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The spin-polarized linear muffin-tin orbitals method is applied to calculate the electronic structyfte of
Fe,Z (Z=H, C, N) and they'-Fe,E which is y'-Fe with an empty sphere insertion. The chemical bonding
effects of the interstitiaZ atom are substantially investigated. The results indicate that the insertion &f the
atom changes not only the Fe-Fe interaction, but also th& kgeraction. The latter is observed to be
depending on the chemical properties of theatom. It can be concluded that, based upon our results, the
interstitial chemical bonding effect in &, which is related to the Fe-Z bonds, is mainly determined by the
covalent feature of the Fe-Z bonds. The volume dependence of the magnetic mpmghtthe Fermi-contact
hyperfine fields Hgo), the isomer shift$lS) at Fe sites iny’-Fe,N and iny’-Fe,E, is calculated, respectively.
The contributions of the magneto-volume effect and the chemical bonding effect of the N atam.to
Hec, and IS, are also reportef50163-18286)09131-X

[. INTRODUCTION volume expansion and hybridization between the interstitial
atoms and the neighboring Fe atoms ipFé,7.Z (Z=H, C,
Recently the great interest on the interstitial atqisisch  N). To investigate the effects of interstitial atoms, the Fe-N
as N, C, eto. in magnetic materials is accelerated by thesystem with its simple crystal structure, such as the intersti-
discovery of Sm-Fe-N.Though a lot of works have been tial iron nitride Fe,N with cubic symmetry, will be more
done up to date, there are still a few questions in the field t@onvenient. We have experimentally studied the volume de-
be clarified. For instance, the reason that the insertion of endence of hyperfine parametersydfFe,N by using high
little N atom in SmyFe, retains the lattice structure while it pressure Mssbauer spectroscofy? The self-consistent
induces remarkable changes of intrinsic magnetic propertieband methods have been used to calculate the electronic
is yet ambiguous, and one is usually confused by ag.2 structure of FgN,’ 13 giving the numerical results of hyper-
average iron magnetic moment iri-Fe,N,? etc. Consider- fine parameter®;'® Sakuma? has already discussed the in-
ing the structure ofy’'-Fe4N, in addition, the introduction of fluence of the volume expansion on the magnetic moment. In
a N atom to the fccy)-Fe lattice, observed experimentally, addition, Coey and QiRef. 14 have also obtained some
leads to an~30% increase in voluménote that the experi- valuable results for the effects op2nterstitials in Fe but no
mental lattice parameter of the’-Fe,N is 7.170 13 a.y,  detail results were presented.
and to two inequivalent Fe sites, say, the corner gifed) To investigate the influences of the interstitial Z atoms on
and the face-centered sit¢Se''). The interaction between electronic structure and hyperfine interactions in this paper,
the Fd and Fé€' sites was determined to be ferromagnetic.the self-consistent spin-polarized linear muffin-tin orbitals
People therefore want to know why the 'Fsites, with a  (LMTO) band calculations are performed on thg-
magnetic moment of 2.98;,% couples ferromagnetically Fe,Z (Z=H, C, N) and they’-Fe,E which is y’-Fe with
with the F€' sites, with that of 2.0&g,?> when a N atom is an empty sphere insertion. Moreover, we calculate the vol-
inserted into the octahedral interstitial site of theFe in  ume dependence of the magnetic moment,(), the Fermi-
which the Fe-Fe interaction is antiferromagnetic and therebyontact hyperfine fieldsHc), and the isomer shiftdS) at
leads to paramagnetic behaviors at room temperature. Thefe sites iny’-Fe,N and y’-Fe,E, respectively. Based upon
questions are necessarily related to the effect of a nonmetaur calculated results, the magneto-volume and the chemical
interstitial atom inserted into a magnetic material. bonding effect of N are discussed in detail. To our knowl-
On the basis of experiments Zhet al® suggested that edge, this is the first time the detail theoretical results on
the effects produced by interstitials could be decomposethese magnetic systems using the LMTO mothod are pre-
into two parts: the magnetic volume effect and the chemicatented.
bonding effect. The contribution from the former to the mag-  The rest of the paper is organized as follows. We describe
netism is positive, while that from the latter is negative. Thebriefly the LMTO mothod and calculation techniques in Sec.
competition between them determines the final magneti¢l. Section Il presents the calculated results of the chemical
properties. Liet al* have investigated, by the high pressurebonding effect ofZ ztoms on electronic structures and hy-
Mossbauer spectroscopy, the interstitial effects inperfine interactions of’-Fe,Z (Z=H, C, N). Section IV
Gd,Fe;/Cy, and concluded that the chemical bonding effectgives the results of the magneto-volume effect on the mag-
is about 24% of the magnetic volume effect on the contribunetic moments, the Fermi-contact hyperfine fields, and the
tion to the average isomer shiftS) at Fe sites. Theoretically isomer shifts of these systems. The concluding remarks are
Beuerle and Hanle’ have discussed the competing effect of given in Sec. V.
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II. LMTO METHOD

30F
Fe4E

The LMTO method is elegantly described and reviewed
in Refs. 15 and 16. We here perform a semirelativistic spin-
polarized band calculation on thg-Fe,Z system with the
structure and coordinates of’-Fe,N, using the LMTO
method. The merits and disadvantages of the method, as well
as the technique details, refer to Refs. 15 and 16. In our
calculation, the exchange-correlation term is taken as the
form deduced by von Barth and HedihThe Brillouin-zone
integration is carried out for 28& points in the irreducible
zone. For valence electrons, we emplay, 3s, and 4 or-
bitals for Fe atoms, and,p orbitals forZ atoms. The con-
vergence is assumed when the root-mean-square error of the
self-consistent potential is smaller than 1 mRy.

In the atomic-sphere-approximation the atomic radius as-
signed to the atomic sites should be chosen so as to satisfy
V= (47-r/3)2iQiS|3 whereV is the volume of a primitive
cell andS; is the atomic radius of the equivaleQt atoms in
the cell. For FgZ, the values of5cy, Srgi, andS; must be
well chosen. We takeSgg=Srai=Sg., in addition to
p=S;/S=0.62. So the values &, andS; are automati-
cally defined by the above equation in accordance with the
cell volume.

The calculations are performed for the following.

(1) Fe,Z(Z=H, C, N) with the coordinates of’-Fe,N at
the experimental lattice constant gf-Fe,N.

(2) y-Fe at the experimental lattice constantgfFe,;N
but with an empty sphereE) at the body-centered site
(SE/SE=0.62. The results represent the effect of volume-
expansion produced by thé atom. So the difference be-
tween the results ofl) and(2) indicates the chemical bond-
ing effect of theZ atom.

(3) y'-Fe4N with various lattice parameter. We choose
ten points for the calculation so that the volume variance
between adjacent points is 10% of the volume expansion
AV from y-Fe toy’-Fe,N.

(4) v'-Fe,E with the same lattice parameter used 3
But we only self-consistently calculate the first four points.
The results represent the effect of volume expansion by the
N atom with various lattice parameters. Therefore the differ-
ence between the results @) and(4) indicates the chemical
bonding effect of N iny’-Fe,N under pressure.

The Hec and IS are calculated according to the prescrip-
tion given by Akaiet al®
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A. Electronic structure

The density of state¢$DOS) at each site for F&Z and FIG. 1. The local DOS at each site in fleand FgZ (Z=H,
Fe,E are shown in Fig. 1. As can be seen, the interactiorf, N).
between F& and Z is strong, since there is a considerable
overlap between the states of valence electrons &tsites  changed, and the DOS at the Fermi le@&!, N(Eg), is
and those at thg site, in contrast to that between the'Bée  hence affected. So the linear coefficient of the electronic spe-
and theZ site (very weal. The higher the atomic number of cific heaty is also changed. The variations depend on the
the Z atom (from H to N) is, the deeper the electronic po- Z atom. In FgH a decrease of NEg) at both Fé and Fé'
tential of theZ atom. Thus, the peaks of DOS correspondingsites occurs, whereas in i@ and FgN N(Eg) at Fé' in-
to the Z site gradually shift to lower energy levels, and the creases. The dependence ofB\] at Fe sites and the total
electronic states between Fe andare pulled down to the +y on theZ atoms can be found in Table I. The insertion of
lower energy levels. Compared with that inJ&¢ the energy  the Z atom decreases the occupation number of spin down 3
levels of 31 electrons at both Heand Fé' sites in FgZ are  d electrons at Febut increases that at feand thus affects



5462 YONG KONG, RONGJIE ZHOU, AND FASHEN LI 54

TABLE |I. Calculated parameters of spin-polarized 500
Fe,Z (Z=H, C, N, B. Hereugein ug, N(Eg) in states/atom spin
Ry, ¥ in mJ/mol K2, a0l = :7’
& X
L SRR
| Il 1l 3 —w— Fe' core
Fe Fe average Fk Fe E 200 | A Feval " e—rd
Fe,E 2.61 2.66 2.65 19.6 19.3 13.6 S 100l —v—Fellval —0—Fe"
FeH 275 2.40 249 161 176 121 g Kv\vﬁvﬂage
Fe,C 3.27 1.54 1.97 105 21.3 13.0 'oof A\ /XX
Fe,N 316 2.06 233 120 222 139 00 (Ia) . A .
E H C N
500
the magnetic momentgg, at the Fe sites. The changes of ol :;:?L o__Q.%A
the u e With Z are also given in Table I. It can be observed o ¢ / L4
that the chemical bonding effect dfincreases the magnetic S oof - *A*Feiicore
moment at the Fesite and decreases that at the' Bite. The S ol o —V—Fe Loore
combined effect at Feand Fé' sites prevents an increase of s :g:i:&vva;
the exchange splitting in the unit cell and thus reduces the S oor V\Aq ’
average magnetic moment at Fe sites. Obviously the effect of m& ol V\v/ A p
the C atom is the most remarkable in the sedesH, C, N. (b) A
Summarizing the influence & on the electronic struc- -100> 22 36
ture at Fe sites, we find that the chemical bonding effect of Magnetic moment (up)

Z is different, and changes irregularly with the increase of .

the atomic number oZ. The effect of the H atom is the _ FIG. 2. The calculate#lirc in Fe,E and FeZ (Z=H,C\N). (a)
weakest, while that of C is larger than that of the N atom. It/ "€ Hrc at Fe sites, and the core and valence contributions of
. ' ; L Hec. (b) The dependence of thd - at Fe sites onug, and de-

is well known that the properties of C, which is the element endence of thél @ and HY2' at Fe sites o

with characters of both metal and nonmetal, are different FC Fe Hire-

from those of H and N, where H is similar to a metal, and the ) o
electronegativity of N is strong. In turn there are more me-1/#s- Thus it can be seen thilc at Fe sites is affected by
tallic and ionic features in Fe-H and Fe-N bonds, respectwo factors,u o, and the polarization of the valence elec-
tively, while the Fe-C bond is more like a covalent bond.trons. |

This suggests that the different properties of Fe-Z bonds Although theH{Z contribution toHc is small, it affects
stem from the difference of the chemical bonding of the the interaction between atonts\ consists of two parts, the

FC
atom. In accordance with our results, it is implied that thelocal valence contributiotd =¥ which comes from the-d

FC
chemical bonding effect oZ is mainly determined by the exchange interaction within the atom and is proportional to
covalency of the Fe-Z bond. the local magnetic momentuf) of s electrons, and the
transferred hyperfine magnetic fi ’éa' which comes from
the s-d hybridization betwees orbitals of the atom and the
spin-polarized orbitals of the neighboring atoms. Since the
Figure 2a) shows the chemical bonding effectdfon the  us at Fe sites is very small, theR® contribution toH}2 is
H ¢ at Fe sites. Compared with that in Ji& the chemical weak so that a consideral Yal at these sites might reveal a

C
bonding effect ofZ reduces the averad#rc at Fe sites. The strongs-d hybridization between Feand Fé' sites. In con-
reduction in FgC is the largest. Considering tli¢-c at the trast to FgE, the chemical bonding effect of H and C
Fe' and Fé' sites, respectively, we find that the chemical changes thes-d hybridization between Feand Fé' sites.
bonding effects of H and C strongly reduce tHec at both  This results in an increase of thi2 at Fe' produced by the
Fe' and Fé' sites, while that of N increasesgc at the Fé  hybridization betweers orbitals at Fé and spin-polarized
site. In order to compare the chemical bonding effects ofi orbitals at F& At Fe', however, the hybridization between
differentZ atoms onHgc, we decomposél (¢ into the two s orbitals at the Fesite and spin-polarized orbitals at the

parts,HF2®, which is the contribution of core electrons and Fe' site has a small effect oH2. It should be noted that

comes from the polarization of core due to the polarided the chemical bonding effect ofFé decrease! at Fe' and
electrons, and{g, which comes from the polarization of furthermore changes¥@ at Fe from a negative value to a
valence electrons. ThElf%® and HY contributions ofHec  positive value. Indeed this also indicates the strong chemical
are shown in Fig. @), which illustrates thaH{® at Fe sites  bonding effect of the C atom, which changes the direction of
is the dominant contribution tblec. Theu . dependence exchange splitting at Feinduced by thes-d hybridization

of theHgc, HEX® andH'. at Fe sites, is shown in Fig(t®,  with the neighboring Fe atoms.

respectively. Obviously a linear relation between thg:*® The Hec at theZ site is listed in Table Il. It can be seen
and the local magnetic moment at Fe sites is observed, aritiat the main source dficc at theZ site is H'? in which

the proportional coefficient is estimated to be abeut3 Hkéa' transferred from the neighboring atoms dominates. The

B. Hyperfine interaction
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FIG. 3. The Mmsbauer isomer shift IS relative to-Fe at Fe 560 565 570 575 580 585 580 585
sites and the average IS in fieand FgZ (Z=H, C, N).
difference inHgc at Z sites reveals that the Fe-Z interaction _  ,g|
varies strongly with th& atoms. Generally speaking, a posi- £ I
tive contribution to thed ! at Z sites is induced by antibond- = b4 -4
ing states and a negative one by bonding states, where bot@ 2er 8 A
are produced by the-d hybridization. Our results indicate § ¥ A
that the bonding states are favored in the Fe-H bonds while g 24F A A Fe
the antibonding states dominate in the Fe-C and Fe-N bonds.g v Fel
Furthermore, the antibonding states in Fe-N are stronger than® ,, |
thoselgin the Fe-C. This agrees with the results quoted by§0 ©  Average
Akai.
Moreover, we can discuss the chemical bonding effect of 20 ()

the Z atom from the IS at Fe sites. The calculated results saom 58'50 : 58'75 : 59:00 T
relative to that ofa-Fe are given in Fig. 3, with the calibra- ' ’ an ‘ '

tion constaniz=—0.24a3 mm sec . As can be seen from
this figure, the chemical bonding effect of tHeatom pro- . _
motes the mobility of the electrons, and then in turn de- FIG. 4. The local magnetic moment, at Fe sites and the
creases the-like charge density at the Fe nucleus, so the 1S26rag€ magnetic momepk in (a) y'-Fe,N and (b) y'-Fe,E as
at Fe sites are increased. a function of the unit cell volume.

Although we did not perform calculations for mard
atoms in FgZ, it is reasonable to state, at least qualitatively,
that the chemical bonding effect of tEeatom increases with
the atomic number oZ at the C atom. Here we like to point
out that, since the experimental data on this aspect are rare ﬁange splitting with the decrease of unit cell volume, while

thoroughly quantitative comparison between the theoretic hose in Fig. 4a) indicate the volume dependence of the

and experimental results is not available at the moment. Nevz ) . o o ol e ihe magneto-volume effect and the

ertheless we can make a comparison betwegn our caIcuIat% emical bonding effect. Therefore in Fig. 4 there is a great
results for FgN and the corresponding experimental results.deCrease of average Fe magnetic moment with decreasing

Although there are some quantitative errors, they agree "+ el volume. but the scale of the decrease in Fig) &5

qualitatively well less than that in Fig. (4). Due to the combination of the
magneto-volume and the chemical bonding effect, gheg

as shown in Fig. 4. As mentioned above, the variation of
Mreat Fe sites in Fig. ) represents the volume dependence
of the contribution of the magneto-volume effect which
broadens the @ subbands of Fe and reduces thd 8x-

IV. MAGNETO-VOLUME EFFECT decreases more rapidly with volume compression than the
AND THE CHEMICAL BONDING EFFECT MEd IN Fig. 4(8), i.e., urg in v’ -FeyN is more stable against
OF N ATOMS the lattice compression, in constrast to thatyinFe,E.

In spite of nonlinear dependence of the magnetic moment

As a function of the unit cell volumeu e and pr, at Fe at Fe sites on the unit cell volume, we use the formula

sites iny’'-Fe4N and y’'-Fe,E are calculated, respectively,

Inu(V)=A+BInV
TABLE II. Calculated Fermi-contact hyperfine fieHl-c in kG

at Z sites and its core and valence contributions fofZre to fit the volume dependence of magnetic moment at Fe sites.
The fitting results show that, in’-Fe,N the magnetic mo-
Hec HE HEZ® ments decrease with decreasing the unit cell volume by
dNuwea/dINV=0.34 at the Fe& site and by
H —62 —62 0 dInupa /9INV=4.26 at the F& site. Here there is a discrep-
E 16.4 10.4 6.0 ency between our calculated results and the experimental re-

15.8 22.8 —-7.0 sults of Lordet al,*® in which the volume dependence of the
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350 F FIG. 6. The volume dependence of IS at Fe sites and the average
I A/‘M IS in y'-Fe,N and y'-Fe,E .
300

In order to understand the discrepancy between changes

150 |-

A Fé, core . . .
_ 250 |- v F core of ure and Hec at Fe sites dlggeto th%alchemlcal bonding
3 A Fe val effect, we decompogd ¢ into HF.C al?dH =c as before. The
& 200r ﬁ ure dependence ofiEX° at Fe sites iny’-Fe,N and y’-Fe
g v Fe,val 4E are shown in Fig. & and Fig. %b), respectively. For

v'-Fe,N and y'-Fe,E the proportional coefficienA be-
(b) tween HEX® and upe at Fe sites can be estimated to be

100 - A A A —12.7 Tlug and —13.9 T/ug, respectively. According to

the results, it may be suggested that the chemical bonding

50 L i 1 1 L L " 1 " 1 L L

235 240 245 250 255 260 265 effect of N atoms tends to reduce the valuefof
Magnetic moment (1) In y'-FeyN, H:® at the Fé site, which has a weakly

negative contribution té-, changes little with decreasing
FIG. 5. The uge dependence oHX® at Fe sites and thee  the unit cell volume, while that at Fesite increases greatly
dependence ofl2 at Fe sites ifa) y'-Fe,;N and(b) y’-Fe,E . with the decreasing of the unit cell volume, and changes into
a remarkably positive contribution tdc. In v’ -Fe,E, all

magnetization for Feand Fé' are found to be nearly the the HLY! at Fé and Fé' sites are negative contributions to
same and much larger. Comparing with thatyiinFe,E, in H val

. . . Usually, H:?' is proportional tou of atoms?°
which the volume compression effect decreases the magnetict© Y:HArc prop "

moments by dnueg/dINV=1.45 and L

dlnuea /dINV=0.91, we can obtain the contribution of the H‘é‘é= Bu,

chemical bonding effect of N t0 wp, by

dInueg/dInV=—1.11 and byd Inpgg1 /3 InV=3.35. depending upon the interactions between the atom and its

With decreasing the unit cell volume, tt-¢ at Fe sites
in y'-Fe,N decreases rapidly. We fit the logarithniig at
Fe sites iny’'-Fe,N as a function of the unit cell volume.
The logarithmic volume derivative In|Hgd/dInV of the

neighborsH:® reveals the influence of the Fe-neighbors on

Hec by the hyperfine-coupling coefficienB. HE%"’" at

Fe sites iny’-Fe,N andy’-Fe,E are also computed as func-

magnitude of the averaghlq at Fe sites is found to be 0N of fupe, @s shown in Fig. 5. The nonlinear variation of
dIn|H gd/aInvV=2.54, which agrees well with the experi- Hec™ at Fe sites withug, indicates the change of the coeffi-
mental result at 4.2 K. For Fé and Fd sites, Cl€ntB with decreasing the unit cell volume, and thereby
dIn|Hpal/dINV=2.26 and dIn|Hpa|/dINV=2.68 are ob- reveals the change of the interactions between Fe and its

tained, respectively. Unfortunately, they do not agree with€ighbors. Fitting the volume dependenceBodt Fe sites in
the experimental results at 4.2 K. It is probably suggested’-FesN and y'-Fe,E, we can obtain dBgg/dInV
that the dipole field has also played a role under high pres= —44 T/uganddBggi/dInV=12 T/ug for y'-Fe,N, and
sure due to the weakened cubic symmetry. We fit the logaédBrg/dINV=13 T/ug and JBga/dINV=8 T/ug for
rithmic Hgc at Fe sites iny’-Fe,E, and obtain the contribu- y'-Fe4E. The chemical bonding effect indeed inverses the
tion of the magneto-volume effect to the logarithmic volumesign of 9B/ InV at the Fé site, and shows that the change of
derivative of  Hge, dIn|Hgg|/9INV=0.56 and interactions between Fend its neighbors with decreasing
dIn|Hga|/dInV=0.61. Similarly the contribution of the the unit cell volume is greatly different from that of between
chemical bonding effect to the logarithmic volume derivativeFe "' and its neighbors. So we suggest that it is the chemical
can be deduced to bedln|Hg|/dINV=1.70 and bonding effect of N that results in the discrepancy between
dIn|Hga|/dInV=2.07. In constrast to the contribution to the volume dependence qir. and Hgc at Fe sites in
Mee, the chemical bonding effect of N decreasesthg.-at  y’'-Fe;N by changing the interactions between Fe and its
Fe sites. neighbors.
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Finally we present the calculated volume dependence aing. The chemical bonding of thé atom changes the Fe-Fe
IS at Fe sites iny’-Fe;N and y'-Fe4E, as shown in Fig. 6. interaction, resulting in drastic changes of the electronic
With decreasing the unit cell volume, the combined effect ofstructure and hyperfine parameters at Fe sites. The Fe-Z in-
the volume compression ofsdelectrons and the enhance- teraction depends o#@, among all situations studied, the
ment of Fé-Fe'' and Fe-Ns-d hybridizations iny’-Fe,;N chemical bonding effect of th€ atom is the most remark-
increases the charge densjty0) at the Fe nucleus, and able. In accordance with our results, it can be concluded that
therefore decreases IS at Fe sites rapidly. Fitting the variatiothe interstitial chemical bonding effect in 2 is dominated
of IS at Fe sites, we can obtailSg4/9InV=1.59 mm/sec by the covalent feature of Fe-Z bonds.
and 9 1Sgai /9 InV=1.76 mm/sec, which agree well with the  According to the calculated volume dependence of
experimental results. While in y'-Fe,E we can also find .o, Hec and IS at the Fe site in’-Fe,N, the magneto-
1Spa /9 INV=1.34 mm/sec and IScai/dInV=1.15 mm/ volume effect and the chemical bonding effettaoN atom
sec, which are only due to the magneto-volume effect of a Nnave been discussed and decomposed. Due to the chemical
atom. We can therefore regard the IS changesbonding effect ba N atom, a discrepancy between the vol-
d1Sgd/3INV=0.25 mm/sec andiISgai/dINV=0.61 mm/ ume dependences of magnetic momentldpgd at Fe sites in
sec, as a result of the chemical bonding effect of N atom. y’-Fe4N occurs.

V. CONCLUDING REMARKS
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