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Sodium monophosphate tungsten bronzes Na,; (P,Wy0;, and Na,P,W,0,, were synthesized, and elec-
trical resistivities and magnetic susceptibilities were measured. These bronzes were found to be quasi-
two-dimensional metals and to exhibit weak anomalies in their electrical resistivity and magnetic
susceptibility. The possible origin of these anomalies was examined in terms of the tight-binding band
electronic structures calculated for the W,0,s and W¢O,, slabs of Na, (P,W30;3, and Na,P;W 0.,

respectively. © 1989 Academic Press, Inc.

Introduction

Recent studies on the physical properties
of tungsten bronzes have yielded interest-
ing correlations between their electronic
properties and crystal structure. CsPsWgOyg
(I, 2) is a quasi-one-dimensional (1D) con-
dllCtOI', K2P8W24088 (3, 4) and P4W12044 (5,
6) are quasi-two-dimensional (2D) metals,
and PsW 1,05, (7, 8) is a three-dimensional
(3D) metal. Interesting metal-to-semicon-
ductor and metal-to-metal transitions are

* Authors to whom correspondence may be ad-
dressed.

observed in the CsPgW30. (2) and P,W,
Oy (6) bronzes, respectively.

P,W ;04 contains ReO;-type slabs of
corner-sharing WO octahedra, which ter-
minate with PO, tetrahedra on either side
thereby forming pentagonal tunnels at the
junction between the slabs (see Fig. 1a).
Thus P;W{,044 belongs to the family of the
monophosphate tungsten bronzes with pen-
tagonal channels (MPTB;), (PO2)4(WO;),,.
Incorporation of alkali metals into
monophosphate tungsten bronzes (MPTB)
leads to the MPTB’s with hexagonal tun-
nels (i.e., MPTBy), A, (PO,)4(WO3),,, (9—14)
(see Fig. 1b).
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(a)

Thus the MPTBy’s differ from the
MPTB,’s essentially in how their ReO;-
type slabs, W,,0,,,..4, are joined together
via PO, tetrahedra. To a first approxima-
tion, the d-block band electronic structure
of the MPTB,’s and MPTB,’s would be
similar except for the number of electrons
present in those bands. Therefore, it is in-
teresting to investigate whether or not cer-
tain MPTB,’s would exhibit such electronic
instabilities as found for the MPTB,, P,W,
Oy (6). In the present work, we synthesize
two MPTBh’S, i.e., Nax P4W3O32 and NaxP4
W04, measure their electrical resistivi-
ties and magnetic susceptibilities, and de-
termine their electronic structures by per-
forming tight-binding band calculations on
the W,0;6 and W¢O,; slabs.

Experimental

A stoichiometric mixture of Na,COs,
(NH,),HPO,, and WO; needed for Na,P;
W04 (x = 2, 3) was first heated in air at
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F1G. 1. Schematic representation of the crystal structures of (a) MPTB, and (b) MPTB,.

~650°C to decompose the phosphate and
the carbonate. An adequate amount of me-
tallic W was then added to the initially de-
composed product. The final mixture was
pelletized and heated to 940°C in an evacu-
ated quartz tube for 3 days and annealed to
room temperature in ~7 days. Only poly-
crystalline samples were obtained by this
method. The large single crystals of Na;Py
W 1,044 used in characterizing the electronic
properties were obtained by reheating a pel-
letized polycrystalline sample of Na,P,W;
Oy in an evacuated quartz tube at ~1050°C
for ~1 week and then slowly cooling it to
room temperature in ~2 weeks. Large sin-
gle crystals of Na,P,W3Oi (x = 1.3, 1.6)
used in the resistivity measurement were
obtained during an attempt to synthesize
the Na-rich diphosphate tungsten bronze
(DPTB), Na,PsW,0s, (8) bronze. A charge
appropriate for the nominal composition,
Na,P;W,0s5,, was heated in an evacuated
quartz tube at ~1050°C for ~2 weeks be-
fore annealing slowly to room temperature
in ~2 weeks.
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Substitutional or extraction reactions of
Na in Na,P,;W;30;; (x = 2, 3) were carried
out by excess sulfur, I,, KBr, KI, and Rbl
at 900°C for ~5 days and followed by cool-
ing to room temperature in ~1 week. All
phases were identified by powder X-ray dif-
fraction using a Scintag PAD V system with
monochromatized CuKa radiation and Si
as an internal standard.

Standard, four-probe, low-temperature
(2-270 K) dc resistivity measurements
were made on oriented single crystals of
N3.2P4W12044 and Na]_6P4W8032. Crystal
orientations were determined by preces-
sion techniques. Electrical contacts were
made with ultrasonically evaporated in-
dium. Magnetic susceptibility on single
crystals was measured on a Quantum De-
sign SQUID magnetometer between 3 and
290 K. Elemental analysis was performed
with a Beckmann plasma emission spec-
trometer.

Tight-binding band electronic structure
calculations (/5) were carried out on the Wy
O and W40y, slabs within the framework
of the extended Hiickel method (16).! The
atomic parameters employed in our work
were taken from the previous work (26).

Results and Discussion

Synthesis

Purple, plate-like crystals of Na,P,Wi,
044 (Fig. 2) were obtained in the hot zone.
The largest crystals have dimensions of ~6
X 3 x 0.8 mm?3. These purple crystals ap-
pear to be dichromic with golden edges.
The monoclinic (P2,/a) unit cell parameters
of N8,2P4W12044, a = 23765(4), b =
5.2837(9), ¢ = 6.580(1) A, and B = 93.44(1)°
as determined by least-squares fitting of the
observed powder X-ray diffraction data are

' A modified Wolfsberg-Helmholz formula was used
to calculate the off-diagonal H;; values. See Ref. (17).
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Fi1G. 2. Na,P,W,0,, crystals.

in good agreement with those previously
reported for Na PsW,04 by Raveau et
al. (9). For Na,P,;W;0s;, copper-colored,
plate-like crystals with an average size of 4
x 1.5 x 0.8 mm? were obtained in both the
hot and cold zones of a quartz ampoule
containing a charge of the composition Na,
PsW;05,. The hot zone grown crystals
have a better morphology than the cold
zone ones. The unit cell parameters of
monoclinic Na, P,W30;; (space group P2,/
a) are: a = 17.788(6), b = 5.284(1), ¢ =
6.608(3) A, and B = 99.7(3)°, in excellent
agreement with previously reported results
for NaXP4WgO32 (9)

Attempts to remove Na from Na,P,W,,
044 resulted in mixed phases which exhibit
the P4W12044 (MPTBP) and NaxP4‘V‘V712044
(MPTB,) structures. Although the overall
composition of the two phases is NagqPy
W 1,044, the actual compositions of the two
phases are probably Na,P;W ;04 (x > 1,
MPTBy) and Na,PsW ;04 (x = 1, MPTB,).
This is supported by previous unsuccessful
attempts to synthesize the MPTB;, structure
of NaP4W12044; NaP4W12044 with MPTBP
structure was obtained instead. Thus, in
Na, (PO)4(WO3)s,,, x > 1 is needed to ob-
tain the MPTB; phase and the MPTB,
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F1G. 3. (a) Temperature-dependent resistivities of Na,P;W ;0,4 along 5 (O) and «* (x). (b) Enlarged
view of the resistivity transition (O) and its dp/dT plot (*).

phase will be the stable phase if x < 1. Simi-
lar phase boundary also exists in the K,
(POy)4(WOs),,, (MPTBy,) bronzes where it
has been reported (12) that the MPTB,, and
DPTB, phases are stable for x < ~1 and x
> ~1, respectively. Thus, when Na is par-
tially substituted by K, a DPTB-type phase
with the composition K ;3Nag s3PsW 2044 18
obtained. Rb does not substitute for Na in
Na;P,W,,0,44 probably because it is too big
to occupy the Na sites in the tunnels. Thus,
the MPTB,, structure of Na,(PO2)4(WO3):.
is a suitable candidate for the study of the
relationship between structure vs alkali ion
content. The MPTB,, structure may be con-

sidered as the intermediate phase between
the MPTB, and DPTB;, phases.

Electrical Resistivity and Magnetic
Susceptibility

Room-temperature resistivities of a sin-
gle crystal of Na,P,W,04 along the three
crystallographic directions are indicative of
a quasi-2D metal; p- = 4.2 X 1073 Q cm, p,
=34x10°Qcm, and p» = 8.3 X 107° Q
cm. Similar results were obtained for Na, 4
PWgOs: por = 5.0 X 1074 Q cm, p, = 1.2 X
107> Q cm, and p» = 7.6 X 107° Q cm. In
both cases, the resistivity along & is slightly
lower than that along c¢*. However, the
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FiG. 4. (a) Temperature-dependent resistivities of Na; (PsW;0;, along b (O) and a* (x). (b) Enlarged
view of the resistivity transition (O) and its dp/dT plot ().

anisotropy between the easy directions
(i.e., || b or || ¢*) and the hard direction
(i.e., || a*) is one order of magnitude
larger in N32P4W12044 than in Na]A(,P4W8032
bronzes. Temperature dependent resistivi-
ties of both Na,P4W,04 (Fig. 3) and Na, 4
PsW30s, (Fig. 4) bronzes reveal metallic be-
havior. A weak and broad metal-to-metal
transition is observed at ~140 K both along
a*and b in N32P4W[2044. In Na1_6P4W3032,
the metal-to-metal transition is weaker but
observable at ~90 K along /. The onset
temperatures of these weak transitions can-
not be determined accurately from the p vs
T plots.

Magnetic susceptibility of Na,P,;W ;04
(Fig. 5) is Pauli paramagnetic from room
temperature to ~150 K where a downturn
in x is observed, corresponding approxi-
mately to the transition seen in the resistiv-
ity measurement. In Na; ¢P;W303,, the
transition seen at ~100 K in the magnetic
susceptibility (Fig. 6) corresponds to the
anomaly seen at ~90 K in the resistivity.

Band Electronic Structures

Figures 7a and 7b show the dispersion
relations of the bottom portion of the t,,-
block bands calculated for Na; ¢PsW3g0s,
and Na,P,W,04,, respectively, where the
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F1G. 5. (a) x vs T (O) and dx/dT (x) of Na,P,W 1,04, with H in the bc plane (easy direction). (b) x vs T
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FiG. 6. x vs T (O) and dyx/dT (x) of a batch of ran-
domly oriented crystals of Na, (P;W30;;.

bottom two bands are combined together in
an extended zone scheme.

Figures 8a and 9a both consist of 1D and
2D Fermi surfaces, while Figs. 8b and 9b
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F1G. 7. Dispersion relations of the bottom portion of the #,,-block bands calculated for (a) the W,O,,
slab of Na, (P,Ws0;, and (b) the W¢On, slab of Na,P,W,,0,,. Here I' = (0, 0); ¥ = (b*/2,0); Z = (0, c*/

2); and M = (b*/2, c*/2).

both consist of a 2D Fermi surface. Since
the 1D Fermi surface is open along the I' —
Z direction, it is expected that the electrical
conductivities of Na; ¢PsWg03 and Na,Py
W1,044 will be greater along the crystallo-
graphic b-axis than along the c-axis. This
expectation is in good agreement with our
observation.

The 1D and 2D Fermi surfaces of Figs. 8
and 9 have flat portions, which can provide
nesting and therefore lead to instabilities.
Such electronic instabilities may be respon-
sible for the weak resistivity anomalies
seen for N31,6P4W8O32 and N32P4W12044.
The resistivity anomalies of the MPTB,, P,
W 044, which are believed to arise from
CDW instabilities (6), are much stronger
than those of Na;¢P;WzO3, and Na,P,W,,
O4. The weak resistivity anomalies of the
latter, if caused by CDW instabilities as

suggested above, might originate from the
random potentials generated by the disor-
dered distribution of Na ions in the hexago-
nal channels. In principle, it is possible that
the weak resistivity anomalies may have a
nonelectronic origin. Further studies are
needed to clarify the nature of the weak
resistivity anomalies of Na, ¢P;W305; and
Na,PsW;,04.

Concluding Remarks

The electrical resistivities of Na; ¢P4Ws
O3, and Na,P,W,04 show that these
bronzes are 2D metals with the best electri-
cal conductivity along the b-axis. Our band
electronic structure calculations are in ac-
cord with this observation. Both the electri-
cal resistivities and the magnetic suscepti-
bilities of Nal_(,P4W3032 and N32P4W12044

M
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Fi1c. 8. Fermi surfaces associated with the bottom three d-block bands of Fig. 7a: (a) the Fermi
surfaces of the two lowest lying bands combined together in an extended zone scheme, where A = (b*,
¢*/2), and (b) the Fermi surface of the highest lying band of the three.
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Fi1G. 9. Fermi surfaces associated with the bottom three d-block bands of Fig. 7b: (a) the Fermi
surfaces of the two lowest lying bands combined together in an extended zone scheme, and (b) the
Fermi surface of the highest lying band of the three.

exhibit weak anomalies at ~90 and ~140 K,
respectively. Our band electronic structure
calculations suggest that those weak anom-
alies may be associated with CDW instabili-
ties arising from partial Fermi surface nest-
ing. However, we could not exclude other
nonelectronic origin for the weak anoma-
lies.
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