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Angle-integrated-photoelectron-spectroscopy measurements with synchrotron radiation (15 &hv &160 eV) have

been performed on the interstitial compounds Fe,B (iron subboride) and FeB (iron monoboride). They show the iron

states for FeB within -4 eV of EF and boron states at 6.6 eV (8 2p), 10.5 eV (8 2sp bonding), and 14.0 eV (8 2s).
The boron states for Fe,B are less intense, with 8 2s nearer EF, and with greater overlap of 8 2p-Fe 3d states. When

corrections are made for relaxation effects there is a good agreement between the experimental photoelectron-
emission data, the boron states observed in soft-x-ray-emission boron-E measurements, and the Fe and 8 states from

an ab initio calculation, Electronic-structure models are proposed for Fe,8 and FeB which differ from earlier
charge-transfer models. These include a change in the Fe 3d configuration (and valence band), a provision for
covalent bonding in the boron chain of FeB, greater Fe 3d—82p interaction in Fe,8 than in Fe8, and a
predominantly metallic binding in both borides. This model accounts for the metallic nature, the brittleness, the

ferromagnetism, and the local moments of the iron borides, and also appears applicable to amorphous Fe-8
compounds (metallic glasses).

I. INTRODUCTION

The iron borides, Fe,B (iron subboride) and
FeB (iron monoboride), belong to the important
class of interstitial compounds formed by small
metalloid atoms being placed in the interstices of
the larger transition-metal crystal structure. ' '
These interstitial boron atoms distort the iron
crystal structure as shown in Figs. 1 and 2. Also,
there are interesting changes in physical proper-
ties' '. The iron borides are extremely hard and

FeB

brittle although their melting points are close to
that of iron, they are ferromagnetic with smaller
local moments than for iron, ' and they show the
electrical conductivity and luster typical of metals.
These are important materials for several rea-
sons: Crystalline Fe,B and FeB phases have been
found in the surface of boride-doped steels, and
they improve the wear and chemical resistance
resulting from this treatment' '; they are also of
possible interest as heterogeneous catalysts. ""
In addition, the iron borides provide an insight
into the commercially important amorphous iron-
boron alloys (glasses). "
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FIG. 1. Crystal structure of FeB: (a) Projection on
QOO) plane; @) section perpendicular to (a), showing
boron chains.

FIG. 2. Crystal structure of Fe28. Part (b) is a pro-
jection on a (1.10) plane illustrating the tetrahedral ar-
rangement of Fe.
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In the present paper the valence states of iron
and boron are revealed by angle-integrated-photo-
electron measurements using synchrotron radia-
tion, by ab initio calculations, and by soft-x-ray-
emission spectroscopy (SXS). By combining these
data with our earlier measurements of core levels
and x-ray-photoemission (XPS) valence bands'&"
and studies of the iron boride's ferromagnetism, "
we are able to give a description of their bonding
and electronic structure. This scheme is different
from models of earlier workers, " ' but is more
accurate since by the use of spectroscopy and cal-
culations, we are able to directly identify the Fe-
derived and B-derived valence-band features. The
work resolves much of the controversy surround-
ing the nature of bonding in these materials, a
controversy resulting from a variety of studies
over the years. It explains many of the iron
borides' physical. properties including their mag-
netic behavior. In particular, it shows the inade-
quacy of simple models which require charge
transfer from one component to the other.

II. EXPERIMENTAL

The Fe,B and FeB samples used in this study
were in the form of rectangular blocks 3 &&3 &10
mm, which were cut from high-purity ingots;
preparation was described previously. " Prepara-
tion of the Fe,B single crystals was previously
described by Taga.

The photoemission experiments were perfor med
using synchrotron radiation from the 240-MeV
electron storage ring Tantalus I at the Univer-
sity of Vhsconsin, Madison. The samples were
mounted in an ultrahigh-vacuum chamber equipped
with a sample cleavage device, x-y-z-8 manip-
ulator and double-pass CMA (used at a pass energy
of 25 eV). The experimentaL configuration has
been described previously. " The radiation was
rnonochromatized by a "grasshopper" 2-m grazing-
incidence monochromator and the experimental
resolution, a combination of the monochromator
output linewidth and the resolution of the analyz-
er, was as follows: 25-55 eV photon energy (0.4-
eV resolution), 60 (0.48), 70 (0.66), 80 (0.86), 90
(1.1), 100 (1.3), 120 (1.9), 140 (2.6), and 160 (3.4).
In the Fe,B experiments using photon energies be-
low 35 eV, a Seya-Namioka monochromator was
used and resolutions of -0.4-0.6 eV were obtained.
In all the photoemission experiments the samples
were cleaved at -7 & 10 "Torr. Being very brittle,
the FeB and Fe,B samples were easily broken.
The single crystals of Fe2B did not cleave neatly,
and irregular surfaces were obtained. A pressure
burst to -5&10 "Torr was observed during frac-
ture, but the pressure fell immediately to the
operating value, -7~10 "Torr.

No specific surface analyses of the surfaces
preparedin situ for photoemission were made, but
it was previously shown" by XPS that the bulk
crystals were free of contaminants, ""and no
chemisorption feature was observed. The soft-x-
ray-emission data reported in this paper were ob-
tained at the National Bureau of Standards, %ash-
ington, D. C., and a report of their measurement"
is planned to appear elsewhere.

III. CALCULATIONAL DETAILS

TABLE I. Valence-orbital energies for isolated atoms
(eV).

Fe(s '5p' d7' ) ski) gg (~ip2)

-5.7
-3.2
-6.1

-5.6
—10.9

-5.7
—11.1

The calculation of the electronic structure of
these materials was based on an atomic-orbital
method which has already established its validity
in applications to a wide variety of transition-met-
al compounds, especially chalcogenides and metal-
lic glasses. Details of the method can be found
elsewhere. "

The basis in this case consisted of the 2s and
2p orbitals on boron sites and 4s, 4p, and 3d iron
atomic states. The usual approximation to the
exchange-correlation potential was adopted, de-
pending on the local density of electron charge re-
sulting from overlapping atomic charge densities
in the crystal, with the proportionality constant &

set to 0.7. The charge density in the solid was set
up from neutral atoms, using an iron configura-
tion 4s '4p"3d" in order to start from a d-orbit-
al atomic occupation roughly consistent with the
resultant Fe configuration in the crystal. For the
boron atoms the basis states and atomic potential.
were calculated for the ground-state s2p' configu-
ration. In fact, it emerged from the calculation
that the occupied configuration of the boron atoms
in FeB is much closer to s'p', but the change does
not modify the orbital self-energies or interatomic
matrix elements sufficiently to alter significantly
the resulting densities of states in these materials.
The orbital self-energies are displayed in Table
I. From the shifts relative to these isolated atom
levels, the degree of bonding inthe various regions
of the projected densities of states can be as-
sessed.

Only two-centered interactions were included in
the calculation. These may be calculated by nu-
merical integration for a small, discrete set of
interatomic separations and then interpolated for

I
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any intermediate distances which may arise in any
complicated structure. Given these matrix ele-
ments it is simple (within the two-center approxi-
mation) to set up the secular equation in the Bloch
basis appropriate to any given crystal structure
and hence solve for the electron band structure
E„(k). Because of the large unit-cell size of these
materials, we plot in the figures below, not the
dispersion of individual bands in k space but only
the density of electron states as a function of en-
ergy. For the iron borides this involved diagonal-
izing fairly large matrices (e.g., 52 & 52 for FeB).
Only a relatively small set of 24 regularly spaced
k points in the Brillouin zone were sampled and
the results were smoothed by a Gaussian function
of half width 0.2 eV. Errors introduced by the
small size of the sampling-point set are most se-
vere at the highest binding energies in the valence
band, where the density of states is very small,
coming almost entirely from boron s states and
only from k points near the center of the Brillouin
zone. Thus, there is no doubt that with more com-
plete sampling the s band below about -17 eV would
tail off much more smoothly than in the figures
below.

For FeB, components of the local densities of
states projected on individual orbitals were calcu-
lated, in addition to the total density of states, in
order to elucidate the contributions of the various
atomic orbitals in different energy ranges. In this
calculation, overlap charges were assigned equally
between the respective orbitals as discussed else-
where. " Summing over the occupied states it was
found that the two atomic components were essen-
tially neutral. The boron valence configuration
was approximately s"p", while the iron 3d occu-
pation was very close to the 3d' configuration as-
sumed at the start. Thus, we would not expect
corrections for self-consistency to be particularly
significant. Boron densities of states were also
calculated for a single boron chain taken from the
FeB structure and for interacting boron chains.
Each was calculated from sampling 512 regularly
spaced k points in the Brillouin zone.

IV. RESULTS

A. Synchroton photoemission spectra of FeB and Fe28

The angle-integrated-photoemission valence-
band spectra of FeB are shown in Figs. 3 and 4.
Those of Fe,B are shown in Fig. 5. The energy
scales are referenced to the Fermi level and the
emission intensities are plotted in arbitrary units.
The relatively high secondary electron background
reflects the irregular fractured surface of the
samples.
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FIG. 3. Photoemission spectra of polycrystalline
FeB for 25 &kv &60 eV. As discussed in the text the
bands within 3 eV of Ez are Fe-3d derived, peaks b

and c are predominantly B 2P, and peak d represents
B2s. At 60 eV the Fe M23VV Auger peak coincides with
peak c of FeB, thus causing an apparent reversal. of
intensities of peaks b and c. Dotted curve is for Fe2B
at @v=55 eV.

1. FeB

The FeB photoemission spectra (Figs. 3 and 4)
reveal a d-like band (peak a) at 0.6 eV below Ez
and a high density of states at E&, consistent with
the metallic properties of iron monoboride. How-

ever, at low photon energies (hv& 50 eV) the spec-
tra are dominated at higher binding energies by
the doublet b+c at 6.6 and 10.5 eV. There is also
a peak (d) at 14 eV. As the photon energy is in-
creased the intensity of the doublet falls smoothly
with respect to the d band, and the relative intens-
ities of peaks b and c of the doublet also change.

At a photon energy of 55 eV there is strong en-
hancement of peak b and at hp = 60 eV there is a
reversal of the relative intensities of peaks b and
c. At hp= 53.4 eV (the binding energy of the Fe3p
core level" ), Auger emission overlaps the valence
bands. The energy of an Auger electron transition
XYZ is given by

E(XYZ) =E(X) E( Y) —E(Z) —U„,(YZ, S),

where E(X'), E(Y), and E(Z) are the one-electron
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FIG. 5. Photoemission spectra of polycrJJstalline
Fe2B for 15 ~h ~ & 30 eV. Peaks a and b are Fe-3d de-
rived and peaks c, d, and e are boron derived. In (a),
the single-crystal samples did not cleave to produce
a single face.

binding energies of the individual levels contribut-
ing to the transition, and U,«represents the total
additional energy required to create two holes in a
final state, S, over that expected from the one-
electron binding energies E( Y) and E(Z). The fac-
tor U may thus be determined by comparison of
Auger peak positions with those expected on

eff
the

basis of single-electron transitions, involving the
appropriate valence densities. %e have deter-
mined U for the iron borides using the x-ray-ex-efi
cited Fe L3VV transition, and have obtained a val-
ue of 1.6 eV for both borides. " Antonides and
Sawatzky and Yin et al, .' obtained similar values

efff U for iron. For the Fe M»VV emission, the
kinetic energy will thus be (53.4 —1 —1 —1.6) eV
=49.8 eV, assuming that only the Fe 3d part of the
valence band is probed due to the local nature of
the Auger process. Note that the ~» levels
(Fe3p 2) are seen as an unresolved doublet).] 2, 3(2

34(a)(spin-orbit splitting is 1.6 eV~.
Thus, at 55-eV photon energy, the M»VV transi-

tion appears at =5-eV binding energy, exac ytl
underneath peak b of the FeB valence density of
states. At 60 eV the ~23VV peak has moved by
5 eV to superimpose peak c of the FeB valence
band (see Fig. 3), and contributes to the apparent
reversal of relative intensities of b and c at this
photon energy. This conclusion is corroborated
by the appearance in the Fe,B valence spectrum
at 55-eV photon energy of an intense peak at the
same position of peak 5 of the FeB spectrum (Fig.
3). No intense feature is seen in the Fe,B spectra
at this position for any other photon energy. At
hi her photon energies the M»VV transition movesg er
to higher binding energies referenced to E„, and
is seen to be a single asymmetric peak of several
.electron volts at half width.

Apart from the above intensity changes there is
little change with photon energy in the peak shape
or position of FeB band a, the doublet (5+c), or
peak d. It will be shown below that peak i repre-
sents the Fe3d local density of states while the
others (b, c, and d) are various boron 2s2p densi-
ties.

2. Fe&B

The Fe,B spectra (Fig. 5) exhibit two peaks
(labeled a and b) at -0.8 and 1.4 eV below E, re-
spectively. Fe,B spectra also show small peaks
labeled c, d, and e (at -4, 6, and 10.5 eV, re-
spectively), and there is little dependence of spec-
tral features on photon energy.

The ultraviolet photoelectron spectra (UPS) of
polycrystalline Fe,B are nearly identical to those
obtained from a single crystal; however, the lat-
ter did not cleave neatly and several crystal planes
were exposed.
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B. Band-structure calculations for FeB

The density of states of iron monoboride result-
ing from the ab initio band-structure calculation,
including the t'otal density of states and the pro-
jected Fe 3d, B2s, and B 2p state densities, are
shown" in Fig. 6. The valence band of FeB is
dominated by Fe-3d-derived states within -5 eV
of E„. The B-2s-derived bands dominate -12 eV
below E„, and the B2p states contribute strongly
at 4 and -8 eV below E„. The B 2p density is con-
siderably greater than that of the B2s. Both con-
sist of essentially two bands, one being much larg-
er than the other. The /-projected density of
states were not determined for Fe,B because of
the large size of the unit cell.

The density of states determined for single bo-
ron chains in the FeB structure are remarkably
featureless, but there is a very sharp low-energy
edge of the s band at -9 eV below E„. The sharp-
ness of the low-energy cutoff must reflect the
weakness of the boron. interchain interactions com-

pared to the intrachain interactions, i.e. , the
quasi-one-dimensional aspect of the structure.

V. DISCUSSION

A. Iron borides Fe 3d valence bands

1. Fe 3d valence-band density of states

The valence bands of FeB and Fe,B obtained by
XPS (Ref. 14) are shown in Fig. 7(a). The valence
bands of the two borides are compared with that of
iron after background subtraction. It was previ-
ously noted" that these spectra do not show boron
states due to the low photoionization cross sections
of B 2s and B2p at ESCA (electron spectroscopy
for chemical analysis) energies. The Fe 4s con-
duction band is of low intensity and structureless. '
As shown in Fig. 7(a) the valence bands of the iron
borides have more structure and are wider than
those of Fe.

In Fig. 7(b) we compare the present photoemis-
sion spectra for hv =35 eV to an analogous spec-
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FIG. 7. (a) Comparison of XPS spectra of Fe, Fe2B,
and FeB. Fe 3d valence bands are from Ref. 13. (b)
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The synchrotron photon energies used in each case are
marked.
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trum for elemental Fe." The same relative dif-
ferences in the shapes of the M density of states
of Fe, Fe,B, and FeB are seen in these spectra as
in the x-ray-excited valence bands [Fig. 7(a)].
Also, the photoemission spectra of Fig. 7(b) are
typical of those for FeB and Fe,B in the photon
energy range 20-160 eV. Prom this, one may
conclude (1) Final-state effects are unimportant
in the angle-integrated-photoemission spectra of
the iron borides, and (2) the boron 2s-2p contri-
bution to the valence band within -5 eV of E~ is
overwhelmed by the Fe M bands. " '

Figure 8 compares our valence-band spectra
with Fe 3d local densities of states calculated by
the ab initio method. The XPS valence bands in
iron" are compared [Fig. 8(a)] with the calcula-
tion by Callaway and Wang ' for ferromagnetic
iron, which has been shown to reproduce the ex-
perimental curve well if various corrections are-
made to the density of states shown here. 4' Com-
parison of the present calculation for iron with that
of Wang and Callaway, indicates that the present
paramagnetic calculation for iron reasonably re-
produces the observed spectrum although the split-
ting for the two major densities is too large [Fig.
8(b)]. This may be attributed to lack of considera-
tion of magnetic exchange in the paramagnetic
calculation of the d band, which produces separate
spin-up and spin-down densities. An exchange en-
ergy in iron of 1.5 eV would place a spin-down
band in the region where the present calculation
shows a minimum, and would thus give closer
agreement with experiment.

For FeB, comparison of the calculated paramag-
netic band structure with the XPS valence band

[Fig. 8(c)] shows reasonable agreement, the main
peaks at -1 and -3.3 eV being reproduced despite
the ferromagnetism of FeB. However, this is con-
sistent with the much lower magnetic moment in
FeB (0.95p, ~ per iron '), which would give a small-
er exchange energy in the d band than in iron, so
that the majority and minority'bands would be
much closer together (i.e., near the paramagnetic
case). For Fe,B [Fig. 8(d)] the paramagnetic cal-
culation shows the -1-eV peak and reproduces most
of the band shape except the peak, at -2.2 eV. This
peak may be due to a magnetic feature arising be-
cause of the large local moment of 1.62', ~ on iron
in Fe,B,' so that the majority and minority d
ba'nds are quite well separated, closer to the case
of iron than FeB.

Comparison of photoemission data and band-
structure calculations suggests that the main dif-
ferences in 3d-valence-band densities of states in
iron and the iron borides are due to differences in
the ferromagnetic properties and structure-in-
duced electronic changes in the materials. The
same conclusion was reached in a previous con-
sideration ' of the detailed occupancy and degen-
eracy of the iron 3d orbitals based on charge- and
spin-density data.

2. Iron local valence orbital symmetry

The photoionization-cross-section dependence of
orbitals in a solid is known to be essentially the
same as for the same orbitals in a free atom, 4'~
so it can be used as a fingerprint of orbital sym-
metry character. ' This has been found for both
core and valence orbitals; for example, the de-
pendencies for 3d and 4d valence bands of certain
metals agree well with atomic calculations for
Kr3d and Xe4d.

We have measured the peak areas of the assigned
Fe3d band features in the iron borides as a func-
tion of photon energy (from Figs. 8, 4, and 5).
For Fe,B, in which the boron states are apparent-
ly of very low intensity, the Fe 3d peaks were tak-
en as the whole of the valence band (Fig. 5) after
subtraction of a curved background due to second-
ary electrons. For FeB, however, the boron
emission was large-at low photon energies, and
their low-binding-energy tail overlapped with the
3d-4s edge of the iron valence density. It was
therefore necessary to attempt to resolve these
features. This was done as shown in Fig. 9, where
the spectra have first had a curved background
subtracted. This analysis was performed by as-
suming (1) that the low-binding-energy edge of the
boron states (in the region 4-6 eV) was Gaussian,
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tential of 8.3 eV. Part of the difference is a relax-
ation energy —Koopmans' correction, but a strict
Hartree-Fock calculation for the isolated atom
does give a 2p energy level near the experimental
ionization potential, so the 2.7-eV shift could be
the error in the local (o.'=0.7) approximation to the
exchange potential in the ab initio calculations.

In Fig. 12 the summed partial density of states
for 82s and 82p is compared to the photoemission
spectrum; for the summation the 82p peak was
aligned with peak b (shift of 3.0 eV) and the B 2s
peak was shifted by the same amount. Figure 12
shows that there is agreement between the shapes
of the calculated and experimental photoemission
spectra. The differences in detailed shape are
reasonable since the calculated curves do not in-
clude lifetime or instrumental broadening factors,
matrix effects, or different photoionization cross
sections for 82' and 82p orbitals.

3. Boron-valence-orbital symmetry

Support for the assignment of peak b to 82p and
peak d to 82s follows from a consideration of pho-
toionization cross sections. These photoionization
cross sections are shown for peaks b and c in Fig.
13, where they are compared with calculated
cross sections for Ne 2s and 2p (Refs. 38 and 39),
which are expected to show similar atomlike be-
havior to the boron 2s2p states (Sec. IV A2). Bo-
ron intensities are assumed proportional to the
photoionization cross sections and are normalized
in the same way as the Fe 3d [see Fig. 10(a)].

The intensity of the boron states shows a mono-
tonic decrease as the photon energy is increased.
The points fall on a smooth curve except the point
at 55-eV photon energy —this is because of the in-
terference of an Auger peak, vide supra. This
behavior is qualitatively similar to Ne2s and
Ne2p, ~ although the calculation for these orbit-
als predicts a much smaller decrease across this
photon energy range. The peaks assigned as boron
state s thus show a cross- section dependenc e con-
sistent with sp symmetry; the cross section de-
pends on the Fourier transform of atomic orbitals
and the Fourier transform falls off much more
rapidly for the large 8 than the small Ne. The
different shape of the wave function is the prob-
able source of the quantitative difference between
boron data and the calculated data for.neon.

The above assignment for peaks 5 and d is also
consistent with the observed photoemission intens-
ities. The relative proportions of 2s and 2P for
the peaks b, c, and d are given in Table II. Since
with increasing photon energy the cross section of
2s orbitals increases compared to 2p (because 2s
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FIG. 12. Comparison of UPS FeB boron states with
B2s and B@ calculated DOS. (a) Ab initio calculated
B2s and B@ PDOS of FeB, with B@ and B2s shifted
by 3 eV to align with photoemission peaks & and d (see
Fig. 3). (b) Comparison of B2s+ B2P summed DOS
from a with boron photoemission states 4, c, and d.
The calculated band structure reproduces the experi-
mental boron states quite well.
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FIG. 13. FeB UPS PIXS of boron states. Boron states
of FeB (peaks b and c of Figs. 3 and 4). PIXS compared
with Ne 2s @ and 2P ~ calculated PIXS (see text),
& representing the final-state channel.
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Peak of UPS spectra*
Orbital content

9os %p

14
28
67

86
72
33

TABLE II. Proportions of boron 2s and 2p orbitals in
FeB valence bands; ab initio results.

made, so intensity appears to fall off above 10 eV
in the SXS data of Fig. 11(b). Thus, the B2p ener-
gy from SXS data is 3.5 eV below E~ in agreement
with the ab initio calculated value. A direct com-
parison to the photoemission data should not be
made since a relaxation energy is involved in the
SXS process which is not present in photoemission.
This will be treated in detail in Sec. VD.

See Figs. 3 and 4; b=6.6 eV binding energy, c=10.5
eV, d =14.0 eV.

"See Fig. 12. Peak d is assigned as essentially B2s,
and peak b as B2p.

has a sharp oscillation arising from orthogonality
to the core state), the relative intensities with
photon energy should reflect the relative 2s to 2P
composition. The intensity ratios c to b and d to b

are shown in Fig. 14 and clearly increase in qual-
itative agreement with the s to p intensity ratio
for Ne. A similar s to p cross-section increase
across this energy range has been seen for C2s
to 2p of graphite" as shown also in Fig. 14. The
higher value of the intensity c to b compared to d
to b reflects the greater 2p content for peak c,
and the greater slope for c to b results from the
lower 2s content of peak c compared to peak d.

It is seen in Fig. 11(b) that there is close agree-
ment between the SXS 2p density of states and the
calculated 2p local density of states. Correction
for the change of resolution with energy was not

O.S—
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FIG. 14. Ratio of various photoionization cross sec;
tions for FeB. Ratios are based on intensities from
Figs. 3, 4, and 11(a) of the boron ststesb, c, andd.
Intensities are used instead of areas since peaks b and
c are not deconvoluted, and there is no noticeable change
in peak shape with photon energy. 0 is the d 'to b ratio,
0 is the c to b ratio, and short dashed line shows
Ne 2s to 2b calculated for a 2s pt population, adapted
from Kennedy and Manson. {Ref.39). Long dashed line
is the ratio of experimental C 2s to C PP cross sections
in graphite (Ref. 50). The data confirm that peak d is
essentially B2s density and peak b essentially B@
density.

C. Iron subboride boron valence states

The boron valence states of Fe,B are of much
lower intensity than expected from the differences
in stoichiometric boron content between Fe,B and
FeB. This may be due to a different kind of bond-
ing in Fe,B which causes the boron states to be
less distinct. Peaks c, d, and e of Fe,B are the
boron states by analogy with FeB (Figs. 3 and 4).
Peak c would be largely B2p, like the highest peak
in FeB; peaks d and e would contain B2s and B2p,
peak e probably being largely B2s. The photoion-
ization-cross-section behavior of the peaks in the
photoemission spectra (Fig. 5) gives support for
this assignment. Peaks d and e increase with re-
spect to c at higher photon energies as expected by
comparison with FeB (above). The soft-x-ray-
emission B K spectrum of Fe,B [Fig. 5(b)] is quite
similar to that of Fe,B [Fig. 11(b)], but with the
maximum moved from 3.5 to 4 eV below the Fermi
level, and with a shoulder at 5 eV. This is close
to peak c of the UPS spectrum and suggests that
this peak is essentially B2P as was determined
similarly for the highest-energy boron state of
,5'eB.

The main difference between the boron states of
Fe,B and FeB would thus appear to be the shift up-
wards in energy of the Fe2B peaks. The binding
energies of these states will be discussed in Sec.
V D and the significance of the results for the elec-
tronic structure of the iron borides in Sec. VE.
However, these assignments for Fe,B remain ten-
tative since, because of the low intensities of the
peaks, analysis of their orbital symmetries could
not be made as for FeB; also, band-structure cal-
culations to predict the boron density of states

, have not been performed.

D. Binding-energy shifts of iron borides valence states

Since the SXS emi'ssion for B2p involves the Bls
core hole and photoemission of B2p does not,
there is an additional relaxation which must be
taken into account in comparison of the two. Re-
laxation"" due to boron valence electrons is esti-
mated to be 2-3 eV, and correction for this would
mean an increase in the B2p energy. This is equi-
valent to the correction applied to the ab initio B2p
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calculations, where it was also considered that
relaxation was involved. Thus, we propose that
the FeB photoemission peaks show initial-state
values, where the SXS and ab initio peaks are low-
ered by relaxation effects. There is good agree-
ment of all the data when reasonable corrections
are applied to the SXS data and the ab initio calcu-
lations.

As seen in Table III the positions of the boron
valence states of Fe,B and FeB as assigned here
are in the same energy region as those states of
other borides (ZrB2 and LaB,),"'~ with B2p at 6

eV and B2s at -12 eV below E~; also, the energy
differences between B2s and B2p are similar at
-6 eV. Furthermore, the SXS results for ZrB2
(Refs. 55 and 56) show the B 2P density at 3.5 eV
exactly the same as in FeB, whereas the photo-
emission data showed the ZrB, B2p peak to be at
6 eV." The same discrepancy between SXS and
photoemission energies is thus observed for ZrB,
and FeB. On the other hand, as for Fe,B the SXS
and photoemission data agree for LaB,."'" There
is also agreement between SXS and photoemission
for the partly ionic compounds B,O, and B¹"""

A qualitative estimate of the gradation in B1s
relaxation effects can be made to clarify these ob-

servations. In B,O, and BN there is electron
transfer from boron to the anion, and the lower
electron density around B leads to a small relaxa-
tion effect. The B, anion in LaB„although nega-
tively charged, has electron deficient B-B bonds,
and low relaxation is also expected. The boron
layer structure in ZrB, leads to metallic proper-
ties and a high relaxation effect as in FeB is ex-
pected. Thus, relaxation effects are expected to
have the gradation FeB, ZrB, &Fe,B & LaB„B,Q„
BN, and account for the observed B2p energies.

E. Bonding and electronic structure of the iron borides:
Relation to crystal structure, magnetism,

and physical properties

The valence bands of the iron borides are shown
schematically in Figs. 15(a) and 15(b) as based on
our experimental results. Comparison to the mod-
el discussed by Perkins and Brown, "attributed
originally to Lundquist, "shows that the latter is
unable to describe the experimental observations.
In particular, this model, shown in Figs. 15(c) and
15(d), predicts that the occupied states of FeB are
almost entirely Fe4s-3d derived with B2sp-bind-
ing character within 2 eV of Ez. For Fe,B they

TABLE III. Positions of boron valence bands of several boron compounds as revealed by
photoemission, SXS, and calculation. APW stands for augmented plane-wave approximation
and BE for the binding energy.

Compound
Boron valence states BE (eV)

8 2g 8 2p &s-P

SXS8 &
energy

(82p} (eV}
XPSB lg
BE (eV)

B atomic
B,o3
BN
FeB

Fe28
Zr82

LaB6

XPS'
XPS
UPS'
ab initio
calc.'
UI S'
XPS'
APW calc.
UPS'
APW calc.'

12.5
14.4
11.4
14.0
12.0

10.5
12.0
12.0
10.0
10.0

7.9
11.2
8.3
6.6
3.5

4.0
6.0
6.0
5.0
5.0

4.6
3.2
3.1
7.4
8.5

6.5
6.0
6.0
5.0
5.0

11
9c
3.5'

4.0"
3.5'

5.0

200.8
191.3
190.6
188

188
188

188

At. Data 1$,243 &1976).
b Reference 58.
'Reference 55.
References 58 and 59.

'Present work, see Figs. 3 and 4.
f Present work &McAlister et al.), see Fig. 11(b).
I Present work, see Fig. 5.
"Present work (McAlister et al.), see Fig. 5.
~ Reference 53.
~ Reference 54.
Reference 57.

' Reference 60.
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FIG. 15. Models for the valence-band structure of
the iron borides (see text and Ref. 76). (a) and (b):
Present model; (c) and (d): Perkins and Brown, Ref.
21. The band shapes are drawn schematically. In (c)
and (d) nz refers to the number of holes in the valence
bands, indicated by cross hatching. The majority and

minority bands are indicated by up and down arrows on
the Perkins and Brown model but have been omitted
from the diagram of our model for simplicity.

predict that the boron states are completely un-
occupied. On the contrary, for FeB we find the
B2s band at-14 eV, a hybridized B2sp band at
-10 eV, B2p structure at-6 eV and the states
within. -4 eV of E~ to be largely Fe3d derived.
For Fe,B the B2p and B2s states are closer to E~,
and there is greater B2p-Fe3d overlap.

The boron valence orbitals in FeB appear to have
hybridized to an sp' configuration. In the crystal
structure of FeB, which has boron atoms winding
in zigzag chains through the interstitial holes and
a boron coordination number within the chain of
two, these zigzag chains can be explained by the
trigonal nature of sp' orbitals involving covalent
boron-boron bonds. Each boron contributes two
sp' electrons to its two boron neighbors, with the
other sp' orbital not bonded to boron atoms. Sev-
eral aspects of the FeB crystal structure support
this view: (1) Strong boron-boron bonding within
the chain is consistent with the short boron-boron
distance of 1.78 A which is within the range nor-
mally found for covalent B-B bonds; (2) the Fe-Fe
distances are shorter in the axial direction in ord-
er to provide for 1.78-A B-B distance; (3) the bo-
ron atoms are not located at the centers of the
octahedra as in the case of interstitial anions, but

are virtually in the plane of the irons, suggesting
a stronger bonding between a boron and the neigh-
boring boron atoms than between the boron atoms
and the neighboring irons. Finally, our conclu-
sions of covalent bonding within the boron chain of
FeB are strongly supported by the neutron diffrac-
tion measurements of Perkins and Brown, whose
difference (spin-) density maps taken within the
plane of the boron chain showed a band of negative
density passing along the chain.

In Fe,B the boron states are less bonding than
those of FeB, suggesting that the strong interac-
tion between the boron atoms is not upheld when
the boron concentration is lowered. This is con-
sistent with the large B-B distance of 2.13 A in
Fe,B. Also, the boron states of Fe,B are nearer
in energy to the iron 3d valence states so that iron-
boron interaction would be expected to correspond-
ingly increase in Fe2B.

Since in FeB two of the three boron electrons per
atom are used for bonding with other borons, at
most one other electron is available for iron-boron
bonding, suggesting that the latter interaction is
much weaker than the in-chain interaction. In fact,
we suggested previously'4 that 0.2 electron per bo-
ron is donated to the conduction band so only 0.8
electron per boron is left.

In view of these differences in the boron-val-
ence-band structure of the two compounds it is of
interest to consider the nature of boron-iron and
iron-iron interaction in. FeB and Fe,B. This can
be largely answered by considering the Fe3d local
valence states, the core-level photoemission data,
and crystal structures. Boron-iron distances are
in the same range in both compounds, suggesting
a similar interaction between the elements. The
iron-iron distances are also similar but with a
variety of neighbor distances. The iron sublattice
is not unlike elemental iron but is successively
distorted from cubic structure by the addition of
boron; in the case of Fe,B one unit-cell dimension
is elongated to give a tetragonal structure, and in
FeB further distortion results in one of the pri-
mary angles being greater than 90' (orthorhombic
structure). X-ray and neutron scattering mea-
surements 2 indeed indicate that the type of
iron-iron bonding in the iron borides is similar to
that in the element, being composed of diffuse
electron densities centered off lines joining the
atomic centers. Since this is typical of bonding
densities in many elemental metals we shall call
it "metallic. "" It seems that the interaction be-
tween iron and boron is also essentially metallic.

The core-level photoemission results presented
in Paper I of this series' strongly support this
picture. First, the unchanged iron- and boron-
core-level binding energies in the two iron borides
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compared with the elements show that the com-
pounds do not have ionic character, but that the
electron densities around iron in the iron borides
are similar to those in iron itself. A similar elec-
tron density is supported by core-level energy-
loss (plasmon) spectra. ''

The core-level-binding-energy data and the
present valence-band data also disprove the earli-
er rigid-band model for the valence electronic
structure in which an increasing number of elec-
trons was assumed transferred to iron from boron
as the boron content increased. This would cause
different core-level binding energies in the com-
pounds, which was not observed in our study. The
iron 3d valence bands of the compounds are simi-
lar, overlapping the Fermi level, showing a sharp
Fermi edge and typical 3d-band shape similar to
iron. This indicates the metallic nature of iron is
retained in the iron borides as suggested above.
However, there are important changes in the iron
3d valence bands which we analyzed in detail in
Sec. IVA. Both of the iron-boride 3d valence bands
are wider than that of iron, and new features are
seen in both compounds, namely, a shoulder at
3.3 eVin FeB and a peak at 1.4 eV in Fe,B. It was
shown above that these represent significant differ-
ences in the d-band density of states, related to
crystal structure as well as to ferromagnetism.

Comparing Fe and the iron borides, increased
distortion of the cubic iron lattice modifies the
symmetry of the iron-atom nearest neighbors.
This symmetry change alters the valence-band
shapes, as observed in the photoemission spectra,
and the apparent increase in bandwidth on going
from Fe to Fe,B to FeB is consistent with this pro-
gressive symmetry distortion. In fact, using
such symmetry arguments and comparing with the
spatial information in the d-elec/ron distribution
(from charge- and spin-density maps), we were
able to determine" the energy ordering and occu-
pancy of the various d orbitals.

The ferromagnetism of the iron borides is also
reflected in the photoemission valence bands since
the ferromagnetic coupling is associated with an
exchange energy which energy splits the majority
(spin-up) and minority (spin-down) bands. These
bands are seen separately in photoemission with
an energy separation related to the size of the
local magnetic moments. '~" A new peak was ob-
served in Fe,B (at 1.4 eV) close to the Fermi lev-
el, probably due to exchange splitting, but no new
features in FeB (which has a smaller exchange en-
ergy and different d-orbital occupancy). This
ferromagnetic character is one of the most inter-
esting properties of the iron borides. It is related
to the size of the local magnetic moment —the
number of unpaired electrons —on the iron atoms,

so understanding of their magnetism requires a
knowledge of the iron d-electron population.

The early rigid-band model suggested the fol-
lowing explanation for the iron-boride magnetic
moments: Electrons are increasingly donated
from boron sp to iron 3d bands as the boron con-
tent increases, and the magnetic moment is suc-
cessively reduced as the minority band of Fe is
filled. We have shown above that this model is
incorrect and we seek an alternative explanation
for the differences of magnetic properties.

The magnetic nature of the iron borides has been
studied in detail by Perkins and Brown' using
polarized neutron scattering to determine the mag-
netism and spatial variation of the iron 3d elec-
trons as well as the conduction electrons. They
deduced M local moments (p, a) of 1.62 for Fe,B
and 0.95 for FeB. In both compounds the conduc-
tion electrons were found to contribute to the mag-
netization, being positively polarized with 0.28 p, ~
per iron atom in Fe,B and only 0.08@,~ per iron
atom in FeB. In the electron density maps of Per-
kins a.nd Brown" reversal of polarization on an

0
iron atom occurs at distances greater than 1.3 A
from its center.

The prob1. em of defining the local moment in Fe
is exemplified in our recent measurement of the
multiplet splitting of these compounds. " The
Fe 3s splitting seen in XPS is related to the local
magnetic moment through the exchange interaction

. between the core and unpaired valence electrons.
We obtained moments of 2.3ps (Fe), 2.55ps
(Fe,B), and 2.05ps (FeB) which in the case of the
borides are higher than those from neutron scat-
tering (Fe2B 1.62 ps, FeB 0.95ps). Although it
was concluded that these differences were due to
electron correlation effects there still remains the
problem of what part of the polarized electron
density the technique is probing. Clearly, differ-
ent techniques may give information about differ-
ent parts of the magnetic electronic structure.

A more general problem closely related to this
is whether the Fe 3d electrons can be described as
localized or whether, as is widely accepted for
iron metal, they are delocalized or itinerant. '&'
This is a difficult and controversial point" but
several papers supporting a view of metallic val-
ence densities comprising both localized ance

itinerant d electrons have'appeared in recent
years. "" Using such a model for the iron borides
based on charge- and spin-density maps, we have
determined" the following electron partitions for
iron and the borides:

Fe,B:
~

Fe"(d'), (d '), , 1.6e, 2[(2P,)"B"(»')]
~ c„,

FeB:
~

Fe"(d'),(d'")„0.85e, (2p)"B"(2s2p) ~», .
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Here, the outer brackets indicate the repeating
unit in the structure noted on the right of the
bracket. The positive iron core (Fe") is the argon
shell in this case; subscripts l and i indicate d
electrons localized around the iron core and itin-
erant d electrons, respectively. Beyond the first
comma is the number of conduction electrons, and
beyond the second comma (in the borides) is the
valence electron configuration of boron. In this
formalism, we propose that the magnetism of
these materials is explained by their different @-
orbital occupancies. These, likewise, are deter-
mined by the different partitioning of d electrons
between localized electrons, more diffuse itiner-
ant ones, and those donated to the conduction band.
Thus, rather than boron donating electrons to the
iron valence density, as in the rigid-band model,
it donates charge to the conduction band (we deter-
mined 0.2 electron per boron) to give the observed
conduction-band polarization.

In summary, tQe iron borides are understood by
a metallic model in which the essentially diffuse
metallic bonding between the iron atoms of ele-
mental iron is retained in the borides. The effect
of addition of boron is to distort the iron lattice,
the distortion being greater the more boron that
is added. Also, as the boron content is increased
between Fe,B and FeB the boron-boron interaction
becomes considerably greater and causes covalent
B-B bonding resulting in a two-dimensional boron
chain winding through the interstitial holes. The
interaction between iron and boron is correspond-
ingly greater in Fe,B than in. FeB since in the lat-

. ter the boron electrons are strongly bound to other
borons. In Fe,B then, the Fe-Fe and Fe-B inter-
actions predominate, whereas in FeB it is the Fe-
Fe and B-B inter actions.

This picture suggests that the iron borides are
"good" interstitial compounds and the covalent in-
teraction between the boron atoms at higher con-
centration fits into the pattern observed for other
borides: The fact that as boron concentration is
increased, covalent B-B interactions become more
and more predominant, is reflected in formation
of chains (as in FeB), then nets, and finally three-
dimensional structures similar to elemental bo-
ro n 22$ 23

It is interesting to relate these crystalline iron
borides to the iron-boron metallic glasses because
of the importance of understanding the glasses'
bonding nature. Most models of the structure of
these materials assume that the local atomic bond-
ing remains the same as in the crystalline materi-
al'~" while the long-range ordering is different.
The highest concentration of boron which can be
used to make an Fe-B glass is 251o (i.e., Fe3B),
so it is appropriate to compare these materials

with our Fe,B study. Since we determined that
there was little 8-B interaction in Fe,B, the
bonding of Fe,B and these dilute glasses was likely
to be similar.

Several recent reports have appeared on photo-
emission from iron-boron binary and ternary
glasses and related cobalt glasses. '~" These
compounds show similar trends in their electronic
structures to the crystalline iron borides. For
example, iron-boron glasses of different composi-
tions" 'revealed Fe 3d bands different from iron
metal, and there was no indication of charge trans-
fer between iron and boron. The rigid-band model
obviously does not apply to glasses. Also, a peak
at 10-eV binding energy in XPS was attributed to
boron. By comparison with our data for Fe,B this
is at the same energy as the 82s peak of Fe,B
(the B2p peak not being seen in XPS because of the
low cross section). These results indicate essen-
tially identical bonding structures in the iron-bo-
ron glasses and Fe,B, i.e., "metallic" Fe-Fe and
Fe-B bonding with no appreciable interaction be-
tween the borons. As in Fe,B, the proximity in
energy of the Fe3d and B2sp valence bands makes
possible strong bonding interaction between the
elements.

In an XPS study of amorphous Fe80B20 performed
at much higher resolution" the glass Fe 3d valence
band is similar to that of Fe,B, being broader than
elemental iron and showing similar evidence of
two peaks near the Fermi level. As in Fe,B, part
of the valence-band structure is probably related
to the ferromagnetism of Fe80B20 This is further
evidence that the bonding and close-range atomic
order in the iron-boron glass is similar to crys-
talline Fe,B and that the d states are modified by
the presence of boron.

The above description for the iron borides ex-
plains many of their properties which we have dis-
cussed previously. ' One of the interesting prop-
erties is their great hardness and brittleness.
The microhardness (kg/mm') of Fe,B is 1340 and
that of FeB 1650 (compare with iron, 70).'» This
may be related to the inhomogeneity of the elec-
tronic distribution. FeB is very inhomogeneous
due to strong bonding in the boron chain which is
along the c axis. The lack of B-B bonding in Fe,B
suggests a more homogeneous structure reflected
in considerably lower microhardness and brittle-
ness.

VI. CONCLUSIONS

Valence-band-photoemission results for Fe,B
and FeB are complementary to our earlier XPS
measurements of the core levels and valence
bands since in the latter the boron states were not
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seen due to low cross sections at XPS energies.
Combining these data with ab initio calculations
and soft-x-ray-emission data, a detailed picture
of the bonding and electronic structure in the iron
borides has been formulated. " The use of syn-
chrotron radiation with its continuously tunable
photon energy allowed clear distinction between
the iron and boron valence states. Monitoring their
photoionization cross sections as the photon energy
was changed, provided a check of their orbital
symmetry.

The iron borides have been shown to be "typical"
interstitial compounds, with boron occupying in-
terstitial positions in a distorted iron lattice. The
distortion is greater the higher the boron content;
thus, iron has a cubic structure, Fe,B is tetragon-
al, and FeB orthorhombic. The metallic iron-iron
bonding found in iron, involving diffuse electron
densities off lines joining the atomic centers, is
retained in the iron borides. The bonding between
iron and boron is also metallic but is stronger in
Fe,B than in FeB. The essential difference be-
tween the two compounds is that there is no boron-
boron interaction in Fe,B, but significant boron-
boron interaction occurs for FeB, producing linear
zigzag boron chains winding through the crystal
with covalent trigonal sp' B-Bbonds.

The valence-band structure of FeB and Fe,B de-
duced from this work is different from the early
rigid-band model or that based on neutron diffrac-

tion. We find that the iron 3d bands occur within
4 eV of the Fermi level while the boron bonding
states occur at 6.6, 10.5, and 14.0 eV in FeB, and
4.0, 6.5, and 10.5 eV in Fe,B. Our model explains
many iron-boride physical properties, and their
various d-electron distributions explain their fer-
romagnetism and local magnetic moments. Final-
ly, the iron borides provide a fascinating example
of the modifications of physical properties and
electronic structure of a metal by interstitial addi-
tion of small metalloid atoms, a phenomenon of
enormous importance in metallurgy and hetero-
geneous catalysis.
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