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Sodium under pressure: bcc to fcc structural transition and pressure-volume relation to 100 GPa
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The pressure-volume relation of sodium is measured up to 100 GPa using high-resolution angle-dispersive
synchrotron x-ray diffraction. At a pressure of 65~1! GPa Na is found to undergo a structural phase transition
from a body-centered to a face-centered-cubic modification. Total-energy calculations of Na under pressure are
performed using the full-potential linearized augmented plane-wave method. The calculated pressure-volume
relations and the bcc-fcc transition pressure are compared to the experimental results.
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I. INTRODUCTION

Recently, attention was drawn to the high-pressure beh
ior of light alkali metals. Neaton and Ashcroft1 predicted, on
the basis offirst-principlesband-structure theory, that dens
Li may undergo structural phase transitions to low-symme
structures with semimetallic or semiconducting properti
These effects are related to a pressure-driven redistribu
of s- and p-orbital characters in the occupied part of t
conduction band.2,3 Siringoet al.4 considered a different sce
nario, which could lead to an insulating~charge-density
wave! ground state in light alkalis at intermediate densiti
The calculations for Li by Neaton and Ashcroft stimulat
several recent experimental studies of Li under pressure5–9

In the case of sodium, the prototype of a nearly free-elect
metal, the effect of pressure on the electronic properties
already studied at a very early stage of the quantum theor
solids.10 Several interesting aspects of compressed sod
were addressed in recent theoretical work,4,11–13among them
the anomalous pressure dependence of elastic propertie
possible structural instabilities of common close-pack
structures at pressures above 100 GPa.

On the experimental side, the pressure-temperature p
diagram of Na was explored up to about 50 GPa. Upon co
ing at very low pressures (,0.2 GPa) Na undergoes a pa
tial transformation from the bcc structure to a faulted he
agonal structure.14–21 At room temperature bcc Na wa
studied by volumetric methods22–25 and ultrasonic
experiments.26,27 The melting point of Na increases wit
pressure from 380 K to;650 K at 12 GPa.28 Reduced
shock data (T5298 K) cover pressures up to several tens
gigapascal;29 these are mostly derived from liquid-pha
Hugoniot data. X-ray-diffraction studies at ambie
temperature30,31,31ashowed that Na remains bcc up to at lea
48 GPa,31 which is the highest pressure reached so far
static compression experiments of Na.

The limited experimental information on the high
pressure polymorphism of Na contrasts with the variety
phase transitions known for the other alkali metals.32 These
metals also crystallize in the bcc structure at ordinary con
tions. Phase transitions to fcc modifications have been
served for Li at 7.5 GPa,33 K at 11.5 GPa,34 Rb at 7 GPa,35,36

and Cs at 2.3 GPa.37 For the pretransition metals K, Rb, an
0163-1829/2002/65~18!/184109~8!/$20.00 65 1841
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Cs noncubic modifications were reported at high
pressures.34,36,38–44

Here we report results of a high-resolution monoch
matic x-ray-diffraction study of Na under pressure atT
5298 K. The primary motivations for this work were t
explore the range of stability of the bcc phase and to t
advantage of high-resolution synchrotron x-ray diffracti
techniques to determine an accurate pressure-volume~PV!
relation in the 100-GPa pressure range. For the press
covered here, only one structural transition occurred, fr
bcc to fcc at 65~1! GPa. The fcc phase is found to be stab
up to 103 GPa. At higher pressures we have observed p
transitions to several low-symmetry structures which will
discussed separately.45 In the course of the experiments
was noted that Na may be a very good quasihydrostatic
dium for diamond-anvil-cell~DAC! experiments at pressure
up to at least 100 GPa. This aspect is possibly related
anomalies in the elastic~and mechanical! properties of bcc
and fcc Na under pressure, as discussed in theore
work.11,46The experimental data reported here are compa
to results of total-energy calculations we performed with
full-potential linearized augmented-plane-wave~FLAPW!
method and to other recent calculations of the equation
state and structural stability of Na.11–13

II. EXPERIMENTS

A. Experimental details

The x-ray-diffraction experiments were carried out at t
undulator beamline ID9 of the European Synchrotron Rad
tion Facility using DAC’s with the cell axis oriented alon
the x-ray beam. The diamond anvils had tips of 100-
150-mm diameter and 9° bevels extending to diameters
400–450 mm. The rhenium gaskets had initial hole diam
eters of 40 or 50mm.

The Na samples were cut from a rod with a stated pu
of 99.9%. Loading of samples into a DAC was perform
under inert gas atmosphere. No pressure medium was us
order to avoid chemical reactions. A corrosive effect of N
on the diamond anvils, causing some difficulty in DAC e
periments with Li,5,9 was not noted. Data were collected
four runs, one to 86 GPa with a ruby chip as optical press
sensor,47 a second one to 69 GPa with ruby and Ta powd
as pressure marker, and two runs to.100 GPa with a Ta
©2002 The American Physical Society09-1



8
t
de
n
m

ge
s
ge
-
io
an
a

h

a
g

ur
c

ia
m
et

t
m

the
Na
os-
ity
e
s in

his
nd at

the
ce-
rn

66
was
the

of

lat-
an
tion
cc

ut
re-

s is
-
es-
e of

s
f

ed

hi
e

re
dt
ion
t

ta-
eak
as

the
ter of
di-

tant

M. HANFLAND, I. LOA, AND K. SYASSEN PHYSICAL REVIEW B 65 184109
marker only. The ‘‘ruby’’ pressures are based on the 19
scale.48 The PV relation49 used for Ta at 298 K was in par
determined during the Na experiments, in part through in
pendent measurements in a N2 pressure medium. Details o
the calibration of the Ta marker, which is based on the sa
ruby scale, are given elesewhere.49

X-ray-diffraction patterns were recorded on a flat ima
plate~MAR3450 system!. Conventional diffraction diagram
were obtained by integration of the two–dimensional ima
using theFIT2D software.50 Diffraction patterns of a Si refer
ence sample were used in the calibration of the diffract
geometry. The x-ray wavelength varied between 0.41
0.45 Å in different runs. The sample to plate distance w
;360 mm. Two different beam diameters were used; wit
small diameter of nominally;10 mm it was possible to
fully avoid the diffraction from the Re gasket, while for
beam diameter of 30mm we obtained a better averagin
over crystallite orientations.

B. Experimental results

Selected diffraction diagrams of Na measured at press
between 62 and 67 GPa are shown in Fig. 1. A smooth ba
ground, arising mainly from the Compton scattering in d
mond ~see, e.g., Ref. 5!, has been subtracted. The diagra
shown in Fig. 1 were measured with a large beam diam
of 30 mm, such that almost the entire sample contributes
the diffracted intensity. In this setting, broad reflections fro

FIG. 1. Angle-dispersive synchrotron x-ray-diffraction diagram
of Na at pressures near 65 GPa (l50.43124 Å). The sequence o
diagrams is for the bcc phase~62.3 GPa!, a mixed phase~65.1
GPa!, and the fcc phase~66.9 GPa!. These diagrams were measur
with a relatively large beam diameter (30mm), such that a large
fraction of the sample contributes to the diffracted intensity. In t
setting broad diffraction peaks from the rhenium gasket are s
also~marked by triangles!. Note that the Bragg reflections of Na a
much narrower than those of the strained gasket. In fact, the wi
of Na diffraction lines were close to the instrumental resolut
throughout the 100-GPa pressure range covered in the presen
periments.
18410
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the strained rhenium gasket are observed in addition to
very sharp reflections from the sample. At all pressures
shows a strong tendency to recrystallize and it was not p
sible to obtain diffraction rings with homogeneous intens
distribution. After integration of the diffraction images th
intensities approximately are as expected, but difference
relative reflection intensities of up to 50% occurred.

The structure of Na remains bcc up to 65 GPa. At t
pressure diffraction peaks from a new phase appeared a
66.9 GPa the bcc phase was not observed any more in
run shown in Fig. 1. The new phase of Na has a fa
centered-cubic cell~see Bragg indices for the topmost patte
in Fig. 1!. The bcc-fcc transition pressure~onset! is rather
well defined; in different runs it occurred between 65 and
GPa. In one run a weak 110 reflection of the bcc phase
observed up to 70 GPa. The hysteresis in pressure of
transition was not explored for technical reasons~risk of
breaking diamonds upon unloading!.

It is important to note here that the Bragg reflections
Na showed no indication~within instrumental resolution! for
deviatoric stresses. For both structures, bcc and fcc, the
tice constants from individual reflections differ by less th
0.02 % from the average value, with occasional observa
of an outlier point~up to 0.05%, see, e.g., data for the f
phase at 85.6 GPa shown in the inset of Fig. 2! probably due
to the spotty nature of the diffraction patterns. Througho
the investigated pressure range, the widths of Na Bragg
flections stayed close to the instrumental resolution. Thi
illustrated in Fig. 2, which shows line width data for diffrac
tion patterns taken at three different pressures. At all pr
sures the line widths of Na reflections do not exceed thos

s
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FIG. 2. Widths of Bragg reflections of Na at 22.0 GPa~bcc!,
63.5 GPa~bcc!, and 85.6 GPa~fcc!, plotted as a function of diffrac-
tion angle (l50.43124 Å). Error bars indicate the combined s
tistical errors and variations which depend on the choice of the p
profile function. The instrumental resolution limit is indicated
well as the typical dependence of the widths on 2Q usually ob-
served for a Si calibration sample at ambient pressure using
same experimental settings. The inset demonstrates the scat
lattice constant values of fcc-Na at 85.6 GPa evaluated from in
vidual reflections and normalized to the average lattice cons
@a53.5348(3) Å#.
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the Si calibration sample at ambient pressure. For the
sample the width is partly determined by the average part
size needed to obtain homogeneous intensity distribution
Debye-Scherrer rings. We note in Fig. 2 that the line wid
for the fcc pattern taken at 85.6 GPa lie closest to the ins
mental limit, which is largely determined by the resolution
the image plate. From the combined peak position and l
width data we infer that macroscopic strain distributions a
microstrains in the Na sample are below the detection li
of the present experiment. Taking into account the good
strumental resolution, one may infer that Na could be
excellent quasi-hydrostatic medium for x-ray diffractio
studies.

The pressure vs atomic volume data of Na are shown
Fig. 3. The expanded view of the phase-transition regime
the inset to Fig. 3 demonstrates that the volume change a
bcc-fcc transition is extremely small. At the phase transit
~for the 65.1-GPa diagram in Fig. 1! the lattice constants ar
2.9073 Å (Vatom512.2867) and 3.6627 Å (Vatom512.2841)
for the bcc and fcc phases, respectively. Several patt
showed bcc and fcc phases simultaneously. Taking the a
age of different observations, the relative volume differen
(Vf cc-Vbcc)/Vbcc is only 21(1)31023, which is close to
our resolution limit for the volume differences between tw
cubic phases. For comparison, at the bcc-fcc transition in
near 7.5 GPa~298 K! the difference is also small:21.6(3)
31023.5 At the phase transition the relative volumeV/V0 of
Na is 0.31 and at the highest pressure~103 GPa! covered in
this experiment it is 0.26. A discussion of microscopic bc
fcc transformation mechanisms in Na is outside the scop
the present work. Regarding this aspect we just refer to
cent theoretical treatments focusing on alkali metals.21,51

FIG. 3. Pressure-volume data for Na atT5298 K. Triangles are
for the bcc phase and squares for the fcc phase. Open and c
triangles and squares are used for data based on pressure me
ment by the ruby luminescence method and Ta marker, respecti
The solid line corresponds to a calculated PV relation for fcc-
~see the text!. The inset shows an expanded view covering the b
fcc phase-transition regime. Pressure-volume data of solid n
~Ref. 52!, the neighboring closed-shell element of Na in the Pe
odic Table, are shown for comparison~closed and open circles!.
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Neon is the closed-shell element next to Na in the P
odic Table. Experimental PV data for neon52 are also shown
in Fig. 3. At 100 GPa the atomic volume of Na is;60%
larger than that of Ne, and the nearest-neighbor Na-Na
tance of 2.447 Å is slightly lower than the smallest distan
within the stability range of the bcc phase~2.52 Å!. The
distances are significantly larger than twice the ionic rad
of Na1 ~1.02 Å for a coordination number of 6!. In a quite
simplified picture it is the extra valence electron of Na whi
requires about 60% more volume compared to the neigh
ing closed shell system at the same pressure. The val
electrons of Na may play the role of a ‘‘lubricant,’’ allowin
for easy shear motion and possibly lower shear strength c
pared to Ne at the same pressure.

For fitting the PV data of Na, we use theH02 relation
proposed by Holzapfel53

P53B0X2n~12X!exp@~1.5B82n10.5!~12X!#,

with

X5~V/V0!1/3 and n55. ~1!

Here V0 , B0, and B8 are the volume, bulk modulus, an
pressure derivative of the bulk modulus, respectively, a
reference pressure~usually ambient pressure!. A choice n
52 in Eq. ~1! would correspond to the relation of Vine
et al.54 For the lattice constant of Na at ambient conditio
we adopt the valuea054.2908 Å ~Ref. 14! (Vatom
539.499 Å3). Since solid Na is highly compressible, diffe
ences in thea0 values of the order 531024 ~Refs. 55 and
56! are not important for our data analysis. The results o
fit depend on the errors~weights! assigned to the individua
data points. Except for systematic errors, there are ma
two sources of uncertainties: the pressure measurement
the lattice constant measurement. The latter can be map
on the pressure axis. We use a global estimate where
assign an absolute error of 0.05 GPa and a relative erro
1.5% to each pressure value. In Table I we list the parame
B0 andB8 obtained by fitting Eq.~1! to the bcc and fcc phas
data using the above error estimate.

Since the volume change at the bcc-fcc transition is
tremely small, we have determined the parametersB0 andB8
for the combined bcc and fcc data. For this latter fit, in F
4 we show the difference between data and fitted relat
There is hardly any indication of systematic trends in t
differences. This means that Eq.~1! is fully adequate to de-
scribe the data within the full pressure range up to 100 G
It should be noted that our data for Na can be equally w
described~in a least-squares sense! by a Birch ~also termed
third-order Birch-Murnaghan! equation57 and the corre-
sponding parameter values are similar to those obtained
Eq. ~1!. The only reason for not using the Birch relatio
would be that in some cases it is less well suited for extra
lations to small volumes.58 Within the pressure range cov
ered by the present measurements, however, Eq.~1! and the
Birch relation are almost equivalent with respect tox2 mini-
mization. For the Vinet relation@n52 in Eq. ~1!# the least-
squares sum (x2) is about 50% larger and this is reflected
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TABLE I. Equation-of-state parameters for Na. The quantitiesV0 , B0, andB8 are the atomic volume,
bulk modulus, and pressure derivative of the bulk modulus, all at ambient pressure unless noted oth
The experimental data are for room temperature, the parameters giving the best fit to our calculated p
volume relations for bcc- and fcc-Na~lower part of the table! are for the frozen-lattice limit. The paramete
were obtained by fitting semi empirical PV relations to the data or calculated results. In the last columH02
refers to Eq.~1!, ME to the Murnaghan equation, and BE to the Birch relation.

Source Method Phase V0 (Å3) B0 (GPa) B8 Relation

Ref. 29 Shock compr. ~liq! 6.15 3.74 H02
Ref. 24 Direct volume bcc 6.131~5! 3.69~4! ME
Ref. 25 Direct volume bcc 39.426a 6.06~2! 4.125~40! ME
Ref. 31 X-ray diffr. bcc 39.43 6.06b 4.08~9! H02

This work X-ray diffr. bcc 39.499c 6.310~80! 3.886~20! H02
fcc 39.499c 6.433~30! 3.83~8! H02
fcc 12.290~22!d 175.0~90! 2.20~60! H02
bcc1fcc 39.499c 6.368~60! 3.859~20! H02

This work FLAPW-GGA bcc 37.7~2! 6.81~16! 3.93~1! BE
FLAPW-GGA fcc 37.7~2! 6.85~18! 3.92~1! BE
FLAPW-LDA fcc 33.42~3! 8.57~18! 3.95~1! BE

aVolume V0 at 294 K.
bValue adopted from Ref. 25.
cVolume V0 at 298 K from Ref. 14.
dVolume V0 at 65.1 GPa.
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the corresponding difference plot in Fig. 4. The Murnagh
relation59 is not suitable to fit our data.

The dependence of the bulk modulus of bcc and fcc Na
volume is shown in Fig. 5. At 100 GPa the bulk modul
~250 GPa! has increased by a factor of about 40 compared
ambient, and is more than half of that of diamond at ambie
The slopeb(V)52d ln B/d ln V clearly decreases with de
creasing volume. The assumption of a volume-independ
parameterb is not valid for highly compressed Na.

FIG. 4. Difference between measured pressures and pres
calculated from the fitted PV relation@Eq. ~1!# ~represented by open
squares!. Also shown are the corresponding differences for fitt
Birch and Vinet relations relative to the fit using Eq.~1!.
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C. Comparison with other PV data for Na

In Fig. 6 we compare ourB0 andB8 values with results
derived from volumetric methods22–25 and ultrasonic
experiments.26,27 The two solid lines indicate the correlatio
of our parameter values for the bcc phase@Eq. ~1! and the
Birch relation#. Our fitted B0 and B8 values fall into the
parameter field spanned by the various experimental res
the closest match is with the ultrasonic data of Martins
et al.27 This overall consistency is somewhat fortuitous, b

res
FIG. 5. Bulk modulus of Na as a function of atomic volum

derived from the fitted PV relations@Eq. ~1!# for the bcc and fcc
phases. Symbols represent calculated bulk modulus values at a
ent pressure obtained from total energy calculations using the L
and GGA approximations~see the text!.
9-4



tio
-

ur

io
ty.
ce
a

re
-
of
he
e
.
liq

d
w-

lt
h

nic

est-

ing

ient
y
ion
bi-
-

ted
s set
e

ten-

ted

n-
he
ble
l-

lle

:
tri

s of

of

SODIUM UNDER PRESSURE: bcc TO fcc . . . PHYSICAL REVIEW B 65 184109
cause we would not expect that a two-parameter PV rela
giving the bestaveragedescription over a very large pres
sure ~volume! range also closely matches the low-press
results. The consistency simply means that theH02 and
Birch relations are well suited to describe the compress
behavior of Na over a wide range of pressure and densi

The differences between previous static and redu
shock compression data of Na and our fitted PV relation
also indicated in Fig. 6. For the volumetric data,24,25 the
maximum difference in pressure is 0.15 GPa. The two p
vious x-ray-diffraction studies30,31 showed deviations in op
posite directions, up to62.5 GPa. If the pressure values
Aleksandrovet al.30 are updated to the 1986 ruby scale, t
deviation would become smaller. The pressure differenc
reduced (T5298 K) shock data29 does not exceed 2 GPa
As already mentioned, the shock data are mostly for the
uid phase.

The ambient-pressure bulk modulus and its pressure
rivative enter into the macroscopic description of lo
pressure thermal properties. Since the values ofB0 and B8
obtained here are basically consistent with earlier resu
there is no need to repeat the standard treatment of an

FIG. 6. ~a! Pairs ofB0 ~bulk modulus at ambient! andB8 ~pres-
sure derivative of the bulk modulus! values for bcc Na from differ-
ent experiments represented in a two-dimensional plot. Fi
squares: present parameter values fromH02 and Birch fits; solid
lines: correlation betweenB0 and B8 for these fits; open square
from the Vinet fit of the present data; open diamonds: volume
data~Refs. 22–25!; open circles: from ultrasonic data~Refs. 26 and
27!. ~b! Difference plot for volumetric~Refs. 24 and 25!, x-ray
diffraction ~Refs. 30 and 31!, and reduced shock data~Ref. 29! of
Na relative to the present PV relation.
18410
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monic effects, usually discussed within the quasi-harmo
Mie-Grüneisen approximation.25,52 The thermodynamic
properties of highly compressed Na appear to be an inter
ing subject for further investigations.

III. CALCULATIONS

A. Theoretical Method

We have performed total energy calculations for Na us
the FLAPW method as implemented in theWIEN97 code.60

The method is based onfirst-principles density-functional
theory. In the case of alkali metals the generalized grad
approximation~GGA! for the exchange-correlation energ
was shown to be superior to the local-density approximat
~LDA !, if judged, for instance, by the agreement with am
ent pressure lattice constants.61,62 We have performed calcu
lations using mainly the GGA.63 Scalar relativistic correc-
tions were included. The convergence of the calcula
results was checked with respect to the plane-wave basi
and thek-point sampling within the irreducible part of th
Brillouin zone~BZ!. The plane-wave cutoffKmax was deter-
mined byRMT•Kmax59.0 (RMT is the muffin-tin radius! and
165 points were used for thek-point sampling in the irreduc-
ible wedge of the Brillouin zone. The Na 2s and 2p states
were treated as valence states using the local orbital ex
sion of the FLAPW method.60

B. Calculated structural stability

Total energies of the bcc and fcc phases were calcula
for about 30 volumes from 40 Å3/atom down to
8 Å3/atom. The inset to Fig. 7 shows the volume depe
dence ofEtot for the fcc phase. On the scale used in t
figure, the results for the bcc phase are indistinguisha
from those for the fcc phase. The equilibrium atomic vo
umes corresponding to the minima in total energiesEtot are

d

c

FIG. 7. Calculated enthalpy difference for bcc and fcc phase
Na as a function of calculated pressure~FLAPW-GGA calcula-
tions!. The inset shows the calculated total energy as a function
atomic volume~covering the pressure range up to;200 GPa).
Arrows mark the pressure and volume of the bcc-fcc transition.
9-5
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37.7(2) Å3 for the bcc and fcc structures. From the extrap
lation of temperature-dependent lattice constant data at
bient pressure,56 the atomic volume atT50 K is 37.74 Å3.
The effect of zero-point motion on the equilibrium volum
of Na can be estimated within the quasiharmo
approximation.25,64 The isochoric zero-point lattice dynam
cal contribution to the pressure is;0.08 GPa.25 The corre-
sponding volume difference betweenT50 K and static-
lattice volume is20.38 Å3. Thus the calculated equilibrium
volume differs by only11% from the ‘‘experimental’’ static-
lattice volume of 37.36 Å3.

The difference in total energy for the bcc and fcc stru
tures was calculated to be only 0.3 meV per atom at equ
rium, favoring the bcc structure. This small energy differen
lies within the uncertainty of the calculation which is es
mated to be of the order of 1 meV/atom.

The pressure-volume relation for the static lattice cas
obtained according toP(V)52dEtot(V)/dV. Instead of ap-
plying a numerical differentiation, we have fitted the calc
latedEtot(V) data by theE(V) expression corresponding t
the Birch relation~solid line in the inset of Fig. 7!. In this
way we obtain the calculated values ofB0 and B8 listed in
Table I.

The Etot(V) andP(V) relations enter into the calculatio
of the enthalpyH5Etot1PV. According to the calculated
enthalpy differences~Fig. 7! increasing pressure first stab
lizes bcc, but then, near 70 GPa, the bcc structure beco
unstable relative to the fcc structure. The calculated tra
tion pressure of 70 GPa for the static-lattice case~having an
estimated uncertainty of610 GPa) agrees well with the ex
perimental results at 298 K. The bcc-fcc phase-transit
pressure may have a rather weak temperature depend
similar to the results for potassium.11

Structural phase transitions in Na, considering the co
mon close-packed structures bcc, fcc, and hcp, have b
studied in several total energy calculations using a variet
theoretical methods; see, e.g., Refs. 11–13 and 64–67
ambient pressure, different results are reported for the r
tive ordering of phases, but the total-energy differences
extremely small, close to the estimated uncertainties of
calculations. Calculations in which the effect of pressure
the relative stability of bcc and fcc structures was conside
indicate a behavior which is qualitatively similar to th
shown in Fig. 7. In recent reports11–13 the calculated bcc-fcc
transition pressure ranges from 70 to 95 GPa, dependin
the calculational method and the approximations for
exchange-correlation potential and energy. In view of
small energy differences involved it is probably fair to s
that, in general, most of thefirst-principlescalculations for
Na place the pressure-induced bcc-fcc transition at appr
mately the correct volume and differences in calculated tr
sition pressures should not be overemphasized.

C. Calculated pressure-volume relations

The calculated pressure-volume relation for the fcc ph
of Na is compared in Fig. 3 to the experimental data. At 1
GPa~experimental volume 10.4 Å3) the calculated volume
is larger by;3%. This could be considered as an excelle
18410
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agreement which looks even better when given as a 1%
ference in lattice parameter. This also applies to the full
tential linear-muffin-tin-orbital calculations for Na by Chris
tensen and Novikov,13 who obtained very similar PV curves

Figure 8 shows the pressure difference between calcul
and experimental pressures for the fcc structure~again the
bcc structure is hardly different from the fcc structures!. At
ambient density the difference for the GGA results is ne
tive because the calculations are for the static lattice c
The GGA difference first is nearly constant with increasi
compression~it should decrease slightly because of decre
ing zero-point and thermal pressure! and then nearVatom
;16 Å3 ~30 GPa! the calculated PV curve crosses throu
the experimental data measured at 298 K. At the volu
corresponding to an experimental pressure of 100 GPa
calculated pressure~GGA! is larger by;10 GPa~thermal
pressure contributions are negligible on this scale!. Thus it is
in terms of pressure at a given volume, that the agreem
between FLAPW-GGA calculations and experiment may
viewed as unsatisfactory. This is not restricted to highly co
pressible Na. For instance, Ta appears to be another exa
of an elemental metal where results of GGA calculation68

agree well with ambient pressure bulk properties but yi
pressures slightly too high at around 100 GPa when co
pared tostatic experimental data.

For comparison, in Fig. 8 we also show the result o
FLAPW calculation performed with the LDA~see the corre-
sponding parameters given in Table I!. At ambient pressure
the LDA volume is 11% smaller compared to the GGA vo
ume, but this difference decreases to 3% at 100 GPa. In o
words, at 100 GPa the LDA calculation matches almost

FIG. 8. Plotted as a function of the atomic volume of Na are
difference between calculated pressures and ‘‘experimental’’ p
sures ~i.e., the pressures given by the PV relation fitted to t
present experimental data!. The solid and dashed lines represe
results of FLAPW calculations for the fcc phase using differe
approximations ~GGA and LDA! for the exchange-correlation
potential and energy~see the text!. The results for the bcc phas
~not shown! hardly differ from those for the fcc phase. The resu
of a local-pseudopotential calculation~Refs. 69! are shown for
comparison.
9-6
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actly the experimental volume~and pressure!. The result of a
local pseudopotential calculation69 is also shown in Fig. 8.

The volume/pressure difference between GGA results
the experimental data near 100 GPa may indicate that b
ing is underestimated~repulsion overestimated! in the GGA
calculation for Na at high densities. However, we also ha
to ask whether this difference may in part be due to syste
atic errors in the ruby pressure scale.48 This scale has under
gone several tests~see, e.g., Refs. 52 and 70!, and is consid-
ered to be quite robust. About a 10% difference in press
would be difficult to reconcile with the stated uncertain
~5%! of shock wave data, on which the ruby scale is bas
unless there are systematic errors in the experimental pr
dures used for the ruby calibration, possibly arising from n
hydrostatic stresses.

It has been suggested thatfirst-principlescalculations of
the PV relation of Na could provide a pressure standard,11,30

replacing shock wave data of other metals in the calibrat
of pressure sensors like ruby. This would be a very attract
route, because Na offers a combination of high compressi
ity ~at least for low and intermediate pressures! and good
quasi-hydrostatic properties up to at least 100 GPa. Mic
scopic~first-principles! theory was shown to reproduce we
the high-pressure isotherms of several metals, usually
rived from a combination of experimental Hugoniot data a
thermodynamic relations. If this is also valid for th
FLAPW-GGA calculations of Na, the present experimen
and calculated results would demonstrate the need for a
rection of the ruby scale in a manner similar to what has be
proposed earlier71 based on the pressure dependence of
first-order Raman mode of diamond.

IV. CONCLUSIONS

The conclusions from the present work are as follows.
~1! We observed a bcc-to-fcc structural transition in Na

65 GPa. The pressure-induced bcc-fcc transition is there
common to all alkali metals at room temperature. What
special about Na is that a rather high compression is requ
(V/V050.31) compared to Li and the heavy~pretransition!
alkali metals K, Rb, and Cs. The bcc-fcc transition press
for Na calculated within the FLAPW-GGA scheme is clos
to the experimental value. This also applies to several ot
first-principlescalculations reported in the literature.
, J

ra

c.
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~2! The pressure-volume relation of Na has been de
mined up to 103 GPa, the upper stability limit of the f
phase. The pressures were determined directly by the
luminescence method or from the lattice constant of a
marker. The PV relation of Ta used here49 is based on the
same ruby scale. Near 100 GPa we find a difference
110% in pressure between the PV relation calculated wit
the FLAPW-GGA scheme and experimental data. The th
retical method employed here gives almost the correct
ume at ambient but appears to underestimate binding~or
overestimate repulsion! at high density.

~3! The difference between calculated PV relation and
periment also brings up a question about possible system
errors in ruby-based pressure measurements in the 100
range. The true pressures may be higher than obtained b
ruby method. This is not very relevant at moderate press
of, say, 20–30 GPa, but would not be negligible at 100 G
and above.

~4! The observations made in this study indicate that
would be an excellent quasi-hydrostatic pressure medium
DAC x-ray-diffraction studies at pressures beyond 50 G
Of course, it can be considered only if its chemical reactiv
does not cause any problems. Exploring in more detail
elastic and mechanical properties of Na under press
would be a worthwhile project. This would involve diffrac
tion experiments in a different geometry72,73than used in this
work.

~5! A revised~improved! ruby pressure scale could poss
bly be established, based on DAC x-ray-diffraction expe
ments of a suitable metal placed in a Na medium and loa
together with ruby, combined with simultaneous Ram
measurements of diamond grains. Theory would have
come up with identifying the ‘‘best’’ PV relations for the tw
metals and the ‘‘best’’ phonon frequency calculations for d
mond. Consistency with reduced shock data~or vice versa!
would be a boundary condition.
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