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Neutron scattering investigation of low-momentum collective ion dynamics in liquid potassium
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The low-momentum collective ion dynamics of molten potassium has been investigated by means of a
high-resolution inelastic neutron-scattering experiment. Collective vibrational modes were found to contribute
to the coherent response function over the wave-vector transfer region from 0.2 up to 1 Å21. The analysis of
the quasielastic features of the dynamic structure factor, due to mainly incoherent scattering, suggests that
contributions other than the expected self-diffusion are present. An internally consistent description of the low
momentum collective ion dynamics in molten alkali metals was obtained by applying the same data analysis
scheme to the present data and those published on Li, Na, Rb, and Cs. The main conclusion is that the
Bohm-Staver prescription for the collective-mode velocity does not describe the whole alkali metals series and
approaches beyond the random-phase approximation are necessary to treat the electron gas screening of the ion
interactions.
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i
to

.
d
n
n
et
x

m
x

hy
es
ce

in
st

pa
io
st
f

d

o
e
c
h
uc
-
a
e

d
ore

le
tion

me
dif-
tle

al-
led

ion,
ion
r-
ity
t in-

s of
id
nter-
e
stly
or
as

he
so-

-
by

g
im-
mb
he
he
n-
I. INTRODUCTION

The theoretical treatment of the dynamic correlations
liquid simple metals, extending from the hydrodynamic
the microscopic kinetic regimes, can be considered one
the long-standing problems in the physics of dense fluids
classical criterion for testing the validity of different liqui
state theories is their ability to describe the dynamic respo
function as measured by inelastic neutron, and more rece
inelastic x ray, scattering in the simplest among liquid m
als, that is, alkali metals. Alongside with some historical e
periments such as that of Copley and Rowe on rubidiu1

which, about 30 years ago, showed unambiguously the e
tence of collective excitations extending well beyond the
drodynamic regime, the experimental investigation of th
systems has progressed continuously until the very re
measurement of Cabrilloet al. on molten potassium.2 At
present, the dynamic properties of all the elements belong
to the alkali-metals group have been investigated by inela
neutron scattering,1–7 and in the case of lithium and sodium
also by x-ray scattering experiments.8,9 An overall evidence
for the occurrence of collective excitations, namely, pro
gating ion density fluctuations with an associated dispers
relation extending typically up to half the position of the fir
maximum of the static structure factor, has been reported
all the alkali metals.

Theoretical modeling of the reported experimental fin
ings has commonly exploited analytic approaches, such
those provided by the kinetic10 and mode-coupling11 theories
of liquids, or computational schemes made more and m
effective by the advances in computer simulation techniqu
Formal schemes, however, maintain an appealing chara
because of the physical insight into the microscopic mec
nisms governing the liquid dynamics. This explains the s
cess of the memory-function12 based approach for calcula
tion of the time correlation functions, although practic
applications of this technique typically rely on short-tim
0163-1829/2003/68~2!/024208~10!/$20.00 68 0242
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expansions of the relevant correlation functions.13,14The vis-
coelastic model,13,14 which can be derived from a continue
fraction representation of the memory function, and the m
recent semiempirical8 and ‘‘beyond-viscoelastic’’2 schemes
for the memory function have been applied to liquid simp
metals. These approaches provide a satisfactory descrip
of the dynamic behavior, although the mechanisms of ti
decay of the memory functions are not sensitive to the
ferent nature of the interaction potential or to more sub
quantum effects.

Experimental investigation of the dynamic response in
kali metals, carried out at the highest accuracy level enab
by the present top-performance scattering instrumentat
should clarify the microscopic mechanisms behind the
density fluctuations and their link to the details of the inte
atomic potential. In particular, the role of the electron dens
related effects against the short-range ion size dependen
teractions can be inspected by studying the ion dynamic
liquid alkali metals, that is, systems, which in the liqu
phase can be featured as a two-component plasma of i
acting electrons and ions,15 while in the solid bcc phase ar
characterized by a simple electronic structure and mo
‘‘harmonic’’- vibrational spectra. Experimental evidence f
the electron-gas driven effects on the ion dynamics w
obtained16 by recognizing a scaling relation, based on t
scaling of the electron density, in the dispersion curves as
ciated with the collective excitations of liquid Rb,1 Cs,7 and
a properly tailored K-Cs alloy.16 The analysis of the disper
sion curves and the mode velocities was carried out
means of a simple Bohm-Staver~BS! model for the coupled
electron-ion plasma,15,17 which has the merit of emphasizin
the role of the electron-gas density although through a s
plified description of the electron-screened ion-ion Coulo
interaction. Rather surprisingly, the BS prediction of t
collective-mode velocity was found to properly describe t
experimental findings in two polyvalent and high electro
density samples such as liquid lead and mercury,18 where the
©2003 The American Physical Society08-1
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ion core repulsive potential was expected to play a ma
role. However, the most striking effect of the electron cor
lations on the ion dynamics seems that observed in a s
rated metal solution of lithium ammonia,19,20 a system char-
acterized by a very low electron density~well beyond the
limit of the typical metallic region! and, hence, by electron
electron interactions dominating over the kinetic energy.17,21

Indeed, an anomalous and rather abrupt decrease of th
ergy of the collective mode was observed at a wave-ve
transfer close to 2kF , wherekF is the Fermi wave vector
This behavior is compatible with the singularity at 2kF of the
electron-gas dielectric function resulting in the Koh
anomaly in a system with an isotropic spherical Fermi s
face, and it was interpreted20 in terms of electron interaction
as modeled by a dielectric function beyond RPA~random
phase approximation!.21

The view of alkali metals and their solutions as the clos
systems approximating the interacting two-compon
plasma, despite the perturbing presence of finite-size
cores, makes the investigation of the low-frequency dyna
ics of these liquid systems a rare opportunity to obtain
perimental information on the electron screening of the i
ion Coulomb interactions, and possibly on the wave-vec
dependent dielectric functione(Q) of the homogeneous in
teracting electron gas.

Among alkali metals, potassium occupies a position in
periodic table which suggests for it a key role in drawing
comprehensive view of the properties of all these met
This is apparent from Fig. 1 where the atomic number d
sity of alkali metals near the melting temperatureTm is plot-
ted versus the atomic number: an abrupt change in the t
occurs close to the potassium position. Indeed, the ato
number density of potassium is low and close to that of
heavier rubidium and cesium, while lithium and sodium, t
lighter ones, have a much higher number density. Since
atomic number density is directly related to the repuls
potential, the trend observed in Fig. 1 emphasizes that K,
and Cs are described by a similar repulsive potential wh
differs from that of Li and Na. This suggestion could b
checked by extending to potassium the BS analysis wh
amounts to neglecting the effect of the ion size on the pro
gating collective mode and resulted in the mentioned sca
relation for Rb, Cs, and K-Cs.16 Therefore, a detailed inves
tigation of the low-frequency and low-momentum dynam

FIG. 1. Atomic number densityn of alkali metals at melting
point versus the atomic numberZ. Dashed lines are guides to th
eye.
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of liquid potassium seems to be extremely appropriate. I
also noteworthy that the critical density and the viscosity
the melting point22 exhibit an anomaly on potassium. More
over, the static structure factor of liquid potassium has b
measured23 and lattice-dynamics data for the crystal a
available.24 On the theoretical side, the available calculatio
of both the static structure factor in the liquid25 and the dy-
namic structure factor in the solid up to the melting poin26

were based on the use of semiempirical pair potentials.
cently, a path-integral molecular-dynamics method27 has
been applied to study the temperature dependence of
structural and dynamic properties of potassium. An adv
tage of this approach lies in clarifying the coupling betwe
the atomic and the electronic structure.

Inelastic neutron data on potassium taken close toTm had
been reported previously.5 However, the restricted wave
vector and energy-transfer range (Q,\v) prevented an ex-
tended analysis of the ion dynamics and the rather highQ
values, namely, 1<Q<1.3 Å21, were not optimized to ob-
serve the presence of collective excitations which are
pected to be more visible at low wave vectors. An extend
experimental study of the dynamic response in molten po
sium has been published quite recently.2 The authors ex-
ploited a combination of different inelastic neutron-scatter
techniques to measure the quasielastic and the inelastic
tributions to the dynamic response, aiming at separate m
eling of the diffusive atomic motions and the collective de
sity oscillations. The low-Q portions of the kinematic region
(Q,\v) explored in the experiment of Ref. 2, correspondi
to the three different incident neutron energies 15, 30, and
meV, and calculated at the minimum scattering angle atta
able by the instrument used~MARI at the ISIS Spallation
Source, U.K.!, namely, 3°, are shown in Fig. 2 in compar
son with the linear dispersion associated with the isother
sound velocity.22 An experiment aiming for the investigatio
of the collective excitations in liquid potassium would ce
tainly benefit from accessing an even lower-Q region. This is
possible by using a three-axis spectrometer16,18,20 which
combines the demand for high-energy resolution with

FIG. 2. Low wave-vector transfer portion of the kinematic r
gion (Q,\v) accessible to the investigation of Ref. 2 at the thr
incoming neutron energies 15, 30, and 50 meV of the experim
and the lowest scattering angle of the instrument, i.e., 3°~continu-
ous lines!. The low-Q kinematic region of the present experimen
with 48 meV final neutron energy and 1° scattering angle, is a
shown~dashed line!. The dotted line is the sound dispersion.
8-2
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NEUTRON SCATTERING INVESTIGATION OF LOW- . . . PHYSICAL REVIEW B 68, 024208 ~2003!
possibility of measuring the cross section at scattering an
as low as 1°. The kinematic region corresponding to
three-axis configuration of the present experiment, that is
meV fixed final energy and 1° scattering angle, is also sho
in Fig. 2 for comparison.

In the present paper, we report on the high-resolution
elastic neutron scattering investigation of the low-frequen
and low-wave-vector dynamics of potassium at 350 K (Tm
5336 K). The purpose of the investigation is twofold: fir
to obtain an accurate determination of the dynamic struc
factor in the low-wave-vector region; second to deduce
velocity associated with the density fluctuations by analyz
the linear portion of the dispersion curve of collecti
modes. Since we believe that the data on potassium are
cial to emphasize the presence of trends common to all
molten alkali metals or to point out at possible discontin
ties, thanks to the special position of this element within
series, we analyzed the present data by applying the alre
tested BS model as a key to identify the dependence of
dynamic properties on the electron gas. In order to dr
model-independent conclusions from the experimental d
we extended the present analysis procedure to the publi
data on molten alkali metals. The comparative analysis of
low-momentum dynamics showed that the BS prescript
fails in predicting the absolute value of the mode velocity
molten alkali metals, which discards the possibility of
overall scaling of all the alkali metals based on the lon
wavelength RPA representation of the electron dielec
function and shows that the RPA scheme does not provid
adequate representation of the electron-gas screening ef

II. EXPERIMENT AND DATA ANALYSIS

The inelastic neutron-scattering measurements were
ried out at the hot and thermal-neutron three-axis spectr
eter IN1 installed at the High Flux Reactor of the Instit
Laue Langevin~ILL, Grenoble, France!. The spectromete
configuration was optimized to achieve high-energy reso
tion in conjunction with operation at low scattering angl
(1°) andstill acceptably high incoming intensity. Tight So
ler collimations of 258, 208, 208, and 308 from the reactor to
the detector were chosen for coupling to two wide vertica
focusing crystals, namely, a~200! Cu monochromator and
~004! PG analyzer. The instrument was operated at fixed fi
energy with the analyzer set to select the neutron wave
tor kf54.8 Å21. A remarkable reduction of the backgroun
in the small-angle configuration was accomplished by me
of an evacuated flight path, namely, a 1-m-diameter cham
around the sample.

The sample was a 99.9% pure potassium ingot~Sigma,
Aldrich! with natural isotopic composition, which was m
nipulated, weighted, and sealed into the cell, under the i
atmosphere of a He-filled glovebox. The cell, specially d
signed for this experiment, was slab shaped, vacuum t
aluminum container, 70340320 mm3 size and 0.5 mm wall
thickness. To reduce the amount of multiple scattering fr
the sample, which, nonetheless, was expected to be ra
small, six horizontal highly absorbing Gd blades of 0.25 m
thickness were mounted inside the cell at equal distance
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the temperature of the experiment, that is, 350 K, no alloy
between K and Gd and K and Al was expected.28 The sample
temperature was measured with an accuracy of 0.01°
means of two Pt sensors, which were inserted into two sm
holes on top and bottom of the aluminum cell. Heating of t
potassium sample at 350 K, i.e., just above the melting po
was achieved by means of four resistive elements place
the top and bottom edges of the cell, and coupled to a s
dard ILL temperature controller. The temperature was sta
within 0.1°, although it was not constant along the 70 m
length of the cell; indeed, a maximum temperature gradi
of ;3° was registered by the top and bottom Pt sensors

Inelastic scans from the sample were collected at n
values of wave-vector transfer, namely,Q50.2, 0.25, 0.35,
0.5, 0.65, 0.75, 0.85, 1.0, and 1.2 Å21. Background scans
were carried out on a second identical, but empty, alumin
cell, at the sameQ values as the sample. The environme
background was measured by collecting inelastic scan
Q50.2, 0.25, 0.5 and 0.75 Å21 on a fully absorbing cad-
mium plate with the same size as the sample and 2
thickness. As an example, the intensities measured from
sample, the empty cell and the cadmium plate atQ
50.25 Å21 are shown in Fig. 3. The contribution from th
aluminum cell was dominated by the central peak, origin
ing from elastic processes, with tails of negligible intensi
The background contribution arising from the environme
was very low as demonstrated by the measurements on
absorbing Cd plate. To measure the elastic resolution of
spectrometer and to normalize the intensity data, an inela
scan atQ50.5 Å21 was carried out on a standard vanadiu
plate having a thickness equal to 1.5 mm and contained
side the Al cell. The vanadium spectrum was very well
produced by the theoretical resolution function, calcula
for the specific configuration of the instrument according
Ref. 29. It resulted in a Gaussian function with a full width
half maximum~FWHM! equal to 1.50 meV. The experimen
tal data are shown in Fig. 4 in comparison with the calc
lated resolution function. The excellent agreement is app
ent. To point out at the effects of the instrument resolution
the sample data, the measured vanadium spectrum an
Gaussian fitting function are shown in Fig. 5 against the r
potassium data at the same wave-vector transferQ

FIG. 3. Raw intensity versus energy transfer as measure
wave-vector transferQ50.25 Å21 on molten potassium~dots!, the
empty alumnum cell~circles!, and a full absorbing cadmium plat
~triangles!. The data are shown also in the inset on an expan
scale to emphasize the very low background contribution.
8-3
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BOVE, DORNER, PETRILLO, SACCHETTI, AND SUCK PHYSICAL REVIEW B68, 024208 ~2003!
50.5 Å21. To carry out this comparison, the resolution da
were normalized to the peak intensity of the potassi
sample and Fig. 5 clearly shows that the inelastic region
the sample were not affected by the highly symmetric a
energy-confined resolution function. As a final comment,
observe that the elastic energy resolution of the three-
spectrometer, as measured by inelastic scans on vanad
does not depend on the wave-vector transferQ. Although
expected, this property was, nonetheless, checked in the
periment reported in Ref. 30, which was of the same clas
the present one, and where inelastic scans on vanadium
collected at different values ofQ.

The measured data were treated following the proced
described in Ref. 31, properly adapted to deal with the
elastic case, and applied in previous experiments16,18,20,30of
the same class as this one. The initial steps were norma
tion to the monitor counts and subtraction of the backgrou
intensity properly multiplied by the sample transmissi
which, for the present neutron beam (kf54.8 Å21), was
equal to 0.91. The background free intensity was then c
rected for multiple-scattering~MS! effects which, because o
the rather low scattering power of the potassium samp
(;10% of the incident neutrons got scattered!, were ex-
pected to give a small contribution to the measured signa

FIG. 4. Raw intensity of the vanadium standard versus ene
transfer measured atQ50.5 Å21 ~triangles!. The solid line is a
Gaussian with 1.5-meV FWHM, describing the instrument reso
tion function calculated according to Ref. 29.

FIG. 5. The vanadium data~circles! and the fitting Gaussian
resolution function~solid line! are compared with the raw intensit
data of the molten potassium~dots! at Q 5 0.5 Å21 to show the
effect expected from the instrument resolution on the side struct
of the inelastic spectrum.
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principle, the correction for MS requires the knowledge
the dynamic structure factorS(Q,v) of the sample for vir-
tually everyQ andv values. Since these data are not ava
able, except over limited (Q,v) regions, and in view of the
low MS expected in potassium, the response funct
S(Q,v) was modeled and used as input of a simulation p
gram for an iterative MS correction. Prior to the choice of t
trial S(Q,v) was the assumption that, at the high wave ve
tors which could also be involved in multiple-scattering pr
cesses, the incoherent approximation13 gives an adequate de
scription of the inelastic cross section. As input of the init
simulation cycle, we selected the dynamic structure fac
discussed by Lovesey,13 which was found to give a satisfac
tory fit of the incoherent contribution in the case of molt
lithium,3 that is,

Smod
MS ~Q,v!5Sinc~Q,v!

5
1

p

vb

12exp~2\vb!

3
td1d2

@vt~v22d12d2!#21~v22d1!2 , ~1!

where b5(kBT)21, d15Q2(Mb)21, d252Q2(Mb)21

1V2(0), andt215jAd2. The quantitiesV2(0) andj are
determined by taking the fourth moment ofSinc(Q,v) and
thev 5 0 result forSinc(Q,v50), respectively. Making use
of the above model function, the MS contribution was c
culated, convoluted with the instrument resolution functi
and subtracted from the background free data. The resu
difference could be used as input of the next MS calculat
cycle, however, in this case, the MS contribution was ve
low and it was not necessary to iterate the procedure. As
example, the calculated MS contribution is shown in Fig
against the experimental data atQ50.25 Å21. The order of
magnitude of the calculated MS contribution was;3.5% of
the total scattering contribution at thatQ value and no wave-
vector dependence was found over theQ region of the
present experiment. This result can be qualitatively und
stood by recognizing that, although the number of neutr
that suffer more than one scattering process can be h

y

-

es

FIG. 6. Background corrected intensity of molten potassi
~dots! compared with the calculated multiple-scattering contribut
~solid line! at Q50.25 Å21.
8-4



ar
ca
rn
in

te
ex

c
p

A
um
en
m

er

i
ua
la
th

rg
de
s
da
n
er
e
e
re

te
ti
in
ud
m

the
tion

ic

ion
c-
a-
e

e,
en.
ap-
s-
y-

or
on
on-

to
of

al
to

v

t

vec-

the

NEUTRON SCATTERING INVESTIGATION OF LOW- . . . PHYSICAL REVIEW B 68, 024208 ~2003!
these processes occur at high wave vectors and, hence, l
energy transfers. Therefore, the contribution of the MS s
tered neutrons, which have a high-energy distribution, tu
out to be low over the rather low and confined energy w
dow of the present constant-Q experimental scans.

To obtain the dynamic structure factor, the data, correc
for MS and sample transmission, were normalized by
ploiting the equivalence of the energy integral ofS(Q,v) to
@s inc/ssc1(4pb2)S(Q)/ssc# with s inc, ssc, b, andS(Q),
the incoherent and the total scattering cross sections, the
herent scattering length, and the static structure factor of
tassium, respectively. The experimental data ofS(Q), mea-
sured in Ref. 23, were used for the normalization integral.
a check of this procedure, the normalization to vanadi
was also applied and, within the error bars of the experim
the same absolute scale data were obtained. The experi
tal dynamic structure factorSexp(Q,\v) of potassium, put
on absolute scale, is shown in Figs. 7 and 8 versus en
transfer and at the wave-vector transfersQ of the measure-
ments. The main features of the experimentalSexp(Q,\v),
which is the cross section weighted sum of the dynam
structure factor and its self part, are a rather sharp q
elastic peak and inelastic structures aside of this. The ine
tic components are related to the collective dynamics of
system and are more pronounced at small-Q values. The
quasielastic contribution becomes predominant at la
wave-vector transfers, with broad tails which cannot be
scribed by a simple Lorentzian function modeling the qua
elastic signal centered at zero energy. At this stage of the
reduction, the complex structure of the quasi elastic sig
was apparent from the wave-vector evolution of the exp
mentalSexp(Q,\v) spectra. A thorough investigation of th
quasielastic spectrum in molten potassium is reported in R
2, where the very high-energy resolution of the measu
ments (;1022 meV and ;0.4 meV) enabled an accura
recognition of two sharp contributions to the quasielas
structure. The present 1.5-meV resolution, largely exceed
the Ref. 2 values, was, on the other hand, optimized to st
the propagation of the collective mode in molten potassiu

FIG. 7. Dynamic structure factorSexp(Q,\v) of molten potas-
sium versus energy transfer and at the lowest measured wave
tors. The experimental data~dots! and the best-fitting curves~lines!,
calculated according to the phenomenologic model described in
text, are shown on an expanded scale. The DHO contribution~see
text! is also shown in each panel.
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The analysis of the present data could proceed along
formal approach based on the memory-function descrip
of the atomic correlations, which is related to the dynam
structure factor by the following relationship13

Sinc/coh~Q,v!5
1

p
Sinc/coh~Q!

\v/kBT

12exp~2\v/kBT!

3ReH 1

iv1M̃ i /c~Q,iv!
J ,

where Re indicates the real part of the following express
andM̃ i /c(Q,s) is the Laplace transform of the memory fun
tion Mi /c(Q,t) defined in the time domain. Use of this equ
tion, which is formally exact, involves the knowledge of th
memory function for which no general form is availabl
although an appropriate equation of motion can be writt
Therefore, the practical use of this equation requires an
proximation of the memory function by different expre
sions, which typically provide a rational form for the energ
symmetrized dynamic structure factor.2,13,14 The expression
given in Eq.~1!, used to model the dynamic structure fact
for the MS correction, is an example of a memory-functi
approach; indeed, it can be obtained by truncating the c
tinued fraction describingMi(Q,t) at the second level.13 In
view of the fact that such a formal approach is reduced
approximations of practical use by an empirical modeling
the memory function,8,9 and considering that use of a ration
function for the dynamic structure factor necessarily leads

ec-

he

FIG. 8. Dynamic structure factorSexp(Q,\v) of molten potas-
sium versus energy transfer and at the largest measured wave
tors. The experimental data~dots! and the best-fitting curves~lines!,
calculated according to the phenomenologic model described in
text, are shown on an expanded scale. The DHO contribution~see
text! is plotted atQ50.85 and 1.0 Å21. The solid lines shown at
the highest-Q value, namely, 1.2 Å21, are the Lorentzian functions
best fitting the quasielastic contribution~see text!.
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the inclusion of only a finite number of frequency momen
we preferred to use an empirical fitting of the measu
Sexp(Q,\v), which describes the essential of the comp
liquid dynamics in a simple phenomenologic way.

Therefore, we modeled the dynamic structure factor
means of a damped harmonic oscillator~DHO! to describe
the inelastic coherent component of the response relate
the collective ion density fluctuations and by Lorentzi
functions to account for the quasielastic scattering due
both coherent and incoherent cross sections. The model f
tion Smod(Q,v) was convoluted with the four-dimension
(Q,v)-dependent resolution function of the spectrome
and then fitted to the experimental data. As a first attem
Smod(Q,v) was obtained as a superposition of a DHO an
single Lorentzian function with a FWHM either equal
2DQ2, whereD is the self-diffusion constant, or left as on
of the free parameters of the fit. This initial choice cou
appear rather naive, especially in view of the recogniz
double contribution, coherent and incoherent, to the qu
elastic structure, which is discussed in Ref. 2. However,
analysis of Ref. 2 showed that both these components w
well described by the two sharp Lorentzian functions w
linewidths of comparable size and smaller than;0.65 meV
for wave vectorsQ ranging from 0 to 1.2 Å21, that is much
smaller than the present instrument resolution~1.5 meV!.
Therefore, because of the broad energy resolution, a si
sharp Lorentzian function was reasonably expected to
count for both the two sharp components of the quasiela
peak. We also observe that this was a minimal choice for
fitting procedure which, if adequate to describe the exp
mental data, would result into a simple computation
scheme retaining, however, the physics of the sample a
appears under the present experimental conditions. The
sults of this fitting scheme were not satisfactory because
the failure in providing good quality fits of the data at eve
measured wave vector. The next step consisted of addi
second Lorentzian function to account for the additional
tensity appearing as extended wings of the quasielastic p
This option resulted in a satisfactory fit of all the data, w
the two Lorentzians accounting for the observed narrow
broad features of the quasielastic spectrum. We remark
the second Lorentzian was modeling a contribution mu
broader than the quasielastic peaks discussed in Ref. 2
even broader than the entire energy range of the scan sh
in Ref. 2~inset in Fig. 1 of Ref. 2!. The fitting procedure was
still simple, with a limited number of free parameters.

The final model for fitting the experimental data was th

Smod~Q,v!5F b\v

12exp~2b\v!GFa0~Q!

p

G0~Q!

v21G0
2~Q!

1
a1~Q!

p

G1~Q!

v21G1
2~Q!G

1@n~v!11#
ac~Q!Gc~Q!v

@v22vc
2~Q!#21Gc

2~Q!v2

~2!
02420
,
d
x

y

to

to
c-

r
t,
a

d
i-
e
re

le
c-
ic
e
i-
l
it

re-
of

a
-
ak.

d
at
h
nd
wn

wheren(v) is the Bose factor, and the collective mode
characterized through the amplitudeac(Q), the damping pa-
rameterGc(Q), and the associated energy\vc(Q). a0(Q)
and a1(Q) are the amplitudes of the two Lorentzian qua
elastic peaks having widthsG0(Q) andG1(Q). In the long-
wavelength limit, the quasielastic incoherent peak must
duce to a single Lorentzian with FWHM equal to 2DQ2,
which amounts toa1(Q) becoming negligible andG0(Q)
equallingDQ2. However, considering that the diffusion con
stant of potassium32 at 350K is equal to 5.14
31025 cm2s21, 2DQ2 was not negligible with respect to
the present resolution. Hence, a more suitable approxima
for G0(Q), to be used in the fitting procedure, is

G0~Q!5
DQ2

11t0DQ2 ,

where t0 has the role of a residence time in the jum
diffusion approximation.

The fitting procedure was carried out in two steps. First
all, the experimental data were fitted to Eq.~2! at each wave-
vector value, leavinga0(Q), a1(Q), t0 , G1(Q), ac(Q),
vc(Q), and Gc(Q) as free parameters. It was found th
a1(Q) decreases with decreasingQ, while G1(Q) does not
sensibly depend onQ. This result was already observed
liquid mercury,18 where the same trend for the broad qua
elastic peak was found, although the intensity of the bro
component was much higher in that case. The second ste
the fitting procedure consisted of holdingG1(Q) fixed, in
order to reduce the number of free parameters. With
option, good fits were obtained at everyQ’s except the larg-
est one (Q51.2 Å21), where an unsatisfactory amplitud
for the DHO contribution was obtained mostly because
the too limited experimental energy range. The curves ca
lated using the best-fit parameters are also shown in Fig
and 8 together with the experimental data. This compari
shows that the quality of the fits is very good, apart from t
mentioned limits atQ51.2 Å21. We repeat that this method
although of empiric nature like other models often used
describe the dynamic structure factor, is the simplest
containing all the qualitative features observed in the exp
mental data.

A close inspection of the fits reveals that the results
compatible with the presence of a collective mode in
experimental data for wave vectors up toQ51 Å21. The
dispersion of the collective modes, as defined by theQ de-
pendence of the fitting parameter\vc(Q), is shown in Fig.
9. We note that this interpretation is well founded on t
DHO model.33 Moreover, we preferred this phenomenolog
way of deducing the dispersion relation of the density flu
tuations to the one based on the maxima of the longitud
current correlation functionJL(Q,v)5(v2/Q2)S(Q,v), be-
causeJL(Q,v) must have a peak the position of which is n
necessarily related to collective mode, and it can be affec
by possible systematic errors present on the wings
S(Q,v). In order to determine the velocity of the collectiv
excitations, we applied a linear fit to the dispersion in t
low-Q region. The velocity turned out to be 15.
60.5 meV/Å21, that is, 2360680 m/s. This value is 30%
8-6
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higher than the isothermal sound velocity22 at the same tem
perature, which is 1800 m/s. Such a result is not new
alkali metals, where a velocity of collective modes exceed
the sound velocity was reported in all cases. In Fig. 9,
phonon-dispersion curve as measured in solid crystal
potassium24 along the@100# direction at 9 K is also shown.
The substantial agreement between the present data in
liquid phase and the phonon-dispersion curve in solid po
sium suggests that the high-frequency component of the
namic structure factor of the liquid has some solidlike ch
acter, although the collective mode is strongly damped in
liquid. Moreover, we observe that the density of potassium
9 K does not differ considerably from that of the liquid
350 K, namely, 0.92 g cm23 against 0.82 g cm23, with the
consequence of average interatomic distances and i
atomic forces being rather similar in the two phases.

It is also interesting to analyze the strength of the coll
tive mode as obtained from the integral

Zc~Q!5E
2`

1`

dv
ac~Q!Gc~Q!v

@v22vc
2~Q!#21Gc

2~Q!v2
@n~v!11#.

This integral is particularly meaningful in the wave-vect
region 0.25<Q<1 Å21, where a sufficiently wide energ
range was covered in the experiment and the DHO contr
tion was unambiguously obtained from the fitting procedu
The ratio of Zc(Q) to the static structure factorS(Q) is
shown in Fig. 10, where a rather constant trend versusQ can
be observed over the wholeQ range. In general,Zc(Q) ac-
counts for about 25% of the static structure factor.

The strength associated with the quasielastic contribu
was obtained by calculating the integrated intensities un
the two Lorentzian functions used in the fit, that is

FIG. 9. Dispersion relation\vc(Q) associated with the collec
tive vibration as obtained from the present model~dots!, linear dis-
persion relation associated with the sound velocityvsound

511.85 meV Å~solid line!, and phonon-dispersion curve along th
@100# direction in crystalline potassium at 9 K~triangles!. The
dashed line joining the triangles is obtained by a force-constan
to the experimental phonon data, and the phonon velocity, resu
from the linear extrapolation of this curve to lowQ, is
16.2 meV Å. The dot-dashed line is the best fit to the low-Q por-
tion of the dispersion curve in molten potassium, which provide
collective-mode velocityvcoll515.5 meV Å.
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Z0/1~Q!5E
2`

1`

dv
b\v

12exp~2b\v!

a0/1~Q!

p

G0/1~Q!

v21G0/1
2 ~Q!

.

As to the sharp Lorentzian function, an almo
Q-independent strengthZ0(Q);0.2 was found, although we
note that the experimental energy resolution was too broa
get an accurate evaluation of the widthG0(Q). From the fit
a residence timet052.060.7 ps was obtained, however, th
value depends on the chosen expression forG0(Q). Despite
the limited accuracy of the present estimate ofG0(Q), in
Fig. 11 we compare our results with those measured in R
2 and 5, which were obtained at higher resolution. An ove
good agreement between the three sets of experimental
can be observed over theQ range presently explored, a
though the data of Ref. 2 should be taken as the referenc
the incoherent quasielastic linewidths. The observed ag
ment with the incoherent scattering results of Ref. 2 sugg
that our quasielastic sharp contribution to the dynamic str
ture factor was dominated by the incoherent scattering te
As regards the broad Lorentzian function, which was nec

fit
g

a

FIG. 10. Wave-vector dependence of the ratio between
strength of the collective-mode contributionZC(Q) and the static
structure factorS(Q): triangles andy axis on the left. Wave-vector
dependence of the strengthZ1(Q) of the broad Lorentzian compo
nent of the present fit: dots andy axis on the right. The continuou
line is the model functionf 5 f 0@12sin(Qd)/(Qd)# fitting theZ1(Q)
data~see text!.

FIG. 11. WidthG0(Q) of the sharp Lorentzian component of th
present fit to the potassium data~solid line!, calculated using the
best-fit value oft0 ~see text!. The two dotted lines enclosing th
curve ofG0(Q) represent an estimate of the maximum error regi
The higher-resolution data from Refs. 2~squares! and 5~dots! are
also shown. The two dashed lines are the long-wavelength diffu
limits of the width, at two temperature values.
8-7
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TABLE I. Sound velocityvsound RPA prescription for the collective-mode velocityvRPA andexperimen-
tal collective-mode velocityvcoll deduced from the present common analysis of neutron and x-ray da
molten alkali metals~see text!. r s is the parameter related to the electron density and defined in the te

r s vsound vRPA vcoll vcoll /vsound vcoll /vRPA

~meV Å) ~meV Å) ~meV Å)

Li 3.303 28.77 42.80 36.561.8 1.2760.06 0.8560.04
Na 4.053 15.81 19.16 18.561.5 1.1760.09 0.9760.08
K 5.021 11.85 11.86 15.560.8 1.3160.07 1.3160.07
Rb 5.355 7.87 7.52 9.260.5 1.1760.06 1.2260.07
Cs 5.776 6.02 5.59 7.560.6 1.2560.10 1.3460.10
Li ~ND3) 4 7.400 9.40 5.39 11.260.2 1.1960.02 2.0860.04
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sary to describe the rather extended quasielastic wings o
experimental data, the analysis of the strength showed
the integrated intensityZ1(Q) represented a very small con
tribution to the overall quasielastic structure, although it w
characterized by a remarkableQ dependence. The resul
obtained forZ1(Q) are shown in Fig. 10 (y axis on the
right!, where it is apparent thatZ1(Q) is an increasing func-
tion of the wave-vector transfer. The ratio ofZ1(Q) to the
almost Q-independentZ0(Q) goes from some negligible
1 –2% at low-Q values, to;20% at the highest-Q values of
the experiment. Moreover, we remind that a result of the
was the widthG1(Q) of the broad Lorentzian being scarce
dependent onQ. Indeed, the FWHM was taken as indepe
dent of Q and held constant in the fit, namely, 2G1(Q)
52G154.060.4 meV. These characteristics, that is, t
Q-dependent integrated intensity and theQ-independent line-
width, prevent any easy association of the broad compon
with a free diffusion in real space. On the other hand,
FWHM equal to;4 meV, which largely exceeds the line
width of the coherent quasi elasticQ-dependent componen
investigated in Ref. 2, namely,;0.5 meV average value
over the Q range 0 –1.2 Å21, keeps from identifying the
broad quasielastic component with the purely coherent h
mode.

The interpretation of the quasielastic structures obser
in the present measurements, which, we remark once m
was not the aim of the experiment, is not straightforwa
because of the broad energy resolution. Referring to the
sults of Ref. 2 on the quasielastic linewidths, we believe t
the coherent and incoherent quasielastic components,
cussed, both make their contribution into our sharp Loren
ian peak and, because of our experimental configurat
they cannot be disentangled from one another. From
comparison of theG0(Q) data shown in Fig. 11, and obser
ing that the ratioscohS(Q)/s inc is smaller than;0.2 for Q
ranging from 0 to 0.5 Å21, we can conclude that the inco
herent contribution is governing our sharp Lorentzian pe
Finally, recalling that the collective-mode strengthZc
amounts to about 25% ofS(Q), we expect that a large frac
tion of the broad Lorentzian term is brought about by coh
ent quasielastic processes. All these observations sugge
the quasielastic scattering a rather complex underlying st
ture, which certainly deserves further experimental inve
gation. We simply observe that a plausible picture, consis
with the observed features of the broad Lorentzian contri
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tion, could be that of some fast time-scale dynamics with
associated characteristic time equal to 1/G150.3260.03 ps.
Since the relation of this dynamic process to a free-diffus
in real space is ruled out by theQ dependencies ofZ1(Q)
and G1(Q), one could interpret it as a fast motion takin
place over a confined region. Following this conjecture,
described the motion confined over a distanced by means of
the simple model functionf 5 f 0@12sin(Qd)/(Qd)#, with f 0
andd parameters of the fit to the experimentalZ1(Q) data.
We foundd52.060.5 Å. The resulting curve is also show
in Fig. 10 in comparison with theZ1(Q) data.

III. CONCLUSION AND FINAL REMARKS

Since the present study aims at establishing the relat
ship between the collective vibration at THz frequencies
the ions in the liquid metal and the electron screening effe
we focused the analysis on the velocity associated with
collective mode. As reported in the preceding section,
velocity is about 30% higher than the sound velocity and t
anomaly is similar to what was observed in the other alk
metals. To obtain some model-independent conclusions
unambiguous features common to the dynamics of all
alkali metals near the melting point, we applied the pres
fitting procedure to the experimental data available from
erature, obtained by inelastic neutron1,6,7,20 and by inelastic
x-ray scattering8,9 in molten alkali metals. This procedur
ensures the accessibility to a unique and internally consis
set of mode velocity data, obtained by a linear fit of the lo
Q dispersion curves, which, in turn, were obtained by pl
ting the DHO best-fit vibration energies\vc(Q). The ve-
locities associated with the collective mode observed in
five alkali metals, and resulting from the present analysis,
summarized in Table I in comparison with the sound veloc
at the melting point and the values of the velocities cal
lated in the framework of the RPA using the B
approximation,17,21 that is

vRPA5 lim
Q→0
A Vp

2

e~Q!Q2

whereVp is the ion plasma frequency ande(Q) is the static
RPA dielectric function of the electron gas. In Table I th
ratios of theexperimentallydetermined velocity of the col-
lective modes to that calculated and to the sound velocity
8-8
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also reported. While the latter ratio is, as expected, alw
larger than one and no simple systematic trend with the e
tron density or the atomic number can be safely identifi
the former ratio is less than one for the light metals, while
is close to 1.3 for K, Rb, and Cs. The data of Table I sh
that a quantitative description of the velocity of the collecti
modes cannot be obtained within the simplified BS mode
is interesting to comment on the accurate account of the
locity value given by RPA in the case of Na. Although N
has been considered for long as the prototype of an alm
free-electron metal, we think that the observed agreeme
rather accidental, since RPA is expected to fail at the alre
too low density of Na ~namely r s54.05, with r sa0
5(3/4pn)1/3, n is the electron number density anda0 is the
Bohr radius! which causes the electron-electron interact
to dominate over the kinetic energy of the interacting el
tron gas.

The inadequacy of a RPA approach to treat the elec
correlations was strikingly evident in the case of a satura
metallic solution of lithium in deuterated ammonia, which
a very low-density liquid metal (r s57.4). The experimenta
results in lithium ammonia could be interpreted by a mo
sophisticated treatment of the electron-electron interactio
namely, an approximation to the dielectric function beyo
the RPA including local-field corrections.21 We remind that
the BS model was found to work quite accurately in the c
of liquid mercury and lead, that is, two high-electron-dens
systems (r s

Hg52.70,r s
Pb52.97). We believe that the agree

ment for Na could be due to an accidental cancellation
two terms, one stemming from the electrons and correc
to the RPA, and the other from the ion potential.

The observed overall behavior can be considered a
strong indication that a more accurate theoretical modelin
necessary for a full account of the experimental findings
l,
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the THz frequency regime. An improved treatment of t
electron gas and the screening effects on the ion-ion inte
tions is necessary, and probably sufficient, since it will int
duce important differences between high and low electr
density systems, that is, regimes of low and high couplin

In conclusion, we investigated the collective dynamics
liquid potassium in the region of low wave-vector transfe
by means of inelastic neutron scattering. The experim
confirmed the anomalous dispersion of the collective mod
resembling that observed in other alkali metals. A compa
tive analysis of all molten alkali metals, carried out by a
plying the same fitting procedure to the experimental d
from Refs. 1,6–9, and 20, showed that an improved tre
ment of the dielectric screening is necessary to account
the low-Q low-frequency dynamics of the low electron
density alkali metals. Moreover, we observe that the disp
sions shown in Fig. 9 seem to suggest a reduction of
collective-mode velocity at the lowest wave-vector trans
studied in the present investigation, namely,Q50.2 Å21.
Indeed,Q50.2 Å21 seems to be the edge of the transiti
region from the hydrodynamic to the higher-frequency
gime. However, this point deserves further experimental
vestigation at even lower-Q values.

As a final remark, we observe that potassium is a go
candidate for a complementary neutron and x-ray inela
scattering investigation. Indeed, the different coupling of
two probes to atomic nuclei and electron cloud, respectiv
leading to information on the nuclear dynamics, could
investigated in this liquid metal, which is easily accessible
both experimental techniques. Moreover, exploiting the
trinsically coherent nature of the x-ray experiments, a m
extended analysis of the coherent and incoherent contr
tions could result from the comparison with the neutron e
periments.
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ibid. 15, 401 ~1982!; L. Sjögren, Phys. Rev. A22, 2866~1980!;
22, 2883~1980!.

11K. Kawasaki, Ann. Phys.~N.Y.! 61, 1 ~1970!; T. Keyes, inStatis-
tical mechanics, edited by B.J. Berne~Plenum Press, New York
1977!, part B.

12H. Mori, Prog. Theor. Phys.33, 423 ~1965!; 34, 399 ~1965!.
13S.W. Lovesey,Theory of Neutron Scattering from Condens
8-9



-

ev

n

lp,

F.

a

r.,

r.

. E

d.

o.

BOVE, DORNER, PETRILLO, SACCHETTI, AND SUCK PHYSICAL REVIEW B68, 024208 ~2003!
Matter ~Oxford University Press, Oxford, 1986!, Vol. 1.
14U. Balucani and M. Zoppi,Dynamics of the Liquid State~Clar-

endon Press, Oxford, 1994!.
15N.H. March, Liquid Metals ~Cambridge University Press, Cam

bridge, 1990!.
16L.E. Bove, F. Sacchetti, C. Petrillo, and B. Dorner, Phys. R

Lett. 85, 5352~2000!.
17D. Pines and Ph. Nozieres,The Theory of Quantum Liquids~Ben-

jamin, New York, 1966!.
18L.E. Bove, F. Sacchetti, C. Petrillo, B. Dorner, F. Formisano, a

F. Barocchi, Phys. Rev. Lett.87, 215504~2001!.
19C.A. Burns, P.M. Platzman, H. Sinn, A. Alatas, and E.E. A

Phys. Rev. Lett.86, 2357~2001!.
20F. Sacchetti, E. Guarini, C. Petrillo, L.E. Bove, B. Dorner,

Demmel, and F. Barocchi, Phys. Rev. B67, 014207~2003!.
21G.D. Mahan,Many-Particle Physics~Plenum, New York, 1991!.
22Handbook of Thermodynamic and Transport Properties of Alk

Metals, edited by R.W. Ohse~Academic, Oxford, 1985!.
23A.J. Greenfield, J. Wellendorf, and N. Wiser, Phys. Rev. A4, 1607

~1971!; M.J. Huijben and W. van der Lugt, Acta Crystallog
Sect. A: Cryst. Phys., Diffr., Theor. Gen. Crystallogr.35, 431
~1979!.
02420
.

d

li

24R.A. Cowley, A.D.B. Woods, and G. Dolling, Phys. Rev.150, 487
~1966!; W.J.L. Buyers and R.A. Cowley,ibid. 180, 755 ~1969!.

25S.K. Lai, Wang Li, and M.P. Tosi, Phys. Rev. A42, 7289~1990!.
26H.R. Glyde, J.P. Hansen, and M.L. Klein, Phys. Rev. B16, 3476

~1977!.
27Ki-dong Oh and P.A. Deymier, Phys. Rev. Lett.81, 3104~1998!;

Phys. Rev. B59, 11 276~1999!.
28M. Hansen,Constitution of Binary Alloys, 2nd ed.~McGraw-Hill,

New York, 1958!, p. 102.
29M.J. Cooper and R. Nathans, Acta Crystallogr.23, 357~1967!; B.

Dorner, Acta Crystallogr., Sect. A: Cryst. Phys., Diffr., Theo
Gen. Crystallogr.28, 319 ~1972!.

30C. Petrillo, F. Sacchetti, B. Dorner, and J.-B. Suck, Phys. Rev
62, 3611~1999!.

31C. Petrillo and F. Sacchetti, Acta Crystallogr., Sect. A: Foun
Crystallogr.46, 440 ~1990!.

32Handbook of Chemistry and Physics, 79th ed.~CRC Press, Boca
Raton, FL, 2000!.

33B. Fåk and B. Dorner, Institut Laue-Langevin Internal Report N
ILL92FA08T 1992 ~unpublished!; B. Fak and B. Dorner,
Physica B234-236, 1107~1997!.
8-10


