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if.

I STELLINGEN

1. Bij de door RI1CI3 en trifenylfosfine gekatalyseerde decarbonylatie van vetzuren, zoals beschreven

door Foglia en Barr, kan het complex (CgHgJgPjRMCOlC) onmogelijk van meet af aan de aktieve

katalysator zijn.

T.A. Foglia en R.A. Barr, J. Amer. Oil. Chem. Soc. 53 (1976) 737.

2. De konklusie van Phelps et at., dat beneden de ordeningstemperatuur de magnetische momenten

in NgH-CgHg-NHgCuC^ langs de c-as liggen, wordt niet gesteund door de experimentele gegevens.

OrW. Phelps. D.B. Losee, W.E. Hatfield en D. Hodgson, Inorg. Chem..
15 (1976) 3147.

3. Het is onwaarschijnlijk dat in de zeldzame-aard sulfiden L n ^ S ^ de kation vacatures random ver-

deeld zijn in het hele homogeniteitsgebied waarvoor de ThgP^ struktuur is gerapporteerd.

J. Ftahaut en P. Laurelle, in "Progress in the Science and Technology
of the Rare Earths", I.. Eyring, ed., vol. 3, pafl. 149 (Pergamon Press,
Oxford, 1968). F.L. Carter, J. Solid State Chem., 5 (1972) 300.

I
4. De toekenning van de infrarood-vibraties in C o ^ ^ H ^ door Cordes en Walter is onjuist, omdat

van de verkeerde puntsvmmetrie voor de imidazoolring wordt uitgegaan.

M. Cordes en J.L. Walter, Spectrochimtea Acts, 24A (1968) 237.

t

5. De kristalstruktuur van TWgSg, zoals beschreven door Fournes et al., kan worden beschouwd als

een opgevulde hollandiet struktuur.

L. Fournes, M. Vlasse en M. Saux, Mat. Res. Bull., 23 (1977) 1,

IC-

I
it'

6. De door Lugscheider et al. aan magnetische ordeningseffekten toegeschreven afvlakking in de

susceptibiliteitscurve van enkele europium-zeldzame-aard sulfiden, wordt waarschijnlijk veroorzaakt

door kristalvetdeffekten.

W. Ligjcheider, H. Pink, K. Weber en H. Zinn, Z. Angew, Phys. 30

(1970) 36.





7. Op grond van de elektronen-diffractie experimenten van Hyrabayashi et al. kunnen de in Au-Cd

legeringen optredende ordeningen beter als korte-afstands ordeningen dan als superstrukturen be-

schreven worden.

M. Hyrabayashi, S. Yamaguchi, K. Hiraga en H. !no. J. Phys. Chem.

Solids 31 (1970) 77.

8. De konklusie, die Turano et al. op grond van hun laser-Raman spectroscopische experimenten

trekken betreffende de secundaire struktuur van het RNA in Turnip Yellow Mosaic Virus (TYMV),

zijn twijfelachtig.

T.A. Turano, K.A. Hartman en G.J. Thomas Jr., J. Phys. Chem., 80
(1976) 1157.

9. Het is ongewenst om in het inleidende onderwijs in de kristalchemie een sterke nadruk te leggen

op het begrip eenheidscel.

10. Het is te betreuren, dat bij de herprogrammering in het kader van de wet "Herstructurering van het

wetenschappelijk onderwijs" in veel gevallen nauwelijks een herbezinning op vorm en inhoud van

de kurrikula heeft plaatsgevonden.
K. Posthumus: "De Universiteit: doelstellingen, functies en structuren".
Staatsuitgeverij 1968.
K. Posthumus: "Universitair onderwijs: doelstellingen, functies en
structuren. Staatsuitgeverij 1969.
K. Posthumus: "Universitair onderwijs: structuren". Staatsuitgeverij,
1970.

¥
C M . Plug Leiden, 15 september 1977
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CHAPTER I

INTRODUCTION

The rare earth elements are actually not so rare as their name

may suggest. When late in the nineteenth century because of new

technical applications a great demand for the rare earth oxides emerged

it was discovered that these are quite widely distributed in nature.

For instance, the natural abundance of lanthanum, cerium, neodymium

and yttrium is larger than that of lead, which is regarded as a very

common metal. Even thulium, the most rare member of the series (apart

from non-stable promethium) is four times more abundant in the earth's

crust than silver.

Characteristic for the rare earths is their similarity in chemical

properties, due to the equivalence of the outer electron configu-

rations. Because of this, the different elements are hard to separate

by simple chemical methods and only the last decade the high purity

elements and their compounds are available at reasonable prices.

A mixture of rare earth metals, known as "Mischmetal", is widely

used as material for lighter flints. In the steel industry small

amounts of rare earth metals are added to the steel in order to im-

prove the mechanical and chemical properties. Several rare earth

compounds, including the oxides and the oxysulphides, are used as

color phosphors in television tubes. Another example is the application

of rare earth ions in the manufacture of lasers and garnets.

For the description of the physical properties of the rare earth

compounds it is important to note that along the rare earth series

the deep-lying 4f-electron shell is subsequently filled. Because of

this, most of the materials that contain rare earths are paramagnets

and become magnetically ordered at low temperatures.

Since about 1930 the magnetic properties of several groups of

rare earth compounds have been reported. Among these are the ethyl-

sulphates, the nitrates, the halogenides, the hydroxides, the oxides

and the oxysulphides. In all cases the magnetic interactions turn out

to be weak.
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Of the rare earth sulphides, two groups of compounds have been

investigated rather extensively, i.e. the monosulphides and those

sulphides that have the cubic Th^^ structure. In both groups the in-

direct magnetic interactions via conduction electrons (RKKY-inter-

action) have been shown to be important, just as in the pure rare

earth metals. In addition superexchange interactions via sulphur

anions seem to play a role.

In this thesis we describe the results of magnetic measurements

on two groups of ternary rare earth sulphides, viz. the compounds

MLnS„ (M = Li, Na, X) and the series Ln„ZrS_, where Ln denotes one

of the rare earths. None of these compounds is metallic, excluding

the possibility of RKKY-interaction.

In chapter II a survey of the relevant theory on magnetic properties

and crystal field splitting is given.

In spite of the similarity in chemical properties in general of

the rare earths, the crystal chemistry of their compounds is rather

complex. This is due to the variation of the ionic radius along the

rare earth series, the lanthanide contraction.

The third chapter deals with the description and classification of the

numerous crystal structures of both ternary and binary rare earth

sulphides that have been observed. Especially the group of Flahaut

in Paris has reported many new structures during the past 15 year.

These seem to be puzzlingly different and unrelated. Using a new

method of structure classification, we propose in this chapter rather

simple relations between various structures.

The magnetic interactions in the rare earth sulphides that are

insulators, is expected to be superexchange via the anions, which is

usually very structure dependent. Hence, a detailed knowledge of the

crystal structures is required for the interpretation of the magnetic

measurements. The compounds MLnS„ have been selected for investiga-

tions on superexchange in rare earth sulphides because of their

relatively simple crystal structure. Experiments to study the

srystallographic ordering in this structure, applying both X-ray

and electron diffraction methods and the results of the magnetic

measurements on the compounds MLnS„ are reported in chapter IV.

?'
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The crystal structure of the compounds Ln ZrS,. is not simple.

However, since the same structure is observed for all the rare earths,

these compounds are candidates for a systematic study of the variation

of the magnetic properties along the rare earth series. It was

decided to perform magnetic measurements on the compounds Ln.ZrS^

and the results are presented in chapter V, combined with the results

of specific heat measurements. Also the magnetic structure of two

representatives, Tb_2rS_ and Dy?ZrS_, determined by neutron diffraction

experiments below the ordering temperature, is reported.

In the last chapter some problems that emerge from the work

described in this thesis are mentioned and suggestions for further

investigations are given.

13





CHAPTER II

THEORETICAL SURVEY

11.1. Magnetic properties of the rare earth ions.

The magnetic and other physical properties of the rare earth

elements and their compounds are dominated by the phenomena related

to the partial filling of the 4f-electron shell.

For the description of the 4f-electronic states, it is sufficient in

most cases to use a free-ion approximation. In the rare earths the

spin-orbit coupling is large, but the interelectronic Coulomb inter-

action is still larger. The Coulomb interaction couples the individual

orbital and spin angular momenta 1. and s. to a total L and S. The
1 L

effect of the spin-orbit coupling is to couple L and S to a total

angular momentum J = L + S, according to the Russell-Saunders scheme.

The resulting multiplets, which are (2J +1) degenerate, are well

separated, the separation energy being proportional to the spin-orbit

constant, which is 600-3000 cm over the rare earth series.

In an external magnetic field, the (2J +1) degeneracy of the

multiplets will be lifted. The Zeeman energy is given by

3C, = -y.H, where p = -Un(L + 2S). (1)

Using the Wigner-Eckart theorem, the matrix elements of this operator

may be written

<J,M,
->• -»•

L + 2S J,M > = g_ <J,M J
*J U U-

J,MJ>

The factor g_ is the Lande splitting factor, given by
J

g < J=
J(J + 1) + S(S + 1) - L(L + 1)

2J(J + 1)

The energy of the Zeeman levels is

E(«J,M ) = g_ |i_r H M_

if the magnetic field is applied in the z-direction.

(2)

(3)

(4)

For a system of N non-interacting ions, the magnetic susceptibility

is given by

X =
 "H I 1 exP(~V k T> (5)

15



3+ 3+
Except for Sm and Eu , the energy of the higher multiplets

will be much larger than kT in most cases, and we may sum over the

Zeeman energies for the ground multiplet only, giving

N 2 2
3kT * J

J(J + 1) (6)

Equation (6), also referred to as the Hund expression, is equivalent

to the classical Curie law

A ™~ m
N
3kT y =

N
3kT

2 2
P"eft (7)

with = g, /J(J + 1) (8)

The experimental high temperature paramagnetic susceptibilities are

generally in good agreement with these theoretical results, indicating

the validity of the free-ion approximation. In Table II.1 the

theoretical results for the different rare earths are summarized.
3+ 3+

In the case of Sm and Eu a deviating behaviour is observed.

This may be ascribed to the relatively small multiplet splitting for

these ions. The multiplet splitting being small with respect to kT,

also second order contributions to the Zeeman energy must be taken

into account and the susceptibility is given by the Van Vleck equation
2)

.(I)'
X = -I

.(O) (0)- ̂  )exp(-Ew7kT>}/ Zexp(-Ew'/kT) (9)

where the summation is over all the multiplets.

Equation (9) contains a temperature dependent term and a temperature

independent part. The first may be written in the form of a Curie law

and the latter reads

2
y

f
X W = 6{2J+1) *

N y" F(J+1) F(J)

with F(J)

- E(J) E(J) - E(J-l)

| ((S+L+l)2 - J2)( J2 - (S - L ) 2 ) .

) = Net (10)

Summing both terms we get

V SS

N ZT{g
2u2 J(J+l)/3kT - a}(2J+l)e2p(-E_/kT)

J J D «J
S_ (2J+l)exp(-E /kT)
J J

(11)

This expression accounts for the observed susceptibilities of mosc

of the Sm - and Eu ^-compounds.

16



TABLE II.1. Theoretical magnetic data for the trivalent rare earth

ions in the free-ion approximation.

Ion 4fn(n) Ground state

La
3+

Ce
3+

Pr
3+

Nd
3+

Pm'
3+

Sm
3+

Eu
3+

Gd
3+

Tb
3+

Ho

Er

3+

3+

3+

Tm
3+

Yb
3+

Lu
3+

0

1

2

3

4

5

. 6
i

7

8

9

10

11

12

13

14

'5/2

H5/2

'7/2

15/2

15/2

"7/2

6/7

4/5

8/11

3/5

2/7

2

3/2

4/3

5/4

6/5

7/6

8/7

2.14

3.20

3.27

2.40

0.71

7.00

9.00

10.00

10.00

9.00

7.00

4.00

2.54

3.58

3.62

2.68

0.84

7.94

9.72

10.63

10.60

9.59

7.57

4.54

Although the free-ion approximation has been shown to be valid

in many cases, often large deviations from the predicted behaviour

of the magnetic properties may be observed. These mainly originate

from two sources : 1. crystal field interactions and 2. interactions

between the magnetic ions.

Both interactions are generally rather weak in rare earth compounds.

Still, they can influence the low temperature magnetic properties

considerably.

17



11.2. Crystal field splitting and the influence on the magnetic properties.

II. 2.1. The crystal field hamiltonian.

In contradistinction to the 3d-transition elements, the spin-

orbit coupling in the rare earths is larger than the crystal field

splitt Ing. In first approximation the 4f-electrons may be considered

not to be influenced by the crystal environment and the high

temperature magnetic properties follow the free-ion predictions.

At temperatures below about 100 K the effects of the crystal field

splitting may play an important role. In this section a brief

discussion of the crystal field splitting and its influence on the

magnetic properties is presented.

In the case of the rare earths the best description of the

crystal field hamiltonian is obtained following the operator equi-

valent method, introdu-ed by Stevens 3) The electrostatic energy

arising from the assumed point charges around a central rare earth

ion is then expressed in a power series of angular momenta, in this

case J, which is a good quantum number for the rare earths.

One h<i3 to find an operator consisting of angular momentum operators

acting on the angular part of the 4f-wave functions, which are des-

cribed in the |j,M > representation.

The crystal field operator is then given by

«OF = V « °> (12)

Here, n is maximal 6 for 4f-electrons and m runs from -n to n. The

parameters B indicate the magnitude of the contribution from a given

O m to the crystal field potential. Om(J) represents polynomials of

J, J , J. and J , which for all relevant cases are tabulated by

Hutchings . For instance O_ and O„ are given by

°2 = *! w h e r e J+ î (13)

18



The coefficients B depend on the surrounding ions and on the radial

extension of the rare earth ion; they are given by

B
mBn

J||e ||J
" n " - aa )n

*1 A m

n n
(14)

The reduced matrix elements < j|| 6 ||j > are known as the Stevens

ß_ and y, for n = 2,4 and 6 respectively, o is a shieldingJ J nfactors et
J J J n

factor and K a numerical factor. The factor A reflects the electro-n n
statical potential from the surrounding ions :

(-1)
4TT

2n+l
n+1.

where Z is the valence of the coordinated ion, R its distance to

the rare earth ion and Y m represents the spherical harmonics.
n

Because of the symmetry the number of non-vanishing B terms is

reduced. Further, if the crystal field hamiltonian is only acting

on 4f-wave functions, n is restricted to have even values only.

In the cases of high symmetry, viz. cubic or hexagonal with ideal

c/a ratio, the crystal field hamiltonian contains only two parameters,

B and B . Lea, Leask and Wolf and Segal and Wallace have

treated the effect on the rare earth electronic states of these

hamiltonians. They present their results in terms of two parameters :

x, indicating the relative magnitude of the fourth and sixth order

terms and W, which is the energy scaling factor.

Considering lower point symmetries for the rare earth site, more

terms are present in the crystal field hamiltonian. Generally it is

very hard to calculate the B from crystal structure data and they

are treated as parameters to be evaluated from experiments.

II.2.2. Effect on the magnetic properties.

Because of the crystal field interaction, the free-ion

approximation for the description of the magnetic properties of the

rare earths will not longer hold at temperatures where the overall

crystal field splitting is not small v.ith respect to kT.

With changing temperature, the population of the several states

will vary with the Boltzmann factor exp(-E./kT). Thus the experimen-

19



tal magnetic moment will vary with temperature and in certain cases

the system may show highly anisotropic properties at low temperatures.

The magnetic susceptibility will be given by the Van Vleck equation

(eq.9). If the eigenvalues and the corresponding eigenvectors of the

crystal field states are known, the susceptibility is readily

calculated.

In general, the wave function of- a given crystal field state

Which

states are present depends on the J-multiplet from which they originate

and on the symmetry properties of the different terms in the crystal

field hamiltonian. This hamiltonian for the cubic group contains the
4 i i

O. term, giving rise to a mixing of the states |M_ > and |ML±4 > .

When the central ion lies on a threefold axis, the crystal field

hamiltonian may contain terms that mix the states |M > and |M ±3 >.

will consist of a linear combination of pure) M > states.

For a given state

.2

= E.a.a.|M.> the susceptibility is

X =
N E

(1)
(16)

where

by

3C= «

| 3C |fi> and 3C is the Zeeman hamiltonian, given

(17)

In the case of axial symmetry, the first order Zeeman energies are

(1)
El - «J "B

E:

Mi

IJ. + J- IM > (18)

with the magnetic field H parallel or perpendicular to the z-axis,

which is the axis of quantization. The magnetic moments are given by

h ai Mi

(19)

P2 = J(V2 + 2M?).

Thus, alternatively, the susceptibility may be written

20



(20)

When including a second state \V2> - 2- b.|M.> having an energy

A with respect to \Vi>, also second order contributions to the magnetic

susceptibility have to be considered. These can be computed from the

secoird order Zeeman energy term :

E 2 ) - M i > )

M.» (21).

At temperatures comparable to the overall crystal field splitting

the magnetic moment may vary and large deviations from the Curie law

may occur. Nevertheless, in a limited temperature range the plot of

X Versus T can be a straight line and x may, to a good approximation,

be represented by

(22)

which is the Curie-Weiss law. In this case 6 may be temperature depen-

dent, and, obviously, arises from crystal field effects rather than

from exchange effects

In the particular case that the ground state | is a singlet,

E. vanishes and the low temperature susceptibility reduces to the

second order contribution. At low temperatures the system will show

temperature independent Van Vleck paramagnetism.

11.3. I nteractions between magnetic ions.

II.S.I. Direct exahange.

In a magnetically concentrated solid the magnetic moments are in

general not independent, but there exist mutual interactions. These

interactions may give rise to a cooperative ordering of the spin

system at a certain critical temperature T . Ordering effects will

generally occur when the interaction between the magnetic moments is

comparable to the thermal energy kT.
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The phase transition in a magnetic system from the disordered

(paramagnetic) state to the ordered state is usually of the second

order. It may be studied, for instance, by measuring the magnetic

susceptibility and the specific heat as a function of temperature.

The specific heat will show a sharp rise when T approaches T , where
c

it may rise to infinity or reach a (finite) maximum value. The suscep-

tibility will also show a maximum close to T in the case of an anti-

ferromagnetic ordering (no net magnetic moment in the ordered state).

In the case of a ferromagnetic ordering, the susceptibility will go

to infinity when approaching T from higher temperatures, but in

practise demagnetization effects may limit the rise of the suscepti-

bility. Below T the system will have a spontaneous magnetization.
8) ^Weiss gave an empirical description of the ordering phenomena

in terms of a molecular field originating from the interactions of

the surrounding magnetic moments with a central magnetic moment. The

theoretical basis for the understanding of these interactions has

been given by Heisenberg and Dirac ' . They pointed out that

ordinary Coulomb interactions between electrons, combined with the

Pauli exclusion principle, can give rise to exchange effects which

strongly couple the electron spins. The hamiltonian for these exchange

interactions is given by

3feex S. .S.
l 3

(23)

The exchange constant <ƒ.. (to be distinguished from the angular momen-

tum operator J) is expected to originate from the overlap of two

atomic orbitals on different sites i and j. Because the spatial exten-

sion of the 4f-atomic orbitals is small, this so-called direct exchange

mechanism will be extremely weak in the rare earths and their com-

pounds. The mathematical formalism will, however, remain valid also

in many cases where other interaction mechanisms are to be considered.

Two major difficulties arise in the application of the direct

exchange mechanism. First, the model predicts the interaction between

the spins to be always ferromagnetic, while most of the compounds that

show magnetic order are antiferromagnets. The second problem is that

in many compounds the magnetic ions are separated by non-magnetic ions,

resulting in a small overlap and small exchange parameters. Yet many

insulating materials have much higher transition temperatures than

22



this simple model would predict.

These difficulties were first - at least qualitatively - removed

by the introduction of the concept of superexchange.

11.3,2. Superexchange.

Superexchange interactions are those indirect interactions between

magnetic ions, in which the p-wave functions of an intermediate anion

plays an essential role. The basic principle was first formulated by

Kramers . He showed that superexchange interactions may be pro-

duced by admixture in the ground state of excited states in which

electrons are transferred from anion orbitals to cation orbitals and

vice versa. A substantial extension of the theory was given by

Anderson , and Goodenough and Kanamori formulated semi-empirical

rules to predict sign and magnitude of the interactions. We shall

not discuss the details of the theory here, but refer to the reviews

in the literature 14'15).

The essence of the superexchange mechanism is that there can be

overlap of the atomic orbitals of the magnetic ions on the one hand

and those of the intermediate anion on the other hand. This may lead

to effective exchange interactions, arising from the contributions

of different types of intermediate states to the second or higher

order perturbation energy

A possible intermediate state is, for instance, the state where

an electron is transferred from one magnetic ion via the anion orbitals

to a second magnetic ion, thus producing an ionic state. The exchange

integral is then given by

(24)

where t is the so-called transfer integral, proportional to the overlap

of cation and anion wave functions. U is the Coulomb repulsion

arising from the ionic state.

An alternative process may be the excitation of an electron on

a magnetic ion to an excited state on the same ion. This electron

can interact directly with an electron on a second magnetic ion or

can be transferred to an anion state. These mechanisms are closely
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related to the indirect exchange mechanism in metals (e.g. KKKY-

interaction).

A different approach for the description of superexchange inter-

actions was chosen by Ritter, Jansen and Lombardi 17) They approximate

the magnetic ions by an effective electron and the anion by a pair

of electrons, described by Gaussian distribution functions. The

exchange interactions are evaluated by considering the three-center

exchange integrals. Parameters in the model are the cation-anion-

cation angle and the "magnetic size" of the ions, that is crudely

spoken, the spatial extension of the electronic functions involved,

unfortunately, these calculations are not very reliable from a

quantitative point of view. However, for our purposes it is sufficient

to note that they supply mechanisms for non-vanishing exchange inter-

actions between well-shielded and well-separated magnetic moments.

The interactions are predicted to be of antiferromagnetic sign in

most cases. Hence, one may expect these superexchange interactions

to give rise to antiferromagnetic ordering phenomena in rare earth

sulphides at low temperatures.

II.3.3. Anisotropy.

Hitherto we have taken the exchange between magnetic moments to

be of the isotropic form of equation (23). However, the general form

of interaction of a pair of spins is given by

*±a öj3
(25)

with a,ß = x,y,z. Here «77'. is the exchange integral and Q. are

spherical tensor operators of the rank k. Although it is usually

sufficient to consider only the first rank tensors, higher order
18)tensors may be important in some cases

Taking only the first rank operators :

(26)

24



Equation (26) can be separated in an antisymmetric and a symmetric
19)part. The first is the Dzyaloshinsky-Moriya term

• * • - * • - * •

d.(S.xS.). (27)

This antisymmetric exchange may give rise to canted spin arrangements

in magnetic systems; it vanishes under certain symmetry conditions

for the lattice of the magnetic ions.

The symmetric part is given by

X. . = -2J Z.
13

aS. S.iz jz
b(S. S.

ix jx
S. S. ). (28)
ly jy

With a = b = 1 this reduces to the isotropic Heisenberg interaction

model. For a = 0 and b = 1 it is known as the X-Y model and for a = 1

and b = 0 as the Ising model.

This Ising model is suitable for magnetic systems with a large

anisotropy. The anisotropy mainly arises from two sources. First,

the interaction mechanism itself can be anisotropic. Secondly, and

more often occuring, the anisotropy is a result of the crystal field

interaction or another perturbation that couples the magnetic moment

to a fixed direction in the crystal. An interaction mechanism - that

may be isotropic - then takes an effective anisotropic form in the

effective spin representation.

An example of this is found in many rare earth compounds. Taking

an isolated ground multiplet, characterized by the total angular
- » • -*• • * • - * • - * • - * • - * • • *

momentum J, S can be projected onto J, using L + S = J and L + 2S = g J
J

giving
S = (g - DJ .

j
(29)

Then an isotropic interaction of the form of equation (23) may be

written

K
ij

-2 ï± . (g - D'1,3 J
(30)

If the ground state arising from the action of the crystal field is

a doublet |±M >,it may be described by an effective spin S1 = -j

and an anisotropic splitting factor g, having principal values g ,g

and g . From the equivalence of the matrix elementsz

g S'x x J etc.x
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the exchange interaction becomes, in terms of the effective spins

*ij
-2 E. . J S'. S'. + J S! S!i,j x ix jx y iy j

with (g,- etc.

+ ^zSizSjz <31>

(32)

Thus, this effective interaction can be strongly anisotropic in

cases where the g-tensor is anisotropic. For example, in Dy com-

pounds the ground doublet may be [±15/2 >, with g = 20 and

25J. . and J = J = 0 .
13 x y9 y = O (ga = y ) , giving J

We note here that it is also impossible to have off-diagonal

elements arising from higher order tensorial terms. Only tensor

operators Q*re with k > 8 will couple |+15/2> and |-15/2> , but the
20)condition k < 21 + 1 limits k to < 7 for f-electrons

Another interaction mechanism which also may give rise to large

anisotropies is the magnetic dipole-dipole interaction. The hamilto-

nian for this interaction is given by

DD I.
(yi.r)(v .r)

(33)

where \i denotes the magnetic moments and r is the vector connecting

the ions i and j. Dipolar interactions will be important when the

magnetic moments are large and other interactions are weak. The dipole

coupling is of long range, varying with r , and may exceed the super-

exchange interactions when the mutual distances between the magnetic

ions become large.

11.4. Neutron diffraction.

Magnetic and specific heat measurements supply information about

the transition from the paramagnetic state to the ordered state of a

magnetic system. Also information concerning the strength of the

magnetic interactions, the nature of the ordering (antiferromagnetic

or ferromagnetic) and the magnitude of the anisotropy may be derived

from these experiments. However, to determine the mutual orientations

of the magnetic moments in the ordered state other techniques have
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to be applied.

Since 1945 the neutron diffraction method has been developed and

is now widely used particularly for the determination of the spin

structure in antiferromagnetic materials. The principle of neutron

diffraction is very similar to that of X-ray diffraction. An incident

beam of neutrons with wavelength X will be reflected by a crystal

plane (hkl) according to the Bragg equation

nA = 2d sine (34)

where 8 is the angle of incidence and d the spacing of the planes

(hkl). From the angles where reflections are observed and from the

intensities of these reflections, the details of the structure may

be derived.

The main difference with X-ray diffraction is that the neutrons

are scattered by the nuclei and by unpaired electrons, while x-rays

are scattered by the total electron cloud of the atoms. The X-ray

scattering amplitudes are proportional to the atomic number, whilst

the neutron scattering amplitude varies in a irregular manner with

the atomic number. Thus, using neutron diffraction techniques, it

may be possible to distinguish between elements with only slightly

differing atomic numbers and to take into account the scattering from

very light elements, e.g. Li.

In the paramagnetic state of a magnetic material the spin directions

are randomly distributed and the magnetic scattering contributes

only to the background; the reflections which are observed in a neutron

diffraction experiment arise only from the nuclear structure.In the

ordered state the magnetic moment direction will have a certain
->•

periodicity, characterized by the reciprocal lattice vector q. For

q = 0, the crystallographic and magnetic periodicity are equal.

Thus, below T new reflections may appear due to pure magnetic

scattering and other reflections may contain contributions from

both nuclear and magnetic scattering.

The structure factor for nuclear scattering is given by

FN(hkl) = Z b. exp{ 2iri(hx. + ky + lz )}. (35)

Here, b. is the amplitude of the scattered wave from atom j and x.,
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y. and z. are the components along the crystal axes of the vector

connecting the j atom and the origin. The intensity of the nuclear

scattering from planes (hkl) is proportional to |F (hkl)| .

For the magnetic scattering the structure factor is

FM(hkl) = exp{ 2Tri(hx.. + ky (36)

where p. is proportional to the magnetic scattering amplitude and
3 21)

may have either sign

The intensities of the nuclear and magnetic scattering are additive

if the neutrons are unpolarized and the resulting intensity is

JF(hkl)| 2 = |FN(hkl) |FM(hkl)|
2 sin2u (37)

where to is the angle between the reciprocal lattice vector K(hkl)

and the magnetization direction.

Using standard computer techniques and applying magnetic group theory

the magnetic structure of a magnetic system may be derived from the

observed intensities.

22)
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CHAPTER III

ON THE CRYSTAL CHEMISTRY OF THE RARE EARTH SULPHIDES

111.1. Introduction.

In spite of the general similarity in chemical properties of

the rare earths, the crystal chemistry of the rare earth sulphides

and other chalcogenides is not very simple.

Many phases that may be observed in the rare earth-sulphur

system, including ternaries with other metals, and the corresponding
1 2)

crystal structures have been reported by Flahaut and coworkers '

It is found that a) all kind of structures occur, showing many

different types of coordination polyhedra, b) there is a great variety

in compositions and c) polymorphy is quite common. In addition,

large homogeneity ranges are often reported.

The cubic Th-P. structure, for instance, may occur for both the

compositions Ln.S, and In S and the whole composition area in

between.

A striking feature is the occurrence on the one hand of structures

with many representatives among the rare earths, and on the other

hand of structures which are observed for only one or two compounds.

A survey over all these structures is complicated by the lack

of uniformity in describing and representing crystal structures in

the literature. Often only unit cell projections are given, which

in low symmetry structures hinders the visualisation of relations

and building principles.

In order to search for relations in the family of the rare

earth sulphide structures, we attempt to trace the basic structures

and building units. Starting from these, we try to describe the

observed structures in terms of chemical twinning, crystallographic

shear and intergrowth of these units. Thus it may be possible to

reduce the number of independent structures drastically.

s
s'!
'êI
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111.2. Coordination polyhedra.

The coordination number of the rare earth ions in sulphides

appears to be at least six. In the case of six coordination, the

coordination polyhedron is an octahedron, which is often distorted.

Such coordination polyhedra occur always for the smallest trivalent

rare earth ions. Lu and Yb , but even La may have octahedral

coordination, for instance in LaS, which has the NaCl stucture.

For the larger rare earth ions the coordination number is

usually 6 to 9. The polyhedra are often bi-, tri- or monocapped

trigonal prisms. However, since they are not always regular, there

can be some ambiguity in the description of these polyhedra.

Some authors describe a frequently found seven coordination as a

roonocapped octahedron , where we prefer to draw it as a monocapped

trigonal prism (MTP). This polyhedron is obtained from a regular

octahedron by a"small topological distortion", which is not uncommon

(figure III.l). It is for instance, observed in the structures of
4) 5)

SnS and low-Til , which are very similar apart from a different
off-centering of the cations because of lone pairs.

Figure III.l

Projection of an octahedron (A)3 a monocapped octahedron (B) and a
monocapped trigonal prism (C). A may transform gradually into B and C.

Further, a bicapped trigonal prism (BTP) may be drawn in two

different ways, a tricapped trigonal prism (TTP) even in four,

corresponding to different orientations of the "threefold axes"

(figures III.2 and III.3). This makes it difficult to find the most

suitable way of drawing the structure. The choice that is made is

mostly determined by what structure relation one is seeking.

Sometimes interatomic distances and space group relations can be of

help.
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Figure III.2.

The two different ways of drawing
a bioapped trigonal prism.

Figure III.3.

The four different ways of
drawing a triaapped trigonal
prism.

111.3. The art of relating crystal structures.

In deriving and relating crystal structures many methods can

be applied. In the history of crystal chemistry several authors have

presented their contribution to the problem : What structures are

conceivable and why do they occur for a given substance with a given

composition.

A mainly topological approach was chosen for instance by

P. Niggli 6)and later by A.F. Wells 7).

Starting from the ionic model, Pauling presented a set of rules to
8)understand and derive crystal structures . An example of structure

derivation applying these rules has been given by Schippers at our
9)laboratory

In the case of the rare earth sulphides all these approaches

are, however, rather useless. The structures occurring are often

complicated and not easily to relate to simple arrays. The cation

polyhedra found are not simple polyhedra formed by simple anion

stackings. Finally, the very nature of the sulphur anions makes the

ionic model fairly unlikely and unreasonable.

Hyde et dl. proposed an alternative approach to relate and

derive some crystal structures. They introduce the concept of chemical

twinning. Starting from a block of a simple array of atoms (hep, ccp,

sc, ph) crystal structures are derived applying reflection, glide
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reflection and/or rotation operations across a specific plane, the

twin plane. These twinning operations may be regularly repeated and

the twin planes may be only several atomic distances apart, thus

leaving very narrow bands of the original structure.

Many structures of metal alloys and as we shall see also of

rare earth sulphides can be understood using this chemical twinning

concept. Different structures can be related, describing their

difference as a variation in the width of the twin blocks. Hyde and

Andersson gave a very simple relation between the structures

found in the iron-carbon system and also many of the structures

occurring in the system PbS-Bi-S, can easily be related anä pre-

dicted by applying this method.

The reason for the twinning operation appears to be the creation

of polyhedra that are different from those in the parent structure

and the annihilation of sites in the parent structure, which thus

changes its stoichiometry. This enables the crystal to accomodate

interstitial atoms, different (in radius) from the interstitial atoms

in the parent structure.

2 I

t
Figure III.4.

Example of a twinning operation in a hop array of atoms. In the
toin planej indicated by the arrows* the new created trigonal
prismatic interstices are shown.
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Figure III.5.

Example of a structure derived from hop by mimetic (regularly repeated)

twinning on (1120). On the left hand side the trigonal prismatic

interstices are dreamt on the right hand side the remaining octahedral

interstices. The structure is that of cementite, FeJO.

Applying a twinning operation with respect to a specific plane

in a hep, ccp or sc array of atoms, the new formed polyhedra are very

often trigonal prisms (figures 4 and 5). In many alloy structures

the coordination polyhedra are trigonal prisms and structural relations

on the basis of twinning operations are suggestive. In the field of

the rare earth sulphide structures the twinning approach seems to be

very promising as well, these structures often showing trigonal

prismatic coordination. In addition many rare earth sulphide

structures are closely related to alloy structures, and are often

their anti-types.
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Ill A Structural relations.

III. 4.1. TvArmed cap-structuresi PuBr, derivatives.

Many structures of binary and ternary rare earth sulphides may
12)

be derived from the structure of PuBr_ (figure III.6). This

structure is built of isolated colums of trigonal prisms sharing

triangular faces. The colums are arrayed so that each prism is tri-

capped (on each rectangular face) by the atoms in adjacent colums.

This can be achieved in two ways : one is realized in the PuBr,

structure, the other in the hexagonal Y(OH) structure

most rare earth hydroxides and chlorides crystallize.

13)in which

Figure III.6.

The structure of PuBr^ projected along the b-axis. The large circles
are the Br atom on y=k (open) and y=% (full) respectively. The Pu
atoms are indicated by the small circles (open : y=h» full : y=h).
The contours of the unit cell are indicated by the dotted frame, as
will be the case in all following structure drawings.

11), PuBr, orFollowing the description of Andersson and Hyde

its anti-type Re,B is regularly twinned cubic close packing. The twin
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planes, which are {111} in the fee unit cell of ccp, are on every

fourth atom and we may label this structure as 3,3,3,3 , the twin

band being three interatomic distances wide. The twinning operation,

a simple reflection, generates trigonal prismatic interstices which

are all occupied in PuBr,. In figure III.7 again the structure of

PuBr, is represented, but now the octahedral interstices, that are

empty in PuBr are emphasized.

Figure III.7.

The structure of NdYbS„. Full and open circles represent atoms

on x=% and x=k respectively. The Yb atoms are in the ootahedra

and the Nd atoms in the trigonal prisms.

Filling these octahedra, the structure of NdYbS, is obtained, with

the larger Nd ions in the TP's and Yb in the octahedra. This structure

type is found for compounds LnLn'S when there is a considerable
3)

size difference between the two rare earth constituents . Recently,
14)

Noel and Padiou have shown FeUS, to have this structure too . The

anti-type is (Cr2V)C2.

Decreasing the number of atoms in the twin bands from four to

three, the structure of Ni.In is obtained. Because the sheets of

edge sharing TP colutns in this 2,2,2,2 structures are "hinged", they

can easily be distorted. This occurs in the structure of Co?Si or
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151
its anti-type PbCl2 '(figure III.8).

The narrowest possible band 1,1,1 occurs in CrB.

Figure III.8.
The structure of PbClg, projected along the b-axis. All
Pb atoms are in trioapped trigonal prisms of Cl atoms.

Structures showing wider twin bands are also known. One is the
16)CaTi.O. structure2 4 , 4,4,4,4 ,with Ca in the TP's in the twin planes.

In between, two octahedra per TP can be filled (figures III.9 and

III.10). This structure is also found for some compounds MLn.S ,
2)

with H = Hg, Mn, Fe, Cr and Ln = Tb - Lu

From the structure of CaTiJJ. the tt>3S4 structure is readily

obtained by a slip process. Alternate lamellae, a/2 thick, which are

parallel to the (y,z)-plane are allowed to slip by ^[0123 (figure III.11)

This structure is very similar to that of warwickite (FeCoBO.), where

the B atoms are shifted from the center of the trigonal prism into
18)

the center of a triangular face of it (figure III.12).

An example of a 6,6,6,6 structure is found in the mineral
19)

lillianite Bi-Pb-S- or 3PbS.Bi~S, . This structure (figure III.13)

may alternatively be regarded as an intergrowth of alternate lamellae

of PuBr. and NaCl. This suggests tiie possibility of a continuous

sequence of ordered structures between the end members. In fact,
20)

Hyde and Bakker found many of these structures in their electron
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Figure III.9.

The idealized structure of CaTiJ).. Only the oxygen atoms are drawn.

Figure III.10.

The real structure of CaTiJ)., projected along the a-axis. The small
circles represent the Ti atoms, which are in the octahedral inter-
stices. The Ca atoms are in the trigonal prisms. Full and open
circles denote atoms on x=% and x=k respectively.
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Figure III.11.

The idealized structure of YbJ3.. Only the sulphur atoms are dream.
The arrow indicates the band that is slipped to derive the structure
from the CaTiJ) structure (figure III.9).

Figure III.12.

The structure of warwickite (FeCoBO.) . The Fe and Co atoms are in
the octahedra of the 0 atoms* the B atoms have a triangular coordination
of oxygen. All atoms are on z=h (open circles) or s=% (fullcircles).

i
'4
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Figure III.13.

The structure of lillianite (3PbS.BigSJ. The Pb atoms are in the
slightly distorted Sß ootahedra. The Bi atoms fill the trigonal
prismatic interstices.

21)
microscope studies' on the system MnS-Y„S.. Wadsley already indicated

the possible existence of this family in his discussion of the lead-

sulphur minerals of the andorite group, but without realising the

building principle.

22)
The monoclinic structure of YqS7 in which also a nunber of

ternary sulphides MY.S crystallize, is an ordered intergrowth, 3,4,3,4,

consisting of alternate slabs of CaTi O and NdYbS, (figure 111.14}.

A distortion of the NdYbS, structure is found in the structure
23)

of Sb2S_ . Small shifts in the relative positions of the TP colums

open up the octahedra, transforming these into trigonal prisms vith

the threefold axis in the basal plane. In Sb_S, an additional shift

in the position of the Sb atom in its S,. prism also occurs, probably
b

due to the presence of lone pairs.
The original octahedra in NdYbS are still more distorted in

24)
the structure of U,S, (figure III. 15), which is also the high 5,

25)
pressure structure for most of the rare earth sesqui-sulphides

There are two U positions in this structure : an 8 coordinated posi-

tion in the original TP from the PuBr- structure and a 7 coordinated

41
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Figure III.14.

The structure of ,, projected along the b-axis.

Figure III.15.
The structure of UJS, (right hand side). For comparison, the structure
of NdïbSg ie given in the left hand part of the figure.

I
a

•rl
I
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position originating from the distorted octahedron. The building

element is a complex of two BTP's and two MTP's which, interconnected

in two directions gives the whole structure (figure III.16).

The same basic element is, connected in an alternative way, found in

the low pressure structure of most of the rare earth sesqui-

sulphides, the a-La.S. structure. As we shall see, the BTP's in this

structure do not have the PuBr, type of arrangement, but are inter-

connected to form strings, as in PbCl_.

Figure III.16.

Building element in the i/oS„ structure,
S* ml

In the U-S, structure the tetrahedral holes which are present

can be stuffed, giving the structure of Ba2FeS,. This structure also

occurs for a number of other compounds, for example K?CuCl,, Cs?AgI ,

(NH )_CuBr and for a whole series of minerals - the bismuthinite-
27)

aikinite series - Bi,o Pb Cu S, _ '.

12—n n n 18

An example of an intergrowth structure of U.S. and NaCl can be

found.in the mineral galenobismuthite PbBi„S . Parts of U_S and NaCl

are intergrown coherently in the ratio 1:1; Bi is in the MTP's and

in the octahedra and Pb in the BTP's 28)(figure III.17).
A very interesting structure has recently been reported for the

29)
compound U-ScS,. . It may be regarded as a coherent intergrowth

j b

of thin lamellae of NdYbS3 and U2S3 (figure III.18).
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Figure III.17.

The structure of galeno-bismuthite (PbBiJSJ. The Pb atoms are in
the distorted octahedra, the Bi atoms occupy the trigonal primatio
coordinated sites.

Figure III.18.

The structure of UJ5aSß, projected along the z-axis. Snail circles
represent the So atoms, which have an octahedral coordination. Again
all atoms are on z=% (oven circles) and z=% (full circles).
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III.4.2. PbCl~ and related structures.

k-

I:

The structure of Ni„In, described in the preceding section as

twinned ccp (2,2,2,2), may also be derived from PuBr by a coventional

crystallographic shear operation (CS), corresponding to a regular

elimination of {133}.. planes of atoms ({001} in PuBr_)•

fee j 1 3
The displacement vectors are R » —0l2Ï] and T5-[42f] on adjacent

lo lo

lo
T5
lo

CS planes. How, changing the CS plane to (100) in PuBr and the
1

displacement vector to R s TS'&23"] the structure of PbFCl is
1 1

obtained. Alternating R on adjacent planes from —[423] to -T

yield the idealized structure of PbCl2 (figure III.19), which

alternatively may be regarded as "internally twinned" PbFCl. This

idealized PbCl2 structure is found in SrBr2-H20
 30)(figure III.20).

The deformation to the real structure of PbCl2 can readily be seen

if we redraw the structure, recalling the possibility to draw bicapped

trigonal prisms in two and tricapped trigonal prisms even in four

equally plausible orientations (figure III.21).

Figure III.19.

Idealization of the PbCl,. structure, derived from PuBr~ by a

arystallographio shear operation.

A number of structures contain the characteristic sheets of

edge sharing prisms in PbCl„. In ot-La.S, (anti-Cr^C-) the sheets

are pushed apart so that extra anions can be interpolated. These

form a new set of TP interstices, with the threefold axis parallel

to the basal plane 3 1' 3 2 ) (figure III.22).
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Figure III.20.

The structure of

Figure III.21.

The structure of PbCl«. The structure is the same as that in
figure III.8, but now the trigonal prisms are drawn in a different
way.
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Figure III.22.

The structure of a-LaJ3„3 projected along the b-axis. The relation

with the PbClg structure may be seen by comparing with figure III. 8.

As stated before, this structure is closely related to that of

U S , both consisting of the same structural motif (figure III.16).

Further, both a-La-S, and U2
S7 m a v b e described as a chemical twin

derivative of idealized PbCl_. Of course they are also related by

a crystallographic shear operation, as are their parent structures

PbCl2 and PuBr3.

A small shift in the PbCl_ sheets in the structure of a-La.S,

causes the interstitial polyhedra to transform into pairs of edge

shared octahedra rather than trigonal prisms. This yields the struc-

ture of NH-CdCl (figure III.23) which is also the structure of some
33)

rare earth chromium selenides . The same result may be achieved

by applying the same CS-operation that converts PuBr, in PbCl_ to

the structure of PbBi2S4 (figure III.17).

Filling the tetrahedral interstices in the structure of a-La S.

gives the structure of K2AgI3 . The structure of CeTmS, may

be regarded as an intergrowth of a-La„S, and Vcs
7 (figure III.24).

Space for the insertion of extra anions into the PbCl_ struc-
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Figure III.23.

The structure of M^CdCl^. The larger NH^ oations are in the

trigonal prismatic interstices.

n

Figure III.24.
The structure of CeTmS*. Large circles (open : z=%3 full : z=%)

represent the S atoms. The smallest circles represent the Tm atoms.
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ture may also be obtained by a crystallographi-c slip process

(figure III.25). This eliminates anions (condensing the sheets to-

gether, each TP will then share three vertical edges with adjacent

TP's) but creates larger tunnels into twice as many additional anions

may be inserted :
slip insertion

M2X4 -X
nsert

Because of the flexibility of the resulting frame-work, the hexagonal

tunnels can contain several types of coordination polyhedra.

Figure III.25.
Slip process that converts the idealized PbCl« stnActure (left)
to a hexagonal framework (right).

8

i

In the structure of La.SnS-
36)

these polyhedra are octahedra,

forming strings by edge sharing (figure III.26).

A larger cation in the octahedral holes allows a seventh anion to

come into the coordination sphere. This situation is met in the
4+ 4+

structure of the compounds LruM S_, where M = Zr, Hf, Th, U

(figure III.27). This structure is an ordering in the structure of
„ _ 37,38,39,40)
U3 S e5

To accomodate an even larger cation, the interstices within

the hexagonal frame-work are distorted to bisdisphenolds. This is

the case in the structure of (NHj.ZnClg, where the Zn ions occupy

the tetrahedral sites opposite to the bisdisphenolds (figure III.28)

Ba.FeS,. is isostructural and Ba_Fe_S5_ is similar, but here morej a o / to j
tetrahedral sites are occupied and the unit cell is larger

42)
Also the structures of many alloys, such as Y,.Bi, are the same

but with the tetrahedral sites unoccupied.
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Figure III.26.

Projection of the structure of LaJ3nS5 along the c-axis. The Sn atoms

are coordinated octahedrally.

-»• X

Figure III.27.

The structure of LnnZrSc. Zr atoms are in the octahedra, which

are distorted with respect to those in the LaJSnSr structure.

The interstitial polyhedron can be further distorted towards a

cube, which is almost achieved in Rh-Ge. or Ru_Si_ (figure III.29).
11?

This structure has been described as a glide reflection twin

derivative of the CsCl structure. The reflection planes are {111} c l

and the displacement vector is half the body-diagonal of a CsCl cube.

Again a variation in the width of the twin bands is possible. In
43)

Ru.Si- the bands are 4 atoms wide, in Ru.Si, 3 atoms, in Ru.Si,
4 3 5 3 2

which is anti PbCl„ type the band width is 2 atoms and in RuSi, which
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Figure III.28.

The structure of (NHJ„ZnCl,.. The Zn atoms are not drawn. The

NH. ions (small drôles) occupy both the trigonal prismatic

and the bisdisphenoidal interstices.

V*aV!

'4?

Figure III.29.

The structure of RhJJe~. The larger circles are the Rh atoms*

which form the cubic and trigonal prismatic interstices

occupied by the Ge atoms. For open circles z=k and for full

circles z=%.

'î'à

f

is CsCl type, the twin bands are separated by an infinite number

of atoms.

The structure of Ln_MS (figure III.27) can be derived from

Rh-Ge. by small distortions, as has been indicated by Jeitschko and
38)

Donohue . So it may be regarded either as a CS derivative of PbCl,

or as a twin derivative of CsCl. A more detailed description of this

structure will be given in chapter V.
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III.4.3. Twinned hop-structures.

Until now we have considered structures that may be described

as twin derivatives of ccp and sc (CsCl) arrays of atoms. A beauti-

ful example of a twinned hep structure is the structure of cementite,
1 0 ) (figure III.5). The twin plane is (1122). and in cementite

hep
F e 3 C

the twin planes are three atomic distances wide. The twinning operation

again produces trigonal prismatic interstices in the twin planes.

Occupation of these and the octahedral interstices, which are empty
44 45)

in Fe-C, yields the structure of YScS- ' (figure III.30).

Note the relation Fe3C -*• YScS_ to be similarly to PuBr. -»- NdYbS-.

Kodier et al. erroneously assign the space group Pna2 to the

31O

Figure III.30.

The structure of YScS,. The relation with the structure of cementite
may be seen by comparison with figure III. 5. The Sc atoms occupy
the octahedral coordinated sites and the Y atoms are in the TP's.

f

I

structure of YScS,. In their argumentation on the basis of Weissenberg

data, they overlook the possibility that one of the cation constitu-

ents occupies position (4a) and the other position (4c) in space

group Pnma. Their data strongly suggest this to be the case and

hence YScS3 is isostructural with GdFeO3
 4 6 ).

As in the case of the twinned ccp and sc structures, variation

of the width of the twin bands is possible. Again these variations

correspond to CS-operations, removing anion planes parallel to the
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twin planes, thus changing the stoichiometry. If the twin bands

are alternate 3 and 2 atoms wide, the structure of Fe C, is obtained.
47)

The structure of FeU-S,. is the stuffed anti-type of Fe^C? » t n e

Fe ions occupying the octahedral interstices.

Hence, there are two types of A_BS,. structures with one octa-

hedral and two TP interstices per formula unit, viz. ordered U,Se^

(twinned ccp) and FeU?S (twinned hep).

A further reduction of the twin plane intervals to the sequence

2,2,2,2 is found in the structure of YbO(OH)
49)

48). The smallest possible

size is realized in the structure of FeB . A more complicated

example of a twinned structure is that of Fe_C_. Hyde et al.

describe this structure as a product of a "trilling" operation. The

threefold axes of the trigonal prisms, generated by the twin opera-

tions run in three directions, making angles of 120° (figure III.31).

• o o o o

Figure III.31.

The structure of P&?C,. Both the trigonal prismatic interstices,

which are occupied by the C atoms, and the empty octahedral

interstices are indicated.

In between the TP interstices, there are still tetragonal and octa-

hedral interstices, which are empty in Fe C, . Partial filling of

the tetrahedral sites yields the structure of Ba Fe^Se
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In the compounds
..

both octahedral and tetrahedral

interstices are filled. This is the structure for a vast family of

compounds with the general formula l*nfiB„ C„ s^eKä' described by

the group of Flahaut. Some hundreds of members of this family have

been reported, for instance Ln6Al1Q--S.., Ln6Ge-,_S14, L
. 51—58)

etc.

111.5. Concluding remarks.

We proposed to describe the different crystal structures ob-

served for the rare earth sulphides making use of the concept of

chemical twinning, introduced by Andersson and Hyde.

The vast number of at first glance unrelated and independent

structures is thus strongly reduced.

The twinning operations also supply a physical mechanism for

crystals to accomodate impurities or changes in stoichiometry. If the

impurity concentration or the vacancy concentration is large and

of the same order of magnitude as the concentration of the ions

already present, the twin planes may be very close together and it

is more appropriate to speak of a ternary compound. In general such

a compound will show an X-ray pattern different from that of the

parent structure.

With relatively small impurity or vacancy concentrations, the

new structure, originating from the introduction of twin planes may

not be observable by X-ray methods. This may account for the

occurrence of homogeneity ranges for instance in the phases Ln. S

(with the NaCl structure) and Ln, (with the Th,P. structure).

Apart from its use as a tool in the classification and under-

standing of crystal structures, the concept of chemical twinning on

the unit cell level is useful in designing a new kind of solid state

research. If ,a crystal structure can be described as a twin derivative

of a parent structure, for instance NaCl, the existence of many new

compounds consisting of NaCl blocks of variable size is conceivable.

These structures are unlikely to be observed by means of x-ray

diffraction techniques when the blocks of the parent structure are
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large. The suitable technique to investigate these structures will

then be high resolution electron microscopy.
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CHAPTER IV

MLnS2, STRUCTURES AND MAGNETIC PROPERTIES

IV.1. Introduction.

Since 1964 compounds of the type MLnS_, in which M is an

alkaline earth, Ln is one of the rare earths and X is S, Se or Te,
1 2)

are known. Ballestracci and Bertaut ' reported the compounds for

which M = Li, Na and K. Bronger and coworkers prepared the Rb-

and Cs-compounds and Kabré et al. described the corresponding

tellurides.

All the existing phases - with M = Rb and Cs no compounds with the

heavy rare earths are observed - crystallize in an ordered or dis-

ordered NaCl structure. When the ionic radius of the monovalent

cation is much smaller than that of the trivalent cation, no

crystallographic ordering in the NaCl structure is observed in

X-ray experiments. The ordering in other cases is layer-like,

resulting in the a-NaFeO, structure

The structural data of this family, available in literature, are all

powder data. Because of the layered structure, giving rise to huge

preferred orientation effects, it is hard to derive positional para-

meters from powder data alone. Apart from this, there is a general

difficulty in distinguishing between two space groups differing

only in a centre of symmetry. This problem is met in the case of

these compounds, for which the space group may be R3m or R3m.

We carried out an X-ray single crystal structure determination

on KCeS„, in order to obtain more detailed information concerning

the space group and the positional parameters. The results are

presented in section IV.3.

Some of the X-ray powder diffractograms of the disordered phases

show broad lines which arise from diffuse scattering, indicating

short range ordering effects. We investigated the short range

ordering and its temperature dependence in LiTbS, by means of high

resolution electron microscopy. These experiments are described and

discussed in section IV.4.
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From a crystal chemical point of view, the crystallographically

ordered compounds MLnS„ are very suited for investigating the

magnetic interactions of rare earth ions via intermediate sulphur

ions. In the crystal structure, all the rare earth ions are on the

same crystallographical position and only one nearest neighbour

superexchange path has to be considered.

The point symmetry of the rare earth site is D,, and crystal field

effects may play an important role in the magnetic properties at low

temperatures. For Kramers ions (odd number of 4f-electrons) the

electronic levels will be at least twofold degenerate. For non-

Kramers ions (even number of 4f-electrons) the degeneracy may be

totally removed, in some cases resulting in a non-magnetic ground

state.

The results of the magnetic measurements on powdered samples of

MLnS. (M = Li, Na and K) and ESR experiments on single crystals of

KCeS» and KNdS» are reported in section IV.5.

IV.2. Experimental.

TV.2.1. Preparation of the samples.

For the preparation of the sulphides MLr.S several methods are

conceivable. The most important are :

1. direct reaction of the constituing elements,

2. reaction of a mixture of the oxides (carbonates) with H_S,

3. reaction of the binary sulphides.

The first method is not very practical, because of the high air-

and moist-sensitivity of both the alkali metals and the rare earth

metals. The second method mentioned is in general a good one. In the

case of the compounds MLnS., however, it turns out that the formation

of the oxysulphides Ln.O-S cannot be excluded. The formed oxysulphides

are extremely persistent.

Fortunately, the products MLnS, are neither air- nor moist-

sensitive and are insoluble in water. So, an excess of alkaline

carbonate may be used and the excess of alkaline sulphide formed,

which will act as a flux for the products, can be removed by washing
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with water. In this way rather large, piate-shaped crystals of MLnS_

can grow, which are free of oxysulphides.

A still better procedure is the third preparation method. The

two binary sulphides are prepared separately by a reaction of the

oxides (or carbonates) with H?S. Then the two sulphides are allowed

to react, again in a stream of H?S.

Alsint can be used as crucible material for these reactions, but

sometimes black, needle-shaped impurity crystals are formed using

Al O boats. This is avoided by applying vitreous carbon crucibles

(Beckwith Carbon Coorporation).

The rare earth sulphides have been prepared by heating the

oxides in a stream of H?S, using a high frequent inductance furnace

and graphite crucibles. Several heating treatments at temperatures

between 1200 and 1400 C were required to obtain the pure sulphides.

The alkaline sulphides were prepared by heating the corresponding

carbonates in a H_S atmosphere. The starting material was contained

in a vitreous carbon boat, which was placed in an Alsint tube heated

by a tube furnace. Reaction temperatures were between 600 and 800 C.

The tube furnace was connected with a Viscount temperature

regulation device, enabling to keep the temperature constant within

2 C or to lower the temperature in a controlled way. After cooling,

the boat was removed from the Alsint tube and the previously prepared

rare earth sulphide was spread in the boat. The amounts were chosen

to give a 30 times excess of alkaline sulphide.

The mixture was then heated in the tube furnace and cooled from

1000°C at a rate of 30°/hour. The excess of M S was washed out with

water and the product was dried with acetone. The size of the hexa-

gonally shaped crystals that were formed, depends on the rate of

cooling : the faster was cooled, the larger and thinner were the

crystals (maximum dimensions 5x5x0.05 mm).

Starting materials for the sample preparation were : rare earth

oxides with a claimed purity of 99.9 % (Elcomat), alkaline carbonates

(99.99 %, J.T. Baker). The hydrogen sulphide (Loosco, 99.5 %) was

prior to use dried over P-O,..
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TABLE iv.1. Cell parameters (in %) of the compounds MLnS„. aa derived from X-ray
powder diffraotograma. The values between parentheses indicate the
uncertainty in the laat digit.

La

Ce

Pr

Nd

Sm

Eu

Gd

Tb

Dy

Ho

Er

Tm

Yb

LiLnS,

a

-

-

5.685(1)

5.627(1)

5.572(4)

5.562(3)

5.530(3)

5.504(2)

5.481(1)

3.883(2>

3.868(3)

3.844(3)

3.839(6)

18

18

18

18

c

.48(1)

.48(1)

.48(1)

.60(2)

5

5

4

4

4

4

4

3

3

3

3

3

3

NaLnS2

a

-

.829(1)

.779(1)

.135(2)

.112(5)

.054(1)

.042(3)

.018(1)

.991(1)

.971(1)

.951(1)

.936(1)

.919(1)

.902(1)

-

-

-

19.

19.

19.

19.

19.

19.

19.

19.

19.

19.

19.

c

98(1)

96(2)

90(3)

94(1)

92(1)

89(1)

85(1)

87(1)

85(1)

86(1)

85(1)

4

4

4

4

4

4

4

4

4

4

3

3

3

KLn.

a

642(4)

.228(4)

.191(4)

.163(3)

.119(2)

.095(2)

.074(1)

.053(1)

.042(2)

.013(1)

.990(2)

.972(2)

.966(6)

s2

c

21.89(1)

21.80(1)

21.88(2)

21.89(1)

21.88(1)

21.87(1)

21.90(1)

21.88(1)

21.93(1)

21.88(1)

21.89(4)

21.88(2)

21.83(4)



IV. 2.2. Identification and analysis.

By means of a Philips X-ray powder diffractometer, type PW 1025/25

powder diffractograms of all samples were recorded, using Cu K-a

radiation (X = 1.5418 8). The patterns obtained are either of the

cubic NaCl structure or of the rhombohedral a-NaFeO2 structure. With the

aid of a least-squares computer program, written by H.M. Rietveld,

the cell edges were calculated. In Table IV.1 the results for LiLnS_,

NaLnS„ and KLnS2 are listed. In the cases of a rhombohedral super-

structure, the axes of the hexagonal cell are given.

It can be seen from the table and from figure IV.1 that the hexagonal

a-axis decreases gradually with decreasing radius of the rare earth

ion. The c-axis is almost independent of the rare earth radius, but

depends strongly on the size of the monovalent cation.

4.10

4.00

Figure IV.1.

Variation of the hexagonal
a-axis in ïlahnS^ and KLnS^
along the rare earth series. CtPrNd SmEuGdTbDyHoEr TmYb

Our results are in good agreement with the cell parameters given
1 2)

in the literature . In contradistinction to Ballestracci, we do

observe the rhombohedral superstructure for NaPrS, and NaNdS.. This

may be ascribed to a difference in preparation conditions. We shall

discuss this point in greater detail in section IV. 4.

In order to establish the stoichiometry, we carried out chemical

analyses of some of the compounds. The content of alkali metal was

determined by means of flame emission spectroscopy, using a Varian
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Techtron spectrophotometer, model 1100. The rare earth content was

determined by complexometric titrations with ethylenediamine tetra-

acetate (EDTA) solutions, which were standardized on zinc, and with

methylthymolblue as indicator.

Some representative results are presented in Table IV.2.

TABLE iv. 2. Results of the chemical analysis "of some compounds

compound

KCeS2

KTbS2

NaDyS2

Lil>yS2

% alkaline earth

theor.

16.1

14.9

9.2

3.0

exp.

16.1(1)

14.1(1)

9.0(1)

2.8(2)

% rare

theor.

57.6

60.6

65.1

69.6

earth metal

exp.

57.0(3)

60.8(3)

65.4(3)

69.8(3)

IV.3. The crystal structura of KCeï^.

IV.S.I. Experimental.

From a sample of KCeS„, prepared as described in the previous

section, we selected a single crystal of approximate size 0.1x0.1x0.05

mm. Unit cell dimensions, derived from powder diffractograms, are

a -= 4.228(4) 8, c = 21.80(1) 8 (hexagonal axes). The calculated

density for Z = 3 and a molecular weight of 243.4, d « 3.59 g cm' ,

agrees with the measured density, d = 3.61(2) g cm . The crystal was

mounted on an Enraf-Nonius three-circle single crystal diffractometer,

with the hexagonal a-axis along the <J>-axis.

Intensities were recorded by the 6-26 scan method for all

reflections with 6 between 5 and 40 , using graphite monochromatized

' T h i s section ha* bMn pubKshad, C M . Plug and G.C. Verschoor, Acta Crytt. B32I1976), 1856.

64



Mo K -radiation. Background intensities were determined at &±h&,

where A = 0.8 + 1.2tan6. The mean counting time was 36 s for each

background and 72 s for the scan. The total number of reflections

measured by this method was 1740. Reflections with intensities less

than twice the standard deviation, calculated from counting statistics,

were considered as not significant. All data were corrected for Lorentz

and polarization effects and for absorption , using transmission

factors between 0.13 and 0.41 (u = 118.0 cm" }.

All intensities were reduced to F values and an averaging

procedure was carried out, giving a total number of 307 observed

symmetry-independent reflections. Starting values for the scaling

factor and the initial overall isotropic thermal parameter B were

obtained from a calculated Wilson plot.

IV. 3.2. Refinement of the structure.

The function minimized during the least-squares refinement

process was Ew (|F | - |F |) , with the weighting factor w =(0 )

- ]F ]|/E|F | and

R W F = U W F ( | F O | -

Discrepancy indices referred to are : R=Z||F |

W F ( ? 2 \

From zero- and upper-level Weissenberg photographs the crystal

symmetry and the approximate cell parameters were determined. Systematic-

cally absent reflections were of the type -h+k+1 ^ 3n, indicating a

rhombohedral symmetry, and the intensities of the reflections hkil

and khil were equal. The Laue group appeared to be 3m, leaving three

possible space groups : R3m, R3m and R32.

Two models with both catxons in an octahedral coordination and

t j models with either Ce or K in a trigonal prismatic coordination

were refined by a full-matrix least-squares method. The positions for

the atoms in the different space groups, according to these models, are

given in Table IV.3. Refinement of both prismatic models (with either

Ce or K on z - 5/6) gave poor results : the best R value obtained was

0.40.

For the octahedral model, however, refinement under R3m or R3m

symmetry of only the scaling factor and the overall thermal parameter

yielded R = 0.17. Three cycles of full-matrix refinement under

R3m symmetry of the positional parameter of sulphur and the isotropic
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TABLE IV.3. Positions for the atoms in the different space groups.

Positions

Ce 3 (a)

K 3{b)

S 6(c)

Ce 3(a)

K 3(a)

S(l)3(a)

S(2)3(a)

Ce 3(a)

K 3(a)

S(l)3(a)

S(2)3(a)

Ce 3(a)

K 3(a)

S(l)3(a)

S(2)3(a)

0,0,0

O.O.h

0,0, z

0,0rz

0,0,z;

0,0,z;

0,0,z;

0,0,z;

0,0,z;

0,0,z;

0,0,z;

0,0,z;

0,0,z;

0,0,z;

0,0,z;

0,0,z;

(z

z =

Z a

Z =

z =

z =

z =

z =
z =

z —

z =

z —

z —

= >»)

0

h

0

5/6

5/12

7/12

5/6

0

5/12

7/17

Space group

R3m and

R32

R3m

R3m

R3ra

Cation coordination

both octahedral

both octahedral

Ce octahedral

K prismatic

Ce prismatic

K octahedral

thermal parameters of all atoms reduced R_ to 0.04. At this stage

the thermal parameters were allowed to refine anisotropically and an

extinction correction was carried out. This led to final discrepancy

indices, considering R3m symmetry, R_ = 0.023 and R = 0.024.

Having reached this level, it can be stated already that R3m is the

most likely space group. The low indicesR and R , the low value of

the parameter U „ of sulphur and the absence of chemical arguments

for lowering the symmetry strongly indicate this.

Still it was thought useful to attempt a refinement under R3m symmetry,

decoupling the sulphur positions and allowing the z parameter of K

to refine also, with the expectation that adding new parameters to

be refined would redvce the discrepancy indices to a lower level.
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We carried out three refinements under R3m symmetry. First the K

position was kept exactly at (0,0,>s) and the displacements of S(l)

and S(2) were restricted to be equal and in the same direction for

both sulphur ions (AzfS.) = Az(S?) ). Then, in a second refinement

the z parameter of K was allowed to refine also. Finally, the z para-

meters of K, S(l) and S(2) were all refined independently. In all

cases the anisotropic thermal parameters of all atoms were refined

as well, the starting values being the final values from the refine-

ment under R3m. The thermal parameters for the sulphur atoms 1 and

2 were restricted to keep equal values for both atoms. The results are

summarized in Table IV.4.

As can be seen, refinement under R3m gives a slight improvement

of the index R • However, this improvement is not very significant

because of the almost complete correlation of the sulphur parameters

U_3 and z, which are refined, as is shown by the correlation matrices.

So we conclude that R3m is the most likely space group for KCeS .

The observed and calculated structure factors in that space group are

listed in Table IV.5.

All calculations were carried out using the Leiden University IBM

360/65 computer, with the aid of a set computer programs, written or

modified by Dr. R.A.G. de Graaff and Mrs. E.W. Rutten-Keulemans.

IV.S.S. Discussion.

The structure of KCeS« can be described as an ordering in the

cation positions in the NaCl structure, or as the MgCl- structure

in which the Mg positions are occupied by the Ce ions and the vacant

octahedral positions by the K ions. The projection of the structure

on (1120) is given in figure IV.2.

The regular S- octahedra of the idealized structure are distorted:

the CeSe octahedron is compressed (reduced c/a ratio is 0.7205) ando
the KS- octahedron is elongated (reduced c/a is 0.9982) along the

o

threefold axis (of. figure IV.3). As could be expected, the octahedra

with the highest charged cations are the least distorted ones.

The size of the distortion from the ideal structure can also be

described by a position parameter e , indicating the shift of the

sulphur ions . From the determined z parameter for the sulphur ion

in KCeS„, we obtain e . = -0.0135(9). Considering the ions as hard
2 obs
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The general anisotropic temperature factor has the form exp{-2ir (2EU..h h.a*a*)}. Owing to the site

symmetry of the ions there are several restrictions on the thermal parameters U.. : U11=U00«2u10;

U2~=U31=0' E s t i m a t e d standard deviations in the least significant digits are in parentheses.

Space group

R3m

R3m(l)

R3m(2)

R3m(3)

Ce

K

S

Ce

K

S(2)

Ce

K

S(2)

Ce

K

S(2)

X

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

y

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

z

0

5000

2634.6(4)

0

5000

2652(3)

7382(3)

0

5010(10)

2647(6)

7377(6)

0

5018(15)

2643(7)

7374(7)

U11=U22=S2U12

69(1)

181(3)

105(2)

69(1)

180(3)

99(2)

99(2)

69(1)

181(3)

99(2)

99(2)

69(1)

181(3)

99(2)

99(2)

°33

94(1)

134(4)

103(3)

95(1)

130(4)

78(7)

78(7)

95(1)

121(12)

84(8)

84(8)

95(1)

111(25)

88(8)

88(8)

V

2.

2.

2

2

%)

29

.30

.30

.30

R„F<%)

2.36

2.29

2.28

2.28



TABLE iv.5. Structure factors.

M

0
0
0
0
0
0
0
0
0
0
0
0

4
4
4
4
4
«
4
4
4
4
«
4

4
4
4
5u>

5
S
S
S

K L

0 3
0 6
0 9
0 12
0 IS
0 18
0 21
0 24
0 27
0 33
0 36
0 39
0-36
0-35
0-32
0-29
0-26
0-23
0-20
0-17
0-14
0-11
0 -8
0 -5
0 -2
0 1
0 4
0 7
0 10
0 13
0 16

-1 29
-1 32
0-29
0-26
0-23
0-20
0-17
0-14
0-11
0 -8
0 -S
0 -2
0 1
0 4
0 7
0 10
0 13
0 16
0 19
0 22
0 25
0 2«
0 31
-2-29
-2-28
-2-23
-2-20
-2-J7
-2-14

§:§-!.

FOBS

4620
4243
1601
S941
3857
3536
901
2262
2038
850
941
694
1672
1018
USD
778
2855
2633
3005
651
3568
3996
6718
2145
3405
2738
7611
4145
3719
1126
4081

696
892
628
1849
1717
1832
70S
1953
2300
3257
1347
1719
168B
3467
2203
1850
7S3
2333
1988
I94S
676
1077
tO64
605
1704
1587
168«
681
1811
2154
3012

FCfilC

4017
3845
1464
5432
3657
3360
746
2185
2027
646
944
728
1696
1035
1168
784

2801
2530
2888
631
3369
3620
6459
2062
3565
2909
7722
3908
3523
1064
3877

671
907
649
1651
1714
1828
663
195B
2295
3253
1362
1748
1706
3559
222«
1660
606

2312
2007
1982
615
1087
1074
829
1716
1588
1692
641
1602
2118
286«

H

l
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

S
5
S
S

S
s
ss
s5
5
5
5
5
5

5
5
5
5
5
S
S
s
i
s

K L

0 19
0 22
0 25
0 28
0 31
0 34
0 37
-1 0
-1 3

_
—

_

_

1 6
1 9
1 12
1 15
1 18
1 21
1 24
1 27
1 30
1 33

-1 36
0-37
0-34
0-31
0-26
0-25
0-22
0-19
0-16
0-13
0-10
0 -7

-2 -5
-2 -2
-2 1
-2 4
-2 7
-2 10
-2 13
-2 16
-2 19
-2 22
-2 25
-2 26
_

_
•
•

•
_
•
_
m

-27
-24
-21
-18
-15
-12
-9
-6
-3
0
3
S

il
15
18
21
it
27

FOBS

3251
3164
727
1548
1480
2087
825
5974
3077
3185
1477
4674
33E6
3665
704
2016
1872
2373
60S
870
821
1935
1344
1419
692
2812
2852
3499
1043
:006
3297

1304
1594
1SS7
3160
2065
1727
772

2134
1663
1815
590
1032
1227
1239
567
1737
1942
2403
836
ISS«
'734
3033
172«
1529

•SS1944
1752
587
1262
125«

FCBLC

3061
3053
734
1SS1
1460
2091
651

6766
3171
3141
1416
4546
3255
2993
712
1990
1676
233B
808
889
812
1933
1366
1434
703

2766
2768
3414
1013
2957
3310

1271
1597
1581
3238
20S2
1726
770
2127
1664
1816
599
1022
1251
1256
S83
1749
1949
2431
951
1SS8
1768
3137
176«
1558
851
2431
18«9

'SS
lit?

H

2
2
2
2
2
2
2
2
2
2
2
2
2
2
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

5
S
5
5
5
5
S
5
5
S
5
S
S
5
5
5
5
6
6
6
6
6
6
6
6
6
6
6

%

II L

0 -4
0 -1
0 2
0 S
0 8
0 11
0 14
0 17
0 20
0 23
0 26
0 29
0 32
0 35

•
-

1-35
1-32
1-29
1-26
1-23
1-20
1-17
1-14
l-ll

1 -S
1 -2
1 1
1 4
1 7

-1 10
-1 13

0-25
0-22
0-19
0-16
0-13
0-10
0 -7
0 -4
0 -1
0 2
0 S
0 8
0 11
0 14
0 17
0 20
0 23
-3 0
-3 3
-3 6
-3 9
-3 12
-3 15
-3 18
-3 21

-2-19
-2-18
-2-13
-2-10

F6BS

S627
2412
2646
1916
5112
3387
3006
602

2718
2416
2627
748

1086
93S
907
999
706

2366
2153
2375
75«

2613
3038
4612
1740
2423
2156
4620
2652
2601
957

547
1566
1643
1826
714
1480
1766
2696
13S6
1341
1101
2460
1802
1538
602
1452
1399
2536
1S90
1376
878

2116
1713
1531
SS«
1120
•4SI
I486
1702
687
138S

FCHUC

5977
2496
2944
1903
5247
3339
2940
792

2597
2326
2561
750
1091
980
930
1023
721

2351
2145
2359
752

2610
2997
4517
1735
2490
2229
5037
2935
2573
954

571
1S66
1619
1818
712
1476
1764
2712
1375
1363
1120
2496
1822
1547
607
1463
1403
2637
1532
1341
861
2067
1689
1510
559
1106
1462
ISIS
1««7
66«
1375

M K L

3 -1 1«
3 -I 19
3 -1 22
3 -1 2S
3 -1 28
3 -1 31
3 -1 34
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

0-33
0-30
0-27
0-24
0-21
0-18
0-15
0-12
0 -9
0 -6
0 -3
0 0
0 3
0 6
0 9
0 12
0 15
0 16
3 21
J 24
0 27
0 30
0 33

4-2 0

6 -2 -7
6 -2 -4
6 -2 -1
6-2 2
6-2 5
6-2 6
6-211
B -2 14
6 -2 17
6 -2 20
6 -2 23
6 -1-20
6 -
6 -
6 -
6 -
6 -
6 -
6 -
6 -
8 -
6 -
6 -
6 -
6 -
6
6
g
6
6
8

1-17
1-14
1-11
1 -B
1 -S
1 -2
1 1
1 «
1 7
I 10
1 13
1 18
1 19
1-15
1-12
I -9
D -6
1 -3
9 0

FOBS

3133
2619
2593
663
1301
I2SI
176S
704
I960
1574
164S
647

2474
272S
3539
1264
2296
2429
4497
2455
228]
1231
3526
2737
2480
653
1692
1614
1969
716

4045

166S
2470
1267
1259
1045
2303
1710
1463
580
1360
1329
1277
584
1347
1569
2102
993
U68
1199
2268
1525
1275
656
IS71
1430
140«
1660
787

1127
1271
2100

FCfllX

3056
2554
2522
676
1331
1281
1792
743
1391
1621
1681
654
2442
2S92
3535
1226
2310
2482
4763
24B2
2310
1226
3535
2632
2442
654
1661
1621
1931
743

4225

1644
2495
1289
1269

2300
1698
1440
592
1366
1318
1278

seo1344
1586
2125
1003
1186
1213
2302
1S36
1285
667
1571
1421
1388
1654
761
1101
lit«
2077

n

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4

4
4
4
4
4
4
^
H
t
4
4

6
6
6
6
6
?
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7

K

-2
_2
-2
-2

_n
-2
-2
-2

-2

L

3
6
9
12
15
'.6
21
24
27
3?
33

-1-31
28

-1-2S
-1-22
-1
-1
-T
-1-
-1
-1
-1
-1
-1
-1
-1
-1
-1

-l
-1

0
7

c0
*)

19
16
13
10
-7
-4
-1
*

ê
u14
17
20
C3
2*

3
6
3
12
IS

-3-14
-3-11
-3
-3
-3
-3
-3
-3
-3
-3

-6
-5
-2
I
4
7
10
13

-2-12
-2
-2
-2
-2
-2
-2
-2
-2
-1
-1
-1
-1

-a-p
-3
0
3
5
9
12
-4
-1
2
5

FOBS

2266
2078
1155
3288
251"
226«
622
1541
14a»
1832

1113
1125
617

2114
- I4d
2553
858
20B3
2409
3847
1799
1693
1446
3546
2518
2101
S6K
198]
1638

126»
1106
755
167"
141»

143:
1B9"
337
106«
1062
2017
1381
1153
639
1S58
743
1032
1186
1333
1177
1017
733
1533
1692
977
928
816

FCfil

2258
2156
1142
31!»
247-1

"«M
153S
III«
1644
714
1136
115J

2i :«
21S8
2524
849
20S4
242^
3942
1851
1935
146«
359"
249C
2138
Î W
Ia8]

14)9

126F
11 M
761

1654
13B3
1161
1394
1828
4\".

1Ó83
1973
1352
1131
630
1542
733
103«
1U4
1927
1194
1036
733
IÎ42
1757
97»
936
833

spheres one may calculate e according to the following formula :

"calc" 4
•

(in units of the hexagonal c-axis). Using the ionic radii given by
8)

Shannon and Prewitt we obtain c . =
calc

good agreement with the observed value.

-0.0148, which is in fairly



n
UI U iv.̂,

IO!

O* o
i i

Figure IV.2.

Projection on (1120) of KCeSc

Figure IV.3.

Projection on (1120)a showing

the shift of the sulphur

layers in KCeS».

IV.4. Long- and short-range ordering in the rock salt structure.

IV. 4.1. Superstructures of NaCl.

The rock salt or NaCl structure is the most occurring structure

for compounds of composition MX. The structure consists of two

interpenetrating face centered cubic (fee) lattices, the one occupied

by the M ions, the other by the X ions. These fee lattices both re-

present a cubic close packed array and both the M ions and the X ions

are coordinated octahedrally by the counterions. An alternative way

to describe the NaCl structure is to consider either the anion-

centered or the cation-centered octahedra and to note that the

structure is obtained by sharing of all the octahedral edges.

1
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2+ 2-
This type of structure is observed for many compounds M X

If we replace 2M ions by A and B , the compounds ABX_ are

obtained. Generally, these also have the NaCl structure, but often

a superstructure appears. A systematic derivation of all possible

superstructures ABX_ has been given by Brunei et al.

According to Pauling's electro-neutrality rule (local charge com-
2-

pensation) each anion X in the compounds ABX„ with a NaCl super-

structure, will be surrounded by six cations with mean charge 2+,

hence,by three A ions and three B ions. This limits the number of

possible anion-centered octahedra to two (figure IV.4). The first

type of octahedra accounts for an optimal distribution of the diffe-

rent cations, while the second type shows a clustering of cations of

the same charge. We note here that the latter is expected to be

observed in structures where anion polarization will play an important

role.

Figure IV.4.

The two possible anion-centered oatahedra in compounds A B''+X~

having superstructures of the NaCl structure. Balls and squares

represent A and B ions respectively.

With only octahedra type 1 present, only one superstructure nay
g)

be derived : the tetragonal LiFeO» structure . This structure

occurs for many ternary oxides, but is not observed for sulphides.

There are two structures conceivable, built only by octahedra of

type 2 : the rhombohedral o-NaFeO„ structure and a cubic structure

with cell edge a = 2 ^ .. Also structures consisting of a combi-
7)

nation of octahedra 1 and 2 may occur. Brunei and coworkers have

shown that the superstructure peaks for any superstructure formed
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by octahedra 1 and 2, are located on a unique surface in reciprocal

space. This surface is described by the equation

COSTTh + COSTTk + COS7T1 = 0

where h,k and 1 are the components of a reciprocal lattice vector.

For the NaCl substructure these are given by the conditions h,k,l =

integer and h,k,l = all even or all odd.

The LiFeCv structure is characterized by the reciprocal lattice
\*

vector (0,1,-5-), referring to the axes of the NaCl structure. For
1 1 1

the ot-NaFeO„ structure (h,k,l) = (-T,-T,-~) , but only one quarter of

these points in reciprocal space is occupied, corresponding to an

ordering in the {ill} .. planes only in one direction in the real
1 1 1

crystal. When all the points (-~f-z,-~) are occupied the superstructure

is the cubic 2a structure with space group Fd3m.

The powder X-ray diffraction pattern of LiTbS_, prepared at

1000 C and cooled to room temperature at a rate of 30°/hour, is

that of a disordered NaCl structure. However, at the reflection angle

where for the rhombohedrally ordered compounds the strongest super-

reflection, 003, is observed, a broad and diffuse rise in the back-

ground may be distinguished. This phenomenon suggests short-range

ordering in

IV. 4.2. Electron diffraction experiments.

Electron diffraction experiments were performed on small single

crystals of LiTbS-, We used a Siemens Elmiskop 102 electron microscope

fitted with a tilting stage. Thin single crystals were obtained by

fragmenting small crystals after cooling them with liquid nitrogen.

The fragments were mounted on a 400 mesh grid, covered with a poly-

ethylene holey film.Two samples were studied : one sample of LiTbS.

prepared as described in section IV.2 and one sample of this compound

that was additionally annealed at 500°C during one month.

The diffraction patterns of sample 1 show distinctly the spots

allowed for the NaCl structure. Between these sharp spots, bands of

diffuse intensity are observed (figure IV.5.a). The periodicity of

the bands in reciprocal space is Ah = ±2, Ak = ±2 and Al = ±2.

Their pattern may be described by the relation

72



cosirh + cosirk + cosirl = 0

and is very similar to that observed for some transition metal
10)

sim«fm

vffi

i

M

carbides by Billingham et al. for which a theoretical analysis
11)

has been given by Sauvage and Parthé . The diffuse intensity

indicates the presence of short-range ordering in the sample.

Close to the reciprocal lattice points (-5,-5,-5) the diffuse intensity

is maximal, indicating the SRO (short-range ordering) to correspond

to the occurrence of mainly octahedra type 2, which are ordered in

small regions. These microdomains may be visible in bright field as

well as in dark field images using diffuse intensity. These images

of SRO LiTbS„ contain contrast that is mottled on a scale of about

40 8 (figure IV.5.g). Hence, the SRO presumably extends over that

distance.

The electron diffraction patterns of sample 2, which has been

annealed at 500 C, show that the diffuse intensity in most cases

has disappeared (figure IV.5.b,c,d,e). Instead, sharp superspots are

observed between the NaCl reflections. In some of the diffraction

patterns both superspots and diffuse bands appear. The superspots

can be indexed assuming two superstructures to be present, both

characterized by the reciprocal lattice vector (—,-j,—). We identify

these structures as the a-NaFeO„ structure (a. = 'ï'̂ a,̂  r1 » c =

2/5a .) and the cubic structure with a = 2a .. In one case

superspots corresponding to the tetragonal supercell are also ob-

served (figure IV.5.f).

Bright and dark field images, using NaCl spots as well as the

superspots, reveal the existence of distinct domains, which are

about 1000 A in diameter. When only one beam has been left through

the objective aperture, in some regions equally spaced lines are ob-

served (figure IV.5.h). We attribute these to plate-like micro-domains

oriented in the direction of the beam.

IV.4.3. Interpretation and discussion.

The features observed in the electron diffraction patterns and

the micrographs of LiTbS? may be explained in terms of a structure

containig domains of two ordered superstructures. In the sample

i
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Figure IV.5.

a. [112] zone of the LiTbS^ subcell [(220) J_ (111)] showing

diffuse scattering.

b. [122] zone of the LiTbS^ subcell, after one month of annealing

at 500°C. The diffuse scattering is stronger where the rhombo-

hedral superspots will appear.

c. The same as under b., but a different area. Two overlapping

sets of superspots are observed, which both fit with the

rhombohedral supercell :

(220) -»• (11.0)„ ; (111) •* (00.6)„ and

(220) -»• (11.0)H ; (HI) -*• (11.2)H

d. [ill] zone of the LiTbS^ subcell, after one month of annealing

at 500°C. The superspots correspond to an overlapping of the

rhombohedral and the 2a„ „« cubic structures :

(0i2) •+ (11.0)H ; (220) -»• (12.0)R and

(022) -> (044)r ; (220) -> (440) r.

e. [Oil] zone of the LiTbS» subcell; two sets of superspots are

visible, a stronger and a weaker one. Both correspond to the

rhombohedral supercell :

(ill) -»- (10.2)H ; (ill) + (00.6)H.

f. [112] zone of the LiTbS« subcell, showing superspots of the

tetragonal supercell :

(111) -*• (112)T ; (220) -• (220)r

g. Bright field micrograph, corresponding to the diffraction

pattern of figure a.(4.10 x).

Bright field micrograph, corresponding to the diffraction

pattern of figure c.(5.S .10 x).



cooled from 1000°C, these domains are about 40 S in diameter, giving

rise to diffuse intensity bands in the diffraction patterns. These

diffuse bands form a surface in reciprocal space, the shape of which

is very similar to that of the theoretical Fermi-surface of a mono-

valent primitive cubic metal, as has been indicated by Sauvage and

Parthé 11}.

After annealing SRO LiTbS_ at 500 C, the size of the domains

increases to about 1000 Ä in diameter and the diffraction patterns

show long-range ordering. The occurrence of two superstructures in

LRO LiTbS^ may be understood by looking at these structures in more

detail. The structure of o-NaFeO„ is obtained by occupying parallel

{111} cation planes in NaCl alternately with Li or Tb ions (figure IV.6).

Figure IV.6.

Part of the a-NaFe0o structure,
showing the stacking of ordered
layers of cation-centered oata-
hedra along <111>N „*.
Shaded and open octahedra have
different central cations.

In the cubic 2a structure, the ordering of Li and Tb is in the four

equivalent {lll}NaC1 planes, viz. (Ill), (111), (111) and (111).

It is not possible to have all four of these planes occupied with

only one type of cations. The result is a kagome-type of ordering

(figure IV.7) in all the {111} planes. Still all the anion-centered

Figure IV.7.

Kagom-pattern, which represents
a 1:3 ordering in a close packed
layer.
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Figure IV.8.

Part of the cubic 2a-structurei

showing the kagome-type of cation-

ordering in the ^^^^«ar7 V^
anes'

Shaded and open octahedra have

different central cations.

octahedra in this structure are of type 2 (figure IV.8).

Assuming the short-range ordered domains to consist mainly of

anion-centered octahedra type 2, as is indicated by the intensity

distribution in the diffuse bands, all four orientations of ordered

{111} planes will be equally present in the NaCt matrix.

By annealing the SRO sample, the domains will grow and from each

domain a larger domain with the a-NaFeO„ structure may arise. These

domains being oriented in four different directions,' intermediate

domains of the cubic 2a .. structure may be formed in the regions

where different a-NaFeO, domains grow into each other.
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IVJ5. Magnetic properties and crystal field splitting.

IV.5.1. Magnetic measurements.

Of all existing compounds MLnS. with M = Li,Na and K, the

static magnetic susceptibility has been measured from room temperature

down to 2 K. At temperatures above 77 K, a Faraday equipment was
12)

utilized. Details of this apparatus are described elsewhere . The

principle of the Faraday method is to measure the force exerted on

the sample which is placed in a inhomogeneous magnetic field. If the

field gradient is chosen to be vertical, this force may be convenient-

ly measured with a microbalance.

All the susceptibilities were corrected for diamagnetism of

the samples and the quartz sample holder. The system was calibrated

on samples of Gd2°3
 a n d HgtCo(CNS).}.

The low temperature magnetic measurements were performed by
13)

using a PAR vibrating sample magnetometer, described by Witteveen

Field dependent magnetization curves were recorded at liquid helium

temperatures, applying fields up to 56 kOe.

All measurements have been carried out on powdered samples. In

none of the compounds magnetic ordering is observed down to 2 K.

The deviations from the Curie-Weiss law that are found, are presuma-

bly not due to the onset of long-range magnetic ordering, but

originate from crystal field splitting.

Electron spin resonance (ESR) spectra of KCeS_ and KNdS„ were

recorded at 77 K and 4.2 K applying a microwave frequency of 18.3 GHz

(J.A. van Santen, Kamerlingh Onnes Laboratory, Leiden). The ESR

experiments were performed with single crystals of KLaS» doped

with about 5% Ce or Nd . The single crystals can be easily

oriented, because the crystallographic z-axis is perpendicular to

the large planes of the hexagonally shaped plate-like crystals.

IV.5.2. MCeS? : experimental results.

The reciprocal susceptibilities as a function of temperature

of the compounds NaCeS, and KCeS» (LiCeS, does not seem to exist)

are presented in figure IV.9. Neither of the two compounds shows
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Figure IV.9.

Reciprocal molar magnetic susceptibilities of NaCeS„ and KCeS0 as a

function of temperature. The full and open circles are the experimental

points. The solid lines are the theoretical fits according to

formula (5).

long-range magnetic ordering down to 2 K. Only in limited temperature

ranges x follows a Curie-Weiss law, indicating a large influence

of the crystal field splitting. In the temperature region 20 -100 K,

X for NaCeS„ is given by

a + - e

with a = 1.52(2) 10~ emu/mole, C = 0.184(2) emu K/mole and B = -3.2(5) K.
h P

C corresponds with a magnetic moment JJ (8C) 1.21(2) u .
o

Below 20 K, x follows a Curie-Weiss law with p = 1.33(2) p and

6 = -3.2(5) K. The susceptibility of KCeS? behaves very similarly;

the magnetic moment is varying from 1.20 to 1.42 \i in the temperature

region 2 - 20 K.

ESR measurements have shown that the g-tensor of KCeS„ has

axial symmetry and V/

'1

= 0.47(3)

= 1.745(2).

where // and J_ refer to the crystallographic z-axis. These values

indicate that the ground state of KCeS is not a pure i±M_> state.
3 + 2

The ground multiplet for Ce is F^ ,. and in a purely axial crystal

?!
I
I
Î
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field the resulting doublets would be pure > , |±r- > and \±^ >.

The theoretical g-values for these states are readily calculated,

using g = — , and are given in Table IV.6.
J I

TABLE iv.6. Theoretical g-values for Ce in an axial crystal field

g//

91

|±l/2>

6/7

18/7

|±3/2>

18/7

0

|±5/2>

30/7

0

IV.S.3. Crystal field splitting in MCeS0.

As was mentioned earlier, the site symmetry for the Ce ion in

KCeS„ is E>3d- In that case the crystal field hamiltonian is given

by
fCF = B2 (l)

Here, the factors B determine the magnitude of the crystal field

splitting and O are the Stevens operator equivalents, introduced

in section II.2.1. They are

°2 = E

O°. = 35J4 - 30J(J+l)J2

4 z z

°4 = Ï { JzlJl + J-)
25 J2 - 6J(J+1) +3J2(J+1)2

z
lJl + J-)J

2
} (2)

•JO
Terms in O , which are normally present in the crystal field hamilto-

nian for rare earths, vanish in the case of Ce because J = 5/2.

Inspection of the expressions for O leads to the conclusion that

O„ and O are diagonal in the |j»M > representation, but that O

may mix states |M > and |M ±3 > .

Hence, the crystal field will produce the states :
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.+ 5!*!> = cos3|i I" > + sin3|+ j

|«P2> = sin3|- f > + cos3|+ \

•\-\>

(3)

Comparing the experimental g-factors with the theoretical values in

Table IV.6, it follows that the ground state has a strong |± y>

component. If we designate the ground state by J Yj>, we have

q,. = gj(6cos $ - 1)

3g_ sin
J

(4)

The best agreement with the experimental values is obtained with
2 2

cos 3 = 0.29 and sin 3 = 0.71, giving

g//(calc) =0.53

g. (cale) = 1.83

Better agreement with the experiment would probably require to take
into account the admixture of |± -^ > and |± •»• > states from the

2 14)
excited multiplet F?/2 '.

Assuming the three crystal field doublets in KCeS_ to be |fi>,

If2s" and with cos 3 = 0.29, we may calculate the mutual energy

Bdifferences and thus the factors B , by fitting the experimental

susceptibility to the theoretical susceptibility. The latter is

calculated, making use of the Van Vleck formula introduced in section

II.1.
2 1 2

Then, with cos 3 = 0.29 and X d
 = "f^// + T *| » w e obtain

t/0-217 + 0.321 + 0.521
T Et E 2

. ,0.207 0.213 0.521

,0.278 0.213 0.321 . . „ ._,(__— + _—_ _ — )exp(-E /T)
T E -E E 1

)exp(-E2/T)}/

(1 + expf-Ej/T) + exp(-E2/T)) (5)

I

where E. and E_ are the energies (in K) of the states J*2> and |4'3>

with respect to the ground doublet l*^.

The experimental reciprocal susceptibility does not tend to

zero when extrapolated to T = 0, which is presumably due to exchange

effects. Thus we write
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x-1 - x;1 • x (6)

-1where À is the intercept of x a t T = O : A = 12.2(2) mole/emu.

Taking into account this X term, the calculated susceptibility

(equation 5) is fitted to the experimental susceptibility, making

use of a least squares procedure, the fitting parameters being

E. and E^. The result is for KCeS„ :

Ej = 230(20) K and E 2 = 790(80) K.

The susceptibility calculated with these values is represented in

figure IV.9 by the solid line.

Using the tabulated matrixelements <M | O | M > for J = 5/2

the energies for the three crystal field doublets may be calculated

in terms of Bm. We find
n

5/2 | 3CCF | 5/2 > = 10B^

<-l /2 | 3fCF 1-1/2 > = -8B^ + = B

(7a)

(7b)

< 5/2 ! 3fcp 1-1/2 > = = C

< 3/2 I X I 3/2 > = -(A + B).

Further, tgß =

(7c)

(7d)

(7e)

Now, the crystal field parameters may be calculated from the

obtained values for E. and E~ by writing

El "

7.56 B° - 25.2 B° + 8.60

and E_ = < »3 I Jf_ I I » CF I »1 >

= 0.78 B!? - 282.6 B° + 4.30 B^ .2 4 4

Inserting E = 230 K and E» - 790 K, we get
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B^ - -25(3) K

B° = -0.7(1) K
4

B3 = 47(5) K.
4

This result may be compared to the calculated value for B_ , assuming

the point charge model to be valid. The lattice summation in the

calculation, according to the equations 14 and 15 in section II.2.1,

was carried out * using standard computer techniques and inserting

the positional parameters for the atoms found in the structure

determination of KCeS„ (section IV.3).

The result is

B^ (point charge) = -28(2) K

which is in very good agreement with the result previously ob-

tained from the experiment.

To illustrate the effect of the deviation from pure 0, symmetry
n

on the crystal field parameters, we also calculate the B factors

as if the Ce ion would have O symmetry. In that case B = -20/J B
and with E = 230 K and 790 K we find

B2 ( CV = ~42(4) K

= -2.0(2) K

B;(0. ) = 58(6) K.
4 h

From the value obtained for X, the paramagnetic Curie-temperature

9 for KCeS- may be derived according to

-1
(10)

With C 0.217 emu K/mole and A = 12.2 mole/emu, we get 6 = -2.65(5) K.

* Dr. H.W. Blote (Kamerlingh Onnes Laboratory) is gratefully

acknowledged for performing these calculations.
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For NaCeS no ESR data are available. However, at low temperatures

X(T) of NaCeS» is very similar to x<T) of KCeS , suggesting that

the two compouds have the same ground state. A fitting procedure

of the experimental susceptibility of NaCeS« to formula (5) was not

succesful, E and E„ tendiiig to approach equal values. In a new

calculation of x» we assume the same energy scheme to apply for

NaCeS« as for KCeS2 but we now take \^2
> a n d |*3> t o have equal

energies. Perturbation theory for degenerate states yields the

secular determinant in the case that H is perpendicular to the crystal

field axis (H = Hi)

0

0

0.

0.

942

762

0

0

0.

0.

762

942

0.

0.

0

0.

942

762

435

0.762

0.

0.

0

.942

,435 (11)

in the basis.

The eigenvalues are : -1.50, -0.50. 0.065 and 1.94g_u H .
J B

Using these values, the calculated susceptibility is fitted to the

experimental susceptibility, taking again into account an exchange

contribution X(NaCeS?) = 10.0(2) mole/emu.

The best fit is obtained with E =E = 665(15) K. The calculated

susceptibility using this value is indicated in figure IV.9 by the

solid line.

IV.5.4. MPrS£.

Both NaPrS„ and KPrS? crystallize in the rhombohedral a-NaFeO„

structure. The results of the magnetic measurements on these compounds

are presented in figure IV.10. Above 150 K, the susceptibility of

both compounds follows a Curie-Weiss law, associated with a moment

U = 3.60(3) M_, which is in good agreement with the free-ion value

VI = 3.58 p ß.

Below 150 K, deviations from the Curie-Weiss law occur and x

tends to a constant value. Below 50 K for NaPrS« and 20 K for KPrS«,

the susceptibility increases agai l with decreasing temperature. We
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Figure IV.10.

Reciprocal molar susceptibilities of NaPrS0 and KPrSt
Ci Ù

as a function of temperature.
i

4+ascribe this latter effect to the presence of Pr impurities in

our samples. The same phenomena are observed in the system Pr_O -
16)

PrOo by Kern

From the tendency in x to attain a constant value, the pure

samples NaPrS« and KPrS„ are assumed to have a non-magnetic ground

state, giving rise to temperature independent Van Vleck paramagnetism.
4+At low temperatures, small concentrations of Pr ions will then

4+
give relatively large contributions to x> because Pr

ion with a magnetic ground state.

We attempt to estimate the Pr

KPrS2 by writing

4+

is a Kramers

concentrations in NaPrS and

*exp
ç _
T XC

xC'
T

where
3+ C'denotes the contribution from the Pr ions and — is the

u 4+ T

molar susceptibility of the Pr ions. Taking for C' the molar

Curie-constant for Pr in a crystal field with D , symmetry ,

C' =0.20 emu K/roole, x is the percentage of Pr ions in MPrS».

In a plot of x T versus T, x0 will be the slope and xC' the inter-

cept at T = 0. We find :
NaPrS,

KPrS,

=1.6(1) 10 emu/mole, x = 6%

= 1.2(1) 10~2 emu/mole, x = 2%.
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In first approximation the Van Vleck temperature independent

susceptibility will be inversely proportional to the crystal field

splitting. Hence, assuming the crystal field to be the same in

both compounds, the splitting in NaPrS„ is about 75% of that in

KPrS2.

IV. 5.5. MNdSr

LiNdS- has a disordered NaCl structure, while the Na- and K-

compounds show the rhombohedral superstructure in their X-ray

pattern. Still the local structure is expected to be the same for

all these three compounds.

The results of the magnetic susceptibility measurements are

given in figure IV.11. The three compounds show a great similarity

in magnetic behaviour. At temperatures above 50 K, xfollows a

Curie-Weiss law with a magnetic moment y = 3.4 - 3.5 y , which is
B

in good agreement with the free-ion prediction y = 3.62 u , and a
o

paramagnetic Curie-temperature 0 = -30 K.

KM 150 200

Figure IV. 11.

Reciprocal molar susoeptibilities of LiNdSg, NaNdS? and

KNdSg as a function of temperature.
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Below about 50 K, a curvature towards the T-axis is observed

in the plot'of x versus T. In the temperature region 2 - 20 K,

the inverse susceptibility is again linear in T. The low temperature

magnetic moment is 2.89(2) u and 6 = -5(1) K.

B p

ESR measurements on a single crystal of KLaS doped with 5% Nd,

yield g.. = 2.711(3) and g. = 1.26(7).

To obtain the ground state wave functions from these data, we use

the same reasoning as in section IV.5.3. The crystal field hamiltonian

will contain only those off-diagonal terms that mix |±M > states

differing by AM_ = ±3.
3 + 7

The ground multiplet for Nd is I . and the possible M
"/^ J

values are ±9/2, ±7/2, ±5/2, ±3/2 and ±1/2. Further, the ground state

has to give rise to a fairly large value of gi . Combining these

requirements leads to a ground state given by

= a|±7/2> + b|±l/2> + c|+5/2>. (12)

From this we have

gJ w i t h gJ=

For H = H the secular determinant yields
x *

E = ±g,4 (4ac + 5b2).

2 2 2
Further a + b + c = 1

(14)

(15)

Solving a, b and c from equations (13), (14) and (15) by inserting

the experimental g factors, we obtain

a2 = 0.727

b 2 = 0

c2 = 0.273.

The g factors calculated with these values are

g//(calc) =2.71

gi (calc) = 1.30.
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Hence, the ground doublet in KNdS_ will be given by

|<P > = 0.853|±7/2> + 0.522|+5/2> . (16)

No attempt was made to make a further analysis of the crystal

field splitting in the Nd-compounds from the experimental suscepti-

bility.

IV. 5.6. Samcœium and europium compounds.

As mentioned before, the magnetic behaviour of Sm and Eu

is often different from that of the trivalent ions of the other

rare earths. This is due to the breakdown of the isolated multiplet

approximation, the first higher multiplet H_,_ being relatively
6

close (in degrees Kelvin about 1500 K) to the ground state H 5/ 2

in the case of Sm. For Eu the multiplet splitting is even much

smaller 17).

The experimental reciprocal susceptibility of LiSmS„, NaSmS,

and KSmS- is shown in figure IV.12. At high temperatures (T > 100 K)

X is almost constant, which is commonly observed for Sm-compounds.

Below about 50 K one find for all three compounds that x~ decreases

sharply and tends towards a non-zero value at T = 0, which we shall

designate as x~ (T=0) = X.

Analysing the susceptibility, we have to take into account the

Van Vleck contribution arising from the higher multiplets, denoted

by a.

Thus we have

*

and Xo • f*-

(17)

(18)

The last identity will hold for temperatures where kT is small with

respect to the overall crystal field splitting of the ground multi-

plet.

Rearranging equations (17) and (18) and introducing the experimental
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Figure IV.12.

Reciprocal molar susceptibilities of LiSmS 3 NaSmSp and

as a function of temperature.

Curie-constant C and the experimental temperature independent
6Xp

term a , we get
exp *

X T = C + a T
exp exp exp

C + aT

1 + aX + AC
(19)

For T < AC

Xex T ~

exp
Hence, C =

- 2oA

- aA - f ) - C(l 2aA) + T(a - a A)

(20)

(21)

and aexp
a - azA. (22)

In a plot of x T versus T we may find a from the slope and C
Aexp J exp * exp

from the intercept at T = 0.

Because the rare earth point symmetry in these Sm-compounds is

the same (D,.) as in the corresponding Ce-compounds (section IV.5.3)

and since here also J = 5/2, we may take the crystal field levels
6.

arising from the ground multiplet H5/2
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= cosß I -5/2 > + sinS | -1/2 >

= sing | -5/2 > + cosß | -1/2 >

= | ±3/2

(23)

The susceptibility arising from each of these« doublées separately is

given by

with

X± - 5 - (i = 1,2,3) (24)

N

Nu

j {^(6cos2ß - I)2 + f (1 - cos2ß)2}

C2 = I F 9J f? ( 5 " (25)

3k 9J 4 *

In figure IV.13 the experimental values of x T of LiSmS2, NaSmS. and

KSmSo are plotted vevsus T. From this we derive a and C . Using2 e , exp exp *

the value of X from the plot of x (T), we can derive a and C (equations

22 and 21). The results are given in Table IV.7. The quantity G is

defined by
2

JB 2
3k

(26)

10

5

lOlXTtomu.K/mol«)

•

•

TIK»
k •

50 75

Figure IV.13.

Expérimental values of x2* of ^
KSmSjo) plotted versus temperature

NaSmSgfa) and
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The values of a thus found are the real contributions from the

higher multiplets, and are in very good agreement with the results

of Rossat-Mignod and coworkers 18) for

a(Sm2O2S) = 14.3 10 emu/mole.

Deriving the ground state doublet from the obtained values of

C (Table IV.7) by comparing these with C., C„ and C_ (equation 25) is

unfortunately not possible. \^^> may be the ground state, because the

experimental G-values are close to 2.25, but also a solution is found

for cosB taking |^i> or |4I2> as the ground doublet. Hence, it is not

possible in this case to derive the crystal field parameters from the

experimental susceptibility.

TABLE iv.7. Susceptibility parameters for LiSmSg3 NaSmSg and

4 4 4 4
A C .10 a .10 a .10 C .10

exp exp
(mole/emu) (emuK/mole) (emu/mole) (emu/mole) (emuK/mole)

LiSmS2

NaSraS-

KSmS2

200(5)

150(5)

120(5)

100(5)

135(5)

150(5)

10

11

11

.0(5)

.0(5)

.7(5)

13

13

14

.8(9)

.9(9)

.5(9)

225(15)

230(15)

230(15)

2

2

2

.2(1)

.3(1)

.3(1)

The results of the magnetic measurements on NaEuS. are shown in
-1 l

figure IV.14, which represents a plot of x versus T. At high tempe-

ratures x is almost constant and in good accordance with the theoretical

result for Eu , derived by Van vleck . As for most Eu compounds,

the agreement with the theory is best, when taking the screening

constant a = 33 or o = 34. Below about 70 K, x~ decreases with de-

creasing temperature.

The susceptibility for Eu , which has a fundamental multiplet

characterized by J = 0, will be constant at low temperatures. Hence,

the decrease in x n a s to be due to the presence of paramagnetic
2+

impurities, viz. Eu ions.
In a plot of xT Versus T we find a = 7.87(4) 10 emu/mole as

_2
the slope and C = 8.0(1) 10 emuK/mole as the intercept at T = 0.
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Figure IV.14.

Reciprocal molar susceptibility of NaEuS0 as a function of temperature.
3+

The dotted line represents the theoretical result for Eu 3 according
7Q)

to Van Vleck '.

Because the molar Curie-constant for Eu is 7.88, the presence of
2+

1% of Eu ions in NaEuS. accounts for this value of C. The value of

a is in good agreement with the theoretical result for Eu :

a(a = 33) = 7.13 10~3 emu/mole and o(o = 34 = 8.16 10~3 emu/mole 2 0 ).

We did not succeed in preparing the pure compound KEuS.. We found

that the overall magnetic behaviour is rather similar to that of NaEuS„,

but the effective magnetic moment (i.e. the asymptotic value of /8xT)

is much higher. This may be ascribed to the presence of large amounts

of Eu2O2S.

The results for LiEuS_ are different from those for the corres-

ponding Na- and K-compounds. Plotting the reciprocal susceptibility

as a function of temperature (figure IV.15) a Curie-Weiss behaviour

is observed above T = 100 K. The corresponding magnetic moment is
-1 de-y = 4.88(4) yD and 6 = -91(2) K, Below 100 K we see that x

B p
creases more rapidly, while between 10 and 50 K again a linear dependence
is found, with y = 3.10(3) y_ and 9 = +3.5(5) K. At still lower

B p

temperatures once more a deviation from the linear behaviour is

observed. In that region the susceptibility is strongly field dependent,

as is shown by the plot of the magnetization as a function of the

applied field at T = 2.08 K (figure IV.16). The initial susceptibi-
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Figure IV.15.

Reoiprooal molar susceptibility of LiEuS„ as a function

of temperature.

Figure IV.16.
Magnetization of LiEuS„ at 2.08 K plotted versus the applied field.
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lity is very large and the compound has almost reached saturation

at H = 50 kOe, the saturation moment being about 0.9 u.
B

These phenomena are indicative for a ferromagnetic ordering. This may
2+

be due to the presence of a large concentration of Eu ions. The

corresponding Gd-compounds do, however, not show a similar behaviour,

(sectionzv.5.7),which contradicts this assumption.

An alternative possibility may be the contamination of the sample
21)

with a considerable amount of EuS, which is a ferromagnet . The

Curie-temperature of EuS is, however, about 16 K, and no anomalies

are observed for LiEuS at that temperature. Further, in the X-ray

diffractogram of LiEuS„ no traces of EuS are found.

Low temperature (below 2K) magnetic and specific heat measurements

will be required to interpret these results for LiEuS- unambiguously.

IV. 5.7. Other- rare earths.

The results of the magnetic measurements on the compounds MGdS„,

MTbS», HDyS_, HHoS-, MErS^ and MTmS? are all very similar. All

compounds show a paramagnetic behaviour down to 2 K. The Gd-compounds

follow a Curie-Weiss law at all temperatures. In the case of Dy, Ho,

Er only small deviations are observed below 10 K. This is also the

case for LiTbS„, NaTmS„ and KTrnS-.

NaTbS„, KTbS„ and LiTmS, show Van Vleck temperature independent

paramagnetism at low temperatures, indicative for a non-magnetic

ground state.

The reciprocal susceptibilities as a function of temperature

for the Yb-compounds are rather similar to those of the Ce-compounds.

Balow 100 K, large deviations from the linear behaviour are observed.

As in the case of KEuS„, we were not able to prepare pure samples of

The relevant magnetic parameters, viz. the effective magnetic

moments and the paramagnetic Curie-temperatures are listed in Table IV.8.
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TABLE IV.8. Magnetic moments and paramagnetic Curie-temperatures

observed for some aompounds

compound

LiGdS2

NaGdS2

KGdS2

LiTbS2

NaTbS2

KTbS2

LiDyS2

NaDyS2

KDyS2

LiHoS2

NaHoS

KHoS2

LiErS2

NaErS

KErS2

LiTmS2

NaTmS

KTmS2

LiYbS2

NaYbS2

v = Sec (JJ_)
o

7.71

7.94

7.92

9.63

9.42

9.53

10.54

10.48

10.73

10.46

10.13

10.25

9.15

9.22

9.32

7.63

7.13

7.21

4.8

4.9

g,/j(J + 1)
u

7.94

9.72

10.63

10.60

9.59

7.57

4.54

6p(K)

-5.0

-2.0

-3.5

-11.4

-9.0

-9.5

-5.2

-11.0

-13.5

-4.5

-4.5

-3.8

-4.7

-4.8

-4.3

-21.0

-12.5

-14.0

-85

-115
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CHAPTER V

MAGNETIC MEASUREMENTS ON POLYCRYSTALLINE SAMPLES OF

V.1. Introduction.

Relatively little is known about the magnetic properties of rare

earth sulphides, in contrast with other rare earth compounds, the

ethyisulphates 2) 3)
the chlorides and the hydroxydes

which have

been extensively studied. Till now only investigations on the rare

earth monochalcogenides - particularly the Eu-compounds - with the

sodium chloride structure and on the binary and ternary compounds with

the Th_P- structure have been reported. In the latter group of com-

pounds, the magnetic interactions are generally described to be of

the RKKY-type, characterized by indirect exchange via the conduction

electrons. It has been suggested that superexchange interactions via

the diamagnetic sulphur ions play a role in the cation deficient Ln X
4)compounds, which are semiconductors

In the Eu-monochalcogenides two types of interaction are pro-

posed . First, an indirect coupling via the closed outer electron

shells is considered, which is ferromagnetic and decreases rapidly

with increasing interionic distance. In addition an antiferromagnetic

superexchange interaction via the anions is supposed, increasing with

increasing anion size. Thus the observed change from ferromagnetism

to antiferromagnetism in the series EuO, EuS, EuSe, EuTe can be ex-

plained.

Magnetic properties of other rare earth sulphides have not yet

been reported, except some room temperature susceptibilities. The only

closely related group of compounds that has been studied thoroughly

is formed by the oxysulphides and oxyselenides . One of the reasons

for this is presumably that the crystal structures of the rare earth

sulphides are in general complicated, resulting in a low symmetry

point group for the rare earth site. This makes a detailed crystal

field analysis very difficult. Further, the most probable exchange

mechanism in the non-conducting compounds will be superexchange

interactions via the anions. In a low symmetry crystal structure.
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many different exchange paths have to be considered, complicating

the interpretation of the magnetic properties.

The nature of these superexchange interactions in non-conduc-

ting rare earth compounds is not very simple. Levy derives six

different terms contributing to the isotropic bilinear exchange

interactions. In addition, often higher order interactions have to

be considered. Still, in many cases the effective interactions may

be described making use of the molecular field approximation.

Particularly when the crystal field splitting is larger than the

exchange interaction, the ground state of the rare earth ion can

be highly anisotropic, resulting in anisotropic magnetic properties

at low temperatures.

In this chapter the results of magnetic and specific heat

measurements on polycrystalline samples of some members of the

family Ln ZrS,. are presented. The existence of these compounds has
8)

recently been reported by Jeitschko and Oonohue . The preparation

method and the characterization of the samples is given in section 2.

Section 3 deals with the description of the crystal structure. The

results of the room temperature structure determination with the aid

of neutron diffraction methods are presented and the structural de-

tails which appear to be relevant for the interpretation of the mag-

netic properties, are given. The results of the magnetic suscepti-

bility, magnetization and specific heat measurements are presented

in section 4. From these results, average exchange parameters are

calculated, making use of the theoretical results for magnetic model

systems (section 5). In the next section the determination of the

magnetic structure of Tb2ZrS_ and Dy22rS_ from neutron diffraction

data below the ordering temperature is discussed. In section 7 we

attempt to analyse the magnetic data in more detail. A discussion

of the variation of the observed magnetic properties along the rare

earth series is presented in the last section.
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V,2. Sample preparation and characterization.

Polycrystalline samples of Ln„ZrS_ were prepared by heating a

mixture of the rare earth oxide and zirconium dioxide in a stream of

hydrogen sulphide. Typical reaction temperatures were between 1000

and 1200°C. A frequency inductance furnace was applied, using

graphite crucibles. Several heating and pulverizing cycles were re-

quired to obtain the pure products. The thus prepared reddish-brown

powders are stable to air and water.

Small single crystals were obtained by iodine transport reactions

in closed silica tubes, applying a temperature gradient of about

100°C. At 700°C transparent red crystals are formed. The small

dimensions (some tenths of a millimeter) make these crystals un-

suitable foi magnetic measurements.

The powder products were characterized by recording an X-ray

TABLE v.l : Cell parameters (ft) of the compounds Ln0Zx>S,-.

Ln

La

Ce

Pr

Nd

Sm

Gd

Tb

Dy

Ho

Er

a-axis

11

11

11

11

11

11

11

11

11

11

.480(9)

.460(9)

.430(6)

.448(6)

.496(9)

.465(7)

.497(1)

.478(4)

.435(7)

.425(4)

Present work

b-axis

8.199(5)

8

8

7

7

7

7

7

7

7

.122(7)

.040(2)

.996(4)

.908(5)

.812(4)

.786(1)

.745(2)

.691(6)

.654(3)

7

7

7

7

7

7

7

7

7

7

c-axis

.375(5)

.348(7)

.306(2)

.301(4)

.281(4)

.253(3)

.246(1)

.228(3)

.180(4)

.159(2)

From

a-axis

11

11

11

11

.4864(5)

-

-

-

.491(1)

-

-

-

4781(8)

4664(7)

reference (8)

8

7

7.

7.

o-axis

.2167(5)

-

-

-

.9092(9)

-

-

-

7154(5)

6810(6)

7

7

7

7.

c-axis

.3894(3)

-

-

-

.2848(5)

-

-

-

211(1)

1958(4)

* The values between parentheses indicate the uncertainty in the

last digit, as will be the case in all following numerical data.
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diffractogram by means of a Philips PW-1050 diffractometer. No traces

of impurities were found. The diffraction patterns could be indexed

assuming an orthorhombic cell and space group Pnma, in agreement

with the results of Jeitschko and Donohue . The cell parameters,

determined by a least-squares procedure, are given in Table V.l.

V.3. The crystal structure.

8)
The compounds Ln„ZrS,. are reported to crystallize with the

orthorhombic structure 9) Jeitschko and Donohue 10) deter-

mined the positional parameters for the atoms in the isostructural

compouns Y„HfS5 by means of X-ray diffraction on a single crystal.

In the appropriate space group Pnma, the Y-atoms occupy the eight-

fold position 8(d) and the Hf-atoms the four-fold position 4(m).

There are four independent S-atoms, which occupy one 8(d)- and

three 4(m)-positions respectively.

The coordinated polyhedron for the Y-atoms is a trigonal prism,

which is capped at two rectangular faces. All the Y-atoms are

approximately positioned in planes perpendicular to the b-axis.

The trigonal prisms formed by the sulphur atoms are shared by tri-

angular faces perpendicular to the b-axis and shared by three edges

parallel to this axis, thus forming hexagons in the (a,c)-plane.

Strings of edge sharing HfS.-squares are .placed in the middle of

these hexagons in such a way that the Hf-atoms are coordinated by

seven sulphur atoms (figure V.I).

Starting from the results for Y^HfS,., we determined the

positional parameters of the atoms in Tb^ZrS,. and Dy^ZrS,. on the

basis of neutron diffraction experiments at the high flux reactor

at Petten. Powder patterns were obtained using a neutron wavelength

of 2.57 Ä. For the refinement of the structural parameters a line-

profile method, described by Rietveld

are summarized in Table V.2.

11) was applied. The results

The relevant structural data to be used in the interpretation

of the magnetic properties are :

- the positions and mutual distances of the rare earth ions

- the number and positions of the intermediate sulphur anions and
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the corresponding distances and angles.

In figure V.2 the positions of the rare earth ions in the (x,z)-

plane at y = 0 are indicated. Figure V.3 shows the projection of the

rare earth lattice on the (x,y)-plane. This lattice consists of

hexagonal nets which are repeated along the b-axis. It corresponds

to a slightly distorted boron nitride (BN) structure, which is a

simple stacking of honey-comb layers.

As a representative example for the distances between the different

rare earth positions in the compounds Ln ZrS,., we list those for the

Dy ions in Dy„ZrS_ in Table V.3. Considering cnly distances smaller

than 6 A , each Dy ion has five neighbours at about 4 A and six at

about 5.5 A . The former ones form almost a trigonal bipyramid,

whereas the latter are at the vertices of a trigonal prism.

In Table V.4 all possible Dy-S-Dy paths are listed, restricting the

Dy-S distance to be smaller than 4 Ä and taking the Dy-ion in

position 1 to be the central ion.

-» X

Figure V.l.

Projection along the b-axis of the crystal structure of Ln ZrS&.

The full small circles represent the rare earth ions, which lie

on approximately y=0 and y=h. The larger circles represent the

Zr ions on y=% (open) and y=h (full). The large open and full

circles are the sulphur ions on y=k and y=% and the hatched

circles are the S ions on y=0 and y=h. The trigonal prisms of S

ions around the rare earth ions are indicated by the solid lines.

The unit cell dimensions are shown by the broken line.
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Figure V.2.

Section of the crystal structure of Ln0ZrS,. at y=Ot parallel to
the (xjz)-planea showing only the rare earth positions. The
figures next to the rare earth positions refer to the index of
the equivalent positions in Pnma, listed in Table V.S.

70 4

10 ( 14

0 3

0 5

8« >

2' » 03

Figure V.3.

Projection of the rare earth lattice from figure V.2 on the (x^y)-
plane. The open and full circles represent ions on different heights.
The figures next to the circles have the same meaning as in figure V.2.
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p'

r.

TABLE v.2 : Positional parameters of the atoms in TbJZrSr and

derived from neutron diffraction data.

The space group is Pnma.

atom

Tb>2ZrS5 Tb

Zr

S(l)

S(2)

S<3)

S{4)

Dy2ZrS5 Dy

Zr

S(l)

S(2)

S(3)

S( )

position

8(d)

4(o)

8(d)

4(m)

4(m)

4 (in)

8(d)

4{m)

8(d)

4{m)

4(m)

4(m)

0

0

0

0

0

0

0

0

0

0

0

0

X

.1776(3)

.0090(6)

.4112(8)

.181(1)

.492(2)

.289(1)

.1786(5)

.0068(9)

.417(4)

.175(7)

.482(8)

.294(6)

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

y

0012(9)

2500

0384(9)

2500

2500

2500

000(3)

2500

052(5)

2500

2500

2500

z

0.0270(4)

0.5774(5)

0.1657(9)

0.332(1)

0.555(1)

0.818(1)

0.250(8)

0.5769(9)

0.167(4)

0.357(7)

0.548(7)

0.782(7)

3

I
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TABLE v.3 : Distances from the central Dy ion to its neighbour

Dy ions in Dy^ZrSc. Only distances smaller than 8 $

are given. The neighbour index refers to the equivalent

positions according to the symmetry operations in Pnma.*

neighbour index number of neighbours distance to Dy(l) in S

3

4

5

6

7

8

8'

1

1'

2

2

1

4

2

2

2

2

2

5.653(8)

3.968(5)

4.118(9)

5.545(3)

3.872(9)

6.599(9)

6.983(9)

7.228(1)

7.745(1)

* These positions are : x,y,z; h+x,h-y,h-z; x,»s+y,z; h-x,y,h+zt

x»y»zf 'ï-Xf's+y.'s+z; x,>s-y,z;

which are indexed 1 to 8 respectively.
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TABLE V.4. Distances and angles in the -paths from the central Dy ion

in position 1 via a sulphur' ion to its neighbouring Dy ions.

The Dy-S distances are restricted to he smaller than 4 /?,

and the neighbour index is similar to that used in Table v.3.

In the sulphur index* the first digit denotes the different

positions (Table V.2) and the second the different equivalent

positions (Table v.3).

Index(n)

Dy-neighbour

3

3'

6

6'

6"

6" 1

6'"

4

4

4

4'

4'

5

5

ID

7

7

7

7'

7'

Index

S-neighbour

(3)2

(3)4

(2)1

(4)1

(4)4

(2)4

(1)1

(4)4

(2)1

(1)4

(2)4

(4)1

(3)2

(3)4

(3)2

(2)1

(4)1

(3)4

(2)4

(4)4

Distance

Dy(l)-S

in 8

3.019

2.682

3.085

2.933

2.700

2.840

2.927

2.700

3.085

2.904

2.840

2.933

3.019

2.682

3.019

3.085

2.933

2.682

2.840

2.700

Distance

Dy(n)-S

in &

2.682

3.019

2.840

2.700

2.933

3.085

2.904

2.933

2.840

2.927

3.085

2.700

2.682

3.019

3.019

3.08b

2.933

2,682

2.840

2.700

Angle

Dyd)-S-Dy(n)

in degrees

165

165

139

160

160

139

86

90

84

86

84

90

92

92

80

78

83

92

86

92
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V.4. ResuHs of the magnetic meesuranMnts.

The powder magnetic susceptibilities were measured in the

temperature region from 2 - 300 K. From 77 - 300 K we used a Faraday
4) A

equipment and from 100 K down to 2 K a* commercial PAR Vibrating
12)Sample Magnetometer, model 150 . Field dependent magnetization

curves were recorded by means of the magnetometer, applying fields

up to 56 kOe. The magnetization data were corrected for demagnetization

effects, according to H
int H - OH, in which D/4ir was estimated

to be 0.2 . Corrections for diamagnetism were derived from Selwood's

tables 1 3>.

V.4.1. Ce and Pr„ZrS,

Both Ce_ZrS5 and Pr-ZrS,. remain paramagnetic down to 2 K, as

can be seen from the plots of the reciprocal susceptibilities versus

temperature (figures V.4 and V.5) and of the magnetization versus

the applied field at 2 K (figure V.6). In the case of Ce_ZrS5, one

observes in figure V.4 a concavity towards the T-axis. In the low

temperature region, the susceptibility follows a Curie-Weiss law,

the corresponding moment being y = (8C)

is much smaller than the free ion value

indicating the influence of the crystal field

value

V
It may be

assumed that the lowest crystal field doublet is a nearly pure

state, since the magnetic moment for the pure> — Irr.
state is 1.87 u .

B

The Pr-compound exhibits singlet ground state Van Vleck para-

magnetism. At low temperatures x reaches a constant value, which is

characteristic for a non-Kramers ion with a non-magnetic ground state.

fie do not expect magnetic ordering to occur in Pr2ZrS_, not even at

very low temperatures.
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100 150 200 250

Figure V.4.

Reciprocal susceptibility of Ce„ZrSr as a function of temperature.
The applied field is 5.11 kOe.

150

200 250

1

Figure V.5.

Reciprocal susceptibility of PrJZrS§ as a function of temperature.
The applied field is 6.85 kOe .
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Ö K> 20 30 40 50
Figure V.6.

Field dependent magnetization of CeJZ,rSc (full circles) and PrJZrS,.
6 0 ad

(open drôles) at T = 2 K.

V.4.2.

In figure V.7 the reciprocal powder susceptibility as a function

of temperature for GcUZrS- is plotted, x follows a Curie-Weiss law
-1

down to about 13 K. From the slope of x Us. T in the temperature

region from 20 to 80 K we obtain , according to y = (8C) a magnetic

moment y 7.89(4) y . The paramagnetic Curie-temperature is found
o

tobe 6 =-11.7(1) K. In the temperature range from 80 - 300 K,

= 7.948(2) uD and 6 = -12.1(1) K. These values for the magnetic

moment are to be compared with the theoretical value, assuming

Russell-Saunders coupling,y = g /J(J+1) y . At T = 12.8 K a maximum
J D

in the susceptibility is observed.Below this temperature, x decreases
slowly and the extrapolated value at T = 0 is v(T = 0) = 0.69 Y ( T ).

max

Both the phenomena are indicative for a Heisenberg-type antiferro-

magnet. The isotropic behaviour, implied by the Heisenberg-model,

is to be expected for ions having an S-ground state, as is the case

for Gd3+.

The magnetization as a function of the applied field at T = 1.94 K

is given in figure V„8. At the field of about 30 kOe a small increase

in the initially constant slope occurs, which may be identified with
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200

Figure V.7.

Reciprocal susceptibility of GdJLrS,. (•, H = 5.34 kOe), Tb0ZrSc

(Qs B = 7.96 kOe) and DyoZrSc (os H = 5*33 kOe) versus temperature.

I:

spin-flop of the magnetic moments to a configuration perpendicular

to the field direction. In that case, the slope of the linear part

above the transition field gives the perpendicular susceptibility

X. . We find x.= 0.333(3) emu/mole, in excellent agreement with the

experimental powder susceptibility at T = 1.94 K

1.94) = 0.223(2) emu/mole.Xp(T

It is assumed then that

temperature, and

0 at temperatures well below the Néel-

3*1/powder
With the aid of a high field pulse magnet (J.J. Smit, Kamerlingh

Onnes Laboratory) saturation could be obtained in Gd.ZrS,.. The

saturation field H = 122(1) kOe and the saturation moment per
Sat

Gd ion is very close to the theoretical value g_J y_
u B

7 V
From the spin-flop field H , and the saturation field, the

SX
exchange field H and the anisotropy field H can be determined

ex a
using the relations

14)

H
sf (2HexHa - Ha>

H
sat

2HeHex

Inserting H . s 30(1) kOe and H . = 122(1) kOe, one obtaines
sf sat

H
ex

57(1) kOe and H 8.6(4) kOe.
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Figure V.8.

Magnetization as a function of the applied field of GdgZrSs (%)3

(*)3 Dy-ZrS,. (o) and ErJZrS,- (*) at T = 2 K.z o zo

V.4.3. Dy ZrS,

The results of the magnetic measurements on the compound Dy_ZrSc

are presented in figure V.7, where the reciprocal susceptibility is

plotted as a function of temperature. At temperatures above 100 K,

X follows a Curie-Weiss law and the Curie-constant corresponds to a

magnetic moment y = 10.64(2) \i per Dy ion. This value agrees very

well with the theoretical (free-ion) result for a "H
15/2

ground

multiplet. In the region 10 - 100 K a slightly lower Curie-constant

is found, giving ji = 10.47(5) u . In the same region the paramagnetic

Curie-temperature is 0 = -7.4(1) K.

At T = 5 K, x shows a sharp maximum (figure V.9). Both Y and

T appear to be field dependent. The susceptibility falls off very

rapidly at temperatures below 5 K. These phenomena suggest Dj

to be an anisotropic antiferromagnet with a Néel-temperature of about

5 K. Because the temperature measuring device of the PAR-equipment
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Figure V.9.

Susceptibility at low temperatures of TbJLvS' (full circles) and

Dy~ZrSc (open circles). The applied field is 7.96 kOe for T

and 5,33 kOe for the Dy-compound.

is relatively inaccurate between 4.2 and 10 K, our magnetic measure-

ments provide only a rough determination of T .

The magnetization as a function of the applied field (figure V.8)

follows the paramagnetic saturation curve at temperatures above T._.
N

Below T / the initial value of dM/dH is constant and fairly low,

consistent with the sharp descent in x at low temperatures. With

increasing field a sharp rise in M occurs, corresponding to a transi-

tion in the spin configuration. We shall defer the discussion of this

transition to section 7 of this chapter. The critical field - taken

as the field with maximal dM/dH - is estimated to be 12.4(3) kOe

at T = 2.2 K.
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V.4.4.

The electronic structure of the Er
3+

3+ ion is rather similar to

that of the Dy ion. For both ions J = 15/2 and the orbital contri-

bution to the total angular momentum is large. For Er the ground
4

multiplet is Zjc/o a n^ the Lande-factor is g = 6/5. In figure V.10

the temperature dependent susceptibility of Er^ZrS,. is plotted. In

the temperature region 5 - 50 K, it is observed that x follows a

Curie-Weiss law with a Curie-constant corresponding to a magnetic

moment y = 9.2C{2) y and a paramagnetic Curie-temperature
B

= -5.0(5) K. At higher temperatures we find a magnetic moment

9.50(2) y , which is close to the theoretical free-ion value

6

|i_ = 9.59 y .

The crystal field splitting may play an important role at low

temperatures. Lowering the temperature will result in a depopulation

of the crystal field states with an energy large compared to kT,

thus changing the effective magnetic moment. The low temperature

moment,y = 9.20 y , may be compared with the calculated moment for
B

an isolated ground doublet |J,Mj> =|15/2,±15/2 > which is y 9.00y
B'

The slightly higher experimental value suggests other doublets to

contribute to x as well.

Figure V.10.

Susceptibility as a function of temperature of

the applied field is 1.31 kOe.
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A sharp maximum in the susceptibility of Er„ZrSg is observed

ar T = 2.52(2) K. Again, this may be identified with an antiferro-

magnetic ordering , for which the Néel-temperature is 2.52 K. Below

T w , x decreases rapidly, indicating a large anisotropy. The magne-

tization as a function of the applied field is depicted in figure V.8.

As in the case of the Dy-compound, the curve has an S-shape and the

field with maximal dM/dH is H =7(1) kOe. Note that because of the
c

low Néel-temperature of Er_ZrS_ the magnetization curve was recorded

at a temperature close to T (e.g. 2.16 K).

V.4.S.

Tb is a non-Kramers ion, having an even number of 4f-electrons.

Still its magnetic properties are in the type of compounds in the

present study, very similar to that of the Kramers ions Dy and Er

In the susceptibility of Tb^ZrS,. (plotted vs. temperature in

figure V.9) a maximum is observed at T = 9.4(2) K. Below this Néel-

temperature, x decreases very sharply with decreasing temperature.

The paramagnetic moment, calculated from x in the paramagnetic region,

is 9.76(3) )i, to be compared with the calculated free-ion value

\i " 9.72 y_ for a F, ground multiplet. The paramagnetic Curie-
B o

temperature is 6 = -12.4(2) K.

In ̂ he field dependent magnetization below T , e.g. 2 K

(figure V.8) a marked increase, similar to that in Dy.ZrS^, occurs

at H =23(1) kOe. At a field of 50 kOe the system is far from
c

saturation; the magnetization at that field corresponds to a moment

of about 3.5 y per Tbo
9 VD.

3+ ion, whereas the theoretical value g J is

V.4.6. Other rare earths.

The last compound in the series in which magnetic ordering is

observed above 2 K is Sm-ZrS,.. A maximum in x occurs at T = 4.5(3) K.

At higher temperatures x does not follow a Curie-Weiss law (figure V.ll)

This phenomenon is usually found for Sm -compounds and is related
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Figure V.U.

Reciprocal susceptibility as a function of température of

y The applied field is 5.30 kOe.

to the fact that the multiplet splitting is not large compared to

kT, in contradistinction to most of the other rare earths

Because of the small magnetization, the susceptibility measurements

were carried out at a relatively high field of about 13 kOe. This

might have influenced the results/ but we may assume that the

observed maximum in the susceptibility corresponds to an antiferro-

magnetic ordering with 1 - 4.5 K.

It was not possible till now to interpret the results of the

magnetic measurements on the Nd- and Ho-compounds. These compounds

probably order at T = 2K and T = 4K respectively. Further investi-

gations are being made in order to clarify the nature of these

ordering phenomena.

V. 4.7. Outline of the results of the specific heat measurements.

In this section we report only briefly the main results of the

specific heat measurements on Gd.ZrS,., Tb„3rS,- and Dy.ZrS,.. A more
16 17)

extensive description will be given elsewhere '

The heat capacity measurements were performed in the temperature

region between 1.8 and 80 K. For all three compounds a sharp peak in
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the specific heat is observed, which is ascribed to three-dimensional

antiferromagnetic ordering of the magnetic moments of the rare

earth ions. The Néel-temperatures are determined to be 12.74(2) K

for Gd2ZrS5, 5.24(2) K for Dy2ZrS_ and 9.27(2) K for Tb_ZrS . The

critical data for Gd9ZrS_ indicate this compound to be an isotropic

Heisenberg antiferromagnet; the total magnetic entropy is close to

the theoretical value for a S = 7/2 system. In the case of the Tb-

and Dy-compounds the total magnetic entropy content corresponds to

an effective spin S'= 1/2 system. The critical data for these com-

pounds agree very well with the theoretical results for Ising S = 1/2

models.

Apart from the sharp X-anomaly at T , a broad Schottky-anomaly

in the specific heat of both Dy-ZrSg and Tb2ZrS5 is observed. In the

case of Dy^ZrS,. this is ascribed to the presence of three doublets,

having an energy of 102 K, 190 K and 205 K respectively with respect

to the ground doublet. For Tb„ZrS_ a good fit is obtained assuming

three doublets at respectively 115 K, 180 K and 270 K above the

ground state. This ground state is presumably a pseudo doublet,

consisting of two slightly separated singlets.

V.5. Calculation of the average exchange parameter.

V.5.1. The member of neighbours.

We may attempt to calculate an average exchange parameter for

the Gd-, Tb-, Dy- and Er-compound on the basis of the data presented

in the previous section.

It is assumed that the hamiltonian describing the exchange inter-

actions between the magnetic ions is of the Heisenberg-type

*m-" <±h> ̂  (1)

when the interactions are predominantly isotropic (Gd_ZrS_), and

of the Ising-type

*- "2/ <±h> SiaSj* (2)

when a large anisotropy is observed (Tb-, Dy- and Er-compound).

An average exchange parameter can be calculated, using the results

derived for magnetic model systems and relations obtained in the
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molecular field approximation (MFA).

A problem is encountered in the determination of the effective

number of interacting neighbours in the compounds Ln^ZrS^. This

number, denoted by q, occurs in all equations relating the exchange

parameter J to the experimental data. From the crystal structure

(section V.3) it follows that every rare earth ion has five nearest

neighbours (n.n) and six next nearest neighbours (n.n.n.). Although

the distances to the first (4 A) are much shorter than the distances

to the latter (5.5 8), the relevant distances for superexchange are

about the same for both types of neighbours. The rare earth -sulphur

distances (Table V.4) in the superexchange paths considered are all
18)

equal within 5 %. Both experimental and theoretical results suggest

the superexchange interactions to increase with increasing cation-

anion-cation angle. This might lead to the conclusion that the six

n.n.n. will give the major contribution to J and that q is about 6.

However, one must be careful in applying the rather approximate

results of the theoretical calculations. A priori none of the eleven

neighbours can be excluded from giving a contribution to the exchange.

Hence we shall retain q in our calculations as an unknown parameter.

V.S.2. qj/k for

Assuming a Heisenberg-hamiltonian to be valii for the description

e exchange inter

hold, using the MFA :

of the exchange interactions in Gd.ZrS-, the following relations

(3)

= | q

X (T=0) =

= 2 q
ex g y

B

(4)

(5)

(6)

where S is the effective spin S = 7/2.

In Table V.5 the calculated values for q(«Vk) employing the relations

mentioned above are listed.
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TABLE V.5. q\j/k\ for , oaloulated from magnetic data.

Method of determination q|«Vk| (K) |cT/k|(K) |<7/k|(K)

q = 5 q = 6

e p

TN

X l =

X l =

H

x(V

dM/dH (H H g f )

1 . 1 ( 1 )

1 . 2 1 ( 1 )

1 . 1 ( 1 )

1 . 1 ( 1 )

1 . 1 ( 1 )

0.22(2) 0.18(2)

exchange

0.242(3) 0.202(2)

0.23(3)

0.22(2)

0.21(2)

0.19(3)

0.18(2)

0.18(2)

V.S.3. qj/k for Dy2ZrS5.

The magnetic and thermal properties of Dy_ZrS_ and Tb_ZrS,. are

shown to be highly anisotropic. A good description of these systems

can be given on the basis of a three-dimensional Ising-model. The

critical data of the Dy-compound are in between those derived for

simple cubic and diamond lattices, suggesting q to be in between 4

and 6.
19)

According to the theory of Fisher and Sykes , the following

relations hold for the magnetic susceptibility and the Néel-temperature

of simple cubic antiferroraagnets :

2 k T,N = 0.752

q H

k T..

N m

Hence, from (7) and (8)

X(TN) = 0.340 with m = |- gy

q \J\

2N m2
0.452

(7)

(8)

(9)

117



Further :
= 1.03 (10)

From (8) and (10) follows

4 k T,
N = 0.349 (11)

Inserting for *_- the value extrapolated to H = 0, which is
max _

X ™ = 0.826 emu/mole, it is found for Dy„ZrS5 that g =132(1).

This is in very good agreement with the theoretical result for an
isolated doublet JM > 1+15/2 >, for which g..- g_.15 and

1.2 o 2 .3 (g// + 2g± )
1.4 ._,2y(y . 15) 400

Combining equations (9) and (10) we find :

k
„2
N g 2

= 0.464 (12)

giving q |J/k| = 13.5 K. Equation (7) yields, substituting T = 5.24 K,

the relation q \J/k\ = 13.7 K.

Special care must be taken in calculating q J/k. from the ex-

perimental paramagnetic Curie-temperature. As indicated by the

occurrence of a Schottky specific heat, the ground multiplet of the

Dy ion, H._y_ , is split by the crystal field. This splitting may

give rise to a Curie-Weissbehaviour of the susceptibility. In order

to obtain the pure exchange contribution to 0 , the contribution

from the crystal field has to be subtracted from the susceptibility

data. We assume the doublets, derived from the fit of the experimental

specific heat to a four level Schottky anomaly, to be|±13/2 >, |±11/2 >

and |±9/2 > (with increasing energy relative to the ground doublet

|±15/2 >). Taking the energy scheme of figure V.12, the susceptibility

of this four level complex is calculated, using the Van Vleck
20)formula :

/kT - 2
N

exp (-E± Q/kT)

(- Ei,0 / k T )

(13)
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270K==lî3>

205K

190K ===== lî»/2>

Figure V.12.

Crystal field splitting of the
lowest multiplets of Dy and Tb
in Dy ZrSc and Tb ZrSc as

& O CO

determined from specific heat

measurements. Only the four

states lying lowest are indicated.

115K==I±5>

Dy Tb

Prom this result the calculated susceptibility for an isolated doublet

|±15/2> is subtracted, obtaining the contribution of the higher

levels. This contribution is then subtracted from the experimental

susceptibility of Dy„ZrS_. The thus obtained corrected susceptibility

follows a perfect Curie-Weiss law for T = 5 -40 K. From the slope of
-1 versus T we find that y = 10.0(2) y , which agrees very well

with the theoretical value for the assumed ground doublet.

The value of 8 derived by this method amounts to 6.8(2) K.

Hence, from
2 q J

p = 3 k
(14)

we obtain q |«T/k( = 13.6 K.

V.S.4. qJ/k for TbJlrSc and ErJ.rS,

For Tb_ZrS_ a similar analysis may be followed to derive values

of q «T/k. Again the susceptibility data are corrected for the contribu-

tion of states other than the ground state which is assumed to be |±6 >.

The resulting susceptibility shows a Curie-Weiss behaviour, with a

Curie-constant corresponding to a magnetic moment y = 9.3(1) p .

The paramagnetic Curie-temperature thus found is 6 = -10.3(5) K.

In the case of Er^ZrS,., only susceptibility data are available

for calculating q J/k. These probably have to be corrected for crystal
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field effects as well.

In Table V.6 the calculated values of q J/k for Tb_ZrS,. and Er„ZrS,. are

listed, together with those for Dy„ZrS,. calculated in the previous

section. In all cases these values agree very well with the results

derived from the specific heat data.

TABLE v.6. q\J/k\ for Dy2ZrS5J Tb2Zx>Sg and

experimental magnetic data.

^ calculated from

Method of determination

q|<Vfc|(K)

Y (Fisher and Sykes) 13.5(5)

13.7(1)T (idem)
N

e 13.6(4)

24.6(6)

24.7(1)

17(1)

7.1(3)

6.7(3)

10(1)

V.6. The magnetic structure of D y 2 Z r ^ and below TN.

From neutron diffraction experiments at 1.2 K we determined the

magnetic structure of Dy„ZrS in the ordered phase. Because of the high

neutron absorption of Dy (for X = 2.57 Ä, a(Dy) = 1650 barns), the sample

had to be diluted with Al-powder in order to reduce self extinction.
21)

Using the tabulated values for cylindrical Al-sample holders , it

was calculated that an optimal intensity would be obtained by diluting

to 18% Dy„ZrS,.. The diffraction data were corrected for absorption.

The diagrams taken at 1.2 K and 300 K can be indexed in the same

unit cell, the latter in the nuclear space group Pnma. In that case

eight possible magnetic space groups have to be considered : Pnma,
22)

Pn'ma, Pnm'a, Pnma1, Pn'm'a1, Pnm'a', Pn'ma' and Pn'm'a

In the diffractogram at 1.2 K the strongest reflection is the 1 0 0,

which is symmetry forbidden in the nuclear space group. This implies

that the 2 -axis parallel to the x-axis is not primed in the magnetic
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space group, excluding the groups Pn'm'a, Pnraa', Pn'raa' and Pnro'a.

The positions for the Dy ions in Pnma is (0.18, 0, 0.02), which is

almost (x,0,0). If the ions were exactly on (x,0,0)f the reflection

1 0 0 would be of zero intensity in the magnetic space groups Pnm'a'

and Pnma. This reflection is, however, observed to be very strong,

leaving Pn'm'a1 and Pn'ma as possibilities.

A relatively strong magnetic contribution to the intensity was found

for the reflection 1 0 1. In Pn'ma, with Dy on (x,0,0), the intensity

of this reflection would be zero. Hence, Pn'm'a1 is left as the only

possible space group.

The magnetic form factors, used in the least squares refinement
23)

of the magnetic structure were taken from Blume and coworkers

We present the refinement results for the spin components in Dy ZrS,.

in Table V.7, together with the results for Tb^ZrSj., of which a

neutron diffractogram at 1.2 K was made which is very similar to that

of the Dy-compound. Because the neutron absorption of Tb is not

extremely high, the parameters for Tb„ZrS could be determined more

precisely than those for Dy ZrS,.. A more detailed discussion of the
31)

magnetic structure determination will be given elsewhere

In the magnetic space group Pn'm'a1 the spin coordinates trans-

form identically to the space coordinates in Pnma, as far as the

rotation concerns. Hence, if we have an ion on (x,y,z) with spin

components (S ,S ,S ), then an ion on (x,y+3s,z) will have spin

components (-S ,S ,-S ) etc. Because the rare earth ion is on an

eight fold position and the magnetic moments do not lie along a sym-

metry axis, there will be eight different spin orientations in

the magnetic structure.

From Table V.7 it can be seen that the y-component of the magnetic

moment is very small and the moments are nearly completely confined to

the (x,z)-plane, the angle out of plane being less than 5 . So the spins

at positions differing only in y-coordinate are parallel in first approxi-

mation. The number of sublattices is thus reduced to four. The structure

may now be described as a sequence of ferromagnetically ordered planes

parallel to (y,z). The spins in the first and second plane are mutually

antiparallel, as are those in plane 3 and 4. Further the spin directions

in the first two planes are almost perpendicular to those in the latter
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TABLE v.7. Spin components in Tb^ZrSs and Dy^ZrS^ refined from neutron
diffraction data, collected at 1.2 K.
R , and R are the final discrepancy indices for thenucu magn " c " "
nuclear structure and the magnetic structure respectively.

Dy2ZrS5

Tb2ZrSg

w
6.8(1)

6.67(8)

yv
0.8(3)

0.5(1)

W
5.9(1)

5.31(6)

S (yß)

9.0(2)

8.5(1)

Rnucl

10.4%

6.0%

magn

14.8%

3.1%

\
\

\

-•X

\

Figure V.13. S
Section of the rare earth lattice in LnJirSg parallel to the (x3z)-
plane at y=0. The direction for the magnetic moments in the ordered
8tate9 as determined for Tb^rS^ and Dy^rS^ is indicated by the
arrows. The extent of the unit cell is shown by the thin drawn line.
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S-

two planes (figure V.I3).
24)

The result is a cross structure , which is also found for some
25)

other highly anisotropic compounds, e.g. DyAlO- and TbAlO,

This kind of magnetic structure reflects the predominance of the crystal

field anisotropy. In Dy-ZrS,. the ground state is the doublet |M > =|±15/2>

and in Tb_ZrS_ presumably the non-Kramers doublet |±6 > is lowest. This

gives rise to a large anisotropy, with g .. = 20 and 18 respectively and

g I = 0. The only non-zero contribution to the magnetic moment is that

arising of the matrix element with J , where the z-axis is the axis of

quantization of the total angular momentum, which does not coincide

with the crystallographic z-axis.

Below the ordering temperature the magnetic moments will lie along an

easy axis, determined by the crystal field and consequently the

symmetry operations for these axes will be the same as those for the

atom positions in space group Pnma. Further, the direction of a spin

along its easy axis is determined by the exchange interactions with

the neighbouring ions.

V.7. Detailed analysis of the magnetic data: a tentative discussion.

On the basis of the characteristics of the magnetic structure

(section V.6) a more detailed analysis of the magnetic properties of

Tb„2rS_ and Dy_ZrS_ may be attempted.

As described in section V.3, each rare earth ion in the compounds

Ln_ZrS,. has 5 n.n. ions at about 4 A and 6 n.n.n. ions at about 5.5 8.

These distances are too large to expect direct exchange interactions

to be important. VJe assume the superexchange interactions via the sulphur

anions to be the dominant interactions. In Table V.4 the data for the

superexchange paths from the central ion to its neighbours are given,

viz. the rare earth - sulphur distances and the rare earth - sulphur-

rare earth angle a. Taking the ion in position 1 to be the central ion,

the ions in position 4 (2x) 7 (2x) and 5 are its n.n. The position

index again refers to the index of the equivalent position in space

group Pnma, as listed in Table V.3. In the superexchange paths from

rare earth ion 1 to its n.n. rare earth ions, a is about 90° in all

cases. From ion 1 to ion 5 there are two intermediate sulphur ions at
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iff

a distance smaller than 4 Ä from the rare earth ions. From the central

ion to its n.n. in position 4 and 7 there are three intermediate sulphur

ions, corresponding to three possible exchange paths.

The value of a is 140° to 165° for the superexchange paths to the n.n.n.

ions, which are the ions in position 3 (2x) and 6 (4x). For all n.n.n.

there is only one sulphur ion at a distance smaller than 4 A .

It is assumed now that the superexchange parameter J does not

strongly depend on a. This is supported by the theoretical results
18)

derived by Ritter et ai. for the case that the magnetical size of

the anion is much larger than that of the cation. This requirement is

met in the rare earth sulphides, because the electrons responsible for

the magnetic properties of the rare earths are the deep-lying 4f-

electrons and the electrons of the anion involved in superexchange inter-

actions are in the outer electron shell.

We now define two exchange parameters J. and J^. The parameter J.

describes the exchange interaction between the central rare earth ion

and its n.n., viz. the ions 4, 5 and 7. The other exchange parameter

corresponds to the interactions with the n.n.n. ions 3 and 6.

As indicated before (section V.4) the field dependent magnetization

of Dy_ZrS5 and Tb~ZrS_ below T shows a marked increase at a critical

field H . This effect cannot be identified with a spin-flop in an

ordinary antiferromagnet. On the one hand the effect would be much too

pronounced for a powdered sample. On the other hand, the observed criti-

cal field value is far too low to overcome the large crystal field an-

isotropy in these compounds. For Dy-ZrS,., for instance, on basis of the

crystal field splitting derived in section V.4 from the Schottky -

anomaly, an anisotropy field of about 10 Oe can be expected.

More likely to occur is a spin reorientation in which a part of the

spins flips over 180°, thus sticking to the easy axis as imposed by the

single ion anisotropy. In a simple two-sublattice antiferromagnet, this

would correspond to a transition to a paramagnetic state; in Tb„ZrS_

and Dy„ZrS_ the situation is more complicated. In figure V.14 the

direction of the magnetic moments on the central ion 1 and its n.n.

and n.n.n. ions , as determined in the neutron diffraction experiments

is indicated. For clarity the spins are drawn to lie in the (x,y)-plane,

while in the real magnetic structure they are in the (x,z)-plane.

If a magnetic field is applied parallel to the spins on ions 3 and 5,
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Figure V. 14.

Projection of the rare earth lattice in Tb„ZrSs and Dy^rS^ on ihe

(x>y)-plane. The meaning of the symbols is the same as in figure V.3.

The magnetic moments^ indicated by the arrows, are drawn to lie in

the (xay)-plane3 whereas in the real magnetic structure they are

in the (

one may expect that at a certain field H = H the magnetic moments on

ions 1 and 7 will flip over 180°. The result of such a spin reorientation

will be a change in exchange energy, but not in anisotropy energy.

Onder the assumption that the observed field-induced transition

is due to a spin reorientation as described above, we may find a

relation between the exchange parameters J. and «7- and the critical

field value H . We must take into account the angle subtended by the

spins on the n.n. and n.n.n. ions with the spin on the central ion.

This angle may show a difference in value below and above the critical

field. These values are listed in Table V.8.

The energy balance for the spin reorientation yields:

(cosYi - C O S V

H cosu
c

ÏT s2 Ln.n.n.(coSYi - C O S V

(15)
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TABLE v.8. Angles y (in degrees) between the magnetic moment of

the central ion 1 and the moments on its n.n. and n.n.n. ions.

Index Y Y

neighbour ion (H < H ) (H > H )
c c

Dy2ZrS5

Y Y

(H < H ) (H > H )c c

4

5

7

3

6

103

180

7

173

103

-77

0

-7

7

-77

98

180

10

170

97

-82

0

-10

10

-83

where y', and Y- are the angles between the moments on the n.n. ions and

the moment on the central ion taken above and below the critical field

respectively, Y' and Y- are the corresponding angles for the n.n.n. ions.

The average cosine coso> accounts for the distribution of the field

direction in a powdered sample.

Inserting q.. = 18, S = -̂  and H =23(1) kOe, one gets for Tb-ZrS-:

-2.9 - 1.4 18(1) K (16)

The molecular? flaid relations for the Néel-temperature and the para-

magnetic Curie-temperature are respectively :

-2.9

-2.9

k
l

+ 0.6 r±
k

l- 3.4 —k

= 18.5(1) K

= 17(1) K

(17)

(18)

where we have used : T = 9.27 K and 6 = -8.5 K. Again the mutual spin j

angles, listed in Table V.8 are taken into account. I

The best fit for these three relations is obtained taking J /k = 0.7(2) K j

and J ~ -6.7(3) K. From a similar calculation for Dy_ZrS_ we derive

= -0.4(2) K and = -4.7(2) K.
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Although the results are not very accurate because of the approximate

character of the relations used, they suggest the n.n.n. interactions

to be predominant in Tb_ZrS_ and Dy_ZrS,-. The calculations indicate the

n.n. interactions to be an order of magnitude weaker.

This analysis is rather tentative because no experimental evidence

is available till now to verify the assumption concerning the spin

reorientation. We will try to go further into this question by investi-

gating the magnetic structure with neutron diffraction experiments

in external magnetic fields. Experiments are in progress to grow

single crystals in order to be able to carry out magnetization

measurements.

V.8. Variation of the magnetic properties along the rare earth series.

Till now we have treated the exchange interactions between the

rare earth ions as a simple spin-spin interaction, which is mainly

isotropic in the case of Gd-ZrS and strongly anisotropic in the

cases- of the other compounds that have been investigated. This an-

isotropy results from the projection of a Heisenberg-exchange

hamiltonian into a particular Kramers or non-Kramers doublet

originating from the crystal field splitting.

However, in the case of the rare earths the spin-orbit coupling

is strong and orbital contributions to the exchange probably have

to be considered. A general treatment of the exchange interactions

in rare earth compounds, taking into account orbital contributions,

has been given by Levy . The hamiltonian he derives for the descrip-

tion of superexchange interactions contains, among others, six

different terms that contribute to the isotropic bilinear exchange

JC.ij Ji-Jj (19)

1)

The three most important terms are :
- * • • * •

- the spin-spin interaction S..S., proportional to (g^-
g_ is the Landé-factor,
J •* •+ 2

- the orbit-orbit interaction L..L., proportional to (2-g_) ,
- the spin-other orbit interaction S..L., which is proportional to

where

and
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In the absence of orbital anisotropy, only the first term will be

present. From this hamiltonian (19), given by Levy, expressions for

the ordering temperature T and the paramagnetic Curie-temperature
26)

9 can be derived, using the molecular field approximation :

N
k 2(2- g j)

2 + k3(gJ-l)(2-gJ)>J(J+l) (20)

O = { 1 (g - I ) 2 + l,(2-g ) 2 + 1 (g -l)(2-g )}j(J+l). (21)
P Id £. \i J J d

With the aid of these relations we will try to describe the dependence

of T„ and 6 in the series Ln^ZrS.. on the rare earth constituent. In
N p 2 5

a one-, a two- or a three-parameter fit, the relative magnitude of

TABLE v.9. Fits to the Nêel-tempevatures of the compounds

Ln

Gd

Tb

o*'3'

Er

Sta

Experiment

(K)

12.74U)

9.27(1)

5.24(1)

2.5

4.5

One para-

meter(2)

kl

13.3

8.9

5.3

2.1

3.8

Two para-

meters

kl'k2

13.0

8.8

5.4

2.5

4.0

Two para-

meters

Vk3

12.8

8.9

5.6

2.5

3.2

Three para-

meters

k.(k„ik.

13.3

8.9

5.3

2.5

4.5

(1) data from specific heat measurements.

(2) only the data for Gd, Tb and Dy are used for the fit.
27)

(3) the intermediate coupling value for g is taken

Pit 1 : k. 0.845 K.

Pit 2 : k, = 0.829 K ; k 2

Pit 3 :

Pit 4.:

0.810 K ;

0.844 K ;

0.010 K.

0.020 K.

0.016 K ; -0.014 K.
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the parameters k and 1 in the best fit will give an indication

whether orbital contributions to the exchange are important or not.

In the Tables V.9 and V.10 the fits to the experimental values of

T and e of the compounds Ln22rS_ are presented.

In figure V.15 we compare the Néel-temperatures obtained in the two-

parameter fit including the spin-spin interaction (k.) and the orbit-

orbit interaction (k„) with the experimental Néel-temperatures. From

the comparison of the fitting results with the experimental values,

it follows that three or two parameters provide a better fit than

one parameter, which corresponds to the well-known de Gennes-factor

Although it is not clear which of the three- and two-parameter fits

is the best, it may be concluded that a small orbital contribution

is present in the hamiltonian describing the exchange interactions

in the compounds Ln.ZrS,..

28)

TABLE V.10. Fits to the paramagnetic Curie-temperatures of the

compounds ^

Ln Experiment One para- Two para- Two para- Three para-

(K) meter meters meters meters

h VS VS VS'S

r.v
•}'::••

i

S

Gd

Tb

Dy

Er

11.7

8.5

6.8

5

(2)

(2)

13.2

8.8

5.9

2.1

11.8

8.5

7.0

4.4

11.0

8.6

6.7

3.0

11.7

8.5

6.8

3.8

(1) the value for Er.ZrS,. is not used in the fitting procedure.

(2) values from the susceptibility corrected for crystal field effects.

Fit 1 : 1

Fit 2 : 1

Fit 3 : 1

Fit 4 : 1

X

1

0.84 K.

0.75 K ; 1, = 0.060 K.
4>

0.70 K ? 1 3

0.74 K ; 1.2

0.060 K.

0.42 K ; 1,
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CePrNd Sm GdibDyHoErTmYb

Figure V.15.

Nêel-temperatiuea of the compounds Ln^ZrS,- along the rare earth

series. The circles are the experimental points. The solid line

connects the calculated points, obtained from the two parameter

fit

TN = { kl ( gj ~ 1 ) 2 + k 2 < 2 ~
with

0.829 K and k2 = 0.010 K.

The values obtained for k., k„, 1. and l0 may be compared with
26)

those computed by Sidorov and Falkovskaya for the compounds LnAs

and LnSb (Ln = Gd,Tb,Dy,Ho and Er) which all order antiferromagnetically.

They find k = 1.34 K, k = -0.08 K, 1^ = 0.61 K and 12 = -0.085 K

for the arsenides and k = 1.7 K, k = -0.05 K, lj = 2.2 K and

1- = -0.2 K for the antimonides. Hence, as in the compounds Ln„ZrS,.

the orbital contribution appears to be rather small. This contri-

bution is found to be much larger in the rare earth intermetallics
29)

LnOs_, LnAl„ and Lnlr«, for which Levy calculated the parameters

k2 and k. to be 25% and 50% of k. respectively.
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This analysis indicates that the exchange interactions in

Ln„ZrS5 are mainly of the spin-spin type. Assuming that this corres-

ponds to a Heisenberg-like interaction between the true magnetic

moments and projecting this into the ground doublets of Tb and

Dy , it is derived that the exchange parameter from an effective

spin S1 = — hamiltonian will be proportional to

(22)

11 _L11 _L 3 ^

In Tb the ground doublet is (±6 > and in Dy (±15/2 > , giving

g . . — 18 and 20 respectively. Hence, we expect the effective exchange

parameters of the Tb-, Dy- and Gd-compounds to have the ratio

36 : 25 : 1. Taking the values for the predominant exchange para-

meter Jy derived in the previous section, «7_(Tb)/k = -6.7 K and

«7"2(Dy)/k = -4.7 K, the agreement with the expected ratio is perfect.

Both values lead to a predicted exchange parameter for Gd_ZrS,_ which

is J(Gd)/k = -0.18 K. Comparing this with the experimental values

in Table V.5, it is seen that a very good agreement is obtained

taking q = 6.
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CHAPTER VI

FINAL REMARKS AND SUGGESTIONS FOR FURTHER WORK

From the results of the investigations described in this thesis,

an overall view is obtained of the crystal chemical and magnetical

properties of a fairly large group of compounds- We performed for the

first time magnetic measurements on the compounds MLnS» and LruZrS,.

and attempted to analyse the results in combination with additional

information from specific heat and neutron diffraction experiments.

One of the consequences of the expiatory character of this work

is that many aspects concerning the chemical and physical properties

of these compounds are still unclear and also that new questions emerge.

In this section we shall enumerate the problems that arise from the

results presented in this thesis and we give suggestions for further

work in this field of chemistry.Also some recent and tentative re-

sults are incorporated.

None of the compounds MLnS„ (M = Li, Na, K) does show magnetic

ordering down to 2 K. Preliminary results of low temperature specific

heat measurements on K"3dS„ suggest this compound to order at about

0.5 K (J. Bartholomë, Kamerlingh Onnes Laboratory). This ordering is

presumably of dipolar origin and calculations indicate that the inter-

actions within the close packed Gd-layers are predominant.

It will be interesting to perform further low temperature specific

heat and susceptibility measurements on other compounds of this series.

Their crystal structure is relatively simple, favouring an unambiguous

interpretation of the physical properties.

The crystal field splitting in these compounds may be determined

from powder susceptibility data and *SR experiments only in the

simple cases Ce and Sm (section IV.5.3 and IV.5.6). In other

cases more information is required. This may be derived from single

crystal susceptibility measurements. Because of the small dimensions

of the crystals available, the measuring equipment should have a

relatively high sensitivity.

A complementary technique for obtaining information concerning the •1
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crystal field splitting, is optical absorption spectroscopy. The

single crystals of the crystallographically ordered compounds MLnS„,

which are very thin and transparent plates, are very suited for these

experiments.

The magnetic properties of LiEuS- are not completely understood

(section IV.5.6). Measurements at temperatures below 2 K may supply

more evidence for the assumed ferromagnetic ordering. Both from a

magnetic and a crystallographic point of view a detailed study of

the systems LiEuS -EuS and MGdS?-EuS might be of interest. The

magnetic properties of ferromagnetic EuS are believed to originate

from two competing interactions : a ferromagnetic nearest neighbour

interaction and an antiferromagnetic next nearest neighbour inter-

action. Introducing MGdS into a EuS matrix will then gradually

remove the latter interaction mechanism.

The results of the magnetic measurements on the compounds

Ln_ZrS5 are not entirely understood (chapter V.). To establish the

nature of the spin reorientation in the Tb-, Dy- and Er-compounds

more definitely, magnetization measurements on single crystals

below T will be useful. Alternatively, neutron diffraction ex-

periments on powdered samples in external magnetic fields may be

performed to establish the spin structure above the critical field.

The exchange interactions in these compounds are shown to be

essentially of the Heisenberg-type for all the rare earths. For the

individual rare earths, the effective interaction may be strongly

anisotropic as a result of the projection of the Heisenberg inter-

action into the crystal field ground state.

Having determined the magnitude of the 150 - 160° superexchange

interaction via sulphur anions in rare earth compounds, it will be

interesting to investigate the dependence of this interaction on the

superexchange angle and the nature of the intermediate anion. The

first nay be studied in rare earth sulphides having crystal structures

that are different from that of the compounds Ln„ZrS5. For the latter

we suggest to perform magnetic and specific heat measurements on the

selenides Ln ZrSeP, which have the same crystal structure as the

corresponding sulphides.
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The analysis of the observed Néel-temperatures of the compounds

I>n2
ZrSc presented in section V.8, indicates that Nd„ZrS_ and Ho„ZrS5

are expected to show magnetic ordering below 2 and 4 K respectively.

The results of the magnetic measurements are, however, not yet clear

about this. In the case of Hô ZrS,- the susceptibility exhibits a

small anomaly at about 4.5 K. The result for Nd^ZrS- suggests this

compound to be a weak ferromagnet below 2.2 K. Specific heat measure-

ments support this evidence, because a sharp A-anomaly is found with

a maximum at 2.28 K. Until now we are not able to interpret the

neutron diffraction data for Nd ZrS_.

In chapter IV we described the short- and long-range

crystallographic ordering in the compounds MLnS. with the sodium

chloride structure. High resolution electron microscopy is a new and

powerful technique to study crystal structures on a microscopic

scale. Using this method, complementary investigations on the ordering

process in the compounds MLnS- may be performed. For instance the

system LiGdS -NaGdS„ will be interesting, the former compound showing

a disordered, the latter an ordered X-ray pattern.

Probably, the short-range ordering in the Li-compounds is related

to a relatively low melting point of the Li lattice. This may give

rise to interesting ionic conductivity properties.

Using the concept of 'twinning on the unit cell level', we

derived in chapter III structural relations between many (rare earth)

sulphide structures. On the basis of these relations the existence

of many new phases or compounds can be expected. The structures of

these phases may be derived applying twinning operations on a parent

structure or can consist of slabs of variable size of two parent

structures, which are intergrown. Here also the electron microscope

seems to be the suited tool the validity of this assumption.

For many rare earth sulphides large homogeneity ranges are re-

ported. Examples are : Ln S, with x = 0 - 0.2 and Ln__ S , with

x = 0 - 0.33 • The latter group of compounds have the cubic Th,P.

structure, which is observed for the compositions Ln,S. , Ln S

(corresponding to x = 0.33) and the whole composition region in

between these two end members. It may be interesting to study these

structures on a microscopic scale by electron diffraction methods.
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Because a totally random distribution of the maximal 11% cation

vacancies seems to be a rather unrealistic situation, short-range

ordering is expected to be observed in these compounds.
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SAMENVATTING

Onderwerp van dit proefschrift zijn de vaste stoffen die, naast

andere metalen, zeldzame-aard metalen en zwavel bevatten. Deze zoge-

naamde ternaire zeldzame-aard sulfiden, zijn zowel vanuit een chemisch

als een fysisch standpunt interessant. Deze dissertatie behandelt de

kristalchemie van dit type verbindingen en beschrijft de magnetische

eigenschappen van enkele representatieve voorbeelden.

Allereerst wordt een uiteenzetting gegeven van het theoretische

gereedschap dat nodig is om de resultaten van de magnetische metingen

te beschrijven en te interpreteren. De sterke koppeling van de spin

en baan impulsmomenten in de zeldzame-aarden beïnvloedt in hoge mate

de aard van de kristalveldopsplitsing en daardoor de grootte en

richtingsafhankelijkheid van de magnetische momenten.

De talrijke en verschillende kristalstrukturen van de zeldzame-

aard sulfiden lijken op het eerste gezicht zonder relatie. Door ge-

bruik te maken van 'vertweelingings-operaties1 (chemical twinning),

kan het verband tussen een groot aantal van deze Strukturen aangegeven

worden. Het blijkt mogelijk veel Strukturen af te leiden van een-

voudige patronen via spiegelings- en glijspiegelingsoperaties. Uit-

gaande van bijvoorbeeld kubisch of hexagonaal dichtst gepakte roosters,

ontstaan dan trigonaal-prismatische holten in de spiegelvlakken,

waarin de zeldzame-aard ionen een plaats kunnen vinden. Door in de

beschrijving en tekening van Strukturen de nadruk te leggen op deze

veelvlakken, wordt een nauwe relatie tussen een aantal Strukturen

aannemelijk gemaakt. Het begrip 'chemische vertweelinging' kan ook

inzicht verschaffen in het mechanisme waarmee een kristal zich aan-

past aan het introduceren van kleine concentraties onzuiverheden of

vacatures.

De verbindingen van het type MLnS,, waarbij H = lithium, natrium

of kalium en Ln = zeldzame-aard metaal, hebben een geordende of een

ongeordende keukenzout struktuur. In het vierde hoofdstuk worden de

bereiding, de kristalchemie en de magnetische eigenschappen van deze

stoffen beschreven. De struktuur van KCeS2 is nauwkeurig bepaald met

röntgendiffractie methoden aan een éénkristal. Het röntgenpatroon van
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LiTbS_ is dat van een ongeordende NaCl struktuur. Uit diffractie-ex-

perimenten met de electronenmicroscoop blijkt echter dat er wel

kristallografische ordening optreedt, zij het slechts in zeer kleine

gebieden. Deze microdomeinen, ongeveer 40 A in diameter, zijn met de

electronenmicroscoop zichtbaar cremaakt. Ordening in grotere gebieden

ontstaat als de stof langdurig op 500 C wordt verhit.

Magnetische susceptibiliteits-metingen zijn uitgevoerd voor alle

bekende verbindingen MLnS„ bij temperaturen tussen 2 en 300 K. In

geen van de gevallen is coöperatieve ordening van de magnetische

momenten waargenomen. Optredende afwijkingen van de Curie-Weiss relatie

kunnen worden toegeschreven aan kristalveld invloeden.

De tweede groep van verbindingen die uitvoerig is onderzocht

wordt gevormd door de verbindingen Ln„ZrS,- (Ln = zeldzame-aard metaal).

De resultaten van de magnetische en soortelijke warmte metingen en

van neütronen-diffractie experimenten aan deze stoffen worden in dit

proefschrift beschreven. De verbindingen met Gd, Tb, Dy, Er en Sm

blijken antiferromagnetisch te ordenen. De temperatuur waarbij dit

gebeurt, de Néel-temperatuur, ligt tussen 2 en 13 K.

Uit de metingen blijkt dat Gd„ZrS5 isotrope magnetische eigen-

schappen heeft, terwijl voor de andere verbindingen het magnetische

moment in de geordende toestand sterk aan een richting in het kristal

gebonden is. Met behulp van neütronen-diffractie experimenten is de

richting en grootte van de magnetische momenten (de magnetische struk-

tuur) in Tb-ZrS en Dy2ZrS5 bepaald. Onder invloed van een uitwendig

magnetisch veld treedt een reorientatie van de momenten op. Hieruit

is, samen met de experimentele gegevens uit de magnetische en soorte-

lijke warmte metingen, de effectieve interactie tussen de magnetische

momenten berekend, die verantwoordelijk is voor de ordening bij lage

temperatuur.

Omdat bij deze interactie de tussen de magnetische zeldzame-aard

ionen liggende zwavel ionen een belangrijke rol spelen, is kennis van

de details van de kristalstruktuur noodzakelijk voor de interpretatie

van de resultaten. Hoewel de werkelijke interactie voor alle zeldzame-

aarden ongeveer gelijk is, is de effectieve interactie zeer verschil-

lend als gevolg van kristalveld effecten. De gevonden waarde van de

Neél-temperaturen voor de verschillende verbindingen Ln.ZrS,. is te
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verklaren met behulp van de theorie van Levy. Het blijkt dat de wissel-

werking tussen de magnetische momenten vrijwel uitsluitend een spin-

spin interactie is.

Tenslotte zijn de resultaten kort samengevat en worden suggesties

gedaan om het hier gerapporteerde werk voort te zetten en uit te

breiden.
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