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While many post-transition metals could form mixed valence oxides with high conductivities leading to vari-
ous interesting applications, oxides of tellurium are usually insulators. The only known mixed valence tellurium
oxides that show appreciable electronic conductivities are the Cs(M, Te)2O6 series. However, experimental and
theoretical investigations of the compounds are scarce. To study the effects of M metal substitution of tellurium
on the structural and electronic properties of Cs(M, Te)2O6 mixed valence compounds, a series of oxides with
the general formula CsMnxTe2-xO6 have been prepared and characterized. Substituting Te in CsTe2O6 with as
small as 2.5% Mn (x = 0.05) changes the structure from rhombohedral to cubic symmetry. Based on the x-ray
photoelectron spectroscopy and x-ray absorption near edge structure studies, we found that Mn in the samples
with x � 0.33 is in +3 states, while samples with x > 0.33 contain a mixture of Mn3+ and Mn4+. Detailed
studies indicate that there are two substitution schemes depending on the x values. The switching between these
two schemes occurs at around x = 0.30−0.33, which results in a change in the trend of electronic conductivity.
To describe the electronic properties, simple schematic band structure diagrams of the samples are proposed
based on experimental results and density functional theory calculations. CsMnxTe2-xO6(x < 0.33) contains
Te4+

/Te6+ mixed valency where both species are in the same crystallographic sites. Yet, the Te 5s band is split
into two parts with Te4+ contributing to the valence band maximum and Te6+ contributing to the conduction
band minimum. Such a splitting indicates that they are distinguishable because of a local distortion in the lattice.
We found that energy levels of Te4+ 5s states relative to the conduction band exhibit a strong correlation with
the unit cell parameters. When the cell parameter is small, Te4+ is destabilized in the lattice causing its energy
level to increase. While metallic conduction has not been achieved in this series of compounds, the detailed
investigation in this work deepens the understanding about their electronic structures and sheds light on the
possibility of designing type III mixed valence tellurium oxides.
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I. INTRODUCTION

Many modern electronic devices and applications demand
materials with good electrical properties and durability. High
stability and electronic conduction obtained from the n-type
doping in post-transition metal oxides such as In2O3, SnO2,
and ZnSnO3 [1–3] allow them to be widely used.These mate-
rials can be classified as a type III mixed valence compounds
according to Robin and Day classification [4] where the two
valences are indistinguishable resulting in a metallic con-
duction. While similar materials are known for many of the
post-transition elements, examples are scarce for tellurium. In
fact, most of tellurium mixed valence compounds are type I
as Te4+ and Te6+ are differently coordinated, which leads to
them being insulators. To our knowledge, the only type II Te
mixed valence oxide is CsTe2O6, which contains both Te4+

and Te6+ in similar, but distinguishable, octahedral sites.

*theeranun@sut.ac.th

Transition from a type II to a type III mixed valency is ob-
served in BaBiO3 system. The compound contained Bi3+ and
Bi5+ with different Bi-O bond distances causing a distortion
of the structure [5]. Such a distortion decreases when BaBiO3

is doped with K in Ba1-xKxBiO3 system. The semiconductor
to metal transition occurs at around x = 0.35. In the metallic
region, the extended x-ray absorption fine structure studies
indicate that the Bi3+/Bi5+

ordering disappears and only one
Bi-O distance is observed [6]. Rhombohedral CsTe2O6 can
be considered an analogy of BaBiO3 as it similarly contains
Te4+ and Te6+ in the lattice [7]. In addition, the usual lone
pair distortion is absent for both Bi3+ in BaBiO3 and Te4+

in CsTe2O6 [8]. Therefore, a rhombohedral CsTe2O6 is a very
good starting point for investigation of possible type III mixed
valence tellurium oxides.

It was recently shown that substitution of Te in CsTe2O6

with M(M = various metal cations in + 3 and + 4 states) in
the Cs(M, Te)2O6 series gives rise to mixed valence tellurium
oxides with semiconducting behaviors [9]. Here, the ordering
at M/Te site is destroyed giving rise to a cubic unit cell with
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FIG. 1. Powder x-ray diffraction patterns of CsMnxTe2-xO6.

only one M/Te-O bond distance. Although the formula implies
that all Te is in +6 state, a slight deviation from stoichiometry
generates a small amount of Te4+ in the lattice, which creates
donor states close to the conduction band leading to an n-
type character. It is generalized that the smaller unit cell,
e.g., the shorter Te-O bond, destabilizes the Te4+ donor level
moving it closer to the conduction band edge and results in
higher conductivity. Among all compounds in the series, only
Cs(Al, Te)2O6 has been extensively studied [10]. While the
small Al3+ causes donor states in CsAl0.33Te1.67O6 to have
high energy level, the number of such states are very low.
Nevertheless, CsAl0.33Te1.67O6 exhibits degenerate semicon-
ducting behavior with a conductivity of about 10 � cm in a
sintered pellet [9]. To the best of our knowledge, the only
Cs(M, Te)2O6 related compounds that form cubic structure
with a high content of Te4+ is Cs(W, Te)2O6. However, W6+

is found to replace Te6+, which results in larger unit cell
parameters and the compounds are not conducting [11].

It is the purpose of this work to investigate the elec-
tronic structure of Cs(Mn, Te)2O6 employing x-ray absorp-
tion spectroscopy (XAS), x-ray photoelectron spectroscopy
(XPS), and first-principles computation [12–14]. Mn is cho-
sen because our preliminary results indicated that the cubic
pyrochlore structure can be achieved with various Mn content.
In fact, only 2.5% Mn substitution is enough to trigger a

FIG. 2. Changes of cell parameters with the Mn content.

FIG. 3. Mn L3,2-edge XANES spectra of CsMnxTe2-xO6.

phase transformation from rhombohedral to cubic. Therefore,
Cs(Mn, Te)2O6 would be the second series of compounds
with a cubic structure and high Te4+ content. In addition,
Mn is known to have a variable oxidation state in oxides.
Yet, a previous report indicates that CsMn0.33Te1.67O6 shows
a much lower conductivity compared to CsAl0.33Te1.67O6.
Understanding the valence situation and electronic structure
of Cs(Mn, Te)2O6 would supply knowledge about the conduc-
tion mechanism of the rare n-doped tellurium oxides, which
could lead to the future design of other tellurium containing
functional materials.

II. EXPERIMENT

The solid state reaction method was used to prepare
CsMnxTe2-xO6 series. Stoichiometric amounts of CsNO3

(Sigma-Aldrich, 99+%), Mn2O3 (Sigma-Aldrich, 99%), and
TeO2 (Acros organic, 99+%) were ground in an agate mortar
and heated at 550 °C for 5 h. After that, the samples were
reground and sintered at 625 °C for 24 h in air. Powder x-
ray diffraction (XRD) patterns were recorded by a Bruker
D2 Phaser diffractometer (Cu Kα radiation, λ = 1.5406 Å)
for phase identification. X-ray absorption near edge structure
(XANES) and XPS experiments were carried out at Syn-
chrotron Light Research Institute, Thailand. The Te L3-edge
spectrum was obtained at the BL5.2: SUT-NANOTEC-SLRI
XAS Beamline using transmission modes. The Mn L3,2-edge
and O K-edge spectra were obtained at the BL3.2Ua: PES
(Photoelectron Emission Spectroscopy) using total electron
yield modes. The XPS of Mn 2p, Te 3d , and valence band
(VB) were recorded by a PHI5000 VersaProbe II XPS instru-
ment (ULVAC-PHI, Japan) (Monochromatic x-ray of Al Kα,
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FIG. 4. (a) Te L3-edge XANES and first derivative spectra (inset)
of CsMnxTe2-xO6. (b) A calibration curve used to estimate average
oxidation state of Te in the samples.

1486.6 eV) at BL5.3: SUT-NANOTEC-SLRI. The C 1s at
284.8 eV was used as a reference for the binding energies drift
due to charging effects. The electrical conductivities of all
sintered samples were measured from 298 to 673 K by a four-
probe method using a Keysight B2901A source/measure unit.

III. COMPUTATIONAL DETAILS

To further explore the electronic structure of the
CsMnxTe2-xO6 cubic pyochlores, we calculated the projected
density of states (PDOS) of the CsMn0.25Te1.75O6 system.
The model was taken from the Rietveld-refined experimental
unit cell of CsTe2O6 containing eight Cs cations, 16 Te
cations, and 48 O anions, which corresponds to eight CsTe2O6

formula unit (Cs8Te16O48) [15]. Then, the CsMn0.25Te1.75O6

model system was achieved by replacing two Te ions with two
Mn ions. The foreign Mn ions are expected to statistically
distribute at the Te sites, which yield nonequivalent lattice
configurations with different total energies. For simplicity,
we considered only the configuration depicted in Ref. [16]
to represent the CsMn0.25Te1.75O6 structure. While the other
lower energy configurations may exist, it is expected that the
overall electronic structures are not affected by the positions
of the two Mn ions.

The calculated electronic structures reported herein were
carried out using spin-polarized density functional theory
(DFT+U) with periodic model as implemented in Vienna
Ab Initio Simulation Package (VASP 5.3) [17–19]. We em-
ployed Dudarev’s approach [17] for DFT+U calculations
to correct for the self-interaction error inherent in current
exchange-correlation functionals DFT when applied to tran-
sition metals with tightly localized d electrons, such as Mn
in the CsMn0.25Te1.75O6 model system. It is known that the
proper value of the U parameter varies from system to system
and also depends on the interested properties of the system.
There have been several studies reporting the use of the U
value in the range of 4.0–5.5 eV for studying various proper-
ties of bulk and surfaces of MnO2 [20–23]. In this work, we
chose the U value of 4.0 eV for Mn 3d electrons as it was used
to properly describe the electronic structures of stoichiometric
and reduced MnO2 systems [22]. Exchange correlation is
described within the generalized gradient approximation with
the Perdue-Burke-Ernzerhof functional [24]. We chose the
ultrasoft pseudopotential with the projector augmented wave
method to represent the inner core potentials and treated the
Cs 5s5p6s, Te 5s5p, Mn 3s3p3d4s, and O 2s2p as valence
electrons [25,26]. Their wave functions were expanded in
the plane-wave basis with a cutoff energy of 400 eV. The
tetrahedron smearing method with Bloch corrections with a
γ -centered k point of 3 × 3 × 3 were used to produce the

TABLE I. Estimated Te4+ and Te6+ content in CsMnxTe2-xO6 samples

Te content Ideal Te contenta

Mn content �E (eV) Valence Te6+ Te4+ Te6+ Te4+

0.00 (CTO) 3.00 5.48 1.48 0.52 1.50 0.50
0.05 3.16 5.56 1.52 0.43 1.52 0.43
0.15 3.49 5.72 1.59 0.26 1.57 0.28
0.24 3.76 5.86 1.63 0.13 1.62 0.14
0.30 3.94 5.95 1.65 0.05 1.65 0.05
0.33 4.12 6.05 1.70 −0.03 1.67 0.00
0.37 4.12 6.05 1.66 −0.03 1.63 0.00
0.43 4.04 6.00 1.57 0.00 1.57 0.00

aCalculated from Cs1+(Mn3+)x (Te4+)0.5-(3x/2)(Te6+)1.5+(x/2)O6 for x = 0.05−0.33 and from Cs1+(Mn3+/4+)x (Te6+)2-xO6-δ for x > 0.33.
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PDOS. Using a denser 5 × 5 × 5 k mesh yields a negligible
difference in the PDOS results.

IV. RESULTS AND DISCUSSION

Powder x-ray diffraction patterns of all prepared
CsMnxTe2-xO6 samples (Fig. 1) indicate that the single
cubic pyrochlore phase is achieved when x = 0.05−0.43.
The structure can be described as the interpenetrating
network of (Mn/Te)O6 octahedra and Cs cation [27]. It
is quite unexpected that only 2.5% of Mn is enough to
disrupt the ordering of Te4+ and Te6+ in a rhombohedral
CsTe2O6. As mentioned earlier, substituting Te with W could
also alter the symmetry of the structure but at least 10%
W content was required [11]. The shift of the diffraction
peaks suggest that Mn is incorporated into the lattice. No
diffractions due to superstructure or any types of ordering are
observed. However, the peak broadening is clearly observed,
especially in samples with higher Mn content. Both crystallite
size and strain are well known causes of peak broadening.
Nevertheless, all samples were prepared by solid state reaction
thus their crystallite sizes should be similar and too large to
cause peak broadening. On the other hand, the compounds
contain various cations with different ionic radii in the same
crystallographic site which results in local distortion and
lattice strain. In fact, Li et al. [10] systematically investigated
peak broadening in the CsAlxTe2-xO6 pyrochlore system
and concluded that the observed peak broadening is entirely
due to the lattice strain. We carefully calculated the lattice
parameters by Le Bail refinement with the use of NaCl
internal standard. As depicted in Fig. 2, the relationship
between cell parameters and the Mn content form two linear
lines with different slopes. This observation suggests that
there are two different mechanisms of the Mn substitution
with the switching point around x = 0.33−0.37.

To further investigate the substitution mechanisms, the
oxidation states of Mn in the samples were investigated by
XANES. Fig. 3(a) shows the Mn L3,2-edge XANES spectra of
the samples. The spectra correspond to Mn 2p → 3d allowed
transition and are split into MnL3(2p3/2) and MnL2(2p1/2)
because of the spin-obit coupling [28,29]. Each peak is further
split into t2g [denoted A and C in Fig. 3(a)] and eg state
[denoted B and D in Fig. 3(a)] due to a crystal field effect.
Such a complex spectra feature gives valuable information on
Mn in the samples. First of all, the energy positions of the
Mn L3-edge peak of all samples align well with that of Mn3+,
indicating that Mn3+ is a major component [30]. Furthermore,
the intensities of the split peaks reflect the total unoccupied
Mn 3d state, which can additionally imply the valence sit-
uation of Mn [31–33]. The ratio of unoccupied eg states to
unoccupied t2g states is higher in Mn4+ than in Mn3+ [28,32].
Thus, the increase of the ratios of B/A and D/C indicate the
increase of Mn4+ content. Here, we observe such increases
in both ratios and a different Mn L3-edge peak corresponding
to Mn4+ appears in samples with x > 0.33, suggesting that
these samples contain Mn3+/Mn4+ mixed valency. The same
conclusion is reached when the samples were characterized
with the XPS technique for confirmation [34]. It is interesting
to note that this mixed valency appears at the same switching
point observed in XRD patterns (Fig. 2).

FIG. 5. XPS survey spectra of CsMnxTe2-xO6.

The Te L3 -edge XANES spectra were collected to
study Te oxidation states [Fig. 4(a)]. With the use of a
calibration curve constructed from edge energies of TeO2

(Te4+), CsTe2O6 (mixed Te4+/Te6+ ) and KTaTeO6 (Te6+)
[Fig. 4(b)], the Te4+

/Te6+ ratios in the samples were es-
timated as summarized in Table I [35]. The analysis of
the Te 3d XPS spectra also gives similar Te4+/Te6+ ratios
[36]. Based on both Mn and Te oxidation state investiga-
tions, it is obvious that for samples with x = 0.05−0.33,
Mn3+ is replacing Te4+ as Te4+ content decreases, while
that of Te6+ increases. One could represent the substitu-
tion situation for these samples with the general formula
Cs1+(Mn3+)x(Te4+)0.5-(3x/2)(Te6+)1.5+(x/2)O6. The significant
reduction in unit cell parameters of the samples with this range
of x are in agreement with this formula considering that the
ionic radius of Mn3+ (0.645 Å) is much smaller than that of
Te4+ (0.97 Å), but larger than that of Te6+(0.56 Å) [37,38].

Based on the proposed formula, the maximum value of
x is limited at 0.33, after which the substitution mechanism
changes. The results summarized in Table I suggest that Mn
starts to replace Te6+ at this point and we see from Mn L3,2-
edge XANES that Mn4+ is present in the samples. Without
additional charge compensation, the presence of Mn4+ could
balance the charge within the limited x range. For example, at
x = 0.4, neutrality of the compound is preserved if 50% of Mn
is Mn4+. However, this scenario would require a significant
amount of Mn4+ but we do not see Mn4+ as a majority
even in a sample with x = 0.43. Thus, additional charge com-
pensation must be present. Although several types of defect
could occur such as Cs vacancies, Cs interstitials, oxygen
vacancies, and oxygen interstitials, only the Cs interstitial
and oxygen vacancies result in a lower Mn4+ content. Our
XRD and transmission electron microscopy (TEM) results
[39] indicate no impurity phases of any kind. Thus, the
most probable mechanism here is the formation of oxygen
vacancies. This would also lead to a less significant change
in the cell parameters as observed in Fig. 2. Therefore, the
compounds with x = 0.37−0.43 may be represented with the
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FIG. 6. (a) O 1s and (b) Cs 3d XPS spectra of CsMnxTe2-xO6.

general formula Cs1+(Mn3+/4+)x(Te6+)2-xO6-δ . The value of
δ in this formula is rather small as even without a contribution
from Mn4+, only an oxygen vacancy δ of 0.145 is required in
a sample with x = 0.43. Such an amount of oxygen vacancy
is within a limit reported in the defect cubic pyrochlore oxides
including CsTe2O6 [15,40]. Note that the Te4+

/Te6+ contents
calculated from this proposed formula agree well with the
numbers estimated from the calibration curve (Table I).

We additionally use XPS to study the samples [Fig. 5]. O
1s and Cs 3d XPS spectra are shown in Fig. 6. O 1s spectra
could be deconvoluted into three parts; OL, VO, and OA which
correspond to lattice oxygen, oxygen vacancies or hydroxyl,
and absorbed oxygen, respectively [41–43]. Cs 3d XPS spec-
tra show slightly a different feature for the samples with
x > 0.33. Similarly, we deconvoluted the spectra to two main
components [Fig. 6(a)]. The major component at binding en-
ergy ∼ 723.5 eV (Cs3d5/2) is characteristic of Cs+ [44]. The
small shoulder of Cs 3d5/2 is at slightly higher binding energy
(∼724.8 eV) but still within a range of Cs+(723.5−725.1 eV)
[44,45]. Thus this shoulder may suggest a presence of Cs+

in different environments, such as Cs+ in the vicinity of the
oxygen vacancies or hydroxyl [46].

Electronic conductivities of the samples were measured
from 298 to 673 K and plotted according to the Arrhe-
nius equation [Fig. 7(a)]. The obtained activation energy
of conduction is also plotted with a Mn content as shown
in Fig. 7(b). The most conducting sample in the series is
CsMn0.3Te1.7O6. The conductivities and activation energies
generally depend on the cell parameters. The smaller the unit
cell parameters, the higher the conductivities. The same trend
was also observed in Ref. [9]. However, the conductivity
of CsMn0.3Te1.7O6 is lower than that of previously reported
CsGa0.33Te1.67O6 despite having similar cell parameters [9]
because Mn does not have a diffused s orbital like Ga. It is
interesting to note that the Mn series in this work generally
have smaller cell parameters than the W series [11]. As a
result, our samples exhibit higher conductivities. Although
oxygen vacancies can often improve electronic conductivity
of oxides, it is not the case for this group of tellurium oxide
pyrochlores. The CsTe2O6-x series were not conducting [15]
and our samples with x > 0.33 do not show any improvement
in the conductivities.

To obtain insight into the electronic structures of
CsMnxTe2-xO6 cubic pyrochlores, we computed and analyzed
the PDOS of the CsMn0.25Te1.75O6 model system by means of
DFT+U calculations and characterized the samples with XPS
at the VB region and O K-edge XANES. As shown in Fig. 8,
the calculated PDOS of the CsMn0.25Te1.75O6 system matches
very well with the results obtained from XPS and XANES. At
the bottom of the valence band, [denoted A in Figs. 8(a) and
8(c)] the Cs 5p states dominate with small contributions from
Te 5p and O 2p states, which is similar to the previous report
for CsTe2O6 [44]. Hybridization between O 2p, Mn 3d , and
Te 5p results in the peak denoted B. The positions of this peak
slightly shift toward higher energy when the Mn content is
increased [Fig. 8(c)]. Two factors that might affect B position
are the degree of overlapping and the energy level of Mn 3d ,
both of which are correlated with the unit cell parameters and
the environments around Mn/Te including Mn/Te-O distances
and Mn/Te-O-Mn/Te angles. The VB top develops its overall
character from Mn 3d states and Te 5s states originated from

FIG. 7. (a) Arrhenius plots of electronic conductivities and (b) the obtained activation energy of conduction.
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FIG. 8. Calculated PDOS of the CsMn0.25Te1.75O6 system. The energy of the PDOS are plotted with relative to the Fermi energy (a), XPS
close-up near EF (b), Valence band XPS (c), O K-edge spectra (d), and the first derivatives of the spectra (e) of CsMnxTe2-xO6.

Te4+ in the sample [C in Figs. 8(a) and 8(c)]. A close-up
at the VB maximum (VBM) reveals an additional tailing in
the samples with x > 0.33, which might be caused by the
presence of oxygen vacancies [47]. Changes in the intensity
of peak C are related to the change in Te4+ and Mn content in
each sample.

O K-edge XANES spectra is the absorption edge of 1s to
2p transition in oxygen atom and related to the conduction
band of oxides [48,49]. Here, we compare the O K-edge
XANES spectra with the calculated PDOS. A unique char-
acter of the low-lying conduction band is identified where
it mainly comprises Te 5s states with some contribution
from Mn states in the region A* [Figs. 8(a) and 8(d)]. This
feature becomes more intense with Mn content, confirming
the significance of the Mn 3d-O 2p hybridization [49–51]. In
addition, the first derivative plot [Fig. 8(e)] shows a shift of
conduction band minimum when a Mn content changes. The
calculated PDOS suggests that the peak denoted B* primarily

consists of O 2p and Te 5s. The split-off conduction band is
separated from a broad higher conduction band contributed
by Mn 3d and Te 5p states [denoted C in Figs. 8(a) and
8(d)]. The strong contribution from Mn 3d is reflected by
the slight increase in the peak intensity in this region when
the Mn content increases as shown in the O K-edge spectra
[Fig. 8(d)]. The region denoted D* is primarily contributed
from hybridization of Te 5p and O 2p states. In addition,
DFT calculations reveal the magnetization of 8 µB which
indicates that there are in total eight unpaired electrons in
the system implying a formation of two Mn3+ ions ([Ar]3d4).
The calculated results are consistent with those of experimen-
tal observations that at a lower range of Mn concentrations
(x < 0.33 in CsMnxTe2-xO6), the oxidation state of Mn is 3+.

It is interesting to note that Te 5s states contribute to
both the valence band maximum and the conduction band
minimum region. According to the analyses on Te and
Mn oxidation states as previously discussed, the compound
CsMn0.25Te1.75O6 should contain 6.25% of Te4+ and 81.25%
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Mn  
Content 

Top of VB; 
Ev (eV) 

Bottom of 
conduction 
band; EC

(eV) 

Ec −Ev

(eV) 
Activation 

energy; Ea  (eV) 

CsTe2O6 −1.24 0.12 1.36 1.15 
CsAl0.33Te1.67O6 −1.38 0.03 1.41 0.11 

0.15 −0.28 0.42 0.70 0.63 
0.24 −0.20 0.29 0.49 0.45 
0.30 −0.08 0.16 0.24 0.24 
0.33 −0.12 0.19 0.31 0.28 
0.37  0 0.29 0.29 0.33 
0.43  0 0.31 0.31 0.39 

FIG. 9. The proposed schematic band structures of CsMnxTe2-xO6.

of Te6+. From a chemistry point of view, Te 5s states in
the VB and the conduction band region originate from Te4+

and Te6+ in the samples, respectively. A similar feature is
observed in CsTe2O6 [52]. In addition, the calculated DOS
of BaBiO3 also indicates the presence of Bi3+ 6s and Bi5+
6s states in the VB and the conduction band, respectively
[53]. Such a splitting of Te 5s band is a result of a local
distortion which gives rise to a slightly longer Te4+-O bond
and more stabilized Te4+ 5s states. Without such a local
distortion, the Te 5s band would be half-filled. In that case, the
compound would become a type III mixed valency and exhibit
metallic conducting behavior. Although not clearly observed
in the XRD patterns, the split Te 5s states here suggest the
presence of some local distortion resulting in a distinguishable
Te4+/Te6+, and a type II mixed valency.

It can be seen from the discussion that the interpretation
of frontier orbitals (VBM and conduction band maximum)
are based mainly on the relative energies of Mn 3d and Te 5s
states. Since the selection of the U value for Mn 3d electrons
could affect the energy level of Mn 3d states, we carried out a
DFT-generalized gradient approximation (GGA) calculation
to gain more information about their relative energies. It can
be seen from Ref. [54] that, in the absence of the U correction,

the Mn 3d band does not split and most of Mn 3d states
contribute solely in the A* and B* region, which contradicts
the O K-edge spectra. Such a band diagram is expected
because DFT suffers from the well-known self-interaction
error and tends to over-delocalize electrons, which results in
a wide Mn 3d band. Nevertheless, their overall features of
frontier orbitals are quite similar where hybridization of Mn
3d and Te 5s states is predominant at the Fermi energy region
of –1 to 1 eV.

To account for the electronic properties of the samples, we
propose simple schematic band structures of the compounds
as illustrated in Fig. 9, based on the XPS at the VB region,
O K-edge XANES, and DFT calculated results. Previously
reported band diagrams of CsTe2O6 and CsAl0.33Te1.67O6

[52] are also shown for comparison. As concluded in
Ref. [52], CsTe2O6 is an intrinsic semiconductor, while
CsAl0.33Te1.67O6 is an n-type semiconductor. When the
energy differences between the top of the VB and the
bottom of the conduction band (Ec − Ev ) are compared
with the activation energy of conduction obtained from the
Arrhenius equation, all samples in CsMnxTe2-xO6 series are
intrinsic semiconductors. Therefore, the main factor that
differentiates electronic behavior of CsMnxTe2-xO6 from
CsAl0.33Te1.67O6 is the energy level of Te 5s orbital in the
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FIG. 10. Plots of cell parameters versus activation energy of
CsAl0.33Te1.67O6 and CsMnxTe2-xO6 (x = 0.05−0.33).

VB, which is contributed by Te4+ in the compounds. Te4+

in CsAl0.33Te1.67O6 is so compressed that its 5s state is
considered a donor state whose energy level is very close to
the conduction band minimum. On the other hand, because
of the larger cell parameters in CsMnxTe2-xO6 (x < 0.33),
Te 5s states have low energy so that they overlap with Mn
3d-O 2p and become part of the VB. The correlation between
cell parameters and activation energy of conduction is quite
significant as a simple plot shown in Fig. 10 is roughly linear.
Note that this correlation is obvious because both parameters
are from the same series of compounds with similar electronic
structure. When compared with other Cs(M, Te)2O6, other
factors such as the energy level and diffusivity of M orbitals
could result in some deviations.

This situation of CsMnxTe2-xO6 is similar to that
in CsTe2O6 although the hybridized Te 5s/O 2p in
CsMnxTe2-xO6 have slightly higher energy because of the
smaller cell dimension. Yet, it seems that Te4+ is still not
compressed enough to raise its energy level closer to the
conduction band. It should be noted that there are much more
Te4+ in CsMnxTe2-xO6 (x < 0.33) than in CsAl0.33Te1.67O6.
Interestingly, if there are more Te4+ in CsAl0.33Te1.67O6, they
could form a defect band which might overlap with the con-
duction band giving rise to metallic-like conductors. On the
other hand, if the energy of the Te 5s band in CsMnxTe2-xO6

is raised, a similar outcome may be achieved. However, the
number of Te4+ is correlated with the unit cell dimension and
more Te4+ will expand the unit cell, hence lowering its energy
level. Our attempts to increase the Te4+ content in other
similar series with a smaller unit cell, namely CsGe0.5Te1.5O6,
was not successful because we cannot prepare single-phase
compounds of CsGexTe2-xO6 with varied x.

As previously discussed, the samples with x > 0.33 con-
tain a small amount of oxygen vacancies. XPS spectra at

the VB region reveal an additional tailing as also included
in the diagram (Fig. 9). Yet, the presence of such vacancies
does not reduce Ec − Ev difference nor the activation energy
of conduction because their energy levels are quite low so
that they too overlap with the VB. Similar observations are
reported in Ref. [15], where oxygen deficient pyrochlores
showed no improvement in the electronic conductivities.

V. CONCLUSION

Transformations of crystal structure and electronic prop-
erty are observed in Mn substituted CsTe2O6. While the
parent compound, CsTe2O6, is rhombohedral, substituting
Mn into the lattice destroys the ordering resulting in a cu-
bic structure. Simultaneously, the electronic conductivity in-
creases by three orders of magnitude. To probe such trans-
formations, a series of CsMnxTe2-xO6 with x = 0.05−0.43
have been successfully prepared by solid state reaction.
XPS and XANES were employed to determine the ox-
idation states and the substitution situation in the com-
pounds. Based on our quantitative analyses of the data, the
substitution can be represented by two different formulas.
When x is lower than 0.33, Mn3+ replaces Te4+ result-
ing in Cs1+(Mn3+)x(Te4+)0.5-(3x/2)(Te6+)1.5+(x/2)O6 cubic py-
rochlores. The formation of this series of compounds is signif-
icant as it is clear and rare evidence that a significant amount
of Te4+ could be stabilized in octahedral coordination. On the
other hand, Te6+ are replaced by Mn3+ and Mn4+ when x is
higher as can be described by Cs1+(Mn3+/4+)x(Te6+)2-xO6−δ .
The switching between the two schemes results in a sudden
change in the cell parameter trend and the electrical prop-
erties. Based on the results from XPS at the VB region, O
K-edge XANES, and computational calculation, both Mn 3d
and Te 5s states significantly contribute to the frontier bands.
The fact that there are two separated bands from Te 5s clearly
indicates that the compound is a type II mixed valency with
a distinguishable Te4+ and Te6+. Though not observed in
XRD, some local distortion must occur to stabilize Te4+ 5s
states causing them to have lower energy and become part
of a VB. As a result, the compounds are considered intrinsic
semiconductors with small band gap energies.
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