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ABSTRACT: The complete comprehension of the magnetic properties of the dilute magnetic oxides 

has emerged as one of the major challenges in the fields of materials science and condensed matter 

physics. Up to now, there is no consensus about the mechanism behind the so often observed room 

temperature ferromagnetism. However it is well known that defects plays an important role in the 15 

context. Here we present the study of the correlation between the structural and the magnetic 

properties of nanoparticulate Co-doped ZnO (Zn1−xCoxO, x = 0.02 and 0.08) thin films prepared via 

Electron Beam-Physical Vapor Deposition. The structural results confirms the incorporation of the 

Co2+ ions into the ZnO host matrix with no secondary phases. Magnetic measurements show a robust 

ferromagnetic order for the thin film with x = 0.08, whereas for the sample with x = 0.02 only a tiny 20 

ferromagnetism were observed. We could explain the differences in the magnetic behaviour entirely 

under the scope of the the spin-split impurity band model.  In this work we also present convincing 
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evidences of the no correlation between the oxygen vacancies and the desired room temperature 

ferromagnetism. 

1. INTRODUCTION  

 The development of spintronic devices based on metallic systems is undoubtedly a successful 

research area [1-3]. Besides, interesting theoretical and experimental properties have been reported on 5 

metal/semiconductor hybrid systems [4, 5].  However, the initial and direct applicability of such 

systems was hindered by the low spin injection efficiency due to the well know impedance mismatch 

across the interface between both materials [6]. This problem was further overcome by using either 

ballistic electrons [7] or very thin tunnelling barriers between the ferromagnet and the semiconductor 

[8, 9]. Besides, another approach to solve the spin-injection problem would be the use of ferromagnetic 10 

semiconductors instead of magnetic metals. Particularly, a new class of materials called dilute 

magnetic semiconductors (DMS) are attracting intense interest. Mn-doped III-V semiconductors were 

found to be ferromagnetic, introducing very special new properties, like the electrical control of the 

magnetization and the Curie temperature (TC) [10]. Nevertheless, the TC for these materials is still far 

below room temperature, not exceeding 200 K [11, 12].  15 

 In this context, the study of the magnetic properties of transition metal (TM) doped large band gap 

semiconductors was triggered by the theoretical work of Dietl et al. reporting a room temperature 

ferromagnetism (RTFM) for the Mn-doped GaN and ZnO [13].  After all, a huge effort has been 

concentrated on TM-doped oxides, the dilute magnetic oxides (DMOs), as ZnO, TiO2 and SnO2 [14-

16]. However, in spite of the extensive investigations, the origin of the observed RTFM for the DMOs 20 

remains inconclusive and controversial. Up to now, the consensus is that defects play an important role 

to drive the ferromagnetic behavior [17, 18], which could explain the disparity among experimental 

reports and the attested high sensibility to the preparation conditions observed for the DMOs [19].  

 From the theoretical point of view, in the literature one can find several different models to explain 
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the usual observed RTFM. Early works on such systems attributed the ferromagnetic order to a carrier-

mediated mechanism based on the Zener model [13]. However, it could not account for the RTFM in 

insulating systems. For those cases Coey et al. proposed in 2005 the spin-split impurity band model, 

also called bound magnetic polaron (BMP) theory [20]. The main common feature of these models is 

the importance of an exchange interaction between the charge carriers introduced in the oxide host 5 

through specific point defects and the magnetic dopants. It is also important to mention a sub-category 

of BMP theory named F-center exchange (FCE) [21] and the charge-transfer ferromagnetism (CTF) 

[22]. By your turn, the CTF model were introduced to account for more specific unexplained 

experimental observations, like moments exceeding the maximum possible spin moment per cation 

[23]. In contrast to the other models, the magnetic moments in the CTF are entirely localized on 10 

itinerant carriers confined in small regions, such as grain boundaries and interfaces [22]. In the same 

direction, Straumal et al. have also proposed another model relating the RTFM in nanoparticulate 

doped and undoped oxides [24, 25] to magnetic moments of unpaired electrons residing in specific 

electronic states at the grain boundaries of the nanoparticles. There, they have established an empirical 

grain size threshold value of around 33 nm below what the ferromagnetism would occur [24].  15 

 In this work we present a study concerning the preparation of nanoparticulate Co-doped ZnO thin 

films via Electron Beam-Physical Vapor Deposition (EB-PVD), and the correlation between their 

structures and magnetic properties. Here we demonstrated that the RTFM can be entirely associated to 

the BMP model connected to the presence of a shallow-donor zinc interstitial (Zni) defect band. 

 20 

2. EXPERIMENTAL 

 Nanoparticulate Co-doped ZnO (Zn1-xCoxO) thin films with Co concentration of x = 0.02 and 0.08 

were prepared via EB-PVD on glass substrates. Ceramic targets were prepared via standard solid-state 

reaction method following the procedures described in Ref. [26] with Co content of x = 0.04 and 0.16 
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for the thin films with x = 0.02 and 0.08, respectively. The details concerning the deposition system 

can be found in Ref. [27]. The deposition was carried out at room temperature in an evaporation 

chamber using an electron beam gun (Telemark-231) operating at 3.6 kV with beam current of 20 mA 

in high vacuum (4 × 10−6 Torr). The controlling of the thickness of the sample was performed through 

the time of evaporation after a calibration procedure. The deposition rates were 25 Å/s for the film 5 

with x = 0.02 and 8 Å/s for the film with x = 0.08. The difference in the rates correspond to different 

resistivities of the ceramic targets on the Co content [23, 28]. After deposition the thin films were 

annealed at 400 oC, heating/cooling rate of 10 °C/min., in air atmosphere for 2 hours in order to 

increase crystallinity. The thickness of the thin films were measured using a Talystep Taylor–Hobson 

profiler. The measured thickness for both thin films were of the order of 500 nm.    10 

 The structural properties of the thin films were investigated by X-ray diffraction (XRD) performed 

in the range of 2θ = 20°−80° in steps of 0.02° at 5 s/step using CuKα radiation (λ = 1.542 Å) and a 

graphite monochromator in a Rigaku Ultima IV diffractometer. Raman spectroscopy was used to study 

the incorporation of dopants and the resulting lattice disorder of the host lattice. Raman measurements 

was carried out at room temperature in the backscattering geometry using an excitation soli-state laser 15 

at 532 nm. We used an optical lens with 100× magnification, which supplies an average laser spot size 

of 1 µm. In order to increase the statistics of the measurements, several spectra were recorded at 

different points randomly chosen over the surfaces of the films. The surface structure and chemical 

composition of the thin films were characterized by scanning electron microscopy (SEM) and energy 

dispersive X-ray spectroscopy (EDS), respectively. The SEM images and the chemical analyzes were 20 

taken using a FEI Inspect F50 high-resolution SEM equipped with Apollo X SDD EDAX EDS probe. 

UV-VIS measurements were used to evaluate the crystal environment were the Co dopant ions are 

located in the ZnO host matrix. The UV-VIS spectra of the thin films were collected in transmittance 

mode in a Cary-17 spectrophotometer, in the region of 200–800 nm. The oxidation state of the dopants 
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were determined through X-ray photoelectron spectroscopy (XPS) measurements carried out in an 

ultrahigh vacuum chamber (base pressure better than 2.0 x 10-9 mbar) using a monochromatic Al Kα 

X-ray source with the output power set at 400 W and a SPECS hemispherical electron energy analyzer 

PHOIBOS 150 MCD. Normal emission scans with 50 eV pass energy for the survey and high-

resolution spectra were acquired using a 0.3 µA flood gun emission current for a charge compensation. 5 

The CasaXPS was used to analyze all XPS data. Magnetization curves at room temperature were 

measured using a vibrating-sample magnetometer (VSM) Lakeshore 7404 with a maximum field of 8 

kOe. 

 

3. RESULTS AND DISCUSSION 10 

 Fig. 1(a) presents the XRD patterns for the nanoparticulate Co-doped ZnO thin films. The observed 

peaks correspond to those expected for polycrystalline hexagonal wurtzite ZnO, space group P63mc 

(JCPDS 36-1451). No metallic Co or other foreign peaks were observed for both samples within the 

XRD detection limit, representing a first indication of the Co incorporation into the ZnO matrix in our 

thin films. 15 

 Raman spectra from our set of thin films are shown in Fig. 1(b). The frequency of wurtzite ZnO 

vibrational modes are well established in the literature [29-31]. Here, we observe two main modes 

centered at around 380 and 437 cm−1 that are assigned to A1(TO) and E2H, respectively. This result 

corroborates the obtained DRX data presented in Fig. 1, confirming the ZnO wurtzite structure of the 

thin films. We also observe a broad band at 500–600 cm−1, which enclose two main vibrational modes 20 

centered at ~530 and ~573 cm−1.The latter can be attributed to the overlap of the LO phonons of the A1 

and E1 and the former to the density of states correspondent to the 2A1(LA) in the M–K direction of the 

BZ [29, 32]. This broad band were also observed with different dopant and it is also often attributed to 

structural intrinsic defects [33-38]. Generally, in pure ZnO samples the A1(LO) and E1(LO) modes are 
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less intense due to destructive interference between the potential deformation and Fröhlich interaction 

[39]. However, the crystalline disorder induced by the incorporation of dopants, impurities, and defects 

can amplify these modes due to the consequential break out of the k-conservation law, giving rise to a 

broad band that reflects the density of phonon states around those frequencies [26, 40]. In that sense, 

the overall observed Raman results also indicate the incorporation of Co into the ZnO matrix in our 5 

thin films. 

 

Fig. 1. (a) XRD patterns (CuKα) and (b) Raman spectra for the nanoparticulate Co-doped ZnO thin 
films. (c) Representative SEM micrographs and (d) EDS spectra of the samples. The inset in (c) revels 
the nanosized granular pattern of the films. Diameter size distribution histograms for the thin film with 10 

(e) x = 0.02 and (f) x = 0.08 is given. The dashed line in panel (e) and (f) is the log-normal fit.  
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 The morphology of our Co-doped ZnO thin films and their chemical composition were also analyzed 

by SEM (Fig. 1(c)) and EDS (Fig. 1(d)) measurements, respectively. The images reveal 

nanoparticulate surfaces (inset of Fig. 1(c)). A statistical analyzes of the particle size distributions 

gives a geometric average diameter of  50 ±  1 and 60 ± 1 nm, with a standard deviation (σg) of 1.20 ± 

0.01 and  1.22 ± 0.02, for the thin films with x = 0.02 and x = 0.08, respectively (statistics on Fig. 2(e) 5 

and 2(f)). The obtained values for the standard deviation show a narrow size distribution quite close to 

the condition usually accepted as a monodisperse distribution (σg < 1.25) [41].  Images were also 

acquired using a backscattered electron detector (BSE) in order to highlight any cobalt secondary or 

segregated phase over the samples surfaces. A series of full scans over large areas show no evidence of 

Co-rich clusters, strongly suggesting that the Co ions in the studied thin films are in the substitutional 10 

character into the Zn sites of the ZnO wurtzite structure. The EDS analyzes were performed in 

multiple points and also over large areas. The average measured effective Co concentration (xE) was 

0.020 ± 0.004 and 0.078 ± 0.002 for the thin films with x = 0.02 and x = 0.08, respectively. 

 Fig. 2(a) and 2(b) show the optical transmittance spectra of the Co doped ZnO thin films in the 

wavelength from 200 to 800 nm (6.20 to 1.55 eV) at room temperature. The observed spectra are quite 15 

similar to those previously reported in the literature [42], with the ZnO exciton absorption at around of 

380 nm and the Co2+ absorption between 500 and 700 nm. The absorption bands observed at 

approximately 560 (572), 613 (608) and 656 (655) nm for the sample with x = 0.02 (x = 0.08) are 

attributed to d−d  transitions of high spin states of Co+2 ions in the tetrahedral sites of the ZnO wurtzite 

matrix [43]. The Co+2 cation is in 3d7 configuration with 4F state corresponding to the lower energy 20 

level and the 4P, 2G, 2F, 2D and 2P states at higher energies [44]. Once the Co+2 cation is sited in a 

tetrahedral field the 4F state splits into 4A2(F), 4T2(F) and 4T1(F). Here, the 4A2(F) correspond to the 

ground state. The first excited state 4P does not split, but it is transformed into 4T1(P). Similarly, 2G 

splits into 2A1(G), 2E(G), 2T1(G) and 2T2(G). In such scenario the observed absorption peaks at 560 
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(572), 613 (608) and 656 (655) nm are ascribed to the transitions 4A2(F) → 2A1(G), 4A2(F) → 4T1(P) 

and 4A2(F) → 2E(G), respectively [43]. These transitions in the transmission spectra of our Co-doped 

ZnO thin films clearly confirms that the Co ions are sited in the Zn sites of the wurtzite ZnO matrix 

with +2 oxidation state, supporting the previous results from the structural characterization as well. 

 5 

 

Fig. 2. UV-VIS transmission for the nanoparticulate Co-doped ZnO thin films (a) x = 0.02 and                   
(b) x = 0.08. The dotted lines, corresponding to the first derivative of the transmittance curve, highlight 
the Co2+ absorption bands. (c) Tauc plots of the transmittance spectra. The dashed lines correspond to 
linear fits of the absorption edges extrapolated to hν = 0 in order to find Eg. The solid line correspond 10 

to the Tauc plot for a reference undoped ZnO thin film. 
   

 We also observe in Fig. 2(a) and 2(b) that the transparency of the thin film with x = 0.02 is higher 

than that for the film with x = 0.08. This can be attributed to differences in the film thickness, which it 

is estimated in 10% between them. The energy gap (Eg) of the thin films was calculated from the 15 

transmittance spectra by Tauc plots (Fig. 2(c)); the obtained values were quite similar to each other, 

3.27 ± 0.04 and 3.23 ± 0.03 eV for the films with x = 0.02 and x = 0.08, respectively. Fig. 2(c) also 

presents a Tauc plot for a reference undoped ZnO thin film prepared at the same condition of the 

doped ones. The exciton peak is clearly visible in the undoped ZnO thin film indicating a good 

crystallinity quality. The obtained Eg for the undoped ZnO thin film is 3.28 ± 0.03. These data lead us 20 

to conclude that there is no influence of Co-doping over the Eg, since there is no significant changes in 
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the obtained values. In fact, a Co2+ insertion into the ZnO matrix at the Zn2+ sites would not expected 

to lead to significant structural changes, since the tetracoordinated Co2+ cation has a crystal radius of 

0.72 Å, a value very close to the crystal radius of the tetracoordinated Zn2+ in the ZnO wurtzite 

structure, 0.74 Å [45]. Therefore, the observed invariance of the Eg as a function of the dopant 

concentration is an additional indication of the substitutional character of the Co-doping in our thin 5 

films. It is also important to point out to an absorption tail at lower energies highly evident for the thin 

film with x = 0.08, as compared with the others ones (Fig. 2(c)). The onset of the absorption tail is 

around 2.85 eV, and its presence indicates an impurity band near to the conduction band edge due to 

the overlapping of states introduced by the Co-doping.  

 The structural properties of the studied thin films were also investigated by XPS. Fig. 3(a) shows the 10 

obtained XPS spectrum at the Co 2p binding energy. It is observed four peaks corresponding to the 

2p3/2 and 2p1/2 doublet and the shake up resonance transitions (satellites) of these two peaks at higher 

binding energies. The energy for the 2p3/2 and 2p1/2 doublet obtained by a Gaussian fit of the spectra 

was 781.4 and 797.1 eV, respectively. The shake-up structure and the energy separation between the 

2p3/2 and 2p1/2 peaks of ∆ ≈ 15.7 eV are consistent with the binding energies reported for Co2+ ions 15 

[46]. The binding energy and the spin-orbit splitting of the Co0 would be observed at little lower 

energies, at 778.3 and 793.3 eV (∆ ≈ 15.0 eV) [47]. Once the structural results excludes the possibility 

of cobalt oxide phases in the thin films, the XPS data indicate that a substantial portion of the cobalt 

ions have a 2+ oxidation state in the Zn sites of the wurtzite ZnO host matrix.  

 The Zn 2p3/2 XPS spectra for our thin films are displayed in Fig. 3(b). All the spectra show 20 

symmetric single peaks at around    1021.7 eV, a binding energy correspondent to those reported for 

pure ZnO [46]. The symmetric single peaks rule out the possibility of multiple components of Zn in 

these samples. No change in the Zn 2p3/2 peak positions is observed with the increasing of the Co 

doping, from x = 0.02 to x = 0.08, indicating that Zn ions retain the 2+ oxidation state in both thin 
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films. However, we note that the intensity of the Zn 2p3/2 peak decreases as the Co content increases, 

which indicates that the Co2+ cations are incorporating at the Zn sites. 

 

 

Fig. 3. XPS spectra for the nanoparticulate Co-doped ZnO thin films at binding energies of: (a) Cobalt 5 

2p, (b) Zinc 2p3/2 and (c) Oxygen 1s core levels. At (c) the spectra are normalized by the integrated 
area of the low binding energy component at ~530 eV. 
 

 We have also used XPS to probe the density of oxygen vacancies (VO) in our nanoparticulate Co-

doped ZnO thin films. Fig. 3(c) presents the O 1s spectra for our set of samples. The O 1s peaks 10 

exhibit an asymmetry, meaning that more than one kind of oxygen species exists in the thin films. The 

O 1s XPS spectra were fitted by two Gaussian peaks centering at ~530 and ~532 eV and normalized 

by the integrated area of the peak at ~530 eV. The peak at ~530 eV is attributed to lattice oxygen ions 

(O2−) in wurtzite ZnO structure [48]. Besides, it has been proved that the high energy binding 

component at ~532 eV can be ascribed to O2− ions in oxygen-deficient regions (VO) [49-51]. As can be 15 

clearly seen in Fig. 3(c), the intensity of the peak related to the VO is higher for the thin film with x = 

0.02. Therefore, the relatively large contribution of the peak related to VO for the thin film with x = 

0.02 strongly suggests that the density of the VO is higher for this sample. 

 In summary, the structural analyzis confirms that the Co2+ ions occupy the Zn-sites of the ZnO 

wurtzite structure in the studied thin films, excluding the presence of any magnetic extrinsic sources, 20 

such as Co-rich nanocrystals or segregated secondary magnetic phases. The results also clearly point 
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that the density of VO is higher for the thin film with x = 0.02 than for the thin film with x = 0.08. With 

these considerations, we proceed to magnetic characterization.  

 The magnetic measurements were performed at room temperature in a vibrating-sample 

magnetometer (VSM) under magnetic fields up to 8 kOe. The measurements of the magnetic moment 

(M) as a function of magnetic field (H) are presented in Fig. 4(a). The M(H) reveals the coexistence of 5 

a paramagnetic and a ferromagnetic phase for the thin films, as we would expect. For the thin film with 

x = 0.02 the paramagnetic phase is large as compared to the ferromagnetic phase, the lower-right inset 

in Fig. 4 highlights the hysteresis corresponding to this phase. On the contrary, for the thin film with x 

= 0.08 the ferromagnetic component is dominant, the upper-left inset in Fig. 4 highlights, in the range 

of H above saturation of the ferromagnetic phase, the linear increasing of M correspondent to the 10 

relative small paramagnetic phase. 

 To quantify the magnetic parameters of the coexisting two phases, we used the following expression 

for M as a function of H [23]: 

                                           1S C R
P

C S

2
( ) tan tan χ

2

M H H M
M H H

H M

π
π

−   ±= +  
  

,                                     (1) 

where the first term corresponds to a ferromagnetic hysteresis curve with the saturation magnetization 15 

MS, the remanence MR and the coercive field HC. The second term is related to the corresponding 

paramagnetic susceptibility χP. The obtained fitting parameter for both thin films are listed in Table 1.  

 

Table 1. Parameters of the magnetic characterization: effective cobalt concertation (xE), saturation 
magnetization (MS), coercive field (HC), paramagnetic susceptibility (χP), estimated percentage of Co 20 

ions ferromagnetically coupled (nFM), and estimated magnetic moment per Co2+ ion (µ).  
    

xE 
MS  

(emu/g) 
HC 

(Oe) 
χP × 10−6 

(emu/gOe) 
nFM 

(%) 
µ 

(µB) 
0.020(4) 0.0018(1) 40(3) 2.35(1) - - 
0.078(2) 7.9(2) 395(3) 6(1) 35(7) 4(1) 
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Fig. 4. (a) M(H) curves obtained at room temperature for the nanoparticulate Co-doped ZnO thin films. 
The lower-right inset show the coercive field around 0.08 kOe for the thin film with x = 0.02, and the 5 

upper-left inset show the linear increase of M at high H for the thin film with x = 0.08. M is expressed 
in terms of emu/g considering the ZnO density of 5.61 g/cm3. (b) MS0 for the fraction of Co ions in the 
single state as a function of the total Co concentration and the observed MS for the sample with x = 
0.08.  
  10 

 The magnetic moment per Co ion (µ) for the thin film with x = 0.08 can be derived from the 

following calculation (due to the magnitude of the errors, the same calculation for the thin film with x 

= 0.02 returned no significant results). Since we have a coexistence of paramagnetic (P) and a 

ferromagnetic (FM) phase, the total magnetization of the system is expressed in terms of its 

components as                      MT = MP + MFM, where MP = χPH. At high temperatures the paramagnetic 15 

susceptibility can be written as  χP = NPµP
2/3kBT, where NP is the number of Co ions in the 

paramagnetic state, and kB is the Boltzmann constant. The value for the µP is assumed to be that 

measured for the Co2+ high spin state, 4.8 µB [52], and the temperature (T) was 300 K. On the other 

hand, the saturation magnetization of the ferromagnetic component is MFM = µFMNFM, where NFM is the 
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number of Co ions ferromagnetically coupled. The total number of Co ions is assumed to be equal to 

the sum of NFM and NP. From the obtained χP, the NP is extracted and the NFM is calculated. With NFM 

and MFM in hands, the estimative of µFM is simply calculated. The Table 1 also present the others 

magnetic parameters involved in the calculus. The obtained average magnetic moment per Co ion of 4 

± 1 µB cannot be addressed to metallic Co cluster or possible known ferromagnetic phases [53-55], 5 

what lead us to definitively conclude that the observed ferromagnetic phase is an intrinsic property of 

the Co-doped ZnO thin films. 

 For DMSs and DMOs, considering a random distribution of the dopants over the host matrix, there 

will be always, besides the isolated dopants at the paramagnetic state (the singles), the formation of 

dopant clusters (pairs, triplets, quartets and so on) that will couple together, in a general way, 10 

antiferromagnetically, leading to the usual observed paramagnetic phase [56]. Therefore, only the 

uncompensated spins in the different magnetic clusters could be, in principle, ferromagnetically 

coupled.  As listed in Tab. 1, the thin film with x = 0.08 has ~35% of the Co ions in the ferromagnetic 

state.  At the doped concentration of x = 0.08, the probability for “singles” (isolated dopant ions – 

paramagnetic case) is exactly 36.8%. In principle the observed magnetization can be attributed to the 15 

ferromagnetic coupling between solely to the Co ions in the ZnO host matrix that is found in the single 

state.  To illustrate the case, Fig. 4(b) presents the theoretical saturation magnetization (MS0) as a 

function of the total Co concentration and the observed saturation magnetization for the sample with x 

= 0.08.  In the calculus of the MS0 it was considered only the fraction of the Co ions in the single state 

and the magnetic moment per Co ion as given in Table 1.  The full expression for the fraction of the 20 

Co ions in the single state can be found in Refs. [57, 58]. As can be seen, the concordance between 

MS0 value and the MS experimentally measured are evident. Therefore, the consideration about the 

observed ferromagnetism be localized in fractions of the volume of the samples (interfaces, grain 

boundaries and etc.), as in the CTF model and in the Straumal proposition, can be, discharged, as the 
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“singles” are assumed to be randomly distributed over the entire volume of the samples. In fact, even 

considering the Straumal proposal, both our samples present an average grain size over the threshold 

value of 33 nm and, consequently, this model cannot explain the RTFM for the thin films with x = 

0.08. Besides, the carrier-mediated mechanism also cannot explain the observed RTFM, since the Co2+ 

insertion into the Zn2+ sites of the ZnO matrix cannot lead to changes into the carrier concentration 5 

[59].  

 The nature of the observed RTFM can be fully analyzed under the scope of the BMP model. The 

kernel point in the theory is the hybridization between the magnetic dopant and the defect so carriers at 

the Fermi level are partially delocalized onto the magnetic dopants. For the particular case of the Co-

doped ZnO, the Co2+ ions can hybridize effectively with shallow-donor impurity bands in ZnO because 10 

the states related to the complex Co+ (Co2+ + e−
donor) are also of shallow-donor character [60]. As we 

have shown, for the thin film with x = 0.08 we observe a low energy absorption tail at the absorption 

spectrum (Fig. 2(c)), corresponding to transition from de valence band to free states at an energy band 

just below the ZnO band edge. Besides, this low energy absorption tail is almost negligible for the thin 

film with x = 0.02, as compared to the absorption spectrum obtained for an undoped ZnO reference 15 

sample. This low energy absorption band can be direct ascribed to the Co+ band [47]. Therefore, we 

can conclude that the different observed magnetic response for both studied thin films reside mainly in 

the presence and the absence of the necessary shallow-donor defects for the thin film with x = 0.08 and 

x = 0.02, respectively.    

 Considering the question about the nature of the necessary shallow-donor defect. Several 20 

experimental reports argue that the RTFM in the TM-doped ZnO system, explained in terms of the 

BMP model, is associated to oxygen vacancies (VO) [47, 61-63]. However, our results clearly do not 

indicate that. As presented before, the XPS data reveals for the thin film with x = 0.02 a density of VO 

higher than that for the thin film with x = 0.08, and while the latter presents a robust RTFM, the former 
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presents only a very small magnetization. In fact, the defect state related to VO in the wurtzite ZnO 

structure has a donor character, however it is a deep-donor state [64, 65]. Although states of deeper-

donors can hybridize to magnetic dopants, their smaller Bohr radii would require relatively higher 

dopant and defect concentrations to achieve a necessary spatial overlapping, however at such short-

range antiferromagnetic superexchange interactions would take place. Instead, the most promising 5 

shallow-donor defect in the ZnO structure is the zinc interstitials (Zni) [65, 66]. From the experimental 

point of view, there are a growing number of reports in the literature giving clear evidences of the 

relation between the observed RTFM and defects at the zinc sites [67-70]. Even considering different 

systems, like undoped ZnO [71-73], Co-doped TiO2 [74] and Cu-doped CeO2 [75], the direction turns 

now to defects at cation sites as the responsible ones to promoting the desired ferromagnetic order.  10 

 

4. CONCLUSIONS 

 We have presented a structural and magnetic analyzis of nanostructured Co-doped ZnO thin films 

prepared via EB-PVD. All the results obtained in structural characterization by the conjugation of 

different techniques confirms that the Co ions in the thin films stays in character substitutional to the 15 

Zn ions in the wurtzite ZnO structure with oxidation state 2+. There was no indication of metallic Co 

or other secondary foreign phases. Magnetization measurements reveal a robust ferromagnetism at 

room temperature for the sample with higher Co concentration (x = 0.08). The estimative for the 

magnetic moment per Co2+ ion was of ~4 µB, indicating that the obtained ferromagnetic order was an 

intrinsic property of the system. By the relative percentage of the number of the ferromagnetically 20 

coupled Co2+ ions, ~35%, it was possible to infer that the ferromagnetism were located around the 

entire volume of the thin films, and not only in the interface, or in the grain boundaries. Which lead us 

to evoke the BMP model to explain the obtained magnetic data. The hybridization of a shallow-donor 

impurity band with states of the Co2+ ions were observed at the UV-VIS analysis. XPS results also 
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show no correlation between the ferromagnetism and the densities of oxygen vacancies. Therefore, the 

zinc interstitials are the most promising defect of shallow-donor character necessary in the context of 

the BMP model.  

 

   5 
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• Co-doped ZnO (Zn1-xCoxO, x = 0.02 and 0.08) films were prepared by EB-PVD method. 

• Structural analyses detects a lower density of VO for sample with x = 0.08. 

• Optical results show the existence of a defect sub-band close to conduction band.  

• Magnetic data reveal a huge MS for the film with x = 0.08, not correlated to VO.  

• Magnetic properties are analyzed in the scope of BMP theory related to Zni defects. 

 


