ble that magnetic discontinuities {Néel lines or vortex lines)
in the zig-zag tips and cusps play an important role in the
walls displacement. Theoretical and further experimental
investigations are in progress. It is worth noticing that zig-
zags with a modulated amplitude may be of interest for
memory devices.
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We report for the first time the °’Fe Mossbauer spectrum of the ternary phase Nd,Fe B, a
technologically important new compound which forms the basis for a new class of high
performance light rare earth-iron permanent magnet materials. From single phase powders we
deduce the hyperfine parameters of the iron sublattices in the Nd,Fe, B structure. Spectra of
high-energy product ribbons obtained by a rapid quench process confirm that these permanent
magnet materials are comprised predominantly of the Nd,Fe,,B phase.

Rapidly quenched Nd-Fe-B alloys"? can exhibit intrin-
sic coercivities and energy products as large as 20 kOe and 14
MGOe, respectively. Such properties rival those of SmCos
permanent magnets, and their realization in light rare earth-
iron materials represents a scientifically and technologically
important advance in high performance permanent mag-
nets. The presence of boron is vital to the development of
high coercivities: x-ray and neutron diffraction studies’
show that the highest energy product alloys are comprised of
a new, tetragonal Nd,Fe,,B phase.

This letter reports for the first time the *’Fe Mdssbauer
spectrum of Nd,Fe ,B in both single phase ingot and melt-
spun ribbon form. We extract hyperfine parameters for the
iron sublattices in the Nd,Fe B crystal structure. Spectra of
melt-spun ribbons show the transformation from the magne-
tically soft Nd,Fe,, phase in a boron-free Nd, ;s Fe, 55 alloy
to the Nd,Fe,,B phase when 5 at. % boron is substituted for
iron. A consistent picture emerges in which optimum mag-
netic properties are associated with the formation of the
Nd,Fe,,B phase, which may be magnetically hardened by
melt spinning."?

The *"Fe absorbance spectrum* of a single phase pow-
der sample of Nd,Fe,,B is shown in Fig. 1.° The data are
indicated by the circles, whose size indicates the uncertainty
in the measurement. The spectrum is evidently quite com-
plex, but by and large the iron sites have hyperfine fields H,,,
near 30 T at room temperature, similar to that of pure iron.*
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For comparison, Fig. 2 is the spectrum of a melt-spun
Ndy 15 (Feo.05 Bo.os Jo.gs alloy having optimum magnetics® (12
MGOe energy product): the two spectra are nearly identical
except for some broadening of the absorption lines in the
melt-spun material, which we attribute to the small size
{~ 50 nm) of the crystallites in the ribbon.? The similarity in
these spectra corroborates x-ray and neutron diffraction evi-
dence that the high-energy products obtained in melt-spun
alloys are associated with formation of the Nd,Fe,,B phase.
There are no iron-bearing second phases present in the rib-
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FIG. 1. Mossbauer absorbance spectrum of Nd,Fe,,B at room tempera-
ture. The solid curve is the fit to the spectrum using the parameters of Table
I, and assuming Lorentzian lines with a full width half-maximum (FWHM)
linewidth of 0.17 mm/s.
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FIG. 2. Mossbauer absorbance spectrum of a Nd, ;s (Feg o5 Boos )o.ss alloy
melt spun at a substrate velocity of 15 m/s. The solid curve is the same fit as
shown in Fig. 1, but with the FWHM linewidth broadened to 0.25 mm/s
and the internal fields uniformly decreased by 2% to match the overall
spread in the pattern.

bon within our detection limit ( ~ 5%); x-ray diffraction indi-
cates that a small amount of free Nd is present.
Interpretation of the spectrum is guided by the crystal
structure.” The Nd,Fe,,B structure has 68 atoms (four for-
mula units) per unit cell. The 56 iron atoms are distributed
on six crystallographically distinct sites, with the symme-
tries and occupancies listed in Table I. Starting with the rela-
tive sites intensities given by the site occupations in Table I, a
computer fit to the Nd,Fe,B spectrum was generated based
on a six-site Hamiltonian including both magnetic and elec-
tric field gradient terms.” The fitting algorithm minimizes
the root-mean-square error by quadratic interpolation in
Fourier space. This computer program is a combination of
the computer synthesis technique of Kundig® and our fast
Fourier transform minimization techniques developed for
fitting electron spin resonance data for free radicals.® The
best fit, shown in Fig. 1, is nearly indistinguishable from the
data. The corresponding hyperfine parameters are listed in
Table I. Several key features of the spectrum are evident in
Fig. 1. The intensity of the left most pair of peaks comes
predominantly from the two most intense k sites, and the
splitting graphically demonstrates that, although they are in
crystallographically similar positions, the two k sites have
quite distinct local environments. This is reflected in their
hyperfine parameters in Table 1. Furthermore, note that the
right-most peak at 6 mm/s has no symmetric twin at — 6
mm/s, indicating that this site has a substantial quadrupole

TABLE I. Room-temperature Mossbauer parameters for the six iron sub-
lattices in Nd,Fe ,B. Given are the site symmetry label, occupation num-
ber, isomer shift, internal field /,,,,, and quadrupole splitting 1/2 eQV,,.

Isomer
shift* H,, 172 eQV,,
Site Occupation (mm/s) (T) (mm/s)
k 16 —-0.20 29.9 0.03
k 16 —0.02 28.6 0.37
J 8 0.15 33.7 0.74
j 8 0.05 29.4 0.24
{C} 4 —0.12 28.3 — 091
e 4 — 0.06 26.1 0.19

?The isomer shift is measured relative to iron metal (NBS 1541) at 298 K.
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FIG. 3. M3ssbauer absorbance spectra for a series of Ndg ;5 (Fe,_, B Jg s
alloys melt spun at a substrate velocity of 15 m/s: (a)y = 0, (b}y = 0.03, and
(c)y =0.05.

splitting. This site, identifiable from its intensity as one of the
J sites, is also distinguished as having the largest internal field
(33.7 T) among the iron sites.

The spectrum of melt-spun Ndg ;5 (Feg g5 Bogs Jo.gs 18 fit
in Fig. 2 using the same parameters generated from Fig. 1, by
merely broadening the linewidth to 0.25 mm/s. A small
(~2%) decrease in the internal fields was required to match
the overall spread in the pattern. None of the Fe-bearing
phases, Nd,Fe,,, FeB, Fe,B, or Fe metal, is detected in the
spectrum. We note that in other samples (those with differ-
ent cooling rates or stoichiometries) we are able to identify
the Fe metal phase and the Nd,Fe,, phase as components in
our Mossbauer spectra. However, the 34 samples we have
checked to date have at most the three phases (Fe, Nd,Fe,,,
and Nd,Fe, ,B) present in their Mossbauer spectra. There-
fore, we feel that the spectra shown in this paper are diagnos-
tic for the Nd,Fe, ,B phase and that Mdssbauer spectroscopy
can be used to indicate the presence of this crystalline form.

Boron plays a crucial role in the magnetic hardening of
Nd-Fe alloys: addition of only a few atomic percent boron
can increase the maximum intrinsic coercivity by an order of
magnitude as the material transforms to the Nd,Fe,,B
phase.' This transformation is graphically illustrated in Fig.
3, which shows the room-temperature spectra for a series of
alloys containing 15 at. % Nd, all melt spun at a substrate
velocity of 15 m/s. The spectrum of the boron-free alloy (a)
agrees well with the published spectrum of Nd,Fe,,,'° the
only stable binary Nd-Fe compound. The internal fields are
modest (~ 16 T) primarily because the Nd,Fe,, Curie tem-
perature is only 330 K. The alloy is also magnetically rela-
tively soft, with a maximum coercivity of less than 3 kOe. As
boron is substituted for iron, the material transforms
through a mixed-phase regime (b) to the high coercivity (17.5
kOe} Nd,Fe,,B phase (c). The mixed-phase spectrum dem-
onstrates the stability of the Nd,Fe,,B phase: from the peak
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intensities we deduce that this alloy consists of approximate-
ly 40% magnetically soft Nd,Fe ; and 60% magnetically
hard Nd,Fe,,B, that is, all available boron is absorbed into
the Nd,Fe,,B phase.

In conclusion, Mossbauer spectroscopy confirms that
boron addition to Nd-Fe alloys promotes the formation of
the ternary phase Nd,Fe ,B, which can be magnetically
hardened by melt spinning. We believe that this phase is the
principal component in high-energy product rare earth-
iron-boron materials prepared not only in our laboratory'
but also by other investigators either by melt spinning ''~'3
or powder metallurgy.'* We have identified six iron sublat-
tices, corresponding to the six distinct iron sites in the
Nd,Fe, B crystal structure.
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