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The electronic and magnetic properties of (Mn,C)-codoped ZnO are studied in the Perdew—Burke—Ernzerhof form

of generalized gradient approximation of the density functional theory. By investigating five geometrical configurations,

we find that Mn doped ZnO exhibits anti-ferromagnetic or spin-glass behaviour, and there are no carriers to mediate
the long range ferromagnetic (FM) interaction without acceptor co-doping. We observe that the FM interaction for
(Mn,C)-codoped ZnO is due to the hybridization between C 2p and Mn 3d states, which is strong enough to lead to
hole-mediated ferromagnetism at room temperature. Meanwhile, We demonstrate that ZnO co-doped with Mn and C
has a stable FM ground state and show that the (Mn,C)-codoped ZnO is FM semiconductor with super-high Curie

temperature (T = 5475 K). These results are conducive to the design of dilute magnetic semiconductors with codopants

for spintronics applications.
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1. Introduction

7Zn0 is a room-temperature semiconductor ma-
terial with a direct wide band gap of 3.37 eV and a
large excitonic binding energy of 60 meV and it has
wide prospects in optoelectronic applications. ZnO-
based diluted magnetic semiconductors (DMSs) have
been actively investigated because it combines the ad-
vantages of having logic, memory and communication
on a single chip.l! However, it is still a major chal-
lenge nowadays to facilitate ZnO-based DMSs with a
high Curie temperature 7.

In practice, various experimental and theoreti-
cal explorations have shown that the 3d transition-
metal (TM)-doped bulk or films exhibit magnetic or-
der and the TM atoms prefer to substitute the Zn
atoms.?) Among these TMs, Mn is a ferromagnetic
element widely used in doping II-VI-based or III-V-
based hosts, such as Mn-ZnOB~¢ and Mn-GaN!"!
with higher T¢ than room temperature. Luo et al.l®!
have found that the Mn—Mn interaction is dominated
by antiferromagnetic (AFM) coupling from the Curie—
Weiss behaviour of susceptibility at high tempera-
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ture in Zni_,Mn,O compounds. In order to raise
the Curie temperature and magnetization, one effec-
tive method is to codope other metal elements with
Mn. Chambers et all® have observed that spin-
coated N-capped Mn:ZnO nanoparticle films also ex-
hibit room-temperature ferromagnetism by comple-
mentary growth method, and suggested that the ob-
served ferromagnetism in Mn:ZnO is mediated by
holes. Using the density functional calculations, Zhu
et al.l” reported that both Li and Cu tend to segregate
into the region near Mn atoms and strongly promote
the ferromagnetic (FM) coupling between Mn spins.

Recently, experimental studies indicated the pos-
sibility of C doping at the O sites in ZnO.'%11] In
addition, Zhou et al.l'?! fabricated C-doped ZnO thin
films using ion beam technique and found that their
Curie temperature is above room temperature. Con-
sidering two extended p-type holes brought from car-
bon in (Mn,C) codoped ZnO, it is worth investigating
the carrier-induced ferromagnetism in the ZnO-based
DMSs.

The purpose of this paper is to extend the pre-

vious simulations, by addressing the electronic struc-
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ture and magnetic properties of Mn-doped ZnO and
(Mn,C)-codoped ZnO. The rest of the present paper
is organized as follows. The basic ingredients and the
details of our computational method are described in
Section 2. Our results are given in Section 3. Fi-
nally, the conclusions drawn from the present study

are given in Section 4.

2. Method

Our simulations are implemented with a plane-
wave pseudopotential method based density func-
tional theory (DFT) code,® namely the Cambridge
serial total energy package (CASTEP) code. The gen-
eralized gradient approximation (GGA) in the scheme
of Perdew—Burke-Ernzerhof (PBE) is used to treat
the exchange-correlation function.'¥ Moreover, the
valence-electron configurations for the carbon, oxygen,
zinc and manganese atoms are employed as 2s? 2p2,
252 2p*, 3d'0 452 and 3d® 4s2, respectively. The plane-
wave functions of valence electrons are expanded in
a plane-wave basis set. Reciprocal-space integration
over the first Brillouin zone is approximated through
a careful sampling at a finite number of k points using
a Monkhorst-Pack mesh.["®) The 2x2x2 ZnO super-
cell containing 32 atoms is used and the supercell is
kept at constant volume.

The substitutional method is adopted. For x =
6.25%, only one Zn atom is substituted by Mn, while
one O atom is substituted by C for y = 6.25% We
perform the geometry optimization of ZnO and the
cutoff energy (Ecyt) is set to be 460 eV according to
our previous paper.l8) Meanwhile, the k-point set with
parameters of 7x7x4 and 4x4x2 for pure ZnO and
the Zn;_,Mn,0O,_,C, alloy, respectively, are used
over the first Brillouin zone sampling mesh. Self-
consistency is considered to be achieved when the dif-
ference of charge densities between succeeding itera-
tions is less than 2x107% eV per atom. In the opti-
mization process, the energy change, maximum force,
maximum stress, and maximum displacement toler-
ances are set to be 2x107° eV per atom, 0.05 eV/A,
0.1 GPa, and 0.002 A, respectively. In addition,
both lattice constants and atomic positions are relaxed

whenever available.

3. Results and discussion

3.1. The optimization of the structure
Zn,_zMn,0,_,C,

A systematic study on the structural geometry
optimization of the intrinsic and doped ZnO is inves-
tigated. At ambient temperature and pressure, the
stable phase of ZnO is of hexagonal wurtzite structure
with P63mc space group and C§, symmetry. Lat-
tice constants a = b = 3.249 A, ¢ = 5.202 A, and
¢/a = 1.601. All calculations are based on the 2x2x2
supercell model as shown in Fig. 1. The ligand of ZnO
is a triangular cone, and the Zn—-O bond length along
c-axis (1.952 A) is shorter than that in other direc-
tions (1.986 A). As depicted in Table 1, after opti-
mization, the lattice constants are increased by 0.90%
in a and b, and 2.22% in ¢ with respect to experimen-
tal lattice constants,!3! but the shape of the hexagonal
structure is preserved. To investigate the influence
of dopants on the wurtzite structure of host ZnO, a
Mn atom substitutes Zn atom on site 17 in Fig. 1.
The hexagonal structure is still kept unchanged. The
Zn site is substituted by Mn perfectly and the differ-
ence between a and b is 0.001 A, which are in good
agreement with previous experimental observations of
the structure of bulk ZnO:Mn.[?! For 6.25% concentra-
tion of Mn doping, the augment of lattice constants
is 0.43% for a and b and 0.12% for ¢, resulting from
the fact that high-spin ionic radius of Mn?* 0.75 A
is larger than the Zn?* 0.60 A in tetrahedral coordi-
nation. Moreover, a similar simulation is repeated by
replacing an O atom on site 9 in Fig. 1 with a C atom.
Its optimized structure still reflects the conservation
of hexagonal structure.

Fig. 1. (colour online) A 32-atom 2x2x2 ZnO supercell
with lattice sites labeled.
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Table 1. Relaxed structures of Zn16016, ZnisMni1O16 (Mn substitution of Zn on site 17 in Fig. 1), and Zn16015C1 (C
substitution of O on site 9 in Fig. 1) compared with the experimental structure of Zn16016. The lattice constants (a, b,

¢), lattice angles (a, 8, v), and the fractional coordinates of lattice sites 17 and 9 are shown.

a/A b/A /A a B v Xo Yo Zy  Xir Yz Zi7
expt. [3] ZnigO16  6.4980 6.4980 10.4040 - - - - - - - - -
relaxed Zni16016 6.5579 6.5579 10.6357 90° 90° 120° 0.1667 0.3333 0.1913 0.3333 0.1667 0.2500

relaxed Zni5Mn1O16 6.5861 6.5860
6.5587 6.5584

10.6484 90°00'10"

relaxed Zni6015C1 10.6486 89°59'09"

89°59'49” 120°4’13" - - -
90°00’50” 120°2'12” 0.1667 0.3333 0.1877 - - -

0.3334 0.1667 0.2498

3.2.FM and AFM properties of Mn-
doped ZnO

Substitution of two Zn atoms by Mn gives a
dopant concentration of 12.5%, which allows for the
calculation of the relative energies of FM and AFM or-
derings. In Fig. 1, there are five different possible sets
of substitutional sites: (17,19), (6,17), (8,17), (17,18),
and (17,24). We mark these five configurations as I,
II, I, IV and V. As listed in Table 2, the ground
state is found to be the AFM state of configuration I,
194 meV lower than its FM state in energy. For each
Mn—Mn separation, the energy difference between FM
and AFM orderings, AE = (Eapm — ErMm) /2 , is used
as an indicator of the magnetic stability. This quantity
determines the stabilization of the magnetic phases in
the DMS. The AE > 0 corresponds to the fact that
the FM phase is more stable than the spin glass phase,

and wvice versa. Thus, the spin-glass state is predicted
by calculating the total energy difference AE. More-
over, Mn ions prefer to be substituted within the ab
plane and tend to form clusters. As shown in Table
2, in the Mn-Mn distance range of 3.29-4.65 A, the
total energy differences between the FM and AFM
states rapidly decrease; while in the Mn—Mn distance
range of 4.65-6.27 A, AE remains constant. Thus, the
magnetic coupling between the Mn ions is likely to be
short ranged.

Figure 2 shows that the Zng g75Mng 1250 system
possesses no FM behaviour because the AFM state is
more stable than the FM state for all configurations.
Our simulation is in good agreement with the avail-

[5] Tt can be observed that as

able experimental results.
Mn ions change from being paired to being isolated,

AFE increases sharply and approaches zero.

Table 2. Total energies of the FM and AFM phases in different configurations for the Zng.g75 Mng.1250 supercell. The

highest FM energy in configuration I is set to be zero. M means the average unpaired electron number of each Mn atom.

. - . Marm/pB
Configuration No. Position of Mn Mn—-Mn dlstance/A Epm/meV Eapnv/meV Men /B ML M2
I 17,19 3.299 0 —194.268 4.68 4.70 —4.70
11 6,17 3.334 -21.014 -101.747 4.70 4.72 -4.70
IIT 8,17 4.657 —42.142 —43.243 4.74 4.74 —4.74
v 17,18 5.342 —45.089 —48.459 4.74 4.74 -4.74
\% 17,24 6.279 -30.948 -31.671 4.74 4.74 —4.74
50
L (a) —8— Earm Y R Ao —
0 —0— Fp\ (b)
\.\ . —20F
> 50 — >
& g —40 A
Z =]
-~
KR —100 S|
q —60 -
—150 - ol
—200 - —100 - 4
1 1 1 1 1 1 1 1 1 1
I II IIT IV \% I 11 111 v AV4
Configuration number Configuration number
Fig. 2. (colour online) (a) Total energy per supercell for AFM (Eapm)and FM (Ern) states and (b) the

difference in total energy per Mn between AFM and FM (AE) for different geometry configurations. Epy with

highest total energy was chosen as an energy reference in configuration I for Zn14MnsO1¢ alloy.
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3.3.FM and AFM properties of (Mn,C)-
codoped ZnO

For Zn;4Mn50,5C; alloy, one Mn atom and one
C atom are fixed at the positions of 17 and 25, re-
spectively. The other Mn atom moves at the different
positions to form configurations 1-5, which is shown
in Table 3.
with highest total energy is chosen as an energy ref-

. . 5
According to our calculations, E3py

erence. A strong tendency toward forming complexes
can be clearly observed in Fig. 3. In Configuration
1, when two Mn ions are paired via one C ion along

Table 3.

the ¢ direction, a strong FM electronic ground state
of AE' = 657 meV is observed. In Configurations
2-5, when two Mn ions are separated by —O—-Zn—C—
or —O-Zn—-C-Zn-0, the total energies are kept in a
higher energy region of —200-0 meV in either AFM
or FM. It indicates that by codoping with C atom,
the magnetic properties of ZnMnO system can change
from AFM to FM. However, the high T¢ is dependent
on the distance between Mn ions. In addition, for the
majority of complexes formed, the electronic ground
state is of FM.

Total energies of the FM and AFM phases for five geometrically possible configurations of a

Zn14Mn2015C1 supercell consisting of two Mn atoms and one C atom in a 2x2x2 ZnO supercell with sub-

stituent Mn and C sites labeled.

Configuration No. Position of C Position of Mn Epny/meV Eapy/meV
1 25 6,17 —676.508 -19.628
2 25 17,19 -40.271 -168.241
3 25 8,17 —34.739 -19.704
4 25 17,18 —34.454 -17.951
5 25 17,24 —27.908 0
200 @ “m— Erpy exchange interactions!'%!7l and using the mean-field
B —e— Epy approximation.'8] These previous calculations seem
Op====a_ " - F——g—8 always to overestimate T compared with exact cal-
r culation by Monte Carlo (MC) method. MC method
> —200 requires large cost of computation that is computa-
g - tionally impossible in principle, so the classical Heisen-
R 400t berg model is used to treat the energy difference be-
- tween the AFM state and the FM state as discussed
—600F in Ref. [19], where the spin interaction energy in a
L ! ! ! ! supercell, {2, can be expressed as
600 E= —% D> Jrig.)Si- Sigs (1)
jatiien
E’ 400 where o represents all the supercells expanded in the
I solid, and S; and S; denote the localized magnetic mo-
< 200p ments. Since the interaction is shared by two atoms,
R a the factor 1/2 is utilized. The J(r) denotes the effec-
Opzmmmmmmmeye 74_ ___________________ tive exchange interaction between a pair of magnetic
200 . f . . . atoms, and provides a suitable tool to describe mag-

1 2 3 4 5

Configuration number

Fig. 3. (colour online) (a) Total energies per supercell for
AFM (Earm) and FM (Ep)) states and (b) the difference
in total energy per Mn between AFM and FM (AEFE) for
different geometry configurations. Eappy with highest to-
tal energy is chosen as an energy reference in configuration
5 for Zn14Mn20O15C; alloy.

Up to now, the optimal way to estimate T¢ is
The TC
of DMS material is estimated by calculating p—d

still an interesting and challenging topic.

netic properties at finite temperatures. Moreover, we
employ mean-field approximation (MFA), which can
be written as'®!

KpTc = 2AE/3a. (2)

It can be obtained that T¢ is proportional to
AE. In previous experiment,?%! a relatively high Tc
of 350 K was observed for Cu-doped ZnO. In addi-
tion, Ye et al'¥) performed a similar simulation to
obtain a result (AE = 42 meV). Thus, our result
(AE! = 657 meV) is large enough to lead to room
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temperature ferromagnetism and T¢ = 5475 K. As
depicted in Fig. 3, it is worth noting that although
the FM coupling weakly depends on the direction of
aligned Mn ions, it largely relies on the distance be-
tween two Mn ions. The most stable complexes were
found in the configurations where two Mn ions are
paired via one C ion, that is, -O-Mn—C-Mn—O—-. Our
results reveal that the FM state can only be realized at
some configurations. However, dopants tend to form
complexes rather than stay isolated. Because of the
solubility limit of donor impurities, this requirement
may be difficult to fulfill. This is probably the reason
why it is difficult to obtain FM DMS.

Figure 4 shows the spin distribution for the most
stable configuration I (Table 1) and 1(Table 3). In
Fig. 4(a), when two Mn ions are paired via one O ion,

Tspin up
spin down

Fig. 4. (colour online) The 3D iso-surface of the spin
density for (a) Zni4Mn2Oj1e in configuration I (AFM
state) and (b) Zn14Mn2Oi15C; in configuration 1 (FM
state). Iso-surfaces cover all points of the charge density
of 0.0263 e/A3.

each Mn ion magnetizes only four neighbouring oxy-

gen ions. Moreover, it can indicate that when two

Mn ions are separated by more than one O ion, no
long-range indirect exchange interaction exists among
Mn ions. Figure 4(b) shows a three-dimensional
(3D) isosurface with an average spin charge den-
sity of 0.0263 e¢/A3. Tt is clearly observed that Mn
and C ions contribute to the magnetic properties of
Zm14Mns015C; alloy, that is, the unpaired Mn 3d elec-
trons and the unpaired 2p electrons on the neighbour-
ing C ion are responsible for the spin polarization.
Comparing Fig. 4(b) with Fig. 4(a), we believe that
the distribution of C 2p electrons are wider in range
than O 2p electrons.

To gain an insight into the origin of ferromag-
netism, electronic structures of configuration I (Ta-
ble 1) and 1 (Table 3) are investigated. The den-
sities of states (DOSs) in the close configuration for
the Mn-doped ZnO and the (Mn, C)-codoped ZnO
are illustrated in Fig. 5. For the Mn-doped ZnO, it
is interesting to note that despite the hybridization
between the Mn 3d and O 2p states, Mn 3d states
are rarely distributed around Fermi level and there
are no free carriers to mediate the long range FM in-
teraction. Therefore, the super-exchange interaction
between the neighbouring Mn?* ions is AFM in char-
acter. However, when C atom replaces some of the
O sites in the Mn-doped ZnO, the total energy cal-
culations indicate that the Mn and C atoms prefer to
exist as the nearest neighbours, which is sketched in
Fig. 3. The partial DOSs of Mn 3d and C 2p states
of configuration 1 with an AFM state in Fig. 5(b) re-
veal that they are distributed fairly equally between
up-spin and down-spin regions. Comparing Fig. 5(c)
with Fig. 5(a), we can clearly see that C ion brings in
holes with 0-1.3 eV and the hole state is delocalized.
Meanwhile, as can be seen in Fig. 5(c), The DOS peaks
around the Fermi energy from Mn 3d and C 2p states
indicate their large contributions to the defect bands,
which shows that they are heavily mixed. Clearly, the
difference between the majority and the minority of
spins are due mainly to hybridization of Mn 3d and
C 2p states, which leads to the half-metallic character
of the ZHQ_875MH0_12500937500.0625 system and hence
the holes are 100% spin polarized. Those indicate that
ferromagnetism is mediated through the p—d exchange
interaction between Mn ions and holes induced by C
doping. Our results are in agreement with other theo-
retical results,?":22 showing that additional hole car-
rier is one of the possible mechanisms. Meanwhile, it
must be pointed out that the discrepancy can be at-
tributed also to the difference in sample growing con-
dition or sample growing method. Therefore, further
work is needed to investigate the magnetic properties
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of (Mn,C)-codoped ZnO within the framework of DFT
methods.
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Fig. 5. Partial DOS of (a)
Zng.g75Mng 1250 in configuration I with an AFM state,

(colour online)

and Zng.875Mng.12500.9375C0.0625 in configurations 1
with (b) an AFM state and (c) a FM state.

4. Conclusion

In the present paper, a first-principles study is
performed to evaluate the electronic and magnetic
properties of the Zn;_,Mn,0;_,C, system. By in-
vestigating 5 geometrical configurations, we demon-
strate that Mn doped ZnO exhibits AFM or spin-glass
behaviour. Without acceptor co-doping, there are no
carriers to mediate the long range FM interaction. We
succeed in observing that for (Mn,C)-codoped ZnO,
the FM interaction is due to the hybridization between
C 2p and Mn 3d states, which is strong enough to lead
to hole-mediated ferromagnetism at room tempera-
ture. Furthermore, we show that the (Mn,C)-codoped
Zn0 is FM semiconductor with super-high Curie tem-
perature (Tc = 5475 K). These results are conducive
to the design of dilute magnetic semiconductors with
codopants for spintronics applications.
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