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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. 
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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].  
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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. 
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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 



MAGNETIC PROPERTIES OF PrFe11Ti ALLOYS BY Co AND Zr DOPING 
 
 

 
13 

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.  



MAGNETIC PROPERTIES OF PrFe11Ti ALLOYS BY Co AND Zr DOPING 
 
 

 
15 

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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