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Effect of interstitial nitrogen on the structural and magnetic properties
of NdFe 10.5V1.5Nx
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The NdFe10.5V1.5Nx nitrides crystallize in the ThMn12-type structure. The nitrogen atoms occupy
interstitial sites, and their most important effects are on the crystal fields around the rare earth ion
sites. The variation of anisotropy fields of NdFe10.5V1.5Nx as a function of the nitrogen contentx is
presented. The crystal field interaction parameters are determined by using single-ion model. In the
light of this study, high performance magnetic powders based on NdFe10.5V1.5Nx were successfully
prepared. ©1998 American Institute of Physics.@S0021-8979~98!02305-6#
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I. INTRODUCTION

The ternary RFe122xMx intermetallic compounds crys
tallizing in tetragonal ThMn12-type structure can be stab
lized when M5Ti, V, Cr, Mn, Mo, W, Al, or Si andx is in
the range 1.0<x<4.0.1–3 Desirable effects of interstitial ni
trogen atoms on the magnetic properties of RFe122xMxNy

compounds were reported.4–7 The nitrogen atoms occupy th
interstitial 2b sites,8–10 which have an effect of increasin
both Curie temperature by 200 K and the saturation magn
moment of iron by 10%–20%. Moreover, a fundamen
change in magnetocrystalline anisotropy of rare earth i
was achieved by introducing the interstitial nitrogen atom
The rare earth ions, such as Nd, Tb, Dy, and Ho, presen
easy axis with a large anisotropy field after nitrogenati
This change is of significant importance, since the origin o
high coercivity comes from a strong uniaxial anisotropy.
particular, due to the ferromagnetic coupling between li
rare earth and iron, NdFe122xMxNy nitrides emerge as a
promising type of novel hard magnetic materials. The m
netic properties of the NdFe122xMx and their nitrides vary
with the third element M. Among them, NdFe122xVxNy pos-
sesses a higher Curie temperature and larger saturation
netization. Obviously, it is of theoretical and technical s
nificance to carry out a systematic investigation on
relationship of the crystallography structure, magnetocrys
line anisotropy, and hard magnetic properties with their
trogen content in NdFe10.5V1.5Nx nitrides.

II. EXPERIMENTAL AND CALCULATION METHODS

NdFe10.5V1.5 and YFe10.5V1.5 ingots were prepared by th
arc melting of 99.9% pure materials in an argon atmosph
followed by a heat treatment around 1000 °C for one we
The nitrogenation was carried out at 500–600 °C for sev
hours in high purity N2 gas at atmospheric pressure. T
magnetization curves of aligned samples were measured

a!Electronic mail: jbyang@ibm320h.phy.pku.edu.cn
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ing vibrating sample magnetometer with a field of up to
kOe at room temperature. Crystal phase was identified
x-ray diffraction analysis with CuKa radiation. The anisot-
ropy constantsK1 and K2 are deduced from the fitting o
magnetization curves perpendicular to the alignment dir
tion using Sucksmith–Thompson method.11 Theoretical cal-
culation using the single-ion model was performed.

III. RESULTS AND DISCUSSIONS

A. Crystallographic structure

The typical x-ray diffraction patterns of NdFe10.5V1.5Nx

are presented in Fig. 1. All the compounds are identified
crystallize in ThMn12-type tetragonal structure~so-called
1:12 phase!. The parent alloy before nitrogenation is o
single phase without any magnetic impurity, which can
also verified by thermomagnetic curves shown in Fig.
However, a little amount ofa-Fe appears when nitrogen con
tent increases. All the x-ray diffraction peaks
NdFe10.5V1.5Nx shift to lower angle whenx < 2.0. This is
evidence that nitrogen atoms enter into interstitial sites
result in a lattice expansion. The positions of diffractio
peaks remain unchanged whenx.2.0, indicating the nitro-
gen atoms that do not enter the interstitial sites any mo
and the precipitation ofa-Fe and neodymium nitrides be
come visible in the meantime. The lattice parametersa and
c, unit cell volumeV, as well as relative change in unit ce
volumedV/V of NdFe10.5V1.5Nx are summarized in Table I

A number of neutron diffraction studies on YFe11TiNx ,
YFe10V2Nx , and YFe10Mo2Nx or YFe11MoNx have been
made previously.8–10All studies present the same conclusio
that nitrogen atoms occupy the octahedral 2b interstitial
sites. Accordingly, full occupation of 2b sites in the case o
NdFe10.5V1.5Nx leads to a composition of NdFe10.5V1.5N1.0.
However, the experimentally estimated nitrogen contentx in
NdFe10.5V1.5Nx ranges from 0 to as large as 2.7, which
much higher than the theoretical value of one nitrogen at
per formula unit. This fact suggests that the nominal nitrog
0 © 1998 American Institute of Physics
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content is much larger than the nitrogen occupancy num
on 2b site. The nominal nitrogen content is obtained
weighting the sample before and after nitrogenation. So
weight included everything gained during nitrogenation su
as N in the particle surface~physical absorption! and in the
bulk, or factors other than N absorption.10 This may offer an
explanation to why different studies have reported differ
nitrogen content values, while corresponding lattice exp
sion and magnetic properties were not so different. A
result, it is reasonable to assume that the nominal comp
tion of NdFe10.5V1.5N2 with x52.0 corresponds to a nearl
full occupation on the 2b site, which has the largest volum

FIG. 1. The x-ray diffraction patterns of the NdFe10.5V1.5 and
NdFe10.5V1.5Nx .

FIG. 2. The thermomagnetic curves of the NdFe10.5V1.5 and NdFe10.5V1.5Nx .
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expansion. When the nominal nitrogen contentx.2.0, an
over nitrogenation occurs with an evidence of decompo
tion.

B. Magnetocrystalline anisotropy

The magnetization curves of NdFe10.5V1.5Nx , parallel
and perpendicular to the alignment direction measured
room temperature are plotted in Fig. 3. The saturation m
netizations, anisotropy constantsK1 and K2, as well as an-
isotropy fieldsHa are summarized in Table II. A significan
dependence of magnetocrystalline anisotropy on nitro
content is observed. The magnetocrystalline anisotropy
NdFe10.5V1.5Nx arises from the contributions of both the N
sublattice and the Fe sublattice. The contribution from
sublattice can be estimated experimentally by fitting
magnetization curves along the hard magnetization direc
of aligned samples of YFe10.5V1.5Nx . The values ofK1 and
K2 for the Fe sublattice are shown in Fig. 4. The Fe sub
tice possesses always an easy axis both before and afte
trogenation. The values of anisotropy constant decrease
slightly with increasing nitrogen content. However, no b
change occurs upon nitrogenation. So it is evident tha
drastic change takes place in the Nd sublattice anisotr
with nitrogenation.

FIG. 3. The room temperature magnetization curves of the magnetic
oriented powder samples of the NdFe10.5V1.5Nx .

TABLE I. The crystal lattice parameters of NdFe10.5V1.5Nx .

x a (Å) c (Å) V (Å 3) dV/V (%)

0.0 8.5411 4.7540 344.4 0.0
0.6 8.5943 4.7729 352.5 2.4
1.1 8.6187 4.8136 357.5 3.8
1.5 8.6174 4.8143 358.1 4.0
1.8 8.6120 4.9000 363.4 5.5
2.0 8.6070 4.9070 363.5 5.5
2.2 8.5910 4.9180 363.0 5.4
2.7 8.5640 4.8980 359.2 4.3
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Since the aspherical orbital wave function of the 4f elec-
trons interacts strongly with crystal field, the Nd ions mak
great contribution to the anisotropy of NdFe10.5V1.5Nx . The
anisotropy energy with a tetragonal symmetry can be p
nomenologically expressed as

E~u!5K01K1 sin2 u1K2 sin4 u1•••, ~1!

whereu is the angle between thec axis and the magnetiza
tion vector. As the 4f electrons of rare-earth are well loca
ized, the contribution of the Nd sublattice to the magne
crystalline anisotropy can be calculated by using the sin
ion model. The perturbation Hamiltonian is

H4 f5Hc f1Hex , ~2!

whereHc f is the crystal-field Hamiltonian, whileHex is the
exchange interaction Hamiltonian and can be written as

Hex5gJmBHm•J, ~3!

whereHm is molecular field estimated by fitting the satur
tion magnetization temperature curves of the Nd sublat
obtained from those of NdFe10.5V1.5Nx and YFe10.5V1.5Nx .
NdFe10.5V1.5Nx retains the ThMn12-type tetragonal structure
with nitrogen atoms occupying the 2b interstitial sites. T
Nd sublattice in the ThMn12-type structure possesses I
mmmpoint symmetry, so the crystal-field Hamiltonian is e
pressed as

Hc f5B20O201B40O401B44O441B60O601B64O64, ~4!

TABLE II. The intrinsic magnetic properties of the NdFe10.5V1.5Nx pow-
ders.

x
Ms

~emu/g!
K1

(107 erg/cm3)
K2

(106 erg/cm3)
Ha

~kOe!

0.0 114.1 0.13 0.47 0.5
0.7 120.6 3.34 5.80 7.3
1.4 126.0 3.52 6.24 9.9
2.0 131.5 3.80 7.07 10.4
2.7 132.1 20.11 33.30 •••

FIG. 4. The anisotropy constants of Fe sublattice in YFe10.5V1.5Nx .
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where Bkq5un^r
n&Akq , un5aJ , bJ, and gJ for n52, 4,

and 6, respectively;̂r n& are expectation values ofr n for the
4 f shell, Akq are the crystal-field coefficients, andOkq are
the Stevens equivalent operators. The 4f electrons lie within
the 5s and 5p orbits and are strongly screened from t
surrounding ions. Therefore, a set of screening fact
(s2,4,6) are introduced to represent this effect. Finally t
perturbation Hamiltonian is

H4 f5~12s2!B20O201~12s4!~B40O401B44O44!

1~12s6!~B60O601B64O64!

1gJmBHm~Jx sin u1Jz cosu!. ~5!

To calculate the crystal-field parameters, 16 rare-ea
ions, 28 iron ions, and 16 nitrogen ions are considered
ligands. Because the farther ions are shielded not only fr
the outer electrons of Nd but also by the ‘‘sea’’ of free ele
trons and nearer ions, hence, their contribution is negligib
The free energy density is

E~u!52NKT ln~Se2Ei /KT!, ~6!

whereN is the density of Nd31 ions,T5295 K, andEi is the
eigenvalue ofH4 f and can be obtained by solving the fo
lowing secular equation:

u^LSJM8uH4 f uLSJM&2EidM8Mu50, ~7!

where L53, S53/2, J59/2, and M 8, M529/2,
27/2, ..., 9/2. Through solving Eq.~7!, a set of crystal-field
parameters of Nd31 are obtained. The results are listed
Table III, and corresponding second order crystal-field co
ficient A20 as a function of nitrogen content is presented
Fig. 5. The calculated results indicate that the second o
crystal-field parameter is dominant in determining the anis
ropy of the rare-earth sublattice as higher order items are
small in the NdFe10.5V1.5Nx series. The change in the sign o
A20 from negative to positive after nitrogenation is impo
tant. Due to this change, thec axis becomes the easy ma
netization direction for the NdFe10.5V1.5Nx nitrides form 0 K
to Curie temperature.

Since the contribution from neighbor nitrogen ions to t
second-order crystal-field coefficientA20 are positive and
large while the contribution from neighbor rare-earth io
are negative and smaller, this results in a change in the
of A20 from negative in the host compounds to positive in t
nitrogen interstitial modified compounds. Therefore the ra
earth sublattice anisotropy changes completely. All the ra
earth ions whose second order Stevens coefficientaJ are
negative, such as Nd31, prefer an easy axis. As shown i

TABLE III. Crystal-field parameters of the rare-earth sublatticeBnm~K!.

x B20 B4031023 B4431023 B6031025 B6431025

0.0 0.80 0.43 24.34 1.48 2.15
0.2 20.64 21.83 23.73 223.23 1.86
0.4 22.09 24.09 23.12 247.95 1.58
0.6 23.54 26.31 22.51 272.66 1.30
0.8 24.99 28.61 21.89 297.37 1.02
1.0 26.43 210.87 21.28 2122.1 0.74
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Fig. 5, A20 increases linearly as the nitrogen content
creases. This is consistent with the experimental data,
Fig. 3. In order to compare the measured values with
calculation results, it is assumed thatx is equal to 1.0 for the
sample with a nominal composition of NdFe10.5V1.5N2 whose
unit cell volume does not increase further, which meansb
sites were fully occupied. Consequently, thex of other
samples is assumed to be proportional to the relative cha
in the unit cell volume by comparing with NdFe10.5V1.5N2.
The x denotes the average occupancy number of nitroge
the 2b site. The theoretical values ofK1 andK2 ~Fig. 6! are
in good agreement with the experimental data except a
viation in high nitrogen content region. This is partly b
cause the nitrogen content of the sample cannot be estim
very accurately. We can conclude that with a pure 1:12 ph
and full nitrogenation in the 2b site, a uniaxial anisotropy

FIG. 5. The second-order crystal-field coefficientsA20 as a function of ni-
trogen content.

FIG. 6. The anisotropy constants of Nd31 ions in NdFe10.5V1.5Nx .
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field of up to 13 T at room temperature will be expected
indicated in Fig. 6.

C. Permanent magnetic properties

An easy axis with a strong anisotropy field is prereq
site for a large coercive force. Consequently, the chang
the sign ofA20 allows NdFe10.5V1.5Nx to be available for
permanent magnet applications, and a proper nitrogena
process is a key leading to success in manufacturing h
performance magnets based on the NdFe10.5V1.5Nx com-
pounds. Figure 7 shows the variation of coercive forceiHc

and remnant magnetizationMr as a function ofx for
NdFe10.5V1.5Nx , wherex is the nominal nitrogen content es
timated by gravity. All powders were made by using t
same host alloy without milling after nitrogenation. A max
mum in iHc and Mr is observed aroundx51.8. Together
with the x-ray diffraction data it is believed that under th
value the nitrogenation is not sufficient and over this valu
decomposition occurs. The impurities are harmful to t

FIG. 8. The hysteresis loop of the epoxy-bonded NdFe10.5V1.5Nx powders.

FIG. 7. The dependence of coercivity and remanent magnetization on n
gen content of NdFe10.5V1.5Nx .
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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magnetic properties. Actually, a high performance powde
NdFe10.5V1.5N1.7 with iHc54.3 kOe, Br510.8 kG, and
(BH)max517.2 MGOe was obtained by optimizing the nitr
genation and milling process. Its hysteresis loop is prese
in Fig. 8. Finally, the temperature dependence of coerciv
of the NdFe10.5V1.5Nx powders was determined by measuri
temperature dependence of the hysteresis loops in a tem
ture range from room temperature to 450 K. The tempera
coefficient of coercivity is smaller than that of Nd2Fe14B
magnets. Compared to the commercial Nd–Fe–B powd
they have a moderate coercive force, but a larger maxim
energy product, and suitable for some practical applicatio

IV. CONCLUSIONS

The experimental investigation showed that nitroge
tion of NdFe10.5V1.5 will enhance the magnetocrystalline a
isotropy of this compound. Theoretical results of anisotro
constants are well consistent with the experimental value
is found that the contribution of neighbor nitrogen ions to t
second order crystal-field coefficientA20 are positive and
larger, while the contribution of neighbor rare-earth ions
negative and smaller. The former increases linearly and g
Downloaded 30 Oct 2007 to 206.167.202.2. Redistribution subject to AIP
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rise to a linear increase ofK1 with increasing nitrogen con
tent. For the fully nitrogenated samples with a stro
uniaxial anisotropy field, NdFe10.5V1.5Nx is promising for
permanent magnet applications. In fact, anisotropic magn
powders withHc54.3 kOeBr510.8 kG, and (BH)max517.2
MGOe have been obtained.
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