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a b s t r a c t 

Electron paramagnetic resonance (EPR) and X-ray absorption fine structure measurements were combined 

with first principles calculations to investigate the substitutional behavior of Mn ions in perovskite CaTiO 3 

ceramics. While transition-metal dopants in perovskite-structured oxides often act as aliovalent defects, 

Mn in CaTiO 3 is amphoteric and concurrently occupies both Ca and Ti sites as Mn 2 + and Mn 4 + , respec- 

tively. Contrary to the behavior of Mn in SrTiO 3 and BaTiO 3 , which exhibit larger geometric perovskite 

tolerance factors, in CaTiO 3 , it is determined that Mn 2 + prefers A-site substitution. Density functional 

theory (DFT) calculations provide insight to the unique defect chemistry of Mn-doped CaTiO 3 compared 

to SrTiO 3 and BaTiO 3 , highlighting the role of octahedral rotations which accommodate ionic size mis- 

match between the larger host and smaller dopant cations on the cuboctahedral sites without significant 

dopant-ion displacements. Superposition models of the EPR zero-field splitting parameters for multiple 

types of Mn defect centers were considered based on the structural parameters of DFT calculations, and 

these results, combined with the EPR, DFT, and X-ray absorption analysis, were used to determine the 

point defect substitution mechanisms of Mn-CaTiO 3 . 

Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
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. Introduction 

Complex oxides which crystallize with perovskite-like struc- 

ures form one of the most versatile classes of inorganic mate- 

ials because this type of atomic arrangement can accommodate 

 wide range of chemistries, thus permitting effective composi- 

ional control of functional properties [1,2] . For example, relatively 

mall modifications of chemistry can optimize the properties for 

ither ferroelectric [3,4] , piezoelectric [5,6] , dielectric [7] , or ion- 

onductor [8–12] applications. The functionality of the given per- 

vskite chemistry, as described by the general formula ABO 3 , can 

e predicted using the crystal chemistry rules developed by Paul- 

ng and Goldschmidt [13–17] . Deviations of the geometric toler- 

nce factor ( t = 〈 A − O 〉 / [ √ 

2 〈 B − O 〉 ] ), which is defined by the ratio

f 〈 A − O 〉 to 〈 B − O 〉 ionic bond lengths, from the ideal value of

nity, provide a reliable indicator of the stability of the perovskite 
∗ Corresponding author. 

E-mail address: russell.maier@nist.gov (R.A. Maier). 
1 Current address – Seqirus, Holly Springs, NC. 
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tructure to lattice distortions. The tolerance factor greater than 

nity promotes off-centering of B-cations within oxygen octahedra, 

hereas the opposite case favors cooperative octahedral rotations. 

hese distortions effectively link chemistry to function, providing 

echanisms for the compositional tuning of material properties 

14,18,19] . 

Properties of perovskites can also be modified by using dopant 

pecies to control the type and concentrations of mobile charge 

arriers [20,21] . Transition-metal doping mechanisms have been 

nvestigated exhaustively in paraelectric SrTiO 3 and ferroelectric 

aTiO 3 and PbTiO 3 [20–25] . However, the defect chemistry of the 

rchetype perovskite compound, CaTiO 3 , has received less atten- 

ion [26–34] . CaTiO 3 differs from the other three compounds by 

ts tolerance factor [1,35] being less than unity, which stabilizes 

otations of the [TiO 6 ] octahedra. This brings up a question about 

 potential effect of such distortions, which are absent in SrTiO 3 , 

aTiO 3 , or PbTiO 3 [36–38] , on the accommodation of substitutional 

toms in the host perovskite lattice and on the resulting electronic 

roperties [39] – a topic that has not been previously experimen- 

ally explored. 

https://doi.org/10.1016/j.actamat.2021.116688
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2021.116688&domain=pdf
mailto:russell.maier@nist.gov
https://doi.org/10.1016/j.actamat.2021.116688
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Fig. 1. a ) Structure of CaTiO 3 with Mn on the Ca-sites (i.e. Mn Ca ). Ti - grey, O - 

red, Mn - yellow, and Ca - cyan, and b ) Structure of SrTiO 3 with Mn on the Sr sites 

(Mn Sr ). Sr is shown in dark blue. 
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Transition-metal species, like Mn, can simultaneously take mul- 

iple valence states and lattice site occupations, so the ability to 

redict and control the site of substitution in a host lattice is chal- 

enging [22,40–42] . Here, we combine multi-frequency EPR spec- 

roscopy, X-ray absorption fine structure measurements, and den- 

ity functional theory (DFT) to investigate the coordination envi- 

onments of Mn in ceramic CaTiO 3 . The DFT-based thermodynamic 

nalysis was used to compare the behavior of Mn in CaTiO 3 to that 

n SrTiO 3 and BaTiO 3 , providing insight into the relationship be- 

ween the site preference for Mn and perovskite crystal chemistry. 

. Material and methods 

.1. Sample synthesis 

Ceramic samples of (1- x )CaTiO 3 - x Mn with x = 0.0 0 05, 0.0 01,

.0 02, 0.0 05, 0.01, and 0.02 (hereafter, referred to as 0.05Mn, 

.2Mn, 0.5Mn, 1Mn, and 2Mn, respectively) were prepared using 

tandard solid-state synthesis (see Supplementary Information). 

he final heat-treatment was performed at 1350 °C for 6 hrs in 

ir. The x -values were chosen to illuminate any discrepancies in 

opant substitutional mechanisms that might be linked to the de- 

ect concentration [42] . 

.2. Electron paramagnetic resonance 

Continuous-wave EPR measurements were conducted at X-band 

requencies using a Bruker Biospin (Billerica, MA) ELEXSYS E580 1 

pectrometer equipped with a super high Q ER4122-SHQE cavity. 

he spectra were recorded using the modulation amplitude of 0.5 

T at 100 kHz, which corresponds to ≈1/3 of the narrowest peak- 

o-peak linewidth, and the incident microwave power of 15 mW 

t ≈9.7 GHz. High-frequency continuous-wave EPR measurements 

ere conducted in a 17 T transmission spectrometer at the Na- 

ional High Magnetic Field Laboratory (NHMFL). All X-band EPR 

easurements were performed at room temperature. 

.3. X-ray absorption 

Mn K -edge (6539 eV) X-ray absorption spectra were measured 

t the beamline B18 of the Diamond Light Source (Science and 

echnology Facility Counsel, UK). The measurements were per- 

ormed on sintered pellets (2Mn) in a fluorescence mode using 

he 9-element Ge detector. Mn spectra for the reference samples 

f SrMn 

4 + O 3 , YMn 

3 + O 3 , and Mn 

2 + TiO 3 have been measured pre-

iously at the NIST beamline X23A2 of the National Synchrotron 

ight Source (Brookhaven National Laboratory). These measure- 

ents were performed on powder samples in transmission. All 

he data were processed and analyzed using the Athena and 

rtemis modules of the IFFEFIT software package [43] . Scattering 

hases and amplitudes were calculated using FEFF8 [44] . Theoreti- 

al simulations of XANES were performed using the finite-different 

ethod implemented in the FDMNES software [45] (see Supple- 

entary Information for details). 

.4. Density functional theory 

The DFT [46] calculations were computed with the QUANTUM 

SPRESSO [47] code using the GBRV high-throughput ultrasoft 

seudopotential library [48] . A plane-wave cutoff of 40 Rydberg 
1 The identification of any commercial product or trade name does not imply en- 

orsement or recommendation by the National Institute of Standards and Technol- 

gy. 

t  

t

M  

s

2

2 
nd a k -point density equivalent to an 8 × 8 × 8 grid in a 5-

tom primitive perovskite cell was used with the PBEsol [49] gen- 

ralized gradient approximation to the exchange-correlation func- 

ional. The main results were obtained using DFT + U [50] with a 

ubbard U parameter of 1 eV on the Mn d orbitals to encourage 

pin-ordering. Additionally, the calculations were performed with a 

igher U value of 3 eV on both the Mn and Ti d-orbitals; however, 

he results were qualitatively the same, so the low-U results will 

e the focus of further discussion. We do not explicitly consider 

solated charged defects, but we instead include defect complexes 

onsisting of oxygen vacancies bound to Mn defects. These com- 

lexes can allow a transfer of electrons to or from the Mn, result- 

ng in different predicted charge states. We identify the resulting 

harge states of the Mn by considering the spin and bond lengths, 

s well as the electronic structure. 

To determine low energy geometries, we substituted Mn atoms 

n either the Ca or Ti sites of the ground state perovskite structure 

nd relaxed using the Broyden–Fletcher–Goldfarb–Shanno (BFGS) 

lgorithm [51] . In addition, to look for symmetry breaking struc- 

ural distortions caused by defects, we perturbed the atomic posi- 

ions of each initial atomic configuration randomly multiple times 

efore relaxing, and we keep the lowest energy structure. For 

tructures with an oxygen vacancy, we removed symmetrically- 

nequivalent oxygen atoms near the defect and followed the same 

elaxation procedure. 

. Results and discusion 

.1. DFT structural analysis 

The DFT calculations for the Ca-site substituted Mn indicated 

hat the resulting structure is only slightly distorted from that of 

ure CaTiO 3 . The changes are small because of the relatively sim- 

lar ionic radii of 8-coordinated Ca 2 + (112 pm) and Mn 

2 + (93 pm) 

52] and the large magnitude of the octahedral rotations in CaTiO 3 

hich reduces the ability of Mn to couple to soft modes and dis- 

ort the structure. After introducing the Mn ×
Ca 

defects (Kröger-Vink 

otation [53] ), the average distance between the Ca-site cation 

Ca or Mn) and the four nearest oxygens decreases from 2.36 Å 

or pure CaTiO 3 to an average of 2.18 Å for the doped structure 

 Table 1 ) because of enhanced octahedral rotations around the Mn 

toms. These rotations in the host lattice allow the structure to 

ccommodate the chemical bonding requirements of the slightly 

maller (than Ca) Mn species without significant Mn off-center dis- 

lacements ( Fig. 1 a). Such behavior contrasts with Mn-dopants on 

he Sr site of SrTiO 3 , shown if Fig. 1 b, which display large dis-

ortions [40,42] . As expected, Mn ions on the Ca site exist in a 

n 

2 + configuration with a magnetic moment ( gS ) of 5 μB , and the

tructure is insulating with a bandgap of 1.57 eV, as compared to 

.43 eV for pure CaTiO . 
3 
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Table 1 

DFT-derived interatomic distances for the first three coordination shells around Mn on the Ti (Mn Ti ) and Ca (Mn Ca ) sites, respectively, in the CaTiO 3 structure with. The 

polar θ and azimuthal angles φ with respect to the primary Z EPR - axis were calculated from the atomic coordinates in the DFT models. 

Mn 4 + Ti Mn-O : R i 1.903 ( × 2) 1.909 ( × 2) 1.915 ( × 2) 1st 

θi 2.208,0.9338 2.271, 0.8708 2.051, 1.090 shell 

φi 0.4967, −2.645 2.767, −0.3748 −1.478, 1.663 

Mn-Ca : R i 3.081 ( × 2) 3.207 ( × 2) 3.293 ( × 2) 3.492 ( × 2) 2nd 

Mn-Ti : R i 3.788 ( × 2) 3.798 ( × 2) 3.799 ( × 2) 3rd 

Mn 2 + Ca Mn-O : R i 2.070 2.141 ( × 2) 2.354 2.739 ( × 2) 2.854 ( × 2) 2.943 3.135 3.176 ( × 2) 1st 

θi 0.516 2.304, 2.303 1.012 1.029, 1.030 1.881, 1.880 1.863 2.751 1.351, 1.351 shell 

φi 3.141 1.930, −1.930 0 −1.341, 1.341 0.672, −0.672 −3.142 −0.001 −2.334, 2.333 

Mn-Ti : R i 3.177 ( × 2) 3.244 ( × 2) 3.268 ( × 2) 3.419 ( × 2) 2nd 

Mn-Ca : R i 3.712 3.732 3.810 ( × 2) 3.877 3.894 3rd 

Mn 2 + Ti Mn-O : R i 2.126 2.129 2.140 2.161 2.170 2.179 1st shell 

θi 2.786 0.348 1.899 1.232 1.353 1.76169 shell 

φi −2.115 0.876 1.519 −1.649 3.019 −0.145 

Mn-Ca : R i 3.098 3.104 3.226 3.280 3.365 3.387 3.638 3.684 2nd 

Mn-Ti : R i 3.822 3.869 3.895 3.967 3.989 4.009 3rd 

Mn 2 + Ti -Vac Mn-O : R i 1.914 1.933 1.934 1.935 2.054 1st shell 

θi 1.571 1.564 1.624 1.598 0.093 shell 

φi 2.812 1.238 −0.322 −1.922 −0.937 

Mn-Ca: R i 3.121 3.192 3.275 3.285 3.300 3.399 3.474 3.534 2nd 

Mn-Ti : R i 3.701 3.773 3.789 3.816 3.820 3.946 3rd 

∗R i ( ̊A), θ i and φ i (rad). 
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Fig. 2. X-band EPR spectra for CaTiO 3 , as sintered ( solid black ), with the superim- 

posed fitted signal (dashed-red) for samples ( from top to bottom ) 0.05Mn, 0.2Mn, 

0.5Mn, 1Mn, and 2Mn. (For interpretation of the references to colur in this figure 

legend, the reader is referred to the web version of this article.) 
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Structures calculated for the Ti-site substituted Mn also display 

nly small distortions, with the Mn remaining at the center of the 

xygen octahedron. The Mn ions on the Ti-site are in a Mn 

4 + state, 

ith magnetic moment 3 μB , and the structure is again insulating, 

ith a gap of 1.74 eV. To accommodate the slightly smaller size 

f Mn 

4+ (54 pm) than Ti 4 + (60.5 pm) [52] , the Mn-O distances de-

rease to an average of 1.91 Å, versus the 1.95 Å Ti-O bonds, and

he Mn-O-Ti linkages straighten slightly, to an average of 156 °, as 

ompared to the 154 ° for the Ti-O-Ti angles in CaTiO 3 . 

We also considered defect complexes which consist of an oxy- 

en vacancy and a Mn substitutional defect on the Ca- or Ti-site. 

e find that none of these defect complexes is thermodynami- 

ally relevant for Mn-doped CaTiO 3 , although the ( Mn 
′′ 
T i 

− V ••
O 

) ×

efect pairs do occur in both the SrTiO 3 and BaTiO 3 systems at 

ow oxygen partial pressure (see Section 3.4 ). The lowest-energy 

 Mn 
′′ 
T i 

− V ••
O 

) × structure in CaTiO 3 consists of an oxygen vacancy 

irectly adjacent to the Mn dopant, with only small energy differ- 

nces between different nearest-neighbor vacancy sites. The com- 

lex has one long Mn-O bond of 2.05 Å, with the other four bonds

t 1.91–1.93 Å. The resulting complex is metallic with magnetic 

oment 3.8 μB , indicating a mixed valence state. The vacancy is 

trongly bound to the Mn, with a binding energy of 1.1 eV com- 

ared to separated Mn 
′′ 
T i 

and oxygen vacancies. This indicates that 

n 
′′ 
T i 

will form vacancy complexes if there are any oxygen vacan- 

ies available (this is typically the case in perovskites due to the 

act that reducing conditions are needed to produce Mn 
′′ 
T i 

; and un- 

er these conditions, ionic compensation is generally the observed 

lectroneutrality mechanism [20,21] ). 

In order to consider the possibility of a Mn 

2 + ion appearing at 

 Ti-site without a neighboring oxygen vacancy, we also performed 

alculations of Mn Ti with two extra electrons. We find that the ex- 

ra electrons do bind to the Mn, resulting in a bandgap of 0.37 eV 

nd magnetic moment 5 μB that indicates a high-spin Mn 

2 + ion. 

o accommodate the larger size of the Mn 

2 + on the Ti-site, there 

re large distortions of the crystal structure, with the Mn-O bond 

engths increasing to an average of ≈2.15 Å ( Table 1 ), as compared

o 1.91 Å for the Mn 

4+ on the same site. 

.2. EPR 

.2.1. X-Band EPR 

X-band EPR spectra from polycrystalline Mn-doped CaTiO 3 sam- 

les are displayed in Fig. 2 . For higher Mn concentrations, dis- 
3 
ances separating the dopant atoms are shortened, which re- 

ults in significant spin-spin interactions and has the effect of 

roadening the Lorentzian shape of the EPR linewidth [54,55] . 

ther than the linewidth and a background broadening term (see 

upplemental Information), the resonance of each sample is fit 

Easyspin [56] ) with identical terms from the simplified effective 

pin-Hamiltonian: 

ˆ 
 = μB B g iso · S + A iso I · S + D ·

[ 
S z 

2 − 1 

3 

S ( S + 1 ) 

] 
+ E ·

(
S x 

2 − S y 
2 
)

(1) 
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Fig. 3. a ) Simulated energy level splittings for an S = 5/2 ion in a crystal with 

D = 435 MHz and its primary axis oriented at θ = 0 ( black ) and θ = π /2 ( red ). The 

allowed ( M s ± 1) and unallowed ( M s ± 2) transitions are indicated using dotted 

and solid vertical lines respectively. b ) The resonance conditions in a ) rotated from 

θ = 0 to π /2 with the transitions M s ± 5 ( cyan ), M s ± 4 ( purple ), M s ± 3 ( blue ), M s 

± 2 ( red ), and M s ± 1 ( black ). c ) The absorption response of the spin-Hamiltonian 

parameters used in a ) and b ) averaged over all orientations of θ and φ at room 

temperature to produce the given powder spectrum. (For interpretation of the ref- 

erences to colur in this figure legend, the reader is referred to the web version of 

this article.) 
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Fig. 4. EPR spectra for the 0.05Mn-doped CaTiO 3 sample measured at 64 GHz and 

295 K with positions of the best-fit critical points for simulated crystal orienta- 

tions of θ = 0, φ = 0 ( filled triangles ) and θ = π /2, φ = 0 ( open triangles ) with 

D = 435 MHz and E = −41 MHz. (For interpretation of the references to colur in 

this figure legend, the reader is referred to the web version of this article.) 
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here μB , B, g iso , A iso , I, D , and E is the Bohr magneton, applied

xternal magnetic field, isotropic g -factor, isotropic hyperfine in- 

eraction constant, the nuclear-spin operator, and the second-rank 

ne-structure (zero-field splitting) terms respectively. Higher rank 

ne-structure terms should be included in Eq. (1) for complete- 

ess; however, the evaluation of these terms in a polycrystalline 

ample with hyperfine splitting is non-trivial and the magnitude 

f these terms are predicted to be negligible in comparison to the 

econd-rank values (see Section 3.2.3 ). 

Mn 

2 + is an S = 5/2 ion which implies splitting of its Zeeman 

nergy into (2 S + 1) levels having quantized slopes with respect to 

he applied magnetic field of M s = + 5/2, + 3/2, + 1/2, −1/2, −3/2,

nd −5/2 ( Fig. 3 a). For simplicity, Fig. 3 a-c do not include the hy-

erfine splitting term A iso . Because the manganese ion, in addition 

o having unpaired electronic spin is a nuclear isotope with nuclear 

pin I = 5/2, each energy level in Fig. 3 a will be split into an addi-

ional (2 I + 1) lines. The center of each pair of hyperfine lines corre-

ponds to the critical points shown in Fig. 3 a-c. Mn 

4 + has S = 3/2 ,

nd the same spin-Hamiltonian ( Eq. (1) ) as the S = 5/2 ion can be

sed. Typically, Mn 

3 + exhibits D values on the order of 100 GHz 

nd is easily observed in high-field EPR (HFEPR) of concentrated 

owder samples [57] . However, because of the relatively low sen- 

itivity of HFEPR, detection of Mn 

3 + as a low-concentration dopant 

s unlikely [58] . 
4 
The symmetry of the host Ca 2 + and Ti 4 + sites in CaTiO 3 is not 

ubic, so for the Mn ions present on these sites, additional zero- 

eld splitting terms D and E must be present. The ratio E/D is 

llowed to assume values in the standardized range [59] of −1/3 

 E/D < 0, in which the lower and upper limits represent purely 

hombic and axial fields, respectively [60] . If D is nonzero, the val- 

es of the Zeeman energy are shifted along the energy-axis at zero 

agnetic field by −8 D /3, −2 D /3, and + 10 D /3 for the M s = ±1/2,

3/2, and ±5/2 doublets respectively ( Fig. 3 a). For an applied mi- 

rowave frequency, υ , absorption will occur at an energy level that 

atisfies the condition M S + 1 −M S = h υ . The position of the reso- 

ance lines for a paramagnetic ion are orientationally dependent, 

nd the D and E terms, are described to first-order approximation 

sing perturbation theory as: 

 M S → M S −1 = 

hυ

g iso β
−

(
M − 1 

2 

)[
D 

(
3 cos 2 θ − 1 

)
+ 3 E sin 

2 θ cos 2 φ
]

(2) 

here B is the field position of a particular M S → M S-1 resonance 

ondition, θ is the angle between the principle axis ( Z EPR ) and the 

pplied magnetic field, and φ is the azimuthal angle. Assuming 

 = 0, all M S → M S-1 resonance lines are separated by values of 2 D

or θ = 0 and D for θ = π /2 ( Fig. 3 b). For a polycrystalline sam-

le, because the resonance lines are determined by an integration 

ver the entire range of θ and φ, the magnetic field values with 

he largest d θ /d B ( Fig. 3 c) correspond to critical points in the poly-

rystalline resonance spectrum. The value of D can be estimated 

rom the distance between critical points in a polycrystalline spec- 

rum ( Fig. 4 ). 

The first-order values of A iso and g iso are estimated by the sep- 

ration of the resonance lines of the central sextet as described 

lsewhere [22] . Using the data in Figs. 2 and 4 , initial estimates of

he g iso , A iso , D , and E terms are made, and a more accurate de-

ermination of the spin-Hamiltonian parameters is achieved with a 

on-linear least squares refinement [56] . The best fit (red-dash line 

n Fig. 2 , R -value of 1.5%) was obtained with values of g iso , A iso , D ,

nd E equal to ≈ 2.001, 239 MHz, 435 MHz, and −40.6 MHz, re- 

pectively. A fit of the experimental data using these parameters 

eveals that the additional M s ± 2 signals are present ( Fig. 5 ) and

he simulation of these “forbidden” transitions also agree well with 

he fitted spin-Hamiltonian parameters. 

.2.2. High-field EPR 

The HFEPR response of a polycrystalline 0.05Mn sample is 

hown in Fig. 6 . Fig. 7 a illustrates the theoretical effect of tempera-

ure on the absorption spectrum. At higher temperatures, all tran- 

itions take place, but close to absolute zero, the lowest levels are 
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Fig. 5. X-band spectra for the 0.2Mn sample averaged over 50 identical field- 

sweeps showing the low-intensity resonance of M s ± 2 transitions ( blue ) and the 

simulated spectrum ( red ). (For interpretation of the references to colur in this fig- 

ure legend, the reader is referred to the web version of this article.) 

Fig. 6. High-field EPR spectra for the 0.05Mn-doped CaTiO 3 samples measured at 

405.1 GHz and temperatures of ( from top to bottom ) 50 K, 10 K, and 5 K. (For inter- 

pretation of the references to colur in this figure legend, the reader is referred to 

the web version of this article.) 
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Fig. 7. a ) Simulated high-field absorption response at 405.1 GHz of a polycrys- 

talline sample with D = 435 MHz at 300 K ( black ), D = 435 MHz at 10 K ( red ), 

and D = −435 MHz at 10 K ( blue ). b ) Simulated high-field absorption spectrum at 

405.1 GHz of D = 435 MHz at 300 K ( black ), D = 435 MHz and E = - D /3 at 300 K 

( blue ), and D = 435 MHz and E = - D /3 at 10 K ( red ). (For interpretation of the ref- 

erences to colur in this figure legend, the reader is referred to the web version of 

this article.) 
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lled first following Boltzmann statistics. At such low temperatures 

nd with D > 0, the high-field θ = π /2 transitions occur first be- 

ween the excited levels, and the weighting of the resonance spec- 

rum is shifted to the low-field transitions ( Fig. 7 a), while the θ =
 transitions exhibit the opposite behavior. This effect is observable 

hen the Zeeman energy is comparable to k b T and thus requires 

se of high-field EPR at low temperatures. Additionally, if the local 

ymmetry of the coordination environment around a paramagnetic 

on is purely rhombic ( E = - D /3), the magnitude of the ZFS splitting

s the same with opposite temperature dependencies for θ = 0 and 

/2 orientations resulting in a symmetric response for a powder or 

olycrystalline spectrum at low temperature ( Fig. 7 b). Experimen- 

al observation of the increase in intensity of the lower-field lines 

 Fig. 6 ) requires the value of D to be positive and the value of E to

e closer to zero than - D /3. 

At high field, an additional defect center is observed with g iso ≈
.995 and A iso ≈ 212 MHz ( Fig. 6 ), which are typical parameters 

or Mn 

4+ [22,61] on the Ti-site. Thus, the high-frequency measure- 

ent separates signals that are linked to the Ca-site and Ti-site 

ubstituted defect centers, which could not be discerned solely us- 

ng EPR X-band spectroscopy. As discussed in ref [22] , due to the 
5 
harge-transfer process of mid-gap defect states, the simultaneous 

resence of Mn 

2 + and Mn 

4 + is highly unlikely unless the two ions 

eside on different lattice sites. 

.2.3. Newman superposition analysis 

Newman superposition model (NSM) analysis [62–64] was per- 

ormed to confirm the assignment of Mn 

2 + to the Ca-site. The size 

f the hyperfine splitting alone [22,65] is insufficient to determine 

he dopant site of substitution ( Mn ×
Ca 

vs. Mn 
′′ 
T i 

). NSM analysis was 

sed to compare the experimental ZFS parameters ( D and E ) fit 

rom the data in Fig. 2 to the NSM parameters calculated from the 

tomic coordinates defined by the four DFT models ( Table 1 ). 

NSM can be used to determine the exact positions of the 

earest-neighbor metal-oxygen bonds surrounding a transition- 

etal ion. The general equation for the NSM is: 

 

m 

n = 

∑ 

i 

b̄ n ( R i ) K 

m 

n ( θi , φi ) (3) 

here b 0 
2 

is equivalent to the second-order axial ZFS parameter D , 

 

2 
2 

is the rhombic term 3 E, and the fourth-rank ZFS parameters a 

nd F are equivalent to 2 b 4 
4 
/5 and 3( b 0 

4 
- a /2) respectively [66] . The

xpression for K 

m 

n is given by the spherical harmonic equations: 

 

0 
2 ( θi ) = 

1 

2 

(
3 cos 2 θi − 1 

)
(4a) 

 

2 
2 ( θi , φi ) = 

3 

2 

(
sin 

2 θi cos 2 φi 

)
(4b) 

 

1 
2 ( θi , φi ) = 3 ( sin 2 θi cos φi ) (4c) 

 

−1 
2 ( θi , φi ) = 3 ( sin 2 θi sin φi ) (4d) 

 

−2 
2 ( θi , φi ) = 

3 

2 

(
sin 

2 θi sin 2 φi 

)
(4e) 

 

0 
4 ( θi , φi ) = 

1 

8 

(
35 cos 4 θi − 30 co s 2 θi + 3 

)
(4f) 

 

4 
4 ( θi , φi ) = 

35 

8 

sin 

4 θi cos 4 φi (4g) 

here θ and φ are the polar and azimuthal angles respectively. 

he polar angle is defined as the angle between the principal Z EPR 

xis and the direction of a metal-oxygen bond. The azimuthal angle 

s the angle between the X EPR axis and the projection of the metal- 

xygen bond onto the x-y plane. For high-symmetry defect centers, 

he principal axis is typically defined as the crystal c -axis [67] . For
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ower symmetry centers, as is the case in Mn-doped CaTiO 3 with 

ctahedral tilt, the principal Z EPR axis does not necessarily coincide 

ith the crystal axes [68,69] . Several methods can be used to de- 

ermine an unknown primary EPR axis [70–73] . If coordinates of 

he ions surrounding a defect center are known (in this case they 

re provided by DFT calculations), the process of determining the 

rincipal axis of a low-symmetry defect center can be simplified 

y substituting the appropriate R i , θ i , and φi values into Eqs. (3) -4 

o construct a full D matrix [74] : 

 = 

1 

6 

⎛ 

⎝ 

−2 

(
b 0 2 − b 2 2 

)
2 b −2 

2 
b 1 2 

2 b −2 
2 

−2 

(
b 0 2 + b 2 2 

)
b −1 

2 

b 1 2 b −1 
2 

4 b 0 2 

⎞ 

⎠ (5) 

Solving this matrix for the eigenvectors returns the diagonal- 

zed principal values D xx , D yy , and D zz [69] which are related to

he second-order D and E values by the expressions D xx = - D /3 + E,

 yy = - D /3- E , and D zz = 2 D /3. 

The function b̄ n ( R i ) includes the term for the paramagnetic ion- 

xygen bond lengths, R i , and is assumed to follow a power law: 

¯
 n ( R i ) = b̄ n ( R o ) 

(
R o 

R i 

)t n 

(6) 

¯
 n ( R i ) = −A 

(
R o 

R i 

)n 

+ B 

(
R o 

R i 

)m 

(7) 

here the parameters b̄ n ( R o ) and t n are intrinsic values that are 

ypically calculated from uniaxial strain data [75] and have been 

uccessfully used to model S = 5/2 ions; the Lennard-Jones vari- 

tion of this function in Eq. (7) has been used for S = 3/2 ions

76,77] . Therefore, if the positions of the paramagnetic defect cen- 

er along with its nearest-neighbor anion ligands are known, the 

FS parameters can be calculated and compared to experimentally 

etermined values. 

To identify the site of substitution of the Mn ion, the ex- 

erimental ZFS parameters were compared to calculated parame- 

ers determined by applying the NSM Eqs. (3) - (7) to four differ- 

nt models: a ) Mn 

2 + substituted at the Ca-site, b ) Mn 

2 + substi- 

uted at the Ti-site with six nearest neighbor oxygen ligands, c ) 

n 

2 + substituted at the Ti-site with five nearest neighbor oxy- 

en ligands and one oxygen vacancy, and d ) Mn 

4 + substituted at 

he Ti-site. The appropriate intrinsic NSM parameters are t 2 = 7, 
¯
 2 ( R o ) = −0.05 cm 

−1, t 4 = 10, and b̄ 4 ( R o ) = 2.72 × 10 −4 cm 

−1 

or Mn 

2 + [78] and A = −11.1 cm 

−1 , B = −8.48 cm 

−1 , n = 10, and

 = 13 for Mn 

4 + [76] . 

The intrinsic superposition parameters b̄ n ( R o ) and t n have not 

een calculated for Mn-doped CaTiO 3 . However, these parameters 

an be adopted from a model host system as long as it has bond

engths and coordination numbers similar to those in the system 

f interest [79–81] . Superposition parameters for Mn 

2 + and Mn 

4 + 

n octahedral coordination are available from literature, but param- 

ters for Mn 

2 + on a dodecahedral site are not. From Eqs. (3) and 

 it is observed that the intrinsic parameters don’t factor into the 

uperposition calculation of the expression E/D . By modeling E/D , 

he ambiguity of the intrinsic parameters is avoided. The data in 

ig. 8 were calculated using a three-parameter NSM model. The 

nitial bond lengths between the Mn-dopant and its oxygen lig- 

nds as well as polar and azimuthal angles were taken from DFT 

alculations ( Table 1 ). The Mn-ion was allowed off-center displace- 

ents of ±10 pm in x, y , and z -directions. For each displacement,

he D -matrix in Eq. (5) was constructed, the principal D and E val-

es were calculated, and this process was repeated for a total of 

0 6 displacements. The experimental E/D value of −0.093 is close 

o the value calculated for Ca-site substitution of Mn 

2 + , and the 

xact experimental value is achieved with small 1 pm displace- 

ents of the ion from its DFT predicted position ( Fig. 8 ). Ti-site
6 
ubstitution of Mn 

2 + results in a defect center with high rhom- 

ic character ( E/D = −0.25) for the case of octahedral coordination 

nd a defect center with high axial character ( E/D = −0.034) for 

he 5-fold-coordinated Mn 

2 + with a nearest neighbor oxygen va- 

ancy. The R i , θ i , and φi values for the four modeled defect centers 

ith zero displacement and oriented along the principal Z EPR axis 

re given in Table 1 . The ratios a/D and F/D for each sample were

lso calculated to give an estimation of the scale of the fourth- 

rder parameters with respect to the second-order values. For the 

-site Mn 

2 + a/D = -1 × 10 −3 and F/D = 8 × 10 −3 , whereas for the

n 

2 + B -site substitution a/D = -3 × 10 −2 and F/D = 2 × 10 −2 . Thus,

or the Ca-site substitution, the effects of fourth-order splitting are 

xpected to be small compared to the effects of the second-order 

arameters. 

For the Mn 

4 + B -site substituted model, suitable superposition 

onstants are available from Mn 

4 + -doped BaTiO 3 crystals [76] . Us- 

ng these values, the Z EPR aligned values D and E were calculated 

s −4070 and 1010 MHz respectively. The high-field EPR data in 

ig. 6 shows a single sextet for the Mn 

4 + defect center; how- 

ver, the calculated NSM values of D and E suggests there should 

e large splitting resulting in additional features. The resonance 

ines as a function of rotation are plotted in Fig. 9 for the cal-

ulated ZFS values at 9.8 and 400 GHz. For the low-field simula- 

ion, the resonance lines are widely dispersed by rotation resulting 

n broad, low-intensity signals in the field-swept scan of a pow- 

er sample. This result can explain the absence of any Mn 

4 + sig- 

als in the X-band data in Fig. 2 . Conversely, the high-field simula- 

ion in Fig. 9 reveals small orientational dependence of the simu- 

ated Mn 

4 + signals resulting in a well-defined sextet. Without ad- 

itional experimental (i.e. single crystal) information concerning 

he Mn 

4 + features, an exact measurement of the ZFS values can- 

ot be reported. Additional resonance broadening resulting from 

 -strain and likely g -anisotropy complicates the powder spectra. 

ulti-frequency measurements were performed to confirm that 

he distance between the two features labeled Mn 

2 + and Mn 

4 + in 

ig. 5 scales with frequency, which confirms that these two sextets 

elong to separate defect centers with non-equivalent g -factor val- 

es. This frequency scaling along with the small hyperfine splitting 

alue and NSM calculated D and E parameters provides significant 

vidence that the defect center in question is Ti-site substituted 

n 

4 + . 

.3. X-ray absorption 

.3.1. XANES 

The oxidation state of Mn can be assessed by a comparison of 

he X-ray absorption near edge structure (XANES) for the Mn K- 

dge as measured for Mn in CaTiO 3 and in the reference samples 

n 

2 + TiO 3 , YMn 

3 + O 3 , and SrMn 

4 + O 3 . Previous studies of the Mn

-edge XANES in a large number of manganates indicated that the 

osition of the main edge provides a reliable fingerprint of the Mn 

alence. Both visual examination of the spectra in Fig. 10 and lin- 

ar combination fits using the reference spectra suggests a concen- 

rated mixture of Mn 

2 + (dominant) and Mn 

4 + (and/or Mn 

3 + ) in 

he CaTiO 3 sample [22,82] . The presence of the higher-valence Mn 

ppears to be necessary to reproduce the feature at ≈8.7 eV above 

he absorption edge. As noted previously, the accuracy of the frac- 

ions of these species obtained from such analyses is compromised 

y the relatively significant discrepancies between the target and 

tted signals which arise presumably because the coordination of 

n in all the non-perovskite reference structures differs from that 

n CaTiO 3 . Simulations of XANES for the DFT-derived models (Sup- 

lementary Information) support the assessments from the com- 

arison of the experimental and reference spectra, providing fur- 

her indication of the presence of Mn on both Ca- and Ti-sites. 
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Fig 8. Three-parameter Newman superposition model analysis of the Mn-ion with substitution top-row ) Mn 2 + onto the Ca-site, middle-row ) Mn 2 + onto the Ti-site with a 

nearest neighbor oxygen vacancy, and bottom-row ) Mn 2 + onto the Ti-site. The superposition model was calculated for Mn-displacements along the x, y , and z axes, with the 

columns from left-to-right corresponding to the xy, xz , and yz planes through the origin of the 3D plot to the right . The value E/D was calculated for each Mn-displacement 

with red corresponding to an axial center and blue a rhombic defect center with a yellow region of −0.09 < E/D < −0.1 corresponding to the experimentally measured ratio of 

second order ZFS values. 

Fig. 9. The simulated rotational dependence of the M s ± 1 transitions (hyperfine 

transitions removed) for Mn 4 + with g iso , D and E values of 1.995, −4070 MHz 

and 1010 MHz respectively for microwave frequencies of top ) 9.8 GHz and bottom ) 

400 GHz. 

3

d

M

S

o

Fig. 10. XANES portions of the Mn K-edge spectra for Mn in CaTiO 3 (A, red ), 

Mn 2 + TiO 3 (B, green ), YMn 3 + O 3 (C, black ), and SrMn 4 + O 3 (D, blue ). A comparison 

indicates that Mn in the CaTiO 3 sample exhibits a mixed oxidation state with Mn 2 + 

being dominant but Mn 4 + and possibly Mn 3 + present in significant concentrations. 

The presence of higher-valence Mn is considered necessary to account for the peak 

at ≈8.7 eV above the main absorption edge. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.) 
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n

.3.2. EXAFS 

Given the mixed oxidation state of Mn inferred from the XANES 

ata, we considered two structural models. In the first model, 

n occupied the octahedral sites regardless of the oxidation state. 

ince Mn 

2 + is significantly larger than Mn 

4 + or Mn 

3 + , the presence 

f Mn 

2 + and Mn 

4 + /Mn 

3 + , implies a mixture of octahedra with dis- 
7 
inct Mn-O distances. As previously determined for Mn in SrTiO 3 

42] , the Mn 

3 + coordination environment yields average distances 

elatively close to those for Mn 

4 + ; therefore, these two species are 

ifficult to distinguish from EXAFS of mixed-state samples such as 

ncountered in the present case, although EXAFS simulations (Sup- 

lementary information) favor Mn 

2 + on the Ca-sites based on the 

ppearance of the feature at ≈3 Å. Therefore, we assumed a bi- 

ary mixture of the larger (Mn 

2 + -centered) and smaller (Mn 

4 + - 
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Fig. 11. a ) Experimental Mn K-edge EXAFS for 2 mol% Mn in CaTiO 3 , and b ) Ex- 

perimental ( red ) and calculated ( blue ) Fourier transform (FT) of the EXAFS signal in 

a ). The k -range used in the FT was from k min = 2.76 ̊A −1 to k max = 11.38 ̊A −1 . The fit- 

ting range in the r -space was from 1 Å to 4 Å. While the data contain a significant 

signal out to 10 Å, a model required to fit it beyond the first several coordination 

shells would require too many parameters to be tractable. The modulus, real, and 

imaginary parts of the FT are indicated using solid, dashed, and short-dashed lines, 

respectively. The calculated signal corresponds to the mixed-site model described 

in the text and in Table 2 . The R -value for the fit is 1.4%. (For interpretation of the 

references to colur in this figure legend, the reader is referred to the web version 

of this article.) 
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Table 2 

Parameters of the Mn coordination environment in CaTiO 3 , as obtained by fit- 

ting the EXAFS data ( N – coordination numbers, R – interatomic distances, σ 2 –

Debye-Waller factors). Numbers in parenthesis represent a single standard de- 

viation as calculated by the Artemis module of the IFEFFIT package. The refined 

Ca/Ti site ratio is 2.3(3). The parameters indicated by the asterisk were kept 

fixed during the fit. The Mn Ti -Ti and Mn Ca -Ca distances were constrained to be 

equal. The refined value of �E 0 was ≈−1.7 eV relative to the main maximum 

of the 1st derivative of the absorption signal. 

Site Shell N R ( ̊A) σ 2 ( ̊A 2 ) 

Mn Ti Mn-O 6 1.91 ∗ 0.005 ∗

Mn-Ca 2 3.15 ∗ 0.006 ∗

Mn-Ca 4 3.3 ∗ 0.012 ∗

Mn-Ca 2 3.5 ∗ 0.012 ∗

Mn-Ti 6 3.8(1) 0.015(15) 

Mn Ca Mn-O 4 2.25(6) 0.019(8) 

5 2.62(9) 0.018(14) 

Mn-Ti 8 3.21(6) 0.022(6) 

Mn-Ca 6 3.8(1) 0.013(4) 
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entered) octahedra. In the second model, Mn was present on both 

uboctahedral and octahedral sites. In both scenarios, treating all 

he distances and their associated Debye-Waller factors as variables 

ould lead to overfitting. Previously, while performing a similar 

nalysis for the mixed-valence Mn in SrTiO 3 , this problem was ad- 

ressed by fixing the parameters of the coordination environment 

f Mn Ti at their values determined from the EXAFS fitting for a 

ample that contained exclusively Mn 

4 + in octahedral coordina- 

ion. However, in the present case, such samples with single-site 

ubstitution were unavailable. Therefore, we adopted several struc- 

ural characteristics from the DFT results. 

First, we used our DFT models to simulate the corresponding 

XAFS signals, with simplistic assumptions made about d -W fac- 

ors (see Supplementary Information for details). A linear 2:1 com- 

ination of signals for the Ca-site and Ti-site (Mn 

4 + ) models re- 

roduced the overall character of the experimental spectrum. For 

tting the EXAFS signal, the DFT models were parameterized at 

 higher level to minimize the number of parameters. Our DFT- 

erived distances ( Table 1 ) for the octahedral Mn are close to those

stablished for the Mn 

4 + ions in SrTiO 3 . Given the rigidity of the 

MnO 6 ] octahedron, we assumed that these theoretical distances 

dequately represent those associated with Mn 

4 + in CaTiO 3 . Thus, 

n both of our EXAFS models, the coordination environment of 

he octahedral Mn 

4 + was described following the DFT predictions 

 Table 1 ). The Mn-O distance was set at 1.91 Å and kept fixed dur-

ng fitting. The d -W factor ( σ 2 
Mn-O ) for the Mn-O bond length was

xed at 0.005 Å 

2 , as observed for Mn in SrTiO 3 . The Mn Ti -Ca co-

rdination shell was represented using three distances of 3.15 Å 

 × 2) 3.3 Å ( × 4), and 3.5 Å ( × 2) which were selected to ap-

roximate the DFT predictions and also kept fixed during the fit; 

he finer splitting of the Mn Ti -Ca distances was assumed to be 

ccounted for by the d -W factors, which were set at a reason- 

ble value of 0.01 Å 

2 . The only parameters allowed to vary were 

he Mn-Ti distance and its d -W factor (these parameters were left 

ree as a test for the rest of the Mn 

4 + model). The parameters for

he multiple-scattering paths of a photoelectron were expressed 

n terms of those for the Mn-O and Mn-Ti nearest-neighbor dis- 

ances and their corresponding d -W factors (see Supplementary 

nformation). Changes in the Mn-O-Ti angles associated with octa- 

edra rotations were assumed to be absorbed by the d -W factors. 

he only non-structural variable included in the fit was the en- 

rgy shift �E 0 ; a single value of �E 0 was used for Mn in the Ca-

nd Ti-site coordination, as justified by the previous work [39] . The 

mplitude-reduction factor S 2 was fixed at a realistic value of 0.9. 
0 

8 
For the model with the two types of [MnO 6 ] octahedra, the co- 

rdination environment for the Ti-site Mn 

2 + was described simi- 

arly to that of Mn 

4 + using single Mn-O and Mn-Ti distances, and 

hree Mn-Ca distances (model with a single Mn-Ca distance was 

ried as well); each chemically distinct coordination shell was as- 

igned a single d -W factor. All these parameters were treated as 

ariables. The starting values for the interatomic distances were 

ssumed from the results of the DFT calculations ( Table 1 ), which 

ere also used for assessing the soundness of the refined struc- 

ure. The distances and d -W factors for the photoelectron multiple- 

cattering paths were parameterized like those for the octahedral 

n 

4 + model (Supplementary Information). 

In the model with the mixed Ca- and Ti-site Mn occupancy, the 

a-site coordination environment for Mn was approximated using 

wo Mn-O distances having multiplicities of × 4 and × 5 suggested 

y the DFT calculations. The cation-cation coordination shells were 

epresented using single Mn-Ti ( × 8) and Mn-Ca ( × 8) distances, 

ach assigned its d -W factor. Only the single-scattering Mn-O, Mn- 

i, and Mn-Ca paths were included in the fit. A ratio of the Ca- 

o Ti-site Mn species was treated as a variable. If refined indepen- 

ently, the Mn Ca -Ca and Mn Ti -Ti distances were strongly correlated 

nd, therefore, constrained to be equal, in line with the theoretical 

redictions ( Table 1 ). 

The total number of variables for the EXAFS fit using either 

odel was 10 for the 15 independent points estimated using 

he Nyquist criterion for the k - and R -ranges included in the fit 

 Fig. 11 ). Both models produced fits of comparable quality. How- 

ver, refinements of the purely octahedral model consistently re- 

urned unphysical values of the Mn-Ca and Mn-Ti distances, which 

orrespond to the 2nd and 3rd coordination shells for the assumed 

i-site Mn 

2 + coordination. The distances for the 2nd shell were 

ignificantly longer than those for the 3rd. Attempts to constrain 

hese and other parameters either did not affect the outcome of 

he fit or resulted in the significantly inferior agreement factors. 

n contrast, for the mixed-site model ( Fig. 11 , Table 2 ), the refined

haracteristics of the Mn Ca coordination were all meaningful and in 

greement with those predicted by the DFT calculations. Therefore, 

e selected this model with Mn present on both Ca- and Ti-sites 

s providing an adequate description of the Mn coordination in the 

ample. 

The ratio Mn Ca /Mn Ti of 2.3(3) obtained from the EXAFS fits is 

onsistent with the qualitative inferences about the Mn 

2 + versus 

n 

4 + /Mn 

3 + concentrations from the XANES, thus supporting the 

artitioning of Mn 

2 + and Mn 

4 + /Mn 

3 + species into the Ca- and Ti- 

ites, respectively. The Mn 

3 + coordination environment, as previ- 

usly determined for Mn in SrTiO [42] , yields average distances 
3 
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Fig. 12. Phase diagrams of Mn-doped a ) CaTiO 3 , b ) SrTiO 3 , c ) BaTiO 3 . Solid regions 

indicate structures with Mn-defects: ( red ) Mn ×
Ti 

, ( cyan ) is Mn ×
( Ca/Sr/Ba ) 

, ( green ) is the 

( Mn 
′′ 
Ti 

- V ••
O ) defect complex, and dark ( blue ) is the ( Mn ×

( Ca/Sr/Ba ) 
- V ×

O 
) defect complex 

substitution. The black regions indicate the thermodynamically stable region of the 

given perovskite phase. (For interpretation of the references to colur in this figure 

legend, the reader is referred to the web version of this article.) 
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Table 3 

Site of substitution for Mn predicted from crystal chemistry. 

BVS GT Site Ref 

CaTiO 3 0.38 0.56 A-site this study 

SrTiO 3 0.80 1.45 Mixed [22,41,42] 

BaTiO 3 1.17 2.82 B-Site [84] 

The calculations for the bond valence sum (BVS) and Goldschmidt tolerance fac- 

tor (GT) ratios are described in detail in the supplemental information. The BVS 

value is the ratio of BVS for A-site versus B-site substitution of Mn 2 + and Mn 4 + , 
respectively. The GT factor is a similar ratio of A- versus B-site substitution of 

Mn. For each of these ratios, a value less the unity predicts A-site substitution 

while the opposite relation predicts B-site occupancy. The references describe 

experimental studies of assignment of the Mn-substitution. 
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elatively close to those for Mn 

4 + ; therefore, these two species are 

ifficult to distinguish from EXAFS of mixed-state samples. 

.4. DFT thermodynamic analysis 

A first-principles thermodynamic analysis [83] (see Supplement 

nformation for details) of Mn dopants in CaTiO 3 , SrTiO 3 , and 

aTiO 3 was conducted to confirm that the calculations can also re- 

roduce previously published experimental results for Mn-doped 

rTiO 3 and BaTiO 3 [22,84] . The resulting phase diagrams in the 

hemical-potential space are presented in Fig. 12 . In these dia- 

rams, differently colored regions correspond to the stability do- 

ains of the four types of defects that can result from the Mn 

ubstitution. The trapezoidal region outlined by the black line near 
9 
he center of each diagram indicates the stable region of the cor- 

esponding perovskite phase; that is, only those defects that are 

table within these trapezoidal regions can be present in a given 

erovskite system. The preferred defect depends on the chemical 

otentials, which are fixed by the experimental synthesis condi- 

ions. 

Typically, synthesis and annealing of complex oxides are per- 

ormed at high temperatures under slightly reducing conditions, 

hich correspond to relatively low values of the oxygen chemi- 

al potential. The phase diagram for CaTiO 3 in Fig. 12 a indicates 

hat both Mn ×
Ca 

and Mn ×
T i 

defects are possible, with the Mn ×
Ca 

state 

eing dominant for low values of the oxygen chemical poten- 

ial, which makes it the most probable in practical samples. For 

rTiO 3 ( Fig. 12 b), the overall picture is similar, but in the rele-

ant chemical-potential range, the Mn ×
Sr 

defects are expected to co- 

xist with both Mn ×
T i 

and the ( Mn 2+ 
T i 

− V ••
O 

) × oxygen-vacancy de- 

ect complex. This is consistent with previous experimental work 

21,22,41,85] which showed that depending on synthesis conditions 

Sr/Ti stoichiometry), Mn resides on either the Sr or Ti-sites and, 

hile on the Ti-site, it can acquire either the 4 + or the 2 + state

depending on the pO 2 during synthesis). Finally, for the BaTiO 3 

ase ( Fig. 12 c), the Mn ×
Ba 

state is even less favored, being stable

nly over a very narrow range of conditions. Indeed, substitution 

f Mn onto the Ba site in BaTiO 3 has never been experimentally 

bserved. The overall picture supports a simplistic hypothesis that 

he smaller cuboctahedral cages in CaTiO 3 facilitate Mn substitu- 

ion on the Ca-sites as Mn 

2 + , while the relatively large Ba-site 

ages in BaTiO 3 favor Mn 

4 + on the Ti-site, as has been also experi- 

entally verified by EPR analysis [84] . For SrTiO 3 , which represents 

n intermediate case, the site of substitution is variable and can be 

ontrolled by tuning the chemical potential of Sr via the Sr/Ti ratio 

22] . The EPR responses for 0.05Mn samples annealed under reduc- 

ng and oxidizing conditions (Supplementary Information) suggest 

eduction of the B-site Mn 

4 + ion but provide no evidence of B- 

ite Mn 

2 + or Mn 

2 + -related defect complexes that are typically ob- 

erved in the cases of Mn-doped SrTiO 3 or BaTiO 3 . Reduction of B- 

ite substituted Mn 

4 + can create the presence of nearest-neighbor 

xygen vacancy associated defect complexes, ( Mn 2+ 
T i 

− V ••
O ) 

×, with 

econd order ZFS values typically on the order of 10 4 MHz or 

reater. These large ZFS values are responsible for a distinct res- 

nance feature at g iso ≈ 6 at X-band [22,42,84,86,87] , but no evi- 

ence of this defect complex was observed in CaTiO 3 . 

.5. Crystal chemistry 

The thermodynamic analyses support the validity of predic- 

ions from basic crystal-chemistry considerations, as summarized 

n Table 3 . In the approach [13,88,89] , the preferential sites of 

ubstitution for Mn are determined by considering two parame- 

ers: (1) a ratio between the bond valence sums (BVS) [89] calcu- 

ated for the Mn cations if placed on the Ca and Ti sites, respec- 

ively, of the actual CaTiO structure and (2) a ratio of the Gold- 
3 
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chmidt perovskite tolerance factors calculated for the hypothetical 

nTiO 3 and CaMnO 3 structures (see Supplemental Information). If 

oth ratios are less than unity, the Ca-site substitution is predicted, 

hereas in the opposite case, the Ti-site is considered favorable. 

he outcomes of this simplistic analysis match the thermodynamic 

redictions from the DFT modeling. 

. Summary and conclusions 

In summary, the defect chemistry in the Mn-doped CaTiO 3 is 

hown to be influenced by octahedral rotations and the result- 

ng structural distortions of the host structure. Consistent with ba- 

ic crystal-chemistry considerations, Mn preferentially substitutes 

a on cuboctahedral sites as Mn 

2 + . Octahedral rotations accom- 

odate the already small ion-size difference between Ca 2 + and 

n 

2 + without any significant off-center displacements of the Mn 

ons. Concurrent substitution of Mn 

4 + for Ti 4 + was also confirmed 

t concentrations lower than the Mn ×
Ca 

defect centers. The pres- 

nce of both Mn 

2 + and Mn 

4 + on the Ca- and Ti-sites, respectively, 

as corroborated by both multi-frequency EPR and X-ray absorp- 

ion fine structure measurements. First principles calculations us- 

ng DFT supported the experimental results, providing insight into 

he structural mechanisms that facilitate the accommodation of 

n on the cuboctahedral sites in CaTiO 3 . The DFT-based thermo- 

ynamic analyses rationalized the differences in the point-defect 

opulations generated by the Mn substitution into CaTiO 3 , SrTiO 3 , 

nd BaTiO 3 , which can be readily explained in terms of basic crys- 

al chemistry and the distortions of the host structures. Impor- 

antly, these analyses demonstrated that the formation of defect 

omplexes between Ti-substituted Mn 

2 + ions and nearest-neighbor 

xygen vacancies in CaTiO 3 are thermodynamically unstable under 

ypical processing conditions, in contrast to observations in Mn- 

oped SrTiO 3 and BaTiO 3 . Given that such defect complexes in per- 

vskites have a strong impact on the mobility of oxygen vacancies 

20,21] , the incorporation of CaTiO 3 as a component in solid so- 

utions (or using other means to induce/modify octahedral rota- 

ions) should be explored as a mechanism for tuning the mixed 

lectronic/ionic-transport properties of perovskite formulations. 
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