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Abstract
In this work, the photoluminescent properties of  Zn2TiO4:Cr3+ are presented. Samples were prepared from ZnO,  TiO2 and 
 Cr2O3 by solid-state reaction. The compound formation was confirmed by X-ray diffraction. Emissions were obtained using 
photoluminescence spectroscopy at room temperature. The system crystallizes in the space group Fd3m with an inverse 
spinel structure. The emission spectrum presents a broad and intense band in the near-infrared region. Photolumines-
cence excitation shows two bands in the visible frequency range assigned to octahedral  Cr3+ transitions.  Cr3+-doped 
and undoped sample emissions were compared. Optical spectra were analyzed and interpreted according to the crystal 
field theory and the Tanabe–Sugano energy matrices for the d3 configuration by calculating the Dq and B parameters. 
This work is a follow-up of the previous research on transition metal cations used as dopants in a  Zn2TiO4 lattice, and the 
current results suggest that the system might be a promising luminescence source at room temperature.
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1 Introduction

Several physical properties of zinc orthotitanate  (Zn2TiO4) 
have been exhaustively investigated, including dielectric 
features, especially in the microwave range [1, 2], semicon-
ductor characteristics [3] and photocatalytic properties [4], 
among others. The versatility of the compound allows its 
use as a catalytic sorbent for the removal of contaminants 
from hot coal gases and in the chemical industry [1], in 
white color pigmentation [5], as a sensor component [6] 
or an inorganic antimicrobial agent [7], and even in foren-
sic applications [8]. The synthesis might be performed 
through a conventional solid-state reaction between ZnO 
and  TiO2 in a 2:1 ratio, but other methods are also used [9].

The crystal structure of  Zn2TiO4 has been reported as 
cubic in an inverse spinel of the  B[AB]O4 type, where the 
letters in the brackets enclose the octahedrally coordi-
nated atoms. The zinc orthotitanate crystal structure is 
represented by  Zn[ZnTi]O4, meaning that Zn and Ti are ran-
domly found at the octahedral sites, while the tetrahedral 

sites are fully occupied by Zn [10]. A detailed graphic 
structure representation can be seen in [7]. In this way, 
it is possible to find  Zn2+ cations in both octahedral and 
tetrahedral coordinations, while the  Ti4+ cations are only 
found in the octahedral environment. These structural 
features make  Zn2TiO4 an interesting material for optical 
spectroscopy studies since this compound has both octa-
hedral and tetrahedral sites available for occupation by 
potential dopants.

Concerning the optical properties, the luminescence 
of a transition metal acting as a dopant in a crystal might 
occur in the visible and/or near-infrared regions of the 
electromagnetic spectrum. The emission energy position 
depends on the electronic configuration of the dopant cat-
ion, according to the Tanabe–Sugano diagrams for d2–d8 
electronic configurations [11–13]. In configurations where 
the excited level energy decreases as the crystal field 
parameter Dq increases, the emission is likely to occur in 
the red/near-infrared region if the dopant cation is found 
in an octahedral environment, while an emission can occur 
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in the visible region if the dopant is at a tetrahedral site. 
On the other hand, if the level increases in energy as Dq 
increases, the transition might be in the visible or near-
infrared region if the cation is at an octahedral site and 
in the infrared region if the dopant is in tetrahedral sym-
metry. For states that are independent of the crystal field 
parameter Dq, the energy position of the transition will 
not change, regardless of whether the cation is at a tetra-
hedral or an octahedral site. For spectroscopic properties, 
this feature opens the possibility of obtaining emissions in 
a broad range of wavelengths, allowing the generation of 
tunable bands, depending on the electronic configuration 
of the dopant and its position in the host lattice.

Several works report the photoluminescent proper-
ties of the zinc titanates both undoped and doped with 
transition metal and rare earth cations, confirming the 
versatility of the compound in terms of optical properties 
and its semiconductor character. Markevich mentions the 
photoluminescence of the undoped  Zn2TiO4 compound 
with a band at 720 nm [14]. Chaves presented the photo-
luminescence of a  Zn2TiO4 powder doped with  Sn4+,  V5+ 
and  Cr3+, showing that the emission increases when the 
dopants are added to the lattice, associating this behav-
ior with a short-range disorder [9]. Previous works devel-
oped by our research group studied the photolumines-
cent properties of this compound doped with transition 
metal cations. Sosman describes the emission properties 
of  Zn2TiO4:Mn2+, showing bands in the green (532 nm) and 
red (690 nm) wavelengths assigned to the spin-forbidden 
transitions of  Mn2+ with dopant occupation at tetrahedral 
and octahedral sites, respectively [15]. Espinoza details 
the emission of this system doped with  Co2+ related to 
a broadband in the infrared region at 714 nm assigned 
to the occupation of  Co2+ at the tetrahedral sites, replac-
ing  Zn2+ [16]. A work reporting the optical properties of 
this lattice doped with  Ni2+ is in development and will be 
published soon. Lokesh presents the optical properties of 
 Zn1-xCuxTiO3, showing that the addition of Cu enhanced 
the photoluminescence of the undoped lattice in the UV 
region [17]. Girish investigated  Zn2TiO4:Eu3+,  Zn2TiO4:Dy3+ 
and  Zn2TiO4:Sm3+ and found that the narrow band emis-
sion of these phosphors in the visible region is related to 
the f–f transitions of rare earth dopants [6, 8, 18].

In this study, we give a follow-up of our previous 
research [15, 16], presenting the synthesis by solid-state 
reaction of  Zn2TiO4 doped with  Cr3+, investigating the 
formation of the compound by X-ray diffraction measure-
ments and using Rietveld refinement. Photoluminescence 
(PL), photoluminescence excitation (PLE) and emission 
decay measurements were used to determine the spec-
troscopic properties of the synthesized compound, and 
the emissions of the doped and undoped samples were 
compared. Optical spectra were analyzed and interpreted 

according to the crystal field theory and the Tanabe–Sug-
ano energy matrices for the d3 configuration by calculating 
of the crystal field Dq and Racah B parameters. This paper 
presents the results of a study to obtain an optical system 
with a simple and inexpensive preparation that has the 
potential for the creation of a material that could operate 
in a wide emission range at room temperature.

2  Materials and methods

Samples were synthesized with the conventional solid-
state reaction using zinc (ZnO), titanium  (TiO2) and chro-
mium  (Cr2O3) oxides in powder form with a high purity 
level (> 99.9%) as the reagents, weighed according to 
the stoichiometric reaction presented in Eq.  1 (where 
x  = 0.001).

Powder oxides were manually crushed with an agate 
mortar and pestle to homogenize the powder. Subse-
quently, the powder was compacted into pellets with 
13 mm diameter and 1 mm thickness under a pressure of 
4 t. The pellets were deposited in alumina crucibles and 
underwent thermal treatment at 1200 °C for 10 h with a 
furnace heating rate of 10 °C/min in an electric furnace 
under atmospheric pressure. At the end of the thermal 
synthesis, the furnace was switched off and left to cool 
down to room temperature by thermal inertia. Samples 
exhibited a homogeneous light green color, indicating 
that  Cr3+ was incorporated into the host lattice. The pel-
lets were removed from the furnace at room temperature, 
and one pellet was reground until a homogeneous, thin 
powder was obtained for X-ray diffraction.

The powder X-ray diffraction pattern was obtained at 
room temperature using a Bruker D2 Phaser diffractom-
eter with Cu-Kα1 radiation (λ = 1.54056 Å) operating at 
30 kV and 10 mA. Data were collected in a Bragg–Bren-
tano geometry with 15° < 2θ < 65° and a step size of 0.01°. 
X-ray diffraction data were refined using the Rietveld 
method with the Fullprof package [19]. Rietveld refine-
ment provides information about the space group, lattice 
parameters and phase quantification. The observed data 
were compared to those from files extracted from the ICSD 
(Inorganic Crystal Structure Database).

Photoluminescence experiments (emissions, excita-
tion spectra and emission decay) were performed at room 
temperature using a PTI 300 QuantaMaster spectrofluor-
ometer equipped with a 75 W pulsed xenon lamp operat-
ing at 200 Hz and variable spectral resolution. Filters were 
used to block excitation wavelengths in the detection 
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apparatus. All optical spectra were corrected by the appa-
ratus sensitivity response.

3  Results and discussion

3.1  Crystal structure

Figure  1 shows the sample powder diffractogram 
recorded at room temperature. The most intense peaks 
were assigned to the zinc orthotitanate phase, and a few 
peaks of lower intensity were assigned to unreacted zinc 
oxide (ZnO). Rietveld refinement was performed using 
experimental data together with cubic  Zn2TiO4 (ICSD code 
80851) and hexagonal ZnO (ICSD code 067849) data as 
input. Agreement factors and the difference between the 
calculated and observed profiles were evaluated at each 
refinement cycle to determine the refinement quality. The 
agreement factors presented in Table 1 point to a good 
correspondence between the refined and observed pat-
terns. The goodness-of-fit factor (GOF) extracted from the 
refinement was 1.6, indicating good refinement quality.

According to the refinement analysis, the phase propor-
tion is approximately 98% for the main phase  (Zn2TiO4) 
and nearly 2% for ZnO, the latter likely being a small, unre-
acted quantity in the synthesis process. The main com-
pound crystallizes in the Fd3m space group, with cubic 
symmetry and lattice parameter a = 8.469(9) Å. Additional 
details of the Rietveld refinement are given in Table 1. The 

 Zn2TiO4 crystal structure is described as an inverse spinel, 
where the  Zn2+ cations are found at octahedral and tet-
rahedral sites, while the  Ti4+ cations are found only in the 
octahedral environment, as previously mentioned [10, 20].

The percentage difference between the atomic radii of 
the inserted and replaced atoms must be less than 30% 
according to Girish and coauthors [6]. In the present case, 
the atomic radius of  Zn2+ is 0.60 Å when its coordination 
number (CN) is 4 and 0.74 Å for CN = 6; for  Ti4+, this value 
is 0.61 Å; and for  Cr3+, it is 0.62 Å, both for CN = 6 [21]. 
Comparing all numbers, it is possible to say that  Cr3+ can 
replace both the  Zn2+ and  Ti4+ cations in octahedral and 
tetrahedral symmetries. Furthermore, the distinct valences 
of the dopant and the replaced cations (+2 for Zn, +4 for Ti 
and +3 for Cr) may lead to a charge compensation process, 
which is believed to be more favorable for the replace-
ment of  Zn2+ by  Cr3+ because this replacement requires an 
electron to compensate the charge; this electron might be 
shared from the  O2− anions, which may generate a cova-
lent bond between the  Cr3+ cations and the  O2− anions.

Another question is related to the occupation possibil-
ity of  Cr3+ at the ZnO sites. The ZnO crystal structure is 
hexagonal and belongs to the space group P63mc, where 
the  Zn2+ cations are tetrahedrally coordinated by the 
 O2− anions. Two observations lead us to believe that  Cr3+ 
does not occupy the ZnO sites: First, the mass quantity of 
ZnO is small when compared to the main phase, leading 
to a very low probability of  Cr3+ occupation of the ZnO 
sites, as the  Cr3+ doping concentration is also very small; 
second, it is well known that  Cr3+ tends to preferentially 
occupy octahedral instead of tetrahedral sites in a struc-
ture with both environments. Although neither the cations 
and dopant valences nor the ionic radii values point to a 
direct identification of  Cr3+ occupation in this structure, 
optical measurements may indicate the type of symmetry 
that this cation occupies, according to the position and 
shape of the observed emission and excitation bands.

Fig. 1  Powder X-ray diffractogram of the sample. The red circles 
represent the observed pattern  (Yobs), the black line represents the 
calculated pattern  (Ycalc) and the blue line is the difference between 
the calculated and observed patterns  (Yobs − Ycalc). The green verti-
cal bars represent the Bragg reflections of the  Zn2TiO4 (top) and 
ZnO (bottom) phases

Table 1  Refined crystallographic parameters and agreement fac-
tors

Agreement factors:  Rwp = 9.52,  Rp = 9.61,  Rexp = 5.78, χ2 = 2.70, 
GOF = 1.60

Phase Zn2TiO4 ZnO

ICSD code 80851 067849
Proportion (%) 98.01 1.99
Crystal system Cubic Hexagonal
Space group Fd3m P63mc

a, b, c (Å) 8.469(9), 8.469(9), 
8.469(9)

3.255(6), 
3.255(6), 
5.142(4)

α, β, γ (°) 90, 90, 90 90, 90, 120
Cell volume (Å3) 607.43 47.20
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3.2  Photoluminescent properties

Figure 2 exhibits the photoluminescence spectra of the 
chromium-doped zinc orthotitanate for several excitation 
wavelengths in the 300–630 nm range at room tempera-
ture. All spectra exhibit a broadband with structures at 
719 nm (13908 cm−1) and 740 nm (13531 cm−1). The inte-
grated intensity as a function of the excitation wavelength 
is shown in the inset in Fig. 2. It is possible to observe that 
the emission signal increases with UV and blue excitation 
with the signal maximized at 420 nm and decreases as 
the excitation wavelength increases. The excitation wave-
lengths that are more favorable for emission are found in 
the 400–450 nm range. Several factors can be considered 
for the dramatic decrease in the emission intensity: the 
low probability of incident external radiation absorption, 
competition of nonradiative processes, or temperature 
or dopant concentration effects. In the present case, the 
hypothesis is that the emission intensity reduction starting 
at 450 nm can be explained by the occurrence of nonradia-
tive processes that must be more effective than for 420 nm 
wavelength.

In addition, the shape and band structures do not 
change significantly with distinct excitation wavelengths 
in this range; they change only in intensity. Such behavior 
may indicate the absence of impurity occupation of sites 
with distinct symmetries.

It is well known that trivalent chromium exhibits a 
broad emission band in the near-infrared region when 
the cation occupies octahedral sites in ceramic hosts [22, 
23], which could lead us to conclude that the observed 
band could be attributed solely to  Cr3+ emission. However, 

previous works in the literature mention that the zinc 
orthotitanate lattice has an emission band in the same 
region of the band observed in the present work. Sosman 
[15] and Markevich [14] reported that undoped  Zn2TiO4 
exhibits a broadband emission in the 600–800 nm range 
with maxima at 717 and 720 nm, respectively. To verify 
whether the lattice exhibits such an emission signal, an 
undoped sample was produced using the same experi-
mental conditions mentioned in the experimental section 
[but with x = 0 in Eq. (1)], and its emission spectrum was 
recorded with an excitation wavelength of 420 nm. The 
structure formation was confirmed by X-ray diffraction 
and investigated in a previous work [15]. The undoped zinc 
orthotitanate emission spectrum is shown in Fig. 3. The 
same figure shows the spectrum of the  Cr3+-doped sam-
ple, which was also excited at 420 nm. The observed emis-
sion spectrum of the undoped sample is a broadband with 
a maximum at 718 nm. The origin of the undoped sample 
emission is probably related to defects in the inverse spi-
nel structure originated by cationic disorder [24]. Compar-
ing the intensity of the undoped and doped spectra, the 
doped spectrum exhibits a very broad and intense band, 
while the undoped spectrum exhibits a weak band. (In 
fact, Fig. 3 shows that the undoped spectrum was multi-
plied by 65 to compare it with the doped spectrum.)

Chaves and coauthors previously reported the syn-
thesis by polymeric precursor method and emission of 
 Zn2TiO4:Cr3+, as previously mentioned [9]. However, in 
that paper, the emission intensity of the doped sample did 
not significantly increase as observed in the present paper. 
Chaves reported that the maximum intensity of the most 
intense emission among the doped samples was five times 

Fig. 2  Cr3+-doped zinc orthotitanate photoluminescence (PL) spec-
tra excited with several wavelengths at room temperature. Struc-
tures were observed at 719 and 740 nm. Inset: dependence of the 
bands’ integrated intensity with the excitation wavelength

Fig. 3  Photoluminescence spectra obtained at room temperature 
with an excitation wavelength of 420  nm for the undoped (blue 
line) and  Cr3+-doped (red line)  Zn2TiO4 samples. For comparison, 
the undoped sample spectrum was multiplied by 65
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more intense than that of the undoped sample. On the 
other hand, the doped sample emission presented in this 
work is 65 times more intense than the undoped emission, 
as shown in Fig. 2. In addition, the emission of our samples 
is in a distinct spectral region that was observed in [9], but 
the emission of the undoped samples agrees with [14].

Analyzing the spectra exhibited in Fig. 3, it is first noted 
that the band format has been slightly changed from the 
undoped to the doped sample, and the intensity has been 
dramatically increased with the insertion of  Cr3+. If the 
emission signal had increased in intensity and the band 
shape had dramatically changed to the point of “erasing” 
the undoped sample emission memory, we would be able 
to say that the insertion of  Cr3+ caused the extinction of 
the lattice emission, with all absorbed radiation being 
transferred to the  Cr3+ emitting state. However, the band 
shape of the doped sample was not changed dramatically 
when compared with the undoped sample, preserving the 
“memory” of the undoped sample emission. In this way, 
in the spectrum of the doped sample, there is still a con-
tribution from the crystal lattice. As the emission inten-
sity increased as a whole, most likely some of the energy 
absorbed by  Cr3+ was transferred to the lattice and intensi-
fied its emission.

The  Cr3+ ion has the electronic configuration [Ar]-3d3, 
having three unpaired electrons in the 3d sublevel. As the 
sublevel d is incomplete, with its electrons in an outer 
shell, this shell is strongly affected by the electrostatic 
potential (crystal field) produced by the oxygen anions of 
the  Zn2TiO4 crystal lattice. The emission bands are gen-
erated by electronic transitions assisted by vibrational 

modes between the energy levels of the transition metal 
cation. The shift in energy states depends on the inten-
sity of the crystal field, which is proportional to < r4 > (the 
average value of the dopant ionic radius) and a−5 (where a 
is the ion–ligand distance) [25]. The interelectronic repul-
sion, which defines the covalent or ionic character of the 
ligand–impurity bond, also plays an important role in the 
shift of the energy states [25].

In this way, we can assign the broadband in the emis-
sion spectrum (Figs. 2 and 3) to the 4T2(4F) → 4A2(4F) spin-
allowed transition of  Cr3+, with this emission strongly 
overlapping with the host emission peak at 719 nm. This 
emission is typical of  Cr3+ in octahedral symmetry. This 
assignment considers the overlap between the dopant 
and the lattice emissions.

The excitation spectra of the undoped and doped 
samples are depicted in Fig. 4a. The PLE spectrum for 
the undoped sample monitored at 718 nm has a very 
low intensity when compared with the doped spectrum 
monitored at 740 nm. The weak intensity of the PLE spec-
trum of the undoped sample agrees with its respective 
PL spectrum (Fig. 3), where it is observed that the emis-
sion of the undoped sample is also weaker than that of 
the doped sample. Figure 4b depicts the same photo-
luminescence excitation (PLE) spectrum for the doped 
sample with its emission monitored at 740 nm shown in 
Fig. 4a, accompanied by the Gaussian fit of the bands. 
The two bands in the visible region present features 
related to the electronic transitions of d3 ions inserted 
at the octahedral sites. The bands’ barycenter was 
obtained by Gaussian fitting of the spectrum. The bands 

Fig. 4  a PLE spectrum for the undoped (blue) and  Cr3+-doped (red) 
samples, monitored at 718  nm and 740  nm, respectively. b PLE 
spectrum (black points) monitored at 740  nm for the  Cr3+-doped 
sample. Three bands were identified: The band at 360  nm is 

assigned to the charge transfer (CT) processes, and the remaining 
two are assigned to the  Cr3+ transitions at the octahedral sites. The 
adjusted bands (green solid lines) were obtained from a Gaussian 
fitting (red solid line) from the experimental data
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with barycenters at 446 nm (22421 cm−1) and 614 nm 
(16287 cm−1) were assigned to the 4A2(4F) → 4T1(4F) and 
4A2(4F) → 4 T2(4F) trivalent chromium electronic transi-
tions, respectively. The band shape is another indica-
tion that  Cr3+ is inserted in the octahedral environment 
in the zinc orthotitanate lattice. An intense band with 
a barycenter at 360 nm (27778 cm−1) was found to be 
superimposed on the  Cr3+ higher energy band. This 
intense band in the UV region is probably related to the 
Zn–O charge transfer band [8]. As shown in the excita-
tion spectrum in Fig. 4, the doped sample exhibits con-
siderable photoluminescence excitation in the regions 
below 500 nm and above 550 nm. The low-PLE region 
(500–550 nm) corresponds to the green light, which jus-
tifies the color of the sample observed with the naked 
eye as previously mentioned in the experimental sec-
tion, indicating that the sample reflects green light and 
is better excited by the other wavelengths.

According to the Tanabe–Sugano theory [11–13], it is 
possible to predict the electronic transitions observed in 
systems doped with transition metals with incomplete 
d shell and to determine the intensity of the crystal field 
parameter Dq from the energies of these transitions. For d3 
cations in octahedral symmetry, the ground level is 4A2(4F). 
For systems with intense crystal field, the first excited 
state is 2E(2G); for weak crystal field, the first excited state 
is 4T2(4F). The Dq/B ratio ≃ 2.3 separates high- (Dq/B > 2.3) 
from low- (Dq/B < 2.3) crystal field systems, where B is 
one of the Racah parameters. From the Tanabe–Sugano 
matrices for d3 systems [11–13, 25] and using the energy 
values of the identified transitions in the PLE spectrum, 
it is possible to determine the value of the crystal field 
Dq and the Racah parameter B. The calculated values 
were Dq = 1629 cm−1 and B = 615 cm−1, with Dq/B = 2.65. 
It is important to note that although the 4T2(4F) band 
was undoubtedly identified, the 4T1(4F) band was only 
obtained from a graphical fitting, and its position was only 
estimated (the CT band is strongly overlapped with this 
band, as shown in Fig. 4). For this reason, the B value might 
contain an uncertainty greater than that of the Dq value. 
The 2E(2G) → 4 A2(4F) transition was not observed in the 
emission or excitation spectra, because such an emission 
generates a spin-forbidden band that was probably hid-
den by the intense and broadband emission originated at 
room temperature from the spin-allowed 4T2(4F) → 4A2(4F) 
electronic transition. The value of the Racah parameter 
B is lower than the free ion value (B0 = 918 cm−1 [26]), as 
expected. In addition, the ratio B/B0 = 0.67 indicates a 
strong covalent trend in the  Cr3+–O2− bond. This result 
corroborates our hypothesis that a strong covalent bond 
between  Cr3+ and  O2− might be used as a charge com-
pensation mechanism due to the  Cr3+ doping if this cation 
replaces  Zn2+ cations in the crystal lattice.

The  Cr3+ electrons are promoted to the 4T1(4F) excited 
state by light absorption, and they decay via a nonradiative 
process to the 4T2(4F) state, losing this energy to the lattice 
(Fig. 5a) and resulting in a Stokes shift of ΔS = 2756 cm−1. 
This value of the Stokes shift is large enough to observe 
that the overlap of the emission and excitation bands is 
small. From the 4T2(4F) state, the electrons decay to the 
ground state, and the system emits luminescence (Fig. 5b).

It is possible to observe from the excitation spectrum 
of the undoped sample (Fig. 4a) that there are two weak 
bands in the same regions of the excitation spectrum of 
the doped sample. This means that if the undoped sample 
absorbs some radiation in one of these two ranges, then 
this excitation is able (albeit weakly) to generate lumines-
cence. That said, if  Cr3+ absorbs energy and transfers a part 
of it to the lattice, that transferred energy will be added 
to the energy directly absorbed by the lattice, leading to 
an intensification of the lattice emission. In addition, the 
energy absorbed by  Cr3+ that is not transferred to the lat-
tice will also result in cation emission. The  Cr3+ emitting 
state populates the lattice emitting state, intensifying this 
emission. In this way, the emission band of the doped 
sample has a shape that reflects the lattice + Cr3+ emis-
sion overlap.

In an intermediate crystal field system (as in the  Cr3+ 
case), the ion interaction with its neighbors is more 
effective. This makes the doping ion more likely to be 

Fig. 5  Cr3+ energy level diagram showing the energy levels related 
to the excitation (a) and emission (b) bands. ΔS is the Stokes shift
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influenced by molecular and ligand vibrations. In other 
words, the dopant energy states are strongly influenced 
by the lattice phonons. The closer the excitation radia-
tion approaches the red/near-infrared range, the more 
the vibrational modes (phonons) are excited. Lattice pho-
nons, while helping in the electronic–vibrational transi-
tions of transition metal ion-doped crystal systems, are 
also responsible for decreasing and even extinguishing 
the luminescence if a certain limit is exceeded. This limit 
will depend on the system studied. For the investigated 
sample, this mechanism is likely responsible for the lower 
intensity in the emission bands excited with wavelengths 
over 420 nm when compared to the emission obtained 
when excited with 420 nm.

3.3  Time decay measurements

Figure  6 exhibits the emission decay curves recorded 
using 420 nm as the excitation wavelength monitored at 
(a) 719 nm and (b) 740 nm. Both decay curves exhibit an 
exponential profile, and the data were fitted with a biex-
ponential function

where I(t) is the emission intensity at an arbitrary time t, A1 
and A2 are constants and τ1 and τ2 are the decay times for 
each component [8, 27].

The values for each parameter obtained from the fitting 
are given in Table 2. A slow and fast decay part is observed 
in the decay constants. The fast decay (short decay time) 
is associated with spin-allowed transitions and the slow 
decay (long decay time) with spin-forbidden transitions. 
In the case of the octahedral  Cr3+ cations, the decays from 

(2)I(t) = A
1
e
−t∕�1 + A

2
e
−t∕�2

the 4T2(4F) state are on the order of microseconds, while 
those from the 2E(2G) state are on the order of millisec-
onds. As the excitation results indicate that the  Cr3+ cation 
is in the crystal field close to the 4T2(4F) and 2E(2G) level 
crossing region, the emission band supposedly contains 
components from these two states, which explains the life-
times composed of two exponential parts (slow and fast).

4  Conclusions

In this work, the synthesis, crystal structure analysis and 
photoluminescent properties of  Cr3+-doped zinc orthoti-
tanate are presented. This work is a follow-up of the previ-
ous research on transition metal cations used as dopants in 
a  Zn2TiO4 lattice. X-ray diffraction confirmed zinc orthoti-
tanate as the main phase accompanied by a small quantity 
of unreacted zinc oxide. Photoluminescence experiments 
at room temperature were performed, and their results 
were interpreted using the Tanabe–Sugano (TS) theory. 
Emission and excitation bands confirmed that  Cr3+ was 
incorporated at octahedral sites, and the impurity inten-
sified the lattice emission, with the lattice and impurity 
emissions superimposed. Photoluminescence data did not 
show evidence of  Cr3+ at the tetrahedral sites in the energy 
interval investigated. The Racah B parameter value points 

Fig. 6  Photoluminescence decay curves of the doped sample excited at 420 nm with emissions monitored at a 719 nm and b 740 nm. Open 
circles are the experimental data, and the red solid curves are the fits obtained from biexponential functions

Table 2  Fitting parameters and lifetimes extracted from the biex-
ponential fitting of the radiative decay curves

Emission A1 A2 τ1 (µs) τ2 (µs)

719 nm 91 (2) 46 (2) 159 (3) 588 (24)
740 nm 70 (2) 124 (1) 395 (4) 94 (1)
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to a replacement of  Zn2+ by  Cr3+ since its value corrobo-
rates a strong covalent bond, which also indicates a pos-
sible charge compensation mechanism due to the distinct 
valences between the dopant and the replaced cation. To 
our knowledge, this is the first time that the energy lev-
els and parameters of  Cr3+ have been investigated in the 
 Zn2TiO4 lattice. The intense and broad emission band in 
the near-infrared region intensified by the presence of the 
dopant makes this a system with the potential for use in 
tunable devices operating in the near-infrared region.
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