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Gas-phase interstitially modified intermetallics R(Fe,,Ti) 
Z1--6: II. 3d magnetization of the compounds Y(FellTi) 
G-6 (Z = N, C) 

Qi-nian Q i  Y P Lit and J M D Coey 
Department of Pure and Applied Physics, 'IIiNty College, Dublin 2, Ireland 

Received 6 April 1992 

AbslraeL The magnetization, Curie temperature and 57Fe hyperfine fields are measured 
for Y(Fel1Ti) and the interstitial nitride and carbide. Data are compared with the 
resulu of electronic structure calculations by the oLc.40 method. NI compounds are 
weak femmagnets. m e  increase df magnetization fmm 19.0 p~ P U - ~  in the parent 
compound Io 215 p~ Fu-' in  the carbide and nitride is essentially due to volume 
expansion. A corresponding inereas io average 57Fe hypenine field is ohsewed in the 
niuide, but no1 in the carbide due to different 4s transferred hypenine fields. 

1. Introduction 

In rare-earth-transition-metal intermetallic series, yttrium compounds are often stud- 
ied in order to focus on the properties of the transition metal, since yttrium can be 
regarded as a non-magnetic rare earth having atomic radius similar to these of ele- 
ments in the middle of the rare-earth series. Many electronic structure calculations 
are done for the prototype yttrium intermetallic compounds [l-31. 

The recent discovery that the magnetic properties of iron-rich rare-earth inter- 
metallics may be dramatically altered when nitrogen 14, 51 or carbon [6] is inserted 
into interstitial sites by gas-solid reaction (the gas-phase intersritial modification pro- 
cess) has led to investigations of the origin of the increase in iron magnetization and 
Curie temperature, and discussion of physical limits to such increases [7]. It was 
proposed at the outset, in view of the k n m  pressure dependence of the magnetic 
properties of Y,Fe,, [SI, that the changes wrought by the interstitials are essentially 
due to magnetovolume effects on the iron d band. This view has been confirmed by 
electronic structure calculations on nitrides [9, 101 and carbides [ll] with the 217 
Structure and nitrides with the 1:12 structure [12]. 

In our earlier paper, referred to as I [13], we have presented the magnetic proper- 
ties of the R(Fe,,Ti)C,-6 series with 6 < 0.2. Curie temperatures iccrease by about 
160 K on carbonation, and there are some changes of magnetization. The effects 
are similar to those observed in the R(Fe,,Ti)N,-6 series [14-161. Here we focus 
on the iron magnetism, including Curie temperature, total magnetization and local 
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Fkm L Cwtal SWUIC d Y(Fe1tTi) show- 
ing the Zb site interstitial -pied by N or C. 

magnetization at the various atomic sites using experimental measurements (magne- 
tization, 5TFe Mossbauer spectroscopy) and electronic structure calculations (OLCAO) 
for Y(Fe,,Ti)Z. The ThMn,, structure is illustrated in figure 1, including the 2b 
interstitial site occupied by nitrogen [17] or earbon. The pure iron end-membcrs are 
unstable, and the Ti needed to stabilize the structure preferentially enters Si sites 
ria 

2. Experimental results 

The preparation and characterization of the R(Fe,,Ti) samplcs have been fully dis- 
cussed in I, Figure 2 shows x-ray diffraction patterns of Y(Fe,,Ti), as well as samples 
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carbonated in butane or nitrogenated in nitrogen gas by heating powders for 2 h at 
5oOoC All are shown to be single-phase with the tetragonal ThMn,, structure, 

except for the presence of some a-Fe (< 3%) in the carbide and nitride. Reduction 
in intensity of the iron peak on regrinding the carbide or nitride powders show that 
this is mostly located on the particles' surface. Lattice parameters are listed in table 1. 

Table 1. Strunural and magnetic properties for YFell l i  and Y(FellTi)Z,-s (2 = C, 
N) compounds. 

Compound U (A) c (A) V (As) AV/V (%) Tc (K) M ( p ~  FU-') 

YFellTi 8.505 4.m 347.2 - 524 19.0 
Y(FellTr)Ca.s 8580 4.798 353.2 1.73 678 21.6 
Y(Fq1Ti)No.a 8.581 4.800 353.4 1.79 742 21.7 

Magnetization was measured using a vibrating-sample magnetometer in an ap- 
plied magnetic field Bo of up to 5 T at 4.2 K The satuation magnetization for 
the parent compound, carbide and nitride, deduced by extrapolation to 1/Bi --* 0, 
were 141.2 J T-' kg-* (19.0 pB F r l ) ,  158.9 J T' kg-' (21.6 pB FU-~) and 
160.2 J T-I kg-' (21.7 pLB m-') respectively. The anisotropy fields for Y(FellTi), 
nitride and carbide, deduced from the magnetization curve of Exed powder, were 3.4 T 
(K, = 2.0 MJ nr3), 2.5 T ( IC,  = 1.4 UT w3) and 23 T (K, = 1.3 MJ r3) 
at 4.2 K respectively. The Curie temperature, measured by thermomagnetic scans in 
a field of 5 mT, increased from 524 K for Y(Fe,,Ti) to 678 K for Y(Fe,,Ti)Co,, or 
742 K for Y(Fe,,Ti)N,,8. 
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Figure 3. Mhbauer spectra of Y(FellTi)Z,-a at 293 K and at 15 K. The 61s described 
are shown by the full line& 
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Mlissbauer spectra were recorded at 15 K and at room temperature using a 
conventional constant-acceleration spectrometer with a "CO source in a Rh matrix. 
A velocity calibration was made using the spectrum of an a-Fe absorber at roam 
temperature. Samples consisted of 20 mg of alloy powder mixed with icing 
sugar to form homogeneous and isotropic absorbers. Data are shown in figure 3. 
Fitting was done using five Lorentzian sextets with the intensity ratio 43:4 for the Sf, 
Si and 8j sites. For both Si and Sj sites two split subspectra with intensity 21 are due to 
the influence of Ti which occupies the 8i sites at random [18, 191. The site symmetry 
is m 2 m  for Si, Sj sites and 2/m for Sf sites [U]. Different linewidths were used for 
the outer, middle and inner lines of each sextet; they range from 0.15 to 0.50 mm s-l 
full width at half maximum. The fitting procedure was described in detail in 1211. 
Based on the coordination of the sites and the obsemtion that early transition-metal 
neighbours reduce the iron hyperfine field sharply, whereas iron neighbours tend to 
increase it [U)], it is generally agreed that the hyperfine field of iron at Sf sites (9 iron 
neighbours, 1 titanium neighbour and 2 yttrium neighbours) should be the smallest 
and that at Si sites (11.75 iron neighbours, 1.25 titanium neighbours and 1 yttrium 
neighbour) should be the largest [21-23]. Allocation of the component subspectra in 
table 2 follows this order. The average hyperfine field at 15 K is little changed in the 
carbide, but it increases by 13% in the nitride (table 2, figure 3). The average isomer 
shift increases significantly from the parent compound to carbide to nitride, with the 
largest increase at Sj sites as shown in figure 4. 

P 

/ 

Figure 4. The (a) hyperfine fields and (b) isomer 
shifts at the three iron siles and (c) average hy- 
perhe fields and isomer shifts for Y(Fel1Ti) and 
Y(FellTijZt-6~~(2 ="C,-Nf, measured al 15 K 

. .  
" znu.a.l riFn,w "IR,,VR, Y(RIIIIVW 

3. Electronic structure calculations 

We recently applied the orthogonal linear combination of atomic orbitals (oLCAO) 
method to calculate the spin-polarized band structure of Y(Fe,,Ti) and Y(Fe,,Ti)N 
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Table 2. Hyper6ne Bel& for each aystailographic site of YFettTi and Y(Fetlli)Zl-s 
(2 = C, N) deduced from 5rFe Mossbauer spectra. 

Compound Temperalure gC) 8i 8j 8f (Bhf) ( p  
UFej I Ti I5 32.2 28.0 24.7 21.9 

293 27.1 23.9 208 23.6 
Y(Fel1'Ii)Co.s 15 31.9 29.0 24.4 28.1 

293 28.9 24.9 21.1 25.1 
Y(Feell'!i)N0.8 15 

293 
34.2 328 28.2 31.5 
32.9 29.9 25.1 29.0 

[12]. Details of the method of calculation, which is non-self-consistent, but uses 
Gaussian-type orbitals, are given elsewhere. Here we extend the calculations to 
Y(Fe,,Ti)C, and compare all the results. Results are available for Y(Fe,,Ti) with 
the normal (a  = 0.855 nm, c = 0.475 nm) and expanded ( a  = 0.864 nm, c = 
0.484 nm) lattice parameters, and for the carbide and nitride with the expanded 
parameters. These are slightly different from the experimental values, but they are 
chosen to distinguish clearly the effect of volume expansion and the chemical effect 
of the interstitial atoms. mtal and partial densities of states for carbide are shown 
in figure 5 and table 5 lists the numbers of electrons occupying the majority and 
minority sub-bands for each inequivalent crystallographic site of Y(Fe,,Ti)C. From 
the position of the Fermi level in the 1 sub-band, the compound is clearly a weak 
ferromagnet. Hybridization with the carbon orbitals is evident in the structure near 
-7 eV for the 8j site, which is the direct neighbour of the interstitial carbon. The 
2b interstitial site is coordinated by an octahedron of 2Y and 4Fe(Sj), as shown in 
figure 1. 

Calculated moments on the various sites as well as the total magnetization per 
formula unit and average iron moment are listed in table 3 for the parent compound 
in normal and expanded forms, as well as the carbide and the nitride. The calculation 
yields small positive moments, - 0.1 pB, for Y, Ti, C and N. 

4. Discussion 

4.1. Buul magnetization 

We first discuss the M magnetization of Y(Fe,,Ti)Z,-, (Z = C, N) intermetallics 
in terms of the magnetic valence model of Williams et al [24], which is a simple 
way of taking into account the effect of alloying on the magnetic moment assuming 
strong ferromagnet. The magnetic valence of an atom Z, is defined as 2Nd,-Z,, 
where Ndr is 5 for late 3d elements (Fe) and 0 for the early transition elements 
(Y, Ti), and 2, is the chemical valence (3 for Y, 4 for Ti and C, 5 for N and 8 
for Fe). The average moment per atom is then (m) = (Z,,,)+2NspT where (2,) is 
the average magnetic valence per atom and Nsp is the occupancy of the unpolarized 
sp band, typically 0.3. For the parent compound, the carbide and the nitride, the 
model yields moments of 228, 19.4 and 18.4 pB FU-, respectively. The value of 
22.8 pB FU-, for Y(Fe,,Ti) is somewhat greater than that measured by extrapolating 
data on free powder to 1/B$ = 0 (19.0 pB m-') or that calculated by the OLCAO 
method (20.3 pB FU-l) [12]. These discrepancies arise because the 3dT states are 
not completely full in Y(Fe,,Ti) which is therefore a weak, not a strong ferromagnet. 
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Figum 5. notal and panial densities of stales for Y(FellTi)C calculaled by lhe OLCAO 
melhod. 

The moments of 19.4 qB and 18.4 qB given for carbide and nitride by the 
magneticvalence model are evidently much smaller than the observed values (table 1). 
These compounds are also shown to be weak ferromagnets by electronic structure 
calculations with both 3df and 3dJ states lying at Fermi level. The reason for the 
failure of the model is that the assumption of a common band structure with a small 
Nsp occupancy is not valid for the interstitial compounds, where the nitrogen or 
carbon electrons must bc considered in a separate atomic level some 8 eV below EF 
(see figure 5). The situation is the same as for interstitial compounds with the 217 
structure 171. 

The volume expansion of the carbide (1.7%) and nitride (1.8%) are virtually 
identical, and the increase magnetic moment is 14% for both carbide and nitride. 
The increase of the spontaneous magnetization is essentially related to a narrowing 
of the 3d band due to volume expansion. It is not due to the presence of the 
interstitial atoms as such. In fact, calculations at wnstant volume (table 3) indicate 
that the chemical effcct of the nitrogen or carbon interstitials is actually to reduce 
the iron moment slightly. 

The average hyperfine field increases by 12% for nitride, but there is little change 
(1%) for the carbide (tables 1 and 2) although they have the same volume cxpansion. 
A similar effect was found in Y,Fe,,Z,-6 [7]. 



Gas-phase interstitial@ modified intermetailics 8215 

8 s I l l  I Id I l l 0  I I  

s q  2 z I I o  0 I o  I I l o  I I 



8216 Qi-nian Qi et a1 

The hyperfine field may be written as 

The main contributions to B,, are the core polarization contribution Bcp from Is, 
2s and 3s core electrons, which is accurately proportional to the 3d moment with a 
wnstant conversion factor of -11.3 T/p, [25] and the contribution from polarization 
of 4s electrons B4n. A third term Barb is due to the small orbital moment of iron, 
which typically of order 0.1 pB. The proportionality factor here is 42 T/pB [Zq. 
Table 4 lists magnetic moments and hyperfine fields in Y(Fe,,Ti) and Y(Fe,,Ti)Z 
(Z = C, N), including the contributions €Icp, and Barb. The anisotropic orbital 
term B,, is deduced experimentally to be 1.0 T by comparing the average hyperfine 
field at 15 K in Ho(Fe,,Ti), where the magnetization lies along the e-axis, with that 
in Dy(Fe,,Ti), where the magnetization lies in the c-plane. The orbital moment is 
assumed to be unchanged in the nitride and carbide. Table 4 shows that the low 
hyperfine field in the carbide is due to a low 4s contribution; B4 includes the effect 
of polarization of the atomic 4s electrons and the transferred hyperfine field from 
neighbouring atoms. 

Tabk 5. Value or the number of electrons occupying the majority sub-band, (21, and 
the minorily sub-band, Q,, tor each inequivalent crystallographic site of Y(Fe11Ti)C. 
The magnetic moment is defined as p = Q T  - QI, in uniU 01 p ~ ,  and tolal electron 
number is given by Q = Q t  + 81. 

Y Fe(8j) Fe(89 Fe(%) Ti C 

Ql 1.695 5.085 4.995 4.762 1.405 1.744 
Q1 1.531 3.382 3.409 2.707 1.195 1.537 
Q 3.226 8.467 8.404 7.469 2.M)O 3.281 

0.164 1.703 1.586 2.055 0.210 0.207 

%tal majority electrons = 118.90 
%tal minority electrons = 79.10 
Total electrons = 198 
Magnetization = 19.9 p~ m-’ 
Average Fe moment = 1.76 p~ 

It is often assumed that hyperfine fields are proportional to the 3d magnetization. 
Frequently used proportionality factors derived experimental results are -15.6 T/pB 
for intermetallic compounds with the 1:12 structure and -14.8 T/pB for intermetallic 
compounds with the 217 structure [26]. Coehoorn pointed out that the use of 
constant conversion factors can lead to errors of about 0.3 p,  in estimates of the 
moments from the hyperfine fields [3]. We found that for Y,Fe,,Z,_, the relation 
between average iron moment and average hyperfine field is -15.3 T/pB in Y,Fe,,, 
the hydride and nitride, but -14.1 T/pB in the carbide [7]. The conversion factors 
at different sites vary from -13.5 T / ~ I ~  to -17.3 T/pB. For Y(Fe,,Ti), carbide and 
nitride the situation seems to be similar. The conversion factor is essentially the same 
in the pure wmpound and nitride, but it is significantly less in the carbide due to the 
transferred hyperfine field (table 4). 
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4.2 Local mapelkation and hyperfine jeld 

Thble 3 summarizes the results of local moments in Y(Fe,,Ti), carbide and nitride 
obtained fmm Mossbauer spectroscopy, neutron diffraction and electronic structure 
calculation, including calculation results on the expanded parent compound and 
hypothetical We,,. No neutron diffraction results on Y(Fe,,Ti)C have been re- 
ported so far. For comparison we use the conversion factor given in table 4 to get a 
local moment from the 57Fe hyperfine field at the three sites. 

In general the iron moments are sensitive to local coordination and nearest- 
neighbour distances. Iron neighbours increase the iron moment and yttrium neigh- 
bours reduce it. The neutron diffraction results of Moze el aI [lq, Yang et aI 1191 
and Helmhodt er a1 1271 have established that a quarter of 8i sites are occupied by 
Ti atoms. According to the crystal structure of Y(Fe,,Ti) the 8i site has 11.75 iron 
nearest neighbours on average, whereas each 8j and 8f site has only 9.0. The average 
Fe-Fe distances are 2.773 8, (8i), 2.579 8, (8j) and 2.500 8, (80 obtained by Moze et al, 
2.697 8, (ai). 2.564 A (8j) and 2488 8, (89 by Helmholdt et al, 2713 A (8i), 2.594 A 
(8j) and 2.518 8, (89 by Yang et al, all following the relation dFek(8i) > dFe-Fe(8j) 
> dFtFe(8f). One yttrium nearest-neighbour for an 8i site but two for 8j and 8f sites 
also indicates that the order pFe(8i) > pFe(8j) > pFe(8f) should be reasonable. Most 
band calculations for Y-Fe compounds With the 1:12 structure support this view. Av- 
erage Fe-Fe distances in the nitride follow the same order as pure Y(Fe,,Ti) [B]. 
From these considerations the order Bh,(8i) > B,,(8j) > B,,(8O was used to iden- 
t@ the components of the fits to the Mossbaucr spectra of Y(Fe,,Ti), carbide and 
nitride. Almost all other authors adopt this order [22, 29, 301, although different 
numbers of subspectra were needed in order to obtain a good fit to the Massbauer 
data. 

Tabk I .  Anisompy constant hi (in MJ ~ n - ~ )  and anisotmpy 6eld (in T )  lor the Fe 
sublattice in Y(Fe,lTi) and Y(FezlTi)Zl-s at 4.2 K. 

The average isomer shift increases from -0.136 mm s-l for Y(Fe,,Ti), to 
-0.072 mm s-l for carbide to -0.015 mm s-' for nitride as shown in figure 4. 
Assuming that the number of electrons in the 3 d 4  conduction band of iron is a 
constant, the pure volume effect on the iron isomer shift A N A  In V is expected 
to be 1.3 mm s-l for the close-packed structure corresponding to the isomer-shdt 
paramcter a = -0.27 U: mm s-' [32], whereas observed values are 3.7 mm s-' for 
carbide and 6.7 mm s-, for nitride. This suggests that electron transfer is larger in 
nitride than in carbide, and that 4s - 2p interatomic charge transfer may be the main 
process because a value of Als/A In V of more than 3 would mean that interatomic 
charge transfer from 4s to 36 exceeded 0.5 electrons, which seems not to be possible 
[ a ] .  The situation is different in R,Fe,,&-6, where the value of Ars/A In V is 
1.8 mm s-l for nitride and only 0.7 mm sbl for carbide which suggests that interband 
charge transfer occurs in the opposite sense in nitride and carbide [34]. 
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4.3. Volume effects on the Curie temperature and magnetLation 

According to the Stoner model [35l and the spin-fluctuation theory of Mohn and 
Wohlfanh [36], the Curie temperature is given by 

T:/T,t + Tc/Tsf - 1 = 0. 

Neglecting the first term, which contains the inverse of the square of the Stoner 
Curie temperature, and considering only T,,, which is a characteristic temperature 
describing the influence of spin fluctuations, given by T,, = m ~ ( l O k B X o ) - ' ,  we get 
a simple expression 

T, = T, = m ~ ( l O k , ~ , ) - '  

where m,, is the magnetic moment, kB is the Boltzmann constant and 

Xo' = [ ~ / ( Z N ' ( E F ) )  -I- ~ / ( ~ N L ( E F ) )  - 1]/2/1; 
where N f  and N ,  are up-spin and down-spin densities of states at the Fermi level is 
the Stoner parameter which is 0.95 eV for Y(Fe,,Ti). 

The volume dependence of the magnetization, neglecting the elastic term, is 
described by (371 

V 6 M / 6 V  = ZImo[ l / (ZN'(EF))  t l / (ZNL(EF)) -  I ] - ' .  

'Ikble 6 lists both the values of the T, ratios, T,[Y(Fe,,Ti)Z~T,~(Fe,,Ti)], and 
6 In ,4416 In V deduced from our electronic structure calculation and the experimen- 
tal results. The agreement between experiment and calculation is poor. This probably 
reflects the difkculty in locating the Fermi level precisely in the non-self-consistent 
OcL.40 calculation. The value of N t (  E F )  in particular is extremely sensitive to tiny 
changes in the position of EF (see figure 5). 

4.4. Anisotropy 

The magnetocrystaltic anisotropy is associated with the small 3d orbital moment. It 
is very difiicult to calculate accurately. The decrease in Kl in carbide and nitride 
(table 7) can be due to a change in the 3d orbital moment, or the change in crystal 
field introduced by the interstitial. 

5. Conclusions 

The Y(Fe,,Ti) compound and the interstitial nitride and carbide are all weak ferro- 
magnets. Nevertheless the 1' sub-band is almost full, and the magnetization is close 
to the value of 22.8 pB Fu-l expected for strong ferromagnetism. 

The increase of magnetization in the interstitial compounds is essentially due to 
the volume expansion. The chemical effect of N or C is to reduce the iron moment 
slightly by hybridization, especially on Si sites. 

An increase in hyperfine field commensurate with moment change is observed 
in the nitride, but not in the carbide. This may be due to different 4f transferred 
hyperfine fields. 

The increase in Curie temperature in the interstitial compounds is not reproduced 
by the electronic structure calculation because of the great sensitivity of the NT( E F )  
density of states to the exact position of the Fermi level. 
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