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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 upth 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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. INTRODUCTION expansions of the relevant correlation functioh&! The vis-

coelastic modet>'*which can be derived from a continued

The theoretical treatment of the dynamic correlations infraction representation of the memory function, and the more
liquid simple metals, extending from the hydrodynamic torecent semiempiriciland “beyond-viscoelastic’ schemes
the microscopic kinetic regimes, can be considered one dbr the memory function have been applied to liquid simple
the long-standing problems in the physics of dense fluids. Anetals. These approaches provide a satisfactory description
classical criterion for testing the validity of different liquid of the dynamic behavior, although the mechanisms of time
state theories is their ability to describe the dynamic responsgecay of the memory functions are not sensitive to the dif-
function as measured by inelastic neutron, and more recentfigrent nature of the interaction potential or to more subtle
inelastic x ray, scattering in the simplest among liquid met-quantum effects.
als, that is, alkali metals. Alongside with some historical ex- Experimental investigation of the dynamic response in al-
periments such as that of Copley and Rowe on rubidium,kali metals, carried out at the highest accuracy level enabled
which, about 30 years ago, showed unambiguously the exidy the present top-performance scattering instrumentation,
tence of collective excitations extending well beyond the hy-should clarify the microscopic mechanisms behind the ion
drodynamic regime, the experimental investigation of thesalensity fluctuations and their link to the details of the inter-
systems has progressed continuously until the very recemttomic potential. In particular, the role of the electron density
measurement of Cabrille@t al. on molten potassiuh.At  related effects against the short-range ion size dependent in-
present, the dynamic properties of all the elements belongintgractions can be inspected by studying the ion dynamics of
to the alkali-metals group have been investigated by inelastiiquid alkali metals, that is, systems, which in the liquid
neutron scattering,’ and in the case of lithium and sodium phase can be featured as a two-component plasma of inter-
also by x-ray scattering experimefit3An overall evidence acting electrons and iortS,while in the solid bcc phase are
for the occurrence of collective excitations, namely, propacharacterized by a simple electronic structure and mostly
gating ion density fluctuations with an associated dispersiofiharmonic”- vibrational spectra. Experimental evidence for
relation extending typically up to half the position of the first the electron-gas driven effects on the ion dynamics was
maximum of the static structure factor, has been reported foobtained® by recognizing a scaling relation, based on the
all the alkali metals. scaling of the electron density, in the dispersion curves asso-

Theoretical modeling of the reported experimental find-ciated with the collective excitations of liquid RtCs,” and
ings has commonly exploited analytic approaches, such as properly tailored K-Cs allo}f The analysis of the disper-
those provided by the kinetitand mode-coupling theories  sion curves and the mode velocities was carried out by
of liquids, or computational schemes made more and moremeans of a simple Bohm-Stav8S) model for the coupled
effective by the advances in computer simulation technique=lectron-ion plasm&1’which has the merit of emphasizing
Formal schemes, however, maintain an appealing charactére role of the electron-gas density although through a sim-
because of the physical insight into the microscopic mechaplified description of the electron-screened ion-ion Coulomb
nisms governing the liquid dynamics. This explains the sucinteraction. Rather surprisingly, the BS prediction of the
cess of the memory-functibhbased approach for calcula- collective-mode velocity was found to properly describe the
tion of the time correlation functions, although practical experimental findings in two polyvalent and high electron-
applications of this technique typically rely on short-time density samples such as liquid lead and merétiwhere the
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FIG. 1. Atomic number density of alkali metals at melting

point versus the atomic numb@r Dashed lines are guides to the ~ F!CG- 2. Low wave-vector transfer portion of the kinematic re-
eve. gion (Q,Aw) accessible to the investigation of Ref. 2 at the three

incoming neutron energies 15, 30, and 50 meV of the experiment

ion core repulsive potential was expected to play a majoRnd the lowest scattering angle of the instrument, i.e.(c®htinu-
role. However, the most striking effect of the electron corre-0Us lines. The lowQ kinematic region of the present experiment,
lations on the ion dynamics seems that observed in a sat\yith 48 meV final neutron energy and 1° scattering angle, is also
rated metal solution of lithium ammont&?° a system char- shown(dashed ling The dotted line is the sound dispersion.
acterized by a very low electron densifyell beyond the
limit of the typical metallic regionand, hence, by electron- of liquid potassium seems to be extremely appropriate. It is
electron interactions dominating over the kinetic enéfgfy.  also noteworthy that the critical density and the viscosity at
Indeed, an anomalous and rather abrupt decrease of the éhe melting poirt® exhibit an anomaly on potassium. More-
ergy of the collective mode was observed at a wave-vectopVver, the static structure factor of liquid potassium has been
transfer close to &, wherek: is the Fermi wave vector. measuret? and lattice-dynamics data for the crystal are
This behavior is compatible with the singularity &g2of the available?* On the theoretical side, the available calculations
electron-gas dielectric function resulting in the Kohn of both the static structure factor in the liqéicand the dy-
anomaly in a system with an isotropic spherical Fermi surnamic structure factor in the solid up to the melting p&int
face, and it was interpret&tin terms of electron interactions Were based on the use of semiempirical pair potentials. Re-
as modeled by a dielectric function beyond RRandom  cently, a path-integral molecular-dynamics mettotias
phase approximatiorf* been applied to study the temperature dependence of both

The view of alkali metals and their solutions as the closesstructural and dynamic properties of potassium. An advan-
systems approximating the interacting two-componentage of this approach lies in clarifying the coupling between
plasma, despite the perturbing presence of finite-size iothe atomic and the electronic structure.
cores, makes the investigation of the low-frequency dynam- Inelastic neutron data on potassium taken closgfdad
ics of these liquid systems a rare opportunity to obtain exbeen reported previoustyHowever, the restricted wave-
perimental information on the electron screening of the ionvector and energy-transfer rang®,(w) prevented an ex-
ion Coulomb interactions, and possibly on the wave-vectotended analysis of the ion dynamics and the rather Righ-
dependent dielectric functioa(Q) of the homogeneous in- values, namely, £Q=<1.3 A~*, were not optimized to ob-
teracting electron gas. serve the presence of collective excitations which are ex-

Among alkali metals, potassium occupies a position in theected to be more visible at low wave vectors. An extended
periodic table which suggests for it a key role in drawing aexperimental study of the dynamic response in molten potas-
comprehensive view of the properties of all these metalssium has been published quite receftiyhe authors ex-
This is apparent from Fig. 1 where the atomic number denploited a combination of different inelastic neutron-scattering
sity of alkali metals near the melting temperatiitgis plot-  techniques to measure the quasielastic and the inelastic con-
ted versus the atomic number: an abrupt change in the trerigibutions to the dynamic response, aiming at separate mod-
occurs close to the potassium position. Indeed, the atomigeling of the diffusive atomic motions and the collective den-
number density of potassium is low and close to that of thesity oscillations. The lowQ portions of the kinematic region
heavier rubidium and cesium, while lithium and sodium, the(Q,% ) explored in the experiment of Ref. 2, corresponding
lighter ones, have a much higher number density. Since tht® the three different incident neutron energies 15, 30, and 50
atomic number density is directly related to the repulsivemeV, and calculated at the minimum scattering angle attain-
potential, the trend observed in Fig. 1 emphasizes that K, R@ble by the instrument use@ARI at the ISIS Spallation
and Cs are described by a similar repulsive potential whiclsource, U.K), namely, 3°, are shown in Fig. 2 in compari-
differs from that of Li and Na. This suggestion could be son with the linear dispersion associated with the isothermal
checked by extending to potassium the BS analysis whiclsound velocity?? An experiment aiming for the investigation
amounts to neglecting the effect of the ion size on the propaef the collective excitations in liquid potassium would cer-
gating collective mode and resulted in the mentioned scalingginly benefit from accessing an even low@region. This is
relation for Rb, Cs, and K-C¥. Therefore, a detailed inves- possible by using a three-axis spectrom@ét&?° which
tigation of the low-frequency and low-momentum dynamicscombines the demand for high-energy resolution with the
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possibility of measuring the cross section at scattering angles 30000—T——T T T T
as low as 1°. The kinematic region corresponding to the lo—02541 * W ]
three-axis configuration of the present experiment, that is, 48 . 40(,'_‘J I
meV fixed final energy and 1° scattering angle, is also shown 200001 . o
10000

in Fig. 2 for comparison.

In the present paper, we report on the high-resolution in-
elastic neutron scattering investigation of the low-frequency
and low-wave-vector dynamics of potassium at 350K, ( : . .
=336 K). The purpose of the investigation is twofold: first . RSPt T T .
to obtain an accurate determination of the dynamic structure -4 -2 0 2 4
factor in the low-wave-vector region; second to deduce the Fo (meV)

velocity associated with the density fluctuations by analyzin .
y y y yzIng FIG. 3. Raw intensity versus energy transfer as measured at

the linear portion of the dispersion curve of collective = Y .
modes. Since we believe that the data on potassium are criyave-vector transfeQ=0.25 A™* on molten potassiurfdots, the

. - empty alumnum cellcircles, and a full absorbing cadmium plate
cial to emph_a5|ze the presence of trends common to E.i" t.h&riangles). The data are shown also in the inset on an expanded
molten alkali metals or .to pOIr.]t. out at pOSS|bIe dISCf)n.'“nu"scale to emphasize the very low background contribution.
ties, thanks to the special position of this element within the
series, we analyzed the present data by applying the alreadle temperature of the experiment, that is, 350 K, no alloying
tested BS model as a key to identify the dependence of thgetween K and Gd and K and Al was expectt@he sample
dynamic properties on the electron gas. In order to drawemperature was measured with an accuracy of 0.01° by
model-independent conclusions from the experimental dataneans of two Pt sensors, which were inserted into two small
we extended the present analysis procedure to the publisheles on top and bottom of the aluminum cell. Heating of the
data on molten alkali metals. The comparative analysis of thgotassium sample at 350 K, i.e., just above the melting point,
low-momentum dynamics showed that the BS prescriptionyas achieved by means of four resistive elements placed at
fails in predicting the absolute value of the mode velocity inthe top and bottom edges of the cell, and coupled to a stan-
molten alkali metals, which discards the possibility of andard ILL temperature controller. The temperature was stable
overall scaling of all the alkali metals based on the long-yithin 0.1°, although it was not constant along the 70 mm
wavelength RPA representation of the electron dielectrigength of the cell; indeed, a maximum temperature gradient
function and shows that the RPA scheme does not provide agf —3° was registered by the top and bottom Pt sensors.
adequate representation of the electron-gas screening effects.|ne|astic scans from the sample were collected at nine
values of wave-vector transfer, namey=0.2, 0.25, 0.35,
0.5, 0.65, 0.75, 0.85, 1.0, and 1.2 A Background scans
were carried out on a second identical, but empty, aluminum

The inelastic neutron-scattering measurements were cacell, at the same&) values as the sample. The environment
ried out at the hot and thermal-neutron three-axis spectrombackground was measured by collecting inelastic scans at
eter IN1 installed at the High Flux Reactor of the Institut Q=0.2, 0.25, 0.5 and 0.75 & on a fully absorbing cad-
Laue Langevin(ILL, Grenoble, France The spectrometer mium plate with the same size as the sample and 2 mm
configuration was optimized to achieve high-energy resoluthickness. As an example, the intensities measured from the
tion in conjunction with operation at low scattering anglessample, the empty cell and the cadmium plate Qi
(1°) andstill acceptably high incoming intensity. Tight Sol- =0.25 A~ are shown in Fig. 3. The contribution from the
ler collimations of 25, 20, 20, and 30 from the reactor to  aluminum cell was dominated by the central peak, originat-
the detector were chosen for coupling to two wide verticallying from elastic processes, with tails of negligible intensity.
focusing crystals, namely, @00 Cu monochromator and a The background contribution arising from the environment
(004 PG analyzer. The instrument was operated at fixed finalvas very low as demonstrated by the measurements on the
energy with the analyzer set to select the neutron wave ve@bsorbing Cd plate. To measure the elastic resolution of the
tor k;=4.8 A~1. A remarkable reduction of the background spectrometer and to normalize the intensity data, an inelastic
in the small-angle configuration was accomplished by meanscan atQ=0.5 A~ ! was carried out on a standard vanadium
of an evacuated flight path, namely, a 1-m-diameter chambeplate having a thickness equal to 1.5 mm and contained in-
around the sample. side the Al cell. The vanadium spectrum was very well re-

The sample was a 99.9% pure potassium in@gma, produced by the theoretical resolution function, calculated
Aldrich) with natural isotopic composition, which was ma- for the specific configuration of the instrument according to
nipulated, weighted, and sealed into the cell, under the inemRef. 29. It resulted in a Gaussian function with a full width at
atmosphere of a He-filled glovebox. The cell, specially de-half maximum(FWHM) equal to 1.50 meV. The experimen-
signed for this experiment, was slab shaped, vacuum tightl data are shown in Fig. 4 in comparison with the calcu-
aluminum container, 7040x 20 mn? size and 0.5 mm wall lated resolution function. The excellent agreement is appar-
thickness. To reduce the amount of multiple scattering froment. To point out at the effects of the instrument resolution on
the sample, which, nonetheless, was expected to be rath#te sample data, the measured vanadium spectrum and its
small, six horizontal highly absorbing Gd blades of 0.25 mmGaussian fitting function are shown in Fig. 5 against the raw
thickness were mounted inside the cell at equal distance. Afotassium data at the same wave-vector transger

intensity (arb. units)

II. EXPERIMENT AND DATA ANALYSIS
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FIG. 4. Raw intensity of the vanadium standard versus energy
transfer measured @=0.5 A~? (triangle3. The solid line is a FIG. 6. Background corrected intensity of molten potassium
Gaussian with 1.5-meV FWHM, describing the instrument resolu-(dot9 compared with the calculated multiple-scattering contribution
tion function calculated according to Ref. 29. (solid line) at Q=0.25 A~*.

=0.5 AL, To carry out this comparison, the resolution dataPrinciple, the correction for MS requires the knowledge of
were normalized to the peak intensity of the potassiunihe dynamic structure fact@®(Q,w) of the sample for vir-
sample and Fig. 5 clearly shows that the inelastic regions dually everyQ and » values. Since these data are not avail-
the sample were not affected by the highly symmetric andble, except over limitedQ, ) regions, and in view of the
energy-confined resolution function. As a final comment, wdow MS expected in potassium, the response function
observe that the elastic energy resolution of the three-axi§(Q,®) was modeled and used as input of a simulation pro-
spectrometer, as measured by inelastic scans on vanadiugfam for an iterative MS correction. Prior to the choice of the
does not depend on the wave-vector transperAlthough  trial S(Q,») was the assumption that, at the high wave vec-
expected, this property was, nonetheless, checked in the e$ers which could also be involved in multiple-scattering pro-
periment reported in Ref. 30, which was of the same class agesses, the incoherent approximatiogives an adequate de-
the present one, and where inelastic scans on vanadium weseription of the inelastic cross section. As input of the initial
collected at different values @. simulation cycle, we selected the dynamic structure factor

The measured data were treated following the procedurdiscussed by Lovesé§,which was found to give a satisfac-
described in Ref. 31, properly adapted to deal with the intory fit of the incoherent contribution in the case of molten
elastic case, and applied in previous experimérif®3of  lithium,® that is,
the same class as this one. The initial steps were normaliza-
tion to the monitor counts and subtraction of the background ~ S¥>(Q,®)=Sin(Q,®)
intensity properly multiplied by the sample transmission
which, for the present neutron beark;€4.8 A1), was 1 wp
equal to 0.91. The background free intensity was then cor- 7 l—exp—hwpB)
rected for multiple-scatteringMS) effects which, because of
the rather low scattering power of the potassium sample % 7610,
(~10% of the incident neutrons got scatteredere ex- [oT(w*= 6~ 8))]°+ (0°— 61)°
pected to give a small contribution to the measured signal. In B B B
where B=(kgT) %, 6,=Q*MpB) ™', &=2Q*(MB)™*
+02(0), andr *=¢£5,. The quantitie)?(0) and& are
determined by taking the fourth moment 8f,.(Q,») and
thew = 0 result forS;,.(Q,w=0), respectively. Making use
g 4 of the above model function, the MS contribution was cal-
culated, convoluted with the instrument resolution function
and subtracted from the background free data. The resulting
4 difference could be used as input of the next MS calculation
. cycle, however, in this case, the MS contribution was very
\.___\_ ] low and it was not necessary to iterate the procedure. As an
L M example, the calculated MS contribution is shown in Fig. 6
against the experimental data@t=0.25 A™1. The order of
magnitude of the calculated MS contribution wa8.5% of

FIG. 5. The vanadium datircles and the fitting Gaussian the total scattering contribution at th@tvalue and no wave-
resolution function(solid line) are compared with the raw intensity Vector dependence was found over tQeregion of the
data of the molten potassiufdoty at Q = 0.5 A~! to show the ~ present experiment. This result can be qualitatively under-
effect expected from the instrument resolution on the side structurestood by recognizing that, although the number of neutrons
of the inelastic spectrum. that suffer more than one scattering process can be high,
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FIG. 7. Dynamic structure fact@®.,(Q.% ») of molten potas- “ 0=1.2 A" 1
sium versus energy transfer and at the lowest measured wave vec-
tors. The experimental datdotg and the best-fitting curvd$nes), 0.041- m
calculated according to the phenomenologic model described in the B T
text, are shown on an expanded scale. The DHO contribsee 0.02 - —
text) is also shown in each panel. = .
0
these processes occur at high wave vectors and, hence, large- -10 -5 0 5 10
energy transfers. Therefore, the contribution of the MS scat- o (meV)

tered neutrons, which have a high-energy distribution, turns )
out to be low over the rather low and confined energy win-  F!G. 8. Dynamic structure fact@,,(Q,%«) of molten potas-
dow of the present constaft-experimental scans. sium versus energy transfer and at the largest measured wave vec-

To obtain the dynamic structure factor, the data, corrected"s: The experimental datdots and the best-itting curveines),

for MS and sample transmission, were normalized by eX_calculated according to the phenomenologic model described in the

ploiting the equivalence of the energy integralSf, ») to text, are shown on an expanded scale. The DHO contribitea
[0/ S+ (47b2) S(Q)/ 0] with 0", ¢, b, andé(Q), text) is plotted atQ=0.85 and 1.0 A*. The solid lines shown at

. . . the highes®© value, namely, 1.2 A, are the Lorentzian functions
the incoherent and the total scattering cross sections, the cggq; fitting the quasielastic contributiésee text

herent scattering length, and the static structure factor of po-
tassium, respectively. The experimental dats&5¢®), mea- The analysis of the present data could proceed along the
sured in Ref. 23, were used for the normalization integral. A§ormal approach based on the memory-function description
a check of this procedure, the normalization to vanadiunPf the atomic correlations, which is related to the dynamic

was also applied and, within the error bars of the experimengtructure factor by the following relationsfip

the same absolute scale data were obtained. The experimen-

tal dynamic structure factoB,Q,% ) of potassium, put Sincicon(Q,w)= ismc,coh(Q) holksT

on absolute scale, is shown in Figs. 7 and 8 versus energy 77 1-exp—fiw/kgT)
transfer and at the wave-vector transf@f the measure- 1

ments. The main features of the experimei8glQ,% ), XRe{ N—}

which is the cross section weighted sum of the dynamic fo+Mi(Q.iw)

structure factor and its self part, are a rather sharp quasihere Re indicates the real part of the following expression
elastic peak and inelastic structures aside of this. The inelagmgii,,.(Q,s) is the Laplace transform of the memory func-
tic components are related to the collective dynamics of thgion M;,.(Q,t) defined in the time domain. Use of this equa-
system and are more pronounced at sr@alalues. The  tjon, which is formally exact, involves the knowledge of the
quasielastic contribution becomes predominant at largenemory function for which no general form is available,
wave-vector transfers, with broad tails which cannot be dealthough an appropriate equation of motion can be written.
scribed by a simple Lorentzian function modeling the quasi-Therefore, the practical use of this equation requires an ap-
elastic signal centered at zero energy. At this stage of the datroximation of the memory function by different expres-
reduction, the complex structure of the quasi elastic signasions, which typically provide a rational form for the energy-
was apparent from the wave-vector evolution of the experisymmetrized dynamic structure factdr* The expression
mentalS,,(Q,% w) spectra. A thorough investigation of the given in Eq.(1), used to model the dynamic structure factor
quasielastic spectrum in molten potassium is reported in Refor the MS correction, is an example of a memory-function
2, where the very high-energy resolution of the measureapproach; indeed, it can be obtained by truncating the con-
ments (~10 2 meV and~0.4 meV) enabled an accurate tinued fraction describind/;(Q,t) at the second levéf In
recognition of two sharp contributions to the quasielasticview of the fact that such a formal approach is reduced to
structure. The present 1.5-meV resolution, largely exceedingpproximations of practical use by an empirical modeling of
the Ref. 2 values, was, on the other hand, optimized to studghe memory functioff® and considering that use of a rational
the propagation of the collective mode in molten potassiumfunction for the dynamic structure factor necessarily leads to
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the inclusion of only a finite number of frequency moments,wheren(w) is the Bose factor, and the collective mode is
we preferred to use an empirical fitting of the measuredcharacterized through the amplitudg(Q), the damping pa-
Sexp(Q.iw), which describes the essential of the complexrameterI'¢(Q), and the associated energiy(Q). a(Q)
liguid dynamics in a simple phenomenologic way. anda;(Q) are the amplitudes of the two Lorentzian quasi-
Therefore, we modeled the dynamic structure factor byelastic peaks having widths,(Q) andI';(Q). In the long-
means of a damped harmonic oscillatiHO) to describe ~wavelength limit, the quasielastic incoherent peak must re-
the inelastic coherent component of the response related f#ice to a single Lorentzian with FWHM equal td®?
the collective ion density fluctuations and by LorentzianWhich amounts toe;(Q) becoming negligible and’o(Q)
functions to account for the quasielastic scattering due t&quallingDQ?. However, considering that the diffusion con-
both coherent and incoherent cross sections. The model fungtant of potassiufi at 350K is equal to 5.14
tion S0 Q, ) was convoluted with the four-dimensional X 10 ° cm’s™*, 2DQ? was not negligible with respect to
(Q,w)-dependent resolution function of the spectrometerthe present resolution. Hence, a more suitable approximation
and then fitted to the experimental data. As a first attempffor I'o(Q), to be used in the fitting procedure, is
ShodQ,w) was obtained as a superposition of a DHO and a 5
single Lorentzian function with a FWHM either equal to )= DQ
2DQ?, whereD is the self-diffusion constant, or left as one Q)= 1+ 7oDQ?’
of the free parameters of the fit. This initial choice could ] ] . ]
appear rather naive, especially in view of the recognizedvhere 7o has the role of a residence time in the jump-
double contribution, coherent and incoherent, to the quasidiffusion approximation. _ _ _
elastic structure, which is discussed in Ref. 2. However, the The fitting procedure was carried out in two steps. First of
analysis of Ref. 2 showed that both these components werl, the experimental data were fitted to E2) at each wave-
well described by the two sharp Lorentzian functions withvector value, leavingay(Q), a;(Q), 7o, I'1(Q), ax(Q),
linewidths of comparable size and smaller tha0.65 meV ~ @c(Q), andI'¢(Q) as free parameters. It was found that
for wave vector<Q ranging from 0 to 1.2 A%, that is much  @1(Q) decreases with decreasiqy while I';(Q) does not
smaller than the present instrument resolutidre me\j.  Sensibly depend oR. This result was already observed in
Therefore, because of the broad energy resolution, a singléuid mercury;® where the same trend for the broad quasi-
sharp Lorentzian function was reasonably expected to aclastic peak was found, although the intensity of the broad
count for both the two sharp components of the quasielastiEomponent was much higher in that case. The second step of
peak. We also observe that this was a minimal choice for théhe fitting procedure consisted of holdig (Q) fixed, in
fitting procedure which, if adequate to describe the experiorder to reduce the number of free parameters. With this
mental data, would result into a simple computationaloption, good fits were obtained at eveys except the larg-
scheme retaining, however, the physics of the sample as @St one Q=1.2 A™1), where an unsatisfactory amplitude
appears under the present experimental conditions. The rér the DHO contribution was obtained mostly because of
sults of this fitting scheme were not satisfactory because dhe too limited experimental energy range. The curves calcu-
the failure in providing good quality fits of the data at every lated using the best-fit parameters are also shown in Figs. 7
measured wave vector. The next step consisted of adding@nd 8 together with the experimental data. This comparison
second Lorentzian function to account for the additional in-shows that the quality of the fits is very good, apart from the
tensity appearing as extended wings of the quasielastic peakientioned limits aQ=1.2 A~*. We repeat that this method,
This option resulted in a satisfactory fit of all the data, with although of empiric nature like other models often used to
the two Lorentzians accounting for the observed narrow andescribe the dynamic structure factor, is the simplest one
broad features of the quasielastic spectrum. We remark thgontaining all the qualitative features observed in the experi-
the second Lorentzian was modeling a contribution muchnental data.
broader than the quasielastic peaks discussed in Ref. 2, and A close inspection of the fits reveals that the results are
even broader than the entire energy range of the scan show@mpatible with the presence of a collective mode in the
in Ref. 2(inset in Fig. 1 of Ref. 2 The fitting procedure was experimental data for wave vectors up @=1 A~%. The
still simple, with a limited number of free parameters. dispersion of the collective modes, as defined by Ghde-

The final model for fitting the experimental data was thenpendence of the fitting parametew.(Q), is shown in Fig.
9. We note that this interpretation is well founded on the

DHO model®® Moreover, we preferred this phenomenologic
ay(Q) TH(Q) way of deducing the dispersion relation of the density fluc-
7 @?1T2Q) tuations to the one based on the maxima of the longitudinal
0 current correlation functiod, (Q, w) = (0% Q?)S(Q,w), be-
a;(Q) TI'y(Q) causel, (Q,w) must have a peak the position of which is not
+ T 02+T2%(Q) necessarily related to collective mode, and it can be affected
1 by possible systematic errors present on the wings of
a(Q)I(Qw S(Q,w). In order to determine the velocity of the collective
2_ 2 2., 12 2 excitations, we applied a linear fit to the dispersion in the
[0" = @(QI + Qe low-Q region. The velocity turned out to be 15.5
(20 +0.5meV/A L, thatis, 236@-80 m/s. This value is 30%

[o(

Bho
1—-exp— Bho)

Shod Q,w)=

+[n(w)+1]
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Q (A FIG. 10. Wave-vector dependence of the ratio between the

strength of the collective-mode contributid(Q) and the static
structure factoiS(Q): triangles andy axis on the left. Wave-vector
dependence of the strengfh(Q) of the broad Lorentzian compo-
nent of the present fit: dots arydaxis on the right. The continuous
line is the model functiori = f [ 1—sin(Qd)/(Qd)] fitting the Z,(Q)
gata(see text

FIG. 9. Dispersion relatioth o (Q) associated with the collec-
tive vibration as obtained from the present mo@kits, linear dis-
persion relation associated with the sound velociy,,ng
=11.85 meV A(solid line), and phonon-dispersion curve along the
[100] direction in crystalline potassium at 9 Kriangles. The
dashed line joining the triangles is obtained by a force-constant fi
to the experimental phonon data, and the phonon velocity, resulting
from the linear extrapolation of this curve to lowQ, is e
16.2 meV A. The dot-dashed line is the best fit to the Qupor- Zon(Q) = fﬁx do
tion of the dispersion curve in molten potassium, which provided a

collective-mode velocity co=15.5 meV A. As to the sharp Lorentzian function, an almost

Q-independent strengif,(Q)~0.2 was found, although we
higher than the isothermal sound veloéftat the same tem- note that the experimental energy resolution was too broad to
perature, which is 1800 m/s. Such a result is not new irget an accurate evaluation of the widih(Q). From the fit
alkali metals, where a velocity of collective modes exceedinga residence timey,= 2.0+ 0.7 ps was obtained, however, this
the sound velocity was reported in all cases. In Fig. 9, thevalue depends on the chosen expression {{Q). Despite
phonon-dispersion curve as measured in solid crystallinghe limited accuracy of the present estimatelg{Q), in
potassiurf* along the[100] direction 4 9 K is also shown. Fig. 11 we compare our results with those measured in Refs.
The substantial agreement between the present data in tReand 5, which were obtained at higher resolution. An overall
liguid phase and the phonon-dispersion curve in solid potasgood agreement between the three sets of experimental data
sium suggests that the high-frequency component of the dyzan be observed over th@ range presently explored, al-
namic structure factor of the liquid has some solidlike charthough the data of Ref. 2 should be taken as the reference for
acter, although the collective mode is strongly damped in théhe incoherent quasielastic linewidths. The observed agree-
liquid. Moreover, we observe that the density of potassium ament with the incoherent scattering results of Ref. 2 suggests
9 K does not differ considerably from that of the liquid at that our quasielastic sharp contribution to the dynamic struc-
350 K, namely, 0.92 gci? against 0.82 gcim®, with the  ture factor was dominated by the incoherent scattering term.
consequence of average interatomic distances and inteAs regards the broad Lorentzian function, which was neces-
atomic forces being rather similar in the two phases.

Bhw ao(Q)
l-exp—phw) =

Ton(Q)
@?+T5,(Q)”

It is also interesting to analyze the strength of the collec- 0.3 r T r T T
tive mode as obtained from the integral | ... D Q2 355K s
[— —D@@34sk 7
= 02
2= PO (w1 ;
= w N(w . -
’ — [0*= 0 (QPHTHQ)w? g
= 01
This integral is particularly meaningful in the wave-vector
region 0.25<Q<1 A~!, where a sufficiently wide energy 0 . L . 1 . L
range was covered in the experiment and the DHO contribu- 0 0.4 0.8 1.2

tion was unambiguously obtained from the fitting procedure. @ (A9
The ratio of Z,(Q) to the static structure factoB(Q) is

g FIG. 11. WidthI'3(Q) of the sharp Lorentzian component of the
shown in Fig. 10, where a rather constant trend ve@ean

present fit to the potassium datsolid line), calculated using the
be observed over the who@ range. In general/(Q) ac-  pest-fit value ofry (see text The two dotted lines enclosing the
counts for about 25% of the static structure factor. curve ofl'o(Q) represent an estimate of the maximum error region.

The strength associated with the quasielastic contributiorrhe higher-resolution data from Refs.(@quaresand 5(dots are
was obtained by calculating the integrated intensities undedlso shown. The two dashed lines are the long-wavelength diffusion
the two Lorentzian functions used in the fit, that is limits of the width, at two temperature values.
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TABLE I. Sound velocityv s,,nq RPA prescription for the collective-mode velociiyp, andexperimen-
tal collective-mode velocity ., deduced from the present common analysis of neutron and x-ray data on
molten alkali metalgsee text r is the parameter related to the electron density and defined in the text.

s Usound URPA Ucoll Vol /Usound VeolllURPA
(meV A) (meV A) (meV A)

Li 3.303 28.77 42.80 3651.8 1.27:0.06 0.85:0.04
Na 4.053 15.81 19.16 18451.5 1.170.09 0.97:0.08
K 5.021 11.85 11.86 15:50.8 1.310.07 1.310.07
Rb 5.355 7.87 7.52 9:20.5 1.170.06 1.22£0.07
Cs 5.776 6.02 5.59 750.6 1.25-0.10 1.34-0.10
Li(ND3) 4 7.400 9.40 5.39 1120.2 1.19-0.02 2.08:0.04

sary to describe the rather extended quasielastic wings of th@n, could be that of some fast time-scale dynamics with an
experimental data, the analysis of the strength showed thatssociated characteristic time equal tb & 0.32+0.03 ps.
the integrated intensity,(Q) represented a very small con- Since the relation of this dynamic process to a free-diffusion
tribution to the overall quasielastic structure, although it wasn real space is ruled out by th@ dependencies o (Q)
characterized by a remarkab@ dependence. The results andI';1(Q), one could interpret it as a fast motion taking
obtained forZ,(Q) are shown in Fig. 10y axis on the place over a confined region. Following this conjecture, we
right), where it is apparent that; (Q) is an increasing func- described the motion confined over a distadd®y means of
tion of the wave-vector transfer. The ratio 8f(Q) to the  the simple model functiorii= f[ 1 —sin(@Qd)/(Qd)], with f,
almost Q-independentZ,(Q) goes from some negligible andd parameters of the fit to the experimenig Q) data.
1-2% at low® values, to~20% at the highes® values of We foundd=2.0+0.5 A. The resulting curve is also shown
the experiment. Moreover, we remind that a result of the fitin Fig. 10 in comparison with th&,(Q) data.
was the widthl"{(Q) of the broad Lorentzian being scarcely
dependent o. Indeed, the FWHM was taken as indepen- [1l. CONCLUSION AND FINAL REMARKS
dent of Q and held constant in the fit, namelyl’ Q)
=2I';=4.0+0.4 meV. These characteristics, that is, the Since the present study aims at establishing the relation-
Q-dependent integrated intensity and @éndependent line-  ship between the collective vibration at THz frequencies of
width, prevent any easy association of the broad componenhe ions in the liquid metal and the electron screening effects,
with a free diffusion in real space. On the other hand, thave focused the analysis on the velocity associated with the
FWHM equal to~4 meV, which largely exceeds the line- collective mode. As reported in the preceding section, the
width of the coherent quasi elast@-dependent component velocity is about 30% higher than the sound velocity and this
investigated in Ref. 2, namely;-0.5 meV average value anomaly is similar to what was observed in the other alkali
over theQ range 0-1.2 A, keeps from identifying the metals. To obtain some model-independent conclusions and
broad quasielastic component with the purely coherent heatnambiguous features common to the dynamics of all the
mode. alkali metals near the melting point, we applied the present
The interpretation of the quasielastic structures observefitting procedure to the experimental data available from lit-
in the present measurements, which, we remark once morerature, obtained by inelastic neuttéd?°and by inelastic
was not the aim of the experiment, is not straightforwardx-ray scatterin® in molten alkali metals. This procedure
because of the broad energy resolution. Referring to the reensures the accessibility to a unique and internally consistent
sults of Ref. 2 on the quasielastic linewidths, we believe thaset of mode velocity data, obtained by a linear fit of the low-
the coherent and incoherent quasielastic components, di§} dispersion curves, which, in turn, were obtained by plot-
cussed, both make their contribution into our sharp Lorentzting the DHO best-fit vibration energigsw.(Q). The ve-
ian peak and, because of our experimental configuratioripcities associated with the collective mode observed in the
they cannot be disentangled from one another. From théive alkali metals, and resulting from the present analysis, are
comparison of thd’5(Q) data shown in Fig. 11, and observ- summarized in Table I in comparison with the sound velocity
ing that the ratior®°"S(Q)/¢'"® is smaller than~0.2 forQ  at the melting point and the values of the velocities calcu-
ranging from 0 to 0.5 A, we can conclude that the inco- lated in the framework of the RPA using the BS
herent contribution is governing our sharp Lorentzian peakapproximation”? that is
Finally, recalling that the collective-mode strengtf,
amounts to about 25% &(Q), we expect that a large frac- ] / QS
tion of the broad Lorentzian term is brought about by coher- vRpa= lim N2
ent quasielastic processes. All these observations suggest for o0 ¥ e(QQ
the quasielastic scattering a rather complex underlying struevhere(), is the ion plasma frequency argQ) is the static
ture, which certainly deserves further experimental investiRPA dielectric function of the electron gas. In Table | the
gation. We simply observe that a plausible picture, consisterratios of theexperimentallydetermined velocity of the col-
with the observed features of the broad Lorentzian contribulective modes to that calculated and to the sound velocity are
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also reported. While the latter ratio is, as expected, alwaythe THz frequency regime. An improved treatment of the
larger than one and no simple systematic trend with the elelectron gas and the screening effects on the ion-ion interac-
tron density or the atomic number can be safely identifiedtions is necessary, and probably sufficient, since it will intro-
the former ratio is less than one for the light metals, while itduce important differences between high and low electron-
is close to 1.3 for K, Rb, and Cs. The data of Table | showdensity systems, that is, regimes of low and high coupling.
that a quantitative description of the velocity of the collective  In conclusion, we investigated the collective dynamics of
modes cannot be obtained within the simplified BS model. liquid potassium in the region of low wave-vector transfers
is interesting to comment on the accurate account of the veby means of inelastic neutron scattering. The experiment
locity value given by RPA in the case of Na. Although Na confirmed the anomalous dispersion of the collective modes,
has been considered for long as the prototype of an almosésembling that observed in other alkali metals. A compara-
free-electron metal, we think that the observed agreement isve analysis of all molten alkali metals, carried out by ap-
rather accidental, since RPA is expected to fail at the alreadplying the same fitting procedure to the experimental data
too low density of Na (namely rg=4.05, with rsa, from Refs. 1,6—9, and 20, showed that an improved treat-
=(3/47n)*" n s the electron number density angis the = ment of the dielectric screening is necessary to account for
Bohr radiug which causes the electron-electron interactionthe low-Q low-frequency dynamics of the low electron-
to dominate over the kinetic energy of the interacting elec-density alkali metals. Moreover, we observe that the disper-
tron gas. sions shown in Fig. 9 seem to suggest a reduction of the
The inadequacy of a RPA approach to treat the electrogollective-mode velocity at the lowest wave-vector transfer
correlations was strikingly evident in the case of a saturatedtudied in the present investigation, namefy=0.2 A~1.
metallic solution of lithium in deuterated ammonia, which is Indeed,Q=0.2 A"! seems to be the edge of the transition
a very low-density liquid metalrg=7.4). The experimental region from the hydrodynamic to the higher-frequency re-
results in lithium ammonia could be interpreted by a moregime. However, this point deserves further experimental in-
sophisticated treatment of the electron-electron interactionsestigation at even lowe® values.
namely, an approximation to the dielectric function beyond As a final remark, we observe that potassium is a good
the RPA including local-field correctiors.We remind that candidate for a complementary neutron and x-ray inelastic
the BS model was found to work quite accurately in the cas&cattering investigation. Indeed, the different coupling of the
of liquid mercury and lead, that is, two high-electron-densitytwo probes to atomic nuclei and electron cloud, respectively,
systems (?9=2.70r§b=2.97). We believe that the agree- leading to information on the nuclear dynamics, could be
ment for Na could be due to an accidental cancellation ofnvestigated in this liquid metal, which is easily accessible to
two terms, one stemming from the electrons and correctivéoth experimental techniques. Moreover, exploiting the in-
to the RPA, and the other from the ion potential. trinsically coherent nature of the x-ray experiments, a more
The observed overall behavior can be considered as extended analysis of the coherent and incoherent contribu-
strong indication that a more accurate theoretical modeling ions could result from the comparison with the neutron ex-
necessary for a full account of the experimental findings irnperiments.
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