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Utilizing both charge and spin degrees of freedom of electrons simultaneously in magnetic
semiconductors promises new device concepts by creating an opportunity to realize data
processing, transportation and storage in one single spintronic device. Unlike most of the
traditional diluted magnetic semiconductors, which obtain intrinsic ferromagnetism by
adding magnetic elements to non-magnetic semiconductors, we attempt to develop new
magnetic semiconductors via a metal-semiconductor transition by introducing oxygen into
a ferromagnetic Co-Fe-B metallic glass. The atomic structure and electronic structure of
the Co-Fe-B-O sample are explored by using first-principles calculations. The total pair
correlation functions of both the Co-Fe-B and Co-Fe-B-O samples evidence their glass
structures. The bond pair and coordination number analysis together demonstrate that the
oxygen addition enables the bond types to change from the dominant metallic bonding in
the Co-Fe-B metallic glass to the mixture of metallic, ionic and covalent bonding in the Co-
Fe-B-O oxide glass. This results in the localization of electron charge density and the
opening of the band gap in the Co-Fe-B-O oxide glass. The density of states suggests the
Co-Fe-B-O oxide glass is semiconducting with a band gap of about 1.7 eV, but there are
intermediate energy levels in the band gap. Meanwhile, the Co-Fe-B-O oxide glass remains
to be ferromagnetic. These results indicate that the Co-Fe-B-O oxide glass is a magnetic
semiconductor transferred from a ferromagnetic Co-Fe-B metallic glass, which is further
verified by the experimental realization of a Co-Fe-B-O magnetic semiconductor.
Furthermore, our calculation results reveal that a hybridization of the 4s/4p, 3d
electrons of ferromagnetic Co and Fe atoms and O 2p electrons exists. Such s, p-d
exchange interaction is essential to bridge the mutual interaction between the electrical
conduction arising from s-like electrons and ferromagnetism supported by 3d electrons in
magnetic semiconductors, thereby enabling the control of ferromagnetism by electrical
means. Our calculation results represent an important step to gain a deeper understanding
of the oxygen addition induced metal-semiconductor transition in an amorphous alloy Co-
Fe-B system. We anticipate that our calculation results provide theoretical fundamentals
for experimentally transferring many other ferromagnetic amorphous alloys into
ferromagnetic semiconductors with attractive magnetoelectric coupling properties.
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1 INTRODUCTION

Generally, semiconductor devices offer irreplaceable advantages
in information processing, while the information storage is widely
based on metal-based magnetic devices (Awschalom and Flatté
2007). They are two separate components and have their own
respectively independent development in the field of information
technology. Emerging as advanced materials with multi
functions, magnetic semiconductors (MSs) combine the
characteristics of both semiconductor and ferromagnet, in
which both charge and spin degrees of freedom of electrons
can be manipulated simultaneously to fullfill the requirement for
realizing logic computing function and information storage in
one single device (Munekata et al., 1989; Dietl and Ohno 2014).
This may provide an effective way to greatly reduce the energy
consumption, increase the integration density, and improve the
data operation speed (Ohno et al., 1999; Ohno et al., 2000).
Currently, the research activity on MSs is mainly devoted to the
dilute magnetic semiconductors (DMSs), that is, adding magnetic
elements to conventional semiconductor materials to obtain
magnetic properties, especially III-V semiconductors doped
with magnetic elements (Ohno et al., 1992; Ohno et al., 1996;
Matsukura et al., 1998). However, almost all DMSs prepared by
this method have Curie temperatures far below room
temperature (Schallenberg and Munekata 2006). For example,
the highest Curie temperature recorded for (Ga, Mn)As is 200 K
(Chen et al., 2011), based on which the devices cannot work at
room temperature for practical applications.

The basic reason for the low Curie temperatures of these
DMSs mentioned above is that the solid solubility of the
magnetic elements in the non-magnetic semiconductor
matrix is normally low. Additions of these magnetic
elements beyond their solid solubility may lead to the
introduction of a magnetic second phase (Zhang et al.,
2012), which could disrupt the interaction of charge
carriers and local magnetic moments. In contrast to these
crystalline DMSs, metallic glasses (MGs) are characterized by
long-range disordered atomic structures with uniform free
volume distributions (Greer 1995). Additionally, the atomic

bonding type dominated in MGs is metallic, which is non-
directional and non-saturating. Therefore, MGs can be used
as hosts to bring in a large amount of additional elements
without altering the glass formation over a wide range of
compositions, which makes it possible to realize room-
temperature MSs (Liu et al., 2016). In this study, we select
a Co-Fe-B metallic system because this system has been
widely studied in the field of spintronics. This Co-Fe-B
system not only shows strong ferromagnetism, but also has
a Curie temperature higher than 500 K. In addition, it has
high spin polarization and exhibits an unusual correlation
between its spin-dependent transport and ferromagnetism
(Paluskar et al., 2009). As a result, the amorphous Co-Fe-B
system has been used as ferromagnetic electrodes in magnetic
tunnel junction-based spintronic devices for data storage
(Feng and Childress 1999; Wang et al., 2004; Djayaprawira
et al., 2005; Wang et al., 2005; Fuji et al., 2018). Transferring
this system into MSs may enable good compatability of this
material with the existing semiconductor materials. Taken
together, we attempt to design new room temperature MSs by
introducing a large amount of oxygen into a ferromagnetic
Co-Fe-B MG.

Currently, relatively few studies have been made to explore
the electronic structure and exchange interactions of oxide
glass (OG) ferromagnets (Wang et al., 2006; Hu et al., 2014).
Apparently, the main obstacle to be solved relies on their
unclear atomic structure. Experimentally, only average
structural information is available, such as the coordination
numbers and the bond length of the first nearest-neighbor shell
mainly through synchrotron X-ray measurements. Moreover,
these experiments generally could not provide sufficient
structural information for gaining a deep understanding of
the physics behind the oxygen effects on their unique
properties, particularly in multivariate complex glass
systems (Hirata et al., 2010). Recent progress in
computational simulations offers an opportunity to resolve
the atomic-level structure of glass materials and extend the
local atomic packing schemes from short-range order to
medium-range order (Ding et al., 2014; Ding et al., 2015).

FIGURE 1 | PCFs of (A) Co-Fe-B, (B) Co-Fe-B-O systems at 300 K.
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Meanwhile, it is possible to correlate the properties mainly
focused on mechanical properties with the structures
simulated by using computational techniques (Ding et al.,
2012; Xu et al., 2015; Ding et al., 2016). In comparison, the
details of how the atomic-level structure and electronic band
structure affect the ferromagnetism, electricity and their
coupling effects as well as exchange interactions in OG
ferromagnets remain poorly understood from both
experimental and theoretical aspects. Therefore, first-
principles computational simulations are quite useful to
uncover the underlying mechanisms that govern the
oxygen-induced metal-semiconductor transitions in the
OGs. In this paper, a melt-and-quench scheme
implemented by first-principles molecular dynamics
simulations has been employed to construct the structure
models of Co-Fe-B and Co-Fe-B-O glass systems. These two
systems are designed to explore the effects of oxygen addition
on the structural, magnetic and electronic properties of the
ferromagnetic Co-Fe-B system. Corresponding to the oxygen-
induced changes in both the atomic structure and electronic
structure, the magnetic and electronic properties of the Co-Fe-
B-O system differ significantly from those of the Co-Fe-B MG
system. The simulation results show that the developed Co-Fe-
B-O material from the ferromagnetic Co-Fe-B system becomes
a room-temperature MS and may hold potential for spintronic
application. To verify the prediction of our computational
simulations, a Co-Fe-B-O MS has been successfully prepared
by magnetron sputter deposition. Our results provide a
theoretical basis for demonstrating the effects of the oxygen
addition on the metal-semiconductor transition in MGs and
create a new avenue for experimentally designing and

preparing new type of MSs transferred from
ferromagnetic MGs.

2 MATERIALS AND METHODS

2.1 First-Principles Calculations
First-principles simulations were carried out by employing
generalized gradient approximation (GGA)/GGA + U with
Perdew–Burke–Ernzerhof (PBE) formalism (Blöchl 1994;
Perdew et al., 1996) on the basis of density functional theory
(DFT) as implemented in the Vienna ab initio simulation package
(VASP) (Kresse and Hafner 1993). The supercell models of Co-
Fe-B/Co-Fe-B-O system with a total of 200 atoms were adopted
as initial structures. Automatic k-point mesh of 1 × 1 × 1
containing Gamma was used for geometry optimization. The
convergence criterion used in the electronic self-consistent was
set to 10–5 eV and the magnitude of force on each atom fell below
0.005 eV Å−1. For the Co-Fe-B/Co-Fe-B-O system, isothermal
process was simulated at 300 K with 1,000 steps being collected
for structural analysis. Electron spins were taken into account
throughout the simulation.

FIGURE 2 | Fractions of typical HA index of (A) Co-Fe-B, (B) Co-Fe-B-O systems.

TABLE 1 | Average coordination number of the elements.

Co Fe B O

Co-Fe-B 13.6 14.4 9.0 –

Co-Fe-B-O 7.6 6.9 3.1 3.4

FIGURE 3 | The atomic structure model of the Co-Fe-B-O system, in
which the enlarged parts are the BO3 structural unit, the tetrahedral structural
unit consisting of four Co atoms and oxygen-mediated Fe-O-Fe structure.
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The melt-and-quench approach (Kresse and Hafner 1994) has
been used to theoretically obtain the structural model for
amorphous transition metal oxides (ATMOs). Previously, it
has been verified that such approach can successfully generate
the structural models for amorphous semiconductors (Kresse and
Hafner 1994) and MGs (Guan et al., 2012).

2.2 Experiments
Thin films were deposited on different substrates such as quartz
glass, single-crystal silicon and silica by radio frequency (RF)
magnetron sputtering. The base pressure was lower than 6 ×
10–5 Pa while the working pressure was 0.3 Pa under a gas
mixture of high purity argon and oxygen. The composition of
thin film was measured by auger electron spectroscopy (AES).
The structure of the thin film was investigated by using a high
resolution transmission electron microscope (HRTEM). The
magnetic properties were measured by a superconducting
quantum interference device-vibrating sample magnetometer
(SQUID-VSM). The electrical properties were examined by a
physical property measurement system (PPMS-9T).

3 RESULTS AND DISCUSSION

3.1 Oxygen Enabled the Transformation
From a Single-Phase Co-Fe-B MG to a
Single-Phase Co-Fe-B-O OG
We select Co40Fe40B20 and Co23Fe14B10O53 for first-principles
calculations to study the effects of oxygen addition on both
structure and properties of the Co-Fe-B system. Firstly, the
difference in the atomic structures of the two systems are
analyzed. The partial and total pair correlation functions (PCFs)
for the Co-Fe-B and Co-Fe-B-O samples are plotted in the g(r)
curves of Figure 1. The total PCFs of the two systems show broad
peaks characteristic of their glass structures. Twoobvious peaks arising
from the first-nearest-neighbor shells are observed in the total PCF of
the Co-Fe-B system as shown in Figure 1A. Compared with the
partial PCFs of the elements involved in the Co-Fe-B system, one peak
at around 2.1 Åmainly corresponds to the bonding pairs between the
ferromagnetic (Co, Fe) atoms andmetalloid (B) atom. The other peak
at ~2.55 Å is caused by the bonding pairs of transition metal (TM)
elements Co-Co, Co-Fe and Fe-Fe. With the oxygen addition, the
number and position of the first-nearest-neighbor peaks in the PCFs
of the Co-Fe-B-O system differ from those of the Co-Fe-B system as
shown in Figure 1B.

Three obvious first-nearest-neighbor peaks are observed in the
total PCF of the Co-Fe-B-O system in Figure 1B. Compared with

its partial PCFs, the first peak is mainly attributed to the first-
nearest-neighbor pairs of oxygen and boron atoms with an
average atomic distance of about 1.35 Å between them. The
second peak at around 1.95 Å is mainly due to the
contributions from the atomic pairs between the TM atoms
and non-metallic (O) atom. Owing to the high affinity of both
Co and Fe to oxygen, there exists strong interaction between the
Co, Fe atoms and O atoms, resulting in their intense first-nearest-
neighbor peaks in the g(r) curves. Therefore, unlike the first-
nearest-neighbor binding of TM-B at 2.1 Å in the Co-Fe-B
system, no B as first nearest neighbors around the TM atoms
can be observed due to the addition of oxygen. But B exists as the
second nearest neighbors at about 3 Å around the TM atoms. In
comparison, the third peak stems primarily from the first-
nearest-neighbor atomic pairs of Co-Co, Co-Fe and Fe-Fe.
Besides, the second-nearest-neighbor atomic pair of B-B also
contributes to the third peak. At the same time, due to the
addition of oxygen, the first-nearest-neighbor distances of TM-
TM pairs increase as a whole. And all the first peaks of the partial
PCFs of Co-Co, Co-Fe and Fe-Fe split as shown in Figure 1B.
Such splitting suggests that ferromagnetic Co and Fe atoms may
exist in different environments and thus form atomic bonds with
different bond lengths.

In order to further understand the local atomic structure of the
Co-Fe-B MG and the Co-Fe-B-O OG, the bond pair index
method of Honeycutt and Andersen (HA) is used. The type
distributions of characteristic bond pairs with more than 1% in
the amorphous Co-Fe-B and Co-Fe-B-O systems are shown in
Figure 2. Among them, the 1,551 characteristic bond pairs
representing the icosahedral clusters have the highest fraction,
followed by 1,541 and 1,431 bond pairs representing the
deformed icosahedra in the Co-Fe-B system (Figure 2A).
These three bond pairs account for 72% of the total bond
pairs, which is a typical feature for MGs. Figure 2B shows the
statistical results of characteristic bond pairs in the Co-Fe-B-O
system, which are very different from those of the Co-Fe-B
system. The cluster structures characterized by 1,001, 1,102
and 1,202 bond pairs are the most popular, accounting for
88% of the total architecture. According to the definition of
HA index, the 1,001 bond pair represents the B-O covalent
bond, because its directivity and saturation determine the
absence of its common first-nearest-neighbor atoms shared by
B and O. And 1,102 and 1,202 bond pairs are more inclined to
correspond to the mixture of ionic and metallic bonds. It shows
that the number of atoms around the bond pair studied reduces.

The investigation of coordination number is based on the PCF
analysis, taking the distance at the first trough as the cutoff value
for the first nearest neighbors of the center atoms in the PCF
curves. The average coordination numbers in M (Co, Fe, B, O)-
centered clusters are listed inTable 1. Due to the oxygen addition,
the average coordination numbers of Co and Fe elements become
7.6 and 6.9, respectively, which are much lower than 13.6 and
14.4 in the Co-Fe-B MG. The average coordination number
around the B atom also decreases sharply from 9.0 to 3.1 after
the oxygen addition. In the Co-Fe-B MG, these B-centered local
structures with the coordination number of 9.0 are related to
the tricapped trigonal prisms (TTP) at normal conditions, similar

TABLE 2 |Magnetic moments of s, p, d, and Total orbitals for the atoms in the Co-
Fe-B system.

Element s (µB) p (µB) d (µB) Total (µB)

Co −0.010 −0.041 1.330 1.278
Fe −0.001 −0.029 2.394 2.364
B −0.018 −0.098 0.000 −0.116
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to the local configurations such as BFe9 and B2Fe8 in Fe-B
amorphous alloys (Tian et al., 2012). But the B-centered
polyhedra have changed to the determined local BO3

structural units in the Co-Fe-B-O OG as shown in Figure 3,
similar to those in boron oxide. The average coordination number
of O is 3.4, which further verifies the results of the HA index
analysis. Therefore, the addition of oxygen causes dramatic
structural changes, including the difference in the coordination
environments of magnetic atoms and the emergence of oxide
structural units, which may bring special magnetic and electrical
properties.

3.2 Oxygen Induced Changes in the
Ferromagnetism of the Amorphous
Co-Fe-B-O System
In order to study the magnetic properties of the materials, the
electrons’ spins were considered during the simulation. Firstly,
according to the relationship between saturation magnetic

induction (BS) and magnetic moment (MS) of
BS � μ0(MS/VS), where VS is the involved supercell volume,
μ0 is vacuum permeability (4π × 10–7 TmA−1), the calculated BS
value of the Co-Fe-B amorphous system is 1.62 T. Meanwhile, the
partial and average magnetic moments of different electron orbits
of M (Co, Fe, B) atoms are listed in Table 2, which are similar to
the calculation results of conventional CoFe-based amorphous
alloys (Li et al., 2019).

However, magnetic calculation of ATMOs is more
complicated and less studied. This is because the magnetic
super-exchange interactions mediated by oxygen atoms
depend on their structures, whereas the amorphous short-
range ordered structure is different from the unit cell structure
of crystals. Therefore, it is difficult to determine the spin direction
of each atom in the system. In this paper, we discuss the spin
order of the Co-Fe-B-O system from its microstructure, and use a
concise and effective theoretical method to determine the
magnetic ground state of the involved ferromagnetic atoms
combined with first-principles calculation.

FIGURE 4 | Distributions of typical Voronoi polyhedral indices of Fe-centered clusters in the (A) Co-Fe-B, (B) Co-Fe-B-O systems, (C) D-region and (D) I-region of
the Co-Fe-B-O system.
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From the structural analysis in the previous section, it is
known that, unlike the atomic structure of the Co-Fe-B
system, two different coordination environments exist for the
magnetic Co and Fe within the Co-Fe-B-O system. According to
the partial PCFs, the first peaks of Co-Co and Fe-Fe split into two
sub-peaks (Figure 1B). The location of the first sub-peak is close
to the first nearest-neighbor distance between the magnetic atoms
in the Co-Fe-B system, while the second sub-peak locates at an
average distance corresponding to the M-O-M groups connected
by oxygen atoms. Therefore, the location of the splitting valley
can be taken as a critical cutoff distance to distinguish the M-M
and M-O-M groups, which experience the direct and indirect
exchange interactions, respectively (Hu et al., 2014). According to
the M-M bond lengths, the area consisting of magnetic atoms can

be thus classified into two regions. One has short-range ordering
clusters with direct exchange interaction via ferromagnetic
coupling (D-region), while the other possesses local clusters
with indirect exchange interaction via antiferromagnetic
coupling (I-region). From the relative sizes of the two sub-
peaks in the partial PCF diagrams (Figure 1B), almost all Co
atoms are direct neighbors. Based on the Co-Fe-B-O atomic
structure model in Figure 3, most of these directly neighbored
Co atoms form tetrahedral structural units. In comparison, only a
small number of Fe atoms are directly connected and experience
direct exchange interaction, whereas most of Fe atoms form the
oxygen-mediated Fe-O-Fe structural units with indirect exchange
interaction (Figure 3). The bonding ability of the involved TMs of
Co and Fe with oxygen depends on their affinities to oxygen. Fe
has higher affinity to oxygen than Co, thus bonding with oxygen
more easily. Hence, most local structural units of TM-O-TM are
Fe-O-Fe, which may contribute to the decreased saturation
magnetization.

In order to better understand the correlation between local
cluster structure and magnetic exchange interaction, the average
Fe coordination numbers of Fe atoms involved in the two regions
are counted to be 1.5 for D-region and 0.6 for I-region,
respectively. At the same time, the Voronoi polyhedron
analysis is used to probe the local atomic configurations via
short-range order of the simulated amorphous structure
(Medvedev 1986). The major types of the Fe-centered clusters
are differentiated with the corresponding Voronoi polyhedral
indices as shown in Figure 4A (Co-Fe-B MG) and Figure 4B
(Co-Fe-B-O OG), respectively. From the statistical histogram of
Voronoi polyhedral indices in Figure 4A, the Fe-centered clusters
in the Co-Fe-B system are mainly characterized by two types of
polyhedra indexed as < 0, 2, 8, x > and <0, 1, 10, x >. These two
types of polyhedra are generally grouped as icosahedral-like
clusters, indicating that the short-range ordering mainly exists
in terms of icosahedral-like clusters (Zhang et al., 2015).
Compared with the Fe-centered clusters in the Co-Fe-B
system, the atomic configurations are quite different in the
Co-Fe-B-O system (Figure 4B). All the typical coordination
polyhedra are almost completely different from those in the
Co-Fe-B system. Meanwhile, the percentages of these
polyhedron types generally decrease and the distribution is
more uniform in the Co-Fe-B-O system. To correlate the local
structure and the ferromagnetism of this Co-Fe-B-O system, the
Voronoi index type distributions of Fe-contained clusters in the
D-region and I-region are statistically analyzed, respectively. As
shown in Figure 4C and Figure 4D, the Fe-contained Voronoi
polyhedron types are different in these two regions. The
distribution of the Voronoi polyhedron indices in the I-region
is almost identical to that of the overall Fe-contained Voronoi
polyhedron indices of the system (Figure 4B). This indicates that
the Fe atoms are mainly distributed in the I-region. In addition, in
the statistical analysis of the Fe-O-Fe structural units, it is found
that the average bond lengths of the two Fe atoms in the indirect
exchange interaction are in the first and the second half of the
posterior sub-peak, respectively. Figure 5 shows the average bond
length distribution of Fe atoms in the system. Therefore,
considering the combining influence of the coordination

FIGURE 5 | Distribution of the average bond length of Fe atoms.

TABLE 3 | The total energies for each type of spin ordering and relative energies
with respect to spin ordering NM.

Spin Ordering Type Energy (eV) Relative Energy (eV/Atom)

NM −1,407.44 —

FM −1,438.60 −0.156
AFM-Ⅰ −1,439.68 −0.161
AFM-Ⅱ −1,440.42 −0.165

TABLE 4 |Magnetic moments of s, p, d, and Total orbitals for the atoms in the Co-
Fe-B-O system.

Element s (µB) p (µB) d (µB) Total (µB)

Co 0.002 0.003 1.334 1.339
Fe 0.006 0.002 0.871 0.879
B 0.001 0.005 0.000 0.006
O 0.004 0.066 0.000 0.070
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environment of Fe atoms and oxygen atoms on their spin
directions, the Fe atoms in the I-region can be divided into
two zones. One includes Fe atoms with large bond lengths
(IL-region) and the other consists of Fe atoms with small bond
lengths (IS-region). Different spin directions can be assigned to Fe
atoms in these two zones, respectively. Thus, based on this
method, we set up four spin ground states comprising the
non-ferromagnetic (NM) state, the ferromagnetic coupling in
all regions (FM), the negative magnetic moments of magnetic
atoms in the IS-region (AFM-Ⅰ) and the negative magnetic
moments of magnetic atoms in the IL-region (AFM-Ⅱ). Then,
the total energy for each type of spin ordering can be calculated
using the first-principles calculations. The calculated results are
summarized in Table 3.

From Table 3, the AFM-Ⅱ type spin ordering is the lowest in
energy. Based on this magnetic moment setting of the ground state,
the partial and average magnetic moments of different electron orbits

ofM (Co, Fe, B, O) atoms are calculated. Compared with the Co-Fe-B
MG, the average magnetic moment of Co atoms does not decrease,
but slightly increases as shown inTable 4. This can be explained from
two aspects. First, the oxygen addition appropriately increases the
bond lengths between Co atoms, which enhances the direct magnetic
exchange effect and therefore strengthens the ferromagnetism.
Second, although there are fewer Co atoms in the I-region, the
charge transfer between oxygen and Co atoms also contributes to
the improvement of atomic magnetic moment. In contrast, Fe has a
higher affinity to oxygen than Co, thus bonding with oxygen more
easily. Most of Fe form the oxygen-mediated Fe-O-Fe structural units
with indirect exchange interaction, whereas most of Co are direct
neighbors with direct magnetic interaction. The average magnetic
moment of Fe atoms decreases from 2.364 µB in the Co-Fe-B system
to 0.879 µB in the Co-Fe-B-O system, which is mainly due to the
presence of negative magnetic moments induced by oxygen-mediated
indirect exchange interaction. Eventually, the BS value decreases from

FIGURE 6 | 2d charge density diagrams of (A) Co-Fe-B and (B) Co-Fe-B-O systems (intercepted parallel to the X-Y plane at 1/2 of the Z-axis direction of the
supercell).

FIGURE 7 | Total (the black curves) and partial DOS of Co-Fe-B metallic glass. The green, red, and blue curves represent the s, p, and d orbitals, respectively. Solid
lines and dotted lines represent the spin-up and spin-down. The vertical line indicates the Fermi level.
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1.62 T in the Co-Fe-B system to 0.44 T in the Co-Fe-B-O system.
Meanwhile, the Co-Fe-B-OOG becomes ferrimagnetic because of the
presence of the negative magnetic moments.

3.3 Oxygen Induced Changes in the
Electronic Structure of the Co-Fe-B-O
System
The DFT is an exact theory for reproducing and predicting ground
state properties of an electronic system. Nevertheless, the usual LDA
and GGA approximations cannot describe correctly the strongly
correlated systems with partially filled d or f shells (Terakura et al.,

1984). Therefore, the strong electronic correlations between 3d
electrons in the transition metal atoms suggest the necessity to use
a DFT + U approximation with correlation energy correction
(Anisimov et al., 1991). We employed a GGA + U approach to
characterize the electronic structure of the Co-Fe-B-O amorphous
oxide, using a 3 × 3 × 3 Gamma centered k-point mesh and Ueff = 6.9
and 5.9 eV for d electrons of Co and Fe atoms, respectively (Anisimov
et al., 1991).

In order to understand the difference in the electronic
structures of the Co-Fe-B and Co-Fe-B-O systems, we
calculated the charge density distribution and density of states
(DOS) for the two systems. Their two-dimension (2d) charge

FIGURE 8 | (A) Total (the black curves) and partial DOS of Co-Fe-B-O amorphous oxide. (B) Enlarged image of DOS near Fermi level. The green, red, and blue
curves represent the s, p, and d orbitals, respectively. Solid lines and dotted lines represent the spin-up and spin-down. The vertical line indicates the Fermi level.

Frontiers in Materials | www.frontiersin.org April 2022 | Volume 9 | Article 8911358

Wang et al. Co-Fe-B-O Oxide Glass Magnetic Semiconductor

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


density diagrams are shown in Figure 6. Compared with the Co-
Fe-B-O system, the overall charge density of the Co-Fe-B MG is
higher and more uniformly distributed, which conforms to the
free-electron gas model of metals. The much more localized
electron charge distribution of the Co-Fe-B-O OG indicates
that this system tends to become insulating due to the oxygen
addition.

Figure 7 shows the total and partial DOS of the Co-Fe-B MG,
characterizing metallic conductivity. The Fermi level (EF) located in
the gap of the spin-down bands, indicating that the system presents
strong ferromagnetism (Malozemoff et al., 1984; Wang et al., 2013).
The bands near EF are mainly attributed to Fe-3d states with a small
contribution from the 2p states of B, manifesting evidently the
hybridization between 2p and 3d orbitals.

The total and partial DOS of the Co-Fe-B-O OG are shown in
Figure 8. According to the analysis of the total DOS, its EF is in
the band gap. The calculated band gap of the Co-Fe-B-O OG is
about 1.7 eV, characterizing its semiconducting transport
properties. At the same time, the asymmetry of the spin
density of states demonstrates that the Co-Fe-B-O OG is still
ferromagnetic. It is noted that there exist intermediate energy

levels at around -1 eV in the spin-down band gap and near EF in
the spin-up band gap as enlarged in Figure 8B. Compared with
the partial DOS diagrams, it is found that these intermediate
energy levels are mainly attributed to the Co-3d, Fe-3d and O-2p
states. This indicates that the TM (Co, Fe)-O bonding is
dominated by the electron hybridization of the 2p states from
O and the 3d states from TM. The density of states of Co atoms at
the intermediate energy levels is higher than that of Fe atoms. But
near the top of the valence band and the bottom of the conduction
band, the Fe atoms contribute more electrons, indicating that the
bonding of Fe-O may have an important role in the metal-
semiconductor transition of the system. Therefore, Co-O and
Fe-O jointly regulate the magnetic and semiconducting electrical
properties of the system. There are also small amounts of s and p
electrons of TM in the intermediate energy levels, suggesting the
hybridization of non-local conductive s, p electrons and the 3d
electrons of the TM atoms. Similar electron distribution also
exists in the bands between −17.5 eV and −20.5 eV. Such
hybridization-induced s-d exchange interaction between the
carrier spins and the localized magnetic moments leads to the
spin polarization of the s-like conduction electrons. The mutual

FIGURE 9 | (A) HRTEM image of Co-Fe-B-O thin films. The inset is the SAED patterns. (B)Magnetic behavior of the Co-Fe-B-O: Magnetic field dependence of the
magnetization (M–H) curves measured at room temperature. (C) High-temperature magnetization-temperature (M–T) curve measured at an external field of 100 Oe. (D)
The normalized resistivity ρ/ρ0 as a function of temperature (ρ0 is the room temperature resistivity) for the thin film. Inset is the plot of ln (ρ/ρ0) versus T−1/2 based on the
experimental data.
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interaction of the electrical conduction from spin-polarized s-like
electrons and ferromagnetism from 3d electrons paves the way for
controlling the intrinsic ferromagnetism externally by electrical
means in MSs (Meng et al., 2007; Walsh et al., 2008; Dietl, 2010;
Tian et al., 2010; Hu et al., 2014).

3.4 Experimental Verification
To verify our computer calculation results, we further conducted
the corresponding experiments. The Co22.6Fe14.4B9.9O53.1 thin
film was deposited by magnetron sputtering. The HRTEM
image of the thin film shows maze-like atomic arrangements,
characterizing disordered amorphous structure (Figure 9A). The
corresponding selected area electron diffraction (SAED) pattern
inserted in Figure 9A contains one obvious diffuse halo ring,
further confirming the formation of single-phase OG in the Co-
Fe-B-O thin film.

The magnetic properties of the Co-Fe-B-O OG are shown in
Figure 9B. Its BS at room temperature is 252 emu/cm3 (0.32 T),
confirming its room-temperature ferromagnetism. The experimental
BS is lower than the calculated BS value (0.44 T). In fact, thin film
ferromagnets usually show lower BS values than their bulk
counterparts because both the free surfaces of the thin films and
the interfaces between the substrate and the thin films could decrease
BS (Poulopoulos and Baberschke 1999). As shown in Figure 9C, the
M-T curve of the sample indicates that the Co-Fe-B-O sample has a
Curie temperature higher than 620 K. At first, the magnetization
decreases with increasing temperature from 300 to 640 K, which is
consistent with the temperature dependence of spontaneous
magnetization for traditional magnetic metals. When the
temperature is higher than 640 K, the magnetization of the sample
begins to increase likely due to the crystallization of the thin film.
Similar results were also reported for the Co-Fe-Ta-B-O thin films
(Liu et al., 2016).

As shown in Figure 9D, the room-temperature resistivity of the
Co-Fe-B-O film is of order of 1Ω cm (in the range of 10−3–1012Ω cm
for semiconductors). In addition, the Co-Fe-B-O sample shows a
negative temperature dependence of resistivity in terms of
ln(ρ/ρ0) ∝ T−1/2 (inset of Figure 9D), typically observed for
semiconductors. In the amorphous semiconductors, the presence
of structural disorder induces the localization of electrons. Éfros
suggested that the conduction mechanism underlying this
correlation was electron hopping between the localized states,
which occurred at low temperature by taking into account the
Coulomb interaction in disordered systems (Anderson 1958; Éfros
and Shklovskii 1975). In comparison with the non-magnetic
semiconductors, the transport mechanism for ATMOs is supposed
to be spin-dependent due to the presence of doped TM atoms (Yan
et al., 2006). Our calculation results show that the 3d electrons of TM
atoms in the Co-Fe-B-O MS are hybridized with those s electrons on
the one hand and interact with 2p electrons of O on the other hand.
These two interactions together could make our Co-Fe-B-O OG
possess the intrinsic magnetoelectric coupling effects modulated by
the spin-polarized carriers. Therefore, we anticipate that such Co-Fe-
B-OMS could show intriguingmagnetoelectrical transport properties,
which is out of the scope of the present study and needs to be further
investigated in our future work.

4 CONCLUSION

In conclusion, we performed first-principles calculations to gain a
deep understanding of the mechanism for the metal-
semiconductor transition via oxygen manipulation in a
ferromagnetic MG Co-Fe-B system. The structure analysis
shows that a single-phase Co-Fe-B MG transforms into a
single-phase Co-Fe-B-O OG. Both the Co-Fe-B MG and Co-
Fe-B-O OG show homogeneous glass structures. The structural
analysis in details documents significant difference in their local
structural configurations. The Co-Fe-B MG is mainly
characterized by the icosahedron-like clusters, similar to most
other MGs reported so far. With the oxygen addition, the Co-Fe-
B-O OG contains more polyhedron types with lower cluster
coordination numbers compared with the Co-Fe-B MG. The
basic reason is that the atomic bonds change from the dominant
metallic bonding in the Co-Fe-B MG to the coexistence of
metallic, ionic and covalent bonding in the Co-Fe-B-O OG.
That is to say, the oxygen addition affects the local atomic
configurations and thus leads to different electronic and
magnetic structures. It is found that there are two different
coordination environments for ferromagnetic Co and Fe
atoms. The ferromagnetism contributed by Co element is
dominated by direct exchange interaction among these Co
atoms, while Fe element contributes to the ferromagnetism
mainly by indirect exchange interaction. As a result, the Co-
Fe-B-O system is determined to be ferrimagnetic by means of an
average bond length parameter of magnetic atoms combined with
first-principles calculation, which provides an effective way for
the magnetic calculation of ATMOs in ferromagnetic systems.
The DOS results indicate that the 3d electrons of TM atoms are
hybridized with their s electrons on the one hand and interact
with 2p electrons of O on the other hand, making it possible for
our Co-Fe-B-O OG to possess the intrinsic magnetoelectric
coupling effects modulated by the spin-polarized carriers. The
theoretical results obtained from the first-principles calculations,
including the room-temperature ferromagnetism and
semiconductor transport properties of the Co-Fe-B-O system,
are further verified by the experiments. Our results reveal that the
Co-Fe-B-O OG is a new type of room-temperature MS and a
promising spintronic material, and provide a theoretical basis for
possibly transferring many other ferromagnetic MGs into MSs
with excellent magnetoelectric coupling characteristics.
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