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Abstract. Electronic and magnetic properties of the novel rareeh prmanenl magnet 
SmzFenN, ax investigaled by performing self-consislent local density-functional electronic. 
smcture calculations. We also repon valence-band photoemission studies on SmzFen, which 
is the matrix compound of SmzFel7N3, and on NdzFej7 for comparison. Employing the LMTO 
(linearized muffin-tin orbital) band method, we have obtained electronic band svuctures for 
both paramagnetic and ferromagnetic phases of SmzFeilN3. Sm2Fen. and NdzFelr. It is found 
that N atoms Subsmfially reduce the magnetic moment of neighbouring Fe atoms through 
lhe hybridization interaction and play a role in sebilizining the structure. The average magnetic 
moment of Fe aloms in the ferromagnetic phase of Sm2FeuNS is estimated to be 2.29ps, which 
is - 6% larger lhan the magnetic moment of Sm2Fel7. 2 . 1 6 ~ ~ ~ .  Photoemission spectmscopy 
(PES) measuremen& show lhat the bulk Nd and Sm atoms are nearly trivalent in NdzFel7 and 
SmzFet7. and lhat broad 4f PES line shapes reflect the hybridiration between Nd/Sm 4f and Fe 
3d stales. The experimental Fe 3d PES spectra are compared with the calculated Fe 3d angular- 
momentum-projected local density of states (PLWS) for NdzFel7 and S m z k n .  The measured 
Fe 3d PES band widths me comparable to lhe calculated Fe 3d PLDOS widths below E F .  but lhe 
peak posilions lie in between the calculated peaks of the paramagnetic and ferromagnetic Fe 3d 
PLWS. 

1. Introduction 

R2Fet7 compounds have attracted much attention as candidates for possible new permanent- 
magnet materials, because they have the largest Fe concentration among the intermetallic 
compounds of rare earths (R) and transition metals (M), and so very large magnetic moments. 
RzFe17 compounds, however, have low Curie temperatures Tc and low anisotropy fields Ha, 
which prohibit them from being used as permanent magnetic materials. Recently, Coey et 
al [ I ]  discovered that adding the element N into RzFel7 yields RzFel.rN3-8, which show 
several promising features such as high Tc, increased by - 400 K, and enhanced Ha, as 
compared to RZFel7. 

The crystal stfllcture of R2Fe17 is maintained in RzFel7N3-8, with the volume increased 
slightly (by - 6%). RzFel~N3-d compounds crystallize in the rhombohedral ThzZn17- 
type structure for light rare earths (R from La to Tb), whereas for heavy rare earths 
(R from Dy to Lu), and for Y~Fe17N3-6, they crystallize in the hexagonal ThzNi17-type 
structure. In particular, it is very encouraging that the axial anisotropy along the c axis 
is observed in SmzFe17N3-d. in contrast to other RzFei7N3-6 compounds, which exhibit 
planar anisotropy. Compared to the existing rare-earth permanent-magnet materials, such 
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as SmCos and NdzFe14B, SmzFel7N3-8 shows overall advantages in the magnetic properties 
of Tc, Ha, and saturated magnetization Bs 12-51, 

On the electronic structure of SmzFel.iN3, Woods et ai [6] have reported preliminary 
results, obtained by photoemission spectroscopy (as) measurements and by self-consistent 
band-structure calculations. Without showing the measured PES data, they reported that, 
as compared to SmzFel,, a small shift of the Fe 3d band to higher binding energy and a 
reduction of the density of states (DOS) at the Fermi energy EF, are observed in SmzFelTNJ, 
which is in agreement with the band theory. No other studies have been reported yet, either 
theoretically or experimentally. For related materials, several theoretical studies have been 
reported such as band-structure calculations on YzFe17N3 by Jaswal eta1 [7], using the self- 
consistent LMm (linearized muffin-tin orbital) method [8], and those on NdzFeltNs by Gu 
and Lai [9], using the OLCAO (orthogonalized linear combination of atomic orbitals) band 
method. Unfortunately, Y~Fel7N3, investigated by Jaswal et a!, has a crystal structure, 
i.e., the hexagonal ThZNil7 type, different from that of SmzFe17N3. On the other hand, 
NdzFel7N3 has the same crystal structure as that of SmzFellNs, i.e., the rhombohedral 
Th2Znl.l type, but the O K A O  band results of Gu and Lai were not obtained self-consistently. 

In this paper, we report electronic-structure studies of Sm~Fel~N3-8, as well as 
photoemission measurements and band-structure calculations for RzFel7 (R=Nd, Sm). We 
have performed both spin-unpolarized and spin-polarized calculations, in which the von 
Barth-Hedin formula is used for the exchange-correlation interaction in the local density- 
functional approximation (LDA) method [ IO]. Energy band structures and DOS are obtained 
by using the self-consistent semi-relativistic LMTO band method and a Gaussian broadening 
method [ I l l ,  respectively. The orbital contribution to the magnetic moment is calculated 
by considering the spin-orbit interaction in a perturbative way [12]. The valence-band 
PES spectra of R 4f and Fe 3d electrons are obtained by using synchrotron-radiation PES. 
Measured PES spectra are compared to the calculated band structures. 

B I Min et a1 

2. Electronic structures of SmzFe17N3 

2.1. Crystal structure 

Figure 1 shows the crystal shllcture of Sm~Fe~7Ns: the rhombohedral ThzZnl,-type structure 
(belonging to the D& space group), in which three N atoms are added into interstitial sites 
of SmzFe17. There are 22 atoms per unit cell and thus one formula unit in the rhombohedral 
unit cell; two Sm atoms of one kind, 17 Fe atoms of four kinds, and three N atoms of one 
kind. It is interesting that many crystallographic parallels exist between SmzFell, the matrix 
of SmzFel~N3, and NdZFel4B. which is one of the typical rare-earth permanent magnets, 
such as the layered arrangement and the presence of hexagonal Fe nets surrounding R atoms. 
A unit cell consists of a stack of six layered planes, and Sm atoms reside in three planes 
among them while three other intervening planes are made of Fe atoms only. FeIII(18f) 
atoms surround Sm atoms in hexagonal nets, residing in the same plane as Sm atoms. The 
FeII(9d) and Few( 18h) atoms also form hexagonal nets in the intervening planes. 

It is notable that the local environment of FeI(6c) atoms in SmzFel, is crystallograph- 
ically very similar to that of Feu,) atoms in Nd2Fel4B [4]. The layers of Feu,) atoms in 
NdzFe14B are midway between the planes containing Nd and B atoms, and they have the 
largest magnetic moment. Similarly in SmaFen, a pair of dumbbell-like FeI(6c) atoms, 
located above and below the centres of the FeIII(l8f) hexagons. connect all of the layered 
planes (see figure I ) .  They have the largest number of near-neighbour Fe atoms and so are 
expected to have the largest magnetic moment in the ferromagnetic phase. 
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GSm(6c) - N(9e) 

o Fe(6c) 0 Fe(9d) 

oFe(18f) a Fe(1Sh) 

In SmzFel7N3, N atoms are added to Sm2Fel.r at the (9e) octahedral sites surrounded 
by Sm and FeIII(l8f) atoms in the plane and by FeIV(18h) atoms along the z direction. 
Three N atoms are inserted in the middle of the three bonds among the six FeIIl(18f) 
hexagon bonds, and therefore the bond length of FeIlI-N-FeIII becomes larger than that of 
FeIII-FeIII, yielding a distorted hexagon surrounding Sm atoms in SmzFenN3. 

2.2. Computational details 

The crystal structure of Sm2Fel7N3 is not so close packed as that of SmzFe1.1Na. with a 
packing ratio of about 55%. Our experience is that the atomic sphere approximation (ASA) 
works well for materials with such packing ratios, and so we have used the LMTO ASA in our 
calculation without using empty spheres. The atomic-sphere radii utilized are 3.82, 2.66, 
and 1.73 au for Sm, Fe, and N atoms, respectively. 

It is a well known fact that, in any material with localized f electrons, is very difficult 
to obtain self-consistent convergency in a band-structure calculation. In our calculation, we 
have used Broyden's accelerating mixing scheme [I31 with a very small mixing parameter, 
0.01. Self-consistent charge densities are obtained by using one k point for the Brillouin- 
zone integration, which saves much time despite the many iterations necessary. Final results 
are obtained by using twelve k points inside an irreducible Brillouin zone. Due to the large 
unit cell of SmzFel,N3, this procedure is expected to give reasonable results. 

We have used a semi-relativistic band method in self-consistent calculations, which 
includes all the relativistic effects except the spin-orbit effect. The effect of spin-orbit 
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interaction is then taken into account in a perturbative way to calculate the orbital magnetic 
moment of each atom [12]. 

We have calculated band structures for the cases with the Sm 4f electrons as core and 
also as valence electrons. When treating 4f electrons as core electrons, the 4f shell is 
considered to remain in its ionic ground-state trivalent configuration, with five f electrons 
fully spin polarized. This is the so called open4f-core-sheN method often employed to treat 
localized f electrons [4]. We have utilized this treatment to obtain the 4f removal energy 
through the delta-self-consistentfield (ASCF) total-energy calculation [ 151. 

2.3. Spin-unpolarized calculation 

Figure 2(a) shows the total density of states for the paramagnetic SmzFe17Ns. calculated 
at experimental lattice constants by treating Sm f electrons as valence electrons. The 
advantage of treating Sm f electrons as valence electrons and including them in the self- 
consistent calculations is that magnetic properties of the Sm f electrons can be described 
more appropriately. The total DOS shows two pronounced peaks near EF. The left peak is 
mostly due to the Fe d-band states and the right one is due to the Fe d and Sm f states. The 
Dos N ( E F )  at EF is very large in the paramagnetic phase of SmzFe17N3. The Stoner factor, 
defined as S N ( E ~ ) l x c  with IXC denoting the intra-atomic exchange-correlation integral, 
becomes larger than one (S = 2.7) because of the high DOS at EF, and so ferromagnetic 
instability occurs. 

Table I presents the angular-momentum-projected charge occupancies Q, in the 
paramagnetic phase of Sm2Fe17N3. The number of 4f electrons per Sm atom is about 
6.20, while the number of 3d electrons per Fe atom ranges from approximately 6.5 to 6.7, 
which is close to the value of the pure BCC Fe element, - 6.6. It is seen that there occurs a 
charge transfer to the FeIII atom from neighbouring atoms, especially from near-neighbour 
N atoms. 

B I Min er al 

Table 1. Angular-momentum-pmjeered charge occupancies Q, of paramagnetic SmzFel,N,. 
The alomic-sphere radii for Sm. Fe, and N atoms are 3.82. 2.66, and 1.73 au. respectively. 

(2% QP Q d  Qr QM 

Sm 0.57 1.M) 1.93 6.17 9.67 
Fe1 0.64 0.66 6.41 - 7.75 
Fell 0.66 0.77 6.56 - 7.99 
Fell1 0.62 0.84 6.66 - 8.12 
FelV 0.61 0.71 6.55 - 7.87 
N 1.20 2.88 - - 4.08 

Figure 2(b) shows the projected local density of states (PLIXX) for SmzFe17Ng. The 
sharp narrow peak near EF represents the Sm 4f mas, and the four bands on the left side, 
which overlap one another, represent Fe 3d bands. Among Fe atoms, Fe1 and Fe111 atoms 
have the highest and the lowest LDOS, respectively, at EF. These Fe 3d band structures are 
quite different from those of SmzFel7, in that the magnitudes of the Fern LDos and the Fe1 
LDOS at EF are similar in Sm2Fel.1 [ 161. The FeIII LDOS at EF is smaller in Sm2Fe17N3 than 
in SmzFel7, which reflects hybridization effects between FeJII atoms and near-neighbour 
N atoms in SmzFe17N3. Remember that F e u  and N atoms reside in the same plane, and 
thus a large hybridization between them is expected. The N p bands spread between -8 eV 
and 8 eV, and are split into the bonding and anti-bonding states due to the hybridization 
interaction with the Sm 5d, F e u ,  and FeIV 3d states. This feature indicates that N atoms 
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Figure 2. (b) Site- and 
angular-momenhlm-pmjected local density of slates (PLWS) of each atom in the paramagnetic 
SmlFenNI. 

(a) Total density of slates (ws) of paramagnetic SmzFel7N3. 

in SmzFe17Ns play the role of lowering N ( E F )  so as to contribute to the structural stability 
via the hybridization bonding with the Sm d, f, and Fe 3d states. The role of N atoms in 
Sm~Fel7N3 is similar to that of B atoms in Nd2Fe,.tB [17]. 

Rather low and localized LDOS around 15 eV below EF mainly corresponds to the N s 
bands, in which s and d bands of FeIII atoms and d and f bands of Sm atoms are mixed. As 
mentioned above, the hybridization interaction of the N s bands with the FeIII 3d bands is 
particularly large. The binding energy of N s states (- 15 eV) in Sm2Fel7N3 is larger than 
that of B s states (- 8 eV) in NdzFelrB by about 7 eV. This difference is consistent with 
the trend that binding energies of s states in YCo4X increase as 9, 11, 15, and 18 eV for 
X = B, C, N, and 0, respectively [16j. However, we have found that binding energies of 
the s states are sensitive to the atomic-sphere radii of N atoms used in L M ~  calculations. 
When we used larger atomic-sphere radii for N atoms (2.02 au), the energy position of N 
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s states becomes unphysically too low (- -29 eV), which is ascribed to large overlaps of 
atomic spheres. Magnetic moments of Fe atoms are also dependent on the size of atomic 
spheres, a maximum of - 5% change with 1% increase in Fe atomic-sphere radii. In this 
study, we have chosen atomic-sphere radii of N atoms so that the energy position of N s 
states is consistent with those of YCo4X [16], and those of Fe atoms to be nearly equal to 
that of the BCC Fe element. The Lws in figure 2(b) is obtained by using 1.73 and 2.66 au 
for the atomic-sphere radii of N and Fe atoms, respectively. 

2.4. Spin-polarized calculation 

Figure 3(a) shows the spin-polarized Dos for SmzFel,N, in the femmagnetic phase. In our 
calculation, we have assumed a single quantization axis and the moments are forced to line 
up parallel or antiparallel to it. The DOS in the paramagnetic phase is split into the spin-up 
and spin-down DOS due to the exchange-correlation band splitting, so that the Dos at EF is 
reduced by about a half ( N ( E F )  = 32.6 states eV-l/cell). In contrast to the paramagnetic 
phase, the spin-up DOS at EF is mostly due to Sm 4f states and the spin-down Dos to Fe 3d 
states, because Fe 3d spin-up band states are almost filled and Sm 4f spin-down states are 
located far above EF due to the band splitting. Note :hat the above energy position of Sm 4f 
spin-up states does not agree with the energy position of localized 4f electrons observed in 
the PES data, as will be shown in figure 4(b). This is because the PES data are excited-state 
properties, while the LDA band results are for the ground-state properties. The so-called 
A SCF supercell calculation is required to obtain the excitation energy of the localized f 
electrons. Our A SCF calculation yields the 4f removal energy (P + 9)  in SmzFel7Ns of - 6.9 eV, which is in reasonably good agreement with the PES data discussed in section 3. 

Table 2 shows the angular-momentum-projected magnetic moments M, in the 
ferromagnetic phase of Sm2Fe17N3. The spin magnetic moment of Sm 4f electrons is 
5.46@~, and the total spin magnetic moment at the Sm site is 5 . 3 1 ~ ~ .  Similarly, the 
spin magnetic moments at four kinds of Fe atomic site are 2.65, 2.46, 1.96, and 2 . 4 2 ~ ~ .  
respectively, yielding the average spin magnetic moment per Fe atom of 2 . 2 9 ~ ~ .  Compared 
to the spin magnetic moment of the BCC Fe metal (2.22@~), the spin magnetic moment at 
the F e n  atomic site is reduced, whereas those at the other Fe sites are very much enhanced. 
The spin magnetic moments of N atoms are negligible. When the spin magnetic moments of 
Sm 4f electrons are included, the total spin magnetic moment MtOt per unit cell is 4 9 . 4 6 ~ ~  
for SmzFel7N3. When the Sm 4f electrons are treated as core electrons, we have obtained 
Mmt = 3 9 . 6 3 ~ ~ .  the magnitude of which is similar to that for Y~Fel7N3, the non-f-electron 
material, calculated by Jaswal et al [71 ( 3 9 . 6 0 ~ ~ ) .  

B I Min et a l  

Table 2. Angular-momentum-projecfed magnetic moments M, of femmagnetic Sm2FenNs. 

~ 

Sm -0.02 -0.G -0.08 5.46 5.31 
Fe1 -0.01 -0.06 2.72 - 2.65 
Fell -0.02 -0.06 2.54 - 2.46 
Fe111 -0.02 -0.06 2.03 - I.% 
FelV -0.02 -0.05 2.47 - 2.42 
N -0.02 -0.02 - - -0.04 

As has been expected in the paramagnetic electronic structure, Fern atoms have the 
smallest spin magnetic moment, I.96p~g, which is due to the hybridization interaction with 
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Energy (ev) 
Figure 3. (a) Tolal density of states (cos) of ferromagnetic SmzFe,,Ns. me upper and lower 
curves correspond to spin-up and spin-down cos, respectively. (b) Site- and angular-momentum- 
projected local density of states (PLWS) of each atom in the ferromagnetic SmzFel,N,. 

N atoms and to the local environment. This finding is consistent with that of Gu and Lai 
[9]. The comparison of the LDOS at different Fe sites in figure 3(b) clearly shows why the 
FeIn atoms have the smallest spin magnetic moments. The Fe111 LDOS has an increased 
band width and the smallest exchange splitting due to the hybridization interaction with N 
atoms. In contrast, Fe1 atoms have the largest spin magnetic moment because the exchange 
splitting of the LDOS is the largest. 

Orbital polarizations of Fe atoms stemming from the spin-xbit interaction are non- 
negligible. Orbital magnetic moments of 0.07,0.05,0.05, and 0.07~~ are obtained for FeI, 
Fen, FeIII, and FeIV atoms, respectively. These values are a little larger than the value 
of the pure BCC Fe element, 0.03~~~ but close to that of pure FCC Fe element, 0.06~~ 
[ 121. These observations indicate that the local environment of each Fe atom in SmzFelTN3 
forming the stacking geomehy is close to that of F c c  Fe. In the case of the Sm atom, the 
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orbital magnetic moment, - 1 . 9 9 ~ ~ .  is polarized antiparallel to the spin magnetic moment. 
However, the magnitude of the orbital magnetic moment of the Sm atom determined in this 
way seems to be too small compared to the value of free trivalent Sm ions anticipated from 
Hund's rule, which is not well treated in our perturbation method. 

Table 3 compares the calculated magnetic moments of Sm2Fe17N3 with those of 
Sm2Fej7. We have also presented theoretical results for Nd2Fe17N3 by Gu and Lai [9] 
and those for YzFel7 by Coehoom 1181. Compared to SmzFen, the magnetic moment of 
the FeIII atom is reduced but those of the other Fe atoms are increased in Sm2Fe17N3. This 
table shows that Sm2Fel.l has the largest magnetic moment at the Fe1 site as in SmzFe17N3, 
and the smallest magnetic moment at the Fe11 site. Such a wend is similar to the trend in 
Y2Fel7. The average magnetic moment per Fe atom in Sm~Fel7N3 (= 2.29p~g) is larger 
than that in Sm2Fer7 (= 2.16pg) by - 6%. even though then are hybridization effects in 
SmzFe17N3, caused by the addition of N atoms. The enhancement originates from the more 
localized character of Fe 3d electrons due to an increased unit cell volume and so increased 
interatomic distances among Fe atoms. 

B I Min et al 

Table 3. Magnetic moment (in ue) and the hyperfine field (in Tesla) of each atom in SmzFe17N5; 
lheorelical results fM Sm2Fel7, NdZFe,,N3. from Gu and Lai [9]. and YzFel7 from Ccehoom 
Il8l: experimental recults from the hyperline field of Mkssbauer spectra for YzFet7N3-6 from 
Qi erol [I91 are also presenled for comparison. 

R Fe1 Fell Fell1 FelV N 

SmzFenNs (present work) 5.31 2.65 2.46 1.96 2.42 -0.04 
Hyperfine field (present work for Sm~FenNj)  - 43.2 46.3 35.7 42.3 - 
SwFei7 (present w d )  4.93 2.52 1.87 2.26 2.W - 
Nd2Fe17N3 191 0.48 2.48 2.66 1.51 219 0.08 
YzFe17 1181 -0.29 2.29 1.91 2.25 1.97 - 
Hyperline field I191 (for Y z F e t t N l d  - 40.1 36.7 35.0 31.9 - 

No experimental results are available yet on the local magnetic moment in Sm2Fe17N3. 
Hence we have provided, in table 3, experimental results for the hyperfine fields that were 
obtained from Mossbauer measurements on YzFe17N3-8 by Qi et uf [19], although the 
structure of Y2Fel7N3 is different from that of Sm2Fel7N3. The trend in our calculated 
hyperfine fields forSmzFe17N3 does not agree with that in experimental values for Y2Fe17N3. 
The magnitude of the Mossbauer hyperfine fields in Y2Fe17N5 decreases from Fe1 to FeII, 
FeIII, and Few. However, as Qi et ul have mentioned, there can be some uncertainty in 
determining the magnetic moment from the Mossbauer hyperfine field due to core electron 
polarization and the effect of 4s electrons. Therefore, more experimental work, such as 
the polarized neutron experiment, is required in order to compare calculated local magnetic 
moments with experimental values. 

3. 4f photoemission spectra of R2Fe17 (R = Nd, Sm) 

The photoemission measurements were performed using synchrotron radiation. The 
procedures for sample preparations and PES measurements are same as those described 
in [20]. The total instrumental resolution (FWHM; full width at half maximum) was about 
0.3 eV for the PES spectra in this paper. Figure 4(a) and (b) shows the valence-band PES 
spectra (in dots) of polycrystalline samples of NdzFel7 and Sm2Fel.l. obtained at photon 
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energies hu = 128 eV and hu = 140 eV. respectively. The structures between EF and - 
4 eV below in both spectra are identified as mostly due to the Fe 3d emissions, as will be 
confinned in figure 5(a). The photon energies for these two PES spectra correspond to the 
well known Fano maxima of the Nd and Sm 4f photoionization cross sections, respectively. 
where the 4f emissions are resonantly enhanced [21]. Thus the structures between -4 eV 
and -8 eV in NdzFet, are due to the trivalent Nd 4f3 + 4P transitions. Similarly, the 
sbuctures between -4 eV and -12 eV in SmzFel, arise from the trivalent Sm 4f emissions, 
i.e., they are due to the 4fs -+ 4p transitions. 

k 

l . l l l l . ~ , ~ l *  . ( , I L  

-15 -10 -5 0 

ENERGY RELATIVE TO E, (eV) 

Figure 4. (a) Do6 denote the valence-band photcemission (PES) spec" of Nd2FeE7. laken at 
hv = 128 eV. The full curves are the theoretical fits, which are obtained with 48 -+ 4P multiplet 
smcturss calculated as in [23]. (b) As (a) bul for Sm~Fel7. Dots denote the valence-band PES 
spectrum. @en at hu = 140 eV. The full curves are lhe theoretical fits. obtained by using the 
4P -t 4P multiplet S V U C I ~ S .  
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We note that the line shapes of the Nd 4 0  and Sm 4 p  final-state peaks are much 
broader than those of pure elemental Nd and Sm metals [22]. In order to find the origin 
of the broad 4f PES line shapes, we have fitted the trivalent emission parts with the Nd 
4 0  and Sm 4 p  final-state multiplet structures calculated from the coefficients-of-fractional- 
parentage analysis [23]. The final-state multiplets are assumed to have Doniach-Sunjic line 
shapes, to account for the Coulomb interaction between valence electrons and the 4f hole. 
The peaks are convolved with a Lorentzian to account for the finite lifetime of the 4f hole 
(2y is the FWHM of the Lorentzian broadening). They are further convolved with a Gaussian 
to simulate the instrumental resolution. The results of a curve fitting are represented by full 

It is found that the Nd 4P PES peaks of Nd2Fe17 (figure 4(a)) are fitted with three sets 
of components. The highest-binding-energy peaks, labelled ‘S’ (with the peak maximum 
at -5.62 eV), and the middle-binding-energy peaks, labelled ‘B’ (with the peak maximum 
at -5.15 eV). correspond to the surface and the bulk 4f2 final-state multiplets, as in the 
pure Nd metal, respectively. 2y for the ‘B’ and ‘S’ components is 0.7 eV and 0.86 eV, 
respectively, which are close to the corresponding values for the pure Nd metal (0.76 eV and 
1.0 eV, respectively) [221. The intensity ratio of the two components, k / I S  = 1.3 4~0.1,  
is comparable to those values for the pure Nd metal (1.5 at hu = 103 eV). The energy 
separation between the two components is A = 0.47 f 0.05 eV. which is also comparable 
to A for the Nd metal (- 0.5 eV). However, besides surface and bulk peaks, another set of 
components (at -3.6 eV and -4.2 eV) is required to fit the experimental Nd 4f spectrum 
of NdzFel,. We interpret that these extra components reflect a transfer of the Nd 4f spectral 
weight toward EF, which is caused by the hybridization between Nd 4f and Fe 3d states. 

In figure 4(b), we present the results of fitting the Sm 4 p  PES spectrum of SmzFe17 
with two sets of peak components, both of which are assumed to correspond to the 4f‘ 
configurations. The higher- and lower-binding-energy peaks are separated from each other 
by 0.83&0.05 eV. The intensity ratio of the higher- and lower-binding-energy components is 
1.6f0.1. One might be tempted to assign the higher- and lower-binding-energy peaks as the 
surface and bulk 4 p  final-state multiplet structures, respectively. But such an interpretation 
is not plausible for the following reasons 1241. Under the above interpretation, the intensity 
of the surface peak is larger than that of the bulk peak, which is opposite to the behaviours 
observed in other rare-earth materials. The intensity ratio of the bulk to surface trivalent 4f 
peaks in the light rare-earth metals is l e / l s  Y 1.5-2.0 for hu = IO(?-200 eV [22]. Secondly, 
the binding energies of the bulk 4f peaks are too low, as compared to the pure Sm metal and 
Sm compounds. Finally, we have found that a comparable quality of fits can be obtained 
using some other set for the lower-binding-energy-peak components, for which the energy 
separations and their intensity ratios among the peaks are different from those of the 4t4 
configurations. This suggests that it is rather fortuitous to obtain a good fit using the two 
sets of 4@ configurations, shifted relative to each other. 

It seems to be more reasonable to assign the lower-binding-energy peaks as the new 
4f states which arise from the hybridization effect between Sm 4f and Fe 3d states. The 
higher-binding-energy peaks are assigned as the atomic-like bulk 4 p  multiplet structures, 
corresponding to the trivalent Sm 4f peaks in the pure Sm metal. Such an interpretation 
implies that there are no surface-shifted trivalent Sm 4f PES peaks in SmzFel?, and that the 
valence state of surface Sm atoms in SmzFelT is mostly divalent. The above assignment 
is consistent with that in NdzFel7, and we believe that these extra lowest-binding-energy 
peaks in the 4f PES spectra of NdzFel7 and Sm2Fel-r cause the line widths of the trivalent 
4f PES emissions to be larger than those of pure Nd and Sm metals. 

C U N e S .  
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4. Comparison of the Fe 3d states 

In figure 5. we compare the measured Fe 3d PES spectra with the calculated Fe 3d 
angular-momentum-projected local densities of states ( P ~ S S )  of RzFet7 (R = Nd, Sm), 
SmzFel7N3, and Nd2Fe14B, in various ways. We show the P L ~ S ,  obtained from both 
spin-unpolarized and spin-polarized calculations, corresponding to the paramagnetic and 
ferromagnetic phases, respectively. For the spin-polarized 3d PLDOS. the majority- and 
minority-spin PLDoSs are summed and averaged over sites. Then the regions of the results 
below EF are taken and they are convolved with a Gaussian of 0.3 eV at W H M  to simulate 
the instrumental resolution. 

I " " 1 '  

n (a) Fe 3d PES 
hv 

I ' " ' I '  

Energy Relative to  E, (eV) 

Figure 5. (a) Comparison of the valence-band PES s+wt-a for N d z F e ~ ,  ?"Fen, and Nd2Fed.  
taken at h u  = 121 eV, 125 eV. and 121 eV, respectively. Note that hey m essenlially identical. 
(b) Comparison of the calculated Fe 3d PLDOss for Nd2Fe~7, SImFel7, and Sm2Fei7N3. Note 
the larger band width and the shifted peak pasirions in SmzFenNs. (c) Comparison of the hv = 
121 eV valence-band PES spectrum (in dots) with the calculated Fe 3d PLWS for Nd2Fel.l. The 
full and broken curves represent the calculated Fe 3d m s  for fermmagnetie and paramagnetic 
phases. respectively. (d) As (c) but for SmzFeu. Comparison of lhe hv I 125 eV valence-band 
PES spectrum (in dots) with the calculated Fe 3d PLWS for SmzFelr. 

Figure 5(a) compares the valence-band PES spectra of NdzFei~~ SmtFe17, and NdzFellB, 
taken at hu = 121 eV, 125 eV, and 121 eV, respectively. At these photon energies, Fe 
3d emissions are dominant over emissions from other states, and so these spectra can be 
considered to represent the Fe 3d emissions. For the purpose of this study, it would be 
ideal to compare the Fe 3d PES spectra of SmzFel~ and SmzFel,N3. However, we do not 
have the PES data for SmzFe17N3, because of difficulties in the preparation of an SmzFe17Ns 
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sample appropriate for the PES measurements. Instead, we present here the measured Fe 
3d PES spectrum of NdzFel4B [25] in order to show the effect of interstitial B atoms in the 
measured PES spectrum, which is expected to be similar to that of N atoms in SmzFel7Ns 
[In. 

This figure shows that the Fe 3d electronic strucIures are almost identical in NdzFe17, 
SmzFe17. and Nd2Fe14B, with the following common features. Tney are rather broad as 
compared to the rare-earth 4f spectra No pronounced satellite structures are observed, 
suggesting that Coulomb interactions between Fe 3d electrons are smaller than Fe 3d band 
widths in these compounds. They exhibit two peak structures with a main peak at - -0.5 eV 
and a broad bump at - -2.5 eV. The two peaks are separated from each other by about 
2 eV, which can be a measure of the exchange splitting for the Fe 3d bands (see figure 3(a)). 

Figure 5(b) compares the theoretical Fe 3d PLDOS of NdzFe17, Sm2Fet.1, and SmzFe17N3, 
obtained from the spin-polarized calculations. In agreement with the measured Fe 3d PES 
spectra in (a), the calculated Fe 3d Pu)oss of Nd2Fel-r and SmlFe1.1 are essentially identical. 
Compared to SmzFel7, the site-averaged Fe 3d PLDOS of SmzFel7Ns is shifted toward higher 
binding energies. In SmzFe17Ns, some of the Fe 3d spectral weight is transferred down to - -6-4 eV, the occupied band width is larger, and the DOS at EF is lower than that of 
Sm~Fel7. As we have pointed out from figure 3(b), such changes in the Fe 3d PLDOS of 
SmZFel7Ns reflect the effect of the hybridization, mainly between FeIU atoms and N atoms. 

Figure 5(c)and (d) compares the calculated PLDOS with the measured valence-band 
spectra for NdzFe17 and SmzFel7, respectively. The PES spectra are the same as those 
shown in (a). In both parts of the figure, dots denote the measured PES spectra, and full and 
broken curves denote the spin-polarized and spin-unpolarized Fe 3d P m s ,  respectively. 
These comparisons for Nd2Fe17 and SmzFe17 show that the occupied band widths of the 
calculated Fe 3d PLDOS agee reasonably well with those of the measured Fe 3d PES spectra, 
suggesting that Fe 3d Coulomb correlation interaction energies are smaller than the Fe 3d 
band widths. The separation between the peak maximum and the bump at higher binding 
energy also agrees well between theory and experiment. However, some discrepancy is 
observed between experiment and theory in the peak positions. Neither spin-polarized 
nor spin-unpolarized peak positions in the Fe 3d PLDOS agree with the experimental peak 
positions, which in fact lie in between the peaks of the spin-polarized and spin-unpolarized 
Fe 3d PLDOS. A noticeable discrepancy is also observed in the weight distribution. Such a 
discrepancy could be partially due to matrix-element effects [26,27], which are not included 
in the theory. 

The deviation in the peak positions may be interpreted as due to the finite temperamre 
at which the PES measurements were performed. Our PES measurements were performed 
below Tc. but at finite temperature, - 60 K. Since the exchange splitting is expected to 
increase as the temperature decreases below Tc, it is anticipated that the observed Fe 3d 
PES peaks will be located between the peaks of the paramagnetic and ferromagnetic Fe 3d 
PLDOS. This argument is supported by fact that, for both compounds, the Fe 3d PLDOSS for 
the ferromagnetic phase show better agreement with the measured Fe 3d PES spectra than 
those for the paramagnetic phase, considering that the PES spectra were obtained well below 
Tc. Temperature-dependent exchange splitting was indeed observed in the angle-resolved 
PES studies of Gd metal [28].  It should be noted, however, that the exchange splitting of 
ferromagnetic materials at finite temperatures is a controversial problem in itself [29]. 

On the other hand, we cannot exclude the possibility of the correlation effects among 
Fe 3d electrons accounting for the observed discrepancy in the peak positions between 
experiment and theory. It is well known that the LDA description of the electronic structures 
is not good for strongly correlated materials. The absence of satellite structures in the Fe 3d 
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PES spectra may indicate that correlation effects among Fe 3d electrons are not very large 
in these systems. To resolve this issue, more experimental data are required, such as the 
temperature dependence of the PES spectra and spin-polarized photoemission measurements. 

5. Conclusions 

From self-consistent LMTO band-structure calculations, it is found that N atoms substantially 
reduce the magnetic moments of neighbouring Fe atoms through the hybridization interaction 
and also play a role in stabilizing the crystal StruCNre. The average magnetic moment of Fe 
atoms in the ferromagnetic phase of SmzFeltNs is estimated to be 2 . 2 9 ~ ~ .  which is - 6% 
larger than the magnetic moment of SmzFel7,2.16p~. The FeI(6c) atoms, which are located 
farthest from N atoms and surrounded by 12 nearest-neighbour Fe atoms, have the largest 
magnetic moment ( 2 . 6 5 ~ ~ ) .  while the FeIII( 180 atoms, whose hybridization interactions 
with N atoms are very strong, have the smallest magnetic moment ( 1 . 9 6 ~ ~ ) .  The orbital 
magnetic moments of Fe atoms stemming from the spin-orbit interaction are estimated to 
be -0.05-0.07~~. 

Photoemission measurements show that the bulk Nd and Sin atoms are nearly trivalent 
in NdzFel7 and SmzFel7. The 4f PES line shapes are observed to be broader than in the 
pure Nd and Sm metals, which reflects the hybridization between Nd/Sm 4f and Fe 3d 
states. The measured Fe 3d PES spectra of NdzFel7, SmzFel7, and NdZFeldB are found to 
be essentially the same in the the large-energy-scale structures. They are broad and do not 
exhibit pronounced satellite structures. 

For NdZFel, and SmzFe17, the measured Fe 3d PES band widths are comparable to the 
calculated Fe 3d PLDOS widths below EF.  Nevertheless the experimental peak positions lie 
in between the peaks of paramagnetic and ferromagnetic Fe 3d PLwss. Such deviations in 
the peak positions can be ascribed to the finite-temperature effect of the PES measurements, 
although more detailed PES experimental information is required. 
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