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High-pressure melting curves of alkali halides
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The melting curves of Csl, KCI, and KBr were measured in a diamond-anvil cell to temperatures of 3500 K
and pressures up to 370 kbar. Theoretical calculations for Csl, made by directly integrating the Clapeyron
equation, are in good agreement with the measurements and predict a crossing of the Csl and Xe melting
curves near 410 kbar and 4280 K.

I. INTRODUCTION melting curves of Csl and Xe at very high pressure. These
materials are isoelectronic. Csand I~ both have Xe-like
Of the known first-order phase transitions, melting coversclosed-shell electronic configurations. At 1 bar pressure the
the widest range of pressures and temperatures. Consgtable structures of Csl and Xe are, respectively, the CsCl
quently, melting data provides a potentially rich source ofand fcc structures. However with increasing density it is the
information regarding the role played by interatomic forcesstrong repulsive forces between the ‘Cand I~ ion cores
in determining pressure and temperature-induced changes iat mainly determine the pressure and crystal structure. As a
solids and liquids. Recent advances, particularly the develesult solid Xe and Csl have virtually identical isotherms
opment of high-temperature diamond-anvil cell techniquesabove 10 kbaf,and both are found to transform to hcp or
have led to an order of magnitude increase in the pressu,lécp-llke structures. Xe transforms continuously from fcc to
range accessible for studyMuch of this effort has been hcp over the pressure range 75 to 140 ktizef. 3 and Csl,
motivated by a need for melting data of oxides and silicategvhich is initially in a CsClI structure, begins its transforma-
for the purpose of understanding the structure and dynamidéon at 400 kbar. Both materials also undergo metallization
of the Earth’s interior. These systems are mixtures of ions fofransitions by band overlap at comparable pressures. Csl
which the interatomic forces are the sum of a long-rangénetallizes near 1.1 MbaRef. 4 and Xe near 1.32 Mbdr?
Coulomb interaction and a short-range potential which is of-Since poth materials are isoelectronic and have very similar
ten covalent and directional. As a result the melting curves oProperties at high pressure we decided to investigate the pos-
such systems have proven difficult to predict reliably. In theSibility that the melting curves of the two might also con-
case of the rare-gas solids, the interatomic forces are shoi¥erge. The melting curve of Xe was obtained by correspond-
ranged and nondirectional, or spherical. For these systeni8d States theory and compared with Csl.
theoretical calculations have been made and measurementsRecently, it was brought to our attention that Kdfkéiad
of melting curves have played an important role in validatingused the method of Clapeyron integration to calculate phase
their accuracy and for judging the usefulness of simpleicoexistence along the liquid-vapor saturation line. Although
models. One step up in complexity from the rare-gases arKofke’s particular numerical method is more appropriate to
alkali halides, which are the subject of this paper. These arte compressible system he studied, his reported experience
binary systems which combine long-ranged Coulomb force@nd insight were very helpful.
with the same type of short-range potentials characteristic of

inert gas atoms. Despite their relative simplicity, the compli- Il. EXPERIMENT
cation of both long-range and short-range potentials have left
the theory of alkali-halide melting in poor shape. The melting experiments were carried out in a laser-

In Sec. Il of this paper we report measurements of théheated diamond-anvil cell. The alkali halides of pure quality
melting curves of Csl, KCI, and KBr to temperatures up t0(99.999% were loaded in the pressure cédee Fig. 1 to-
3500 K and pressures to 370 kbar. These are the highegether with a strip of flattened tungsten wire and several ruby
temperature melting data measured statically for an alkalthips. Prior to pressurizing, the high-pressure cell was dried
halide and extend the pressure range by more than an ordigr a vacuum at 120 °C and subsequently flushed with dry
of magnitude over previous measurements. Calculations agfrgon. Pressures and pressure gradients were measured using
the melting curve were made for Csl by a direct integrationthe ruby scale. The tungsten strip was heated with a 25 W
of the Clausius-Clapeyron equation and are reported in Segttrium-lithium-fluoride (YLF) laser A =1.05 wm). Below
[ll. Section IV presents the calculation of a xenon meltingthe melting temperature samples neither absorb this radiation
curve with a comparison to Csl. The results of the paper ar@or emit incandescent light. The defocused laser beam cre-
discussed in Sec. V. ated a hot spot on the tungsten strip of about 2080 in

A reason for choosing Csl as the object of the presendiameter. Temperatures were measured from the central re-
calculations was to examine the possible convergence of thgion of this hot spot from an area with/Am in diameter in
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YLF - laser Ar - laser

TABLE |. Melting temperatures of Csl, KBr, and KCI at high
pressures.

diamqnd
anvil P (kba T (K)
Csl
0 899
16 1653:13
T unghen ™ 47 2090-30
50 pnfe 50 190Q-50
72 2290:30
FIG. 1. Schematic cross section through a diamond-anvil cell 92 24833
assembly. 104 2660-76
146 291#3
the special range 550—800 nm using a C&barge coupled 150 3085-15
device-detector technique and by fitting the emission spectra 194 3150-65
to a Planck radiation function. Details of this measurement 265 3466-134
are described elsewhéetaVhen the surface temperature of
the tungsten strip reached the melting temperature of the KBr
sample, a large increase in temperature was observed due to 0 1007
a strong increase in the absorptiéand emissioh of the 66 2120+ 20
sample. The nature of this change in absorption is unknown. 87 2280+ 20
The melting temperatures were measured by slowly increas- 97 2480-20
ing the laser power while recording temperatures in rapid 100 2600-50
sequence, and the melting temperatures reported here are the 136 2570-50
last recording before the large discontinuous change in tem- 160 3000-50
perature. The reproducibility of this method in most cases
was within 100 K except for the highest pressures of this 205 314%-39
study where the solid-liquid transition was less sharp due to 263 3226050
an increase in absorption of the solid. The surface of the 348 3450-60
tungsten strip did not show any sign of chemical reaction 357 344273
subsequent to melting.
Figure 2 shows the melting measurements for Csl, KBr, KCl
and KCI. The data are in Table I. The average errors bars are 0 1043
174 3040:40
4500 . . . , 228 3220:80
300 341@:50
4000 L % % ] 370 3543-90
3500 | o« 5 % oo™ 1 about 3 kbar in pressure and 45 K in temperature. They are
z w O © due mainly to uncertainties in the pressure gradients and the
= 3000} 200 ] thermal pressure and represent the temperature variation of at
x PR least five different measurements of melting using the
o 2500f < ] method described above. A striking feature of the data in Fig.
= oe 2 is the similarity of the three curves. This suggests that all
g 2000 | °. ] the materials undergo the same pressure-induced changes.
o . Our melting data on KCI and KBr are in excellent agree-
g 1500 | 1 ment with those measured by Pistoridirsa piston-cylinder
= apparatus to 41 kbar. There are no previous static melting
1000 data of Csl at high pressure. Also plotted in Fig. 2 are melt-
ing points of these three compounds that were reported by
500 : : s ; researchers using shock wave technide¥ These data
4] 100 200 300 400 500

Pressure (kbar)

FIG. 2. Melting curves of Csl @), KBr (<), and KCI )

tend to be at temperatures slightly higher than ours. We be-
lieve that this discrepancy is consistent with the recent ob-
servations of Boness and Browrthat melting of KCI and
KBr on the Hugoniot exhibits superheating “of several hun-

plotted as temperature versus pressure. Included are the measu@d Kelvin.” The overall agreement of the present diamond-
shock melting points of these compounds as indicated by the sam@nvil measurements with both precise low-pressure measure-

symbols with a bar.

ments and those of shock wave experiments confirms the
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FIG. 3. TemperaturéK) versus volume (A/atom) at 100 kbar

. S Vol :
calculated for solid and liquid Csl. olume (A"/atom)

- . . . FIG. 4. Pressure-volume Csl solid isotherm at 300 K. Black
reliability of this relatively new advance, at least for this cjrcles are calculated by molecular dynamics in this paper. Squares
class of materials. are x-ray data and solid curve is a fit to x-ray déRef. 3.

. THEORETICAL shows the calculated solid and liquid volumes versus tem-
perature at 100 kbar. Since the Clapeyron equation considers
only the ratioAV/AH, changes iMAV and AH with tem-

In this section we present a computer simulation methogerature will be in the same direction and partially canceled.
to determine the melting curve of a solid. The two funda-Therefore at fixed pressuraV/AH can be considered inde-
mental expressions that govern phase equilibria are thpendent of temperature and the Clapeyron equation can be
equality of the Gibbs free energy of the coexisting phaseintegrated as
and the Clausius-Clapeyron equation. For any two phases in

A. Thermodynamic integration of the Clapeyron equation

equilibrium the temperature, pressure, and Gibbs free ener-
gies must be equal: In(T/To)= | (AV/AH)dP. 3
G(T,P)=G(T,P)s. (1) Integration requires a reference melting pressurg) (and

temperature Ty) which are chosen as the experimental val-
ues for Csl at 1 bar and 903 K. Any inconsistency between
the predicted melting temperature and the one at which
dT/dP=(TAV/AH), ) AV/AH was calc_ulated is easily corrected_ by an_iter_ative
procedure. The nice features of Clapeyron integration is that
whereAV andAH are, respectively, the difference in molar it avoids a direct determination of free energies and requires
volume (V,—V,) and enthalpy Ifl,—H;) of the coexisting only differences in volume and enthalpy which are easily and
phases. The equation does not determine the location of treccurately computed by constant pressure molecular dynam-
melt line but it predicts the slope of the line separating thecs.
coexisting phases starting from a known reference point. In Other methods used to calculate melting curves using mo-
this paper we chose the reference as the 1 bar melting poifgcular dynamics are direct simulation and free-energy inte-
and integrate the Clapeyron equation to obtain the full meltgration. Direct simulation approaches attempt to determine
ing curve. melting by observing the change in ordering of a solid going
The enthalpy and volume of the coexisting phases werénto the liquid. This method does not insure the presence of a
calculated at a series of temperatures and pressures usingewersible path and transformation typically takes place when
constant pressure molecular-dynamics simulation progranthe solid becomes mechanically unstable. The actual phase
After completing a sizable number of calculations it becameransition is bracketed by a region of hysterésighis is
apparent that the ratioA(\V/AH) is almost independent of illustrated in Fig. 3 where the metastable points are in the
temperature, at constant pressure, over the pressure rangesofid above the melting point at 2670 K and in the liquid
our interest. The reason is that dense fluids and solids haJeelow this temperature. Ironically, this feature of metastabil-
very similar thermal expansions and heat capacities. As @y in computer simulations simplifies the calculation of
result at constant pressure, changes in volume or energy withV/AH for integrating the Clapeyron equation.
temperature of the coexisting phases are in the same direc- In order to locate the phase transition precisely one needs
tion and largely cancel. This is illustrated in Fig. 3 which accurate free energies of both phases. For the case of simple

The Clausius-Clapeyron equation follows directly from the
Gibbs equality* and is written as
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systems, such as rare gases and many monatomic metdalfje parameters in Eq7) are =13, r*=4.47 A, and
theoretical models are available for obtaining accurate there/k=235 K, wherek is the Boltzmann constant. Figure 4
modynamic data for the liquid and sofifl.in the case of shows a comparison of the calculated room temperature Csl
systems where accurate models are not available a usefsblid isotherm with the x-ray data of Maat al® The excel-
approach has been to use a series of simulations to calculdent agreement at the higher pressures reflects the bias of the
differences of free energy from some idealized state in whiclpresent potential to optimize the fit to high-pressure high-
the free energy is known exactly. For example, Hoover andemperature data. This led to some difficulty in determining
Reé’ obtained the free energy of the hard-sphere and harthe correct low-pressure value oA{/AH). Although this

disk solids starting from a lattice gas with one atom perpotential predicts correctly that CsCl is the stable structure at
lattice cell. The Helmholtz free energy of the solid is thenroom temperature it predicts incorrectly that the solid melts

obtained by integrating from a NaCl structure at 20 kbar and below. In addition since
the Csl liquid atP=0 is 28.5% expanded from the solid,

. A _ accurate calculations of the liquid volume and enthalpy are

Asolid V1) = Atatice gak Vo) f P(V)dV, @ not possible. The failure to correctly predict the structure at

melting appears to result from the approximation in using the
ame core-core repulsion for both ions or in effect assuming
oth are the same size. It is known that although Csl, CsBr,

where P(V) is obtained by computer simulation. Hoover
et al!® have also shown that the low-temperature harmoni

solid provides a convenient reference system for studying th nd CsCl are the only alkali halides to crystallize in a CSCl

equation of state of inverse power potentials. Hard-spher ttice at room temperature and 1 bar. onlv CsCl underaoes a
and inverse power potentials have the nice feature that thelf P - only g

entire equation of state can be determined by computing alndsmqtn'toﬂ? N(?g stéug:tltjrg prlorrtlp ?Eltlng. of :he thlree
single isotherm expressed in reduced units of the potenti olas, 1t is %. ar11_h t.lons]: whic daqve“;nos bn_eary
parameters. This allows the equation of state to be scaled g€ S3M€ SIZ€A 10NS. The ralio of 10NIC rafis+/Rc- beINg

- o 1.93 as compared to 0.78 f8:+/R,- .
arbitrary temperatures. This is not the case for real material Cs' ! "l .
for which many isotherms and melting points are required to The value OfAV/AH below 20 kb.ar was obtained by. two
determine an equation of state. methods:(1) calculations made using the Csl potential of

The similarity between the Clapeyron and free-energy in.Dixon and Sangstét and (2) fitting the experimental data.

tegration methods becomes apparent when examining  the e Dixon-Sangster potential employs a Tosi-Fumi-type

derivation of the Clapeyron equation. Equatitt) deter- nction which was fitted to low-pressure data but does not
mines the state of equilibrium between the two phases i orrectly predict the high-pressure equation of state. There-

terms of the equality of the Gibbs energy. At a slightly dif- ore the V?'“e ORV/AH at 20 kb_ar was adjuste_d to ensure
ferent temperature and pressure the Gibbs free energy of tfesmooth fit between the c.alculatlons made at higher pressure
solid (or liquid) is written as and lower pressure. The final vaIuesz/AH_ was an aver-
age of the two and corresponded to an adjustments of about
G«(P1,T1)=G4(Py,To) +VdP—SdT. (5) 5% in each. In the alternative procedure the 1 bar value of
) o ] (AV/AH) was obtained by a fit to the experimental data. But
Equations(4) and (5) are similar in the sense that the right- making accurate low-pressure measurements or calculations
hand side of both are written in terms of a reference fregs made difficult by the steepness of the melt curve below 20
energy and a “correction,” or perturbation term. By equatingyhar, so a precise value afV/AH at P=1 bar is uncertain.
the Gibbs free energies of the liquid and solid as in @9 Nevertheless, both methods for determining the low-pressure

the G(Pq,Tg) terms cancel and the correction terms leads toslope gave predictions of the melting curve that differ in
the Clapeyron equation which give the changes in the meltfemperature only by 2%.

ing curve. The reference properties we use for the Clapeyron
equation ardPy and Ty .
C. Molecular-dynamics simulations

B. Intermolecular potential The values ofH andV in the solid and liquid were ob-

The intermolecular potential for Csl was the same as thatained by constant pressure molecular dynamics with vari-
employed in a previous high-pressure stttifhe assump- able cell shape. In its simplest form molecular-dynamics
tion is made that the interaction between the ions can bsimulates atomic-scale phenomena by solving Newton's
approximated by a xenon-like exponential-six pair potentialequations of motion of the trajectories of many particles con-
between closed-shell cores plus a Coulomb interaction beained in a periodically reproduced computational cell. If a
tween the charges. The justification for this approximationsolid phase is being simulated, the number of particles in the
comes from the fact that Csl and xenon have virtually idenell must be commensurate with the translational symmetry
tical isotherms above 10 kbar and should have the same ref the crystal. Recently, Parrinello and Rahrffaintroduced
pulsion at small interatomic separations. Therefore we writea technique in which the size and shape of the computational

cell can be allowed to vary in such a way as to keep the
B(rij)=ZZ;€*Itj+ ¢ expd Tij), (6)  pressure fixed at a predetermined value. This method is very
effective for studying the stability of solid structures, since
the system can spontaneously transform from one crystal
b expdTij)=e[6/(a—6)expla(l—r/r*)} type to another t_hrough Qeformation of the computational
cell. Implementation of this method for the short-range po-
—al(a—6)(r*/r)®]. (7)  tential is by now standafd and has been employed previ-

where
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FIG. 5. Melting curves of Csl and Xe. Diamond-anvil measure-

ments of Csl @) and calculations for Csl from integration of Cla- FIG. 6. AV/V, volume fraction change on melting for Csl, plot-
peyron equation. The Csl shock melting point is indicated by theted against the melting pressure. '

bar. The Xe melting curve was obtained by corresponding states

theory as described in text.

exponential-six potential with a stiffness parameter
a=13.0-13.2. As a consequence, all the thermodynamic
roperties of these elements may be scaled from a knowl-
dge of the positionrf) and depth §) of the attractive

ously by one of ug3 However, the long-range Coulomb part
of the potential used here requires that the algorithm for thg
Egvnegdtﬁius m ;nedgtiréerrzgzuel’ti tgrggté';rtzrg ﬁg?emi?éi:ta}/; thV\S/ell. An exception is helium over the range in which quan-
g ’ . . . fim effects are significant. Thus, given a set of potential
additional feature. All the simulations were made with 108 arameters for a given rare gas. its melting curve mav be
ions (54 Cs" and 54 I') in a CsCl supercell, made up of Eredicted with reagonable accgura,c 9 y
27(3X3X3) unit cells of four ions in each. Runs were typi- The Xe melting curve was obtaBi/.ned by scaling from Ar
cally made for 200 to 300 ps with a time step of 78 sec. r Ne) using the following expressions:
The liquid state was generated by restarting a completego 9 g exp '

;olid run withZ; ; set to 0. This destabilized the lattice form- P(Xe)=P(Ne)-e/r*3(Xe)/[e/r*3(Ne)] (8)
ing a fluid after which th&’s were reset and the ionic liquid
phase was run to equilibrium. and temperature,

The calculated and measured Csl melting curves are T(Xe)=T(Ne)- s/k(Xe)/[e/k(Ne)], 9)

shown in Fig. 5. Also shown is the melting point determined
from shock experiment¥. These data are in good agreement.with the Ar(Ne) potential parameters cited in Refs. 16 and 26
Included in the figure is the Xe melting curve predicted inand for Xe we took those used in Ef). The results are

Sec. IV from corresponding states theory. plotted in Fig. 5 and show that the Xe and Csl curves are
expected to cross near 410 kbar and 4280 K. This is beyond
IV. THE XENON MELTING CURVE the range of the present experiments.
The xenon melting curve has been measured to only 400 V. DISCUSSION

K and 7 kbar® but measurements of the melting curve for
He?% Ne?” and Ar (Ref. 16 have been made to about 60  The detailed atomistic information provided by computer
kbar. Theoretical calculations have shown that with accuratsimulations are a valuable adjunct to experiment. In the
models of the liquid and solid, and an exp-6 pair potentialpresent study they provide detailed information regarding the
[Eq. (7)] with parameters fitted to the solid isotherm, it is pressure-induced changes of atomic order and the thermody-
possible to predict these experimental results quite well. Calramics of melting. For example, Figs. 6, 7, and 8 show,
culations have been extended to 3008%¢” Although com-  respectively, the values @fV/V, AV/AH, andAH/NKk for
parable calculations have not been made specifically for X€sl calculated as a function of melting pressure. Below 100
it is a straightforward procedure to obtain such results bykbar the volume change decreases rapidly with increasing
scaling the calculated inert gas melting curves using the rulpressure, while the enthalpy sharply increases. Both changes
of corresponding states. lead to the large drop inVV/AH which is responsible for the
The principle of corresponding states is that all systemsontinuous decrease of the melting sldpe., Figs. 2 and b
having the same functional form of the intermolecular poten-These results can be understood in terms of the pressure-
tial and will have the same reduced form of the equation ofnduced structural changes of the fluid. Figures 9 an@10
state?® Theoretical studies have shown that the intermolecushow the radial distribution functions of the unlike,
lar potentials for rare-gas solids are well described by am, _(r), and like,g,.(r) andg__(r), radial distribution
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shown as solid and dashed curves respectively, for fluid Csl calcu-

FIG. 7. AV/AH for Csl plotted against the melting pressure. . .
P g gp lated near the normal melting point at O kbar and 903 K.

functions at 0 and 100 kbag., _(r) is related to the prob- There g, . (r) shows a splitting of the second shell in which
ability of finding any positive and negative ion separated bysome same charged ions are closer to the first shell. This
a distancer. g, .(r) andg_ _(r) are defined similarly for  gpjitting grows with increasing pressure with the result that
like ions. Note that for the present potentigl, . (r)  more ions of the same charge in the second shell begin to fill
=g--(r). Figure 1@b) shows the total radial distribution, in the first shell. At 100 kbafFig. 10a)] the peak of the
g(r)=[9+-(r)+9-++(r)]/2. g(r) is related to the probabil- second-shell distribution function lies within the envelope of
ity of finding any ion, positive or negative, separated by athe first shell. At this pressure the repulsive forces between
distancer. ion cores determine the atomic arrangement which, as shown
At 0 kbar the structure is determined by the balance ofn Fig. 10b), is similar to that of an inert gas liquid except
long-range Coulomb forces and short-range inter-ion corethat in an alkali halide a charge gradient is present. As a
core repulsions. The action of the Coulomb force is to separesult the changes in theV level off to a relatively constant
rate like Chal’geS into alternate shells with the result that eaCOaJue at h|gher pressures and approach values Comparab|e to
liquid atom is surrounded by about five nearest neighbors ofhose found for rare gases. These conclusions were also

opposite charge and a second or next-nearest shell of samgached by Ross and Rogers on the basis of hypernetted-
charge ions. As the pressure is increased the number @hain calculationd®

nearest-neighbor ions increases. In the case of Csl evidence similarly, changes in the enthalpy mirror those of the vol-
for this process is observed even at 1 bar presgkige 9.  yme and liquid structure. At low pressure melting is accom-
panied by a change from the highly charge-ordered solid

10000 - : - : arrangement to a less ordered liquid arrangement. Thus melt-
ing results in some increase in the Coulomb energy. As the
pressure is increased and more of the same charged ions
become nearest neighbors the liquid Coulomb energy in-
creases considerably. As more of the same charged ions enter
the nearest-neighbor shellH continually increases up to
100 kbar. Above this pressure the liquid assumes an inert
gaslike structure in which repulsive forces determine the
atomic arrangement and the Coulomb terms roughly cancel.
As a result further changes iaH are small anddT/dP
becomes relatively constant.

Analogous pressure-induced changes occur in the solid. It
has been reported that solid Csl transforms continuously
from a bcc arrangement to a distorted hcp-like structure over
the pressure range 0.4 to 1.0 MBditoms in the liquid are
. . . . less constrained and increasing the pressure and temperature
0 100 200 300 400 500 |eads to more highly coordinated arrangements at lower pres-

Pressure (kbar) sures than in the solid.
The calculated Csl and xenon melting curves are pre-

FIG. 8. AH/NK, enthalpy change on melting or Csl plotted dicted to cross at 410 kbar and 4280 K. But, the Csl slope is
against the melting pressure. appreciably smaller and therefore the two curves do not con-
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FIG. 11. Radial distribution functions for solid Csl, shown as
solid and dashed curves, respectively, calculated near melting at 300
kbar and 3840 K.
20
3.2 K/kbar. Only a Csl solid without ion-Coulomb energy
= would lead to a melting slope the same as Xe. This could
h! occur above 1.4 Mbar where both are metallic.
Boness and Browh have suggested that metastability can
Loy be the source of the superheating observed in shock experi-
ments. Our results appear to bear them out. Figure 11 shows
the radial distribution function of the solid near melting point
at 300 kbar, near the shock melting point at 320 kbar. It is
seen that the arrangement of ions in the solid differs signifi-
0.0 : : ; ; cantly from the liquid(i.e., Fig. 10, unlike the situation for
2.0 3.0 4.0 5.0 6.0 7.0

most monatomic solids. This suggests that the solid is locked
r (Angstroms) in and cannot melt during the several nanosecond time scale
available in a shock experiment. This would lead to the ob-

FIG. 10. Radial distribution functions calculated for fluid Csl served superheatir‘?ﬁ.

calculated at 100 kbar and 2700 K. Shown(& are the partial The results reported in this paper are, to our knowledge,
functions,g, _(r) andg, . (r), as solid and dashed curves, respec_the h|ghest _temperature static melting m.easuren_wents made
tively, and in(b) the totalg(r)=[g. _(r)+g. . (r)]/2. for alkali halides and a method for calculating melting curves

by direct integration of the Clapeyron equation.
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