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High-pressure structural properties of tetramethylsilane*
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High-pressure structural properties of tetramethylsilane are investigated by synchrotron powder x-ray diffraction at
pressures up to 31.1 GPa and room temperature. A phase with the space group of Pnma is found to appear at 4.2 GPa. Upon
compression, the compound transforms to two following phases: the phase with space groups of P2;/c at 9.9 GPa and the
phase with P2/m at 18.2 GPa successively via a transitional phase. The unique structural character of P2 /c supports the
phase stability of tetramethylsilane without possible decomposition upon heavy compression. The appearance of the P2/m
phase suggests the possible realization of metallization for this material at higher pressure.
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1. Introduction

As an important challenge in modern physics and as-
trophysics, the metallization of hydrogen has long been a
major driving force in high-pressure science and technology
development,!!! which originates from the possible supercon-
ductivity with high T.(> 200 K) under sufficiently strong
compression. 3 Recently, several independent measurements
indicate that metallic hydrogen has not been reached yet
even at 360 GPa,*! whereas much higher pressures (e.g.,
> 400 GPa) are thought to be needed for metallization, [®!
which currently are a great challenge for hydrogen with high-
In 2004, Ashcroft already with great
interest suggested that hydrogen-dominant hydrides could

pressure techniques.

also be high-temperature superconductors in monatomic and
molecular phases, providing an alternative way to achieve
the metallic hydrogen. By this argument, such covalent
hydrides could exhibit metallization at significantly reduced
pressures compared with pure hydrogen due to chemical
precompression.!”) The recent breakthrough in the discov-
ery of superconductivity above record high 190 K in H-
S compound!® offers convincing evidence for this idea.
Group IVa hydrides were specifically suggested as poten-
tial candidates for this material and many experimental and
theoretical efforts are currently underway to investigate this
prediction, such as SiHy,"'8 GeHy,!'9-231 SnHy,?+271 and
PbH,.1*81 However, very recent experiments show the possi-
ble decomposition of SiH4 under irradiations from x-ray and

29,30

lasers,[?>3% which results in a loss of superiority for these

compounds to further investigate the metallization of bulk hy-
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drogen. For achieving the metallic hydrogen at “low” pres-
sure, it is extremely urgent to search other hydrogen-rich com-
pounds on the group I'Va hydrides.

Tetramethylsilane (TMS), Si(CH3)4, has spurred tremen-
dous interest in the spectrum due to its highly symmetri-
cal characters.31=3¢! In the molecular structure in Fig. 1(a),
the Si element is tetrahedrally coordinated by methyl groups
(—-CH3), making the molecule with the 7; symmetry. [34.36]
Study on TMS under low temperature condition suggested
that the CH3 groups play an central role in understanding the
structural transformation and the CH3 groups become non-

s.37] Upon com-

equivalent due to intermolecular interaction:
pression, TMS becomes a single crystal with cubic structure
only at 0.58 GPa, accompanied with the CH3 groups to dis-
play different rotational angles (Fig. 1(b)).[*®! Besides new
phase transitions at higher pressures, our recent work by Ra-
man spectrum revealed that TMS does not decompose at pres-
sures up to 142 GPa,l*°! although the metallization has not
been reached yet. However, new Raman modes, appearing at
around 100 GPa,*! underwent a dramatic softening and char-
acterized TMS as semi-metallic state possibly as in the case
of hydrogen at high pressures.[* This suggests that the TMS,
maybe, will be an ideal material to achieve metalization in
hydrogen-rich complex on the basis of the static high-pressure
technology currently.

On the basis of the global minimization of the lattice en-
ergy, several competitive crystal structures have been proposed
for the phases of TMS in recent computational studies, !
while there are only a few experimental data for its molec-
ular and crystal structures even at lower pressures. *341 Such
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information is important for understanding the evolution in the
electronic structure leading to metallization. In this paper, we
present a high-pressure study of TMS by synchrotron powder
x-ray diffraction (XRD) at up to 31.1 GPa. We observe a sim-
ilar process of phase transitions although it shows slight hys-
teresis compared with the results from Raman spectrum. TMS
underwent Pnma — P2y /c — P2/m structural transitions via
Pa3 symmetrial crystal at 0.58 GPa,*8! which will be illus-
trated in Section 3 in detail.

(b)

Fig. 1. (color online) (a) Configurations of TMS with respect to ideally
tetrahedral T;(43m) symmetry; (b) autostereogram of the molecular ar-
rangement in the prassure-induced Pa3 symmetrial crystal of TMS with
different rotational angles of the CH3 groups (except for H atoms).

2. Experimental details

TMS (m.p. 178 K, b.p. 299 K) as transparency liquid with
99.9% purity was purchased from Alfa-Aesar and used with-
out further purification. The high-pressure experiments for
TMS were carried out by using Diamond anvil cell (DAC) with
beveled anvils and the culets of 300 us. A hole of ~ 100 ps
in diameter, drilled in a preindented tungsten gasket, served
as the sample chamber. To avoid volatilizing, the bottom
of DAC was put into ice-water mixture half an hour before
loading the sample. Liquid TMS was loaded into the cham-
ber of DAC with a syringe. Because of liquid sample, no
pressure medium was used and ruby grains had been placed
previously as pressure marker. Considering the volatilizing
of samples, pressure was increased to 0.6 GPa after loading
well the samples. Synchrotron radiation measurements were
performed at the X17C beamline of National Synchrotron

Light Source at Brookhaven National Laboratory via angle-
dispersive diffraction techniques by using monochromatic ra-
diation A = 0.3989 A. The sample-to-detector distance and the
image plate orientation angles were calibrated by using CeO,
standard. The two-dimensional (2D) diffraction images were
converted to the plots of 20 versus intensity by the FIT2D soft-

ware.

3. Results and discussion

Synchrotron powder x-ray diffraction measurements on
TMS are performed to determine detailed structural informa-
tion for the possible phases under pressure. Figure 2 shows the
x-ray diffraction patterns of TMS at pressure up to 31.1 GPa.
All the Bragg peaks shift towards larger angles, showing the
shrinkage of the TMS lattice. At 4.2 GPa, x-ray diffraction
pattern of TMS reveals a strong preferred orientation from the
peak at 5.5°-6.0°, which possibly results from the recrystal-
lization of TMS. Until 9.9 GPa, all peaks become smooth ac-
companied by some peaks vanishing and new peaks appear-
ing in a pressure range of 6.5 GPa-8.6 GPa, suggesting a
new phase transition taking place. A similar case has been
observed in recent work*>4%) that a new phase transition ap-
peared at 9.0 GPa by the analysis of Raman spectrum. Upon
further compression to 18.2 GPa, the XRD pattern of the sam-
ple exhibits the whole changes, especially the peaks in the re-
gion of low angles, indicating that another structural transfor-
mation appears. The new phase shows slight hysteresis com-
pared with the recent experimental results of the phase tran-
sition of TMS at 16.0 GPa.*! Continuing the compression
to 31.1 GPa, no change is observed from the XRD patterns,
which coincides with the results of Raman spectral experi-
ments in our recent work. 3]

To investigate the crystal structure of each phase, the
diffraction patterns obtained at selected pressures are indexed
using Dicvol04 and refined using the Le Bail method with
GSAS software.[*!! For TMS, it is reported that TMS crystal-
lizes into cubic structure with the space group Pa3,138! which
is marked as phase II via liquid phase (phase I), with be-

ing compressed to only 0.58 GPa.
[39

Based on the analysis
of high-pressure Raman spectrum, *°! cubic structure at least
should be maintained with compression to 9.0 GPa. How-
ever, it is difficult to fit the XRD pattern at 4.2 GPa using
the space group Pa3 with lattice parameter a = 10.7328 A.
Indexing yields a reasonable solution, which leads to an or-
thorhombic cell (space group Pnma) at this pressure.’) Ad-
ditionally, a study of possible crystal structures of TMS is per-
formed by global lattice-energy minimization using force-field

[37

methods.?”! The results indicate that the Pnma space group is
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the second low-energy structure for TMS.37! The phase is fit-
ted with the space group of Pnma and the measured and fitted
data are shown in Fig. 3(a). As can be seen, the diffraction
peaks of TMS at 4.2 GPa are fitted well within the indexed
structure, marked as phase III. For substances with “normal”
melting curve, cooling down and compression in a small P—
T region often produce equivalent solid phases.*?! It so hap-
pens that low-temperature TMS would undergo ¢ — 8 — v
phase transitions (o phase exists from the melting point down
to 159 K; with further cooling 8 phase appears and becomes
stable to 20 K; when the sample is subsequently heated from
20 K to 118 K 7 phase occurs.[*31) and only y phase is sta-
ble when heated to 118 K, which should be consistent
with low-temperature crystallization to transform into a sin-
gle crystal (space group Pnma) with lattice parameters of a =
13.131(3) A, b=18.198(3) A, and ¢ = 6.3290(10) A.*"] Com-
pared with our results of a = 13.0479(3) A, b = 8.4526(4) A,
and ¢ = 6.2857(9) A at 4.2 GPa, however, axis b is stretched
relatively. A plausible cause for the abnormity is nonhydro-
static situation of crystallized TMS at high pressures, which
leads to the lattice distortion.

31.1 (GPa)

29.2

’ 26.6
‘ J

‘ 3.1
w 19.8

8.2

16.4

4.6

12.0
9.9
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Fig. 2. Synchrotron radiation x-ray (A = 0.3989 A) diffraction patterns
of TMS during the pressurization from ambient pressure to 31.1 GPa.
Red asterisks marked indicate the signals from the gasket material tung-
sten. The intensity of first peak is reduced to 1/5 at 4.2 GPa due to strong
preferred orientation of (211) in Pnma phase.
For phase IV of TMS at 9.9 GPa, all peaks from the XRD
pattern are indexed mainly to the monoclinic system. How-
ever, it is difficult to determine the space group for this new

phase, whereas P2;/c is a candidate because tetrahalides of

the group IVa elements, MXy (M = Si, Ge, Sn; X = Cl, Br)
with halogen atoms each have a comparable size to a methyl
group crystallized in P2; /c.1*-3% Considering the Raman re-
sults that CH3 groups are locked in position and the whole
groups move like one atom,?! the P2;/c space group will
be the most reasonable solution to the structure of TMS at
phase IV. In addition, the P2, /c space group is also predicted
as the third best structure of TMS energetically and appears
repeatedly with increasing the energy of crystal structure. 3]
Figure 3(c) shows the results of fitting the pattern of TMS
at 9.9 GPa by the space group of P2;/c.
lattice parameters of MXy at low temperature (for SiCly,
a=9.6084 A, b=16.3562 A, c=7.6724 A, and B = 102.909°;
for SiBry,’% a = 10.1319 A, b = 6.7002 A, ¢ = 10.2389 A,
and B = 102.661°), the lattice parameters of a = 8.5412(6) A,
b =8.7889(2) A, ¢ = 8.3227(4) A, and B = 85° are debat-
able. Axis b is stretched more dramatically, suggesting en-

In view of the
[45]

hancive lattice distortion in nonhydrostatic situation of crys-
tallized TMS with increasing pressure. In the pressure range
of 6.5 GPa—8.6 GPa, phase III coexists with phase IV and the
pattern at 6.5 GPa is fitted with both lattice parameters of the
phases in Fig. 3(b).

There is no information about crystal structure available
at the highest-pressure phase (phase V) of TMS in current
work. The diffraction patterns yield several orthorhombic and
monoclinic systems at 19.8 GPa with reasonable lattice pa-

rameters. According to the study of high-pressure Raman

spectrum, 1391

phase V should possess lower symmetry because
the number of Raman bands greatly increases in the phase, ']
thus the orthorhombic systems have been ruled out. Further-
more, it is quite interesting that all monoclinic cells are char-
acterized by different lattice parameters and the same space
group P2/m at this pressure. It might be the most reason-
able of the lattice parameters a = 8.2042 A, b=23.7287 A,
¢=2.4630 A, and B = 97.714° with a volume of 74.66 A3 be-
cause of remarkable value of the figures of merit (M, F) at this
pressure. Figure 3(d) shows the measured and fitted patterns
of TMS at 19.8 GPa. All diffraction patterns at up to 31.1 GPa
could be fitted with this cell, suggesting that the phase remains
stable until 31.1 GPa.

The R values are R, = 0.2%, Ry,p = 0.4% for the fitting
at 4.2 GPa, Ry—0.1%, Rwp=03% at 6.5 GPa, R, = 0.3%, Ry, =
0.4% for the fitting at 9.9 GPa, and R, = 0.4%, Ry, = 0.5% at
19.8 GPa.
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where @ = 1/0? is the statistical weight of the i-th profile
observation which is the inverse of the variance of the i-th
observation.l, and /. are observed and calculated intensities,
I, is the background contribution to the profile in Ref. [63].
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Fig. 3. (color online) X-ray powder diffraction patterns of liquid TMS at
pressures of (a) 4.2, (b) 6.5, (¢) 9.9, and (d) 19.8 GPa, respectively. The

refined lattice parameters for the corresponding space groups are given, re-
spectively. The open circles represent the measured intensities and the red

lines represent the results of profile refinements by the best LeBail-fit with
each space group. The positions of the Bragg reflections are marked by ver-
tical lines Pnma is shown as green and P2; /c is shown as purple in panel
(b) and the difference profiles are shown at the bottoms (blue lines).

Although the use of the Le Bail method can give reason-
able space groups and yields accurate lattice parameters of the
structures, this method has not provided any information about
the internal coordinates. Since the texture of the sample com-
bined with the extraordinarily large hydrogen content presents
limitation to meaningful Rietveld structural refinements, as
a substitution, we compare the crystal characteristic of TMS
at phase IV with that of the typical hydrogen-rich compound
SiHs. The reason is that the structure P2;/c is the last one
for SiH4 existing before becoming partial decomposition and
amorphization or polymerization upon compression despite it
is still an insulating molecular solid,**! which is helpful for us
to understand the procedure of structural change on TMS.

For SiH4 as shown in Table 1, the phase V stable above

10 GPa is reported to possess an SnBry-type structure (space

group P2 /c) in Ref. [30] while the crystal structures of low-
pressure phases are as yet unknown. Other tetrahalidies with
the P2, /c structures are also listed in Table 1, it is found from
the first four compounds that the ratios of lattice parameter b/a
and c¢/a, are close to each other, and values of angle 3 keep the
same nearly. According to the pressure-induced phase transi-
tion analysis by Raman spectrum,**! CH3 groups of TMS in
phase IV are locked in position and the whole groups move
like one atom, which provides a possibility for the phase IV
of TMS to reconstruct own molecules like SiHy, SnBry, SiCly,
and SiBr4 mentioned above, and P2;/c symmetry is selected
first to fit the pattern in phase IV in this end. However, the cor-
responding result shows inconsistency among the lattice pa-
rameters b/a, c/a, and angle 8, which will happen if P2;/c
symmetrical Ge(CH3)4 (TMGe) appears when compression
almost possesses the same lattice parameters as TMS (Ta-
ble 1).15?! Considering the application of external condition,
nonhydrostatic situation of crystallized TMS could be a rea-
sonable explanation for the abnormity, which leads to the lat-
tice distortion compared with SnBry4, SiCly, and SiBry to un-
dergo the structural change depending on temperature. [4>-30-331
Whereas the SiH4 under applied pressure is still kept as an ex-
cellent crystal with space group P2;/c as SnBry, SiCly, and
SiBrs behave, suggesting that different pressure activities ex-
ist in both Si(CH3)s compound and Ge(Chs)s compound. It
is worth mentioning that crystal structure of the P2;/c is the

last one for SiH4 under pressure.>!

Further compression be-
yond 50 GPa, undetectable x-ray diffractions in some sam-
ple regions of SiHs suggest the loss of crystallinity, which
is consistent with the previous claim of the pressure-induced
amorphization.'® The loss of crystallinity with partial de-
composition and amorphization due to the applied pressure
has also been reported previously for solids containing rele-
vant tetraheddral molecules like SnBry, Snly, and Gely,P457]
of which similar compounds are SiCl4 and SiBry although it is
uncertain whether these solids are confirmed to have the P2, /¢
symmetrical structure s before amorphization upon compres-
sion, since poor information about pressure-induced crystal
structural changes was reported for these solids. [>3-6-38-601
However, TMS continues to undergo a phase transition to
P2/m space group via P2;/c space group instead of the ap-
pearing of pressure-induced decomposition or amorphization.
Such a unique P2;/c structure of TMS must be a cause of
undergoing the phase transitions metioned above instead of
pressure-induced decomposition or amorphization under ap-

plied pressure.
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Table 1. Structural characteristics of TMS phase IV compared with those of tetrahalidies having the SnBry-type structure.

Phase PT Space group alA bIA c/A BI®) b/a c/a Ref.
SnBry 293 K 10.59(3) 7.10(2) 10.66(3) 103.6(2) 0.670 1.007 53
SiCly 163 K 9.608(4) 6.356(2) 9.672(4) 102.91 0.661 1.007 45
SiBry 168 K P2, /¢ 10.1319 6.7002 10.2389 102.661 0.661 1.011 50
SiHy (V) 11.3 GPa, 300 K 6.122(1) 4.072(2) 6.161(1) 104.36(1) 0.661 1.006 12
TMGe(III) 14.5 GPa, 300 K 6.7020(1) 9.4397(8) 6.5710(4) 89 1.408 0.980 52
TMS1V) 9.9 GPa, 300 K 8.5412(6) 8.7889(2) 8.3227(4) 85 1.029 0.974 this work

Recently, our work on the structure of Sn(CHj3)4 (TMT)
by synchrotron x-ray diffraction measurement has shown to
crystallize at 12.5 GPa into space group P2/m, which yields
lattice parameters of a = 11.8438 A, b=63417 A, ¢ =
2.9825 A, and B = 94° (Z = 2).1°!l TMS also confirms the
space group P2/m with the lattice parameters of = 8.2140 A,
b =3.7158A, c =2.4619 A, and B = 96° (Z = 2) at phase
V via P2;/c space group upon compression. For the opti-
mal calcuation on P2/m structure of TMT, the results show
the metallic character with large dispersion bands crossing the
Fermi level although our optical observations seemingly do
not support the metallization in TMT, !l which could be a in-
dication to undergo a metallic state for TMS and TMT soon
with increasing pressure. Excitingly, TMS does yield a possi-
ble semimetallic state with the appearing of new and softening
vibrational modes at 96 GPa,**! which resembles the case on
hydrogen in phase IV upon compression to 278 GPa, indicated
by Raman spectrum.*! These theoretical and experimental re-
sults are encouraging for the experimental detection of the
metallization in such materials because the resistance mea-
surements on a similar aromatic hydrocarbon indeed reveal the
metallic state at a much low pressure of 40 GPa than generally
thought.[®?l Further electrical transport measurements are ex-
pected on the studied material.

4. Conclusions

We perform high-pressure powder x-ray diffraction mea-
surements on TMS at up to 31.1 GPa. Our results reveal
the homogeneous process of phase transitions for TMS with
compression to 31.1 GPa compared with the aforementioned
work on Raman spectrum investigations of liquid TMS. A new
phase possesses a space group of Pnma at 4.2 GPa , which is
identified by the XRD patterns at pressure up to 31.1 GPa.
After that, the material transforms into phase IV with the
P2y /c symmetry and phase V with monoclinic P2/m struc-
ture at the corresponding pressures of 9.9 GPa and 19.8 GPa
respectively via a transitional phase in a pressure range of
6.5 GPa-8.6 GPa. These structural transitions suggest that
they result from the changes in the inter- and intra-molecular
bonding of this material. Interestingly, P2;/c structure of
TMS has unique lattice parameters compared with those of the
compounds containing relevant tetraheddral molecules, which

makes TMS continue to crystallize but not realize decompo-
sition nor amorphization upon compression. Additionally, the
appearing of P2/m space gronp in phase V offers a possibil-
ity to achieve the metallization in this material with further
compression. Such structural information will encourage one
to experimentally detect the metallization in such materials by
other methods.
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