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The realization of 100% polarized topological Weyl fermions in half-metallic ferromagnets is of particular importance
for fundamental research and spintronic applications. Here, we theoretically investigate the electronic and topological prop-
erties of the zinc-blende compound VAs, which was deemed as a half-metallic ferromagnet related to dynamic correlations.
Based on the combination of density functional theory and dynamical mean field theory, we uncover that the half-metallic
ferromagnet VAs exhibits attractive Weyl semimetallic behaviors which are very close to the Fermi level in the DFT + U
regime with effect U values ranging from 1.5 eV to 2.5 eV. Meanwhile, we also investigate the magnetization-dependent
topological properties; the results show that the change of magnetization directions only slightly affects the positions of
Weyl points, which is attributed to the weak spin—orbital coupling effects. The topological surface states of VAs projected
on semi-infinite (001) and (111) surfaces are investigated. The Fermi arcs of all Weyl points are clearly visible on the pro-
jected Fermi surfaces. Our findings suggest that VAs is a fully spin-polarized Weyl semimetal with many-body correlated
effects in the effective U values range from 1.5 eV to 2.5 eV.

Keywords: density functional theory, Weyl semimetal, dynamical mean field theory, half metallic ferromagnet
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Half metallic ferromagnets (HMFs), which are metals for
one spin polarization and semiconductors for the other, were
first reported in XMnSb (X = Ni, Pt) by Groot et al.ll-]
HMFs that show the behaviors of a full spin-polarization of
carriers are necessary to boost the efficiency of spintronic
devices. ¥ It is also vital for fundamental research, particularly
for the origin of half-metallic gaps, nature of interatomic ex-
change interactions,! or effects of electronic correlations. 6]
Due to their potential applications in spintronics and abun-
dant correlation physics, the HMFs have attracted inten-
sive attention and growing interest.°®! In recent decades,
such electronic features are found in many magnetic mate-

rials, including perovskite structures,”! CrO,,[1% Fe;0,,[M

12-191 diluted magnetic semiconductors,?%-2!]

[22,23]

Heusler alloys, !
spin gapless semiconductors,
(TSMs),[2423] etc.

In binary transition metal compounds, two-dimensional
2D) XY (X =V, Cr; Y =P, As) and three-dimensional
(3D) systems of MnAs, CrAs, and MnC were found to be
HMF materials.!?®3!l The zinc-blende compounds of tran-

topological semimetals

sition elements V, Cr, and Mn with sp elements N, P, As,
Sb, S, Se, and Te were reported to exhibit 100% spin polar-
ization and half-metallic behaviors; and especially, the zinc-
blende compounds VAs, VSb, CrAs, CrSb, VTe, CrSe, and
CrTe were suggested to be promising candidate materials. 3]

Among these compounds, CrAs has been successfully synthe-
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sized and confirmed to possess half-metallic properties both
by experiments and first-principles calculations.!33-331 An-
other important compound in this family of materials is VAs,
which was reported to be a ferromagnetic semiconductor with

high Curie temperature (323!

using density functional theory
(DFT) calculations but a half-metallic ferromagnetic state us-
ing DFT plus dynamical mean field theory (DFT + DMFT)
approach. 37!

On the other hand, a closing of band gap induced
by dynamical correlations in VAs would potentially ac-
company with topological transitions. = Weyl semimet-
als (WSMs)[3839 are widely studied theoretically and

[40-43] Most theoretical efforts for predicting

experimentally.
WSMs are supported by first-principles calculations within
the DFT framework. 3344461 The HMFs may be in the case
of strongly correlated electron systems. For such systems,
promising topological states related promising topological
states would be present. Considering that the zinc-blende VAs
lacks spatial inversion symmetry and time-reversal symmetry,
half-metallic ferromagnetic Weyl fermions with the dynamical
many-electron feature are expected.

In this work, we delve into the correlation effects within
the zinc-blende compound VAs, employing a combination of
DFT and dynamical mean field theory (DMFT). Initially, we
compute the electronic properties of VAs using the DFT +
DMFT method in the absence of spin—orbit coupling; the
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methodology has been validated in numerous strong correla-
tion systems. With DFT + DMFT serving as the benchmark,
we investigate the electronic properties of VAs by systemati-
cally adjusting the effective U values, ranging from 0 eV to
4 eV. Considering that the electronic behaviors of VAs align
more closely with those obtained from DFT + DMFT when
the effective U values (Uegr) fall within the range of 0 eV—
2.5 eV, we systematically explore the corresponding results
using these distinct Ugg values under the framework of the
DFT + U methods. In the Ug range of 0 eV-1.0 eV, VAs ex-
hibits trivial magnetic half-metal properties. However, within
the 1.5 eV-2.5 eV interval, VAs displays noteworthy Weyl
semimetal characteristics. The magnetic anisotropy energy in-
dicates a pronounced preference for the magnetic orientation
along the [001] direction with the computed magnetic moment
being 2up for each V atom per unit formula. The topologi-
cal surface states and Fermi arcs of (001) and (111) surfaces
of VAs can be clearly visible in different energies with many
Weyl points (WPs) in the entire Brillouin zone. The WPs are
closed to the Fermi level and distributed asymmetrically in the
first Brillouin zone due to the absence of time-reversal and
inversion symmetries. In addition, the highest energy of mag-
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netic order along [111] direction is also investigated and shows
Weyl semimetal properties when Uggs = 1.5 eV. Moreover, the
DFT + DMFT band structure also shows band-crossing fea-
tures around these Weyl points, confirming the existence of
Weyl semimetal properties. The combination of DFT 4+ DMFT
and DFT + U suggests that VAs possesses Weyl semimetal
properties and will be used for spintronic applications.

As depicted in Fig. 1(a), VAs crystallizes in an FCC lat-
tice with a space group of F43m (No. 216). The lattice pa-
rameters are optimized to 5.74 A with Ueg = 1.5 eV which is
consistent with the values of the previous result.[*’l The ab-
sence of negative phonon energies in Fig. 1(c) confirms the
dynamical stability of the zinc-blende VAs compound. Fig-
ure 1(b) illustrates the three-dimensional Brillouin zone (BZ),
high-symmetry points, and the corresponding surface BZ of
(001) and (111) surfaces for VAs compound, which will be
used in the following calculations. The fitting precision in
Fig. 1(d) is obtained by using the maximal localized wannier
functions (MLWFs) in the absence of the spin—orbital coupling
(SOC) effect. The Wannier subspace composed by these ML-
WFs will be used in the following dynamical mean field cal-
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Fig. 1. (a) Crystal structure of the unit cell for VAs with space group of F43m (No. 216), in which the red ball represents V element and gray
ball represents As element. (b) The first BZ of VAs, the yellow and green color planes represent the (001) and (111) surface BZ. (c) Phonon
spectrum of VAs. (d) The spin-polarized band structures of VAs. The red and blue solid lines denote different spin components computed with
PBE functionals, and the green and pink dotted lines represent the corresponding results constructed with MLWFs.

It is reported in previous work?”! that zinc-blende com-
pound VAs is a narrow band gap semiconductor by consid-
ering the correlation effect through density functional theory
LSDA+U (U =2.0¢eV, J =0.9 eV) method for V-d orbital.

However, it shows metallic behavior when treating the corre-
lation effect in the framework of DFT 4+ DMFT. These re-
sults reveal that the electronic properties of VAs can not be
determined only by using the DFT method. Here, we define
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V-3d orbitals as the correlation subspace to solve the DMFT
equations. As displayed in Fig. 1(d), the MLWFs of V-3d

47.48] code over

and As-4p are constructed by using Wannier90!
the energy range [—5.0,4.7] eV concerning the Fermi energy.
The hybridization window is spanned by the p—d manifold,
in which V-3d orbitals are treated as the correlated orbitals.
Then, DFT + DMFT calculations are implemented with the
correlated subspace in which the Hubbard interaction strength
U =5 eV and the Hund's interaction strength J = 1 eV are
used. The parameters for double-counting of U as U — o are
set to DC_type = 1 and @ = 0.2. The different DC types are
tested for minor effects on the band structure of VAs in Fig. S1
of the supplementary material (SM).[*”! The DMFT impurity
problem is solved using the continuous-time quantum Monte
Carlo (CTQMC)P% 1 method with a temperature of 300 K
and we also display the result at the temperature 200 K in
Fig. S1(c). It is found that the band structure around the Fermi
level remains unaffected by temperatures. Therefore, we pri-
marily focus on the results at room temperature.
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Fig. 2. [(a) and (b)] Band structure of VAs calculated by DFT + DMFT
approach at the temperature of 300 K and DFT + U method without con-
sidering SOC effect, in which the left panel represents spin-up compo-
nents and the right panel represents spin-down components of VAs with

V sublattice forming ferromagnetic order. (c) The density of states of V-d
orbitals obtained from DFT + DMFT and DFT + U methods.

Figures 2(a) and 2(b) depict the electronic structures of
VAs obtained through DFT + DMFT and DFT + U method-
ologies, respectively, without considering the SOC effect. The
combination of DFT and DMFT suggests that VAs shows half-
metal properties that are consistent with the literature,*”! and
the total density of states (TDOS) summed by V-d orbitals
and As-p orbitals in Fig. S2 is also consistent with previous
results. 3’1 We also compute the density of states in different
effective U values ranging from 0 eV to 4.0 eV and find that
VAs exhibits semiconductor properties when U > 3.0 eV

as shown in Fig. S6 of the SM.M Therefore, the case of
Uetr > 3.0 eV will be excluded in the following investigations.
These results reveal that the electronic properties of VAs un-
dergo relatively large modifications based on the values of Ugg;.
Moreover, the topological semimetal properties are sensitive
to the states near the Fermi level, so we conduct a compre-
hensive comparison across various effective U values in the
following.
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Fig. 3. The magnetic anisotropy energy of (a) ¢ =45°, and (b) the energy
differences of VAs in the magnetization directions of different 6 and ¢.
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Fig. 4. (a) The spin projected band structures and (b) projected band
structure of V-d orbitals and As-p orbitals of VAs using PBE functionals
with considering SOC effect in the magnetization direction [001].

We start our exploration by investigating the electronic
properties in the case of U = 1.5 eV and the magnetization
moment of V element is obtained to be 2.0up per unit formula.
Moreover, the magnetic anisotropy energy (MAE), namely,
MAEy = Ejg) — E[g01] 1s calculated and displayed in Fig. 3.
Figure 3(b) suggests that the low-energy magnetic states are
in the axis directions. As displayed in Fig. 3(a), we fix ¢ in
45° and change 6 from 0° to 180° and find that the lowest
magnetic order is along the [001] direction. Therefore, in the
following, we will center on the magnetic direction of [001].
The band structures along high symmetry paths are plotted in
Fig. 4 with the SOC effect. The first BZ and the high symme-
try paths are marked by red arrows in Fig. S3. Figure 4(a)
shows the spin-projected band structure, the red line repre-
sents the spin-up component and the blue lines represent the
spin-down component. The spin-resolved band structure illus-
trates that the spin components are clearly separated because
of the weak SOC interactions. The electronic contributions
near the Fermi level are completely spin-up components, de-
noting the fully spin-polarized half-metallic features. Mean-
while, the projected electronic band structure of V-d and As-p
orbitals of VAs is displayed in Fig. 4(b). It suggests that the
main contribution around the Fermi level is V-d orbitals.

097103-3


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad5f86
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad5f86

Chin. Phys. B 33, 097103 (2024)

Now we focus on investigating the topological semimetal-
lic properties of VAs. Figure S4(b) in the SM*°! shows the
comparisons of the band structures obtained from PBE func-
tionals and the MLWFs in consideration of the SOC effect.
The fitting precision of MLWFs is in good agreement with the
PBE results, suggesting the validation of the following cal-
culations. The surface states and Fermi arcs for both (001)
and (111) surfaces (Figs. 5 and 6) are obtained based on the
Green function method. 3?31 Figures 5(a)-5(d) show the pro-
jected surface states and Fermi surfaces in the magnetic direc-
tion [001]. Figure 5(a) shows the projected surface states on
the (001) surfaces, and the reciprocal high-symmetry points
and paths of the projected surface are marked by white points
and dotted lines in Fig. 5(b). By carefully checking the energy
differences between the lowest conduction and the highest va-
lence bands, we find that there are twelve pairs of WPs over the
entire BZ. The coordinates of all twelve pairs of WPs are ob-
tained and tabulated in Table 1. The coordinates of these WPs
are asymmetrically distributed in the first BZ due to the lack
of time-reversal and inversion symmetries. The energies of
these WPs are very close to the Fermi energy, i.e., —0.073 eV,
—0.025 eV, and 0.022 eV, respectively. Figures 5(b)-5(d)
show the corresponding Fermi surfaces projected on the (001)
surface of VAs. The Fermi arcs connected by opposite topo-
logical charges (£1) of WPs (red for +1 and yellow for —1)
are clearly visible among eight pairs of them while the Fermi
arcs of the other four pairs of WPs (two pairs surrounded by
cyan dotted circles and two pairs by yellow dotted circles)
are covered by bulk states and can be visible in energies of
0.022 eV (Fig. 5(c)) and —0.073 eV (Fig. 5(d)), respectively.
Meanwhile, the high energy magnetic order of magnetic direc-
tion [111] direction of VAs is also investigated and displayed
in Fig. S5 of the SM.M Ag listed in Table S1, there still ex-
ist twelve pairs of WPs in the entire BZ and the energies and
positions of these WPs are slightly different from the corre-
sponding results in the magnetic direction [001]. These re-
sults reveal that the magnetic order can only move the WPs

0.2

Energy (eV)
=

r X M r Y

001 surface FS@ —0.025 eV

and does not eradicate these WPs, suggesting the robustness
of these WPs. The WPs shown in Table S1 are even closer to
the Fermi energy than previous results in Table 1. Meanwhile,
the Fermi arcs of all the WPs in magnetic direction [111] can
be clearly observed in the energies of 0.0 eV and —0.05 eV
as displayed in Figs. S5(b) and S5(c). In addition, within the
U.gr range of 1.5 eV to 2.5 eV, VAs consistently retain Weyl
semimetal properties. Detailed results and corresponding fig-
ures can be found in Figs. S7-S10 and Tables S2-S3. Specit-
ically, at Uegr = 2.0 eV, there still exist twelve pairs of Weyl
points, and this number increases to fourteen pairs when U,
issetat 2.5 eV.

Table 1. The corresponding positions, topological charges, and
energies of the WPs in the magnetization direction [001] of VAs.

Coordinate (x,y,2) Charge  E —Efp (eV)
(0.0, 1.0, -0.46) ~1 0.022
(—0.46,0.0,—1.0)  —1 ~0.028
(0.48,-1.0,0.0) +1 ~0.023
(0.48,0.0, 1.0) ~1 ~0.018
(0.46,0.0, —1.0) “1 ~0.027
(—0.48,1.0,0.0) +1 —0.023
(0.0,-0.47,—1.0) +1 ~0.018
(1.0,0.48,0.0) —1 ~0.023
(—0.48,-1.0,0.0)  +1 ~0.023
(0.48,1.0,0.0) +1 ~0.023
(—0.48,0.0, 1.0) —1 ~0.018
(1.0,0.0,—0.50) +1 ~0.073
(0.0,1.0,0.5) ~1 ~0.074
(~1.0,0.0,-0.5) +1 ~0.074
(0.0,-1.0,0.5) ~1 ~0.073
(0.0,0.45,1.0) +1 ~0.028
(—1.0,-0.48,0.0) ~1 ~0.023
(—1.0,0.48,0.0) ~1 ~0.023
(1.0,0.0,0.45) +1 0.022
(1.0,-0.48,0.0) ~1 ~0.022
(0.0,0.48, —1.0) 11 ~0.018
(—1.0,0.0,0.45) +1 0.022
(0.0,1.0,0.45) ~1 0.022
(0.0, -0.46,1.0) 41 ~0.027

FS@ —0.073 eV

Fig. 5. Topological surface states and Fermi arcs projected on semi-infinite (001) surface. (a) The local density of states (LDOS) for (001) surface
of VAs in the magnetic direction [001]. The paths for LDOS in panel (a) are marked with white dashed lines in panel (b). (b)—(d) The projected
Fermi surface for VAs in magnetic direction [001] at three different energies of —0.025 eV, 0.022 eV, and —0.073 eV, respectively. The red and
yellow dots represent the projections of WPs with the topological charge of C = 1 and C = —1, respectively.
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Energy (eV)

Energy (eV)

111 surface FS@Q 0.022 eV

Fig. 6. Topological surface states and Fermi arcs projected on semi-
infinite (001) and (111) surfaces. [(a) and (c)] The topological surface
states for (001) and (111) surfaces of VAs in the magnetic direction
[001], in which the high symmetry paths for the corresponding surface
are marked by white dashed lines in panels (b) and (d). [(b) and (d)] The
projected Fermi surfaces for VAs, in which the energies are marked at the
bottom of the corresponding figures.
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Fig. 7. Phase diagram and lattice constants versus U values.

Next, in the case of U = 1.5 eV, we select two en-
ergies (i.e., —0.025 eV and 0.022 eV) with respect to the
Fermi energy to clearly show the topological surface states.
Figures 6(a)-6(d) show the results of the surface states and
Fermi surfaces which are projected on (001) and (111) sur-
faces. The corresponding high symmetry paths are marked
by white dashed lines in Figs. 6(b) and 6(d), respectively. In
(001) surface, the Weyl cone along X-W is clearly visible, and
the surface states connect the valance band and the conduction
band. The projected Fermi arcs in Fig. 6(b) along V-X can
also be visible in Fig. 6(a). The projected surface states and
Fermi arcs on the (111) surface in Figs. 6(c) and 6(d) also give
clear results. These results demonstrate that VAs is a Weyl
semimetal. Combined with the half-metal features of VAs, it
can be concluded that VAs is a fully spin-polarized semimetal
ferromagnet. As the energies of WPs are very close to the

Fermi level, it will be better for direct experimental observa-
tions. We meticulously examine electronic properties by sys-
tematically scanning U values within the range of 0 eV to
2.5 eV, with an energy spacing of 0.5 eV, and plot the phase
diagram in Fig. 7. The lattice constants undergo a measured
expansion as U values vary, leading to subtle shifts in elec-
tronic behavior. Notably, discernible topological phase transi-
tions manifest which stems from the intricate interplay of cor-
relation effects. To provide unequivocal evidence of the Weyl
semimetal properties inherent in VAs, we have further scru-
tinized the crossing points by systematically scanning these
Weyl points (WPs) within the DFT + DMFT regime. Fig-
ure S11 shows the conspicuous cross features observed in the
DFT + DMFT band structures, specifically in the spin-up com-
ponent. These findings strongly indicate that VAs is a half-
Weyl semimetal, and can be described by DFT 4 U methods
with effective U values falling within the 1.5 eV to 2.5 eV
range.

In summary, based on DFT and DMFT theory, we inves-
tigate the half-metallic ferromagnet VAs which is confirmed
to be a half-metallic ferromagnet with dynamic correlations.
Using the DFT + DMFT as a reference benchmark, we inves-
tigate the electronic properties of VAs within the DFT 4 U
regime. As the states near the Fermi level are sensitive to
the U.g values, we systematically explore its electronic prop-
erties by scanning the Ugs values from 0 eV to 4.0 eV. In
the Ugr range of 0 eV-1.0 eV, VAs exhibits trivial half-metal
properties, while revealing nontrivial Weyl semimetal proper-
ties within the 1.5 eV-2.5 eV range. Taking Ue = 1.5 eV
as an example, and considering the SOC effect, the magnetic
anisotropic energy of VAs suggests a potential ground state
with magnetic orders along the [001] directions. The mag-
netic moment is obtained to be 2up for the V element per unit
formula. We further delve into the topological aspects, investi-
gating surface states and Fermi arcs projected on semi-infinite
(001) and (111) surfaces. Notably, the change in magnetic
direction only affects the positions of Weyl points. Both in
the magnetic directions [001] and [111], twelve pairs of Weyl
points with opposite topological charges (41 and —1) span
the entire Brillouin zone. The Fermi arcs of all Weyl points
are observable across different energies and surfaces, solidi-
fying the magnetic topological Weyl semimetal properties of
VAs. The crossing features of the DFT + DMFT band struc-
ture also support the Weyl characteristics of VAs. These re-
sults suggest the fully spin-polarized Weyl semimetal charac-
teristics observed in VAs compound and present compelling
prospects for advancing fundamental research in many-body
physics and spintronics.
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