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Abstract. The hyperfine fields (HFs) and magnetic properties of amorphous and crystallized
Gd,Nds.,Fer5B s (0 £ x £ 4) alloys have been investigated by means of magnetization
measurements, zero-field spin-echo nuclear magnetic resonance (NMR) and Mossbauer effect
(ME). For comparison, the x-ray diffraction (xrD} pattern of NdsFe7y 5Bz 5 annealed at 670 °C for
a short time is also presented. It is found that the Curie temperatures of amorphous alloys increase
slightly on addition of Gd, but the coercive fields of crystallized alloys decrease monotonically
with increasing x. NMR, ME and XRD indicate that these samples consist of FeyB with a body-
centred tetragonal structure (BCT Fe3B) and a small amount of o-Fe, with no Nd;Fe 4B and
Ndy,1Fe4B4 phases. Furthermore, the NMR results indicate that the !B urs of BCT Fe3B increase
linearly from 25.3 kQOe (34.7 MHz) for x = { to 26.3 kQe (36.0 MHz) for x = 4, but that of
«-Fe does not change with increasing Gd concentration; the Méssbauer spectra (Mss) show that
the relative intensity of the subspectrum corresponding to 57Fe at Femn(8g) sites in BeT FesB is
about 5% weaker than those of the other two, implying that about 5 at.% Fe atoms in this site
are substituted by other atoms. According to this, 1t may be reasonable to assume that the R
atoms enter into the BCT FesB.

1. Introduction

Since 1988, there have been a large number of reports on the magnetic properties of
rapidly quenched Nd-Fe-B alloys with a lower neodymium concentration. These materials
exhibit a high remanence magnetization as well as an energy product and can be used
as an inexpensive bonded permanent magnet [1-4}. Coehoorn et al [1,2] reported hard
magnetic properties in the rapidly quenched NdsFegoBog alloy, which has an energy product
of 11.7 MG Qe. Shen and co-workers [3-6] have also studied Nd-Fe-B systematically over
a wide composition range and found a remanence magnetization of 12.5 kG, a coercive field
of 3 kOe and an energy product of 13 MG Qe in Nds;Fey75B)g5 alloy annealed at 670°C
for a short time. However, x-ray diffraction (XRD) results demonstrate that this sample
consists of Fe;B with a body-centred tetragonal structure (BCT FesB), a small amount of
«-Fe and no Nd;FeyB hard magnetic phase. A combined zero-field spin-echo nuclear
magnetic resonance (NMR) and Mossbaver study was undertaken to investigate the phase
components of NdsFe;;5B35 alloys annealed at different temperatures {7]. The results
are similar to those of XRD. Furthermore, the ''B NMR lines corresponding to BCT FesB
broadens asymmetrically to the high-frequency side. We assumed that distortion of the peak
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arises because Nd atoms enter BCT Fes;B, and the hard magnetic properties of this material
originate from the presence of BCT FesB containing Nd atoms. In this work, we investigate
the influence of Gd substitution for Nd on the magnetic properties and hyperfine fields (HFs)
of NdsFer7.5B1s.s amorphous and crystallized alloys.

2. Experimental details

Iron (purity, 99.9%), neodymium (purity, 99.9%), gadolinium (purity, 99.9%) and Fe-
B alloy (purity, 98.6%) were arc melted in an argon atmosphere of high purity into
homogeneous buttons with the nominal composition Nd,_,Gd,FeyrsBigs (0 < x <€ 4).
Amorphous ribbons were prepared by melt spinning in a high-purity argon atmosphere with
a polished Cu drum of 20 cm diameter with a speed of 47 m s™', The thickness and the
width of the ribbons were about 20 gm and 1 mm, respectively. XRD patterns confirmed the
amorphous state of the ribbons. The Curie temperatures Tt of these amorphous alloys were
determined by the temperature dependence of the AC susceptibility in a very weak magnetic
field, less than 1 Qe. The crystallized samples were annealed at 670°C for a short time in
a steel tube in vacuum of 2 x 10~ Torr. Hysteresis loop measurements on the heat-treated
samples were carried out at room temperature using a vibrating-sample magnetometer with
a maximum magnetic field of 8 kOe.

Zero-field spin-echo NMR spectra of ''B and 5"Fe were performed at a temperature of
8 K. for frequencies ranging from 20 to 60 MHz. A closed-cycle refrigerator was employed
to provide this low temperature without the consumption of liquid helium. The details of
the NMR experiments have been described elsewhere [8]. The Mossbauer spectra (MSs) were
recorded at room temperature using a constant-acceleration spectrometer with a S7Co(Pd)
source. The isomer shifts (ISs) given in this paper were relative to a-Fe at room temperature.
The XRD experiments were performed with Co Ko radiation.

3. Results and discussion

Figure 1 shows the Curie temperatures T of Gd, Ndy_,Ger; sBigs (0 € x £ 4) amorphous
alloys ag a function of Gd concentration. It is found the Curie temperatures increase slightly
with increasing x. In the case of rare-earth—iron compounds or alloys, the Curie temperature
is determined by the Fe—Fe, R-Fe and R-R exchange interactions. It is commonly assumed
that the Fe-Fe exchange interaction plays a predominant role and the R-R interaction can
be negligible. So the effect of Gd substitution for Nd on the Curie temperatures of Nd-Gd-
Fe-B amorphous alloys is not obvious. The different Te-values for the various rare-earth
compounds are mainly attributed to the effect of the R~Fe interactions on Tg. On the
basis of molecular-field theory, the R-Fe interaction is proportional to the de Gennes factor
(g — 1)*J(J +1). The de Gennes factors of Gd and Nd are 15.8 and 1.84, respectively. So
T increases with increasing Gd content x.

For example, figure 2 gives hysteresis loops measured at room temperature in an
applied field of 8 kOe for samples with x = 1 and x = 4 annealed at 670°C for a
short time. From figure 2, one can see that a characteristic feature of these materjals is
the high isotropic M;/M;-ratio of about 0.7-0.8. For an assembly of randomly oriented
non-interacting crystallites with uniaxial anisotropy, M;/M; is 0.5 if the magnetization is
determined by a ccherent amount of spin in the grains. The ratio can be even lower owing
to domain formation. So the high ratio M;/M, of remanence magnetization to saturation
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Figure 2.  The hysterssic loops of crystallized Figure 3. The coercive field at room temperature of
GdeNds—Feg7.5B a5 alloys measured at room temper-  crystallized Gd,Nds—,Fesy 5B g5 alloys as a function
ature in a field of 8 kQe: (a) for x = 1; (b) for x =4,  Gd concentration x.

magnetization can be explained by the strong magnetic interactions between the uniaxial
magpetocrystalline anisotropy BCT Fe3 B containing Nd atoms and a-Fe crystallites.

The coercive field H, versus the Gd concentration x is shown in figure 3. H, reduces
monotonically from 3 to 0.6 kOe, as x increases from 0 to 4. For the rare-earth—
iron compounds or alloys, the coniribution to magnetocrystalline anisotropy arises mainly
from the rare-earth sublattices. The Gd atoms have a non-orbit magnetic moment, and
consequently no contribution to the magnetocrystalline anisotropy. Thus, K, decreases on

the addition of Gd.
Figure 4 illustrates the XRD patterns of Nd4Fe77.5B 135 alloys annealed at 670°C for a
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Figure 4. xro pattern of NdsFe7; sB g s alloy annealed  Figure 5. The Mdassbauer spectra of (a) NdsFerr5Bigs
at 670°C for a short time. and (b} GdaFey7 sB1g5 alloys annealed at 670°C for a
short time,

short time. It can be seen that this sample contains BCT FesB and a few per cent of o-Fe,
with no trace of the 2:14:1 phase. The Mss demonstrate that the addition of Gd does not
change the phase compositions (figure 5). These results are consistent with those of XRD.
The MS and XRD pattern of NdaFeg By also give the same result [9,10]. The hyperfine
parameters of BCT FesB and @-Fe obtained from fitting MSs are summarized in table 1.

Table 1. Missbauer fitting parameters of NdyFeyy sBig.s and GdsFeyr 5B g 5 annealed at 670 °C
for 2 short tiroe,

Intensity Linewidth IS Qs BF

Sample Component (%) {mm s~1) (mm s—1y (mm s~1) m
Nd¢Fey75B15.5 a-Fe 56 0.26 0 0.02 33.3
BCT Fea B () 33.2 0.51 0.06 0.00 28.8
(1 332 0.51 —0.01 004 26.4
(1Y) 28.0 a.51 0.08 .02 224
GdyFe775B18s «-Fe 46 0.26 o] 0.08 332
BCT FesB () 34.2 0.52 0.06 =0.01 28.8
(I 34.2 0.52 -0.01 0.06 26,5
(I 27.0 0.52 0.09 0.03 224

Figure 6 indicates the NMR spectra measured at & K for the heat-treated samples. The
very weak peak cenired at 46.7 MHz is associated with *’Fe nuclei in o-Fe. Since the
concentration of ¢-Fe in these samples is very small (about 5 at.%) and the natural abundance
of 3"Fe puclei is only about 2.2%, the *"Fe signal is thus too weak to be detected by NMR in
the samples with x = 0 and x = 4. In agreement with the XRD and Mssbauer results, NMR
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Figure 6. The spin-echo NmR spectra of crystallized GdyNd4- (Fe775B1s5 alloys: (a) for x = 0;
Mforx=1L)forx=2;{d) forx =3 {e)forx =4.
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spectra also show that these samples do not contain the Nd;Fe 4B (2:14:1) hard magnetic
phase.

It is possible that the atomic ordering in the 2:14:1 lattice may still be far from perfect
and its grain size is too small to be resolved by XRD, but both NMR and ME can obtain the
information concerning the nearest-neighbour environment of the detected nuclei, When a
certain short-range order exists in the nearest-neighbours of the B atoms, about 10-100 A,
it can be detected by NMR and ME. In this way, NMR and ME can be utilized to identify
the phase compositions whose dimensions are too small for XRD techniques. On the one
hand, although B atoms are not the major component present in the 2:14:1 phase, the
natural abundance of ''B is about 80.8%. Furthermore, the zero-field spin-echo NMR signal
comes primarily from domain walls in a polycrystalline ferromagnetic matertal and has a
larger enhancement factor than that arising from the domain. When some amount of the
2:14:1 phase appears, the !'B NMR signal can be easily detecied. For small particles whose
sizes are smaller than the critical size of a single domain, NMR is more difficult to observe
than multiple-domain NMR because of the smaller signal intensity [11], but Mossbauer
measurements are not influenced by the difference between a domain and a domain wall.
On the other hand, one should note that there is 2 much smaller possibility that the signal
of the Nd,Fe4B phase overlaps that of BCT FesB. For NMR, the difference between ''B and
37Fe hyperfine fields in BCT FeaB and Nd,Fe14B is very large. For Massbauer experiments
a subspectrum with an average hyperfine field of 30.1 T for Nd;Fe 4B does not appear
between the hyperfine field of 33.1 T for «-Fe and the hyperfine field of 28.8 T for the first
subspectrum of BCT Fe;B. Thus, it can be concluded that the 2:14:1 phase is not present in
these samples.

On the basis of X&D and MS results, the intense peaks in figure 6, e.g. centred at 34.7 MHz
in figure 5(a), 33.2 MHz in figure 6(b), 35.5 MHz in figure 6(c), 35.7 MHz in figure 6(d)
and 36.0 MHz in figure 6(¢), are assigned to the 1B resonance signals in BCT Fe;B. For the
sample with x = 0, the strong line centred at 34.7 MHz is the characteristic peak of BCT
Fe3B, but it broadens asymmetrically to the high-frequency side. It is noteworthy that the
''B NMR peaks cormresponding to the BCT Fe3B shift from 34,7 MHz (25.3 kOc) for x = 0
to 36.0 MHz (26,3 kQe) for x = 4 on the addition of Gd.

It is known that both NMR and ME, the hyperfine interaction techniques, can provide
information concerning the local neighbourhood of (he resonant nuclel. It can distinguish
between lattice sites which are magnetically, atomically or electronically inequivalent. For
the Fe-B-based amorphous and/or crystalline alloys, B atoms are always located in the
centre of a trigonal prism formed by the nearest Fe atoms [12]. When some fluctuations
exist in the nearest neighbours of the B atoms, they are bound to influence the electronic
structure of B atoms and, consequently, change the hyperfine Geld and its distnibution at
B sites. For NMR experiments, the change manifests the variety of resonance lines. If the
change is significant, the NMR peak will be shifted or a new resonant peak will appear. If
not, the spectrum will broaden or distort. The fact that the ''B hyperfine field increases
with increasing x can be explained by R atoms entering BCT Fe3B.

As they are different from the NMR results, MSs indicate that the influence of R atoms
on the Fe HFs in BCT Fe3B is not obvious. The 'Fe hyperfine parameters in BCT Fe3B are
determined from multi-phase samples, giving rise to some uncertainty. Typical uncertainties
in Fe-B alloys are as follows: intensity, £1%, hyperfine field, £2 kOc; isomer shift,
0.3 mm s~'; quadrupole splitting, #-0.04 mm s~' [13]. The fact that the Mossbauer
experiment does not show the ’Fe HF change means that it is less than £2 kQe. However,
the MSs indicate that the relative intensity of the third subspectrum corresponding to the
Femp (8g) site of BCT Fe3B is about 5% weaker than those of the other two; this value of
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5% is much larger than the experimental error. It is commonly assumed that the recoil-free
fraction factor is similar for the three Fe sites of BCT FezB and the relative intensity is
proportional to the on-site Fe atom occupancies. This result means that some Fe atoms in
this site are substituted by R atoms.

26.2 | -

25.8 R

25.6 - E

hyperfine field(k Oe)

25.4 E

Figure 7. The hyperfine field at B sites in BcT FesB versus Gd concentration in
GdNds_;Fez75B1s5 alloys.

Figure 7 shows the !B HF in BCT Fe;B as a function of the Gd concentration x; it is
approximately a linear relationship between the HF and the Gd concentration. Owing to the
non-magnetic B atoms, the contribution to HF at B sites in R—Fe—B compounds and/or alloys
arises mainly from the transferred hyperfine field (THF(B)). The THF(B) is proportional to the
number of nearest-neighbour magnetic atoms and their magnetic moment [14]. The coupling
between Nd and Fe is ferromagnetic while that between Gd and Fe is antiferromagnetic,
but both Gd and Nd increase the hyperfine field at B sites. The fact that both Gd and Nd
shift the peak in the same direction means that the R atom contribution to THF(B) comes
from the magnetic moment of Nd and Gd via polarization of conduction electrons.

4. Conclusions

(1) The substitution of Gd for Nd increases slightly the Curie temperatures of amorphous
alloys. However, the coercive fields of crystallized alloys decrease with increasing Gd
congcentration,

(2) The addition of Gd causes an increase in the ''B hyperfine field in BCT FesB but
does not influence that of «-Fe. This can be explained by the R atoms entering BCT Fe;B.

(3) The origin of hard magnetic properties in rapidly quenched Nd-Fe-B with a low
Nd concentration is not related to the existence of the 2:14:1 magnetically hard phase, but
to BCT FesB coataining Nd atoms.
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