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The ferromagnetic origin of Na and Mn co-doped CaZn2As2 diluted

magnetic semiconductor: a first-principles study
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We have investigated the electronic structure and magnetic properties of Na and Mn co-doped CaZn2As2
using density functional theory within the generalized gradient approximation (GGA)+U schemes. We have

shown that the ground state magnetic structure of Mn-doped CaZn2As2 is antiferromagnetic while hole-

mediated Zener’s p-d exchange is responsible for the origin of ferromagnetism of Na and Mn co-doped

CaZn2As2.
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1. Introduction. Diluted magnetic semiconductors

(DMSs) have received much attention due to the possi-

bility of utilizing both charge and spin degrees of free-

dom in electronic devices [1–3]. In order to realize func-

tional spintronics devices, it is important to have a full

control of the carrier density and ferromagnetic Curie

temperature (Tc). Prototypical DMS systems such as

Ga1−xMnxAs and In1−xMnxAs, however, show severely

limited chemical solubility due to the substitution of di-

valent Mn atoms for the trivalent Ga or In sites. Besides,

the simultaneous doping of charge and spin induced by

Mn substitution prevents us from optimizing the charge

and spin densities independently.

A new type of ferromagnetic DMS that overcomes

these difficulties has been discovered recently. Bulk

specimens of Li(Zn, Mn)As were successfully fabri-

cated [4], using excess Li concentrations introduced

into hole carriers, while independently making the

isovalent substitution of Mn2+ for Zn2+ to achieve

local spin doping. Shortly after, Li(Zn, Mn)P with

Tc ∼ 40K were also fabricated by doping Mn into the

I-II-V direct gap semiconductors LiZnP [5]. LiZnPn

(Pn = P, As) can be viewed as a derivative of the

third family of Fe-based superconductors LiFeAs.

Accordingly, the first family of Fe-based supercon-

ductor is 1111-type oxypnictides LaFeAs(O1−xFx).

With identical two dimensional crystal structure, three

1111 type DMS systems, (La, Ba)(Zn, Mn)AsO with

Tc ∼ 40K [6], (La, Ca)(Zn, Mn)SbO with Tc ∼ 40K

[7], (La, Sr)(Cu, Mn)SO with Tc ∼ 210K [8] have

been reported. Similarly, bulk form DMS systems

of (Ba, K)(Zn, Mn)2As2 [9, 10] with Tc ∼ 180K

have been reported. These systems are structurally
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identical to that of 122 type iron pnictides super-

conductor (Ba, K)Fe2As2 with tetragonal ThCr2Si2
structure. The fourth family of Fe-based super-

conductors is 11 type FeSe1+δ, which can be par-

alleled to the well investigated II-VI DMS, i.e.,

(Zn, Mn)Se. Very recently, bulk specimens of DMS

(Ca, Na)(Zn, Mn)2As2 [11] and (Sr, Na)(Zn, Mn)2As2
[12] with the hexagonal CaAl2Si2 structure have

been reported. In this paper, we have performed a

first-principles density functional theory study on

(Ca, Na)(Zn, Mn)2As2 and discussed its ferromagnetic

origin.

2. Computational method. The first-principles

calculations were performed by using density func-

tional theory (DFT) method within the Perdew-Burke-

Ernzerhof (PBE) generalized gradient approximation

(GGA) [13], implemented in the Vienna ab initio Simu-

lation Package (VASP) [14]. The strong-correlated cor-

rection was considered with GGA+U method [15] to

deal with the Mn’s 3d electrons. The effective onsite

Coulomb interaction parameter (U) and exchange in-

teraction parameter (J) are set to be 4.0 and 1.0 eV for

Mn’s 3d electrons. These values have been tested and

used in the previous experimental and theoretical works

[16, 17]. For Zn atoms, the strong-correlated correction

was not applied as their 3d orbitals are fully occupied.

3p4s for Ca, 3d4s for Zn, 4s4p for As, 4s for Na and 3d4s

for Mn were treated as valence orbitals in the calcula-

tions. The projector augmented wave (PAW) potential

[18] and the plane waves cut-off energy of 300 eV were

used. For CaZn2As2 unit cell, a Γ-centered Monkhorst–

Pack [19] k-point mesh of 5×5×3 was used and the inter-

nal atomic coordinates were relaxed until the force was

less than 0.01 eV/Å. For Na and Mn co-doped CaZn2As2
supercell, a Γ-centered Monkhorst–Pack k-point mesh of
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1×3×3 was used. The criterion for the total energy was

set as 10−4 eV.

3. Results and discussion. As a parent system,

CaZn2As2 crystallizes in the hexagonal CaAl2Si2 struc-

ture with the space group P3̄m1 (# 164), as shown in

Fig. 1. The experimentally measured lattice constant of

Fig. 1. (Color online) The crystal structure of the

CaZn2As2, which is composed of a two unit cell. Green,

red, and purple spheres represent Ca, Zn and As atoms,

respectively

CaZn2As2 (a = 4.162 Å, c = 7.010 Å) [20] were used in

our calculations and the internal coordinates were opti-

mized. In Fig. 2 the density of states (DOS) of CaZn2As2

Fig. 2. (Color online) The total (black line) and partial

density of states of Ca (green line), Zn (red line), and As

(blue line) of CaZn2As2 per unitcell. The energy zero is

taken at the Fermi level and indicated by the vertical line

is depicted. This compound is a non-magnetic semi-

conductor with a calculated band gap at about 0.7 eV,

which is consistent with the previous theoretical re-

port [21].

In order to gain insight into the properties of Na and

Mn co-doped CaZn2As2, we first investigate the two Mn

atom-doped CaZn2As2. We have used two Mn atoms to

substitute two Zn atoms in a 5×2×1 supercell for con-

structing Ca(Zn0.9Mn0.1)2As2. We have calculated eight

kinds of configuration with Mn–Mn different distances.

We found that energy difference between ferromagnetic

(FM) and antiferromagnetic (AFM) state is less than 10

meV and negligible when Mn–Mn distance is larger than

7.21 Å. Thus, we have presented the five kinds of Mn–

Mn pair configuration: (1) the first nearest neighbor-

ing two Mn atoms indicating 01, (2) the second nearest

neighboring two Mn atoms indicating 02, (3) the third

nearest neighboring two Mn atoms indicating 03, (4)

the fourth nearest neighboring two Mn atoms indicat-

ing 04, (5) the fifth nearest neighboring two Mn atoms

indicating 05, as shown in Fig 3. Table 1 lists the energy

of the Ca(Zn0.9Mn0.1)2As2 FM and AFM state for the

Table 1. The total energy (eV) of the Ca(Zn0.9Mn0.1)2As2 su-
percell with different configuration, magnetic moments (µB) of
Mn atoms and distance (Å) between Mn–Mn pair configuration

EFM EAFM ∆E µFM/µAFM distance

01 −183.3512 −183.5317 0.1805 4.30/4.26 3.018

02 −183.4464 −183.5172 0.0708 4.30/4.27 4.162

03 −183.4602 −183.4949 0.0347 4.29/4.28 5.143

04 −183.4715 −183.4836 0.0121 4.29/4.28 6.614

05 −183.4741 −183.4859 0.0118 4.30/4.28 7.208

five configurations. The energy difference ∆E between

EFM and EAFM is defined as follows:

∆E = EFM − EAFM.

As observed from the Table 1, ∆E is positive for all

five configurations and indicates the AFM is the ground

state of Ca(Zn0.9Mn0.1)2As2, which is consistent with

the experiments [4]. In Fig. 4 we show the spin-polarized

DOS of Ca(Zn0.9Mn0.1)2As2 of 01 AFM configuration.

We see that the contributions from the Mn 4s states

to the valence bands of Ca(Zn0.9Mn0.1)2As2 are negli-

gible. So the Mn atoms are in the form of cation Mn2+.

The Mn1 (at 0 site) 3d major spin band are occupied

and minor spin band empty while Mn2 (at 1 site) 3d

spin band are reversed. There are no density of states

at EF . The electronic structure of Mn 3d states indi-

cates the superexchange mechanism which leads to the

antiferromagnetic coupling between the two Mn atoms

[22]. In Mn atom-doped CaZn2As2, the As atoms around

Mn atoms form an tetrahedral coordination ligand field,

splitting d orbitals into e and t2 states. The t2 states

of Mn hybridize with the ligand 4p orbitals of As, ow-

ing to the symmetry. The superexchange mechanism is
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Fig. 3. (Color online) The 5×2×1 supercell of CaZn2As2. The configurations of Mn atom indicate 01, 02, 03, 04, 05 and the

Na atom position Na1, Na2, Na3, Na4

Fig. 4. (Color online) The total averaged (black line)

and partial density of states of As 4p (cyan line) of

Ca(Zn0.9Mn0.1)2As2 per unit cell. The partial density of

states of Mn1 3d (red line) 4s (blue line), Mn2 3d (green

line) 4s (blue line) per atom. The energy zero is taken at

the Fermi level and indicated by the vertical line

explained by magnetic coupling transferred by ligands,

i.e., the p orbitals of the anions. As shown in Fig. 4, the

filled 3d states of Mn are strongly hybridized with the

As 4p states, giving a broad band with a width compa-

rable to the As 4p states. Since the hybridization implies

the intensity of chemical reaction and strong hybridiza-

tion brings about a big solubility, the above results

mean that the substituent concentration of Mn-doped

CaZn2As2 will be high. This result is consistent with

the substituent concentration of Mn-doped CaZn2As2
in experiment as high as 25 % [11]. From Fig. 4, we also

see that the exchange splitting, due to the Mn 3d elec-

trons localizing and onsite coulomb interaction, is larger

than the crystal filed splitting. This leads to a high spin

configuration of d5 with the local magnetic moments of

Mn atoms with S = 5/2, which is consistent with our

calculated moment. From Table 1, we also note that ∆E

decreases quickly with the increasing distance between

Mn–Mn pairs, which means that the Mn–Mn antiferro-

magnetic interaction comes from short range superex-

change mechanism.

Table 2. The calculated energy (eV) of the different positions
of Na atom of ferromagnetic and antiferromagnetic states of
(Ca0.9Na0.1)(Zn0.9Mn0.1)2As2

Na position EFM EAFM ∆E

Na1 01 −181.0391 −181.1944 0.1553

02 −181.1438 −181.1793 0.0355

03 −181.1539 −181.1602 0.0063

04 −181.1614 −181.1549 −0.0065

05 −181.1803 −181.1746 -0.0057

Na2 01 −181.0500 −181.1949 0.1449

02 −181.1250 −181.1418 0.0168

03 −181.1539 −181.1601 0.0062

04 −181.1847 −181.1695 −0.0152

05 −181.1620 −181.1594 −0.0026

Na3 01 −181.0517 −181.1600 0.1083

02 −181.1526 −181.1523 −0.0003

03 −181.1129 −181.1058 −0.0071

04 −181.1583 −181.1464 −0.0119

05 −181.1326 −181.1284 −0.0042

Na4 01 −181.0993 −181.2100 0.1107

02 −181.1633 −181.1644 0.0011

03 −181.2101 −181.1920 −0.0181

04 −181.1858 −181.1706 −0.0152

05 −181.1813 −181.1793 −0.0020
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Secondly, with the same supercell, we have re-

placed one Ca atom with a Na atom to construct

(Ca0.9Na0.1)(Zn0.9Mn0.1)2As2. In terms of different dis-

tances between Mn atoms and Na atoms, we in-

troduce four kinds of Na atoms named Na1, Na2,

Na3, Na4 as shown in Fig. 3. Table 2 lists the en-

ergy of different Na positions of FM and AFM states

of (Ca0.9Na0.1)(Zn0.9Mn0.1)2As2. For Mn–Mn nearest

neighboring configuration 01, the AFM state between

Mn atoms is stable regardless of the position of Na

atoms. This result verifies the surmise in reference 11

that Mn moments are antiferromagnetic coupled in the

nearest neighbor Zn sites. With the Mn–Mn distance

increasing, the coupling of Mn–Mn atoms changes from

AFM to FM for all Na substitution. This means that

there is a competition between AFM and FM cou-

pling in the (Ca0.9Na0.1)(Zn0.9Mn0.1)2As2. The Mn–Mn

antiferromagnetic interaction is very strong and short

ranged, which play a major role in the first nearest

neighbor Mn–Mn configuration. The ferromagnetic in-

teraction is relatively weak but longer ranged. When the

Mn–Mn distance is larger than the third nearest neigh-

bor, the FM interaction overtakes AFM interaction. For

10 % of Mn substitution, the average distance between

Mn ions is about 6.619 Å which approximate the fourth

nearest neighbor (6.614 Å). This means that the FM

coupling of Mn atoms should be ground state in the

real alloy where the Mn ions are randomly distributed.

To elucidate the origin of ferromagnetic coupling

between Mn atoms, we have calculated the density of

states of (Ca0.9Na0.1)(Zn0.9Mn0.1)2As2 of Na4 position

of Mn 03 FM configuration and shown in Fig. 5. From

Fig. 5 we see that the contributions from the Na 4s states

to the valence bands of (Ca0.9Na0.1)(Zn0.9Mn0.1)2As2
are negligible. This means that the Na atom is in the

form of cation Na1+. The DOS in Fig. 5 shows the semi-

metallic behavior for the compound. The hole carriers

are introduced into the empty states near the Fermi

level, which is mostly composed of the As 4p states. So

the delocalized holes have a character of the host states

near the top of the valence band with a small admix-

ture of the Mn 3d orbital weight. At the same time, the

main peak in the partial density of states of the majority

spin Mn 3d5 electrons is well below the Fermi level and

these states form a local moment. Thus, the ferromag-

netic coupling between Mn local moments is mediated

by delocalized band holes via Zener’s p-d exchange in-

teraction [22].

4. Summary. In conclusion, we have performed a

study of the electronic structure and magnetic proper-

ties of Na and Mn co-doped CaZn2As2 using density

functional theory within the GGA+U schemes. We

Fig. 5. (Color online) The total averaged (black line)

and partial density of states of As 4p (cyan line) of

(Ca0.9Na0.1)(Zn0.9Mn0.1)2As2 per unit cell. The partial

density of states of Na 4s (blue line) and Mn 3d (red line)

per atom. The energy zero is taken at the Fermi level and

indicated by the vertical line

have shown that the superexchange mechanism leads

to the antiferromagnetic coupling between Mn atoms in

Mn-doped CaZn2As2. The ferromagnetic origin of Na

and Mn co-doped CaZn2As2 is hole carriers mediated

via Zener’s p-d exchange interaction.
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