MOssbauer effect in R,Fe ,B compounds
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We report room temperature Mossbauer spectra for R,Fe,,B compounds with R =Y, Ce, Pr,
Nd, Gd, Dy and Ho. The hyperfine fields are obtained for the six inequivalent iron sublattices in
the R,Fe, B crystal structure. The internal magnetic fields scale with the Curie temperature, but
the spectra are otherwise virtually independent of the rare-earth component. These results
indicate that the electronic configurations of the iron atoms are nearly the same for all these
compounds, and that the iron 3d shell dominates the conduction electron polarization

contribution to the internal fields.

Recently developed rare earth-iron-boron alloys using
Nd or Pr rival Sm-Co as high performance permanent mag-
net materials.' High energy products have been reported
for Nd-Fe-B magnets prepared either by rapid solidifica-
tion" or by powder metallurgy techniques.® The rapidly so-
lidified Nd-Fe-B alloys can develop intrinsic coercivities as
large as 20 kOe.? X-ray and neutron diffraction studies’ re-
veal that the high coercivity materials are comprised princi-
pally of the new ternary phase R,Fe, B.

We have previously reported the *’Fe Mdssbauer spec-
trum of Nd,Fe,,B,* from which we extracted the internal
magnetic fields A, for the iron sublattices. Here we extend
this work to a systematic investigation of the R,Fe, B spec-
tra across the rare-earth (R) series, with R = Y, Ce, Pr, Nd,
Gd, Dy, and Ho. We find that the shape of the spectrum is
essentially independent of the rare-earth component, imply-
ing that the internal fields at the iron nuclei are dominated by
the iron 3d electrons. Variations in the overall width of the
spectra for different R reflect changes in the Curie tempera-
ture T¢.

The *’Fe absorbence spectra® were measured on single
phase powder samples'® using a 14.4-keV gamma-ray spec-
trometer. The spectra shown in Figs. 1-3 for R = Pr, Gd,
and Ho exemplify the behavior across the rare-earth series.
The Pr,Fe,,B spectrum in Fig. 1 is nearly indistinguishable
from that previously reported for Nd,Fe,,B,* and similar
spectra are seen for Gd (Fig. 2) and Ho (Fig. 3). The complex-
ity of these spectra stems from the large number of distinct
iron sites in the R,Fe,,B crystal structure.

The R,Fe,,B compounds’ (space group P4,/mnm)
have 56 iron atoms per tetragonal unit cell, arranged on six
crystallographically inequivalent sites: two k sites each with
occupation 16; two j sites each with occupation 8; and one ¢
and one e site, each with occupation 4. We can thus decom-
pose the complete Mossbauer spectrum into six iron sub-
spectra with these intensity ratios. We represent the hyper-
fine interactions at each site by a Hamiltonian, given by
Kundig,"' which includes both internal magnetic field and
electric field gradient (EFG) terms. The spectrum of each
site is described by six parameters: the isomer shift IS; the
internal field Hy; the quadrupole interaction 1/2eQV,,
(where V,, = 8%V /82* is the major axis component of the
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EFG tensor), the angles € and ¢ specifying the direction of
the H, with respect to the EFG; and the asymmetry param-
eter 7 = (V. — V,, )/ V., of the EFG tensor. We follow the
usual convention that the EFG tensor components V., ¥,
and ¥, inits principal axis system are chosen such that |V, |
2|V, 13|V, i.e, 0<n<1. The site parameters are extract-
ed from a computer minimization fit to the total spectrum,
with the site intensities constrained tobe 16 : 16 : 8 : 8 : 4 : 4.
The fitting algorithm, which minimizes the root-mean-
square error by quadratic interpolation in Fourier space, is a
combination of the computer synthesis technique of Kun-
dig" and our fast Fourier transform minimization tech-
niques developed for fitting electron spin resonance data for
free radicals.'?

All the sites in the R,Fe,,B spectra have a relatively
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FIG. 1. Room temperature *’Fe Mossbauer spectrum of Pr,Fe,,B. The
crosses are the experimental data. The solid curve is a six site computer fit as
explained in the text, assuming a full width-half maximum (FWHM)
linewidth of 0.16 mm/s. The six derived subspectra are indicated above the
spectrum, and the extracted Mossbauer parameters are given in Table 1.
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FIG. 2. Room temperature 3’Fe Mossbauer spectrum of Gd,Fe,,B. The
crosses are the experimental data. The solid curve is the computer fit using a
FWHM linewidth of 0.17 mm/s, with the parameters given in Table L.

small quadrupole interaction compared to the internal field
(eQV../285 44 H | ranges from ~O0 to about 0.4). In this
regime the spectrum is only weakly dependent on the angles
¢ and ¢, and is nearly independent of the choice of 7. Given
the complexity of the spectrum, it is not possible to uniquely
determine 6, ¢ and 5. The fits assume that the EFG is axially
symmetric and paraliel to Hy (@ = ¢ = 5 = 0)."?

The solid curves in Figs. 1-3 are the computer fits to the
observed spectra. The component subspectra are indicated
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FIG. 3. Room temperature *’Fe Mossbauer spectrum of Ho,Fe,,B. The

crosses are the experimental data. The solid curve is the computer fit using a
FWHM linewidth of 0.17 mm/s, with the parameters given in Table 1.
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FIG. 4. Average internal magnetic field H,, vs the R,Fe, B Curie tempera-
ture T. The line is a guide to the eye.

above each spectrum, while the corresponding MGssbauer
parameters are given in Table I. The isomer shifts are small
{ £+ 0.2 mm/s), indicating that the electronic configurations
of the iron atoms are close to that in metallic iron. The inter-
nal fields are also comparable to that of metallic iron at room
temperature'* (H,, = 330 kG). The two inequivalent X sites
give rise to the doublet near -- 5 mm/s, while the peak at
+ 6 mm/s corresponds to the j” site having both a large
internal field and a substantial quadrupole splitting. The ¢
and e sites (which are indistinguishable on the basis of inten-
sity alone) have Jow intensity (only 7% each of the total in-
tensity); their assignments have the greatest uncertainty.

TABLE I. Isomer shift IS, internal field H,, and quadrupole interaction
eQ¥'.. /2 for the six iron sites in R,Fe;,B compounds at room temperature,
The site intensities are in the ratio 16: 16: 8 : 8 : 4 : 4. The error estimates
given in the first row are typical for the entire table.

IS Hy eQV../2

R Site (mm/s} (kG} (mm/s}

Pr k' —0034004 2824+ 4 0.36 + 0.1
k" —0.19 295 0.03
7 004 291 0.28
008 336 0.67
., —0.03 257 0.24
el 006 280 —083
Gd k' 0 303 0.37
k" -022 314 0.07
i 005 313 0.23
7 008 363 0.58
() — 008 278 0.28
“ _on 286 ~0.73
Ho &' 0 279 0.35
k" —023 288 0.06
7 —001 287 0.10
007 340 0.63
—0.10 249 0.02
leel o0 282 ~070
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The shape of the R,Fe,,B spectrum is essentially inde-
pendent of the rare-earth component. This is demonstrated
explicitly in Figs. 1-3 but applies as well to Nd,Fe, ,B (Ref. 8)
and the other rare earths we have studied (R =Y, Ce, Dy).
The primary effect of changing R is a scaling of the internal
fields, that is, a change in the overall width of the spectrum.
The remaining subtle changes are easily accommodated by
modest adjustments of the parameters. Evidently the inter-
nal fields at the iron sites have little sensitivity to the magni-
tude or direction' of the localized 4f moments on the rare
earths. Similar behavior characterizes RFe, compounds in
which the iron 3d electrons dominate the conduction elec-
tron polarization contribution to H, .

The internal field scaling with changing R reflects the
variation of the Curie temperature T~ among R,Fe, B com-
pounds. This is seen in Fig. 4, where the average internal
field H is plotted as a function of 7. As T increases, the
room temperature internal fields grow, as qualitatively ex-
pected for smaller T /7. The role of the rare earth is likely
the secondary one of modifying T through changes in the
R-R exchange. The internal fields then respond primarily to
the core polarization by the d electron moments.

The average iron internal field in Y,Fe,,Bis Hy = 284
kG. From the measured room temperature saturation mo-
ment M, = 1100 G, the average moment per Fe atom is esti-
mated to be 1.92 15 . The ratio of 150 kG/up, is in excellent
agreement with the value (145 kG/u 5 ) obtained from a var-
iety of Y-Fe compounds.'” The virtual independence of the
Mossbauer spectrum on R suggests that this correspondence
persists throughout the R,Fe, B series.

In conclusion, we find that the Mdssbauer spectra of
R,Fe,,B compounds with R = Y, Ce, Pr, Nd, Gd, Dy, and
Ho are nearly independent of the rare earth component.
Scaling of the internal fields with changing R are qualitative-
ly explained on the basis of changing Curie temperatures.
These observations imply that the 4f moments have little
influence on H at the iron site. The iron configurations are
nearly the same in all these compounds, and as in RFe, com-
pounds, '® the conduction electron contribution to Hy is
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dominated by the iron 34 electrons. The spectra are fit well
by a six-site Hamiltonian with the relative site intensities
constrained to the site occupations obtained from the crystal
structure.’
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