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Abstract. 
The electronic structure of the Co-doped indium tin oxide (ITO) diluted magnetic semiconductors (DMSs) were investigated theoretically from first principles, using the fully relativistic Dirac linear muffin-tin orbital band structure method. The X-ray absorption spectra (XAS) and X-ray magnetic circular dichroism (XMCD) spectra at the Co 
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, and O 
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 edges were investigated theoretically from first principles. The origin of the XMCD spectra in these compounds was examined. The calculated results are compared with available experimental data.


1. Introduction
Spintronics or spin-transport electronics has attracted much of attention due to its technologically potential applications. Dilute magnetic semiconductors (DMS), obtained by doping a host semiconductor with magnetic impurities, can be used for spintronic devices [1]. In DMS, apart from electron degree of freedom, one uses the spin degree of freedom which can lead to new class of devices and circuits. The starting materials, which were expected to be the promising candidates for spintronics, are Group III–V materials, such as (Ga, Mn)As [2, 3] with the Curie temperature of ~110 K [4]. Recently Chen et al. [5] reported the Curie temperature as high as 200 K in nanostructures of (Ga, Mn)As. Other candidates, which can show this property, are transition metal doped Group III nitrides, phosphides, and semiconducting oxides. Dietl et al. [6] predicted theoretically a Curie temperature 
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 higher than room temperature for transition element doped semiconducting materials, such as GaN and ZnO. After the report of 
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)O [7], there have been many reports on ZnO-based DMSs showing high 
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 [8]. Both theoretical and experimental studies suggested that wide bandgap oxide semiconductors with high-carrier density are one of the most favorable host compounds for ferromagnetic DMS with higher Curie temperature [9–12]. Compared to nonoxide semiconductors, the advantages of oxide semiconductors are (1) wide bandgap suited for applications with short wavelength light, (2) transparency and dyeability with pigments, (3) high n-type carrier concentration, (4) capability to be grown at low temperature even on plastic substrate, (5) ecological safety and durability, (6) low cost, and so forth. In addition, large electronegativity of oxygen is expected to produce strong 
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 exchange coupling between band carriers and localized spins. Such advantages make oxide semiconductors attractive. Actually, many studies on oxide-based DMS have been reported [13], where most of the research employed ZnO and TiO2 as host semiconductors.
To integrate electronics, magnetics, and photonics for next generation multifunctional devices, it will be important to search for a magnetic semiconductor with tunable carrier density, high mobility, and magnetic moment as well as optical transparency. In2O3 is a very promising candidate for this task. It is a well-known semiconducting oxide already in practical use worldwide in batteries, transparent infrared reflectors, and photovoltaics. Indium oxide has a cubic bixbyite structure with a lattice parameter of 10.118 Å [14, 15] and a direct bandgap of 3.75 eV. Films of In2O3 are superior to other transparent conductors largely due to their higher mobility (10–75 cm2 V−1 s−1 at a carrier density of ~1019-1020 cm−3) and effective mass of 0.3
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 [16]. When In2O3 is doped with 
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, the so-called indium tin oxide (ITO) is formed. Similar to its parent indium oxide, ITO is generally nonstoichiometric with respect to oxygen. It shows a rather high electrical conductivity, arising from a large electron concentration, which follows from doping with Sn and from the presence of oxygen vacancies. Since it exhibits technologically important properties, ITO is a widely studied material [16–18]. In recent years, transitional element doped ITO magnetic semiconductors are extensively studied due to their potential applications in spintronic devices [19–32].
Philip et al. [19] have reported high temperature ferromagnetism in Mn doped ITO thin films. Hong et al. [25] have undertaken a systematic investigation on structural and magnetic properties of V/Cr/Fe/Co/Ni-doped In2O3 thin films grown on MgO and 
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 substrates with 5% TM concentration. All of the TM:In2O3 films were found to be ferromagnetic above room temperature. As for Fe and Co doping, the saturation magnetization (
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/atom, resp.). As for Ni doping, the value of 
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 film was 0.7 
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/atom. The authors concluded that the room temperature ferromagnetism (FM) in V/Cr/Fe/Co/Ni-doped In2O3 films probably stems from the doped In2O3 matrices. Kim et al. [28] reported on the structural, magnetic, and magnetotransport characteristics of Cr-doped indium tin oxide films. Room temperature ferromagnetism was observed for 5 mol% Cr-doped ITO. They presented clear evidence of room temperature ferromagnetism, exchange interaction between itinerant carriers and localized Cr spins, and anomalous Hall effect governed by electron doping in laser-deposited Cr-doped ITO films. The intrinsic nature of carrier-mediated ferromagnetism, optical transparency, and semiconducting behavior with high-electron concentration and low resistivity in Cr-doped ITO could represent a promising application for transparent semiconductor spin electronics devices operable at room temperature.
There is yet no consensus on how ferromagnetism comes about in DMS oxides. It is clear that growth processes and postgrowth annealing strongly affect their properties. However, experimental results conducted on both bulks and thin ITO films by different groups sometimes are quite different and even contradictory. He et al. [20] and Yoo et al. [21] reported high temperature ferromagnetism in Fe-doped or Fe, Cu-codoped In2O3 films, while Peleckis et al. [29] found only paramagnetism in Fe-doped In2O3. In addition, Kohiki et al. [22] and Ohno et al. [23] attributed the room temperature FM to the formation of 
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 nanoclusters dispersed in In2O3 matrix. On the other hand, Xing et al. [31] observed high temperature ferromagnetism and perpendicular magnetic anisotropy in Fe-doped In2O3 magnetic semiconductor films with a Curie temperature as high as 927 K. Extensive microstructure, composition, and magnetic studies indicate that the Fe element incorporates into the indium oxide lattice by substituting the position of indium atoms, which suggests that the observed ferromagnetism is intrinsic rather than from the Fe clusters or any other magnetic impurity phases.
The origin of ferromagnetism in ITO:Co also remains unclear. Nearly all published papers on this system report similar magnetic and transport results. However, the interpretations are often controversial. In some cases, high-temperature annealing of epitaxial ITO:Co films grown by pulsed laser deposition seems to remove the metallic Co nanoclusters, existing in as-grown films, and incorporate magnetic ions into the host matrix, which leads to intrinsic ferromagnetism. On the other hand, it has more recently been found that annealing, while removing metallic Co nanoclusters from the bulk, promotes their diffusion to the interface between the substrate and the film in the same system [30]. Consequently, the observed ferromagnetism in annealed films arises from Co particles. Hong et al. [26] obtained room temperature ferromagnetism in Co-doped In2O3 thin films grown on sapphire and MgO substrates. Under various conditions, ferromagnetic Co:In2O3 films were well crystallized as In2O3 structure and no trace of any secondary phase could be seen in the spectra. Co atoms were perfectly substituted for In atoms, and their distribution in the In2O3 host matrix was greatly uniform. The films grown at a rather low temperature as of 550°C have the largest magnetic moment of about 0.5 
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/Co. A change of the substrate temperature of 50°C could change the magnetization by one order of magnitude. Stankiewicz et al. [30] show that the magnetic and electrical transport properties of indium tin oxide thin films doped with Co can be varied in a wide range by postgrowth annealing in an oxidizing, inert, or reducing atmosphere. ITO films with up to 8 at.% of Co seem to be well substituted and show intrinsic FM behavior even above 400 K. They found that the spin magnetic moment/Co of these films correlates with electron (donor) concentration 
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 with 
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 changing from 1019 to 1021 cm−1. The magnetic moment per Co ion also strongly depends on the Co concentration. The films with more than 8 at.% of Co show rather high values of the magnetic moment per Co ion (~1.7 
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). Much smaller magnetic moments were obtained for homogeneous ferromagnetic ITO:Co films with less than 8 at.% of Co. The authors claim a major role of oxygen vacancies in establishing ferromagnetic coupling in these materials. However, they found no clear correlation between the values of the magnetic moment and the number of oxygen vacancies in the ITO films.
The major interest of previous investigations was concentrated on the nature of the magnetic interactions in the DMSs. In the present study, we focus our attention on X-ray absorption spectra (XAS) as well as X-ray magnetic circular dichroism (XMCD) in Co-doped ITO DMSs. The XMCD experiments measure the difference of the absorption of X-rays with opposite (left and right) directions of circular polarization. The XMCD is a powerful tool to study the element-specific local magnetic interactions and also it reflects the spin and orbital polarizations of the local electronic states. The XAS and XMCD at the Co 
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 edges in the Co doped ITO were measured by Hakimi et al. [32]. They also calculated the dichroism spectra at the Co 
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 edge using atomic multiplet calculations with some adjustable parameters. The results of Hakimi et al. [32] suggest that the Co ions are substituted for the In site in ITO. Magnetic field and temperature-dependent XMCD spectra imply that the Co ions give a paramagnetic contribution to the overall ferromagnetic response. No XMCD could be detected at the In 
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 edge, thus excluding the presence of a large magnetic polarization of the In and Sn sublattices. They suggest that the ferromagnetism in Co-doped ITO is not related to the 3
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 electronic states. These findings may point towards the likelihood that the bulk ferromagnetism observed from the SQUID magnetometry measurements may be oxygen mediated, for example, oxygen vacancies or oxygen-induced defects. The authors concluded that further studies are required to definitively observe dichroism at oxygen sites at remanence. This might confirm the presence of a spontaneous ferromagnetic contribution.
In this work we present first principles calculations of the electronic structure, XAS and XMCD spectra at the Co 
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 edges in the Co doped ITO. We also investigated the influence of the oxygen vacancies on the electronic and magnetic structures of the host ITO and ITO:Co DMSs. The paper is organized as follows. Section 2 presents structural models for the Co doped ITO DMSs and the details of the calculations. Section 3 is devoted to the electronic structure as well as XAS and XMCD properties of Co doped ITO calculated with the fully relativistic Dirac LMTO band structure method. The results are compared with available experimental data. Finally, the results are summarized in Section 4.
2. Computational Details
The elements in the ITO:Co compound have nominal atomic structures [Kr]
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 for O. The most stable and therefore most common position of Co in the ITO host lattice is at the In site where its two 4
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 electrons can participate in crystal bonding in much the same way as the two In 5
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 electrons.
The calculations of the electronic structure of the ITO:Co DMSs were performed for supercells of In2O3 cubic bixbyite structure unit cell with one In ion replaced by Co. The supercell calculations were performed for the 
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 (Number 206) space group. The substitutional ITO:Co positions are illustrated in Figure 1 for a 40-atom ITO unit cell containing one substitutional Co atom. The Co atom has six O nearest neighbors at the distance of 2.1973 Å. The second-neighbor shell consists of 12 In atoms: six at the distance of 3.3571 Å and six at the distance 3.8324 Å.






















































































































































































































































































	
		
			
				
			
				
			
		
	


	


	
		
			
				
			
				
			
		
	


	


	
		
			
				
			
				
			
		
	


	










	
		
		
	


	
		
		
	


	
		
		
	


	
		
	












Figure 1: Schematic representation of a 40-atom Co-doped ITO 
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The details of the computational method are described in our previous papers [33–35], and here we only mention some aspects specific to the present calculations. The calculations presented in this work were performed using the spin-polarized fully relativistic linear muffin-tin orbital (SPR LMTO) method [36, 37] for the experimentally observed lattice constants 
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 [38]. The crystal structure was optimized using the Vienna ab initio simulation package (VASP) [39–41]. For LMTO calculations we used the Perdew-Wang [42] parameterization of the exchange-correlation potential. Brillouin zone (BZ) integrations were performed using the improved tetrahedron method [43] and charge self-consistency was obtained on a grid of 294 k points in the irreducible part of the BZ of the ITO:Co. To improve the potential we included additional interstitial spheres. The basis consisted of Co, In, Sn and O 
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 LMTOs.
The X-ray absorption and dichroism spectra were calculated taking into account the exchange splitting of core levels. The finite lifetime of a core hole was accounted for by folding the spectra with a Lorentzian. The widths of the core level spectra, 
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 eV for O; were taken from [44]. The finite apparative resolution of the spectrometer was accounted for by a Gaussian of width 0.6 eV.
Strong electronic correlations in Co 
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 approach [45] in its rotationally invariant implementation which is described in detail in our previous paper [46]. The effective on-site Coulomb repulsion 
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 was estimated from constrained LSDA calculations, and values of 0.92 eV were used.
3. Results and Discussion
3.1. Energy Band Structure
Figure 2(a) presents 
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Figure 2: 
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 partial density of states [in states/(atom eV)] ions in ITO calculated in the LSDA approximation (a), the LSDA+
	
		
			

				𝑈
			

		
	
 approach (b), and the LSDA+
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 approach with oxygen vacancy in close vicinity to Co ion (c). The insert is a blowup of the Co 
	
		
			

				𝑑
			

		
	
 PDOS close to the Fermi energy. The Fermi energy is at zero.


Figure 3 presents total and partial density of states for In, Sn, O, and Co sites in ITO:Co unit cell in the LSDA+
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 approach. The O 2
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 states are located mostly between −20.6 and −17.7 eV below the Fermi level and the 2
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 states of the O are found between −9.7 eV and −2.8 eV. The spin splitting of the O 
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				𝑠
			

		
	
 states are presented as quite narrow peaks at −9.2 to −9.7 eV below 
	
		
			

				𝜀
			

			

				𝐹
			

		
	
 which is weakly hybridized with Co and In states. There is also a narrow peak in close vicinity of the 
	
		
			

				𝜀
			

			

				𝐹
			

		
	
 from −1.0 eV to 0.8 eV due to hybridization with the Co 3
	
		
			

				𝑑
			

		
	
 states. The Sn 5
	
		
			

				𝑝
			

		
	
 states are located between −8.5 eV and −4.0 eV and from 1.8 eV to 11.0 eV above 
	
		
			

				𝜀
			

			

				𝐹
			

		
	
. The Co 3
	
		
			

				𝑑
			

		
	
 impurity states hybridize well with the O 2
	
		
			

				𝑝
			

		
	
 conduction band, which gives the solution a metallic character. We also observe quite strong In 5
	
		
			

				𝑠
			

		
	
-Sn 5
	
		
			

				𝑝
			

		
	
 hybridization at 1.5 eV to 4.5 eV above 
	
		
			

				𝜀
			

			

				𝐹
			

		
	
. The crystal field at the 
	
		
			
				C
				o
			

			
				I
				n
			

		
	
 site (
	
		
			

				𝑆
			

			

				6
			

		
	
 point symmetry) causes the splitting of Co 
	
		
			

				𝑑
			

		
	
 orbitals into a singlet 
	
		
			

				𝑎
			

			

				𝑔
			

		
	
 (the linear combination of the 
	
		
			

				𝑑
			

			
				𝑥
				𝑦
			

		
	
, 
	
		
			

				𝑑
			

			
				𝑦
				𝑧
			

		
	
, and 
	
		
			

				𝑑
			

			
				𝑥
				𝑧
			

		
	
) and two doublets 
	
		
			

				𝑒
			

			

				𝑔
			

		
	
 (
	
		
			

				𝑑
			

			
				3
				𝑧
			

			

				2
			

			
				−
				1
			

		
	
 and 
	
		
			

				𝑑
			

			

				𝑥
			

			

				2
			

			
				−
				𝑦
			

			

				2
			

		
	
) and 
	
		
			

				𝑒
			

			
				𝑔
				1
			

		
	
 (
	
		
			

				𝑑
			

			
				𝑥
				𝑦
			

		
	
, 
	
		
			

				𝑑
			

			
				𝑦
				𝑧
			

		
	
 and 
	
		
			

				𝑑
			

			
				𝑥
				𝑧
			

		
	
). A very strong and narrow peak of the majority-spin Co 
	
		
			

				𝑑
			

			
				𝑦
				𝑧
			

		
	
 and 
	
		
			

				𝑑
			

			
				𝑥
				𝑧
			

		
	
 symmetry is found in close vicinity to the Fermi energy at around 0.03 eV above the Fermi level (see the insert in Figure 3(e)).
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(e)
Figure 3: The LSDA+
	
		
			

				𝑈
			

		
	
 total [in states/(cell eV)] and partial [in states/(atom eV)] densities of states for the O, In, Sn, and substitutional 
	
		
			
				C
				o
			

			
				I
				n
			

		
	
 ions in ITO. The insert is a blowup of the Co 
	
		
			

				𝑑
			

		
	
 PDOS close to the Fermi energy. The Fermi energy is at zero.


The magnetic moment in the ITO:Co unit cell is 
	
		
			
				1
				.
				1
				6
				0
				𝜇
			

			

				B
			

		
	
 with Co spin magnetic moment of 
	
		
			
				1
				.
				1
				5
				0
				𝜇
			

			

				B
			

		
	
 in the 
	
		
			
				(
				I
				n
			

			
				0
				.
				8
				0
			

			
				S
				n
			

			
				0
				.
				2
				0
			

			

				)
			

			
				2
				(
				1
				−
				𝑥
				)
			

			
				C
				o
			

			
				2
				𝑥
			

			

				O
			

			

				3
			

		
	
 (
	
		
			
				𝑥
				=
				0
				.
				0
				6
			

		
	
). The orbital moment at the Co site is rather small, of about 
	
		
			
				0
				.
				0
				4
				0
				𝜇
			

			

				B
			

		
	
. The induced spin magnetic moments at the O first neighbor sites ranged from 
	
		
			
				−
				0
				.
				0
				0
				2
				𝜇
			

			

				B
			

		
	
 to 
	
		
			
				0
				.
				0
				0
				1
				𝜇
			

			

				B
			

		
	
 for different oxygen sites. We obtained rather small spin magnetic moments around 
	
		
			
				0
				.
				0
				0
				6
				𝜇
			

			

				B
			

		
	
 for Sn and 
	
		
			
				0
				.
				0
				0
				2
				𝜇
			

			

				B
			

		
	
 for In mostly coming from the 
	
		
			

				𝑝
			

		
	
 valence states. The orbital moments were found to be extremely small, less than 
	
		
			
				1
				0
			

			
				−
				4
			

			

				𝜇
			

			

				B
			

		
	
 for both the Sn and In ions. The orbital moment at the O site is larger, of about 
	
		
			
				0
				.
				0
				0
				0
				3
				𝜇
			

			

				B
			

		
	
.
It is well-known that defects appear to play a crucial role in the development of ferromagnetism in DMSs [47]. However, the exact role and contribution to the underlying mechanism of the defects in stabilizing ferromagnetism are yet to be established. Defects may include oxygen and cationic vacancies, as well as interstitial ions.
To investigate the influence of possible oxygen vacancies on the electronic structure of the ITO:Co DMSs we create an oxygen vacancy in the first neighborhood of the cobalt ion. The oxygen vacancy strongly affects the energy distribution of the Co 3
	
		
			

				𝑑
			

		
	
 partial DOSs in close vicinity to the Fermi level for the relaxed lattice (compare in Figures 2(b) and 2(c)). The oxygen vacancy also changes the spin and orbital moments at the Co and O sites. The spin and orbital magnetic moments at the Co site are increased up to 
	
		
			
				2
				.
				6
				1
				9
				𝜇
			

			

				B
			

		
	
 and 
	
		
			
				0
				.
				0
				7
				1
				𝜇
			

			

				B
			

		
	
, respectively. The spin magnetic moments at the O sites are increased by one order of magnitude in comparison with the ideal ITO:Co crystal without oxygen vacancies and range from 
	
		
			
				−
				0
				.
				0
				3
				1
				𝜇
			

			

				B
			

		
	
 to 
	
		
			
				0
				.
				0
				4
				6
				𝜇
			

			

				B
			

		
	
 for different oxygen sites. Orbital moments at the O site with oxygen vacancy are increased by approximately 10% in comparison with the ideal ITO:Co lattice.
3.2. X-Ray Absorption and XMCD Spectra
In order to investigate the possibility of magnetic polarization at the In and Sn lattice sites, XAS and XMCD spectra were recorded by Hakimi et al. [32] at the In and Sn 
	
		
			

				𝑀
			

			

				2
			

		
	
 edges at 2 K under an applied magnetic field of 4 T. No evidence of dichroic behavior at the In 
	
		
			

				𝑀
			

			

				2
			

		
	
 and Sn 
	
		
			

				𝑀
			

			

				2
			

		
	
 edges was detected experimentally. Figures 4 and 5 show the experimental XAS and XMCD spectra together with the spectra calculated in the LSDA+
	
		
			

				𝑈
			

		
	
 approach. The shapes of the In 
	
		
			

				𝑀
			

			

				2
			

		
	
 and Sn 
	
		
			

				𝑀
			

			

				2
			

		
	
 X-ray absorption spectra are well reproduced by the theory (Figures 4(a) and 5(a)). Both In3+ and Sn4+ have an electronic configuration of 4
	
		
			

				𝑑
			

			
				1
				0
			

		
	
 and one would not expect any magnetic moment to be present at all. However, we obtained in the LSDA+
	
		
			

				𝑈
			

		
	
 calculations small spin magnetic moments around 0.006
	
		
			

				𝜇
			

			

				B
			

		
	
 for Sn and 0.002 
	
		
			

				𝜇
			

			

				B
			

		
	
 for In mostly coming from the 
	
		
			

				𝑝
			

		
	
 valence states. The orbital moments were found to be extremely small, less than 
	
		
			
				1
				0
			

			
				−
				4
			

			

				𝜇
			

			

				B
			

		
	
 for both the Sn and In ions. As a result, the theoretically calculated X-ray magnetic dichroism at the In 
	
		
			

				𝑀
			

			

				2
			

		
	
 and Sn 
	
		
			

				𝑀
			

			

				2
			

		
	
 edges was found to be very small—four orders of magnitude smaller than the value of the corresponding absorption. The predicted magnetic moments for In and Sn are extremely small, considerably less than the limit of detection using XMCD (around 0.01
	
		
			

				𝜇
			

			

				B
			

		
	
); therefore Hakimi et al. [32] were not able to see any dichroism at the In and Sn 
	
		
			

				𝑀
			

			

				3
			

		
	
 edges (Figures 4 and 5).
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(b)
Figure 4: X-ray absorption (a) and XMCD (b) experimental spectra [32] (circles) of ITO:Co at the In 
	
		
			

				𝑀
			

			

				2
			

		
	
 edge measured at 2 K under an applied field of 4 T and theoretically calculated spectra (full blue lines).
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(b)
Figure 5: X-ray absorption (a) and XMCD (b) experimental spectra [32] (circles) of ITO:Co at the Sn 
	
		
			

				𝑀
			

			

				2
			

		
	
 edge measured at 2 K under an applied field of 4 T and theoretically calculated spectra (full blue lines).


Figure 6 presents experimental XAS and XMCD spectra [32] of Co doped ITO at the Co 
	
		
			

				𝐿
			

			

				3
			

		
	
 edge together with the spectra calculated in the LSDA+
	
		
			

				𝑈
			

		
	
 approach. The X-ray absorption spectrum at the Co 
	
		
			

				𝐿
			

			

				3
			

		
	
 edge is rather complicated and consists of two major structures: major peaks 
	
		
			

				𝑏
			

		
	
 and 
	
		
			

				𝑐
			

		
	
 at around 774.5 eV and 775.6 eV, respectively, with a low energy shoulder 
	
		
			

				𝑎
			

		
	
 at 773.6 eV, peak 
	
		
			

				𝑑
			

		
	
 at 776.3 eV, and a high energy fine structure 
	
		
			

				𝑒
			

		
	
 at 778 eV.


	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
		
		
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
			
			
			
			
			
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
			
			
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
			
			
			
		
		
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
		
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure 6: X-ray absorption experimental spectra [32] (circles) of ITO:Co at the Co 
	
		
			

				𝐿
			

			

				3
			

		
	
 edge for left (
	
		
			

				𝜌
			

			

				−
			

		
	
) (A) and right (
	
		
			

				𝜌
			

			

				+
			

		
	
) (B) circularly polarized light measured at 2 K under an applied field of 4 T in comparison with the theoretically calculated XAS spectra for the 
	
		
			
				C
				o
			

			

				1
			

		
	
 without any additional defects (full blue lines) and 
	
		
			
				C
				o
			

			

				2
			

		
	
 with the oxygen vacancy ions (dashed red lines); (C) experimentally measured XMCD spectra [32] (circles) and theoretically calculated ones for the 
	
		
			
				C
				o
			

			

				1
			

		
	
 without any additional defects (full blue lines) and 
	
		
			
				C
				o
			

			

				2
			

		
	
 with the oxygen vacancy ions (dashed red lines).


Two theoretical results are presented in Figure 6: without any additional defects (full blue lines) and with the oxygen vacancy (red dashed lines). As may be seen from Figure 6(B) the calculations for the ideal crystal structure with one substitutional 
	
		
			
				C
				o
			

			

				1
			

		
	
 atom provide the X-ray absorption intensity for right (
	
		
			

				𝜌
			

			

				+
			

		
	
) circularly polarized light only at the peaks 
	
		
			

				𝑎
			

		
	
, 
	
		
			

				𝑐
			

		
	
, and 
	
		
			

				𝑑
			

		
	
. The full explanation of the spectra is only possible by taking crystal imperfections such as oxygen deficiency into account. The oxygen vacancy (with lattice relaxation taken into account) strongly affects the Co 3
	
		
			

				𝑑
			

		
	
 partial density of state (Figure 2(c)) and the shape of the XAS spectra. The X-ray absorption from the 
	
		
			
				C
				o
			

			

				2
			

		
	
 atoms with the oxygen vacancy in close vicinity mostly determine the shape of the major double peak 
	
		
			

				𝑏
			

		
	
 and 
	
		
			

				𝑐
			

		
	
. Our calculations including oxygen deficiency reproduce the shape of the Co 
	
		
			

				𝐿
			

			

				3
			

		
	
 X-ray absorption spectra quite well for both the right and left circularly polarized lights except for the high energy structure 
	
		
			

				𝑒
			

		
	
 which is not reproduced by the theoretical calculations. It might be that the additional satellite structure at the high energy tail of the Co 
	
		
			

				𝐿
			

			

				3
			

		
	
 XAS appears due to many-body effects. This question needs an additional theoretical investigation using an appropriate many-body treatment.
The theoretically calculated Co 
	
		
			

				𝐿
			

			

				3
			

		
	
 XMCD spectrum is in good agreement with the experiment (full black curve in Figure 6(C)). The major minimum at around 775.6 eV  was found to be due to both contributions with and without the oxygen vacancy in the Co doped ITO DMS. The theory does not produce the fine structure corresponding to the high energy satellite structure 
	
		
			

				𝑒
			

		
	
 at around 778 eV. Also, the experimentally measured small negative peak at 773.6 eV has a positive sign in theory.
To investigate the magnetization in the Co doped ITO Hakimi et al. [32] used the SQUID magnetometry and XMCD measurements. They found that in the SQUID magnetometry measurements the magnetic hysteresis loop shows a curve with saturation field of approximately 0.4-0.5 T with a large coercive field. On the other hand, the XMCD magnetization curve only shows signs of saturation beyond the measurement range of 4 T. Although the XMCD measurements in applied magnetic field of 4 T at temperature of 2 K show quite intensive dichroic signal at the Co 
	
		
			

				𝐿
			

			
				2
				,
				3
			

		
	
 edges, the dichroism at remanence (the magnetization left behind after the external magnetic field was removed) was extremely small. It can be pointed toward paramagnetic behavior of Co ions in ITO at least at 2 K, thus excluding their significant contribution to the ferromagnetism. The authors conclude that the Co ions are not directly responsible for the ferromagnetism observed in the Co doped ITO films and the bulk ferromagnetism observed from the SQUID magnetometry measurements may be oxygen mediated, for example, oxygen vacancies or oxygen-induced defects. This is rather contradictory to what has been assumed to account for the magnetic properties in other DMS systems such as transition metal doped GaAs [2, 3, 35] or ZnO [8, 48–50].
In our theoretical calculations we found the ferromagnetic solution in Co doped ITO with a quite large spin and orbital magnetic moments. On the other hand, to obtain the shape of the XAS and XMCD spectra at the Co 
	
		
			

				𝐿
			

			
				2
				,
				3
			

		
	
 edges we have to take into account the oxygen vacancies. Therefore, lattice imperfections such as oxygen vacancies play important role in magnetic structure of Co doped ITO DMS and oxygen 
	
		
			

				𝐾
			

		
	
 edge XAS data can certainly be capable to provide a useful information on whether the features could be signatures of oxygen related lattice defects.
Unfortunately, Hakimi et al. [32] did not present the experimental XAS and XMCD spectra at the oxygen 
	
		
			

				𝐾
			

		
	
 edge; therefore Figure 7 shows only the theoretically calculated spectra. The O 
	
		
			

				𝐾
			

		
	
 edge spectra fundamentally reveal a transition from the O 1
	
		
			

				𝑠
			

		
	
 core states to the unoccupied O 2
	
		
			

				𝑝
			

		
	
 derived states, which are hybridized with the relatively narrow 3
	
		
			

				𝑑
			

		
	
 band and broader 4
	
		
			
				𝑠
				𝑝
			

		
	
 bands of the Co ions. We obtained relatively large dichroism at the oxygen 
	
		
			

				𝐾
			

		
	
 edge which is two orders of magnitude larger than it was observed at the In and Sn 
	
		
			

				𝐿
			

			
				2
				,
				3
			

		
	
 edges.
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(b)
Figure 7: The theoretically calculated X-ray absorption (a) and XMCD (b) spectra of Co doped ITO at the O 
	
		
			

				𝐾
			

		
	
 edge.


To confirm the presence of a spontaneous ferromagnetic contribution in the presence of oxygen vacancies we fulfilled the band structure and XMCD calculations for pure 
	
		
			
				I
				n
			

			

				2
			

			

				O
			

			

				3
			

		
	
. We obtained a nonmagnetic semiconductor solution for 
	
		
			
				I
				n
			

			

				2
			

			

				O
			

			

				3
			

		
	
. On the other hand, we found that the oxygen vacancy can strongly polarize the lattice. The average spin magnetic moment at the oxygen was found to be equal to 0.09 
	
		
			

				𝜇
			

			

				B
			

		
	
. For several separate oxygen sites the spin and orbital magnetic moments reach the value of 0.22 
	
		
			

				𝜇
			

			

				B
			

		
	
 and 0.002 
	
		
			

				𝜇
			

			

				B
			

		
	
, respectively. We also obtained a well-pronounced dichroism spectrum at the oxygen 
	
		
			

				𝐾
			

		
	
 edge without any Co impurities. We can conclude that the ferromagnetism in Co doped ITO probably originated from both the Co impurities as well as oxygen vacancies. The experimental investigation of the magnetic structure and XMCD properties in Co doped and pure ITO with different levels of the oxygen vacancies is highly desired to make the final answer on the ferromagnetic nature of the Co doped ITO.
4. Summary
We have studied the electronic structure and X-ray magnetic circular dichroism of the Co doped ITO diluted magnetic semiconductors by means of ab initio fully relativistic spin-polarized Dirac linear muffin-tin orbital method. The absorption and the dichroism spectra at the O 
	
		
			

				𝐾
			

		
	
, Co 
	
		
			

				𝐿
			

			

				3
			

		
	
, In, and Sn 
	
		
			

				𝐿
			

			

				2
			

		
	
 edges were investigated.
The theoretical calculations show very small dichroism signals at the In 
	
		
			

				𝑀
			

			

				2
			

		
	
 and Sn 
	
		
			

				𝑀
			

			

				2
			

		
	
 edges. The shape of the In 
	
		
			

				𝑀
			

			

				2
			

		
	
 and Sn 
	
		
			

				𝑀
			

			

				2
			

		
	
 X-ray absorption spectra are well reproduced by the theory.
The theory reproduces the shape and energy positions of major fine structures of the Co XAS and XMCD spectra at the 
	
		
			

				𝐿
			

			

				3
			

		
	
 edge in ITO:Co DMS reasonably well. We show that oxygen deficiency is responsible for some fine structures of the Co 
	
		
			

				𝐿
			

			

				3
			

		
	
 XAS and XMCD spectra.
We obtained relatively large dichroism at the oxygen 
	
		
			

				𝐾
			

		
	
 edge which is two orders of magnitude larger than it was observed at the In and Sn 
	
		
			

				𝐿
			

			
				2
				,
				3
			

		
	
 edges. We found that the oxygen vacancy can strongly polarize the lattice. The average spin magnetic moment at the oxygen was found to be equal to 0.09 
	
		
			

				𝜇
			

			

				B
			

		
	
. For several separate oxygen sites the spin and orbital magnetic moments at the oxygen sites reach the value of 0.22 
	
		
			

				𝜇
			

			

				B
			

		
	
 and 0.002 
	
		
			

				𝜇
			

			

				B
			

		
	
, respectively. The experimental investigation of magnetic structure and XMCD properties in Co doped and pure ITO with different level of the oxygen vacancies is highly desired to get the final answer on the ferromagnetic nature of the Co doped ITO.
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