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The equilibrium phase boundary between Bie andB2 phases in NaCl was determined at temperatures
between 1150 and 2000 K iy 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. ForwardB1 to B2) and backwardB2 toB1) transitions were observed independently at temperatures
between 1150 and 1600 K; thieT 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 equRt{amGPa)=30.6(2)—0.0053(2) (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 19:0.5 GPa and 205050 K.
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[. INTRODUCTION visual observation on the basis of the difference in refractive
indices of the two phases. Boehler, Ross, and Boettker

NaCl is one of the simplest and most thoroughly studiechave developed experimental techniques to measure melting
ionic crystals. Thus, physical properties of NaCl such as itdemperatures using a laser-heated diamond anvil cell, and
phase transformation, compressibility, and thermal expansivhave performed experiments to measure the melting tem-
ity can provide a basic model for understanding the physicaperature of NaCl at pressures up to 91 GPa. They observed a
properties of more complex ionic crystals. It has been welldiscontinuous change in the NaCl melting curve of NaCl at
established that NaCl with the rocksalt structtbe B1 about 29 GPa and 2300 K, which they interpreted as origi-
phase transforms into the CsCl structuféhe B2 phasg¢ at  nating from the triple point amonB1, B2, and liquid. Since
about 30 GPa and room temperatlifdHowever, transition the maximum temperature of the Li- Jeanloz study is 673 K,
pressures at high temperatures have not yet been well estathere is no experimental data for tB4-B2 transition pres-
lished nor well-studied experimentally. The accurate locatiorsure between 673 K and the melting temperature by a static
of this phase boundary iR-T space is useful for x-ray dif- high-pressure study.
fraction experiments at high pressure and temperature be- In order to elucidate the phase boundary betwB&rand
cause thé1 phase is frequently used as a pressure calibranB2 phases of NaCl at high temperatures, we carried out a
TheB1 phase of NaCl is one of the best pressure calibrantseries of x-ray diffraction experiments at high pressure and
because it is very compressibl& ;o ~24 GPa(Ref. 4]  temperature on NaCl using a Kawai-type apparatus. In order
and itsP-V-T equation of state has been well establishéd. to determine a phase boundaryRRT space, thén situ x-ray
But in P-T conditions above this phase boundary, NaCl isobservation is the most essential technique because stable
unusable as a pressure calibrant because of its transformatistructures are determined directly at highT conditions. In
to theB2 phase. Thus, this phase boundary sets a limit to thaddition, a Kawai-type apparatus with an internal resistance
P-T conditions where th®&1 phase can be used as a pres-heater can generate high temperatures up to 2500 K with a
sure calibrant. small temperature fluctuatiafess than+5 K), at pressures

Pioneering studies of this transformation at high temperaup to 30 GPa. Therefore, a combination of a Kawai-type
tures employed shock wavéHugonio) measurements of apparatus and synchrotron radiation for thesitu x-ray dif-
NaCl.® In these studies, thB1 to B2 transition was ob- fraction study is the most suitable technique to determine the
served at around 24 GPa and 1000 K, which demonstrateB1-B2 phase boundary in NaCl. In addition, special atten-
that the Clapeyron slope of this phase boundary must b&on was paid to phase identification in NaCl at high pressure
negative. Li and Jeanl8=tudied this phase boundary using and temperature. The press was oscillated during data acqui-
an externally heated diamond anvil cell, and the maximunsition in order to reduce the effect of NaCl grain growth at
temperature of their experiment was limited to 673 K. Theyhigh temperatures on the diffraction patterns. In this paper,
judged the stable phase at a givEAT conditions by the we report experimental data on this phase boundary at tem-
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bly used in the present study. In order to minimize tempera-
ture fluctuation at high temperature and to carry out high
P-T experiments with long run duratiofover 24 h, a cy-
lindrical lanthanum chromite heater with two graphite win-
dows for passage of the incident and diffracted x-ray beam
was used. Upper and lower parts of the pressure media were
made of semisintered magnesia, and semisintered zirconia
was used as the central part of the pressure media, which also
serves as a thermal insulator. Two MgO rods were embedded
in the center of the zirconia for passage of x rays.

The sample chamber consisted of a graphite {O& mm
ID, 1.4 mm OD, and 0.5 mm in heightovered with two
rhenium disks(0.8 mm in diameter and 0.025 mm in thick-
ness$, which separate the sample from the surrounding ma-
terials and also promote a homogeneous temperature distri-
bution within the sample. This sample chamber transformed
to diamond at high pressure and temperature within the ex-
perimental conditions of 20—25 GPa and 1000—2000 K. The
diamond sample chamber is suitable ifositu x-ray diffrac-
tion experiments because of its high transparency to x rays
— and high thermal conductivity, which achieves a uniform
3.0 mm temperature distribution within the sample, and because it
does not react with the sample and heater.

FIG. 1. A schematic illustration of the cell assembly for TEL . . o .
—3.0 mm used in the present study: 1, pressure medMgo): 2, The sample consisted of a mixture of Na@9.9% purity,

electrode(Mo); 3, ZrO, rod; 4, rhenium disk; 5, sample container Kanto Kagaky an,d MgO with a 1:1 ratio in volume. MgO
(graphite; 6, pressure medium (Z&D, 7, heater (LaCrg); 8, ther- was used as an internal pressure marker and also serves to

mocouple (W, ReyWss Ress). inhibit rapid grain growth of NaCl at high temperature. The

temperature was measured by a; $Re g3- Wy 75R€ o5
peratures up to 2100 K, including melting of NaCl at aboutthermocouple, without corrections for the effect of pressure
20 GPa. on thermocouple emf.

The cell assembly was first compressed to the maximum
load of 15 MN, and then temperature was slowly increased.
As temperature was increased, x-ray diffraction patterns of

Thein situ x-ray diffraction experiment was performed in the sample were obtained in order to identify which phase of
the beam line BLO4B1, SPring-8. Since 2002, a newly conNaCl was present. Once tH82 phase was observed, the
structed Kawai-type apparatus named SPEED-MK.II and @ress load and/or temperature was changed in order to iden-
system for energy-dispersive x-ray diffraction measurementsfy the stable phase at a differet T condition. At tempera-
have been installed in this beam litfeincident x rays from  tures above 1100 K, the press was oscillated within an angu-
a bending magnet were collimated to form a thin beé®® lar range from—4° to 7° during data acquisition. To our
um in horizontal and 20Qum in vertical dimensionsusing  knowledge, this is the first press with an oscillation systém.
tungsten carbide slits; this beam was directed to the sampl& problem that sometimes occurs in x-ray diffraction experi-
chamber after passing through pyrophyllite gaskets and presaents at high pressure and temperature using the energy-
sure media(Fig. 1). Diffracted x rays were detected by a dispersive method with fixed angle is that minor peaks of a
pure Ge solid-state detector and a 4096-channel analyzegiven sample have greater intensity than its major peaks, and
situated at a fixed diffraction angle of about 6°, after passingometimes the major peaks disappear altogétHéThese
through a collimator with a 5@#m horizontal slit and addi- unusual relative intensities in the diffraction peaks of the
tional tungsten carbide slit®00 um in horizontal and 500 sample are attributable to a shortage in the number of grains
um in vertical dimensions The exact diffraction angle was contributing to the x-ray diffraction patterns, because grain
calibrated usingl values of x-ray diffraction peaks for NaCl growth occurs in the sample at high temperature. This prob-
and MgO, which was used as an internal pressure marker, &m prevents us from accurately identifying the phase
ambient conditions. present in the sample in experiments whose objective is to

This Kawai-type apparatus consists of a 15 MN hydraulicdefine the position of a phase boundaryibysitu x-ray dif-
press with a newly designed DIA-type guide block to fraction, and prevents us from determining lattice volumes
squeeze an inner anvil assembly, which is composed of eiglatccurately at high pressure and temperature in experiments
cube-shaped tungsten carbi@®/C) anvils with truncated designed to determineR:-V-T equation of state. In order to
corners! The truncated edge lengtfEL) of the inner WC  solve this problem, the SPEED-MK. Il press was constructed
anvils is 3.0 mm. The truncated corners of the eight anvilswvith an oscillation system, the usefulness of which has al-
make an octahedral cavity for the cell assembly. ready been confirmed by x-ray diffraction patterns collected

Figure 1 shows the schematic illustration of a cell assemen a sample with a small number of grains at high

Il. EXPERIMENTAL PROCEDURE
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temperaturé! In the present study, all the x-ray diffraction
patterns above 1100 K were acquired using this press-
oscillation system in order to identify the stable phase in
NacCl clearly at eactiP-T condition.

Generated pressures were calculated on the basis of the
volume fractions Y/V,) of MgO mixed with NaCl using
three equations of statghose proposed by Jamieson, Fritz,
and Manghnant? Matsui, Parder, and Leslié,and Speziale,
Zha, and Duffy!®) because a well-established pressure scale
for MgO is not available at present. Comparison of these
pressure scales will be discussed later. In the following sec-
tion, the pressure scale proposed in Ref. 14 will be used
tentatively to represent generated pressures.

NacCl

24.5 GPa, 1150 K

B2 (110)

MgO (200)

with
oscillation

B1 (200)
B1 (220)

MgO (111)

e MO (220)
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MgO (222)

B1 (420
L B1 ¢ 3)
b MgO (400), B1 (422)

F B2'(22
L MgO (420)
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e —

.

Intensity
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without
g oscillation
Ill. RESULTS _ 9

-8 2 -

The phase boundary betweBd andB2 phases in NaCl Is ]
over the temperature range from 1150 to 2000 K was deter- =8 -8 g o
mined on the basis of the experimental data obtained in a §§ 2;; :
single run. 93 x-ray diffraction patterns were collected in h R éﬁ

order to identify the stable phase in NaCl at varidusT . .
conditions. In this run, the cell assembly was first com- 40 60 80 100 120
pressed to 15 MN at room temperature and pressure esti- Energy (keV)
mated at 28.Z 0.3 GPa was generated according to the scale _ ) )
in Ref. 14 From there, the temperature was increased slowly FIG. 2. Comparison between a diffraction pattern collected
and pressure sharply dropped to 24@1 GPa at 700 K, without press.oscnlatlon and that collected with press osmllgtlon.
presumably due to stress relaxation of NATWhen the 'I_'hese diffraction patterns were c_ollected at the s_zﬁn@ c_;ondl-
temperature reached 1150 K, the first appearance oBthe thns of_24.7 GPa and 1150 ki using the er_lergy-dlsperswe method
phase from the single phase of A& phase was observed at with a T'Xed angle of about 6°. The most intense peak offide

. . phase indexed a410) was observed in the diffraction pattern ob-
2fp;erzsyurc(jaiffor;§t?£ (E)z'g.eétsﬂ:/\?egrir chlr]eti':&r?sé:]vgov\l;;gdiol tained with the press oscillation, whereas this peak was not ob-

. S (ierved in that obtained without press oscillation. The press oscilla-
lected without press oscillation and the other was collecteg,, dramatically reduces the effect of NaCl grain growth at high

with press oscillation. _ temperature on diffraction patterns obtained using the energy-
Figure 2 shows a comparison between these two X-rayispersive method.

diffraction patterns. In the pattern obtained without press os-

cillation, only two peaks of th&2 phase, indexed a411) Figure 3 illustrates how the x-ray diffraction pattern
and(222), were observed; these are minor peaks in the x-raxhanged with increasing and decreasing temperature- At
diffraction patterns obtained in a previous stddg.the x-ray  conditions of 24.4 GPa and 1000 K, only diffraction peaks of
diffraction pattern obtained with press oscillation, we ob-the B1 phase were observé#ig. 3@]. When the tempera-
served an intense peak of tiB2 phase indexed ad10), ture was increased to 1150 K at a fixed load, the appearance
which is the most intense peak &2 phasé. Two other  of peaks of theB2 phase was observed and as a result, dif-
diffraction peaks of th&2 phasdthose indexed ad11) and fraction peaks of bottB1 andB2 phases were preselitig.
(220] were also observed in this profile. The relative inten-3(b)]. Thus, we regard thede-T conditions as correspond-
sities of these peaks are reasonably consistent with thoseg to those of théB1 to B2 phase transition. After that, the
observed in the previous studydowever, not all the peaks temperature was increased to 1200 K, and complete disap-
of the B2 phase were observed in the profile obtained usingearance of the diffraction peaks of tBd phase was ob-
the press-oscillation system, which may be attributed to thgerved[Fig. 3(c)], indicating that theB2 phase is stable at
restricted range of angular movement in the oscillation of theheseP-T conditions. When the temperature was decreased
press (4° to 7°),which is not enough to erase the effect of from 1200 to 1150 K, we observed the reappearance of the
NaCl grain growth at this temperature. However, the pressB1 phasegFig. 3(d)]. Thus, we regard thede-T conditions
oscillation system helped us to identify the stable ph@ ( as corresponding to those of tB® to B1 phase transition.
phase at theseP-T conditions, because the most intenseAt 1150 K, we were able to determine the phase transition
peak of theB2 phase was clearly observed in the diffraction pressures of the forward3( to B2) and backwardB2 to
pattern obtained with the press oscillating, whereas this peaB1) transitions; these transition pressures are completely
was not observed in the diffraction pattern obtained withoutconsistent with each other, which strongly indicates that
the press oscillating. Therefore, above this temperature, athere is no kinetic effect in the forward and backward tran-
the diffraction patterns were collected using the presssitions above 1150 K.

oscillation system in order to identify the stable phases in All the experimental data obtained in the present study are
NaCl (B1 or B2 phasg accurately at eacR-T condition. summarized in Table I. Pressures calculated using three dif-
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' T y T T ' was decreased to 1570 (data no. 65and a single phase of
5 the B1 phase was observed. Thus, we observed a complete
(@) % 24.4 GPa, 1100 K transition from the single phase 82 at 1650 K to that of
s F s - 8 N theB1 phase at 1570 K, and we can conclude that the phase
S S % gg ) boundary lies between these tWa T conditions.
“’g, | i Ji ;% 2 After that, temperature was suddenly decreased to 700 K
—_JLA-—JA A in order to avoid further grain growth of NaCl, and the cell
(b = g 24.5 GPa, 1150 K assembly was compressed from 5.75 to 10 Nidta nos.
8 S Bito B2 66—74 at this temperature. At a constant load of 10 MN, the
ss| IF -8 g 8 temperature was suddenly increased to 1600 and 1800 K and
= gg,'” §§ o "5; ;: then suddenly decreased to 1700 K, and complete transitions
b2 i3 JL ) = iz from one phase to the other were observed, from which we
g s |18 were able to place restrictions on tReT conditions of the
= ) g B 24.5GPa, 1200K phase boundarydata nos. 74—76 In order to place some
g"’ 2 - g =8 restrictions on those at temperatures above 1800 K, decom-
= S5 Jg e s pression at 1200 K and the following sudden increases and
2 UL = 23 decreases of temperature were repedtida nos. 76-91
s 24.5 GPa. 1150 K The method to place restrictions on tReT conditions of the
(d) s ' hase boundary at t t bove 160K compres-
I B2 to B1 phase boundary at temperatures above p
= H -8 g =) sion and decompression at relatively low temperature, and
g5 d = E 235 the following rapid increases and decreases in tempejature
5% | L_?,j g =27 is similar to that employed by Katsuet all” to determine
: : : : : : the postspinel transition in M&iO,. This method is some-
40 50 60 70 8 90 100 times effective for restricting a phase boundary especially at

Energy (keV) high temperature.
The last x-ray diffraction pattern in this experiment was

FIG. 3. An example of the change of x-ray diffraction patterns collected at 20.1 GPa and 2100(Hata no. 93 In this pro-
of NaCl with increasing and decreasing temperature at a constatile, no diffraction peaks of either thB1 or theB2 phase
ram load of 15 MN:(a) at 24.4 GPa and 1100 Kb) B1 to B2 were observed. Only two diffraction peaks of MgO indexed
transition (forward transitioh at 24.5 GPa and 1150 Kp) in the  35(200) and (220) were observed, with a weak halo super-
stability field of theB2 phase at 24.5 GPa and 1200(&) B2 o jmposed on these diffraction peaks. Thus, we concluded that
B1 transition(backward transitionat 24.5 and 1150 K. NaCl melted at thesB-T conditions.
Figure 4 shows the phase boundary betweenBtheand

ferent equations of state of MgO are also listed along with it8B2 phases in NaCl determined in the present study. The hori-
volume fractions. At temperatures between 1150 and 1600 Kzontal axis represents the pressure calculated using the scale
pressures of the forward and backward transitions were dén Ref. 14 At temperatures between 1150 and 1600 K, for-
termined in the same manner as the measurements at 1150 Ward and backward transitions were observed independently.
The forward transitions were observed by increasing the temAbove 1600 K, some restrictions can be placed by observa-
perature at a constant ram-lo@hta nos. 20, 31, 45, 55, and tions of complete transitions from one phase to the other; in
64 in Table ), whereas the backward transitions were ob-this figure, upward and downward arrows represent complete
served by decreasing temperature at a constant ram loddhnsitions from theéB1 to theB2 phase and those from the
(data no. 24 or by decreasing ram load at a constant tem-B2 to theB1 phase, respectivelf2-T conditions where the
peraturg(data nos. 28, 41, and hwhich leads to a decrease forward and backward transitions were observed were fitted
in pressure at a constant temperature, as suggested in Tabled.a linear function by least-squares regression, and a result-
At conditions of 1600 K and 22.1 GRdata no. 64 only  ant formula, given byP (GPa)=30.6(2)—0.0053(2) (K)
the (110 peak of theB2 phase was observed along with was derived, which is represented by a the dashed line be-
some diffraction peaks of thB1 phase, which we attribute tween theB1 and theB2 phase in Fig 4. The numbers in
to further grain growth of th&2 phase because of the long parentheses are errors of the fitting. No contradiction is
duration of the heating step near the phase boundary betweéound between this line and the restrictions placed on the
the B1 andB2 phases. Then the temperature was suddenlphase boundary at temperatures above 1600 K. Therefore,
dropped to 700 K within a few seconds and diffraction peaksve conclude that this line represents the equilibrium phase
of the B1 phase were observed, the relative intensities oboundary between thB1 andB2 phases in NaCl at tem-
which were reasonably consistent with those of a JCPD®eratures between 1150 and 2000 K.
(Joint Committee on Powder Diffraction Standarasrd. In addition, liquid NaCl was observed at 20.1 GPa and
Since the resultar®-T conditions were far from the phase 2100 K(data no. 93; see Tabl¢ Taking all the experimental
boundary, recrystallization of thB1 phase with fine grains data obtained by the present study into consideration, the
may have occurred. After that, temperature was suddenly irtriple point betweerB1, B2, and liquid NaCl would be lo-
creased to 1650 Kdata no. 65and a single phase of ti%2  cated at a pressure of about 19.0.5 GPa and a temperature
phase was observed. Immediately after that, the temperatugg about 2056-50 K (see Fig. 4
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TABLE |. Experimental conditions and phase present in NaCl. Symbols Usgdoressures by Jamieson, Fritz, and ManghriBeif.
13); Py, pressures by Matsui, Parder, and LesRef. 14; Pg, pressures by Speziale, Zha, and DufRef. 15. B1, only B1 phase was
observedB2, onlyB2 phase was observeB1-B2, appearance @2 phase was observed frddl phaseB2-B1, appearance &1 phase
was observed fronB2 phase.

Data no. Load Temp. MgO NaCl
(MN) (K) phase present
VIV, P; Pu Ps
(GPa (GPa (GPa

ch 0 300 1.0000B) 0.00004) 0.00004) 0.00004) B1
107 15 300 0.8711®) 28.8327) 28.7226) 28.9426) B1
122 15 570 0.886(5) 25.81(17) 26.0q17) 26.1717) Bl
13 15 700 0.892(p) 24.5714) 24.9014) 25.1014) B1
142 15 800 0.896®) 24.1809) 24.5909) 24.8108) B1
157 15 900 0.899@) 23.8409) 24.3409) 24.5608) B1
17 15 980 0.9008%) 23.9511) 24.5211) 24.7611) B1
18 15 1100 0.904@®) 23.7909) 24.4409) 24.6708) Bl
199 15 1150 0.9048%) 23.8612) 24.5612) 24.7911) B1-B2
20 15 1150 0.9058) 23.81(08) 24.5108) 24.7408) B1-B2
23 15 1200 0.9064) 23.7510) 24.4910) 24.7310) B2
24 15 1150 0.905%) 23.81(11) 24.51(11) 24.7411) B2-B1
25 15 1200 0.90634) 23.6810) 24.41(10) 24.6510) B2
28 11 1200 0.907@) 23.4610) 24.2010) 24.4210) B2-B1
30 11 1150 0.9060) 23.5707) 24.2707) 24.5108) B1
31 11 1200 0.9073) 23.4209) 24.1609) 24.3908) B1-B2
35 11 1300 0.9108) 23.33098) 24.1408) 24.3608) B2
41 9 1300 0.912@) 22.8810) 23.7010) 23.9010) B2-B1
43 9 1200 0.909@) 22.9310) 23.67110) 23.9010) B1
45 9 1300 0.911%) 22.97112) 23.7912) 24.0013) B1-B2
a7 9 1400 0.915@) 22.7108) 23.6108) 23.8107) B2
51 7 1400 0.917(6) 22.2411) 23.1411) 23.3412) B2-B1l
52 7 1350 0.916B) 22.2008) 23.0708) 23.2607) B1
55 7 1500 0.921®) 21.8006) 22.7706) 22.9307) B1-B2
56 7 1550 0.922@) 21.9409) 22.9509) 23.0910) B2
63 5.75 1550 0.9256) 21.2713) 22.2813 22.4214) Bl
64 5.75 1600 0.927%) 21.0q15) 22.0515) 22.1916) B1-B2
65 5.75 1650 0.9299) 20.7512) 21.8411) 21.9412) B2
66 5.75 1570 0.9270) 20.9216) 21.9516) 22.0816) B1
74 10 1600 0.932B) 19.85193) 20.9013 21.0114) B1
75 10 1800 0.9368) 20.1210) 21.3110 21.3611) B2
76 10 1700 0.933B) 20.1913 21.30193) 21.4Q014) B1
81 6.75 1700 0.935%) 19.7510) 20.8610) 20.9511) B1
83 6.75 1850 0.9393) 19.7907) 21.0107) 21.0507) B2
86 6 1950 0.942@) 19.7208) 21.0008) 21.0209) B2
87 6 1800 0.939%) 19.6209) 20.8009) 20.8509) B1
90 55 2000 0.947%) 19.1515) 20.4615) 20.4615) B2
91 55 1900 0.9456) 18.97110) 20.2210) 20.2411) Bl
93 5.0 2100 0.9522) 18.7304) 20.0905) 20.1q04) Liq.

8collected without press oscillation.

IV. DISCUSSION pressure at this temperature is estimated to be 29.3 GPa,

which is close to or slightly smaller than tiBd to B2 phase

transition pressure at 300 K determined by previous studies
The phase boundary betweBd andB2 phases in NaCl using the diamond anvil célf and Kawai-type apparatus

determined in the present study is compared with those dewith sintered diamond anvifs.

termined in previous studies in Fig. 5. The phase boundary in The Clapeyron slope determined in the present study is

the present study is extrapolated to 300 K and the transitior-5.3 MPa/K, which is different from that determined by Li

A. Comparison with previous studies
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FIG. 4. The equilibrium phase boundary betwdgh and B2

. . . . FIG. 5. i f the ph B2
phases in NaCl determined in the present st(aygashed line be- G. 5. Comparison of the phase boundary bet@erand

tweenB1 andB2 oh o d closed trianal AT phases in NaCl with those of the previous studies. The closed circle
eentl an phasels Open and closed triangles represer and triangle represent thR1 to B2 transition pressure at room
cond!t!ons where the1 to B2 (forwarg) andB2 toB1 (backward ., temperature determined by Bassttal. (Ref. 1) (BA) and by Sato-
transitions were o_b_served, resp_ectlvely. Open and closed CIrCIPgorenser(Ref. 2 (S), respectively, using the diamond anvil cell
r%preser:jP-T contc_iltlclmsmg/v f_:_ere stljr_xtgle ph:l;gslBéPandBdZ ZVX((a)E)eK whereas the cross represents that determined by Nishiyama and
observed, respectively. Ad-1 conaitions ot £u. aan ' Yagi (Ref. 3 (N&Y) using the Kawai-type apparatus with sintered
liquid NaCl was ob;erve(h So!'q squarg Upward and downward diamond anvils. Li and Jeanlo@®Ref. 9 (L&J) determined this
zlrrowsf repiﬁggtt dgiCt r:ransmons frtgm Be tto Bi pha;e atnd phase boundary at temperatures up to 673 K using an externally
ose from 0B1 phase, respectivelgee text Accordingto o404 diamond anvil celthe dotted lingand Hemley and Gordon
the .present experimental results, the triple point an®®hgB2, and (Ref. 20 (H&G) studied this phase boundary theoreticaltjie
liquid NaCl would be located at a pressure of 190’5 GPa and at dash-dotted line Beohler, Ross, and BoerckéRef. 10 (BO) mea-
a temperature of 205050 K. sured melting temperatures of NaCl at pressures up to 91 GPa and
estimatedP-T conditions where this phase boundary exisse

and JeanloZ(— 8.6 MPa/K) using an externally heated dia- €V (the dashed line The open square represents el condi-
mond anvil cell. They determined transition pressures of thdions Where_ this transition was observed in a shock compression
forward and the backward transitions independently at temStdY by Fritzet al. (Ref. § (F).
peratures up to 673 K and deduced that the equilibrium tran-
sition pressure at a given temperature is the average of the In addition, there is a difference in the method used to
forward and backward transition pressure. They judged théweasure pressure in these two studies. In the present study,
phase transition by the visual observation using apressures were determined on the basis of volume fraction
transmitted-light microscope; thB1 andB2 phases coex- data for MgO mixed with NaCl using the equations of state
isted with each other because of the pressure gradient infar MgO, whereas in the study of Li and Jeanfoaressures
diamond anvil cell, and they were able to distinguish onewere determined using the ruby fluorescence techifque
phase from the other because of the mismatch in refractiveith temperature correctioli. The accuracy of pressure de-
indices of these two phases. Pressure was measured using tegmination at high temperature clearly and seriously affects
ruby fluorescence technigtfanith temperature correctiol,  the value of the Clapeyron slope of this phase boundary.
and the phase-transition pressure at a gi@efl condition Hemley and Gordofl have also determined this phase
was determined using a ruby grain that existed on the boundroundary theoretically. They studied the properties of NaF
ary between the two phases. and NacCl at high pressures in both tB& andB2 phases

In contrast, in the present study the stable phase of NaG¥ith an improved electron-gas model and deduced the phase
at a givenP-T condition was directly determined using the boundaries between these two phases in both materials from
in situ x-ray observation, and the-T conditions where the the resultant physical properties. In the case of NaF, the
forward and backward transitions occur fall on a straight linephase transition pressure at 300 K was determined to be
at temperatures between 1150 and 1600 K, which indicatabout 37 GPa, whereas Sato-SoreAsemnl Yagi, Suzuki, and
that the temperature range of the present study is high. Akimotc®! determined the transition pressure experimen-
enough to eliminate the kinetic effect of the forward andtally using diamond anvil cells to be 233 and 27
backward transitions and to determine the equilibrium phase* 1 GPa, respectively, which are far different from those de-
transition pressure preciselisee Fig. 4. Therefore the termined theoretically. In the case of NaCl, the theoretically
method used to identify the stable phase in the present studgietermined phase transition pressure at 300 K is also incon-
as well as the experimental temperatures, is different fronsistent with those determined by the experimésées Fig. 5.
that of the study by Li and Jeanl8ayhich may account for However, the Clapeyron slope of the theoretically deter-
the difference in the Clapeyron slopes determined in thesmined phase boundary seems to be close to that determined
two studies. in the present study at temperatures above about 1000 K.
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Boehler, Ross, and Boerck€measured the melting tem- 30 . ; -
perature of NaCl at various pressures up to 91 GPa using a = * Jamieson et al, 1982 o
laser-heated diamond anvil cell. TR T conditions where ?5 © Spezialestal. 2001 | °
liquid was observed in the present studg., 20.1 GPa and g e
2100 K) are consistent with their melting curve.g., T, 8 25 592/ 5
=2091+ 120 K at 21.3 GPra They observed a discontinuous g y,
increase in the slope of the melting curve at about 29 GPa @ Se
(T—2250 K) and considered that there was a triple point g o 4 increasing T
betweenB1, B2, and liquid NaCl at around the$e T con- o 20l 595’,’.
ditions. They connected these T conditions with those at o ,/',’

29 GPa and 300 Kwhere theB1 to B2 phase transition was - L
observed by previous studfed) and suggested that the slope 20 25 30
of the phase boundary between 8% and theB2 phases in P-(Matsui et al., 2000) (GPa)

NaCl is close to zergsee Fig. 5 However, all the experi- FIG. 6. Comparison of pressure scales of MgO. The horizontal

mer:tal .Sn:d(ljefs to de:egmlne.tlﬁﬂ—ﬁz Ehase bouzqd(;l‘ry di- axis represents pressures calculated using the Matsui-Parder-Leslie
rectly, including a study using shock compressionave | scale(Ref. 149 whereas the vertical one represents pressures calcu-
demonstrated that this phase boundary has a negative C 3fed using the Jamieson-Fritz-ManghnéRf. 13 and Speziale-

eyron slope. Since the melting temperatures measured iy, pyffy (Ref. 15 scales. Pressures of the vertical scales show a

Ref. 10 have an experimental error of abatl00 K, rigid  great deal of consistency with each other. Pressures of the horizon-
restrictions cannot be placed on tReT conditions of the tal scale are lower than those of the other two Scaee tex)"

triple point.

Bassettet al.” made a systematic comparison of the Cla-culated using the scale in Ref. 14, which was tentatively used
peyron slopes for four alkali-metal chloridé€sCl, RbCl, in this study, and the vertical axis represents pressure calcu-
KCI, and NaCJ. According to thermodynamic relations, the |ated using the other two pressure scafes.Since the data
entropy changeAS) at the phase-transition pressure has gpoints in this figure are calculated from the volume-fraction
linear relationship withA V/ Vo, for the alkali-metal chlorides  data collected in the present study, pressure values at various
(see Ref. 1, AV is the volume change at the phase transitiontemperatures are included. X-ray diffraction data were ob-
pressure, ani¥, is the volume of theB1 phase at ambient tained along the phase boundary betweerBheand theB2
conditions. They estimated the Clapeyron slog®/dT) of  phases in NaCl, which has a negative Clapeyron slope. Thus,
the B1-B2 phase boundary in NaCl by connecting the tran-the data points at around 29 GPa are those at 300 K, and the
sition pressure (381 GPa) that they determined at room data points at lower pressures are those at higher tempera-
temperature to that determined by shock compressiotures(see Table | and Fig.)4Pressures calculated using the
method (24 GPa at 1231 K The resultantdP/dT is scale in Ref. 17 show a great deal of consistency with those
—6.4 MPa/K, which is close to that determined in thefrom the scale in Ref. 14. On the other hand, pressures from
present studyAS of NaCl can be calculated using the the scale in Ref. 13 are lower than those from the Ref. 14
Clausius-Clapeyron equationdP/dT=AS/AV) and AV  scale by about 1 GPa, especially at high temperat(ses
was determined on the basis of their measurements at roofig. 6 and Table)l
temperature. Basseét al® also calculated\S and AV/Vy,; A P-V-T relation for MgO proposed by Matsui, Parder,
for the other three alkali-metal chlorides using thermody-and Leslié* was determined using the molecular dynamics
namic parameters for these materials and found that a highljethod with quantum corrections, not using any equation of
linear relationship betweeftV/Vy; vs AS. The fact that the state model. Parameters for the interionic potential were de-
precisely determined Clapeyron slope in the present study isved to reproduce experimental data. The experimental data
approximately consistent with the thermodynamically rea-used for the references are as follows: thermal expansion at
sonable one determined by Basstal! indicates that these room pressure, Dubrovinsky and Saxéhaompression at
values for the Clapeyron slopes are highly reliable. room temperature, Fétisothermal elastic moduli and their
temperature derivatives, Isaak, Anderson, and Gbmres-
sure derivatives of elastic constants, four studfes.

On the other hand, Speziale, Zha, and Dtffiyarried out

In order to assess the reliablility of the phase boundaryjuasihydrostatic compression experiments on MgO and pro-
determined in the present study, the three MgO pressurposed a Birch-Murnaghan-Debye thermal equation of state in
scale$®*°used in the present study are compared with eacliombination with experimental data that had been reported
other on the basis of the volume fraction data obtained in thiso that date. They used thermal expansion data at room pres-
study. In this comparison, the volume fraction obtained atsure collected by Fiquet, Richet, and Montagffacompres-
20.1 GPa and 2100 Kdata no. 98is excluded because the sion data at room temperature by E&ithose at high-
unit-cell volume of MgO at these conditions was calculatedpressure and temperature conditions by Utsumi, Weidner,
using only two diffraction peakg200 and(220). At all the  and Lieberman{ and Dewaelé® and shock compression
other P-T conditions, the unit-cell volumes were calculated data by Svendsen and AhrefisThe scales of Refs. 14 and
using five diffraction peaks(111), (200, (220, (311, and 15 are based on the same data of compression at room tem-
(222). In Fig. 6, the horizontal axis represents pressure calperature by Fe?® In addition, thermal expansion data at

B. Comparison of pressure scales of MgO
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room pressure obtained by Dubrovinsky and SaxX@méjich ~ monic Debye model that was employed in this scale is not
was employed to construct the Ref. 14 scale, is highly conappropriate for MgO, especially at high temperature. In order
sistent with those obtained by Fiquet, Richet, andto construct a more reliable pressure scale for MgO, further
Montagnac® which was used to construct the Ref. 15 scale studies are needed, including simultaneous measurements of
Therefore, both scales in Refs. 14 and 15 are based on viacoustic velocities and tHe-V-T relation of MgO and com-
tually the same experimental data for room-temperatur@arison with other pressure scales, such as NaCl, Au, and Pt
compression and thermal expansion at room pressure. Thuscales over a wide range of pressures and temperatures.
these scales are closely related, rather than completely dis-
tinguishable. Hence, the consistency between these scales
cannot be used to ensure the credibility of these scales. Nev-
ertheless, we conclude that these two scales are the most We thank T. Irifune, R. P. Rapp, T. Inoue, D. Yamazaki, T.
reliable in terms of MgO pressure scales at present, becaud@gi, Y. Wang, T. Uchida, M. Matsui, S. Sakamoto, and M.
the Ref. 14 scale shows great consistency with a pressuteshiki for conclusive comments and discussion. We also
scale developed by Cohéhusing a molecular dynamics thank T. Sanehira for technical assistance in the preparation
simulation based on nonempirical interatomic potential oveof experimentsin situ x-ray diffraction experiments were
a wide range of pressures and temperattfres. carried out at SPring-8Proposal No. 2002B0044-CD2-np
On the other hand, the inaccuracy of the Ref. 13 scale haand 2003A0088-ND2-np This work was partly supported
already been discussétiSome key parameters employed to by the Japan Society for the Promotion of Science for Young
construct this scale have some serious errors and the hdscientists to N.N.
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