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Pressure-volume equation of state of the high-pressureB2 phase of NaCl

Nagayoshi Sata,* Guoyin Shen, Mark L. Rivers,† and Stephen R. Sutton†
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We have measured the unit-cell volume of the high-pressureB2 phase of NaCl up to 68 GPa in a diamond
anvil cell with the laser annealing technique and synchrotron radiation. Laser annealing promotes the release of
nonhydrostatic stress in the sample chamber, resulting in a quasihydrostatic condition for the sample at high
pressures and an associated precision increase in the unit-cell volume determination. Since theB2 phase is
only stable over 30 GPa, it is difficult to use the conventional Birch-Murnaghan equation of state~EOS! due
to the lack of volume information at zero pressure. We adopted a modified data treatment which uses a
reference volumeVr at any pressure instead of the zero-pressure volumeV0. The modified third-order Birch-
Murnaghan EOS is expressed by the pressure (Pr), bulk modulus (Kr), and pressure dependence of the bulk
modulus (Kr8) at the reference point. We also fitted our data to the modified universal EOS, with which infinite
zero-pressure volume can be treated. All these treatments yield reasonably consistent results. We calculated the
pressure dependence of the bulk modulus and compared the result with other materials generally used as
pressure media. The bulk modulus of theB2 phase of NaCl is similar to that of theB1 phase around the
transition pressure, but it increases faster with pressure. The bulk modulus data show that, atP5100 GPa, the
B2 phase of NaCl (K;420 GPa) is harder than argon (K;360 GPa), but still softer than MgO (K
;500 GPa).

DOI: 10.1103/PhysRevB.65.104114 PACS number~s!: 64.30.1t, 64.10.1h
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I. INTRODUCTION

NaCl is one of the simplest ionic crystals. The structure
NaCl transforms from rock salt structure~theB1 phase! into
CsCl structure~the B2 phase! at about 30 GPa.1–3 Under-
standing this pressure-induced transformation is a prere
site for the understanding of more complex systems. T
equation of state~EOS! of the NaCl-B1 phase has been we
studied for its importance as one of the simplest ionic cr
tals and a commonly used pressure calibrant at press
below 30 GPa.4–6 Detailed information on the phase trans
tion and on the NaCl-B2 phase would be useful in unde
standing this classic system and in extending the usable p
sure range of the calibrant. However, such data
limited.2,7,8We performed high-pressure experiments to m
sure the volume-pressure relations of the NaCl-B2 phase up
to 68 GPa with the use of a diamond anvil cell~DAC! and
laser-heated annealing techniques. The use of the lase
nealing technique dramatically reduces the nonhydrost
stress in the sample chamber, resulting in a more pre
unit-cell volume determination at high pressures and at ro
temperature. From these data, we calculated the pressur
pendence of the bulk modulus of theB2 phase and estimate
the change in the volume and bulk modulus at theB1-B2
transition point.

II. EXPERIMENTS AND RESULTS

A diamond anvil cell, with culet size of 300mm, was used
to generate high-pressure conditions. The rhenium ga
was preindented to 30mm in thickness, and a hole of 12
mm was drilled as a sample chamber. We ground both M
~99.99%, Kanto Kagaku! and NaCl ~99.99%, Alfa Aesar!
down to less than 10mm and mixed fine Pt powder~99.9%,
Aldrich! and MgO by a volume ratio of 1:4. Both the P
0163-1829/2002/65~10!/104114~7!/$20.00 65 1041
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MgO mixture and the NaCl powder were pressed to di
with thickness less than 10mm. Four disks of powdered
samples~NaCl, two Pt1MgO mixtures, and NaCl! were
placed in the sample chamber. The whole assembly was
in a vacuum oven at 120 °C for about 30 min before t
pressure was applied to avoid any moisture. Our experim
tal procedure was as follows: increase the pressure at r
temperature to a desired point, obtain x-ray diffraction p
terns before and after laser annealing, increase the pres
to the next level, and repeat until the anvil failed at 68 GP
A YLF laser heating system9 was used for annealing. Th
laser heating spot size at the sample position was abou
mm in diameter. A 45-mm-square area at the central positio
was scanned by the heating laser for a total time of abo
min for each annealing. Annealing at a temperature aro
1200 K helps to release the nonhydrostatic stress. No c
crystal growth was observed by keeping the temperature
low 1200 K. The angle-dispersive x-ray diffraction expe
ments were performed at the GeoSoilEnviroCARS beam
~13-BM-D! at the Advanced Photon Source~APS!. A mono-
chromatic x-ray beam~energy 29.200 keV! was produced by
a channel-cut crystal~silicon @220#!. The x-ray beam was
controlled by a slit system to a size of 1503150 mm2 and
consequently focused to a beam size of 7mm ~vertical!
310 mm ~horizontal! at a full width at half maximum
~FWHM! by Kirkpatrick-Baez mirrors.10 A charge-coupled
device~CCD! detector~Bruker-2k! was used for diffraction
measurements. Exposure time for the CCD was 5 min.
applied a spatial correction using a previously measured
image. The sample-detector distance and inclination of
detector are calibrated from a standard material (CeO2) at 1
atm. We used theFIT2D ~Ref. 11! program to integrate two-
dimensional~2D! patterns to produce 1D profiles. Figure
shows a typical integrated pattern. Strong@111# and @200#
peaks of Pt~denoted@111#Pt and@200#Pt), @110# peak of the
©2002 The American Physical Society14-1
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B2 phase of NaCl (@110#B2), and @200# peak of MgO
(@200#MgO) were observed in the diffraction patterns. We
@100#B2 and @111#MgO peaks were also observed. We us
the PEAKFIT program for determining peak positions with
single Voigt function. Since@111#MgO is close to the@100#
peak of Re, multiple peak fitting was used in this region. T
peak position of@111#MgO may contain larger errors tha
other peaks because of this overlap. Pressures were obt
from lattice parameters of Pt~Ref. 12! and MgO ~Ref. 13!
and are denoted asPPt and PMgO . The @111#MgO and
@100#B2 peaks were used only for estimating errors due
their low intensities. Table I summarizes all our data
d-spacing and pressure determinations.

III. DATA ANALYSIS

From lattice strain theory, the relative shift among diffe
ent diffraction lines that results from uniaxial stress can
described as a function of the elastic anisotropyS, the
uniaxial stress componentt, and geometrical parameters.14

Shimet al.15 used multiplication of the elastic anisotropy an
the uniaxial stress component, theSt value, as an indicator o
the magnitude of the uniaxial stress in a sample. Figur
shows our calculatedSt values from two Pt peaks. AllSt
values after laser annealing are found to be smaller t
0.005, a value Shimet al.15 used as the criterion of a quas
hydrostatic condition. Spezialeet al.13 estimated the stres
condition of MgO from the difference of the calculated un
cell parametera from each diffraction peak. Nonhydrostat
conditions are inferred when the normalized difference
over 0.6% between@200# and@111# peaks of MgO. When the
difference is less than 0.1%, the stress condition is con
ered to be quasihydrostatic. Our data for MgO show that
normalized difference was less than 0.2%~Fig. 3!. Therefore,
data after annealing are used for establishing the equatio
state.

The obtained data were fitted to two kinds of equations

FIG. 1. This x-ray pattern~run No. 37! shows the typical peak
intensities in this study.@100#B2 represents the@100# peak of the
NaCl-B2 phase, etc. The measured pressure is 68.5~9! GPa by the
lattice parameters of Pt~Ref. 12!. The peak at 2u of about 13.7° is
a single spot in the diffraction image which remains unidentifi
The @100#B2 and@111#MgO are used only for estimating errors du
to their low intensities.
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state: the Birch-Murnaghan EOS~Ref. 16! and the universal
EOS ~Ref. 17!. With the Birch-Murnaghan EOS, th
pressure-volume data are recast in terms of a strain pa
eter g51/2@(V/V01)

22/321# and a normalized stressG
5P/3(112g)25/2. HereV01 is the normalized zero-pressur
volume of theB1 phase: 44.86 Å3. Heinz and Jeanloz7 used
a g-G plot to estimate the zero-pressure volume of theB2
phase from the cross point of theG50 axis. We adopted
their approach and plotted theg-G relation from ourPPt and
VB2 data with linear and second-order polynomial fits~Fig.
4!. The linear and second-order polynomial function in t
g-G plane correspond to the second- and third-order Bir
Murnaghan EOS, respectively. As can be seen from Fig
the linear equation does not give a good fit to our data, wh
the use of the second-order polynomial leads to a reason
fit. However, we cannot obtain the zero-pressure volu
with the second-order polynomial, because the fit ne
crosses theG50 axis. To avoid this problem, we modifie
the Birch-Murnaghan EOS by introducing a reference v
umeVr instead of the zero-pressure volumeV0. The Birch-
Murnaghan EOS is derived from expanding the free ene
in powers of the Eulerian strain~e.g., Ref. 18! with the con-
ditions P,K,K8→P050,K0 ,K08 at V→V0 ~subscripts 0 de-
note zero-pressure values!. When the Birch-Murnaghan EOS
is modified, the conditions are changed toP,K,K8
→Pr ,Kr ,Kr8 at V→Vr ~subscriptsr refer a reference point!.
The modified third-order Birch-Murnaghan EOS thus rea

P5H Pr2
1

2
~3Kr25Pr !F12S V

Vr
D 22/3G

1
9

8
Kr S Kr8241

35Pr

9Kr
D F12S V

Vr
D 22/3G2J S V

Vr
D 25/3

,

~1a!

K5Kr H 11
1

2
~523Kr8!F12S V

Vr
D 22/3G

1
27

8
Kr S Kr8241

35Pr

9Kr
D F12S V

Vr
D 22/3G2J S V

Vr
D 25/3

.

~1b!

If we fix Kr854235Pr /9Kr , we obtain the modified
second-order Birch-Murnaghan EOS. If we choseVr5V0,
we obtain the original Birch-Murnaghan EOS referenced
zero pressure.

We assumed a reference volume ofVr527.17 Å3, which
is the value reported by Bassettet al.1 as the volume of the
NaCl-B2 phase at theB1-B2 transition point. ThenPr and
Kr correspond to the pressure and bulk modulus at the t
sition point. The fitting parameters are shown in Table
along with the calculated pressure residualsRP between the
observed data and calculated data where

RP5AS~Pcal2Pobs!
2

n
~n: number of data points!.

~2!

.
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TABLE I. Observed data. The numbers in parentheses are uncertainties in the last digit~s!.

Pt MgO NaCl-B2

No. d[111] ~Å! d[200] ~Å! PPt
a ~GPa! d[111] ~Å! d[200] ~Å! PMgO

b ~GPa! d[100] ~Å! d[110] ~Å! VB2 (Å3)

8 2.2062~4! 1.9143~7! 25.2~17! 2.306~6! 2.0088~7! 30.3~50! 3.000~3! 2.1193~2! 26.92~9!

9c,d 2.19064~8! 1.89873~7! 34.9~9! 2.310~2! 1.9980~2! 34.9~12! 2.989~2! 2.1129~2! 26.68~2!

11 2.2036~3! 1.9105~2! 27.1~10! 2.3199~3! 2.0103~3! 29.7~5! 3.008~2! 2.1251~4! 27.15~7!

12c 2.1986~3! 1.9045~2! 30.5~3! 2.320~6! 2.0064~1! 31.3~11! 3.0111~9! 2.1296~3! 27.32~2!

13c 2.1948~3! 1.9019~3! 32.5~6! 2.313~2! 2.0015~2! 33.4~9! 3.001~2! 2.1176~4! 26.86~2!

14c 2.1902~2! 1.8975~2! 35.5~4! 2.307~2! 1.9953~2! 36.1~10! 2.9851~9! 2.1070~2! 26.46~2!

16c 2.1867~3! 1.8946~3! 37.7~5! 2.304~2! 1.9899~2! 38.5~24! 2.9670~5! 2.0981~5! 26.12~1!

17c 2.1807~3! 1.8894~2! 41.6~5! 2.300~2! 1.9813~2! 42.5~33! 2.9485~7! 2.0820~3! 25.53~2!

18 2.1779~4! 1.8879~4! 43.1~10! 2.281~5! 1.9782~2! 44.0~13! 2.9369~8! 2.0761~3! 25.31~3!

19c 2.1737~4! 1.8844~3! 46.0~12! 2.278~11! 1.9721~9! 47.0~3! 2.923~2! 2.0653~3! 24.91~7!

20 2.1721~3! 1.8833~1! 47.0~14! 2.277~4! 1.9708~2! 47.7~4! 2.921~2! 2.0620~4! 24.80~19!

21c 2.1689~3! 1.8796~2! 49.6~8! 2.2714~5! 1.9657~2! 50.3~8! 2.910~3! 2.0538~4! 24.50~15!

22 2.1684~2! 1.8795~3! 49.8~10! 2.272~4! 1.9648~2! 50.8~14! 2.908~2! 2.0532~4! 24.48~10!

23c 2.1661~3! 1.8769~3! 51.8~7! 2.265~6! 1.9624~4! 52.1~5! 2.898~2! 2.0476~4! 24.28~6!

24 2.1651~2! 1.8761~2! 52.5~7! 2.265~2! 1.9604~2! 53.2~6! 2.899~2! 2.0444~2! 24.17~19!

25c 2.1616~3! 1.8730~4! 55.1~7! 2.259~3! 1.9560~3! 55.6~1! 2.888~2! 2.0366~3! 23.89~20!

26 2.1611~2! 1.8729~4! 55.4~9! 2.258~3! 1.9549~4! 56.2~5! 2.881~2! 2.0364~4! 23.89~4!

27c 2.1586~4! 1.8702~3! 57.6~6! 2.258~3! 1.9523~2! 57.6~17! 2.878~2! 2.0320~3! 23.73~11!

28 2.1573~4! 1.8696~3! 58.3~9! 2.255~4! 1.9508~2! 58.5~12! 2.8762~6! 2.0300~3! 23.66~14!

29c 2.1559~2! 1.8683~3! 59.5~9! 2.247~2! 1.9480~2! 60.1~14! 2.867~2! 2.0262~2! 23.53~6!

30 2.1554~2! 1.8680~3! 59.9~9! 2.252~3! 1.9477~2! 60.3~13! 2.867~3! 2.0254~2! 23.50~7!

31c 2.1537~3! 1.8665~2! 61.2~10! 2.243~2! 1.9468~3! 60.8~28! 2.866~3! 2.0218~2! 23.38~18!

32 2.1522~3! 1.8652~4! 62.4~10! 2.249~3! 1.9437~2! 62.6~24! 2.848~5! 2.0184~2! 23.26~16!

33c 2.1508~2! 1.8637~2! 63.7~8! 2.243~2! 1.9418~4! 63.7~7! 2.856~3! 2.0161~4! 23.18~13!

34 2.1500~2! 1.8633~2! 64.2~10! 2.243~2! 1.9409~2! 64.3~12! 2.853~2! 2.0146~4! 23.13~9!

35c 2.1486~3! 1.8613~2! 66.0~8! 2.2408~7! 1.9391~2! 65.4~9! 2.847~2! 2.0112~2! 23.01~6!

36 2.1469~3! 1.8607~4! 66.8~10! 2.238~2! 1.9371~2! 66.6~8! 2.845~2! 2.0091~4! 22.94~9!

37c 2.1450~2! 1.8588~2! 68.5~9! 2.236~2! 1.9352~2! 67.9~7! 2.838~4! 2.0059~4! 22.83~3!

38 2.1447~2! 1.8587~2! 68.7~10! 2.2376~2! 1.9342~1! 68.5~24! 2.838~1! 2.0047~3! 22.79~8!

aBased on the EOS data from Holmeset al. ~Ref. 12!. cAfter laser annealing.
bBased on the EOS data from Spezialeet al. ~Ref. 13!. dImaging plate data, read by the Fuji BAS-2500 system at the

Bio-CAT ~Sector 18! at the APS.
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We also used the universal EOS~Ref. 17! to fit our data.
This EOS is widely accepted for highly compressible soli
Although this EOS contains the zero-pressure volume te
it is less sensitive to this parameter than the Birc
Murnaghan EOS. Our approach was to assume a z
pressure volumeV0 and then minimize the pressure residu
RP . Figure 5 is the relation betweenV0 and RP using the
data ofPPt and PMgO . It is shown that small residuals ca
be obtained from a large range ofV0 values. Therefore, with
the universal EOS,V0 is not a critical parameter in charac
terizing the compression behavior of the NaCl-B2 phase. As
with the Birch-Murnaghan EOS treatment, we modified t
universal EOS for the infinite zero-pressure volume by int
ducing a reference point. The universal EOS~Ref. 17! is
derived from a scaled separationa* and an empirical poten
tial E: a* 5(r WS2r WSE)/ l and E5E0(11a* )exp(2a* ).
Here l is the scaling length;r WS is the average Wigner-Seit
radius and is given byV54pr WS

3 , whereV is the specific
10411
.
,

-
o-
l

e
-

volume per atom. The zero-pressure value ofr WS is denoted
by r WSE. We changed the base ofa* to a different nonzero
referencer WSR, which is betweenr WS and r WSE. Thena*
and E were expressed by these formulas:a* 5b* 1ar* and
E5Er@11b* /(11ar* )]exp(2b* ). Hereb* 5(r WS2r WSR)/l
and ar* 5(r WSR2r WSE)/ l . The value ofE at the reference
point is denotedEr . The r WSE increases to infinity and the
ar* decreases to negative infinity as the zero-pressure vol
V0 increases to infinity. Then the empirical potentialE for
the infinite zero-pressure volume is expressed withb* using
this formula:E5Er exp(2b* ).

Poirier18 pointed out that the universal EOS can be o
tained through the same derivation as the Birch-Murnag
EOS, using a strain parameter«5(V/V0)1/321 and the free
energyF5F0(11A«)exp(2A«) (F0 , A: constant!. For the
modified universal EOS, we chose a strain paramete«
5(V/Vr)

1/321 and a free energyF5Fr exp(2A«) (Fr , A:
4-3
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constant!. We obtained the following expressions forP andK
with V:

P5Pr S V

Vr
D 22/3

expH 2S 3Kr

Pr
22D F S V

Vr
D 1/3

21G J , ~3a!

K5H Kr1S Kr2
2Pr

3 D F S V

Vr
D 1/3

21G J S V

Vr
D 22/3

3expH 2S 3Kr

Pr
22D F S V

Vr
D 1/3

21G J . ~3b!

Here Pr and Kr is the pressure and bulk modulus at t
reference point (V5Vr). As in the Birch-Murnaghan EOS
treatment, we assumed a reference volume ofVr
527.17 Å3. ThenPr andKr correspond to the pressure an

FIG. 2. TheSt values, the multiplication of the elastic aniso
ropy S, and the uniaxial stress componentt, from the diffraction of
Pt. These values signify the uniaxial stress conditions in the sam
~Ref. 14!. Solid line, experimental path; open triangle, before a
nealing; solid triangle, after annealing. The effect of laser annea
on these values can be seen. All values after annealing are less
0.005, a value that Shimet al. ~Ref. 15! takes as the criterion of the
quasihydrostatic condition.

FIG. 3. Normalized difference of the unit-cell parametera from
@200# and @111# peaks of MgO. Open triangle, before annealin
solid triangle, after annealing. Our data scatter was within 0.2
which is small compared to the nonhydrostatic value of 0.
~Ref. 13!.
10411
bulk modulus at the transition point. The fitting results a
shown in Table II with the pressure residual using Eq.~2!.

Figure 6~a! shows our experimental data and the fits w
Eqs.~1a! and~3a!. Only the Pt calibration data are shown fo
simplicity. When these results are extrapolated up to 1
GPa, the pressure estimated with the modified universal E
is about 5 GPa lower than that with the modified third-ord
Birch-Murnaghan EOS, a difference similar to that betwe
the Pt and MgO calibration data. Therefore, extrapolation

le
-
g

han

;
,

FIG. 4. Theg-G relation from Pt calibration data. The curve
are fits with a linear function and a second-order polynomial, c
responding to the second- and third-order Birch-Murnaghan E
respectively. Use of the linear equation does not provide a goo
to our data. The fit with the second-order polynomial is good
does not cross theG50 axis, which means that it is difficult to
constrain the zero-pressure volume with the Birch-Murnaghan E

TABLE II. Fitting parameters with various EOS using the re
erence volumeVr527.17 Å3.

EOSa

Modified Modified Modified
second-order BM third-order BM universal

Parametersb Eq. ~1a!c Eq. ~1a! Eq. ~3a!

~a! Pt calibration

Pr ~GPa! 30.72~26! 31.35~19! 31.14~14!

Kr ~GPa! 158.8~16! 137.2~42! 143.5~6!

Kr8 d 4.85~35!

RP ~GPa! 0.49 0.27 0.29

~b! MgO calibration

Pr ~GPa! 31.78~18! 32.08~19! 32.15~13!

Kr ~GPa! 153.8~11! 143.2~42! 141.0~6!

Kr8 d 3.94~31!

RP ~GPa! 0.34 0.27 0.27

aThe numbers in parentheses are uncertainties in the last digit~s!.
bDefined in the text@see Eqs.~1a!, ~2!, and~3a!#.
cKr854235Pr /9Kr in Eq. ~1a!.
dConstrained byKr854235Pr /9Kr .
4-4
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high pressures is internally consistent for the two equati
of state considered here. It should be noted that extrapola
of the current fit to low pressures is inappropriate due to
poor constraint on the zero-pressure volume of theB2 phase.

IV. DISCUSSION

Figure 6~b! shows our pressure-volume data compared
the previous experimental observations2,7 and pseudopoten
tial calculation.19 The errors of our data are smaller tha
those from previous experimental studies due presumab
the stress release by the laser annealing treatment in
study. The volume of theB2 phase is systematically smalle
than in previous experimental studies,2,7 but in good agree-
ment with the one that was similarly annealed by la
heating7 @the large open diamond in Fig. 6~b!#. The observed
volume discrepancy could be due to the effect of nonhyd
static conditions. Generally, nonhydrostatic conditions le
to an overestimation of volume by x-ray diffraction with a
incident x-ray beam parallel to the DAC loading axis, a d
fraction geometry used in this study and the previous exp
mental studies.2,7 This effect has been found in other sy
tems, such as CaSiO3 perovskite15 and MgO.20 Our data
show close agreement with the pseudopotential calculatio19

although a slight difference in slope exists.
Bassettet al.1 observed theB1-B2 phase transformation

at VB1528.8360.07 Å3 and VB2527.1760.10 Å3. From
the EOS of theB1 phase, the phase transition pressure w
estimated to be 30.660.5 GPa by Decker,4 29.860.5 GPa
by Birch,5 and 31.060.5 GPa by Brown.6 The present EOS
of the B2 phase gives 31.1460.14 GPa from Pt calibration
data and 32.1560.13 GPa from MgO calibration data wit
Eq. ~3a! and parameters as shown in Table II. By combini
all these, the phase transition pressures derived from di
ent EOS lie between 29.3 and 32.3 GPa with an averag
30.861.5 GPa. To estimate the difference in volume at
transition, the volume of theB1 phase is calculated with th
universal EOS~Ref. 17! with parameters ofV0544.86 Å3,

FIG. 5. The fitted residual as a function of zero-pressure volu
(V0) with the universal EOS~Ref. 17!. Circle, Pt calibration data
triangle, MgO calibration data. Small residuals can be obtai
from a large range ofV0 values. It means that theV0 is not a critical
parameter in characterizing the compression behavior of the N
B2 phase.
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K01523.8 GPa, andK018 55.10. HereK01 and K018 were
compiled from compression, ultrasonic, and length-cha
data.8 The volume difference (DV[VB22VB1) at 31 GPa is
25.3% by Pt calibration data and24.6% by MgO calibra-
tion data with the modified universal EOS@Eq. ~3a!#, values
slightly smaller than that of Bassettet al.1 (25.8%).

Using the fitted parameters with the modified univer
EOS@Eq. ~3!#, we calculated the bulk modulus as a functio
of pressure. It should be pointed out that our bulk modu
data are not directly observed. No explicit errors are includ
for bulk modulus data. Figure 7~a! shows the calculated pres
sure and bulk modulus relation compared to IR experime
data,8 ab initio calculation data,21 andB1 phase data.8,21 All

e

d

l-

FIG. 6. The volume-pressure relations of theB2 phase.~a! The
observed data and the fits with parameters as shown in Tabl
Only the Pt calibration data are shown for simplicity. Circles, t
observed data, the errors are within the symbols; dotted line,
modified second-order Birch-Murnaghan EOS@Kr854235Pr /9Kr

in Eq. ~1a!# with Pr530.72 GPa andKr5158.8 GPa; dashed
line, the modified third-order Birch-Murnaghan EOS@Eq. ~1a!# with
Pr531.35 GPa,Kr5137.2 GPa, andKr854.85; solid line, the
modified universal EOS@Eq. ~3a!# with Pr531.14 GPa andKr

5143.5 GPa.~b! Comparison with literature data. Solid circles an
triangles, Pt and MgO calibration data in this study; open circ
experimental data~Ref. 2!; open triangles and diamond, experime
tal data~Ref. 7!; and dotted line, the pseudopotential calculati
~Ref. 19!. The annealed datum in a previous experiment~Ref. 7! ~a
big open diamond at 23.3 Å3 and 64.3 GPa! is in good agreemen
with our data.
4-5
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data show a similar pressure dependence of the bulk mod
(K8) for the B2 phase, 4.1–4.7~Table III!. Table III shows
that the relative bulk modulus difference between theB1 and
B2 phase is consistent with anab initio calculation
(12%), but much different from the IR experimen
(217%). This difference may be due to the second-neigh
effect which was not included in the model used in the
experiment. This effect has been discussed by Simset al.21

The absolute values of the bulk modulus inab initio
calculations21 are 20% larger than experimental data for bo
theB1 andB2 phases. Since the data for theB1 phase from
compression, ultrasonic, and IR experiments are consis

FIG. 7. The pressure-bulk modulus relations of theB2 andB1
phases.~a! Comparison with the literature data.~b! Comparison
with MgO and argon. Thick and thin solid lines are our data of
NaCl-B2 phase with Pt calibrant and MgO calibrant. The sh
dashed line is data of MgO calculated using the Birch-Murnag
EOS~Ref. 16! with K05160.2 GPa andK0853.99 ~Ref. 13!. Long
dashed line is data of argon calculated using the universal E
~Ref. 17! with K053.03 GPa andK0857.24 ~Ref. 22!. The bulk
modulus data show that theB2 phase of NaCl is harder than argo
but still softer than MgO.
y
.
h

10411
lus

or

nt

with each other, the data ofab initio calculations21 may in-
clude systematic errors in absolute values.21 Shown in Fig.
7~a! and Table III, we conclude that the bulk modulus of t
B2 phase is similar to theB1 phase near the transition pre
sure, while the pressure dependence of theB2 phase is
steeper than that of theB1 phase.

Figure 7~b! shows the calculated pressure and bulk mo
lus relation up to 150 GPa compared with other mater
commonly used as pressure media in DAC studies.13,22 The
bulk modulus of theB2 phase is larger than argon, b
smaller than MgO at all pressures up to 150 GPa. Althou
the shear modulus could be important in selecting mater
as a pressure medium, information at high pressures is
limited. The bulk modulus remains a good guidline for s
lecting a proper medium at high pressure. The bulk modu
data in this study indicate that theB2 phase of NaCl is a
harder material than theB1 phase and argon, but softer tha
MgO over a pressure range up to 150 GPa.
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TABLE III. Bulk modulus and related values of theB2 phase at
31 GPa.

This study This study IR ab initio
Pt calibration MgO calibration experiment calculati

KB2 /GPa 143b 136b 114d 164f

KB28 4.3b 4.1b 4.7e 4.4g

KB1 /GPa 140c 140c 137d 161f

DKa 12% 22% 217% 12%

aRelative bulk modulus difference:DK[(KB22KB1)/KB13100%.
bCalculated using Eq.~3b!.
cEstimated from compiled compression, ultrasonic, and len
change data~Ref. 8!.

dEstimated from IR measurement data~Ref. 8!.
eReference 8.
fEstimated fromab initio data~Ref. 21! using a linear relation.
gReference 21.
ppl.
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