JOURNAL OF APPLIED PHYSICS VOLUME 83, NUMBER 5 1 MARCH 1998

Effect of interstitial nitrogen on the structural and magnetic properties
of NdFe 105V1 5Ny

Jinbo Yang,? Bo Cui, Weihua Mao, Benpei Cheng, Jianian Yang, Bo Hu,
and Yingchang Yang
Department of Physics, Peking University, Beijing 100871, People’s Republic of China

Senlin Ge
Beijing University of Post and Communications, Beijing 100080, People’s Republic of China

(Received 20 June 1997; accepted for publication 14 November) 1997

The NdFegq V4 N, nitrides crystallize in the ThMp-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 Ndgev, sN, as a function of the nitrogen contenis
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 fyg¥eN, were successfully
prepared. ©1998 American Institute of Physid$S0021-897€8)02305-4

I. INTRODUCTION ing vibrating sample magnetometer with a field of up to 20
kOe at room temperature. Crystal phase was identified by
x-ray diffraction analysis with Cik, radiation. The anisot-
ropy constantX; and K, are deduced from the fitting of
magnetization curves perpendicular to the alignment direc-
tion using Sucksmith—Thompson methtddlheoretical cal-
culation using the single-ion model was performed.

The ternary RFg_,M, intermetallic compounds crys-
tallizing in tetragonal ThMp-type structure can be stabi-
lized when M=Ti, V, Cr, Mn, Mo, W, Al, or Si andx is in
the range 1.8x=<4.01"3 Desirable effects of interstitial ni-
trogen atoms on the magnetic properties of BEgM,N,
compounds were reportéd’ The nitrogen atoms occupy the
interstitial 2b site$;1° which have an effect of increasing
both Curie temperature by 200 K and the saturation magneti
moment of iron by 10%-20%. Moreover, a fundamentalﬁl' RESULTS AND DISCUSSIONS
change in magnetocrystalline anisotropy of rare earth ioné. Crystallographic structure

was achieved by introducing the interstitial nitrogen atoms.  ha typical x-ray diffraction patterns of NdRgV eN,

The rare earth ions, such as Nd, Tb, Dy, and Ho, present afye presented in Fig. 1. All the compounds are identified to

easy axis with a large anisotropy field after nitrogenation.Crys,[a"iZe in ThMntype tetragonal structuréso-called

This chang.e.is of significant importance,'sir'lce thg origin of q-12 phasg The parent alloy before nitrogenation is of
hlgh_ coercivity comes from a strong unlax_lal anisotropy. '”single phase without any magnetic impurity, which can be
particular, due to the ferromagnetic coupling between lightys, verified by thermomagnetic curves shown in Fig. 2.
rare earth and iron, Ndirg (MyN, nitrides emerge as a o yever, a little amount ofi-Fe appears when nitrogen con-
promising type of novel hard magnetic ma_terl_al_s. The magient increases. All the x-ray diffraction peaks of
ngtlc propgmes of the Ndkge ,M, and their nitrides vary NdFe ooV eN, shift to lower angle whex < 2.0. This is
with the third element M. Among them, Ndbe,V,Ny Pos-  gyidence that nitrogen atoms enter into interstitial sites and
sesses a higher Curie temperature and larger saturation mags it in a lattice expansion. The positions of diffraction
netization. Obviously, it is of theoretical and technical Sig'peaks remain unchanged when-2.0, indicating the nitro-
nificance to carry out a systematic investigation on th€yen atoms that do not enter the interstitial sites any more,

relationship of the crystallography structure, magnetocrystalzy 4 the precipitation of-Fe and neodymium nitrides be-

line anisotropy, and hard magnetic properties with their ni-.ome visible in the meantime. The lattice parameteend
trogen content in NdRg sV, 5N, nitrides.

¢, unit cell volumeV, as well as relative change in unit cell
volume §V/V of NdFe =V, 5N, are summarized in Table I.
Il. EXPERIMENTAL AND CALCULATION METHODS A number of neutron diffraction studies on Yf&iN,,

) YFe oV,oN,, and YFgiMo,N, or YFe;MoN, have been
NdFey sV 5and YFa sV, singots were prepared by the o de previouslf~1° Al studies present the same conclusion

arc melting of 99.9% pure materials in an argon atmosphergy, nitrogen atoms occupy the octahedrd Dterstitial
followed by a heat treatment around 1000 °C for one weekgijies Accordingly, full occupation oft2sites in the case of
The nitrogenation was carried out at 500—600 °C for severq{ldFelO V1 N, leads to a composition of NdRgV, eN;
hours in high purity N gas at atmospheric pressure. The o ever, the experimentally estimated nitrogen congeint
magnetization curves of aligned samples were measured ”ﬁFdFe_LO V1 N, ranges from 0 to as large as 2.7, which is
. . X L |
much higher than the theoretical value of one nitrogen atom
dElectronic mail: joyang@ibm320h.phy.pku.edu.cn per formula unit. This fact suggests that the nominal nitrogen
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TABLE I. The crystal lattice parameters of NdfeV, 5N, .

X a (A) c (A) Vv (A3 VIV (%)
0.0 8.5411 4.7540 344.4 0.0
0.6 8.5943 47729 3525 2.4
1.1 8.6187 4.8136 357.5 3.8
- 15 8.6174 4.8143 358.1 4.0
s 1.8 8.6120 4.9000 363.4 5.5
> 2.0 8.6070 4.9070 363.5 55
2 x=1.8 2.2 8.5910 4.9180 363.0 5.4
E 2.7 8.5640 4.8980 359.2 43

321

expansion. When the nominal nitrogen cont&nt2.0, an
over nitrogenation occurs with an evidence of decomposi-
tion.

20 30 40 50 60
2609 B. Magnetocrystalline anisotropy
_ , The magnetization curves of NdfgeV,sN,, parallel
E"j:'q 1v TNhe xray diffraction pattens of the Nds&/1s and  anq perpendicular to the alignment direction measured at
08T LE room temperature are plotted in Fig. 3. The saturation mag-
netizations, anisotropy constarks andK,, as well as an-
isotropy fieldsH, are summarized in Table Il. A significant
content is much larger than the nitrogen occupancy numbetependence of magnetocrystalline anisotropy on nitrogen
on 2b site. The nominal nitrogen content is obtained bycontent is observed. The magnetocrystalline anisotropy of
weighting the sample before and after nitrogenation. So th&ldFe V4 sN, arises from the contributions of both the Nd
weight included everything gained during nitrogenation suctsublattice and the Fe sublattice. The contribution from Fe
as N in the particle surfacghysical absorptionand in the sublattice can be estimated experimentally by fitting the
bulk, or factors other than N absorptiGhThis may offer an  magnetization curves along the hard magnetization direction
explanation to why different studies have reported differeniof aligned samples of YRgsV; sN,. The values oK, and
nitrogen content values, while corresponding lattice expanK, for the Fe sublattice are shown in Fig. 4. The Fe sublat-
sion and magnetic properties were not so different. As aice possesses always an easy axis both before and after ni-
result, it is reasonable to assume that the nominal composirogenation. The values of anisotropy constant decrease only
tion of NdFegy V1 N, with x=2.0 corresponds to a nearly slightly with increasing nitrogen content. However, no big
full occupation on the B site, which has the largest volume change occurs upon nitrogenation. So it is evident that a
drastic change takes place in the Nd sublattice anisotropy
with nitrogenation.
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FIG. 3. The room temperature magnetization curves of the magnetically
FIG. 2. The thermomagnetic curves of the Ngf=%, s and NdFeg 5V 5N, . oriented powder samples of the NdFg/4 N, .
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TABLE Il. The intrinsic magnetic properties of the NdgeV; N, pow- TABLE Ill. Crystal-field parameters of the rare-earth sublatfig,(K).
ders.

X B, ByoX1072  Byx1073  Bggx10®  Bgx10°°
Ms Kl K2 Ha

X (emu/g (10" erg/cnt) (1P erglend) (kOe) 0.0 0.80 043 —4.34 1.48 2.15

0.2 -0.64 -1.83 -3.73 —23.23 1.86
0.0 114.1 0.13 0.47 0.5 0.4 —2.09 —4.09 —-3.12 —47.95 1.58
0.7 120.6 3.34 5.80 7.3 0.6 —3.54 —6.31 —2.51 —72.66 1.30
1.4 126.0 3.52 6.24 9.9 0.8 —4.99 —8.61 —-1.89 —97.37 1.02
2.0 131.5 3.80 7.07 10.4 1.0 —6.43 —10.87 —-1.28 —-122.1 0.74
2.7 132.1 -0.11 33.30

Since the aspherical orbital wave function of tHeeec- ~ Where Byg=0n(r")Ayq, 6h=ay, By, andy, for n=2, 4,
trons interacts strongly with crystal field, the Nd ions make a2nd 6, respectively(r”) are expectation values of for the
great contribution to the anisotropy of NdgeV; N, . The 4f shell, Aq are the crystal-field coefficients, al@lm are
anisotropy energy with a tetragonal symmetry can be phet_he Stevens equivalent operators. THeedectrons lie within

nomenologically expressed as the 55 ar_1d 5p orbits and are strongly screened. from the
) » surrounding ions. Therefore, a set of screening factors

E(0)=Ko+Kjy sir? 6+K; sin® 6+, (D (0,49 are introduced to represent this effect. Finally the

where 6 is the angle between theaxis and the magnetiza- Perturbation Hamiltonian is

tion vector. As the 4 electrons of rare-earth are well local- Har=(1—05)BoOs0+ (1— 04) (B4Ouao+ BasOsa)

ized, the contribution of the Nd sublattice to the magneto-

crystalline anisotropy can be calculated by using the single- +(1-06)(BscOpot Be4Osa)

ion model. The perturbation Hamiltonian is +gssH(Jy Sin 6+, cos ). )
Har=Hcet Hex, v

To calculate the crystal-field parameters, 16 rare-earth

whereH,; is the crystal-field Hamiltonian, whilel,, is the ions, 28 iron ions, and 16 nitrogen ions are considered as

exchange interaction Hamiltonian and can be written as  ligands. Because the farther ions are shielded not only from

Ho— Ho.J 3) the outer electron.s of Nd but also'by the.“sela” qf free glgc-

ex=Gapelim < trons and nearer ions, hence, their contribution is negligible.

whereH,, is molecular field estimated by fitting the satura- The free energy density is

tion magnetization temperature curves of the Nd sublattice _ _E KT

obtained from those of NdkgwV, N, and YFgq:sVq N, . E(6)=—NKT In(xe™= ™%, ©)

NdFe, 2V, N, retains the ThMp,-type tetragonal structure whereN is the density of N&" ions, T=295 K, andE; is the

with nitrogen atoms occupying the 2b interstitial sites. Theeigenvalue ofH,; and can be obtained by solving the fol-

Nd sublattice in the ThMp-type structure possesses |4/ lowing secular equation:

mmmpoint symmetry, so the crystal-field Hamiltonian is ex- [(LSIM [H4|LSIM) —E; Sy | =0, 7)

pressed as
where L=3, S=3/2, J=9/2, and M', M=-9/2,
Her=B20020F BagOao+ BaaOast BedOso+ BeaOsa:  (4) —7/2, ..., 9/2. Through solving Ed7), a set of crystal-field
parameters of Ntf are obtained. The results are listed in
Table Ill, and corresponding second order crystal-field coef-
ficient A,y as a function of nitrogen content is presented in

Fig. 5. The calculated results indicate that the second order
. crystal-field parameter is dominant in determining the anisot-
ropy of the rare-earth sublattice as higher order items are so
i small in the NdFe, V41 5N, series. The change in the sign of
A,y from negative to positive after nitrogenation is impor-
tant. Due to this change, theaxis becomes the easy mag-
netization direction for the NdRrgsV 1 sN, nitrides form 0 K
to Curie temperature.

. Since the contribution from neighbor nitrogen ions to the

second-order crystal-field coefficiedt,, are positive and

i large while the contribution from neighbor rare-earth ions

are negative and smaller, this results in a change in the sign
of A, from negative in the host compounds to positive in the

0 1 ! 1 1 . . . .

0.0 0.5 1.0 15 2.0 5.5 nitrogen |nterstltlal .mOdIerd compounds. Therefore the rare-
earth sublattice anisotropy changes completely. All the rare-
earth ions whose second order Stevens coefficienare
FIG. 4. The anisotropy constants of Fe sublattice in §B¢é; N, . negative, such as Nd, prefer an easy axis. As shown in

6 3
Ky, K, (10" erg/cm’)

Nitrogen content x
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FIG. 5. The second-order crystal-field coefficieAtg, as a function of ni-

t tent. , .
rogen conten field of up to 13 T at room temperature will be expected as

indicated in Fig. 6.

Fig. 5, A,y increases linearly as the nitrogen content in—C P " i i
creases. This is consistent with the experimental data, se€ ermanent magnetic properties
Fig. 3. In order to compare the measured values with the An easy axis with a strong anisotropy field is prerequi-
calculation results, it is assumed thaits equal to 1.0 for the site for a large coercive force. Consequently, the change in
sample with a nominal composition of NdfggV, sN, whose  the sign of A,y allows NdFegysV1:N, to be available for
unit cell volume does not increase further, which meabs 2 permanent magnet applications, and a proper nitrogenation
sites were fully occupied. Consequently, tlkeof other process is a key leading to success in manufacturing high
samples is assumed to be proportional to the relative changeerformance magnets based on the NgEé; N, com-
in the unit cell volume by comparing with NdkgV,:N,.  pounds. Figure 7 shows the variation of coercive fqidg
The x denotes the average occupancy number of nitrogen iand remnant magnetizatioM, as a function ofx for
the 2b site. The theoretical values &f; andK, (Fig. 6) are  NdFeg sV, 5Ny, wherex is the nominal nitrogen content es-
in good agreement with the experimental data except a dainated by gravity. All powders were made by using the
viation in high nitrogen content region. This is partly be- same host alloy without milling after nitrogenation. A maxi-
cause the nitrogen content of the sample cannot be estimateadum in ;H. and M, is observed arounst=1.8. Together
very accurately. We can conclude that with a pure 1:12 phaseith the x-ray diffraction data it is believed that under this
and full nitrogenation in the 12 site, a uniaxial anisotropy value the nitrogenation is not sufficient and over this value a
decomposition occurs. The impurities are harmful to the
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FIG. 6. The anisotropy constants of Ndions in NdFgg &V, &N, . FIG. 8. The hysteresis loop of the epoxy-bonded NgEé; sN, powders.
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magnetic properties. Actually, a high performance powder ofise to a linear increase &, with increasing nitrogen con-
NdFeeV1sN; 7 with ;H.=4.3 kOe, B,=10.8 kG, and tent. For the fully nitrogenated samples with a strong
(BH) max=17.2 MGOe was obtained by optimizing the nitro- uniaxial anisotropy field, NdRg:V1 N, is promising for
genation and milling process. Its hysteresis loop is presentggermanent magnet applications. In fact, anisotropic magnetic
in Fig. 8. Finally, the temperature dependence of coercivitypowders withH.=4.3 kOeB,=10.8 kG, and BH) ,.,=17.2

of the NdFeg, 5V 1 5N, powders was determined by measuringMGOe have been obtained.
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