
PHYSICAL REVIEW B 1 JANUARY 1998-IIVOLUME 57, NUMBER 2
Linear muffin-tin orbital calculation of local electronic and magnetic properties
in „Fe12xNix…4N „0<x<1.0…

Yong Kong* and Fashen Li
Department of Physics, Lanzhou University, Lanzhou 730000, China
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The spin-polarized linear muffin-tin orbital method has been applied to calculate the electronic structure of
(Fe12xNix)4N (0<x<1.0). It is of interest that the band structure and the electronic and magnetic properties
of (Fe12xNix)4N depend sensitively on the substitution of Ni for Fe. The investigation of the dependences of
the local electronic and magnetic properties on the Ni content indicates a change of interaction between atoms
with increasingx. The calculated results reveal a discrepancy between the changes of the local magnetic
moment and the hyperfine field of Fe and Ni at both sites due to the transferred hyperfine field. The volume
effect of the substituted Ni has been distinguished from its chemical-bonding effect. The dependence of the
conduction-electron polarization of the nuclei on interatomic distance indicates a Ruderman-Kittel-Kasuya-
Yosida–like character of interatomic interaction. Some numerical results are given and the calculated results
agree qualitatively with the experimental results.@S0163-1829~98!01202-8#
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I. INTRODUCTION

In recent years great attention has been given to iron
trides. Among these,g8-Fe4N ~Ref. 1! has long been the
object of extensive experimental2–5 and theoretical6–9 studies
and considered as a potential candidate for high density
cording materials due to excellent magnetic properties
combination with a better chemical stability. To improve t
magnetic properties and the chemical stability ofg8-Fe4N,
one has synthesized and studied~Fe,TM! 4N ~Refs. 10–12!
by the substitution of a second transition metal~TM! ~TM
5Ni,Sn,Mn, and so on! for iron. It has been found that th
chemical stability and the mechanical ductility of th
g8-Fe4N compound can be improved by the substitution
Ni.13,14 The investigation of thermal expansion and for
magnetostriction of Fe3NiN showed similarities with the
Fe-Ni Invar alloys.15,16 It is of interest to prepare and stud
the (Fe,Ni)4N compounds with higher Ni content. Previou
works17,18 have reported~Fe,Ni)4N with a Ni concentration
up to 60 at. %. The results indicated that the substitution
Ni for Fe decreases the lattice constants of systems and

duces the average hyperfine field (Hhf̄). In comparison with
the Fe12xNi x alloy, the lattice-spacing expansionda/a is
5.3% after nitrogenization. It is attractive to study the sub
tutional and interstitial effects of Ni and N atoms, syste
that merit further investigation. Recently single phase po
der of FeNi3N has been successfully prepared19 and Will-
iamsonet al.20 have reported the FeNi3N phase by N1 ion
implantation. To our knowledge, theoretical results
(Fe12xNix)4N with high Ni content have hardly been re
ported except for the work on Fe3NiN by Mohn et al.,15

which is assumed to be a completely ordered compound
In order to investigate the local electronic and magne

structure of (Fe12xNix)4N in this paper, the self-consisten
spin-polarized linear muffin-tin orbital~LMTO! method has
been employed to calculate the electronic structure
~Fe12xNi x)4N with various Ni content. According to ou
theoretical results, the local electronic and magnetic prop
570163-1829/98/57~2!/970~8!/$15.00
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ties of the system and the substituted effects of the Ni ato
are discussed in detail and some numerical results are
sented.

According to the results of x-ray diffraction,17

(Fe12xNix)4N crystallizes in a Perovskite-type structure21

such asg8-Fe4N with two inequivalent Fe crystalline sites
which are the corner site~markedc) and the face-centere
site ~markedf ). The Mössbauer study17 shows that the sub
stitution of Ni for Fe has a preference to locate at thec sites.
In Fe3NiN at least 80 at. % of Ni atoms locate at thec
sites,10 but until x50.5 all of thec sites are completely oc
cupied by Ni atoms. The atoms atc sites are surrounded b
12 nearest-neighbor atoms at thef site, while the atoms atf
sites have two nitrogen atoms as its nearest neighbors.
lattice constant of (Fe12xNix)4N decreases with the increas
of the Ni content due to the smaller atomic radius of N
According to the experimental results,18 the unit cell volume
of FeNi3N is 1.3% larger than that of Ni4N ~Ref. 22! while
2.9% smaller than that of Fe4N.

The rest of the paper is organized as follows. We desc
briefly the LMTO method and the calculation techniques
Sec. II. In Sec. III the calculated results for the electron
structure of (Fe12xNix)4N are presented and the dependen
of electronic structure parameters on Ni content is discus
According to the calculated results, the local magnetic pr
erties of (Fe12xNix)4N are discussed in detail in Sec. IV
Finally in Sec. V the volume effects of Ni on the local ma
netic moment and the Fermi-contact hyperfine field
(Fe12xNix)4N are investigated and some numerical resu
are presented. Some concluding remarks are included
Sec. VI.

II. LMTO METHOD AND CALCULATION TECHNIQUES

Using the LMTO method which is described and r
viewed elegantly in Refs. 23,24, we here perform a sem
lativistic spin-polarized band calculation on th
(Fe12xNix)4N compounds which are isostructural wit
g8-Fe4N. For the merits and disadvantages of the method
970 © 1998 The American Physical Society
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57 971LINEAR MUFFIN-TIN ORBITAL CALCULATION OF . . .
well as the technique details, refer to Refs. 23,24. In
calculation, the exchange-correlation term is taken as
form deduced by von Barth and Hedin.25 The Brillouin-Zone
integration is carried out for 286kW -points in the irreducible
zone. For valence electrons, which are 3d, 4s electrons for
Fe and Ni and 2p electrons for N, we use partial waves to u
l 52 for Fe and Ni, and applys,p orbitals for N. The con-
vergence is assumed when the root-mean-square error o
self-consistent potential is smaller than 1 mRy.

In the atomic-sphere approximation~ASA! the atomic ra-
dius assigned to the atomic sites should be chosen so
satisfy V5(4p/3)( iQiSi

3 , whereV is the volume of unit
cell, andSi is the atomic radius of the equivalentQi atoms in
the cell. For (Fe12xNix)4N, we take the same radius for th
same metallic atom located at thec and f sites, and so the
values ofSFe,SNi , andSN must be well chosen. In additio
SFe/SNi51.023,26 SN /SFe50.68 are chosen. So the values
SFe,SNi, andSN are automatically defined by the above equ
tion in accordance with the cell volume.

The calculations are performed for (Fe12xNix)4N, where
x50, 0.25, 0.5, 0.75, 1.0. The corresponding lattice consta
are taken from previous work.17,19,22. From Fe4N to Ni4N,
the unit cell volume decreases about 4.1%. In order to s
plify the calculation, forx50.25, we have also applied th
model given by Mohnet al.15 and considered that the N
atoms all locate at thec site, although that is not true. Fo
x50.5 and 0.75, there are 1 and 2 Ni atoms located dis
derly at thef sites in an unit cell except the Ni atom at thec
site, respectively. To reduce the ordered effect in our ca
lations, we have calculated all occupation probabilities
Ni f for the two compositions (x50.5,0.75) and taken thei
averaged-weight value as final results.

The Fermi-contact hyperfine fieldHFC and the isomer
shift ~IS! at each site are calculated according to the presc
tion given by Akaiet al.27 Moreover, here we would like to
point out that, since the calculated results are sensitive to
chosen atomic radius and affected by the choice of
exchange-correlation potentials, it is inevitable that there w
be some quantitative errors when we compare the calcul
results with the experimental results. But nevertheless
qualitative agreement with the experimental results is me
ingful.

III. DENSITY OF STATES AND ELECTRONIC
STRUCTURE OF „Fe12xNix…4N

Some electronic structure parameters calculated
(Fe12xNix)4N are listed in Table I, in whichEF denotes the
Fermi level of system,nd is the occupation number of spin
polarizedd electrons~spin down or spin up!, Cd defines the
center of thed partial bands relative toEF , and g is the
coefficient of electronic specific heat. Using the calcula
valence charge density at nucleusrs~0! and the calibration
constanta520.24a0

3 mm sec21,27 we have calculated the
IS relative to that ofa-Fe at Fe and Ni in (Fe12xNix)4N and
also present the results in Table I. Although the calculated
at Ni is beyond its actual meaning, the changes of them w
the Ni content reveal the changes ofrs~0! at these sites.

Although in unit cell the average valence electron num
of metal is raised from 8 forx50.0 to 10 forx51.0 due to
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the more conduction electrons of Ni atom, one can see fr
the table, a decrease of the calculatedEF occurs with the
substitution of Ni for Fe in (Fe12xNix)4N. The decrease o
EF comes from the decrease of the electron energy in
bands and has generally implied an energy shift of ba
weight towards lower energy or a narrowed band. The rea
produced the decrease can be clarified from the follow
discussion about the centerCd of d partial bands and the
occupation numbernd of the electron in thed subband. The
Cd in Table I show that, with the increase of thex, the center
of d partial band with spin up and spin down of Fef move
towards lower energy, while those of Ni~Ni c and Nif) move
closer toEF . It can be further seen from the density of stat
~DOS! ~shown in Fig. 1! that (Fe12xNix)4N exhibits weak
itinerant ferromagnetism. The shifts ofd partial bands to-
wards higher or lower energy will decrease or increasend for
both spin directions. In accordance with the changes of
Cd , thend at Fe should be raised with the increase ofx, and
that at Ni should be decreased. But the listednd at Fe and Ni
in Table I indicate that, with the increase ofx, nd at Fef with
spin up increases and that at Fef with spin down decreases
while the change ofnd at Ni ~Ni c and Nif) is opposite. With
the consideration of the changes in the calculatednd at Fe
and Ni with the increase ofx, it can be suggested that th
whole shift of the spin-upd partial band has resulted in th
changes of the correspondingCd with the increase ofx,
while the changes of the spin downd partial band width, i.e.,
the spin-downd partial bands of Fef , are broadened and
those of Ni are narrowed, lead to the changes of theCd for
the spin-downd partial band. It indicates also that the d
crease ofEF is dominated by the energy shift of the 3d
subband weight of Fef towards lower energy and the na
rowed spin down 3d subband of Ni.

The spin-projected density of states at each site
~Fe12xNi x) 4N has already been shown in Fig. 1. It can
seen from the figure, the spin-up orbitals of Fe~Ni! at each
site for all cases ofx are almost completely occupied. Th
shape of the DOS, on the whole, changes little with the
crease ofx except for a slight shift. On the contrary, th
pronounced peak for their spin-down bands~especially for
that of Fef) corresponds to vacant states and vary drastica
It is the changes that result in the variation of the local m
netic properties of~Fe12xNi x) 4N ~see the following sec-
tion!. The DOS,N(EF), at EF is mainly contributed by the
spin-down states of metallic atoms and increases fromx
50.25 to x51.0. Compared withN(EF) for x50, the
smaller exchange splitting at Nic than at Fec leads to a small
reduction of N(EF) for x50.25. Using the expressiong
5 1

3 p2kB
2N(EF) for the coefficient of electronic specific hea

g, we have calculatedg and listed the results in Table I
Here we must point out that the value ofg for x50 is
smaller than our published result28 due to the use of differen
calculation parameters. Because of a similar reason theg for
x50.25 is smaller than that deduced from the correspond
N(EF) by Mohn.15

It can be found from Fig. 1 that the interaction betwe
Ni f and N is very similar to that between Fef and N. Except
for large interaction states which form a narrow band b
tween Fef~Ni f) s and the Ns near from20.9 to 20.8 Ry
and shows little interaction with other states, there is stro
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TABLE I. Some calculated electronic structure parameters on (Fe12xNix)4N. nd in electrons/spin,Cd

relative toEF and in Ry,EF in Ry, g in mJ/mol K2, and IS in mm/sec.

Fec Fef Ni c Ni f

x ↑ ↓ ↑ ↓ ↑ ↓ ↑ ↓

nd 4.82 1.64 4.35 2.28
Cd 20.167 20.089 20.167 20.140

0 EF 20.158
g 11.78
IS 0.05 0.31

nd 4.39 2.18 4.83 3.77
Cd 20.181 20.149 20.140 20.100

0.25 EF 20.167
g 10.83
IS 0.33 20.22

nd 4.44 2.11 4.82 3.77 4.60 4.05
Cd 20.193 20.160 20.144 20.101 20.171 20.152

0.5 EF 20.171
g 13.55
IS 0.32 20.17 0.10

nd 4.46 2.06 4.80 3.80 4.51 4.15
Cd 20.201 20.163 20.134 20.089 20.162 20.147

0.75 EF 20.191
g 15.84
IS 0.35 20.08 0.15

nd 4.76 3.89 4.43 4.29
Cd 20.110 20.068 20.154 20.147

1.0 EF 20.226
g 18.06
IS 0.06 0.24
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and extensive interaction between Fef~Ni f) and N. Fef~Ni f)
d and N p form strong s and s* bonds near20.5 to
0.25 Ry and a weakp and p* bond near20.5 to 0.0 Ry.
These agree with those reported by Mohn.15 The antibonding
p* lies above the maind DOS and nearEF for the spin-up
case. Thisp* DOS nearEF is responsible for making the
systems weak itinerant ferromagnets. With the increase
the Ni content, thep* antibonding states for both direction
of spin move closer to each other and then the correspon
exchange splitting is reduced. Compared with the interac
between Fef~Ni f) and N, those atoms atc site interact little
with N since they are too far apart, but much interaction w
their nearest-neighbor Fef or Ni f is exhibited. The interac-
tion can be well explained within the model of covale
magnetism.29

The calculated IS at Fe and Ni in~Fe12xNi x)4N indicates
a smallerrs~0! at thef site than that atc site. This is similar
to that in Fe4N ~Ref. 5! and comes from the stronger inte
action between Np and Fef ~Ni f) d. On the other hand, i
can be found that thers(0) at Ni ~both Nic and Nif) is much
larger than that at Fe. It is probably caused by the lar
number of valence electrons but smaller atomic radius of
compared to Fe. Generally the reduction of the unit cell v
ume results in the volume compression of 4s conduction
of
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electrons and therefore decreases the IS. But it is of inte
to find from our calculated results listed in Table I that wi
the increase ofx, the IS at Ni is increased. That means t
rs(0) at Ni decreases with the increase ofx. It is suggested
that the reduction of unit cell volume due to the substituti
of Ni leads to a stronger Nif-N interaction and results in a
stronger shielding effect of the 3d electron at Nic. At the
same time, our calculated IS at Fef increases withx, too.
When x>0.5, it does not agree well with the experimen
results where the IS at Fef is reduced.30 This disagreemen
comes perhaps from the excessive Fe-N interaction produ
by the large ratio of the Fe and N atomic radius. To und
stand the change ofrs(0) at Fe and Ni, we have fitted the I
at Fef and Ni with functions of unit cell volume and obtaine
the decrease of thers(0) with the reduction of the unit cel
volume bydrFef /d lnV53.4a0

23, drNic /d lnV532.8a0
23, and

drNi f /d lnV531.9a0
23. It is obvious that thers(0) at Ni de-

creases more quickly with the reduction of the unit cell v
ume than at Fe.

IV. LOCAL MAGNETIC PROPERTIES OF „Fe12xNix…4N

The local magnetic momentm loc and the Fermi-
contact hyperfine fieldHFC at Fe and Ni calculated on
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57 973LINEAR MUFFIN-TIN ORBITAL CALCULATION OF . . .
(Fe12xNix)4N and their average valuem̄ andHFC̄ are listed
in Table II. For convenient comparison with the experimen

here theHFC̄ is only averaged on the Fe site. Some expe
mental results are also given in the table.

FIG. 1. The calculated spin-polarized local DOS at each site
(Fe12xNix)4N.
,

i-

A. Local magnetic moment of„Fe12xNix…4N

Due to the substitution of Ni for Fe them̄ on Fe and Ni in
unit cell is drastically reduced from 2.29mB for Fe4N to
0.32mB for Ni 4N. Assuming a proportional relation betwee
the m̄ and Ni content, we have obtained the reduction ofm̄

by dm̄/dx521.91mB that agrees well with the slope of th
Slater-Pauling curvedm̄/dx52dZmB for Ni alloys contain-
ing Fe or Co, wheredZ is the difference between the tw
metal valences. It can be found from the table that the c
culatedm̄ for (Fe12xNix)4N also agrees well with the result
of the magnetization measurement at 1.5 K.30

Considering them loc at an individual site, we can find tha
the changes ofm loc depend upon both the atom and the si
In contrast to the small variation ofm loc at Nic, with the
increase ofx, m loc at Fef and Nif changes drastically with a
different tendency. Them loc at Fef increases withx while
that at Nif decreases quickly. In (Fe12xNix)4N them loc at Fe
and Ni can be decomposed into two parts from thed elec-
trons and thes,p electrons. In combination withnd listed in
Table I, it is suggested that the changes of them loc at Ni f and
Fef come mainly from thed electrons. The reduction of th
spin-down nd at Fef and the simultaneous increase
spin-upnd with the increase ofx has caused the larger ex
change splitting at the site, while the smaller exchange sp
ting at Ni f with the increase ofx has been produced by th
largernd at the site. On the contrary, the changes of thesp
moment contributes largely to the variation of them loc at
Ni c. Thesp moment increases from20.12mB for x50.25 to
0.01mB for x51.0 and makes them loc at Nic not linearly
decreasing with the increase ofx. It is suggested that thesp
polarization at Nic caused by Nif is positive and by Fef

negative. This agrees with the result by Mohn.15

In Fig. 2~a! we show the dependences ofm loc at Fef and
Ni on the volume of the unit cell. In spite of the nonline
dependence ofm loc on the unit cell volume, using the for
mula lnmloc5A1B lnV, we can fit the volume dependence
the m loc at Fef and Nif . The fitting results indicate that th
mFef increases with the reduction of the unit cell volume
d lnmFef /d lnV525.5 and the mNi f decrease by
d lnmNif /d lnV575.1.

B. Hyperfine field of „Fe12xNix…4N

Concerning them loc and the electronic structure of th
atom, the calculatedHFC at Fe and Ni in (Fe12xNix)4 N
listed in Table II depends also upon the Ni content. TheHFC
is the main source of hyperfine fieldHhf in 3d transition
metal compounds with cubic symmetry. It is closely relat
to the magnetism of the material and can be decomposed
the core contributionHFC

coreand the valence contributionHFC
val .

Compared with the former, the latter is generally a sma
contribution toHFC. In comparison to the experimental re
sults, the values of calculated average Fermi-contact hy
fine fieldHFC̄ on Fe agree well with the average Fe hyperfi
field Hhf̄ ~Ref. 30! at 77 K by the Mo¨ssbauer effect~ME!.

The calculated results indicate theuHFC̄u decreases rapidly
with the increase ofx. The reduction of theuHFC̄u is different
than the change of the average Fe magnetic moment wix
and mainly caused by the changes of the interaction betw

n
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TABLE II. Calculated local magnetic momentsm loc ~in mB) and Fermi-contact hyperfine fieldHFC ~in T!
on (Fe12xNix)4N. Some experimental results~taken from Refs. 1 and 30! are also listed in the table.

x Fec Fef Ni c Ni f average
cal. exp. cal. exp. cal. exp. cal. exp. cal. exp

m loc 0.0 3.13 2.98 2.01 2.01 2.29 2.21
0.25 2.17 0.94 1.86 1.69
0.5 2.33 0.98 0.50 1.55 1.40
0.75 2.42 0.97 0.34 1.02
1.0 0.88 0.13 0.42

HFC 0.0 242.4 36.2 235.0 23.1 236.8 26.4
0.25 39.0 227.9 22.0 238.8 227.9 24.2
0.5 221.0 21.7 232.7 213.3 221.0 21.7
0.75 218.6 220.0 26.1 218.6
1.0 26.4 23.8
n
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Fe and their neighbors. The reduction of theuHFC̄u with the
increase ofx can be numerically obtained byduHFC̄u/dx5
224.6 T. It is also noticed that the values ofHFC at Fef and
Ni all decrease rapidly with the increase of the Ni conte
The calculatedHFC at Fef agrees qualitatively well with the
Hhf at 77 K by ME, too. The volume dependences of theHFC
at Fef and Ni have also been illustrated in Fig. 2~a!, in which
we can clearly observe the effects of the substitution of Ni
the HFC. Assuming a linear relation between lnuHFCu and
lnV, we can obtain the changes of theHFC by

FIG. 2. The unit cell volume dependence of theHFC and them loc

at Fe and Ni in~Fe12xNi x) 4N. In ~b! the filled symbols represen
the HFC

core and the hollowed symbols indicate theHFC
val .
t.

n

d lnuHFC,Fef u/d lnV519.3, d lnuHFC,Nicu/d lnV549.7, and
d lnuHFC,Nif u/d lnV563.4. The changes of theHFC at Fef and
Ni with the increase ofx exhibit different characters whe
compared to those of them loc at Fe and Ni. The change of th
HFC at Fef with x is even reversed to those of them loc at the
site.

To understand the discrepancy between the changes o
m loc and theHFC at Fe and Ni atoms, we have decompos
HFC into HFC

core andHFC
val . The former comes from the polar

ization of the core due to the polarizedd electrons and is
proportional to the local magnetic momentm loc of the atom,
while the latter is mainly contributed by the transferred h
perfine fieldHFC

t,val , which is induced by thesd hybridization
between thes orbitals of the atom and the spin-polarizedd
orbitals of the neighboring atoms, and is proportional to
average magnetic momentmNN of neighbors, i.e.,27,31

HFC5HFC
core1HFC

val5Am loc1BmNN ,

whereA andB are defined as hyperfine coupling constan
The unit cell volume dependences ofHFC

core and HFC
val at

Fef and Ni are given in Fig. 2~b!, in which the filled symbols
represent theHFC

core while the hollow symbols represent th
HFC

val . It is shown that theHFC
core is the main contribution to

HFC for Fef while HFC
val plays an important role for Nic and

Ni f . But commonly, the volume dependences of theHFC
core

values at all the sites are similar to those of the correspo
ing m loc shown in Fig. 2~a!—in contrast with the caseHFC

val at
these sites. So them loc dependence of theHFC

core at Fe and Ni
sites in (Fe12xNix)4 N can be extracted. The proportionalit
coupling constantA changes little with the increase of thex
and is evaluated to be about212.7 T/mB for Fef which is
comparable with the result of Fe4N,8 214.9T/mB and
215.8T/mB for Ni c and Nif , respectively.

The change ofHFC
val ~approximatelyHFC

t,val) at Fef and Ni
sites with the unit cell volume is quite different from that
the HFC

core. The HFC
val at Fef and Nic increase with the reduc

tion of unit cell volume and even change from a negative
a positive contribution toHFC, but that at Nif retains a nega-
tive contribution and there is a maximalHFC

val whenx50.75.
With the consideration of the neighboring interaction b
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tween metallic atoms in (Fe12xNix)4N, theHFC
val at thec site

comes from thesd hybridization of thes orbitals with the
spin-polarizedd orbitals of atoms at thef sites, while the
HFC

val at the f sites is produced not only by thesd hybridiza-
tion with the atoms at thec site but also by thesd hybrid-
ization with the neighboring atoms at thef sites. We have
illustrated the changes of theHFC

val at Fef and Ni with the
interatomic distance with a neighboring metallic atom in F
3~a! to understand the effect of the change of interatom
interaction onHFC

val . With the increase ofx, the atomic dis-
tances in the unit cell are decreased and the interaction
tween atoms are strengthened, in turn the interatomicsd hy-
bridization is also enlarged. So theHFC

val at Fef and Nic

increase greatly. The maximum ofHFC
val at Ni f when x

50.75 indicates that the variation of the interaction cau
by the substitution of Ni and the reduction of atom distan
As mentioned above,HFC

val is proportional tomNN and reveals
the influence of the neighbors onHFC via the hyperfine cou-
pling constantB between atoms. TheHFC

val at Fef and Ni in
(Fe12xNix)4N are shown in Fig. 4~a! as functions ofmNN .
Among them, the sign reverse and the nonlinear variation
the HFC

val at Fef and Ni with mNN indicate the change o
coefficientB with the increase ofx @shown in Fig. 4~b!# and
reveals also the variation of the interaction between the a
and its neighbors. The largerB value at Nic implies the
stronger interaction between Nic and its neighbors when
compared to interaction between Fef and its neighbors.

FIG. 3. The dependence of theHFC
val at metallic atoms~a! and N

~b! in (Fe12xNix)4N on the interatomic distance with nearest neig
bors.
.
c

e-

d
.

of

m

It is also of interest to study theHFC at N in
(Fe12xNix)4N. It can be decomposed as a metallic ato
From the results listed in Table III, it can be seen that
main source of theHFC is HFC

val , in which the transferred
hyperfine field from the neighboring Fef~Ni f) dominates. In
Fig. 3~b! and Fig. 4~a! we have illustrated the change ofHFC

val

at N with atomic distancedf 2N with neighbors and with the
mNN , respectively. The change ofHFC

val at N with df 2N and
mNN is similar to that of Nif but theHFC

val of N change from
a negative to a positive contribution whenx>0.5. The
change ofHFC

val at N reveals that the Fef~Ni f)-N interaction
varies strongly with the decrease of the unit cell volume a
the average magnetic moment. Generally speaking, a p
tive contribution to theHFC

val of N is induced by antibonding
states and a negative one by bonding states. Our result
dicate that the bonding states are favored in the cases of
x, while the antibonding states dominate theHFC

val of N for the
cases of higher Ni content.

-

FIG. 4. TheHFC
val ~a! and the hyperfine coupling constantB ~b! at

each site in (Fe12xNix)4N as functions of themNN and thex, re-
spectively.

TABLE III. Calculated Ferm-contact hyperfine fieldHFC and
HFC

val ~in T) of N in (Fe12xNix)4N.

x 0.0 0.25 0.50 0.75 1.0

HFC 27.0 21.1 1.3 4.8 3.2

HFC
val 26.7 21.5 0.9 4.0 3.0
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V. VOLUME EFFECT OF THE Ni ATOM IN „Fe12xNix…4N

Summarizing the above discussion, one can find the s
stituted Ni atom plays an important role in determining t
properties of (Fe12xNix)4N. The substitution of Ni for Fe
has caused a smaller unit cell volume of (Fe12xNix)4N due
to its smaller radius and resulted in the variation of inter
tion between atoms in the unit cell due to the different pro
erties of Ni compared to Fe. So, the effects of the substitu
Ni atom may be divided into two parts: one is the volum
effect produced by the reduction of unit cell volume and
other is the chemical bonding effect caused only by
change of the interaction between atoms. The combinatio
the two effects dominates the change of the properties
(Fe12xNix)4N with x. In light of this consideration, the
change of quantityA with the Ni content or unit cell volume
can be written as

dA

dx
5S ]A

]x D
V

1S ]A

] lnVD
x

•

] lnV

]x

or

dA

d lnV
5S ]A

] lnVD
x

1S ]A

]x D
V

•

]x

] lnV
,

where (]A/] lnV)x is the volume effect of Ni atom and
(]A/]x)V is the chemical bonding effect. For (Fe12xNix)4N,
] lnV/]x524.4331022.

To distinguish the volume effect of Ni from the chemic
bonding effect, we have calculated the electronic structur
volume-expanded (Fe12xNix)4N, which retains the lattice
constants of Fe4N and whose volume does not decrease w
the increase ofx. Then the variation of the calculated resu
with x is caused only by the pure chemical bonding effect
Ni. The difference of the results from those of norm
(Fe12xNix)4N represents the volume effect of Ni.

The calculatedm̄ for volume-expanded (Fe12xNix)4N de-
creases with the increase ofx by (]m̄/]x)V521.90mB .
Comparing that with the result in normal (Fe12xNix)4N, we
obtain (]m̄/] lnV)x50.22mB , which is the volume effect of
Ni on m̄. Similarly, the effect of Ni on them loc at Fef can be
divided into a chemical bonding effect with (] lnmFef /]x)V
50.33 and a volume effect with (] lnmFef /] lnV)x51.9. Here
the chemical bonding effect of Ni increasesmFef which is
similar to the effect of N ing8-Fe4N, while its volume effect
decreasesmFef .

In comparison to that on magnetic moment, the effect
Ni on HFC at Fef has exhibited different characters. With th
increase ofx, the value ofHFC at Fef is reduced by the
chemical bonding effect of Ni with (] lnuHFC,Fef u/]x)V5
20.93 while raised by the volume effect of Ni wit
(] lnuHFC,Fef u/] lnV)x521.7. This discrepancy, with the ef
fect of Ni onmFef , is probably caused by the transferredHFC
of the neighbors.

Because the result from the volume-expand
(Fe12xNix)4N represents the chemical bonding effect of N
the investigation onHFC

val is very helpful to understand th
change of interatomic interaction. The calculatedHFC

val at each
site is shown in Fig. 5~a! as functions ofx. The results indi-
cate that, with the increase ofx, the less that the Fe atom
b-

-
-
d

e
e
of
of

of

h

f
l

f

d
,

occupies thef site, the larger theHFC
val at Nic. The larger that

the neighboring Ni atom of Fef is, the larger theHFC
val at Fef .

With an assumption that the spin-polarizedd orbitals of Fef

atom produces a negative transferredHFC
val at its neighbors

while the spin-polarizedd orbitals of Nic and Nif induces a
positive transferredHFC

val at its neighbors, the changes of th
HFC

val of Fef and Nic with x can be well explained. In fact
this is in accordance with our discussion onm loc . From
Fig. 5~a! we can extract the chemical bonding effect of Ni o
HFC

val at Fef with (]HFC,Fef
val /]x)V532.8 T. For normal

(Fe12xNix)4N we can obtaindHFC,Fef
val /dx529.2 T, then the

volume effect of Ni on HFC
val at Fef is equal to

(]HFC,Fef
val /] lnV)x581.3 T. This effect decreases theHFC

val at
Fef with the increase ofx. WhenHFC at Fef is negative, the
volume effect of Ni raises the value ofHFC at Fef . To un-
derstand the volume effect of Ni on the interaction betwe
atoms, we have further plotted the difference ofHFC

val at Fef

and Ni in normal (Fe12xNix)4N from that in volume-
expanded (Fe12xNix)4N in Fig. 5~b!. It can be seen that, in
contrast to the volume effect on Fef , the volume effect of Ni
makes the HFC

val at Ni f increasing with the reduction of th
unit cell volume. The change of HFC

val at Nic in the cell vol-
ume is much complicated, a maximal HFC

val occurs whenx
50.5 and even a reverse of sign whenx51.0. The abnormal
changes of the HFC

val in the unit cell volume have obviously
indicated the obvious interatomic distance dependence o
conduction-electron spin-polarization contributing to HFC

val .

FIG. 5. ~a! The calculatedHFC
val at each sites in volume-expande

(Fe12xNix)4N. ~b! The volume effect of Ni on theHFC
val at Fef and

Ni and the hyperfine coupling constantB at N.
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It is worthwhile observing the change of the hyperfin
coupling constantB at N due to the volume effect of Ni. In
Fig. 5~b! we have also shown the difference ofB in normal
(Fe12xNix)4N from that in volume-expanded (Fe12xNix)4N.
With the reduction of unit cell volume~interatomic distance
with the neighbors! the B at N exhibits an oscillating
strengthened variation. This indicates that the valence e
trons polarization at N due to metallic atoms atf site de-
pends strongly upon the interatomic distance and is v
similar to the picture of the RKKY interaction in rare earth

VI. CONCLUDING REMARKS

We have successfully applied the spin-polarized line
muffin-tin orbital ~LMTO! method to calculate the electroni
structure of (Fe12xNix)4N. To our knowledge, it is the first
to present the detailed theoretical calculated results on th
systems withx.0.25. According to our calculated result
the local electronic and magnetic properties
(Fe12xNix)4N have been explored and the calculated resu
agree qualitatively with the experimental results.

~1! The substitution of Ni for Fe affects the electron
structure of (Fe12xNix)4N. The whole shift of the 3d sub-
band weight and the changes of the 3d subband width in the
cell with the increase ofx have induced the decrease ofEF .
e

ec-

ry
.

ar

ese
,
f
lts

~2! The substitution of Ni for Fe leads to a stronger Nif-N
interaction and results in a stronger shielding effect of thed
electron at Nic and then thers(0) decreases largely with the
increase of Ni content in spite of the volume compression
4s conduction electrons.

~3! The discrepancy between the changes of them loc and
the HFC with the Ni content indicate the important effect o
the transferredHFC.

~4! The volume effects of the substituted Ni on the loc
magnetic moment and the Fermi-contact hyperfine field h
been distinguished from the chemical bonding effects. W
the increase of thex, the chemical bonding effect of Ni in-
creasesmFef but reduces the value ofHFC at Fef . On the
contrary, the volume effect of Ni decreasesmFef but raises
the value ofHFC at Fef .

~5! It is of interest to have observed the strong interatom
distance dependence of conduction-electron polarization
cell and even an exhibition of a RKKY-like oscillating varia
tion at N.
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