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The vibrational and structural properties of a hydrogen-rich group IVa hydride, Sn(CHjs),4, have been
investigated by combining Raman spectroscopy and synchrotron x-ray diffraction measurements at
room temperature and at pressures up to 49.9 GPa. Both techniques allow the obtaining of com-
plementary information on the high-pressure behaviors and yield consistent phase transitions at
0.9 GPa for the liquid to solid and 2.8, 10.4, 20.4, and 32.6 GPa for the solid to solid. The fore-
going solid phases are identified to have the orthorhombic, tetragonal, monoclinic crystal structures
with space groups of Pmmm for phase 1, P4/mmm for phase II, P2/m for phase III, respectively. The
phases IV and V coexist with phase III, resulting in complex analysis on the possible structures.
These transitions suggest the variation in the inter- and intra-molecular bonding of this compound.

© 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4774022]

I. INTRODUCTION

The tetra-alkyl compounds of group I'Va elements have
spurred a tremendous interest in the spectroscopy'~!? due to
their highly symmetrical characters. In the molecular struc-
ture of these compounds, the group IVa element is tetra-
hedrally coordinated by methyl groups (—CHj3), making the
molecule with the 7, symmetry."* Studies on the tetra-
alkyl compounds of group IVa elements at low temperature
conditions'*~!” suggested that the CH3 groups play an cen-
tral role to understand the phase transitions and the CHj
groups become non-equivalent and exhibit intermolecular
interactions.'®!® Additionally, applying the pressure to the
compounds, the CH3 group(s) show various behaviors. Under
pressure, the rotational vibration of CH3 group(s) has been re-
stricted in some CHj3-bearing compounds, such as CH;:HgM
(M=Cl, Br, )*° and (CH3),XM (X=Sn or T1).2!-?> The CH;
groups display different rotational angles in cubic Si(CHz3)4
at only 0.58 GPa.?* Therefore, understanding the behavior of
CHj3 groups in the tetra-alkyl compounds of group IVa ele-
ments, especially the variance of CH3 groups under pressure,
is important for condensed matter physics, materials science,
and chemistry.

Group IVa hydrides also provide an alternative way to
metallic hydrogen which was predicted to be a supercon-
ductor with high transition temperature in monatomic and
molecular phases. In group I'Va hydrides, the hydrogen atoms
probably have undertaken chemical precompression by the
group IVa atoms within the unit,>* and thus the chemical
pressure environments in these hydrides may greatly reduce
the physical pressure necessary for metallic hydrogen. Many
experimental and theoretical efforts are currently underway
to investigate this prediction, such as SiH,, 23 GeH,, 3040
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SnH,,*'~** and PbH,4.*> However, very recently experiment
shows the possible decomposition of SiH, under irradia-
tion from x-rays and lasers,***’ which makes the metal-
lization of SiH, extremely intangible and the stability of
group IVa hydrides unprecedentedly important. Excitingly,
Si(CH3)4, one of the tetra-alkyl hydrides of group IVa ele-
ments, was found no decomposition up to 142 GPa in our
recent work,*® although it remains unknown to metallize.
Above 96 GPa, the sudden disappearing of original vibra-
tional modes and appearing of the softening behavior from
the new Raman modes makes the metallization of tetram-
ethylsilane more complex. In addition, it is suggested that the
homologous hydrides with heavier group IVa atoms would
yield lower metallization pressure, due to the weaker chem-
ical bonds which be dissociated under pressure.*> Study on
Ge(CHs3)4 by the Raman spectroscopy verified that high-
pressure behaviors of CH3 groups do appear earlier with the
compressed process despite uncertain to metallize.** There-
fore, the investigation of heavier group IVa hydrides is in great
demand.

In this paper we present the pressure-induced phase tran-
sitions of tetramethyltin (TMT), Sn(CH3)4, by Raman spec-
tra and synchrotron powder x-ray diffraction. The fact that
softening of the modes disappeared earlier besides of sev-
eral possible phase transitions identified at 0.9, 2.8, 10.4,
20.4, and 32.6 GPa. Lattice vibrational modes in low fre-
quency incidentally play a vital role to distinguish the
phase transitions and corresponding reasonable phase struc-
tures also were determined by fitting the XRD patterns of
TMT. Our findings have great implications for achieving
metallization under high pressure based on hydrogen-rich
compounds.

© 2013 American Institute of Physics
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Il. EXPERIMENTAL DETAILS

TMT (m.p. 219 K, b.p.347-348 K) as transparency liquid
with 98% purity was purchased from Alfa-Aesar and used
without further purification. The high-pressure experiments
for TMT were carried out using DACs with beveled anvils and
the culets of 200 micrometers. A hole of ~70 micrometers in
diameter drilled in a preindented tungsten gasket served as
the sample chamber. To avoid volatilizing, the bottoms of the
DACs were put into ice-water mixture half an hour before
loading the sample. Liquid TMT was loaded into the chamber
of the DACs with a syringe. Because of the liquid sample, no
pressure medium was used and ruby grains had been placed
previously for pressure calibration.

Raman spectra were obtained in a backscattering geom-
etry with a spectrometer (with 1800 mm~' grating) equipped
with a di-monochromator and a charge coupled device detec-
tor, giving a resolution of 1-2 cm~!. Radiation of 532 nm
from a solid-state laser (0.5 W CW) was used for the excita-
tion of the Raman spectra and all spectra were measured at
ambient temperature. The scattering light was captured with
a single exposure of the CCD with a spectral resolution of
lem™l.

The same DAC was employed for the high-pressure syn-
chrotron XRD experiment. Considering the volatilizing of
samples, pressure was increased to 0.5 GPa after loading
well the samples. Synchrotron radiation measurements with
a wavelength of 0.3986 A were performed at the 16-ID-B
beamline of HPCAT, the Advanced Photon Source of the Ar-
gonne National Laboratory. The sample-to-detector distance
and the image plate orientation angles were calibrated using
CeO; standard. The two-dimensional diffraction images were
converted to 26 versus intensity data plots using the FIT2D
software.

lll. RESULTS AND ANALYSIS
A. High-pressure Raman spectra of TMT

As shown in Fig. 1, in a single molecule of TMT, the
tin atom is tetrahedrally bonded to four methyl groups. For
ideally tetrahedral T4 (—43m) molecular symmetry, one bond
distance C-H, one Sn—C, and one Sn—C-H angle would de-
scribe fully the molecular geometry. The methyl groups can

FIG. 1. The configurations of TMT with respect to ideally tetrahedral
T4 (—43m) symmetry. (a) Cup model of TMT shown to illustrate almost
spherically shaped molecules in a close-packed stacking, and (b) ball-and-
stick model of TMGe manifested that one bond distance C-H, one Sn-C,
one Sn—C-H/C-Sn—C angle could describe the molecular geometry.
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be fully staggered with respect to the Sn—C bonds fully
eclipsed or disordered (Fig. 1(b)). The irreducible represen-
tation (of all the normal vibrational modes) is I" = 34; + A,
+ 4E + 4F| + 7F,. According to the selection rule, the Aj,
E, and F, vibrations are Raman active. The type of vibrations
was well assigned to each Raman signal of TMT at ambient
conditions and is summarized in Table I. Our data at ambient
pressure are good agreement with the previous results.*>°

Figure 2 shows the selected Raman vibrational spec-
tra of TMT as a function of pressure, which were collected
from ambient pressure to 49.9 GPa. Clearly, the Raman spec-
tra could be divided into five regions based on the molec-
ular nature of the complex: the C—Sn—C skeletal deforma-
tion region (100-500 cm™!), the C—Sn skeletal stretch region
(500-650 cm™"), the CH3 rocking region (700-900 cm™'),
the CH3 symmetrical deformation region (1100-1300 cm™"),
and the CH3 symmetrical and nonsymmetrical stretch region
(2900-3300 cm™"). With increasing pressure, all of the mea-
sured peaks shift to higher frequencies, and become weak at
pressure up to 49.9 GPa. Some of peaks nearly vanish ex-
cept for the v; = 1410 cm™! and vg = 1438 cm™! (the CH;
nonsymmetrical deformation modes) which are influenced by
the strong Raman signal of diamond at 1332 cm™!. This sug-
gests that several pressure-induced phase transformations take
place in TMT.

At ambient pressure, only one Raman signal appears in
the C—Sn—C skeletal deformation region (Fig. 2), which is
different from the low-Z compounds such as Si(CHj3), and
Ge(CHs3)4. The value of mode v, is not precise enough in
the CH3 rocking region due to the weak and broad inher-
ent Raman signal, whereas it is very hard to be observed in
foregoing experiment on Ge(CHj3)4,* compared to the work
on Si(CH3)4 which is clear to achieve the value of the mode
vs.*® At the onset of compression, the intensities of the vs
and v modes exhibit a reversal change, which is an evidence
for vs and vg modes to exchange of the symmetry assign-
ment of these two modes as a result of Fermi resonance,’!
and a new mode is extruded in the middle of the vs and vg
modes, which is labeled as mode vg'. Compressed to 0.9 GPa,
a lattice vibrational mode (lattice mode 1) emerges at the low-
frequency region of ~110 cm™!. The emergence of new vi-
brational modes, especially the lattice mode, can be identified
to the liquid-solid state transition upon application of the ex-
ternal pressure. With further compression, the mode v, and v3
also perform the reversal change in intensity and a weak mode
(vs') appears at the low frequency of the mode vs. Application
pressure to 2.8 GPa, the mode extruded in the middle of the
vs and v modes suddenly disappears besides of the further
increasing relative intensity of mode v, and v3. This suggests
that TMT undergoes a possible pressure-induced phase tran-
sition. Upon further compression up to 10.4 GPa, three other
modes emerge, a new mode (v4’) in the region of the CHj
rocking and two new modes in the CH; symmetrical and non-
symmetrical stretch region. The mode slightly located on the
shoulder of the mode vq is labeled as mode vo'. In addition,
the relative intensity of the mode v, and v; yet recovers to
the case of ambient conditions and the mode vs’ disappears
soon. Such rich Raman features suggest the existence of an-
other new phase. With increasing pressure to 19.3-20.4 GPa,

Downloaded 10 Jan 2013 to 206.205.250.4. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



024307-3 Qin et al.

J. Chem. Phys. 138, 024307 (2013)

TABLE I. Assignment of the observed Raman modes of TMT, changes of Raman modes with pressures, and the pressure coefficients of the corresponding

frequencies of the Raman modes.

Obs.(cm™1)® dv /dP (cm™!/GPa)°
Modes of vibration Type of vibration® liquid 1 I I v \% liquid I I m 1v Vv
113 0.6
126 0.8
lattice modes 111 7.5 55 42 14 12
202 1.8 2.1
285 1.8
252 3.1 1.8
Vi E (C-Sn-C skeletal deformation) 149 80.9 16.2 11.1 90 3.6 2.7
F, (C-Sn-C skeletal deformation)3.1
443 3.1
421 24 4.6
V2 Aj (C-Sn skeletal stretch) 506 17.9 6.3 46 50 27 22
V3 F, (C-Sn skeletal stretch) 527 11.9 6.2 48 57 33 26
636 40 29
704 2.5
696 none 2.8 28
771 2.1 1.6
n E (CHj3 rocking) 765 19.0 2.7 26 26 24 1.8
F> (CHj3 rocking)
872  none 4.0
1167 05 03
1171  none —-0.6
Vs F> (CH3 symmetrical deformation) 1191 —11.2 -0.7 05 06 05 03
1208 1.2 07
1189  none —-1.3
Ve A (CH3z symmetrical deformation) 1201 —11.9 2.0 1.8 20 17 19
V7 E (CH3 nonsymmetrical deformation) 1410
vg F> (CH3 nonsymmetrical deformation) 1438
3010 74 38 33
Vg E (CH3 symmetrical stretch) 2913 353 12.0 80 84 40 4.1
F> (CH3 symmetrical stretch)
3140 3.8
Vio E (CH3 nonsymmetrical stretch) 2984 43.0 12.6 86 82 48 39

F> (CH3 nonsymmetrical stretch)

3108 9.1 54 45

“References 2 and 3.

YObserved at ambient pressure and room temperature in the liquid phase for all internal modes and appearing with compression in the proposed phases.

€Obtained by linear fit of the Raman modes in four pressure regions, as indicated in Fig. 3.

the Raman spectra change dramatically, indicating substantial
changes in the crystal and/or molecular structures. As shown
in Fig. 2, a new mode appears in the low-frequency region
of ~200 cm™!, labeled as lattice mode 2, and a Raman sig-
nal (vs”) again emerges at the low frequency of the mode
vs at 19.3 GPa. The mode v; splits into two modes with the
new broad mode (v,’) slightly locating at the high frequency
of 421 cm™!. The two new modes gradually appear in the
CH3; rocking region, one of which, locating on the high fre-
quency, is labeled as v4”, and a weak signal again is extruded
in the middle of the vs and vg modes. Compressed continu-
ally to 20.4 GPa, lattice mode 1 becomes broadening and also
splits into two modes, suggesting the new phase with lower
ordered structure, which is also found in other cornpounds.51
Additionally, it is well worth to mention that the new modes
become intensive as the same as the inherent ones, infer-
ring the increasing intra- and inter-molecular interactions ex-

tremely of TMT at high pressures. With continuous compres-
sion, there is no obvious change in the number of peaks in all
the five regions, in addition to weakening and broadening of
Raman modes. This implies that the compound has become
compact at this pressure range. Upon further compression to
31.9-32.6 GPa, the most prominent change in the C—Sn—-C
skeletal deformation region is that another new lattice mode
(lattice mode 3) emerges around the frequency of 113 cm™',
and a weak shoulder peak with a higher frequency of
126 cm™! distinctly appears as adjacent mode of lattice mode
3. Simultaneously, lattice mode 2 becomes split, a weak mode
is extruded in the middle of the mode v;” and v;, and mode
v3 also arises a shoulder peak first time in the C—Sn skele-
tal stretch region. With increasing pressure up to 32.6 GPa,
foregoing modes v," and v,” disappear entirely, only keep-
ing mode v4 as well as its low-frequency shoulder peak in
the CHj3 rocking region, and another new mode emerges as an
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FIG. 2. Representative Raman spectra of TMT in the full spectral regions at ambient conditions upon compression to 49.9 GPa. The blue arrows labeled are to
make the change of part Raman modes clear to observe. The value of pressure is labeled only on red spectra to exhibit clearly the possible phase transitions.

adjacent mode of mode vy'. Proceeding with compression to
49.9 GPa, no change has been observed from all the modes,
only accompanied by weakening and broadening of modes.
Vibrational frequencies provide information of the high-
pressure behavior of TMT. To show the possible phase tran-
sitions on compression, the pressure dependences of Raman
modes are depicted in Fig. 3. Reasonably, there are several
distinct pressure regions in Fig. 3, which are labeled as lig-
uid phase (below 0.9 GPa), phase I (0.9-2.8 GPa), phase II
(2.8-10.4 GPa), phase III (10.4-19.3 GPa), phase IV (20.4—
31.9 GPa), and phase V (above 32.6 GPa). For the liquid
phase of TMT, nearly all the modes exhibit the blue-shift with
increasing pressure, whereas the vs and v¢ modes show a soft-
ening behavior, which is a typical character of rotational mode
of the CH; group.?’?> Due to pressure-induce increase of
intra- and inter-molecular interaction, equivalent CHs groups
would not remain stable and rotate by certain angles, which
is inevitable to lead to changes of crystal structure.”? In the
phase I, partial modes in the CH3; symmetrical deformation re-
gion are still softening with increasing pressure, which could
be observed in Fig. 3 until the phase II. This phenomenon,
especially transient phase I, implies the sensitive pressure ef-
fect of CH3 groups. With further increasing pressure, twisted
structure of TMT molecule again is stretched by external pres-
sure, which has resulted in the changes of the stretch modes
of TMT in phase III. At compression up to 20.4 GPa, the
number of the Raman modes increases greatly in the high-

pressure phases IV, which indicates the new phase with lower
symmetry. Furthermore, new modes emerge in the C—Sn—-C
skeletal deformation and C—Sn skeletal stretch region sug-
gests further compression has already taken effect inside the
molecule. For the phase V, although compression still leads
other new modes to appear, the vanishing of modes implies
related atoms are governed partly and it would be possible to
conform the closer-packing atomic layer(s).

Phase transformations are further identified by the
changes of pressure coefficients. The fitted pressure coeffi-
cients (dv/dP (cm™!/GPa)) of the monitored peaks obtained
by linear regression are listed in Table I. In general, most of
the pressure coefficients of the vibrational modes decrease
noticeably with increasing pressure, and negative pressure-
coefficients of the modes in the CH3 symmetrical deforma-
tion region again show the softening behavior of TMT at the
pressure. From the liquid phase to phase I, the value of dv/dP
of the modes v5 and vg changes from negative to positive, in-
dicating the rotational motion of the CH3 groups is compelled
to be frozen in positions.>! The case has also happened in the
high-pressure experiments of the homomolecular compounds,
Si(CH3),*® and Ge(CHsz)4.*® However, for the Si(CHj3 )4, this
softening behavior exists with the pressure up to 9.0 GPa and
the related modes still exist in the whole pressure region of
30 GPa. Recent work on Ge(CHj3)4 showed softening behav-
ior could be kept to 1.4 GPa and the related modes disap-
peared at around 5 GPa. Here, it is only at 0.9 GPa that soft-
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FIG. 3. Pressure dependence of the frequencies of TMT for the observed
modes in all regions at room temperature. The vertical dashed lines at near
0.9, 2.8, 10.4, 20.4, and 32.6 GPa indicate the proposed phase boundaries.

ening behavior exists, whereas the related modes are also kept
in the whole pressure region of 49.9 GPa. In phase I and II,
the modes vs" and vy’ of TMT also undergo softening, but
their dv/dPs are larger than those of the vs and vg modes,
manifesting that new high-pressure structures are prone to be
compressed. Interestingly, there is an unusual case that high-
pressure phase III possesses unexpected higher compressibil-
ity for most of the modes than that of phase II, which is also
observed in the phase V that several modes exhibit higher
compressibility. This provides powerful evidence of phase
transition.

B. Structural transformation of TMT under pressure

Synchrotron powder x-ray diffraction measurements on
TMT were performed to determine detailed structural infor-
mation for the possible phases at high pressures. Figure 4
shows the x-ray diffraction patterns of TMT at pressures up to
38.2 GPa. All the Bragg peaks shift to larger angles, showing
the shrinkage of TMT lattice. From 1.8 to 3.2 GPa, the rela-
tive intensities of several peaks change and new peaks grow.
There are some disappeared peaks around 10° besides of the
change in the relative intensities. The appearance of the new
signals from the new phase can be observed around 11.5°.
This indicates a phase transition, which coincides with the

J. Chem. Phys. 138, 024307 (2013)
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FIG. 4. Synchrotron radiation x-ray (A = 0.3986 A) diffraction patterns of
TMT during the pressurization from ambient conditions to 38.2 GPa.

Raman result of the phase transition at 2.8 GPa. With contin-
uous compression to 12.5 GPa, a weak peak appears around
13.5° and some signals happen to vanish, implying that TMT
undergoes a phase transition. This phase corresponds to the
phase III observed in Raman spectroscopy above 10.4 GPa.
Further compression to 38.2 GPa, the diffraction patterns be-
come significantly broader, and additional weak peaks appear
at 19.6 GPa, signaling a phase transition consisting with the
Raman results of a phase transition at 20.4 GPa. However, all
peaks still remain their original forms with increasing pres-
sures. It is therefore difficult to determine the phase transition
of the phase V.

To investigate the crystal structure of each phase, the
diffraction patterns obtained at selected pressures were in-
dexed using DICVOLO4 and refined using the Le Bail
method with GSAS software.’? For phase I, indexing yields a
unique solution, which leads to an orthorhombic cell (space
group Pmmm) with lattice parameters a = 10.5290(8) A,
b=7.5529(6) A, and ¢ = 4.7720(4) A at 1.8 GPa. The phase
I was fitted with the space group of Pmmm, and the measured
and fitted data are shown in Fig. 5(a). As seen in Fig. 5(a), the
positions and intensities of the diffraction peaks of TMT at
1.8 GPa are fitted well within the indexed structures.
Phase II of TMT is indexed with a tetragonal cell (space
group P4/mmm) with lattice parameters a = 10.4423(8) A,
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FIG. 5. X-ray powder diffraction patterns of liquid TMT at pressures of (a) 1.8, (b) 6.2, and (c) 12.5 GPa, respectively. The refined lattice parameters for the

corresponding space groups are given, respectively. The open circles represent the

measured intensities and the red lines the results of profile refinements by the

best LeBail-fit with each space group. The positions of the Bragg reflections are marked by vertical lines and the difference profiles are shown at the bottoms
(blue lines). The R values are R, = 0.4%, Ry, = 0.7% for the fitting at 1.8 GPa, R, = 0.2%, R,,, = 0.3% at 6.2 GPa, and R, = 0.3%, R, = 0.4% at 12.5 GPa.

¢ =10.3013(2), and V = 1123.29 A3 at 3.2 GPa. Other possi-
ble symmetries such as orthorhombic and monoclinic cells are
also gotten simultaneously and an orthorhombic cell even has
a more reasonable figure of merit (M, F); however, the results
by fitting the patterns in phase II with space group P4/mmm
achieve the best anastomotic effect. Figure 5(b) shows the re-
sult of fitting the patterns at 6.2 GPa. The space groups of
phase I and II are very rare compared to the structures of
Si(CH3)4 and Ge(CHj3)4 under pressure.”>* Although phase
IIT of TMT is indexed with an orthorhombic cell and all kinds
of the monoclinic cell at 12.5 GPa, the monoclinic symmetry
would be unique for phase III due to the unsuitable volume of
the orthorhombic cell. Furthermore, it is quite interesting to
notice that all the monoclinic cells are characterized by dif-
ferent lattice parameters and the same space group P2/m at
this pressure. It might be reasonable to take the lattice param-
eters a = 11.8438(2) A, b = 6.3170(8) A, ¢ = 2.9825(7) A,
and 8 = 94.101(8) ° with the volume of 222.57 A3 because of
a remarkably good value of the figure of merit (M, F) at this
pressure. Figure 5(c) shows the measured and fitted patterns
of TMT at 12.5 GPa. All diffraction patterns up to 19.6 GPa
could be indexed with this cell. Above this pressure, all the

diffraction peaks, except for the additional peaks, could still
be fitted with the monoclinic cell. This suggests that above
19.6 GPa, the structure of phase III either becomes more com-
plex or coexists with an appearing new high-pressure phase.
Drastic Raman spectra change coincidently in the pressure re-
gion of 19.3-20.4 GPa, especially the observation of abundant
new internal modes. This strongly suggests that an enhanced
intermolecular interaction with covalent nature results in the
complex crystal structures.

Although the usage of the Le Bail method can give
reasonable spaces groups and yields accurate lattice param-
eters of the structures, this method has not provided any
information about the internal coordinates. Since the ob-
tained data are not sufficiently detailed for a Rietveld fit, we
now perform theoretical calculations to provide the detailed
information.

Table II summarizes the calculated lattice parameters
and atomic coordinates of the experimentally obtained phases
with the space groups of Pmmm, P4/mmm, and P2/m at pres-
sures of 1.8, 3.3, and 12.5 GPa, respectively. Comparing with
the corresponding phases with experimental data, the crys-
tal lattice parameters are well consistent. There has been no
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TABLE II. Calculated lattice parameters and atomic coordinates of the ex-
perimentally obtained phases with the space groups of Pmmm, P4/mmm, and
P2/m at pressures of 1.8, 3.2, and 12.5 GPa, respectively.

Lattice parameters Atomic coordinates (fractional)

Pmmm (Z = 2) Sn 21 (0.3862, 0.5000, 0.5000)
a=10.6949 A C 4z (0.6820, 0.2308, 0.5000)
b=17.5650 A C 4x (0.8710, 0.5000, 0.6594)
c=47709 A H8A (0.7371, 0.2015, 0.3110)
a=90° H 8A (0.9167, 0.3823, 0.7456)
B =90° H 4z (0.5977, 0.1477, 0.5000)
y =90° H 4x (0.7789, 0.5000, 0.7640)

Sn 8r (0.2366, 0.2366, 0.2516)
C 16u (0.3631, 0.1370, 0.6393)
C 8r(0.3588, 0.3588, 0.8357)
C8r(0.1314,0.1314, 0.8670)
H 16u (0.3152, 0.0733, 0.5732)

P4/mmm (Z = 8)
a=b=10.4063 A

c=10.2438 A H 16u (0.4228, 0.0826, 0.7057)
o = 90° H 16u (0.4198, 0.2063, 0.5853)
B = 90° H 16u (0.3280, 0.5586, 0.7819)
y = 90° H 16u (0.1977, 0.9233, 0.9247)

H 8r (0.3842, 0.6158, 0.9339)

H 8r (0.0711, 0.9289, 0.8098)

Sn 2n (0.2480, 0.5000, 0.5096)
P2/m (Z =2) C 40 (0.3765, 0.7484, 0.6398)
a=11.8438 A C 40 (0.1235, 0.7494, 0.6465)
b=6.3417 A H 40 (0.4092, 0.8275, 0.3565)
c=29825A H 40 (0.4437, 0.6661, 0.8366)
o = 90° H 40 (0.3306, 0.8575, 0.8397)
B = 94° H 40 (0.0578, 0.6663, 0.8143)
y = 90° H 40 (0.0886, 0.8378, 0.3591)

H 40 (0.1745, 0.8503, 0.8749)

much effort in searching for more stable structures from the
theoretical aspect. Our calculations indeed reveal that the ex-
perimentally determined structures are the competitive phases
having the low enthalpies at zero temperature. Here the first-
principles calculations were used to obtain the structural in-
formation within the framework of density-functional the-
ory. The underlying structural relaxation has been performed
with the VASP code® employing the projector augmented-
wave pseudopotential®* and the exchange correlation func-
tional with the local density approximation.>> The energy cut-
off used in our calculations for the plane-wave basis set is
600 eV. In optimization calculation, a 3 x 3 x 3 k-mesh was
used for the sampling of the Brillouin zone. We optimized
the atomic positions until the forces acting on the atoms are
smaller than 0.02 eV/A. And the convergence tolerance of the
total energy is 10~ eV/unit cell.

The band structure calculations reveal the insulating fea-
ture of the two low-pressure structures at 1.8 and 3.2 GPa.
The electronic band structure of the P2/m phase at 12.5 GPa is
shown in Fig. 6(a). The calculations yield the metallic charac-
ter with large dispersion bands crossing the Fermi level. Three
bands were found to contribute the metallic behavior through
the cross of the Fermi level around F and Q points and two
different parallel bands along the Q — Z and Z — I direc-
tions. The occurrence of parallel bands in the electronic band
structure is a sign of possible nesting of two Fermi surfaces.

J. Chem. Phys. 138, 024307 (2013)
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FIG. 6. Electronic band structure (a) and projected density of states (b) of
the P2/m TMT at 12.5 GPa. The dashed lines represent the Fermi levels.

The projected density of states (DOS) shown in Fig. 6(b)
further reveals the metallic properties of the P2/m phase at
12.5 GPa. At this pressure, the DOS is about 7.0 states/eV/unit
cell at the Fermi level. Interestingly, the electrons dominate
the energy range from -2 to —11 eV. The DOS increases grad-
ually from 3 eV on above the Fermi level. These theoretical
results are encouraging for the experimental detection of the
metallization in such materials. Although our optical observa-
tions seemingly do not support the metallization in TMT, the
resistance measurements on a similar aromatic hydrocarbon
indeed revealed the metallic state at much low pressure of
40 GPa than that people generally thought.® Further resis-
tance measurements are expected on this studied material.

IV. DISCUSSION

Lattice modes of TMT under pressure play an impor-
tant role in analyzing the phase transitions. As seen in
Fig. 2, the most prominent peaks in the whole region of pres-
sure are lattice modes, which did not appear in high-pressure
Raman spectra of Si(CH3);.*® The similar lattice modes
were observed in Raman spectra of Ge(CH3)4.* However,
these modes disappeared in phase IV even though only one
appeared in the whole pressure region. More lattices vibra-
tional modes of TMT under pressure appearing with compres-
sion suggests different course of the phase transitions. This
provides the support for understanding the structures by fit-
ting the XRD patterns of TMT under pressures. It has been
reported that Si(CH3)s and Ge(CHj3)s possibly underwent
similar structure transformations'# and these structures have
also been proved reasonable.*” The different new structures
(i.e., Pmmm and P4/mmm) of TMT are observed at pressures.
Theoretical efforts on group-14 hydrides (XH4, X=C, Si, Ge,
Sn, Pb) showed that SnH4 underwent metallic state with dif-
ferent structures (P6/mmm,*> Ama2, and P6s/mmc*>**). SnHy
has been predicted to achieve higher superconducting criti-
cal temperature*>** despite the occurring decomposition at
low pressure. The decomposition has also been observed in
group-14 hydrides such as SiH;***” and GeH,4.>” Fortunately,
we observe that most Raman modes of TMT keep blue shift
until 49.9 GPa. This indicates that TMT would still be in per-
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fect crystal states after undergoing some high-pressure phase
transitions.

Structural transformation at different temperatures and
pressures has been a critical issue to explore the feasibility
of metallic hydrides. Compared to Si(CH3)s and Ge(CHz3)4
under pressure, TMT exhibits richer phase transitions at low
pressures. This feature suggests that TMT may be easy to
be compressed. Especially for the CH3 groups, no rotational
mode in intrinsic spherically shaped molecules of TMT at am-
bient conditions is assigned, yet it exhibits softening related to
the rotation of the CH; group(s),?’->? which is resulted possi-
bly from the increasing intermolecular interaction of TMT, for
example, Van der Waals.>® Due to the shifting to blue-shift for
softening modes, the external pressure undoubtedly makes the
CH3; groups of TMT locked in the positions and restricts the
rotation of the CHs groups. Considering further phase transi-
tions, it is uncertain whether all hydrogen atoms are built up
in a network structure by means of the closest packing,’*>33
which has significant implications for metallic hydrogen un-
der high pressure. The high-pressure behaviors of TMT, es-
pecially its stability and rich phases, manifest themselves as a
candidate of hydrogen-rich material for achieving metalliza-
tion at high pressure.

To reveal the compressibility of each phase, the lat-
tice parameters and volume per formula unit were computed
by fitting the patterns at selected pressures from the GSAS
software.”” Figure 7 plots the pressure dependence of the vol-
ume per formula unit as a function of pressure for each phase.
For phase IV and V, we select the P2/m space group as pos-
sible crystal structure which is more reasonable under pres-
sure. The volume/pressure relationship represents the equa-
tion of state (EoS), which can be described analytically by
series expansions of Eulerian finite strain such as the Birch-
Murnaghan equation of state (BM3 EoS)*” defined as

_ 52 3
P =3Kofe(1 +2fE) [1 + E(KO - 4)fE:|,

where fr = [(Vo/ V)3 —11/2, V, is the volume at am-
bient pressure, V is the volume at pressure P given in
GPa, K is the bulk modulus, and K’y is the first pressure
derivative of Kj. The solid line in Fig. 7 represents the fit-
ted results. The bulk modulus of the high-pressure phases
(phase II-V) is 11.18 + 4.02 GPa with K’y = 5.40 + 0.91,
Vo = 165.60 £ 5.68 A3. The value of K, suggests that high-
pressure crystallized TMT is still soft, which enables the ex-
ploring of metallized TMT by the further compression. Com-
pared to Ge(CH3)4,* the increased bulk modulus of TMT
infers an enhancement of bond strength during phase transi-
tions, indicating the intrinsic high compressibility. These re-
sults suggest that the crystal structure has been entirely trans-
formed with close-packing hydrogen and layered network
would be possible.'* The layered crystal structure for hydro-
gen atoms has been suggested to be essential metallic state in
hydrogen-rich compounds.?>2%-38:42:60 Fyrthermore, the bulk
modulus of TMT under pressure is remarkable strength be-
cause silane (SiHy) has gotten the bulk modulus of 7.89 GPa
upon compression up to 39 GPa*® and SiH,-H, complex has
also achieved the value of 6.87 GPa with pressure up to
35 GPa,’! whereas molecular hydrogen (H,) gets the value of

J. Chem. Phys. 138, 024307 (2013)
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FIG. 7. Volume per formula unit change of TMT with pressure. The solid
lines demonstrate the fitting data of phase to the Birch-Murnaghan equation
of state.

only 0.16-0.36 GPa when being compressed to 23 GPa.®>™%
So far, there is little information on such a magnitude of
hydrogen-bearing compound TMT. Measurements of elec-
tronic transport properties are expected to examine whether
TMT would undergo the metallization and eventually become
a superconductor at high pressures. It should be noticed that
a recent electronic transport study on molecular hydrogen has
reported a significant resistance drop at 260-270 GPa.®® How-
ever, two independent measurements®’-% indicate that metal-
lic hydrogen has not been reached yet even at 360 GPa. The
softening of some Raman modes on CH; groups and their
sudden disappearance in TMT indicate that this compound
might be ideal for metallization and even high-temperature
superconductivity at static pressure for laboratory capability.

V. CONCLUSIONS

In conclusion, high-pressure spectroscopy has been used
to characterize the high-pressure behavior of TMT. Our re-
sults revealed the phase transitions at 0.9, 2.8, 10.4, 20.4,
and 32.6 GPa from the mode frequency shifts with pres-
sure. We found that phase transitions of TMT are more sensi-
tive to pressure than those of Si(CH3)4 and Ge(CH3),4. These
transitions were suggested to result from the changes in the
inter- and intra-molecular bonding of this material. Further
work using synchrotron X-ray radiation revealed similar re-
sults of phase transitions from Raman measurements and
higher-pressure phases IV and V, however, possibly coexist
with phase III. The space groups for the high-pressure phases
were determined as following: Pmmm for phase I, P4/mmm
for phase II, and P2/m for phase III. The equations of state
were obtained up to 38.2 GPa. Such structural information
may be helpful in exploring possible superconductivity in
hydrogen-bearing compounds at high pressures.
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