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Crystal Structure of the High-Pressure Phase Silicon VI
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The crystal structure of Si was studied at pressures between 30 and 50 GPa using high-resolution
monochromatic synchrotron x-ray diffraction. The powder diffraction patterns of the phase Si VI are
indexed on the basis of an orthorhombic unit cell containing 16 atoms. The space group is assigned
as Cmca. Full profile refinements reveal that Si VI is isotypic to Cs V; i.e., axial ratios and atomic
coordinates are nearly identical for both phases. Thus, formation of the Cs V type structure is not
a unigue feature of the pressure-driven electrani€ transition in Cs. Instead, the structure type
appears to be more common, occurring intermediate between 8- and 12-fold coordinated structures.
[S0031-9007(98)08345-8]

PACS numbers: 62.50.+p, 61.50.Ks, 61.66.Bi, 64.70.Kb

Silicon plays a prominent role in the study of pressure-orthorhombic structures witd = 4 were proposed [23].
induced phase transitions of elemental solids. A large vaA more recent energy-dispersive synchrotron diffraction
riety of crystal structures and chemical bonding situationstudy showed that both structural assignments are incor-
is encountered along the route from the tetrahedrally coorect [7].
dinated diamond-type structure towards close packing of In this Letter we report a solution for the Si VI structure
atoms at very high pressures [1-8]. At least ten phasesnd the pressure dependence of its structural parameters.
with different crystal structures are known to exist [9]. Results are based on angle-dispersive powder diffraction
The simple electronic configuration of Si, involving mainly data measured at a third generation synchrotron source.
sp orbitals, makes it a highly attractive material for first- Because of the excellent resolution, the patterns could be
principles calculations of phase stability and related latticendexed reliably on the basis of a large orthorhombic unit
dynamical properties [10—17]. W.ith increasing pressureell containing 16 atoms. The space group is found to be
Si transforms to the tetragondtSn structure near 12 GPa Cmca. Structural refinements show that Si VI is isotypic
[2], which until recently was thought to transform directly to the high pressure phase Cs V, whose structure was
to the primitive hexagonal (ph) structure at 16 GPa [3-solved only recently [24].

6]. In agreement with theoretical considerations [11,12] The diffraction studies of Si were performed in the
an angle-dispersive synchrotron x-ray diffraction study repressure range from 30 to 50 GPa using a diamond anvil
vealed the existence of an intermediate orthorhombic phasmlIl (DAC) in combination with the ruby luminescence
between 13 and 16 GPa (space grémma, Z = 4 atoms method [25] for pressure measurement. Experiments
per cell) [8]. Above 42 GPa a hexagonal close-packedvere carried out at the ID9 beam line of the European
(hcp) structure has been observed [3,5—7] which transSynchrotron Radiation Facility, Grenoble, using
forms to a face centered cubic (fcc) at 78 GPa [6,7]. Allmonochromatic radiation and image plate detection.
these high-pressure phases are metals [1,18] and supercot+ays from an undulator source were focused vertically
ductivity has been predicted and observed in several dby a Pt-coated Si mirror and horizontally by an asymmet-
them [11-13,19-21]. rically cut bent Si(111) Laue monochromator [26]. At

A long-standing question is the structure of the phase She wavelength used in this study [0.448 64(4) A, energy
VI, which exists near 40 GPa [3,7], intermediate betweer27.639 keV] ~ 1 X 10'! photongs are delivered into
the 8-fold coordinated ph and the 12-fold coordinated hcghe 30 X 30 um? focal spot, a gain in flux by about a
phases. Si VI shows a superconducting transition temfactor of 100 compared to second generation synchrotrons.
perature significantly higher than the neighboring ph andmage plates were placed at a large distance (450 mm)
hcp phases [21]. The structure of Si VI was first assumedrom the sample, resulting in an extraordinarily high in-
to be double hexagonal close packed (dhcp) [22], i.e., atrumental resolution, characterized by a normalized width
mixed hcp- and fcc-like stacking of close-packed hexago¢FWHM) of diffraction peaks ofA® /0 =2 X 1073 at
nal layers. Early theoretical studies supported the restacle diffraction angle o2®@ = 20°. Exposure times were
ing of hexagonal close-packed layers [12]. Alternatively,3 min. To improve powder averaging, the DAC was
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rocked by=+3°. Conventional diffraction diagrams were cilitate the analysis. At this pressure only weak lines
obtained by suitable integration of the two-dimensionalfrom hcp Si were observed. The pattern can be indexed
images [27]. The Si sample (National Institute of assuming an orthorhombic cell containing 16 atoms. Cor-
Standards and Technology powder diffraction referenceesponding Miller indices are given in Fig. 2(a). Ear-
material) was loaded into the DAC together with argonlier studies [3,7] failed to determine the correct unit cell,
as the pressure medium. After each pressure increase thartly because the extremely weak (200) reflection [see
DAC was annealed for 1 hour &t5 °C. The widths of Si  inset of Fig. 2(b)] as well as the (020) and (002) reflec-
diffraction lines were small and close to the instrumentations, which are essential for determining the type and size
resolution, indicating a negligible residual stress. Arof the unit cell, were not observed, and no indication was
diffraction linewidths were large and strongly varying for seen for three overlapping reflections contributing to the
different reflections, probably due to stacking faults. strongest peak [29]. The high-resolution and improved
Diffraction diagrams measured at different pressuresensitivity resulting from the use of a third generation
are shown in Fig. 1. The diffraction lines are unambigu-synchrotron x-ray source thus is indispensable for a re-
ously assigned to the different phases of Si and to the Aliable indexing of high-pressure diffraction data of low-
medium (fcc structure [28]) by following their evolution symmetry phases with large unit cells.
with pressure. Below 38 GPa only the ph phase of Si The only centrosymmetric space group (SG) consistent
was observed. Appearance of additional diffraction lineswith the systematic extinctions of Bragg reflections was
at 38 GPa indicated the onset of the transition to Si Videtermined to be&mca. A structure with this SG and
in agreement with previous studies [7]. Above 40 GPaZ = 16 is not known for any element at ambient condi-
the diffraction lines of ph Si had disappeared and thdions. However, such a structure was found recently for
Si VI pattern together with developing peaks of hcp Sithe high pressure phase Cs V [24]. In Cs V the atoms
were observed. Upon further increasing the pressure hapccupy the8f and 84 Wyckoff positions ofCmca. By
lines gained intensity at the expense of Si VI lines. Atvisual inspection, the diffraction peak intensities of Si VI
49.2 GPa traces of Si VI were still detectable. very closely resemble those of Cs V. The Cs V structure
A diffraction pattern of Si VI measured at 42.5 GPamodel was therefore tried as a starting point for refining
is shown in Fig. 2. Ar reflections were subtracted to fa-the structural parameters of Si VI based on 31 reflections.
Since Si VI was always found to coexist with either ph
(SG P6/mmm) or hcp-Si (SGP63/mmc), two-phase re-
' ' finements were performed using GSAS [30]. Excellent
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FIG. 1. Angle-dispersive x-ray diffraction patterns of Si at (deg)
different pressures. Ar was used as the pressure mediurklG. 2. Diffraction pattern of Si VI at 42.5 GPa. Ar reflec-
The sequence is ph Si (30.7 GPa), Si VI coexisting withtions have been subtracted. (a) Expanded view with indexing
ph Si (38.4 GPa), Si VI with a small admixture from hcp of Bragg peaks and (b) the full diagram plotted together with
Si (42.5 GPa, arrows indicate Si VI reflections), and hcp Sithe difference between the measured and the refined patterns.
(49.2 GPa). The inset shows the weak (200) reflection.
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taken into account [31]. The refined structural parametertight-binding electronic structure calculations for Si VI
for Si VI are listed in Table I. Also listed are the corre- [32]. Pronounced electron density maxima located at the
sponding parameters for Cs V at 12 GPa. It is importanmidpoints of the shorg8 /-8 f contacts indicate a covalent
to note that Si VI and Cs V are not only isostructural, butbonding contribution for the Siunits.
have almost identical axial ratios and positional parame- The atomic volume of Si as a function of pressure is
ter values. In particular, the same small deviation fromshown in Fig. 4(b). Values for Si VI at selected pressures
tetragonal symmetry is found for Si VI. In Pearson nota-are listed in Table I. At 38.4 GPa Si VI coexists with
tion the structure is denoted 0oC16. For figures showingh Si which at this pressure hagm = 12.108(3) A3.
the full structure and its relation to the fcc structure we re+or hcp Si at 42.5 GPa we havé,, = 11.090(3) A3
fer to Ref. [24]. [a =2472903) A, ¢ =4.18804) A, c¢/a = 1.693].

In the 0C16 structure flat layers 8ff atoms alternate Thus, there is sizable volume changeb$.4% at the ph
along the [100] direction with buckled layers &4 atoms, to Si VI transition. The hcp volume is only9% smaller
see Fig. 3. The unit cell extends over four layers. Thethan that of Si VI at the same pressure. This suggests
8f atoms are 11-fold coordinated by fi8¢ and six84d  that the oC16 structure of Si VI falls into the category of
neighbors, the8d atoms are 10-fold coordinated by four densely packed structures.
8d and six8f neighbors. One of th&f-8f distances, Calculated total energies of Si in various structures
denotedd; in Fig. 3, is significantly shorter than the with coordination numbers varying from 8 to 12 were
others (compare Table I). Thus, the figt atom layers found to be almost identical [15]. Based on the new
bear some resemblance to the two-dimensional densructure reported her@b initio structure optimizations
packings of diatomic molecules encountered in halogemvere performed [33] and near 40 GPa the 0C16 structure
crystals with SGCCmca, Z = 8. was found to be stable with respect to ph and hcp phases,

The variation of selected interatomic distances within agreement with experiment.
pressure is shown in Fig. 4(a). Whilg seems to remain The oC16 structure is incompatible with a ph to hcp
constant with perhaps a small increase at higher pressurgansition mechanism based on a simple restacking of
the other distances decrease with increasing pressure. Thexagonal layers driven by a soft phonon mode, as
long 8f-8d interlayer distanced; has a value similar proposed in theoretical studies [12,13]. The ph structure
to that of atoms in neighboring hexagonal layers ofcan be described in SGmca withy = 1/4,z = 1/2 for
hcp Si (2.5344 A at 42.5 GPa). The values of other8f,x = 1/4 for 84, anda/b = /3. Thus the continuous
distances are close to those of the intralayer distancgsath from ph Si to Si VI involves a combination of
in both ph and hcp Si, with the exception @f which  atom displacements withir8f) and perpendicular8¢)
is similar to the closest atom separation in neighboringo the layers. We point out a remarkable similarity in the
hexagonal layers of ph Si (2.3195 A at 38.4 GPa). Thestructural sequence for Cs and Si. In both cases the 0C16
interlayer bonds of the ph phase are known to have@hase occurs intermediate between 8-fold coordinated
a large covalent admixture [12]. We have performed(Cs-1V, ph-Si) and hcp phases wiitya ratios close to

1.7. A difference is that the stability range of the oC16

_ ) structure in Cs extends over a much larger pressure range
TABLE I. Structural parameters for Si VI at different pres- 12 to 72 GPa) compared to Si
sures. The orthorhombic unit cell contains 16 atoms. Freé . o . .
parameters are,z (0,y,z) and x (x,0,0) for atoms in the In conclusion, basgd on_hlgh—resolutlon monochromatic
Wyckoff 8f and8d sites, respectively, of space grodmca. synchrotron X-ray diffraction data, we have solved the
The R(F?) values refer to residuals for intensities and result
from two-phase refinements of ph/Si VI or Si VI/hcp Si.
Crystallographic data for Cs V [24] are listed for comparison.

P(GPa  38.4(Si) 42.5(Si) 455(Si)  12.0(Cs) 8d

a (A 8.0242(8)  7.9686(8)  7.9200(16) 11.205

b (A) 4.7961(5)  4.7759(5) 4.7586(8)  6.626

¢ (A 4.7760(5)  4.7546(5) 4.7361(8)  6.595

ajc 1.680 1.676 1.672 1.699

b/c 1.004 1.004 1.005 1.005

y(8f) 0.173(5) 0.172(5)  0.173(10)  0.173

2(8f) 0.328(5) 0.328(5)  0.324(10)  0.327

x(8d) 0.218(5) 0.219(5)  0.224(10)  0.216

R(F?) 0.05 0.075 0.086

Admixture  28% ph 4% hcp 55% hcp
Vaom(A?)  11.488(3)  11.308(3) 11.156(6) 30.603

dy (R) 2.340(30) 2.321(30) 2.347(60) 3.237 FIG. 3. A section of the oC16 crystal structure of Si VI
ds (R) 2.545(20)  2.525(20)  2.500(40) 3.612 Showing the flai8f atom layers consisting of close-packea Si
d3lh (A) 2.429-2.500 2.405—2.484 3.404—3.464 units and the Strongly buckled neal‘ly squdee atom |ayel's.

Thed!s are characteristic bond lengths (see text).
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