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NMR measurements of the cubic alkali tungsten bronzes Na, %'03 (0.22 & x & 0.84) and Li, W03
(0.27 & x 0.49) are presented. Knight shifts, relaxation times, and line shapes of '"W were studied over
the temperature range 1.35-4.2 K. T, and K of 'Li at 77 and 298 K were also measured. These results
coupled with previous "Na measurements are correlated to possible conduction-band models. The results for

& 0.40 are consistent with a %5d(t2 ) conduction band analogous to the Re 5d(t,g) band in Re 0, band-
structure calculations. For x & 0.40 the data suggest admixture of Na and W. 6s states in the Na„WO3
conduction band. Regarding the metal-semiconductor transition occurring in the bronzes, the NMR results
seem incompatible with simple nearest-neighbor linkage and correlated site percolation models of conduction
for the bronzes, The results give no evidence of a Mott-type transition occurring as no correlation effects are
observable.

INTRODUCTION

The alkali tungsten bronzes form a family of
nonstoichiometrie compounds with the formula
M„WO„where M represents the alkali atom and
0 & x& I. The bronzes exist in a variety of crystal
symmetries depending upon the nature and con-
centration of the alkali atom. ' The sodium and
lithium bronzes have appreciable alkali concen-
tration ranges over which a simple cubic "perov-
skite" phase is stable. These are the materials
examined in this work. The electronic structure
of the cubic alkali bronzes was probed through a
NMR study of the '"W resonance in Na„WO, (0.22
S x ~ 0.84) and the "3W and 'Li resonances in
Li.wo, (0.2't ~ x~ 0.49).

For x&0.25, the bronzes are metallic with Hall
constant measurements" indicating that each
alkali atom contributes one conduction electron.
Near x=0.25 a transition from metallic to semi-
conducting behaviour occurs as a function of alkali
concentration as indicated by a thermally activated
component t.o the electrical conductivity and num-
ber of Hall carriers. '4 The NMR results obtained
in this work provide interesting insights into the
nature of this transition.

Detailed band-structure calculations are pres-
ently unavailable for the bronzes. Mattheiss, how-
ever, has carried oUt semiempirical band-struc-
ture calculations for several related materials,
the perovskites SrTiO3, KMo03, KTaO3, and

ReO, ."' KMoO, and ReO, have the same number
of valence electrons Rs NRWO3 Rnd lQ&e NRWO3 Rre
metallic. The band structure of the perovskites
studied by Mattheiss evidence remarkable similar-
ities. A common feature is a broad d(t, ) conduc-
tion band broadened by ~ overlap with oxygen 2p
st:ates. It has been observed that the density of

Equation (1) may be applied to Na„WO, .
x
a p(E) «,

where x/a' is the number of conduction electrons
per unit volume, if a is the lattice constant. This
results in

x/a' = E,.4 exp(E, /E, ) —E.X
= E.l p(E.) -&),

p(E„)= (E a') 'x+ A .
This linearly varying density of states at the
Fermi surface with x, the alkali concentration,
has been observed in conduction-electron specific-
heat8'9 and magnetic- susceptibility"'" measure-
ments performed on Na„WO, (0.22 & xs0.90). Ob-
servation of the concentration dependent Kohn
effect" in sodium bronze crystals (0.56 a x&0.88)
also agree with this rigid-band picture of the
bronzes.

Nuclear magnetic resonance has proven to be
a useful probe of the nature of conduction electron
systems through the hyperfine interaction of the
conduction electrons with the nuclei. The elec-
trons by virtue of their spin and orbital magnetic
moments produce magnetic fields at the nuclei,
the average value of which produces a shift in the
resonant magnetic field, the Knight shift

(4)

The fluctuations of the hyperfine field H~ result

states versus energy histogram for the 5d(t, )
conduction band of ReO, is fit well by an exponen-
tial."

E
p(E) =A e~
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in the nuclear-spin-lattice relaxation rate

(5)

0.28—

0.24—

( T(T)
' 'o -I/2

(min- K)

O. I6—

0. I 2—

0.08—

0.04—
~ ~

I I I I I I I I I

O. I
- 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 I.O

X

FIG. 1. Na spin-lattice relaxation rates at 4.2 K.
~ —Data from Ref. 7. X—Data from Ref. 14.

where y„ is the nuclear gyromagnetic ratio, P is
the Bohr magneton, and 5 is a numerical constant
depending upon the electron-nuclear coupling
mechanism.

Several previous NMR studies of the cubic sodi-
um bronzes have been performed. The Knight
shift" and spin-lattice relaxation rate' of "Na in
Na, WO, as well as the "'W K (Ref. 15) and (T,) '
(Ref. 16) were measured in samples with x2 0.56.
These results are consistent with a W 5d conduc-
tion-band model of the bronzes. Weaker coupling
of the conduction electrons to the sodium nuclei
than to the tungsten is indicated by "Na Knight
shifts and relaxation rates smaller by more than
an order of magnitude than their '"W counter-
parts in the high-x range. Furthermore, the. '"W
Knight shifts are negative, which is consistent
with core polarization" by tungsten 5d electrons
being the dominant elec tron-tungsten-nucleus
coupling mechanism.

Recent work by Tunstall' has extended the "Na
NMH measurements to the low-mobility concen-
tration range (0.22 s xs 0.57). He observed small-
x-independent negative Knight shifts (~ -65 ppm)
consistent with previous results. The "Na spin-
lattice relaxation rate data ip portrayed graphical-
ly in Fig. 1. Contrary to the earlier results of
Fromhold and, Narath, ' the spin-lattice relaxation
rates measured by Tunstall are strongly x depen-
dent. The constancy of the earlier data with x has
been attributed to sample impurities causing re-
laxation via paramagnetic impuriti. es to be the
dominant "Na nuclear relaxation mechanism rather

than conduction electron relaxation.
The ordinate of Fig. 1 is (T,T) '~~. Assuming

magnetic conduction electron relaxation to be
dominant, according to Eq. (5), this quantity
would be proportional to H~p(E„). Therefore,
in a rigid-band model with sodium donating its
outer electron to a W 5d(f,~) conduction band sim-
ilar to the Re 5d(t, ) band in Mattheiss' calcula-
tions for Re03, (T,T) ' ' would vary linearly with
xo

(T,T) ' ~' (E,a') 'x+ A . (6)

For x&0.40, the data presented in Fig. 1 is not
inconsistent with this prediction. However, the
"Na relaxation rates in the concentration range
0.22 & x& 0.40 evidence an enhancement not sug-
gested by this rigid-band model of the cubic bron-
zes.

The results presented in this paper extend the
'"W NMR -measurements to the low mobility al-
kali concentration range (0.22 ax s 0.40) and re-
fine the results in the higher concentration range
(0.57 6 x&0.84) in Na„WO, . These results coupled
with the "Na data provide the basis for a plausible
picture of the electronic structure of the metallic
alkali tungsten bronzes in the concentration range
approaching the metal-semiconductor transition.

EXPERIMENTAL DETAILS

Table I lists the alkali tungsten bronze sam-
ples used in this work. The low-x Na,„WO,
powders were prepared by Tunstall using crys-
tais grown by Lilienfeld who also grew the
Li„WO, crystals used in the preparation of the
Li,WO, samples. Single crystals of high-x
Na„WO, (Li„WO,) were grown by electroly-
sis performed on a fused mixture of Na, W04 2H, O
(Li2WO~ 2H, O) and WO, . Large cubic single crys-
tals (1 cm' and larger) of Na„WO, with x ~ 0.57
were produced. Smaller crystals of Li„WO, were
produced in the range 0.42 & x & 0.49. The lower
x samples were produced by a dilution-diffusion
technique described by Lightsey. " Samples were
analyzed for verification of the cubic structure
and determination of the lattice constant using a
Debye-Scherrer powder x-ray camera. Both the
lowest concentration Na„WO, and Li„WO, powders
gave evidence of the imminent breakdown of the
cubic structure as weak extra lines not arising
from the simple cubic lattice were observed in
the x-ray photograph. The lattice constant of the
cubic sodium bronzes has been established as a
reliable measure of the sodium content" 2 and so
was used as one determination of x. The variation
of a with x is not accurately known for cubic
Li„WO„so only chemical analysis was relied
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upon for the determination of the lithium content.
Samples were analyzed by the Chemical Analyti-
cal Laboratory of the Cornell University Materi-
-als Science Center. Results of atomic absorption
spectroscopy determinations of alkali content are
listed in Table I under chemical analysis. Im-
purity analysis by flame emission spectroscopy
of crystalline material used in the diffusion runs
showed calcium present at 100 ppm with no other
impurities at levels greater than 10 ppm. In
order to insure penetration of the rf magnetic
field into the metallic bronze samples, all NMR
experiments were performed on powdered sam-
ples. Crystalline samples were well ground and
suspended in paraffin in order to insure electrical
isolation of particles smaller in size than the 7-
MHz skin depth.

The principle measurements in this study in-
volved the observation of the NMR properties of
the '"W nuclei in Na„WO, and Ll WG3 Ty the
spin-lattice relaxation time; K, the Knight shift;
and y" (&u), the absorption line shape, were nma-
sured as a function of alkali concentration using
pulse techniques over the temperature range.
1.35-4.2 K. Also studied at 298 K and VV K were
T, and K of Li in Li„WO, .

Tungsten has only one magnetic isotope, '"W,
with a natural abundance of 14/0. It has I = —,', and
hence a zero-electric-quadrupole moment, but
has a very small magnetic moment xvhich put
stringent demands on the NMR spectrometer. A

pulsed NMR spectrometer was assembled based
upon a Magnion superconducting solenoid and cry-
ogenic system Model No. CF50-150-1000C which
was operated at 40 kC. At that field, the '"W
resonance occurred at 7 MHz. A single coil probe
of two turns in the Helmholtz configuration deliver-
ing an H, of 95 0 over a sample volume of about
1 cm' was employed. Following phase coherent

'
detection, the resulting signal-to-noise ratio for
a '"W spin echo in Na„WO, at 4.2 K was approx-
imately 2:1. Iterative signal averaging was then
accomplished using a Biomation No. 610B trans-
ient recorder and a Nuclear Data No. ND 800 En-
hancetron memory unit.

'Li has a y„almost ten times as large as "'W and
thus did not require the large Ho the '"W work did.
The resonance was observed at 14 MHz, corres-
ponding to a field of 8.5 kG obtained from a Harvey
Wells electromagnet. Room-temperature K mea-
surements of 'Li in Li„WO, were made with re-
spect to an aqueous Li,804 solution using cw tech-
niques. The cw spectrometer was based upon a
Varian V4230B crossed coil probe and V4210A
variable frequency rf unit.

The measurements in this work were accom-
plished using standard pulsed NMR techniques.
All '"W measurements were made on the spin
echo which facilitated the separation of the nuclear
signal from the ringdown of the transmitter pulse.
Ty was measured by monitoring the recovery of
the echo following a 180' pulse (180'-SO'-180' pulse

TABLE I. Samples used in this work.

Nominal x Method of production Chemical analysis x X-ray x

Na~Vi703

0.22

0.25

0.30

0.35

0;40

0.57
0.74
0.84

Electrolysis and
diffusion

Electrolysis and
diffusion

Electrolysis and
diffusion

Electrolysis and
diffusion

Electrolysis and
diffusion

Electrolysis
Electrolysis
Electrolysis

0.22

0.26

0.31

0.36

0.40

0.55

0.18

0.25

0.30

0.37

0.42

0.57
0.74
0.84

X-ray a (A)

0.42
0.49

Electrolysis and
diffusion

Electrolysis and
diffusion

I

Electrolysis
Electrolysis

0.27

0.32

0.42
0.49

3.735

3.731

3.722
3.722
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FIG. 3. '8 W Knight-shift results from this work.

sequence). Knight shifts of '"W in the bronzes
were determined by measuring the frequency shift

'

of the center of gravity of the bronze resonance
with respect to the '"W resonance in tungsten
metal in a mixed bronze and metal sample at
constant H, . The center of each resonance was
determined by studying the beat pattern in the
echo as a function of frequency using phase co-
herent detection. The '"W line shapes in the sodi-
um bronzes we&.e obtained by integrating the full
spin echo while sweeping the frequency, using a
variation of the technique described by Clark. "
The integration was performed using a PAR CW-1
boxcar integrator. The 'Li T, 's were measured
by following the recovery of the free induction de-
cay following a saturating comb of 90' pulses.

The '"W T, results are portrayed graphically
in Fig. 2. Figure 3 presents the '"W Knight-shift
results. The zero of Knight shift used in the val-
ues for K was the position of the '~W resonance
in noncubic WO, . The shift between the ' W res-

onance in tungsten metal and WO, was measured
in earlier work" as +1.062% at 298 K with a varia, -
tion of no more than 0.01/p down to 4.2 K." Rep-
resentative absorption line shapes are shown in
Fig. 4 with the frill widths at half maxima plotted
in Fig. 5. The Li results are listed in Table II.

An attempt was made to observe the "0 reson-
ance in Nao ~W03 ' 0 is the only magnetic isotope
of oxygen. It has a nuclear moment sixteen times
as large as that of W but has a natural abun-
dance of only (3.7 &10 ')%. Nevertheless, calcu-
lations indicated that in a bronze sample, the "0
signal at 14 MHz should be slightly stronger than
'"W at 7 MHz. The attempt at observing the "0
echo failed. It is possible that the "0-conduction-
electron coupling is so weak in the bronzes that
T, is very long, making the iterative signal-av-
eraging process ineffective. Alternatively, or
concurrently, the electric quadrupole broadening
of the resonance due to a deviation from cubic
symmetry at oxygen sites may make the reson-

X = 0.40
.X = 0.84

FIG. 4. Bepresentative ~ W absorption line shapes, X "(m), from. this work. Direction of increasing'frequency is
left to right.
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FIG. G. 3W linewidths in Na„%03. Full widths at
half maxima obtained from absorption line shapes.

ance unobservably broad. Such distortions have
been observed in optical birefringence" and neu-
tron diffraction'~ studies of the sodium bronzes.

TABLE II. ~Li NMR results.

0.27

0.32

0.42

0.49

77
300
77

300
77

300
77

300

R (ppm)

9+13

-14+18

53+ 4
70~8
54+6
65+ 12
70+ 6
35+6'
70+ 6
39~7 .

INTERPRETATION OF RESULTS

The principal features of the '"W K and T, data
inNa„WO, maybe summarized as follows. Through-

- out the range of alkali concentrations studied, T,T
was independent of temperature between 1.35 and
4.2 K indicating the dominance of metallic con-
duction-electron hyperfine coupling in determin-
ing the resonance properties. Consistent with
previous results, all the measured '"W Knight
shifts were diamagnetic suggesting that 5d core
polarization is the principal coupling mechanism.
Over the high alkali concentration range (x&0.40),
the x variations of K and (T,T) '/' are consistent.
with the linearly varying Fermi-surface density
of states of the ReO, -like W 5d(t, ) conduction-
band model. The range of samples with x&0.57
duplicates the range of '"W measurements made
by Fromhold and Narath. " Their results show
relaxation rates approximately 30% slower and
Knight shifts about 0.03% more negative than those
measured in the present work. However, the x
dependence of the data is comparable. In the con-
centration range 0.22 &x&0.40, both K and

(T,T) '/' deviate from the predictions of linear
extrapolation of the high-x results, with the K
data dropping off more sharply than (T,T) ' '. lt
should be noted that x=0.40 is that concentration
at which a sharp change in slope of the "Na
(T,T) '~' data. occurs (Fig. 1).

Tunstall' has suggested that the enhanced low-x
"Na relaxation rates could result from an increase
in the correlation time ~ of the electronic hyperfine
field at the nucleus due to strong scattering of the
conduction electrons in the low mobility. bronzes.
This mechanism was described by Warren" in
connection with the liquid semiconductors. In the
strong scattering situation, in which the mean
free path is on the order of the lattice constant,
the standard expression for the spin-lattice re-
laxation rate IE(l. (5)j may no longer be applicable.
The derivation of this expression assumed, through
suitable averaging over the conduction-electron
system with the Fermi function, that a nucleus,
in effect, interacts with the entire sea of elec-
trons. In the strong scattering situation, T,' ~ v

(assuming the nuclear Larmor period is much
longer than v). Thus, as the electron mobility
decreases and 7 increases, an enhancement of
the relaxation rate would occur. The electron
spends more time around a given nucleus, slowing
the fluctuations in the hyperfine field, increasing
the correlation time. Warren defined an enhance-
ment parameter q such that:

where (T,)K',„is the spin-lattice relaxation rate
predicted by the Korringa relation (5). ~arren
further related this parameter to the conductivity.

TJO = 0'o .
o, has a typical value of 3000 (Qcm) '. Thus,
q=s at x=0.25. It is difficult, therefore, to at-
tribute the enhancement in T,' of "Na more than
partially to this mechanism, since the enhance-
ment experimentally for Na, »WO, is greater than
50. Furthermore, such a mechanism would not
discriminate between "Na and '"W nuclei, so
that equal enhancement of the '"W and "Na rates
would be expected. This is inconsistent with the
experimental results shown in Figs. 1 and 2.

The persistence of the linear variation of the
Fermi-surface density of states, as indicatedby the
specific-heat and magnetic susceptibility results,
coupled with the enhanced "Na spin-lattice relaxa-
tion rates and the diminished "'W relaxation rates
and Knight shifts suggest there is an alteration in
the hyperfine coupling of the conduction electrons
to the sodium and tungsten nuclei at concentrations
below x=0.40. These results imply a change in the
nature of the conduction-electron wave function
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at the Fermi surface.
The expressions for a particular component of

the Knight shift and spin-lattice relaxation rate
may be written:

&--~ IIhy&i

(T,)-,'=4~a(y„H* )'[&,p(E,.)]'I T6, ,

(9)

(10)

y= ~(y,h) p(E~) . (13)

The magnitude of the sodium 3s component of the
conduction-electron wive function in Nao»WO3
required to produce the observed "Na relaxation
rate may be determined as follows. For Na, »WO3,
(T,) '=5x 10 ' s '. From specific-heat data
p(E~) = 1.3 x 10" cgs units per unit cell. The hy-
perfine field may be estimated from thevalue of the
hyperfine coupling constant for atomic sodium.

H„, = 0.7ma(s)c jy„ (14)

a(s) =0.0296 cm ' (Ref. 26). The factor O.V ac-
counts for the effects of conduction-electron
screening. Equation (14) results in a contact hy-
perfine field for sodium of 2.8&10' 6 per Na 3s
electron. For the contact interaction 5,.= 1. Equa-
tion (10) then yields o, =0.10. Thus a 10% sodium
3s character to the conduction-electron wave func-
tion at the Fermi surface is sufficient to produce
the observed "Na spin-lattice relaxation rate in
Nao»WO, . The Knight shift associated with this
interaction may be calculated from (9). K;=+70
ppm. The x-independent experimental Knight shift
is -65 ppm at 4.2 K, seemingly inconsistent with
the theoretical result.

Sodium 3p wave-function admixture is also a
possible source of "Na low x relaxation. P elec-
trons, having zero amplitude at the nucleus, will
couple only indirectly via the contact term to the
nucleus through the core polarization mechanism.

(T,) '= ~ (T,),.' and K=+K,-. (11)
i

p(E~) is the Fermi surface density of states for
one spin direction per unit cell. u,- is the frac-
tional admixture of a particular wave function.
Hhf is the hype rf ine field pe r e le ctron for the ith
component and 5, is the numerical constant for
the particular coupling mechanism involved as
originally defined in Eq. (5).

Mixing of Na 3s states in the conduction electron
wave function is a possible source of the enhanced
"Na relaxation. S electrons couple to the nucleus
through the Fermi contact interaction.

H„,(eontaet) = —', mP(~C (0) ~')s (12)

(~4(0) ~')s is the wave-function amplitude at the
nucleus averaged over the Fermi surface. The
susceptibility X, is the spin susceptibility.

H„,(orbital spin) = 0.7(2P)(r ') . (16)

(x ') is an expectation value for the Na 3p orbital.
For the orbital mechanism I5,.=—', , for the spin
dipolar 5,- = —,', , for p electrons. " Thus, the total
relaxation rate from these two mechanisms is:

(T,) '=—",4 @h.(2P)(o 7)( '&F lp'(E )@T. (17)

From atomic beam measurements'o (r ') =-1.7
~ 10' cm ' for sodium 3P state, which results in
ahyperfinefield of 2.2 x 104G. From Eq. (17), then,

H„,(core polarization) = —,
' vP ~4„(0)~'. (15)

le„(0)~' is the total probability density at the
nucleus obtained by summing over all pairs of
inner-shell s electrons whose exact spi. n cancel-
lation is altered by the exchange interaction with
the 3p electron. Unrestricted Hartree-Fock cal-
culations ' indicate that the polarization of the 1s
shell is opposite in sign and partially cancels that
of the 2s shell of sodium. These calculations
yield ~+,~(0) ~'=3.0x10" cm '. Thus for sodium
3p core polarization, the hyperfine field per 3P
conduction electron is 2.4 x 10' G. For 100/q Na
3p character, n,.=1, Eq. (10) yields a, Knight shift
of only 6 ppm, which would constitute only a minor
contribution to the observed ~Na Knight shift. For
d electrons, 5 for core polarization is the recipro-
cal of the orbital degeneracy. " Applying this rule
to three degenerate p orbitals, 5, = 3. This re-
sults in a core polarization relaxation rate for "Na
of 1.2 && 10~ s ' at 4.2 K which is very small com-
pared to the measured rate of 5 && 10 ' s ' for
Nap 25WO3 These rough calculations indicate that
core polarization would not produce the enhanced
sodium relaxation rate even if the entire Fermi-
surface conduction-electron wave function were
of Na 3p character.

The direct coupling of the orbital and spin dipolar
magnetic moments of the 3p electron to the nu-
cleus provide alternate relaxation mechanisms.
The coupling of both these moments to the nucleus
can provide relaxation mechanisms while having
minimal effect on the Knight shift, an effect ob-
served in the ~'Na results. This differentiation
is possible because the Knight shift depends upon
the average hyperfine field while the spin-lattice
relaxation results from the fluctuations. The
average spin dipolar interaction is zero in a cubic
environment. " The orbital 3p Knight shift would
likely be small due to quenching of the average
orbital magnetic moment. The degree of Na 3p
admixture required to produce the observed
Nao»WO, Na relaxation rate via the orbital and
spin dipolar interactions may be estimated as
well.
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n,.=2.3. Since n,-=1 would imply 100% Na, 3p char-
acter to the wave function, this result indicates
that the orbital and spin dipolar hyperfine coupling
of 3p conduction electrons as described by Eqs.
(10) and (17) would be inadequate to account for
the observed "Na Na, »WO, relaxation rate. To
make this model tractable, an enhanced relaxa-
tion, perhaps due to strong scattering, with q at
least 5, must be invoked.

The models presented based on a partial shift
in the nature of the conduction-electron wave func-
tion at low x from W 5d to Na 3s or 3p are in rough
qualitative agreement with the '"W K and T, data.
These models predict a weakening of the electron-
ic coupling to the '"W nuclei and therefore dimin--
ished Knight shifts and relaxation rates. However,
alone, these models are unable to account for the
more precipitous drop of the Knight-shift data
below x=0.40. Furthermore, the "W Knight
shifts coupled with the line-shape results (Fig. 6)
indicate that for the lowest-x samples, parts of
the absorption lines actually correspond to positive
Knight shifts. These positive shifts are difficult
to explain solely in terms of 5d core polarization.
Thus the possibility exists of a partial W 6s ad-
mixture. The hyperfine coupling constant for "'W
is a(s) =0.065 cm ', so that the contact W 6s hy-
perfine field would be+2.9 && 10' G. The deviation
of the '"W Knight shift at x = 0.25 from the extra-
polated high-x value is about+0. 1%. Assuming
+0.03% of this deviation is due to a 20% reduction
in the 5d character of the wave function, employ-
ing Eq. (9) results in ~,.=0.08. Thus an 8% W 6s
component to the conduction-electron wave func-

tion would produce the observed positive deviation
in the Na, »WO, "-'W Knight shift. The accom-
panying 6s contact spin-lattice relaxation rate at
4.2 K from Eq. (11) would be 1.5 x 10 ' s ' and
would be a non-negligible contribution to the ob-
served rate of 9 x 10 ' s '. Although the 6s con-
tribution to the Knight shift would be opposite in
sign to the 5d core polarization shift, the relaxa-
tion rate would provide a small addition to the
total relaxation rate. Therefore, the low-x '"W
Knight shifts would be expected to drop more
sharply then the relaxation rates, consistent'with
experimental results.

The x dependence of the '"W Knight shifts in
Li„WO, is similar to the Na„WO, data. In the range
0.27 & x ~ 0.49, the slopes of the.K vs x plots ap-
pear similar. Unfortunately, Li WO, crystals
with concentrations much greater than 0.40, the
turning point on the Na„WO, Knight-shift plot, can-
not be grown. The Lio 49W03'"W Knight shift hints
that the slope might be changing. However, within
the limits of experimental uncertainty, such an
assertion cannot be made with a clear conscience.
The '~W T,'s and T,*'s are comparable to their
Na„WO3 counterparts, so that the '"W results in
Li„WO, give no clear indication that the Li„WO,
and Na„WO, systems are very different.

There appears a contrast between Na„WO, and
Li WO, in the NMR properties of the alkali nuclei.
For Na, »WO„ the "Na T, was measured as 2.1
s at 77 K. This may be compared with the 'Li re-
laxation time at 77 K for Lio»WOS of 53s. For
magnetic conduction-electron relaxation via s
electrons (T,) ' is proportional to [y„a(s)]'. There-
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fore if for Lip 27WO3 the same admixture of Li
2s as Na 3s wave function is assumed, then using
values of a(s) from Knight, "the 'Li T, should be
only 2.3 times as long as the "Na T, .

The '"W resonance in Na„WO, exhibits an in-
homogeneously broadened absorption line. The
spread in frequency of the line is much greater
than would be predicted by T„ the spin-echo phase
memory time, which is governed by '"W-'"W
nuclear-spin coupling. T, is about-25 ms for "W;-
in Na„WO, ." Thus the width of the '"W resonance
if determined by the distribution of local fields
due to the dipolar fields from neighboring nuclei
would only be about 20 Hz. The width of the mag-
net inhomogeneity field distribution was less than
1 kHz across the sample. Whereas, the experi-
mental linewidths ranged from 5 to 11 kHz. Clear-
ly, the '"W lines are broadened by a distribution
of local environments logically related to the
random occupancy of sodium sites. As the '"W
nucleus has a zero-electric-quadrupole moment,
a distribution of local Knight shifts is the most
likely source of the broadening. The linewidths
are appreciable compared to the total range of
'"W Knight shifts in Na„WO, indicating a wide
range of local '"W environments in each sample.
For a random distribution of filled alkali sites,
Gaussian absorption line shapes would be expec-
ted, assuming H„, is independent of x„,~. Fur-
ther, since in such a random-distribution model
50'%%up occupancy provides the greatest number of
equivalent arrangements, a linewidth dependence
upon x which is peaked at x= 0.50 would be ex-
pected. The line shapes for the two highest x
samples exhibit a definite Gaussian shape (the x
=0.84 line is shown in Fig. 4). However, a clear
asymmetry develops in the lines for xs0.57 (note
the x=0.40 line also shown in Fig. 4). This asym-
metrical broadening is also evidenced in Fig. 5
which shows the low-x linewidths not dropping
off as would be expected from a simple random
distribution model. These results are not surpris-
ing, as the K and T, results indicate that H„, is x de-
pendent below x=0.40. It is also logical that the
slight asymmetry first appears in the x = 0.57
line. In the Na, 57WO, lattice, substantial regions
undoubtedly exist for which x„„,&0.40.

CONCLUSIONS
I I

Band structure

The following model appears to provide the sim-
plest and most consistent explanation of the NMH
results. For large alkali concentration (x&0.40),
the cubic Na, WO, band structure is adequately
described in terms of a rigid ReO, -like W 5d(t, )
conduction band with the alkali atom donating its

valence electron to this band, and the Fermi sur-
face density of states varying linearly with x.

Below x=0.40 the enhanced "Na relaxation rates
and the diminished ' 'W Knight shifts and relaxa-
tion rates suggest an alteration in the nature of the
Fermi-surface conduction-electron wave function.
Admixture of Na 3p states in the low-x wave func-
tion inadequately accounts for the enhanced "Na
relaxation as the Na 3p hyperfine coupling is too
weak. A model requiring at x=0.25 only 10% Na.

3s along with 8% W Gs character to the wave func-
tion is more consistent with a variety of experi-
mental results. The conduction band in this model
retains the essential W 5d character at low x and
consequently the Fermi- surface density of states
which varies linearly with x. The sodium com-
ponent of the wave function provides a mechanism
for the enhanced "Na low-, x relaxation rates. The
decrease in the tung'sten character of the wave
function at low x diminishes the "'W relaxation
rates while the W 6s component provides a pos-
itive contribution to the '"W Knight shift, causing
its sharp low-x decline. The reason for the ab-
sence of the Na 3s paramagnetic contribution to
the Na Knight shift is somewhat unclear. The
high-x negative "Na Knight shifts are attributable
to polarization of the "Na core due to the overlap
of W 5d electrons. Perhaps the alteration of this
core polarization by the admixture of the spatially
more extensive W 6s state could provide an ad-
ditional negative component to the "Na shift ex-
plaining the apparent discrepancy.

Metal-semiconductor transition

The variation of the "Na T, data with x indicates
the conduction electrons are not confined to metal-
lic clusters with local density x=1 as is proposed
in simple percolative conduction models of the
bronzes which assume only nearest-neighbor link-
ages between cells with filled alkali sites."'"
If such were the case, the NMH properties of "Na
would be x independent, since all "Na nuclei would
be contained in metallic clusters looking like
NaWO, . Only the size and number of these regions
would change with x. The recent correlated site
percolation picture of Webman et a/."which hy-
pothesized nonrandom clustering of filled alkali
sites in metallic clusters of 100 A extent also
appears inconsistent with the '"W absorption line
shapes. The broad '"W absorption lines suggest
a distribution of local environments incompatible
with appreciable nonrandom clustering. Percola-
tion ideas undoubtedly have some validity for al-
kali concentrations near the metal-semiconductor
transition in a disordered system such as the
bronzes. However, to extend this picture to con-
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centrations much above the transition does not
seem warranted. Observation of metallic pockets
in semiconducting bronze crystals, would give
credence to percolative ideas close to the trans-
ition. Unfortunately such efforts have been hamp-
ered by the inability to grow cubic samples on the
semiconducting side of the transition.

There seems little evidence to support the hy-
pothesis of a Mott-type transition' in the bronzes.
There is no firm indication, like the enhanced
and temperature-dependent magnetic susceptibility
and Knight shift in the Si:P system, ""to suggest
that close to the transition the conduction electron
gas is highly correlated in the bronzes. Through-
out the entire range of concentrations studied, the
'"% Knight shifts evidenced no temperature de-
pendence between 1.35 and 4.2 K.

Mott37 recently has proposed the occurrence of
Anderson localization at x= 0.20 in the cubic
bronzes. The bronzes certainly qualify as a dis-
ordered system in the Anderson sense, and the
temperature dependence of the Hall constant and
conductivity below x= 0.25' do suggest the approach
of the Fermi level to a mobility edge. However,
the experimental evidence does not warrant a
firm acceptance of this model at this time.
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