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Monatomic-Molecular Transition in Expanded Rubidium
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SsQ, vd for liquid rubidium measured along the liquid vapor coexistence line exhibits monatomic
behavior from normal density down to twice the critical density. At this density we observe excitations
characteristic of a harmonic oscillator. We interpret this as evidence for the passage of the fluid
from a monatomic to a molecular state. First principle total energy calculations for lattices of
ribidium at 0 K predict that expansion favors spin pairing and leads to a lattice of dimers with an
increase in vibron energy with decreasing density. The excellent agreement of the calculated vibron
energy with the experimental result provides theoretical support for the appearance of molecules.
[S0031-9007(97)03149-9]

PACS numbers: 61.25.Mv, 61.12.Ex, 64.70.Ja, 71.30.+h
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Liquid alkali metals at high densities close to thei
triple points can be regarded as monatomic fluids, whe
each atom contributes one single electron to a half-fille
conduction band [1]. This view is consistent with sever
experimental observations: The dynamic structure fact
SsQ, vd for liquid rubidium measured at conditions close
to the melting point exhibits distinct collective excitation
at a high wave vector [2] typical for dense metallic fluids
The dispersion relation of these excitations is in acco
with the result from computer simulations employing
an interatomic pseudopotential typical for monatom
metals [3].

Measurements of the static structure factorSsQd for
fluid rubidium and cesium [4,5], carried out along the liq
uid vapor coexistence line for several densities between
melting point and the critical point, are consistent with th
view. The main structural effect of the density decrea
with increasing temperature is a reduction in the avera
number of nearest neighbors within the first coordinatio
shell around an atom, while the mean interparticle di
tance remains nearly unchanged. This behavior chan
dramatically if the metals are evaporated to the dilute g
phase close to their triple points. Under these condition
alkali metal vapors behave like typical insulators with elec
trical conductivities less than1025 V21 cm21 [6]. Mea-
surements of optical [7,8] and magnetic [9] properties an
of equation of state data [8,10], as a function of de
sity indicate that molecular aggregates such as dime
or trimers do exist in the gas phase. As the vapor
compressed along the coexistence line the experimen
results indicate an increase in concentration of the molec
lar species to about 25% at conditions close to the critic
point [9]. Resent theoretical considerations of these da
reach a similar conclusion [11]. The question to emerg
from these findings is, up to what density can the pairin
mechanism present in the vapor survive the passage fr
the dilute vapor to the dense liquid [1,12].

Recently, we were able to extend our measureme
of the dynamic structure factorSsQ, vd for liquid ru-
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bidium to densities as low as twice the critical densit
where deviations from the metallic behavior are alrea
significant [13]. The liquid was expanded along the c
existence line toward the critical point (Tc ­ 2017 K and
rc ­ 0.29 gycm3 [14]) by simultaneously increasing the
temperature and pressure. Up to moderate liquid de
ties of about three times the critical densitys0.83 gycm3d,
the results are in accord with molecular dynamics calc
lations [15] employing effective pair potentials derived b
pseudopotential theory, typical for monatomic metals.

At the lowest density measured (0.61 gycm3, i.e., about
two times the critical density), drastic changes inSsQ, vd
are observed. A well-defined excitation peak appears n
h̄v ­ 3.2 meV with the maximum intensity at a momen
tum transfer near1 Å21. Its size is clearly outside the
experimental error which does not exceed 5% of the
tensity in SsQ, vd. This observation was interpreted a
an optic-type mode [7] in which two atoms tend to mov
in opposite directions. TheQ dependence of the pea
intensity is qualitatively consistent with a model assum
ing the existence of diatomic harmonic oscillators in t
liquid [13,16]. As an example, the results, expressed
SsQ, vd for 1.0 Å21, and in terms of the longitudinal cur
rent correlation functionJ1sQ, vd ­ sv2yQ2dSsQ, vd for
Q ­ 1.3 Å21, are given in Fig. 1 for the experimenta
conditions investigated in this experiment. At these v
ues of momentum transfer, the excitations are best obs
able due to the intensity dependence of the excitation
and the shape of the coherent dynamic structure fac
The drastic changes in shape occurring when the low
density is reached at 1873 K are apparent in bothSsQ, vd
andJ1sQ, vd. The curves exhibit excitation peaks clear
larger than the statistical error. InSsQ, vd the peak is
centered around 3.2 meV, while inJ1sQ, vd the peaks
can be identified as resulting from excitations at 3.2 m
with higher harmonics at 6.4 and 9.6 meV slightly shifte
to higher frequencies due to thev2 term inJ1sQ, vd.

Despite the high thermal energy at 1873 K, th
observed peaks inSsQ, vd and in J1sQ, vd reveal
© 1997 The American Physical Society 3685
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FIG. 1. Experimentally determined scattering lawsSsQ, vd
at Q ­ 1.0 Å21 and current correlation functionsJ1sQ, vd ­
sv2yQ2dSsQ, vd at Q ­ 1.3 Å21 for four different liquid
densities, measured along the liquid vapor coexistence cur
1073 K, r ­ 1.13 gycm3; 1373 K, 0.98 gycm3; 1673 K,
0.87 gycm3; 1873 K,0.61 gycm3. The lines at 1873 K are just
a guide for the eye.

surprisingly small linewidths. This is a common obse
vation in neutron spectroscopy. For a freely movin
molecule executing harmonic oscillations relative to i
center of mass, the linewidth of an excitation is propo
tional to

p
kBTER , whereER ­ h̄2Q2y2Mmol represents

the recoil energy andMmol is the mass of the molecule
[16]. At 1873 K this gives a value of 1.83 meV which is
comparable with the linewidth found inSsQ, vd.

In order to gain some insight on a microscopic level fo
the appearance of a vibron in expanded rubidium, we ha
undertaken exploratory calculations for the total ener
of expanded lattices of monoatomic Rb and Rb2 dimers
using density functional theory (DFT) in the local densit
approximation (LDA) [17]. DFT is a first principle
quantum mechanical method for calculating total energ
with the exchange and correlation terms written in term
of the local electron density (LDA). The computationa
method used here is the same as that reported previou
for a similar set of calculations made for lattices of C
and Cs2 [18].

Calculations were made for a system of Rb atoms in
body-centered lattice (bcc) and for diatomic molecules
a simple cubic lattice (sc). To create the diatomic sol
3686
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the two atoms in the bcc unit cell were moved toward
each other, forming a simple cubic lattice. The dimer bon
length in the molecular lattice was varied to minimize the
total energy. In Fig. 2, the difference in calculated tota
energy (per two atoms) between the Rb2 and Rb static
lattices is plotted versus density on a scale for which th
energy of the bcc lattice is zero. Below a density o
0.9 gycm3 the sc-Rb2 lattice has the lowest energy.

The vibron energyshnd and dissociation energysDed
were obtained by displacing the bond length from its
equilibrium valueR0 and calculating the change in energy
EsR 2 R0d. These data were then fitted to a Morse
potential [19]. As an illustration, Fig. 3 showsEsR 2

R0d plotted versusR 2 R0 at a density of0.62 gycm3.
The values ofhn and De obtained from the Morse fit
are plotted versus density in Figs. 4 and 5. The poin
in the gas atr ­ 0 gycm3 [20] connect smoothly with
the calculations at higher density. Shown in Fig. 4 is th
experimental data point, atr ­ 0.61 gycm3 and hn ­
3.2 meV, which is in remarkably good agreement with
the present calculations.

Our calculations predict that the vibron and dissoci
ation energy decrease with increasing density from the
gas phase value to zero near0.9 gycm3. Such a decrease
in the vibron energy with increasing density is now
a well-established feature found in optical studies o
solid molecular hydrogen [21] and nitrogen [22]. This
decrease is believed to be associated with the transfer
electron charge towards neighboring molecules, leading
a softening of the molecular bond and the formation of
monatomic state. With increasing density the intramole
cular bond distanceR0 increases steadily from 4.17 Å
in the gas phase [23] to 4.40 Å near the experiment

FIG. 2. The difference in calculated total energyE (per two
atoms) between the Rb2 and Rb static lattices as a function of
density. On the scale shown, the energy of the Rb-bcc lattic
is set to zero. The line is a smooth fit to the data.



VOLUME 78, NUMBER 19 P H Y S I C A L R E V I E W L E T T E R S 12 MAY 1997

ral
in
zed

n
d

y
ts.
r
d
K.
s
n
s

ll
ch

m

s

e
y
f

ee
al
he
a

it
ng

fit
FIG. 3. Potential vibron energyEsrd for the Rb2 dimer as
a function of bond length displacementr ­ R 2 R0 for r ­
0.62 gycm3. Open circles are calculated values; the solid lin
is a fit to a Morse potential.

density of0.61 gycm3. Further compression of the fluid
to about0.87 gycm3, which is close to the density where
the vibron frequency goes to zero, leads to an elongati
of the bond to 5.52 Å. Evidence for this feature is als
seen in Fig. 3 by the anharmonic character of the vibro
in extension. In the case of hydrogen and nitrogen, th
dissociation energies are nearly an order of magnitu
larger than for the alkali metals, and these molecules a

FIG. 4. Variation of the vibron energyhn for Rb2 with
liquid density obtained from fitting the calculated value
Esrd to a Morse potential at each density. Included is th
experimentally determined value atr ­ 0.61 gycm3. Open
squares are calculated values; the solid circle represe
the experimental result. The line is a smooth fit to th
calculated data.
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believed to metallize in the solid at pressures of seve
megabar. In contrast, the dimerization of Rb occurs
the expanded state at a low pressure and is only stabili
in the fluid at a temperature near 1700 K.

The effect of temperature on the composition is a
important concern in deciding whether the predicte
concentration of molecules in the liquid is sufficientl
high to be observable in neutron scattering experimen
At the conditions of interest along the liquid vapo
coexistence line, molecular dissociation will be favore
by the high temperatures, in the range of 1700 to 2000
The fraction of molecules present in the liquid wa
calculated with the mass action equation [24,25] for a
equilibrium mixture of atoms and dimers using the value
of hn and De from Figs. 4 and 5. The vibrational
partition function was calculated by summing over a
states of the Morse oscillator. The temperature at ea
density along the liquid-vapor curve was obtained fro
the experimental results of Jüngstet al. [14]. Plotted
in Fig. 6 are the calculated fractions of Rb2. Near a
density of 0.9 gycm3 the fraction is zero and increase
to a maximum value of about 38% at about0.5 gycm3.
The amount of Rb2 then decreases at lower density du
to the effect of entropy. At the experimental densit
s0.61 gycm3d, the calculations predict a concentration o
about 25% Rb2 with a dissociation energy of 90 meV,
which is large enough to account for the presence of thr
vibrational energy levels. In the absence of theoretic
modeling we cannot precisely attach significance to t
apparent result that the dimer fraction is highest at
density greater than the critical density. However,
has been shown that a compositional asymmetry alo
the liquid vapor equilibrium can be the origin of the

FIG. 5. Variation of the dissociation energyDe for Rb2 with
liquid density obtained from fitting the calculated valuesEsrd
to a Morse potential at each density. The line is a smooth
to the data.
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FIG. 6. Calculation of the dimer fraction in liquid rubidium
for the considered densities, using the mass-cation law a
values for hn and De from the Morse potential fits. The
partition function was calculated by summing over all state
of the Morse oscillator. The line is a smooth fit to the data.

breakdown of the “law of rectilinear diameter” which is
observed experimentally in expanded Rb and Cs [26].

In an alternative approach to the expanded metal vap
Redmer and Warren [11] applied a plasma model to
partially dissociated and ionized gas of expanded ribidiu
and cesium. For rubidium they found that the highe
density at which dimers appear is0.8 gycm3, and they
predict a dimer concentration of about 25% near th
critical density. These results are in general agreeme
with our results.
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