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Abstract

The electronic structures of Nd,Fe 4B are calculated using first-principles full-
potential linearized augmented plane wave (FPLAPW) method. We study the
effect of considering the spin—orbit coupling and Coulomb correlations in the
NdFe14B on the magnetic properties and the electronic structure. Results are
presented for total density of states (DOS) as well as the site-projected partial
density of states (PDOS), the spin magnetic moment of Fe at each of the six
in-equivalent transition-metal sites and charge-spin density maps. The total
spin-magnetic moments and the average Fe moment are in a good agreement
with the values deduced from the neutron scattering experiment and the LDA
+ U + SO scheme is used. The spin-polarized calculations, excluding the
Hubbard and SO interaction, resulted in the total spin magnetic moment is
46.6 P compared to the experimental values 34.63 g to the value of 39.6 g
we obtained using LDA+U scheme without Spin-Orbit coupling(SO). But
using LDA+U +SO the total spin magnetic moment is 37.6. Including the
spin-orbit coupling are necessary for getting a better agreement with
experimental data. The charge density map and the spin density maps are
calculated on the basal and (110) plane of the tetragonal cell.

Introduction

The discovered NdyFe 4B has great interest for significant technological applications
[1].It has considered a good permanent magnet because it have a large saturation
magnetization , larger energy products ,coercivity and high curie temperature[2] .
These compounds have complex tetragonal structures with 68 atoms per unit cell
And the fundamental role in the determining the magnetic properties are a good
understanding of the electronic structure of these materials. So it is necessary to
understand the origin of magnetism in Nd;FesB. Nd;FesB is the most important
aloy in the series in terms of practical applications and is the one most intensively



216 Abeer E Aly

studied [3]. Furthermore, study of the location of f-electron levels in rare earth
intermetallics and their interaction with the transition-metal conduction band is still in
a rather primitive state and should be a subject of considerable interest. Some
empirical and non-self consistent calculations have been reported on the electronic
structure of NdyFe;sB [4-10]. One of these calculations for Inoue and Shimizu [4],
Itoh et al.[5], and Szpunar, Wallace, and Szpunar [6] used a semi-empirical tight
binding and the recurson method and found that Fe atoms at the j, site have the
largest magnetic moments and were included spin-polarized only. No studies up to
our knowledge were devoted to studying the effect of the spin-orbit coupling on the
electronic structure and the density of states (DOS) of Nd,Fe4B using self-consistent
Full Potential Linearized Augmented Plane Wave (FPLAPW) method based on
Density Functional Theory (DFT) [11]. This method is based on local-density
approximation. The potential and the electron density are separated into two regions,
i.e. inside the non-overlapping atomic spheres (region 1) and the interstitial regions
(region I1). The wave function solutions of the Kohn-Sham equation are expanded in
augmented wave functions. In region I, they are expanded in radial functions times
spherical harmonics. In the interstitial region |1, plane wave's expansion is used. Each
plane wave is augmented by an atomic-like function inside the atomic sphere and
matched at the atomic boundary. However, there is no shape restriction on the density
and potential.
The potential in LAPW method:
The LAPW method expands the potential in the following form

Vi (MY (F) :
V()= ; - H Inside sphere .
iKr
ZV“ © Outside sphere

K

and the charge densities analogously. I hus no shape approximations are made, a
procedure frequently called the ““full-potential™™ method. The ““muffin-tin™
approximation used in early band calculations corresponds to retaining only the L=0
and M=0 component in the first expression of equation (1) (inside sphere) and only
the K=0 component in the second (outside sphere). This procedure corresponds to
taking the spherical average inside the spheres and the volume average in the
interstitial region. In this paper, we present the calculations of density of states, spin
magnetic moment and spin-charge density maps on Nd,Fe 4B using FPLAPW method
and different schemes.

Method of Calculations

Nd,FesB crystal are tetragonal unit cell with a space group P4,/mnm, structure No.
136 has two different R sites Nd(f) and Nd(g), six distinct Fe sites (labeled c, €, j1, j2,
ki, and k», respectively) and one B site for atotal of 68 atoms per unit cell [ref 12] . In
one unit cell , there are two kinds of 8Nd atoms, labeled as 4Nd(f) and 4Nd(g),
respectively, six kinds of 56 Fe atoms, labeled as Fe(c), Fe(e), Fe(j1), Fe(j2), Fe(ki),
Fe(ky), respectively, and only one kind of 4B atoms, labeled as B(g). Near-neighbor
Fe-Fe distances in the structure are between 2.4 and 2.8 A and the B atoms are known
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to play an important role in bonding[12]. Since they occupy the centers of the trigonal
prisms which are formed by 6 neighbor Fe atoms .One Fe(e) and two Fe(k;) atoms
above and one Fe(e) and two Fe(k;) atoms below and three Nd atoms[2Nd(f) and
1INd(g)] are bonded to each B atom through the three vertical prism faces. It is clear
from the prisms are strong structura units linking the Fe planes above and below
those containing Nd and B. The atomic—structure information was taken from ref [12].
We have used the lattice constants and the fourteen atomic position parameters for
Nd.FeB at 77K [13].The experimental values used in our calculation are a = 8.802,
c=12.179 Ay[7,8]. The Local Density Approximation (LDA+U) of Perdew and Wang
[14] and the Generalized Gradient Approximation (GGA) of Perdew, Burke and
Ernzerhof [15] were used for correlations and exchange potentials as implemented in
the Wien2k code [16]. Self-consistent cal cul ations were performed with 30 k-pointsin

d_
the irreducible Brillouin zone. We used the muffin tin (MT) sphere radii Rir = 25

Fe B

au, R =200 au, Rur =1.85 au and the cut off energy parameters RKmax and
Gmax of 7 and 14 respectively. There are two very important crystallographic planes
in tetragonal cell of Nd;Fei4B [ref 7,8]: the basa plane (z=0) which contains the two
R, B, and Fe(c) sites, and the (110) plane which is parallel to the ¢ axis and contains
Fe(e) and Fe(j1) sitesin addition to B and R sites [12]. The charge and spin density of
these two planes also are plotted as contour maps for the Nd,Fe 4B calculated in this
paper. The total charge density and the spin density are obtained by taking the sum or
the difference of the spin-up and spin-dn charge density, respectively. The near-
neighbor distances were used to estimate the Wigner-Seitz radii. 4f states in rare
earths are highly localized and are very difficult to include the band-structure
calculation. Fortunately, their photoemission spectra are reasonable well understood
with transition-state analysis [17,18] and renormalized-atom approach [19]. Because
of this and the fact that the non-4f parts of the experimental electronic structure are
similar 4f states in Nd,Fe 4B were included in the valence and core states. Both core
and valence states are the frozen self-consistent atomic states. There are nine valence
states per site consisting of s, p and d orbitals. With 68 atoms per unit cell, this leads
to 612x612 overlap and Hamiltonian matrices. The self-consistent spin-polarized
potential parameters are based on the zero-wave-vector (K~0) electronic structure
results. Because of the extremely large size of the unit cell so in our work, the Nd f
electrons are considered as valence electrons and are treated self-consistently.
Furthermore, we have used a small FPLAPW basis set for Nd atoms and small k-
points for the Brillouin-zone integration.

Results and Discussion

To describe the electronic and magnetic properties of Nd,Fe 4B, we have used the
self-consistent Full Potential Linearized Augmented Plane Wave (FPLAPW) .Both
core and valence states are cal culated self-consistently, the core states are treated fully
relativistically for the spherical part of the potential, whereas the full potential is used
for the valence states. In our work, the Nd f electrons are considered as valence
electrons. First, here we performed spin-polarized calculation on Nd,Fe 4B after that
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adding LDA+U with and without spin-orbit coupling. LDA is due to the localized
nature of f-electrons as well as to the subtle interplay between the spin polarization
and the spin-orbit interaction. The orbital magnetic moment is caused by the spin-
orbit coupling and also by the correlation effects, the latter effects being more
important. LDA+U method [11] will be useful because the LDA+U, removes the
deficiency of LDA by incorporating the Hubbard-like interaction term for 4f
electrons.

A. Spin-Polarized only

We performed spin-polarized calculations on NdyFe4B, excluding the Hubbard and
SO interaction. We calculated the spin magnetic moment Ms(ug) as shown in table | .
The magnetic moments Ms(ug) for the Fe sites are 2.39,2.37,2.36,2.43,2.40,2.38 Ug
for the ky, Ko, J1, j2, € and ¢ sites respectively . These numbers are in a good agreement
with the experimental values of 2.60, 2.60, 2.30, 2.85, 2.10, 2.75 ug respectively
[20,21].The Fe-site moments are in agreement with two reported results of neutron-
scattering experiments, one on single crystals [20] and another on powder samples
[21] . Szpunar et a [6], Inoue et a and Shimizu et al [4] and Itoh et a [5] used a semi-
empirical tight binding and the recursion method and found that Fe atoms at |, site
have the largest magnetic moments. Using the spin-polarized only we found the
largest Fe magnetic moment at the j, site, but the smallest Fe magnetic moment at the
j1 Site. Figs. (1, 2) show the majority and minority density of states (DOS) and the
orbital-decomposed (PDOS). The total DOS spin-up for Nd.FeiuB in Fig.(1a) is
dominated by the Fe 3d-states as shown in Fig.(1c) . The peaksin Fig.(1c) are located
from ~ 0 to ~ -5 eV .The highly localized Nd (4f ,4g) peaks are found to be located
clustered around the E; as shown in Fig.(1b) and the low two peaks located at ~ -9 eV
due to B states as shown in Fig.(1d) .While the total DOS spin-dn for Nd,FeB in
Fig.(2a) is dominated by the Fe 3d-states as shown in Fig.(2c). The peaksin Fig.(2c)
are located from ~ 3 to ~ -3 eV .The highly localized Nd (4f ,4q) peaks are found to
be above the E; as shown in Fig.(2b) and the low two peaks located from ~ -7 and ~ -8
€V due to B states as shown in Fig.(2d). From Fig.(1c,2c) it aso becomes clear why
the j, Site has the largest magnetic moment. At the j, Site the major pesk of the
majority-spin is just below the E;, while most of the minority spin is above the E;
resulting in a large spin magnetic moment. The site-decomposed spin-magnetic
moments at different Fe site for Nd,Fe;4B are summarized in table I. The significantly
different PDOS curves indicate strong local environment differences at different Fe
site. The average Fe moment is 2.38 g compared to the experimental values ~ 2.57g
[21,22]. We calculated the total magnetic moment of ~ 46.62us using this scheme
which is larger than the experimental value of ~35.0 pg/f.uor 37.1 pg /f.u[21,22] and
this demonstrates that the spin-polarized scheme is not suitable for handling f-
systems. And the density of states (DOS) in Fig.(1c) show that the 3d-state of Fe
atoms has the largest peak at the c site instead of the j, site. So this shows the
importance of including LDA+U plus SO as we will show in the next part.
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Figure 1: Total and PDOS spin-up density of states (DOS) for Nd2Fel4B, (a)Total
density of states (DOS)(spin-up) of NdyFe4B; (b) density of states (DOS) of 2Nd f
state at f and g sites; (€) density of states(DOS) of six types of Fe atoms ;(d) Total
density of states (DOS) of B atom .Using spin-polarized.
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Figure 2: Total and PDOS spin-dn density of states (DOS) for Nd2Fel4B, (a)Total
density of states (DOS)(spin-up) of NdyFe4B; (b) density of states (DOS) of 2Nd f
state at f and g sites; (€) density of states(DOS) of six types of Fe atoms ;(d) Total
density of states (DOS) of B atom .Using spin-polarized.
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Table |: spin magnetic moment Ms(ug), at each atomic sites in Nd,Fe 4B using spin-
polarized.

Fe(ki) | Feko) | Fe(ja) | Fe2) | Fe(e) | Fe(©
M(Hs) 239| 237| 236 243| 240| 238

M(Hs) 260| 260| 230 285| 210| 275
Exp(Ref 20,21)

B. LDA+U without spin-orbit coupling

Using LDA+U without spin-orbit coupling we calculated the spin magnetic moment
Ms(ug) as shown in table Il. The magnetic moments Ms(ug) for the Fe sites are
2.25,2.28,2.24,2.58,2.18,2.3 pg for the ki, ko, j1, j2, € and ¢ sites respectively. These
numbers are to be compared with experimental values of 2.60, 2.60, 2.30, 2.85, 2.10,
2.75 ug respectively [20,21]. The agreement between the theoretical calculation and
experimental values is observed. The largest Fe moment is found at the j, site as
before, but the smallest Fe moment is at the e site. Fig. (3b) show that the localized
Nd(4f) (spin-up) peak is found to be shifted above the E; and splitting above and
below E; while the Nd (4f ) spin-dn the peaks is found to be located above the E; and
gplitting as shown in Fig.(4b) using LDA+U+SO. We a so note that Nd (4f ) peak at g
site is larger than the Nd (49) pesk at f site as shown in Fig.(3b).Figs. (3,4) show the
majority and minority total density of states (DOS) and the orbital-decomposed
(PDOS) . The total DOS spin-up for Nd>Fe;4B in Fig.(3a) is dominated by the Fe 3d-
states as shown in Fig.(3c). The peaks in Fig.(3c) are located from ~ -1 to ~ -5 eV.
The highly localized Nd (4f ,4g) peaks are found to be located above and below the E;
as shown in Fig.(3b) and the low two peaks located at ~ -9 eV due to B states as
shown in Fig.(3d) .While the total DOS spin-dn for Nd>Fe14B in Fig.(4a) is dominated
by the Fe 3d-states as shown in Fig.(4c). The peaksin Fig.(4c) are located from ~ 3 to
~-3eV. The highly localized Nd (4f ,4g) peaks are found to be above the E; as shown
in Fig.(4b) and the low two peaks located from ~ -7 and ~ -8 €V due to B states as
shown in Fig.(4d).The site-decomposed spin-magnetic moments at each atomic sites
for Nd.Fe;sB are summarized in table Il. The Fe-site moments are in a good
agreement with two reported results of neutron scattering experiments. We cal cul ated
the total magnetic moment of ~ 39.62ug using this scheme (LDA+U+SO) which is
near agreement with the experimental value of ~35.0 pg /f.uor 37.1 pg /f.u [21,22].
The average Fe moment is 2.31 Yg compared to the experimental values ~ 2.53g
[21,22] .The density of states (DOS) in Fig.(4c) show that the 3d-state of Fe atoms has
the largest peak at the ¢ and j, sites .So this show the importance of including
LDA+U+S0 plus spin-orbit coupling as we will show in the next part.
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Figure 3: Total and PDOS spin-up density of states (DOS) for Nd2Fel4B, (a)Total
density of states (DOS)(spin-up) of Nd.Fe4B; (b) density of states (DOS) of 2Nd f
state at f and g Sites; (€) density of states(DOS) of six types of Fe atoms ;(d) Total
density of states (DOS) of B atom .Using spin-polarized+S0O.
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Figure 4: Total and PDOS spin-dn density of states (DOS) for Nd2Fel4B, (a)Total
density of states (DOS)(spin-up) of NdyFe4B; (b) density of states (DOS) of 2Nd f
state at f and g sites; (€) density of states(DOS) of six types of Fe atoms ;(d) Total
density of states (DOS) of B atom .Using spin-polarized+SO.
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Tablell: spin magnetic moment Ms(ug), at each atomic sites in Nd;Fe 4B using spin-
LDA+U without SO.

Fe(ki) | Feko) | Fe(la) | Fe(lo) | Fe(g) Fe(o)

M(Hs) 2.25 228| 224| 258| 218 2.30

M(Hs) 2.60 260| 230| 285| 210 2.75
Exp(Ref 20,21)

C. LDA+U plus Spin-Orbit Coupling(SO)

Using spin-orbit coupling including the Hubbard and exchange parameters (U, J) we
calculated the spin magnetic moment Ms(ug) as shown in table Ill. We obtained
Ms(ug), values of 2.26,2.38,2.29,2.72,2.15,2.44 g for the ki, Ko, j1, j2, € and c Sites
respectively . The agreement between the theoretical calculation and experimental
valuesis observed. The largest magnetic moment isfound at the j, sites of 3d-states of
Fe atoms, but the smallest Fe moment is at the e site .Figs. (5,6) show magjority and
minority total density of states (DOS) and the orbital-decomposed (PDOS). The total
DOS spin-up for Nd,Fei4B in Fig.(5a) is dominated by the Fe 3d-states as shown in
Fig.(5c). The peaks in Fig.(5¢) are located from ~ -1 to ~ -5 eV. The highly localized
Nd (4f ,4g) peaks are found to be located above and below the E; as shown in Fig.(5b)
and the B states is about ~ -9 eV as shown in Fig.(5d) while the total DOS spin-dn for
Nd>Fe14B in Fig.(6a) is dominated by the Fe 3d-states as shown in Fig.(6c).The peaks
in Fig.(6¢) are located from ~ 3 to ~ -3 €V. The highly localized Nd (4f ,4g) peaks are
found to be above the E; as shown in Fig.(6b) and the low two peaks located from ~ -7
and ~ -8 eV due to B states as shown in Fig.(6d). The site-decomposed spin-magnetic
moments at each atomic sites for Nd,Fe14B are summarized in table I11. We calcul ated
the total magnetic moment of ~ 37.61ug using spin-orbit coupling which is
approximately near the experimental value of ~35.0 pg /f.u or 37.1 pg /f.u [21,22].
The average Fe moment is 2.38 Yg compared to the experimental values ~ 2.53g
[21,22]. The DOS structure by using spin-orbit coupling are in good agreement with
the DOS structure reported by Szpupar et a and Wallace et a, Inoue et a and
Shimizu et a and Itoh et a , that they found the largest 3d-state of Fe atoms is
through the j, site.

Tablelll: spin magnetic moment Ms(lg) at each atomic sites in Nd,Fe 4B using spin-
orbit coupling

Fe(ki) | Fe(ko) | Fe(ji) | Fe(o) | Fe(e) | Fe(0)

M(Hs) 226| 238| 229| 272 215| 244

M<(Hs) 260| 260| 230 285| 210| 275
Exp(Ref 20,21)
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Figure 5: Total and PDOS spin-up density of states (DOS) for Nd2Fel4B, (a)Total
density of states (DOS)(spin-up) of NdyFe4B; (b) density of states (DOS) of 2Nd f
state at f and g sites; (€) density of states(DOS) of six types of Fe atoms ;(d) Total
density of states (DOS) of B atom .Using spin-polarized plus SO plus spin-orbit
coupling.
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Figure 6: Total and PDOS spin-dn density of states (DOS) for Nd2Fel4B, (a)Total
density of states (DOS)(spin-up) of Nd2Fel4B; (b) density of states (DOS) of 2Nd f
state at f and g sites; (€) density of states(DOS) of six types of Fe atoms ;(d) Total
density of states (DOS) of B atom .Using spin-polarized plus SO plus spin-orbit

coupling.
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D. Spin and Charge Density Maps

The charge and spin density maps on two plane: basal plane (z=0) which contains the
two R,B, and Fe(c) sites, as shown in Fig.(10afrom ref 7,8) and the (110) plane which
is parallel to the c axis and contains Fe(e) and Fe(j1) sites in addition to B and R sites
as shown in Fig. (11a from ref 7,8). The spin and charge density of Nd;Fe,B
calculated from the difference between spin-up and down densities for spin density
and sum between spin-up and down densities for charge density have been plotted in
the (001) and (110) planes .We calculated the spin and charge density contours for
rare-earth transition metal compounds e.g. Nd>Fe;4B using spin-polarized but without
spin-orbit coupling. The contours used in the plots with an interval of 0.1.The
crystallographic (001) basal plane in Nd;Fe14B shown in Fig.(7a).The charge density
contours in a portion of the (001) plane containing two Nd(g) , two Nd(f), four Fe(c)
and two B(g) as in Fig.(7b) and the spin density contours in a portion of the (001)
plane containing two Nd(g) , two Nd(f), four Fe(c) and disappear the two B(g) as In
Fig.(7c).The crystallographic (110) plane in NdxFe;4B shown in Fig.(8a). The charge
density contoursin a portion of the (110) plane containing two Nd(g) , two Nd(f), four
B(g), six Fe(e), four Fe(j2) and four Fe(j1) as in fig(8b) and the spin density contours
in a portion of the (110) plane containing two Nd(g) , two Nd(f), six Fe(e), four Fe(j2)
and four Fe(j1) and disappear the four B(g) asin Fig(8c).
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Figure 7 a: Crystallographic (001) basal | Figure 7 b: Charge density of Nd,Fe;4B

plane in NdxFe;4B. on (001) basal plane.
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Conclusions

We have performed ab initio calculation on the electronic structure of Nd,Fe,B
intermetallic alloys using full potentia linearized augmented plane wave (FPLAPW)
method based on DFT theory and different interaction schemes available in the
Wien2k code. The magnetic moment are best described in the LDA + U + SO scheme
as shown by comparison with available calculations and experiments on Nd2Fel4B.
The agreement is quite good in that it correctly predict that the largest sites are at 2
site. We aso presented the charge and the spin density maps on the basal and (110)
plane.
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