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Abstract

Quantum-theoretical calculations are used to study high-pressure phases of sodium up to 500 GPa. Sixteen structures, mainly
selected on the basis of experience obtained from experimental and theoretical high-pressure studies of other alkali metals, Li,
Rb and Cs, are examined with respect to stability and pressure-induced structural transformations. Up to = 80 GPa the bcc
structure is favored, whereas Na-fcc exists between = 80 and = 130 GPa, where it becomes dynamically unstable and
undergoes a thombohedral distortion to #R1. At this pressure a multitude of lower coordinated structures have very similar
enthalpies. The cubic c/16 structure (as found for Li) may exist between 130 and 170 GPa. Among the structures examined, the
calculations show that the Na phase with the lowest enthalpy has the CsIV structure between 170 and 220 GPa. Beyond 220 GPa
a structure, 0C8, with Cmca symmetry may be stable over a wide pressure regime. Whereas the s — d transition determines the
structural changes of Cs, the behavior of the light alkali metals under pressure is associated with an s — p transition.

Although the emphasis is on sodium, new results for lithium are also presented, illustrating similarities and differences
between the high-pressure behaviors of these two light alkali metals. At very high pressures Na may become an insulator,
whereas so far we did not find any possible high-pressure Li-phases with a non-zero band gap. © 2001 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

The alkali metals, earlier considered as simple metals
with band structures that differ only slightly from those of
free-electron systems, have attracted considerable [1]
interest because application of external pressure changes
the bonding properties fundamentally. As a consequence,
these metals undergo several pressure-induced structural
transformations. These have been studied experimentally
(see, for example, Refs. 2—8) as well as by theoretical
methods (Refs. 7-20 and references therein).

For the heavy alkali metals, cesium and rubidium, the
identification [4,21] of the structure of CsV and RbVI as
being the orthorhombic Cmca structure with 16 atoms in
the unit cell (oC16) is important for the description of the
pressure-induced changes in bonding and structure. The
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same structure, with very nearly the same relative atomic
coordinates, is found in Si and Ge under pressure [5,18,22—
24]. This Cmca structure contains two types of atoms, say
Cs, and Cs,, with Cs; in planar arrangements separating Cs,
double layers. The atoms in the single planes form what
appears as a dense packing of dimmers [18].

The light alkali metals, lithium and sodium, form at
ambient conditions in the body-centered cubic structure,
but their low-temperature phases have a more complex
structure which was under debate for several years. It is
now known [25-28] that both Li and Na undergo a
martensitic transformation upon cooling to the 9R structure
(described in Section 2). In our calculations we cannot make
reliable predictions about the zero-pressure structures (even)
at T = 0. We did find [8] for Li that the 9R structure is
lowest in energy, but it is only = 1 meV below Li-fcc,
and for Na our calculations predict that either the body-
centered cubic (bce) or face-centered cubic (fcc) structure
is stable at (P, T)) = (0, 0), but their energies are so close that

0038-1098/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.

PII: S0038-1098(01)00277-0



478 N.E. Christensen, D.L. Novikov / Solid State Communications 119 (2001) 477—-490

Fig. 1. Contour plot of the calculated valence-electron density in
lithium in the BC8 structure at 165 GPa (V/V,, = 0.23). The color
coding is dark blue towards red/magenta for increasing density. The
lowest contour value is 0.0472 10\_3, the increment is 0.0135 A >,
Disregarding the innermost core oscillations, the highest valence
density is found in the interstitial regime where the red (color
changed from green for illustrative purpose) contour corresponds
to the density p = 1.4 X p,,, where p,, = 0.204 A3 is the average
density. This picture is rather similar to what was found by Neaton
and Ashcroft for Li-oC8 in Ref. 11.

even structural difference in zero-point energy may affect
the ordering. However, applying a small lattice expansion
causes Na-9R to be energetically favored. Considering the
high-pressure phases of Li and Na, Neaton and Ashcroft
[11,17] first examined theoretically low-coordinated
structures, including a Cmca structure showing a tendency
to the formation of atomic pairs. This structure, so far not
observed for the alkali metals, is also called 0C8, and it has
some similarity to 0C16 found for the heavy alkali metals, as
mentioned above, but 0oC8 only has half as many atoms in
the primitive cell. The double layers of type-2 atoms are
absent, i.e. the 0oC8 structure is similar to that of Ga at
ambient pressure. In Fig. 1 we show, as an example of
such a ‘paired structure’, the distribution of valence
electrons in lithium at 165 GPa. The apparent formation of
atom pairs, however, should not be overemphasized. It is
true that there is a single, shortest interatomic distance, but
the next-nearest neighbors in the Cmca structures are not
much farther away. Therefore the ‘effective’ coordination
number in Li-oC8 is rather =~ 5 than one. The interesting
result, though, is that there is a tendency of formation of
low-coordinated phases of highly compressed alkali
metals.

Experimentally, new high-pressure phases of lithium
have been found, [8] Li-AR1 and Li-c/16, and Hanfland

and Syassen [29] "have recently observed bcc — fcc — ¢I16
transitions in Na. Sodium is then the second element for
which the c/16 structure, a 16-atom cubic supercell with
displaced bcc atomic sites, has been observed.

The pressure-driven electronic s — d transition [30] plays
a major role in the structural behavior of cesium, [10,31] in
particular for the occurrence of the tetragonal CsIV phase
which is only eightfold coordinated [3]. The unusual
decrease of the coordination number with increasing
pressure from 12 in fcc to 8 in CsIV has been interpreted
in terms of a peculiar multicenter bonding induced by the
s—d transition [31,32]. The light alkali metals, Li and Na, are
somewhat similarly influenced by an s—p transition
[33,34], as shown below.

The high-pressure phases of the alkali metals exhibit a
variety of physical properties. At low pressures they are
‘good’ metals, but as will be shown, several high-pressure
phases are characterized by having a very low [8,11,12,17]
density of states at the Fermi level. In some cases the
material may become a zero-gap semiconductor, and it
appears that Na may even turn into an insulator. Another
interesting feature is that lithium which is known not to
superconduct at zero pressure, at least not above 4 mK,
[35] may become a superconductor with a high value of
T. when pressure is applied [15,16].

Although the main emphasis is on sodium under pressure,
we will also discuss new calculations for lithium. These will
illustrate further the similarity between the behaviors of
these two light alkali metals under pressure.

2. Structures

The ab initio simulation methods which we apply cannot
be used to perform an ideal, molecular dynamical structural
optimization. We must select a certain set of structure types,
i.e. space groups (SG) and number of atoms in the cells.
Some of the structures, however, will have parameters,
like axial ratios and atomic site parameters, which must be
optimized at each volume (pressure). We can then, among
the structures included in the set, determine which one is
stable (statically as well as dynamically) at a given volume.
In that way one can never be sure to find the true ground
state structure, but the procedure will be given relevance in
predicting trends and bonding properties if the structures to
be examined are selected in a ’sensible manner’. This
section will present parts of the philosophy which we
applied in our selection, and some of the less known
structures will be described.

First of all, the set of structures should contain the usual
close-packed structures, partly because they are known to
occur at low pressures and partly because they may conform
with the conventional point of view that coordination is

! M. Hanfland and K. Syassen have completed new experiments
on Na up to 115 GPa.
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expected to increase under pressure. But, on the other hand,
we also know now that alkali metals and Group-1V semi-
conductors under very high pressures behave differently due
to a change in binding caused by partial population of other-
wise high-lying p and d states. Experimental as well as
theoretical experience is then used to select a number of
low coordinated structures as ‘good candidates’ for high-
pressure Na phases. The most important experimental
results which assist us in selecting ’candidates’ are the
recent observations [8] of the fcc — hAR1 — ¢I16 transition
sequence in Li, and of the bcc— fcc— /16 transitions
found [29] in Na. The simplest close-packed structures,
bee, fcc, and hexagonal close packed (hcp) are well-
known. The hcp stacking sequence in the c-direction is
ABA. Similarly, fcc and bcc can be built by stacking
(111)-layers in the sequence ABCA. In this hexagonal
representation, fcc has c/a = \/6, and for bcc the axial
ratio is c/a = 1/2 X \/3/2. The so-called w-phase [36] struc-
ture appears if the B and C layers in bcc are shifted so that
they coalesce at z = c¢/2. The double-hexagonal close-
packed structure (dhcp) has an ideal c/a ratio which is
twice that of hcp, and the stacking is ABACA. The
‘samarium type structure’, 9R is a nine-layer hexagonal
structure, stacking ABABCBCACA. Calculations are most
conveniently performed using the primitive rhombohedral
cell which contains only three atoms. Also A7 (arsenic struc-
ture, space group 166 in the International Crystallographic
Tables) has a rhombohedral primitive cell. It contains two
atoms. The basis vectors are:

a (l 0 c) a ( 1 1 c)
=al —-=.0, — | =al———%=. 5.7 )
! V3 3a 2 23 2 3a

)]
a ( 1 1 ¢ )
=al-——=.5.5 )
3 23372 3a
and the atomic positions are:
r; =(0,0,uc); r; = (0,0, —uo). 3]

The special case where u = 1/4 and c/a = /3 yields the
simple cubic, sc, structure. The simple rhombohedral struc-
ture, AR1, is obtained by removing the two atoms at the sites
r; and r; and placing a single atom at r; = (0,0, 0). It was
observed in Li, [8] and is also included in the Na calcula-
tions here. The particular case where AR1 has a c/a-ratio
equal to /6 corresponds to fcc, as mentioned earlier. In
that case the rhombohedral angle, «, is 60°. In the 9R struc-
ture mentioned above all three sites are occupied. The struc-
ture which is called cI16 belongs to the space group I43d
(number 220 in the Int. Tab.). This was found experimen-
tally for Li under pressure, [8] and until very recently [29] it
had not been observed for any other elemental solid. The
atoms are located in the 16c Wyckoff positions. The
primitive cell is bce, and an 8-atom basis is defined by the

coordinates (in units of a):

1 1 1
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The structure reduces to bec structure (‘supercell” with eight
usual cubic cells) for x = 0. The oC8 structure of Cmca
symmetry can be described by the primitive translations
(using b as a unit):

a 1
a = (E’_E’O)’

ay = (oog)

and the atomic positions:

c c
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The theoretical study [11] of Li-oC8 is our motivation for
including the oC8 structure in our Li [8] and Na calculations
[12]. For Na we find (Section 4) two different sets of
structural oC8 parameters. They are referred to as oC8
and 0C8-2. The former is close to the 0C8 structure found
for Li, [8,11] whereas the latter is very close to the structure
formed by the Si atoms in MoSi,. It appears that some of the
high-pressure phases have structures similar to the cation
sublattices of binaries [8], and the structure of CsIV [3] is
another example of this. Cs/V forms in a tetragonal structure
with I4,/amd symmetry, SG 141, where the atoms are

placed in
1
= (0 ¢ ) 5)

[SSTRN NG
|
=

~

- X, — +x)

N

a 1
== +-.0)
a (2b’ 2,0),

r; = (0,0,0); 55,

This is the structure of the Th sublattice in ThSi, [37].
Therefore this was also included in the present study. The
cl16 structure described above is in fact that of the the cation
sublattice in EusAs; and Yb,Ass, i.e. anti-Th;P, structures
[38]. As already mentioned, c/16 is a cubic structure with a
bee Bravais lattice and eight atoms in the primitive cell.
Several other cubic structures may be generated by distort-
ing such a bece supercell. As one example we consider the
BC8 structure [39], mainly because it has been found, as also
RS, in metastable Si and Ge phases [40—42]. The BC8
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structure is also body-centered-cubic with 16 atoms in the
unit cell (eight atoms in the primitive cell). The space group
it Ia3, and the atoms are in the 16¢ Wyckoff sites, (xg, X, Xo)-
It may also be viewed as a rhombohedral structure with an
8-atom primitive cell, SG R3. This has two atoms in the 2c,
(u, u, u) and six in the 6f, (x,y, z), sites. These parameters are
related to xy by u = 2x9, x = 1/2,y = 0, and z = 1/2 — 2x,.
Thus, in BC8 there is only one internal parameter (x;) which
must be optimized.

The BCS structure can be considered as a special setting
of the structural parameters of the RS structure. Both have
the SG R3 (number 148). The eight atoms in the RS primi-
tive cell are located at the 2c, (u, u, u), and the 6f, (x,y, 2),
Wyckoff sites. In BC8 all the eight sites are equivalent, but
in R8 the 2c and the 6f sites are inequivalent. For R8 we use
the primitive translations as given in Eq. (1), and the atomic

sites are:
);

1 3
r, = z—(x+y)§,(x—y)§,(x+y+1)§>;

1 3
r = (x—(y-i-z)z,(y—Z)\é_,(x"‘Y"‘Z)

Q0

1 3 '
r; = y—<z+x>5,<z—x>§,<x+y+z>§);

2

1 3
Irs = Z+(X+Y)2’(xy)\é—’(x+y+z);)§

] p—
2 2

1
r, = (—x+ <y+z>5,—(y—z)ﬁ,—<x+y+z)§);

(z—x)ﬁ,—(x+y+z>2);

rg = (0,0,—3u5).
a

For c/a = +/2/4, y = 0, this specializes to BC8. If further
u = 1/4 (xy = 1/8), BC8 becomes identical to the bce super-
structure with SG 230 (Ja3d) and atoms in the equivalent
16b positions. The BC8 and R8 were predicted to be among
the possible candidates for structures of Li phases at very
high pressures [8,12].

Our calculations [12] have shown that the graphite form
of lithium has a lower enthalpy than oC8-Li when the pres-
sure exceeds 300 GPa. The graphite structure consists of
hexagonal layers in an ...ABAB... sequence so that half
the atoms in a layer are directly above and below the
atoms in the adjoining layers, and the other half are directly
above and below the centers of the hexagons. The space
group is P63/mmc (Nr. 194) with atoms in the 2b and the
2c positions, Pearson symbol #P4. At a given volume, only
one parameter, c/a, has to be optimized. In addition to this,

we also included another structure where the stacking of the
layers with hexagons is ...AAAA....

3. Methodology

The total energy of the electrons for a given choice of
atomic coordinates (structure and volume) is calculated
within approximations to the density functional theory, the
local approximation (LDA) as well as a generalized gradient
approach (GGA). The results presented here are obtained
with the GGA, and we used the Perdew—Burke—Ernzerhof
scheme [43]. The solution of the effective one-electron
equations is performed by means of the linear muffin-tin-
orbital (LMTO) method [44] in the full-potential version
[45]. The band structure calculations are scalar relativistic,
i.e. all relativistic effects, except spin—orbit splittings, are
included. Concerning the choice of basis set, the present
sodium calculations are similar to those used earlier
[7,8,18-20] for the high-pressure phases of Cs, Li, and
Na. This means that a ‘triple-k basis’ [45] is used, and in
each channel we include s-, p-, d-, and f partial waves. Semi-
core states, 1s in lithium, 2s and 2p in sodium, are treated as
local orbitals [46] (LO) and included among the usual
valence states. The Na-1s states are treated as atomic-like
states relaxed in the crystal potential. The structural opti-
mization required in all cases except for the bce and fcc
structures is made at each of 21 volumes, V, in the range
0.10 X V4—1.10 X V), where Vj is the (experimental) equi-
librium volume of bce-Na at ambient pressure, correspond-
ing to the lattice constant a = 4.225 A (We use
Vo = 21.2725 A3 for Li and 37.7073 A? for Na). For some
structures, like hep, dhep, and AR1, only a single, internal
parameter needs to be varied, but other cases require more
time consuming optimizations. A7 and 9R require optimiza-
tion of two parameters, z and c/a. In the Cmca structures we
need to vary the axial ratios, c/a and b/a, as well as two (in
0C8) or three (in 0C16) internal parameters. Also for RS
there are five parameters to be optimized simultaneously.
This is done by means of a steepest-descent method.

4. Results

Having calculated the optimized total energies, E, vs.
volume for all structures, and applying a least-squares fit
to a power series in X = (V/ VO)”3 (positive as well as nega-
tive powers), we derive pressure, P, bulk modulus, B, and
enthalpy, H = E + PV. The calculated P-V relations are
then used to calculate H(P), and the results for Na are
summarized in Fig. 2. The enthalpies of 0C16 have been
omitted, since for Na (as for Li) its energy is far above those
of the other structures. At low pressures (not visible on the
scale of Fig. 2) we find that the bcc structure is favored in
sodium. The calculation predicts that this remains the stable
structure up to P,; = 80 GPa, where it transforms to fcc. It
should be noted, however, that the maximum difference,
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Fig. 2. Enthalpies of 15 Na phases vs. pressure (P). The enthalpy of
the bee structure is used as a reference.

E(fcc) — E(bce) is only 5 meV/atom. (Same differences
were obtained by using the straight LDA). The fact that
we find the energy difference to be that small also implies
that a substantial error bar is associated with the value of P;;.
The instability of Na-bcc is also reflected in the volume
dependence of the elastic shear constants. As found by
Katsnelson et al. [9] and also in the calculations [19,20]
for Cs, C' and Cy4 soften and tend to go negative under
compression. This may also be illustrated by the energy
dependence on axial ratio, c/a, in Na-bct as shown in
Fig. 3. At large volumes, V/V,, above =~ 0.30, the energy
minimum is at ¢/a = 1.0 (bcc), but a secondary minimum
appears near 1.4. For smaller volumes this becomes the low-
energy structure with c/a = V2(fce). Another distortion of
the bec structure of sodium could be possible, namely that to
the w-phase. Fig. 4 shows the energy variation calculated as
functions of &, the displacements of the B- and C layers
towards the central position in bcc as a hexagonal stacking.
The value 6 = 1/6 corresponds the w-phase where B and C
have coalesced. For V/V, = 0.22 we find (Fig. 4) that only
tiny energy changes are involved when the B and C layers
are moved. If Na had preferred to distort to the w phase in
the corresponding pressure regime, a dramatic softening of
the A(2/3,2/3,2/3) LA phonon in Na-bcc would have taken
place. At high pressures, Fig. 2 clearly shows that Na-w
cannot be a stable structure.

The (perfect) fcc (Fig. 2) structure remains stable up to

10 T T T T T T 77
- Na-bct .
81 i

| V/IVp=0.25 V/Vy=0.30

E (meV/atom)
1

ViIVo=0.27|

0 1 1 L 1 1 1
1.0 1.2 1.4 1.6 1.8

c/a

Fig. 3. Energy of Na-bct vs. c/a-ratio at the bec — fcc transition for
three volumes. (The axial ratio ¢/a = 1 corresponds to bce, whereas
cla=2 represents the fcc structure).

=~ 130 GPa, where it becomes unstable against a thombo-
hedral shear. The elastic constant Cy, goes negative, and the
fce-lattice becomes dynamically unstable. This signals the
transition to the distorted structure, AR1. In lithium the AR1
phase has a structure which appears as a compression [8]
along the fcc body diagonal (see Fig. 5). Sodium behaves
differently in the sense that in Na-AR1 c/a is larger than /6,
the fcc value (see Figs. 6(a) and (b)). Experimentally,
however, this will probably not be observed since the c/16
structure is energetically favored even over Na-iR1 in the
same pressure range. The calculated onset of Na-cI16 is
around P, = 130 GPa, somewhat higher than observed
[29] 100 GPa. It is interesting to note, on the other hand,
that the calculation by Neaton and Ashcroft [17] also
predicts the transition pressure to be 130 GPa, although a

C-178-34;
30 — 1+l

. :
Na: bcc— o 1

V/Vy=0.18

20

V/Vq = 0.30

E (meV/atom)

0.00 0.05 0.10 0.15 0.20
)

Fig. 4. Energy of Na-bcc distorted towards the w structure for three
volumes. The parameter & gives shifts (up/down along the ¢ axis in
the hexagonal representation) of the B and C layers. The layers
coalesce for 6 = 1/6. The results for V/V, = 0.22 illustrate that
the bonds at that volume become extremely soft.
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Fig. 5. Axial ratio, c/a, of Li-hR1 versus pressure. The two triangles
represent the experiments of Ref. 8. The filled circles are obtained
by the theoretical optimization and pressure calculations.

different band structure calculation method was used. (Our
earlier calculation [12] yielded a somewhat higher value of
the pressure at which Na should transform to ¢/16 due to a
too low packing fraction with muffin-tin spheres in the
distorted structure.) The displacements, x, increase with
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Fig. 6. Variation of the total energy of (a): Li-AR1 and (b): Na-hR1

vs. axial ratio, c/a. The volumes are fixed to V = 0.38 X V;, (Li) and
V = 0.18 XV, (Na). The fcc structure corresponds to c/a = NG
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Fig. 7. Displacement xin Na-c/16 and the energy gained by the
relaxation to finite x vs. volume. The structure is bce (x = 0) for
all V/V, larger than = 0.29.

compression (see Fig. 7) and seem to approach a limiting
value of 0.065 at extreme compressions. This is different
from Li, where a saturation value of 0.125 was found [8].
The energy gained, E(gain), by relaxation to a finite x-value
increases with compression as shown in Fig. 7. The c/16
structure is energetically favored up to Pz = 170 GPa, a
pressure regime where Na-Cs/V rapidly lowers its free
energy with pressure so that it becomes the one with lowest
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Fig. 8. Axial ratio for Na in (a): the Cs/V structure and (b): the hcp
structure as functions of volume.



N.E. Christensen, D.L. Novikov / Solid State Communications 119 (2001) 477-490 483

400 Y T C-178-387A]
a)
300 NN\ s cl16 -
bce
— — fcc
——hR1
© ——— oC8
& 200 N —-—CsIV _|
o N P
16— “CsIV” N 3
cl16—“Cs \?\\
T TSI
100 - *
Pi bcc—fec(hR1) e
0 1 1 1
800 T
b)
600 1
©
o
S 400 -
fis)
200 iy
0 1 L L
0.15 0.20 0.25 0.30 0.35

VIVo

Fig. 9. Pressures (a) and bulk moduli (b) vs. volume for Na in
selected structures between 0.15 and 0.35 V,. Py, Py, Pg, and Py
are the calculated pressures of transition from bcce to fcc/hR1, hR1 to
cl16, cI16 to ‘CsIV’, and ‘CsIV’ to Na-oC8.

energy among the structures examined up to Py =~ 220 GPa,
where the Cmca structure, oC8, takes over. One should bear
in mind, however, that the energy error bars are =~ 5 meV/
atom, at best. In lithium a larger stability range was
predicted [8], but also in that case the Cs/V structure may
push the upper limit down (see later). For Na-CsIV the c/a
ratio had to be optimized, and the calculated volume
variation is shown in part (a) of Fig. 8.

Apart from the range from 120 to 200 GPa where several
structures are close in energy, the hexagonal hep structure is
not likely to be a ‘good candidate’ for Na at high pressure,
although substantial energy can be gained by reducing c/a at
small volumes (Fig. 8(b))). At the volume V = 0.25 X V,, as
well as for all volumes larger than this, we find a single
energy minimum at the ideal c/a (+/8/3), but the ideal hcp
structure becomes unstable upon compression. Actually,

two new minima develop, one at a smaller axial ratio, and
one at a larger value. The latter minimum is always higher,
i.e. it corresponds to a metastable structure. Fig. 8(b) shows
how the c/a-values corresponding to the global minimum
(dots) and the higher-lying minimum (asterisks) vary with
volume. Similar results were obtained in Ref. 9. The dhcp
structure exhibits a different behavior. It becomes unstable
for volumes around V/V,, = 0.22, and the enthalpy curve
plotted for Na-dhcp has no physical meaning above P =
220 GPa. It remains to be examined whether a dhcp (or
related) structure again can stabilize when P is increased
further, similarly to what was calculated for the w phase.
The four coexistence pressures Py, Py, Ps and Py are also
marked in Fig. 9(a) which shows the calculated P-V
relations for some selected structures of Na at small
volumes. From low pressures (in fact from 0) up to
120 GPa we find that the pressures of the close-packed
phases follow each other closely. A change of slope in
P(V) for hep-Na around 270 GPa reflecting the rapid change
in c¢/a upon compression is illustrated in Fig. 8(b). This
becomes even more pronounced in the variation of the
bulk modulus (Fig. 9(b)). Similar effects of the structural
relaxations appear in AR1 and oC8, although less dramatic
than for hcp.

At very high pressures Na-oCS8 clearly has the lowest free
energy in Fig. 2. The variation of the structural parameters
(as defined in Section 1) with volume is shown in Fig. 10.
These results are somewhat different from those found for
lithium (see Fig. 11). For Na we also found higher-lying
local minima in the 0C8 energy surface, and these solutions
correspond to the enthalpy curve labeled 0oC8-2 in Fig. 2.
The structural parameters of oC8-2 are rather different.
Within very small margins, a and ¢ are equal to 0.5883 X
b over the entire volume range considered, and z stays fixed
at 0.5. Only y varies.

4.1. Electronic structure and phase stability

This section describes the electronic structures of sodium
in selected crystal structures. The relation between the
energy distributions of the valence electrons and the struc-
tural stability is examined, and also the s — p transition is
illustrated.

First, Fig. 12 shows the density of states (DOS) functions
in the valence-band regime for Na-bcc, -fcc, and -AR1. Also,
partial 3s- and 3p-DOS functions are shown for the bcc
phase. The volume chosen here is V/V, = 0.25, i.e. the
pressure is above Py, the calculated bce/fce coexistence
pressure for Na. The total bcc-DOS exhibits a smooth,
featureless free-electron like behavior for all energies
below the Fermi level, Er. The same is the case for the
fcc-DOS at this volume, and in fact it cannot be easily be
distinguished from the bce-DOS in this energy regime. The
bece—fec energy difference is indeed very small, and the fact
that Na-fcc is lower in energy than Na-bcc at this volume
cannot be clearly ascribed to differences in the one-particle
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energy distribution. Details in the Coulomb interactions
(including exchange-correlation) must play a major role in
this connection. Fig. 12 (upper part), on the other hand,
shows that the transition from Na-fcc to -AR1 (the rhombo-
hedrally strained fcc) is associated with a decrease in band-
structure energy. The saddle point in the p-DOS which in
Na-fcc lies above Ep has in AR1 moved below the Fermi
level, and consequently occupied electronic states have been
moved to lower energies. The one-electron energy distribu-
tion thus favors the AR1 structure over fcc.

For Li it was demonstrated [8] that the distortion (finite x
value in Fig. 7) of the bee structure into ¢/16 is accompanied
by the formation of a pseudo-gap, and thus to a downshift in
energy of an appreciable amount of filled electron states.
The one-electron energy sum is similarly reduced in
Na-c/16 as x becomes non-zero. A similar effect is found
in the CslV structure, and in Na-BC8 we find that a pseudo-
gap near Ef tends to stabilize the structure. In all cases the
increasing occupation of p states with pressure is essential
for the formation of the new structures, and this is most
spectacular in Na-oC8, the phase which is clearly the lowest
in energy among those examined in the high-end of the
pressure range of Fig. 2.The pseudogap which is present
even at V/V, = 0.45 (Fig. 13) becomes rapidly deeper as
the lattice is compressed (lower part of Fig. 13) and near
VIVy =0.12, the DOS at Er vanishes. Upon further
compression a non-zero gap opens in the band structure of
Na-0C8; Fig. 14 shows its position in the Brillouin zone for
VIVy =0.10. In Li-oC8 it was also found [8,11] that
DOS(EF) vanishes at a very high pressure, but the energy-
optimized structure did not exhibit a non-zero gap. Neaton
and Ashcroft noted [11] that a small change in the structure
(Peierls distortion) could produce a gap in the band structure
of lithium, but the associated gain in one-particle energy

| >< E
| —

ENERGY (eV)
A
T

-8r
Na-oC8
10 V/Vy=0.10
-12
r Z T Y T X S R U

Fig. 14. Band structure of the oC8 structure at V/V,; = 0.10. The
horizontal line (zero energy) marks the valence-band maximum.
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(band structure energy) was not sufficient to compensate for
the increase in Coulomb (exchange-correlation) energy, and
the distorted phase would not be stable.

The s— p transition responsible for this behavior is
further illustrated in Fig. 15(a). The very strong increase
in the ratio between p- and s electron counts at large
compressions is very much like what is found for lithium
(see Fig. 15(b)) At first, such a behavior might be explained
for Li as an effect of orthogonality; the Li atom has a full 1s
core, and the 2s valence states are kept away from the core
region, even at small volumes due to their orthogonality to
the 1s states. Orthogonality does not impose a similar radial
constraint on the Li-2p states, and consequently the 2p
canonical band [44] can increase its overlap with the Li-2s
band when Li is compressed. This is illustrated for Li-fcc in
Fig. 16. But a similar argument cannot be applied strictly to
Na. In that case the core of the atom contains s- as well as
p-states (2p), and a weaker s — p transition should then be
expected. The simplified picture, however, is based on a
crude model without hybridization and hybridization is
very strong in the compressed alkali metals. If we consider
ahypothetical Na-fcc crystal at the smallest volume (V =
0.1 V) considered here, its interatomic distance is 1.73 A.
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Fig. 15. Ratios between the number of p- and s valence electrons in
two phases of Na (a) and two Li-phases (b). (Angular momentum
projections are made onto muffin-tin spheres).
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Fig. 16. Potential parameters, C;, and V;,, calculated vs. volume for
the valence s- and p states in fcc-lithium in an ‘ASA’ (Atomic
Spheres Approximation, Ref. 44). The C’s give the centers of the
(unhybridized) bands, and V; is the square-well pseudopotential for
[-states. For s-states this gives the band bottom. Also shown is V(S),
the potential at the Wigner-Seitz radius. All energies are given
relative to the Fermi level, Eg. Vj is the bce-equilibrium volume
of Li (a = 3.491 A).

For the free Na atom this is the same as the distance from the
nucleus to the outer maximum of the Na-3s wavefunction
[47]. Consequently, a 3s wavefuntion from a nearest neigh-
bor atom in the compressed solid will, when expanded
around the local site, yield a very large p component.
Only s states have non-vanishing amplitudes on the nucleus,
and therefore the crystal structure adjusts so that there are
interstitial regimes where the valence charge can pile up.
This means that the coordination number is reduced to a
lower value than in fcc, for example. Fig. 17(a) shows this
large valence charge density in the interstitial regime of
Na-0oC8. The picture is quite similar to that found in the
Li calculations. ‘Pairs’ of atoms can be seen, but, as
mentioned earlier, the next-nearest neighbor distances are
close to the shortest interatomic distance, and it is not very
meaningful to characterize this as a solid with coordination
number 1. The density plot of Fig. 17(a) further shows that
the structure has some similarity with 2P4 (graphite type) as
also can be seen from part (b) of Fig. 17. The similarity is
even more obvious when comparing #P4 with oC8-2, the
Cmca structure derived from the Si sublattice in MoSi,.

4.2. Comparison to Li

We have already at several places compared the Na
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Fig. 17. Density of valence electrons, i.e. densities of core states as well as semi-core states (LO orbitals) are omitted. (a): Na-oC8 V/V = 0.15,
and (b): Li-hP4 (graphite structure), (c): Na-BC8 at V/V, = 0.25, and (d): Si-BC8. The lowest densities are shown in blue, whereas the red

(magenta) correspond to high (highest) densities.

results to experimental and theoretical results presented
earlier for lithium [8,11]. Nevertheless, it is worthwhile to
compare them with a larger set of data than the one which
was included in our calculations in Ref. 8. Fig. 18
summarizes enthalpy calculations for 14 out of 16 examined
structures. Those not included are oC16 (‘SiVI’) and RS.
The former has energies which are well above the reference
in Fig. 18, and Li-R8 was found to converge to Li-bcc at low
pressures and to Li-BC8 at high pressures. Among the inter-
esting new results we mention those of Li-hP4 (graphite
type) and Li-CsIV. Li-hP4 becomes a competitor to
Li-oC8 at very high pressures, and the calculations show
that it has the lowest enthalpy above = 300 GPa. The
CslV structure is even more interesting since its energy
becomes very close to that of Li-c/16 in a pressure range
which may be accessed experimentally. The upper pressure
attained in the measurements of Hanfland and Syassen [8]
is around 55 GPa, and the present calculations suggest that
there could be a pressure window starting a bit higher where
Li-CsIV might be found. The smallest energy difference
between Li-CsIV and -c/16 in the calculation is 1-2 meV/
atom (Fig. 18), i.e. below our error bars.

Let us consider again Fig. 1 which we used as an illustra-
tion of a ‘paired’ high-pressure structure of an alkali metal.
The valence electrons in sodium also distribute themselves
in such a way, as can be seen from Fig. 17(c). The shapes of
the contours between the atoms in the ‘pair’ resemble those

of covalent bonds. But the nature of the bonding is far from
being a conventional diatomic molecular bonding. The blue
contours indicate minimal densities. The valence electrons
are in the interstitial regimes, and the bonding may be
considered as a multicenter bonding. The bonding in the
high-pressure phases of Li and Na, for example in the
0C8, is thus quite different from that in the SiVI phase
(0C16, also Cmca), see for example Fig. 6 in Ref. 48. In
view of this, it is surprising how similar some of the high-
pressure phases of the alkali metals are in structure to some
of those found in Si and Ge. The BC8 structure as found for
Si is very similar to Li-BC8 (x is slightly different), but the
bonding is quite different. Fig. 17(d) shows our calculated
density in Si-BC8. This may crudely be described as an
‘inverse’ of the Li- and Na plots.

5. Conclusions

The present calculations suggest that sodium and lithium
both may assume several, rather complex structures under
pressure. Examination of the band structures and orbital-
projected density-of-states (DOS) functions show that the
number of p-states is found to increase at the expense of s
states under compression. The reason is that the interatomic
distances become small compared to the range of the wave-
functions, and the high-pressure phases become rather open.
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Therefore, the structures found theoretically to be good
candidates under very high pressures are characterized by
having coordination numbers which are lower than those of
the intermediate-pressure phases, bcc and fcc. In that
context it is interesting to note that recent calculations by
Bergara et al. [49] predict that a monolayer of lithium also
would tend to form a paired structure at high densities.
The structural energy differences calculated here do not
include thermal effects, i.e. vibrational contributions to
energy and entropy [19,20] are neglected. This adds to the
error bars of some of the tiny free energy differences. Within
such limitations, the calculations for Na cannot clearly
distinguish between the fcc, bce and the R9 structures at
zero pressure. At slightly elevated pressures, though, bcc
is favored, and a bcc— fcc transition is predicted near
75 GPa. The error bar is large, probably *+20 GPa. Na-fcc
undergoes a rhombohedral deformation, and close to
130 GPa several new structures become energetically
possible. Among these the ¢/16 is an interesting candidate,
because this structure was experimentally observed [8] for
Li under pressure. Recently [29] it was also seen in Na, with
an onset near 100 GPa. The present calculations suggest a
stability range of Na-c/16 to be from 130 to 170 GPa, above

which the tetragonal CsIV structure clearly has a lower
enthalpy. Above P = 220 GPa, we find that the Na-oC8,
Cmca, may be stable up to very high pressures. The structure
of Na-oC8 is similar to the Li-oC8 phase, but the structural
parameters, y, z, b/a, and c/a vary somewhat differently with
volume.

Highly compressed Na contains even more 3p- than 3s
electrons and in the oC8 the hybridization is so strong that
the hybridization gap makes the DOS vanish at the Fermi
level for small volumes. (In that context, see also the discus-
sion by Neaton and Ashcroft [11] of the Peierls distortion in
Li). The metal—insulator transition occurs in Na only at
extreme compression. At 87% compresssion the Cmca
phase is still metallic, but reduction of the volume to
0.10 X V,, produces a non-zero gap in the band structure
according to the calculations. The corresponding pres-
sure is =~ 950 GPa, roughly three times the pressure at
the center of the earth. For comparison, bcc-Na would
need = 1500 GPa to be compressed to V/V, = 0.10.

The calculations for Li, on the other hand, did not show
insulating behavior in any of the phases with lowest
enthalpy for P up to 4 GPa. The Li-hP4 structure appears
to be a zero-gap semiconductor at V/V,, = 0.25, where it is
not the structure with the lowest energy, though. Above
300 GPa, where its enthalpy is lower than that of Li-oCS8,
the band overlap increases, and Li becomes a ‘good’ metal.

As emphasized in Section 1, a theoretical study as
described here is based on a comparison of a finite set of
structures. Therefore, one can never be sure always to find
the most stable structure, and although ab initio force calcu-
lations are used to optimize atomic coordinates, axial ratios
etc. the space groups to be considered must be selected.
Also, in particular for complex structures the total-energy
surface may have several local minima. A systematic search
for the global minimum requires methods which can pass
over energy barriers. A combination of simulated annealing
and “genetic algorithms’ has proven [50]* to be successful in
ab initio optimization of small atomic clusters, but an imple-
mentation for crystalline solids is not straight forward.
Zunger et al. [51] have used an iterative procedure where
full phonon calculations are performed for several volumes
of a starting structure and where symmetry analyses of soft
modes are applied to identify the structure of a possible
transformed phase. The method which uses group/subgroup
relations where the subgroup is an ‘isotropy subgroup’
[52,53] applies to second order phase transitions, i.e. con-
tinuous structural deformations, and it may then be useful
in prediction of deformation paths in pressure-induced
transformations. Due to the complexity of some of the

% Small clusters are structurally optimized, without any symmetry
constraints, by means of force calculations (real-space LMTO as
developed by M. Methfessel (private communication)) combined
with genetic algorithm ‘mating’ within an ensemble of ‘parent clus-
ters’ determined by a Boltzman distribution over energy at a
temperature which is gradually decreased (simulated annealing).
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high-pressure phases (even) of the ‘simple metals’ reliable
phonon calculations, for example from linear-response
theory as applied by Savrasov [54], require large computing
resources, especially because the calculations must be
performed for several volumes and structures. Therefore,
our theoretical search for additional ‘candidates’ for high-
pressure phases of Li and Na in the nearest future will follow
the lines described in this article, and a close collaboration
with experimentalists is extremely important. The reactivity
of compressed Li with the diamonds in a pressure cell [8],
and the need to go beyond 1 Mbar in the case of Na, make
such experiments very challenging.
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