in tne_magneticélly ordered‘system must be in-
duced entirely by the molecular field. In view of the approxi-

-

mations made in the determlnatlon of the strength of H the

M I
agreement between calculation and experlment is quite, remar-
‘.

kable.
The calculatlons of this sectlon have demonstrated that

.the crystal fleld at thé rare earth 51te determines whether
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the rare earth moments lie parallel or pefpendicular to the
orthorhombic ¢ axis. It would be_of interest to determine if
thé'symmetry of the crystal field needs to be as low as CS
in order to predict this behaviour, or if a crystal field with
some higher symmetry would suffice. Thus, the above calcula-
tions were repeated with a crystal field Hamiltonian of D4h
symmetry, and with the parameters of.O'Hare and Doﬂlan (1976).
The results of the c;lculations are shown in table
4-13. 1In every case, the direction éf the rare earth moment
éredicted by the D4h crystal field plus molecular field agrees
with the rare earth moment direction determined by neutron
diffraction experiments., Therefore, although the observed
_rare éarth’optical absorption spectrum ought to be fitted £o
a Cs,crystal field, the.observed axial-planar orientation of'
the rare earth moments can be explained with a Erystal field
of D4h symmetry.' ' ¥
D4h symmetry can be obtained from cubic symmetry by
applying an axial distortion along one of the 4-fold. cube
axes.' The distortion is represented by the Bgcg term in the
D4h‘crysta1 fiéld Hamiltonian. If it were the only term in the
crystal field, it would arrange the crystal field wavefunctions
. ’

in order of increasing or decreasing IMJ>. Whethex the ground
]

states corresponded to maximum [MJl, i.e. moments parallel

to the unique axis, or minimum ]MJ . i.e. moments perpendi-

cular to the unique axis, would depend on the sign of the
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BOCO term., Although this is not the only term in the D4h‘

“crystal field Hamiltonian, it makes a major contribution and

the same systematics are present. The variation in sign. of
this term across the rare earth series is governed by the
sign of Cg, because Bg is assumed to be constant. The matrix

elements of Cg are given by (Wybourne, 1965)

J~J_{ JxJ
<sLII_|cBisnaz_> = <a| || |e> (=) 2 (-)gJ’L”J+k
z' g z -J qd
A 2
JJ k o
(2J+1)<sL| |U™]| |sL> , (4-30)
LLS

as discussed in sectlon 1-8. The-product of the terms which
have k=2 and are lnaependent of g are positive for erbium and
thulium and negative for terbium, dysprosium and holmium.
The variation in sign of this product corresponds with the
axial-planar orientation of the rare earth moments. Similaf
beh{viour has been reported for the rare eatth moments in the
systems RCo5 and R Co17 (Greedan and Rao, 1973), where the
crystal field also is dominated by the Bgcg term. Experlments
have shown that the erbium and thulium moments are ‘parallel
to the unique axis, while terbium, d}sprosium and holmium mo-
ments are perpendicular to this axis. The directions deduced
were confzrmed by a calculation 1h which the crystal flelq;was
2.2

represented solely by the BOCO term.
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The ﬁagnetic moments calculated for the ground state
for the D4h crystal field plus molecular fﬁeld are compared
with the results of neutron diffraction experiments in table

4—13. The nggément is not as good as for the C crystal
fleld (Table 4-11).

-

- 4.4 Temperature Dependence of the Magnetization

The temperature dependence of the total magnetization

in the system RTiO3 for R = Tb, Dy, Ho, Er and Tm was measured

by neutron diffraction tethniques. In every case, the intensity

of a ferrimagnetic peak with a large magnetic contribution,
such as (110), (00;)'6r (200), (112), (021), was monitored as
a function of temperature for t mperatures ranging from 10K  to

and HoTiO

the critical temperature. For TbTiO the

3 DyT103 37
intensity of an antiferromagnetic reflection was monitored as

, well The crltlcal temperature was estlmated by extrapola-
tlon "from plots of magnetlzatlon agalnst temperature to the
temperature at which the magnetlzatlon vanlshed (Sufflclent

data were not collected near Tc to justify pletting the magne-ﬁ
tization cubed against temperature and estimat;ké the criticéi’
temperature by extrapolatlon of.;Qe linear portlon of the curve,
as was discussed in section 4%l Table 4-14 compares the =~
critical temperatures determlned from bulk magnetlc measure-
ments and by neutron dlffractlon ' The agreement is good in

" X .
every case.

L8
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Table 4-14

Critical temperatures for RTiO3, R = Tbh-Tm, from
spontaneous magnetization (a) and neutron diffrac-
tion (b)

-

Tb DY ™ Ho Er Tm
T °K +1°K a) 48 64 55 40 57

T, °K *1°K b) 'S0 61 55 39 57
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Figure 4-12 shows a plot of the reduced magnetilzation
(0) against reduced temperature (1) for BrTiO3 where feduced
magnetization and reduced temperature are defined as M(T)/M(0)
and T/Tc respectively. Similar data are shown for TmTiO3 in
appendix c. Figures 4-13a and 4-13b display the reduced mag-
aetization against reduced temperature for TbTiO3 where sepa-
rate plots are shown for ferrimagnetic and antiferromagnetic
reflections. Data for Dy'I‘iO3 and HoTiO3 are given in Appendix
C. Figures 4~12 and 4-13 include reduced magnetization vs.
reduced temperature calculated for a ferromagnet with J equal
to the free'ion angular momentum quantum number and J equal
to %. In each case, the data agree wgll with thé calculation
for J = %.. This behaviour can be put into. perspective by
comparison with the rare earth .iron garnets.

The rare earth iron garnets (RIG) have the formula
R3Fe5012.. rhey are cubic and belong to space group Ia3d with
Z=8. The R-atoms occupy the 24 ¢ sites'(godecahedral), one
set of Fe atoms occupy the 24 d sites (tetrﬁhedral) and the
others the 16 a'sites (octahedral). The critical temperatures
for RIG, R = Gd-Lu and Y, are nearly 1dent1cal hence R - Fe
'exchange is small com;;ared to Fe-Fe exchange (Pauthenet, 19_5§"'
Below T,» the 16 irons on the a sites are antiparallel to the

24 1rons on d sites and the net iron moment ig™ antlparallel

to the moment of the 24 rare earth 1ons on c sites (Pauthepet,

.
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1958). Aas a'consequence of the weak R-Fe coupling and the
high critical temperature (¥ 560 K), the rare earth sublat-
tice magnetization grows comparatively slowly with decreasing
temperatﬁre down to apprbximately 400 K. Below 400 K, it in-
Creases more rapidly an& we observe a compensation tempera£ure
where the direction of magnetization switches from being
parallel with the net iron moment to pafallel with the rare
earth magnetization. This behaviour is shown schématically

~in figufé 4-14.

By cemparison, the critical FemperaturescﬁfRTi03 de-

pend strongly on the identity of R which indicates that R-Ti
exchange is comparable in magnitude with Ti-Ti coupiing. In
_PdditiOn, Tc-fdr RTiO3 is one order of magnitude smaller than

for RIG. ‘As a f@sult, the thermal energy of the rare earth
moments in BTiO3 wiil be smaller than in RIG ét the critical
temperature. The lower thermal eﬂergy of the rare earth -—\\
moments at Tc plus the relatively larger R-Ti coupling has the
regult thét the rare earth sublattice maghetizatiOn increases
~more rapidly with decreasing temperature in RTiO3 than in the

garnets.

' The magnetic scattering from RTiO, is sufficiently

dominated by the contributions from the rare earth moments
;

>

—_—
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Temperature dependence'of the Fe and Gd
sublattice magnetization in Gd3FegOj;;. The
Gd3t* moments are antiparallel to the net

. Fe3* moment and their algebraic sum is zero

at the compensation temperature of 290K
(Pauthenet, 1958). .
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that the data in figurs 4-12 and 4-13 show essentially the
temperature dependence of the rare earﬁh sublattice magneti-
zation . We see, in accordance with the previous arguments,

-~

that the rare earth magnetization grows rapidly with decrea- -
sing temperature. However, it is not clear wh} it should

follow so closely a spin % Brilliouin function for a ferromag-
net. A further ﬁnderstanding must wait until detailed calcu-

lations have .been performed.

~ ‘
4-5 Bulk Magnetic Data - Single Crystals

Magnetic data were collected for single cfystals of
.ErTiOB and HoTiO3 along the crystallographic axes. Figures
4-15a and 4-15b show the magnetié anisotropy of HoTiO3 in the
ab and bc planes respecttvely. The data clearly show that
the h/;;is i; the easy axi§ of magnetization - in agreement
with the results of the neutron diffraction experimenﬁs. Fi-
gure 4-16 shows the magnetization at 4.2K against the appliéd
magnetic field along the three crystallographic axes of
HoTiOB. The saturation moment along b is 7.4%.2 quér'formula
unit. A mopent of 6.8%76 Mg per formula unit is predicted
‘along the b axis from the magnitudes of the titanium and
holmium moments and fhe angle that the iétter makes ‘with the

b axis, as determined by.néutron diffraction (see table 4-6).

Figure 4~16 shows the same plateau in the magnetiza-
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tion curve between 45 gauss and 5 kilogauss as was observed

from the data for a polycrystalline specimen (see figure 4-4).

To investigate further, the field dependence of the magneti-
zation was measured along the easy axis at selected tempera-

i
tures between 4.2K and 30 K. The data are shown in figure

4-17. As expected, the saturationJgagnetijftion.deéreéses
as the temperature is increased. However, ‘at low applied
‘fields, the magnetization is larger at higher temperatures.
This can be understood if we consider the processes which
occur as a ferromagnet or a ferrimagne£ is magnetizgd to

saturatiq‘.

Below the critical temperature and in zero applied

Fd
field, a ferromagnet or a ferrimagnet will consist of domains.

The directions of the domains are disﬁ?ibuted in such a way
that the magnetization of the sample is zero, or nearly zero

(section 4-1{. The magnetic moment of a Q9main is Specih
’ N

fied by the direction and magnitude of the magnegtization and

————
by the volume of the domain. At constant temperature, the

magnetization of a ferromagnet or a ferrimagnet is altered

by either a change in direction of magnetization of the

domain or a change in its volume. The first process, domain’

rotation, is reversible while the second process, domain
wall motion, occurs reversibly and irreversibly‘(Cullity,

1972) . The regions of the magnetization curve where these

processes occur are shown in figure 4-16. BAny imperfections

e e aAY Lt
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in the crystal lattice can pin the domain wall and hinder
either its rotation or displacement through the {g&}icet
EEEnever a domain wallhis pinned, there will be some acti-
vation energy to be ofefcome before the motion can continue.
At higher temperatures, it is easier.to move the domain walls
through the la£tice and so the, magnetization at low fields
will be higher,'§§ observed in figure 4-17.

H

The magnetic ahisot;oPy in the bc plane of ErTiO3

is shown in figure 4-18;. it indicates that the c axis is

the easy axis of magnetizat}ou which agrees with the results
of neutron diffraction. figure 4-19 shows the field depen-
dence of the magnetization along the ¢ axis at selected temﬁe—
ratures between 4,2K and'30K. Once again, thg magnetiiation

at low fields is larger for higher temperatures, thle the
saturatibn magnetization decreases with increasing tempera-

o

tare. The saturation magnetization at 4.2K is 6.9 up per e

)

formula unit as compared with 7.2 “B as deduced from neutron

dlffractlon, where the erbium moment is taken from table 4- ll
and the titanium moment from table 4-6. -
In sdction 4-1, the equation for the inverse paramag-

netic susceptibility fq;"éfﬁwo sublattice ferrimagnet -in the

mblecular field approximation was given by . ® e -
-1 _ T-0 £ '
* - -
X = =3 T=5T - (4.31)

This is derived by defining the magnetization of the rare earth
, .
and titanium sublattices as
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Coi Cr
Yoy T Hpy and Mp = S (4-32)
where . ’
Hpy = Hy + Apj-piMpy + Api-gMR
| (4-33)
Hp = Ho * ApopiMp; + A oMo o
r Cpj = Curie constant for titanium,
CR = Curie constant for the rare earth,
and
Hy = the external magnetic field.

The paramagnetic susceptibility is defined as

/ : M )
. . X = 2 = .
'in _ Ho where M MTi4'MR_

C /T and Cc /T are the free ion susceptlbllltles of
tltanlum and the rare earth respectlvely, in the absence of
exchange. A plot of X -1 against T for a free ion should be a. ﬁ

straight line that passes through the origin. For the two sub-

‘lattice ferrimagnet, a plot of x~1 against T is a hyperbola.

viations from free ion behaviour are attributed to ex-

Ange. However, in real systems, exchange is not the only

‘perturbation to the free ion susceptibility. The crystal field

pPlays a role as.we}l. If the crystal field splittings are
comparable to kT, deviations from free ion behaviour will be

observed which are not due to exchange. The susceptibility

of a single ion, subject to a crystal fleld but not to exchange,

was first derived by.Van Vleck (1932).

¢

t



b e tar ik KR AL PR S - i - I a——

154

. I (Eil)z/kTJZEiz))exp(;)Eio)/kT
X = 2 ()
i
where Eio? = ith crystél field energy level
E;l) = guB<iISIi> , ‘
(4-35)
- s, hpmgple,
j#L Ej —Ej
i> = ith wavefunction
and
J . = angular momentum‘operator.

-

fhﬁs, an expression for the susceptibility of the
ferrimagnets, RTiO3, wﬁs derived in which the free ion rare
earth suscepﬁibility} Cé&T, was ;eplaced by the élystal
field susceptibility which was’cal%ulated from the crystal
field wavefungtions‘ané energy levels derived in section 4-3.
Figure 4—26;5&6@5 the inverse susceptibility in the 7
paramagnetic regimeﬁés a function of tempeiature for HoTiO3
along the crystal axes. The susceptibility is largest along
the easy axis and is virtuailyiindistinguishable between the
. a and c axes. The avefaqe'susceptibility, defined as
%(xa+xb+xc) agrees with Ehe polyérystalline susceptibility
to ‘within a fewper cent. Figure 4-21 shows the inverse para--

magnetic susceptibility as a function of temperature for ErTiOl
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measured along the b and ¢ axes. Unfortunately, attempts to
-fit the data to the paramagnetic Susceptibility calculated
through consideration of crystal field and exchange effects
did not yield meaningfyl values for the molecular field coup-

ling constants A refinement of the average susceptibility of
¢
HoT103, defined above as —(x +xb+x ), resulted in the follo-

wing coupling constants:
A = 165 cma/mole ) = b cm3/mole and A = - cm3/mole
Ti-Ti * "R~R . "R-Ti )

Although ATi—Ti is not unreasonable (compare table 4-1), in
view of the greater spatial extension of the 3d wavefunctions
over that of the 4f wavefunctlons, AR—T' and AR—R should not
have the same magnitude. A refinement of the susceptibility

: of ErTJ.O3 measured along the ¢ axis ylelded

AT1~T1 -25 cm /mole ’ A 4 =-15 cm3/mole and }R§==l cm3/molef

AR_R and AR -Ti COmpare well with the values given in table 4- -1,
but ATl -7y is not sensible because the titanium Sublattice is
definitely ferromagnetic.

We c@nclude that an exp11c1t account of the crystal
field actlng on the rare earth 1on does not lead o a better
determination of the molecular field coupllng constpnts.* Un-
'less kT is large compared to the overall separat:ghnbflthe

crgstal field energy levels, each state will notgbe equally

populated. Therefore, the Paramagnetic susceptiBﬁlzty w1ll
- LR ) . ) .-‘:*.:,-.. _..‘ ._ o3

-
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\\\depend critically on the separation between energy levels and
the magnetic moment of each level. This is the situation
where the .
3 I
L T
overall splittings were calculated to be 717K and 772K rés-—

with respect to both holmium and erbium in RTiO

pectively. Uncertainties in the crystal field parameters can
lead to errors in both the level splittings and the magnetic
moments of each level. THESEflin turn, ﬁill affect the calcu-
lated suscebtibility. In thé';aramaghetic regime, the mole-
cul;L field is a small perEhrLation compared éo tgé crystal
field. _This is unlike the situation é; or below the critical
temperature, where the molecular field is much.greater due to
the large spontaneous maénetization. Since the molecular -
field is a small perturbation-above T, uncertainties in the
crystal field intensities make it impossible to determine

-«
sensible molecular field coupling constants.

»



CHAPTER 5

CONCLUSIONS

Some magnetic properties of heavy rare earth tita-

nium 6xides have been investigated d comparisons have been
made with the rare earth iron garnets and the isostructural
RMO,, M = Fe, Cr and Al. The rare-earth titanium oxides are .
distinguished by a ferfomagpetic exchange coupling betweep the
titanium moments which is comparable in maénitude to the anti-
ferromégnetic rare earth-titanium exchange. With the titanium
moméhts in a ferromagnetic array, éhe isotropic rare earth-
titanium coupling does not vanish by symmetry, hence both mo-
ments order at éhe same critical temperature. This behaviour
can be contrasted with RMO3,'M = Fe or Cr, where Ehe R-M’" iso-
.tropic exchange is zero as a consequence of antiferromagnetic
ordering of the iron and chromium. This rééulté in the rare
earth and transition metal moments being ordered at very dif-
ferent critical temperatures; the upper one (v 100K for Cr and
v 600K for Fe) corresponds to ordering of the Cr(Fe) moments
. v

and the lower one ( "~ 4K) represents ordering of the rare earth
‘moments (Goodenough and Longo, 1970). Evidence that the R~-Ti
exchange cannot be ignored compared to the Ti-Ti exchange is

found in the temperature dependence of the rare earth sublat-

159
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tice mégnetization as determined by neutron scattering and in
the strong dependence of the critical temperatures on the iden-
tity of R. Such is not the case in the rare earth iron garnets
where the R-Fe exchange is much smaller than the Fe-Fe ex—‘
change with‘the result that the critical tempepatures a;e as-
sentially indegéhdent of the identity of R (Pauthenet, 1958).

The magnetic structures of RTiO R=Th-Tm, were solved

3
with neutron diffraction techniques and compared with the iso-
structural_RMO3. The directions of the rare earsh sublattice
magnetizatioh bélow the respective critical temperatures were
essentiaIly the same .for a given rareleafth ion in the series
RMO,, M = Fe, Cr, Al'and Ti for R = Tb-Tm. We attribute this
to the interaction betwgen the 4f electrons on the fare earth

-

ion -and the crystal field. Calculaﬁions in which fhe rare
eafth ion was subject to a crystal plus molecular fieid have
shown that the energy is a minimum for erbium and thulium
moments whicﬁr;re parallel to the ¢ axis, while for R=Tb, Dy
and Ho, the minimum energy occurs when the moments are perpen-
dicular to the ¢ axis. By repeating fhe calculation wigh crys-
tal fields gf'progressively higher symmetry, we established a
correlation between the preferred direction of the rare earth
maénetization with respect to the c axis and a single term in
the crystal field Hamiltonian which represents an axial dis-
tortion from cubic symmetry. ;

The existence of a canted arrangement for the rare earth

moments in the ab plane as opposed to a strictly colinear struc-
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ture when they are parallel to the C axis is also a consequence
of the interaction beétween the 4f electrons and the crystal-
1line environment. The magnetocrystalline anisotropy energy,
which can be wfitten as ﬁ-?-A will be a minimum when the rare
earth moments lie along one of the Principal axes of T. A
transformation of the principle axes from one rare earth site
te another in the unit cell leads directly.to the dbserved spin
structures in RMO3, M = Fe, Cr, Al and Ti.

It is interesting to note that, for R = Tb, Ho and Tm,
the rare earth moments in the ground state are induced entire-
ly by exchangelinteiactions between the rare earth and titanium
ions. This phenomenon has also been observed in systems where

the rare earth ion is the only magnetic species. 1In these

systems, the moment is induced by exchange between the rare

earth ions themselves (¢hild et al, 1963) and is known as a

"boot~-strap magnetism" (Wallace, 1973).

Much of the magnet+c hehaV1our of the heavy rare earth
titanium oxides is now under stood. When larger single crystals
of these materials become available oné could measure the spin
wave dispersion curves by inelastic neutron scattering and ob-

[ 3
tain better estimates of the exchange_integrals. These could
lead to a better understanding of the variation of the criti-
cal temperature across the series. The teffiperature dependence

of the rare earth sublattlce magnetlzatloq could also be de-

termined more precisely from 51ngle crystals although the data
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should then be analyzed with a theory which goes beyond the
assumptions of mean field theory.‘ Now that_susceptibility
data from siﬁgle crystals of HoTiog and ErTiO3 are available,
it is desirable to have a more accurate set of crystal field
coefficients, although this maf not be pdssible considering
the number of independent parameters in the crystal field

Hamiltonian.
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omparison of observed and calculated nuclear inten-
sities for DyTiO3h R" = 7.9%
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Comparison of observed and calculated nuclear inten-
sities for HoTiOa. R" = 8.1% ’
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Comparison of observed and calculated nuclear inten-
sities for ErTio,. R" = 5.3%
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.Comparison of bservedqand calculated nuclear inten-
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Table B-2

- z .
-

Comparlson of observed and calculaled magnetlc in-

tensities of HoTJ.O3 R" = 4. 3% .
L X
v . ;o
h k& s Iobs T : Icalc
010 C~ 309220 272
- . N ‘
011 _ _ 1 82:15, 91
101 22+15 41
110 . : ' X )
» . 157650 ° ) . 1584
00 2 .
111 37319 | . 362
01 2 b . |
25115 263
10 2 _ ) ,
~ 020 ’ 15415 vi
11 2
: G
200 971225 ‘ . 995
021
120 : 20426 ) 17
210 2020 , 2
121 . 6617 - 117 >
10 3 : e <
; + g4:s8 - ) 206
0 2 2 'y .
. 0.13J.
>
2 0 2 352422 , 377

(continued next page)




Table B-2 (continued)

obs

Icalc

o w = P

== N

18530

50£25

456+30

11020

-693:17

431+30

151

425

419

118

370
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Fig. B-3 Angular dependence” of the neutron scattering intensity for ErTiO. at ‘4.2 K.'
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Table B-3
.Comparison of observed and calculated magnetic in-
tensities of ErTiOB. R" = 4.1%
hok 2 Iobs Icalc
110 1124+50 1128
002 0:100 o
111 245150 329
020 121459 T n
11 2) -
2 0 04 847+70 855
0 2 1)
211) ’
10 3¢} 19170 " 130
0 2.2J ‘
202 227+47 213
220 - 71:24 54
0 0 4] ’
0 2 3% 353138 303
2 2 1] !
213 ' .
301 ‘
131 441128 416
2 2 2 ' .
11 4)
5 1 oj , 131223 . 153
311  42:19 47

(continued next page)
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Table B-3 (continued)

h . ) Iobs Icalc
&
20 4)
312
. 18328 234~
223
0)
313
322 13747 101
041 -
105
133 9925 129
30 3
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INTENSITY (AR'BITRARY UNITS)
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Fig. B~4 Angular dependence of the neutron scattering inten-

sity for YbTioO

3 at 10 K.
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Fig. C-1 Reduced‘maénetization versus_reduced tempera-

ture for the (110) ferrimagnetic reflection of

TmT103.
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temperature for the (112), (200), (021)
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Fig. C-2 b) Reduced magnetization versus reduced
temperature for the (012), (102) anti-

ferromagnetic reflection of DyTiOB.
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Inverse susceptibility (mole/cm3)—temperature {K)

Table D-2

data for RTi03, R = Th-Tm
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Temp. TbTiO3 DyTi03 HoTiOB' ErTiO3 TmTio3
Xcilc xo}J;s xcilc!xoés xc;lc xolJ;s xcilc!xois xc;lc xoll;s
270 27.76[27.81[21.18/21.19(20.43}20.49
265 27.24|27.74/20.76{20.83{20.06,20.18
260 26.72126.83[20.33 20.45/19.68|15.80
255 26.20126.30|19.91(20.13/19.30/19.42|43.13|42.87
250 25.68,25.59|19.49/19.57{18.93[19.12{42.31|42.10{ 44.17] 44.51
245 25.05125.04/19.06|19.09(18.55|18.73|41.49|41.49| 43.34| 43.58
240 24.63124.76|18.64[18.92|18.17/18.37|40.67|40.77 4{;§£ 42.78
235" 24.11{24.55|18.21/18.52/17.80(17.97|39.85|39.90| 41.67| 41.97
230 23.59(123.50|17.79}18.22{17.42|17.56/39.03|39.09|40.84| 41.19
225 22.96|23.33|17.36{17.68|17.04|17.18/38.21(38.30! 40.00('40. 38
220 22.54|22.77116.94117.12116.67|16.76{37.39(37.52!39.17[39.62
215 21.91122.50(16.51{16.84(16.29/16.40{36.57|37.07|38.33|38.84
210 21.39/21.53|16.09|16.29{15.91{16.02(35.74(36.30!37.49{37.87
205 20.97(21.16{15.66/15.84{15.53(15.69]34.92(35.10|36.66(37.03
200 20.45|120.85115.23115.47|15.15|15.28{34.10(34.23|35.82|36.23
195 19.93[20.32(14.80/14.96|14.77]14.93}33.2833.46|34.98[35.38
190 15.40(120.03(14.37(14.65|14.39/14.57(32.46{32.65|34.14|34.37
185 18.87|19.38/13.95!14.24|14.01|14.30 31.64(31.86 33.30(33.57
180 18.35118.58(13.52}13.85 13.@3:13.92 30.81(31.05(32.45!32.83
175 17.82{18.27{13.08|13.46 13.25'I§\53 29.99(30.21|31.61(31.94.
170 17.29117.69|12.65(13.08{12.87|13.15(29.17)/29.37{30.76(31.13
165 16.76(17.04112.22112.54}/12.48(12.76{28.34(28.50(29.91|30.28
160 16.23116-.48111.79]12.18}12.10(12.38}27.52{27.59[29.06(29.67
155 15.70(15.95(11.35{11.71{21.71{12.01(26.69 |26.72]28.21|28.80
150 15.16}15.50{10.91111.27|11.33{11.59|25.87 [25.99]27.35(28.03
145 14.62114.92110.47(10.77{10.94:11.19|25.04 |25.08|26.49(27.23
140 14.09|14.51(10.03]10.30)10.55(10.79(24.22 [24.24 {25.63 [26. 39

(continued next vage) »
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Table D-2 (continued)

195

Temp}

3 3 3 3 3
" ;;lc ;és ;;lc X;ts x;;lc x;is x;ile A;is IX;ilc X;ts

135 | 13.55(13.85| 9.59| 9.89|10.16(10.39}23.39123.44|24.76)25.58
130 13.00413.25| 9.14 9.48| 9.76{10.00|22.56|22.59{23.88|24.73
125 12.45(12.69| 8.69] 8.94| 9.371 9.51{21.73|21.6523.00{23,87«
120 11.90(12.00| 8.23] 8.38| 8.97| 9.09[20.90(20.81}22.11|23.11
115 11.34{11.50| 7.78| 7.87| 8.56| 8.66|/20.07|20.00§21.20]22.14
110 10.78 (10.93| 7.31| 7.38| 8:15}'8.23/19.23]19.19/20.28]21.17
105 10.21(10.24| 6.83| 6.84| 7.74| 7.79(18.40{18.37}19.34/20.13"
100 9.62| 9.63| '6.34| 6.28| 7.31| 7.32|17.55{17.42{18.36(18.99

95 9.02| 8.90| 5.84] 5.74| 6.87| 6.83116.71{16.65/17.35{17.64

90 8.40| 8.23| 5.31| 5.04| 6.42| 6.32(15.86|15.79{16.28)16.16
.85 7.76/| 7.46| 4.75| 4.40| 5.94} 5.75/15.00|14.93(15.11114.54

80 7.07| 6.74| 4.14| 3.77| 5:42{ 5.15[14.14|14.13113.77|12.79

75 6.32| 5.94| 3.45) 3.11| 4.83| 4.52|13.26{13.25/12.12|10.61

70 5.46| 5.12| 2.62| 2.39] 4.13]| 3.69|12.36{12.36[ 9.69| 7.91

65 4.39] 4.25 3.17] 2.79{11.42{11.44| 4.51} 5.23

60 2.85( 3.38 1.44{ 1.71[10.44[10.43

55 9.34( 9.26|

50 . 8.00| 7.80
45 | 5.74| 5.81




Inverse susceptibility-temperature data
along the b and ¢ axes of ErTioO

Table D-3

196

3

Temp. X;l Xgl Temp. x;l X;l
(K) (molg/cm3) (mole/cm3 (K) '(mole/cmB) (mble/cma)
260 21.74 28.86 155 11.87 18.90
255 21.29 28.30 150 11.45 18.37
250 20.83 . 28.00 145 10.98 17.74
245 ~20.28 27.52 140 10.52 17.18
240 19.86 27.13 135 10.05 16.81
235 19.45 ° 26.80 130 9.59 16.32
230 18.96 26.57 125 9.12 " 15.93
225 18.49 25.60 120 8.70 15.52
220 17.98 24.96 115 8.21 15.09
215 17.41 24.44 110 7.73 14.54
210 17.02 23.82 105 7.28 14.15
205 16.46 23.20 . 100 6.83 13.70
200 16.12 22.96 95. 6.36 13.16
195 15.49 22.58 90 5.89 12.49
190 15.04 22.15 85 5.39 12.14
185 14.40 21.66 go ' 4.89 11.58
180 13.86 21.36 75 4.36 11.18
175 13.57 20.83 70 3.77 10.68
170 13.21 20.42 65 3.12 10.15
165 12.71 19.92 60 9.65
160 12.24 19.39 55 8.98
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Table D-4

Inverse susgeptibility-temperature data
along thé crystallographic axes of HoTiO

3
Temp. xt x1 x~1 x 1
(K) “a 3 b 3 c 3 ave 3

{(mole/cm™) {mole/cm™) {mole/cm™) {mole/cm™)

270 - 23.08 17.76 23.97 21.22
265 22.62 17.35 23.57 20.79"
260 22.21 16.95 23.11 20.37
255 21.81 16.62 22.76 ,19.90
250 21.48 16.22 22.34 19.61
245 21.19 15.92 21.95 19.28
240 21.21 15.51 21.56 18.99
235 21.01 15.09 21.21 18.63
230 20.66 : 14.58 20.81 18.18
225 20.29 14.21 20.44 17.80
220 19.81 13.81 20.15 17.39
215" 19.43 13.31 ©19.73 ©16.92
210 19.06 12.99 19.36 - 16.57
205 18.60 12.61 18.99 ©16.15
200 18:26 : 12.21 | 18.. 62 15.76
195 17.85 11.82 . 18.23 15.35
190 17.52 . 11.41 - 17.83 14.94
185 17.14 11.00 17.46 14.53
180 16.80 10.61 17.11 14.14
175 16. 46 10.24 . 16.74 13.75
170 16.02 9.80 | 16.34 * 13.29
165 15.69 9.40 15.96 12.89
160 15.26 9.00 15.57 12.45
155 14.90 B.61 15.17 12.04
150 14.51 8.19 . 14.85 11.81
145 14.17 T . 7.78 14.41 11.17
140 13.81 7.39 14.04 10.75
135 . 13.42 7.00 . 13.56 10.31

130 13.02 . 6.58 ' 13.14 9.84

(continped next page)
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Table D-4 (continued)

~
-

Temp. xbi 3 ' ) xbl 3 . xcl 3 ,X ' 3
{mole/cm” } (mole/cm™) . (mole/cm” ) (m&le/cm™)
125 12.69 6.19 12.77 9.41
120 12.31 5.77 12.40 8.95
115 11.98 5.34 , 12.00 . 8.47
110 11.60 492 11.65 7.99
105 11.27 4.48 ' 11.21 ' 7.48
100 10.91 . 4.06 10.81 6.97
95 10.55 3.63 10.35 6.43
90 10.17 3.18 - 9.85 5.83
85 9.80 2.70 ° 9.43 5.19
80  9.35 2.32 9.00 4.62
75 8.89 1.76 . 8.58 3.76
70 ~ 8.41 1.39 8.14 S 312
65 7.83 .88 7.63 2,18






