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Two-dimensional (2D) half-metals exhibit promising potential in magnetic nanodevices. However, the dis-

covery of 2D half-metals is still based on a case-by-case evaluation. Here, we propose a general rule to design
two-dimensional transition-metal-based half-metals with large spin gaps, namely to find the materials that have a
Hund’s-rule splitting of the d orbitals and a deep anion p-orbital energy level that minimizes the d-p interactions.
On the basis of DFT calculations for 54 transition-metal compounds M X, (M = 3d block transition metal; X =
VIA-VIIA elements) with a distorted tetrahedral crystal field, we found that all the ferromagnetic compounds
exhibit half-metallicity. We attribute the half-metallicity to Hund’s rule splitting of partially filled d orbitals of
M cations with a weak d-p orbital hybridization. The chlorides exhibit a spin gap larger than 4 eV, because of the
deep Cl p-orbital energy level (—8.4 eV). We validate this rule in transition-metal trichlorides MCl; (M = 3d
block transition metal). Using this rule, we predict that ferromagnetic monolayer MCl and M5Clg (M = 3d block
transition metal) are half-metals with large band gaps. This work enriches the variety of 2D half-metals and could

lead to novel magnetic nanodevices.

DOLI: 10.1103/PhysRevB.110.085130

I. INTRODUCTION

Two-dimensional (2D) materials with intrinsic magnetism
have attracted considerable interest for potential applications
in nanodevices [1-5]. Among the newly emerged 2D magnets,
half-metals would be especially suitable for magnetic-storage
devices since one spin channel is metallic while the other
is insulating, i.e., they feature 100% spin polarization. A
100% spin polarization will lead to an ultrahigh tunnelling
magnetoresistive (TMR) ratio and largely increase the areal
density of magnetic-storage devices [6]. Since the prediction
of the first half-metallic material, NiMnSb [7], a number of
half-metallic bulk compounds have been identified, such as
transition-metal oxides [8,9], perovskites [10,11], zinc-blende
compounds [12,13], and Heusler alloys [14,15]. In recent
years, half-metallicity has been predicted in many 2D mate-
rials, such as transition-metal dihalides FeX, (X = CI, Br, I)
[16,17], transition-metal compounds MnX (X = P, As) [18],
and transition-metal trichlorides [19-22]. Moreover, some
semiconducting materials, such as PdSe, [23], Crl; [24], and
CrCl; [25], also exhibit half-metallicity when doped.

The spin gap, which is defined as the band gap of the
insulating spin channel, is a parameter that affects the de-
vice performance of 2D half-metals [26,27]. The temperature
fluctuations or carrier doping in the devices degrade the
half-metallicity while large spin gaps resist the influence of
temperature fluctuations or carrier doping and maintain the
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half-metallicity for devices [28-30]. The known 2D half-
metals feature spin gaps ranging 0.3-6.0 eV [27,31-36]. The
spin gap is affected by many factors, such as crystal structure,
the component elements, doping conditions, and so on. The
available literature suggests that the discovery of half-metals
and the determination of the spin gap are based on a case-
by-case evaluation. However, the known 2D half-metals are
compounds of transition-metal and group-VA-VIIA elements
with different crystal structures. The similar components indi-
cate that the form of half-metallicity may follow some broader
rules. A general rule would be useful to describe how the
crystal structure and the components affect the spin gap and
potentially guide the design of 2D half-metals.

In this paper, we propose a general rule to design two-
dimensional transition-metal-based half-metals (half-metallic
ferromagnets) with large spin gaps. We first discuss the
half-metallicity in 2D transition-metal compounds M X, with
distorted tetrahedral crystal field (M = 3d block transition-
metal element; X = VIA-VIIA elements). On the basis of
DFT calculations for MX,, all the ferromagnetic compounds
are half-metals, while the chlorides exhibit the largest spin
gaps (>4 eV). The cation d orbitals tend to split according
to Hund’s rule and induce half-metallicity when the d orbitals
are partially occupied. Thus, we propose a d-p half-metallicity
rule: the combination of cations with Hund’s-rule splitting
of d orbitals and anions with a deep p-orbital energy level
leads to a half-metal with a large spin gap with weak d-p
orbital hybridization. We validate this rule in transition-metal
trichlorides MCls (M = 3d block transition metal). Using
this rule, we tune the number of d electrons of cations by
adjusting the number of anions and predict that ferromagnetic
monolayer MCl and M3Clg (M = 3d block transition metal)
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FIG. 1. Crystal structure and half-metallicity of monolayer M X,
(M = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu; X = S, Se, Te, Cl, Br,
I) with distorted tetrahedral crystal field. (a) Top view and side
view of the structures of MX,. Here, orange and blue balls indicate
transition-metal and chalcogen/halogen elements, respectively. The
dashed line indicates the unit cell. (b) Magnetic moments of MX;.
The blue triangles and the olive rhombi indicate the chalcogenides
and halides, respectively. (c¢) Spin gaps of MX,. All the ferromagnetic
ground state materials are listed here. The red circles and the black
squares indicate that the gaps are from majority-spin channel and
minority-spin channel, respectively.

are half-metals with large band gaps. These results provide
guidance for the discovery of half-metals with large spin gaps.

II. RESULTS

We first discuss the half-metallicity in 2D transition-metal
compounds MX, with distorted tetrahedral crystal field. We
combine all transition-metal elements in the 3d row of the
periodic table with elements in the VIA-VIIA groups (M =
3d transition-metal element; X = VIA-VIIA element). Fig-
ure 1(a) shows the top view and side view of the M X, atomic
structures with a Dpg symmetry. Each M cation is connected
with four X anions, constituting a distorted tetrahedron. The
X anions form distorted tetrahedral cages and the centered M
cations form a square lattice [37]. The distorted tetrahedral
cages change the symmetry and have an influence on orbitals
splitting under crystal field. The stability of these materials
is checked by phonon calculations. The phonon dispersions
of partial structural stable MX, are shown in Fig. S1 of the
Supplemental Material (SM) [38].

Among the stable MX,, we identify the magnetic ground
states via density functional theory (DFT) calculations by
comparing the energies between ferromagnetic (FM), D-type
antiferromagnetic (D-AFM), G-type antiferromagnetic (G-
AFM), and nonmagnetic (NM) ordering, as shown in Figs.

S2a-S2c. The magnetic ground states of these materials are
shown in Fig. S2d. All the structural stable dihalides, except
Nil,, exhibit magnetic ground states. The MX, (M = Ti, V,
Ni) exhibit a ferromagnetic ground state while those with
M = Mn, Fe, Co have a G-AFM ground state. Among the
magnetic dichalcogenides, the M X, exhibits FM ground states
for M =V, Cr, Mn. We further analyze the thermal stability of
MX, among the dynamical stable compounds via the energy
above hull (Eny;). The Engy of the MCl, is less than 100
meV /atom except for TiCl,, which suggests a large possibility
to be synthesized (as shown in Table S1 of the Supplemental
Material [38]). As shown in Table S2, the exfoliation energy
(Eex) of most MCl, compounds is comparable with that of
graphene and layered TMD materials [39]. We also calculated
the Curie temperature (7¢) which is shown in Table S3 (see
the Supplemental Material (SM) [38]).

The magnetic moments of ferromagnetic M X, compounds
are shown in Fig. 1(b). The magnetic moments of halides cor-
respond to the number of d electrons up to 5 ug for MnX, and
decrease with further increase of the number of d electrons.
It is clear that the net magnetic moment is proportional to the
number of unpaired d electrons of cations. The chalcogenides
behave in a similar way, but their number is limited to just
three compounds.

We employed DFT calculations and further found that all
of the ferromagnetic MX, compounds are half-metals with
various spin gaps. The half-metallicity and spin gap of MX,
compounds are shown in Fig. 1(c). DFT calculations show
that the spin gaps of halides are larger than 2.5 eV (larger
than 4 eV for chlorides), while the spin gaps of chalcogenides
are ~1 eV. In addition, the spin gaps decrease roughly linearly
from chlorides to iodides. This feature can be explained by the
trend in the halogen p-orbital energy level. The large spin gap
of chlorides results from the deep Cl p-orbital energy level
(—8.4 eV). This level gets shallower for the higher-Z halogen,
but it is still fairly deep at —7.1 eV for I, while the Te p energy
level is at —5.9 eV. Thus, transition-metal chlorides are the
half-metals with the largest spin gaps.

III. DISCUSSION

We now use TiCl, and NiCl, as examples to explore the
half-metallicity of MX, compounds. Figures 2(a) and 2(b)
show the projected density of states (PDOS) of M-atom d
orbitals and X-atom p orbitals of monolayer TiCl, and NiCl,
with ferromagnetic ground state, which presents the cases of
d <5 and d > 5, respectively. The orange and blue curves
indicate the PDOS of the d orbitals of the M cations and
p orbitals of the X anions, respectively. The d orbitals are
located within the gap of occupied p orbitals of anions and
empty orbitals. The two spin channels exhibit metallic and
insulating behavior, respectively. Such PDOS results in the
half-metallicity for TiCl, and NiCl,. The insulating spin chan-
nel stems from the minority-spin channel for TiCl, and from
the majority-spin channel for NiCl,. Figures S3a and S3b
further show the band structure of monolayer TiCl, and NiCl,.
Based on the band structure, the spin gap of TiCl, and NiCl,
are direct and occur at the G point, ranging 4.0-4.9 at the PBE
level (see the Supplemental Material (SM) [38]).
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FIG. 2. The mechanism of the half-metallicity of 2D MX,. (a)-
(d) The spin-polarized PDOS on the M-atom d orbitals and the X-
atom p orbitals of some half-metallic compounds of 2D MX,. (e)
The distribution of d orbitals based on crystal field theory. (f),(g)
Schematic of the d-orbital splitting of 2D M X, compounds for fewer
than five and more than five d electrons of M cations, respectively.
The black horizontal lines indicate the Fermi energy and § indicates
the spin gap.

To further explore the relation between the size of the spin
gap and the choice of anion elements, we further calculate the
PDOS of VCI, and VS,, which is shown in Figs. 2(c) and
2(d). It is found that the spin gaps of VCl, and VS, are 4.5
and 1.0 eV, respectively. Similar with TiCl, and NiCl,, the
spin gaps are direct and occur at the G point (Figs. S3c and
S3d). The large difference in the spin gap between these two
materials is mainly attributed to the positions of the p orbitals
of X anions, which are at —4.0 and —1.0 eV for VCI, and VS,,
respectively. The difference in the spin gap mainly results
from the depth of the anion energy levels, which indicates that
the spin gap is mainly affected by the depth of the anion p
energy level.

To understand the mechanism of the half-metallicity of the
ferromagnetic M X, compounds, we build a model to describe
the electron distribution based on d-p interactions. In the
distorted tetrahedral crystal field, the #,, and e, states merge
together and induce the vanishing of the energy gap in be-
tween, as shown in Fig. 2(e). Meanwhile, the d electrons of M
cations tend to occupy one spin channel due to the large spin-
pairing energy of 3d orbitals and the small orbital splitting
energy induced by the merging of f,, and e, states. As a result,
the energy of d orbitals in the majority-spin channel is lower

than that of the d orbitals in the majority-spin channel. Hence,
the d orbitals of M cations exhibit Hund’s-rule splitting and
induce half-metallicity in different electron occupations. The
d orbitals of M cations split into #;; and e, states with an
energy gap in an ideal tetrahedral crystal field. In this case,
the half-metal could turn to semiconductor when one of the
I O e, states is fully filled and the other is empty.

Following up with Hund’s rule splitting, the majority spin
channel is partially occupied while the minority spin channel
is empty when the number of d electrons is smaller than 5. In
this case, a half-metallic state is formed, and the spin gap 6 is
defined between the lowest empty d band of the minority spin
channel and p orbitals of anions, as shown in Fig. 2(f). When
the number of d electrons is larger than 5, the material is a
half-metal and the spin gap ¢ is defined between the highest
occupied d band of the majority spin channel and the empty
orbitals, as shown in Fig. 2(g). Moreover, when there are five
d electrons, the majority spin channel is fully occupied and the
material becomes a semiconductor or semimetal instead of a
half-metal. Therefore, a ferromagnetic system is half-metallic
if the number of d electrons is not 5. The relation between the
magnetic moment and the number of d electrons of M cations
also originated from this Hund’s-rule splitting of d orbitals.

As shown above, the spin gap § in the d-p coupling system
is defined between unfilled/fully filled d orbitals of cations
and p orbitals of the anions/empty states. Here, the d orbitals
are around the Fermi level and the depth of the p orbitals of
X anions affect the size of the spin gap. Hence, the form of
half-metal in a d-p coupled system is determined by the d
electrons of cations, while the size of the spin gap is mainly
affected by the p orbitals of the anions. We name this rule “d-p
half-metallicity rule.” According to this d-p half-metallicity
rule, a half-metal with a large spin gap is obtained by selecting
cations with the Hund’s-rule splitting of d orbitals and anions
with deep p-orbital energy levels. The Hund’s-rule splitting
of d orbitals in the rules stems from the weak d-p orbital
hybridization.

The proposed rule is general regarding the types of crystal
fields, that yield the splitting of d orbital. Taking the octahe-
dral crystal field as an example, the distribution of d orbitals of
the octahedral crystal field with weak d-p orbital hybridization
are shown in Fig. 3(a). Different from the distorted tetrahedral
crystal field, one gap locates between #,, and e, states in one
spin channel. This indicates there should be a semiconductor
instead of a half-metal when the #,, states are fully filled while
the e, states are empty. For example, the half-metals turn to
semiconductors when the number of d electrons increases to
3 from 2, as shown in Figs. 3(b) and 3(c). The occurrence of
semiconductors is due to the specific crystal structure and is
in the scope of the d-p half-metallicity rule.

To validate the proposed rule, we explore the half-
metallicity in M Cls. The crystal structure of monolayer MCls
is shown in Fig. 3(d). The transition-metal cation is sur-
rounded by six anions (octahedral crystal field). We calculated
the PDOS of VCl; and CrCl; in which the number of d
electrons of V3* and Cr3* cations are 2 and 3, respectively.
For monolayer VCl; [Fig. 3(e)], d orbitals split into #,, and e,
groups and exhibit half-metallicity due to the partially filled
Iy, orbitals of the majority-spin channel. For monolayer CrCl3
[Fig. 3(f)], the PDOS reveals that in the majority-spin channel
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FIG. 3. The half-metallicity of 2D MCl; with octahedral crystal field. (a) The distribution of d orbitals of octahedral crystal field. (b),(c)
The schematic of the d orbital splitting for different d electrons of M cations. (d) Top view and side view of the structures of 2D MCl;. (e),(f)

The spin polarized PDOS of 2D VCl; and CrCl;.

of CrCls, the t,, orbitals are fully filled and the e, orbitals
are empty, which induces a ty,-e, gap in the majority-spin
channel. This #,,-e, gap in the majority-spin channel turns the
would-be metallic spin channel to insulating, resulting in a
half-metal to semiconductor transition in monolayer CrCls.

Based on the proposed rule, monolayer TiCl;, VClsj,
MnCl;, CoCls, and NiCl; are half-metal. For monolayer
FeCl; and CuCls, the number of d electrons of cations is 5
and 8, respectively, resulting in the semiconducting behavior.
While for monolayer CuCl; (d = 8), similar to the CrCls
(d = 3) condition, the existence of a t,,-¢, gap in the minority
spin channel also makes this material semiconducting. The
results of the DFT calculation verify our prediction, as shown
in Fig. S4. Previous works have also found that monolayer
VCl;, MnCl3, and NiCl; are half-metals [19-21] while mono-
layer CrCls and FeCls are semiconductors [40—42]. It is worth
noting that when X atoms just above and just below the central
layer relax and change distance from the central layer with a
small distance, the electronic structures are qualitatively the
same (see more discussion in Fig. S5).

We then use the proposed rule to predict new half-metals
with large spin gaps. Based on the rule, 2D transition-metal
chlorides are the best candidates to form half-metals with
large spin gaps due to the weak d-p orbital hybridization and
deep p-orbital energy levels. Meanwhile, the d electrons of
the cation determine the form of half-metal. This indicates
we can predict the half-metal by changing the number of d
electrons of cations. For example, monolayer FeCl; (num-
ber of d electrons of cations = 5) we mentioned above are

semiconductors while FeCl, [15] (number of d electrons of
cations = 6) are proven to be half-metals. Furthermore, the
half-metallicity should be maintained when the number of d
electrons of cations = 7, i.e., FeCl. Here, we adopt monolayer
FeCl crystal structure as shown in Fig. 4(a). Based on our rule,
the 7 d electrons of the Fe cation will lead to fully occupied
majority-spin channel and partially occupied minority-spin
channel and induce a spin gap in the majority-spin channel,
as shown in Fig. 4(b). To verify the prediction, we plot the
PDOS of FeCl [Fig. 4(c)] and find the consistency with our
prediction.

Comparing with the integral d electrons of cations, the
fractional also induces half-metallicity in our rules. We can
tune the number of d electrons of cations by changing the
number of ClI anions. For example, monolayer MnClj is half-
metal due to the number of d electrons of cations being 4.
Mn;Clg creates one Cl vacancy for each three-unit cell and
adopt a similar crystal structure with MnCl3, as shown in
Fig. 4(b). Based on our rule, ferromagnetic Mn3Clg should be
half-metal with partially occupied majority-spin channel and
empty minority-spin channel and induce spin gap in minority-
spin channel, as shown in Fig. 4(e). We calculate the PDOS of
Mn;Clg and find the half-metallicity, as shown in Fig. 4(f).

We further find more half-metals based on the crystal struc-
ture of FeCl and Mn3;Clg. According to previous research,
CoCl is the only stable magnetic compound except FeCl [43]
while V3Clg [44] and NbsClg [45] are proven to be stable.
We calculate the PDOS of ferromagnetic FeCl, V;Clg, and
Nb;Cls, and find the half-metallicity which is consistent with
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the proposed rule, as shown in Fig. S6. The half-metals with
fractional d electrons indicate we can design more half-metals
by adjusting the number of anions or anion elements.

The rule can be applied to more 2D materials in addition to
2D materials with d-p hybridization. According to Ref. [46],
the lanthanide-based MXenes also exhibit half-metallicity.
The half-metallicity is attributed to the Hund’s-rule split-
ting of the f orbitals of lanthanide elements. The compound
Gd,CF; is a semiconductor, which results from the two insu-
lating spin channels, i.e., fully occupied majority-spin channel
and empty minority-spin channel. Compared with bulk mate-
rials, the Hund’s-rule splitting of transition-metal elements is
more common in 2D materials. This feature can be attributed
to the smaller influence of direct interactions of transition-
metal elements in 2D materials.

It is worth noting that the d-p half-metallicity rule is valid
only for a weak d-p hybridization since the rule is based on the
crystal field theory. Usually, the stronger electronegativity of
X element (halogen) and lower number of M-X bond can lead
to weak hybridization. For strong d-p hybridization condition,
such as CrSe,, the strong d-p hybridization diminishes the
bonding-antibonding gap, and induces the merging of p and
d orbitals, resulting in a metallic behavior (as shown in Fig.
S7). To quantitatively estimate the hybridization, we define
strength of hybridization (SOH) as the ratio of the hybridized
d orbital to the total d orbital. The SOH of the half-metal we
mentioned is up to 0.26 while the SOH of CrSe, is 0.35 (as
shown in Table S4). The strong d-p interaction also enhances
the superexchange interaction via Cr-Se-Cr, and induces the
partially filled d orbitals in a minority-spin channel around
the Fermi level, which also contributes to the metallicity in
monolayer CrSe;.

IV. CONCLUSIONS

In conclusion, we propose a d-p half-metallicity rule to find
the 2D half-metals with large spin gap based on the d-p orbital
interaction, which amounts to selecting cations with Hund’s-
rule splitting of d orbitals and anions with deep p orbital
energy level. We predict that the ferromagnetic transition-
metal compounds MX, (M = Ti, V, Cr, Mn, Fe, Co, Ni; X
=Cl, Br, I, S, Se, Te) are all half-metals when the d electrons
are not 5 for each cation. Meanwhile, the halides exhibit the
largest spin gaps. We then validate the d-p half-metallicity rule
in ferromagnetic transition-metal compounds MCls (M = Ti,
V, Cr, Mn, Fe, Co, Ni, Cu) which can be regarded as prototype
systems containing octahedral crystal field. By applying the
rule, we find some different half-metals FeCl and Mn3Clg and
apply the rule to the 2D materials with f-p orbital interaction.
The d-p half-metallicity rule provides a different perspective
to guide the design of the half-metals with large spin gaps.

V. COMPUTATIONAL METHODS

The calculations were performed using the Vienna ab initio
simulation package (VASP) [47,48]. The projector augmented
wave (PAW) method [49] was applied. A plane wave ba-
sis set with a cutoff energy of 700 eV was used to expand
the wave functions. For the exchange and correlation, we
mainly employed the Perdew-Burke-Ernzerhof (PBE) func-
tionals [50]. Atomic coordinates were fully optimized until
the forces were smaller than 0.01 eV /A. We used a vacuum
spacing of 20 A, which reduced the image interactions caused
by the periodic boundary conditions. Phonon spectra were
calculated with the finite displacement method and the PBE
functional using the PHONOPY code [51] and a supercell was
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up to 5 x 5. Brillouin-zone integration was carried out using
24 x 24 x 1 Monkhorst-Pack k-point meshes for all the
calculated materials. The structure figures were produced with
VESTA.

We checked the ground states of 2D materials by employ-
ing both the HSEQ6 functional [52] and PBE functional. It is
found that except for CoCl; and CrSe,, PBE and HSE(6 give
the same magnetic order. While applying Dudarev’s approach
with a U = 1.5 and 4 eV for CoCl; and CrSe,, the PBE +
U gave the same magnetic order for CoCl; and CrSe; as the
HSEO06 functional. It is widely believed that PBE functional
underestimated the energy gaps but did not change the order
of d orbitals of M cations [53-55]. Considering that it is the
d orbitals of M cations but not the energy order that plays the
important role in our analysis, to save calculation resources,
we used the PBE functional in the DOS calculation (PBE + U
for CoCl; and CrSe,). To check the difference between PBE
and HSEO6 in our analysis, we plotted the DOS of NiCl,
in Fig. S8 [see the Supplemental Material (SM) [38]]. It is

confirmed that PBE and HSEO6 gave the same conclusion.
We also plotted the DOS with PBE + U functional to check
the half-metallicity; the results (Fig. S9) show that the PBE +
U did not change the half-metallicity [see the Supplemental
Material (SM) [38]].
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