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Single crystals of Cug.gsWO0s;, Cup.0esWO;, and Cop.gsWO;+ 5 have been prepared by thermal decomposition of
CuWO, and WOQs;. Potential-probe resistivity measurements in the range 120 to 770°K. indicate complex semi-
conducting behavior. Cti,09sW O3, which is orthorhombic, shows three linear segments in the log p vs. 1/7 de-
pendence, the apparent activation energies being 0.05 e.v. below 170°K., 0.4 e.v. between 170 and 220°K., and
0.45 e.v, above 500°K. Between 220 and 500°K., behavior is “metallic.” Cuy.ssWOs+s, which is triclinic, shows
no metallic region but has two linear segments with activation energy 0.10 e.v. below 700°K. and 0.15 e.v. above.
Measurements of the Hall voltage and of the thermoelectric power indicate that carriers are electrons. At 300°K.,,
representative carrier densities are 5 X 10%, 15 X 10, and 1 X 108 electrons/cc. with mobilities 6, 10, and 0.4
cm.?/v. sec, for Cug.esWO;, Cug.00aWOs, and Cuy.sWOs+ 5, respectively. Thermal e.m.f. values fall in the range
—220 to —300 uv./deg. Results are interpreted in terms of a conduction band model with destruction of the
band below room temperature due to a probable ferroelectric transition in the host lattice. Excess oxygen ac-
ceptor centers of appreciable ionization energy apparently are present in small concentration in the low-copper

materials and in large concentration in the high-coppar material.

In contrast to the alkali metal tungsten bronzes,?
M,WO; (0 < x < 1), which are typically metallic®
under normal conditions, the copper analog has
been reported* to behave as a semiconductor.
In the temperature range —160° to +80° the
specific resistivity p as measured on single crystals
of Cuy.wWO; was observed to follow an exponen-
tial dependence on inverse temperature with an
activation energy of 0.15 e.v. The implication
was that, unlike the alkali tungsten bronzes® in
which the alkali metal M is completely ionized
to Mt and e, the charge carriers in copper-doped
WO; seertt to be bound to localized trapping cen-
ters. Attempts by Hall voltage measurements to
determine the fraction of carriers excited to the
conduction band were unsuccessful; because of
lack of sensitivity it was feasible only to set a
lower limit at 5 X 107 charge carriers/cc.
with no conclusion possible as to the sign of the
carrier.* In this investigation, we have under-
taken solid state studies of Cu,WO,, including
Hall voltage determination and thermoelectric
power studies, in order to identify the nature of
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the carriers, their concentration, and their

mobility.

Experimental

Preparation.—Single crystals of Cu,WO; and of Cu,-
WO;+5 were prepared both by electrolytic and thermal
decomposition of CuWO~WOQO; mixtures. As was found®
in the preparation of Ag, WO, the electrolytic method was
the less satisfactory in producing crystals of sufficient size
for convenient mounting of electrical probes. (It is
probable that electrolysis of molten CuWO;-WO; mix-
tures does not produce the ultimate product by direct
electrode reaction, since variation of electrolysis conditious
brought about no noticeable effect on the quality or
amount of product and the current-voltage “polarization
curves” on extrapolation to zero current gave a ‘‘decompo-
sition potential” of zero.) In the thermal method, which
was the one most successfully used in this research, tem-
perature control was the most critical factor, the best
crystals being obtained by 24-hr, heats of the reaction
mixture at 950~1000° under argon flow followed by
programed cooling at 0.5° per min. to 400°,

Differences in copper content were produced by firing
CuWO, and WQs, prepared as previously described,* in
molar ratios of 1:0, 3:1, or 2:1. The stoichiometry of the
reaction is uncertain but there was observed on firing
weight loss attributable to oxygen evolution and formation
of CuO and Cuz0 in varying amounts besides the desired
product Cu,WOs. A possible equation is

CuWO; —> Cu,WO; + yCuO +

1 —-x Y+ %

- 1 —
2—~—y Cu,0O + T O,

(Differential thermal analysis using Al;O; as standard
showed a rather broad endothermic peak between 950 and
980°, which was irreversible and disappeared on equilibra-

(6) M. J. Sienko and B. R. Mazumder, ibid., 83, 3508 (1960),
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tion or on repeated thermal cycling.) When possible,
well formed single crystals of Cu,WO; were picked out
of the product mass before leaching. Otherwise, unre-
acted material and undesired products were separated by
the following sequence of operations: 5% NaOH at 70°
overnight, concentrated HCl and H,O washes, 5%, NaOH at
70° for 1 to 2 hr., concentrated HCl and H,O washes, 48,
HF for two days, 12 M HCI, 5% NaOH washes. The
residual product generally consisted of a mixture of black,
shiny, somewhat brittle orthorhombic and triclinic
crystals, which had to be separated manually, The tri-
clinic crystals, which were more numerous the higher
the CuWO,-to-WOQ; ratio, proved on analysis to be high in
copper; the orthorhombic, low,

Chemical Analysis.—Products were brought into solu-
tion by fusion with a 3:1 (by weight) mixture of NaNO;
and Na,CO;, followed by treatment with H,O. After
addition of NH; and NH,Cl, copper was determined by
electrodeposition on platinum.? Tungsten was deter-
mined by adding HNO; and cinchonine hydrochloride to
the remaining solution.® The precipitated H;WO, was
ignited at 800° and weighed as W0,

For the orthorhombic crystals, a range of copper con-
tents was possible; those crystals selected for study cor-
responded to 0.076 or 0.094 copper atom per tungsten,
For the triclinic crystals, only the copper content 0.95 per
tungsten was observed. The precision in the copper
determination is believed to be 1% of the copper content;
in tungsten, about 5%. These numbers also are believed
to reflect the relative accuracies of the two determinations,
the tungsten analysis being notoriously difficult to repro-
duce. Oxygen content, calculated by difference, amounted
to 3.0 £ 0.1 oxygen atoms per tungsten for the low-copper
materials (orthorhombic) and 3.6 =+ 0.4 oxygen atoms per
tungsten for the high-copper materials (triclinic). The
lower limit of the oxygen range is the more probable, since
the errors in the tungsten analysis most likely would be to
make the W analysis too low and, therefore, the oxygen
results too high, It is believed that the low-copper ma-
terials contain very close to three oxygen atoms per tung-
sten, as is true for the alkali tungsten bronzes, but that the
high-copper material contains considerable oxygen excess
over that required for simple Cu,WO; stoichiometry.
In the remainder of this paper we refer to the latter as
CuzWOs+5; the former, Cu,WO, Direct analysis for
oxygen was attempted several times using sulfur vapor as
reducing agent® to form SO, but even the blank results
were difficult to reproduce.

X-Ray Studies.—Powder photographs taken with cop-
per Ke radiation and a 114-mm. camera showed lines cor-
responding to interplanar spacings as calculated from the
lattice parameters previously reported by Conroy and
Sienko.4 For randomly selected powder samples both
sets of lines appeared, corresponding within a few hun-
dredths A. to the orthorhombic Cuy.2sWOs spacings and
the triclinic Cup.yWO; spacings. The single crystals

(7) F. P. Treadwell and W, T. Hall, ‘“ Analytical Chemistry,”
Vol. I1, John Wiley and Sons, Inc,, New York, N. V., 1942, 9th ed.,
p. 68,

(8) I. M., Kolthoff and E. B, Sandell, “Textbook of Quantitative
Analysis,” The Macmillan Co., New York, N. Y., 1953, 3rd ed., p.
695; A, Claeys, Anal, Chim, Acta, 17, 380 (1957).

(9) F. T. Eggertsen and R. M. Roberts, Anal. Chem,, 22, 924,
(1950).
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used for the electrical measurements, however, gave on
grinding only one set of powder lines corresponding either
to the triclinic set for Cuy.ssWOs+ 5 or to the orthorhombic
set for Cutg.oreWOs and Ctip.09sWO3; 15° oscillation and zero
layer Weissenberg photographs confirmed these results.
Electrical Resistivity Measurements.—Single crystals,
selected for regularity of external geometry, were clamped
between spring-loaded copper rods or Chromel-A strips
and the resistivity measured by the potential probe
method,’® Nine crystals of composition Cuy,gsWO;, three’
of Cup.0esWOs, and eleven of Cuy.esWOs+s were investi-
gated, each at several temperatures and some over the
entire range. Results were independent of whether the
potential-sensing probes were spring-loaded against the
side of the crystal or sputtered on by condenser discharge.
Because of the large investment in time required for
mounting the crystals, circuits and crystal holders were
designed to measure resistivity and thermoelectric power
or resistivity and Hall voltages simultaneously. Figure 1
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Fig. 1.—Crystal holder for resistivity and thermoelectric
power,

shows on the left the complete assembly used for measuring
resistivity or thermoelectric power; on the right, there is a
magnified view of the relative placiny of the crystal, the
heater coil, and the two copper—constantan thermocouples.
With no heating current through the nichrome coil but
with a standard-resistance-monitored conductivity current
I through one copper rod into the crystal to the
other copper rod, the resistance R of the crystal could be
measured from the IR drop as determined potentiometri-
cally between the copper lead of the upper thermocouple
and the copper lead of the lower thermocouple. For thermo-
electric measurements, current could be passed through

(10) See, for example, A. F. Ioffe, “Physics of Semiconductors,”
Academic Press, Inc,, New York, N. Y., 1960, p. 329,
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the nichrome coil to heat the copper rod pressing against
one end of the crystal, the copper rod pressing against the
other end of the crystal serving as a heat sink.

Figure 2 shows the crystal holder primarily designed for
the Hall measurements but used to get data on resistivity
as well. The crystal is shown with its end pressed against
the flat face of a copper rod by the large-loop Chromel-A
strip, which provided spring-loading and served to comn-
duct the conductivity current [ into the crystal. The IR
drop was measured potentiometrically between the two
small-loop Chromel-A strips pressed against the long
narrow side of the crystal.

—Socpstone

Chromei~A Strips

/Brass Screws
4—-Copper Lead Wires

~Copper Can

—

Fig. 2.—Crystal holder for resistivity aud Hall effect.

For converting measured resistances to specific resis-
tivities, the crystal cross-section and the potential probe
separation were measured with a low power inicroscope
fitted with a calibrated eyepiece. Figure 8 gives sample
curves of crystal resistivity as a function of temperature
for specific crystals that were followed over the entire
temperature range. For a given crystal in a given mount-
ing results on heating and cooling generally were repro-
ducible to 19}; for different crystals of the same composi-
tion or for the same crystal in different holders, within
209%. (Occasionally, after repeated heating and cooling
cycles, contact resistances increased to the point where
galvanometer sensitivity was poor, i1 which case a dis-
charge pulse from a condenser had to be passed through the
contact in order to restore reproducibility. With some
crystals, resistivity curves were observed to shift to larger
resistivity on repeated thermal cycling; however, in all
cases the curve shape was preserved,)

Hall Voltage.—For measurement of the Hall voltage the
crystal holder shown in Fig. 2 was inserted in the gap of
a 4-in. electromagnet, so arranged that the magnetic field
was perpendicular to the current passed through the crystal
and the Hall voltage generated. Magnetic fields of 6700
and 7200 gauss were used, with homogeneity over the
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Tig. 3.—Log resistivity vs, 1/7.

sample volume hetter than 0.1 gauss as monitored by
proton n,m.r. For temperatures below 25°, dry nitrogen
was passed through a copper coil immersed in a liquid
nitrogen bath, through a straight-bore condenser with
its outer jacket evacuated to give the necessary insulation,
and into a small dewar which enclosed the crystal holder.
Temperature was varied by adjusting the nitrogen flow
rate and was constant to 3° over the 30-45 min. required
to make resistance and Hall voltage measurements, Above
room temperature, a copper can wound with nichrome wire
and fixed to the soapstone holder by a bayonet lock served
as the heater.

Because of the great difficultics eneountered in locating
the Hall probes on an equipotential plane before any
magnetic field is imposed on the crystal, a “virtual” equi-
potential plane is established by placing two Hall probes on
one side of the crystal and tuning a misalignment poten-
tiometer between them so that its center tap is at the same
potential as the Hall probe located on the opposite side of
the crystal. The mismatch created when the magnetic
field was energized was measured with a Leeds and North-
rup Type K-3 potentiometer (0.1-uv. sensitivity) using a
galvanometer of sensitivity 8 X 107% ygamp./mm. Both
the crystal current and the magnetic field were periodically
reversed for all settings. The temperature range was
severcly limited on thie high and the low ends by a sharp
drop in signal-to-noise ratio, even when thin disks of in-
dium or gold were inserted between the current leads and
the crystal to improve contact.

Hall coefficients were calculated [rom
Vit 108
Re = " fIH

where Ry is the Hall constant in cm.?/coulomb, Vi is the
observed Hall voltage in volts, ¢ is the crystal thickness
in em. perpendicular to [ and H, [ is the current in amperes,
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H is the magnetic field in gauss, and f is a “shorting out”
factor!! which depends on the length-to-width ratio of the
crystal, From the sign of the experituental voltage, Rg
was found to be negative indicating electron current car-
riers. Representative values of — Ry are shown in Fig, 4.
The accuracy is believed to be within 20%,. The plotted
points represent measurements on the crystals for which
resistivity values are given in Fig, 3.
Carrier concentrations were calculated from

7
— Rge

n =

where 7 is the number of electrons per cc., ¢ is the electronic
charge, and 7 is the scattering factor, taken here to be
3r/8 because as seen below lattice scattering seems to he
the dominant mode.

Thermoelectric Power,—The thermoelectric power, or
Seebeck coefficient, Q is defined as the thermal gradient
of the thermally generated em.f.

AV
¢=ar

Here AV is the e.m.f. generated in the crystal when there
is a thermal difference AT between the hot and cold ends.
AT was measured with the crystal holder shown in Fig. 1 as
the difference between the readings of two copper—con-
stantan thermocouples, spot-welded to the two ends of the
crystal. AV was determined directly as the potential
difference between the copper leads of the two thermo-
couples, Q was determined from the slope of the plot
AV ws. AT for values of AT ranging from 1 to 10°. TFollow-
ing the usual convention of defining Q as positive for a

(11) K. Lark-Horovitz and V. A. Johnson (Ed.), “Methods of
Experimental Physics,”” Vol. 6B, Academic Press, New York, N. Y.,
1959, p. 149.
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Fig. 5.—Thermoelectric power »s. temperature.

junction 4/B when positive current flows from 4 to B
at the hot junction, it was found experimentally that @
for CuzWQ;/Cu is negative, This finding is consistent
with n-type semiconduction and confirms the Hall voltage
indication that the current carriers in Cuz;WO; are elec-
trons. Figure 5 shows how the thermoelectric power of
CuzWO; referred to copper was observed to vary with the
temperature for representative crystals. The scatter is
quite large but the drop-off in Q below 0° and above 400°
was reproduced with several crystals.

In a thermoelectric power experiment the energy trans-
ferred from one junction to the other is equal to the
potential energy barrier overcome by the carriers, E.—EFr,
plus the kinetic energy transferred from the hot junction to
the cold.

QT = (En - EF) +2kT
[

E; is the energy at the bottom of the conduction band,
Ep is the Fermi energy, k is Boltzmann's constant, and e is
the electronic charge. Since  is known from experiment,
E,—Ey can be calculated and used to estimate the effec-
tive mass m* of the carriers.? In a “spherical’”’ band, the
density of carriers is given by

Er — B
kT

#n =2 T

27rm*kT:l y2
Using the Hall measurements to get #, assuming positive
carriers are negligible, we calculate effective masses as
given in Table I, Table 1 also gives representative
values of the other significant parameters that charac-
terize the materials investigated in this work.

(12) V. A, Johnson and K. Lark-Horovitz, Phys. Rev., 92, 226
(1953).
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TaBLE I

CARRIER DENSITY #, MOBILITY 4, AND EFFECTIVE MASS
m* IN CoPPER-DOPED WO;

n

(cm.2/
n{e=/cc.) v.-sec.) m* (g.)
At 298°K.
Clp.0sW O3+ 5 1 X 108 0.4 4 X 10728
Cutg.o1s W03 5 X 1018 6 5 X 10728
Ciutg,004W Oy 15 X 1018 10 12 X 107
At 373°K.
Cuto.ss WO3+ 5 4 X 104 0.3 6 X 10728
Cuto.osW O T X 1018 4 4 X 1028
Ctg. 04 WOy 18 X 1018 8 5 X 10~
At 423°K.
Cuio,0sWOs+ 5 8 X 1018 0.2 7 X 1072
Cuo.0sW O3 7 X 1018 4 4 X 102
Cu0.00eWO;5 19 X 1018 7 g X 107
Discussion

The electrical conductivity results illustrated
in Fig. 3 indicate that the change in crystal struc-
ture from orthorhombic to triclinic that accom-
panies increasing copper content and increasing
oxygen-to-tungsten ratio is accompanied by a
sufficiently drastic change in carrier characteris-
tics that separate models are called for in their
description. In the following discussion, there-
fore, we separate the problem into consideration
of (a) low-copper, orthorhombic Cu,WO; and
(b) high-copper, triclinic Cu;WOs,,.

(a) Low-Copper, Orthorhombic Cu,WO;.~—In
a single fluid model, the specific conductivity ¢
can be represented as weu, where % is the con-
centration of carriers, ¢ is their charge, and p is
their mobility. From the Hall measurements at
room temperature we deduce that # is 5 X 10%
electrons/cc. in Cug.geWO; and 1.5 X 10*° e~/cc.
in CugWQ3; from stoichiometry and the ob-
served densities of these materials, we calculate
there are, respectively, 1.5 X 10% and 1.8 X 10*
copper atoms/cc. If it is assumed that copper in
Cu,WOQ; acts as a donor center then the fraction of
copper atoms ionized would have to be less than
19,. Furthermore, it would seem that the free
electrons so produced move in the same conduc-
tion band as in the alkali tungsten bronzes. The
carrier mobility, calculated from the observed
conductivity ¢ and the carrier density #, is 6 cm.?/
v.-secC. in CUQ‘om\/VOa and 10 Cm.z/v.-sec. in CLlo_094
WO, These values are not very different from
the 6.1-9.3 cm.?/v.-sec. observed for Lig.WO;
and 16 cm.?/v.-sec. for NagsW03.*  The conduc-

(13) M. J. Sienko and T. B. N, Truong, J. Am. Chem. Soc., 83,
3939 (1961).
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tion band in the alkali bronzes is believed to arise
mainly from overlap of 5d, orbitals of the tung-
sten; it is believed that the same d-band also is
operative in the copper-doped WO;.

However, there is a problem in attempting to
account for the three straight-line portions of the
log p vs.1/T curve shown in Fig. 3 for Cuig.004WO;
by assigning them to donor excitation processes.
Conventional semiconductor theory would ac-
count for the shape of this curve by postulating
three donor centers—e.g., Cu?, Cut, O?~—having
excitation energies Fi, L, and E; (counting from
low temperature to high) corresponding to a
dependence of the form

o = qe—BE/kT 4 qee—Ee/kT + gue—Es/kT

where oy, 03, and o3 are constants related to the
number of donor centers available. To account
for the observed slopes of Fig. 8, L, E,, and Fs
would have to be 0.50, 0.4, and 0.45 e.v., respec-
tively, but with these as excitation energies there
is no reasonable choice possible for the number of
donor centers of each type. Specifically, at
170°K., where the first break in the log p vs. 1/T
curve occurs, #T is equal to 0.015 e.v. and
e~ BY/RT i approximately 2000 times as large as
e~ ®/%T  Thyus, the couductance contribution
by the second term would be negligible until
well after the first term excitation had been
exhausted, unless the donor centers of type 2
were many orders of magnitude more numerous
than donor centers of type 1. A similar diffi-
culty is encountered at 500°K., where the second
break in the log p vs. 1/T curve occurs. Exci-
tation out of donor center type 2 would need to
be completely exhausted to account for the turn-up
in the log p ws. 1/T curve. (This turn-up re-
sembles a typical “exhaustion” region where the
number of carriers remains constant with in-
creasing temperature but carrier mobility drops
due to increased scattering by polar modes of the
crystal.) However, if donor center type 2 is of
energy 0.4 e.v., it cannot be exhausted when kT
has only reached the value appropriate at 500°K.,
namely 0.05 e.v. Furthermore, the sharp rise in
conductivity that sets in above 500°K. can occur
only if donor centers of type 3 are even more
numerous than donor centers of type 2. Esti-
mating very approximately, we require at least
1029, 10%, and 10%* centers, respectively, of ex-
citation energy 0.05, 0.4, and 0.45 e.v.—ob-
viously impossible if such centers are to be de-
rived from the stoichiometrically available 10%
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copper atoms or 10?2 oxygen atoms/cc.

For Cuy.0;sWO; there is a similar difficulty in
accounting for the steeply increasing conductivity
between 200 and 250°K., the “‘metallic” region
around room temperature, and the second steeply
increasing conductivity that sets in at 600°K.
The slope of the 200—-250°K. portion corresponds to
0.33 e.v.; that above 600°K., 0.45 e.v. Again, the
0.33 e.v. center cannot be depopulated by 250°K.
nor can the 0.45 e.v. center take over in contrib-
uting carriers unless there are at least 10% of
them. The latter figure is inconsistent with the
102! copper atoms or 1022 oxygen atoms presert/cc.

A further reason for believing that the log p
vs. 1/T curve is not explainable by a simple donor-
center theory is provided by the magnetic prop-
erties of Cu,WO;.
of Cu19.2sWO; has been reported* as +34 X 10~%/g.-
formula. Although some three times as concen-
trated in copper, Cup.26WO; has the same ortho-
rhombic structure as the Cup.asWO; and Cug.oss-
WO; here under discussion, so probably it can be
used to imply something about the magnetic
situation in the latter materials. Applying dia-
magnetic corrections of —21 X 10-%/mole for the
host WO;* and —12 X 10~%/mole for the copper
ions,'™ we calculate the equivalent of 0.18 mole
of spins/mole of copper in Cu,WO,. Because
Cu® and Cu++ both are paramagnetic with one
spin whereas Cu™ is diamagnetic, the observed
magnetic susceptibility could be interpreted as
189, Cu® 829, Cu*, 09 Cutt or 09, Cu’
829, Cu+, 189, Cu*+, or any combination of Cu®
and Cu*+ totaling 18%,. However, none of these
possibilities is satisfactory, since the 829, Cu*
implies that most of the copper atoms have
ionized. As a result there would be approxi-
mately 102! electrons/cc. to be accounted for
whereas the Hall voltage indicates there are only
10"8/cc.” in the conduction band. Trapping of
the electrons to give Cu—, as suggested previously,*
is possible, but donor excitation from Cu~
would be expected to require less energy than
excitation from Cu® or Cu*. As indicated above,
the higher energy donor centers need to be the
more numerous in order to account for the ob-
served conductivity curve, so Cu~ could not be
present in sufficient concentrations to be of much
use.

(14) L. E. Conroy and M. ], Sienko, J. Am. Chem. Soc., 74, 3520

(1952).

(158) P. W. Selwood, ‘‘Magnetochemistry,’” Interscience Pub-
lishers, Inc., New York, N. Y., 2nd ed., 1956, p. 74,

(16) T. L. Ragle, private communication,

The magnetic susceptibility -
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Electron spin resonance studies!® also sug-
gest that a simple donor-center model of Cu® in
WO; is not satisfactory for Cu,W0; Compari-
son of the absorption signal of powdered, single
crystals of Cuip,o;sWO3 with the signal from MnSO,
indicates approximately 10% spins/cc. On the
basis of signal strength, these spins could be due
to Cu’or Cut*, However, the g-factor for the
center of the absorption line is 2.24, which is more
suggestive of Cu*+ than of Cu’ For Cu’ the
g-factor might be expected to be very close to
2.00 since the state of Cu® is presumably S,.
 Because of the problems in expressing the
conductivity-temperature data as a function of
electron excitations into a conduction band
alone, we are led to postulate that the steep
rise in conductivity observed in the range 200-
250°K. is not due to an exponential increase in .
the number of carriers but to a large increase in
carrier mobility brought about by a phase change
in the host crystal. Specifically, we suggest that
the structure change which gives rise to the ferto-
electric-to-antiferroelectric transition” observed
in pure WO; at approximately 220°K. also occurs
in copper-doped WOQ;. (In AgoouWO; an even
more spectacular change in conductivity occurs
at about 220-280°K., probably due to the same
kind of structure change in the host.)®

The fact that the Hall voltage in Cuyp.gsWOs
and Cuyp,0sWOs is not changing much with tem-
perature near 300°K. indicates that the number
of carriers is essentially constant near room
temperature. Still, as the temperature  drops
below room temperature there should be an in-
crease in conductivity because lattice scattering
would be expected to decrease. We can estimate
what the mobility would be at 170°K. if no
structure chamge occurs assuming that the mobility
is defined by lattice vibrations and follows the
dependence

% = constant (e#/T — 1)
where 0 is the Debye temperature of the lattice.!®
Thermal studies on the sodium tungsten bronzes
suggest that the value appropriate for the Debye
cut-off is 500°K.% Since at room temperature u
for the electrons in Cug.gWOs is 10 cm.?/v.
sec., we expect at 170°K. it would be about 40

(17) B. T. Matthias and E. A. Wood, Phys. Rev., 84, 1255 (1951});
K. Hirakawa, J. Phys. Soc. Japan, 7, 331 (1952); see also Werner
Kinzig, “Solid State Physics,” Vol. 4, Academic Press, Inc., New
York, N. Y,, 1947, p. 141,

(18) L. E. Cotroy, private communication.

(18) J. Yahia and H, P. R. Frederikse, Phys. Rev., 128, 1257
(1961).

(20)- R. W. Vest, M, Griffel, and J. F, Smith, J. Chem. Phys., 28,
293 (1958).
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cm.?/v. sec. However, the specific resistivity of
CupeeeWO; at 170°K. is about 60 ohm-cm.—
some 6000 times the 0.01 ohm-cm. anticipated by
extrapolating the room temperature behavior to
170°K. Ii we assume that the carrier density
remaing constant through the transition, then
we have to conclude that the mobility has dropped
to 0.007 cm.2/v. sec.

Mobilities of this order of magnitude are too
low to be ascribed to conduction through a band
of finite width. Rather they resemble the
mobility values found in conduction by “hopping”
processes, as for example in Fe,O3 or NiO.2
Furthermore, if the low temperature portion of
the log p vs. 1/T curve for Ctig.09:WOs corresponds
to conductance iz such a “hopping’’ mechanism
then the slope of the curve is ascribable not to an
excitation energy for raising carriers into a con-
duction band but to an activation energy asso-
ciated with the hopping process. In the simplest
picture, this activation energy can be taken as a
polarization energy associated with distortion
of the local crystal environment as an electron
“hops’ from one localized center to another, 2

What might be the nature of the structure
change that can produce such a 6000-fold change
in mobility? If we idealize the atomic arrange-
ment in CupeW0O; as a simple cubic array
similar to that existing in the perovskite-type
sodium tungsten bronzes, we would have a unit
cell consisting of W atoms at the cube corners
and O atoms in the middle of the cube edges.
The copper atoms would be distributed at ran-
dom amongst the centers of the cubes so as to
occupy 9.4% of them. Above the transition
temperature, there would be no net electric
moment, so each W atom would have to be sym-
metrically placed with respect to its octahedral
cage of surrounding oxygen atoms. However,
if as in pure WO;, Cu,WOQ; goes over to a ferro-
electric state below 220°K., there would have to
be a net, collective displacement of the tungsten
atoms away from the centers of the oxygen octa-
hedra. This would be necessary to produce a
spontaneous electric polarization such as charac-
terizes the ferroelectric state. With a reduction
in symmetry of the unit cell, it is probable that
the overlap of 5d, orbitals of the W atoms would
be reduced—in fact, the overlap might vanish,
particularly when one considers interaction with

(21) F. J. Morin, Phys. Rev., 83, 1005 (1951); Bell Sysiem Tech.
J., 87, 1047 (1958),

(22) R. R. Heikes and W. D. Johnston, J. Chemn. Phys., 26, 582
(1957).
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the p orbitals of the near oxygen atoms. If the
orbitals do not overlap, banding would not occur
and conduction would have to occur by a hopping
mechanism rather than through Bloch waves.

A major assumption of the above discussion is
that the number of carriers remains essentially
constant in going through the transition. Nor-
mally, this assumption could be tested by Hall
voltage measurement at low temperatures to
determine the carrier density. However, we did
not see any Hall voltage over the noise below
room temperature. This actually may be one of
the strongest arguments for the above model,
since there is considerable reason for believing
that conduction by a ‘hopping” process mech-
anism does not lead to an appreciable Hall
effect.?

Still, the above model is oversimplified since it
does not explain why the number of carriers in
the “exhaustion” region above room temperature
should be limited to 1.5 X 10'® whereas there
are 1.8 X 10% copper atoms potentially able to
furnish electrons. A possible answer is suggested
by the magnetic susceptibility and e.s.r. results.
The magnetic spins, which on the basis of their
g-factor are probably Cu**, number about 3.6
X 10%, corresponding to 7.2 X 10% electrons
released from copper atoms. The rest of the
stoichiometric copper must have gone to Cut.
Of the total density of electrons released, only
1.5 X 10" are available in the conduction band
at room temperature, The rest must be trapped
on an acceptor center with fairly high ionization
energy. A possible candidate for this center is
oxygen excess. We would need only 0.0016 g.-
atom of oxygen/cc., about 1.8% in excess over
that required for 3:1 stoichiometry of O:W.
Unfortunately, this is too small for our analytical
methods to detect.

In summary, the shape of the resistivity-tem-
perature curve of CuygeaWOy is attributed to the
following processes occurring progressively as the
temperature is raised: (a) “hopping’ of electrons
from one site to an adjacent one, the site probably
being the cage of tungsten atoms around a Cu*
ion; (b) a phase change characterized by a small
displacement of tungsten atoms, leading to over-
lap of trap sites and hence band formation; (c)
a decrease in band conductivity due to thermal
excitation of lattice vibrations—the so-called

(23) See, for example, the discussion after ‘‘Session B: Theory
I” of the 1958 International Conference on Semiconductors, J.
Phys. and Chem. Solids, 8, 50 (1959).
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“exhaustion” region; (d) a sharp rise. in band
conductivity due to a significant excitation of
additional carriers, either from Cu* or possibly
from oxygen atoms.

(b) High-Copper, Triclinic Cu,WO;.;,—The
picture here is simpler since the resistivity ws.
1/T curves for these specimens consist of two
straight-line portions, without any visible evi-
dence of the up-turning hook that signals the
onset of the “exhaustion” region in the low-
copper materials. The simplest model would call
for two donor centers of appreciable but differ-
ing excitation energies. The low temperature
portion would correspond to an activation
energy of 0.10 % 0.05 e.v., which value is to be
compared to the 0.15 e.v. previously reported
for CugnWOjs; the high temperature portion, to
an activation energy of 0.15 + 0.05 e.v. The
number of carriers as deduced from the Hall
experiments is considerably less, and the carrier
mobility is smaller than in the low-copper ma-
terial. The low carrier mobility—0.4 cm.?/v.
sec. at room temperature—is not low enough to
warrant unambiguous assignment to “hopping”
conduction; it more likely is due to the rather
low symmetry of the host structure. The fact
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that by 423°K. the mobility has decreased to 0.2
cm.?/v. sec. suggests that lattice scattering is still
the dominant mechanism of resistivity. The
effective mass of the carriers is surprisingly close
to the rest mass of the electron (m* varies from
0.3 my at 298°K. to 0.8 my at 423°K.), though
the calculation based on thermoelectric power has

-to be considered as rather unreliable because the

band form is probably not simply spherical.

The Hall measurements indicate at 298°K.
there are about 10'® electron carriers/cc., which is
to be compared to the 1.6 X 10% copper atoms/cc.
calculated from the stoichiometry and the density.
The spin-resonance studies,'® however, indicate
there are present about 10% spins/cc. with a g-
factor of 2.18, strongly implying that practically
all of the copper atoms are in a doubly ionized
state. To account for this low number of carriers
but a large number of ionized copper atoms
it is necessary to assume there are fairly deep
traps for removing electrons from the conduction
band. If these traps are excess oxygen atoms,
we need about 4 X 10%' oxygen atoms/cc. This
corresponds to Cu,.isWOs.2, in substantial agree-
ment with the oxygen excess indicated by the
chemical analysis.
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A group of phthalocyaninoaluminum compounds has been prepared and studied in which organo- and organo-
siloxy groups have been bonded to the central aluminum atom. These compounds illustrate some types of groups

that can replace the simple inorganic groups which ordinarily are attached to the metal.

One of these com-

pounds, PcAlOSi{CeH;)s, contains an AlOSi backbone which is not casily hydrolyzed.?

The phthalocyaninoaluminum compounds are
complexes in which two of the primary valencies
of the codrdinated aluminum atom are taken up
by the dibasic, quadridentate, planar phthalo-
cyanino ligand and the third by other groups

(1) This paper is based on a thesis submitted by James E. Owen
in partial fulfillment of the requirements for the Ph.D. degree.
The work was supported by the Directorate of Chemical Sciences,
Air Force Office of Scientific Research and the Esso Foundation,
and was presented at the 138th National American Chemical
Society Meeting.

(2) Pc = CuHisNs, the phthaloeyanino ring.

(Cl-, Br~, OH-, etc.).®* Because of the nature
of the phthalocyanino ligand, it is probable
that the arrangement of the ligand atoms sur-
rounding the aluminum atom is square pyramidal
and that the aluminum atom lies near or in the
plane formed by the nitrogen atoms (Fig. 1).

This suggests that in some cases the aluminum
atom is codrdinated in a square pyramidal fashion.

(3) P. A. Barrett, C. E. Dent, and R, P. Linstead, J. Chem. Soc.,

1719 (1936). :
(4) M. E. Kenney, J. Inorg. & Nuclear Chem., 11, 167 (1859).



