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a b s t r a c t

Existing Mn4þ activated red phosphors have relatively low emission energies (or long emission
wavelengths) and are therefore inefficient for general lighting. Density functional calculations are
performed to study Mn4þ emission in rare-earth hafnate, zirconate, and stannate pyrochlore oxides
(RE2Hf2O7, RE2Zr2O7, and RE2Sn2O7). The results show how the different sizes of the RE3þ cation in these
pyrochlores affect the local structure of the distorted MnO6 octahedron, the Mn–O hybridization, and the
Mn4þ emission energy. The Mn4þ emission energies of many pyrochlores are found to be higher than
those currently known for Mn4þ doped oxides and should be closer to that of Y2O3:Eu

3þ (the current
commercial red phosphor for fluorescent lighting). The O–Mn–O bond angle distortion in a MnO6

octahedron is shown to play an important role in weakening Mn–O hybridization and consequently
increasing the Mn4þ emission energy. This result shows that searching for materials that allow
significant O–Mn–O bond angle distortion in a MnO6 octahedron is an effective approach to find new
Mn4þ activated red phosphors with potential to replace the relatively expensive Y2O3:Eu3þ phosphor.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Mn4þ can activate red emission in many materials [1,2]. The
Mn4þ emission wavelengths in some fluorides [3–6] are close to that
of Y2O3:Eu3þ , which is the current commercial red phosphor used in
fluorescent lighting. (The Mn4þ emission wavelength in Na2SiF6 is
617 nm [5], compared with 611 nm for Y2O3:Eu3þ .) Therefore, Mn4þ

has the potential to replace the more expensive Eu-activated red
phosphors. However, the fluorides are not stable in the mercury
vapor environment, which is present in fluorescent lamps. Many
Mn4þ activated oxides are stable in mercury environment but their
emission wavelengths are relatively too long compared to that of
Y2O3:Eu3þ . The shortest reported Mn4þ emission wavelength in
oxides is 648 nm for Y2Sn2O7 [7]. It is important to note that human
eye sensitivity to red light decreases rapidly when the emission
wavelength goes above 611 nm (by more than 60% from 611 to
648 nm). Hence, the currently known Mn4þ activated oxide phos-
phors are inefficient for general lighting.

Mn can assume many oxidation states, such as 2þ , 3þ , 4þ , and
5þ , depending on the chemical environment of the Mn ion. An Mn
ion usually assumes the 4þ oxidation state when it is located on an
octahedral site in solids because the octahedral crystal field creates a
large energy gap between the occupied t2g and the empty eg orbitals
in Mn4þ[2]. The emission spectrum of Mn4þ typically shows a sharp
line corresponding to the 2Eg-

4A2g transition. The variation in the

Mn4þ emission energies in different materials is attributed to
different hybridization strength between Mn4þ and its ligands
[1,2,8]. Weaker Mn4þ-ligand hybridization usually lead to higher
emission energy (or shorter emission wavelength). Substitutional
Mn4þ on large cation sites usually forms long Mn4þ-ligand bond,
resulting in relatively weak hybridization and high emission energy.
A recent study further shows that bond angle distortion around the
Mn octahetral site significantly decreases the Mn4þ-ligand hybridi-
zation, thereby increasing the emission energy [2]. This explains, for
instance, why the Mn4þ emission energies in pyrochlore oxides
(with significant bond angle distortion in MnO6 octahedra) are
generally higher than those in perovskite oxides (with no or small
bond angle distortion in MnO6 octahedra). Y2Sn2O7, which is the
oxide with shortest reported Mn4þ emission wavelength [7], is a
pyrochlore oxide.

Pyrochlore oxides are a large family of oxides with general
formula of A2B2O7 (space group Fd-3m) [9]. Fig. 1 shows the structure
of rare-earth pyrochlore oxides (A3þ

2 B4þ
2 O2�

7 ), where the A-site
contains the large rare-earth cations (RE3þ) and the B-site consists
of smaller (e.g., Sn4þ , Zr4þ , Hf4þ ), higher-valence cations. The larger
RE3þ cations are eight-fold coordinated with oxygen and located
within a distorted cubic polyhedron. The smaller B4þ cation is six-
fold-coordinated with oxygen and located in a distorted octahedron,
which is illustrated in Fig. 1.

This work employs density functional calculations [10] to show
how the different sizes of the RE3þ cation in rare-earth hafnate,
zirconate, and stannate pyrochlore oxides (RE2Hf2O7, RE2Zr2O7,
and RE2Sn2O7) affect the local structure of the distorted MnO6

octahedron, the Mn–O hybridization, and the Mn4þ emission
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energy. There are many rare-earth pyrochlores. Here, only those
with large-sized tetravalent ions (i.e., Hf4þ , Zr4þ , and Sn4þ) are
chosen since these ions, when substituted by Mn4þ , allow rela-
tively long Mn–O bond length, which results in weak Mn–O
hybridization and high Mn4þ emission energy. (The ionic radii of
Hf4þ , Zr4þ , and Sn4þ are 0.85 Å, 0.86 Å, and 0.83 Å, respectively,
much larger than that of Mn4þ , which is 0.67 Å [11].) The emission
energies of a large number of Mn4þ doped rare-earth pyrochlores
are found to be higher than those currently known for Mn4þ

doped oxides and should be closer to that of Y2O3:Eu3þ .

2. Computational details

In this work, density functional theory (DFT) with standard
Perdew–Burke–Ernzerhof (PBE) [12] is used to study the Mn4þ

emission in rare-earth pyrochlore oxides. Since the 2Eg-
4A2g

emission at Mn4þ involves only a spin flip, the Mn4þ emission
energy is calculated by taking the energy difference between the
low- and the high-spin states of Mn4þ:

ΔEem ¼ Eð1μBÞ�Eð3μBÞ; ð1Þ
where Eð1μBÞ and Eð3μBÞ are the total energies of structurally
relaxed low-spin (1μB) and high-spin (3μB) states of Mn4þ [2].

DFT is a ground-state single-particle theory, which in principle
is incapable of calculating the transition energy between multi-
electronic states. The calculated Mn4þ emission energies based on
DFT–PBE method have been found to be significantly lower than
those measured experimentally, as expected [2]. However, PBE
calculations can efficiently screen a large number of materials.
More importantly, PBE calculations of a large number of oxide and
fluoride hosts have been shown to produce a trend of Mn4þ

emission energies consistent with the experimental results (see
Ref. [2] for details). The reason is that the variation of the Mn4þ

emission energy in different hosts is caused by the different Mn-
ligand hybridization strengths [1,2,8], which can be distinguished
by DFT–PBE calculations. Therefore, although calculating Eq. (1)
using the DFT–PBE method cannot give the correct Mn4þ emission
energy, it produces a correct trend, which can be used for
predicting Mn4þ emission energies in new oxide materials. For
example, one can identify new Mn4þ doped oxides with emission
energies that are higher than those currently known and closer to
that of Y2O3:Eu3þ , as has been done in Ref. [2].

All the calculations were performed using the VASP codes [13,
14]. The electron–ion interactions were described using projector
augmented wave potentials [15,13]. The 4f electrons of the rare-
earth cations are frozen in the core because the 4f states are highly
localized and have little interaction with valence states. The
valence wavefunctions were expanded in a plane-wave basis with
cut-off energy of 400 eV. All the atoms were relaxed to minimize
the Feynman–Hellmann forces to below 0.02 eV/Å. The previously
calculated structures of rare-earth titanate pyrochlores, whichFig. 1. Structure of rare-earth pyrochlore oxides (RE2B2O7).

Fig. 2. PBE-calculated Mn4þ emission energies as functions of Mn–O bond length for oxides. The Mn–O bond length is the average over the six Mn–O bond lengths in the
MnO6 octahedron. The experimental values are shown (in red) wherever available (i.e., for SrTiO3, YAlO3, Al2O3, CaZrO3, MgO, and Y2Sn2O7). Some of the materials shown in
the figure have no or small (o 21) O–Mn–O bond angle distortion (blue squares) while some other have relatively large (4 41) O–Mn–O bond angle distortion (red circles
and black triangles). Black triangles represent pyrochlore oxides, which are shown in more details in Fig. 3. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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were obtained by employing the same methodologies outlined
above, showed excellent agreement with experimental results
[16]. Heyd–Scuseria–Ernzerhof (HSE06) hybrid functionals [17,18]
were also used for calculating band gaps of selected materials.

3. Results and discussion

Fig. 2 shows the PBE-calculated Mn4þ emission energies for a
large number of oxide hosts. The experimentally measured emis-
sion energies are shown wherever available. Some of the results in
Fig. 2 have been published previously [2]. They are shown here
along with the new results on pyrochlores to demonstrate some

general trends. It can be seen that the calculated Mn4þ emission
energies for oxide hosts with diverse crystal structures [i.e., SrTiO3

(cubic perovskite), YAlO3 (orthorhombic perovskite), Al2O3 (cor-
undum), CaZrO3 (orthorhombic perovskite), MgO (rock salt), and
Y2Sn2O7 (pyrochlore)] exhibit a correct trend compared with the
experimental results. (A detailed comparison between calculated
and measured Mn4þ emission energies can be found in Ref. [2].)
This demonstrates that the DFT–PBE calculation is capable of
distinguishing different Mn–O hybridization strength in oxides of
diverse crystal structures and producing a correct Mn4þ emission
energy trend. The Mn4þ emission energy generally increases with
increasing Mn–O bond length (due to the decreasing Mn–O
hybridization strength). For example, this is the case for Mn4þ

Fig. 3. PBE-calculated Mn4þ emission energies for rare-earth pyrochlores as functions of Mn–O bond length (a) and O–Mn–O bond angle distortion (b). The calculated Mn–O
bond lengths and Mn4þ emission energies for Eu2Zr2O7 and Gd2Zr2O7 are nearly the same and are therefore represented by one data point in (a).
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emission in oxides of perovskite (e.g., SrTiO3, BaSnO3, SrHfO3,
CaZrO3, SrCeO3, and BaCeO3) and rock salt (i.e., MgO, CaO, SrO, and
BaO) structures. However, such trend is less clear for pyrochlores,
which have relatively large O–Mn–O bond angle distortion in
MnO6 octahetra [2]. The results for pyrochlores (RE2Hf2O7,
RE2Zr2O7, RE2Sn2O7, and Y2Ti2O7) are represented by black trian-
gles in Fig. 2. The pyrochlores have higher Mn4þ emission energies
than other oxides with similar Mn–O bond length as shown in
Fig. 2, which shows the importance of O–Mn–O bond angle
distortion in reducing the Mn–O hybridization strength and
increasing the Mn4þ emission energy.

The part of Fig. 2 that shows Mn4þ emission energies of
pyrochlores is enlarged in Fig. 3 to show details. For rare-earth
stannate pyrochlores, the pyrochlore structure is stable for nearly
the entire lanthanide series plus yttrium. Ce2Sn2O7 has not been
reported perhaps because Ce3þ can easily be oxidized to form
Ce4þ . For zirconate and hafnate pyrochlores, the pyrochlore
structure is stable for large-sized RE3þ cations. The stability of
the ordered pyrochlore structure (A2B2O7) depends to the cation
ionic radius ratio (rA/rB). The ionic radii of Sn4þ , Zr4þ , and Hf4þ

are 0.83, 0.86, and 0.85 Å, [11] respectively, which are quite close
to each other. The ionic radius of the trivalent lanthanides
decreases with successive addition of 4f electrons. The ionic radii
of RE3þ are 1.159 (Y3þ), 1.172 (La3þ), 1.15 (Ce3þ), 1.13 (Pr3þ), 1.219
(Sm3þ), 1.206 (Eu3þ), 1.193 (Gd3þ), 1.180 (Tb3þ), 1.167 (Dy3þ),
1.155 (Ho3þ), 1.144 (Er3þ), 1.134 (Tm3þ), 1.125 (Yb3þ), and 1.117
(Lu3þ) [11]. If rA/rB is too small (which is the case for zirconate and
hafnate pyrochlores with small RE3þ cations), the pyrochclore
structure becomes disordered and unstable and is transformed
into the defected-fluoride structure [19,20]. If rA/rB is too large
(which is the case for titanate pyrochlores with large RE3þ

cations), a monoclinic structure (space group P21 (No. 4)) is
formed [16]. The rare-earth hafnate, zirconate, and stannate
pyrochlores that have been reported in the literature as stable at
room temperature are considered in Fig. 3. Yb compounds are not
studied due to the lack of a good Yb3þ pseudopotential.

The six B–O bond lengths in the distorted BO6 octahedron are
equal to each other whereas the O–B–O bond angles deviate from
901 to 9017Δθ (e.g., the O(1)–B–O(2) and the O(2)–B–O(3) bond
angles in Fig. 1 are 901þΔθ and 901� Δθ, respectively). Increasing
the size of the RE3þ cation leads to increased B–O bond length and
decreased O–B–O bond angle distortion (i.e., smaller Δθ). When a B
cation is substituted by a Mn cation, the increased Mn–O bond
length and the decreased O–Mn–O bond angle as the result of
increasing the size of the RE3þ cation have the opposite effects,
i.e., the former weakens the Mn–O hybridization whereas the
latter enhances it [2]. This results in the lack of a clear trend in the
Mn4þ emission energy as a function of Mn–O bond length or
O–Mn–O bond angle distortion in zirconate and hafnate pyro-
chlores, as shown in Fig. 3(a) and (b).

For stannate pyrochlores, as RE3þ cation size decreases from
La3þ to Lu3þ , Mn4þ emission energies exhibit a rising trend while
the Mn–O bond length decreases (which enhances Mn–O hybri-
dization) and the O–Mn–O bond angle distortion increases (which
weakens Mn–O hybridization). Since the Mn4þ emission energy
increases with weakening Mn–O hybridization, the results in Fig. 3
demonstrate that, for rare-earth stannate pyrochlores, the increase
of the O–Mn–O bond angle distortion has a stronger effect on
Mn–O hybridization than the decrease of the Mn–O bond length.

The highest measured Mn4þ emission energy for oxides is
648 nm for Y2Sn2O7 [7]. Fig. 3 shows that many Mn4þ doped rare-
earth pyrochlores exhibit higher emission energies that are closer
to that of Y2O3:Eu3þ , the current commercial red phosphor. The
hafnate and zirconate pyrochlores have larger band gaps than
those of stannate pyrochlores. The band gaps of La2Hf2O7,
La2Zr2O7, and La2Sn2O7 obtained from HSE calculations are

6.12 eV, 5.68 eV, and 4.49 eV, respectively. Having a phosphor
with a band gap larger than the main emission energy of mercury
ion (4.88 eV) is important for use in fluorescent lamps because it
can avoid across-band-gap excitation of the phosphor (by UV
emission from mercury), which can cause non-radiative recombi-
nation at defects and lower quantum efficiency of the phosphor.
Some rare-earth elements, e.g., La, Ce, Pr, Sm, and Gd, are
substantially less expensive than Eu. The pyrochlores that contain
these rare-earth elements are interesting for research on low-cost
red phosphors used for fluorescent lighting.

The results shown in Figs. 2 and 3, highlight the importance of
O–Mn–O bond angle distortion (in a MnO6 octahedron) in weak-
ening the Mn–O hybridization and consequently in increasing the
Mn4þ emission energy. Among all the oxides shown in Fig. 2 with
tetravalent cation sites for Mn4þ substitution, SrCeO3 and BaCeO3

have the largest tetravalent cation, i.e., Ce4þ , which has an ionic
radius of 1.01 Å, much larger than those of Hf4þ (0.85 Å), Zr4þ

(0.86 Å), Sn4þ (0.83 Å), and Ti4þ(0.745 Å) [11]. As a result, the
Mn–O bond lengths in SrCeO3 and BaCeO3 are longer than those in
hafnate, zirconate, stannate, and titanate pyrochlores as shown in
Fig. 2. However, the Mn4þ emission energies of all these pyro-
chlores are higher than those of SrCeO3 and BaCeO3 with per-
ovskite structures because the O–Mn–O bond angle distortion in
pyrochlores is much larger than that in perovskites. This result
demonstrates that searching for materials that allow significant
O–Mn–O bond angle distortion in a MnO6 octahedron is an
effective approach to find new Mn4þ activated red phosphors
with higher emission energies that are closer to that of Y2O3:Eu3þ .

4. Conclusions

DFT–PBE calculations are performed to calculate the Mn4þ

emission energies for a large number of rare-earth hafnate,
zirconate, and stannate pyrochlore oxides (RE2Hf2O7, RE2Zr2O7,
and RE2Sn2O7). Decreasing the RE3þ size from La3þ to Lu3þ

decreases the Mn–O bond length (which enhances the Mn–O
hybridization) and increases the O–Mn–O bond angle distortion in
MnO6 octahetra (which weakens the Mn–O hybridization). Since
Mn4þ emission energy increases with decreasing Mn–O hybridi-
zation strength, the interplay between the Mn–O bond length and
the O–Mn–O bond angle determines the Mn4þ emission energy in
pyrochlores. The calculations show that the O–Mn–O bond angle
distortion has a strong impact on the Mn4þ emission energy and,
in particular, it plays a dominant role in determining the emission
energy for stannate pyrochlores. The Mn4þ emission energies of a
large number of pyrochlores are found to be higher than those
currently known for Mn4þ doped oxides and should be closer to
that of Y2O3:Eu3þ (the current commercial red phosphor for
fluorescent lighting).
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