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Abstract

Pure and Co3+-doped BaAl2O4 [Ba(Al1-xCox)2O4, x = 0, 0.0077, 0.0379] powder samples were 

prepared by a facile hydrothermal route. Elemental analyses by static Secondary Ion Mass 

Spectrometry (SIMS), X-ray Absorption Spectroscopy (XAS) measurements at the Co K-edge, 

and X-ray diffraction studies were fully correlated thus addressing a complete description of 

the structural complexity of Co3+-doped BaAl2O4 powder. Powder X-Ray Diffraction (PXRD) 

patterns indicated that prepared samples were nanocrystalline of hexagonal P63 symmetry. The 

X-ray Absorption Near-Edge Structure (XANES) measurements revealed the presence of 

cobalt in a +3 oxidation state, whilst the rarely documented, tetrahedral symmetry around Co3+ 

was extracted from the Extended X-ray Absorption Fine Structure (EXAFS) oscillation 

patterns. Rietveld structure refinements showed that Co3+ preferentially substitutes Al3+ at 

tetrahedral Al3 sites of BaAl2O4 host lattice, whereas the (Al3)O4 tetrahedra remain rather 

regular with Co3+O distances ranging from 1.73(9)1.74(9) Å. The underlying magneto-

structural features were unraveled through axial and rhombic zero-field splitting (ZFS) terms. 

The increased substitution of Al3+ by Co3+ at Al3 sites leads to an increase of the axial ZFS 

terms in Co3+-doped BaAl2O4 powder from 10.8 to 26.3 K, whereas the rhombic ZFS 

parameters across the series change in the range from 2.7 to 10.4 K, showing a considerable 

increase of anisotropy together with the values of the anisotropic g-tensor components flowing 

from 1.7 to 2.5. We defined the line between the Co3+ doping limit and influenced magneto-

structural characteristics, thus enabling the design of strategy to control the ZFS terms 

contributions to magnetic anisotropy within Co3+-doped BaAl2O4 powder.

Keywords: Rietveld refinement, powder diffraction, Co3+-doping, local atomic environment, 

spin state, zero-field splitting, X-ray absorption spectroscopy
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1. INTRODUCTION

The demanding task of tuning the functional properties of oxide materials is governed 

by the idea of finding the optimal combination of their mechanical, physical, and chemical 

properties to systematically tailor the desired functionalities and operating conditions of the 

final product. Thus, in the research of metal oxides, one of the most important targets and a 

crucial step surely includes a thorough understanding of their characteristics. Undeniably, for a 

given composition, most properties show a strong dependence on the size and morphology of 

the nanostructures.1-3 Assuredly, understanding the delicate synergy of thoroughly determined 

atomic and electronic structure, chemical composition, sufficient purity, morphology, and 

particle size of any material is of pivotal interest and a highly challenging multitask. 

Exceptionally high thermal stability (up to 1815 °C), non-toxicity, and good dielectric, 

pyroelectric, and hydraulic-hardening properties make BaAl2O4 utilized in diverse production 

frameworks. Specifically, band-gap of Eg=6.5 eV and a small permittivity ɛ'= 14 at room 

temperature enable a strong localization of the photo-excited carriers.4,5 These potential benefits 

are extensively used in the fabrication of a wide array of consumer products such as fluorescent 

lamps, light-emitting diodes, field emission displays, plasma display panels, fiber amplifiers, 

and dispenser cathodes.6 This especially refers to doped BaAl2O4 materials as doping is a 

valuable strategy for modulating and/or creating new properties of a BaAl2O4 host in a 

controlled manner, thus offering an optimal combination of electrical, optical, and 

microstructural properties.7,8 Our earlier study extended the field of BaAl2O4 applications to the 

oxygen-driven storage capacity of this material, initiated by the unique antiferromagnetic 

transition in crystalline oxygen.9 The BaAl2O4 crystallizes in a hexagonal assembly at room 

temperature (RT), within P63 (space group (s. g.) no. 173 with lattice constants a = 10.449(1) 

Å, and c = 8.793(1) Å)10-12 and P6322 (s. g. no. 182 with lattice constants a = 5.2211(1) Å, and 

c = 8.7898(1) Å)9 symmetries, respectively, depending on the subtle preparation conditions. 
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The hexagonal packing described by the space group P63 construes two different barium sites, 

Ba1 and Ba2, positioned on two inequivalent crystallographic sites: 2a and 6c respectively, and 

coordinated by nine oxygen ions with average Ba−O distances of 2.85 Å for the Ba1 and 2.95 

Å for the Ba2 site. The structure complexity is further raised by four tetrahedrally coordinated 

aluminum sites, Al1 to Al4, with average Al−O bond-lengths of 1.77, 1.74, 1.72, and 1.80 Å, 

respectively, wherein two different kinds of AlO4 tetrahedra form hexagonal channels where 

the large Ba2+ cations are located.

It is well known from the literature that the physical properties of the BaAl2O4 host can 

be controlled chemically and/or physically. The continuous modification of both crystal 

structure and electronic state by substitution of either, or both, Al and Ba cation sites6,12-16 

and/or an application of thermal treatment under reduction conditions17-19 endow BaAl2O4 with 

manifold aspects of structural and optical properties and boost its technologically applicable 

characteristics. In particular, the oxygen-deficient BaAl2O4, prepared in an H2 flow, shows very 

strong optical absorption in the spectral region from 200 to 2500 nm. Zhang et al. confirmed 

both, theoretically and experimentally, that the impurity state in the forbidden band induced by 

oxygen vacancies is the main reason for this unique optical performance.17 Vacancies are 

among the most common point defects in metal oxide materials and are responsible for a wide 

range of optoelectronic phenomena. As such, their profound influence on optical properties in 

minerals,20-22 intrinsic electrical conductivity in semiconducting oxides,23-27 charge trapping in 

microelectronic devices,28-31 and electron-hole recombination centers in photovoltaic or 

photocatalytic materials32-34 is well-elaborated in the literature. In turn, metal oxide insulators, 

such as BaAl2O4, might offer even more desirable properties as they have a wide forbidden 

band and more complex defect structures when doped with metal cations implying different 

charge compensation schemes.18,19,35 A route to the development of innovative photo-tunable 

electronic devices with dielectric functionalities was efficiently screened out through dielectric 
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response in Ba(Al0.97Zn0.03)2O4-d reported by Nagai et al.36. Many efforts have been made to 

enhance the performance of BaAl2O4 by metal doping,37-40 and yet a small number of papers 

gave a detailed spatial distribution of dopants within the host structure11,12,41. With its low 

dielectric constant and dielectric loss and excellent insulation properties, this weak 

ferroelectric42,10ceramic is a superior candidate to replace the traditional ferroelectric materials 

with high dielectric loss and high dielectric constant as multilayer ceramic capacitors 

(MLCCs)41,43-46. On the other hand, the Co-dopant is commonly used as an additive in the 

fabrication of MLCCs47-50 whereas the performance and reliability of MLCCs are severely 

dependent on microstructural parameters (i.e. crystallite size and lattice strain) and doping 

effects.50-52

The literature concerning physical features of Co-doped BaAl2O4 powder is relatively 

scarce – with, up to our knowledge, only one discrete report being focused exclusively on 

optical properties of Co2+-doped BaAl2O4
53. It is, therefore, mandatory to spotlight the 

fundamental insights into the physically correlated structural features of Co-doped BaAl2O4 

powder. Namely, the lack of a thorough understanding of the relationship between detailed 

crystal structure and desirable properties is still a major bottleneck in the development of 

materials that consolidate outstanding features and practical applications. In particular, all 

known extraordinary material properties of cobalt-based metal oxides including 

superconductivity,54 strong thermopower,55 and metal-insulator transitions,56,57 highly correlate 

to the concept of the spin state degree of freedom of the cobalt ion58-60. The largest spin state 

variability of Co3+ is reported mainly for the metal oxide compounds within crystal structures 

where cobalt is coordinated by four to six oxygen ions.60-64 The computation of the ZFS 

parameters is shaped to a large extent by the coordination of Co dopants within the host lattice. 

Hence, assigning the proper spin state of the Co ions as a function of their metal-oxygen bond 
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length is crucial to simplify remarkably the interpretations of the magnetic properties of Co-

based compounds. 

In this work, short-range structural information of Co3+-doped BaAl2O4 powder samples 

fingerprinted by the element-specific XAS measurements were complemented with the results 

of the long-range ordering obtained from the PXRD measurements at RT. The extraction of the 

oscillatory structure from the XANES and EXAFS experiments served as a sensitive structural 

probe providing information on the local atomic environment in Co3+-doped BaAl2O4 powder 

and lighting up an essentially complete description of its crystal structure. The structural data 

of the BaAl2O4
 host lattice doped with Co3+, combined with the analysis of magnetic phenomena 

at the microscopic level, offer a feasible elucidation of the complex magneto-structural 

correlations within Co3+-doped BaAl2O4 powder, prepared in a controlled manner. 

2. EXPERIMENTAL SECTION

2.1. Materials and Synthetic Procedures. All the reagents were used as supplied with an 

analytical grade without any further purification. Powder samples of BaAl2O4 doped with 0, 

0.77, and 3.79 at. % Co in a relation to Al were synthesized by a facile hydrothermal method 

with a post-annealing treatment. The formation of the Co-doped BaAl2O4 stable solid phase had 

a severe limitation in achieving higher doping levels (above ca. 4 at. % Co). A high purity 

aluminum nitrate nonahydrate Al(NO3)3·9H2O (Fisher Chemical, U.S.), was used as Al, a 

barium nitrate, Ba(NO3)2 (Fisher Chemical, U.S.) as Ba, and a cobalt nitrate hexahydrate, 

Co(NO3)2·6H2O (Sigma-Aldrich, U.K.) as Co precursor, respectively. The 2-hydroxypropane-

1,2,3-tricarboxylic acid, C6H8O7·H2O, (Kemika, Croatia), and an ammonium hydroxide, NH3 

(25 %) (Kemika, Croatia) solutions were also used for the sample preparation. In a typical 

synthetic procedure, stoichiometric amounts of Al(NO3)3·9H2O, Ba(NO3)2, and 

Co(NO3)2·6H2O were dissolved in Milli-Q water. Prepared aqueous solutions were mixed in a 
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proper molar ratio and additionally homogenized by constant stirring and adding a 2-

hydroxypropane-1,2,3-tricarboxylic acid, C6H8O7. Then the excess amount of NH3 aq. was 

dropwise added, mixed well after each drop until the system pH reached ~10.4. Each of the 

prepared precursor solutions was autoclaved at 170 °C for 24 h. Subsequently, the obtained 

precipitates were centrifuged and washed several times with Milli-Q water, and then dried at 

60 °C. The obtained samples were heated up to 1100 °C in a suited furnace with static air at a 

heating rate of 10 °C/min and calcined at that temperature for 4 h. The thermal treatment 

afforded a pure product of an undoped BaAl2O4 as a white solid. On the other hand, after cooling 

down to RT, the Co3+-doped BaAl2O4 samples were of a greenish-blue color showing an 

increase in intensities with the scaling up of the Co doping concentration level. The prepared 

powder samples are denoted by S0, S1, and S2.

2.2. Secondary Ion Mass Spectrometry Measurements. The solid surfaces of pure and Co3+-

doped BaAl2O4 samples were characterized by static SIMS, providing mass spectra with high 

surface sensitivity, low detection limits, and the ability to detect all elements and isotopes. The 

SIMS analysis was carried out in a quadrupole-type instrument (Hiden SIMS Workstation) 

using 3 keV O2
+ ions and collecting positive secondary ions. Flooding of the sample surface 

during the measurements with 500 eV electrons was employed to neutralize the surface 

charging on insulating surfaces of pure and Co3+-doped BaAl2O4 powder samples. Typical 

pressure in the analysis chamber during the measurements was in a low 10-8 mbar range.

2.3. X-ray Absorption Spectroscopy Studies. The Co XANES along with the EXAFS 

experiments were carried out at beamline 10 of the DELTA synchrotron (Dortmund, Germany), 

operating with ca. 100130 mA of stored 1.5 GeV electrons and using a Si (111) channel-cut 

monochromator65. A N2 gas-filled ionization chamber was used for the incident intensities, 
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while an Ar-filled ionization chamber was used for the beam transmitted through the fine-

powdered samples. The bulk sensitive fluorescence yield in XANES measurements was 

detected by a silicon drift diode with a multichannel analyzer and a large area passivated 

implanted planar silicon (PIPS) detector. Repeated scans each of typically 1 h acquisition time 

were performed and averaged to improve the data statistics. For comparison, the reference 

spectra of a Co-metal foil and several cobalt oxides of different chemical valences and 

compositions (i.e. CoO, Co2+, with 6-coordinated Co−O, Co3O4 with equal amounts of 4-

coordinated Co2+ and 6-coordinated Co3+, and Co2O3 with pure Co3+ and 6 oxygen neighbors) 

were measured. The phases and scattering amplitudes were calculated using the FEFF code,66 

ab initio calculations, and the Athena/Artemis software package67 was used for the quantitative 

fitting of the data. 

2.4. Powder X-ray Diffraction Measurements. The PXRD data at RT were collected using a 

Bruker D8 DISCOVER laboratory diffractometer equipped with a Cu–Kα source (λ= 1.54056 

Å) and a multi-mode EIGER2 R 500K detector (Dectris, Switzerland). The PXRD patterns 

were collected over the 2θ angular range of 10–100° and scanned with a step size of 0.02º (2θ). 

All diffractograms were indexed using the N-TREOR0968,69 procedure implemented in the 

EXPO software70. The Rietveld structure refinements were performed with the GSAS-II 

software71 using pseudo-Voigt profile functions and a log interpolation background model with 

9 coefficients. A starting model for the Co-doped BaAl2O4 was based on that of Huang et al. 

(ICSD card no. 75426)10 and formula as resulted from the XAS investigations of Co-doped 

BaAl2O4 samples. Carefully introduced chemically specific restraints on bond distances and 

angles as well as constraints and equivalences were necessary to take into account the 

rationalization and meaningfulness of the structure assembly of samples S1 and S2. In 

particular, the equivalences on isotropic displacement parameter Uiso and x, y, z parameters 
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9

across data sets were selected for atoms sharing the same site symmetries (i.e. atoms Al3 and 

Co at 2b sites). The sum of the site occupancies of Al3 and Co atoms were fixed to unity. 

Isotropic displacement parameters for the same kind of atoms were constrained to have a single 

value and allowed to be refined freely. Exceptionally, the oxygen isotropic displacement 

parameters were fixed at a reasonable value (Uiso = 0.012 Å2 corresponding to Biso = 0.95 Å2) 

with minimal effect on the reliability factor. Using predicted atomic geometries the subsequent 

Rietveld refinements converged readily to satisfying reliability factors (see Tables 2 and 3) and 

yielded final fit (see Figure 6) with 82 directly refined parameters, including 9 arising from the 

background function, 2 instrumental parameters (sample displacement and scaling factor), 3 

lattice parameters, 65 atomic parameters (comprising of fractional coordinates, isotropic 

displacement parameters, and occupancies) and 3 peak shape parameters. The crystallite sizes 

and strains in prepared samples were calculated using the phase fit method (i.e. simultaneously 

with the Rietveld structure refinements) based on the change of the profile widths compared to 

a standard sample.

2.5. Magnetization Studies. Magnetic moments of pure and Co3+-doped BaAl2O4 powder 

samples were measured with a Quantum Design MPMS-5 commercial SQUID magnetometer. 

The temperature-dependent magnetization curves, M(T) of all prepared samples were measured 

in the temperature range from 2 K up to RT at a constant magnetic field of H = 1000 Oe, while 

for the M(H) curves values of the magnetic field H ranged from -50 000 to +50 000 Oe at T = 

2 K. The powder samples in the form of pressed pellets were placed directly into the measuring 

straw to reduce the intensity of magnetic background signals. Generally, the ZFS parameters 

are fundamentally tied to the coordination geometries of metal ion complexes, and as such need 

to be uniquely determined for the Co dopant within the BaAl2O4 host. The magnetization was 

modeled using the ZFS Hamiltonian72 written as:
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                     / ,                                   (1)𝐻 = 𝛽 𝑆 ∙ 𝑔 ∙ 𝐻 +𝐷 [𝑆2
𝑧 ―𝑆(𝑆 + 1) 3] + 𝐸 (𝑆2

𝑥 ― 𝑆2
𝑦)

where β is the Bohr magneton,  is the g-tensor,  is the magnetic field vector, 𝑔 𝐻 𝑆,  𝑆𝑥,  𝑆𝑦,  𝑆𝑧 

are the spin operators of total spin and spin components, S (S+1) is the spin eigenvalue of , 𝑆2

whilst D and E are axial and rhombic ZFS parameters, respectively. Explicitly, the term 𝑆 ∙ 𝑔 ∙ 𝐻

was adequately calculated by applying the following formula: 

                      ,                        (2)𝑆 ∙ 𝑔 ∙ 𝐻 = 𝐻[(𝑔𝑥𝑆𝑋cos 𝜑 + 𝑔𝑦𝑆𝑦sin 𝜑)sin 𝜃 + 𝑔𝑧𝑆𝑧cos 𝜃]

i.e. we assumed the g-tensor to be diagonal. The θ and φ denote angles between the principal 

axis of a single crystallite and magnetic field vector. To obtain a good magnetization model it 

was necessary to average the magnetization contributions over all directions (i.e. for θ from 0 

to π and φ from 0 to 2π), which means that we assumed that crystallites are oriented completely 

randomly. 

3. RESULTS AND DISCUSSION 

3.1. SIMS Fingerprint Analysis. The SIMS surface spectra were recorded to detect the 

elemental composition and/or the possible presence of impurities embedded during the 

preparation of pure (sample S0) and Co3+-doped BaAl2O4 powder (samples S1 and S2). The 

fingerprint region of the mass spectrum between 25 and 140 amu collected from the surface of 

sample S1 is presented in Figure 1. The mass spectrum clearly shows the presence of all 

expected elements in the sample: the Al peak at 27 amu, a peak related to a stable Co isotope at 

59 amu, and the isotopic pattern of Ba with seven isotopes between 134 and 138 amu, with the 

most abundant Ba isotope at 138 amu. The isotopic pattern ascribed to the existence of doubly 

charged Ba secondary ions, Ba2+, is also observed around 69 amu. A part of the spectrum around 

the oxygen peak is not shown, as the electron flooding by itself contributes to the desorption of 

oxygen from the surrounding sample holder.
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11

Figure 1. The positive secondary ion mass spectrum collected from the surface of sample S1.

The intensities of the Co59 peaks measured from the surfaces of the Co3+-doped BaAl2O4 

samples S0, S1, and S2 are shown in Figure 2. The ratio of signal intensities scales with the 

expected concentration of Co in doped samples.

 

Figure 2. Comparison of the Co peak intensity in pure, S0, and Co3+-doped BaAl2O4 powder 

samples, S1 and S2, respectively.
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12

3.2. X-ray Absorption Spectroscopy. The total concentration of Co within the samples S1 and 

S2 was estimated from the transmission mode X-ray absorption spectra measured at the Ba L-

edges and the Co K-edge as follows. Using the element-specific X-ray absorption cross-sections 

below and above the measured X-ray absorption edges of Ba and Co, the measured change of 

the absorption at the Ba- and Co-edges, and assuming the presence of stoichiometric BaAl2O4 

with a density of 3.94 g/cm3, the relative atomic concentrations of both elements can be 

calculated in a straightforward manner.73,74 Making use of Ba = 90310 barn/atom, Co = 

30180 barn/atom, an experimentally derived edge jump of ABa for Ba at the L3-edge and ACo 

for Co at the Co K-edge, the relative concentration CCo/CBa can be calculated using the 

following equation: 

CCo/CBa = ACo / Co  Ba / ABa                                                   (3) 

For sample S1, the edge jump at the Ba and Co edges were determined to ABa = 2.17 ± 0.1 

and ACo = 0.039 ± 0.01, giving in total values for the concentrations of Co within sample S1 

of (0.77 ± 0.12) at. % Co, and (3.79 ± 0.83) at. % Co for sample S2, respectively. It should be 

mentioned that XANES spectra were also collected for sample S2, however, all the 

characteristic features in the latter spectrum are substantially damped in comparison to the 

XANES of sample S1, indicating the likely presence of additional Co-species in the sample S2 

(see Supporting Information, Figure S1). Thus, we have focussed here on sample S1, and the 

Co K-edge XANES spectrum of this sample is compared to those of several Co reference 

compounds in Figure 3. As can be seen, the edge position in the spectrum of sample S1 is 

substantially different from that of metallic Co and the Co2+-species CoO, Co(OH)2 and CoCl2, 

so that the presence of pure Co2+ in BaAl2O4 host lattice can be excluded. However, the edge 

positions determined for the Co3O4 and Co2O3 are very similar, so that the discrimination of 

both samples solely from the edge position appears to be difficult (inset of Figure 3). 

Additionally, one may also argue that the edge position may also be influenced by the ligands 
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coordinated to the central element, even if the formal chemical valence of the investigated 

element is identical, and that it could be therefore dangerous to directly relate the edge position 

to the chemical valence. In the present case, i.e. for BaAl2O4, chemical bonds between the 

inserted cobalt atoms and elements other than oxygen are rather unlikely. Furthermore, Co2+-

species like Co(OH)2, CoCl2, and Co(NO3)2 with different ligands show similar edge positions 

compared to CoO (see the inset of Figure 3), however with different X-ray absorption near edge 

structures for each compound. Further variations of the edge shape and thereby the edge 

position may arise from changes in the entire coordination environment, i.e. distortions of the 

local atomic arrangements may shift the edge position as well. Nevertheless, the correlation of 

the Co-valence with the edge position of the investigated Co-dopant in the BaAl2O4 host can 

be used as a first estimation of the Co valence, the result of which should however carefully be 

discussed in terms of all characteristic features in the XANES. According to the linear 

regression fit of the edge positions of the reference spectra, the edge position obtained for the 

sample S1 (7718.2  0.2 eV) is significantly larger than that obtained for all other Co2+ and 

Co3+ reference compounds, in particular, larger than that of Co2O3 with a value of 7717.6  0.2 

eV, and is located ideally on the linear regression, suggesting a formal Co-valence of +3. This 

agrees qualitatively with results recently reported by Wang and coworkers, indicating subtle 

but detectable differences in the edge positions of the spinel compounds CoAl2O4 (Co2+), Co3O4 

(Co2+/Co3+), and ZnCo2O4 (Co3+), with a small positive shift of the edge with increasing Co 

valence as in the present case75. Moreover, zooming into the features detectable in the edge 

region of the XANES of sample S1, some pronounced features at 7720 eV and 7724 eV are 

clearly visible (see also Figure S1 in the Supporting Information). At the same energetic 

positions, weaker features are also detected in the XANES of Co2O3, i.e. Co3+. Keeping in mind 

that Co is present in the BaAl2O4 as a dopant, inducing stress into the original structure due to 

e.g. the different size of Co and the constituents of the pristine host lattice, a more localized 
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electronic structure of the Co can be anticipated, leading to more pronounced XANES features 

both directly at the edge and above. Furthermore, these two edge features as well as the white 

line position of sample S1 at 7728.5 eV closely resemble those of ZnCo2O4 with a Co3+ valence 

(see ref. 75), so that, in conclusion, a +3 valence of the cobalt inserted in the BaAl2O4 host 

appears very likely.

Figure 3. Comparison of the background-subtracted and normalized Co K-edge XANES 

spectra of sample S1, Co-metal, CoO, Co(OH)2, Co3O4, and Co2O3. In the inset, the edge 

positions determined as the first inflection point of the spectra, are shown as a function of the 

formal valence of the reference samples, together with a linear regression of the data points. 

Edge positions from additional Co2+- and Co3+-species (CoCl2, Co(NO3)2, Co(OH)3) are 

included as well. From the edge position measured for the sample S1, a complete ionization of 

the Co atom to the +3 state can be determined.
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Especially noteworthy is the versatility of the crystal structure of the BaAl2O4 host regarding 

the cation distribution as it features two structurally inequivalent Ba2+-sites and four different 

Al3+-sites10,76. While barium atoms are 9-fold coordinated with Ba–O distances ranging from 

2.69 to 3.00 Å, the aluminum atoms are 4-fold coordinated with Al–O distances in the range of 

1.71 to 1.83 Å. A substitution of Al3+ with an ionic radius of 0.39 Å by Co3+ within the BaAl2O4 

crystal lattice appears much more likely in contrast to a substitution on regular, 9-coordinated 

Ba2+-sites with substantially larger ionic radii. It is important to note here that the tetrahedral 

coordination for Co3+ is rarely met in reality, and when found, the Co3+–O bond lengths have 

been reported to be in the order of 1.78–1.79 Å77-79. In comparison with Baker and co-workers80, 

who reported the average Co3+O bond lengths of 1.88 Å for K5CoIIIW12O4020H2O, Muncaster 

et al.77 derived the considerably shorter bond distances around tetrahedrally coordinated Co3+ 

ranging from 1.7839–1.8017 Å, by simultaneously tracking the EXAFS oscillations and single-

crystal X-ray diffraction data. Specifically, the high-spin Co3+ in a tetrahedral symmetry was 

found in a mixed-valence cobalt oxide YBaCo4O8.79 However, much more structural 

information is required to prove these local atomic geometries. Necessarily, the contributions 

of the EXAFS data analysis need to be considered out as it supplies essential information on 

the local coordination in the Co3+-doped BaAl2O4 samples. The Fourier-transform of the k3-

weighted EXAFS data (k)*k3 obtained from the sample S1 is presented in Figure 4.
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Figure 4. The magnitude of the Fourier-transform of the k3-weighted Co K-edge EXAFS fine 

structures (k)*k3 measured for the sample S1. (a) The experimental data (black circles) were 
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fitted assuming the presence of Co on regular Al3-sites within the BaAl2O4 (solid blue line), 

with a fit residue (R-factor) of 0.041. (b) Best fit of the experimental data (black circles) 

assuming Co on regular Al1-sites within the BaAl2O4 (solid blue line), with a fit residue of 

0.075. The insets display the (k)*k3 for both experimental data and the fits. The k-range for 

the Fourier-transform and the R-range for the fit are 3 Å-1  k  12 Å-1 and 1.2 Å  R  4 Å 

(vertical dashed lines), respectively.

As can be seen, there is a prominent peak at ~1.5 Å (uncorrected) radial distance, that can be 

related to Co−O bonds lengths, and a second distinct peak at ~3.0 Å distance, which probably 

originates from the Co−Ba interactions. On a first guess, only the first peak belonging to the 

Co−O bonds was separated using a filter function and fitted to Co−O coordination. The fit 

results suggest 4 nearest neighbors at a distance of 1.92  0.02 Å. The obtained disorder 

parameter (mean square relative displacement 2) is rather small, with a value of 0.00153  

0.0005 Å2. The values for the inner potential shift (E0) and the amplitude reduction factor (S0
2) 

are well in line with the values obtained from the reference measurements for the CoO and 

Co2O3. According to the XANES measurements, Co is incorporated in the BaAl2O4 host lattice 

in the form of Co3+ ions. Such a conclusion coincides well with the values of the respective 

Co−O bond distances obtained for the Co-doped BaAl2O4 sample in comparison to CoO (six 

nearest oxygen neighbors in a distance R1 = 2.12  0.01 Å) and Co2O3 (six nearest neighbors 

with R1 = 1.92  0.01 Å) - i.e. the larger positive charge of the Co3+ leads to a shortening of the 

Co−O bond length, with a similar value compared to the Co3+-doped BaAl2O4. For a purely 

tetrahedral oxygen coordination, one might expect a sharp pre-edge feature in the Co K-edge 

XANES of sample S1 (see Figure 3) as observed and also calculated e.g. for other transition 

metal compounds with tetrahedral environments 81,82. The intensity of those pre-peaks is 

substantially affected by the details of the coordination environment, in particular, for the 3d 
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transition metals, the intensity substantially decreases in the presence of distorted 

tetrahedrons83, and also for the tetrahedrally coordinated Co2+ in CoAl2O4, a pre-peak of rather 

small intensity is detected only75. XANES calculations for the pre-edge regions of different 

CoO coordination environments employing the FEFF 8 code84,85 indeed suggest an intense 

feature for Co3+ coordinated with 4 oxygen in an ideal tetrahedron; the peak intensity is about 

40 % of the edge jump in this case (see Figure S2 in the Supporting Information). Introducing 

a distortion to the tetrahedral coordination with three larger and one shorter bond length as 

suggested by the EXAFS analysis (see below), however, the intensity drops to about 1015 % 

of the edge jump and the pre-peak shifts to larger energies, well-comparable to the 

experimentally observed spectrum of sample S1. In contrast, an octahedral coordination leads 

to substantially broader pre-peaks extending over several eV between ca. 77087712 eV with 

a much smaller intensity, being in a close agreement with the experimental spectrum observed 

for Co2O3
84,85. Therefore, as a conclusion from the first-shell EXAFS analysis and a closer 

inspection of the XANES pre-edge and edge features, it is very likely that a Co3+ species in a 

tetrahedral coordination environment is present for the Co-doped BaAl2O4 material. Since 

PXRD patterns gave no evidence for an additional Co-containing phase in samples S1 and S2, 

it is therefore very likely that the dopant is located on a regular lattice site within the BaAl2O4, 

making the four different Al-sites candidates for a Co substitution. The complexity of this 

peculiar crystallographic assembly is further raised by the diversity of the host wherein the 

positions of Al atoms result in a variety of the Al-Ba distances around ca. 3.46 Å and 3.51 Å 

(Al1), 3.41 Å, and 3.50 Å (Al2), 3.40 Å (Al3) and 3.51 Å for Al4, with three Ba-ions 

coordinated around each of the Al-sites. For photoelectron waves emerging from the X-ray 

absorbing Co dopant, Ba represents a strong backscattering atom, and thus, intense 

contributions at a larger radial distance can be expected in the Fourier-transform in comparison 

to Al and O in similar distances. Therefore, assuming that Co enters the host structure on an 
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Al-site, it is rather likely that the strong peak at ~3 Å radial distance in the Fourier-transform 

of the Co3+-doped BaAl2O4 is dominated these CoBa-backscattering events. Since all the 

different Al-sites except Al3 have rather large AlBa-coordination in the range of 3.5 Å and 

values of up to 4 Å, one may accordingly expect signatures in the range from 3.5 to 4.0 Å in 

the Fourier-transform. Nonetheless, only the Al3 site has no coordination exceeding 3.65 Å, 

thus allowing us to deductively rule out the possible location of Co on other Al sites. Due to the 

absence of intense maxima in the Fourier-transform above ca. 3.5 Å, we may thus conclude that 

the location of Co on Al3-sites is the most feasible one. We have therefore modeled the EXAFS 

assuming such a location of the Co3+-dopant within the host, and the fit results are shown as 

blue lines in Figure 4 (a) in both R-space and back-transformed into k-space. Having in mind 

the difficulties of the experiment, the fit with an R-factor of 0.041 can be considered as 

reasonable. Details are compiled in Table 1. The calculated cluster comprised 16 different 

atoms, resulting in a total of 12 different scattering paths included in the fit (see Table 1). From 

the k- and R-ranges used for the fit, the number of independent points results in 15.7, i.e. it is 

thus recommended that the total number of fit variables is substantially less to obtain a 

statistically sound and well-justified result. We have therefore assumed global values for S0
2 

(the so-called amplitude reduction factor) and E0 (the inner potential shift), which may arise 

from the choice of the exact edge position in the data. As a starting point for E0, we have used 

the first inflection point of the spectrum, as displayed in the inset of Figure 3. Furthermore, the 

distances of the oxygen atoms O1 and O2 with the shortest Co−O bond length as well as Ba1 

(see Table 1) were individually fitted, as those are closest to the Co3+ dopant and thus very 

sensitively towards the exact position of the dopant within the host lattice. All other bond 

distances compiled in Table 1 were described by a lattice expansion factor of the entire lattice 

of the Co3+-doped BaAl2O4, allowing thus to model a large number of coordinations with just 

one single parameter, thereby reducing the number of fit variables considerably. Besides, three 
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independent values were optimized for the disorder (thermal and static) of Co−O, Co−Al, and 

Co−Ba bond distances, to account for different vibrational properties of the three different 

ligand atoms. In total, thus, 9 fit variables were used, and the obtained results are compiled in 

Table 1.

Table 1. Results of the fit against EXAFS data for the sample S1. It is assumed for the fit that 

Co atom is located on the Al3-site within the BaAl2O4 host lattice, and the original distances 

(Reff), as well as the number of atoms in the respective shells (Ni), are indicated. The global 

parameters S0
2 and E0 for the EXAFS fit are (0.74   0.06) and (-2.54   0.94) eV, respectively. 

The labels of the scattering path represent the scattering atom in a distance R. If two-atom labels 

are provided, then the related scattering bath belongs to multiple scattering events with the 

respective elements.

Atom Ni 2 (10-3 Å2) R(Å) Reff(Å)

O1 3 0.42  0.1 1.92(1) 1.726

O2 1 0.42  0.1 1.83(1) 1.785

O3 1 1.04  0.1 3.04 2.972

O1 O1 6 1.24  0.1 3.21(1) 3.143

Al1 3 0.88  0.1 3.24(1) 3.170

O1 O2 6 1.24  0.1 3.25(1) 3.183

Ba1 3 3.65  0.1 3.23(1) 3.403

O1 Al1 6 1.24  0.1 3.42(1) 3.346

O2 Al2 2 1.24  0.1 3.51(1) 3.438

Al2 1 0.88  0.1 3.51(1) 3.438

O2 Al2 O2 1 1.52  0.1 3.51(1) 3.438

O4 3 0.88  0.1 3.73(1) 3.637

It should be pointed out, that not only direct single scattering events were included in the fits, 

but also multiple scattering substantially contributed to the measured EXAFS fine structure, in 

agreement with the EXAFS experiments on pure and Eu-doped BaAl2O4
12. For example, double 
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oxygen scattering occurs at ca. 3.21 Å and 3.25 Å, and scattering between oxygen and 

aluminum were detected at ca. 3.42 Å and 3.51 Å, as well as a triangular OAlO scattering 

was observed at 3.51 Å, respectively. Furthermore, the original distances of the pristine, 

undoped BaAl2O4 lattice are only given for comparison. The structural data used for the 

refinement of the EXAFS data fits (i.e. the initial model) were different from these Reff values, 

resulting in more precise estimations of EXAFS phases and amplitude functions for the fits. For 

comparison, the best fit obtained with Co3+ on the Al1-site is shown in Figure 4 (b). As can be 

seen, the deviation between the experimental data and the fit is substantially larger than for Co 

on the Al3-site, resulting in an increase of the R-factor to 0.075. Furthermore, it was not possible 

to fit the data employing a single S0
2 value for all the shells. In particular, while a global value 

for the CoO, CoAl single, and CoAlO multiple scattering paths of S0
2 = 0.78  0.19 was 

determined, the S0
2 for the CoBa shells had to be reduced to 0.53  0.11. Furthermore, larger 

displacements of Ba-atoms from their regular lattice sites were necessary for fitting the 

experimental data, making the Al1-site in conclusion a less likely position for the Co-dopant. 

Besides, it should be mentioned that similar results were also obtained for EXAFS fits for Co 

on the Al2- and Al4-sites (not shown), so that the substitution of the Co dopant on the Al3 

position within the BaAl2O4 lattice appears most likely due to EXAFS data presented here. By 

directing the spotlight onto the accurate determination of the Co3+−O bond distances in 

tetrahedrally coordinated systems the ongoing research will consider (i) the refinement of 

PXRD data, and (ii) measurements and fitting of the EXAFS oscillation patterns to confirm the 

present results.

3.3. PXRD Characterization. The qualitative phase analysis by PXRD patterns collected at 

RT after thermal treatment of the pure BaAl2O4 and Co-doped BaAl2O4 precursors revealed 

that a completely single-phase was obtained (Figure 5), resembling that of the reported 

BaAl2O4
10. Indexing of the powder patterns led to plausible hexagonal unit cell parameters and 
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the space group determination procedure confirmed the non-centrosymmetric P63. The 

formation of a polycrystalline Co-doped phase resulted in the change of unit cell dimensions, 

which was visible as a discrete shift of the diffraction peaks.

Figure 5. Laboratory PXRD data from samples S0S2 (=1.5406 Å) at ambient temperature. 

The experimental data match the simulated PXRD pattern (bottom) of pure BaAl2O4 (ICSD 

card no. 75426; s. g. P63, a = 10.449(1) Å, and c = 8.793(1) Å)10. 

Refined unit-cell parameters a and c of pure BaAl2O4 (sample S0) and Co-doped BaAl2O4 

(samples S1 and S2) are listed in Table 2 along with the Co content. The unit-cell parameter a 

slightly increased, parameter c slightly decreased, while unit-cell volume scarcely increased on 

the Co-doping. Considering the ionic radii for the four-coordinated Al3+ (0.39 Å)86 and making 

use of the results from the XAS experiments one can decisively locate the positions of Co3+ 

dopants at the Al3 sites within the aluminate host. Accordingly, the initial Rietveld refinement 

of the structural model for the sample S0 demonstrated that the starting crystal structure quite 

nicely fits the one of the BaAl2O4 host and facilitates the comparison with previously published 

experimental results (ICSD card no. 75426)10. However, refinements of Al3 sites substituted 
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by Co3+ within the BaAl2O4 host lattice (samples S1 and S2) quickly revealed the occurrence of 

noticeable changes in tetrahedral AlO bond lengths. Final Rietveld refinements (Figure 6) 

gave the sum formula Ba(Al0.998Co0.002)2O4 (i.e. 0.77 at. % Co) and Ba(Al0.991Co0.009)2O4 (i.e. 

3.79 at. % Co) for samples S1 and S2, respectively. It should also be noted that the increase of 

the unit cell volume for samples S0, S1, and S2 qualitatively mirrors the increasing amount of 

Co3+ with a larger ionic radius in comparison to Al3+. Thus the concentrations calculated from 

the X-ray absorption data and the Rietveld refinements are in acceptable agreement.

Figure 6. Final observed (red circles) and calculated (blue solid lines) powder diffraction 

profiles for samples S1 and S2, respectively at 293 K as obtained from the Rietveld refinements 
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by PXRD data. The lower green solid lines show the difference profiles, whilst purple tick 

marks show the reflection positions. For clarity, the diffraction patterns are given magnified 7 

from 70 to 100° 2.

Table 2. Summary of resulting structural parameters and reliability factors from Rietveld 

refinements of samples S0S2 against PXRD data collected at RT.

sample Co cont.
(at. %)

unit cell
parameters
(Å) and V (Å3)

Rwp
(%)

atom x y z s.o.f. Wyck.
position

site
sym.

Biso (Å2)

S0 0 a=10.4485(4) 5.52 Ba1 0.0000 0.0000 0.25 1 2a 3 0.54(2)
c=8.7910(2) Ba2 0.504(4) 0.0022(8) 0.258(5) 1 6c 1 0.54(2)
V=831.14(5) Al1 0.160(2) 0.336(3) 0.061(6) 1 6c 1 0.85(6)

Al2 0.154(8) 0.340(7) 0.444(2) 1 6c 1 0.85(6)
Al3 0.3333 0.6667 0.941(7) 1 2b 3 0.85(6)
Al4 0.3333 0.6667 0.554(4) 1 2b 3 0.85(6)
O1 0.182(2) 0.010(4) 0.987(3) 1 6c 1 0.95
O2 0.674(8) 0.001(8) 0.03(5) 1 6c 1 0.95

O3 0.492(6) 0.169(3) 0.996(4) 1 6c 1 0.95
O4 0.185(7) 0.501(8) 0.000(4) 1 6c 1 0.95
O5 0.118(5) 0.303(9) 0.252(7) 1 6c 1 0.95
O6 0.3333 0.6667 0.749(1) 1 2b 3 0.95

S1 (0.77 ± 0.12) a=10.4502(1) 5.58 Ba1 0.0000 0.0000 0.25 1 2a 3 0.60(4)
c=8.7888(1) Ba2 0.503(6) 0.0021(4) 0.258(4) 1 6c 1 0.60(4)
V=831.21(1) Al1 0.160(6) 0.337(4) 0.061(6) 1 6c 1 0.87(6)

Al2 0.154(6) 0.341(5) 0.444(6) 1 6c 1 0.87(6)
Al3 0.3333 0.6667 0.942(8) 0.996 2b 3 0.87(6)
Co 0.3333 0.6667 0.942(8) 0.004 2b 3 0.87(6)
Al4 0.3333 0.6667 0.554(7) 1 2b 3 0.87(6)
O1 0.183(4) 0.010(5) 0.986(7) 1 6c 1 0.95
O2 0.675(7) 0.001(7) 0.03(6) 1 6c 1 0.95
O3 0.491(8) 0.169(8) 0.996(5) 1 6c 1 0.95
O4 0.185(8) 0.503(7) 0.000(3) 1 6c 1 0.95
O5 0.119(4) 0.303(5) 0.254(7) 1 6c 1 0.95
O6 0.3333 0.6667 0.749(2) 1 2b 3 0.95

S2 (3.79 ± 0.83) a=10.4519(1) 5.01 Ba1 0.0000 0.0000 0.25 1 2a 3 0.71(3)
c=8.7871(1) Ba2 0.503(5) 0.0021(9) 0.258(6) 1 6c 1 0.71(3)
V=831.32(1) Al1 0.160(6) 0.337(5) 0.062(6) 1 6c 1 0.92(7)

Al2 0.154(8) 0.341(8) 0.444(9) 1 6c 1 0.92(7)
Al3 0.3333 0.6667 0.942(9) 0.981 2b 3 0.92(7)
Co 0.3333 0.6667 0.942(9) 0.019 2b 3 0.92(7)
Al4 0.3333 0.6667 0.554(8) 1 2b 3 0.92(7)
O1 0.183(5) 0.010(8) 0.987(3) 1 6c 1 0.95
O2 0.677(2) 0.002(5) 0.02(6) 1 6c 1 0.95
O3 0.491(7) 0.171(6) 0.997(4) 1 6c 1 0.95
O4 0.185(9) 0.504(9) 0.000(4) 1 6c 1 0.95
O5 0.120(7) 0.304(8) 0.254(5) 1 6c 1 0.95
O6 0.3333 0.6667 0.747(4) 1 2b 3 0.95
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aStandard deviations are given in parentheses. R-factors are defined according to those 

described within the GSAS manual.71

Table 3. Molecular geometry refinement details of samples S0S2 from Rietveld refinement 

against PXRD data collected at RT.

sample molecular dimensions (Å, °)
S0 Ba−O13 2.97(2) Ba2−O2 2.69(3) Al1−O1 1.81(4) Al2−O1 1.71(5)

    −O13 2.80(4)       −O2 3.00(4)       −O2 1.83(5)       −O2 1.76(3)
    −O53 2.77(3)       −O3 2.93(3)       −O4 1.73(4)       −O3 1.77(6)
average 2.85(3)       −O3 2.76(4)       −O5 1.72(8)       −O5 1.72(4)

      −O4 2.80(3) average 1.77(8) average 1.74(6)
      −O4 2.93(5)
      −O5 2.92(5)
      −O5 3.44(4)
      −O6 2.97(3) Al3−O43 1.72(8) Al4−O33 1.83(7)
average 2.95(4)       −O6 1.70(8)       −O6 1.73(6)

average  1.72(8) average 1.80(7)

Al1O5Al2 156.3(6)
Al3O6Al4 179.9(4)

S1 Ba−O13 2.77(3) Ba2−O2 2.69(6) Al1−O1 1.81(7) Al2−O1 1.71(5)
    −O13 2.97(3)       −O2 3.01(6)       −O2 1.83(6)       −O2 1.72(8)
    −O53 2.80(2)       −O3 2.93(4)       −O4 1.73(9)       −O3 1.76(8)
average 2.84(3)       −O3 2.76(3)       −O5 1.72(6)       −O5 1.72(7)

      −O4 2.80(4) average 1.77(7) average 1.73(7)
      −O4 2.97(7)
      −O5 2.92(4)
      −O5 3.43(3)
      −O6 2.99(6) Al3/Co−O43 1.74(8) Al4−O33 1.82(6)
average 2.94(5)            −O6 1.71(9)       −O6 1.73(7)

average 1.73(9) average 1.80(7)
Al1O5Al2 156.1(2)
Al3O6Al4 179.6(4)

S2 Ba−O13 2.80(7) Ba2−O2 2.70(3) Al1−O1 1.81(6) Al2−O1 1.70(3)
    −O13 2.97(6)       −O2 3.02(5)       −O2 1.84(7)       −O2 1.74(7)
    −O53 2.76(4)       −O3 2.94(5)       −O4 1.70(9)       −O3 1.78(5)
average 2.84(6)       −O3 2.76(6)       −O5 1.75(6)       −O5 1.71(3)

      −O4 2.81(7) average 1.76(7) average 1.73(5)
      −O4 2.99(7)
      −O5 2.91(8)
      −O5 3.43(4)
      −O6 2.98(5) Al3/Co−O43 1.75(8) Al4−O33 1.84(7)
average 2.95(6)            −O6 1.73(9)       −O6 1.73(4)

average 1.74(9) average 1.79(6)
Al1O5Al2 156.1(9)
Al3O6Al4 179.3(8)

A selection of refined metal-oxygen distances along with the values of Al1−O5−Al2 and 

Al3−O6−Al4 angles in the structure of the samples S1 and S2 are listed in Table 3. The 
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substitution of Al3+ cations by Co3+ at Al3 sites led to an increase of the average tetrahedral 

bond lengths from 1.72(8) in sample S0 to 1.74(9) in sample S2. Cobalt substitution 

simultaneously induced a slight decrease in average tetrahedral symmetries around Al1 sites 

from 1.77(8) in sample S0 to 1.76(7) in sample S2. The average distances in (Al2)O4, and 

(Al4)O4 tetrahedra as well as the bond lengths in (Ba1)O9 and (Ba2)O9 coordination tend to 

remain constant within the standard deviation. It is important to note that the Co3+−O distance 

obtained from EXAFS fits of sample S1 has a value of 1.92  0.01 Å, which is substantially 

larger compared to that of the Al/Co−O bond of the Rietveld refinements with values of ca. 

1.72 Å for sample S0, 1.73 Å for S1, and 1.74 Å for S2. Inspecting those obvious differences, 

one has to keep in mind that a Rietveld refinement yields the average bond distance of all 

equivalent lattice sites, here, in particular, the 2b position (see Table 2), irrespective of whether 

they are occupied by an Al3+ or a Co3+ ion. For EXAFS experiments, however, the Co−O bonds 

can be studied separately due to the element-specific nature of the method. The larger Co−O 

bond distance derived from EXAFS thus reflects the different local geometry around Co and 

Al, which is closely related to the substantially different ionic radii of the two cations. If the 

site occupancies by Al and Co are considered in the calculation of average bond lengths, the 

results obtained by PXRD and EXAFS agree quantitatively well as follows: ideal BaAl2O4 

features equal numbers of Al1, Al2, Al3, and Al4 sites, and assuming that all of the substituted 

Co is located on Al3 positions, the concentration of Co on 2b-sites is four times larger than the 

total amount of Co, implying about 0.8  4 = 3.2 % for sample S1 and 3.7  4 = 14.8 % for 

sample S2. Considering the original bond length of Al3−O to be 1.72 Å for 96 % of the Al3 2b 

lattice sites and 4 % with 1.92 Å for the Co-occupied 2b positions would result in a median of 

1.73 Å for sample S1, and accordingly, 85 %  1.72 Å plus 15 %  1.92 Å would result in about 

1.75 Å for sample S2, respectively. Those average bond lengths are in quantitative agreement 

with the results of the Rietveld refinements. Calculated microstructural parameters, induced by 
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the Co3+ dopant tended to increase with the doping level. In particular, the lattice strains 

increased from 0.02(1) % in sample S0 to 0.14(1) % in sample S2, while the values of the 

crystallite sizes obtained from the line-broadening analysis performed during the structure 

refinements increased significantly, from 56.7(1) nm in sample S0 to 94.5(1) nm and 126.41(1) 

nm in samples S1 and S2, respectively.

3.4. Magnetization Viewpoints. The results of magnetic measurements of polycrystalline 

samples are shown in Figure 7. The χ·T(T) dependence for all samples looks quite similar: in 

the ∼50–298 K range the χ·T values remain almost constant (sample S0) or slightly decrease 

(samples S1 and S2) with decreasing the temperature, and as the temperature is lowered below 

∼50 K they decrease considerably with cooling down to 2 K. The broad peak around 50 K 

indicates the presence of oxygen. Namely, the great affinity of pure BaAl2O4 for oxygen is 

firmly established by our group demonstrating the material’s extraordinary magnetic response 

at temperatures below ~60 K.9 The magnetic states of Co3+-doped samples discussed in this 

study are expected to give rise to a paramagnetic contribution in the magnetization signal due 

to the small amount of magnetic Co3+ substituted within the diamagnetic BaAl2O4 matrix. 

However, the trend of the magnetic response below ~30 K showing the considerable decrease 

of effective magnetic moment with cooling down further implies that measurements cannot be 

modeled by the Curie law, thus demanding that some form of the spin-orbit coupling (i.e. 

microscopic anisotropy) should be introduced into the analysis. Before the analysis of magnetic 

measurements, the values of magnetization for the pure BaAl2O4 (sample S0) were carefully 

subtracted from the magnetization of samples S1 and S2 to approach the magnetization of bare 

magnetic Co ions with the best approximation. However, the oxygen signal couldn't be 

substracted ideally to get the pure cobalt signal, possibly because not only the amount of oxygen 

is different in different samples, but also the form in which oxygen is present in samples can 

differ. That could very well be the reason why the oxygen peak is shifted towards lower values 
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in sample S1 (~30 K). Consequently, it was necessary to discard some data in a fitting procedure 

where oxygen contamination is significant (1245 K in sample S1, and 3070 K in sample S2).

Figure 7. Temperature dependencies of the χ·T product for samples S0S2 measured in 1000 

Oe. Obtained fits for samples S0, S1, and S2 are depicted by orange, black and red lines, 

respectively.

It has also to be noted, that no fit was satisfactory on magnetization data when the half-integer 

values of the spin were assumed, due to significantly different behavior of χ·T(T) curves at low 

temperatures. Also, the results for the ratios of Co to Ba cations using S=1 did not comply with 

the XAS results. In conclusion, the spin state of Co ions S=2 agreed much better with the above 

findings. Obtained fits of χ·T(T) dependences for the Co3+-doped samples using the 

Hamiltonian (1) with S=2 are shown in Figure 7. The fitting curves were obtained by 

minimization of relative error between measured χ·T and numerically calculated data from 

diagonalization of the Hamiltonian in terms of rhombic and axial ZFS parameters D and E, Co 
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percentage x, and g-factors. The corresponding optimal-fit parameters for the samples S1 and 

S2, and their estimated errors, are presented in Table 4. 

Table 4. Spin-Hamiltonian parameters for samples S1 and S2 obtained from the fitting of 

magnetic data. 

sample D (K) E (K) x (%) gx gy gz

S1 10.8(0.5) 2.7(0.3) 0.92(0.19) 2.34(0.21) 1.79(0.16) 2.42(0.22)

S2 26.3(1.0) 10.4(0.8) 1.77(0.33) 2.52(0.25) 1.70(0.15) 2.30(0.22)

Using the optimal fitting parameters of χ·T(T) curves we also plotted the calculated M(H) curves 

over the measured data (Figure 8). Good agreement is observed confirming the consistency of 

the obtained parameters. The high relative uncertainty of g-tensor components and Co 

percentage stems from the inability to determine both of those physical quantities 

simultaneously from magnetic measurements alone. However, we expect the mean quadratic 

value of g somewhere between 2.02.4 according to literature, and in our case, 2.20 is used to 

obtain the most probable range of values for Co percentages (Table 4). The value of x for S1 is 

in good agreement with XANES/XAS measurements, while for S2 there is a larger deviation, 

which only partially can be understood within a difference of the g-factors that can vary between 

2.0 and 2.4. Though there are other factors involved, the reasons for such deviations are not 

explored yet. 

Page 29 of 44

ACS Paragon Plus Environment

Submitted to Inorganic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



30

Figure 8. The M(H) measurements for samples S0S2 and curves plotted using optimal fitting 

parameters for the χ·T(T) curves.

Obtained values of second-order axial and rhombic ZFS parameters, D and E, respectively, are 

of the order of magnitude which is in good agreement with literature data for tetrahedrally 

coordinated Co3+ ion76 considering that those values vary considerably with the degree of local 

distortion. The increase of D and E with an increase of x corroborates the fact that the strain 

induced by the radius difference between Co3+ and Al3+ increases with increasing substitution 

of Co, leading to an increasing distortion of angles and distances around the cobalt ions if 

compared with the ideal positions in BaAl2O4 host (see Tables 1-3). All results show that Co-

substitution cannot be performed with a high percentage, and it could be the reason that 

magnetic analysis gives a somewhat lower x than the highest confirmed in the XAS experiment, 

due to the increased stress and distortion. Our modeling gives reliable result for all parameters 

for lower x, however, when x increases, much more distortions in the crystal lattice and 
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nonideally random distribution of substituents, makes the model further from the ideal situation, 

and deviations between different techniques are understandable. The obtained axial zero-field 

splitting parameter D is within the values reported by Saber and Dunbar87. For comparison, the 

tetrahedrally coordinated Co3+ can have such or even larger anisotropy, with different 

possibilities for a spin (0, 2, or even 1), and with anisotropic g-factor from 2.0 to 2.4.88 

Nonetheless, our results fit very well into sparsely known data about the controversially 

discussed Co3+ coordination89,90. Although more advanced microscopic magnetic properties 

cannot be studied in our substituted bulk material using DC magnetization, this is a clear 

example that besides the axial anisotropy D, also the transversal component E should be taken 

into account to get a reliable model. The success of the model based on the spin Hamiltonian 

(1) confirms the tetrahedral position of Co3+, as established also in EXAFS modeling since 

octahedral coordination would produce considerably different M(T) dependence and need for 

different model Hamiltonian. Also, the XANES calculations support the presence of distorted 

tetrahedral oxygen coordination around Co3+, in the case of an ideal tetrahedron, a much 

stronger pre-peak would have been observed in the XANES at about 7708 eV, while in the case 

of octahedral coordination, the pre-peak position would be different, as well as the EXAFS data 

would have suggested a larger number of nearest oxygen neighbors of N  6 in the first 

coordination shell. Moreover, it is concluded that D and E increase with an increased amount 

of substituent ion, which is due to stronger distortions of the host lattice with the introduction 

of additional bigger ions.

4. CONCLUSIONS

This work presents the study of the effects of Co3+ dopant on the chemical environment 

and magnetic properties within the BaAl2O4 lattice. Compelling evidence for the symmetry of 

the coordination site, oxidation state, and concentration of dopant cations has been provided by 
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detecting the fluorescence radiation during XANES measurements at the Co K-edge of BaAl2O4 

host crystal doped with 0.77 and 3.79 at. % Co. The coordination numbers and bond distances 

of successive shells around the absorbing Co3+ dopant were extracted from the EXAFS 

oscillation patterns. The XAS results confirm that Co3+ ions preferentially replace aluminum in 

tetrahedral Al3 sites within the BaAl2O4 host lattice. A unique and quite rarely documented 

tetrahedral geometry around Co3+ was further complemented with the diffraction studies. 

Rietveld refinement procedures established that Co3+-doped BaAl2O4 is isostructural with 

BaAl2O4 however, with an important difference: the Co3+ dopant located at Al3 sites 

simultaneously induces an increase of the average distances in (Al3)O4 coordinations. A 

comparative magneto-structural analysis clearly shows that the subtle modifications of BaAl2O4 

crystal lattice by Co3+ also give rise to the axial and rhombic ZFS terms, leading to larger 

anisotropy, with most probable spin 2.
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An effect of Co3+ dopant on the neighboring environment within the BaAl2O4 host lattice was 

spotlighted through a correlation of local atomic structure unveiled from X-ray absorption 

spectroscopy, and long-range ordering obtained from the Rietveld refinements. Simultaneous 

magneto-structural analysis of peculiar tetrahedral coordination unraveled in 

Ba(Al0.998Co0.002)2O4 and Ba(Al0.991Co0.009)2O4 powders shows that the subtle modifications of 

BaAl2O4 host by Co3+ give rise to the axial and rhombic ZFS terms, leading to larger anisotropy.
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