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Ab initio calculation of interstitial-atom effects in YFe;)Mo,X (X=E,H,B,C,N,O,F)
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Neutron diffraction was used to determine the crystallographic structures of thgWd-eand YFggMo0,X
(X=H,N). The spin-polarized muffin-tin-orbital method was applied to calculate the electronic structures of
YFe,oMo,X (X=H,B,C,N,0,F and YFgJMo,E, which is YFgyMo, with an empty sphere insertion. Both N
and H atoms were found to reside on the interstitialstes. The magnetovolume effect and chemical bonding
effect of interstitialX atoms are investigated by a systematic analysis of the local magnetic momgnts
Fermi-contact hyperfine fieldsHgc), and isomer shifts(IS) at different Fe sites in YRgMo,X
(X=H,B,C,N,0,F and YFggMo,E. It is found that the insertion of th& atom changes not only Fe-Fe
interaction, but also F&-interaction, and the latter is dependent on the chemical propertiésatfms. It can
be concluded that, based on our results, the chemical bonding effRet {fre,M);,— X is determined by the
features of the Fe« bonds. The role of th& atom is not only to increase the magnetic moments and hyperfine
fields through magnetovolume effects, but also to affect those by chemical-bonding effects. The chemical-
bonding effect is strongly dependent on eatom.[S0163-182607)03147-Q

. INTRODUCTION and Al-Omariet al,'° and for YFgoM, (M=Cr and \} by
Jaswalet al! Trygg et al? have carried out band calcula-

It has been shown that the magnetic properties ofions for GdFg,, and Fernandet al'® have calculated the
RoFeA2:17) and R(FeM),(1:12) compounds R=rare electronic structures of Nddi, NdCo,pV,, and YCQqgSi,.
earth, M =Ti,Mo,V, etc) can be improved by introducing To investigate the effects of interstitial atoms, the 1:12 sys-
interstitial atoms H, C, or N7* In the case oR(FeM),;,  tem with a relative simple crystal structure will be more con-
compounds, by introducing the nitrogen atoms into crystalvenient, in comparison to the 2:17 compounds. It has been
lographic lattice, the Curie temperaturg;J was found to be  shown that there is only one interstitial site and it can absorb
increased by 200 K on the average, and the Fe magnetmne interstitial atom in a unit formula. First-principles calcu-
moments increase by ¥®0%. In addition, the crystal en- lations regarding 1:12 nitrides have been performed by sev-
vironment of the rare-earth atoms is also significantly modi-eral authors. However, the former papers mainly concentrate
fied, resulting in a strong easy-axial anisotropy foron the local magnetic moments of these compounds. For
R(FeM),N, when R=Nd, Pr, Tb, Dy, and HG.Due to instance, Sakumtdand Li et al*® have calculated the elec-
these effectsR(FeM) N, has been considered as a newtronic structures of YFgTIiN. Jaswal®, Hu etall’ and
series of promising hard magnetic materials. Therefore, th&ernandoet al’® have calculated the electronic structures of
interstitial doping effect has attracted interest not only in theNdFe;TiN. Asano et al!® and Ishidaet al!® have studied
physical aspect but also in the development of magnetic mahose ofRFe X (X=C,N) and YFg,_,Mo,N with a hypo-
terials for technological applications. thetical lattice constants, respectively. The question of the

To clarify the origin of the improvement of these mag- chemical bonding effect in YRTIN compound is still an
netic properties, many experimental and theoretical studiesbject of controversy in the literature. Sakuthauggested
have been carried out f&t-Fe-X interstitial compounds, par- that the chemical effect will further increase the total mag-
ticularly for R,Fe;«(C,N), compounds. It is generally as- netic moment in the nitrides, while let al'® confirmed that
sumed that effects produced by interstitial atoms could béhere is a negative contribution to the total magnetic moment
decomposed into two parts: the magnetovolume effect andue to the nitrogen. No theoretical results for hydrides and
chemical bonding effect. Theoretically, Jasvedlal®> have carbides have been reported so far.
calculated the electronic structure of tiyFe N, com- Furthermore the hyperfine fieltHF) and isomer shiftlS)
pound. The competing effects of volume expansion and hyare two important parameters of the hyperfine interaction,
bridization between the interstitial atoms and the neighboringvhich depend sensitively on the properties of the ground
Fe atoms in YFgX (X=H,C,N) and GdFe,X states. Recently, the Fermi-contact hyperfine fieldsd of
(X=C,N,0,P have been discussed by Beuedtal® and RFe; X (X=C,N) have been calculated by Asapball®
Uebeleet al,’ respectively. In order to investigate the effects of the interstitial atoms

Theoretically, a lot of work has been done on 1:12 alloyson the electronic structures and hyperfine interaction in the
as reviewed by SusKiBand calculations were carried out R-(FeM);,-X system, in this work, the crystallographic
for YFe,,_,M, (M=V, Cr, Ti, Mo, and W by Coehoorr?,  structures of the YRgMo, and YFgoMo,X (X=N,H) are
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TABLE |. Refinement parameters of YiMo, and YFgoMo,(N,H) at room temperaturen is the
occupation factory, y, z are the fractional position coordinates;is the magnetic momenfuz). Numbers
in parentheses are the statistical errors given by the refinement program.

YFe; Mo, a=b=8.572(A), c=4.809(A), R,=3.02%,Rr=2.47, Tc=360 K

n X y z m
Y(2a) 1.0 0 0 0 0
Fe(d) 0.481) 0.3591) 0 0 1.33)
Mo(8i) 0.522) 0.3591) 0 0 0
Fe(8j) 1.0 0.2791) 0.50 0 1.33)
Fe(8f) 1.0 0.25 0.25 0.25 1(3)
YFe;gMo,N a=b=8.694(R), c=4.816(A), R,=3.80%,R-=3.03, Tc=450 K

n X y z m
Y(2a) 1.0 0 0 0 0
Fe(8) 0.492) 0.3641) 0 0 1.63)
Mo(8i) 0.522) 0.3601) 0 0 0
Fe(8)) 1.0 0.2821) 0.50 0 1.63)
Fe(8f) 1.0 0.25 0.25 0.25 1(8)
N(2b) 0.992) 0 0 0.50 0
YFe;gMo,H a=b=8.592(R), c=4.817(A) R,=3.96%,R-=3.03, Tc=440 K

n X y z m
Y(2a) 1.0 0 0 0 0
Fe(8) 0.46(1) 0.3565) 0 0 1.41)
Mo(8i) 0.542) 0.3585) 0 0 0
Fe(8) 1.0 0.2810) 0.50 0 1.41)
Fe(8f) 1.0 0.25 0.25 0.25 1)
H(2b) 0.831) 0 0 0.50 0

determined by neutron diffraction measurements. And the [ll. CALCULATION DETAILS
self-consistent spin-polarized linear-muffin-tin-orbital The LMTO-ASA method2 has been employed to per-

(LMTO) band calculations have been perfor_meq ONform a semirelativistic band calculation in the frame of the
YFei Mo X (X=H,B,C,N,O,f and YFagMo,E, which is 5.5 gpin density(LSD) functional theory. The exchange
YFey Mo, with an empty sphere insertion. Furthermore, thegng correlation term takes the form deduced by von Barth
numerical r(_esults of theiHgc and IS are presented. In ac- gpq Hedir?* with the parameters given by Jar&KT hess, p,
cordance with our results, the effects of teatoms on the  gnqd orbitals are used for Y, Fe, Mo, arg] p orbitals are
electronic structures, magnetic momeigc and IS are dis-  ysed forX atoms. The atoms sphere radii are chosen to be
cussed. To our knowledge, our paper represents the first syg; :r.:r\,=1.35:1:1.12 following Ref. 9. The atomic
tematic study of both electronic structures and hyperfine insphere radius for th& atom is set aty/r=0.6. The cal-
teraction on this magnetic system. culation is performed for 126 K points in the irreducible
Il. EXPERIMENTAL METHODS parts of the Brillouin zone. The atomic positions of
YFe, oMo, and YFgoMo,X (X=E,C,B,N,H,O,F are scaled
The alloy YFgoMo, was prepared by arc melting using according to our experimental results listed in Table I. In
99.9% pure metals. The nitrides were formed by heating fin@rder to separate the geometrical effect of doping (§#e,
powder samples in approximately 1 bar of nitrogen at 580 °Grom chemical bonding effect, we have performed the fol-
for 4 h. The hydrides were prepared by heating fine powdetowing calculations.
samples in approximately 1 bar of hydrogen at 25@0r 4 (1) YFe,gMooX (X=H,C,B,N,O,F with the coordinates
h. Standard x-ray diffraction with CK « radiation and ther- of the experimental lattice constants of nitrogenated
momagnetic analysis were used for checking the quality offFe;gMo,N.
the samples. The YRgMo, and YFggMo,X (X=N,H) are (2) YFe,gMo, with the true experimental values.
single phases, except for a small amounteffe in nitrides, (3) YFe oMo, at experimental lattice constants of the ni-
which is inevitable in the nitrogenation procéS8sNeutron  trogenated compounds with an empty spheg &t 2b in-
diffraction experiments were carried out on a triple-axisterstitial sites. This result represents the effect of the volume
spectrometer at China Institute of Atomic Energy of whichexpansion produced by atoms. So the difference between
the analyzer is available to improve resolution and decreas@) and (3) will give the chemical bonding effect of thx
inelastic background. The neutron diffraction data were anaatoms. TheH - and IS are calculated according to the pre-
lyzed by lzumi's Rietveld structure refinement programscription given by Akai etal. for scalar-relativistic
REIEAN.Z calculations?®
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IV. RESULTS AND DISCUSSIONS atomic number of theX (from H to P is, the deeper the
A Neutron diffraction data electronic potential of the X atom. Thus, the peaks of the

. ) DOS corresponding to th& site gradually shift to lower
Room-temperature neutron  diffraction patterns  ofgnergy levels, and the electronic states between FeXaare
YFejgMo,H and YFggMo N are shown in Fig. 1. From jeq down to the lower energy level. Compared with that
Table I, the Rietveld structure analyses show that Mo atomg, YFe,Mo,E, the energy level of 8 electronic at Fe(B
occupy the 8 sitest,%ovz\/7hich is consistent with most of the Fe(§), and F,e(a) sites are changed, and the DOS at Fermi
experimental results:“ N and H atoms are located on the level Ex, N(Ep), is hence affected. Figure 3 represents the

four Fe(8) atoms and two Y(2) atoms, with nearly 100% %hanges Of. the magnetic moments of Fe atgipsat differ-
occupancy. N and H insertions result in an increase in lattic€Nt S'tes WithX atoms.. It can be observed that j[he magneto-
parameters with expansion mainly along thexis. The av- volume _effect re_sults in an increase of magnetic moments at
erage magnetic moments on all sites increase from 1.3 to 1.8/l Fe sites, while the chemical bonding effect Xfatoms
and 1.3 to 1.4u5/atom at room temperature after nitrogena-increases the magnetic moments at Fé)(8ites but de-
tion and hydrogenation, respectively. creases that at Fe{Bsites, excepK=F where the chemical
bonding effect is very weak. The number of spin up and spin
down valence electrons at different Fe sites is given in Fig. 4.
Figure 2 shows the total density of stat&0S) for cases As a comparison to YRgMo,E, the insertion of th&X atoms
YFe,gMo,X (X=E,H,B,C,N,O,B. As can be seen, the inter- decreases the number of spin down electrons at Hegies
action between Fe(8 andX is strong, since there is a con- but increases that at Fej(8sites (exceptX=F), and in the
siderable overlap between the states of valence electrons mteantime, the number of the spin up electrons at Fe(8
Fe(8)) and those at th¥ site, in contrast to that between the sites is increased. Thus a distinctively different effect on the
Fe(8), Fe(8f), and theX site (very weak. The higher the magnetic momentsur, at Fe(&) and Fe(§) sites was

B. Electronic structures
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found. The number of the spin up and spin down electrons ateighbor number are larger than those of Fe atomsfat 8
Fe(8) is slightly changed, theK insertion has a little effect sites. The chemical bonding effect Xfatoms will have little
on the magnetic moments at Fé)&ites. effect on 8 sites due to the fact that Fe-Fe interaction are
We can relate these results to the nearest-neigtitbisi dominant at these sites.
environment in the crystal structure, namely, the ligand num- Summarizing the influence of th¥ atoms on the elec-
ber and the nearest-neighbor distances of the Fe atoms tbnic structures at Fe sites, we find that the chemical bond-
different sites. The Fe(9 and Fe(8) have eight NN irons, ing effect of theX atoms is different, and changes irregularly
while Fe(8) has 10.5 iron neighbor on average. TheXe- with the increase of the atomic numberXf The iron mag-
distances are 1.93, 3.27, and 3.93 A fgr 8f, and 8 sites, netic moments of the Fe{3 sites are reduced by hybridiza-
respectively, and and Y -X distance is 2.40 A. The short- tion with 2s and 2p electrons of the&X atoms(expectX=F).
est Fe(8)-X distance causes a strong overlap betwéemd  The effect is greatest fo¢=B, and decreases toward the end
Fe(8j) states, and the iron moments gt Sites are severely of the series. It was demonstrated that X6£ B, the p states
reduced on account of-Fe(8j) bond. On the other hand, of the B atoms occur energetically in the lower part of the Fe
the Y(2a)-X distance is less than that of Fd(8X, and X 3d states, which gives rise to a strong hybridization effect,
atoms become the nearest neighbors of Y atoms. The hybridnd a decrease of the magnetic moments. When going from
ization between Y(2) and X atoms forms a tight covalent X=B to X=C,N,O,F, the potential of the doping atom be-
bond}**® which would release the surrounding Fe atomscomes steeper and steeper, thetates and states occur at
from bonding with the Y atoms. This will give rise to an successively lower energies, and thus the hybridization effect
increase for the magnetic moments at Hg(8ites. As to Fe becomes weaker and weaker. As going from C to N, O, and
atoms at 8 sites, FeX distance and the Fe-Fe nearest-F, it successively arrives at a situation that is similar to the
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case of YFgMo,E. As a result, for YFgMo,F, there is
nearly no chemical bonding effect and hence just an increase
of the magnetic moments due to the magnetovolume effect.
It is therefore suggested that F is probably the optimum dop-
ing atom to achieve large magnetic moments in the 1:12
compounds, provided that the sample can be prepared and
remain stable.

C. Hyperfine interactions

Figure 5 shows thél at three inequivalent Fe sites in
YFe Mo,X (X=E,H,C,B,N,0,f as well as YFgMo,. It is
easy to see that the magnetovolume effect will increase the
hyperfine fields at all Fe sites and the average hyperfine
fields as well. Compared with that in YR#o,E, the chemi-
cal bonding effect of th&X atoms reduced the averabe at
Fe sites. The reduction in the Yfg#o,B is the largest. Con-
sidering theHg: at the Fe(8), Fe(§), and Fe(8) sites,

FIG. 2. (Continued.
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FIG. 4. The number of spin up and spin down electrons at dif-

core val :
ferent Fe sites in YEgMo,E and YFgqMo,X (X=H,B,C,N,0.B. FIG. 6. The dependence ¢i ;" and Hgc at Fe sites on Fe

magnetic moments Yr) in YFeMo, and YFgoMo,X

(X=E,H,B,C,N,O,B.

X atoms reduces thelc at Fe(8) and Fe(8) sites, but

increases that at Fe{Bsites. In order to compare the chemi- magnetic moment,) dependence of thec, HEX®, and

cal bonding effects of different atoms orHgc, we decom-  HY& 5t different Fe sites is shown in Fig. 6. Obviously, a

poseHgc into two parts,HEZ®, which is the contribution of  jinear relationship between ¢ and local magnetic mo-

core electrons and comes from the polarization of core due tghents is observed, and the proportional coefficient is esti-

the polarizedd electrons, andHy2, which comes from the mated to be about 11T/ ug, whereas the valence contribu-

polarization of valence electrons. ThEX® and H‘éac' contri-  tion and total hyperfine fields are not proportional to the

butions ofHg¢ are also shown in Fig. 5. It can be seen thatmagnetic moments, in contrast to the basic assumption that is
£2¢at Fe sites is the dominant contribution to tig.. The  generally made for the determination of local magnetic mo-

ments from Maesbauer experiments. Hence, it can be seen

400 ' ' ' . that He: at Fe sites is affected by two factoys,,. and the

' ' ' ' polarization of the valence electrons.
A TheHc at X sites is listed in Table Il. It can be seen that
I 4 KA?Ae ] the main source ofgc at X sites isH}3 in which H{x
L /\A transferred from the neighboring atoms dominatescept
3001 /07&/: . X=B). The difference ifH.¢ at X sites reveals that the B¢-
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FIG. 5. The calculated hyperfine fields at different Fe sites in

YFe, (Mo, and YFgyMo,X (X=E,H,B,C,N,O,B.

FIG. 7. The calculated isomer shifts at different Fe sites in
YFe,gMo, and YFgyMo,X (X=E,H,B,C,N,O,B.
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TABLE Il. Hyperfine fields ofX atoms in YFg/Mo,X (X=H,B,C,N,O,H.

YFe,Mo,X H B C N o) F
Hec -5.79 1.89 31.99 43.77 146.44 129.09
Hya -5.98 -5.73 31.39 57.82 162.64 149.72
Hgore 0.19 7.62 0.60 ~14.05 ~16.20 —20.63

interaction varies strongly with th& atoms. Generally, a ments of YFgMo, and YFgMo,X (X=H,N) and a sys-
positive contribution to theH}2 at X sites is induced by tematic study of the magnetic moments and hyperfine inter-
antibonding states and a negative one by bonding stateaction of the YFgMo,X (X=H,C,B,N,O,F and
where both are produced by tised hybridization. Our re-  YFe(Mo,E were performed by means of local-spin-density
sults indicate that bonding states are favored in Fe-H, Fe-Bpproximation and linear-muffin-tin orbital theory in atomic-
bonds while the antibonding states dominate in Fe-C, Fe-Nsphere approximation. The nitrogen and hydrogen atoms lo-
Fe-O and Fe-F bonds. cated on the B interstitial sites, which have a great effect on
Figure 7 gives the calculated results of the isomer shifts athe magnetic properties of the 1:12 compounds. The magne-
different Fe sites. The value of IS is given relativedeFe  tovolume effect will increase the magnetic moments and hy-
with a calibration constankv= —O.24a8(mm sec1).?® As  perfine fields at all Fe sites. The chemical bonding of Xhe
can be seen from this figure, the chemical bonding effect ohftoms changes the Fe-Fe interaction, resulting in drastic
the X atoms increases the IS at all Fe sites. The increase @hanges of the electronic structures and hyperfine parameters
the isomer shifts is induced by the chemical bonding effectit Fe sites. The FX-interaction strongly depends on tie
of the X atoms which promotes the mobility of the electron atoms, among all situations the B and F atoms are the most
and then in turn decreases thevalence charge density at remarkable. Accordingly, the interstitial chemical bonding
nucleus sites, so the IS at Fe sites is increased. A smadiffect in YFgyMo0,X is dominated by the characteristic of
increase of IS at Fe(§ sites occurs forX=B due to a the FeX bonds.
stronglys-d hybridization between B atoms, and F¢) &t-
oms, which increases thed admixture. ACKNOWLEDGMENTS
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