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The electronic and magnetic structures of Nd,Fe 4B and related compounds have been studied with
photoemission spectroscopy and self-consistent spin-polarized electronic structure calculations. The posi-
tions of the exchange-split Fe 3d bands and the localized 4f levels were determined. The densities of
states in the ferromagnetic and paramagnetic states are essentially identical which provides strong evi-
dence for considerable magnetic short-range order above T, as in the fluctuating-band model of

itinerant-electron magnetism.

PACS numbers: 79.60.Cn, 71.20.Cf, 75.30.Cr

The recently discovered Nd;Fe;4B class of perma-
nent-magnet materials has, without doubt, great poten-
tial for significant technological applications.! However,
these compounds have complex tetragonal structures
with 68 atoms per unit cell.’ The important valence
electrons which control the properties are certain to pos-
sess both itinerant and localized characteristics. As in
the case of the new high-temperature superconductors,
the complexity of the structure and electronic interac-
tions raises the significant question of the ability of
present theoretical methods to handle both the ground-
and excited-state properties of the system. The answer
to this question will determine whether our understand-
ing and improving of the properties of such materials re-
lies on theory or merely on empirical methods. For ex-
ample, Mohn and Wohlfarth® have argued that a satis-
factory theory for understanding the Curie temperature
of Y,Fe;4B can be based on the addition of spin-
fluctuation effects to the local-spin-density-functional
formalism, suitably modified to treat correlation effects.
In particular, these authors discussed improving the
properties of Nd,Fe 4B (raising T.) by alloying with Co.
This was based on the electronic structure of the impuri-
ty atoms and their hybridization with Fe 3d states.

In this Letter, we report the first electronic-structure
measurements and self-consistent, spin-polarized band
calculations on the Nd,Fe 4B class of permanent-magnet
materials. In addition to the Nd compound, measure-
ments have been made on Y and Gd compounds to probe
the effects of the rare earth on the electronic and mag-
netic structure.

The experiments consisted of angle-averaged photo-
emission measurements performed both with He1 ( 21.2
eV) and Helr (40.8 eV) radiation and, as a function of
photon energy, with synchrotron radiation at the the
University of Wisconsin. The helium-discharge ultravio-

let photoelectron spectroscopy was performed in a home-
made system with a base pressure of =3x10 "' Torr
and at temperatures ranging from 296 to 623 K. The
samples were prepared by arc melting the alloys several
times and then homogenizing them with an 8-h anneal at
650°. X-ray diffraction measurements showed that the
samples were single phase with the R,Fe ;4B structure.
After being polished to a highly smooth surface, the
samples were cleaned in situ by repeated Ar ion bom-
bardment at about 2 keV. The uv photoemission spec-
troscopy measurements employed a cylindrical mirror
energy analyzer with a resolution given by AE/E
= 0.015, where E is the electron kinetic energy. Thus,
the Hel and Hell uv photoemission spectroscopy spectra
were obtained with resolutions of about 0.2 and 0.5 eV,
respectively. The measurements employing synchrotron
radiation ranged in photon energy from 40 to 130 eV.
The combined photon-electron resolution varied from
about 0.6 eV at 40 eV to 1.3 eV at 120 eV. These exper-
iments were performed without Auger-electron spectros-
copy as a test for surface cleanliness, but it was possible
for us to follow the surface cleaning adequately by ob-
serving the decrease of the oxygen 2p line at an energy of
about —5.3 eV.

Figure 1 shows the main features of the photoelectron
spectroscopy data for 21.2- and 40.8-eV photons. In this
and other figures a contribution due to secondary elec-
trons has been removed by a standard empirical pro-
cedure. The upper panel, for Av=21.2 eV, shows nearly
identical spectra including a signal at about —5.2 eV
which is explicable by O and/or C contamination of the
surface.* This signal is estimated from earlier work on
pure Fe to correspond to a small fraction of a mono-
layer.* The hv=40.8-eV spectra in the lower panel
show an additional peak in the Gd spectrum at —8.9 eV
and an enhanced peak at —5.4 eV in the Nd spectrum.

© 1988 The American Physical Society 2077



VOLUME 60, NUMBER 20

PHYSICAL REVIEW LETTERS

16 MAY 1988

Hel /\ \

(arb. units)

INTENSITY

T

-10 -8 -6 -4 -2 0
ENERGY (eV)

FIG. 1. Hel spectra (upper panel) and Hell spectra (lower
panel) for the R,Fe;sB compounds. The zero of energy is at
the Fermi level (EF=0) for this and subsequent spectra. The
hatched peaks are surface contaminants (see text) and the
cross-hatched area is an approximate contribution from Nd
(41) levels.

These features are due to Gd and Nd 4f levels, respec-
tively, and they appear as a result of considerably larger
4f atomic photoionization cross sections for 40.8-eV
photons as compared with 21.2-eV photons. A clearer
demonstration of the presence of Nd(4f) levels at about
—5.4 eV comes from resonance-enhanced photoemis-
sion® as seen in Fig. 2. Here, at hv=130 eV, close to the
4d-4f resonance, the peak at —5.4 eV is much larger
than that due predominantly to Fe(3d) levels at about
—1 eV. For an off-resonance photon energy (100 eV),
the Nd(4f) photoemission is considerably smaller than
that due to the Fe(3d).

Additional important features of the magnetic and
electronic states in Nd,Fe 4B are seen in Fig. 3. First, a
21.2-eV spectrum, taken immediately after sputtering at
high temperature (350°C), where T > T, shows that
the paramagnetic electronic structure is essentially un-
changed from that of the ferromagnetic state. In partic-
ular, the strong peak at —0.7 eV and the weaker one at
—2.9 eV have not shifted from their counterparts in the
ferromagnetic state. Second, the O and/or C contamina-
tion at —(5-6) eV seems to be very nearly eliminated
for the r =1-min spectrum suggesting that it could well
be due to a C-O reaction to form CO which desorbs
from the compound surface at high temperature. It is
known that the desorption temperature for CO on Fe is
570 K.* However, at elevated temperatures such as 623
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FIG. 2. Photoelectron spectra for Nd,Fe 4B near and off the
4d-4f resonance of Nd (130 and 100 eV, respectively). The
two curves have been normalized to have the same intensity at
—1 eV, where the main intensity is from the Fe (3d) levels. In
these spectra no correction for secondary electrons has been
made.

K, the O/C surface contamination builds as a function of
time as seen in Fig. 3, as well as a large signal at —8.6
eV. The latter is due to the diffusion of B atoms to the
surface; these light atoms clearly are essentially com-
pletely removed by the sputtering process, as seen in
Figs. 1-3, and also as shown by Auger measurements on
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FIG. 3. Hel spectra for Nd:>Fe 4B in the paramagnetic state

(T >T.=585 K), and as a function of time after surface
cleaning by sputtering.
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FIG. 4. Spin-polarized densities of states for Y,FesB. An
average exchange splitting of about 2.1 eV is seen in the Fe
(3d) bands. The Y-derived states are broadly distributed
below Ef and the B(2s) levels are at — (8-9) eV.

these compounds.®

In order to understand the above electronic-structure
results and to study the site-dependent magnetic mo-
ments in these compounds we have performed the first
self-consistent spin-polarized calculations for this class of
intermetallic compounds. Because of the complexity of
the structure and the presence of quasilocalized 4f levels,
the earlier calculations have been empirical in nature’ or
non-self-consistent.® In our determining the specific
compound of the R;Fe 4B class on which to perform cal-
culations the following points were considered important.
First, the experimental results show that the electronic
structures of the compounds are similar except for the
positions of the rare-earth 4f levels. Second, the 4f posi-
tions as determined in a local-spin-density calculation do

TABLE I. Magnetic moments in Bohr magnetons on the Fe
sites.

Present
Fe site Mossbauer? Neutron® calculation
ki 2.1%0.1 2.25%£0.03 2.14
k2 2.23+0.03 2.25%+0.03 2.24
Ji 2.31£0.03 24104 2.10
Jj2 24%+0.1 2.81+0.4 2.83
c 1.9%0.1 1.95%0.05 2.55
e 2.3%0.1 2.15%£0.05 2.20

2Reference 14. bReference 13.
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FIG. 5. Comparison of the broadened DOS for Y,Fe ;4B
with the NdoFe4B spectrum (Hel, 623 K). The Nd (4f) lev-
els are not seen in the photoelectron spectroscopy spectrum
(see text) and the major Fe(3d) and B(2s) corresponding lev-
els are shown with vertical lines.

not correspond to those measured by photoemission spec-
troscopy because of many-body screening effects. This
has been discussed by several authors, for example,
Herbst and Wilkins,® who have calculated 4f excitation
energies for Gd (8.5 eV) and Nd (5.2 eV), in very good
agreement with our results discussed above. From these
and other studies'® on rare-earth elements and com-
pounds one is fairly certain where the 4f levels will ap-
pear in most cases. Clearly, this circumstance arises
from the largely localized atomiclike nature of these
states in solids. For all of these reasons we have per-
formed our calculations for Y;Fe ;4B using the linear-
muffin-tin-orbitals method in the local-density and
semirelativistic approximations.'! The spin-polarized
densities of states (DOS) are shown in Fig. 4. The
structure near the Fermi level is dominated by the Fe d
states and it, and the exchange splitting of =2.1 eV, are
similar to those of pure Fe.'? The charge transfers for
different sites generally are small ( < 0.4 for Fe sites and
< 1.5 for Y). These values seem physically more rea-
sonable than those produced by the calculation of Gu
and Ching (up to 5 for Fe sites and 8 for Y sites).® The
calculated magnetic moments for different Fe sites are
in good agreement with the neutron-scattering'’ and
Maossbauer data'# as shown in Table 1.

In order to compare the theory with the photoemission
data, the total (spin summed) DOS was multiplied with
the zero-temperature Fermi function, and broadened
with a Gaussian of 0.3 eV width. Since the Hel spectra
are insensitive to the 4f levels and, aside from these, all
the compounds have similar electronic structures, we
compare in Fig. 5 the calculated DOS with the spectrum
of Nd,Fe; 4B which has the highest resolution and is most
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representative of this DOS. Aside from small energy
shifts in the peak positions, it can be seen that the overall
agreement is very good, giving confirmation of the calcu-
lated exchange splitting of about 2.1 eV.

In conclusion, our results show that all compounds of
the form R;,Fe;4B have essentially identical electronic
structures except for the 4f levels. In addition, we have
shown that no significant changes in the electronic struc-
ture occur upon going from the ferromagnetic to
paramagnetic state. Thus, Nd,;Fe ;4B appears to be
describable as an itinerant-electron magnet with local-
ized Nd 4f moments and exchange-split Fe 34 bands
with magnetic short-range order above T,, as in the
fluctuating-band picture.'> Finally, this work indicates
that the electronic structures of these and other complex
magnetic materials can be calculated from first princi-
ples; in due course this will be important for tailoring
them to enhance their already outstanding properties.
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