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The coercivity of Nd-Fe-Al amorphous ferromagnetic materials originates from the combination of magnetic
interaction and strong pinning of domain walls. Using NdgoFesoAl;( alloys made under three cooling rates, we
discovered an important microstructure parameter that can be used to strengthen interaction and pinning. By
tuning the variations of composition difference between Nd-rich and Fe-rich amorphous regions, we enhanced

the magnetic interaction and increased maximum restoring force per pin of Nd nanocrystals (with size < 30 nm
embedded in amorphous matrix). We were, however, not able to change pinning force by changing the grain
morphology and the size of Nd nanocrystals (< 30 nm).

1. Introduction

Since the first report on NdgoFe3pAl; o bulk amorphous alloys (BAAs)
in 1996, there has been growing interest in these alloys because of their
hard magnetic properties at room temperature, and as a consequence
they may be possible candidates for use as permanent magnets [1,2].
The hard magnetic behavior of the Nd-based amorphous alloys is sur-
prising, given that disorder of the amorphous state usually produces
magnetic softness rather than hardness. Furthermore, it is of interest to
note that the current coercivity mechanisms [3], e.g. the shape aniso-
tropy, magnetocrystalline anisotropy, and nucleation of domain model,
used widely in permanent alloys, cannot explain adequately the hard
magnetic behavior of Nd-based BAAs at room temperature. Therefore,
understanding the coercivity mechanism of Nd-based BAAs has a sig-
nificant impact on developing this type of permanent magnets.

Although the term amorphous is used, the common feature of the
microstructure in Nd-based alloys is the presence of clusters or nano-
crystals, which vary in diameter from 1.2 nm to 50 nm, embedded in an
amorphous matrix in these materials [4-8]. On the basis of such a mi-
crostructure, a number of mechanisms have been proposed to explain
coercivity in Nd-based amorphous alloys. For example, Inoue et al. [1]
proposed a random anisotropy model and suggested that the coercivity in
Nd-Fe-Al BAAs originated from the homogeneous dispersion of Nd-Fe
and Nd-Fe-Al clusters with large random magnetic anisotropy. McCallum
and his co-workers suggested that the coupling of the § — phase
(NdgFe 3 _4Al; 14, 1 < x < 4.5) with a size of 1.2nm to the ferromag-
netic matrix in an “exchange-bias”-type manner conferred high values of
coercivity in melt-spun Nd-Fe-Al alloys [6]. Other researchers used
strong pinning model of domain walls to describe the coercivity me-
chanism in Nd-based BAAs [9-15]. In our previous work, the coercivity
(286 kA/m) in NdgoFe3pAl;o BAA was proposed to be from the combi-
nation of magnetic interaction and strong pinning of domain walls [16].
The remaining important question is which microstructure parameter
affects interaction and domain wall pinning. In our present study, we
prepared samples with different cooling rate to elaborate how the na-
nocrystals in the amorphous phase and the chemistry compositions of the
amorphous phase affect the coercivity. We observed a-Nd nanocrystals
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with a size of 5-40nm in both melt-spun ribbons and rod samples of
2mm in diameter. The grain morphology and the average grain size
(< 30nm) of Nd nanocrystals appear to have minor effects on the
maximum restoring force per pin. The composition gap between Nd-rich
and Fe-rich amorphous phases of NdgoFezoAl;( alloy influences both the
magnetic interaction and the pinning of domain walls.

2. Material and methods

Ingots with nominal composition NdgoFe3oAl;o were prepared by
arc-melting in an argon atmosphere from 99.99% pure Nd, Fe, and Al
from Trillion Metals Co., Beijing. Ingots were re-melted four times for
homogenization. Ribbon samples were prepared by melt-spinning in an
argon atmosphere on a water-cooled copper wheel at speed of 5m/s
(labeled as M5), 10 m/s (labeled as M10), 15m/s, 20 m/s, 25 m/s and
35m/s. Rods of 2mm in diameter and 40 mm in length were obtained
by suction-casting the molten alloy into a water-cooled copper mold
and numbered as C2, see Table 1. Magnetic properties were measured
at room temperature on a Lake Shore 7407 vibrating sample magnet-
ometer (VSM) with a maximum field of 1.8 T. The magnetic properties
decreased with increasing the wheel speed of ribbons samples, as shown
in Supplementary Fig. S1. The Henkel plot was determined from the
isothermal remanence magnetization (IRM) and DC demagnetization
(DCD) curves [17]. Henkel plots of NdgoFe3gAl;o ribbon samples were
constructed for ribbon samples at various wheel speed (Supplementary
Fig. S2). We chose ribbon samples M5, M10 and a rod sample C2 for
further investigations. The width of the domain wall was determined by
measuring the intrinsic coercivity as a function of sweeping rate of
applied field as described in Supplementary Fig. S3. Structure was
characterized on a D/max-2550 X-ray diffractometer (XRD) with Cu Ka
radiation, a GAIA3 scanning electron microscope (SEM) and a JEM
2100F transmission electron microscope (TEM) operating at 200 kV.
The TEM samples and atom probe tomography (APT) needle specimens
were prepared using an FEI HELIOS NanoLab 600i focused ion beam
(FIB). The APT characterizations were carried out in a CAMECA In-
struments LEAP4000X HR local electrode atom probe. The specimens
were analyzed in laser mode with a specimen temperature at 50 K with
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Table 1
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The saturation magnetization, M;, the remanent magnetization, M,, the intrinsic coercivity, H_, the domain wall width, §,,, the maximum restoring force per pin, f,
the average grain size, d, and the morphology of Nd nanocrystals for melt-spun NdeoFesoAl;o samples prepared at the wheel speed of 10 m/s and 5m/s, and as-cast

NdgoFe3pAl;o rod sample of 2 mm in diameter.

Samples Condition M, (Am?/kg) M, (Am?/kg) H. (kA/m) 8, (nm) Fx 1071 (N) d(nm) morphology of Nd nanocrystals
M10 melt-spun, 10 m/s 19.6 10.1 169 28 1.4 10 = 3 granular
M5 melt-spun, 5m/s 21.8 13.3 214 27 1.5 24 + 8 flake
Cc2 as-cast,¢ 2mm 221 14.6 287 13 3.4 25 =7 flake
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Fig. 1. Hysteresis loops of samples M10, M5 and C2.

a target evaporation rate of 1%, the energy of pulse laser is 60 pJ, and a
vacuum < 1078 Pa.

3. Results

The hysteresis loops (Fig. 1) at room temperature show single phase
hard magnetic behavior in samples M10, M5 and C2. The key magnetic
parameters are shown in Table 1. The saturation magnetization (M)
values are almost the same for three conditions. The remanent mag-
netization, M,, increases monotonically by an order of M10 < M5 <
C2. The intrinsic coercivity (H.) increases by 70% from 169 kA/m of
sample M10 to 287 kA/m of sample C2.

Based on Wohlfarth model, Henkel plot is an effective method to
understand the phenomenon of magnetic interaction [18,19]. Henkel
plots of all samples with positive deviations (marked by an arrow) in-
dicate that magnetic interaction occurs in all samples and the interac-
tion increases monotonically from sample M10 to sample C2 (Fig. 2a).
We used the vertical distance from the highest point in the positive
deviation to the non-interaction line (marked as a dash line) to quantify
the strength of interaction. The ratio of the vertical distance is 3: 1.9: 1
for samples M10, M5 and C2.

For the case of strong pinning of domain walls developed by Gaunt
[9], the value of H_, as a function of temperature, T, is given by

(-3
Hy) e))

where Hy is the critical field at T = 0K, kg is Boltzmann constant, 4b is
the interaction range of a pin equating with the domain wall width, §,,
and f is the maximum restoring force per pin.

Eq. (1) can be rewritten as

75ks T
4bf

(HOV2 = b + (T @

where b" = (Hp)'? and ¢ = (Hp)'/*(75kg/(4bf))*">.
The simple linear relationship between (H.)*? and T** demon-
strates a very good agreement with the strong pinning domain wall

377

model in all samples (Fig. 2b). Hence, the Henkel plot result and good
agreement with relation (2) indicate that the coercivity in melt-spun
NdgoFe3pAl;o ribbons and as-cast rod sample is from a combination of
both interaction and strong pinning of domain walls. The data shown in
Fig. 2b was fitted with a standard linear least-squares method to Eq. (2),
and the constants b” and ¢ were determined. The value of 4b, or §,,, was
calculated by H, as a function of sweeping rate, see Supplementary Fig.
S3. The calculated value of the maximum restoring force per pin (f)
from ¢ = (Hy)/*(75ks/(4bf))>? indicated that f (3.4 X 10" ''N) for
sample C2 was greater than 2 times of that in samples M10
(f=1.4x10"'N) and M5 (f= 1.5 x 10" ''N). The data in Fig. 2
suggests that to enhance the coercivity for NdgoFe3oAl;o amorphous
alloys, both magnetic interaction and pinning force for domain walls
have to be improved. To further investigate the relative importance of
these two factors, the microstructure was studied.

XRD patterns of all samples are similar with some diffraction peaks
identified as o-Nd superimposing on the broad amorphous peaks
(Supplementary Fig. S4). Back-scattered SEM image shows featureless
contrast in sample M10 (see Supplementary Fig. S5a), indicating a
homogeneous microstructure. Sample M5 exhibits regions with different
contrast in nano-scale (see Supplementary Fig. S5b). TEM images show
that nanocrystals of 5-18 nm and 10-40nm in size, embedded in the
amorphous phase in samples M10 and M5, respectively (Fig. 3a and 3b).
High-resolution TEM and corresponding fast Fourier transformation (FFT)
images of selected areas show that nanocrystals are hcp o-Nd (see
Supplementary Fig. S6). In sample C2, back-scattered SEM image shows
region A and region B with different contrast (see the inset in Fig. 3c).
TEM results show that regions A and regions B have similar micro-
structure, that is, hcp a-Nd phase of 10-40 nm in size embedded in
amorphous matrix (Fig. 3c and d). The grain size of hcp a-Nd phase in
melt-spun NdgoFespAl;o ribbons was smaller than that in rod sample. In-
creasing wheel speed decreased the grain size of hcp a-Nd phase (Table 1).

APT was employed for further investigation of the amorphous and Nd
phases. In three samples, isoconcentration surfaces of 75 at.% Nd was
used to visualize and identify Nd particles (Fig. 4a—d). Morphology of the
Nd particles in sample M10 is granular (Fig. 4a), whereas it is flake-like
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Fig. 2. Henkel plots (a) and (H.)'/? as a function of T /? in the temperature range of 120-300 K (b) for melt-spun NdgoFesoAl;o samples prepared at the wheel speed
of 10m/s (M), 5m/s (@), and as-cast NdgoFesoAl;o rod sample of 2 mm in diameter (A).

in sample M5 (Fig. 4b). For regions A and B in sample C2 (Fig. 4c and d),
the morphology of Nd particles is flake-like, similar to that observed in
sample M5. In order to identify the amorphous phase of sample M10, the
concentration depth profile was obtained from the selected volume
within a cylinder of a diameter of 10 nm and length of 150 nm in Fig. 4a.
In the analyzed amorphous region, the concentration of Nd, Fe and Al are
57 = 2 at%, 32 + 2 at.% and 11 * 1 at.%, see Fig. 4e. It is close to
the nominal composition of NdgoFespAl;o considered as amorphous
phase (indicated by two dashed lines in Fig. 4e). In other amorphous
regions, the chemistry is almost identical, indicating that the composition
fluctuation among the amorphous regions changes marginally in M10.
For sample M5, two amorphous phases with different composition
(marked as a dash line) are observed within a cylinder of
10nm X 10nm X 50 nm (Fig. 4f). The amount of Fe in the left region of
the dash line is 48 = 2 at.%, which is higher than that of Nd (40 + 2 at.
%), indicating that the amorphous phase is Fe-rich with an approximate
composition of Nd4gFesgAl; 5. In contrast, the right region of the dash line
is Nd-rich because the composition of Fe (41 * 2 at.%) is lower than
that of Nd (48 * 2 at.%). The composition of Nd-rich amorphous phase
is about NdygFe41Al; ;. That is, the composition fluctuation of amorphous
phase results in the formation of Fe-rich and Nd-rich amorphous regions
in sample M5. For sample C2, in region A with selected cylinder of
10nm x 10nm X 70 nm, the amorphous phase is Fe-rich, see Fig. 4g.
The amount of Nd, Fe and Al in amorphous phase is 46 + 2 at.%,
42 * 2at.% and 12 = 1 at.%, respectively. In region B with a cylinder
size of 10nm X 10nm X 50 nm, the amount of Nd, Fe and Al in amor-
phous phase is 59 *+ 2 at.%, 31 = 2 at.% and 10 * 1 at.%, respec-
tively, close to the nominal composition of NdgoFezoAl;o ( Fig. 4h).

4. Discussion

In our work, the microstructure of ribbon and rod samples consists of
amorphous phase and Nd crystal phase. Moreover, hcp Nd phase
(Tc = 19K) [20] exhibits paramagnetic behavior at room temperature,
which is different from the matrix. Hence, Nd crystalline phase can act as
the pinning center according to the definition of pinning centers in
Gaunt’s model [9]. Furthermore, when the size of particles or crystallites
is comparable with the domain wall width, it is expected that it will pin
domain walls. For samples M10, M5 and C2 in Table 1, the average sizes
of Nd phase (10 + 3nm, 24 = 8nm and 25 *= 7 nm) are comparable
to the domain wall width (8,, = 28.0nm, 27.1 nm and 13.0nm) in-
dicating that Nd phase can act as pinning centers to impede the move-
ment of the domain wall. It is worth noting that the average size of Nd
phase of sample M5 is 2.4 times of that in sample M10, whereas in both
samples the maximum restoring force per pin, f, has almost the same
value (1.4 x 107''N). In contrast, the average size of Nd phase of
samples M5 and C2 has similar value, while f in rod sample C2 is 2.3
times larger than that in ribbon sample M5, suggesting that the average
size of Nd phase has minor effect on the maximum restoring force per pin
in the size range studied. Moreover, although the morphology of Nd
phase in ribbon samples M10 and M5 is different, the value of f is similar
(=1.4 x 10" N). On the contrary, the value of f in the sample C2 is
3.4 x 107N, larger than 1.5 X 10~ ' N of sample M5, whereas the Nd
particles in both samples are flake. This indicates that the grain mor-
phology also has minor effect on the effectiveness of pinning.

The compositional difference between Fe-rich and Nd-rich amor-
phous phase played a major role on pinning of domain walls. For
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Fig. 3. The bright-field TEM images of sample M10 (a) and sample M5 (b), and region A (c) and region B (d) of sample C2.

example, in sample M10, the composition (Nds; + sFess + 2Aly; + 1) of
the amorphous phase is close to the nominal composition
(NdgoFe30Al; ) of alloys, which indicates the composition fluctuation of
amorphous phase changes marginally. For sample M5, the composition
of Fe-rich amorphous phase is Nd4g + oFe4s + 2Al;5 4 1, and the com-
position of Nd-rich amorphous phase is Nd4g + oFe4; + oAl + 1. The
content fluctuation of Nd, Fe and Al is about 8 at.%, 7 at.% and 1 at.%,
respectively. For sample C2, the composition of Fe-rich amorphous
phase is Ndgg + oFeqs + 2Al15 + 1, and the composition of Nd-rich
amorphous phase is Ndsg + oFes; + 2Aljg + 1. The content fluctuation of
Nd, Fe and Al is about 13 at.%, 11 at.% and 2 at.%, respectively. The
chemistry fluctuation of Nd and Fe in rod sample C2 is larger than that
in ribbon sample M5. The values of maximum restoring force per pin, f,
are1.4 x 107N, 1.5 x 10" ' N and 3.4 x 10~ ' N for samples M10,
M5 and C2, respectively. It indicates that the greater chemistry fluc-
tuation leads to larger pinning force, resulting in higher coercivity in
sample C2.

The origin of magnetic interaction is continuously debated in Nd-
based alloys [6,21]. Our previous work of Henkel plot indicated that the
interaction occurred between two amorphous phases with different
composition [7,16]. The maximum restoring force per pin, f, has almost
same value with 1.4 x 107N in ribbon samples M10 and M5
(Table 1). This suggests that the role of strong pinning of domain walls
is similar in ribbon samples. Hence, the H,' increases from 169 kA/m of
sample M10 to 214 kA/m of sample M5, which attributes to stronger
interaction in sample M5 than that in sample M10, as shown in Fig. 2a.
That is, the fluctuation of composition between Fe-rich and Nd-rich
amorphous region is believed to be the main factor of magnetic inter-
action in sample M5, which results in the enhancement of coercivity.
Similarly, the difference of content fluctuation of Nd and Fe in sample
C2 is larger than that in sample M5, which results in stronger interac-
tion in sample C2. Hence, in comparison to ribbon samples, the en-
hancement of coercivity for rod NdgoFespAl;o alloy (287 kA/m) con-
tributes to both the improvement of magnetic interaction and strong
pinning of domain walls.

It is worth mentioning that the saturate state of magnetization of
NdgoFe3pAl;o alloy is not observed with an applied field of 1.8 T (see
Fig. 1) because of noncollinear sperimagnetic structure [22]. Turtelli
et al. [11] tried the applied field of 22 T to saturate NdgoFespAl;, alloy
and failed to get saturated state of magnetization. That is, obtainable
laboratory magnetic fields may not reach a high enough field to enable
a reliable value of saturation magnetization of NdgoFe3pAl;( alloy de-
termined from laws of approach to magnetic saturation.

The domain wall width (§,,) and the maximum restoring force per
pin (f) are both important parameters in strong pinning model of do-
main walls. From Egs. (1) and (2), the §,, is given by

_ 75kgH3"*

Oy =4b = fC3/2

3
However, how to determine the value of §, and f has debates for
NdgoFe3pAl; o BAAs. Ortega-Zempoalteca et al. [5] employed

aMZ2r?

f =
o

4
to determine the value of f, where M; is the saturation magnetization
and r is the radius of the spherical defect. The f (6.59 x 10~ '* N) was
obtained by assuming that M; = 0.77T and r = 20 x 10~ °m. They
used Eq. (3) to get a value of §, = 8.14 nm for NdgoFe3pAl;o bulk-cy-
lindrical rod of 3mm in diameter. In Eq. (4), Collocott [14] used
M;=0.41T and an estimation of r = 40nm to obtain a value of
8, = 6.2nm in NdgoFe3pAl;o bulk-cylindrical rod of 2 mm in diameter.
It is worth noting that the difference in the value of §,, is mainly due to
a paucity of data of M, in high-magnetic fields for NdeoFe3pAl;o alloy
and artificial values of r (or the size of defect and precipitates). In our
work, we ignored the values of M; and r in Eq. (4) and calculated §,,
from experimental data obtained by measuring the intrinsic coercivity
as a function of sweeping rate of applied field as described in
Supplementary Fig. S3. Our estimated value of §,, was 13 nm for sample
C2. This value is higher than 8.14 nm and 6.2 nm of NdgoFe30Al;o BAAs
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Fig. 4. Atom probe tomography (APT) results of NdgoFe3pAl; o alloys. APT reconstruction illustrates segregation by isoconcentration surface of 75 at.% Nd of sample
M10 (a), sample M5 (b), region A of sample C2 (c), and region B of sample C2 (d). The corresponding concentration depth profiles obtained from the selected
analyzed volumes are for sample M10 (e), sample M5 (f), region A (g) and region B (h) of sample C2.

reported in Refs 5 and 14, respectively.

In addition to rod samples of 2mm in diameter (samples C2), we
also prepared rod samples of 3 mm and 5 mm in diameter. It is found
that the rod sample of 3 mm in diameter has the H of 268 kA/m, close
to 287 kA/m of sample C2. Moreover, the rod samples of 3mm and
2mm in diameter have similar microstructure with nanocrystals em-
bedded in the amorphous phase [8]. However, we failed to obtain
amorphous microstructure in rod samples of 5 mm in diameter resulting
in a significant decrease of H..

The coercivity of bulk NdgoFe3Al;o alloy (C2 sample) is 287 kA/m,
which is close to 290 kA/m of MnBi alloy, and higher than 46 kA/m of
AlNiCo 3(FegoNisyAl;3) and 180 kA/m of isotropic bonded SrFe;5019
[3]. Our previous work showed that the remanence was improved by
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substitution of Fe for Nd, however, the magnetic behavior changed
from hard magnetic to soft magnetic with Fe content more than 50 at.%
[23]. Whilst it is acknowledged that the magnitude of the remanence of
NdgoFe3pAl; alloy makes it unlikely used as a hard magnet in technical
applications, this type of alloy, nonetheless, is a nice model system for
exploring ideas relating to the abnormal magnetic behavior and origin
of coercivity in amorphous at room temperature. It can give additional
remarks on related coercivity mechanism of hard magnetic materials.

5. Conclusions

Reducing the cooling rates increased the H.' of NdgoFesoAl;q alloys
by about 70% from 169 kA/m of sample M10 to 287 kA/m of sample



C2. The coercivity of the alloys originates from the combination of
magnetic interaction and strong pinning of domain walls. The pinning
centers were Nd nanocrystals embedded in the amorphous matrix. The
grain morphology and the size of Nd nanocrystals (< 30 nm) had minor
effects on the maximum restoring force per pin. The compositional
variations between Nd-rich and Fe-rich amorphous regions can be used
to improve the magnetic interaction and to enhance the maximum re-
storing force per pin of Nd nanocrystals (with size < 30 nm embedded
in amorphous matrix). Our findings give further insight into the coer-
civity mechanism of Nd-based amorphous ferromagnetic materials and
provide a new idea to design prospective permanent alloys with good
magnetic properties.
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