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ABSTRACT: Cs2Pb(MoO4)2 crystals were prepared by crystal-
lization from their own melt, and the crystal structure has been
studied in detail. At 296 K, the molybdate crystallizes in the low-
temperature α-form and has a monoclinic palmierite-related
superstructure (space group C2/m, a = 2.13755(13) nm, b =
1.23123(8) nm, c = 1.68024(10) nm, β = 115.037(2)°, Z = 16)
possessing the largest unit cell volume, 4.0066(4) nm3, among
lead-containing palmierites. The compound undergoes a distortive
phase transition at 635 K and incongruently melts at 943 K. The
electronic structure of α-Cs2Pb(MoO4)2 was explored by using
X-ray emission spectroscopy (XES) and X-ray photoelectron
spectroscopy methods. For α-Cs2Pb(MoO4)2, the photoelectron
core-level and valence-band spectra and the XES band representing the energy distribution of Mo 4d and O 2p states were recorded.
Our results allow one to conclude that the Mo 4d and O 2p states contribute mainly to the central part and at the top of the valence
band, respectively, with also significant contributions throughout the whole valence-band region of the molybdate under consideration.

1. INTRODUCTION
A number of double molybdates and tungstates of alkaline and
divalent metals have attracted much attention from scientific
and technological points of view due to their potential appli-
cations as luminescent, ion-conducting, ferroelastic, and
scintillating materials.1−8 Among these compounds, double

molybdates with general formula A2Pb(MoO4)2 (A = K, Rb, Cs)
are of particular interest as members of a large structural family
of palmierite K2Pb(SO4)2 (space group R3 ̅m; a = 0.549 nm;
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c = 2.083 nm) with general crystal chemical formula M1[6+6]-
M2[10]2(XO4)2.

9−12 The most known representative crystals of
the family are ferroelastics Pb3(XO4)2 (X = P, As, V) with
monoclinic structure. It has been found that the ferroelastic
transition R3 ̅m→ C2/c at 453 K in Pb3(PO4)2 is mainly realized
through shifts of Pb2+ cations and PO4

3− anions from the 3-fold
axes.13,14 Also, the second-order ferroelastic transitions between
the palmierite-type trigonal phase and the monoclinic one were
observed in Cs2Pb(MoO4)2, Rb2Pb(MoO4)2, and K2Pb(MoO4)2
at 626, 496, and 448 K, respectively.3,15 The crystals can be
prepared by conventional solid state reactions from A2MoO4
(A = K, Rb, Cs) and PbMoO4 followed by spontaneous crys-
tallization at slow cooling from their own melts or melts with
adding A2Mo2O7 fluxes.

15,16 The phase transitions existing in the
compounds were attributed to the effect of 6s2 lone electron pairs
of Pb2+.11,13 Later, it was shown that the monoclinic structures of
α-A2Pb(MoO4)2 (A = K16 and Rb17) have a different character
of the palmierite structure distortion, as compared to that of
α-Pb3(PO4)2.
Palmierite-related α-A2Pb(MoO4)2 (A = K and Rb) at ambient

temperatures have the following cell parameters: a = 1.0377(6) nm,
b = 0.7812(9) nm, c = 2 × 0.5993(8) nm, and β = 115.88(8)° for
the former16 and a = 2.09724(15) nm, b = 1.21261(8) nm,
c = 1.61171(10) nm, and β = 115.728(13)° for the latter.17

As established in ref 17, the cell parameters of α-Rb2Pb(MoO4)2
have a simple relation with α-K2Pb(MoO4)2: aRbPb = −2aKPb,
bRbPb = 2cKPb, and cRbPb = 2bKPb. This means that the unit cell
volume of α-Rb2Pb(MoO4)2 is increased 8 times as compared to
that of α-K2Pb(MoO4)2. The above-mentioned fact indicates a
more complex structure of α-Rb2Pb(MoO4)2 in comparison with
that of α-K2Pb(MoO4)2. Furthermore, the isostructurality of
α-K2Pb(MoO4)2 and α-Rb2Pb(MoO4)2 can occur because the
α-K2Pb(MoO4)2 structure was established within a subcell.16

It should be mentioned that α-Rb2Pb(MoO4)2 possesses the
largest cell volume value and the most complex structure among
lead-containing palmierites.17

To the best of our knowledge, the structural and many other
characteristics of α-Cs2Pb(MoO4)2 is still unknown. In the
present work, to fill the gap, the monophase polycrystalline
powder and high-quality single crystals of α-Cs2Pb(MoO4)2 have
been prepared and their structural characteristics determined in
detail. Earlier, in the first-principles band structure calculations
and experimental studies of molybdates,18−24 as well as double
molybdates and tungstates,25−28 it was exhibited that their
electronic structures are dominated by significant contributions
of the Mo(W) d and O p states over the whole valence-band
region. In the present study, besides X-ray photoelectron
spectroscopy (XPS), X-ray emission spectroscopy (XES) was
implemented to record the XE Mo Lβ2,15 and O Kα bands
yielding the energy distribution of Mo 4d and O 2p states,
respectively, for α-Cs2Pb(MoO4)2. Then, on a common energy
scale, the XE Mo Lβ2,15 and O Kα bands of α-Cs2Pb(MoO4)2
were compared with its valence-band spectrum carried out by
XPS. Finally, the α-Cs2Pb(MoO4)2 band structure was calculated
and compared to the experimental results.

2. METHODOLOGY
2.1. Synthesis.Commercially available Cs2CO3 (reagent grade) and

MoO3 and PbMoO4 (both analytical grade) were used as initial
materials for solid state synthesis. Cesium molybdate Cs2MoO4 was
prepared by heat treatment of the stoichiometric mixture of Cs2CO3 and
MoO3 at 673, 723, and 823 K for 24, 40, and 60 h, respectively. Double-
molybdate Cs2Pb(MoO4)2 was prepared from the stoichiometric

mixture of Cs2MoO4 and PbMoO4 by annealing at 723 K for 50 h,
773 K for 50 h, 823 K for 50 h, and 873 K for 50 h with intermittent
regrinding every day in an agate mortar to yield the sample composition
homogeneity. The colorless Cs2Pb(MoO4)2 plate-like crystals were
obtained by cooling the melt from 973 K to room temperature in a
turned-off furnace. The photo of the microcrystals is shown in Figure 1S.
Caution! PbMoO4 and Cs2Pb(MoO4)2 are insoluble in water but harmful
as dusts if inhaled. Sample preparation and intermittent regrinding of these
materials should be performed with protective gloves and glasses under
exhaust ventilation.

2.2. Characterization Methods. The phase purity of the final
powder product was verified by X-ray diffraction (XRD) analysis using a
DRON SEIFERT RM4 diffractometer (Cu Kα radiation, Ni filter, 2θ
range of 5−70°, scanning rate 0.5 deg/min) at room temperature. The
differential scanning calorimetry (DSC) measurements were performed
by a heat flow measurement method on a Netzsch STA 449 F1 Jupiter
thermoanalyzer over the temperature range of 303−1073 K at a heating
rate of 10 K/min and a Netzsch DSC 204 F1 Phoenix calorimeter over
the temperature range of 293−700 K, heating rate of 6 K/min, in Ar flow
of 25 mL/min. The SHG response was determined in the backscattering
geometry using the modified Kurtz−Perry method.29 The SHG signal in
the powder sample was excited by nanosecond-pulsed irradiation from a
Nd:YAG laser (STA-01-7, Standa) (λ = 1064 nm, mean power 100 mW,
repetition rate 1 kHz). The signal at λ = 532 nm recorded by a
photomultiplier was selected by a collimator and a monochromator
MDR-2. The quartz powder sample with known nonlinear optical
characteristics was used as a reference.

The particle micromorphology was evaluated by SEM using an LEO
1430 device. The sample handling methods and measurement
conditions can be found elsewhere.30,31 The characteristic particle size
and chemical composition were determined fromTEM images obtained
by a JEM-2100F microscope (JEOL, Japan) operated at 200 kV and
supplied with an OXFORD-Inca Energy EDS X-ray microanalysis
system. The X-ray diffraction data for single-crystal α-Cs2Pb(MoO4)2
structure determination were collected using a Bruker-Nonius X8-Apex
CCD area-detector diffractometer (T = 296(2) K, λ = 0.071073 nm,
graphite monochromator, φ scans, scan step of 0.5°). The structure was
refined and solved using the SHELX-97 package.32

The XPS spectra of α-Cs2Pb(MoO4)2 were recorded by a UHV-
Analysis-System (SPECS Surface Nano Analysis Co., Germany)
equipped with a PHOIBOS 150 analyzer. When measuring the XPS
spectra, the base pressure of a sublimation-ion-pumped chamber of the
system was below 3 × 10−8 Pa. For spectra excitation, Mg Kα irradiation
(E = 1253.6 eV) was used. The XPS spectra of α-Cs2Pb(MoO4)2 were
recorded at a pass energy of 25 eV. The energy scale of the spectrometer
was calibrated by setting the Au 4f7/2 and Cu 2p3/2 binding energies of
reference Au and Cu samples to 84.00 ± 0.05 and 932.66 ± 0.05 eV,
respectively, with respect to the Fermi energy, EF. The energy drift
induced by charging effects was accounted for, taking the C 1s
(284.6 eV) core level of hydrocarbons, as it was provided for dielectric
molybdenum oxides.19,23,24

The technique for measurements of the XE Mo Lβ2,15 and O Kα
bands of α-Cs2Pb(MoO4)2 was similar to that described elsewhere.33

Briefly, the fluorescent X-ray emission Mo Lβ2,15 band (LIII → NIV,V
transition), which represents mainly the Mo 4d states energy
distribution, was carried out with a Johann-type SARF-1 spectrometer
taking the (101 ̅1) reflecting plane of a quartz crystal with a curvature
radius of R≈ 500 mm as the dispersing element. The detector was a gas-
flow Ar−CH4 counter. An X-ray tube working at accelerating voltage
U = 6 kV and anode current I = 600 mA was used for band excitation.
The XE O Kα band related to the K → LII,III transition, giving
information regarding energy distribution of the O 2p states, was
measured using an RSM-500 spectrometer equipped by a diffraction
grating (600 grooves/mm, curvature radius of R = 6026 mm). The
secondary electron multiplier VEU-6 with CsI photocathode was
applied as a detector. A spectrometer electron gun operating atU = 5 kV
and I = 2.5 mA was employed for XE O Kα band excitation. The energy
resolution ΔEmin of the RSM-500 and SARF-1 spectrometers was
estimated to be 0.4 and 0.25 eV for recording the XE Mo Lβ2,15 and
O Kα bands, respectively.
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2.3. Theoretical Aspect. Further, wemade use of density functional
theory (DFT) to evaluate the electronic structure, density of states, and
electronic charge density distribution of α-Cs2Pb(MoO4)2. We used our
crystal structure atomic parameters as input data for the theoretical
calculation. The all-electrons full potential linear-augmented plane-wave
plus the local orbitals (FP-LAPW+lo) method implemented in the
WIEN2k code34 within the generalized gradient approximation (PBE-
GGA)35 were used to reach geometrical relaxation. In Table 1S, the
optimized atomic positions are listed and a good relation with the
experimental data is evident. From the relaxed geometry, we obtained
the ground stated properties using the Becke−Johnson potential (mBJ)
modified recently.36 The projected density of states was obtained by the
modified tetrahedron method.37 The input data required for the density
of states calculation are the energy eigenvalues/eigenfunctions
obtained from the band-structure calculation. To reach the total
energy convergence, the base functions over the interstitial region
were expanded up to RMT × Kmax = 7.0 and for the wave function
inside the atomic spheres. The maximal value of l is taken as lmax = 10,
while the charge density was Fourier expanded up to Gmax =
12.0 (au)−1. The self-consistency was obtained using 400 k ⃗ points over
the irreducible Brillouin zone (IBZ). Since the system total energy
is stable within 0.00001 Ry, the self-consistent calculations were
converged. The calculations of the band structure, density of states,
and electronic charge density were performed within 1000 k⃗ points in
the IBZ.

3. RESULTS AND DISCUSSION

3.1. Sample Characterization. The solid state reaction
between Cs2MoO4 and PbMoO4 leads to the formation of single-
phase final white-colored product, Cs2Pb(MoO4)2. The typical
SEM image recorded from the compound is shown in Figure 1.
The powder contains the irregular partly agglomerated particles
with characteristic dimensions of 5−15 μm and without any
faceting. Besides big particles, the presence of a small-size
fraction is evident. As it can be concluded, the shape/size
parameters of the microcrystals are inhomogeneous. The
noticeable charging effect was detected during measurements,

and this indicates low conductivity of the particles. TEM results
allow for concluding that the Cs2Pb(MoO4)2 powder subjected

Figure 1. SEM image of a typical Cs2Pb(MoO4)2 particle.

Figure 2.DSC curves of a sintered Cs2Pb(MoO4)2 sample: (a) fragment
of the DSC curve over the phase transition range; (b) fragment of the
DSC curve around the melting point.
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to XPS and XES experiments contained particles whose size
ranges from 2 to 9 μm. As an example, a TEM image of a typical
Cs2Pb(MoO4)2 particle is demonstrated in Figure 2S. Our EDS
results (not presented here) reveal the presence of only Cs, Pb,
Mo, and O atoms in the particles synthesized in the present
work with an average percent atomic composition of 14.65% Cs,
7.81% Pb, 13.25% Mo, and 64.29% O to give the composition
Cs1.82Pb0.97Mo1.65O8. These EDS results are found to be
consistent with our XPS data.

According to the DSC measurements shown in Figure 2,
the obtained compound has a second-order phase transition at
635 ± 2 K (Figure 2a) and melts at 926 ± 3 K. As to the phase
transition, a distortive character was also confirmed by crystal
optical observations on a polarizing microscope equipped by a
hot stage where a biaxial crystal of Cs2Pb(MoO4)2 was found to
become uniaxial above 640 ± 2 K, which is in agreement with
earlier results.15 The temperatures of the phase transition and
melting point agreed well with the earlier reported values.15,38,39

The products of Cs2Pb(MoO4)2 incongruent melting were
found to be Cs2MoO4 and PbMoO4. Testing powder samples of
α-Cs2Pb(MoO4)2 at room temperature by the SHG method
showed that the phase is characterized by an evidently low SHG
level I2ω/I2ω(SiO2) = 0.003−0.025, and therefore, it should be
classified as centrosymmetric.

3.2. Crystal Structure. The structure of monoclinic
α-Cs2Pb(MoO4)2 was solved by direct methods in the centro-
symmetrical space group C2/m, which was confirmed with sub-
sequent structure refinement. At the final stage of the refinement,

Table 1. Single-Crystal XRD and Refinement Data for α-Cs2Pb(MoO4)2

fw 792.89
cryst syst, space group monoclinic, C2/m
unit cell params a = 2.13755(13) nm

b = 1.23123(8) nm
c = 1.68024(10) nm
β = 115.037(2)°

cell volume, nm3/Z 4.0066(4)/16
dcalcd, g/cm

3 5.258
μ(Mo Kα), mm−1 26.405
cryst dimens, mm 0.08 × 0.05 × 0.04
theta range for data collection 1.34−36.35°
limiting Miller indices −35 ≤ h ≤ 35

−19 ≤ k ≤ 20
−18 ≤ l ≤ 27

no. of mead reflns 28 027
no. of used reflens n [I > 2σ(I)] 9796 [R(int) = 0.0601]
no. of refined params p 275
extinction coefficient 0.000004(7)
goodness-of-fit S = [Σw[(F(exp)2 − F(calcd)2]2/(n − p)]1/2 0.793
R(F) and wR(F2) for I > 2σ(I) 0.0593 and 0.2184
R(F) and wR(F2) for all refls 0.1281 and 0.2792
extrema of Δρ(xyz), e nm−3 4.847 × 10−3/−3.731 × 10−3

Figure 3. Layers of lead and cesium coordination polyhedra in
α-Cs2Pb(MoO4)2 structure in the projection on the (001) plane:
(a) layer at the level z ≈ 0.75; (b) double layer at the level z ≈ 0.5.

Figure 4. Survey XPS spectrum of α-Cs2Pb(MoO4)2.
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a correction for crystal twinning (“tripling”) was introduced that
led to the refined ratio of the volumes of three crystal twin
components as 0.679:0.162(2):0.159(2) at final R = 0.0584.
Attempts to refine the structure in space group C2 or Cm were

unsuccessful and resulted in an unstable refinement with a drastic
increase in theR factor. The crystal data and final structure results
for α-Cs2Pb(MoO4)2 in space group C2/m are summarized in
Table 1. The atomic coordinates and equivalent parameters of

Figure 5.Detailed XPS (a) Cs 3d and Pb 4p1/2 core-level spectra and the O KLL and CsMNN Auger lines, (b) O 1s, (c) Pb 4d and Mo 3p, (d) Mo 3d,
(e) Pb 4f, Pb 5s, and Cs 4p, and (f) Cs 4d core-level spectra; (g) valence-band spectrum, including upper Pb 5d, Cs 5s, O 2s, and Mo 4p core levels.
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atomic displacements are given in Table 1S, the selected inter-
atomic distances are enumerated in Table 2S. To the best
of our knowledge, the lattice parameters reported in Table 1
were determined for the first time. The atomic coordinates,
anisotropic displacement parameters, and other crystal structure
details, as solved for α-Cs2Pb(MoO4)2, can be obtained from
Fachinformationszentrum Karlsruhe, 76344 Eggenstein Leo-
poldshafen, Germany (E-mail: crysdata@fiz.karlsruhe.de, http://
www.fiz-karlsruhe.de/request), depository number CSD
432157.
The α-Cs2Pb(MoO4)2 structure is isotypical to one of

α-Rb2Pb(MoO4)2,
17 and both are palmierite superstructures;

their unit cell vectors are related to the palmierite ones as
a = 2ap + 4bp, b = −2ap, c = 2(−ap − 2bp + cp)/3. According
to these relations, the pseudohexagonal palmierite-like subcell
parameters for α-Cs2Pb(MoO4)2 are ap = 0.6156 nm, bp =
0.6167 nm, cp = 2.2835 nm, αp = 89.95°, βp = 90.00°, and γp =
119.94°. Like in the case of α-Rb2Pb(MoO4)2, the structure of
α-Cs2Pb(MoO4)2 is the most complex one among Pb-containing
palmierites. Note that the isostructurality of both compounds to
α-K2Pb(MoO4)2 is not excluded, though earlier the latter
structure was solved in the subcell with one-eighth of the unit cell
volume of α-A2Pb(MoO4)2 (A = Rb, Cs).16 The α-K2Sr(MoO4)2
structure (space group C2/c, a = 1.4318(3) nm, b = 0.59337(12)
nm, c = 1.0422(2) nm, β = 105.83(3)o, Z = 4) is also a monoclinic
palmierite superstructure, but its unit cell vectors are the same as
those of α-Pb3(PO4)2:

14 aKSr = (−2ap − bp + 2cp)/3; bKSr = −bp;
cKSr = 2ap + bp.

4

The α-Cs2Pb(MoO4)2 structure is ordered, 10 of 15 inde-
pendent metal atoms (2Pb, 4Cs, 4Mo) and 8 of 20 oxygen
atoms are located on mirror planes, and the other atoms are in
general positions. The Mo atoms are coordinated tetrahedrally
withMo−Odistances of 0.164(2)−0.187(3) nm. The Pb(1) and

Pb(2) atoms are shifted from the centers of their coordination
polyhedra to the most wide base faces, whereas the Pb(3) locates
in an elongated octahedron (Figure 3a); this leads to a con-
siderable irregularity of the lead coordinations. Within the sphere
of radius 0.32 nm, the Pb(1), Pb(2), and Pb(3) atoms have
CN 4 + 2, 4 + 2, and 6, respectively, with the total range of Pb−O
distances of 0.235(2)−0.309(3) nm. Note, in the structure of
α-Rb2Pb(MoO4)2,

17 the analogous lead atoms have CN 5 + 1, 6,
and 5 + 3, respectively, which may be connected with a less
covalent character of Pb−O bonds in the rubidium analog
compared to the cesium-containing compound with more ionic
Cs−O bonds. Cesium cations have a rather regular oxygen
environment with CN 10, and Cs−O 0.282(5)−0.360(2) nm.
Like in a palmierite, the α-Cs2Pb(MoO4)2 structure consists

of two kinds of layers. The first one is composed of the lead
polyhedra and MoO4 tetrahedra sharing common vertices
(Figure 4a); these layers are interleaved by double layers of
cesium polyhedra (Figure 3b). The pseudotrigonal character of
α-Cs2Pb(MoO4)2 structure is readily revealed in the (001)
projections (Figure 3) with the visible deviations from the 3-fold
symmetry resulting mainly from the MoO4 tetrahedra shifts and
rotations with cooperative changing environments of the lead
atoms. This makes α-A2Pb(MoO4)2 (A = Rb, Cs) differ from
other monoclinic lead-containing palmierites Pb3(XO4)2 (X = P,
V, As), where distortions of the palmierite-type structure are
mainly caused by shifts of the lead atoms from their initial posi-
tions at 3-fold axes with parallel changes in their coordinations
[7, 9, 10].

3.3. Electronic Structure Measurements. In Figure 4, the
survey XPS spectrum of α-Cs2Pb(MoO4)2 is shown. It is obvious
that all spectral features, excluding the carbon 1s level and
C KLL Auger line, originated from surface-adsorbed adventitious
hydrocarbons, can be attributed to the constituent element core
levels or Auger lines. As can be seen from Figure 4, the relative
intensity of the C 1s core-level line, as recorded from the
α-Cs2Pb(MoO4)2 surface, was rather weak. The relative con-
stituent element ratio was estimated using the detailed spectra of
the Cs 3d, Pb 4f7/2, Mo 3d5/2, and O 1s core-level lines and the
tabulated atomic sensitivity factors (ASF).40 In the case of
ignoring the presence of adsorbed carbon-containing species at
the sample surface, the resulting composition Cs:Pb:Mo:O =
0.158:0.074:0.151:0.617 is in reasonable agreement with the
nominal composition of Cs:Pb:Mo:O = 0.154:0.077:0.154:0.615
for this compound. If we take into consideration the above
species, the resulting composition Cs:Pb:Mo:O:C is as follows:
0.133:0.062:0.127:0.519:0.159. However, the presence of the
carbon-containing adsorbates does not influence noticeably the
binding energies determined in the present work for the
constituting atoms of α-Cs2Pb(MoO4)2 as well as the energy
distribution of the electronic states over the valence band.
The superposition of the Cs 3d core level and the Auger O

KLL line in α-Cs2Pb(MoO4)2 is shown in Figure 5a. Never-
theless, as it can be observed from Figure 5a, the relative intensity
of the O KL23L23 line is rather low, as compared to that of the Cs
3d3/2 line; therefore, the binding energy values of the Cs 3d3/2
and Cs 3d5/2 levels can be determined precisely. Further, the XPS
Pb 4p1/2 core-level spectrum superimposes the O KL1L23 line
(Figure 5a). TheO 1s core-level spectrum of α-Cs2Pb(MoO4)2 is
presented in Figure 5b. It is apparent that the O 1s core-level
shape is symmetrical and narrow, which indicates the absence of
the OH groups adsorbed at the α-Cs2Pb(MoO4)2 surface. This
fact allows us to state that α-Cs2Pb(MoO4)2 is a rather stable
compound with respect to the hydration in air. The Pb 4d5/2 and

Table 2. Constituent Element Core Levels and Auger Lines
Binding Energies (±0.05 eV) in α-Cs2Pb(MoO4)2

core level, Auger line binding energy, eV

VB (fine-structure features A, B, and C) 4.75, 6.77, and 10.24
Pb 5d5/2 19.65
Pb 5d3/2 + O 2s + Cs 5s 22.08
Mo 4p 40.27
Cs 4d5/2 75.21
Cs 4d3/2 77.03
Pb 4f7/2 138.54
Pb 4f5/2 143.41
Cs 4p3/2 158.76
Cs 4p1/2 169.9a

Mo 3d5/2 231.91
Mo 3d3/2 235.03
C 1s fixed at 284.6 eV
Mo 3p3/2 397.89
Mo 3p1/2 + Pb 4d5/2 414.61
Pb 4d3/2 435.79
O 1s 530.14
Pb 4p3/2 645.1a

Cs M4N45N45 684.40
Cs M5N45N45 697.78
Cs 3d5/2 724.54
Cs 3d3/2 + O KL23L23 738.52
O KL1L23 761.2a

O KL1L1 778.7a

aUncertainty of the measurements is ±0.1 eV.
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Mo 3p1/2 spectra superimpose each other in α-Cs2Pb(MoO4)2,
as it is evidenced from Figure 5c. Further, the Mo 3d, Cs 4p,
Pb 4f, andCs 4d spin−orbit doublets are presented in Figure 5d−f.
A set of element core levels with several superpositions is
detected at comparatively low BE values, as shown in Figure 5g,
where the upper XPS Mo 4p, Pb 5d, Cs 5s, and O 2s core-level
spectra of α-Cs2Pb(MoO4)2 are shown together with the XPS
valence-band spectrum. As can be seen in Figure 5g, three fine-
structure features, namely, A, B, and C, are detected on the
valence-band spectrum, which is formed by superposition of the
valence electronic states associated with the elements constitut-
ing α-Cs2Pb(MoO4)2 (at BE < 12 eV). The BE values of the

constituent element core levels and Auger lines detected by the
XPS measurements of α-Cs2Pb(MoO4)2 are summarized in
Table 2.
Regarding the occupation of the electronic states associated

with Mo and O atoms in the energy region corresponding to the
valence-band region of α-Cs2Pb(MoO4)2, a comparison of the
XPS valence-band spectrum and the XE Mo Lβ2,15 and O Kα
bands of α-Cs2Pb(MoO4)2 is presented in Figure 6. The algo-
rithm of matching the above-mentioned spectra on a common
energy scale is the same as applied successfully in a recent study
of Pb2MoO5.

41 Unfortunately, the available facilities do not allow
carrying out recording of the X-ray emission bands representing
the energy distribution of the valence states associated with
Cs and Pb atoms. The results plotted in Figure 6 indicate that in
α-Cs2Pb(MoO4)2 the dominant contributions of the Mo 4d and
O 2p states appear in the central portion and near the valence-
band top, respectively, with contributions of the mentioned
states in other portions of the valence band of the studied
compound. These results show that the electronic structure of
α-Cs2Pb(MoO4)2 differs from the electronic structure of
molybdates MMoO4 (M = Mg, Ca, Ni, Zn, Cd, Ba, Pb,
Sr)42−47 as well as ofMWO4 tungstates (M = Ca, Cu, Zn, Cr, Cd,
Pb),46−55 which indicate that in those materials the valence
Mo(W) d and O p states contribute significantly in the lower and
upper portions of the valence band, respectively. The latter state-
ment is characteristic for the electronic structures of β-Rb-
Nd(MoO4)2

28 and α-KY(WO4)2.
25 As one can see from Figure 6,

a comparison of the XES and XPS spectra of α-Cs2Pb(MoO4)2
reveals that the maximum of the XE O Kα band coincides with
feature A in the XPS valence-band spectrum while the maximum
b of the XEMo Lβ2,15 band with the fine peculiarity B of the XPS
valence-band spectrum. It should be mentioned that the maxi-
mum C of the XPS valence-band spectrum of α-Cs2Pb(MoO4)2
should be formed by the valence states contributions associated
with Cs and/or Pb atoms. However, at present, we are not able to
study those electronic states, as already mentioned above.

3.4. Electronic Band Structure, Density of States, and
Electronic Charge Density Distribution. It was reported that
for Pb2+-containing materials, neglecting the spin−orbit coupling
(SOC) introduces an error of ∼0.5 eV in the calculated energy
gap56,57 due to the incorrect Pb-6p orbitals placement, which
form the conduction band minimum (CBM). Therefore, due to
the presence of the heavy atom Pb in α-Cs2Pb(MoO4)2, in the

Figure 6. Comparison of the X-ray emission Mo Lβ2,15 and O Kα bands
as well as the XPS valence-band spectrum of α-Cs2Pb(MoO4)2 on a
common energy scale.

Figure 7. Calculated electronic band structure and density of states of α-Cs2Pb(MoO4)2.
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electronic structure investigation, the SOC effect should be
accounted for. Thus, the measured energy band gap is accurately
reproduced by combining spin−orbit effects and mBJ. The band
structure and total density of states calculated using mBJ+SOC
are illustrated in Figure 7. The electronic band structure
reveals that α-Cs2Pb(MoO4)2 possesses a direct band gap

(ΓVBM − ΓCBM) of about 2.84 eV in close agreement with that
estimated from the short cut edge measurements (2.85 eV).
It was found that the mBJ+SOC success is in bringing the
calculated energy gap close to the measured ones. The associated
total density of states accurately reproduce the energy band gap.
Furthermore, the project densities of states of α-Cs2Pb(MoO4)2
are shown in Figure 8a−c. It is clear that the valence-band
maximum (VBM) is governed by O-2p and Pb-6s orbitals with a
small contribution from Mo-4p and Pb-6p orbitals, while the
CBM is mainly derived from Pb-6p; therefore, the Pb atoms play
a decisive role in the energy band gap determination. The
projected density of states reveals that a strong/weak hybrid-
ization exists between Pb-s and Cs-p, Pb-s and O-p states, as well
as in Cs-p hybridized with Mo-d and O-p states, Pb-d with O-s
and Mo-p, and Pb-f with Cs-s states. The hybridization may lead
to covalent bond formation.
The calculated projected density of states helps to reveal the

bond nature; in the energy region expanding from−8.0 eV to EF,
the total electron number for each orbital can be obtained. It was
found that the Cs-6s orbital possesses 5.0 electrons (e), Pb-6s
orbital 4.0 e, Mo-d orbital 3.0 e, O-2p orbital 2.8 e, Pb-6p orbital
0.3 e, Mo-5s orbital 0.15 e, Mo-4p orbital 0.16 e, Pb-d orbital
0.06 e, Pb-4f orbital 0.04 e, and O-2s orbital 0.06 e. Therefore,
some electrons are transferred from Pb, Cs, Mo, and O atoms
into valence bands, and they contribute to the interactions
between Pb, Cs, Mo, and O atoms. It should be emphasized that
the electronegativity differences play the major role in forming
the bonds: the bigger the electronegativity differences are the
higher the ionic nature is. The electronegativity ofMo, Pb, O, and
Cs, being 2.16, 2.33, 3.48, and 0.79, respectively, is shown with
the Pauling scale. Thus, each of Mo and Pb atoms has its tetra-
hedral and octahedral coordination with O atoms, respectively.
To confirm this observation, the valence electronic charge
density of α-Cs2Pb(MoO4)2 in two different crystallographic
planes was investigated. The (100) plane in which Pb, Cs, Mo,
and O atoms are shown is illustrated in Figure 9. It is clear that
Mo and Pb atoms form their strong covalent bonding with
O atoms, while Cs atoms exhibit ionic bonding. Due to the sub-
stantial difference in electronegativity between Pb and O atoms
(Figure 9b) and Mo and O atoms (Figure 9c), a charge transfer
occurs toward O atoms, as shown by the blue uniform spheres
surrounding the O atoms, indicating the maximum charge accu-
mulated according to the thermoscale. Further, for the bonding
anisotropy exploration, we calculated the valence electronic
charge density in the (1 0 1) plane (Figure 9d), which confirms
the tetrahedral and octahedral coordination of Mo−O and
Pb−O atoms.

4. CONCLUSIONS
In this work, we prepared powder and single-crystal samples and
studied the crystal and electronic structure of α-Cs2Pb(MoO4)2.
The phase undergoes a second-order phase transition at 635 ±
2 K to the palmierite-type modification. The single-crystal XRD
study indicates that α-Cs2Pb(MoO4)2 crystallizes in the space
group C2/m with unit cell parameters a = 2.13755(13) nm,
b = 1.23123(8) nm, c = 1.68024(10) nm, and β = 115.037(2)°
(Z = 16). α-Cs2Pb(MoO4)2 and isotypical α-Rb2Pb(MoO4)2 are
complicated palmierite superstructures; their unit cells are
related to the palmierite ones as a = 2ap + 4bp, b = −2ap,
c = 2(−ap − 2bp + cp)/3. Deviations from the trigonal symmetry
of palmierite are mainly caused by shifts and rotations of MoO4
tetrahedra with cooperative changing environments of the
lead atoms. This differs α-A2Pb(MoO4)2 (A = Cs, Rb) from

Figure 8. (a−c) Calculated projected density of states of α-Cs2Pb-
(MoO4)2.
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ferroelasticα-Pb3(XO4)2 (X=P, V, As), where themain reasons are
shifts of the lead atoms from the former 3-fold axes. These lead-
containing palmierites along with α-K2Pb(MoO4)2, α-A2Pb-
(WO4)2 (A = Cs, Rb), and many other compounds possessing
distortive phase transitions from the trigonal palmierite-type phases
to low-symmetry modifications are of considerable importance as a
numerous group of compounds with ferroic properties. Aimed
structure modification of double molybdates and other palmierite-
related compounds (for example, with isomorphous substitutions)
can be used to control their functional properties for possible
applications as memory elements or switches.
The comparison of the XPS valence-band spectrum and the

XES bands of α-Cs2Pb(MoO4)2 on a common energy scale
representing the energy distribution of the Mo 4d and O 2p
states indicates that theMo 4d and O 2p states contribute mainly
to the central portion and at the valence band top, respectively,
with significant contributions throughout the whole α-Cs2Pb-
(MoO4)2 valence-band region also. Our results indicate that the
electronic structure of α-Cs2Pb(MoO4)2 differs somewhat from
the electronic structure of molybdates with general formula
MMoO4 (M = Mg, Ca, Ni, Zn, Cd, Ba, Pb, Sr) as well as of
MWO4 tungstates (M = Ca, Cu, Zn, Cr, Cd, Pb) in which the
valence Mo(W) d and O p states contribute dominantly in the
lower and upper portions of the valence band, respectively.
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