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Electronic properties of single crystals of K2PgW240a and K P W 2 8 28 Iw, the sixth and seventh members 0 
of the potassium diphosphate tungsten bronze series Kx(P204)4(W0 ) 3 4mr were studied. Temperature- 
dependent resistivity measurements on oriented single crystals reveal quasi-two-dimensional metallic 
behavior with room-temperature resistivities of po* = 5.4 X 10V3, Pb = 1.2 X 10m4, and pc. = 3.9 X lO-4 
fi cm in K2P8W24088 and po* = 8.9 X 10-3, & = 1.5 X 10-4, and pee = 3.4 X low4 n cm in K2PsWzsOloa. 
Magnetic susceptibility measurements indicate Pauli paramagnetic behavior. In agreement with the 
above results band electronic calculations on a WMOs4 slab of Rb1.8PsW24088 (isostructural with 
KZPsW24088) and a WzsOa slab found in Rb1.74PSW280100 show that the Fermi level cuts both one- and 
two-dimensional bands, and the conductivity is greater along the b axis. Solid-state insertion of Co2+, 
Fe2+, and Sn2+ ions into KzPgW24Oa and partial substitution of K+ by alkali metal ions Li+, Na+, and 
Rb+, respectively, in K2PgW24Oa lead to an enhancement of the conductivity and an increase in the 
extent of the anisotropy. For KxAyPsW240s8 with A = Li and Na, single crystals form with the 
monophosphate tungsten bronze structure with pentagonal tunnels rather than the diphosphate tung- 
sten bronze structure with hexagonal cavities as observed for the host compound. Partial substitution 
of W by MO in K~PsW240a results in the intergrowth of K2PsW24-xMox088 and K2P8W2s-xMo,0100. The 
electronic properties of the MO-substituted phases change gradually from metal to semiconductor with 
increasing MO Content. 0 1989 Academic PXSS, IIK. 

Introduction anomalous transport behavior associated 
with the order-disorder of the A cation (2, 

Electronic properties of the ternary tung- 3). Closely related to the tungsten bronzes 
sten bronzes A,W03 (A = Na (I), K (2), Rb are the diphosphate tungsten bronzes 
(3), Cs (4)) have been studied extensively. (DPTB), AX(P204)4(W03)4m (A = K with m 
The K,WOj and RbXW03 bronzes exhibit = 5-11 (5); Rb with m = 4-11 (5, 6); Tl 
OO22-45%/89 $3.00 266 
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FIG. 1. Structure of the diphosphate tungsten 
bronzes (DPTB), Ar(P204)4(W03)4m with m = 8. 

with m = 8 (7); Ba with m = 6-10 (8)). The 
structure of the diphosphate tungsten 
bronzes is built up from slabs of Re03-type 
corner-sharing W06 octahedra. The slabs of 
WO6 octahedra share comers on both sides 
with P207 diphosphate groups, creating 
hexagonal tunnels (hence the designation 
DPTBh) in forming a three-dimensional net- 
work structure. The A cations are located 
in the hexagonal tunnels (Fig. 1). Homolo- 
gous series of DPTBh can be synthesized by 
varying the widths of the slabs (i.e., the 
magnitude of m). The nature of the A ion 
has little influence on the structure of the 
DPTBh. For monovalent ions with A = K+, 
Rb+, and Tl+ the structural properties of 
the DPTBh are nearly identical. Since the 
slabs of W06 octahedra are terminated on 
both sides by the insulating P207 groups, 
the DPTBh are expected to be quasi-two- 
dimensional (2D) conductors. Raveau and 
co-workers (7) have studied the electronic 
properties of polycrystalline DPTBh and 
have shown that these bronzes are metallic 
with their electrical transport properties in- 
dependent of the nature of the A cation. In 
this paper, we report results of electronic 
transport and magnetic measurements on 
oriented single crystals of the sixth and 
seventh members of potassium DPTBh, 
K2PsWZ40ss and K2PsW~s01~, which indi- 
cate anisotropic, quasi-low-dimensional be- 

havior. To study the effects of substitution 
on the electronic properties, we investi- 
gated the partial substitutions of the K+ by 
Li+, Na+, and Rb+ and W by MO, and also 
insertion by Fez+, Sn2+, and Co2+ ions. 

Finally tight-binding band electronic 
structure calculations (9) were performed 
on a W240, slab found in Rb1.sPsW2408s 
(isostructural with KzP~W~~O~) and a 
WzO% slab found in Rb1.74PsW280100 within 
the framework of the extended Htickel 
method (I). The atomic parameters em- 
ployed in our calculations were taken from 
our previous work (12). 

Experiment 

Polycrystalline specimens of the potas- 
sium DPTBh series with m = 5-11 were 
synthesized from a mixture of (NHJ2HP04, 
K2CO3, WOJ, and W powder in evacuated 
quartz tubes by solid-state procedures as 
described earlier (5). Reagent grade start- 
ing materials (NHJ2HP04, K2C03, and 
W03 were mixed stoichiometrically and 
first decomposed at 650°C overnight. An 
appropriate amount of W metal was added 
to the resultant mixture and the sample was 
pelletized. The pellets were heated in evac- 
uated quartz tubes at 1150°C for 2 weeks in 
a muffle furnace and slowly cooled (0.8-2 
Uhr) to room temperature. Large single 
crystals were obtained by solid-state reac- 
tion only for the m = 6 and m = 7 members. 
Subsequently, partial substitution of potas- 
sium was carried out only on the K2 
PsW24088 bronze by adding appropriate 
amounts of alkali metal carbonates (A2CO3 
with A = Li, Na, Rb). For insertion reac- 
tions to form K&,PsW240ss with M = Fe, 
Co, Sn, the appropriate metal oxides (FeO, 
COO, SnO) were added to a stoichiometric 
mixture of DPTB. Similarly, the substitu- 
tion of W by MO was carried out by adding 
appropriate amounts of MO powder to the 
K2PsW24088 starting mixture. 

The crystals were oriented by single 
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crystal X-ray diffraction techniques for the 
electrical transport measurements. Sam- 
ples were identified by powder X-ray dif- 
fraction (PXD) using monochromatized 
CuKa radiation on a Scintag PAD V dif- 
fractometer. Lattice parameters were de- 
termined by least-squares fitting of the ob- 
served PXD data. Si was used as an internal 
standard. Elemental analysis was deter- 
mined by D.C. plasma emission spectros- 
copy * 

Low-temperature resistivity (2-300 K) 
was measured using the standard four- 
probe configuration in a conventional cry- 
ostat with ultrasonically soldered indium 
contacts on the single crystals. Magnetic 
susceptibility was measured in a Quantum 
Design SQUID magnetometer from 4 to 250 
K. A magnetic field of 1 T was employed to 
determine the susceptibilities along a* and 
in the b*c* plane of the crystals. 

Results and Discussion 

Synthesis 

Large, plate-like single crystals of 
K2PsW24088 and K~PsW~s0im with an aver- 
age size of 3 x 1 X 0.3 mm3 formed (Fig. 2) 
on the quartz tube surface surrounding the 
polycrystalline product. It is possible that 

FIG. 2. Single crystals of K2PsW&s. 

TABLE I 
ROOM TEMPERATURE RESISTIVITIES OF SELECTED 

POTASSIUM DIPHOSPHATE TUNGSTEN BRONZES AND 
THEIR SUBSTITUTED ANALOGS ALONG THE b (EASY 
DIRECTION) AND THE a* (HARD DIRECTION) 
CRYSTALLOGRAPHIC AXES 

Compound pi!’ Wm) ~3 Wm) 

K&W24088 

&PBW~MOO.O& 
K2P8~22.70~01.30%8 

&P8Wmd’%.n088 

1.2 x 10-4 5.2 x 10-s 
1.8 x 1O-4 1.8 x lo-* 
1.1 x 10-4 2.6 x 1O-2 
1.0 x 10-3 2.0 x 10-j 

1.5 x 10-d 8.9 x lo-’ 
1.7 x 10-4 2.7 x 1O-2 
1.8 x 1O-4 2.1 x 10-Z 
3.1 x 10-4 II 
1.0 x 10-r 3.1 x 10-Z 

K2C00.d8W24% 1.5 x 10-S LI 

K2Feo.&no.&Wd& 8.2 x 1O-5 3.5 x 10-J 
K2S%ZP8W24088 4.2 x 1O-5 2.6 x 1O-3 

3.2 x lo-’ 4.0 x 10-j 
8.3 x 10-r 6.7 x lo-’ 
3.5 x 10-j 8.8 x 10-r 

a Crystal is too small to attach contacts in the 
“hard” configuration. 

b MPTB, (m = 6) structure; the easy direction of 
conductivity in MPTB, corresponds to the a crystal 
axis and the hard direction to the c axis of the 
orthorhombic unit cell. 

the crystals grew as a result of partial melt- 
ing of the polycrystalline product near the 
surface. Attempts to partially substitute for 
K+ in polycrystalline K2PsW2408s to form 
Kz-~A~P~WZ~O~~ with A = Li+, Na+, and 
Rb+ resulted in mixed alkali-metal single 
crystal KZAyP8W~4088 (x + y < 2) and 
K,tAA,, P~WZ~O~~ (x’ + y ’ < 2) polycrystalline 
products as evidenced by chemical analysis 
and PXD. Efforts to prepare inserted 
K2MnPsW24088 with M = Fe, Co, Sn (x = 
1.0) resulted in phases with only small 
amounts of M inserted (see Table I). The 
host, the mixed alkali metal KxAyP8W24088 
(A = Li, Na, Rb), and the inserted 
K2MxPsW~088 (M = Fe, Sn, Co) bronzes 
form as dark, bluish, dichromic crystals 
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Temperature 1x, 

FIG. 3. Temperature dependence of the resistivity of 
a single crystal of KZP8Wz40a for current along the b 
(easy) and a* (hard) crystal axes. 

with golden edges. In the MO-substituted 
KzP~WZ,G~MO,O~~ crystals, the fringes 
gradually changed color from golden to 
copper with increasing MO contents. 

Properties of I&P* W2408g and K2P~ WzgOlw 

The electrical resistivity was measured 
along the length, width, and depth of the 
bronze crystal plate. The length of the crys- 
tal plate was subsequently determined by 
single crystal X-ray techniques to corre- 
spond to the b crystallographic direction, 
while the depth and the width are along the 
a* and c* crystal axes, respectively. Room 
temperature resistivity values of selected 
crystals of various potassium diphosphate 
tungsten bronzes and their substituted ana- 
logs are summarized in Table I. For the 
hosts, K2P8WZ40s8 and K2PsW2s01m, these 
values indicate quasi-2D behavior with the 
resistivity along a* being one order of mag- 
nitude larger than the other two directions 
(Pb = p,*). This is not surprising since the 
conduction paths (W-O-W) along a* are 
interrupted by the insulating P207 groups 
(Fig. 1). Figures 3 and 4 show the tempera- 
ture dependence of electrical resistivity 
along the easy (b) and hard (a* which 
is approximately along the a axis) axes 
of conductivity for K2PsWZ40s8, and 
KZP8W280 100~ respectively. The two 

bronzes show metallic and anisotropic be- 
havior. The room temperature resistivities 
of Pa* - 10e3 and pb - 10e4 CR cm are close to 
those observed in the hexagonal tungsten 
bronzes Na,WOS (I), K,WOs (2), and 
Rb,WO3 (2). However, the order-disorder 
anomaly seen in the resistivity of K,W03 
(2) (0.18 < x < 0.32) is not observed in 
these DPTBh. This may be attributed to a 
different K+ coordination configuration in 
the hexagonal tunnels of the DPTBh or to 
the fact that the K+ ions are already or- 
dered in these phosphate tungsten bronzes. 
It is possible that by varying the concentra- 
tion of K+ as in KxPsW24Ogg the order-dis- 
order phenomenon may be observed. 

Figure 5 shows the temperature depen- 
dence of the magnetic susceptibility of 
K2PsW24Ogs with the applied magnetic field 
(H) parallel with the b (easy direction) axis. 
The magnetic susceptibility is temperature 
independent, typical of Pauli paramagnetic 
behavior. 

Properties of the Substituted and Inserted 
Phases OfK2Pgw2& 

As we have discussed above, attempts to 
form partially substituted phases of 
K2-xAxPgW240ss (A = Ii, Na, Rb) resulted 
in single crystal K~AyPsW24088 (x + y < 2) 
and polycrystalline Kx~AY~PsW280i00 (x’ + 
y’ < 2) products. Both the single crystals 

FIG. 4. Temperature dependence of the resistivity of 
a single crystal of KzP~W~SO,~ for current along the b 
(easy) and a* (hard) axes. 
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FIG. 5. Temperature variation of the magnetic sus- 
ceptibility of a single crystal of K2P8WZ40a. The ap- 
plied magnetic field (H) is in the b*c* plane. 

and polycrystalline phases form in the same 
reaction, but the K and A content of the 
poly- and single crystalline products are dif- 
ferent according to our chemical analysis. 
It is likely that the poly- and single crystal- 
line products form at different tempera- 
tures, because the crystals form at the sur- 
face of the pellets. All the polycrystalline 
samples form with the K2PsW2sOi&DPTBh, 
m = 7) structure. The structure of the single 
crystals depends on the nature of the A 
cation: Rb substitution, as expected, 
has no effect on the structure of the 
KxRbyhWdh bronze since both K2 
P8W24088 and Rb2P8W24088 are known to 
have nearly identical structures (5, 6). 
However, when A = Li or Na, a P4W12044- 
like structure is observed. P4W12O44 is the 
sixth member of the monophosphate tung- 
sten bronze [(PO2)4(WO&, with m = 61 
forming with pentagonal tunnels, or MPTB, 
(see Fig. 6). The formation of K,A,P4 
Wi2044 in the MPTB, structure is very sur- 
prising since no MPTB, with partially occu- 
pied pentagonal tunnels had been synthe- 
sized previously by a solid-state reaction, 
although substantial lithium insertion into 
MPTB, using n-butyllithium (n-BuLi) at 
room temperature has been demonstrated 

FIG. 6. Structure of P4W1204, monophosphate tung- 
sten bronze with pentagonal tunnels MPTB, 
((P02)4(W03)2m with m = 6). 

(13). It is possible that at high tempera- 
tures, the A,(PO2)4(WO& (A = K, Na) 
monophosphate tungsten bronze with hex- 
agonal tunnels (henceforth the MPTBi, 
structure (Fig. 7)) forms initially but, upon 

FIG. 7. Structure of Ax(P02).+(W0&,,, with A = K, 
Na, monophosphate tungsten bronze with hexagonal 
tunnels (MPTB,,). 
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prolonged heating at elevated temperature, 
the MPTBh structure transforms to the 
MPTB, structure, the stable phase at high 
temperature. The K+ ion, because of its in- 
termediate size between Na+ and Rb+ can 
lead to the MPTBh or the DPTBh structure. 
On the other hand, large cations such as 
Rb+ lead to the DPTBh but not the MPTBh 
structure, while small cations such as Na+ 
form only in the MPTBh structure. Interest- 
ingly, attempts to synthesize pure lithium 
phosphate tungsten bronzes with cations 
smaller than Na+ (such as Li+) have been 
unsuccessful so far, although insertion of 
Li+ by n-BuLi into DPTBh’s at low temper- 
ature is possible (13). However, MPTB,‘s 
with empty tunnels can be prepared. This 
suggests that Li-P-W-O bronzes are not 
stable, due possibly to the small size and 
large polarizing effect of the Li+ ion, which 
would tend to contract the big cavities 
thereby collapsing the bronze lattice: lith- 
ium insertion reactions via n-BuLi show 
that the unit cell volumes of the lithiated 
phosphate tungsten bronze samples are 
smaller than those of the host bronzes (13). 

Solid-state insertion reactions yield 
K2MxPsW240ss (M = Fe, Sn, Co) com- 
pounds with no observable structural 
changes relative to the host DPTBh. Figure 
8 shows the temperature dependence of re- 
sistivity along the b (easy axis) crystal axis 
of KXRbYPsW240ss. (The Li and Na mixed 
alkali KXAYP4Wi2044 phases form a different 
structural type, i.e., MPTB,, and compari- 
son of their physical properties with the 
DPTBh’s is inappropriate.) The positive co- 
efficient of the temperature dependence of 
the resistivity indicates metallic behavior 
similar to that of the host K2PsW24088 
bronze. However, the conductivity along b 
in this bronze is about one order of magni- 
tude higher than that of the host (Table I). 
Concomitantly, the anisotropy observed in 
KxRb$‘sW&a phases is significantly 
larger than that in the host bronze. A simi- 
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FIG. 8. Temperature dependence of the resistivity 
for K2MxPsW24088 with M = Fe, Sn, and Co, and 
KxRb,PsW2408s along the b axis. 

b axis is observed in the resistivity of 
K2MxPgW2408s (M = Fe, Sn, CO) in- 
serted bronze phases (Fig. 8). The mag- 
netic susceptibilities of KXRbyPsW240ss 
and K2S~.2P8W240ss are comparable to 
those of the host (see Table II). 

In KPsWm0136 (DPTBI, with m = 10) the 
W-O-W angle for crystallographically 

lar increase in the conductivity along the unique tungsten sites varies from 151” to 
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decrease, thereby improving conduction 
along the W-O-W linkages. If so, a sys- 
tematic change in the b dimensions might 
be expected, but no change in b was ob- 
served as shown in Table III. 

MO substitution for W was studied in 
K2PsW24-xM~xOS8 0.04 < x 5 4. In these 
reactions both single crystal and poly- 
crystalline products indicated intergrowth 
of K2PsW24-xMox088 and KzP~W~~-~MO, 
Ok,,, by powder X-ray diffraction. Some 
reactions lead to both polycrystalline and 
single crystal products of the K2PsW24 
Oss structure, and other reactions to the 
K2P8W280100 structure. We found no clear 
correlation between the value of x and the 
particular structural type and/or inter- 
growth observed in the products. 

In both K~PsW24Ogs and K2PsW280im, as 
the concentration of MO increased, the tem- 
perature coefficient of the resistivity (dpl 

TABLE 11 
MAGNETIC SUSCEPTIBILITIES OF POTAS- 

SIUM DIPHOSPHATE TUNGSTEN BRONZES 
IN THE EASY (bc) PLANE 

Compounds XP K (emu/g) 

K&W&a 5.0 x 10-7 
WsWmModhm 5.2 x 10-7 
&Sn0.&W24Qa 5.2 x 10-7 
&.&bo.ztiWz& 1.7 x 10-7 

171” and the W-O distance varies from 1.71 
to 2.06 A along the b axis (5). By introduc- 
tion of another alkali metal ion and/or a de- 
crease in the number of alkali ions in 
K,Rb,PsW24Oss (x + y < 2) or insertion of 
ions such as Fe, Sn, or Co into available 
cavities in the lattice, the W-O-W angle 
might approach closer to 180”, and the ex- 
tent of the W-O distance alternations might 

TABLE III 
LATTICE PARAMETERS OF SELECTED POTASSIUM PHOSPHATE TUNGSTEN BRONZES 

AND THEIR SUBSTITUTED ANALOGS 

Compounds a (A) b (A) c (A) P (“I v (-@) 

&bW24088 

&P8Wzw4MOo.c& 

K2PsW22.70M01.30088 

K2PsW22.&b .nOw 

14.03(5) 
14.04(2) 
14.05(l) 
14.09(l) 

7.513(7) 
7.47(l) 
7.51 l(5) 
7.505(l) 

17.05(2) 
16.99(8) 
16.91(4) 
16.87(l) 

114.1(l) 
113.6(6) 
113.2(3) 
112.8(l) 

l@W) 
1632(3) 
1640(2) 
lo 

14.74(l) 
14.72(2) 
14.76(l) 
14.75(6) 
14.72(l) 

7.526(l) 
7.509(4) 
7.521(l) 
7.514(3) 
7.505(2) 

16.77(l) 
16.83(2) 
16.81(l) 
16.79(l) 
16.82(l) 

99.66(7) 
99.50(14) 
99.40(5) 
99.34(5) 
99.65(3) 

1833(l) 
1834(2) 
1841(2) 
1837(2) 
1832(l) 

14.02(l) 
14.02(4) 
14.05(l) 

7.502(l) 
7.556(10) 
7.513(3) 

17.22(2) 
17.12(l) 
17.00(2) 

115.2(l) 
114.5(l) 
113.7(l) 

1636(l) 
1651(l) 
16w) 

5.241(l) 6.600(l) 
5.303(3) 6.581(5) 

14.05(l) 7.516(6) 

6.546(2) 

23.47(6) 90 
23.58(2) 90 
16.92(3) 113.2(3) 

23.64(3) 90 

814.2(2) 
823.4(7) 

1642(3) 

822.8(7) 

a MPTB, (m = 6) structure. 
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the MO-substituted DPTBh bronzes, the 
conduction paths are interrupted when MO 
is substituted for W in the W-O-W link- 

1.66 
K2P8W28%10 

‘%P8’%6.8~-‘1.2%0 ** 
1.7 - :* 
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FIG. 9. Temperature variation of the resistivity of 
single crystals of KZP8W24-xMox088 along the b axis. 

c 
-. 

: 
K2P8b3.8~“4.2’%00 

dT) decreased, and a broad metal-to-semi- 2a4 -*... 
t . 

conductor transition developed gradually 
with increasing MO content (Figs. 9 and 10). 

164 

This decrease in the slope of the resistivity 1U 
reflects a decrease in metallic character and 
is consistent with the interpretation that a4 

any interruption in the conduction paths, 0 50 loo 150 2ocl 250 : lo 

which consist of W-O-W linkages, would 
Tempemlwo (K) 

disrupt delocalization of d electrons and FIG. 10. Temperature variation of the resistivity of 
eventually result in electron localization. In K2PsWZs-xM~xOlM along the b axis. 
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ages. With increasing MO content more lo- 
calization is introduced, and the electronic 
properties change from metallic to semi- 
conducting behavior. With respect to the 
host bronzes, there is about one order of 
magnitude increase in the anisotropy of 
the MO-substituted. DPTBh, which is due 
largely to a decrease in the conductivity 
along the a* direction (Table I). The critical 
concentration of MO at which the KzPg 
W24-xMOx088 and KzhWz8-xMOx%1 
bronzes become semiconducting are x > 1.3 
and x = 1.2, respectively. 

Band Electronic Structures 

Figure 11 shows the dispersion relations 
of the bottom portion of the tz,-block bands 
calculated for the W,O, slab found in 
Rbr.gPgW&$Ogg, where the dashed line refers 
to the Fermi level appropriate for 
K2P8W24088. The Fermi level cuts six dis- 
persive bands along I + Y, two along I + 
Z, four along Z --, M, and two along M -+ 
Y. Thus, the band structure of the Wz40, 
slab consists of not only one- but also two- 
dimensional character. However, more 
bands are cut by the Fermi level along the b 
direction (i.e., I + Y and Z+ M), so that 
the electrical conductivity is expected to be 
greater along the b axis than along the c 

-9.4 

-9.8 

Y r z M Y 

FIG. 11. Dispersion relations of the bottom portion 
of the t,-block bands calculated for the WHO@ slab, 
where r = (0, O), Y = @*/2,0), 2 = (0, c*/2), M = (b*l 
2, c*/2). The dashed line is the Fermi level appropriate 
for KzPsWuOss. 

-9.5 

-9.8 

Y I- z M Y 

FIG. 12. Dispersion relations of the bottom portion 
of the t&-block bands calculated for the WzsOS slab, 
where r = (0, 0), Y = (b*/2,0), Z = (0, c.*/2), and M = 
(b*/2, c*/2). The dashed line is the Fermi level appro- 
priate for K2PsWzsOloo. 

axis. This expectation is consistent with 
our resistivity measurements on K2Pg 
w24088. Figure 12 shows the dispersion 
relations of the bottom portion of the 
q-block bands calculated for the WzsO% 
slab found in Rb1.74P8W280100. As in the 
case of the Wz40s4 slab, the band electronic 
structure of the W2gO% slab consists of both 
one- and two-dimensional character, and 
the electrical conductivity is expected to be 
greater along the b axis than along the c 
axis. These are consistent with our resistiv- 
ity measurements on K2P8W2801~. 

It should be noted from Fig. 11 that there 
are flat bands above and slightly below the 
Fermi level in the Z * M region. Such 
bands give rise to a large density of states 
(DOS). Thus, the DOS value at the Fermi 
level, i.e., n(er), can be increased if the 
Fermi level is either lowered or raised to 
those flat band regions. Such an increase in 
n(ef) may be responsible for the observed 
increase in the conductivity seen for both 
the KXA,PsW2408s (x + y < 2, i.e., electron 
deficient) and K2MxP8W240sg (x > 0, i.e., 
electron rich) systems. In fact, our calcu- 
lations for K1.j2Rb0.28PgW240gg and K2Sno.2 
P8W24088 show that their Fermi levels 
lie in the flat band regions. In Fig. 12, 
flat bands are present slightly below and 
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well above the Fermi level. Thus, only elec- 
tron-deficient samples A2-xPsW2s0Lm (x > 
0) are expected to show conductivity in- 
crease. 

Concluding Remarks 

Temperature dependence of the electri- 
cal resistivity and magnetic susceptibility of 
oriented crystals of the diphosphate tung- 
sten bronzes K~PsW240~~ and K2PsW2s01~ 
show metallic and anisotropic properties 
consistent with their quasi-two-dimensional 
structures. A gradual change from metallic 
to semiconducting behavior is observed 
with increasing substitution of MO for W. 

Inserted bronze phases K2MxPsWz40ss 
(A4 = Fe, Sn, Co) with x 5 0.2 show a 
marked decrease of resistivity along the b 
crystallographic axis, the easy direction of 
conductivity. Similar behavior in electronic 
properties is observed in partially substi- 
tuted KXRb,PsW2408s bronzes. The electri- 
cal resistivity observed for both the in- 
serted and the partially substituted bronzes 
is remarkably low ( 10m5 Sz cm). Indeed, 
these materials are very good metals. The 
temperature dependence of the magnetic 
susceptibilities of the host bronzes and the 
substituted and inserted phases show Pauli 
paramagnetic behavior consistent with 
their metallic properties. All these observa- 
tions are well accounted for by the band 
electronic structures of the W~0s4 and 
WZsO% slabs. For KXA,P8WZ4Ps8 with A = 
Li and Na, a transition from the diphos- 
phate tungsten bronze (DPTBh) structure of 
K2P8WZ40s8 to the monophosphate tungsten 
bronze (MPTB,) structure of P4Wlt0~ is 
observed. 
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