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phase. A further electronic instability is required to create the insulating
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Geometric frustration, which arises when geometrical structural
constraints promote competition between local states that are energetically
degenerate, has been one of the most intensively studied subjects in
condensed matter physics in recent years. A phase transition that lifts the
degeneracy by lowering the local symmetry may be induced if the coupling of
electronic and structural degrees of freedom 1is sufficiently strong. In
pyrochlores (4:307) and spinels (45:04), the Bion sublattice consists of a
three-dimensional network of corner sharing tetrahedra, known as the
pyrochlore lattice, which underpins the strong geometrical frustration effects.
When occupied by a non-integer number of electrons per site, simple charge
order is suppressed and the eventual formation of a nontrivial charge state
occurs. The Culr:Ss and AlV204 spinels, for example, form complex Ir
octamers [1] and V heptamers [2]. Some systems, however, maintain a
uniform charge metallic state to low temperatures and exhibit ground states
other than charge-ordering, such as heavy Fermion states (e.g. LiV204 [3]) or
superconductivity (e.g. A0s206 (4 =K, Rb, Cs) [4-8]).

CsW20s is a rare example of a mixed-valence pyrochlore oxide, with
an average formal W valence of 5.5+, i.e. 1 electron per 2 W sites. It is a
non-isoelectronic analogue to the intensively studied 40s206 (4 = K, Rb, Cs)
superconductors. CsW20s crystallizes in the B-pyrochlore type structure at
room temperature [9]. The existence of a phase transition at 215 K has been
described in a preliminary report [10]. In this Letter, we report a
metal-insulator transition (MIT) accompanied by a structural transition in
CsW306 at 210 K. We find the formation of W zigzag chains below this
transition. The structural distortion cannot be attributed to a simple charge
ordered or orbitally ordered state, though the symmetry of the conducting
lattice has clearly decreased and resulted in chain formation. Electronic
structure calculations show the presence of a high density of states (DOS)
near the Fermi energy (Zr) in the cubic B-pyrochlore phase that is strongly
suppressed at the transition. CsW20s therefore appears to be a unique
example of a MIT accompanied by a complex structural transition on the
pyrochlore lattice.

Polycrystalline CsW20s samples were prepared as described in ref.
[9]. Washing in distilled water removed excess CseWO4. Synchrotron powder
X-ray diffraction (SXRD) measurements were conducted from 100 K to 400 K
in 20 K steps at beamline 11-BM at the Advanced Photon Source (Argonne



National Laboratory), with wavelength A = 0.413115 A, and neutron powder
diffraction data were recorded using the BT1 spectrometer at the NIST
Center for Neutron Research with wavelengths A = 1.540 and 2.078 A.
Electron diffraction was carried out in a JEOL 3000F transmission electron
microscope equipped with a Gatan liquid-helium cooling stage. Crystal
structures were refined by the Rietveld method using the FULLPROF
program. [11] Magnetic susceptibility, resistivity and specific-heat
measurements were performed by using MPMS and PPMS (Magnetic and
Physical Properties Measurement System, Quantum Design) instruments.
Resistivity measurements were performed on synthesized, washed powders
pressed into pellets and fired at 500 °C. The pellets were not dense, but
higher temperature sintering is not possible due to the instability of the
phase at high temperatures [9].

The synchrotron X-ray and neutron diffraction patterns of CsW20s at
room-temperature are all consistent with the previously reported cubic
B-pyrochlore structure with space group Fd3m [9]. The refinement of this
model gave good fits to the data (Supplemental Material [12]). No deviation
from the ideal stoichiometric composition was observed.

Clear anomalies indicative of a phase transition were observed in the
electrical resistivity, magnetic susceptibility, and specific-heat of CsW20s
(Fig. 1). The resistivity of the high temperature phase above 210 K increases
slightly on cooling, while exhibiting a remarkable increase below the
transition, by as much as 5 orders of magnitude on cooling from 210 K to 60
K (Fig. 1a). The measured value of the resistivity at room-temperature (~ 1
Qcm) is too high for a metal. The intrinsic transport property of CsW2Og is
considered to be metallic at room temperature with the high resistance of the
samples originating from surface oxidation of the powders during processing
(e.g. when washing in water). The fact that the room temperature resistivity
continuously increases for samples exposed to air supports this conclusion.
The possibility of small-polaron conduction, such as is observed in Fe3O4 [13]
in its cubic spinel phase cannot be ruled out; thus further study is required to
confirm the nature of the high temperature phase. The inset of Fig. 1a shows
that the resistivity p(7) below the transition follows the Arrhenius-type
temperature dependence, (7) = Aexp(FLi/kpT), where kpis the Boltzmann
constant. The fitting from 180 to 70 K gives a thermal activation energy of %,



=0.092 eV, indicating the opening of a charge gap. Thus, CsW20s undergoes
a MIT on cooling below 210 K.

The magnetic susceptibility above the MIT, x(7) ~ 1.0x104 emu/mol,
is comparable to or smaller than those reported for the metallic B-pyrochlores
AO0s206 (A4 = Cs, Rb, K) [14], and can be ascribed to the Pauli paramagnetic
susceptibility of a metal. Where the resistivity shows a marked change in
slope at 210 K, the magnetic susceptibility shows an abrupt drop from a
positive value to negative value (Fig. 1b), implying the formation of
spin-singlets. A clear thermal hysteresis in the magnetic susceptibility data
at the transition (inset, Fig. 1b) indicates that the transition is first order.
The low temperature insulating phase exhibits a nearly temperature
independent susceptibility, except for an upturn at low temperatures that
can be attributed to a minor magnetic impurity with a small Curie constant
of 1.6X103 emu/mol K. After considering a finite contribution from core
diamagnetism, the negative susceptibility at low temperatures is too small to
be due to an antiferromagnetic state of local moments.

The MIT in CsW320g¢ is also clearly observed as a large jump in the
specific-heat, as shown in Fig. 1c. This large jump is sharply in contrast with
what is observed for the fully & analogue CsTaWOg (inset to Fig. 1c) which
does not exhibit a phase transition [15]. The difference between them clearly
indicates that the phase transition in CsW20Os is driven by an electronic
instability due to the presence of 1 electron per two W sites. The specific-heat
data around the MIT allows for an estimation of the change of entropy of AS
= 3.7 J/mol K associated with the transition. Such a large entropy change is
indicative of a drastic electronic transition with strong coupling to a lattice
distortion. The other striking feature of the specific-heat in CsW320Os 1s its
large weight at low temperatures. This originates from the characteristic
rattling of Cs atoms in the cage of the B-pyrochlore structure. As shown in
Fig. 1c, the specificcheat is well fitted by the same method adopted
previously for B-pyrochlore oxides. [14,16] The absence of a 7'-linear term in
D indicates the absence of a significant electronic contribution to the
specific-heat at low temperatures and therefore reflects the presence of a
fully opened energy gap in the low temperature phase.

To investigate the structure of the insulating phase below 7iur,
high-resolution SXRD, powder neutron diffraction, and electron diffraction
data were collected at various temperatures. Below the MIT (~210 K), weak



forbidden reflections in addition to those allowed in the Fd3m space group
were seen in electron diffraction patterns (see Fig. 2c¢). These forbidden
reflections were also observed in the SXRD patterns below 7yt as many low
intensity peaks, as shown in Fig. 2a. In addition, slight peak broadenings,
suggestive of lowering of the crystal symmetry from cubic, were observed in
the low temperature SXRD patterns. Quantitative structure refinements at
100 K involve co-refinement of both X-ray and neutron diffraction data to
best determine both the W and O positions to high precision. The structure of
the low temperature phase of CsW20¢ 1s found to be one of the known
variations of B-pyrochlore fluorides. These fluorides possess symmetries that
are subgroups of the archetype cubic pyrochlore Fd3m and, in addition, are
found in one single branch of the group-subgroup tree (Fd3m —1I4,/
amd - Imma — Pnma ). [17] The superlattice peaks observed for low
temperature CsW2Og violate the extinction rules for the cubic face-centered
subgroup and tetragonal/orthorhombic body-centered subgroups. All the
superlattice reflections that are present in both the X-ray and neutron data
collected at 100 K can be indexed on the primitive orthorhombic unit cell of
space group Pnma. The relation between the cubic and orthorhombic cells is
V2a, =~ \2b, = a. andc, ~ a. (Fig. 3b). The intensity of the superlattice
reflections observed in the X-ray diffraction data is ~ 103 of the fundamental
reflections, which implies that the displacements of heavy elements W and
Cs are very small through the MIT. The model for the low temperature
orthorhombic Pnma phase was obtained by starting with the ideal
pyrochlore positions. Parts of the Rietveld refinement plots for the SXRD and
neutron data are shown in Fig. 2a. The refined Pnma model gives excellent
fits to both the SXRD (also see Supplemental Material [12]) and neutron
diffraction data, and no magnetic diffraction peaks were observed below the
MIT in the neutron diffraction data. A strong coupling of the structure to the
MIT is observed in the temperature dependence of the SXRD data (Fig. 2b);
the lattice parameters and the integrated intensity of a representative
superlattice peak are shown to change discontinuously on cooling through
the transition.

A close examination of the low temperature structure reveals that
the structural transition involves significant though complex changes in the
local structure. In contrast to the high temperature structure with a single
W site, the W ions in the low-temperature structure are distributed in an



ordered way over two symmetry-independent positions in a 1:1 ratio. The
resulting independent W1 and W2 atoms are arranged in chains along the
orthorhombic a2 and b axes, respectively (Fig. 3a). The single W-O bond
distance of 1.9314(4) A for all tungsten atoms above the MIT is split into
different sets of distances for W1 and W2 [18] below the transition. The most
important first order electro-structural characteristic, the average W-O bond
length, is virtually the same for both types of W below the transition: for W1
it is 1.932(5) A and for W2 it is 1.929(7) A. These differ by only 0.003 A, and
therefore W5*-W6+ charge ordering does not drive the MIT and the
spontaneous chain formation. Second-order bonding effects such as the mean
square deviation (A2) [19] from an ideal octahedral coordination have to be
considered to see a difference between the sites. In the low temperature
structure, A2 = 0.0184 and 0.0687 for W1 and W2, respectively. Even at this
level, however, there is no clear indication of charge ordering in the sites -
both W1 and W2 are in much more regular octahedra than are found for 5a°
Wé+in WOs3, A2 = 0.714 and 0.659 [20], and much closer to what is found for
the uniform charge state in the hexagonal tungsten bronze Rbo3sWOs3, where
A2 = 0.119 and 0.088 [21]. Further there is no clear indication of orbital
ordering of partially occupied 5d orbitals within the chains below the phase
transition.

Thus the structural transition in CsW2Og at the MIT is more complex
than can be explained by simple charge or orbital ordering. Non-magnetic,
insulating ground states in systems with the pyrochlore lattice have also
been observed, for example, in TloRu207 [22], Culr2S4 [1], MgTizO4 [23] and
LiRh204 [24]. In Culr:Ss and MgTi204, orbital orderings result in short
transition-metal bonds forming spin-singlets. In contrast, there is no
signature of dimer formation in CsW20s. The W-W distances within the W1
and W2 chains are uniform and within 0.001 A of each other (3.649 and 3.650
A respectively). There has, however, been a significant differentiation of the
interchain W1-W2 separations to longer (3.701 A) and shorter (3.598 A)
distances, forming zigzag chains in the structure (Fig. 3c). This 0.1 A
differentiation of distances is the largest by far in the structure and is its
primary response to the electronic instability. The same type of Ru*t (4, S=
1) zigzag chain in T1sRuO7 is considered to be a Haldane chain which is
responsible for its non-magnetic ground state at low temperature. [22]
However, this cannot be the case for CsW3:0s where only one electron



occupies two W sites.

Strong coupling between electronic and structural degrees of freedom
1s rare in 5d-based transition metal compounds due to the diffuse character
of the 5d orbitals. For pyrochlore oxides, however, the strong deviation of the
M-0O-M bond angles from 180 degrees results in relatively poor overlap of
metal-5d and oxygen-2p orbitals and therefore the presence of narrower
bands, for which such interactions are more normally seen. Indeed our
electronic structure calculations [25], carried out for the high temperature
phase, show evidence of electronic instability for cubic B-pyrochlore CsW2Oe.
This phase has a high, sharply peaked DOS near FKr, as shown in Fig. 4,
dominated by hybridized W 5d and O 2p states. The partially filled #;,
manifold of width 2.8 eV is consistent with the metallic phase above the MIT.
The DOS shows relatively narrow features in energy. Similarly sharp
features in the &z DOS have been reported for other pyrochlore lattice
compounds such as LiTi204, LiV204 and KOs20g, arising from dispersionless
bands produced by geometrical frustration [26-28]. Er of CsW20s is located
near very sharp peaks in the DOS - the calculated DOS for CsW20Og¢ at EF is
MEF) = 4.72 states/eV f.u., which is much larger than the MZEr) = 2.45
states/eV f.u. [29] for the related superconductor KOs20s with Os?5+ (5425).
Fig. 4 shows that the structural change at the MIT significantly changes the
electronic structure of CsW:0¢ around FAr, where the sharply peaked
character is dramatically suppressed and the DOS at EF is reduced from 4.72
to 3.75 states/eV f.u. Note that our calculation for the low temperature phase
has remnant states at Fr, and more ingredients, such as electronic
correlations, appear to be required to elucidate the insulating ground state.
This band instability inherent in the frustrated pyrochlore lattice of CsW20O¢
at its electron count is likely the driving force for the MIT, though the
resulting distortion of the lattice accompanying the transition cannot be
described by any of the simple charge or orbital ordering schemes currently
considered for pyrochlores.

In conclusion, we report a metal to non-magnetic insulator transition
at Thnr = 210 K in the B-pyrochlore oxide CsW20s. The low temperature
crystal structure indicates the spontaneous formation of zigzag chains below
the transition. Our electronic structure calculation for high temperature
cubic phase exhibits sharp peaks of DOS in the %, manifold, which is related
to the unique geometry of the pyrochlore lattice. Rather than leading to



superconductivity, as is seen in 40s206 (4 = K, Rb and Cs), the high DOS at
FEr in CsW20s gives rise to a band instability and results in a non-magnetic
insulator ground state. The comparison between these compounds may lead
to further understanding of the coupling of electronic and structural degrees

of freedom in the pyrochlore lattice.
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Figure Captions

FIG. 1 (color online). Temperature dependence of (a) electrical resistivity, (b)
magnetic susceptibility and (c) specific-heat divided by temperature of
CsW206. (JTUT) data is plotted with the fit (solid line) consist of Einstein
phonon (broken line) and two Debye phonons (dotted line) as described in ref.
[16]. Inset: (a) Arrhenius plot (Inp(7) vs 7*1) of CsW2Qe. (b) Enlarged regions
of magnetic susceptibility showing the hysteresis associated with a first
order transition. (¢c) Comparison of (J 7(7) between CsTaWOs (solid line) from
ref. [15] and CsW30¢ (dots).

FIG. 2 (color online). (a) Portion of the Rietveld fit of the synchrotron X-ray
powder diffraction pattern for CsW20s at 100 K. The triangles mark the
superlattice reflections. The inset shows the Rietveld fit of the neutron
powder diffraction data at 100 K. (b) The temperature dependence of lattice
constants and the integrated intensities of superlattice peak with index (111)
in synchrotron X-ray data. The solid lines are guides for the eyes. (c) Electron
diffraction pattern for CsW20O¢ at 100 K with the incident beam parallel to
the [110] cubic zone axis. The spots pointed by arrows violate the extinction
rules for the F'centering of cubic unit cell.

FIG. 3 (color online). (a) WOg network at 100 K showing the formation of
one-dimensional chains. (b) The relation between cubic cell and
orthorhombic cell. (¢) W networks on Kagome lattice at 100 K, where W-W
bonds with different lengths are shown differently.

FIG. 4 (color online). Electronic density of states (DOS) of CsW20¢ at 300 K

(dotted line) and 100 K (solid line) as a function of energy in eV. The Fermi
energy (FF) is at 0.
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