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Abstract

We present an equation of state for the solid and liquid phases of lithium fluoride that covers
a wide range of conditions from ambient pressure and temperature to the high pressures and
temperatures exhibited in shock- and ramp-compression studies. The particular solid phase we
have focused on in this work is the B1 phase. We have followed an approach where the pressure
and heat-capacity functions of both phases are fit to experimental data and our own quantum
molecular dynamics simulations, and are then integrated in a thermodynamically consistent way
to obtain the corresponding free-energy functions. This approach yields a two-phase equation of
state that provides better overall agreement with experimental data than other equations of state
for lithium fluoride, such as SESAME 7271v3, LEOS 2240, and the model presented by Smirnov.
The last of these is a three-phase equation of state that predicts a B1-B2 transition along the
shock Hugoniot at a pressure of about 140 GPa. This solid—solid transition has been a topic of
speculation and debate in the literature for over 50 years, culminating in the work of Smirnov,
who has developed the only potentially viable equation of state that allows for this transition. We
explain why the proposed B1-B2 transition at 140 GPa is not consistent with recent velocimetry

data.



¢ I. INTRODUCTION

7 Lithium fluoride (LiF) is an alkali halide with a wide range of applications. LiF is an im-
s portant component of salt mixtures that serve as coolants and carriers for molten salt nuclear
o reactors because it is relatively non-volatile, chemically inert, and has favorable transport
10 properties’. Fluoride compounds have been studied in planetary science as surrogates of
u the oxides and silicates that are of more immediate interest to understanding the behavior
12 of the Earth’s mantle?. LiF is also commonly used in static-compression experiments (e.g.,
13 in diamond anvil cells) as both a pressure standard (calibrant) and a pressure-transmitting
1 medium?®®. In these experiments, a material is hydrostatically compressed at a fixed tem-
15 perature to reveal information about how its volume varies as a function of pressure along
16 a particular isotherm. The role of the pressure-transmitting medium is to help produce
17 the desired hydrostatic-pressure profile by minimizing pressure gradients to ensure isotropic,
18 uniform loading. Finally, LiF is often selected to be the window material in dynamic-
10 compression experiments (e.g., shock compression described by a Hugoniot curve® or ramp
20 compression along a quasi-isentrope’). The purpose of the window in these experiments is
21 to help maintain the desired high-pressure state in the sample of interest for a longer dura-
2 tion of time. An important goal of these experiments is to examine the material response
23 of the sample with interferometric velocimetry techniques in which light traverses through
22 the window and reflects off of the sample. LiF is a popular choice of window material in
25 large part because it remains transparent over a wide range of pressures. For this reason, its

2 optical properties are of great interest within high-energy-density science® .

It is essential to have a reliable equation of state (EOS) for the applications described
s above. We present such an EOS for the solid and liquid phases of LiF that covers a wide
» range of conditions from ambient pressure and temperature to the high pressures (say, a
s few hundred GPa) and temperatures exhibited in dynamic-compression studies. We develop
a1 this EOS by following the same approach we have used to develop a two-phase EOS for

3 water!©.

In this approach, we assume particular functional forms for the pressure and the
13 heat capacity, adjust the parameters in these forms to fit experimental data and predic-

u tions from atomistic simulations, and integrate the pressure and heat-capacity functions in



35 a thermodynamically consistent way to obtain the corresponding free-energy functions. The
36 solid phase of interest in our work is the B1 (sodium chloride-type) phase, which consists of
s a face-centered-cubic lattice of lithium cations with an interpenetrating face-centered-cubic
s lattice of fluoride anions. There has been discussion in the literature!®141%1719 ahout the
30 possibility of a B1-B2 transition at sufficiently high pressures and temperatures. The B2
w (cesium chloride-type) phase has two interpenetrating body-centered-cubic lattices. This
a1 solid—solid transition has not been confirmed to occur in any of the published experiments,
2 and in fact, we explain later why it is not consistent with recent velocimetry measurements.
a3 For this reason, we have decided to focus only on the B1 and liquid phases in this work.

s We have organized this paper in the following manner. Section II outlines our EOS-
s development methodology and introduces some of the functional forms that we have elected
s to use. Section IIT shows our results for the solid (B1) phase, including comparisons with
a7 other theoretical models and data from shock-, ramp-, and shock-ramp-compression exper-
s iments. Our results for the liquid phase are presented in Section IV. This section includes
10 a discussion on the two-phase segment of the principal Hugoniot, which is the portion that
so overlaps the melt curve and represents states in which the shocked material exists as a two-
s: phase mixture. We show that the widely used SESAME 7271v3!320 and LEOS 22402123
s2 equations of state do not agree well with experimental determinations of the melt curve, nor
53 do they properly model the two-phase segment of the Hugoniot. To further compare our
sa equation of state with these other available models, we present hydrodynamic simulations
ss using different equations of state where we have shock compressed LiF to pressures as high
s6 as 300 GPa. Section IV also analyzes the issue of the B1-B2 transition. Section V concludes

s7 this paper with a summary of our main points.

ss II. METHODOLOGY

so The goal of this study is to develop a model for the Helmholtz energy F' = F(V,T) of LiF
s as a function of the molar volume V' and temperature 7. We aim to develop two separate
a free energy functions F'(V,T)), one for the liquid phase and the other for the solid (B1) phase.

2 We follow the methodology described in our previous work!® on a particular high-pressure



63 solid phase of water known as ice VII. In this approach, we do not prescribe a model for
e« F(V,T) and find other thermodynamic properties such as the pressure P = —(90F/0V)r
es and isochoric heat capacity Cy = —T(9*F/9T?)y by taking derivatives of F. Rather, we
ss work with these derivatives directly and integrate them with respect to V or T to infer what
o7 the corresponding F'(V,T) is. This requires that we assign particular functional forms to
e P = P(V,T) and Cy = Cy(V,T), being mindful of the fact that these quantities need to

s obey thermodynamic consistency relations such as

0*P oC
(o), - (5), »
1% T
70 and fit the model parameters to available experimental or atomistic simulation data.

n We decompose the pressure into two terms:

P(‘/a T) = Pisotherm(v) + Rhermal(va T)7 (2)

72 where Pgotherm(V) = P(V, Tref) is the pressure along an isotherm at an arbitrary reference
73 temperature Trer, and Piermal(V,T) is the thermal contribution to the pressure. In order
71 to satisfy Equation (1) and the Maxwell relation (0P/0T)y = (0S/0V)r, the heat capac-
7 ity Cy = T(9S/0T)y and the entropy S = —(9F/9T)y must obey'®

Cy(V,T) = T/( P) AV’ + Oy (Vier, T), (3)

v oP / CV(‘/;efu ) /
S(V,T) = /ref (a:r) dv’ + /TMT dr, (4)

77 where Vi is an arbitrary reference volume, and Cy (Vier, T') is an arbitrary function that

76

7s depends on temperature only. Furthermore, it can be shown that the Helmholtz energy F

70 must be given by

F(‘/a T) = Esotherm(v) + Ehermal(vv T)7 (‘5)
so in which
v;cf
Esotherm(v) - v Pisothermdvl + Frefa (6)
81
" Cy (Viets
-Fthermal(v T / Pthermaldvl / / V,I,f)dT/dT” (7)
ref ref

4



22 Here, Fiop = F'(Vie, Trer) is the reference energy.
&3 Let us examine the particular case where the thermal contribution to pressure assumes

s the following empirical form in which it varies linearly with temperature:

Paerma(V.T) = nln (7—— ) (T = T, (8)

ss where 1 and Viyermal are constants. As we demonstrate later, our quantum molecular dy-

thermal

s namics simulations suggest that this particular form is applicable to both phases of LiF for
g7 the conditions of interest in this study. Since P has a linear dependence on temperature so

ss that (02P/0T?)y = 0, we see from (3) that Cy in this case can depend only on temperature
Cv = Cv (Vier, T). (9)

o This simplifying assumption of modeling the thermal pressure Piema with a functional
o form that depends linearly on temperature turns out to be very helpful towards developing
a1 the EOS because it decouples the pressure from the heat capacity. This means that the
o pressure and heat capacity—two important derivatives of the free energy—can be determined
o3 independently of each other. Despite its simplicity, we have found that the set of equations
o above is capable of producing an accurate two-phase EOS for water!6. As a result, we
s expect that it will also be sufficient for LiF, which is chemically more simple and does
o not exhibit much of the anomalous behavior famously displayed by water. We expect that
o Equation (8) will be valid for most non-reactive, single-component materials over a relatively
e limited range of conditions. It will not be valid in very high-pressure and high-temperature
% Tegimes, such as those examined by Driver and Militzer?*, where the free energy is dominated
1o by contributions from electronic excitations. The restriction to single-component systems
1 also excludes porous materials, since the air that fills the pores may be treated as a second
102 component that complicates the pressure—volume—temperature behavior.

103 In summary, Equations (2)—(7) involve four quantities that may be determined indepen-
s dently of each other: Fler, Pgotherm, Pihermal, and Cy = Cy(T'). Once these four quantities
10s have been set, the Helmholtz energy F' may be obtained by evaluating Equations (5)—(7).
s [t is straightforward to then derive all other thermodynamic properties from F', such as the

7 internal energy £ = F'+T'S or the Gibbs energy G = F'+ PV. Thus the EOS is completely



108 specified once the four quantities have been determined. The rest of this study explains

100 how they may be determined from available data to develop models for the liquid and solid

no phases of LiF. Each phase will be described by a different set of Fief, Pisotherm, Pihermal, and

m Cy. Since much more data is available for the solid, we focus on this phase first, before

2 extending the EOS to describe the liquid. We present the following itemized summary of

us the procedure that we have followed as a reference guide for the reader:

114 1

115

116

117 2

118

119 3

120

121

122 4

123

124

125

126 5

127

128 6

120 ITI.

Fit P(V,T') of the solid phase to P~V isotherms from static-compression experiments
and P-T isochores from quantum molecular dynamics simulations conducted as part

of this study.

Represent Cy(T') of this phase with a Debye-like form and fit this form to experimental
heat capacity data.

Set the reference energy Fer to an arbitrarily chosen value. Integrate P(V,T) and
Cv(T) with respect to volume and temperature according to Equations (5)—(7) to

obtain the Helmholtz energy F(V,T) of the solid.

Fit P(V,T) of the liquid phase to P-T isochores from our quantum molecular dynam-
ics simulations. These atomistic simulations represent the few pieces of information
available on the volumetric behavior of this phase; no such static-compression data

have been published, for instance.

Find what F.f and Cy(T') of the liquid have to be in order to reproduce the experi-

mentally determined LiF melt curve.

Combine P(V,T) and Cy(T) together to produce F(V,T) of this phase.

SOLID (B1) PHASE

130 A. Pressure-volume—temperature behavior

s One source of data to which we may fit the pressure P(V,T) = Piotherm(V) + Pinermal(V, T')

132 are isotherms from static-compression experiments, such as those performed in diamond anvil



133 cells (DACs). Since there is a relative abundance of PV isotherm data at or near room
13 temperature (which we approximate to be 300 K), we choose Tief = 300 K and represent the

135 pressure Pgotherm at this temperature with the third-order Birch-Murnaghan equation?®:

PessontV) = 3800 [ (%) - ()] 12 [ (%) -]} 0

!
ref

136 Where B is the isothermal bulk modulus at Vs and B/, is the pressure derivative of Bt

137 at Vier. This equation may be rearranged to

1 5/3 1 7/3 1\3
Pisotherm(v) - CL5/3 (V) + a7/3 <V) + as <V) ) (11)

138 in which the coefficients as/3, a7/3, and a3 are constants given by

3 3
ass = =3 BuaViaf’ |14+ 54— Bl (12)
139
3 3
ars = 5BtV [1+ 5 (4= Bl (13)
140 3 5 3 /
a3 = =5 ButVi | S04~ Bl (14

11 Equation (11) is more useful than the traditional Birch-Murnaghan form in (10) for practical
142 purposes because it can more readily be differentiated and integrated with respect to volume.
113 We adjust Vier, Bref, and Bl to fit data along the 300 K isotherm (Figure 1).

us  We use higher-temperature isotherms from static-compression experiments as well as re-
155 sults from our own quantum molecular dynamics (QMD) simulations to determine the pa-
s rameters 7 and Vipermar in the thermal pressure of Equation (8). The QMD simulations
7 are a valuable complement since the highest experimental pressure achieved so far for LiF
us at elevated temperatures is 37 GPa [see Liu et al.® in Figure 1(a)], which is rather lim-
1o ited considering our stated interest in having the EOS be applicable to pressures of at
150 least a few hundred GPa. Our QMD simulations involve ab initio density functional the-
151 ory (DFT) simulations carried out with a revised version of the Perdew—Burke-Ernzerhof
12 (PBE) exchange-correlation functional® referred to as PBEsol®’. This functional is espe-

153 cially designed for densely packed solids such as LiF. Our system is a supercell composed of

7
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FIG. 1. The pressure-volume-temperature behavior of solid LiF: (a) comparison of static-
compression data collected along two isotherms with our EOS fit to these isotherms; (b) a magnified
version of (a) at lower pressures where more data is available; (c) comparison of isochores obtained
from our quantum molecular dynamics (QMD) simulations with our EOS fit to these results. The
five isotherms (300 K, 560-573 K, 873 K, 985 K, 1073 K) depicted in (b) cover the represented

range of conditions??26-28 The QMD simulations are discussed in more detail in the text.

156 4 X 4 x 4 = 64 atoms. To sample the Brillouin zone, we use the (1/4, 1/4, 1/4) k-point. We
155 have verified that this supercell and k-point sampling lead to converged results for the energy

156 and pressure by comparing the QMD results on the 1000 K isotherm to the results from the

157 Quasi-harmonic model®! at the same temperature using an 8 x 8 x 8 Monkhorst—Pack mesh?3?



158 for the k-point integration. In our QMD computations, the electronic-structure calculations
10 from DFT provides the potential energy surface through which the positions of the ions are
10 evolved through NVT molecular dynamics simulations performed with time steps of 0.25 fs
10 and cutoff radii of 1.7 and 1.1 bohr for the lithium and fluoride ions, respectively. Table I
162 lists values for all the aforementioned parameters used in calculating the pressure of the solid
163 phase with our EOS. We note that the QMD results justify our assumption in Equation (8)

16« that the thermal pressure varies linearly with temperature.

Tref ‘/ref B ref B ;ef n ‘/thermal
(K)  (cm®/mole)  (GPa) - (GPa/K)  (cm?/mole)
300 9.8 69.0 4.27 —0.005 48.0

TABLE I. Parameters for computing the pressure with our solid LiF equation of state.

s Some discussion on the uncertainty in the parameters in the table is warranted. Naturally,
166 this is a reflection of the uncertainty in the data to which the EOS has been fit. For a given
167 pressure along the 300 K isotherm, the reported volume differs by as much as about 5%

18 among the studies depicted in Figure 1. Therefore it is reasonable to place error bars of £5%

/

'~ (There is far less uncertainty in Vier because this parameter determines

160 on our B and B
1o the density at ambient conditions, which is a well-established quantity.) The uncertainty in
1 the static-compression data is a result of several factors, including the limited precision of
12 the experimental tools, the degree to which hydrostatic conditions are maintained, and the

173 choice of pressure standard and pressure medium. For example, Cynn et al.2®

used copper
s as a pressure standard and did not use a medium for their 300 K isotherm. For their 560 K
175 isotherm, they used platinum for their standard and argon as the medium, and the heating
17 was achieved through a 600 W heating coil. In contrast, the studies by Liu et al.?> and Yagi®®
177 involve gold and sodium chloride pressure standards, respectively. Questions have been
178 Taised about Yagi’s choice of pressure standard®??, which might explain why their 1073 K
179 isotherm exhibits a large curvature and overlaps with the 985 K isotherm from Liu et al. at

180 higher pressures. The results in Figure 1 represent our best attempt to fit as much of the

1 data as we can, but it is not possible to fit all of the points due to the inconsistencies among



12 the different data sets. Given this reality, we expect the uncertainty on our n and Vipermar to

183 be at least £5% as well.

1« B. Heat capacity and free energy

185 Now that Pgotherm and Pinermal have been established, the next step is to determine the
18 isochoric heat capacity Cy = Cy (Vier, T'). One way to represent this quantity, which depends

17 only on temperature in our EOS; is through the Debye integral

Cy(T) = 18R <9TD>3 /0 ot wdx, (15)

188 where R is the gas constant and 6p is the Debye temperature. The Debye integral can be

180 approximated fairly well by the much simpler expression

Cv(T) = 6Rexp (—&) . (16)
wo This functional form is similar to the integral in (15) in that they both ensure that Cy does
11 not exceed the value of 6R dictated by the Dulong-Petit law. However, the Dulong-Petit
12 law is based on the presumption that each atom in the LiF lattice may be treated as a
103 three-dimensional harmonic oscillator that vibrates independently of all the other oscillating
104 atoms in the lattice. In reality, there are other effects, such as anharmonicity and electronic
105 excitations (which both become more prominent with temperature), that allow Cy to exceed
106 the 6 R Dulong—Petit limit. For the temperatures of interest in this study, we expect these
107 effects to be small, but not negligible. Therefore we employ a slight variation of (16) for the

108 heat capacity:

Op
T) = o 1
Cy(T) aRexp( 2.4T>’ (17)
10 in which a and fp are adjustable constants where the former may be larger than, but not
200 very different from 6. We set the values of these constants (a = 6.55 and 6p = 234 K)

3

201 to match isobaric heat capacity Cp measurements reported by Douglas and Dever®® and

2o Andersson and Béckstrém3? (Figure 2). The former study has measured Cp as a function

10



203 of temperature at ambient pressure, while the latter has determined Cp as a function of
200 pressure up to 1 GPa at 296 K. While it is true that the trend in the data reported by
20s Douglas and Dever cannot be fully captured by a Debye representation of the heat capacity,
206 the maximum deviation between our EOS and their results is less than 4%. Moreover, Cy
207 is fairly insensitive to volume in the range of conditions we have examined in our QMD
208 simulations [Figure 2(c)]. This gives some justification for our choice of functional forms in
200 Equations (8) and (17), in which Cy depends only on temperature. The maximum deviation

210 compared to the QMD simulations is less than 5%.

au Purely for practical purposes [i.e., to avoid having to compute the exponential integral
22 Fi(x) when evaluating the free energy F' and entropy S, which are integrals of Cy], we

213 approximate the exponential function (17) with a high-order polynomial:

Cy(T) = f: CT", (18)

24 where the coefficients are given in Table IV of the Appendix. Figure 2(d) verifies that this

215 polynomial gives a close representation of Equation (17) over a wide temperature range.

26 Now that we have established the pressure P(V,T') and the heat capacity Cy (T'), our EOS
217 for the solid phase will be completely determined once we specify the value of the reference
s free energy Frep = F'(Vier, Trer). Since this reference sets the zero of the energy scale, which is
210 an arbitrary quantity, we choose Fys = 0 for simplicity. If we apply Equations (5)—(7), the
20 resulting Helmholtz energy F'(V,T) = Fisotherm (V) + Finerma1(V, T') is given by

‘/ref
Esotherm(v) = v Pisothermdv, + Frefa

()" () ()]
o6

11
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FIG. 2. Heat capacity of solid LiF nondimensionalized by the gas constant R, including comparisons
between our EOS and experimental data3334: (a) the isobaric heat capacity Cp vs. temperature
at ambient pressure; (b) Cp vs. pressure at 296 K; (c¢) comparison between Cy predicted by our
QMD simulations and that obtained from our EOS; (d) the Debye-like exponential in (17) plotted
alongside the polynomial in (18). The two dashed lines in (b) represent the lower- and upper-bound

results from Andersson and Backstrom34.
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Vie T T () Ve ,T/
Fthermal(‘/; T) — /V ' Pthermaldvl — /T /T %dTIdT”,
ref ref

Vie V
= Vsl () = Vi ) = Ve = V)] (T = Toa)
V;;hermal thermal
T G (THY R
roofrm ()« 0-na] -2 T (i

k=1

—TET). (2
k+1 k+1 mf) (20)

a1 Before proceeding to the next section, we take this opportunity to clarify why we do not
22 set fp in Equation (17) to the ambient-pressure Debye temperature of 740 K reported in

35 Tt would be sensible to use this value if we were to entirely represent the

223 the literature
24 free energy with a Debye model. [Furthermore, in order to accommodate high pressures,
25 we should have the Debye temperature be dependent on volume, encapsulate this volume
26 dependence through a Griineisen parameter I'(V'), and set 740 K as the value of the Debye
27 temperature at V' = V.| But as evident in Equations (19) and (20), our free-energy models
228 include non-Debye contributions, namely the integrals of Pgotherm and Pinermal With respect to
20 volume. Thus the value of 234 K that we have set for 6p in Equation (17) does not represent
230 the true Debye temperature of solid LiF. The #p that appears in that equation is merely a
an parameter that we have adjusted to obtain good agreement with QMD results on Cy and

2 experimental data on Cp. In fact, if we were to set Op in (17) to be 740 K, the C'p produced

213 by our EOS would be far too small due to the presence of the non-Debye terms.

3¢ C. Hugoniot curves and isentropes

25 The EOS for the solid phase has now been determined since the Helmholtz energy F'(V,T)
23 has been established. This EOS cannot fully reproduce the fine-scale behavior within a
27 particular narrow range of conditions (i.e., it will generally not be as accurate as an EOS
28 that is specifically targeted towards those conditions), but we have demonstrated that it
239 gives a good representation of the average behavior over a fairly wide range of conditions.
20 We can apply it to compute various thermodynamic quantities. Of great interest to high-
2q energy-density science (HEDS) are the properties along the principal Hugoniot, which is a
22 curve through V)T space that represents the loci of states behind the shock wave when a

23 material is shock compressed from ambient conditions. The Hugoniot satisfies the so-called

13



2 Rankine-Hugoniot equation®, which is an energy-balance equation that relates the states

25 behind and ahead of the shock:

B~ Ey= 3(P+ B)(V~ V), 1)

as where V), Py, Ey are the volume, pressure, and internal energy of the material ahead of the
27 shock, which is at ambient conditions. In addition, the shock speed u, and particle speed w,

s may obtained by solving

\%
up = Ug <1 — %), (22)

* Mugu
P—Py=—"122 23
0 % ) ( )

50 in which M is the molecular mass. These two equations represent mass and momentum
251 balances across the shock interface, respectively. Another quantity of interest along the

22 Hugoniot is the bulk sound speed ¢4, which is given by

BsV
=1\ (24)

253 Here, the isentropic bulk modulus Bg is calculated from

oP\> TV
1+ [ =
aT ), BCy

Bs=-V|=— | =B=-=B
o V(av>5 Cy

x4 Setting Py = 107 GPa = 1 bar and Ty = 300 K so that Vo = V(Py, Tp) and Ey = E(FPy, Tp),

. (25)

25 we obtain the results shown in Figure 3.

6 There is good agreement among all the studies (both theoretical and experimental) por-
27 trayed in Figure 3 for all properties except the temperature. This discrepancy regarding the
28 Hugoniot temperature is an issue not only with LiF, but with many other materials as well.
20 It arises due to the fact that: 1) there is virtually no experimental information about the
20 heat capacity at high pressures and temperatures for any material, and 2) obtaining reli-
21 able temperature measurements in shock-compression studies remains a daunting challenge
2 because it requires a determination of the equilibrium state of the bulk material—and not
263 the surface—on fast (sub-microsecond) timescales. In other words, there is quite a bit of

264 leeway in choosing how to model Cy when developing an EOS because there is not much

14



25 information on C'y itself. Furthermore, one usually does not have much information about
6 the temperature, which is the quantity that is most sensitive to Cy and can therefore help
27 the most to discriminate among different Cy models. To further illustrate this point, Fig-
s ure 3 includes results from two other equations of state: SESAME 7271v3, which is the
260 most current version'®?° of SESAME 7271, and LEOS 2240, which is based on the quotid-
o0 ian EOS (QEOS) formalism?! 23, These are perhaps the two most commonly used equations
on of state for LiF within the HEDS community. Section IV provides a more detailed com-
a2 parison between our EOS and these other equations of state. For now, we note that there
o73 18 fairly good agreement among all of these models for the density. Although we have not
oz shown it, there is also good agreement for the sound, shock, and particle speeds presented
s in Figures 3(c) and 3(d). But this is not the case with the temperature. For example, the
a6 difference in the predicted temperature between our EOS and SESAME 7271v3 at 140 GPa
27 is about 3% (roughly 100 K), even though there is virtually perfect agreement in terms of

?

a7 the density.
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(d) corresponds to the range in pressure in the other three figures.

oo Kormer®® has inferred the temperature through radiance measurements conducted via
20 optical pyrometry. The temperatures that this study reports, which represent the only
21 currently available experimental data on the solid-phase Hugoniot temperature of LiF, are

2 significantly higher than predictions from the theoretical studies in Figure 3(b).
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23 the EOS developed by Kirillov, Kormer, and Sinitsyn®” are far more in line with the other
2sa theoretical studies and significantly differ from Kormer’s own experimental results. Interest-
s ingly, in a later study?® that we discuss in more detail in Section IV, Kormer et al. observe
286 the opposite trend above 10000 K; the measured temperatures in this later study are much
27 lower than the temperatures predicted by their EOS37. This EOS takes into account two
288 contributions to the Helmholtz energy: an ionic term that is represented by a Mie—Griineisen
280 EOS with a constant Cy of 6, and an electronic term that involves a constant bandgap
200 of 11.5 €V. Due to the large value of the bandgap, the electronic contribution is found to
21 be negligible for the temperature range in Figure 3(b), which is why we have labeled the
202 Kirillov et al. EOS37 in that figure as simply being a Mie-Griineisen EOS.

23 Inorder to resolve the temperature discrepancy, Kormer worked together with Zel’dovich*!
204 to develop a kinetic model for the effect of shock compression on electron transfer across
205 the bandgap to the conductivity band. This model predicts that at high temperatures
26 (> 10000 K), the experimental temperatures inferred from pyrometry tend to be much lower
207 than EOS predictions because the radiation from the bulk, where electrons are equilibrated
208 With the ionic lattice, is screened by “cold” electrons. The model also predicts that at low
200 temperatures (< 4000 K), the experimental temperatures obtained from pyrometry are much
300 higher than EOS predictions because there is some mechanism (perhaps plastic deformation)
so1 that results in the production of hot electrons into the conduction band. These electrons are

s02 not equilibrated with the lattice due to the fast timescales of the shock compression, and

o

s03 S0 the temperature inferred from measuring the radiation emitted by these electrons will be
s significantly higher than the true, equilibrium temperature.
s There are other reasons to view Kormer’s results with some caution. Because LiF is a poor

s06 light emitter, it is unclear whether the radiation he measured was even emitted by LiF at

o

3

o

7 all; it may have come from elsewhere in his setup. A similar pyrometry study conducted by

se Radousky and Ross*? on xenon, which also has a large bandgap like LiF, found no evidence of

o

s00 non-equilibrium electronic effects of the kind proposed by Zel’dovich and Kormer. Radousky

[=3

s10 and Ross report good agreement between their measurements and temperatures predicted
su by an earlier theoretical model*3. Kormer was also limited in the technology available at

si2 the time that his study was conducted: high-resolution, multi-channel pyrometers were not

17



a3 yet available, for instance. In summary, the only reported experimental data on the solid-
s phase Hugoniot temperature of LiF likely do not represent true readings of the equilibrium
s1s temperature. We encourage future experimental studies on this topic in order to provide the

a16 crucial information needed to discriminate among the available equations of state.

sz Another common source of EOS data in HEDS is ramp-compression experiments. The
sis thermodynamic path in ramp compression is nearly isentropic, and for this reason, it is
a1 often referred to as a quasi-isentrope. It can be shown that for a single-phase material, the
»o differential change in temperature d7' along an arbitrary path is related to its change in

;21 entropy dS and pressure dP along that path according to

T oV
aT = & ldS + <8T>P dP] . (26)

22 Since T' and Cp are both positive, isentropic compression (dS = 0) results in a smaller
»3 temperature increase than does shock compression (dS > 0), as can be seen from comparing
24 Figure 4(b) with 3(b). Figure 4 shows results for ramp compression of solid LiF initiated
s from ambient conditions!®, where the resulting path is well-approximated by the principal

26 isentrope. In addition, the figure presents results from shock-ramp studies***®, in which the

[¢]

3

¥

7 material is shocked to some state on the principal Hugoniot and then ramp compressed to

»g some (usually) much higher pressure. This shock-plus-ramp loading allows one to access

[§]

29 high-pressure states that are much colder than the same pressure point on the Hugoniot.

R

10 Such a loading path is well-suited for the purpose of exploring solidification kinetics™,

s for example. The maximum deviation between our EOS predictions and Davis et al. in
s Figure 4(a) is less than 0.5%. A similar level of agreement is obtained with Seagle et al.** in
a3 Figure 4(c), if we take into account the uncertainty in their results. The maximum deviation
5 in density between the EOS and Ali et al.?® in Figure 4(d) is less than 1%. Our results
335 for the sound speed lie within their reported uncertainties for pressures lower than about
136 700 GPa. We note that this close agreement has been achieved without fitting any of our
s7 EOS parameters to the data in Figure 4.
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FIG. 4. Comparison of predictions from our solid LiF EOS (solid curves) with data from ramp- and
shock-ramp-compression experiments: (a,b) the principal isentrope in terms of density vs. pressure
and temperature vs. pressure, respectively; (c,d) results for two different shock-ramp studies. We
have plotted in (a) the empirical correlation that Davis et al.'® have used to fit their isentrope
data. Seagle et al.%* have shock compressed their LiF sample to about 100 GPa and then ramp
compressed it using the Z machine at Sandia National Laboratories®” to a final pressure of nearly
200 GPa. The dotted curves in (c) represent the lower and upper bounds on their uncertainty.
Ali et al.*® have shock compressed their sample to roughly 20 GPa and ramp compressed it with a

laser drive® at the National Ignition Facility to a final pressure of over 800 GPa.
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3 IV. LIQUID PHASE
339 A. Pressure—volume—temperature behavior

s As in the case of the solid, our first step towards determining the EOS of the liquid
sa phase is to fit the pressure P(V,T) = Pgotherm(V) + Pinermal(V, T') to the functional forms
32 in Equations (11) and (8) for Piotherm (V) and Pihermal(V, T), respectively. We have stated
w3 in Section II that static-compression data have not been published for liquid LiF. As a
34 Tesult, we rely on QMD simulations to determine P(V,T') of this phase. By fitting the EOS
s parameters to these simulations (see Table II), we obtain the results shown in Figure 5. The
15 QMD simulations suggest that the simplifying assumption in Equation (8) of Piermal(V,T)

a7 depending linearly on temperature is valid for the liquid phase as well.

us  One could choose the reference temperature T, of the EOS to again be 300 K, but
0 there would be no practical way to validate the parameters at this temperature (even with
350 atomistic simulations) because the liquid is extremely unstable at 300 K and would therefore
s very quickly transform to solid if somehow undercooled to this temperature. We instead
352 choose Ties to be 1118 K, which is roughly the melting temperature of LiF at ambient
53 pressure. The value of Vo at this temperature can be inferred by applying the Clausius

14 Clapeyron relation to measurements of the enthalpy of fusion AH presented by Douglas and
s Dever®® together with the slope of the melt curve (which we discuss in the next section).

356 The slope of the isochores in Figure 5(a) is determined by adjusting 1 and Vipermal, while the

!/

loi- We expect the uncertainty in

ss7 relative spacing of the isochores is controlled by B, and B
358 these four parameters to be at least £5%, given the sparsity of available information on the

350 pressure—volume—temperature behavior of the liquid phase.

Tref eref B ref B I/'ef n Vvthermal
(K)  (cm®/mole)  (GPa) - (GPa/K)  (cm3/mole)
1118.0 13.5 26.0 4.33 —0.0074 18.5

TABLE II. Parameters for computing the pressure with our liquid LiF equation of state.
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FIG. 5. The pressure-volume-temperature behavior of liquid LiF: (a) isochores obtained from our
QMD simulations (the details of which are discussed in Section IIT A), along with our EOS fit to
these results; (b) comparison between our EOS and QMD simulations from Clérouin et al.® for five
different points. The temperatures of these points (which represent the liquid-phase segment of the

principal Hugoniot in their study) are 3920 K, 5250 K, 8580 K, 9355 K, and 15800 K.
360 B. Free energy, melt curve, and phase transitions along the Hugoniot

s The final step in the development of the liquid EOS is to find Cy(T") = Cy (Vier, T') of this
s2 phase. We do this by following the procedure described in our earlier work!'®. Essentially,
33 it involves setting Fiof = 0 and adjusting Cy(T') so that Fipermal(V,T) in Equation (7),
ss« Which is the only contribution to the Helmholtz energy that depends on C', acquires the
ss behavior needed for the Gibbs energy G of the solid and liquid phases to be equal along
366 the desired melt curve. For this purpose, we have found that it is sufficient to represent the

37 Cy-dependent term in Fipermal(V,T') with a third-order polynomial in 7"

7 Cy (Vier, T)
T,

) /
Tref T/

3
A7'dT" =" F(T — Ter)", (27)
k=0

ref
38 Where the polynomial coefficients are listed in Table III, and 7T, = 1118 K, as mentioned
30 above. Once this polynomial has been determined, the EOS of the liquid becomes completely

w0 specified by the free-energy functions in Equations (5)—(7).
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F[) F1 F2 F3
(kJ/mole) (kJ/mole/K) (kJ /mole/K?) (kJ /mole/K?)

—32.200291 —0.092093 —1.863249 x 107°  7.396478 x 1010

TABLE III. Polynomial coefficients for computing the heat-capacity dependent contribution to the

Helmholtz energy of the liquid LiF with Equation (27).

sn The resulting two-phase EOS yields the results presented in Figure 6. We obtain good

s agreement with experimental determinations of the melt curve from Boehler et al.*® and

3

3 Jackson?. Both of these experimental studies have obtained their results through static-
s compression techniques. In contrast, the SESAME 7271v3 and LEOS 2240 equations of

s state!320723

introduced in Section III C do not match the experiments well except in certain
w6 Narrow ranges in pressure where their associated melt curve happens to intersect the data.
577 Perhaps more importantly, SESAME 7271v3 and LEOS 2240 do not correctly represent the
ss two-phase segment of the principal Hugoniot. This portion of the Hugoniot denotes the
a0 states where the shocked material exists as two-phase mixture. Since an EOS represents

7’46), the two-phase segment is manifested

30 the equilibrium behavior (i.e., we neglect kinetics
ss1 when the solid-phase Hugoniot intersects the melt curve, which occurs at around 141 GPa
se2 in our EOS. This pressure is referred to as the solidus. As explained by Kormer3® and as
33 illustrated in Figure 6(b), the two-phase segment of the Hugoniot overlaps the melt curve.
sss More and more liquid is formed at the expense of the solid with increasing pressure along
385 this segment. At some sufficiently high pressure, all of the solid will have transformed to a
e single-phase liquid. This pressure, which is about 254 GPa in our EOS, is referred to as the

se7 liquidus. The Hugoniot again deviates significantly from the melt curve at pressures above

sss the liquidus.

3 It is clear from Figure 6(b) that neither SESAME 7271v3 nor LEOS 2240 properly models
s00 the two-phase segment of the Hugoniot because in these equations of state, there is no overlap
s with the corresponding melt curve. This is entirely expected in the case of LEOS 2240. The
32 QEOS formalism?!' on which LEOS 2240 is based is not a true multiphase EOS methodology

303 in the sense described in our study here. For instance, QEOS does not allow for distinct
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s04 liquid and solid phases because the enthalpy change AH and volume change AV of melting
s are both zero. (One can also examine the isotherms produced by this EOS to confirm the lack
w6 Of phase transitions; there are no density discontinuities along these isotherms.) The melt

2149 s therefore

so7 curve in LEOS 2240, which is modeled with the Lindemann melt criterion
w8 a rather artificial construct since it is not a true phase boundary that delineates distinct
300 phases. SESAME 7271v3 also has a Lindemann melt curve, but unlike LEOS 2240, this
wo EOS is a true multiphase equation of state. Nevertheless, the two-phase segment of the
s Hugoniot in SESAME 7271v3 does not overlap with the melt curve from that EOS.

w2 The Rankine-Hugoniot equations in (21)—(23) must be obeyed along each of the three
w03 segments of the Hugoniot that we have described above (solid, liquid, and two-phase). In
w0 all cases, Ey, Vg, Py refer to the solid at ambient conditions, and it is clear what E,V, P
a5 Tepresent in the case of the single-phase segments. Along the two-phase segment, £ and V/

ws denote the internal energy and molar volume, respectively, of the mixture. If we label the

w07 mole fraction of phase 1 as x, then

E =2FE) + (1 — 2)B,, (28)

408

V=aV+ (1 —x)V, (29)

w0 where the subscripts indicate the individual phases. For a given pressure P along the two-
a0 phase segment (i.e., along the melt curve), we substitute (28) and (29) into (21) and solve
a1 (21) to determine the value of . That is, there is a unique proportion of solid to liquid that
a2 defines these two-phase Hugoniot states. We then obtain the shock speed u, and particle
a3 speed u, of the mixture by solving (22) and (23). It turns out that the sound speed ¢, of a
a14 two-phase mixture is not a simple linear combination of the sound speeds of the individual

a5 phases. One can rigorously show®® that

VQ
= 5 A 5 . (30)
V; T Vv S;
o () 2]
Pyl Bg oP 5, AS |\ 0P )
a6 Here, for compactness of notation, we have defined the variables z; = x, o = 1 — z,

ar AV = Vi — Vy, and AS = 57 — S5. All the quantities that appear in this equation can be
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as directly evaluated from the EOS with exception of (05;/0P)s. This derivative reflects the
a0 change in the entropy of phase j with respect to pressure while holding the total entropy
20 S = xS] + (1 — x)Sy of the mixture fixed. This derivative must be evaluated iteratively.
a1 Figures 6(c) and 6(d) show that as expected, solving the Rankine-Hugoniot equations leads
22 to a result where the mole fraction of the liquid evolves from 0 to 1 with increasing pressure
23 along the two-phase segment. This evolution from single-phase solid to single-phase liquid

a4 is reflected in the behavior of mixture properties such as the density and the sound speed.

425 C. Hydrodynamic simulations with three different LiF equations of state

w6 To further compare our EOS with SESAME 7271v3 and LEOS 2240, we have performed
a7 one-dimensional shock-and-release simulations using the single-fluid, multi-material Ares
w8 code®. The simulations model the planar impact of a projectile consisting of a 5 mm
a9 lexan sabot (LEOS 5060) and a 1 mm tantalum flyer plate (SESAME 90210a) onto a target
a3 consisting of a 0.5 mm aluminum baseplate (LEOS 130) and a 5 mm LiF window. Typi-
an1 cal densities are used for all materials. The simulations are run fully Lagrangian using a
a3 uniform mesh resolution of 1 ym per zone. No strength, heat-conduction, or phase-transition-
a3 kinetics”*% models are enabled for these example calculations. All simulations are terminated
s at 500 ns, and a typical typical time step is 20 ps. These simulations use the monotonic
a3 scalar artificial-viscosity model in Ares®?. The most common way in which equations of state
136 are implemented into the simulations is to have Ares read in tabular versions. Towards this
a7 purpose, we have generated a tabular version of our EOS using the Multiphase Equation of
a8 State (MEOS) table-generating code developed by Lawrence Livermore National Laboratory.
a3 The table indicates the Helmholtz energy of the most stable phase at a particular density and
ao the temperature. All other thermodynamic properties are computed from the free energy.
a1 We have used MEOS to create a tabular version of our EOS with a two-dimensional grid of
a2 600 points linearly spaced apart in density from 2.4 to 6.5 g/cm?, and 1200 points linearly
a3 spaced apart in temperature from 273 to 10000 K.

as  The projectile is initialized with a large velocity directed towards the target to drive a

as strong shock at the start of the simulation. For each of the three LiF equations of state, we
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ss have performed simulations with impact velocities of 8 km/s and 10 km/s. These impact
a7 velocities result in shock pressures of approximately 200 and 300 GPa in the LiF window,
as respectively. Figure 7 shows a comparison of the pressure, density, temperature, and particle
ao velocity recorded by a Lagrangian tracer placed 2 mm into the LiF from the LiF—aluminum
a0 interface.  When the shock arrives at the tracer in the LiF, a large jump is seen in the
ss1 quantities plotted in Figure 7. These values are maintained until the arrival of a release wave
a2 originating from the sabot—flyer-plate interface. As seen in Figure 7, the pressure, density,
53 and particle velocity histories are quite similar for the three LiF equations of state. This is
s N0t the case, however, with the temperature. At 200 GPa along the Hugoniot, LiF exists
w55 as a two-phase mixture according to our EOS [Figure 6(b)]. In contrast, SESAME 7271v3
a6 predicts that LiF remains as a single-phase solid, and although LEOS 2240 predicts that it is
a7 a single-phase liquid at 200 GPa, this last EOS treats the latent heat AH as being zero. As
s a result, the Hugoniot temperature predicted by our EOS, which has a AH whose value at
0 ambient pressure has been adjusted to agree with experimental data®?, is much lower than
a0 that predicted by the other two. This temperature disparity continues to persist at 300 GPa,
w61 where the pressure is high enough that LiF exists as a single-phase liquid according to all

2 three equations of state.
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63 D. The B1-B2 transition and comparing the Hugoniot with experimental data

w4 In this section, we address the controversy alluded to in the Introduction, which is the
65 question of whether the B2 solid phase can be thermodynamically stable. First of all, we note
w6 that every ab initio DFT study that has investigated this topic!®'41%19 predicts that the cold
s free energy (the Gibbs energy at 0 K) of the B2 phase is greater than that of the B1 phase by
s6s more than 0.3 eV /atom (about 60 kJ/mole of LiF). A couple of these studies have examined
a0 pressures as high as 1000 GPa, and thus there is no question in the literature that the B1
a0 phase is more thermodynamically stable at 0 K over all relevant pressures. The controversy
an is whether thermal effects can stabilize the B2 phase relative to B1 at some sufficiently high
a2 temperature. We review the evidence that has been presented in the literature regarding
a3 the possibility of a B1-B2 transition and present our arguments for why we believe that this

44 evidence is not conclusive.

s The earliest study we are aware of that has suggested the possibility of this solid—solid
w6 transition is a publication by Kormer et al.l” from 1965, where a few different alkali halides
a7 are examined along their principal Hugoniot curves to pressures as high as 500 GPa. They
s Teport a slight discontinuity in the slope of their linear w,—u, relation over the course of
a0 this range. This should be reflected in a curvature change in other quantities as well, such

d?355. Their study does not involve X-ray diffraction or any

a0 as the density and sound spee
a1 other type of structural characterization, but they suggest the B1-B2 transition as being a
482 possible cause of this discontinuity. (Kormer et al. point out, however, that the discontinuity
a3 they observe for LiF is much smaller than that exhibited by the other alkali halides in their
aaa study, especially sodium chloride. It is sufficiently small that they concede that it would be
a5 justifiable to represent the entire range of their data with a single us—u, relation.) Figure 8
a6 indicates that the slope discontinuity observed by Kormer et al. could be explained by taking
se7 into account the melting that occurs along the Hugoniot. At pressures above about 180 GPa,

sss the equilibrium Hugoniot from our EOS has a curvature that is somewhat different from that

a0 of the metastable extension of our solid-phase (B1) Hugoniot.

w0 In a later publication, Belonoshko et al.'® perform classical molecular dynamics simu-

s01 lations on the melting behavior of LiF. Their simulations predict that at pressures above
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12 100 GPa, the B2 phase is more stable than B1 and that the B2 melt curve is higher in temper-
s03 ature than the B1 melt curve. Based on this result, Belonoshko et al. speculate that allowing
s0s for the B1-B2 transition could resolve an apparent discrepancy between the Boehler et al.
a0s static-compression data to which we have fit our EOS melt curve and shock-compression
w6 data from Kormer®® regarding the melt curve. This discrepancy is as follows. In his 1968
a7 study, Kormer reports that the liquidus of the Hugoniot occurs at a pressure and temper-
a8 ature of 280 GPa and 6000 K, respectively. This is much higher than the roughly 4000 K
w0 temperature that would be expected from extrapolating the melt curve of Boehler et al. to
s00 280 GPa. (We may consider our melt curve at this pressure as a good approximation to
s this extrapolation of Boehler et al.) We note that the claims made by Belonoshko et al.
s02 are questionable because their simulations do not agree well with experimental data on the
s03 melt curve. For instance, at least three different studies®*3*® have determined the melting
sos temperature at ambient pressure is approximately 1118 K, yet Belonoshko et al. predict that
sos melting at this pressure occurs at around 900 K. The disagreement could be due to the fact
s06 that their system contains only 4096 atoms (modern, two-phase simulations involve millions
sor of atoms®®) and/or due to inaccuracies with their interatomic potential. This discrepancy
sos grows with pressure; at 100 GPa, their melting temperature is about 1000 K lower than that
so0 from Boehler et al.*® As a result of difficulties with measuring melt curves in DACs (e.g.,
s10 is the sample uniformly heated?), it is certainly possible that the uncertainty in the results
su of Boehler et al. may be larger than that indicated in Figure 6(a). However, Boehler et al.
sz mention that they determine the melt temperature through two different methods (visual
s13 observation and detection of a discontinuous change in the absorption of laser radiation) and
sie that both methods yield identical results. Thus it is unlikely that their results would be in
s15 error by more than 30%, which is the magnitude of the uncertainty needed for the results of
s16 Belonoshko et al. to fall within the experimental error bars.

si7 Nevertheless, in order to bring this idea of a B1-B2 transition floated by Belonoshko et al.
s16 to fruition, Smirnov!® performed a follow-up study in which he models LiF using DFT for
s19 the electrons and a Debye model for the lattice. He adjusts the Debye temperatures of

s20 the different phases to obtain good agreement with the Hugoniot density—pressure data in

sz Figure 8(a), with the assumption that the data from the 1965 study by Kormer et al. corre-
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s22 spond to the B2 phase. By doing this, he obtains a model which predicts that the B2 phase is
s23 more thermodynamically stable than B1 at pressures and temperatures above 120 GPa and
s24 2500 K respectively. Moreover, the B1 principal Hugoniot in his study intersects his B1-B2
s2s transition curve at a pressure of about 140 GPa, as shown in Figure 8(b). Smirnov’s models
s26 predict that the solid-solid transition that occurs at this pressure involves a decrease in the
s2r longitudinal sound speed of more than 10% and an even larger (about 50%) decrease in the
s2s tranverse sound speed, leading to a more than 20% decrease in the bulk, thermodynamic

s20 sound speed.
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FIG. 8. The principal Hugoniot of LiF plotted as a function of different variables: (a) density
vs. pressure; (b) temperature vs. pressure; (c¢) bulk sound speed ¢ vs. pressure; (d) shock speed
us vs. particle speed u,. The metastable extension of our Bl solid-phase Hugoniot is included
for comparison purposes. We contend that the B2 solid phase is not thermodynamically stable
at the conditions depicted in these figures for reasons explained in the text. The results from
Clérouin et al.® represent predictions from their QMD simulations for both the solid and the liquid.

19 represent three different phase transitions: Bl-liquid (for

The phase boundaries from Smirnov
pressures < 120 GPa), B1-B2 (the lower curve at pressures > 120 GPa), and B2-liquid (the upper
curve at pressures > 120 GPa). The 1969 study by Kormer et al.*’ presents two data points
for a given pressure [see the filled squares in (b)]: these correspond to temperatures inferred from

optical pyrometry in the blue (440 nm wavelengt%]j and red (650 nm) regions of the electromagnetic

spectrum. The range for u, in (d) corresponds to the range in pressure in the other three figures.



s30  We do not believe that the aforementioned B1-B2 transition proposed by the theoretical
sa1 studies of Smirnov and Belonoshko et al. is justified because it contradicts some recent exper-
s22 imental data. The strongest evidence against it comes from the sound speed measurements
s3 by Liu et al.3® They observe the onset of a phase transition at pressures of around 140 GPa
s3 along the Hugoniot. According to their study, this pressure range represents a set of two-
s35 phase states in which LiF' undergoes a phase transition where the longitudinal sound speed
s36 approaches that of the bulk, thermodynamic sound speed. The fact that these two velocities
s37 become equal to each other (due to a vanishing shear modulus) indicates that the phase
s3s transition in question is a shock-induced melt transition, and not a solid—solid transition.
s3 Furthermore, Liu et al. do not observe the large decrease in the bulk sound speed predicted
ss0 by Smirnov around this pressure range. Such a noticeable decrease in the sound speed should
sa1 also be reflected in a sizeable decrease in the shock speed, but this is not observed either in
s> the experiments. For example, the highest u, (about 5.8 km/s) data point by Rigg et al.!!
sa3 [see Figure 8(d)] corresponds to a pressure of about 200 GPa, yet even at this pressure, there
sa4 is no indication of the B1-B2 transition. Given this velocimetry data that contradicts the
sss existence of this phase transition, we conclude that the B1 solid phase is likely to be more
ss6 stable than B2 for the conditions shown in Figure 8.

sa7  There is good agreement among the studies in Figure 8 for all properties except tem-
sas perature. We have explained in Section III C, however, that the temperatures reported by
ss0 Kormer et al.—which are the only published experimental temperature results on the LiF
sso Hugoniot—are likely to not be reliable. Before concluding this section, we would like to
ss1 provide some clarification on the temperature reported by Holland and Ahrens®”, which has
ss2 sometimes been incorrectly interpreted in the literature as being experimental data. The
ss3 primary goal of Holland and Ahrens is to ascertain the Hugoniot temperature of iron, using
s+ LiF as a window, from information about the temperature of the iron/LiF interface (which
ss5 they infer through radiance measurements) and the temperature of the LiF bulk. Although
ss6 the details are not clear, their study suggests that they determine the bulk temperature of
ss7 LiF along its Hugoniot through a Mie—-Griineisen EOS where the Griineisen parameter is
sss fitted to the well-established trajectory of the LiF Hugoniot in density—pressure space.

s50  We conclude this section by pointing out that the equilibrium Hugoniot produces better
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se0 agreement with experimental data than if we were to neglect the phase transition and follow
ss1 the metastable extension of the solid-phase Hugoniot instead. For instance, taking into
s2 account the melting that occurs for pressures above the solidus (/= 140 GPa) leads to a small
ses decrease in the slope of our us—u, relation, allowing for the resulting Hugoniot to lie within
se¢ the error bars of the highest u, data point from Kormer et al. The density of the equilibrium
sss Hugoniot is also higher than that of the metastable solid Hugoniot, yielding better agreement
sec With the 1965 and 1969 studies by Kormer et al. It may seem contradictory that allowing
se7 for melting would lead to a higher density. This apparent contradiction can be resolved by
see Tealizing that for a given pressure, the temperature of the equilibrium Hugoniot is much
se0 lower than that of the metastable solid-phase Hugoniot, as is evident in Figure 8(b). The
s temperature disparity arises because the equilibrium Hugoniot accounts for the fact that
s some of the energy from shock compression goes towards providing the latent heat required

s2 to transform the solid to the liquid.

s3 V. CONCLUSIONS

s We have developed an equation of state for both the solid (B1) and liquid phases of LiF.
sts Our models for both phases have been fit to isochores from our own quantum molecular
s7s dynamics simulations and in addition, the solid-phase EOS has been fit to isotherms from
s77 static-compression experiments (Figures 1 and 5). Although the data to which we have
sz fit our EOS is limited to a few hundred GPa, our EOS also yields good agreement with
s79 experiments in which LiF is ramp compressed along a quasi-isentrope to pressures as high
s00 as about 800 GPa (Figure 4). The heat capacity of the solid is modeled with a Debye-like
ss1 function that we have calibrated with experimental and simulation data on that property
s> (Figure 2), while the liquid-phase heat capacity is modeled in a way so as to reproduce
se3 experimental data on the melt curve [Figure 6(a)]. In contrast, the melt curves from the
ss widely used SESAME 7271v3132% and LEOS 2240?23 equations of state do not match the
ses experiments well except in certain narrow ranges in pressure where their associated melt
sss curve happens to intersect the data.

ss7  An important part of this work is to compare our predictions for the principal Hugoniot
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sss with results from the literature (Figures 3, 6-8). We have examined a number of properties
ss0 along the Hugoniot: the density, temperature, sound speed, shock speed, and particle speed.
so0 Our EOS agrees well with experimental data on all of these properties except for the tem-
so0 perature. In the solid phase, the various available theoretical models (including our EOS)
s> disagree by as much as 400 K, depending on the pressure [Figure 3(b)]. But this level of
se3 disagreement is much smaller than the discrepancy that these studies have with Kormer et
saa al., who report experimentally determined temperatures that are more than 1000 K higher
sos than what any of the theoretical models predict for a given pressure. In the liquid phase,
so6 there is significant disagreement among the various theoretical studies regarding the Hugo-
sor niot temperature, in addition to the discrepancy between these studies and Kormer et al.36:49,
sos as shown in Figures 6(b) and 8(b). The work of Kormer et al. still remains the only set of
so0 experimental studies on the LiF Hugoniot temperature despite the fact that it was conducted
s00 in the 1960s. We have explained in Section III C why we believe that their work should be
so1 viewed with some caution. In fact, they themselves have expressed skepticism about whether
s02 their radiance measurements actually reflect the equilibrium, bulk Hugoniot temperature. A
s03 theoretical kinetics model was developed by Zel’dovich, Kormer, and Urlin to give plausible
s0s explanations for what the measurements may have detected if it is not the radiation from
s0s the bulk material®!.

o6  Developing experimental methods to accurately and precisely measure the temperature
sor of materials under dynamic compression remains an active area of research®®°?. This issue is
s0s closely related to the fact that there is virtually no experimental information about the heat
s00 capacity at high pressures and temperatures for any material. Given this lack of information,
s10 the various theoretical models have chosen to model the heat capacity in different ways,
st which has lead to the large spread described above in the predictions for the Hugoniot
s12 temperature. It is clear that reliable measurements are needed to further constrain these
13 models. We encourage such future experiments in order to obtain this crucial information.

s1a Nevertheless, the information that is currently available does provide some basis to choose
s1s among the different models. We have elected to fit our EOS to experimental data on the
s16 melt curve, including an extrapolation of this data beyond the 100-GPa limit of the currently

o7 available measurements®®. (It would certainly be useful in the future to have data beyond

34



s 100 GPa to validate this extrapolation.) By doing so, our resulting EOS happens to agree

1.9, who report the onset of melting along the Hugoniot at

s10 with recent results from Liu et a
620 a pressure of about 140 GPa. We can see from Figure 6(b) that the SESAME 7271v3 and
s21 LEOS 2240 equations of state do not agree with Liu et al. since their Hugoniot curves do not
s22 intersect their melt curves at the appropriate pressure. Moreover, these equations of state
s23 do not properly model the Hugoniot because the two-phase segment of this curve in both of
s2s these models does not overlap the corresponding melt curve.

es  We have also addressed the issue of the B1-B2 transition that has been speculated in the
o2 literature. This solid-solid transition was first suggested as a possibility by Kormer et al.!”,
sz who notice a slight discontinuity in the slope of their Hugoniot over the range from 0-
s2s D00 GPa. We have demonstrated that the melting which occurs along the Hugoniot does
620 result in a slight change in curvature (Figure 8). Thus one does not need to postulate a solid—
s30 solid transition to explain the observations from Kormer et al. In fact, this Hugoniot that
e takes into account melting (we have referred to this curve as the “equilibrium Hugoniot”)
s22 yields better agreement with experimental data than if we were to neglect the melting and
s33 follow the metastable extension of the solid-phase Hugoniot instead. We have also explained
e in Section IV D that the particular B1-B2 transition suggested by Smirnov!?, which was
e3s inspired by earlier work from Belonoshko et al.*®, is likely to not be valid since it does not

11,17,39

s36 agree with velocimetry data from a few different studies along the Hugoniot.
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7 APPENDIX

Coeflicient Value
Co 3.283789698998
C1 7.107689614097 x 1073
Co —8.163106441508 x 1076
Cs 5.591980980961 x 10~
Cy —2.472769836397 x 10712
Cs 7.446338187500 x 1016
Cs —1.583860723719 x 10719
Cr 2.438088233136 x 10723
Cs  |—2.755804802825 x 10~%7
Coy 2.300698341833 x 10731
Cio |—1.414461220788 x 103°
Cn 6.317748058643 x 10710
Cra  |—1.992438441636 x 1044
Ci3 4.203112948497 x 10~49
Cus  |—5.319483121230 x 10754
Cis 3.052977702298 x 10~%°

TABLE IV. Coefficients for computing the isochoric heat capacity Cy of solid LiF with the poly-

nomial in (18). The units are such that the resulting polynomial evaluates to Cy /R.
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