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The local spin and orbital moments have been calculated on the six different sites of iron atoms
in Nd,Fe ;B and on four different sites of iron in Y,Fe;;. The continued-fraction technique has
been used in these calculations. The calculated values are discussed in the light of experimental

data.

I. INTRODUCTION

It has been thought until recently that to obtain high-
performance permanent magnets the presence of cobalt
is essential. SmCos has been widely used in applications.
However, for large-scale adaptation it is necessary to
eliminate cobalt as it is a costly material and is of limit-
ed availability.

It has been suggested in our previous calculations
that the CaCus structure is essential to obtain high an-
isotropy on transition-metal sites. Such a structure,
however, does not exist in rare-earth—Fe intermetallic
compounds. It has been found recently that by adding
boron one can obtain in these compounds a tetragonal
structure (Fig. 1) which is related to the hexagonal
CaCus structure.??

Local-symmetry analysis for Nd,Fe 4B has been done
recently by Herbst et al.>* Their analysis demonstrated
the importance of the contribution of the iron sites to
the uniaxial anisotropy.*> The anisotropy of the rare-
earth sites is also important, i.e., H 4 for Y,Fe 4B is 27.3
kOe and 70.7 kOe for Nd,Fe4B. The iron contribution
to uniaxial anisotropy in Nd,Fe 4B is most significant at
higher temperatures where high uniaxial anisotropy is
observed. It is known that the direct interaction of
transition-metal atoms is stronger and less temperature
dependent than the indirect interaction which exists be-
tween rare-earth atoms,® and at low temperatures the ob-
served cone structure in Nd,Fe 4B is probably due to the
effect of the neodymium crystal field. Understanding the
origin of the high magnetic moment is also a goal of our
calculations. So far only the total of the magnetic mo-
ment has been measured and the agreement between the
values obtained using different methods is poor.*7~10
However, all the experimental data suggests that the site
with the highest magnetic moment is the 8, site.

1

II. THEORETICAL MODEL

The complexity of the Nd,Fe 4B structure is such that
simplifying approximations have to be made in order to
carry out band-structure calculations.

We assume that Hubbard’s tight-binding Hamiltonian,
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in the Hartree-Fock approximation, describes the mag-
netic properties of d electrons in rare-earth transition-

metal compounds well.'"'? This Hamiltonian can be
formulated as
+ t
H=3¢sci0i+ X 1;cisCis (1)
is i (£)),s

where c,i,c,«s are, respectively, the creation and annihila-
tion operators on site /, and s is the spin quantum num-
ber. The energy ¢, for iron atoms is
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FIG. 1. Unit cell of Nd,Fe ;4B (P4,/mm space group) after
Herbst et al. (Ref. 2).
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EiSZEFe_'_UFe(n[—s) ’ . (2)

and for neodymium atoms (in the mean-field approxima-
6,11
tion™

€5 =€ena+ Unalni )
—I|(A—=1)j |sgn[({n;)—Ln;_ NIT, (3)

where €g. and eyy are, respectively, the atomic energy
levels of Fe and Nd. In the above Ug, and Uyny are the
intra-atomic Coulomb-repulsion constants, {n,) the
average number of electrons on site i with spin quantum
number s, A is the Landé factor, j is the total-moment
quantum number, and ¢; in formula (1) is the transfer
term between nearest neighbors. The combination of the
difference between the values of the atomic energy levels
of the transition-metal and rare-earth (R) metal (eg.,€g)
and the large band splitting on the transition-metal site
causes antiferromagnetic coupling between the spins of
the conduction electrons of the transition and rare-earth
metals.!> The last term in expression (3) represents the
exchange interaction of the band electrons (d) with the

localized spin of f electrons. In a previous paper'* we
assumed that the exchange interaction between localized
spin and conduction electrons for rare-earth metals is
positive, and almost a universal constant (I =0.05 eV).!*
Since the Landé factor (A) for Nd is less than 1 (&), the
localized spin on the neodymium site is antiparallel to
the total moment [S=(A—1)j]. However, the spin mo-
ments of conduction electrons of neodymium and iron
couple in an antiparallel fashion. Thus we observe fer-
romagnetic coupling between the total local moment of
the Nd site and the iron site.>*!*> The coupling between
d electrons of rare-earth and transition metals is a result
of a direct interaction and, unlike superexchange interac-
tions, does not change much with the distance between
atoms.

The continued-fraction technique is used for calculat-
ing the density of states. In this method the Hamiltoni-
an is a tridiagonal matrix, by use of a special orthonor-
mal set of basis functions. This leads to an expression
for the local electronic density of states which has the
form of a continued fraction. The Green’s function,
whose imaginary part describes the density of states, is a
continued fraction and has the following form:

(0] G(e)|0)Gole)=

€E—ay—

€E—a,—
£€E—a,—

where ¢(€) is a terminator of the continued fraction. In
the presence of a significant diagonal disorder the con-
tinued fraction coefficients may not be convergent, and
certain features of the density of states may depend on
the terminator of the continued fraction. It has been
shown, however, that the integrated values of various
quantities such as the magnetic moment do not depend
on the terminator if weights in the band are protected.'®
In this work we use the terminator proposed by Beer
and Pettifor!? as it protects the weights in the band and
is useful in the estimation of the integrated quantities.
We neglect s and p electrons in our calculations. We be-
lieve we can do this since it is mainly the d electrons
which contribute to the magnetic moment of the transi-
tion metals. Due to hybridization, the s and p electrons
might affect the shape of the density of states of the d
electrons. The influence of s and p electrons on integrat-
ed values, such as magnetic moments, are not significant.
In our previous calculations'® on Nd,Fe,,B, we found
that boron atoms expand Fe-Fe interatomic distances
and therefore stabilize the tetragonal symmetry. We
have also demonstrated that we can neglect the contri-
bution of the electrons of boron atoms to the local mag-
netic moment.

t(e),

III. THE CALCULATIONS OF THE LOCAL-SPIN
MOMENT AND LOCAL-ORBITAL MOMENT

At zero temperature the spin-flip scattering can be
neglected, and we can calculate the paramagnetic density
of states, taking into account the shifting (AE) of the
center of the density of states for spin-up electrons to-
wards the density of states for the spin-down electrons.
The band splitting can be calculated using the Stoner
method:

AE=0Um , (5)

where U is an effective intra-atomic Coulomb energy and
m is the magnetic moment of the d electrons. Then we
can calculate self-consistently, from five-fold-degenerate
band electrons, the contribution of the local spin (S;) us-
ing the formula
5
Si=%gs,u32(<nivr>—<niv1>)’ (6)

v=1

where g; is the gyromagnetic factor, up is the Bohr mag-
neton, and

(n)=[" plordo . ™)
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TABLE 1. Real angular wave functions for d electrons (I =2).
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The upper limit in this integral is the Fermi energy €,
and p};(w) is a partial density of states on site i corre-
sponding to the real wave functions for d electrons with
| m | =v (see Table I)—it is calculated separately for
spin-up and -down electrons.

The spin-orbit interaction also affects the splitting of
the partial density of states. The form of the spin-orbit
interaction can be calculated from Dirac’s relativistic
wave equation for low-energy electrons, and in a central
field potential the spin-orbit interaction has the form

Als-0)=¢€T% (8)

where T and § are the orbital- and spin-angular-
momentum operators.
When s =1 the spin-orbit energy can be written as

A(s-0)V =12 =1(£/2)=IE(s-0) 9)
and
A(s-0)I ==V = (] £ 1)(£/2)=—(1+1)E(s-0) ,
(10)

where [ is the orbital-angular-momentum quantum num-
ber and j is the total-angular-momentum quantum num-
ber.!?

For s =1 we can calculate the proportion of electrons
having a given j and also calculate the projections of the
orbital angular momentum (m).2° The results are
presented in Table II. The proportion of electrons with
various j,m can also be calculated directly from
Clebsch-Gordan coefficients using the definition (4)
above, treating spin-up and -down electrons separately.
Having calculated the density of states using the recur-
sion method for different wave functions of d electrons
(Table I), we obtain the decomposed density of states by
splitting the corresponding components according to for-
mulas (9) and (10)."
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The oribtal moment can then be calculated using the
formula

2
m;=gug >, (11)

m=—

£
mf Fp;"(a))da) ,
2 -

where p/"(w) is a decomposed partial density of states of
d electrons with an azimuthal quantum number m.

IV. RESULTS AND DISCUSSION

The method of calculation presented above requires
knowledge of a few parameters, such as the transfer
terms (z;;), which in a tight-binding scheme are related
to the Slater-Koster?"'?2 two-center hopping integrals,
atomic energy levels g;, the Coulomb exchange interac-
tion (U;), and the spin-orbit interaction constant E (s-0).
The tight-binding parameters have been calculated using
the Pettifor formula.?! For d electrons of various sym-
metries they are

—60.0 o
W, s
ddX= {+40.0 X—ZS—‘(S/R) for X= {7 (12)
—10.0 5

where S is the Wigner-Seitz radius, W, is the width of
the d band, and R is the distance to the nearest neigh-
bor. The hopping parameters between different types of
atoms (i, j) have been calculated using the Shiba approxi-
mation:?

ddX;=v/ddXddX; . (13)

Unlike the local moments of transition metals, the in-
duced magnetic moments on rare-earth-metal sites de-
pend on the values of the atomic energy levels (g;). The
parameter g, is determined self-consistently so that it
depends only on the type of atom occupying the ith site;
therefore, we have chosen the same values for €f° and
ef® in Nd,Fe 4B and in Y,Fe;;. The atomic energy level
of iron, for spin-up and -down electrons, was set equal to
efe:—O.IS Ry and sfez—0.0S Ry, respectively. For
spin-down and -up electrons of yttrium and neodymium,
we have eX =0.0 Ry. This corresponds to an effective
Coulomb exchange interaction (U =U/5) of 0.045 Ry,
giving an average moment of 2.2up per Fe atom in
Y,Fe;;. The U value used in our calculation is compara-
ble to the value of U (2.4 eV) for pure iron used by Cox
et al.>* We can separate the local moment on neodymi-

TABLE II. Proportion of d electrons corresponding to spin up and down for different m values

(j=I£1) (Ref. 20).

Spin up Spin down
m j=2.5 j=1.5 j=2.5 j=1.5
4 1

- ” o : °
2 7 0 ™ o
—1 2 3 4 L
10 10 10 10
1 4 L 2 3
130 120 120 l;)
0 5 5 5 5
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TABLE III. Calculated and measured magnetic- (m), spin- (m;), and orbital-moment (m,) contributions of band electrons for

different sites of iron in Nd,Fe;4B.

Occupation number and site

Presented values Fe (4¢) Fe (4e) Fe (8j,) Fe (8j,) Fe (16k,) Fe (16k;)
m™ (units of up) 2.49 2.42 2.33 2.61 2.40 2.40
mf® (units of wp) 0.02 0.02 0.00 0.11 0.05 0.03
E(s-0)=0.0027 Ry
m}" (units of up) 0.03 0.05 0.00 0.16 0.08 0.04
E(s-0)=0.004 Ry
mh 2.51 2.44 2.33 2.72 2.45 2.43
E (5s-0)=0.0027 Ry
meP (77 K)* 2.2 1.1 2.7 3.5 2.4 2.4
meP (4.2 K)P° 2.75 2.10 2.30 2.85 2.60 2.60
m*e® (80 K)° 2.52 2.41 2.07 2.37 2.20 2.37
me*P (cdszg kG/up)*¢ 2.41 2.19 2.05 2.59 2.28 2.32
m *P (c"=l‘—5 kG/up ) 1.83 1.74 1.99 2.37 1.97 2.12

#Reference 4.
YReference 7.
‘Reference 8.

dc=const used to calculate local moments from Mdssbauer measurements of hyperfine fields.

‘Reference 9.
fReference 10.

um into two parts, one from localized 4f electrons and
one from conduction electrons. The contribution of 4f
electrons to the local moment on neodymium is 3.27up.
To calculate the total local moment we have to add to
this value a small negative contribution due to the polar-
ization of conduction electrons. We found the total lo-
cal moment on the 4f site of neodymium to be 2.8up
and 2.77up on the 4g site of neodymium.

There is some uncertainty about the value of E (s-0)
for iron atoms in the compound. The E(s-0) constant
calculated by Herman and Skillman'® is 0.0027 Ry. As
suggested in our previous paper,”> we have performed
calculations for higher values of E(s-0), namely E(s-
0)=0.004 Ry. The calculated spin contribution and the
orbital moments for different sites of iron in Nd,Fe,,;B
and Y,Fe,; are presented in Tables III and IV. The
agreement between local moments measured by
neutron-diffraction techniques*’ and Mdssbauer spec-

TABLE IV. Calculated magnetic- (m), spin- (m;), and
orbital-moment (m;) contributions of band electrons for
different sites of iron in Y,Fe,;;.

Occupation
number Fe(ID) Fe(IV) Fe(l) Fe(III)
and site (125) 4/ (6g) (12k)
m; (units of ug) 2.09 2.45 2.15 2.10
m; (units of up) 0.05 0.09 0.00 —0.01
E(s-0)=0.0027 Ry
m; (units of up) 0.07 0.14 —0.02 —0.02

E (5s-0)=0.004 Ry

troscopy®>!? and the calculated values is satisfactory.
This supports our approximation that mainly the strong-
ly localized d electrons contribute to the magnetic mo-
ment.!! The highest spin and orbital moment calculated
for Fe was on the 8j, site; this is in agreement with ex-
periment.*”~1%26  There is no direct relation between
the magnitude of the local moment and anisotropy; how-
ever, some correlation has been found in transition met-
als.?® In our previous work?’ we found correlation be-
tween calculated local-orbital moments and local anisot-
ropy on cobalt atoms in Y,Co,;. We conclude that the
8j, site, which makes the largest contribution to the or-
bital moment, is mainly responsible for the high uniaxial
anisotropy in Nd,Fe4B. This is in agreement with re-
cent Mdssbauer measurements?® and predictions.?® The
site corresponding to 8j, for Y,Fe,; is Fe(IV) (4f), which
is where the highest magnetic moment has been calculat-
ed. The average moment on the iron sites in Y,Fe,; is
lower than on the iron sites in Nd,Fe4B. The calculated
orbital moment has quite a large error, as it is calculated
from the small splitting that is the difference between
two large numbers. In our calculations we found the
highest orbital moment on the 8;, and four Fe(IV) sites.
This might suggest that the main contribution to uniaxi-
al anisotropy is coming from these two sites. This is
reasonable when we look at the local symmetry. The lo-
cal symmetry on 8j, atoms is uniaxial as 8;, atoms have
been pulled out from the center of the hexagon (Fig. 1).*
That the highest orbital moment is on four Fe(IV) sites
is in agreement with the anisotropy measurements for
Gd,(Co,_,Fe,);7.?° The iron atoms prefer substitution
in four Fe(IV) sites and the anisotropy changes from
easy basal plane to uniaxial with increasing concentra-
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FIG. 2. The local density of states on the (a) Fe (4¢), (b) Fe (4e), (c) Fe (8/,), (d) Fe (8/,), (e) Fe (16k;), and (f) Fe (16k,) sites in
Nd,Fe4B. Solid line, total density of states; dotted line, majority-spin-up local density of states; dashed line, minority-spin-down
local density of states.
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FIG. 3. The decomposed local density of states on the (a) Fe (4¢), (b) Fe (4e), (c) Fe (8j,), (d) Fe (8j,), and (e) Fe (16k,) and (f) Fe
(16k,) sites in Nd,Fe4B. The solid line corresponds to the density of states with m; = 12; the dashed line corresponds to the densi-
ty of states with m;==*1.
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tion of iron. The fact that pure Gd,Fe;; has an easy-
plane anisotropy can be explained by our calculations.
A very low orbital moment was calculated on Fe(I) (6g)
and Fe(IIl) (12k) sites (see Table IV); this suggests local
easy-plane-anisotropy preference.

The average orbital moment on iron sites in Nd,Fe4,B
is higher than in Y,Fe,;; this explains why uniaxial an-
isotropy is observed in Y,Fe,B and Nd,Fe;;B, unlike
Y,Fe,;, where easy-plane anisotropy is present.

In Figs. 2—5 we present the calculated local density of
states and decomposed density of states for different pro-
jections of the orbital moment on the ¢ axis of Nd,Fe ;B
and Y,Fe;; compounds. The calculated local density of
state is quite sensitive to the local coordination atoms.
For example, j; and k, sites have the same Fe coordina-
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tion number in plane and above the plane (1 and 6, re-
spectively). Also, the coordination numbers below the
plane are comparable (2 for j; and 3 for k, sites).* We
can see the similarity in the shape of the density of states
in Figs. 2(c) and 2(f). In Nd,Fe; 4B the Fermi energy
crosses the density of states on iron sites for the
majority-spin electrons close to the very-high-density
and minority-spin electrons at the minimum. Thus iron
sites behave as strong ferromagnets. In Y,Fe; this is
not true, except for 4f sites. As we can see from Tables
III and IV, we obtain enhancement of the local moment
on iron sites in Nd,Fe ;4B and on the 4f site in Y,Fe;.
Further analysis can be done; however, for us the most
interesting result is the decomposed density of states for
different /,m projections. The orbital moment is easily
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FIG. 4. The local density of states on the (a) Fe(II), (b) Fe(IV), (c) Fe(I), and (d) Fe(IIl) sites in Y,Fe,;. Solid line, total density
of states; dotted line, majority-spin-up local density of states; dashed line, minority-spin-down local density of states.
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calculated from formula (11); it is the summation of the
corresponding fields of the projected density of states
below the Fermi energy multiplied by appropriate
coefficients. From Fig. 3(d) we can see that on the j,
site for m =2 there is a high peak just below the Fermi
energy and for m = —2 a peak just above the Fermi en-
ergy. Thus, as a result of integration up to the Fermi
energy, we get a high orbital moment on the j, site. The
d electrons are strongly localized and they contribute
most to the magnetic moment; however, it would be in-
teresting to perform similar calculations with s and p
electrons included.

In conclusion, we would like to stress that the method
of calculation presented here is especially useful for
finding the differences between the various sites. These
are not ab initio calculations and we have to fit few pa-
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rameters, which perhaps makes our calculations not that
suitable for pure materials.
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