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Extremely low doping levels { ~ 1 ppm) and unambiguous interpretation combine to make the
Mossbauer-source technique an ideal method for determining cobalt site preferences in
intermetallic compounds. Data on Gd,Fe,, and Nd,Fe,, B are presented and compared with
earlier work using Mossbauer spectroscopy, NMR, and neutron diffraction.

I. INTRODUCTION

A standard approach te improving the performance of
iron-based permanent magnet materiais is to add small
amounts of cobalt. Examples include the search for cheaper
alternatives to the SmCog materials among RE,(Fe,Co)y;
alioys' (RE denotes rare earth) and the current attempts to
improve the high-temperature performance of Nd,Fe B
magnets.’ The key to understanding or predicting the effects
of cobalt additions (beyond the simple observation that a
little cobalt generally helps) is knowing precisely where the
cobalt substitutes on the lattice. Differences in chemistry
and size will generally prevent the cobalt from occupying the
rare-earth sites in the structure, but all magnet materials of
either potential or realized technical significance have sever-
al crystallographically distinct transition-metal (i.e., iron)
sites in their structure. It is not obvious that the cobalt
should substitute at random among the possible sites.

Calculations which assume random substitution give re-
sults in fair agreement with magnetization and anisotropy
measurements in Sm,(Co,M),, (M = Fe,Mn,Cr).” How-
ever, anisotropic changes in lattice parameters upon adding
Co to Nd,Fe,,,* the effect of replacing small amounts of iron
(2, ~2.26p5) with cobalt(u,, ~1.401:5) on the average
magnetization of the Nd,Fe,,B,® and changes in the easy-
magnetization-direction axis in Y,{Fe,Co),; (Ref &) all
suggest some degree of preferential cobalt substitution.

Techniques used to determine site preferences in cobalt-
substituted iron-based alloys must satisfy two criteria: (i}
structural sensitivity—it must be possible to distinguish
crystallographic sites within the structure; (ii) chemical
specificity—having distinguished the site, it must be possible
to determine whether it is occupied by Fe or Co atoms, and
in what proportion. Diffraction measurements (x-ray and
neutron) provide excellent structural sensitivity, and with
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extensive computer analysis can yield a rich variety of struc-
tural and magnetic information. Both, however, fail crite-
rion (ii) since there is limited contrast between Fe and Co
scattering lengths. NMR and Mdssbauer spectroscopy give
extreme selectivity, being sensitive to a single isotope of the
particular element being measured, but at the expense of
structural information. Data analysis generally requires ad-
ditional information from structural and magnetic measure-
ments in order to identify observed contributions with par-
ticular sites in the structure.

In all cases the experimental procedures are the same: A
reference (cobalt-free) sample is measured to establish a
baseline and to fix as many structural parameters as possible,
then a series of cobalt-substituted alloys (Fe; _ , Co, ) with
0.1<x<1.0 are measured, and site preferences determined
by comparison with the reference and by following trends
within the series. The lowest concentration, x ~G.1, is dictat-
ed by the limited contrast in the diffraction measurements,
and the fact that Mdssbauer spectroscopy is only sensitive fo
the iron atoms, cobalt occupations being inferred from the
reduction in iron signal. NMR resuits are complicated by the
absence of any simple relationship between signal strength
and site occupancy, preferential cobalt substitutions being
observed indirectly through changes induced at neighboring
sites. Analysis is further complicated by relatively high co-
balt concentrations { > 10% ), which can cause samples to be
significantly different from the reference material. Further-
more, at high concentrations the chemical disorder due to
partial substitution can lead to severe broadening of the sig-
nal, further degrading the fit and cobalt-cobalt interactions
become potentially significant and could influence the ob-
served site preferences. None of the standard technigues ac-
tually measure cobalt site preferences directly by determin-
ing where the cobalt is; rather they infer cobalt positions
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either from the loss of, or changes in, the iron signal in the
case of nuclear technigues, or a change in the average scat-
tering length at each site in the case of diffraction techniques.

The Mossbauer-source technigue eliminates these prob-
lems. It allows direct measurement of cobalt locations, and
uses alloys with x ~ 10~ orless, which are therefore virtual-
ly indistinguishable from the reference material. In a stan-
dard Mossbauer experiment a source is prepared by incor-
porating the parent radioisotope (°’ Co in the case of ¥ Fe)
into a matrix that yields a single, sharp, transition {typically
Rh or Pd). The y rays are then shone through a sample
(absorber) and a spectrum is obtained by plotting the trans-
mitted intensity versus the Doppler velocity applied to the
source. Each crystallographically distinct site provides a dif-
ferent iron environment and so yields zn independent sub-
spectrum. The relative intensities of these subspectra corre-
spond to the distribution of sites in the material. For a source
experiment, the radioactive material is incorporated directly
into the sample, and the complex emission pattern is ana-
lyzed using a single-line absorber.

57 Co decays by electron capture to an excited state of
%7 Fe which subsequently passes to its ground state emitting
the 14.4-keV y-ray used in the Mdssbaver experiment. The
signal comes from >’ Fe nuclei in an almost pure alloy; there-
fore the observed subspectra are identical to those of a refer-
ence sample, but the emitting iron atoms are in sites occu-
pied before the electron-capture event and thus chosen by
cobalt atoms. The characteristic iron subspectra are ob-
tained, weighted by the proportion of cobalt in each site. It
must be stressed that only sites occupied by cobalt atoms
contribute.

Data on two samples are presented here. (i) Nd,Fe,, B,
chosen both for its technological importance as a perma-
nent-magnet material and because of the large body of con-
flicting data on cobalt site preferences in this alloy. (ii)
Gd,Fe,,, selected as a representative binary rare-earth iron
alloy because it has a site with a similar symmetry to one in
Md,Fe,, B (the c and j,, respectively). The gadolinium com-
pound was used because its high 7, maximizes the resolu-
tion between the subspectra at room temperature, although
the fitting is complicated by magnetic subsplitting of the
contributions from the fand / sites.” RE,Fe,, ailoys exist in
two closely related medifications, hexagonal (P 6,/mmc)
and rhombohedral { R 3m), with identical coordinations for
the corresponding iron sites. In order to facilitate compari-

sons with other work on this system, we have used the label-
ing appropriate to the rhombohedral form throughout.
However, the site labels for the hexagonal form, with corre-
spending rhombohedral labels in parentheses, are f (¢}, g
(d),7{f},and k (&),

il EXPERIMENTAL METHODS

Reference samples were obtained by rf-induction melt-
ing appropriate amounts of 99.95% pure elements on a wa-
ter-cooled copper boat under Ti-gettered argon. Room-tem-
perature Mossbauer spectra were obtained with a 1-GBg
7 CoRh source on a constant-acceleraticn spectrometer.
They were fitted using a standard nonlinear least-squares
minimization routine with subspectra intensities con-
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strained to match crystallographic probabilities. Fitted spec-
tra with residuals are shown in Fig. 1.

¥ Co, supplied as CoCl, in 0.5 HCI, was neutralized
and evaporated to dryness with ~ 150 mg of **Fe,0s. This
mixture was reduced to the metallic state by annealing at
900 °C under flowing H, for 2 h. *® Fe is essential to prevent
loss of signal from resonant self-absorption by the 2.17 at. %
% Fe present in natural iron. The radioactive iron was then
alloyed, as before, with the other elements. The limited range
of the 14.4-keV y ray requires the use of thin sources and
restricts the total sample mass to ~ 50 mg. Spectra were
obtained with a thin layer of the material in a holder on the
Mossbauer drive, and an 8-um foil of 310 stainless steel as a
single-line absorber.

All of the materials were checked for impurity phases by
x-ray diffraction and thermogravimetric analysis (TGA) in
a small-field gradient. Principal impurities present were a-
Fe and, in the case of Nd,Fe,, B, Nd, , Fe,B,, none of which
significantly affect the data analysis.

The source spectra were fitted by taking the parameters
obtained from the reference materials and allowing only the
off-resonance baseline and the intensities of the individual
subspectra to vary. Requiring the subspectrum parameters
obtained by fitting the reference sample to fit the source ma-
terial with changes only in the intensities further constrains
the fit and provides a consistency check on the parameters
used. Additional contributions from a-Fe and N&, ; Fe B,
were also allowed where appropriate, but again only the in-
tensities of these components were allowed to vary.
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FIG. 1. Reference room-temperature Mossbauer spectra of Nd,Fe, B and
Gd,Fe,, with fits through the data and the residuals plotted below.
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TABLE L. Summary of isomer shift (), guadrupole splitting (A), and hy-
perfine field (B, ) for the four iron sites in hexagonal Gd,Fe,, at room
temperature. Wyckhoff symbols for the four iron sites are indicated for the
rhombohedral structure with those for the hexagonal form in parentheses.
Isomer shifts are given relative to a-Fe at room temperature.

& A Bor

Site Occupation (mm/s) (mm/s) (T

h (k) 6 —0.15 0.30 23.9

— Q.16 23.5

0.48 22.9

b9 6 —0.09 — 043 26.5

0.07 26.7

—0.04 21.2

d(g) 3 — Q.10 0.09 25.6

c () 2 0.06 0.05 30.2
Hi. Gd Fes; RESULTS

X-ray-diffraction measurements confirmed that both
the reference and source materials used in this work had the
hexagonal Ni,, Th, structure (P 6,/mme). TGA showed
that T was 486 K. The Mdssbauer spectrum of the reference
sample (Fig. 1} was fitted with four subspectra in the ratio
6:6:3:2 corresponding to the occupations of the 4, f, d, and ¢
sites, respectively. We included a further magnetic subsplit-
ting of the # and f contributions intc three equal-intensity
components each, to take account of the magnetic easy di-
rection being in the ab plane.” Parameters obtained are given
in Table I. The room-temperature Mdssbauer spectrum ob-
tained from our cobalt-doped sample is shown in Fig. 2.
Lines visible at + 5.3 mm/s are due to a 6% a-Fe contamin-
ation. Annealing this material ai 1050°Cfor 300 h caused the
precipitation of more iron but no change in the site distribu-
tions. Figure 3 summarizes the occupations of the four crys-
tallographically distinct sites by cobalt compared to that ex-
pecied from a random distribution. The most strongly
affected sites are the ¢, which has less than 50% of its expect-
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FIG. 2. Room-temperature Mossbauer spectrum of Gd,Fe,, source with fit
through the data and the residuals plotted below.
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FIG. 3. Summary of fitted site intensities for the as-made and annealed
Gd,Fe); sources with values expected for random occupation.

ed intensity, and the d, which shows a 409 excess. Both the
A and fsites appear to be randomiy occupied. Only the cobalt
avoidance of the ¢ site is in agreement with earlier work on
this system.

A number of neutron-diffraction*>® and conventional
Massbauer-spectroscopy determinations’®™? of cobalt site
preferences in thombohedral RE,Fe,, alloys exist, and all
agree on a definite tendency for cobalt to avoid the ¢ site.
Only two comment on distributions among the other three
sites; both are neutron-diffraction measurements, but they
arrive at diametrically opposed conclusions. The older
work® finds a cobalt preference for the fsite, with occupa-
tions of 4 and d random, while the more recent report® finds
excess cobalt on /s and 4, with f random. 1t is unlikely that
differences between the rare earth used (Y and Nd, respec-
tively) can be responsible for this contradiction, and these
differences serve to emphasize the problems in using indirect
methods to determine site preferences, even at high concen-
trations.
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FIG. 4. Room-temperature Mossbauer spectrum of the reference
Nd,Fe,, B sample and the annealed source. Arrows indicate the position of
the j, peak at -t 8 mm/s, absent from the source spectrum.
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V. Nd,Fey,B RESULTS

X-ray diffraction and TGA confirmed that the refer-
ence sample comnsisted of tetragonal P4,/mnm-phase
Nd,Fe,, B with 2% Nd,,Fe,B,. The room-temperature
Madssbauer spectrum in Fig. 1 was fitted with six subspectra
in the ratio 4:4:2:2:1:1 corresponding to the occupations of
the &k, ks, i, /2, €, auid e sites, respectively. More details of the
fitting are given in Ref. 13. Figure 4 shows a comparison
between the spectrum of the reference sample and that ob-
tained from the >” Co-doped source after annealing at $00°C
for 168 h. Two conclusions may be reached simply from a
visual inspection: (i) the j, contribution is almost entirely
absent from the source, indicating strong avoidance of this
site by cobalt; {ii) the rest of the spectrum is largely un-
changed, suggesting a close to random distribution of cobalt
among the remaining five sites. The results of computer fii-
ting with nine parameters {six intensities, baseline, o-Fe in-
tensity {11%), and Nd, ; Fe,B, intensity (7% ] are shown
in Fig. 5, and confirm the conclusions reached above. There
is some evidence for excess &, occupation in the as-made
sample, which is substantially reduced upon annealing, but
the rest of the sites appear to be occupied at random.

A considerable amount of data on cobalt site prefer-
ences in Nd,Fe,, B has been obtained using Méssbauer spec-
troscopy,'®'® neutron diffraction,'® and, most recently,
NMR.!"” As with RE,Fe,,, some agreement exists, but sub-
stantial conftict remains. Both Mdssbauer results are in com-
plete agreement, finding some excess cobalt in the &, site,
strong avoidance of the j,, and an essentially random distri-
bution among the rest. While neutron-diffraction data also
indicate a strong tendency for cobalt to avoid the /, site, no
evidence for preferential occupation of the k, was found;
instead they report a small excess in the e site, with the other
sites randomly populated. By contrast, the NMR results find
only a preference of cobalt for the &,, and while this is at least
partially consistent with earlier Mossbauer work, they fail to
abserve the avoidance of the f,, which is seen both by Moss-
bauer spectroscopy and neutron diffraction and is the clear-
est resuit of the present work.
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FIG. 5. Summary of fitted site intensities for the as-made and annealed
Nd,Fe,, B sources with values expected for random occupation.
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Apart from the strong avoidance of the j,, we find only a
weak cobalt preference for the &,, greatly reduced upon an-
nealing, in contrast with other Mdssbauer work. This dis-
crepancy could possibly be due to cobalt-cobalt interactions
present at high (>10% ) concentrations, bui this would not
explain the neutron data. There is some evidence for the
slight cobalt excess in the e site seen in neutron-diffraction
measurements,'® but this is a weak effect in a low-intensity
site, and may not be significant.

Y. DISCUSSION

The clearest resuits obtained in this work are strong co-
balt avoidances of the ¢ site (Gd,Fe;) and j, site
{Nd,Fe,,B) and a preference for the d site (Gd,Fe;;).
However, the origin of these preferences remains to be ex-
plained. Figure 6 shows the observed site preferences in the
two alloys plotted against site volume and transition-metal/
rare-carth coordination. A volume argument would appear
to work quite weli for Gd,Fe,,;, with a strong correlation
between preferential occupation and site volume, it fails to
account for the site preferences in Nd,Fe,, B even though
the range of site volumes are similar in both alloys. While it
may be reasonable to use site volumes to explain Mn site
preferences in Nd,(Fe,Mn),, B, where the atomic size dif-
ference is large ( ~10%),"® it is unlikely that the 1% size
difference between Co and Fe plays a dominant role in se-
lecting among sites whose volume varies by more than 10%.
For example, although cobalt appears to strongly aveid the
largest site (j,), it shows no extra tendency to enter the
smallest {k,). The argument fails entirely for
Nd,(Fe,Ni),, B, where Ni has been shown to substitute
preferentially on both thej, and the k,.° An alternative ar-
gument which appeals to a greater affinity between cobalt
and rare earths'* would lead us to expect strong cobalt pref-
erences for sites with high rare-earth coordination (j; and ¢
in Nd,Fe,, B and % in Gd,Fe,, ), whereas nc such trends are
observed (Fig. 6).
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FIG. 6. Plots of site preference {ratio of observed to statistical intensities)
vs site volumes and coordination {number of transition-metal neighbors/
number of rare-earth neighbors) for Nd,Fe,, B and Gd,Fe,,.

4745

Ryan ef al.




It seems far likelier that preferences in these systems are
controlled by symmetry. There are two sites in the Gd,Fe,,
structure that resemble the j, in Nd,Fe,, B, namely the c and
d. All possess axial symmetry, and consist of two iron rings,
one above and the other below the central atom, with a cap-
ping atom at the top and bottom. In the j, and 4 both of the
caps are rare earths; in the ¢, one is iron. The rings are five
membered in the d and six membered in the other two cases.
However, the hole occupied by the central atom in the J site
is prolate, stretched along its axis, whereas the other two are
oblate. The 4 is preferred, and the ¢ and j, avoided. With only
three such sites with simple symmetries to draw on, further
speculation would be premature. Moreover, with only two
alloy systems to draw on, the possibility of chance correla-
tions—for example, between rare-earth coordination and
site volume—prevents general conclusions. The current
work is being extended to the other RE,, Fe, binary alloysin
order o obtain a more systematic data set.

¥i. CONCLUSIONS

We have shown that the Mdssbauer-source technique
offers a direct and unambiguous way to determine cobalt site
preferences in iron-based intermetallic compounds at ex-
tremely low doping levels. Samples of Gd,Fe,; and
Nd,Fe,, B have been investigated and a strong tendency for
cobalt to avoid the ¢ site in the former and the /, in the latter
has been observed. A significant preference for the 4 site in
Gd,Fe,; and much weaker preferences for the &, and ¢ sites
in Nd,Fe, B were also seen. It is remarkable that cobalt
should exhibit such strong tendencies to avoid certain sites
without showing equally strong preferences to occcupy other
sites.
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