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ABSTRACT: Ferromagnetic semiconductors exhibit novel spin-dependent
optical, electrical, and transport properties, which are promising for next-
generation highly functional spintronic devices. However, the possibility of
practical applications is hindered by their low Curie temperature. Currently,
whether semiconducting ferromagnetism can exist at room temperature is still
unclear because of the absence of a solid physical mechanism. Here, on the basis
of tight-binding model analysis and first-principles calculations, we report that
ferromagnetism in a tetrahedral semiconductor originating from superexchange
interactions can be strong enough to survive at room temperature because of
the weakening of antiferromagnetic direct-exchange interactions. On the basis
of the explored mechanism, a zinc-blende binary transition metal compound,
chromium carbide, is predicted to be an intrinsic ferromagnetic tetrahedral
semiconductor with a Curie temperature that is as high as ∼1900 K. These
findings not only expand the understandings of magnetism in semiconductors
but also are of great interest for room-temperature spintronic applications.

1. INTRODUCTION

Giving both charge and spin degrees of freedom, a material
that is simultaneously semiconducting and ferromagnetic
(FM) has become one of the most promising candidates for
future low-cost, high-performance, multifunctional spintronic
applications such as tunneling magnetoresistance sensors, spin
field-effect transistors, magnetocapacitors, magnetic random
access memories, and quantum computation/communica-
tion.1−4 The most urgent and crucial problem in developing
these applications is to search for an FM semiconductor with a
Curie temperature (TC) higher than room temperature. For
the past few decades, diluted magnetic semiconductors
(DMSs) have received intensive attention as a potential
solution. However, despite tremendous effort with respect to
DMSs, problems such as rather small net magnetizations, low
TC, uncontrollable magnetic dopant distributions, and
ambiguous magnetic phase transitions are difficult to solve.5,6

On the other hand, intrinsic FM semiconductors that exhibit
large and homogeneous spontaneous magnetizations without
introducing any magnetic impurities may be another promising
route to realizing simultaneously semiconducting behavior and

ferromagnetism. Recent great progress on intrinsic FM
semiconductors7−15 has demonstrated the unique advantages
and potentials of intrinsic FM semiconductors for novel
physics and applications. Unfortunately, the TC of almost all
known intrinsic FM semiconductors is below 130 K,16−19

preventing any realistic applications. Consequently, it is highly
desirable to enhance the TC of an intrinsic FM semiconductor
up to room temperature.20

Different from DMSs (e.g., TC of ∼180 K for Mn-doped
GaAs21) and magnetic metals/half-metals22 (e.g., TC of ∼1100
K for cobalt metal), in the absence of itinerant carriers, the
competition between the FM superexchange interactions and
the antiferromagnetic (AFM) direct exchange interactions
usually leads to weak FM or AFM couplings in an intrinsic
semiconductor.23−25 To enhance TC, one can either enhance
the FM superexchange interactions (e.g., by decreasing the
energy difference between the filled and empty d levels26) or
suppress the AFM direct exchange interactions. To the best of
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our knowledge, almost all known intrinsic FM semiconductors
(e.g., CrBr3, EuO, CdCr2S4 spinel, and BiMnO3 perovskite)
contain octahedrally coordinated magnetic ions. Is it possible
to find high-TC intrinsic FM semiconductors with a different
coordination environment for the magnetic ions? We notice
that in a tetrahedrally coordinated system [e.g., the zinc-blende
(ZB) compound that is compatible with current CMOS
technology], (i) the crystal field is much weaker (<50%) than
that of an octahedral crystal, which may enhance the FM
superexchange interactions; (ii) the number of nearest-
neighbor magnetic sites of a given magnetic ion in a ZB
compound (12) can be much larger than that in an octahedral
crystal (e.g., 6 for a perovskite compound, 4 for a spinel
compound, and 3 for a CrBr3-type compound); and (iii) the
direct AFM interactions between neighboring magnetic ions
may be tuned by a different crystal environment. These facts
suggest that it might be possible to enhance the FM couplings
in a tetrahedral semiconductor, which motivates us to study
the magnetic couplings and seek high-temperature ferromag-
netism in intrinsic tetrahedral semiconductors (i.e., ZB
semiconductors). In particular, we will investigate whether
the AFM direct exchange in the ZB compound can be weaker
than that in the octahedral crystals.
In this work, we demonstrated that the TC of an intrinsic FM

semiconductor can be significantly enhanced by weakening the
direct-exchange interactions. Our tight-binding model analysis
shows that the AFM direct-exchange interactions in a ZB
tetrahedral crystal containing magnetic ions with a d2

electronic configuration are inherently much weaker than
that in an octahedral crystal, which may lead to much stronger
FM couplings. Through performing extensive first-principles
calculations (see section I in the Supporting Information) on
possible ZB binary transition-metal compounds, we found that
ZB chromium carbide (ZB-CrC) indeed exhibits remarkably
strong FM couplings with an estimated TC that is as high as
∼1900 K. Careful analysis of the electronic structures reveals
that strong FM couplings in these ZB systems originate from
the relatively weak direct interactions between half occupied e
orbitals, a weak tetrahedral crystal field, and the strong
covalency of metal−ligand bonds, which is consistent with the
TB analysis. Film-form ZB-CrC, which maintains robust
semiconducting ferromagnetism properties, is further proposed
to be synthesizable by the molecular-beam epitaxial (MBE)
growth method.

2. RESULTS AND DISCUSSION
2.1. Tight-Binding Analysis for Octahedral and

Tetrahedral Crystals. We first adopt a TB cluster model
(including two nearest-neighbor magnetic ions) to explore the
super- and direct-exchange interactions in a tetrahedral crystal
and its difference from those in a common octahedral crystal
(section II in the Supporting Information). For conventional
octahedral FM semiconductors, such as the CdCr2S4 spinel
and CrI3, the octahedrons are connected through edge sharing.
In this case (Figure 1a), the metal−ligand−metal bonding
angle is ∼90°, allowing superexchange interactions between
half-occupied t2g and empty eg orbitals, which is responsible for
the appearance of FM couplings according to the Good-
enough−Kanamori−Anderson (GKA)23−25 rules of super-
exchange theory. For a tetrahedral crystal (e.g., the ZB
compound), the metal−ligand−metal bonding angle is
∼109.5° [the exact value is π − arcsin(2(√2)/3)] (Figure
1d), which also allows the t2 ↔ p ↔ e superexchange path

(Figure 1f), thus FM coupling can also be expected. To satisfy
the condition of semiconducting, the electron configurations of
the magnetic ion for the octahedral and tetrahedral clusters
should be t2g

3 and e2 (Figure 1b,e), respectively. (Without a loss
of generality, here we consider the case with less than half-filled
d orbitals. In the case with more than half-filled d orbitals, the
ferromagnetism is found to be weak. (See section V in the
Supporting Information.) Using atomic orbitals (p orbitals of
ligands and d orbitals of transition metals) as a basis, we
construct the Hamiltonian of the clusters and numerically
diagonalize it to investigate the dependence of the exchange
energies (Eex = EAFM − EFM) on the adjustable parameters such
as the Slater−Koster bond integrals27 (Vddσ and Vpdσ, which
determine the strength of direct- and superexchange
interactions, respectively), the on-site energy level difference
between d and p orbitals (Δpd, which reflects the covalency of
metal−ligand bonds), and the crystal field split (Δ, which is
also the energy gap between occupied and empty d orbitals
near the Fermi level in this case) (Figure 1b,e). (See section II
in the Supporting Information for details.)
As shown in Figure 1g−j, Eex for the tetrahedral crystal is

generally larger than that for the octahedral crystal when the
same parameters are adopted, suggesting that FM couplings in
the tetrahedral crystal are inherently stronger. As expected, for
both octahedral and tetrahedral crystals, Eex is proportional to
Vpdσ (Figure 1g,i), indicating that the d ↔ p ↔ d
superexchange that allows effective interactions between t2
and e orbitals is the origin of FM coupling for both systems
(Figure 1c,f). On the other hand, we find that Eex increases as
Δ and Δpd decrease (Figure 1h,j), in agreement with our

Figure 1. (a) Edge-sharing octahedral and (d) point-sharing
tetrahedral cluster models. Blue and orange balls represent magnetic
transition-metal ions and nonmagnetic ligand ions, respectively.
Green arrows represent the metal−ligand−metal cluster including the
nearest-neighbor exchange path. The evolution of d orbitals under (b)
octahedral and (e) tetrahedral crystal fields. Atomic-orbital-based
schematic diagram of a superexchange path (upper panel) and a
direct-exchange path (lower panel) for (c) octahedral and (f)
tetrahedral crystals. For octahedral crystals, the presented super-
exchange and direct-exchange paths are dx2−y2 ↔ px(py) ↔ dxy and dxy
↔ dxy, respectively. For tetrahedral crystal, those are dϵ ↔ pσ ↔ dγ [dϵ
=√3/3(dxy + dyz + dxz), dγ =√2/2(dx2−y2 + dz2) and pσ =√3/3(px +
py + pz)] and dx2−y2 ↔ dx2−y2, respectively. The exchange energy (Eex =
EAFM − EFM) in eV as a function of the Slater−Koster hopping
integrals (Vddσ and Vpdσ), the energy-level difference between d and p
orbitals (Δpd), and the energy-level split caused by the crystal field
(Δ) for (g and h) octahedral and (i and j) tetrahedral crystals. Blue
and yellow colors indicate antiferromagnetic and ferromagnetic
coupling, respectively. (g−j) We set Vddσ = −4Vddπ = −8Vddδ, Vpdσ
= −2.5Vpdπ, and U = 3.5 eV. (g and i) Δ = 2 eV and Δpd = 2.5 eV. (h
and j) Vddσ = −0.7 eV and Vpdσ = −2.0 eV.
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previous work.26 This can be understood: Reducing Δ will
strengthen the t2 ↔ e interactions, and reducing Δpd will
strengthen the d ↔ p interactions, which both favor FM
couplings.
Next we look into the direct-exchange interactions. For the

octahedral crystal, Eex rapidly decreases with the increase in
Vddσ (Figure 1g), indicating that the d ↔ d direct-exchange
prefers AFM, which competes with the superexchange
interactions, and the influence of d ↔ d direct exchange on
the magnetic couplings is remarkable. When the d ↔ d direct
exchange is strong enough, the system even becomes AFM.
However, for the tetrahedral crystal, we find that Eex barely
changes with Vddσ (Figure 1i), which is quite surprising and
interesting. In the octahedral crystal, the lower t2g↑ orbitals are
occupied and the higher e↑ orbitals are empty. Thus, the AFM
direct exchange is mainly contributed by the t2g ↔ t2g (e.g., dxy
↔ dxy shown in Figure 1c) interaction. While in the tetrahedral
crystal, the t2↑ and e↑ orbitals are reversed and the AFM direct
exchange is dominated by the e ↔ e (e.g., dx2−y2 ↔ dx2−y2
shown in Figure 1f) interaction. From the Hamiltonian matrix
of d ↔ d direct exchange for the clusters, we find that the dxy
↔ dxy hopping term is (Vddδ + 3Vddσ)/4 and the dx2−y2 ↔ dx2−y2
hopping term is Vddπ. Because |Vddσ| is usually much larger than
|Vddπ| and |Vddδ| (more than 4 times) in a transition-metal
compound,28 the e ↔ e (dx2−y2 ↔ dx2−y2) interaction is always
expected to be much weaker than the t2 ↔ t2 (dxy ↔ dxy)
interaction. This can also be understood by examining the
distribution of the e orbitals (Figure 1f). Thus, the AFM direct
exchange in a tetrahedral crystal is demonstrated, for the first
time, to be much weaker than that in an octahedral crystal,
which is independent of material compositions and is a general
mechanism for tetrahedral crystals. (A detailed analytical
derivation is presented in section II in the Supporting
Information.)
2.2. Zinc-Blende Ferromagnetic Semiconductors.

Overall, our TB analysis proposes that a tetrahedral semi-
conductor can display much stronger FM couplings than an
octahedral semiconductor. To prove this idea and search for
possible high-temperature intrinsic FM semiconductors in real
tetrahedral crystals, a series of ZB binary transition-metal
compounds, denoted as ZB-MXs (transition metal M = Sc−Ni,
Zr−Rh, Hf−Ir and ligand X = C, Si, N, P, O, S, and Se), were
systematically investigated by extensive first-principles calcu-
lations. We note that some of these ZB-MXs have been
previously predicted to be metals or half-metals,29,30 and it was
claimed that ZB-VAs exhibit semiconductor-like behavior.29

But the origin of magnetic couplings were not well explored,
and a sizable electronic band gap was not clearly observed.
Thus, here we focus on the ZB-MXs semiconductors with a
sizable electronic band gap, where the ferromagnetic couplings
should be dominated by superexchange interactions. Table S3
in the Supporting Information lists the predicted FM
semiconducting ZB-MXs. (Discussions of other considered
ZB-MXs and wurtzite-MXs are presented in section V in the
Supporting Information.) Interestingly, among them, the ZB-
CrC possesses a sizable electronic band gap (0.69 eV) and a
rather strong FM coupling with a TC of as high as ∼1900 K
(the calculation of TC is discussed in the following), much
beyond room temperature and higher than the conventional
octahedral FM semiconductor (e.g., ∼90 K for CdCr2S4

18 and
∼61 K for CrI3

31). In the following text, we focus on ZB-CrC
to explore the electronic and magnetic properties of the ZB
FM semiconductors.

2.3. Electronic and Magnetic Properties of Zinc-
Blende CrC. Figure 2a shows the ZB structure of CrC (space

group F4̅3m). Each Cr is tetrahedrally coordinated by four C
ligands, thus the Cr d orbitals split into two parts, namely, the e
(dz2 and dx2−y2) and t2 (dxy, dxz, and dyz) manifolds. In ZB-CrC,
each Cr ion gives four electrons to form bonds with C ions.
The left two electrons half occupy the lower e orbitals, and the
higher t2 orbitals are empty, leading to a formal magnetic
moment of 2μB on each Cr ion. The FM ground state is lower
than the T-AFM and H-AFM states by 0.428 and 0.293 eV/Cr,
respectively. The spin−orbit coupling (SOC) effect is very
small with a magnetic anisotropic energy of less than 0.01 meV
(section III in the Supporting Information) and is ignored
hereafter.
Figure 2c shows the electronic band structure and density of

states (DOS) of ZB-CrC. We can see a large overlap between
Cr d and C p orbitals and a large bandwidth (∼12 eV) for the
Cr d orbitals, suggesting strong d ↔ p hybridization. This is
due to the small Cr−C bond length (1.96 Å) and small Δpd
(1.5 eV) estimated from the maximally localized Wannier
function (MLWF) analysis (Table S2 in the Supporting
Information). For comparison, in ZB-TiS, the bandwidth of Ti
d orbitals, Ti−S bond length, and Δpd are ∼5 eV, 2.56 Å, and
4.9 eV, respectively. Furthermore, the Δ value of ZB-CrC is
also relatively small (1.6 eV) compared to those of CdCr2S4
(2.5 eV) and CrI3 (2.1 eV). These factors are responsible for
its strong FM couplings. Overall, the strength of FM couplings
for the ZB systems decreases with the increases in their metal−
ligand bond length, Δpd and Δ (Table S2 in the Supporting
Information), which is consistent with our TB analysis using
the cluster models. It is worth noting that the direct exchange
is sensitive to the metal−metal distance. Thus, tensile strain
can usually reduce the direct-exchange interactions and
enhance the FM couplings, but in ZB-CrC, we find that a

Figure 2. (a) Conventional cell and primitive cell of the ZB-CrC and
other ZB binary transition-metal compounds. Blue and gray balls
represent the transition metal and ligand ions, respectively. (b)
Brillouin zone and high symmetric path for ZB compounds. (c) Spin-
polarized band structure and density of states for ZB-CrC. Green and
orange lines (regions) represent spin-up and spin-down bands
(channels), respectively. (d) Spatial spin density of FM, T-AFM,
and H-AFM configurations. Yellow and cyan isosurfaces represent the
net spin-up and spin-down charges, respectively. [001] and [111]
represent the crystal orientation of the conventional cell. (e) Average
magnetization per Cr and specific heat (Cv) as functions of
temperature from Monte Carlo simulations.
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lattice expansion barely affects the strength of FM couplings
(Figure S8 in the Supporting Information), suggesting that the
direct-exchange interactions are already rather weak in ZB-CrC
and can hardly be further weakened. The large dispersion of
the conduction band minimum state near W point (see Figure
2c) suggests that the electron mobility in n-type doped CrC
might be high.
Because of the localization of 3d electrons responsible for

magnetism, we use the Heisenberg model including NN
exchange interactions to describe the magnetic interactions in
this system. (See Figure S6 in the Supporting Information for
results considering both NN and next-nearest-neighbor
exchange interactions.) The spin Hamiltonian reads

∑̂ = − ·11H J S S
ij

i j1

where the summation ⟨ij⟩ runs over all of the NN Cr sites.
Here we adopt |S| = 1. NN exchange parameter J1 is calculated
to be 53.5 meV, which is more than 4 times larger than that of
CdCr2S4 (13 meV) and CrI3 (9 meV). As previously
mentioned, the number of NN Cr sites for ZB-CrC is as
large as 12, which also suggests a high TC. By performing
Metropolis Monte Carlo (MC) simulations (section I in the
Supporting Information), the TC of ZB-CrC is estimated to be
∼1900 K. For comparison, the TC values of the CrI3
monolayer, CdCr2S4, and CdCr2Se4 bulk estimated by the
same method are ∼50, ∼130, and ∼150 K (Figure S6 in the
Supporting Information), respectively, very close to the
experimental values (∼45,8 ∼97, and ∼142 K,18 respectively).
Note that the high-temperature semiconducting ferromagnet-
ism features of ZB-CrC are independent of the choice of
computational methods (i.e., DFT+U, hybrid HSE06, and all-
electron functionals; see table S1 in the Supporting
Information) and are robust against carrier doping and
epitaxial strain (Figures S7 and S9 in the Supporting
Information).
2.4. Stability and Experimental Feasibility of Zinc-

Blende CrC. Next, we explore the stability and feasibility of
ZB-CrC. Its dynamic and thermal stability at 500 K have been
examined by phonon calculations and ab initio molecular
dynamical simulations (Figure 3b,c and Figure S10 in the
Supporting Information), respectively. Global optimiza-

tions32,33 give three low-energy isomers of CrC, namely, the
rock-salt (RS, space group Fm3̅m), the hexagonal (Hex, space
group P6̅m2), and the ZB structure (Figure 3a), whose relative
energies are 0, 0.522, and 0.518 eV per formula unit,
respectively. Similar to most early-transition-metal (e.g., Cr
and Mn) binary compounds, CrC also favors RS structure in
bulk form. Nevertheless, recent MBE growth experiments
report that these binary compounds do show ZB structures in
thin-film form on a substrate (e.g., ZB-CrAs on the GaAs
substrate34 and ZB-MnTe on the ZnTe substrate35). To find
out whether the ZB-CrC film may also be synthesized on a
substrate, we examined the relative stability of RS-, Hex-, and
ZB-CrC films on two possible substrates, namely, GaN and
ZnO wurtzite, which are widely used in the modern
semiconductor industry and in surface growth experiments
(Figure S13 in the Supporting Information). Our calculations
show that, on the (0001) surface of these substrates (GaN and
ZnO), a film containing three Cr and C layers indeed favors
ZB structures, which are lower in energy than the RS structures
by 0.065 and 0.067 eV per Cr. This can be understood as
follows: (i) The ZB structure (with a lattice mismatch of
∼1.3%) shows better interface matching with the substrate
than does the RS structure (with a lattice mismatch of ∼9.3%;
Figures S11 and S13 in the Supporting Information). (ii) Slight
electron doping caused by the substrate can further stabilize
the ZB phase against the RS and Hex phases (Figure 3d). In
addition, with a large transition barrier (∼0.2 eV/Cr) from the
ZB to RS phase (Figure S12 in the Supporting Information),
the ZB-CrC film is expected to be synthesized by MBE growth
on the GaN(0001) or ZnO(0001) surfaces (Figure 3e) and
maintain semiconducting and FM features under a high
temperature (Figure S13 in the Supporting Information).
Interestingly, we further find that even a single ZB-CrC layer
can be stable on the 6H-SiC(0001) surface, in which the
strong ferromagnetic and semiconducting features are also well
preserved, making it a high-temperature two-dimensional
ferromagnetic semiconductor (Figure S14 in the Supporting
Information)

3. CONCLUSIONS

On the basis of a TB cluster model and first-principles
calculations, we demonstrate for the first time that
ferromagnetism in a tetrahedral semiconductor with d2

magnetic ions can be much stronger than that in an octahedral
one with d3 magnetic ions. We theoretically design a series of
intrinsic high-temperature FM semiconducting tetrahedral
crystals, which are compatible with the modern semiconductor
industry and existing CMOS technology. Among them, ZB-
CrC shows a sizable electronic band gap (0.69 eV) and a TC of
as high as ∼1900 K. Such strong FM couplings in these ZB
structures may be caused by (1) the weak AFM direct-
exchange interactions, (2) the small energy splitting of the
tetrahedral crystal field, (3) the strong covalency of metal−
ligand bonds, and (4) the large number of nearest-neighbor
magnetic sites. Furthermore, a possible approach to achieving
the ZB-CrC film, namely, the MBE growth method, is
proposed. Our findings not only expand the general knowledge
of superexchange theory but also present a new platform for
developing room-temperature spintronic applications.

Figure 3. (a) Possible isomers of CrC: rock salt (RS), hexagonal
(Hex) and zinc-blende (ZB) structures. (b) Phonon dispersion of ZB-
CrC. (c) Ab initio molecular dynamical simulations of ZB-CrC at 500
K. (d) Relative energies of ZB-, RS-, and Hex-CrC as functions of
carrier concentration. Negative and positive values of carrier
concentration represent hole and electron doping, respectively. (e)
Possible substrate for molecular beam epitaxial growth of the ZB-CrC
film.
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