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Cohesive energy, local magnetic properties, and Curie temperature of 8 studied
using the self-consistent LMTO method
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The electronic structure of BB in orthorhombic 0-Fe;B) and body-centered tetragoraict-Fe;B) struc-
tures are calculated using the spin-polarized linear muffin-tin orbitals method. Based upon the calculated
electronic structure, we present theoretical results on the cohesive erigfgy, (ocal magnetic moment
(m100), @and hyperfine magnetic fieldH,;) for the two phases of 8. Effects of the neighboring atoms on
Mioc @NdE ., at individual Fe sites have been discussed in detail. Within the framework of the spin fluctuation
of local moments we have evaluated the ratio of the Curie temperd@tufer o- and bct-FgB, and also
investigated the volume dependenceTgf. Some numerical results are given and the theoretical results agree
qualitatively with the experimental resul{S0163-182607)08430-0

I. INTRODUCTION niques are briefly described in Sec. Ill, and the calculated

results on the electronic structure of JBeare also given in

. The bil;]ary iroE rEe':jalloid comdpound Efejcrystallizeds this section. In Sec. IV the cohesive energy and the magnetic
into two phases: the body-centered tetragdhel-FesB) and o ties of FgB are further discussed. Volume depen-

the orthorhombic §-Fe;B). In recent years they have been yances ofure and Hec at Fe sites in both phases are also

subjected to intense experimental and theoretical stl_id‘fes. presented. Some concluding remarks are included in Sec. V.
The great attention to B8 is not only because of the inter-

estl given to Fe_,B, rapidly quenched crystalling alloys in Il. CRYSTAL STRUCTURE OF Fe 3B
which metastable F8 have been extensively discussed, _
but also because KB has the potential for significant appli-  All Fe 3B in two structures are metastable at low tempera-

cations. Metastable bct-EB is the main phase in melt-spun ture and their crystal structures have been completely clari-
permanent magnets with the approximate compositiodi€d. The orthorhombic R phase is believed to be less

Nd,Fe,sB15.”~° Due to the low Nd content the material is stable than the tetragonal phase. The structural information
potentially much cheaper than the heb,,B isotropic melt- for both phases including lattice constants, type, and number

spun ribbons. In a previous theoretical calculation of the® nellzghgo'nn'g atct)mst arel I|s.tt(;d IIZn T"’Eble g fite2° which
electronic structure fon-Fe;B by Ching et al? using the 0-F&b IS Isostructural wi §C \cementiig,— whic
. . . : L . has an orthorhombic structure with a space group of
first-principles orthogonalized linear combinations of atomic, ,15, 16 . 1112 : .

. Vi, (D3p; Pbnm.>*“ The unit cell contains 4 f.u. and there
orbitals methodOLCAO), the band structure a-Fe;B was e . . .
discussed are two stoichiometrically different Fe sites, [c) and

. . . Fe,(8d), and one B sitd4c) for a total of 16 atoms in the
To study systematically the magnetic properties offe cell. Fe atoms have two B neighbors vehih B atom is co-

compounds and to investigate the effect of local enVironenginated by two Feand four Fg . Fe and Fe have re-

ments on the properties of the compounds, we have carri ectively 12 and 11 Fe atoms as neighbors, and the
out self-consistent theoretical calculations for bctBend Fg,-Fe distances are slightly smaller than the|—Fé dis-
o-Fe;B. Based upon the results of the spin-polarized calcugpces.

lations for FgB, we study the cohesive energ ) and bct-Fe;B has a body-centered-tetragonal lattice with a
magnetic properties of k8 in the two structures, and dis- gpace group of2(14)3 and 8 f.u. per cell. The structure
cuss the effects of neighboring atoms on the local magnetigan pe considered as rather close packed, resulting in high
moments fur) and Fermi contact hyperfine fieldsifc) at  coordination numbers. Iron atoms in three sets of eightfold
the Fe sites when combining the calculated lattice-spacingositions are assigned to three different Fe sites; Fe, ,
dependences gir. and Hec for the two phases. Using the and Fg, . Fe, has 12 iron neighbors but feand Fg, have
Mohn-Wobhlfarth approximation within the framework of the 10 iron neighbors, respectively. They are coordinated by 2,
spin fluctuation of local moments, we also discuss the Curigy and 3 B atoms in turn. The B atoms in one eightfold

tempe-raturgc of FE3B Our theoretic_al results ShOU-Id be of position have 9 iron neighbors which form a Capped triangu_
value in understanding the electronic and magnetic propefg, prism.

ties of the Fg_,B, alloy, and these results may clarify the
magnetic properties of rapidly quenched Nd-Fe-B magnets Ill. COMPUTATIONAL PARAMETERS

with low Nd content. ) _ AND CALCULATED RESULTS
This paper is organized as follows. We will describe the

crystal structure of F§B compounds in Sec. Il. The linear Using the LMTO method that was described and re-
muffin-tin orbitals(LMTO) method and the calculated tech- viewed in Refs. 14 and 15, we here perform a semirelativistic
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TABLE I. Crystal structure information of R8 compounds.
o-Fe;B bct-Fe;B
Structure Orthorhombic Body-centered tetragonal
Lattice cons. a=0.4454 a=0.8630
(nm) b=0.5433
c=0.6656 c=0.4290
Z (mol/cell) 4 8
Space group Pbnm(Vi 14 2
Sites Fe Fey, B Fe Fe, Fey, B
Neighbor 2F¢10Fg 5Fe,6F¢g 2Fe,4Fg, 5Fe,2Fg 2Fe,5F¢, 5Fe,3Fg 2Fe ,4Fg,
atoms 2B 2B 5Fg ,2B 3Fq, ,4B 2Fq, ,3B 3Fq

spin-polarized band calculation on the two phases of irorDOS at Fe sites in the two structures have indicated great
metalloid compound F¢B: o- and bct-F@B. For the merits  difference. Mostd DOS of Fe in bct-FgB construct two
and disadvantages of the method, as well as the technigyeaks but those i-Fe;B form a continuous region. In
details, refer to Refs. 14 and 15. In our calculation, theTable Il we have listed some electronic structure parameters
exchange-correlation term is taken as the form deduced byalculated on the two structures ofgtEe It can be seen that

von Bal’th and Hed”]‘6 The BI‘I||OUIn -Zohe |ntegrat|on |S car- |n both FQ’.}B the average Occupaudmd Of d e|ectrons is the
ried out for 64 and 7% points in the irreducible zone of bct-  same, although the occupation numbygr at different Fe
and o-Fe;B, respectively. We use partial waves uplte?2 sites is quite different.

for the valence electrons of Fe, which aré,&s electrons,

and applys,p orbitals for the 8,2p electrons of B. The
convergence is assumed when the root-mean-square error of
the self-consistent potential is smaller than 1 mRy.

In the atomic-sphere approximatigASA) the atomic ra-
dius assigned to the atomic sites should be chosen so as to
satisfy V= (47/3)Z;Q; 5,3 whereV is the volume of unit
cell, ands; is the atomic radius of the equivale@t atoms in
the cell. Here we take the same radius for iron atoms located
at different sites in the cell. For both structures of;Beve
take the same ratio of radiys= Sg/Sg.=0.75 which is ap-
proximately equal to the ratio of the covalent radius between
boron and iron atoms, so the valuesSxf, and Sy are auto-
matically defined by the above equation in accordance with
the cell volume.

The calculations are also performed for the two phases of
Fe;B with various unit cell volumes, so that one can inves- >
tigate the volume dependences of magnetic properties foré
Fe;B. Moreover, here we would like to point out that, since =
the calculated results are sensitive to the chosen atomic ra-=
dius and affected by the choice of the exchange-correlation & L
potentials, it is inevitable that there are some quantitative & “
errors when we compare the calculated results with the ex-Z
perimental results. Nevertheless, the qualitative agreemem”"
with experimental results is meaningful.

The spin-projected density of stat@30S) curve for each
site in both F@B are shown in Fig. 1. As can be seanh,
states dominate the DOS of Fe atoms and peak shapes fo
different iron sites in the same EB are very similar. In both
FesB the Fermi level lies nearly above the spin-dDOS
but falls actually ind DOS. Thus the occupation number
nl, of electrons in the spin-u@ subband is more than that in
the spin-downd subband, and the states for both spin
directions contribute to the DOS at Fermi levid,E¢). The
hybridized s states between Fe and B form a discretized
structure in the lowest-energy region. Certainly there are dif-
ferent features between the DOS of the two;BeThe d

IV. DISCUSSIONS

A. Cohesive energy

It is well known that the cohesive properties of transition-
metal compounds are closely related to their electronic struc-
ture The cohesive properties ofl ransition metal carbides

/sp

s 1 L 1 . ! L . 1 N L
-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4

Energy (Ry) &

FIG. 1. The calculated spin-polarized local DOS at individual
sites for both structures of EB.
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TABLE Il. Calculated electronic structure parameters fogBFeompounds. Hera andn, denote total
and| occupation number at a site, respectivélyE¢) is DOS at the Fermi levein units of states/spin Ry
and E,, represents the total energy of the syst@munits of Ry).

o-FeB bct-Fe;B

Fe, Fe, B Fe, Fe, Fey B
nl 0.311 0.312 0.404 0.309 0.313 0.317 0.428
n, 0.421 0.439 0.748 0.413 0.456 0.448 0.690
ny 4.369 4.300 4.396 4.318 4.324
n! 5.101 5.051 1.152 5.119 5.087 5.089 1.118
n. 0.316 0.318 0.423 0.317 0.315 0.324 0.451
n, 0.453 0.474 0.861 0.454 0.482 0.490 0.816
ng 2.276 2.367 2.206 2.401 2.330
nt 3.045 3.158 1.284 2.977 3.198 3.144 1.267
n'+n! 8.146 8.209 2.436 8.096 8.285 8.233 2.385
n'—n! 2.056 1.893 -0.132 2.142 1.889 1.945 —0.149
N(Eg)! 5.209 6.666 0.541 7.796 6.849 8.378 0.816
N(Eg)* 10.274 8.313 0.357 8.145 9.937 8.082 0.326
N(Eg) 15.483 14.979 0.898 15.941 16.786 16.460 1.142
Eotal —30690.689 —30690.228
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have been studied both experimentally and theoretitally Econ=415 mRy/ator 5.44x 10° J/mol for bct-FgB. It can
andab initio results in carbides and nitrides with NaCl-type he seen that the estimated valueggf;, for o-Fe;B is slightly
structure are also reporté8 However, no such results are larger than that for bct-F@, which is perhaps connected
available for the borides. It is therefore of considerable inwith the lower Occupation energy of electrons OFF%B
terest to calculate the cohesive enel’gieS of the more CompIQ}nfortunateb/, no experimenta| results moh for FegB are
transition-metal borides. BaSing upon the calculated total €Mgvailable to compare our eva|uatajoh’ but theab initio

ergy Eqa for Fe;B, we can estimate the cohesive energyresults on carbides and nitrid@have shown that the shift
between theoretical and experimental energies is nearly re-
The average cohesive energy per atom for the two phasggarkably constant and the theoretical values can be success-
fully used to study both general trends and details in the
variation ofEg,. Thus it will be interesting to compare our
result for theE,, of Fe;B with results from future investi-
gations of 8 transition-metal borides.

E.on Of FegB compounds.

of Fe;B can be defined by

1
Econ= — 1_6

( Erota™ 2 EA) :

where the total atomic energigs, are to be summed over all
16 atoms of the cell. From the LMTO calculations we have

found a total energy OfE;;,=—30690.689 Ry and
—30690.228 Ry foro- and bct-FgB, respectively. Using
the atomic energies calculated by “dand et al,®
Ere=—2540.787 Ry andEz=—48.537 Ry, we obtain
E.on=444 mRy/ators=5.82x10° J/mol for o-FeB and

B. Local magnetic moment and hyperfine field

We have listed the calculated results @p, at Fe atoms
for FesB in both structures in Table Ill. Since EB are
metastable, no available experimental results«p for Fe
3B can be used to compare our calculated, but it can be
seen that, foo-Fe;B, the calculated average magnetic mo-

TABLE lll. Calculated ur, (in ug), Hec (in T) and its valence contributiohl ¢ 4 and the coupling
constantA andB (in T/ug) for Fe;B. And experimental results o, (Ref. 10 andH,; (Refs. 1 and 2D

o-Fe;B bct-Fe;B

Fe, Fey Average Fe Fe, Fey Average
MEe 2.06 1.89 1.95 2.14 1.89 1.95 1.99
© (Expt) 2.0
Hee —26.8 —-25.4 —-25.9 —29.2 —-23.0 -27.0 —26.4
Hec val —-1.72 —2.14 -2.01 -3.27 0.20 —-3.11 —2.06
Hs (Expt) 26.4 235 24.5 28.7 22.5 26.7 26.0

+0.5 +0.5 +0.5 +0.2 +0.2 +0.3 +0.3
A —12.18 —12.33 —-12.11 —12.28 —12.26
B —0.90 —1.09 -1.62 0.10 —1.53
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ment ug. agrees well with the extrapolated valUested in 22
Table IIl) from Fe;C,_,B, at 4.2 K1° and the calculated 1
Mee at individual Fe sites are also consistent with the results I
obtained by Chinget al? 18
One of the characteristic quantities of spin-polarized elec-
tronic structure is that the local magnetic momany. of an
atom in the material depends closely upon the neighboring
environment of the atom, i.e., the type and the number of
neighbors, and the interatomic distances with neighbors. Ch-
ing et al* have concluded that ther, is reduced by increas- I
ing the boron concentration. The calculated results for 10 (@
bct-FeB have shown that there is a great difference among e
the ur at three sites. Thareat Fg (2.14ug) is much larger
than that at Fg (1.89ug), and theug. at Fg,, is intermedi-
ate. Since the Fe neighbors of the Fe atom at three sites art
very similar, the difference ofig. is mainly determined by 200
the effect of the neighboring boron. Flas only two boron
neighbors while Fg has four boron atoms as neighbors; it is
suggested that the bonding interactions between Fe and I
promote the itinerancy of Fed3electrons and decrease the \\_
exchange splitting: the more boron neighbors of the Fe atom, or G
the smaller theur, of the Fe atom. On the contrary, in [
o-Fe;B the Fe atoms at both sites all have two boron atoms 275F ) ) ) ) .03)
as neighbors and the Fe-B distances are close, thus the ef

fects of boron atoms on ther, seem to be alike and do not ok W

Fe,

TR (T

Hpc(T)

lead to such a large difference pt. as that in bct-FgB. So

the smallerug, at Fg, than that at Fecan only be assigned

to the influence of the neighboring Fe atoms. Analyzing the
Fe-Fe distance, we can find that there are smaller interatomic
distances between lreand its Fe neighbors when compared
to those between Fend its Fe neighbors. It seems that the _
stronger hybridized interactions between Fand its Fe 2f T Fe . a
neighbors due to smaller [yé~e distances decrease the ex-
change splitting of Fg3d electrons and result in a smaller
Mee at Fg, . N T S T L .(c).

77

. . 3 *
We have illustrated the dependences of ihg at Fe sites 490 495 500 505 565 570 575 580

and theur, in bet- ando-Fe;B on the volume of the unit cell oFeB = InV —= bcr-Fe;B
in Fig. 2(a). It has been shown that the-. at each Fe site in
both Fe;B decrease greatly with the reduction of the unit cell
volume. Using the formulay,c.=A+BInV, we can fit the

changes of theTFe for both FgB approximately and obtain

the volume dependence of theg from the slope of the mainly produced by thed hybridization between the or-
fitting curve, dug/dINV=5.11uz and 3.7y for bct- and  bitals of the atom and the orbitals of its neighbors. In Table
o-Fe;B, respectively. The decrease pof, in bct-Fe;B with 11l we have also listed the calculatédi-c of Fe and its va-
the unit cell compression is much larger than that inlence contributiorHec 5 for both FeB. HereHyc are cal-
o-Fe;B. Moreover, it is interesting to notice that in culated according to the prescription given by Akail® It
bct-FeB the decrease qig. at Fg, with the reduction of the is found that the calculatetlirc at Fe in both FgB are
unit cell volume is much smaller than those at other sitesslightly larger than the experimental restiftSat room tem-
Since Fg has the most B neighbors, it is indicated that theperature listed in the table. Sinkk; decreases with increas-
strong shielding effect of B neighbors has partly cancelledng temperature, our results iHgc are in excellent agree-
the effect of volume compression gmg, and makes the ment with the experimental results. Like most transition
Ee at Fg, relatively stable against the compression of themetal compounds thélgc , at Fe sites in both 8 are
lattice. only a minor contribution tdHgc. In 0-F&B the Hec 4 at
The main contribution to the hyperfine magnetic fieldthe Fg, site takes a larger portion in th¢rc than that at an
Hy; of the atom is in the @ transition metal compound Fe, site. It is the reason that the e interaction is stron-
Hec of an atom and can be decomposed iftg: core @nd  ger than that between Fand Fe due to the shorter fr&e
Hecva. The former is the core contribution, which comesdistances, while in bct-F#8 the strong shielding effect of
from the polarization of the core atoms, and the latter is thdour B neighbors surrounding an [resite results in a small
contribution of conducted electron polarization, which is positive Hec 5 at the Fg site, which differs greatly from

HFC, val (T)

FIG. 2. The unit cell volume dependence @f., Hgc, and its
valence contributiofd ¢ ., in Fe3B. The solid and hollow symbols
represent those in- and bct-FgB, respectively.
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those at the Feand Fg,, sites. Generall{H ¢ ¢oreiS propor- [nV of bct-Fe;B
tional to o Of an atom andHgc , is related to the average 5.80 5.75 5.70 5.65 5.60
magnetic momentg, of its neighbors. So thelgc at an Fe ' ' '

site can be phenomenologically expressed as folfoves: of W »  ino-Fe,B

— o in bct-Fe,B
Hee=H FC,core+ H FCyval— AupetBuy, 3

whereA andB are defined as hyperfine coupling constants. o8

Using the calculategkg., We have evaluated the coupling
constantsA andB and listed them in Table Ill, also. It has
been found that in both 8 there are similar coupling co-
efficientsA but greatly different coefficientB. In o-Fe;B a
larger coefficienB at Fg, has indicated a stronger fré-e
interaction while in bct-FeB a positiveB at Fg, has re-
vealed the shielding effect of boron atoms which has
changed the ReFe interactions and reversed the polariza-
tion direction of thesd hybridization between Reand Fe.
The averageHgc and the averagélgc, at Fe sites in ..
both FgB are given in Figs. @) and Zc), in which the solid . . ) . ) A

symbols represent thidc and theH ¢  in 0-F&;B while 510 5.08 5.00 4.95 4.90
the hollow symbols describe those in bct;Be Assuming a [nV of o-Fe,B

linear relation between thIeI_FC and the logarithmic volume

of the unit cell, we find that the value ¢ at Fe sites
decreases with the compression of the unit cell by

d|Hed/dInV= 37.93 and 56.94 T foo- and bct-FgB, re-
spectively. TheH ¢ at Fe sites iro-Fe;B is more stable than whereM, is the zero-temperature magnetic momed,is

that in bct-FgB against the compression of the unl_t cell the Boltzmann's constanh, (E¢) and N (E) are the up-
with the logarithmic volume are not monotonous and indi-The quantitiesMo,N(Eg), andN (Eg) are directly deter-
cate the complexity of the volume dependence of the Fe-Fgined by theoretical electronic structure. The Stoner param-

interactions in FgB. Especially, we show thélgcq @t an  eter| for transition metals and their compounds may be writ-
Fe, site in bct-FgB under various unit cell volumes in Fig. e 23

2(c), also. It is interesting to observe that thec , Of the
Fg, atom in bct-FgB changes not only its amplitude but
also its sign, which implies that the compression of the unit I=E I{{N{(Ep)/N(Eg)]?,
cell volume changes not only the strength of,Hee interac- t
tions but also the polarized direction of ted hybridization
between them.

T (VT (Vy)

o
P
T

0.2 -

FIG. 3. The volume dependence of thg for Fe;B.

To= (M5/40kg)[ LN (Eg) + 1IN | (Ep) —21],

wherel, andN,(Eg) are the Stoner parameter and the DOS
for the atom at sité¢. Forl, we have used the values from the
_ work of Janak*

C. Curie temperature It is worthwhile noting that Woodt al?® are already

Curie temperaturd@ is the important characteristic tem- successful in predicting the relative changeTef in iron-
perature of the metallic ferromagnetic materials and its presPased rare-earth compounds with applying the Mohn-
sure(volume dependence is a property of unusual physicalWWohlfarth theory, although the absolufe of strong ferro-
interest. Experimentally, Fruchagt al° have extracted the Magnets cannot be correctly determined by this m&tik.

Tc (897 K) of the o-Fe;B by extrapolating theT. of  our discussion, we do not directly evaluate the absolige
FeC, By, and theT. (786 + 3 K) of bct-Fe;B (Ref. 7) of FezB with this model but work out the ratio
has also been determined, although bothBrare meta- Tc(V)/Tc(Vo) with the compression of the unit cell volume.
stable. According to the calculated results of electronic strucUsing this model, we have first evaluated the raff/T2
ture, we can use the Mohn-Wobhlfarth approximatfao dis-  between thel ¢ for both Fe;B to be 0.83, which agrees well
cuss theT - of FesB and their volume dependence within the with the experimental result 0.88. It is also suggested that the
framework of the spin fluctuations of local magnetic mo- prediction of the volume dependence of tfig for Fe;B
ment. In Mohn-Wohlfarth theonyT is determined by the with this model will be qualitatively correct. We have plotted

solution of the equation the evaluated <(V)/Tc(V,) for both FgB with the volume
compression in Fig. 3 and fitted them well with the second
Té/T§+ Tc/Tg—1=0, order polynomial of the logarithmic unit cell volume. From

the fitted curve a critical volum#&/; corresponding to the
whereTg is the Stoner-model Curie temperature, dpgis a  disappearing point of ferromagnetism can be evaluated to be
characteristic temperature describing the influence of spif.85V for o-Fe;B but cannot be found for bct-RE8. More-
fluctuations and given by over, from the obvious linear relation betwed/dInV
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and InV, we have derived the volume dependenc&ofor  surrounding an Fe atom, the smaller the magnetic moment of
both o- and bct-FgB as approximately (+ CTc)Y2 where  the Fe atom. The larger Fe-Fe distances produce a larger Fe
C is a constant. magnetic moment but a smaller valence contribution to
Hec.
V. CONCLUSIONS (3) The shielding effect from B atoms makes, at an
Fg, in bct-Fe;B much more stable against the volume com-

We have performed self-consistent spin-polarized elecpression. It also changes the FEe interactions and leads to
tronic structure calculations on the ferromagnetigBerys- 5 small positiveH ¢  at the Feg site.

tallizing i.n orthorhombic and body—centered-te‘FragonaI struc-  (g) According to our calculated results, the ferromag-
tures using the LMTO me_thods. The theoretical results o, etism of o-Fe;B will disappear when the compression of
ure @and Hee agree well with experimental measurements.ihe ynit cell volume is larger than 15%. For two structures of
Accordlng to the calculated .res_ul_ts, the effgcts of nelghborFegB the derived volume dependences of the all follow

ing atoms Onupe a_nd HF_C at individual Fe sites have been 1+CTe)¥2 whereC is a constant.

discussed in detail. Using the Mohn-Wohlfarth theory we  gince the FgB in both structures are not stable phases,
have discussed the volume dependence of the Curie tempefigpre are not enough experimental results to be compared
ture Tc for o- and bet-F@B. In summary some concluding \ith our calculated results. We expect to compare com-

remarks are presented as follows. pletely our calculated results with experimental measure-
(1) The cohesive energy per atom in cBll,, has been | ents from future investigations of §B.
evaluated from the calculated electrons total energy. The

evaluatedE,, for o-Fe;B is slightly larger than that for
bct-Fe;B.

(2) The local magnetic moment and hyperfine field of an
Fe atom are related closely to the neighboring environments The calculations were carried out on a DEC-3000 work-
of the Fe atom. The B neighbors surrounding an Fe atonstation. This project was supported by the Natural Science
decrease the exchange splitting at the Fe site and then redu€eundation of China and by the Doctoral Research Fund of
the magnetic moment of the Fe atom. The more B neighborblational Education Committee of China.
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