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1. Introduction 

There are still a lot we do not understand when it comes to the phenomenon 
of magnetism, even though we take advantage of it everyday for instance in 
our computers and on the refrigerator front. To improve the properties of our 
devices a better understanding of the magnetic interactions is needed. It is 
here that basic research becomes essential.  

Long-range magnetic coupling between magnetic layers is an interesting 
feature, because of the mechanism complexity. In a magnetic layered struc-
ture there are two different magnetic interaction distances. The intra-layer 
coupling occurs within the sheet, where the magnetic atoms are very close to 
each other, often with distances in the same range as for the pure element. 
Between adjacent layers the inter-layer coupling is found, at longer distances 
since the layers are separated by other non-magnetic elements. 

Today, a lot of research is focused on the area of artificial layered mag-
netic structures. There are many applications for thin films of such multilay-
ers, such as the reading head in the computer’s hard drive. The research and 
development in this area focuses around the practical properties and not al-
ways the basic understanding. All this is important when it comes to devel-
opment of new materials with good properties. Improvements are always 
needed and demand further research, not the least by systematic changes of 
various factors and evaluation of the result. In this process, the artificial 
structures have some disadvantages. First of all, they may be hard to produce 
without defects since the layers are not perfect. Furthermore, such a material 
is thermodynamically metastable, it contains stress and the distance between 
the magnetic layers can only be changed stepwise, layer by layer.  

In contrast, a layered crystal structure is thermodynamically stable and it 
contains atomically perfect magnetic layers without any admixture. The dis-
tance between the magnetic layers can be gradually changed by using solid 
solution on the non-magnetic sites by isoelectronic elements. Thereby, the 
chemistry will not change significantly. All these factors make these kinds of 
systems suitable for investigating the inter-layer magnetic coupling and how 
it is affected by tuning the distance. 

It is also possible to substitute atoms within the magnetic layers and 
thereby change the electron concentration. Different transition metals can be 
used, both magnetic and non-magnetic. Now, both the intra- and inter-layer 
coupling are of importance. 
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The chemist has a major role in this field of research, being able to syn-
thesise single phase structures with well-defined atomic layers and also tune 
the magnetic interactions by solid solution. This is of importance when it 
comes to unravelling the complexity of the competition between interactions 
at long and short distances. There is then constant feedback from property 
measurements and electronic structure calculations to steer further synthesis 
efforts.
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2. Magnetism 

All matter is affected by an applied magnetic field. The presence of the mag-
netic field influences the electrons’ motion in the orbitals in such a way that 
the atom generates a magnetic field. This field opposes the external field. 
This phenomenon is called diamagnetism and the effect is very weak. When 
describing magnetic materials this weak diamagnetic effect is usually more 
or less neglected. 

Unpaired electrons give rise to small magnetic dipoles, due to electron 
spin and orbital motion. These moments are randomly aligned throughout 
the material and rapidly rearranged in different directions, giving a zero net 
moment. This is called paramagnetism. The magnitude of the net effect is 
dependent of the temperature according to the Curie-Weiss law. In an ap-
plied magnetic field, the field is reinforced by the magnetic field generated 
in the material.   

Metallic materials, on the other hand, have conduction electrons which 
are delocalised and therefore no longer attached to any particular atom. 
These electrons also produce a magnetic field in the same direction as the 
applied field. This effect is called Pauli paramagnetism and is not tempera-
ture dependent. If d- or f-electrons are available, paramagnetism may domi-
nate.

The atomic magnetic moments may in the solid state be coupled to each 
other in an energetically favourable arrangement. This tendency is counter-
acted by the thermal vibrations in the material and therefore the magnetic 
moments can only be ordered below a certain temperature, the transition
temperature.

A ferromagnetic material orders the moments parallel throughout the 
whole structure, giving rise to a large net magnetic moment. The transition 
temperature is called the Curie temperature (TC). The moments can also col-
lectively be anti-parallel, i.e. in an antiferromagnetic arrangement, and the 
transition temperature is then called the Néel temperature (TN). The result is 
that the net magnetic moment is zero. 

The magnetic properties can be investigated by magnetometry. Both the 
field and temperature dependence are of interest. A more detailed description 
of the measurements and fundamental expectations is given in Section 5.2. 

This thesis is focused on two-dimensional magnetic structures, so called 
magnetic layer structures. The large anisotropy of these materials may result 
in many different kinds of magnetic couplings, since the distances between 
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the magnetic atoms differ greatly. The magnetic metal atoms in the sheet are 
directly bonded to each other while the sheets are separated by non-magnetic 
atoms, resulting in a more complex coupling situation.  

The magnetic moments are arranged through different kinds of exchange 
mechanisms. First of all, at short distance the metal atoms can couple di-
rectly through the bond. Secondly, the interaction can occur through other 
non-magnetic atoms due to orbital overlap, also called indirect super-
exchange. Finally, moments in metallic materials can couple by their con-
ducting electrons through RKKY (Ruderman-Kittel-Kasuya-Yosida) ex-
change. For inter-layer magnetic exchange, the distance is very long and the 
mechanism needs a manner to “communicate” through other orbitals and 
conducting electrons.  

Within a magnetic layer, the coupling may lead to parallel, anti-parallel or 
more complex arrangements of the moments. The inter-layer coupling, that 
has to be at play at larger distances, is even more liable to yield complicated 
arrangements [1, 2]. Such an example is helimagnetism, where the directions 
of the moments change in a systematic manner between consecutive sheets. 
One common form — further discussed in this thesis — shows ferromag-
netic coupling within the layers. The systematic rotation (by a constant angle 
from one layer to the next) leads to a helix structure of the moments, and 
because of the large size of the system there is no net moment. Therefore, 
this kind of helimagnetism presents features typical of antiferromagnetism 
when investigated by magnetometry. Only the global features are observed, 
not the local arrangements. To study the arrangement of the magnetic mo-
ments in the structure, neutron diffraction is needed. 

The order of the magnetic moments below the transition temperature can 
be described with a magnetic structure, in the same way as the crystal struc-
ture. For a ferromagnetic compound the crystallographic unit cell is of the 
same size as the magnetic one. For antiferromagnetic and helimagnetic mate-
rials the unit cell for the magnetic structure may differ from the crystallo-
graphic cell depending on the atomic arrangements. The unit cell of the 
magnetic structure can usually be related to the crystallographic unit cell by 
an integer number times the volume, for example through a doubling of a 
cell axis. These structures are commensurate. The magnetic structure can be 
more complicated, especially in the case of the non-collinear interactions of 
helimagnetism where the angles of the rotation can give rise to a so called 
incommensurate structure. As a result, the crystallographic cell and the mag-
netic cell will not be related by a rational number. To describe such struc-
tures, a propagation vector is needed, characterised by an irrational number. 
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3. Model structures 

3.1 The ThCr2Si2 structure type 
The ternary ThCr2Si2 compound (space group I4/mmm, Th in 2a: (0 0 0); Cr
in 4d: (0 ½ ¼); Si in 4e: (0 0 z)) [3] is one example of a layer crystal struc-
ture. There are several hundred compounds with this type of structure [4-6]. 
In the formula AT2X2, the A atom is often alkaline earths or lanthanides, the 
T atom a transition metal and the X atom a p-element from group 13-15. The 
T atoms form a perfect square-planar two-dimensional sheet and each T 
atom is surrounded by a tetrahedron of X atoms. These tetrahedra share four 
edges with each other. The T-X layers are separated by the cation A placed 
in a “cubic” hole of X atoms. The structure is illustrated in Figure 3.1. Many 

Figure 3.1. The tetragonal structure of AT2X2. The picture shows two unit cells.
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interesting properties have been discovered for ThCr2Si2 type compounds, 
for example superconductivity and surprising magnetic properties [7]. In 
most of the magnetic compounds the A atom is a magnetic rare earth ele-
ment and sometimes also the T atom is magnetic [8]. Choosing a non-
magnetic element in the A position and a magnetic transition metal for T, the 
result is a pronounced two-dimensional magnetic structure. Such magnetic 
layered structures are very rare in the ThCr2Si2 family. 

A minor subgroup of the structure family consists of the thallium chalco-
genides, first more extensively studied by Boller and Klepp [6]. The ternary 
thallium chalcogenides reported are listed in Table 3.1. Thallium, sulphur, 
selenium and tellurium are large non-magnetic atoms. The spacing between 
the transition metal layers (½ c) therefore becomes relatively large, and the 
two-dimensional character is enhanced. If the transition metal has a magnetic 
moment, the result may be a magnetic layer structure. The bond between 
thallium and the chalcogen has a very weak ionic character and the com-
pounds are metallic, except for the iron representatives which are semicon-
ductors. As seen from the Table 3.1, no magnetic moment is found for nickel 
and copper, maybe indicating that the Fermi energy is above the 3d band. 

This thesis has a strong focus on thallium cobalt chalcogenides, TlCo2X2
(X = S, Se). TlCo2Se2 is antiferromagnetic [9, 10] with a very unusual non-
collinear magnetic structure for a cobalt compound [11]. The magnetic 
moments are ferromagnetically arranged in the ab-plane (µCo = 0.46(2) µB at 
10 K) and with an antiferromagnetic coupling with a moment angle of about 
121º between consecutive cobalt layers [11]. 

Table 3.1. Unit cell lattice parameters and magnetic properties of known ternary 
thallium chalcogenides of the ThCr2Si2 type. FM = ferromagnetic, 
AF = antiferromagnetic and Pauli = Pauli paramagnetic 

Compound a (Å) c (Å) Volume (Å3) Magnetic
interactions Ref

TlFe2-xS2 ~3.75* ~13.35* ~188* FM [12] 
TlCo2S2 3.7410(5) 12.956(5) 181.3(1) FM [6, 13], II
TlNi2S2 3.792(1) 12.77(1) 183.6(2) Pauli [6, 13, 14] 
TlCu2S2 3.7771(1) 13.3791(9) 190.87(2) Pauli [15] 
TlFe2-xSe2 ~3.9* ~14.0* ~212* AF [16, 17] 
TlCo2Se2 3.847(1) 13.54(1) 200.4(3) AF [6, 11, 13], I
TlNi2Se2 3.866(1) 13.41(1) 200.4(3) Pauli [6, 10, 13] 
TlCu2Se2 3.8522(6) 14.029(1) 207.9(4) Pauli [18] 
TlCu2Te2 4.001(1) 15.208(3) 243.4(1) Pauli [19] 

*Approximate numbers depending on the x-value. The tetragonal structure description is only 
a simplification of a complicated structure where the vacancies are ordered 
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This results in an incommensurate helix 
structure running along the c-axis with 
TN~90 K. The magnetic structure is illus-
trated in Figure 3.2. The aim of Paper I
was to get a more detailed understanding of 
this magnetic structure by a combination of 
single-crystal neutron diffraction and theo-
retical calculations.

TlCo2S2 is a ferromagnetic layer struc-
ture with TC=150-154 K [13, 14, 20] and 
the magnetic moments perpendicular to the 
c-axis. A more detailed and extended study 
of the magnetic and electronic structure of 
TlCo2S2 is reported in Paper II.

Solid solubility between the selenide and 
the sulphide made it possible to investigate 
how the inter-layer magnetic interaction 
changes with distance. In TlCo2Se2-xSx the 
distance between the sheets changes from 
6.8 to 6.5 Å on increasing x while the mag-
netic structure changes from antiferromag-
netic coupling between the layers to ferro-
magnetic [20]. The details of the magnetic 
interactions were investigated by magnetic 
measurements, heat capacity determination 
and neutron diffraction, published in Pa-
pers III-V.

Different kinds of substitution on the 
transition metal positions have also been 
studied. As mother compounds TlCo2Se2
and TlCu2Se2 were used. These two com-
pounds give rise to different starting points, 
the cobalt compound being antiferromag-
netic, while that of copper is Pauli para-
magnetic. The results of the study of 
TlCo2-xMexSe2 (Me = Fe, Ni and Cu) are 
presented in Paper VI. A diluted magnetic 
system is obtained when substituting small 
amounts of magnetic iron into the Pauli 
paramagnetic structure of TlCu2Se2. These 
properties are described in Paper VII.

Figure 3.2. The magnetic struc-
ture of TlCo2Se2. The picture 
illustrates three crystallo-
graphic unit cells.
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3.2 The structure of TlCrTe2

To expand the study of magnetic layer structures, a hexagonal compound 
was also investigated, namely TlCrTe2 (space group P 3 m1, a = 4.016 Å, c = 
7.927 Å, see Figure 3.3) [21]. Here only the chromium ion possesses a mag-
netic moment. The structure can be described as related to the NiAs-type, 
where the chromium and thallium atoms share the nickel position in an or-
dered manner. The tellurium atoms are in the arsenic positions, with a z co-
ordinate allowing for the difference in radius between Tl and Cr.

TlCrTe2 was reported as being antiferromagnetic (TN = 140 K) with a 
positive Curie-Weiss temperature (91 K) [22], however without details of the 
magnetic structure which is not revealed from simple magnetometry. In Pa-
per VIII the TlCrTe2 structure was studied by powder neutron diffraction 
and electronic structure calculations from first principles to give further in-
formation.

Figure 3.3. The hexagonal unit cell TlCrTe2.
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4. Sample preparation 

The diffusion of atoms in the solid state is normally very slow. Therefore it 
takes a lot of time and patience to prepare good single phase samples. Heat-
ing is normally needed. The first essential aspect is to start from pure chemi-
cals or elements. Most elements oxidise in air so they have to be cleaned, 
often etched in acid, before use. To minimize the errors of the composition 
in the weighing step, not too many different components should be weighed. 
It is sometimes wise to make the synthesis in several partial steps and start 
by preparing binary compounds. However, it is unfortunately not always 
possible to ascertain the correct compositions. Such a procedure requires 
phases without large homogeneity ranges so the composition can be easily 
checked by x-ray diffraction. To make binary compounds is also good from 
the sense that it is possible to make powder from ingots that no longer are 
air-sensitive. 

All samples prepared in this study are sensitive to oxygen, especially dur-
ing heat-treatment. Due to this, the phases were synthesised in evacuated 
silica or pyrex glass tubes. The choice of temperature for heat-treatment is 
determined by melting point, vapour pressure and phase stability. The diffu-
sion properties of the elements determine the time in the furnace. Synthesis 
time ranges from one day to up to a month. Higher temperature increases the 
reaction kinetics and can thereby decrease the heat-treatment time. To over-
come problems with slow diffusion, the samples were often brought to melt-
ing first and then ground and pressed into pellets. This shortens the diffusion 
paths and increases the contact area. This homogenising step is often neces-
sary to perform several times in order to get good single phase samples. Be-
tween all the steps, the product was always investigated by x-ray diffraction, 
to find out how far the reaction had proceeded.  

When the heat-treatment is finished, the next significant step is the cool-
ing process. If the desired phase is not stable at lower temperatures, the sam-
ple has to be cooled very quickly. The hot silica tube is often placed directly 
in cold water. However, this is not possible for pyrex-tubes, which crack if 
the cooling is too fast. Instead the hot pyrex tube is cooled using compressed 
air.

To grow single crystals, a melt of single-phase material (~1000°C) is 
slowly cooled (~1°/h) to room temperature. By using a small temperature 
gradient near the melting point, only few crystals nucleate. It is vital to use 
very clean tubes to avoid heterogeneous nucleation induced by impurities. 
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The single crystals prepared in this study were flat and could be sliced with a 
scalpel under a microscope, where the surface of the crystals had the {0 0 1}
orientation.

4.1 Syntheses within the TlCo2Se2-xSx system 
4.1.1 TlCo2Se2

First the binary compound TlSe was synthesised at 300°C to get thallium 
chemically bound in a phase that is not sensitive to air. Moreover, the se-
lenide is (in stark constant to thallium metal) very brittle and easily pulver-
ised. This powder was pressed together with clean-etched cobalt powder and 
ground selenium-shots in correct ratios. The tablets were heat-treated at 
480°C in an evacuated pyrex tube for 1 day. The product was reground and 
pressed into new tablets that were placed in an evacuated silica tube at 
700°C for 1-2 weeks. Sometimes, several homogenising steps had to be re-
peated to get pure single phase material. 

4.1.2 TlCo2S2

Binary compounds were not easy to synthesise in this system. Both TlS and 
Tl4S3 were tried, but it was hard to make larger amounts of single-phase 
material. Instead, all three elements were put into a pyrex tube as thallium 
shots, sulphur powder and etched cobalt powder, the powders pressed into 
small tablets. The reason for this is that sulphur tends to stick to the mortar 
walls and therefore it is hard to control the amount. The tube was heat-
treated for 1 day at 480°C. Due to the low melting points of sulphur and 
thallium, this step resulted in good starting mixtures of the elements. The 
product could now be properly ground and heat-treated in the same way as 
for the thallium cobalt selenide. 

4.1.3 TlCo2Se2-xSx

Over the years that all these different samples were made, the synthesis proc-
ess has been changed and optimised. The syntheses described above are the 
optimised processes. For the cobalt compounds, one large problem is that the 
silica glass starts to crystallise during synthesis. This creates a white film on 
the inside of the tube. This led to problems during the first synthesis step, 
where the elements are mixed. The cobalt mixture stuck to the tube wall and 
it was hard to separate the white crystallized silica from the sample. This 
problem was solved by performing the first mixing step in a pyrex tube. In 
the next step, using pressed tablets in a silica tube, there was no problem 
separating them from the crystallized silica.  
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The second problem was the cooling process. It appeared that not all compo-
sitions in TlCo2Se2-xSx were stable at lower temperature (< ~400°C). The 
result was instead a phase separation. This is why silica-tube synthesis had to 
be used and not only pyrex tubes which cannot stand as high temperature. 
Moreover, to stabilise TlCo2Se2-xSx, the samples had to be cooled quickly.  

Solid state solutions were made by mixing TlCo2Se2 and TlCo2S2 pow-
ders at the proper stoichiometry. The powder was pressed into tablets that 
were heat-treated for 1-2 weeks in silica-tubes at 600 °C for x  1.0 and at 
700 °C for x > 1.0.

4.2 Solid solutions on the transition metal site 
Paper VI and VII treat solid solutions on the transition metal position. 
TlCo2-xMexSe2 (Me = Fe, Ni, Cu) and TlCu2-xFexSe2 were synthesised and 
studied.

A lot of efforts were put into synthesising the iron-containing phases. In 
air, iron may form Fe3O4, a ferrimagnetic oxide with high TC. Even in small 
amounts, such a contamination creates a disturbing background that is field 
dependent. This disturbs the analysis of the magnetic properties so much that 
it forms a severe problem, especially for powders which are antiferromag-
netic. In all the products obtained the magnetite could not be detected with 
x-ray diffraction. Many different approaches were tried for avoiding its pres-
ence: Different types of iron products were tested (also in a glove-box) and 
also different synthesis paths. One was to first synthesise the binary phase 
FeSe2. This product was etched in acid to remove any oxides, and the pow-
der was when investigated by Raman spectroscopy for impurities. A pure 
phase without iron oxides was unfortunately not possible to obtain, even 
after several cleaning steps. The only successful way to get reliable data was 
SQUID measurements on well oriented crystals. However, neutron powder 
diffraction was still performed on the powders. In the refinements the mag-
netite (Fe3O4) was included as an extra phase.

In the final method used to synthesise TlCo2-xFexSe2, ingots of cobalt and 
iron were melted together by arc-melting. The obtained ingot was crushed 
into small pieces and put in a silica tube together with TlSe and selenium 
shots. Thallium and its selenides have very low melting points. This makes it 
easy to see when the Co-Fe ingots have reacted through the whole sample. 
Instead of a melt, there is then a solid product in the tube. Several steps are 
necessary to obtain a homogeneous sample. 

The crystals of TlCu2-xFexSe2 could not be synthesised from the ternary 
phases, due to vacancies in TlFe2-xSe2. Instead TlSe, pieces of copper, sele-
nium- and iron-shots were added into a tube. The mixture was heated at 
400°C for 1-2 weeks and homogenised until the sample contained the right 
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single phase. The powder was then brought to melting and then slowly 
cooled to room temperature to form crystals.  

TlCo2-xMexSe2 (Me =Ni and Cu) were made of powder mixtures from 
synthesised single phase TlCo2Se2, TlNi2Se2 and TlCu2Se2. The nickel and 
copper compounds were heat-treated in evacuated silica-tubes at 600°C and 
400°C, respectively. The solid solutions with nickel and copper were heat-
treated at the same temperature as TlNi2Se2 and TlCu2Se2.

4.3 Synthesis of TlCrTe2

Binary TlTe was synthesised by mixing the pure elements and heat-treating 
them at 400 °C for 3 days in an evacuated silica tube. Mixed powders from 
TlTe, Cr and Te were pressed into pellets and heat-treated at 450 °C for 
5 days and thereafter homogenized and reheated for additional 5 days. As 
also experienced by Boller et al. [21], it was difficult to get single phase 
products in this ternary system. The samples of this composition have a ten-
dency to segregate into a phase mixture, containing mainly Tl5Te3.
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5. Characterisation 

5.1 Diffraction 
The crystal and magnetic structure can be investigated by x-ray and neutron 
diffraction, respectively, because the two types of radiation interact with 
matter in different ways.  

5.1.1 X-ray diffraction 
X-rays interact electromagnetically with electrons in the material and are 
scattered in all directions. In crystalline materials, there is a constructive 
interference in certain directions determined by the crystal lattice. For each 
element, the atomic scattering factor is to a first approximation directly pro-
portional to the number of electrons surrounding the nuclei. Therefore, it is 
hard to distinguish between adjacent elements in the periodic table. A disad-
vantage with diffraction is that localised defects and local ordering cannot be 
studied. This is a problem when studying solid solutions, where the ordering 
of the elements cannot be investigated, unless a super-structure is observed. 
However, many solid solutions follow Vegard’s law [23] where the cell pa-
rameters change linearly with composition. This means that the cell parame-
ters are very sensitive to the composition of the solution and this relationship 
is a good indication that the right concentrations have been obtained for the 
sample. 

All synthesised compounds were investigated using x-ray powder diffrac-
tion with a focusing Guinier-Hägg camera to verify that they were single 
phase and to refine the cell parameters. Pure silicon (a = 5.431028 Å) [24] or 
germanium (a = 5.65708 Å) [25] were used as an internal standard.  

The quality of the single crystals was also examined by x-ray diffraction, 
using -scan and rocking-curve diffraction modes, now on a diffractometer. 



22

5.1.2 Neutron diffraction 
In contrast to x-rays, neutrons are scattered by the nuclei of the atoms. Since 
neutrons carry no charge and because of the small size of the atom core, 
neutrons can penetrate deep within the sample. Samples for powder diffrac-
tion have typically a volume of one cm3. Such large amounts are also neces-
sary because of the relatively small flux of neutrons compared to x-ray pho-
tons. The scattering length of the nuclei varies a lot between the elements 
and it follows no easy trend. Even isotopes of the same element scatter very 
differently. Furthermore, the neutron rotates around its own axis and carries 
a moment. The magnetic moment of the neutron interacts with the unpaired 
electrons in the material. The total scattering result is a diffractogram con-
taining information on both the crystal (“nuclear reflections”) and the mag-
netic structure.

Neutron diffraction is a rather unique tool for getting important informa-
tion about the magnetic structure and thereby also the symmetry of the mag-
netic phase. Above the transition temperature the magnetic moments are 
randomly distributed (paramagnetic) and the magnetic scattering occurs in 
all directions. This will only lead to a small increase of the background. 
However, when the magnetic structure is ordered, the scattering occurs in 
certain directions depending on the magnetic lattice. The magnetic scattering 
depends on the scattering angle and it decreases very rapidly with 2  because 
of the extension of the electron cloud. Magnetic peaks are therefore only 
found at very low 2  angles.  

To obtain neutrons, a reactor or a spallation source is needed, which 
makes the technique less available. Neutron diffraction measurements were 
performed at two different neutron facilities, the R2 reactor in Studsvik and 
the ORPHEE reactor at LLB (Laboratoire Léon Brillouin), France.  

For magnetic structure determination the Neutron Powder Diffractometer 
(NPD) in Studsvik, Sweden, was used. The monochromator is a single crys-
tal of Cu (2 2 0), giving a wavelength of 1.470(1) Å. The detector bank con-
taining 35 3He detectors are moved on air pads during the measurement.  

At LLB the cold neutron two-axis diffractometer G4-1 was used for fur-
ther investigations of the helical magnetic structure observed in the  
TlCo2Se2-xSx system. Here a pyrolytic graphite (0 0 2) monochromator gives 
a wavelength of 2.4266 Å. The 800 BF3 detectors are fixed during measure-
ments. This instrument is designed for recording magnetic data with a high 
resolution.

For the investigation on single crystalline TlCo2Se2 [I], the Single Crystal 
Diffractometer (SXD) at Studsvik was used. It is a standard 4-circle diffrac-
tometer with the same wavelength as for the NPD. 

Only non-polarised neutrons have been used in this thesis. The nuclear 
and magnetic scattering contributions can be separated by measuring above 
and below the transition temperature. The difference between the diffracto-
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grams gives information on the magnetic structure. For a ferromagnetic 
structure the magnetic unit cell coincides with the crystallographic unit cell. 
The difference is that some peaks at low angles get extra intensity. For anti-
ferromagnetic and helimagnetic compounds (see Section 2) the unit cell for 
the magnetic structure can be larger than for the crystal structure, giving 
extra peaks in the diffraction pattern. For an incommensurate helical struc-
ture, which is the main focus in this thesis, the presence of a magnetic struc-
ture appears as satellite peaks on both sides of the nuclear Bragg point.  

5.1.3 Data refinements 
The Rietveld method [26] is a structural refinement method based on the full 
intensity profiles. Both nuclear and magnetic peaks can be refined with this 
method. The difference between observed and calculated data is minimized 
by a least-squares procedure. Many different parameters can be refined in 
the Rietveld method, for example the cell parameters, atom positions, scale 
factor, instrument parameters, background, profile description, temperature 
factors, site occupancy, preferred orientation, magnetic moment and mag-
netic orientation. The Rietveld profile fitting refinements of the magnetic 
structures were made using the FullProf program [27]. 

Incommensurate magnetic structures can be refined using a propagation 
vector (q). For most systems in this study a helix along the tetragonal c-axis
occurs. The magnetic refinements were made with the same magnetic in-
commensurate model as for TlCo2Se2 [11], using a propagation vector de-
scribed by qz = (0 0 qz). In the refinement model the magnetic moments are 
fixed anti-parallel in the unit cell. In this structure the satellites mainly occur 
to the (0 0 n) peaks where n is an odd number. The qz corresponds to the 
angle  (in degrees) between the magnetic moments in two adjacent mag-
netic cobalt layers, where: 

 = 180(1 - qz)

This refining model is not unique, but the physically most appealing solution 
to the magnetic structure as reflected in the diffractograms. 

It is hard to assess the magnetic moment on a specific element in the sam-
ple if it on the same position contains two different transitions metals that 
can carry a magnetic moment. Therefore, the refinements on the solid solu-
tions of TlCo2-xMexSe2 (Me = Fe, Ni and Cu) were made using a magnetic 
moment only on the cobalt atoms [VI]. 

For the refinement of the single crystal neutron data on TlCo2Se2 [I] a re-
duced data set was made into an intensity file for the FullProf program [27]. 
Here the temperature factors, atomic positions and the magnetic moment can 
be refined, while the propagation vector and cell parameters have to be 
fixed.
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5.2 Magnetic measurements 
The samples were investigated on a very sensitive magnetometer, SQUID 
(Superconducting QUantum Interference Device), to record the overall mag-
netic properties. Mainly two types of measurements were performed, either 
varying the temperature or the applied magnetic field.  

Magnetisation vs. temperature is performed by first cooling down the 
sample to a very low temperature (often 10 K). An applied magnetic field is 
turned on that is held constant during the whole measurement. The tempera-
ture is raised while the magnetisation of the sample is recorded. This type of 
measurements is called a zero field cooling (zfc) mode. When the end tem-
perature is reached, the temperature is lowered again, but now with the ap-
plied field still turned on. Back at low temperature the same measurement is 
performed again, giving a field cooling (fc) curve. It should be noted that the 

Figure 5.1. Typical curve shapes for measurements of temperature dependence (a 
and b), field dependence hysteresis curve (c) and the inverse susceptibility (d). FM = 
ferromagnetic, PM=paramagnetic, AF=antiferromagnetic, Msat= saturated magnetic 
moment, M=magnetisation, H=applied field, HC=coercivity field, TC and 
TN=transition temperatures.
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fc curve can differ from the zfc, depending on defects, impurities and ar-
rangement of domain walls. 

These types of measurements give a lot of information. First, the shape of 
the curve tells us what type of magnetic ordering the sample carries, for ex-
ample, ferromagnetic or antiferromagnetic. Some examples of different 
curve shapes are illustrated in Figure 5.1a and 5.1b. In the paramagnetic 
region for the ferromagnetic case (Figure 5.1a) the temperature dependence 
is similar to the one for the antiferromagnetic case (Figure 5.1b), but the 
scale of the y-axis does not permit this to be shown. 

Furthermore, the shape also allows us to determine the transition tempera-
ture for the magnetic ordering, referred to as TC=Curie temperature for a 
ferromagnetic transition and TN=Néel temperature for an antiferromagnetic 
transition. Above this temperature the magnetic moments are randomly or-
dered, the state is paramagnetic.

In this region, the inverted value of the susceptibility plotted against tem-
perature should yield a straight line (Curie-Weiss relationship, see Fig-
ure 5.1d). The slope of the line is related to the effective paramagnetic mo-
ment. The intercept of the x-axis, gives the asymptotic temperature ( ), 
which depends on the magnetic interactions. A positive value means a ten-
dency for ferromagnetic interactions and a negative value an antiferromag-
netic coupling. For a pure paramagnetic compound the intercept is zero.  

Magnetisation vs. the applied field is recorded at a constant temperature 
for ferromagnetic compounds. This type of measurement gives the saturation 
magnetisation at a certain temperature, and the shape of the hysteresis curve 
gives information of the coercivity, i.e. whether it is a soft or hard magnetic 
material. An example of a hysteresis curve is shown in Figure 5.1c. 
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5.3 Complementary techniques 
Several other techniques have been used to characterise various properties of 
the studied compounds. For example: 

X-ray photoelectron spectroscopy (XPS):
XPS is a useful technique to identify which elements are present and in-
vestigate their chemical surroundings and oxidation state, by analysing 
the electron bonding energies, peak shape and intensity. This is a surface 
sensitive technique and to ensure bulk properties, the flat layered crystal 
of TlCo2S2 was stripped with Scotch-tape under Ultra High Vacuum 
(UHV) prior to measurement [II]. 

Heat capacity measurements:
The heat capacity is the amount of energy required to raise the tempera-
ture of a given amount of material by 1 K. The change in internal energy 
depends mostly on the vibrations of the atoms. Magnetic ordering tem-
peratures (TC and TN) are visible as deviations in a curve of specific heat 
vs. temperature. They normally indicate second-order transitions, which 
results in a peak due to electron ordering. 

Mössbauer spectroscopy:
Mössbauer spectroscopy is also called Recoil-free gamma-ray resolution 
absorption, and doped materials with the isotope 57Fe have been used in 
this study. The spectrum gives information about the isomer shift, which 
is an indication of the change in energy of a gamma ray due to the elec-
trostatic interactions, i.e. the chemical environment. In magnetically or-
dered materials the magnetic hyperfine interactions can be practically use-
ful. This gives an indirect measurement of the magnetisation of the lattice 
of magnetic atoms and can be used to evaluate the details of the magnetic 
interactions. Each iron position in the structure gives rise to one spectrum. 
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6. Theoretical calculations 

Calculations of the electronic structure are useful for various purposes, for 
instance for comparing different structures energetically. This holds not only 
for atomic ordering but also for magnetic ordering. This latter aspect has 
proven very useful in this study. Moreover, calculations also show details of 
the chemical bonding, useful for the interpretation of electron spectra and of 
the trends when gradually changing element within the same structure type. 

The well-known Schrödinger equation contains all information in a sys-
tem concerning interacting electrons and nucleus. However, it is only possi-
ble to solve the equation exactly for the hydrogen atom. To be able to calcu-
late on larger systems, different approximations have to be implemented. In 
this thesis, first principle calculations have been used. The electronic ener-
gies were calculated by density-functional theory (DFT), which uses the 
electron density distribution to calculate the total energy. All calculations are 
performed for situations occurring at 0 K and therefore no information about 
any transition temperature is obtained. When calculating on an ordered mag-
netic phase, these data are thus valid below TC or TN. For the calculations, 
the program needs defined starting values and parameters, type of atom and 
positions. Still, there is a hard limitation to “small” systems, i.e. not too 
many different atoms — otherwise the computing time will be unreasonably 
long. Therefore, random solutions form a problem; they just cannot be de-
scribed properly. 

6.1 LMTO 
Many of the calculations in this work were performed using the Linear Muf-
fin-Tin Orbital (LMTO) theory [28] in its tight-binding representation. The 
program used was TB-LMTO 4.7 [29]. The exchange-correlation parts were 
treated in the local density approximation (LDA) for TlCo2S2 [II], and gen-
eralized gradient approximation (GGA) for TlNi2Se2, TlCo2Se2, TlCoNiSe2
[VI] and TlCrTe2 [VIII].  

By allowing for different types of distortions, the total energy can be de-
creased. Figure 6.1b illustrates a structure distortion of a solid built of an 
infinite hydrogen chain. The bonding state gets stronger and the anti-bonding 
state weaker when the atoms pair up. In some cases, however, it is instead 
favourable to decrease the symmetry of the electronic structure. This can be 
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done by dividing the spin-up and the spin-down electrons into two different 
blocks. Two electrons with the same spin repel each other more than two 
electrons with opposite spin, due to the Pauli principle. Electrons with the 
same spin do not shield each other from the nucleus as effectively as elec-
trons with different spins. Thus, by allowing for spin polarisation, the energy 
of the system can again be lowered. The net outcome is a difference in the 
amount of spin-up and spin-down electrons, which gives rise to magnetic 
ordering and less antibonding density at the Fermi level (see Figure 6.1c). 
The lowering of the total energy is considerably smaller here than for 
changes in atom positions. 

For the study of the bonding characters in the structure, the crystal orbital 
Hamiltonian population COHP [30] was used. This analysis tool is in many 
ways analogous to the more well-known crystal orbital overlap population 
COOP [31]. The difference is that COOP partitions the electrons, while 
COHP instead is the band structure energy weighted density-of-states. By 
this procedure, the band structure energy is divided into bonding, nonbond-
ing and antibonding contributions. Any bonding state for the COHP has a 
negative sign (compared to COOP’s positive sign) due to the gain in energy. 
To compare the two representations more easily -COHP is plotted. The bond 
strength can then be measured by integration of the COHP curve (ICOHP). 

E

DOS

a

c

b

Figure 6.1. a) The undistorted hydrogen chain. The picture show the s-orbitals and 
the colours indicate different signs of the wave-function. b) Structure distortions (in 
this case, molecule formation) give rise to a lowering of the total energy illustrated in 
the block form. c) A schematic picture of the lowering of the total energy by lower-
ing the symmetry of the electronic structure and, finally, allowing for spin polarisa-
tion.
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For systems susceptible to large exchange splittings, it has been pointed 
out [32] that a high antibonding character of the levels close to the Fermi 
edge in the non-spin-polarized COHP is a fingerprint for possible spin po-
larisation; for the 3d metals this results in spontaneous ferromagnetism. 
However, any change by atomic displacements or even a drastic phase trans-
formation would yield a larger energy gain. Figure 6.2 illustrates the results 
from a calculation of bcc-iron where spin-polarisation was not allowed. Iron 
has a high antibonding density-of-states at the Fermi level. Ferromagnetism 
may stabilise the structure further and this situation is in fact the case for 
iron: it is ferromagnetic even above room temperature. 

Figure 6.2. The band structure, density-of-states (DOS) and the -COHP (nearest Fe-
Fe bond) for iron without spin polarisation. Note the high density at the Fermi level 
on the anti-bonding side in the COHP picture (of a Fe-Fe bond). This is a finger-
print that ferromagnetism can bring about a decrease in energy of the system, which 
is here actually the case. 

6.2 APW+lo 
A more accurate calculation method is the APW+lo (Augmented Plane 
Wave + local orbitals) [33]. This method makes it possible to perform the 
calculations with a non-collinear magnetic spin-spiral. The spin-spiral q-
vector is fixed, while the total energy and the magnetic moment are calcu-
lated. The calculations must be performed for several q-vectors to yield the 
energy minimum. The method was used for the helical structure of TlCo2Se2
in Paper I.
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7. The TlCo2Se2 – TlCo2S2 system 

7.1 TlCo2Se2

The previous investigation of TlCo2Se2 [11] was a starting point for the re-
search behind Paper I. The unusual incommensurate helix structure de-
manded further corroboration through a more extensive study. As mentioned 
in Section 3.1, the magnetic moment of cobalt is ferromagnetically arranged 
in the ab-plane. The inter-layer rotation between spins of adjacent Co-sheets 
is ~121º, with a temperature dependence. The incommensurate magnetic 
structure was refined by a propagation vector (q), described in Section 5.1.3.

The magnetic peaks used for the powder neutron refinement, performed 
by Berger et al. [11], were few and very weak. A powder pattern does not 
yield complete symmetry information but is rather a projection from the 3D 
reciprocal space. Therefore, another interpretation of the data could not be 
excluded. The single crystal study was done with the aim to give more in-
formation on this magnetic structure. 

The results from the refinement are summarized together with the powder 
neutron refinement results performed by Berger et al. [11] in Table 7.1. It 
was not possible to refine the magnetic moment more accurately than in the 
powder diffraction experiments since now the strongest magnetic peak (001)-

could not be measured, due to the instrumental geometry of the SXD. Fur-
thermore, a failure of the cooling device set a limit to the lowest temperature.  

Table 7.1. Refinement results for powder [11] and single-crystal neutron diffraction 
of TlCo2Se2.

 powder single crystal 

10 K 40 K 70 K 45 K 60 K 80 K 
a (Å) 3.8316(2) 3.8314(2) 3.8317(2) 3.8315* 3.8315* 3.8315*

c (Å) 13.4254(8) 13.4401(9) 13.4513(12) 13.440* 13.446* 13.454*

qz 0.324(3) 0.311(3) 0.302(8) 0.309* 0.303* 0.295*

µCo (µB) 0.46(2) 0.40(2) 0.32(2) 0.7(2) 0.6(2) 0.4(2) 
*These values, based on the linear relationship of qz vs. T from the powder refinement, were 
fixed during the single-crystal refinement. Due to the temperature difference, linear inter- and 
extrapolation were applied.  
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The single crystal had a small domain splitting [I] which was not unex-
pected, considering its large size. Nevertheless, the values of the magnetic 
moments on the cobalt atom are consistent between both diffraction ap-
proaches.

In order to study the magnetic helix of TlCo2Se2 in a more detailed way, a 
Mössbauer study on 57Fe doped crystals was performed [34]. Small flat crys-
tals (~1 mm2) were placed on a tape, like a mosaic with the 100 orienta-
tion perpendicular to the tape. The room temperature measurement showed 
an asymmetric doublet. A quadrupole splitting was expected because of the 
lack of cubic symmetry of the structure. If the helical structure is adopted the 
z-axis of the electric field gradient (EFG) tensor would be in the c-direction,
but the measurements showed that it was instead in the ab-plane. Possibly, 
iron doping introduces severe changes in the crystal structure close to the Fe 
atom. The fitting of the magnetic hyperfine field below the Néel temperature 
resulted in a situation where the magnetic moments are located in the ab-
plane and the magnetic moment on iron is 0.48(2) µB. Thus, from this study 
it was unfortunately not possible to give any answer about the details of the 
magnetic structure of TlCo2Se2, since the local structure changed too much 
on doping.  

7.1.1 Results from the calculations 
Support of the experimental findings was also sought from computer calcu-
lations. Two methods were used for the calculations, LMTO-ASA (with an 
implementation that allows for noncollinear calculations [35]) and APW+lo 
(see Section 6.2). The total energies of these magnetic structures were calcu-
lated by R. Lizárraga et al. [36][I] as a function of the helical ordering (see 
Figure 7.1). In the calculation another definition of the q vector is used based 
on the Brillouin zone formation, where qcalc = 0 corresponds to ferromagnetic 
and qcalc = 1 to antiferromagnetic alignment. The qcalc-value is related to the 
qz-value from the propagation vector in the neutron refinement by 
qcalc = 1 - qz. As seen in Figure 7.1, the energy minimum differs between the 
methods. This is a good illustration how difficult these calculations are. 
There is not only an incommensurate helix, but also a direct ferromagnetic 
coupling which is the largest reason for the lowering of the energy. The en-
ergy minima were found at qcalc = 0.574 and 1.0, respectively. This corre-
sponds to ~103° and 180°. It is noteworthy that the energy that may be cal-
culated from the experimental q-value differs very little from those of the 
calculated minima. The calculated magnetic moment on the cobalt atom was 
0.72µB (LMTO) and 0.51 µB (APW-lo). It was shown that the atomic sphere 
approximation is less accurate, due to the rather open nature of the crystal 
structure and small energy differences involved [37][I]. All this makes the 
APW+lo to a more accurate method from a calculation point of view, even 
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though the LMTO-ASA gave an answer regarding q closer to the experimen-
tal result. 

The electronic structure calculations also aimed at finding the reasons for 
the possible stabilisation of the spin spiral. The result shows that stabilisation 
of the spiral may very well be related to fine details in the band structure. 
Two bands of opposite spin cross each other in the ferromagnetic state and 
therefore may hybridise in the helix configuration [38-40], resulting into a 
band splitting. This occurs near the Fermi level, which would create a lower-
ing of the total energy (see Figure 7 in Paper I).

Figure 7.1. Total energy as a function of the spin spiral wave vector q, related to the 
energy of the ferromagnetic structure (qcalc = 0) from the LMTO and APW+lo calcu-
lations. The energy scale is different for the two calculations.
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7.2 TlCo2S2

TlCo2S2 is a ferromagnetic compound. Just as for TlCo2Se2, the magnetic 
moments are perpendicular to the c-axis. The difference between the two 
chalcogenides lies in the inter-layer magnetic coupling. The ferromagnetic 
layered structure has a TC=146-154 K [13, 14, 20][II] with the cobalt mag-
netic moment reported as oriented along the tetragonal a-axis [14]. The out-
come of the selenide study made a study worthwhile with more details con-
cerning the electronic and magnetic structure of the sulphide. The result of 
this study is reported in Paper II.

From magnetometry, the transition temperature TC of ferromagnetic 
TlCo2S2 was determined as 146 K and the saturation magnetic moment per 
cobalt atom was 0.66(1) µB at 10 K and 0.59(1) µB at 80 K. Furthermore, 
TlCo2S2 showed features typical of a very soft magnetic material with no 
visible hysteresis.  

From the powder neutron diffraction experiments, the intensity of the 
(0 0 2) peak was found to increase by cooling below the transition tempera-
ture. The Rietveld refinement confirmed a ferromagnetic structure with the 
cobalt moment in the ab-plane [II]. It is unfortunately not possible to distin-
guish between the different orientations in the ab-plane, due to the symmetry 
of the unit cell. The value of the magnetic moment at 10 K from neutron 
refinement is 0.65(2) µB, and 0.57(2) µB at 80 K, in excellent agreement with 
the saturation measurements.

The metallic conductivity of TlCu2S2 and TlCu2Se2 derives from valence 
band holes, mainly attributed to chalcogen p-states [18, 41]. Here, copper 
and thallium are formally monovalent. TlCo2S2 also shows metallic conduc-
tivity, but the answer to the question whether this is due to holes in the sul-
phur p-band or in the cobalt 3d-band is less clear-cut. The latter case corre-
sponds to mixed valence of the cobalt and would occur if the Fermi level 
crosses the 3d-band. Thus, an XPS study was performed on a single crystal. 
The spectra, presented in Figure 2 of Paper II, showed no obvious evidence 
for cobalt mixed valence but clearly there are holes in the valence band.  
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7.2.1 Results from the calculations 
The LMTO calculations were performed on three different cells, non-
magnetic, ferromagnetic and antiferromagnetic (ferromagnetic in the plane, 
antiferromagnetic between adjacent layers). The calculations showed a clear 
driving force for the ferromagnetic coupling in the layer. The total energy 
was lowered by ~3-4 kJ/mol for the spin-polarized calculations. There is a 
peak in the density-of-states (DOS) [II] for the nonmagnetic case at the 
Fermi level. A spin-polarisation gives rise to a density decrease at the Fermi 
energy, due to the split between the spin-up and the spin-down electron 
curves. This is energetically favourable and the total energy is lowered 

The bonding characters were investigated for all bonds in the tetragonal 
structure, but most interesting are the bonds directly related to the magnetic 
atom, especially the Co-Co bond. The -COHP is drawn in Figure 7.2 for the 
shortest cobalt-cobalt bond (four near neighbours). It is seen that there is a 
clear anti-bonding peak at the Fermi level in the non-magnetic calculation. 
This is a fingerprint for the possibility that a distortion or spin-polarisation 
can stabilise the structure. The reason for the fact that there is no significant 
difference between the ferromagnetic and antiferromagnetic calculation is 
that the coupling between the layers is out of reach (the distance being more 
than 6 Å) for the electronic structure calculations and approximations in 
LMTO.

Figure 7.2: Results of the COHP calculations for the Co-Co bond at 2.64Å 
(4 bonds). From the left: non-magnetic, ferromagnetic and antiferromagnetic struc-
ture in TlCo2S2.
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7.3 Solid solutions 
Naturally, the fact that TlCo2Se2 and TlCo2S2 show different magnetic be-
haviour despite the chemical and crystallographic similarities has attracted 
research on how an intermediate region in the form of solid solution would 
behave. Such an investigation was made previously, showing that there is a 
complete solid solution, 0  x  2, and that there is a magnetic transition 
from antiferromagnetism to ferromagnetism [20]. However, in that work the 
non-collinear antiferromagnetism of TlCo2Se2 was not known. Therefore, a 
renewed study was initiated to gain more details using primarily neutron 
powder diffraction. Isovalent substitution would largely only affect the in-
teratomic distances, in particular that between the cobalt layers. At room-
temperature that decreases from 6.8 to 6.5 Å (½ c) as seen in Figure 7.3, and 
it represents one factor determining the long-range coupling. 

The magnetometer measurements (see Figure 7.4) showed an antiferromag-
netic behaviour for x  1.0 with a constant TN of around 100 K. For higher 
sulphur content, the susceptibility curves become more complex. Some sort 
of net magnetic moment seems to appear. The transition temperature in-
creases in this region up to the pure ferromagnetic curve for x  1.75. [III, 
IV]. 

A lot of neutron powder diffraction measurements were performed at dif-
ferent temperatures and compositions at the Studsvik reactor. The results of 
the refinements from those measurements are all summarized in Table 2 in 
Paper IV. The only clearly visible magnetic contribution to the diffracto-
grams below the transition temperature are the satellites to the (0 0 1) reflec-
tion. Figure 7.5 illustrates the magnetic peaks for the different concentrations 
and the Rietveld refinements for the mother compounds. 

Figure 7.3. The cell parameters at ambient temperature for TlCo2Se2-xSx. Vegard’s 
law is followed in the whole interval. 
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The most interesting observation is the change in angle of the inter-layer 
magnetic coupling. The magnetic (0 0 1)-satellites peaks move further and 
further away from each other with increasing x, which results in a larger qz-
value and a smaller angle. The RKKY coupling is distance related due to its 
wave character, and it is likely that this is the main coupling mechanism 
between the cobalt layers. This can explain the continued decrease of the 
angle with decreasing distance.  

Figure 7.6 shows the relation between qz (expressed as angle) and the in-
ter-layer distance. The magnetic angle decreases also with temperature, 
along with the shrinking c-axis and the relationship is fairly linear. The angle 
is decreasing from ~126° to 39° while the distance (D) is only shrinking by 
0.24 Å. At D < 6.47 Å (x > 1.5) there is a discontinuity of the linear trend.  

Figure 7.4. The ZFC and FC ‘susceptibility’ (M/H) vs. temperature of some 
TlCo2Se2-xSx samples. The dashed lines show the inverse susceptibility (gG/emu). 
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Figure 7.5. The Rietveld refinements for TlCo2Se2 and TlCo2S2 (observed, calcu-
lated and difference curves). The low-angle part measured neutron diffractograms 
for different compositions in the system TlCo2Se2-xSx are drawn to the left. All the 
data are taken at 10 K.

Figure 7.6. The angle between Co-moments of adjacent layers as a function of the 
inter-layer distance (half the c-axis) from the Studsvik data [IV]. Note that the 
points were not measured at the same temperature.  show the values at 10 K, 
while + show data from higher temperatures.
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Something critical happens at this jump: The helix collapses and the coup-
ling becomes purely ferromagnetic. There is also some sort of plateau 
around 90°. 

The value of magnetic moment obtained from neutron diffraction and 
magnetometry (see Table 2 in Paper IV) agree very well. It was possible to 
align the moments towards saturation for all the compositions, but the helical 
structures needed a very large field to accomplish this, exemplified by 
TlCo2Se2 and TlCo2SeS (see Figure 3 in Paper III). Fields of 5-25 T are 
necessary. For x = 1.3 and x = 1.5 (see Figure 3 in Paper IV) the helical 
structure is broken more easily — it seems that two regions are present.  

The profiles of the magnetic contributions obtained from the Studsvik re-
actor were not easy to model (Figure 7.5). That created uncertainties in the 

-angle determination (Figure 7.6). Therefore, new data sets were recorded 
with better resolution at Saclay. Moreover, the temperature dependence of qz
needed further attention. The results from these measurements are summa-
rised in Paper V.

The most spectacular results were that two pairs of satellites to the (001)
reflection are clearly resolved for x = 0.5 and x = 1.0, corresponding to two 
distinct helix angles. The diffractograms are drawn in Figure 7.7. One of the 
satellite pairs matches to the angle of ~90° for both compositions. For 
TlCo2Se1.5S0.5 both helices are present only below 50 K. Here the outer satel-
lites correspond to the commensurate 90° angle and the other pair to an angle 
of 106°-112°. The proportions of the two separate phases as a function of 
temperature is also illustrated in Figure 7.7.  

With equal amounts of the two chalcogens, the two separate helices coex-
ist below 90 K. One phase corresponds to ~90° and one phase to 72°- 83°. 
The ratio between the phases is plotted in Figure 7.7. At low temperatures 
almost all interactions are of the 90° type.  

The incommensurate angles are very sensitive to change in temperature 
(see Figure 7.8). The angle decreases with temperature and then flattens out 
below 20 K. The 90° angle seems to be temperature independent, strongly 
indicating commensurability. For x = 0.5 also the incommensurate angle is 
constant within the two-phase region, but for x = 1.0 the corresponding angle 
is temperature dependent throughout the interval. 

As for the Studsvik data (see Figure 7.6) these new results can be plotted 
as angles vs. inter-layer distance. The incommensurate angles show a fairly 
linear trend while the 90° angle stays fixed (see Figure 7.9). The two deter-
minations are very similar, but with the better resolution attained at Saclay, 
the trend is clearer. The plateau only suspected in Figure 7.6 was shown to 
be quite evident, in fact due to a two-phase region. 
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Figure 7.7. The diffractograms for TlCo2Se1.5S0.5 and TlCo2SeS measured in Saclay. 
The small plots illustrate the relative content of the different angels. The (001)+ reflec-
tions belonging to the outer satellite pairs for TlCo2SeS are very weak and therefore 
not indicated in the figure by the vertical lines (dashed or dotted) that serve as guid-
ance for the eye.
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The most sensible way to ap-
proach the simultaneously oc-
curring satellites in 
TlCo2Se1.5S0.5 and TlCo2SeS 
was to partition the effects onto 
two separate magnetic phases, 
but with the same crystallo-
graphic cell. The observation 
that the peak intensity of one 
contribution increases with 
increasing temperature in a 
large temperature interval can-
not be theoretically explained 
by an increasing moment. It 
was found that the summed 
peak intensities of the strongest 
satellite kind — i.e. type (001)-

— plotted as a function of tem-
perature gave a reasonable de-
pendence with only one transi-
tion temperature per composi-
tion. Since both contributions 
are satellites to the same kind 
of reflection and no other spe-
cial features were observed, the 
scatterers (cobalt atoms) belong 
to the same crystalline phase 
and even have a common order-
ing temperature. Consequently, 
in the refinements these contri-
butions were treated as two 
separate magnetic phases, with 
the same magnetic moment but 
in varying relative amounts, 
mutually dependent 

The most likely interpreta-
tion is some sort of magnetic 
domain formation. First of all, 
magnetic domains can form for 
minimising the macroscopic 
magnetic moment of one grain. 
Normally, such domains differ 
only in moment direction 
within a grain but are otherwise 

Figure 7.8. The angle of the magnetic inter-
layer coupling as a function of  the temperature 
for TlCo2Se2-xSx. Results from the measure-
ments at Saclay. 
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magnetically equal. Here, we treat them with different magnetic descriptions 
as regards interaction angle ( ) but still with the same cobalt moment. 

Obviously, the incommensurate angle is distance dependent. The occur-
rence of the commensurate 90° contribution might be related to crystal 
symmetry. In the cobalt sheets, each metal atom has four equivalent near 
neighbours and in principle there is the same likelihood for any one of the 
four directions as regards the moment vector of a cobalt atom. Single crys-
tals of ferromagnetic TlCo2S2 have earlier been investigated by Greenblatt et
al. resulting in an easy axis parallel to the a axis in the unit cell [14]. Con-
sidering that ferromagnetic interactions occur within each sheet (from the 
positive asymptotic paramagnetic temperature, p), the easiest model of 
propagation for a helix along the c-axis to create a zero net moment would 
be a 90º turn for the following sheet. From Figure 7.9 we note that the com-
mensurate contribution comes into play only when the -value of the in-
commensurate helix approaches the value of 90º and, from the insets of Fig-
ure 7.7, less cooling is needed if the difference between these two angle val-
ues is smaller. Maybe this is an indication that there is a tendency for lattice-
symmetry locking effects. It would be extremely interesting to investigate 
compositions between x= 0.5 and x= 1.0, where the incommensurate -value
would be still closer to 90º.  

The temperature dependence of the magnetic moment per cobalt atom is 
illustrated in Figure 8 in Paper V. The magnetic moment increases with 
substitution on sulphur and at 1.4-1.5 K the magnetic moment per cobalt 
atom is 0.58(2) µB for x = 0, 0.63(2) µB for x = 0.5, 0.64(3) µB for x = 1, 
0.68(1) µB for x = 1.3 and 0.73(1) µB for x = 1.5. All these values are slightly 
larger than the magnetic moments from the Studsvik data. The refinements 
of the peak profiles are much better for the Saclay data, and those values are 
therefore more reliable. 

Figure 7.9. The magnetic angle for adjacent layers vs. the distance between two 
cobalt-layers.
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8. Selected systems TlCo2Se2  TlMe2Se2

The substitution TlCo2Se2-xSx is an example where the electron concentration 
stays unchanged and the T-metal interactions within the layers are not drasti-
cally affected. Quite another scenario is foreseen if instead substitution oc-
curs within the transition metal sheet. Introducing other metals here should 
influence the electron concentration as well as the average moment, depend-
ing on the choice of T-metal. In this thesis (Paper VI), substitution by iron, 
nickel and copper for cobalt has been effectuated. Among these elements, 
copper forms a special case since its place at the end of the 3d transition 
metals automatically gives it a d10 configuration in combination with sele-
nium. In other words, it behaves as a diamagnetic component unless there is 
d-electron transfer on substitution. Nickel is a borderline case with its d-
electron energy just above that of copper. 

Neutron powder diffraction was performed on samples of different com-
positions. In Figure 8.1 the magnetic peaks are illustrated for the different 
substitutions. They represent various outcomes of the substitutions. 

In TlCo2-xFexSe2, a continuous cell volume change is observed for x = 0.2, 
0.5 and 1.0, well following Vegard’s rule (Figure 8.2). It is to be remarked 
(see Table 3.1) that stoichiometric TlFe2Se2 does not exist, so the linear rela-
tionship does not hold in the whole range 0  x  2. Analysis of the neutron 
patterns showed that the helix still remains at x = 0.2. However, for the other 
compositions no magnetic peaks are visible, neither was any extra intensity 
found on the nuclear peaks. Unfortunately, even after many different tryout 
methods, the magnetic SQUID measurements did not give any trustworthy 
result. The contamination and disturbance by iron oxides could not be disre-
garded, not even with textured crystals as for TlCu2-xFexSe2 [VII]. 

In TlCo2-xCuxSe2, only cobalt carries a magnetic moment, at least to a first 
approximation — ignoring the possibility of d-electron transfer. Earlier stud-
ies showed the presence of an orthorhombic distortion for 0.4  x < 1.3 [11] 
— with a cell similar to that later found for KCu2Se2 [42] — and also in-
commensurate Co/Cu atomic ordering [43]. But with these small amounts of 
copper, TlCo2-xCuxSe2 with x = 0.1 and 0.2, the tetragonal structure is kept 
and no distortion is seen. The incommensurate spin-helix running along the 
c-axis in tetragonal TlCo2Se2 prevails for these small substitutions by cop-
per. The magnetic ordering does not change drastically, a conclusion that is 
supported by the susceptibility measurements [11, 44]. The Néel temperature  
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decreases on copper substitution, the cobalt magnetic moments becoming 
diluted.

For nickel substitution, the c-axis does not at all follow Vegard’s law 
(Figure 8.2). A flat maximum is seen near x = 0.75. In contrast to the other 
substitutions, the helix is destroyed at these concentrations of Ni. A collinear 
180° antiferromagnetic coupling instead occurs between the ferromagnetic 
layers. Consequently, the bct systematic extinction is broken below TN in the 
neutron diffraction data: the (001) reflection carries intensity and no satel-
lites are present (Figure 8.1). The spins are still confined to the ab-plane, but 
powder diffraction cannot give further information on the specific orienta-
tion.

The possibility of a magnetic moment on nickel in TlCo2-xNixSe2 is un-
clear and the problem was discussed in an earlier study by Newmark et al.
[10]. Nickel was found to enhance the antiferromagnetic coupling (also re-
markable considering that the intra-layer distance has increased) and the 
transition temperature reaches a maximum at 142 K for x = 0.5. It is not 

Figure 8.1. The low-angle part of the neutron powder diffractograms recorded at 10 
K for the different solid solutions TlCo2-xMexSe2. The notation (0 0 1)± indicates the 
satellite reflections (0 0 1±qz).
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possible to distinguish (by refinement) between the nickel and cobalt mo-
ments in powder neutron diffraction. In the Rietveld refinements, only cobalt 
was allotted a magnetic moment (this was also the approximation for the 
iron and copper substitutions). The magnetic moment on the cobalt atom is 
within this model increasing with substitution by nickel. 

A study of the electronic structure in TlCoNiSe2 and its “mother com-
pounds” (TlCo2Se2 and TlNi2Se2) was performed with first principle calcula-
tions. The idea was to gain information about the magnetic coupling between 
Ni and Co in the layers and to see if nickel is likely to carry any magnetic 
moment. The LMTO approach (Section 6.1) was used rather than more so-
phisticated and time-consuming models, since intra-layer interactions were 
of main interest in this study. The results are summarized in Paper VI.

For Pauli paramagnetic TlNi2Se2 no magnetic phase was stabilised in the 
calculations, as expected. The results from the calculations on TlCo2Se2 were 
very similar to the LMTO calculations performed on TlCo2S2 (see Section 
7.2, [II]). The differences between the ferromagnetic and the antiferromag-
netic energies are quite small due to the expectation that the nearest 
neighbour direct ferromagnetic coupling in the layer is by far the strongest 
interaction to lower the energy. This holds for both TlCo2S2 and TlCo2Se2.
Spin-polarisation lowers the total energy while the density-of-states near the 
Fermi level decreases in the DOS-curve. Also the antibonding density peak 
of the Co-Co bond decreases in the COHP with spin-polarisation. 

Since random solid solutions such as TlCo2-xNixSe2 cannot be treated eas-
ily in calculations, an ordered situation must be chosen. The smallest system 

Figure 8.2. The c parameters vs. the composition of x in TlCo2-xNixSe2 [10] and 
TlCo2-xFexSe2.
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to be handled is then found for a 50 % substitution. No evidence for a super-
structure was found in the diffraction data; this approach is only an approxi-
mation to make the calculations possible at all. The first approximation was 
that every Co atom only had close Ni neighbours in the sheet and vice versa. 

The energy minimum was found (-4 kJ/mole) for ferromagnetic coupling 
between nickel and cobalt atoms in the layer. There is a magnetic moment 
on both cobalt and nickel with a three times larger moment on cobalt (0.58µB
and 1.59µB, respectively). 

The magnetic helix in TlCo2Se2 is changed on metal substitution. Surpris-
ingly, iron and copper that have respectively less and more electrons than 
cobalt yield (x  0.2) the same kind of magnetic ordering as the mother com-
pound. Although nickel does not carry any moment in TlNi2Se2, there are 
indications that the substitution for cobalt enhances the total moment as well 
as the strength of the antiferromagnetic interactions (from TN). Neither ex-
periments nor calculations gave any clear answer to the moment distribution 
problem in the random solutions TlCo2-xNixSe2.
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9. The TlCu2-xFexSe2 system 

In contrast to the work based on substitutions in TlCo2Se2, it was considered 
also interesting to investigate still another case namely that where magnet-
ism can be induced, starting from Pauli paramagnetic TlCu2Se2 and adding 
small amounts of iron. Substituting Fe for Cu in this range does not change 
the symmetry of the system, so that the Fe atoms are situated in well defined 
metal atom sheets separated by diamagnetic Cu d10. For these concentrations 
of Fe the samples are fairly dilute magnetic alloys, showing cooperative 
phenomena of either ferromagnetic or ferrimagnetic character, as shown in a 
previous study on TlCu2 xFexSe2 [45] using powder samples. The presence 
of very small amounts of Fe3O4 entailed ferrimagnetic contributions that had 
to be subtracted from the raw data through a series of cumbersome field-
dependent measurements. This created uncertainties in values of moments 
and transition temperatures as discussed in [45]. Moreover, no information 
was gained on the detailed magnetic structure. 

Magnetic SQUID measurements were now instead performed on well tex-
tured crystals with the applied field parallel and perpendicular to the c-axis
of the tetragonal unit cell [VII]. Here the problem with the oxides is largely 
absent. Crystals measured were TlCu2-xFexSe2 of two compositions, x = 0.2 
and 0.45. Both compositions form magnetically ordered structures at low 
temperatures, with TC = 85 K for x = 0.2 (see Figure 9.1). The x = 0.45 sam-
ple shows a more complex temperature dependent magnetisation behaviour 
with two transition temperatures, at 80 K and 130 K. The transition at 130 K 
is weak compared to the one at 80 K. No such extra transition was found in 
the corresponding curves for the x = 0.2 sample.  

For both compositions the magnetic moments were interpreted to align 
along the c-axis of the structure giving an out-of-plane magnetisation of the 
layers. This was not totally unexpected, since it has previously been found 
that the magnetic moments of TlFe2-xSe2 (x = 0.3-0.4) lie along the c-axis
[16, 17]. However, the data do not allow us to say that the moments lie com-
pletely parallel with this axis. Unfortunately, the neutron powder diffraction 
data did not give any new information. No magnetic contribution was de-
tected, which ruled out a further analysis.  
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Figure 9.1. The susceptibility of the TlCu2-xFexSe2 x = 0.2 sample as a function of 
temperature rising. Note that the zfc and the fc curves for the two measured direc-
tions coincide for T  85 K. 
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10. The TlCrTe2 phase 

To broaden the investigation of magnetic interactions in layer structures, a 
hexagonal compound was studied. In TlCrTe2 the chromium atoms are situ-
ated as in close-packed layers with six chromium neighbours. In case of 
antiferromagnetism within the layer this can give rise to magnetic frustration 
if the magnetic moments lie in the sheet, due to triangular geometry. Several 
ternary chromium dichalcogenides (with another stacking of the layers com-
pared to TlCrTe2) are antiferromagnetic and have a positive  
Curie-Weiss temperature. The magnetic structures may nevertheless differ. 
In NaCrSe2 and KCrS2, the magnetic structure consists of ferromagnetic 
layers (moment perpendicular to the c-axis) with moments antiferromagneti-
cally arranged to adjacent layers [46-48]. In contrast to this, AgCrSe2 and 
NaCrS2 also have the moment perpendicular to the c axis, but here an anti-
ferromagnetic helical structure is formed [46, 47]. 

It was proven difficult to make single-phase samples of TlCrTe2. The bi-
nary phase Tl5Te3 was always present in small amounts. Moreover, the ter-
nary phase decomposes with time. 

Neutron powder diffraction was performed at three different tempera-
tures, 295 K, 50 K and 10 K. The largest difference in the diffractograms on 
lowering the temperature is the new peak (0 1 ½) at 2  25°. The magnetic 
unit cell is obtained by a doubling of the c axis. Each single chromium layer 
is ferromagnetic with the magnetic moment aligned along the z-direction 
(see Figure 10.1). 

According to the neutron refinements, the magnetic moment at 10 K is 
3.39 µB. The paramagnetic effective magnetic moment was 4.2 µB from the 
SQUID measurements. These values can be compared with the expected 
localised moment in a spin-only formulation of Cr3+ (3.0 µB) and the effec-
tive magnetic moment of 3.8 µB. This implies that the magnetic moment is 
rather well described by such a model. The spin-only model also applies to 
similar chromium compounds mentioned above [22, 46, 48]. 

LMTO calculations were made using three different types of models, non-
magnetic, ferromagnetic and antiferromagnetic (inter-layer coupling). Both 
spin-polarised calculations showed a lowering of the total energy by 
91-92 kJ per mol formula unit. However, the energy difference between the 
two magnetic structures is not significant, again due to the long inter-layer 
distance (7.9 Å). At the Fermi level in the DOS-curve, the density-of-states 
is very high for the non-magnetic case, a sign of instability. By allowing for 
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spin polarisation, the density decreases at the Fermi level. The electrons split 
up into two assemblies, spin-up and spin-down, which leads to a lowering of 
the total electron energy.  

The reason for this behaviour is obvious from the COHP calculation for 
the Cr-Cr bond. The antibonding interaction at the Fermi level for the non-
magnetic case vanishes whenever spin polarisation occurs, which results in a 
magnetic moment of ca. 3.2 µB, in almost quantitative agreement with the 
experimental value. The calculations also show that no band gap occurs, so 
there are conducting electrons that render possible RKKY interactions, ca-
pable of governing the long-range magnetic coupling. The electric conduc-
tivity properties were not measured. 

Figure 10.1.The magnetic structure of TlCrTe2. The magnetic structure unit cell is 
double the size of that of the crystallographic cell.
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11. Concluding remarks 

Neutron diffraction and magnetometry, together with first principle calcula-
tions, is a powerful combination when it comes to studying magnetic struc-
tures and interactions. In this thesis several magnetic layer structures have 
been investigated, most of them belonging to the ThCr2Si2 type. The main 
theme is detailed magnetic structures, but with a strong focus on the mag-
netic inter-layer interactions at long distances, which have been tuned by the 
means of solid solution. 

The system investigated in most detail was TlCo2Se2-xSx. It exhibits, as far 
as to our knowledge, the only helical magnetic structure for a cobalt phase. 
By substituting selenium by isovalent sulphur, the distance between the mag-
netic layers could be gradually altered with insignificant change in the chem-
istry. The turn angle of the incommensurate helix showed a fairly linear 
trend as a function of the inter-layer distance. Also, it was shown that a 
commensurate angle of 90° was stable in a two phase magnetic region for 
x = 0.5 and x = 1.0, in combinations with the incommensurate helix. This 
indicates that inter-layer distance is not the only parameter — but the data do 
not permit an unambiguous interpretation. For x = 1.75 the compound 
switched to be pure ferromagnetic. Calculations on this complex magnetic 
structure, was proven to be problematic, due to the dominant ferromagnetic 
interaction in the cobalt layers. 

Substitution in TlCo2Se2 was also performed on the transition metal posi-
tions. The idea here, in contrast to the Se/S study, was to change the electron 
concentration in the magnetic layers. The density-of-states (DOS) curves for 
different ternary compounds, TlCo2Se2, TlNi2Se2 and TlCu2Se2 are illus-
trated in Figure 11.1. A quick look reveals that the “rigid band” formulation 
is valid to a large extent. In the series Co – Ni – Cu, the electron count is 
changed stepwise, and the effect is clear when moving from cobalt to nickel: 
The Fermi level moves upwards relative the strong 3d peak due to the elec-
tron addition. The driving force for an energy gain by spin polarisation is 
thus gone for TlNi2Se2 while the intermediate situation, TlCo2-xNixSe2, might 
still favour magnetic ordering. The situation in TlCu2Se2 is different from 
two points of view: The Cu+ d10 [18] configuration pushes the 3d band to-
tally free from the Fermi level, and there is no possibility for paramagnetism 
from unpaired d-electrons; furthermore, a clear gap opens above the valence 
band.
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Thus, both cobalt and nickel have 3d-electrons available in contrast to cop-
per. TlNi2Se2 is still Pauli paramagnetic, but nickel has a large impact on the 
magnetic helix of TlCo2Se2, even at very low concentrations. The magnetic 
helix is broken and a collinear antiferromagnetic structure is obtained. How-
ever, it is still unclear if Ni in TlCo2-xNixSe2 exhibits a magnetic moment or 
not. It is obvious that the Ni 3d orbitals are involved. The non-collinear heli-
cal structure prevails for both iron and copper substitutions. 

When instead starting with TlCu2Se2 and substituting for some of the dia-
magnetic copper atoms with iron, a diluted magnetic structure was achieved. 
The magnetic moments of iron ordered along the c-direction of the tetrago-
nal unit cell. Previous work [45] showed that Cu+ is replaced by Fe3+, imply-
ing an electron addition to the valence band together with localised 3d-
electron at the iron atom. This shows that the analysis of solid solution from 
DOS-curves of the components is a delicate task. 

The magnetic structure of TlCrTe2 was solved in this work. This layer 
structure differs from the other ones studied in this work, but the features of 
a magnetic layer structure is still the same. The magnetic moments are 
ferromagnetically ordered in the “close-packed” layers and perpendicular to 
them. The moments are anti-parallel to each other creating a doubling of the 
c-axis.

To obtain a better understanding of the magnetic interactions, good model 
systems are needed. The layered crystal structure is very suitable for these 
kinds of investigations, where there are both intra- and inter-layer magnetic 
couplings. As a chemist, it is possible, to manipulate the structure with re-
spect to distances and electron count, and to investigate the impact on the 

Figure 11.1. The density-of-states (DOS) curves for TlCo2Se2, TlNi2Se2 and 
TlCu2Se2 (non-spin-polarized). 
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magnetic interactions in a systematic way. This has been proven a fruitful 
strategy in this work, especially when studying extremely sensitive magnetic 
interactions at longer distances. To systematically change the features of the 
system gives a lot of information about the basis of the problem and is there-
fore also fundamental for understanding. 
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13. Summary in Swedish 

Det finns mycket vi inte förstår kring fenomenet magnetism, fastän vi kom-
mer i kontakt med det varje dag, i till exempel vår dator eller på kylskåps-
dörren. Genom att förstå denna naturföreteelse kan man förbättra egenska-
perna hos vissa produkter. Det är här grundforskningen om magnetism 
kommer in. Under mina fem år som doktorand har jag arbetat med grund-
forskning beträffande magnetiska skiktstrukturer. Idén med detta avsnitt är 
att försöka klargöra vad jag har forskat om och varför. 

Magnetism
Jorden är en stor magnetisk dipol, med en sydpol respektive nordpol, som 
omges av ett magnetfält. På grund av detta magnetiska fält kan man orientera 
sig efter en kompass.  

Då elektroner roterar runt sin egen axel skapas små magnetiska dipoler 
som ger upphov till magnetiska fält. Men elektronerna snurrar dessutom runt 
atomkärnan vilket också ger upphov till ett magnetfält. Från skolfysiken 
lärde man sig att om ström flyter i en slinga, bildas ett magnetfält vinkelrätt 
mot strömslingan. På samma sätt fungerar det när elektronen snurrar runt 
kärnan.

Det är endast ett fåtal grundämnen som kan vara magnetiska. För att ma-
terialet någonsin ska kunna bli magnetiskt, krävs nämligen en oparad elek-
tron. När elektronerna parar ihop sig, vilket är det vanligaste, motverkar 
dipolerna varandra och inget magnetiskt moment uppstår.  

Varje magnetisk atom i strukturen kan alltså ses som en liten kompassnål. 
Dessa små magneter vill gärna växelverka med varandra på ett energimässigt 
gynnsamt sätt. Detta motverkas dock av värmerörelsen i materialet och en-
dast i kristaller under en viss kritisk temperatur kommer momenten att ordna 
sig och ge upphov till ett magnetiskt ordnat material. Under denna så kallade 
övergångstemperatur ordnas ”kompassnålarna” i ett bestämt mönster, precis 
som atomerna ordnas i kristallstrukturen. Detta mönster kallas den magne-
tiska strukturen och kan undersökas med neutrondiffraktion. 
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Magnetiska skiktstrukturer 
I dagens samhälle spelar magnetiska skiktstrukturer en stor roll. Viktigast är 
sannolikt tillämpningen i våra datorer, där skiktstrukturer bland annat an-
vänds i läshuvudet av hårddisken. Dessa material är designade tunna filmer 
där man i en vakuumkammare ”lägger” atomlager för atomlager på en platta. 
Vid tillverkningen av så kallade multilager är det svårt att göra skikten per-
fekt enatomära (ett atomlager tjocka) och materialen innehåller därmed de-
fekter och spänningar. Detta i sin tur påverkar de magnetiska egenskaperna i 
materialet.  

För att kunna studera den magnetiska växelverkan i detalj vill man ha ett 
så ”perfekt” material som möjligt. Naturen själv kan bilda kristallstrukturer,
dvs. atomerna sitter ordnade i mönster som upprepas i alla riktningar. Vissa 
av dessa kristallstrukturer består av perfekt enatomära lager av magnetiska 
metallatomer. Dessa magnetiska skikt är separerade av andra omagnetiska 
atomer, som tillsammans bildar en magnetisk skiktstruktur. Eftersom naturen 
själv ordnar atomerna på detta vis, är strukturerna energimässigt stabila och 
innehåller mycket färre defekter och spänningar jämfört med de artificiella 
tunna filmerna.  

Magnetiska skiktstrukturer kännetecknas av att de innehåller två olika av-
stånd där den magnetiska växelverkan är viktig. I skiktet är de magnetiska 
atomerna på kort avstånd från varandra, ungefär lika nära som i den rena 
metallen. Dessa atomer interagerar med varandra genom bindningarna. Mel-
lan lagren är det längre och växelverkan sker genom andra atomer eller via 
ledningselektronerna om materialet har metalliska egenskaper. 

Det som är intressant är hur dessa olika interaktioner kan förändras och 
manipuleras systematiskt. Här kommer kemistens kunskaper och färdigheter 
in.

Modellsystem  
Då man blandar grundämnena tallium (Tl), svavel (S) och kobolt (Co) och 
värmebehandlar vid 700ºC i vakuum bildas skiktstrukturen TlCo2S2. Anled-
ningen till att värmebehandlingen sker i vakuum är att grundämnena inte ska 
reagera med syret i luften. Kobolt är en magnetisk atom och bildar enatomä-
ra skikt i strukturen. Svavel och tallium är omagnetiska och separerar ko-
boltskikten från varandra med ett avstånd på 6.5 Ångström, dvs 
0.00000065 mm. Atomordningen bildar alltså en magnetisk skiktstruktur. 
Grundämnet selen (Se) har samma egenskaper som svavel, men atomen är 
något större. Ersätter man svavel med selen ökar avståndet mellan de magne-
tiska koboltskikten till 6.8 Å (TlCo2Se2). Detta kan tyckas vara en liten skill-
nad, men den påverkar ändå de magnetiska skiktens växelverkan. 
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Koboltatomerna har ett naturligt magnetiskt moment och detta brukar il-
lustreras med en pil. I föreningen med svavel (TlCo2S2) är de magnetiska 
momenten riktade åt samma håll i alla skikten. De känner av varandra och 
vill vara riktade åt samma håll. När man ökar avståndet mellan de magnetis-
ka skikten så ändras förutsättningarna för denna växelverkan. Detta observe-
ras i selenfallet, TlCo2Se2, där de magnetiska momenten växelverkar med en 
vinkel på ungefär 120º mellan skikten. Inom koboltskikten däremot är kopp-
lingen fortfarande parallell. Momenten byter riktning skikt för skikt så att de 
kan beskrivas som en spiral. Denna typ av magnetisk struktur kallas helix-
struktur. Helix är ett annat ord för spiral. 

Om det är så stor skillnad mellan magnetiska strukturen vid avstånd på 
6.5 Å och 6.8 Å, vad händer då i ett mellanområde? För att studera detta har 
jag gjort fasta lösningar mellan TlCo2Se2 och TlCo2S2 (se figur 1). Då saft 
späds med vatten bildas en flytande lösning. På samma sätt kan man göra 
lösningar av fasta material, där man ändrar inbördes proportioner mellan de 
båda föreningarna. För att påskynda blandningen krävs värme. Man mortlar 
samman föreningarna och pressar en tablett av pulvret. Tabletten läggs i en 
ugn under några veckor — det tar lång tid för fasta material att blanda sig 
och bilda en fast lösning. Med denna metod har fasta lösningar med kemiska 
formeln TlCo2Se2-xSx framställts där x varierar mellan 0 och 2, och på så sätt 
har jag gradvis ändrat avståndet mellan koboltskikten. 

Det visade sig att den magnetiska vinkeln är ungefär linjärt beroende av 
avståndet mellan koboltskikten. Detta illustreras i figur 2. Vid långa avstånd 
erhålls en stor magnetisk vinkel mellan momenten (pilarnas riktning) medan 

Figur 1. Vad händer med växelverkan mellan skikten när man blandar TlCo2Se2 och 
TlCo2S2 och låter dem bli fast lösning? Svart = tallium, vit = selen/svavel och 
grå = kobolt. 

        TlCo2Se2      TlCo2S2                     TlCo2Se2-xSx           
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den minskar allteftersom avståndet mellan skikten minskar. Vid ett visst 
värde blir alla moment likriktade som för sulfidföreningen TlCo2S2. Resulta-
tet av denna studie är således mycket fascinerande. Föreningstypen är den 
enda kända med kobolt som uppför sig på detta vis. 

Det är också möjligt att göra fasta lösningar av metaller inom de magne-
tiska skikten och studera inverkan på de magnetiska kopplingarna. Detta har 
jag gjort i systemen TlCo2-xMexSe2 (Me = järn, nickel eller koppar) och 
TlCu2-xFexSe2 (Cu = koppar och Fe = järn). Med låga koncentrationer av järn 
och koppar bevaras samma helixstruktur som för TlCo2Se2. Byts koboltato-
mer istället ut mot nickel, försvinner denna magnetiska helixstruktur och 
momenten blir nu helt anti-parallella mot varandra, dvs de bildar 180° mel-
lan skikten. 

TlCu2Se2 är omagnetisk, men ersätter man några kopparatomer med mag-
netiskt järn bildas en magnetisk struktur där momenten istället ligger ut ur 

Figur 2. En schematisk bild på hur den magnetiska vinkeln i spiralen ändras med sam-
mansättningen, dvs. halten av selen och svavel.

Figur 3. Den magnetiska strukturen för TlCrTe2. Den magnetiska enhetscellen är 
dubbelt så stor som den kristallografiska.

TlCo2Se2  TlCo2Se2-xSx     TlCo2S2              

   6.8 Å         6.5 Å 
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skiktet, antagligen vinkelrätt emot och momenten är alla parallella. 
I detta arbete har även TlCrTe2 (Cr = krom och Te = tellur) studerats, en 

magnetisk skiktstruktur där atomerna är ordade annorlunda jämfört med 
strukturen beskriven ovan. De magnetiska kromatomernas moment, ”kom-
passnålarna”, är parallella inom skikten, vinkelrätt riktade mot skikten men 
motriktade mellan skikten. Detta ger upphov till ett antiferromagnetiskt ma-
terial. Den magnetiska strukturen är illustrerad i figur 3. 

Tekniker
För att undersöka material på atomnivå använder man sig av olika tekniker. 
Eftersom atomer är så små kan man inte se dem med blotta ögat. Man kan 
inte ens med mikroskop se mindre saker än storleken av ljusets våglängd. 
För att studera atomernas platser i kristallstrukturen använder man röntgen-
strålning (röntgendiffraktion). Där överensstämmer våglängden bra med 
avstånden mellan atomerna. Detta ger dock inte upphov till någon bild utan 
istället ett diffraktogram (figur 4), ett interferensmönster som kan tolkas med 
olika metoder. 

När man vet atomernas positioner i den ordnade kristallstrukturen kan 
man mäta dess magnetiska egenskaper. Detta görs först i en magnetometer, i 
vårt fall en s.k. SQUID. Här kan man bl. a. ta reda på materialets övergångs-
temperatur och om de magnetiska momenten ordnar sig parallellt (ferromag-
netism) eller antiparallellt (antiferromagnetism) med varandra. 

Nästa steg är att ta reda på den magnetiska strukturen och förstå hur varje 
magnetiskt moment är riktat i den kristallografiska strukturen. Detta görs 
med neutrondiffraktion. Den fungerar ungefär på samma sätt som röntgen-
diffraktion men istället för röntgenstrålning används neutroner. Våglängden 
är av samma storleksordning, men fördelen är att neutronen roterar runt sin 
egen axel och därför är en liten magnetisk dipol. Detta gör att neutronen 
även känner av växelverkan med de magnetiska atomerna i strukturen och 
ger därigenom information om magnetismen i diffraktogrammet. 

Allt detta låter ganska enkelt men resultaten är ibland svåra att tolka och 
det krävs mycket tid och tålamod. För att ytterligare förstå vad som händer i 
materialet har teoretiska beräkningar använts, där olika metoder och approx-
imationer ger olika möjligheter. Man räknar ut var elektronerna befinner sig 
i strukturen, deras magnetiska moment samt hur de magnetiska momentens 
riktning kan stabilisera en viss struktur. Energier för olika konfigurationer 
jämförs och resultatet visar vad som är teoretiskt mest gynnsamt. 
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Slutsatser
Tillståndet hos de mest energirika elektronerna (= nära Ferminivån) i syste-
met TlCo2Se2 – TlNi2Se2 – TlCu2Se2 har visat sig vara starkt korrelerat till 
magnetismen i materialet. Detta har teoretiska beräkningar visat och i kom-
bination med olika analysmetoder på syntetiserade material har pusselbitarna 
lagts ihop.

Jag har undersökt hur avståndet mellan de magnetiska skikten inverkar 
genom att göra fasta lösningar i systemet TlCo2Se2-xSx. Den magnetiska  
helixstrukturen är starkt beroende av avståndet mellan koboltskikten och 
vinkeln varierar mellan 121° och 0°. Även atomerna inom de magnetiska 
skikten har jag delvis bytt ut i olika koncentrationer för att studera inverkan 
på samma helixstruktur. Valet av atom visade sig vara mycket betydelsefullt. 
För att bredda studien undersöktes även TlCrTe2 och dess anti-
ferromagnetiska struktur löstes med hjälp av neutrondiffraktion.

Tyvärr är resultaten ganska svåra att systematisera, och vad naturen finner 
energimässigt mest gynnsamt är inte alltid så lätt att förklara. Vi får stå och 
beundra och fascineras över alla överraskningar som fortfarande finns. En 
dag kanske vi kan begripa oss på allt…  
Nu är vi i alla fall ett litet steg närmare! 

Figur 4. Ett exempel på hur ett diffraktogram ser ut från röntgendiffraktion eller 
neutrondiffraktion. 
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