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White emission produced by Ti-doped MgAl2O4 phosphor powder is reported, which is in contrast

to blue emission from most Ti-doped single crystals of MgAl2O4. The white emission peak consists

of four deconvoluted peaks: 440, 490, 550, and 620 nm, when was excited by 260 nm wavelength.

Ti4þ in octahedral sites was found to contribute mostly to greenish blue emissions at 490 and

550 nm. The red emission at 620 nm was produced by abundant Mg2þ and O2� vacancies in the

spinel powder. VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4788929]

Recently, ultraviolet-light emitting diodes (UV-LEDs)

have actively been investigated, which use a UV emitting

chip as an excitation source to provide white light from mix-

tures of red, green, and blue phosphors. This design can

improve the deficiency in color rendering of white emission,

which is encountered by yttria-alumina garnet (YAG):Ce

phosphor along with blue LED.1,2 Thus, the phosphor mate-

rials for UV-LEDs are being designed to have a high absorp-

tion in the range of 250–410 nm. MgAl2O4 spinel has been

used for many applications because it has interesting electri-

cal, mechanical, magnetic, and optical properties.3–6 More-

over, MgAl2O4 spinel is a well-known host material for

luminescence. Luminescence properties of MgAl2O4 doped

with activators, such as Mn, Eu, V, Cr, or Ti have been

reported.7–11

In most cases, the MgAl2O4-based luminescent materi-

als are in the form of single crystal or prepared by sol–gel

method. However, these synthetic methods are complicated

and are found unsuitable for applications in lighting devices.

White emission has been reported from a single host material

with rare earth activator: nano MgO:Eu3þ.12 The photolumi-

nescence (PL) spectra showed a broad and weak emission in

the range of 400–720 nm under excitation at 345 nm. In this

system, hypersensitive transition (5D0!7F2) emission of

Eu3þ was eminent among those from Eu3þ in MgO host.

The 5D0!7F2 transition is explained by non-inversion

symmetry of nano MgO near the surface.

In this paper, we report white emission from Ti-doped

MgAl2O4 phosphor in the form of powder, explaining the

sources of the emission. As far as we know, a white-emitting

phosphor of this kind, without the use of rare earth elements

as activators, has never been reported.13–15 Fig. 1(a) shows

examples of 1.7 mol. % Ti-doped MgAl2O4 phosphors dem-

onstrating pure white and greenish blue emissions.

Materials synthesis. The samples were prepared from

commercial MgAl2O4 (TSP-20, Taimei Chemicals Co. Ltd.,

Nagano, Japan) and TiO2 (Nanotek, 99.95%, USA). TiO2

powder was added to MgAl2O4 in the concentration range of

0.17–8.5 mol. %. All powders were wet mixed homogene-

ously at 2000 rpm for 30 min in ethanol without using balls.

The mixture of the powders was then fired at 1300 �C for 2 h

in air and vacuum to produce various Ti-doped MgAl2O4

(spinel). Then, the samples were ground to obtain powder for

characterization.

Characterization methods. Photo-luminescent property

was measured by a fluorescence spectrophotometer (Hitachi,

F-4500, Japan). Excitation wavelength set at 260 nm from a

Xe lamp was used for PL measurement. The crystal struc-

ture was analyzed using X-ray powder diffraction (XRD,

Rigaku D-max 2500, Japan). Distribution of Ti ions over tet-

rahedral or octahedral sites or both in the spinel structure

was calculated by Rietveld refinement of the XRD patterns

(Topaz program). Oxidation states of Ti ions were analyzed

using X-ray photoelectron spectroscopy (XPS), Sigma

probe, ThermoVG, UK).

The energy diagrams of Ti-doped spinel were obtained

using first-principle software, DV-Xa (Discrete Varitional

Xa) molecular orbital method, to interpret experimental

results. With DV-Xa, various physical properties can be

calculated through the integration of discrete variation. The

molecular orbital result was explained by Mulliken method.

The final values of electrical densities were calculated until

the final result converges to initial value assumed before

the numerical basis function was obtained.16 This method

approximates the exchange–correlation interaction with the

Xa potential proposed by Slater and numerically solves the

Schr€odinger equation using the Hartree–Fock–Slater method.

No restriction was imposed on the form of the base functions

because the calculation was conducted numerically.17,18

Fig. 1(b) demonstrates the PL result with a single broad

peak of white emission when it was excited with 260 nm

wavelength. This is different from nano MgO: Eu3þ, which

shows white emission with distinct red emission peaks.12

The emission spectrum was found to consist of four different

peaks after deconvolution analysis based on two inflection

points observed in the PL spectrum. The peaks were sepa-

rated by Gaussian function and the correlation coefficient

showed >99.8% match and the maximum peak positions

were found at 440, 490, 550, and 620 nm. All these peaks
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were excited by 260 nm wavelength after energy absorption

as shown in Fig. 2.

The chromaticity coordinates of Ti-doped MgAl2O4

powder are presented in 1931 Commission International de

l’Eclairage (CIE) diagram as shown in Fig. 3(a). According

to the CIE diagram, the emission color is white with CIE

coordinates (�0.35, �0.28). This is similar to the coordi-

nates of nano MgO: Eu3þ, (0.326–0.369, 0.263–0.322).12

Moreover, the concentration quenching of emission intensity

was examined in the range of 0.17–8.5 mol. % Ti dopant

(Fig. 3(b)). As the Ti concentration increased, the emission

intensity increased up to 1.7 mol. % of Ti and then, it started

decreasing. It was also found from the deconvoluted spectra

that with increasing of Ti contents, red shift occurred in CIE

diagram within the range of 0.17–1.7 mol. % Ti.

The luminescence property is strongly affected by the

charge valence of dopants and doping sites. According to

the XPS result shown in Fig. 4, Ti3þ and Ti4þ coexist in the

spinel. Furthermore, Rietveld analysis of this study revealed

that Ti ions exist in both sites with equal probability. This is

in line with extended X-ray absorption fine structure

(EXASF) and nuclear magnetic resonance (NMR) results of

various spinels reported previously.19,20 Based on the peak

intensity in the figure, it was expected to have most Ti ions

in the form of Ti4þ.

Blue emission has been reported by Ti-doped single

crystal MgAl2O4.8–10 Ti-doped single crystal MgAl2O4 is

reported to have a broad emission at 490 nm. The 490 nm

emission is explained by the presence of Ti4þ in the octahe-

dral site of the spinel structure.9–11,21 Although the 430 nm

emission appeared at the peak shoulder, it was not discussed

properly in the paper.9 The emissions of 430 nm and 490 nm

are also observed in Al2O3: Si, Ti system owing to Ti4þ

in the octahedral sites.22 The 430 nm emission, however,

was reasoned in the paper through the presence of carbon

contamination. Fig. 1 shows the presence of 440 nm in the

emission, which might be related to 430 nm emission of

the previous work. Since we were not able to find carbon as

an impurity in our system, it is most likely that Ti ions are

responsible for both 440 and 490 nm emissions under

260 nm excitation.

We have looked at possible emission sources: Ti3þ and

Ti4þ in octahedral and tetrahedral sites and associated vacan-

cies. The band gap energy of MgAl2O4 is known to be in the

range of 7.5–9.0 eV by experiments.23 Thus, photolumines-

cence is possible when the energy levels formed by various

FIG. 2. Absorption and excitation spectra of 1.7 mol. % Ti-doped MgAl2O4

phosphor.

FIG. 3. (a) Chromaticity coordinate of white emissions in the CIE diagram

and (b) intensity variation of Ti-doped MgAl2O4 as a function of Ti-doping

amount.

FIG. 4. XPS result for the existence of Ti3þ and Ti4þ ions in 1.7 mol. %

Ti-doped MgAl2O4.

FIG. 1. (a) White (left) and greenish blue (right) emission from 1.7 mol. %

Ti-doped MgAl2O4 phosphor (inset) and (b) deconvoluted emission spectra

under 260 nm excitation.
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emission sources exist inside the band gap of this system.

In case of Ti3þ (3d1) in octahedral or tetrahedral site, two

energy levels will be formed between the gap:2E associated

with 3dz2 or 3dx2–y2 orbital and 2T2g which contains one elec-

tron in 3dxy, 3dyz, or 3dzx orbital.24 These energy levels pro-

vide two possible emissions: one between 2E and 2T2 and the

other between 2T2 and highest occupied molecular orbital

(HOMO) level of the spinel. The energy gap in the d orbital,

ligand-field splitting parameter (Docta or Dtetra), depends on

the crystal field strength developed by oxygen ligands.

In the Ti3þ case, the absorption of excitation wavelength

from HOMO to 2E is less likely due to low tendency of

charge transfer. If a forced transfer from O2p by the absorp-

tion of 260 nm excitation could occur, the forbidden d–d

transition from 2E! 2T2 would result in very weak, but

broad, emission. Regardless of Ti3þ ion site, one electron

located at 2T2g—the ground state—would be excited beyond

lowest unoccupied molecular orbital (LUMO) level to have a

proper emission. Because this transition is allowed, a strong

and broad emission is expected. Our calculation results in

Figs. S1 and S2 demonstrated weak 420–480 nm emission

from 2E! 2T2 by Ti3þ in octahedral site and relatively

strong 550 nm emission from LUMO to 2E by Ti3þ in tetra-

hedral site. Nonetheless, we concluded based on the XPS

result in Fig. 4 and the restrictions in energy transfer that

Ti3þ (3d1) ion in octahedral or tetrahedral site contributes

less to visible emissions.

When Ti4þ ion (3d0) occupies octahedral site, two

energy levels are formed between the gap as in the case of

Ti3þ. However, the energy gap between 3d orbitals is smaller

than that of Ti3þ in octahedral site, due to weakened crystal

field strength. Fig. 5(a) shows the energy diagram obtained

for Ti4þ in octahedral site. Ti4þ has a tendency to be

reduced, whereas Ti3þ tends to be oxidized. Thus, a charge

transfer is much encouraged to Ti 3d (2E) from O2p

(HOMO), since the energy difference of these two levels

matches up to the absorption (or excitation) energy. The

HOMO level of oxide ceramic materials consists of electrons

in O2p orbital (>95%). When the charge transfer occurs, an

excited electron will be at 2E level of Ti3þ. The transition

from 2T2 to the HOMO level (O2p) is allowed and the inten-

sity would be strong. In contrast, the transition from 2E to
2T2 would occur weakly by the relaxation of the parity selec-

tion rule due to the presence of crystal field. Thus, we con-

clude that this strong emission matches with the transition

between 2T2 and the HOMO level (O2p) and 490 nm of the

previous study.9 This transition must be proceeded by

550 nm (2.23 eV) green emission.

With Ti4þ in the tetrahedral site, the same charge transfer

could occur between Ti 3d (2E) and O2p (HOMO), as in the

case of Ti4þ in octahedral site. However, both energy levels

associated with 3d orbital are expected much closer to the

HOMO level than that of Ti4þ in octahedral site. The energy

absorption to 2E is less likely to occur. Figure S3 shows that

Dtet is 0.6 eV. Further, the energy levels are found almost

continuous between HOMO and 2T2g. Thus, all excited elec-

trons return to the ground state nonradiatively. Emission from

Ti4þ ion in the tetrahedral site is not expected at all.

A pure spinel was reported to have many intrinsic

defects, such as Mg2þ and O2� vacancies.9 They often

appear in pair, known as Schottky defects.25 Fig. 5(b) is

the energy diagram when the defects interact for emission

(620–710 nm). When, Ti4þ takes tetrahedral site, more Mg2þ

vacancy would be formed for charge neutrality. Mg2þ

vacancy makes emissions in the range of 620–710 nm (1.75–

2 eV) possible by transition from 2T2 or level 1 to the ground

state (HOMO). In the case of O2� vacancies, the excited

electrons from the HOMO level to intermediate 2E (�5 eV)

would transfer to level 3 of Mg2þ vacancy (2.5 eV), emitting

�490 nm peak wavelength. The concentration of O2� vacan-

cies is expected to vary depending on the surface area of the

spinel and heat-treatment atmosphere. It has been reported

that 720 nm and 450 nm emissions from pure spinel are pro-

duced by Mg2þ vacancies.8–10 Both peaks are reported to

disappear when Mg becomes excessive in the system.

The photoluminescence of the phosphor shows a red shift

in our study, as shown in Figs. 3(b) (deconvolution results)

and S4, when Ti-doping or the synthetic temperature in air

increases, respectively. It is because the formation of Mg2þ

and O2� vacancies is facilitated either by more Ti4þ or at

elevated temperatures, intensifying the 620 nm emission. We

speculate that the difference in the wavelengths for red emis-

sion, 620 nm of our study vs. 720 nm of previous results are

related to concentration of Mg2þ and O2� vacancies and

defect interactions in the powdery spinel. Fig. 1(a) shows that

the emission color of the spinel changes from white to green-

ish blue when synthesized in air and vacuum, respectively.

Further, the chromaticity coordinate of white emission was

found to change by the processing atmosphere. The vacuum

condition reduces the 620 nm red emission. If other factors

remain unchanged, it implies that heat treatment in vacuum

results in a relative increase of O2� vacancies or relative

FIG. 5. Energy diagrams for (a) Ti4þ in octahedral site and (b) Schottky pair in pure spinel.
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decrease of Mg2þ vacancies compared with those before

heat treatment, respectively, resulting in a greenish blue

emission.

In this work, we studied white emission from Ti-doped

spinel phosphor powder. The emission peak was found to

consist of four deconvoluted peaks, i.e., 440, 490, 550, and

620 nm, under 260 nm excitation. In contrast to blue emis-

sion from most Ti-doped single crystal MgAl2O4, Ti-doped

MgAl2O4 powder exhibited white emission. From this inves-

tigation, Ti4þ in octahedral sites was found to contribute to

greenish blue emission at 490 and 550 nm. The 620 nm red

emission is ascribed to Mg2þ and O2� vacancies in the pow-

dered samples. The Ti-doped MgAl2O4 phosphor would be

useful because it does not use rare earth elements and can

provide white emission using a single host material.26,27
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