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The change in length of l-m-long LiF single crystal has been determined as a function of hydrostatic
pressure up to 7 kbar over the temperature range 28-41'C. The length change has been measured to an
accuracy ol less than 500 A by using a Fabry-Perot type He-Ne laser interferometer, and under a
temperature-controlled environment wrth temperature variations less than 0.002"C. Several isothermal
ctlLrrtiorts t)f sliltr. togrtltcr witlr thosc derivcd lrorn thc Bont rnorlel of iorric solirls, lrave bccn uscd irr
analyzing the pressure-volume data. The isothermal bulk moduius B. and its pressure derivativc B'o at
attntrslrlteric prcssltrr'and 18.83 10.05"C obtained lrout thc two-paratneter (1j,, ltnd l?'.,) cquations ol
statc are 8.,:664.5+0.5 kbar and B',:5.40+0.18, respeclively. The present results differ considerably
from the static nteasurements of Bridgman and also of Vaidya and Kennedy, but are in excellent agreement
with the values obtained by ultrasonic nreasuremcnts. Using the two-parameter equations of state, the
pressure volume data is extrapolated to -5 Mbar in order to compare wrth the shock wave data and to
examine the differences between tlte various equations of state, which are hardly <Jistinguishable in the lorv-
pressure region. Although the present V/ Vo measurements are sufficiently accurate to obtain accurate
values of 8"", the present pressure nreasurements are not (although rve believe they are as accurate as is
possible at rhe present tinre).

PACS numbers: 64.10. + r, 65.50. * m, 65.70. + y
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Several equations of state have been used in the
literaturel to fit the pressule-volunte-temperatur.e data
of solicls. Most of these equations are phenomenologi-
cal. A detaiLed treatrnent and discrin'rination between
these ecluations has been providecl by MacDonalcj and
his co-rvorkers.2-"1 An excellent revie.lv oI these equa-
tions has also been given by Knopoff.5

Let tr/ denote the volunre oI a specimen and p the
pr-essure applied to it, at sor-ne constant tenrperature
7'. Then, an isotherntai bulk utodulus B is deflned as
B = * |r(aP/AI/), which at a givert ref elence pressure
P6 sliall be Bo: - VoGP/aV)e=po. The firsl- ancl seco,cl-
orclel pressure delirrative oI the bulk modulus evaluated
at P : Po shail be denoted by Bfi and 8f;, r-espectively.
Fol convenience, we sha1l introcluce the follorving r-rota-
tiorrs p =P - Pot 11 =B'0, 4,=BoBd, z=p/Bo, and;r=Va/V.
Note tlrat \, 0, z, ancl r ale all dirnensionless quanti-
ties. /r, is assumed to be 1 bar in this paper.

The two- and thlee-1nr.ameter. phenomenological
eclnations of state6-10 cliscussed in this paper are Iistecl

in Tabie i. Also included in this table are two lattice
equations oI state based on the Born Moclel. As it has
been widely investigated in the literaturell,lz only the
barest outli.ne will be given here. In deriving those
equations of state, the van der Waals contribution to
the lattice etlelgy Ior LiF being small has been ignored
It is considerecl to be a static iattice and the tepulsive
lrotcrrtial chosetr is A/r' Ior the Born-Mie potelltial ancl
I exp(- r/p) f.or the Born-Mayer potential where C4, n)
and ()., p) are the repulsive parameters.

When the lllessure-volume data on the basis of the
trvo-parametel equations of state are exttapolated to
a high-plessure region ancl then compared with shock
rvave data, the agreement is not always good. The im-
provement that can be r:rade by using a three-parar-neter
equation oI state has been recently investigatecl by
Anclersonl3 on the basis of Keane's equation of state,
Barsh ancl Changla ot-r the basis of their ultr-asonic clata
oI cesium halicies conclude that the three-pararneter
equation oI Birch is superior to Keane,s equation,

In other words, thet'e is considerable need and
interest Iol the higher-pressure derivative Bfl, Horv-
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The change in length of l-m-long LiF single crystal has been determincd as a function of hydrostatic
pressure up to 7 kbar over the temperature range 28-41"C. The length change has been measured to an

accuracy ol less than 50O A by using a Fabry-Perot type He-Ne laser interferometer, and under a

temperature-controlled environment with temperature variations less than 0.002'C. Several isothermal
er;uations ol'strtc, t()gethcr witlr thosc tlerivcd fionr tlte Born nrotlcl of iorric soli<ls, have bccn used irr

analyzing the pressure-volume data. The isothermal bulk modulus B, and its pressure derivative B', at
atnrospheric prcssurc and 18.83 t 0.05'Cl obtained lronr lhe two-pararletcr (IJ,, and /l',, ) equations ol
state are 4:664.5+0.5 kbar and B'":5.40+0.18, respectively. The present results differ considerably
from the static nleasurements of Bridgman and also of Vaidya and Kennedy, but are in excellent agreement
with the values obtained by ultrasonic measurements. Using the two-parameter equations of state, the
pressure volume data is extrapolated to -5 Mbar in order to compare with the shock wave data and to
examine the differences between the various equations of state, which are hardly distinguishable in the lorv-
pressure region. Although the present V/Vo measurements are sulliciently accurate to obtain accurate
values of 8"., the present pressure measurements are not (although we believe they are as accurate as is
possible at the present tinre).

PACS numbers: 64.30. * t, 65.50. + m, 65.70. +y

INTRODUCTION

Several equatiorls oI state have been used irl the
Iiteraturel to fit the pressur"e-volurne-temperatule data
of solids. Most of these equations are phenomenologi-
cal. A detailed treatrnent and discrimination between
these equations has been providecl by MacDonald aud
his co-workels,2-4 An excellent leview oI these equa-
tions has also been given by Knopoff.5

Let I/ denote the volurue of a specimen and P the
plessure applied to it, at some constant temperature
?'. Then, an isothermal bulk nrodulus B is delined as
n = - V(aP/aZ), which at a giverl relerence pressure
Ps shaU be Bo: - Vo(aP/AV)p=ro. The Iirst- and second-
order pressure delivative oI the bulk ntodulus evaluated
at P:Po shall be denoted by Bl and Bf, respectively,
For convenience, we shall introduce the following nota-
tiorrs / =P - Po, n=86, tb=BoBt, 2=P/Bs, and x=Vo/V.
Note tlrat Tl, Q, z, and x ale all dirnensionless quanti-
ties. Pe is assunred to be 1 bar in this paper.

The two- and three-parameter phenomenological
equa[ions oI state6-10 cliscussed in this paper are listed

in Table I. Also included in this table are two lattice
equations of state based on the Born Model. As it has
been widely investigated in the litera1rr""l1'12 only the
barest outline will be given here. In deriving those
equations of state, the van der Waals contribution to
the lattice energy for LiF being srnall has been ignored.
It is considered to be a static lattice and the repulsive
poterrtial chosen is A/r'Ior the Born-Mie potential and
I exp(- r/p) f.or the Born-Mayer potential where (,4, rz)

and ()', p) are the repulsive parameters.

When the pressure-volume data on the basis of the
two-parameter equations of state are extrapolated to
a high-pressure region and then compared with shock
wave data, the agreernent is not always good. The im-
provenrent that can be made by using a three-parameter
equation of state has been recently investigated by
Andersonl3 on the basis of Keane's equation of state.
Barsh and Changla on the basis oI their ultrasonic data
of cesium halides conclude that the three-parameter
equation oI Birch is superior to Keane's equation.

In other words, thele is considerable need and
interest for the higher-pressure derivative Bf. How-

'L\Rt,ll I, Various equiltions of state.
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TABLI IIl. Isothermal bulk moclulus and its pressul'c deriva- TABLE V

tive of Lilr Equation
used

Sorrrce Tenr P
Born-l{ie

Output data at T=(28'ill|*0'05) "C

Bo
(kbar)

11g

(kbar'-r)
Repuls ive B'o

parameter'
('C) ,86 (kbar) Bi

28.8J

22

Room

Room

664. i
664

5.40 a

ts, 24b

664.89+0.22 8.92*0'24

664. 50 * 0.23 11" 4l] + 0' 26

5,:.i1

11.41

- 0.00796

- 0.0102Present lvork

NIiller and Snrith
(Ref . 18)

Haussi.ihl
(Ref.19)

Vaidva and
Kennedy (Ref. 17)

Rridgman
(I1ef,17)

Born-il'laYer

aAn at'erage value of the tso-pararneter equations in

bCorrectecl to an isothermal value'

Liquicl hexane is usecl as a pressure fluid and is

transmitted through a pressure tubing (0' 475-crn o' d'

and 0.063-cm i. cl. ) to the pressure vessel' ConnecLed

in series with the length Ineasurement pressure vessel

is atrother pressure vessel where lnanganin wire, the

pressure sensor, is kept. The technique used to cali-
brate the manganin gauge is described itr detail
eIsewhere.2l

The lenght measurelllents were made at an interval
of 500 bar up to a maxitnunl oI ? kbar at each tempera-
ture. The experiment at each tenrperature was carried
out twice to check for the reproducibility oI the data.
Inastrruch as the linear cotnplessibility for LiF is
isotropic, the length measurement data is translormed
to volun-re measurenents using Lhe relation V/V,
:(l/ti3. For equation-of-state Ineasurements, one is
never concerrrecl with 7o itself but only the ratto V/Vo.
Consequently, it is neither necessary to measure the
specimen diameter nor to have a uniform diarneter.

RESULTS

AII the equatiorls of state listed in Table I have been
used to fit the nreasured pressure-volurne data by the
least-squares method. As indicated in Table II, the
two-pa.rameter (Bo and Ai) equations lead to satisfactory
results. ME, is the only equatioll of state in that Iist
for which Bf equals zero. The expressions lor BE, and
GGKE do not explicitly contain the parameter Bf . How-
ever, this does not inrpiy that it is identically zero
for those equations. The appropriate expression for
Ef in the case of BE1 is given by

gBoBt =- [tae +gB,o@,0-1)] (1)

and is obtained by setting the third term in the
seconcl-order Birch equation BE, identically equal
to zero. Successive diflerentiation oI the CGKE equa-

TABLE IV. Thermal properties of LiF,a

tul
0Tl e

(70-?/ "c\
1.043*0.0011 1.62+0.G(j -0.118+0.0S -l.t:+2.2
a livnlLrltcd nt I= 2tl. I "C

aThe repulsive parameter lnears n for the Born-Mie
and rtj/ p for the Born- Mayer potential'

tion with respect to pressure ancl taking the Iimit as

P -P6 Yields
(2)

BoB'; = - fnz

from which one can then calculate A{" Thbse calculated

values are tabulatecl also in Table II' The tit to the

three-ltarametcr equations has been lound to be poor re-

sulting in an unexpected high value of l B{1 l ' The bulk
moclulus clata nleasured by other authors, together with

the present work at 28. 83'C are also recorded in
Table III lor the sake o{ comparison. Present measure-
ments of Bo and B'o agree rather well with thclse obtained

by ultrasonic techniques, and the agreement is poor

when con)pared with the earlier values obtained frorn the

static compression methocl. Thermal properties of LiF,
rreasured between 28. B and 40.9'C, are shown in Table
IV. Noting the sn-rall tenrperature range considered, too
much credit should not be given to thenr.

Table V indicates the paranreter B0 and the repulsive
palameter obtained by fitting the experimental data to
the lattice equations oI state mentioned in Table L The
parameter Bfi and Bf were calculatedzs using the
expressions

B,o:!fu +7), (3)

BoB,'=-+$86-q @)

which are appropriate for the Born-Mie potential and

B'o:z+k#wf, (5)

BoBt=- @6+1)(86+2)

potential

665

627.8

c27

6. 82

9. l5

Table II.

(6)

Volumc thermal
expansion coeff.
o flo't7'",

P
(lKh^r/"C)

1Pi
AT

aBll
arlp

00'2/.c)

for the Born-Mayer potential. As ca_n be seen, the
parameters ^86 and B[ obtained from the lattice equa_
tions of state agree remarkably weII with those obtainecl
by using the two-paranreter phenolnenological equations
of state.

DISCUSSION

As shorvn in Tables III and V the two-paranreter
equations yield virtually identical results for Bo and
B[. However, when one resorts to ilrree-paranreter
equations, the values obtained lor lB{ I are consistent-
ly too high. The ultrasonic rneasurements of B(p)
versus P on LiF show no signs oI curvaturels up to
B kbar. II the error in B[ from uitrasonic measure_
nrents is attributed entirely to curvature, then one esti-
mates that lBfl I is -< 0. 0J. However, one can possibly
conclude that the sign oI Bf is negative. Even ilrough
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TABLE VI. llulli rrtodulus atrd its pt'cssttle derivatil'es bascd

on the asstt rurption that thc nonlinear pressure variation lvith

tlre change in rCSIS tance of tltc nlang:tnin gattgc is cubic'

[quation Bo

uscd ( libar)
8il,
( kbar) -1

'1-emper-B'o
ature
('c)

o

o

o

ar' ',

. 007 96

,0102

otent ia l

(2)

rulated
le
oor re-
irulk
r witll

asure-
itained'
or
'om the
,f LiF,
Table
d, too

rlsive
ato
The

(3)

(4)

(5)

(6)

Lrned
tons

:!i-

N{El
i\{82
GGI(T]
BDr
1l[,2
KE
I\ITi 1

x{E2
GGI(Ij
Dllr
BDz
KI'
[,I]- 1

NM2
GCKE
BIil
llEz

5. ll4 * 0. 0?
G.116 + 0. 2?

5. il6 + 0.07
5. il7 t 0. 07

6. ll? + 0" 28

G.4C r,0. llli
ir.l9*0.10
5. lJir ,r 0. CiO

5,21*0.10
5.22 +0,70
5.:il] + 0.6i
ir, l]5 r,0.Oli
ir. 11+0,11
5.38+0.69
ir. 13+0.11
5.14r0"11
5.:17 +0.70
5. 39 + 0. 7.1

28. 83
28. 83
28,83
28. 83

28. 83

604. 50 * 0. 18

6611. 44 + 0. liO

664.49*0.i8
664.48+0.18
663.44 + 0.31
6ti3. :]7 + 0. 3l)
61i2. 24 t 0. 2;\
662, 10 + 0. 61

6G2.21J + 0. Zil
662, Zil + O.2i\
662.12+0.61
(i62. 11 + 0. 62

6ir9, 97 r 0.28
659. ?0 + 0. 75
659. 95 + 0. 28

659. 95 + 0. 29
659. 71 + 0. ?5
Glt9.70+0.77

0.00 + 0. 00

-0.32+0.10
- 0.0081b
- 0.010?D

- 0.1'i5 + 0. 10

- 0.43 + 0, 14

0.00+0.00
- 0.057 *0.21
- 0.008b

- 0.010b
- 0.O52 t,0,22
-0.058+0.24

0.00 * 0. 00

- 0.088 r,0. 23

- 0.0078b

- 0.0095b

- 0.092 +0. 24

-0.099+0.27

f_
vo

aThe authors do not consider this quantity to be physically sig-
nificant as the prcssure measurenletlts are not sufficiently
accurzrte.

bolrt&ined frorn 86 ail B'0.

tlre experimental precision in measurLng V/Vo is
1x10-t and is at least two orders of rnagnitude better
tlran prevlous techniques,24'25 i7 is still not sufficient
by itself to extract reliable information on Bf; because
of the erlor in measuring pressure. Changing the lettglh
rnea.surer-nent clata randomly by a ferv parts in 107, has
tlic eflect of not only charlgin[l the magnitude of B'{ by
an order of rnagnitude but also results in changing its
sign sometimes. Moreover, Bfl is highly dependent on
the functior-ral lorm oI the variation of f with the change
in resistance per unit resistance (tn/nn) of the rnan-
garrin gauge. If rve assume that p : C(LR/ Ro) + D(L,II/ Ro)s
then, as inclicatecl in Table VI, the values that one ob-
tains for Bf is considerably different frorn those given
in Table II. [The values listed in Table II are basecl on
the assurnption that p=A(LR/R')+B(LR/R')2. The co-
eflicierrts (C,D) or (A,B) are determined by knowing
(LR/Ro) ai the freezing point of mercury at 0'C and by
knowing Ap,+r, ilre nonlinear par.arneter. 2zl ,rne a,;
listed in Table VI are generally smaller in magnitude
and hence appear to be in closer agreetnent rvith rvhat
one obtains from lattice models. Even ilrough ilre lat-
tice models themselves are not free Irom any criticism,
this would inirnecliateLy pr.ompt one to speculate on ilre
"exact" functior-ral lorm for the variation of / wi.th AB,/
1ln for the uranganin gauge. Horvever', one would hirve to
knorv / to better than one par.t in a nriilion to be able
to conclusively determine the variaLion of / wilh LR/R0.

Although the valiclity of Lhe extrapolation of the pres-
sure-volume data into a high-pressure rallge is ques-
tionable, the extrapoiation is made in order to see the
discrepancies between the equations of state. Incleecl
when all the two-par:rrneter equations oI state are extra-
polated, they are hardiy distinguishable up to pressures
as high as 100 kbar. As shown in Fig. 2, MEI begins
to deviate frorn other equations oI sLat.e at about 100

1 2 
Plmbors)3 

4 5

IIIG. 2. Ilxlrapolation o[ pressure-vs-volumc dntn for LiF.
The A, r, and r arcdata from Rcfs. 26, 27, a.nd 28,
respectivcly.

kbar, and the discrepancy at 300 kbar beLween ME,
and otllers is approximaLely 4o/r,. At ?00 kb:rr tlie devia-.
tion increases to about 14V1., whereas the discrepancy
arnong the other equations themselves at ?00 l<bar is
oriy 3of1. The Born-Mayer two-paralneter static equa-
tion of state and BE1 are virtually indistinguistlable in
the over-all pressure range up to (- 5 Mbar). These
equations of state predict V/Vo in good agl.eernent with
the Pagannone Drickamer26 static compression clata and
Christian's shock-wave data,zI both measured below
300 kbar. II one does not question the uncertainLies in
pressure that arise in the conversion floln the shock
iiugoniol to pure isothertnal conditions, thcn it would
seem that the GGKE gives the best fit if we ignore the
clata point at 4. B Mbar. 28

Flor:r the present rvork we fincl it irnpossibel to dis-
crilninate betrveen these equations of state. The ma-xi-
r-nunr applied pressure, about 7 kbar, is too srnall and
is not precise enough lor the n'reaningful detcrniination
of Bfl and discrimiuation between these equa[ions of
state for a LiF si.ngle crystal having a bulk modulus of
about 665 kbar at ambient pressut:e. For the improve-
ment of equation-of-state data it is at first desirable
to sinrultaneously measure both V(P) by the present
apparatus and As(P) by ultrasonic technique lor the
same specinren arrd second to extend the appliecl pres-
sure range significantly. It rvould also require an ac-
curate calibration of the pressure gauge as BI is sensi_
tive to the nonlinear parameter in determining the pres_
sule by the manganin gauge, 22 and, B'd is significantly
dependent on the functj.onal form {or the variations oI
p rvith LR/R, for the litanganin gauge. In fact, if the
pressure P could be nteasured to the sarne accuracy
as V/Vo better than one part in 106) the present 1engilr
measurement system tvould produce an accurate value
of the second derivative oI the bulk n-roclulus Bf , rvithout
resorting to ultrasonic measurements.
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