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It is possible that melt-spun Nd-Fe-B alloys with a few percent of neodymium can be used as a raw
material for inexpensive and bonded permanent magnets. After an appropriate heat treatment, melt-
spun Nd Fe;; sB;; s alloy has a coercive field of 3 kOe, a remanent magnetization of 12.5 kG, and an en-
ergy product of 13 MG Oe. However, at present, there is some debate on the origin of its hard magnetic
properties. In the present work, the phase composition, magnetism, and hyperfine fields of melt-spun
Nd-Fe-B alloys are studied. The effect of rare-earth element substitution for Nd, such as Pr, Gd, and
Dy, on "B and ’Fe magnetic hyperfine fields is also investigated. On the basis of the experimental re-
sults, the origin of the hard magnetic properties is discussed. The results indicate that (1) the melt-spun
Nd-Fe-B alloys with a low Nd concentration annealed under an optimal heat treatment consist of body-
centered-tetragonal Fe;B (bct-Fe;B) and a few percent of a-Fe and no Nd,Fe;,B magnetically hard
phase; (2) about 5 at. % Fe atoms in Feyy(8g) site of bct-Fe;B are replaced by Nd atoms in the samples
annealed under optimal condition. NMR radio frequency (rf) enhancement effect results demonstrate
that bet-Fe;B containing Nd atoms has better permanent magnetic properties; (3) the substitution of
some rare-earth elements, such as Pr, Gd, and Dy, does not influence the hyperfine field for *’Fe in a-Fe;
however, the hyperfine field for !!B in bct-Fe;B increases with the addition of Gd or Dy. Thus, it can be
concluded that the hard magnetic properties of melt-spun Nd-Fe-B with a few percent of neodymium re-
sult from bct-Fe;B containing Nd atoms, and not from the presence of the Nd,Fe,B magnetically hard
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phase.

I. INTRODUCTION

The crystallization and macroscopic magnetic proper-
ties of melt-spun Nd-Fe-B alloys with a small Nd content
have been investigated for several years.!”® However,
the detailed crystallization products and the relationships
between microscopic structure and the magnetic proper-
ties have not been fully understood. It was found that
Nd,Fe,, sB,5 s melt-spun ribbons showed a coercivity of 3
kOe, a magnetic remanence of 12.5 kG, and an energy
product of 13 MG Oe at room temperature after an ap-
propriate heat treatment. It can be used as inexpensive
raw material for bonded magnets owing to the lower
rare-earth Nd concentration. However, there are two
different points of view on the origin of the hard magnet-
ic properties. Previous work assumed that the Nd,Fe ,B
magnetically hard phase was still present in the samples
with low Nd content and the large coercivity was related
to the presence of the Nd,Fe ,B phase on the basis of
magnetic phase analysis. However, recent nuclear mag-
netic resonance (NMR) and Méssbauer effect (ME) exper-
iments have demonstrated that the magnetically hard
Nd,Fe,,B phase does not exist in these samples.””® Fur-
thermore, NMR and ME results indicate that the hard
magnetic properties originate from the existence of
body-centered-tetragonal Fe;B (bct-Fe;B) containing Nd
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atoms. Since there are certain characteristics of the bct-
Fe;B microscopic structure and that of Nd,Fe,B, mix-
tures of Fe;B and Nd,Fe,B are good systems to explore
the effect of the various phase components on the mag-
netic properties. A series of studies which combined mi-
croscopic techniques, such as NMR and ME, and magne-
tization measurements and x-ray diffraction (XRD) have
been directed toward the understanding of this mecha-
nism.

II. EXPERIMENTAL DETAILS

Raw materials of iron (99.9% in purity), rare-earth
metal R (R =Pr, Nd, Gd, and Dy, 99.9%), and Fe-B al-
loy (98.6%) were arc melted into homogeneous buttons
with the nominal composition. Amorphous ribbons were
prepared by melt spinning in a high-purity argon atmo-
sphere with a speed of 47 m/s. The thickness and width
of the ribbons were about 20 um and 1 mm, respectively.
XRD patterns confirmed the amorphous state of the rib-
bons. The as-quenched ribbons were annealed in steel
capsules evacuated to 2X 1075 Torr using different heat
treatment conditions. Hysteresis loop measurements on
the crystallized samples were carried out at room temper-
ature using a vibrating sample magnetometer with a max-
imum magnetic field of 15 kOe. XRD experiments were
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performed with Co K a radiation.

Zero-field spin-echo NMR spectra of !'B and *’Fe were
obtained at a temperature of 8 K for frequencies ranging
from 20 to 60 MHz. A closed-cycle refrigerator was em-
ployed to provide this low temperature without the con-
sumption of liquid helium. The temperature was mea-
sured at the surface of the samples. The powder samples
were mixed with a thermal-conducted adhesive and then
glued to the end of the refrigerator. The pulse sequence
1.5-60-1.5 us at a given amplitude was applied to obtain
the maximum spin-echo signal. The spin-lattice relaxa-
tion time T, and spin-spin relaxation time T, for the
various peaks were determined by measuring the spin-
echo intensity versus the pulse repetition time and the
separation time between two pulses, respectively. The
spin-echo amplitude was calibrated by a rf pulse standard
with the same frequency as that of spin-echo signal; both
were recorded and accumulated many times using a com-
puter. The Mo0ssbauer spectra were recorded at room
temperature using a constant-acceleration spectrometer
with a *’Co(Pd) source. The isomer shifts (IS’s) given in
this paper were relative to a-Fe at room temperature.

III. EXPERIMENTAL RESULTS

A. Effect of Nd content and heat treatment
on the hard magnetic properties

Since Fe;B is a magnetically soft phase and Nd,Fe ,B
is a magnetically hard phase, we prepare a series of alloys
with the composition of (Fe;B),_,(Nd,Fe,B),, corre-
sponding to x =0.17, 0.26, 0.34, 0.42, 0.65, 0.78, and 1.0,
to investigate the effect of Nd content on the hard mag-
netic properties. The as-quenched ribbons are magneti-
cally soft with a coercivity of less than 10 Oe. When the
samples are annealed above crystallization temperature
for 2 min, the coercivity increases rapidly with increasing
annealing temperature. T,, reaching a maximum, then
decreases monotonically. The temperature dependence
of the intrinsic coercivity ; H, shows that the temperature
about 650-700°C is the optimal annealing temperature,
as shown in Fig. 1. It is noteworthy that for tempera-
tures above 650 °C, the annealing has a different effect on
the coercivity for different compositions. The annealing
temperature dependence of ;H_ has a little variation for
compositions near Nd,Fe ;4B and goes through a sharp
maximum to lower values for compositions near Fe;B.
This result implies that the crystallization products at
different temperatures vary for low Nd and high Nd con-
centration melt-spun Nd-Fe-B alloys. The detailed effect
of heat treatments on the magnetic properties and phase
composition will be discussed in the next section.

The concentration dependence of the intrinsic coercivi-
ty ;H, and energy product (BH),,, obtained at optimal
annealing temperature is shown in Figs. 2(a) and 2(b), re-
spectively. It is apparent that for x > 0.5, both the coer-
civity and energy products increase monotonically with
increasing x; for x <0.5, the coercivity exhibits high
values of 2.5-3.0 kOe in alloys with 0.26 <x <0.42.
Large (BH),,, values are obtained within a narrow con-
centration range near x =0.34.
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FIG. 1. Intrinsic coercivities ; H. of (Fe;B),_,(Nd,Fe ,B), al-
loys as a function of annealing temperature T, for 2 min.

B. The development of phase composition

1. X-ray diffraction results

All as-quenched ribbons are in the amorphous state.
When they are annealed at 650—700°C for 2 min, XRD
patterns demonstrate that the samples with higher Nd
concentration consist of Nd,Fe;,B and Nd, ;Fe,B,, with
a small amount of a-Fe also present; the samples with
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FIG. 2. The concentration dependence of (a) optimal intrin-
sic coercivity ;H, and (b) energy product (BH) ..
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lower Nd concentration are found to contain a mixture of
bet-Fe;B and a few percent of a-Fe and without the ex-
istence of Nd,Fe,,B (Fig. 3).

Since the samples with low Nd content consist of the
Fe;B metastable phase, the sample of Nd,Fe;; sB was
selected to study the effect of heat treatment on the phase
composition. This alloy corresponds to the composition
with x =0.34 investigated previously. The as-quenched
ribbons of Nd,Fe,; sB,; s were annealed between 600 and
950 °C resulting in different crystalline phases. XRD pat-
terns (Fig. 4) show that the samples annealed at tempera-
tures in the range 600-800°C for 2—-300 min consist of
only the bct-Fe;B metastable phase and a few percent of
a-Fe. At 670°C, the annealing times between 2 and 300
min do not influence the phase composition, but only in-
crease the crystallites’ sizes. For the sample annealed at
839°C for 60 min, a paramagnetic Nd, ,Fe,B, phase ap-
pears along with bct-Fe;B and a-Fe. When the annealing
temperature is higher than 850°C for 60 min, the meta-
stable phase Fe;B decomposes into Fe,B and a-Fe. The
sample annealed at 960°C for 60 min constitutes
Nd,Fe B, Nd, Fe,B,, Fe,B, and a-Fe.

2. NMR and ME results

Both the NMR and ME results are consistent with
XRD. For the samples with x 2 0.65, the NMR spectra
show a very intense peak and two weak peaks centered at
42.4, 48.5, and 46.7 MHz, respectively [Fig. 5(a)]. The
resonance peak centered at 46.7 MHz is attributed to
S’Fe in bec a-Fe. The peaks located at 42.4 and 48.5
MHz are attributed to !'B and *’Fe nuclei in the 16 k,
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FIG. 3. XRD patterns of (Fe;B),_,(Nd,Fe;B), alloys an-
nealed at 670°C for 2 min. (a) x =0.78 and (b) x =0.34.
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FIG. 4. XRD patterns of Nd Fe;; sB3 s alloy annealed at
different temperatures. (a) 670°C for 2 min, (b) 670°C for 300
min, (c) 800°C for 2 min, (d) 839 °C for 60 min, and (e) 950 °C for
60 min.
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FIG. 5. NMR spectra of (Fe;B),_,(Nd,Fe4B), alloys an-
nealed at 670°C for 2 min. (a) x =0.78 and (b) x =0.42.
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site of Nd,Fe;,;B. As we have discussed in previous
work,””° the resonance peaks originating from *’Fe in
the 4e, 4c, 16k, and 8j, sites occur between 41 and 47
MHz and are covered by the strong '!B resonance peak
located at 42.4 MHz. The signals at 52.0 and 53.0 MHz
which arose from *’Fe in 8j, sites are two weak to be
detected by NMR at 8 K. Therefore, the peaks at 42.4
and 48.5 MHz are characteristic of the Nd,Fe,,B mag-
netically hard phase. The Mossbauer spectra of the sam-
ples with x = 0.65 are fit with seven sextets and one dou-
blet. The doublet, with a quadrupole splitting (QS) of
0.559 mm/s, corresponds to the Nd, ,Fe,B, paramagnet-
ic phase on the basis of its hyperfine parameter and XRD
data. One sextet with a hyperfine field (HF) of 331 kOe is
obviously associated with a-Fe. The six sextets with
hyperfine fields (HF’s) of 350, 320, 282, 279, 252, and 248
kOe are attributed to >’Fe in the 8j,, 16k, 8j,, 16k,, 4c,
and 4e sites, respectively. The hyperfine fields are in
agreement with those of previous work,'°”!? and the rela-
tive intensities are proportional to the on-site occupancies
of the Fe atoms. For example, Fig. 6(a) shows the
Mossbauer spectrum of the sample with x =1. In the
case of a magnetically ordered solid, the direction of the
atomic magnetic moment is fixed due to the exchange in-
teraction, and so is the HF direction. Hyperfine fields at
nuclei of ferromagnetic materials are as large as 10° Oe
for 3d elements and 107 Oe for 4f elements. The
hyperfine interaction becomes the dominant factor pro-
ducing the splitting of nuclear energy levels. Thus, NMR
can detect the ferromagnetic materials without any exter-
nal magnetic field and the NMR spectra of magnetically
ordered materials reflect the HF distributions. However,
in the case of the paramagnetic state of a solid, the direc-
tion of the hyperfine field varies randomly due to thermal
motion of the d electrons with frequencies much higher
than typical NMR frequencies. Therefore, the hyperfine
interaction has a much reduced effect and the NMR fre-
quency of paramagnetic substance is mainly determined
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FIG. 6. Mossbauer spectra of (Fe;B),_,(Nd,Fe;4B), alloys
annealed at 670°C for 2 min. (a) x =1.0 and (b) x =0.42.
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by the externally applied magnetic fields. Since our
NMR data are measured without any externally applied
magnetic field, the paramagnetic Nd, ,Fe,B, phase is not
observed by spin-echo NMR. The Mossbauer effect,
however, can detect the existence of a paramagnetic
phase on the basis of quadrupole splitting. Thus, a com-
bined NMR and Modssbauer study can yield a more com-
plete picture.

NMR spectra [Fig. 5(b)] obtained from samples with
x =0.42 and annealed at 670°C for 2 min show a strong
peak and a weak peak centered at 34.7 and 46.7 MHz, re-
spectively.!> There is no trace of the characteristic
Nd,Fe,,B peaks at 42.4 and 48.5 MHz. Although boron
is not the major component in the Nd,Fe ,B phase, the
natural abundance of !!B is large (80.8%) and the relative
NMR sensitive to the !B nucleus is very favorable. We
note that the !'B signal from the Nd,Fe,,B phase does
not overlap that from bct-Fe;B owing to the very large
difference of HF values at B sites for these two phases.
Thus, these phases can be clearly detected by NMR.

ME spectra from the samples with a low Nd concen-
tration are consistent with NMR and XRD [Fig. 6(b)]. It
is true that the complex Mdssbauer spectra are difficult to
decompose and can be fit in more than one way. We try
to fit these spectra by various methods, but it is impossi-
ble to add the sextets corresponding to Nd,Fe,B into
these spectra. The best method is to fit these spectra us-
ing four sextets. The sextet with HF value of 331 kOe
corresponds to a-Fe. The others with HF values of 288,
266, and 224 kOe are assigned to the *"Fe nuclei in the
three nonequivalent sites of bct-Fe;B on the basis of HF
values reported in an earlier work.!* The fitting results
are in agreement with that of Nd;Feg;B¢. °

It is well known that structural information can be ob-
tained from either x-ray diffraction or hyperfine field
techniques. However, since XRD is only sensitive to a
well-developed phase, information concerning the B and
Fe site occupancy as well as the microstructure of these
alloys is not really available. Although previous work as-
sumed that the Nd,Fe 4B phase is still present in the sam-
ples with low Nd content, the atomic ordering in the
Nd,Fe,,B lattice might be far from perfect and its grain
too small to be resolved by XRD. Consequently, there is
a lack of direct evidence. Both NMR and Mdssbauer
measurements can provide the local information about
the near-neighbor environment of detected nuclei. When
there exists a certain short-range order in the near-
neighbor environment of the B atoms, about 10—-100 A, it
can be detected by NMR. In this way, it can identify the
phases whose dimensions are too small for XRD tech-
niques. Both NMR and ME show that there is no evi-
dence for the presence of the Nd,Fe,,B magnetically hard
phase.

The phases observed by XRD, NMR, and ME are list-
ed in Table I. These results are similar to those for
(Fe,_,Nd, )g; sByg 5 alloys.>'® However, the metastable
phase Nd,Fe,;B; is not found in the series reported here.
Figure 7 illustrates the ternary Nd-Fe-B phase diagram

corresponding to varying mixtures of Fe;B and
Nd,Fe,B.
The Mdgssbauer spectrum from  as-quenched
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TABLE 1. The phase composition of (Fe;B),_, (Nd,Fe,,B),
alloys annealed 670 °C for 2 min.

As-quenched

Crystallization products

x =0.17
x =0.26
x =0.34
x =0.42
x =0.65
x=0.78
x=1.0

Amorphous
Amorphous
Amorphous
Amorphous
Amorphous
Amorphous
Amorphous

Fe;B+a-Fe

Fe;B+a-Fe

Fe;B+a-Fe

Fe;B+a-Fe

Nd,Fe,;B+Nd, Fe,B;+a-Fe
Nd,Fe;B+Nd, Fe;,B,+a-Fe
Nszel4B+a-Fe

N ——

FIG. 7. Ternary phase diagram for Nd-Fe-B system showing

the compositions investigated.
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Nd,Fe;; sB 3 5 ribbon is a typical amorphous broad sextet
with a peak hyperfine field of 225 kOe and an average
hyperfine field of 218 kOe [Fig. 8(a)]. The broad sextet
and corresponding hyperfine field distribution P (H) with
only a single peak and without structure details cannot
provide the information concerning the types of short-
range order [Fig. 8(b)]. The NMR spectrum, however,
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FIG. 10. NMR spectra of Nd,Fe;; sB;s s alloy annealed at
different temperatures. (a) 670°C for 2 min, (b) 839°C for 60
min, and (c¢) 960 °C for 60 min.
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FIG. 11. Mdssbauer spectra of Nd,Fe,; sB;3 5 alloy annealed
at different temperatures. (a) 670°C for 2 min, (b) 839 °C for 60
min, and (c) 960 °C for 60 min.

directly indicates that there are two resonance peaks cen-
tered at 34.7 and 36.3 MHz, respectively (Fig. 9). Ac-
cording to previous NMR studies on Fe-B-C amorphous
alloys, these two peaks are attributed to !'B in bct-Fe,B
and orthorhombic Fe;B-like short-range orders, respec-
tively.!” This result gives clear evidence that the types of
short-range order in amorphous alloys can be obtained by
NMR more directly than by the Mdssbauer effect and x-
ray diffraction.

Figures 10 and 11 illustrate NMR and ME spectra
from Nd Fe;; sB; 5 alloys annealed after the various heat
treatments. The fit of the Mdssbauer spectra and the as-
signments of NMR peaks have been discussed in previous
work.”® In many cases, both measurements give the
same results as those of XRD experiments. The
Nd, Fe, B, paramagnetic phase is not detected by NMR.
The crystallization products of the Nd,Fe,; sB;5 s alloy
after the various heat treatments are listed in Table II.
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IV. DISCUSSION

A. Effect of phase composition on the hard magnetic properties

Room-temperature hysteresis loops of the as-quenched
samples have been measured. It was found that the
amorphous ribbon is magnetically soft due to the lack of
long-range-order magnetocrystalline anisotropy. When
the samples are annealed above the crystallization tem-
perature, their coercive fields increase rapidly, first with
increasing annealing temperature T,, reaching a broad
maximum value, then decrease monotonically, as shown
in Fig. 1. The larger coercive fields for high Nd concen-
tration alloys is obviously due to the presence of the
Nd,Fe 4B magnetically hard phase with very fine crystal-
lite sizes and some minor phases which precipitate at
grain boundaries and have a domain wall pinning effect.
The low Nd content samples are found to contain no
Nd,Fe 4B, whereas the sample of Nd,Fe;; sB;5 5 exhibits
a higher coercivity of 3 kOe. This implies that the large
coercivity for low Nd content samples is not related to
the presence of the Nd,Fe ,B phase. When the samples
annealed above 850°C, a certain amount of Nd,Fe ,B
magnetically hard phase appears, whereas its coercive
field decreases. This result gives additional evidence to
support this conclusion. At higher temperatures, the
drop in H, is not only due to the increase in the sizes of
crystallite, but also due to the decomposition of metasta-
ble Fe;B into Fe,B and a-Fe magnetically soft phases.
For the high Nd concentration samples, which contain
stable phases Nd,Fe ,B, Nd, ;Fe,B,, and a-Fe, the de-
crease of ;H, is only due to the increase in the sizes of
crystallite. Thus, at higher temperatures, the coercivity
for the former decreases more rapidly than that of the
latter.

B. The origin of hard magnetic properties

Three questions arise: (1) Where are the Nd atoms lo-
cated? (2) What is the origin of the hard magnetic prop-
erties? (3) Why are three magnetic transition tempera-
tures observed by the magnetic phase analysis in the sam-
ple annealed at 670°C for 2 min? In order to answer
these questions, we compare the difference in the HF dis-
tribution, spin-lattice and spin-spin relaxation time, and
radio frequency enhancement effect between the bct-Fe;B
phases between the samples annealed at 670 and at 839 °C
for 2 and 60 min, respectively.

The bct-Fe;B phase is isostructural to tetragonal Fe,P,
in which each unit cell consists of eight formula

TABLE II. The crystallization products from the Nd,Fe;; sB;s 5 alloys after various heat treatments.

T,(°C) Time (min) NMR ME XRD

670 2 bct-Fe;B+a-Fe bet-Fe;B+a-Fe bect-Fe;B+ a-Fe

839 60 bct-Fe;B+a-Fe bct-Fe;B+ a-Fe bct-Fe;B+a-Fe
+Nd, ,Fe B, +Nd, Fe,B,

960 60 Fe,B+Nd,Fe ;B Fe,B+Nd,Fe B Fe,B+Nd,Fe 4B

+a-Fe

+Nd, ,Fe,B,+a-Fe +Nd, ;Fe,B,+a-Fe
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TABLE III. Crystal structure and HF information for bct-Fe;B.

HF (kOe) NMR frequency
Lattice parameters (A)  Z (mol/cell) Site Nearest neighbor (4.2 K) (MHz) (4.2 K)
a =8.635 10 Fe
c=4.285 8 Fe,(8g) 3B 305
10 Fe
Fen(8g) 3B 284
10 Fe
Fey,(8g) 4B 242
B 6 Fe 3Fe* 34.7

#These Fe atoms are farther than the nearest-neighbor Fe atoms.

units.'®1° This phase consists of a single B site and three
nonequivalent Fe sites, Fe(8g), Fey(8g), and Feyy(8g),
with equal populations. Table III summarizes the crystal
structure and HF information for bct-Fe,B.!*2° The
Mossbauer spectrum from Nd,Fe;; sB;g s annealed at
670°C for 2 min indicates that the relative intensity of the
third subspectrum corresponding to the Fe;(8g) site in
bct-Fe;B is about 5% weaker than those from the other
two. This value of 5% is much larger than the experi-
mental error. It is commonly assumed that the recoil-
free fraction is the same for the three nonequivalent iron
sites in bct-Fe;B and the relative intensity is proportional
to the on-site Fe atom occupancies. This means that
about 5 at. % of the Fe atoms in this site are replaced by
other atoms. On the basis of the XRD, NMR, and ME
results, there is no trace of the remaining amorphous
Nd-rich alloys and other Nd-Fe alloys in these samples.
Thus, it is reasonable to assume that some Nd atoms
enter into the bct-Fe,B lattice in the initial crystallization
process. The bct-Fe;B phase containing Nd atoms is a
metastable one; when the annealing temperature is higher
than 800°C, the Nd atoms from bct-Fe;B form the
paramagnetic Nd, ;Fe,B, phase with the Fe and B atoms.
For example, the sample annealed at about 839 °C for 60
min consists of bct-Fe;B, Nd, ;Fe,B,, and a-Fe. The rel-
ative intensities of the three subspectra are the same.
When fluctuations exist in the nearest-neighbor envi-
ronment of the B atoms, the electronic structure of the B
atoms is influenced, and consequently, the hyperfine field
and its distribution at B sites is changed. Comparing the
NMR spectrum from the Nd,Fe,; sB; s alloys annealed
at 670°C for 2 min with that annealed at 839 °C for 60
min, it is found that the former peak corresponding to
bct-Fe;B broadens and distorts more than that of the
latter. A combined NMR, ME, and XRD study demon-
strates that the peak distortion is not due to the existence
of orthorhombic Fe;B. Thus, it can be assumed that this
distortion may be due to Nd atoms entering into the bct-
Fe;B lattice. In order to confirm this assumption, we in-
vestigated the effect of R =Pr, Gd, and Dy substitution
for Nd on the "B magnetic hyperfine fields for bct-Fe;B.
Figure 12 illustrates the !'B HF in bct-Fe,B as a function
of R concentration x. Owing to the nonmagnetic B
atoms, the contribution to the HF at the B sites in R-Fe-
B compounds arises mainly from the transferred
hyperfine field [THF(B)]. The THF(B) is proportional to

the number of nearest-neighbor magnetic atoms and their
magnetic moment.?! For R =Pr, !'B HF values do not
increase with increasing x, but the 1B resonance lines
broaden asymmetrically on the high-frequency side for all
samples. This may be due to the nearly equal magnetic
moments for Nd and Pr. However, the substitution of
Gd or Dy leads to an approximately linear increase in g
hyperfine field due to the larger magnetic moments for
Dy and Gd. The ’Fe hyperfine field in a-Fe was not
influenced by the addition of the rare-earth elements.
This gives additional evidence that some R atoms enter
into bct-Fe;B lattices. The coupling between the light
rare-earth elements and Fe is ferromagnetic, while that
between the heavy rare-earth elements and Fe is antifer-
romagnetic; both increase the hyperfine field at the B
sites. This means that the R atom contribution to
THF(B) comes from the rare-earth elements’ magnetic
moment via polarization of conduction electrons.

Table IV summarizes the spin-lattice and spin-spin re-
laxation times, T, and T,, respectively, for the !'B peaks
corresponding to bct-Fe;B obtained from Nd,Fe;; sBjs s
alloys annealed at 670 °C for 2 min and 839 °C for 60 min.
The spin-lattice and spin-spin relaxation times are de-
duced by measuring the spin-echo amplitude of the peaks
as a function of the pulse repetition time and the interval
between two pulses, respectively.’ The very large
difference in their relaxation times implies that the boron
atoms are located in very different environments. For a
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FIG. 12. !'B HF in bct-Fe;B as a function of R concentration
for R,Nd,_,Fe;; sBg. s annealed at 670 °C for 2 min.
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TABLE IV. The spin-lattice and spin-spin relaxation times,
T, and T,, for !'"B peaks corresponding to bct-Fe;B under
different heat-treated conditions.

Sample T, (ms) T, (us)
670°C 37 248
839°C 130 870

nucleus with both 3d and 4f ions as the nearest neigh-
bors, the total spin-lattice relaxation rate (1/7),,, can be
written as

(V/T ) =(1/T )34 +(1/T1)ys (1)

where (1/T);4 and (1/T),, are the contributions from
3d and 4f ions, respectively. The spin-lattice relaxation
time of bct-Fe;B containing Nd atoms in the sample an-
nealed at 670°C for 2 min is much smaller than that of
pure Fe;B in the sample annealed at 839 °C for 60 min.
This may result from the contribution of the near-
neighbor 4f Nd** ions of B atoms to the spin-lattice
time. The large difference for spin-lattice times between
the two samples provides additional evidence that Nd
atoms enter into the bct-Fe;B lattice in the sample an-
nealed at 670 °C for 2 min.

Table V summarizes the lattice parameters a,c and the
unit cell volumes of bct-Fe;B and a-Fe in Feg, sB;s s and
Nd,Fe;; ;B35 alloys by fitting the rotation anode x-ray
diffraction peaks. It can be seen that the a-Fe lattice pa-
rameter stays constant at @ =2.866 A with the addition
of Nd, whereas the lattice constants a,c and the unit cell
volumes of bct-Fe;B  containing Nd  atoms in
Nd,Fe;; sB 3 5 are much larger than those of pure Fe;B in
Feg; sBig 5. The lattice expansion of bct-Fe;B containing
Nd atoms results from the substitution of larger Nd
atoms (1.85 A) for Fe atoms (1.4 A). The X-ray
diffraction patterns give a more direct evidence to sup-
port this conclusion.

It is well known that bct-Fe;B is not desirable for a
permanent magnet and Nd,Fe ,B is a good magnetically
hard phase. Although these two phases have different
structures, there is a certain relationship between the mi-
croscopic structure of bet-Fe;B and that of Nd,Fe,B. In
these two phase structures, each boron atom is always lo-
cated in the center of a trigonal prism formed by the six
nearest Fe atoms, but the scale of these prisms, and con-
sequently, the Fe-B and Fe-Fe distances are different.
Figure 13 shows the prisms of bct-Fe;B  and

TABLE V. The lattice parameters of bct-Fe;B and a-Fe in
the samples of Feg, sB,5 s and Nd Fe;; sBys s.

Samples a (A) c (A) v (A%
Fo. B a-Fe 2.866 23.54
s1.5B1s s bet-Fe;B 8606 4289  317.66
a-Fe 2.866 23.54

NdFesisBiss  yorFe;s 8643 4293 32069
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O Fe for bet-Fe;B and Nd,Fe,,B
GB Fe for bct-Fe3B and Nd for Nd,Fe,B
@ B for bet-Fe;B and Nd,Fe;,B

FIG. 13. The prisms of bct-Fe;B and Nd,Fe,,B.

Nd,Fe,,B.”»?* Such trigonal prisms are fundamental to
the structure of many transition metal-metalloid systems,
both crystalline (e.g., FeB and Fe;C) and amorphous. In
the bct-Fe;B structure, the B atoms are located in the
center of the trigonal prism formed by the six nearest Fe
atoms; three other Fe atoms are situated at a slightly
longer distance and bonded to each B atom through a
rectangular prism face. If these three Fe atoms are re-
placed by three Nd atoms, the local environment of B
atoms will be similar to that of Nd,Fe,,B. Therefore,
when Nd atoms enter into bct-Fe;B, it is reasonable to
suppose that bct-Fe;B containing Nd atoms may have
better hard magnetic properties owing to the large aniso-
tropy of Nd** ions.

Since Nd,Fe,; ;B3 5 alloys annealed at 670 and 839 °C
for 2 and 60 min, respectively, are multiphase materials,
it is difficult to compare the magnetic properties of bct-
Fe;B containing Nd atoms and pure bct-Fe,B directly by
magnetization measurements. NMR, however, can pro-
vide information about the magnetization response of
each individual phase constituent on the basis of the
NMR f field enhancement effect in magnetic materials.

There are two significant characteristics of NMR
behavior in magnetically ordered materials. The first is
that NMR can be observed without any external magnet-
ic field due to the existence of the hyperfine fields in fer-
romagnetic materials. The second is the rf field enhance-
ment effect. The enhancement factor can be written as?*

Na < XaHne /M @)
for the domain rotation process, and
nwochthD/(Msa) (3)

for the domain wall displacement process, where x, and
X, are the susceptibilities corresponding to domain rota-
tion and domain wall displacement, respectively. H,; is
the hyperfine field at the nuclei sites, M, is the saturation
magnetization of materials, D is the size of the domain,
and & is the width of domain wall.

In the spin-echo NMR experiments, the optimum rf
field for maximum spin-echo intensity is determined by
the following expression:?>



YNa,wh. 7=k, 4)

where v is the gyromagnetic ratio of the resonant nuclei
and the constant k is determined by the pulse sequences
used. For the sequence of two equal-width rf pulses, &k
equals 2. 7 is the width of rf pulse and 7,, is the
enhancement factor for domain rotation (7,) or domain
wall displacement (77,,). The NMR behavior is associat-
ed with a parameter reflecting the “easiness” of the mag-
netization process, i.e., the harder the magnetization
properties of the materials, the larger s, required to ex-
cite the nuclei for maximum spin-echo signal.

Figure 14 shows the spin-echo amplitude measured for
the peaks associated with the bct-Fe;B containing Nd
atoms in the sample annealed at 670°C for 2 min as a
function of the rf exciting magnetic field. For compar-
ison, the results of the spin-echo amplitude for the peaks
corresponding to pure bct-Fe;B in the sample annealed at
839°C are also shown in Fig. 14. The results show that
the amplitude of the rf exciting field 4, required to get
the maximum '!'B spin-echo signal from bct-Fe,B in the
sample annealed at 839°C is only about one-third as
much as that required for exciting !'B in bct-Fe;B con-
taining Nd atoms. bct-Fe;B containing Nd atoms has a
smaller 1, ,, and hence, a larger coercivity than pure
bet-Fe;B. The dependence of the optimum rf field and
the resonance signal intensity on the magnetic properties
study has been found in previous investigations.!”2*

Fe,B containing Nd atoms has a lower Curie tempera-
ture than that of pure bct-Fe;B due to the decrease of the
number of Fe-Fe pairs. Thus, one can assume that the
lowest magnetic transition temperature of the three mag-
netic transitions for Nd,Fe,; sB5 s annealed at 670 °C for
2 min, about 310°C, corresponds to bct-Fe;B containing
Nd atoms, not to Nd,Fe;,B. Thus, Mdssbauer spectra at
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FIG. 14. The spin-echo amplitude for peaks associated with
bct-Fe;B containing Nd atoms in the sample annealed at 670°C
for 2 min and 839°C for 60 min as a function of the excitation
field.
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FIG. 15. B-H curve for Nd,Fe;; sB;g 5 crystallized at 670°C
for 2 min.

320°C show one doublet, as performed by Li et al.;?® we
assume that the doublet corresponds to bct-Fe;B contain-
ing Nd atoms. A further investigation of its magnetic
properties is in progress.

Figure 15 illustrates the B-H curve for Nd Fe,; sBig 5
crystallized at 670°C for 2 min. It has a saturation mag-
netization of 16 kG, and a high isotropic M, /M, ratio,
about 0.8. The high saturation magnetization is mainly
due to the presence of bct-Fe;B, whose saturation magne-
tization is about 16 kG at room temperature. Although
bet-Fe,B is not a permanent magnetic phase, it exhibits a
uniaxial anisotropy and anisotropy field of 4 kOe at room
temperature.?’” The high coercive field state consists only
of a very fine grained (about 300 A) mixture of bct-Fe;B
containing Nd atoms and a-Fe. This phenomenon was
also observed in Fe-B-Tb-La alloys,?®?® which exhibited a
high coercive field of 9 kOe, while it contained only a
mixture of R¢Fe,; cubic phase and Fe;B, with a small
amount of a-Fe and Fe,B also present. The strong ex-
change coupling between the uniaxial magnetocrystalline
anisotropy bct-Fe;B crystallite containing Nd atoms and
soft magnetic a-Fe crystallite with a very fine size leads
to a remanence enhancement in this material. The
remanence enhancement was also found in Sm-Fe-N
powders prepared by mechanical alloying methods.*°

V. CONCLUSION

(1) The phase components crystallized under optimal
conditions depend upon the Nd concentration. The sam-
ples with higher Nd concentration consist of Nd,Fe 4B,
Nd, ,Fe,B,, and a small amount of a-Fe. The larger
coercivity is attributed to the sizes of the Nd,Fe 4B crys-
tallites below the critical size of single domain particles,
and some minor phases precipitated at grain boundaries,
which have a pinning domain wall effect, while the sam-
ples with lower Nd concentration do not contain
Nd,Fe,B. The higher values of coercivity are not related
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to the presence of the Nd,Fe;,B magnetically hard
phase.

(2) The annealing temperature has a significant effect
on the magnetic properties and crystallization products
for melt-spun Nd-Fe-B with a lower Nd concentration.
The samples annealed at 600—800°C consist of bct-Fe;B
metastable phase and a-Fe. A paramagnetic phase
Nd, Fe,B, appears in coexistence with bct-Fe;B and a-
Fe at 839°C. A certain amount of Nd,Fe;,B only ap-
pears when the annealing temperature is higher than
850°C, and metastable Fe;B decomposes to Fe,B and ad-
ditional a-Fe. The drastic drop in ;H, is not only due to
the increase in the size of the crystallites, but also due to
the increase in the amount of a-Fe and Fe,B.

(3) By comparing the ''B HF distribution, Mossbauer
spectra, and spin-lattice and spin-spin relaxation times
for bct-Fe;B in the sample annealed at 670°C for 2 min
with the sample annealed at 839 °C for 60 min, it can be
concluded that about 5% of the iron atoms in the
Fe;;;(8g) sites of bct-Fe;B have been replaced by Nd
atoms. The fact that the ''B HF increases monotonically
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with the addition of Gd or Dy gives additional evidence
for this conclusion.

(4) NMR radio frequency enhancement effect experi-
ments demonstrate that bct-Fe;B containing Nd atoms
has a smaller enhancement factor than that of pure bct-
Fe;B, and consequently, a larger coercivity.

(5) The sample of Nd,Fe,, sB;; s annealed at 670 °C for
2 min shows a high M,/M; ratio. The remanence
enhancement originates from the strong exchange cou-
pling between the uniaxial magnetocrystalline anisotropy
bct-Fe;B containing Nd atoms and soft magnetic a-Fe
with a nanoscale (about 300 A). The hard magnetic
properties are due to the existence of bct-Fe;B containing
Nd atoms.

ACKNOWLEDGMENT

This work was supported by the National Natural Sci-
ence Foundation of China.

IK. H. J. Buschow, D. B. de Mooij, and R. Coehoorn, J. Less-
Common Met. 145, 601 (1988).

2R. Coehoorn, D. B. de Mooij, J. P. W.B. Duchateau, and K. H.
J. Buschow, J. Phys. (Paris) Colloq. 49, C8-669 (1988).

3R. Coehoorn, D. B. de Mooij, and C. de Waard, J. Magn.
Magn. Mater. 80, 101 (1989).

4D. Eckert, A. Handstein, K. H. Miiller, R. Hesske, J. Schneid-
er, N. Mattern, and L. Illgen, Mater. Lett. 9, 289 (1990).

SK. H. Miiller, J. Schneider, H. Handestein, D. Eckert, and P.
Nothnagel, Mater. Sci. Eng. A 133, 151 (1991).

B. G. Shen, L. Y. Yang, J. X. Zhang, and J. G. Zhao, J. Less-
Common Met. 175, 199 (1991).

M. X. Mao, C. L. Yang, Z. H. Cheng, Y. D. Zhang, B. G.
Shen, L. Y. Yang, and F. S. Li, J. Phys. Condens. Matter 4,
9147 (1992).

8M. X. Mao, Z. H. Cheng, C. L. Yang, F. S. Lij, C. L. Zhang, Y.
D. Zhang, B. G. Shen, and L. Y. Yang, J. Appl. Phys. 73,
6980 (1993).

9Z. H. Cheng, M. X. Mao, C. L. Yang, Y. D. Zhang, F. S. Li, B.
G. Shen, J. X. Zhang, and J. J. Sun, J. Appl. Phys. 76, 2981
(1994).

105, H. Ge, Y. D. Zhang, F. S. Li, J. 1. Budnick, and P. Panis-
sod, J. Magn. Magn. Mater. 116, 211 (1992).

HQ. A. Pringle, G. J. Long, G. K. Marasinghe, W. J. James, A.
T. Pedziwialr, W. E. Wallance, and F. Grandjean, IEEE
Trans. Magn. MAG-45, 3440 (1989).

12H. Onodera, A. Fujita, H. Yamamoto, M. Sagawa, and S.
Hirosawa, J. Magn. Magn. Mater. 68, 6 (1987).

13y. D. Zhang, J. I. Budnick, J. C. Ford, and W. A. Hines, J.
Magn. Magn. Mater. 100, 13 (1991).

14G. Le Caer and J. M. Dubois, Phys. Status Solidi A 64, 275
(1981).

I5B. X. Gu, F. S. Li, B. G. Shen, H. R. Zhai, and S. Methfessel,
Hyperfine Interact. 55, 961 (1990).

16Z. H. Cheng, M. X. Mao, J. J. Sun, C. L. Yang, B. G. Shen, J.
X. Zhang, F. S. Li, and Y. D. Zhang (unpublished).

17S. H. Ge, M. X. Mao, G. L. Chen, Z. H. Cheng, C. L. Zhang,
Y. D. Zhang, W. A. Hines, and J. I. Budnick, Phys. Rev. B
45, 4695 (1992).

18, J. Lister, C. Wilkinson, T. Ericsson, L. Haggstrom, L.
Lundgren, and R. Wapping, J. Phys. C 7, 1344 (1974).

19§, Rundqvist, Acta Chem. Scand. 16, 1 (1962).

20C. L. Chien, D. Musser, E. M. Gyorgy, R. C. Sherwood, H. S.
Chen, F. E. Luborsky, and J. L. Walter, Phys. Rev. B 20, 283
(1979).

21A. V. Zalesskij and 1. S. Zheladev, At. Energy Rev. 14, 133
(1976).

22p_ H. Gaskell, Nature 289, 474 (1981).

23], F. Herbst, J. J. Croat, F. E. Pinkerton, and W. B. Yelon,
Phys. Rev. B 29,4176 (1984).

24M. B. Stearns, Phys. Rev. 162, 496 (1967).

25W. B. Mims, Phys. Rev. 141, 499 (1966).

267. W. Li, X. Z. Zhou, A. H. Morrish, and B. G. Shen,
Hyperfine Interact. 72, 111 (1992).

21R. Coehoorn and C. de Waard, J. Magn. Magn. Mater. 83,
228 (1990).

28N. C. Koon and B. N. Das, Appl. Phys. Lett. 39, 840 (1981).

29N. C. Koon and B. N. Das, J. Appl. Phys. 55, 2063 (1984).

303, Ding, P. G. McCormick, and R. Street, J. Magn. Magn.
Mater. 124, 1 (1993).



