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Cohesive energy, local magnetic properties, and Curie temperature of Fe3B studied
using the self-consistent LMTO method

Yong Kong* and Fashen Li
Department of Physics, Lanzhou University, Lanzhou 730000, China

~Received 28 January 1997!

The electronic structure of Fe3B in orthorhombic (o-Fe3B! and body-centered tetragonal~bct-Fe3B! 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 energy (Ecoh), local magnetic moment
(m loc), and hyperfine magnetic field~Hhf) for the two phases of Fe3B. Effects of the neighboring atoms on
m loc andEcoh 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 temperatureTC for o- and bct-Fe3B, and also
investigated the volume dependence ofTC . Some numerical results are given and the theoretical results agree
qualitatively with the experimental results.@S0163-1829~97!08430-0#
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I. INTRODUCTION

The binary iron metalloid compound Fe3B crystallizes
into two phases: the body-centered tetragonal~bct-Fe3B! and
the orthorhombic (o-Fe3B!. In recent years they have bee
subjected to intense experimental and theoretical studie1–4

The great attention to Fe3B is not only because of the inter
est given to Fe12xBx rapidly quenched crystalline alloys i
which metastable Fe3B have been extensively discussed5,6

but also because Fe3B has the potential for significant appl
cations. Metastable bct-Fe3B is the main phase in melt-spu
permanent magnets with the approximate composi
Nd4Fe78B18.7–9 Due to the low Nd content the material
potentially much cheaper than the Nd2Fe14B isotropic melt-
spun ribbons. In a previous theoretical calculation of
electronic structure foro-Fe3B by Ching et al.4 using the
first-principles orthogonalized linear combinations of atom
orbitals method~OLCAO!, the band structure ofo-Fe3B was
discussed.

To study systematically the magnetic properties of Fe3B
compounds and to investigate the effect of local envir
ments on the properties of the compounds, we have car
out self-consistent theoretical calculations for bct-Fe3B and
o-Fe3B. Based upon the results of the spin-polarized cal
lations for Fe3B, we study the cohesive energy (Ecoh) and
magnetic properties of Fe3B in the two structures, and dis
cuss the effects of neighboring atoms on the local magn
moments (mFe) and Fermi contact hyperfine fields (HFC) at
the Fe sites when combining the calculated lattice-spac
dependences ofmFe and HFC for the two phases. Using th
Mohn-Wohlfarth approximation within the framework of th
spin fluctuation of local moments, we also discuss the Cu
temperatureTC of Fe3B. Our theoretical results should be o
value in understanding the electronic and magnetic pro
ties of the Fe12xBx alloy, and these results may clarify th
magnetic properties of rapidly quenched Nd-Fe-B magn
with low Nd content.

This paper is organized as follows. We will describe t
crystal structure of Fe3B compounds in Sec. II. The linea
muffin-tin orbitals~LMTO! method and the calculated tec
560163-1829/97/56~6!/3153~6!/$10.00
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niques are briefly described in Sec. III, and the calcula
results on the electronic structure of Fe3B are also given in
this section. In Sec. IV the cohesive energy and the magn
properties of Fe3B are further discussed. Volume depe
dences ofmFe and HFC at Fe sites in both phases are al
presented. Some concluding remarks are included in Sec

II. CRYSTAL STRUCTURE OF Fe 3B

All Fe 3B in two structures are metastable at low tempe
ture and their crystal structures have been completely c
fied. The orthorhombic Fe3B phase is believed to be les
stable than the tetragonal phase. The structural informa
for both phases including lattice constants, type, and num
of neighboring atoms are listed in Table I.

o-Fe3B is isostructural with Fe3C ~cementite!,10 which
has an orthorhombic structure with a space group
Vh

16(D2h
16 ;Pbnm!.11,12 The unit cell contains 4 f.u. and ther

are two stoichiometrically different Fe sites, FeI(4c) and
FeII(8d), and one B site~4c) for a total of 16 atoms in the
cell. Fe atoms have two B neighbors while a B atom is co-
ordinated by two FeI and four FeII . FeI and FeII have re-
spectively 12 and 11 Fe atoms as neighbors, and
FeII-Fe distances are slightly smaller than the FeI-Fe dis-
tances.

bct-Fe3B has a body-centered-tetragonal lattice with
space group ofS4

2(I4)1,13 and 8 f.u. per cell. The structur
can be considered as rather close packed, resulting in
coordination numbers. Iron atoms in three sets of eightf
positions are assigned to three different Fe sites: FeI , FeII ,
and FeIII . FeI has 12 iron neighbors but FeII and FeIII have
10 iron neighbors, respectively. They are coordinated by
4, and 3 B atoms in turn. The B atoms in one eightfo
position have 9 iron neighbors which form a capped trian
lar prism.

III. COMPUTATIONAL PARAMETERS
AND CALCULATED RESULTS

Using the LMTO method that was described and
viewed in Refs. 14 and 15, we here perform a semirelativi
3153 © 1997 The American Physical Society
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TABLE I. Crystal structure information of Fe3B compounds.

o-Fe3B bct-Fe3B

Structure Orthorhombic Body-centered tetragonal
Lattice cons. a50.4454 a50.8630
~nm! b50.5433

c50.6656 c50.4290
Z ~mol/cell! 4 8
Space group Pbnm(Vh

16) I4 S4
2

Sites FeI FeII B FeI FeII FeIII B

Neighbor 2FeI,10FeII 5FeI,6FeII 2FeI,4FeII 5FeI,2FeII 2FeI,5FeII 5FeI,3FeII 2FeI,4FeII
atoms 2B 2B 5FeIII ,2B 3FeIII ,4B 2FeIII ,3B 3FeIII
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spin-polarized band calculation on the two phases of i
metalloid compound Fe3B: o- and bct-Fe3B. For the merits
and disadvantages of the method, as well as the techn
details, refer to Refs. 14 and 15. In our calculation,
exchange-correlation term is taken as the form deduced
von Barth and Hedin.16 The Brillouin-zone integration is car
ried out for 64kW and 75kW points in the irreducible zone of bct
and o-Fe3B, respectively. We use partial waves up tol 52
for the valence electrons of Fe, which are 3d,4s electrons,
and applys,p orbitals for the 2s,2p electrons of B. The
convergence is assumed when the root-mean-square err
the 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 , where V is the volume of unit
cell, andSi is the atomic radius of the equivalentQi atoms in
the cell. Here we take the same radius for iron atoms loca
at different sites in the cell. For both structures of Fe3B we
take the same ratio of radiusp5SB /SFe50.75 which is ap-
proximately equal to the ratio of the covalent radius betwe
boron and iron atoms, so the values ofSFe andSB are auto-
matically defined by the above equation in accordance w
the cell volume.

The calculations are also performed for the two phase
Fe3B with various unit cell volumes, so that one can inve
tigate the volume dependences of magnetic properties
Fe3B. Moreover, here we would like to point out that, sin
the calculated results are sensitive to the chosen atomic
dius and affected by the choice of the exchange-correla
potentials, it is inevitable that there are some quantita
errors when we compare the calculated results with the
perimental results. Nevertheless, the qualitative agreem
with experimental results is meaningful.

The spin-projected density of states~DOS! curve for each
site in both Fe3B are shown in Fig. 1. As can be seen,d
states dominate the DOS of Fe atoms and peak shape
different iron sites in the same Fe3B are very similar. In both
Fe3B the Fermi level lies nearly above the spin-upd DOS
but falls actually ind DOS. Thus the occupation numbe
nd
↑ of electrons in the spin-upd subband is more than that i

the spin-downd subband, and thed states for both spin
directions contribute to the DOS at Fermi level,N(EF). The
hybridized s states between Fe and B form a discretiz
structure in the lowest-energy region. Certainly there are
ferent features between the DOS of the two Fe3B. The d
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DOS at Fe sites in the two structures have indicated g
difference. Mostd DOS of Fe in bct-Fe3B construct two
peaks but those ino-Fe3B form a continuous region. In
Table II we have listed some electronic structure parame
calculated on the two structures of Fe3B. It can be seen tha
in both Fe3B the average occupationn̄ d of d electrons is the
same, although the occupation numbernd at different Fe
sites is quite different.

IV. DISCUSSIONS

A. Cohesive energy

It is well known that the cohesive properties of transitio
metal compounds are closely related to their electronic st
ture. The cohesive properties of 3d transition metal carbides

FIG. 1. The calculated spin-polarized local DOS at individu
sites for both structures of Fe3B.
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TABLE II. Calculated electronic structure parameters for Fe3B compounds. Heren andnl denote total
and l occupation number at a site, respectively.N(EF) is DOS at the Fermi level~in units of states/spin Ry!
andEtotal represents the total energy of the system~in units of Ry!.

o-Fe3B bct-Fe3B

FeI FeII B FeI FeII FeIII B

ns
↑ 0.311 0.312 0.404 0.309 0.313 0.317 0.428

np
↑ 0.421 0.439 0.748 0.413 0.456 0.448 0.690

nd
↑ 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
ns
↓ 0.316 0.318 0.423 0.317 0.315 0.324 0.451

np
↓ 0.453 0.474 0.861 0.454 0.482 0.490 0.816

nd
↓ 2.276 2.367 2.206 2.401 2.330

n↓ 3.045 3.158 1.284 2.977 3.198 3.144 1.267
n↑1n↓ 8.146 8.209 2.436 8.096 8.285 8.233 2.385
n↑2n↓ 2.056 1.893 20.132 2.142 1.889 1.945 20.149
N(EF)↑ 5.209 6.666 0.541 7.796 6.849 8.378 0.816
N(EF)↓ 10.274 8.313 0.357 8.145 9.937 8.082 0.326
N(EF) 15.483 14.979 0.898 15.941 16.786 16.460 1.142

Etotal 230690.689 230690.228
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have been studied both experimentally and theoretical17

andab initio results in carbides and nitrides with NaCl-typ
structure are also reported.18 However, no such results ar
available for the borides. It is therefore of considerable
terest to calculate the cohesive energies of the more com
transition-metal borides. Basing upon the calculated total
ergy Etotal for Fe3B, we can estimate the cohesive ener
Ecoh of Fe3B compounds.

The average cohesive energy per atom for the two ph
of Fe3B can be defined by

Ecoh52S 1

16D S Etotal2( EAD ,

where the total atomic energiesEA are to be summed over a
16 atoms of the cell. From the LMTO calculations we ha
found a total energy ofEtotal5230690.689 Ry and
230690.228 Ry foro- and bct-Fe3B, respectively. Using
the atomic energies calculated by Ha¨glund et al.,18

EFe522540.787 Ry andEB5248.537 Ry, we obtain
Ecoh5444 mRy/atom55.823105 J/mol for o-Fe3B and
-
ex
n-

es

Ecoh5415 mRy/atom55.443105 J/mol for bct-Fe3B. It can
be seen that the estimated value ofEcoh for o-Fe3B is slightly
larger than that for bct-Fe3B, which is perhaps connecte
with the lower occupation energy of electrons ino-Fe3B.
Unfortunately, no experimental results inEcoh for Fe3B are
available to compare our evaluatedEcoh, but theab initio
results on carbides and nitrides18 have shown that the shif
between theoretical and experimental energies is nearly
markably constant and the theoretical values can be succ
fully used to study both general trends and details in
variation ofEcoh. Thus it will be interesting to compare ou
result for theEcoh of Fe3B with results from future investi-
gations of 3d transition-metal borides.

B. Local magnetic moment and hyperfine field

We have listed the calculated results onmFe at Fe atoms
for Fe3B in both structures in Table III. Since Fe3B are
metastable, no available experimental results inmFe for Fe
3B can be used to compare our calculatedmFe, but it can be
seen that, foro-Fe3B, the calculated average magnetic m
9

TABLE III. Calculated mFe ~in mB), HFC ~in T) and its valence contributionHFC,val and the coupling

constantsA andB ~in T/mB) for Fe3B. And experimental results onm̄Fe ~Ref. 10! andHhf ~Refs. 1 and 20!.

o-Fe3B bct-Fe3B

FeI FeII Average FeI FeII FeIII Average

mFe 2.06 1.89 1.95 2.14 1.89 1.95 1.9
m ~Expt.! 2.0
HFC 226.8 225.4 225.9 229.2 223.0 227.0 226.4
HFC,val 21.72 22.14 22.01 23.27 0.20 23.11 22.06
Hhf ~Expt.! 26.4 23.5 24.5 28.7 22.5 26.7 26.0

60.5 60.5 60.5 60.2 60.2 60.3 60.3
A 212.18 212.33 212.11 212.28 212.26
B 20.90 21.09 21.62 0.10 21.53
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3156 56YONG KONG AND FASHEN LI
ment m̄Fe agrees well with the extrapolated value~listed in
Table III! from Fe3C12xBx at 4.2 K,10 and the calculated
mFe at individual Fe sites are also consistent with the res
obtained by Chinget al.4

One of the characteristic quantities of spin-polarized el
tronic structure is that the local magnetic momentm loc of an
atom in the material depends closely upon the neighbo
environment of the atom, i.e., the type and the number
neighbors, and the interatomic distances with neighbors.
ing et al.4 have concluded that themFe is reduced by increas
ing the boron concentration. The calculated results
bct-Fe3B have shown that there is a great difference amo
themFe at three sites. ThemFe at FeI (2.14mB) is much larger
than that at FeII (1.89mB), and themFe at FeIII is intermedi-
ate. Since the Fe neighbors of the Fe atom at three sites
very similar, the difference ofmFe is mainly determined by
the effect of the neighboring boron. FeI has only two boron
neighbors while FeII has four boron atoms as neighbors; it
suggested that the bonding interactions between Fe an
promote the itinerancy of Fe 3d electrons and decrease th
exchange splitting: the more boron neighbors of the Fe at
the smaller themFe of the Fe atom. On the contrary, i
o-Fe3B the Fe atoms at both sites all have two boron ato
as neighbors and the Fe-B distances are close, thus th
fects of boron atoms on themFe seem to be alike and do no
lead to such a large difference ofmFe as that in bct-Fe3B. So
the smallermFe at FeII than that at FeI can only be assigned
to the influence of the neighboring Fe atoms. Analyzing
Fe-Fe distance, we can find that there are smaller interato
distances between FeII and its Fe neighbors when compar
to those between FeI and its Fe neighbors. It seems that t
stronger hybridized interactions between FeII and its Fe
neighbors due to smaller FeII-Fe distances decrease the e
change splitting of FeII3d electrons and result in a smalle
mFe at FeII .

We have illustrated the dependences of themFe at Fe sites
and them̄Fe in bct- ando-Fe3B on the volume of the unit cel
in Fig. 2~a!. It has been shown that themFe at each Fe site in
both Fe3B decrease greatly with the reduction of the unit c
volume. Using the formulam loc5A1BlnV, we can fit the
changes of them̄Fe for both Fe3B approximately and obtain
the volume dependence of them̄Fe from the slope of the
fitting curve, dm̄Fe/dlnV55.11mB and 3.71mB for bct- and
o-Fe3B, respectively. The decrease ofmFe in bct-Fe3B with
the unit cell compression is much larger than that
o-Fe3B. Moreover, it is interesting to notice that i
bct-Fe3B the decrease ofmFe at FeII with the reduction of the
unit cell volume is much smaller than those at other sit
Since FeII has the most B neighbors, it is indicated that t
strong shielding effect of B neighbors has partly cancel
the effect of volume compression onmFe and makes the
mFe at FeII relatively stable against the compression of t
lattice.

The main contribution to the hyperfine magnetic fie
Hhf of the atom is in the 3d transition metal compound
HFC of an atom and can be decomposed intoHFC,core and
HFC,val. The former is the core contribution, which com
from the polarization of the core atoms, and the latter is
contribution of conducted electron polarization, which
ts

-

g
f

h-

r
g

are

B

,

s
ef-

e
ic

-

l

s.

d

e

mainly produced by thesd hybridization between thes or-
bitals of the atom and thed orbitals of its neighbors. In Table
III we have also listed the calculatedHFC of Fe and its va-
lence contributionHFC,val for both Fe3B. HereHFC are cal-
culated according to the prescription given by Akaiet al.19 It
is found that the calculatedHFC at Fe in both Fe3B are
slightly larger than the experimental results1,20 at room tem-
perature listed in the table. SinceHhf decreases with increas
ing temperature, our results inHFC are in excellent agree
ment with the experimental results. Like most transiti
metal compounds theHFC,val at Fe sites in both Fe3B are
only a minor contribution toHFC. In o-Fe3B the HFC,val at
the FeII site takes a larger portion in theHFC than that at an
FeI site. It is the reason that the FeII-Fe interaction is stron-
ger than that between FeI and Fe due to the shorter FeII-Fe
distances, while in bct-Fe3B the strong shielding effect o
four B neighbors surrounding an FeII site results in a smal
positive HFC,val at the FeII site, which differs greatly from

FIG. 2. The unit cell volume dependence ofmFe, HFC, and its
valence contributionHFC,val in Fe3B. The solid and hollow symbols
represent those ino- and bct-Fe3B, respectively.
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56 3157COHESIVE ENERGY, LOCAL MAGNETIC PROPERTIES, . . .
those at the FeI and FeIII sites. GenerallyHFC,coreis propor-
tional tom loc of an atom andHFC,val is related to the averag
magnetic momentsmN of its neighbors. So theHFC at an Fe
site can be phenomenologically expressed as follows:19,21

HFC5HFC,core1HFC,val5AmFe1Bm̄N ,

whereA andB are defined as hyperfine coupling constan
Using the calculatedmFe, we have evaluated the couplin
constantsA andB and listed them in Table III, also. It ha
been found that in both Fe3B there are similar coupling co
efficientsA but greatly different coefficientsB. In o-Fe3B a
larger coefficientB at FeII has indicated a stronger FeII-Fe
interaction while in bct-Fe3B a positiveB at FeII has re-
vealed the shielding effect of boron atoms which h
changed the FeII-Fe interactions and reversed the polariz
tion direction of thesd hybridization between FeII and Fe.

The averageHFC and the averageHFC,val at Fe sites in
both Fe3B are given in Figs. 2~b! and 2~c!, in which the solid
symbols represent theH̄FC and theH̄FC,val in o-Fe3B while
the hollow symbols describe those in bct-Fe3B. Assuming a
linear relation between theH̄FC and the logarithmic volume
of the unit cell, we find that the value ofH̄FC at Fe sites
decreases with the compression of the unit cell
duH̄FCu/dlnV5 37.93 and 56.94 T foro- and bct-Fe3B, re-
spectively. TheHFC at Fe sites ino-Fe3B is more stable than
that in bct-Fe3B against the compression of the unit ce
volume. In both Fe3B the changes of theH̄FC,val at Fe sites
with the logarithmic volume are not monotonous and in
cate the complexity of the volume dependence of the Fe
interactions in Fe3B. Especially, we show theHFC,val at an
FeII site in bct-Fe3B under various unit cell volumes in Fig
2~c!, also. It is interesting to observe that theHFC,val of the
FeII atom in bct-Fe3B changes not only its amplitude bu
also its sign, which implies that the compression of the u
cell volume changes not only the strength of FeII-Fe interac-
tions but also the polarized direction of thesd hybridization
between them.

C. Curie temperature

Curie temperatureTC is the important characteristic tem
perature of the metallic ferromagnetic materials and its p
sure~volume! dependence is a property of unusual physi
interest. Experimentally, Fruchartet al.10 have extracted the
TC ~897 K! of the o-Fe3B by extrapolating theTC of
Fe3C12xBx , and theTC ~786 6 3 K! of bct-Fe3B ~Ref. 7!
has also been determined, although both Fe3B are meta-
stable. According to the calculated results of electronic str
ture, we can use the Mohn-Wohlfarth approximation22 to dis-
cuss theTC of Fe3B and their volume dependence within th
framework of the spin fluctuations of local magnetic m
ment. In Mohn-Wohlfarth theoryTC is determined by the
solution of the equation

TC
2 /TS

21TC /Tsf2150,

whereTS is the Stoner-model Curie temperature, andTsf is a
characteristic temperature describing the influence of s
fluctuations and given by
.

s
-

y

-
e

it

s-
l

c-

in

Tsf5~M0
2/40kB!@1/N↑~EF!11/N↓~EF!22I #,

whereM0 is the zero-temperature magnetic moment,kB is
the Boltzmann’s constant,N↑(EF) and N↓(EF) are the up-
and down-spin DOS atEF , and I is the Stoner parameter
The quantitiesM0 ,N↑(EF), and N↓(EF) are directly deter-
mined by theoretical electronic structure. The Stoner para
eterI for transition metals and their compounds may be w
ten as23

I 5(
t

I t@Nt~EF!/N~EF!#2,

whereI t andNt(EF) are the Stoner parameter and the DO
for the atom at sitet. For I t we have used the values from th
work of Janak.24

It is worthwhile noting that Woodset al.25 are already
successful in predicting the relative change ofTC in iron-
based rare-earth compounds with applying the Mo
Wohlfarth theory, although the absoluteTC of strong ferro-
magnets cannot be correctly determined by this model.26 In
our discussion, we do not directly evaluate the absoluteTC
of Fe3B with this model but work out the ratio
TC(V)/TC(V0) with the compression of the unit cell volume
Using this model, we have first evaluated the ratioTC

bct/TC
o

between theTC for both Fe3B to be 0.83, which agrees we
with the experimental result 0.88. It is also suggested that
prediction of the volume dependence of theTC for Fe3B
with this model will be qualitatively correct. We have plotte
the evaluatedTC(V)/TC(V0) for both Fe3B with the volume
compression in Fig. 3 and fitted them well with the seco
order polynomial of the logarithmic unit cell volume. From
the fitted curve a critical volumeVc corresponding to the
disappearing point of ferromagnetism can be evaluated to
0.85V0 for o-Fe3B but cannot be found for bct-Fe3B. More-
over, from the obvious linear relation betweendTC /dlnV

FIG. 3. The volume dependence of theTC for Fe3B.
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3158 56YONG KONG AND FASHEN LI
and lnV, we have derived the volume dependence ofTC for
both o- and bct-Fe3B as approximately (11CTC)1/2, where
C is a constant.

V. CONCLUSIONS

We have performed self-consistent spin-polarized ele
tronic structure calculations on the ferromagnetic Fe3B crys-
tallizing in orthorhombic and body-centered-tetragonal stru
tures using the LMTO methods. The theoretical results
mFe and HFC agree well with experimental measurement
According to the calculated results, the effects of neighbo
ing atoms onmFe and HFC at individual Fe sites have been
discussed in detail. Using the Mohn-Wohlfarth theory w
have discussed the volume dependence of the Curie temp
ture TC for o- and bct-Fe3B. In summary some concluding
remarks are presented as follows.

~1! The cohesive energy per atom in cellEcoh has been
evaluated from the calculated electrons total energy. T
evaluatedEcoh for o-Fe3B is slightly larger than that for
bct-Fe3B.

~2! The local magnetic moment and hyperfine field of a
Fe atom are related closely to the neighboring environme
of the Fe atom. The B neighbors surrounding an Fe ato
decrease the exchange splitting at the Fe site and then red
the magnetic moment of the Fe atom. The more B neighb
-
i

d

g
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.

g

.

.

-

-
n
.
r-

ra-

e

ts
m
uce
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surrounding an Fe atom, the smaller the magnetic momen
the Fe atom. The larger Fe-Fe distances produce a large
magnetic moment but a smaller valence contribution
HFC.

~3! The shielding effect from B atoms makesmFe at an
FeII in bct-Fe3B much more stable against the volume co
pression. It also changes the FeII-Fe interactions and leads t
a small positiveHFC,val at the FeII site.

~4! According to our calculated results, the ferroma
netism of o-Fe3B will disappear when the compression
the unit cell volume is larger than 15%. For two structures
Fe3B the derived volume dependences of theTC all follow
(11CTC)1/2, whereC is a constant.

Since the Fe3B in both structures are not stable phas
there are not enough experimental results to be comp
with our calculated results. We expect to compare co
pletely our calculated results with experimental measu
ments from future investigations of Fe3B.
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