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Abstract-The electrical resistivity of NaxWOQOj, and
KxWOs has been measured at H>0*K, The range of x-values
was 0. 25 < x < 0.9. AlIl resistivities were characteristic of a
metal and lie on a single curve. An extrapolation of the con-
ductivity curve to sero conductivity indicated that the tungsten
bronses should be semiconductors for x< 0.25. The resis-
tivities that have been measured for tungsten bronses with

x < 0. 25 show* d semiconducting behavior. The resistivity of
LixXWO” exhibited an anomalous peak in the p vs T curve. The
Hall coefficient of LIi© 37WOs indicated one free electron per
alkali atom a» was previously /o'uiH for Na”~O j. The Seebeck
coefficient of Na®WOj depended linearly on x”""* as expected
from f}ee electron theory. The implications of these and some

other data are discussed.
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INTRODUCTION

Tungsten bronze* are non-stiochiometric compound* MAWOj where
M i* usually one of the alkali metal*. Single crystal* of Jthese compound*.
Urge enough for electrical measurements, can be prepared with value* of
x ranging from essentially sero to nearly unity, the tungsten bronze*
undergo several change* of crystal structure as x changes, but difficulties
in determining quantitative amounts of M have frustrated attempts to de-
lineate the range* in x over which each of these structures exists. This
situation has been a deterrent to studies of the electrical propertiee of
these materials, especially in the low x-value range.

Electrical properties of certain of the high x-value bronzes have been
previously reported. Brown and Banks *and Gardner and Danielson2 both
measured the electrical resistivity of cubic sodium tungsten bronze, with
x-values ranging from about 0. 5to 0.9, and reported a minimum in re-
nistivity near x * 0. 75. Gardner and Danielson2 also reported the results
of Hall coefficient measurements which indicated that, in this range of x-
‘alue*, each sodium atom contributed one electron to conduction processes.
Subsequently, Ellerbeck, et al.* reported that, when careful attention was
given to sample homogeneity, no minimum in electrical resistivity at
X * 0. 75 wa* observed.

Alkali metal bronzes of lower x-value have not been so extensively

studied. With the exception of some measurements by Sienke and Truong*



of the electrical conductivity of cubic lithium bronses, little of signif-
icance hae been reported. It ie the purpose of this publication to report
the results of electrical resistivity measurements on several metal-like
tungsten bronsee, with x-values down to 0. 28, together witft some pre-
liminary results for Hall and Seebeck coefficients, and to discuss the im-
plications of these results. Below about x * 0. 25, all of the alkali tung-
sten bronses appear to exhibit properties which are characteristic of
semiconductors. Some preliminary results are shown which illustrate
this type of behavior.

CRYSTAL PREPARATION

Crystals of the various alkali tungsten bronses were prepared by
electrolysis from a melt of the appropriate alkali tungstate and WOj.
The electrolytic cell consisted of a glased ceramic crucible, a chromel
wire cathode, and a graphite anode. Crystals were obtained under the
following conditions: temperature of the melt, 750-900*C; current through
the cell, 15-50 mi; time of electrolysis, 12-24 hr.

For the low x-value sodium tungsten bronses (x < 0. 5), it was found
that the crystal structure and x-values of the crystals obtained depended
strungly on the temperature of the melt. The siae and homogeneity of
the crystals were dependent on both temperature and electrode current.
The best crystals were obtained at the lowest temperature at which they

could be grown. The optimum current for best quality crystals depended

upon x-value and crystal structure.



MEASUREMENTS

Measurements of electrical resistivity were carried out by a dc
method using 4-probe techniques to avoid problems arising from contact
resistance. Pressure contacts were used for both current and potential
probes. At low t»em peratures, the current contacts could be improved
by ultrasonically tinning the ends of the samples.

Details of the method employed for measuring Seebeck coefficients
have been previously described by Heller and Danielson * The Hall co-
efficient of LiQ s-WOs was measured by a dc method and is therefore
subject to error from the Ettingshousen effect. This error is not ex-
pected to exceed :. 10%.

ELECTRICAL RESISTIVITY

In F.g. 1, the resistivities of several tungsten bronses at 300#K are
shown as a function of the alkali metal concentrations. Experimental
points are shown for cubic NaxWOj, tetragonal NaxWOj, cubic LixWOj
(including data both from lowa State University and Cornell University*),
and tetragonal KxW03. AIl of these bronses show metallic conductivity.
It is remarkable that the resistivities for all these different bronses seem
to fall on the same curve. The metal ions themselves cannot, therefore,
be important contributors to the scattering of the free electrons. Rather,
the mobility must be limited primarily by electron scattering from the

acoustical and optical modes of the VOs structure at high temperatures,



and from the vacancies at alkali metal sites at low temperatures. The
importance of vacancy scattering at low temperatures has been shown by
Ellerbeck et al." The conductivity at 0*K (see their fig. 4) increased
rapidly with increasing sodium concentration owing to a reduction in the
number of vacancies which scatter electrons as a increased.

In Fig. 2, the conductivities of these same bronses at 300*K are
plotted vs x. These conductivities are simply the reciprocals othhe re*
sistivitiee shown in Fig. 1. By extrapolation to aero conductivity, the
curve in Fig. 2 strongly suggests that all the different bronses will become
insulators (or semiconductors) for values of x less than some value which
is in the neighborhood of 0. 25. This possibility has been suggested by
Sienko and Truong* who used the theory of Mott** for metal-semiconductrr
transitions. The experimental data did not, however, show evidence frr
the discontinuity that would be expected from Mott's theory. If small, the
discontinuity may be very difficult to observe experimentally owing to in-
sufficient homogeneity of most available crystals. We have grown a num -
ber of tungsten bronse crystals with x < 0. 25, and have found that such
crystals were semiconductors. No crystals with x < 0. 25 have been found
to be metallic in conductivity.

The electrical resistivity of one of these semiconducting bronses is
shown in Fig. 3. The crystal is LixWOj with x * 0. 097. The graph in

Fig. 3 of log pvs 100/T shows the typical behavior of an impurity semi-



conductor. The activation energy corresponding to the straight line at
low temperatures (extrinsic region) was 0.03 ev, the activation energy
corresponding to the straight line at high temperatures was 0. 12 ev.

1 the straight line at high temperatures corresponded to the intrinsic
region, the energy gap for this semiconducting crystal was about 0. 24 ev.
The temperature dependence of the resistivity ot Li*"WOj is shown
in Tig. 4. For x *0. 28, the anomalous peak was very large and occurred

at about 600*K«; for x * 0. 34 the peak was much smaller and occurred at
about 300*K. Wa.ith increasing lithium concentration, the peak, therefore,
diminished in sime and shifted to lower temperatures. The peak was comi;-#
pletely reproducible and x ray diffraction patterns showed that the cubic
crystal structure existed both below and above the temperature at which
the peak occurred. However, preliminary thermal analysis measurements
indicated some sort of phase change. Mackintosh™ has suggested the pos-
sibility of ordering of the lithium atoms, and neutron diffraction studies
of these cubic Li WO, crystals should be made below and above the tran-
sition temperature.
HALL EFFECT

The Hall coefficient (R) of a crystal of cubic Lig j?WOj has been
measured at 300*K. From this measurement, the number of free electrons
per unit volume (n) was calculated from n * 1/Re, where e is the charge

on one electron. Hence the number of free electrons per mole was obtained.



This result for LiQ 37WO03 is ihown in Fig. 5, along with similar re-
suits for Na”WOj obtained by Gardner and Danielson.2 The straight
line corresponds to one free electron per alkali metal atom, and the fact
that the point for U Q J7WO0 3 is very near this line strongly suggests
that the number of free electrons in LixWGj, as in NaxWOj, is equal to
the number of alkali metal atoms.
SEEBECK EFFECT

The Seebeck coefficients (thermoelectric powers) of NaxWOj have
been measured over a wide range of x-values at room temperature (300*K).
At this temperature, the residual resistance (pQ) and thermal resistance
(p™) are comparable, the value of pQ being between and Neverthe-
less, one would expect to a first approximation® that S * (1/3)(w"k2T/ef),
where S is the Seebeck coefficient, k is Boltzmann's constant, e is the
electronic charge, and £ is the Fermi energy. For free electrons, the
Fermi energy £ * (h2/2m*)(3n/8ir)2”~3 where h is Planck's constant, m*
is the effective mass, and n is the density of free electrons. Since n is
proportional to x, ( varies as x2”3 and S varies as X

In Fig. 6, the Seebeck coefficient (S) is plotted vs x"2”*. The ex-
perimental points lie on a straight line which provides evidence for the
validity of free electron theory when discussing transport properties of
the tungsten bronses. From the slope of the straight line, the ratio of

the effective mass to the true mass of the electron (m*/m) was calculated



and found to have the surprisingly email value of about 0, 035.

In Tig. 7, the Seebeck coefficient (S) ie plotted ve the absolute tem -
perature (T). At low temoeratures, where the residual resistance domi-
nated the thermal resistance, the expression S * (1/3)(w2k2T /e£) should
be valid if free electron theory is applicable. We do indeed find in Fig. 6
a linear dependence of S upon T at low temperatures as expected. From
the slope of the straight line at low temperatures we calculated m /m,
and again found a small value of about 0. 037.

DISCUSSION

The transport properties of the tungsten hrsmses appear to agree with
the properties which would be expected from a free electron model. In
particular, the thermal part of the electron mobility is nearly independent
of the x-value; the Hall coefficient gives the correct number of charge
carriers; and the Seebeck coefficient varies linearly with x”2"'3. These
electrical properties suggest that the density of states in the conduction
band g(c) is given in terms of the energy (*) according to the free electron
model g(c)dc * cl1”2dt. The Seebeck data also indicate a small effectiv/i
mass. Since the mobility p * fe/ir.*)T, the low value for m* implies a
very short relaxation time (T). For example, at x * 0.7, pm2G cm2/v-sec
and m* * 0.015 gives a relaxation time T* 4 x 10 13 sec.

On the other hand, the thermodynamic properties of the bronaes, sug-

gest that the density of states varies much more rapidly with energy than



t Magnetic susceptibility data by Greiner, Shanks, and Wallace”

as well as specific heat data by Vest, Griffel, and Smithl1l0 definitely

show that g(cvdc * t1/2dc is net valid; but both sets of data (if we ignore

the specific heat data for large values of x) indicate an energy dependence

of the density of states which is the same and considerably greater than
Furthermore, the best fit using r 111 gives mVm * 1 6, which is

far greater than the value 0.035 given by Seebeck measurements. This

discrepancy suggests that free electron theory must be considerably mod-

ified ta account for the thermodynamic properties of the broiaes, however

well this theory explains some of the transport properties.
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rig. 2. Electrical conductivity va a* at 100*K.
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Fig. 3. Electrical resistivity vs temperature tor a s< 11*
conducting lithium bronse.
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