JOURNAL OF SOLID STATE CHEMISTRY 54, 346357 (1984)

The Nonmetal-Metal Transition and Phase Separation in the

Europium-Ammonia System*-{

P. S. HSU, C. B. ZIMM1, anp W. S. GLAUNSINGERS$
Department of Chemistry, Arizona State University, Tempe, Arizona 85287

Received April 23, 1984

The coexistence curve of Eu—~NH; solutions has been determined by visual observation and electron
paramagnetic resonance (EPR). A nonmetal-metal transition is evident in Eu-NHj solutions, and the
miscibility gap is the most pronounced among the metal-ammonia (M—NH;) systems that have been
studied. The critical concentration and temperature are 1.30 mole% metal and 321 K, respectively. The
coexistence curve has a parabolic shape within close vicinity of the critical point, which strongly
suggests the existence of long-range interactions and cluster formation. EPR spectra indicate that the
cation—electron interactions in these solutions are weak, so that the valence-electron concentration in
M-NH; solutions is probably the primary factor in determining the nature of the nonmetal-metal
transition. The coexistence curve and associated critical parameters for Eu-NHj solutions are com-

pared to those obtained for other M—NH; solutions.

Introduction

Metal-ammonia (M-NHj) solutions ex-
hibit a rich variety of physical behavior as
the metallic concentration is varied, and
during the past century they have served as
most useful model systems for developing
and testing concepts in solution chemistry
(1-5). In very dilute solutions the metal is
ionized, with the valence electron(s) of the
metal surrounded by solvent molecules.
The solvated electron has an extremely
long lifetime in M-NH; solutions and has
been the subject of numerous investiga-
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tions. As the metallic concentration is in-
creased, electron—ion interactions become
important and a variety of associated spe-
cies can be formed involving M* and e,
such as M, M—, M,, and ¢, where M is
either an ion pair or an expanded-metal
monomer, M~ is a diamagnetic anion re-
sulting from the addition of an electron to
the ion pair or monomer, M, is a
diamagnetic dimer formed from the union
of two ion pairs or monomers, and e isa
diamagnetic dielectron species consisting
of two electrons in close proximity. At in-
termediate concentrations the electronic
wavefunctions overlap sufficiently to cause
a nonmetal-metal transition, which is dra-
matically illustrated by the miscibility gap
in the phase diagrams of many M-NH; so-
lutions. One advantage of these solutions
over solids for detailed studies of this tran-
sitional region is that they are not plagued
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F1G. 1. Coexistence curve for Na—NH;, solutions (8).
Abscissa in mole% metal (MPM).

by abrupt structural transformations (6).
Finally, in the concentrated region M-NH;
solutions behave as relatively simple liquid
metals, although the M-NH; compounds
that can be formed by freezing concen-
trated solutions exhibit some of the most
unusual and remarkable properties of any
solids (7).

One of the most striking properties of
many M—-NH; solutions is the immiscibility
of dilute and concentrated solutions over a
wide range of temperatures and composi-
tions. The Na-NH; coexistence curve,
which has been very carefully measured by
Chieux and Sienko (8) and is depicted in
Fig. 1, is typical of the phase behavior of
these solutions in the region of the non-
metal-metal transition. Above the critical
temperature 7., Na-NH; solutions are ho-
mogeneous. However, below T, within the
miscibility gap, these solutions separate
into two distinct phases: a more dilute,
blue, nonmetallic liquid and a more concen-
trated, bronze, metallic solution. As
pointed out by Chieux and Sienko (8), such
a coexistence curve bears a very close re-
semblance to that postulated by Krumhansl
(9) for dense metal vapors shown in Fig. 2.
He argues that phase separation may well
accompany the insulator-metal transition
due to the much different electronic free
energies of these two electronic phases.
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F1G. 2. Schematic phase diagram for dense metal
vapors exhibiting an insulator-metal transition (9).

Taking free energies appropriate to a van
der Waals fluid at large atomic volumes (in-
sulating phase) and to a Wigner-Seitz metai
at small atomic volumes (metallic phase),
the general variation of the free energy with
atomic volume both below and above T, is
schematically represented in Fig. 3. For T
< T, a first-order phase transition is ex-
pected at atomic volumes corresponding to
the two points of common tangency. For T
= T., the two points converge, and the two
electronic phases become mixed. Histori-
cally, Pitzer (10) first recognized the above
analogy between the nonmetal-metal tran-
sition in M-NH; solutions and vapor-lig-
uid condensation below 7.. He proposed
that NH; can be regarded as a dielectric
medium in which the metal atoms undergo
a vapor-liquid condensation below T, with
the nonmetallic solutions corresponding to
a gas of metal atoms and the metallic solu-
tions to a pure liquid metal.
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F1G. 3. Schematic variation of the free energy with
atomic volume near the insulator-metal transition (9).
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In spite of the close similarity between
Figs. 1 and 2, there is not a one-to-one cor-
respondence between the electronic prop-
erties of M—NH; solutions and the behavior
predicted in Fig. 2. Although there is in-
deed a nonmetal-metal transition as the
metallic concentration is increased in the
one-liquid region above T, the transition is
not abrupt, as originally proposed by Mott
(11). Careful measurements of the shape of
the coexistence curve near 7. by Chieux
and Sienko (8) in Na-NHj; solutions and
Teoh et al. (12) in Ca-NH; solutions have
indicated that it is parabolic for (T, — T)/T.
= 1072, which is in agreement with the pre-
dictions of both simple molecular-field and
van der Waals theories. Widom (/3) has
considered the coexistence curve for a fluid
near its liquid—vapor critical point and
found that for parabolic curves the intermo-
lecular forces extend to infinity. Such con-
siderations led Sienko (14) to suggest that
the origin of the parabolic coexistence
curve in M-NHj; solutions may involve
long-range interactions and cluster forma-
tion. Although there have been no reports
of the direct observation of clusters in M~
NHj; solutions, the formation of clusters or
microprecipitates in imperfect solids is a
ubiquitous phenomenon. In fact, one antici-
pates the formation of dynamic clusters in
these solutions as a result of density fluctu-
ations, where fluctuations to lower density
tend to localize electrons and fluctuations
to higher density are conducive to elec-
tronic delocalization. If such clusters in-
deed occur near the nonmetal-metal transi-
tion in M—NHj; solutions above T, then the
transition would not be expected to be
abrupt due to the statistical distribution of
cluster sizes. In this case, the observed
phase separation within the miscibility gap
may represent a macroscopic manifestation
of the coexistence of nonmetallic and me-
tallic clusters in M—NH; solutions.

Several, but not all, M—-NHj; solutions ex-
hibit phase separation (/5). A miscibility
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gap exists in Li- (16), Na—(8), K- (/6), and
Ca-NH; (12) solutions, but not in Rb (/7)
and Cs-NH; (/8) solutions. Empirically,
phase separation seems to occur when the
radius of the cation (rjz+) is substantially
lgss (<0.1 A) than the radius of NH; (=1.5
A). On this basis, Eu-NH; (rg2+ = 1.12 A)
solutions as well as the other divalent M-
NH; solutions should show phase separa-
tion, but to date they have not been studied
in any detail.

In this paper we present and discuss the
results of our determination of the coexis-
tence curve of Eu-NH; solutions and asso-
ciated critical parameters and compare
these results to those obtained for other M-
NH; solutions.

Experimental

Anhydrous ammonia, purchased from
Matheson, was 99.99% pure. High-purity
natural Eu was supplied by Ames Labora-
tory at Iowa State University, and enriched
Eu (*Eu—98.8%) was obtained from Oak
Ridge National Laboratory. All samples
were prepared on a high-vacuum line by re-
acting Eu with NHj; in a specially cleaned 3-
mm-i.d. quartz electron paramagnetic reso-
nance (EPR) tube. The tubes were sealed
carefully because they had to withstand the
relatively high interval pressures (=40 atm)
when the samples were heated to tempera-
tures as high as 350 K. The solution con-
centration was varied between 1074 and
14.3 mole% metal (MPM).

Although a variety of techniques have
been employed to identify phase bounda-
ries in M-NH; solutions, with the most
common ones being visual observation
(16), vapor-pressure determinations (/9),
and electrical-conductivity measurements
(20), they all have their individual draw-
backs. With the visual method, it is often-
times difficult to differentiate the two
phases near the phase boundary, particu-
larly at higher temperatures where decom-
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position is more pronounced. Vapor-pres-
sure measurements are plagued by the
hydrogen evolution accompanying decom-
position. Most quantitative studies of the
phase diagrams of M-NHj solution have in-
volved measurements of the temperature
dependence of the electrical conductivity,
but even here variations in the distribution
of the two phases as well as the conductiv-
ity temperature coefficient within a given
phase have caused difficulties.

We have used direct visual observation
as the primary method for determining the
phase boundaries in Eu—-NH; solutions. We
resorted to this technique because of the
instability of these solutions and the high
temperatures required to map out the misci-
bility gap (7. = 321 K), which frequently
necessitated a relatively rapid determina-
tion of the phase boundary. For tempera-
tures below ambient, a dry-ice ethanol bath
(195 K) was prepared in a 4-liter Dewar
containing a heater to increase the tempera-
ture, and a magnetic stirrer to ensure tem-
perature homogeneity. For temperatures
above ambient, a stirred oil bath was em-
ployed, and the temperature was regulated
with a hot plate. In general, the sample was
shaken, immersed in a constant-tempera-
ture bath stable to within 0.1 K, and then
withdrawn from the bath briefly to deter-
mine if either one or two phases were
present. If two phases were observed, then
the temperature was raised in 10 K incre-
ments until only one phase was present.
Then the temperature was decreased very
slowly until the second phase just reap-
peared, which corresponds to a point on the
temperature vs composition phase diagram.
For a given composition, the temperature
of the phase separation was the same both
on heating and cooling cycles. Below ambi-
ent temperature, duplicate and triplicate
determinations on the same sample were in
good agreement. However, above ambient
temperature, the solutions were sufficiently
unstable that repeated experiments on the
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same sample were usually difficult, so that
normally three independent preparations of
the same sample were used to evaluate the
reproducibility of the phase separation. The
phase separation was reproducible to better
than 2 K, and the data reported in this pa-
per represent the average values for three
successful independent determinations.
EPR has been used as a secondary tech-
nique for phase-boundary determinations.
A Bruker-IBM ER 200-D spectrometer op-
erating at X-band in the range 100-700 K
was used for these experiments. The modu-
lation frequency was 100 kHz, and the mi-
crowave power was reduced sufficiently to
avoid saturation. The sample height was
about 1 cm, so that the entire sample could
be placed in the TE 5, EPR resonator. The
temperature gradient along the vertical di-
mension of the sample was less than 1 K.

Results

Several samples having a Eu concentra-
tion above about 0.5 MPM were surpris-
ingly stable in that they could be heated to
temperatures as high as 350 K without sig-
nificant decomposition. Moreover, in con-
trast to other M—NH; solutions (except Yb—
NH; solutions (27)), Eu-NH; solutions
separate into a blue insulating phase that
floats on top of the bronze metallic phase.

The coexistence curve for Eu~NH; solu-
tions determined from both visual observa-
tions and EPR is shown in Fig. 4. For com-
parison, the corresponding coeXxistence
curves for the alkali M-NH; solutions (/6)
are also reproduced. It is apparent that the
Eu-NH; curve has a very pronounced max-
imum, a much higher T, and a substantially
lower x. than the alkali M—=NH; solutions.

The available data on the coexistence
curves for Ca-NH; (/2) and Yb-NH; (2/)
solutions are compared to the Eu-NH;
curve in Fig. 5. Qualitatively, the Ca—NH;
and Eu-NH; curves are similar, but 7 is
higher and x. lower for the latter system.
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Fi1G. 4. Comparison of the coexistence curve for
Eu-NH; solutions with those for the alkali metal-am-
monia solutions (/6).

The data for Yb—NH; solutions do not ex-
tend to low enough concentrations to define
the miscibility gap. The critical concentra-
tions and temperatures of M—NH; systems
are summarized in Table I, where it is evi-
dent that x. decreases and 7. increases in
going from monovalent to divalent metals
dissolved in NH;.
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Fi1G. 5. Comparison of the coexistence curve for
Eu-NH; solutions with those for Ca~NHj; (2) and Yb—
NH,; (21) solutions.

The phase diagram of the Ca-NH; sys-
tem (22) over a wide range of compositions
is shown in Fig. 6. The maximum melting-
point bump near 14 MPM is indicative of
compound formation at the stoichiometry
Ca(NHj;)s, which has been confirmed in

TABLE 1
CRITICAL POINTS OF METAL-AMMONIA
SOLUTIONS
X T.
Solution (MPM)~ (K)*
Li-NH; 4.32 209.7
Na-NH; 4.12 231.5
K-NH; 4.35 203.2
Ca-NH; 1.68 290.0
Eu-NH; 1.30 321

7 Values from Li~, Na—, K-, Ca—, and
Eu-NH; solutions are from Refs. (16),
(14), (16), (12), and this work, respec-

tively.
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F1G. 6. Phase diagram of Ca-NH; solutions using a
logarithmic concentration scale (22). The open triangle
represents our measurement of the melting point of
Ca(NH,),, and the open circle is a point on the Eu—
NH,; phase diagram determined by EPR.
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several solid-state studies (7). However,
we have found that the Ca(NH,)s com-
pound melts near 260 K from visual obser-
vation, EPR, and previous resistivity (23)
measurements. It is noteworthy that the
two-liquid region of the Ca—-NHj; phase dia-
gram extends to very low concentrations,
so that care must be exercised to avoid
phase separation even in dilute solutions.
Dilute Eu-NHj; solutions also separate at
lower temperatures, but in these solutions
the tendency is even more marked than in
Ca-NH; solutions (see Figs. 5 and 6).

We have found EPR to be an extremely
useful secondary technique to probe the
phase diagram of Eu-NH; solutions. In
these solutions there are two distinct para-
magnetic species: Eu?*, which has a spheri-
cally symmetric electronic configuration
4f75525p% in the ionic state 85,5, and un-
paired electrons, which become increas-
ingly delocalized as the metallic concentra-
tion is increased. The nuclear magnetic
moment of Eu (**'Eu = 47.8% abundant, /
= 5/2; 3Eu = 52.2% abundant, I = 5/2)
provides another magnetic probe of these
solutions via the hyperfine interaction. In a
first-order approximation, a six-line hyper-
fine pattern is produced for each isotope,
with the ratio of the hyperfine coupling con-
stants, A, equal to that of their nuclear mo-
ments, i.e., SIA/194 = 15,/15%, = 2.269. In

samples containing natural Eu, 1A can be -

determined from the separation of the low-
and high-field peaks in the hyperfine pat-
tern, and **A can then be calculated from
the relation "3A = 1514/2.269 (24). More-
over, the possible presence of Eu(NH,),
from sample decomposition poses no prob-
lem, because it is insoluble in these solu-
tions (25) and has a characteristic EPR sig-
nal (26).

The EPR spectra in Eu-NHj; solutions
strongly depend on both concentration and
temperature. The concentration depen-
dence of the EPR spectra is illustrated in
Figs. 7-9. In the most dilute solutions (10~*
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MPM) the EPR spectrum consists of a sin-
gle, narrow, symmetrical Lorentzian line
having a peak-to-peak linewidth of about 2
G and a g-factor of 2.000. Both the EPR line
and g-value strongly resemble those for di-
lute alkali M-NH; solutions (25, 27),
where the spectrum has been attributed to
solvated electrons. Since the integrated in-
tensity of this line corresponds to about
twice the Eu?* concentration, and the line
disappears upon sample decomposition, we
also conclude that it must be due to solva-
ted electrons. However, the linewidths are
nearly an order of magnitude greater than
those in dilute alkali M-NH; solutions.
Therefore, magnetic interactions between
solvated electrons and Eu?* cations, which
enhance the electronic relaxation rate and
hence broaden the solvated-electron line,
persist even at concentrations as low as
10~ MPM.

As the concentration is increased within
the dilute range, the solvated-electron line
broadens due to the increasing magnetic
Eu?* reservoir to which the solvated elec-
tron relaxes, and the EPR spectrum of Eu?*
appears (Fig. 7). Only the Eu?* spectrum
can be observed above about 5 x 1073
MPM, and in the dilute range the hyperfine
interactions can be resolved (Figs. 6 and 7).
The EPR spectrum shown in Fig. 7b can be
fitted with 314 = 36.7 G, 134 = 16.2 G, and
g2 = 1.996, which are characteristic of Eu?*
(24).

Although such dilute solutions show no
evidence of phase separation, in more con-
centrated solutions phase separation is ap-
parent in the Eu?* EPR spectra (Fig. 8). At
higher concentrations (=2 x 1072 MPM) in
the one-liquid region, only a single asym-
metric line is observed, presumably be-
cause exchange interactions between the
Eu?* moments average out the hyperfine in-
teraction, and because the electrical con-
ductivity is sufficiently high to prevent the
microwaves from penetrating the sample
uniformly (skin effect) (24). Upon phase
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Fi1G. 7. Typical first-derivative EPR spectra for di-
lute Eu-NH; solutions containing enriched Eu
(3Eu—98.8%) (a) and natural Eu(b). The sample tem-
perature and microwave frequency are 225 K and 9.40
GHz. The solvated-electron line as well as the six-line
1S3Eu?* hyperfine structure are resolved in spectrum
(a), and in spectrum (b) primarily the Eu?* hyperfine
splitting is observed. There is no phase separation at
these concentrations.

separation, there are two distinct phases in
the microwave resonator, with each phase
having its characteristic EPR spectrum.
Since the linewidth increases with concen-
tration due to the increasing magnetic dipo-
lar interactions between the Eu?* cations,
the more dilute phase has a smaller line-
width than the more concentrated phase.
The effect of phase separation on the Eu?*
EPR spectrum is illustrated at two concen-
trations within the miscibility gap in Fig. 8.
These EPR spectra can be decomposed into
narrow and broad components, due to the
more dilute and more concentrated phases,
respectively. At any point within the misci-
bility gap derived by visual observation,
both the concentrations and relative
amounts of the two phases can be estimated
and then used as a preliminary check on the
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EPR data. Using this procedure, we have
found that the composite EPR spectra are
in good qualitative agreement with the visu-
ally observed coexistence curve, both in
terms of the relative intensities of the two
lines and their linewidths. In the latter case,
we found that the two linewidths were
nearly equal to those of two solutions pre-
pared at compositions derived from the co-
existence curve and held at temperatures
just above the phase boundaries. Hence,
EPR provides a useful technique to map out
the coexistence curve for Eu-NH; solu-
tions. In general, we have found that visual
observation and EPR determinations of the
coexistence curve are in good agreement,
with EPR being the more sensitive tech-
nique at both low (<0.2 MPM) and high (=4
MPM) concentrations.

In the metallic region, the EPR lines are
highly asymmetric and have the character-
istic Dysonian lineshape for slowly diffus-

F1G. 8. Typical first-derivative EPR spectra for Eu-
NH, solutions within the miscibility gap at 255 K and
9.40 GHz. Phase separation is evident in spectra (a)
and (b), and the lines due to the more dilute and con-
centrated phases are indicated by single and double
arrows, respectively.
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F1G. 9. Typical first-derivative EPR spectra for con-
centrated Eu-NH; solutions at 255 K and 9.50 GHz.
Only one phase appears in spectrum {(a), whereas two
phases are evident in spectrum (b). Single and double
arrows identify the lines due to the more dilute and
concentrated phases, respectively.

ing magnetic moments (experimental asym-
metry parameter = 2-2.5 above about 6
MPM). As shown in Fig. 9, at 255 K only
one phase can be detected at 7 MPM,
whereas two phases appear at 10 MPM. Al-
though we have not made a detailed study
of the phase behavior in the metallic region,
reference to the phase diagram of Ca—~NHj;
solutions in this same region (Fig. 6), which
probably closely resembles the Eu-NH; di-
agram, suggests that at 255 K only one
phase is present, whereas there are two
phases that may exist at 10 MPM. How-
ever, since the width of the narrow line
(=300 G) is nearly equal to that in solid
Eu(NHs)¢ (24), the very broad component
(width = 900 G) must originate from a new
phase having a much higher Eu content, or
possibly from Eu or Eu(NH,),, which have
linewidths of 1300 (28) and 1000 G {26),
respectively.
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Discussion

The thermodynamic behavior of different
systems near their critical points, such as
phase separation in a binary liquid, liquid-
vapor condensation, magnetic ordering,
etc., is remarkably similar and is best de-
scribed in terms of critical exponents and
order parameters (29). The critical-expo-
nent approach has the advantage of univer-
sality resulting from the very long-range
fluctuations that occur near the critical
point, which obviates the need to consider
the details of short-range interactions. The
order parameter measures numerically the
degree and type of ordering near the critical
point, and its choice is dictated by the na-
ture of the transition. For instance, the or-
der parameters for phase separation, lig-
uid-vapor condensation, and magnetic or-
dering are concentration, density, and
magnetization, respectively. Using this ap-
proach, the general shape of the coexis-
tence curve describing phase separation in
M-NH; solutions near the critical point can
be written (30)

(X| - Xz)/zxc = [(Tc - D/TC]B: (1)

where 8 is the critical exponent and x; and
x, are the mole fractions of M in NH; in the
more concentrated and more dilute phases,
respectively. Theoretically, we expect 8 =
% if the molecular-field, van der Waals, or
Landau theories are valid, in which case
the intermolecular forces have an infinite
range, and 8 = § and 0.313 for the quantum-
mechanical two- and three-dimensional Is-
ing models, respectively (29). The underly-
ing difference between the Landau and
Ising theories is the existence of fluctua-
tions, which are neglected in the former.
The Landau theory applies rigorously if the
interaction range is infinite, because in this
case fluctuations cannot occur. Experimen-
tally, the Landau theory should provide a
good description of critical behavior if the
interactions have a sufficient range. Con-
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FiG. 10. Logarithmic plot of (x; — x;)/2x. vs (T, — T)/
T, for the coexistence curve of Eu-NH; solutions. For
(T, — T)/T, = 1071, the critical exponent g is 1/2.3.

sistent with this expectation, the Landau
theory has been predicted to apply when (7
~ DIT. » Z7!, where Z is the number of
interacting neighbors (31). Therefore, the
Landau theory could be obeyed quite close
to T, if the cluster size is sufficiently large,
with a crossover to Ising behavior very
close to T..

In order to compare theory and experi-
ment, a logarithmic plot of (x; — x2)/2x, vs
(T. — T)/T. for Eu—-NHj; solutions is shown
in Fig. 10. For (T, — T)/T. in the range 3 X
1073 to 6 x 10°2 MPM, we find 8 = 1/2.3,
which is fairly close to the value predicted
using Landau’s theory. Assuming that the
Landau theory is valid as long as Z > T.J/(T,
— T), we estimate Z > 330, so that cluster
sizes are probably of the order of a few
thousand atoms.

Values of the critical exponent 8 for Li-,
Na—, K-, and Ca-NH; solutions are also
close to 1. Table Il summarizes the availa-
ble values of 8 for M-NHj solutions, the
lowest measured reduced temperatures [(T,
— T)/T¢]min, for which 8 = 3, and the corres-
ponding lower limit to the cluster size, Zyy,,
near the critical point in the Landau region.
It appears that the Landau theory is obeyed
approximately for (T, — T)/T, = 2 x 1073
and that the cluster sizes near the critical
point are quite large. Teoh et al. (12) have
suggested that electronic screening of the
cation—electron and electron—electron in-
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teractions by the mobile electrons in M-
NHj; solutions provides the mechanism for
the apparent long-range interactions in
these solutions. Presumably, the three-di-
mensional Ising theory is obeyed and 8 = 3
very close to T.. Indeed, there is a sugges-
tion of a crossover to 8 = § in Na-NH;
solutions for (T. — VT, = 2 X 1073 (8).
Thompson (32) has pointed out that 8 may
need to be renormalized due to the pres-
ence of mobile electrons, which can be con-
sidered to be a hidden variable present at
relatively high concentration in conductors.
Such hidden variables can result in a higher
value of 8 above a certain reduced tempera-
ture (T, — T)/T., which depends on the mo-
bile-electron concentration. This possibility
is supported by the observation of 8 close
to 3 in conductors if (T, — T)/T,. = 1072,
whereas B is close to 4 in nonconductors
(32). Hence, we expect the reduced tem-
perature at crossover to depend on the elec-
tron concentration, which is nearly the
same in all M—NH; solutions that undergo
phase separation (see Table I), so that their
crossover reduced temperatures should be
nearly the same.

The above critical-exponent approach
emphasizes the similarities in diverse sys-
tems near their critical points. However, it
is clear from Table I that there are some
important differences between M-NH; so-

TABLE I1
CRITICAL PARAMETERS OF METAL-AMMONIA
SOLUTIONS
Solution B (T. — DT )min Zin
Li-NH, 12.2 2 x 10} 500
Na-NH; 1/1.99 2 x 1073 500
K-NH;, 12.3 3 x 1073 330
Ca-NH, 1/2.2 2 x 102 50
Eu-NH; 123 3 x 1073 330

4 Values for Li-, Na—, K—, Ca—, and Eu~-NHj solu-
tions are derived from Refs. (16}, (8), (16), (12), and
this work, respectively.
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lutions, especially between the monovalent
and divalent metals. For monovalent M-
NH; solutions, x. and 7, are approximately
equal in Li-, Na-, and K-NH; solutions,
presumably due to their chemical similar-
ity, and their average values are 4.2 and 215
K, respectively. Sienko (14) first pointed
out that the valence-electron concentration
in these solutions at 4 MPM is very close to
that calculated using the Mott criterion for
a nonmetal-metal transition:

n = (0.25/an)?, 3)

where n is the valence—e¢lectron density, an
= eh¥4m’m*e? is the Bohr radius of the
electron, ¢ is the dielectric constant, and
m* is the effective mass of the electron.
Since phase separation does not occur in
Rb and Cs-NH; solutions due to the large
size of the cations, it appears that T, de-
creases with increasing ionic size, which
also occurs in going from Na to K-NHj so-
lutions (see Table I). The origin of the
anomalously low T, in Li-NHj; solutions is
unclear, but it may be related to the rela-
tively strong attractive forces between Li
and NH; (33), which leads to the unique
compound, Li(NH;),, among the alkali
metals.

The situation in divalent M-NH; solu-
tions is more complex. The valence—elec-
tron concentrations of the Ca-NH; and Eu—
NH; solutions at x. are lower and their T.’s
much higher than those of the alkali M-
NHj; solutions. The lower values of x, seem
surprising at first, since one anticipates that
the electron—cation Coulomb attraction
should be greater for the divalent metals,
which should result in a higher x. values
than for the monovalent metals. However,
according to Eq. (2), the lower x. values for
the divalent metals could result from a
larger ay, which implies that e/m* is larger
than for the monovalent metals. Since ¢
should be slightly smaller for divalent M-
NH; solutions due to the decreased orienta-
tional polarizability of NHs, the larger &/m*
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probably results from a smaller m*. If we
assume that £ is a constant, then the lower
values of x. for divalent metals can be ac-
counted for if m* = 0.9 m, where m is the
electron mass. It is not unreasonable that
such “‘light”’ electrons exist in divalent M-
NH; solutions, since, using solid-state ter-
minology, their metallic properties origi-
nate from the spillover of electrons into the
second Brillouin zone or band overlap, in
which case the electrons lie near band
edges where m* generally differs from m.
Also, in contrast to alkali M-NH; solu-
tions, in Ca and Eu—-NH; solutions x. de-
creases and T, increases with ionic size
(reaz+ = 0.99 A and rg2+ = 1.12 A). The
origin of this behavior is unclear, and its
general validity must await the determina-
tion of the coexistence curves of the other
divalent M-NH; solutions.

In addition to confirming the phase sepa-
ration observed visually in M-NH; solu-
tions, the EPR spectra provide information
on cation—electron and electron—electron
interactions in M—NH; solutions and are in
qualitative agreement with previous work
in the one-liquid region (25, 34). In particu-
lar, the observation of the EPR spectra of
solvated electrons, both solvated electrons
and Eu’t, and Eu?* as the concentration is
increased indicates that electron—cation in-
teractions are weak. That there is indeed
some cation—electron interaction follows
from the broadening of the solvated-elec-
tron line with increasing concentration as
well as the weak exchange interactions and
low estimated magnetic ordering tempera-
ture in Eu(NHj;)s (24). This weak cation—
electron interaction implies that weakly
bound ion pairs, rather than monomers, are
formed in the dilute range and that mag-
netic dipolar interactions make an impor-
tant contribution to the linewidth. It follows
that the cation—electron interaction and
ion-pairing should be even weaker in the
monovalent alkali M-NHj; solutions. In this
case, the electron spin pairing that occurs
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in M-NH; solutions perhaps involves e3”,
rather than cation—electron species like e —
Eu?t—e~, since it is difficult to envision how
such weak ion-pairing could produce a
diamagnetic singlet state. These results
support the idea that the valence-electron
concentration in M—NH; solutions is the
primary factor in determining the nature of
the nonmetal-metal transition. Complete
details of our EPR investigation of Eu-NH;
solutions will be the subject of a future
publication.

Conclusion

The miscibility gap in M-NH; solutions
provides one of the most striking examples
of a nonmetal-metal transition, and the Eu—
NH; system has the most pronounced mis-
cibility gap among the M-NH; solutions
that have been investigated. The parabolic
shape (8 = 3) of the coexistence curves in
M-NH; solutions within close vicinity of
their critical points strongly suggests the
existence of long-range interactions and
concomitant cluster formation.

Several possible mechanisms for the non-
metal-metal transition in M~NHj; solutions
have been discussed by Thompson (15), but
to date no completely satisfactory theory
has been developed. One of the most in-
trigning questions is whether the driving
force for the transition is primarily struc-
tural or electronic. In this regard, it is per-
haps appropriate to compare the situ-
ation in M—-NH; solutions to that in solids
exhibiting a nonmetal-metal transition,
which is normally accompanied by a struc-
tural distortion. VO, is a particularly inter-
esting example, because there is a substan-
tial electronic component to the transition
(6). In VO,, the distortion to a lower-sym-
metry nonmetallic phase containing V-V
pairs apparently occurs in an attempt to
avoid the formation of the metallic state, in
which such pairing is absent. Here the in-
crease in entropy on formation of the
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metal is overcome by the decrease in elec-
tronic energy accompanying partial local-
ization. The same considerations may well
apply to M—-NHj; solutions, where an analo-
gous clustering of metal atoms may occur
to prevent the formation of the metallic
phase.

Both qualitative determinations of the
coexistence curves for Sr, Ba, and Yb—NH;
solutions as well as very precise measure-
ments for one M—-NH; solution very near T
are needed if any further progress is to be
made in our understanding of the critical
behavior of M—NH; solutions. Na-NHj so-
lutions are the best candidates for detailed
study, because the miscibility gap is most
pronounced among the alkali metals, the
solutions are quite stable near T, and pre-
cise data already exists down to reduced
temperatures of about 1072. We feel that
neutron diffraction represents the best
technique to make a precise determination
of the coexistence curves of M-NH; solu-
tions, since large samples can be used to
minimize decomposition, precise tempera-
ture control is possible, and the actual dis-
tribution of the nonmetallic and metallic
phases will not influence the results. As
Mike Sienko would have said, such mea-
surements should definitely be pursued, but
in someone else’s laboratory.
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