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The electronic structure of amorphous Co;_,B, (x =0.17, 0.23, and 0.32) alloys were calculated to
clarify their magnetism and electronic specific heat. The electronic structures were calculated self-
consistently, both in the spin-polarized and paramagnetic states, by employing the most-localized linear
muffin-tin orbital method together with the recursion method. B s and p states split into bonding and an-
tibonding states, and B p states, in particular, hybridize with the tails of Co d states. The exchange split-
ting of Co d states decreases with increasing B content mainly because of the enhancement of the hybrid-
ization. As a result, amorphous Co-B alloys become less ferromagnetic as their B content increases. The
calculated magnetic moments per Co atom are proportional to the exchange splitting of Co d states, and
decrease with increasing B content. They can be satisfactorily explained by the generalized Stoner mod-
el, and agree quantitatively with the experimental data. The density of states at the Fermi level rises
with increasing B content, because the highest peak of the minority Co d states shifts toward the Fermi
level owing to the decrease in the exchange splitting. This explains a gradual increase in the electronic
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specific coefficient observed in the experiment.

I. INTRODUCTION

Amorphous Co;_,B, alloys can be easily formed by
rapid quenching techniques in the range 0.16 <x <0.35,}
and exhibit a typical ferromagnetism in these B contents.
Their magnetic properties have been studied extensively.
The magnetic moment per Co atom increases with in-
creasing Co content.>® Malozemoff et al. proposed a
general Slater-Pauling model to explain the changes in
the magnetic moment.* The Curie temperature T, and
spin-wave stiffness constant also increase with increasing
Co content® Furthermore, recent experimental data sug-
gest that the Curie temperature of pure amorphous Co
should be about 450 K higher than that of crystalline hcp
Co.> This enhancement of the Curie temperature is ex-
plained by the changes in the electronic structures origi-
nating from a structural disorder in the amorphous
phase.®” In contrast, the Curie temperature of an Fe-B
alloy starts to decrease beyond 70 at. % Fe.>° The spin-
wave stiffness constant also decreases with an increase in
the Fe content from 76 to 88 at. % Fe.!”!2 These facts
indicate that the ferromagnetism of amorphous Fe-B al-
loys become weak toward a pure amorphous Fe limit,
whereas that of amorphous Co-B alloys tend to become
strong toward a pure amorphous Co limit.

Corresponding to these differences in the magnetic
properties, the electronic specific heat coefficient y, of
amorphous Co-B alloys behave differently from that of
amorphous Fe-B alloys.!*> The y, for amorphous Co-B
alloys increases, whereas that for amorphous Fe-B alloys
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decreases with an increase in the B content.

To understand the magnetism and electronic specific
heats of these materials, it is necessary to determine their
electronic structures. There have been several reports on
electronic-structure calculations for amorphous Fe-B al-
loys,'*~17 but few for amorphous Co-B alloys. In the
work described here we calculated the electronic struc-
tures of amorphous Co;_,B, alloys (x =0.17, 0.23, and
0.32) systematically by using the most localized linear
muffin-tin orbital (LMTO) method together with the re-
cursion method.!® The magnetism and electronic specific
heats of the amorphous Co-B alloys are discussed on the
basis of the calculated electronic structures.

II. CALCULATIONS

To calculate the electronic structure of an amorphous
alloy, it is necessary to construct an atomic-structure
model of the alloy. In a metal-metalloid amorphous alloy
with a low metalloid content, metalloid atoms are sited in
free-volume sites surrounded by metal atoms, so that
direct contact between the metalloid atoms is prevent-
ed.'’®!® However, some direct contact between metalloid
atoms becomes possible beyond a certain critical metal-
loid content. On the basis of structure analysis data,
Waseda estimated this critical metalloid content to be 18
to 20 at. % for metal-boride amorphous alloys.?’

Taking the above fact into account we constructed
atomic-structure models for amorphous Cog3;B;, Co;B;3,
and CogB;, alloys, employing a relaxed dense random

2671 ©1993 The American Physical Society



2672 HIROSHI TANAKA et al. 47

- —— model calc. 4
D T experiment

Distance (A)

FIG. 1. Comparison of the reduced radial distribution func-
tion G(r) for the model atomic structures and experimental
ones. The experimental data for the amorphous Cog;B;; and
Co+;B,; alloys were taken from Ref. 22.

packing of hard spheres (DRPHS) model.?! First, we
constructed a cluster containing 1500 atoms by using the
DRPHS model. In this process, B atoms were packed so
that they were not in direct contact with each other up to
20 at. %. The remaining B atoms beyond 20 at. % were
packed randomly without using this condition. There-
fore, there were no direct contacts between the B atoms
in the atomic cluster for the Cog;B;; amorphous alloy,
whereas there were some direct contacts between B
atoms in the atomic cluster for the Co;;B,; and CogB;,
amorphous alloys. The atomic-structure models for the
amorphous alloys were then obtained by relaxing the
clusters, using truncated Morse-like pair potentials. The
nearest-neighbor distances in the pair potentials were
chosen from the experimental data.’? The depths,
widths, and truncation points of the pair potentials were
determined in the way described in Ref. 21. In Fig. 1, the
reduced radial distribution functions (RDF) G (r) calcu-
lated from the atomic-structure models are compared
with those obtained experimentally. The experimental
data for the amorphous Cog;B;; and Co4,B,; alloys were
taken from Ref. 22. On the whole, the G (r)’s calculated
from the model structure agree well with the experimen-
tal ones.

On the basis of the atomic-structure models obtained
above, we calculated the electronic structures of amor-
phous Co,_,B, alloys self-consistently. We employed
the most localized LMTO-atomic sphere approximation
(ASA) method together with the recursion method.!> Ma-
dulung constants were calculated from the reduced RDF
obtained above. We employed a local spin-density func-
tional (LSDF) theory within a scalar relativistic approxi-
mation in the form suggested by Barth and Hedin.?

III. RESULTS

Figure 2 shows the total and projected densities of
states (DOS’s) for the Cog;B;; amorphous alloy. The zero

energy level is the Fermi level. There are some common
features with the DOS’s of Fe-P (Ref. 14) or Fe-B (Refs.
14—17) amorphous alloys. The projected DOS’s of Co d
states have a two-peak structure. The majority Co d
state is mostly occupied and its DOS at the Fermi level is
much smaller than that of the minority Co d state. This
reflects the fact that amorphous Co-B alloys show strong
ferromagnetism. B s and p states split into bonding and
antibonding states. In particular, B p states have ampli-
tudes around —8 eV below the Fermi level and around
2-4 eV above the Fermi level. They hybridize with the
tails of Co d states. This hybridization plays a significant
role in the magnetic properties of the alloys, which we
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FIG. 2. Total and projected DOS’s of amorphous Cog3;B,; al-
loy. The zero energy level is the Fermi level.
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will discuss later. The bonding B s states have an ampli-
tude at deep energy levels (around —12 eV below the
Fermi level). The bottoms of the Co s and p states shift
toward the low-energy side relative to those in a pure
amorphous Co,” because Co s and p states hybridize with
these deep B s states.

In Fig. 3 we compare the projected DOS’s of Co d
states for amorphous Cog;B;;, Co4;B,3;, and CogBj3, al-
loys. The DOS for pure amorphous Co (Ref. 7) is also in-
cluded in the figure for comparison. The bandwidth of
Co d states becomes narrower with an increase in the B
content. This can be attributed to the decrease in the
coordination number of Co-Co pairs with increasing B
content. We estimated the coordination number by in-
tegrating the partial RDF for Co-Co pairs obtained from
the model structure up to the first minimum beyond the
first peak. The obtained Co-Co coordination numbers are
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FIG. 3. Projected DOS’s of Co d states for amorphous pure
Co (Ref. 7), Cog3B;5, Co4,B,3, and CogBgg alloys. The zero en-
ergy level is the Fermi level.
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FIG. 4. Calculated magnetic moments M as a function of ex-
change splitting of Co d states AE. The dashed line corresponds
to M =AE /I with 1=0.979 eV, which is predicted by the gen-
eralized Stoner model. (Ref. 25).

12.2 for Cog;B;4, 11.9 for Co4,B,3, and 10.7 for CogB3,
amorphous alloys. Although this estimation scheme
tends to overestimate the coordination number in gen-
eral,?* the general trend is obviously for the Co-Co coor-
dination number to decrease with an increase in the B
content. Note that the exchange splitting of Co d states
AE decreases with an increase in the B content. Corre-
sponding to this, the highest peak of the minority d states
shifts close to the Fermi level, though that of majority d
states generally stays around —1 eV below the Fermi lev-
el. The DOS at the Fermi level increases with an increase
in the B content because of the shift of the minority-spin
band.

The electron occupation number for each state and the
resulting magnetic moment for each atom are listed in
Table I. The magnetic moment per Co atom decreases
with increasing B content in the same way that the ex-
change splitting of Co d states AE decreases. The value
of AE for Co d states can be evaluated from the energy
difference of the band center potential parameters C; for
the majority and minority Co d states, which were ob-
tained from the electronic structure calculations. In Fig.
4 we plotted the magnetic moments per Co atom ob-
tained from the present electronic-structure calculations
(triangle symbols) as a function of AE. The dashed line
indicates changes in the magnetic moment estimated by
the generalized Stoner model.”® According to this model,
the magnetic moment M is proportional to the exchange
splitting AE, and can be estimated by the equation

M=AE/I, (1

where I is the Stoner parameter and 0.979 eV for Co.?
As shown in the figure, the magnetic moment of amor-
phous Co-B alloys can be satisfactorily explained by the
generalized Stoner model.

IV. DISCUSSION

Recently, Mizutani et al.?’ investigated systematically
the magnetism, electronic properties, and low-
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TABLE 1. Electron occupation numbers of each state and resulting magnetic moments for amorphous Co,_,B, alloys with
x=0.17,0.23, and 0.32. Those for pure amorphous Co (Ref. 7) are also listed for comparison.

System Atom Spin s p d M(ug) Total
Co Co Up 0.31 0.39 4.62 1.63 9.00
Down 0.36 0.45 2.88
CogBy; Co Up 0.33 0.40 4.50 1.32 9.14
Down 0.36 0.45 3.10

B Up 0.35 0.79 —0.04 2.32
Down 0.37 0.81
Co,/B,; Co Up 0.35 0.42 4.43 1.18 9.22
Down 0.35 0.46 3.21
B Up 0.40 0.77 0.01 2.33
Down 0.39 0.77
CogsBs, Co Up 0.36 0.46 4.31 0.94 9.32
Down 0.34 0.49 3.36
B Up 0.41 0.75 —0.01 2.33
Down 0.40 0.77
temperature specific heats of amorphous tributes this decrease of magnetic moment to the inter-

(Cog g5Bo.15)100—xXx (X = B, Al, Si, and V) alloys (in a
publication hereafter referred to as paper II). In this pa-
per we discuss the magnetism and electronic specific
heats of amorphous Co;_,B, alloys on the basis of their
experimental data and our own calculated electronic
structures. Their experimental data on the saturation
magnetizations M, Curie temperatures 7,, spin-wave
stiffness constants D, and Debye temperature 6, for
amorphous Co,_,B, alloys are summarized in Table II
so that they can be conveniently referred to during our
later discussion.

A. Magnetism

The calculated magnetic moments per Co atom are
compared with the experimental ones®”?® in Fig. 5. The
results agree well, and decrease with increasing B con-
tent. In general, the magnetic moment per TM atom de-
creases with an increase in the metalloid content in amor-
phous TM-metalloid alloys. A simple explanation is pro-
vided by the interatomic charge-transfer model, which at-

TABLE II. Saturation magnetization u, spin-wave stiffness
constant D, Curie temperature T,, and Debye temperatures 6,
for amorphous Co, . B, alloys. The Curie temperatures for 15
at. % B, 19.75 at. % B, and 23.50 at. % B samples could not
determined, because they exceeded the crystallization tempera-
tures.

Composition M D T, 6p
(at. % B) (1£5/Co) (meV A% K K
15.00 1.36 525 456
19.75 1.12 420 390
23.50 1.04 279 400
27.75 0.92 208 670 433
32.00 0.74 166 490 408
36.25 0.50 100 290 395

atomic charge transfer from metalloid atoms to TM
minority d states, resulting in the band-filling effect.?’ On
the other hand, Alben et al.’® and Allen et al.’! suggest-
ed that the suppression in the magnetic moment resulted
from a loss of d character due to the chemical bonding
between TM d states and metalloid p states, but not from
the interatomic charge transfer. The present calculations
support their explanation as discussed below. According
to our results, the charge transfer from a B atom is al-
most constant (~0.68 electrons) regardless of the B con-
tent (see Table I), and too small to explain the decrease in
the magnetic moment. The intra-atomic charge transfer
from the Co majority d state to the minority d state
reduces the magnetic moment per Co atom more
significantly than the interatomic charge transfer, as
shown in Table I. The intra-atomic charge transfer
comes from the decrease in the exchange splitting of Co d
states with increasing B content, as mentioned before.
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FIG. 5. The magnetic moments per Co atom obtained from
the present electronic-structure calculations (solid triangles) are
compared with experimental ones [solid circles (Ref. 27) and
solid square (Ref. 28)].
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Therefore, the magnetic moment decreases because of the
decrease in the exchange splitting rather than the inter-
atomic charge transfer.

The spin-wave stiffness constant and Curie temperature
also decrease with increasing B content. In order to
study the effect on the magnetism of adding B atoms, we
also calculated the electronic structure in the paramag-
netic state. Figure 6 shows the calculated total DOS’s of
a Co site (solid line) and a B site (dashed line) for the
amorphous Cog;B;,, Co;;B,3, and CogB;, alloys, respec-
tively. The total DOS for a pure amorphous Co is also
shown in the figure for comparison. The bandwidth of
the Co DOS decreases with increasing B content as is the
case with the spin-polarized calculations, because the
coordination number of Co-Co pairs decreases. The B p
states split into bonding and antibonding states, and have
amplitudes around —8~ —6 eV below the Fermi level
and 2~4 eV above the Fermi level. They hybridize with
the Co d states, and the tails of the Co d states are

4 | |
B Co i

3t — Co total A
B ---- B total

2

DOS (eV~'atom™")

Energy (eV)

FIG. 6. Paramagnetic DOS’s of Co and B sites for amor-
phous Cog;B,5, Co77B,3;, and CogsBgg alloys. The total DOS of
pure amorphous Co (Ref. 7) is also plotted for comparison. The
zero energy level is the Fermi level.
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enhanced as the B content increases. Consequently, the
amplitude of the highest peak of the Co DOS is
suppressed up to 23 at. % B. On the other hand, the
band-narrowing effect is superior to the effect of hybridi-
zation in 32 at % B, so that the amplitude of the highest
peak of the Co DOS starts to increase. At the same time,
the peak shifts toward the low-energy side with increas-
ing B content because of the hybridization. The DOS at
the Fermi level decreases for 17 at. % and 23 at. % B in
this order because of the suppression of the highest peak
of the Co DOS. In the case of 32 at. % B, a shift of the
highest peak away from the Fermi level becomes substan-
tial and is responsible for a decrease in the Co DOS at the
Fermi level. Although various factors are involved, the
paramagnetic DOS at the Fermi level decreases con-
sistently with increasing B content as a result of the hy-
bridization between the Co d states and B p states. This
decreases the exchange energy of a Co atom, resulting in
the above-mentioned decrease in the exchange splitting.
However, the Stoner criterion is satisfied even in the
amorphous CogB3, alloy, indicating that the alloy is fer-
romagnetic.

B. Electronic specific heat

In paper II, the low-temperature specific heats C(T)
were measured for amorphous Co,_,B, alloys to deter-
mine the DOS’s at the Fermi level experimentally. The
experimental data were analyzed on the basis of the spin-
wave approximation by using the following equation:

c(nN=y, T+ao,T*+C,(T), (2)
with
C,(t)=0,T*?*+0,T"?, 3)

where y, is the electronic, a; the lattice, o the spin-
wave, and o, the nuclear specific heat coefficients. The
electronic specific-heat coefficient reflects the DOS at the
Fermi level through the equation

Ye=+(1+M)7’k}n(Ep), 4)

where A and n(Ejp) are the electron-phonon coupling
constant and the DOS at the Fermi level, respectively.
The Debye temperature was evaluated from the obtained
lattice specific heat coefficient ; through the well-known
equation

a1=%7r4kBNA953 N (5)

where N 4 is Avogadro’s number. The obtained Debye
temperatures are also listed in Table II.

To evaluate ¥, from the present electronic-structure
calculations, it is necessary to estimate the electron-
phonon coupling constant A. For this purpose we em-
ployed a rigid muffin-tin approximation (RMTA).>?> The
approximation was proposed by Gomersall and Gyorffy,
and parametrized within the atomic-sphere approxima-
tion (ASA) by Skriver and Mertig.® According to
McMillan,** A can be described in the form
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=T s (6)
M{w?)

where 7 is the Hopfield parameter, M the atomic mass,
and {w?) the average phonon frequency. The Hopfield
parameter can be calculated by employing the RMTA on
the basis of the electronic structures and wave functions
calculated above, while {©?) has to be estimated from
experiments. We estimated (w?) from the Debye tem-
perature by using the  well-known  relation
(w2)1/2=0.6991). We used a Debye temperature of 417
K, which was obtained by averaging the experimental
data listed in Table II. This is because the experimental
data are scattered in the range from 390 to 456 K. The
calculated values of A are 0.12+0.02 for pure amorphous
Co, 0.29+0.06 for Cog;B;4, 0.39+0.08 for Co4;B,;, and
0.33%0.07 for CoggB;,. The figures after the & sign cor-
respond to the uncertainty of the experimental Debye
temperature. Now, we can estimate the ¥y, from the
present electronic structure calculations by substituting
these values into Eq. (4).

In Fig. 7, experimental y,’s are compared with
theoretical ones. v, for the crystalline hcp Co is also plot-
ted in the figure. Although the experimental values are
higher than the theoretical ones, which need further
study, both increase with increasing B content. This in-
crease in ¥, stems from the increase in the spin-polarized
DOS at the Fermi level with increasing B content (see
Fig. 2). The DOS increases with increasing B content be-
cause of the decrease in the exchange splitting of Co d
states, as mentioned before. The experimental y,, how-
ever, keeps increasing even beyond 30 at. % B, whereas
theoretical one tends to reach saturation around this B
content. The rapid increase in ¥y, beyond 30 at. % B is
expected to result from weakening of the ferromagnetism.
As shown in Table I, the spin-wave stiffness constant de-
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FIG. 7. Comparison of the electronic specific-heat

coefficients obtained from the experiments (solid triangles) and
those calculated from the electronic structures (solid circles).
Note here that the electron-phonon enhancement factor is taken
into account in the calculations. Error bars for the calculated
data correspond to the uncertainty of the Debye temperature
(see text). The experimental value for hcp Co (solid square) is
also plotted.
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FIG. 8. Total (sum of the majority part and minority part)
DOS’s for amorphous pure Co (Ref. 7), Cog3B5, Cos;B,;, and
CogsBgs alloys. The zero energy level is the Fermi level.

creases with increasing B content, which indicates that
amorphous Co-B alloy becomes less magnetic with in-
creasing B content. For weak or unstable ferromagnetic
materials, the magnetic specific heat C,,(T) is described
by

C,(N=A4+y,T+a,T?, (7)

rather than Eq. (3),* and the total specific heat can be de-
scribed in the form

C(N=A+(y,+y,)T+(a;+a,)T?. (8)

The electronic specific-heat coefficient y, then cannot be
distinguished from the magnetic specific-heat coefficient
Y m» because both of them have the same temperature
dependence. In fact, it was observed that the linearly
temperature-dependent specific heat coefficients were
significantly enhanced by the magnetic contribution in
amorphous Co-Zr-X (X=Si, Ge, Zr, Al) and Co-B-X
(X=Al, Si, and V) alloys when their spigl-wave stiffness
constants were less than about 150 meV A (see paper II).
Note that the spin-wave stiffness constants of amorphous
CogB3, and CogyBj6 alloys are 166 meV A and 100 meV
A, respectively (see Table II). Figure 8 shows the total
DOS’s (the sum of the DOS’s in the majority and minori-
ty spin states) for the amorphous pure Co,’ Cog;B;,
Co,7B,3, and CogB;, alloys. Note that the Fermi level
falls near a local minimum of the total DOS in each of
the first three amorphous metals, whereas it falls on a
slope of the total DOS in the CogBj, alloy. This indi-
cates that the ferromagnetism with the collinear spin
configuration becomes unstable for the CoggB3, alloy with
respect to the band energy.

V. CONCLUSION

The magnetism and electronic specific heats of amor-
phous Co-B alloys were studied in relation to their elec-
tronic structures. The electronic structures calculated
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self-consistently indicate that amorphous Co,_, B, alloys
are ferromagnetic at least in the range x <0.32. The
magnetic moment per Co atom and the exchange split-
ting of Co d states decrease with increasing B content.
This degradation of the ferromagnetism results from the
hybridization between the B p states and Co d states, and
the resulting change in the electronic structures. The cal-
culated magnetic moments agree quantitatively with ex-
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perimental ones. They change in proportion to the ex-
change splitting of Co d states, and are satisfactorily ex-
plained by the generalized Stoner model. The DOS at the
Fermi level increases with increasing B content, because
the exchange splitting of Co d states decreases and the
main peak of the minority Co d state shifts toward the
Fermi level. Correspondingly, the electronic specific-heat
coefficient increases with increasing B content.
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