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I. INTRODUCTION

Rare-earth transition-metal (R -T ) magnetic 4f -3d intermetallic compounds have been continuously studied for decades. The two magnetic sublattices present in the same alloy bring a simultaneous complementary behavior of the R strong anisotropy properties associated with those of T high magnetic moment. This makes R -T intermetallics potential candidates for hard magnetic materials, high density recording media and magnetic refrigeration [77][78][79][80][81][82][83][84][85][86][87][88][89][90].

In an effort to reduce the content of rare earth metals in R -T intermetallic compounds, and at the same time use low-cost magnetic materials, interest in 1:12 compounds with a tetragonal type structure I4/mmm ThMn 12 has been renewed [78,79,[86][87][88][89][90][91][92][93][94][95][96][97][98][99][100][101][102][103]. It is worth to notice that from a point of view of permanent magnet applications, it is more interesting to have a high Fe content, since it leads to a decrease in the saturation magnetization and of the Curie temperature [91]. D. B. de Mooij and K. H. J. Buschow have demonstrated [78] that the pure binary RFe 12 does not exist and it is essential to stabilize this intermetallic compound with a third element M (M = Al, Cr, Mo, Si, Ti, V and W) to form the ternaries RFe 12-x M x . The M content x is generally small and it depends on the nature of the M element. Many R-Fe-M ternary phase diagrams have been studied enabling to specify the limit of the solid solution of the ThMn 12 -type phase and showing the upper and lower limit of x for each different M atoms [104,105]. The ternary compound YFe 10.8 Ti 1.2 was studied by D. B. de Mooij and K. H. J. Buschow [78]. Z. Liu et al. have proven that this ternary compound does not decompose down to 873 K [105].

For ThMn 12 -type structure, the iron transition metal atoms occupy three inequivalent crystallographic sites 8i, 8j and 8f . The 3d iron rich ThMn 12 -type intermetallic compounds are expected to exhibit a high saturation magnetization. In addition, due to the large a/c ratio, strong magnetocrystalline anisotropy is awaited. P. Qian et al. [106] have demonstrated that the crystal cohesive energy of Pr(Fe,Ti) 12 decrease markedly by adding a ternary element Ti. This result indicates that Ti helps to stabilize the crystal structure. Using pair potentials based on ab initio calculations, they have shown that the stabilizing element Ti prefers to substitute for Fe in 8i sites [106].

In this paper, we have calculated the electronic structure of YFe 11 Ti and PrFe 11 Ti, from the first principles based on density functional theory built on the Full Potential Augmented Plane Wave. The calculated magnetic moments have been compared to the experimental results of magnetic measurements and to the hyperfine fields measured by Mössbauer spectrometry.

II. CALCULATION METHOD

The objective of the calculations is to determine the total energy, the magnetic moments as well as the hyperfine field of the intermetallic compound by finding the right spin densities. For this purpose, the Kohn-Sham equations for a particle in a coherent way [107] will be solved. The calculations are performed using the full potential linearized augmented plane wave (FP-LAPW) method to solve the Kohn-Sham equations [107] of the density functional theory (DFT) [108]. These calculations were conducted using the WIEN2k code [START_REF] Blaha | WIEN2k, An Augmented Plane Wave + Local Orbitals Program for Calculating Crystal Properties[END_REF][START_REF] Blaha | [END_REF]. The generalized gradient approximation (GGA) with the full Perdew-Burke-Ernzerhof (PBE) correlation energy was used [111].

The cut-off parameter was chosen as follows R MT × K max = 7, with K max , the magnitude of the largest #» K vector. We choose G max = 12 Ry

1 2
for Fourier expansion of potential in the interstitial region [112] and 1200 k-points were used in the Brillouin zone. The muffin-tin radius R MT were assumed to be 2.50, 2.50, 2.14, and 2.17 Bohr, for Y, Pr, Fe, and Ti atoms, respectively. We have chosen the cut-off energy E = -7 Ry in oder to separate the valence and core states. The convergence of self-consistent-field cycle was assumed to be reached and the system was stable when the total energy difference was smaller than 10 -4 Ry and the charge was less than 10 -4 electron charges.

Another main objective for these calculations is to determine the hyperfine fields for R-Fe-Ti systems, using the same WIEN2 program. This will be done using the self-consistent approach of Blügel et al. [113] including relativistic generalizations of the contact, orbital, and dipolar contributions to the hyperfine fields.

III. EXPERIMENTAL

Polycrystalline RFe 11 Ti (R= Y, Pr) with nominal composition, were prepared by arcmelting technique from high purity elements Y 99.98%, Pr 99.98%, Fe 99.99%, Ti 99.99%.

In order to ensure homogeneity, the samples were melted several times [114]. The as-cast ingots were wrapped in tantalum foil and sealed in silica tubes under a vacuum of 10 -6 mbar, then annealed at 1100 • C for 1 week and finally water quenched [115,116].

The X-ray-diffraction (XRD) with Cu Kα radiation λ = 1.54178 Å has been recorded on a Bruker D8 diffractometer. The data were collected with a step size of 0.015 • and counting time of 13 s from 2θ = 25 • to 2θ = 85 • . The XRD patterns were refined using the FULLPROF program [117,118] based on the Rietveld method analysis [119,120]. The shape function was chosen as Thompson-Cox-Hastings pseudo-Voigt type [84,100,121,122].

Two agreement factors (R B and χ 2 ) from the program output were used as goodness-ofrefinement's indicators.

The Curie temperature (T C ) was measured on a DSM-8 MANICS differential sample Magneto-Susceptometer in a field of 0.1 T. The magnetization curves (M -H) were measured at T = 4.2 K using (PPMS9) Quantum Design under a maximum applied field of 9 T. The M S values were obtained using the law of approach to saturation.

Mössbauer spectra were collected using Wissel constant-acceleration spectrometer with a 25 mCi Rh matrix Co-57 source [123]. The spectra were analyzed by least-squares fits according to the procedure discussed below. α-Fe standard was used in order to calibrate the spectrometer. Mössbauer absorbers of 10 mg/cm 2 were prepared from powder samples of RFe 11 Ti. The estimated errors are ±0.1 T for hyperfine fields µ 0 H HF and ±0.01 mm/s for isomer shifts δ and quadrupole shifts 2ε.

IV. RESULTS AND DISCUSSION

A. Structure analysis

Let's remind that the hexagonal P 6/mmm CaCu 5 -type structure RT 5 phase is characterized by three Wyckoff positions. R atoms occupy 1a (0, 0, 0) site, whereas T atoms are located in 2c ( 1 3 , 2 3 , 0) and 3g ( 1 2 , 0, 1 2 ) crystallographic sites (Figure 1). The relationship between the tetragonal RT 12 and the hexagonal RT 5 structures can be expressed by the following: the 8i site is constituted by 1 2 atoms of 2c site, the 8j site comes from 1 3 of atoms on 3g and the remaining 1 2 of the 2c site, whereas, the 8f site comes from the other atoms of 3g site [124][125][126]. The ThMn 12 -type structure occurs when a pair of Fe atoms (dumbbell) replace one R rare-earth atom for the hexagonal P 6/mmm CaCu 5 -type structure [124][125][126]:

2(RT 5 ) -R + 2T (dumbbell) -→ RT 12
The following equations show the relationship between the lattice parameters of the the tetragonal I4/mmm ThMn 12 -type structure and the hexagonal P 6/mmm CaCu 5 -type structure (Figure 1): In order to determine which of the three inequivalent Wyckoff sites is the most favorable for titanium atoms, the XRD pattern were refined three times, once for each site. For PrFe 11 Ti, we obtained the following Bragg factors R B equal to 5.18, 11.6 and 12.7 for titanium at sites 8i, 8j and 8f , respectively. Similar results were obtained for YFe 11 Ti. The best Rietveld fit corresponds to Ti atoms being located in the 8i sites. This result is corroborated by Mössbauer spectra analysis and the DFT calculations, that will be presented later. The three hyperfine interactions arise from the electron density at the core -the isomer shift δ, the electric field gradient -the nuclear quadrupole separation 2ε, and the unpaired electron density at the core -the hyperfine magnetic field H HF [START_REF] Fultz | Characterization of Materials, chapter Mössbauer Spectrometry[END_REF][START_REF] Bouchaala | [END_REF]. These three hyperfine parameters define each of the obtained ferromagnetic sextets. The obtained Mössbauer spectra result from the superposition of numerous ferromagnetic The color solid lines are the nine sextets used in the fit.

a{CaCu 5 } = c{ThMn 12 }
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• The assignment of the hyperfine parameter set to a given sextet obeys the relationship between the Wigner-Seitz cell (WSC) volumes and the isomer shift δ: the larger the WSC volume, the larger the isomer shift [97,99,114,123,129,130].

• Given the probable substitution of Fe by Ti at site 8i/8j/8f , in the ThMn 12 structure, the sextet abundance of the three inequivalent iron 8i, 8j, and 8f sub-sites is calculated by a multinomial distribution law.

Let P 0 be the relative proportion of iron in the β site and P k the relative proportion of the substitution element in the same site:

K k=0 P k = 1
When the atoms are randomly distributed on a site β, for a given configuration β = (n 1 , . . . , n k ) with k varying according to the number of neighbors in the site β (K = 4 for 8i site, K = 2 for 8j site and K = 4 for 8f site), the probability P β can be expressed as a multinomial law:

P β = N ! n 1 ! . . . n K ! p n 1 1 × . . . × p n K K (1)
Where, P β is the probability of finding k Ti atoms in a shell of n 8i/8j/8f nearest neighbors, p k is the relative atomic proportion of Ti atoms in different 8i/8j/8f sites and N = is equal to 4, 2 and 4 for respectively 8i, 8j and 8f . The subspectra with intensity lower than two percent were neglected.

Using the refined crystallographic parameters (Table II), the WSC volumes were calculated by means of Dirichlet domains and coordination polyhedra for each inequivalent crystallographic site [131]. The atomic radius of Fe, Ti, Pr and Y are 1.26, 1.47, 1.82 and 1.80 Å, respectively [START_REF] Teatum | Rep. LA-4003[END_REF]. The calculated WSC volumes are reported in Table III. The WSC volume sequence is 8i > 8j > 8f , which is in agreement with the sequence found in RFe 11 Ti series [97,99]. This sequence of WSC volumes could explain the fact that Ti atoms, with a larger radius than iron, have a preference for the 8i site. This result is in agreement with the previous study using Mössbauer spectrometry [96] of SmFe 11 Ti.

In The assignment of the different sextets was done based upon the two criteria cited above, the relationship between the WSC volumes and the isomer shift, and the count of the different Fe neighboring and calculated sextet areas using a multinomial distribution. A WSC analysis of the three inequivalent iron sites in PrFe 11 Ti and YFe 11 Ti indicates that the 8i site has at 11.75 the greatest number of Fe near neighbors, while the 8j and 8f Fe sites have only 9 Fe near neighbors. Therefore, the sextets with the largest hyperfine field were assigned to the 8i site, based on its relative contribution and its Fe near-neighbor environment. The 8j and 8f sextets assignment was based on the isomer shift. In the fitting procedure, as the samples were random powders corroborated by XRD analysis, the line intensities of the sextet were assumed to be 3:2:1:1:2:3 in agreement with the lack of crystallographic texture. Lorentzian linewidth of 0.27 -0.29 mm/s was used for each individual sextet. The Lamb-Mössbauer absorption factor was assumed to be the same for all crystallographic sites. All neighbor environments were considered inside a coordination sphere of 2.80 Å and we have neglected the site abundances lower than 2%. All along the refinement process, the site abundances were maintained as fixed parameters. All other hyperfine parameters δ, H HF , and 2ε were considered as free. In the second step of the fitting, the deduced averaged isomer shift values were assigned to each site according to the WSC volume relationship. In the last step of the fit all hyperfine parameters were free.

The average hyperfine parameters has been refined and reported in Table IV. The following hyperfine field sequence H HF {8i} > H HF {8j} > H HF {8f } is obtained, this result is consistent with those found for RFe 11 Ti, R = Y [95,[START_REF] Li | [END_REF], Nd [99,134], Pr [97,99], Sm [96,99], Gd [135], Dy, Tb, Ho and Er [99].

It is worth emphasizing that the sequence of the refined average isomer shift δ{8i} > δ{8j} > δ{8f } follows the sequence WSC volumes, in good agreement with our assumption.

In order to deduce the average magnetic moment of Fe µ Fe from the weighted average hyperfine field H HF , we can use, with a good approximation, the conversion factor of 15.6 T/µ B [136,137]. For YFe 11 Ti compound, we have found µ 0 H HF = 27.6 T at T = 10 K, which corresponds to µ Fe = 1.77 µ B . While for PrFe 11 Ti ternary compound, we have found µ 0 H HF = 28.5 T at T = 10 K which corresponds to µ Fe = 1.82 µ B . These results will be compared with low temperature magnetic measurements in the next section. are 525 K and 547 K for YFe 11 Ti and PrFe 11 Ti, respectively (Table V). These results are in agreement with those reported by Piquer [97,99], Nikitin [94] and Tereshina [95] For a comparison some Curie temperatures for the series iron intermetallics The value of the saturation magnetization was calculated using the so called "law of approach to saturation" that can be written [140,[START_REF] Cullity | Introduction to Magnetic Materials[END_REF]:

C. Magnetic properties

M = M S 1 - a H 2 (2) 
The above equation can also be used to derive the magnetocrystalline anisotropy constant K for the studied compounds utilizing the following relation [140,[START_REF] Cullity | Introduction to Magnetic Materials[END_REF] :

K = M S • a • 105 8 (3)
Consequently, from the derived anisotropy constant K and the saturation magnetization M S , one can deduce the anisotropy field H A with the following equation:

H A = 2 • K M S (4) 
We have calculated M S , µ 0 H A and K, for the two compounds YFe studied the compound GdFe 11 Ti [143], they found µ 0 H A = 6.0 T and K = 2.46 MJ/m 3 , the anisotropy constant is comparable to the one we found for R=Y and Pr, while the anisotropy field is higher than for our compounds.

Furthermore, we have deduced the magnetic moments of iron per formula unit µ Fe from the saturation magnetizations measured at low temperature. The magnetic moments are 1.72 and 2.06 µ B for YFe 11 Ti and PrFe 11 Ti, respectively (Table V). These values are in very good agreement with those deduced from the weighted average hyperfine field, µ Fe , derived using the refinement of the Mössbauer spectra (Tables IV andV).

D. DFT calculations

The binary YFe 12 is not stable and a stabilizing element such as Ti must be alloyed for obtaining the ternary YFe 11 Ti ThMn 12 -type phase. In order to compare the structural stability of the hypothetical binary YFe 12 and ternary YFe 11 Ti, we evaluate the formation energy ∆E of the binary YFe 12 and ternary YFe 11 Ti using the density functional theory.

The formation energy is calculated using the following equation [144,145]:

∆E form = E t [products] - E t [reactants] (5) 
The estimated formation energy equations for both YFe 12 (6) and YFe 11 Ti (7) intermetallics are defined as follows:

∆E form = E t [YFe 12 ] -(E t [Y] + 12 E t [Fe]) (6) ∆E form = E t [YFe 11 Ti] -(E t [Y] + 11 E t [Fe] + E t [Ti]) (7) 
Where, E t denotes the total energy of the system. This result is in agreement with the experimental analysis achieved by Buschow [146].

The total energy of YFe 11 Ti was calculated for different sites of substitution of the iron atom by the titanium atom. We have found that the lowest energy corresponds to the substitution of one of the iron atoms at site 8i by the titanium atom (Table VI). This result is in agreement with that observed by neutron diffraction for YFe 12-x Ti x [147], these data indicate that Fe atoms preferentially occupy the 8f and 8j sites, while Ti atoms preferentially occupy the 8i sites. Moze and Buschow also found that the chromium atom prefers to occupy exclusively the 8i site for YFe 12-x Cr x [148]. The calculated spin-polarized total densities of states of RFe 11 Ti are shown in Fig. 6 for R =Y, Pr. Fig. 7 shows a comparison of the total density of states of bcc Fe (x12) with that of the hypothetical phases YFe 12 and PrFe 12 . It can be seen that the DOS for YFe 12 and PrFe 12 corresponds mostly to the contribution of the 3d bands. It can also be noted that in the case of bcc Fe, for the minority spin states, the valley separating the bonding and anti-bonding orbitals is deeper and wider than in the case of YFe 12 and PrFe 12 . In addition, the DOS values are higher for the compound R =Pr compared to R =Y, this is due to the fact that the orbitals of the Pr atom are more populated with electrons. [93,149] and Ke and Johnson [102].

The iron moment is relatively low in the tetragonal ThMn 12 type-structure. The average iron moment, derived from th difference between the numbers of major spin and minor spin, is 1.90 µ B (for YFe 11 Ti) and 2.12 µ B (for PrFe 11 Ti), and the largest moment is 2.49 µ B (for YFe 11 Ti) and 2.53 µ B (for PrFe 11 Ti) for the 8i iron atom.

In Table VII we have listed the calculated local magnetic moments on the three crystallographic sites as well as the total magnetic moment per formula unit. We can see that the following magnetic moment sequence µ Fe {8i} > µ Fe {8j} > µ Fe {8f }. This sequence follows the sequence, H HF {8i} > H HF {8j} > H HF {8f }, obtained for the experimental hyperfine fields fitted by Mössbauer spectrometry, and ab initio calculated hyperfine fields.

The fact that the magnetic moment of the 8f iron site is the smallest could be a consequence of the short Fe-Fe distances of the nearest neighbors for the 8f sites. One of the reasons that the iron atoms have the highest moment value at 8i site could be the presence of a only one nearest neighboring R atom, whereas at the other 8j and 8f sites, two R atoms are nearest neighboring.

For the compound YFe 11 Ti, the calculation gives a small negative moment both for the Y atom -0.16 µ B and for the Ti atom -0.47 µ B . While for PrFe 11 Ti, we obtained the following that the hybridization occurs for both compounds between the Ti 3d-and Fe 3d-orbitals starting from the valence band up to 2 eV of the conduction band for YFe 11 Ti and up to 3 eV for PrFe 11 Ti. Hybridization is more visible in the YFe 11 Ti compound, it is probably for this reason that the magnetic moment of the Ti atom for PrFe 11 Ti is greater than for YFe 11 Ti. Moreover, Fig. 9 shows that the 4f states of Pr are partially occupied (majority spins), while the 4f states of Pr with minority (negative) spins are empty and above the Fermi level. The DOS around E F is rather dominated by the 3d states, mainly contributed by the Fe sub-networks. This can be understood by the fact that Pr 4f states couple anti-parallel to Fe 3d states. This result is in agreement with that found by Trygg et al. [151] and Liu et al. [152] for the GdFe 12 and Gd(Co,Fe) 12 B 6 compounds, respectively.

In addition, we have calculated the hyperfine field for each inequivalent crystallographic iron site (table VIII). temperature T C of YFe 11 Ti compound is lower than that of PrFe 11 Ti due to its smaller Fe-Fe exchange interaction J Fe-Fe compared to (R=Pr), which is confirmed by the deduced lattice parameter attesting the large crystallographic constant of R=Pr in regard for R=Y.

Mössbauer spectrometry analysis provides the hyperfine parameters for the 3 inequivalent crystallographic sites 8i, 8j and 8f . We demonstrated that the titanium atoms prefer to The obtained total energy calculations of YFe 11 Ti shows that the lowest energy corresponds to the substitution of the iron atoms at site 8i by the titanium atom, indicating that the Fe atoms preferentially occupy the 8j and 8f sites, while Ti atoms preferentially occupy the 8i sites. Finally, these results are helpful to understand in detail the magnetism and electronic structure in RFe 11 Ti (R=Y, Pr) intermetallics. Both theoretical ab initio and experimental approaches have demonstrated to be complementary in studying magnetic properties of intemetallic R-T compounds.
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 81 Figure 1. Relationship between CaCu 5 and ThMn 12 structures (left) and crystal structure of the tetragonal PrFe 11 Ti (ThMn 12 -type structure) with I4/mmm space group (right)
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 2 Figure 2. Rietveld refinement of XRD patterns of: (a) PrFe 11 Ti , (b) YFe 11 Ti. The set of ticks refers to the tetragonal RFe 11 Ti (R = Pr, Y) and α-Fe.

  x{8j} 0.269(2) 0.273(3) B. Hyperfine parameters The ThMn 12 -type phase Mössbauer spectra of YFe 11 Ti and PrFe 11 Ti at T = 300 K and T = 10 K are shown in Fig. 3 and Fig. 4, respectively. Both at room temperature and at T = 10 K the Mössbauer spectra, with a clear sextets, show unambiguously that the compounds are ferromagnetic. The existence of three inequivalent crystallographic sites and the existence of Fe-Fe dumbbells (8j site) connected to the Pr vacancies are responsible for the complexity of the spectra.
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 34 Figure 3. (a) Mössbauer spectra of YFe 11 Ti at T = 300 K, (b) and at T = 10 K. The red solid line and the blue circle symbol scatter plot are the calculated and experimental spectra, respectively.The color solid lines are the nine sextets used in the fit.

  addition to b.c.c α-Fe sextet, nine sextets were necessary to refine the Mössbauer spectra of YFe 11 Ti and PrFe 11 Ti compounds. Those sextets are due to the random occupation of the 8i sites by Ti atoms which induces a distribution of near-neighbor environments for the three inequivalent, 8i, 8j, and 8f crystallographic Fe sites. Having in mind that this distribution is multinomial, each 8i, 8j, and 8f sites contribute with three sextets, therefore, at least nine sextets are required to correctly fit the experimental Mössbauer spectra.

Figure 5 .

 5 Figure 5. (a) Temperature dependence of the magnetization for RFe 11 Ti measured with an appleid field of 0.1 T. (b) Curie Temperatures of some rare-earth atoms RFe 11 Ti (R = Y, Pr Sm, Gd). (c) Magnetization isotherms of RFe 11 Ti compounds with ThMn 12 -type structure for R = Pr and R = Y measured at T = 4.2 K.
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 5 Fig 5 (a) shows temperature dependence of the magnetization curves of YFe 11 Ti and PrFe 11 Ti compounds, measured with an applied field of 0.1 T. The Curie temperatures (T C )

  RFe 11 Ti with R = Y, Pr, Sm and Gd, are plotted inFig 5 (b). For rare-earth transition metal intermetallic compounds, T C is essentially controlled by Fe-Fe exchange interaction (J Fe-Fe ) which depends closely on the interatomic distances. J Fe-Fe (3d -3d) is higher than J R-R (4f -4f ) and J R-Fe (3d -4f ) exchange interactions[START_REF]Magnetism -Materials and Applications[END_REF]. As the unit cell parameters increase for RFe 11 Ti series from R=Y to R=Gd[START_REF] Li | [END_REF], the interatomic distances Fe-Fe augment. Since the J Fe-Fe exchange interactions increase with the interatomic distances d Fe-Fe , following the Beth-Slater curve[START_REF] Li | [END_REF], consequently, the exchange interactions increase, which contributes to the Curie temperature augmentation. The field dependence of the magnetization for the RFe 11 Ti compounds measured at T = 4.2 K are shown in Fig 5 (c). The saturation is reached slightly faster for YFe 11 Ti, which can be attributed to the fact that this compound exhibits a lower magnetocrystalline anisotropy than PrFe 11 Ti.
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 67 Figure 6. Total density of states of (top) PrFe 11 Ti and (down) YFe 11 Ti. The origin of the energy is located at Fermi energy (black vertical line).

Figure 8 .Figure 9 .

 89 Figure 8. Partial density of states for Fe-8i, Fe 8j and Fe-8f calculated for (left) PrFe 11 Ti (right) YFe 11 Ti. The origin of the energy is located at Fermi energy (black vertical line).

Figure 10 .

 10 Figure 10. Calculated magnetic hyperfine field vs. the measured hyperfine field for (top) PrFe 11 Ti and (down) YFe Ti.

  Fig. 10 shows a comparison of the calculated magnetic hyperfine magnetic vs. the experimental hyperfine fields refined from Mössbauer spectra for RFe 11 Ti (R = Pr, Y) compounds. The values of these calculated hyperfine parameter are in reasonable agreement with the experimental data derived from the refinement of the Mössbauer spectra (table IV). Table IX summarize the comparison between the results of magnetic moments, obtained by experimental measurements (magnetization and Mössbauer Spectrometry) and theoretical calculations by DFT for YFe 11 Ti and PrFe 11 Ti. Overall, we have obtained a good agreement V. CONCLUSION Polycrystalline samples RFe 11 Ti (R=Y, Pr) were prepared by arc-melting technique.Both compounds were investigated by XRD and are single-phase with tetragonal crystal structure and I4/mmm space group. The magnetic measurements show that the Curie

  occupy the 8i site by means of XRD, DFT and Mössbauer spectrometry. It was found that the calculated hyperfine field H HF was in line with the experimental iron magnetic moment deduced from magnetization data. Ab initio calculations based on the formalism of DFT are in good agreement with the experimental data of Mössbauer and magnetization. The asymmetrical nature of density of states indicates the magnetic behavior for all compounds.

Table I .

 I Wyckoff positions and number of atoms in the RT 12 with I4/mmm tetragonal structure.

	and c{CaCu 5 } =	1 2	a{ThMn 12 }
	Atomic position Number of atoms

Table II .

 II a and c unit cell parameters, R B , χ 2 factors, and atomic positions from Rietveld refinement of RFe 11 Ti. (R = Y, Pr) YFe 11 Ti PrFe 11 Ti

	a ( Å) 8.5032(3) 8.5942(2)
	c ( Å) 4.7891(4) 4.7893(2)
	c/a	0.5632	0.5573
	V ( Å3 ) 346.3	353.7
	χ 2	4.73	2.68
	R B	5.37	5.18
	x{8i} 0.365(2) 0.363(3)

Table III .

 III Wigner-Seitz cell volume ( Å3 ) for RFe 11 Ti.

	R R{2a} Fe{8i} Fe{8j} Fe{8f }
	Y 29.3 12.8	11.6	11.1
	Pr 23.3 13.1	11.6	10.6

Table IV .

 IV Mössbauer hyperfine parameters for RFe 11 Ti: Hyperfine field (H HF ), isomer shift (δ) and quadrupole interaction (2ε). HF denotes the average of the hyperfine parameters

	R T(K) Fe{8i} Fe{8j} Fe{8f } HF
	µ 0 H HF (T) Y 300 26.8	22.7	20.1 23.2
	10	30.9	27.6	24.3 27.6
	Pr 300 27.1	23.8	21.8 24.2
	10	31.2	28.7	26.3 28.5
	δ (mm/s) Y 300 -0.09 -0.12 -0.17 -0.13
	10	0.02	0.01 -0.02 0.01
	Pr 300 -0.08 -0.10 -0.12 -0.09
	10	0.08	0.01 -0.01 0.03
	2ε (mm/s) Y 300 0.08	0.07	0.04 0.06
	10	0.10	0.09	0.05 0.08
	Pr 300 0.09	0.09	0.04 0.08
	10	0.13	0.11	0.06 0.10

Table V .

 V Curie temperatures T C (K), saturation magnetization M S (Am 2 /kg) at T = 4.2 K, magnetic moment µ Fe (µ B /atom), average magnetic moment µ Fe (µ B /Fe atom) deduced from H HF , magnetic moment per transition metal µ M (µ B /M), the estimated anisotropy fields µ 0 H A (T) and anisotropy constant K (MJ/m 3 ) for RFe 11 Ti (R = Y, Pr). /kg µ B /f.u. µ B /at.Fe µ B /at.Fe µ B /at. T MJ/m3 

	R T C	M S	M S	µ Fe	µ Fe	µ M µ 0 H A	K
	K Am 2 Y 525 141	18.96	1.72	1.77	1.58	3.3	2.32
	Pr 547 158	22.72	2.06	1.82	1.89	5.8	4.57

have been derived from the M 2 -T curves and by extrapolating M 2 = 0. The values of T C

  11 Ti and PrFe 11 Ti, these values are reported in the Table V. We found the following values µ 0 H A = 3.3 T, K = 2.32 MJ/m 3 , and µ 0 H A = 5.8 T, K = 4.57 MJ/m 3 , for YFe 11 Ti and PrFe 11 , respectively. These values are comparable to those found for YFe 11 Ti [94, 95, 142]. Cizmas et al.

  The finding formation energies are -0.9118 Ry and -0.6321 Ry for YFe 11 Ti and YFe 12 , respectively. It is worth noting that the ∆E formation of the binary system is higher than that of the ternary one, suggesting that the I4/mmm structure of YFe 11 Ti is more stable than that of the YFe 12 tetragonal ThMn 12 type-structure, and YFe 12 structure can be stabilized by replacing Fe atoms by Ti atoms.

Table VI .

 VI Calculated energy of YFe 11 Ti with Ti atom occupying different sites.

	Site	8i	8j	8f
	E (Ry) -36480.6233 -36480.6114 -36480.6025

Table VII .

 VII Total and local calculated magnetic moments of RFe 11 Ti (R = Y, Pr) Total µ cal Local calculated magnetic moment µ B /f.u. R(2a) Fe(8i) Ti(8i) Fe(8j) Fe(8f ) Fig. 8 shows the partial densities of states for the inequivalent crystallographic iron sites 8i, 8j and 8f for YFe 11 Ti and PrFe 11 Ti compounds. YFe 11 Ti and PrFe 11 Ti show a relatively weak ferromagnetic state, as the spin-up bands are not completely occupied. However the local density of state of iron 8i sites exhibits the highest magnetic moment. We have found that the calculated magnetic moments are 20.04 and 23.02 µ B for YFe 11 Ti and PrFe 11 Ti, respectively. These calculated moments are in good agreement with those deduced from the magnetization measured at low temperature (4.2 K) i.e. 18.96 and 22.72 µ B for YFe 11 Ti and PrFe 11 Ti, respectively. The results of YFe 11 Ti are in agreement with those calculated by Sakuma

	YFe 11 Ti	20.04	-0.16 2.49 -0.47 2.07	1.88
	PrFe 11 Ti 23.02	1.31 2.53 -0.38 2.16	1.91

Table VIII .

 VIII DFT calculated hyperfine fields (T) for RFe 11 Ti

	R 8i 8j 8f
	µ 0 H HF (T) Y 30.4 27.2 24.8
	Pr 32.2 28.3 26.8

Table IX .

 IX Comparison between the results of magnetic moments, in µ B /at., obtained by experimental measurements (magnetization and Mössbauer Spectrometry) and theoretical calculations by DFT for YFe 11 Ti and PrFe 11 Ti.

		Mössbauer Magnetization Calculated
	YFe 11 Ti			
	µ Fe	1.77	1.72	1.90
	µ Fe {8i}	1.98	-	2.49
	µ Fe {8j}	1.77	-	2.07
	µ Fe {8f }	1.56	-	1.88
	µ Y	-	-	-0.16
	µ Ti	-	-	-0.47
	PrFe 11 Ti			
	µ Fe	1.82	2.06	2.12
	µ Fe {8i}	2.00	-	2.53
	µ Fe {8j}	1.84	-	2.16
	µ Fe {8f }	1.69	-	1.91
	µ Pr	-	-	1.31
	µ Ti	-	-	-0.38
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