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Abstract

The high-pressure behaviour of NaSi is studied using Raman spegyosnd angle-dispersive
synchrotron X-ray diffraction to observe the onset of structurabgheansformations and potential
oligomerisation into anioni&Si nanoclusters with extended dimensionality. Our studies revéiasta
structural transformation occurring at 8-10 GPa, followed by irreveraii@rphisation above 15 GPa,
suggesting the formation of Si-Si bonds with oxidation of the&icies and reduction of N metallic
sodium. We have combined our experimental studies with DFT calculatiassigh in the analysis of the
structural behaviour of NaSi at high pressure.
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1. Introduction

Alkali and alkaline earth silicides and germanides belong to the family df givases, in which
polyanionic species, formeaf the tetrelide atoms counterbalance the electropositive metal cHti8hs
These compounds are interesting because the Si and Ge atoms occuwyaithenoxidation states and
low coordination numbers, and they form unusual low-dimensionaitates such as sheets, chains or
isolated polyhedra. They are also important precursors for thehesymt of bulk amorphous
semiconductors, including Si nanopatrticles prepared by solution-phdee ooun the solid state [4], and
also the expanded framework solids known as semiconductor clatlmatese isotypic with ice clathrate
hydrated5-7]. There are two main features of interest for high-pressure studiéstigbhases containing
anionic S§° units. First, the application of high pressure might cause a changenéctivity via
redistribution of the Si-Si bals within the anionic framework. Secon8i oxidation reactions might
occur resulting in additional Si-Si bond formation with correspondidgction of Na and elimination of
the elemental sodiumNg"). Either of these outcomes would result in a new family of methods
producing Sj clusters and nanoparticles with unusual coordination states, polymerisation arahielec
propertiesyia solid state processing at low temperatures.

The alkali metal monosilicides and monogermanides (MSi, MGe) structures havedésaibed
previously [840]. The larger alkali silicides (KSi, RbSi, CsSi) exhibit a cubic arrangement §f [Si
tetrahedra and alkali metal cations, with space g®#gn. Sodium silicide (NaSi) crystallises with a
monoclinic structure (space growd/c) containing isolated [§i* tetrahedra surrounded by Nins
(Fig. 1) [8,9]. The [Si]* anions present in the structure are analogous to tlgeoBps found in white
phosphorus, reflecting the fact that iSiisoelectronic with P. By contrast, lithium silicide (LiSi) has a
different structure to the other alkali metal silicides, in that the pyramidal i8licated Si atoms are
connected to provide alternating zig-zag chains, analogous to one tdd¢keHigh-pressure structures of
phosphorus (Fig. 1).
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Earlier studies aimed to prepare new alkali metal silicide or germanide compmmumbesised at high-
pressure and high-temperature conditions followed by quenchinghiertneonditions for analysis of the
structures [11-16]. However, no high-density structural modificatiave been reported for NaSi so far.
Here we describe the low-temperature compression of NaSi and the reaufvehe resulting
amorphous/nanocrystalline materials to ambient conditions.

2. Experimental

NaSi is highly reactive to moisture, and therefore all syntheses and Dalihdoexperiments were
carried out in either a Schlenk vacuum line or a glove box with/&, content typically of less than 1
ppm. For NaSi syntheses from sodium and silicon, a 15% excésmétal (about 5at.%) was added to
counteract loss due to evaporation and reaction with the inner surfdmerefiction vessel. The elements
were placed together in a Ni crucible and placed inside a steel autoclave fitted witdwatap and
annealed Cu gasket [17]. The sealed autoclave was placed inside a foma@&d hours at 650°C.
After the reaction was complete, the autoclave was opened insigiebaxd The sample was crashed in a
mortar and placed in into the Pyrex glass cylinder. The cylindsr mounted in the vacuum system in
order to remove the excess of Na from the sample using the tugsiao pump (18 mbar, 240°C for
1520 hours). The sample was checked by X-ray diffraction usingtoe diffractometer (Cudg
radiation). The diffraction patterns indicated that complete reaction to form Na®ichaded [9] (Fig.
2).

NaSi samples were loaded into the DAC in a glove box, prior to the high-mresgueriments. The
diamond culet faces were typicaB0 um in diameter, and 80 um-diameter holes were drilled in pre-
indented rhenium gaskets (30-um indent thickness) to contain the sample. Raman experiments were
carried out using a mechanically-driven opposed 4-screw symmetmoidgaanvil cel[18]. Synchrotron
x-ray diffraction studies were carried out using addven membrane cell from Diacell (now EasyLab).
No pressure-transmitting medium was added to avoid potential reactions wihantipde Ruby chips
were added fopressure measurement by the ruby fluorescence mgi®pdThe narrow width of the
ruby fluorescence peaks indicated approximately hydrostatic pressuditiambelow 10 GPa. Above
this pressure the ruby lines became broadened, but differences nedbarp indicated by different ruby
chips within the sample chamber did not exce&Pa.

The in-house Raman system at UCL consisted of a high-throughput ogyis@m based on Kaiser
supernotch filters, an Acton spectrograph and a liquiccdbled back-thinned CCD detect@pectra
were excited using the 514.5 nm line of ari faser focused onto the sample using a 50x long working
distance Mitutoyo objective (numerical aperture= 0.42). Raman scatteringleader in 180 geometry
through the same lens. The laser power was maintained at ~1 nawbitb excessive heating of the
sample. Subsequent data analysis and peak fitting were carried outhgsiPgakFit v4 software. Angle-
dispersive X-ray diffraction data were collected at the UK Synchrotron Radi&inmce (SRS,
Daresbury Laboratory, station $1B). Two-dimensional X-ray patterns were obtained and then integrated
around the diffraction rings and converted into 1D plots using the FIogese P0]. FullProf [21] was
used with the WinPlotr GUI interfad@2] to carry out LeBail and Rietveld analyses of the data. The
known structure of NaSi at ambient pressure and temperature conditienssed as a starting model for
refining the high pressure structures. Cell parameters were first apptekimefined manually before
performing subsequent LeBail and Rietveld refinements. Further Rieteéltements of the high
pressure structures were also performed using the DFT calculated resultsragratzatls.

Initial DFT optimisations were performed using the Dfabde with a double numeric basis set and the
PWC functional [23, 24]. The unit cell parameters were fixed at the inidhles suggested from
refinements of the experimental data and the atom positions optinsadhen undertook an initial
series of compressions and expansions around these initial cell sizes to explpmetitial energy
surface (those results are not reported here, but are available from ths authequest). In each case,
the cell was compressed (or expanded) by 5% along each cell dimengiaty with a fixed B angle
and then by scanning the angle in steps of 5°. These studies were gatriegrovide suitable starting
geometries for the subsequent full structural optimisations. ler dodachieve these, the CASTEP code
was used, with ultrasoft norm-conserving pseudopotentials, the BWéGdnal and a plane-wave cut-off
of 330eV[25]. Each structure was fully optimised (cell parameters and atomic pe}itiith a specified
applied external pressure. We considered two starting geometries obtained fr@rangtant volume)
DMol® calculations: one obtained starting from the ambient pressure experimeintaklufwith a



monoclinic angle of 117°), and another obtained from the high preskase,pwhere we found a local
minimum with a monoclinic angle of 105°. The first model was fullyirojzed under applied external
pressures ranging from 0 GPa to 40 GPa, and the second wasfirtiised over a more limited sample
of the pressure range.

3. Results
3.1 Raman spectroscopy

The isolated St anion is isostructural with the, Fnolecule and exhibit§, point group symmetry3@m).

The vibrational modes of the cluster anion and their Raman (R) or infi&pdctivities areA; (R) + E

(R) + T, (R IR). TheA; mode corresponds to a symmetric breathing vibration of the tetrahedral implecu
the E mode is a doubly degenerate symmetric deformation, ant, thibration involves both stretching
and bending components. These modes give rise to three peaksafimpfely equal intensity at 474-
482 cm'* (A,), 351-356 crit (T,), and 285 ci (E) in the Raman spectra of the solid silicides with cubic
symmetry, CsSi, KLiSi, and KLiSig[26]. In these materials, the,Sigroups are slightly distorted from
tetrahedral symmetry, and this gives rise to weak additional peaksraidsplitting of the main bands.
Lattice modes and vibrations associated with the heavy metal cations occurfegoancy below 150
cm?, although it has been suggested thatdations may contribute to the higher frequency modes for
KsLiSis and KLiSig sampleg26].

The Raman spectrum for NaSi at ambient conditions is quite differenttirose of the other alkali
monosilicides (Fig. B The strong\; mode is easily recognised at 480 Ghowever, theE mode is split

to give a pair of medium intensity peaks at 280 and 306, @nd theT, mode gives rise to a group of
three peaks centred near 3507crithis is a result of the site distortion of the*Sanions within the
monoclinic crystal structure. Carrying out a symmetry analysish®iC2/c structure (point groujt,y)
with Z = 8 NaSi, units in the equivalent primitive cell leads to a predictiof gfm = 12A5 + 12A, +
12B, + 12B,, where theA; and By species are Raman active. E&ik{" unit is associated to 3 internal
modes, v; (480 cn), v, (280 cnt) and % (350 cm') and 6 external modes (3 rotations and 3
translations)In our Raman spectra, we expect 6 bands associated to the inmedws: 1 around 480 ¢m
Y, 2 around 280 cthand 3 around 350 ¢hRotations and translations are expected at low wavenumbers
and only a few are often observed with our spectrometer. Thisddta case for the modes related to
translation of Na atoms (GAGA, +6B,+6B,).

During the first compression steps, changes in the Raman spectra indicdbe lsample accommodates
to pressure in non-hydrostatic conditions. This is evidenced by therappeaf two modes at 350 and
185 cm'® at 4 GPa (Fig. 3). However, noticeable structural transformations merwithin theSi,* units
during compression result in a rapid increase in the intensiybaid near 370 chin the region of the
T, vibration above 8 GPa. This observation coincides with a reduction in the nwhpeaks observed
in the spectrum. Both changes are consistent with a transition irttasg pvith higher symmetry. The
spectral features of crystalline NaSi remain recognisable up to 23 GPa. Hofuethear compression
results in a dramatic broadening of all modes, indicating pressure-indoneghésation (Fig. 3)The
onset of the amorphisation process is preceded by a noticeable neduatiensity of the Sf” stretching
and bending vibrations, suggesting that the amorphisation maysbeiaed with changes in the Si-
bonding. During further compression to 50 GPa the Raman scatségited from the sample consistsaf
broad featureless signal extending to above 600 ¢mat could barely be distinguished from the
background (Fig. 3).

On examination of the Raman data at elevated pressures (Fig. 4), anlimease of aboutdm™ GPa’ is
observed for most modes up to 8 GPa. The Si-Si stretching mode atr#82 the most resistant to
compression, with a coefficient of 2.81 ¢n&Pa’. Between 8 and 12 GPa, some of the lattice and
vibrational modes show a small shift to lower wavenumbkee softening is largest in the case of e
and E symmetry modes:3.24 cm' GP&a" and -4.71 cm GPa' respectively and it indicates the
occurrence of a phase transition. The transformation is fully revergible decompression but it occurs
with some hysteresis, indicating a first order transition (Fig. 4). Arskeibrational mode softening at
around 15 GPa suggests the initiation of the pressure-inducebtasadion observed. This will be
explained and confirmed by our X-ray diffraction results.

During decompression from 50 GPa (Fig. 5), the sample remainedynaamdrphous with a broad
maximum near 470 cthat 1 GPa. Some regions of the sample probed within the cell exhifsiad



features that are similar (but not identical) to Raman bands reporte@tastable silicon phases such as
Si-lll [27]. 1t is not known whether the partial metastable recrystallisatiomrscgpontaneously during
decompression or whether it is due to the laser irradiation.

Once the sample was recovered to ambient conditions and the Déx@dypa vigorous reaction with
atmospheric @or H,O took place, either with the highly reactive amorphous NaSi phasithoperhaps
nanocrystalline Na metal produced during the amorphisation process.

3.2 X-ray diffraction studies and density functional theory calculations.

Our Raman studies were complemented witlitu X-ray diffraction. Upon initial compression, all the
peaks are observed to broaden due both to internal strains developaitt &ogndaries (in the absence
of a pressure transmitting medium) within the compressed polycrystalimgles and also the 1-2 GPa
pressure gradients, indicated by the different ruby chips placed withisample chamber (Fig. 6). The
monoclinic NaSi structure remains recognisable up to about 8 GPa (Figh&)ges in the pressure
variation of individual reflections reveal evidence for a structural or ghassformation occurring in the
8-12 GPa range (Fig).7The new diffraction pattern is dominated by two strong reflectionstarii 2.9
A (26=10.6° and 11.9°) at 14 GPa. Substantial peak broadening did not allowcaratacstructural
refinement of the high-pressure solid, so we carried out DFT calcul@tiamder to obtain models to be
used in our LeBail and Rietveld refinements.

The calculated cell volume matched that obtained by LeBail extraction (FigCHanges in the
tetrahedral Si-Si distances and angles calculated upon compression are alsinshigw& Our initial
constrained minimizations indicated that, as the cell was compressed, the monoclaigvaug be
reduced. Full optimisation of the approximate high-pressure phasezRd Pesulted in a structure wgh

= 106°, compared witR = 120° at ambient conditions. This structure is close to one obtained bg takin
the ambient phase and re-optimising it at an applied pressure of BsBdlZHowever, that optimization
was not successful if the high pressure condition was appliedsinge step: the pressure must be
increased gradually in steps of ~2 GPa from the ambient phase to aghieytimised high pressure
structure. That result indicates the presence of an energy barrier in e slgat is likely associated
with a first order phase transition into a high pressure NaSi phase. OndexdmiRietveld refinement
using the calculated structure of NaSi at 12 GPa as a starting model isishiiy. 9. Experimental and
calculated cell and atomic parameters are given in Table 2. The observed datét (@loite well with
the calculated curve (line), with reliability factors of=R9.21, R,= 10.9, R~ 2.27 and the Bragg R-
factor = 2.20.

Diffraction evidence for pressure-induced amorphisation (PIAhefsample as recorded by the Raman
scattering measurements is shown by peak broadening and diseygeeafr most of the diffraction peaks
beyond ~15 GPa. Although this pressure is much lower than étemiined for the onset of PIA in the
Raman experiments, this is not surprising in view of tingéo correlation length required for crystalline
X-ray diffraction features to be observed. The diffraction pattern camespy to the amorphous
modification is dominated by a single broad reflection. The initiationAfifPthe X-ray diffraction data
indicates that the onset of the amorphisation process is associatedswith long range order beginning
at 15 GPa but the Raman data indicate that the local order of j}ie |§Bits is maintained unt?3 GPa.

No recrystallisation of the amorphous modification occurs durintpdu pressurisation to 50 GPa (Fig.
7). On decompression, it was possible to follow a continuousistitie position of the broad amorphous
reflection down to nearly ambient pressure, but the diffraction pattemnged abruptly in the last stages
just before opening the DAC, with the appearance of two very wemd reflections at 2.and 3.7 At
that are reminiscent of the pattern produced by amorphous siB&(Hg. 10). We carried out a further
experiment at high pressure using {&ser heating in the diamond anvil cell to anneal the amorphous
sample held at 30 GPa. To our surprise, this resulted in the appeafaheep crystalline peaks due to
bcec Na metal (Fig11). However, the broad features of the amorphous,8iamaterial remained in the
patterns.

4, Discussion

The ambient pressure structure of NaSi is analogous to that of wiosphworus that forms laody
centered cubic lattice with discretg tetrahedra with intra-tetrahedral P-P distances of 2.2298 The
black orthorhombic modification that is analogous to the Si sublattice amangén LiSi is formed by
puckered layers of phosphorus atoms, with P-P distances®&8d22.24 A within the same layer, which



fall within the same range as in the white modification [30, 31]. Theekingi-Si bonds in the three-
dimensional LiSi structure are at around 2.4-2.5 A, which are shbwderthe firstaearest neighbour
distance between tetrahedra calculated in this study for NaSi at 15 GPa }3.3@eAlatter result
indicates it is unlikely that the high pressure transition observedasr is simply a transformation into a
LiSi-related three-dimensional network. Instead, our experimentadtsesd calculations suggest that the
two NaSi structures are related through a translation of thf"[®itrahedral layers accompanied by a
rearrangement of thbla * positions and a relaxation of the JSi tetrahedra towards a more highly
symmetric structure (Fid.2).

It has been reported that NaGe, which is also monoclinic at ambient condititder,goes a phase
transition into the tetragon®aPb structure at 4 GPa and 780 [13]. This structure contains isolated
[Siy]* tetrahedral anions and it is also adopted by the cubic alkali monosilicides andemanides
containing large cations (K, Rb, Cs) at conditions around 4 GPa an@O6dD [16]. However, the
Rietveld refinements carried out using tHaPb structure as a starting model did not fit the diffraction
patterns accurately and the minimum value for the monodiaingle in NaSi was calculated to be 106°.

The formation of the amorphous (N&i) material at high pressure is an intriguing observation. The
featureless Raman spectra and broad X-ray diffraction pattern restvoéerecorded for the metallic
high-density amorphous phase (HDA) of element&i 28, 32, 33]. It is therefore possible that a high-
density metallic amorphous form of NaSi has been produced iexq@ariments. Such an amorphous
phase could contain a mixture of separated 8hits as well as tetrahedra linked by Si-Si bonds, by
analogy with those that occur among varieties of "red" phosphorusewdo, the appearance of
diffraction peaks due to metallic Na following heating experiments at frigbsure indicates that redox
reactions can occur, producing Nay Na' + €. The corresponding oxidation of silicon species involves
Si = SP + €, with the formation of new Si-Si bonds. The result is a progressiws-tinking of the
silicide network to form nanoclusters of partially polymerised){Sinits, that can contain both Si($i)
and Si(Si) sites. These could have interesting and unusual electronic and opticattipgopHigh
pressure treatment of alkali metal silicides may provide a new route toesigethand control the
polymerisation state of silicon-based nanoclusters.

Our results also have implications for the occurrence of high-gdogitdensity (HDA, LDA)
polyamorphic transitions in Si- and Ge-based syst@8s32-35]. Amorphous Si and Ge are known to
undergo a semiconductor-metallic transformation at high pressure thatomapsan expected density-
driven liquid-liquid phase transition that appears quite general aglentental and other simple liquids
[36]. It is interesting to explore how the observed PIA in NaSi and othali afletal-containing alloys
and compounds relate to the HDA-LDA behaviour. ReceMbchon et al. [37] studied amorphisation of
the semiconductor clathrate phase$ts, and suggested that the large Rb atoms remain trapped within
the aSi structure at high pressure. They indicated that the high-densityhousr structure resembled
that of HDA a-Si, and that a polyamorphic transition to an LDA phasenkdsg a-Si occurred during
decompression. Our diffraction data indicate that the situation for Nafffifésent, and that chemical
diffusion accompanied by N&Na’ and SiS{® redox processes occurs at high pressure or during
decompression. In contrast to Rb, the smaller Na atoms appear to diffusesasily through an a-Si
network; as occurs during the formation of Si clathrates from #rentl decomposition of NaS3§]. We
expect that nanocrystallinec Na may form readily at high pressure causing the productioavef3i-Si
bonds between [gi* units and forming nanoscale clusters. Our computational studies indiatt&eh
amorphisation process could originate in the ready distortion of the temhf®ig* groups, indicated by
our vibrational spectroscopy results at high pressure.

Consideration of the molar volumes gives useful insights into theenafuthe chemical processes
occurring in these systerrignder ambient conditions, the molar volume of NaSi is calculated to be 29.34
cnm® mol?, whereas the sum of the molar volumes of elemental Na and Si7ié @6/mol. When the
pressure is increased to 15 GPa, the molar volume calculated for NaSi ee¢0ea8.69 cihmol™. At

this pressure, the volume of Na metal is 12.08 orol [39]. On the other hand, under these conditions,
silicon can exist in either of three possible phases: in its high-gdemsirphous (HDA) modification, as
the -Sn type, or simple hexagonadh) phase. The molar volumes f6+Sh andsh-Si are known to be
20.36 [40] and 20.15 [41] chmol™ respectively. The molar volume of HD8i; however, isunknown,

but must be smaller than that of LDA-Si, 24.36°enol™* [42]. What this implies is that the molar volume
of NaSi at 15 GPa must be slightly greater than the sum of volofmiés elemental components,
situation that therefore favours the otherwise unexpected decompaosititire intermetallic to its
elements upon compression. Furthermore, we note that diffraction peaks&lium become visible



whereas no evidence is observed for crystalline silicon. This is in starkast to our previous
experiments in whicl-Sn Si crystallizes spontaneously in the X-ray beam at 17 GPa agelsssighat

the presence of sodium may play a role in suppressing crystallizttieneby extending the stability
range of the amorphous silicon.

5. Conclusions

We have described the high-pressure behaviour of NaSi up to 50 GPadésced by both Raman and
X-ray diffraction results, the solid adopts a higher-symmetrytargsructure in the range between 8-12
GPa. Density functional theory calculations showed that the ambient angrefgsure crystal structures
are related by slipping of the planesSiftetrahedra and rearrangement oftf@eatoms. No evidence of a
transformation of NaSi into a crystalline non-molecular network wasdedoHowever, random cross-
linking between Si subunits has been suggested to result in irrevdesiblef translational order. The
nature of this amorphous modification has been discussed inaépnsssure-induced decomposition of
the sample.
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Fig. 1. (a) Representation of the crystal structure of NaSi at ambient prea$i is isoelectronic with
white phosphorus, containinffis*] ions arranged in isolated distorted tetrahedt). The crystal

structure of LiSi at ambient pressure, related to black phospBonce structure, is formed by three-fold
coordinated Sianions arranged along chains, forming eight-membered rings.
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Fig. 2 X-ray diffraction pattern obtained at ambient conditions after thehegis of NaSi. Rietveld
refinement confirms the monoclini€2/c structure. Reliability factors are,R 16.1, R,= 16.0, Ry~
8.58, Bragg R-factor= 3.56.
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Fig. 3. Raman spectra of NaSi upon compression at room tempeféterdistortion ofSi,* groups in
the C2/c structure gives rise to Raman-active vibrational bandiatcnil (A,), 280 and 300 cih (E)
and 339.5, 355.7 and 380cE™ (T,) at normal pressure. The spectra suddenly changes above 8 GPa in
the region of the FTvibration with a rapid increase in the intensity of a band around 370 Atmove 23
GPa, we observed irreversible broadening of all modes.
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Fig. 4. Raman shifts plotteds pressure for crystalline NaSi. Full and empty symbols stand for
compression and decompression runs respecti$alffening of certain bands is observed in between 8-
12 GPa (highlighted). A further red-shift is observed in someesati 15 GPa.
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Fig. 5. Raman spectra of the amorphous sample obtained in thendizaneil cell at 30 GPa and
following decompression to 1 GPa. Two different spectra were obtained regions of the sample
recovered to 1 GR&pectra (A) and (B) correspond to different spots across thdesamthe DAC.
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Fig. 6. Synchrotron X-ray diffraction patterns on NaSi upon comjmesat room temperaturd he
pattern at 1 atm was obtained using a Stoe diffractometero,uhkOwever, it has been calculated for the
synchrotron radiation at SRS 9.5HR=(0.443970 A) to be compared with the patterns at high presgure.
first crystalto-crystal transformation of NaSi is observed above 8 GPa followed byupzessluced
amorphisation of the sample at 15 GPa.
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tetrahedra in the NaSi structure during compressiight].
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Fig. 9. Rietveld refinement carried out for an X-ray diffraction pattern ohigh-pressure phase of NaSi
at 12 GPaX= 0.443970 A). The NaSiC2/c structure calculated at 16 GPa was used as a reference model
for the refinement. Reliability factors arg=R9.21, R,= 10.9, R~ 2.27, Bragg R-factor= 2.20.
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Fig. 10. X-ray diffraction patterns of NaSi obtained upon decompression 8@ GPa. Raw dataljove)
and corresponding baseline-subtracted data in Q spdoa). A pattern of a-Si will be included here
if Dominik agreeswith it.
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Fig. 11. X-ray diffraction pattern obtained after laser annealing of the dmogpNaSsample at 30 GPa
The sample was loaded in dried NaCl and heated indirectly with,daS€r, using ruby chips to transmit
heat to the sample. The inset shows the pattern obtained after baseline subtkitttioharacteristic
lines from bcc Na metal (100), (200) and (211) reflections (grey line) and peakssponding to the B2
phase of NaCl used as the pressure-transmitting medium (marked by asteriks
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Fig. 12. Representation of the crystal structure of NaSimbient and high pressure (view along [100]
plane). The structures are related by a slip of thg*[$¢trahedral layers along with a rearrangement of
theNa' cations and reduced distortion of the,[Siunits.

Table 1. Correlation analysis fdlaSi. There are three internal modes for eagly®iup,v; (482 cm-1),
v, (285 cm-1) and; (356 cm-1) and 6 external modes (3 rotations and 3 translationsidAB, are

Raman active.

lon movement

Transl. Libr. Int.

GM _>Gs_> GF
Tq Co Con

Sis

1 1

Na(1) and Na(2)

A Aq
A

E By

Ta Au
B

TZ Bu
C

AQ

Big
A

Ay

V1, 2V, v, lib., trans.

2vs, 2lib., 2trans.
v1, 2V, v, lib., trans.

2vs, 2lib., 2trans.

6 trans.
6 trans.

6 trans.
6 trans.




Table 2. Experimental and calculated cell parameters and atomic positions for NgBipxehsure.

Cell Parameters

DFT Exp. Err.
9.62272 10.18991 0.00846
6.08230 6.07541 0.00479

9.62272 996378 0.00739
90.00000 90.00000  0.00000
10576357 109.38072  0.04078
90.00000 90.00000  0.00000

~ ™ n o

Atomic positions

DFT Ref.

X y z X y z
Na(1) 0.11991 -0.76442 -0.38827 0.12336(3) -0.80632(2) -0.37622(2)
Na(2) 0.82457 -0.58583 -0.40665 0.84174(2) -055910(2) -0.42675(1)
Si(1)  0.11334 -1.04175 -0.15849 0.10155(1) -1.04640(2) -0.13803(1)

Si(2) -0.07563 -1.30006 -0.16588 -0.08363(1) -1.31807(2) -0.16523(1)




