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The change in length of a 1-m-long NaCl single crystal has been determined as a function of hydrostatic
pressure up to 7.5 kbar and at temperatures of 29.5 and 40.4°C, to an accuracy of 500 A using a Fabry-
Perot-type He-Ne laser interferometer. The best values of the isothermal bulk modulus and its pressure
derivative at atmospheric pressure and at 29.5°C are B,=237.7+0.3 kbar, B'; =5.71+0.25, and
B"y= —0.10+0.05 kbar~', respectively. These are the averages of the values obtained by a least-squares fit
of several different equations of state to the present isothermal data. From these low-pressure
measuements alone, it is not possible to conclude which one of these equations provides a better fit to the
data than the others. However, when other high-pressure data are taken into account, it appears that
Keane’s equation best represents the measurements. When Keane’s equation is fitted to the data, and the
published lattice parameter of NaCl at the Bi-III-V transition and at the NaCl B1-B2 transition are used,
the respective transition pressures are found to be 75.8 kbar, within 1.2 kbar of the presently accepted
value and 262 kbar, respectively. Considering the precision of the experiment the values of B,;, B';, and

B", represent the best measurements so far. The determination of B”, isothermally represents the first

measurement of its kind.

PACS numbers: 64.30.+t, 65.50.+m, 91.45.Dh, 62.50.+p

I. INTRODUCTION

There is considerable interest in high-pressure lab-
oratories to develop static high pressures in excess of
500 kbar. What was once believed to be in excess of
500 kbar ' has now been scaled down to approximately
200 kbar.? In other words, there is considerable need
and interest for an accurate pressure gauge. Because
of its relative ease in handling, and also because it has
a low bulk modulus and in addition as there is already
some x-ray data,® ultrasonic data, *~° static-compres-
sion data,'®'! and shock-wave data,'? NaCl has emerged
as a strong candidate for use as a pressure gauge.

Jamieson'® first used NaCl as an internal pressure
standard in his x-ray apparatus. Since then Decker'*!®
has calculated a Mie-Griineisen equation of state for
NaCl based on the Born-Mayer potential. Piermarini
el al.'® have used Decker’s equation of state to cali-
brate the pressure dependence of the R, ruby fluores-
cence line. However, one of the difficulties with
Decker’s equation of state is that it yields a theoretical
value of 4.93 for B;. Recent ultrasonic measurements*™®
yield a value of 5. 35 for Bj, whereas the static-com-
pression data of Bridgman'® and Vaidya and Kennedy™!
give 4.61 and 4. 92, respectively. From the shock-wave
data’® of Fritz ef al. one can calculate B} to be 5. 50.
Such a wide discrepancy in experimental values for
Bj and its apparent disagreement with the value obtained
from Decker’s equation of state, prompted us to deter-
mine the parameters B, and B more precisely, espe-
cially because Decker’s equation of state is now ex-
tensively used as a pressure gauge. Besides many re-
searchers'®''” have expressed the need for an accurate
By, because such a wide range of B does not give guid-
ance to theorists to improve their theories.

To obtain B, and B; from ultrasonic measurements
one has to transform the adiabatic bulk modulus and its
pressure derivative using Overton’s relations. ® Addi-
tionally, one can always question the nature of the bond
involving the transducer and the sample in ultrasonic
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experiments due to differential compressibilities. Hence
to eliminate these errors we decided to measure B, and
B directly by using the length-measurement system
devised by Lincoln and Ruoff, '® as it is capable of mea-
suring V/V, to a precision of 1x10"7, Admittedly by
doing ultrasonic measurements one is indeed a pres-
sure derivative ahead when compared to length mea-
surements. ?° However, in the present instance that ad-
vantage is nullified due to the fact that the length mea-
surements are carried out to such high precision. In
the final analysis, the precision to which B, and B are
measured turn out to be even better or at least compar-
able to what one would obtain from ultrasonic measure-
ments.

Il. EXPERIMENTAL PROCEDURE

A 1-m-long single crystal of NaCl was obtained from
the crystal growing facility of the Cornell Materials
Science Center. The specimen was chemically machined
and shaped on a chemical lathe®! go that it could be sup-
ported on the axis of the pressure vessel by ball bush-
ings and is shown schematically in Fig. 1. The ends of
the specimen had to be rounded off so that each end fits
snugly into the magnetic cores which were machined
from Kovar rods. The web thickness for these cores is
0.005 em. The core web is kept in contact with the
specimen end by spring loading using very soft Be-Cu
springs.

Linear variable differential transformers (LVDT’s) at
atmospheric pressure surround the nonmagnetic pres-
sure vessel and are used to locate the axial position of
the magnetic cores. The ambient pressure LVDT’s can
be translated until they are nulled on the core centroids
for both specimen ends every time a length-change
measurement is made.

As shown in Fig. 1, each interferometric mirror is
positioned in the center of a coupling plate such that the
reflecting surface and the core centroid form a plane
that is perpendicular to the specimen axis. The LVDT’s
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are mounted near the bottom end of these coupling
plates. The coupling plates are mounted on carriages
which move on a track parallel to the specimen axis.
The carriage is translated by an electrically driven
coarse micrometer, a fine micrometer, and finally by
a piezoelectric ceramic device which has a resolution
of 100 A and a range of 10* A. Thus displacement cou-
pling through the pressure gradient is accomplished by
using magnetic cores located at both ends of the speci-
men inside the pressure vessel, and by nulling these
markers with LVDT’s which are coupled and translated
together with an optical interferometer. The path be-
tween the interferometric mirrors is kept at a vacuum
pressure of a few microns. It provides a stabilized
laser vacuum wavelength and is used both as a tem-
perature-independent reference length and as a standard
wave length for the relative length-change-measurement
interferometer. A detailed description of the interfero-
meter system is given in Fig. 7 of Ref. 19.

As shown in Fig. 1 the specimen is not of one uniform
diameter. However, to measure the length change of
the specimen along its cylindrical axis, it is not neces-
sary for it to be of uniform cross section. On the other
hand, to know the V/V, measurement to a precision of
1x1077, one has to account and correct for the web
thickness of the magnetic core material at each pres-
sure. This can be easily done by knowing the bulk mod-
ulus of the core material. Also, one has to make cor-
rections for the end-to-end specimen strain caused by
spring loading. This can also be estimated to within
required accuracies through the knowledge of the spring
constant of the spring, the decreased length of the
specimen combined with the increased length of the
pressure vessel, and the Young’s modulus of the
specimen.

To maintain such high precision, it also becomes
necessary to keep the thermal noise to a minimum. This
is achieved by controlling the temperature environment
of the specimen to within a few millidgrees. A detailed
description of the temperature control and monitoring
system is given in Fig. 8 of Ref. 19.

Liquid hexane is used as a pressure fluid and is
transmitted through a presstire tubing (0.475 tm od and
0.063 cm id) to the pressure vessel. Connected in
series with the length-measurement pressure vessel
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FIG. 1. Schematic of length-mea-
5 surements system: (@) laser path
vacuum bellows; (2) laser beam;
(3) interferometer mirrors;

) coupling plates; (5) LVDT’s

(6) pressure vessel; (7) specimen;
(8) magnetic cores;: (9) ball
bushings.
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is another pressure vessel where manganin wire, the
pressure sensor, is kept. The technique used to cali-
brate the manganin gauge is described in detail
elsewhere.?

The length measurements were made at an interval
of 500 bar up to a maximum of 7.5 kbar at each tem-
perature. The experiment at each temperature was
carried out at least twice to check for the reproducibil-
ity of the data. Inasmuch as the linear compressibility
for NaCl is isotropic, the length-measurement data is
transformed to volume measurements using the relation
V/V,= (I/1,)°. For equation of state measurements, one
is never concerned with V, itself but only the ratio
V/V,. Consequently it is neither necessary to measure
the specimen diameter nor to have a uniform diameter.

I1l. RESULTS

Let V denote the volume of a specimen and P the pres-
sure applied to it at some constant temperature 7'. Then
an isothermal bulk modulus B is defined as B= - V(2P/
aV), which at a given reference pressure P, shall be
B,=-V,(0P/2V)p_p . The first and second pressure
derivative of the bulk modulus evaluated at P =P, shall
be denoted by Bj and B, respectively. For convenience,
we shall introduce the following notations: p=P - P,
n=B}, y=B,Bj, Z=p/B,, and x=V,/V. Note that 7, ¥,
z, and x are all dimensionless quantities.

The two- and three-parameter phenomenological
equations of state®*~?° used to analyze the experimental
pressure volume data are listed in Table I. The results
of this least-square analysis are tabulated in Tables
II and III for the two temperatures 29.5 and 40.4°C,
respectively. ME, is the only equation of state in that
list for which B identically equals zero. The expres-
sions for BE, and GGKE do not explicitly contain the
parameter B;. The appropriate expression was used?®’
in each case to calculate the values for B and are also
tabulated in Tables II and III, respectively. The experi-
ment was carried out twice at 29.5°C and three times
at 40. 4 °C not only to check for the reproducibility of
the data but also to determine a reliable value for the
parameters B and B]. As can be seen from Tables II
and III, the reproducibility of the data at each tempera-
ture is excellent. It should be noted here that although
the standard deviations associated with B, and B are
larger for the three-parameter equations than for the
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TABLE I, Various equations of state.

TABLE III. Bulk modulus and its pressure derivatives at

40.4°C.
Equation B, B{ By Run
used? (kbar) (kbar-!) No.
ME, 236.68+ 0.08 5,53+ 0.03 0.00° 1
236.66+ 0.09 5,51+ 0.03 0.00° 2
236.43+0.32 5,55+ 0,112 0.00° 3
ME, 236.56+0.22 5.65+0.18 —0.04+0.06 1
236.28+0.15 5.85+0,13 —0.10+0.15 2
236,18+ 0.41 5.78+0.35 —0.07+0.20 3
GGKE 236.61+ 0,08 5.61+0,03 —0.024" 1
236.60+ 0.08 5.58+0.03 —0.024" 2
236.37+0.33 5.62+0.12 —0.024" 3
BE, 236.59+0.08 5.63+0,03 —0,035° 1
236.56+0.08 5.61+0.03 —0,035" 2
236,33+ 0.34 5.65+ 0,12 —0.035" 3
BE, 236.58+0.22 5.64+0.20 —0.04+0.07 1
236.28+ 0.16 5.87+0.14 -—0.12+0,15 2
236,19+ 0,43 5.78+0.38 —0.08+0.24 3
KE 236.58+ 0.22 5.64+0.20 —0.04+0.07 1
236.27+0.16 5.88+ 0,14 -0.13+0.15 2
236,18+ 0.44 5.79+0.39 —0.08+0.25 3

Equation Acronym Form
First-order ME z=n1("-1)
Murnaghan
2
Second-order ME, z=2620Y? _q)/
Mumaghan (172 > Zzp) X[(le — 21/))1/2 (x(nz-Zw)lﬂ +1)
- (,5(712-%)1/2 -1)]
Keane KE z=[/ ' +v)*
(mP<u<0)  XGO/M_1) _[g/ 62 +)] Inx
First-order BE; 2= 306V —293)
Birch x[]+%6«,_4)(x?/3_1)]
Second-order BE, z=3[x"3 = 3
Birch x{1+30 —4) (x¥?-1)
+77 (143 + I - 7) +99]
X (x2/8 = 1)2]
Grover, GGKE By =Bfexpln( —x-1)]
Getting,
Kennedy

two-parameter equations, the standard deviation of the
V/V,-vs-P fit is less for the three-parameter equa-
tions. The weighted averages of the parameters B,, B,
and B[ as determined by the two- and three-parameter
equations of state are listed in Table IV. Also included
in Table IV are the results of previous experiments for
the purpose of comparison.

IV. DISCUSSION

A. Comparison with previous results

As can be seen from Table IV, present measurements
of B, and B| are not in agreement with those obtained
earlier from static-compression techniques. The piston
displacement method used by Vaidya and Kennedy is
subject to errors caused by the finite yield strength of
the NaCl, which is assumed to be absent and zero.

TABLE II. Bulk modulus and its pressure derivatives at
29,5°C.

Equation B, By B Run
used 2 (kbar) (khar~!) No.
ME;, 238,14+ 0.10 5.57+0.04  0.00" 1
238.20+0.12 5.60+0.05  0.00 2
ME, 237.72+0.24 5,95+ 0.20 -0.11+0,10 1
237.89+0.20 5.96+0.20 —0.13+0.15 2
GGKE 238.07+0.08 5.64%0.04 —0.024" 1
238.18+0.11 5.66+ 0.05 —0.024° 2
BE, 238.04+0.08 5.68+0.04 —0.035° 1
238.15+0.11 5.69+0.05 —0.035" 2
BE, 237.72+0.24 5,97+0.22 —0,13+0.10 1
237.90+0.22 5.97+0.22 —0.14+0.15 2
KE 237.71+£0.24 5.98+0.20 -0.14+0.10 1
237.89+0.22 5.98+0.24 —0.15+0.15 2

2Acronyms defined in Table L.
bObtained from B, and B{ using the appropriate expression
given in Ref. 27,
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\

2Acronyms defined in Table I.
bObtained from By and B{ using the appropriate expression
given in Ref. 27,

Singh and Kennedy®® on the basis of x-ray studies sug-
gest that the yield stress is quite high so that sizable
deviatoric stresses are present. Ruoff*® gives an esti-
mate of the yield stress much smaller than Singh and
Kennedy; nevertheless, even the presence of this yield
stress would cause a sizable variation in the measured
values of B, and particularly B using the piston dis-
placement method. However, Kinsland and Bassett® in
their x-ray studies do not observe a finite yield stress.
It is conceivable that in the very long exposure time
used by them considerable thermally activated stress
relaxation occurred.

The agreement is fairly good when compared with
ultrasonic measurements. The values obtained from
B ultrasonically are generally lower than the present
values, although they would tend to agree within the ex-
perimental uncertainties. In most of the ultrasonic work,
errors are not listed with the data. Ghafelehbashi and
Koliwad” note that their values for derivatives of the
individual directly measured elastic constants are good
to within 5%. Since B involves a sum of two measured
elastic constants (B=C, - § C,), B does likewise.
Hence the potential for error is even larger. Even if
an error of only 2.5% is used for the individual mea-
sured derivatives, the error in Bj would be about +0. 4.
Most of these ultrasonic measurements were carried
out only to a maximum of 3 to 4 kbar. Generally the
data were analyzed by ignoring the contribution of B
(except for Spetzler el al.) and therefore they would
generally tend to yield lower values of Bj; this neglect,
for Bj=-0.1 kbar™, would lead to an ultrasonic value
of Bj too low by about 0.2. One can compute a value of
—0.09 kbar™ for B from the data of Spetzler ef al.,°®
and our measurements give an average value of —0. 10
kbar™, Considering the large uncertainties involved,
the agreement is rather astonishing.
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TABLE IV, Comparison of isothermal bulk modulus and its
pressure derivative with previous values.

Source Technique B, B{ By
(kbar) (khar-!)

Present work 2 Length 238.1 5.64

Present work® Length 237.7  5.97 —-0.12

Present work ¢ Length 237.7 5.7 -0.10

Present work 4 Length 237.8 5.85 —0.12

Hausstiihl Ultrasonic 237.3

Ghafelehbashi and  Ultrasonic 237.0  5.37

Koliwad

Barsch and Chang Ultrasonic 234.2 ' .5.39

Spetzler et al. Ultrasonic 238.0 5.35 —0.09

Bartels and Schuele Ultrasonic 234.0 5.35

Bridgman Piston-volume 240.8 4.61

Vaidya and Kennedy Piston-volume 231.7 4.92

Fritz et al. Shock 237.3® ' 5.50

2A weighted average of the two-parameter equations at
T=29.5°C.

P A weighted average of the three-parameter equations at
T=29.5°C,

¢A weighted average for the parameters Bj from all equations
and Bf from all the three-parameter equations at 7=29.5
and 40.4°C. p

4A weighted averaged for the parameters BJ and B{ from
Keane’s equation at 7=29.5 and 40.4 °C.

€This value was not measured by them; instead Haussiihl’s
value was used.

B. Discussion of Bg

The most interesting result of this experiment is the
determination of B;. The weighted average value for
B/ as indicated in Table IV is — 0. 10+0.05 kbar™, Ad-
mittedly By has a large error associated with it. The
main source of error in determining B is the pressure
itself. As pointed out before,?” the magnitude of B/ de-
pends on the functional form of the variation of P with
the change in resistance per unit resistance (AR/R,)
of the manganin gauge. As shown in Table V if one
makes the assumption that the nonlinear pressure varia-
tion with the change in resistance of the manganin
gauge is cubic, the weighted average value for B is then
—0.03 kbar™. Table V is included in the text to empha-
size the sensitivity of B to the possible uncertainty in
pressure in this low-pressure region. What evidence is

TABLE V. Isothermal bulk modulus and its pressure deriva-
tive based on the assumption that the nonlinear pressure varia-
tion with the change in resistance of the manganin gauge is
cubic.

Fan B{ By
(kbar) (kbar-!)
238,202 ‘5,602

238.00P 5.75° —0.06"
238.00° 5.53¢ -0.03¢

2A weighted average of the two-parameter equation at
T=29,5°C.

b A weighted average of the three-parameter equations at
T=29.5°C.

¢A weighted average for the parameters B{ from all equations
and B{’ from all the three-parameter equations at T=29.5
and 40.4°C.
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presently available (free piston data to 40 kbar)*' sug-
gests that of three possible fits to the nonlinear term,
quadratic, quadratic and cubic, and cubic, the quadratic
fit is best. This does not rule out other important pos-
sibilities and must be considered an area where new
developments and extra precision are needed. However,
these results would indicate that B is more likely to

be —0.10 kbar™. As expected, the dependence of B/ on
the pressure variation of the manganin gauge is not as
sensitive for low-bulk-modulus materials (e.g., sodi-
um, potassium) as it is for high-bulk-modulus materi-
als. The data for LiF indicates®’ even a much more
sensitive dependence on the functional form of the gauge
than NaCl does. Bj is related to the third pressure
derivative of a function expressing the pressure in terms
of the volume. Hence any error that is inherent in the
pressure-vs-volume measurements will be propagated
and compounded when B is computed. In other words
the pressure-volume measurement must be extremely
precise. The present V/V, measurements already have
a precision of 1X1077, It is the pressure that we know
only to a precision of 1X10™, as the mercury point® is
known only to 1 bar. Hence unless the pressure is mea-
sured to an extremely high precision of 1X10°% the
error in B is going to remain at a relatively large
magnitude.

C. Transition pressures of some fixed points

Using the values of B,, B}, B, that are listed in Table
IV, the pressure transitions for the following trans-
formations are estimated on the basis of two- and three-
parameter equations of state and are tabulated in Table
VI: (i) the barium I-II transformation, (ii) the bismuth
III-V transformation, (iii) the transformation of bcc-
phase iron to hep phase, (iv) the transformation of
NaCl itself from the NaCl to the CsCl structure.

The experimental values of V/V, used to estimate the

TABLE VI. Transformation pressures for some transitions
and its comparison with previous values.

Equation Ba Bi Fe NacCl
used # I-11 -V b transition transition
(kbar)
ME;,® 59.9 86.2 170 468
BE, b 58.0 81.7 153 362
GGKE?Y 58.3 82.4 154 356
ME, © 52.1 67.5 96 120
BE, ¢ 54.9 74.4 121 173
KE¢© 55.8 76.8 134 271
ME, 4 52.3 68.7 100 132
BE, 9 54.6 74.3 122 196
KEd | 55.4 76.2 132 274
KE® 55.3 75.8 130 262
KEf 54.1 74.0 136 258
Decker 54.7 76.4 136 306
Drickamer 73-175 (110—113)
Ref. 37 55 (i

2Acronyms defined in Table I,

®The values used for By, Bj, and Bf are defined by footnote
a in Table IV,

¢Values defined by footnote b in Table IV,

4Values defined by footnote ¢ in Table IV,

®Values defined by footnote d in Table IV,

Indicates that the values for By, B{, and B obtained by
Spetzler et al. , that are listed in Table IV, were used.
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barium and bismuth transitions were taken from the
data of Jeffery ef al.®®. The data of Mao et al.®* and
Bassett ef al.*® was relied on to estimate the iron and
sodium chloride transitions respectively.

It has been generally established®®:®” (if not firmly)
that Bi III-V transition is at 77+3 kbar, whereas the
two-parameter equations ME,, BE,, and GGKE predict
transition pressures approximately 7—10% higher than
the presently accepted values. (Note that ME, predicts
the NaCl transition at a pressure nearly twice the ac-
tual value; see Sec. VI.) This indicates the inadequacy
of the two-parameter equations for V/V,<0.9 sug-
gesting a nonzero negative value for B;. At the same
time it implies that the magnitude of B has to be greater
than 0.03 kbar™, because the use of BE, and GGKE as-
sumes an inherent value of —0.03 kbar™ in this case.
Hence, for NaCl, the three-parameter equations of
state should be a better choice over the two-parameter
equations of state for V/V,<0.9.

Just on physical grounds, one can rule out both ME,
and BE, equations. The use of these equations with
B;<0 leads to a physically and thermodynamically un-
reasonable condition at high pressures. The bulk modu-
lus increases to 2 maximum and then decreases and
becomes negative. That leaves Keane’s equation as the
only other alternative of the equations considered here.
Anderson®® has found good agreement between extrapo-
lated ultrsonic data and shock-wave data for many ma-
terials on the basis of Keane’s equation. Based on the
use of Keane’s equation, the values obtained for the Ba
I-II and Bi III-V transitions are 55.3 and 75. 8 kbar,
respectively, which is in good agreement with the pre-
sently accepted values. %37

V. IRON TRANSITION

Based on Keane’s equation and using Mao ef al.’s**
x-ray data, the Fe transition is estimated to be 133
kbar. However, this represents the maximum pres-
sure of phase transition. Their experimental data in-
dicates the existence of the hcp phase of Fe (the high-
pressure phase) as low as 80 kbar (presumably on the
way down), thereby indicating extreme sluggishness
for the phase transformation in their apparatus. It is
generally believed that the Fe transition pressure is
lower than that of the lead transition. Takahashi and
Bassett®® estimate 130 kbar for both these transitions.
Drickamer’s®® estimate for the Fe transition is 113
kbar and for the lead transition is 132 kbar. Hence it
would seem inappropriate to use Mao et al.’s* lattice
parameter measurements to estimate the Fe transition
point; because of sluggishness, such an estimate is
likely to be high.

VI. SODIUM CHLORIDE TRANSITION

As indicated in Table VI, the NaCl transformation is
estimated to be approximately 262 kbar. Once again
we are using Keane’s equation and Bassett ef al.’s*®
x-ray measurements of the lattice parameter for NaCl.
Decker’s equation of state gives the transformation to
be approximately 306 kbar. Piermarini and Block’s
estimate is 291 kbar once again based on Decker’s
equation of state. However, there are reasons to be-
lieve that it might be an overestimate. Shock-wave ex-
periments of Fritz ef al. indicate that the Hugoniot
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pressure for transformation is 231 kbar at approxi-
mately 1125°K. As Fritz ef al. mention, the largest un-
certainty involved in transforming a Hugoniot to an iso-
therm comes from the lack of information on the be-
havior of y the Griineisen parameter at these pressures
and temperatures. One usually makes the assumption
that y is a function of volume only. In fact Fritz e¢i al.
make use of the assumption that y/V is a constant and
it is uncertain if such a volume dependence remains ac-
curate to the large volume changes that take place at
such high pressures. Second a pressure correction of
70 kbar to the transition pressure for a temperature
change of approximately 800 °C seems large compared
to other alkali halides****! and iron.* In fact for Fe,
where presumably the most accurate measurement ex-
ists, the pressure correction is only 20 kbar for a tem-
perature change of 550 °C. If Fe is representative of
pressure corrections for temperature changes, then
for NaCl the correction would be only 30 kbar, which
would then put the transition pressure for NaCl at ap-
proximately 260 kbar. Furthermore, the shock-wave
data also indicates that the (111) direction of NaCl has
a lower pressure transition than the (100) direction.
Unfortunately there are no measurements for the (111)
direction within the Hugoniot range of 212 to 231 kbar
to indicate a transition if any. In other words it is quite
possible that the transition takes place as low as 213
kbar on the Hugoniot for the (111) direction. Some more
experimental points in that region would definitely help
clarify the situation.

Piermarini ef al.? have estimated the transition pres-
sures for GaP and ZnS to be 220 and 150 kbar, respec-
tively, using their ruby fluorescence gauge calibrated
against Decker’s equation of state for NaCl. This would
give a pressure ratio of 1.47 for the two transitions.
However, Wanagel and Ruoff*® have devised a novel
technique thereby which they load both the sample GaP
and ZnS together in their Bridgman anvil pressure cell
and have simultaneously monitored the transitions. The
load ratio that they repeatedly obtain for these transi-
tions is 1. 3. Hence if one accepts a value of 150 kbar
for ZnS, that would indicate that the GaP transition
should be approximately 195 kbar based on a linear ex-
trapolation of pressure-load relationship ignoring the
loss of efficiency with increasing load. If one includes
the loss of efficiency in Bridgman anvil devices it would
lower the GaP transition pressure even further. It is
quite conceivable that this discrepancy of 25 kbar re-
presents a departure from Decker’s equation of state
at approximately 200 kbar, and if that is so, one would
expect even a larger discrepancy around 300 kbar and
a proportional basis would be at least 37 kbar. This
would tend to push the NaCl transition down to as low
as 254—269 kbar.

VII. CONCLUSION

The results of the present experiment can be sum-
marized as follows:

(1) The best values of the isothermal bulk modulus and
its pressure derivatives at 29. 5°C and at atmospheric
pressure are B;=237.7+0.3 kbar, B;=5.71+0.25, and
B{=-0.10+0.05 kbar™, respectively.
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(2) The isothermal determination of B represents the
first measurement of its kind and the uncertainty as-
sociated with its determination is essentially due to the
uncertainty in the pressure itself.

(3) Keane’s equation of state seems to best represent
the present measurements when extrapolated in the high-
pressure region. The bismuth III-V transition is found
to be 75. 8 kbar, which is within 1. 2 bar of the present-
ly accepted value.

(4) The sodium chloride transition is estimated to be
262 kbar, on the basis of Keane’s equation. The main
source of error in determining the above transition in
addition to questioning (i) the validity of the Keane’s
equation and (ii) the experimental technique** of mixing
intimately two different materials to determine the
lattice parameters of each, is due to the uncertainty in
determining B.

(5) The main source of error in the present measure-
ments is unfortunately the pressure itself. It is known
only to 1X10™* and as Tables IV and V indicate, the un-
certainty in pressure leads to different values for Bj
and B, which in turn would estimate different values
for pressure transitions at high pressures. Table V is
included in the text to emphasize that in estimating the
pressure at high pressures using equations of state,
the errors are twofold. One is the validity of the equa-
tion of state itself and how closely it approximates the
experimental situation. Second, it is also due to the
uncertainty associated with not knowing the pressures
to the desired accuracy at low pressures.

Obvious ways of minimizing the error obtained in
determining B would be by extending the pressure scale
to beyond 7.5 kbar, at the same time improving the
accuracy of the pressure scale in this low-pressure
region. In fact, if the pressure could be measured to
the same accuracy as V/V, the present length-measure-
ment system would produce an extremely accurate value
of B; without resorting to ultrasonic measurements.
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