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Magnetic properties of monodomain Nd-Fe-B-C nanoparticles
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Nanoparticles of Nd-Fe-B-C with their crystal structure similar to the Nd2Fe14B phase were
generated in a carbon arc. With an average diameter of less than 40 nm, they are monodomain. They
have a smaller room-temperature coercivity than would be predicted from the bulk
magnetocrystalline anisotropy. However, their coercivity is greater than was previously observed in
particles,5mm prepared by spark erosion. While the carbon arc process is useful for making small
carbon-coated particles which resist oxidation, here dispersion of excess Nd in the carbon matrix
results in a significant paramagnetic signal. The dc demagnetization curves enable the paramagnetic
and ferromagnetic contributions to be distinguished. ©1996 American Institute of Physics.
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I. INTRODUCTION

Fine particle magnetism has been an active field
many years.1–3Experimental support for this theory has be
obtained for a variety of ferromagnetic fine particles.4 How-
ever, since this time there have been significant deve
ments both in permanent magnet materials and in fine
ticle synthesis. Here we combine two of these breakthrou
the high magnetocrystalline anisotropy alloy neodymi
iron boron and the carbon arc process5 for preparing
nanocrystals,6 and analyze the magnetic properties of the
sulting monodomain particles.

Bulk neodymium iron boron magnets have the high
known energy product of any permanent magnet mater7

This ternary alloy is quite complex. Boron is present to s
bilize the hard magnetic phase, tetragonal Nd2Fe14B.

8 Sin-
tered magnets frequently have a secondarya-Fe phase of
approximately 10 nm thickness at the grain boundari9

which may be significant in the oxidation which plagu
these materials. At low temperatures, bulk Nd2Fe14B also
undergoes a spin reorientation transition at 135 K.10 The
magnetic properties of the related materials, Nd2Fe14B.5C.5
and Nd2Fe14C, have also been reported.11

Several groups have prepared micron-sized particle
Nd-Fe-B alloys, by spark erosion in liquid argon,12 by ball
milling,13 and by heat treatment of metal and oxi
powders.14 In all of these materials the particle sizes were
the order of microns, and they therefore contained mult
magnetic domains. The coercivities measured were sig
cantly smaller than in the bulk material.

Monodomain particles of Nd-Fe-B-C are of interest
test the model of size-dependent coercivity.15 The maximum
size for a single magnetic domain has been estimate
;200 nm for Nd2Fe14B.

16 The carbon arc process has be
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applied to a variety of metals and alloys to prepare nanop
ticles in the 5–50 nm size range, well below the single do
main threshold. The carbon coating of the nanoparticles
also an advantage in preventing oxidation. Cobalt particl
made by this method have been boiled in sulfuric acid with
out reaction.17 We have recently demonstrated the use o
electron spectroscopic imaging to obtain elemental maps
a nanometer scale,18 which could enable us to detect
nanometer-scale phase separation in this alloy. With this n
approach to synthesis and and a new tool to character
chemical inhomogeneity, we sought to understand the beh
ior of these monodomain magnets.

II. EXPERIMENT

Nanoparticles embedded in a carbon matrix were pr
pared by a variation of the Huffman–Kra¨tschmer carbon arc
process.5 To make the nanoparticles, a composite anode w
made from graphite and 30 wt % Nd-Fe-B~Crucible, Inc.!,
with dextrin as a binder. Though this method has been us
to prepare other materials with up to 70 wt % metal,19 a 30
wt % metal fraction was studied here. The composite ano
was combined with a graphite cathode in a carbon arc~30
V dc, 100 A, 500 Torr He!, and vaporized. The nanoparticles
were collected as a powder from the reactor walls.

The nanoparticle morphology was determined through
combination of transmission electron microscopy~TEM! and
x-ray diffraction ~XRD! measurements on as-prepared an
annealed powder samples. Electron spectroscopic imag
~ESI! of an annealed sample was done with a Gatan Imagi
Filter attachment to a JEOL 4000 EX electron microscope.
this technique a combination of high-resolution imaging an
electron energy loss spectrometry is used to generate elem
tal maps.

For magnetic measurements, the powders were disper
in epoxy and placed in a Quantum Design SQUID magnet
meter at fields between65 kOe for temperatures ranging
529393/3/$10.00 © 1996 American Institute of Physics
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from 2 to 300 K. The diamagnetic contributions of the epo
and carbon matrix were measured separately and subtra
from the magnetization data. Due to the possibility of ad
tional paramagnetic contributions from Nd carbides, the
demagnetization~DCD! curves20 were also measured. Her
the sample was first saturated and then subjected to an
creasingly negative field. The remanent magnetization,Mr ,
is measured after the field is removed.

III. RESULTS AND DISCUSSION

The carbon arc process generated gram quantities
spherical nanoparticles well below the monodomain thre
old. The particles were embedded in an amorphous car
matrix, and followed a log-normal size distribution, with a
average radius of 18.2 nm and a standard deviation of
nm.

The sample was annealed in argon for 12 h at 900
without increasing the average particle size determined
TEM. Several x-ray diffraction peaks similar to those in t
Nd2Fe14B phase emerged:~410!, 100%, 2u542.4°; ~411!,
64%, 43.5°;~314!, 77%, 44.6°, though not all of the promi
nent features were detected. No evidence ofa-Fe, NdC2, or
Nd3Fe20Cx ~Ref. 21! was observed. Nominal Nd2Fe14C is
actually a mixture of rhombohedral Nd2Fe17Cx anda-Fe,11

and is inconsistent with our data. The most likely structure
an alloy similar to Nd2Fe14B, but containing a mixture of B
and C.

Electron spectroscopic imaging was used to obtain
~Fig. 1! and Fe maps in an annealed sample. While the i
was localized within the nanoparticles, we found that Nd w
distributed throughout both the particles and the matrix.
the matrix, it presumably took the form of NdC2 or Nd2C3
clusters too small to be detectable by XRD. These spe
are paramagnetic and therefore contribute to the overall m
netization, but not to the remanence or coercivity. We saw
evidence of a Nd-deficient layer near the nanoparticle surf
as found in the bulk material, or for a mixture of Nd-Fe an
a-Fe phases. No oxygen was detected in these samples,
fying that the carbon coating protects the nanoparticles fr
oxidation. While this technique is extremely useful for me
suring elemental abundances on a nanometer scale, th
not yet a quantitative technique. It could not be used to
termine the exact stoichiometry, because the carbon si

FIG. 1. Left: TEM of carbon-coated Nd-Fe-B-C nanoparticles. Dark sp
roidal regions are the nanoparticles and smaller spheres are part o
amorphous carbon matrix. Right: electron spectroscopic imaging of
same sample, showing the distribution of Nd. The corresponding Fe
shows that only the nanoparticles contain iron.
5294 J. Appl. Phys., Vol. 79, No. 8, 15 April 1996
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could arise from either dissolved carbon in the nanoparticl
or from the carbon coating which surrounds them.

The hysteresis loops for the Nd-Fe-B-C nanoparticle
show coercivity even at room temperature~Fig. 2!, butHc is
considerably smaller than would be predicted from the pa
ticle size and the room-temperature anisotropy of the bu
material. For a sample prepared from 30 wt % Nd-Fe-B sta
ing material, Ms549.5 emu/g, Mr514.2 emu/g, and
Hc5830 Oe at 5 K. The switching field distribution showed
no indication of multiple phases with widely differing coer-
civities. The remanent magnetization dropped sharply wi
temperature up to approximately 45 K, and continued to dro
more slowly up to room temperature. This contrasts with
maximum in the magnetization at;100 K in bulk
Nd2Fe14B0.5C0.5, which has a spin reorientation temperatur
of 128 K.11

The difference between the saturation and remane
magnetizations is greater than the factor of two expected
random ordering, but consistent with a large paramagne
contribution from the neodymium carbide clusters. DCD
measurements~Fig. 2! showed similar values forMr , but
smaller values ofMs and larger values ofHc ~1500 Oe at 5
K! because the paramagnetic contributions were absent. T
magnetization reversal of the paramagnetic fraction befo
that of the ferromagnetic particles reduces the overall ma
netization and shifts the field for whichM50, thereby reduc-
ing the measured coercivity. Efforts to model the DCD
curves are underway.
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f the
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FIG. 2. Ordinary hysteresis loop for Nd-Fe-B-C nanoparticles, and dc d
magnetization curve for the same sample.

FIG. 3. The dc demagnetization curve coercive field as a function of tem
perature. Fit to high-temperature data indicates an (A-BT0.28) dependence,
whereA andB are constants.
Brunsman et al.
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In spherical particles of Nd2Fe14B, magnetocrystalline
anisotropy is expected to dominate the shape anisotropy
determining the field required for magnetization revers
Stoner–Wohlfarth theory2 predicts that below the blocking
temperature,TB , the lowest temperature at which the coe
civity equals zero,Hc will obey at T

1/2 power law. Experi-
mentally we observe aT0.28 dependence of the measure
coercivity ~Fig. 3! above 75 K and aT0.17 dependence below
it. Because the anisotropy energy density of bu
Nd2Fe14B0.5C0.5 changes sign at low temperature,11 the
Stoner–Wohlfarth model cannot be used to quantitatively
terpret the results. A temperature dependenceTx with x,0.5
has been observed in nanocrystalline materials with intera
ing grains, and here we may have some interactions betw
nanoparticles. Studies in lower abundance samples are
derway.

IV. CONCLUSIONS

High coercivity monodomain nanoparticles of Nd-Fe
B-C in a carbon matrix have been prepared by the carbon
process. Structural and chemical characterization indica
the presence of a phase similar to that of Nd2Fe14B, probably
containing carbon. Neodymium was found to be dispers
throughout the carbon matrix, leading to a significant pa
magnetic contribution to the magnetic results, and making
demagnetization measurements essential for measuring
magnetic behavior of the nanoparticles. While the measu
coercivity is greater than previously reported for micron
sized particles, it is still far below the value predicted fro
the bulk anisotropy energy density.
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