PHYSICAL REVIEW B 76, 075111 (2007)

Optical properties of 3d transition-metal-doped MgAl,O, spinels
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Strong emission bands in the visible region are observed in MgAl,O, crystals doped with transition-metal
ions under excitation at the band-to-band transitions. We report optical responses of Cr-, Co-, and Ni-doped
MgAl,O,4 and present optical models for M-doped MgAl,O4 (M=Ti, V, Cr, Mn, Co, and Ni) to describe the
charge-transfer transitions and the transitions between multiplet levels of 3d electrons, which are observed
competitively or coexisting, depending on the number of 3d electrons. While the optical responses of Cr- and
Ni-doped MgAl,0O, are dominated by the multiplet-multiplet transitions, those of Ti- and V-doped MgAl,O4
are governed by the charge-transfer transitions. The two kinds of transitions coexist in the Mn- and Co-doped
MgAl,O,4. These behaviors are well understood based on the numerical results of unrestricted Hartree-Fock

approximation.
DOI: 10.1103/PhysRevB.76.075111

I. INTRODUCTION

Transition-metal M doped spinels M:MgAl,O, (M=Ti,
V, and Mn) were found to show strong emission and have
been attracting much interest as a new laser material.! The
spinel crystal MgAl,O,4 belongs to the cubic space group OZ
(Fd3m) with 8 f.u. per unit cell. One kind of octant contains
a Mg?* ion at the center and has a tetrahedral coordination of
0% ions with full 7, symmetry (A site), and the other octant
has a sixfold distorted octahedral coordination of Al**, which
is located at the position with D5, symmetry (B site). The
host MgAl,O, itself may have various color centers due to
Mg deficiency, Mg-Al antisite defect, etc.,2> that are affected
by y-ray,* x-ray,’ and neutron® irradiations. In the case of
transition-metal-doped MgAl,O,, the interaction between the
transition-metal (3d) levels and the defect levels of host
MgAl,O, affects the valency of the doped transition-metal
ions. In addition, the doped transition-metal ions can substi-
tute for A-site and/or B-site cations. For example,
Fe:MgAl,O, is dominated by A-site Fe?* impurities”® al-
though B-site Fe** can coexist in some natural spinels.®'
These two points, namely, valency and site type of doped
transition-metal M ions, are important in determining the op-
tical responses of M-doped MgAl,O,.

The optical transitions in transition-metal-doped
MgAL,O, can be understood based on the ligand field
theory.!! For example, the red emission of Cr:MgAl,O, was
successfully interpreted as the transition from the lowest ex-
cited multiplet state °E . to the ground state multiplet
4A2g,12'13 which is similar to that in the famous laser material
Cr: Al,O5. Very recently, the Ti-doped spinel (Ti:MgAl,O,)
was found to show strong blue emission under the band-to-
band excitation, surprisingly in contrast to the red emission
of Ti:Al,05."* The charge-transfer excitation plays a domi-
nant role in the optical responses of Ti:MgAl,O,,'* while
both the transitions between the multiplet levels and the
charge-transfer transitions are observed to coexist in
Mn:MgAl,0,." In order to understand the interplay of these
two kinds of transitions, we have studied how optical re-
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sponses of M-doped MgAl,O, crystals (M=Ti, V, Cr, Mn,
Co, and Ni) depend on the number of 3d electrons. In order
to investigate the optical responses in a systematic way, it is
very important to grow the M-doped MgAl,O, crystals under
the same condition since the optical properties of MgAl,O4
are sensitive to the various defects. Also it is important and
interesting how the dependence of charge-transfer energy A
and multiplet averaged Coulomb interaction U on the num-
ber of 3d electrons is related to the rich optical responses of
M-doped MgAl,O,. These questions will be answered by the
measurement of optical responses of the transition-metal-
doped spinels with the help of calculations by unrestricted
Hartree-Fock (UHF) approximation.

After a brief description of experimental and theoretical
methods (Sec. II), we will show the optical spectra of Cr-,
Co-, and Ni-doped spinels in Sec. III. Combined with the
preceding results for Ti-,'* V-,'° and Mn-doped'>!” spinels,
we will describe a systematic trend of optical responses of
transition-metal-doped spinels. In Sec. IV, the systematic
trend will be interpreted by optical models that are con-
structed based on the UHF calculations for transition-metal-
doped spinels. Section V is devoted to discussion and con-
clusion.

II. EXPERIMENTAL AND THEORETICAL METHODS

The transition-metal-doped MgAl,O, single crystals were
grown from melt in an oxidizing atmosphere by the floating-
zone method, with a Xe lamp as a heating source. Calcined
powders of Al,O3 (99.999%) and MgO (99.99%) were used
as starting materials. The nominal molar percentage of
transition-metal doping is chosen from 0.01 to 1.0 mol %
with the stoichiometric condition. Samples were sliced into a
disk with a diameter of several millimeters and a thickness of
1.5 mm after being polished by diamond and alumina pow-
ders for optical measurements.

The valence of the transition-metal impurities and the po-
sition of the impurity level relative to the host O 2p band can
be calculated by the UHF calculation on a spinel-type lattice

©2007 The American Physical Society
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model with eight A-site (Mg) ions, 16 B-site (Al) ions, and
32 oxygen ions in the unit cell. One of the A-site or B-site
ions is replaced by the transition-metal impurity ion. The 3s
orbitals of the A-site Mg and B-site Al ions, the 2p orbitals of
the oxygen ions, and the 3d and 4s orbitals of the transition-
metal ion are included in the model Hamiltonian. The trans-
fer integrals between the atomic orbitals are given in terms of
Slater-Koster parameters.'® The intra-atomic Coulomb inter-
action between the 3d electrons is expressed using Kanamori
parameters, u, u’, j, and j', and is treated by UHF
approximation.'”

III. OPTICAL RESPONSE

The transmission spectra of the transition-metal-doped
spinels are summarized in Fig. 1. The thickness of the
samples is fixed to 1.5 mm, and the doping degree is
changed from 0.01 to 1.0 mol %. Here, only a few examples
are shown in Fig. 1 in comparison with that of a pure
MgAl,Oy crystal.

Several characteristics which will be discussed are listed
here in reference to Fig. 1. Firstly, the absorption lines are
induced in the visible region of Cr-, Mn-, Co-, and Ni-doped
MgAl,O, crystals, while any absorption lines are not visible
in Ti- and V-doped spinels. Secondly, the absorption edge
shows always the redshift due to the doping of the transition-
metal ions. These characteristics as well as other optical re-
sponses will be explained well in Sec. IV by the model
supplemented with the UHF calculations. Thirdly, the trans-
mittance is also increased by doping in the spectral region,
besides the frequency range of doping-induced absorption
mentioned above. The transmittance of the pure MgAl,O,
crystals is degraded by the broad optical transitions due to
Mg deficiency. In the case of Mn and Co doping, the
transition-metal ions substitute for the A-site Mg ions and
tend to reduce the Mg deficiency. Also for Cr and Ni doping,
although the transition-metal ions mainly substitute for the
B-site ions, some transition-metal ions may enter the A site
and reduce the Mg deficiency. As for Ti and V doping, the Ti
and V ions dominantly occupy the B site as Ti** and V>*,
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and provide the 3d electron to the Mg deficiency. This charge
compensation may result in the improvement of transmit-
tance in the visible region.

The blue emission with its peak at 490 nm is observed
under the band-to-band transition of Ti:MgAl,0,,'* while
the blue-green emission around 505 nm is dominant in
V:MgAl,0,.' These were assigned to the charge-transfer
deexcitation between the optically excited 3d electron and a
hole created in the valence band. On the other hand, the red
emission at 690 nm is dominantly observed in Cr: MgAl,O,
both under band-to-band excitation and pumping at two
transmittance dips of 400 and 550 nm as shown in Figs. 2(a),
2(c), and 2(d). Figure 2(b) shows the excitation spectra
monitored by the emission intensity at 687 nm. From these
spectra, the red emission is assigned to the radiative decay
from the lowest excited multiplet state 2Eg, to the ground
state multiplet 4A2g' This assignment is consistent with that
of the 700 nm emission observed in Cr: MgGa,0,.?° The two
dips at 550 and 400 nm in the transmittance spectrum, as
shown in Fig. 1(c), are assigned to the excitation from the
ground state multiplet 4Azg, respectively, into 4T2g and 4Tl ¢
states of Cr’* (3d)3 at B site.!213.21

The optical measurement of manganese-doped spinels
Mn:MgAl,O, was repeated by using the newly grown crys-
tals. The same spectra as in Ref. 15 are obtained and the
assignments are also confirmed. Only relevant results are re-
peated here. The green emission with its peak at 520 nm is
assigned to the radiative decay from the lowest multiplet
excited state *T into its ground state °A, of Mn?* (3d)° at A
(T,) site. This assignment is confirmed by the excitation
spectrum monitored by the emission at 520 nm; i.e., four
peaks at 450, 425, 385, and 360 nm are assigned to the ex-
citation from the ground state 6Al, respectively, to 4T2 (4G),
‘A 'E (*G), ‘T, (*D), and ‘T, (*P)/*E (*D) of Mn?** (3d)?
at A site. These excitations relax to the lowest excited mul-
tiplet state 7, (*G) and emit 520 nm photon, making the
transition to °A ;. Also this assignment is consistent with that
of the 500 nm emission observed in Mn:MgGa,0,.>> The
red emission with its peak at 650 nm is assigned to the
charge-transfer deexcitation due to the radiative recombina-
tion between one of the Mn?* (3d)’ electron in °A, multipet
ground state and the hole optically created in the valence
band.

Cobalt-doped spinels Co:MgAl,O,4 look very brilliantly
blue under natural-light irradiation. Notice that the absorp-
tion coefficient at yellow around 600 nm of Co:MgAl,O, is
by 1 order of magnitude larger than those of the others
shown in Fig. 1. The blue emission with its peak at 450 nm
and red emission around 710 nm are observed under the
band-to-band excitation, e.g., at 240 nm as shown in Figs.
3(a) and 3(b). As Figs. 3(c) and 3(d) show, the red emission
with almost equal intensity is observed under the excitations
at 626, 583, and 550 nm. The blue emission is assigned to
the charge-transfer deexcitation between one of the Co**
(3d)7 electrons at A site and a hole created in the valence
band under the band-to-band excitation, while the red emis-
sion around 660 nm is assigned to the optical decay into the
multiplet ground state 4A2(4F) from the excited multiplet
state 4T, (*P). This assignment is consistent with that of the
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FIG. 2. Emission spectra of Cr-doped MgAl,0O, under excitation
at (a) 244 nm, (c) 400 nm, and (d) 550 nm. (b) Excitation spectra
monitored by the emission intensity at 687 nm.

650 nm emission observed in Co:MgGa,04.2 Three
peaks in the excitation spectrum of Fig. 3(d) are assigned
to the optical transitions from the ground state 4142(4F )
into 2E/2T1(2G,626 nm), 4T1(4P,583 nm), and
?A,/*T,(*G,550 nm), which are hybridized with each other
by spin-orbit interaction. These excitations relax to the
Stokes-shifted 4T1(4P) and emit the radiation at 660 nm.
These assignments are consistent with those of ligand field
theory!! and with the optical study by Kuleshov er al.>* Here,
the Co?* (3d)” ion is located at A site with T, symmetry, so
that these energy levels are described approximately in terms
of the (3d)? system in Oy, site.!! The ligand field theory® and
cluster-model calculation®® predict that the multiplet states
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FIG. 3. (a) Emission spectra of Co: MgAl,0, under excitation at
240 nm, and (c) those under excitation at three dips of the transmit-
tance spectra of Fig. 1(e), i.e., 626, 583, and 550 nm. (b) Excitation
spectra monitored at 450 nm and (d) those at 710 nm.

T, and *T, have much lower excitation energies 0.84 and
0.5 eV from the ground multiplet 4A2, so that these levels
were not observed by our optical systems.

The electronic structure of Ni:MgAl,O, crystal is de-
scribed by Ni?* (3d)? levels at D5, symmetry (B site), ap-
proximately at O, symmetry. The ground multiplet state is
3A2g (5¢?), and the lowest excited state 3T2g (he?) has the
excitation energy at ~1000 nm.?”?® The doublet structures at
640 and 590 nm in Fig. 1(f) are assigned to the excitation
from 3A2g (15¢?) to 1Eg and °T, p (5¢?), which are coupled by
the spin-orbit interaction. Under the band-to-band excitation
at 242 nm, the emission spectrum of blue-green with its peak

PHYSICAL REVIEW B 76, 075111 (2007)

@

— pure

—- Ni: 0.1 mol%
—e N2 0.5 mol%
—Ni: 1.5 mol%

i

i
i i
i E

Intensity [arb.units]

30 400 500 60 700 800 900
Wavelength [nm]

(b)
=
2
S,
2
£ —_pure
S| i~ N i Ni: 0.1 mol%
= NIz 0.5 mol%
— —Ni: 1.5 mol%
200 250 300 350 400
Wavelength [nm]

— — pure

2 ~—-Ni: 0.1 mol%

g ——Ni: 0.5 mol%

= —Ni: 1.5 mol%

[~

2

7]

5

g

400 500 600 700
Wavelength [nm]

—pure

(d —=Ni: 0.1 mol%
//\ —Ni: 0.5 mol%

/7 \ —Ni: 1.5 mol%

Intensity [arb.units]

320 340 360 380 400
Wavelength [nm]

FIG. 4. (a) Emission spectra of Ni:MgAl,O, under excitation at
band edge at 242 nm, and (c) those under excitation at a dip
(380 nm) of the transmittance spectra in Fig. 1(f). (b) Excitation
spectra monitored by the emission intensity at 470 nm, and (d)
those monitored by the emission intensity at 440 nm.

at 470 nm is observed as shown in Fig. 4(a), and its excita-
tion spectrum is drawn in Fig. 4(b). The other blue emission
with the peak at 440 nm is observed under pumping at
380 nm as shown in Fig. 4(c), and the excitation spectrum is
drawn in Fig. 4(d).

IV. OPTICAL MODEL

In order to explain the rich optical responses of the
transition-metal-doped spinels, optical models are con-
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FIG. 5. Energy diagrams of MgAl,0O, crystals doped with (a) Ti,
(b) V, (c¢) Cr, (d) Mn, (e) Co, and (f) Ni as a function of the inter-
action modes Q4 (at A site) and Qp (at B site).

structed based on the UHF calculations. The first character-
istics of the UHF calculation shows that 3d levels of the
lighter transition-metals Ti and V, doped in MgAl,O, crystal,
are rather high. As a result, these 3d electrons are fully re-
moved so that Ti and V exist as Ti** and V°* at B site, losing
all 3d electrons. These results are consistent with the models
presented to understand the optical responses of Ti- and
V-doped MgAl,O, crystals.'*!® These are shown in Figs.
5(a) and 5(b), respectively.

It was also confirmed by electron spin resonance mea-
surement that the titanjium ion is located as Ti** at B
site in the electronic ground state. The blue emission with
its peak at 490 nm is assigned to the charge-transfer
deexcitation of Ti**3d into the valence band hole created
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by the band-to-band excitation. The Stokes shift from
280 nm (4.43 eV) to 490 nm (2.53 eV) is of the same order
of magnitude as that (500—800 nm) of Ti: Al,O3. The vana-
dium ion was also concluded to have a similar electronic
structure, i.e., to exist as V>* at B site in the electronic
ground state as discussed in Ref. 16. The transmittance spec-
trum of V:MgAl,O, crystal shows the largest redshift due to
V doping, so that the conduction-band bottom is considered
to be composed of the hybridized states of V* 3d and
0% 2p. Then bluish green emission with its peak at 505 nm
is assigned to the radiative decay of V*#* 3d electron into the
hole state in the valence band. Here, the Stokes shift from
274 nm (4.52 eV) to 505 nm (2.46 eV) is also of the same
order of magnitude as Ti-doped MgAl,O, and Al,O5 crys-
tals. Both ions Ti** and V** are shown by the UHF calcula-
tion to lose the single 3d electron to the Mg deficiency. This
compensation results in the improvement of transmittance in
the visible region as shown in Figs. 1(a) and 1(b).

The multiplet-averaged Coulomb interaction U increases
and the charge-transfer energy A decreases as the number of
3d electrons increases in going from Ti** (3d)! to Cr** (3d)>.
Therefore, the Cr’* (3d)® state is stable and the multiplet
levels of Cr** electrons embedded at B site are shown to
distribute within the band gap of MgAl,O, crystal, in agree-
ment with the optical responses discussed in Sec. III. The
optical transitions between the multiplet levels are observed
in the transmittance and emission (excitation) spectra and are
assigned as shown in Fig. 5(c).

Manganese and cobalt are derived to exist as Mn?* and
Co** ions at A site, and the level schemata are well consis-
tent with the observed optical spectra as shown in Figs. 5(d)
and 5(e), respectively. Here, both the charge-transfer and
multiplet levels can be fixed relative to the valence-band top.
As to Mn:MgAl,O,, refer to Ref. 15. Here, we discuss the
origin of brilliant blue of Co:MgAIl,O,. There are three rea-
sons for this enhancement. Firstly, the most important origin
comes from the strong absorption at yellow (626, 583, and
550 nm), which is complementary to blue under natural
white light irradiation. Secondly, the blue emission at
450 nm is induced by the charge-transfer deexcitation due to
the radiative recombination of one of the Co** (3d)7 elec-
trons and the hole optically created in the valence band under
the band-to-band excitation around 240 nm. Thirdly, the
transmittance in the blue region increases by more than 10%,
so that the blue light becomes more transparent in
Co:MgAl,Oy crystal. These three effects result in the more
brilliant blue than other cobalt blue. Taking into account the
Co?* (3d)’ electrons in T, symmetry, the electronic structure
of Co?*:MgAl, Oy is given in Fig. 5(e). Note here that these
levels are similar to those of the (3d)? electrons in O,
crystalline field, with the Dg value reduced by 5/9.!' The
triplet structures in Fig. 1(e) are 2E/ 2T1(2G,626 nm),
4T1(4P,583 nm), and 2AI/ZTZ(ZG,SSO nm), which are well
hybridized by the spin-orbit interaction. These excitations
relax to the lattice-distorted level of *E/ 2T1 and show the
emission with peak at 663 nm. On the other hand, under the
band-to-band excitation, the blue emission at 450 nm is as-
signed to the radiaive recombination of a hole created at the
valence band with an electron composing the ground state
multiplet of Co>* (3d).

075111-5



1ZUMI et al.

The electronic structure and optical responses of
Ni:MgAl,O, crystals are also understood in the way similar
to that of Co:MgAl,O,. Here, Ni ion is assigned to Ni**
(3d)? in B site with O), symmetry. Then the electronic struc-
ture of Ni:MgAl,O, is drawn in Fig. 5(f). Here, the blue
emission at 440 nm is assigned to the transition from the
multiplet state *T ¢ (f3¢*) to the ground state multiplet 3A2g
(tgez), while under the band-to-band excitation, the charge-
transfer deexcitation is due to the recombination of a hole
created in the valence band with one of the (3d)® electrons
on 3A2g (5¢?). This is also drawn in Fig. 5(f).

V. DISCUSSION

As a conclusion, almost all optical characteristics of
transition-metal-doped spinel Ti:, V:, Cr:;;, Mn:, Co:, and
Ni:MgAlL,O, crystals are discussed from a unified point of
view in the framework of the UHF approximation. Notice
that Mn** (3d)? and Co®* (3d)” are located at the A site
replacing Mg?* ion, while Ti** and V°* as well as Cr** (3d)*
and Ni** (3d)® are at the B site replacing AI** ion. The sys-
tematic trend of valency and charge-transfer energy has been
well understood by the UHF calculations. Unfortunately,
however, we could not observe the low-lying energy levels
beyond 900 nm by our optical systems, so that level assign-
ment of Co and Ni was restricted to the visible region. The
infrared spectroscopy will be able to check the low-lying
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levels which have been assumed in the present paper.

The most important characteristics of transition-metal-
doped spinels is the coexistence of charge-transfer excitation
and optical transition between the multiplet states of (3d)"
electrons in the visible region. In the case of Ti- and V-doped
MgAl,O, crystal, only the charge-transfer excitation between
the optically excited 3d electron and the hole created in the
valence band is observed in the visible region. This is be-
cause all 3d electrons of Ti and V atoms are removed and the
3d orbitals and 2p orbitals of O>~ (2p)® are well hybridized.
On the other hand, both transitions are clearly visible in Co-
and Mn-doped MgAl,O, crystals because the multiplet terms
of (3d)” and (3d)’ are distributed in the band gap. It is also
noted here that both Co?* and Mn?* ions are at the A site
with T, symmetry, without the inversion symmetry, so that
the multiplet transitions have rather large oscillator strength.
In Cr- and Ni-doped spinels, the transitions between the mul-
tiplet terms are dominant and the charge-transfer transition is
rather weak. Here, both ions Cr>* and Ni2* are at the B site.
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