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Resolution of the Conductivity Dilemma in Liquid Solutions of Alkali Metals in Alkali Halides
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Nuclear magnetic resonance measurements are reported for liquid Na-NaBr, Cs-CsCl,
and Cs-CsI solutions containing less than 10 mole% metal. Correlation of the resonance
shifts, relaxation rates, and dc electrical conductivity shows that the electronic mobility
is independent of concentration in Na-NaBr, in sharp contrast with the cesium solutions.
The results provide an explanation for the apparently anomalous electronic conductivity
observed in liquid-sodium-sodium-halide solutions.

PACS numbers: 72.20.Fr, 71.50.+t

Solutions of low concentrations of alkali metals
in their molten halides exhibit an electronic con-
tribution to the electrical conductivity which has
been subject to speculation and controversy for a
quarter century. ' ' The electronic conductivity
u, is determined from the measured total conduc-
tivity 0 by subtracting the ionic contribution, as-
sumed to be that of the pure molten alkali halide,
i.e. , 0, =0' —vh, ~;d, . Attention has been drawn,
in particular, to an apparent anomaly in the con-
centration dependence of o, for Na solutions such
as Na-NaC1 or Na-NaBr at temperatures close
to the melting point (T ) of the pure halide. As
sodium is added to these solutions 0, increases
less rapidly than linearly in the mole fraction x
of added metal up to the maximum solubility de-
termined by a liquid-liquid phase separation. ~'
However, at temperatures closer to the critical
point (T,) for phase separation, or in solutions
involving the heavier alkali metals such as K
(Refs. 4 and 5) or Cs (Ref. 6) for which T, —T is
relatively small, ' 0, increases more rapidly than
x implying that the modiblity increases with metal
concentration. ' All the solutions exhibit continu-
ous metal-nonmetal transitions when T & T,.

In their early work, Bronstein and Bredig' sug-
gested that the curious behavior of the Na solu-
tions is due to formation of relatively stable
dimers Na, . Formation of these species would in-
creasingly reduce the nurnbex of conducting elec-
trons per added sodium atom as x increases.
They argued that the effect should be less pro-
nounced at higher temperatures or in the heavier-
metal solutions because of the lower stability of
the dimer under these conditions. In contrast,
Katz and Rice' and, later, Durham and Green-
wood" offered explanations based on decreasing
electronic mobiI|ities as the metal concentration
is increased in Na solutions. Katz and Rice sug-
gested that the conducting electrons might be-
come progressively more localized by disorder"

at higher concentration in Na solutions but not in
K solutions. Durham and Greenwood employed a
nearly-free-electron model" with increased dis-
order scattering at higher concentrations in Na-
NaCl solutions.

In this Letter we report and compare nuclear
magnetic resonance (NMR) data for Na„(NaBr), „,
Cs„(CsCl), „, and Cs„(CsI), „solutions. The
measurements resolve the controversy over the
Na solutions along the lines originally suggested
by Bronstein and Bredig. ' In clear contrast with
the Cs solutions, we find strong evidence that the
electronic mobility in Na„(NaBr), „ is essentially
independent of concentration out to the solubility
limit (x,„=0.055). The anomalous' conductivi-
ty behavior in these solutions is due to formation
of nonmagnetic, nonconducting states which re-
duce the effective number of conducting electrons.
We suggest that the stability of these spin-paired
species provides a connection between the elec-
tronic transport properties, the metal-nonmetal
transition, and the liquid-liquid phase separation.

There is strong evidence that the electrons in-
troduced by low concentrations of alkali metals in
their molten halides are far from being nearly
free" but are quite strongly localized. Optical ab-
sorption, ""NMH, "'"and electron-spin reso-
nance" studies show that these states are similar
to + centers, as originally suggested by Pitzer. "
Analysis of the nuclear relaxation rates for '"Cs
in Cs-Csl demonstrated that the average time of
interaction 7 of an electron and a particular nu-
cleus becomes comparable with the Iifetime of a
local ionic arrangement at low metal concentra-
tions (7 = 2&&10 "s). In this limit, where the
localized electrons may be assumed to produce a
Curie type magnetic susceptibility, the resonance
shift relative to the pure molten halide is"

where c, is the mole fraction of excess, unpaired

1983 The American Physical Society 1505



VOLUME $0, NUMBER 19 PHYSICAL REVIEW LETTERS 9 Mwv 198)

electrons, y, and y„are the electronic and nu-
clear gyromagnetic ratios, respectively, and
(A) is the magnetic hyperfine interaction con-
stant averaged over aQ resonant nuclear species.

The spin-lattice relaxation rate 1/T, depends
on both &, and the correlation time T characteriz-
ing fluctuations of the local hyperfine field. For
the usual nuclear Larmor frequencies (do -10',
the so-called extreme narrowing" condition (~, T

«1) applies and the relaxation rate is

1/T, = (c,/25')(A') T. (2)

Because of the possible formation of spin-paired
states, the spin concentration is unknown in gen-
eral (c,-x). Thus we eliminate ~, from Eqs. (1)
and (2) to obtain

1 2kT y„(A2) AH

T, t-' y, (A) H,
'

The present study is based on the application of
Eq. (3). For diffusive transport, the correlation
time 7 is related inversely to the electronic mo-
bility. With the reasonable assumption that (A')/
(A) is independent of concentration for dilute solu-
tions, the presence of a concentration-dependent
mobility will be revealed by curvature in a plot
of 1/T, against &H/Hc measured with varying
metal concentration at constant temperature.

Samples for NMR measurements were contained
in cells made from refractory oxide materials
(alumina and beryllia ceramic or sapphire) closed
with niobium-niobium cone seals. The seal of
niobium to the oxide cell had been performed on
the empty cell using either oxide glazes or nickel-
titanium brazing alloys. While these cells were
initially vacuum tight, they eventually leaked
alkali-metal vapor at the niobium-oxide seal.
However, the rate of metal loss was sufficiently
slow that it was possible to exploit Eq. (3) to cor-
relate 1/T, with &H/H, at varying metal concen-
trations after initial measurements at a well-de-

finedd

composition.
The NMR measurements were carried out in a

high-temperature NMR furnace which provided
an argon atmosphere to protect the niobium por-
tions of the cell from oxidation. A coherent
pulsed NMR spectrometer operated at 9.4 MHz
for "'Cs measurements and at 17.1 MHz for "Na,
"Br, and "Br. Spin-lattice relaxation times
were measured with standard &-tt/2 pulse se-
quences except in the case of '"Cs for which, as
a result of rapid relaxation, measurement of the
free-induction-decay lifetime &,* was more ac-
curate. A comparison of these methods con-
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FIG. 1. Nuclear relaxation rates vs resonance shift
at constant temperature for '3 Cs in Cs-CsCI and Cs-
CsI solutions (left-hand and upper scales) and ~3Na in
Na-Naar solutions (right-hand and lower scales). Shift
values corresponding to 5 mole% metal concentrations
are indicated by arrows.

firmed that Ty: T,*, as expected for the extreme
narrowing limit.

Our experimental results are summarized in
Fig. 1 where the relaxation rates are plotted
against &H/H, for Na and "'Cs in Na-NaBr,
Cs-CsCl, and Cs-CsI. This plot shows a clear
difference between the Cs solutions and Na-NaBr.
The former correlation is highly nonlinear, even
in the range 1-2 mole% metal whereas the Na-
NaBr data are linear within 10% nearly to the
phase boundary. Thus, according to Eq. (3), the
mobility is essentially independent of concentra-
tion in Na-NaBr but increases by roughly a factor
of 2 over the same concentration range in Cs-
CsC1 and Cs-CsI.

The conclusion that T and the mobility are inde-
pendent of concentration in Na-NaBr may be
tested further by comparison with the dc conduc-
tivity. We assume a diffusive transport mecha-
nism with jump rate T ' so that
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FIG. 2. Resonance shift (left-hand scale) and nuclear
spin-lattice relaxation rates (right-hand scale) versus
electronic conductivity for 23Na, ~ Br, and 8'Br in Na-
NaBr solutions. Upper scale shows Na concentration
scale. Nonzero intercept for 7 Br and 'Br is due to
background electric quadrupolar relaxation process
which is ineffective for 3Na. Data are shown only for
samples with well-defined compositions in leak-tight
cells.

yields a value (a')"'= 20 A for both the Cs and
Na solutions at the most dilute concentrations.
We take this to be the mean separation. of sites
favorable for electron localization in the molten
salt structure. When such a site or solvation
cavity is destroyed by ionic diffusion after a
typical time T; —10 "s, the electron moves to a
new site. Now if the lifetime T, of a spin-paired
species such as Na, is long compared with the
structural lifetime, i.e., &,»T~, formation of
these species simply removes electrons from the
conduction process without affecting the mobility
of the remainder. Eventually, of course, the con-
centration of such species becomes so high that a
second, metaQic phase is formed. This is the
case for Na solutions well below &,. Above &, or
for solutions such as Cs-CsCl we can infer that

7; so that there is rapid equilibrium bebveen
solvated electrons and, for example, dimers ~,:
2M +2e =M2. For this limit, formation and
dissociation of the dimer can enhance the conduc-
tivity and provide a concentration-dependent mo-
bility since the electrons may be localized at new
sites after dissociation. Eventua'ly, this process,
augmented by larger, short-lived species, would
lead to a metal-nonmetal transition. 2' Thus the
stability of spin-paired species relative to the
underlying liquid structure may govern the metal-
nonmetal transition which is discontinuous at the
phase separation, where T,» 7;, but becomes
continuous for short-lived clusters.

The authors are pleased to acknowledge stimu-
lating discussions with W. Freyland and N. Nico-
losoe

where ~ is the density of conducting electrons and
(a')"' is the mean jump distance. Now, if the
unpaired and conducting electrons are the same,
we have n =c,&,/& where &, is Avogadro's num-
ber and is the molar volume. The variation
of can be neglected at Iow concentrations so
that Eqs. (I), (2), and (4) imply AH/H, ~ o and I/T,
ceo provided that T is constant. In Fig. 2, a plot
of &H/H, and l/T, against v shows that this is in-
deed the case for "Na and "'"Br in Na„(NaBr), „
for x ~0.04. We conclude, therefore, that the
anomalous behavior of Na-NaBr is due primarily
to reduction of the number of conducting electrons
at higher concentrations by formation of states
which are both nonmagnetic and nonconducting.
Formation of Na, as suggested by Bronstein and
Bredig satisfies this criterion but our experi-
ments do not exclude other possib1e species.

Substitution of estimated values of T in Eq (4).
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