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The spin-polarized linear muffin-tin orbital method has been applied to calculate the electronic structure of
(Fe,_xNiy) 4N (0=x=<1.0). It is of interest that the band structure and the electronic and magnetic properties
of (Fe,_«Ni,)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 resul80163-182608)01202-9

I. INTRODUCTION ties of the system and the substituted effects of the Ni atoms

. . . are discussed in detail and some numerical results are pre-
In recent years great attention has been given to iron ni:

sented.
trides. Among thesey’-FgN (Ref. 1) has long been the

X ) ) d 2 ) According to the results of x-ray diffractior,
object of extensive experimentat and theoretic&r® studies Fe_ Ni),N crystallizes in a Perovskite-type structtire

and _considere_d as a potential candidate for_high dens_:ity '&uch asy’-Fe,N with two inequivalent Fe crystalline sites,
cording materials due to excellent magnetic properties ifyhich are the corner sitémarkedc) and the face-centered
combination with a better chemical stability. To improve thesjte (markedf). The Massbauer study shows that the sub-
magnetic properties and the chemical stability)ofFe,N,  stitution of Ni for Fe has a preference to locate at ¢fsites.

one has synthesized and studige®, TM)4N (Refs. 10-12  |n Fe;NiN at least 80 at. % of Ni atoms locate at tice

by the substitution of a second transition meféM) (TM  sites!® but until x=0.5 all of thec sites are completely oc-
=Ni,Sn,Mn, and so onfor iron. It has been found that the cupied by Ni atoms. The atoms atsites are surrounded by
chemical stability and the mechanical ductility of the 12 nearest-neighbor atoms at thsite, while the atoms &t
v'-FeN compound can be improved by the substitution ofsites have two nitrogen atoms as its nearest neighbors. The
Ni.2®* The investigation of thermal expansion and forcelattice constant of (FRe ,Ni,),N decreases with the increase
magnetostriction of FgNiN showed similarities with the of the Ni content due to the smaller atomic radius of Ni.
Fe-Ni Invar alloyst>!® It is of interest to prepare and study According to the experimental resuffsthe unit cell volume
the (Fe,NiyN compounds with higher Ni content. Previous Of FeNi3N is 1.3% larger than that of NN (Ref. 22 while
workst”*8 have reportedFe,Ni),N with a Ni concentration 2.9% smaller than that of R&l.

up to 60 at. %. The results indicated that the substitution of The rest of the paper is organized as follows. We describe
Ni for Fe decreases the lattice constants of systems and ré!iefly the LMTO method and the calculation techniques in

duces the average hyperfine fiemln comparison with Sec. Il. In Sec. lll the calculated results for the electronic
the Fq_,Ni, alloy, the lattice-spacing expansiofa/a is structure of (Fe_,Ni,)4N are presented and the dependence

¢ o _ ; . of electronic structure parameters on Ni content is discussed.
5.3% after nitrogenization. It is attractive to study the SUbSt"According to the calculated results, the local magnetic prop-

tutional and interstitial effects of Ni and N atoms, systemsgtias of (Fe_Ni,),N are discussed in detail in Sec. IV.

that merit ft_thher investigation. Recently single phasg POWEinally in Sec. V the volume effects of Ni on the local mag-
der of FeNglel has been successfully prepafednd Will- petic 'moment and the Fermi-contact hyperfine field of
lamsonet al= have reported the FeblN phase by N ion (Fe,_Niy),N are investigated and some numerical results

implantation. To our knowledge, theoretical results ong.e presented. Some concluding remarks are included in
(Fer—xNiy)4N with high Ni content have hardly been re- gg¢ v,

ported except for the work on EMiN by Mohn et al,*®
which is assumed to be a completely ordered compound.
In order to investigate the local electronic and magnetic
structure of (Fe_4Ni,),N in this paper, the self-consistent  Using the LMTO method which is described and re-
spin-polarized linear muffin-tin orbitadlLMTO) method has viewed elegantly in Refs. 23,24, we here perform a semire-
been employed to calculate the electronic structure ofativistic spin-polarized band calculation on the
(Fe;_4Ni,) 4N with various Ni content. According to our (Fe _4Ni,),N compounds which are isostructural with
theoretical results, the local electronic and magnetic propery’-Fe,N. For the merits and disadvantages of the method, as

IIl. LMTO METHOD AND CALCULATION TECHNIQUES
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well as the technique details, refer to Refs. 23,24. In outhe more conduction electrons of Ni atom, one can see from
calculation, the exchange-correlation term is taken as théhe table, a decrease of the calculatgd occurs with the
form deduced by von Barth and HedinThe Brillouin-Zone  substitution of Ni for Fe in (Fge_,Ni,),N. The decrease of
integration is carried out for 28§-p0ints in the irreducible Er comes from the decrease of the electron energy in the
zone. For valence electrons, which am, 3s electrons for bands and has generally implied an energy shift of band
Fe and Ni and @ electrons for N, we use partial waves to up weight towards lower energy or a narrowed band. The reason
=2 for Fe and Ni, and applg,p orbitals for N. The con- produced the decrease can be clarified from the following
vergence is assumed when the root-mean-square error of thigscussion about the cent&y of d partial bands and the
self-consistent potential is smaller than 1 mRy. occupation numbeny of the electron in thel subband. The

In the atomic-sphere approximati¢ASA) the atomic ra-  c, in Table | show that, with the increase of tkethe center
dius assigned to the atomic sites should be chosen so as ¢ g4 partial band with spin up and spin down of Femove
satisfy V=(4w/3)2iQi_S§, V\_/hereV is thg volume of unit towards lower energy, while those of i ¢ and Nif) move
cell, andS; is the atomic radius of the equivaleQ atoms in - ¢|oser toE, . It can be further seen from the density of states
the cell. For.(Fg_XN|X)4N, we take the same radius for the (DOS) (shown in Fig. 1 that (Fg_Ni)4N exhibits weak
same metallic atom located at theandf sites, and so the jnerant ferromagnetism. The shifts df partial bands to-

values ofSg,,Syi, andSy must be well chosen. In addition ; - ;
- L N wards higher or lower energy will decrease or increagor
Sre/ Sni=1.023,” Sy/Sre=0.68 are chosen. So the values of both spin directions. In accordance with the changes of the

Sre: Snin andSy are automatically defined by the above equa-c  theny at Fe should be raised with the increasexpéind

tlorjl_;ln accforcljatnce with thefcell ng]Lche.F NN, wh that at Ni should be decreased. But the listgcht Fe and Ni
e calculations are performed for (EgNi,)4N, where in Table | indicate that, with the increasexafng at Fe' with

x=0, 0.25, 0.5, 0.75, 1.0. The corresponding lattice constantgpin up increases and that at'Feith spin down decreases,

: ,19,22 H
e U el Yol ecronaas abott 41961 Grcr 16 simtle the change ofyatNi (Ni° and NY) s opposite. Wit
plify the calculation, forx=0.25, we hav.e aiso applied the the co_r15i_deratior_1 of the chan_ges in the calculatgait e
model given b Méhnet al 15 aﬁd considered that the Ni and Ni with the increase df, it can be suggested that the
9 y ' whole shift of the spin-up partial band has resulted in the

atoms all locate at the site, although that is not true. For : : .
x=0.5 and 0.75, there are 1 and 2 Ni atoms located disor(-:hanges of the correspondir@y with the increase ok,

derly at thef sites in an unit cell except the Ni atom at the while the changes of the spin dowirpartial band width, i.e.,

site, respectively. To reduce the ordered effect in our calcut—he spin-downd partial bands of F& are broadened and

lations, we have calculated all occupation probabilities Ofthose of Ni are narrowed, lead to the changes ofdféor
Nif for the two compositionsx=0.5,0.75) and taken their the spin-downd partial band. It indicates also that the de-

: i crease ofEg is dominated by the energy shift of thed 3
averaged-weight value as final results. subband weight of Fetowards lower energy and the nar-
The Fermi-contact hyperfine fielti-c and the isomer g ay

shift (IS) at each site are calculated according to the prescripr-ovfll_eh(ja Sgi?nﬁioxﬂeﬁt:gbzzﬂgiff :L states at each site for
tion given by Akaiet al?’ Moreover, here we would like to pin-proj y

point out that, since the calculated results are sensitive to th(ézzln"]ﬁ:\cl)'ra) ?rl?le r;?sufelriﬁgysb?ne_z sg?g\;?ag g{%élé:te(:(‘;] be
chosen atomic radius and affected by the choice of the gure, pin-up

exchange-correlation potentials, it is inevitable that there willzmz1 fgro?“th%a%%; koﬁr?h:mﬁf)}ecocnﬁgftgg Igﬁguv?/:fhd.thzh%-
be some quantitative errors when we compare the calculate(? P ' . . 9
rease ofx except for a slight shift. On the contrary, the

results with the experimental results. But nevertheless thé

gualitative agreement with the experimental results is mear{_)ronoun;ed peak for their spin-down bar@specially fqr
ingful. hat of F€') corresponds to vacant states and vary drastically.

It is the changes that result in the variation of the local mag-
netic properties of(Fe;_,Ni,) 4N (see the following sec-
tion). The DOS,N(Eg), at Er is mainly contributed by the
spin-down states of metallic atoms and increases from
=0.25 to x=1.0. Compared withN(Eg) for x=0, the
Some electronic structure parameters calculated osmaller exchange splitting at Nthan at Fé leads to a small
(Fe,_xNiy) 4N are listed in Table I, in whicleg denotes the reduction of N(Eg) for x=0.25. Using the expression
Fermi level of systemny is the occupation number of spin- = %TrzkéN(EF) for the coefficient of electronic specific heat
polarizedd electrons(spin down or spin up Cq4 defines the y, we have calculated and listed the results in Table I.
center of thed partial bands relative t&r, and y is the  Here we must point out that the value ¢f for x=0 is
coefficient of electronic specific heat. Using the calculatedsmaller than our published resifltiue to the use of different
valence charge density at nuclepg0) and the calibration calculation parameters. Because of a similar reasory tloe
constanta= —0.24a3 mm sec *,>” we have calculated the x=0.25 is smaller than that deduced from the corresponding
IS relative to that ofx-Fe at Fe and Ni in (Re (Ni,),N and  N(Eg) by Mohn?!®
also present the results in Table I. Although the calculated IS It can be found from Fig. 1 that the interaction between
at Ni is beyond its actual meaning, the changes of them witiNi " and N is very similar to that between Fand N. Except
the Ni content reveal the changes®f0) at these sites. for large interaction states which form a narrow band be-
Although in unit cell the average valence electron numbetween FE(Nif) s and the Ns near from—0.9 to —0.8 Ry
of metal is raised from 8 fok=0.0 to 10 forx=1.0 due to  and shows little interaction with other states, there is strong

Ill. DENSITY OF STATES AND ELECTRONIC
STRUCTURE OF (Fe,_,Ni,)4N
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TABLE I. Some calculated electronic structure parameters on_(fN,)4N. ny in electrons/spinCy
relative toEg and in Ry,Ef in Ry, y in mJ/mol K2, and IS in mm/sec.

Fe® Fe' Ni¢ Ni f

X 7 ! T ! 7 ! T !

Ng 4.82 1.64 4.35 2.28

Cy —0.167 -0.089 -0.167 —0.140
0 Er —-0.158

Y 11.78

IS 0.05 0.31

Ng 4.39 2.18 4.83 3.77

Cq -0.181 —-0.149 -0.140 -—0.100
025 Ef —0.167

Y 10.83

IS 0.33 -0.22

Ng 4.44 2.11 4.82 3.77 4.60 4.05

Cq -0.193 -0.160 -0.144 -—0.101 -0.171 -0.152
0.5 Er -0.171

Y. 13.55

IS 0.32 —-0.17 0.10

Ng 4.46 2.06 4.80 3.80 4.51 4.15

Cq -0.201 -0.163 -0.134 -0.089 -0.162 —0.147
0.75  Eg -0.191

Y 15.84

IS 0.35 —-0.08 0.15

Ng 4.76 3.89 4.43 4.29

Cq -0.110 -0.068 —0.154 —0.147
1.0 Er —~0.226

Y 18.06

IS 0.06 0.24

and extensive interaction between'®é¢i f) and N. Fé(Nif)  electrons and therefore decreases the IS. But it is of interest
d and N p form strong o and o* bonds near—0.5 to to find from our calculated results listed in Table | that with
0.25 Ry and a weakr and #* bond near—0.5 to 0.0 Ry. the increase ok, the IS at Ni is increased. That means the
These agree with those reported by MdfiThe antibonding  ps(0) at Ni decreases with the increasexofit is suggested
7* lies above the maid DOS and neaEg for the spin-up  that the reduction of unit cell volume due to the substitution
case. Thism* DOS nearEr is responsible for making the of Ni leads to a stronger NiN interaction and results in a
systems weak itinerant ferromagnets. With the increase dftronger shielding effect of thed3electron at Nf. At the
the Ni content, ther* antibonding states for both directions same time, our calculated IS at Fincreases withx, too.
of spin move closer to each other and then the corresponding/hen x=0.5, it does not agree well with the experimental
exchange splitting is reduced. Compared with the interactiomesults where the IS at Fds reduced® This disagreement
between F&Ni ") and N, those atoms atsite interact little  comes perhaps from the excessive Fe-N interaction produced
with N since they are too far apart, but much interaction withby the large ratio of the Fe and N atomic radius. To under-
their nearest-neighbor Feor Nif is exhibited. The interac- stand the change @f,(0) at Fe and Ni, we have fitted the IS
tion can be well explained within the model of covalentat Fe and Ni with functions of unit cell volume and obtained
magnetisnf® the decrease of they(0) with the reduction of the unit cell
The calculated IS at Fe and Ni iffe;_4Ni,),4N indicates  volume bydpgs/d InV=3.4a, 3, dpyic/dInV=32.83, 3, and
a smallerp(0) at thef site than that at site. This is similar  dp/d InV=31.Q153. It is obvious that the(0) at Ni de-
to that in FgN (Ref. § and comes from the stronger inter- creases more quickly with the reduction of the unit cell vol-
action between Nb and Fé (Nif) d. On the other hand, it ume than at Fe.
can be found that they(0) at Ni(both Ni® and Nif) is much
larger than that at Fe. It is probably caused.by the Iarger IV. LOCAL MAGNETIC PROPERTIES OF (Fe;_,Ni,),N
number of valence electrons but smaller atomic radius of Ni
compared to Fe. Generally the reduction of the unit cell vol- The local magnetic momentw,,. and the Fermi-
ume results in the volume compression of donduction contact hyperfine fieldHc at Fe and Ni calculated on
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40 A. Local magnetic moment of (Fe;_,Ni,) 4N
x=0.0 Due to the substitution of Ni for Fe the on Fe and Ni in
20¢ unit cell is drastically reduced from 2.2@ for Fe,N to
o A 0.32ug for Ni4N. Assuming a proportional relation between
N/ the w and Ni content, we have obtained the reductionuof
P Fe \/ by du/dx=—1.91ug mat agrees well with the slope of the
Fe! Slater-Pauling curve w/dx= — §Zug for Ni alloys contain-
a0l _ N i ing Fe or Co, whereSZ is the difference between the two
. metal valences. It can be found from the table that the cal-
40+ culatedu for (Fe,_,Niy) 4N also agrees well with the results
x=0.25 Al E of the magnetization measurement at 1.8°K.
20l i Considering they o at an individual site, we can find that
the changes ofi,. depend upon both the atom and the site.
0 In contrast to the small variation qgf,,. at Ni¢, with the
increase ok, u, at Fe' and Nif changes drastically with a
different tendency. Theu,. at Fe' increases withx while
201 that at Ni' decreases quickly. In (Fe,Ni,) N the . at Fe
and Ni can be decomposed into two parts from dhelec-
-40 trons and thes,p electrons. In combination withy listed in
40 Table |, it is suggested that the changes ofhg at Nif and
= Fe' come mainly from thel electrons. The reduction of the
& 20t spin-down ny at Fe and the simultaneous increase of
-é spin-upngy with the increase ok has caused the larger ex-
% 0 change splitting at the site, while the smaller exchange split-
= ting at Ni* with the increase ok has been produced by the
§ 20l largerny at the site. On the contrary, the changes of gpe
=1 moment contributes largely to the variation of tpg,. at
a0l Ni €. Thesp moment increases from 0.12ug for x=0.25 to

- , 0.01ug for x=1.0 and makes thg . at Ni® not linearly
40r decreasing with the increase xflt is suggested that thep
’ i polarization at Nf caused by Ni is positive and by Fk

201 negative. This agrees with the result by Mdfin.
In Fig. 2(a) we show the dependences wf,. at Fe' and
0 Ni on the volume of the unit cell. In spite of the nonlinear
dependence ofi,. 0N the unit cell volume, using the for-
20l mula Inw,,.=A+ B InV, we can fit the volume dependence of
the uoc at Fe' and Nif. The fitting results indicate that the
2 Med increases with the reduction of the unit cell volume by
-40 ' dinugg/dinV=—=5.5 and the u\+ decrease by
401 , d Inguy /dINV=75.1.
20+
0 B. Hyperfine field of (Fe;_,Niy)N
o0l Concerning theu,,. and the electronic structure of the
atom, the calculatedH - at Fe and Ni in (Fe_4Ni,), N
-40r listed in Table Il depends also upon the Ni content. Fhe
60| is the main source of hyperfine field; in 3d transition
8ol metal compounds with cubic symmetry. It is closely related
. : to the magnetism of the material and can be decomposed into
-1.0 05 0.0 0.5 the core contributiom £®and the valence contributidte..

Energy (Ry) Compared with the former, the latter is generally a smaller
contribution toHgc. In comparison to the experimental re-
FIG. 1. The calculated spin-polarized local DOS at each site irsults, the values of calculated average Fermi-contact hyper-

(Fer—xNix)aN. fine fieldH-c on Fe agree well with the average Fe hyperfine
o field Hy; (Ref. 30 at 77 K by the Mssbauer effectME).
(Fe,_4Ni,) 4N and their average value andH¢ are listed The calculated results indicate tHer| decreases rapidly

in Table Il. For convenient comparison with the experimentsyith the increase of. The reduction of théHd is different
here theH ¢ is only averaged on the Fe site. Some experi-than the change of the average Fe magnetic momentxwith
mental results are also given in the table. and mainly caused by the changes of the interaction between
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TABLE II. Calculated local magnetic momenjs,. (in ug) and Fermi-contact hyperfine fieldiec (in T)
on (Fg_,Ni,),N. Some experimental resulfsaken from Refs. 1 and 3Gre also listed in the table.
X Fef Ni¢ Ni average
cal. exp. cal. exp. cal. exp. cal. exp. cal. exp.
Mioc 0.0 3.13 2.98 2.01 2.01 2.29 221
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
Hec 00 -—-424 36.2 -350 231 —36.8
0.25 39.0 —-279 220 -—388 -27.9
0.5 -21.0 217 -327 -13.3 -21.0
0.75 —18.6 -20.0 -6.1 —18.6
1.0 —-6.4 -3.8
Fe and their neighbors. The reduction of fied with the  dIN|Hecpg/dINV=19.3,  dIn|Hecnel/dINV=49.7, and

d In|Hgc nifl/d INV=63.4. The changes of théqc at F¢' and
Ni with the increase ok exhibit different characters when
compared to those of the,; at Fe and Ni. The change of the
Hec at Fel with x is even reversed to those of tjg, at the

increase ofx can be numerically obtained by{Hgd/dx=
—24.6 T. Itis also noticed that the valuestéfc at Fe' and

Ni all decrease rapidly with the increase of the Ni content.
The calculatedH ¢ at Fe agrees qualitatively well with the
Hys at 77 K by ME, too. The volume dependences oflthe .
at Fe and Ni have also been illustrated in FigaR in which To understand the dlscrep_ancy between the changes of the
we can clearly observe the effects of the substitution of Ni onftloc 21d theHgc at Fe and Ni atoms, we have decomposed

i |
the Hec. Assuming a linear relation between|Hzd and ~ Hrc into HEc®andHec. The former comes from the polar-
InV, we can obtain the changes of thelec by 1Zation of the core due to the polarizetielectrons and is

proportional to the local magnetic momemg,. of the atom,

Fc

nlH

5

FC,Nic

]

FCFef

)

FCNi

HFC M

-20 |
25

-30 +

(b)

> >

4.01

4.00

3.99

3.98
nV

397

3.96

3.95

Loc

Inp

FIG. 2. The unit cell volume dependence of thg: and thew,q.

at Fe and Ni in(Fe; _4Ni,) 4N. In (b) the filled symbols represent

the HEX® and the hollowed symbols indicate thi.

while the latter is mainly contributed by the transferred hy-
perfine fieldH:®', which is induced by thed hybridization
between thes orbitals of the atom and the spin-polarizdd
orbitals of the neighboring atoms, and is proportional to the

average magnetic momepl,y of neighbors, i.e?’3!
|
Hec=HEC™ HEC=Aptioct Bann,

whereA andB are defined as hyperfine coupling constants.

The unit cell volume dependences HEX® and H}2 at
Fe' and Ni are given in Fig. @), in which the filled symbols
represent thed£X° while the hollow symbols represent the
HY. It is shown that theHEX® is the main contribution to
Hrc for Fe' while H‘g%' plays an important role for Niand
Nif. But commonly, the volume dependences of HEX®
values at all the sites are similar to those of the correspond-
ing 45c Shown in Fig. 2a)—in contrast with the case (2. at
these sites. So the,,. dependence of the fX® at Fe and Ni
sites in (Fe_Ni,)4 N can be extracted. The proportionality
coupling constan® changes little with the increase of tlke
and is evaluated to be abotit12.7 T/ug for Fe' which is
comparable with the result of M8 —14.9Tjuz and
—15.8Tjug for Ni€ and Nif, respectively.

The change oH}2 (approximatelyH:?) at Fe' and Ni
sites with the unit cell volume is quite different from that of
the HE®, The H!2 at Fel and Ni° increase with the reduc-
tion of unit cell volume and even change from a negative to
a positive contribution tédgc, but that at NI retains a nega-
tive contribution and there is a maximel’2 whenx=0.75.
With the consideration of the neighboring interaction be-
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FIG. 4. TheH‘é"é' (a) and the hyperfine coupling constaib) at

FIG. 3. The dependence of th% at metallic atomga) and N each site in (Fe_,Ni,),N as functions of thewyy and thex, re-
(b) in (Fe,_,Ni,)4N on the interatomic distance with nearest neigh- spectively.
bors.

It is also of interest to study theHgc at N in
(Fe _«Ni,)4N. It can be decomposed as a metallic atom.
From the results listed in Table Ill, it can be seen that the
main source of theHgc is H, in which the transferred
hyperfine field from the neighboring i *) dominates. In
Fig. 3(b) and Fig. 4a) we have illustrated the change Idféac'
at N with atomic distance;_y with neighbors and with the
respectively. The change &f%

tween metallic atoms in (Fe,Ni,) 4N, the H‘é?;' at thec site
comes from thesd hybridization of thes orbitals with the
spin-polarizedd orbitals of atoms at thd sites, while the
H‘,é%' at thef sites is produced not only by trsd hybridiza-
tion with the atoms at the site but also by thesd hybrid-
ization with the neighboring atoms at ttiesites. We have
illustrated the changes of the}® at Fe and Ni with the .
interatomic distance with a neighboring metallic atom in Fig.'U‘NN’. T ':Cvgt N with d; _y and

3(a) to understand the effect of the change of interatomic”*NN 1S s!mllar to that Of NI but theHFC of N change from
interaction onH&. With the increase of, the atomic dis- & negative 10 a positive contribution _vahen_zo.s. The
tances in the unit cell are decreased and the interaction b&hange ofHec at N reveals that the FeNi )-N interaction
tween atoms are strengthened, in turn the interatadioy- ~ Varies strongly with t_he decrease of the unit cell v_olume and.
bridization is also enlarged. So thé‘fé at Fé and Ni the average magnetic moment. Generally speaking, a posi-

increase greatly. The maximum 1" at Nif when x tive contribution to thdﬁ‘é@ of N is induced by antibonding
: FC

=0.75 indicates that the variation of the interaction cause&?ates and a negative one by bonding states. Our results in-

by the substitution of Ni and the reduction of atom distance.dma’(e that the banding states are favored in the cases of low

As mentioned abové—,l‘éac' i proportional touyy and reveals X, while the; antibopding states dominate . of N for the
the influence of the neighbors dt¢ via the hyperfine cou- cases of higher Ni content.

pling constantB between atoms. The}2 at Fe' and Ni in o
(Fe,_,Ni)4N are shown in Fig. @) as functions ofuyy. V;"ABLE M. C_:alculated _Ferm-contact hyperfine fieldgc and
Among them, the sign reverse and the nonlinear variation of Fc (in T) of N'in (Fe,_xNi,)4N.

the H‘;‘E' at Fe' and Ni with uyy indicate the change of

coefficientB with the increase ok [shown in Fig. 4b)] and 0.0 0.25 0-50 0.7 10
reveals also the variation of the interaction between the atorA . -7.0 -11 1.3 4.8 3.2
and its neighbors. The largd value at NF implies the

stronger interaction between Niand its neighbors when Hy —-6.7 —-15 0.9 4.0 3.0

compared to interaction between Fend its neighbors.
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V. VOLUME EFFECT OF THE Ni ATOM IN  (Fe;_,Ni,) 4N ® 01

Summarizing the above discussion, one can find the sub *
stituted Ni atom plays an important role in determining the
properties of (Fe ,Ni,)4N. The substitution of Ni for Fe
has caused a smaller unit cell volume of {EgNi,),N due
to its smaller radius and resulted in the variation of interac-
tion between atoms in the unit cell due to the different prop- s}
erties of Ni compared to Fe. So, the effects of the substitutec
Ni atom may be divided into two parts: one is the volume
effect produced by the reduction of unit cell volume and the °f
other is the chemical bonding effect caused only by the _
change of the interaction between atoms. The combination oS SL
the two effects dominates the change of the properties 01;2
(Fe; _4Niy)4N with x. In light of this consideration, the .
change of quantityA with the Ni content or unit cell volume a0 -—
can be written as | 2r M

A HFCIMI (T/HB )
<

A B(Th)

dA

dx

dA
IX

+( oA ) dInV a5 -
v JdlnV . 9X s 3

20 | a— Nic [—a— Ni¢
or / v— Nif [ ——Nif o --08
[ |-m— Fef | = Fef
dA ( IA (aA) IX _ = Fe WL [T |
X \Y

- = —_-— - —_ —oe—N
dinv \dlnVv X dlnVv’

1 s 1 s 1 P I S R I N Y, 4
0.0 05 1.0 401 400 3.99 398 397 396 385

x inv

where @A/dInV), is the volume effect of Ni atom and

(8Al9x)y is the chemical bonding effect. For (FNi,) 4N,

dInV/gx=—4.43x 10" 2, FIG. 5. (a) The calculatedd 2 at each sites in volume-expanded
To distinguish the volume effect of Ni from the chemical (Fei-xNix)aN. (b) The volume effect of Ni on théit at Fe and

bonding effect, we have calculated the electronic structure oiti @nd the hyperfine coupling constatat N.

volume-expanded (Re,Ni,)4N, which retains the lattice

constants of FeN and whose volume does not decrease Withyccypies thf site, the larger thed ! at Ni°. The larger that

the increase ok. Then the variation of the calculated results

: ; : . val f
with x is caused only by the pure chemical bonding effect ofthe neighboring Ni atom of Fids, the larger thé1( at Fe.

Ni. The difference of the results from those of normal With an assumption that. the spin-polarilzma(d)r-bitals.of Fe
(Fe,_Ni,)4N represents the volume effect of Ni. atom produces a negative transfertgif: at its neighbors

The calculated for volume-expanded (Fe,Ni )N de- while the spin-polarized orbitals of Ni¢ and Nif induces a
creases with the increase af by (Ju/dx) :X_Xlgqu positive transferred}2 at its neighbors, the changes of the
Comparing that with the result in normal (fv_e(Nix);lN, e H@ of Fef and Ni° with x can be well explained. In fact,
obtain (aﬁalnv)xzo.zzug, which is the volume effect of

this is in accordance with our discussion @),.. From
. o ] ] Fig. 5(a@) we can extract the chemical bonding effect of Ni on
Ni on w. Similarly, the effect of Ni on they,. at F€' can be
divided into a chemical bonding effect withd (e /9X)y

H@ at Fe with ((?H‘;?:"Fé/ax)\l,=32.8 T. For normal
=0.33 and a volume effect withi(nueg /9InV),=1.9. Here ~ (FeL-xNix)4sN we can obtaird Hec rg/dx=29.2 T, then the
the chemical bonding effect of Ni increasggy which is ~ volume effect of Ni on H{Y at Fe is equal to
similar to the effect of N iny’-FeyN, while its volume effect (aH‘é‘;‘:"Fé/aIn\/)X=81.3 T. This effect decreases th%?:' at
decreasegg. Fe' with the increase ok. WhenH g at Fe' is negative, the

In comparison to that on magnetic moment, the effect ol,olume effect of Ni raises the value f-c at Fe'. To un-
Ni on He at Fe' has exhibited different characters. With the gerstand the volume effect of Ni on the interaction between
increase ofx, the value ofHec at Fe is reduced by the atoms, we have further plotted the differenceHf} at Fef
chemical bonding effect of Ni with dInlHecral/d)v= " 304 Ni in normal (Fe_,Ni,)4N from that in volume-
—0.93 while raised by the volume effect of Ni with expanded (Fe Ni,),N in Fig. 5b). It can be seen that, in

g;?g:ﬁfgl{& an)iXs: _roltiglblT hézuosl'sgrg p?rr:g);,ravr;”stpertnzzcef- contrast to the volume effect on Eehe volume effect of Ni
of the neight’;LoFre; P y y makes the K2 at Nif increasing with the reduction of the

Because the result from the volume-expandeo“”it cell volume. The change of & at Ni° in the cell vol-
(Fe,_,Ni,) 4N represents the chemical bonding effect of Ni, ume is much complicated, a.maX|maI‘é%| occurs wherx
the investigation orH}2 is very helpful to understand the =0.5and even a reverse of sign when 1.0. The abnormal
change of interatomic interaction. The calculatéf at each  changes of the K in the unit cell volume have obviously
site is shown in Fig. &) as functions ok. The results indi- indicated the obvious interatomic distance dependence of the

cate that, with the increase af the less that the Fe atom conduction-electron spin-polarization contributing t(@d
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It is worthwhile observing the change of the hyperfine (2) The substitution of Ni for Fe leads to a stronger' M
coupling constanB at N due to the volume effect of Ni. In interaction and results in a stronger shielding effect of ttie 3
Fig. 5b) we have also shown the difference Bfin normal  electron at Nf and then the(0) decreases largely with the
(Fe; _«Niy)4N from that in volume-expanded (FgNiy)sN.  increase of Ni content in spite of the volume compression of
With the reduction of unit cell voluménteratomic distance 4s conduction electrons.
with the neighbors the B at N exhibits an oscillating (3) The discrepancy between the changes ofhg and
strengthened variation. This indicates that the valence eledhe Hy: with the Ni content indicate the important effect of
trons polarization at N due to metallic atomsfasite de- the transferredH .
pends strongly upon the interatomic distance and is very (4) The volume effects of the substituted Ni on the local
similar to the picture of the RKKY interaction in rare earths. magnetic moment and the Fermi-contact hyperfine field have

been distinguished from the chemical bonding effects. With
VI. CONCLUDING REMARKS the increase of th&, the chemical bonding effect of Ni in-
) . . . creasesups but reduces the value dfic at Fe'. On the

We have successfully applied the spin-polarized lineagqnirary, the volume effect of Ni decreasesy but raises
muffin-tin orbital (LMTO) method to calculate the electronic hq yalue ofH rcat Fe'.
structure of (Fg_,Ni,)4N. To our knowledge, it is the first (5) It is of interest to have observed the strong interatomic
to present the detailed theoretical calculated results on thegfsiance dependence of conduction-electron polarization in

systems withx>0.25. According to our calculated results, ce|| and even an exhibition of a RKKY-like oscillating varia-
the local electronic and magnetic properties Oftion at N.

(Fe;_«Niy) 4N have been explored and the calculated results

agree gqualitatively with the experimental results.
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