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Determination of the phase boundary between theB1 and B2 phases
in NaCl by in situ x-ray diffraction
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The equilibrium phase boundary between theB1 andB2 phases in NaCl was determined at temperatures
between 1150 and 2000 K byin situ x-ray diffraction, using a Kawai-type apparatus in a beam line of SPring-8,
Hyogo, Japan. The press was oscillated during data acquisition in order to reduce the effect of grain growth on
the diffraction pattern of NaCl at high temperature, obtained by the energy-dispersive method with a fixed
angle. Forward (B1 to B2) and backward (B2 to B1) transitions were observed independently at temperatures
between 1150 and 1600 K; theP-T conditions where these transitions occur fall on a straight line, indicating
that there is no kinetic effect between the forward and the backward transitions over this temperature range.
The equilibrium phase boundary is represented by the linear equationP (in GPa)530.6(2) – 0.0053(2)T ~in
K!. Liquid NaCl was observed at 20.1 GPa and 2100 K, consistent with the melting curve obtained in a
previous study using a laser- heated diamond anvil cell. According to our experimental results, the triple point
betweenB1, B2, and liquid NaCl would be located at 19.760.5 GPa and 2050650 K.

DOI: 10.1103/PhysRevB.68.134109 PACS number~s!: 64.70.Kb, 61.10.Nz
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I. INTRODUCTION

NaCl is one of the simplest and most thoroughly stud
ionic crystals. Thus, physical properties of NaCl such as
phase transformation, compressibility, and thermal expan
ity can provide a basic model for understanding the phys
properties of more complex ionic crystals. It has been w
established that NaCl with the rocksalt structure~the B1
phase! transforms into the CsCl structure~the B2 phase! at
about 30 GPa and room temperature.1–3 However, transition
pressures at high temperatures have not yet been well e
lished nor well-studied experimentally. The accurate locat
of this phase boundary inP-T space is useful for x-ray dif-
fraction experiments at high pressure and temperature
cause theB1 phase is frequently used as a pressure calibr
The B1 phase of NaCl is one of the best pressure calibra
because it is very compressible@K300,0;24 GPa~Ref. 4!#
and itsP-V-T equation of state has been well established.4–6

But in P-T conditions above this phase boundary, NaCl
unusable as a pressure calibrant because of its transform
to theB2 phase. Thus, this phase boundary sets a limit to
P-T conditions where theB1 phase can be used as a pre
sure calibrant.

Pioneering studies of this transformation at high tempe
tures employed shock wave~Hugoniot! measurements o
NaCl.7,8 In these studies, theB1 to B2 transition was ob-
served at around 24 GPa and 1000 K, which demonstr
that the Clapeyron slope of this phase boundary must
negative. Li and Jeanloz9 studied this phase boundary usin
an externally heated diamond anvil cell, and the maxim
temperature of their experiment was limited to 673 K. Th
judged the stable phase at a givenP-T conditions by the
0163-1829/2003/68~13!/134109~8!/$20.00 68 1341
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visual observation on the basis of the difference in refract
indices of the two phases. Boehler, Ross, and Boerck10

have developed experimental techniques to measure me
temperatures using a laser-heated diamond anvil cell,
have performed experiments to measure the melting t
perature of NaCl at pressures up to 91 GPa. They observ
discontinuous change in the NaCl melting curve of NaCl
about 29 GPa and 2300 K, which they interpreted as or
nating from the triple point amongB1, B2, and liquid. Since
the maximum temperature of the Li- Jeanloz study is 673
there is no experimental data for theB1-B2 transition pres-
sure between 673 K and the melting temperature by a s
high-pressure study.

In order to elucidate the phase boundary betweenB1 and
B2 phases of NaCl at high temperatures, we carried ou
series of x-ray diffraction experiments at high pressure a
temperature on NaCl using a Kawai-type apparatus. In or
to determine a phase boundary inP-T space, thein situ x-ray
observation is the most essential technique because s
structures are determined directly at highP-T conditions. In
addition, a Kawai-type apparatus with an internal resista
heater can generate high temperatures up to 2500 K wi
small temperature fluctuation~less than65 K), at pressures
up to 30 GPa. Therefore, a combination of a Kawai-ty
apparatus and synchrotron radiation for thein situ x-ray dif-
fraction study is the most suitable technique to determine
B1-B2 phase boundary in NaCl. In addition, special atte
tion was paid to phase identification in NaCl at high press
and temperature. The press was oscillated during data ac
sition in order to reduce the effect of NaCl grain growth
high temperatures on the diffraction patterns. In this pap
we report experimental data on this phase boundary at t
©2003 The American Physical Society09-1
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NORIMASA NISHIYAMA et al. PHYSICAL REVIEW B 68, 134109 ~2003!
peratures up to 2100 K, including melting of NaCl at abo
20 GPa.

II. EXPERIMENTAL PROCEDURE

The in situ x-ray diffraction experiment was performed
the beam line BL04B1, SPring-8. Since 2002, a newly c
structed Kawai-type apparatus named SPEED-Mk.II an
system for energy-dispersive x-ray diffraction measureme
have been installed in this beam line.10 Incident x rays from
a bending magnet were collimated to form a thin beam~50
mm in horizontal and 200mm in vertical dimensions! using
tungsten carbide slits; this beam was directed to the sam
chamber after passing through pyrophyllite gaskets and p
sure media~Fig. 1!. Diffracted x rays were detected by
pure Ge solid-state detector and a 4096-channel anal
situated at a fixed diffraction angle of about 6°, after pass
through a collimator with a 50-mm horizontal slit and addi-
tional tungsten carbide slits~200 mm in horizontal and 500
mm in vertical dimensions!. The exact diffraction angle wa
calibrated usingd values of x-ray diffraction peaks for NaC
and MgO, which was used as an internal pressure marke
ambient conditions.

This Kawai-type apparatus consists of a 15 MN hydrau
press with a newly designed DIA-type guide block
squeeze an inner anvil assembly, which is composed of e
cube-shaped tungsten carbide~WC! anvils with truncated
corners.11 The truncated edge length~TEL! of the inner WC
anvils is 3.0 mm. The truncated corners of the eight an
make an octahedral cavity for the cell assembly.

Figure 1 shows the schematic illustration of a cell asse

FIG. 1. A schematic illustration of the cell assembly for TE
53.0 mm used in the present study: 1, pressure medium~MgO!; 2,
electrode~Mo!; 3, ZrO2 rod; 4, rhenium disk; 5, sample contain
~graphite!; 6, pressure medium (ZrO2), 7, heater (LaCrO3); 8, ther-
mocouple (W97 Re3-W75 Re25).
13410
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bly used in the present study. In order to minimize tempe
ture fluctuation at high temperature and to carry out h
P-T experiments with long run duration~over 24 h!, a cy-
lindrical lanthanum chromite heater with two graphite wi
dows for passage of the incident and diffracted x-ray be
was used. Upper and lower parts of the pressure media w
made of semisintered magnesia, and semisintered zirc
was used as the central part of the pressure media, which
serves as a thermal insulator. Two MgO rods were embed
in the center of the zirconia for passage of x rays.

The sample chamber consisted of a graphite tube~0.8 mm
ID, 1.4 mm OD, and 0.5 mm in height! covered with two
rhenium disks~0.8 mm in diameter and 0.025 mm in thick
ness!, which separate the sample from the surrounding m
terials and also promote a homogeneous temperature d
bution within the sample. This sample chamber transform
to diamond at high pressure and temperature within the
perimental conditions of 20–25 GPa and 1000–2000 K. T
diamond sample chamber is suitable forin situ x-ray diffrac-
tion experiments because of its high transparency to x r
and high thermal conductivity, which achieves a unifor
temperature distribution within the sample, and becaus
does not react with the sample and heater.

The sample consisted of a mixture of NaCl~99.9% purity,
Kanto Kagaku! and MgO with a 1:1 ratio in volume. MgO
was used as an internal pressure marker and also serv
inhibit rapid grain growth of NaCl at high temperature. Th
temperature was measured by a W0.97Re0.032 W0.75Re0.25
thermocouple, without corrections for the effect of press
on thermocouple emf.

The cell assembly was first compressed to the maxim
load of 15 MN, and then temperature was slowly increas
As temperature was increased, x-ray diffraction patterns
the sample were obtained in order to identify which phase
NaCl was present. Once theB2 phase was observed, th
press load and/or temperature was changed in order to i
tify the stable phase at a differentP-T condition. At tempera-
tures above 1100 K, the press was oscillated within an an
lar range from24° to 7° during data acquisition. To ou
knowledge, this is the first press with an oscillation system11

A problem that sometimes occurs in x-ray diffraction expe
ments at high pressure and temperature using the ene
dispersive method with fixed angle is that minor peaks o
given sample have greater intensity than its major peaks,
sometimes the major peaks disappear altogether.11,12 These
unusual relative intensities in the diffraction peaks of t
sample are attributable to a shortage in the number of gr
contributing to the x-ray diffraction patterns, because gr
growth occurs in the sample at high temperature. This pr
lem prevents us from accurately identifying the pha
present in the sample in experiments whose objective i
define the position of a phase boundary byin situ x-ray dif-
fraction, and prevents us from determining lattice volum
accurately at high pressure and temperature in experim
designed to determine aP-V-T equation of state. In order to
solve this problem, the SPEED-Mk. II press was construc
with an oscillation system, the usefulness of which has
ready been confirmed by x-ray diffraction patterns collec
on a sample with a small number of grains at hi
9-2
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DETERMINATION OF THE PHASE BOUNDARY . . . PHYSICAL REVIEW B68, 134109 ~2003!
temperature.11 In the present study, all the x-ray diffractio
patterns above 1100 K were acquired using this pre
oscillation system in order to identify the stable phase
NaCl clearly at eachP-T condition.

Generated pressures were calculated on the basis o
volume fractions (V/V0) of MgO mixed with NaCl using
three equations of state~those proposed by Jamieson, Fri
and Manghnani,13 Matsui, Parder, and Leslie,14 and Speziale,
Zha, and Duffy,15! because a well-established pressure sc
for MgO is not available at present. Comparison of the
pressure scales will be discussed later. In the following s
tion, the pressure scale proposed in Ref. 14 will be u
tentatively to represent generated pressures.

III. RESULTS

The phase boundary betweenB1 andB2 phases in NaC
over the temperature range from 1150 to 2000 K was de
mined on the basis of the experimental data obtained
single run. 93 x-ray diffraction patterns were collected
order to identify the stable phase in NaCl at variousP-T
conditions. In this run, the cell assembly was first co
pressed to 15 MN at room temperature and pressure
mated at 28.760.3 GPa was generated according to the sc
in Ref. 14 From there, the temperature was increased slo
and pressure sharply dropped to 24.960.1 GPa at 700 K,
presumably due to stress relaxation of NaCl.16 When the
temperature reached 1150 K, the first appearance of theB2
phase from the single phase of theB1 phase was observed
a pressure of 24.5 GPa. At theseP-T conditions, two kinds
of x-ray diffraction patterns were collected; one was c
lected without press oscillation and the other was collec
with press oscillation.

Figure 2 shows a comparison between these two x
diffraction patterns. In the pattern obtained without press
cillation, only two peaks of theB2 phase, indexed as~111!
and~222!, were observed; these are minor peaks in the x-
diffraction patterns obtained in a previous study.1 In the x-ray
diffraction pattern obtained with press oscillation, we o
served an intense peak of theB2 phase indexed as~110!,
which is the most intense peak ofB2 phase.1 Two other
diffraction peaks of theB2 phase@those indexed as~111! and
~220!# were also observed in this profile. The relative inte
sities of these peaks are reasonably consistent with th
observed in the previous study.1 However, not all the peaks
of the B2 phase were observed in the profile obtained us
the press-oscillation system, which may be attributed to
restricted range of angular movement in the oscillation of
press (24° to 7°),which is not enough to erase the effect
NaCl grain growth at this temperature. However, the pre
oscillation system helped us to identify the stable phaseB2
phase! at theseP-T conditions, because the most inten
peak of theB2 phase was clearly observed in the diffracti
pattern obtained with the press oscillating, whereas this p
was not observed in the diffraction pattern obtained with
the press oscillating. Therefore, above this temperature
the diffraction patterns were collected using the pre
oscillation system in order to identify the stable phases
NaCl (B1 or B2 phase! accurately at eachP-T condition.
13410
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Figure 3 illustrates how the x-ray diffraction patte
changed with increasing and decreasing temperature. AtP-T
conditions of 24.4 GPa and 1000 K, only diffraction peaks
the B1 phase were observed@Fig. 3~a!#. When the tempera-
ture was increased to 1150 K at a fixed load, the appeara
of peaks of theB2 phase was observed and as a result,
fraction peaks of bothB1 andB2 phases were present@Fig.
3~b!#. Thus, we regard theseP-T conditions as correspond
ing to those of theB1 to B2 phase transition. After that, th
temperature was increased to 1200 K, and complete di
pearance of the diffraction peaks of theB1 phase was ob-
served@Fig. 3~c!#, indicating that theB2 phase is stable a
theseP-T conditions. When the temperature was decrea
from 1200 to 1150 K, we observed the reappearance of
B1 phase@Fig. 3~d!#. Thus, we regard theseP-T conditions
as corresponding to those of theB2 to B1 phase transition.
At 1150 K, we were able to determine the phase transit
pressures of the forward (B1 to B2) and backward (B2 to
B1) transitions; these transition pressures are comple
consistent with each other, which strongly indicates t
there is no kinetic effect in the forward and backward tra
sitions above 1150 K.

All the experimental data obtained in the present study
summarized in Table I. Pressures calculated using three

FIG. 2. Comparison between a diffraction pattern collec
without press oscillation and that collected with press oscillati
These diffraction patterns were collected at the sameP-T condi-
tions of 24.7 GPa and 1150 K using the energy-dispersive met
with a fixed angle of about 6°. The most intense peak of theB2
phase indexed as~110! was observed in the diffraction pattern ob
tained with the press oscillation, whereas this peak was not
served in that obtained without press oscillation. The press osc
tion dramatically reduces the effect of NaCl grain growth at hi
temperature on diffraction patterns obtained using the ene
dispersive method.
9-3
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NORIMASA NISHIYAMA et al. PHYSICAL REVIEW B 68, 134109 ~2003!
ferent equations of state of MgO are also listed along with
volume fractions. At temperatures between 1150 and 160
pressures of the forward and backward transitions were
termined in the same manner as the measurements at 11
The forward transitions were observed by increasing the t
perature at a constant ram-load~data nos. 20, 31, 45, 55, an
64 in Table I!, whereas the backward transitions were o
served by decreasing temperature at a constant ram
~data no. 24!, or by decreasing ram load at a constant te
perature~data nos. 28, 41, and 51!, which leads to a decreas
in pressure at a constant temperature, as suggested in Ta

At conditions of 1600 K and 22.1 GPa~data no. 64!, only
the ~110! peak of theB2 phase was observed along wi
some diffraction peaks of theB1 phase, which we attribute
to further grain growth of theB2 phase because of the lon
duration of the heating step near the phase boundary betw
the B1 andB2 phases. Then the temperature was sudde
dropped to 700 K within a few seconds and diffraction pea
of the B1 phase were observed, the relative intensities
which were reasonably consistent with those of a JCP
~Joint Committee on Powder Diffraction Standards! card.
Since the resultantP-T conditions were far from the phas
boundary, recrystallization of theB1 phase with fine grains
may have occurred. After that, temperature was suddenly
creased to 1650 K~data no. 65! and a single phase of theB2
phase was observed. Immediately after that, the tempera

FIG. 3. An example of the change of x-ray diffraction patter
of NaCl with increasing and decreasing temperature at a cons
ram load of 15 MN:~a! at 24.4 GPa and 1100 K;~b! B1 to B2
transition ~forward transition! at 24.5 GPa and 1150 K;~c! in the
stability field of theB2 phase at 24.5 GPa and 1200 K;~d! B2 to
B1 transition~backward transition! at 24.5 and 1150 K.
13410
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was decreased to 1570 K~data no. 66! and a single phase o
the B1 phase was observed. Thus, we observed a comp
transition from the single phase ofB2 at 1650 K to that of
theB1 phase at 1570 K, and we can conclude that the ph
boundary lies between these twoP-T conditions.

After that, temperature was suddenly decreased to 70
in order to avoid further grain growth of NaCl, and the ce
assembly was compressed from 5.75 to 10 MN~data nos.
66–74! at this temperature. At a constant load of 10 MN, t
temperature was suddenly increased to 1600 and 1800 K
then suddenly decreased to 1700 K, and complete transit
from one phase to the other were observed, from which
were able to place restrictions on theP-T conditions of the
phase boundary~data nos. 74–76!. In order to place some
restrictions on those at temperatures above 1800 K, dec
pression at 1200 K and the following sudden increases
decreases of temperature were repeated~data nos. 76–91!.
The method to place restrictions on theP-T conditions of the
phase boundary at temperatures above 1600 K~i.e., compres-
sion and decompression at relatively low temperature,
the following rapid increases and decreases in temperat!
is similar to that employed by Katsuraet al.17 to determine
the postspinel transition in Mg2SiO4 . This method is some-
times effective for restricting a phase boundary especially
high temperature.

The last x-ray diffraction pattern in this experiment w
collected at 20.1 GPa and 2100 K~data no. 93!. In this pro-
file, no diffraction peaks of either theB1 or theB2 phase
were observed. Only two diffraction peaks of MgO index
as ~200! and ~220! were observed, with a weak halo supe
imposed on these diffraction peaks. Thus, we concluded
NaCl melted at theseP-T conditions.

Figure 4 shows the phase boundary between theB1 and
B2 phases in NaCl determined in the present study. The h
zontal axis represents the pressure calculated using the
in Ref. 14 At temperatures between 1150 and 1600 K, f
ward and backward transitions were observed independe
Above 1600 K, some restrictions can be placed by obse
tions of complete transitions from one phase to the other
this figure, upward and downward arrows represent comp
transitions from theB1 to theB2 phase and those from th
B2 to theB1 phase, respectively.P-T conditions where the
forward and backward transitions were observed were fi
to a linear function by least-squares regression, and a re
ant formula, given byP (GPa)530.6(2) – 0.0053(2)T ~K!
was derived, which is represented by a the dashed line
tween theB1 and theB2 phase in Fig 4. The numbers i
parentheses are errors of the fitting. No contradiction
found between this line and the restrictions placed on
phase boundary at temperatures above 1600 K. There
we conclude that this line represents the equilibrium ph
boundary between theB1 andB2 phases in NaCl at tem
peratures between 1150 and 2000 K.

In addition, liquid NaCl was observed at 20.1 GPa a
2100 K~data no. 93; see Table I!. Taking all the experimenta
data obtained by the present study into consideration,
triple point betweenB1, B2, and liquid NaCl would be lo-
cated at a pressure of about 19.760.5 GPa and a temperatur
of about 2050650 K ~see Fig. 4!.

nt
9-4



DETERMINATION OF THE PHASE BOUNDARY . . . PHYSICAL REVIEW B68, 134109 ~2003!
TABLE I. Experimental conditions and phase present in NaCl. Symbols used:PJ, pressures by Jamieson, Fritz, and Manghnani~Ref.
13!; PM , pressures by Matsui, Parder, and Leslie~Ref. 14!; PS, pressures by Speziale, Zha, and Duffy~Ref. 15!. B1, only B1 phase was
observed;B2, onlyB2 phase was observed.B1-B2, appearance ofB2 phase was observed fromB1 phase.B2-B1, appearance ofB1 phase
was observed fromB2 phase.

Data no. Load
~MN!

Temp.
~K!

MgO NaCl
phase present

V/V0 PJ

~GPa!
PM

~GPa!
PS

~GPa!

9a 0 300 1.0000~3! 0.00~04! 0.00~04! 0.00~04! B1
10a 15 300 0.8717~8! 28.83~27! 28.72~26! 28.94~26! B1
12a 15 570 0.8862~6! 25.81~17! 26.00~17! 26.17~17! B1
13a 15 700 0.8929~5! 24.57~14! 24.90~14! 25.10~14! B1
14a 15 800 0.8963~3! 24.18~09! 24.59~09! 24.81~08! B1
15a 15 900 0.8996~3! 23.84~09! 24.34~09! 24.56~08! B1
17a 15 980 0.9008~4! 23.95~11! 24.52~11! 24.76~11! B1
18a 15 1100 0.9041~3! 23.79~09! 24.44~09! 24.67~08! B1
19a 15 1150 0.9049~4! 23.86~12! 24.56~12! 24.79~11! B1-B2
20 15 1150 0.9051~3! 23.81~08! 24.51~08! 24.74~08! B1-B2
23 15 1200 0.9064~4! 23.75~10! 24.49~10! 24.73~10! B2
24 15 1150 0.9051~4! 23.81~11! 24.51~11! 24.74~11! B2-B1
25 15 1200 0.9067~4! 23.68~10! 24.41~10! 24.65~10! B2
28 11 1200 0.9076~4! 23.46~10! 24.20~10! 24.42~10! B2-B1
30 11 1150 0.9060~3! 23.57~07! 24.27~07! 24.51~08! B1
31 11 1200 0.9077~3! 23.42~09! 24.16~09! 24.39~08! B1-B2
35 11 1300 0.9104~3! 23.33~08! 24.14~08! 24.36~08! B2
41 9 1300 0.9122~4! 22.88~10! 23.70~10! 23.90~10! B2-B1
43 9 1200 0.9096~4! 22.93~10! 23.67~10! 23.90~10! B1
45 9 1300 0.9118~5! 22.97~12! 23.79~12! 24.00~13! B1-B2
47 9 1400 0.9152~3! 22.71~08! 23.61~08! 23.81~07! B2
51 7 1400 0.9171~5! 22.24~11! 23.14~11! 23.34~12! B2-B1
52 7 1350 0.9161~3! 22.20~08! 23.07~08! 23.26~07! B1
55 7 1500 0.9215~3! 21.80~06! 22.77~06! 22.93~07! B1-B2
56 7 1550 0.9222~4! 21.94~09! 22.95~09! 23.09~10! B2
63 5.75 1550 0.9250~6! 21.27~13! 22.28~13! 22.42~14! B1
64 5.75 1600 0.9274~7! 21.00~15! 22.05~15! 22.19~16! B1-B2
65 5.75 1650 0.9299~5! 20.75~12! 21.84~11! 21.94~12! B2
66 5.75 1570 0.9270~7! 20.92~16! 21.95~16! 22.08~16! B1
74 10 1600 0.9325~6! 19.85~13! 20.90~13! 21.01~14! B1
75 10 1800 0.9368~5! 20.12~10! 21.31~10! 21.36~11! B2
76 10 1700 0.9337~6! 20.19~13! 21.30~13! 21.40~14! B1
81 6.75 1700 0.9357~5! 19.75~10! 20.86~10! 20.95~11! B1
83 6.75 1850 0.9397~3! 19.79~07! 21.01~07! 21.05~07! B2
86 6 1950 0.9429~4! 19.72~08! 21.00~08! 21.02~09! B2
87 6 1800 0.9391~4! 19.62~09! 20.80~09! 20.85~09! B1
90 5.5 2000 0.9471~7! 19.15~15! 20.46~15! 20.46~15! B2
91 5.5 1900 0.9450~5! 18.97~10! 20.22~10! 20.24~11! B1
93 5.0 2100 0.9522~2! 18.73~04! 20.09~05! 20.10~04! Liq.

acollected without press oscillation.
l
d
y
tio

Pa,

ies
s
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i

IV. DISCUSSION

A. Comparison with previous studies

The phase boundary betweenB1 andB2 phases in NaC
determined in the present study is compared with those
termined in previous studies in Fig. 5. The phase boundar
the present study is extrapolated to 300 K and the transi
13410
e-
in
n

pressure at this temperature is estimated to be 29.3 G
which is close to or slightly smaller than theB1 to B2 phase
transition pressure at 300 K determined by previous stud
using the diamond anvil cell1,2 and Kawai-type apparatu
with sintered diamond anvils.3

The Clapeyron slope determined in the present stud
25.3 MPa/K, which is different from that determined by L
9-5
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and Jeanloz9 (28.6 MPa/K) using an externally heated di
mond anvil cell. They determined transition pressures of
forward and the backward transitions independently at te
peratures up to 673 K and deduced that the equilibrium tr
sition pressure at a given temperature is the average o
forward and backward transition pressure. They judged
phase transition by the visual observation using
transmitted-light microscope; theB1 and B2 phases coex
isted with each other because of the pressure gradient
diamond anvil cell, and they were able to distinguish o
phase from the other because of the mismatch in refrac
indices of these two phases. Pressure was measured usin
ruby fluorescence technique18 with temperature correction,19

and the phase-transition pressure at a givenP-T condition
was determined using a ruby grain that existed on the bou
ary between the two phases.

In contrast, in the present study the stable phase of N
at a givenP-T condition was directly determined using th
in situ x-ray observation, and theP-T conditions where the
forward and backward transitions occur fall on a straight l
at temperatures between 1150 and 1600 K, which indic
that the temperature range of the present study is h
enough to eliminate the kinetic effect of the forward a
backward transitions and to determine the equilibrium pha
transition pressure precisely~see Fig. 4!. Therefore the
method used to identify the stable phase in the present s
as well as the experimental temperatures, is different fr
that of the study by Li and Jeanloz,9 which may account for
the difference in the Clapeyron slopes determined in th
two studies.

FIG. 4. The equilibrium phase boundary betweenB1 andB2
phases in NaCl determined in the present study~a dashed line be-
tweenB1 andB2 phases!. Open and closed triangles representP-T
conditions where theB1 to B2 ~forward! andB2 to B1 ~backward!
transitions were observed, respectively. Open and closed ci
representP-T conditions where single phases ofB1 andB2 were
observed, respectively. AtP-T conditions of 20.1 GPa and 2100 K
liquid NaCl was observed~a solid square!. Upward and downward
arrows represent direct transitions from theB1 to B2 phase and
those from theB2 toB1 phase, respectively~see text!. According to
the present experimental results, the triple point amongB1, B2, and
liquid NaCl would be located at a pressure of 19.760.5 GPa and at
a temperature of 2050650 K.
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In addition, there is a difference in the method used
measure pressure in these two studies. In the present s
pressures were determined on the basis of volume frac
data for MgO mixed with NaCl using the equations of sta
for MgO, whereas in the study of Li and Jeanloz,9 pressures
were determined using the ruby fluorescence techniqu18

with temperature correction.19 The accuracy of pressure de
termination at high temperature clearly and seriously affe
the value of the Clapeyron slope of this phase boundary

Hemley and Gordon20 have also determined this phas
boundary theoretically. They studied the properties of N
and NaCl at high pressures in both theB1 andB2 phases
with an improved electron-gas model and deduced the ph
boundaries between these two phases in both materials
the resultant physical properties. In the case of NaF,
phase transition pressure at 300 K was determined to
about 37 GPa, whereas Sato-Sorensen2 and Yagi, Suzuki, and
S. Akimoto21 determined the transition pressure experime
tally using diamond anvil cells to be 2363 and 27
61 GPa, respectively, which are far different from those d
termined theoretically. In the case of NaCl, the theoretica
determined phase transition pressure at 300 K is also inc
sistent with those determined by the experiments~see Fig. 5!.
However, the Clapeyron slope of the theoretically det
mined phase boundary seems to be close to that determ
in the present study at temperatures above about 1000 K

es

FIG. 5. Comparison of the phase boundary betweenB1 andB2
phases in NaCl with those of the previous studies. The closed c
and triangle represent theB1 to B2 transition pressure at room
temperature determined by Bassettet al. ~Ref. 1! ~BA! and by Sato-
Sorensen~Ref. 2! ~S!, respectively, using the diamond anvil ce
whereas the cross represents that determined by Nishiyama
Yagi ~Ref. 3! ~N&Y ! using the Kawai-type apparatus with sintere
diamond anvils. Li and Jeanloz~Ref. 9! ~L&J! determined this
phase boundary at temperatures up to 673 K using an extern
heated diamond anvil cell~the dotted line! and Hemley and Gordon
~Ref. 20! ~H&G! studied this phase boundary theoretically~the
dash-dotted line!. Beohler, Ross, and Boercker~Ref. 10! ~BO! mea-
sured melting temperatures of NaCl at pressures up to 91 GPa
estimatedP-T conditions where this phase boundary exists~see
text! ~the dashed line!. The open square represents theP-T condi-
tions where this transition was observed in a shock compres
study by Fritzet al. ~Ref. 8! ~F!.
9-6
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Boehler, Ross, and Boercker10 measured the melting tem
perature of NaCl at various pressures up to 91 GPa usin
laser-heated diamond anvil cell. TheP-T conditions where
liquid was observed in the present study~i.e., 20.1 GPa and
2100 K! are consistent with their melting curve~e.g., Tm
520916120 K at 21.3 GPa!. They observed a discontinuou
increase in the slope of the melting curve at about 29 G
(Tm;2250 K) and considered that there was a triple po
betweenB1, B2, and liquid NaCl at around theseP-T con-
ditions. They connected theseP-T conditions with those a
29 GPa and 300 K~where theB1 to B2 phase transition wa
observed by previous studies1–3! and suggested that the slop
of the phase boundary between theB1 and theB2 phases in
NaCl is close to zero~see Fig. 5!. However, all the experi-
mental studies to determine theB1-B2 phase boundary di
rectly, including a study using shock compression,8 have
demonstrated that this phase boundary has a negative C
eyron slope. Since the melting temperatures measure
Ref. 10 have an experimental error of about6100 K, rigid
restrictions cannot be placed on theP-T conditions of the
triple point.

Bassettet al.1 made a systematic comparison of the C
peyron slopes for four alkali-metal chlorides~CsCl, RbCl,
KCl, and NaCl!. According to thermodynamic relations, th
entropy change (DS) at the phase-transition pressure ha
linear relationship withDV/V01 for the alkali-metal chlorides
~see Ref. 1!; DV is the volume change at the phase transit
pressure, andV01 is the volume of theB1 phase at ambien
conditions. They estimated the Clapeyron slope (dP/dT) of
the B1-B2 phase boundary in NaCl by connecting the tra
sition pressure (3061 GPa) that they determined at roo
temperature to that determined by shock compress
method8 ~24 GPa at 1231 K!. The resultantdP/dT is
26.4 MPa/K, which is close to that determined in t
present study.DS of NaCl can be calculated using th
Clausius-Clapeyron equation (dP/dT5DS/DV) and DV
was determined on the basis of their measurements at r
temperature. Bassettet al.1 also calculatedDS and DV/V01
for the other three alkali-metal chlorides using thermod
namic parameters for these materials and found that a hi
linear relationship betweenDV/V01 vs DS. The fact that the
precisely determined Clapeyron slope in the present stud
approximately consistent with the thermodynamically re
sonable one determined by Bassettet al.1 indicates that these
values for the Clapeyron slopes are highly reliable.

B. Comparison of pressure scales of MgO

In order to assess the reliablility of the phase bound
determined in the present study, the three MgO press
scales13–15used in the present study are compared with e
other on the basis of the volume fraction data obtained in
study. In this comparison, the volume fraction obtained
20.1 GPa and 2100 K~data no. 93! is excluded because th
unit-cell volume of MgO at these conditions was calcula
using only two diffraction peaks,~200! and~220!. At all the
other P-T conditions, the unit-cell volumes were calculat
using five diffraction peaks,~111!, ~200!, ~220!, ~311!, and
~222!. In Fig. 6, the horizontal axis represents pressure
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culated using the scale in Ref. 14, which was tentatively u
in this study, and the vertical axis represents pressure ca
lated using the other two pressure scales.13,15 Since the data
points in this figure are calculated from the volume-fracti
data collected in the present study, pressure values at va
temperatures are included. X-ray diffraction data were
tained along the phase boundary between theB1 and theB2
phases in NaCl, which has a negative Clapeyron slope. T
the data points at around 29 GPa are those at 300 K, and
data points at lower pressures are those at higher temp
tures~see Table I and Fig. 4!. Pressures calculated using th
scale in Ref. 17 show a great deal of consistency with th
from the scale in Ref. 14. On the other hand, pressures f
the scale in Ref. 13 are lower than those from the Ref.
scale by about 1 GPa, especially at high temperatures~see
Fig. 6 and Table I!.

A P-V-T relation for MgO proposed by Matsui, Parde
and Leslie14 was determined using the molecular dynam
method with quantum corrections, not using any equation
state model. Parameters for the interionic potential were
rived to reproduce experimental data. The experimental d
used for the references are as follows: thermal expansio
room pressure, Dubrovinsky and Saxena;22 compression at
room temperature, Fei;23 isothermal elastic moduli and the
temperature derivatives, Isaak, Anderson, and Goto;24 pres-
sure derivatives of elastic constants, four studies.25

On the other hand, Speziale, Zha, and Duffy15 carried out
quasihydrostatic compression experiments on MgO and
posed a Birch-Murnaghan-Debye thermal equation of stat
combination with experimental data that had been repo
to that date. They used thermal expansion data at room p
sure collected by Fiquet, Richet, and Montagnac,26 compres-
sion data at room temperature by Fei,23 those at high-
pressure and temperature conditions by Utsumi, Weid
and Liebermann27 and Dewaele,28 and shock compressio
data by Svendsen and Ahrens.29 The scales of Refs. 14 an
15 are based on the same data of compression at room
perature by Fei.23 In addition, thermal expansion data

FIG. 6. Comparison of pressure scales of MgO. The horizon
axis represents pressures calculated using the Matsui-Parder-L
scale~Ref. 14! whereas the vertical one represents pressures ca
lated using the Jamieson-Fritz-Manghnani~Ref. 13! and Speziale-
Zha-Duffy ~Ref. 15! scales. Pressures of the vertical scales sho
great deal of consistency with each other. Pressures of the hori
tal scale are lower than those of the other two scales~see text!.
9-7
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room pressure obtained by Dubrovinsky and Saxena,22 which
was employed to construct the Ref. 14 scale, is highly c
sistent with those obtained by Fiquet, Richet, a
Montagnac,26 which was used to construct the Ref. 15 sca
Therefore, both scales in Refs. 14 and 15 are based on
tually the same experimental data for room-temperat
compression and thermal expansion at room pressure. T
these scales are closely related, rather than completely
tinguishable. Hence, the consistency between these s
cannot be used to ensure the credibility of these scales. N
ertheless, we conclude that these two scales are the
reliable in terms of MgO pressure scales at present, bec
the Ref. 14 scale shows great consistency with a pres
scale developed by Cohen,30 using a molecular dynamic
simulation based on nonempirical interatomic potential o
a wide range of pressures and temperatures.31

On the other hand, the inaccuracy of the Ref. 13 scale
already been discussed.14 Some key parameters employed
construct this scale have some serious errors and the
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