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Abstract

Phosphors that emit in deep-red spectral region is critical for the plant cultivation lighting-emitting diodes. Herein, 

ultrabroadband deep-red luminescence of Mn4+ in La4Ti3O12 was studied which showed intense zero phonon line 

emission. The double-perovskite structural La4Ti3O12 simultaneously contains two Ti4+ sites forming slightly- and 

highly-distorted TiO6 octahedrons, respectively. The influence of octahedron distortion on the Mn4+ emission energy 

in the two distinct Ti4+ sites was studied both experimentally and theoretically. The spectroscopy measurement 

indicated that Mn4+ in La4Ti3O12 showed intense zero phonon line emission (ZPL) at deep-red 710-740 nm under 

excitation of 400 nm charging the O2- → Mn4+ charge transfer transition. The splitting of the ZPL of the Mn4+ 2Eg → 

4A2g transition as well as the intensity of ZPL relative to the vibronic phonon sideband emissions were found to be 

greatly influenced by the octahedral distortion degree. The crystal-field strength and Racah parameters of Mn4+ in 

each Ti4+ sites were also estimated. The Mn4+ 2Eg → 4A2g luminescence exhibited severe thermal quenching, which 

was explained by the low-lying 4T2g level and charge-transfer state.

Keywords Mn4+, Luminescence, Double perovskite, Titanate
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1 Introduction

The Mn4+ ion with 3d3 electronic configuration prefers to occupy octahedral sites due to the attainment of large 

crystal filed stabilization energy which allows the three 3d electrons occupying the three t2g orbitals.1 The Mn4+ d-d 

transition in the red (620-650 nm) or deep-red spectral region (710-740 nm) has been proposed for general lighting 

or plant cultivation lighting-emitting diodes, respectively.2,3,4 The Mn4+ 3d electrons locate in an outer orbit and the 

luminescence of the d-d transition is thus sensitive to the bonding ligands and their geometrical arrangement. 

Due to a high effective positive charge, Mn4+ tends to experience a large crystal field strength and no transition 

from the 4T2g level is expected. The electronic transition from the 2Eg level to the ground 4A2g level is both parity- 

and spin-forbidden, which could become partially allowed via an “intensity borrowing” mechanism5: the 2Eg state 

mixes with the 4T2g state by spin-orbit interaction and then the wave function of the 2Eg contains a small contribution 

from the 4T2g state. The sharp-line emissions consist of vibrionic phonon sidebands and zero phonon line (ZPL). 

Moreover, it is suggested that the spin-selection rule can be further relaxed if the Mn4+ occupies a distorted octahedron 

site,6 with Mn4+ shifting from the inversion center either approaching an octahedron vertex, an edge or a facet. Thus, 

the transition probability determining the ZPL intensity would be affected by the octahedron distortion. Besides, the 

strength of the anion-p/Mn4+-3d covalent mixing is also affected by the distortion.7 The energetical position of the 

emitting 2Eg state is almost independent on the crystal filed strength but highly dependent on the covalency of the 

“Mn4+-ligand” bonding. The 2Eg → 4A2g transition energy changes little in the ionic fluoride hosts but varies greatly 

in oxides, since the covalence variation in fluorides is much smaller than that in oxides.8 Moreover, the “Mn4+-O2-” 

covalent mixing has been claimed to be influenced by connectivity of the octahedral moieties and deviation of O-

Mn-O bond angle from 90°.9 

Typical structures such as spinel, inverse spinel, perovskite, double perovskite, rock salt, pyrochlore, bixbyite 

hold octahedral coordination10 which can accommodate and stabilize Mn4+ ions. Among the aforesaid compounds, 

the double-perovskite structural La4Ti3O12 is of particular interest, since it simultaneously accommodates slightly- 

and highly-distorted TiO6 octahedrons. As far as we know, although the influence of octahedron distortion on the 

Mn4+ ZPL energy has been studied among a group of perovskite hosts with various compositions and lattice 

parameters,7 the study of such effect within one single host compound containing two different octahedral sites has 

not been conducted yet. The purpose of this study is to explore the effect of octahedron distortion on the Mn4+ 2Eg → 

4A2g luminescence and the covalent interaction between Mn4+ and O2- ions at both Ti4+ sites of La4Ti3O12. Properties 
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such as the crystal-filed splitting (10Dq) and the electron-electron (Racah) parameters B and C were also 

comparatively estimated. The Mn4+ luminescence in La4Ti3O12 exhibits severe thermal quenching which finds no 

practical application, but the spectroscopic study may be theoretically inspiring for developing new Mn4+-doped 

phosphors.

2 Experimental and computation

Preparation. Non-doped La4Ti3O12 and Mn4+-doped composition with nominal formula La4(Ti2.998Mn0.002)O12 

were synthesized by the high-temperature solid state reaction. La2O3 (99.99%) was calcined in air at 1000 °C for 6 h 

prior to weighing, which was then immediately blended with stoichiometric amounts of TiO2 (99.99%) and MnCO3 

(99.99%) after cooling to room temperature. The timely weighing of La2O3 was found to be necessary to avoid the 

formation of La2TiO5 secondary phase. The chemicals were mixed thoroughly in a mortar which were then transferred 

to lid-covered corundum crucibles. The mixtures were firstly heated at 1400 °C for 6 h, then pulverized and 

compacted into pellets which were finally heated at 1420 °C for 10 h in air. The cooling rate from 1420 °C to 1000 °C 

was 10 °C/min, and then, it got naturally cooled within the furnace.

Characterization. The phase composition was identified by X‐ray diffraction (XRD) using Cu Kα radiation on 

an X-ray diffractometer (XRD‐6000, Shimadzu, Kyoto, Japan) with operating voltage and current of 40 kV and 30 

mA, respectively. The diffuse reflectance spectra were measured by a scanning‐type spectrophotometer (UV3600; 

Shimadzu, Kyoto, Japan) equipped with a BaSO4‐coated integrating sphere. Photoluminescence (PL) and PL 

excitation (PLE) spectra were measured using a monochromator (Acton SP2300; Princeton Instruments, 

Massachusetts, USA) and a photomultiplier tube (H10330A-75; Hamamatsu Photonics, Hamamatsu, Japan) with 

temperature controlled by closed-cycle helium cryostat (SHI-APD, DE-204SLFF). The temperature‐dependent 

luminescence was measured using a custom‐made setup consisting of a Xe lamp with 400 nm bandpass filter, a 

multichannel charge‐coupled device spectrometer (QE65Pro; Ocean Optics, Dunedin, FL, USA) and a thermal stage 

(10033L; Hightech, Fukuoka, Japan). Liquid nitrogen was employed as the cooling agent. A 300 W Xe lamp with 

bandpass filters was used as an excitation source. 

Computational details. The density functional theory (DFT) with Perdew–Burke–Ernzerhof (PBE) exchange-

correlation functional11 as implemented in the VASP code12 is used to study the Mn4+ emission in La4Ti3O12. The 
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interaction between ions and electrons was described by projector augmented wave method.13 The kinetic energy 

cutoff of 400 eV was used for the plane-wave basis. Experimental lattice parameters of La4Ti3O12 were used while 

the atomic positions were fully relaxed until the residual forces were less than 0.02 eV/Å. The ZPL of Mn4+
 emission 

was calculated by

ΔEZPL = －        𝐸(1𝜇B) 𝐸(3𝜇B) 𝐸𝑞. (1)

where  and  are the total energies of structurally relaxed low-spin (1 ) and high-spin (3 ) states 𝐸(1𝜇B) 𝐸(3𝜇B) 𝜇B 𝜇B

of Mn4+. 

Moreover, the exchange charge model of crystal field14 was used to calculate the energy levels of the Mn4+ ions 

in La4Ti3O12 (C3i site). The crystal structural data15 were used to analyze the symmetry properties of the impurity ion 

site and generate a cluster consisting of more than 66000 ions (this is needed to ensure proper convergence of the 

crystal lattice sums needed for the calculations of the crystal field parameters). Details of the calculations as well as 

all relevant equations can be found in related references5,16 and are not repeated for the sake of brevity.

3 Results and discussion

3.1 TiO6 octahedron coordination in La4Ti3O12

Figure 1 shows the XRD pattern of the as-prepared La4(Ti2.998Mn0.002)O12. It well coincides with the reference 

(No. 01-074-2661). The effective ionic radius (r) of the 6-fold coordinated Ti4+ (r = 0.605 Å) is larger than that of 

Mn4+ (r = 0.530 Å), providing hosting sites for Mn4+. Figure 2 illustrates a unit cell of La4Ti3O12 (drawn by VESTA17). 

The compound crystalizes in a rhombohedral structure18,15 (space group R , No. 148) with lattice constants a = b = 3

5.561(3) Å, c = 26.24(1) Å, α = β = 90°, γ = 120°. Ti4+ ions at two crystallographic sites forms weakly distorted 

Ti(1)O6 as well as strongly-distorted Ti(2)O6 octahedra, respectively15. The Ti-Oi-vi distances in the Ti(1)O6 

octahedron are all equal to 1.964 Å, and the minor distortion is caused by the variation of the O-Ti(1)-O bond angles. 

In comparison, the severe distortion of Ti(2)O6 octahedron is caused by the variation of Ti(2)-O bond lengths (Ti-Oi, 

v, vi distance of 2.098 Å and Ti-Oii, iii, iv distance of 1.860 Å) as well as the variation of O-Ti(2)-O bond angles. Thus, 

compared with the Oh symmetry of an ideal octahedron, the point symmetry of the Ti(1) site is lowered to be C3i 

(with the C3 rotation axis being parallel to the c crystallographic axis) while the Ti(2) site holds the point symmetry 
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of C3 without an inversion center.

Figure 1 XRD pattern of the as-prepared La4(Ti2.998Mn0.002)O12 (the insert shows digital image of the sample). The 
reference pattern (No. 01-074-2661) of La4Ti3O12 was also given.

Figure 2 (a) Unit cell of La4Ti3O12. There exist two crystallographic Ti4+ sites, forming slightly-distorted Ti(1)O6 
octahedron (b) and highly-distorted Ti(2)O6 octahedron (c), respectively. The point group for the Ti(1) site is C3i 

(the third-order axis is parallel to the c-axis, and goes through the center of the octahedron faces made by the (i, ii, 
iii) and (iv, v, vi) atoms), while the point group for the Ti(2) site is C3 without inversion center. 

The Ti(1)O6 and Ti(2)O6 octahedra are corner-linked, and the LaO9 polyhedrons are either edge- or face-shared 

with these TiO6 octahedra. The bond angle deviation in the Ti(1)O6 octahedron is caused by the slight rotation of one 

O-Ti-O chain with the position of Ti(1) fixed at the center. By contrast, the distortion of Ti(2)O6 can be interpreted 

Page 5 of 22 Physical Chemistry Chemical Physics



as Ti(2) moving from the inversion center approaching a facet of the octahedron. We use two indices, the mean 

quadratic elongation λoct and the bond angle variance ( ), to evaluate the polyhedron distortion6,19: σ2
oct

𝜆oct =
6

∑
𝑖 = 1

(𝑙𝑖/𝑙0)2

6                𝐸𝑞. (2)

𝜎2
oct =

12

∑
𝑖 = 1

(𝜃𝑖 ― 𝜃0)2

12             𝐸𝑞. (3)

In the equations, l0 is the center-to-vertex distance for the undistorted octahedron equal in volume to the one in 

question, li is the ith bond length, θ0 is the ideal bond angle 90° for a regular octahedron, and θi is the ith bond angle. 

Table 1 lists the calculated polyhedron distortion indices of the two Ti4+ sites in La4Ti3O12 as well as the cation sites 

in several representative fluoride/oxyfluoride hosts (such as K2SiF6, Rb2GeF6, Na2WO2F4, Cs2WO2F4). The reported 

ZPL intensity with respect to the strongest phonon sideband intensity was also listed. The data in Table 1 suggests a 

more intense ZPL signal in the PL of the Ti(2) site-situated Mn4+ can be expected, considering the relatively large 

value of λoct/  indices. Since the preparation was conducted at high temperature with long duration, we presume σ2
oct

that the Mn4+ dopant has distributed in both Ti4+ sites.

Table 1 Space group, octahedron distortion indices and corresponding ZPL intensity in several typical hosts

Type Compound/Site
Space 
group/Symmetry

λoct σ2
oct

ZPL 
intensity

ZPL/strongest 
phonon 
sideband 
intensity ratio 
(RT)

La4Ti3O12/Ti(1) rhombohedral R /C3i3 1.00000 6.0025
Oxide

La4Ti3O12/Ti(2) rhombohedral R /C33 1.00370 56.9296
K2SiF6/Si4+ Cubic Fm m/Oh3 1.00000 0.0000 Very weak ~0%20

Fluoride
Rb2GeF6/Ge4+ Hexagonal P63mc/C3 1.00340 35.3698 Strong ~50%21

Na2WO2F4/W6+ Orthorhombic 
Pbcn/C2v

1.02485 78.5316 Very 
strong

~125%6

Oxyfluoride
Cs2WO2F4/W6+ Trigonal P m1/C2v3 1.00000 1.9044 Weak ~5%22,23

RT: Room temperature.
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3.2 Spectroscopic properties of Mn4+ in La4Ti3O12

Figure 3 shows the diffuse reflectance spectrum of the non-doped and the Mn4+-doped La4Ti3O12. Taking a 

direct-type band transition, the optical bandgap of La4Ti3O12 was determined to be 3.90 eV from the (αhν)1/2–hν plot, 

where α, h, and ν represent the Kubelka-Munk function, the Planck constant, and the frequency, respectively. The 

estimated bandgap is quite close to the reported value (3.95 eV)24. For the Mn4+-doped sample, the broad absorption 

band in the near-UV to visible region originates from the spin-allowed 4A2g (4F) → 4T2g, 4T1g (4F) transitions as well 

as the parity-allowed O2- - Mn4+ charge transfer transition.

Figure 3 Diffuse reflectance spectrum and the Tauc plot of La4Ti3O12. The optical bandgap is determined to be 
3.90 eV, which is the intersection value of the tangent line (shown in red) with the x-axis.

Figure 4 exhibits the low-temperature photoluminescence excitation (PLE) and emission (PL) spectra of the 

La4(Ti2.998Mn0.002)O12 phosphor at 20 K. The emission spectra consist of peaks A (706 nm, 14164 cm-1), B (712 nm, 

14045 cm-1), C (715 nm, 13996 cm-1), D (719 nm, 13912 cm-1), E (724 nm, 13812 cm-1), F (727 nm, 13755 cm-1), G 

(732 nm, 13661 cm-1), H (741 nm, 13495 cm-1), I (748 nm, 13369 cm-1), J (760 nm, 13158 cm-1), K (770 nm, 12987 

cm-1). In principle, the PL should be composed of the ZPLs and the Stokes/anti-Stokes vibronic bands. The emissions 

at high frequency side of 14205 cm-1 (704 nm) were assigned to be anti-Stokes vibronic bands since the intensity 

gradually increased and then decreased with elevated temperatures. Upon temperature rise, the anti-Stokes emission 

is known to initially increase due to the population of higher vibronic states.25 Generally, the anti-Stokes emissions 

on the high frequency side of ZPL are near mirror image of the Stokes phonon sideband emission. Emissions at low 

frequency side of 14205 cm-1 consist of ZPLs of the 2Eg → 4A2g transition and the Stokes vibronic emissions 

originated from the ungerade vibrational modes (ν6, asymmetric bending; ν4, asymmetric bending; ν3, asymmetric 
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stretching) of the MnO6 moieties in both Ti4+ sites. The ZPLs and Stokes emissions show distinct bands when excited 

by different energies (Figure 4a). The excitation by 400 nm induced the most intense emission at peak E (13812 

cm-1), while the 480 nm excitation resulted in the peak H (740 nm, 13514 cm-1) as the strongest emission. This 

evidences that Mn4+ ions occupy both Ti4+ sites in La4Ti3O12 experiencing distinct nephelauxetic effect and crystal 

filed splitting at each Ti4+ site. 

To distinguish the origin of these emissions, the emission-selective PLE spectra were collected. As seen from 

Figure 4b, two sets of PLE spectra were respectively observed when monitoring the emission energies of 14164 cm-1 

(706 nm, peak A), 14045 cm-1 (712 nm, peak B) and 13812 cm-1 (724 nm, Peak E), as well as those of 13514 cm-1 

(740 nm, peak H) and 13158 cm-1 (760 nm, peak J). Each of the two sets of PLE spectra consists of either two or 

three discrete broad bands. We deduce that these emission peaks A to G originate from the 2Eg → 4A2g transition of 

the Mn4+ seated at one crystallographic Ti4+ site, while the longer emission peaks H to K originate from the Mn4+ 

seated at another Ti4+ site. Our tentative assignment of the transitions responsible for the PLE bands were marked in 

the figure, including the interconfigurational fully allowed (large change in dipole moment) O2- → Mn4+ charge 

transfer (CT) transition together with the parity-forbidden but spin-allowed 4A2g → 4T1g and 4A2g → 4T2g transitions. 

According to the Tanabe-Sugano diagram for a d3 ion, the spin-forbidden 4A2g → 2T2g transition should be also 

involved in the PLE, but the intensity should be quite low which is hard to identify and thus omitted. The 4A2g → 

4T2g transition in both sets of PLEs is well distinguishable while the 4A2g → 4T1g transition is either distinguishable 

or overlapped with the O2- → Mn4+ CT transitions (Figure 4b). 
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Figure 4 Photoluminescence (PL) and excitation (PLE) spectra of La4(Ti2.998Mn0.002)O12 at 20 K: (a) PLs under 
excitation of 400 nm, 480 nm, and 525 nm; (b) PLEs monitoring various emission energies. 

Moreover, we performed theoretical calculation of Mn4+ emission energy in both Ti4+ sites of La4Ti3O12. 

Experimental lattice parameters of La4Ti3O12 were used and the atomic positions were then fully relaxed. The Ti(1)-O 

bond length and two Ti(2)-O bond lengths in La4Ti3O12 were calculated to be 1.962 Å, and 2.099 Å/1.871 Å, 

respectively, which are in good agreement with the experimental values of 1.964 Å, and 2.098 Å/1.860 Å. The 

substitutional Mn dopants on both Ti(1) and Ti(2) sites were studied. The MnTi(1)-O and the two MnTi(2)-O bond 

lengths were calculated to be 1.919Å, and 1.994 Å/1.862 Å, respectively. MnTi(1) was found to be more stable than 

MnTi(2) by 0.09 eV. Thus, the concentration of MnTi(1) could be higher than that of MnTi(2). Meanwhile, 
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crystallographically, the number of Ti(1) site is two times that of the Ti(2) site. Judging from the absorption 

wavelength of the diffuse reflection spectrum, the majority Mn4+ ions are seen to occupy the Ti(1) site. The calculated 

ZPLs of MnTi(1) and MnTi(2) emission using Eq. 1 are 0.92 eV and 0.89 eV, respectively. The PBE-calculated Mn4+ 

emission energy is expected to be significantly underestimated but has been shown to reproduce the experimental 

trend.10 The Quantum Monte Carlo method, which is a more advanced many-body electronic structure method, has 

been shown to provide accurate Mn4+ emission energies in solids,26 but would incur prohibitively high computational 

cost due to the relatively large cell of La4Ti3O12. The ZPL/vibronic emission intensity ratio of MnTi(2) is likely larger, 

and the PL decay of MnTi(2) is likely faster than those of MnTi(1) due to the more distorted octahedral environment of 

MnTi(2).

Based on the theoretical calculation of ZPL energy of MnTi(1) and MnTi(2), we tentatively assign that the peaks 

A, B (energy difference of 119 cm-1) are the split ZPLs of MnTi(1) and peak D/E, F, G are the split-ν6, ν4, and ν3 

vibronic phonon sideband emissions of MnTi(1). Meanwhile, the peaks H, I, J, and K are assigned as ZPL, ν6, ν4, and 

ν3 vibronic phonon sideband emissions, respectively, from PL of MnTi(2). The origin for the peak C is unknown at 

present. It is worth to note that the full-width at half-maximum of the peak H is broader than those of ZPL peaks 

A/B, which indicates the ZPL splitting of MnTi(2). With such assignment, the ZPL/ν6 intensity ratio is about 50% for 

MnTi(1), and 200% for MnTi(2). This situation is consistent with the fact that MnTi(1)O6 has the inversion symmetry 

whereas MnTi(2) does not. The breaking of inversion center symmetry relaxes the parity-/spin-selection rule, leading 

to a higher transition probability and thus a higher ZPL/ν6 intensity ratio. Our assignment of the emission peaks A/B 

and H as the split ZPLs also coincides with previous observations that (1) the split ZPLs show different intensities 

(due to different transition probabilities) with respect to phonon sideband emission, (2) the energy difference of the 

split ZPLs is ≤ 100 cm-1, and (3) the full-width at half-maximum of ZPL peaks is much smaller than the vibronic 

emission peaks. 

Two and five split ZPLs have been reported for the PL of K2TiF6:Mn4+ (one kind of crystallographic Ti4+ site) 

by Chen et al.27 and PL of Na3GaF6:Mn4+ (three kinds of crystallographic Ga3+ sites) by Jüstel et al.28, respectively. 

When the local octahedron symmetry is reduced from Oh, the Mn4+ energy levels (such as 4T1g and 4T2g) start to split 

according to group theory, and when spin-orbit coupling is also considered, the 2Eg and 4A2g states each split further 

into two sublevels.28 Then, the emission from the 2Eg → 4A2g transition of one crystallographic Mn4+ results in two 

ZPLs. A scheme of Mn4+ energy level splitting under the combined effects of site symmetry lowering and the spin-

orbit interaction was given in Figure 5, referring to the energy level splitting of Mn4+ in K2TiF6 host27. That is to say, 
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the splitting of ZPL occurred in both MnTi(1) and MnTi(2) due to site symmetry lowering and spin-orbit interaction, but 

the fine structure of splitting is more clarified in the PLs of MnTi(1). 

Figure 5 Scheme of Mn4+ energy level splitting under combined effects of site symmetry lowering (from Oh to C3i 
as a case) and spin-orbit interaction, resulting in bi-ZPL emission.

The Mn4+ 2Eg → 4A2g transition energy is affected by nephelauxetic effect and has weak dependence on the 

crystal field strength (the emitting 2Eg state is nearly flat in Tanabe-Sugano diagram for a d3 ion). The degree of the 

nephelauxetic effect is related to the wave functions’ overlap between Mn-3d and ligand-2p. The greater the overlap 

is (which means more effective sharing of electrons between Mn4+ and its nearest ligands), the stronger the covalent 

bond forms and the more pronounced nephelauxetic effect is.29 Generally, the greater is the octahedral distortion, the 

smaller is the overlap between the Mn-3d and O-2p wave functions and the higher is the energy position of the 2Eg 

state.8,9,10 Srivastava and Brik et al. have presented how the “Mn4+-O2-” covalent mixing is influenced by connectivity 

of the octahedral moieties and deviation of O-Mn-O bond angle from 90°, after comparatively examining the cases 

in which octahedra either share corners as in perovskite/pyrochlore, or edges and faces as in α-LiAlO2, Sr4Al14O25 

and CaAl12O19.8,9 A highly symmetrical octahedral moiety increases “Mn4+-O2-” bonding covalence and lowers the 

2Eg → 4A2g transition energy. It may be expected that the Mn-O bonding covalence in Ti(1)O6 with shorter MnTi(1)-

O bond lengths is higher than that in Ti(2)O6 with longer average MnTi(2)-O bond length, leading to lower ZPL energy 

of MnTi(1). This analysis, however, contradicts against the calculated trend that the ZPL of MnTi(1) (0.92 eV) is slightly 

higher than the ZPL of MnTi(2) (0.89 eV). It is worthwhile to mention that three chemical bonds in the Ti(2)O6 

octahedron are considerably shorter than in the Ti(1)O6 octahedron (1.860 Å vs. 1.964 Å, respectively), whereas the 

three remaining chemical bonds in the Ti(2)O6 octahedron are considerably longer than in the Ti(1)O6 octahedron 
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(2.098 Å vs. 1.964 Å, respectively). So, in this particular host interplay of the chemical bond length variation and 

angular distortion appears to be important for the positions of the ZPL lines originating from the Mn4+ ions located 

at different crystallographic sites.

It is seen that under near-UV irradiation (400 nm), the ZPLs, instead of phonon sideband, contribute to a large 

extent (in case of MnTi(1)) or even dominate the emission (in case of MnTi(2)). The 2Eg → 4A2g transition is both parity- 

and spin-forbidden, which explains the weak ZPL in most of Mn4+-doped phosphor (for example, the commercial 

K2SiF6:Mn4+). The emission gains intensity since the parity selection rule can be partly relaxed by coupling with 

asymmetric vibrations that induce odd-parity crystal field components. For a MnO6 moiety that lacks an inversion 

center, the parity selection rule can also be relaxed by odd-parity crystal field components that admix odd-parity 

wavefunctions into the Mn4+ d wavefunction. Thus, the distortion of both Ti4+ site favors the relaxation of the parity 

selection rule and permit intense ZPL emission. Moreover, considering the relatively long decay of Mn4+ 2Eg → 4A2g 

transition, it would be also interesting to compare the lifetime (transition rate) of the ZPL emission and the vibronic 

emission.

The crystal field strength and the Racah parameters of Mn4+ in both Ti4+ sites were compared. The peak energy 

of the 4A2g → 4T2g transition band was taken to calculate the crystal field strength (10Dq) following Eq. 4:

10𝐷𝑞 = 𝐸(4𝑇2𝑔 ― 4𝐴2𝑔)            𝐸𝑞. (4)

and the Racah parameter B and C are calculated following Eqs. 5 and 6:

𝐵
𝐷𝑞 =

(
Δ𝐸
𝐷𝑞)

2

― 10
Δ𝐸
𝐷𝑞

15(
Δ𝐸
𝐷𝑞 ― 8)

              𝐸𝑞. (5)

3.05𝐶 = 𝐸(2𝐸𝑔 ― 4𝐴2𝑔) ― 7.9𝐵 +
1.8𝐵2

𝐷𝑞               𝐸𝑞. (6)

where ΔE is the energy difference between the 4T2g and 4T1g energy levels. 

The peak wavelength of each transition in the PLE/PL band was used as E(4T1g), E(4T2g), or E(2Eg), respectively. 

The ZPL energy of the Mn4+ 4A2g → 4T2g transition is practically difficult to determine due to (1) the occurrence of 

different phonon-assisted transitions, and (2) energy splitting of the 4T2g level by the low-symmetry crystal field 
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components and the spin-orbit interaction. Meanwhile, the PLE spectrum monitored for the 724 nm emission was 

deconvoluted into three Gaussian components to identify the O2-→Mn4+ CT, the 4A2g → 4T1g and the 4A2g → 4T2g 

transition energies (given in Figure 6).

Figure 6 Deconvolution of the PLE spectra monitored for the 724 nm emission into three Gaussian components (T 
= 20 K) to identify the different transition energies.

If the energies of the 2Eg, 4T2g, and 4T1g for MnTi(1) are taken from our measurement at 20 K to be 14164, 18797, 

and 24358 cm-1, and these for MnTi(2) to be 13498, 17271, and 22727 cm−1, respectively, we can determine the crystal 

field parameter Dq and the Racah parameters B and C for Mn4+ ions: substituting Ti(1), Dq = 1880 cm-1, B = 518 

cm-1, C = 3387 cm-1, and substituting Ti(2), Dq = 1727 cm-1, B = 514 cm-1, C = 3184 cm-1. The estimated Dq value 

is similar with those reported for Mn4+ in SrTiO3 (Dq = 1821 cm-1, B = 735 cm-1, C = 2812 cm-1) and BaTiO3 (Dq = 

1780 cm-1, B = 738 cm-1, C = 2820 cm-1) summarized by Brik et al.30 However, the calculated Racah parameter B 

derivates clearly from that reported for Mn4+ in SrTiO3 and BaTiO3, and is much smaller than the reported lower 

limit of ~550-600 cm-1. The PLE spectrum monitoring for the 760 nm emission may be distributed by some unknown 

reasons such as energy transfer from MnTi(1) to MnTi(2), impurity absorption, saturation, etc., and it becomes difficult 

to determine precise 4T2g and 4T1g position for MnTi(2). Thus, the Racah parameters calculated for MnTi(2) is not 

necessarily highly reliable. 

Besides, as indicated by the aforementioned DFT calculation, the MnTi(1)-O and the two MnTi(2)-O bond lengths 

have been calculated to be 1.919 Å, 1.994 Å/1.862 Å, respectively. Thus, MnTi(2)-O has a slight longer average bond 

length (1.928 Å) than that of MnTi(1)-O. Srivastava and Brik31 summarized that the 10Dq depends on the metal-ligand 

distance with a relationship of 10Dq = K/Rn, where K is a constant and n is close to five. Following this trend, the 
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crystalline field strength (measured by 10Dq) would decrease with increasing Mn–O bond length. Present assignment 

indicated the MnTi(1) experiences a slight larger 10Dq than MnTi(2), which coincides with the above trend. 

Table 2 The crystal filed strength and Racah parameters calculated for Mn4+ in both Ti4+ sites

O-Mn CT (cm-1) 10Dq (cm-1) ΔE (4T1g-4T2g) (cm-1) 2Eg (cm-1) B (cm-1) C (cm-1) β1

MnTi(1) 27581 18797 5561 14164 518 3387 0.82
MnTi(2) 26734 17271 3476 13498 514 3184 0.86

As shown in Eq. 7, the parameter β1 was introduced by Brik and Srivastava32 in the spectroscopy of d3 ions to 

connect the energy of the 2Eg → 4A2g transition with the Racah parameters B and C (B0 and C0 are 1160 cm−1 and 

4303 cm−1, respectively, and the subscript “0” refers to the values of the Racah parameters of free Mn4+ ion). β1 

quantifies the nephelauxetic effect which simultaneously take into account the reduction in both B and C parameters. 

The β1 values were calculated for Mn4+ in both Ti4+ sites using Eq. 7. The energy of the 2Eg level predicted from the 

linear function E(2Eg → 4A2g) = -142.83 + 15544.022β1 was 13924 cm-1 and 13264 cm-1 for MnTi(1) and MnTi(2), 

respectively. The differences from the experimental results (ZPL for MnTi(1), 14045 cm-1, for MnTi(2), 13494 cm-1) 

are 121 cm-1, and 230 cm-1, and are within the reported deviation range (σ = 365 cm-1). This deviation can be caused 

by the fact that the Mn4+ 4A2g → 4T2g/4T1g transition is accompanied by the vibronic progressions and the ZPL 

position cannot be always determined unambiguously. 

𝛽1 = (
𝐵
𝐵0

)
2

+ (
𝐶
𝐶0

)
2

              𝐸𝑞. (7)

Since Mn4+ ions are seen to be mainly seated in the Ti(1) site, the theoretical calculation was thus paid attention 

to MnTi(1) with point symmetry of C3i. The non-zero parameters of crystal field calculated by the exchange charge 

model are listed in Table 3. The values of the Racah parameters B and C, which were chosen from the best agreement 

with experimental data, are also given in the same Table. The crystal field splitting of all 8 LS terms of the Mn4+ ion 

was calculated by diagonalizing the crystal field Hamiltonian with all crystal field parameters. The lowest calculated 

energy levels, which are located in the spectral range corresponding to the experimental excitation/emission spectra, 

are listed in Table 4. There is good agreement between these calculated energy levels and corresponding experimental 

data listed in Table 2.
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Table 3 Non-zero crystal field parameters  (Stevens normalization) and Racah parameters B, C (all in cm-1) for 𝐵𝑘
𝑝

Mn4+ ion in La4Ti3O12 (C3i site). The values of the exchange charge model parameter G are also given.

Ti site (C3i)
𝐵0

2 -1550
𝐵 ―3

4 -79531
𝐵0

4 -3065
𝐵3

4 51588
G 6.65
B 518
C 3395

Table 4 Calculated energy levels (all in cm-1) for Mn4+ ion in La4Ti3O12 (C3i site). The orbital doublet states are 
denoted with an asterisk.

“Parent” Oh states C3i group notation Energy, calculated Energy, observed
4A2 (4F) 4Ag 0
2E (2G) {2Eg(1) + 2Eg(2)} 14163* 14164
2T1 (2G) 2Ag + {2Eg(1) + 2Eg(2)} 14402, 14658*

4T2 (4F) 4Ag + {4Eg(1) + 4Eg(2)} 18590, 18866* 18797
2T2 (2G) {2Eg(1) + 2Eg(2)} + 2Ag 22305*, 22438
4T1 (4F) 4Ag+{4Eg(1) + 4Eg(2)} 24188*, 24624 24358
4T1 (4P) 4Ag+{4Eg(1) + 4Eg(2)} 38917, 40131*

3.3 Thermal quenching of Mn4+ luminescence in La4Ti3O12

The Mn4+ luminescence showed severe quenching under thermal effect in La4Ti3O12. The quenching was studied 

in the range of 80-280 K under excitation of 400 nm, 510 nm, and 570 nm, respectively, as shown in Figure 7. Under 

λex = 400 nm, the integral intensity firstly increased in the temperature range of 80 K to 120 K due to the enhancement 

of anti-Stokes emission and then started to decrease when T > 120 K due to increased nonradiative transition rate. 

Whereas, the integral emission intensity under λex = 510 nm or 570 nm encountered steep decrease when T > 80 K. 

The temperature dependence of the integral luminescence intensity was fitted by using Eq. 8, to get the activation 

barrier for quenching:

𝐼(𝑇)
𝐼0

=
1

1 +  𝛤𝜈 𝛤0 exp ( ― 𝐸𝑎 𝑘𝑇)
               𝐸𝑞 . (8)
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where Ι(Τ) is the integrated intensity at temperature T, Ι0 is the integrated intensity at low temperature (here the 

intensity at 80 K was used as I0), Γν is the radiative decay rate, Γ0 is the attempt rate of the nonradiative process (Γν/Γ0 

forms a rate constant), Ea is the activation energy for quenching, k is Boltzmann constant (8.6173×10-5 eV K-1) and 

T is temperature (in Kelvin). The estimated Ea values are 0.20(1) eV, 0.14(1) eV, and 0.12(1) eV, and the quenching 

temperature (T50%, the temperature at which the intensity drops to be half of the initial value) are 182 K, 166 K, and 

158 K, for λex = 400 nm, 510 nm, and 570 nm, respectively. Therefore, the emission at longer wavelength is seen to 

get thermally quenched more severe than those at shorter wavelength. One possible explanation is that MnTi(1) and 

MnTi(2) experience different quenching barriers. To verify, the PLs under 400 nm excitation were integrated in two 

spectral regions, the region 1 (from 705 nm to 728 nm) and region 2 (from 734 nm to 780 nm). The integral intensity 

of the two PL regions against temperature were shown in Figure 8. It’s clear that the integral intensity in region 2 

quenched faster than that of the region 1. This can be caused by the fact that MnTi(1) and MnTi(2) luminescence exhibit 

different thermal activation barriers considering the differences of 4T2g energy and O2- → Mn4+ CT energy of MnTi(1) 

and MnTi(2). As seen from Table 2, Mn4+ in Ti(1) site exhibited a higher 4T2g energy and a higher CT state than that 

in Ti(2) site; this follows the trend that T50% increases with the energy of the 4T2g state.

Figure 7 PLs of La4Ti2.998O12:0.002Mn4+ at different temperatures (from 80 K to 280 K) under excitation of 400 
nm (a), 510 nm (b), and 570 nm (c). Temperature dependences of the integral luminescence intensity (from 680 nm 
to 800 nm) were fitted by the Fermi-Dirac function and shown in (d), (e), (f), respectively. SCF, Short Cut Filter.
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Figure 8 Evolution of the (a) normalized intensity and (b) integral intensity of the two PL regions (region 1: 605-
728 nm, region 2: 734-780 nm; excitation 400 nm) against temperature.

Several mechanisms have been used to explain the Mn4+ luminescence thermal quenching. The first one is 

thermal-assisted crossover, either from the emitting 2Eg state to the Franck-Condon shifted 4T2g level or to the low-

lying O2- – Mn4+ CT state and finally non-radiative relaxation to the 4A2g level. This model have been considered as 

a main quenching mechanism for most Mn4+ doped fluoride and oxide phosphors.33,34 Recently, Senden et al.35 

discussed four possible quenching process for the Mn4+ doped fluoride phosphors, including the multi-phonon 

relaxation, the thermal assisted photoionization of Mn4+ 2Eg state to the host conduction band, and thermally activated 

crossover via the charge transfer state or Mn4+ 4T2g state; a clear trend between the T50% (at which temperature the 

luminescence intensity decreases to be half) and the energy of the 4T2g state was seen in a series of fluoride phosphors, 

which demonstrated the crossover quenching from the 4T2g state. However, there is still a possibility of thermally 

activated crossover quenching via the charge transfer state in some Mn4+-doped oxides, which have lower charge 

transfer energy. The CT is attributed to the transition from O2--Mn4+ state to O--Mn3+ state. The O--Mn3+ state can be 

interpreted as that Mn4+ leaves a hole to the valence band and changes into Mn3+. Although the absorption energy of 

the CT state is higher than that of 4A2g→4T2g, it is known that the CT state has larger configurational offset. Thus, 

the bottom of CT state can be located below than that of 4T2g in some oxide hosts. In this situation, the crossover via 

the CT state becomes a dominant process with the excited Mn4+:2Eg state being thermally excited to the O--Mn3+ CT 

state.

Inspired by these studies, a schematic illustration, including the thermal crossover from the 4T2g state and CT 
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state, was drawn in Figure 9, to explain the thermal quenching of La4Ti3O12:Mn4+ luminescence. For Mn4+ 

luminescence quenching in fluoride, the quenching mechanism should be the crossover relaxation from 2E to 4T2 

state, since the F- to Mn4+/3+ CT has a quite high energy and the F- 2p locates at a lower binding energy level. While 

in La4Ti3O12, the O2- to Mn4+/3+ charge transfer indeed occurred at quite low energy and the crossover quenching via 

the charge transfer (hole transfer) is a possible quenching mechanism. Further photocurrent measurement under 

different charging wavelengths and high temperatures would give evidence for or exclude the hole-type quenching 

mechanism.

Figure 9 The proposed thermal quenching mechanisms for Mn4+ luminescence in La4Ti3O12: (a) thermal assisted 
crossover via the 4T2g state and (b) thermal assisted crossover via the charge transfer (CT) state. The red lines 

indicate the non-radiative relaxation process in each model.

4 Conclusions

We studied the spectroscopic property of Mn4+ in the double perovskite La4Ti3O12, which accommodates two 

kinds of TiO6 octahedra including the slightly-distorted Ti(1)O6 and the highly-distorted Ti(2)O6. The distortion of 

Ti(1)O6 is caused by the variation of the O-Ti(1)-O bond angles, while the severe distortion of Ti(2)O6 is caused by 

not only the variation of Ti(2)-O bond lengths but also the variation of O-Ti(2)-O bond angles. Mn4+ in Ti(1) site 

seated at the center of inversion with a reduced symmetry of C3i, while Mn4+ in Ti(2) site lost the inversion center 

and has a reduced symmetry of C3. Spectroscopic studies revealed that Mn4+ got distributed in both Ti4+ sites and 

exhibited an ultrabroadband emission consisting of as many as eleven discrete peaks. The octahedral distortion has 

an influence on the stabilization of Mn4+ and the DFT calculation suggested that MnTi(1) is be more stable than MnTi(2) 

by 0.09 eV. The concentration of MnTi(1) is higher than that of MnTi(2) as evidenced by the diffuse reflectance spectrum. 

The Mn-O covalent interaction and the energy of the Mn4+ 2Eg → 4A2g transition were greatly influenced by the MnO6 

octahedron distortion, as revealed by the site-selective PLE/PL study. Clear splitting of the ZPLs and the vibronic 

phonon sideband emissions was observed due to the site symmetry lowering and the spin-orbit interaction. The MnTi(2) 

Page 18 of 22Physical Chemistry Chemical Physics



showed a more intense zero phonon line emission with respect to the vibronic emission due to a more severe MnO6 

distortion. The Mn4+ 2Eg → 4A2g transition emission exhibited severe thermal quenching in La4Ti3O12. The lower-

energy emission from MnTi(2) got thermally quenched more severe than the higher-energy emission from MnTi(1), due 

to the different thermal activation barriers of the MnTi(1) and MnTi(2) luminescence. Mn4+ in Ti(1) site exhibited a 

higher 4T2g energy which follows the trend that T50% increases with the energy of the 4T2g state. The severe thermal 

quenching can be explained by the low-lying 4T2g level as well as the low-lying O2- to Mn4+/3+ charge transfer state.
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