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Structure factor and electronic structure of compressed liquid rubidium
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We have applied the quantal hypernetted-chain equations in combination with the Rosenfeld bridge func-
tional to calculate the atomic and the electronic structure of compressed liquid rubidium under high pressure
(0.2, 2.5, 3.9, and 6.1 GRathe calculated structure factors are in reasonable agreement with experimental
results measured by Tsugt al. along the melting curve as a whole. It is found that the effective ion-ion
interaction is practically unchanged with respect to the potential at room pressure under these high pressures.
All structure factors calculated for this pressure-variation coincide almost into a single curve if wave numbers
are scaled in units of the Wigner-Seitz radaisilthough no corresponding scaling feature is observed in the
effective ion-ion interaction. This scaling property of the structure factors signifies that the compression in
liquid rubidium is uniform with increasing pressure; in absol@tgalues this means that the first peak position
(Q,) of the structure factor increases proportionallyMo (V being the specific volume per ijnas was
experimentally observed by Tsugi al. Obviously, this scaling property comes from a specific feature char-
acteristic for effective ion-ion potentials of alkali liquids. We have examined and confirmed this feature for the
case of a liquid-lithium potential: starting from the liquid-lithium potential at room pressure we can easily find
two sets of densities and temperatures for which the structure factors become practically identical, when
scalingQ in units ofa. [S0163-182@08)00533-5

[. INTRODUCTION the determination of the pseudopotential. This model was
called in our approach the jellium-vacancy mddehd was
Based on density-functionéDF) theory, we have derived used to obtain an accurate initial guess for effective ion-ion
in previous work a set of integral equations which allows usinteractions in the iteration solving the QHNC equation.
to calculate the ion-ion and the electron-ion correlations in a Recently, we have extended this formalism and have per-
liquid metal or a plasma, consistent with the bound-electrorformed a first-principles molecular dynami@glD) simula-
structure of the ion using only the atomic numb&g as tion based on the QHNC theory for alkali metals near the
input; these integral equations are named the quantdtiple point: in this study those small deviations which were
hypernetted-chaifQHNC) equations;? which are derived still observed between experimental results and QHNC data
from the exact expressions for the ion-ion and electron-iorfor the structure factor disappeared completélileverthe-
radial distribution function§RDF) in an electron-ion mix- less, the calculation of the ion-ion RDF in an MD simulation
ture. Up to now, we have applied this approach to liquidis rather time consuming. Recently, Rosentéltias pro-
metallic hydrogert, lithium,® sodium? potassiunt, and posed a bridge functional for hard spheres; its construction
aluminunf obtaining ion-ion structure factors in excellent requires only fundamental measures of the hard spheres. In
agreement with experiments. Since a liquid metal can beombination with the MHNC approach—by replacing the
considered as a very special type of a high-density plasmdaridge function by a bridge functional of the reference
we can expect from the successful application of the QHNGystem—it was found out that this method is able to give
method to liquid metals that this approach is able to providevery accurate results for the structure and thermodynamics of
accurate results for a plasma. In such a system, both the ion& large variety of one-component and binary liquid
valencyz, and the electron-ion interactian,(r) may vary  systems: Therefore, with replacement of the MD simula-
over a wide range as temperature and density are changdtbns by the MHNC method we can obtain accurate results
Our method is in particular suited to treat a plasma, since it i§or the ion-ion and electron-ion RDF’s for dense fluids via
able to calculate the ionizatiay and the electron-ion inter- the QHNC method using the Rosenfeld bridge functional.
action in a self-consistent manner using the atomic number In a plasma, density and temperature vary over a wide
of the system as the only input data. In a similar spirit,range. Therefore, in order to check the applicability of the
Perrof has proposed the neutral-pseudoat®A) theory  approach presented here to a strongly coupled pldamere
to give anab initio calculation of effective ion-ion potentials no reliable experimental data for particle correlations are
for plasmas. Gonzez et al. have successfully applied this availablg, it is important to examine to what extent the
theory to alkali liquid8 and alkaline-earth liquidsThe NPA  QHNC equations can describe a liquid metal in a wide range
method can be derived from the QHNC theory with use ofof densities and temperatures. Recently, using high-intensity
additional approximationt? the fundamental one is that the x rays of synchrotron radiation Tsujit al'* measured the
ion-ion correlation is approximated by the step function instructure factors of liquid Rb at high pressures: 0.2, 2.5, 3.9,
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and 6.1 GPa. These pressure values bring along a compres- ge.(r)=n2f(r|U§ﬁ)/n8, (2.2)
sion of liquid Rb: the corresponding density values are esti-

mated to be 1.07, 1.41, 1.56, and 1.95 times the normal deivith

sity; that is,r¢=5.27, 4.81, 4.65, and 4.31 in terms of the 1

ngner—'Senz5 radius a=rag (ag: Bohr's radiug, Uef(ry=v;,(r)— _[2 J' Ca(lr=r'])
respectively:® Tsuiji et al. observed that liquid Rb is uni- B

formly compressed with increasing pressure. In this context

it should be mentioned that Shimogn al*® performed first- xnl[gy(r)— 1]dr’+B-.(r)} 2.3
principles molecular-dynamics simulation for liquid Rb un- 0 '

der pressur¢0, 2.5, and 6.1 GBand compared their results

with the RDF’s extracted from the structure factors measured =v;(r) =T5(r)/ =By (r)/B. 2.9

by Tsuji et al- they found that liquid Rb IS _compressed_ U The wave equation for an electron under the external poten-
formly at 2.5 GPa, but that some deviation from uniform . eff/ v : . o
tial U, (r) is solved to provide the total electron-density dis-

compression is observed at 6.1 GPa. In the present Worlfl’ibution ng(r) around a nucleus, which is divided into the
using the QHNC method in combination with the Rosenfeld € ’ off
bridge functional for the reference hard-sphere system WQO%Ed-eligtronof an(ejﬁ free-electron  partsne(r|Uc")
have calculated the structure factors of compressed rubidiunt.e ("|Ug")+ne'(r|Uc") by the criterion whether their
the pressure ranging from 0 to 6.1 GPa, and compared the§égenfunctions belong to bound or free levels. In E32),
data with the experimental results. We find reasonable agredle ~ free-electron part of the density distribution,
ment with these experimental data, although in two cases the (f|U¢")/ng, becomes identical to the electron-ion RDF;
density has to be slightly readjusted. In this context it musthe bound-electron part2®(r|Ug") is taken to form an ion
be mentioned that experimental results obtained under thegéd contributes to generate the electron-ion interaction
extreme conditions bear some uncertainty: TSujeports  ve(r). These expressions fa@; (r) can be rewritten in the
that the estimated densities and the height of the main pedikrm of a set of integral equations for a one-component
in the static structure factor are affected with errors, and thafiuid.? One of them is a usual integral equation for the DCF
the low-Q behavior of the 6.1 GPa state is rather uncertainC(r) of a one-component fluid:

while the positions of the main peaks in tB€Q) are very

accurate. We confirm with our results the uniform compres- ~ C(") =&XH = Buen(r) + (1) +By(r)]—1—¥(r),

sion model. We find out that the effective ion-ion potentials 2.9
are insensitive to this pressure variation, a feature which isith an interactiorv .(r) defined by

obviously typical for liquid alkali metalgwe also confirm

these observations for the case of liquid lithjuwe finally |Ce|(Q)|2n8)(°Q

observe that the structure factors coincide in one single curve Buer(Q)=pv(Q)— m; (2.6

if Q is scaled in units of the Wigner-Seitz radias
The paper is organized as follows: in the subsequent se¢he other is an equation for the effective interactiqi(r),
tion we briefly outline the QHNC method and give a few that is expressed in the form of an integral equation for the
details about the Rosenfeld bridge functional. In Sec. Il weelectron-ion DCFC¢(r):
discuss our results and compare them with experimental

data. The paper is concluded by a summary. BCei(r)=n2 (r|ve—T e/ B—Be/ B)/n§—1—BT¢(r).
(2.7
Il. QHNC THEORY AND THE BRIDGE FUNCTIONAL In these equationsg% is the density response function of the

In the present section, we give a brief outline of thenoninteracting electrons with an electron density and

QHNC theory and the integration of the Rosenfeld bridge)’(r)EfC(“—r'|)n|o[g.u(r')—l]dr'- Furthermore,B de-
functional in an integral equation approach for a one-notes an operator defined by
component fluid.

Let us consi_der a liquid r_netal ora plasma as a _mixture of fQ[éf(r)]EXOQf e Qi (r)dr. 2.9
electrons and ions interacting through pair potentigj¢r)

[i,j=e or Il. In this mixture, the ion-ion and electron-ion 1 spoyid be kept in mind that the electron-ion DCF in Eq.
RDF's g; (r) are identical with the ion- and electron-dens_ltyéz_@ plays the role of a nonlinear pseudopotential, which
distributions under the external potential caused by a fixedyyes into account nonlinear electron accumulations around

ion at the origin respectively, since the ions behave as @p jon and the influence of other ions in the form of a linear-
classical fluid in a liquid metd.In general, DF theory en- response expression: if the electron-ion DCE(r) is re-

ables us to provide exact expressions for the density diStripIaced by a usual pseudopotentiaBwy(r), thenv(Q) in

butions in an inhomogeneous system caused by an extermngl, ;> 6 hecomes an effective ion-ion interaction in pseudo-
potential. Hence, by applying DF theory to this mixture with 5otential theory based on the linear-response formalism.

densitie, we can derive exact expressions for the ion-ion"  From the above formal and exact expressiths)—(2.7),
a_md electron-ion RDF’s in terms of_d|rect correlation fgnc- the QHNC equations are obtained by introducing the follow-
tions(DCF's) Cj;(r) and bridge function®;(r) as follows: ing five approximationé.
off (1) The electron-ion bridge function is neglected in Eq.
gu(r)=exd —pU/(r)], (2.1 (2.7): By=0 (the HNC approximation
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(2) The bridge functiorB, of the ion-electron mixture is sf — T T T ]
approximated by that of a one-component hard-sphere fluid Rb (313K)
[modified HNC(MHNC) approximatiof®]. i

(3) The electron-electron DCE { Q) in the ion-electron ol QHNC—MH
mixture is approximated by that of the jellium model: ) o+ exp.

7]

Ced Q)= —Bvd Q)[1— G*®'(Q)], which is written in terms
of the the local-field correctiofLFC) G**'(Q). In our cal- 1
culation we use the LFC proposed by Geldart and Vdsko.

(4) An approximatev¢((r) is obtained by treating a liquid
metal as a nucleus-electron mixttftén the form:

0 " 2 1 L " 1 " 1
4

0 2 o
e? X Q@A™
velr)= _ZAT"_j ved [r—r"[)ng(r")dr’
FIG. 1. lon-ion structure facto®,(Q) for liquid Rb at a tem-
perature of 313 K; the QHNC-MH methdih combination with the
Rosenfeld bridge functiongyields a structure factgifull curve) in

b : B PRI excellent agreement with results observed by the neutron scattering
Here, ng(r) is the bound-electron distribution angdyc(n) (Ref. 24 (open circles and x ray(Ref. 28 (full circles).

the exchange-correlation potential in the local-density ap-
proximation, for which we have adopted the
Gunnarsson-Lundqvidt formula. Actually, the bound-
electron distributionng(r) is determined as the bound-
electron part ofng(r|UM=n®(r|ugM+nd'(r|uc"), when
the electron-ion RDF in Eq2.7) is calculated from the wave
equation for an electron under the external potenﬂigﬂ(r)

+ pxcl NY(r) +n§l— pxc(ng). (2.9

as demonstrated in Fig. 1 in the direct comparison with ex-
periments at the triple poiB813 K andr,=5.388; the re-
sults of the neutron-scatteriffgand x ray> experiments are
denoted by the open and full circles, respectively.

=0g(r) =T e(r)/ 8. IIl. RESULTS AND DISCUSSION
_ (.5) The barezion—ion interaction is taken as pure Coulom- | this section, we apply the QHNC-MH method to cal-
bic: vy (r)=2,e/r. culate the structure factors for compressed liquid-rubidium

Under these approximations, a set of integral equationgqer high pressur@.2, 2.5, 3.9, and 6.1 GP4.e., exactly
(2.9—(2.7) can be solved; its solution allows the determina-ine same pressure values under which Teujall* per-
tion of the electron-ion and ion-ion correlations together with¢yrmed their experiments to measure the structure factors.
the ionization and the electron bound states. The corresponding densities are estimated by these authors

For the MHNC closure relation we have used in this workyg pe 1,07, 1.41, 1.56 and 1.95 times the normal density; the
the parametrization for the bridge function of a suitably Cho‘temperatures are 370, 520, 540, and 570 K, respectively.
sen hard-sphere reference system that was proposed recently|, 5 first step we apply our method to the 3.9 GPa state
by Rosenfeld? In this version of tge MHNC the universality 5nq examine how accurately the MHNC equatizncombi-
hypothesis of the bridgéunction’® (which “justifies” the  pation with the Rosenfeld bridge functiois able to repro-
MHNC) is generalized to the level of the bridgenctionalof duce the RDF obtained in an MD simulation for the same
the reference system. This functional can be calculated VerYotential derived by the QHNC-MH method: the comparison
easily for the genera}l case of an inhomogeneous system &f s own in Fig. 2, where the QHNC-MH res(ftll curve)
hard spherég involving only fundamental measures; the is found to be undistinguishable from the MD RO¥&pen
functional is then specialized—as required for our case—t0 jrcleg. This comparison confirms that the QHNC-MH
system of homogeneous hard spheres. This fundamentgiathod is able to produce reliable structure data that are as
measure bridge functional is given in terms of characteristic,oc,rate as those obtained in computer experiments even for

quantities of theindividual spheres and involves only inte- ompressed liquids at high densities; hence, MD simulations
grations over known functions. Furthermore, in this approach

the functional can be optimized by imposing the test-particle . r

(or source-particleself-consistency, which is realized by the 3r 3.9 GPa
transition from an inhomogeneous system to a homogeneous .

one if the source of the external potential becomes a particle ‘ — QHNC-MH

of the quuid.23 The Ornstein-Zernike equation is then solved 2r o MD 7

for the structure function of the homogeneous system along

with the closure relation where the bridge function is calcu-

lated by means of the abovanctional assuming that the 1

universality hypothesis is valid. The obtained structure func-

tion is then fed into the bridge functional yielding an im-

proved bridge function. This procedure is iterated until nu- 0

merical self-consistency is obtained in a sense that the

structure function of the preceding step differs only margin-

ally from the present step. FIG. 2. lon-ion RDFg,(r) at a pressure of 3.9 GRaull curve)
This method, which we denote by QHNC-MH, is in fact calculated by the QHNC-MH method: results are undistinguishable

able to produce accurate data for the structure factors of Rfsom those obtained in MD simulatioriepen circles
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Ge(r)

FIG. 5. The electron-ion RDF'g(r) of liquid Rb under pres-
sure(ranging from O to 6.1 GPanote that theg,'s remain almost
unchanged under pressure variation.

0 2 QA4 6

deviations. Therefore, we have modified the density for the
FIG. 3. Structure factor§, (Q) of liquid Rb under high pres- 39 GPa case: when decreasmgllgthe ion-sphere radius
sures: 0.2, 2.5, 3.9, and 6.1 GPa; the QHNC-MH regtutscurve)  (Wigner-Seitz radius a [a=(3V/4m)™™ and V being the

are compared with experime(Ref. 14 (full circles). The densities ~ SPecific volume per iohby a factor of 1/1.05 we can find
corresponding to these pressures are 1.07, 1.41, 1.56, and 1.9%leed a reasonable agreement between the theoretical and

times the normal density,, respectively. experimental results for the 3.9 GPa state, as shown in Fig.
4; a similar agreement is found also for the 2.5 GPa case if
are no longer required in this study. the Wigner-Seitz radiua is decreased by 5%.

We can therefore proceed to compare the QHNC-MH re- It should be mentioned that the concept of our QHNC
sults with experimentaidata for all high-pressure states: the method is for high pressures as reliable and valid as for the
structure factors calculated for pressures ranging from 0.2 tgoom pressure, since all the approximations entering this
6.1 GPa are plotted by full curves in Fig. 3 in comparisonmethod remain valid as the pressure is increased. This fact
with the experimental results shown by full circles. We havecan be seen from the result for the electronic structure, which
found that our method gives structure factors in reasonablwill be discussed in the following. The bound levels of the
agreement with experiment for 0.2 and 6.1 GPa, in particulaion in compressed liquid Rb are almost the same as those at
in view of the difficulties occurring in experiments under room pressure. As a consequence, the electron-ion RDF’s
high pressurécf. discussion in the IntroductionHowever, remain—as displayed in Fig. 5—almost unchanged for the
in the case of 2.5 and 3.9 GPa, the agreement between tifige states considered. The electron-ion DCf(r) is deter-
theoretical and experimental results is not so convincing: @nined by Eq(2.7). Figure 6 illustrates the pressure variation
systematic deviation between the data sets is observed. bf the electron-ion DCFC(r), which—as noted above—
their analysis of their experiment, Tsaii al1* estimated the plays the role of a nonlinear pseudopotential in the expres-
density of liquid Rb under pressure from the measured latticsion for the effective ion-ion interactidref. Eq. (2.5]; also
constant of crystalline Rb including corrections for the ther-the electron-ion DCF does not change significantly under
mal expansion and the volume jump at melting. Howeverthese pressure variations. For liquid alkalis, it is well known
according to Tsujt’ there remains an uncertainty in the that the Ashcroft pseudopotential provides effective pair po-
evaluation of the density that may be responsible for these

C T T 4 T T i = 0_ —
8 3.9 GPa =
. QHNC-MH -0.21
5 2r |1 °  exp. 1 r Ashcroft
& o4 6.1 GPa ]
.1 L. L
—0.6F| I 0 GPa -
061 | e
il 1 . 1 | ]
0 25 5 . 75 10
0 6 r (A)

Q@A™
(A7) FIG. 6. The electron-ion DCF'€(r) of liquid Rb under pres-
FIG. 4. The reestimated structure fac®(Q) (full curve) of sure(ranging from 0 to 6.1 GPathese functions play the role of a
liquid Rb at 3.9 GPa where the Wigner-Seitz radaudias been nonlinear pseudopotential,(r) to determine the effective ion-ion
decreased by a factor of 1/1.05 as a unit of length; reasonable agreieteraction. The dash-dotted curve denotes the Ashcroft pseudopo-
ment with experimental resultRef. 14 (open circlepis observed. tential withr .=1.27 A.
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RDF's in good agreement with experiments, if the core ra-

diusr is properly adjusted. In Fig. 6, we plotted the Ash-

croft pseudopotential with the core radiug=2.40a5
=1.27 A, which produces for the stateT=313K, rq

=5.388 practically the same structure factor as obtained by

the QHNC-MH methodcf. Fig. 1) using the Gerdart-Vosko

LFC. It is interesting that—although the Ashcroft pseudopo- =3
tential is quite different from the QHNC pseudopotential at
room pressure—these two pseudopotentials produce an al-

most identical structure factor.
Here, note that the electron-ion structure facBy(Q),

the Fourier transform of the electron-ion RDF, is written in

the following form:

Sei( Q)= VNong Cei(Q)x&/D(Q) (3.1)
p(Q)
=——5 , (3.2
\/z II(Q)
where
_ nSCeI(Q)XOQ
p(Q)= m, (3.3
D(Q)=[1-npCy(QI[1-N§Ced Q)x3]
—npn§|Cei( Q)1 2xS - (3.4
Hence, Eq(3.2) can be represented mspace as
891 =p(0)+1h [ =1 Dau()’, 39

which states that the free-electron distributio§ge(r)

2_ ! T T T T T T T
| free atom (5s)

n‘? Ashcroft

-
i
v

-
T

r (A)

FIG. 7. The electron-density distributigi(r) of a pseudoatom
in liquid Rb under pressuréranging from 0 to 6.1 GPa the
5s-electron density distribution of a free atom is displayed for com-
parison(small full circles. p(r) is plotted in units ofag* (ag being
the Bohr radius The dash-dotted curve indicates the density distri-
bution calculated with use of the Ashcroft pseudopotential, which
cannot describe an inner-core structure due to the pseudization.

should vary with pressure due to the change in the screening
effect; that is, the size of a pseudoatom is assumed to be
changed with pressure. Based on this model, the effective
hard-sphere radius, is considered to vary under pressure
variation keeping the packing fractiop=7nyo/6 to be
constant at a value of 0.45; this leads to a uniform-
compression model in which the position of first p&akin
the structure factor should increase proportionallyrl@){’3
with increasing pressure.

We also find in our approach that the effective ion-ion
interaction for liquid Rb is practically invariant under these

around an ion can be described exactly by the superpositioressure variation&f. Fig. 8. It remains almost the same as
of surrounding “neutral pseudoatoms.” Each ion carries athe potential at room pressure, in particular, in the region

screening electron-clougp(r) [with [p(r)dr=2,], and
makes it thus electrically neutrdincluding the core elec-
trons as if it were an atom. Therefore, in this formalism

where the first peak of the ion-ion RDF appears under these
high pressures: the large black circle in Fig. 8 denotes the

a first peak position(3.89 A) of the ion-ion RDF at the pres-

pseudoatoms. Using E3.3), the free-electron density dis-

tribution of a pseudoatom is calculated for liquid Rb under = .

high pressureqcf. Fig. 7): the results indicate that the =

electron-density distribution of a pseudoatom suffers no sig- To_ |

nificant change outside of the core regighe region within

abou 2 A where the bound-electron density is largmder =

this pressure variation. The dash-dotted curve in this figure = T 7
>

denotes the electron-density distribution of a pseudoatom de-
termined via the Ashcroft pseudopotential, which does not o
produce the inner-core structure. The inner part of the den-
sity distribution does not contribute to the ion-ion effective i |
interaction significantly; the outer patfrom around 2 A : "1 — é —— 19
onwards, where the bound-electron density becomes negli- °

gible, may be important to determine the ion-ion interaction.

Summarizing, we can conclude that a pseudoatom including g g The effective ion-ion interaction(r) of liquid Rb

bound electrons remains almost unchanged in comparison {gder pressur&anging from 0 to 6.1 GPathe effective interaction
room pressure even when the density is increased by a fact@y compressed liquid Rb remains practically unchanged with re-
of nearly 2(high pressure state 6.1 GP®n the other hand, spect to room pressure. The large black circle denotes the first peak
Tsuji et al. expected that a hard-sphere md8lehight be  position of the ion-ion RDF at pressure 6.1 GPa; the potential in the
successfully applied to describe the structure of liquid alkalivicinity of this point contributes mainly to the structure factor. The
metals and that the effective diameter of the hard spherg@shcroft potential is plotted by the thin dash-dotted curve.
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3t q — Ny 470 K
g « 1.34 Ny 600K ]
_ I\« 237n, 750K
g 2r ¥ o Exp.(470K)
[4p) L ! ]

0 aee? | . 1

s |
0 4 8 12
Qa
FIG. 9. Structure factor$,(Q) of liquid Rb calculated for 0, FIG. 10. Structure factorS, (Q) of liquid Li calculated for two

0.2, 2.5, 3.9, and 6.1 GPa; all results are scaled in units of thétates(1.34,, 600 K) and(2.34,, 750 K), under the assumption
Wigner-Seitz radiusa and practically coincide in one curve; the that the effective ion-ion interaction is the same as that for room

experimental resultRef. 14 for 6.1 GPa is plotted by full circles. Pressure. The structure factdull curve) of liquid Li at room pres-
sure is also plotted for comparison; when scaled in units of the

. ) Wigner-Seitz radius, all three structure factors practically coin-

pseudopotential has almost the same gradient in the repulsigattering at room pressure is plotted by open circles.

region as the potential obtained from the QHNC-MH

method. In contrast to the hard-sphere model, where the efn-ion potentials based on both Ashcroft and the
sential repulsive part of the effective ion-ion potential shouldQHNC-MH pseudopotentials yield an almost identical struc-
be scaled in units dd, no scaling feature is observed for the ture factor. However, the Ashcroft and QHNC-MH pseudo-
effective ion-ion interaction in units of the Wigner-Seitz ra- potentials are quite different from each other as is shown in
dius a. Nevertheless, all the calculated structure factors folFig. 8; nevertheless, it is confirmed that this Ashcroft ion-ion
all these five pressure valuéwith densities estimated by potential has also the same scaling property for the same
Tsuji et al1*) almost coincide in one single curve when scal-states as examined by the QHNC-MH method. This fact can
ing the wave number in units of the Wigner-Seitz radius be interpreted that the structure factor is determined mainly
(as shown in Fig. P In this figure, a deviation between cal- by the repulsive part of the ion-ion interaction where both
culated and experimental results is in the IQwegion. We  potentials have almost the same gradient as was shown in
know from Tsujt’ that the experimental values in this region Fig. 8. For alkali liquid metals, this scaled structure factor is
are affected with large error bars and we expect that theseot very sensitive to states specified by the plasma parameter
deviations between theoretical and experimental results will'=3e?/a andr =alag in the sufficiently high-density re-
disappear when more refined experimental data are availablgion. This is the main reason why structure factors of all
In this context, it should be noticed that this scaling propertyalkali liquids (from Li to Cs) near the triple point coincide
can be ascribed generally to a specific feature characteristadlmost in a single curve when scalin@ in units of the

for ion-ion potentials of alkali liquids as will be discussed Wigner-Seitz radiusi, as was observed experiment&fy®
below. and theoretically®%:3?

Even if the liquid-rubidium potential under these pressure This scaling property in the structure factors of liquid Rb
variations can be considered as invariant with respect to thsignifies that the first peak of the structure factor appears
one at room pressur@eglecting small deviationwe have almost at the same positi@ya (in scaled unitsfor all these
also observed the above mentioned scaling property in thpressures; this means that the position of the first ggaln
structure factor(cf. Fig. 9); this means that the liquid- the structure factoftaken in absolute valugshould increase
rubidium potential has a very special feature. Fagemeral  proportionally tox=(V/Vy) Y3 whereV, is the specific
liquid (the Lennard-Jones potential for exampleis impos-  volume at room pressure. In our calculation, this peak posi-
sible to display the structure factor of two different states,tion in reduced units is estimated from Fig. 9 to Qga
scaled in length units in such a way that they practically=4.30, from which we obtain the relatio®,;=1.51x be-
coincide. For a liquid alkali metal such a scaling propertycause ofa=r.ag=2.58k; this linear relation is plotted in
canbe observed: to examine this, let us consider liquid Li asFig. 11. In this figure, the full and the open circles denote the
a further example. At first we calculate the effective ion-ionexperimental points obtained for several states by Tsuji
interaction of liquid Li at room pressur@70 K, ny with rg et al;*? in particular, the five full circles represent those
=3.308, and assume—as for Rb—that the effective Li po-states which we have investigated in our theoretical study,
tential is unchanged with respect to the one at room pressurge., for pressure values 0, 0.2, 2.5, 3.9, and 6.1 GPa, respec-
Then, we can easily find the following three sets of temperatively. Theseexperimental Q points in Fig. 2.7 are close to
tures and densitieg470 K, ng), (600 K, 1.34), and(750 the linear relation which was determined from tdadculated
K, 2.37ny), i.e. states for which the structure factors can bestructure factors; thus, this figure demonstrates that the
scaled almost in a single curve in unitsagfas demonstrated uniform-compression modétorresponding to a linear rela-
in Fig. 10; here, open circles denote the result of the neutrortion denoted by the full lingis indeed valid, although there
scattering experimeftt at room pressure. The above set of is some uncertainty due to difficulties in estimating the den-
densities and temperatures have been chosen just becawsy and to problems in experiments under high pressure, in
these states exhibit a clear scaling. As mentioned before, thgeneral.
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' ' ' ' ' ' compression model. Thus they have asserted that their cal-
L ] culated result agrees with the experimgiid. In contrast to
6.1 Gpa*oo their RDF’s, the experimental structure factor at 2.5 GPa
39GPa=>-. shows a substantial deviation from the uniform compression
1.8f . 1 compared to the 6.1 GPa state; the positi{pnof the first
2.5GPa~ . . peak inS;(Q) lies far away from the uniform compression
- oo line in Fig. 11 while, on the other hand, the experimental
L [ 1 structure factor at 6.1 GPa shows that the uniform compres-
5 02GPa o sion model is still valid: th&, point for 6.1 GP in Fig. 11 is
1.6k l il very close to the uniform compression line.
. According to Tsujit’ this discrepancy between the con-
clusions based on the RDF’s and the structure factors is pos-
L +~—0GPa . sible, since there is some experimental ambiguity in the
, , , , , , value of the peak height in the structure factor while the peak
1 (V/Vo)_m 1.2 position is accurate and reliable. Nevertheless, from all the
experimental data displayed in Fig. 11, we can conclude that
liquid Rb is compressed uniformly up to a pressure of 6.1

GPa; however, a more detailed discussion if deviations from
circles are the points determined from the experimental structuréhe unlfor'm cpmpressmn modéﬂf. Fig. 11 have any thSI- i

factors under pressure: 0, 0.2, 2.5, 3.9, and 6.1 GPa plotted in Figg."’lI mea”'”g IS not very concluswe, dug to the Unce_”?'”tY In
1 and 3. The solid line denotes our calculated regutéform com-  the evaluation of the experimental density and the difficulties

pression modglderived from the first peak positioqa=4.30) in  encountered in experiments under high pressure.

L]

FIG. 11. The position of the first ped®, in the structure factor
for liquid Rb as a function of ¥/V,) ™3 open and full circles
represent experimental resultRef. 32. In particular, the full

the scaled structure factor in Fig. 9. It is interesting to notice that the structure factors of com-
pressed liquid Rb coincide practically in one single curve if
IV. CONCLUSIVE DISCUSSION wave numbers are scaled in units of the Wigner-Seitz radius

The QHNC method in combination with the Rosenfeld a, despite the fact that the effective ion-ion interaction re-
bridge functional has been shown to reproduce the experf'ains under pressure unchanged with respect to room pres-
mental structure factors of liquid Rb under high pressuresUre: this means that interaction potentials of liquid alkali
(ranging from O to 6.1 GPain general with a reasonable, metals have a special characteristic property, as we have
sometimes even with a rather good accuracy; this has to gdemonstrated and confirmed in addition for the case of liquid
seen in particular in view of the experimental uncertainties! In Fig. 10. The neutral pseudoatom in compressed liquid
(peak height, density values, l0@-behavioj which are Rb remains almost unchanged under pressure variation,
caused by the extreme experimental conditions. For the cadéich. in turn, is the reason why the effective ion-ion inter-

of 2.5 and 3.6 GPa the experimentally estimated densitie€ction remains practically invariant, similar to state-
have to be readjusted in terms of a 5% variation of thdnhdependeninteractions, such as the one for liquid argon.

Wigner Seitz radiusa. Furthermore we observe that the V€ have demonstrated in this contribution that the QHNC
structure factors coincide almost in one single curve if wave{m?th‘)d can treat the “outer-structure” proble(e., calcu-
numbers are scaled in units af (Fig. 9. This indicates ation of tPe lon-ion _and electron—lon RDFand the Inner-
clearly that liquid Rb is uniformly compressed as the pres-StrUCture problgm(l.e., calculz?ltlon of the electronlc struc-
sure is increased: this, in turn, signifies that the first peaffur® Of the ion in a self-consistent way using the atomic

positionQ, of the structure factors increases proportional tonumt_)er as the only input data: therefore, this method can be
(VIV,) Y2 (Fig. 11 considered to be very useful to treat a plasma, where the

It must be mentioned that in contrast to our result. ShiJonizationZ; is not known beforehand and where there is no
mojo et al*® conclude from their result obtained in the first- WY Of constructing a pseudopotential to give the effective

principles MD simulations that some deviation from uniform [01-ion interaction. From the successful results for com-

compression exists for the 6.1 GPa state, though liquid Rb is%ressed liquid Rb presented here_ We can .conclude ik
compressed uniformly at 2.5 GPa. Their experimental RDF’ HNC_metho_d is expected to b_e_ nicely applicable for plasma
for 2.5 and 6.1 GPa are obtained by a Fourier transform gftates in a wide range of densities and temperatures.

the experimental structure factors of Tsejfial. On the basis

of the RDF’s they observe a different behavior than on the
basis of the structure factor, although they have used the We thank Professor Tsuji and Dr. Morimoto for sending
same experimental structure factors and Rb states as we digs numerical experimental data and for discussions on the
(i) the first peak position in the RDF at 2.5 GPa follows theanalysis of the experimental data. G.K. acknowledges finan-
uniform compression model, while the first peak position incial support by the @terreichische Forschungsfonds under
the RDF at 6.1 GPa shows a deviation from the uniformProject No. P11194-PHY.
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