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Rare-Earth Nitrides and Carbides: A New Class 
of Permanent Magnet Materials 

G.C. Hadjipanayis, Y.Z Wang, E.W. Singleton, and W.B. Yelon 

The most recent and exciting development in permanent magnet research is the discovery of rare-earth 
nitrides and carbides with the 2:17- and 1:12-type structures. Nitrogen and carbon enter the lattice inter- 
stitially, expanding the volume of the unit cell and leading to a drastic increase in the Curie temperature 
(up to 300 ~ and to dramatic changes in the magnetic anisotropy. Sm2Fe17(N(C))x and Nd(Fe,T)I2Nx 
now have large magnetic anisotropy fields exceeding 9 and 7 T, respectively. Large coercivities have al- 
ready been obtained in mechanically alloyed powders, melt-spun ribbons, and Zn-bonded Sm2Fel7Nx 
magnets. 

I Introduction 

IT is well known that the Sm2Fet7 compound has a planar an- 
isotropy and therefore is unsuitable for use as a permanent mag- 
net material. However, recently it has been reported that the in- 
troduction of interstitial carbon or nitrogen atoms into the 2:17 
structure drastically changes the intrinsic magnetic properties 
of R2FelTCx[1-3]and R2Fel7Nx[4]compounds, where R is a 
rare-earth metal. The Sm2Fel7-Carbides and nitrides exhibit a 
large uniaxial anisotropy, as well as a dramatic increase in Cu- 
rie temperature, which makes them promising for permanent 
magnet development. Similar changes in the intrinsic magnetic 
properties of RFe]oV2 and RFel 1Ti  have been reported with the 
uptake of nitrogen in the 1:12 lattice. [51 In this article, the 
authors review their research in this area over the last two years, 
with more emphasis given to the structural and magnetic prop- 
erties of the 2:17 and 1:12 compounds. 

2 Experimental 

2.1 Sample Preparation 

2.1.1 As-Cast Sm2FelTC x 

Alloys with nominal composition Sm2Fel7C x with 0 _< x < 
1.5 were prepared by arc-melting high-purity (99.9%) mate- 
rials under argon gas. Vaporization losses of Sm were compen- 
sated through addition of excess Sm. The ingots were sealed in 
evacuated quartz tubes and heat-treated at temperatures close to 
1050 ~ for 3 days to produce the Sm2Fel7 carbides. 

2.1.2 Nitrogenation by the Gas-Phase Interstitial Modifi- 
cation Process 

Alloys with composition RFe]0V 2, RFe]0Mo2, RFel]Ti 
(R=Y, Nd, Sm, Gd, Dy, and Er) and R2Fe]7 (R=Nd, or Sm) were 
prepared by arc-melting using materials of 99.9% purity. After 
arc-melting, the alloys were homogenized by vacuum-anneal- 
ing at temperatures between 800 and 1000 ~ for 1 to 7 days. 
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These single-phase alloys were pulverized to a particle size be- 
low <44 Mm, and then they were heat-treated in a 99.9999% pu- 
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Fig. 1 Schematic layout of the apparatus used for the introduc- 
tion of gas to the powdered sample. 
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Fig. 2 Thermopiezic analyzer traces of Y2Fe 17 powders (Coey 
et a/.[4]). 
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Fig. 3 X-ray diffraction patterns of Y2Fe 17 for increasing tem- 
peratures of nitrogen heat treatments (Coey et al.[4]). 

rity nitrogen atmosphere for 1.5 to 3 hr at temperatures in the 
range of 500 to 600 ~ Figure 1 shows the apparatus used for 
the introduction of nitrogen gas to the powdered sample. Fig- 
ures 2 and 3 show the results of one of the early experiments 
that led to the discovery of the nitrogenated rare-earth com- 
pounds. Coey and co-workers [6] monitored the change in nitro- 
gen pressure by heat-treating Y2Fel7 powders to temperatures 
in the range of 450 to 800 ~ (Fig. 2) and the corresponding 
changes in the X-ray diffraction patterns (Fig. 3). At tempera- 
tures above 400 ~ N2 pressure decreases, indicating that ni- 
trogen is absorbed into the 2:17 lattice. This leads to an expan- 
sion of the unit cell and therefore a shift of the X-ray peaks to 

lower angles (Fig. 3). Complete absorption is made at around 
600 ~ At higher temperatures, the sample is decomposed into 
(~-Fe and YN. 

2.2 Sample Characterization 

X-ray diffraction patterns of the homogenized and niwided 
powders were obtained using a Philips PW 1710 diffractometer 
with a C u - I ~  radiation. The magnetic measurements at low 
temperatures were made with a SQUID magnetometer in mag- 
netic fields up to 5.5 T and above room temperature with a vi- 
brating sample magnetometer (VSM) in fields up to 1.7 T. Cu- 
rie temperatures were determined using the VSM from thermal 
scans in a low magnetic field of 800 Oe. Neutron diffraction 
studies were made at the University of Missouri Research Re- 
actor with ~, = 0.15472 nm (1.5472 ,~) using a position-sensi- 
tive detector. 

3 Results and Discussion 

3.1 2:17 Nitrides 

Neutron diffraction studies [7] showed that nitrogen occupies 
the 9e sites of the rhombohedral Th2Znl7-type unit cell (Fig. 4) 
withx = 2.8. The interstitial nitrogen leads to an increase in both 
the lattice parameters a and c, with an approximate 6% increase 
in the unit cell volume (Fig. 5). Nitrogen atoms located very 
close to the R atoms strongly enhance the crystal-field-induced 
anisotropy of the rare-earth sublattice in R2Fel7Nx com- 
pounds. [8,9] Indeed, X-ray diffraction and magnetic measure- 
ments performed on aligned powders confirm this assump- 
tion. [1~ Figure 6 shows the X-ray diffraction pattern of  the 
nitrided powders oriented in a magnetic field of 12 kOe com- 
pared with that of Sm2Fe17 powders. It can be seen that the 006 
reflection has the largest relative intensity and 220 and 300 are 
absent in Sm2FeI7N x. The opposite behavior is found in 
Sm2Fel7 and Nd2Fel7Nx, where the 006 reflection is absent and 
220 dominates with 300. Such observation shows that the intro- 
duction of interstitial N atoms into the Sm2Fel7 leads to an 
easy-axis anisotropy for Sm2FelTNx compounds even at room 
temperature. However, Nd2Fel7Nx still has an easy-plane an- 
isotropy. 

The X-ray diffraction results are consistent with the mag- 
netization data parallel (Mll) and perpendicular (M_l_) to the 
alignment direction at various temperatures, as shown in Fig. 7. 
Values of the magnetic anisotropy field (Ba) were obtained 
from intersections of the high field part of the Mll and M_L 
curves by extrapolation to high fields. It can be seen that the 
magnetic anisotropy field of Sm2Fe17N x at room temperature 
has a value around 9.5 T, which is higher than that of Nd2Fe14B. 
The saturation magnetization is also increased after nitrogena- 
tion, as shown in Fig. 8. [11] 

Figure 9 shows the drastic change in the Curie temperature 
(Tc) of the 2:17 compounds upon nitrogenation. The highest Tc 
obtained in NdzFel7N x and Sm2Fel7N x compounds are 456 and 
475 ~ respectively. These values are much higher than the 60 
and 120 ~ values measured on the original 2:17 compounds. 

Attempts were made to obtain a high coercivity in 
Sm2Fel7Nx powders by ball milling the nitrogenated powders 

194--Volume 1(2) April 1992 Journal of Materials Engineering and Performance 



�9 

a 

C 

II 
06 �9 e ge @ 2 d  0 2 b  e6h 

�9 60 0 9 d  0 1 8 f  iD18h �9 4f �9 so | tD:~'k 

Fig. 4 Crystal structure of Th2Zn 17 (left) and Th2Ni t 7 (right)- The octahedral interstitial 9e or 6h sites may be occupied by C or N. 
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Fig. 5 Unit cell volume expansion for R2Fel7N x (Coey et al.[6l). 

to a smaller particle size. Figure 10 shows a typical magnetic 
hysteresis loop for Sm2FetTNx powders (6-I.tm size) at room 
temperature and at 10 K. The maximum coercivity obtained 
was only 6 kOe. However, the constricted shape of  the hystere- 
sis loop shows the presence of a phase with a much higher coer- 
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Fig. 6 X-ray diffraction patterns of aligned Sm2Fel7, 
Sm2Fe 17Nx, and Nd2Fe 17Nx powders. 
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Fig. 7 Magnetization curves parallel and perpendicular to the 
alignment direction of Sm2Fe 17Nx at 10, 150, and 300 K. 
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Fig. 8 Saturation magnetization for R2Fel7N x (Coey et al.[6]). 
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civity around 20 kOe (Fig. 10). This indicates that higher Hc 
can be achieved in these compounds that have a high anisot- 
ropy field. Indeed, very recently Schnitzke et al.[ 121obtained an 
Hc -- 30 kOe on mechanically alloyed Sm2Fel7Nx alloys and 
Coey et al. [13l and Huang eta/ .  D4] obtained coercivities ex- 
ceeding 14 kOe in metal bonded magnets using a Zn-based ma- 
trix. The magnetic and structural properties of R2Fe17 and 
RzFe17N x compounds are summarized in Table 1 (Coey et 
al.[lS]). 

3.2 2:17 Carbides 

X-ray powder analysis of  the as-cast samples has shown that 
the single-phase Sm2Fe]TC x compounds do not form directly 
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Fig. 9 Thermomagnetic scans for Nd2FeITN x and Sm2Fel7N x 
along with the parent unnitrided compounds in an applied field 
of 800 Oe. 
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Fig. 10 Hysteresis loops of ball milled Sm2Fel7Nx powders (6- 
gm size) at 10 and 300 K. 

from the melt. Usually, in addition to the 2:17:x phase with a 
Th2ZnlT-type structure, the SmFe2 phase and a small amount of  
~-Fe  are observed in the as-cast samples. Single-phase 2:17:x 
can be formed by a suitable annealing at about 1050 ~ X-ray 
diffraction analysis has also shown that samples annealed at 
different times have different lattice parameters. Thermomag- 
netic analysis data also confirm these results (Fig. 11). The Cu- 
rie temperature of the Sm-Fe-C compounds is much higher than 
that in Sm2Fel 7(To - 130 ~ 6] but significantly lower than in 
SmxFelTNx. From the thermomagnetic analysis data in 
Sm2Fe]TCo.25 at various annealing times, one can clearly see 
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Table I Structural and Magnetic Properties of R2Fe17 and R2FelTNx 

Cur ie  
Structure Lattice parameters, nrn temperature (Tc), Gs, , 

Alloy type a c K jT- lkg - '  

Ce2Fel7 ...................................................... Th2Znl7 
Ce2FelTN2. 8 ............................................... Th2Znl7 
Pr2Fel7 ...................................................... Th2Znl7 
Pr2Fel7N2. 5 ................................................ Th2Zn]7 
Nd2Fel7 ..................................................... Th2Znl7 
Nd2Fe]TN2. 3 ............................................... Th2Znl7 
Sm2Fel7 ..................................................... Th2Znl7 
Sm2eel7N2. 3 .............................................. Th2Znl7 
Gd2Fel7 ..................................................... Th2Znl7 
Gd2Fel7N2. 4 ............................................... Th2Znl7 
Tb2Fel7 ...................................................... Th2Znl7 
Tb2FelTN2. 8 ............................................... Th2Zn17 
Dy2Fel7 ..................................................... Th2Nil7 
DyEFel7N2. 5 ............................................... Th2Ni]7 
Ho2Fet7 ..................................................... Th2Ni]7 
Ho2Fel7N3. 0 ............................................... Th2Nil7 
Er2Fe 17 ...................................................... Th2Ni 17 
Er2FeI7N2. 7 ................................................ Th2Ni17 
Tm2Fel7 .................................................... Th2Ni17 
Tm2FelTN2. 7 .............................................. Th2Nit7 
Lu2Fel7 ...................................................... Th2Nil7 
Lu2Fel7N2. 7 ............................................... Th2Nil7 
Y2Fe]7 ....................................................... Th2Nil7 
Y2Fe17N2.6 ................................................. Th2Nil7 

Source: From Ref 15. 

0.847 1.232 241 0 
0.873 1.265 713 160 
0.857 1.242 290 82 
0.877 1.264 728 167 
0.856 1.244 330 77 
0.876 1.263 732 178 
0.854 1.243 389 100 
0.873 1.264 749 139 
0.851 1.243 477 46 
0.869 1.266 758 115 
0.845 1.241 404 51 
0.866 1.266 733 96 
0.845 0.830 367 50 
0.864 0.845 725 115 
0.844 0.828 327 49 
0.862 0.845 709 115 
0.842 0.827 296 32 
0.861 0.846 697 134 
0.840 0.828 260 0 
0.858 0.847 690 137 
0.839 0.826 255 0 
0.857 0.848 678 147 
0.848 0.826 325 92 
0.865 0.844 694 164 
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Fig. 11 Thermomagnet ic  analysis of  Sm2FelTC0. 5 for several 
annealing times. 

that  t he  Cur i e  t e m p e r a t u r e  o f  t he  ca rb ide  is c o n t i n u o u s l y  sh i f t ed  
t o w a r d  h i g h  t e m p e r a t u r e s  w i th  i n c r e a s i n g  a n n e a l i n g  t ime .  T h e  

d e p e n d e n c e  o f  Cur i e  t e m p e r a t u r e  on  c a r b o n  c o n t e n t  is v e r y  
s imi la r  to  tha t  o f  t he  un i t  ce l l  v o l u m e  and  is s h o w n  in F ig .  12. 
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Fig.  12 Curie temperature as a function of  carbon context (x) in 
Sm2Fel7Cx. 

2 

T h e  sa tu ra ted  va lues  o f  la t t ice  p a r a m e t e r s  and  Tc i nd ica te  tha t  
the  m a x i m u m  a m o u n t  o f  in ters t i t ia l  c a r b o n  o b t a i n e d  in  hea t -  
t r ea ted  cas t  s a m p l e s  is o n l y  0.5 as  c o m p a r e d  to 2.8 for  n i t rogen .  

It is c lea r ly  s e e n  f r o m  Fig .  13 that  Sm2Fe17Co.25 is cha r ac -  
t e r i zed  b y  an e a s y - a x i s  an i so t ropy .  M a g n e t o c r y s t a l l i n e  an i so t -  
r o p y  c o n s t a n t s  w e r e  e s t i m a t e d  f r o m  the  m a g n e t i z a t i o n  c u r v e s  
o b t a i n e d  p e r p e n d i c u l a r  to the  a l i g n m e n t  d i r ec t i on  by  a modi- 
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fled Sucksmith-Thomson technique, which was proposed by 
Ram and Gaunt.j17] The K 1 values at room temperature for vari- 
ous carbon concentration in Sm2Fel 7Cx are shown as a function 
of the carbon concentration in Fig. 14. The Kt value is increas- 
ing with increasing x, and a transition from an easy-plane an- 
isotropy to an easy-axis anisotropy takes place at about x = 0.1. 
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Fig. 13 Magnetization curves parallel (open circles) and perpen- 
dicular (x) to the alignment direction for Sm2Fe 17C0.25 and 
Sm2Fel7C at room temperature. 

i 
m 

=I 

I I I I 

~elTc2"v 

Y2FelTC2"8 

I I I I 
400 500 6 0 0  700 

r IX)  

Fig. 15 Thermomagnetic scans for R2Fel7C x, where R = Ce, 
Dy, or Y (Liao et al., 1992). 
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Recently, Liao et al.[ 18] and Coey et al.{201have successfully 
introduced larger amounts of carbon ( x -  2.8) in the 2:17 parent 
alloy by performing gas-phase interstitial modification with 
hydrocarbon gas (methane, acetylene, or butane) at around 550 
~ The unit cell volumes and Curie temperatures (Fig. 15) 
found are comparable to those of the corresponding nitrides, 
and they are much larger than the values found in carbides ob- 
tained from the melt. 
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Fig. 14 Concentration dependence of the anisotropy constant 
K 1 in Sm2Fel7C x. 
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3.3 ThMn l 2-Type Structure Compounds (1:12) 

The Sm-containing compounds of the 1:12 type structure 
are found to be uniaxial, and coercivities in the 10-kOe range 
have been achieved in melt-spun ribbon samplesl20] and in me- 
chanically alloyed materials. [2U However, the 1:12 compounds 
still remain unattractive for permanent magnet development 
due to their relatively low magnetization and thus low (Bn)ma x 
and because Sm is less abundant and therefore more expensive 
than Nd. 

Effects of nitrogen uptake on the structural and magnetic 
properties of RFelz_yTy (T = Mo, Ti, or V) alloys have yielded 
somewhat promising results. Several interstitial nitrides with 
the composition RFelz_yTyNx have been studied, which may 
lead to the eventual development of permanent magnets based 
on the 1:12 type alloys. 

The X-ray diffraction patterns of ErFel0V 2 before and after 
nitrogenation are shown in Fig. 16. Before nitrogenation, all al- 
loys were almost composed of the 1:12 phase. However, after 
nitrogenation, there is a considerable amount of ~-Fe(Ti) and 
ct-Fe(V) phases in the RFel 1TiNx or RFeIoV2Nx samples with a 
broad peak at 20 = 44.4 ~ The X-ray diffraction spectra of 
RFellTiNx and RFeIoVzNx nitrides (R = Nd and Sm) were in- 
dexed in accordance with the tetragonal ThMn12 structure. The 
lattice constants of these nitrides derived from X-ray diffrac- 
tion are listed in Table 2, where they are compared with those of 
the original compounds. As seen in Table 2, the lattice con- 
stants, a and c, increase prominently due to the introduction of 
nitrogen into the 1:12 structure. The relative volume increase 
was found to be nearly constant, 2.5% + 0.3. 

Neutron diffraction data obtained on NdFel0Mo2Nx pow- 
ders were refined in the tetragonal space group 14/mmm with 
two formula units in the unit cell. The lattice parameters were 
found to be a = 0.86593(5) nm [8.6593(5) A] and c = 
0.48295(4) nm [4.8295(4) A,]. Nitrogen was found at the inter- 
stitial site of 001/2 (= 1/2 I/2 0), but with an occupancy of only 
- 1/2, indicating that only one of the two available sites per unit 
cell is filled. This site is the largest interstitial in the compound, 
and refinement for N occupancy of other sites failed to give val- 

e 02;  
Fe 4) el |  O a j  
N �9 2b 

Fig. 17 Crystal structure for RFe 10Mo2Nx (tetragonal). 

Table 2 Lattice Parameters,  Unit  Cell Volume, and Relative Volumes,  for RFeloVzNx Compounds  

Lattice parameters, nm Unit cell volume (V), Relative volumes (AV/V0), 
RFel0V2Nx a c nm a % 
R = Y .............................................. 0.8592 0.4801 0.3544 3.0 

(0.8494) (0.4770) (0.3440) 
Nd .................................................. 0.8624 0.4819 0.3584 2.4 

(0.8562) (0.4775) (0.3500) 
Sm .................................................. 0.8613 0.4804 0.3563 2.5 

(0.8537) (0.4772) (0.3478) 
Gd .................................................. 0.8574 0.4800 0.3529 2.7 

(0.8483) (0.4776) (0.3437) 
Dy .................................................. 0.8579 0.4790 0.3525 2.9 

(0.8482) (0.4760) (0.3425) 
Er .................................................... 0.8568 0.4776 0.3506 2.8 

(0.8471) (0.4765) (0.3419) 

Note: The data in parentheses pertain to the unnitrided materials. 

Table 3 Ref ined Coordinates  for NdFel0MO2Nx from Neutron Diffraction Data 

Coordinates 
n x V Z 

N d  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 

F e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 

Fe/Mo ....................................................................... 8 
Fe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 

N .............................................................................. 0.98(6) 

0 0 0 
0.2753(5) 1/2 0 
0.3607(5) 0 0 
1/4 1/4 1/4 
0 0 1/2 
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Fig. 19 Thermomagnetic data for NdFellTi and SmFel0V 2 be- 
fore and after nitrogenation. 

ues statistically above zero. They are thus assumed to be va- 
cant. The Mo atoms are found only on the transition metal site 

x,0,0 (x = 0.36) and replace 1/2 of  the Fe on that site. Table 3 
gives the refined coordinates (Fig. 17). In addition to the 
primary RTM12 phase, the refinement included a secondary 
( -  6%) containment of  ct-Fe, which is indicated in the plot of  
the observed and difference diagrams (Fig. 18). The peaks were 
found to be significantly broadened compared to the instru- 
mental resolution due to particle size and strain effects. Further 
analysis is underway to analyze the magnetic scattering. 

Figure 19 shows the thermomagnetic data before and after 
nitrogenation for the NdFel ~Ti and SmFel0V2 samples, respec- 
tively. It is clear that the nitrogen uptake enhances the Curie 
temperature of the nitrides remarkably. In addition, consider- 
able amounts of ct-Fe(Ti) (or t~-Fe(V)) phases are formed with 
higher Curie temperatures, as indicated by the tailing off of the 
thermomagnetic curves shown in Fig. 19 (consistent with the 
X-ray diffraction results). The Curie temperatures and other 
magnetic properties of the nitrides are listed in Table 4, with 
those of  the unnitrided materials shown in parentheses. The 
magnetic anisotropy field, Ba, was obtained from the magneti- 
zation curves measured parallel (MII) and perpendicular (M_L) 
to the aligning direction. The corresponding values of Ba are in- 
cluded in Table 4. The authors found that the nitrogen uptake 
changes the magnetic anisotropy of 1:12 structure substan- 
tially. When R = Nd, the NdFellTiNx and NdFel0V2Nx com- 
pounds have a strong uniaxial anisotropy. Figure 20 shows the 
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Table 4 Cur ie  Temperature, Saturation Magnetization,  Easy Magnetization Direction, and Anisotropy Field in 
RFeloF2Nx 

Curie temperature (To) Saturation magnetization (Ms), Anisotropy field (Ba), Easy magnetization direction at: 
RFe]oV2Nx K 10K, i B/formula unit 300K, I B/formula unit 10K, T 300 K,T 10K 300K 
R = Y ........ 767 19.4 16.4 3.8 1.9 c-axis c-axis 

(537) (16.2) (14.0) (4.8) (2.7) c-axis c-axis 
Nd ............ 743 16.9 16.6 13.0 7.5 c-axis c-axis 

(583) (18.0) (16.1) ... (1.8) Cone c-axis 
Sm ............ 780 15.7 14.3 . . . . . .  ab-plane ab-plane 

(615) (13.2) (12.5) (15.0) (10.5) c-axis c-axis 
Gd ............ 795 11.5 11.2 . . . . . .  c-axis c-axis 

(610) (8.9) (8.9) c-axis c-axis 
Dr ............ 776 10,1 11.3 15.'8 912 c-axis c-axis 

(532) (6.8) (8.6) (12.5) (7.0) Cone c-axis 
Er .............. 730 9.3 13.4 .., 2.5 c-axis c-axis 

(507) (8.4) (12.8) ... (3.3) ab-plane c-axis 

Note: The data in parentheses pertain to the unnitrided materials. 
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Fig. 20 Magnetization curves for oriented NdFel 1TiN x powder 
samples obtained parallel and perpendicular to the alignment 
field at l 0 and 300 K. 
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Fig. 21 Magnetization curves for oriented SmFeIoV2N x powder 
samples obtained parallel and perpendicular to the alignment 
field. 

magnetization curves of aligned NdFel lZiNx powders at 10 and 
300 K. The anisotropy field of NdFe] ]TiNy increases to 9.5 T 
compared to the anisotropy field of NdFe ltTi, which is only 2.4 
T. This is attributed to an increase in the uniaxial magnetocrys- 
talline anisotropy. For NdFeIoV2N x, the results are similar. On 
the contrary, when R = Sm, the magnetic anisotropy of the cor- 
responding nitrides is decreased. Figure 21 shows the magneti- 
zation curves for SmFel0V2 and SmFel0V2Nx at 300 K. It is 
known that SmFemV2 has a large magnetic anisotropy field 
above 10.5 T, but for SmFemV2Nx, M(II) and M(_L) are very 

close together. The type of magnetic anisotropy of the nitrides 
was determined from X-ray diffraction patterns obtained on 
oriented nitride powders. Figure 22 shows a comparison of the 
X-ray diffraction patterns for oriented SmFellTiN x and 
SmFeloV2N x powders, with those of SmFellTi and SmFeloV 2. 
It can be seen that the (002) reflection has the largest relative in- 
tensity on SmFe]lTiNx and SmFeloV2Nx . This indicates that 
the SmFe]iTi and SmFeloV2 compounds have a strong unaxial 
anisotropy. However, the behavior in SmFelITiN x and 
SmFeloV2Nx is opposite, with the (002) reflection absent and 
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Fig. 22 Comparison of X-ray diffraction patterns for oriented SmFe I ITiNx and SmFeloV2Nx powders with those of SmFe 11Ti and 

2,1 7 

Fig. 23 Local coordination of the rare-earth atom in the intersti- 
tial compounds R2Fe 17Nx and R (Fe 12-nMn)Nx " 

3.4 Effect  o f  Nitrogenation on Electronic Properties 

The interstitial nitrogen (carbon) expands the crystal lattice 
modifying the Fe-Fe exchange interactions, which are about 
doubled, and this leads to an increase in Tc. More recently, 
Jaswal et al. [22] explained the doubling of T c in nitrogenated 
2:17 compounds nicely using self-consistent spin-polarized 
electronic structure calculations. Also, the nitrogen (carbon) is 
located around the rare-earth ions (Fig. 23), changing thus the 
crystal field potentials and therefore the magnetic anisotropy of 
the compounds. 

The magnetic anisotropy of rare-earth permanent magnet 
materials is due to the rare-earth single ion induced anisotropy 
because of crystal field effects arising from the electrostatic in- 
teraction between the asymmetric charge distribution of the 4f 
electrons and the electrostatic field of the surrounding ions. The 
Hamiltonian describing this interaction is given by: 1231 

(400) dominant. This implies that the latter nitrides exhibit a 
planar anisotropy. 

E H :  B~O~ 

t'l,??I 

B m-- v l l  o II  J> <rn>A~ n [1] 
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where < J I I O I I J> is the Stevens factor (referred to as ag for 
n = 2), <r n > is the Hartree-Fock radial integrals, and An m is the 
crystal field potentials. For the rare-earth intermetallic com- 
pounds with a uniaxial-type structure, n = 2 is the most pre- 
dominant contribution to the anisotropy (higher order terms are 
important in a few cases). Therefore: 

B 0 = A 0 tXg 

4g ZkY~2 
A~ = - 5  -e2 Z Rk 3 

k 

[2] 

where Y~ is the spherical harmonics, Zk is the valence number, 
and Rk is the distance to the kth ion. The sign and magni- 
tude of the anisotropy constant K1 is determined by the quantity 
B =-oh, ( J -  1/2) A~. For Sm, tx] is positive, whereas for Nd and 
Pr, ~ j  is negative (for Gd, a j  = 0). In Sm2Fet7, A~ is also posi- 
tive, and therefore, B is negative, indicating a planar anisot- 
ropy. However, in the nitrogenated compounds, the interstitial 
nitrogen surrounds the rare-earth ion (Fig. 23) and changes the 
crystal field potential A~ to negative. The quantity B becomes 
positive, and this results in a uniaxial anisotropy. In Nd2Fel 7Nx, 
because otj is negative, the quantity B is negative, and this re- 
suits in a planar anisotropy. For the R(Fe,M)]2(M = Mo, Ti, or 
V) compounds with the ThMnl2-type structure, the behavior is 
the opposite. In the nitrogen-free compounds, A~ is negative, 
and therefore, Sm(FeM)12 has a uniaxial anisotropy, whereas 
Nd(FeM)12 has a planar anisotropy. However, after nitrogena- 
tion (Fig. 23) A~ becomes negative, and now Nd(FeM)I2N x be- 
comes uniaxial, whereas Sm(FeM)t2Nx is planar. 

4 Conclusions 

R2Fel7N x and RFel2_xTxNy compounds have been prepared 
by heat-treating powders of single-phase 2:17 and 1:12 com- 
pounds in N2 gas using the gas-phase interstitial modification 
process. R2FeITCx compounds can be prepared directly from 
the melt with the limit of x -  1.5 and by using the gas-phase in- 
terstitial modification process with x up to 2.8. The interstitial 
atoms expand the crystal structure, increasing both a and c. The 
expansion of  the unit cell volume causes significant changes in 
the Curie temperature (up to 300 ~ and the anisotropy field. 
Alloys based on Sm2Fel 7Nx(Cx) and NdFel2_xTxNy are the most 
promising for permanent magnet development because of  their 
large uniaxial anisotropy. The maximum coercivities obtained 
so far are H c > 20 kOe in mechanically alloyed Sm2Fel7Nx, Hc 
= 8 kOe in mechanically alloyed NdFeloMO2Nx, Hc = 6 kOe in 
ball milled Sm2FelTN x powders, and Hc > 10 kOe in Zn-bonded 
Sm2Fe 17Nx magnets. 
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