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Abs(neL Using the Mosrbauer effect and NMR, lhe phase mmpi t ions  of rapidly 
quenched Nd4Fe~.~Bls .S alloy under differenl heat treatmenl conditions were studied. 
It was shown that lhe sample which was annealed a1 670'C for a short time and has the 
optimal magnetic propenies has a main BCT F q B  phase conlaining Nd atoms and a small 
amount of a-Fe (6%). I t  is concluded lhat the hard magnetic properties of clyslallized 
meltquenched Nd-Fe-B with a low Nd concentration do no1 originate from the presence 
of the hard magnetic NdlFetrB phase but from the BCI FejB phase containing Nd atoms. 

1. Introduction 

Recently, many reports on the magnetic properties of crystallized meltquenched 
Nd-FeB alloys with a low neodymium concentration have been given [14]. A 
coercivity of 3 kOe, a remanence magnetization of 12.5 kG and an energy product 
of 13 MG Oe were measured a t  room temperature for Nd,Fe,,,B,,,, alloy annealed 
under an optimal heat treatment condition [SI. On comparison of the magnetic 
properties of crystallized melt-quenched Nd-FeB with a low Nd concentration (less 
than 5 at.%) with those of crystallized melt-quenched Nd-Fe-B with 12-16 a t %  Nd, 
their (BH),,-values are about the same and the remanence magnetization of the 
former is higher. Also it should be noted that the rare-earth concentration in the 
former is only about one third that in the latter. Until now, the origin of the hard 
magnetic properties of Nd-Fe-B alloy with a low Nd concentration has not been 
clarified and there is a lack of investigations on such materials by direct methods. 

The Mdssbauer effect and NMR are both important methods for researching the 
hyperfine interaction. Both methods can be employed to obtain information about the 
nearest-neighbour environment of the nuclei detected and some information on the 
phase composition which cannot be resolved by x-ray diffraction. Furthermore, NMR 
can measure the hyperfine field value B,, and its distribution more directly and more 
precisely while the Mossbauer effect can obtain a reliable relative intensity which is 
proportional to the on-site occupancies of the Fe atoms. In this work, we studied the 
phase composition of Nd,Fe,,,,B,,., alloy under different treatment conditions using 
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the Mossbauer effect and NMR measurements, and the origin of the hard magnetic 
properties of such materials is discussed. 

2. Experimental details 

Alloys of Nd,Fe,,,,B,,,, were prepared by arc melting in an argon atmosphere of 
high purity. Amorphous ribbons about 1 mm wide and 20 pm thick were prepared 
using the melt-spinning technique a t  a speed of about 47 m s-'. The heat treatment 
of as-quenched ribbons was performed in a steel tube evacuated to 2 x lo-' Tbrr a t  
various temperatures. 

The Mossbauer spectra were recorded a t  room temperature (RT) using a 
computer-controlled constant-acceleration Mossbauer spectrometer with a 57Co(Pd) 
source. The zero-field NMR spectra of the ,'Fe and IIB nuclei were measured at 8 K, 
a temperature attained using a circulation refrigerator, and at frequencies ranging 
from 20 to 60 MHz by a spin-echo NMR spectrometer which has a range from 20 
to 360 MHz. The spin-echo amplitude was measured by a delay square signal with 
the same frequency as the spin-echo signal, and both of these were recorded and 
accumulated many times by a computer. 

3. Results and discussion 

3.1. Mossbauer results 

Figures l(a), l(b), l(c), l(d) and l(e) show the Mossbauer spectra at RT of 
Nd,Fe,,,B,,,, alloys under different heat treatment conditions, namely as-melted 
alloy, as-quenched amorphous ribbon, amorphous ribbon annealed a t  670°C for a 
short time, amorphous ribbon annealed at 839°C for 60 min and amorphous ribbon 
annealed at 960T for 60 min, respectively. The phase compositions of the samples 
obtained using the fitted results are listed in table 1. From table 1 and figure 1, 
the following points are noted: as-melted alloy consists of Fe,B, Nd2Fel,B, a-Fe 
and a small amount of paramagnetic phase; the Mossbauer spectrum of amorphous 
ribbon is a typical amorphous broadened spectrum, the peak hyperfine field of which 
is 22.5 T and the average hyperfine field is 21.8 T, the sample annealed at 670°C for 
a short time, which is the optimal treatment condition to obtain good hard magnetic 
properties, consists of a main BCT Fe,B phase and a small amount of a-Fe (5%), 
but it should be noted that, in our Mossbauer spectrum for BCT Fe,B, the relative 
intensity of the third subspectrum with the smallest hyperfine field corresponding 
to the Fe(III) 8g site is about 5% less than those of the other two; in the sample 
annealed at 839"C, BCT Fe,B and a-Fe coexist with a small amount of paramagnetic 
phase; the sample annealed at %O"C is composed of Fe2B, Nd,Fe,,B, a-Fe and a 
paramagnetic phase, which is similar to the case of the as-melted alloy. 

3.2. NMR reSUh 

Figure 2 shows the NMR spectra measured at 8 K for Nd,Fe,,,SB,,,5 alloys under 
different heat treatment conditions as for figure 1. The results on the phase 
composition of different samples are also listed in table 1. In figure 2(a) and 
figure 2(e), the signal at 42.1 MHz resulting from IlB in Nd2Fe,,B is so strong 
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Tabk 1. Ihe resulls of the Miissbauer effecl (at m) and NUR (ai 8 K). TI is NdzFelrB 
and Tz is lhe paramagnetic phase. 

T. Crystalline phases 

(4 NMR Mossbauer effecl 

As-melted alloy 

Asquenched ribton e a  Fe30 + orthorhombic Fe3B Amorphous broadened spec" 
670 m FqB m FejB + a-Fe 

839 

960 

FezB + TI + a-Fe FezB + TI + a-Fe + Tz 
(45.8%)(25.6%)(23.4%)(5.2%) 

(94.4%)(5.6%) 
m F q B  + a-Fe + Tz 
(60.9%)(30.9?6)(8.2%) 
FePB + Tn + --Fe + TI 

~ c r  FqB + a-Fe 

Fe?B + T1 + a-Fe _ .  . . .  
(4(;6%)(9.5%)(39.@%)(4.9%) 

that it overlaps all the Fe peaks between 41 and 47 MHz which originate from the 
57Fe nuclei in the four Fe sites (k, 4c, 16k, and Sj,). The peak at 48.3 MHz comes 
from 57Fe in the 16k2 site. The signals at 52.0 and 53.0 MHz originating from 57Fe 
in the Zj2 site are too weak to he detected 161. Therefore, the characteristic peaks of 
the Nd,Fe,,B phase in this kind of sample are the peaks at 42.1 and 48.3 MHz. For 
other phases, the peak at 40.5 MHz is from the "B NMR signal of Fe,B. The peaks 
at 36.3 and 34.7 MHz are from the "B signals of orthorhombic Fe,B and B(JT Fe,B, 
respectively, and the peak at 46.7 MHz comes from a-Fe [7-91. 

From table 1 it is seen that, in many cases, both measurements gave the same 
results. Nevertheless, a-Fe occurred in too small an amount to be found by NMR 
in the sample annealed at 6 7 0 T  and the paramagnetic phases were also not found 
by NMR because of the zero-field measurement. On the other hand, NMR results 
clarify that the type of short-range order for the as-quenched amorphous ribbon is 
BCT Fe,B- and orthorhombic Fe,B-like, which cannot be directly obtained from the 
Mossbauer measurement. 

'Ihble 1 shows the direct result of the influence of heat treatment on the phase 
composition. The well known 214:l phase (T,) formed in the as-melted alloy and 
the sample annealed at 960°C; this implies that the TI phase is stable at high 
temperatures, but these two samples have almost no hard magnetic properties from 
our previous magnetic measurements [lo]. In the other three samples, the metastable 
phase Fe,B is the main phase and there is no TI phase at all. In the asquenched 
amorphous ribbon, BCT Fe,B and orthorhombic Fe,B are the main phases according 
to the results of NMR measurements. In the samples annealed a t  670 and 839"C, only 
BCT Fe,B constitutes the main phase. Another interesting point is that, in the sample 
annealed under the optimal condition of 6 7 0 T  for a short time, the "B NMR peak 
from the main BCT Fe,B phase broadens on the high-frequency side, and this can be 
clearly seen in figure 2(c). However, in the sample annealed a t  a higher temperature 
of 839@, this peak distortion disappears (figure 2(d)). The peak distortion of BCT 
Fe,B is not related to orthorhombic Fe,B, the IlB NMR resonance of which occurs at 
36.3 MHz, because firstly orthorhombic Fe,B was not found by the Mossbauer effect 
and secondly the upper limit (39.0 MHz) of the broadening on the high-frequency 
side of this peak distortion is higher than that (37.3 MHz) of ordinary orthorhombic 
Fe,B in crystallized Fe-B-based amorphous alloys [Z, 91. 
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Pigum 1. Miissbauer speara o ~ N ~ ~ F ~ T I , I B I ~ . $  
a l l o r  under different heat trealmenl mndi- 

'tions a t  T o m  temperature: (a) as-melled al- 
loy; (b) asquenched amorphous ribbon; (c) 
amorphous ribbon annealed a1 67093 for a 
shon time; (d) amorphous ribbon annealed 
at 83993 for 60 min; (e) amorphous ribbon 
annealed a t  9 6 0 T  for 60 min. 

Flgurr 2. NMR spenra of NdrFen,5B18s alloys under 
different heal treatment mnditions a1 8 K (a) as- 
melted alloy; ( b )  asquenched amorphous ribbon; (c) 
amorphous ribbon annealed a1 6 7 0 T  for a short lime; 
(d) amorphous ribbon annealed at 839 93 for 60 min; (e) 
amorphous ribbon annealed at 960- for 60 min. The 
peaks are at 34.1 MHz for 'lB in BCT Fe,B, at 36.3 MHz 
for IlB in orthorhombic F q B ,  a1 40.5 MHz far I'B in 
FeZB, at 42.1 MHz for 'lB in NdzFelrB, at 48.3 MHz 
for I'Fe in the 16kz site of NdzFelrB and at 46.7 MHz 
for "Fe in --Fe. 

3.3. Discussion 

The NMR and MBssbauer results clearly demonstrate that only BCT Fe,B and a small 
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%bk 2. Mossbauer fitting paramelem of Nd4Fe,7.JBe., annealed at 670% for 2 min. 

Content Lincwidlh 1Sd Qs HP 
Component (%) (mm s-1) (mm 9-l) (mm I-') 0 
U-Fe 5.6 0.26 0.W 0.02 33.3 

Fe3B (I )  33.2 as1 0.06 -0.01 28.8 
BCI FqB (11) 33.2 0.51 -0.01 0.M 26.4 
BCI Fe$3 (111) 2S.O 0.51 0.08 0.02 22.4 

a The isomer shift here is relalive Io o-Fe 

amount of a-Fe exist in the sample with the best hard magnetic properties. It is well 
known that both NMR and the MWbauer effect can give local information and detect 
the magnetically hard and randomized phase without any extemal field; this is because 
a very large hyperfine field exists in magnetically ordered materials. For the small- 
grain particles, whose sizes are  smaller than the size of the single domain, their NMR 
signals are weaker than those of multidomain particles because the former's domain 
wall disappears and the enhancement factor of a domain is smaller than that of a do- 
main wall (91. It is possible that the signals originating from the domain are too weak 
to be detected by NMR, but M h b a u e r  measurements are not influenced by the differ- 
ence between a domain and a domain wall. On the other hand, we should note that 
there is a much lower possibility that the signal of the Nd,Fe,,B phase overlaps that of 
the B c r  &,B. For NMR, the difference between the hyperfine fields a t  B- and Fe-site 
nuclei in BcTFe,B and in NdZFe,,B is very large. For the Mbssbauer effect, a subspec- 
trum with an average hyperfine field of 30.1 T for Nd,Fe,,B does not appear between 
the hyperfine field of 33.1 T for wFe and the hyperfine field af 28.8 T lor the first 
subspectrum of BCX Fe,B and in figure I(c) the sixth peak of the 8j, site in Nd2R,,B, 
which is the main peak of Nd2Fe,,B, cannot be found. When some Nd2Fe,,B appears, 
both NMR and the Massbauer effect demonstrate its existence, e.g. in the sample an- 
nealed at 96OoC. So, even though some Nd,Fel,B exists in the sample annealed at 
670oC, its concentration must be too low to be detected, and such a small amount 
of Nd,Fe,,B cannot generate a high coercivity. Meanwhile, according to our results, 
when some Nd,Fe,,B phase appears, e.g. for the sample annealed at %O0C and the 
as-melted alloy, its hard magnetic properties are very poor. So, it can be concluded 
that the origin of the hard magnetic properties in crystallized melt-quenched Nd-Fe-B 
with a low Nd concentration is not related to the 2141 hard magnetic phase. 

Now, we consider the interesting questions of where the Nd atoms have gone 
and what the origin of hard magnetic properties in this kind of material is. From 
figure l(c) and figure 2(c), we can see that the s7Fe Mbssbauer and "E NMR spectra 
of smFe,B in the sample annealed at 670T for a short time are different from those 
of pure BCT Fe,B. The nFe Mossbauer spectrum indicates the relative intensity of the 
third subspectrum corresponding to the Fe(II1) 8g site of BCT Fe,B is about 5% less 
than those of the other two subspectra, and this value of 5% is approximately equal to 
the Nd concentration. The "E NUR spectrum broadens on the high-frequency side, 
which shows that there are some fluctuations in the nearest-neighbour environment 
of B atoms. These results indicate that the NU atoms enter the B c r  Fe,B phase and 
substitute for the Fe atoms in the Fe(lI1) Sg sites of KT Fe,B. 

It is well k n w n  that BCT Fe,B is a good soft magnetic phase and Nd2Fe,,E is 
a good hard magnetic phase. In these two phase structures, each B atom is always 
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located in the centre of a trigonal prism formed by the six nearest Fe atoms, but the 
scales of these prisms and, consequently, the Fe-B and Fe-Fe distances are different 
[9]. In the BCT Fe,B structure the B atom is located in the centre 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 replaced by three Nd atoms, the local environment will 
be similar to that of Nd,Fe,,B [ll]. Therefore, when Nd atoms enter 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 anisotropy of Nd ions. For the sample 
annealed at 839OC. the distortion of the "B NMR peak of BCI' Fe,B disappears 
(figure 2(d)), the three MOssbauer subspectra of BCT Fe,B have the same relative 
intensities and the Nd atoms from BCT Fe,B form a paramagnetic phase with Fe and 
B atoms (figure l(d)). As a result, the hard magnetic properties become much worse. 
So, it is concluded that BCI' Fe,B containing Nd atoms might be responsible for the 
good hard magnetic properties in crystallized melt-quenched Nd-Fe-B with a low Nd 
concentration. 

4. Summary 

(1) From the results of the MOssbauer effect and NMR measurements, the sample 
with the best hard magnetic properties consists of a main BCT Fe,B phase containing 
Nd atoms and a small amount of a-Fe without the existence of the Nd,Fe,,B phase. 

(2) When some Nd,Fel,B appears, e.g. for the sample annealed at %o°C and the 
as-melted alloy, the hard magnetic properties disappear fully. 

(3) The hard magnetic properties in crystallized melt-quenched Nd-Fe-B with a 
low Nd concentration do not originate from the presence of the hard magnetic 2141 
phase. 

(4) The origin of the hard magnetic properties in crystallized melt-quenched Nd- 
Fe-B with a low Nd concentration is related to the fact that Nd atoms substitute in 
the Fe(II1) 8g sites of the B a '  Fe,B lattice. Further research is in progress. 
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