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Abstract 
 

Mn-based compounds possess numerous attractive properties, which are of interest from both 

fundamental physics point of view and particularly attractive for different applications in modern 

technology, from magnetic storage to sensing and spin-based electronics. The possibility to adjust and 

finely tune their magnetic properties through stoichiometry engineering is highly important in order to 

target different applications. In this project, the Mössbauer effect will be applied on 57Fe/Sn sites following 

implantation of radioactive 57Mn and 119In to probe the micro-structure and magnetism of Mn-based 

alloys at the atomic-scale. Here we propose the experimental plan which aims at establishing of a direct 

correlation between the local structure and bulk magnetism (and other physical properties) of Mn-based 

alloys.    

Requested shifts: 15 shifts, (split into ~ 3 runs over ~ 3 years) 
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1 INTRODUCTION/MOTIVATION 
 
In modern society, minimising carbon emission has clearly become of paramount importance. This 

benefits from the development of new highly efficient autonomous electric vehicles, increasing power 

saving in electronics, boosting clean energy generation and various other projects. The majority of these 

applications, such as electrical mechanisms, power supply units or other devices that require 

electromagnetic conversion rely firmly on the hard-magnetic materials. These materials possess large 

hysteresis as well as saturation magnetization and, in the scenarios where high performance is needed, 

they are based on rare-earth (RE) metals (Nd2Fe14B). Successful production of such materials depends on 

the availability of RE, especially Nd, Dy and Tb, demand for which has been constantly growing.  

Employment of the RE metals allows one to preserve magnetic properties up to ≈ 500 K. However, the 

maximum energy product has not shown improvement of properties in the past 20 years for the bulk 

magnetic materials. Doubtless, further development of RE based hard-magnets becomes hardly feasible, 

whilst both available materials and new methods of their production are absent (1, 2). An attractive 

alternative is hard magnets of MnGa (Al, Bi) compounds, which have been the subject of recent studies 

(1, 3) and which may fill the niche in the maximum energy product between hard ferrite magnets (<5 

MGOe) and RE magnets (>30 MGOe). 

Presently, promising candidates for this application are certain L10 ordered binary manganese 

compounds. Although Mn alone is antiferromagnetic, when it is alloyed with other elements it becomes 

a strong ferromagnet (4). In our study we propose to investigate three Mn-based systems and study both 

their underlying structure and their magnetic properties. As the main tool for such studies, we propose to 

employ 57Mn/Fe (T½ = 1.5 min) and 119In/Sn (T½ = 2.4 min) emission Mössbauer spectroscopy (eMS). 

 

1.1 MnAl compounds 

L10 MnAl is a system with tetragonal structure, which has interesting magnetic properties demonstrating 

saturation magnetization Ms>0.7 MA/m, magnetic anisotropy K1>1.5 MJ/m3 and Curie temperature 
Tc>600 K (5). The presence of ferromagnetic exchange between Mn-Mn atoms is an interesting feature of 

this system and contradicts the antiferromagnetic trend in half-filled bands. These features make this class 

of compounds of broad interest. The L10 structure (or τ-phase) is the only ferromagnetic phase in the 

MnAl system. As it seems, one may need to obtain equatomic and well-ordered Mn50Al50 composition, 

where Mn atoms occupy 1a (0, 0, 0) sites and induce ferromagnetism, whilst Al atoms sit at the 1d (1/2, 

1/2, 1/2) sites and have tiny magnetic moment to achieve the highest magnetic output. 

The L10 phase, however, exists only when the condition Mn50+xAl50-x (1≤ x≤ 8) is satisfied. Unfortunately, 

due to the nature of Mn, the surplus Mn atoms enter 1d (1/2, 1/2, 1/2) sites and start to act 

antiferromagnetically with the Mn atoms at 1a (0, 0, 0) sites (6). Despite various alterations in Mn/Al 

ratios, the L10 structure is metastable and decomposes into two non-magnetic phases (β-Mn and γ2) (7). 

Doping with ions has been attempted to overcome this drawback, with the highest attention paid to 

interstitial (carbon) and substitutional doping (3d elements). Despite the positive impact on the phase 

stability, the intrinsic magnetic properties after doping, such as the Curie temperature and magnetic 

anisotropy, often deteriorate (8). As most of the time the desired τ-phase forms in a heterogeneous way 

(at remnants of the ε-phase) close attention need to be paid to the phase evolution dynamics (see Fig.1).  
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Fig.1. MnAl alloy phase formation. The ferromagnetic t structure forms through different 

Mechanisms (1). 

A handful of studies exist, which suggests that alloying with 3d metals of atomic radii close to those of Al 

or Mn (i.e. substitutional doping) and having fewer valence electrons may be beneficial for improving the 

L10 phase stability and saturation magnetization (8). At present, there is a lack of systematic investigation 

of how the substitutional dopants affect the magnetic properties, and consequently there is no clear 

understanding in which direction one may go in order to both preserve the phase and improve the intrinsic 

magnetism. Hence, our proposal employs the extreme sensitivity of 57Mn/Fe emission Mössbauer 

spectroscopy to elucidate the evolution of the internal magnetic field at the atomic scale during phase 

formations and their thermal behaviour as well as the role of defects (twins mainly) on the observed 

magnetic behaviour. 

Presently, one may expect that implanted 57Mn atoms occupy Mn sites and further decay into Fe. The 

desired condition of having fewer valence electrons and similar atom radius can be easily satisfied. 

Another advantage of using eMS experiments is due to the dilute concentrations of probe atoms (≤10-4 

at. %), there is unlikely an exchange interaction among the probe atoms. This fact allows one not to disturb 

the local environment much. A combination of eMS studies with theoretical calculations is strongly 

desired in order to establish the criteria for further refinement of the magnetic properties of this 

promising material. 

1.2 MnBi compounds 

Another promising alternative to MnAl compounds, especially for application at elevated temperatures, 

with a higher maximum energy product is MnBi (9). Among several possible phases only the low 

temperature phase (LTP) is of primary interest. This phase is ferromagnetic (shown in Fig.2., disordered 

hexagonal NiAs structure, P63 / mmc symmetry) and remains this way until 628 K, after this it undergoes 

a transition to a paramagnetic high-temperature phase. 

 

Fig.2. Structure of LTP (MmBi) (10). 
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This LTP goes through a spin-reorientation process with temperature ramping from 0 K (11)(12). When 

exposed to high temperature there is a peculiarity in the coercivity of the LTP which rises with 

temperature and is significantly larger than coercivity of the Nd–Fe–B magnets at elevated temperatures. 

Despite all advantages of the LTP it has not been produced as a single-phase material and the structure 

always includes segregation of Mn, thus hindering one from obtaining the maximum energy product 

possible. There are various pathways in order to improve it. One of the most promising ways is to take 

advantage of large magneto crystalline anisotropy of LTP by setting up an exchange coupling with a soft 

phase (Co, Fe) (13). Theory suggests that if that coupling is applied successfully, it may boost maximum 

energy product to as high as 40 MGOe (14). This strategy was observed to work in the case of MnAl 

compound as it was reported that doping with a small amount of transition metals can double the 

magnetization (15). Doping up to several at.% , however, was observed to have a generally harmful effect 

(16). Therefore, we propose to study the local environment of MnBi compounds doped with extremely 

low concentrations of 57Mn/Fe atoms and track the development of magnetic structure as a function of 

temperature and magnetic fields. There is a strong desire to unveil changes at the interface of MnBi/X 

(Co, Fe, Ni) and to follow the diffusion. 

1.3 MnGa compounds 

MnGa compounds which contain neither rare earth nor noble metal atoms are promising candidates for 
high-density perpendicular magnetic recording (17, 18) as well as for novel permanent magnetic materials 
due to their high Curie temperature Tc ≈ 630 K (19) and strong magnetic anisotropy field (20). The structure 

of MnxGa alloys is identical to that described for MnAl in section 1.2. MnxGa alloys exhibit a tetragonal 
ferromagnetic L10 phase in the 0.76≤ x≤ 1.9 composition range, whilst from 2≤ x≤ 3, the L10 structure turns 

into a D022 structure (20). In the present proposal we will 
focus on the L10 phase. The magnetic contribution of MnxGa 
samples comes from the Mn atoms in which the d-electrons 
are highly localized, giving rise to large spin polarization within 
each Mn atom (21). However, the d-electrons have a strong 
itinerancy through the hybridization of p-orbitals of Ga atoms, 
which promotes the ferromagnetic arrangement of the 
magnetic moments (21). The role of Ga atoms in the 
magnetism of MnxGa alloys is considered as negligible. 

In relation to the previous IS578 proposal, where eMS 
technique was applied to MnxGa samples, one may expect to 
observe large hyperfine fields while implanting 57Mn/Fe ions 
(going substitutional on Mn sites), and almost negligible 
hyperfine fields by implanting 119In/Sn ions (going 
substitutional on Ga sites). However, as Fig. 3 shows, during 
119In/Sn eMS measurements carried out at ISOLDE on a 
Mn0.8Ga sample, a strong angular dependence of the emission 
intensity was observed and, contrary to what was expected, 
huge hyperfine fields were recorded at Ga sites. The 119Sn eMS 
study on the remaining MnxGa (0.7≤ x≤ 1.9) samples could not 
be completed before the LS2. 

The ISOLDE facility, in combination with the available eMS 

set-up, provides a unique tool to elucidate the origin of the 

observed angular dependence and the large hyperfine field 

at Ga sites in MnxGa samples, which is otherwise impossible 

using conventional Mössbauer spectroscopy. The main 

 

       Fig.3. MnGa measured at angles of 600 and 00 

under 0.6T during (a) and after (b) implantation.  
Angular dependence on the emission intensity of 
119In/Sn eMS measurements in Mn0.8Ga alloys.  Huge 

hyperfine fields were recorded, indicating a clear 

magnetic nature of Ga sites. 
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objective of applying 57Mn/Fe and 119In/Sn eMS at ISOLDE is to determine the origin of the observed 

huge hyperfine fields and inquire into the cause of the strong eMS angular dependence observed. The 

envisaged results have the potential to enable a new explanation of the magnetic nature of these 

samples. 

2. METHODS AND SAMPLES 

In the current proposal we intend to use both 57Mn and 119In isotopes for emission Mössbauer 
spectroscopy to explore the magnetic properties of Mn-based rare-earth-free hard magnets.  The method 
is well-known for the unambiguous determination the charge and spin state of the probe and allows one 
to determine the exact local environment of it (e.g. amorphous zones, layers or lattice sites). Performing 
the experiments with Mn isotope is an ideal scenario, since after the implantation Mn is expected to find 
itself on Mn sites in the host (no chemical difference - no additional impact). After it decays one gets an 
emission spectrum with relevant information such as charge and magnetic hyperfine field, both get 
affected by numerous factors taking place in the vicinity of the probe. The presence of electrically active 
defects nearby allows one to identify them and their configurations. On the other hand, 119In isotopes are 
more sensitive to the magnetic hyperfine interactions. Another reason to employ eMS at ISOLDE lies in 
the fine concentration of the implanted probes. This means that the implanted atoms do not agglomerate 
nor interact with each other.  Besides, it is of big interest to study the defect formation under ion 
implantation. Since Mn-based compounds tend to form twins relatively easily varying annealing one can 
study a possible nucleation mechanism and domain pinning strength at the twins (22). Hence, the eMS 
method, based on ion-implantation, is an ideal tool to study the role of defects in determining magnetic 
properties. Abilities to control the dose and utilizing dilute concentrations result in non-overlapping 
damage cascades that re-crystallizes at lower temperatures than amorphous layers, and in some cases 
(some metal systems) far below RT (23). Generally, Fe atoms in 4–5 different configurations can be well 
determined from eMS (depending on the complexity of the spectra), which is not possible with 
synchrotron Mössbauer methods. 
 

After measurements performed using eMS, additional Mössbauer studies are going to be conducted at 

home laboratories (in Conversion Electron arrangement). The eMS collaboration at ISOLDE/CERN has in 

its possession a new eMS set-up (eMIL) (24), which allows to perform experiments in a broad temperature 

range and measurements can be done during implantation, time delayed and varying emission angles. For 

the full feasibility of the current proposal we have obtained funding to construct a set-up extension for 

eMIL – eMMA. The last is going to facilitate studies of magnetic materials and allow measurements in an 

external magnetic field up to 2.5 T. There is a high probability that a special sample holder will be 

constructed to perform cooling and heating in this 2.5 T field   

For this proposal a series of MnAl samples with varying ratios [MnXAl (x = 49, 52, 55, 58 & 60)] and various 

substrates (textured) will be produced by magnetron sputtering at TU Ilmenau. As produced samples are 

going to be studied by various conventional means including Vibrating Sample Magnetometer, X-ray 

diffractometry, different microscopy methods. A series of MnBi samples [MnXBi (x = 49, 52, 55, 58 & 60)] 

including samples with the soft phase interface layers (Co) will be prepared by magnetron sputtering and 

electron beam methods. A series of samples prepared using Molecular Beam Epitaxy is additionally 

planned. Regarding the MnxGa samples (L10), five different MnxGa films (L10) have been selected: Ma0.7Ga, 

Ma0.8Ga, Ma1.1Ga, Ma1.4Ga and Ma1.9Ga. The wide range of composition is going to allow a systematic 

study of how the implantation affects the hyperfine fields (and therefore, magnetic properties) as well as 

the magnetic moments in Ga sites as a function of Mn content. 
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Summary of requested shifts: 

Isotope Minimum 

intensity/μC 

Beam 

energy 

Shifts Target Ion Source 

57Mn (1.5 min) (2-3)×108 ≥ 40 keV 10 UCx Mn RILIS 

 

119In (2.1 min) (2-3)×108 ≥ 40 keV 5 UCx In RILIS 

Table 1: Proposed beam request. 

 

3 CONCLUSIONS/OUTLOOK 

Performing experiments with dilute concentrations of dopant on possible new rare-earth-free hard 

magnetic materials is of huge importance and is strongly motivated by a shrinkage of supplies in the near 

future and global movement towards green energy. The raised questions in sections 1.1-1.3 can be 

answered when combined with additional information on the defect formation, phase transition, kinetics 

of defect annealing, electronic and magnetic properties of the Mn-based compounds and feasibility of 

low fluence implantation studies with the current systems.    
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Appendix  

 

DESCRIPTION OF THE PROPOSED EXPERIMENT 

The experimental setup comprises:  (name the fixed-ISOLDE installations, as well as 
flexible elements of the experiment) 

 

Part of the Choose an item. Availability Design and manufacturing 

SSP-GLM chamber 
 Existing  To be used without any modification 

 
  

Mössbauer set-up (eMIL) and  

Mössbauer magnetic analyser 

(eMMA) 

 Existing  To be used without any modification  

 To be modified 

 New  Standard equipment supplied by a 
manufacturer 

 CERN/collaboration responsible for the design 
and/or manufacturing 

Existing equipment in the SSP 
lab in building 508 

 Existing  To be used without any modification  

 To be modified 

 New  Standard equipment supplied by a 
manufacturer 

 CERN/collaboration responsible for the design 
and/or manufacturing 

[insert lines if needed]   

 

HAZARDS GENERATED BY THE EXPERIMENT 

(if using fixed installation) Hazards named in the document relevant for the fixed 
[COLLAPS, CRIS, ISOLTRAP, MINIBALL + only CD, MINIBALL + T-REX, NICOLE, SSP-
GLM chamber, SSP-GHM chamber, or WITCH] installation. 

Additional hazards: 

Hazards 

 

Collection chamber 
and GLM beam line 

(SSP) 

Mössbauer chamber 
at GLM beam line 

(SSP) 

 

Thermodynamic and fluidic 
Pressure    
Vacuum typically, 10-6 mbar typically, 10-6 mbar  
Temperature RT RT – 800K  
Heat transfer    
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Thermal properties of 
materials 

   

Cryogenic fluid    

Electrical and electromagnetic 
Electricity  12 V, max. 5 A sample 

heating during 
measurements 

 

Static electricity    
Magnetic field [   
Batteries 

 
  

Capacitors 
 

  

Ionizing radiation 
Target material  MnGa, MnAl, MnBi  
Beam particle type (e, p, 
ions, etc.) 

 ions  

Beam intensity  1011 ions/s  
Beam energy    
Cooling liquids [liquid]   
Gases [gas]   
Calibration sources: 

 
  

• Open source 
 

  
• Sealed source 

 [ISO standard] 
  

• Isotope    
• Activity    
Use of activated material:    
• Description 

Collection in the 
chamber, removal from 
the chamber and 
transport to building 508 

Measurement on-line 
with sample in the 
chamber 

 

• Dose rate on 
contact and in 10 cm 
distance 

 max. 0.5 Sv/h  

• Isotope  57Mn and 119In  
• Activity  max. 3-4 MBq per sample  

Non-ionizing radiation 
Laser    
UV light    
Microwaves (300MHz-30 
GHz) 

   

Radiofrequency (1-
300MHz) 

   

Chemical 
Toxic    
Harmful    
CMR (carcinogens, 
mutagens and substances 
toxic to reproduction) 

   

Corrosive    
Irritant    
Flammable    
Oxidizing    
Explosiveness    
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Asphyxiant    
Dangerous for the 
environment 

   

Mechanical 
Physical impact or 
mechanical energy 
(moving parts) 

   

Mechanical properties 
(Sharp, rough, slippery) 

   

Vibration    
Vehicles and Means of 
Transport 

   

Noise 
Frequency    
Intensity    

Physical 
Confined spaces    
High workplaces    
Access to high 
workplaces 

   

Obstructions in 
passageways 

   

Manual handling    
Poor ergonomics    

 

0.1 Hazard identification 

 

3.2 Average electrical power requirements (excluding fixed ISOLDE-installation mentioned 
above): (make a rough estimate of the total power consumption of the additional equipment 
used in the experiment) 

 

 


