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Abstract. High-quality ZnO:Co thin films were synthesized on the sapphire (0001) substrates by pulsed 
laser deposition. XRD result reveals that the Zn1-xCoxO films are of wurtzite-type crystal structure with x up 
to x = 0.35. The structural, optical and magnetic properties of ZnO:Co thin films are studied by experiments 
and theoretical calculations. Electronic structure of ZnO:Co with native defects are studied by the first-
principles density functional theory. The experimental data and theoretical data have demonstrated quite 
good agreement. The optical and magneto-optical properties, namely, on- and off-diagonal conductivity 
tensor and the transversal Kerr effect (TKE), are calculated for comparison with available experimental 
data. The origin of observed TKE peaks is discussed.. 

1 Introduction  

It is widely expected that new and novel functionalities 
for electronics and photonics can be derived from the 
injection, transfer and detection of carrier spin at room 
temperature. Diluted magnetic semiconductors (DMSs) 
semiconductors containing magnetic ions as impurities, 
are considered as ideal systems for spintronics. The 
investigation of magnetic, magnetotransport, and 
magnetooptical properties of DMSs based on magnetic 
oxide semiconductors is important for semiconductor 
spintronic and photonic devices. Zinc oxide (ZnO) due 
to the wide direct band gap of 3.37 eV at room 
temperature is an important host material in many 
optoelectronic and spintronic devices. The observation 
of ferromagnetism in undoped ZnO has opened up the 
possibility to use this compound in magneto-optics and 
magnetoelectronics. ZnO doped with transition metals 
has been predicted theoretically to be very good 
candidates for room temperature ferromagnetism, but the 
investigation results are rather controversial. To increase 
TC one should increase concentration of magnetic 
impurity in host semiconductor and consider an 
influence of various native defects. In DMS the 
concentration is limited by low solubility of magnetic 
impurities in these materials. In this paper we study ab 
initio electronic and magneto-optical properties of 
ZnO:Co co-doped by native defects and compare them 
with available experimental data [1, 2].  
 

2 Calculational method   
 
Our calculations are performed using the relativistic 
APW + lo method as implemented in WIEN2k code [3]. 
The exchange-correlation effects are described within 
the GGA local-density approximation [4] (standard 
DFT). Density-functional calculations presented here are 
performed within the supercell (2x2x2 hexagonal 
wurtzite-type unit cell), corresponding to 32 atoms. Two 
or four Co atoms are included in the supercell which 
contains also Zn vacancy as a double acceptor. We 
consider substitutional doping where Zn host atoms are 
replaced by Co ones (Fig. 1).Thus, both Co 
concentrations in our calculations vary in the 
experimentally relevant range (xCo= 0.14 and 0.28). 
Experimental lattice parameters of ZnO host (a0= 3.26 Å, 
c0= 5.22 Å, and uO=0.384) [5] are also used for ZnO:Co. 
The 3d states of Zn are included in the APW basis set 
and treated as the valence orbitals. Converged results are 
obtained at the cut-off energy for the interstitial plane-
wave expansion of 260 eV. Relaxations of all atomic 
positions have been included in our calculations by using 
different computational scheme which employs the plane 
wave pseudopotential method VASP [6] and is 
significantly faster than that of the WIEN2k. Relaxed 
atomic positions first were found by the VASP, then 
were used as input in the WIEN2k computation for the 
final atomic relaxations and the following calculation of 
spectral and magnetic properties. To verify relaxed 
geometries, the DOS and the local spin moments of Co 
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Fig. 1. 2x2x2 supercells of Zn1-xCoxO for x=0.14 (left panel) and for x=0.28 (right panel). Grey balls are Zn, red – O, 
dark blue – Co atoms, green – Zn vacancies. Both structures are relaxed. 

 

 
Fig. 2. Relativistic MBJ DOS with two Zn vacancies in Zn1-xCoxO for x=0.14 (left panel) and for x=0.28 (right panel). Bold line – 
total DOS, shaded red region – 3d Co partial DOS, EF means the Fermi level.                                  
 
 
atoms, a series of complete WIEN2k calculations were 
made. The results of the two types of computations (the 
combined VASP + WIEN2k approach and the WIEN2k 
method alone) were nearly identical. This agreement 
indicates that the computational parameters of both 
methods were properly fitted. 
The total energy difference between ferromagnetic (FM) 
and antiferromagnetic (AFM) collinear orderings has 
been calculated by standard DFT for both xCo in order to 
find the ground state in ZnO:Co. Since the correct gap 
width is highly important for the prediction of transport 
and optical properties, particular attention was given to 
the exchange potential acting on electrons. For this we 
used the modified Becke-Johnson (MBJ) potential [7], 
which mimics very well the behaviour of orbital-
dependent potential. The MBJ potential depends locally 
on electron density and its use in combination with 
L(S)DA-correlation provides the band gaps of 
semiconductors and insulators, which agree well with the 
experiment and are typically as accurate as the results of 
a very sophisticated and CPU time expensive GW 

method and hybrid functionals. Unless mentioned 
otherwise, MBJ+SOC method  is used in all our spectral 
calculations. The magneto-optical transversal Kerr effect 
in Zn1-xCoxO (x=0.14 and 0.28) with Zn vacancies is 
calculated in the framework of  the relativistic WIEN2k 
method [1] which takes into account the effect of spin-
orbit coupling in the second variational procedure and 
the MBJ exchange-correlation potential. 

3 Results and Discussion 

Optimization of the positions of all atoms in a supercell 
reveals that in Zn1-xCoxO (x=0.14 and 0.28) the bond 
length Co-O shrinks by ~10% in z-direction and by ~9% 
in xy-plane in comparison with the unrelaxed case. 
Relaxation effects for the bonds Co-Zn were found to be 
small (max elongation by ~2 %). The calculated 
relativistic MBJ density of states (DOS) for Zn1-xCoxO 
(x=0.14 and 0.28) is shown in Fig. 2. It is seen that 
ZnO:Co at both Co concentrations is a semiconductor  
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Table 1. The AFM and FM energy differences (Δ(EAFM-EFM)) , total  (MFM, MAFM ) and local (in parentheses) spin magnetic 
moments in FM and AFM phases, morb is the orbital magnetic moment in FM phase. 

 

Concentration of Co 
atoms 

Δ(EAFM-EFM), 
meV/cell 

MFM, μB/Co MAFM, μB/Co morb, μB/Co 

14% +30 5.0  (+2.92) 0.0 (±2.91) +0.035 

28% +24 4.0  (+2.82) 0.0 (±2.90) +0.043 

 

with the energy gap of 0.4 (x=0.14) and 1.1 (x=0.28) eV. 
The main characteristics of shown DOS's is a full 
occupation of the majority 3d-states of Co, while the 
minority 3d-states of Co are partially occupied and are 
located inside the ZnO host gap (Eg(ZnO)~3 eV). 

We find that the FM order is the stable magnetic state in 
both concentration of Co atoms (Table 1, 2-nd column). 
Magnetic spin moment on Co2+ site is ~3 μB while the Co 
orbital moment is almost quenched and has a positive 
sign in accordance with Hund’s rule. It is known [8] that 
the TKE is determined by both magneto-optical and 
optical parameters of a medium. The TKE value, δp = 
(I(H)-I0)/I0, is the relative change in intensity of the 
reflected light caused by the magnetization of a sample 
in an external magnetic field whose direction is 
transverse to the plane of the light incidence. The TKE 
observed at the angle of incidence φ can be expressed by 
the off- and on-diagonal components of the dielectric 
function as [8]: 
 

δp = 2sin(2φ)(A/(A2 + B2)) .ε′1 + (B/(A2 + B2)) .ε′2  =  

 a .ε′1+ b .ε′2 ,   (1) 
 
 

 
 
 

 
 
where ε′1 and ε′2 are the dispersive and absorptive parts 
of the off-diagonal dielectric tensor iε′xy, respectively, 
while A = ε2 

.(2ε1·cos2φ−1) and B = (ε2
2−ε2

1) .cos2φ + ε1−  
sin2φ are the functions of the on-diagonal components of 
the dielectric tensor ε1 and ε2. Our calculated TKE 
spectra show marked features in the visible optical 
region (Fig. 3). The energy positions of calculated MO 
resonances in Zn1-xCoxO with Zn vacancies are found to 
be in quite good agreement with corresponding 
experimental TKE spectra [1]. Although the MO 
property is a rather complicated function of the on-
diagonal and off-diagonal components of the optical 
conductivity tensor, our calculation provides a clear 
insight about its origin. Large TKE observed in ZnO:Co 
can be understood as a combined effect of the on- and 
off-diagonal components, an occurrence of minority Co 
3d states inside the energy gap and the large spin-orbit 
coupling (Figs. 4, 5). Additional enhancement of 1.5, 2.0 
and 3.0 eV TKE peaks comes from the plasma 
resonances at same energies which occur in our 
calculated electron energy loss spectrum (EELS).  
 
 
 
 
 
 

 

 
 
 
 
 

 
 
 
 

 

Fig. 3. Calculated (red line) and experimental (blue circles + broken line [1]) TKE in ZnO:Co for two Co concentration  
Left panel - 14% Co, right panel – 28% Co 
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Fig. 4. Left (14% Co) and right (28% Co) panels show decomposition of  δp into the sum of products (see Eq. (1)). Angle of light 
incidence φ = 68◦. 
 

  
 
Fig. 5. Calculated a, b factors and off-diagonal components of the dielectric tensor iε′

xy (see Eq. (1)). Left panel – 14% 
Co, right panel – 28% Co. 
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