PHYSICAL REVIEW B 67, 214101 (2003

Structure and stability of the modulated phase Sb-lI
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The crystal structure of Sb-Il has been determined using angle-dispersive x-ray diffraction of synchrotron
radiation. The crystal structure comprises an interpenetrating assembly of a tetragonal host sublattice with
symmetryl 422 and a tetragonal guest sublattice of symmet2, which realize commoa axes but different
c axes. Weak extra peaks that are also reported in recent investigations performed independently are attributed
to modulation waves of the atomic positions in both sublattices. A refinement using full profiles of powder-
diffraction data was performed in the four-dimensional superspace grdgq:L'*%, . The structural inves-
tigation is accompanied bgb initio full-potential band-structure calculations confirming the experimentally
determined modification sequence. Fitting equations of state to the results of these computations generates
pressure-volume relations which are in excellent agreement with the experimental data. On the basis of
total-energy calculations, an earlier proposed crystal structure of the tetragonal phase has to be reconsidered in
the light of the composite arrangement in Sb-II.
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[. INTRODUCTION physical properties on external or chemical pressure can be
simulated reliably by modern full-potential calculations.

Pressure-induced structural changes of antimony are a We report a full-profile refinement of the atomic arrange-
topic of both experimental and theoretical interest for morement of Sh-Il using a four-dimensional superspace group de-
than 60 year$3 At low pressures, Sb is isotypic to the am- scription of the host-guest assembly, which additionally takes
bient pressure phases of arsenic as well as bismuth and redMo account first-order modulation waves in both sublattices.
izes a rhombohedral crystal structure, so-ca@d which is ~ The experimental results are accompaniedbynitio band-
commonly classified as a distortion of a cubic primitive structure'calculatlons using two independent full-potential
atomic arrangement. At a pressure of(8)5GPa, antimony ~COmputational schemes to calculate the energy-volume
undergoes a reversible transformation into the high-pressur@irves for the different phases under discussion. Equations
modification Sb-Il. Further increase of pressure induces &f state are fitted to the results and will be compared with the
transition into a cubic body-centered arrangement of anti€Xperimental data.
mony atoms at about 28 GPahe crystal structure of the
high-pressure phase Sb-II is a long-standing matter of con- Il EXPERIMENT
troversy and has been reported to be hexagonal, monoclinic
or tetragonaf~’ A tetragonal model P=12 GPa, space g
group P4/n, a=796.5 pm,c=385.7 pm) has been refined
using powder-diffraction data and resulted in a model with

' Experiments were performed with antimony samples of
9.999% purity(ABCR Chemicals, Karlsruhe, Germany
Angle-dispersive x-ray powder-diffraction diagrams were
measured at ID-9 of the ESRF using an image plate detector

one type of Sb atom_building up a three-dimgnsional frameand monochromatic radiation with a wavelength of 41.733
work and a second kind occupying the resulting charfhals. m. Polycrystaline samples were obtained by thorough

similar self-hosting assembly is assigned to the high—presswp indin ; : o
) S g of antimony granules at ambient conditions. The
phase of bismuth which is stable between 2.7 GPa and 7'§articles were placed in a gasketed diamond anvil high-

7,9-11 ; o ; PR

GPa.™ AI\ recent lrelnvdest|gat(|jon du_?flng a comblr?a(;lon Of pressure cell using a small sphere of ruby for pressure cali-
x-ray single crystal and powder-difiraction methods evi-p oiinn and a 4:1 mixture of methanol and ethanol as a pres-
dences that the crystal structure of Bi is more complex, SiNcg e transmitting medium. In order to improve the powder

the identity periods along t'he axes of channel' atoms and average, samples were oscillated by 3° during exposures of
tetragonal framework are incommensurate with respect t%/pically 20-s duration. The resulting two-dimensional

?hach other. g‘ sm:jn?rdorgamztatlon 1S trfeported folr Sb'll(" b#t owder-diffraction images were integrated azimuthally to
€ proposed model does not account 1or Several weax re egield one-dimensional intensity versu®2data®’ Crystallo-

tions obser_v ed in the experlm(_antal profifés. raphic calculations were performed with the program pack-
Electronic structure calculations represent a powerful toc;g

to complement experimental structure determinations. Ban AgeWINCSD in (3+1)-dimensional space mode.
structure calculation techniques are helpful as a guide in de-
termining the correct atomic arrangement by comparing en-
ergies for different lattice parameters, internal coordinates, To account for the difficulties and the possible inaccura-

and even different structure typ&s51® The dependence of cies related to the comparison of electronic structure results

IlI. CALCULATION METHODS
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for crystal structures with different symmetries, we used two
independent full-potential schemes which are based on the
local-density approximation: A full-potential linear muffin-
tin orbital (FPLMTO) method and a full-potential nonor-
thogonal local-orbital(FPLO) code'®?° For exchange and
correlation potentials, the Perdew-Wang parametrization was
employed!

In the FPLMTO method, the basis functions, electron
density, and potential were expanded in spherical harmonics
with a cutoffl ,,5,=6 inside the nonoverlapping spheres, and
in Fourier series within the interstitial region. The highest
core states, g 4p, and 4, were included in the basis set.
Each of these semicore states was represented by two basis
functions(double-kappa basisThe valence states were ac-
counted for by a triple-kappa basis. Orthogonality between
the semicore and the valence states was ensured by using two , , ,
sets of energy parameters, one set for each group. The result- 8 9 10 1
ing basis formed a single, fully hybridizing basis set. For Diffraction Angle 20 (deg.)

Brillouin-zone integrations, the speciipoint method with _ _ _
a Gaussian broadening of width 2.5 mhartree was utif?ed.  FIG- 1. Integrated x-ray-diffraction profiles of Sh1.7 GPa,

In the FPLO code, Sb (@4d,5s,5p,5d) functions were phase mixtures of low- and high-pressure modifications in the pres-
chosen as the basis set. All lower-lying states were treated %re range of the structural phase transition, and S41GPa.
e arrow marks the reflection in the pattern measured at

core states. The inclusion of Sb{did) states In t_he valence P=12 GPa, which is attributed to the strongest reflection of the
set was necessary to account for non-negligible core-corg

. ; w-pressure phase.
overlaps due to the relatively large extension of the Sb
(4p,4d) wave functions. The & states were taken into ac-
count to achieve a more complete basis set. The spatial ex-
tension of the basis orbitals, controlled by a confining poten-
tial (r/r30)4,lwals optimized in order to minimize the total  Analysis of the profiles reveals that several peak positions
energy.® Brillouin-zone integrations were performed using of the integrated pattern measuredPat 12 GPa cannot be
the tetrahedron method. Convergence with respect to the bindexed on the basis of the tetragonal unit cell described
sis set and th& mesh was carefully evaluated for all consid- earlier®'° Attempts to gain a conventional three-dimensional

P=105GPa

Intensity

B. Structure solution and refinement of Sb-II

ered structure types. indexing solution of the diffraction pattern using automatic
procedures fail. By application of the four-index procedure
IV. RESULTS AND DISCUSSION for composite structures, a solution is obtain@ge inset
. of Fig. 2 which comprises two tetragonal lattices with a
A. Low-pressure phase and transition Sb-1 to Sb-ll common parametea and differentc axes. A least-squares

The homogeneous intensity distributions within the ringsrefinement using 57 reflections hikIm) results in
of the x-ray-diffraction patterns indicate a good powder av-a=805.53(4) pm,c,=389.91(2) pm, c,=297.33(4) pm.
erage in samples of the low-pressure phase. Diffraction diathe common lattice parameter of both substructures is la-
grams of this modification revealed no extra petdee Fig. beleda, the c axis of the “host” sublattice formed by anti-
1) thus evidencing pure single-phase rhombohedral antimongnony atoms Shis termedcy,, andcg corresponds to the
as starting material. The structural parameters at a pressuais of the “guest” lattice of Sp. The values of the lattice
of 6.4 GPa as determined from refinements using full reflecparameters are consistent with the findings obtained for the
tion profiles are in good agreement with earlier results fromSb-II structure using the pseudo-two-phase techntque.
single-crystal dat&® The hydrostatic compression is accom- ~ Systematic extinctions are compatible with two body-
panied by a significant decrease of the ratia and an in- centered sublattices. For the host, additional pseudoextinc-
crease of the positional parameter valuén comparison to tion conditions of reflections (10): k=2n andl=2n are
the coordination at ambient pressure, we find at 6.4 GPa thgiossible. However, overlap with reflections of the general
the longer Sb-Sb distances are shortened by almd&¥  type (hklm) does not allow a definite determination of the
whereas the shorter bonds exhibit a change of eny?®  systematic absences and three superspace groups remain
These changes are consistent with a significant reduction gfossible?’” Besides the main reflectionakl0) and (ikOm),
the deviation of the rhombohedral7 structure from a cubic the diffraction pattern contains weak first-order satellite re-
primitive arrangemenisee Ref. 26 for a detailed discussion flections fklm) fulfilling the extinction conditionh+k+1

Above 8.23) GPa, additional reflections which gain in- +m=2n+1 with m==*1, and revealing a pronounced role
tensity with increasing pressure indicate the onset of a strumf modulations in the crystal structure. Some weak reflec-
tural phase transitiofFig. 1). In direction of ascending pres- tions cannot be indexed as main reflections or first-order sat-
sures, pure patterns of the high-pressure phase Sb-ll amdlites. The intensities of these peaks vary at different pres-
observed above 1B) GPa. sures, thus disabling a definite assignment. The most
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T - TABLE I. Positional and modulation parameters of Sb-II.
1 I I 4 1
Sb-ll 5= Atom site X3V y&v piad
A=41.7 pm S8
P=12GPa < 'T Sh,? 0.157763) X4 1/2 1/4
\ Sk, 0 0 0
She A(1)=0.0080(1) —A(1) A(2)=-0.0040(2)
>
2 She B(1)=—0.0063(1) B(1)
2 Sh,° B(2)=0.0018(5)
@Thermal displacement parametg,,:1.85(3)x 10* pn?.

bThermal displacement paramet,,:2.75(6)x 10* pn?.
°A(N) andB(N) (N=1,2) are amplitudes of the modulation func-
tions described as Fourier series. For all parameter calculations
n=1 was used according to the order of the observed satellite
5 10 15 20 25 reflections; the common fourth coordinate is defined s
Diffraction Angle 20 (deg.) =(Cn/cg)zh'=(cq/cp)zy’. Superscripth andg indicate the host
and guest atoms, respectively. Atomic coordinates of the modu-
lated structure, e.gx'*? are calculated using the corresponding

FIG. 2. Integrated x-ray-diffraction profile of Sb-1l measured at average positional parametef" plus the symmetry-allowed dis-
P=12 GPa and the difference between observed and calculated in;

" ) . - placement functions:
tensities. The inset shows the region of the pattern exhibiting the

most. intengg reflgctionshklm) attributed to the modulgtion of Sh1:Xhm°d=xﬁV+A(1)co§2wnx4)+B(l)sin(27-rnx4),
atomic positions in both substructurésarked by asterisks A

single intense reflection which is tagged by an arrow is not ac- mod_ . av_ A (1)cog 2rnxd) + B(1)sin( 2 rnx4
counted for by the host-guest structure and is attributed to be the Yh Yh (1)cog2ar ) (1)sin(2r ),
strongest line of a residual amount of low-pressure phase Sb-I. thod: Zﬁv+ A(2)cog2mnx4),

Shy:zg®'= 23"+ B(2)sin(27nx4).
prominent extra reflection in the pattern a2 8.15° (see
Figs. 1 and 2 can be unequivocally attributed to a small
amount of residual low-pressure phase. In accordance wit
this attribution the peak has not been observed in pure Sb-E
samples f'it h_|gher pressq@e Fig. ] and is also absent in tained for the host species in the structurally closely related
an investigation performed independerifly. modification Bi-Ill at 6.8 GP&2

The substructure of the host atoms,Skas determined ' '

from the Patterson function calculated with the intensities of
the (hkl0) reflections. The maxima are in accordance with C. Atomic arrangement and modulation
the occupation of positiont8in space group4/mcm posi- L
tion 8j in 1422, or & in I4cm. The substructure of the guest The most intriguing featLllre. of th_e Sb-ll crystal structure
atoms S was established in the same way using reflection?lre gondenﬁed sdquare 'antlﬁ)r;smatlc Cﬁ'“ﬁ}@ Gf &bms
hkOm and is in accordance with the twofold origin position orming a three-dimensional framework. This arrangement
in the three space groupg/mmm 1422, andi4cm. In the of host atoms §bcan be subd|v!ded into sets of plane ngts

. . gabeled 3434 in Pearson notation, see Ref. 12 for details
three possible superspace groups, crys_tal structure refin riented perpendicular to the axis. However, the shortest
ments were performed using the full-profile method. In o, atomic distance in the crystal structure of Sb-Il intercon-
of the three groups under consideration, first-order modulaects these nets to a network linked in three dimensions.
tion waves of the Sppositions are not allowed. Thus, a  Figyre 3 visualizes the crystal structure of Sb-Il in two
complete modeling of the diffraction pattern including main gitferent projections. The selected representation emphasizes
reflections plUS pOSitionS of the satellite reflections is perthat the structural pattern of the host and guest atoms is com-
formed in the superspace grOUﬁfﬁliL'fﬁl.zs In order to  mensurate in th€001) plane, while the arrangement of at-
calculate the intensities of the satellite reflections, the moduems within the channels and the resulting misfit causes in-
lation functions for the Spand Sl positions are created commensuration along the axes (directions [0010] and
using a generator of the symmetry-allowed Fourier serief0001]). The same characteristic atomic arrangement as that
(see Table)L!® The structure refinement is performed in two of the host atoms in Sb-1l is observed in intermetallic phases
steps. First, the average structure with the atomic parametef the CuAl, type2>*°The capability of this structure type to
x;i" for the Sk position is refined. In a second step, the in-adapt to different electron counts by adjustment cd&
tensities of the satellite reflections are taken into account imnd/or the free positional parameses reflected by the large
order to optimize the parameters of the modulation functionsvariety of element combinations realizing this structural
The refinement(Fig. 2) converges atRg,=0.088 and pattern®:~33|n Sb-II, the Sk sublattice corresponds to the

p=0.121. The refined coordinaté’=0.15776(3) of the
b, atoms corresponds well to the value of 0.1&36o0b-
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FIG. 4. Interatomic distances of Sh-Il Bt=12 GPa as a func-
tion of the fourth coordinatex4. Dashed lines represent distances
calculated for a nonmodulated structure, full lines correspond to
those of the modulated atomic arrangement, and the dotted line
reproduces the distance between channel atoms.

[0001](,\/1 k] O Sb, in CuAl,-type structures are significantly longer than
( OOSb,, strongly bonding contacts and, thus, are not supposed to rep-

[1000] resent robust covalent interactions of atomg .Sbhe inter-
atomic spacing between neighboring guests within the same
channel falls into the range of the majority of minimal inter-
atomic antimony distances. This finding is taken as an indi-
cation of a pronounced influence of intrachannel interactions
between antimony atoms on the lattice parameger

Every atom Sp has two neighbors in the channel with a

configuration of aluminum atoms in the crystal structure ofdistance~297 pm. Two extreme situations mark the coordi-
CuAl, with a surprising similarity of the positional param- nation range of Sfx The lower limit of CN 6 is realized
eter of Al (x=0.1581) tox2" of Sh,.?*3°The resulting tubu- when the guest species is coordinated by four host atoms in
lar assemblies of this substructure are occupied by a bodyhe center of a square4= *+0.5), the upper limit of CN 10
centered arrangement of guest atoms,.Sklowever, the corresponds to a location of $in the center of the square
copper atoms in CuAloccupy all tetragonal antiprismatic antiprisms of Sh(x4=0) as is found for the ideal Cu posi-
voids whereas the glsublattice contains only slightly more tion in the CuA)}, structure. Thus, the coordination polyhedra
than half the number of atoms corresponding toof Sk, are formed by two channel atoms Splus 4(+4)
(Shy)1-«(Sh,), with x~0.33. The finding of isotypic partial atoms Sh (distancesd4 andd5 in Fig. 3 and Fig. # The
structures of CuAl and antimony at high pressures confirmshost atoms Sbhave CN 8 and are coordinated by six frame-
the importance of structural motifs of intermetallic com- work atoms(distancesdl andd2) plus two channel atoms
pounds for high-density modifications of elements. The anaSh, (d4 andd5). The pressure-induced changes of the ratios
loguous atomic organization of an intermetallic compoundc,,/a andcgy/a are small thus indicating that the compress-
and the structural pattern of Sb-IlI indicates a pressureibility is nearly isotropic, which evidences that the three-
induced dissimilarity of chemically identical, but structurally dimensionally connected host structure dominates the com-
different atoms, which is also observed in several low-pression properties. Within the stability region of the
symmetry modifications of elemental met&ts3® modification Sb-II, the axial ratio, /c, changes by less than

The modulation of the Spatoms facilitates a continuous 0.4% and does not achieve the next higher rational value 4/3
adjustment of interatomic distances as a function of the comthat would result in a commensurate structure with the small-
mon fourth coordinatex4. For the interactions among the est possible common lattice paramet@f the guest and host
host and guest atomd4 andd5, the modulated displace- lattices. However, we will use this commensuragproxi-
ment of antimony atoms induces an additional reduction immantof the modulated composite which reproduces the basic
the regime of short interatomic contacts and an elongation deatures of the atomic organization adequately as a model
long distances. The distancd8 located within tetrahedral structure for the total-energy calculations.

SN,
\
TO8
[bo10] &f\( J/“j(* chains connecting the antiprisms which play a decisive role
\

FIG. 3. Crystal structure of Sb-1l shown in projections down the
¢ axes(top) and along theb axis (bottom). Two tetragonal body-
centered sublattices realize a superstructure with comanares
but different periodicity in the direction of the axes.
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TABLE II. Comparison of the equilibrium volumes and the cor-

0.02 responding energies for the four structures under consideration cal-
culated by using FPLMTO and FPLO, respectively. The zero en-
ergy is chosen with respect to the equilibrium volume of the
tetragonal approximant TA.

[
é a8 Crystal structure Volume (£opn?®) Energy(mhartreg
% FPLMTO FPLO FPLMTO FPLO
E’ A7 29.7 29.6 -3.28 -4.12
TA 26.6 26.8 0 0
0 BCC 25.8 25.9 2.37 2.44
TP 27.1 27.4 3.03 3.00

20 22 24 26 28 30 32

6 3
¥olums: C10pm’) to the TA structurgagree up to several hundredth mhartree

FIG. 5. Energy versus volume per atom for the different struc-€Xcept for theA7 structure where we find a slight offset of
tures under investigation. The calculated energies are marked Hyoth curves, probably due to numerical differences caused by
symbols: (i) Rhombohedral A7), circles; (i) simple cubic(SO), the different handling of crystal symmetries in both methods.
crossegsee inset (iii) tetragonal approximan@A), triangles;(iv) The excellent agreement of two independent methods is
body-centered cubi(BCC), diamonds; andv) tetragonal primitive ~ taken as a strong evidence for the reliability of the calcula-
(TP), squares. Solid lines are cubic splines fitted to the calculatedional results.
values. The dotted lines are tangents to the energy-volume curves In order to reduce the required computing time, tha
according to the Helmholtz construction illustrating the calculatedratios of the tetragonal structures are fixed to the experimen-
transition pressureB; (A7 to TA) andP; (TA to BCO). tal values. For theA7 type, we optimized the/a ratio for
the equlibrium volume and kept the value fixed in the sub-
sequent calculations, since its influence on the total energies
is negligible. In contrast, the total energy is significantly af-

The crystal structures being considered as models in thiected by changes of the positional parameter. Thus, the in-
total-energy calculations are restricted to the experimentallyernal coordinate of the A7 structure is optimized at each
evidenced modifications of antimony or varieties theréof: calculated point’ As can be seen from Fig. 5 the sequence
the rhombohedral structurd\¢), (ii) simple cubic(SC; cu-  of phase transitions predicted by the calculations is in perfect
bic primitive), (iii) an approximant of the incommensurate agreement with the experimental findings. At pressures up to
composite (tetragonal approximant, TAsuggested in this about 8.7 GPa thé7 structure is stable. As shown in the
work, tetragonal witfP4/mccsymmetry,(iv) body-centered inset of Fig. 5, the SC structure lies higher in energy at low
cubic (BCCO), (v) the tetragonal arrangemeritetragonal pressures. The energy differences betwé&@nand the SC
primitive, TP with P4/n symmetry proposed earliBrThe  structure decrease with increasing pressure and become ex-
A7 structure is the stable phase at ambient presfup$o  ceedingly small near the phase-transition region. In accor-
about 8.5 GPa The simple cubic structure can be viewed asdance with experimental results, the total-energy calculations
a special case of th&7 structure, and it was observed for the evidence that a different crystal structure emerges before the
lighter group VB element$P and A$ as the modification SC arrangement becomes more stable ¥han For volumes
neighbored tA7 at higher pressures. The BCC arrangementess than about 2210° pn® (corresponding to about 75% of
is the stable phase of Sb at pressures above 28 GPa. Thee theoretical equilibrium volume of 29.7pm?) the BCC
fundamental problem that we want to address here is thstructure has the lowest energy, in complete accordance with
structure of antimony between ti#¢/ and the BCC modifi- the results of previous experiments. In the region between
cations. these phases, the approxim#&nd) is found to be almost 3

The results of the total-energy calculations are summambhartree per atom lower in energy than the crystal structure
rized in Fig. 5. The results concerning energy and volume arsuggested earliér.Consequently, the total-energy calcula-
normalized by the number of atoms in the unit cell in ordertions definitely rule out the TP structure as a possible Sb-II
to facilitate a straightforward comparison of the investigatednodification. In order to provide a quantitative measure be-
structure types. The zero energy is chosen as the energyeen experimental and theoretical findings, we show the
minimum of the idealized composit€TA) with P4/mcc  experimental data in comparison to the theoretical pressure-
symmetry approximating the incommensurately modulatedolume curve(Fig. 6). The theoretical values are obtained
structure proposal. The results for the two independent cafrom Birch-Murnaghan-type equations of state. Since mea-
culation schemes agree almost perfectly, as it is evidenced gured and calculated volumes match almost perfeeathybi-
the values for the equlibrium volumes and the correspondingnt pressure: 30:410° pm? versus 29.X 1P pm®, respec-
energies as listed in Table Il. The calculated equilibrium vol-tively), both data sets are plotted by using absolute volumes
umes agree within less than 1% for all investigated structureather than scaled values. The agreement between theory and
types. The corresponding total-energy differentederred  experiment is excellent for the Sb-I phasa7() and the

D. The total-energy calculations
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E. Summary

The proposed structural model for the high-pressure phase
Sb-Il allows an integrated description of both main and sat-
ellite reflections in an x-ray powder-diffraction pattern of an
incommensurately modulated atomic assembly of a main
group element. The structure changes in antimony at high-
pressures were modelled by quantum-mechanical calcula-
tions (FPLMTO and FPLQ. We obtain excellent agreement
between the calculated and experimentally determined se-
quence of structural phase transitions and pressure-volume
relations. Moreover, on the basis of the calculated total en-
ergies we can discard an earlier proposed crystal structure in

favor of an approximant developed on the basis of the four-
) dimensional model. The present investigation of Sb-Il evi-
. . . . = dences that the interaction between the two incommensurate
0 10 20 30 40 atomic arrangements in one crystal structure induces modu-
Pressure (GPa) lated atomic displacements of atoms in both sublattices and
leads to a surprisingly complex structural organization of at-
FIG. 6. Volume per antimony atom at pressures up to 42 GPagms in a chemical element. The structural similarity to the
Solid symbols represent data from the present investigation; OPeApst-guest structures of the high-pressure modifications of
icons indicate values taken from literatuighases Sb-I to Sb-il  hismuyth, barium, and strontium indicates the importance of
Curved lines represent the Birch-Murnaghan-type equations fitte¢hcommensuration and modulation for element structures.
to the results of the quantum-mechanical calculationsAfor TA, We expect that high accuracy experimental techniques for
and BCC structures, respectively. structure solution and refinement, even from x-ray powder-
diffraction data, in combination with sophisticated theoreti-
Sb-IIl modification (BCC). Note that for Sb-1l, a commen- cal methods will shed new light on the phase diagrams of
surate approximan(TA) is used instead of the actual incom- chemical elements.
mensurately modulated composite. Nevertheless, the transi- Note added During the editorial process of our manu-
tion pressure of 8.7 GPa and the volume decrease of 5.9%cript we became aware of an independently performed the-
(with respect to theoretical volumhare in sound accord with oretical investigation published in December 26®m this
the experimental data. The transition pressure for the seconwlork high-pressure structures of As, Sb, and Bi were studied
phase transition is predicted to be smaller: 17.7 GPa calcWy a first-principles pseudopotential method. However, a dif-
lated for TA to BCC versus 28 GPa measured for Sb-Il toferent model approximates the Sb-Il phase and the earlier
Sb-I11.4 proposed atomic arrangement is not considered.
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