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Abstract. The formation &d magnetic properties of a novel intermetallic Sm3(F~ l ,y l3T io , ,~~)~  
compound and the Sm3(Feo,qllTio.[]s,)2yN, (y = 5 )  nitride have been investigated. The x- 
ray diffraction patterns of the nitride and the parent compound were indexed on the basis of 
the Nds(Fe,Ti)--type Structure with monoclinic symmetry. The parent and the nitride exhibit 
ferromagnetic ordering with a Curie tempemre Tc of 486 K for the parent and 750 K for 
the nitride. Introduction of niwogen led to an increase in saturation~magnetization: M, for the 
nitride is 160 A mz kg-' ai 4.2 K and 140 A mz kg-' at 293 K. The nitride has a uniaxial 
anisotropy with an anisavopy field strength 8, for 25 T at 4.2 K and 12.8 T at 293 K. The 
c m i v i t y  weiHC = 0.83 T a t  293 K for this new nitride has been determined. 

1. Introduction 

The discovery of the Nd2Fe14B compound [I] not only has led to the appearance of a new 
generation of the rare-earth permanent magnets, having outstanding permanent magnetic 
performances, but also has stimulated researchers to search for novel iron-rich rare-earth- 
transition-metal intermetallic compounds as permanent magnet materials. 

In continuing research for new permanent magnetic materials, first of all the attention 
was focused on the investigation of the magnetic properties of the R(Fe,T)lz compounds 
with ThMnlz-type (1:lZ) structure, where R rare earth or Y ,  and T is a stabilizing 
element because the RFelz phase does not exist. It was found that T could be Ti, V, Cr, 
Si, MO, W, etc. Of these, Sm(Fe,Ti)l2 seemed to be the most potentially useful candidate 
[Z]. Later it was found that the SmzFe17 carbides [3] and nitrides [4] with ThzZn17-type 
( 2  17) structure, and Nd(Fe,Ti)lZ nihides [5] show excellent intrinsic permanent magnetic 
properties. On the other hand, the search for a new phase and new compounds is still 
continuing. It has been found that the SmllFe&lo nitride with SmFe5 phase (15) exhibits 
excellent intrinsic permanent magnetic properties [6]. There have also been many reports 
on the new rare-earth-iron compounds with 1:7 phase [7-101. 

Recently a new ternary phase NdZ(Fe,Ti)lq and a similar phase R~(Feo.slVo.oq)19 (R 
e' Y, Nd, Sm or Gd) were discovered by Collocott et al [ l l ]  and Shcherbakova er al 
[12], respectively. These workers used the superstructure of CaCu5 type to index the x-ray 
diffraction patterns obtained in the new phase. Very recently, the new magnetic ternary 
rare-earth iron-rich intermetallic compound, previously reported as Ndz(Fe,Ti)lg, has been 
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identified to be a Nd3(FeFe,Ti)?9-type structure. The structure consists of 15 unique transition- 
metal sites and two rare-earth sites, in a monoclinic cell of symmetry P21/c [13, 141. 

In order to obtain a material which can be used for permanent magnet applications, the 
material is required to exhibit uniaxial anisotropy and to have a saturation magnetization 
which is as high as possible. So we have chosen Sm for which the second Stevens coefficient 
01, is positive and Ti as a stabilizing element. A new Sm3(Fe,Ti)29 compound with a single 
phase which has a nitride with outstanding intrinsic permanent magnetic properties has been 
obtained. In this paper we report the formation, structure and magnetic properties of a novel 
Sm3(Fe,Ti)zc, compound and its nitride, and also preliminary results from a study of the hard 
magnetic properties associated with the novel Sm3(Fe,Ti)z9Ny magnet. 

2. Experimental details 

Ingots of SmloFe&x with x = 4.2,4.4, 4.6, 4.8, 5.0, 6.0 and 6.5 were prepared by argon 
arc melting starting elements of purity at least 99.9%. The ingots were melted in the water- 
cooled copper hearth and remelted at least twice to promote mixing. Subsequently, the 
ingots were annealed in vacuum at 1273-1473 K for 1040  h, wrapped in molybdenum foil 
and sealed in quartz tubes, followed by quenching in air or in water. An excess amount of 
Sm was added to compensate for the loss of the Sm during the melting. In order to prepare 
nitrides the ingots were pulverized into fine powders with an average size of 15 bm, The 
gas-phase reaction between the alloys and nitrogen was studied by thermopiezoelectric 
analysis [15]. The nitrogenation of a large number of samples was performed by heating 
the fine powders in nitrogen at 1 atm at a temperature between 770 and 870 K for about 
2 h. The nitrogen content was determined from the difference between the mass before and 
that after nitrogenation. 

The nitride powders were then ball milled using metal balls of 4-10 mm diameter with a 
sample-to-metal-balls weight ratio of 1 to 60. The samples for the magnetic measurements 
were made by mixing the ball-milled nitride powder with epoxy resin, solidifying in an 
applied field strength of 2 T a t  room temperature. X-ray diffraction with CO Ka radiation was 
employed to determine the phase of the alloys and the lattice parameters. X-ray diffraction 
patterns of the magnetically aligned powder samples obtained at room temperature were used 
to determine the easy magnetization direction of the nitrides and the parent compounds. The 
thermomagnetic analysis (u(T)) in a low field strength of 0.04 T was performed from room 
temperature to about 800 K. The Curie temperature TC was determined from u2-T plots 
by extrapolating o2 to zero. The magnetization curves o(B) were measured by means of 
a SQUID magnetometer and an extracting-sample magnetometer with applied field strengths 
of up to 7 T, or by pulsed magnetic field strengths up to 20 T at temperatures ranging from 
77 K to room temperature. The high-field magnetization curves in applied field strengths 
up to 35 T were measured at 4.2 K in the High-Field Installation at the University of 
Amsterdam [16]. The magnetic isotherms were recorded with the external field applied 
either parallel or perpendicular to the alignment direction of the cylinder samples, which 
were prepared by aligning powder particles at room temperature in a magnetic field strength 
of 1 T applied parallel and perpendicular to the cylinder axis and by fixing their direction 
with epoxy resin. The saturation magnetizations were derived from M-1 f B  plots based on 
the high-field data of the magnetization curves. The anisotropy fields were determined from 
the intersection point of two magnetization curves measured in the magnetic field applied 
parallel and perpendicular, respectively, to the alignment direction of the cylinder samples. 
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3. Results and discussion 

3.1. Synthesis und structure 

From x-ray diffraction~analysis it was found that the SmloFeasTi, compounds annealed at 
1473 K for 24 h followed by air quenching exhibit different phases for different Ti contents. 
The main phase obtained is 1:12 phase for x < 4.4, the 1:7 phase for 4.4 < x < 4.6 and the 
217 phase for 4.6 < x < 6.5. In each compound there are some second phases including 
a-Fe. When the Ti content x is 4.4, the different annealing temperatures and quenching 
processes led to the appearance of different phases as shown in figure 1. Annealing at 
1373 K for 24 h followed by air quenching led to a 217  phase (figure 1, curve (a)), 
whereas annealing at 1473 K followed by air quenching led to a 1:12 phase (figure 2, 
curve (c)). However, annealing at 1373 K folloyed by water quenching led to a new 3:29 
phase as shown in figure 1, curve (b), just like Nd3(Feie,Ti)29 [13]. 

X-ray diffraction patterns and the thermomagnetic analysis confirmed that a single- 
'phase Sm.~(Fe,Ti)zs compound had been obtained. Therefore it can be concluded that the 
compound with a single phase of Sr13(Fe,Ti)~9 can be obtained by annealing at 1373 K for 
24 h, followed by water quenching. The Ti content x which is needed to stabilize the 329  
phase may vary from 5.0 to 6.5 in the Sm~oFelw-,Ti, compounds. 

Indexation of the powder x-ray diffraction patterns of the SmloFeuTis compound was 
performed on the basis of the Nd3(Fe,Ti)~ytype structure with a monoclinic symmetry (space 
group, P21/c). The lattice parameters were derived to be a = 1.065 nm, b = 0.858 nm, 
c = 0.972 nm and f i  = 96.98". 

The Nds(Fe,Ti)~s-type structure (3:29), just like the Th2Znl7-type (217) and the 
ThMnlz-type (1:12) structures, can be derived by replacement of a fraction of the Ca sites 
in the CaCuj structure by a pair of transition-metal atoms (dumbbell) along the hexagonal 
axis of the CaCu5 structure. The substitution fractions of dumbbell sites in the CaCus-type 
structure are f .  $ and f for ThzZnl?-type, Nd~(Fe,Ti)29-type and ThMnlz-type structures, 
respectively. 

Figures 2(a), 2(b) and 2(c) are schematic representations of the geometric relationship 
and the dumbbell substitution sequence projected onto the (1 10) plane of the CaCuj structure 
with asize of 3 ~ 1 , ~  x3& and a thickness of &al,j forThzZn17, Nd3(Fe,Ti)29 and ThMnl2- 
type structures, respectively. The unit cell of the new Nd3(Fe,Ti)29 structure is indicated by 
the bold solid lines in figure 2(b). 

The Sm3(Fee,Ti)29 compound is a metastable phase at high temperatures. Formation of 
the single-phase Sm3(Fe,Ti)29 compound requires high-temperature vacuum annealins and 
rapid quenching in water. The role of the Ti element is to stabilize the structure, as has 
been found in the W e l ~ T i  compounds. Because the binary RFelz phase does not exist, a 
small amount of the third element, such as Ti, V, Cr, MO, Si or W, is needed to stabilize 
the 1:12 structure [17, 181. 

Figure 3, curves (a) and (b), show x-ray diffraction patterns for the Sm3(Fe0,933Tio.~~~)~~ 
compound and the nitride. The nitrogen content y was determined to he 5.0. The interstitial 
phase R3(Fe,Ti)29N4-~ was determined on the basis of the structure relationship 1191: 
R3(Fe,Ti)29 = R2Fe17+R(Fe,Ti)12. The interstitial nitrogen atoms are distributed over two 
crystallographic sites, namely 4e1($, i,?) and 4ez(i, a, a). In the present work the nitrogen 
amount in the molecular formula is larger than 4; this suggests that the excess amount of the 
nitrogen may form rare-earth nitride during the nitrogenation, as has been observed in the 
nitrides of 1:12 structure [17]. By comparison of curves (a) and (b) in figure 3 it can be seen 
that the S ~ ~ ( F ~ , T I ) ~ ~ N ,  compound preserved the same structure as the parent compound, 
but the diffraction peaks are shifted towards smaller angles, compared with those of the 
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Piyre 1. X-ray diffnction patterns (CO Kcr) for a Sml,,FegsTiS alloy: curve (a), 217 phase; 
curve (b), 3:29 phase; curve (c), 1:12 phase. 

parent compound. This suggests that introduction of nitrogen led to an increase in lattice 
parameters and an expansion in the unit-cell volume. The values of the lattice parameters 
and the unit-cell volume of the nitride were derived to be a = 1.098 nm, b = 0.882 nm, 
c = 0.985 nm and ,3 = 97.50". The expansion of the unit-cell volume upon nitrogenation 
is about 7%. 

3.2. Magnetic properties 

Figure 4 shows the thermomagnetic curves of the Sm3(Fe,Ti)29Ny and the parent compounds, 
compared with the SmzFel, compound. The Curie temperature was derived to be 486 K for 
the parent, which is about 100 K higher than that of the SmzFe17 compound [4], and 750 K 
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Figure 2. Schematic representation of the geometrical 
relationship and the dumbbell substitution sequence. 
projected onto the (110) plane of the CaCus smcture 
with a size of 30i,5 x 3 c ~  and a thickness of &al:s 
for (a) ThZZni7, (0) Nd3(Fe,Ti)29 md (c) ThMn12 
structures. The unit cell of the new NddFe,Ti)x, 
struuure is indicated by the bold solid lines in (b). 

for the nitride. Introduction of nitrogen led to a distinct enhancement in Curie temperature. 
In the rare-earth-iron intermetallic compounds, the Curie temperature is dominated by the 
strength of the exchange coupling between Fe-Fe moments which sensitively depends on the 
distance between Fe-Fe atoms. A strong increase in Curie temperature upon nitrogenation 
may partly be explained in terms of the lattice expansion of the nitrides which leads to an 
increase in the average nearest-neighbour Fe-Fe distance and therefore an increase in the 
positive Fe-Fe exchange interaction. A theoretical analysis shows that the increase in Tc 
may also be ascribed to the increase in magnetization upon nitrogenation and the decrease 
in the spin-up density of states at the Fermi level EF associated with narrowing of the 3d 
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Figure 3. X-ray diffraction patterns (CO K d  for Sms(Fe,li)ly (curve (a)). Sm3(Fe,Ti)zvNy 
(curve (b)). a magnetically aligned powder of Sms(Fe,Ti)s (curve (c)) and a rmgnetically 
aligned powder of Sm,(Fe,TihyN, (curve (d)). 

band [20]. 
The high-field magnetization curves of Sm3(Feo.933Ti0.067)~N~ and the parent 

compounds are shown in figures 5(a) and 5(b), respectively, which were measured at 4.2 K 
with extemal magnetic field strengths of up to 35 T applied either parallel or perpendicular 
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to the alignment direction of the samples. The values of the saturation magnetization us 
were derived by means of U versus 1/B plots to be 160 A m2 kg-' for the nitride and 
140 A m2 kg-' for the parent compound. Introduction of nitrogen led to an obvious 
increase in the saturation magnetization. The increase in the saturation magnetization may 
be associated with the electronic charge transition between Fe and nitrogen atoms [Zl]. 

The temperature dependence of the saturation magnetization of Sms(Feo.933Tio.o67)2sN, 
is shown in figure 6. The value of the saturation magnetization either for nitride or 
for the parent compound decreases monotonically with increasing temperature. At room 
temperature, U$ = 140 A m2 kg-' for-the nitride and 119 A m2 kg-' for the parent 
compound. 

X-ray diffraction patterns of the magnetically aligned powder samples are shown 
in figure 3, curves (c) and (d), for the Sm3(Fe0.93~Ti~.06,)29 compound and the nitride, 
respectively. It can be seen that the (204) line for Sma(Feo.933Tio.o67)*9N~ is dominant, which 
is different from the diffraction pattern for its parent compound Sm3(Feo.933Tio.o67)~~, where 
the (402) line is dominant. The small peaks at small angles come from the epoxy resin which 
was employed to fix the aligned particles in the sample. So the easy magnetization direction 
is along [lo21 for the 3 2 9  nitride and along [201] for the 329 parent compound 1181 which 
correspond to the [OOl] and the [loo] directions, respectively, in the superstructure of CaCus 
type as discussed by Shcherbakwa et a1 [12]. Introduction of nitrogen led to the occurrence 
of uniaxial anisotropy in the nitride. From the magnetization curves shown in figure 5(a) 
it can be seen that the magnetization measured in the field perpendicular to the alignment 
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Figure 5. High-field m. , bization curves at 4.2 K for magnetically aligned powder samples Por 
(a) Sm3(Fe,Ti)?9Ny and (b) Sm3(Fe,lihg compounds, with the exlemal magnetic field parallel 
and perpendicular to lhe alignment direction. 

direction still does not achieve its saturation value even in field strengths up to 35 T. The 
intersection point of the two magnetization curves by extrapolation gives a B,-value of 25 T. 
The temperature dependence of the anisotropy field of the nitride is also shown in figure 6. 
The anisotropy field B, decreases monotonically with increasing temperature. At room 
temperature, B, = 12.8 T. The intrinsic magnetic properties of the Sm3(F~.933Tio.o67)29N5 

and the parent compound are summarized in table 1. 
An interesting feature is encountered in the high-field magnetization curve for the 

parent compound as shown in figure 5(b). In the magnetization curve measured in a 
field applied perpendicular to the alignment direction of the sample, a jump-like increase 
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Figure 6. Temperature dependence of the satGration magnetization Ms and the anisotropy field 
Ba for the Sm3(Fe,Ti)zsN, compound. 

Table 1. Intrinsic magnetic properties of Sm3(Fel,.~31Ti[,,lls7)2’) and Sm3(Fel,.~33Ti11.[1sl)2yN,,. 

Ms (A m2 kg-‘) Ba (‘U 
TC 
(K) 4.2K 293 K , 4.2 K 293 K ~. 

3.4 - S ~ ~ ( F Q I . U ~ ~ T U I  w h y  486 - 1 I9 
S ~ ~ ( F ~ I Y ~ ~ T U J , I ~ ~ N ~  750 160 140 18.1 12.8 

in the magnetization can be observed. This phenomenon was .also observed in some 
1:IZtype compounds [17]. These jumps in the isotherms are interpreted as a first-order 
magnetization process, providing evidence of a field-dependent transition from one spin 
sfxucture to another. 

The hard magnetic properties of the new interstitial nitrides Sm3(Fe,Ti)zyN, have been 
investigated by ball milling. Values of the coercivity &eHC ~= 0.83 T and the energy product 
( B H ) , ,  = 105 W m-3 at 293 K are obtained. These data as the first results of the hard 
magnetic properties study show that the Sm3(Fe,Ti)29NY compound can be developed for 
permanent magnet application. 

4. Conclusions 

In conclusion a new interstitial Sm3(Feo.933Tio.o6,)2p compound with a monoclinic 
Nd3(Fe,Ti)*~-type structure was obtained by arc melting, followed by annealing at 1373 K 
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for 24 h and then quenching in water. The interstitial Sm3(Feo.933Tio.067)2N~ has the same 
crystalline structure as the parent compounds. For the nitride, the Curie temperature TC is 
750 IC, and the saturation magnetization M, is 160 A mz kg-' at 4.2 K and 140 A m2 kg-' 
at room temperature. The nitride exhibits uniaxial anisotropy and the anisotropy field 
strength is 25 T at 4.2 K and 12.8 T at room temperature. On the basis of the first 
study on the hard magnetic properties of this new nitride, the magnetic powders with 
coercivity poi& = 0.83 T and (BH) , ,  = 105 kJ m-3 were obtained. The high Curie 
temperature, large saturation magnetization and strong uniaxial anisotropy make the new 
interstitial Sm3(Fe,Ti)zsNy compound a new candidate for permanent magnet application. 
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