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Compounds of the type K,WO,..,F, have been prepared by solid-state reaction of KF, WO,, and W at 900”. 
X-ray powder diffraction patterns correspond closely to those of hexagonal, tetragonal, and cubic potassium 
tungsten bronzes. The magnetic susceptibility of KO.lWO F 2 9 0. I, as measured with a vibrating sample magneto- 
meter, shows a very small, temperature-independent paramagnetism. Fluorine-19 NMR studies have been 
carried out on a series of mixtures with x and y lying between 0.014 and 0.16. Knight shifts, measured at 298°K 
and 77”K, were less than0.001 + O.OOlO/O. Spin-lattice relaxation times, T,, measured as a function of temperature 
over the range 1.2-298°K by a continuous-wave, fast-passage technique and a 90”-90” pulse method, were 
observed to be proportional to inverse temperature for both K0.0L4W01.91F,,.09 and KQ.1W02.84F,,16 but 
proportional to T-l/’ for K0.0s6W0 1.89 F O.ll. At 2.1”K, T, ranges from 2 set to 300 set, increasing with decreas- 
ing fluorine-plus-potassium content. Spin-spin relaxation times, T,, determined from free-induction decay and 
from the NMR line-width, are of the order of 100 ysec, decreasing with increasing fluorine-plus-potassium 
content and with decreasing temperature. Results suggest a conduction-electron relaxation mechanism for the 
19F resonance and are consistent with a tungsten 5d(t,&oxygen pi overlap model for the conduction band in 
the tungsten bronzes. 

Introduction 
The tungsten bronzes, M,W03, are nonstoichio- 

metric compounds in which M (an alkali metal, 
alkaline earth metal, lanthanoid, Pb, Tl, H, or NHJ 
is an interstitial dopant in a tungsten-oxygen matrix 
derived from the insulator WO, (I). When the 
concentration of M is small, the bronzes are semi- 
conducting (2), but when x exceeds about 0.25 the 
behavior is generally metallic. Arguments in favor 
of a change from localized to delocalized electrons 
at x = 0.25 have been given on the basis of a simple 
Mott theory (3). In the metallic region, magnetic 
susceptibility (4), single-crystal conductivity (.5), 
Hall voltage (6), and Seebeck effect (7) agree quite 
well with a slightly modified free-electron theory. 
A quantitative fit of conductivity and Seebeck 
coefficient as functions of temperature and con- 
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centration has been obtained for Na,WO, using the 
perturbation theory of Howarth and Sondheimer for 
polar scattering by optical-mode lattice vibrations in 
the limit of high degeneracy (8). 

Still, the nature of the conduction band has not 
been settled. Mackintosh (9) proposed for Na,WOx 
the use of sodium wave functions. That these are not 
3s functions can be deduced from an observed 
absence of a 23Na Knight shift (20). Neither does it 
seem likely, as suggested by Mackintosh, that they 
are 3p functions, lowered by the crystal field enough 
below the 3s levels to exclude practically all 3s 
character. Finally, the observation by Ferret& 
Rogers, and Goodenough (II) that pure stoichio- 
metric Re03 shows metallic conductivity, even 
without the presence of alkali doping, conclusively 
excludes the need of using alkali-atom wave 
functions. 

Keller, on the other hand, has suggested that the 
conduction band is composed of tungsten 6s 
functions (12). That this is not the case is shown by 
the NMR studies of Narath and Wallace (13) who 
found no Knight shift for the 183W resonance, as 
would have been the case if there were finite 
conduction-electron density at the tungsten nucleus. 
Rather, by correlating the resonance shift with the 
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electronic specific heat measured by Vest, Griffel, 
and Smith, (14) they concluded that non-s tungsten 
states contribute significantly to the conduction- 
band states. Following the work of Morin (15) on 3d 
oxides, Sienko (16) has suggested that the W03 
conduction band arises from overlap of the three 
5d(t,,) orbitals of a tungsten atom. Goodenough 
(17), on the otherhand, believes that tungsten- 
tungsten separation is too large to give direct overlap 
of the 5d orbitals and that a Z- band involving 
mixing of W 5d and oxygen pr orbitals is more 
likely. Gerstein, Thomas, and Silver (18) have 
calculated overlaps for the cubic sodium tungsten 
bronzes using Slater orbitals with exponents 
adjusted to match SCF functions and find from 
overlap considerations alone that a conduction band 
formed from d-pr mixing of tungsten and oxygen 
orbitals is reasonable. The degree of W-O mixing is, 
however, attenuated by the large energy difference 
between the two sets of orbitals (19). For this reason, 
the direct overlap band arising from equal-energy 
5d(t,,) orbitals on adjacent tungsten atoms cannot 
automatically be rejected as an appropriate de- 
scription for the conduction electrons in tungsten 
bronzes. 

In an attempt to decide between d-d and d-Opn-d 
overlap models, this investigation was undertaken 
to exploit NMR as a technique for defining electron 
density variations at magnetic nuclei. Since “0 was 
not economically feasible as a suitable probe, 19F 
substituted for oxygen was chosen on the assumption 
that, although F is more electronegative than 0, 
little perturbation of the band structure would occur 
if the amount of F substitution were kept small. 
No 19F Knight shift from the conduction electrons 
was expected because of the p-orbital node at the 
nucleus, although a small negative shift could occur 
as a result of core polarization. The main thrust of 
the investigation was to examine the behavior of the 

spin-lattice relaxation time T,. For conduction- 
electron relaxation, T1 is inversely proportional to 
temperature; relaxation due to paramagnetic im- 
purities is independent of temperature, and relaxa- 
tion through lattice vibrations is much slower than 
would be expected for conduction electrons. 
Finally, since T, is a function of the density of states 
in a conduction-electron mechanism, it is expected 
to decrease with increasing concentration of 
electrons in the conduction band. The following 
report describes the preparation, characterization, 
and study of magnetic and magnetic-resonance 
properties of fluoride-doped tungsten bronzes. 

Experimental 

Preparation 
Mixtures of W, W03, and alkali fluoride were 

ground together in an agate mortar in proportions 
to yield compounds of the formula M,W03-,F,. 
Reagent grade chemicals were used throughout 
except for the W03 which was Fisher “purified”. 
Mixtures were sealed in evacuated platinum capsules 
and heated and cooled under varying conditions of 
temperature, reaction time, and cooling rate. Some 
of the mixtures were reground and reheated, but 
even then products were generally mixtures having 
X-ray powder patterns corresponding to the tungsten 
bronzes or the reduced tungsten oxides. In a typical 
reaction, heating was continued for 30 hr at 900”, 
followed by cooling at 20” per hr. 

Analysis 
The series of compounds from the capsule 

reactions was analyzed by the Analytical Facility of 
the Cornell University Materials Science Center. 
Results of the analyses are shown in Table I. 
Calculated compositions are based on proportions 
of starting material. All samples were water-washed 

TABLE I 

CHEMICAL ANALYSIS OF POTAWUM FLUOROXIDE BRONZES 

y. Found 

Designation Nominal composition W F K Actual composition 

CC) K0.o7iW0~.9&o.o,~ 75.9 f 0.4 0.68 0.23 K o.DMW~L~IFO.O~~ 
(9 Ko.zWOL&.I 73.9 0.87 0.88 Ko.o~~W~Z.&O.,, 
(E) Ko.l1W0m&x,, 76.0 1.03 - &.I,W%&,.I~ 
(F) Ko.isWO~.&.,, 90.5 0.96 4.08 Ko.~W~~&M 
09 Ko.IsWO~&.IJ 77.7 zk 1.6 1.27 k 0.06 1.64 &.IW~~FO.M 
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prior to analysis: samples (C), (D), and (F) were also 
leached in aqueous HF for 5 days. 

Fluoride was determined by direct potentiometric 
measurement of fluoride activity with an Orion (20) 
ion-selective electrode using the method of Raby and 
Sunderland (21). Tungsten and potassium were 
determined by thiocyanate calorimetry and flame 
photometry, respectively. In all cases, authentic 
standards were prepared by treating mixtures of 
NaF and Na2W04 in the same manner as the 
unknowns. 

Samples for fluoride analyses were fluxed with a 
mixture of NaOH and NaN03 at 500” and then 
dissolved in distilled water. Since the fluoride 
electrode responds to fluoride activity, not con- 
centration, the ionic strength and pH were carefully 
controlled during these analyses. There are no 
known interferences with this method of fluoride 
determination. 

The erratic nature of the analytical results is 
believed to be due in part to incomplete reaction and 
in part to local variations in sample composition. 
Although the fluoride and potassium analyses 
appear self-consistent within moderate limits of 
error, the tungsten analysis appears to be less 
reliable. Repeated tungsten analyses on the same 
solution were reproducible to a few percent, but 
results from different samples of the same material 
varied widely. Sample inhomogeneity could well 
be the decisive factor. 

The sum of potassium and fluoride content for 
the sample of nominal composition Ko.,W2.9Fo.l 
was confirmed by measurement of total reducing 
power. Two samples of the bronze were dissolved 
in K&O3 solution containing Ag(CNS):-, and the 
precipitated silver was collected, dissolved in nitric 
acid, and determined by the Volhard method. The 
reducing power-i.e., the number of moles of 
electrons that can react with oxidizing agent per 
mole of compound-was found to be 0.147 and 
0.148 in the replicate runs, compared to 0.166 for 
the calculated value. 

X-ray Analysis 
Powder diffraction patterns were obtained with a 

General Electric XRD-5 diffractometer using Ni- 
filtered copper Ka radiation. Chart recordings were 
made at scan rates of 2” per minute and 0.4” per 
minute. The diffractometer 28-scale was calibrated 
with W and W03 powders. The rate meter was 
arbitrarily biased to place all background near zero. 
Intensities were normalized to the height of the 
strongest line. Patterns were assigned with moderate 
success on the basis of hexagonal plus either tetra- 

gonal or cubic unit cells. A few low-intensity lines 
at low angles, possibly due to tungstates, poly- 
tungstates, or fluorotungstates, could not be 
assigned. Typical line assignments, 2&values, in- 
tensity, and sin28-values are shown in Table 
II, corresponding in this case to Sample C, 
Ko.o,~WO~.F~FO.OW Table III gives the lattice 
parameters as determined for the samples used in 
the nuclear resonance studies. The X-ray pattern 
indicates that the compound of nominal formula 
Ko.3oWO2.7oFo.30 is entirely one phase, though the 
material itself appears to be a mixture of a red phase 
and a blue phase which if analogous to the pure 
potassium tungsten oxide bronzes are a tetragonal 
and hexagonal phase, respectively. Apparently, the 
tetragonal phase was not in high enough con- 
centration to appear in the X-ray data. 

Magnetic Susceptibility 
Magnetic susceptibilities were measured with a 

Princeton Applied Research Parallel Field Vibrating 
Sample Magnetometer, Model 150. The instrument, 
a prototype still under development, was equipped 
with a superconducting solenoid in which the sample 
in a lucite or nylon holder was vibrated by coupling 
to the diaphragm of a radio speaker. The voltage 
induced in a set of stationary pick-up coils was 
detected and amplified by a phase-sensitive lock-in 
amplifier. Temperature control was provided by 
helium gas derived from bleeding liquid helium from 
the magnet chamber through a capillary tube into 
the sample chamber. A small heater wound around 
the capillary allowed the entering gas to be warmed 
from liquid helium temperature to about 300°K. 
The temperature of the sample chamber was 
monitored by four sensors : two copper-constantan 
thermocouples, a gallium-arsenide diode, and a 
carbon resistor. 

Magnetic-moment measurements as a function of 
temperature were made for two samples of nominal 
compositionKo.o,W02.,IFo.o~andNao.,W02.~Fo.l. 
The instrument was calibrated with a small pellet 
of nickel. Measurements were made between 4.2” 
and 300°K at a field strength of 33 kG for the sodium 
sample and 16.5 kG for the potassium sample. 
Although there is a large scatter in the results, the 
magnetic behavior of the fluoride-doped bronzes is 
similar to that of the tungsten bronzes. There was no 
reproducible change of magnetic moment with 
temperature and the magnitude is of the same 
order-e.g., XM = 10 x 10m6, for Nao.1W02.,Fo.,. 
Despite difficulties encountered in use of an un- 
proven instrument, the sensitivity of the device was 
notable. It is unlikely that susceptibility measure- 
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TABLE II 

X-RAY POWDER DIFFRACTION DATA, K~.e,5W02.925F,.o,5(C) 

28 Intensity 

13.8 44 
23.0 100 
23.8 loo 

24.9 13 
26.8 14 
27.8 70 
28.6 24 
33.4 40 
34.1 26 
36.8 25 
39.2 12 
41.5 16 
42.3 17 
45.2 13 
47.0 20 
48.8 25 
49.3 31 
50.3 22 
51.4 14 
53.3 18 
54.8 22 
56.7 14 
57.4 20 
59.4 12 

sin2 0 sin* 0 sin* e 
(Obsd.) (Calc. hex) hkl (Calc. tetr) 

0.0144 
0.0399 
0.0425 

0.0465 
0.0537 
0.0577 
0.0610 
0.0826 
0.0860 
0.0996 
0.1125 
0.1255 
0.1302 
0.1477 
0.1590 
0.1707 
0.1740 
0.1806 
0.1881 
0.2012 
0.2118 
0.2255 
0.2306 
0.2455 

0.0145 
0.0400 

100 
002 

0.0435 110 

0.0535 111 
0.0580 200 

0.0835 112 

0.1000 
0.1120 

202 
211 

0.1305 300 

0.1600 004 
0.1705 302 
0.1740 220 

0.1885 310 

0.2115 114 
0.2260 204 
0.2320 400 

0.0405 001 
0.0428 200 

0.0535 210 

0.0619 111 
0.0833 201 
0.0856 220 

0.1261 221 

0.1475 311 

0.1714 400 

0.1796 321 

0.2117 

0.2476 

401 

222 

hkl 

TABLE III 

LATTICE PARAMETERS (A) 

Sample 
(nominal composition) Hexagonal phase 

Cubic or 
tetragonal phase 

&.o,~WOumFo.cm a,, = 7.43, co = 7.69 a,, = 7.45, co = 3.83 
Ko.,WOZ.&.I a0 = 7.38, co = 7.50 a,, = 3.83, c,, = 3.73 
&.,~~OL&.I~ a, = 7.43, co = 7.50 a,, = 7.64, c,, = 7.45 
Ko.,sWOz.ssFo.~~ a,, = 7.38, co = 7.59 a0 = 3.80 
K,.,WO,.,F,., a0 = 7.43, co = 7.69 none 

ments could have been made on these small samples Princeton Applied Research lock-in amplifier for 
of materials with small moments by any other phase-sensitive detection. The radiofrequency was 
method. 16 MHz for Knight shift measurements and 8 MHz 

for fast-passage measurements of the spin-lattice 
Nuclear Magnetic Resonance relaxation time T,. A saturated KF solution served 

Continuous-wave NMR measurements were as the fluorine reference signal in the Knight shift 
obtained with a Varian spectrometer and probe and a measurements. Knight shift spectra were recorded 
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TABLE IV 

RELAXATION TIME DATA FROM PULSE EXPERIMENTS 

Sample 
Temperature T, 

(“K) (Se4 
T2 

(ccsec) 

CC) 17 3.3 It 1 254 250 + 70 
4.2 loo*20 420 loo*15 
2.1 280 f 50 

CD) 77 3.4 + 0.4 261 100640 
4.2 17&2 71.4 1OOf 15 
2.1 24 z!c 3 52.5 lcQf15 
1.2 28 + 2 33.6 90f5 

W 77 3&l 154 200 f 30 
4.2 6.3 rt 1 26.4 50 + 10 
2.1 llf2 22.0 50% 5 
1.2 19*6 22.8 50+ 5 

(F) 4.2 3.0 f 0.4 12.6 - 60 
2.0 1.5 & 0.5 3.0 < 15 

on an x-y recorder with the x-axis driven by the 
retransmitting potentiometer of the Fieldial. Pro- 
cedure was to sweep first through the KF reference 
line, replace the standard in the probe by the fluor- 
oxide bronze, sweep through the bronze signal, and 
then repeat with the KF standard. Shift of the bronze 
line was determined with respect to the average of 
the two KF spectra. 

The spin-lattice relaxation time was measured at 
77°K by the fast-passage technique (22). In this 
method the nuclear magnetization, M, is reversed 
by sweeping the DC field, H,,, through the resonance 
value, Ho * = - w/y, in the presence of a relatively 
large rf field, Hi, of frequency w. The signal is 
observed at two consecutive fast-passages separated 
by time t. The first signal, at time t = 0, corresponds 
to a transverse magnetization equal to M,,. At the 
end of the passage i%f, = M,, and t seconds later 
IV, = M,[l - 2exp(-t/T,)]. The signal of the second 
fast passage is proportional to -M,, the negative 
sign being due to the fact that the first and second 
signals are observed starting from opposite sides of 
the resonance. Using rf fields of about 1 G and 
sweep rates of 250 G/min, T, was determined at 
77°K to be about 2.3 set, for K0.056W02.89F0.11 
(SampleD)andabout3.5sec,forK0.014W02.91F0.~86 
(Sample C). Figure 1 shows the plots of natural log 
magnetization vs. time from which the relaxation 
times were determined. 

At liquid-helium temperatures spin-lattice relaxa- 
tion times were determined by a pulse method in 
which the return is measured of the nuclear spin 

.o - 

a- 

.6- 

T, (fast passage) 

0 K,,,WO, es F,, T, .. 2.3 set . . 
0 Kn,, W02 s, F,,e6, -3.5~~ . . 

b 
t (set) 

0 

FIG. 1. Plot of natural log magnetization vs. time for 
determination of spin-lattice relaxation time T, by fast- 
passage technique. 

system to thermal equilibrium after a 90” pulse. 
A go”, or “killing”, pulse is applied by chasing t,, the 
duration of an rf pulse, and Hi, the strength of the 
rf field, so that yH, t, = 7~12, destroying magnetiza- 
tion in the z direction by nutating the spins into the 
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x-y plane. At time t after the killing pulse, when some 
of the magnetization has reformed in the z direction, 
a second 90” pulse is applied to tip whatever portion 

I I 1 I I I 
123456 

Seconds 

K.1 w”,,*4 F;e 

FIG. 2. Plot of natural log magnetization vs. time for 
determination of spin-lattice relaxation time T, by 90”~90 
pulse technique. Sample composition corresponds to 
&.IWOL.&.~~ (Sample B). 

of the magnetization has recovered back into the 
x-y plane. Immediately after the second pulse the 
signal is given by A4, = M,[l - exp(-t/T,)], and a 
plot of In [(MO - M,)/M,] vs. I gives a straight line of 
slope -T;'. Figure 2 shows representative data for 
&.1W02.84F0. 16 (Sample B). 

A block diagram of the pulse apparatus is shown 
in Fig. 3. Part of the output of a continuously- 
running master oscillator set at about 16 MHz is 
fed to a phase shifter and then to a gate circuit which 
opens on the arrival of a pulse from the timing 
circuits and stays open for the length of the pulse. 
While the gate is open the rf signal reaches a trans- 
mitter which amplifies the pulse and puts about 
2 kV peak voltage across a transmitter coil. A 
receiver coil, approximately perpendicular to the 
transmitter coil senses the nuclear signal and sends 
it to a receiver by which it is first amplified and then 
phase-sensitive detected. The other part of the 
output of the master oscillator goes to the receiver 
and provides for the phase-coherent detection. 
After detection, the signal is observed on an 
oscilloscope where it is photographed by a camera 
mounted on the scope. The pulse apparatus is 
similar in design to that built by Clark (23) and 
modified by Wayne (24). 

Spin-spin relaxation times, T2, were determined 
from the free-induction decay. Signals were observed 
about 10 kHz off resonance. The magnetic moment 
precesses with angular frequency yHo giving a 
nuclear-induction signal that beats with the rf 
reference signal. Since phase coherence persists for 
a time of the order of T,, there is an exponential 
decay of the beat signal with characteristic time T2. 
A plot of the natural log of beat intensity as a 

TRANSMITTER 

BLOCK DIAGRAM OF PULSE APPARATUS 

FIG, 3. Components of apparatus for determining spin-lattice relaxation time by 90°-90” pulse technique. The sample is 
in the coil in the lab field Ho. The H, represents the rf field applied by the crossed coils. 
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function of time gives a straight line with slope 
-T;‘. Figure 4 shows representative data for 
Ko.IWO~.WFO.~.S (Sample B). Values for T2 are 
order of magnitude guesses at 77”K, but improve in 
accuracy with improved signal at lower temperature. 

Table III collects the data obtained for T,, T2, and 
TIT as determined from pulse experiments for the 
four samples investigated by this technique. Figure 5 
gives a logarithmic plot of the T1 vs. T data. For 
Samples Band C, T, is close to inversely proportional 
to temperature at 4.2”K and below, whereas for 
Sample D, Tl is approximately proportional to 
T-li2. There are not enough data for Sample F to 
establish a trend. 

Discussion 
There are several relaxation mechanisms by which 

nuclear spins can reach thermal equilibrium with 
the lattice : interactions with conduction electrons 
in metals, interactions with paramagnetic centers, 
and lattice vibrations. In a metal, when an electron 
passes close to a nucleus, the nucleus experiences a 
relatively large time-varying field which may induce 
transitions between the magnetic-energy sublevels 

77.K 

T2 - 200 /LS 

I I 1 
100 200 300 

P’ 
K., woz a+F,e . . 

FIG. 4. Plot of natural log magnetization vs. time for 
determination of spin-spin relaxation time Tz by fre-e-induc- 
tion decay. Sample composition corresponds to K0.1W02.84 
lL16 (Sample N. 

of the nucleus, thus providing a relaxation path. 
The energy, hv, emitted or absorbed by the nucleus 
is taken up or surrendered by the electron by 
adjustment of its kinetic energy. Such a transition is 
possible only when there are vacant levels available 
to the electron-i.e., at the top of the energy 
distribution within a range of the order of kT of the 
Fermi level, Eo. Since hv Q kT, only kT/E, of the 
electrons can interact with the nuclei, or about 1% at 
room temperature. The probability of such a 
transition, W, is also related to the magnetic- 
interaction energy, E,, between the magnetic 
moment of the electron, pe, and the magnetic 
moment of the nucleus, pn, at their distance of 
closest approach, r12. In its most general form (25), 
it can be expressed as follows: 

W = 1/2T, = (37~~/8)“~ E, 2 kT/Eo2 A; 

4 = ~letd2. 

Thus, there is an rM6 dependence on separation of 
the dipolar spin-lattice relaxation rate for non-s 
electrons. Therefore, sodium 3p conduction elec- 
trons at the Fermi surface can provide a significant 
relaxation mechanism for 23Na nuclei. Similarly, 
tungsten 5d conduction electrons can provide a 
significant relaxation mechanism for lE3W nuclei 
without appreciably affecting the sodium nuclei (26). 

I I I 1111111 ,\, , , , I,,, 
I IO 100 

Temperature (OK) 

FIG. 5. Logarithmic plot of spin-lattice relaxation time 
T, vs. temperature for four fluoroxide bronzes. 
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It is also reasonable to expect that tungsten 5d 
electrons would have little effect on the lgF relaxa- 
tion, whereas fluorine 2p conduction electrons 
would have a large contribution to the lgF relaxa- 
tion. 

The contributions to relaxation rates in solids have 
complicated dependences. In well-characterized 
systems it is possible to calculate the contribution 
via contact interactions, core polarization, orbital 
interactions (i.e., interaction with the orbital 
momentum of unpaired non-s electrons), and spin- 
dipolar interactions. The separate contributions 
have been calculated by Yafet and Jaccarino (27) 
and by Obata (28) from the density of states at the 
Fermi level and fractional admixtures of d, p, and s 
states at the Fermi surface. However, there are too 
many variables in the bronze system, and the data 
are not enough to separate these. Nevertheless, the 
conduction-electron effects are inversely propor- 
tional to temperature (i.e., T, cc T-l), so it is 
possible to make some conclusions from the data 
available. 

Other relaxation mechanisms include exchange 
of energy with lattice vibrations and energy exchange 
with paramagnetic impurities. Relaxation through 
lattice vibrations would predict relaxation times 
which are long (about IO4 set at room temperature) 
and proportional to Tm2. Relaxation through 
paramagnetic impurities would predict relaxation 
times that are inversely proportional to concentra- 
tion and independent of temperature (29). 

The temperature dependence of Tl in Samples B 
and C is approximately inversely proportional to 
temperature. This behavior is expected if the pre- 
dominant relaxation mechanism is transfer of 
energy to conduction electrons. If this were the only 
mechanism and if core polarization-i.e., contact 
interaction resulting from polarization of core s 
electrons by non-s conduction electrons-were the 
only important conduction-electron perturbation 
acting on the spin system then one would expect the 
Korringa-like relation: 

T, TK2 = hye2/4rkq y,2, 

obtained by Yafet and Jaccarino (27) to give an 
estimate of the relationship between the Knight 
shift K and T,. Here q is a reduction factor which is 
given by the reciprocal of the orbital degeneracy of 
the conduction band. Calculation of the Knight 
shifts from T, values at 77°K gives results of the 
same order of magnitude as the observed shifts- 
i.e., &O.OOl%, or within the experimental uncer- 
tainty. (Orbital contributions to the Knight shift 
would be positive and tend to cancel the effects of 

core polarization. There are not enough data to 
separate the effects, however.) Deviations from 
linearity in Ti vs. T plots indicate the presence of 
more than one relaxation mechanism or more than 
one kind of fluorine. 

Abragam (30) has derived the theoretical depen- 
dence of T, on T for a semiconductor using Boltz- 
mann statistics, where the small density of electrons 
in the conduction band makes the electron gas non- 
degenerate; the result was Tl 0~ T-‘12. 

In Samples B and C the temperature dependence 
of T,, is clearly that of a metallic, conduction- 
electron relaxation mechanism, and not that of 
a semiconductor. Generally the tungsten bronzes 
with x < 0.25 are semiconductors; in the fluoride 
bronzes, however, it is necessary to consider not 
fluorine or alkali metal concentration alone, but the 
combination of the two since one electron is con- 
tributed by each fluorine and each alkali atom. In 
Sample B total reducing power, which is analogous 
to x for nonfluoride bronzes, equals 0.26; in C, it is 
0.1; in D, it is 0.17; and in F it is 0.36. The data 
suggest that Sample C and possibly also Sample B 
undergo a semiconductor metal transition on cooling 
from room temperature to 4.2”K. Without pure 
compounds or single-crystal resistivity data, this 
suggestion is speculative. 

In Sample D the temperature dependence of Tl 
does appear to be that of a semiconductor. It is not 
clear why there should be such a difference in 
behavior among the three samples. The chemical 
composition of D is intermediate between those of 
B and C, but the crystal structures are different in 
the three mixtures. All contain the same hexagonal 
phase, but the second phase in each sample is 
different. Sample B contains a small amount of 
cubic material and C and D contain d@rent 
tetragonal materials. It is not possible to tell 
whether one phase or another is fluoride-rich, but 
one could speculate that the dominant fluoride 
phases in Samples B and C underwent transitions 
from semiconducting to metallic states, whereas the 
fluoride-rich phase of Sample D did not undergo 
such a transition. Thus, the data are not necessarily 
inconsistent. 

In Sample F, T, is temperature independent within 
experimental error. This is the only one of the four 
samples with a reducing power significantly greater 
than 0.25. It is also the only sample with a single 
phase X-ray diffraction pattern, a hexagonal phase 
similar to that of the potassium tungsten bronzes. 
Remeika et al. (31) have found that hexagonal 
potassium bronzes which have been etched in HF 
become superconducting in the temperature range 
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5.7k3.31 “IS. Since Sample F, like Cand D but unlike 
B, was leached for five days in HF, it may be that in 
F a superconducting phase exists at temperatures 
less than 4.2”K. Above this temperature lines would 
be broadened by the presence of random distribution 
of potassium ions around the fluorines. As the 
temperature is lowered, T, would remain short 
because of the high concentration of electrons at the 
Fermi level. The T, for a metal increases as the 
temperature drops, but it has been observed in 
aluminum that if there is a transition to a super- 
conducting state TI decreases sharply and then 
slowly begins to increase again (32). The signals 
from a superconductor would probably be very weak 
unless the powder were very finely ground because 
of skin effects which prevent penetration of the rf 
radiation into the sample. 

As a general result for the four samples, the de- 
pendence of Tl T on reducing power is consistent 
with a conduction-electron relaxation mechanism. 
The increase in relaxation rate with increasing 
potassium plus fluorine content is to be expected 
from an increase in the density of states at the Fermi 
level as the band is filled. Although the lack of data 
on pure compounds allows only qualitative com- 
parisons, the relaxation rates appear to be strongly 
dependent on reducing power and to be relatively 
short. 

The Tl T for 19F is comparable to that found for 
ls3W in Na,WO, (26); i.e., 6.8 sec’K at x = 0.89, 
and 15.3 sec’K at x = 0.56. The T, T data for 19F 
are not available in this range of x values, but for 
reducing power x = 0.26, T, T is approximately 
equal to 22 sec’K; for x = 0.17, about 50 sec’K; and 
for x = 0.46, in the range 3.0-17 sec”K. We conclude 
then that at a given reducing value TI T values are 
about the same order of magnitude for the W and F 
nuclei. 

However, one cannot directly compare T, T 
values for different nuclei without taking account of 
the different magnetic moments of the nuclei. From 
the equation above for the transition probability 
W we get: 

VT, T Q pe2 PL,~V, 

or, more correctly (27, 28), using the squared 
expectation value of r -3 in place of re6, 

l/T, T CC ~e2~,,2 <r-3)2. 

The comparison between relaxation times for 183W 
and 19F can be written: 

0’1 T)wIV, Tb = r.lF2(r-3)F2/~W2(r-3)W2, 

where, using 2.63 and 0.115 for the nuclear moments 
of fluorine and tungsten, respectively, pLF2 /pw2 = 525. 
For (r3& we can take the value 7.5 a.u. from the 
estimate by Low (33) for Ws+ on the basis of electron 
paramagnetic resonance data. (A smaller value 
might possibly be more appropriate for the fluor- 
oxide bronzes, since the electrons are apparently not 
localized on the tungsten atoms.) For fluorine, the 
value of (r3& depends on the model chosen. If the 
fluorine does not participate in conduction-band 
formation-i.e., if the conduction band is formed by 
Wtzs - t2, overlap only-then an average 19F-to- 
electron distance can be approximated by the 
distance between 19F and a line joining two diag- 
onally opposite tungsten atoms. In an idealized 
perovskite unit cell with a, = 3.80 A, this distance 
would be 1.34 A. If we take (r-3)F = (1.34 A)-3 = 
0.062 a.u. then we would calculate 

(Tl T),/(T, T& E 525 (0.062/7.5)2 z l/28. 

The fact that (Tl T),/(T, T& is actually closer to 
unity suggests that the fluorine does indeed partici- 
pate in the conduction band. 

The above calculation is but approximate since it 
is quite sensitive to the choice of value for (r-3)W. 
The value chosen was the only published value 
available; if a value were estimated by comparison 
with other Group VI transition metals (34), (r-)) 
might be between 3 and 4 a.u., in which case (Tl T& 
would be calculated to be about 5-12 times (T, T),. 
Similarly if (r-3)F were taken to be 8.9 a.u., the 
value for 2p orbital of fluorine (35), then (T,T), 
would be 750 (T, T&. The observed values of T, for 
19F are nowhere near this short, but since the 
conduction band is presumed to be a pr* band the 
expectation value of r -3 would be changed in the 
direction of r > r2=, hence bringing (T, T& closer 
to the value of (Tl T),. 

At present there are too many parameters and 
unknowns in the fluoroxide bronzes to state un- 
equivocally that the Wt2g - tzs band model must be 
discarded. However, the data suggest that some p 
orbital contribution to the conduction band is 
necessary to account for the relaxation times 
observed. 
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