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Nd,Fe ;4B has been synthesized from the constituent elements by arc melting and annealing at
1400 K. [The tetragonal-unit-cell dimensions were determined to be a=28.8045(3) A; ¢c=12.2031(5)
A]. "Fe Mossbauer spectra have been recorded in the temperature range 80—640 K. The Curie
temperature was found to be 581(1) K. With the use of the available crystal-structure information,
the spectra have been analyzed in terms of six crystallographically nonequivalent iron sites. For
each of these sites, the magnetic hyperfine field, the isomer shift, the quadrupole splitting, and the
variation of these parameters with temperature were determined.

INTRODUCTION

Croat and co-workers' 3 discovered magnetic harden-
ing in melt-spun Nd-Fe-B ribbons which also exhibited
very high energy products. Therefore, there is at present
some considerable interest®> in the study of Nd-Fe-B in-
termetallic compounds. Sagawa et al.® have reported that
such a compound, Nd,Feg,B¢, can be prepared by powder
metallurgy where both the Nd and Fe atoms exhibit the
desired uniaxial anisotropies in the magnetic material.
Single-crystal-structure determinations by Givord et al.’
and Shoemaker ef al.® and neutron powder diffraction
studies by Herbst et al.’ have shown that the ideal com-
position corresponds to the formula Nd,Fe 4B. Nd,Fe B
crystallizes in space group P4,/mnm (D};). Each unit
cell contains eight neodymium atoms situated on two
fourfold positions on 4f and 4g and 56 iron atoms situat-
ed on two fourfold positions on 4c¢ and 4e, two eightfold
positions on 8j and two sixteenfold positions on 16k, and
four boron atoms on one fourfold position on 4f.

Modssbauer studies!®~13 have been made in the past on a
number of rare-earth iron alloys R,Fe,. In the present
paper the results of a Mossbauer spectroscopy study of
Nd,Fe4B in the temperature range 80—640 K are report-
ed. The spectra have been analyzed on the basis of the
crystal structure.

EXPERIMENTAL DETAILS

Preparation and x-ray diffraction work

Appropriate amounts of the elements neodymium
(99.99% purity, Rare Earths Products Ltd.) and iron (rod,
99.995% purity, Highways) and boron (chips, claimed
purity 99.8%, Koch-Light Laboratories, Ltd.) were melt-
ed twice in an arc furnace in an argon atmosphere: This
product was heat-treated at 1400 K for six hours in a
water-cooled copper crucible in an induction furnace filled
with argon.

X-ray powder diffraction patterns were recorded in a
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focusing Hagg-Guinier—type camera using Cr K, radia-

tion and silicon as internal calibration standard
(@a=5.430739 A). The unit-cell parameters were refined
with the least-squares method to a=8.8045(3) A and
¢=12.2031(5) A. In addition to the lines belonging to
the Nd,Fe 4B phase there were a few lines too weak for
identification.

Mossbauer spectroscopy

The alloy was crushed to a fine powder and mixed with
boron nitride. The mixture was pressed to a disk contain-
ing 34 mg/cm? of natural iron. Mdssbauer spectra were
recorded in an absorber mode using a microcomputer-
controlled constant acceleration drive!®!” with two
S’CoRh sources permitting simultaneous calibration using
a natural iron foil at room temperature as standard. The
temperature of the sample was varied using an Oxford In-
strument Cryostat (80—300 K) and a vacuum furnace
(300—640 K). The recorded spectra were folded and
analyzed using an interacting computer program'® featur-
ing as few approximations as possible when treating the
physical problems involved and capable of solving the
combined interaction Hamiltonian. This program calcu-
lated the transmission integral for the given absorber
thickness (effective absorber thickness #, =5 in the present
case). A direct connection between the Digital Equipment
Corporation VAX-11/750 computer and the Mossbauer
data collection system was used to transfer the data before
running this program.

The constraints associated with the computer fit of the
spectra were as follows: (a) Six subspectra were assumed
in intensity ratios 4:4:2:2:1:1. To a subspectrum within a
set of two subspectra of equal intensity, the assignment to
a particular nonequivalent iron position (site) within a
unit cell was made on the basis of the number of near
neighbors (NN) ferromagnetically coupled at that site.
Therefore, the site where nyy (Fe) + nyy (Nd) was
greater was assumed to have a higher internal hyperfine
field, Bys. (b) As the intensity ratio was constrained to
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FIG. 1. Mossbauer spectra at T =280, 295, 520, and 583 K in
Nd,Fe;4B. The results of computer fitting with (i) relative in-
tensities constrained in ratios of site occupancies within the unit
cell, and (ii) line shape and linewidth constrained to one given by
complete transmission integral for #,=5. Spectra at intermedi-
ate T values not shown. The background counts are around one
million.
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FIG. 2. Hyperfine internal magnetic field By at six different
nonequivalent magnetic sites as a function of T. T dependence
for different sites is shown by a solid line for ki, jj, and c sites
and a dashed line for k,, j,, and e sites. The experimental com-
puted values for different sites are shown as O—k sites, X—j
sites, and A—e and c sites.
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FIG. 3. Isomer shift & with respect to Fe metal foil of
t,=7.5 used simultaneously for calibration during recording of
the spectra. T dependence for different sites shown by a solid
line for ki, j;, and c sites and a dashed line for k,, j,, and e
sites. The computed values from experimental data for different
sites are shown as O —*k sites, x—;j sites and A—e and c sites.

4:2:1 in each set at all temperatures 7, the T dependence
of the recoilless fractions of Fe atoms at the different sites
was thus assumed to be the same. (c) Linewidths of the
six subspectra were also taken to be the same. (d) Line
shape was assumed to be as expected from the transmis-
sion integral for the given absorber thickness. (e)
Electric-field gradients g were taken as axially symmetric
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FIG. 4. Quadrupole splitting Dg= | +e%gQ(3cos?0—1)| as-
suming the axial field symmetry of electric-field gradient
present along with the internal magnetic field. T dependence
for different sites is shown by a solid line for k;, j;, and c sites
and by a dashed line for k,, j,, and e sites. The compound
values from experimental data are shown as O—k sites, x—j
sites, and A—e and c sites.
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at all Fe sites, as the crystal structure is uniaxially aniso-
tropic. This meant that the quadrupole splitting
Dg=+e2qQ(3cos’@— 1) where Q is the nuclear quadru-
pole moment and 6 is the angle between the direction of
magnetization and the axially symmetric electric-field
gradient which is along the axis of local symmetry. (f)
The spin texture parameter,'® the measure of deviation
from the usual intensity ratios 3:2:1:1:2:3 of the Zeeman
lines in each subspectra, was also assumed to be the same
at all six sites.

Figure 1 shows the select Mossbauer spectra between 80
and 640 K. Figures 2, 3, and 4 show the T dependences
of estimated parameters By, 8, and Dgq for each of the six
sites.

RESULTS AND DISCUSSION

The crystal structure of Nd,Fe 4B can be described as a
stacking of three different types of layers. Two of these
layers consist of iron atoms which form nets of distorted
hexagons and triangles. These layers are interconnected in
pairs by iron atoms, similar to the o phase. The third
layer contains neodymium, boron, and iron atoms in a tri-
angular net. This layer and the connection to the o-
phase-type sequence is closely related to the CaCus-type
structure.

The unit-cell dimensions of the Nd,Fe 4B sample are in
very good agreement with the values given by Shoemaker
et al.® [a=8.804(5) A; c¢=12.205(5) Al], while some-
what different values are reported by Givord et al. 7
(a=8.792 A; ¢=12.190 A) and Spada et al.®
(a=8.792 A; c=12.174 A) While Givord et al.” re-
ported the composition of a tetragonal phase as Nd,Fe4B,
Spada et al.?® reported the composition as Nd;Fey;B,
even though their ¢ and c¢ values were surprisingly match-
ing. The difference between our results and those of
Givord et al.” could be due to a range of homogeneity,
but so far no investigation on this subject has been report-
ed.

Average internal hyperfine field B¢

Assuming the statistical distribution of Fe atoms at the
nearest -neighbor positions in a R, Fe, alloy, one can esti-
mate'* the average magnetic moments . For the Nd,Fe,,
alloy, the u is estimated as 2.1up. Assuming a ratio of
145 kOe/ug between By and u,?' By is estimated as 304
kOe. By at 295 K from Fig. 2 is 302 kOe. Therefore,
there is close agreement at higher T only. At lower T By
is higher than this value and in fact B;¢(80 K)=337 kOe
(Fig. 2) and Bpe(T—0 K)=347 kOe. A recent Mdssbauer
study?> in melt-spun Nd-Fe-B ribbon containing
Nd,Fe,,B also shows Bp¢(300 K)=300 kOe, which is in
close agreement to the present result at room temperature.

Gubbens et al.'! had observed nearly a linear relation-
ship between the B¢(4 K) in R,Fe, alloys of different
crystal structures and the relative number of near iron
neighbors nyn(Fe)/[nyn(Fe) + nyn(R)].  Using  their
graph!! for By, at 4.2 K, in the Nd,Fe,, alloy, By is es-
timated as 331 kOe. Therefore, it appears that the present
results show higher By than those from the above
theoretical predictions. These predictions are based upon

the fact that usually the 4f interactions do not induce the
additional 3d moments significantly thereby resulting in
the observation of linear relationships!! with the iron
coordination.

A polarized neutron study recently communicated to us
by Givord and Li®} shows that p=2.57up for iron mo-
ments considering a 3d contribution alone and fT=2.37up
considering 3d and 4s contributions together in Nd,Fe;,B
at 4.2 K. The estimated By for the Mossbauer measure-
ments is thus 344 kOe using a 145 kOe/up value.?! Our
low-T values therefore are in very close agreement with
the polarized neutron data.?> There is also a very close
agreement with a recent spontaneous magnetization
study.?* It appears that in Nd,Fe4B, the 4f interactions
induce to a significant extent the additional 3d moments,
which causes a greater core polarization and therefore a
higher By than usual in R, Fe, alloys.’0~!°

Bys at six magnetically nonequivalent sites

One of the advantages of >’Fe Mdssbauer spectroscopy
is that like polarized neutron studies, it allows one to dis-
tinguish between By values of Fe atoms belonging to the
different crystallographic sites. For the Fe atom situated
on two different 16k positions, at the k; site nyyn(Fe)=9,

nyny  (B)=1, nyn(Nd)=2; and at_the k, site
nyn(Fe)=10, nnw(Nd)=2, The dg.re(k;) and
dpere(k,)=2.584 and 2.535 A, respectively. As the num-

ber of Nd neighbors is the same, the effects of induced 3d
moments due to 4f interactions are the same, so the
difference in By¢ at T—0 can be ascribed to the change in
nan(Fe). Bye(k,) is expected to be greater than Bye(k,)
due to a higher Fe coordination as well as a lower de.pe.
The difference of 23 kOe (Fig. 2) is equal to the value ex-
pected from the linear relationship.!! Therefore, both the
differences in By as well as the fact that
By¢(ky)> Byg(ky) can be explained physically from the
core polarization effects alone.

For the two 8j positions, at the j; site, nyn(Fe)=9,
nnn(Nd)=3; and the j, site, nyn(Fe)=12, nyn(INd)=2
Neglecting the 3d-4f interactions, the linear relationship
predicts Bye(j,)> Bpe(j) and the difference in By as 34
kOe. The 3d-4f interactions are due to the higher value
of nyn(Nd) at the j; site, which is expected to decrease.
However, the experimentally observed difference is 44
kOe (Fig. 2). The deviation could be explained as due to
(1) the decrease of magnetic interactions at very short
dpere When d <2.4 A (dp.p. varies over a wide range,
2.396 and 2.784 A at the j; site, with two of the Fe atoms
at 2.396 A), and (2) the different contributions to the
transferred hyperfine fields because of conduction-
electron polarization by the surrounding moments when
there is a wide difference in dpep. (=2.549 and 2.698 A
at the j; and j, sites, respectively). The polarized neutron
study?® shows the first effect as definitely present at the j,
site.

For the 4e and 4c positions at the e site, nNN(Fe)=9,
nNN(Nd)-—Z nNN(B) 2, and dFe Fe—2 589 A and at the
¢ site, nyn(Fe)=8, nyn(Nd)=4, and dgepe =2.532 A.
While the linear relationship between By and nynn(Fe)
predicts Byg(e) > Bye(c), the considerations of a higher
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number of ferromagnetically coupled neighbors nyy(Fe)
+ nyy(Nd), the expected u enhancement by 3d-4f in-
teractions, the presence of two boron atoms near the e
site, and the interatomic distances with the neighbors sug-
gest that By¢(c) should be greater than By¢(e). The polar-
ized neutron study?? has now demonstrated that (i) the 3d
moment at the c site, u(c), is in fact higher than the u at
the e site, (i) u(c) as well as u(j,) are in fact highest com-
pared to p at other sites in Nd,Fe 4B, and (iii) in isostruc-
tural Y,Fe 4B, the u(c) is indeed the lowest. In Fe atoms,
especially those surrounded by 4Nd neighbors, an addi-
tional contribution to the 3d moment is in fact found?* to
be significant, due to the polarization of the 3d band by
4f interactions in Nd,Fe;4B. In Y,Fe 4B, the additional
contribution from 3d-4f coupling is absent.?> The assign-
ment in Fig. 2 appears correct and By¢(c) > Byg(e).

We conclude from the above discussion that the corre-
lation of By¢ to nyn(Fe) expected from the linear relation-
ship!! is limited to the subspectra from the k; and k,
sites. The effect of ferromagnetic coupling between Fe
and Nd and the finite contribution of 4f interactions to
3d core polarization cannot be neglected. The effect of
reduced magnetic interactions at a very short Fe-Fe dis-
tance is also noticeable in By¢(j ).

From the polarized neutron study?’ the 3d moments are
in the order u(j,)>uplc)>ulky)=plk)>p(j)>ule).
Szpunar® is reported to have performed theoretical spin-
polarized energy-band calculations which also suggests
this order. In Fig. 2, the observation that at T=300 K
the By(j,) and Bye(k;) are the highest, By¢(j;) is least,
and Bye(k,) and By(k;) lie in between is in agreement
with these results.”*> However, the following discrepancy
can be noticed: (i) Bys(T—0) at the e site is quite high,
(i) Bpg(c) > Bpe(j,) instead of Bys(j,) > Byelc), and (iii)
By ¢(ky)£Bye(ky) [we find that Byg(c) > Bye(e) > Bpe> ()
> Bye(ky) > Bye(k1) > Bye(j1)]. One possibility is that in
B¢ the contribution of the Fermi contact term due to
delocalized 4s polarization is to be taken care of as well as
the 3d core polarization effects. This contribution is nei-
ther observed in the polarized neutron study?® nor is ac-
counted for in theoretical calculations.?® It is also likely
that the computer fit is not unambiguous for the e and ¢
sites because of the lowest population in the unit cell with
respect to other sites. The direction of internal field at the
nucleus has also been assumed to be the same at all the
sites in our analysis.

Curie temperature and temperature dependence of Bys

From Fig. 2, the Curie temperature, T is 581+1 K.
The T reported by Herbst et al.® for Nd,Fe 4B is 627 K,
by Givord and Li% is 595 K, and by Sagawa et al.% is 585
K (Nd,Fe;; ;B). The measurement of T by M0ssbauer
spectroscopic measurement is truly the zero field T¢ of
the sample. This fact can explain the variance between
the different results. The observed T is reduced to near-
ly half compared to T¢ for a iron and this reduction is
usually observed in R,Fe;; alloys®® and is assigned to a
significant decrease in 3d-3d exchange interactions be-
tween Fe-Fe neighbors. It is sometimes associated?® with
the occurrence of negative exchange interactions for short

Fe-Fe distances (dge.p. <2.4 A) following the Bethe-Slater
and Néel arguments.”” However, the validity of the
Bethe-Slater curve is also doubtful.?® But whether the
negative exchange interactions between Fe-Fe neighbors
occur or the significant reduction in + ve exchange in-
teraction occur, on both these accounts, one expects a
greater T dependence of 3d magnetic moment and hence
of By for the site where shorter Fe-Fe distances occur

. and dpe.pe is smaller than for the sites where dg..p. is

larger (provided dp.f. is not too large to significantly de-
crease exchange interaction). Using the dg.p. values
from the crystal-structure analysis at 300 K, one expects
that o is defined as Bye(T)/Byps (T—0 K) in the order
olc)<olk,) <o(j)<o(k|)<o(e)<o(j,) on the as-
sumption that the 3d-3d exchange interaction alone is
contributing to Bys. The o(T) at T =0.5T¢ and 0.75T¢
in Fig. 2 shows o(k;) <o(k ) <ole) <o(j,) <olc) <a(j,).
This result is not unexpected. The presence of a 3d-4f in-
teraction causes the 3d shell deformation and increased
core polarization at the ¢ and j, sites as nyn(Nd)=4 and
3, respectively, while nyn(Nd)=2 at all other sites. This
explains the higher values of o(c) and o(j;) at a given
T/Tc. The polarized neutron study of the T depen-
dences of 3d moments is not available for Nd,Fe4B at
present to enable us to compare the present results with
other measurements.

Isomer shifts at six sites

The 6 at a given site increases with the decrease in 4s
electron density. The 4s electron density decreases with
(i) the increase in the near-neighbor distances, of (ii) the
increase in 3d core polarization causing a more effective
shielding of the 4s electrons, and therefore, reducing the
electron charge density. At 295 K,

drerelja) > dperele)>drere(k1) > dperelit)
> aFe-Fe(kZ) > aFe-Fe(C) .

The & values in Fig. 3 exhibit the relation
8(j,)>8(e)>8(ky)>08(j;)>8(k;) and 8(e)=~8(c). The
value of 8(c), higher than expected from the dg..p. value,
can be explained due to very high 3d core polarization at
the c site.” ‘

The T dependences at low T are usually related to ef-
fective Debye temperatures for each of the sites and the
thermal expansion along the a and ¢ axes. At high T, the
8 depends on a second-order Doppler (SOD) shift which
gives a linear decrease with T in the harmonic vibrational
approximation. More detailed investigation is called for
in order to explain the values of § at different T in Fig. 3.

Quadrupole splittings at six sites

The average [Dgq],, shows a sharp change at low T
(Fig. 4) and a sharp change at T near T¢ and this effect
cannot be explained from the usual relation for g in alloys
where g(T)=A(1—BT3/?). For the axially symmetric
case Dg=|+e’qQ(3cos’0—1|. Lately, a spontaneous
magnetization study®* has shown that below 135 K there
is a change of the angle between the easy magnetization
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direction and the ¢ axis, and at 100 K this angle is 20°.
[Dql,, (300 K)=0.26 mm/sec, and [Dg],, (100 K)=0.21
mm/sec (Fig. 4). This corresponds to the angular change
of 21°. Hence, the sharp change in Dq at low T can be ex-
plained by the angular change 8. The sharp change near
Tc as T— T can be explained by the anomalously large
thermal expansion at low T, larger than at T—T¢ in
R,Fe 4B.% Below T, the magnetically induced contribu-
tions®® can also be present. '

The largest change is noticed in Dq(j;) at low T. This
could be due to the fact that the j; site has the two shor-
test Fe-Fe and has the largest deviations in dg. g, from
dre.re, and the contribution to ¢ is inversely related to the
d Fe.re in the point-charge model.

The least T dependence of Dg at the j, site can be ex-
plained by the highest number of nyy(Fe) which are also
arranged in o-type coordination and the highest value of
drere- The smallest value of Dgq(j,) is in accordance
with symmetry at the j, site.

Spin-texture effects and anisotropy

Within +2%, the spin-texture parameter'’ is unity at
all six sites at all T values. The presence of a single hy-
perfine pattern for each nonequivalent site and the ab-
sence of the spin texture in the powdered specimen is ex-
pected from the absence of the basal-plane magnetic an-
isotropy usually noticed in R,Fe;; alloys'®?® and the
structural evidence’ —° of uniaxial magnetic anisotropy in
NszCl4B.
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Central doublet

Most of the spectra (Fig. 1) fitted well with the assump-
tion of six sites. However, a central doublet of fractional
area between 3 to 5.5%, Dg=0.55 mm/sec, (80
K)=0.187 mm/sec, and 8(7T) varying as normal, effects
expected from SOD could not be ruled out. This ex-
plained the unfitted central dip clearly noticeable in the
low-T spectra (Fig. 1). The x-ray lines in addition to
those belonging to the Nd,Fe ;4B phase were so weak and
diffused that they could not be said to belong to a new in-
termediate phase. Similar conclusions have been made by
Shoemaker et al.® in Nd,Fe;;B of cell dimensions very
close to the samples of the present study. Their® single-
crystal refinements did not show any deviation from ideal
stoichiometry. However, no one has done any reliable in-
vestigation into the range of homogeneity. The paramag-
netic doublet could therefore arise when at a given site
nnn(Fe) <6 due to statistical effects as in disordered
R,Fe, alloys.'*
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