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Amorphous magnetism in iron-boron systems:
First-principles real-space tight-binding LMTO study
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We have performed ab initio spin-polarized self-consistent calculations of the electronic structure
and magnetic moments in the series of the Feigo-.B. glasses (0 < =z < 60) with the real-space
tight-binding LMTO method. Realistic atomic models consisting of 500 to 864 atoms in a cubic box
with periodic boundary conditions were constructed with the use of the Monte Carlo method. The
systems studied show itinerant magnetism with the net magnetic moment on iron sites, fi, saturating
at the maximum value in a region of a (hypothetical) amorphous iron. The iron magnetic moment
decreases upon dilution with boron atoms with no maximum on the compositional dependence of
f. The calculated distribution of the iron moments is narrow with the width decreasing towards the
boron-rich end of the series. The magnetovolume effect is shown to be noticeable in iron-rich glasses,
declining with increasing boron content. No evidence of a tendency to form the spin-glass state has

been found in iron-rich borides.

The transition-metal borides have high glass-forming
ability and a number of properties of technological
and fundamental interest. @ They have been exten-
sively studied experimentally and reveal unique magnetic
properties,’ 2 Invar behavior,* strong magnetovolume
effect,® high hardness, and high conductivity. The mag-
netic behavior of transition-metal- (TM-) based glasses is
a challenging problem in condensed matter physics which
is as yet a matter of controversy and debate both in ex-
periment and theory. Rather intriguing is the behavior
of iron-rich glasses where nontrivial magnetic ordering
and the instability of the 3d magnetic moment is dis-
cussed in the literature.® As regards the experimental
situation for the Fejgo_.B; metallic glasses, the iron-
rich systems are difficult to stabilize and experimental
data for z < 15 at. % B are rather scarce and ambigu-
ous. A survey of previous experimental data by Cowlam
and Carr® shows that some sets of data probably indi-
cate a maximum on the compositional dependence of the
net Fe magnetic moment g at  ~ 20, whereas other
data show an almost linear growth of i with decreasing
z up to the value which is nearly equal to that of bcc
Fe. They concluded that the linear variation of the mag-
netic moment with composition is most probably correct,
which implies pure amorphous iron will be characteristi-
cally ferromagnetic, with high net moment p=2.24up.
Their analysis also showed that the moment values for
thin films appear consistently lower by about 15% than
those obtained for melt-spun samples. It is well known
that amorphous thin films can be prepared by sputtering
onto a cooled substrate for a wider compositional range
than by the melt-spinning technique. This is believed
to be due to much higher quenching rates achieved in
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the sputtering technique, so that many more metastable
configurations might be frozen in. It may indeed lead
to different properties of the samples produced by both
methods but little is known on the influence of quench-
ing rate on the structure of metallic or even conventional
glasses.®

Theoretical attempts to understand amorphous mag-
netism in iron-based systems include the semi-empirical
Hubbard model™® and the supercell local-density-
approximation (LDA) calculations.!®1! The former pre-
dicts the maximum value for the net magnetic moment
at ¢ ~ 20 and g ~ lpp for a-Fe, whereas the latter in-
dicates a high value for the magnetic moment in pure
amorphous iron [i =(2.3-2.46) ], and a possibility of a
spin-glass behavior has also been discussed.!?

To gain more insight into the electronic structure and
magnetic behavior of the Fe-B glasses we have under-
taken extensive LDA calculations of the amorphous mag-
netism of the Fejpo—,B: systems for the compositional
interval 0 < =z < 60 within the first-principles real-
space tight-binding (TB) LMTO method!® in combina-
tion with the recursion method.'* It is worth mentioning
that for tight-binding Hamiltonians real-space methods,
such as the recursion method (RM) of Haydock et al.,
have a workload proportional to the size of the system!*
instead of the cubic proportionality of the usual band-
structure supercell methods where self-consistency is usu-
ally achieved in one k point.!%!! The effects of clus-
ter size, number of “exact” recursion coefficients, and
termination of the continued fraction are well under-
stood and the accuracy of the method is well controlled.
In our studies we have used big clusters consisting of
500-864 atoms constructed by the Monte Carlo method
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as described elsewhere!®'® which reproduce fairly well

the high-resolution diffraction data. Our recent TB-
LMTO calculations of Ni-B, Fe-B, and Zr-Be glasses are
in very good agreement with photoemission and low-
temperature data showing the reliability of the method in
studies of paramagnetic'”>'® and spin-polarized electron
density of states in transition-metal glasses.!®

In constructing ab ¢nitio tight-binding Hamiltonians
we have followed the method of Andersen and Jepsen.!3
The linear muffin-tin orbitals (LMTOs) x gy are the so-
lutions of the Laplace equation beyond the muffin-tin
spheres at sites R and they have long-range tails. Con-
sequently the overlap and Hamiltonian matrices of the
LMTO method!? are long ranged and determined by the
so-called structure constants S%.;,z;.. S°’s are upper
bounded in k space; therefore, one can “screen” them by
a simple unitary transformation, changing the power-law
decay with distance to a rapid exponential decay:!3

-1
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The transformation is defined by the chosen parame-
ter set of “screening” constants a which allows one to
construct both the “most localized” and the “nearly or-
thonormal” (NO) representation required for the use with
the recursion method. In our calculations we have used
the spd set of screening parameters'® (a, = 0.34850,
op = 0.05303, ag = 0.01071, o>z = 0) for Fe sites and
the sp set (a, = 0.28723, a, = 0.02582, a;>q = 0) for B
sites. The overlap and Hamiltonian matrices of the TB-
LMTO method were expressed through the two-center
Hamiltonian h®:

h® = ¢ — E, + Vd*5*V/de. (2)

In practice, we have performed the construction of the
NO representation starting from the most localized TB
Hamiltonian which is particularly short ranged, and then

transforming it to the NO -y representation:2°

HY" = E, +h" = E, + h* — h%h* + ---. (3)

This atomic-sphere-approximation (ASA) form of the
orthonormalized Hamiltonian was used in the present
work with the expansion truncated after the third term
(which is of second order in E — E,,, where the E,’s have
been chosen at the centers of the bands). The density
of states has been found by the recursion method* with
the Hamiltonian H” (3) and a band edge estimate after
Beer and Pettifor.2! We use the entire 864-atom clus-
ter for a-Fe and 500-atom clusters for other systems to
construct the continued fractions needed for the recur-
sions thus suppressing the finite-size effects. We have
generated a sequence of L, = L, = 9 and Lgq = 20
pairs of continued fraction coeflicients (CFC’s) for s, p,
and d states, respectively. Recently we have applied the
method in studies of the paramagnetic density of states
(DOS) of Ni-B, FegoBao, and Zr-Be glasses'!”® and the
spin-polarized calculations of a-FegyoBy¢ and pure a-Ni.1®
Full details of the present implementation are given in

Ref. 18. In the present study of Fe-B glasses we normally
have used the moments of the DOS averaged over about
10 atoms of the given element. The use of up to 50 atoms
for the construction of a self-consistent potential did not
alter the results. The “screened” structure constants S¢
were found from Eq. (1) by direct inversion of subclus-
ters containing about 20 nearby atoms around each site
with account being taken for the periodic boundary con-
ditions. It is worth mentioning that an approximate way
of calculating S leads to substantial errors in the DOS
shape.?? Due to complete separation of atomic potential
parameters taken as an average for the atoms of a given
sort, from the structure constants in Eq. (3), all the infor-
mation about the local coordination of the given atoms
is fully preserved. It allows one to perfom an accurate
estimate of the distribution of local magnetic moments,
etc.

The a-FegoBgo is a typical metallic glass extensively
discussed in the literature and, therefore, we will refer the
properties of the Fejgo_,B, glasses to this particular sys-
tem. It demonstrates a generic picture of the electronic
properties for the TM-M glasses. It retains the main fea-
tures of the DOS shape of crystalline counterparts?2:23
apart from some washing out under amorphization. This
leads us to believe that the stability and magnetic proper-
ties of these glasses are analogous to crystalline counter-
parts where they are determined by both B p-B p and Fe
d-B p interactions as described by Gelatt et al.24 As the
transition-metal host is diluted by boron the d-d bond-
ing becomes weaker, but simultaneously d states interact
with metalloid s and p states forming bonding and an-
tiboding hybrids which can be more effective in bonding
than the parent states.?2:24

The double-peak DOS, shown for Feygo_.B, glasses in
Fig. 1, corresponds to the d band that basically divides
the spectrum into lower bonding and upper nonbonding
states. The important aspect is that B keeps only about
one s electron in all systems studied, whereas the num-
ber of B p electrons is as large as approximately 1.5.18:20
It would be expected in a naive picture of ionic bonding
that B is left with its two s electrons after donating his p
electron to the transition metal.?’ On the contrary, the
picture is a strongly covalent one, where B s states are
split up into an occupied bonding part due to interac-
tions with Fe s and d orbitals. Fe d and B p orbitals
form a strong bond which results in a large occupancy
of B p states.!®2% Thus, the DOS in the FegoBsg glass
shown in Fig. 1(c) has the —0.5 Ry peak in B p states
and a high occupancy of B p states. Our ferromagnetic
DOS [Fig. 1(c)] has a strong occupied peak at —0.07 Ry
with a left satellite peak at —0.22 Ry. The B sp and
Fe s states produce a shoulder at 0.40-0.48 Ry below
the Fermi level. This is in close correspondence with the
results of high-resolution UV photoemission, Auger elec-
tron, and energy-loss spectroscopy.?®> Above the Fermi
energy we have obtained the empty minority spin band
peak which lies at +0.07 Ry (+1 eV) and should be
observable by inverse photoemission. It is worth not-
ing that the Hubbard-model calculations of the FegoBzo
glass® give only one smooth peak on the DOS in contra-
diction with experiment.2®
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Comparing the spin-polarized DOS with the paramag-
netic DOS,® we can conclude that the iron d bands split
with some shape changes in the minority spin bands ow-
ing to the mechanism of covalent magnetism:®2? Namely,
the B p band does not follow a splitting of the Fe d
band, which increases the energy difference between these
states and those of the minority d band. The Fermi
level is pinned just above the majority spin band and
the difference in occupancies of the majority and mi-
nority states vanishes when approaching the boron-rich
end of the series (Fig. 1). The actual value of the net
moment in a-FegoBzo is it = 2.10up/Fe, with the indi-
vidual values distributed in the interval (1.5-2.5)up/Fe.
This value of the net iron moment is slightly lower than
the previous estimate i = 2.2ug/Fe Ref. (20) obtained
from the paramagnetic DOS with the generalized Stoner
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FIG. 1. Ferromagnetic density of states of Feioo—-Bz: (a)
z =0, p= 790 g/cm®; (b) z = 10, p = 7.44 g/cm?®; (c)
z =20, p = 7.29 g/cm?®; (d) z = 25, p = 7.21 g/cm?; (e)
z = 34, p = 7.07 g/cm?®; and (f) z = 50 p = 6.75 g/cm>.
Solid lines: total DOS per atom; dashed lines: partial DOS
of the Fe d electrons per Fe atom. Note that partial DOS’s of
Fe and B contribute to total DOS in accordance with factors
100 — z and x.
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FIG. 2. Compositional dependence of the net iron mo-

ment (line). Experimental points: O Ref. (3), A Ref. (5), O
Ref. (26), * Ref. (29), + Ref. (27), x Ref. (28), and v Ref.
(30). Diamond indicates the value of the moment in bcc Fe.
Two sets of data Ref. (5) obtained by different methods are
indicated by the same symbol.

model and is substantially bigger than the supercell result
fi = 1.67up /Fe.1? There is a substantial scatter in experi-
mental data on the net Fe moment (Fig. 2) with the aver-
aged value of 2.03u g /Fe, which is close to our calculated
value of 2.10p5 /Fe. The boron sites acquire a small neg-
ative moment (~ —0.1pp/B) in all systems studied. The
calculated DOS at the Fermi level, N(0), is 11 states/(Ry
atom), which is close to the generalized Stoner estimate
of 15 states/(Ry atom).2® The experimental estimate is
38 states/(Ry atom) Ref. (31) and shows rather unex-
pected strong itinerant magnetic behavior for the Fe-B
glass and this cannot be fully attributed to the electron-
phonon mass enhancement which amounts to a factor of
2‘20

To investigate the magnetovolume effect we have dis-
played the distribution of the moments on Fe sites versus
the volumes V' of circumscribed Voronoi polyhedra for
FegoB2o and FesoBsg in Fig. 3. The sites were taken close
to the center of the cluster. The scatter of the u = p(V) is
large in FeggBgag but the data collected in Fig. 3 certainly
show a correlation of the bigger moments belonging to
the sites with lower density, close to the results of the
supercell and Hubbard-model calculations for a-Fe.'1:32
The compositional tendency we have found is very inter-
esting: With increasing dilution by boron the local mag-
netic moments become insensitive to the local volume. It
correlates with the narrowing of the moment distribution
with an increase in the boron content (Fig. 4). Because
of uncertainty in the density data for Fe-B glasses Fig. 3
suggests a reliable estimate of the variation of the net
iron moment with density. We have also calculated the
magnetovolume effect in a pure a-Fe at different deunsities,
and found almost the same correlation: Higher density
and lower net magnetic moment corresponds to a lower
magnetovolume effect. At the density p = 9.1 g/cm? our
model a-Fe almost loses the magnetic moment; this also
takes place in crystalline fcc Fe at this density.33

Competition between ferromagnetic splitting of the Fe
d states and covalent Fe d-B p bonding determines the
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FIG. 3. Magnetovolume effect: (x) FegoBzo, Vo =

10.67 A3; (%) FesoBso , Vo = 8.20 A3,

composition dependence of the moment on the TM site
as is the case in the crystalline counterparts.?2:23 The
minority spin band is pulled down and the moment on
the iron sites rapidly decreases to i = 0.53up/Fe in
FesoBso (Figs. 1 and 4). Simultaneously the boron s
and p partial DOS gradually increase their weight in
the interval from —0.8 to —0.3 Ry in hybridization with
the Fe d states. This behavior is easily observed with
the present method, whereas the supercell methods usu-
ally give rather “spiky” DOS shapes for the sp extended
states.

The iron-rich glasses represent a matter of controversy
both in experiment and theory, mentioned above. In the
present TB-LMTO calculations the ferromagnetic split-
ting and the resulting iron moment is large in FegoBaog.
With more iron content in the system the splitting of
the d band remains strong with the Fermi level pinned
just above the majority spin band, and the iron moment
increases up to i = 2.12up/Fe in FegoB1o and further
to 2.25up in pure a-Fe (Figs. 1 and 4). The possibil-
ity of large local variations in the Fe moment as a pre-
cursor of a local antiferromagnetic coupling could have
been signaled by a broad distribution of the iron moments
p = p(p) (Fig. 4) and the appearance of the sites with
negative Fe moments.'? The distribution of the moments
has been analyzed over up to 50 atoms close to the cen-
ter of the cluster, by calculating the site-projected DOS,
and this experiences large variations. The present cal-
culations show that the distribution of the Fe moments
in iron-rich Fe-B systems is not broad (Fig. 4). In a-

Fe moments are distributed in the interval (2.0-2.7)up
with a somewhat broader distribution in a-FegoB1o [(1.7-
2.6)up]. The distribution becomes narrower with in-
creasing boron concentration and decreasing Fe-Fe co-
ordination number, and in a-FesoBso the moments are
distributed in the narrow interval (0.4-0.7)up (Fig. 4).
The distribution of iron moments shows that the ferro-
magnetic state remains stable with respect to local con-
centration and density fluctuations in an amorphous sys-
tem. It is worth noting that our method somewhat over-
estimates this stability while in supercell calculations one
finds some small fraction of Fe atoms with flipped spins.!?
It is worth noting that our calculations did not allow for
the noncollinear components of the moment on Fe to ap-
pear. In fact, recent diffraction experiments show that in
iron-rich amorphous Fe-B systems there may exist some
degree of noncollinearity in the moment configuration34
that would be interesting to investigate further.
Summarizing, we showed that the net moment in amor-
phous Fejgo_.B; systems gradually decreases from its
high value in pure a-Fe (which is close to that of bcc Fe
in agreement with prediction of Cowlam and Carr®) and
that no tendency toward forming the spin-glass state in
iron-rich Fe-B glasses has been found. The net iron mo-
ment disappears at about z = 60 as a result of increasing
B p-Fe d interactions and decreasing exchange splitting.
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We showed that a magnetovolume effect is pronounced
in systems with a large net iron moment and basically
declines with increasing boron content or pressure with
a related decrease in the net moment itself. This is be-
lieved to be related to ferromagnetic instability and the
Invar effect where the LSD calculations provide a realistic
explanation of the phenomena.33:3%:36 It is quite possible

that strong electron correlations might be relevant for
this behavior in Fe-based systems and the tight-binding
LMTO method provides a natural tool for addressing
these questions.3”
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