
JOURNAL OF SOL-ID STATE CHEMISTRY 4563-70 (1982) 

Electron- Electron Interactions in Expanded-Metal Compounds*: 

ANGELICA M. STACY,? PETER P. EDWARD&$ AND M. J. SIENKOrS 

Bder Laboratory of Chemistry, Cornell University, Ithaca, Nelc* York 14853 

Received April 29, 1982 

Magnetic studies by the Faraday method were carried out over the range 4.2-200K on a variety of 
structures in which lithium metal was progressively “expanded. ” At one extreme is tetrakisammonia- 
lithium(zero), Li(NH,),, which is Pauli metallic; at the other is monolithium [2.1. l] cryptate electride, 
the magnetic behavior of which is clearly nonmetallic. Intermediate, apparently just on the nonmetallic 
side of the metal-nonmetal transition, is the solid tetrakismethylaminelithium(zero), Li(CH,NH,),. 
The electronic behavior of these “expanded-metal” compounds is interpreted in terms of Hubbard 
bands and Mott-Anderson transitions. The dielectric constant of the host matrix is crucial for scaling 
the onset of metallic behavior. 

Introduction 

One of the most remarkable features of 
metal-ammonia systems is the deep eutec- 
tic that characterizes solidification of the 
saturated solutions (I). In the case of lith- 
ium-ammonia, considerable evidence has 
accumulated to the effect that a com- 
pound, Li(NHsX, is formed in conjunction 
with this eutectic, although the precise 
phase relations around the eutectic point 
(89K, 20 mole% Li) are still in doubt (2). 
The electric and magnetic properties of 
Li(NH,), are highly unusual, suggesting 
that the compound, which can be thought 
of as lithium metal expanded by insertion of 
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ammonia, is just on the verge of a metal- 
nonmetal transition. The electrical resistiv- 
ity (3) follows a T* law in the range 1% 
30K, a T law to 65K, then flattens out. At 
82K, there is a solid-solid transition which 
is accompanied by a 20% drop in resistiv- 
ity. At 89K, melting occurs with a sixfold 
increase in resistivity. The liquid shows de- 
creasing resistance with increasing temper- 
ature. The magnetic susceptibility (4) of the 
liquid is temperature-independent at +60 x 
10e6 emu/mole (after correction for core 
diamagnetism), which is consistent with a 
Pauli metal. Below the solidification point 
at 89K there is a small drop in x but it essen- 
tially stays constant from 89 to 82K. At 
82K, there is a 40% drop with onset of a 
temperature-dependent increase down to 
about -25K, below which x decreases. Al- 
though the thermal variation of x was rec- 
ognized as being most unusual, not much 
quantitative significance was attached to 
the values, as it was extraordinarily difficult 
to determine absolute Faraday susceptibili- 
ties and to make precise corrections for the 
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containers and core diamagnetism. Re- 
cently, in collaboration with Dye and Land- 
ers (.5), we have made a precise study of the 
magnetic susceptibility of Li [2.1. l] cryp- 
tate electride in which we found it possible 
to correct directly for sample vial and 
diamagnetic cores by allowing the sample 
to decompose in situ and by remeasuring 
the residue in the intact container. By ap- 
plying the same technique to Li(NH,),, we 
have reproduced the results of Glaunsinger 
et al., showing in particular that there is 
indeed a maximum in the solid susceptibil- 
ity at about 25K with apparent antiferro- 
magnetic ordering below this temperature 
(6). 

Most of the data on Li(NH,), have been 
interpreted in terms of structural informa- 
tion obtained by powder X-ray diffraction 
studies of Mammano and Sienko (7). Be- 
lieving that two solid phases were present 
at 77K, they suggested a cubic form with n 
= 9.55 A for solid phase I (stable between 
82 and 89K) and a hexagonal structure with 
a = 7.0 and c = 11.1 A for solid phase II 
(stable below 82K). Kleinman et al. (8) 

found similar results. Recently, because 
magnetic studies (6) indicated complete ab- 
sence of solid phase I in the deuterated 
compound Li(ND,),, we were led to reeval- 
uate the X-ray diffraction data on Li(NH,), 
and existing neutron diffraction data (9) on 
Li(NH,), and Li(ND&. The X-ray reflec- 
tions observed at 77K are better indexed as 
a single body-centered cubic phase (I 0). 
Solid phase II of Li(NH,),, stable below 
82K, appears to belong to space group Z43d, 
a = 14.93 A, with 16 lithium atoms and 16 
nitrogen atoms on Wyckoff position c and 
48 nitrogens on Wyckoff position e. The 
same structure holds for Li(ND&. Below 
25K, extra reflections appear, correspond- 
ing to formation of a superstructure with 
period 2~; this is coincident with onset of 
antiferromagnetic ordering below this tem- 
perature . 

Granted that Li(NH,), can be regarded as 

lithium metal which has been expanded by 
insertion of NH, so that Li-Li has gone 
from 3 to 6 A, a relevant question is: At 
what separation would we expect a metal- 
nonmetal transition to occur? In the Hub- 
bard (II) model (Fig. l), as one-electron 
centers are progressively brought together, 
the energy gap U, between having only one 
electron on each center and having two 
electrons on the same site, progressively 
shrinks as the bandwidth B, due to overlap 
of wave functions, widens. The transition 
from the insulating regime to the metallic 
regime is supposed to occur at U/B = 1.15, 
where the upper Hubbard band overlaps 
the lower and there is no activation energy 
for electron transport. Mott, however, has 
argued that the nonmetal-to-metal transi- 
tion should be discontinuous due to cooper- 
ative loosening of all the electrons by a sud- 
den fall in the screened potential. Mott (12) 
predicted that the M-NM transition should 
occur at a critical electron concentration, 
n,, given by .liu uH ~0.25, where uH is an 
effective hydrogenic radius for the isolated 
metal atom in the low-electron density 
limit, i.e., in the nonmetallic regime far 
from the transition. An extensive anal- 
ysis of experimental data (13), spanning 
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DECREASING U/B- 

FIG. 1. Hubbard model for the metal-nonmetal tran- 
sition. The metal-nonmetal transition occurs when the 
upper and lower Hubbard bands overlap. U is the elec- 
tron-electron repulsion energy for two electrons on the 
same site; B is the bandwidth. 
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doped semiconductors, nonstoichiometric 
bronzes, and argon-trapped metal disper- 
sions, has indeed shown that the experi- 
mental criterion for the metal-nonmetal 
transition is n;13 a$ = 0.26 2 0.03, where a$ 
is now characteristic of a realistic wave 
function for the isolated species. For Li- 
NH,, n, is 9.94 x 1O’O cmp3 and a& is 2.76 
A. Li(NH,), has 4.8 x 1W’ Li atoms per 
cubic centimeter and apparently, from the 
physical properties, lies clearly on the me- 
tallic side of the M-NM transition. It was 
therefore of interest to investigate the anal- 
ogous methylamine compound, as the extra 
bulk of the methyl group in Li(CH,NH,), 
would presumably expand the lithium-lith- 
ium separation and perhaps push it over to 
the nonmetallic side of the M-NM transi- 
tion. Although the existence of compound 
Li(CH,NH,), has not been unequivocally 
established, we report here on a compara- 
tive study of lithium in ammonia, in 
methylamine, and in [2.1.1] cryptate. The 
indication is that the metal-nonmetal tran- 
sition is straddled by these three systems. 

Experimental 

Starting materials were 99.99% lithium 
from Lithium Corporation of America, 
99.99% ammonia from Matheson, and 98% 
methylamine from Matheson. Impurities in 
the methylamine, as checked by mass spec- 
trometry, were 0.0% ammonia, 0.8% (max) 
dimethylamine, 0.6% (max) trimethyl- 
amine, and 0.8% (max) water. The cryp- 
tand purification and preparation have 
been described elsewhere (14). Magnetic 
susceptibilities were measured by the Fara- 
day method in sealed Spectrosil buckets us- 
ing standard techniques previously em- 
ployed (15). One special feature was in sit/r 
correction for sample bucket and core 
diamagnetism by warming samples to room 
temperature to destroy free electrons and 
hence free electron susceptibility. 

Results and Discussion 

Figure 2 summarizes the descriptions of 
the phenomenological models that apply in 
the lithium-ammonia system as the con- 
centration of lithium is progressively in- 
creased. In the most dilute solutions (<lo-” 
MPM), behavior is electrolytic with sol- 
vated lithium cations and solvated electron 
anions. The electrons are trapped in cavi- 
ties formed by the ammonia dipoles and 
there is a large energy difference between 
one electron per cavity (designated Dy in 
the figure) and two electrons paired in the 
same cavity (D;). The Fermi energy lies be- 
tween these two energies. As the Li/NH, 
concentration is raised to the range lo-” to 
10-l MPM, cluster states appear, probably 
consisting of several cavities bridged by Li+ 
cations. Again there is a considerable gap in 
energy between the le--per-cavity states 

N(E)b~t%%i band uPPer 
BAND GAP Hubbard 
SEMICONDUCTORS band 
(lo-’ to 2 MPM) 

ANDERSON 
LOCALIZED 
SEMICONDUCTORS 
(2 to 4 MPM) 

EC EF E 

FIG. 2. Metal-nonmetal transition in lithium-ammo- 
nia solutions. N(E) is the density of states at energy E. 
As the concentration of lithium is increased, from top 
to bottom in figure, the position of the Fermi level E, 
changes from localized to delocalized regimes. Shaded 
areas represent localized states. E, is the mobility 
edge. 
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(&, @, Di) and the doubly occupied cavi- 
ties (Di, D,, D;). On further increase of 
lithium concentration, to the range 10-l to 2 
MPM, broad Hubbard bands appear as cav- 
ity wavefunctions in individual cavities be- 
gin to overlap. States are extended but low 
in mobility (shaded areas in the figure), so 
conductivity is still limited. Disorder both 
in spatial separation between cavities and in 
trapping energies leads to Anderson (16) lo- 
calization between 2 and 4 MPM. In the 
range 4 to 8 MPM metallic behavior begins 
to appear but in subdued fashion as the 
electrons are believed to be confined to cav- 
ity-wavefunction-generated states. Only 
when concentrations of lithium exceed 
about 8 MPM is it believed that the conduc- 
tion band takes on Li 3s character as the Li 
3s energies fall below those of the cavity- 
dominated wavefunctions. Behavior is 
nearly free electronic in that the magnetic 
susceptibility is temperature-independent 
Pauli and the Hall voltage is almost that 
expected of a nearly free electron metal. 

The concentrations chosen to divide the 
various electronic regimes proposed are 
somewhat arbitrary. They are expected to 
vary with temperature since the band struc- 
ture of a liquid is a strong function of tem- 
perature. At 220K changes in various prop- 
erties are observed at the concentrations 
chosen. Near 10V3 MPM, a drop in the 
equivalent conductance (I 7) is observed, 
suggesting that the solvated metal cation 
and the electron are no longer independent 
of each other. It is thought that the 
diamagnetic susceptibility (18) observed 
between lop3 and 2 MPM is due to antifer- 
romagnetic ordering of the cavity-trapped 
electrons. Near 10-l MPM, the equivalent 
conductance begins to rise again, suggest- 
ing the onset of electronic conduction via 
the excitation of electrons across the Hub- 
bard gap. Above 2 MPM, the electronic 
susceptibility reaches positive values, indi- 
cating a finite density of states due to the 
overlap of the Hubbard bands. Since the 

conductivity remains below Mott’s crite- 
rion for a minimum metallic conductivity of 
-100 Q-l cm-’ (19), it is assumed that the 
electrons are localized by disorder. 

The transition to the metallic state is 
taken to be 4 MPM, as this is the Li concen- 
tration at the critical point for liquid-liquid 
phase separation. It has been suggested that 
the phase separation is a symptom of the 
metal-nonmetal transition (20). The con- 
ductivity increases with temperature due to 
a decrease in the density of states (as is 
typical for liquids) (21) and not because 
there is an energy of activation for trans- 
port. The solutions have the blue color 
characteristic of the cavity transition till 
near 8 MPM and conduction must therefore 
occur in a narrow band formed by overlap 
of the cavity wavefunctions. Above 8 
MPM, the solutions are bronze and have 
properties predicted by the nearly free elec- 
tron picture. Liquid Li(NH,), seems to be 
close to an ideal metal. 

What happens to Li(NH,), as the temper- 
ature is lowered? Upon freezing, the nearly 
free electron properties seem to be re- 
tained. The resistivity drops by the ex- 
pected liquid-to-solid factor due to a den- 
sity change (about 5) and the Hall voltage 
and susceptibility rest free electronic. Fig- 
ure 3A shows the expected situation in the 
range 82-89K. Behavior is nearly free elec- 
tronic. In Fig. 3B, for the range 25- 82K, the 
cavity bands are seen to have dropped in 
energy below the lithium levels, probably 
because of a minor crystallographic distor- 
tion within the cubic system. Behavior now 
is no longer nearly free electronic but more 
like that of a highly correlated metal (sus- 
ceptibility is Curie-Weiss temperature-de- 
pendent and the Hall voltage has signifi- 
cantly increased). In Fig. 3C, corre- 
sponding to the situation below -25K, 
upper and lower Hubbard bands appear 
with a pseudogap at the Fermi level, appar- 
ently due to further lattice distortion that 
goes with the antiferromagnetic superlat- 
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FIG. 3. Proposed band structures of solid Li(NHJ,. 
(A) Phase I is a nearly free electron metal with a half- 
filled conduction band based on lithium orbitals. (B) 
Phase II is a highly correlated metal with a half-filled 
cavity-based band. (C) Phase III has a pseudogap in 
the density of states at the Fermi level. Shading desig- 
nates filled states. 

tice formation. By this stage Li(NH,),, 
though still metallic, seems to have lost 
many of its free electron properties. 

What happens when we replace ammonia 
by methylamine? Although the original mo- 
tivation for its investigation was simply to 
add more bulk (via the methyl group) be- 
tween the lithium atoms, there is a concom- 
itant decrease in the dielectric constant. Al- 

though the effective dielectric constant, 
from the weighted average of optical and 
static values, drops only from 5.22 to 4.90, 
the effect is to shrink the electron-trapping 
cavity and increase the expected critical 
density for metallization from 9.94 x 102” to 
18.5 x lo”” e-/cm”. This can be easily de- 
duced from the Mott criterion nE%~ = 
0.26. Consequently, the nonmetal-to-metal 
change in lithium-methylamine should be 
deferred to considerably higher concentra- 
tion (12- 16 MPM, rather than 4-8 MPM as 
in lithium-ammonia) and at all concentra- 
tions the free electron properties should be 
less evident. 

Figure 4 shows schematically the se- 
quence of phenomenological models be- 
lieved to hold for the lithium-methylamine 
system. Because the electron cavity is 
smaller and deeper, double-electron occu- 
pancy of a cavity is energetically less favor- 
able. (Note the bigger energy spacing be- 
tween Dy and D; in Fig. 4.) The Hubbard 
bands are farther apart, they close less rap- 
idly, and the pseudogap persists to higher 
concentration. Even the most concentrated 
solutions (> 15 MPM) are blue and the elec- 
trons are probably still in cavity states. 

N(E) 
BAND GAP 
SEMICONDUCTORS 
(lo-’ to 12 MPM) 

ANDERSON NW 
LOCALIZED 
SEMICONDUCTORS 

(I2 to I5 MPM) 

FIG. 4. Metal-nonmetal transition in lithium-methyl- 
amine solutions. Symbols are as in Fig. 2. 
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FIG. 5. Magnetic susceptibility as a function of tem- 
perature for 22 mole% lithium in methylamine. This is 
the free electron susceptibility after in situ correction 
for diamagnetic cores and sample container. Uncer- 
tainty is about the size of the dots. 

Although ESR (22) and conductivity 
(23) measurements suggest that liquid 
Li(CH3NH,), is metallic, the Li-CH3NH, 
system never reaches the nearly free elec- 
tron behavior as is found in concentrated 
Li-NH,. The behavior remains that of a 
highly correlated metal. 

Indeed, as is seen in Fig. 5, which shows 
the magnetic susceptibility of a concen- 
trated lithium-methylamine solution as a 
function of temperature, the free electron 
susceptibility, i.e., after correction for 
diamagnetism, goes to zero for the solid 

TEMPERATURE (K) 

FIG. 6. Magnetic susceptibility as a function of tem- 
perature for various mixtures of lithium and L2.1.11 
cryptand. The values have been corrected for 
diamagnetic cores and container. 

Li(CH,NH,), below 155K. Local electron 
pairing seems to dominate the behavior and 
this solid appears to be a semiconductor 
with a finite Hubbard energy gap. 

The extreme of the above shows up in the 
lithium cryptate electrides. As described 
elsewhere (5), the lithium cation is trapped 
inside the cryptand cage and the electron is 
squeezed out and forced to find a home in 
some external interstitial cavity between 
the cryptand moieties. The electrons, local- 
ized and unpaired, exert their full magnetic 
moment. As shown in Fig. 6, the magnetic 
susceptibility is large and, at higher temper- 
atures, classically paramagnetic. The mo- 
ment per lithium is 1.7 BM for both 
Li : C211 = 0.6 and Li : C211 = 0.99. Only 
when there is a large excess of Li (Sample C 
in Fig. 6 with Li : C211 = 1.57) does the 
moment fall below the expected S = 4 value 
to 1.2 BM. (This depression of the moment 
with excess Li is probably due to pairing of 
electrons in two separate cavities joined by 
an intervening Li+, which effectively gives 
the equivalent of an Li- anion.) 

The main points to note in Fig. 6 are that 
the molar electron susceptibilities are more 
than two orders of magnitude greater than 
those for Li: NH, and Li: CH,NH,; also, 
they decrease markedly at very low tem- 
peratures. The low-temperature decrease is 
not a normal antiferromagnetism but ap- 
pears to be fitted by a local pairing law in- 
volving adjacent electrons. 

Table I summarizes the comparison of the 
various lithium regimes extending from 
pure lithium metal through progressive dilu- 
tion first by ammonia, then by methyl- 
amine, and finally by [2.1. l] cryptand. It is 
evident that Li(NH,), lies on the metallic 
side of the metal-nonmetal transition, but 
becomes “less metallic” as the temperature 
is lowered. Li(CH,NH,),, on the other 
hand, appears to be right at the transition 
and, in fact, goes from “metallic” to “non- 
metallic” as the temperature is lowered. 
The cryptand LiC211 is clearly nonmetallic. 
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TABLE I 
SUMMARY OF MAGNETIC AND ELECTRIC BEHAVIOR 

IN VARIOUS LITHIUM SYSTEMS 

Xm x 106 Electronic 
System per mole Li (n-l&l) regime 

Li metal 

LXNHd, 
Liquid 

Solid I 

+14.2 
WQW 

(SZK, 

+56 
(85K) 

Solid II +36 -5.6 x 1CP 
(SW (-SOK) 

Solid III i49 
(2% 

Li(CH,NH,), 
Liquid +96.4 

(155K) 

>lW 
(-1OOK) 

-1.2 x 101 
(-90K) 

-7.0 x 10 
(-85K) 

-4 x 102 
WW 

Free electron 
metal 

Nearly free 
electron 
metal 

Nearly free 
electron 
metal 

Highly 
correlated 
metal 

Highly 
correlated 
metal 

Highly 
correlated 
metal 

Solid -9.4 
(155K) 

Small band 
gap semi 
conductor 

Li-CZII +1ooo 
W3K) 

<IO-Z Large band 
gap semi 
conductor 

phase III of Li(NH,), already appears to 
fit this description, and low-temperature 
Li(NH,), might become an insulator with 
increasing pressure. However, for solid 
phase I of Li(NH,),, in which conduction is 
presumably based on Li 3s orbitals, in- 
creased pressure should decrease the den- 
sity of states and make the material a better 
conductor. Experiments to test these pre- 
dictions are now in progress. 
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Nom. Tbe materials above the dashed line are metals and References 
those below are insulators. 

I. 

As a final point, it is interesting to specu- , 
late on the probable effect of pressure on 
these materials. At first sight, it might ap- 
pear that a rise in pressure should reduce 3. 
the average spacing between lithium cen- 
ters and therefore, in the Mott sense, in- 
crease metallic behavior. However, this ig- 
nores the effect of the dielectric host, in 4. 
particular the effect it has on the size of the 
electron-trapping cavity. It is now conjec- 5. 

tured that an increase in pressure will o. 
deepen the potential well in which the elec- 
tron is trapped and decrease the radial 7. 

spread of the wavefunction. If this is indeed 
the case, as the pressure is increased the ‘. 
energy bands in the cavity-centered con- 
duction regime would narrow and begin to 
open a gap between Hubbard bands. Solid 
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