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The Tl doped type Il clathrate CsgNais«TlxGeiss was synthesized from the elements. The structure was refined by single
crystal and powder diffraction. CsgNaseTl,Geiss crystalized in the space group 43, . The melting points decrease with the

increasing of Tl contents at 925.0 °C, 922.8 °C and 915.7 °C for CsgNaia76(3Tli242G€136, CSsNases)Tleos2)Ge136 and
CsgNagss2) Tl7.642Ge136 in Ar atmosphere. The magnetism of CsgNagoa)Tleos2)Ge13s indicates a diamagnetism with x=-

3.11x10° emu-mol™ at 1.8 K. The heat capacity of CssNas s TlsosGe13s Presents an Einstein peak at 10 K. The fitted
parameters for CssNas s Tls.0s2)Ge136 are A = 0.115(4) J-mol™K?, 8= 0.0289(2) J-mol™K™, N¢ = 7.94(4), 6= 56.9(1) K, Np =
152.06(4) and &= 217(1) K using C;, = C. + Cp + Ce equation from 1.8 K and 10 K. The thermoelectric measurement shows
metallic resistivity and negative Seebeck coefficient indicating electron-type charge carriers. The electronic structure

calculation for CsgNajoTlsGeiss confirms the nature of metallic transport behavior with conducting electrons mainly from

the Ge p orbitals.

Introduction

The recent impetuous interests in tetrel-containing clathrate
are motivated in particular by the search for a new generation
of efficient thermoelectric materials. Overwhelmingly, type-I
clathrates with space group Pm3n are investigated extensively.
Clathrates crystallize in lots of structure types [1-5] as well as
the superstructure variants [6-9]. The increased attention is
also received by other type clathrates with the so called type-II
clathrates ( Fd3m) of A,Mi36 (A = Na, K, Rb, Cs, Ba; M=Si, Ge; x
= 0-24) [10-21], type-lll clathrates (space group P4,/mnm) of
AzoNa(1 3310 SN(172) (A = Cs or CS/RE) [22] and Siy30P4Tes [23],
type-VIII clathrates (space group /432 ) of BagGa,;,Sn,gs [24]
and EugGa,;sGesp [25], as well as type-IX clathrates (space
group P4,32) of KgSn,s [26] and BagGe,s [27].

Clathrate compounds comprise host frameworks that embrace
guest species in polyhedral cages. They can be classified by the
charge distribution between the framework and guest as
anionic, cationic and neutral clathrates. In anionic clathrates
[1-22,24-27], cations of alkali- or alkaline-earth, or europium
balance the negatively charged framework, while, in the
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cationic clathrates, the negative charges of halogen, selenium
or tellurium guest anions are compensated by positive charges
of the framework based on Si, Ge, or Sn accompanied by
pnicogen, selenium, tellurium, or even iodine [28-31]. Gejs¢
presents a neutral clathrate [10].

In clathrate BagGe,s [32] and BagGeyg [33] there exist defects in
the framework. Thallium in the framework has been found in
fulfilled Bag(Ba, 4TI, ,Gese.a) [34]. In
Bag(Ba, 4Tl;,Gesg4) structure Bal and Ba2 locate in big and
small cages, Gel, Ge2 and TI1/Ba3/Ge3 occupy three
crystallographic sites in the framework, respectively. Thallium
in the cages alone or with Na are also discovered in zeolites of
Tly5(Al1,Si1,04g) [35] and TlgNa,(Al;,Si1,04g) [36]. To reveal the
nature of Tl location in clathrates-Il, we, in the present work,
report synthesis and properties of type-Il clathrate CsgNajq.
«T1,Geiz6, Wwhere Tl incorporates only in the small cages with
Na.

clathrate-|

Experimental

Synthesis. Mixtures of Cs (99.9%), Na (99.9%), Tl (99.99%) and Ge
(99.9999%) with a mole ratio Cs : Na : Tl : Ge = 8 : 16-n : n : 136
(n=0, 4, 8, 12, 16) with the total mass approximating to 1 g were
welded in tantalum tube in an argon-filled glovebox (c(O,) and
¢(H,0) < 1 ppm), then sealed in a quartz ampoule in vacuum and
finally heated at 600 °C for 1 week. CsgNa;cGe; 3¢ [15] was prepared
for comparison (n=0). The unreacted dark grey Ge particles were
picked out and the by-products of binary dark powders of CsGe,
TIGe and NaGe were washed off using water. The left grey blocks
were washed with eternal further and then dried at 80 °C for 12 h.
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The sample (n=8) for transport measurement was hot pressure
sintered at 300 °C for 3h.

Morphology and composition analysis. The metallography of
the specimens was investigated with a Philips XL 30 scanning
electron microscope (LaBg cathode). Energy dispersive X-ray
spectroscopy (EDXS) was performed with the Si (Li) detector of
an EDAX system (Gemsis Software V 4.61). The element
composition was calculated from the measured intensities of
the X-ray lines Cs L, Na K, Tl L and Ge K caused by the electron
beam at 25 kV acceleration voltage by the standard-less
method using the ZAF matrix correction.

Differential scanning calorimetry. DSC measurements were
performed with a Netzsch DSC 404 C instrument. About 20 mg
of sample in a glassy carbon crucible (& 4 mm, | = 6 mm,
Sigradur G, HTW) were sealed in Nb ampoules (& 5 mm). The
system was heated under Ar atmosphere from room
temperature to 1473 K by applying heating rates 5 K/min.
X-ray single crystal diffraction. Single crystal was mechanically
separated from the polycrystalline product (n=8). The crystal
was fixed on top of glass capillary with grease. Diffraction data
were collected with a rotating anode diffraction system,
RIGAKU RAXIS Spider (Varimax optical system, Ag Ko radiation,
BA = 0.56084 A). Absorption correction was performed with a
multi-scan procedure. All crystallographic calculation was
performed on SHELXL-2014 package [37]. For the structure
presentation ATOMS V 6.0 was used [38].

X-ray powder diffraction. X-ray powder diffraction dada
collections were performed on Huber G670 Image Plate
Camera (CuK,,; radiation, A = 1.540598 A). The structures of
powder samples were resolved by direct method using
WinCSD package [39].

Physical properties. Magnetization was measured in external
fields of 20 Oe and 7 T from 1.8 to 400 K with MPMS XL-744
(Quantum Design). The contribution of the sample holder was
subtracted. The heat capacity and thermoelectric transport
from 1.8 to 400 K were measured in a physical property
measurement system, PPMS (Quantum Design).
First-Principles calculation. The first-principles calculation was
carried out by means of the density functional theory using the
pseudopotential as implemented in the VASP code [40]. The
exchange-correlation potential was calculated using the
generalized gradient approximation (GGA) as proposed by
Perdew Burke Ernzerhof [41]. Throughout the calculations, a
500 eV cutoff in the plane wave expansion and a 4x4x4
Monkhorst-Pack k grid were chosen to ensure the calculation
with an accuracy of 107 eV. Furthermore, those calculations
were performed using the experimental crystal structure.

Results and discussion

Morphologies and compositions. The obtained CsgNa;sGe;sq,
CsgNay4.76(3)T1.24(2)G €136, CsgNag 0y(2)Tle.08(2)G €136 and
CsgNag 36(2)Tl7.64(2)Ge136 (NOMinal n=0, 4, 8, 12) are grey blocks.
CsgTliGeq36 (n=16) does not exist. From SEM images (Fig. 1)

one can see that CSgNaleGelge and CSgNal4'76(3)T|1_24(2)G9135
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have clear facets. In CsgNagqy()Tls0s(2)Ge136 the facets melt

4|

(a),

and

Figure 1. SEM morphorlogy of CsgNa;sGe;sg
CSSNal4.76(2)T|1.24(2)Ge136 (b), CSsNa9.94(2)T|6.06(2)Gelss (c),
CSSNaS.SS(Z)TI7.64(2)Ge136 (d).

EDX gives the compositions of Csyq()Nag)Tle3(1)Ge136.0(3) for
powders and Cs; o1)Nag(;) Tl 31)Ge136(3) for single crystal for the
nominal composition of CsgNagTlgGe,35 sample. The larger
relative standard errors lie in the atom numbers of Na than
that of Tl for the light mass of Na and heavy mass of Tl as well
as the residual Tl. The sites of Cs and Ge are fulfilled. The final
compositions of the samples are determined by structure
refinement of single crystal and powders.

Melting points. The melting points of CsgNa;Ge;sq,
CsgNais.76(3)Tl1.24(2)G€136, CsgNag 04(2)Tle.06(2)G€136 and
CsgNag 36()Tl7.64(2)Ge136 are 936.9 °C, 925.0 °C, 922.8 °C and
915.7 °C deduced from DSC analysis. Their melting points are a
little lower than that of element Ge of 937.4 °C. One can see
that the melting points are mainly determined by the
framework atoms of Ge and with Tl content increasing the
melting points decrease for a few degrees.

Fig. 2 Type-ll clathrate structure of CsgNagos)Tls.0s (2)G€136:
pink TI/Na (8b) and blue Cs (16c) lie in the center of yellow and
violet 20-vertex pentagonal dodecahedra [512] and 28-vertex

This journal is © The Royal Society of Chemistry 20xx
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hexakaidecahedra [51264] built by Gel (green, at 8a), Ge2
(blue, at 32e) and Ge3 (red, at 96g).

Structural determination. A single crystal was picked up from
the nominal n = 8 sample refined as CsgNajg24(2)Tls 76(2)G€136-
The single crystal structure of CsgNajga)Tls762)Ge€136 Was
solved by direct method using SHELXL-2014%". The crystal
crystalized in the space group Fd3m (no. 227) with lattice
parameters a = 15.5227(10) A refined with 0 range from 3.59°
to 34.10°. The direct method allowed the localization of all
atomic positions in a type-ll clathrate structure. At first the
three distinct crystallographic sites of the 96g, 32e and 8a in
the framework were set as Ge, using the Wyckoff notation.
The two distinct guest atom sites, the 8b site of the large cage,
and 16c site of the small cage were considered to be occupied
by Cs and Na, respectively. The refinement indicated negative
atomic displacement parameters (ADPs) for Na in 16c. The 16c
site was considered to have mixed occupancy of Na and TI. All
atoms in the crystal structure were refined using anisotropic
ADPs. The final anisotropic refinement of all atoms leaded to
the composition CsgNajg24(2)Tls 76(2)Ge136 With R = 2.64%. The
details crystal data, data collection and structure refinement,
and atomic parameters are presented in Tables 1-2,
respectively. Fractional atomic coordinates and isotropic or
equivalent isotropic displacement parameters (/°-\2), and
anisotropic  displacement parameters U; (/°-\2) for
CsgNaig24(2)Tls 762)Ge136 are listed in Table 3 and 4. Selected
interatomic distances and angles (A, °) for
CsgNaig24(2)Tls 762)Ge136 Single crystal are given in Table 5.

We have considered the possibility of Tl within the framework
of Ge or in Cs position. But the refinement the occupancy of
Ge or Cs does not deviate from 1. Tl and Na atom both
transfers electrons to the framework. The difference lies in
that this electron is from TI 6526p1 or Na 3s’. That goes along
with the known conventions in clathrate chemistry. Tl and Ba
form the framework atom to elude the defects of framework
in BagGey3[32] or BaGes[33] and build fulfilled clathrate-l
clathrate-l Bay(Bai,TlzgGeyg,) [34]. In Tly»(Al;,Si1,048) and
TlgNay(Al;,Si;1,045) zeolites thallium locates in the cages of
[Al1,Si1,04¢] [35-36] alone or with Na like in Tl in small cages of
CsgNaig24(2)Tls 762)G€136 With Na.

description. The arrangement
CsgNaig24(2)Tls 76(2)Ge136 is a typical clathrate-ll structure as
CsgNaisGe 36 [15]. 136 four-coordinate Ge atoms build the
host framework with the cages filled by Cs atoms in big cages
of hexakaidecahedra [51264], Na/Tl atoms in small cages of
pentagonal dodecahedra [512]. Both cages have twelve
pentagonal faces, but they differ in the number of hexagonal
faces, and therefore in size: a 20- vertex cage [512] filled by Na
and Tl and a 28-vertex cage [51264] filled by Cs. The cages occur
in the ratio 8:16 resulting in 24 cavities per unit cell available
for the guest atoms for formation of the dense packed
arrangement CsgNajg4(2)Tls 76(2)Ge136 (Fig. 2). These polyhedra
[51264] and [512] act as structural building block, sharing faces
to form the type Il clathrate crystal structure.

Powder refinement. The lattice parameters and structure of
CsgNajsGeiss, CsgNaigze(3)Tli242)G136 CSsNagoa(2)Tle.06(2)G€136
and CsgNag 36(2)Tl7.642)Ge136 (from n = 0, 4, 8, 12) are refined
using WinCSD package on the powder XRD patterns (Fig. 3).

Structural atomic of

This journal is © The Royal Society of Chemistry 20xx

Even with 12 Tl in the starting composition the refined TI
content is less than 8 in CsgNag 36;)Tl;64(2)Ge136. The refined
unit cell parameters, compositions, R factors and atom
parameters for CsgNaisGe;sg, CsgNaia.76(2) Tl 242)G €136,
CsgNag.oa(2) Tls.06(2)G€136 and CsgNag 36(2)Tl7.64(2)G€136 are given in
Table 5. Selected interatomic distances and angles (A, °) for
CsgNajgGeiss, CsgNais762)Tli242)G€136, CSgNag.oa2)Tle.06(2)G€136
and CsgNag 3g2)Tl7642)Ge136 powders are given in Table 4
appending to the data of single crystal CsgNajg 74(2)Tls 762)G€136-
The lattice parameters are a=15.48929(4) A, a=15.48318(5) A,
a=15.49373(5) A and a=15.48630(5) A for CsgNajcGe;ss,
CsgNayg.76(2)Tl.24(2)G €136, CsgNag g4(2) Tls.06(2)G€136 and
CsgNag 36(2)Tl7.64(2)Ge136 powders. The lattice parameter has a
small variation for single crystal (a=15.5227(10) A) and powder
(a=15.49373(5) A) from n = 8. Because the refined 0 angle
ranges are from 3.59 to 34.10 ° for single crystal and from 4.00
to 50.00 ° for powder. The powder sample has higher 0 angle
range with the lower lattice parameter than single crystal.

Table 1. Crystal data for CsgNayg242)Tls 76(2)G€136

Page 4 of 10

Chemical formula CsgGeq3gNagg24Tls 76
Formula weight 12350.88 g/mol

Wavelength 0.56084 A

Crystal size 0.020 x 0.020 x 0.020 mm
Crystal system cubic

Space group Fd-3m

Unit cell dimensions a=15.5227(10) A

Volume 3740.3(7) A®
A 1

Density (calculated) 5.483 g/cm3
Absorption coefficient 36.952 mm™
F(000) 5371.2

Table 2. Data collection and structure refinement for

CsgNayo 542 Tls 76()G€136-

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Refinement method
Refinement program
Function minimized
Data/restraints/parameters
Goodness-of-fit on F2
A/Omax

Final R indices

Weighting scheme

Absolute
parameter
Largest diff. peak and hole
R.M.S. deviation from
mean

structure

3.59 to 34.10°

-18<=h<=29, -24<=k<=22,23<=I<=31

11308

783 [R(int) = 0.0502]

Full-matrix least-squares on F

SHELXL-2014 (Sheldrick, 2014)

s w(F,2 - FA)?

783/0/15

1.102

0.000

707  data;

wR,=0.0539

all data; R1=0.0264, wR2=0.0547

w=1/[6*(F,?)+(0.0208P)*+24.4551P]
where P=(FOZ+2FCZ)/3

1>20(l); R;=0.0237,

0.0(0)
1.686 and -0.934 eA?
0.195 eA’

J. Name., 2013, 00, 1-3 | 3
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Table 3. Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (A?) for single crystal
CsgNaig.24(2)Tls.76(2)G€136-

Atom Site  x y z Uiso*/Ueq Occ.

Cs1 8b  1/8 1/8 5/8 0.03503(16) 1

TI1/Nal 16¢c O 0 o 0.01521(12) 0.3601(15)/0.6399
Gel 8a 1/8 1/8 1/8 0.00948(12) 1

Ge2 32e 0.21742(2) x  x 0.00987(7) 1

Ge3 96g 0.18226(1) x  0.37021(2) 0.01004(6) 1

'U(eq) is defined as one third of the trace of the orthogonalized U;; tensor.

Table 4. Anisotropic displacement parameters Uij*(/f\z) for single crystal CsgNaig 4 Tls 762)G€136

Ui Uy Uss Uip Uis Uys
Csl 0.03503(16) 0.03503(16) 0.03503(16) 0 0 0
TI1 0.01521(12) 0.01521(12) 0.01521(12) -0.00099(8) -0.00099(8) -0.00099(8)
Nal 0.01521(12) 0.01521(12) 0.01521(12) -0.00099(8) -0.00099(8) -0.00099(8)
Gel 0.00948(12) 0.00948(12) 0.00948(12) 0 0 0
Ge2 0.00987(7) 0.00987(7) 0.00987(7) 0.00001(6) 0.00001(6) 0.00001(6)
Ge3 0.00988(7 0.00988(7) 0.01037(9) 0.00038(6) 0.00019(4) 0.00019(4)

)
The anisotropic atomic displacement factor exponent takes the form: Uj; =—2n2[ h2a2U11+ ... + 2hkabU3,]

Table 5. Selected interatomic distances and angles (A, °) for CsgNayg.24(2)Tls 762)Ge136 Single crystal (a) as well as CsgNa;¢Ge3q(b),
CsgNai476(2) Tl 2a(2)G€136(C), CssNag 04(2)Tle.06(2)G€136(d) and CsgNagse(2)Tly.642)G€136(€) powders.
a b c d e

Cs1—12Ge3 4.1499(3) 4.1348(7) 4.1335 (6) 4.1411(7) 4.1361(9)

Cs1—12Ge3 4.2318(6) 4.2214(4) 4.2324 (4) 4.2223(4) 4.2220(6)

Cs1—2Ge2 4.2369(6) 4.2172(7) 4.2267 (7) 4.2299(7) 4.2221(9)

Nal—2Gel 3.3608(2) 3.3535(1) 3.3522 (1) 3.3545(1) 3.3529(1)

Nal—6Ge2 3.4498(3) 3.4466(7) 3.4408 (7) 3.4430(7) 3.4437(9)

Nal—12Ge3 3.5484(3) 3.5449(5) 3.5367 (5) 3.5433(5) 3.5424(7)

Gel—Ge2 2.4847(4) 2.4899(7) 2.4777 (7) 2.4791(7) 2.4837(9)

Ge2—Ge3 2.4942(3) 2.492(1) 2.4940 (9) 2.491(1) 2.491(1)

Ge3—Ge3 2.5137(5) 2.4942(7) 2.4847 (6) 2.4987(7) 2.4965(9)

Ge3—Ge3 2.5057(3) 2.5108(6) 2.5048 (6) 2.5123(6) 2.5077(8)

Ge2—Gel—Ge2 109.471(1) 109.47(3) 109.47 (3) 109.47(3) 109.47(3)

Gel—Ge2—Ge3 107.237(10) 107.08(3) 107.02 (3) 107.31(3) 107.16(4)

Ge3—Ge2—Ge3 111.611(9) 111.75(3) 111.81 (3) 111.55(4) 111.68(4)

Ge2—Ge3—Ge3 105.422(11) 105.23(3) 104.92 (3) 105.46(3) 105.29(4)

Ge2—Ge3—Ge3 108.029(10) 108.18(3) 108.24 (3) 107.96(3) 108.10(4)

Ge3—Ge3—Ge3 108.767(8) 108.89(3) 109.18 (3) 108.76(3) 108.87(4)

Ge3—Ge3—Ge3 119.835(1) 119.81(3) 119.76 (3) 119.84(3) 119.82(4)
The lattice parameters, bond lengths and angles vary in a parameters will change greatly for the large difference
small range prove that Tl in the cages of CsgNa;sGe;ss, between the atom radii of Tl (1.55 A) and Ge (1.22 A).
CsgNais.76(2)Tli.242)Ge136, CsgNag 0a(2) Tls.06(2)G€136 and Magnetic property. The magnetic susceptibility, x(T), of
CsgNag 36(2)Tl7.64(2)Ge136. The lattice parameters, bond lengths CsgNag o52) Tls.06(2)Ge136 reveals the diamagnetic behavior with
and angles are determined by the framework atoms of Ge. If Xo=-3.11 x 10 emu mole™ at 1.8 K and Xo=-2.84 x 10° emu
Tl in framework the bond lengths and angles as well as lattice mole™ at 400 K under 7 T (Fig. 4). No evidence for the

contributions from paramagnetic or ferromagnetic impurities

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 4
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is detected from this measurement. A superconductivity
transition is detected at 2.4 K at 20 Oe for both field cool and
Zero field cool models (inset of Fig. 4), which can be
attributed to the presence of trace (0.06 % Volume) residual
TI.

Heat capacity. The measured heat capacity C,(T) for
CsgNag o5(2)Tls.06(2)G€136 is given in Fig. 5. Plotting the data as
C,,/'I3 vs T reveals clear evidence of low energy Einstein mode
contribution to the specific heat, which appears as a round

peak at 10 K in this representation like in references [42-46].
Considering the contributions to C,, a model comprised of a
linear combination of terms is used to fit the data:

Co(T) ~ C(T)= Ce(T) + Cg(T) + Cp(T) (1)
Here C.(T) = )T is the electronic specific heat, y is the
Sommerfeld coefficient, and

;/=%712K2N(EF) (2)

Table 5. Atomic coordinates and equivalent isotropic displacement parameters (Ue,) (/°-\2) for CsgNa;sGe;sg,
CsgNays76(2)Tl1.24(2)G€136, CS8Nag.0a(2) Tls.06(2)G€136 aNd CsgNag 36(2)Tly.642)G€136 POWeTS.

Atom Site X y z Ugg * Occ.
CsgNajsGeysg a=15.48929(4) A R=3.83 Rp=4.34
Cs1 8b 1/8 1/8 5/8 0.02922(4) 1
Nal 16 ¢ 0 0 0 0.02536(4) 1
Gel 8a 1/8 1/8 1/8 0.00468(4) 1
Ge2 32e 0.21780(4) X X 0.00577(4) 1
Ge3 9% g 0.18231(3) x 0.37065(4) 0.00777(4) 1
CsgNag 762)Th 24(2)G€1362=15.48318(5) A R=6.15% R,=9.54%
Csl 8b 1/8 1/8 5/8 0.03528(4) 1
TI1/Nal 16 ¢ 0 0 0 0.01815(4) 0.0768(9)/0.9232
Gel 8a 1/8 1/8 1/8 0.01087(4) 1
Ge2 32e 0.21739(4)  «x X 0.01427(4) 1
Ge3 9%g 0.18173(3)  «x 0.37037(4)  0.01365(4) 1
CsgNag aa(2)Tls.06(2)Ge136 a=15.49373(5) A R;=6.90% R,=8.78%
Csl 8b 1/8 1/8 5/8 0.03428(6) 1
TI1/Nal 16 ¢ 0 0 0 0.01549(6) 0.379(1)/0.621
Gel 8a 1/8 1/8 1/8 0.00823(6) 1
Ge2 32e 0.21738(5) X x 0.00890(6) 1
Ge3 %g 0.18232(3) X 0.37031(5) 0.00958(6) 1
CsgNag 3602 Tly.6a2)Ge136 a=15.48630(5) A R;=6.84% R,=10.66%
Csl 8b 1/8 1/8 5/8 0.03638(4) 1
TlI1/Nal 16 ¢ 0 0 0 0.01702(4) 0.478(1)/0.522
Gel 8a 1/8 1/8 1/8 0.01086(4) 1
Ge2 32e 0.21786(5) X X 0.00783(4) 1
Ge3 %g 0.18238(3) X 0.37039(5) 0.01135(3) 1
I r 1 .Il lI ol -

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Refined XRD patterns of CsgNa sGesg(top left), CsgNaig 76(2)Tl124(2)Ge136(top right), CsgNag ga(2) Tl 06(2)Ge136(bOttom left), and

CsgNag 36(2)Tl7.642)Ge136 (bOttom right).
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Fig. 4 Temperature dependence of the magnetic susceptibility
for CsgNag 94(2)Tls.06(2)Ge136 Under the field 7 T, inset of it shows
superconductor transition temperature of 2.4 K for residual TI.

¢, = 3y, Gy SXRLO/D

T (exp(6,/T) - 1)°
Ce(T) is Einstein oscillator contributions, where R is the gas
constant, Ng and & are the number (per formula unit) and
Einstein temperature of oscillator. The term Cp(T) is the
harmonic lattice contribution.

(3)

T x'e”

T 5 0o/
C,(T)=9N,R (— — (4)
»(T)=9N, (9D)J° Ry
x = ha/ksT, Debye approximation Cpy(T) at very low
temperature is as:
127* T
CoM="""N,R () = fT )

D
Np is the number of “Debye atoms” per formula unit and 6, is
the Debye temperature,
f- 1272*N,R
56)

where Np is the number of atoms per formula unit and R the
gas constant. The fit parameters of A = 0.115(4) J-mol'l-K'Z, L=
0.0289(2) J-mol™K® N; = 7.94(4), 6 = 56.9(1) K, Np =
152.06(4), and &, = 217(1) K are deduced according to C, = C. +
C: + Cp equation from 1.8 K to 10 K. It consists to the
presumption that 8 Cs atoms are Einstein oscillator, network

(6)

6| J. Name., 2012, 00, 1-3

136 Ge and 16 TI/Na guest atoms are Debye atoms. y =
0.115(4) J-mol*-K? reflects a considerable electronic
contribution to the specific heat, and a substantial electronic
density of states at the Fermi level as well as a typical metallic
compound. This corroborates the metallic transport property
that will be discussed later. A linear fit to C,/T vs T2 between
3.2 K* and 9.6 K? according to C = AT + ,b’T3 equation gives A =
0.142(1) J'mol™K?, 8= 0.0279(2) J-mol™K* and 6, = 225(1) K
assuming N, = 160 without Einstein contribution.

Thermoelectric properties. As shown in Fig. 6(a), the

temperature dependent electrical resistivity p(T) for
CsgNag 042 Tle 062)Ge136 reveals metallic conduction with
p reaching the value 1.47 mQ-cm at 360 K. An electrical

TS
4 6 8 10

0.08 ————————————r 0.45

< oos| 0.40
g - 035 %
= o
= 004 - s E
= I 305
3 4 S
0.02 | o iy

L5 =0.142(1) ) mol K2 4025

B =0.0274(2) T mol 'K .
000 L i T e | .2

1 10 100
Temperature (K)

Fig. 5 Heat capacity of CsgNag g4(2)Tls.052)G€136 Plotting as Cp/'l‘3
against T in the temperature range of 2 to 300 K plotted in
logarithmic scale (red mark) and C,/T against T along with
fitted line according to C,/T = y+ ﬂTZ in the temperature range
3.6-10 K* (blue mark).

is detected at 2.4 K for residual Tl in
CsgNag 0a(2)Tls.06(2)G€136- CSgNag aa(2)Tls 06(2)G€136 reveals metallic
resistivity with p reaching the value 1.47 mQ-cm at 360 K. The
near zero Seebeck coefficient a at 1.8 K (Fig. 6b) of
CsgNag ga2)Tls.06 (2)Ge136 decreases to the value -13 ;,lV~K'1 at

resistivity drop

This journal is © The Royal Society of Chemistry 20xx
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360 K. The thermal conductivity k of CsgNag g4(2)Tls.06 (2)G€136 iS
shown in Fig. 6¢. The total thermal conductivity increases with
temperature without a peak at low temperature. The peak at
low temperature is often observed in clathrate- and which
leads to a low and glass thermal conductivity. To separate the
lattice x; and electronic x. contributions from the total the
applied, where L is the Lorenz number (L = 2.44-10® V2K for

1.6 4
14 0
§ 12 é 4
g e
1.0 -8
= @ s ®
0.8 -12
0.6 16
0.8
6F
st 0.6} Eﬁgﬁ
g4 5 >
= 3 = 04 I
E [ I F?ﬁﬂ”
¥ 2p N 02 &
1 5 @
ol 0.0}  coms™
0 100 200 300 400 0 100 200 300 400

Temperature (K) Temperature (K)

Fig. 6 Temperature dependence of the electrical resistivity p
(a), Seebeck coefficient a (b), thermal conductivity « (c) and
thermoelectric figure of merit ZT (d) for CsgNag ga(2)Tls 06(2)G€136-
a free electron gas), T is absolute temperature and p is electric
rmal conductivity ki, the Wiedemann-Franz rule x.=LT/p is
resistivity. The electronic contribution to thermal conductivity
k. is low. The total thermal conductivity ki, is mainly
determined by lattice thermal conductivity x;. The obtained
thermoelectric figure of merit ZT (ZT=0[2T/pK‘) is shown in Fig.
6d. The ZT value is low for its low Seebeck coefficient for its
metallic feature.

Theoretical calculations. At last, we turn to discuss the nature
of the electronic structure based on an ordered model of
CsgNaoTlgGe 36 by means of the first-principle calculations.
The ordered model is obtained by supposing that 6Tl exist in
the inner space of the unit cell and 1 Tl at 8 corners and 9 Tl on
6 facets of the unit cell. To find the new symmetry the C2/m
space group is obtained. At the same time the deduced lattice
parameters of a = b = 21.9114 A, ¢ = 26.8359 A and B =
144.7356 ° are obtained. The ordered structure model is given
in the electronic supplementary information. The calculated
total density of state (DOS) and the projected DOS on local
atomic orbital are all shown in Fig. 7. It demonstrates that the
system has a metallic behavior with conducting electrons
mainly coming from the Ge 4p orbitals partially mixed
with the Tl 6p orbitals at around the Fermi energy
window ranging from -1 eV to 2 eV, which is a quite
good agreement with our transport measurement
shown in Fig. 5 and Fig. 6(a).

Since the typical clathrate-Il CsgNasGe 36 is metallic
originated from the introduction the extra
electrons from guest atoms [22], and the Tl could

This journal is © The Royal Society of Chemistry 20xx

be considered as an "alkali-like" guest like Na,
where Tl 6p electron and Na 3s electron mix the
framework without introducing any extra
electrons, the system of CsgNai6,Tl,Geizg remains
the metallic phase. This point is quite good in
agreement with the first-principle calculations.
Generally speaking, Zintl rule is used to explain the
formation of anionic

% 1oof
2 [
3

Z [
2 sof
Q L

5 4 3 2 -1 0 1 2
Energy (eV)

Fig. 7 The electronic structure of CsgNa;gTlsGeisg
including the total DOS and projected DOS on Cs s,
Na s, Tl p, and Ge p orbitals, evidencing a metallic
behaviour with the conducting electron mainly
contributed from the Ge p orbitals and partially
from the Tl p orbitals.

or cationic clathrate |, where Si/Ge is partially
substituted by transition metal and 13 or 15-16
group metal in the framework with introducing
extra carriers [45-47]. In anionic clathrate, alkali
metal or alkaline earth metal transfer electrons to
transition metal, 13 group metal to form charge-
balanced phase. In cationic clathrate, framework
atoms 15 or 16 group elements transfer electrons
to 16 or 17 group elements to fill 8 electron rules.
In CsgNa64TlGeq36 the 136 neutral Ge have 4 bond
and 4 electron configurations. The additional
electrons from Cs and Na/Tl atoms lead to metallic
feature. If CsgNaigZni,Geis Was synthesized the
guest atoms transfer 24 electrons to 12 Zn. A
charge balanced Zintl phase CsgNajgZni,Geqs,
maybe realize.

Conclusions

The thallium doped clathrates of
CsgNai4.763)Tli2a2)Ge136, CSgNagoa) Tle.os(2)Ge136 and
CsgNag 36(2)Tl7.642)G€136 powders and
CsgNa1g.24(2)Tls 76(2)G€136 single crystal were

synthesized. They feature the complex crystal
structures comprising polyhedral cages trapping Cs
and Na/Tl cations. Structure refinement revealed
the random distributions of thallium and sodium
atoms in the small cage positions. The Tl upper
limit is less than 8. The obtained clathrates show

J. Name., 2013, 00, 1-3 | 7

Page 8 of 10



Page 9 of 10

Dalton Transactions

the melt points from 915.7 to 925.0 °C, which are a
little lower than 937.4°C of the melting point of
element Ge. CsgNag 42 Tls.06 (2)0G€136 is @ diamagnetic
and metallic material. Heat capacity shows a clear
Einstein mode and a strong electric contribution in
CsgNag g4(2)Tls.06 (2)Ge136. Tl guest atoms show a high
potential in clathrate chemistry and may serve as a
basis for the creation of new clathrates.
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