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ABSTRACT: Na,Si 34 clathrate-II single crystals with x = 2.9, 5.1, 8.2, and
14.7 were prepared by a two-step process. In the first step, Na,,Si; 3¢ single
crystals were grown from the precursor Na,Si, by reaction of the vapor
phase with spatially separated graphite in a closed volume. In the second
step, the Nay,Si ;4 single crystals were subjected to thermal decomposition
in a nitrogen atmosphere at 10 Torr and 405 °C. The Na content was
controlled by the duration of thermal decomposition. The structural
properties were investigated using single-crystal X-ray diffraction and
compared with those of single-crystal Nay,Si;35. The quality of the obtained
products also allowed for low-temperature transport property measure-
ments on agglomerates of crystals allowing for an investigation into the low- 0 5
temperature electrical and thermal properties as a function of Na content.

1. INTRODUCTION

The interest in group 14 clathrates stems from the unique
properties that have been reported in these materials,' *
including a very low thermal conductivity,">® magnetism,”
and superconductivity.”'® These properties are a consequence
of the structure and bonding of these materials."'~>° They are
of both scientific and technological interest. Of the structure
types that comprise the different clathrate phases, clathrate-II
compositions have been among the least studied, although
these materials have revealed interesting structural and physical
properties since the early work of Cros and co-workers.”' >
This is partially because phase-pure preparation of these
materials has been challenging. Nevertheless, a fundamental
understanding of the structure—property relationships in these
materials is important in assessing their potential for
technologically useful applications,'™>%%13141618:2426 1
this end, improved synthetic techniques have been developed
in continuing and expanding the investigation into these
materials."'~'*'52773* Of these techniques, the preparation of
single crystals allowed for intrinsic property measure-
ments.””****7” For example, the synthesis of single-crystal
Na,,Si 36 by spark-plasma sintering30 and single-crystal NagSiyg
synthesized by vapor-phase intercalation of Na with graphite”’
allowed for improved physical property measurements
compared with that of our previous results.*”>**¢**

The clathrate-II crystal structure can be represented by the
general formula XgY(.E;;s (space group Fd3m) where E
represents group 14 elements forming completely or partially
filled “polyhedral cages” and X and Y represent atoms that are
located inside hexakaidecahedra (Si,s) and dodecahedra (Siy),
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respectively.l’l“’39 Framework doping, or substitution, is also
possible.***" The synthesis and characterization of micro-
crystalline powders of partially filled Na,Sij;4 clathrate-II
compositions with less than full Na occupancy revealed
structural properties that are fundamental to this material
system.ll’1 % Herein we report on the synthesis and structural
properties of single crystals of Na,Si;35. Our two-step synthetic
approach also allowed for low-temperature transport measure-
ments of polycrystalline Na,Si, 3. Together with our previous
results on single-crystal Nay,Siyze,”  we investigate the
structural, electrical, and thermal properties of Na,Si;;4 with x
=29, 5.1, 82, 147, and 24.

2. EXPERIMENTAL SECTION

The Na,Si, precursor was synthesized by direct reaction of elemental
Na (Alfa Aesar, 99.98%) and Si powder (Alfa Aesar, 99%). A Na/Si
atomic ratio of 1.1:1 was placed inside a tungsten crucible that was
inside a sealed stainless steel canister and reacted at 650 °C for 36 h.
The resulting product was a dark gray crystalline material. The product
was ground into coarse powder in a dry nitrogen atmosphere and used
as the precursor for Na,,Si, 34 single-crystal growth. This was achieved
via the slow controlled removal of Na from the Na,Si, precursor by
vapor phase intercalation with spatially separated graphite. The details
of this technique were reported previously.”” Nay,Si,ss single-crystals
obtained in this way were enclosed in tantalum envelopes which were
sealed inside a 10 in. long quartz tube with a 1S mm diameter in a
nitrogen atmosphere and placed in a tube furnace. A thermal gradient
was established along the tube, where the hot end was held at 405 °C
and the cold end at approximately 390 °C. This allowed for Na to
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Table 1. Crystallographic and Structure Refinement Data for Na,Si, 3"

composition

property Na, ¢Si;34 Nag ;Sij36 Nag,Si)36 Nay, ;S35 Nay,Sij34
x (Siy) 0 0 1.5 6.7 16
x (Siyg) 2.9 S.1 6.7 8 8
lattice param 14.6522(17) 14.6437(7) 14.6423(7) 14.6500(7) 14.7121(1)
density 2.052 2.082 2.120 2.196 2.280
abs coeff, 1.351 1.361 1.373 1.395 1411
GOF on F* 1.513 1.496 1.442 1.399 1.000
R, I > 20(I) 0.0393 0.0288 0.0283 0.0312 0.0115
wR,, all data 0.0574 0.0528 0.0584 0.0628 0.0290
largest diff. peak (e/A®) 0.441 0.589 0.305 0.497 0.203
largest diff. hole (e/A®) —0.401 —0.266 —0.308 —0.518 —0.122

“Lattice parameters are given in A, densities in g/cm®, and absorption coefficients in mm™".

1

leave the Na,,Si 34 clathrate crystals, or “degas”, and condense on the
cold end. Scanning electron microscope (SEM) analyses using a JEOL
JSM-6390LYV indicated that the resulting products were polycrystalline
specimens comprised of several densely packed large grains. Na,Si;s4
single crystals were separated from the polycrystalline specimens and
used for single-crystal X-ray diffraction analyses (after low-temperature
transport measurements were conducted, as will be described below).
X-ray data for the Na,Si,4 single crystals were obtained at 200 K on a
STOE diffractometer using a graphite monochromator and a Mo Ka
fine-focus sealed tube with a wavelength of 0.71073 A. Na,Sijs
compositions with x = 2.9, 5.1, 8.2, and 14.7 were obtained after
placing the Na,,Si, 34 crystals in a tube furnace at 405 °C for 24, 12, 4,
and 2 days, respectively. Refining the crystal structure using SHELXL-
97 for a few different single crystals separated from the same
agglomerate of crystals indicated only a small variation in x and full
occupancy of the Si framework for all crystals. Table 1 contains the
crystallographic and single-crystal structure refinement information for
Na,Si)34. Atomic coordinates and atomic displacement parameters for
the Na,Si 34 compositions are given in Table 2. The Na—Si and Si—Si
interatomic distances obtained from the single-crystal refinement are
listed in Table 3, and selected Si-bond angles are given in Table 4.
Powder X-ray diffraction (pXRD) patterns obtained from crushed
crystals, shown in Figure 1, were collected with a Bruker D8 Focus
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Figure 1. pXRD data obtained from crushed Na,Si, s crystals.

diffractometer in Bragg—Brentano geometry using Cu Ko radiation
and a graphite monochromator. The relative intensities of the peaks in
Figure 1 are similar to those obtained from simulated patterns using
the crystallographic data in Table 2.

The Seebeck coefficient, S, four-probe resistivity, p, and steady-state
thermal conductivity, x, were measured on the agglomeration of
crystals using a custom radiation-shielded vacuum probe.** Due to the
small size of these polycrystalline specimens (less than 1 mm), Cu
wires (0.076 mm in diameter) were attached to the surface of the
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specimen using silver epoxy. At the opposite ends of these Cu wires,
voltage probes were attached using silver epoxy and thermocouple
contacts using stycast, in order to measure the potential difference
across the same two points at which the temperature difference was
measured. Electrical current was sourced using Cu wires (0.025 mm in
diameter) attached to the opposite ends of the specimen. Conservative
estimates of the room-temperature maximum uncertainties in the
measurement of S, p, and k are 6%, 30%, and 30%, respectively. The
relatively large maximum uncertainties estimated for p and k are due to
the relatively large contacts compared with the size of the specimens.

3. RESULTS AND DISCUSSION

As shown in Figure 2, the Sijjs framework in clathrate-II
Na,Si)36 is built of covalently bonded Si atoms forming two

Figure 2. Crystal structure of Na,Si;;s with Siyy shown in orange and
Siyg in green.

types of polyhedra: Si,, dodecahedra, centered at 16¢
crystallographic sites (000) with 3m symmetry, and Siy
hexakaidecahedra, centered at 8b crystallographic sites (3/8
3/8 3/8) with 43m symmetry.""*** There are 16 Si,, and 8 Siyg
per conventional unit cell in clathrate-II Na,Sij34 the
occupancy of which can vary,'"!>?%2%%

The lattice parameters of Na,Si;34, given in Table 1, exhibit a
nonmonotonic behavior. They decrease with increasing x up to
x = 8 and then increase with increasing x from x = 8 to 24. This
initial lattice contraction at low Na concentration was
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Table 3. Na—Si and Si—Si Atomic Distances (A) for Na,Si, s

composition
Na, ¢Si)34 Nag ,Sij36 Nag,Sij36 Nay,;Sij36 Nay,Sij36
Nal-Sil a a 3.17015(15) x2 3.17182(15) X2 3.1853(2) X2
Nal-Si2 a a 3.2529(4) X6 3.2578(4) X6 3.2753(2) X6
Nal-Si3 a a 3.3541(3) x12 3.3584(4) x12 3.3740(2) x12
Na2-Si2 3.769(11) X2 3.799(10) X2 3.788(13) X2 3.805(14) x2 3.828(10) x2
Na2-Si2 4277(14) x2 4232(13) x2 4206(16) X2 4.203(17) x2 4.192(12) x2
Na2-Si3 3.50(2) x2 3.555(19) x2 3.56(2) x2 3.58(3) x2 3.622(18) x2
Na2-Si3 3.769(11) x4 3.728(13) x4 3.709(17) x4 3.747(18) x4 3.787(12) x4
Na2-Si3 3.844(2) x4 3.848(2) x4 3.850(3) x4 3.849(4) x4 3.865(3) x4
Na2-Si3 4.005(2) x2 3.9961(16) X2 3.9920(19) X2 3.998(8) x2 4.0112(13) X2
Na2-Si3 4.020(3) x2 4.008(2) X2 3.997(8) x2 4.004(3) x2 4.001(5) x2
Na2-Si3 4.033(7) X2 4.009(6) X2 4.003(3) x2 4.203(17) X2 4.0199(18) X2
Na2-Si3 4277(14) x2 4.232(15) x2 4.231(19) x2 424(2) X2 4.232(14) x2
Na2-Si3 434 (2) X2 4.270(19) x2 4.24(2) x2 4.24(3) x2 4.222(18) x2
Si1—Si2 2.3378(10) x4 2.3372(8) x4 2.3405(8) x4 2.3498(10) x4 2.3691(5) x4
Si2—Sil 2.3377(10) 2.3372(8) 2.3406(8) 2.3498(10) 2.3691(S)
Si2—Si3 2.3594(7) x4 2.3587(5) x4 2.3582(5) x4 2.3602(7) x4 2.3726(3) x4
Si3—Si3 2.3574(6) X2 2.3540(5) X2 2.3524(5) x2 2.3498(6) X2 2.3581(3) X2
Si3-Si3 2.3853(11) x2 2.3867(9) x2 2.3880(9) x2 2.3922(11) x2 2.3975(6) X2
Nal-Si (avg) a a 3.3053 3.3096 3.3255
Na2—Si (avg) 3.9539 3.9378 3.9279 3.9554 3.9527
Si—Si (avg) 2.3548 2.3540 2.3551 2.3595 2.3729
“Not applicable.
Table 4. Selected Angles (deg) for Na,Si s
composition
angle Na, ¢Si;36 Nag ,Sij36 Nag,Sij36 Nay,;8ij36 Na,,Sij36
Si2—Sil—Si2 109.5 109.5 109.5 109.5 109.5
Sil—Si2—Si3 107.60(3) 107.62(2) 107.56(2) 107.44(3) 107.201(5)
Si3—Si2—Si3 111.28(2) 111.26(2) 111.31(2) 111.42(2) 111.643(13)
Si3—Si3—Si2 105.67(3) 105.69(2) 105.66(2) 105.56(3) 105.277(17)
Si3—Si3—Si3 108.68(2) 108.669(19) 108.671(19) 108.72(2) 108.898(13)
Si3—Si3—Si3 119.851(4) 119.849(3) 119.850(3) 119.846(4) 119.813(2)

previously predicted by density functional theory (DFT)*® and
was later observed from pXRD on microcrystalline Na,Si; 34
powders.”® From the relative occupancies of the two different
polyhedra, Na vacates Siy, first. After Si,, are empty, Na vacates
Sijg. This preferential occupation of Siyg has also been observed
in gas hydrates with the clathrate-II structure.** Because of the
different size and coordination number for Si,; and Siy, a
difference in the structural properties can be anticipated with
different Na content.

Atomic coordinates, isotropic atomic displacement parame-
ters, Ueg, and anisotropic atomic displacement parameters, U,
are given in Table 2. The results are consistent with those of
pXRD.*® All Si framework sites were found to be fully occupied,
whereas the occupancy of the Na “guest” sites varies between x
= 2.9 and 24. Nal at the 16¢ crystallographic site was best
refined at the center of Siy,. Because of the very large atomic
displacement parameters for Na2 at the 8b crystallographic site
in Si,g, a split-site model was used with Na “off-center” (the 48f
crystallographic site, Table 2). The R; and wR, indices were
slightly higher when Na was refined “off-center” compared with
when refined at the 8b crystallographic site; however, this
resulted in lower atomic displacement parameters. This is in
agreement with previous studies on Na,Si, 3! 2072830374547
and suggests that Na2 displaces off-center along the z-direction,
in contrast to the case of K;3Si 34 where K inside Si,g was best
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refined at the center of Siye.*® U,q for Na2 have similar values
for x > 8, then decrease with decreasing x. This may be an
indication that the nearest-neighbor Siyg sites vacate last, since
interactions between Na are negligible for distances larger than
the shortest Na—Na distance.” U for Nal decrease with
decreasing «x, as does U,y for Na2. Uj for Nal have similar
values regardless of x, in contrast to Uj; for Na2, which are
anisotropic.

The atomic distances for the five Na,Si ;5 compositions are
given in Table 3. The Si—Si bond lengths typically increase for
x > 8 and remain relatively unchanged for x < 8. The average
Si—Si bond lengths (Table 3) are 2.3548 A for Na,oSijs
2.3540 A for Nay;Sijz 2.3551 A for Nag,Sijsq 2.3595 A for
Nay,-Sijze and 2.3729 A for Na,,Sij3. These are extended
compared with the Si—Si bond lengths in @-Si.>* Upon filling
the Siyy polyhedra, the average Nal—Si distances increase, in
contrast to the nonmonotonic behavior of the average Na2—Si
distances. The shortest Nal—Nal distance for Nag,Si;; is
5.1759 A; however this distance is 5.2015 A for Na,,Si;;s. The
shortest Na2—Na2 distances also increase with increasing x but
not as strongly as the Nal—Nal distances. The Na2—Na2
atomic distances have values ranging from 5.85 A for Na, ¢Si; 14
to 6.01 A for Na,,Si;s

An investigation into the transport properties of Na,Si 34
clathrates is challenging due to the difficulty in obtaining highly

dx.doi.org/10.1021/ic202199t | Inorg. Chem. 2012, 51, 8686—8692
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dense polycrystalline specimens. Because oxide readily forms
on the surface of microcrystalline powders, densification of
Na,Si 3 powders has been very difficult.*® In addition, this
oxide formation screens the intrinsic transport properties
measured on densified polycrystalline specimens.””>' The
synthesis technique described in the previous section allowed
for the availability of dense homogeneous polycrystalline
Na,Si; ;4 in the form of agglomerations of single crystals.

The temperature dependence of the electrical and thermal
properties with Na content was measured directly on these
polycrystalline specimens. Figure 3 shows the temperature
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Figure 3. Seebeck coefficient as a function of temperature for Na,Si, s

with ¥ = 2.9 (V), 5.1 (A), 82 (<), 14.7 (O), and 24 (O).

dependence of S for Na,Si;35. The modulus of S increases with
temperature, as expected in metals and heavily doped
semiconductors with negligible phonon drag. The relatively
low magnitude of S for Nay,Si, s is typical for metals where the
location of the Fermi level is well inside the conduction band,
as indicated by density-functional theory calculations.”*** As
the Na content decreases, the modulus of S increases, reaching
a value of 85 wV/K at room temperature for Na,oSi;s.
According to theoretical studies by Smelyanski et al,>* the
similarity between the density of states profiles for Na (both 3s
and 3p) and the total density of states indicates a significant
hybridization between metallic Na and the Si framework wave
functions when Si,, are filled. This is consistent with the
metallic behavior of Na,Si,;4 for high Na loading. The average
Nal—Si and Na2—Si distances decrease as x decreases to 8.2
(Table 3). This may imply a significant hybridization between
Na and Si corroborating the metallic behavior for x > 8. For x <
8 however, there are no Nal, which presumably would reduce
hybridization.

The temperature dependence of p indicates an apparent
metal-to-semiconductor transition (Figure 4). There is a clear
difference in the magnitude and temperature dependence of p
as x changes from 2.9 to 24. The p values increase with
increasing temperature for x = 8.2, 14.7, and 24, typical for
metals, and decrease with increasing temperature for x = 2.9
and 5.1, typical for semimetallic or semiconducting materials.
The room temperature p value for Na, ¢Si, 4 is over 2 orders of
magnitude higher than that for Nay,,Sij3s and 5 orders of
magnitude lower than that of the lowest Na content Na,Si, s
specimens hot pressed from powders.">* From quantum
molecular dynamics studies on Si;35 and Na,Si, 5, it was shown
that Na moves away from the center of Siys by 0.17 A.>*> From
EXAFS studies on NagSi, 3" a strong interaction between Na2
results in Jahn—Teller distortion and Na, dimer formation,
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Figure 4. Resistivity (log scale) as a function of temperature for
Na,Sij3 with x = 2.9 (V), 5.1 (A4), 82 (<), 147 (O), and 24 (O).

possibly originating from the spin—spin interactions from the
unpaired 3s electrons of Na. Our results show that the Na2—
Na2 distances decrease as x decreases. The shortest Na2—Na2
distance for Na,,Sijs is 6.01 A and decreases to 5.85 A for
Na, ¢Sij36. Therefore partial covalent bonding between Na2 is
more likely to occur at low Na concentrations. This partial
covalent bonding between Na2,*"3%%3 combined with the weak
Na2—Si hybridization that results from the larger Na2—Si
distances for x < 8 (Table 3), may result in localization of the
electrons and “drive” the system to a less metallic state. Similar
behavior in the endohedral metallofullerene Y@Cyg, has been
reported by Hasegawa et al>* Our experimental results
corroborate prior theoretical work. Semiconducting behavior
for Na,Si, ¢ was predicted by the first principle full-potential all
electron linearized plane wave method.** It was suggested that
the Jahn—Teller effect lifts the degeneracy at the I' point and
opens a small band gap.>” In addition, Mott*® argued that the
Na wave function overlap decreases as the Na concentration
decreases, and the electrons become localized on the Na atoms.
When this localization occurs, a Mott transition takes place and
the system becomes semiconducting.> This is corroborated by
the increase in the Na—Si distances for x < 8. As Na moves
away from the Si framework atoms, there may be less
hybridization between Na and Si, which results in localization
of the electrons around Na. The shortest Na—Na distance
(5.1759 A) excludes the possibility of direct Na—Na
interaction, as also suggested by Roy et al.*’

The thermal conductivities for the five Na,Si 35 specimens
are shown in Figure S. The magnitude of « is relatively large
compared with that of other intermetallic clathrates.® The
observed k for Nay,Sijss is higher than the other clathrates
shown in Figure 5 because it is dominated by the electronic
component.”® The room temperature values of k for Na, ¢Si;
and Nag ;Si;3¢, the two specimens with the lowest Na content,
are approximately three times lower than that of Na,,Si;s.

4. CONCLUSION

Single crystals of Na, ¢Si; 3, Nas ;Si;35 Nag,Sij3¢ and Nay, ;Sij34
were synthesized for the first time by thermal decomposition of
Na,,Sij3s single crystals at 405 °C. The Na content was
controlled by the duration of the thermal decomposition.
Structural properties as a function of Na were characterized by
single-crystal X-ray diffraction. The high-density polycrystalline
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Figure 5. Thermal conductivity as a function of temperature for
Na,Si;3¢ with x = 2.9 (V), 5.1 (A), 82 (<), 14.7 (O), and 24 (O).

Na,Si 3 specimens resulting from our synthesis technique
allowed for an investigation of the low-temperature transport
properties as a function of Na content. The Na,qSij;4 and
Nas;Si;345 specimens indicate nonmetallic behavior, in corrob-

oration with the expected metal-to-insulator transition at x ~
352,55
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Crystallographic data in CIF format for the single crystal
Na,Si 3¢ specimens. This material is available free of charge via
the Internet at http://pubs.acs.org.
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