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ABSTRACT: Cesium vanadate, Cs2V3O8, a member of the fresnoite-type
structure, was synthesized via a hydrothermal route and structurally
characterized by single-crystal X-ray diffraction. Cs2V3O8 crystallizes in a
noncentrosymmetric polar space group, P4bm, with crystal data of a =
8.9448(4) Å, c = 6.0032(3) Å, V = 480.31(4) Å3, and Z = 2. The material
exhibits a two-dimensional layered crystal structure consisting of corner-shared
V5+O4 and V4+O5 polyhedra. The layers are separated by the cesium cations.
The alignment of the individual polyhedra results in a macroscopic polarity for
Cs2V3O8. Frequency-dependent polarization measurements indicate that the
material is not ferroelectric. A pyroelectric coefficient of −2.0 μC m−2 K−1 was
obtained from pyroelectric measurements taken as a function of the
temperature. The magnetic susceptibility data were measured as a function of
the temperature and yielded an effective magnetic moment of 1.78 μB for the
V4+ cation. Short-range magnetic ordering was observed around 7 K. The susceptibility data were fit to the Heisenberg square-
lattice model supporting that the short-range magnetic interactions are antiferromagnetic and two-dimensional. IR and thermal
properties were also characterized.

■ INTRODUCTION

Vanadium oxides continue to attract considerable attention
because of their ability to act as catalysts,1−3 as cathode
materials in batteries,4−6 as intercalation hosts,7−9 as ion-
exchange materials,10,11 and as magnetic materials12−15 and for
their structural versatility.16−22 These diverse attributes
originate from the various coordination environments and
oxidation states found for vanadium in complex oxides. In
vanadates, vanadium is typically observed in a tetrahedral, a
square-planar, or an octahedral coordination environment and
is found in oxidation states of 3+, 4+, or 5+. Exotic magnetic
properties sometimes arise from the presence of the V4+ cation
in a structure;23−27 however, such tetravalent vanadates are
quite rare compared to trivalent and pentavalent vanadates. To
investigate the relationship between the structure of V4+-
containing oxides and their properties, we set out to synthesize
reduced vanadates, specifically oxides containing V4+, to
investigate their structures and magnetic properties.
Among complex oxides containing the magnetic V4+ ion, the

fresnoite-type vanadates have been the most intensively studied
oxides because of their low-dimensional magnetic proper-
ties.28−30 The fresnoite-type structure has the general formula
A2MM′2O8 (A = Sr2+ or Ba2+, M = Ti4+, and M′ = Si4+ or Ge4+),
which consists of a two-dimensional layered-type crystal
structure.31−33 It is known that the tetravalent metal cations
in this structure (Ti4+, Si4+, or Ge4+) can be substituted for by
either V4+ or V5+ cations because of their very similar ionic

sizes.34 Typically, charge balance is maintained by the
simultaneous substitution of two alkali metals for the A cations,
resulting in a structural family with composition A2V3O8 (A =
K, Rb, Cs, or NH4). Several investigations of the magnetism
and structure of this series of complex oxides concluded that
the A2V3O8 series exhibits antiferromagnetic coupling and
undergoes a structural phase transition as a function of the
temperature.28,35,36 Detailed experimental and theoretical
investigations of K2V3O8 suggest that it is best thought of as
a spin 1/2 quasi-two-dimensional antiferromagnet.

37−41 In this
series, structural phase transitions were observed for K2V3O8
and Rb2V3O8 at 110 and 270 K, respectively, and as a function
of the pressure for (NH4)2V3O8.

35,36,42,43 To date, all published
investigations reported describe the potassium-, rubidium-, and
ammonium-containing members of this series and not,
however, the cesium-containing compound. This motivated
us to investigate the synthesis and investigation of the
properties of the reduced cesium vanadate, Cs2V3O8.
Several synthetic routes have been reported for the synthesis

of the A2V3O8 (A = K, Rb, and NH4) series, including flux
reactions to grow single crystals and conventional solid-state
routes to prepare polycrystalline powders.34−36,41 All of the
reported syntheses were carried out at temperatures in excess of
500 °C. Our initial attempts to prepare Cs2V3O8 by modifying
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the known synthetic routes were unsuccessful because of, as it
turned out, the thermal instability of Cs2V3O8 above 500 °C.
We therefore developed a new synthetic route based on a low-
temperature, two-step hydrothermal approach, where we used
oxalic acid to create and stabilize V4+ in solution prior to
initiating the crystallization of Cs2V3O8.
The crystal structure of Cs2V3O8 belongs to the fresnoite-

type structure and adopts the parent P4bm framework.
Structures crystallizing in the P4bm space group are polar
and, thus, are of general interest for their potential NLO,
ferroelectric, pyroelectric, or multiferroic behavior.44−48 These
phenomena are associated with the acentricity and polarity of
the crystal structure, consisting of local asymmetric units. The
alignment of the individual asymmetric units (polyhedra) in the
same direction generates a macroscopic polarity in the crystal
structure. The material reported herein, Cs2V3O8, is polar
because of the alignment of the VO4 and VO5 polyhedra in the
structure, which enabled us to measure its polarization
properties.
In this paper, we report on the synthesis, structural

characterization, polarization and magnetic property measure-
ment, and overall structure−property relationships of Cs2V3O8,
which is a new member of the A2V3O8 (A = K, Rb, or NH4)
family of reduced vanadates.

■ EXPERIMENTAL SECTION
Reagents. Cs2CO3 (Alfa Aesar, 99.9%), V2O5 (Alfa Aesar, 99.6%),

and H2C2O4·2H2O (Alfa Aesar, 98%) were used as received.
Synthesis. Single crystals of the reported material were grown via a

two-step hydrothermal synthesis. A mixture containing 1 mmol of
V2O5, 1.5 mmol of H2C2O4·2H2O, and 1 mL of H2O was placed inside
a 23 mL Teflon-lined autoclave. The autoclave was closed, heated to
150 °C at a rate of 5 °C min−1, held for 12 h, and cooled to room
temperature at a rate of 3 °C min−1. The autoclave was opened, and 2
mmol of Cs2CO3 was added to the product from the first reaction,
dark-brown solids suspended in a blue solution. The hydrothermal
reaction was repeated, however, using reaction times and cooling rates
of 24 h and 0.1 °C min−1, respectively. Once cold, the mother liquor
was decanted and the solid product was isolated by vacuum filtration
and washed with distilled water and acetone. The product consisted of
deep-brown single crystals of Cs2V3O8 along with unidentified
impurities that were removed by sonication. The yield was
approximately 91% based on V2O5. The powder X-ray diffraction
(PXRD) pattern collected on ground crystals indicates that no
impurities are contained in the final isolated product.
Single-Crystal X-ray Diffraction. X-ray diffraction intensity data

from a plate crystal were measured at room temperature on a Bruker
SMART APEX diffractometer (Mo Kα radiation, λ = 0.71073 Å). The
raw area detector data frames were processed with SAINT+.49 An
absorption correction based on the redundancy of equivalent
reflections was applied to the data with SADABS.49 The reported
unit cell parameters were determined by least-squares refinement of a
large array of reflections taken from each data set. Difference Fourier
calculations and full-matrix least-squares refinement against F2 were
performed with SHELXTL.50

Cs2V3O8 crystallizes in the noncentrosymmetric space group P4bm,
as determined by the successful solution and refinement of the
structure. The asymmetric unit contains one cesium, two vanadium,
and four oxygen atoms. The cesium atom, one vanadium atom [V(2)],
and one oxygen atom [O(3)] are located on a mirror plane (Wyckoff
site 4c). The other vanadium atom [V(1)] and one oxygen atom
[O(1)] reside on a 4-fold axis (Wyckoff site 2a). The two residual
oxygen atoms [O(2) and O(4)] lie on a general position (Wyckoff site
8d) and a 2-fold axis combined with mirror planes (Wyckoff site 2b),
respectively. All atoms were refined with anisotropic displacement
parameters. Crystallographic data, atomic positions, and selected
interatomic distances are listed in Tables 1−3, respectively.

Powder X-ray Diffraction (PXRD). PXRD data were collected on
a Rigaku D/Max-2100 powder X-ray diffractometer using Cu Kα
radiation. The step-scan covered the angular range 10−70° 2θ in steps
of 0.04°. No impurities were observed, and the calculated and
experimental PXRD patterns are in excellent agreement (see Figure S1
in the Supporting Information, SI).

IR Spectroscopy. IR spectra were recorded on a PerkinElmer,
Spectrum 100, FT-IR spectrometer in the 650−1100 cm−1 range.

Thermal Analyses. Thermogravimetric analysis (TGA) was
carried out on a TA Instruments SDT Q600 by heating the sample
at a rate of 10 °C min−1 under flowing N2 gas up to a temperature of

Table 1. Crystallographic Data for Cs2V3O8

formula Cs2V3O8

fw 546.64
cryst syst tetragonal
space group P4bm (No. 100)
a (Å) 8.9448(4)
c (Å) 6.0032(3)
V (Å3) 480.31(4)
Z 2
density (Mg/m3) 3.780
abs coeff (mm−1) 10.335
cryst size (mm3) 0.10 × 0.06 × 0.02
θ range 3.22−28.27
reflns collected 5917
indep reflns 645 (Rint = 0.0331)
completeness to θmax (%) 100
Rint 0.0331
GOF (F2) 1.433
R(F)a 0.0256
Rw(Fo

2)b 0.0615
extinction coeff 0.0089(6)
Flack parameter 0.00(8)
residual electron density (e Å−3) 0.652 and −1.471

aR(F) = ∑||Fo| − |Fc||/∑|Fo|.
bRw(Fo

2) = [∑w(Fo
2 − Fc

2)2/
∑w(Fo

2)2]1/2.

Table 2. Selected Interatomic Distances (Å) for Cs2V3O8

Cs(1)−O(2) 3.152(5) V(1)−O(1) 1.614(12)
Cs(1)−O(2) 3.152(5) V(1)−O(2) 1.982(5)
Cs(1)−O(2) 3.431(5) V(1)−O(2) 1.982(5)
Cs(1)−O(2) 3.431(5) V(1)−O(2) 1.982(5)
Cs(1)−O(3) 2.966(8) V(1)−O(2) 1.982(5)
Cs(1)−O(3) 3.103(6) V(2)−O(2) 1.704(5)
Cs(1)−O(3) 3.103(6) V(2)−O(2) 1.704(5)
Cs(1)−O(4) 3.080(7) V(2)−O(3) 1.632(8)
Cs(1)−O(2) 3.152(5) V(2)−O(4) 1.806(4)
Cs(1)−O(2) 3.152(5)

Table 3. Atomic Coordinates and Equivalent Isotropic
Displacement Parameters (Å2) for Cs2V3O8

x y z Ueq
a

Cs(1) 0.1710(1) 0.3290(1) 0.7174(1) 0.027(1)
V(1) 0 0 0.1886(4) 0.013(1)
V(2) 0.1330(1) 0.6331(1) 0.1914(3) 0.012(1)
O(1) 0 0 0.4574(19) 0.027(2)
O(2) 0.0844(5) 0.8053(5) 0.0938(9) 0.018(1)
O(3) 0.1279(6) 0.6279(6) 0.4631(14) 0.027(2)
O(4) 0 0.5 0.0824(15) 0.018(2)

aUeq is defined as one-third of the trace of the orthogonalized Uij
tensor.
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550 °C. Differential scanning calorimetry (DSC) was also carried out
on a TA Instruments DSC Q2000 by heating the sample at a rate of 10
°C min−1 from −50 and +550 °C and cooling it back down to room
temperature.
Scanning Electron Microscopy (SEM). A scanning electron

micrograph of a single crystal of Cs2V3O8 was obtained using a Tescan
Vega-3 SEM instrument utilized in the low-vacuum mode. A SEM
image of a representative single crystal of Cs2V3O8 is shown in Figure
1. Energy-dispersive spectroscopy (EDS) using a Thermo EDS
detector equipped on a Tescan instrument also verified the presence
of cesium, vanadium, and oxygen in Cs2V3O8.
Second-Harmonic Generation (SHG). Powder SHG measure-

ments were performed on a modified Kurtz nonlinear-optical (NLO)
system using a pulsed Nd:YAG laser with a wavelength of 1064 nm.
Comparisons with known SHG materials were made using ground
crystalline α-SiO2. A detailed description of the equipment and
methodology has been published elsewhere.44,51 No index-matching
fluid was used in any of the experiments.
Piezoelectric Measurements. Converse piezoelectric measure-

ments were performed using a Radiant Technologies RT66A
piezoelectric test system with a TREK high-voltage amplifier, a
Precision Materials Analyzer, a Precision High Voltage Interface, and
an MTI 2000 Fotonic Sensor. The Cs2V3O8 sample was pressed into a
pellet (∼1.3 cm diameter and ∼1 mm thickness) and sintered at 350
°C for 7 days. Silver paste was applied to both sides of the pellet, and
the pellet was cured at 300 °C for 12 h. The same pellet was also used
for polarization measurements.
Polarization Measurements. The polarization was measured on

a Radiant Technologies RT66A ferroelectric test system with a TREK
high-voltage amplifier between 70 and 180 °C in a Delta 9023
environmental test chamber. The unclamped pyroelectric coefficient,
defined as dP/dT (change in the polarization with respect to a change
in the temperature), was determined by measuring the polarization as
a function of the temperature. A detailed description of the
methodology used has been published elsewhere.44 To measure any
possible ferroelectric behavior, the polarization was measured at room
temperature under a static electric field of 9 kV cm−1 with frequencies
of 100−1000 Hz. For the pyroelectric measurements, the polarization
was measured statically from 70 to 180 °C in 10 °C increments,
maintaining an electric field of 7 kV cm−1 throughout the
measurement. The temperature was allowed to stabilize before the
polarization was measured.
Magnetic Measurements. The direct-current (dc) magnetization

was measured as a function of the temperature using a Quantum
Design MPMS SQUID magnetometer or an EverCool Dewar
magnetometer system. The polycrystalline samples were placed in a
gelatin capsule, secured by a small amount of epoxy. In a typical
temperature sweep experiment, the sample was cooled to 2 K under
zero-field-cooled (zfc) conditions and data were collected by heating
the sample from 2 to 300 K in an applied field of 1000 Oe. The sample
was then cooled in the applied field (field-cooled, fc) to 2 K, while data
were collected.

■ RESULTS AND DISCUSSION

Synthesis. The synthesis of reduced vanadates requires an
approach that allows for the formation and stabilization of V4+.
The A2V3O8 (A = K, Rb, and NH4) family was reportedly
synthesized via either solid-state routes or electrochemical
reduction.34,36,38,52,53 Specifically, to prepare polycrystalline
samples, ternary precursors of AVO3 were reacted with
appropriate amounts of V2O3 or V2O5, whereas single crystals
were grown out of KVO3 or Rb2V4O9/RbBr fluxes or via
reduction of V2O5 using RbI as a reducing agent. We attempted
all of the above methods to prepare Cs2V3O8; however, all
attempts were unsuccessful, apparently because of the high
stability of CsVO3,

54 CsV2O5,
55 and Cs2V4O9

56 that formed
preferentially. We were unable to detect any amount of
Cs2V3O8 in the reaction products, which consisted of mixtures
of vanadates, including CsVO3, CsV2O5, and Cs2V4O9. We
attempted a hydrothermal route using V2O5, Cs2CO3, and
oxalic acid as our starting materials. The desired mixed-valent
vanadium, 4+/5+, could be expected because oxalic acid is
known to be a mild reducing agent. In addition, we were able to
carry out hydrothermal synthesis at much lower temperatures
(∼150 °C) than the reported solid-state synthetic conditions
(∼550 °C). Unfortunately, although many permutations of the
experimental conditions were pursued, the simultaneous
reaction of Cs2CO3, V2O5, and oxalic acid always resulted in
a mixture of an unidentified phase (major product), CsVO3
(major product), and Cs2V3O8 (minor product). To obtain a
single-phase product of Cs2V3O8, we had to modify the
hydrothermal route and separate it into two sequential steps:
(1) reduction of the vanadium precursor and (2) reaction of
the reduced vanadium species with cesium. This two-step
hydrothermal route, as described in detail in the Experimental
Section, resulted in high-quality crystals of Cs2V3O8 in high
yield, as shown in Figure 1. The PXRD pattern collected on
ground crystals is in excellent agreement with the diffraction
pattern calculated using the single-crystal data (see Figure S1 in
the SI). To test the generality of this two-step hydrothermal
route, we also synthesized two other known members of this
family, namely, K2V3O8 and Rb2V3O8. Here, also, the two-step
process worked with remarkable success and resulted in the
synthesis of pure crystals of K2V3O8 and Rb2V3O8. The PXRD
patterns of these two compounds collected on ground crystals
are also in excellent agreement with the calculated powder
patterns (see Figure S2 in the SI).

Structure. The title compound, Cs2V3O8, crystallizes in the
noncentrosymmetric polar space group P4bm and exhibits a
two-dimensional crystal structure consisting of sheets of corner-

Figure 1. Optical (left) and SEM (right) images of single crystals of Cs2V3O8.
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shared VO4 and VO5 polyhedra. As shown in Figure 2, the
corner-sharing VO5 polyhedra are isolated from each other by

V2O7 groups, resulting in V3O8
2‑ layers in the ab plane, which is

characteristic for the fresnoite-type structure. The V3O8
2−

layers, which stack in the c direction, are separated by two

Cs+ cations. One interesting structural feature is the presence of
five-membered rings, composed of two VO5 and three VO4
polyhedra, in the layer, with the Cs+ cations located at the
approximate center of the rings and approximately midway
between the layers. This arrangement aligns the layers and
places them exactly above and below each other, forming an
infinite, aligned stack. The V4+ cation is found only in the VO5
square pyramids, with V−O bond distances ranging from
1.614(12) to 1.982(5) Å, while the V5+ cation is located only in
the VO4 tetrahedra with V−O bond distances of 1.632(8)−
1.806(4) Å. The Cs+ cations are coordinated to 10 oxygen
atoms, 5 located in the layer above and 5 located in the layer
below, with the Cs−O distances ranging from 2.966(8) to
3.665(5) Å. Bond Valence Sum (BVS) calculations57,58 resulted
in values of 3.93, 5.19, and 1.18 for V4+, V5+, and Cs+,
respectively, and are consistent with the expected values,
confirming the presence of the V4+ in the structure.
Figure 3 shows the interlayer separation distances for the

A2V3O8 (A = K, Rb, Cs, and NH4) series. It is expected that the
interlayer distance will increase with the increasing sizes of the
cation located between the V3O8

2− sheets and that this would
be reflected in the length of the c axis. Hence, the interlayer
distance for Cs2V3O8 should be the greatest because the ionic
radius of Cs+ is the largest within this series. As seen in Figure
3, the length of the c axis increases in the order of the K, Rb,
NH4, and Cs cation sizes, consistent with the expected trend.
On the other hand, the ratio of a′/c (a′ = a/√2; see Figure 4)
decreases for the same sequence. If the a′/c ratio reaches a
value of 1, then the vanadium positions in the structure can be
described using a primitive cubic sublattice. Cs2V3O8, with an
a′/c ratio of 1.05, approaches this ratio and, thus, has a
pseudocubic sublattice for the vanadium cations. The observed
trend of the a′/c ratio as a function of the cation size for this
series indicates that the presence of a larger cation between the
layers not only forces the layers further apart along the c axis
but also expands the sheet uniformly in the ab plane, resulting
in a smaller a′/c ratio.

Figure 2. Polyhedral structure representation of Cs2V3O8 along the
(top) a and (bottom) c axes. The two-dimensional layers consist of
corner-shared VO5 and VO4 polyhedra; only five-membered rings are
observed in the layer. The brown, blue, green, and red spheres/
polyhedra represent V4+, V5+, K+, and O2− ions, respectively.

Figure 3. Plot of the A cation size versus the length of the c axis and the ratio of a′/c (a′ = a/√2) for the A2V3O8 (A = K, Rb, NH4, and Cs) series.
The circles and squares are for the K, Rb, NH4, and Cs phases from left to right.
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The crystal structure of Cs2V3O8 and the A2V3O8 (A = K, Rb,
Cs, and NH4) family in general are closely related to that of the
polar A3V5O14 (A = K, Rb, and Tl) series (see Figure 5).59 Both

structural families exhibit a similar two-dimensional layered
crystal structure consisting of corner-shared VO4 and VO5
polyhedra, where the layers are separated by the A+ cations.
However, while the A2V3O8 family contains the magnetic cation
V4+ (d1), in the square-pyramidal sites, the A3V5O14 family
contains only V5+ (d0) cations. The origin for this difference lies
in the fact that V2O7 groups isolate the VO5 square pyramids in
the A2V3O8 structure, while V3O12 groups isolate the VO4
tetrahedra in the A3V5O14 structure. As a result, only five-
membered rings are observed in A2V3O8, while three- and five-
membered rings are found in A3V5O14. Although detailed
arrangements of the polyhedra in the sheet structures differ
slightly between these two families, in both families the

polyhedra that are aligned in the same direction in each layer to
create the permanent polarity throughout the crystal structures.
In order to better understand the origin of the polarity, local

dipole moments of the individual polyhedra were exam-
ined.60,61 For any materials to be considered polar, they must
crystallize in 1 of 10 crystal classes (1, 2, 3, 4, 6, m, mm2, 3m,
4mm, and 6mm), and a polar direction can be defined as one of
crystal axes.62 When asymmetric units exhibit a local dipole
moment and when the individual polyhedra align in the same
direction, then a macroscopic polarity can be created, which
determines the magnitude of several functional properties. The
space group of the title compound, P4bm, belongs to the 4mm
crystal class, indicating that Cs2V3O8 is polar. As seen in Figure
2 and Table 2, the VO4 and VO5 polyhedra exhibit one short
and three and four, respectively, longer bonds, where the short
axial bonds are oriented parallel to the c axis. Thus, a net dipole
moment from the individual polyhedra is observed along the c
axis, which can be defined as the polar axis for Cs2V3O8. The
calculated dipole moments, 1.13 and 0.30 for the VO5 and VO4
polyhedra, respectively, are relatively small compared to values
found in highly asymmetric coordination environments created
by lone-pair cations. This suggests that the measured
polarization of Cs2V3O8 will be fairly small, consistent with
the polarization measurements discussed below.

IR Spectroscopy. The IR spectrum for the reported
material was collected between 650 and 1100 cm−1. The
bands observed above 750 cm−1 can be attributed to V−O
vibrational modes, whereas the V−O−V vibrational modes
appear below 750 cm−1. These assignments are consistent with
previously reported data.63 The IR spectrum is given in Figure
S3 in the SI.

Thermal Analyses. The thermal behavior of Cs2V3O8 was
investigated using TGA and DSC. As seen in Figure S4 in the
SI, no weight loss is observed up to 550 °C under a N2 flow;
however, the structure decomposes near 500 °C. Using PXRD,
the residues of decomposition were identified as CsVO3,

54

CsV2O5,
56 and at least one other unidentified phase.

It is known that K2V3O8 and RbV3O8, two members of the
A2V3O8 (A = K, Rb, Cs, and NH4) family, undergo a structural
phase transition from P4bm to P42bc or P4nc for K2V3O8 and to
P4bm(00γ) superspace group symmetry for Rb2V3O8, respec-
tively, at low temperature.35,36 To determine if Cs2V3O8 also
undergoes a low-temperature phase transition, DSC measure-
ment was performed between −50 and +550 °C. During the
heating cycle, the DSC data contain an endothermic peak at
about 500 °C, corresponding to decomposition of Cs2V3O8,
while exothermic peaks, observed during the cooling cycle, are
most likely due to crystallization of the decomposition
products. PXRD measurements demonstrated that the residues
were the same as those found in the TGA experiment. Thus,
both TGA and DSC measurements shed light on why Cs2V3O8
could not be synthesized by us via a solid-state route. It appears
that Cs2V3O8 is unstable at temperatures above 500 °C and
decomposes into CsV2O5, CsVO3, and at least one other phase.
Hence, our two-step hydrothermal route provides a convenient
method to prepare Cs2V3O8 at low temperatures, thereby
avoiding its instability at higher temperatures.
No evidence for a structural phase transition was observed in

the DSC data, suggesting that either none exists or it takes
place at a temperature lower than −50 °C. A unit cell collected
on a single crystal at 100 K gave a P4bm unit cell with lattice
parameters of a = 8.947(1) Å and c = 5.945(1) Å, values that
are almost identical with the ones collected at room

Figure 4. Doubled unit cell toward the a axis containing only V4+

cations (left), where the red solid lines represent a new primitive
lattice. Note that when a′ = c (a′ = a/√2), the primitive cell becomes
a cubic lattice. The unit cell of Cs2V3O8 is shown on the right, where
the brown, blue, and green spheres/polyhedra represent V4+, V5+, and
K+ ions, respectively. For clarity, oxygen atoms are omitted.

Figure 5. Polyhedral structure representation of A3V5O14 (A = K, Rb,
and Tl) along the (top) a and (bottom) c axes. The two-dimensional
layers consist of corner-shared VO5 and VO4 polyhedra; both three-
and five-membered rings are found in the layer. The blue, green, and
red spheres/polyhedra represent V5+, K+, and O2− ions, respectively.
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temperature. We therefore conclude that there is no structural
phase transition as a function of the temperature down to 100
K.
SHG and Piezoelectric Properties. All materials that

crystallize in one of the noncentrosymmetric crystal classes,
except 432, may exhibit SHG and piezoelectric behavior.
Although Cs2V3O8 belongs to this class, none of these
properties were observed in Cs2V3O8, most likely because the
magnitude of its dipole moment is very small. Large SHG
efficiency and strong piezoelectric responses are typically
correlated with large dipole moments.64−66 Because the dipole
moment in Cs2V3O8 is very small, any SHG or piezoelectric
response that might exist was below the detection limit of the
measurements.
Polarization Properties. Although the local dipole mo-

ment of Cs2V3O8 is small, its polar space group, P4bm, indicates
that it exhibits a macroscopic polarity arising from the
alignment of the individual polyhedra in the sheets, which
indicates the possibility of observing ferroelectric or pyro-
electric behavior in Cs2V3O8. In order for a material to exhibit
ferroelectric behavior, the macroscopic polarity must be
reversed under an external applied electric field. The polar-
ization measurement has to be performed at several frequencies
because ferroelectric behavior is strongly frequency-dependent.
The observed polarization loops from the frequency-dependent
measurements, as shown in Figure 6, are not ferroelectric

hysteresis loops, however, but rather are likely due to dielectric
loss.67 In other words, the observed macroscopic polarity
cannot be reversed under an external electric field. To better
understand this lack of polarization reversal, it is important to
examine the local coordination environment of the VO4 and
VO5 polyhedra because macroscopic polarization reversal
results from the reversal of polarization of the individual
polyhedra. As mentioned earlier, the macroscopic polarity
stems from the alignment of these individual polyhedra, where
the contribution of the VO4 polyhedra is much less because of
its tetrahedral coordination environment. Any polarization
reversal thus has to result from the VO5 polyhedra. In the well-
known ferroelectric materials of BaTiO3 and KNbO3, the
polarization reversal involves the physical displacement of
octahedrally coordinated metal cations, i.e., Ti4+ and Nb5+.68

One way for the dipole moment to be reversed in Cs2V3O8
would involve the displacement of the vanadium cation along
the c axis, i.e., toward or away from the basal plane of the VO5
square pyramid. This displacement is, however, energetically
unfavorable because the shifted vanadium cation loses
coordination with the axial oxide ligand of the square pyramid,
which essentially prevents ferroelectric behavior.
Although Cs2V3O8 is not ferroelectric, the polar space group

still implies that the material may exhibit pyroelectric behavior.
Pyroelectricity is formally defined as the temperature depend-
ence of the spontaneous polarization with a pyroelectric
coefficient, p = (∂Ps/∂T), where Ps is the spontaneous
polarization and T is the temperature. The pyroelectric
coefficient (p), the change in polarization as a function of the
temperature, was determined with a value of −2.0 μC m−2 K−1,
which is consistent with other nonferroelectric pyroelectric
materials (see Figures S5 and S6 in the SI).45

Magnetic Properties. The temperature dependence of the
magnetic and inverse susceptibilities for Cs2V3O8 in an applied
field of 1000 Oe is shown in Figure 7. In the high-temperature
range of 100−300 K, the inverse susceptibility data were fit to
the modified Curie−Weiss law with a temperature-independent
paramagnetic term (χTIP), χ = C/(T − θ) + χTIP, which resulted
in values of 0.392 emu K mol−1, −10.4 K, and 1.73 × 10−5 emu
mol−1 for the Curie constant, the Weiss temperature, and χTIP,
respectively. From the Curie constant, the effective magnetic
moment of 1.77 μB per V4+ was calculated, which is in good
agreement with the expected spin-only value of 1.73 μB per V

4+,
confirming the existence of the V4+ magnetic ion in Cs2V3O8.
The magnetization increases with decreasing temperature, and
a relatively broad maximum is observed at around 7 K,
suggesting the presence of short-range antiferromagnetic
interactions. As shown in Figure 8, the χmT data plotted as a
function of the temperature decreases gradually as the
temperature decreases, indicating the presence of antiferro-
magnetic interactions, which is consistent with the negative
Weiss constant from the Curie−Weiss fit.
In order to model the short-range magnetic correlations,

several low-dimensional magnetic exchange models could be
considered, including dimer, one-dimensional infinite-chain,
and two-dimensional square-lattice models. The dimer model
can be readily excluded because no dimeric magnetic exchange
pathways are found in the crystal structure. The only possible
way for a one-dimensional chain model to be applied to the
structure of Cs2V3O8 would require the magnetic exchange
interactions to proceed via the axial oxygen atoms between the
layers; however no isolated magnetic pathways exist within the
layers because of the equivalent V4+−V4+ distances. These
exchange interactions, however, involve extremely long
separations (4.390 Å) between the V4+ cations and the axial
oxygen atoms in adjacent layers, suggesting that this model is
not likely to apply to Cs2V3O8.
On the basis of the crystal structure, the two-dimensional

square-lattice model appears to be the most appropriate model
for Cs2V3O8, which includes the magnetic interaction pathways
of V4+−O−O−V4+ or V4+−O−V5+−O−V4+. To better examine
this model, the two-dimensional Heisenberg model34,69 (eq 1)
was utilized to fit the susceptibility data.
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Figure 6. Frequency-dependent polarization measurements for
Cs2V3O8. The measured polarization loops are not ferroelectric
hysteresis loops but rather are due to dielectric loss.
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Equation 1: x = kT/JS(S + 1), N is Avogadro’s number, μB is
the Bohr magneton, g is the Lande g factor, J is the magnetic
exchange parameter, T is the temperature, and Cn are
coefficients calculated by lines.
As shown in Figure 7, a good fit of the susceptibility data

could be obtained using the two-dimensional Heisenberg
model. The fit gave values of 1.88, −7.33 K, and 1.66 × 10−4

emu mol−1 for the g factor, J/k, and χTIP, respectively. These
values are in good agreement with data published for
application of the two-dimensional Heisenberg model to the
magnetic susceptibility data of the previously reported A2V3O8
(A = K, Rb, and NH4) family.34 It might also be possible to
consider three-dimensional interactions, instead of the two-
dimensional interactions, because half of the diagonal length of
the ab plane in the unit cell to the length of the c axis is close to
1, as seen in Figure 4, which indicates the possibility of a cubic
magnetic sublattice. This model, however, includes the
extremely long magnetic exchange pathways of V4+−
O···Cs···O−V4+ (over 10 Å), suggesting much weaker magnetic

interactions compared to those expected within the layers. It is,
thus, reasonable to consider Cs2V3O8 as a two-dimensional
Heisenberg antiferromagnet.

■ CONCLUSIONS
We have successfully synthesized and characterized the mixed-
valent cesium vanadate Cs2V3O8. The material exhibits a two-
dimensional layered crystal structure consisting of corner-
shared VO4 and VO5 polyhedra. The individual polyhedra are
all aligned along the c direction, creating a macroscopic
polarization of the structure. The material was not found to be
ferroelectric, however. Magnetic measurements were performed
that revealed short-range antiferromagnetic interactions around
7 K. The magnetic susceptibility data were successfully fit to the
two-dimensional Heisenberg square-lattice model, supporting
the theory that the magnetic interactions dominate within the
layers.
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