
PHYSICAL REVIEW B VOLUME 48, NUMBER 9 1 SEPTEMBER 1993-I

Electronic and magnetic structures of the rare-earth permanent magnet Nd2Fe14B
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Electronic and magnetic structures of Nd2Fe&4B are investigated by performing self-consistent
local-density-approximation band-structure calculations and photoemission-spectroscopy (PES)
measurements. Employing the linear mufBn-tin-orbital band method, we have obtained electronic
band structures for both paramagnetic and ferromagnetic phases of NdqFeq4B, and compared the
calculated density of states (DOS) with the experimental data obtained from PES measurements.
It is found that B atoms contribute to the stabilization of the structure and substantially reduce
the magnetic moment of neighboring Fe atoms through a hybridization interaction. The average
magnetic moment of Fe atoms in the ferromagnetic phase is estimated to be 2.15'~. Depending on
the distances from B atoms, Fe atoms at the j2 site and those at the e site have the largest and
smallest magnetic moments, respectively, in qualitative agreement with the experimental trend. The
valence-band PES measurements for Nd 4f states indicate that the Nd valence is close to trivalent,
with negligible Nd 4f spectral intensity close to Ez, which is consistent with the observed trivalent
Nd 4f magnetic moments in this compound. The line shape of the Nd 4f PES is broader than that
of pure Nd metal, reflecting effects of the hybridization between Nd 4f and Fe 3d electrons. The Fe
3d PES spectrum shows that the Fe 3d electrons mainly determine the DOS near Ez. The calculated
Fe 3d projected local density of states agrees reasonably well with the Fe 3d PES spectrum, which
implies that the Fe 3d magnetism in Nd2Fej4B may well be understood in terms of the itinerant
magnetism of Fe 3d electrons.

I. INTRODUCTION

A recently discovered rare-earth permanent magnet
(REPM), NdzFei4B, has attracted great interest for its
potential applications. Nd2Feq4B has larger energy
products than SmCo5, the existing typical REPM. Fur-
thermore, Nd and Fe are more abundant in nature and
so they are cheaper than Sm and Co. Considering its
technological importance, it is necessary to understand
the microscopic origin of the magnetism in Nd2Feq4B.

There have been several reports on the electronic struc-
ture of Nd2Feq4B. Inoue and Shimizu, Itoh et al. , and
Szpunar, Wallace, and Szpunar used a semiempirical
tight binding and the recursion method and found that
Fe atoms at the j2 site have the largest magnetic mo-
ments. Gu and Ching and Zhong and Ching have
studied extensively the electronic structures of Nd2Fe&4B
using the non-self-consistent orthogonalized linear com-
bination of atomic orbitals (OLCAO) band method.
They provided contour maps of the charge and spin
densities of Nd2Feq4B and also calculated the local or-
bital moments of Fe atoms. Sellmyer et al. and.
Jaswal have performed band calculations on Y2Feq4B
and Nd~Feq4B, using the self-consistent linearized mufBn-
tin-orbital (LMTO) band method. iz Sellmyer et aL also
compared the theoretical results with photoelectron spec-

troscopy (PES) measurements. More recently, Nord-
stroem, Johansson, and Brooks also reported calcu-
lated magnetic moments of Nd2Fe~4B using the self-
consistent LMTO band method.

In this paper, we present the results of self-consistent
band-structure calculations and PES measurements of
Nd2Feq4B. We have compared the calculated projected
local density of states (PLDOS) with the measured
PES spectra. Energy-band structures and density of
states (DOS) have been obtained self-consistently for
both paramagnetic and ferromagnetic phases by em-
ploying the LMTO band method and the Gaussian
broadening method, respectively. The von Barth-
Hedin form for the electron-electron exchange cor-
relation has been utilized in the local spin-density-
functional approximation. For the PES measurements
on Nd2Feq4B, as compared to the previous work by Sell-
myer et al. , the difFerences in this work are (i) our PES
data are obtained from the surfaces free of 0 and/or
C contamination, (ii) we have separated Nd 4f and Fe
3d emissions using the photon energy dependence of the
photoionization cross sections, and (iii) we have fitted the
extracted Nd 4f PES spectrum using the 4f final-state
multiplet structures.

This paper is organized as follows. In Sec. II, the crys-
tal structures of Nd2Feq4B are briefly described and the
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electronic structures &om the spin-unpolarized and spin-
polarized band calculations are discussed. In Sec. III, the
experimentally determined Nd 4f PES spectra are pre-
sented and analyzed using the final-state multiplet struc-
tures. In Sec. IV, Fe ad PES are compared with the the-
oretical PLDOS. Finally, a conclusion is summarized in
Sec. V.

II. ELECTRONIC STRUCTURES

A. Computational details

Let us describe brie8y the band method we have used
and the crystal structure of Nd2Feq4B for the later dis-
cussion of its electronic and magnetic structures. The
LMTO band calculations carried out in this work are in
principle similar to those of Jaswal and Nordstroem,
Johansson, and Brooks, but our calculations are dif-
ferent in the following aspects. In the works of Jaswal
and Nordstroem, Johansson, and Brooks, the Nd f elec-
trons are treated as core electrons. Jaswal used a frozen-
core approximation for f electrons, and so their elec-
tronic structures are not calculated self-consistently and
the spin polarization of f electrons is not considered.
Nordstroem, Johansson, and Brooks treated the 4f shell
within a Russel-Saunders coupling and then fixed the oc-
cupation numbers for the majority and minority spins
of f core electrons. In this work, the Nd f electrons
are considered as valence electrons and are treated self-
consistently, with the aim of studying the magnetic prop-
erties of Nd f electrons more clearly. In fact, we have
also considered the case of treating Nd f electrons as
core electrons for comparison and have obtained results
similar to previous ones. Furthermore, we have used a
larger LMTO basis set for Nd atoms and more k points
for the Brillouin-zone integration to achieve more precise
calculations.

Nd2Fe&4B has a tetragonal crystal structure, which be-
longs to the D4h space group (see Fig. 2 of Ref. 4). The
structure is very complicated, with four formula units
of Nd2Fe~4B, corresponding to 68 atoms, per unit cell.
In one unit cell, there are two kinds of 8 Nd atoms, la-

B. Spin-unpolarized calculation

Figure 2 provides calculated total density of states
(DOS) and the angular-momentum-projected local DOS
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beled as Nd( f) and Nd(g), respectively, six kinds of 56
Fe atoms, labeled as Fe(c), Fe(e), Fe(jq), Fe(j2), Fe(kq),
Fe(k2), respectively, and only one kind of 4 B atoms,
labeled as B(g). Near-neighbor Fe-Fe distances in the
structure are between 2.4 and 2.8 A. . B atoms are known
to play an important role in bonding, since they occupy
the centers of the trigonal prisms which are formed by 6
near neighbor Fe atoms [2 Fe(e) and 4 Fe(kq) atomsj (see
Fig. 1). Three Nd atoms are bonded to each B atom
through the three vertical prism faces. Such a prism
structure provides the basic frame for Nd2Feq4B, which
connects all the Nd, Fe, and B atoms.
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FIG. 1. Trigonal prism structure in the Nd2Feq4B, which
includes Nd(f), Nd(g), Fe(kq), Fe(e), and 8.

Energy (eV)
FIG. 2. (a) Total density of states (DOS) of paramagnetic

Nd2Fe&48; (b) site-projected local density of states (LDOS) of
each atom in the prism structure of paramagnetic Nd2Feq4B;
(c) local density of states (LDOS) of six types of Fe atoms in
paramagnetic NdqFeq48. Note that the LDOS peak of Fe(j2)
is the most prominent.
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FIG. 3. Average Fe 3d DOS of Nd2Fei4B (solid line) vs
that of NdFe5 (dashed line).

of Nd2Feq4B in the paramagnetic phase. They are calcu-
lated at the experimental lattice constants of a = 8.80 A
and c = 12.19 A. As mentioned above, the Nd f elec-
trons in this case are considered as valence electrons,
which yield the f-electron occupancies per Nd(f) and
Nd(g) atoms of about 3.4 and 3.1, respectively. The Fe
3d-electron occupancy per Fe atom is 6.5—6.6, which is
similar to that of the bcc bulk Fe ( 6.6). It is found
that there is slight charge depletion at the Fe(ji) and
Fe(c) atoms.

The total DOS of Nd2Fei4B in Fig. 2(a) exhibits two
pronounced peaks, one at 2 eV below the Fermi level
(E~) and the other near E~. The peak at —2 eV is
mostly due to the Fe d bands, and the peak just above
E~ is due to the Fe d and Nd f bands. In the paramag-
netic phase, the DOS at E~, N(E~), is very large [with
N(Ey) =201.4/eV], to which the Nd 4f and Fe 3d bands
mainly contribute. Such a large value of K(E~) suggests
the possibility of a magnetic or structural phase transi-
tion. The magnetic phase transition can be qualitatively
understood in terms of the exchange-correlation interac-
tions in the Stoner theory of magnetism. In Nd2Feq4B,
the Stoner parameter S, defined as N(E~)Ixc with Ixc
denoting the intra-atomic exchange-correlation integral,
becomes larger than 1 (S = 1.6) due to the large value
of N(E~), and thus ferromagnetic instability is expected
to occur.

Figure 2(b) shows the projected local density of states
(LDOS) at each atomic site of the trigonal prism struc-
ture (Fig. 1). A sharp and narrow band near E~ is due
to mainly the 4f LDOS at Nd(f) and Nd(g) atoms, and
other bands at higher binding energies are due to the
Fe 3d LDOS at Fe(ki) and Fe(e) atoms which overlap
each other. The 5d LDOS of Nd atoms also exists in
this energy range with a small weight near E~. The
weight distributions of the Fe(ki) and Fe(e) 3d LDOS's
look similar. The Fe(e) 3d LDOS shows a deeper valley
at —1.5 eV, which reflects that the hybridization of
the Fe(e) band with other bands is larger than that of
the Fe(ki) band. The relatively low bands around —8 eV
are mostly due to the B 2s bands with a mixture of Fe
4s bands. One can see that hybridization between B and
Fe(e) atoms is rather large.

Figure 2(c) shows the LDOS at six types of Fe atoms.
The overall shape of the LDOS is more or less the same
for the six types of Fe atoms. A small structure around
—8 eV is due to the hybridization interaction with B
atoms. The LDOS at E~ is the largest for Fe(j2), which is
consistent with the fact that Fe(jz) atoms are located far
away from B atoms and that the distances to near neigh-
bor Fe atoms are larger than those of other Fe atoms.
Such large LDOS's at E~ induce large Fe magnetic mo-
ments.

The B 2p bands spread widely between —6 and 8 eV,
which are split into bonding and antibonding states be-
low and above E~, respectively, due to hybridization in-
teractions with Fe 3d and Nd 5d bands. This result in-
dicates that B atoms in this compound contribute to the
stabilization of the structure through the hybridization
bonding of B p with Fe d and Nd d bands. This feature is
clearly seen in Fig. 3, which compares the average Fe 3d
DOS of the Nd2Fe~4B with that of the unstable Nd-Fe
intermetallic compound NdFe5. Since the contribution
of Nd f electrons to bonding is expected to be negligible,
they are treated as core electrons in this calculation. In-
terestingly, in NdFe5, the Fermi level is located right at
the highest DOS peak position. Because of this very high
DOS at E~, NdFe5 seems to be structurally unstable in
nature. The B atoms in Nd2Feq4B play a role to reduce
K(E~) so as to stabilize the crystal structure, and such
a role of B atoms in Nd2Feq4B is similar to that observed
in NdFe4B ~7

C. Spin-polarized calculation

Figure 4(a) shows the spin-polarized DOS of Nd2Fei4B
in the ferromagnetic phase. The DOS, which is large at
E~ in the paramagnetic state, is now split into spin-up
and spin-down DOS's due to an exchange-correlation in-
teraction, resulting in the decrease in the DOS at E~ by
about 27% [K(E~)=147.7/eV]. In contrast to the para-
magnetic state, the contribution of Fe 3d bands is very
small in the spin-up DOS near E~, but the contribu-
tion of Nd 4f bands is dominant. The spin-down bands
near E~ are mostly due to Fe 3d bands. From this fig-
ure, the average exchange splitting for the Fe 3d bands is
estimated to be 1.5—2 eV. Nd 4f spin-down bands are lo-
cated at 2.3 eV above E~ due to band splitting. Figure
4(b) compares the LDOS's at Fe(j2) and Fe(e) atoms in
Nd2Fe~4B with the DOS of bcc bulk Fe. The bandwidth
of the Fe(e) LDOS is larger and the exchange splitting of
the Fe(j2) LDOS is larger than that of bcc bulk Fe. Such
difFerences are due to the hybridization with B atoms.

Table I summarizes the calculated magnetic moment of
each atom in Nd2Fei4B. Nd 4f spin magnetic moments
are 2.95pii and 3.03@ii for Nd(f) and Nd(g) atoms, re-
spectively. Spin magnetic moments due to s,p, d electrons
polarize antiparallel to Nd 4f spin magnetic moments,
resulting in —0.32@~ for Nd(f) and —0.31@ii for Nd(g).
Thus the total spin magnetic moments become 2.63 for
Nd(f) and 2.72@ii for Nd(g). As expected in the param-
agnetic electronic structure, the spin magnetic moments
of Fe(j2) and Fe(c) atoms, 2.69yii and 2.41@~, respec-
tively, are much enhanced, compared to that of bcc bulk
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values of Gu and Ching, 2.46p~, Jaswal, 2.27pI3, and
Nordstroem, Johansson, and Brooks, 2.35p~. Note13

that the result by Gu and Ching is a non-self-consistent
one, and thus a direct comparison may be not appropri-
ate. The deviation of our result from those of 3aswal and
Nordstroem, Johansson, and Brooks seems to originate
from the fact that interactions between Nd 4f and Fe 3d
electrons are included in our calculations by treating Nd
4f electrons as valence electrons. In fact, our calculation
with treating Nd 4f electrons as core electrons also yields
larger magnetic moments for Fe atoms, as presentea 1n
Table I.

It is found that the trend of the calculated magnetic
moments at different Fe sites agrees well with that of
experimental data, as shown in Table I. Experimental
magnetic moments, which are determined by neutron-
diffraction and Mossbauer effects, ' are largest at19,20

the Fe(j2) sites and smallest at the Fe(e) sites, respec-
tively, in qualitative agreement with theoretical values.
There are some quantitative differences between theoret-
ical and experimental magnetic moments, and even two
experiments yield different magnetic moments: The re-
ported value for the average magnetic moment per Fe
atom is 2.56p~ by neutron scattering, whereas it is in
the range of (2.16—2.28)p~ by Mossbauer experiments.
Thus more experimental studies are a prerequisite for a
better understanding of such discrepancies.

FIG. 4. (a) Total density of states of ferromagnetic
Nd2Feq4B. Upper and lower curves correspond to spin-up
and spin-down DOS's, respectively. Local density of states
(LDOS) of Nd sites, which is exchange split, is also shown.

(b) Local density of states (LDOS) of two types of Fe atoms,
Fe(jq) and Fe(e), in the ferromagnetic Nd2Fei4B, which are
compared with the DOS of bcc bulk Fe.

Fe, 2.22@~, whereas Fe(e) atoms have the most reduced
spin magnetic moment, 1.91p~. Such enhancement and
reduction in magnetic moments are due to hybridization
interactions between Fe and B atoms and local environ-
ment effects. Our calculated average spin magnetic mo-
ment per Fe atom, 2.15p~, is slightly smaller than the

III. Nd 4f PES SPECTRA

Figure 5(a) shows the PES spectra for a polycrystalline
compound of Nd2Fe14B, obtained using synchrotron ra-
diation. The methods for sample preparation and PES
measurements are same as those described in Ref. 21.
Our PES data obtained with photon energies of around
40 eV do not show any 0 and/or C contamination. The
PES data are taken at 60 K, far below the Curie tem-
perature, 585 K. The total instrumental resolution [full
width at half maximum (FWHM)j is about 0.3 eV for the
PES spectra reported in this paper. All the PES spectra
were normalized to the incident photon fiux.

TABLE I. Magnetic moment (in ye) of each atom in Nd2Fei4B. Calculated results by Gu and Chmg (Ref. 8), Jaswal (Ref.
ll), and Nordstroem, Johansson, an roo s ( e . ),, J h, d B k ~R f 13& as well as minimum and maximum experimental values from Re s.
18—20 are presented for comparison.

Theory
Theory
Theory'
Theory
Theory'
Expt. (min)
Expt. (max)

Nd(f)
2.63

-0.38
3.01

-0.55
-0.57

Nd(g)

2.72
-0.37
3.04

-0.52
-0.53

Fe(A:i)

2.00
2.09
2.15
2.15
2.35
2.08
2.60

Fe(kg)

2.08
2.17
2.28
2.18
2.23
2.16
2.60

Fe(ji)
2.04
2.17
2.48
2.12
2.10
2.06
2.30

Fe(j, )

2.69
2.72
3.40
2.74
2.86
2.43
2.85

Fe(e)

1.91
1.97
1.99
2.13
2.15
2.00
2.28

Fe(c)

2.41
2.47
2.97
2.59
2.45
1.97
2.75

B
-0.17
-0.18
0.36

-0.20
-0.18

This work with treating Nd f electrons as valence electrons.
This work with treating Nd f electrons as core electrons.
Ref. 8.
Ref. 11.
Ref. 13.
Taken from Refs. 18—20 ~
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TABLE II. Fitting parameters for the extracted Nd 4f PES spectrum shown in Fig. 5(b). Those values for the pure Nd
metal are taken from Ref. 23. 2p corresponds to the FWHM (full width at half maximum) of the Lorentzian broadening, and
a denotes the asymmetry factor. Also given are the surface core-level shift (discs) of the Nd 4f final-state peaks and the
bulk-to-surface intensity ratio (Ia/Is).

Nd2Fe~4B

Nd metal

2p (eV)

0.70

0.76

Bulk

0.12

0.12

Surface
2p (eV)

0.86

1.0

0.10

0.10

discs (eV)

0.45

0.5

In /Is
1.20

(hv = 128 eV)
1.5

(hu = 100 eV)

Photon energies of h,v = 128 eV and h, v = 121 eV
correspond to a maximum and minimum of the Fano
resonance in the cross section for Nd 4f emission, re-
spectively. [The spectrum for hv = 121 eV (solid lines)
will be discussed in detail in Fig. 7.] It is possible to ex-
tract the Nd 4f emission by subtracting the spectrum at
the Fano minimum from that at the Fano maximum. The
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FIG. 5. (a) Valence-band photoemission (PES) spectra of
NdqFeq4B. Dots and solid lines represent the PES spectrum
taken at hv = 128 eV and 121 eV, respectively, from which
the inelastic backgrounds are subtracted. The dashed line de-
notes the difference between these two spectra. The feature
at —5 eV can be identified as the 4f -+ 4f transition. (b)
Dots denote the difference spectrum, which is same as that
in (a) denoted with dashed lines. The solid lines are the the-
oretical fits. The fits are obtained with 4f —i 4f multiplet
structures calculated as in Ref. 29, in which the energy scale
is expanded by a factor of 1.1 to obtain the best fits. H and
S represent the bulk and surface peaks, respectively.

difference curve, shown as the dashed lines, corresponds
to the extracted Nd 4f spectrum. The main peak at

—5.5 eV can be identified as the trivalent (Nd +) emis-
sion, corresponding to the 4fs ~ 4f transition. The
FWHM of the trivalent 4f PES peaks for Nd2Fei4B,
which is 2.4 eV, appears to be larger than that for
pure Nd metal ( 1.8 eV). This is because there are
more components underneath the trivalent 4f peaks for
Nd2Fe~4B than for Nd metal, as will be shown below by
deconvolution of the Nd 4f PES spectruin.

The main peak of the extracted Nd 4f PES spectrum is
fitted using the 4f2 final-state inultiplet structures calcu-
lated &om the coeKcients of fractional parentage, and
the results are shown as solid lines in Fig. 5(b). We have
multiplied the energy scaling factor of 1.1 to the atomic
theoretical multiplet splittings to account for solid-state
effects. In the curve ettings, the final-state multiplets are
assumed to have Doniach-Sunjic line shapes and they are
convolved with a Lorentzian to simulate broadening due
to the finite lifetime of the 4f hole. The peaks are fur-
ther convolved with a Gaussian to simulate experimental
resolution. The labels of B and S in Fig. 5(b) corre-
spond to the bulk and surface peaks, respectively, of the
4f2 final-state ("trivalent" ) multiplet structures in Nd
metal.

The Btting parameters are summarized in Table II. 2p
corresponds to the FWHM of the Lorentzian broaden-
ing, n denotes the asymmetry factor, As~s denotes the
surface 4f level shift, and I~/Ig denotes the intensity
ratio of the bulk to the surface 4f final-state multiplets.
The parameter values for Nd metal, taken from Ref. 23,
are also presented for comparison. One can see that the
parameter values for Nd2Fe14B are similar to those for
Nd metal. The separation of bulk and surface 4f final-
state multiplet structures (b,sos) is 0.45 eV, which
is comparable to, but slightly smaller than that for Nd
metal ( 0.5 eV). This phenomenon may be understood
in terms of the thermochemical model by Johansson and
Martensson, considering that the measured location of
the Nd 4f PES peak maximum ( —5.2 eV) in Nd2Fei4B
is shifted. to higher binding energy from that in Nd metal
(- —5.0 eV).

It is important that an extra set of components, with
binding energies of —3.9 eV and —4.5 eV, is required to
fit the Nd 4f PES spectrum for Nd2Fei4B, in addition to
the two sets of bulk and surface 4f2 peaks. As mentioned
above, these extra components cause the FWHM of the
trivalent peaks for Nd2Fe14B to be larger than that for



6222 B. I. MIN et al.

l I I

i

I I I 1

)
I I I I

)
I I I I

i

I I I I

i

I I I I

NdIFe &4B

CIS

NdaFe&4B

~ ~ ~ ~ ~

Fe Sd PLD

fe

4
Eg

(a) -5.

(b) —1.0

I I I I I I I I I I I I I I I I I I I I I I I I I I I I

100 110 120 130 140 150
PHOTON ENERGY (eV)

FIG. 6. CIS spectra of Nd2Feq4B for states with initial-
state energies (E,) at —5.2 eV and —1.0 eV, respectively.

Nd metal. Although the origin for such extra components
around —4 eV is not clear at the moment, it is plausible
that some of the Nd 4f spectral weight is transferred
toward E~ due to the hybridization between Nd 4f and
Fe 3d states.

Figure 6 shows the constant initial-state (CIS) spec-
tra for initial-state energies E; at —5.2 eV and —1.0 eV,
respectively, which represent the photon energy depen-
dence of the Nd 4f states and the state near EJ, . The
Nd 4f CIS spectrum with E; = —5.2 eV shows structures
which are due to the 4d 4f4 intermediate-state multiplet
structures. ' The CIS line shape with E; = —5.2 eV
is nearly identical to that for Nd metal, for which the
Nd valence is close to 3+. This finding implies that the
Nd valence for the state near E; = —5.2 eV is near triva-
lent in Nd2Feq4B. We have found that the CIS spectra,
which are obtained with difI'erent values of E, between
—4 and —10 eV, exhibit similar line shapes (not shown
here). From this it is expected that the Nd valence does
not change for E; over —4 to —10 eV. In contrast, the
CIS spectrum with E; = —1.0 eV shows negligible reso-
nance, which indicates a lack of Nd 4f components near
E~. This is consistent with Fig. 5, in which negligible Nd
4f spectral intensity is observed near E~. To summarize,
Fig. 6 provides two pieces of evidence: (i) The contribu-
tion of Nd 4f states to the DOS near E~ is negligible,
and (ii) the Nd valence in Nd2Feq4B is close to trivalent.
These findings are consistent with the magnetic proper-
ties which exhibit the localized 4f moment of trivalent
Nd ions.

IV. COMPARISON OF THE Fe 3d PES SPECTRA
WITH THE CALCULATED PLDOS

Figure 7 shows the valence-band PES spectrum, taken
at hv = 121 eV, corresponding to the Fano minimum of
the Nd 4f photoionization cross section. The spectrum at
this photon energy can be considered to represent the Fe

I I I I I I

—5
ENERGY RELATIVE TO EF (eV}

FIG. 7. Comparison of the experimental valence-band
PES spectrum with the theoretical PLDOS. Dots can be
regarded to represent experimental Fe 3d PES spectrum of
Nd2FeI4B, which is taken with hv = 121 eV. Inelastic back-
grounds have been subtracted from the h, v = 121 eV spec-
trum. The solid and dashed lines represent the calculated Fe
3d PLDOS for paramagnetic and ferromagnetic phases, re-
spectively. A Gaussian broadening of 0.3 eV (FWHM) was
used to simulate the experimental resolution.

3d emission because (i) the Nd 4f emission is suppressed
due to the Fano minimum, (ii) the Fe 3d photoionization
cross section is relatively larger than those of Nd 5d and B
s, p electrons at this photon energy, (iii) the number of
Fe 3d electrons is dominant compared to other electrons
in Nd2Fe14B.

Note several interesting features in the Fe 3d PES spec-
trum. First, the spectrum is rather broad, as compared
to the Nd 4f PES spectrum, and no pronounced satel-
lite structures are observed, suggesting that the Fe 3d
Coulomb correlation energies are smaller than the Fe 3d
bandwidths in Nd2Fe14B. Second, the peak in the Fe 3d
PES spectrum is close to E~, resulting in a large spectral
weight near E~. This feature is in sharp contrast with
that of the Nd 4f PES spectra of Figs. 5 and 6. There-
fore it is concluded that the DOS near E~ in Nd2Feq4B
is determined mainly by Fe 3d electrons. Third, the sep-
aration between the peak maximum (at —0.5 eV) and
the broad bump at higher binding energy (at —2.5 eV)
is about 2 eV.

Figure 7 also provides a comparison between the Fe 3d
valence-band PES spectrum and the calculated angular-
momentum-projected local density of states (PLDOS).
Solid and dashed lines represent the calculated Fe 3d
PLDOS for the paramagnetic and ferromagnetic phases,
respectively, which are convolved with a Gaussian of 0.3
eV FWHM to simulate the experimental resolution. For
the ferromagnetic 3d PLDOS, occupied parts of the cal-
culated Fe 3d majority- and minority-spin PLDOS s are
summed and averaged over sites, because our PES spec-
trum is not spin resolved nor site resolved.

The comparison of Fig. 7 shows that the widths of
the occupied part of the calculated Fe 3d PLDOS are in
rather good agreement with the experimental Fe 3d PES
spectrum. This agreement supports the fact that the Fe
3d Coulomb correlation energies are smaller than the Fe
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3d bandwidths in Nd2Fei4B. Note that the separation be-
tween the peak maximum and the bump at higher bind-
ing energy in the PES spectrum, which can be a measure
of the exchange splitting for the Fe 3d bands, is compa-
rable to that in the theoretical Fe 3d PLDOS. However,
the peak positions of the theoretical 3d PLDOS are some-
what diferent from those of the 3d PES spectrum. One
possible explanation for this small deviation in the peak
position can be due to the finite temperature at which
experimental data are taken. The magnitude of the ex-
change splitting is dependent on the temperature, and
so the peak of the experimental data at Gnite temper-
ature is expected to be located between the calculated
peak positions of paramagnetic and ferromagnetic re-
sults. In fact, the experimental peak position is located
between the two peaks of the paramagnetic and ferromag-
netic Fe 3d PLDOS's. Noticeable discrepancies are also
observed in the weight distribution. Such discrepancies
could be partially due to matrix element eKects, which
are not included in the theory. Thus the local-density-
approximation (LDA) band-structure calculations can be
regarded to provide a reasonable agreements between the
Fe 3d PLDOS and the measured Fe 3d PES spectrum for
Nd2Feq4B. These agreements also suggests that the Fe
3d magnetism in Nd2Fe~4B may well be described by the
itinerant magnetism of Fe 3d electrons.

It will be interesting to observe the experimental ev-
idence for the hybridization between B 8, p and Fe 3d
electrons, as has been predicated by band-structure cal-
culations. B s, p states are predicted to be in the energy
range from —10 to over 8 eV by band-structure calcula-
tions. Unfortunately, the photoionization cross sections
for B 8, p electrons are very small relative to those of
other states for the photon energies used in this study.
Thus it is not possible to compare the theoretical B 8, p
PLDOS with the B 8, p PES spectrum in this work.

V. CONCLUSIONS

The electronic and magnetic structures of Nd2Fei4B
have been investigated by performing self-consistent LDA
band-structure calculations and photoemission spec-
troscopy measurements. Employing the LMTO band

method, we have obtained electronic band structures
for both paramagnetic and ferromagnetic phases of
Nd2Feq4B. It is found that B atoms play an impor-
tant role in stablizing the structure through hybridiza-
tion bonding with the near-neighbor Fe and Nd atoms
and that B atoms substantially reduce the magnetic mo-
ments of neighbor Fe atoms. The average magnetic mo-
ment of Fe atoms in the ferromagnetic phase is estimated
to be 2.15@~. Fe atoms at the j2 site, which are located
farthest from the B atom and surrounded by 12 nearest-
neighbor Fe atoms, have the largest magnetic moment,
2.7@~, while Fe atoms at the e site, which interact most
strongly with B atoms, have the smallest magnetic mo-
ment, 1.9@~.

Both the Nd 4f PES and CjS spectra show that there
is negligible contribution of Nd 4f states to the DOS near
E~ and that the Nd valence is near trivalent in Nd~Feq4B.
This finding confirms the observation that Nd 4f elec-
trons exhibit localized 4f magnetic moments of triva-
lent rare-earth ions. The FWHM of the 4f PES peak in
Nd2Feq4B is larger than that in pure Nd metal, which
is considered to re8ect the hybridization interaction be-
tween Nd 4f and Fe 3d states. The measured Fe 3d PES
spectrum shows a large spectral intensity near E~ with
its main peak at about 0.5 eV below E~. The Fe 3d PES
line shape is the rather broad with no pronounced satel-
lite structures, indicating the rather delocalized nature
of Fe 3d states. Such features are consistent with the
finding that the bandwidth of the measured Fe 3d PES
spectrum is in reasonably good agreement with that of
the calculated Fe 3d PLDOS.
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