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Collective excitations in metal-ammonia systems as a function of electron density
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We report measurements of the ionic collective excitations of a metal-ammonia gyishéum-ammonia
with 20, 16, 13 mole % metalMPM) at T=240 K and sodium-ammonia with 18, 14, 10 MPM Tt
=222 K]. These data were analyzed to determine the acoustic collective excitation dispersion relation and the
linewidth. Deviations from the Bohm-Staver model for electron-ion coupling are discussed for the low elec-
tronic densities found in these systems.
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[. INTRODUCTION portance of the electronic interactions, which can play a criti-
cal role in their properties. Usually electron density is de-

Alkali metals dissolve in liquid ammonia without chemi- scribed by the dimensionless parameter
cal reaction, resulting in a free electron and a positively 1
charged alkali-metal ion. Solutions of alkali metals in liquid [.=
ammonia have been the subject of many experimental and ° (47-rn/3)1’3a0'
theoretical investigations? for over a century.

The properties of metal-ammonia solutions depend on th&heren is the free electron density amg is the Bohr radius.
concentration of the metal. For instance, the solution underSince the Fermikinetic) energy for the electron gas falls off
goes a metal-insulator transition with 3—8 mole % nfetal as 12, while the Coulomb energy goes as J/the lower
(MPM) and is metallic for concentrations above 8 MPM. the electronic density, the greater the importance of electron-
The solution saturates at20 MPM for lithium-ammonia €lectron interactions compared to kinetic energy.
and 17.5 MPM for the sodium-ammonia solutidnst satu- Metallic lithium-ammonia and sodium-ammonia systems
ration, the Li-NH; solution has an electrical conductivity have values of ;~7.4-12, substantially larger than that of
about three times that of Na-Ntand about 1% that of cop- the common metals, which have values of 2—6. By changing
per. Metal-ammonia solutions have a measured macroscopi€ Metal concentrations, we can easily reach any desired

viscosity about ten times lower than that of typical liquid V&ue Ofr's, which makes this system valuable for testing
metals® theoretical calculations at low electron density.

Neutron-diffractiofi~® studies of saturated liquid lithium- _GOlective excitations in liquid alkali metalRb,® Cs, ’
ammonia and saturated solid lithium-ammohias well as Na(,j N anolqulf(Rzefs.hZO,Zl]band Otth%r. I|gU|d$H2 (Retf. 22 d
nuclear-magnetic-resonance  measurements  of self! H ( el. 3] ave been studied using neutron an
diffusion,1° show that the lithium ion is coordinated by four X-ray scattering. The stu¢es showed well-defined excitations
ammonia molecules and this coordination number is indeggyond thl? hydlrodyr:am|c reg|ma1>h27r/Qo)._The modesd
pendent of concentratiorl.For the sodium-ammonia solu- isperse linearly at lowQ and reach a maximum aroun

tion, a recent study of the structure of the saturated solutiof@e/2 (Qo is the position of the firBSEZrlnaximum in the static
showed that the sodium ions are solvated by 45) am- structure factor In liquid metals! the modes showed

monia molecule$. dips nearQo. . . i o
Recently, studigé*® of the plasmon in liquid lithium- We have studied the collective excitations in liquid

ammonia as a function of concentration and in solid lithium-'thium-ammonia and sodium-ammonia using IXS for differ-

ammonia have been used to look for the breakdown of th&Nt concentrations of 10-20 MPM, which correspond do
random-phase approximatiaiRPA) at low electron densi- Petween 9.2 .and 7.4.
ties. Strong deviations from the RPA were found, with great-
est deviations at the lowest electronic densities. The disper-
sion for the acoustic collective excitations has been The experiments were carried out at the high-resolution
measuretf using inelastic x-ray scatterin@gXS) for a satu- inelastic x-ray scattering beam line 3ID-C at the Advanced
rated lithium-ammonia solution. The measurement showed Rhoton Sourc€APS). Experiments were done at two differ-
softening in the dispersion at twice the Fermi wave vectofent energy resolutions. For the saturated sodium-ammonia
2k, and the system was speculated to be close to a transsolution, the synchrotron beam was monochromatized by a
tion related to electronic ordering. Neutron scattering hasliamond double-crystal monochromator at energy of 25.701
also been carried out on the saturated lithium-ammoni&eV. This beam was further monochromatized by two silicon
solution® to measure the collective excitation dispersion,nested channel ciftsand focused by a total-reflecting mirror
and a similar trend was observed. to a spot size at the sample of 3@On horizontally and
The electron density in metals helps to determine the im250 um vertically. A temperature controlle@to within 20

()
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0.15 —r—— — T T T T T and a Si(18 6 0 analyzer. The total energy resolution was
C > Li13 MPM - measured to be 2 meé¥.The 2 meV setup has a higher flux
g o2p +— Li 16 MPM ] (30 times morge Energy scans were made by rotating the
S 0.09 - ¢+ Li20MPM B inner and outer crystals of the nested monochromator.
£ r (@ The sample containers were stainless-steel cells with two
%/0.06:— - thin (35um), flat beryllium windows. In a helium-filled
2 r . glove box, 99.95% pure sodium and 99.9% pure lithium
“ 0.03 - — were cut, weighed, and then placed into the sample cells. For
C the lithium solutions, a measured volume of high purity
% 10 20 30 99.99% anhydrous ammonia was condensed in the céll at
Q (nm™) ~200 K. The cell was sealed off and placed in a helium flow
L e L cryostat and kept ak~240 K. For the sodium-ammonia so-
0.08 2 4—4 Na 10 MPM 1 lutions, we used a different cell that was design(_ad to con-
2L =—= Na 14 MPM - dense the 99.99% anhydrous ammonia after cooling the cell
5 0.06 = *—*Na ISMPM_- inside the cryostat. The sample path length was 12 mm for
‘g C ® the lithium mixtures and 10 mm for the sodium solutions.
2004 - The sodium-ammonia solutions were kepflat 222 K.
g C N The static structure factd(Q), as shown in Fig. 1, was
O om . :
e measured for all concentrations before, during, and after
03 measuring the IXS spectra to confirm the stability of the
0 10 20 30 solutions during the measurements. No change was seen in

Qmm™) the S(Q), indicating the samples were stable during the mea-
) . _ surements. The IXS measurements for the empty cell reveal

FIG. 1. Static structure factor fofa) Li-ammonia and(b) g negiigible contribution to our data. However, the beryllium
Z:;ﬁymonla at different concentrations. Data have been offset fovrvindows show small powder-diffraction peaks B(Q)

around 32 nm?, which were removed from th§(Q) data.

mK), spherically bent and diced §13 13 13 analyzer was we mezisluredS(Q,w) in the Q range between 15 i
used to reflect the scattered x rays onto a cadmium zin@"d 16 nm™ and an energy range of 40 meV, finding a
telluride semiconductoring detect6 m away from the ana- Well-defined acoustic mode at low energy transfer
lyzer and 3 mm offset from the incident beam. The total(<10 meV). The IXS_ da_ta for all concen_trat|ons at different
experimental energy resolution was measured using the ela8 values are shown in Figs. 2—8; the points are our data, the
tic Scattering from a P|exig|as Samp|e and found to be 1450|Id lines are the f|tt|ng curve, and the dotted lines are the
meV. The setup for the experiment is described in more demeasured resolution functions of the instrument.
tail in Refs. 25 and 26 The rawS(Q) data are shown in Fig. 1, normalized to the
For the lithium-ammonia solutiond.3, 16, 20 MPM and  intensity of the incident beam. No other corrections were
two of the sodium-ammonia solutiond0, 14 MPM, we  made. TheS(Q) measurements show two peaks around
used the same setup with an incident energy of 21.657 ke nm ! and Q=18 nm ? for the Na-NH, and 10 nm*
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and 18 nm?! for Li-NH,. Neutron-scattering studi&%’ The IXS data shown in Figs. 2—8 have well-defined peaks

showedS(Q) behavior similar to ours. The appearance ofat the highest electron density for both saturated solutions;
the first peak inS(Q) in both the lithium-ammonia and these peaks are clearly seen at I@Qwp to Q~Qy/2. At
sodium-ammonia solutions is an indication of intermediatdower electron densitythe other concentrationsthe modes
range ordering. The first peak is related to correlation beare not well-defined side peaks but are merged with the cen-
tween the metal-ammonia complexes and is abse®( @) tral peak resulting in a broadening compared to the resolu-
measurements for pure ammonia. The position of the firstion function. AtQ close toQg, the peaks narrow, and they
peak for both saturated solutions is very close kp Bf the  are not distinguishable from the resolution function; how-
system, but, at low concentration, the position of the peak igver, the peaks become broad again@or Q,.

slightly larger than twice the Fermi wave vector. The second We found the modes are better defined for saturated
peak is related to the N-N correlation. The measuséQ) lithium-ammonia than for saturated sodium-ammonia. Other
show a shift to loweQ and a drop in the intensity of the first modes also appear at higher enerd@®und 9, 18, 27, 40
peak as we lower the metal concentration. The second peakeV) as a result of vibration modes for the alkali ion ammo-
shifts to lowerQ upon increasing the metal concentration. nia complexes. While these peaks become more pronounced
The shift occurs as a result of the increase in the distancat higherQ, they are never very intense. These modes will be
between the ammonia molecules due to the presence of saliscussed in more detail elsewhéfeThe modes for satu-
vated ions and electrohss the concentration is increased. rated lithium-ammonia solution are shown in Fig. 9.
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FIG. 5. The IXS data for Na 10 MPM.

FIG. 6. The IXS data for Li 20 MPM.

FIG. 7. The IXS data for Li 16 MPM.
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IIl. DATA ANALYSIS

We have used the damped harmonic oscillation functio

convoluted with the instrumental resolution function to fit
the acoustic modes in our data. The fitting functiefQ, w)

is defined as

F(Q,w)=1o(Q) 20+

Q) ) +111(Q)
w

40l'(Q)Q(Q)

[0%(Q)— w’]?+ 4T} Q) w?

The first term is a Lorentzian function to fit the central peak,
and the second term fits the two side peaks that are the

+> L.

)

acoustic modes. Helleis the intensity of the side pealds,is
the half width at half maximum of the pea, is the energy
of the side peaks, ami{ w) is the thermal occupation factor.

The subscripts 0 correspond to the same variables but for the
central peak. The last term represents a sum of Lorentzian

functions(usually two of themy which we added to our fit-
ting function to fit the optical modesee Fig. 9, which have

10

Log (Intensity)

E

Li 20 MPM (Q=9 nm™) .

'I. 'l
i .

(meV)

Py

- Optical modes

FIG. 9. The IXS data for Li 20 MPM a®=9 nm 1, showing
the optical modes. The dots are our data and the solid line is the fiti-ammonia. The dashed lines are linear fits to the IQudisper-

(described below

n

a very low intensity compared to the acoustic modes. They
affect our fitting by altering the tail of the side peak, which
reduces the ability to fit the tails. By adding these Lorentz-
ians the fit becomes more stable, but the results are not fun-
damentally different than without them.

We have also used other models to fit the data, such as the
extended hydrodynamic mod&land the generalized three
effective eigen-mode modéY;all of them gave equivalent
results.
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FIG. 10. The dispersion relation fdg) Na-ammonia andb)
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10 o T T T T T T T T metal concentration is decreased. However, the modes be-
M e N @ 1 come overdamped at high€ras we approacl),. Increased
8 A Naismem g -] disorder in the system upon lowering the metal concentration
B~ E: imx Egg; }$ ] ] may be the reason for the strong damping at the lower con-
> oF ,.' . centrations. For lithium-ammonia solutions, the dispersion
§ 4 - A E E relations in Fig. 1(b) show linear dispersion at loWQ and
- JEIE ] maximum energy aroun®,/2. The lifetime is proportional
HL I to the metal concentration in the system as shown in
r 7 Fig. 11(b).
o ol SN N PR TE FUTY FUTY FUTN PO P Comparing sodium-ammonia and lithium-ammonia, we
01 2 3 4 5 6 7 8 9 1011 12 see similar behavior for the linewidth. The collective excita-
10 prerprrr e e T e e e tions in sodium-ammonia solution have a slightly lower en-
> Lil3MPM iy (b) 3 ergy than those in lithium-ammonia due to the difference in
g ¢ LiltMM A I L
T w Li2omPM 7 ] the masses. Also the modes propagate to highen the
_F = E iéﬁgﬁ:ﬁg; /.” ] ] lithium-ammonia compared to the sodium-ammonia. The
> or ; - Q-dependence linewidth shows a shorter lifetime for the
E [ ;o OE I ] sodium-ammonia solution than for the lithium-ammonia. In
= 4: (/ ¥ . the concentration range we measured, we do not see any
o ¥ E sudden change of the behavior of the dispersion relation.
N ] However, we might expect a change at lower concentration,
o «e A I TP U I D A T P P where the system is not a good metal. Such a change would
2 3 4 5 6 7 8 9 10 11 12 be more visible when we pass through the metal-insulator
Q(mm" transition, where the conduction electrons become localized.
o ) ) Sound velocity measurements indeed show a rapid change at
FIG. 11. The linewidths for(a) Na-ammonia and(b) Li- a concentration lower than 8 MPRA.

ammonia. The solid lines are the quadratic fits to the @Jine-

The hydrodynamic model predicts a quadraficdepen-
widths. The dashed lines are the hydrodynamics calculations. y y P q dcdep

dence for the damping, which is related to the longitudinal

kinematic viscosity of the system®s
The fitting parameter (Q) andI” are shown in Figs. 10 ty y

and 11, respectively. At low@, a linear dispersion i) (Q) is 1

observed for all concentrations, which is expected for a F(Q)=§V|Q2, (©)

soundlike mode. The fitting results for the line@rdepen-

dence for the acoustic modes are shown in Fig. 10 as thiwhere v,=#,/p is the longitudinal kinematic viscosityy,

dashed lines. The slopes of the linear dispersion are compar4 7/3+ ng is the longitudinal viscosityy is the shear vis-

rable to the adiabatic sound velocity measured bycosity, g is the bulk viscosity, ang is the mass density.

ultrasound as shown in Table I. The macroscopic measuremergaow a decrease in the vis-
The dispersion relations for sodium-ammonia, Fig@,0 cosity as the metal concentration increases.

show similar behavior for the measured concentrations, with  We compared the damping parameter calculated from the

the modes dispersing linearly at lo@vand reaching a maxi- hydrodynamic and our data. The bulk viscosity can have any

mum aroundQ,/2. TheQ dependence of the linewidfrig.  value from much smaller than the shear viscosity to several

11(a)], which is proportional to the inverse of the lifetime of times the shear viscosity. As an approximation, we have used

the collective excitations, indicates a shorter lifetime as thepg= 7 (no data exist for the bulk viscosity

TABLE I. Sound velocities for different metal-ammonia concentrations. The adiabatic sound velocities are taken from Ref. 5, and the
Bohm-Staver sound velocities are calculated from (Bf.The dimensionless parameteiis calculated from the ratio between experimental
and theoreticalArnold and Paterson calculatioRef. 34] values of electrical conductivity, leading to the sound velocity calculated from
Eq. (8). The damping constants are calculated from hydrodynamics and from the linewidth of the collective excitations in our data.

Metal-ammonia Adiabatic Sound Sound a Sound I'(Q) calculated I'(Q) fitted
(MPM) sound velocity velocity velocity from from
velocity from our calculated from from Ed8) hydrodynamics our data
(m/s) data(m/s) BS model(m/s) (m/s) (meV) (meV)
Li 13 1450+ 25 1550+ 70 780 0.29 1380 (0.2080.003Q%  (0.10+0.02)Q?
Li 16 1450+ 20 1470+ 80 830 0.22 1280 (0.1980.003Q%  (0.09+0.02)Q?
Li 20 1460+ 15 1540+ 100 890 0.13 1060 No data (0.8D.02)Q2
Na 10 140620 1450+ 60 590 0.52 920 (0.1950.003)Q2 (0.14+0.02)Q?
Na 14 134@:20 141G6:70 660 0.3 780 (0.1880.003)Q7 (0.10+0.02)Q?
Na 18 134@20 137G:40 700 0.28 800 No data (0.1.02)Q2
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The calculated values fdr are shown in Table | and in LI I I I I IS SRy o)

Fig. 11 with the dashed lines. For the 13 MPM lithium- 8'_ "= Hartree-Fock ]
. . R O Experimental Data

ammonia solution, the damping constant calculated from hy- L m Ashcroft and Langreth Calculation 1
drodynamics is about a factor of 2 higher than the fit from T n
our data. Furthermore, the difference between both values (| ]
(hydrodynamic and our datancreases for the 16 MPM Li3MPM O
lithium-ammonia solution. For the 10 MPM sodium- S Na 14 MPM O T
ammonia solution, we see better agreement between tha4~ ,L Li 16MPM O i
damping constant calculated from hydrodynamics and out - Na IS MPM O
fitted value; however, the hydrodynamics result is about two ir Li20 MPM O 7]

times higher than our fitted values for the 14 MPM sodium-
ammonia solution. The discrepancy between the macro-
scopic observed viscosity and the damping constants ob
served in our experiment is likely due to a viscoelastic
relaxatiori* leading to reduced viscosity at high frequencies.
However, compared to other liquid metals, we see better s
agreement between the measured damping constant for our

data and that calculated from the hydrodynamlcthe compressibilitk. The open circles are the experimental values.

17
Calcwatlo.n' . . . . The solid squares are the values calculated by Ashcroft and Lan-
As a first approximation for the dlspegrzsmn_, we Cor_nparegreth(Ref. 35 The solid line is the Ashcroft and Langreth calcula-
our results to the Bohm-StavéBS) model?* which consid- o, ignoring the band-structure effects.
ers the metals as a gas of pointlike ions interacting through

the Coulomb potential screened by the electron gas. As golecules can be taken into account by introducing their
result of the screening, the long-wavelength frequency ofjjelectric constant. This was done by Arold and Pattefson
longitudinal collective excitations)p, ion plasma fre- o calculate the conductivity of metal-ammonia mixtures.

FIG. 12. Comparison of experimental and theoretical values of

quency, is reduced by J£(Q), Lagowski and Sienkbattempted to reconcile the calculated
2 electric conductivity and the experimental values by intro-
w2(Q)= Qp 4) ducing a varying ratio between the effective mass of the
€(Q)’ electronm and the dielectric constant of the mediwnas

whereQ3=4mn,(Ze)?/M, n; is the_ion ngmber denstitl is (m/e)=a(my/ ), (7)
the number of valence electrond, is the ion masse is the . ) ) . ]
electron charge, ane(Q) is the electron-gas dielectric con- Where a is a dimensionless parameter that varies with the

stant. AsQ—0, concentration andk, is the optical dielectric constant of
NH ;. By considering the effect of the effective mass of the
02e K electron and the dielectric constant of the medium in BS
lime(Q)=1+ — —, (5) model, we end up with
Q-0 Q? Ky
where q3=6me’n./Ex is the Thomas-Fermi screening phare= o112 m_OZvF, (8)
wave vectorEr is the Fermi energy is the compressibility 3Mbare

of the system, an&=3/(2nE) is the free-electron com- \hereM, ,, is the mass of the bare ion.
pressibility. In the RPAK/K¢=1, so the sound velocity is e calculated the sound velocity from E&) as shown in

given by Table I. The calculations show an improved agreement and a
similar trend with changing metal concentrations. However,
o 03 o [meZ the calculated sound velocities remain still significantly be-
US_(lngO Y Q%) V3mM'F 6 Jow the experimental value. The failure of the BS model to

explain the electron-ion coupling at low electron density is

wheremg is the mass of a free electron anglis the velocity — due to several factors. The electron-electron interaction be-
of the electron at the Fermi surface. This relationship is comeomes more significant at low electron density, where the
monly used to explain the presence of an acoustic sounkinetic energy of the electrons become smaller compared to
mode with linear dispersion in metals. systems with high electron density. The RPA considers

We have applied this model to our system as shown irK/K;=1, therefore the noninteracting electrons are respon-
Table I, and we have found that the calculations of soundgible for the compressibility of the system, but the theoretical
velocity neither agree with the measured sound veldcity  calculations® and the experimental dafashow deviations
with the ion-acoustic velocity. As an ion mads we took the  from RPA at low and high electron densities, as shown in
mass of the complexone lithium and four ammonia mol- Fig. 12. Our study seems to indicate that the dielectric con-
ecules and one sodium and five ammonia molegulés-  stant is a slowly varying function ofs and perhaps has a
other way of treating the system is by considering the interlower value than the one calculated by RPA. Ashcroft and
action between the bare ions. The effect of the ammonidangreti® have calculated the interacting electron-gas com-
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pressibility based on perturbation theory. The exchange erthe sodium-ammonia solution at 10 MPM. However, the hy-
ergy, correlation energy, electron-ion interaction, ion-ion in-drodynamic damping constant is about two times higher than
teraction, and band-structure effects were considered in theithe experimental value for the 14 MPM sodium solution and
calculations. They have found a good agreement with th€1l3, 1§ MPM lithium-ammonia. This study shows the
experimental values for simple metals. Using their calcula-acoustic dispersion relations and the lifetime behavior for
tion and ignoring the band-structure effect, we have calcuthese systems. At low electron densities, we see evidence
lated K¢ /K at low electron density as shown with the solid that the value of dielectric constant is smaller than the value
line in Fig. 12. Our data show a qualitative trend similar tocalculated within the RPA.

the calculated values.
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