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The spectroscopic properties of the Mn4+ ion (3d3) in the double perovskite NaLaMgTeO6 are
reported in this work. Evidence is presented for the occupation by the Mn4+ ion of both the six co-
ordinated Mg2+ and Te6+ sites in the host structure. The Mn4+ energy levels are calculated using
the exchange charge model of crystal field theory for both occupied sites. The results of our cal-
culations yield the crystal field splitting and Racah parameters of Dq = 2008 cm−1, B = 790 cm−1,
C = 2881 cm−1, with C/B = 3.65 (Mg2+ site) and Dq = 2008 cm−1, B = 790 cm−1, C = 2949 cm−1,
with C/B = 3.73 (Te6+ site). A cross-cutting comparative study of the variations in the crystal field
splitting and the Racah parameters of the six-coordinated Mn4+ ion in a series of materials with the
perovskite structure are presented.

Key words: Mn4+ Ion, Crystal Field Splitting, Perovskites, Optical Materials

Introduction

In recent years, we carried out detailed studies per-
taining to the optical properties of the Mn4+ ion (3d3

electronic configuration) in a wide variety of host ma-
terials with the goal of rationalizing the optical spectra
as a function of the surroundings of the Mn4+ ion in the
crystalline structure [1 – 6]. In many of these studies
we have calculated the electronic energy levels of the
Mn4+ ion and demonstrated that the results of our cal-
culations are in good agreement with the experimental
data. The results of our crystal field calculations permit
the extraction of the three principal physical param-
eters of interest: (1) the crystal field splitting (10Dq)
and, (2) the two Racah parameters, B and C (for the
Coulomb interaction between the d electrons in the un-
filled 3d shell). The prime goal of our program is to
relate the variations in these parameters to changes in
the “Mn4+-ligand” bonding in the crystalline solids.

The electronic ground state of the Mn4+ ion (4A2g)
and the lowest excited state (2E) arise from the
t3
2g configuration. The excitation/absorption spectra of

the Mn4+ ion in oxidic matrices are usually dom-
inated by the O2− → Mn4+ charge transfer transi-

tion and the internal (3d-3d; broad band) 4A2g→4T2g
and 4A2g →4T1g spin-allowed optical transitions. The
Mn4+ emission corresponds with the 2Eg→4A2g spin-
forbidden transition which is independent of the value
of Dq/B in the theory of Tanabe and Sugano [7] and
consists of sharp R-line emission with the associated
vibronic band. The energy of the Mn4+ 2Eg state is de-
pendent on the covalence of the “Mn4+-ligand” bond-
ing in the crystalline solids. Of fundamental interest is
the ability to tune the Mn4+ emission wavelength by
altering the covalence of the “Mn4+-ligand” bonding
which is host structure-dependent [1].

Perovskites with the general formulation ABX3 con-
tain corner-shared BX6 octahedral groups with the
larger A cations in a body-centered position (coordi-
nation number of 12). Perovskites represent a versatile
family of materials in which the compositions can be
readily changed to vary the covalence of the “Mn4+-
ligand” bonding, which as discussed previously, influ-
ences the energy of the emitting 2Eg state. Results per-
taining to the calculation of the energy levels of the
Mn4+ ion in perovskites such as YAlO3 [8], SrTiO3 [9]
and BaTiO3 [10] are available in the archival literature.
In recent years, we have systematically explored the

© 2014 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com

mailto:srivastava@ge.com


142 A. M. Srivastava et al. · The Double Perovskite NaLaMgTeO6

optical properties of the Mn4+ ion in materials which
crystallize with the perovskite structure. Thus, for ex-
ample, we have provided the results of crystal field cal-
culations of the Mn4+ energy level in the double per-
ovskite Ba2LaNbO6 [4] and in rhombohedral and or-
thorhombic perovskites, LaAlO3 [6] and CaZrO3 [11],
respectively.

The spectroscopic properties of the Mn4+ ion in the
NaLaMgTeO6 double perovskite were investigated in
this work. The electronic energy levels of the Mn4+ ion
are calculated by the exchange charge model of crystal
field theory and compared with the experimental data.
Further, we also provide a comparative study of the
spectroscopic properties of the Mn4+ ions in different
perovskite structures and suggest a criterion to relate
the energy position of the 2E state to the degree of co-
valence in a particular host. The degree of covalence is
quantified by ratios of the Racah parameters B and C
in a crystal to those for Mn4+ ion in the free state.

Experimental

The compound NaLaMgTeO6 activated with Mn4+

(0.005) was prepared by the solid-state reaction technique.
Commercially obtained La2O3 was heated to 1000 ◦C in an
atmosphere of nitrogen and subsequently stored in a dry box
because it is known to pick up water and CO2 from the at-
mosphere. The dried La2O3 was mixed with MgO, TeO2 and
Na2CO3 (10 mole-% excess) and heated to 900 ◦C in a cov-
ered crucible in air. The resulting powder was re-blended and
heated at 1000 ◦C for a period of 10 hours. X-Ray diffraction
data was characteristic of the monoclinic perovskite struc-
ture, indicating the formation of a single-phase material.

Low-temperature luminescence measurements were car-
ried out as previously described [12]. All spectra have been
corrected for the wavelength-dependent variations in the Xe
lamp intensity and for the photomultiplier response. The
room temperature diffuse reflectance of pure NaLaMgTeO6
was measured on a Perkin-Elmer spectrometer. Photolumi-
nescence decay curves at 12 K were measured by pressing
the sample powder into a copper plaque that was then at-
tached to a cryostat (Advance Research Systems, Inc.). The
cryostat was evacuated with a turbo pump (HiCUBE, Pfeif-
fer) and cooled down for about one hour. A thermocouple at-
tached to the plaque provided a reading of the sample temper-
ature. The excitation radiation was produced by a microsec-
ond Xe flashlamp (2 µs pulses at 10 Hz). The radiation was
passed through a double monochromator that allows select-
ing the excitation wavelength (350 and 492 nm in our ex-
periments) and led into an optical fiber to carry the signal
to the sample. The radiation emitted by the sample was col-

lected by a second optical fiber and taken to the spectrome-
ter (FS920, Edinburgh Instruments, Inc.). The manufacturer
software uses the multi-channel scaling technique to allow
time-resolved measurements.

Results and Discussions

Crystal structure of NaLaMgTeO6

The compound NaLaMgTeO6 [13] belongs to the
family of materials that crystallize in a distorted per-
ovskite structure with space group P121/m1 (no. 11).
The lattice constants are a = 5.5526, b = 5.5349, c =
7.9126 Å, β = 90.22◦, with two formula units per unit
cell. Fig. 1 illustrates one unit cell of NaLaMgTeO6.

The crystal structure of this perovskite simultane-
ously exhibits rock salt ordering of the B-site cations
(Mg2+, Te6+) and layered ordering of the A-site
cations (Na+, La3+) [13, 15, 16]. Both the B-site
cations, Mg2+ and Te6+, are in six-fold oxygen coordi-
nation (distorted octahedra). The Mg2+–O2− distances
(all in Å) are as follows: 2.060 (×2), 2.044 (×2), 2.122
and 1.913. The O–Mg–O angles (which would all be
180◦ in the case of an ideal octahedron) are 163.9◦

(×2) and 175.9◦ (one angle). The Te6+–O2− distances
(all in Å) are as follows: 1.990 (×2), 1.849 (×2), 1.920,
2.060. The O–Te–O angles formed by trans oxygen
atoms and Te6+ ion are: 170.5◦ (×2) and 174.5◦ (one
angle).

Fig. 1. The unit cell of NaLaMgTeO6. The B-site Mg2+ and
Te6+ cations are located inside the octahedra formed by the
oxygen ions (drawn with VESTA [14]).
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NaLaMgTeO6:Mn4+ (Mg2+ site) NaLaMgTeO6:Mn4+ (Te4+ site)
Bk

p,q Bk
p,S Bk

p

B−2
2 7.5 0 7.5 7.2 −0.5 6.7

B−1
2 −7.9 0.3 −7.6 −8.1 −0.6 −8.7

B0
2 703.1 1572.4 2275.5 −1184.8 −1738.2 −2923.0

B1
2 −4080.1 −3637.4 −7717.5 2561.8 1139.0 3700.8

B2
2 −3232.3 −2209.3 −5441.6 5164.0 3675.4 8839.4

B−4
4 0 0 0 0 0 0

B−3
4 0 0 0 0 0 0

B−2
4 0 0 0 0 0 0

B−1
4 0 0 0 0 0 0

B0
4 443.0 4367.3 4810.3 612.6 3937.7 4550.3

B1
4 −1510.8 −14935.0 −16445.8 1715.7 11569.2 13284.9

B2
4 320.5 2947.7 3268.2 −151.1 −942.9 −1094.0

B3
4 −1334.2 −13009.9 −14344.1 1219.2 8625.4 9844.6

B4
4 −2314.8 −22563.5 −24878.3 −3623.1 −23864.9 −27488.0

B 790 790
C 2881 2949
G 10.02 6.77

Table 1. Crystal field (in
Stevens normalization) and
Racah parameters (in cm−1)
for Mn4+ in NaLaMgTeO6.
G is the dimensionless ECM
parameter.

The ionic radii of the Mn4+, Mg2+ and Te6+ ions
are 0.53, 0.72 and 0.56 Å, respectively [17]. Thus the
Mn4+ ion can occupy both the six-coordinated Mg2+

and Te6+ sites. If half of the Mn4+ ions substitute at the
Mg2+ site and another half at the Te6+ site, there will
be no requirement for charge compensation. Evidence
will be presented for the occupation by the Mn4+ ion
of both the six coordinated Mg2+ and Te6+ sites in the
host structure.

Method of calculations

Crystal field theory allows the calculations of the en-
ergy levels of impurity ions with an unfilled d-shell in
a crystal field of arbitrary symmetry by diagonalizing
the following CF Hamiltonian [18],

H = ∑
p=2,4

p

∑
k=−p

Bk
pOk

p, (1)

where Ok
p are the suitably chosen linear combinations

of the irreducible tensor operators acting on the angu-
lar parts of the impurity ion’s wave functions (exact
definition of the operators used in the exchange charge
model (ECM) can be found in ref. [18]), and Bk

p are
the crystal field parameters (CFPs) which can be cal-
culated from the crystal structure data. These entries
include all the structural and geometrical information
about the host structure which reflects the arrangement
of the host ions around the impurity site. The Hamilto-

nian (Eq. 1) is defined in the space spanned by all wave
functions of the free ion’s LS terms (which arise due to
the Coulomb interaction between electrons of an im-
purity ion). The ECM allows expressing the CFPs as
a sum of two terms [18]:

Bk
p = Bk

p,q +Bk
p,S, (2)

with

Bk
p,q =−Kk

pe2 〈rp〉∑
i

qi
V k

p (θi,ϕi)

Rp+1
i

, (3)

and

Bk
p,S =Kk

pe2 2(2p+1)
5 ∑

i

(
GsS(s)2

i +Gσ S(σ)2
i

+ γpGπ S(π)2
i

)V k
p (θi,ϕi)

Ri
. (4)

The first term Bk
p,q is the point charge contribution to

the CFPs, which arises from the electrostatic interac-
tion between the central ion and the ions enumerated
by index i with charges qi and spherical coordinates Ri,
θi, ϕi (with the reference system centered at the impu-
rity ion itself). The averaged values 〈rp〉, where r is the
radial coordinate of the d electrons of the optical center
(also known as the moment of the 3d electron density),
can either be obtained from the literature or calculated
numerically, using the radial parts of the correspond-
ing ion’s wave functions. The values of the numerical
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factors Kk
p, γp, the expressions for the polynomials V k

p

and the definitions of the operators Ok
p can all be found

in ref. [18] and thus are not shown here for the sake of
brevity. The second term of Eq. 2, Bk

p,S, is proportional
to the overlap between the wave functions of the cen-
tral ion and the ligands and thus includes all covalent
effects. The S(s), S(σ), S(π)terms correspond to the
overlap integrals between the d functions of the central
ion and p and sfunctions of the ligands: S(s) = 〈d0|s0〉,
S(σ) = 〈d0|p0〉, S(π) = 〈d1|p1〉. The Gs, Gσ , Gπ en-
tries are dimensionless adjustable parameters of the
model, whose values are determined by the positions
of the first three absorption bands in the experimental
spectrum. They can be approximated to a single value,
i. e. Gs = Gσ = Gπ = G, which then can be estimated
from one (lowest in energy) absorption band only. This
is usually a reasonable approximation [18]. The sum-
mation in Eq. 4 is extended only to the nearest neigh-
bors of an impurity ion (i. e. six ligands in the case of
an octahedral impurity center in NaLaMgTeO6:Mn4+),
since the overlap with the ions from the further (sec-
ond, third etc.) coordination spheres can be safely ne-
glected.

The ECM employs a small number of fitting pa-
rameters and allows for calculating the crystal field
parameters and energy levels of impurities in crys-
tals without making any assumptions about the im-
purity center symmetry. The reliability and vitality of
the ECM is confirmed by its success in calculating
the energy level of the transition metal and rare earth
ions [1 – 5, 18, 19].

Results of calculations: determination of the crystal
field splitting (10 Dq) and the Racah parameters (B
and C)

The low-temperature excitation and emission spec-
tra of NaLaMgTeO6 are shown in Figs. 2 and 3. The
crystal structural data of ref. [13] were used to calcu-
late the CFP values. The Mn4+–O2− overlap integrals
were calculated numerically using the radial parts of
the transition metal ions’ and the O2− anion wave func-
tions that were taken from refs. [20, 21]. To ensure
proper convergence of the crystal structure sums (es-
pecially for the second rank of CFPs, varying with the
interatomic distance R as 1/R3), a large cluster con-
sisting of 34 560 ions in NaLaMgTeO6 was consid-
ered when calculating the energy levels of Mn4+ ions
at both Mg2+ and Te6+ sites. Table 1 collects the cal-

Table 2. Calculated and experimental energy levels (in cm−1)
for Mn4+ in NaLaMgTeO6.

Oh group notation and Mg2+ site Te6+ site Exp.
“parent” LS term (calcd.) (calcd.)
4A2g (4F) 0 0
2Eg (2G) 14 228

14 341
14 286
14 287

14 286

2T1g (2G) 14 697
14 946
15 305

14 528
15 454
15 962

4T2g (4F) 19 461
20 218
20 583

18 235
20 270
21 736

20 080

2T2g (2G) 21 424
22 270
23 341

21 056
22 995
23 784

4T1g (4F) 26 679
28 213
31 187

26 270
28 712
30 301

30 800

4T1g (4P) 42 949
44 445
47 343

41 172
44 164
48 767
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Fig. 2. Low-temperature (T = 10 K) emission (left; λex =
320 nm) and excitation (right; λem = 700 nm) spectrum of
NaLaMgTeO6:Mn4+ in comparison with calculated energy
levels of Mn4+ at the Te6+ position.

culated values of the non-zero CFPs for Mn4+ ions in
NaLaMgTeO6. To illustrate the role and significance of
the exchange parameters of crystal field, point charge
Bk

p,q and exchange charge Bk
p,S contributions to the to-

tal CFPs are shown separately. The second contribution
to the CFPs is of paramount importance, being several
times larger than the point charge term.
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Fig. 3. Low-temperature (T = 10 K) emission (left; λex =
320 nm) and excitation (right; λem = 700 nm) spectrum of
NaLaMgTeO6:Mn4+ in comparison with calculated energy
levels of Mn4+ at the Mg2+ position.

The CF Hamiltonian (Eq. 1) with CFPs from Table 1
was diagonalized in the space spanned by 50 wave
functions of all 8 LS terms (4F, 4P, 2P, 2D1,2, 2F, 2G,
2H) of the 3d3 electron configuration characteristic of
Mn4+ ions. The spin-orbit interaction was neglected
because the experimental spectra are broad and exhibit
no clearly resolved fine structure that could be unam-
biguously taken as a manifestation of the spin-orbit in-
teraction. The ECM parameter G was determined using
the experimental data pertaining to the splitting of the
4F ground term, in particular, from the energy position
of the first absorption band in the experimental spec-
tra; its values are also assembled in Table 1. The values
of the Racah parameters B and C, which were chosen
from the best agreement with experimental data, are
also given in Table 1.

The calculated energy levels of the Mn4+ ion
in NaLaMgTeO6 are collected in Table 2. Figs. 2
and 3 visualize the correspondence between the re-
sults of the crystal field calculations and the exper-
imental excitation spectrum. The two broad struc-
tureless bands in the excitation spectrum are as-
cribed to the spin-allowed transitions, 4A2g(4F)–
4T2g(4F) (with its maximum at about 20 080 cm−1)
and 4A2g(4F)–4T1g(4F) (with its maximum at about
30 080 cm−1). The absorption edge of the host struc-
ture (pure NaLaMgTeO6) was estimated at 235 nm
(42 553 cm−1) from the room-temperature diffuse re-
flectance spectrum. A similar host structure absorp-

tion energy has been reported for other Te6+-based
materials such as Gd3Li3Te2O12 (garnet structure;
40 000 cm−1) [22] and La2TeO6 (41 666 cm−1) [23].
The absorption edge thus corresponds to the O2− →
Te6+ charge transfer transition. Since the host struc-
ture absorption occurs at 42 553 cm−1, the strong band
centered near 30 000 cm−1 in the excitation spectrum
of NaLaMgTeO6:Mn4+ (Figs. 2 and 3) is a superposi-
tion of the O2−→Mn4+ charge transfer and the Mn4+

spin-allowed (3d−3d) transitions.
The strong sharp line at 14 705 cm−1 is assigned to

the emission from the Mn4+ 2E state. The strong inten-
sity of the Mn4+ 2E→4A2g zero phonon line indicates
that the coordination surrounding of the Mn4+ ion de-
viates considerably from inversion symmetry. This is
in accordance with the crystal structure data. If there
is a strong deviation from the center of symmetry, the
ZPL becomes electric dipole-allowed and gains inten-
sity relative to the phonon sidebands. This situation
is also encountered in the distorted double perovskite
Gd2MgTiO6 [12] and in Mg2TiO4 [24]. However, in
the double perovskite Ba2LaNbO6 the intensity of the
ZPL line is weaker than the phonon sidebands [25].
The energy of the 2E→4A2g zero phonon line in the
double perovskites Ba2LaNbO6 (14 679 cm−1) [25]
and NaLaMgTeO6 (14 705 cm−1) is very nearly the
same (Table 3). The energy position of the Mn4+ 2E
state (14 705 cm−1) in NaLaMgTeO6 was very well
reproduced by our calculations, and the validity of
our crystal field calculations is confirmed by the good
agreement between the calculated energy levels of the
impurity ions and the experimental data (Figs. 2 and 3).

Low-temperature decay curves of
NaLaMgTeO6:Mn4+: Evidence for two-site
occupation by the Mn4+ ion

In order to show that the Mn4+ ion simultane-
ously occupies both the Mg2+ and the Te6+ sites of
NaLaMgTeO6, we measured the decay profile of the
Mn4+ luminescence at low temperatures (Fig. 4). The
Mn4+ luminescence exhibits a double exponential de-
cay. From the two linear regions of the decay curves,
the lifetimes τ1 = 1.09±0.01 and τ2 = 2.61±0.03 ms
were determined under 350 nm excitation, and τ1 =
1.05± 0.01 and τ2 = 2.45± 0.03 under 492 nm exci-
tation. These results are taken to indicate that there are
two types of sites for the Mn4+ ion in the perovskite
structure. The obvious possibility is the simultaneous
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occupation of the two B-site cations by the Mn4+ ions
which has the advantage of attaining charge compen-
sation. This substitution is also driven by the similar
ionic radii of the host structure B-cations and that of the
Mn4+ ion. The faster decay component probably re-
flects the energy transfer from the Mn4+ ion which oc-
cupies a high-energy site to the Mn4+ ion at the lower
energy site which is characterized by the longer de-
cay constant. Site selective laser excitation techniques
which can differentiate between the two sites are be-
yond the scope of this study. This, for example, has
been accomplished for the Mn4+ ion in the Gd3Ga5O12
(GGG) garnet material [26].

The variations in the physical parameters, 10Dq and
B and the energy of the 2Eg→4A2g emission
transition in some perovskites

In this section we present an approach that allows
for establishing a correlation between the energy po-
sition of the Mn4+ 2E state and the values of the
Racah parameters (B and C) in a particular host. The
values for 10Dq, the Racah parameters B and C and
the Mn4+–O2− bond lengths in a few perovskite host
structures are assembled in Table 3. The crystal field
strength (10Dq) is given by 10Dq =E(4A1g →4T2g).
In the following we will provide a generalized inter-
pretation of the variations in the Racah parameter B
of the perovskites. The reduction of this parameter is
due to the covalent bond formation between the Mn4+

ion and the ligating atoms. This nephelauxetic effect
is usually represented by the ratio: β = Bcomplex/B0,
where B0 = 1160 cm−1 for the Mn4+ ion.

Table 3. Racah parameters (B, C), nephelauxetic ratio (β ), crystal field splitting (Dq), energy of the 2Eg →4A2g emission
transition (E:2Eg) and Mn4+–O2− distances (Å) in perovskites. In NaLaMgTeO6, the site that is occupied by the Mn4+ ion
is indicated in bold.

Perovskite B C β = C/C0 Dq E:2Eg Mn4+–O2− E:2Eg Reference
(cm−1) (cm−1) B/B0 (cm−1) (cm−1) bond calcd.,

length Eq. 6
(Å) (cm−1)

Ba2LaNbO6 670 3290 0.57 0.76 1780 14 679 1.9973 14 874 [4, 25]
LaAlO3 695 2941 0.60 0.68 2123 14 034 1.90 14 051 [6]
YAlO3 720 3025 0.62 0.70 2083 14 356 1.911 14 466 [8]
SrTiO3 735 2812 0.63 0.65 1820 13 792 1.951 13 849 [9]
BaTiO3 738 2820 0.64 0.66 1780 13 861 2.003 13 880 [10]
CaZrO3 754 3173 0.65 0.74 1850 15 054 2.096 15 081 [11]
NaLaMgTeO6 790 2881 0.68 0.67 2008 14 705 2.0405 14 469 this work
NaLaMgTeO6 790 2949 0.68 0.69 2008 14 705 1.943 14 676 this work

The reason for the Mn4+–O2− bonding being less
covalent in SrTiO3, BaTiO3 and CaZrO3 relative to that
in the double perovskite Ba2LaNbO6 has been traced
to the polarization of the oxygen charge density within
the [–Mn4+–O2−–B4+–] linkage of the perovskite
structure towards the B4+cations (Ti4+ and Zr4+). This
is because these cations offer empty nd0 orbitals for
combination with the O2− 2p orbitals [27 – 29]. This
polarization of the charge density reduces the overlap
between the Mn4+ 3d orbitals and the 2p O2− orbitals.
Thus the covalence of the Mn4+–O2− bonding in the
three perovskites, SrTiO3, BaTiO3 and CaZrO3 is re-
duced. The double perovskite Ba2LaNbO6 also con-
tains Nb5+ cations with empty [Kr] 4d0 orbitals. How-
ever, the Mn4+–O2− bonding is relatively more cova-
lent for the following reason. In this structure there are
linkages of the type [–La3+–O2−–Nb5+–O2−–La3+–
] because there is an ordering between the Nb5+ and
La3+ ions on the B site. Thus when the Mn4+ replaces
Nb5+ cations, the polarization effect which shifts the
center of the negative charge density of the O2− ion
towards the Ti4+/Zr4+ cations and renders the Mn4+–
O2− bonding more ionic in the perovskites SrTiO3,
BaTiO3 and CaZrO3 is absent in the double perovskite
Ba2LaNbO6. This explains the relatively higher cova-
lence of the Mn4+–O2− bonding in the double per-
ovskite.

According to the data presented in Table 3, the
Mn4+–O2− bonding is the least covalent in the double
perovskite NaLaMgTeO6. The value of B = 790 cm−1

indicates a relatively high ionic character of the
Mn4+–O2− bonding in this perovskite despite the fact
that there are no cations with empty orbitals that are
available for combination with the oxygen 2p orbitals.
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Fig. 4. Fluorescence decay at T = 12 K of
NaLaMgTeO6:Mn4+ showing the non-exponential be-
havior under λex = 350 nm and λex = 492 nm excitation.
The derived lifetimes from the decay curves are also given.

Fig. 5. The [–Mg2+–O2−–Te6+–O2−–Mg2+–] linkage in the
double perovskite NaLaMgTeO6.

This can be explained as follows. In the crystal struc-
ture of this perovskite there are linkages of the type
[–Mg2+–O2−–Te6+–O2−–Mg2+–] (see Fig. 5). We
have recently conducted ab inito studies on
NaLaMgTeO6 with the intention of exploring quanti-
tatively the role of the host structure in determining
the optical properties of the embedded activator ions.
In that study we calculated the effective charges
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Fig. 6. The relationship between the energy of the 2Eg state
and the β1 parameter (see text for further details).

(Mulliken charge) on all the host structure cations. It is
well known that due to chemical bonding the effective
charge on the cations can be significantly different
from their formal charges. The effective charges of the
Mg2+ and Te6+ [[Kr]4d10] cations were determined
to be (in units of proton charge; LDA results) +1.81
and +2.36, respectively. This result shows that the
effective charge of the Te6+ cation is significantly
reduced from +6 to +2.36 due to chemical bond for-
mation. Thus the Te6+–O2− bonding has considerable
covalent character in NaLaMgTeO6. This means that
within linkages of the type [–Mn4+–O2−–Te6+–], the
high covalency of the Te6+–O2− bonding will render
the corresponding Mn4+–O2− bonding ionic by the
inductive effect. This peculiarity of chemical bonding
explains the high ionic nature of the Mn4+–O2−

bonding in the double perovskite NaLaMgTeO6.
Finally, the energy of the 2Eg →4A2g emission in

the perovskites is considered in terms of the theory
of Tanabe and Sugano [7] which relates the energy of
this transition to the covalence of the “Mn4+–Ligand”
bonding in a solid. The peak emission energy is de-
pendent on the two Racah parameters B and C. Re-
garding the Mn4+ ion, we have recently introduced

a non-dimensional parameter, β1 =

√(
B
B0

)2
+
(

C
C0

)2
,

which relates the energy of the 2Eg →4A2g transition
to the Racah parameters Band C [6]. The subscript “0”
refers to the values of the Racah parameters for the free
Mn4+ ion (B0 = 1160 cm−1 and C0 = 4303 cm−1) [30].
Fig. 6 shows that the peak emission energy of the
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2Eg →4A2g transition in the perovskites of Table 3 is
linearly related to β1 showing that any description of
the nephelauxetic effect for the Mn4+ containing hosts
must consider both Racah parameters B and C.

In reference [31], another equation has been pro-
posed which links the energy of the 2Eg state of the
d3 electron configuration with the Dq:

E(2Eg)/B = 3.05C/B+7.90−1.80B/Dq . (5)

The energy of the 2Eg state calculated using Eq. 5
is also listed in Table 3. As seen from the Table, both
experimental and estimated values of the 2Eg state po-
sition match each other well. We must point out that
Eq. 5, strictly speaking, is valid only for cubic symme-
try and does not reflect any effect of a low-symmetry
component of a crystal field, which must eventually
lead to the splitting of the orbitally degenerated energy
levels.

Conclusions

In this work we have evaluated the UV/Vis spectro-
scopic properties of the Mn4+ ion in NaLaMgTeO6,

a material which crystallizes with a distorted per-
ovskite structure and exhibits ordering of both A-site
and the B-site cations. Evidence is presented for the oc-
cupation by the Mn4+ ion of both the six-coordinated
Mg2+ and Te6+ sites of the host structure. We have
calculated the energy levels of the Mn4+ ion using
the exchange charge model of crystal field theory and
demonstrated that the results of our calculations are in
good agreement with the experimental data. Our inter-
pretation of the variations in the Racah parameter B
in the perovskite family of materials is based on the
changes in the covalent character of the Mn4+–O2−

bonding which is driven by the cationic substructure
that occurs in the corner-linked BX6 octahedral moi-
eties.
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