
PHYSICAL REVIEW 8 VOLUME 48, NUMBER 9 1 SEPTEMBER 1993-I

Electronic structure, ferromagnetism, and EELS spectra
of crystalline alloys Fe„B and Ni„B (n=1,2,3): Aspects of universal behavior
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We have performed an extensive study of the electronic structure, optical properties, and electron-
energy-loss spectra (EELS) for the series of the MsB, MqB and MB, (M=Fe, Ni) crystalline alloys.
The electron density of states (DOS) of iron and nickel borides of the same composition have almost
the same shape in spite of some minor differences in actual atomic structures. The Fermi level
in nickel borides is shifted upwards in comparison with its position in iron borides, away from
the main DOS peak formed by the nonbonding M d states. This behavior provides insight into the
"marginal" stability of the nickel magnetic moment upon dilution by nonmagnetic atoms. As a result
of competitive interaction between d-d metallic bonding and d-p M-metalloid covalent bonding the
magnetic moment on the Fe atom gradually decreases with increasing boron content. This tendency
is in accordance with the results of a simple generalized Stoner theory, which is capable of describing
the ferromagnetic behavior in detail with good accuracy for the estimated magnetic moments. In
spite of some differences in actual crystal structure and a high degree of crystalline anisotropy, the
calculated EELS spectra are practically identical for all iron compounds studied. The spectra are
dominated by a giant peak at about 20 eV, with some fine structure at lower energies (at about
10 eV) relevant to B p—M d transitions. The d-d transitions appear to be very strong in the low-
energy region (0—10 eV) leaving the usual Drude term effective only at energies below 1.5 eV. These
transitions suppress the low-energy plasmons both in para and ferromagnetic phases and make just
small differences in the calculated EELS spectra, in accordance with the available experimental data.
The implications of the present results for the amorphous systems are discussed.

I. INTRODUCTION

Almost six decades of experimental studies of transi-
tion metal (M) borides still leave many questions to be
resolved with regard to structural, physical, and chemi-
cal properties. The presence of boron chains in some of
the borides allowed Kiessling to postulate a covalent in-
teraction between the boron atoms. This is likely to be
responsible for the complicated unit cells and interest-
ing physical properties of borides, many of which remain
a matter of debate. , The borides are characterized by
technologically important properties such as great hard-
ness, high melting points, glass-forming ability, an In-
var behavior, ' and a strong magnetovolume effect, be-
sides the fact that borides are members of a novel family
of permanent magnets (R2Fei4B, where R = rare-earth
element) ."

The magnetic properties of the M-B compounds are
very interesting and still represent a challenge for the-
ory, especially amorphous systems exhibiting soft mag-
netic behavior important for applications. Crystalline
Fe-B and Co-B alloys are itinerant ferromagnets where
the magnetic moment on a transition-metal atom gradu-

ally decreases from its maximum value in pure Fe and Co
down to zero value with increasing B content. ' Thus,
the moment on Fe in 50:50 compounds is about 50'%%uo of its
value in bcc Fe, whereas CoB is paramagnetic. The mo-
ment on Ni is "marginal, " and crystalline Ni3B already
behaves as a Pauli paramagnet.

Perhaps, remarkably, the magnetic properties of
transition-metal —metalloid crystalline compounds are
very similar to those of amorphous counterparts with the
same composition (see Refs. 9—14 for a review of mag-
netic glasses). This might signal a close similarity be-
tween the electronic structures of both phases, as seen
by high-resolution uv photoemission, Auger electron and
energy-loss spectroscopy (see Refs. 15, 10 and ll and ref-
erences therein).

There exists a long-lasting controversy about the mag-
netic behavior of the iron-rich Fe-B glasses. Namely,
some studies of amorphous Feypo B alloys suggest a
more or less monotonous increase of the moment on the
Fe atom pF with decreasing x to a value close to that
of crystalline Q.-Fe, while the others suggest that there
is a maximum value of pF, at x = 20 and then the mo-
ment decreases down to 1.5@~/Fe in the hypothetical
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pure amorphous Fe (both groups of the data were thor-
oughly analyzed in Ref. 16). The latter value might be
compared with the semiempirical tight-binding Hubbard
model calculations of Krey and co-workers which give re-
duced ferromagnetism for amorphous Fe (pF, = 1.2@~)
(Ref. 17) and a featureless density-of-state (DOS) shape
for FespB2p. Recently, Kakehashi has claimed a genuine
spin-glass behavior with vanishing net magnetic moment
for iron-rich amorphous systems on the basis of semiem-
pirical finite-temperature Hubbard-model calculations.
These calculations are, however, in disagreement with
erst-principles local-spin-density (LSD) supercell esti-
mates, which give =(2.3—2.46)p~/Fe for the net moment
in amorphous Fe. ' It should be mentioned that the
DOS shape calculated within the Hubbard model can-
not account for all the peaks clearly seen in the high-
resolution photoemission data. The amorphous mag-
netism in Fe-B systems has been extensively studied
by Bratkovsky and Smirnov with the real-space spin-
polarized tight-binding linear muon-tin-orbital (LMTO)
method. The method is a version of the standard
LMTO method where the extended basis set is trans-
formed into a most localized form, and used in com-
bination with the recursion method. The results show
an itinerant magnetism in the glasses Fe-B with mag-
netic moments on iron sites reaching its maximum value
in the (hypothetical) amorphous iron (2.25@~). The
net iron moment gradually decreases upon dilution by
boron, approaching a zero value at the critical compo-
sition Fe4pB6p. The calculated value of the moment
in Fes0B2o, 2.1 p~/Fe, is in good agreement with ex-
periment and the value estimated from the generalized
Stoner criterion applied to the paramagnetic DOS of
Fes0B20, 2.2@~/Fe. The discrepancy between the LSD
and Hubbard-model calculations has provided additional
motivation for carrying out extensive first-principles cal-
culations of the electronic structure and properties of
crystalline borides.

So far, very few previous first-principles spin-polarized
studies of the electronic structure of borides have
been performed. Mohn and Pettifor have presented
augmented-spherical-wave (ASW) results for the series
of MB and M2B alloys with transition metals M from
3d and 4d series. The electronic density of states of
FeB, Fe2B, and Fe3B has also been calculated with the
use of the orthogonalized linear-combination-of-atomic-
orbitals (OLCAO) method. 29 Paramagnetic DOS calcu-
lations have been done for FeB and Fe2B by the linearized
augmented-plane-wave (LAPW) method and for Fe2B
by the LMTO method.

Concentrating on the magnetic properties of borides,
we should recall the earlier picture of borides where the
behavior of the magnetic moment was explained as a re-
sult of electron transfer from the metalloid atom grad-
ually filling in the M d band. Similar arguments were
evoked to explain the observed trends in magnetic glasses
M-M' (M'=B, P, and C). X-ray experiments on FeB
and Fe2B crystals have provided evidence that this sim-
plified picture does not hold, the electronic configuration
significantly deviates from spherical symmetry, and the
bonding of unlike atoms has a covalent nature and not

ionic. The corresponding covalent M d-B p interaction
was used to explain the observed moment distribution
over the unit cell. As for the charge transfer, previous
LSD calculations are in disagreement: Nowak et al. "
have argued that B donates 0.42 electron to Fe in Fe28
and 1.0 electron in amorphous FespB2p, but in Ref. 29
0.5—0.6 electrons are transfered from Fe to B. Here we
are able to demonstrate the efFects of p-d hybridization
and establish that some moderate charge transfer takes
place from B to Fe (Sec. II A).

The stability and magnetic properties of these systems
are ruled by both Bp—Bp and M d—Bp interactions as de-
scribed by Gelatt, Williams, and Moruzzi and Weaver,
Franciosi, and Moruzzi. . It is well known that with
increasing B content there evolve boron zigzag chains
infinitely expanding through FeB and NiB crystals. '

As the transition-metal host is diluted by boron the d-
d bonding becomes weaker, but simultaneously d states
interact with metalloid 8 and p states, forming bond-
ing and antibonding hybrids which can be more effective
in bonding than the parent states. The bonding mech-
anism strongly afFects the formation of ferromagnetic
states. Any gain in exchange energy due to ferromag-
netic splitting in d bands is accompanied by a loss in d-p
bond energy. The pronounced covalent character of the
bonding might imply an inhomogeneous electron-density
distribution, and there might be feedback efI'ects on the
electron DOS and polarization. To gain more insight into
that matter, we have undertaken full-potential I MTO
calculations to take complete account of the nonspher-
ical part of the electron density, and it turned out that
the precision of the present atomic sphere approximation
(ASA) calculations is very high. The bulk of our results
will be presented, therefore, for the ASA-LMTO calcula-
tions where an electronic potential is constructed from a
spherically symmetric part of the density. ~

We shall next address the origin of itinerant ferromag-
netism in iron borides and the paramagnetic behavior of
nickel borides (Sec. II B). We shall show that the Fermi
energy in the iron systems studied here is always pinned
above pure d states. Therefore, the generalized Stoner
model is applicable and reproduces the M moments
with good accuracy, including the absence of moments on
Ni atoms in all compounds studied. The overall behavior
of Fe- and Ni-based borides turns out to be very similar
and almost follows a rigid-band picture apart from some
minor details.

Finally, we shall discuss the optical properties of these
compounds with emphasis on electron-energy-loss spec-
tra (EELS), which, to the best of our knowledge, have
not been reported previously (Sec. III). One would have
expected that the dipole (optical) transitions into the
M p states lying well above the Fermi level from the
M d states near E~ will dominate. However, we will
show later that these transitions have only a minor ef-
fect on the EELS. This fact explains a peculiar behav-
ior of EELS, which contains a plasmon peak dominating
at energies -20 eV. This energy scale is generic for all
studied compounds, which explains the experimental ev-
idence that the efI'ect of ferromagnetic splitting is prac-
tically not seen.
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II. TRENDS
IN THE PARAMAGNETIC ELECTRON

DENSITY OF STATES
AND THE GENERALIZED STONER MODEL

A. Paramagnetic DOS
Let us start with the discussion of RIB compounds.

They crystallize either in the FeB or in the CrB structure
(NiB) with 4 f.u. in an orthorhombic unit cell. The FeB
space group is Pbnm with all atoms in symmetry planes.
An interesting feature of the FeB structure is the direct
contact of each boron atom with two neighbors 1.77k
apart, which can be seen as a zigzag chain extending
through the crystal. The iron atom is well coordinated
by six iron atoms at a distance of 2.72 k. and four further
iron atoms at 2.85k.. The NiB structure (CrB type) can
be seen as a distorted variant of the FeB structure with
the space group Cmcm.

Fe2B and Ni2B have the A12Cu structure (I4/mcm)
with 2 f.u. in a body-centered tetragonal unit cell. The
structure can be viewed as consisting of alternating Fe
and B planes. There are no boron chains as boron atoms

are farther apart in comparison with the FeB structure
and have a nearest neighbor at 2.12 A. . NisB is of the
cementite type FesC (Ref. 2) with 4 f.u. per orthorhom-
bic cell. Fe3B crystallizes in the cementite and in the
body-centered tetragonal (bct) phase. Although the
bct phase is believed to be somewhat more stable, we
have considered the cementite structure for the Fe3B
compound. There are two inequivalent positions for the
Fe atoms, no direct B-B contact, and the Fe-Fe distances
vary between 2.51 and 2.76 A. .

We have included s, p, and d orbitals for Fe(Ni) and B
in the calculation of the self-consistent electronic density.
For the calculation of the observable spectral character-
istics such as EELS we have also added the f orbitals
for Fe(Ni) because the d ftr-ansitions on the M site have
very large oscillator strength and play an important role
in the formation of the frequency-dependent dielectric
function. We have also included the M f orbitals into
a self-consistent scheme when calculating the electronic
density and the magnetic moments in the ferromagnetic
phases by the local-spin-density-functional approxima-
tion (LSDA) ASA-LMTO procedure to improve the accu-
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FIG. 1. Paramagnetic density of states of FeB (sF,=2.569
a.u. , su=2. 103 a.u.).

FIG. 2. Paramagnetic density of states of Fe2B (sF,=
2.626 a.u. , su=2. 034 a.u. ).
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racy of the calculated magnetic moments. A mesh of 200—
300 nonequivalent k points was used in the irreducible
wedge of the Brillouin zone for accurate sampling of the
density of states and optical matrix elements. In previ-
ous calculations only ten special points were used for
the Brillouin-zone sampling at the stage of self-consistent
construction of the electron potential; that does not seem
accurate enough for calculations of complex metallic crys-
tals with d elements. This might be the reason why the
iron moments calculated in Ref. 29 are diferent from the
present values (Table I).

The densities of states in these compounds (Figs. 1—
6) do indeed show some universal behavior. The most
important aspect is that B keeps only about one s elec-
tron in all systems studied, whereas the number of B
p electrons is as large as approximately 2 (Table II). It
would be expected in a naive ionic picture that B is left
with its two 8 electrons after donating its p electron to a
transition metal. On the contrary, we see Rom Figs. 1—6
that the picture is a strongly covalent one, where the B 8
states are splitted up into an occupied bonding part with

the center of gravity at approximately —0.7 to —0.8 Ry
and an empty antibonding part due to interaction with
the M 8 and d orbitals. M d and B p orbitals form a
strong bond which results in a large occupancy of B p
states and gives a peaked structure in the interval —0.3
to —0.5 Ry. The same picture has been suggested re-
cently Nowak et al. for Fe~B and FesoB~O on the basis
of their calculations.

We see in Figs. 1—6 the presence of two main peaks
near the Fermi level, separated by about 0.2 Ry, with
mainly M d character. The states at the Fermi level in
all studied borides have a predominantly nonbonding d
character, dividing the whole spectrum into two parts
with lower bonding and upper antibonding states. It
is known that for most simple crystal structures not all
of the d states will have the correct symmetry to form
hybrids. This leads to nonbonding states in the com-
pound whose energies are close to the energy of the d
band in the element. It is worth mentioning that the
partial DOS (PDOS) for the two nonequivalent Fe sites
IFe(1) and Fe(2)] in FesB look very similar (Fig. 3), the
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FIG. 3. Paramagnetic density of states of FesB (ss =
2.624 a.u. , s~=2.148 a.u. ).

FIG. 4. Paramagnetic density of states of NiB (sN;=2. 555
a.u. , su=2. 092 a.u. ).
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TABLE I. Magnetic moments (pii/atom) on the transition-metal site calculated within the generalized Stoner model in

comparison with the ASA-LSDA calculations and experiment.

Compound/site
cx-Fe

FesB Fe(1)
Fe(2)

average
Fe2B
FeB

Ni„B

ASA-LSDA
2.23
1.71 1 ~

91'
2.25 2.02'
2.07
2.13 1.84 1.95'
1.44 1.25 1.26'
&0.03

Gen. Stoner model
2.12
1.68
2.14
1.99
1.89
1.17
no solution

Experiment

2.0 2.0'
1.9 1.92g 1.91"
1.12g 1.03"
pl

Present work.
Reference 45.
Reference 29.
Reference 9.
Reference 46.

Reference 28.
g Reference 8.
"Reference 35.
'References 10 and 11.

only difference being the presence of some peak on the
Fe(2) d PDOS at 0.18 Ry below the Fermi level in com-
parison with the Fe(1) d PDOS. This might be a result
of diB'erent Fe-Fe coordination: Fe(1) has two Fe(1) and
ten Fe(2) neighbors, whereas Fe(2) has five Fe(1) and six

Fe(2) neighbors.
Analysis of the potential in the M sphere shows that it

is not very much different from the one in the elemental
metals apart from the Madelung shift small compared
with the bandwidth, as has been noted for FespB2p by
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FIG. 8. Paramagnetic density of states of NisB (sN;=
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TABLE II. Occupation numbers at the Fermi level for Fe-B and ¹iBalloys from the paramagnetic calculations (M=Fe, Ni).

Compound/site
Fes B Fe(1)

Fe(2)
Fe2B
FeB

NisB Ni(1)
Ni(2)
Ni2B
NiB

Ms
0.61
0.56
0.48
0.50
0.57
0.60
0.48
0.58

Mp
0.89
0.78
0.68
0.85
0.73
0.83
0.69
0.91

Md
6.62
6.58
6.51
6.73
8.63
8.70
8.55
8.81

Bs
0.95

1.06
0.93
0.93

1.07
0.95

Bp
2.09

2.12
2.00
1.88

2.06
1.75
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Nowak et al. . This supports the conclusion that the
bonding in the systems studied is predominantly covalent
between M and B and metallic between M's.

As a result of the present calculations, we find that in
the ¹iBalloys the DOS has practically the same shape
as in the iron-boron counterparts (Figs. 4—6). The high-
energy Ni d peak is simply shifted downwards with re-
spect to the Fermi level by the addition of two extra d
electrons. This is a rather nontrivial result provided we
have slightly different actual atomic structures in these
two cases. This behavior of the DOS is responsible for
the "marginal" behavior of the magnetic moment on Ni
as one shifts the Fermi level into a region with low den-
sity of states. This behavior can be easily traced with
the use of Table II where the occupation numbers are
collected. Inspecting the Fe-B series we see that the
charge transfers of electrons from B to Fe are small, which

shows that they are not very significant characteristics of
the bonding. It makes sense, nevertheless, to consider a
charge transfer in systems where the M sphere in a com-
pound has nearly the same size as in elemental M, as has
been done by Nowak et al. for Fe2B and FesoB2o. For
Fe2B simple ASA calculations which give us the charges
zF, ———0.19 and z~ ——+0.38, when no empty spheres is
used to mimic the non-mufFin-tin effects (to be compared
with —0.21 and +0.42 obtained in Ref. 27). On the con-
trary, it was postulated in Ref. 29 that 0.5—0.6 electrons
are transferred from Fe to B, but as we have mentioned
before, this is likely to be a result of a just too few k-
point sampling of the Brillouin zone (ten special point
were used in Ref. 29). Inclusion of empty spheres results
in a redistribution of the electron density in close corre-
spondence with the earlier picture of the bonding in iron-
boron systems which postulated a valence charge distri-
bution over the whole unit cell. We have also performed
full-potential LMTO calculations (see Ref. 38) to keep
the contribution to the potential &om the nonspherical
part of the electron density. As far as the electron den-
sity itself is concerned, its nonspherical part can be cal-
culated with high accuracy even when the I MTO calcu-
lation employs the atomic-sphere approximation for the
one-electron potential. We can see from Fig. 7 that the
densities of states calculated for FeqB and Ni2B within
the full-potential and ASA methods are indeed very close
to each other, difFering in some minor details.

B. Generalized Stoner model
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All studied Fe-B alloys are ferromagnetic and Ni-B al-
loys paramagnetic as we have mentioned. above. To get
a simple picture of the ferromagnetic behavior it is con-
venient to start with the well-known Stoner criterion
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FIG. 7. Paramagnetic DOS for Ni28 and Fe2B calcu-
lated with ASA-LMTO (solid line) and full-potential LMTO
(dashed line).

where the Stoner parameter I is an atomic parameter,
and N(E~) is the paramagnetic density of states per spin
at the Fermi level. This criterion for ferromagnetism does
not account for the (paramagnetic) DOS shape near the
Fermi level and does not allow one to estimate the ac-
tual moment. To make such an estimation we can use
the generalized self-consistent Stoner criterion, which for
elemental ferromagnets reads
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IN(m) = 1. (2)

Here N(m) is the DOS averaged over such an energy
interval around the Fermi level that gives a moment m.
Equation (2) comes simply &om a first-order estimate
of the perturbation affecting electrons due to the (local)
spin polarization m(r) = nt(r) —n~(r):4P
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Spin down

AV&" (r) = 6 s b(n(r)) p„,(n(r))m(r)/n(r),

KF
—m = N(s)ds = N(e)ds.
2 GF

(4)

Then

where p,„,is the exchange-correlation potential, and n(r)
is the electron density. The exchange splitting e~ —et
can be easily expressed via the site- and orbital-projected
quantities.

In an actual procedure one defines the Fermi levels

s~&(m) and s&(m) in order to satisfy the conditions
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and Eqs. (2), (4), and (5) represent a self-consistent set of
conditions giving the value of magnetization. The most
important feature of the generalized Stoner model is that
it is capable of revealing the actual ferromagnetic behav-
ior even in cases where the standard Stoner condition
Eq. (1) fails, as is the case in amorphous FespB2p.

We have analyzed the possible ferromagnetic behav-
ior of Fe(Ni) B (n=1,2,3) compounds making use of
this generalized Stoner model, only taking into account
Fe(Ni) states simply because other contributions around
the Fermi level are negligible. Accordingly, all the quan-
tities involved in Eqs. (2), (4), and (5) should be seen
as site- and orbital-dependent quantities for the given
kind of atom. Simple analysis shows that the solution of
Eq. (2) exists only in the case that N(s) changes sharply
around the Fermi level and has a substantial magnitude.
It cannot be satisfied with a flat DOS near E~.

We have applied the generalized Stoner model to the
iron-boron and nickel-boron systems with I=65 mRy for
Fe and I=72 mRy for Ni. In the Ni compounds E~ is
pushed away &om the DOS peaks, which can only result
in paramagnetic behavior. The precision of the model
in predicting the magnetization in the iron compounds
turns out to be rather accurate in comparison with our
direct spin-polarized calculations, as follows from Table I.

Even in the case of Fe3B, where two types of Fe sites
exist, the error does not exceed 5% for each site. This
means that the generalized Stoner model can be used
for a reliable quantitative analysis of passible magnetic
behavior.

Comparing the pictures of the spin-polarized DOS
(Figs. 8) with the paramagnetic DOS (Figs. 1—3) we can
conclude that in all compounds the bands split almost
rigidly, with minor changes in the minority spin bands
owing to the mechanism of covalent magnetism:
Namely, the B p band does not follow the splitting of
the Fe d band, which increases the energy difference be-
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Energy (Ry)
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FIG. 8. Spin-projected DOS for FeB, Fe2B, and Fe3B.

tween these states and those of the minority d states,
and the Fermi level is pinned above the pure d states.
Actually, this competition of different bondings, metal-
lic versus covalent, is hardly seen in Fe3B and is minor
in Fe2B. Analyzing the trends in magnetic moments in
Table I we clearly see that the (average) moment on Fe
gradually increases with decreasing boron content, with a
clear indication of some sort of saturation at the iron-rich
side of the series.

III. ELECTRON-ENERGY-LOSS SPECTRA

High-resolution uv photoemission, Auger, and EELS
measurements for Feipp B (0.13 & x & 0.25) show
that the spectra are not very sensitive to differences in
atomic structure between crystals and their amorphous
counterparts as well as to the ferromagnetic splitting.
To gain more insight into the reasons for this uncommon
behavior we have performed first-principles calculations
of the EELS for both the para- and ferromagnetic phases
of the Fe B (n=1,2,3) crystalline alloys making use of
the method described earlier. ' For the calculations of
the &equency-dependent imaginary part of the dielectric
function, s2(w), the spdf basis for the Fe atom and spd
basis for the B atom were used. This is essential because
the d-f-transitions on the d-element sites are dominant
in forming the high-energy plasmon spectra (see discus-
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FIG. 9. Optical conductivity cr (&u) (upper part), the
real part of the dielectric function er (u) (middle part), and
EELS in PeB for three diferent polarizations of the electric
Geld.

sion in Ref. 42). The real part of the dielectric function
eq(cu) has been computed with the use of the Kramers-
Kronig relations. This procedure is accurate only when
the imaginary part of the dielectric function is calculated
over a wide energy region, and therefore we have calcu-
lated e2(~) up to energies ur 4 Ry. Intraband (Drude)
contributions were also taken into account. In the or-
thorhombic crystal structure (FesB and FeB compounds)
the dielectric function e ~(u) is a tensor, and therefore
one must distinguish between three main components of
this tensor which correspond to the polarization of the
electric field along the a, 6, or c axes. In Fe2B with its
tetragonal lattice there could be also a large difference
between the ab and the c components of the spectral
characteristics.

Figure 9 shows the interband contributions to the op-
tical conductivity [o (~) = e2 (ur)~/4vr, n = a, b, c], as
well as the real part of the main components of the di-
electric tensor for the FeB compound in the paramagnetic
phase. As one could have expected, the behavior of the
dielectric function is very different for different polariza-
tions in the low-energy region (h~ 0—20 eV). This is not
very surprising because the conductivity at hu 1—7 eV
is mainly defined by the transitions between occupied and
empty d subbands of Fe. The matrix elements of the mo-

mentum operator are nonzero only because of the mixing
of states with /=1 and I=3 with the pure d orbitals. 2 In
the &amework of a tight-binding approximation this mix-
ing appears through overlapping of orbitals localized at
the neighboring atoms. The large phase volume for this
kind of transition offsets the small value of the matrix
elements, and these transitions, therefore, play a crucial
role in the low-energy region. It is clear that the shape
of the conductivity o (u) at these energies is very sen-
sitive to the local coordination of a given atom that gives
rise to an anisotropy of the dielectric tensor.

The intraband transitions play a key role only in the
very low-energy region (hw & 1—1.5 eV) because the in-
traband plasma frequency u„, defined by the square of
the electron velocity averaged over the Fermi surface, is
rather small (of order of 2—3 eV) in all the considered
compounds. This is connected with the fact that the
Fermi level lies within Fe d bands which are rather nar-
row. This is characteristic of the M-metalloid compounds
including nitrides and carbides. 4~

At energies around 5 eV the interband transitions lo-
calized on the B sites begin to play an important role as
well as the d-p transitions on the Fe atoms, the latter be-
ing also rather anisotropic. In the Fe 8 (n=1,2,3) crys-
talline alloys the energy region of the d-d transitions lo-
calized on the Fe atoms is not well separated from the re-
gions of these new groups of interband transitions, as also
happens in the M nitrides and carbides and is a result
of strong covalent bonding which mixes all the orbitals in
these compounds. As a consequence, the EELS curve in
Fig. 9 does not contain any well defined plasmon some-
where between d-d and d-p transition energies as in ele-
mental transition metals. 42 Nevertheless, some indication
of the presence of a plasmonlike structure does exist in
the region from 10 to 15 eV. These peaks in the EELS are
very broad because at the energies where eq(ur) is close
to zero, e2(w) is rather large, which results in substantial
broadening of this plasmon structure determined by the
maximum of the function L(w) = e2(cu)/[ez(u) + ez(u)].

At energies higher than 20 eV the difference between
different components of e (w) becomes very small. The
decrease of the anisotropy of spectra is connected with
the fact that the final states for these transitions repre-
sent a complicated set of unoccupied B d and Fe f bands.
If we have transitions between large clusters of initial and
final bands, as happens in the studied borides, there al-
ways exist some pairs of bands with a definite symmetry
which give rise to a nonzero matrix element of the mo-
mentum operator. The behavior of the dielectric function
at high energies is rather smooth and the absolute value
of the imaginary part e2(u) is small in comparison with
the low-energy region of intense d-d and d-p transitions.
Nevertheless, it is necessary to take this energy region
into account also while checking the f-sum rule for e(u).

The interesting feature of the EELS in Fe B (n=l, 2,3)
is a very strong and well-defined plasmon resonance be-
tween 20 eV and 25 eV which differs not too much
in energy for all the compounds considered and which
does not change its position even in the ferromagnetic
state (Fig. 10). It appears close to the energy where
eq(u) smoothly changes from negative to positive val-
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E„=her„[N, g(cup)/N„] ~, (6)

where N, g(w) originates from the f-sum rule,
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FIG. 10. Energy-loss spectra in paramagnetic and ferro-
magnetic phases of the crystalline alloys FeB, Fe2B, and Fe3B
averaged over polarizations.

ues and is in the general case rather close to the clas-
sical plasma frequency for a homogeneous electron gas
w„= 47rN„e /mO, where N„ is the number of valence
electrons and 0 is the volume of the unit cell. Usually,
this feature of the EELS is considered as a plasma oscil-
lation involving all of the conduction electrons. Such an
interpretation implies that the energy of this peak greatly
exceeds the energies for all of the interband transitions.
As a matter of fact, the classical plasma frequency in all
the considered compounds Fe B (n=1,2,3) is practically
the same, namely, 29.6 eV for FeB, 30.8 eV for Fe2B, and
30.7 eV for Fe3B. We are not in a position to conclude
at present whether this coincidence is by chance or not.

Another interesting fact is that the position of the
EELS peak is rather far below hw„, in contrast to the
usual transition metals where this peak is close to
the classical plasma frequency. The "softening" of the
plasma frequency is connected with the fact that the total
oscillator strength of interband transitions with energies
greater than u„ is quite large. This effect can be crudely
described by a simplified expression for the energy of the
main plasmon &om Ref. 42:

mO
N, g((u) = kd & 62('(d ),

and gives the oscillator strength for the transitions in
a specified energy interval. The approximate formula
(6) can be easily derived from the f-sum rule and
the Kramers-Kronig relation for the dielectric function
s(w). These characteristics also demonstrate some sort
of universal behavior in the considered Fe B (n=1,2,3)
crystalline alloys. Namely, for all of them the ratio
N, ~(w„)/N„ is very close to 2, which reflects the crucial
role of the high-energy transitions into the empty B d and
Fe f bands for both the fulfillment of the f-sum rule and
the change of position of the main plasmon maximum.
From these simplified formulas we obtain hu„=20.85 eV
for FeB, 20.57 eV for Fe2B, and 20.37 eV for Fe3B in
comparison with 22.5, 23.5, and 21 eV from the first-
principles LMTO calculations, respectively. Therefore,
we conclude that the simple Eq. (6) gives a reasonable
quantitative estimate of the position of the main plasmon
peak in a paramagnetic phase.

Now we are in a position to explain the behavior of
the EELS in the ferromagnetic phase too. The exchange
splitting changes the electronic structure mainly around
the Fermi level; i.e., it affects only the d band of the
transition metal. Therefore this splitting cannot signifi-
cantly change the EELS even in the energy region below
20 eV because of the same arguments which apply to the
paramagnetic case: The main plasmon peak position is
fiwed by the f-sum rule. At the energies around the main
plasmon peak all the interband transitions with large os-
cillator strengths (which are somewhat difFerent in para-
magnetic and ferromagnetic cases) are already saturated
and there exists only a smooth background originating
from the transitions into the empty B d and Fe f bands.
These arguments should provide the reasons for much of
the universal behavior of the EELS both in magnetic and
nonmagnetic states (Fig. 10) of the M-B compounds.

IV. CONCLUSION

We have presented the results of ab initio calcula-
tions of the electronic structure and optical properties
of two series of crystalline borides: Fe„B and Ni„B,
n=1,2,3. These results provide a picture of universal
trends in bonding in these crystals where the transition
metal and metalloid are subject to a strong covalent in-
teraction which decreases with a boron content. Given
the metallic bonding between transition-metal atoms, the
covalency results in competing interactions affecting the
DOS shape. In iron borides the DOS near the Fermi
level is dominated by a nonbonding d band which divides
the spectrum into bonding low-lying occupied states and
high-lying unoccupied antibonding states. The shape of
the DOS in nickel borides is very similar to the iron
borides apart from a rigid shift of the Fermi level up-
wards due to the extra two Ni d electrons. The present
results show that the picture of charge transfer between
the transition-metal atom and metalloid is oversimpli-
fied: There is a redistribution of the electron charge over
the entire unit cell, with the tendency of an iron atom to
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acquire some additional negative charge.
The iron borides are itinerant ferromagnets where the

moment on Fe gradually decreases with increasing boron
content. This behavior can be qualitatively described
by the generalized Stoner model which allows rather
accurate determination of the moments. The model in-
volves only the Stoner parameter I, which has an almost
atomic character, and the DOS shape near the Fermi
level. The model provides insight into the 'marginal'
stability of magnetic moment on Ni upon dilution by
metalloids. ' On the other hand, the moment on Fe
shows some saturation at low dilution, i.e., in iron-rich
systems. We expect, therefore, that this behavior should
basically survive the effects of disordering, and this in-
deed follows from the calculations of amorphous systems
Feyoo B (0& x &60) within the spin-polarized real-
space tight-binding LMTO method, where the net iron
moment gradually decreases from its maximum net value
in hypothetical pure amorphous Fe, which is close to that
in elemental bcc iron. ' Thus far we see no evidence for
the decreasing Fe moment in iron-rich Fe-B amorphous
systems, which has been previously obtained on the ba-
sis of semi-empirical Hubbard-model calculations. It
is worth mentioning that iron-based alloys often show a
magnetovolume effect. ' This is believed to be related to

ferromagnetic instability and the Invar efFect, ' and it
would be interesting to investigate this further for M-B
alloys.

The admixture of covalent bonding is likely to be re-
sponsible for the complicated unit cell of borides and will
have some general implications for the optical properties.
All of them have a plasmon peak at about 20 eV; this
peak is insensitive to ferromagnetic splitting, the effects
of crystalline anisotropy are small, and the d ft-ransi-
tions dominate in the region of the main plasmon peak.
These features can be described in terms of the gener-
alized f-sum rule, which immediately demonstrates the
importance of the high-energy optical transitions in com-
pounds studied, which are inefFective in elemental tran-
sition metals.

The trends we have described in the electronic struc-
ture and optical properties of some borides should also
hold in a wider class of systems with similar p-d bonding.
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