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Antiferromagnet topological insulators with A B,C Heusler structure
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The band structures, partial density of states, and electronic configuration of several AB,C full-Heusler
compounds have been simulated using local-density approximation (LDA) + U. Results show that full-Heusler
compounds with half-filled d orbitals and d>d’s?p® electronic structures can also form topological insulators,
which will double the range of topological insulator candidates. The band structures of full-Heusler compounds
are affected by the covalent bondings of A-B and B-C jointly. The spin-up electrons and spin-down electrons
influence the orbitals respectively, which leads to the magnetism of the materials, and all full-Heusler compounds
with the magnetic moments ~9up are antiferromagnets, which may provide a new design of a tunable optical

modulator.
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I. INTRODUCTION

Topological insulators (TIs) with a full insulating gap in
the bulk, but with topologically protected gapless states on
their edges or surfaces, are a relatively new class of quantum
matter which has attracted great attention theoretically and
experimentally.'~ These electronic materials with strong spin-
orbit coupling and band inversion at Fermi level Eg are
predicted to exhibit a host of unusual phenomena associated
with their nontrivial surface states, such as the image monopole
effect,* axions,” and Majorana fermions.® Moreover, the strong
TIs are mostly used for quantum wells and have possible
applications in new spintronic devices.”

TIs have been expanded from two-dimensional materials
(HgTe') to three-dimensional ones [Bi;_,Sb, alloys,® Bi,Sbs,
BiyTes, SboTes,”!% half-Heusler compounds (HHCs),!'"!3
pyrochores,l“’15 Kondo insulators,'® and thallium-based
ternary chalcogenides.!” Vigorous searches for the new topo-
logically nontrivial phases are needed to enlarge the number
of candidate crystalline structures and find various properties
such as magnetism, superconductivity, or heavy fermion be-
havior, because a number of spectacular quantum phenomena
have been predicted when the surface states are affected by
magnetism and superconductivity.'"'>!7 Up to now, most
known TI candidates are nonmagnetic, except for several fer-
romagnetic LnPtBi and LnPtSb (Ln = lanthanide) compounds
where rare-earth elements with strongly correlated f electrons
can exhibit better magnetism; the magnetic moments have
varied from zero in La up to >10ug in Dy or Ho, leading
to strong magnetic ground states harbored in the LnPtBi or
LnPtSb series.!! The lanthanide series, however, have different
numbers of spin up (n4) and spin down (n) and induce the
separating band structures of spin up and spin down near the Er
[see Fig. 1(a)]. Thus, these materials are metallic; despite this
they can transition into TIs by a single axis stress.!! In order
to gain convenient magnetic application in the quantum-spin
Hall state, more magnetic TI candidates need to be prepared.

For the demand of magnetic TIs, we have considered the
AB,C full-Heusler compounds (FHCs) with MnCu,Al-type
L2, structure where A and B are transition or rare-earth
metals and C denotes the main-group elements, as many FHCs
are magnetic'®!® and the inversion symmetry characteristic
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of FHCs is propitious to form TIs.! Moreover, comparing
FHCs with the known TI HHCs, their crystal structures are
similar; the structure of AB'C HHCs (AB,C FHCs) can be
considered as being composed of three (four) interpenetrating
face-centered-cubic lattices with positions described with the
Wyckoff coordinates where atoms are arranged at the positions
A (1/2,1/2,1/2), B' (1/4, 1/4, 1/4) [B (1/4, 1/4, 1/4), and
(3/4, 3/4, 3/4)] and C (0, 0, 0). To obtain the topological
state materials, the FHCs should have an electronic structure
similar to the known TIs with HHC structure. Taking into
account that HHCs have 18 valence electrons with a closed
atomic K shell (d'%s2p%),!! the selected FHCs thus also have
18 valence electrons, keeping valance electrons of A + C =38,
and two B atoms with five valence electrons of each atom
replace one B’ atom, and FHCs with (d°d’s*p®) electronic
structures compare with HHCs with (d'%s? p%). Although the
d orbital is half filled in FHCs, their electronic structures may
satisfy this criterion also and A B, C (when A and C are properly
selected) thus may be a TI.

In this paper, by using the first-principles simulation, we
predict a potentially new class of magnetic TIs of AB,C
FHCs. The valance electrons of A+ C are always selected
to be eight; namely, they are IV 41V or IIIB + V elements.
B elements must be VB elements with five valence elec-
trons. Corresponding band structures, partial density of states
(PDOS), and electronic configuration have been carried out to
support the prediction. The mechanism of the magnetism of
FHC:s is also discussed.

II. METHODS

Band structures, PDOS, and electronic configuration of
several AB,C FHCs were determined based on the density
functional theory (DFT) with Perdew-Burke-Ernzerhof (PBE)
functional of generalized gradient approximation (GGA)
and with ultrasoft pseudopotentials,”® as implemented in
the CASTEP code.?! Geometry optimizations of all structures
are made on conventional unit cells using ultrafine cutoff
energies for the plane-wave expansion. The k-point sampling
setis a 10 x 10 x 10 division of the reciprocal unit cell
based on the Monkhorst-Pack scheme.?” The convergence
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FIG. 1. (Color online) Band structures of GdPtBi (1a) and YV,Bi
(1b), where the dotted line marks the bands with I'¢ symmetry and
the dash-dotted line is that of I'g symmetry. The heavy line marks
spin up and thin line is spin down.

tolerance of energy of 5.0 x 10~° eV /atom, maximum force
of 0.01 eV/A, and maximum displacement of 5.0 x 10™* A
were used. Spin polarized and local-density approximation
(LDA)+U? have been used because LDA+ U is now a
well-established model to deal with electron correlations in
transition metal and rare-earth compounds, which guarantees
the electronic structures of these materials being consistent
with that of experimental results.?* In the LDA + U method,
the strong correlation between localized d electrons is
explicitly taken into account through the screened effective
electron-electron interaction parameter U.

III. RESULTS AND DISCUSSION

Figure 1 shows a comparison of band structures between
GdPtBi [Fig. 1(a)] and YV;,Bi [Fig. 1(b)]. They both are
inverted bands with g (twofold symmetry) (dotted line) lying
below the I'g (fourfold symmetry) (dash-dotted line). This is
the necessary condition for TI state because it changes the
parity of the wave function compared with semiconductors
such as HgTe.11 The band structures of n4 (thick line) and
n (thin line) are separated in GdPtBi, being ferromagnetic
and metallic; while in YV;,Bi, the band structures of spin
up and spin down are uniform without a gap. Although the
metallic GdPtBi can be transitioned into the TI state by a
single axial stress,'! YV,Bi without a gap is more suitable for
TIs. Moreover, YV,Bi with a zero gap and inverted bands has
proved that the half-filled d orbitals can also form TIs, which
will obviously enlarge the boundaries of searching for new TI
candidates.

Figure 2 shows the PDOS of YV,Bi, where positive values
along the y axis denote n4 and negative values n . Itis obvious
that n4 and n| of the Y or Bi atom are the same, while that
of V atoms are different: ny ny for V1 atom and ny <n for
V2 atom, where V1 and V2 denote atoms in a primitive cell
at different locations. Although the total numbers of n; and
n in a primitive cell are the same, V1 atom has a magnetic
moment of 2.5245 and V2 atom has that of —2.52 5. In total,
YV;Bi is an antiferromagnet with the magnetic moment of
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FIG. 2. (Color online) The PDOS of YV,Bi, where positive
values on the y axis denote spin up and negative ones denote spin
down.

9.21up calculated by our simulation. The conduction band
minimum consists mostly of Y-4d, Y-5s, V-4s, and Bi-6s
orbitals; the valence band maximum is composed of V-3d,
V-4s, Bi-6p, and Y-4d electrons. Some V-3d, V-4s, Bi-6p, and
Y-5s electrons hybridize together and form a new bonding
orbital between —4.8 and —2.6 eV. Moreover, the capability of
d orbitals near Er of each V atom is five. Thus, the rest of the
d orbitals should have higher energy and be away from Ef
which implies that half-filled d orbitals here have a function
similar to a filled d orbital and are also suitable for TIs. All
considered FHCs listed in Table I have similar results with
the magnetic moments ~9up. This is the spin-wave excitation
coupled topologically with an electromagnetic field, which as
bulk magnetism may realize the dynamical axions. Such an
effect provides a potentially new design for tunable optical
modulators.’

TABLE I. Magnetic moments with units up of the materials.
ex, ey, and ez are the Mulliken charge of X, Y, and Z elements,
respectively.

Compounds Magnetic moment ex ey ez

ScV,P 9.39 0.25 -0.02 -0.21
ScV,Sb 9.00 0.39 0.02 -0.43
ScV,As 9.43 0.35 0.07 -0.49
ScV,Bi 9.50 0.18 -0.06 -0.07
YV,P 8.62 1.29 -0.26 -0.77
YV,Sb 9.09 1.16 -0.50 -0.16
YV,As 8.82 0.99 -0.30 -0.39
YV,Bi 9.21 0.95 -0.40 -0.15
LaNb,P 7.79 0.52 -0.20 -0.12
LaNb,Sb 7.29 1.00 -0.29 -0.42
LaNb,As 7.99 0.73 -0.18 -0.37
LaNb,Bi 7.45 0.91 -0.31 -0.29
HfNb,Si 7.43 0.95 -0.19 -1.57
HfNb,Sn 8.00 0.94 -0.43 -0.08
HfNb,Pb 8.15 0.92 -0.23 -0.46
GdPtBi 7.35 1.02 -1.03 0.01
DyPtBi 10.3 0.74 -0.80 0.06

235125-2



ANTIFERROMAGNET TOPOLOGICAL INSULATORS WITH ...

-0.250

-0.955 AN e Vatom
Y atom

-0.260 \
-0.265 “

(eV)

©-0.270{ = N

-E

-0.275+ ‘e,

T6
7

E

-0.280 AN

-0.285 1

-0.290 T T T T T T

FIG. 3. (Color online) The energy difference between I'¢ and I'g
bands (Er¢-Erg) of YV;,Bi as a function of different U values of Y
and V atoms.

To compare influences of different U values on the
electronic structure, we calculate all considered materials with
different U values. Taking YV,Bi as an example, we change
the U values of Y and V atoms. The results of corresponding
band structures calculated for Er¢-Erg are shown in Fig. 3,
where e and B denote V and Y atoms, respectively. It is found
that the values of Er¢-Erg decrease as the U values of V
atoms decrease from 1 to 4 eV. When U =4, 5, or 6 eV, the
values of Er¢-Erg change little. Thus, U =4 eV for the V atom
could be adequate to deal with electron correlations. Similar
calculations are carried out for the Y atom, and U=2 eV is
obtained. Note that when U =0, YV,Bi becomes a conductor,
which implies that the LDA + U technique is necessary for the
simulation in our case. At the same time, changes of U values
of Y and V atoms hardly change the total magnetic moments
of YV,Bi (see Table II). All considered materials have the
same results as previously mentioned. Thus, U=2 eV for Sc,
Y, and La, U=3 eV for Hf, U = 4 eV for V and Nb, were
taken respectively.

To analyze the detailed bonding of each atom, we show
the electronic configuration of YV;Bi in Fig. 4. It is generally
found that the electron distributions of higher and lower energy
levels are quite different. We considered the spin-up electrons
first; when orbitals are at —4.8 to —2.6 eV, almost all electrons
are fixed between Bi and the V (denoted as V1) atoms on the
left-hand side, which definitely proves the existence of strong
covalent bonds with sdp® hybridization forming by V-3d,
V-4s, and Bi-6p electrons where the V1 atom has fourfold
covalent bonds with four Bi atoms. While comparing with
the PDOS, a few Y-5s and Y-4d electrons should be limited
around the Y atom and have little effect with the V or Bi atom.
For orbitals at —2.2 to —1.7 eV, similarly, these are strong

TABLE II. Magnetic moments of YV,Bi with different U values
of Y and V atoms with units ug.

VY U=1 U=2 U=3 U=4 U=5 U=6
U=1 9.20
Uu=2 8.35 8.72 9.01 9.21 9.42 9.58
U=3 9.22
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FIG. 4. (Color online) The spin-up orbital of electronic configu-
ration of YV,Bi at different energy levels.

covalent bonds forming by V-3d, Y-5s, and Y-4d electrons
where the Y atom has fourfold covalent bonds with four V1
atoms. While for orbitals at —1.7-0 eV (E is set at 0 eV),
there are two kinds of covalent bonds: Y-V and V-Bi; the
Y-V bonding is obviously stronger than V-Bi bonding, which
is reasonable as the difference of Pauling electronegativities
between Y and V elements (xv-xy) is smaller than (xgi-xv),
where the subscripts denote corresponding elements and
xy =122, xv=1.63, and xg; =2.02.2% On the other hand,
when the spin-down electrons have been considered, the orbital
distributions of spin-down electrons are similar to those of
spin-up electrons; the orbitals are just around the right-hand V
(denoted as V2) atom, not V1. Y and Bi atoms in any case have
little effect. Combining the results of Figs. 2 and 4, the covalent
bonds of Y-V and V-Bi jointly influence the band structures of
YV;Bi. The spin-up electrons and spin-down electrons affect
the orbitals respectively and induce the magnetism, which is
different from HHCs.'?

To illustrate the impressive number of potentially new
topological compounds and the possibility to tune the ['¢—I'g
bond ordering in this class of materials, we have calculated
all relevant FHCs containing Sc, Y, La, and Hf. The energy
differences between I'¢ and I'g bands as a function of the lattice
constant of the compounds are shown in Fig. 5. HgTe and CdTe
binary compounds are also present for comparison purposes.
The compounds with Erg-Erg0 are insulators, whereas those
with Erg-Erg < 0 are TI candidates. The latter group consists
of zero-gap semiconductors with a doubly degenerated I'g
point at Er. All existing HHCs without gap at Er under certain
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FIG. 5. (Color online) The energy difference between I'¢ and I's
bands (Erg-Erg) as a function of the lattice constant.

conditions will reveal the same type of band inversion as HgTe
does. Pairs of materials with well-matching lattices for the
quantum wells can be easily picked up along the same vertical
line, such as ScV,Sb-YV,As and HfNb,Sn-YV,Bi, similar to
CdTe-HgTe. The borderline (Er¢ = Erg) compounds, such as
ScV,As, LaNb,As, and LaNb,Bi, are situated closer to the
zero horizontal line, which can be easily transformed from
a common to a topological insulator and vice versa by a
small variation of the lattice constant (by applying pressure
or growing films on appropriate substrates).'! Combining with
sufficiently strong spin-orbit coupling, it leads to a pronounced
I'¢-I'g band inversion, which is the key to realizing the TI
state. The Mulliken charges of all elements of considered
insulators are listed in Table I. It is obvious that all X elements
are positively charged, while Y and Z elements have mostly
negative charges. Most Mulliken charges are <1. Hence,
there is indeed covalent bonding in the compounds which is
propitious to form TIs. As a result, the x difference among
distinct elements in our case should be small.

It is known that Heusler compounds with 18 or 24 valence
electrons are electron compounds. Our considered compounds
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have indeed 18 valence electrons. To further consider the
structural stabilities of our used systems, the formation
energies of these compounds E; are determined. E;=-
5.33 eV/atom for YV;Bi, Ef =-4.63 eV/atom for YV,As,
E;=-4.71 eV /atom for ScV;,Bi, and Ey = —4.91 eV/atom
for HfNb,Pb, which are comparable with existing Heusler
compounds of DyPtBi with £y =—-7.40 eV /atom, SmPtBi with
E¢=-9.72 eV /atom, NdPtBi with Ey = —6.84 eV /atom, and
TbPtBi with Ef =-9.94 eV /atom. These data confirm that
our considered compounds are thermodynamically at least as
stable as the presently known Heusler compounds.

IV. CONCLUSIONS

In summary, band structures, PDOS, and -electronic
configuration of several AB,C FHCs have been simu-
lated using LDA 4 U. The results show that FHCs with
half-filled d orbitals and d’d’s?>p® electronic structures
can also form TIs, which will double the range of
TI candidates. The band structures of FHCs are af-
fected by the covalent bonding of A-B and B-C jointly.
The spin-up and spin-down electrons influence the or-
bitals respectively, which induce the magnetism of the
materials. All FHCs with the magnetic moments ~9ug
are antiferromagnets, which may provide a new design of a
tunable optical modulator.
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