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1. Introduction
Trivalent chromium (Cr3+) is the most stable oxidation state
of chromium, therefore widely used as a luminescent dopant and
luminescence sensitizer in various materials. Chromium is a low
cost activator, which can provide deep color and bright lumines-
cence. For instance, the color of many natural and synthetic gem-
stones like ruby, emerald, alexandrite, etc., is caused by Cr3+ ions. On
this account, Cr3+ is subject of numerous optical spectroscopic and
luminescence investigations. Further, Cr3+ doped systems are used
in modern technologies, for example, tunable solid-state lasers [1],
high temperature sensors [2,3], and high-pressure calibrants [4].
Recently, significant efforts have been devoted by several research
groups on the synthesis and characterization of various Cr3+ doped
host materials. They have investigated Cr3+ emission in several
compounds like BeAl2O4 [5], ZnAl2S4 [6], Y3Al5O12 [7], MgAl2O4
[8], Al2O3 [9], CaYGdAlO4 [10], LiAlO2 [11], ZnGa2O4 [12], LiTaO3
[13], LiNbO3 [14], LaSc3 (BO3)4 [15], Mg2SiO4 [7], Cs2NaYBr6 [16],
Cs2NaYCl6 [16], Cs2NaScCl6 [17], Cs2NaGaF6 [18], KMgF3 [19], etc.
There are few reports available on Cr3+ emission in aluminates using
low temperature synthesis method [20–22].
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sphor material is prepared by urea combustion route in 5 min. Powder
gravimetric analysis (TGA), scanning electron microscopy (SEM) and BET
used to characterize the as-prepared combustion products. Electron Para-
dies have been carried out on Cr3+ ions in BaAl2O4 phosphors at room
number of spins participating in resonance (N) and its paramagnetic sus-

evaluated. The excitation spectra shows two broad and intense bands
ahedral symmetry. The red emission peak observed at 705 nm is identified
from Cr3+ ions. The crystal field parameter Dq and Racah inter-electronic
ave been evaluated. From the results and analyses of the EPR and optical

r3+ ion in this phosphor is attributed to a distorted octahedron.
© 2008 Elsevier B.V. All rights reserved.

Recent investigations have focused extensively on various alu-
minates as hosts for luminescent materials doped with transition
metal or rare earth ions. It was noted that these aluminates have
been prepared traditionally by solid-state reactions [23–25], which
demand, generally, long times and high annealing temperatures,

5–10 h and 1300–1700 ◦C. Further in some of the preparation
methods, in order to obtain final product, repeated heating, spe-
cial equipment and expensive raw materials were needed. Indeed
there is growing demand for economically viable synthesis meth-
ods for producing the various aluminates. Combustion synthesis
is very useful from this point of view. In this work, we have
successfully employed relatively a low temperature, fast, simple
and safe combustion process for the preparation of Cr3+ doped
BaAl2O4 material. The prepared samples were characterized by
X-ray diffraction (XRD), Thermogravimetric analysis (TGA), Scan-
ning electron microscopy (SEM), BET surface area measurements,
UV–vis absorption spectroscopy, Photoluminescence (PL) and Elec-
tron paramagnetic resonance (EPR) techniques.

2. Experimental

Cr3+ doped aluminates were prepared using combustion synthesis, which
involves heating of metal nitrate and aluminium nitrate in stochiometric proportions
with fuels such as urea at temperature around 500 ◦C. In the present investigation,
materials were prepared according to the chemical formula Ba1−xCrxAl2O4 where
x = 0.01 mol%. More details about combustion synthesis can be found in the original
paper [26]. The compounds, so prepared, were identified using XRD technique. Pow-
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Fig. 1. XRD patterns of Ba0.99Cr0.01Al2O4.

der XRD pattern was recorded on a Philips X′ pert X-ray diffractometer with graphite
monochromatized Cu K� radiation (� = 0.15418 nm) and nickel filter at a scanning
step of 0.03◦ , continue time 10 s, in the 2� range from 10◦ to 80◦ . Thermo-analysis
was carried out with a PerkinElmer themoanalyzer. The combustion reaction was
studied between 20 and 800 ◦C, with a heating rate 10 ◦C min−1 and the gas (N2)
flow-rate was 40 ml min−1. Scanning electron micrographs (SEM) were taken on a
JEOL JSM-5610LV scanning electron microcopy. The BET surface area measurements
were done by nitrogen adsorption employing a Micromeritics Accusorb ASAP 2020
instrument. Shimadzu UV-2401 spectrophotometer was used to record the UV–vis
absorption spectra. PL measurements were carried out on an AMINCO-Bowman
Series 2 luminescence spectrometer at room temperature and also performed with a
confocal laser micro-Raman spectrometer (Raman, LABRAM-HR) with 488 nm laser
excitation. EPR measurements were carried out on a Bruker EMX 10/12 X-band ESR
spectrometer.

3. Results and discussion

3.1. XRD analysis

The XRD pattern of as-prepared BaAl2O4:Cr3+ powder phosphor
is shown in Fig. 1. All the major reflections in Fig. 1 could be indexed
to the standard hexagonal BaAl2O4 (JCPDS, 71-1323). The lattice
parameters calculated for hexagonal BaAl2O4 were a = b = 10.41 Å

˚
and c = 8.76 A. The prepared materials are fully crystalline at fur-
nace temperature 500 ◦C and therefore, the post-crystallization
heat-treatments are not required. The peak at 28.43◦ was the most
intensive and the crystal size was calculated through it using the
Scherrer’s formula. The crystal size of the BaAl2O4:Cr was calcu-
lated to be 46 nm.

3.2. TGA measurement

The thermogravimetric curve (Fig. 2) of as-prepared Cr3+

doped BaAl2O4 phosphor shows two step weight loss observed
in the temperature between 20 and 665 ◦C. The TG pattern
shows minor (0.92%) weight loss in the temperature range
130–250 ◦C, which may be attributed to the removal of moisture.
Further, weight loss (6.26%) corresponding to the decompo-
sition of metal nitrate is observed in the temperature range
520–665 ◦C. It is noted that in our system there is no evi-
dence for compound formation in TG experimental results. This
clearly shows that the compound formation occurs at high tempe-
rature.
Fig. 2. Thermogravimetric curve of the combustion prepared Ba0.99Cr0.01Al2O4

(heating rate 10 ◦C min−1; gas flow-rate: 40 ml min−1; N2).

3.3. SEM and BET measurements

Fig. 3 shows the SEM micrographs of the BaAl2O4:Cr3+ phos-
phor with low- and high-magnification. Reaction in the presence
of urea allows the growth of faceted crystals. It exhibited most
of the aluminates took the form of platelets with rough surfaces.
It is noticed that with high-magnification, single platelet shows
a number of voids and pores, which result from the escaping
gases during combustion. The BET surface area of as-prepared
Cr3+ doped BaAl2O4 phosphor is 7.68 m2 g−1. Earlier, Kingsley et
al. [20] reported the specific surface area of pure BaAl2O4 phos-
phor, prepared by the urea process, as 2.01 m2 g−1. The cause of
enhancement in surface area value in our sample may proba-
bly be associated with Cr doping. However, in order to resolve
the issue of enhancement in surface area there is need of more
studies.

3.4. Electron paramagnetic resonance study

Fig. 4 shows the EPR spectrum of BaAl2O4:Cr3+ phosphors at (a)

room temperature and (b) at 110 K. Chromium ion belongs to 3d3

electronic configuration and according to Hund’s rule the ground
state is 4F. In an octahedral crystal field, this state splits into an
orbital singlet 4A2g and two orbital triplets 4T1g and 4T2g [27]. In a
distorted octahedral site, the electronic levels can be described by
a spin–Hamiltonian of the form [28,29]

H = ßBgS + D
[

S2
z −

{
S(S + 1)

3

}]
(1)

where the first term represents the electronic Zeeman term, sec-
ond term characterizes the zero-field splitting of the quartet ground
state. In the absence of an external magnetic field B; the four fold
spin degeneracy of the 4A2g state is removed by a subsequent low
symmetric field resulting in a zero-field splitting of the Kramers
doublets |±3/2> and |±1/2>. In the presence of a magnetic field,
the degenerate doublets split further. On applying a microwave fre-
quency field, a transition with �ms = ±1 may be observed in the EPR
spectra. However, the number of resonance signals depend upon
the magnitude of the zero-field splitting for a given photon energy
[30].
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r0.01Al2O4, at low- and high-magnification.

experimental parameters of both sample and standard.

N = Ax(Scanx)2Gstd(Bm)std(gstd)2[S(S + 1)]std(Pstd)1/2

2 2 1/2
[Std] (2)
Fig. 3. SEM micrographs of the Ba0.99C

In the present study, the EPR spectra of the investigated
BaAl2O4:Cr phosphor exhibit resonance signals as shown in Fig. 4.
The EPR spectra of the investigated phosphor exhibit a broad

resonance signal at g = 4.93 and an intense resonance line cen-
tered at g = 1.95. The spectrum at low field side, i.e., the EPR
absorption at the resonance signal at g = 4.93 is attributed to
isolated Cr3+ ions whereas the resonance signal at g = 1.95 is
attributed to exchange coupled Cr3+ ion pairs and is related
to strongly distorted sites. A resonance signal (at g = 2.26) on
the immediate lower magnetic field side of g = 1.95 is observed.
This resonance signal arises due to large separation between
the two Kramers doublets [27]. The EPR signals appear in
the range of low magnetic fields with a resonant field of
130–170 mT indicates that the zero-field splitting, 2D of the
4A2g single orbital state is relatively large in comparison with
the energy of the microwave radiation used in the X-band ESR
spectrometer.

3.4.1. Calculation of number of spins (N) participating in
resonance

The number of spins participating in resonance can be calcu-
lated by comparing the area under the absorption curve with that
of a standard (CuSO4·5H2O in this study) of known concentration.
Weil et al. [31] gave the following expression which includes the
Astd(Scanstd) Gx(Bm)x(gx) [S(S + 1)]x(Px)

where A is the area under the absorption curve, which can be
obtained by double integrating the first derivative EPR absorption
curve, scan is the magnetic field corresponding to a unit length of
the chart, G is the gain, Bm is the modulation field width, g is the
g factor, S is the spin of the system in its ground state. P is the
power of the microwave source. The subscripts ‘x’ and ‘std’ repre-
sent the corresponding quantities for the BaAl2O4:Cr phosphor and
the reference (CuSO4·5H2O), respectively. The value of N has been
calculated for g = 1.95 for the studied phosphor at room tempera-
ture and also at 110 K and are presented in Table 1. It is observed

Table 1
The number of spins (N) participating in resonance and paramagnetic susceptibil-
ity (�) for the resonance signal at g = 1.95 for Ba0.99Cr0.01Al2O4 phosphor at room
temperature and at 110 K

System Temperature (K) g = 1.95

N × 1021 (arb. units) � × 10−4 m3 Kg−1

Ba0.99Cr0.01Al2O4 300 1.42 3.29
Ba0.99Cr0.01Al2O4 110 2.49 5.77
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Fig. 4. EPR spectrum of Ba0.99Cr0.01Al2O4 at (a) Room temperature and (b) 110 K.

that as the temperature is lowered, N increases obeying the

Boltzmann law.

3.4.2. Calculation of paramagnetic susceptibility (�) from EPR
data

The EPR data can be used to calculate the paramagnetic suscep-
tibility of the sample using the formula [32]

� = Ng2ˇ2J(J + 1)
3kBT

(3)

where N is the number of spins per m3 and the other symbols have
their usual meaning. N can be calculated from Eq. (2) and g is taken
from EPR data. Since the intensity of the resonance signal at g = 1.95
is greater when compared to the resonance signal at g = 4.93, the
value of g = 1.95 is used in calculating the paramagnetic suscepti-
bility values. The paramagnetic susceptibility (�) values evaluated
from EPR data are also presented in Table 1.

The crystal structure of BaAl2O4 (spinel) belongs to A2+B3+O4
and the spinel unit cell belongs to the cubic space group O7

h (Fd3
m) with eight formula units per cell. The A site (Ba or Mg) has tetra-
hedral coordination with full Td site symmetry, while the B site (Al
or Ga) has six fold distorted octahedral coordination belongs to the
Fig. 5. The UV–vis absorption spectrum of Ba0.99Al2O4:Cr0.01.

D3d point group [33–35]. In the case of the Cr3+ ion in spinels, the
Cr3+ ion which has high octahedral site preference energy [35], are
preferred to occupy octahedral B sites in spinels and form normal
spinels.

3.5. Optical properties

3.5.1. UV–vis absorption study
The room temperature absorption spectrum of BaAl2O4:Cr3+

is shown in Fig. 5. The absorption spectrum consists of
peaks at 220 nm (45,440 cm−1), 258 nm (38,748 cm−1), 363.5 nm
(27,540 cm−1) and 552 nm (18,110 cm−1). The broad absorption
band observed at 552 nm has been attributed to Cr3+ ions in octa-
hedral symmetry. Cr3+ ions belong to d3 configuration, the ground
state is always 4A2g(F) irrespective of strength of crystal field. In
general Cr3+ ions are characterized by three spin allowed transi-
tions 4A2g(F) → 4T2g(F), 4A2g(F) → 4T1g(F) and 4A2g(F) → 4T1g(P). In
addition to this, a number of doublet states also possible, which
are spin-forbidden transitions. In the present study, a broad band
is observed at 552 nm. The intensity and position of this main band
suggest that this band to be related to d–d electronic transition and
is assigned to the transition 4A2g(F) → 4T2g(F) of Cr3+ ions in octa-
hedral symmetry. The other bands at 363.5, 258 and 220 nm have
been assigned to charge transfer bands of CrO6+–O2− and Al–O.
3.5.2. Photoluminescence study
The excitation and emission spectra for BaAl2O4:Cr3+ phos-

phor are shown in Figs. 6(a) and (b), respectively. The excitation
spectrum exhibits two broad intense bands located at 421 nm
(23,750 cm−1) and 552 nm (18,110 cm−1). These bands have been
assigned to the transitions 4A2g(F) → 4T1g(F) and 4A2g(F) → 4T2g(F),
respectively. The observed peaks coincide with the excitation
peaks reported by Yamaga et al. [36]. Berger [33] and Wood et
al. [34] also observed similar transitions in Cr3+ doped MgAl2O4
spinels. In addition to two intense bands, two small humps at
494 nm (20,240 cm−1), 483 nm (20,700 cm−1) and a sharp band
at 467 nm (21,410 cm−1) have been observed in the excitation
spectrum of BaAl2O4:Cr3+ phosphor. These bands are denoted as
B1, B2 and B3, respectively (Fig. 6(a)). The intensity and position
of this sharp band at 467 nm is assigned to the spin forbid-
den transition 4A2g(F) → 2T2g(F). The two small humps cannot be
assigned to d–d electronic transition and they may be due to some
unknown impurity in the sample. Fig. 6(b) and (c) show the emis-
sion spectrum with a doublet at 701 nm (14,261 cm−1) and 705 nm
(14,180 cm−1). Such a doublet, i.e., an intense R1 line (705 nm) and
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ectrum of Ba0.99Al2O4:Cr0.01 (�em = 705 nm), (b) emission spectrum of Ba0.99Al2O4:Cr0.01

(inset shows the enlarged portion of 2Eg → 4A2g transition from Cr3+ ions).

sion parameter B for the Cr3+ free ion is 918 cm−1 [39]. A comparison
Fig. 6. Typical photoluminescence spectra of Cr3+ doped BaAl2O4: (a) excitation sp
(�ex = 421 nm) and (c) emission spectrum of Ba0.99Al2O4:Cr0.01 (Laser �ex = 488 nm)

partly frozen out R2 line (701 nm) is characteristic of Cr3+ ions

which is caused by the spin-forbidden 2Eg → 4A2g transition. Some
of the weaker and broader side bands are obviously phonon satel-
lites of these later zero-phonon transitions R1 and R2. Kingsley
et al. [20] observed a red emission at 687 nm in MgAl2O4 lattice
which has been attributed as due to the Cr3+ substituted in Oh
sites of Al3+ ions [20]. Broad absorption bands, which give the red
color in aluminates, have been reported by Ford and Hill [35] for
MgAl2O4:Cr3+.

The authors also performed photoluminescence studies, on
BaAl2O4:Cr3+ phosphors using a confocal laser micro-Raman spec-
trometer (Raman, LABRAM-HR) with 488 nm laser excitation. It
also confirms the red emission in these BaAl2O4:Cr3+ phosphors
at 705 nm due to 2Eg → 4A2g transition with R lines. The excitation
spectral data were used to calculate the crystal field parameters
using Tanabe–Sugano matrices [37]. Dq and B were determined
from the 4T2g (F) and 4T1g(F) band position, respectively. C was var-
ied to provide the best fit to the 2T2g transition energy. The resulting
energies and the crystal field parameters are presented in Table 2.
The observed band positions and energy level splittings are in good
agreement with the value reported in literature [38]. The parameter
B is found to be B = 533 cm−1. The value of inter-electronic repul-
with the observed B value (533 cm−1) indicates that the B value is
decreased by 42%. This might be due to bonding effects.

In the Tanabe–Sugano diagram, the crossing of the 2Eg and 4T2g
levels occurs near Dq/B = 2.3. The values higher than 2.3 correspond
to strong ligand field sites [40]. If Cr3+ ions are in the strong ligand
field sites, 2Eg is the lowest excited state. In the present work no
bands were observed on the lower energy side of the 4T2g band.
This confirms that the two small humps denoted as B2 and B3 in
Fig. 6(a) cannot be assigned to d–d electronic transitions (2T1g and
2Eg states) and these two small humps may be due to impurities
present in the samples. The ratio Dq/B in the present work is found

Table 2
Observed and calculated energy values, crystalfield (Dq) and Racah parameters (B
and C) from the excitation spectrum of the BaAl2O4:Cr3+ phosphors

Transition from 4A2g(F) Observed (cm−1) Calculated (cm−1)

4T2g(F) 18,110 18,110
2T2g(G) 21,410 21,490
4T1g(F) 23,750 23,750

(B = 533 cm−1, C = 2862 cm−1, Dq = 1811 cm−1 and Dq/B = 3.4).



istry a

[

[
[
[

148 V. Singh et al. / Materials Chem

to be 3.42. The position of the bands together with the ratio Dq/B
being higher than 2.3 indicates that the Cr3+ ions are in the strong
ligand field sites.

4. Conclusions

It is possible to obtain Cr3+ ions doped BaAl2O4 red-emitting
phosphors using a combustion synthesis method involving tem-
peratures about 500 ◦C in a short time (<5 min). The advantages
of the combustion synthesized include procedural simplicity and
economy of the method as the starting materials are cheap and
easy available. The XRD data show hexagonal phase for BaAl2O4.
SEM micrographs indicate that, aluminates took the form of
platelets with rough surfaces and single platelet shows a number
of voids and pores. It is observed that the surface area increased
with Cr doping. The EPR spectra exhibit a broad resonance signal
at g = 4.93 and a sharp signal at g = 1.95. The resonance at g = 4.93
is attributed to isolated Cr3+ ions in rhombic symmetry subjected
to strong crystal field effects and the g = 1.97 is due to exchange
coupled Cr3+ ion pairs. The red emission peak, observed at 705 nm
in BaAl2O4:Cr3+, was identified as due to 2Eg → 4A2g transition

from Cr3+ ions. From the excitation spectrum the crystal field
splitting (Dq) and Racah inter-electronic repulsion parameters (B
and C) have been evaluated. The ratio Dq/B indicates that Cr3+ ions
are in strong ligand field sites.
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