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Weak localization competes with the quantum oscillations in a natural electronic superlattice:
The case of Na1.5(PO2)4(WO3)20
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We report an investigation of the combined structural and electronic properties of the bronze
Na1.5(PO2)4(WO3)20. Its low-dimensional structure and possible large reconstruction of the Fermi surface due to
charge density wave instability make this bulk material a natural superlattice with a reduced number of carriers
and Fermi energy. Signatures of multilayered two-dimensional (2D) electron weak localization are consequently
reported, with an enhanced influence of quantum oscillations. A crossover between these two antagonistic
entities, previously observed only in genuine low-dimensional materials and devices, is shown to occur in a
bulk crystal due to its hidden 2D nature.
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The unfading interest in low-dimensional conducting mate-
rials originates from their remarkable electronic properties. A
high critical temperature in superconductors [1,2], improved
thermoelectric properties [3–6], and instability of the electron
gas into a charge density wave (CDW) [7,8] are consequences
of a pronounced structural and electronic anisotropy. In par-
ticular, quasi-one- or two-dimensional (1D or 2D) conductors
exhibit a partial Fermi-surface (FS) reconstruction at a CDW
transition, accompanied by a strong reduction of free-electron
density, an increase of the remaining carrier mobilities, and
enhanced magnetoresistance [9,10].

In addition, quantum corrections may strongly impact the
low-temperature transport properties. The weak localization
(WL) phenomenon is a well-known example. Another charac-
teristic of low-temperature magnetoresistance effects in met-
als, especially of those with a high carrier mobility, is the
existence of Shubnikov–de Haas (SdH) quantum oscillations.
They originate from the quantization of the electron density
of states into Landau levels when exposed to a magnetic
field, and are observed in high-purity samples in the limit
ωcτ � 1, where ωc = eB

m∗ is the cyclotron frequency, m∗ the
effective mass of carriers, and τ the elastic scattering time.
WL and SdH effects are a priori antagonistic because they are
respectively favored and limited by disorder. However, due to
the decrease of the WL contribution with magnetic field and
with the restricted condition ωcτ � (kF �)−1 (kF is the Fermi
momentum and l the electronic mean free path), a crossover
can be observed between these two quantum processes, whose
magnetic field range has been related to interaction effects
[11]. This crossover has been previously observed in rare
systems showing strong 2D characteristics: 2D electron gas

heterostructures with high mobilities [12], quantum wells
[11,13,14], and graphene [15,16]. We show here that both
WL and SdH are observed in a single crystal whose 2D
character arises from the carrier confinement in conducting
layers with a thickness of a few atomic planes. The sample
under study belongs to the monophosphate tungsten bronze
(MPTB) family Ax(PO4)2(WO3)2m (A = K, Na, or Pb). In
this family, carriers originate from the PO4 groups, and are
delocalized in the middle of WO3 layers, giving a pronounced
anisotropic electronic structure [17,18]. The carrier density
can be tuned by changing m due to an increase of unit cells
for constant carrier numbers and/or by the insertion of A
cations with a metallic character [19]. These A cations are
inserted in hexagonal tunnels to give Ax(PO4)2(WO3)2m [20].
Supplemental interest in this bronze family is that most of the
investigated members have shown CDW transitions that have
been explained using the hidden nesting concept [21,22].

X-ray diffraction investigations performed at room tem-
perature (RT) reveal that the whole pattern can be described
using a monoclinic cell [a = 6.5483(6) Å, b = 5.2893(5) Å,
c = 18.0789(15) Å, β = 94.7000(4)◦] and the space group
P21/m; these cell parameters are in agreement with those
reported for PbxP4W20O68 on the basis of a pattern matching
analysis performed on the powder diffraction data [23]. The
final agreement factor for our data is 4.7% and the refined
chemical composition is Na1.49(8)P4W20O68; Na sites are
partly occupied. For details of the data collection, refinement,
and the atomic structure parameters, see the Supplemental
Material [24].

A projection along the b axis is shown in Fig. 1(a).
The main structural characteristics expected for the MPTB
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FIG. 1. (a) Projection along b of the structure of Na1.5P4W20O68. Blue octahedra are (WO6), green tetrahedra are (PO4), and purple circles
are Na atoms. The [15 0 7] and [15 0 − 4] directions are showing the short and long direction (WO6) chains; they are 90◦ oriented. (b) (0kl )∗

and (c) (hk0)∗ planes assembled from the frames collected at 130 K on the ID28 beamline at ESRF. Two directions of diffuse scattering are
shown by green and blue arrows. Intensifications of the diffuse signal are observed at the intersection of the two types of diffusion scattering
for 1

2 a∗ (see blue dashed rectangle).

family in the fundamental state are observed. Slabs of
the (WO6) edge-sharing octahedra alternate with slices
of (PO4) tetraehdra; at the junction, hexagonal tunnels
host Na atoms. Two orthogonal directions [15 0 7] and
[15 0 − 4] can be highlighted; they correspond to chains of
ten and five edge-sharing (WO6) octahedra, respectively [see
Fig. 1(a)].

To check the possibility of a CDW transition, full data
collections were performed at RT and 130 K on the ID28
beamline at ESRF synchrotron [25]. There is no evidence
for an additional scattering signal at RT but at 130 K diffuse
scattering can be observed on different experimental frames.
An accurate study of the (hk0)∗ plane [see Fig. 1(c)] reveals
an enhancement of the diffuse signal at the intersection of two
diffuse planes for the 1

2 a∗ wave vector. An analysis of the shift
between the positions of the diffuse scattering in subsequent
(0kl )∗, (1kl )∗, and (2kl )∗ reciprocal layers reveals that the dif-
fuse sheets intersecting them run along the direction [15 0 7]
(see Supplemental Material [24] for details).

The planes running along [15 0 7] are perpendicular to
[−7 0 15]∗, but [−7 0 15]∗ and [15 0 − 4] fortuitously cor-
respond to the same direction (see Supplemental Material
[24]), the direction of the chain of ten octahedra. Then the
observation of the diffuse scattering can be correlated with an
ordering within the longest (WO6) chain but with a loss of
order both along b and along [15 0 − 4], i.e., with a loss of
order with the adjacent chains. The existence of diffuse scat-
tering planes evidences the 1D ordering, possibly associated
with CDW. Nevertheless, the absence of their condensation to
sharp reflections shows that this ordering shows at T = 130 K
a moderate coherence length, instead of establishing a long-
range order.

Having established the crystallographic parameters, we
studied the electronic structure of Na1.5(PO2)4(WO3)20. The
results of band calculations performed with the generalized
gradient approximation (GGA) (see Supplemental Material
for details [24]) are shown in Fig. 2. There are large similari-
ties between the studied compound and other MPTB members
showing CDW [21,26]. As seen in Fig. 2(a), three bands
are crossing the Fermi level resulting in a FS composed of
three quasi-1D elements: three pairs of parallel planes running
along (a∗ + b∗), (a∗ − b∗), and b∗ directions with almost no

dispersion along c∗ as shown in Figs. 2(a) and 2(c). While
the presence of similar flat regions in MPTB hosting CDW
gives a rise to hidden 1D nesting [21,26], their almost per-
fect alignment in Na1.5(PO2)4(WO3)20 additionally enhances
the susceptibility for such a scenario. The relevance of this
mechanism is additionally supported by the calculation of a
Linhard function [Fig. 2(d)]. In particular, three very intense
features near the a∗/2 wave vector suggest that large parts
of the Fermi surface are susceptible to destruction by either
an inherent instability of the Fermi surface or coupling with
another type of instability of the lattice with this wave vector.

Figure 3(a) shows the thermal variation of resistivity ρ

of a Na1.5(PO2)4(WO3)20 single crystal. Metallic behavior
( dρ

dT < 0) is observed from 400 K down to 10 K, where a
smooth increase of resistivity appears. The electronic resis-
tivity follows a − ln T variation at low temperature, and this
experimental observation suggests a WL contribution. The
expression of the WL correction to conductance for nonin-
teracting electrons is [27]

�G = pe2

2π2h̄
ln

T

T0
, (1)

where p describes the temperature dependence of the in-
elastic scattering rate τi ∝ T −p. p is equal to 1 for phase
breaking dominated by Coulomb interactions and to 3 for
electron-phonon scattering [28]. Fitting the low-temperature
part gives dG

d ln T = 0.0517 	−1, to compare with e2 p
2π h̄ = 1.23 ×

10−5 	−1 expected for a 2D WL contribution. The large
difference between these values can be explained if our
sample is considered as a superlattice of N independent and
noninteracting 2D layers, giving rise to a multilayered WL
effect [29–33]. Dividing the measured conductivity by the
theoretical WL conductivity of a single layer gives N ≈
4300, considering a value p = 1, as expected for electron
scattering in d-electron systems. Multiplying N by a thickness
of the W-O conducting layer—approximately equal to the
c lattice constant—we obtain ≈10 μm, comparable to the
thickness of the sample. The weak disorder causing WL can
originate from a weakly nonuniform distribution of Na atoms
in the tunnels [22], stacking faults reported for MPTB with
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FIG. 2. (a) Electronic band structure calculated for Na1.5(PO2)4(WO3)20. Zero energy corresponds to the Fermi level and the different
points are defined as 
 = (0, 0, 0), X = (1/2, 0, 0), Y = (0, 1/2, 0), S = (1/2, 1/2, 0), and Z = (0, 0, 1/2), respectively, in the units of the
reciprocal vectors. (b) Section of the Fermi surface for c∗ = 0. (c) 3D representation of the Fermi surface. (d) Calculated Lindhard function.

a high m parameter [34], or can be contributed by the short
order of the charge density wave state.

Since other mechanisms can lead to a logarithmic increase
of resistivity at low temperature (Kondo scattering, a strong
Coulomb interaction), we analyzed the magnetoresistance
[MR = ρ(B)−ρ(0)

ρ(0) × 100%] in order to confirm the underlying
mechanism. The low-temperature magnetoresistance depicted
in Fig. 3(b) is nonmonotonic. It is negative for moderate B,
and upon increasing the magnetic field, it shows a minimum
followed by a notable increase. For T � 18 K, large oscilla-
tions of the resistance can be observed in the increasing part
of MR(B).

As a strong argument for WL, we observe a negative MR
for B perpendicular to the conducting plane (θ = 0◦) but it
disappears in the parallel configuration (θ = 90◦)—see the
inset of Fig. 3(b). This is precisely what is expected in the 2D
WL regime, where the orbital effect responsible for the MR
is suppressed for parallel fields [35]. The low-field magne-
toconductance �G = G(B) − G(0) in the WL regime can be
described by the Hikami-Larkin-Nagaoka (HKN) expression
[28,36],

�G = e2

2π2h̄

[
ψ

(
1

2
+ 1

A

)
+ ln(A)

]
, (2)

where ψ is the digamma function and A = 4eDτiB
h̄ . To show

the increase of magnetoconductance in the magnetic field, we

have quantified and removed the classical ∼B2 magnetoresis-
tance component. Then, we fit the low-field curves with the
WL expression considering the number of 4300 independent
layers as found from the thermal dependence of conductivity.
As shown in Fig. 3(c) the fits show good agreement with the
experimental data. The diffusion length of localization (Thou-
less length) Lφ = (Dτi )1/2 was extracted from the fitting pa-
rameter and reported in Fig. 4(a). It is worth noting that Lφ is
larger than the thickness of the conducting layer and approxi-
mately equal to the periodicity along the c axis, confirming the
regime of 2D coherence. When increasing the magnetic field,
the dephasing regime emerges for LB = ( 2h̄

eBφ
)
1/2 � Lφ . The

effect of the magnetic field is then no longer relevant for WL
and a negative contribution disappears. We have compared
the value of Bφ extracted from the fitting with the condition
L = LB and the magnetic field value B∗ where the G(B) ceases
to grow with B and where quantum oscillations immediately
emerge. We find that these values are very close to each other
(for example, for 4, 8, and 10 K the values obtained from the
fits yield 5.27, 5.36, and 5.49 T, respectively, to compare with
the observed B∗ = 5.45, 5.31, and 5.53 T, respectively). For
the lowest temperatures, Lφ ceases to grow as the temperature
is lowered, and even drops for 1.8 K, where the negative MR
term also starts to decrease. A plausible explanation for this
effect is the further crossover from weak localization to weak
antilocalization (WAL) [37,38] due to strong spin-orbit effects

FIG. 3. (a) In-plane resistivity vs temperature. Inset: Expanded view of the low-temperature region shown with a logarithmic horizontal
scale. The dashed line is a guide for the eye. (b) Magnetoresistance as a function of magnetic field applied parallel to the c axis. Inset: MR(B)
plots at T = 1.8 K for various θ angles between the magnetic field direction and the c axis. (c) Magnetoconductance vs magnetic field for
selected temperatures. The red curves show the data fits with Eq. (2).
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FIG. 4. (a) Temperature variation of the localization length, ob-
tained from the magnetoconductance fits with Eq. (2). (b) Power
spectrum of the oscillatory component of magnetoresistance. The
solid line shows the Lorentzian fit to the experimental data. (c) The
geometrical dependence of the oscillation frequency. The dashed
line is a guide for the eye. (d) Thermal variation of the oscillation
amplitude.

observed in tungsten-rich compounds [39,40]. This scenario
is also supported by the emergence of sharp cusplike features
in the low-field limit of magnetoresistance (see Supplemental
Material), which is characteristic for the WAL regime [27,41].
A further examination of this term, to obtain a reliable HKN
fit with the introduction of the antilocalization component,
will require the transport measurements at temperatures below
1.8 K.

The oscillations in magnetoresistance emerge immediately
after the negative WL term is suppressed, as evidenced in
Fig. 3(c). They are periodic as a function of 1/B, as expected
for Shubnikov–de Haas quantum oscillations. We have used
the Lifshitz-Kosevich (LK) theory to extract the electronic
parameters [42]. The Fourier transform of the oscillating part
of magnetoresistance gives the power spectrum shown in
Fig. 4(b). A peak can be observed at the frequency F1 = 69 T
for θ = 0◦. This value yields the area A1 of an extremal
Fermi-surface cross section that is perpendicular to B, through
the Onsager relation [43] Ai = 2πeFi/h̄. It corresponds to
a FS cross section A1 = 0.68 nm−2, i.e., to a very small
part (≈ 0.5%) of the first Brillouin zone, estimated to be
110 nm−2. A plausible explanation for the presence of such
a small pocket is the Fermi-surface decomposition associated
with the charge density wave. This scenario is supported by
the x-ray diffuse scattering and electronic structure calcu-
lations showing a potential for strong nesting around a∗/2,
which most likely occurs at high temperatures as for other
high m values of the MPTB family [44]. The temperature
dependence of the quantum oscillation amplitude is depicted
in Fig. 4(c). It can be related to the effective mass of quasi-
particles m∗ through the temperature damping factor. We find

m∗ = 0.83me, with me being the free-electron mass, indicat-
ing that the electron-electron interactions are moderate, as
theoretically predicted for the WL-SdH crossover [11]. The
field dependence of the quantum oscillations allows one to
estimate the Dingle temperature TD ≈ 6 K, corresponding to
an electronic mean free path l ≈ 62 nm. Since the Fermi
momentum is kF ≈ (A1/π )1/2 = 0.47 nm−1, it leads to kF l ≈
29 � 1, confirming the diffusive regime [45,46]. The angle θ

between B and the c axis was varied from 0 to 90◦ and the SdH
oscillations can be observed within an experimental resolution
up to θ ≈ 50◦. The frequency of the SdH oscillations clearly
shifts to larger values as θ is increased, with an approximate
1/ cos θ variation, as depicted in the inset of Fig. 4(b). This
is expected for quasi-2D Fermi-surface topology and is also
consistent with the angular dependence of magnetoresistance
shown in the inset of Fig. 3(b). For B perpendicular to the
conducting plane, MR initially attenuated by the negative
contribution steeply increases with ∼B2 in the high-field limit,
where the WL phase coherence is broken, while for in-plane
orientation MR is sublinear with B, which gives a tendency
for saturation as B → ∞. Such a behavior is characteristic for
open and closed orbits, respectively, expected for a cylinder-
like FS [47].

Such a reduced, cylindrical Fermi surface is a characteristic
feature of 2D systems, as high-mobility ultrathin films and
heterostructures [48–51] and unparalleled cases of pure Bi
and graphene, where the FS covers only 10−5 and 10−6 of
the Brillouin zone, respectively [52–55]. The renormalization
of the Na1.5(PO2)4(WO3)20 electronic structure driven by the
charge density wave, causing the lowering of the Fermi wave
vectors, brings this bulk system close to a natural superlattice,
with a reduced number of carriers and/or reduced Fermi
energy, which promotes the quantum phenomena.

In conclusion, we report the structural and trans-
port properties of the monophosphate tungsten bronze
Na1.5(PO2)4(WO3)20. We demonstrate that this single crystal
shows multilayered 2D weak localization effects. As soon as
the dephasing by the magnetic field dominates and breaks
the WL contribution, there is a sudden crossover to the large
quantum oscillation regime. This shows that natural crystals
with 2D characteristics and reduced carrier density possibly
due to a CDW condensation can be used as promising systems
for investigating enhanced quantum transport properties.
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