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Simple equation of state for solids under compression
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We recently proposed an isothermal equation of state that was successfully applied to study the high-
pressure behavior of solids. Later, we developed a simple model to include temperature effects on the equation
of state. In the present work we consider the prediction capabilities of the complete equation of state in the
entirep-V-T surface of a solid. Our predictions have been compared with experimental data up to pressures of
several GPa and temperatures between zero and temperatures rather higher than those of melting. We also
compare the performance of our equation against the most successful equations of state proposed in the
literature, with excellent results. The isothermal equation of state provides us an adequate representation of
experimental pressure-volume data and a simple volume dependence for treds€muparameter. The equa-
tion needs only four parameters evaluated at room pressure at a single reference temperature.
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. INTRODUCTION capability of the resulting EO%Vinet et al® tried to solve
this problem by assuming that the thermal pressure is inde-
In the past few decades, the equation of st&®S of a  pendent of the volume and linear with temperature alfiayve
large number of solids has been studied up to rather highe., the quantity {p/JT), is constant with the volume and
pressures and, in some cases, over a wide range of tempethe temperature. In this way, they showed how high-
tures. The pressure dependence provides an extensive bo@mperature properties may be predicted from a reference
of information on the nonlinear compressibility of solids andisotherm by introducing the zero-pressure value of the ther-
the temperature dependence reveals the effects of anharm®al (volumetrig expansion coefficienty,o, as an additional
nicity. A simple and accurate relation among the thermody-Parametef. Nevertheless, we must bear in mind that the as-
namic variablesp, V, and T that describes the EOS of a Sumption of considering the quantity$/JT), as constant,
system, valid for all kind of solids, and reliable over the IS Only approximate, and breaks down in the vicinity of, and

7 - .
whole temperature and pressure ranges, is not yet availabl!OW: éb .* At absolute zero it vanishes, at low temperatures

In fact, most EOS are limited to temperatures well above théstt;nnc;reﬁmsgse fgg'dtl%earnndogg:y s)b%\?écirebm?hnessglgnuotﬁgrcs??s_ o
Debye temperaturedy . : ' prop y

: . . _mally valid only for temperatures abowg . With regard to
With regard to a pressure-volume relation that descrlbeaqe %11 EOS i):only has been used a;&;n isotherr?]al relation
the compression of a solid, different approaches have be ' '

¢ d to deri . irical isoth | EBSS e'|qemperature effects have not been analyzed yet.
performed to derive semiempirical isotherma ome Recently, we have carried out a systematic analysis of the

authors* hgve used different linearization §chem¢s to rePréthermodynamic properties of a large number of solids. We
sent experimentgpV data and so to obtain the isothermal it proved that there exists a simple universal isothermal
EOS. Most of the resulting expressions depend on thregos applicable to all condensed materfiiscluding solids.
zero-pressure parameters:  the molar volumg, the iso-  Thjs universal function was derived from a pseudospinodal
thermal bulk modulusB,, and its isothermal pressure de- hypothesis. We subsequently studied the temperature depen-
rivative, By. One of the most successful isothermal EOS isdence of the propertieg,, By, Bj, anday, and we derived
that proposed by Vinedt al* (hereafter referred to as MY2  a simple model to predict these dependences from a pseudo-
This EOS is valid for all classes of solids in compression angpinodal hypothesis using experimental results at a single
in the absence of phase transitions. A successful isothermgéference temperatur,.;.° The universal EOS is specified
EOS used for metallic solids is that proposed by Schulte andy the zero pressure values'd§, By, B, evaluated aT o,
Holzapfef [hereafter referred to as HIRef. 5]. This EOS  as well as an estimate of the ®risen parametesC, at this
depends only on two zero-pressure quantitég:and By,  temperature, and the Einstein characteristic temperafire,
since they incorporate a correlation betw@yandBg. This  In our derivation it also is assumed that the thermal pressure
represents a great improvement, because experimental valuigs independent of the volume, however, the quantity
of B, are usually affected by large errdrs. (dp/dT), is not assumed to be constant with temperature;
In order to determine the complete EOS of a given solidour method is therefore applicable over the whole tempera-
from these relations, one needs to know the correspondingire range. The success of our predictions in the temperature
parameters at each temperature. Normally, polynomial exdependence d¥,, By, anda,, was tested using experimen-
pansions have been used to account for temperature depdnt data for typical solids such as xenon, sodium chloride,
dence of these parameters. This procedure is limited by seand gold’
eral reasons, but the most important besides increasing the We will show that rather good accuracy can be obtained
number of needed parameters is the lack of extrapolatioin our predictions when compared with experimental data for
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a large number of different types of solids. The isothermalerate the thermal EOS of the solid. This procedure avoids
equation of state provide us an adequate representation ebme serious problems arising from the determination of the
experimental pressure-volume data and a reasonable volurelume dependence of the ratigS/V).2**In addition, this
dependence fop°®. We will also compare the complete uni- procedure takes the advantage of introducing all the tempera-
versal EOS with two of the most successful EOS proposed iture dependences on the PSC, throfiglg in Eq. (4). Thus,
the literature, such as the model proposed by Vieteal®  provided E,;(T) is known, the EOS of any solid can be
and H11 EOS referred to above. determined from four experimental quantities only, B,

The validity of the two isothermal EOS previously de- B}, and+° evaluated at a single reference temperatiiyg,
scribed does not imply that an EOS based on them must be
successful over the wholp-V-T surface. In the present
work, however, we shall demonstrate that a single reference IIl. RESULTS AND DISCUSSION
thermodynamic state contains information enough to de-

. X This section is divided as follows: first, we will show the
scribe the complete EOS of the solid.

application of Eq.(1) to represent pressure-volume data
when it is compared with another isothermal EOS, such as
[l. UNIVERSAL EQUATION OF STATE MV2 EOS (Ref. 1) and H11 EOS. Secondly, we will see
that a simple volume dependenceySfis obtained from Eq.
(). Finally, we will further compare predictions obtained
Fgom our model with experimental data of tpeV-T surface
and the thermal expansion coefficient of a solid.
Parameters required are listed in Table | for the solids

The basis of the universal equation is fully described in
Ref. 9, so only its basic principles will be described here.
The universal isothermal EOS which represents the pressu
dependence of the molar volume can be writtéh as

e studied in this work, along with selected reference tempera-
V(p)=VSpexq’ - 1= [p— psp]“*m , (1)  tures andd: . It must be pointed out that the valuesByfand
B, for a given substance show considerable disagreement
whereV, and pg, are the volume and the divergence pres-among different authors partly because they depend on the
sure along a certain pseudospinodal cuf@SQ, respec- choice of the equation employed to describe the experimen-
tively, and«* and g are, respectively, an amplitude and the tal data and on the range of pressure considered in the cor-
pseudocritical exponent that characterize the pressure beharelation, the values 0B, are therefore commonly rather in-
ior of the isothermal compressibility; through the universal accurate, and, in general, there only exist reliable values of
relation™® By in the literature at room temperature. Thus, for ionic sol-
B ids and metals, room temperature has been chosen as refer-
w1(P)=K*[p—pspl 7, (20 ence temperature. For some solids, we have used ultrasonic
£ being a universal constant close to 0.85. Although a deMeasurements, although they suffer from the same limita-
tailed numerical analysis of this parameter shows that ifions as any other method of determining parameters.
changes slightly for different substancéshe value which Unlike others methods existing in literature, our treatment
will be used here, 0.85, is good enough for our purposes, adoes not require experlmeqtal data at temperatures above or
supported by our previous resultsVe can obtain the param- N€&r 6o, where the quantity dp/JT), varies only very

eterspq,, «*, andV,, only from the zero-pressure quantities, weakly with temperature. The_refore, any temperature can be
namelypvo Bo ande’o.S selected in our treatment. This feature is particularly useful

One can obtaimp(V,T) from Eq. (1) as follows. Assum- for th(_a study of solids with_ large values @f,, since most .
ing that <* and V, are both temperature independésate experimental data are available at room temperature, which
S| .
Ref. 8, it is obtainped that the thermal pressure is only tem-must be necessarily then selected as the reference tempera-

perature dependent, thus ture.
In Table Il are recorded the zero-pressure values of the
PV, T)=pP(V, Tren) = Psd T) — Ps Trer)- ®) thermal expansion coefficient required to include tempera-

ture effects on the EOS according to the model of Vinet
From the Mie-Grueisen equatiol? we can obtain etal®
[P(V,T)—p(V,T)], and assuming that the ratig¢/V) is
temperature independent, we have MT) from Eq.(3) is A. Application of Eq. (1) to represent pressure-volume data
Yo(Trep) An important feature of any universal EOS should be its
Psg T) =Psd Trer) + V(To) [Evis(T) = Evin(Tred ], (4 apility to be put in a convenient reduced form that provides a
principle of corresponding states and that suggests a conve-
whereE,;;, is the vibrational energy. nient way of analyzing experimental data, as Viegial®
To obtain an analytic approximation to the EOS, we pro-did. The basis of the isothermal MV2 EQRef. 1) was a
posed the Einstein’s expression ty,(T), so the character- universal relation between the binding energy of the solid

istic temperaturefg, is required as an input parameter. It and intermolecular distance, from which these authors de-
must be pointed out that, except at very low temperatures, nfived a universal functiotd (V) defined as

significant improvement is gained in our approach by using
the Debye’s theory.

2/3
We must emphasize that the Mie-Grisen equation has H(V)= (VIVo) (V) (5)
: : ing i 31— (VIVy) T P
been used here to obtap,(T), instead of using it to gen- [1-(VIVy)
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TABLE I. Summary of the four input parameters as well as reference temperaiyfeand Einstein
temperature®z (calculated as 0.7, , from the 6y values of the reference$or the solids studied in this

work. Parameters taken from Vinet al. (Ref. 6) except where stated.

G

Substance Trer (K) Vo (cm® mol™Y) B, (GPa B ¥ 6 (K)
Argon 40 23.028 2.38 7.5 2.7 6%
Krypton 60 28.012 2.49 7.3 2.8 54°
Xenon 60 35.5% 3.02 7.8 2.8 48
Ice VII 300 12.8 23.¢ 4.A 1.4 1103
NacCl 298 27.00 235 5.35 1.59 240
LiF 300 9.83% 66.£ 523 1.6%F 5519
NaF 300 15.02 46.° 5.28 152 367
CsCl 300 42.22 16.8 5.85 2.0% 113
Au 300 10.21 166.6% 5.4823 2.99' 122
Cu 300 7.1% 133.6° 5.65 2.0° 257

8Reference 18.
bReference 45.
‘Reference 46.
dReference 26.

Reference 16
9Reference 48.
PReference 40.
Reference 39

®Reference 47.

These authors tested the universality l8{V) for all electron gagFermi ga$ with an electron density af elec-
classes of solids by evaluatird)(\VV) using pressure-volume trons in the voluméV/, for the solid at ambient conditions.
data of different classes of solids. From these values oBesides, H11 EOS yields a correlation betw@&nand By,
H(V), they plotted IrH versus[1—(V/Vo)"*] and suggested due to the fact thaB) is given asB}=3+2/3Co. The ad-
for these plots a linear form of slope8/2(B;—1) and  ditional terms of Eq(7) incorporate a positive curvature that,
interceptIn By. Thus InH was given as at strong compressions, yield large deviations with respect to

Eq. (6).
In H(V)=1In Bo+3/2(By—1)[1—(VIVo)*3].  (6) The functionH (V) obtained from Eq(1) is

From Egs.(5) and (6) the isothermal MV2 EOS is ob-
tained. However, if one in detail analyzes these plots ¢ In
versus[1—(V/Vy)Y?], one can see that certain positive cur-
vature exists for most solids, at least, at moderate compres-

B (V/VO)2/3
HV)= 3= vivg ™

1/(1—
sions, as observed by Parsafar and Mason in organic Solids. X| pspt @ In(V/Vsp)> S (8)
It can be confirmed that a similar expression to Ej.is K
obtained from the isothermal H11 EOS, with an additional
term: A direct analysis of the Eq(8) form is difficult to make,
therefore, we will perform a numeric analysis for several

In H(V)=In By+Cyf 1—(VIVp) Y3 =In[(VIVy)], (7)  solids.

Solid sodium chloride is interesting to study since it has
been extensively used as pressure calibration stardard.
Decker calculated the EOS for some ionic solids and esti-
mated that their results contained a 1-2.4 % error in the
pressuré?® Their results for NaCl are those widely used as a
pressure scale. We have evaluatecHIrfor NaCl using
pressure-volume data of Decker's model and we have fitted

these results as function pf—(V/Vy)*? to Eq. (6) and to

W|th Cloz_ln(3BolpFeo), Where pFGO:aFG(Z/VO)S/S’ W|th
arc=23.37 MPanm represents the pressure of a free-

TABLE Il. Summary of the values of, at the same reference
temperatures than in Table | for the solids studied in this work.
Parameters taken from Vinet al. (Ref. 6 except where stated.

-1
Substance Toago (K the expression resulting from E@). Comparing both fitting
Argon 10.68 models it can be observed that the slight curvature exhibited
Krypton 9.04 by the data is better represented by our model. The differ-
Xenon 6.0 ences in both fitting models can be seen if one plots the
LiE 0.996 deviations obtained from both fits as illustrated in Fig. 1.
NaF 0.98% Notice that the deviations from Ed6) imply, at least, a
CsCl 1.41 nearly parabolic form at these compressions.

We also have evaluated Hh from experimental data of
Mao et all” up to 95 GPa for several metallic solids, namely,
silver and copper. We have fitted these results against
[1-(V/Vy)Y?] to Egs.(6) and (7) and to the expression re-
sulting from Eq.(8). The differences obtained between the

8Reference 49.
bReference 50.
‘Reference 47.
dReference 34.
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FIG. 1. Deviations between data oftth whereH(V) is a rela- FIG. 3. Experimental values(O) of InH(V) versus
tion given by Eq.(5), and the values obtained from the different [1—(V/V)*3], for solid krypton, wheréd(V) is a relation given by
fitting models[In H(cal)], versus[1—(V/Vy)*?], for solid NaCl ~ Eqg. (5). Data are taken from Anderson and SwensRef. 18.
(—O—), using Eq.(8); (—M—), using Eq.(6). Data are taken Continuous lines, results calculated from our model by using the
from Decker(Ref. 16. parameters recorded in Table |. Dashed lines, results calculated
from the model proposed by Vinet al. (Ref. 6).

experimental data and the different models are shown in Figs_a|ectron-d-electron transitionas a function of compres-
2. We see that our EOS yields always smaller deviations. gjon additional terms must be take into account.

Figure 3 shows this sort of representation of the experi-
mental data with data taken from Anderson and Swen%on, g voume dependence of the Gineisen parametery®

for solid krypton. Besides this, we have also shown the pre- ) ) .
dictions obtained from the model proposed by Vieegl® There are various ways of evaluating the @gisen pa-

and those obtained from E@l) using as input data only rameter and it is normally assumed to be a function of vol-
those of zero pressure at 60 K. Once again it is observed th&fl"® only. A precise knowledge of the volume dependence of

the experimental data have a certain curvature that is bettéf 1S essesnthaI for the full characterization of the EOS of a
captured by our model. substancé®?° and various alternative formulations have

Finally, it must be noticed that the deviations in thedn P€en proposed for the volume dependenceydf In this

plots has also been observed by Sikka for several mitals.Section we will analyze several approaches performed to de-
This author has pointed out that one additional term in thé'V€ this dependence. o
expansion of Eq(6) is adequate to account for these devia- A Simple power dependence of on volume is widely
tions. However, he considers that only in materials whichuSed by most authofs, specifically

undergo a rearrangement of electronic ban .
g g =g 8= 28 (VIVo)S, ©)

where y§ is the zero-pressure value of, andq is a con-
stant to be determined, and it can be calculated from thermo-
dynamic quantities. It has been found tlgais probably be-
tween 0.5 and 2 and has an uncertainty of as much as 0.7, for
several ionic solid4! Therefore, the proposed value@#1,
assumed in the reduction of shock wave experiments to iso-
thermal conditions, is within the error limits of this param-
eter. In this kind of experiments, it is assumed tGgtand
(ap/dT), are both independent of the volume, andysel .*®

This empirical result together with the fact that at very
high compressions the limiting value fof for all materials
is 2/3 suggested the following interpolation formula for
’yG(V),13

0.010
0.005 -
0.000 -
-0.005 .

0.006
0.003 |
0.000 |
-0.003 |
-0.006 |

In H(exp) - In H(cal)

Ye=yS(VIVo)+2/31— (VIVy)]. (10)

10°01-(71v ')

More fundamental models suggested to calculgtecan

FIG. 2. Deviations between experimental values dfiland the ~ be summarized by the following equatiots:

values obtained from the different fitting modgélls H(cal], versus 2\ 23 2t/3
[1—(V/V)*2], for solids silver and coppet—O—), using Eq.8); Yo(V) = — (2—1)/3— vV d*(pVv=™) d(pVe™)
(—M—), using Eq.(6); (—A—), using Eq.(7). Experimental data 2 dVv? dv

(11

are taken from Maet al. (Ref. 17).
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FIG. 4. (y®/y§) as function of {¥//V,) for two values ofB, 5
and 7 by using the Slater-Landau model to evalugfe Dashed
lines calculated from Eqg(12). Continuous lines, calculated from
Eq. (9) with g=1. Dash-dotted lines calculated from Ed0). Dot-
ted and dash-double-dotted lines calculated from(E#). with t=1
and 2, respectively, by using the corresponding valuey$ffor
each one.

FIG. 5. (°/y§) as function of ¥/V,) for NaCl. (O), experi-
mental data taken from Boehler, Getting, and Kennédgf. 23,
reduced with theiry$ value. Continuous lines represent the results
used and the band of uncertainty nY/ y$) considered by Decker
model (Ref. 16. Dashed line calculated from E@l2) by using
B, of Table | for NaCl and the Slater-Landau model to evaludfe
Dash-dotted line calculated from E(@) with q=1.

The most popular values foraret=0 or 1 or 2, where the
valuet=0 corresponds to the Slater-Landau mddeind the
value oft=1 was suggested by Dugdale and McDorfald.

These models give almost equal values/8fas the pressure of (V/V,) obtained from Eq(11) with t=1 and 2, by using

is increased and they differ mainly at low pressures. : A
As an example, we use the most widely used and SimplIeEq. (1) to evaluatep and its derivatives, and the correspond-

G . .
model, namely, that of Slater-Landau, in order to determin [ng value of yg' for each one. However, there is notice that

. eEq. (1) does not give a good volume dependenceybfat
the volume dependence of by using Eq.(1) to evaluatep low pressures in these cases. More recently, a generalization

?hnedr';'edrggzgty;i£?1§g€e53|on obtained depends only % Eqg. (11) has been proposed wheteis a characteristic
0 0 parameter for each materisl.
Boehler, Getting, and Kennetihave determined the iso-
G 1 thermal volume dependence ¢f for NaCl using the most
y (V)= 6 + 2[(1BY) +(1—B)IB In(Vo/IV)]* direct method. poss@le, that is by measuring temperature in-
(12) crements dunng aGd|abat|c compressions. The|r_ results, re-
duced with theiryy value, are shown as function of the
compression in Fig. 5. This figure also contains the volume
The different relations betweeny®/yg) and (V/Vo) are  dependence ofy/y§) used by Decket® the band repre-
illustrated in Fig. 4 which includes the results obtained fromgents the uncertainty im€/y$) considered by Decker in
Eq. (12), using two values 0B, namely, 5 and 7, from Eq. fitting his EOS for NaCl. He obtained an exponenf 0.93
(9), with q=1, and from Eq(10). The Slater-Landau model (+0.37,-0.23. Volume dependence obtained from E#2)
is assumed in all cases. Within this modef is given as by usingBy, of Table | for NaCl, and with Eq(9) with q=1
¥5=[3B{—1]/6. Notice that the relations obtained by Eq. are also compared in Fig. 5. Both expressions lie between the
(12) are found in good agreement with E§) at small com-  band of uncertainty considered by Decker, and they are
pressions, where this model is usually applied, while that afound in good agreement with the experimental data.
large compressions E@12) is closer to the limiting value As already commented by Talldnthe method used by
imposed to Eq(10). Boehler, Getting, and Kennedy is markedly vulnerable to
We must to pointed out that there is an apparent inconsiserror in the pressure derivative of adiabatic bulk modulus
tency between the values obtained fpf by using the and, as already pointed out, there are very few materials for
Slater-Landau model with experimental valuesBjf, and  which we have reliable and accurate values of this parameter.
the values ofy$ obtained from thermodynamic quantities Tallon concluded that whilg cannot be determined with any
(see Table )l Except for gold, in all the cases, the latter great exactitude, in all the cases considered by him, it was in
values are smaller. If one uses other moddifferent values  the vicinity of unity, our model being consistent with this.
of t in Eq. (11)] to evaluatey§ from B}, the following
relation is obtained:

According to Eq.(13) the values oft that correlate the
values ofBj and y§ of Table I lie between 2 and 3, except
for gold. Figure 4 shows the results of§/y$) as functions

C. Prediction of the pVT surface

G , In this section we will show that the wholgV T surface
Yo =[3Bo—1-2t]/6. (13)  of some solids can be easily and accurately predicted via the



54 SIMPLE EQUATION OF STATE FOR SOLIDS UNDE . . . 7039

20

16
312
B
g
L
~ 08

’ 4 1 1 1 i n

0 200 400 600 800
p (GPa)

FIG. 6. Molar volume for solid argon at the following tempera-  F|G. 7. Continuous line: molar volume results calculated from
tures: 40 and 77 K. Experimental resu(ts) taken from Ander- Eq. (1) using zero-pressure data at 40 K as initable |) for solid
son and SwensofRef. 1§. Continuous lines: results calculated argon.(O): experimental results at room temperature reported by
from Eq.(1) using the parameters recorded in Table I. Dashed linesRosset al. (Ref. 24 (see inserted figureand (@), those calculated
results calculated from the model proposed by Vietedl. (Ref. 6. py them from Monte Carlo calculations using @xp-6 potential.

. . . Dashed line calculated from the model proposed by Viteal.
universal EOJEq. (1)] using a given set of zero-pressure (ref. g,

data at a single reference temperat(irable ).
o potential. A good agreement is found between sets of data at
1. Rare gas and other molecular solids (ice V1) the highest pressures. Notice that Fig. 7 of the present work
The EOS for the rare gas solids argon, krypton, and xenof$ Similar to Fig. 7 of Ref. 8. However, we must emphasize
were determined by Anderson and Swert§apn 2 GPa at that while our previous results were obtained by the fit of
temperatures from 4.2 K to their triple point, by the piston-experimental data up to 80 GPa to Edj), we actually per-
displacement technique. Due to the fact that these solids aferm a prediction at room temperature using zero-pressure
highly compressible, relatively high values of the compres-~values at 40 K.
sion (V/V,) are reached in these experiments, although the In Fig. 8 the prediction obtained from E¢l) by using
range pressure is obviously small. In Fig. 6 we show theizero-pressure values at 60 (Rable |) for solid krypton is
results for solid argon at 40 and 77 K. They are compareg¢hown for two temperatures. A good agreement is found
with the results obtained from Eql) by using reference again with experimental data of Anderson and Swert§on.
values at 40 K, and those obtained using the model proposed Finally, results obtained for solid xenon are very good
by Vinet etal® The agreement between the predictedalso. Figure 9 compares experimental data taken from
pressure-volume relations based on EL).and the experi-

mental data is very good over a broad range of compressions. 30

The volumetric properties of solid argon were measured
at room temperature by Ross$ al?* up to 80 GPa using a 28
diamond-window high-pressure cell. In an earlier work Ba-
onza, Caeres, and Ne? fitted their experimental data to 26
Eq. (1) and they obtained the following characteristic Lo =
parameters: Vg,=51.73 cnimol™!, «*=0.144 GPa’®, E B
and ps,=0.28 GPa. Notice that a positive value fpg, is g8 24 g
reasonable, since we are dealing with a temperature rather ;= ~
higher than that of its triple poin83 K) and so the solid 22
phase at this temperature is stable for pressures higher than
about 1.4 GPa. - z 4120

We have determined the characteristic parameters for the 20 S S Y S
same isotherm from our present model by taking reference 00 05 .o 15 20 25

data at 40 K. The results obtained are comparable to the p (GPa)

previous values: V,=49.02 cnimol™, «*=0.138

QPa o8 andps, (2_98 K)=0.46 GPa' The important feature gy g, Molar volume for solid krypton at the following tem-
is that our model is able to predict a larger value than zereratures: 60 and 110 K. Experimental resul®) taken from
too, although the reference is taken from the region of larg@\nderson and SwensaiRef. 18. Continuous lines, results calcu-
negative pseudospinodal pressures. The prediction obtaingsted from Eq(1) using the parameters recorded in Table |. Dashed
from Eq. (1) is plotted in Fig. 7 up to 700 GPa, where it is |ines, results calculated from the model proposed by Vitedl.
compared with the results obtained by Rasal?* from  (Ref. 6. Notice that the left and right axis are referred to 60 and
Monte Carlo calculations for solid argon using @xp—6) 110 K, respectively.
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TABLE Ill. Comparison ofpVT data of ice VII. (a) Experi-

110 ] 1.00 mental results taken from Fei, Mao, and HemI®ef. 26. (b)
1.05 0.95 Predictions calculated from our method with the parameters re-
L corded in Table I.
1.00 0.90
N ] - V (cm® mol™})
M 0951 0.85 ~
8 - ] g T (K) p (GPa €Y (b)
i 1980 = 350 6.00 10.361) 10.37
N 0.85 075 ~ 14.11 9.081) 9.07
r 1 17.80 8.642) 8.67
0.80 __ 070 400 6.55 10.2@) 10.29
e 13.85 9.092) 9.12
0’750.0 0.5 1.0 1.5 20 2.50 63 15.44 8.892) 8.94
» (GPa) 450 6.57 10.3@) 10.34
12.88 9.272) 9.27
FIG. 9. Relative compressions of solid xenon at the following 15.03 8.962) 9.01
temperatures: 4, 60, and 159 K. Experimental d@tataken from 18.67 8.63) 8.62
Anderson and SwensafiRef. 18. Continuous lines, results calcu- 500 6.52 10.4@) 10.40
lated from Eq.(1) using the parameters recorded in Table I. Dashed 12.28 9.383) 9.39
lines, results obtained from the model proposed by Vieesl. 17.90 8.712) 8.72
(Ref. 6. Notice that the left axis is referred to 4 and 159 K and the550 6.50 10.5(1) 10.46
right one to 60 K. 11.70 9.5%) 9.51
17.39 8.801) 8.80
Anderson and Swensthwith those calculated from Eql) 600 11.17 9.6@) 9.63
by using zero-pressure values at 60 K. To compare our 17.00 8.921) 8.87
model and that proposed by Vinet al® directly, we have 650 15.95 9.1®) 9.02

used the reference values taken by them. The prediction
based on Eq(1) is in good agreement with experimental
data, even at temperatures beldly. Although the model in which ® was assumed to be a function only of volume
proposed by Vinetet al® is only valid for temperatures according to Eq(9), that allowed them to obtain the values
above 6, , we have compared both models for the isothermof y§ and 6, .

of 4 K and it can observed a systematic deviation between We have calculated the volume of ice VII from our
both models over the whole compression range. This is dumethod, by using zero-pressure values at 300 K, obtained by
to the fact that the isothermal MV2 EOS predicts correctlyFei, Mao, and Hemle%? from their different fits. The results
the pressure behavior, but the EOS of Vieeal® underes- are recorded in Table Il together with their experimental
timatesV, for temperatures belowy, . This is not of great data. The agreement between our predictions and the experi-
significance inV/V, but the effect in the prediction of prop- mental data is reasonable taking into account the experimen-
erties such ag,, is quite important, as it will be discussed in tal uncertainty, and comparable with that obtained by them

Sec. I D. from their fit to the relation of,, .
Solid ice VIl is the stable high-pressure phase at room
temperature above 2.3 GPa; no phase change has been ob- 2. lonic solids

served up to 128 GPA.Fei, Mao, and Hemlé¥) measured
the volumetric properties of ice VII from 3 to 20 GPa and
300-650 K using a diamond anvil cell. The uncertainty in

We shall now show the validity of our approach to predict
the relative compressions of several ionic solids. Boehler and

measured pressure is &f0.2—-0.3 GPa. These authors fitted Kennedy’ reported accurate compression data of solid NaCl

their pV data at room temperature and obtained the paramP 10 3.2 GPa and 773 K using a piston cylinder apparatus in

etersV, By, andB . In order to determine high-temperature WhiCh the_length change .Of a single crystal of this el
0 -0 0 g P determined. They estimated an accuracyAN/V, of

roperties, they used the following expression to represe . . .
2 'p y g exp P rg.?%. Figure 10 shows the comparison of the experimental

P relative compressions reported in Ref. 27 with those pre-
dicted from Eq.(1). Results of Decker mod¥l for NaCl,
ap(p,T)= apO(T)[1+(B()/BO)p]_”, (14) already used in Sec. lll A, are also sho_wn in Fig. 10. We find.
a good agreement between our predictions and the experi-
mental data over the entire range of temperatures. Notice that
whereao(T) is the zero-pressure thermal expansion coeffi-our compressions are a little smaller than those given by the
cient, which is expressed as a linear function of temperatureDecker model. However, there are deb&te® on the accu-
andz is an adjustable parameter. Fitting theW T data, they racy of semiempirical Decker's EOS which is used as pres-
found a parameter set that reproduced the experimental dasarre calibration. Especially at high temperatures, there is no
with a standard deviation af0.02 cnf mol™*. In addition, experimental verification for his NaCl scale. One of the dif-
thepV T data were also fitted with a Mie-Gneisen relation, ficulties with Decker's EOS is that it yields a theoretical
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FIG. 10. Continuous lines represent the prediction of relative FIG. 12. Relative compressions for solid NaF at the following
compressions for solid NaCl calculated from Egj. using as input ~ temperatures: 29&ee inserted figure473, 673, 873, and 1073
the parameters recorded in Tablg®), experimental data from K. Experimental sources:(M), Pagannone and DrickaméRef.
Boehler and KennedyRef. 27 plotted at the following tempera- 32) and(O), Yagi (Ref. 34. Continuous lines calculated from Eq.
tures: 298, 373, 473, 573, 673, and 773 K. Dashed lines, resultg) with the parameters recorded in Table I. Dashed lines calculated
from the Decker mode(Ref. 16. from the model proposed by Vinet al. (Ref. 6).

value of 4.93 forB}, when ultrasonic measurements yield a Yagi.>* We will also compare the results obtained from the

value of 5.35, value used here by us. Up to its transitiormodel proposed by Vinegt al® for the three alkali halides.

pressure to the CsCl structure at about 29 &rae NaCl We will compare the results reported by Yagi with our pre-

scale appears to be reliable, although there are small discrefictions, since, to the best of our knowledge, no other experi-

ancies between the NaCl and CsCl scales up to 3(@®ea  mental data do exist at the highest temperatures. We must

30) and more serious discrepancies up to 30 &Pa. point out however, that a comparison of our predictions with
Results for other ionic solids such as LiF, NaF, and CsClother experimental data from literature reveals that Yagi's

are summarized in Figs. 11—-13. Compressibility of these soltesults have some systematic deviations at the highest pres-

ids at room temperature was measured by Drickamer angures.

co-workeré?23 by x-ray-diffraction techniques. Boehler and  Figure 11(see inserted figujeshows the comparison of

Kennedy?® also reported accurate compression data for solidhe experimental relative compressiof* at room tem-

LiF up to 3.2 GPa and 673 K, by using the same method agerature with that predicted from El) for solid LiF. Our

in Ref. 27. However, the only experimental determination of

relative compressions, which is extended over a wide tem- 1.0
perature ranggup to 1073 K, is the work reported by
———— T 409
1.20 ' 1.00 g=————————————— -
005 LiF 1 ) 0.8 &
1.15 0.90 Tf=300K__ g %2
1073 K 05| 14 a Q
g L10p 0.80 . N 0.7 N
o0 D T N N
K 1.05 5 10 15 20 25 30 357
:;6 ] ~_ 0.6
— 1.00
N
0.95 50
GPa
0.90 , , . . P )
0 2 4 6 8 10 FIG. 13. Pressure dependence of relative compressions for solid

CsCl at the following temperatures: 298, 8&8e inserted figuje
p (GPa) and 1073 K. Experimental source¢<M), Perez-Albuerne and
FIG. 11. Relative compressions for solid LiF at the following Drickamer (Ref. 33; (O), Yagi (Ref. 39; and (A), Vaidya and
temperatures: 298see inserted figuje 573, 873, and 1073 K. Kennedy(Ref. 35. Continuous lines, prediction of Eql) using
Experimental source$®) Boehler and KennedyRef. 29; (H), zero-pressure data as inp(ftable ). Results calculated from the
Pagannone and Drickam@Ref. 32, and(O), Yagi (Ref. 39. Con- model proposed by Vinedt al. (Ref. 6 (dashed linesare indistin-
tinuous lines calculated from E¢l) with the parameters recorded guishable from those calculated from the Decker md&Relf. 16
in Table I. Dashed lines calculated from the model proposed bydotted lines. Dash-dotted line, extrapolated ultrasonic equation
Vinet et al. (Ref. 6. taken from Barsch and Charigef. 36.



7042 MERCEDES TARAVILLO et al. 54

predictions for higher temperatures, up to 1073 K, are also
compared in Fig. 11. The agreement with experimental data
is good over the whole compression range. Similar results
are compared in Fig. 12 for solid NaF.

Figure 13 compares the relative compressions calculated
from our method by using zero-pressure values at 300 K, for
solid CsClI at the following temperatures: 298, 873, and
1073 K, with experimental dat& 3> We found excellent
agreement with the results of Perez-Albuerne and
Drickamer® In Fig. 13 it can be seen that the Decker
model for CsCl and that proposed by Viretal ® yield quite 0.7
similar results, although both models give lower pressures
than those obtained from an extrapolated Birch second-order L.
empirical equation proposed by Barsch and CRérfgr 0 50 100 150 200 250
CsCl, where the three parameters were ultrasonically mea- p (GPa)
sured. That expression was compared by Decker and
Worlton3° These authors measured the compression of NaCl FIG. 14. Relative compressions for solid gold at the following
and CsCl to 3.2 GPa using time-of-flight neutron diffraction temperatures: 300 and 1000 K@), experimental results, and
techniques. They compared their results for CsCl with that©). estimations taken from Heinz and Jean|&ef. 39; dashed
ultrasonic equation, and comparing the Detkenodel and  lines estimations of Anderson, Isaak, and Yamam@&ef. 40 us-
this equation, they indicated that the Decker model yielded #'9 the anharmonic corr_ec_tlon. Continuous lines prediction calcu-
slightly lower pressure than the ultrasonic equation and the{@ted from Eq.(1). Prediction from H11 EOSRef. 4 at room
suggested that if one should use CsCl as a pressure calibr ﬁ{npt_arature_ is indistinguishable from our model. Notlce_that the left
they should increase the pressure calculated by Decker®d'd right axis are referred to 300 and 1000 K, respectively.

EOS by about 2% for pressures up to 3 GPaiheir conclu- e have estimated high temperature isotherms near the
sion is also consistent with our predictions for CsCl andmelting point from Eq(1) by using these same input data at
confirms our previous discussion on NaCl. 300 K (Table ).
Figure 14 compares our predictions for gold with the ex-
perimental data and estimates of Heinz and Jeatlland
Finally, we will compare some results obtained for metal-the estimates of Anderson, Isaak, and Yamaribtexcel-
lic solids. In the past decade, ultrahigh pressure research is &nt agreement is found with our model over the entire range
the stage that a calibration standard is needed for experf compression. It must be pointed out that, at 300 K, our
ments at high temperatures and pressures. Among the tweOS is indistinguishable from the H11 EOS. This means that
most common methods of pressure calibration are the use dbth models should yield very similar results at any tempera-
an internal standar¢e.g., NaCl, as discussed abpwe the ture. However, since experimental results required for the
ruby-fluorescence pressure scHleMore recently, metals H11 are not available, numerical calculations cannot be per-
such as goltf and platinum’ have been used and proposedformed. One can always include our predicted results into
as internal calibration standards. Therefore, it is important téhe H11 equation, but this procedure does not provide any
dispose an accurate EOS up to ultrahigh pressure. At theelevant information right now. This is, however, a sugges-
same time, the study of the physics of metals at ultrahighive alternative to introduce temperature effects into the H11
pressure is also of considerable current interest, since thege will be commented in future paragraphs. With regard to
extreme pressures can lead to significant changes in atomithe value ofBg, from the H11 EOS and with the values of
electronic, and chemical structute. V, and By, of Table I, it is obtained a value of 5.74 fé,
Heinz and Jeanld2 measured the compression of solid that it is a little higher than that found by Heinz and
gold at room temperature to 70 GPa using a diamond anvijeanloZ® and smaller than that ultrasonic one.
cell and derived a thermal EOS for solid gold using a Mie-  Figure 15 shows the relative compression at room tem-
Gruneisen-like equation. They estimated that their resultperature for solid copper. The prediction based on (Epjis
contained 1-2 % error in the pressure. As we have alreadyompared with experimental data up to 95 GPa taken from
commented a problem arises from uncertainties in the valugao et al’ Also illustrated in Fig. 15 is the same isotherm
of By(Tef), €Xtrapolations from high-pressure measurementsor copper as calculated in the 100—1000 GPa pressure range
usually give lower values than those obtained from ultra-and suggested as a possible pressure calibration standard by
sonic measurement$In their analysis of experimental data, Nellis et al*® These authors give #10% as upper-bound
Heinz and Jeanloz found a value close to 5.5 for this quanestimate on the uncertainty in their calculated pressures. Cor-
tity, while the most ultrasonic measurements give valuesesponding pressure-volume relation calculated from H11
around 6.5. EOS is also shown in Fig. 15. H11 EOS yields a value of
Another EOS for gold was derived by Anderson, Isaak,5.18 forBy, that it is a little smaller than that obtained from
and Yamamotd® They introduced an anharmonic volume ultrasonic measurements used by (isble ). The overall
correction to the thermal pressure, and calcul@@d, T) by  agreement between the different EOS and experiment data is
using the same values &, and B} of Heinz and Jeanloz. good and within estimated error.

1.0

0.9

0.8

v/ V(300 K)
v/ V,(300K)

3. Metallic solids
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FIG. 15. Relative compression at room temperature for solid FIG. 16. Pressure dependence of the thermalumetrig ex-
copper.(O), experimental data taken from Maai al. (Ref. 17; pansion coefficient for solid NaCl at the following tempera-

(@), results calculated by Nellist al. (Ref. 3§. Continuous lines tures: 298, 473, and 773 KO), results obtained from Boehler
calculated from Eq(1). Dashed lines calculated from H11 EOS and Kennedy(Ref. 27. Continuous lines calculated from EL).
(Ref. 4. Dotted lines, results from ultrasonic measurements by Spetzler,
Sammis, and O'ConnelRef. 43 at 300 and 800 K.
D. Prediction of thermal expansion coefficient
at high pressures plitude and the divergence pressuvéth the values ofw,g,

p . e .
Experimental measurements of thermal expansion at highfo: @1dBo. the following expression is obtained

pressures have been limited. A direct determination is that
used by Fuchs, Pruzan, and Ter Minas$idsy means of a ap(p,T) = apo(T)[ 1+ (Bo(T)/BBo(T))p] #. (16
calorimetric method. Furthermore, the thermal expansion can
be determined from precise volume data available over a It can be observed that E¢14) used by Fei, Mao, and
broad temperature range. In most cases, however, this kindemley?® to representy, of ice VIl is quite similar to Eq.
of measurements is limited to atmospheric pressure. On th@éb), although it presents several differences. The first dif-
other hand, wherpVT measurements at high pressure areference is that they used an empirical function of temperature
available, their accuracy is normally insufficient to reliably for ap0, While a universal functiorigiven by the PSC and its
predict the thermal expansion. Therefore, an accurate methatkrivative arises in a natural way from our model, which is
to predict its pressure behavior is of great interest. expected to be valid over the whole temperature range. No-
For molecular liquids, it has been found that the pressurgice also thatf, obtained by Fei, Mao, and Hemley is quite
behavior ofe, is well represented by a power law identical higher than room temperature and therefore the linear func-
in form to Eq. (2), but with a pseudocritical exponeng, tion for a,, obtained by them is too stiff yielding too large
close to 0.5 instead of close to 0.85 as found#pr*? This  values ofayg at high temperatures. Another difference is that
treatment was also applicable to solids, Ifiis equal to  while in Eq. (14) the parameter8, and By are those ob-
0.85, as in the case af;, as already was pointed by #is.  tained at room temperature, within our model, these values
The following expression for, can be derived from Eq. depend on the temperature, so different divergence pressures

D), are derived from each one, as we already have pointel out.
Instead, these authors foungto be 0.9 for ice VII, a value
1 dVg di* [p—pgl* P quite close toB value. However, we believe that neither the
ap(p,T)= V_sp dT  dT  (1-8) pVT data grid(see Table Il} is sufficiently dense, nor the

accuracy of their measurements is high enough to predict the
dpsp . i thermal expansion with reasonable accuracy.
a7 P Psl (15 In a work of Boehler and Kennedy,accurate volume
measurements for solid NaCl allowed them to determine the
thermal expansion up to 3 GPa and 773 K. These authors
fitted their experimentapV data to a modified Murnaghan
gquation and used thermal expansion data to extrapolate their
compression curves to atmospheric pressure. Volume data
were calculated from the smoothed curve by integration of
d Murnaghan equation. From these volume data they calcu-
ap(p,T)= Psp K*[p—psd T~ (169 lated the volume coefficients of thermal expansion and they
dT found thate, is essentially a linear function of temperature,
and that the quantitydp/dT), remains nearly constant over
It follows from Eg. (163 that «,, can be calculated as a large pressure and temperature range. Recall that this as-
ap0=(dpsdT)/By. If one identifies the different termfam-  sumption was used by Vinet al® for temperatures above

+

If now we assume that* andV, are temperature inde-
pendent, following our modek; and a,, are represented by
similar expressions with equal exponents, and therefore th
quantity (@p/dT), is given by the derivative of PSC,
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incorporates some improvement. However, we have found

S0l @ that best results are obtained when EBj).is used to account
Ty = 300K 2 forlrrllas been of interest to see what E#) i
z , predicts about
154 o 4 P the behavior ofy®. Due to the relative inaccuracy on the
° determination ofy® as a function of volume, we have con-
- ~(©) firmed that Eq.(1) yields a reasonable description of the

10* @, (K™
>

general volume dependence of this property according to
Slater-Landau model. Equatiofl2) yields a simple and
physically reasonable volume dependenceyBfand is a

05L)~— o o ° ° ..
__________ (e well-behaved expression over the whole range of compres-

o0 e e e e o sions.
0'00 260 | 4(|)0 | 6(|)0 . 860 1000 This represents an indirect confirmation of the assump-

tions included in our model to account for the temperature
dependence of PSC. If the parametefsand Vg, are both
temperature independent, the thermal pressure is only tem-
perature dependent, a»ﬁtié and (@p/dT), are both indepen-
dent of the volume, soy” is represented by Eq9) with
q=1.

T(K)

FIG. 17. Thermal(volumetrig expansion coefficient of solid
CsCl as function of temperature along five isobars:(a) 0, (b) 1,
() 2, (d) 4, and (e) 8 GPa. Experimental sourcet®), zero-
pressure data taken from Bailey and Yat&ef. 5); (A), zero- ) )
pressure data taken from Rapp and Merch@ef. 52; (O), Yagi The main goal of our model is that only four zero-
(Ref. 34; and (M), Bijanki and Hardy(Ref. 44. Continuous lines ~Pressure parameters evaluated at a single temperaturg: and
calculated from Eq(1) using zero-pressure data as input. Dashedsuffice to predict high-pressure isotherms at any temperature.
lines calculated from the model proposed by Vieetl. (Ref. 6. This issue has a tremendous importance in high pressure re-

search when results at different temperatures are required,
6 . Figure 16 shows the pressure dependence of the therm@ince usually only the room temperature isotherm is experi-
expansion at several temperatures: 298, 473, and 773 K, omentally known. As we have shown in this work, our model
tained by Boehler and Kennedy. The error bars indicate apredicts high pressurpV isotherms at very low tempera-
error of a 5% ina;,. Results obtained from ultrasonic mea- tures and at temperatures as high as those of melting and
surements by Spetzler, Sammis, and O’Corfiell 300 and above. Besides this, the characteristic parameters preserve
800 K are also illustrated. These results are compared wittheir physical significancésee, for instance, the results of
our predictions using only zero-pressure values at 298 Ksolid argon at room temperatyré\nother important feature
The discrepancies at higher temperatures can be attributed @ our model is that it predicts the pressure behavior of the
thermal expansion data greater than those used by Boehl#rermal expansion coefficient over the whole temperature
and Kennedy for the extrapolation commented above, as arange without including any additional assumptions or ex-
ready was pointed out by Talldnin spite of this, the pres- perimental information.
sure behavior predicted for thermal expansion is remarkably Let us summarize the most important improvements
good. gained with ourpVT EOS when it is compared with others

High pressure thermal expansion for solid CsCl has beegonsidered as successful in the literature. Our model is of a
also calculated from our model by using zero-pressure valueguality comparable to those of Vinet al® and Holzapfel
at 300 K. This quantity is plotted in Fig. 17 as function of (H11 isothermal EOSfor the estimation of thepVT behav-
temperature along several isobars. The agreement is vei§r at medium high densities. However, according to the ap-
good with the quasiarmonic model of Bijanki and Hafdy. proximation of considering a linear form to representiras
Good agreement is found with the values calculated from théunction of [1—(V/V)*?], it is observed that the EOS of
model proposed by Vineet al.® in the temperature range Vinet et al. usually yields compressions larger than our iso-
where their relation holds. Calculated values from isothermathermal EOS. With regard to the prediction of the thermal
compression curves by Y&fiare also shown. At the highest expansion coefficient at high pressure, we corroborate the
pressureg4 and 8 GPpit can be observed that their results improvement gained with our model, which is valid over the
are smaller than our predictions and those of Vitedl. This ~ whole temperature range. The prediction and extrapolation
confirms that their results seem to show excessively largeapabilities of Eq(1) are comparable to those of the isother-
relative compressions, as commented above. mal H11 EOS(for metalg. However, a considerable im-
provement of our model is the simple procedure of introduc-
ing the temperature dependence on the EOS through that of
the PSC. We are already considering the possibility of using

Regarding to thed quantity, we have confirmed that can this procedure to introduce the temperature dependence on
be represented by a universal form, as already was pointesther EOS, such as the H11 one. This would confirm the
out by Vinetet al! We have proved, however, that the plots general validity of considering the PSC as a natural way of
of InH versus[1—(V/Vy)®] obtained from experimental including the temperature dependence on the EOS; this fea-
data present a certain curvature. In terms of extrapolatioture would be particularly useful in analyzing results ob-
capabilities at very high compressions we believe that cartained from shock wave measurements.
must be taken in using any EOS based on a linear depen- Finally, it is interesting to point out that one can estimate
dence of InH. The expression associated to the H11 EO3Rhe pseudocritical exponer from H11 EOS model using

IV. CONCLUSION



54
the relation that correlatepg, with B, and Bj (psy=

— BBy /Byg). The resulting values of8 are slightly smaller
than ours(ca. 0.72, in average, about 70 meal§ g is
computed from the relationMs,/Vo) =exp{B/[(1—B)Bl},
with the ratio(V/V,) obtained from the H11 EOS, the av-

erage value is about 0.66. Similar inconsistencies and dis-

crepancies are obtained from the model of Vieeal. but, as

we have already pointed out, within the frame of our model,
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Therefore a detailed study of this dependence would permit
us to introduce some improvements to our universal EOS,
although general features described here should be indeed
valid. Further study of this issue is now under investigation.
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