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Shock-temperature measurements have been made on CsI up to 10 800 K and 0.9 Mbar. Melting
has been observed to occur at 0.25 Mbar and 3500 K. A simple model for melting based on the
packing of soft spheres is shown to adequately describe the data. The results suggest that in the
liquid along the freezing line there is a gradual pressure-induced change from an open NaCl-like
structure to one in which atoms are arranged as in a close-packed monatomic fluid. Above 5000 K,
electronic excitation is observed to occur due to the high shock temperatures generated and the nar-

rowing of the CsI band gap under pressure.

I. INTRODUCTION

CsI is an ideal material with which to study both
insulator-to-metal transitions (IMT) and melting under
high pressure. The interest in CsI is due in part to the
fact that it is isoelectronic to the rare-gas solid Xe, which
has been the center of attention for metallization stud-
ies. ' Both substances consist of atoms filled with (5p)
shells separated by a large energy gap from an empty con-
duction band and are believed to become metallic as the
result of band closure. A number of both static and
dynamic high-pressure studies of CsI have been per-
formed. These include x-ray ' and optical-absorption
measurements' ' in a diamond anvil cell, Hugoniot mea-
surements, ' and electrical conductivity' behind the
shock front. Under high pressure the band gap of these
insulators will begin to shift, until at sufficient pressure
the Sd band of cesium and the 5p band of iodine will
overlap, and metallization will occur. The metallization
pressure of CsI (Refs. 5 and 6) (-1 Mbar) is predicted to
be lower than Xe (-1.3 Mbar) which is physically sensi-
ble since CsI starts with a band gap at zero pressure of 6.4
eV, while Xe has a zero-pressure gap of 9.3 eV. Using
Herzfeld's criteria' also places the IMT of CsI near 1

Mbar.
Shock-wave studies can play a valuable role in the study

of the IMT, as in the case of Xe. Shock waves can gen-
erate the required Mbar pressures and densities necessary
to study band closure in these materials. In addition, the
high shock temperatures generated, on the order of
thousands of degrees K, cause significant numbers of elec-
trons to be excited over the rapidly closing gap. Tempera-
ture measurements in this region are extremely useful in
that they allow us to study the partition of energy between
internal energy and electronic excitation. Coupled with
theory, these measurements can be used to test various
models for the band closure in these materials.

Temperature measurements also allow us to study
phase transitions under shock conditions. Shock transi-
tions such as melting, which can be barely discernible in a
pressure-volume plane, show up quite dramatically in the
pressure-temperature plane. This was first demonstrated
in the pioneering work on alkali halides by Kormer. ' '

CsI, whose shock-melting tr'ansition has never been stud-
ied, is especially appropriate, again due to its similarity to
Xe.

In this paper we report the first shock-temperature
measurements on CsI, with measurements performed
from 240 to 920 kbar; and corresponding temperatures of
3400 to 10800 K (1 eV=11 600 K). Sections II and III
describe the experimental details and analysis, Sec. IV
presents a theoretical treatment of the data, while Sec. V
presents a discussion of the results.

II. EXPERIMENTAL PROCEDURES

The shock temperatures of CsI were measured using a
six-channel optical pyrometer and were performed on the
Lawrence Livermore National Laboratory two-stage
light-gas gun. ' The gun can accelerate a flat projectile up
to 8 km/sec, which is then impacted on the sample to
generate a planar shock wave in the material. In this case
an aluminum impactor was used to generate a shock wave
in the CsI sample. A diagram of the experimental config-
uration is shown in Fig. 1(a). The impactor velocity ttl
was measured using a flash x-radiograph system. The re-
sulting shock pressure in CsI was calculated using uI, the
method of shock impedance matching, ' and the Hugoni-
ots of both CsI and the aluminum impactor.

When the planar shock moves through the CsI sample,
the material is compressed and irreversibly heated to
thousands of degrees. The shock represents a sharp
discontinuity moving through the sample, such that the
material behind the front is compressed and very hot,
while ahead of the front, the sample is still at ambient
pressure and temperature. The hot material behind the
shock front is sufficiently opaque to emit thermal radia-
tion in the visible region of the spectrum. This radiation
can escape in the forward direction through the
unshocked and still transparent material. The technique
is based on observing thermal radiation emitted from elec-
trons behind the shock front which are in thermodynamic
equilibrium with the lattice. This is a reasonable assump-
tion, since electron-phonon interaction times are on the
order of 10 ' sec, while the measurement has a time
resolution of 10 sec. The pyrometer, which has been

31 1457 1985 The American Physical Society



1458 RADOUSKY, ROSS, MITCHELL, AND NELLIS 31

described in detail previously, consists of silicon photo-
diodes which measure the light intensity emitted from the
shock heated sample at six different wavelengths ranging
from 450—800 nm. For temperatures below 6000 K, the
uncertainties in T are +200 K and in e they are +0.15.
At the higher temperatures, the sensitivity of the pyrome-
ter decreases, which results in uncertainties of +500 K.
This change in sensitivity is due to the movement of the
blackbody peak toward the ultraviolet with increasing
temperature. Since we are using a pyrometer which mea-
sures visible light, it is most sensitive at temperatures
below 6000 K. The output of the photodiodes is recorded
using fast oscilloscopes and film. Two trigger pins are
placed next to the sample. %'hen the CsI is shocked, the
pins send out a pulse which triggers the oscilloscope
sweep.

An oscillogram from the 450-nm channel of our py-
rometer is shown in Fig. 1(b). The record was from CsI
shot 6 (T=8800 K). The signal rises as the shock enters
the CsI, and plateaus as the shock traverses the material.
The plateau indicates that a steady shock wave is present
in the sample and persists until the shock reaches the rear
surface, where the pressure is released. The magnitude of
the voltage signals is related to the actual light intensity
emitted from the CsI through a calibration of the system
against a tungsten ribbon lamp, whose spectral radiance is
known.

Optical
pyrometer

Csl

The CsI samples were single crystals of good optical
quality, which were obtained from Janos optical. Care
was taken not to expose the sample to moisture, since CsI
is very hygroscopic. Optical-absorption measurements
were performed for CsI on a Cary 17 spectrometer. The
absorption was nearly wavelength independent, with the
absorption changing from 22%%uo to 17%%uo over the
450—800-nm range. This sample absorption was included
in the system calibration along with losses at the turning
mirror. Temperatures along the CsI Hugoniot were mea-
sured at seven pressures from 240 to 920 kbar, with the
change in pressure resulting from a change in impact
velocity.

III. DATA ANALYSIS AND RESULTS

The data for the seven sets of measurements are shown
in Fig. 2. The temperature was determined by least-
squares fitting the data to a Planck greybody spectrum,

where n(A, ) is the spectral radiance, A, is the wavelength,
C& ——1.19)&10 ' Wm /sr, C2 ——1.44X10 mK, and e
is a wavelength-independent emissivity. The least-squares
fits to the data are shown in Fig. 2.

The results, plotted as temperature versus volume, are
shown in Fig. 3 and tabulated in Table I along with other
relevant parameters. The data above 4000 K appears to
fall on a straight line. (dT/dV)H„s,„;„wasfound to be
1470 Kmol/cm . The maximum pressure of 922 kbar
corresponds to a volume of 27.2 cm /mol, which is still
somewhat larger than the Herzfeld prediction for metalli-
zation of CsI at 24.4 cm /mol. To reach the Herzfeld
volume in CsI would require a shock pressure of approxi-
mately 1.6 Mbar, which would result in temperatures
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FIG. 1. (a) Drawing of experimental design for CsI shock-
temperature measurements; (b) Typical record from our six-
channel optical pyrometer from CsI shot 6, A, =450 nm. The
signal rise time is a convolution of the light emitted from residu-
al gas trapped between the impactor and the transparent CsI
crystal, the intrinsic rise time of the shock wave generated in the
specimen, and the diagnostic system response.
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FIG. 2. Spectral radiance n vs wavelength A, for shocked CsI.
Temperature and emissivities are determined by a least-squares
fit to the Planck distribution of Eq. (1).
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TABLE I. Shock temperatures and emissivities for CsI. The pressures and volumes were obtained by shock impedance matching.

Shot

CsI 1

Csl 2
Csl 3
CsI 4
CsI 5
CsI 6
CsI 7

Imp actor

Al
Al
Al
Al
Al
Al
Al

Ql

(km/s)

2.72
3.08
3.31
3.69
4.60
5.54
6.64

Pressure
{GPa)'

24.7
29.6
32.8
37.9
52.3
69.4
92.2

Volume
(cm'/mol)b

35.4
34.2
33.5
32.5
30.4
28.7
27.1

Temperature
(K)

3440
3690
3740
4210
6200
8800

10 800

Emissivity

0.72
1.00
0.79
0.94
1.00
0.75
0.94

' 1 GPa=10 kbar.
Vo ——57.6 cm /mol.

which are beyond the range of our present visible py-
rometry system. At a volume of 27.2 cm /mol, the opti-
cal data of Asaumi et al. " indicate a band gap of approx-
imately 1 eV. Since the corresponding shock temperature
is also nearly 1 eV (11 600 K= 1 eV), we expect a signifi-
cant amount of electronic excitation over the gap. This
point is discussed more fully in Secs. IV and V.

Below 4000 K, the data in Fig. 3 show an abrupt
change in slope, which can be attributed to the melting
transition. Similar results have been obtained by Kormer
et al. ' ' for other alkali halides. Also shown in Fig. 3
are the theoretical results due to Aidun et al. for solid
CsI. These calculations were made using finite strain
theory in which the crystal energy is expressed as a poly-
nomial and thermal properties are calculated in the har-
monic approximation using Griineisen theory. Below the
melting transition, the theory appears to do very well,
while above 4000 K, the necessity of accounting for the
melting transition is clear. A theory for CsI, which takes
into account the liquid and solid phases as well as elec-

I12—
Csl

~ Liquid Hugoniot

L

tronic excitation, is described in the following section.
An estimate for the heat capacity, C„,of CsI can be

made from the measured P-V and T Vdata -along the
Hugoniot. Using a Gruneisen model, Keeler and Royce
obtained the result

(eE/a V)„+r
(BT/BV) +(y/V)T '

where I', V, E, and T are the Hugoniot pressure, volume,
internal energy, and temperature. The partial derivatives
are taken along the Hugoniot, and y is the Gruneisen pa-
rameter. While y( V) is not known experimentally for CsI,
we can obtain a lower bound for C, by taking y =D. The
heat capacities obtained are plotted in Fig. 4. C, below
3000 is shown as 3R which is the high-temperature limit
for a harmonic sohd. At 3500 K, a sharp peak in C„is
observed due to melting. This peak comes from the
(BT/BV)H term in (2), which shows a corresponding
sharp change in slope at this temperature, while the terms
in the numerator are smoothly varying. The broad max-
imum above 5000 K is understood qualitatively as due to
the electronic excitation. That is, as electrons are
thermally excited with increasing temperature, C„ in-
.creases fram the lattice value. At higher shock tempera-
tures and densities the energy gap decreases and causes C,
to decrease.
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FICi. 3. Temperature-volume curve for CsI. The sharp break
at 3500 K is due to melting, Solid Hugoniot is the theory of
Aidun, Bukowinski, and Ross, which works well below melting.
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FICx. 4. Lower bound calculated from Eq. (2), for the heat
capacity of CsI along the Hugoniot.
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IV. THEORETICAL CALCULATIONS 1.00

P(r)=—
k

6
exp cx 1—

o.—6

6

(3)

The parameters chosen to best fit the higher-pressure por-
tion of the CsI isotherm are +=13.0, e/k=235 K, and
r*=4.40 A. These differ from the values previously used
for shock-compressed Xe only in r* for which Xe is 4.47
A. But omitting the Coulomb term makes it difficult (if
not impossible) to fit both the high- and low-pressure part
of the isotherm. As a result the calculated pressure for
CsI at the 300-K equilibrium density is 13.9 kbar. The
calculated 0-K isotherm is shown as the dashed line in
Fig. 5. However, this pressure which is appreciably in er-
ror at the start of a Hugoniot calculation makes only a
small contribution to the final pressure and is well within
experimental uncertainty. The Hugoniot is calculated by
satisfying the relationship

Accurate Hugoniot calculations for high-density—
high-temperature salts are severely hampered by a lack of
knowledge of the intermolecular forces and in the case of
CsI by complications arising from thermal electronic exci-
tation and possible metallization. Therefore, as a first ap-
proximation, we employ a computationally simple model
for CsI that takes advantage of its similarity with Xe.

The similarity in the equation of state of Xe and CsI is
reflected by the agreement of the high-pressure isotherm
between two sets of augmented-plane-wave (APW) calcu-
lations both made with local-density Hedin-t. undquist ex-
change and correlation energy (Fig. 5). Although the cal-
culations for Xe were made for an fcc lattice, and in CsI
atoms are in the bcc packing, the P Vcurv-es for these
two structures are known to differ only slightly. The
agreement between the Xe and CsI calculations suggests
that at high pressure, it is the repulsive forces that domi-
nate the thermodynamic properties and that the very
slowly varying Coulomb potential of CsI represents a
minor contribution to the pressure. For example, at the
room-temperature equilibrium density of the solid the
contribution of the ionic charges to the total pressure
amount to —21.6 kbar. But at 560 kbar, this contribution
increases to —56.4 kbar and is only 10%%uo of the total.
The increasing contribution to the pressure by the repul-
sive forces at high temperature wi11 improve this approxi-
mation. This of course is not the case for the total energy
where Coulomb terms make a very large contribution to
the cohesive energy. But this is not important since we
will only be interested in energy differences.

We assume the properties of CsI can be determined by
treating each ion as being xenonlike, in which the inAu-
ence of the long-range Coulomb force is absorbed into the
parameters of an "averaged ion" exponential-sixth-power
(E6) potential
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& 050—
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0.20 —
ApW
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10 20 25

V (cm /mole. of atoms)

FIG. 5. Comparison of APW calculations for CsI and Xe.
The dashed line represents the 0-K isotherm calculated with Eq.
(3). Note volume scale is (cm /mol of atoms).
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E Ep ——
2 (P+—Pp)( Vp —V), (4)

E(V, T)=E„(V,T)+DE(V)N, (V, T)+E,(V, T), (5)

P ( V, T)=P„(V, T) N, ( V, T)+P, ( V, T), —BEE
av (6)

where E, I', V are, respectively, the internal energy, pres-
sure, and volume and the subscripted variables denote
their initial values. Although the E6 potential does not
calculate Eo correctly, only the energy difference
(E—Ep) appears in the Hugoniot relation [Eq. (4)].

Following the procedure of earlier work, Hugoniot cal-
culations were made using the Lennard-Jones-Devon-
shire (LJD) cell model for the solid phase, soft-sphere
perturbation theory for the fluid, and a semiconductor
model to calculate the electron thermal properties.

In The LJD model each atom is confined to a cell and
moves about in the spherically averaged field of its neigh-
bors. In the case of CsI, which has a CsC1 structure, each
atom is arranged in a bcc lattice and interacts via the
averaged-ion potential [Eq. (1)]. For the case of the
liquid, the use of fluid perturbation theory is equivalent to
assuming that the atoms are arranged in a roughly close-
packed order as in a monatomic or hard-sphere liquid.
This is not the case for liquid CsI at atmospheric pressure,
where the large volume change on melting (28.5%) as well
as the x-ray and neutron-diffraction data have been inter-
preted as evidence that the liquid has an open NaC1-like
structure with about six nearest neighbors. But in the
present case the liquid phase does not appear until about
40% compression along the Hugoniot. At these high-
pressure conditions the repulsive forces will dominate the
properties and lead to a close-packed-like atomic arrange-
ment. We demonstrate a posteriori that our use of fluid
perturbation theory is valid in this regime.

The expressions for the total energy and pressure are
similar to those used in calculating the Xe Hugoniot.
They are
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3/2

N, ( T, V) =2(g„g,)'i
12

&( —(m„m, ) exp
V g g 3' 5E(V)

(7)

10

and E„and P„arethe nuclear motion contributions to
the total energy and pressure calculated using the E6 po-
tential. AE is a volume-dependent conduction-band gap,
m„*and m,*, the effective masses in the valence and con-
duction band, were set to 1, and g„and g„the degenera-
cies of the P- and d-like states, are 3 and 5. The inter-
molecular repulsions are assumed to be unaffected by elec-
tronic excitation.

7
C)

6

2

V. DISCUSSION

Figures 6 and 7 compare Hugoniot and shock-tem-
perature measurements with calculations using three dif-
ferent electron models. Figure 7 also includes an estimate
of the P vs T at freezing based on the widely used obser-
vation that along this curve the hard-sphere fluid packing
fraction has the value g =0.45. Curves A and 8 were ob-
tained using the theoretical APW band gap of Ai-
dun et ai. made with Slater and Hedin-Lundquist ex-
change and correlation energy, respectively. These curves
are in general agreement with the Hugoniot and tempera-
ture data and in part justify the use of the present models.
The present theory is much too crude to accurately model
the complicated processes occurring and the major objec-
tive here has been to elucidate the qualitative nature of the
physics. Calculations made omitting thermal excitation
(curve C) are clearly too high and demonstrate the impor-
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FIG. 6. Comparison of CsI Hugoniot data with calculations
using three different electron models (see text). Data from Refs.
14 and 29.
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FIG. 7. Comparison of theoretical calculations with measure-
ments of the shock temperature in CsI. Curves A —C use the
same electron models as Fig. 6 (see text).

tance of including electronic effects.
Below 400 kbar and 5000 K electronic excitations are

negligible and the kink observed in the P Tcurve (Fig.-7)
appears to be due to melting. When a substance melts at
atmospheric pressure the added energy does not lead to a
rise in temperature until the process has been completed.
Under shock compression the pressure-temperature path
passes through the melting curve as illustrated by the
present data and calculations. This feature was first ob-
served by Kormer' in his shock-temperature measure-
ments in NaC1 and KC1. The present results show that
the CsI the onset to melting occurs near 250 kbar and
3500 K at a compression ( V/Vo) of 0.625.

The value of g=0.45 at the freezing point is charac-
teristic of closed-packed monatomic liquids and the agree-
ment of the predicted freezing line with the data was a
surprising result, since as we noted, alkali halides are be-
lieved to have open, ordered NaC1-like structures in the
liquid. For example, at the normal one-atmosphere melt-
ing point of CsI we obtain a value of g=0.35 which is
consistent with an open structure. For xenon the value of
g=0.45 at the triple point is consistent with a hard-
sphere or close-packed-like liquid structure. These results
suggest that with increasing compression, CsI liquid un-
dergoes a continuous transition from an open ordered
NaCl-like structure to a denser or closed-packed-like
structure which several of its nearest neighbors are ions of
the same sign. For the case of KC1, calculations made
with an argonlike potential predict a value of g=0.42
near the 480-kbar shock melting point reported by Korm-
er et al. and q =0.31 at the KCl triple point. The melting
curve in Fig. 7 is not expected to be correct at low pres-
sure where the fluid retains an open structure. Measure-
ment of the CsI melting curve in progress show the initial
slope to be considerably steeper than the one shown
here.

It is noteworthy that the ratio of the volume packing
fraction of an fcc solid (0.740) to that of a simple cubic
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(NaC1) solid (0.524) is v 2. Thus if g=0.45 in a close-
packed liquid we should expect a value of g=0.32 in a
NaC1-like system which is close to what is actually ob-
served. Theoretical evidence for a structural change in
compressed ionic liquids KC1 was first demonstrated by
Adams using the hypernetted chain equation (HNC).
He found that under increasing pressure the structure of
the liquid gradually alters from an open, charge-ordered
arrangement to one more nearly resembling that of a sim-

ple nonionic mixture. Our findings are consistent with
those of Adams. More recently Talion has suggested
that alkali-halide liquids undergo a continuous transition
from an NaC1-like to a CsCl-like structure along the
freezing line. In the following paper new HNC calcula-
tions are reported for CsI and several other alkali halides
that support these arguments and demonstrate the general
nature of the pressure-induced change in the structure of
molten salts.

VI. SUMMARY

Shock-temperature measurements on the CsI have been
made from 3400—10800 K and between 240—920 kbar.

Melting is observed at 250 kbar and 3500 K and the data
fit well into a simple theory involving the packing frac-
tion of soft spheres. The theory of Aidun et al. for solid
CsI appears to work well, but must be replaced by a liquid

= theory above the melting transition. Electronic excitation
above 5000 K is observed due to the high-shock tempera-
tures and the narrowing of the CsI band gap. The modi-
fied band gap versus pressure of Asaumi, "which would
place metallization near 1 Mbar, in conjunction with a
liquid theory for CsI gives reasonable agreement to the ex-
perimental temperature data. The results also indicate
that along the freezing line CsI undergoes a continuous
transition to a more densely packed fluid.
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