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We report inelastic x-ray scattering measurements of the energy, linewidth, and dispersion of the
plasmon in metallic lithium ammonia at an electron concentration of 4 X 102! ¢~ /cm?. These are the
first measurements of plasmons in this system, which has the lowest electronic density for which a
metal plasmon has been studied. We find a plasmon whose dispersion is only slightly reduced from the
RPA value, and which is quite broad with an unusual momentum dependence.

PACS numbers; 71.45.Gm, 78.70.Ck

The discovery that the alkali metals dissolve in am-
monia was made over a century ago by Weyl [1]. In
these systems the outermost electron dissociates from the
atom, leaving a free electron and an ion. Numerous stud-
ies using a variety of techniques have helped explain the
nature and properties of these systems [2]. Based on
these experiments and theoretical modeling using both
path integral Monte Carlo and Car-Parrinello local spin
density functional methods [3], the following picture for
the behavior of the solutions has emerged. At concentra-
tions below 1073 mole % metal (MPM) the electrons are
thought to reside in isolated cavities surrounded by polar-
ized ammonia molecules, while at higher concentrations
(~1073-0.5 MPM) the electrons form closely associated
pairs called bipolarons. As the concentration is increased
these pairs begin to cluster together and eventually form a
multitunnel structure [4]. At a concentration near 4 MPM
the systems undergo a metal-insulator transition. Thereis
a narrow range of temperatures and concentrations where
the liquid phase separates into a metallic phase and an
insulating phase. The system remains metallic up to the
concentration limit, which is about 21 MPM for lithium.

Since the electron density in these systems is extremely
low, electron-electron interactions are expected to play a
large role in the electronic properties. These interactions
ater the properties of eectronic excitations such as the
plasmon. The properties of the electron liquid at T = 0
are determined by the electron density which can be
described by r; whichis
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where n is the free electron concentration and ay is the ef-
fective Bohr radius, ag = h’e/m*e?. Here ¢ isthe static
dielectric constant, m”* is the effective mass of the elec-
tron, and e is the electric charge. r; is approximately the
ratio of the Coulomb to kinetic energies for the electron
in a uniform electron gas at zero temperature. Studies
at large values of r; are therefore interesting because the
electron-electron interactions are more important. Typical
metals have 2 < r; < 6, while for the lithium ammonia
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system ry varies from 7.35 to 11.3 for the metallic solu-
tion, and ry, — o as the concentration goes to zero.

The two main experimental probes for studying the
excitation spectrum as a function of momentum transfer
are electron energy-loss spectroscopy (EELS) and inelastic
x-ray scattering (1XS). EELS requires very thin samples
with good surfaces under high vacuum, and multiple
scattering effects are a significant complication. As a
result, only low momentum transfers can be studied. IXS
lacks such limitations but is best suited for relatively low-Z
materialswith long x-ray absorption lengths, sincetheratio
of absorption length to inelastic x-ray scattering length
determinestheinelastic count rate. Theavailability of high
brightness second and third generation x-ray synchrotron
light sources has greatly increased the number of materials
and types of studies that can be carried out with IXS[5].

In this Letter we report nonresonant inelastic x-ray
scattering studies of the plasmon in the liquid meta
Li(NH3)4. For our sample r; = 7.35 [assuming & = 1
and the bare electron mass in Eq. (1)], which is a larger
value for ry; than in any other metal and corresponds to
an electron concentration of about 4 X 10?! ¢~ /cm’. At
low momentum transfer, we see a well-defined excitation
with afinite linewidth and an energy of about 2 eV. The
excitation is quite broad and disperses to higher energies
and broadens as the momentum transfer is increased.

Samples of lithium ammonia were made by combining
99.9% pure lithium with 99.999% pure ammonia. The
electron density was determined from the amounts of
lithium and ammonia added and the known density of the
compound, assuming each lithium atom contributed one
electron. The sample cell was a thin-walled (0.02 cm)
beryllium cylinder whose diameter (0.53 cm) was ap-
proximately an absorption length for the solution. All
materials used in the cell were tested and found not to react
with the mixtures. Lithium wasintroduced into the sample
cell under an argon atmosphere. A measured amount of
ammonia was condensed into the sample cell at about
—78 °C. The filled sample cell was sealed off and then
placed inside a vacuum can to reduce air scatter of the
x rays. The samplewaskept at atemperature of —50 °C by
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means of athree stage Peltier cooler to avoid degradation.
Spectra at the beginning and end of the run were identical,
indicating no alteration in the sample quality over time.
The sample described here wasa20 = 1 MPM solution.

In XS an x ray with awell-defined energy, momentum,
and polarization (hw;, fik;, ;) scatters into anew state de-
scribed by (fiwy, iky,ef). The energy loss of the x-ray
photonisiw = hwy — hw;, whilethe momentum trans-
ferred to the system is q = 2/ik; sin(6/2), where 6 is the
scattering angle. Nonresonant XS measures the scatter-
ing cross section, which is proportiona to the imaginary
part of the dielectric function [6]

d*o
dewf

Collective modes such as the plasmon are related to the
zeros of thereal part of e(q, w).

The experiment was carried out on beam line (X21)
at the National Synchrotron Light Source at Brookhaven
National Laboratory. The experimental setup for this
beam line has been described in detail by Kao et al. [7].
M easurements were taken using a spherically bent, diced,
germanium (733) analyzer [8] in a near backscattering
geometry. The anayzer was tuned to an energy of
8977.7 eV; a Lorentzian fit to the elastic peak yielded an
energy resolution for the system of 0.26 eV. Measure-
ments were taken by scanning the incident energy and
leaving the analyzer energy fixed. In the region of the
plasmon we had a signal of about one count per second.
All data have been normalized to the incident flux.

Figure 1 shows the inelastic x-ray scattering spectrum
(a g = 0.4 A~1) in the empty sample cell, in pure liquid
ammonia, and in Li(NH3)4. The signa rises as the en-
ergy transfer goes to zero due to elastic and quasielastic
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FIG. 1. Ineastic x-ray scattering signal from the empty cell,

from pure ammonia, and from a 20 MPM lithium ammonia
mixture. The momentum transfer here is 0.42 A=, which is
well below the cutoff momentum. The plasmon shows up as a
peak in the liquid at an energy loss of 2 eV. The inset shows
the elastic scattering peaks and the energy resolution.

scattering in the liquid. Thereis clearly an additional fea
ture in the mixture at an energy loss of about 2 eV, which
is approximately the energy expected for the plasmon in
lithium ammonia at this concentration. The inset shows
elastic scattering in the sample; the width of the eastic
peak was used to determine the experimental resolution.
The lower scattering rate in pure ammonia is due to the
higher absorption.

Figure 2 showsthe behavior of the plasmon asafunction
of momentum transfer. The plasmon clearly moves to
higher energy as the momentum transfer isincreased. In
addition, both the peak width and the area under the peak
increase as g increases. The plasmon broadens out at
the highest momentum transfers and becomes difficult to
distinguish from the background. The background was
subtracted and the remaining peak was fit to a Lorentzian.
At momentum transfers above 0.7 A~! it becomes difficult
to accurately separate the plasmon from the background
and so we do not treat these data.

Figure 3(a) shows the plasmon dispersion; the plasmon
energy increases for increasing momentum transfer. Fig-
ure 3(b) shows the plasmon width (corrected for instru-
mental resolution), which is finite at ¢ = 0 and strongly
increases as a function of momentum transfer.

As a first approximation we compare our results to
jellium, that is, a uniform electron gas in a smeared
positive background. We use an electron concentration
equal to the number of unbound €electrons. In this model
we treat the electron interactions using the random phase
approximation (RPA) which replaces the actual electronic
interaction with an average interaction due to al the
electrons. The RPA becomes exact as ¢; and r; — 0 and
allows an exact computation of e(q, w).

The plasmon energy at zero momentum transfer is

27172
E(0) = fiw, = ﬁ<4ZZf ) : (3)
10— . .
! o “a '..~
_08l Do “a
@
E
206}
5 |
2041a
2 Lo
[0]
202l
_|:|
0.0 "
0

Energy Loss (eV)

FIG. 2. The momentum dependence of the plasmon. Statisti-
cal errors are approximately the size of the symbols. The plas-
mon displays a positive dispersion, and broadens significantly
at higher momenta.

2391



VOLUME 83, NUMBER 12

PHYSICAL REVIEW LETTERS

20 SEPTEMBER 1999

3.0}
28}
3
226!
(23
(723
S24f
>
8220
o

c
W2.0¢...

m data

02 03 04 05 08 07

b)

Peak width (eV)

qurmi qc
I I

0 T T T T T T
00 01 02 03 04 05 06 07

Momentum transfer (A"

FIG. 3. (a) Dispersion of the plasmon energy. The solid
sgquares are the data, the solid line is the best fit to a quadratic
dispersion, and the dotted line is the RPA fit described in the
text. (b) Plasmon width as a function of momentum transfer.
The inset shows the functional dependence is close to ¢!~.

where w,, is the plasma frequency and m is the electron
mass. For momentum transfer ¢ < g. RPA predicts the
plasmon dispersion relationship

2
Elq) = EO) + g, @

where « is a coefficient that depends only on the electron
density.

The plasmon data were fit to a function of the form of
Eq. (4). The best fit yields £(0) = 1.96 *= 0.04 eV and
a quadratic dispersion coefficient « = 0.33 = 0.02. For
this electron density RPA predicts E(0) = 2.2 eV, if we
assume that ¢ is 1 [see Eq. (3)]. However, the reduction
in £(0) may be due to polarizability of the lithium ion
cores and the ammonia molecules. Assuming e = 1.21
makes the RPA value for E(0) match the measured value.
This value of & changes r; from 7.35 to 6 [see Eq. (1)].
It aso increases the RPA dispersion coefficient, yielding
arpa = 0.42; the RPA prediction is shown in the figure.
As can be seen, the measured dispersion is reduced from
the RPA value.

RPA predicts zero linewidth for ¢ less than some cutoff
momentum[9] ¢, = w,/vr ~ 0.63 A~!, wherevy isthe
Fermi velocity. At momenta above ¢¢, the plasmon can
decay into single electron-hole pairs and has a finite width.
However, we do not see evidence for a sharp cutoff, and
the plasmon is broad even at ¢ < ¢g¢ [see Fig. 3(b)].

There are two ways in which the RPA treatment of the
jellium model may be inadequate for this system. First,
the RPA does not properly treat electron-electron interac-
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tions at large momentum transfers and low densities. In
addition, the jellium model does not treat inhomogeneities
in the charge distribution, which may also be significant.

We begin by discussing the plasmon dispersion. Many
authors have attempted to go beyond the RPA in thejellium
model. While the quantitative effects of the electronic
interactions vary with the specific model, the interactions
always reduce the plasmon dispersion coefficient from the
RPA prediction. The RPA with small corrections for the
electronic interactions accurately predicts the dispersion of
many free electronlike metals, such as Al, Na, and Be[10].

However, some metals such as Li (r; = 3.27) have a
measured [11] dispersion («,, = 0.18) significantly less
than the RPA prediction (a,, = 0.34). In addition, EELS
measurements [12] of the plasmon in the heavy alkali
metals found the plasmon dispersion to be virtualy flat
in Rb (r, = 5.2) and even negative in Cs (r, = 5.62).
For these values of r, theoretical models that use a local
field factor to go beyond the RPA predict [13] a positive
dispersion, although with a dispersion coefficient reduced
from the RPA value. It has been unclear whether these
disagreements are due to the insufficiencies in the present
theoretical treatment of the electron gas or solid state
effects (such as band structure). In contrast to the EELS
data, our measured dispersion coefficient at an effective
rg = 6 is positive. While the dispersion coefficient is
reduced from the RPA value, the reduction is about a
factor of 2 less than has been predicted [13] for this value
of r,. Since our data show a very different behavior than
the heavy akali metas, this argues that properties not
described by the jellium model (such as band structure)
must be capable of substantially altering the plasmon
properties.

Measurements to determine the effect of band structure
on the plasmon were carried out by Schiilke and collabo-
rators [14] on single crystals of Li, Be, and Al. They saw
virtualy no change when they measured the plasmon dis-
persion along different crystal directions below the cutoff
wave vector (although structures at momentum transfers
above the cutoff did depend strongly on the crystal orien-
tation). The lower electronic density and lower plasmon
energy may make band structure effects more important
in this system.

The effect of being a liquid metal is unlikely to be
significant. Recent work by Hill et al. [11] looked at both
the liquid and solid phases of lithium and sodium. Similar
studies on Al were carried out by Sternemann et al. [15].
The plasmons in the liquid and solid were identical,
except for adlight ateration completely attributable to the
dightly different densities. Therefore if band structure
plays a role in the plasmon dispersion the short-range
order in the liquid must result in an effective band
structure in the liquid.

Studies of the conduction states by Kohanoff et al. [16]
suggest that the electronic states in lithium ammonia have
a strong f-symmetry due to the underlying symmetry of
the ammonia molecules. As aresult, the electrons are not
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evenly spread throughout the zone but instead have re-
gions of higher and lower electronic density; this inhomo-
geneous distribution means that the jellium approximation
is an oversimplification. The stiffer dispersion observed
here may arise since as we move to larger momentum
transfers (and therefore smaller length scales) the loca
electron density is higher than the average density. A
more detailed treatment would require incorporating these
effectsin RPA.

Next we discuss the linewidth. We assumed that the
measured linewidth w,, = w} + w>, where w; and w,
correspond to the instrumental and plasmon linewidths.
Treatments of the jellium model to second order in
perturbation theory show that the plasmon can decay
into two particle-hole pairs below g.; the momentum
dependence in this case is ¢>. The calculated width
[17] for this decay is smaller by a factor of 20 than
our measured data, and we find a momentum dependence
[inset in Fig. 3(b)] that is close to ¢! rather than ¢°.

The failure of the jellium model to explain the width
is not unique to this system; al metal plasmons have a
finite width at ¢ = 0 that increases with ¢ even below g..
No decay of the plasmon can occur in the jellium model
a g = 0, since no plasmon at finite energy can create a
particle-hole pair that conserves energy and momentum.
The decay can occur in the presence of a lattice, since the
lattice can take up the momentum through an umklapp
process. The ratio of the width to the energy at low
momentum transfers for Li(NH3)4 is large, about a factor
of 2 greater than in lithium metal [11]. The large
width means there must be excitations in the liquid that
couple strongly to the plasmons. In lithium ammonia the
vibrational excitations of the ammonia molecule may be
strongly coupled due to the polarizability of the molecule.
Bandlike transitions may aso be involved.

In conclusion, we have made the first measurements of
the plasmon in the lithium ammonia system, which hasthe
largest rg of any metalic system yet measured. We find
a plasmon dispersion that is reduced from the RPA value,
but by less than has been predicted for a homogeneous
electron gas. The plasmon has a large width, indicating
numerous decay mechanisms in addition to the two pair
particle-hole decay. Future work will concentrate on
how the properties of the plasmon evolve as the electron
density is changed and studies of the solid phase where
reduced elastic scattering will permit measurements at
lower energies and larger momentum transfer.
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