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Manganese-Aluminium is an alloy with attractive ferromagnetic properties
when L10 -structured (τ -phase). If sufficient permanent magnetic properties can be achieved at a low cost, it has potential to be a new permanent
magnet material on the market. In this thesis, drop synthesized ingots of
Mn55 Al45 C2 were crushed and examined as solid pieces and as powders.
The goal was to better understand how the material behaves magnetically
after synthesis in relation to its chemical composition and cooling rate. Representative cross-sections of solid ingot pieces were created by mounting the
pieces in polyfast followed by polishing. The surfaces were studied with
Scanning Electron Microscopy and Energy-dispersive X-ray spectroscopy to
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The powder that was extracted from the top of one of the drop synthesized
ingots was nearly pure τ -phase but did not have an impressive magnetization.
A complementary magnetic measurement was done on a solid piece from the
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a mortar and pestle, greatly reduces the magnetization.
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Mikrostruktur och magnetiska egenskaper hos
MnAl-baserade permanentmagnetiska material
Axel Nyberg
Permanentmagneter spelar en viktig roll i dagens samhälle, speciellt inom hållbara
energilösningar. För energisektorn används permanentmagneter i generatorer för att omvandla
mekanisk energi till elektrisk energi, exempelvis i vindkraftverk. Genom rotation av en
permanentmagnet induceras en elektrisk spänning i närliggande kretsar. Detta sker i enlighet
med Faradays lag genom att permanentmagnetens yttre magnetfält cykliskt förändras genom
rotationen. Permanentmagneter skapar spontant ett magnetiskt fält och har en exceptionell
styrka att motstå yttre magnetfält för att bibehålla storleken på sitt egna magnetfält. Behovet
att motstå yttre magnetfält är på grund av den inducerade spänningen som skapar ett motsatt
riktat magnetfält som försöker motverka permanentmagnetens magnetfält.
Världsmarknaden för permanentmagneter domineras idag av två typer, sällsynta
jordartsmetallbaserade magneter (innehållande neodym eller samarium) och hårdmagnetiska
ferriter. Magneter med sällsynta jordartsmetaller är de mest kraftfulla permanentmagneter vi
har idag. Dock, på grund av de sällsynta jordartsmetallers begränsade tillgång på marknaden
är kostnaden hög för dessa typer av permanentmagneter. Hårdmagnetiska ferriter har i många
tillämpningar inte tillräckligt goda magnetiska egenskaper för att vara ett rimligt alternativ till
de sällsynta jordartsmetallbaserade permanentmagneterna. Det finns därför ett behov att hitta
ett lågkostnadsmaterial med goda permanentmagnetiska egenskaper mellan de hos sällsynta
jordartsmetaller och hårdmagnetiska ferriter.
Mangan-aluminium (MnAl) är en legering som teoretiskt sett har dessa egenskaper när den är
kristalliserad i en metastabil struktur (känd som tau-fas). I denna fas kopplar de magnetiska
momenten för Mn atomerna ferromagnetiskt och materialet får de eftertraktade magnetiska
egenskaperna. För att materialet ska uppnå sin fulla permanentmagnetiska potential måste
även mikrostrukturen anpassas. Kristalliterna (de små kristallerna av tau-fasen) måste bli
tillräckligt små, under 1 mikrometer för MnAl. Detta gör att kristalliterna endast har en
magnetisk domän. Om kristalliterna är större så minimeras energin genom att kristalliterna
delar upp sin magnetisering i motsatt riktade magnetiska domäner som sänker den totala
remanenta magnetiseringen (magnetisering utan påverkan från ett yttre magnetfält).
Kristalliterna måste även vara orienterade åt samma håll så att riktningen på alla magnetiska
moment sammanfaller. Om detta uppfylls så får materialet en hög magnetisering, utan
påverkan från ett yttre magnetfält, och den motstår motriktade yttre magnetfält bättre genom
att motriktade magnetiska domäner har svårare att tillväxa. Genom att mala materialet till ett
fint pulver med en partikelstorlek under 1 mikrometer, rikta upp partiklarna med ett yttre
magnetfält och sedan pressa ihop dem så kan de permanentmagnetiska egenskaperna
realiseras.
I detta examensarbete undersöktes två droppsyntetiserade göt av MnAl dopat med kol (C) som
påvisats stabilisera den metastabila strukturen. Fokus för arbetet har legat på hur materialet
beter sig magnetiskt efter syntetiseringen och inte på den efterbehandling som krävs för att
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göra en permanentmagnet av materialet. Det ena götet har kylts direkt från smälta, 1400 °C till
rumstemperatur, medans det andra götet kyldes från 1400 °C till 1200 °C och uppehölls vid
1200 °C i 30 minuter innan det kyldes till rumstemperatur. Göten krossades till
millimeterstora bitar och till pulver. Bitarna polerades för att skapa en tvärsnittsyta vars
mikrostruktur undersöktes för att se hur materialet ser ut kemiskt på mikronivå och hur kemin
påverkar magnetiseringen. Pulver från göten undersöktes för att se vilka faser som har bildats
vid syntesen och vilken mättnadsmagnetisering som kan uppnås (den högsta magnetisering
materialet kan uppvisa vid ett pålagt yttre magnetfält). Vid kemisk analys av bitarnas
mikrostruktur upptäcktes aluminiumrika områden på tvärsnittsytorna. Dessa påvisades vara
omagnetiska och troligen bestå av andra faser än den eftersträvade tau-fasen.
Från det göt som kyldes från 1200 °C togs bitar och pulver från mitten och toppen av provet
för att se inverkan från kylhastigheten. Det visade sig att pulvret från toppen nästan helt
bestod av den eftersträvade tau-fasen medans pulvret från mitten hade en del oönskade faser.
Förvånansvärt nog så uppnådde mittenpulvret en högre magnetisering än toppulvret. Det
noterades att pulvret från toppen av götet hade malts finare. Därför genomfördes en
kompletterande magnetiseringsmätning på en solid bit från toppen. Denna bit uppnådde en
högre magnetisering vid ett mycket lägre pålagt fält än för pulvret från samma del. Detta
påvisar att materialet är känsligt för malning, även vid mortling för hand, vilket inverkar starkt
negativt på magnetiseringen. Denna känslighet måste tas i åtanke vid fortsatt behandling av
materialet efter syntetisering.

Examensarbete 30 hp på civilingenjörsprogrammet
Teknisk fysik med materialvetenskap
Uppsala universitet, Juni 2017
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Saturation magnetization
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Chapter 1

Introduction
Permanent magnets have an indispensable role in modern society. Their applications range from power generators in the electrical power grid, converting mechanical energy to electric energy, to audio speakers so powerful you can get tinnitus [1].
Today, all the high performance permanent magnet materials are made with rare
earth elements, such as neodymium and samarium. A high performance permanent
magnet material exhibits a large maximum energy product (BHmax ), this value represents how much energy that can be stored in the material when optimally shaped.
However, this value does not tell the whole truth about which material is the most
suitable for a specific application. For example, in some areas high working temperature and corrosion resistance may be critical.
However, the demand and applications for high performance permanent magnets are growing and, at the same time, the supply of rare earth elements is limited.
The world-wide demand for rare earth elements is expected to grow with 8-11 %
per year which far exceeds the current production capability [2]. The cost of these
elements are therefore high and volatile as long as the demand is not met. This will
make the cost for the rare earth based permanent magnets high and volatile as well.
Therefore, there is an interest in finding alternative permanent magnet materials without rare earth elements. Some rare earth free permanent magnet materials already exist on the market, commonly known as ferrites and Alnicos, they are
cheaper but have a low energy density compared to the rare earth based magnets,
see figure 1.1. This leaves a performance gap that could potentially be filled by new
permanent magnet materials [3].
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F IGURE 1.1: Maximum energy product development of hard magnetic materials in the 20th century and a presentation of different
types of materials with comparable energy densities [4]. The y-axis
show the energy product in both cgs (left) and SI units (right) where
1 MGOe = 4π · 10–2 kJm–3 .

Cost is a critical factor alongside the necessary magnetic properties to fill the
performance gap. Manganese-aluminium (MnAl) has attractive magnetic properties
and the elements are in no limited supply. This can make the cost for fabricating a
permanent magnet of the material reasonable. The theoretical maximum energy
density of Mn50 Al50 has been calculated to be 12.64 MGOe (100.6 kJ/m3 ) [5]. MnAl
therefore has potential to be in the same energy density range as the best of Alnicos,
as seen in figure 1.1. The raw material cost for MnAl is much lower than those of
Alnicos and lies in the same range as the ferrites [6].
It has been stated that MnAl should be able to compete with the conventional
permanent magnet materials, as represented in figure 1.1, if an energy product in
the range of 100 kJ/m3 and a fabrication cost lower than 10 $kg–1 could be achieved
[3].
MnAl has its attractive magnetic properties when crystallized in its ferromagnetic τ -phase (L10 structured, space group P4/mmm). Though, this ferromagnetic
phase is metastable and can decompose into the non-magnetic β- and γ-phases, as
illustrated in the partial MnAl phase-diagram in figure 1.2.

Chapter 1. Introduction
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F IGURE 1.2: Partial phase diagram of the Mn-Al system [5].

By adding carbon, the carbon atoms position themselves interstitially in the L10
structure and are found to improve the temperature stability [7, 8].
The commonly used methods to synthesize the desired τ -phase are either arc
melting, induction melting or gas atomization [9, 10, 11, 12]. The reason for that
there is no standard synthesis is because, in addition to just acquiring the τ -phase,
the microstructure also influences the magnetic properties. Some synthesis routes
may prove more advantageous when utilizing a specific processing technique after
synthesis.
In this thesis Mn55 Al45 C2 ingots were formed by drop synthesis, using the proper
cooling rate, this method achieves the τ -phase directly [13]. The goal was to see how
the synthesized material behaves magnetically in relation to its chemical composition and cooling rate.
For further studies a stronger emphasis should be put on the microstructure.
Since the τ -phase is metastable it makes the processing after synthesis complicated.
The microstructure needs to be optimized in order to achieve a useful remanent
magnetization and coercivity.
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Chapter 2

Background
This chapter presents an overview of permanent magnet materials. The basics on
how the materials behave magnetically are explained and which properties that are
of interest when considering a potential permanent magnet material are described.

2.1

Ferromagnetism

Permanent magnets consist of a material that is either ferro- or ferrimagnetic. These
types of magnetic ordering are required for there to be a magnetization without an
external magnetic field, i.e. a spontaneous magnetization. The magnetization is
defined as the total magnetic moment divided by the volume of the sample.
The nature of a material exhibiting a magnetization is fundamentally due to a
quantum mechanical exchange interaction between magnetic moments of electrons.
The magnetic moments of these electrons can either cancel each other out or add up
to create a larger magnetic moment. The transition metals Mn, Fe, Co and Ni are capable of carrying large atomic magnetic moments due to having unpaired electrons
whose magnetic moments add up.
However, even if the atoms themselves carry a large magnetic moment, the coupling of the atomic magnetic moments can also either cancel or add up. The coupling
of the magnetic moments between the atoms will decide if the material will exhibit
a spontaneous magnetization or not.
In the case of ferromagnetism, the coupling between the atoms keeps the magnetic moments parallel as in figure 2.1(a), this is the ideal case.
Ferrimagnetic materials basically consist of two sublattices magnetized in opposite directions and of different magnitude. The net magnetization is the difference
between them. This still results in a net magnetization, as shown in figure 2.1(b).
The material is antiferromagnetic if the magnetic moments have the same magnitude in the two sublattices but are reversed, which results in zero net magnetization,
see figure 2.1(c).

(a) Ferromagnetism
M 6= 0

(b) Ferrimagnetism
M 6= 0

(c)

Antiferromagnetism
M=0

F IGURE 2.1: Schematic of the alignment of ionic magnetic moments.
The size of the arrows represents the magnitude of the magnetic moment.
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Magnetic anisotropy

Magnetic anisotropy simply means that the magnetic properties depend on the direction in which they are measured [14]. This strongly affects the magnetization and
coercivity and is therefore important to have in consideration when constructing
permanent magnet materials.
The magnetic anisotropy consists of several kinds of anisotropies, only one of
these is intrinsic, namely the magnetocrystalline anisotropy. As the name suggests,
the magnetization depends on the crystal orientation. Meaning that the crystal has
one or more ’easy directions’ of magnetization.
Uniaxial crystals have a single easy direction of magnetization with all other directions in the basal plane equally hard. Along this easy axis the magnetization can
point either up or down. Therefore, because of their high directional dependence,
compounds that crystallize as uniaxial crystals are of great interest when considering permanent magnet materials [14].
This is mainly due to the easy manufacturing process of pressing and sintering
powders. If the particles are made up of single crystals that are uniaxial, an applied
magnetic field can line them up with their easy axis parallel to the field. The powder
particles can then be locked in this preferred orientation by compacting. With all
the easy directions parallel, the magnetization of the material will be high and with
the single crystals sufficiently small to be single-domain (more of domains in section
2.1.2), the coercivity will be high as well.
The magnitude of the magnetocrystalline anistropy generally decreases with increasing temperature and vanishes at the Curie temperature along with the coercivity which depends on the anisotropy.
The extrinsic magnetic anisotropies, such as shape and stress anisotropy, are induced when processing the material.

2.1.2

Magnetic domains

All ferromagnetic materials are made up of magnetic domains. A magnetic domain
is a region within a material that has a spontaneous magnetization and is separated
from other magnetic domains by domain walls. The formation of magnetic domains
will be arranged as to minimize the magnetostatic energy (can be associated with the
reduction of magnetic flux outside the material). A schematic of this is represented
in figure 2.2
Magnetic domains will not form indefinitely. The domain walls that are formed
with each magnetic domain also add energy, therefore, magnetic domains are only
formed if it is energetically favorable, i.e. when the reduction of magnetostatic energy is greater than the energy that gets added by forming the domain walls [15].
As stated above, the process of magnetic domain formation is a matter of minimizing energy. Crystals within most materials have imperfections which greatly
influences the magnetic domain structure. When no external fields are present, the
domain walls usually position themselves at inclusions (non-magnetic regions) or
are hindered from moving by residual microstress (which is caused by crystal imperfections such as dislocations) [15]. Domain walls also tend to be pinned at grain
boundaries, which is a form of inclusion. The pinning could be due to a different
phase at the grain boundary and/or because of a different crystal orientation of the

2.2. Properties of interest for Permanent Magnet Materials
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F IGURE 2.2: Schematic of how the formation of magnetic domains
inside a uniaxial crystal reduces the stray magnetic field.

neighboring grain (i.e. the easy directions of magnetization for the grains do not
coincide).
If an external magnetic field is applied to a polycrystalline sample, the domains
with magnetization vectors close to the direction of the field will grow while the
domains with unfavorable magnetization vectors will shrink. The final stage before
reaching the saturation magnetization is the domain magnetization rotation. This
requires larger fields to overcome the magnetocrystalline anisotropy.

2.2

Properties of interest for Permanent Magnet Materials

The properties of interest for permanent magnet materials are the following:
1. Saturation magnetization Ms [A/m] - The magnetization reaches this value
when it becomes constant under the influence of an increasing external magnetic field, i.e. all the magnetic moments are aligned in parallel with the external magnetic field.
2. Remanent magnetization Mr [A/m] - After saturation, this is the value of the
magnetization when the external magnetic field has been removed.
3. Uniaxial magnetocrystalline anisotropy energy K1 [Jm–3 ] - For a uniaxial crystal, this constant represents an energy difference and corresponds to the energy
per unit volume required to rotate the magnetization vector 90°away from its
easy direction. This value sets a limit for the coercivity that can be achieved.
4. Coercivity Hc [A/m] - The magnitude of the external magnetic field required
to drive the magnetic flux density to zero. (The intrinsic coercivity is when the
magnetization is driven to zero).

8
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5. Maximum energy product (BH)max [Jm–3 ] - This represents the maximum energy that can be stored by the material when it is optimally shaped. Often used
as a figure of merit for permanent magnet materials.
6. Curie temperature Tc [K] - Over this temperature the material loses its ferromagnetic properties and becomes paramagnetic (no spontaneous magnetization).
[16]

For a material to be considered a good candidate, these listed properties should
be sufficiently high in relation to the cost of fabricating the material. How well the
cost - properties relation compares with that of the conventional permanent magnet
materials is the decisive factor. A rectangular M-H hysteresis loop with Mr = Ms and
Hc > 12 Ms is ideal (to achieve a high energy product). More factors that weigh in
when considering a material for a specific application (that indirectly influences the
magnetic properties) are temperature stability, corrosion resistance and mechanical
strength.
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Chapter 3

Experimental
3.1

Materials

High purity raw materials of Mn (Purity 99.999%), Al (Purity 99.999%) and C (Purity
99.999%) were used. Ingots of Mn55 Al45 C2 were produced under a highly pure
argon atmosphere of 400 mbar through drop synthesis. The drop synthesis setup can
be seen in figure 3.1. A highly pure atmosphere was achieved by vacuum pumping
down the system and regularly flushing it with argon (the setup is explained in
detail elsewhere [17]). Al and C were melted together at 1000 °C in the induction
heated crucible. After the melt had became stable, pieces of Mn were dropped into
the melt. After all Mn had been added, the melt was heated up to 1400 °C and
kept there for 5 min to homogenize. The following steps differed between the drop
synthesized ingots. The steps are explained below for each sample:
• Sample 1: The ingot was acquired from the melt by naturally cooling it from
1400 °C down to room temperature by "shut-down" of the instrument.
• Sample 2: The ingot was acquired from the melt by cooling it from 1400 °C to
1200 °C. It was then kept at 1200 °C for 30 min to homogenize, followed by
natural cooling down to room temperature by "shut-down" of the instrument.

F IGURE 3.1: Image of the instrument used for drop synthesis. (1)
Tube where the Mn pieces were kept before dropped into the melt.
This was done by using a magnet to push them towards the main
tube. (2) Induction heated aluminium crucible positioned on a water
cooled holder with approximately 30 °C water flowing through it.
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The cooling rate throughout the ingot is not known. It can be said that the bottom
part experiences the fastest cooling rate due to the water cooling.

3.2

Processing

The ingots were crushed into smaller pieces using a hammer.
For the sample 2 ingot, small pieces (approximately 50 mm3 ) were taken from
the top and middle part, as illustrated in figure 3.2. They were to be mounted in
polyfast (Struers).

F IGURE 3.2: Illustration of which parts of the Sample 2 ingot that
were analyzed.

With an agate mortar and pestle, two other pieces from the regions, top and
middle, were grinded to powder. Another piece from the top was taken for magnetic
measurement to be compared with the one grinded to powder.
For the sample 1 ingot, it is not known which part of the ingot the pieces were
taken from (top, middle or bottom). This is due to the ingot had been synthesized
and pieces had been extracted before the thesis work started.

3.2.1

Mounted ingot pieces

The ingot pieces were prepared for the SEM, MOKE and MFM measurements.
Sample 1
The ingot piece was molded into a cylinder of polyfast and polished at Höganäs AB
using similar processes as described below for sample 2. The one distinct difference
was that it was automatically polished and etched. Then automatically polished
again and subjected to oxide polishing as the last polishing process, giving the sample a more smooth surface.
The molded cylinder was sawed 10x10x12 [mm3 ] for the magneto-optic measurements.
Sample 2
The small ingot pieces were molded into cylinders of polyfast using a mounting
press. The ingot pieces were oriented in a way as illustrated by the red lines in
figure 3.2, where the outermost part had experienced a faster cooling.
For the molding procedure, 15 ml of polyfast for SEM (Struers) was poured on
one small ingot piece in a Simplimet 2000 (Buehler). The mounting was done under
180 °C and 250 bar, 6 min heating and 2 min cooling.

3.3. Characterization
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The surfaces of the mould cylinders were then manually polished using a grinder
polisher unit, Metaserv 2000 (Buehler). They were heavily polished until a representative cross section of the small ingot pieces could be seen.
• The cylinder of the middle-part ingot was further manually polished using
plates of polycrystalline diamonds with gradually reducing grain size of 6, 3,
1 and 1/4 µm.
• The cylinder of the top-part ingot was further manually polished using a plate
of polycrystalline diamonds with grain size of 6 µm. Then it was subjected to
oxide polishing as the last polishing process.
The cylinders of the top- and middle-part ingots were sawed 5x5x10 [mm3 ] with
the ingot pieces centered on the polished surfaces. These dimensions in the plane
were needed for the magneto-optic measurements in order to be able to apply a
high enough magnetic field. From the sawing the surface was contaminated with
carbon particles. They were then glued to 5x5[mm2 ] sawed aluminum stubs. These
stubs are commonly cylindrical in use for SEM.

3.2.2

Powders

For the XRD, the powders were distributed with ethanol over a silicon plate and
then placed in the instrument.
For the VSM, the powders were weighed and encapsulated in copper foil before
being mounted in a boron-nitride sample holder. The copper foil was used to keep
the powder in place and to ensure that the powder is in thermal equilibrium with its
surroundings.
For the PPMS, the powders were weighed and prepared in gelatine capsules
with varnish to make sure that the powder does not move. If the powder moves, the
measured value for the coercivity would be decreased and incorrect.

3.3
3.3.1

Characterization
Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy (SEM with EDS)

This type of microscopy builds an image point by point by scanning the surface
with a focused electron beam. When the electron beam interacts with the material it
excites a volume that depends on the type of atoms and their composition, energy of
the beam and the beam diameter. From the excited volume there are some scattering
processes that give different information that can be utilized. Mainly back-scattered
electrons were used for imaging, giving compositional information. The contrast in
these images depends on the type of atoms excited (lighter elements appear more
dark). Also, characteristic X-rays were detected (EDS) for mapping the distribution
of elements over different areas.
The sample was demagnetized before use, using a demagnetizer by MB Instruments.
The instruments used were a Zeiss 1550 with AZtec EDS and a Zeiss 1530. An
acceleration voltage of 20kV and 6.5 mm working distance were used for the EDSmapping. This is a recommended standard setting. The AZtec (INCA energy) software was used for the X-ray mapping and element analysis.
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The images acquired from the back-scattered electrons were modified with the
GNU Image Manipulation Program (GIMP) to enhance the contrast.

3.3.2

Powder X-ray Diffraction (XRD)

This technique is commonly used in material science to determine the structure of
crystalline materials and is based on the well known Bragg’s law
2dsinθ = nλ.

(3.1)

X-ray wavelengths are in the same order of magnitude as the interatomic spacing in crystalline materials, this is needed in order for there to be any substantial
diffraction. Following equation 3.1, using X-rays with a known wavelength (λ) and
continuously changing the incoming X-ray beam angle (θ), then at specific angles
the beam will scatter constructively against the atoms in the crystal planes. This coincides with an integer value (n) of the wavelength which corresponds to that the
scattered waves then have the same phase, hence constructive interference. These
specific angles depend on the position and distance (d) between the atom planes and
how the atoms are ordered.
This gives a distinct spectrum from which the structure of the material can be
determined. The constructive interference can be seen as intensity peaks. The scattering process is mainly against the electrons of the atoms which then, when excited,
produce secondary X-rays.
The measurements were performed with a Bruker D8 ADVANCE diffractometer
with X-rays of Cu Kα radiation (λ1 = 1.540598Å and λ2 = 1.54439Å). The obtained
XRD diffractograms were refined with the software Fullprof. By fitting a superimposed curve on a measured diffractogram, the fractions of present phases can be
extracted.

3.3.3

Magnetic Measurements

The instruments for the magnetic measurements of the powder samples give the
values of magnetization in the unit emu. By dividing the measured values with
the powder weight (in grams) and multiplying with the density 5100 kg/m3 , the
unit was converted to A/m. The density of 5100 kg/m3 is an approximative value,
suggesting that the whole sample consists of the τ -phase. This is based on the lattice
parameters that were aquired from an article that follows the same synthesis and
has the same composition of the ingots as examined in this report [13].
Vibrating Sample Magnetometer (VSM)
The sample vibrates vertically in a system consisting of an electromagnet (generating
a uniform field) and pickup coils. The sample gets magnetized by the magnetic
field and through vibration, the sample exhibits an oscillating magnetic field that
induces an alternating voltage in the pickup coils. This voltage is proportional to the
sample’s magnetic moment [18].
Magnetization (M) vs. temperature (T) was measured in a 7400 Lake Shore VSM
with a mounted high temperature oven (Lake Shore 74034). One powder sample
at a time was mounted in the VSM. The sample was aligned along the z-axis to get
the highest signal possible. x- and y-directions adjustments were not possible due
to the dimensions of the oven. M vs. T values were acquired with T starting at 750
K and then decreasing to 300 K in a constant applied field of 79600 Am–1 . This was

3.3. Characterization
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done for sample 1 and the mid-part of sample 2. The measurement for the top-part
of sample 2 was done at an applied field of 796 000Am–1 (1 Tesla) to get a higher
signal. The measurement was done in the same temperature range as for the other
samples.
Physical Property Measurement System (PPMS)
This system utilizes the same principle as for the VSM by having the sample vibrating in a magnetic field. M vs. H values were acquired from the measurements on
the powder capsules in the PPMS system from Quantum Design (Model 6000 controller). One powder capsule at a time was mounted in the instrument. The applied
field ranged from 7162 to -7162 kAm–1 ( 9 to -9 Tesla) at a constant temperature of
300 K.
Superconducting Quantum Interference Device (SQUID)
The SQUID was used in this thesis due to that the PPMS was inaccessible for measuring the top-part of sample 2. Generally if the SQUID is used as a magnetometer it
is higly sensitive, around 10–11 Am2 [18]. The device is based on tunneling of superconducting electrons across a narrow insulating gap between two superconductors.
M vs. H values were acquired with H ranging from 3979 kAm–1 to -3979 kAm–1 .
Magnetic Force Microscopy (MFM)
This instrument records the gradients of magnetostatic forces between a sample
stray field and a small ferromagnetic tip. The ferromagnetic tip is mounted on a
flexible cantilever scanning the sample at a constant elevation above the sample surface. The cantilever is oscillating close to its resonance frequency. However, due to
the sample stray field gradients; this oscillating frequency is changed in proportion
which is accurately recorded using lock-in technique that measures this frequency
change.
For each image, the sample was scanned twice. First a topographic profile was
recorded by using the instrument as an atomic force microscope, not utilizing the
ferromagnetic tip but instead scanning the surface by a tapping motion. Then the
gradient of magnetostatic forces was recorded at a constant elevation as explained
above, typically 100 nm, which follows the measured topographic profile. At this
distance the magnetostatic forces dominate over contact forces, such as van der Waal
forces [19, p.78].
The instrument used was a Dimension 3100 by Digital Instruments mounted
with a low-coercivity tip. The low-coercivity tip gets magnetized by the stray field
originating from the sample making it possible to see magnetic domains.
Magneto-optic Kerr Effect (MOKE)
This technique is commonly used to investigate the magnetization of a surface, i.e.
to see how the magnetic domain structure of a surface reacts when applying a magnetic field in situ. The magneto-optic Kerr effect describes how the polarization of
light changes upon reflection from a magnetic surface. Utilizing this for imaging,
the light is polarized before reflection and upon reflection the extent of polarization
rotation will depend on the magnitude and direction of the magnetization at the surface. By letting the reflected light pass through an analyzer (second polarizer) and
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into a detector, the magnitude of the transmitted components can be translated into
contrast for imaging.
A standard microscope from Evico-Zeiss, that can achieve spot sizes between
approximately 100 µm and 5 mm, was used. The magnetic field is only applied
in the plane (longitudinally), meaning that the change of the surface magnetization
can only be seen in the plane. This means that the areas that seem unaffected by the
applied magnetic field may either be non magnetic or magnetized in or out of the
plane.
Some rotation of the polarization can be due to other factors than the magnetization, such as the topography. Therefore, the background was subtracted from the
images at a remnant state when there is no applied field. By doing this, only the
change of magnetization will be seen in the images when applying a continuously
changing field. However, if the sample moves during the measurement the imaging
will become blurred due to the subtraction. The imaging and image subtraction was
done with the computer program LabVIEW.
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Results
4.1

Magnetic powder measurements

The saturation magnetization, remanent magnetization and coercivity have been extracted from figure 4.1 and are presented in table 4.1. Note that the coercivity for the
top part of sample 2 is much greater than the others and its saturation magnetization
much lower.

F IGURE 4.1: Hysteresis loops of the drop synthesized samples with
a maximum applied field of 7162 kAm–1 for sample 1 and the midpart of sample 2. 3979 kAm–1 was the maximum applied field for the
top-part of sample 2. Sample 2, mid-part corresponds to the upper
curve, reaching a higher value of saturation. The curves have not
been corrected for demagnetizing effects.
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TABLE 4.1: Saturation magnetization, remanent magnetization and
coercivity for the powder samples.

Sample
#1
#2 Mid part
#2 Top part

Ms [kAm–1 ]
562
622
442

Hc [kAm–1 ]
54
18.7
115

Mr [kAm–1 ]
106
60.4
103

A complementary magnetic measurement for the top-part of sample 2 is presented in figure 4.2.

F IGURE 4.2: Hysteresis loops for the top part of sample 2. The solid
piece was measured in the VSM reaching a maximum applied field of
1430 kAm–1 , the measurement on the powder in the SQUID reaches
a maximum applied field of 3979 kAm–1 .

Figure 4.2 shows a magnetic measurement from a solid piece of the top part next
to that of the powder of the top part. Note how the solid piece reaches a higher value
of magnetization than the powder even when not close to its saturation value.
How the magnetic susceptibility of the powder samples behaved in regard to
temperature is shown in figures 4.3 - 4.5.

4.1. Magnetic powder measurements

F IGURE 4.3: Temperature dependence of the magnetic susceptibility (left-hand scale) and inverse magnetic susceptibility (right-hand
scale) in a constant applied field of 79600 Am–1 . The drop corresponds to the transition between a ferromagnetic state and a paramagnetic state. The inset shows the temperature derivative of the
magnetization where the minimum corresponds to the Curie temperature which is 560 K for this sample. Two measured values in the 700
K range were removed due to greatly deviating from the trend.

F IGURE 4.4: Temperature dependence of the magnetic susceptibility (left-hand scale) and inverse magnetic susceptibility (right-hand
scale) in a constant applied field of 79600 Am–1 . The inset shows
the temperature derivative of the magnetization where the minimum
corresponds to the Curie temperature which is 580 K for this sample.
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F IGURE 4.5: Temperature dependence of the magnetic susceptibility (left-hand scale) and inverse magnetic susceptibility (right-hand
scale) in a constant applied field of 796 000 Am–1 . The drop corresponds to the transition between a ferromagnetic state and a paramagnetic state. The inset shows the temperature derivative of the magnetization where the minimum corresponds to the Curie temperature
which is 550 K for this sample.

From the minima in the insets of figures 4.3 - 4.5 the Curie temperatures were extracted. The values are presented alongside the unit cell parameters for the samples
in table 4.3.

4.2

X-ray powder diffraction

The same powders as for the magnetic measurements were analyzed with XRD. The
diffractograms were refined in fullprof and are shown in figure 4.6.

4.2. X-ray powder diffraction
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(a)

(b)

(c)
F IGURE 4.6: XRD data of Mn55 Al45 C2 powders. The calculated pattern (Ycalc) is superimposed on the observed diffractogram (Yobs)
with the difference curve shown at the bottom. The peak positions
of the τ -phase, β-phase and γ2 -phase are marked in the graphs.
(a)Sample 1, (b)Mid part of sample 2 and (c)Top part of sample 2
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From the fullprof refinement the fractions of phases were extracted, see table 4.2.
The top part of sample 2 is found to be nearly pure τ -phase.
TABLE 4.2: Fractions of phases in the powder samples, extracted from
the fullprof refinement.

Sample
#1
#2 Mid part
#2 Top part

τ -phase [%]
93.16( 1.00)
91.69( 1.21)
99.31( 0.69)

γ2 -phase [%]
6.22( 0.05)
4.49( 0.04)
0.23( 0.00)

β-phase [%]
0.62( 0.00)
3.82( 0.03)
0.46( 0.00)

Note the high amount of β-phase in the mid-part of sample 2 compared to sample 1. From the fullprof refinement the unit cell parameters for the τ -phase were
extracted and presented alongside the measured Curie temperatures, see table 4.3.
TABLE 4.3: Unit cell parameters of the τ -phase and the measured
Curie temperatures for the samples.

4.3

Sample

a=b [Å]

c[Å]

c/a

Tc [K]

#1
#2 Mid-part
#2 Top-part

2.766
2.766
2.767

3.612
3.619
3.605

1.306
1.308
1.303

560
580
550

Sample 1

The surface of the polished ingot was analyzed with the following techniques.

4.3.1

SEM and EDS

EDS-mapping was performed on areas of different sizes, see figure 4.7 and 4.8.

4.3. Sample 1
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(a) Back-scatter Image.

(b) Distribution of Al over the area.

(c) Distribution of Mn over the area. (d) Distribution of C over the area.
F IGURE 4.7: EDS-mapping on Sample 1. The intensity of the colors
in the EDS-mapped images corresponds to the relative amount of the
atom type in that area. (a) SEM image, (b) Al distribution (red), (c)
Mn distribution (green) and (d) Carbon distribution (blue). Al-rich
areas with lesser Mn can be seen.

The black dots in figure 4.7(a) are carbon particles on the sample surface as confirmed by the carbon distribution in figure 4.7(d). By comparing figures 4.7(a), 4.7(b)
and 4.7(c) it is found that the light grey areas imaged in SEM are richer in Al and
lesser in Mn. The other contrast mechanisms in figure 4.7(a) are indications of the
underlying grain structure.
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(a) Secondary Electron Image.

(b) Distribution of Al over the area.

(c) Distribution of Mn over the area. (d) Distribution of C over the area.
F IGURE 4.8: EDS-mapping on Sample. The intensity of the colors in
the EDS-mapped images corresponds to the relative amount of the
atom type in that area. (a) SEM image, (b) Al distribution (red), (c)
Mn distribution (green) and (d) Carbon distribution (blue). An Alrich area with lesser Mn and C can be seen.

The Al-rich area in figure 4.8 approximately contained 7 at.% more Al, 5 at.% less
Mn and 1 at.% less C than the surrounding area.

4.3. Sample 1
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(a)

(b)
F IGURE 4.9: Back-Scatter-Detector images (SEM) of the same area at
different magnifications. (a) Shows the area in a higher magnification and (b) in a lower magnification. The area analyzed with EDS is
marked in red in both images.

The Al-rich areas tend to take up an essential part of the polished sample surface,
as can be seen in figure 4.7(b) and in figure 4.9 as the lighter grey areas that corresponds to these Al-rich areas. The Al-rich areas also tend to intertwine suggesting
that they may be connected three dimensionally in the sample.
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Magnetic Force Microscopy

A 60x60 µm2 part of the surface with an Al-rich area (the area has the same shape as
that imaged in SEM) was imaged with MFM, see figure 4.10(b).

(a) Topography

(b) Magnetic interaction

F IGURE 4.10: 60x60 µm2 part of the surface with an Al-rich area imaged with MFM. Topographic profile in (a) and a magnetic image in
(b).

The contrast in figure 4.10(b) indicates that the Al-rich area is non-magnetic. The
surrounding area show a clear magnetic microstructure due to the stray fields originating from the magnetic domains and domain walls. Since the domain walls are
likely to be pinned at the grain boundaries, the image also gives an indication of
the grain structure. The Al-rich area also shows a clear distinction in topography
between the surrounding area, as seen in figure 4.10(a).

4.3.3

Magneto-optic Kerr effect

An area on the sample surface was imaged with MOKE, see figure 4.11, when applying magnetic fields ranging from 0 to -325 mT (approximately 0 to -260 kAm–1 ) in the
plane (Up and down in the images). The sample was first magnetized ex situ in the
opposite direction in a magnetic field of approximately +0.5 T before being placed in
the MOKE instrument. Before applying the field, the background at zero-field was
subtracted as can be seen in figure 4.11(a) where there is only grey contrast. The
black and white contrast that occur in the images as the field is applied correspond
to opposite directions of magnetization.

4.3. Sample 1
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(a) Background subtracted at 0 mT (b) Background subtracted at -13 mT
applied field.
applied field.

(c) Background subtracted at -25 mT (d) Background subtracted at -53 mT
applied field.
applied field.

(e) Background subtracted at -325
mT applied field.
F IGURE 4.11: MOKE images with a subtracted background at a remanent state. The field was applied ranging from 0 to -325 mT (The
field was applied vertically in the images). The white scale bar in the
images corresponds to 50µm. The grey contrast corresponds to no
change in magnetization. The black and white contrast correspond
to opposite directions of magnetization. The blurriness in 4.11(d) and
4.11(e) is due to sample movement, a reaction from the applied field.
The images are used with courtesy of Gabriella Andersson, Department of
physics, Uppsala University.

Note that even with all the blurriness, the areas that have the same shape as the
Al rich areas in the SEM images, figures 4.8(a) and 4.9(a), seem unaffected by the
applied field (no black and white contrast) while the other areas react to the field.
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Sample 2, Middle-part

The surface of the polished ingot was analyzed with the following techniques.

4.4.1

SEM and EDS

EDS-mapping was performed on an area on the sample, see figure 4.12.

(a) Secondary Electron Image.

(b) Distribution of Al over the area.

(c) Distribution of Mn over the area. (d) Distribution of C over the area.
F IGURE 4.12: EDS-mapping on the middle part of Sample 2. The intensity of the colors in the EDS-mapped images corresponds to the
relative amount of the atom type in that area. (a) SEM image, (b) Al
distribution (red), (c) Mn distribution (green) and (d) Carbon distribution (blue). Areas richer in Al and lesser in Mn can be seen.

The two lines in figure 4.12(a) are scratches that occurred from the polishing.
There are also some carbon particles on the surface, as confirmed by figure 4.12(d).
The images also show two areas with more Al, lesser Mn and no difference in carbon
distribution. The Al-rich areas approximately contained 4 at.% more Al and 4 at.%
less Mn.

4.4. Sample 2, Middle-part
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F IGURE 4.13: Back-Scatter-Detector image (SEM). The area analyzed
with EDS is marked in red.

On the right side of figure 4.13 more cracks and scratches can be identified. The
area shown is on the edge of the sample surface as the black area in the upper right
corner is polyfast consisting mainly of carbon and the black dots on the sample surface are carbon particles. No underlying grain structure can be identified.
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(a)

(b)
F IGURE 4.14: Back-Scatter-Detector images (SEM) showing two regions on the sample surface with different amounts of Al-rich areas.
In (a) there is more Al-rich areas and in (b) there are less Al-rich areas. The white horizontal lines are artifacts from the scanning electron
beam.

In figures 4.13 and 4.14 it can be noted that the Al-rich areas (lighter gray) seem
to intertwine in a similar manner as was observed for sample 1. The black dots in
the figures are carbon particles on the surface.

4.5. Sample 2, Top-part

4.5
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Sample 2, Top-part

The surface of the polished ingot was analyzed with the following techniques.

4.5.1

SEM and EDS

EDS-mapping was performed on an area on the sample, see figure 4.15.

(a) Back Scatter Image.

(b) Distribution of Al over the area.

(c) Distribution of Mn over the area. (d) Distribution of C over the area.
F IGURE 4.15: EDS-analysis on the top part of Sample 2 at 500x magnification. The intensity of the colors in the EDS-mapped images corresponds to the relative amount of the atom type in that area. (a) SEM
image, (b) Al distribution (red), (c) Mn distribution (green) and (d)
Carbon distribution (blue). Areas richer in Al and lesser in Mn can be
seen.

Scratches from the polishing can be seen in figure 4.15(a) along with contamination of carbon particles on the surface, as confirmed by the carbon distribution in
figure 4.15(d). Note the lesser amount of Al-rich areas in this sample compared to
the ones in figure 4.7(d) that was mapped at the same magnification.
Part of the area was EDS-mapped at a higher magnification, see figure 4.17, as
illustrated by the red markings in figure 4.16.
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(a)

(b)
F IGURE 4.16: Back-Scatter-Detector images (SEM) of the same area in
a lower (a) and higher (b) magnification. The area mapped with EDS
is marked in red.

4.5. Sample 2, Top-part

(a) Secondary Electron Image.
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(b) Distribution of Al over the area.

(c) Distribution of Mn over the area. (d) Distribution of C over the area.
F IGURE 4.17: EDS-analysis on the top part of Sample 2 at 5000x magnification. The intensity of the colors in the EDS-mapped images corresponds to the relative amount of the atom type in that area. (a)
SEM image, (b) Al distribution (red), (c) Mn distribution (green) and
(d) Carbon distribution (blue). Areas richer in Al and lesser in Mn
can be seen.

The Al-rich areas in figure 4.17 approximately contained 4 at.% more Al and 4
at.% less Mn.
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F IGURE 4.18: Back-Scatter-Detector image (SEM). The area imaged
with MFM is marked in red highlighting an Al-rich area (lighter grey).

4.5.2

Magnetic Force Microscopy

A 60x60 µm2 part of the surface, marked in red in figure 4.18, with an Al-rich area
was imaged with MFM, see figure 4.19.

F IGURE 4.19: 60x60 µm2 part of the surface with an Al-rich area imaged with MFM.

The contrast in figure 4.19 indicates that the Al-rich area is non-magnetic. The
surrounding area show a clear magnetic microstructure.
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Discussion
The Al-rich areas observed in the samples behave magnetically different compared
to the rest. Magnetic imaging indicates that these areas are non-magnetic which
suggests that the Al-rich areas in the samples may consist of other phases than the
τ -phase.
From the XRD-data for sample 1 and the middle part of sample 2 it is found that
β - and γ2 -phases are present along with the desired τ -phase. The β - and γ2 -phases
are non-magnetic which indicates, as with the magnetic imaging, that the Al-rich
areas may consist of these phases.
The Al-rich area examined on sample 1, see figure 4.8, contains approximately
3 at.% more Al compared to similar areas examined on sample 2 (for both the topand middle part). The powder of sample 1 contained more of the γ2 -phase which,
according to the phase-diagram, contains more Al than the τ -phase. The middle part
powder of sample 2 contained approximately 3% more of the β-phase and 2% less
of the γ2 -phase, see table 4.2. The lesser amount of Al in the Al-rich areas in sample
2 could therefore be a result of a higher amount of the β-phase (This phase contains
less Al than γ2 and τ ) along with the γ2 -phase in these areas.
To compare the different synthesis procedures it seems that the dwelling at 1200
°C promotes the formation of β-phase over the γ2 -phase.
For the top part of sample 2, when examining the surface the Al-rich areas were
small and rare. The XRD-data showed nearly pure τ -phase for the top part with
small fractions of the β - and γ2 -phases. This further suggests that the Al-rich areas
may consist of the β - and γ2 -phases.
The measured Curie temperatures for the samples, see table 4.3 are in the expected range for MnAlC, even higher as for MnAlC samples prepared by a different
method had a Curie temperature of 533 K [10]. The Curie temperature for MnAl
lies around 600 K, [8], and the doping with carbon has proven to lower the Curie
temperature for the alloy [7]. The Curie temperature is expected to increase with
a smaller distance between coupling atoms. The samples seem to follow this trend
(compare the lattice parameter a in the unit cells between the samples), though no
real correlation can be drawn since sample 1 and mid-part of sample 2 have the same
parameter.
Note that in figure 4.5 the magnetic susceptibility (χ) does not go down to zero
as for the other samples shown in figures 4.3 and 4.4. This is due to the sample
holder probably being contaminated with a material that has a much higher Curie
temperature. In the paramagnetic state, the inverse of the magnetic susceptibility
(χ–1 ) is expected to behave linearly with temperature. The small deviations from
linearity in the figures are probably due to small diamagnetic contributions from the
copper foil and sample holder. In figure 4.3 the two measured values were removed
due to greatly deviating from the trend. This was probably due to an error in the
measuring equipment.
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The sample 1 powder may not be representative for the surface examined on the
solid piece since it is not known from which parts of the ingot the pieces were taken.
As there is big differences for the two examined parts of sample 2, no real correlation
can be drawn between the sample 1 powder and the polished ingot surface.
Comparing the top-part and middle-part of sample 2, the one thing separating
these two parts should be the cooling rate. As the top part was found to be nearly
pure τ -phase, the cooling rate for this part is expected to be around 10 °C/min. This
has been shown to be the ideal cooling rate for Mn55 Al45 C2 , forming almost pure
τ -phase [8].
From the magnetic powder measurements, it is observed that there are large differences in saturation magnetization, as seen in figure 4.1 and table 4.1. Since the
top powder was nearly pure τ -phase it would have been believed that this powder would reach the highest magnetization. However, the lower value in saturation magnetization could be due to an effect from crushing the material with the
agate and mortar more extensively. The powder particles from the top-part had
been crushed into a finer powder. This could induce stress in the crystallographic
structure, which reduces the overall magnetization that is sensitive to the crystallographic order. This is strengthened by the peak broadening effect in the XRD-data
for the sample, note the broadness of the peaks in figure 4.6(c) [20]. Also, the complementary magnetic measurement in figure 4.2 shows a large decrease in magnetization and increase in coercivity for the material as a powder compared to a solid
piece. The τ -phase is soft and crushing the sample more could definetely disrupt the
crystallographic order [11].
Since the material is highly sensitive to the crushing with an agate and mortar, it
is of high concern how much the polishing influences the material, as if the polished
surfaces can be seen as representative cross-sections of the ingots.
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Conclusions and future outlooks
In this thesis, drop synthesized ingots of Mn55 Al45 C2 were crushed and examined
as solid pieces and as powders. From the magnetic imaging it was found that the
Al-rich areas that are formed tend to be non-magnetic, suggesting that the areas may
consist of the non-magnetic β- and γ2 -phases. The Al-rich areas in the ingot directly
cooled from 1400 °C contained approximately 3 at.% more Al than the Al-rich areas
formed in the ingot cooled from 1200 °C. With the obtained phase fractions from the
XRD data, it can be suggested that the dwelling at 1200 °C before cooling promotes
the formation of β-phase over the γ2 -phase and that the mixture of these phases in
the Al-rich areas make the at.% of Al in the Al-rich areas less.
The top-part of the ingot cooled from 1200 °C had a much lower amount of Alrich areas than the middle part from the same ingot. This indicates that the cooling
rate plays an important role in the formation of Al-rich areas (β- and γ2 -phases). The
middle part exhibited the highest saturation magnetization of 622 Am–1 .
The material magnetization drops considerably when crushing it into powder,
even when just using a mortar and pestle. Such high sensitivity must be taken into
account for further processing of the material after synthesis.
As for how to continue with the research on this material, it would be interesting
to study the grain structure with Electron Back-Scatter Diffraction (EBSD). The grain
sizes and grain orientations could be related with the magnetic imaging for further
knowledge on how the material magnetically behaves.
However, as for being able to create a permanent magnet of this material, a larger
focus should be put on the processing techniques after synthesis. A way to make sufficiently small τ -phased single-domain particles is crucial if the full potential of this
material is to be realized. This thesis work showed that the magnetization of the
τ -phase achieved by drop synthesis is greatly reduced when the material is crushed,
even by hand with a mortal and pestle. To relieve some stress in the crystallographic
structure, maybe the magnetization can be increased by annealing the crushed material. If not, or if not enough increase of magnetization, the material must be crushed
in another way. Cryomilling is an alternative. By reducing the energy in the system
when crushing, the crystallographic order of the τ -phase may be more stable when
reducing the particle size (which is essential for retaining the magnetization). To
conclude what should be done for further studies, I strongly advise a full investigation of processing techniques for reducing the particle size while trying to retain
most of the magnetization.
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