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Foreword: 

Anniversary of Professor Viorel POP 

 

It is a great pleasure to honor Viorel Pop with this dedicated issue on 
“Studia Universitatis Babes-Bolyai Physica”. Viorel Pop has contributed to the 
synthesis and characterization of various materials, like intermetallic compounds, 
polycrystalline, nanocrystalline or nanocomposite magnetic materials and high Tc 
superconducting oxides. Viorel Pop research activity have covered a broad range 
of materials and methods and is well recognized in the worldwide scientific 
community.  

Viorel Pop was born in Pintic/Dej, Cluj County, Romania, on March 25th, 
1956 and graduated Faculty of Physics at the Babes-Bolyai University in 1981. In 
the period 1981-1982 he has followed Master studies in Solid State Physics at the 
same University. He performed his PhD studies between 1989 and 1993 at Babes-
Bolyai University and Laboratoire de Magnétisme Louis Néel, Université Joseph 
Fourier under the supervision of prof. Emil Burzo and dr. Rafik Ballou. In this time 
his studies became more complex, and they covered a broader research field. His 
Ph.D. thesis was entitled “Physical Properties of Rare Earth - 3d Transition Metals 
Compounds”.  

He starts to work in 1982 as a researcher at Institute for Nuclear Power 
Reactors till 1983. During this period, his researches was focused on studies of 
nuclear fuel for the Cernavodă plant. From 1983 till 1990 he has occupied a research 
position Institute for Atomic Physics, Materials Physics and Technology Bucharest, 
Măgurele, Romania. In this period his activity was focused on preparation and 
characterization of rare earth-3d intermetallic compounds, different classes of 
hard magnetic materials and high Tc superconducting materials. 

He has moved to Faculty of Physics, Babes-Bolyai University in 1990. He 
was researcher in physics (1990-1994) assistant professor (1994-1997), associate 
professor (1997-2002) and full professor starting with 2002. In this period, he was 
teaching different courses, seminars and laboratory classes, at bachelor level, like:  
- Magnetism, Magnetic Materials, Electricity and Magnetism, Materials Technology, 
master level courses as follows: “Physics of Metals and Alloys”, “Magnetic and 
Superconducting Materials”, “Magnetic Phenomena Physics”, “Solid State Electronics” 
and Ph.D. level: “Advanced methods in the study of the condensed state”. He was 
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focused on understanding the new directions in physics and applied physics, and 
to share this new information’s, with him students, during the lectures. The teaching 
activities performed in all these years were very appreciated by him students. 

Viorel Pop research interest was focused in the field the synthesis and 
study of the structural and magnetic properties of materials like rare earths-3d 
transition metals intermetallic compounds, superconducting oxides, spring magnets 
from both, basic and applied research. Recent research activity was focuses on two 
main areas: 

- Synthesis and characterization of new hard magnetic phases without 
rare earths. Recently, the hard magnetic phases based on intermetallic 
compounds based on Fe and Mn have acquired a special interest in 
obtaining magnets without rare earths. His researches were focused 
in order to stabilize new magnetic phases with high anisotropy and a 
positive coupling of 3d magnetic moments. 

-  Preparation and characterization of hard/soft magnetic nanocomposites 
coupled by interphase exchange (spring magnets). It was shown that 
the interphase exchange coupling results from the intrinsic parameters 
of the hard and soft magnetic phases coupled by exchange interactions. 
The main objective in this direction was to influence the phases and their 
structure and microstructure on the interphase exchange torque. 

The research results were expressed in more than 160 papers with 134 
papers published in high impact ISI journals like journal of Alloys and Compounds, 
Journal of Physics D: Applied Physics, Journal of Magnetism and Magnetic Materials, 
Journal of Materials Science, Solid State Communications, IEEE Transactions on 
Magnetics, Intermetallics, Journal of Applied Physics, Physica Status Solidi, Physical 
Review B etc. He also has published 2 books. The high quality and impact on the 
scientific community of his publications is confirmed by the large number of 
citations (more than 1800). For his performance he was honoured with Romanian 
Academy award for the scientific activity, (1990) and Babes-Bolyai University 
award for excellence in didactic activity (2016). 

Viorel Pop was invited in prestigious institutions for research stages at 
Laboratoire de magnétisme Louis Néel, CNRS, Grenoble, France (1991- 1992), ENEA, 
Dipartimento Energia, Frascati (Rome), Italy, (2002), Invited associate professor, 
Université Joseph Fourier, Laboratoire de Cristallographie, CNRS, Grenoble, France 
(2002), Invited researcher, Laboratoire de Cristallographie, CNRS, Grenoble, France 
(2004), (2008), Invited professor: Université Joseph Fourier, Laboratoire de magnétisme 
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Louis Néel, CNRS, Grenoble, France (2005), Université de Nantes, Institut de Matériaux 
Jean Rouxel (2012) and (2013), Chemnitz University of Technology, Germany (2012), 
(2013) and University of Augsburg, Institute of Physics, Germany (2014). In the 
same period Viorel was member in different committees for PdD defence at the 
doctoral schools from École Normale Supérieure Paris, Limoges University, Rhone-
Alpes Univerity Grenoble, and Osnabrueck University.   

Besides the rigorous scientific activity carried out at the Faculty of Physics 
of the Babes-Bolyai University, he was permanently involved in the academic 
development at local and national levels. In this respect, he served as Director at 
the College of Environmental Physics, Dej, extension of the Faculty of Physics of 
Babes-Bolyai University Cluj-Napoca (2001–2003), Director at Institute of Technology 
of Babes-Bolyai University (2008–2010) were he structured and organized the 
Institute of Technology of University Babes-Bolyai, as Secretary of the Cluj Branch 
of the Romanian Physics Society (2008–2016), as member of the National Council 
for Research in Romanian University (2000–present), as member of the National 
Council for the Recognition of University Degrees (2010–2020). 

Having in view his research results Viorel won more than 8 research grants as 
project coordinator and more than 10 research grants as team leader.  

Viorel Pop was serving as Secretary for: Magnetic Materials and 
Superconductors Conference, Cluj-Napoca, (1994) and (1996); 3rd General Conference 
of the Balkan Physical Union, Cluj-Napoca, Romania 2-5 September (1997) and Co-
director of European School on Magnetism: ESM 2007, “New Magnetic Materials 
and their Functions”, Cluj-Napoca, Romania and ESM 2015, “From Basic Magnetic 
Concepts to Spin Currents”, Cluj-Napoca, Romania. 

He is also a member of the following international scientific societies: 
European Physical Society, Romanian Physical Society, IEEE Magnetics Society, 
Balkan Physical Society, Romanian Magnetic Materials Society 

Under his supervision, many students have obtained their B.Sc. or M.Sc. 
Diploma, 5 students obtained a PhD in physics, and some of him coworkers 
decided to follow an academic career. In the name of all those who have benefited 
from Professor Viorel Pop’s scientific achievements, as well as from his being  
a knowledgeable advisor and colleague, we would like to express our deepest 
appreciation and best wishes for the future. 
 
 

Dr. ROMULUS TETEAN 
Professor at Babes-Bolyai University 
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MAGNETIC PROPERTIES OF PrFe11Ti ALLOYS BY  
Co AND Zr DOPING 

D. BENEA1 

ABSTRACT. Theoretical investigations on the electronic and magnetic properties 
(magnetic moments, magneto-crystalline anisotropy, exchange-coupling parameters) 
of the PrFe11-xCoxTi (x = 0 – 3) and Pr0.8Zr0.2Fe11Ti alloys are presented. Our 
calculations show that Co for Fe doping in PrFe11-xCoxTi maximize the calculated 
total magnetic moment and magnetocrystalline anisotropy energy (MAE) for x = 1. 
The calculated exchange-coupling parameters for the first neighbours of each Fe 
site (8i, 8j and 8f) show an increase by increasing the Co content suggesting higher 
Curie temperatures for Co doped PrFe11Ti-based alloys. On the other hand, the Zr 
for Y substitution in Pr1-yZryFe11Ti (y = 0 - 0.2) decreases MAE without a noticeable 
decrease of the calculated total magnetic moment. Zr doping has opposite effects 
on the exchange coupling parameters Jij for different spin pairs. As consequence, 
any significant changes of the Curie temperatures are predicted for Zr doped 
PrFe11Ti based alloys in the investigated doping range. 
Keywords: A. ab-initio calculations; B. magneto-crystalline anisotropy; C. magnetization; 
D. rare earth magnets. 

INTRODUCTION 

Between the R-T (R- rare earth, T- 3d transition metals) intermetallic 
compounds, the 1:12 compounds with ThMn12 structure type (space group I4/mmm) 
have been intensely studied due to their low ratio of rare earth and high content of 
low-cost iron. The partial substitution of Fe with M (Ti, V, Cr, Mo, W or Al) it is 
necessary to stabilize the phase, as binary R - Fe intermetallic phase is not formed 
for each rare earth element R. All the RFe12-xMx compounds are characterized by 
high values of saturation magnetization and Curie temperatures, respectively. The 
relatively high values of magnetocrystalline anisotropy allow them to be considered 
as candidates for permanent magnets applications [1].  

1  Faculty of Physics, Babeș-Bolyai University Cluj-Napoca, Kogălniceanu str. 1, 400084 Cluj-Napoca, 
Romania 
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The recent research directions are oriented to reduction of critical rare earth 
content in order to obtain low-cost permanent magnets [2]. In this sense, several 
substitutions were employed to decrease the critical rare-earth content, either by 
non-critical rare earth elements (Ce) or by other elements (Y, Zr) with similar atomic 
radius with the rare earth elements [3]. Moreover, partial Co for Fe substitution 
increase the magnetization and the Curie temperature of the RFe11-xCoxTi alloys [3-5]. 
Other method used to enhance coercivity and magnetization of the R(Fe,M)12 
compounds is the light elements (H, B, C) interstitial addition [4]. Some substitutions 
have adverse effects, as for CeFe9Co2Ti, where the low value of coercivity has been 
reported [6]. 

In the present paper we present our investigations on the magnetic 
properties of Co and Zr doped PrFe11Ti-based alloys. The calculated total magnetic 
moments, MAE and the exchange coupling parameters are analysed and compared 
with the corresponding values obtained for Zr and Co doped YFe11Ti -alloys [4]. Our 
investigations results may give insight on the possible routes of enhancement for 
main magnetic properties (magnetization, MAE and Curie temperature) which are 
important for permanent magnet applications.  

 
 

CALCULATIONS DETAILS 
 
Electronic band structure calculations have been done using the SPRKKR 

band structure method. The method is based on the KKR-Green’s function formalism 
that makes use of multiple scattering theory [7]. The fully relativistic approach has 
been employed, i.e., all relativistic effects have been taken into account, including the 
spin-orbit coupling, for ferromagnetic and antiferromagnetic spin configurations. 
The angular momentum expansion of the basis functions was taken up to l = 3 for 
rare earth elements and l = 2 for Fe, Co, Zr and Ti. The exchange and correlation 
effects have been accounted for by means of the generalized gradient approximation 
with the parametrization of Perdew et al. (GGA-PBE) [8]. The k-space integration 
was performed using the special points method [9]. The substitutional disorder in the 
system has been treated within the Coherent Potential Approximation (CPA) theory 
[10]. Full potential approach has been used for self-consistent band structure 
calculations.  

Additionally, the study of the magnetic anisotropy has been performed by 
calculating the magnetic torque acting on the magnetic moment mіሬሬሬሬ⃗  of the atomic 
site i, oriented along the magnetization direction 𝑀ሬሬ⃗  [11,12]. As the component of the 
magnetic torque with respect to axis  𝑢ො  is defined by 𝑇௨ෝሺ𝜃,𝜑ሻ = −𝜕𝐸(𝑀(ሬሬሬሬሬ⃗ 𝜃,𝜑))/𝜕𝜃, 
where θ and ϕ are the polar angles, a special geometry can be used to relate the 
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magnetic torque and the energy difference between the in-plane and out-of-plane 
magnetization directions. For a uniaxial anisotropy, by setting the angles to θ = π/4 
and ϕ = 0, the calculated magnetic torque is 𝑇௨ෝ(𝜋/4,0) = 𝐸[ଵ଴଴] − 𝐸[଴଴ଵ] [12].  

A complementary approach to investigate the magnetic behaviour of solids 
is to consider particular microscopic models making use of magnetic interaction. 
One of the approaches widely used is based on the classical Heisenberg Hamiltonian 
described by the expression:  

ji
ij

ijex eeJH ˆˆ ⋅−=  , 

where the summation is performed on all lattice sites i and j and 
ji ee ˆ/ˆ  are the unit 

vectors of magnetic moments on sites i and j, respectively. The Jij exchange coupling 
parameters for the Fe and Co magnetic moments have been calculated as a function 
of distance using the expression derived by Liechtenstein [13] based on the 
magnetic force theorem.   
 
RESULTS AND DISCUSSIONS 
 

• Crystal structure 
 

The R(Fe,M)12 compounds crystallize in the ThMn12 structure (space group 
I4/mmm) having Fe atoms on 3 inequivalent crystal sites (8i, 8j and 8f) and the R 
atoms on 2a sites (Figure 1). By Ti for Fe substitution, as determined by neutron 
diffraction experiments [6], the Ti atoms occupy preferentially the 8i sites. On the 
other hand, by experimental investigations if was found that Co atoms occupy 
preferentially sites in the sequence 8j > 8f > 8i in PrFe11-xCoxTi alloys [4]. For interstitial 
dopants (H, C and B), the 2b sites within the structure are occupied [4, 6]. 

 
Figure 1. The ThMn12 structure (space group I4/mmm) of PrFe11Ti. The Pr atoms on 2a sites are red 
spheres, whilst Fe atoms are represented as green (8i), blue (8j) and grey (8f) spheres, respectively. 

Pr 2a 

Fe/Ti  8i 

Fe 8f 

Fe 8j 
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• Magnetic moments 
 

Band structure calculations have been performed using the SPR-KKR method 
for the PrFe11-xCoxTi using the experimental lattice constants [14, 15]. Calculated 
magnetic moments (in Bohr magnetons µB) for the PrFe11-xCoxTi and Pr0.8Zr0.2Fe11Ti 
are shown in Table 1. Our theoretical calculations show monotonic increase of Fe 
magnetic moment on each crystal site by increasing Co content. The Fe spin 
magnetic moments are in following the sequence 𝑚௦ி௘(8j) > 𝑚௦ி௘  (8i) > 𝑚௦ி௘  (8f), 
which is consistent with the sequence determined experimentally for other 1:12 
phases [16]. 

 
Table 1. Calculated magnetic moments (in Bohr magnetons µB) for the PrFe11-xCoxTi 

and Pr0.8Zr0.2Fe11Ti. Preferential occupation of Co for 8j and 8f sites has been 
considered. Lattice constants for PrFe11-xCoxTi from [15] are considered. 

 PrFe11Ti PrFe10CoTi PrFe9Co2Ti PrFe8Co3Ti Pr0.8Zr0.2Fe11Ti 
 ms(µB) ml(µB) ms(µB) ml(µB) ms(µB) ml(µB) ms(µB) ml(µB) ms(µB) ml(µB) 
Pr 1.04 -0.01 0.97 -0.01 0.90 -0.01 0.86 -0.01 1.05 -0.02 
Zr         1.05 -0.02 
Fe 8i 2.34 0.06 2.37 0.07 2.41 0.08 2.42 0.08 2.35 0.06 
Ti 8i -0.93 0.01 -0.91 0.02 -0.88 0.02 -0.86 0.02 -0.95 0.01 
Fe 8j 2.40 0.06 2.45 0.07 2.49 0.07 2.50 0.08 2.40 0.06 
Co 8j   1.60 0.11 1.60 0.12 1.60 0.12   
Fe 8f  2.06 0.05 2.17 0.06 2.24 0.06 2.27 0.06 2.07 0.05 
Co 8f   1.56 0.09 1.56 0.10 1.56 0.10   
Total  24.97 0.64 24.96 0.75 24.60 0.86 23.90 0.93 25.03 0.62 
 

The calculated spin magnetic moments of Fe for undoped PrFe11Ti alloy 
values range between 2.06 µB for Fe 8f and 2.40 µB for Fe 8j. The lowest value of the 𝑚௦ி௘  (8f) could be related with the interatomic Fe-Fe distances, as those of 8f site 
are the smallest and those of 8i sites are the longest.  

By Co doping, each Fe spin moment is increased, the highest rate of increase 
(10%) being obtained for Fe 8f atoms (from 2.06 to 2.27 µB). The orbital moments 
(ml) of Fe atoms on 8i and 8j sites are also showing small increase (from 0.06 to 0.08 
µB) whilst the ml values for Fe 8f sites do not change by changing the Fe/Co ratio in 
the alloys. The spin magnetic moment of substitutional Co is 1.60 µB on 8j sites and 
1.56 on 8f sites, independent on Co content within the considered doping range. In 
the same time, Co substituting atoms have increased orbital moments, which contribute 
also at the total orbital magnetic moment enhancement, which is increasing from 
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0.64 µB/f.u. (x = 0) to 0.93 µB/f.u. (x = 3). The calculated maximum value of the total 
magnetic moment is obtained for x = 1, with values of ms = 24.96 µB and ml = 0.75 µB  
for PrFe10CoTi. The total magnetic moment is in agreement with other reported 
experimental and theoretical investigations (22.72 µB and 23.02 µB, respectively) 
[14]. We note that Co distribution on crystallographic sites has important influence on 
calculated magnetic moments. Also, as the electronic correlations are not accounted 
in the present study, the Pr magnetic moment is expected to be underestimated. 
However, Pr calculated moment shows agreement with the corresponding calculated 
value for PrFe11Ti (1.31 µB) of Bouhbou et al. [14].  
 

• Magnetocrystalline anisotropy 
 
The magnetocrystalline anisotropy for Co doped alloys is shown in Figure 2, 

together with similar calculations for YFe11-xCoxTi alloys [17]. As can be seen in 
Figure 2, MAE reaches a maximum value for x = 1. The site-dependence of the MAE 
shown in Figure 2 reveals the origin of this change. As can be seen, the transition 
metals on 8j sites, followed by those from 8i sites have the largest main MAE 
contributions. A small MAE contribution comes from 8f site, which is negative for 
undoped PrFe11Ti, changing to positive sign for x = 1, 2 and again negative for x = 3. 
The 2a site contribution, occupied by Pr is underestimated, as the electronic 
correlations are not accounted. Pr is expected to add a negative contribution at MAE 
[18, 19], higher in modulus than current calculated values (~ -0.07 meV for x = 1). 
Due to this known deficiency, only the MAE behavior in Fe sublattices is discussed. 
The overall MAE contribution of transition metal atoms increases with Co content, 
reaching the maximum value for x = 1. This dependence is explained also by the 
interplay between the Fe axial local anisotropy and that of Co which is planar [16].  
The evolution of transition metals MAE with Co content x is very similar with the 
experimental determined anisotropy constant K1 for by Tereshina et al. [16] for 
YFe12-xCoxTi alloys where a maximum at x = 1 is also reached, with a K1 value of 0.98 
MJ/m3 deduced from measurements at 300 K. Our calculations show a value for 
magnetic anisotropy energy of YFe10CoTi alloy of 1.57 MJ/m3 [17], whilst for PrFe10CoTi 
alloy a higher value is obtained (2.24 MJ/m3). The calculated value is in the relative 
agreement with other calculations for PrFe11Ti [14]. 

By Zr for Y substitution in Pr0.8Zr0.2Fe11Ti, the main MAE contribution of 
transition metals comes from 8j site (0.35 meV), the 8i site contribution being 
reduced compared with undoped alloy (0.06 meV), whilst 8f site has negative 
contribution (-0.11 meV). As consequence, total MAE is reduced by Zr doping 
compared to PrFe11Ti alloy. 
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Figure 2. Site-dependent average magnetocrystalline anisotropy (in meV) calculated using 

the torque method [8] for RFe11-xCoxTi (R = Y, Pr). Filled symbols (● – 8i; ■ - 8j and  
▲ - 8f) have been used for R = Y and open symbols (○ - 8i, □ - 8j and ∆ - 8f) for R = Pr. 

 

• Exchange-coupling parameters  
 

The exchange coupling parameters Jij between Fe spins from 8i, 8j and 8f 
sites calculated using the magnetic force theorem [13] for the PrFe11-xCoxTi alloy and 
Pr0.8Zr0.2Fe11Ti alloys are shown on Figure 3. The highest strength of the exchange 
interaction is obtained between Fe 8i spins, followed by Fe 8f – Fe 8f exchange 
interaction; other exchange interactions between pair of Fe spins are lower than 
half in magnitude compared with Fe 8i - Fe 8i exchange interaction. The highest Jij 

values obtained for nearest neighbours are increasing by Co substitution for almost 
all pairs of spins.  

The exchange coupling parameters Jij between Co spins from 8i sites and 
the spins of Fe and Co neighbours have been also checked. Analysing their 
behaviour with Co content x we concluded that that these exchange interactions 
are almost independent on the Co content and for simplicity are not shown here. 
We note that the highest values of Jij appear for Co – Fe 8f next neighbour 
interaction. Based on discussed dependencies of the exchange coupling parameters 
of Co and Fe spins by Co doping, it is expected that the Curie temperatures for 
PrFe11-xCoxTi alloys to increase by increasing the Co content x, in agreement with 
experimental measurements [15].   

By Zr for Pr doping, the calculated exchange-coupling parameters between 
pairs of Fe spins, considering by turn Fe 8i, 8j and 8f spins at the origin, are also 
shown in Fig. 1. For the Fe 8i -Fe 8i, the Fe 8i -Fe 8i and Fe 8j -Fe 8f pairs, the exchange 
coupling parameters Jij  with first neighbours decrease by Zr doping, in contrast to Jijs 
of the other Fe spin pairs which show opposite trend. Accounting the number of such 
pairs showing enhancement/decrease of next neighbours Jij, the Curie temperature of 
Pr0.8Zr0.2Fe11Ti is not expected to be strongly influenced by Zr substitution.  
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Figure 3. The exchange coupling parameters Jij between Fe spins from 8i, 8j  
and 8f sites for PrFe11-xCoxTi and Pr0.8Zr0.2Fe11Ti (y = 0.2) alloys, with  

Fe 8i (a, b and c), Fe 8j (d and e) and Fe 8f (f) at the origin. 
 

a) b) 

c) d) 

e) 
f) 
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CONCLUSIONS  
 

Theoretical studies presented here show that Co for Fe substitutions in 
PrFe11Ti alloys increase Fe magnetic moments, transition metals contribution at 
MAE for x ≤ 1 and the exchange-coupling parameters (Jij) between nearest 
neighbours. Also, Zr for Pr substitution preserve the magnetic moments magnitude, 
but reduces slightly the transition metals contribution at MAE. In addition, Zr 
doping in PrFe11Ti alloys do not cause overall diminishment of the exchange 
coupling between Fe pairs from different crystal sites. As consequence, Zr doping 
could be used in PrFe11Ti- alloys in order to stabilize the phase and to reduce the Pr 
content, without significant weakening of the magnetic properties important for 
applications as permanent magnets.  
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ABSTRACT. The soft magnetic nanocrystalline powders, alloys (Ni3Fe, 79Ni16Fe5Mo, 
77Ni14Fe5Cu4Mo, wt. %) and zinc ferrite, were obtained by dry and wet mechanical 
alloying and reactive milling, followed by different heat treatments. The powders were 
characterised by X-ray diffraction, scanning electron microscopy, X-ray microanalysis, 
differential scanning calorimetry, thermomagnetic and magnetic measurements. 
The X-ray diffraction shown the progressive new phases formation. The crystallite 
size is between 18-7 nm depending on materials and milling conditions. The 
particle size is smaller for wet-mechanical alloying comparing with dry-milling. The 
thermomagnetic measurement shown the Curie temperature of the alloys. The 
spontaneous magnetisation of the wet-milled and annealed samples is higher than 
of the molten alloys.  
 
Keywords: mechanical alloying; Ni-Fe-X-Y alloys; soft ferrite; magnetisation; XRD; 
DSC. 
 
 
 

INTRODUCTION 
 
Materials having crystallite/particle size smaller than 100 nm are known as 

nanocrystalline/nanostructured/nanosized materials. Nanocrystalline materials 
have unique properties if their crystallites are smaller than the characteristic length 
of the physical phenomena occurring in bulk materials. These different properties 
derive from the large number of atoms placed at the grain boundaries, interfaces/ 
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interphases as compared to the same materials in the polycrystalline state [1-3]. 
Thus, the atoms located at interfaces determine decisively the physical/mechanical 
properties of the nanocrystalline materials. The benefits of the nanocrystalline state 
are due to chemical and structural variations on a nanoscale, very important to having 
optimal magnetic properties [1,2,4]. The very low coercivity in the nanocrystalline 
materials is different from superparamagnetic behaviour, where low coercivity 
come together with a low permeability. Due to the coupling of small ferromagnetic 
crystallites by exchange interactions, the nanocrystalline materials have simultaneously 
low coercivity and high permeability [5]. Such behaviour was explained by the random 
anisotropy model [6]. 

Fe–Ni alloys around the Ni3Fe (Permalloy) composition and Fe–Ni–(X–Y) 
alloys, known as Supermalloy, are widely used for their high properties as soft magnetic 
materials. The production of these materials as nanocrystalline powders can add 
interesting properties. The interesting properties (superparamagnetic state, spin canting 
effect, partial redistribution of the cations) can be obtained in the nanocrystalline/ 
nanosized ferrites prepared by mechanical activation and mechanosynthesis, which 
were reviewed in Ref. [7]. 

In last decades, the different mechanosynthesis routes used in developing 
soft magnetic nanocrystalline powders (ferrites and alloys) or nanocomposite 
powders were reported. Here we summarize our contributions on obtaining new 
materials by mechanosynthesis with an emphasis on the Ni-Fe-(X-Y) and ferrites 
soft magnetic nanocrystalline powders obtained by mechanical alloying and 
reactive milling. Some results have been previously reported [8-25]. 
 
 
MATERIALS AND METHODS 

 
For Ni-Fe and Ni-Fe-X-Y alloys producing the following elemental powders 

were used as starting materials: 123-carbonyl nickel, NC 100.24 (Höganäs) iron, Mo 
powder produced by chemical reduction and copper powder. The powder mixtures 
with the following composition were used: Ni3Fe, 79Ni16Fe5Mo (wt. %) and 
77Ni14Fe5Cu4Mo (wt. %). The soft magnetic ferrites were obtained from equimolar 
mixture of high purity commercial oxide powders (Alpha Aesar), MeO (Me = Ni, Cu, 
Zn) and iron oxide (α-Fe2O3—haematite).  

All the mixtures of elemental powders or oxides, before milling, were 
homogenised for 15 minutes using a Turbula type apparatus. For mechanical alloying 
the starting mixtures (“ss” sample) were dry or wet milled in argon atmosphere 
using a planetary ball mill (Fritsch, Pulverisette 4 and Pulverisette 6). For wet milling 
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2 ml of benzene was added after each vial opening (for sampling) in order to avoid 
powders agglomeration via cold welding. The milling process were caried out in 
stainless steel vials (with 500 cm3 volume), using stainless steel balls with 15 mm 
diameter. The ball to powder mass ratio (BPR) was between 8:1 and 10:1. Several 
milling times were used ranging from 1 to 12-28 hours, depending on mill and alloy. 
The milled powders were annealed in vacuum at 350 °C and 400 °C during 0.5 to 4 
h to remove the internal stresses and also to finish the solid-state reaction leading 
to synthesis of a new phase. The nanocrystalline soft ferrites were obtained by 
reactive milling in air, using the same mill equipment. The ball to powder mass ratio 
(BPR) was 15:1.  

The evolution of formation of new phases (alloy or ferrite) by milling was 
investigated by X-ray diffraction (XRD) in the angular range 2θ = 25–100° using a 
Siemens D5000 diffractometer, operating with CoKα radiation (λ = 1.7903 A) and 
Bruker D8 diffractometer operating with CuKα radiation (λ = 1.5418 Å). The mean 
crystallite size was determined on the milled and annealed samples from full-width-
at-half maximum (FWHM) of the diffraction peaks using Scherrer’s formula [26] and 
by Williamson-Hall method, on the as-milled samples [27].    

Thermal stability of the samples was studied by a Setaram Labsys differential 
scanning calorimetry (DSC) apparatus, using high purity alumina as reference in the 
25 – 800 °C temperature range using argon atmosphere. The heating/cooling rate 
was 10 °C/min.  

The powders morphology and the local chemical homogeneity of the 
particles were investigated by scanning electron microscope (SEM, Jeol-JSM 5600 LV) 
equipped with an energy dispersive X-ray spectrometer (EDX, Oxford Instruments, 
Inca 200 soft). 

The magnetisation measurements (M(H)) were made by the extraction sample 
method at 300 K and a maximum magnetic field of 8 T. The Curie temperatures of 
different phases were determined by thermomagnetic measurements. 
 
 
RESULTS AND DISCUSSIONS 
 
 The XRD patterns for the powders obtained by mechanical alloying (MA) 
for times ranging from 2 to 28 h show a progressive formation of Ni3Fe intermetallic 
compound by MA (Fig. 1). The iron Bragg peaks are vanished and after 6 hours of 
milling, they are indistinguishable from the background noise. This fact suggests the 
idea that iron atoms either formed a compound with nickel (Ni3Fe), or formed a Ni-Fe 
solid solution. At the same time, a shift of the peaks towards the small angles is 
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observed. The shift to small angles is due (i) to the formation of the Ni3Fe intermetallic 
compound and (ii) to the first order stresses induced by milling. The news peak 
positions after 10 hours of milling are at smaller angles than the Ni3Fe positions, as 
a consequence of the first order internal stresses.   
 
 

 
Fig. 1. X-ray diffraction patterns (Cu Kα1, λ = 1.5406 Å) for samples milled up to 28 hours. 

ss refers to the starting sample. For clarity, the spectra have been shifted vertically.  
There are indicated the positions of the Bragg peaks of nickel, iron and Ni3Fe. 

 
 

The influence of the annealing conditions (temperature and time) on the 
Ni3Fe formation is shown for 8 h milled sample, figure 2. For 8 h as-milled sample a 
broad diffraction peak is observed at the Ni3Fe position, accompanied by another 
peak of lower intensity which corresponds to the unreacted nickel during milling. 
After only 30 minutes of annealing at 400 °C, the intensity of the Ni3Fe maxima 
increases and the Ni maxima has disappeared. By increasing the annealing time, the 
intensity of the Ni3Fe maximum increases and also the maximum shifts towards 
large angles as a consequence of the internal stresses’ removal. After 4 hours of 
annealing the peak position is at the same position as for Ni3Fe obtained by fusion, 
as an effect of the stresses removal and finishing the solid-state reaction [28]. 
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Fig. 2. The influence of annealing conditions on the (311) Ni3Fe maxima  

of the samples milled 8 hours. ss denote the starting mixture. 
  

 
Fig. 3. X-ray diffraction patterns of 79Ni16Fe5Mo (wt %) mechanically wet-milled powders up 
to 20 hours and mechanically wet-milled and followed by annealing at 350°C for 4 hours 
(λ1 = 1.5406 Å). To clarity the diffractograms were vertically shifted. The starting mixture 

was indicated by the acronym ss. [29]. 
 

The evolution of the Supermalloy 79Ni16Fe5Mo (wt. %) formation by wet-
milling up to 20 hours and annealing (350 °C for 4 h) is shown in figure 3. It can be 
shown a movement towards smaller angles and a broadening of the Bragg peaks by 
increasing the milling time. This displacement of the Bragg peaks is caused, similar 
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to Ni3Fe alloy, by the formation of the alloy and by the first-order internal stresses 
that are induced by milling. X-ray patterns of the annealed samples show a better 
definition of diffraction peaks. The X-ray diffraction patterns of 79Ni16Fe5Mo powder 
after 6 hours of wet-milling followed by annealing shows that Bragg maxima correspond 
those of the alloy of the same composition obtained by fusion [29]. 

 

 
a. 

 
b. 

Fig. 4. X-ray diffraction patterns of 77Ni14Fe5Cu4Mo (wt. %). a - mechanically dry-milled 
powders up to 32 hours; b - mechanically dry-milled and followed by annealing at 350°C  

for 4 hours (λ1 = 1.5406 Å). To clarity the diffractograms were vertically shifted.  
The starting mixture was indicated by the acronym ss.  

 
The evolution of the Mümetal (77Ni14Fe5Cu4Mo, wt. %) formation by milling 

up to 32 hours and annealing (350°C/4 h) is shown in figure 4 a, b. A displacement 
towards smaller angles and a broadening of the Bragg peaks by increasing the 
milling time was observed. In figure 4a, in the case of as-milled powders, the Cu, Fe 
and Mo Bragg peaks disappear after 4, 6 and 10 hours of milling respectively. By 
annealing the Mümetal alloy is formed after 8 hours of milling followed by an 
annealing at 350 °C/4 hours, figure 4b [28].  

The evolution of Zn ferrite obtaining by reactive milling (RM) is shown in figure 
5. After 4 hours of milling, they are noticed new, intense maxima, that correspond to 
the newly formed phase, zinc ferrite. Simultaneously with the appearance of these 
maxima also shows the disappearance of the maxima characteristic of zinc oxide, which 
indicates a rapid and complete amorphization of it or a diffusion of Zn and O atoms in 
the structure of iron oxide [30, 31]. Iron oxide maxima are much flattened (those that 
are visible in the diffractogram), but most can no longer be identified in diffractogram. 
The corresponding maxima of ZnFe2O4 are much more intense compared to the 
maximum of the unreacted iron oxide, which suggests that at this time of milling (4 
hours) the major phase is Zn ferrite. The presence of elemental iron in the sample is 
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due to contamination of the powder on during milling. [31, 32]. Prolonged milling time 
(20-30 h) lead to a reaction between zinc ferrite and iron provided by contamination 
resulting in a wüstite type phase. The as-milled samples were subjected to a heat 
treatment in vacuum and in air at temperatures of 400, 500, 600, 700 and 800 °C for 4 
hours. At temperatures higher than 500 °C a decomposition of the Zn ferrite with the 
presence of Fe2O3 was evidenced. The heat treatment at 500 ºC for 4 hours in the air is 
the only one we have a complete ferrite formation for all milling times. More 
information of ZnFe2O4, NiFe2O4, CuFe2O4 can be found in Ref [30]. All milled samples 
(alloys and ferrites) obtained by MA and RM are in the nanocrystalline state.  The 
crystallite size of the Ni-Fe alloys decreases by increasing milling time, up to 18 – 7 nm, 
depending on alloys, milling equipment or type o milling (wet or dry) [28, 29]. The 
crystallite size of ZnFe2O4 powders obtained by RM is of 8 ± 2 nm after 30 hours of 
milling [30]. 

In Figure 6 are presented the SEM images of 77Ni14Fe5Cu4Mo powders 
Wet milled for 4, 8 and 20 hours. The decrease of particle size with increasing 

milling time can be observed. In addition, for longer milling times (8 hours), particles 
with rounded corners can be observed. The two causes that lead to the decrease the 
size of the particles are, on the one hand, the stresses induced in the material by the 
milling, which reduce the plasticity of the material and, on the other hand, the presence 
of benzene on the surface particles that prevents cold welding processes. The same 
powders morphology evolution can be found for all samples obtained by MA. 

 

 
Fig. 5. XRD patterns of the as-milled samples (4, 8, 12,16, 20, 24 and 30 h). The starting 

sample is noted by ss. For clarity, the spectra have been shifted vertically. The XRD 
maxima for different phases are marked. 
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Fig. 6. SEM images of 77Ni14Fe5Cu4Mo powder milled for 4, 8 and 20 hours at 
magnification of 50x. 

 
The DSC curves of the milled samples were evidenced the phase transformations 

in the powders during heating and cooling, such as: internal stresses removal, 
recrystallisation, Curie temperature and their changes with milling conditions. An 
interesting behaviour was observed on the DSC curves of the wet-milled samples, 
where the presence of an exothermic peak for all wet-milled samples can be observed, 
figure 7. This peak was attributed to the elimination of benzene adsorbed on the 
surface of powders. The elimination of benzene results from the thermal activation and 
the catalytic behaviour of Ni, Fe and Mo on the decomposition of benzene [33, 34]. 
concerning the exothermic peaks presented in figure 6 one can observe that (i) their 
surface increases (by a factor of 4), and (ii) a shift towards lower temperatures when 
the milling time increases (from 495 °C to 431 °C for a milling time of 4 and 20 hours 
respectively). The increase in the surface of the DSC peaks is related to the increase of 
the amount of benzene adsorbed on the surface and inside particles. A complete 
analysis of the presence of this exothermic peak in Ni3Fe powders wet-milled was 
presented in Ref. [35]. 

 
Fig. 7. DSC heating curves for 77Ni14Fe5Cu4Mo samples, wet-milled in benzene for 4, 

8, 12, 16 and 20 hours. For more than clarity, the DSC curves have been shifted 
vertically. The atmosphere used in DSC was Ar + 5% H2  
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Thermomagnetic analysis offers the advantage of in-situ alloying study 
during heat treatment. Thermomagnetic measurements in a low field (less than 0.1 T) 
are shown in figure 8. These measures show the progressive formation of the alloy by 
MA, and by milling followed by annealing. For the starting sample (ss), the M² curve 
versus temperature shows two transitions on heating: one at the Curie temperature 
of nickel (TC = 631 K) and the other at the Curie temperature of iron (TC = 1043 K). 
On cooling, the M²(T) curve shows a mixture of ferromagnetic phases with the Curie 
temperatures over a wide range. These phases were formed at high temperature 
by the local diffusion of nickel, molybdenum and copper small particles in the larger 
iron particles. This can be explained by the fact that in the starting mixture there are 
large iron particles (average particle size is < 40 µm), surrounded by much smaller 
particles of nickel and molybdenum (about 5 – 7 µm). For the sample milled 4 h, on 
the heating curve is observed the Curie temperature of unreacted Ni and also the 
Curie temperature of the NiFeCuMo alloy formed by MA (a small change in the slope 
curve). Also, a progressive alloying process by heating with formation of a mixture of 
phases can be observed. No transition at the Curie temperature of iron is detected, 
because iron reacted with the other elements under the influence of temperature 
before 1043 K. By heating up to 1100 K, the 77Ni14Fe5Cu4Mo alloy is formed in the 
whole sample volume and, consequently, on the cooling curve only one Curie 
temperature is observed. The process is the same for the 10 h milled sample, but 
the amount of the unreacted elements during milling is very little. For 16 h milled 
sample, on the heating curve a single transition is visible at a temperature of 630 K 
(the Curie temperature of the alloy), but at cooling the transition is shifted towards 
higher temperatures. The difference between the Curie temperatures at heating 
and at cooling could be due to the appearance of an iron-rich phase. This can be 
due to the powder contamination with iron during milling at high milling time and 
under the influence of very high temperature iron-rich phases can form (the Ni3Fe 
maybe). A complete analysis of the thermomagnetic measurements on the synthesis 
of nanocrystalline Supermalloy powders by mechanical alloying is presented in Ref. 
[17]. 

The spontaneous magnetization of the samples milled for 8 and 12 hours 
before and after annealing at 350 °C/4 hours is shown in figure 9. It is notable that 
the annealing leads to an increase of the value of the powder’s spontaneous 
magnetization. This fact can be explained by the elimination of internal stresses and 
the decrease in the density of crystalline defects induced during milling. By comparing 
the value of the spontaneous magnetization of the annealed samples with the 
spontaneous magnetization of the molten alloy, also shown in the figure 9, it is obvious 
that the magnetizations for samples obtained by wet-milling are slightly higher. This 
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can be due to the contamination with iron from the balls and vials used, contamination 
that was observed during EDX analyses. It is well known that in the dry milling a 
protective layer from the materials milled is formed on the surface of the balls and 
vials which prevents or decreases the powder contamination. In the case of wet-
milling, this protection layer is absent or too thin and its thickness may not be 
sufficient to prevent powder contamination. 

 

 
Fig. 8. The magnetization versus temperature 

for 77Ni14Fe5Cu4Mo powders milled 4, 10 
and 32 hours. The starting sample (ss) and 

the cast sample are also presented. 
 

Fig. 9. Influence of annealing at 350 °C/4 
hours on the magnetization value of 
Supermalloy (79Ni16Fe5Mo, wt. %) 

powders wet-milled for 8 and 20 hours. 

 
CONCLUSIONS 

 
The mechanosynthesis route is a powerful tool for producing soft magnetic 

nanocrystalline materials, both alloys and ceramic compounds. A large variety of 
Ni-Fe alloy have been successfully produced by mechanical alloying in nanocrystalline 
state. Also, by reactive milling Cu, Zn and Ni ferrites with cubic spinel structure have 
been produced effectively. In both cases the structure is formed progressively upon 
increasing the milling time. The alloying time needed for fully obtaining the desired 
phase is depending on the processed materials. For both, alloys and ferrites a 
contamination of the powders with iron provided by vials and ball for prolonged 
milling times was noticed. The crystallites size is in nanometric range when the 
alloy/compound starting to form. The annealing, in general, improve the magnetic 
characteristic of the as-milled samples. The structural and magnetic characteristics 
are strongly dependent on the synthesis conditions. The magnetic measurements 
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show a decrease of the magnetisation upon milling process, with a strong restauration 
after annealing. The thermomagnetic measurement is a strong instrument in 
observation of the alloys formation and theirs iron contamination for large milling 
times. 
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ABSTRACT. Technetium radiopharmaceuticals remain the most widely available 
and cost-effective compounds used in nuclear medicine imaging. However, exact 
information regarding the chemical structure of these compounds is scarce. In this 
study we present a spectroscopic investigation of Hexakis (2-methoxy-2-
methylpropylisonitrile) (MIBI) Technetium (99mTc) (99mTc-sestamibi). Surface Enhanced 
Raman Scattering spectra of the ligand and the Technetium sestamibi complex were 
recorded. For the later, the measurements were recorded in solution as administered 
to patients and at different moments from the time of preparation in order to 
monitor its stability. The information provided by the vibrational characterization 
of the MIBI ligand allowed us to understand spectroscopic features pertaining to 
the SERS spectra of the Technetium complex. 
 
Keywords: Technetium; radiopharmaceuticals; SPECT; MIBI; SERS. 

 
 
 
1. INTRODUCTION 
 
 99mTc-Sestamibi is a Technetium based radiopharmaceutical commonly 
used for Single Photon Emission Computed Tomography (SPECT) imaging. Since its 
introduction, as a cardiac imaging agent [1], it rapidly became a standard in nuclear 
medicine clinical practice for myocardial perfusion scans and parathyroid adenoma 
identification [2, 3]. The radiopharmaceutical, consisting of a 99mTc core bound to 
six 2-methoxy-2-methylpropylisonitrile (MIBI) ligands, presents an uptake mechanism 
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dependent on mitochondrial and plasma membrane potentials, extending its use in 
oncology applications e.g. breast cancer imaging and Multidrug Resistance Mutation 
(MDR1) expression studies [4, 5]. 
 Since molecular and electronic structure information is missing for both 
the Technetium complex and the MIBI ligand, we previously presented a joint 
experimental and computational study of the ligand. Using conformational and 
vibrational analysis based on DFT calculations in both harmonic and anharmonic 
approximations we obtained an accurate characterization of the Raman spectrum 
of MIBI [6]. 
 The aim of the present study is to extend the previously reported investigation 
on the 99mTc-sestamibi complex. Due to the fact that in nuclear medicine studies 
radiopharmaceuticals are injected in very small quantities, we considered the Surface 
Enhanced Raman Scattering (SERS) technique as the best suited approach for this 
purpose. Thus, we present here an analysis of the SERS spectrum for the MIBI ligand, as 
well as the SERS spectrum of 99mTc-Sestamibi in the solution administered to patients. 
We will focus also on the observed differences that appear in the SERS spectrum at 
different time intervals after the radiolabelling of the Technetium complex. 
 
 
2. EXPERIMENTAL DETAILS 
 

2.1. Chemicals 
 
 As received aqueous solution of MIBI (Manchester Organics Ltd., 98.3% 
purity) was used without further purification. 
 Sodium pertechnetate solution was obtained following the daily elution of 
an UltratechnekowTM FM 12.9 GBq 99mTc generator purchased from Curium. 
 99mTc-Sestamibi solution was obtained using the TechnescanTM Sestamibi 
kit for radiopharmaceutical preparation purchased from Mallinckrodt Medical. The 
radiolabeling process was performed during regular clinical practice, following the 
manufacturer’s instructions. Briefly, a 3ml saline solution of sodium pertechnetate 
was aseptically added to a vial from the preparation kit containing 1 mg [Tetrakis 
(2-methoxy-2-methylpropylisonitrile)copper(I)] tetrafluroborate. The vial was then 
placed in a water bath at 100⁰C for 10 minutes and left to cool at room temperature 
for 15 minutes. 
 SERS measurements for both MIBI and 99mTc-Sestamibi were performed 
using an Ag-colloid as substrate, prepared by the Leopold-Lendl method [7]. We 
found that a 1:9 sample to substrate ratio yielded the best results for both MIBI and 
99mTc-sestamibi measurements. 
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 All radioactive solutions were handled according to radioprotection guides 
and local regulations. 
 

2.2. Instrumentation 
 

 The SERS spectra were recorded on an Invia Reflex confocal Raman 
spectrometer (Renishaw, UK), equipped with a RenCam CCD detector and using the 
532 nm excitation line from a Cobolt Diode Pumped Solid State (DPSS) laser and a 
diffraction grating with 1800 lines mm-1. 
 
 
3. RESULTS AND DISCUSSIONS 

 
The interpretation of the SERS spectra is made in accordance with our 

previous work in which we presented a full assignment of the Raman spectra of the 
MIBI ligand based on DFT calculations, taking into account conformer analysis and 
both, the harmonic and anharmonic approximations [6]. 

Figure 1 shows the SERS spectrum of the MIBI ligand of 10-4M concentration. 
It is worth mentioning that we previously found the limit of detection of 10-3M by 
using the Raman technique [6]. Comparing the Raman and SERS spectra of MIBI it 
is evident that the main band observed in the Raman spectrum are also observed 
in the SERS spectrum, some of them being enhanced and/or shifted. 

 
Figure 1. SERS spectrum of MIBI at 10-4M 
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The most striking difference both in position and intensity is observed for 
the band at 2213 cm-1 in the SERS spectrum (2148 cm-1 Raman) assigned to a C≡N 
stretch mode [6]. The band suffers a significant blue-shift of 65 cm-1 and presents 
the largest enhancement. Other bands with significantly increased wavenumbers 
can be observed in the fingerprint region at 572, 479, 434 and 385 cm-1. On the 
other hand the bands at 2936, 1377, 1328, 1286, and 1064 cm-1 exhibit red-shifts 
between 7 and 16 cm-1. 

Slight increases in relative intensity can be observed for most of the bands 
in the fingerprint region, while significant enhancements are seen for the combined 
C-CH2 stretch and CH2 wagging mode at 1328 cm-1, the 1237 cm-1 band assigned to 
C-CH3 stretch and COC bend, and the doublet at 588/572 assigned to a COC and 
CNC bend. 

The doublets observed in the SERS spectrum at 743/734 and 588/572 were 
proved to be due to contributions from different conformers [6]. The shoulder at 
734 observed is less pronounced than in the Raman spectrum. For the second 
doubled we see that the band at 572 cm-1 suffers a blue-shift, and an increase in 
relative intensity. These changes can be attributed to the signal enhancement of 
certain conformers. 

Important to note is the band located at 1377 which suffers a significant 
increase in intensity when compared to the Raman measurements. This band is 
accurately reproduced by the harmonic and especially the anharmonic calculations 
but was very weak on the experimental Raman spectra at either at 1M or 10-1M 
concentration. 

 
Figure 2. SERS spectrum of 99mTc-Sestamibi solution 
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In Figure 2 we present the SERS spectra of 99mTc-Sestamibi. The complex is 
considered to be stable for patient use within 8 hours after preparation. We can 
observe several bands characteristic to the MIBI ligand: 2912 cm-1 (CH2 stretch), 
2192 cm-1 (C≡N stretch), and 741 cm-1 (C-CH3 and CO stretch). We note the presence 
of the band at 661 cm-1 that was not observed neither in the Raman or the SERS 
spectrum of the ligand. It is very probable that the band arises due to the excipients 
present in the kit that facilitate the formation of the Technetium complex. 

In addition we performed measurements at different times from the 
moment of radiolabelling. Figure 3 shows the comparison between the SERS 
spectra of Tc-sestamibi at 4, 24, 54 and 106 hours from preparation. Comparing the 
first two we observe no significant change in band position and intensity in the first 
24 hours. However we can observe three new, although weak, bands at 2952, 2835 
and 1355 cm-1. In contrast, the spectrum recorded at 56 hours from preparation 
shows significant changes. We observe new bands characteristic to the ligand, such 
as the doublets at 1455/1435 and 590/573 as well as the bands at 2829, 1288, 852, 
808 and 349 cm-1. Also, one can easily note the splitting of the band assigned to the 
C≡N stretch mode at 2193 cm-1.  

 
Figure 3. SERS spectra of 99mTc-Sestamibi at 2, 24, 54 and 106 hour from radiolabelling 
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The next spectrum, which was recorded at 106 hours, shows no significant 
differences in band positions with respect to that recorded at 54 hours after 
preparation. We can assume that the Technetium complex destabilizes between 
the second and third measurement.  

The higher wavenumber component of the doublet recorded at 54 and 106 
hours after the preparation (2216 cm-1) is very close to that corresponding to the 
SERS spectrum of the unbound MIBI ligand (2213 cm-1). Thus, most probably, the 
splitting of the C≡N band can be explained either by the appearance of free MIBI 
molecules adsorbed on the colloidal surface, besides the Tc-sestamibi complex 
which became slightly red-shifted with time.  
 
 
4. CONCLUSIONS 
 
 SERS measurements on the MIBI ligand show good amplification of Raman 
bands even at concentration lower than the Raman detection limit, in particular the 
C≡N stretch at 2213 cm-1. In addition we find good agreement between the 
experimental data and previously obtained results. This allows for a more confident 
characterization of the 99mTc-sestamibi. The SERS spectrum of the complex reveals 
several MIBI characteristic bands. We also observe that 99mTc-Sestamibi has a 
structural stability of at least 24 hours from the time of the radiolabelling process. 
However by this time most 99mTc atoms will have decayed to 99Tc atoms which 
would make the complex inefficient for imaging. 
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XPS ON Mn0.95Dy0.05NiSb HEUSLER ALLOY 

R. DUDRIC1*, R. GRASIN2, M. NEUMANN3, R. TETEAN1

ABSTRACT. XPS results on Mn0.95Dy0.05NiSb Heusler alloy are presented. The 
compound is single phase with a C1b type cubic structure. All the experimental results 
suggest that the rare earth atoms entered in the lattice and they are not forming 
second phases. An exchange splitting of Mn 3s core-level spectrum of about 4.6 eV was 
shown, giving a direct evidence of the local magnetic moments on Mn sites. The Ni 3d 
states are giving the major contribution to the XPS valence band spectra. The Ni 3d 
satellite peak situated around 6 eV was attributed to the fact that the Ni 3d states in 
the valence band are not fully occupied. However, the Ni 3d band is almost full in this 
alloy and the Stoner criterion for the existence of a magnetic moment on Ni sites is no 
longer fulfilled. 

Keywords: Heusler alloys, X-ray photoelectron spectroscopy, valence band spectra. 

INTRODUCTION 

Half metallicity was predicted by de Groot and his collaborators in a 
pioneering paper published in 1983 for the Heusler alloy MnNiSb [1]. These materials 
present a metallic behavior for one spin band and a semiconducting one for the 
opposite spin band. Being metals for one spin projection and semiconductors for 
the opposite one they have, in magnitude, different spin contributions to electronic 
transport properties, which can result in a huge magnetoresistance for 
heterostructures containing Half-metallic ferromagnets. These compounds are 
either ferromagnetically or ferrimagnetically ordered and were predicted to have 
perfect spin polarization at the Fermi level. NiMnSb crystallizes in the cubic 
structure of C1b type with space group mF 34 . This structure can be described as 
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three interpenetrating fcc lattices of Ni, Mn, and Sb. It was shown that in order to 
obtain the minority spin gap it is necessary to take into account the Mn-d-Sb-p and 
Mn-d-Ni-d interactions. The large exchange splitting of the Mn atoms, producing the 
local Mn magnetic moment is crucial to induce a half-metallic structure. The spin 
polarized calculations reveal that the position of t2g and eg Ni states are slightly 
changed comparing the minority and majority spin channels, so that the exchange 
splitting on Ni is small. The magnetic moment calculation gives values around  
3.7 μB for Mn and 0.3 μB for Ni respectively [1-8]. Spin–orbit interaction causes the 
mixing of the two spin directions, the result being a reduction of the spin 
polarization of the conduction electrons even at zero temperature. In order to avoid 
the reduction of spin-polarization, special care has to be taken. Attema et al. have 
shown that a properly chosen element from the lanthanide series as a substitute 
would increase the magnetic anisotropy and at the same time would contribute in 
keeping a significant spin-polarization [9]. The 4f electrons are not directly involved 
in chemical bonding and show a strong spin–orbit interaction and are energetically 
well separated from the Fermi energy. Holmium was proposed as substituent 
considering both the spin moment and the orbital moment. It was shown that the 
half-metallic properties are completely conserved if Mn is substituted with a rare 
earth metal [9]. According to the authors, the size of the effect is not determined 
by the strength of the spin–orbit coupling, but limited by the interaction between 
the magnetic moments of manganese and holmium.  

In this paper we have investigated the effect of Dy substitution for Mn on the 
physical properties of NiMnSb compounds. X-ray diffraction and X-ray photoelectron 
spectroscopy (XPS) were used to characterize the samples. From the experimental 
data we concluded that the heavy rare-earth atoms have entered in the C1b 
structure.  

 
 

EXPERIMENTAL 
 
The Mn0.95Dy0.05NiSb compound was prepared by arc melting of the 

constituent elements in a purified argon atmosphere using high purity Ni (99.8%), 
Mn (99.9%), Sb (99.999%) and Dy (99.95%) ingots (Alfa Aesar, Jonson & Matthey, 
Karlsruhe, Germany). The ingots were turned around and remelted up to 10 times. The 
samples were sealed in tantalum foil and heat treated in vacuum at 1000 ºC for 5 days. 
The crystal structure of the studied samples was checked by X-ray Diffraction using a 
Bruker 8 XD diffractometer at the Ioan Ursu Institute Cluj Napoca. XPS spectra were 
recorded at room temperature using a SPECS Multifunctional surface analysis system 
with monochromatized Al Kα radiation, located at Osnabrueck University.  
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The pressure in the ultra-high vacuum chamber was in the 10–10 mbar range. In 
order to avoid the surface contamination, the sample was crushed in situ and the 
surface cleanness was checked by monitoring the oxygen and carbon 1s core levels. 
It was found that the contamination was almost absent, so we can conclude that the 
XPS spectra are representative of the bulk. 

In Fig.1 the survey spectra of the Mn0.95Dy0.05NiSb is presented.  
 

 
Fig. 1. XPS survey spectra of Mn0.95Dy0.05NiSb. 

One can see that the sample is not oxidated, since the oxygen O 1s core 
level (around 531 eV) was almost absent. The small C 1s core line indicates the low 
level of sample contamination. 
 
 
RESULTS AND DISCUSSIONS 

 
The X-ray diffraction analysis show, in the limit of experimental errors, that 

the compound is single phase with a C1b type cubic structure (space group mF 34 ). 
The lattice parameter was found to be 0.594(3) nm, somewhat higher than that of 
the pure compound (0.593(1) nm [10]). This small increase could be explained by 
the higher radius of Dy ion compared to Mn ion. 
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XPS core level and valence band spectra provide important information on 
the electronic structure of 3d transition metal alloys and compounds. Multiplet 
splitting and satellite emission in the core-level photoelectron spectra represent 
the interaction between the core hole and the valence electrons and are related to 
the electronic structure of the bound atoms. The localization or delocalization of 
the 3d valence electrons, screening, and charge transfer processes can influence 
the core-level photoelectron spectra. The multiplet splitting of the XPS core levels 
show the existence of localized magnetic moments of transition metals ions. The 
splitting of the Mn 3s core level in MnNiSb and Mn0.95Dy0.05NiSb is presented in Fig. 2. 
The Mn 3s core-level spectra show an exchange splitting of about 4.6 eV, arising 
from the exchange interaction between the core hole and open 3d shell. A high-spin 
density of the 3d electrons on Mn sites is revealed by the high value of the energy 
separation and proof the existence of localized magnetic moments confined on Mn 
sites.  

 
Fig. 2. XPS Mn 3s core level spectra of Mn0.95Dy0.05NiSb and MnNiSb 

 
The Ni 2p XPS spectra for Mn0.95Dy0.05NiSb alloy are shown in Fig. 3.   
The Ni 2p spectra in NiMnSb and in metallic Ni are also plotted. A satellite 

in the Ni 2p core level spectra, at about 6.5 eV higher binding energy than the main 
lines can be observed, suggesting the d character in the unoccupied bands. The 
intensity of this satellite in both investigated compounds is much smaller than in 
pure Ni. This show that, in these alloys, the Ni 3d band is almost full and the Stoner 
criterion for the existence of a magnetic moment on Ni sites is no longer fulfilled.  
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Fig. 3. Ni 2p XPS spectra of Ni, NiMnSb and Mn0.95Dy0.05NiSb alloys 

 
The core-level spectra in the region of Sb 4s and Dy 4d binding energies are 

presented in Fig. 4. Information about the atomic bonding can be subtracted from 
here by extracting the binding energies of the Dy atom at the 4d core shell, 
comparing with the values in pure metals and in oxides from Handbook of X-Ray 
Photoemission Spectroscopy (HXPS). The 4f binding energy was found to be 9 eV 
and 4d binding energy 155 eV. The experimentally determined binding energies, in 
the region of 4f and 4d core shells, are different from that of the pure element  
(8 eV and 152 eV from HXPS) or it’s oxide (168 eV in Dy2O3 according to HXPS). 
These results allow us to conclude that the rare earth element occupies a lattice 
position in the Mn0.95Dy0.05NiSb alloy. 

The Dy concentration alloys in Mn0.95Dy0.05NiSb alloy was calculated 
considering the intensity ratio of the Sb 4s and the Dy 4f peaks. The calculated 
values of the concentrations are presented in Table 1. One can see that the 
experimentally determined intensities are in a quiet good agreement with the 
theoretical ones, which means, that in the limit of the experimental errors, the rare 
earth elements entered in the composition of the Mn0.95Dy0.05NiSb alloy. 
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Fig. 4. Core-level spectra in the region of Sb 4s and Dy 4d binding energies 

 
 

Table. 1. The calculated concentration of Sb and Dy in Mn0.95Dy0.05NiSb. 

Core level Cross section Concentration Theoretical int. Exp. Int. 
Sb 4s 0.011 1.00 1.00 1.00 
Dy 4d 0.140 0.05 0.71 0.60 

 
 

The XPS spectra of the valence band region of Mn0.95Dy0.05NiSb compared 
with MnNiSb alloy is shown in Fig. 5. 

The Ni 3d states are giving the major contribution to the XPS valence band 
spectra, the typical feature being around 1 eV. One can see that this feature is not 
shifted. It was expected that this feature will give the main contribution, considering 
that the Ni 3d cross section for Al Kα radiation is about four times larger than the 
Mn 3d cross section situated at about ~2.8 eV. The peak at around ~6 eV is a satellite 
feature of the Ni 3d. These satellite features can be attributed to the fact that the  
Ni 3d states in the valence band are not fully occupied. The main difference 
between the valence band spectra of Mn0.95Dy0.05NiSb and NiMnSb is between 8.5 eV 
and 10.5 eV, due to the Dy 4f states contribution. By subtracting the normalized XPS 
valence band spectra of NiMnSb, from the normalized spectra of Mn0.95Dy0.05NiSb, it 
was found that the binding energy of the Dy 4f core level is around 9.5 eV at higher 
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binding energy than in metallic rare earth (inset of Fig. 5). We can conclude that the 
Dy atoms occupy atomic positions in the NiMnSb cell. The peak at around ~10-11 
eV is also present in all investigated alloys and is assigned to the Sb 5s states.  

 
Fig. 5. XPS valence band spectra of NiMnSb and Mn0.95Dy0.05NiSb alloys 

 
 

CONCLUSIONS 
 
XPS results on Mn0.95Dy0.05NiSb Heusler alloy are presented.  The prepared 

compound is single phase with a C1b type cubic structure. The survey spectra of the 
Mn0.95Dy0.05NiSb confirm that the sample is not oxidated or contaminated.  

An exchange splitting of Mn 3s core-level spectrum of about 4.6 eV was 
shown. The high value of the energy separation indicates a high-spin density of the 
3d electrons on Mn sites and proof the existence of localized magnetic moments 
confined on Mn sites. 

A satellite in the Ni 2p core level spectra, at about 6.5 eV higher binding 
energy than the main lines is shown, suggesting the d character in the unoccupied 
bands. The intensity of this satellite in parent and doped compounds is much 
smaller than in pure Ni showing that the Ni 3d band is almost full and the Stoner 
criterion for the existence of a magnetic moment on Ni sites is no longer fulfilled.  
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The experimentally determined binding energies, in the region of 4f and 4d 
core shells, are different from that of the pure element or it’s oxides. These results 
allow us to conclude that the rare earth element occupies a lattice position in the 
Mn0.95Dy0.05NiSb alloy. 

The valence-band is dominated by the Ni 3d states. The Ni satellite is 
separated by approximately 6 eV from the centroids of the valence bands and can 
be attributed to the presence of the d character in the unoccupied bands. The main 
difference between the valence band spectra of Mn0.95Dy0.05NiSb and NiMnSb is 
between 8.5 eV and 10.5 eV, due to the Dy 4f states contribution. 

All the experimental results suggest that the rare earth ions occupy atomic 
positions in the lattice and they are not forming secondary phases.  
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LORENTZ NUMBER WITH  
PHENOMENOLOGICAL TRANSMISSION 

 
 

I. GROSU1 
 
 

ABSTRACT. We analyzed the Lorentz number for thermoelectric phenomena in the 
case of electronic systems, using the Landauer-Bϋttiker method. For the transmission 
coefficient we will adopt two simple phenomenological forms, constant and linear. 
The case of graphene with a quadratic transmission is also analyzed. 
 
Keywords: Thermoelectric properties, Wiedemann-Franz law, Lorentz number, 
Transmission, Electrons, Graphene. 
 
 
 
 
Since their discovery thermoelectric effects [1, 2, 3] have attracted 

attention through their theoretical explanation and many applications. At a given 
temperature T, in common conductors, the ratio between the heat conductance 
and the product temperature-electrical conductance is constant and equal to the 
Lorentz number ℒ. This result is a consequence of the fact that both charge and 
heat are carried by the same particles [4, 5], and this ratio is called the Wiedemann-
Franz law [6]. Deviations from the Wiedemann-Franz law indicate departures from 
the Fermi liquid behavior [7]. In mesoscopic systems, Coulomb interaction and 
charge quantization can also lead to departures from the Wiedemann-Franz law [8, 
9]. The importance of the Wiedemann-Franz ratio lies in the fact that the figure of 
merit for thermoelectric conversion ZT  is directly proportional to the inverse of this 
ratio. In this respect it is desirable to maximize the charge flow and to minimize that 
of heat. The thermoelectric response of nanostructures has increased the interest 
in this research area [10, 11]. Recently, the thermoelectric transport properties in 
graphene connected molecular junctions and in interacting quantum dots in 
graphene were studied in Refs. [12, 13]. The effect of magnetic field on thermoelectric  
properties of monolayer graphene was analyzed in [14].  
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In this paper we will calculate the Lorentz number taking into account the 
electronic system and for two simple phenomenological forms of the transmission 
factor (constant and linear). Then we will discuss the Lorentz number for the case 
of graphene with a quadratic transmission. The obtained results can be useful in 
order to find out the efficiency of thermoelectric conversion. 

The Wiedemann-Franz law states that the ratio between electronic thermal 
conductivity (𝐾௘௟) and electrical conductivity (σ) is proportional to temperature: 𝐾௘௟𝜎 = ℒ T                                                                                (1) 
where ℒ is the Lorentz number. In the case of an ideal Fermi gas, βµ≫ 1 (β=1/𝑘஻𝑇, 𝑘஻ - the Boltzmann constant, and µ is the chemical potential), the Lorentz number is: ℒ଴ = గమଷ ቀ௞ಳ௘ ቁଶ                                                                          (2) 
e – is the electron charge.  For mesoscopic systems, in the presence of leads, using 
the Landauer-Bϋttiker formalism, one can express the Lorentz number through the 
energy dependent transmission 𝑇(𝜀) by the following formula:   ℒ = 𝐾௘௟𝜎𝑇 = 𝐿଴𝐿ଶ − 𝐿ଵଶ𝑒ଶ𝑇𝐿଴ଶ                                                           (3) 

where: 𝐿௡ = 𝑔ℎ න𝑑𝜀  𝑇(𝜀) ൬−𝜕𝑓𝜕𝜀൰  (𝜀 − µ)௡                               (4) 

with n= 0, 1, 2. Here g  is the degeneracy (for classical Fermi gas g=gs=2, and for 
graphene g=gsgv=2x2=4, where gs and gv are the spin and valley degeneracies), and 
f(ε) is the Fermi-Dirac distribution function. Using: 𝑓(𝜀) = 12 ൤1 − tanh𝛽(𝜀 − µ)2 ൨                                                (5) 
we obtain: 𝐿௡ = ௚ఉସ௛ ׬ 𝑑𝜀 𝑇(𝜀) (ఌିµ)೙ቀୡ୭ୱ୦ቂഁ(ഄషµ)మ ቃቁమ                                        (6)                             

where h is the Planck constant. In the following we will analyze the Lorentz number, 
using several simple forms for the transmission. 

Case 1: Electronic system with T(ε)=T0 =const. 
In this case: 𝐿଴ = 𝑔𝛽𝑇଴4ℎ න 𝑑𝜀 1ቀcosh ቂఉ(ఌିµ)ଶ ቃቁଶஶ

଴ = 𝑔𝑇଴2ℎ ൤1 + tanh ൬𝛽µ2 ൰൨         (7) 
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When βµ≫ 1 (low temperatures): 𝐿଴ ≅ 𝑔𝑇଴ℎ                                                                                    (8) 

Then: 𝐿ଵ = 𝑔𝛽𝑇଴4ℎ න 𝑑𝜀 𝜀 − µቀcosh ቂఉ(ఌିµ)ଶ ቃቁଶஶ
଴                                    (9) 

or: 𝐿ଵ = 𝑔𝑇଴𝛽ℎ ൜𝑙𝑛 ൤2 cosh ൬𝛽µ2 ൰൨ − 𝛽µ2 tanh ൬𝛽µ2 ൰ൠ                (10) 

which, for βµ≫ 1, reduces to: 𝐿ଵ ≅ 𝑔𝑇଴µℎ  𝑒ିఉµ → 0                                                          (11) 

Finally, L2  is: 𝐿ଶ = 𝑔𝛽𝑇଴4ℎ න 𝑑𝜀 (𝜀 − µ)ଶቀcosh ቂఉ(ఌିµ)ଶ ቃቁଶ                                (12)ஶ
଴  

After integration we obtain:                        𝐿ଶ = 2𝑔𝑇଴ℎ𝛽ଶ ቊ𝜋ଶ6 + 𝑝𝑜𝑙𝑦𝑙𝑜𝑔൫2,−𝑒ିఉµ൯ − 𝛽µ 𝑙𝑛 ൤2 cosh ൬𝛽µ2 ൰൨
+ ൬𝛽µ2 ൰ଶ ൤1 + tanh ൬𝛽µ2 ൰൨ቋ                                                              (13) 

where polylog(n,y) is the polylogarithmic function. In the low temperatures limit, 
βµ≫ 1, L2 becomes: 𝐿ଶ ≅ 2𝜋ଶ𝑔𝑇଴6ℎ𝛽ଶ                                                                        (14) 

Having these results, and in the low temperatures limit, we obtain for the 
Lorentz number: ℒ = 𝜋ଶ3 ൬𝑘஻𝑒 ൰ଶ ≡ ℒ଴                                                           (15) 

Now we will consider the opposite limit when βµ≪ 1.  This case correspond 
to high temperatures or to low electron concentration. In this case we have the 
following approximations: 
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𝐿଴ ≅ 𝑔𝑇଴2ℎ ൤1 + 𝛽µ2 ൨                                                            (16) 𝐿ଵ ≅ 𝑔𝑇଴ ln 2𝛽ℎ ቈ1 − (𝛽µ)ଶ8 ln 2቉                                              (17) 

and: 𝐿ଶ ≅ 𝑔𝑇଴𝜋ଶ6ℎ𝛽ଶ ቈ1 + (𝛽µ)ଷ2𝜋ଶ ቉                                                  (18) 

The Lorentz number becomes: ℒ ≅ 𝜋ଶ3 ൬𝑘஻𝑒 ൰ଶ ቊ1 − 12(ln 2)ଶ𝜋ଶ + 𝛽µ ቈ12(ln 2)ଶ𝜋ଶ − 12቉ቋ        (19) 

After evaluating the numerical factors we get: ℒ ≅ 0.416 (1 + 0.2019 𝛽µ)ℒ଴ ≅ 0.416 ℒ଴                     (20) 
 

Case 2: Electronic system with linear transmission T(ε)=aε. 
In this case, using eq. (4), the Ln terms will be: 𝐿଴ = 𝑔𝑎ℎ𝛽 ൜𝛽µ2 + ln ൤2 cosh ൬𝛽µ2 ൰൨ൠ                                     (21) 

with the approximations: 𝐿଴ ≅ 𝑔𝑎µℎ                                                                               (22) 
for βµ≫ 1, and: 𝐿଴ ≅ 𝑔𝑎ℎ𝛽 ൬ln 2 + 𝛽µ2 ൰                                                          (23) 

for βµ≪ 1. 
For L1 we will obtain: 𝐿ଵ = 2𝑎𝑔ℎ𝛽ଶ ቊ𝜋ଶ6 + ൬𝛽µ2 ൰ଶ + 𝑝𝑜𝑙𝑦𝑙𝑜𝑔൫2,−𝑒ିఉµ൯ − 𝛽µ2 ln ൤2 cosh ൬𝛽µ2 ൰൨ቋ    (24) 

In the case βµ≫ 1: 𝐿ଵ ≅ 𝜋ଶ𝑔𝑎3 ℎ𝛽ଶ                                                                           (25) 

and for βµ≪ 1: 𝐿ଵ ≅ 𝜋ଶ𝑔𝑎6 ℎ𝛽ଶ ൬1 + 6 ln 2𝜋ଶ  𝛽µ൰                                             (26) 
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The last factor is: 𝐿ଶ = ଶ௔௚µ௛ఉమ ൜గమ଺ − ቀఉµଶ ቁଶ + ఉµଶ ln ቂ2 cosh ቀఉµଶ ቁቃ − 2 𝑝𝑜𝑙𝑦𝑙𝑜𝑔൫2,−𝑒ିఉµ൯ −ଷఉµ  𝑝𝑜𝑙𝑦𝑙𝑜𝑔(3,−𝑒ିఉµ)ൠ                           (27) 

In the low temperatures βµ≫ 1, and: 𝐿ଶ ≅ 𝜋ଶ𝑔𝑎µ 3 ℎ𝛽ଶ                                                                         (28) 

and in the opposite limit βµ≪ 1 : 𝐿ଶ ≅ 𝑎𝑔2 ℎ𝛽ଷ ቈ9𝜁(3) + 𝜋ଶ𝛽µ3 ቉                                           (29) 

where ζ(x) is the Riemann’s zeta function. Using the results above the Lorentz 
number in the low temperatures limit βµ≫ 1 becomes: ℒ ≅ ℒ଴ ቈ1 − 𝜋ଶ3 (𝛽µ)ଶ቉                                                      (30) 

In the opposite limit βµ≪ 1, and the Lorentz number is: ℒ ≅ ℒ଴  3 𝑞𝜋ଶ  (1 + 𝑟 𝛽µ)                                                  (31) 

Where q and r are complicated numerical factors given by q=2.1721…, and 
r=0.05638… . The Lorentz number will be: ℒ ≅ 0.66 ℒ଴(1 + 0.05638 𝛽µ) ≅ 0.66 ℒ଴    (32) 

Case 3: Graphene systems (electrons and holes) with quadratic transmission 
T(ε)=a𝜀ଶ. 

In the case of graphene the integral over energies in (4) is taken over the 
entire interval (−∞, +∞) taking into account the holes contribution (from −∞ to 
µ), and the electrons contribution (from µ to +∞). In this way, the first factor L0 will 
be: 𝐿଴ = 𝜋ଶ𝑔௦𝑔௩𝑎3 ℎ𝛽ଶ ቈ1 + 3(𝛽µ)ଶ𝜋ଶ ቉                                            (33) 

the second factor L1: 𝐿ଵ = 𝜋ଶ𝑔௦𝑔௩𝛽𝑎µ24 ℎ ൬2𝛽൰ଷ                                                      (34) 

and the third factor L2: 
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𝐿ଶ = 7𝜋ସ𝑔௦𝑔௩𝑎15 ℎ𝛽ସ ቈ1 + 5(𝛽µ)ଶ7𝜋ଶ ቉                                          (35) 

The calculated Lorentz number will be: ℒ = 215  𝑓 ℒ଴                                                                      (36) 
where: 

𝑓 = 1 + 3 ቀఉµଶ ቁଶ ൤1 + ହ଻ ቀఉµగ ቁଶ൨൤1 + 3 ቀఉµగ ቁଶ൨ଶ                                       (37) 

At the Dirac point (µ=0) the Lorentz ratio becomes: ℒ = 215  ℒ଴ ≡ 4.2 ℒ଴                                                        (38) 
and decreases as one departs from the Dirac point. When βµ≫ 1, the Lorentz ratio 
is: ℒ = ℒ଴                                                                                (39) 

 
For highly doped graphene, with this form of transmission, the Lorentz 

number is similar to the classical result for the Fermi systems. Close to the neutrality 
point the result changes appreciably. It remains to analyze the consequence of 
changing of the Lorentz number on the efficiency of thermoelectric conversion, by 
determining the figure of merit ZT. 
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ABSTRACT. The microstructure of mechanically milled Nd2Fe14B, SmCo5/Fe and 
SmCo3Cu2/α-Fe alloys has been investigated by Mössbauer spectrometry and atom 
probe tomography. The structural changes that occur upon milling and subsequent 
annealing were characterised at a nanometer scale. Milling promotes intermixing 
of the elements and the formation of nanograins. In Nd-Fe-B powders, the 
Nd2Fe14B phase is transformed into α-Fe and an amorphous Nd-Fe-B phase. In 
SmCo5/Fe powders, Fe/Co intermixing occurs, leading to the formation of 
Sm(Co,Fe)5 and α-Fe(Co) phases. In SmCo3Cu2/Fe powders, although Sm is partly 
oxidised, Fe/Co intermixing occurs as well, leading to the formation of α-Fe(Co) 
nanograins surrounded by Sm(Co,Cu,Fe)5 intergranular regions. The combined 
Mössbauer and atom probe tomography investigation of rare earth / transition 
metal powders thus allows revealing the effect of mechanical milling and 
subsequent annealing on the nanostructure of the powders. These results are 
helpful for the understanding of the magnetic properties of the powders.  

 
Keywords: rare earths-transition metals powders, Mössbauer spectrometry, atom 
probe tomography 
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1. INTRODUCTION 
 

Up today, hard magnetic materials based on rare earth / transition metal 
phases have the best magnetic properties among the permanent magnets materials. 
With the aim to increase further the magnetic properties of these permanent 
magnet materials, it is possible to reduce the dimensions of the grains down to the 
nanometer scale. Such a grain size reduction can be achieved by mechanical milling 
and subsequent annealing. 

Another way to improve the magnetic properties of rare earth / transition 
metal materials is to obtain nanocomposites consisting of an intimate mixture of 
two magnetic phases, one soft (Fe3B, α-Fe…), and one hard (Nd2Fe14B, SmCo5…). 
Such a nanostructure combines the high coercivity of the hard magnetic phase with 
the high magnetisation of the soft magnetic phase, the two phases being coupled 
by exchange [1,2]. 

These so-called “spring magnets” can lead to energy products (BH)max 
higher than those achieved in the existing sintered magnets [3]. However, the role 
of the microstructure in the spring mechanism is not well understood [1,3-6]. Several 
studies were performed in view of obtaining spring magnet-type magnetic materials 
by mechanical alloying (MA) or mechanical milling (MM) [7–14]. Since the discovery of 
intergrain exchange coupling, MA has become a widely used preparation technique 
to obtain nanocrystalline structures of magnetic materials. 

With the aim at contributing to the understanding of intergrain exchange-
coupling, a structural characterization at a nanometer scale of hard/soft magnetic 
powders is required. From this point of view, combined Mössbauer spectrometry 
and atom probe tomography investigations is useful. 

Mössbauer spectrometry is a very useful tool for investigating structural 
transformations occurring during mechanical milling of rare earth / transition metal 
powders. Because this technique is sensitive to the environment of Fe atoms, it 
allows following accurately the evolution of iron containing phases upon milling and 
subsequent annealing. In each case, the Mössbauer investigation was completed by 
atom probe tomography analysis. Atom probe tomography (APT) is a high resolution 
analytical microscope which provides a 3D mapping at the atomic scale of the spatial 
distribution of atoms in the analysed specimen [15-17]. It is particularly well suited 
to identify small clusters and analyse chemical heterogeneities. 

Here we present the results of combined Mössbauer spectrometry and atom 
probe tomography investigations of mechanically milled Nd2Fe14B/Fe, SmCo5/Fe and 
SmCo3Cu2/Fe powders. Some results have been previously reported [18-23]. 
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2. EXPERIMENTAL 
 

Ingots with Nd2Fe14B, SmCo5 and SmCo3Cu2 nominal compositions were 
prepared by induction melting under argon atmosphere. The purity of the starting 
elements was 99.9%. 

The Nd2Fe14B ingot was crushed and the resulting powder was sieved 
through a 500 μm sieve. The sieved powder was dry-milled under Ar atmosphere 
in a planetary mill for 1, 2, 4, 8 and 12h. The milling vials (with a volume of 80 ml) 
and balls (Ø 10 mm in diameter) were made of 440 C hardened steel. The ratio 
between the rotation speed of the disc and the relative rotation speed of the vials 
was Ω/ω = 333/–900 rpm with a ball-to-powder weight ratio of 10:1. 

The SmCo5 ingot was crushed into small pieces and it was subsequently 
mechanically milled for two hours in a high energy planetary mill under argon 
atmosphere. The obtained SmCo5 powder was mixed with an Fe powder (grain size 
below 40 μm) in a ratio of 80 wt%(SmCo5)/ 20 wt%(Fe), and the mixture was 
mechanically milled for an additional time of 8h. The mechanically milled powder 
was placed in a sealed evacuated silica tube and annealed at temperatures up to 
650°C for 0.5h to remove the internal strains and defects introduced during milling. 

The SmCo3Cu2 ingot was crushed into small pieces and subsequently 
mechanically milled for 2 h under argon atmosphere. The SmCo3Cu2 powder thus 
obtained was mixed with an iron powder (grain size below 40 μm) in a ratio of 70 
wt% (SmCo3Cu2)/30 wt% (Fe). The mixture was mechanically milled under argon 
atmosphere using the high-energy planetary mill. Several milling times were used 
ranging from 1.5 to 9 h. In order to investigate the influence of the annealing on 
the structural evolution of the SmCo3Cu2/Fe powder, samples of milled powder 
were sealed inside evacuated silica tubes for further heat treatments. These 
treatments were performed at temperatures ranging from 400 to 450°C for times 
ranging from 1 min to 2 h. 

57Fe Mössbauer spectrometry experiments were performed at room 
temperature in transmission geometry, using a 57Co source in a rhodium matrix. 
The Mössbauer spectra were fitted according to a least squares method [24]. The 
isomer shift (relative to metallic α-Fe at room temperature) and hyperfine field are 
denoted δ and B respectively. 

The APT experiments were performed with a Laser Assisted Wide Angle 
Tomographic Atom Probe from CAMECA. For sample preparation, a single particle 
with a diameter in the range 1-50 μm was mounted on a stainless steel fine tip 
needle with conductive epoxy glue, using an ex-situ micro-manipulator. The particle 
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was tip-shaped using a focused Ga ion beam (30 kV) [25]. To reduce Ga implantation 
and avoid structural damages, the final step of milling was performed at low 
acceleration voltage (2 kV). The tips were analyzed at 80 K in an ultrahigh vacuum 
chamber at a pressure of 10-9 mbar. The femtosecond laser pulse system used was 
an amplified ytterbium-doped laser (Amplitude System s-pulse) with a 350 fs pulse 
length and a 332 nm wavelength. 
 
 
3. RESULTS 
 

3.1. Nd2Fe14B powder 
 

The room temperature Mössbauer spectra of the Nd2Fe14B powder before 
milling and milled for 2 and 12 hours are shown in figure 1. One can see a clear 
evolution of the Mössbauer spectrum with milling time, indicating important 
structural changes induced by mechanical milling. 

 
Figure 1 – Room temperature Mössbauer spectra of the Nd-Fe-B powder before milling, 

and after milling for 2h and 12h. In the spectra of the milled powders, the red contribution 
corresponds to the Nd2Fe14B phase, the blue sextet contribution corresponds to the α-Fe 

phase and the blue large contribution corresponds to an amorphous contribution. 
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The spectrum of the powder before milling was fitted with the contribution 
of the Nd2Fe14B phase. The spectra of the milled powders were fitted, according to a 
fitting procedure previously described [26], with three contributions: the contribution 
of the Nd2Fe14B phase, the contribution of the α-Fe phase and, a contribution 
typical for an amorphous phase. As the milling time increases, the relative intensity 
of the Nd2Fe14B phase contribution decreases, as those of both α-Fe and amorphous 
phases increase. This clearly shows the disappearance of the Nd2Fe14B phase 
induced by milling and its transformation into α-Fe and amorphous phases. 

A 3D reconstruction of a volume of the powder milled for 2 hours derived 
from APT analysis is shown in figure 2a. The corresponding Nd, Fe and B concentration 
profiles in the analyzed volume are also shown. One can clearly see the presence 
of three regions with different compositions: 

- a region constituted of a mixture of iron, neodymium and boron (left 
part of the figure), corresponding to the Nd2Fe14B phase also detected 
in the Mössbauer spectrum, 

 

 
Figure 2 –3D reconstruction obtained by APT of an analysed volume of the Nd-Fe-B powder 

milled for 2h (a) and 12h (b) and corresponding concentration profiles. 
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- a neodymium enriched Nd-Fe-B region (middle part of the picture), 
attributed to the amorphous contribution fitted in the Mössbauer 
spectrum, 

- a region almost entirely constituted of Fe atoms (right part of the figure), 
corresponding to the α-Fe Mössbauer contribution. 

 
A 3D reconstruction of a volume of the powder milled for 12 hours derived 

from APT analysis is shown in figure 2b. The corresponding Nd, Fe and B concentration 
profiles in the analyzed volume are also shown. A so-called mixed area is observed, 
revealed by variations of the Fe and Nd composition at the nanometer scale. This 
indicates that the powder milled for 12 hours contains nanosized regions that are 
not pure and present diffuse interfaces. Increasing the milling time thus promotes 
the intermixing of Nd, Fe and B elements leading, in agreement with the Mössbauer 
analysis, to the almost complete disappearance of the Nd2Fe14B phase and to the 
formation of Nd-Fe-B amorphous regions and α-Fe regions, mixed at a nanometer 
scale. 
 

3.2. SmCo5/Fe powder 
 

The room temperature Mössbauer spectra of the SmCo5/Fe powder before 
milling and milled for 2 and 8 hours are shown in figure 3. An evolution of the 
Mössbauer spectrum with milling time is observed, related to structural changes 
induced by mechanical milling. 

The spectrum of the powder before milling was fitted with the contribution 
of the α-Fe phase, in relation with the fact than that before milling, all the iron 
atoms are present in the α-Fe phase. The spectra of the milled powders were fitted 
according to a fitting procedure previously described [21], with two contributions. 
These contributions are: 

- a magnetic contribution with a hyperfine field between 33 and 35 T 
typical of an Fe-Co alloy, corresponding to a Fe-Co phase, 

- a magnetic contribution with a mean hyperfine field typical of a rare-
earth / transition metal alloy, corresponding to a Sm-Co-Fe phase. 

As the milling time increases, the relative intensity of the Sm-Co-Fe phase 
contribution increases, as that of Fe-Co phase decreases. This shows that milling 
induces an intermixing of Fe and Co atoms, leading to the introduction of Co atoms 
in the α-Fe phase and Fe atoms in the SmCo5 phase. These two phases are thus 
denoted α-Fe(Co) and Sm(Co,Fe)5 respectively. 
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Figure 3 – Room temperature Mössbauer spectra of the SmCo5/Fe powder before milling, 

and after milling for 2h and 12h. In the spectra of the milled powders,  
the red contribution corresponds to the Sm(Co,Fe)5 phase. 

 
 

The room temperature Mössbauer spectra of the SmCo5/Fe powder milled 
for 8 hours and annealed for 0.5 hour at 500 and 550°C are shown in figure 4. As 
compared with the spectrum of the as-milled powder, one can see that the 
contribution of the Sm-Co-Fe phase increases with the annealing temperature, in 
agreement with an increase of the Fe/Co intermixing. 

A 3D reconstruction of a volume of the powder milled for 8 hours derived 
from APT analysis, is shown in figure 5. The figure shows the spatial distribution of the 
Sm, Co, and Fe atoms in the analysed volume. A slice taken from the 3D reconstruction 
is shown in the figure, presenting the individual spatial distribution of each type of 
atoms. The Sm atoms are only detected in Sm-Co-rich regions. The regions where 
Sm is not present correspond to the Fe rich regions in the Fe map, being of a few 
nanometers in size. The Fe atoms are also present in the Sm-rich regions.  The  Co 
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Figure 4 – Room temperature Mössbauer spectra of the SmCo5/Fe powder  
after milling and annealing for 0.5h at 500 and 550°C. The red contribution  

corresponds to the Sm(Co,Fe)5 phase. 
 

atoms are detected in both the Sm-rich and the Fe-rich regions, their concentration 
being higher in the Sm-rich regions. The mean composition of the Sm-rich regions 
is 20±2% Sm, 70±2% Co and 10±2% Fe, being consistent with a Sm(Co,Fe)5 phase. 
The mean composition of the Fe-rich regions is 75±2% Fe, and 25±2% Co. 

These results are fully consistent with the Mössbauer analysis and confirm 
that mechanical milling leads to Fe/Co intermixing, leading to the presence in the 
as-milled powders of two phases: a Sm(Fe,Co)5 phase and a Fe75Co25 phase. These 
two phases are present as grains with a nanometer size. 

A 3D reconstruction of the SmCo5/Fe powder milled for 8h and annealed 
for 0.5h at 550°C is shown in figure 6. The nanoscale morphology of the annealed 
powder is comparable to that of the as-milled powder, as the powder contains 
nanosized Fe(Co) clusters embedded in the Sm(Co,Fe)5 phase. The mean Fe content 
in the Sm(Co,Fe)5 phase is slightly higher than the value measured in the as-milled 
sample, being 15±2%. The Co content in the Fe(Co) is statistically higher after 
annealing amounting to 45±2% Co. These variations of the atomic concentrations 
upon annealing confirm that the Fe/Co interdiffusion is thermally activated. The 
increase of the Fe content in the Sm-rich regions and the increase of the Co content 
in the Fe-rich regions upon annealing are consistent with the results of the 
Mössbauer analysis. 
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Figure 5 – 3D reconstruction obtained by APT of an analysed volume in the SmCo5/Fe 

powder milled for 8h, and concentration profile through a Fe-rich region. The distribution 
of Sm, Co and Fe atoms in a 30 nm thick slice taken from the analysed volume is shown. 

 
 

 
Figure 6 – 3D reconstruction obtained by APT of an analysed volume of the SmCo5/Fe 

powder milled for 8h and subsequently annealed for 0.5h at 550°C and  
concentration profile through a Fe-rich region. 
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3.3. SmCo3Cu2/Fe powder 
 

The room temperature Mössbauer spectra of the SmCo3Cu2/Fe powder 
before milling and milled for 9 hours are shown in figure 7. The room temperature 
spectrum of the powder milled for 9 hours and subsequently annealed for 0.5 hours 
at 450°C is shown in the same figure. 

The spectrum of the powder before milling was fitted with the contribution 
of the α-Fe phase, in relation with the fact than that before milling, all the iron 
atoms are present in the α-Fe phase. The spectra of the milled powders were fitted 
with two contributions: 

- a magnetic contribution with a hyperfine field between 33 and 35 T 
typical of an Fe-Co alloy, corresponding to a Fe-Co phase,  

- a magnetic contribution with a mean hyperfine field typical of a rare-
earth / transition metal alloy, corresponding to a Sm-Co-Cu-Fe phase. 

 
Figure 7 – Room temperature Mössbauer spectra of the SmCo3Cu2/Fe powder before 

milling, after milling for 9h and after milling for 9h and subsequent annealing for 0.5h at 
450°C. The red contribution corresponds to Sm(Co,Fe,Cu) regions. 
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After 9 hours milling, the relative intensity of the Sm-Co-Cu-Fe phase 
contribution is lower than that of the Sm-Co-Fe phase in the SmCo5/Fe powder after 
8 hours milling. This suggests that the Fe/Co intermixing upon milling is lower in the 
SmCo3Cu2/Fe powder than in the SmCo5/Fe powder. 

After annealing, the Mössbauer spectrum of the powder milled for 9 hours 
is mainly composed of the contribution of the Fe-Co phase, as the relative intensity 
of the Sm-Co-Cu-Fe phase is very small, being lower than in the as-milled powder. 
This indicates that only a few Fe atoms are present in the Sm-rich phase after 
annealing, suggesting that the Fe/Co intermixing is not as important as in the 
SmCo3Cu2/Fe powders. As compared with the behaviour of the SmCo5/Fe powder 
upon annealing, the behaviour of the SmCo3Cu2/Fe powder upon milling and 
subsequent annealing could be related to the presence of Cu atoms. 

3D reconstructions of a volume of the powder milled for 9 hours, before 
and after annealing for 0.5 hour at 450°C, derived from APT analysis, are shown in 
figure 8. Slices taken from the 3D reconstruction are shown in the figure, presenting 
the individual spatial distributions of Sm, Co, Cu and Fe atoms. 

 

   

Figure 8 – 3D reconstruction obtained by APT of an analysed volume in the SmCo3Cu2/Fe 
powder milled for 9h before (left) and after (right) annealing for 0.5h at 450°C.  

The distributions of Sm, Co, Cu and Fe atoms in a 5 nm thick slice taken  
from the analysed volume are shown. 
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In the as-milled powder, one can observed the presence of Sm-rich regions, 
containing a few Co and Fe atoms, and Sm-poor regions, containing a high amount 
of Co and Fe atoms. Cu atoms are present in the whole analysed volume, with a 
concentration that is more important in Sm-rich regions than in Sm-poor regions. 

In the annealed powder, three different regions are observed: Sm-rich 
regions with almost no Co, Fe or Cu atoms, Sm-poor regions with a high amount of 
Co and Fe atoms, and Sm-Co-Cu-Fe regions that seem to correspond to intergranular 
regions. The Sm-rich regions could correspond to Sm oxides. 

These results are in agreement with Mössbauer analysis, showing that 
milling induces Fe/Co intermixing, leading to the formation of a Fe-Co phase and 
Sm-Co-Cu-Fe regions. However, the proportion of the Sm-Co-Cu-Fe phase is low, as 
Sm-rich regions almost pure in Sm are observed that could correspond to Sm 
oxides. Annealing promotes the formation of Fe-Co nanograins surrounded by 
intergranular Sm-Co-Cu-Fe regions. 
 
 
 
4. CONCLUSION 
 

The combined Mössbauer and APT investigation of rare earth / transition 
metal powders allows revealing the effect of mechanical milling and subsequent 
annealing on the nanostructure of the powders. 

Milling Nd2Fe14B powder leads to the formation of nanosized regions that 
are not pure and present diffuse interfaces. The intermixing of Nd, Fe and B 
elements is promoted. Nd-Fe-B amorphous regions and α-Fe regions, mixed at a 
nanometer scale, are formed. 

Milling SmCo5/Fe powders induces Fe/Co intermixing, and leads to the 
formation of Sm(Fe,Co)5 and α-Fe(Co) phases that are present in grains with a 
nanometer size. Upon annealing, the Fe/Co interdiffusion is thermally activated, 
inducing an increase of both the Fe content in the Sm(Fe,Co)5 phase and the Co 
content in the α-Fe(Co) phases. 

Milling SmCo3Cu2/Fe powders induces Fe/Co intermixing, and leads to the 
formation of a Fe-Co phase, and Sm-Co-Cu-Fe regions. However, the proportion of 
the Sm-Co-Cu-Fe phase is very low, as Sm-rich regions almost pure in Sm are 
present as well, that could correspond to Sm oxides. Annealing promotes the 
formation of Fe-Co nanograins surrounded by intergranular Sm-Co-Cu-Fe regions. 
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These results show that the combined Mössbauer spectrometry and atom 
probe tomography investigation of mechanically milled rare earth / transition metal 
powders allows obtaining both structural and chemical information at a nanometer 
scale that is thus useful for the understanding of magnetic interactions between 
nanograins.  
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NEAR ROOM-TEMPERATURE TEMPERATURE 
MAGNETOCALORIC EFFECT IN Pr0.63-xHoxSr0.37MnO3

MANGANITES 

ALEXANDRA LUDOȘAN1, I.G. DEAC1* 

ABSTRACT. Near room-temperature magnetic and magnetocaloric properties of 
the compounds Pr0.63-xHoxSr0.37MnO3 (x=0, 0.05) were investigated. The parent 
compound Pr0.63Sr0.37MnO3 has a large magnetocaloric effect around its Curie 
temperatures of about 300 K. Partially replacing of Pr3+ ions with Ho3+ ions in 
Pr0.63Sr0.37MnO3 gives rise to disorder which leads to the decrease of the Curie 
temperature without a significant reduction of the magnetocaloric effect. The samples 
were prepared by solid state reaction and were found to be single phase by x-ray 
diffraction. The magnetic measurements reveal paramagnetic to ferromagnetic 
second order phase transitions. For the sample with x = 0, the magnetic entropy 
change |ΔSM| was in the range from 1.91 J/kg٠K (RCP = 42 J/kg) forμ0 ΔH = 1 T to 
4.86 J/kg٠K (RCP = 184 J/kg) for μ0 ΔH = 4 T. For the sample with x = 0.05, the 
magnetic entropy change |ΔSM| was in the range from 1.61 J/kg٠K (RCP = 57.9 J/kg) 
forμ0 ΔH = 1 T to 4.38 J/kg٠K (RCP = 236 J/kg) for μ0 ΔH = 4 T and Tc = 216 K. These 
values recommend these materials to be potential candidates to be used in near 
room-temperature refrigeration applications. 

Keywords: Perovskite manganites, phase transition, magnetocaloric effect. 

INTRODUCTION 

Magnetocaloric effect (MCE) is a magneto-thermodynamic phenomenon 
which consists in the (irreversible) change of the temperature of a material when a 
magnetic field is applied. When cooling result in a cycle which consist in magnetization 
and demagnetization of the magnetocaloric material, this effect can be used as an 
alternative of the conventional vapor compression domestic refrigerators [1]. Magnetic 
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cooling is seen as an alternative for the conventional vapor compressing domestic 
refrigerators which usually work 20 -30 0C below room temperature. Gadolinium was 
found to show the largest magnetocaloric effect in the range from 270 to 310 K with a 
relative cooling power (RCP) of the order of 240 J/kg but the cost of this material is 
prohibitive of about 3000 euro/kg [2]. In the last decade a great deal of interest was 
devoted to find such materials with large MCE and reasonable costs [2]. Large magnetic 
entropy changes were also found in the perovskite mixed valence manganese oxides 
or in Ln1-xAxMnO3 manganites (where Ln is a lanthanide and A is a divalent alkali) 
[3]. Some of these manganese oxides show large |ΔSM (T;μ0H)| values comparable 
to those of the intermetallic compounds (i.e., |ΔSM (T;μ0H)| ~ 4–6 J kg-1K-1 when  
μ0ΔH = 5 T) [4]. 

Here we propose such a magnetocaloric material, the Pr0.63-xHoxSr0.37MnO3 
perovskite manganite where x =0; 0.01. The parent compound is ferromagnetic 
below Curie temperature which is closed to 300 K and has a large MCE around this 
TC. The partially substitution of Ho3+ions (atomic radius 1.75 Å) for Pr3+ ions (atomic 
radius 1.18 Å) generates structural disorder which result in the decrease of Curie 
temperature to be in the range of the conventional domestic refrigeration. 

In this paper we analyze in detail the magnetic and magnetocaloric properties 
of the Pr0.63-xHoxSr0.37MnO3 perovskite manganites which are promising for application 
in magnetic cooling. 
 
 
EXPERIMENTAL  
 

The samples with nominal compositions Pr0.63-xHoxSr0.37MnO3 with x = 0; 
0.05 were prepared by standard solid-state reaction from high purity amounts of 
Pr6O11, SrCO3, Mn2O3 and Ho2O3. The powders were mixed and calcinated at 10000 
C (24 h), then they were pressed in into pellets and sintered at 13000C (30 h). The 
samples were checked by x-ray powder diffraction at room temperature by using a 
Brucker Advance D8 AXS diffractometer with CuKα radiation. A commercial cryogen-
free VSM magnetometer (Cryogenic Ltd.) was used for magnetic measurements in the 
temperature range from 100 to 500 K and in applied magnetic fields from 0 to 4 T. 

The magnetocaloric effect was estimated, calculating the magnetic entropy 
change ΔSM (T,μ0H) when the applied magnetic field μ0H0 is turn off to zero. The 
isothermal M(μ0H) curves were measured at a temperature interval of 5 K around 
the magnetic transition. In the case of second order magnetic phase transitions, the 
magnetic entropy change is given by [1]: 
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  (1) 

The relative cooling power (RCP) measures the heat transfer between 
warm and cold sources and can be calculated with the formula: 

RCP = ΔSM(max) x δTFWHM     (2) 

ΔSM(max) is the peak value of ΔSM (T,μ0H) and δTFWHM  is the full width at 
half maximum (FWHM) of ΔSM (T,μ0H) vs. T curve for a given applied field. A good 
magnetocaloric material, needs both a large value of ΔSM as well as a broad ΔSM(T) 
curve. 
 
 
RESULTS AND DISCUSSION 
 

The x-ray diffraction patterns indicated that the samples are perovskite and 
they are single phases as shown in Fig. 1. The samples have orthorhombic Pbnm 
type structure, with the lattice constants a = 5.429 Å; b = 7.667 Å; c = 5.470 Å, for  
x = 0 and a = 5.432 Å; b = 7.673 Å; c = 5.476 Å, for x = 0.05. 

In Figs. 2 and 3 are shown the temperature dependences of magnetization 
for the two samples taken in 0.05 T. The Curie temperatures are estimated as the 
point where the derivatives of the M(T) curves dM/dT have a minimum, as can be 
seen in the inset. For the sample with x = 0 we have TC = 298 K while for x = 0.05 the 
TC = 215 K. 
 

 
Fig. 1. X-ray diffraction patterns of the Pr0.63-xHoxSr0.37MnO3 samples  

with x = 0; and x = 0.05. 
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Fig. 2. M(T) for Pr0.63Sr0.37MnO3 sample measured in 0.05 T. Inset: dM/dT vs. T. 

 
Fig. 3. M(T) for Pr0.58Ho0.05Sr0.37MnO3 sample measured in 0.05 T. Inset: dM/dT vs. T. 
 

The magnetic field dependence on magnetization M(μ0H) for the two 
samples are displayed in Figs. 4 and 5. 

As can be seen in Figs. 4 and 5, at low temperatures and in high applied 
magnetic fields the magnetizations tend to saturate [5], but still keeping a small 
linear increase. This behavior is the consequence of the presence of Pr3+ ions in a 
distorted crystal field [6]. 
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Fig. 4. M(μ0H) for Pr0.63Sr0.37MnO3 sample in the temperature range 280 – 360 K,  

taken at 5 K interval, from 1 to 4 T 

 
Fig. 5. M(μ0H) for Pr0.58Ho0.05Sr0.37MnO3 sample in the temperature range  

40 – 300 K taken at 5 K interval, from 1 to 4 T. 

 
The magnetization dependences on temperature (Figs. 2 and 3) and on 

applied magnetic field (Figs. 4 and 5), indicate ferromagnetic behavior for the two 
samples, below the Curie temperatures, with small paramagnetic contributions 
from Pr3+ ions. The magnetocaloric effect can be estimated in terms of magnetic 
entropy change ΔSM (T,μ0H) and of relative cooling power RCP. 
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The approximation given by formula (1) is valid for a second order magnetic 
phase transition. The order of a magnetic phase transition can be established 
analyzing the so-called Arrot plot (M2 vs μ0H/M around the transition) [7] using the 
Banerjee criterion [8]. If the slopes of these curves are positive the transition is of 
second order. If negative slope curves are present the transition is first order.  

The Arrot plots for our samples are shown in Figs. 6 and 7. 
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Fig. 6. Arrot plots for Pr0.63Sr0.37MnO3 sample obtained from measured  
M vs. μ0H isotherms. 
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Fig. 7. Arrot plots for Pr0.58Ho0.05Sr0.37MnO3 sample obtained from measured  

M vs. μ0H isotherms. 
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As can be seen from these plots all the M2 vs μ0H/M curves have positive 
slopes, indicating the second order character of the phase transition. 

 
Fig. 8. The magnetic entropy change – ΔSM as a function of temperature  

for μ0ΔH=1,2,3 and 4T, in Pr0.63Sr0.37MnO3. 

 
Fig. 9. The magnetic entropy change – ΔSM as a function of temperature  

for μ0ΔH=1,2,3 and 4T, in Pr0.58Ho0.05Sr0.37MnO3. 
 



ALEXANDRA LUDOȘAN, I.G. DEAC 
 
 

 
76 

In these cases, by using the formula (1) we calculated the magnetic entropy 
change for our samples, and the temperature dependences of -ΔSM(T) are plotted 
for different values of μ0ΔH between 1 and 4 T as shown in Figs. 8 and 9. 

The maximum values of magnetic entropy change curves are located in the 
vicinity of the Curie temperature TC, for both of ours samples, 298 K for x = 0 and 
216 K for x = 0.01. The transition range enlarges in higher applied magnetic fields, 
and δTFWHM also increases. This behavior results in a large relative cooling power, 
RCP, corresponding to a material with a higher cooling efficiency. The shapes of the 
-ΔSM (T) curves are rather symmetric with respect to the TC’s, which is also 
important for a magnetic refrigerator. The maximum values of ΔSM(T) reach 5.09 
J/kg٠K (RCP = 184 J/kg) for μ0 ΔH = 4 T for the sample with x = 0 and 4.38 J/kg٠K  
(RCP = 236J/kg) for μ0 ΔH = 4 T for the sample with x = 0.01. 

Some quantitative parameters related to magnetocaloric effect in the two 
samples are given in Tables 1 and 2. 

 
Table 1. TC, −𝛥𝑆ெmax, δTFWHM and RCP when μ0ΔH = 1, 2, 3 and 4 T  

for the sample Pr0.63Sr0.37MnO3 

μ0ΔH (T) TC 

(K) 
 

(J.kg-1٠K-1) 

δTFWHM 

(K) 
RCP 

(J٠kg-1) 

1 288 1.96 22 42.0  

2 289 3.27 24 79.2 

3 289 4.26 34 143.5 

4 289 5.09 38 184.7 

 
As can be seen from the Table 1 and 2, both the samples show large 

maximum value of the magnetic entropy change −𝛥𝑆ெmax. When Ho3+ ions substitute 
for Pr3+ the −𝛥𝑆ெmax.do not depreciate to much (from 5.09 to 4.40 J.kg-1٠K-1 for ì0ÄH = 
4T); RCP increases (from 184.7 to 236.5 J٠kg-1 for ì0ÄH = 4T) and TC was strongly 
decreased from 298 to 215 K.  
 Such a behavior is expected in a compound that presents a large lattice 
distortion and consequently a strong spin disorder. Since we have a high ionic size 
mismatch between Pr3+ and Ho3+ the local disorder created will result in a drastically 
reduction of Curie temperature and in broadening of the magnetic phase transition. 
But the strong spin-lattice coupling in Pr0.63-xHoxSr0.37MnO3 compounds may keep 
large values for the magnetic entropy change, for a large MCE [9].  

max
MSΔ−
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Table 2. TC, −𝛥𝑆ெmax, δTFWHM and RCP when μ0ΔH = 1, 2, 3 and 4 T  
for the sample Pr0.58Ho0.05Sr0.37MnO3 

μ0ΔH (T) TC 

(K) (J.kg-1٠K-1) 

δTFWHM 

(K) 
RCP 

(J٠kg-1) 

1 215 1.61 36 57.9 

2 216 2.81 43 120.8 

3 218 3.70 49 182.3 

4 216 4.40 54 236.5 

 
 

This behavior suggests the possibility of tuning the Curie temperature of 
the Pr0.63-xHoxSr0.37MnO3 compounds to cover the temperature range of the 
conventional domestic refrigerators by reducing the Ho ions concentration below x 
= 0.05, while the magnetic entropy change still maintains large values.  
 
 
CONCLUSIONS 

 
Magnetic properties and magnetocaloric effect in Pr0.63-xHoxSr0.37MnO3 

manganites (where x = 0; 0.01) were studied in detail. The compounds have 
ferromagnetic behavior below the Curie temperature. Replacing Pr3+ ions by Ho3+ 
ions results in a drastically reduction of the Curie temperature (TC =215 K), while 
the magnetic entropy change and the relative cooling power still keep large values 
( = 4.40 J/kg٠K and RCP = 236 J/kg for ì0 ÄH = 4 T) which recommend these 
compounds to be used in refrigeration applications in near room-temperature 
range. 
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THE EFFECT OF ALKALI AND SURFACTANT CONCENTRATION, 
TEMPERATURE AND STIRRING ON THE CLEANING EFFICIENCY 

OF THE CARBON STEEL SURFACE 

A. MIHIS1, V. DANCIU1,2, C.A. SALAGEAN1,3, I. SZÉKELY3,4, M.V. RACOLTA-
PAINA1, S.C. TRIPON5,6, L.C. COTET1,2, K. MAGYARI1,4, L. BAIA1,3,4

ABSTRACT. Electrostatic painting is the fastest and most efficient technology 
through industrial paints due to its impact on the environment, and also for its very 
easy application on different surfaces. The first and most important stage of the 
electrostatic painting is to clean the surface to be painted by removing the dirt, 
lubricants, oils, metal oxides or welding residues. In order to increase the efficiency of 
carbon steel surface cleaning, the influence of alkali and surfactant concentrations, 
temperature and stirring was investigated. To produce a uniform surface required 
for the electrostatic painting, some degreased samples were subjected to pickling 
operation using aqueous HCl solution. 

Keywords: carbon-steel, degreasing, pickling, ultrasonication 

INTRODUCTION 

A relatively new painting process, which is especially used in industrial or 
commercial applications, is electrostatic painting. This is the fastest and most 
efficient technology through industrial paints due to its impact on the environment, 
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and also for its very facile application on different surfaces. At the same time, this 
type of painting can have a long warranty period compared to other painting 
methods. The electrostatic painting process is composed of several essential steps. 
The first stage is the chemical treatment which consists in removing dirt, lubricants, 
oils, metal oxides or welding residues from the part to be painted. Usually, these 
impurities come from mechanical processes of brushing or polishing. In the 
degreasing process, the organic pollutants due to mechanical or heat treatments 
are removed. In the pickling process, inorganic substances (rust, welding residues, 
stains, solid particles) are eliminated [1]. The degreasing efficiency depends both 
on the composition of the degreasing solution and the composition of the steel’s 
pollutant. The degreasing mixture acts on the surface tension of the polluting particles 
and contains substances which facilitates emulsion, solubilization, flocculation and 
steel surface wetting action. The steel’s pollutant are substances with polar groups 
that are absorbed onto the surface of the steel or by free fatty acids that form soaps 
adherent to the metal surface. In general, for chemical degreasing, a solution consisting 
of mild or strongly alkaline electrolyte, salt mixture and surfactants is used. The degree 
of electrolyte alkalinity depends on the sheet metal to be degreased. For degreasing 
steel and stainless steel, strong alkaline electrolyte is used. As a result of the chemical 
reaction between the alkaline substance and the oils and/or fats, these pollutants 
are removed by saponification. The salt mixture serves as a so-called builder 
substance and forms the basis of the solution. The surfactant lowers the surface 
tension and promotes, at a certain concentration, the formation of micellar solutions 
instead of molecular solutions [2-4]. The application of the degreasing mixture is done 
either by spraying or by immersion. The spraying application is used to eliminate 
large quantities of residues. In this case, the mixture is composed of alkali with 
silicates and phosphates. The immersion process involves introduction of the product 
in a high temperature alkaline solution. The high temperature reduces the viscosity 
of the impurities, increases the rate of chemical reactions. Therefore, the degreasing 
power is mainly due to the combined action of temperature, emulsifying power of 
the solution and mechanical or ultrasound agitation [5]. 

Agitation cleaning is ideal for hard metal objects that are placed on a 
moving platform. By moving the platform, the cleaning agent comes in contact with 
the bulk of the object and removes the contamination. Ultrasonic cleaning utilizes 
certain physical forces which occur when liquids are agitated by sound waves created 
by ultrasonic generators. The microscopic bubbles of vacuum created by ultrasonic 
stirring, form and collapse thousands of times each second. With each implosion, 
strong enough shockwaves to remove surface contamination are produced. The 
efficiency of ultrasonic stirring depends on the intensity of ultrasonic cavitation in 
the liquid, stirring time, temperature and chemical composition of the degreasing 
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solution. The increase of temperature determines the decrease of the liquid 
viscosity and the amount of dissolved gas, which leads to increasing the cavitation 
intensity. The moderate increasing of the liquid temperature brings it closer to its 
vapor pressure, and so the most effective form of cavitation, in which the cavitation 
bubbles are filled with the vapor of the cavitating liquid, is achieved. The optimum 
temperature for the most highly caustic cleaners is between 80-90oC, the chemical 
effect being strongly enhanced at this temperature.  

The current paper investigates the effect of alkali (PRESOL 7120, 6-90g/l) 
and surfactant (AB40, 2.5 to 10 ml/l) concentration, temperature (50 to 70oC) and 
stirring type (magnetic or ultrasonic) and time (5 to 15 min) on the degreasing/ 
pickling efficiency of the carbon steel (S235 plate). To produce a uniform surface 
characteristic required for the electrostatic painting, some chosen degreased 
samples were subjected to pickling operation for 15 min using 15% aqueous HCl 
solution.  
 
 
EXPERIMENTAL 
 

Materials and Methods  
 

To evaluate the influence of different parameters on the degreasing / pickling 
efficiency, samples of carbon steel plate S235 (C% - max 0.22; Mn% - max 1.60;  
S% - max 0.05; P% - max 0.05; Si% - max 0.05) from CAN STEEL PRODUCTION SRL, 
having dimensions (20x10x1) mm, are used. The steel samples were clamped to a 
support placed on the edge of the Berzelius cup (V-150ml) so that the entire sample 
surface was immersed in the degreasing solution. After each degreasing / pickling 
operation, the samples were three times washed with distilled water and then 
dried with hot air.  

To prepare the degreasing electrolyte PRESOL 7120 was used (COVENTYA 
S.A.S, 92588 CLICHY CEDEX – FRANCE) consisting of sodium hydroxide (50-100%) 
and disodium metasilicate (10-25%) which was dissolved in distilled water. The 
Presol concentration was varied between 6 and 90 g/l. 

Surfactant AB 40 consisting of C12-14 alcohols (ethoxylated and sodium 
sulphates salts) 25-50%, non-ionic surfactant < 2.5%, sodium dodecylbenzene 
sulphonate 10-25% and phosphoric acid < 2.5% was used for adjusting the surface 
tension of the degreasing electrolyte. Its concentration ranged from 2.5 to 10 ml 
per liter of degreasing electrolyte. To prepare the 15% aqueous HCl solution used 
at pickling operation it was used HCl 37% from Sigma-Aldrich. 
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For stirring of the degreasing electrolyte, a magnetic stirrer MSH-20D (WITEG 
LABORTECHNIK GmbH, Wertheim Germany) provided with a heating system and 
temperature sensor, respectively, an ultrasonic cleaner (ultrasound power- 60W, 
volume 1.3L) equipped with temperature and duration control system, produced 
by ISOLAB LABORGERÄTE GmbH, Germany was used. The Presol concentration was 
determined by titration with 1N HCl in the presence of the phenolphthalein until that 
a colour change from violet to colourless was observed. Concentration of degreaser in 
the bath was calculated using the formula: CPresol (g/l) = Vml of HCl x 5.56. 

The surface tension of degreasing solutions was measured using the drop 
volume method and the formula:  𝜎 = 𝜎ᇱ · ௡ᇲ௡ · ఘఘᇲ,     (1) 
where σ’, n’ and ρ’ represent surface tension, drop number and density for distilled 
water, while n and ρ represent the number of drops and density, respectively, for 
degreasing solution [6]. The degreasing efficiency was followed by scanning electron 
microscopy-energy-dispersive X-ray (SEM-EDX) using a Hitachi SU8230 scanning 
electron microscope, at an electron acceleration of 30kV, obtaining images between 
30x to 50,000x magnification. The samples were sectioned to the size of 0.5 / 0.5 cm, 
using a diamond disk with the Micracut 151 device. Then, the samples were fixed 
on brass supports (stabs) of the microscope with the help of double-sided carbon 
sticks from Agar Scientific with a diameter of 12 mm and with silver paste also from 
Agar Scientific. For all samples, images were taken at identical magnifications: 30x, 
100x, 500x, 1000x, 5000x, 10,000x, 20,000x, 50,000x. EDX (Energy-dispersive X-ray 
spectroscopy) analyses were performed using AZtech software from Oxford Instruments, 
obtaining at least two spectra per sample. A mapping analysis of the distribution of 
chemical elements in the sample was also performed. 
 
 
RESULTS AND DISCUSSION 

 
As it can be seen from Fig.1 A, the surface tension decreases with the increasing 

surfactant concentration. In the logarithmic representation of the surface tension 
as a function of the surfactant concentration there are two linear regimes, namely 
below and above the critical micelle concentration (CMC) (see Fig. 1B). The common 
procedure to determine the CMC from experimental data is to look for the intersection 
of two straight lines traced through plots of the measured property versus the 
surfactant concentration. The CMC is the surfactant concentration from which the 
micelles are formed. Above the CMC, the interfacial surfactant concentration does 
not change any more and the surface tension of the solution is practically constant.  
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Fig. 1. Surface tension of the AB 40 aqueous solution for different concentration of 

surfactant (A) and surface tension vs. logarithm of AB 40 concentration (B).  
The errors were found to be of maximum 5% of the measured values.  

 
In Fig. 2 it can be seen that the value of the surface tension increases with 

increasing of the Presol concentration.  
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Fig. 2. Surface tension of the degreasing solution vs. Presol 7120 concentration  

at different AB 40 surfactant concentrations 
 

This means that Presol is tensioinactive, its concentration being lower in 
the surface layer than inside of the liquid phase. However, it can be observed that 
as the surfactant concentration increases from 2.5 to 10ml/l, the surface tension 
decreases. This decreasing surface tension is due to the fact that in the surface layer 
the concentration of the dissolved substances is larger than inside the liquid phase, 
so the molecules dissolved are adsorbed at the interface.  
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In the graphical representation of the surface tension vs. AB 40 concentration 
(see Fig.3) it can be observed that as the Presol concentration increases, the change 
of slope takes place at increasing values of surfactant concentration. This means 
that the increase of the Presol concentration, in the degreasing solution, leads to 
delay in the onset of micelle formation, respectively to the increase of the critical 
micellar concentration of the AB 40 surfactant (see Table 1).  
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Fig. 3. Surface tension of the degreasing solution vs. AB 40 surfactant concentration  

at different Presol 7120 concentrations 
 

In the degreasing process, the formation of micelles is desirable and therefore 
the knowledge of the CMC is very important. Critical micellar concentration 
specifies the limiting concentration for meaningful use and it is a measure of the 
efficiency of a surfactant. 

 
Table 1. Critic micellar concentration of the surfactant AB 40  

at different Presol concentration  

CPresol 

[g/l] 

log CMC CMCAB 40 

[ml/l] 

0 0.875 7.5 
7 0.699 5 

27 0.699 5 
50 0.699 - 0.875 5 - 7.5 
60 0.875 7.5 
90 >1 >10 
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In the Figs. 4 and 5 the SEM images, and the elemental composition 
determined by EDX of the carbon steel sample, before and after degreasing operation, 
are showed. 

 

Fig. 4. Selected SEM image of the non-degreased carbon steel sample  
and its elemental composition determined by EDX 

The experiments performed under different stirring speeds highlighted the 
beneficial effect of electrolyte agitation on the cleaning process of the sample. As 
can be seen from Fig. 6, after 15 minutes of degreasing of the carbon steel sample 
at temperature of 60OC, in a solution containing 50 g/l Presol and 7.5 ml/l AB 40, 
the percentage of carbon determined by EDX analysis, decreases from 29.9 to 17.8 
and respectively from 29.9 to 14.3% with increasing agitation speed from 400 to 
800rpm. 

 

Fig. 5. Selected SEM image of the carbon steel sample degreased  
in the electrolyte containing 50g/l Presol and 10ml/l AB 40, at 700C, 600rpm,  

5min and its elemental composition determined by EDX 
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As the cleaning solution dissolves the surface contaminant, a saturated layer 
develops at the interface between the fresh cleaning solution and the contaminant.  

 

0 2 4 6 8 10 12 14 16

10

15

20

25

30
C

 (%
)

Degreasing  time [min]

 400 rpm 
 600 rpm 
 800 rpm  

 
Fig. 6. Decreasing the percentage of carbon vs. degreasing time using a solution with  
50 g/l Presol and 7.5 ml/l AB 40 at different stirring speeds and temperature of 60OC 

 
Saturated solution can no longer attack the contaminant and therefore the 

cleaning action stops. By increasing of the stirring, a fresh degreasing solution can 
reach easier the contaminant. Increasing the temperature of the degreasing 
electrolyte from 50 to 700C favors the removal of organic pollutants from the 
surface of the carbon steel sample, the percentage of carbon decreasing from 8.5 
to 5.3% at 500C and respectively from 8.5 to 3.2 % at 700C (see fig.7). Higher 
temperatures decrease the contaminants viscosity, and increase the diffusion of 
the degreasing solution to the steel surface, allowing easier contaminant removal. 
Increasing the Presol concentration from 30 to 90g/l leads to decrease of the 
carbon concentration from 14.2 to 1.8% after 15 min of degreasing at 700C and a 
stirring speed at 800rpm (see fig.8). Increasing the Presol concentration, increase 
the NaOH concentration which converts, by saponification, the natural fats, i.e., 
esters of glycerol and higher fatty acids, into glycerol and the sodium salt. These 
substances are water soluble and are easy removed by rinsing. The mineral fats 
(oils) are not decomposed by alkalis but are dispersed and suspended in alkaline 
solutions through an emulsification process. As the increase of the Presol 
concentration also increases the concentration of the sodium metasilicate (present 
in Presol degreaser along with NaOH). This being an excellent emulsifying and 
suspending agent the increase of its concentration determines the improvement of 
the degreasing efficiency [7]. 
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To dissolve iron oxides from the surface of carbon steel sample and to clean 
light rust without any significant attack on the steel itself, the HCl acid pickling was 
used. HCl pickling has the advantages of lower costs, lower acid consumption and 
greater utilization of the acid, greater versatility and more uniform product quality 
than sulfuric acid pickling. Pickling rate increases as acid concentration and for this 
reason an acid solution with a concentration of 15% HCl was used.  
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Fig. 7. Decreasing of the percentage of carbon vs. degreasing time using a solution with  

50 g / l Presol and 7.5 ml / l AB 40 at a stirring speed of 600rpm 
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Fig. 8. Decreasing of the percentage of carbon vs. degreasing time at temperature of 700C 
using a solution with different concentration of Presol, an AB 40 concentration of 7.5 ml/l 

and a stirring speed of 800rpm 
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As it can be seen from Fig. 9, after 15 min of HCl pickling at room temperature, 
the oxygen concentration of the degreased sample decreased from ~37 to ~5%. 
Practically, the acid dissolves the iron oxides presence on the steel surface according 
to the following reaction mechanism:  
 

Fe2O3 + Fe + 6HCl = > 3 FeCl2 + 3H2O 
Fe3O4 + Fe + 8HCl = > 4FeCl2 + 4H2O 

FeO + 2HCl = > FeCl2 + H2O 
 

By iron oxides elimination, the HCl pickling permits proper adherence of 
a subsequent metallic coatings and promotes surface smoothness of the finished 
product. 

As it can be seen from Fig. 10, the pickling operation can be avoided by 
using steel degreasing in the presence of ultrasound. It is observed that by 
degreasing in the presence of ultrasound for 5 min, the iron oxides are practically 
removed from the surface of the steel sample. The effect of ultrasonication is 
consistent with the micro-agitation helping both the dissolution of soluble 
contaminants and the removal of insoluble particles. Ultrasonic activity enhances 
also the effect of many chemical reactions by high pressures and temperatures 
created at the implosion sites. Ultrasonic cavitation and implosion effectively 
displace the saturated layer on the steel surface to allow fresh degreasing solution 
to come into contact with the contaminant remaining to be removed [8]. 

 

 
Fig. 9. Elemental composition of the carbon steel samples degreased at 700C and magnetic 
stirred (600rpm) with an aqueous solution containing 50g/l Presol and 7.5 ml/l AB 40, and 

then pickled in 15 % hydrochloric acid for 15 min, the stirring speed being 400rpm  
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A. B.

Fig. 10. Elemental composition of the carbon steel samples vs. degreasing time at 700C, 
in an aqueous solution containing 50g/l Presol and 7.5 ml/l AB 40 using magnetic stirrer 

(600rpm) (A) or performing degreasing in the presence of ultrasound (B) 
 

Properly utilized, ultrasonics is a technology of today, the ultrasonic energy 
contributes significantly to the speed and effectiveness of immersion cleaning 
processes.  
 
 
CONCLUSIONS 

 
Increase of the Presol concentration leads to delay in the onset of micelle 

formation, respectively to the increase of the critical micellar concentration of the 
AB 40 surfactant. The AB 40 concentration must be at least 7.5ml/l for Presol 
concentration greater than 50g/l.  

With Presol concentration and electrolyte temperature increasing, from 50 
to 90g/l, and respectively from 50 to 700C, the efficiency of the steel surface 
cleaning process has improved.  

To dissolve iron oxides from the surface of carbon steel sample and to clean 
light rust without any significant attack on the steel itself the HCl acid pickling can 
be used after the degreasing stage or performing degreasing in the presence 
ultrasound. 
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ABSTRACT. Understanding of underlying physics related to the Perpendicular 
Magnetic Anisotropy (PMA) in magnetic heterostructures represents a major issue 
for its exploit in random-access memory (MRAM) devices. Using ab-initio analysis, 
we reveal some basic aspects related to the anatomy of PMA and its variation with 
electric field in various X/Fe/MgO(001) multilayer configurations (X=Cr, Au, V, Ag, 
Pt, Pd,…) compatible with standard experimental architectures of magnetic tunnel 
junction devices. Our study quantifies and underlines the significant role of the 
Rashba interfacial field on PMA. We explain and correlate the sign, the magnitude, 
and the electric field dependence of the PMA, the Rashba coefficient αR and the 
Dzyaloshinskii–Moriya (DMI) asymmetric exchange interaction parameter. Moreover, 
when varying the Fe thickness in X/Fe/MgO(001) systems, we observe oscillations of 
PMA with the number of Fe monolayers, explained within the framework of quantum 
wells of the Δ1 Bloch symmetry electrons in Fe. Further atomistic micromagnetic 
simulations including different Fe layer thicknesses and the corresponding PMA 
predict macroscopic magnetization characteristics in realistic experimental 
systems. 

Keywords: perpendicular magnetic anisotropy, electric field control of PMA, 
magnetic tunnel junctions, magnetic multilayer heterostructures, atomistic magnetic 
simulations. 

 
 
 
INTRODUCTION  

 
Perpendicular Magnetic Anisotropy (PMA) in ultrathin magnetic films 

represents one of the most challenging topics for data storage applications, related 
to both high thermal stability and low switching currents in spin-transfer-torque 
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magnetic random-access memories (MRAM). A deep understanding of fundamental 
underlying physics related to the PMA anatomy in magnetic multilayer structures 
represents a major issue for further exploit in MRAM devices [1]. The control of the 
interfacial magnetic anisotropy by external electric fields leads to a novel strategy 
for the control of the magnetization in spintronic devices with enhanced energetic 
efficiency [2]. Within this paradigm, energy consumption of few fJ/bit [3,4] and sub-
nanosecond switching times can be achieved [5]. Despite obvious recent advances, 
the control of ultra-thin ferromagnetic layers magnetism by external electric field 
remains a complex topic with complex mechanisms simultaneously involved. It is 
commonly accepted that the PMA in ultrathin magnetic heterostructures has 
interfacial origin: proximity effects at the interfaces with non-magnetic materials 
with enhanced spin-orbit coupling (e.g. Pt, Au…) and intrinsic electric field and specific 
hybridization at interfaces with oxides (e.g. MgO). Within this last framework, an 
external electric field would trigger a modulation of the magnetic anisotropy via the 
following competing effects: (i) E-field induced surface charge doping (change of 
orbitals occupancy [6,7]); (ii) E-field influence on the interfacial dipole field that 
exists at the ferromagnetic/insulator interface even in the absence of an external 
magnetic field. The anisotropy energy is not located at the interface but extends 
towards the bulk like an attenuated wave [8]; (iii) the E-field effect on the interfacial 
Rashba spin-orbit coupling that affects the magnetic anisotropy energy via a 
Dzyaloshinskii-Moriya mechanism [9]; (iv) E-field induced ion migration [10]. Within 
this still open fundamental topic one can argue that the electric field control of the 
anisotropy is driven by collective mechanisms and that a better understanding of 
the underlying physics could lead to an enhancement of potential capabilities for 
energetically efficient magnetization manipulation in spintronic devices. 

In this study we involve ab-initio analysis and atomistic magnetic calculations 
to unveil some basic aspects related to the anatomy of PMA and its variation with 
electric field in X/Fe/MgO(001) multilayer configurations (X=Cr, Au, V, Pd, Pt, Ag…) 
compatible with standard experimental architectures of magnetic tunnel junction 
devices. Moreover, our study quantifies and underlines the significant role of the 
Rashba interfacial field on PMA, explaining and correlating the sign, the magnitude, 
and the E-field dependence of the PMA, the Rashba coefficient αR and the 
Dzyaloshinskii–Moriya (DMI) asymmetric exchange interaction parameter. In 
X/Fe/MgO(001) systems with a variable Fe thickness we illustrate oscillations of 
PMA with the number of the Fe monolayers related to quantum well effects. Based 
on electronic structure characteristics extracted from the ab-initio calculations, we 
performed atomistic micromagnetic simulations to predict macroscopic magnetization 
characteristics corresponding to nanostructures with different Fe thicknesses and 
related PMA amplitudes. 
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THEORETICAL DETAILS 
 
 The theoretical study of the PMA and its field control has been performed 
using the ab-initio Full Potential Linear Augmented Plane Wave FP-LAPW code 
Wien2k [11]. In our calculations we involved a super-cell model thoroughly chosen 
to describe the X/Fe/MgO(001) multilayer configuration.  
 
 

Magnetic anisotropy calculations in Wien2k 
 
The magnetic anisotropy energy (MAE) has been calculated within a fully 

relativistic spin orbit scheme using total energy and force theorem approaches [12], 
both providing similar results. Within the total energy approach, the MAE is 
calculated as the difference between the total energy E[uvw] deduced from spin 
orbit calculation with the magnetization along the [uvw] crystallographic direction 
and the total energy corresponding to the magnetization along the easy axis: 𝑀𝐴𝐸 = 𝐸ሾ𝑢𝑣𝑤ሿ − 𝐸[𝑒𝑎𝑠𝑦 𝑎𝑥𝑖𝑠] 

The force theorem approach is a perturbative formalism in which the MAE 
between two different magnetization directions 𝑚ሬሬ⃗ ଵ and  𝑚ሬሬ⃗ ଶ is given by: 

𝑀𝐴𝐸 = ෍𝜀௜ଵሺ𝑚ሬሬ⃗ ଵ,𝑘ሻ௢௖௖
௜,௞ −෍𝜀௜ଵሺ𝑚ሬሬ⃗ ଶ, 𝑘ሻ௢௖௖

௜,௞  

where the superscript 1 denotes the band energies calculated using the fully 
relativistic charge/spin density of magnetization 𝑚ሬሬ⃗ ଵ. 
 
 

Spin-orbit coupling in Wien2k 
 
The quantum mechanics description of electrons, consistent with the 

theory of special relativity is provided by the Dirac equation: 𝐻஽Ψ = 𝜀Ψ, where 𝐻஽ 
is the Dirac Hamiltonian:  𝐻஽ = 𝑐�⃗� ∙ �⃗� + 𝛽𝑚𝑐ଶ + 𝑉. 𝛼௞ = ൬ 0 𝜎௞𝜎௞ 0 ൰, 𝛽௞ = ቀ1 00 −1ቁ and 𝜎௞  are the Pauli matrices: with: 𝜎௫ = ቀ0 11 0ቁ ,𝜎௬ = ቀ0 −𝑖𝑖 0 ቁ , 𝜎௭ = ቀ1 00 −1ቁ. HD and the wave function are 
4-dimensional objects. Within the non-relativistic limit of the Dirac equation the 
electrons are moving with velocities much smaller than the speed of light. Some 



ROXANA-ALINA ONE, SEVER MICAN, CORIOLAN VIOREL TIUSAN 
 
 

 
94 

relativistic effects can be neglected, and they can be described by the Pauli 
equation which considers the interaction of the particle spin with an external 
electromagnetic field. The corresponding Pauli Hamiltonian can be written as: 𝐻௉ = − ℏ2𝑚଴ ∇ଶ + 𝑉௘௙௙ + 𝜇஻�⃗� ∙ 𝐵ሬ⃗ ௘௙௙ + 𝜉൫�⃗� ∙ 𝑙൯ 

The first term is the kinetic term in the Schrödinger equation, the second 
term is an electrostatic effective potential, the third term is a Stoner term 
describing the Zeeman interaction of the spin with an external effective magnetic 
field and the fourth term the spin-orbit coupling term. �⃗� is the Pauli matrices vector �⃗� = ൫𝜎௫ ,𝜎௬ ,𝜎௭ ൯ and 𝜉 is the constant of the spin-orbit interaction. The matrix of 
the Pauli Hamiltonian is 2x2 in the spin space. Due to the Pauli spin operators the 
wave function is a 2-component vector (spinor), each component Ψଵ(ଶ) being 

associated to a spin orientation 1=up, 2=down): 𝐻௉ ൬ΨଵΨଶ൰ = 𝜀 ൬ΨଵΨଶ൰. 

The effective potential is a sum of an external potential, an electrostatic 
Hartree term and an exchange-correlation potential: 𝑉௘௙௙ = 𝑉௘௫௧ + 𝑉ு + 𝑉௫௖. The 
effective magnetic field is composed by an external field and an exchange correlation 
field: 𝐵௘௙௙ = 𝐵௘௫௧ + 𝐵௫௖. Both exchange correlation potential Vxc and magnetic 
field Bxc are defined within the Density functional Theory (DFT) in either Local 
Density Approximation (LDA) or Generalized Gradient Approximation (GGA).  

 
 
Exchange and correlation 
 
From the DFT LDA exchange-correlation energy defined as an integral of 

the exchange-correlation energy 𝜖௫௖ per particle of a homogeneous electron gas of 
electronic charge density n(r) and spin density 𝑚ሬሬ⃗ (𝒓):  𝐸௫௖(𝑛,𝑚ሬሬ⃗ ) = 𝑛𝜖௫௖(𝑛,𝑚ሬሬ⃗׬ )𝑑𝑟ଷ one can calculate Vxc and Bxc as functional 
derivatives: 𝑉௫௖ = డாೣ೎(௡,௠ሬሬሬ⃗ )డ௡  and 𝐵ሬ⃗ ௫௖ = డாೣ೎(௡,௠ሬሬሬ⃗ )డ௠ሬሬሬ⃗ . Within the LDA approach we get: 𝑉௫௖ = 𝜖௫௖(𝑛,𝑚ሬሬ⃗ ) + 𝑛 డఢೣ೎(௡,௠ሬሬሬ⃗ )డ௡  and 𝐵ሬ⃗ ௫௖ = 𝑛 డఢೣ೎(௡,௠ሬሬሬ⃗ )డ௠ሬሬሬ⃗ 𝑚ෝ   with 𝐵ሬ⃗ ௫௖ parallel with 𝑚ෝ . 
 
 

Relativistic effects in Wien2k 
 
In Wien2k the relativistic effects are included inside of the muffin-tin 

atomic spheres where the potential has a spherical symmetry leading to relativistic 
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equations in a spherical atomic geometry. Therefore, different types of electrons 
are differently treated, as follows: 

(i) The core electrons within the atomic sphere region are “fully” relativistic, 
the core states are fully occupied and obey the spin-compensated Dirac equation 
in a spherical potential that include the SOC.  ቈ− ℏ2𝑚଴ ∇ଶ + 𝑉௘௙௙ + 𝜇஻�⃗� ∙ 𝐵ሬ⃗ ௘௙௙ − 𝑝ସ8𝑚଴ଷ𝑐ଶ − ℏଶ4𝑚଴ଶ𝑐ଶ 𝑑𝑉𝑑𝑟 𝜕𝜕𝑟+ 12𝑚଴ଶ𝑐ଶ 1𝑟 𝑑𝑉𝑑𝑟 ൫𝑙 ∙ 𝑠൯቉Φ = 𝜀Φ 

First and second term give non-relativistic Schrödinger equation. The third 
term is a Stoner or Zeeman correction describing the interaction with an external 
magnetic field. Fourth and fifth terms are mass and Darwin relativistic correction, 
respectively. The last term corresponds to the spin-orbit coupling (SOC). For spin-
polarized potential, spin up and spin down are calculated separately, the density is 
averaged according to the occupation number. The SOC mixes up and down states, 𝑗 = 𝑙 + 𝑠 is a good quantum number.  

(ii) The valence electrons inside the atomic muffin-tin spheres are treated 
with scalar-relativistic approximation. All relativistic effects are included except the 
SOC that can be further included in «second variation». 

(iii) The valence electrons belonging to the interstitial region are treated as 
non-relativistic. 

 
 
Computational issues 
 
Having in view the extreme sensitivity of the magnetic anisotropy energy 

to the k-space meshing, first, the convergence of the total energy with respect to 
the total number of k-points has been thoroughly performed. Within the total energy 
approach, using spin-orbit calculation, the perpendicular magnetic anisotropy (PMA) 
has been calculated as the total energy difference between the configurations 
where the magnetization was set along perpendicular to the film’s plane and in-plane 
directions. The perturbative formalism of the force theorem approach provides the 
MAE from the band energies calculated using the fully relativistic charge and spin 
density of magnetizations corresponding to two distinct directions. Within these 
formalisms, the electric field (E-field) has been applied using a zig-zag additional 
potential in the Hamiltonian, as implemented by Stahn et al [13]. Therefore, for 
different values of electric field, the MAE can be calculated to provide theoretical 
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insight on its electric field dependence. Quantitatively, the response of the PMA 
with respect to applied external electric field has been further described in terms 
of the β coefficient, defined as the slope of the variation of the surface perpendicular 
anisotropy Ks with the electric field E, felt by the ferromagnetic ultrathin film. 

 
 
Calculation of the Rashba parameter aR  from Wien2k band structure 
 
The spin-orbit term of the non-relativistic Dirac (Pauli) Hamiltonian: 

 𝐻ௌை = ℏ(ଶ௠బ௖)మ ∇ሬሬ⃗ 𝑉 ∙ (�⃗� × �⃗�) can be simplified for 2 dimensional electronic systems 
with the confinement direction (e.g. Oz in a Cartesian system) perpendicular to the 
propagation direction (within the xOy plane) leading to the Rashba Hamiltonian: 𝐻ோ = 𝛼ோ�⃗�(𝑘ሬ⃗ × 𝑒௭) where 𝛼ோ = ℏమ(ଶ௠బ௖)మ డ௏డ௭  is the Rashba constant which is a measure 
of the spin-orbit interaction and 𝑒௭ the unit vector of the Oz (electron confinement) 
direction. From its definition, one can see that 𝛼ோ is proportional with the electric field 𝐸 = −డ௏డ௭  aligned along the Oz direction. We will see later that in a multilayer stack, at 
the interface between two different materials, such kind of electric fields naturally exist 
and lead to Rashba spin-orbit interaction effects. The SO-coupling is exacerbated at the 
metal surfaces: the breaking of the translational symmetry in surface is equivalent to a 
potential gradient felt by the electron. In the case when a metal-insulator (or metal 
semiconductor) interface is created in a multilayer heterostructure, a depletion zone 
appears with a corresponding significant interfacial electric field. By diagonalizing the 
Rashba Hamiltonian, the eigenvalues will be:  𝐸±(𝑘ூூ) = ℏଶ𝑘ூூଶ2𝑚଴ ± 𝛼ோ|𝑘ூூ| 
representing parabolic bands with an offset of the parabola minimum in positive 
(or negative) k values (Rashba splitting). The minimum of the parabola can be found 

as డாడ௞ = 0 ⇒ 𝑘଴ = ௠బఈೃℏమ  so that 𝐸୫୧୬ = 𝐸଴ = ℏమ௞బమଶ௠బ  that leads to 𝐸଴ = ௞బఈೃଶ . From 
this equation wee see that 𝛼ோ can be calculated when knowing the values of E and 
k corresponding to the minimum of the parabolic dispersion band: 𝛼ோ = ଶாబ௞బ  . As we 
will see in the section related to results, we have used this equation to extract the 
Rashba parameter from the Rashba offset of the parabolic bands calculated for 
different supercell models describing our magnetic multilayer heterostructures. 
Experimentally, the spin-orbit constant 𝛼ோ  can be extracted from ARPES (Angular 
Resolved Photoemission) [14,15]. 
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Atomistic calculations 
 
 The results issued from the ab-initio calculations, e.g., atom projected 
magnetic moments, PMA, DMI, have been used as input parameters for atomistic 
calculations performed within the framework of the atomistic code VAMPIRE [16]. 
The main input files for running the atomistic code contain information about materials 
and properties that enter in the sample composition: sandwiches of magnetic or 
nonmagnetic materials, alloys, etc. and system configurations: dimensions, simulation 
described in detail with all the necessary parameters (atomic positions with the 
exchange matrix components and type of exchange (isotropic, vectorial, tensorial). 
Within the atomistic magnetic calculation approach implemented in VAMPIRE the 
atoms have been considered as individual interacting entities with a given magnetic 
moment. Similarly to the macroscopic LLG approach, the spin dynamics is obtained 
by integrating the Landau–Lifshitz-Gilbert (LLG) equation applied at the atomistic 
level for the atomic spins. Here, the atomistic LLG equation: 𝜕𝑺ሬሬ⃗ ௜𝜕𝑡 = − 𝛾(1 + 𝜆ଶ) ൣ𝑺ሬሬ⃗ ௜ × 𝐻ሬሬ⃗ ௘௙௙௜ + 𝜆𝑺ሬሬ⃗ ௜ × (𝑺ሬሬ⃗ ௜ × 𝐻ሬሬ⃗ ௘௙௙௜ )൧ 
describes the interaction of an atomic spin moment 𝑺ሬሬ⃗ ௜ with an effective magnetic 
field 𝐻ሬሬ⃗ ௘௙௙௜  of each spin i derived from the complete spin Hamiltonian ℋ including 
all the interaction and anisotropy terms describing the modeled system (e.g., 
exchange, anisotropy, Zeeman interaction with external applied fields): ℋ = ℋ௘௫௖ + ℋ௔௡௜ + ℋ௔௣௣;  𝐻ሬሬ⃗ ௘௙௙௜ = − ଵఓೄ డℋడ𝑺ሬሬ⃗ ೔ 
where 𝜇ௌ is the local spin moment, 𝛾 is the absolute value of the gyromagnetic 
ratio, 𝜆 the microscopic Gilbert damping parameter. The effect of the temperature 
has been included using the Langevin dynamics [17] assuming that the thermal 
fluctuations on each atomic site can be represented by a Gaussian white noise term Γ(𝑡) whose width is proportional with the temperature value. The corresponding 

thermal field will be:  𝐻௧௛௜ = Γ(𝑡)ටଶఒ௞ಳ்ఊఓೄ∆் , where 𝑘஻ is the Boltzmann constant and 

T is the temperature of the system. To determine the time dynamics of systems of 
spins, the stochastic LLG equation is solved numerically (integrated) within the 
Heun predictor corrector scheme.  
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In this paper, the simulations have been performed for cylindrical Au/Fe/MgO 
multilayer nanostructures with a diameter of 15 nm (the integration range of the 
LLG equations). Periodic boundary conditions (PBC) have been included to calculate 
magnetic properties of macroscopically large magnetic heterostructure systems. As 
input for the VAMPIRE code, we have used thickness dependent PMA and atom 
resolved magnetic moments extracted from Wien2k ab-initio calculations performed 
on super-cell models describing the realistic Au/Fe/MgO(001) systems with variable 
Fe thicknesses. 

 
 
 

RESULTS AND DISCUSSION 
 
 

Ab-initio calculations 
 
 A typical supercell model used in our ab-initio calculations is depicted in  
fig. 1. As we mentioned, in the calculation the electric field can be introduced via a 
zig-zag potential term in the Hamiltonian. Following the zig-zag potential E-field 
implementation within the Wien2k code by Stahn et al [13], the supercell contains 
the multilayer sequence in half of its volume, the other half being a vacuum region. 
Therefore, a constant E-field equal to −ΔV/Δz will be localized at the Fe/MgO 
interface, the amplitude and sign of the electric field being driven by the V ramp 
amplitude and the choice of an ascending or descending V ramp in that region.  
The k-space mesh used in our calculation was 25×25×1, which resulted from a 
preliminary study of the total energy convergence with respect to the total number 
of k-points in the Brillouin zone. Having in view the sensitivity of the MAE to energy 
development parameters in Wien2k, especially when including relativistic local 
orbitals (LAPW+l0), we set Emax=100, meaning that all scalar relativistic eigenstates 
are included when the spin-orbit-coupling is switched on. The size of the basis set 
used in the expansion of the wave function was RKmax=7, where R is the smallest 
atomic muffin-tin sphere radius, RMT, times the largest K-vector, Kmax.  
 
 
 
 
 
 



PERPENDICULAR MAGNETIC ANISOTROPY AND ITS ELECTRIC FIELD MANIPULATION  
IN MAGNETIC MULTILAYERED HETEROSTRUCTURES 

 

 
99 

 

 
Fig. 1. (a) Supercell model used to describe the X/Fe/MgO(001) system; here the 
thickness of Fe is 5 monolayers (ML). Zig-zag potential leading to a constant  𝐸ሬ⃗ = −∇𝑉 = −ௗ௏ௗ௭ 𝑒௭ in the half of the supercell where the X/MgO interface is placed. 
The sign of the applied electric field is determined by the sign of the chosen ramp slope; 
(b) Potential energy corresponding to the ramp potential and self-consistently 
calculated Coulomb potential on each atom in the supercell. 
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Having in view the complexity of the problem, the computational tasks 
have been performed within a k-point parallelization scheme using a 48-CPU 
workstation. From the ab-initio calculations, for various X/Fe/MgO configurations, 
we obtained the following main results, synthetized in table 1: 

 
Table 1. Calculated magnetic anisotropy energy (MAE) for various multilayer 
heterostructure systems in which the ultrathin Fe is sandwiched between X and MgO 
with X = V, Au, Pd, Ag, MgO, Pt. The number represents the # of monolayers. The slope 
of the MCA variation with applied electric field is β. We also indicate the lattice 
parameters used in the ab-initio calculations. 

 
 

(i) The calculated systems mostly present perpendicular magnetic 
anisotropy, i.e., the most stable configuration corresponds to the magnetization 
being aligned along the z-direction. However, for some systems: Cr3/Fe5/MgO(001), 
Pt3(001)/Fe5/MgO, Pt3(111)/Co5/MgO, the ground state corresponds to a 
configuration in which the magnetization lies in-plane. 

(ii) The perpendicular anisotropy can be significantly enhanced if one 
monolayer of Pt is inserted at the top interface, between Fe and MgO. Moreover, 
the adjunction of the top Pt layer changes the response of the PMA with respect to 
an external applied electric field. 

(iii) The electric field response of the PMA is specific for each system. One 
can tailor the amplitude and the sign of the variation by changing the chemical 
nature of the bottom interface X/Fe (fig. 2).  
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The opposite sign variation of the PMA with the E-field can be explained by 
considering the Rashba field at the bottom X/Fe interface whose sign depends on 
the relative work-functions of Fe and X metals (see fig. 3), as theoretically predicted 
by Barnes et al [9]. The effect of an external electric field on the intrinsic fields  
E1 = ET (E2= EB) at the top (bottom) interfaces is illustrated in fig. 4, the analysis being 
performed for Au/Fe/MgO system. 

 

Fig. 2. Magnetic anisotropy energy dependence on electric field (E-field) for  
(a) V3/Fe5/MgO  and (b) Au3/Fe5/MgO systems. Open circles in (a) correspond to 
Force theorem, black squares to total energy MAE calculations. The sign of the 
variation slope is different, indicating the significant role of the bottom X/Fe interface 
(X=V, Au) on the PMA and its field variation. 

 

 
Fig. 3. Potential profiles, Rashba fields BR related to the intrinsic electric fields at the 
top (1)=Fe/MgO and the bottom (2)=X/MgO interfaces in (a) V3/Fe5/MgO  and  
(b) Au3/Fe5/MgO systems. In (a), Eext< 0 decreases E1 (so BR1)  => BR

net (and α) 
increases. In (b) Eext<0 decreases E1 (so BR1)  => BR

net (and α) decreases. 
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Fig. 4. Valence charge density plots for the Au3/Fe5/MgO stack: (a) complete stack,  

(b) zoom at the top Fe/MgO and (c) bottom Au/MgO interfaces illustrating the effect  
of an external electric field on the interface intrinsic fields E1 (top) and E2 (bottom). 

 

As expected, we clearly illustrate that the external electric field only 
influences the top interface, being completely screened at the metallic bottom 
Au/Fe interface (no field effect observed, fig. 4(c)). The variation of the electric field 
E1 at the top interface Fe/MgO when an external field is applied can be directly 
correlated to the charge and magnetic moment variation for the interface Fe(/MgO) 
atom, issued from the ab-initio calculation and illustrated in fig. 5. We see from the 
analysis depicted in fig. 5 that a positive external electric field increases the charge 
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on the interface Fe atom (the depletion decreases) and this corresponds to a decrease 
of the Fe magnetic moment, as expected for its “roughly” 3d6 configuration. From 
the Rashba splitting of the band structure corresponding to opposite orientations 
of the magnetization with respect to the crystallographic axes (directions with 
k⊥M)  we calculated the Rashba parameter 𝛼ோ (see fig. 6): 𝛼ோ = ଶாబ௞బ  where E0 
corresponds to the minimum of the parabolic dispersion and k0 the corresponding 
wave vector where E(k) has a local minimum. 
 

 
Fig. 5. Charge variation within the muffin-tin sphere of the interface Fe(/MgO) atom  

(top panel) and corresponding magnetic moment with respect to the external  
applied electric field (Volt/Angstrom units). 
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In this way, we demonstrate that opposite sign Rashba parameters can be 
obtained in V/Fe/MgO and Au/Fe/MgO systems, corresponding to opposite Rashba 
offset in k of the surface Fe parabolic bands in the X/Fe/MgO stack, where X=V and 
Au (fig. 6). While the top interface Fe/MgO is identical in the two configurations, it is 
obvious that the opposite offset sign is related to the bottom interface, demonstrating 
the major influence of the Rashba fields at both top and bottom interfaces on the 
PMA and the net 𝛼ோ. 

 
Fig. 6. Parabolic band dispersion of surface bands of Fe in X/Fe5ML/MgO system, 
where X=V (a) and X=Au (b). The bands corresponding to the magnetization M 
parallel to (100) and (-100) are oppositely shifted in k due to the net Rashba field 
whose sign is determined by both bottom X/Fe and top Fe/MgO interfaces (see 

explanation related to fig. 3). 𝐸୫୧୬ = 𝐸଴ = ℏమ௞బమଶ௠బ . 

 

This illustrates that the bottom interface Rashba magnetic field BR2 has a 
long-range influence and, by its sign and amplitude, can modulate the net Rashba 
field in the stack (see fig. 3). 

(iv) Within the framework of a still under debate issue in the literature, in 
which the asymmetric exchange Dzyaloshinskii-Moriya interaction can be triggered 
by a Rashba mechanism [18], we calculated the DMI constant from the Rashba 
splitting and the Rashba constant 𝛼ோ: 𝐷𝑀𝐼 = 2𝑘ோ𝐴, where A is the Fe exchange 
stiffness (21 pJ/m [19]), 𝑘ோ[Å-1] = 0.2619 ∗ 𝛼ோൣ𝑒𝑉Å൧ 𝑚௘, me is the effective mass 
of the electrons in Fe, estimated to be equal to 0.57 from the fit of the parabolic bands 
illustrated in fig. 6(b) - corresponding to Au/Fe/MgO system. Using this algorithm, we 
calculated, explained and correlated the sign, the magnitude and the electric field 
dependence of the PMA, the Rashba coefficient αR and the Dzyaloshinskii–Moriya 
(DMI) asymmetric exchange interaction parameter in different X/Fe/MgO(001) 
systems (see example in fig. 7 for Au/Fe/MgO system). It is important to mention 
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that the sign of the DMI, correlated to the sign of the Rashba parameter, has a 
significant importance in magnetic heterostructures: It determines the topological 
charge of chiral structures (domain walls and skyrmions) and the direction of their 
velocity when manipulated by spin transfer torques related to spin currents in 
emerging generation of race-track memories [20, 21]. Therefore, a major issue of 
our calculations is related to the prediction of an original strategy for the DMI sign, 
amplitude, and E-field control via the interface engineering in experimental magnetic 
multilayered stacks.  

 

 
Fig. 7. Typical curves of electric field dependence of PMA, 𝛼ோ  and  

DMI in the Au/Fe(5ML)/MgO system. 
 
 
(v) When varying the Fe thickness in X/Fe/MgO(001) systems, with X=V, Cr, 

Au, we observe clear oscillations of PMA with the number of the Fe monolayers (fig. 8). 
We explained these oscillations within the framework of quantum wells of 

the Δ1 Bloch symmetry Fe electrons, as we previously demonstrated in spin 
dependent transport experiments in Fe/Cr/Fe/MgO single crystal MTJs [22], where 
similar quantum well effects and oscillation period of the tunnel conductance has 
been observed. The predicted PMA oscillations with the ferromagnetic layer 
thickness represent a major issue for understanding the PMA and the DMI in 
realistic experimental system with sizable roughness and thickness fluctuations, 
even at an atomic level. In a first step, in this work, we performed atomistic 
micromagnetic calculations of magnetic properties (hysteresis curves) of 
Au/Fe(t)/MgO nanostructures with a variable thickness t = 3, 4, 5 ML both at 0 K 
and room temperature. 
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Fig. 8. Magnetic anisotropy energy for X/Fe/MgO(001) slabs where X=Cr(001), Au(001), 

V(001), extracted from ab-initio calculations. Positive (negative) MAE correspond to 
perpendicular (in-plane) magnetization (PMA) configurations. 

 
 
Atomistic simulations for Au/Fe/MgO system modelled as flat terraces 

 

 In order to extend the theoretical analysis of the Au/Fe/MgO system to 
larger dimensions, we chose to simulate a layered structure in the atomistic 
framework. Following this approach, we can represent with high fidelity the case of 
MBE terraces and, in addition, we can benefit from the time and resources 
efficiency that this numerical tool provides us with.  
 Three samples were modelled as flat slabs of constant thickness, with 
periodic boundary conditions – Table 2. The hysteresis loops have been simulated 
with a field applied along the Oz direction. By doing so, we avoid the well-known 
computational expenses of working with a tremendously large number of dipole 
field cubic macrocells, but we can still use the smallest macrocell size for a high 
precision dipole field calculation. The input parameters such as the layer resolved 
magnetic moments per atom and anisotropy constants were obtained from the first 
principles method. A convergence study at T = 0 K was performed in order to 
establish the suitable simulation parameters of the hysteresis loops, in agreement 
with the Stoner-Wohlfarth model.  

2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5
-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

 

  Cr/Fe(xML)/MgO
 Au/Fe(xML)/MgO
 V/Fe(xML)/MgO

An
is

ot
ro

py
 e

ne
rg

y(
m

eV
)

Number of Fe monolayers



PERPENDICULAR MAGNETIC ANISOTROPY AND ITS ELECTRIC FIELD MANIPULATION  
IN MAGNETIC MULTILAYERED HETEROSTRUCTURES 

 

 
107 

 For T=0 K, without considering the dipole field, all of the samples display 
rectangular hysteresis loops with coercivities in perfect agreement with the Stoner 
Wohlfarth model, as represented in Table 2. If we add the dipole field to our model, 
only the 4ML and 5ML samples preserve their coercivity, as the 3ML sample 
magnetization becomes tilted in-plane. It can be observed that the coercive field 
varies with the thickness in a similar fashion as the anisotropy energy. Also, it is 
worth mentioning that the rectangular shape of the hysteresis loops is the evidence 
of a perpendicular magnetization orientation. This is a numerical confirmation that 
can be verified experimentally in a range of ultra-low temperatures, where the 
effect of thermal fluctuations is diminished. 
 

Table 2. Coercive field values determined analytically and  
from atomistic simulations at 0 K for the investigated samples. 

Sample name/  
no. atomic layers Thickness (nm) Hc Stoner-Wohlfarth 

(T=0K) limit (T) 
Hc atomistic with dipole 

field (T=0 K) (T) 
3ML / 3 atomic 
layers 0.429 0.99 In-plane oriented 

4ML/ 4 atomic layers 0.572 3.88 1.76 
5ML/ 5 atomic layers 0.715 1.95 0.10 

 

 
 
 When thermal fluctuations are added to the system, the dipolar and the 
thermal field compete with the anisotropy and in some situations, they will tilt the 
magnetization orientation from an out-of-plane to an in-plane configuration. Such 
a case is depicted in fig. 9, where hysteresis loops simulated at room temperature 
for different sample thicknesses are shown. At T = 300 K one can observe that the 
perpendicular magnetic anisotropy is strongly dependent on the thickness. For 3ML 
and 5ML it can be observed that the magnetization adopts an in-plane orientation, 
while for the 4ML thickness it is oriented perpendicular to the film plane. The effect 
of the thermal fluctuations can be observed in the coercivity.  
 The addition of the dipole field leads to lower coercive field values compared 
to the ones predicted by the Stoner-Wohlfarth model. Also, the thermal fluctuations 
have been observed to contribute to this effect. We mention that the magnetic 
behavior illustrated in fig. 9 follows the variation of the PMA with the thickness 
issued from the ab-initio calculations (see fig. 8) where a local maximum in PMA 
was found for 4ML of Fe.  
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Fig. 9. Hysteresis loops at T=300 K obtained from atomistic simulations:  

(a) 3ML; (b) 4ML; (c) 5ML.  
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 The results of our atomistic magnetic simulation indicate that to design 
experimental devices based on the Au/Fe/MgO system suitable for room temperature 
applications related to PMA one must optimize the deposition process to obtain a 
ferromagnetic thickness around 4ML (0.572 nm). A further coming study will consider 
the effect of thickness fluctuation to approach the realistic situation of experimental 
samples. 
 
 
CONCLUSIONS 

 
Using ab-initio calculations we have investigated some major mechanisms 

related to the perpendicular magnetic anisotropy and its variation with external 
magnetic fields. Our calculation addresses multilayer stacks with ultrathin ferromagnetic 
layers sandwiched between a bottom non-magnetic metal and a top MgO insulator, 
as commonly found in magnetic tunnel junction architectures. We point out the 
major contribution of the Rashba mechanism, related to interfacial intrinsic electric 
fields, on both PMA and DMI and underline the possibility to tailor these properties 
via some interfacial engineering. In this way one can tune the magnitude and the 
voltage response of the PMA and the sign and the magnitude of the DMI, major 
requests in storage and synaptic devices based on magnetic chiral structures 
(domain walls and skyrmions). Oscillations of the PMA with the thickness of the 
ferromagnetic materials have been also predicted and correlated to quantum well 
effects already observed by our team in spin polarized transport in Cr/Fe/MgO/Fe 
magnetic tunnel junctions. Finally, using atomistic magnetic simulations we have 
calculated macroscopic magnetic properties in Au/Fe/MgO nanostructures as a first 
step towards the understanding of magnetic characteristics of realistic experimental 
system with sizable roughness and thickness fluctuations, even at atomic level. 
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THE NATURE OF Mn-Mn COUPLING IN Mn-Ni-Al ALLOYS 
 
 

V. REDNIC1*, M. COLDEA2, V. POP2, M. NEUMANN3 

 
 

ABSTRACT. The occurrence of ferro - and antiferromagnetism in Mn-Ni-Al alloys is 
governed by the sign of the direct exchange interaction between the Mn magnetic ions. 
Experimentally has been found that, if the separation between the Mn magnetic ions 
is greater than the critical value dcr= 2.91 Å, they are ferromagnetic and if the distance 
is less than the critical value, they are antiferromagnetic. The value of Mn local 
magnetic moment depends on the number of Al atoms in the first vicinity but the 
dominant factor is the Mn-Al distance. The nature of Mn-Mn exchange coupling 
was studied through X-ray diffraction, magnetic and XPS measurements. 

 
Keywords: exchange coupling, local magnetic moments, crystallographic structure, 
electronic structure 

 
 
 
INTRODUCTION 

 
The problem of local moments confined to the transition 3d metals (T) 

sites, i.e., localized behaviour in some aspects of itinerant electrons, is one of the 
most important issues in the physics of the magnetic alloys and intermetallic 
compounds [1]. The condition for the existence of the local moment at the T site is 
πΔ / U < 1, where Δ is the width of the d states and U is the Coulomb correlation 
energy between d electrons [2]. The occurrence of ferro and antiferromagnetism 
in alloys and intermetallic compounds of 3d metals Mn, Cr, Fe is governed by the 
sign of the direct exchange interaction between the magnetic ions. Experimentally 
has been found that, in general, if the separation between the magnetic ions is 
greater than a critical value dcr, they are ferromagnetic and if the distance is less 
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than the critical value, they are antiferromagnetic. In general, the Mn alloys and 
intermetallic compounds are antiferromagnetic when the distance between the Mn 
atoms dMn-Mn is less than 2.9 Å [3]. Experimentally, the critical Mn-Mn distance of 
2.83 Å has been estimated in NiAs-type Mn compounds [3,4]. On the other hand, 
the magnetic τ-phase of MnAl alloy shows ferromagnetism at a high Curie 
temperature despite the very short Mn-Mn distance of 2.77 Å [5]. This, the so-called 
Mn dilemma, is based on the simple Bethe-Slater picture of direct exchange coupling 
between magnetic atoms [6, 7]. It was found that super-exchange interaction between 
Mn atoms via p-electrons of Al atoms causes antiferromagnetism in MnAl τ-phase. The 
ferromagnetism in this system results from the suppression of the super-exchange 
interaction due to the substitution of excess Mn atoms for the Al atoms, so the Mn-
Mn distance does not strongly affect the magnetism in this alloy [5]. 
 In the phase diagram of Mn-Ni-Al ternary system there are many domains 
of solid solution [8]. Maintaining constant the concentration of one element, one 
can varies the concentration of the other two elements. In this case are changing 
the crystalline structure, the number of near- neighbours atoms with d-orbitals, the 
vicinity of Mn atoms, the distances between the Mn atoms and implicitly the 
strength and the sign of the interaction between the neighbouring local moments. 
 The aim of this paper is to study, through X-ray diffraction, magnetic and 
XPS measurements, the nature of Mn-Mn exchange in the Mn-Ni-Al alloys. 
 
 
EXPERIMENTAL 

 
The investigated alloys were prepared by the argon arc melting method. 

The samples were melted repeatedly (at least four times) in the same atmosphere 
to ensure homogeneity. The weight loss of the final furnace-cooled samples was 
found to be less than 1%. The purity of starting materials was 99.999% for Al and 
99.99% for Mn and Ni. XRD measurements were performed on polished surfaces 
using a Bruker D8 Advance diffractometer, due to the hardness of the samples. The 
magnetic measurements were performed using a vibrating sample magnetometer 
(VSM) in the temperature range 4– 850 K and fields up to 10 T. The XPS spectra 
were recorded using a PHI 5600ci ESCA spectrometer with monochromatized Al Kα 
radiation at room temperature. The pressure in the ultra-high vacuum chamber 
was in the 10-10 mbar range during the measurements. The samples were cleaved 
in situ and the surface cleanness was checked by monitoring the O 1s and C 1s core 
levels in the survey spectra. 
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RESULTS AND DISCUSSIONS 
 
 The nature of Mn-Mn exchange coupling is described by two main 
characteristics namely, the sign and the strength of the exchange coupling. The sign 
of the exchange coupling is mostly given by the Mn-Mn distance, while the strength 
depends on the number and type of the surrounding atoms as well as the distance 
between them. 
 

The sign of Mn-Mn exchange coupling 
 

One of the most representative system where the influence of Mn-Mn 
critical distance can be observed is Ni1-xMnxAl. The electronic structure and magnetic 
properties of Ni1-xMnxAl (x=0, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8) were presented [9]. X-ray 
diffraction patterns show that all the alloys are single phases with the same CsCl 
(B2) structure type. In the elementary cell Al atoms occupies the 1a position while 
Mn and Ni atoms occupy the 1b position (see figure 1). When two Mn atoms are 
situated in the centre of two neighbouring elementary cells, the shorter Mn-Mn 
distance is equal to the lattice parameter. In this system the lattice parameter is 
close to the critical Mn-Mn distance (~2.9 Å). Furthermore, the lattice parameter 
(see figure 1) increases monotonically with Mn concentration from a=2.875 Å for 
NiAl to a=2.966 Å for Ni0.2Mn0.8Al. 

 

      
Fig. 1. Elementary cell representation (a) and lattice parameter variation  

as a function of Mn content (b) in Ni1-xMnxAl alloys. 
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The temperature dependence of the spontaneous magnetization, presented in 
figure 2, shows a ferromagnetic behaviour of the investigated alloys. Nevertheless, a 
small anomaly in the magnetization of the ferromagnetic component can be observed at 
low Mn concentration (x = 0.2 and 0.3). This anomaly, known as “pinning effect”, comes 
from the exchange interaction at the interfaces of an antiferromagnetic and a 
ferromagnetic entity, and proves the formation of Mn-Mn antiferromagnetic pairs. 

At low Mn concentration the lattice parameter is smaller than the critical 
distance favouring the formation of Mn-Mn antiferromagnetic pairs, but in the same 
time, at small Mn concertation there is a smaller probability to have two Mn atoms in 
the centre of two neighbouring cells. This explains the ferromagnetic behaviour of 
these alloys and also the presence of a small antiferromagnetic phase. 

 

 
Fig. 2. Temperature dependence of spontaneous magnetization of Ni1-xMnxAl alloys. [9] 

 
Once the Mn concentration increases, the probability of having two Mn 

atoms in the centre of two neighbour cell increases, suggesting an increase in the 
number of antiferromagnetic Mn-Mn pairs. The experimental results show that the 
antiferromagnetic component is barely visible for x=0.4 and disappears for higher 
Mn concentration. This can be explained by the increase of the lattice parameter, 
and consequently the Mn-Mn distance, at values above 2.9 Å. This means that even 
if there are two Mn atoms in centre of two neighbour cells, the distance between 
them is higher that the critical distance and consequently the exchange coupling is 
ferromagnetic. 

The “pinning” effect was also observed in Mn1-xAlxNi alloys [10], where a 
coexistence of antiferromagnetism (B2 phase) and ferromagnetism (L21 phase) was 
observed for 0.6≤x<1 alloys. The B2 phase has the same structure with the L21 
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phase of Heusler alloys, having the unit cell equals with the 8-th part from the last 
one (see figure 3). In the L21 structure, where the Mn atoms are separated by Al 
atoms, the shortest Mn-Mn distance is about 4.1Å, while in B2 phase the Mn and 
Al atoms are randomly arranged, thus the near-neighbour Mn–Mn distance is about 
2.9 Å. 

   
Fig. 3. Representation of ClCs (a) and Heusler (b) structure type. 

 
 In order to determine the ferromagnetic (FM) and antiferromagnetic (AFM) 
contributions to the measured magnetization and to estimate the corresponding 
Curie and Néel temperatures TC and respectively TN, we have used the Honda-Arrot 
plot for each temperature, according to the relation [11]: 

χm= χAFM + MFM/H         (1) 

where χm is the measured susceptibility, χAFM the susceptibility of the antiferromagnetic 
component, MFM the saturation magnetization of the ferromagnetic component 
and H the applied magnetic field. A linear dependence of χm versus H-1 in higher 
magnetic fields was evidenced for each temperature, showing that in the studied 
field range, saturation has been obtained. In figure 4 are shown the temperature 
dependence of the as determined susceptibility χAFM and magnetization MFM, 
respectively. The curves χAFM(T) present a downward at certain temperatures, 
referred as the Néel temperatures. 
 The Mn-Mn exchange coupling depending on Mn-Mn distance was also 
evidenced in Ni0.7-xAlxMn0.3 alloys. The crystallographic and electronic structure of 
Ni0.7-xAlxMn0.3 alloys were presented [12]. The Ni0.7-xAlxMn0.3 (x=0.3, 0.4 and 0.5) 
alloys are single phase having CsCl (B2) structure type. The lattice parameter varies 
from 2.9 Å for x=0.3 to 2.94 A for x=0.5. The lattice parameter and implicit the Mn-
Mn atomic distance is just in the region of Mn-Mn critical distance and the effect 
on magnetic properties are significant as it can be seen in figure 5. 
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Fig. 4. The temperature dependence of the magnetic susceptibility χAFM (a) and the 

magnetization (b) of Mn1-xAlxNi alloys. The arrows indicate the Néel temperatures. [10]. 
 

 
Fig. 5. The temperature dependence of magnetic susceptibility (a)  

and the spontaneous magnetization (b and c) of Ni0.7-xAlxMn0.3 alloys. 
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The Ni0.4Al0.3Mn0.3 alloy has the lattice parameter a≈2.90Å. At this distance 
the Mn-Mn coupling is antiferromagnetic. The Ni0.3Al0.4Mn0.3 alloy has the lattice 
parameter a little bit larger a≈2.914Å, but seems to be at the limit distance between 
the AFM and FM coupling. This could be a reason why this alloy has ferrimagnetic 
behaviour. The lattice parameter of the Ni0.2Al0.5Mn0.3 alloy is larger (a≈2.94Å) and 
it has a ferromagnetic behaviour. This means that at this distance the coupling 
between the Mn atoms is parallel. 
 

The strength of Mn-Mn interaction 
 
 The strength of Mn-Mn interaction and consequently the value of Mn local 
magnetic moments strongly depend on surrounding atoms. The Mn magnetic 
moment is sensitive to the type, the number and the distance to the atoms from 
the first coordination shell. These factors will influence the hybridization degree of 
Mn 3d band. In Mn-Ni-Al system, the Al atoms bring 3 valence electrons. The 
hybridization between Mn 3d state and Al 3sp states leads to a partial filling of Mn 
3d band and consequently a reduction on Mn magnetic moment (the higher the 
hybridization degree the lower Mn magnetic moment will be). The hybridization 
degree depends on the number of Al atoms from Mn first coordination shell and 
Mn-Al distance. To support these affirmations we analysed the influence of Mn 3d 
- Al 3sp hybridization on Mn magnetic moment in two systems: a) Mn1-xAlxNi (0 - 8 
Al atoms in the first vicinity of Mn atoms, at dMn-Al≈2.9Å) and b) Ni1-xMnxAl (8 Al 
atoms in the first vicinity of Mn atoms, at dMn-Al≈2.5Å). XPS measurements 
correlated with magnetic measurements are further presented for both cases. 
 a) The Mn 3s spectra for MnNi, Mn0.9Al0.1Ni and Mn0.8Al0.2Ni are shown in 
figure 6. The shoulder around 79 eV corresponds to the Ni 3p satellite situated at 
about 12 eV higher binding energy from the main line [13]. 
 The experimental spectra were fitted with two components corresponding to 
Mn 3s exchange splitting, the Ni 3p satellite and a Shirley background type. Figure 
6b presents the curve fitting results of MnNi compound, after background and Ni 
3p satellite subtraction. Similar results were obtained for the other two alloys 
Mn0.9Al0.1Ni and Mn0.8Al0.2Ni. All spectra exhibit a well-defined magnetic exchange 
splitting of about 5 eV, arising from the exchange interactions between the 3s core 
hole and open Mn 3d shell. This splitting corresponds to a spin S≈2 and a magnetic 
moment of 4μB/Mn, suggesting that at this Mn-Al distance (2.9 Å) the Mn 3d band 
is not affected by the hybridization with Al 3sp states. Magnetic measurements 
confirm just a small variation of Mn magnetic moments, once the Al concentration 
increases, compared to MnNi compound [10]. 
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Fig. 6. Mn 3s XPS spectra of Mn1-xAlxNi alloys (a) and Mn 3s curve fitting results  

of MnNi compound (b). [10] 
 
 b). In the second system Ni1-xMnxAl, the Mn 3s core level spectra show an 
exchange splitting of around 4 eV, which is smaller compared to the exchange 
splitting in Mn1-xAlxNi alloys (5.2 eV). The exchange splitting is proportional with the 
Mn local magnetic moment [13]. Figure 7 presents the curve fitting results of 
Mn0.8Ni0.2Al alloy, after background subtraction, and the similar spectrum of MnNi 
compound for comparation. 
 

 
Fig. 7. Mn 3s curve fitting results of Mn0.8Ni0.2Al alloy and MnNi compound. [9] 
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The strong Mn 3d - Al 3sp hybridization is due to the high number of Al 
atoms in the Mn first vicinity, namely 8 Al atoms at ~2.5 Å. This explains the small 
values of the Mn magnetic moments (below 2µB) in Ni1-xMnxAl alloys [9] comparing to 
Mn1-xAlxNi alloys. 

The Mn magnetic moment slowly increases with Mn concentration [9]. This 
variation can be associated with the increase of the lattice parameter which leads 
to a decreasing in the Mn 3d - Al 3sp hybridization degree. 
 
 
CONCLUSIONS 
 
 We evidence a value of about 2.91 Å as the critical Mn-Mn distance in Mn-
Ni-Al alloys. Experimentally we demonstrated that, if the separation between the 
Mn atoms is greater than this critical value, the exchange coupling is ferromagnetic 
and if the distance is smaller than the critical value, the exchange coupling is 
antiferromagnetic. The value of Mn local magnetic moment depends on the 
number of Al atoms in the first vicinity but the dominant factor is the Mn-Al 
distance. When the Mn-Al distance is about 2.9 Å the Mn 3d band is not affected 
by the hybridization but, at lower Mn-Al distance (~2.5 Å) the hybridization 
between Mn 3d and Al 3sp states leads to a partial filling of Mn 3d band and a 
drastically reduction of Mn local magnetic moment. 
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NONTHERMAL PLASMA IN CONTACT WITH LIQUIDS 

S.D. ANGHEL1

ABSTRACT. The current work shows the generation methods of atmospheric pressure 
plasma in liquids or on liquids. The optical diagnosis proves the nonthermal character 
of generated plasmas. They were tested for dyes degradation, nanostructures 
synthesis and for obtaining of plasma activated water. The activated water preserves 
its new characteristics for at least three weeks and is a promising agent for bacterial 
inhibition. 

Keywords: in/on-liquid plasma, dye degradation, nanoparticles synthesis, plasma 
activated water, bacterial inhibition. 

INTRODUCTION 

Although the gas discharges in liquids were known for many years due to 
their applications in various fields, during the last decades the non-thermal 
plasmas generated in liquids or in contact with liquids have been intensively 
investigated [1]. The researchers’ attention was focused on two main directions: 
(a) plasma generation, plasma diagnostics and discharge mechanism clarification [2–
4]; and (b) possible applications: decontamination, sterilization and purification
processes [5–10], nanoparticles and polymers synthesis [11] and analytical
spectrometry [12]. Generally, this kind of plasma is generated between two
electrodes immersed in liquid or between an electrically powered electrode and a
liquid which is in contact with a grounded electrode [1]. The voltage applied between
electrodes can be continuous or time variable (sinusoidal or rectangular pulses,
see Table 1). The ignition mechanism of plasma in liquids was most frequently
related to the presence of gas bubbles in liquid. A gas can be bubbled into the liquid
or gas micro-bubbles are the result of chemical and physical processes occurring in
the liquid. When a bubble is very close to the powered electrode (mostly sharpened
in order to create high electric fields), electric discharges like streamers or micro-
arcs could be generated.

1 Babeș-Bolyai University, Faculty of Physics, 1 Kogălniceanu str., 400084 Cluj-Napoca, Romania 



S.D. ANGHEL 
 
 

 
122 

Table 1. Electrode geometries for the generation of plasma in liquids.  
Plasma gases: O2, Ar, He, N2, air.   

Electrodes 
geometry Ref. Inter- 

electrode distance [mm] Electrical parameters 

tube-to-plate [5] 5-10 pulse: 6 kV, 1 μs, 4.5 Apk 

plate-to-plate  

[6] 10 pulse: 20 kV, 6 μs, 300 Apk 
[7] 2-3 pulse: 8 kV, 0.2 μs, 4 Apk 
[8] 0.5 DC: 0.7 kV, 40 mA 
[9] 7.5 pulse: 22 kV, 0.2 μs, 250 A 

pin-to-plate [3] 6 pulse: 15 kV, 2.5 μs, 1000 Apk 
multi pin-to-plate [10] 10-15 DC high voltage 
wire-to-cylinder  [13] 1 (quartz) sinus, 13.56 MHz, 80 W 

 
 
2. PLASMA GENERATION 

 
 

Fig. 1. The experimental set-up and a detail of the in-liquid plasma reactor.  

Fig. 1 presents the schematics of the experimental set-up when plasma is 
generated in liqiud. The plasma reactor is composed of a metal wire electrode 
(Kanthal) placed via a holder piece in a quartz tube through which plasma gas 
flows with adjustable flow rate. The electrode is powered with high sinusoidal 
voltage generated with a laboratory made free-running oscillator [14]. The glass 
tube is vertically immersed in the liquid at a depth of 15-20 mm. When plasma gas 
(argon) flows, at the immersed exit of the glass tube gas bubbles arise with a 
cadency (0.5 – 10 bubbles/second) which depends on the gas flow rate (0.06 – 
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0.35 l min-1). During each bubble life a glow discharge is generated between the 
free end of the electrode and the bubble wall. Fig. 2 shows the most representative 
video frames from the point of view of the discharge dynamics.  A discharge cycle 
has three stages: (1) pushing the water towards the end of the quartz tube and 
the gas bubble formation, frames 1-38; (2) the discharge initiation at the powered 
electrode and its development as streamers with many branches bridging the 
electrode and the gas-water wall. Simultaneously the gas bubble expands outside 
the glass tube, frames 43-54; and (c) the extinction of the discharge when the gas 
bubble detaches from the border of the quartz tube and slides up on its wall, 
frames 55-57. 

 
 

 
 

Fig. 2. Time evolution of the plasma generation process during an ignition-extinction cycle. 
Each imprinted number indicates the number of the frame from a total  

of a 63 frames/cycle.  
 
The experimental setup to generate plasma on liquid presented in Fig. 3 is 

very similar to the one presented in Fig. 1, excepting the discharge reactor. It was 
replaced with two different powered electrodes for generating the plasma on 
water. The first one is a capillary metallic tube through which helium or argon 
flows to generate a plasma μ-jet surrounded by the ambient atmosphere. To 
generate a μ-arc discharge in ambient air a Kanthal wire electrode was used. The 
second electrode for both discharges is represented by the treated water. The 
inserts from Fig. 3 show the μ-jet and μ-arc discharges. 
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Fig. 3. Experimental set-up to generate plasma on liquid. 

3. RESULTS AND DISCUSSION [15 - 20]

3.1 Plasma emission 

Fig. 4 shows the emission spectrum of Ar plasma generated in distilled 
water. With the exception of the argon emission lines, the emission lines of hydrogen 
(Hα) and oxygen, and the emission bands of OH˙ radical as a result of water molecules 
dissociation are present. Based on the spectrum, plasma parameters were 
determined: TexcAr = 6080 K, TrotOH = 1990 K and ne = 3.79∙1015 cm-3. The high 
excitation temperature of the electrons in Ar atoms indicates the presence of energetic 
electrons capable of generating, by inelastic collisions, molecular species able to 
degrade organic dyes, mainly hydroxyl radical OH˙ with a high oxidation character.  

Fig. 4. Emission spectrum of plasma generated in Ar bubbled in water. 
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3.2 Methylene blue degradation with in-liquid plasma and time evolution 
of the solution characteristics 

Being known that the main degradation mechanisms of MB solutions is 
the decomposition by energetic electrons and the oxidation under the action of 
hydroxyl radical and hydrogen peroxide, the influence of the initial dye concentration 
and the treatment time on the degradation process and on the time evolution of 
the MB solutions’ characteristics after the ending of the exposure to plasma were 
studied. 

The gradual change of the UV-vis spectra and of the visual aspect (see the 
insertion) for the solution containing 100 mg l-1 MB is exemplified in Fig. 5.  

The spectra show the characteristic absorption bands of MB in water. The 
exposure to plasma treatment produces changes in the absorption spectrum. The 
main absorption band (663 nm) decreases in intensity, a blue shift is observed and 
after 45 minutes it becomes a flat line suggesting that the methylene blue solution 
was completely discolored. The blue-shift of the 663 nm band might be correlated 
to the change of pH which decreases from a value of 5 before treatment, to the 
value of 2 after the complete degradation. This might be due to the formation of 
intermediate organic acids during the degradation process of the MB molecules 
but more importantly due to H+ produced by means of water dissociation.  

 

 
Fig. 5. The absorption spectra evolution for the MB solution with an initial concentration 

of 100 mg l-1 and the image of the samples collected during plasma treatment  
at different time intervals after the beginning of the treatment. 
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Fig. 6. The dependence of the MB concentration on the treatment time  

with the initial concentration as parameter.  
 
 
The changes in MB concentration during the plasma treatment are presented 

in Fig. 6. The time evolution of the MB concentration shows that the degradation 
process continues slowly for at least ten minutes even after the plasma treatment 
was stopped. This fact suggests that the active species generated by the plasma 
are the ones responsible for the degradation.  

During the plasma treatment the electrical conductivity of MB solution 
increases relatively linear from very low values to higher ones as it can be seen in 
Table 2. The increase in the electrical conductivity leads to suppose that new ions 
are generated at the plasma-liquid interface by water molecules dissociation and 
these ions are H+. The values of the electrical conductivity and pH after two weeks 
from the treatment suggest that the processes are irreversible at least for this 
time period. 

Table 2. The time evolution of the electrical conductivity and pH of the treated  
MB aqueous solution (50 mg l-1, 35 min treatment time) 

Electrical conductivity, μs cm-1 pH 

Before 
treatment 

At the end of 
treatment 

Two weeks 
later 

Before 
treatment 

At the end of 
treatment 

Two weeks 
later 

9 595 635 5 4 3 
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3.4 Carbon structures synthesis with in-liquid plasma 
 
Concurrently with the MB degradation a secondary result of the treatment 

with plasma which was not mentioned so far in papers, is the progressive generation 
of very small solid structures. The XPS analysis shows that the plasma breaks the 
structure and seems to favor the bonding of oxygen in different molecular sites 
leading to the formation of new bonds of the oxygen with carbon and even nitrogen 
and sulfur. Thus we could explain the formation of the very small solid particles 
which are formed preponderantly of carbon and also of contributions coming 
from oxygen. The TEM image, shown in Fig. 7, reveals the presence of spherical 
particles having tens of nm in diameter in these solid structures. The insertion 
from figure 7 shows a great number of solid structures obtained after 45 minutes 
of treatment of the solution with a concentration of 100 mg l-1 MB.  

 

 
Fig. 7. TEM image of solid structures generated by treatment with bubbled Ar plasma  

of 100 mg l-1 MB solution. The insert presents a photo of the solid particles  
in solution at the end of the plasma treatment. 

 

A schematic representation of the synthesis procedure is presented 
in Fig. 8. It suggests that there are three main mechanisms for dye degradation 
in plasma in liquids: electron bombardment, ion collision and radical induced 
degradation. It also shows that the nature of plasma gas (Ar or He) influences 
the dimensions and forms of the synthesised carbon nanostuctures. 
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Fig. 8. Schematic representation of the synthesis procedure and mechanism. 

 

     
Fig. 9. TEM images of the Ar plasma carbon structures (left) obtained at different time 
treatments: A,B-20 minutes C,D- 40 minutes  and of the He plasma carbon structures 

(right) obtained at different time treatments: A,B-20 minutes C,D- 60 minutes. 
 
 

The TEM analysis (Fig. 9) showed that the structures obtained with 
the He plasma are larger compared to the case of the Ar plasma and 
revealed that the plasma has a destructive effect on the structures as well. 
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3.5 Plasma activated water and bacterial inhibition 

Under the action of atmospheric pressure plasma, distilled water changes 
its characteristics, mainly pH and electric conductivity, and acquire an important 
oxidative potential. The so treated water is named plasma activated water (PAW). 
Depending on the nature of the discharge gas (Ar, He, O2, air, or their mixture), 
reactive oxygen species (ozone O3, hydrogen peroxide H2O2, hydroxyl radical .OH) 
and reactive nitrogen species (peroxynitrite, nitrate, nitrite and the corresponding 
acids, nitrogen oxides NOx) are generated in the plasma core or in the plasma-liquid 
contact zone being then dissolved in the liquid. Fig. 10 shows the dependence of 
their concentrations on the treatment time. They are responsible for a large variety 
of applications of plasmas in contact with liquids, mainly in the bio-medicine field and 
for reduction of environmental pollution. The presence of nitrogen is important for 
the activation of water-based liquids. Generally, it enters in the discharge from ambient 
air as a result of diffusion and contributes to the generation in plasma of reactive 
oxygen and nitrogen species which are then transferred to the liquid phase. 

 (a)   (b) 

   (c)  (d) 
Fig. 10. Electrical conductivity (a), pH (b), nitrate (c) and H2O2 (d) concentrations 

dependences on the treatment time for water samples of 35 ml. 
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The new attributes (pH value, electrical conductivity, nitrate and 
hydrogen peroxide concentrations) acquired by the PAW solutions do not 
change significantly for at least 21 days. 

The so obtaned PAW’s were used to study the inhibitory effect on 
Staphylococcus aureus. The bacteria was selected because it is one of the most 
common infectious agents as it causes numerous skin and respiratory infections, 
food poisoning and it is very dangerous in hospital hygiene. The PAW’s were 
incubated with the microorganisms and their inhibition effect on the bacteria is 
assessed. The inhibition effect was investigated by determining the optical density of 
the bacterial suspensions at 620 nm using a Jasco V-530 UV-VIS spectrophotometer. 
It was estimated as it is shown in [20]. 
 

 
Fig. 11. Bacterial inhibition effect of PAW – discharge type influence.  

PAW obtained after exposure to the plasmas for 50 minutes was used. 
 
Fig. 11 shows that the air discharge offers the lowest inhibition rate while 

the Ar discharge shows the more intense effect. Considering the properties of the 
PAW ilustrated in Fig.10, it can be observed that the Ar discharge creates the highest 
concentration of hydrogen peroxide, followed by the helium and air discharges, which 
is similar to the inhibition effect on the S.aureus samples. Furthermore, by increasing 
the treatment time of the PAW samples, the concentration of hydrogen peroxide 
is also increased. 
 
 
CONCLUSIONS 

 
This work has shown the possibility to generate plasma in liquids by using 

a new device for bubbling the plasma gas and atmospheric pressure plasma on 
liquids. The plasma emission shows the presence of chemically active species which 
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are important for methylene blue degradation and for synthesis of carbon based 
nanoparticles. The activation of distilled water was also studied. Plasma activated 
water has a long time stability and represents a promising agent for bacterial 
inhibition. 
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