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Abstract:
High performance magnets are valuable in the light of the modern energy crunch in the world
primarily because of their applicability in electric motor vehicles. We study two compounds:
CeCoFe1oTi and CeNiFeoTi using hybrid density functional computations. Our aim is to observe
effects of adding Co and Ni to the parent compound CeFe11Ti, which is a well-known permanent
magnet. Using a solid solution algorithm in the ab-initio CRYSTAL code, we determine 16
symmetrically distinct ways in which Ni or Co can be added. These 32 configurations (16 for
each Co and Ni) are then further analyzed for their total energies, spin configurations, partial
density of states (PDOS) and magnetic anisotropic energies (MAE). Our work shows that
addition of Co slightly enhances magnetic properties. The addition of Ni weakens the
hybridization between Ce-f and Fe-d orbitals and leads to a decrease in saturation magnetic

values and MAE.



1. Introduction:
Rare Earth Elements (REE) have been identified as a key element in permanent magnets for the
past three decades. 2?3 These RE-Fe intermetallic compounds are also important for electric
vehicle (EV) motor and wind generators. #> However due to limited availability and price of the
rare earth metals, research interest still sustains in these materials. In particular, computational
studies are becoming increasingly important as they can provide atomistic modeling and
establish links between chemical composition, interaction of the magnetic spins and finally lead
to the proposition of novel magnetic materials.®”#° While one popular field of research is the
computational screening using structure-prediction algorithms to predict new magnets,%1!
other studies focus on substitution of an element in RE-Fe based magnets to enhance magnetic
properties,121314

In a previous publication® we used periodic hybrid-exchange density functional theory

(DFT) calculations as implemented in the CRYSTAL code ' to systematically study the electronic
structure of a prospective permanent magnet candidate, CeFe11Ti. We analyzed the spin
configuration and observe a ferromagnetic coupling among the Fe atoms. The neighboring
atoms Ce and Ti are however in an opposite spin down configuration and thus the overall spin
of the compound is classified as ferrimagnetic. Our calculations also suggested that the Ce atom
is trivalent. In addition, we established that the valence electron in Ce is not iterant and is
located in the 4f orbital. However, we did not implement the Hubbard | approximation as in
Locht et al. *” and thus refrain from classifying this electron as localized. With the [0 0 1]
crystallographic axis as an easy axis we computed the MAE (K1) along this direction as 1.67 meV

f.u. "t (1.57 MJ m3).



In this paper, we extend our previous work by studying two derivatives of CeFe11Ti with
Co and Ni added in small amounts: CeCoFe1oTi and CeNiFe1qTi. The substitution with Co and Ni
is an approach that has been discussed in previous work. 81920 This is a prevalent way to
enhance the Curie temperature (T¢) and saturation magnetization (M) in these class of
compounds. Our primary focus in this work is to systematically add the dopants — Co and Ni and
observe the effects on the properties of the parent material through the analysis of all the
possible crystallographic structures with equivalent stoichiometry. In addition, substitution of
Fe atoms by Ni or Co shifts the Curie temperature to higher values, as it is observed in similar
compounds like La(Fe,Si)13-based magnetic refrigerants. 2!

In the following section, we discuss the computational methods adopted for this work.
In the Results and Discussion part, we first take a look at the ways Co and Ni can be added to
CeFe11Ti. We select 3 energetically favorable configurations for each Co and Ni. This is followed
by with an analysis of the partial Density of States (PDOS) and estimation of magnetic
anisotropic energy (MAE) for these selected configurations.

2. Computational Details:

The computational work in this paper has been carried out with two separate methods — all
electron(AE) calculations using the CRYSTAL code 2%2and plane-wave(PW) calculations using the
VASP code. 23242526 AE calculations are used to 1) determine probable configurations, 2)
optimize cell and atom coordinates and 3) analyze partial density of states for the doped
models of Ce-Ti-Fe permanent magnets whereas PW calculations are used to compute

magnetocrystalline anisotropy energy for selected models.



The CRYSTAL code relies on the Linear combination of atomic orbitals (LCAO) approach
where crystalline orbitals are expressed by a basis set of atom-centered Gaussian orbitals.
Consistent with our previous work, we use spin-polarized density functional theory and PBE
functional with 10% Hatree-Fock exchange (PBE10). 228 Regarding the basis sets, for Ce, Ti and
Fe we use the one labeled as BS2 in ref. ¥*, while for Co we used a basis-set of hierarchy
s(842111) p(6311) d(411) f(11) and for Ni we used the same basis-set as in 2°,

Starting from the parent CeFe11Ti, we exploited a solid-solution algorithm (discussed in
detail later) and obtained 16 different configurations for each of the Co and Ni atom doping. An
important part of our work was to optimize all these crystal structures for both cell and atom
positions. Structures were optimized using the Broyden—Fletcher—Goldfarb—Shanno scheme of
Hessian updating. 3%3! Default convergence criteria, as in > were adopted for both gradient and
nuclear displacements. The self-consistent field (SCF) algorithm energy threshold was set to
1078 Hartree. Furthermore, for subsequent SCF cycles, direct inversion of the iterative subspace
(DIIS) convergence accelerator was used, with an energy threshold for activation set to 1072 Ha.
32 |Integration over reciprocal space was carried out using Monkhorst-Pack (MP) meshes of
8x8x8 and the Coulomb and exchange series (computed in direct space) was truncated at
thresholds of [10, 10, 10, 20, 40].33 The total energy of the structures presented in this work is
only obtained after several cycles of these stringent optimization criteria. However,
implementation of spin-orbit coupling (SOC) and non-collinear spins are a limitation of the
CRYSTAL package and hence we turn to PW calculations to estimate the magnetocrystalline

anisotropy energy (MAE).



We performed MAE computations for select structures of the doped Ce-Fe-Ti magnet
using the force theorem approach 343° as implemented in VASP . We used the Projector
Augmented Wave (PAW) pseudo-potentials and Generalized Gradient Approximation (PBE-
GGA) of electron exchange and correlation. 273437 We chose a high cut-off energy of 600 eV in
accordance with the computations for the parent compound. All structures were re-optimized
using a conjugate gradient algorithm until forces on atoms were less than 0.01 eV/A and
allowing relaxation of the cell volume as well. The Vosko—Wilk—Nusair interpolation3® was then
used to implement spin polarization. Under this approximation, it is assumed that MAE arises
from spin—orbit coupling, which is treated as a perturbation of the scalar relativistic
Hamiltonian used in standard DFT. Thus, there are two steps to compute the MAE: 1) A
collinear calculation was carried out in order to determine the correct magnetic ground state.
2) Non-collinear calculations were performed with the obtained geometry and the magnetic
configuration from step 1 with spin—orbit coupling. Crystallographic directions chosen were [0 0
1],[110],[100]and [01 0] along which non self-consistent calculations were preformed to
determine the total magnetic moment. The difference in total energy between two such spin
non-collinear configurations is the direct measure for MAE.

3. Results and Discussions:

3.1.  Structural models

e CeFeTi:

The pure compound CeFe11Ti has ThMni,-type body-center-tetragonal crystal structure with
space group |4/mmm(group number 139). The Ce atoms are located at the 2a (4/mmm) sites,
while Fe and Ti are in 3 separate sub-lattices - 8i (m2m), 8j (m2m), and 8f (2/m). The role of the

Ti atoms is to stabilize the structure as discussed in 1°> and always prefer to occupy the 8i sites.



Spin configuration analysis showed that CeFe11Ti energetically prefers the ferrimagnetic
configuration with all Fe in spin up and Ce and Ti atoms in spin down in the unit cell. The
valence electron in our computations is non-itinerant and primarily located in the 4f orbital.

It is to be mentioned here that for all our crystal structures, there is a slight disparity
between the a and b lattice parameters. The use of periodic boundary conditions in DFT
calculations do not allow for a true random distribution of Ti/Fe atoms in the 8i sites. Thus,
there exists, a slight asymmetry between the [100] and [010] crystallographic directions. We,
also, do not impose any restriction in the lattice parameters during the geometrical
minimization and thus this artifact arises due to lack of perfectly disordered distribution of
Ti/Fe in 8i sites.

e CeCoFeigTiand CeNiFe1qTi:

The conventional unit cell of CeFe11Ti has 26 atoms with 2 formula units. As expected, 2 8i
sites are now occupied by Ti atoms. While modeling the derivative compounds with additional
Co and Ni, we started from this configuration with the aim to substitute 2 Fe atoms with Co or
Ni. However, the structural details of the doped structure are to be determined.

The solid solution algorithm implemented in the CRYSTAL code, 3°4° ensures that for any
substitution fraction x, the program finds the total number of atomic configurations possible
and determines the symmetry-irreducible configurations among them. Symmetry irreducible
configurations can, then, be optimized and further probed for properties. A full discussion of
the underlying mathematics of this algorithm is beyond the scope of this paper. We turn the
attention of the reader to References 3° and #° for further details of this algorithm. Starting from
CeFe11Ti, the algorithm predicted 16 symmetrically irreducible configurations where Co/Ni
atoms occupied unique positions. Co and Ni atoms prefer to substitute Fe atoms in 8j and 8f
sites. For the scope of this paper, we will refer to the Fe’s as their atom number (ranging from 3
to 24 out of 26 total atoms in the system) instead of the symmetry of the occupied sites. A
representative model is shown in Figure 1 where the substitution of Fe has been highlighted.
Spin configurational analysis (not discussed in detail here) shows that Co and Ni atoms prefer to

be spin-up always, aligned with the Fe atoms. If the spin-down configuration (opposite to the



spin of the Fe atoms) is enforced, an energy difference of +0.17 eV and +0.42 eV occurs for the

Co and Ni atom, respectively.

Figure 1: Representative conventional unit cell for the crystal structures of CeFe11Ti and
CeCoFe1oTi. Green spheres are representative of Ce atoms, Fe atoms are brown spheres, Ti is
light blue and Co atoms are indicated by dark blues spheres. Since we consider conventional

cell of 26 atoms, 2 Fe atoms can be substituted by Co. The structure is aligned along the c-axis.

Figure 2 shows the formation energies per unit cell for each of these 16 configurations (Ni, on
the left and Co, on the right) after suitable geometry optimization. The formation energy of

CeCoFejoTi is defined in equation (1) as:

Ef = E(CeCoFe10Ti) — E(Ce) — 10E(Fe) — E(Ti) - E(CO)  vverreiriceirrecteeeee e (Equation 1)

where E(CeCoFe1oTi), E(Ce), E(Fe), and E(Ti), are the energies of CeCoFe10Ti, Ce, Fe, Ti and Co
respectively. Isolated atoms for Ce, Ti, Ni and Co have been surrounded by ‘ghost’ atoms up to
6°A in order to compensate for basis set superposition error (BSSE) effects. The reference
energies are thus computed as: E(Fe) = —3.44x10% eV/unit cell, E(Ce) = —1.29x10* eV/unit cell,
E(Ti) = —2.31x10* eV/unit cell, E(Co) = —3.76x10* eV/unit cell and E(Ni) = —4.10x10* eV//unit
cell. While some configurations are only minutely different in energy than the others, for

simplicity we selected 3 representatives among the lowest formation energy configurations for



the remainder of the computations. In a real sample, we expect all of these configurations to

coexist, in variable proportions according to the temperature and fabrication process.
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Figure 2: Formation energies per unit cell for each of the 16 configurations for Ni-doped (left)
and Co-doped(right) compounds as defined in equation 1. The best models (in terms of lowest

formation energy) are configurations 1, 8 and 9 for Ni and 5, 14 and 16 for Co.

The lattice parameters for the lowest energy model of CeCoFe1oTi and CeNiFesoTi are listed in
Table 1. We observe only a minor effect of Co/Ni substitutions on the lattice vectors a, b and ¢
with respect to the parent compound. We can compare our results to the work of Yang et al,
who studied the effect of substitution of Ni to YTi(Fei1xNix)11 magnets, where the addition of Ni
is seen to decreases the lattice constant a by 0.70% while having no effect on c.*® At
comparable mole-fractions (0.08, 2 out of 26 atoms of Fe is replaced by Ni/Co), between 3
different configurations, our results do not show a unanimous trend. While for configuration 1
in Ni substitution all a, b and c constants stay same, for configuration 8, a and b decrease by
~0.3%. In case of substitution by Co, the trends are regular. For all three configurations, aand b
increases while c remains constant. Distances between doped Ni and Co atoms and their

nearest neighboring Fe atoms range between 2.3 - 2.6 A.

Configuration # a(A) | b(A) | c(A) | Ms(uB f.u. )*
CeFe1Ti 8.33 8.28 | 4.66 24.04
CeNiFe1oTi
1 8.35 8.26 | 4.67 22.78
8 8.31 8.28 | 4.64 22.58
9 8.34 8.29 | 4.66 22.77




CeCoFeqoTi

5 8.27 8.31 | 4.65 23.59
14 8.24 8.31 | 4.66 23.58
16 8.26 8.30 | 4.64 23.34

Table 1: Comparison of lattice constants for the parent material and the Co/Ni substituted

compounds. The saturation magnetization values are computed within CRYSTAL using the

hybrid PBE10 functional. Note that the slight difference between a and b parameters is an

artifact of periodic boundary conditions in our computations.
3.2.  Analysis of partial Density of States (p-DOS):

Figure 3 shows the scalar relativistic partial density of states (PDOS) projected on individual
elements in CeCoFei1oTi and CeNiFe1oTi. The addition of Ni or Co do not have any significant
effect and the PDOS is composed mainly of Fe-d orbitals. In addition, a strong hybridization
between Fe-d and Ce-f orbitals is observed in the form of a peak at ~1.5 eV in the conduction
band. This strong hybridization is also believed to affect the magnetic properties of the
compound. While the addition of Co, slightly increases this peak, the addition of Ni seems to

dampen it, leading to lower saturation magnetization (Ms) values of the Ni-doped compound.
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Figure 3: Representative projected DOS for the lowest energy configuration of CeCoFe1oTi
(middle) and CeNiFe1oTi (bottom) as computed using PBE10 hybrid functional. For clarity in

comparison, we also include the PDOS of the parent compound CeFe11Ti (top). For CeCoFe1oTi
and CeNiFeoTi, the Fe PDOS is averaged over the 10 atoms in the unit cell. For all plots, the
black line represents the total DOS, while the blue, red, and green solid lines describe the
projected one on the Fe, Ti, and Ce atoms, respectively. Orange line is used to represent Co and

purple line for Ni in each of the doped compounds.
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The magnetic moment per atom and |-decomposed number of electrons for the CeCoFe10Ti (in
uB) and CeNiFe1oTi (see Table 2) clarifies that similar to the parent compound, electrons are

mainly located in d-orbitals for Fe, Co/Ni and Ti and f-orbitals for Ce.

CeCoFeoTi sp d f total
Fe (i) -0.17 2.71 0 2.54

Fe (j) -0.17 2.41 0 2.24

Fe (f) -0.19 2.86 0 2.67
Ce -0.15 -0.27 -0.68 -1.09

Ti -0.14 -1.07 -0.04 -1.25

Co -0.05 1.41 0 1.36
CeNiFejoTi sp d f Total
Fe (i) -0.12 2.68 0.00 2.55
Fe (j) -0.17 2.44 0.00 2.27
Fe (f) -0.13 2.80 0.00 2.67
Ce -0.13 -0.22 -0.86 -1.20

Ti -0.15 -1.11 -0.05 -1.30

Ni -0.19 0.79 0.00 0.61

Table 2: Magnetic moment per atom and |-decomposed number of electrons for CeCoFeiqTi
and CeNiFeioTi as computed in the CRYSTAL code using the hybrid PBE10 functional. The
models used in the table are the lowest energy configuration for each compound.

3.3. Magnetic Anisotropy calculations
We now turn our attention to the computation of magnetocrystalline anisotropy of these
doped compounds. As in our former work, the anisotropy constant is K1 = E110 — Eoo1, where E110

and Ego1 are total energies when magnetization is aligned along the [1 1 0] and [0 0 1]
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crystallographic axes. Since [1 0 0] and [0 O 1] directions have slight asymmetry as in the case
for the pure compound, we use the [1 1 0] as the reference basal plane. Table 3 summarizes the
MAE values.

It is interesting to note that no large differences can be observed between the MAE
value for the chosen symmetry-irreducible configurations of the doped compounds. As seen
from Table 3, Co-doped compounds, configurations 5 and 14 increase the MAE while
configuration 16 decreases it as compared to the parent compound. For Ni, there is an artificial
anisotropy between a and b crystallographic axes, that reflects a scattering of the MAE values
between [1 0 0] and [0 1 0] directions. The direction [1 1 0] is still a reference to the xy plane
since the total energy with spin-orbit coupling always lies in between. The values of MAE are

further lower than the Co-doped compounds.

Magnetic hardness calculated as: k = p 11\42; where Msis the saturation magnetization,
oMs

K1isthe magnetocrystalline anisotropy constant and p, the vacuum permeability. k is an
important parameter to assess if a material is suitable for permanent magnets. The Ms
computed from plane-wave calculations show that the Co-substituted compounds we have
considered either satisfy k > 1 or are very close to it, and thus qualify as good candidates for a
possible permanent magnet. The same does not apply to Ni-substituted compounds, that

appear to be less promising in this respect.

Ms(uB f.u. 1)
Configuration # MAE (MJm3) K
from VASP

CeFe11Ti 1.67 20.04 1.01
CeCoFeioTi

5 1.72 20.41 1.02

14 1.72 20.41 1.02

16 1.45 20.32 0.94
CeNiFe1qTi

1 1.27 19.71 0.91

8 1.15 19.89 0.85

12



9 1.29 19.90 0.90

Table 3: Magnetocrystalline anisotropy energy and magnetic hardness (k) as obtained using
pane-wave computations in VASP. The saturation magnetization values (Ms) used to calculate k

are also added.

4. Conclusions:
In this work we continue the computational design of novel permanent magnets (see reference
15) with two new materials: CeCoFe1oTi and CeNiFe1oTi. We use density functional theory and
hybrid functionals (PBE + 10% HF exchange) as implemented in the CRYSTAL code. For the
determination of magnetic properties, we rely on the use of the plane-wave VASP code using
pseudo-potentials. The composition is derived by doping Co and Ni to the existing permanent
magnet CeFe11Ti. We start by substituting Fe atoms by Co/Ni. The tedious part of determining
which Fe atoms to substitute is made possible by the use of the automated solid solution
algorithm implemented in the CRYSTAL code. Using conventional unit cell for the parent
system, the solid solution algorithm determined 16 symmetrically irreducible configurations in
which Co or Ni atoms can be substituted for two Fe atoms in the parent material. We then
computed the formation energies of these 32 unique configurations and identified 3 favorable
configurations that had the lowest formation energies.

Further analysis was performed on these 3 configurations that included relativistic
partial density of states, saturation magnetization and magnetic anisotropic energy. Our
computations determined that while doping with Co preserved the magnetic properties of the
parent material and even enhanced the magnetic hardness (k) slightly, the addition of Ni has an

opposite effect. Addition of Ni weakens the strong hybridization between Fe-d and Ce-f orbitals

13



that leads to lower Ms and MAE values. Thus, while future work can focus on varying the

amount of Co in the material so to further enhance magnetic properties, the addition of Ni is

not idealistic.
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