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A three-dimensional (3D) topological Dirac semimetal (TDSM) Cd3As; has very recently been discovered, which can be turned
into a variety of quantum phases by breaking either time reversal symmetry or inversion symmetry. Here, we present a density
functional theory (DFT) study to systematically investigate the doping effects of 3d transition-metal (TM) atoms (Ti:Cu) in
Cd3As;. The results reveal that the introduced 3d TMs lower the symmetries of the system, resulting in a massive Dirac fermions
with gap opening at the Dirac point. The substitution of Cr atom could tailor Cd3As; to a ferromagnetic half-metal due to the
effective p-d exchange. The Monte Carlo simulations predict that the Curie temperature (7;) of Cr-Cd3As; is up to the room
temperature, suggesting powerful potentials for further spintronic applications.

1 Introduction

Three-dimensional Dirac topological semimetals (3D-
TDSMs) are new class of materials, which has attracted
increasing attention in physics and materials science.? In
analogy to 2D graphene, a 3D-TDSM possesses bulk Dirac
fermions that disperse linearly along all three momentum
directions, which leads to peculiar and novel physical prop-
erties, such as unusual electrical and thermal transport,?
high-temperature linear quantum magnetoresistance,* and
oscillating quantum spin Hall effect.”> A number of materials
and systems have been proposed for realizing the 3D-TDSMs,
e.g. Y,Ir, 07, ! B-cristobalite Bi0,,° and AsBi (A=Na, K,
Rb).%7 However, these materials are either metastable or
difficult to synthesize. As a result, few has been materialized
so far. Recently, using first-principle calculations Wang et
al. predicted a new 3D-TDSMs, i.e. Cd;As,,® and soon its
3D Dirac cones are experimentally observed.’~!? In addition,
unlike previous 3D-TDSMs, Cd3As; is chemical stable in the
air with a remarkably high carrier mobility, which enables it
to be a promising candidate in device applications. >
Previous studies predict that Cd3As, can be turned into a
variety of quantum phases by breaking either time reversal
symmetry or inversion symmetry.®!? Similar to diluted mag-
netic semiconductors (DMSs) and 2D Dirac materials, the nat-
ural strategy to realize turning effect in Cd3As; is via chem-
ical doping. 41 However, to the best of our knowledge, no

t Electronic Supplementary Information (ESI) available:. See DOI:

@ School of Physics, State Key Laboratory of Crystal Materials, Jinan,
250100, People’s Republic of China. E-mail: daiy60@sina.com

b Department of Materials Engineering, The University of British Columbia,
Vancouver, BC, Canada V6T 174

work has been done to investigate the doping induced phase
transformation in Cd3As,. In this work, we probe this ques-
tion by studying the transition metal (TM) atoms in Cd3zAs; on
the basis of density functional theory (DFT) calculations. The
stability, electronic and magnetic properties of 3d TM atom
(Ti:Cu) doped 3D-TDSM Cd3As, are studied in details. In
addition, to explore the magnetic coupling, Monte Carlo sim-
ulations based on the Ising model are employed and the Curie
temperature (7) is also estimated.

2 Computational methods

Our spin-polarized DFT calculations were carried out using
the Vienna ab initio simulation package (VASP),!”-!® with
projector augmented wave (PAW) method, ! and the Perdew-
Burke-Ernzerhof (PBE) generalized gradient approximation
(GGA) to the exchange correlation functional. 20 A cutoff en-
ergy of 500 eV was used to truncate the plane-wave expansion
of the wave functions. The strong-correlated correction is con-
sidered with GGA+U method to deal with the 3d-electrons
of TMs.?! The effective onsite Coulomb interaction parame-
ter (U) and exchange interaction parameter (J) are set to be
4.0 and 0.9 eV, respectively, which are the typical values for
3d TMs.?>?3 We also performed calculations with U rang-
ing from 2 eV to 6 eV. The results are comparable to those
with U=4 eV, consisted with previous findings (see ESI for de-
tails). '®?* The calculations were performed using a 10x 10x6
Monkhorst-Pack k-point mesh.> In this work, the spin-orbit
coupling (SOC) was taken into account by the second vari-
ational method on a fully self-consistent basis. Note that the
SOC interactions are only included in the band structure calcu-
lations, while all the other calculations (e.g. density of states
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Fig. 1 Crystal structure of Cd3As; with P4;/nme symmetry. (a) side = L |
view, (b) top view, and (c) Brillouin zone with high symmetric * * * * * * * *
ints. . .
ponts Fig. 2 (a) Calculated formation energies of the most stable
configurations of single TM atom doped Cd3As, under different
. . . . . . growth conditions, and (b) magnetic moments of TM elements in
calculations) are carried out using spin-polarized calculations
. . . Cd3ASz.
without SOC interactions.
A crystallographic cell of Cd3As; is shown in Figure 1,
which is related to tetragonally-distorted anti-fluorite struc- is calculated by the growth condition: >
ture with Cd in tetrahedral coordination and ordered Cd va-
cancies. ! The bulk CdszAs, was examined by using a prim- 3Uca +2pas = U (Cd3Asy) 2

itive unit cell containing 24 Cd and 16 As atoms, which has
D}lfl (space group P4,/nmc) symmetry with lattice constants:
a=8.95 A and ¢ = 12.65 A.%?0 Several test calculations for an
80-atom (1x1x2 and 2x1x1) supercell gave essentially the
same results. The atomic positions were fully relaxed in all re-
ported calculations using the conjugate gradient (CG) method
to an energy convergence of 107> eV and force convergence
of 1072 eV/A.

3 Results and Discussion

We first examine the site preference of a serial of single 3d
TM impurities. In the calculations, one Cd atom is replaced
by the TM atom. The formation energies are computed using
the following expression: >’

Ef = E;or(TM) — E;or (bulk) — ZAni Wi (1)

where E;,; (TM) and E; (bulk) are the total energies of the
system with and without TMs. An; indicates the corresponding
number that have been added to or removed from the super-
cell, and y; is the chemical potential for species i (host atoms
or dopants). We choose hcp Ti, bee V, bee Cr, feec Mn, bee Fe,
fcc Co, fee Ni, and fce Cu as reference to evaluate the chem-
ical potentials of these elements. Note that the formation en-
ergy is not fixed but depends on the growth conditions, which
can be either As-rich or Cd-rich. Under the As-rich condition,
Uas 1s taken as the value of the stable As crystal, whereas Ucy

Under the Cd-rich condition, ucs equals to the value of
bulk Cd, whereas the chemical potential of As is calculated
via Equation 2. The chemical potential of Cd is in the range
of -0.9~-1.1 eV under different grow conditions, which leads
to small difference of formation energy between Cd-rich and
Cd-poor conditions. The calculated formation energies of
the most stable configurations of single TM doped Cd3As;
is shown in Figure 2a. One can see that there is a distinct
correlation between the formation energy and impurity size,
i.e. Ey decrease with the atomic radius of the impurity. Ev-
idently, for small solutes, such as Fe, Co, etc. the elastic
strains induced by the substitutional impurities are consider-
able large, which introduce large lattice distortions and hence
exhibit high formation energies. In contrast, impurities whose
size is close to that of Cd exhibit much smaller formation en-
ergies. For Ti, negative formation energies are observed un-
der both growth conditions, suggesting that Ti can be spon-
taneously introduced into CdzAs,. Similar size dependent
trends were also reported for TM doping in topological in-
sulators, e.g. BipSes. 16

As shown in Figure 2b, the magnetic moments of the TMs
with single-filled d-states (i.e. Ti, V, Cr, and Mn) increase lin-
early. While the values decrease linearly for the late TMs (i.e.
Fe, Co, Ni, and Cu). This can be qualitatively explained based
on the valence electron configuration of the TMs. It is known
that a d-element has five localized d-orbitals. For early TMs,
ie. Ti, V, Cr, and Mn, they have 2, 3, 4, and 5 d-electrons,
respectively. Due to the large separation between TM and As
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Fig. 3 Total density of states (TDOS) and partial density of states (PDOS) of (a) Ti-, (b) V-, (c) Cr-, (d) Mn-, (e) Fe-, (f) Co, (g) Ni, (h)
Cu-doped, and (i) pure Cd3As;. The Fermi level is indicated by the dashed line.
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Fig. 4 Isosurface of the magnetization densities (p T —p |) of
Cr-doped Cd3As, with the isosurface value of 0.002 e/A3. (a) Side
view, and (b) top view.

atoms, these d-electrons are mostly localized and go to sepa-
rate nonbonding orbitals according to the Hund’s rule, which
give rise to M=2, 3, 4, and 5ug. Especially, for Mn, its unique
d° configuration yields to the highest spin states among all in-
vestigated TMs. The situation changes when the TM atom has
more than 5 electrons so that some of the nonbonding orbitals
are filled. The magnetic moments go down linearly after Mn.
For Cu, all of the d-bands are fully occupied and the system is
nonmagnetic.

In order to understand the electronic and magnetic struc-
tures of all these systems, we analyzed the density of states
(DOS) and the band structures of the TM-Cd3z As, system. The
results are shown in Figure 3. It is seen that Cr doping turns
the semi-metallic Cd3As, into a half-metallic material. The
spin-down channel (minority states) of the Cr-CdzAs, system
is semiconducting with a direct band gap of ~0.4 eV, whereas
the spin-up channel (majority states) shows metallic behavior.
Detailed analyses suggest that bands in the vicinity of Fermi
level are mainly derived from the hybridization of Cr 3d or-
bitals and the As 4p states. Hence, the Cr-Cd3zAs; system is
half-metallic with 100% spin polarization around the Fermi
level, which can be quite important for potential use in spin-
tronics. The analysis of magnetization densities (p T —p )
indicate that the total magnetic moment of the system comes
mostly from the metal atom and partly from its neighboring
As atoms, as shown in Figure 4.

For the case of Ti- and V-doped Cd3As,, the systems show
metallic behaviors. The Fermi level is shifted to the conduc-
tion band in both spin-up and spin-down states due to the
extra unoccupied d-orbitals as compared with the Cr-doped
case. The situations are changed when Mn or Fe is intro-
duced into the system. In these cases, the spin-up states of
d-orbitals are fully occupied and thereby move to the deep

0.6
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Fig. 5 The calculated band structures of (a) pristine Cd3As;, and (b)
Cr-doped Cd3zAs; with SOC. The dashed line indicates the Fermi
level. The Dirac point is highlighted by red circle.

range of the valance band, which give rise to semiconducting
behavior with a band gap of about 0.4 eV and 0.3 eV for Mn-
and Fe-doped cases, respectively. As the elements have more
d-electrons, the Coulomb interaction gives rise to a shift of the
impurity states or/and opening of a gap at the Fermi level. '+
Both the doping of Co and Ni result in metallic ground state,
whereas for the case of Cu, the system becomes semiconduc-
tor with the band gap of about 0.3 eV.

The calculated band structure of pristine CdzAs; is shown
in Figure Sa. In agreement with previous studies,®!! the bands
cross between I and Z exactly at the Fermi level. Since both
time-reversal and inversion symmetries are present, all bands
are doubly degenerate at all momenta in the Brillouin zone,
as follows from the Kramers theorem. As a result, there is 4-
fold degeneracy at each Fermi point, around which the band
dispersions can be linearized. In addition, unlike graphene,
the 3D massless Dirac fermions in Cd3As; are robust against
the spin-orbit interaction. Previous studies found that Cd3As;
is a symmetry-protected 3D TDSM.®%!! If one As atom is
replaced by the impurity, the 4-fold rotational symmetry is
broken. Recent theoretical studies point out that in this case,
a linear leading order term will be introduced in the effec-
tive Hamiltonian. >® The massless Dirac fermions will become
massive fermions, leading to the opening of an energy gap at
the Dirac point. This is indeed the case in our calculations.
Compared with the pristine CdzAs,, an obvious change of
band structure occurs. As shown in Figure 5b through the ex-
ample of Cr, a band gap of ~0.1 eV is induced at the Dirac
point, which demonstrate the breakdown of the 3D-TDSM
state.

As has been discussed above, Cr-doped CdzAs, system
shows half-metallic behavior. To investigate the nature of spin
exchange coupling, we calculated the exchange energy (E,y)

4| Journal Name, 2010, [vol], 1-6

This journal is © The Royal Society of Chemistry [year]

Page 4 of 7



Page 5 of 7

Journal of Materials Chemistry C

300 - -

Eex (meV)

0 1 1 1 1 1
. 4.5 5.0 55

0
pair distance (A)

—— Ca=2.5 at.%
—=—Cc=5.0 at.%

Magnetization

0 50 100 150 200 250 300 350
Temperature (K)

Fig. 6 (a) Calculated exchange energies (E,,) between two
substitutional Cr atoms as a function of Cr pair distance. (b)
Predicted temperature dependence of the total magnetic moment per
unit cell with the Cr concentration of 2.5 at.% and 5.0 at.%,
respectively.

by using a 1x1x2 supercell. E,, is estimated by placing two
TM dopants in the supercell at various separation distances
and comparing the total energy difference between antiferro-
magnetic (AFM) and FM states of the dopants at the same
distance. All possible configurations within 5.5 A Cr-Cr dis-
tance are considered. The results are plotted in Figure 6a.
We found that Cr-doped Cd3As, systems possess robust FM
ground state with large values of exchange energies (over 300
meV per supercell). This can be understood by checking the
electronic structures as shown in Figure 3¢, where the conduc-
tive d-states provide channels for effective coupling via d-p
exchange with the host As atoms.

For further applications such as in spintronic devices, it is
important to get a more in-depth understanding especially of
the changes in magnetism with temperature. Here, we adopt
the Ising model combined with Monte Carlo (MC) simulations
to estimate 7, of the Cr-doped Cd3As,.>*? The Ising Hamil-

tonian of the system can be described as:

H= —ZJijmimj (3)
ij

where m; and m; are the magnetic moments at sites i and
J» and J;; is is the exchange coupling constant between the i
and j’h Cr atoms, taken from the DFT calculations as shown
in Figure 6a. The MC simulations are carried out using a
10x10x 10 supercell with periodic boundary conditions. The
calculations last for 8x10° loops. In each loop, the spins
on all the magnetic sites flip randomly (see ESI for details).
Larger supercells or longer loops have been tested to give
very similar results. From Figure 6b, it can be seen that for
Cd, 875Crq.125As2, the magnetization starts dropping at 100K,
and then the paramagnetic (PM) state is obtained at a tempera-
ture of about 150K (Curie temperature). For Cd; 75Crg25As2,
we found that 7; could be up to the room temperature.

4 Conclusions

In summary, we have systematically studied the effects of a
series of 3d TMs atoms doping in the symmetry-protected 3D
TDSM system using DFT calculations. Our work shows that
the introduced 3d TMs lower the symmetries of the system,
resulting in a massive Dirac fermions with gap opening. In ad-
dition, 3d TMs could turn the semi-metallic Cd3 As, into semi-
conductor, metal, or half-metal. Further calculations indicate
that the magnetic coupling between Cr pair in Cd3As; is FM
due to the effective p-d exchange. Using Monte Carlo simula-
tion based on the Ising model, we predict that the Curie tem-
perature of Cd; 75Crg25As, is up to room temperature, sug-
gesting powerful potentials for further spintronic applications.
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The substitution of Cr atom could tailor Cd3As; to a ferromagnetic half-metal, with the Curie temperature (7;) up to the room temperature,
suggesting powerful potentials for further spintronic applications.
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