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1 Introduction

One ever important basic research task for chemists is to produce new com-
pounds. The hope is that their properties will one day prove useful and/or 
that studies of them will improve the general understanding of what governs 
the physical properties of materials, thus leading to better possibilities for 
materials design.  

The focus of this thesis has been to synthesise new ternary and pseudo
ternary manganese transition metal silicides and germanides and to charac-
terise their magnetic properties. I have determined the arrangement of the 
atoms in the material, the crystal structure, and the direction of the magnetic 
moment of each magnetic atom in the material, the magnetic structure. As 
there is a close interplay between the microscopic structure and the physical 
properties of the material, the determinations of the crystal and magnetic 
structures are an important key to understand the magnetism of the new 
compounds. 

Today we find magnetic materials all around us. Not only can magnets be 
used to stick notes to the door of your refrigerator, they also find applica-
tions in the generation and distribution of electrical power, for example in 
transformers, electromagnets, electric motors and generators. Another im-
portant application is the storage and reading of information, for example in 
magnetic tapes, the hard disk of your computer and the dark strip on the back 
of your credit card. In order to minimise the size of devices there is an ongo-
ing quest for materials with better magnetic properties, not least in computer 
technology where rapidly increasing information storage capacity is aimed 
for.

Neutron diffraction is a unique tool for magnetic structure studies, for 
which conventional x-ray diffraction can not be used. It also gives crystal 
structure information, which is complimentary to the information that can be 
obtained by x-ray diffraction. The neutron diffraction technique is of high 
importance in condensed matter studies and in 1994 C. G. Shull was 
awarded the Nobel Prize in physics for his development of it. The use of 
neutrons in magnetic structure studies relies on the fact that neutrons, in 
principle, are small magnets, as are the atoms of a magnetic material. Thus 
when a neutron beam strikes a magnetic sample the resulting interaction 
gives rise to diffraction, which can be used to study the relative orientations 
of the atomic magnetic moments – the magnetic structure. 
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1.1 Manganese compounds 
Manganese provides interesting topics for basic research studies. As an ele-
ment it exists in four different allotropes, of which the body centred cubic 
-Mn and the cubic close packed -Mn modifications only exist at high tem-

peratures. The third high temperature allotrope, -Mn, can be retained at low 
temperatures by rapid quenching, while the form stable at room temperature 
is -Mn; both of the latter have complicated cubic crystal structures. The 
magnetic properties of -Mn have been extensively investigated, since in 
contrast to the other allotropes -Mn forms no long-range magnetically or-
dered state. There is no general consensus about the underlying reason, de-
spite the numerous investigations. Chapter 9 of this thesis summarises stud-
ies of a series of Mn3Ir1-yCoySi1-xGex compounds. Those results are relevant 
to the discussions about the magnetic properties of -Mn, since the com-
pounds crystallise in an ordered version of the -Mn structure type. 

Compared to compounds of the other transition metals, manganese com-
pounds more often form complex, non-collinear magnetic structures. Specu-
lations have been made about the reasons for formation of non-collinear 
order. For example, complex RKKY interactions, band structure effects, and 
geometrically frustrated and/or competing magnetic interactions have been 
discussed.1,2 To test and to refine these theoretical explanations it is impor-
tant and highly interesting to determine the crystal and magnetic structures 
of new manganese compounds, and to combine the experimental studies 
with theoretical calculations. Such combined studies are summarised for the 
non-collinear magnetic order of the Mn3Ir1-yCoySi1-xGex compounds in Chap-
ter 9 and IrMnSi in Chapter 8. 

1.2 Scope of this thesis 
This thesis summarises studies of a number of new metal rich manganese 
compounds: Mn3IrSi, Mn3IrGe, Mn3CoSi, Mn3CoGe, IrMnSi, Mn4Ir7Ge6 and 
Mn8Pd15Si7. In addition, the solid solutions Mn3Ir1-yCoySi1-xGex and 
Mn4Ir7-xMnxGe6 have been prepared and characterised. The focus of my 
work, and thus of this thesis, has been on the preparation of bulk specimens, 
and on x-ray and neutron powder diffraction investigations of the crystal and 
magnetic structures. In cooperation with the Theoretical Magnetism and 
Solid State Physics groups at the Ångström laboratory, Uppsala University, 
the magnetic properties have also been studied by SQUID magnetometry, 
and density functional theory band structure and total energy calculations. 
Further, for Mn8Pd15Si7 short-range magnetic correlations were investigated 
by Reverse Monte Carlo modelling, in cooperation with Anders Mellergård, 
NFL, Studsvik. These results are more briefly described. 
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2 Magnetic structures 

Atoms with unpaired electrons carry magnetic moments. In solid materials 
the individual atomic magnetic moments interact with each other, striving 
for a parallel or antiparallel alignment, depending on the sign of the so called 
coupling constant. However, as ordering results in decreased entropy of the 
system, a magnetically ordered state is far from always reached and most 
materials are paramagnetic – the atomic magnetic moments are randomly 
arranged and rapidly fluctuate in different directions. When the magnetic 
coupling is strong enough to overcome the disorder caused by the thermal 
motion, a transition from the paramagnetic state to an ordered state takes 
place below a critical temperature, the magnetic transition temperature. De-
pending on the magnetic interactions different magnetic states can be ob-
tained:

1. Long-range magnetic order: A magnetic structure with a regular perio-
dicity of the orientation of the magnetic moments is formed: the same 
pattern of magnetic moment directions is repeated throughout the crys-
tal, see examples below. For a commensurate magnetic structure the 
magnetic repeat distance, i.e. the magnetic unit cell, either coincides 
with the crystallographic unit cell, or is related to it by a rational number 
so that they coincide if the crystallographic unit cell is magnified. If the 
crystallographic and magnetic unit cells are not related by a rational 
number their different periodicities will never get in phase and the mag-
netic structure is said to be incommensurate.

2. Short-range magnetic order: There is a higher probability for the mag-
netic moments on atoms within the first few coordination shells to be 
parallel or antiparallel, and they are said to show ferro- or antiferromag-
netic pair correlations. This local order is lost for longer distances.  

3. Spin glass state: The magnetic properties become time scale dependent 
below the transition temperature, due to slowing down of the fluctua-
tions of the magnetic moments as the spins are “frozen” in random direc-
tions.

Much of the work in this thesis was directed at solving and understanding 
the magnetic structures formed in samples with long-range magnetic order, 
and the rest of this chapter will be devoted to long-range magnetic order and 
its characterisation by neutron diffraction. I have chosen a more pictorial 
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illustration than found in most textbooks on magnetic neutron diffraction, 
with the hope to provide a complement to the complete mathematical treat-
ments of magnetic scattering and magnetic structure factors given elsewhere, 
see for example Refs. 3-7. 

Fig. 2.1(a) Ferromagnetic structure, two crystallographic and magnetic unit cells, 
and its diffraction pattern (grey = magnetic contribution; black = nuclear contribu-
tion). (b) Antiferromagnetic structure, two crystallographic, one magnetic unit cell, 
and its diffraction pattern (vertical indices on the magnetic diffraction peaks). 
(c) Ferrimagnetic structure, two crystallographic and magnetic unit cells. 
(d) Incommensurate helimagnetic structure, q = (0, 0, qz), and its diffraction pattern 
(vertical ± indices on the magnetic satellite peaks). 

Commonly, ordered magnetic structures are classified in four categories: 

1. Ferromagnetic: The magnetic moments are parallel, see Fig. 2.1(a), and 
result in a net magnetic moment of the material. Ferromagnetic alloys 
and compounds are involved in most of the applications of magnetic ma-
terials. Examples of ferromagnetic elements are -iron (bcc), nickel and 
cobalt. Some technologically important compounds are SmCo5, Sm2Fe17
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and Nd2Fe14B,8,9 which are used as permanent magnets in many electric 
motors and sensors. Numerous of these are hidden in your car. A few 
examples are: in the windshield wiper motor, window lift motor, 
speakers, cruise control and the antiskid sensor and motor.10

2. Antiferromagnetic: The magnetic moments point in opposite directions, 
giving a zero net magnetic moment. In the simple antiferromagnet illus-
trated in Fig. 2.1(b) the moments are collinear. Collinear antiferromag-
netic order is found for example in MnO,11 IrMn,12 and PtMn.13 The lat-
ter two have been proposed for use as so called pinning layers in the gi-
ant magneto resistive (GMR) read heads used in computer hard 
disks.14-17 In non-collinear antiferromagnetic structures the magnetic 
moments are not exactly antiparallel but have a certain angle between 
them, such that vector addition of the moments gives zero net moment of 
the unit cell. Examples of non-collinear antiferromagnetic order are pro-
vided by Mn3IrSi and Mn3IrGe, see Chapter 9.  

3. Ferrimagnetic: The magnetic moments are antiparallel, but moments in 
one direction are greater than those in the other direction, resulting in a 
non-zero net magnetic moment, see Fig. 2.1(c). One example is -Fe2O3,
which is used in video recording tapes and floppy discs.18

4. Helimagnetic: The magnetic moments are rotated an angle  when trans-
lated from one sheet of magnetic atoms to the next in the structure, see 
Fig. 2.1(d). This is for example the magnetic structure of the elements 
terbium, dysprosium and holmium,19 and also of IrMnSi, see Chapter 8. 

2.1 Diffraction from ordered magnetic structures 
Analogous to the crystallographic unit cell, the smallest repeating unit of a 
commensurate magnetic structure is described by a magnetic unit cell, which 
may or may not be of the same dimension as the crystallographic cell. The 
magnetic unit cell dimensions are determined by indexing the magnetic re-
flections, making use of Bragg’s law to obtain the plane d-spacing, just like 
indexing the nuclear reflections gives the unit cell of the crystal structure. 

For the ferro- and ferrimagnetic structures in Fig. 2.1(a) and (c) the crys-
tallographic and magnetic unit cells coincide, and the magnetic diffraction 
contribution will be superimposed on the diffraction from the crystal struc-
ture, as illustrated in the diffraction pattern for the ferromagnetic structure.  

In contrast, for the antiferromagnetic structure in Fig. 2.1(b) the crystallo-
graphic unit cell must be doubled in one direction to obtain the magnetic unit 
cell. Thus the magnetic diffraction peaks appear in-between the nuclear dif-
fraction peaks, and have half integer indices (h, k, l) if indexed on the crys-
tallographic lattice, as illustrated in the diffraction pattern by vertical indices.  

The magnetic diffraction peaks from incommensurate spiral magnetic 
structures appear as pairs of satellite peaks around the nuclear reflections, 
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see Fig. 2.1(d). Since the incommensurate structure cannot be described by 
multiple crystallographic unit cells, indexing of the satellite reflections re-
quires a different approach: the use of a propagation vector, see next section. 

For a certain reflection, the magnetic diffraction intensity depends on the 
angle between the magnetic moments and the reflecting plane. Magnetic 
moments perpendicular to the scattering plane make no contribution to the 
intensity, whereas maximum contribution is obtained when the magnetic 
moments lie in the reflection plane. By comparing the relative intensities of 
the different magnetic reflections, the orientation of the magnetic moments 
in the crystal can be determined. 

2.1.1 Propagation vectors 
The use of a propagation vector (q) is the most general description of the 
repeating unit of the magnetic structure, and is valid both for commensurate 
and incommensurate magnetic structures. The propagation vector is defined 
as:

cbaq *
z

*
y

*
xzyx qqqq,q,q ,  (2.1) 

where a*, b*, c* are the reciprocal lattice vectors of the crystal structure. The 
inverse length of the propagation vector ( q -1) corresponds to the smallest 
repeat distance of the magnetic structure.  

Using the propagation vector description, the magnetic diffraction peaks 
can be indexed as satellites (Q±) to the nuclear reflections (H):

cbaqHQ *** qlqkqh zyx . (2.2) 

For example, the antiferromagnetic structure in Fig. 2.1(b) can be described 
by the propagation vector q = (½, 0, 0) = ½a*, which is equivalent to a mag-
netic unit cell aM = (½)-1aC = 2aC; bM = bC; cM = cC, where aM, bM, cM are the 
magnetic unit cell axes, aC, bC, cC the crystallographic unit cell axes. 

The fraction of a full rotation of the magnetic moments, performed for 
successive unit cells along the propagation vector, corresponds to the frac-
tional coordinates of the propagation vector. For the antiferromagnetic struc-
ture in Fig. 2.1(b), with q = (½, 0, 0), the magnetic moment in the next crys-
tallographic unit cell is turned ½·360  = 180 . For the incommensurate struc-
ture in Fig. 2.1(d) the successive turn angle ( ) between atoms in adjacent 
unit cells along the c-axis is qz·360 , if the propagation vector is 
q = (0, 0, qz).
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3 Sample preparation 

The most straight forward method used for preparation of bulk solid com-
pounds is direct reaction between the elements. Since diffusion is slow in the 
solid state for most transition metal elements, all compounds described in 
this thesis have been prepared by melting the constituent elements together, 
by arc melting or high frequency induction melting.

The induction melting technique is useful when preparing samples for 
neutron powder diffraction purposes, as large sample volumes can easily be 
handled. Most often at least 5–10 g sample, or 1 cm3, is needed for the neu-
tron diffraction experiments. Induction melting is limited to preparation of 
electrically conducting samples. If the drop-synthesis technique is used, as 
described by Rundqvist 1988,20 samples containing volatile elements can be 
prepared. The volatile element is dropped in a melt of the other elements, 
and thus immediate reaction takes place and evaporation is avoided.  

Arc melting can be used to prepare samples from non-volatile elements. It 
is a quick preparation technique that gives low contaminations, since the 
ingot acts as its own sample container: the bottom part, in contact with the 
water cooled copper hearth, never melts completely. Thus the ingots need to 
be turned over and remelted several times to ensure complete reactions. The 
large temperature gradient can induce inhomogeneities in the samples. 

All samples described in this thesis were prepared from commercially 
available high purity (>99.95 %) elements. Manganese was further purified 
from surface oxides by sublimation, taking advantage of the fact that the 
metal has a higher vapour pressure than the oxide. 

The volatility of manganese made drop synthesis in a high frequency in-
duction furnace the method of choice for preparing master samples of 
Mn3IrSi, Mn3IrGe, Mn3CoSi, Mn3CoGe, IrMnSi, Mn8Pd15Si7, Mn4Ir7Ge6,
and IrMnGe. The samples were contained in Al2O3 crucibles, under 
300 mbar protective argon atmosphere. Once manganese has reacted with 
the other elements, volatility becomes less of a problem. Thus arc melting of 
mixtures of the above master compounds under 300 mbar argon atmosphere, 
purified by titanium gettering, could be used to prepare samples of the solid 
solutions Mn3IrSi1-xGex, Mn3Ir1-yCoySi and Mn4Ir7-xMnxGe6. For homogeni-
sation all samples were crushed, pressed into pellets and annealed in evacu-
ated silica tubes for 2–4 days at 900 C and 1–2 weeks at 800 C, and subse-
quently quenched in water. Samples for neutron powder diffraction meas-
urements were stress relieved for 20–40 minutes at 650–800 C.
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4 Diffraction methods 

Information on the spatial arrangement of the atoms in a crystalline solid, the
crystal structure, can be obtained by studying diffraction of x-rays, neutrons 
or electrons. The methods are complementary, since they have different scat-
tering processes. Magnetic structure information is primarily obtained by 
neutron diffraction. 

4.1 X-ray diffraction 
X-rays are scattered by interaction with the electrons surrounding the nu-
cleus, and the scattering strength of the atom therefore depends on the 
atomic number, and falls off with increasing diffraction angle. X-ray diffrac-
tion is commonly available and used both for identification of the crystalline 
phases present in a powder sample and for crystal structure determinations 
from powder or single crystal investigations. 

4.1.1 Data collection 
A Guinier-Hägg type focusing camera with CuK 1 radiation was used for 
phase analysis and determination of the unit cell dimensions. Silicon or ger-
manium powder was added as internal standard for calibration (Si: 
a = 5.4309 Å; Ge: a = 5.6576 Å at 295 K). 

X-ray powder diffraction profiles, used in crystal structure refinements, 
were collected in transmission mode on a STOE & Cie GmbH STADI x-ray 
powder diffractometer with CuK 1 radiation, equipped with a linear position 
sensitive detector (PSD) covering 6  in 2 .

Single crystal x-ray diffraction intensities, used in the crystal structure de-
termination of Mn8Pd15Si7, were recorded using a STOE & Cie four-circle 
diffractometer with MoK  radiation. Crystals were selected from the powder 
and mounted on glass fibres. 

4.2 Neutron diffraction 
Neutrons are obtained from nuclear reactors or spallation sources, and are 
therefore less available than x-rays. Neutrons are scattered by interaction 
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with the atom nucleus, and the scattering strength is therefore independent of 
the scattering angle and has no systematic dependence on the atomic num-
ber. Hence neutron diffraction is useful for distinguishing between adjacent 
elements in the periodic table and for determination of the atom positions of 
light atoms, such as hydrogen.  

Some elements, among these manganese, have negative scattering lengths 
for neutrons, i.e., they scatter 180  out-of-phase compared to scattering from 
most other elements – those with positive scattering lengths, see Table 4.1. 
Thus neutron diffraction is a sensitive method to identify which atom posi-
tions are occupied by Mn and if some positions are partially occupied by 
Mn.

Table 4.1. Bound coherent neutron scattering length (bc) and absorption cross sec-
tion for 2200 m/s (  = 1.8 Å) neutrons ( a), for elements used in this thesis. 

Element bc (fm) a (barn: 10-24 cm2)

Co 2.49 37.18 
Ge 8.185 2.2 
Ir 10.6 425 
Mn -3.73 13.3 
Pd 5.91 6.9 
Si 4.149 0.171 
[V. F. Sears, Neutron News 3, 29 (1992).] 

Since neutrons are fundamental particles with spin ½ they carry a magnetic 
moment that interacts with the magnetic moments of unpaired electrons in 
the sample. In addition to being scattered by the nuclei they are scattered by 
the moments of the magnetic atoms, and the observed diffraction intensities 
are for non-polarised neutrons a sum of the nuclear and magnetic diffraction 
contributions. This makes neutron diffraction a unique tool for determining 
the magnitude and the direction of the atomic magnetic moments in long-
range ordered magnetic materials, the magnetic structure.

The studies reported in this thesis have been performed using non-
polarised neutrons, and the nuclear and magnetic diffraction contributions 
have been separated by recording diffraction patterns both above and below 
the magnetic ordering temperatures.  

Whereas long-range magnetic order gives rise to diffraction in sharp 
Bragg peaks, short-range magnetic order results in diffuse scattering. The 
diffuse scattering will appear in the powder diffraction pattern as a tempera-
ture dependent increased curvature of the background, and can be analysed 
by, for example, Reverse Monte Carlo modelling to obtain information about 
the local order.
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4.2.1 Data collection 
Neutron powder diffraction measurements were performed at the Swedish 
research reactor R2 in Studsvik. The sample was kept in a vanadium cylinder 
and the neutron beam was monochromatised by two Cu (220) single crystals 
in parallel arrangement, giving a wavelength  = 1.470(1) Å. A system with 
35 independent 3He detectors was used and data were collected in steps of 
0.08 , covering the 2 -range 4 –139.92  (1.2 –139.92  for IrMnSi at 10 K). 
A transmission measurement at 2  = 0  was used to obtain an absorption 
correction factor. 

4.3 Electron diffraction 
Electrons, as negatively charged particles, interact with both the nucleus and 
the electrons of the atom via Coulomb forces, and “see” the electrostatic 
potential. Although not used directly for structure determination, electron 
diffraction is a useful tool to obtain additional crystal structure information. 
In particular, accurate information on unit cell dimensions and space group 
symmetry is obtained. The technique is also useful to reveal super-structure 
formation and short-range order, which show up in the diffraction pattern as 
weak extra reflections (satellite spots) and streaks of diffuse scattering, re-
spectively. 

4.3.1 Data collection 
An electron diffraction study was performed for Mn8Pd15Si7. Samples were 
ground under butanol and a drop of the resulting suspensions was placed 
onto a holey carbon film supported by a copper grid. The electron diffraction 
patterns were obtained with a Philips 430 transmission electron microscope 
operating at 300 kV equipped with a LINK AN10000 analysis system.  
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5 Structure determination 

The determination of an unknown crystal or magnetic structure has three key 
steps:

1. Determination of the unit cell dimensions, by indexing the Bragg reflec-
tions in the diffraction pattern. Computer programs, as for example 
TREOR21 or DICVOL,22 can be useful to find the unit cell for a powder.23

2. Structure solution: Finding the symmetries, the space group and the ap-
proximate atom positions by analysing the relative intensities and sys-
tematic absences of the observed reflections. For crystal structure solu-
tions standard procedures have been developed, for example Patterson 
synthesis and direct methods, useful both for powder and single crystal 
data, see for example Refs. 24,25. Solving magnetic structures is more 
complicated. Looking at the diffraction pattern can give you a starting 
idea about whether the structure is ferro-, antiferro- or helimagnetic. In 
finding the magnetic moment orientations you are mainly left with “trial-
and-error” of different possibilities, which for complex magnetic struc-
tures can be quite tedious.  

3. Structure refinement: Accurate values of the structural parameters are 
obtained by a least squares minimisation of the difference between the 
observed diffraction pattern and a diffraction pattern calculated from the 
structure model, see next section. 

Direct methods were used for single crystal x-ray diffraction data to solve 
the Mn8Pd15Si7 crystal structure. The atom positions for the other crystal 
structures described in this thesis were obtained by testing known type struc-
tures. The starting model of the magnetic structure of Mn3IrSi was found by 
Reverse Monte Carlo modelling, using the program RMCPOW.26,27 The other 
magnetic structures were solved by “trial-and-error”.  

In the literature, most of the reported crystal structures were determined 
from single crystal data. However, single crystals of good quality are hard to 
obtain, especially for neutron diffraction studies where crystals >1 mm3 are 
needed. Further, compounds of heavy transition metal elements strongly 
absorb x-rays and a reliable absorption correction is difficult to achieve 
unless a sufficiently good description of the crystal shape and dimensions 
can be given. As a result of these problems, and also thanks to improved 
instrument resolution for powder diffraction and the development of com-
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puter programs specialised for powder patterns, an increasing number of 
structures are now determined from powder diffraction data. 

X-ray and neutron powder diffraction intensities were used to obtain all 
crystal and magnetic structure parameters reported in this thesis. Starting 
from a trial model of the crystal and magnetic structures, the model parame-
ters were varied in structure refinements according to the Rietveld method, 
using the program FULLPROF.28

5.1 The Rietveld method 
The Rietveld method29 is a crystal structure refinement method developed for 
full profile analysis of x-ray or neutron powder diffraction intensities. The 
difference between the observed data and a calculated diffraction profile that 
is based on the structure model is minimised by a least squares procedure. 
Crystal structure parameters, magnetic structure parameters and profile pa-
rameters are varied until the best fit is obtained. The varied parameters are: 
unit cell, atomic coordinates, site occupancies, isotropic temperature factors, 
propagation vectors, magnitude and direction of the magnetic moments, 
scale factor, 2 -zero point, background, peak half-width, peak shape and 
peak shape asymmetry. 

The quality of the fit is expressed by the below given numerical agree-
ment or reliability factors, and is also checked by plotting the difference 
between the observed and calculated profiles.30,31
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where yi is the profile intensity at the i:th step; obs and calc are short for 
observed and calculated, respectively; wi = yiobs

-1 is a weighting factor; IK is 
the intensity assigned to the K:th Bragg reflection; N is the number of obser-
vations; and P is the number of parameters refined. 

Mathematically Rwp is the most reliable of the R-values, since its numera-
tor is the residual that is minimised in the refinement process. RBragg is com-
monly quoted and gives information on the correctness of the crystal struc-
ture model. It does not take into account misfits outside of the Bragg reflec-
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tions of the modelled phases, and further it is biased in favour of the used 
model, since for overlapping reflections their respective proportions (IKobs) of 
the observed intensity are deduced using the calculated intensities. Rexp is the 
statistically expected R-value, and thus reflects the quality of the data instead 
of the agreement with the structure model. 

In magnetic structure refinements, the nuclear and magnetic contributions 
to the observed neutron powder diffraction intensities were treated as two 
separate phases, with the “magnetic phase” described in space group P1. The 
agreement factor describing the fit between the observed and calculated 
magnetic contribution to the diffraction intensities, RMag, is analogous to the 
RBragg for the crystal structure.  

5.2 RMC modelling 
In addition to the average long-range order information about the crystal and 
magnetic structure that is obtained from the Bragg peaks, measurements of 
the diffuse scattering in total scattering experiments give information about 
short-range order. Reverse Monte Carlo (RMC) modelling is a powerful tool 
to analyse the short-range order.32 The structure is modelled by optimising 
the agreement between the experimental diffraction data and the calculated 
total scattering using a Monte Carlo procedure.  

The RMCPOW program26,27 is especially suited for studies of crystalline 
materials, and models both Bragg- and diffuse scattering. A starting model is 
created by choosing a simulation box, which is a super-cell of the crystal 
structure. The scattering intensity is calculated for each reciprocal lattice 
point of the super-cell and averaged to create a powder pattern. When mod-
elling atomic short-range order, randomly selected atoms are given random 
displacements, and/or atoms randomly exchange positions. If the new con-
figuration gives an improved agreement between the experimental and calcu-
lated scattering the change is accepted, otherwise it is rejected. To avoid 
trapping in local minima a small fraction of the changes that give worse fit 
are also accepted. New displacements are made and the scattering calculated 
in repeated cycles, until the simulation converges. The same general proce-
dure is used for modelling magnetic short-range order. Starting from a simu-
lation box with the magnetic spins pointing in random directions, randomly 
selected magnetic moments are rotated in the simulation cycles by simulta-
neously varying the x-, y- and z-components.  

By choosing a simulation box of the same size as the magnetic unit cell 
RMCPOW can give aid in solving commensurate magnetic structures. The 
program will try to reproduce the magnetic Bragg peaks by varying the 
magnetic moment directions. However, the obtained magnetic structure 
model will inevitably contain some disorder and also represents one of sev-
eral possible solutions.    
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6 Magnetisation measurements 

In addition to knowledge about the magnetic structure of a compound it is 
important to characterise the dependence on temperature, applied magnetic 
field and time (frequency) of the magnetic properties. This gives information 
on the magnetic transition temperature, the magnitude of the magnetic sus-
ceptibility, the paramagnetic moment and the saturation magnetic moment. 
Different characteristic curve shapes are obtained for ferromagnetic, anti-
ferromagnetic or spin glass properties, for examples see Refs. 9,33,34. 

A Quantum Design MPMSXL Super Conducting Quantum Interference 
Device (SQUID) magnetometer with a 5 tesla magnet and an ac-
susceptibility option was used for magnetisation and susceptibility meas-
urements. The temperature range 4–400 K can be accessed using the ordi-
nary cryostat of the system and 300–800 K using the optional oven. In ac-
susceptibility measurements frequencies in the range 1 mHz – 1 kHz can be 
used.

Magnetisation versus temperature sweeps in a constant applied measure-
ment field were performed for suitable temperature ranges. Two different 
protocols were used for the measurements: zero field cooled (zfc) and field 
cooled (fc). In the zfc-protocol the sample is cooled to the starting tempera-
ture without applying any field. Then the desired measurement field is ap-
plied and the data are collected on heating the sample. In the fc-protocol the 
sample is cooled in the applied measurement field from a temperature above 
its magnetic transition temperature to the starting temperature. The data are 
then collected on heating the sample, as for the zfc-protocol. 

The field dependence of the magnetisation was recorded at constant tem-
peratures, above and below the magnetic transition temperature. 

To investigate spin glass properties, low field ac-susceptibility measure-
ments were performed for selected compounds, at a number of different fre-
quencies.
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7 Density functional theory calculations 

Density functional theory (DFT)35 is widely used in solid state chemistry and 
physics and has been successful in predicting and reproducing many material 
properties. Studies of complicated crystal structures and non-collinear 
magnetic order, as in Mn3Ir1-yCoySi1-xGex and IrMnSi, provide a challenging 
opportunity to test and refine the calculation methods and the included 
approximations. Thus DFT calculations were interesting to perform for these 
compounds, yielding information on the electronic band structure and 
enabling comparison of the total energy of different possible magnetic 
orderings, in search for the magnetic ground state. A brief, non-technical 
overview of the calculation methods is given in this chapter, and some 
results are mentioned in the following chapters, integrated with the results 
from experiments. Readers interested in calculation details and more in-
depth discussions of the theoretical results are referred to Papers I, III-V and 
references therein. 

It is not possible to solve the Schrödinger equation exactly for any system 
more complex than the H atom. Different approaches are used to get around 
this problem, DFT being one of them. DFT is an ab initio (first principles)
method, and as such is not based on experimental data, except for the crystal 
structure parameters. It uses the electron density distribution to calculate the 
total energy, via the interaction of charges. Several DFT based methods have 
been developed that use different approximations to describe the electron–
electron interactions, the one used in this work was the local spin density 
approximation (LSDA).36 Further, different ways of describing the electron 
density distribution can be employed, of which two methods have been used 
here: the linear muffin tin orbital method (LMTO)37,38 and the projector
augmented plane wave method (PAW), implemented in the Vienna ab initio
simulation package (VASP).39 In both versions non-collinear spins were 
included, i.e., the magnetic moments are allowed to point in general direc-
tions. In LMTO-ASA (atomic sphere approximation) the electron density is 
described as being spherical around the atom positions. PAW instead uses 
plane wave pseudo potentials to describe the periodic variation of the elec-
tron density throughout the crystal. The PAW method is somewhat more 
accurate in describing the electronic structure at the expense of being a 
slower method. The FP-LMTO (full potential) method, which is commonly 
considered to be the most accurate, is unfortunately also more time consum-
ing and was only used in a few of the calculations. 
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8 IrMnSi, IrMnGe and Mn4Ir7Ge6

Many ternary transition metal compounds of the 1:1:1 composition have 
been studied. With a few exceptions the silicides and germanides crystallise 
in one of the type structures ordered Fe2P,40 Co2P (TiNiSi type41),42 Ni2In,43

or TiFeSi,44 with the TiNiSi type being the most common. The structures are 
closely related, formed by different linking of triangular prisms of transition 
metal atoms that surround the non-metal atoms. In all cases the non-metal 
surrounding of the transition metal atoms are the same: a square-pyramid 
and a tetrahedron, with the larger or more electropositive transition metal 
atom in the pyramidal site.44-49

The ternary manganese silicides and germanides that crystallise in the 
TiNiSi type structure show an interesting variety of magnetic structures, 
summarised in Table 8.1. A transition from ferromagnetic (FM) to incom-
mensurate spiral magnetic structure can for CoMnSi be induced by changing 
the temperature. For MnNiGe1-xSix a transition from ferromagnetic, via 
commensurate non-collinear ferrimagnetic (FIM), to incommensurate spiral 
magnetic structure is observed on increasing x.50,51

 Table 8.1 Comparison of the magnetic properties of selected ternary manganese 
silicides and germanides of the TiNiSi type. 

Compound Magnetic structure Tcrit
(K)

q MMn ; MCo
(µB)

1,4
( ) a

Ref. 

RhMnSi non-collinear AFM 400 (0, 0, 0.5) 2.6(1)  52 
CoMnSi FM 390  2.2 ; 0.3  53,54 
 double screw spiral 360 (0, 0, 0.365) 2.6 ; 0.4 -110 54
MnNiSi FM 615  2.7(2)  50 
MnNiGe simple screw spiral 356 (0.228, 0, 0) 2.3(1) 0 51
 double screw spiral b 260 (0.185, 0, 0) 2.3(1) -50 51
 cycloidal spiral b 185 (0.210, 0, 0) 2.86(5) 0 50,55 
MnNiGe0.5Si0.5 non-collinear FIM 441 (0, 0, 0) 3.1(2)  50 
CoMnGe FM 355  2.9 ; 0.9   48,56  
a The Mn atoms are numbered as for IrMnSi.  
b Conflicting reports.  

The phase IrMnSi, presented below and in Paper I, is a new member of the 
TiNiSi type compound family and has an interesting magnetic structure. 
Attempts at preparing the corresponding phase IrMnGe proved it not to be 
stable. The orthorhombic TiNiSi type IrMnGe phase was only present when 
the samples were rapidly quenched from the melt. On annealing 
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(T  1050 C) it decomposed into Mn3IrGe (described in the next chapter) 
and a second new ternary phase: Mn4Ir7-xMnxGe6, x = 1.3, which is described 
in the second section of this chapter and in Paper II.   

8.1 IrMnSi

8.1.1 Crystal structure 
IrMnSi crystallises with the TiNiSi type crystal structure. The primitive or-
thorhombic unit cell holds four formula units of IrMnSi and is of the dimen-
sions a = 6.2522(2) Å; b = 3.8360(1) Å; c = 7.1255(2) Å at room tempera-
ture. The space group is Pnma and Ir, Mn and Si occupy three different 4c
positions (x, ¼, z). All atoms are located on mirror planes perpendicular to 
the b-axis, at y = ¼ and y = ¾, with four Mn atoms and two Ir atoms forming 
a triangular prism around Si, as shown in Fig. 8.1(a). In IrMnSi the Mn at-
oms are coordinated by five Si atoms in a distorted square pyramid, and the 
Ir atoms are situated in distorted tetrahedra of four Si atoms. The same coor-
dination pattern is found for the TMnSi compounds (T = transition metal, 
e.g., Ni, Co, Rh50,52-54), whereas in the RMnSi compounds (R = rare earth 
element, e.g., Tb, Lu, Sc, Dy57,58) Mn is instead situated in the tetrahedral 
site and “R” in the square pyramidal site. 

 (a)                      (b)
Fig. 8.1(a) The IrMnSi crystal structure in projection on the ac-plane. Open 
symbols: atoms at y = ¼, closed symbols y = ¾. (b) Logarithmic charge density of 
IrMnSi projected onto the ac-plane at y = ¼. 

The charge density distribution, the type-projected density of states (PDOS) 
and the balanced crystal orbital overlap population (BCOOP)59 were calcu-

y=¼; ¾
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lated using the full-potential linear muffin tin orbital method (FP-LMTO)60

(for details on the calculations, see Paper I). In addition to an overall metallic 
character of the compound, the results show a certain degree of covalent 
bond character between Ir and Si. This is visible as an accumulation of 
charge along the Ir–Si bond in the charge density distribution, see Fig. 
8.1(b), and is also indicated by a hybridisation of the Ir d-states and Si p-
states in the PDOS, as well as by a net bonding character of the Ir–Si 
BCOOP, where all bonding and only a few of the antibonding states are 
filled.

8.1.2 Magnetic structure 
Magnetisation measurements show a broad antiferromagnetic type transition 
for IrMnSi, with the Néel temperature TN = 460 K. All neutron powder dif-
fraction peaks recorded above the critical temperature are well explained by 
the TiNiSi type crystal structure, see Fig. 8.2 (top). The neutron diffraction 
patterns recorded below 460 K in addition to the diffraction peaks from the 
TiNiSi type crystal structure show satellite reflections and a (000)± reflection 
characteristic of an incommensurate magnetic structure, see Fig. 8.2 (bot-
tom). The magnetic reflections are indexed by a propagation vector parallel 
to the c-axis, q = (0, 0, 0.4530(5)) at 10 K, corresponding to a repeat dis-
tance of 15.7 Å – a bit longer than a doubling of the c-axis of the crystallo-
graphic unit cell.  

A cycloidal double spiral magnetic structure, see Fig. 8.3, with magnetic 
moments of 3.77(4) µB at 10 K on the Mn atoms, accounts well for the ob-
served magnetic diffraction intensities. The magnetic moments rotate around 
an axis that lies in the ab-plane, at 63(3)  angle (at 10 K) to the a-axis. With 
the Mn atoms numbered as: 

Mn1 (x, ¼, z), Mn2 (x+½, ¼, ½-z), Mn3 (½-x, ¾, ½+z), Mn4 (1-x, ¾, 1-z),

the Mn magnetic moments within the crystallographic unit cell are related 
as:

Mn1 = Mn4 = 1 = 0            - Mn2 = Mn3 = 2 = ½·qz, (8.1) 

where  is the phase angle in fractions of 2 . In this description, as 
illustrated in Fig. 8.3,  directly corresponds to the direction (rotation angle) 
of the Mn moment for the unit cell chosen as the origin of the magnetic 
structure. On propagation to the next unit cell along the propagation vector, 
all moments are rotated qz·2 . In the references cited in Table 8.1, an 
alternative description is used. The phase difference ( 1,4) cited in the table 
is for IrMnSi related to the phase angle as: 

Mn4 = 1,4 + qz·(1-2zMn1)·360 , (8.2) 

giving 1,4 = -107  for IrMnSi. 
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Fig. 8.2 Neutron powder diffraction profiles of IrMnSi. Points and line indicate 
observed and calculated intensities, respectively, bottom line the difference between 
the observed and calculated profiles. Top: at 523 K. Tick marks: positions of Bragg 
reflections for the crystal structure. Agreement factors: Rp=4.79%; Rwp=6.10%;
Rexp=5.53%; 2=1.22; RBragg=4.68%. Bottom: at 10 K. Upper tick marks: Bragg 
reflections for the crystal structure; lower tick marks: the magnetic structure. 
Agreement factors: Rp=4.40%; Rwp=5.56%; Rexp=4.62%; 2=1.45; RBragg=3.53%;
RMag=8.58%.
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The shortest Mn–Mn distance in IrMnSi (3.12 Å at 10 K) forms a zig-zag 
chain running in the b-axis direction, see the hatched link in Fig. 8.3, on 
which the angle between pairs of magnetic moments is 163 . The second 
nearest Mn neighbours are found on the triangular faces of the prisms 
(3.31 Å at 10 K), with the magnetic moments forming 82  angles. In sheets 
perpendicular to the c-axis, Mn atoms separated by the height of the prisms 
(3.83 Å at 10 K) have parallel magnetic moments.  

               
Fig. 8.3 Magnetic structure of IrMnSi. The magnetic moments rotate around an axis 
in the ab-plane when propagating along the c-axis. (In colour in Fig. 13.3.) 

The experimental magnetic structure is corroborated by results from theo-
retical calculations (see Paper I). An energy minimum is observed for the 
propagation vector qz  0.43, with angles between the Mn moments inside 
the crystallographic unit cell similar to the experimental ones. Perfect 
agreement between the calculated and the experimental magnitude of the Mn 
magnetic moment, as well as the structural parameters, was obtained in 
VASP calculations using the LSDA+U method,61 with U = 2–4 eV, whereas 
somewhat lower Mn moments (3.1–3.3 µB) and lower unit cell volume were 
obtained with the LSDA effective potentials. The two methods differ in that 
LSDA+U more directly incorporates electron–electron interactions. 

The calculated energy band structure along the -Z –  – Z direction is 
compared in Fig. 8.4 for two magnetic structures: (a) a hypothetical ferro-
magnetic alignment of the magnetic moments within the crystallographic 
unit cell, modulated by the experimentally observed propagation vector, and 
(b) the non-collinear magnetic structure observed in experiments. Fewer 
bands crossing the Fermi level is observed for the non-collinear structure. 
This suggests that the non-collinear magnetic structure of IrMnSi is stabi-
lised by a band mechanism, proposed by Kübler1 and Lizárraga et al.,2 where 
bands that are orthogonal for the ferromagnet hybridise for the non-collinear 



31

configuration, creating band gaps at the Fermi level and thus lowering the 
total energy of the system.  

(a)   (b)
Fig. 8.4 Calculated energy bands for IrMnSi. The Fermi level is at zero, marked by a 
thin horizontal line. (a) The bands for a hypothetical ferromagnetic alignment of the 
Mn moments within the crystallographic unit cell. (b) The bands for the experimen-
tal non-collinear configuration of the Mn moments. 

8.2 Mn4Ir7-xMnxGe6

When the orthorhombic IrMnGe phase was found to decompose into 
Mn4Ir7-xMnxGe6 and Mn3IrGe (  15 w.%) during annealing, a study of the 
Mn4Ir7-xMnxGe6 phase was undertaken by preparing annealed samples of 
compositions between Mn4Ir7Ge6 and IrMnGe, see Table 8.2. The samples 
contain small amounts of additional phases. For samples B–D this is not 
surprising, since the total Ge concentration of these samples is lower than the 
Ge concentration of the Mn4Ir7-xMnxGe6 phase. The presence of minority 
phases in the sample with Mn4Ir7Ge6 composition (sample A) suggests a 
small drift in the sample composition during synthesis or a small Mn defi-
ciency in the Mn4Ir7Ge6 phase. The Mn substitution (x) in the samples of 
intermediate compositions were calculated assuming that the lattice parame-
ter follows Vegard’s law, and using x = 0 and x = 1.3 for samples A and D, 
respectively, as obtained from crystal structure refinements. 

Table 8.2 Lattice parameter and estimated Mn substitution (x) of Mn4Ir7-xMnxGe6.

Sample Nominal composition 
(at.% Mn; Ir; Ge) 

a (Å) x Minority phases 

A 23.5; 41.2; 35.3 8.0326(2) 0.0 IrMn, IrGe 
B 27.3; 38.2; 34.5 8.0354(2) 0.5 IrMn 
C 29.1; 36.8; 34.1 8.0394(2) 1.1 IrMn 
D 33.3; 33.4; 33.3 8.0404(2) 1.3 Mn3IrGe
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Fig. 8.5 Neutron powder diffraction profiles. Points and line indicate observed and 
calculated intensities, respectively, bottom line the difference between the observed 
and calculated profiles. Top: Sample D (IrMnGe composition) at 295 K. Upper tick 
marks: Bragg reflections for Mn4Ir7Ge6; lower tick marks: Mn3IrGe. Agreement 
factors: Rp=3.84%; Rwp=4.82%; Rexp=4.08%; 2=1.39; RBragg=5.71%. 
Middle: Sample A (Mn4Ir7Ge6 composition) at 295 K. Upper tick marks: Bragg 
reflections for Mn4Ir7Ge6; lower tick marks: IrMn. Agreement factors: Rp=4.02%;
Rwp=5.08%; Rexp=4.40%; 2=1.34; RBragg=7.29%.
Bottom: Sample A (Mn4Ir7Ge6 composition) at 10 K. Upper tick marks: Bragg 
reflections for the Mn4Ir7Ge6 crystal structure; middle tick marks: IrMn phase; lower 
tick marks: the Mn4Ir7Ge6 magnetic structure. Agreement factors:  Rp=2.71%; 
Rwp=3.37%; Rexp=2.76%; 2=1.50; RBragg=5.66%; RMag=9.97%.
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8.2.1 Crystal structure 

Mn4Ir7-xMnxGe6 crystallises with a body centred cubic unit cell with a con-
centration dependent lattice parameter. The U4Re7Si6 type structure62 ac-
counts well for the observed neutron powder diffraction intensities at room 
temperature, see Fig. 8.5. Within space group m3Im , Mn occupies a 8c site, 
Ir a 2a and a 12d site, and Ge a 12e site, corresponding to two formula units 
of Mn4Ir1Ir6Ge6 per unit cell. The crystal structure remains unchanged at 
10 K. For the nominal composition IrMnGe, preferential substitution of Mn 
into the 12d site is observed. With the formula written as Mn4Ir7-xMnxGe6,
x = 1.33(3) was obtained when varying the occupancy in crystal structure 
refinements. If the ratio of Ir/Mn occupancy of the 12d site is varied during 
refinements also for the Mn4Ir7Ge6 composition, a small deviation from pure 
Ir occupancy is obtained (about six times the estimated standard deviation, 
corresponding to x < 0.2), but with only minor improvements of the agree-
ment factors. No significant partial Mn occupancy of the other crystallo-
graphic sites was found at either composition.  

Fig. 8.6 The crystal structure of Mn4Ir7-xMnxGe6. The unit cell edges are indicated 
by a black box, and the cell contents of the range -0.25 x  1.25; -0.25 y  1.25; 
0.19 < z < 0.81 is shown. This slice is repeated in the next layer by the (½, ½, ½) 
centring translation. Grey links between the Mn atoms mark the Cu3Au related sub-
units. (In colour in Fig. 13.3.) 

The crystal structure is built up from eight Cu3Au related sub-units, with Mn 
atoms at the corners and Ge and Ir/Mn (site with mixed occupancy) atoms in 
the face centre positions. Every forth sub-unit has an Ir atom in the centre, 
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octahedrally coordinated by Ge atoms that are displaced slightly out of the 
face centre, away from the Ir atom. This is illustrated in Fig. 8.6, which 
shows a one Cu3Au sub-unit thick slice of the crystal structure. Similar to the 
close packed metal structures, the Mn and Ir/Mn atoms are 12 coordinated 
by 6 Ir/Mn + 6 Ge; and 4 Ge + 4 Ir/Mn + 4 Mn, respectively. The Ge atoms 
are coordinated in a square pyramid of 1 Ir + 4 Ir/Mn that is inscribed in a 
second square pyramid of 4 Mn + 1 Ge atom. 

8.2.2 Magnetic properties 
The magnetic properties of Mn4Ir7-xMnxGe6 vary dramatically within the 
studied range of homogeneity. The magnetic transition temperature de-
creases on increasing x, see Fig. 8.7, with the exception of x = 1.1 (C) which 
shows no clear magnetic transition. For x = 0 (A) antiferromagnetic order is 
observed below the Néel temperature 228 K, giving rise to magnetic reflec-
tions in-between the reflections from the crystal structure in the neutron 
powder diffraction pattern recorded at 10 K, see Fig. 8.5. Indexing the extra 
reflections requires a magnetic unit cell (aM, bM, cM) with four times the vol-
ume of the crystallographic unit cell (aC), where cM = 2aC and 
aM = bM = 2 aC; the face diagonals of the crystallographic unit cell. A 
magnetic moment of 4.11(9) µB was found at 10 K on the Mn atoms. 

Fig. 8.7 Temperature dependence of the field cooled (fc) and zero field cooled (zfc) 
magnetic susceptibility (  = M/H) of Mn4Ir7-xMnxGe6, x = 0.0 (A); 0.5 (B); 1.1 (C); 
1.3 (D). Inset shows the in-phase component of the ac-susceptibility for x = 1.3, 
measured with frequencies 0.17 Hz; 1.70 Hz; 17.0 Hz; 170 Hz. 

The Mn atoms in Mn4Ir7-xMnxGe6 form an ideal cubic network, with eight 
Mn atoms within the crystallographic unit cell. The simplest antiferromag-
netic arrangement, with antiparallel Mn moments along the sides of the cube 
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axes, see Fig. 8.8(b), would not require the magnetic unit cell to be larger 
than the crystallographic and can therefore be excluded. To account for the 
observed magnetic unit cell the moments on not the adjacent, but the second 
Mn atom along the cube axis must be antiparallel to the first. Due to overlap 
of the magnetic reflections in the powder pattern, it is not possible to distin-
guish between two different models that both fulfil this requirement: A 
( ) sequence, with collinear moments ( …), or two inter-
penetrating magnetic sub-lattices, with antiparallel moments on the respec-
tive sub-lattices but with orthogonal moment directions for the two sub-
lattices, see Fig. 8.8(a). It is also not possible to determine along which crys-
tallographic direction(s) the moments are aligned.  

(a) (b) 
Fig. 8.8(a) One possible magnetic moment arrangement with two orthogonal mag-
netic sub-lattices. The cubic Mn network within 2*2*2 crystallographic unit cells 
shown by dashed lines. (b) The Mn atoms within one crystallographic unit cell. 
Antiferromagnetic nearest neighbour Mn moments, ferromagnetic next nearest 
neighbour Mn moments (incorrect model – requires no superstructure!). 

In contrast to the antiferromagnetic order observed for x = 0 in 
Mn4Ir7-xMnxGe6, for x = 1.3 (D) spin glass behaviour below 90 K is sug-
gested from inspection of the zero-field cooled (zfc) and field cooled (fc) 
magnetic susceptibility vs. temperature curves, see Fig. 8.7. This suggestion 
is supported by results from ac-susceptibility vs. temperature measurements:  
the maximum of the in-phase component of the ac-susceptibility shows fre-
quency dependence, see inset of Fig. 8.7, and is on decreasing the tempera-
ture accompanied by an onset of a finite out-of phase component. In agree-
ment, the neutron powder diffraction pattern recorded at 10 K for this com-
pound shows no extra peaks indicating magnetic long-range order, and also 
no significantly enhanced diffuse scattering that would indicate short-range 
magnetic order.  

The transition from a long-range ordered antiferromagnetic structure to 
spin glass behaviour caused by a few atomic percent Mn substitution in 
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Mn4Ir7-xMnxGe6 is quite unique and therefore interesting. The sensitivity to 
composition may be an effect of geometrically frustrated antiferromagnetic 
interactions. Geometric frustration would arise if antiferromagnetic interac-
tions between the nearest neighbour Mn atoms, along the sides of the cube, 
are of comparable strength to the interaction between the next nearest Mn 
neighbours, along the face diagonals, since both interactions can not be satis-
fied simultaneously.63 Competing nearest and next nearest neighbour anti-
ferromagnetic interactions are suggested by the observation of a magnetic 
unit cell larger than the crystallographic cell, since if only antiferromagnetic 
interactions along the sides of the Mn cubes are considered, the magnetic 
unit cell would be the same as the crystallographic cell, see Fig. 8.8(b). On 
Mn substitution the additional Mn atoms occupy the face centre positions of 
the Mn cubes, introducing a random distribution of short Mn–Mn distances, 
associated with strong magnetic interactions. These randomly distributed 
magnetic interactions can explain the observed spin glass properties for 
x = 1.3. 
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9 Mn3Ir1-yCoySi1-xGex

Prior to the work presented in this thesis there were no reports of ternary 
Mn-Ir-Si or Mn-Ir-Ge compounds, and only a few ternary Mn-Co-Si and 
Mn-Co-Ge compounds had been characterised. The Mn3IrSi compound was 
found to have a crystal structure closely related to the -Mn structure, and in 
contrast to -Mn form a long-range ordered non-collinear magnetic structure 
(Paper III). It was therefore interesting to extend the study to isoelectronic 
compounds of the general formula Mn3Ir1-yCoySi1-xGex (Papers IV, V) and to 
complement the experiments with a theoretical study of these compounds, 
which includes and makes comparison with -Mn properties (Papers III-V). 

9.1 Review of -Mn studies 
Pure -Mn has a weak, temperature independent magnetic susceptibility and 
shows no evidence of magnetic long range order in neutron powder diffrac-
tion64 and NMR measurements.65 Alloying with various transition metal 
elements or Al, Ga, In, Si, Ge, and Sn has from NMR studies been shown to 
induce static magnetic order, interpreted by the authors as antiferromagnet-
ism.66,67 However no long range magnetic order has been observed by neu-
tron diffraction for -Mn alloys.68-70

In 1997, Nakamura presented an overview of investigations of -Mn1-xAlx
(0  x  0.4) by NMR, magnetic susceptibility, electronic specific heat, and 
polarised neutron scattering measurements.71 Aluminium substitution was 
suggested to cause a transition from a spin liquid to a low temperature spin 
glass-like state. The -Mn structure has Mn atoms in two crystallographic 
sites: the 12d and 8c Wyckoff positions in space group P4132.72,73 Al prefer-
entially substitutes Mn in the 12d site. From the site specific NMR signals a 
static magnetic moment of 1.2 µB was found for the 12d site in -Mn0.9Al0.1,
whereas negligible magnetic moments were found for the 8c site (although 
the possibility of weak magnetic order could not be excluded) similar to 
previous results by other authors. In agreement, polarised neutron scattering 
studies suggest a total magnetic moment of 1.24 µB for -Mn0.9Al0.1.71 The 

-Mn1-xAlx (0  x  0.2) system was further studied by Stewens and Cywin-
ski,74 by muon spin relaxation (µSR), with the results corroborating a spin 
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liquid to spin-glass transition induced by Al substitution (x  0.09), with 
localised antiferromagnetically coupled moments.  

As remarked by Shiga and co-workers,75,76 the Mn atoms in the 12d site of 
-Mn form a three dimensional network of triangles, c.f. the Mn atoms in 

Mn3Ir1-yCoySi1-xGex, Fig. 9.2. The triangular geometry is expected to cause 
frustration of competing antiferromagnetic interactions, see Fig. 9.1, as fre-
quently discussed for the two-dimensional analogue, the Kagomé net, as 
well as in three dimensions for the pyrochlore lattice of corner sharing tetra-
hedra. Commonly these systems show suppressed magnetic transition tem-
peratures, lack of long-range magnetic order combined with temperature 
dependent spin dynamics, or non-collinear magnetic structures. For a review 
of the magnetic properties of geometrically frustrated systems, see e.g. Refs. 
77-79.  

Geometric frustration was discussed by Nakamura et al.71 and by Stewens 
and Cywinski74 as a possible explanation for the observed properties of 

-Mn1-xAlx, suggesting that the preferential substitution of Al in the 12d site 
partly releases frustration, inducing a spin liquid to spin-glass transition 
where the volume expansion caused by Al substitution stabilises localised 
moments. 

          
(a)  (b)  (c) 

Fig. 9.1(a) Geometric frustration of antiferromagnetic interactions on a triangle: the 
third spin cannot simultaneously be antiparallel to the other two. (b) The Kagomé 
net. (c) 120  spins on the Kagomé net. 

Several theoretical studies have been performed for -Mn, see e.g. Refs. 80-
82. The most recent one, by Hobbs and Hafner,82 finds a degenerate ground 
state, non-magnetic or weakly ferrimagnetic, of -Mn at the calculated equi-
librium volume (10.84 Å3; a = 6.007 Å). At slightly expanded volumes (in-
cluding the experimental volume 12.44 Å3/atom) a ferrimagnetic state is 
found, where moments within the 12d and 8c sites, respectively, are ferro-
magnetically aligned, and the two sites have opposite moment directions. 
The magnitude of the magnetic moments were found to increase strongly 
with increasing volume, and were larger in the 12d site ( 1.5 µB at 
12.5 Å3/atom) than in the 8c site ( 0.8 µB at 12.5 Å3/atom). The observed 
ferrimagnetic state led the authors to suggest that the antiferromagnetic cou-

?  ?
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plings are strongest between the two sites, rather than between atoms in the 
12d site as was suggested from the experimental studies.  

9.2 Crystal structure of Mn3IrSi, related to -Mn
Mn3IrSi crystallises in the AlAu4 type structure.83 Within space group P213
Mn occupies the 12b site (x, y, z), iridium and silicon two different 4a sites 
(x, x, x). The primitive cubic unit cell contains 20 atoms, i.e. four formula 
units of Mn3IrSi. This structure is an ordered form of the -Mn type struc-
ture. The -Mn structure is described in space group P4132, with the Mn 
atoms occupying a 12d site ( , y, ¼+y) and a 8c site (x, x, x).72,73 In the 
AlAu4 type structure the 8c site of -Mn is split into two 4-fold positions that 
are occupied by different elements, in our case Ir and Si, whereas the 12-fold 
site is preserved, in Mn3IrSi still occupied by Mn. The lower space group 
symmetry, resulting from the ordering of Ir and Si in two different positions, 
gives rise to an observable (200) reflection for Mn3IrSi that was symmetry 
forbidden for the -Mn type structure, see Fig. 9.3. 

The irregular coordination polyhedron around manganese is illustrated in 
Fig. 9.2(b). The three shortest Mn–Mn distances form a set of three corner 
linked equilateral triangles (dashed bonds), with similar side lengths: 2.69–
2.77 Å at 295 K for Mn3IrSi. Each manganese atom links three triangles, and 
a three dimensional network of corner sharing triangles is thus formed, as 
illustrated in the crystal structure picture in Fig. 9.2(a). The iridium and sili-
con atoms are coordinated in a somewhat distorted icosahedral arrangement 
of 9 Mn atoms and 3 Si or 3 Ir atoms, respectively. 

(a) (b)
Fig. 9.2(a) Crystal structure of the Mn3Ir1-yCoySi1-xGex compounds. Three Mn atoms 
from adjacent unit cells, drawn with a smaller radius, are added to complete the 
network of Mn triangles. (In colour in Fig. 13.3.) (b) Mn coordination polyhedron; 
centre Mn atom enlarged.   
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Fig. 9.3 Neutron powder diffraction profiles of Mn3IrSi. Points and line indicate 
observed and calculated intensities, respectively, bottom line the difference between 
the observed and calculated profiles. Top: at 295 K. Tick marks: Bragg reflections 
for the crystal structure. Agreement factors: Rp=4.29%; Rwp=5.46%; Rexp=4.64%;

2=1.39; RBragg=5.71%. Bottom: at 10 K. Upper tick marks: Bragg reflections for the 
crystal structure; lower tick marks: the magnetic structure. Rp=4.59%; Rwp=5.85%;
Rexp=4.75%; 2=1.52; RBragg=5.44%; RMag=7.94%. Inset shows only the magnetic 
diffraction intensity contribution. 

9.3 Magnetic structure of Mn3IrSi
Magnetisation measurements show an antiferromagnetic type transition at 
210 K for Mn3IrSi. In the neutron powder diffraction patterns recorded be-
low the magnetic transition temperature, the magnetic diffraction intensity 
contribution can be indexed by a magnetic unit cell of the same size as the 



41

crystallographic. Two new peaks appear: the (100) and (300) (overlapped by 
(221)) magnetic reflections, which are symmetry forbidden for the crystal 
structure. The magnetic diffraction intensity is mainly superimposed on the 
reflections from the crystal structure, and is shown separately, obtained by 
subtracting the calculated crystal structure contribution, in the inset of the 
neutron powder diffraction profile at 10 K in Fig. 9.3. 

A non-collinear magnetic structure was found to explain the observed dif-
fraction pattern. On a triangle of three near neighbour Mn atoms, the com-
ponents of the magnetic moments that lie in the triangle plane form 120
angles, with small out-of-plane components. This pattern is repeated in the 
three-dimensional Mn network of corner sharing triangles, resulting in zero 
net magnetic moment for the content of the crystallographic unit cell. The 
magnetic moments on three corner sharing Mn triangles are illustrated in 
Fig. 9.4. The triangular arrangement of the Mn atoms leads to geometric 
frustration of antiferromagnetic interactions, as discussed above for the 12d
site of -Mn. The observed 120  moment angles represent a compromise 
solution that gives a zero vector sum in the triangle plane, and as well as 
possible satisfies the competing antiferromagnetic interactions – compare 
Fig. 9.4 and Fig. 9.1. In theoretical calculations the experimental magnetic 
structure was found to have the lowest energy, and the magnitude and direc-
tions of the Mn moments were reproduced within a few degrees from the 
experimental angles. 

(a) (b)
Fig. 9.4(a) The magnetic moments of three corner sharing triangles of near 
neighbour Mn atoms. (b) 120  spin vectors on one triangle shown in projection. 

Since we find that magnetic order can be formed in the 12-fold Mn site by 
adopting a non-collinear spin arrangement, the analogous solution should be 
possible for the 12d site of -Mn. Then geometric frustration in the 12d site 
is not likely to be the only reason behind the observed lack of long-range 
magnetic order in -Mn and its alloys. To investigate if the Mn3IrSi type 
crystal and magnetic structures were stable also for isoelectronic compounds 
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with smaller or larger unit cells, including the unit cell volume of -Mn,
compounds of the general formula Mn3Ir1-yCoySi1-xGex were studied.

9.4 Mn3Ir1-yCoySi1-xGex solid solution 
9.4.1 Complete range of solid solubility 
The isoelectronic sister compounds Mn3IrGe, Mn3CoGe, and Mn3CoSi were 
studied by x-ray and neutron powder diffraction and found to crystallise with 
the same type of crystal structure as Mn3IrSi, despite the differences in 
atomic radii. A complete range of solid solubility was found between 
Mn3IrSi – Mn3IrGe, Mn3IrSi – Mn3CoSi, and Mn3CoSi – Mn3CoGe, with a 
closely linear concentration dependence of the lattice parameter, see Fig. 9.5. 
As expected, an overall decrease of the interatomic distances on decreasing 
unit cell volume was found. However, for one compound, Mn3Ir0.20Co0.80Si,
the shortest and longest Mn–Mn distances deviate from the trend and the 
three corner linked Mn–Mn triangles in the Mn network become somewhat 
more different in size. For comparison, the lattice parameter of -Mn is 
indicated in Fig. 9.5 by a shaded area corresponding to the reported range of 
experimental values: 6.29–6.315 Å.72,73,84,85

Fig. 9.5 Unit cell parameter of  Mn3IrSi1-xGex, Mn3Ir1-yCoySi and Mn3CoSi1-xGex as 
a function of substitution (x or y). Estimated errors are smaller than the symbols. 
Shaded area at the -Mn unit cell parameter. 

9.4.2 Volume dependent magnetic transition temperature 
Magnetisation measurements showed weakly temperature dependent mag-
netic susceptibilities of similar magnitude for all compositions, exemplified 
in Fig. 9.6 for the Mn3Ir1-yCoySi substitution series. The magnetic transition 
temperature depends on the composition, as shown in Fig. 9.7, with the larg-
est variation displayed by the Mn3Ir1-yCoySi samples. Included in Fig. 9.7 is 
also the calculated Mn–Mn interatomic exchange energy, which shows the 
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same qualitative decay on decreasing unit cell dimension, and tendency to 
saturate at a constant level for large unit cell parameters. Within a much 
smaller lattice parameter interval, a similar dependence of the magnetic tran-
sition temperature has been noted for -Mn alloys, e.g. with Co,68 Ir,86 and 
Al.71,74
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9.4.3 Magnetic structure transformation 
The same magnetic structure as for Mn3IrSi was found for Mn3IrGe,
Mn3Ir0.80Co0.20Si, Mn3CoGe and Mn3CoSi0.50Ge0.50, but not for the two com-
pounds with the smallest lattice parameter: Mn3Ir0.20Co0.80Si and Mn3CoSi.
For Mn3Ir0.20Co0.80Si diffuse scattering features appear as an increased curva-
ture of the background at low temperatures, suggesting short-range magnetic 
correlations; see Fig. 9.8(a): most pronounced on the left side of the (110) 
reflection, under the (111) reflection, and on the right side of the (210) re-



44

flection. For Mn3CoSi the diffraction patterns recorded below the magnetic 
transition temperature display more distinct, albeit still relatively broad, 
shoulders in the same positions as the diffuse features observed for 
Mn3Ir0.20Co0.80Si, see Fig. 9.8(b). This indicates that although completely 
well defined long-range order is not achieved, a transformation to a new type 
of magnetic structure, incommensurate with the crystallographic unit cell, 
has started on decreasing the unit cell volume below that of 
Mn3CoSi0.50Ge0.50, which has the lowest volume of the compounds with 
Mn3IrSi type magnetic structure. It is interesting to note that the shoulders in 
the Mn3CoSi diffraction pattern appear next to the Bragg reflections that 
have the highest magnetic intensity in the Mn3IrSi diffraction profile. 
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Fig. 9.8 Neutron powder diffraction profiles for (a) Mn3Ir0.20Co0.80Si at 295 K 
and 10 K, with the 10 K data offset along the intensity axis. Note that only a highly 
magnified fraction of the full peak intensity is shown. (b) Mn3CoSi at 295 K; 120 K; 
75 K; 10 K, plotted with offset along the intensity axis. 
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For Mn3Ir0.80Co0.20Si, a gap is observed between the field cooled and zero 
field cooled magnetic susceptibility curves below the magnetic transition 
temperature, see Fig. 9.6, suggesting spin glass behaviour. However, ac-
susceptibility measurements shows no frequency dependence of the mag-
netic transition temperature and no out-of-phase component of the ac-
susceptibility, which would be expected for a spin glass. 

The Mn3IrSi type magnetic structure has the lowest total energy in calcu-
lations also for Mn3IrGe and Mn3CoGe, with good agreement between the 
theoretical and experimental moment directions and magnitudes. For 
Mn3CoSi two magnetic structure models were found to be very similar in 
energy: the Mn3IrSi type magnetic structure and a magnetic structure where 
two of the moments on a triangle are roughly antiparallel, while the third 
moment is approximately normal to the first two (see Paper V). 

9.4.4 Volume dependent magnetic moment 
For the compounds with the Mn3IrSi type magnetic structure, the magnitude 
of the magnetic moment, determined from neutron powder diffraction meas-
urements, was found to decrease with decreasing unit cell parameter, in good 
agreement with the theoretically calculated magnetic moments, as shown in 
Fig. 9.9. This volume dependence may be expected, since it is commonly 
noted in theoretical results obtained for other systems. The atomic centred 
wave functions have smaller overlap at larger volumes, and hence narrower 
bands, which always results in larger magnetic moments.1

Fig. 9.9 Experimental (Exp.) and calculated Mn magnetic moments as a function of 
lattice parameter for Mn3Ir1-yCoySi1-xGex (Mn3XY) and calculated also for -Mn 
and Mn3IrSi with different volumes. Lines added as guide to the eye. Estimated 
experimental errors are smaller than the symbols. 
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9.4.5 Band structure 
The calculated density of states (DOS) curves were similar for Mn3CoGe
and Mn3IrSi, shown in Fig. 9.10 for Mn3CoGe, where the DOS of the ex-
perimental magnetic structure is compared to the DOS of a hypothetical 
collinear ferromagnetic structure. For the non-collinear magnetic order the 
DOS has fewer states in the vicinity of the Fermi level (EF) and more occu-
pied states at lower energies. Since the DOS corresponds to a k-space inte-
gration of the energy bands for different directions, which were used in the 
discussion of IrMnSi, we can note that a similar band mechanism that was 
proposed to stabilise the non-collinear magnetic structure of IrMnSi may 
also stabilise the non-collinear Mn3IrSi type magnetic structure. If for non-
collinear order energy bands hybridise and thus open up gaps at the Fermi 
level, as observed for IrMnSi, the integrated DOS will shift to lower ener-
gies, as observed for Mn3CoGe.  

Fig. 9.10 The calculated density of states (DOS) for Mn3CoGe in (a) hypothetical 
ferromagnetic configuration, (b) experimental Mn3IrSi type magnetic structure. The 
energies are given relative to the Fermi level (dashed line). 

9.4.6 Prediction of magnetism in -Mn
Included in Fig. 9.9 is also calculated magnetic moments as a function of 
lattice parameter for the two atom sites of -Mn, in a collinear ferrimagnetic 
configuration that gives the lowest energy. The calculated moments agree 
with previous results by Hobbs and Hafner.82 Interstingly, the same trend of 
the magnetic moment magnitude is seen for -Mn and the 
Mn3Ir1-yCoySi1-xGex compounds, especially for the larger magnetic moments 



47

of the -Mn 12d site. Much smaller and faster decaying magnetic moments 
are calculated for the -Mn 8c site, which is the site occupied by Si, Ge, Ir, 
and Co in Mn3Ir1-yCoySi1-xGex.

Since replacing a magnetic element, Mn in the -Mn 8c site, with ele-
ments that have negligible magnetic moments (Si, Ge, Ir and Co*) causes the 
appearance of magnetic order in Mn3Ir1-yCoySi1-xGex, the magnetic Mn atoms 
in the 8c site are for -Mn speculated to contribute with an exchange field on 
the Mn atoms in the 12d site, which for -Mn prevents formation of the 
magnetic structure observed for Mn3IrSi.

If -Mn in a high pressure experiment can be compressed to have a lattice 
parameter in the interval where the 8c site Mn moment is negligible, possi-
bly magnetic order, similar to the Mn3IrSi type magnetic structure or the 
magnetic structure of Mn3CoSi, may be formed by the 12d site moments, 
since they decay more slowly on deceasing volume. 

*Small Co magnetic moments (0.3 and 0.2 µB, respectively) were obtained in the theoretical 
calculations for Mn3CoGe and Mn3CoSi; of too low magnitude to obtain accurate values from 
the neutron powder diffraction measurements. For Si, Ge and Ir the calculated moments are 
< 0.03 µB.



48

10 Mn8Pd15Si7

The two previous chapters have shown examples of geometric frustration of 
antiferromagnetic interactions – competing interactions along the sides and 
face diagonals of a cube for Mn4Ir7Ge6, and on the sides of a triangle for the 
Mn3IrSi type compounds – in both cases leading to unusual magnetic struc-
tures and properties. Geometric frustration will also arise for antiferromag-
netic interactions between atoms situated at the corners of octahedra, since 
the octahedron faces are triangular, see Fig. 10.1(a). For the Cu3Au type 
compounds Mn3Rh, Mn3Pt and Mn3Ir, where the octahedra share corners, 
this results in 120  spins, see Fig. 10.1(b).87-90

Another example of Mn6 octahedra is provided by Mn6Ni16Si7
(Mg6Cu16Si7 type structure91,92), where the octahedra are arranged on a face 
centred cubic lattice (fcc), separated by non-magnetic atoms. The proposed 
magnetic structure for this compound is to have four ferromagnetic moments 
on a plane of one octahedron, with the two spins above and below the plane 
ordered in the opposite direction, thus resulting in a net moment of the octa-
hedron unit. The octahedra in alternating sheets are ordered in opposite di-
rections, giving an overall zero net moment.93

This chapter, and Paper VI, describe a new phase, Mn8Pd15Si7, with a 
crystal structure closely similar to Mn6Ni16Si7. The difference – filling of the 
octahedra with a mixed Pd/Mn site and introducing additional Mn atoms in 
metal sites in-between the octahedra – is shown to disrupt the long-range 
magnetic order that was observed for Mn6Ni16Si7.

(a) (b)
Fig. 10.1(a) Geometric frustration of antiferromagnetic interactions on an octahe-
dron – the two remaining spins can not simultaneously be antiparallel to the four 
ordered spins. (b) The magnetic structure of Mn3Pt, Mn3Rh and Mn3Ir. 
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10.1 Crystal structure 
Mn8Pd15Si7 was found to crystallise in a face centred cubic unit cell, with the 
lattice parameter a = 12.0141(2) Å. The crystal structure can be described 
within the space group mFm3 , with 120 atoms distributed over six non-
equivalent crystallographic sites. The atom coordinates were obtained by 
direct methods from a single crystal x-ray diffraction data set. In the crystal 
structure refinements x-ray and neutron powder diffraction intensities were 
also used, since the single crystal data set suffered from insufficient absorp-
tion correction. Further, in order to obtain reliable values of the mixed metal 
site occupancies simultaneous use of x-ray and neutron diffraction intensities 
was required in the early stages of the refinements. The final refinement 
cycles were performed only for neutron powder diffraction intensities, with 
the fitted diffractogram shown in Fig. 10.2. Small amounts of two additional 
phases are present, Pd2Si and Mn5Si3, which were both included in the re-
finements and estimated at 2% and 0.6%, respectively, in mass of the 
sample.   
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Fig. 10.2 Neutron powder diffraction profile of Mn8Pd15Si7 at 295 K. Points and line 
indicate observed and calculated intensities, respectively, bottom line the difference 
between the observed and calculated profiles. Tick marks: Bragg reflections for 
Mn8Pd15Si7 (upper set), Pd2Si (middle set), and Mn5Si3 (lower set). Agreement fac-
tors: Rp=3.44%; Rwp=4.44%; Rexp=3.13%; 2=2.01; RBragg=5.21%. Inset shows a 
magnified section of the low angle data at 295 K (lower profile) and at 10 K (upper 
profile, with intensity scale offset). 
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The solution that best fits the observed intensities of all data sets is to have 
mixed occupancies of manganese and palladium in three metal sites (32f,
32f, 4a), whereas the fourth metal site (24e) is fully occupied by manganese. 
Full silicon occupancy was found for the 24d and 4b sites. The obtained 
occupancies give the approximate composition Mn8Pd15Si7.

The atom positions of Mn8Pd15Si7 correspond to those of the binary 
Sc11Ir4 type structure94 and of the ternary compound Zr6Zn23Si,95 and can be 
derived from the Th6Mn23,96 and Mg6Cu16Si7 type structures91,92 by filling of 
an octahedral void – for comparison see Table 10.1. Included in Table 10.1 
is also Ti32Ir22Al46,97 an example of a so called G-phase. G-phases are re-
ported for several different transition metal silicides, germanides and alu-
minides of the general formula A6B16(+1)C7, with filled or unfilled Th6Mn23
type structures, and often have mixed site occupancies, see e.g. Refs. 97-101. 
Mn8Pd15Si7 is a new example of a G-phase. 

Table 10.1 Comparison of the Mn8Pd15Si7 crystal structure with some filled and 
unfilled Th6Mn23 derivative structures. 

Compound Mn8Pd15Si7 Zr6Zn23Si Sc11Ir4 Th6Mn23 Mg6Cu16Si7 Ti32Ir22Al46

Type Filled Filled Filled Unfilled Unfilled Filled 
M1, 32f Pd0.94Mn0.06 Zn Sc Mn Cu Al 
(x,x,x) 0.15859(9) 0.16437(4) 0.1567(3) 0.178 0.1684(1) 0.1559(1) 
M2, 32f Pd0.79Mn0.21 Zn Sc Mn Cu Ti0.31Al0.69
(x,x,x) 0.3842(1) 0.37723(4) 0.3833(4) 0.378 0.3770(1) 0.37870(8) 
M3, 4a  Pd0.84Mn0.16 Si Ir  Ti 
(0,0,0)       
M4, 24e  Mn Zn Sc Mn Mg Ti0.89Al0.11
(x,0,0) 0.2145(2) 0.21041(7) 0.1995(8) 0.203 0.1824(3) 0.2106(1) 
Si1, 24d  Si Zn Ir Mn Si Ir 
(0,¼,¼)       
Si2, 4b  Si Zn0.92 Ir Mn Si Ir 
(½,½,½)       
Reference This work 95 94 96 92 97 a
a Coordinates shifted by (½,½,½) relative the cited values, due to different choice of origin.    

An electron diffraction study was undertaken for Mn8Pd15Si7, to search for 
additional ordering of the atoms in the mixed metal sites of the average 
structure. However, no satellite reflections that would indicate modulated 
long-range order, no localised diffuse electron scattering that would indicate 
short-range order, and no deviation from the mFm3  symmetry were de-
tected.

The crystal structure of Mn8Pd15Si7 is illustrated in Fig. 10.3. The Mn at-
oms in the M4 positions form octahedra around the M3 positions. Both Si1 
and Si2 are coordinated by cubes of M1 and M2 atoms, distorted in the case 
of Si1, and a perfect cube for Si2. The M1, M2 and M4 atoms have irregular 
coordination polyhedra of 12, 13, and 9 atoms, respectively. As illustrated in 
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the figure, the complete crystal structure can be built from three of these 
coordination polyhedra: the Mn octahedra at the corners and face centres of 
the unit cell, surrounded by octahedron shaped shells of edge sharing M1 
and M2 cubes. 

Fig. 10.3 The crystal structure of Mn8Pd15Si7, emphasizing the Mn (M4) octahedra 
around the M3 site, and the octahedron shaped shell of edge sharing Si1 (light grey) 
and Si2 (darker grey) coordination cubes. Numbers 1–4 are assigned to atom posi-
tions M1–M4. (In colour in Fig. 13.3.) 

10.2 Short-range magnetic order 
In the neutron diffraction data, in addition to the nuclear Bragg peaks there is 
a broad bump at 2  20  and also an upturn at low angles in the diffuse 
scattering, see inset of Fig. 10.2. These features sharpen at low temperatures 
and are thus most probably of a magnetic character. However, since no new 
Bragg peaks appear, the ordering only takes place on a local scale. This 
magnetic short-range order was investigated by Reverse Monte Carlo simu-
lations (see Paper VI). 
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The shortest Mn–Mn distances, 2.57–2.83 Å, are found between one fully 
and one partly Mn occupied site. For these, dominating antiferromagnetic 
interactions were found. The distance between fully Mn occupied sites, on 
the corners of the octahedra, is considerably longer (3.64 Å) and has a 
weaker tendency for antiferromagnetic correlations.  

However, modelling contributions from four different magnetic sites 
gives room for alternative solutions, where a lesser degree of antiferromag-
netic correlations for one pair is compensated for by stronger correlations for 
another pair. Qualitatively, the overall tendency of antiferromagnetic corre-
lations for nearest neighbour Mn atoms, separated by less than 3 Å, was 
common to all fitted configurations. The Mn atoms on the corners of the 
octahedra, on the other hand, can in an alternative model be forced to ferro-
magnetic alignment, still with reasonably good fit to the data. This model 
would easily lead to long range order and is therefore judged less probable. 
Ferromagnetic moments on the octahedra may be the case for the 16 % of 
the octahedra that are filled with Mn, since the antiferromagnetic coupling 
between the Mn atoms at the corners and centre of the octahedron then 
would align the corner moments ferromagnetically. 

The triangular octahedron faces give rise to geometric frustration of anti-
ferromagnetic interactions for the Mn sites on the corners of the octahedra. 
That alone would however not prevent magnetic long-range order; 120  spin 
angles or the magnetic structure of Mn6Ni16Si7, with an un-equal number of 
“up” and “down” spins on one octahedron, are two possibilities. The ob-
served lack of long-range magnetic order is instead suggested to result from 
a combination of the geometric frustration with the random distribution of 
additional antiferromagnetic interactions that are supplied by the mixed 
Pd/Mn sites in-between the Mn octahedra.
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11 Concluding remarks 

A series of new manganese compounds have been synthesised and their 
crystal and magnetic structure and properties were investigated. The combi-
nation of experimental characterisation by neutron powder diffraction and 
magnetisation measurements with ab initio calculations was fruitful and has 
deepened the understanding of the observed properties. The main findings 
can be summarised as follows: 

IrMnSi crystallises in the TiNiSi type structure. Mn magnetic moments of 
3.8 µB order in a double cycloidal magnetic structure below 460 K, with a 
propagation vector parallel to the c-axis. Nearest neighbour Mn moments 
are almost antiparallel (163  angle), whereas next nearest neighbours are 
close to perpendicular (82  angle). 
Mn4Ir7-xMnxGe6 crystallises in the U4Re7Si6 type structure and has a ho-
mogeneity range of about 8 at.% Mn (0  x  1.3). The Mn atoms form an 
ideal cubic network, which causes geometric frustration of nearest and 
next nearest antiferromagnetic interactions of comparable strength. A 
( ) antiferromagnetic arrangement, with aM = bM = 2 aC; cM = 2aC,
is observed for x = 0. In contrast, spin glass properties are observed for 
x = 1.3, when additional Mn atoms are randomly substituted in a fraction 
of the face centre positions of the Mn cubes. The geometric frustration is 
suggested to cause the sensitivity of the magnetic properties to Mn substi-
tutions, and the random distribution of additional Mn atoms can explain 
the observed spin glass properties. 
A complete range of solid solubility exists between Mn3IrSi – Mn3IrGe, 
Mn3IrSi – Mn3CoSi, and Mn3CoSi – Mn3CoGe, which all crystallise in 
the AlAu4 type structure, an ordered form of the -Mn structure. The Mn 
atoms form a three-dimensional network of corner sharing triangles, 
equivalent to that formed by the 12d site of -Mn, and order magnetically, 
in contrast to -Mn. As a result of geometric frustration of antiferromag-
netic interactions, the magnetic moments order with 120  angles between 
their projections on the triangle planes for compounds with a lattice pa-
rameter larger than 6.31 Å. A gradual transformation towards an incom-
mensurate magnetic structure starts for shorter unit cell axes.  

  The magnitude of the magnetic moment and the magnetic transition 
temperature decrease for decreasing unit cell volume, with the calculated 
magnetic moments of -Mn showing similar volume dependence. The 
120  spin arrangement observed for the Mn3Ir1-yCoySi1-xGex compounds 
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may be possible also for the 12d site of -Mn. Interactions with the 
smaller magnetic moments of the -Mn 8c site, in which Ir, Co, Si and Ge 
are situated for Mn3Ir1-yCoySi1-xGex, are therefore suggested to hinder 
magnetic order formation for -Mn.
Mn8Pd15Si7 crystallises in a filled version of the Th6Mn23 and Mg6Cu16Si7
type structures and can be classified as a G-phase. The Mn atoms form 
octahedra around the corner and face centre positions of the cubic unit 
cell. Geometric frustration of antiferromagnetic interactions on the trian-
gular octahedron faces, in combination with a random distribution of Mn 
atoms in metal sites with mixed Pd/Mn occupancy, which fill, cap and 
link the octahedra, are suggested to cause the observed short-range mag-
netic order, for which nearest neighbour (< 3 Å) antiferromagnetic corre-
lations dominate. 

In conclusion, like for many other Mn compounds, complex magnetic struc-
tures and properties are observed for these new Mn silicides and germanides. 
Their magnetic structure and properties are clearly very sensitive to the Mn 
atom surrounding, especially the distribution of near neighbour Mn atoms.  
For all the new compounds, near neighbour Mn atoms show a strong prefer-
ence for antiferromagnetic alignment and despite this non-collinear magnetic 
order is formed in most cases.  

Geometric frustration, caused by the Mn atom arrangement in the crystal 
structure, is demonstrated to be an important factor behind formation of non-
collinear magnetic structures. In combination with a random distribution of 
Mn atoms in mixed metal sites, geometric frustration is also observed to 
cause magnetic short-range order, spin glass properties and concentration 
dependent magnetic properties.  

The calculated band structures of IrMnSi and Mn3CoGe indicate that the 
non-collinear spin arrangement is stabilised over a collinear ferromagnetic 
structure by a previously suggested electronic structure effect,1,2 where bands 
for the non-collinear magnetic structure hybridise, open up band gaps at the 
Fermi level, and thus lower the total energy. It is not unlikely that this effect 
occurs also for the other compounds with non-collinear magnetic order.  

This work provides some clues to the preferred magnetic structures of the 
new manganese compounds. Rather than providing a complete and unified 
understanding of why manganese compounds show such complexity, which 
may be a bit futile to ask for, it further verifies that Mn compounds indeed 
often form complicated crystal and magnetic structures. Thus studies of 
manganese compounds are truly fruitful for revealing mechanisms behind 
formation of non-collinear magnetism and complex magnetic properties. 
Furthermore, it is great fun once you manage to solve the crystal and mag-
netic structures! 
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13 Summary in Swedish 

Struktur och magnetism hos nya manganföreningar 
Målet med min forskning, vilken sammanfattas i denna avhandling, har varit 
att öka förståelsen för vad som styr de magnetiska egenskaperna hos man-
ganföreningar. Detta är ren grundforskning och de kemiska föreningar som 
studerats har inte några direkta tillämpningar idag. Steget mellan grund-
forskning och industriell tillämpning är dock ofta kort och den förståelse 
som forskningen ger är en nödvändig förutsättning för att utveckla framtida 
teknologiskt viktiga produkter.  

Magnetiska material används i mycket som vi utnyttjar i vårt vardagliga 
liv. Som exempel kan nämnas att de används i motorer och transformatorer 
för framställning och transport av elektrisk ström, inuti högtalare, samt för 
lagring och avläsning av information i hårddiskar, videobandspelare och 
betalkort. Produktens prestanda och utvecklingsmöjligheter styrs av egen-
skaperna hos de magnetiska materialen. För att driva utvecklingen framåt 
mot exempelvis mindre motorer och snabbare datorer med större lagringska-
pacitet krävs nya material som kan konkurrera ut de gamla. I sökandet efter 
bättre material är det viktigt att framställa och karakterisera nya kemiska 
föreningar.

13.1 Arrangemang av atomer och magnetiska poler 
Material är uppbyggda av atomer och hur atomerna binds samman avgör 
materialets egenskaper. I så kallat kristallina material sitter atomerna ordna-
de i ett mönster som upprepas i alla riktningar. Detta mönster kallas kristall-
struktur och kunskap om en kemisk förenings kristallstruktur är viktig för att 
förstå dess egenskaper.  

I ett magnetiskt material fungerar varje magnetisk atom som en liten mi-
niatyrmagnet, se Figur 13.1. Miniatyrmagneterna kan peka i olika riktningar 
och i så kallat magnetiskt ordnade material bygger de upp ett mönster som 
upprepas i alla riktningar. Detta mönster kallas magnetisk struktur och det 
styrs ofta av kristallstrukturen. Vilken magnetisk struktur materialet har 
påverkar dess magnetiska egenskaper.  
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Figur 13.1 Magnetiska strukturer. En stavmagnet har en nord- och en sydpol. Om 
den bryts i delar bildar varje del en ny stavmagnet. Om delarna bryts sönder till de 
minsta byggstenarna, atomerna, har de magnetiska atomerna en nord och en sydpol. 
För stavmagneten pekar alla nordpoler i samma riktning (a), så kallad ferromagne-
tisk struktur. Alternativt kan polerna i intilliggande atomskikt ordnas åt motsatta håll 
(b), så kallad antiferromagnetisk struktur.

För att öka förståelsen för vad som styr manganföreningars magnetiska 
egenskaper har mitt arbete varit fokuserat på att framställa nya manganföre-
ningar, samt ta reda på deras kristallstruktur och magnetiska struktur. Med 
hjälp av teoretiska beräkningar i samarbete med fysiker har förklaringar 
sökts till varför de aktuella magnetiska strukturerna bildats. 

Den viktigaste analystekniken har varit neutrondiffraktion, som är en unik 
metod för att studera magnetiska strukturer. Neutronen är nämligen också en 
liten magnet, så när en neutronstråle träffar ett magnetiskt material ändrar 
den riktning p.g.a. magnetiska krafter från materialets atomer. Vi mäter ett så 
kallat diffraktionsmönster, se Figur 13.2, dvs. antalet neutroner som kommer 
ut ur materialet i olika vinklar och kan utifrån detta mönster räkna ut hur 
kristallstrukturen och den magnetiska strukturen ser ut.  

Jag framställer föreningarna genom att smälta samman mangan med 
andra grundämnen i olika proportioner. Detta kräver mycket höga tempera-
turer, ofta 1 500-2 500 C och måste utföras i vakuum för att undvika reak-
tion med luftens syre. 
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Figur 13.2 Illustration av neutrondiffraktion. En neutronstråle (a) träffar ett antifer-
romagnetiskt material (b) och kommer ut i olika antal i olika vinklar (c). Hur antalet 
neutroner fördelas över de olika vinklarna kallas ett diffraktionsmönster. Detta har 
ritats upp i (d).  
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13.2 Några nya manganföreningar  
13.2.1 Magnetisk struktur hos trianglar 
I det här arbetet har en rad nya manganföreningar framställts. En av dessa, 
Mn3IrSi, visade sig ha en kristallstruktur mycket lik en av grundämnet man-
gans olika varianter: -Mn. Manganatomerna i Mn3IrSi bildar ett nätverk av 
trianglar, där de magnetiska momenten (miniatyrmagneterna) strävar efter att 
ordnas antiferromagnetiskt. Triangelns geometri gör detta omöjligt och i 
Mn3IrSi bildas en kompromisslösning där de magnetiska momenten ordnas 
med 120  vinklar, se Figur 13.3(a), ett resultat av så kallad geometrisk fru-
stration. Tidigare undersökningar har visat att -Mn inte bildar någon mag-
netiskt ordnad struktur och just den geometriska frustrationen har angivits 
som ett skäl till detta (samma mangantrianglar finns i -Mn). Eftersom vi ser 
att de magnetiska momenten faktiskt kan ordnas på trianglarna var det in-
tressant att försöka framställa fler föreningar med den här strukturen och 
undersöka deras magnetiska struktur. 

Det visade sig att föreningarna Mn3IrGe, Mn3CoSi och Mn3CoGe har 
samma kristallstruktur som Mn3IrSi och att det råder fullständig fast löslig-
het mellan föreningarna, dvs. vi är fria att blanda iridium och kobolt i ett 
atomläge och kisel och germanium i ett annat. Detta resultat är spännande 
och lite oväntat eftersom atomerna har ganska olika storlekar.

Flera av föreningarna har likadan magnetisk struktur som Mn3IrSi, men 
för dem med minst enhetscellvolym (enhetscell kallas ”lådan” som inrym-
mer kristallstrukturen) förändras den magnetiska strukturen. Storleken på de 
magnetiska momenten, dvs. hur starkt magnetiska manganatomerna är, 
minskar med minskad enhetscellvolym. Teoretiska beräkningar visar att 
även de magnetiska momenten i -Mn lyder under detta volymberoende och 
möjligheten finns att om -Mn trycks ihop till lite mindre enhetscellvolym 
kan en magnetiskt ordnad struktur bildas – eventuellt liknande den hos 
Mn3IrSi.

13.2.2 Magnetisk spiralstruktur 
För en annan ny förening, IrMnSi, där de magnetiska manganatomerna bil-
dar zick-zackmönster, ordnas de magnetiska momenten i en spiralstruktur
som är stabil upp till 187 C, se Figur 13.3(b). Förklaringen till den kompli-
cerade och relativt ovanliga magnetiska strukturen står att finna i kristallens 
elektronstruktur (energin hos elektroner som rör sig i olika riktningar i kris-
tallstrukturen), där detta arrangemang leder till en sänkt totalenergi, något 
som naturen alltid eftersträvar. 
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13.2.3 Olika mangankoncentrationer – olika egenskaper 
”Systerföreningen” till IrMnSi, IrMnGe, är inte stabil utan omvandlas under 
värmebehandling till Mn3IrGe och Mn4Ir7-xMnxGe6, där x = 1.3. 
Mn4Ir7-xMnxGe6 har ett så kallat homogenitetsområde, dvs. mangan-
koncentrationen kan varieras mellan x = 0 och x = 1.3. I kristallstrukturen 
bildar manganatomerna ett kubiskt nätverk, se Figur 13.3(c) och när x > 0 
byts en del av iridiumatomerna på kubernas sidor ut mot mangan. Denna lilla 
förändring av mangankoncentrationen leder till oväntat dramatiska effekter 
på de magnetiska egenskaperna. Med bara iridium på ytorna (x = 0) fås en 
antiferromagnetisk struktur. För x = 1.3 leder den slumpmässiga blandning-
en av iridium och mangan till spinnglasegenskaper, där de magnetiska mo-
menten under en kritisk temperatur  (-183 C) ”fryser” i slumpmässiga rikt-
ningar.

13.2.4 Ofullständig ordning 
Slumpmässig fördelning av de magnetiska manganatomerna förklarar också 
varför Mn8Pd15Si7 inte är magnetiskt ordnad. Föreningen har en komplicerad 
kristallstruktur där manganatomerna dels bildar oktaedrar, samt dels blandas 
med palladium i flera atomlägen mellan oktaedrarna, se Figur 13.3(d). Istäl-
let för spinnglasegenskaper bildas i det här fallet magnetisk närordning, där 
momenten på de närmaste grannatomerna oftast är antiferromagnetiskt ord-
nade, men där ordningen inte upprepas över längre avstånd. 

13.3 Slutsatser  
Avslutningsvis kan jag konstatera att föreningarna jag undersökt har ovanli-
ga och komplicerade magnetiska strukturer. Resultaten visar att den magne-
tiska strukturen, liksom de magnetiska egenskaperna, är mycket känsliga för 
manganatomernas närmaste omgivning, speciellt för hur de närmaste man-
gangrannarna fördelas. För de närmaste grannarna finns i samtliga förening-
ar en stark strävan efter antiferromagnetisk ordning. Kristallstrukturens 
geometri är en viktig orsak till att momenten inte ordnas helt antiparallellt. 
En annan orsak är detaljer i elektronstrukturen. Med slumpmässig fördelning 
av manganatomer fås mer oordnade magnetiska strukturer och koncentra-
tionskänsliga magnetiska egenskaper.  

Figur 13.3(a) Kristallstrukturen hos Mn3IrSi (vänster) innehåller trianglar av man-
ganatomer. På en triangel (mitten) kan den tredje pilen (= magnetiska momentet: 
stavmagneten i tidigare figurer) inte samtidigt peka i motsatt riktning mot de båda 
nedre pilarna. En 120 -magnetisk struktur (höger) bildas därför. (b) Kristallstruktur 
och magnetisk struktur för IrMnSi. (c) Kristallstruktur för Mn4Ir7-xMnxGe6 med röda 
mangankuber och mörkgråa iridium+manganlägen. 
(d) Kristallstruktur för Mn8Pd15Si7 med röda manganoktaedrar. Blåa och gråa kuber 
av blandbesatta lägen med palladium+mangan omger två olika kisellägen. 
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