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ABSTRACT

NdFe; Ti and YFe;Ti serve as prototypes for rare-earth (RE) lean or RE free magnets with the
ThMn,,-type structure. Although NdFe | Ti has been studied for a long time the origin of its complex
magnetism at low temperature is so far not well-understood. We present a comprehensive theoretical
and experimental study of the magnetic properties of NdFe,; Ti and RE-free YFe, Ti to elucidate the
influence of the 4 f electrons. The partially localized 4 f electrons of Nd are the driving force behind
the complex behavior of the magnetocrystalline anisotropy which changes from cone to uniaxial above
170 K. The spontaneous magnetization and the five leading anisotropy constants were determined
from high-quality single crystal samples over a wide temperature range using field dependencies
of magnetization measured along the principle crystallographic directions. The experimental data
are compared with density functional theory combined with a Hartree-Fock correction (+-U) and an
approximate Dynamical Mean-Field Theory.

1. Introduction

The increasing awareness of the need for environment
friendly technologies and green energy applications has
caused an increasing demand for new high performance
permanent magnets with less or no rare-earth (RE) ele-
ments compared to the standard Nd,Fe,B-type magnets.
This has brought the rare-earth-lean Fe-based 1:12 systems
REFe;,_,Z, (ThMn,-type structure) back into the focus.
[1,2,3,4,5, 6, 7] Although some Fe has to be substituted
by another transition metal like Z =V, Ti, Mo, and Co [8],
to stabilize the tetragonal phase, the 1:12 phases have a
much better Fe to RE ratio than commercial Nd,Fe,,B
magnets. The highest Fe to RE ratio can usually be achieved
using Ti as substituent because only 1 out of 12 Fe ions
must be replaced. Recently, we have shown that this also
works for V if the RE element is Sm.[3] Large efforts are
made to improve the magnetic properties of different 1:12
phases, e.g. by alloying with Co [2] to increase the Curie
temperature or to improve the magnetocrystalline anisotropy
energy (MAE) and T by adding light elements.[6].

Though the phase stability is provided by the (usually)
nonmagnetic dopants partially occupying the Fe sublattices,
the magnetocrystalline anisotropy (MCA) is dictated to a
large extend by the atom occupying the RE (2a) site.[9]

At low temperatures some 1:12 compounds do not show
the desired uniaxial MCA but possess a complex mag-
netic behavior connected to a spin-reorientation transition
through a 1st or 2nd order phase transition [10]. For example,
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NdFe,; Ti undergoes a spin reorientation transition some-
where between 178 K and 189 K [11, 12] from a uniaxial
to a cone anisotropy at lower temperatures. TbFe;;Ti, and
DyFe,;Ti [12] also undergo a spin-reorientation transition,
whereas YFe;;Ti and SmFe;Ti are uniaxial also at low
temperatures.[12] In some cases the results are controver-
sially discussed and various models have been applied to
obtain a suitable description.[10]

Since many applications take place at and above room
temperature, the low-temperature properties, such as the
cone MCA of NdFe Ti are often not discussed.

However, to gain a comprehensive insight in what drives
the magnetism, a proper theoretical description should be
able to capture the low-temperature properties of a material
at the atomic scale. To this end, NdFe;Ti with its com-
plex magnetic structure, and YFe Ti as a rare-earth (4f
electron) free counterpart, serve as suitable benchmarks. To
tackle the theoretical approach needed to reproduce the ex-
perimental findings for the Nd-based system, we performed
combined experimental and theoretical studies investigating
the low-temperature magnetic properties of NdFe;Ti and
YFe,Ti single crystals and performing electronic structure
calculations in the framework of DFT. Even though the mag-
netism in YFe,; Ti seems to be quite simple and well studied
studied theoretically [2] and experimentally [13, 14, 15]
there is some uncertainty or variation in the data. As for
NdFe,; Ti there exists quite some literature which focuses
on REFe,_ M. The reported results are diverse [2, 12, 16,
17, 5] and partially depend on preparation, material form
(film, powder etc.), measurement method, e.g. Mdssbauer or
neutron diffraction.[14, 18] In view of calculated properties
the MCA values can largely differ in size and sign depending
on the DFT method, e.g. basis set, exchange-correlation
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functional. [17, 6] Korner ef al.[2] obtained K| = 4 MJ/m3
from LMTO (ASA) (Linear muffin tin orbital method within
the atomic sphere approximation) calculations and com-
puted crystal-field parameters while Harashima et al. find
-0.8 MJ/m? from DFT [6]. Experimentally, 1.35 MJ/m3 was
reported at room temperature[ 19]. If the MCA is discussed in
terms of crystal-field parameters, depending on the approxi-
mation and which crystal-field terms are taken into account,
significant differences occur. For more details, see Guslienko
et al and references therein[ 10]. However, modelling based
on crystal field parameters often fails, because of a too
large 6th order term, see Ref. [17] and references therein.
An exception is the work by Kou et al. who fit the crystal
field parameter to experimental results from susceptibility
and magnetization measurements and achieved the correct
behavior and predicted a cone angle of about 54°.[12] A
similar angle has been predicted by Tajabor and co-workers
from model calculations based on resistivity measurements
on a polycrystalline sample.[20]

Here, we compare DFT(+U) and DFT+DMFT (dy-
namical mean-field theory) calculations of NdFe;Ti and
YFe;;Ti to experimental values obtained from single crys-
tals with a special focus on the low-temperature magnetism.
We show that the magnetic properties of NdFe;;Ti are
crucially dependent on the description of the 4 f electrons,
i.e., the assumed degree of their localization. The paper is
organized as follows: After a brief description of the theo-
retical, computational, and experimental methods in Sec. 2
the experimental results for the NdFe;;Ti and YFe;Ti
single crystals are presented in Sec. 3 since they are needed
for the rating of the various theoretical approximations
applied to derive the magnetic properties of the two systems.
The following section (4 (a)) presents the basic theoretical
results, i.e., the optimized geometry and the basic magnetic
properties obtained from the DFT calculations for both
systems. The main theoretical results for the MCA and
related properties are presented in Sec. 4.2 followed by a
summary and conclusion of the theoretical and experimental
findings in Sec. 5.

2. Methods

2.1. Computational and theoretical aspects
Calculations use the primitive cell (13 atoms) in a tetrag-
onal ThMn ,-type structure (space group 139), see Fig. 1.
In such a structure the RE atoms occupy the 2a sites of the
lattice while the Fe atoms are located on 8i, 8j, and 8f sites.
Titanium dopants exclusively occupy 8i positions.[21] Test
calculations for Ti atoms on 8j and 8j sites confirmed the
preference of Ti to occupy 8i sites in this geometry. Geom-
etry optimizations are performed using the projected aug-
mented wave method as implemented in the VASP code[22,
23]. The generalized gradient approximation (GGA) in the
formulation of Perdew, Burke, and Ernzerhof (PBE) [24]
is used for the exchange correlation part of the energy
functional. A k-point mesh of minimum 193 mesh points is
used for these calculations. Systems are viewed as converged

Figure 1: Sketch of the unit cell (top) and primitive cell
(bottom) of REFe, Ti with Ti sitting on an 8i site. Fe (Ti)
atoms are marked by brown /yellow (blue) spheres. Large purple
spheres denote Nd or Y atoms. In the primitive cell x; = (a00),
x, = (0a0), and x; = (0.5a,0.54,0.5(c/a)) with a being the
lattice constant.

if forces are smaller than 103 eV/A. The semi-core s- and
p-states of all elements are included in the valence part
whereas the 4 f electrons of Nd are treated as core states
during the structure optimization. The energy cut-off for the
plane-wave expansion is 366.5 eV in both cases. Relaxations
include only ionic relaxation, cell shape relaxation are ne-
glected since the changes in the in[plane] lattice constants
due to Ti on one of the 8i sites is small.

Full-potential linear muffin-tin orbital (FP-LMTO) cal-
culations employing the RSPt code [25] are used to obtain
the magnetic properties using the optimized geometries from
the VASP calculations. The first set of calculations uses
the same exchange correlation potential as for the geome-
try optimization for the sake of consistency. However, the
magnetic properties are often better captured in a local
spin density approximation (LSDA) description, additional
investigations within the LSDA in the formulation of Vosko,
Wilk and Nussair [26] are carried out using the geometry
from the VASP/PBE calculations. A mesh of 243 k-points
is adopted within the RSPt calculations and an expansion
of the basis functions up to /,,, = 8 is applied. MCA
calculations in the framework of the magnetic force theorem
(MFT) use an even denser k-point mesh with 353 points
since the convergence of the eigenvalue sum is very sensitive
to the k-point convergence.

While the investigations for YFe;;Ti are straight for-
ward, the ones for NdFe | Ti are more demanding due to the
localized 4 f electrons of Nd. Treating the localized elec-
trons as valence electrons fails such that the magnetic proper-
ties are ill-described, see Sec. 4.1.2. Instead, a spin-polarized
core approximation can be used. This has been successfully
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used for another related 1:12 system SmFe,_, V. [3]. How-
ever, we will show that this method is not really sufficient
to capture the complex magnetic behavior of NdFe,Ti.
Therefore, additional calculations using DFT+U [27] are
performed with U between 5.0 and 7.0 eV (LSDA+ U =
4.0-6.0 eV) whereby the J parameter was kept 1.1 eV in both
cases (one test case is performed with a smaller J of 0.5 eV).
Finally, to take also the dynamical correlation between the
4 f electrons into account, we apply DMFT in the Hubbard-
[-approximation (HIA).[28, 29, 30] Taking U = 5.6 eV
which was very close to the one with the optimal cone
angle, see Sec. 4.2, i.e., we use LSDA and a Hubbard U of
5.6eV (J=1.1eV)onthe Nd 4f states. Unfortunately, the
spin-polarized exchange-correlation functional produces an
artificially large exchange splitting in 4 f states. Following
the procedure described in Ref. [31] this can be cured and
the calculations are made with a frozen local Hamiltonian.

2.2. Experimental Method

A reliable comparison of the theoretical data to ex-
isting experimental literature data is problematic due to
a large spread in values. Unambiguous determination of
anisotropy constants requires high-quality single crystals.
Here NdFe;Ti and YFeTi single crystals were grown
by the reactive flux method using excess Nd and Y as a
flux [32, 33]. The first stage consisted in preparing the alloy
of composition Nd,FeTi and Y,Fe,; Ti by melting high-
purity constituting metals in an induction furnace under a
purified atmosphere of argon in zirconia crucible. The so-
obtained ingot was placed in new zirconia crucible, sealed
in an evacuated quartz tube and annealed in a resistive
furnace as follows: it was heated up to 1623 K at a rate of
300 K/h and kept at this temperature for 5 min in order to
melt Nd,Fe; Ti and Y,Fe; Ti ingots. The temperature was
reduced down to 1483 K at a rate of 300 K/h. Then, it was
slowly cooled down to 1453 K during 13 days, kept there
for 15 days, and finally quenched in water. This mode is
favorable for growth of large crystalline grains. The ingot
was broken up and several 1-mm-large grains were extracted.
The strained surface layer of the grains was etched off elec-
trolytically in phosphoric acid. The final composition was
determined from energy-dispersive x-ray microanalysis and
found to correspond to the desired stoichiometry NdFe;; Ti
and YFe;Ti respectively. The single-crystallinity control
and orientation of the grains were performed by means of
backscattering Laue x-ray diffraction. Magnetization curves
were measured on oriented crystals in steady magnetic fields
up to 14 T at various fixed temperatures ranging from 2
to 600 K using a Physical Property Measurement System
(PPMS 14 of Quantum Design).

3. Magnetic properties of YFe , Ti and
NdFe,, Ti single crystals
The magnetization curves for the YFe;; Ti single crystal

measured along the [100] and [001] crystallographic di-
rections are displayed in Figure 2(a). The demagnetization

150 M, (10K) 10K
/(
(H||<oo1>\ 300 K
"o H||<100>
<< 100 2 i
E el
= E
= =
X1
50 | B
YFe,Ti
0 100 200 300 400 500
0 (a) ) ) Temperature,lK

2 4 6 8
HH, T

NdFe,,Ti

5- M(NdFe,, Ti)-M(YFe,,Ti)

o 100 200 800 400 500
Temperature, K

Figure 2: (a) Magnetization curves measured along [100]
and [001] crystallographic directions for YFe,, Ti single crystal
at 10 K and 300 K. (b) Spontaneous magnetization M, of
YFe,, Ti and NdFe,, Ti single crystals and magnetization of Nd-
sublattice extracted using these data.

field was subtracted from the data using the known de-
magnetization factor of the sample. The YFe,; Ti compound
has uniaxial magnetic anisotropy in the whole temperature
interval, i.e., the magnetic moments of Fe are parallel to
the ¢ axis and at 5 K the spontaneous magnetization of
the YFe,,Ti single crystal is 148.5 Am?kg~! that yields a
magnetic moment of 1.82 up per Fe atom (19.97 ug/f.u.).
The initial increase of the magnetization in the hard direction
[100] is linear and this linear growth is associated with
magnetization rotation towards the field, continues practi-
cally to saturation. The linearity implies that fourth- and
higher order anisotropy constants are negligible. At 5 K
the anisotropy field is ygH, = 4.12 T that corresponds
to a magnetic anisotropy energy of 2.07 MJ/m3. There is
no significant difference between the magnetization curves
measured along [100] and [110] directions, which means
that the anisotropy in the basal plane can be neglected. The
Sucksmith-Thompson technique is quite useful for evalua-
tion of first two anisotropy constants K; and K, and this
approach is traditionally applied for materials with uniaxial
magnetic anisotropy [34, 35]. The insert in Fig. 2(a) shows
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the temperature dependence of first anisotropy constant K
for YFe,; Ti obtained by Sucksmith-Thompson technique in
temperature range from 5 to 500 K. The second anisotropy
constant does not exceed 2% of K, and is not presented in
Fig. 2(a).

The spontaneous magnetization M of YFe; Ti was de-
termined as the ordinate of the crossing point of the linearly
extrapolated of the easy axis M (H)[001] curve to zero field
(as shown on the 10 K curve in Figure 2(a)). Near the Curie
temperature the magnetization curve becomes essentially
nonlinear and this simple way of determining M, is no
longer applicable. Therefore, at T > 400 K, M was deduced
from the Belov—Arrott graphs and Kuzrin plot, as described
in detail elsewhere [36, 37]. The spontaneous magnetization
M for NdFe;Ti was measured on loose single crystal
since at temperatures below 250 K the anisotropy of this
compound changes from uniaxial to easy-cone type. M for
both studied single crystals are plotted against temperature in
Fig. 2(b). The Curie temperature of YFe| | Tiis To =534 K
while for NdFe; Ti T¢ is 523 K, and both T values are
rather consistent with previously published data [13, 38]. In
order to estimate an effective magnetic moment for Nd, we
subtract M (T') of YFe Ti from M (T) of NdFe;Ti (up
to the crossing point of the M (Y) curves) as depicted in
Fig. 2(b). At 5 K the difference between the two spontaneous
magnetization values amounts to MNY(T = 5K) = 3.47ug.
This corresponds almost to the Nd moment obtained for the
trivalent Nd ion in Nd,Fe 4B single crystal (3.27 ug) [39].
It should be noted that this effective moment of Nd MN4(T)
includes possible modulations of the magnetic moments of
the Fe sublattices and the assumption that no contribution
arises from the Y ion. In general, the Fe moment can vary in
different RFe | Ti compounds due to changes in band struc-
ture caused by lanthanide contraction, shifting of Fermi level
etc. All these factors can lead to some mismatch between
MNY(T) and the moment projected locally on Nd.

Figure 3 shows the magnetization curves of NdFe; Ti
single crystal measured along the three principal crystal-
lographic directions [100], [110] and [001] and the fourth
M (H) dependence was measured on an unfixed sample
(freely rotating) to always keep the orientation of the sam-
ple’s easy axis along the direction of the external magnetic
field. It can be seen that at 300 K the single crystal has
uniaxial magnetic anisotropy with the anisotropy field H, =
0.8 T (Fig. 3(a)). Upon decreasing temperature, a spin reori-
entation transition occurs at 170 K and at 150 K (Fig. 3(b))
NdFe,; Ti exhibits easy-cone anisotropy. The jump in mag-
netization observed at the field of 0.3 T along [001] axis
implies the existence of additional metastable minima of
anisotropy energy along c-axis [40, 41]. Figure 3(c) shows
the magnetization curves measured at 10 K. It is clear that at
this temperature none of the principal crystallographic axes
is the easy magnetization direction, which confirms that at
low temperature the anisotropy type is of ‘easy-cone’. At
the same time, there is a very pronounced abrupt rise of
magnetization on the [001] curve around pgH = 3 T that
is an evidence of complex character of magnetocrystalline

150 - 1
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e <001>

100 . <110> B
<100>

free rotation
<001> ]
<100>
<110> —

experiment

M, Am?kg™

NdFe,,Ti
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50 F

T=300K

(a)

/ . <001>
100 o . <110>
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Figure 3: Magnetization curves of NdFe, Ti single crystal
measured along 3 principal crystallographic directions [100],
[110] and [001] and the M (H) of loose single crystal measured
at T =300 K (a), 150 K (b), and 10 K(c).

anisotropy, which combines an easy-cone anisotropy with
local metastable minima along the [001] direction. In this
case, for unequivocal determination of anisotropy energy,
together with K| and K, a higher-order anisotropy constants
should be used. [40, 42]

In order to determine the five leading anisotropy con-
stants for NdFe | Ti single crystal, we used an approximation
of experimental magnetization curves measured the three
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Figure 4: (a,b) Temperature dependence of first five anisotropy
constants K,, K,, K,, K5, and K. for NdFe, Ti single crystal
whereby (b) shows the low-temperature region up to room
temperature as indicated by the dashed box. (c) Temperature
dependence of magnetic anisotropy energy (MAE) along 3
principal crystallographic directions.

principal crystallographic directions by the simulated depen-
dencies M, .(H) obtained in the framework of the Néel
phase theory [43, 44, 45, 46]. This method considers two
magnetization processes: (i) the displacement of domain
walls corresponding to the change in the volumes of mag-
netic domains with different orientation of magnetization,

and (ii) the rotation of M, in different types of magnetic
domains toward the direction of the external field. The
total energy of a crystal is represented by the energy of
magnetocrystalline anisotropy, the Zeeman energy in the
external field, and the energy of the demagnetizing field. The
anisotropy energy up to 6th order can be written as:

K, sin’ ¢ + K, sin* ¢ (1)
+ K;sin“d) cos 40
+ K5 sin® ¢ + +K; sin® ¢ cos 460

EA =

where ¢ and 6 are polar and azimuthal angles and K;
(i = 1,2,3) and Kl., (i = 2,3) are the anisotropy con-
stants. This technique allows to calculate the magnetization
curves M, .(H) by using spontaneous magnetization M
and anisotropy constants as input parameters. The set of
anisotropy values, which provides the best fit, are considered
to be the anisotropy constants obtained by this technique. In
Fig. 3(a-c) calculated M ,;.(H) are shown as lines. One can
see a good agreement of these simulated dependencies with
our experimental data.

The temperature dependencies of first five anisotropy
constants in the temperature range from 10 K to 300 K
are shown in Fig. 4(a) and for temperature ranging between
200 K and 400 K the constants are depicted in Fig. 4(b). It
can be seen that at temperatures above 300 K the anisotropy
constant K; prevails, therefore, the NdFe,; Ti has a clearly
pronounced uniaxial magnetic anisotropy. In contrast to
that, below 200 K the negative K, and positive K5 overlap
with other anisotropy constants, thence NdFe;Ti exhibits
non-uniaxial complex magnetic anisotropy. The competition
between K, and K; at low-temperatures results in coexis-
tence of easy-cone anisotropy type with metastable uniax-
ial anisotropy, and this metastable minimum of anisotropy
energy is responsible for pronounced jump in the mag-
netization when a magnetic field is applied along the ¢
axis. Knowing the anisotropy constants allows us to find
E,(¢,0) for any possible combination of ¢ and 6. Fig-
ure 4(c) shows the temperature dependence of the mag-
netocrystalline anisotropy energy E, (¢, ) calculated for
three different crystallographic axes of the NdFe,;Ti sin-
gle crystal. The anisotropy energy E,(0°,0°) along [001]
is notoriously zero for all temperatures, while at T =
10 K, E,(90°,0°) along [001] reaches 0.81 MJ/m3 and
E,(90°,45°) along [001] direction is 1.79 MI/m3.

The anisotropy constants K, K, Ké, K;, and K3 al-
lowed us to calculate angular dependencies of the anisotropy
energy at several selected temperatures when the magneti-
zation rotates in 110 plane (E,(¢,45°), Fig. 5(a)) or in 100
plane (E,(¢,0°), Fig. 5(b)). One can see that at 10 K and
in zero magnetic field, the magnetization lies within (100)
crystallographic plane and takes an angle of 56° with the
c-axis. As the temperature rises, the depth of this minimum
becomes shallow and above 170 K the minimum of mag-
netocrystalline anisotropy energy (MAE) is located along
the [001] axis, and the anisotropy changes to easy-axis type.
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Figure 5: Angular dependencies of the anisotropy energy at
several selected temperatures when magnetization rotates (a)
in (110) plane (E,(¢,45°)) and (b) in (100) plane E,(¢,0°).
(a,b) Temperature dependence of first five anisotropy con-
stants K, K,, K, K5, and K, for NdFe,, Ti single crystal and
(c) Temperature dependence of magnetic anisotropy energy
along three principal crystallographic directions.

It is worth noting that the angular position of the minima
corresponding to easy cone anisotropy does not significantly
shift with the temperature. This means that the transition at
170 K is of first-order type (the First-Order Magnetization
Process [47, 48, 49, 50]), where 2 magnetic phases with
easy cone and easy axis anisotropy (or two different types
of magnetic domains) co-exist during the transition. As an
example of such a spin reorientation process one can see
Ref. [50] which shows how the high-temperature uniaxial
magnetic phase of Er,Fe 4B turns in the low-temperature
magnetic phase with easy-plane anisotropy.

4. Basic theoretical properties

4.1. Magnetization

The structural parameters obtained from the VASP cal-
culations are in agreement with previous findings from the-
ory and experiment, see Table 1. The average deviation
between the measured lattice parameter or ¢/a ratio and
our calculated data is between 0.5 and 1.5%, see Table 1.
However, YFe ;Ti is a good example of the well-known
DFT dilemma and the choice of the exchange correlation

Table 1

Structural and magnetic data for REFe;, Ti (RE=Y, Nd). The
lattice constant a and the ratio between the in-plane lattice
constant and the tetragonal axis ¢/a are optimized using the
VASP code [22, 23], the magnetic data — magnetic moment
(m) and Magnetization (u,M) — are taken from full-potential
calculations within the RSPt code, for details see Sec. 2. The
treatment of the Nd 4f electrons is given in the 1% column.
Note in case of the spin-polarized core approximation the
magnetization is too small due to the missing orbital moment.

a C/(l my, Mo ”OMS

(A) (ug)  (ug) (T
YFe, Ti
PBE 8.476 0.558 -0.73 22.01 1.51
LSDA* 8.476 0.558 -0.56 20.32 1.38
exp., here 19.97
literature® 8.506 0.562 19.30 1.30
literature® 8.509 0.562 1.09
literature® 8.480 0.563 18.3
literature? 18.4
literature® 22.1
NdFe,, Ti
spinpol. core 8.578 0.550 - 25.19% -
PBE+U=7.0 8.578 0.550 0.55 25.44 1.71
PBE+U=5.0 8.578 0.550 0.66 24.13 1.62
PBE 8.578 0.550 0.75 24.73 1.70
LSDA+U=5.3 8578 0.550 2.45 23.39 1.57
LSDA+U=5.6 8.578 0.550 2.47 24.17 1.62
LSDA+DMFT 8.578 0.550 2.77 23.80 1.56
exp. here 3.47  23.43
literature/ 8.583 0.561 21.90 1.43
literature® 8.574 0.572 21.55

@ Ref. [13] at T = 4.2 K;* Ref. [51] magnetization at 300 K;¢
Ref. [14] neutron diffraction, Mdssbauer at 4.2 K ; “Ref. [15]
liquid nitrogen temperature °Ref. [18] neutron diffraction, /
Ref. [52] T =5 K;¢ Ref. [53] T = 1.5 K; ¥4f orbital moment
from Hund's rules (6up);%*LSDA calculation with PBE
optimized geometry, U =5.6 eV, J = 1.1 eV

functional. Though the geometry is well described in a
DFT/PBE framework the magnetic properties are not. The
magnetic trends of YFe;Ti are correctly reproduced but
the magnitude of the magnetic properties is off. On the
other hand LSDA wrongly predicts the structure and the
preference of the Ti site [54]. In the following, different
approximations have been applied to describe the magnetism
in both systems and below we discuss their pros and cons.

4.1.1. YFe | Ti

The calculated magnetic moments per formula unit and
the magnetization values (Table 1) are within the expected
range, but a more detailed look reveals a distinct dependence
on the exchange correlation potentials. For YFe,; Ti exper-
imental magnetic moments between 18.4 ug/f.u. [15, 13]
(Mossbauer) and 22.1 ug/f.u. [18] (neutron diffraction)
have been reported whereas the value for a single crystal (this
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paper) amounts to 19.97 ug. The calculated magnetic mo-
ment obtained from RSPt with GGA (PBE) and spin-orbit
coupling amounts to 22.04 uy /f.u. Even though PBE often
describes the magnetic properties in RE systems correctly,
e.g. in doped Ce,Fe,; [55], it fails in others, such as for the
undoped parent phase of the same system where PBE does
not capture the complex ground state and overestimates the
magnetic moment while LSDA agrees well with the exper-
imental findings.[56] Therefore, we recalculated the mag-
netic properties using LSDA [26] keeping the geometry from
the previous PBE calculations (analogous to what was done
in Ref. [1]). Within the LSDA approximation the magnetic
moment per formula unit decreases to about 20.3 pug/f.u.
which is closer to the majority of the experimental findings.

Inspection of the site-projected moments reveals that the
functional dependent shrinkage of the moment is a global ef-
fect, i.e., moments for all atoms decrease to a certain extend,
with no preference of a single sublattice. Employing the PBE
optimized structure means the lattice parameters used here
are not at the equilibrium values for the LSDA calculations,
i.e., the system experiences some stress since LSDA tends
to have lower equilibrium volumes. The dilemma between
structure and geometry impacts also the MAE which also
depends on the volume, see Sec.4.2.1. However, using the
volumes from GGA and the magnetic moments from an
LSDA approximation provides an excellent agreement with
the experimental data obtained for the YFe;; Ti single crys-
tal. It should be noted that a final assessment whether LSDA
or GGA/PBE is favorable would have been difficult from the
magnetic moments and magnetization values from literature,
because the difference between LSDA and GGA is about
the same as between Mossbauer [38] and Neutron diffraction
measurements.[ 18]

4.1.2. NdFe,Ti

In case of NdFe,;Ti an additional layer of complexity
enters the scene with the treatment of the 4 f electrons of
Nd which have a huge impact on the magnetic properties.
Other than for YFe,; Ti, as discussed in Sec. 4.1.1, the level
of the exchange correlation treatment has also an impact on
the orientation of the magnetization axis, see Sec.4.2.2.

Magnetic moments reported for NdFe; Ti range com-
monly between 20-22 ug per formula unit. [53, 57, 52, 58]
The measured value obtained for the single crystal in this
work, 23.43 ug/f.u., lies a little higher compared to previous
literature values. High-field free powder measurements of
NdFe Tiresult in somewhat lower values, i.e., 18.4 up have
been reported solely for the transition metal part[57].

The total magnetic moment of NdFe; Ti from our calcu-
lations ranges between 23.39 and 25.44 pug/f.u., depending
on approximation (see Table 1). Comparing the best theo-
retical results from DFT+U calculations (U = 5.0 eV for
GGA and U = 5.3 eV for LSDA, J = 1.1 eV in both
cases) to the magnetic moment obtained for the single crystal
at 5 K (see Sec. 3) the deviation is less than 1% (3%) in
LSDA (GGA). Treating the Nd 4 f state as fully localized
(i.e. as spin-polarized core electrons) we have direct access

only to the spin contribution of the 4f moment, while
the orbital moment is taken from Hund’s rules. With this
approximation the total moment is 25.19 pg whereby the
spin contribution from the Nd ion (4f,5d, 6p) is about -
3.2 pup and the orbital moment is according to Hund’s rules
6 pp. Assuming itinerant 4 f electrons (PBE) the orbital
moment can be directly calculated, and the total moment
is then 24.73 ug, see Table 1. The total moments derived
from the DFT+U calculations and even for plain DFT(GGA)
are acceptably close to the measured values. Though the
total moment is quite similar for different approximations,
the Nd moment shows a strong dependence on the theo-
retical approach, i.e., the exchange correlation functional
and corrections such as the U. In GGA-based calculations
the projected total moment m; + m; of Nd does not exceed
0.75 pg, see Table | and arises from an nearly cancellation of
the 4 f spin and orbital moment. In the LSDA+U approach
the picture differs, since the total moment of the Nd ion is
2.30 ug while the bare 4/ moment amounts to 2.45 ug.
However, neither of these values are close to the effective
Nd moment of 3.47 up estimated for the single crystal just
from the difference in magnetization between YFe;;Ti and
NdFe,;Ti at 5 K (cf Sec. 3).

25

M, ( Hg/f.u.

23

| | | |
220 40 80 120 160

T(K)

Figure 6: Total magnetic moments for NdFe,; Ti derived from
the DMFT in Hubbard | approximation (red circles) compared
to the experimental data for the single crystal (stars). Note,
the HIA calculations have been performed with a fixed local
Hamiltonian obtained for 78 K (Fermi smearing of 0.5 mRy)
for details see Sec. 2.

Knowing that DFT or even the DFT+U approach does
not fully capture the physics of 4f electron systems we
climbed up one step further on the ladder of theoretical
descriptions using LSDA+DMFT. Encouraged by previous
studies of Locht et al. for rare-earth elements [28] we applied
the Hubbard I approximation to NdFe;;Ti, and found that
the results for the total moment improved slightly. The total
moment within the HIA approach reads 23.80 ug/f.u. (78 K)
being in a very good agreement with our experimental value
of 23.43 ug/f.u. (5 K). The projected Nd 4/ moment is
2.77 ug (total moment of Nd including s, p,d orbitals is
2.62 pp) for magnetization axis along ¢ = 56°,6 = 0°
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which is the easy cone orientation, see Sec. 4.2.2, is sim-
ilar as in LSDA. Obviously the Hubbard I approximation
improves the total moment but the moment projected on the
Nd ion seems again to be lower than the effective value (see
Table 1).

Nevertheless, if we do the same analysis as in ex-
periment by comparing the two systems we find that the

theoretical difference in total moments mNdFe“Tl(HI A) —

. tot
mYFe”Tl(LSDA) = 3.48 upy is very close to the experi-

mte(:)rtltal value 3.47 pg. This implies, that the effective Nd
moment cannot be fully attributed to Nd. A closer look at the
calculated moments reveals that while moving from the Y-
to the Nd-system the 3d transition metal moment changes by
0.83 up and also Y possesses a finite moment of -0.58 ug.
Taking these changes into account the calculated effective
Nd moment becomes 3.23 pug with HIA and 2.82 pg in
LSDA+U whereby the exact values depend on the choice of
U. In conclusion of this section, we can state that the simple
difference of the total magnetic moments does not reflect the
Nd moment. The actual moment of Nd is smaller.

Since in the DMFT(HIA) approach the Fermi smearing
translates directly to the bare electronic temperature we
could even reproduce the temperature dependent increase
of the magnetic moment of NdFe;;Ti below 100 K, see
Fig. 6. At higher temperatures the difference between the
theoretical data and the measured values increases which is
related to the onset of phonon contributions which are not
included in the DMFT.

The figure of merit of a permanent magnet is the en-
ergy product (BH),,, which is not accessible by DFT
calculations in zero field. However, a rough estimation of
(BH),,,x can be achieved. Ideally the hysteresis loop of a
magnet would be square-shaped with no magnetization loss
in the 2" quadrant of the M(H) diagram. Thus (BH )max
is simply given by (uyM?2)/4. [59] This can easily be esti-
mated from ab initio calculations. In the present case py M
is about 1.57 T for our system (LSDA, U = 5.3 eV,
J = 1.1 eV) which corresponds to a (BH),,,, of about
490 kJ/m> (484 kJ/m> in HIA) being in the range of FePt
or Nd,Fe4,B.[16]

4.2. Magnetocrystalline anisotropy

A key feature for the quality of permanent magnets is
the magnetocrystalline anisotropy which can be determined
from total energy differences or by employing the magnetic
force theorem (MFT).[60] The latter is often faster, but has
a delicate k-mesh dependence. [61] In this work we use both
total energy differences and MFT to compute the MCA. For
both systems we studied the MCA depending on the angle
between the tetragonal axis ([001]) and the magnetization
studying the influence of various approximations on the size
and sign of the MCA.

4.2.1. YFe | Ti

To study the angular dependence of the MAE we have
calculated the total energy for various angles (¢, 8) to sim-
ulate the movement of the magnetization axis from [001]

to [100] and [110], respectively. In case of YFe,;Ti the
common assumption of the hard axis being in the basal
plane along [110] is justified. The MAE from total energy
differences AE = Ejjj0; — Ejgo; amounts to 0.72 MJ/m?
when the GGA(PBE) approximation is used and 1.94 MJ/m>
in the LSDA description. The LSDA one is in very good
agreement with the experimental findings for our YFe,;Ti
single crystal (2.07 MJ/m?3), cf Table 2 as well as with data
reported by Qi et al. at helium temperature [38]. Though
the absolute values are different, GGA and LSDA both
correctly reveal that the system is uniaxial with easy axis
along [001], see Fig.7(b). The angular dependence of the
MCA is structure dependent and for tetragonal symmetry the
anisotropy energy is given by Eq. 1 where ¢ is the polar angle
between [001] and the magnetization direction and 8 denotes
the azimuth angle.[16] Here we consider only § = 0° and
45°. YFe Ti is known to have a uniaxial MCA such that
the lowest order anisotropy constant, e.g. K, is sufficient
to describe the MCA, for details regarding the anisotropy
constants see Ref. [51] and references therein. We made
some tests including K, but as expected the fitted values
were in LSDA (GGA) 3 (almost 2) orders in magnitude
smaller than K| and can safely be neglected.

All anisotropy data obtained from total energy differ-
ences AE = E,; — Ejgg) and the fit to Eq. | are sum-
marized in Table 2.

In case of AE = Ejj ) — Ejgp;) We also calculated the
MAE using the magnetic force theorem [60]. The differences
between the two approaches appear to be very small and
values differ at most 5%, see Table 2. The observed drop in

L O ¢=45,LSDA
O ¢= 0,LSDA o]

~15 @ ¢=45GGA

€

E | m¢-o00G06A

=3

w

<<
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Figure 7: Calculated magnetic moments per f.u. (a) and
magnetocrystalline anisotropy (b) of YFe,, Ti for varying angle
0. Squares (circles) denote changes from [001] to [100]
([110])orientation. Filled (open) symbols mark GGA (LSDA)
results. The lines in (b) are fits according to Eq.1 where only K,
was taken into account. The black dashed-dotted lines denote
the experimental values obtained within this study.
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Table 2

Calculated magnetocrystalline anisotropy for YFe, Ti from total energy differences (AE) and fitted to Eq.1 for a first order fit
with K, only. Data are provided for both LSDA and GGA formulations for the exchange-correlation potential. The AE/V value
in brackets was obtained using the magnetic force theorem. x denotes the hardness factor according to Eq.3. The anisotropy field

was derived from Eq.2.

M direction AE/V (MJ/m?) K, (MJ/m?) B,(T) K

GGA LSDA GGA LSDA GGA LSDA GGA LSDA
[110] 0.72 [0.65] 1.94 0.72 1.94 1.21 3.54 0.63 1.23
[100] 0.28 1.56 0.28 1.56 0.46 2.85 0.39 1.02
exp. this paper 2.07*
exp. literature 1.89¢,1.91° 4.5¢

¢ Ref.[51], T =77 K; ® Ref. [13] T = 4.2 K original value 24 K/f.u. has been transformed to T; ¢ Ref. [53], T = 1.5 K, 45 kOe;
*10 K, single crystal
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Figure 8: Magnetocrystalline anisotropy (MAE), saturation
magnetization (M), and hardness factor k of YFe,, Ti obtained
from fixed spin moment (FSM) calculations using the GGA
functional and the optimized lattice geometry. FSM data are
marked by open symbols. For comparison the results for opti-
mized structure and relaxed moments are also shown for GGA
(filled symbols) and LSDA (hatched symbols). Arrows mark
the total magnetic moment for LSDA and GGA calculations
without FSM. Note the dashed lines are cubic spline fits
through the FSM data.

the magnetization between easy and hard axis is about 0.03 T
(0.5 up/fu.), see Fig. 7(a), independent from the exchange-
correlation functional. Only the absolute values differ by
about 2 pg.

The corresponding anisotropy field can be estimated
from

H, = .
MOMS

@

The anisotropy field H, is the upper limit for the coercivity
field H,, i.e., H, > H, and is therefore an important fac-
tor for permanent magnets. However, in practise additional
factors such as temperature dependence of K; and domain
structure might come into play and the calculated values
serve as ideal upper limit.

In case of LSDA we obtain yyH, = 3.5 T, which is
in the range of the values observed in experiment at low
temperatures reaching from 3.4 T obtained from Mossbauer
measurements [38] and 4.5 T [53] to 5.7 T [14] derived from
neutron diffraction, see Table 2.

The underestimation of K (see Table 2) and the too large
magnetic moment obtained from GGA has direct impact on
the theoretical anisotropy field, i.e., itleads to yyH, = 1.2 T
being 25% of the value reported from experiment.

Finally, the relation between the anisotropy constant and
the magnetization determines the hardness of the magnet.
The hardness factor is given by

K

K =
oM}

3

where K| is the anisotropy constant and M denotes the sat-
uration magnetization. x values larger than 1 are considered
to be the minimum requirement for hard permanent magnets.
The hardness factor is k = 1.23 (0.63) in LSDA (GGA).

In agreement with experiment an uniaxial MCA is found
to be independent from the choice of the exchange correla-
tion potential, although the values for GGA calculations de-
viate significantly in size. The calculated MCA values within
the LSDA approach are on the other hand in very good
quantitative agreement with our findings for the YFe;Ti
single crystal at low temperatures and are comparable to
the data reported in literature, see Table 2. The Ti atoms in
our unit cell are in contrast to experiment not evenly dis-
tributed on the 8i sites, but concentrated on one specific site
(Fig. 1) which breaks the symmetry between [100] and [010]
orientation. Consequently, [110] will be an average of the
MCA calculated from these two axis. Here, Ejg;9) — Ejoo1)
amounts to 2.31 MJ/m?3 (1.17 MJ/m?3) in LSDA (GGA) while
E{100) — Ejoo1; gives only 1.56 MJ/m* (GGA = 0.28 MJ/m?).
Thus, it would be much harder to saturate the magnetization
in [010], i.e., along the axis where the Ti sits, see Fig. 1.

What looked like a quite small difference in the last
section (Sec. 4), i.e., the total magnetic moment differing by
2 ug between GGA and LSDA, multiplies for the MCA and
related properties significantly. Thus, GGA underestimates
the MCA by a factor of 2.6, see Table 2. To illustrate the
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Figure 9: Calculated magnetocrystalline anisotropy of
NdFe,, Ti for varying angle ¢. Filled (hatched) symbols denote
changes from [001] to [100] ([110]) orientation. The localiza-
tion of the 4f electrons is described in GGA+U, with U =
5.0 eV and J = 1.1 eV. Lines denote fits of the calculated data
to Eq.1. All corresponding anisotropy constants are provided
in the Supplement.

relation between the structure and the magnetism additional
fixed spin moment (FSM) calculations have been performed
for YFe Ti. To do this the geometry was kept fixed to the
one optimized within VASP/GGA and FSM calculations
carried out in RSPt/GGA for total moments between 19.5
and 22.5 ug/f.u. which corresponds to the range between
GGA and LSDA or within experimental data, respectively.
The magnetization for the LSDA and GGA calculation fol-
low the linear behavior from the FSM magnetization curve.
Thus the change in MCA and hardness between GGA and
LSDA is reflected by just statically decreasing the total
moment, i.e., decreasing the moment from 22.5 to 19.5 ug
goes hand in hand with a nonlinear increase of the MAE
and «, see Fig. 8. However, the FSM calculations provide
systematically smaller MCA values which also affect the
hardness parameter. Fixing the total moment in GGA gives
the right trend, i.e., magnetic properties improve with a mo-
ment reduction, but one would have to quench the moment
beyond the LSDA value of 20.3 up to achieve the same
values, see Fig. 8.

Summarizing, in case of YFe, Ti DFT especially within
the LSDA is capable to reproduce the magnetic properties
reasonably well. This changes when moving to the sister
compound NdFe | Ti due to the presence of the 4 f electrons
of Nd.

4.2.2. NdFe,Ti

As mentioned above, NdFe,; Ti is more complex from
the viewpoint of magnetism exhibiting a cone MCA at low
temperatures, cf Sec. 3. Assuming that due to its large spin-
orbit coupling the main driving force of the MCA in RE-
based phases is the 4 f element, the description of the physics
of the 4f states is essential. Using the optimized structure
described in Sec. 4 the magnetic characterization of the

system has been made within a number of different approx-
imations for the 4f electrons of Nd simulating different
degrees of localization of the 4f states of Nd. Complete
localization of these states can be described by using the
spin-polarized core approximation in which the 4 f electrons
can carry a spin moment but do not overlap with the valences
states. The contrary — fully itinerant 4 f levels are described
using plain DFT with the 4 f states as valence states. Partial
localization of the Nd 4 f states can be expressed using the
DFT+U approximation.

It turned out that the MCA is very sensitive to the
choice of the localization level for the 4f states both in
LSDA and GGA. Depending on the choice the calculated
MCA is uniaxial or conic. If the 4 f states of Nd would be
fully localized with no hybridization between the 4 f and
the valence states the MCA appears to be uniaxial at low
temperatures with an easy axis along [001]. The anisotropy
constant K; (hard axis [110]) derived from Eq. 1 amounts to
0.554 MJ/m? (K, = K5 = 0). However, the positive K, value,
i.e., the uniaxial orientation of the MCA contradicts the
experimental findings atlow temperatures.[11, 12] Reducing
the level of localization by using a Hubbard U correction
to the on-site Coulomb interaction improves the picture
drastically. ForU=7¢eV (J = 1.1 eV) the MCA of NdFe; Ti
seems to still favor the [001] direction but in case of ® = 0°
the angular dependence does not follow very well Eq. 1 sono
definite determination is possible here. An unusual dip close
to @ = 0° appears (a detailed plot of the angular dependence
can be found in the Supplement). The ratio between K,
and K, points to a metastable anisotropy orientation.[16]
Assuming an even lower degree of localization, i.e., using
a smaller U value (here U =5 ¢V, J = 1.1 eV) the rotation
of the MCA away from the [001]-axis is observed, cf Fig. 9.
If we ignore the cone and look only at the total energy
differences between [110] and [001] direction of the magne-
tization, the MAE amounts to 0.95 MJ/m3 which is smaller
than the experimental value of 1.78 MJ/m? obtained for the
single crystal (without taking into account the cone). For
completeness we considered also the other extreme, itinerant
4 f states, by handling the 4 f electrons a valence electrons
in a plain DFT/GGA approximation which resulted in a large
uniaxial MCA with K| = 9.7 MJ/m?. This is in contradiction
to the experimental findings at low temperatures as well in
sign and as in size.

From our calculations with U = 5 eV the angle between
[110] and the easy magnetization axis is about ¢ = 26°, i.e.,
the systems shows a cone MCA. Fitting our data to Eq. 1 K
becomes -0.86 MJ/m? while K, turns out to be positive with
K, = 1.86 MJ/m? such that the condition for a cone MCA
K, < 0and K, > —K; /2 are fulfilled. The cone angle can
then be derived from

| K|

= arcsin —
¢ "V 2k,

“

and reads 26°. If we move from [001] to [100] the anisotropy
constants are different due to the choice of our cell in which
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Figure 10: (a) Calculated anisotropy constants K, and K, for
NdFe,, Ti depending on the size of the Hubbard U applied on
the Nd 4f states. The corresponding J value was 1.1 &V in
all calculations. (b) The resulting cone angle depending on U.
The values were derived from Eq. 4.

the Ti atom sits on the [010] axis and is not homogeneously
distributed over all 8i sites but the cone angle remains almost
unchanged. The angle agrees fairly well with the prediction
of 35° (at 0 K) from crystal field theory by Hu et al. who
extrapolated the value from the Dy counterpart [62], but ad-
mittedly differs from the experimentally determined values.
A cone angle of 56° has been derived from our single crystal
data and 54° were previously predicted from quadrupole-
splitting.[52] Although our calculations reproduce the non-
axial MCA they underestimate the angle, because the angles
sensitively depend on the value of U, see supplement for
details. However, we could demonstrate the influence of the
description of the 4 f electrons on the MCA. It should be
noted that test calculations with MFT for the same k-point
mesh resulted in smaller cone angles most probably due
to a insufficient number of k-points. All calculated angles
and anisotropy constants are provided in the supplemental
material.

As shown in Sec.4.2.1 for the sister compound YFe | Ti
LSDA can improve the MCA results which is in agreement
with earlier findings in literature. This motivated us to in-
vestigate the MCA of NdFe,;Ti also within LSDA. Since
the total energy calculations for DFT+U are quite costly
we used here the MFT approximation which has led to very
similar results in case of YFe; Ti. A set of U values between
4 and 6 eV has been applied (J = 1.1 eV). The results are
surprisingly different from the findings within the GGA. For
U =5 eV which has provided a cone MCA in the GGA case
we observe a cone but with a smaller angle (21°), see Fig. 10.
For smaller U values (4 eV) a uniaxial MCA is observed
which corresponds to the trend observed in GGA. Increasing

U goes hand in hand with a growing cone angle and with U
=5.3eVand J = 1.1 eV the angle reaches 56° in agreement
with the experimental data shown in Sec. 3. However, the
anisotropy energy is tiny (0.24 MJ/m?) and far smaller as
the experimentally determined value 0.81 MJ/m3 for our
single crystal. Further increase of the Hubbard correction
to U = 6 eV turns the MCA to the basal plane as can
be seen from Fig. 10 (more details can be found in the
Supplemental information). In this case K| is still negative
but K, is no longer larger than 2| K |. Neglecting the cone,
the experimental MAE was found to be 1.79 MIJ/m3 ([110]).
The closest in numbers is with 2.84 MJ/m> achieved for
U = 6 ¢V, a U value for which no cone is observed. It
should be mentioned that the cone was only observed when
rotating from [001] to [100]. The anisotropy constants for
rotation towards [110] point to uniaxial MCA. The reason
might be that in the computation the Ti atoms are not evenly
spread over all 8i sites. As discussed e.g. in Ref. [63] details
of the chemical environment of the RE ion can have some
influence on the magnetic properties of the system. However,
an advantage of our description is, that it directly shows
the effect of Ti on the magnetism when rotating along a
direction with or without Ti. In GGA cone angles were
observed for both rotations, even though the minimum for
0 = 45° was shallower. Therefore, it is very likely that the
discrepancy between experiment and theory is not only due
to the construction of the cell but at least partially also related
to the exchange correlation functional.
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Figure 11: Calculated hybridization function A of NdFe,,Ti
in comparison to CeFe,; Ti and the strongly localized CeBi
system (CeBi data are taken from Ref. [64] A is obtained
from the Anderson impurity model and denotes the strength of
interaction between the 4 f impurity state and the surrounding
valence electrons.[64]

The above studies show that in contrast to other REFe |,
systems the Nd-phase is very sensitive to the description of
the 4 f electrons, i.e. their degree of localization. In case of
SmFe,_, V, the 4 f electrons were fully localized and could
be treated as core electrons.[3] For CeFe ;Ti the change
from spin-polarized core approximation to treating 4 f elec-
trons as valence electrons only influenced the magnitude of
the MAE but the orientation remained uniaxial [4] while
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here magnitude and orientation depend on the approxima-
tion used to describe the localization of the 4 f electrons
of Nd. Our calculations suggest that the 4 f electrons in
NdFe  Ti are partially localized. To confirm this we looked
at the hybridization function which can be viewed as a
measure for the degree of localization of an electron. [64]
To visualize the degree of localization in our case a compar-
ison between the present system and two well-known Ce-
based systems was made. We have chosen CeFe;;Ti and
the monopnictide CeBi for this purpose. Ce 4f electrons
in CeFe | Ti are moderately localized and the magnetic
properties can be reproduced in a DFT framework [4] while
CeBi is a strongly localized system [64, 30]. We plot the
4 f hybridization function relative to the distance from the
Fermi level of the three systems showing that NdFe; Ti lies
indeed between the two reference cases. It should be noted
that the level of theory, i.e. DFT, DFT+U, or HIA, has only
very little impact on the hybridization function, for details
we refer to Ref. [65]. From this it is understandable that
the spin-polarized core approximation does not describe the
magnetism correctly and it underpins our findings that the
cone MCA could be described by a DFT+U approach with
medium sized U of 5 eV simulating a not fully localized
system.

Summarizing, to describe the low-temperature magnetic
behavior of NdFe | Ti we have to go beyond DFT by at least
adding a Hubbard U. Both extremes i.e. the spin-polarized
core approximation and DFT with 4 f states in the valence
fail. In general, LSDA and GGA give a similar picture, i.e.
a medium size U of about 5 eV is required to turn MCA in
a cone while smaller values result in uniaxial MCA. In case
of large U values or fully localized 4 f states easy-plane or
metastable solutions appear.

5. Summary and conclusion

Tetragonal RE-lean 1:12 phases bare a huge potential
for future permanent magnets and predicting new suitable
candidates from materials design seems a promising road to
go. A prerequisite for successful predictions is mastering the
description of the magnetism in these systems which boils
down to an accurate description of the 4 f electrons of the RE
ions and the Fe sublattices. To identify a scheme which can
be used for materials design on new 1:12 permanent magnets
we performed a comprehensive experimental and theoretical
study of NdFe;;Ti as an example for a 1:12 phase magnet.
We believe that our findings are not limited to the description
of the example system but are also relevant for studies of
related 1:12 phases with Nd, such as RE,_,Nd,Fe,_,Ti,
which have not been synthesized and investigated to this day.

Though, the MCA of REFe;, based phases has been
part of numerous theoretical studies and different theoretical
approaches have been used, the complex low-temperature
behavior is less often addressed. Believing that the calcu-
lational methods should capture correctly low-temperature

magnetic properties including the cone-type MCA of NdFe; Ti

we were looking for a suitable theoretical approach. The

aim of this extensive study was not only to describe the
magnetism of NdFe;Ti but to find a method which allows
us to predict the properties of new Nd-based 1:12 systems
which have not been synthesized so far. Since the magnetism
of RE compounds is largely determined by behavior of the
4 f electrons of the RE ions we needed a method which can
handle the 4 f electrons and their subtle correlation effects
accurately.

A close look to the literature revealed a large spread in
experimental results which would make it difficult to deter-
mine the best theoretical description. Therefore, we grew
single crystals of the two materials to have clean samples
to compare with. For the yttrium compound we achieved
uniaxial MCA as expected with anisotropy energy being
2.07 MJ/m?. The low-temperature measurements of the Nd-
based sample showed a cone type MCA with an angle of 56°
and anisotropy energies of 0.81 MJ/m3 and 1.79 MJ/m? for
[100] and [110], respectively.

In order to understand which theoretical description
best reproduces the experimental findings, we studied the
magnetic properties of YFe; Ti and NdFe,; Ti depending on
various theoretical approximations whereby the well-known
Y compound served as test system. As partially reported in
literature, for YFe | Ti the best agreement with experimental
data is obtained from LSDA with the structure being opti-
mized within the GGA. The dependence on the functional
(LSDA, GGA) was studied alongside with different approx-
imations for the 4 f states of Nd (DFT, DFT+DMFT). The
key point here is the handling of the 4 f electrons and taking
into account the localization effects properly. The influence
of the theoretical approach used to describe the physics of the
4 f states in Nd-based REFe |, phases has been discussed on
the example of NdFe,; Ti.

Our studies show that the 4 f electrons in NdFe; Ti can
not be treated as fully localized. Using a moderate Hubbard
U correction (U =~ 5 eV (GGA)) on the Nd 4 f states the
cone MCA could be reproduced with an angle of about 30°
between magnetization and [001] or [110] direction. In case
of LSDA we were able to show that the cone angle can be
adjusted by changing the U value and for U= 5.3 eV the
experimental value was obtained. However, rotation from
[001] to [110] did not lead to a cone type MCA most proba-
bly due to the construction of the cell. Large U values lead to
easy-plane MCA in LSDA and metastable configurations in
GGA, while the spin-polarized core approximation (GGA),
which simulates full localization predicts a uniaxial MCA.

In addition to the MCA we compared the magnetic
moments of the different calculations, however other than for
the Y-compound the differences between LSDA and GGA
were not so huge and partially covered by the use of U.
However, using LSDA withU =53eVand J = 1.1eV we
could reproduce not only the MCA orientation but also the
experimentally obtained moment of the Nd system (theory:
23.39 pg, experiment 23.43 up).

Another frequently raised question concerns the size of
the moment of the Nd ion in NdFe;Ti. The experimental
approach is very indirect e.g. the Nd moment is estimated
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from a comparison between NdFe;;Ti and YFe,Ti total
moments and based on the assumption that the transition
metal moments stay unchanged. Ab initio methods allow a
closer look at the system and the distribution of the magnetic
moments. Thus, we could directly extract the magnetic
moment projected on every ion and already in LSDA+U
approximation we saw deviations from the experimental
assumptions. Therefore, we performed a more accurate
DFT+DMFT study. The total moment is almost unchanged
in DFT+DMFT compared to DFT4+U (HIA: 23.80 up) i.e.
the difference of the total moments of NdFe,; Ti and YFe; Ti
amounts to 3.48 up in HIA. A detailed analysis of the
projected moments revealed that the difference is not only
due to the Nd moment. The actual Nd moment is smaller
than the total change and amounts only to 2.62 ug in HIA.
We observe that the transition metal moment also changes
(about 0.83 up) and the Y moment cannot be neglected. This
is not completely unexpected and might be related to the
change in the lattice structure and atomic distances.

Though the DMFT approach has been proven very accu-
rate and successful, it is not parameter-free and computation-
ally demanding. Aiming to find a theoretical set up which
is transferable to other so far unexplored Nd 1:12 systems
and can be used later e.g. also in a high throughput type
study a DMFT approach is not practical and too dependent
on the electronic details of the system under investigation.
Further, a conversion of the energies to the level needed
for the determination of the magnetocrystalline anisotropy
would be very challenging.

Summarizing, the comparison of the results from the
various calculations with the data obtained from the two
single crystals confirmed for our benchmark system YFe; Ti
the discussion in literature and LSDA is clearly favorable
for the magnetic properties. In case of NdFeTi it is not
so obvious since the description of the magnetic properties
is more complex but overall a LSDA scheme is also here
preferable though not in plain DFT as it is done in some
publications but with a U at least. Going beyond a DFT+U
approach leads to further improvement but might not be
applicable for studies of new systems where experimental
data are lacking while the DFT+U approach might hold at
least if the changes in structure and composition are not too
extensive and can be used for the search for new candidate
phase for 1:12-based permanent magnets.
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Supplement
Magnetocrystalline anisotropy energies

The MCA of NdFey; Ti varies strongly with the description of the 4 f electrons on Nd. For the GGA (PBE) functional
the results are shown in Fig. 1. A cone-like MCA is only achieved for a moderate Hubbard U value meaning not
fully localized 4 f states. The extreme cases with fully localized or fully itinerant 4 f electrons result in uniaxial MCA.
Using LSDA instead of GGA we performed LSDA+U calculations in small steps from U = 4 eV to 6 eV. The results
show a cone-type MCA in the range of 5.0-5.3 eV whereby for U = 5.3 eV the cone angle is closest to the experiment,
see Fig. ??. Anisotropy constants of NdFe;;Ti obtained from RSPt? employing the LSDA exchange correlation
functional from Vosko, Wilk and Nussair? are presented in Table™. The K;, (i = 1,2, 3) values were derived from fits

U, J (eV) 0 Ki(MJ/m*)  K.(MJ/m®)  K3MJ/m®*) E, (MJ/m®) cone (°)  MCA type
4.0, 1.1 0° 3.468 1.297 4.765 - uniaxial
45° 5.634 2.022 7.656 - uniaxial
5.0, 1.1 0° -0.236 0.918 0.682 21 cone
45° 2.482 2.398 4.881 - uniaxial
5.2, 1.1 0° -.536 0.578 0.040 42 cone
45° 2.129 2.283 4.412 - uniaxial
5.3, 1.1 0° -0.863 0.624 -0.239 56 cone
45° 1.897 2.280 4.178 - uniaxial
5.5 1.1 0° -1.446 0.707 -0.739 - basal plane
45° 1.3855 2.3612 3.7467 - uniaxial
5.6 1.1 0° -1.887 0.726 -1.161 - basal plane
45° 1.227 2.311 3.539 - uniaxial
5.7 1.1 0° -1.932 0.770 -1.163 - planar
45° 1.087 2.259 3.347 - uniaxial
6.0 1.1 0° -2.489 0.821 -1.669 — basal plane
45° 0.733 2.108 2.842 - uniaxial
5.0 0.5 0° -2.887 0.971 1.916 - basal plane
GGA (from
total energies)
spinpol. core 0° 0.182 0.013 -0.027 0.04 - uniaxial
45° 0.557 0.057 -0.036 0.58 - uniaxial
7.01.1 0° 43.872 -76.470 36.588 3.99 - metastable
5.01.1 0° -7.052 17.714 -10.127 0.54 30 cone
45° -1.352 3.250 -0.976 0.92 (2073 cone
0.0 0.0 0° 9.071 0.145 0.639 9.86 - uniaxial
GGA (force
theorem )
5.0 1.1 0° -0.465 4.133 3.668 14 cone
Experiment
this work 0° 0.81 56 cone
this work 45° 1.79 56 cone
Literature 45° -0.8%; 1.7
Literature 54 cone

¢ from crystal field parameter <r2>Ag7 : b Experiment, estimated from anisotropy field at 300 K using Eq. ??; prediction
from phenomenological theory, see Ref. 7 ; ¢ from quadrupole splitting cf Ref. ?

TABLE I: Calculated anisotropy constants for NdFey; Ti obtained from RSPt® together with the experimental findings for the
single crystals (this work) and literature data. K; (: = 1,2,3) and the anisotropy energy F, have been derived from Eq. ?7.
The ratio and the sign of the two anisotropy values defines the type of the MCA give in the last column cf. Ref. 7 . The
angle ¢ denotes whether the magnetization direction varies between [001] and [100] (0°) or [110] (45°). ** Angle could not be
determined from fit anisotropy constants K, spline fit instead.



06 (a) I I I I I I I ‘
@7
— = 4f electrons core T f
£ i X 2l _
g 0-4 7 @ g=45°
= T X mg=0"
LIJ //
< 0.2 e w3
= o ---E o
L o mm _
0._._;.;’.——1‘.’ ! ! !
8.0 \ \ T __L__ 1
L (b) il ‘\\ _
o 6 0 - // u AN ™ ®
£ 4
% B ///. ® \\\\ N
S 40f / e o
g S
=200 7l uc@o, ey i
0.0.’/ | | | | | |
(©) |
o 1.0F U,J=(50,1.1)eV o
§ ,:Zi__ I
\g, i PY ,;’./ °
|_|<J Om \*\‘i:\___.____.__,f’ ://
P L B A _
S B o
-1.0 ‘ ‘ ‘
12.0 @ I T T T T i
- B 4f electrons valence o om
£ sof - .
= L s _
" =
4.0 e .
= = ]
_+’./\/ ! ! ! l l l
0'05 10 20 30 40 50 60 70 80 90
¢ (degree)

FIG. 1: Calculated magnetocrystalline anisotropy of NdFeq1Ti for varying angle ¢. Squares (circles) denote changes from [001]
to [100] ([110]) orientation for different approximations of the 4f electrons, e.g. assuming different degrees of localization. (a)
corresponds to the fully localized case, the GGA+U approximation described partial localization while 4f electrons treated as
valence assumes no localization at all (d). Lines denote fits of the calculated data to Eq.??. The corresponding anisotropy

constants can be found in Tab. .

to Eq. ?7. Here the magnetic force theorem was applied, i.e. on top of a self-consistent scalar relativistic calculation a
series of single shot relativistic calculations was performed for different angles ¢ and . In case of GGA the MCA was
determined from (more computationally demanding) total energy calculations. The results are also given in Table™.
For comparison one MFT calculations was performed also for GGA (U = 5.0 eV, J = 1.1 €V)). The qualitative
behavior is the same as for the total energy calculations but the cone angel came out smaller, which might be an effect
of the k-point mesh. This was kept the same as for the total energy calculation, while LSDA calculations showed that
a larger one might be needed for good accuracy.

Some tests have been performed for other U/J ratios, especially a smaller J has been tested. Using J = 0.5 eV
(U = 5.0 eV) in LSDA (MFT) provides very similar results as J = 1.1 eV with a larger U, see Table . No cone is
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FIG. 2: Magnetocrystalline anisotropy energy (MAE) of NdFe11Ti depending on the polar angle ¢ as obtained from fullpotential
RSPt calculations with LSDA+U (J = 1.1 eV). All data have been derived from the magnetic force theorem. Diamonds denote
uniaxial MCA and triangles stand for easy-plane MCA. U values which reproduce the cone type MCA are marked with squares.
For U = 5.6 eV the best agreement with the experimental findings is achieved. Triangles denote planar MCA for U = 6 eV wi
while diamonds correspond to U = 4 eV and uniaxial MCA (K; and K> positive). Lines are fitted according to Eq. ??. The
corresponding anisotropy constants are given in the appendix. Note that here only values for # = 0° are shown.

observed for theta = 0° the MCA is basal plane and the anisotropy energy is about 1.77 MJ/m3. This is close to
the findings for U = 6.0 ¢V and J = 1.1 eV. Though the LSDA calculations have been performed using the magnetic
force theorem we made one test calculation and applied the MFT to the GGA case to confirm that the differences of
the MCA behavior between LSDA and GGA approximations are not an artefact of the method used to calculate the
MCA. We calculated the MCA for U = 5.0 ¢V ( J= 1.1 eV) which provided the cone MCA in case of total energy
differences, see Table . The cone angle is significantly smaller compared to LSDA case (Table ) but the trends are the
similar. It should be noted that in both cases a cone appears only for ¢ = 0°.

Density of states

As long as the spin-orbit coupling is not too strong the density of states can be used to derive qualitative information
about the MCA, i.e. its orientation and magnitude, for details see e.g. Ref.? and references therein. However, this
perturbative approach proposed by van Flack and Bruno® ? is not valid in the limit of strong spin-orbit coupling and
does not capture the influence of the 4f electrons on the system properly. Here, we face drastic changes in the MCA
when changing the description of the 4 f states, i.e. changing the degree of localization but the density of states (DOS)
close to the Fermi level changes very little, see Fig. For 3d metals systems this works usually fine, but even though
the majority of the 1:12 is iron the systems in dominated by the f magnetism and the related spin-orbit coupling
effect. Such that as expected the ansatz does not apply here.

Though, the transition metal DOS remains nearly unchanged when changing the exchange correlation functional
from GGA to LSDA or even applying HIA (Fig. 3 the DOS of the 4f states changes. The occupied 4f states occur
within a range of 3-4 eV below the Fermi level such that the overlap with the 3d states of Fe and Ti is small. Between
LSDA and GGA we see mainly a shift which depends on the U calue chosen for each case, but HIA in addition splits
the different 4f states and the DOS broadens.
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FIG. 3: Calculated density of states (DOS) of NdFe;1Ti using different representations for the 4f electrons of Nd to simulate
different degrees of localization. (a) 4f electrons in the core simulate the fully localized limit. (b)-(d) Moderate U values
describe a not fully localized f states as suggested by the hybridization function but for different levels of theoty:(b) (GGA+U
U (=5 eV)), (¢) LSDA+U (U = 5.3 eV), and (d) HIA with U = 5.6 V. The DOS is given in states per eV and atom.



