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We have investigated Si theoretically under high compressions by means of first-principles self-consistent
total-energy calculations within the local-density approximation using the full-potential linear-muffin-tin-
orbital method. Our results confirm the recent high-pressure experimental observations of crystallographic
phase transformations in $Hanflandet al, Phys. Rev. Lett82, 1197 (1999]. The calculated transition
pressure for the occurrence of the silicon-VI crystal structure agrees very well with the experimental data.
[S0163-182699)01045-0

The high-pressure phase diagrams of the group-IV eleperformed for the previously observed phases that confirm
ments, and in particular Si, have attracted a lot of attentionthe experimental data available at that time. Cohen and
both experimentally and theoretically. At ambient condi- co-workerd®~1%9161have made a number of calculations on
tions, Si is stable in the diamond-type structbilamiesofi  the structural phase transitions in Si at high pressure using
has shown that it transforms to ti#eSn structure around 12 the pseudopotential method. Their calculations also showed
GPa. TheB-Sn structure is stable up to 16 GPa, where itgood agreement with available experimental data at that
transforms to the primitive hexagongih) structure’® Re-  time. Also, Needs and Martth and recently Needs and
cently, Nelmes and co-workérdhave shown that there is an Mujica® have made a first-principles pseudopotential study
intermediate phase between {BeSn structure and the primi- of structural phase transitions in Si. Their calculations show
tive hexagonal structure in the pressure range of 13—16 GPthe following structural sequence of phase transitions with
The structure of this new phase is orthorhombic with theincreasing pressure; diamond structureB-Sn— ph— hcp
Imma space group. It is also shown that Si becomes a su—dhcp—fcc. Up to now we are not aware of a@p initio
perconductor in its high-pressure, primitive hexagonalcalculation for the newly observed Si-VI structure.
phas€ The primitive hexagonal phase transforms to the hex- The main aim of the present paper is to use the experi-
agonal close packethcp phase at 42 GPa and this hcp mental findings of the Si-VI phase and confirm it theoreti-
phase transforms to the fcc phase at 78 &Padowever, cally. This will also constitute a most sensitive test of the
also a new phas€Si-VI) appears around 40 GPa but the accuracy of the theoretical description of the electronic struc-
structure of this phase has been unknown until just recentlyture of Si.

Earlier the structure of this phase was assumed to be double In order to study the electronic structure of Si we have
hexagonal close packefdhcp. Very recently Hanfland used the full-potential linear muffin-tin-orbitd FPLMTO)

et al* performed most interesting high-pressure experi-method?® The calculations were based on the local-density
ments for Si using high-resolution monochromatic synchro-approximation. We used the Hedin-Lundg@tgtarametriza-
tron x-ray diffraction. Their main result is the observation of tion for the exchange and correlation potential. Basis func-
an orthorhombic high-pressure phase at 38 GPa. They idetions, electron densities, and potentials were calculated with-
tified this high-pressure phase as similar to the Cs-Vout any geometrical approximatiéf These quantities were
structure? with the Cmcaspace group. The axial ratios and expanded in combinations of spherical harmonic functions
atomic coordinates are nearly identical for both Si and Cs ifwith a cutoffl,,,=6) inside nonoverlapping spheres sur-
this phase. On the theoretical sidd initio calculations are rounding the atomic site@nuffin-tin spheresand in a Fou-
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TABLE |. Calculated and experimental transition pressi@®a and lattice constants (A).

Transition Pressure Lattice constants

Expt2 Calc. Expt? Calc.
Sh—Si-VI 38.0 34.0 a=8.024, b=4.796,c=4.776 a=8.13, b=4.87, c=4.77
Si-VI—Hcp 425 415 a=2.473,b=2.473,c=4.188 a=2.47,b=2.47,c=4.18

8anflandet al. (Ref. 11.

rier series in the interstitial region. The muffin-tin sphereopen for the primitive hexagonal structure and more closed
occupied approximately 50% of the unit cell. The radial ba-packed for the hcp structure.

sis functions within the muffin-tin spheres are linear combi- Under compression, the calculations show that Si under-
nations of radial wave functions and their energy derivativesgoes a structural phase transition from ph to Si-VI. The cal-
computed at energies appropriate to their site and principaiulated pressure for this transition is 34 GPa, which should
as well as orbital atomic quantum numbers, whereas outsidee compared with the experimental value of 38 GPafter

the muffin-tin spheres the basis functions are combinationthis crystallographic change the Si-VI phase is stable for a
of Neuman or Hankel functiorfé:3 In the calculations re- quite small range of volumes and wha#V,=0.56 the
ported here, we made use of pseudocoped@hd valence Si-VI phase is calculated to transform to the hcp phase. The
band %, 3p, and 3 basis functions with corresponding two theoretical pressure for this transition is 41.5 GPa to be com-
sets of energy parameters, one appropriate for the semicopared with the experimental value of 42.5 GPa. The experi-
2p states, and the other appropriate for the valence statesiental volume of the hcp structure at the transitioVi¥

The resulting basis formed a single, fully hybridizing basis=0.57. The calculated and experimental transition pressures
set. This approach has previously proven to give a welland lattice constants are also collected in Table I. The crys-
converged basi® For sampling the irreducible wedge of the tallographic behavior obtained from our full-potential calcu-
Brillouin zone (BZ) we used a uniform mesh & point$*  lations, shown in Fig. 1, is thus in very good agreement with
and in the final convergence 50, 68, andIl5foints in the  experiment. It is also consistent with the above-mentioned,
irreducible Brillouin zong1BZ) were used for ph, Si-VI, and simple model for chemical bonding. As already mentioned,
hcp structures, respectively. In order to speed up the convesat the lowest volumes the structure with a better packing is
gence we have associated each calculated eigenvalue withstable, due to the dominance of the repulsive Born-Mayer
Gaussian broadening of width 20 mRy. energy.

In Fig. 1 we show the total-energy difference between In Table Il we show our relaxed axial ratio and positional
pertinent crystallographic structures for Si as a function ofparameters for the Si-VI phase. Our calculated values are in
volume. Here we compare the ph, Si-VI, and hcp structuresexcellent agreement with the experimental data. We have
where the energy of the Si-VI structure is taken as the referalso compared our calculatefa for the primitive hexagonal
ence level. For simplicity we have not considered the threand hexagonal phase with the experimerdéh. This is
low-pressure phases that are already confirmed by eaflier shown in Table Il and again the agreement between the
initio calculations. In the calculation®ot shown, we find  experiment and theory is very good.
that the theoretical equilibrium volume is largest for the ph  In order to understand the stability of the various struc-
structure and smallest for the hcp structure. This finding igures, we have to consider the different contributions to the
directly consistent with the fact that the packing is moretotal energy. At high compression when the atoms are forced

to have short distances between them, the valence electrons
160 T T ' become more or less free-electron-like. In addition, the over-
. lap repulsion between the valence states as well as the repul-
120 b Si 1 sion of low-lying core stategswhich at high compression
have wave functions that start to overnlagive rise to a
80 | 1 volume dependence of the total energy, which is similar to
g —m— T the classical Born-Mayer terfii.Hence it may be useful to
40t =T ; think about structural trends in this system as at least partly

TABLE Il. Calculated and experimental lattice and internal pa-
rameters for the Si-VI phase. Calculated values aré/&t,=0.58
and experimental values are\atV,=0.57, whereV,=20 A3,

0.0

Energy Difference (mRy)

Calculated Expt.

y(8f) 0.176 0.173
z(8f) 0.330 0.328
x(8d) 0.216 0.218
al/b 1.670 1.673

FIG. 1. Energy difference between the ph, hcp, and Si-VI crystak/p 0.980 0.996
structures for Si as a function of volume. The Si-VI structure is
used as the zero-energy reference level. aHanflandet al. (Ref. 11).
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TABLE IlI. Calculated and experimentala ratio for primitive  total energy, although we point out that sometimes other

hexagonal and hexagonal close packed phases. terms in the total energy gives rise to unexpected findings,
such as, for instance, the simple cubic phase iféCa.

ph hcp In summary we have shown that modern electronic struc-

Calculated and exg. 0.950, 0.947 1.696, 1.698 ture t_heory is suf_ficiently developed to give an accurate de-

scription of the high-pressure behavior of the Si. Our calcu-

Olijnyk et al. (Ref. 3. lations also confirm the recent experimental finding of a

similar phas# in Cs (Cs-V) and Rb. These results will be

being influenced by a Born-Meyer repulsion, that favors apubhshed elsewher€.

high nearest-neighbor coordination number. The coordina- We wish to thank the Swedish Natural Science Research
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coordination number is between 10 and 11. With increasingNo. 9 for financial support. We are grateful to Professor K.
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