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a  b  s  t  r  a  c  t

The  crystal  structure  of  the  thermoelectric  clathrate  Sn24P19.3I8 was  determined  down  to  10  K  showing
no  variations  with  the  temperature.  Even  at 10  K  Sn24P19.3I8 crystallizes  in  the  type-I  clathrate  structure,
space  group  Pm3-n,  with  the  cubic  unit  cell  parameter  ranging  from  10.9173 Å  at  10  K to  10.9554 Å  at
room  temperature.  In  its  crystal  structure,  tin  and  phosphorus  atoms  form  the  framework  that  traps  the
guest iodine  atoms  in the  polyhedral  cavities  of  two  different  shapes.  The  temperature-dependent  crystal
structure  data  and  the  results  of  the  heat  capacity  measurements  revealed  the  localized  vibrations  of  the
eywords:
lathrates
hermoelectric materials
rystal structure
attice dynamics
eat capacity

guest atoms  inside  the  oversized  cavities  with  the characteristic  Einstein  temperatures  of  �E1 =  60  K  and
�E2 =  78  K,  whereas  the  characteristic  Debye  temperature  for  Sn24P19.3I8 is  265  K.  The  room  temperature
lattice  thermal  conductivity  was  calculated  using  the  Debye  model  to be  �L =  0.85  W  m−1 K−1,  which
is  in  excellent  agreement  with  the  experimentally  measured  data  and  demonstrates  that  the  thermal
conductivity  is  almost  entirely  phononic.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Thermoelectric materials that convert thermal energy to elec-
rical and vice versa attract great attention in the last 20 years. It
s generally believed that new and improved thermoelectric mate-
ials will find their applications in waste heat conversion, direct
olar thermal energy conversion, and cryogenic cooling [1–3]. The
uality of a thermoelectric material is measured by its figure-of-
erit ZT = TS2�/�, which relates a dimensionless factor ZT to the

quare of the Seebeck coefficient (S), the absolute temperature (T),
he electrical conductivity (�), and the thermal conductivity (�).
he product S2� known as the power factor characterizes the trans-
ort of the charge carriers, which is the highest for narrow-gap or
egenerate semiconductors. Then, the task for the chemists and
aterials scientists is to create a semiconductor having a very low

hermal conductivity. This problem is tackled in different ways.

he proposed solutions include various kinds of nanostructuring
4,5], building materials from heavy elements [6],  introducing a
evere disorder into the crystal structure of a material [7,8], and
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niversity, Leninskie Gory 1-3, Moscow 119991, Russia. Tel.: +7 495 939 4788.
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925-8388/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.12.171
employing the localized vibrations of atoms trapped inside the
oversized cages. For the latter solution, two  types of cage com-
pounds are commonly used: filled skutterudites [9] and clathrates
[10].

Clathrates are the family of inclusion compounds that possess
crystal structures built on trapping guest ions inside large cavi-
ties of a framework composed mainly from atoms of the group 14
elements. Though there are nine clathrate types classified by Jef-
frey [11] and the tenth type has been recently discovered [12], the
type-I clathrates are by far the most abundant and demonstrate
the most interesting thermoelectric properties [13]. Depending on
the charge of the framework, the type-I clathrates are subdivided
into anionic and cationic ones. In the latter type, halogen or tel-
lurium anions serve as guests, which compensate for the positive
charge smeared over the framework atoms [10]. Cationic clathrates,
also known as inversed clathrates, have been studied less inten-
sively compared to their anionic counterparts. About 30 type-I
cationic clathrates have been synthesized and structurally char-
acterized. It was  shown that cationic clathrates behave differently,
mainly depending on the nature of the group 14 elements compos-

ing the framework. Silicon-based cationic type-I clathrates display
utmost chemical and thermal stability and behave as poor metals or
heavily doped semiconductors though their thermal conductivity
reaches relatively high room-temperature values of 3–4 W m−1 K−1

dx.doi.org/10.1016/j.jallcom.2011.12.171
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:shev@inorg.chem.msu.ru
dx.doi.org/10.1016/j.jallcom.2011.12.171
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14,15]. Much lower thermal conductivity (below 1 W m−1 K−1)
as reported for the Ge-based clathrates in the Ge–P–Te system.
hile these compounds were shown to possess less promising

lectrical transport properties, their structural flexibility implies
hat fine tuning of the power factor is possible by means of various
ubstitutions both at the framework and guest positions [16,17].
in-based cationic type-I clathrates display even lower thermal
onductivity ranging from 0.4 to 1.6 W m−1 K−1 at 298 K [8,18–21].
hese compounds behave as inverted Zintl phases [22] and dis-
lay properties of typical narrow-gap semiconductors with the
oom-temperature electrical conductivity reaching 103 S m−1. As

 consequence, the electronic contribution to the total thermal
onductivity is negligible, and the thermal conductivity is almost
ntirely phononic. Its low values are attributed to the motion (rat-
ling) of the guest atoms inside the oversized cages [23,24].

The goal of this research was to determine the crystal structure
f Sn24P19.3I8 at cryogenic temperatures, and to use the structural
ata along with the results of the heat capacity measurements for

nvestigation of the clathrate lattice dynamics. Herein we report
hat the Einstein contributions to the heat capacity characterize
he localized vibrations of the guest atoms inside the cavities of
he framework. We  also demonstrate that thermal conductivity of
n24P19.3I8 can be described as the dominant contribution of the
attice part arising from the localized motion of the guest atoms.

. Experimental

.1. Sample preparation and characterization

Tin powder (99.99%), red phosphorus powder (97%), and crystalline iodine
99.999%) were used as starting materials. Red phosphorus was purified as described
lsewhere [18]. Tin tetraiodide was synthesized according to the literature pro-
edure [25]. For the synthesis of Sn24P19.3I8, a stoichiometric mixture of tin,
hosphorus, and tin tetraiodide was sealed under vacuum in a silica tube. The tube
as slowly (10 K h−1) heated to 775 K, annealed for 5 days, and then cooled with

he  furnace. After regrinding, the sample was heated at the same conditions for
nother 5 days. The obtained polycrystalline product was phase-pure according to
he  profile analysis of the X-ray powder diffraction pattern (STADI-P, Stoe, CuK˛1

adiation, Si as an internal standard). The phase identification and the pattern treat-
ent were processed with the WINXPOW program package. The calculated cubic

nit  cell parameter, a = 10.950(1) Å, was in excellent agreement with the literature
ata [26]. For the single crystal preparation, the same mixture of the starting mate-
ials was  annealed at 825 K for 5 days; suitable crystals were selected from the
ultiphase product.

.2. Low-temperature X-ray powder diffraction experiments

The angular position of the (0 0 12) reflection, having the Bragg angle � of about
9◦ , was measured for the powder sample of Sn24P19.3I8 in the temperature range of
–301 K using the DRON-7 diffractometer (CoK˛1 radiation, Si as an external stan-
ard) equipped with the home-built helium cryostat. The sample was first cooled
own to 5 K, and then the readings were recorded upon heating with the step of
–5  K to 80 K and further with the step of 7–8 K. Temperature was  measured using

 copper/iron-chromel thermocouple with the precision of 0.1 K. At each tempera-
ure, the peak position was measured at least twice to make sure that the thermal
quilibrium is achieved. The accuracy of the unit cell parameter calculation at each
emperature was 10−4 Å. The detailed description of the experimental setup is given
lsewhere [27,28].

.3. Crystal structure determination

The X-ray intensity data were measured at seven temperatures ranging from 90
o  293 K on a Bruker SMART APEX CCD-based X-ray diffractometer system equipped
ith a Bruker KRYOFLEX low-temperature attachment and a Mo-target X-ray tube

�  = 0.71073 Å) operated at 1800 W power. The cubic-shaped crystal with dimen-
ions of 0.05 mm × 0.05 mm × 0.05 mm  was  mounted on a goniometer head with
ilicone grease. The detector was placed at a distance of 6.14 cm from the crys-
al.  A total of 1850 frames were collected with a scan width of 0.3◦ in ω and an
xposure time of 20 s/frame. The frames were integrated with the Bruker SAINT
oftware package using a narrow-frame integration algorithm to a maximum 2�

ngle of 56.54◦ (0.75 Å resolution). The final cell constants are based upon the
efinement of the XYZ-centroids of several thousand reflections above 20�(I). Data
ere corrected for absorption effects using the empirical method (SADABS). The

tructures were solved and refined by full-matrix least squares procedures on |F2|
sing the Bruker SHELXTL (version 6.12) software package. A larger crystal with
Fig. 1. Crystal structure of Sn24P19.3I8. (top) A view of the unit cell; (bottom) coor-
dination of the P1 (left) and Sn2 (right) atoms; “vac.” denotes vacancy in the P2
position.

dimensions of 0.09 mm × 0.08 mm × 0.08 mm was used for the X-ray experiment at
10  K on a Bruker SMART APEX CCD-based X-ray diffractometer system equipped
with a helium-flow temperature controller (Japan Thermal Eng. TC-10 KCP) using
graphite-monochromated MoK˛ radiation (� = 0.71073 Å).

2.4. Heat capacity measurements

The heat capacity of Sn24P19.3I8 was measured by the absolute adiabatic method
with periodical heating in the range of 2.6–300 K using an automated calorimeter
made by Termax Inc. The temperature was  monitored using an iron-rhodium ther-
mocouple with the precision better than 0.02 K. The systematic error in the heat
capacity was  about 3% in the temperature range of 2.6–20 K and about 1% between
60 and 300 K.

3. Results and discussion

3.1. Crystal structure and thermal expansion

The crystal structure of Sn24P19.3I8 was  refined for 8 different
temperatures using the crystal data discussed elsewhere [26] as
the initial model. The summary of the crystal data and refinement
parameters for all experiments is given in Table 1. Fig. 1 shows the
details of the crystal structure. Tin and phosphorus atoms occupy
two  crystallographic positions each, forming a framework, while
guest iodine atoms occupy positions 2a and 6d at the centers of the
large polyhedral cages of 20 and 24 vertices, respectively. Within
the framework, only the phosphorus atom at the 16i  position (P1)
has a full occupancy. The phosphorus atom at the 6c site (P2)
resides only 2.0 Å apart from the tin atom that occupies the 24k′′

site (Table 2). This distance is too short, meaning that these two
atoms alternate. Also alternating are the tin atoms occupying the
24k′ (Sn1) and 24k′′ (Sn2) positions, since the corresponding inter-
atomic distance is ca. 0.6 Å. The two  types of tin atoms differ in their
coordination with one (Sn1) having the tetrahedral environment
typical for clathrate frameworks (Sn1), whereas the other (Sn2)
displaying the 3 + 3 coordination. Such a difference in the atomic
coordination was previously confirmed by the Mössbauer spec-
troscopy [29]. The host-guest distances exceed 3.7 Å, pointing to
the absence of the covalent host-guest interaction.
Careful examination of the structural details shows that no
structural changes, including possible phase transitions, occur upon
varying the temperature. In particular, no sign of the 6d guest
position splitting was  found at any temperature. This shows that
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Table 1
Crystal structure collection and refinement parameters for Sn4P19.3I8 at different temperatures; space group Pm3-n;  Z = 1; 23 refined parameters.

Data collection temperature (K) 10 (2) 90 (2) 173 (2) 213 (2) 233 (2) 263 (2) 273 (2) 295 (2)
Cell  parameter, а (Å) 10.9173 (3) 10.9265 (2) 10.9358 (2) 10.9407 (2) 10.9446 (5) 10.9481 (2) 10.9494 (2) 10.9553 (4)
V,  Å3 1301.21 (6) 1304.50 (4) 1307.83 (4) 1309.59 (4) 1310.99 (9) 1312.25 (4) 1312.72 (4) 1314.84 (8)
Density (calc.) (g cm−3) 5.694 5.679 5.665 5.657 5.651 5.646 5.644 5.635
�  (mm−1) 16.630 16.588 16.546 16.524 16.506 16.490 16.484 16.458
2�  (max),◦ 28.22 28.26 28.24 28.22 28.29 28.28 28.27 28.26
Reflections collected 8695 10,168 10,209 10,241 10,230 10,233 10,255 10,116
Independent reflections 318 319 320 320 320 322 322 320
Rint 0.0355 0.0212 0.0213 0.0216 0.0223 0.0212 0.0227 0.0263
R1 (all data) and wR2 (all data) 0.0235 0.0442 0.0196 0.0395 0.0199 0.0382 0.0194 0.0374 0.0207 0.0396 0.0208 0.0397 0.0203 0.0387 0.0205 0.0383
Goodness-of-fit 1.379 1.489 1.447 1.454 1.432 1.453 1.412 1.401
Largest diff. peak and hole (e/Å3) 0.73, −0.87 0.69, −0.73 0.55, −0.59 0.62, −0.69 0.68, −0.76 0.52, −0.53 0.52, −0.63 0.59, −0.55

Fig. 2. Unit cell parameter of Sn24P19.3I8 as a function of temperature according to
the powder diffraction data. The inset shows the temperature dependence of the
l
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Top panel of Fig. 3 shows the temperature dependence of the

T
A

inear thermal expansion coefficient for Sn24P19.3I8.

ationic clathrates behave differently compared to their anionic
ounterparts, for which the splitting of the 6d site into 12-fold or
4-fold positions is rather the norm than the exception [13].

The unit cell of Sn24P19.3I8 contracts upon cooling
Fig. 2). It decreases almost linearly down to 150 K, after
hich the unit cell parameter diminishes with less incre-
ent. The linear thermal expansion parameter calculated as

 = {[a(T1) − a(T2)]/a(T2)}/(T1 − T2), where a is a cubic unit cell
arameter at a temperature T1 > T2, shows a distinct variation with
emperature. Within the range of 200–300 K,  ̨ takes an average
alue of 11.1 × 10−6 K−1, which is similar to the value observed for
he bromine analog and, furthermore, is typical for the tin-based
ype-I clathrates [30]. The contraction of the structure is accom-
anied by only minor changes in the bond distances. For instance,
he P1–P1 bond length does not change within the accuracy of the
etermination, whereas the Sn2–Sn2 distance decreases by 0.02 Å
pon cooling from 293 to 10 K. Noticably, the unit cell parameters
btained from the X-ray powder diffraction data differ at low
emperature from those obtained from the X-ray single-crystal

iffraction data, the difference becoming more pronounced upon
pproaching helium temperatures. This type of behavior was

able 2
tomic parameters for Sn24P19.3I8 at 10 K.

Atom Site x/a y/b 

I1 2a 0 0 

I2  6d 0 0.25 

Sn1  24k′ 0.3868 (3) 0.1913 (2) 

Sn2 24k′′ 0.3467 (3) 0.1566 (3) 

P1 16i  0.1919 (1) 0.1919 (1) 

P2  6c 0 0.5 

a “Sof” is a site occupancy factor.
Fig. 3. Temperature dependence of the ADP’s for Sn24P19.3I8. (top) Equivalent ADP’s
for all atoms. (bottom) Guest atom ADP’s in an anisotropic mode. Note that for some
points the size of the error bar is smaller than the size of the respective symbol.

previously reported for several clathrate compounds but received
no sound explanation [30,31].

3.2. Atomic displacement and characteristic temperatures
equivalent atomic displacement parameters (ADP) for all atoms
in the crystal structure of Sn24P19.3I8. The dependence is linear

z/c U (eq) × 104 (Å) Sofa

0 40 (3) 1
0.5 54 (2) 1
0.5 55 (4) 0.548 (8)
0.5 37 (5) 0.452 (8)
0.1919 (1) 41 (4) 1
0.25 58 (13) 0.548 (8)
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peratures, �E1 and �E2. At the first approximation �E1/�E2 = U2/U1,
where U1 = 0.0127 and U2 = 0.0167 [19] are the equivalent displace-
ment parameters for I(1) and I(2) atoms, respectively. To account for
the contribution of two different guest atoms the coefficients a1 and
ig. 4. Heat capacity as a function of temperature for Sn24P19.3I8; the Dulong–Petit
alue for Sn24P19.3I8 is shown as a dashed line; the inset shows the dependence of
p/T versus T2 at T < 6.5 K.

nd clearly the ADP for the I2 atom is the largest of all at any
emperature. The linear dependencies of the ADP’s for all atoms
ere used for estimation of the Debye temperature, �D. Taking into

ccount that the slope of the 〈u2〉 = f(T) function is expressed as
h2/(4�2M�D

2kB), where M is the average atomic mass and 〈u2〉 is
he mean square atomic displacement [32], we obtained �D = 225 K,
hich is close to the value of �D = 220 K calculated previously for

he bromine analog using the analogous procedure [18]. This find-
ng is not surprising taking into account that two compounds have
he same composition and structure of the framework and only dif-
er by the nature of the guest atoms, which brings about the mass
ifference of 8%; therefore their phonon spectra should be similar.

The Debye temperature reflects the lattice dynamics, whereas
he motion of the guest atoms can be described in terms of the Ein-
tein model [33]. Accordingly, the guest atoms oscillate with the
haracteristic Einstein temperature, �E, independent of the collec-
ive motion of the framework atoms. There are two guest atoms
n the structure of Sn24P19.3I8, and their motion is different. It is
sotropic (U11 = U22 = U33) for I1, whereas I2 has two  directions of

otion. The equatorial movement is described by the U11 = U22
omponents whereas the axial movement is defined by the U33
omponent. The temperature dependencies of these components
re shown in Fig. 3 (bottom). From these linear dependencies the
E values were calculated; it is known from the literature that the
lope of the 〈uii〉 = f(T) function is equal to [�2/(2mkB�E)]coth(�E/2�)
34]. The resulting values are �E(U11 = U22) = 63 K and �E(U33) = 79 K
or I2 and �E(U11) = 76 K for I1. Apparently, the latter two temper-
tures are nearly the same, as expected from the corresponding
ependencies shown in the bottom panel of Fig. 3.

.3. Heat capacity and lattice dynamics

Fig. 4 shows the heat capacity for Sn24P19.3I8 versus temperature
n the range of 2–300 K. Clearly, no anomaly indicative of a phase
ransition is seen, which corroborates the crystal structure data.
lose to 300 K, Cp(T) saturates and reaches the Dulong–Petit value of
278.9 J mol−1 K−1 calculated for 51.3 atoms per formula. The inset
n Fig. 4 represents the low-temperature part of the Cp/T versus
2 plot (for T < 6.5 K). From a linear fit to Cp/T vs. T2 the electronic
eat capacity was estimated to be Cel = 0.0057·T J mol−1 K−1. Such

 low value is typical for semiconductors; indeed, as we reported
reviously [35], Sn24P19.3I8 is a narrow-gap semiconductor with
a = 18 meV. The slope of this fit enabled us to calculate the Debye
emperature at 0 K using the Debye-T3 law, Cv = [(12R�4)/5]·(T/�D)3.

he obtained value of �D = 265 K differs from that calculated from
he crystal data (�D = 225 K). We  believe that the former value is
eliable, whereas the application of the Debye model for calculating
D from the crystal data introduces significant inaccuracy because
Fig. 5. Plot of �D versus T; the inset shows the Cp − Cv difference versus temperature.

this model implies that a cubic unit cell consists of atoms of only
one kind [36]. The isochoric heat capacity, Cv, was calculated using
the relation Cp − Cv = ACp

2T with A = 1.43 × 10−7 mol  J−1 obtained
assuming that at the temperature of T = �D/3 the following condi-
tion applies, (Cp − Cv)/Cp = 0.01 [37]. Though the difference between
the Cp and Cv values is almost negligible at low temperatures, it
reaches 69.5 J mol−1 K−1 at 300 K. The isochoric heat capacity was
used for the accurate calculation of the temperature dependence of
�D (Fig. 5). It shows a pronounced minimum at around 20 K; there-
fore, the character of the �D(T) function itself shows that the Debye
model cannot describe satisfactorily the temperature dependence
of the heat capacity for Sn24P19.3I8.

Fig. 6 shows a plot of Cv/T 3 versus T2, which reveals a broad max-
imum at around 12.5 K. From this maximum, a value of �E = 63 K is
obtained considering that an Einstein contribution shows up in this
type of plot as a maximum at 0.2�E, whereas the Debye contribu-
tion is constant at low temperatures [36,38]. It is noticeable that the
obtained �E is the same as the one calculated from the crystal data
for the equatorial motion of the I2 atom. However, the crystal data
indicate that there should be two  different Einstein temperatures.
This was taken into account for the analysis of the Cv(T) function
for Sn24P19.3I8, which was  treated as the sum of one Debye and two
Einstein terms. The general dependence of the heat capacity versus
temperature is given as Cv(T) = CD(T) + (g/t)CE(T), where CD and CE

are the Debye and Einstein contributions, g is the number of the
guest iodine atoms per formula, and t is the total number of atoms
in the unit cell [39]. There are two types of the guests in the crystal
structure present in the 1/3 ratio and having different Einstein tem-
Fig. 6. Plot of CP/T3 versus T2 in semi-logarithmic coordinates. Two  Einstein (1, 2)
and  one Debye (3) contributions to the total Cp/T3 values (4) are given in comparison
with the experimental data (filled circles).



1 ys and

a
A
C
r
�
l
d
b
t
c
d
o
a
c
m
m
i
k
i

3

b
�
t
G
c
v
t
F
a
p
t
t
e
t
i
s
m
o
b
t
q

e
W
m
L
t
[
a
t
S
l

4

n
p
i
w
T
c

[
[

[

[
[

[

[
[

[

[

[

[

[
[

[

[

78 V.V. Novikov et al. / Journal of Allo

2, were introduced such that a1 + a2 = g/t = 0.156 and a1/a2 = 1/3.
ccordingly, a1 = 0.039 and a2 = 0.117. This gave the equation
v(T) = CD(265/T) + 0.039 CE(�E1/T) + 0.117 CE(�E2/T), for which the
esulting least-squares fit yielded two Einstein temperatures,
E1 = 60 K and �E2 = 78 K. With these values and �D = 265 K, the calcu-
ated Cp/T3 versus T2 dependence describes nicely the experimental
ata (Fig. 6), with some discrepancy noticeable at temperatures
elow 4 K, which is typical for these kind of fits [40,41]. Again,
he obtained values of �E are close to those calculated from the
rystal data (above). This confirms that both models satisfactory
escribe the pseudo-localized motion of the guest atoms inside the
versized cages and that the host-guest interaction is weak enough
nd allows treating the rattling of the guests independently of the
ollective motion of the framework atoms. Besides, such a good
atching of the �E values obtained with the use of two  different
ethods provides an indirect proof for the crystal structure model

nvolving no disorder for the guest atoms in the larger cavity. It is
nown from the literature that the difference in �E can reach 20 K
f the existing guest disorder is ignored [42,43].

.4. Lattice part of the thermal conductivity

The lattice part of the thermal conductivity of a solid can
e estimated from the Debye equation for thermal conductivity,
L = 1/3(C·vs·�), where C is the heat capacity per unit volume, vs is
he mean phonon velocity, and � is the phonon mean free path [36].
iven the Debye temperature of 265 K, the mean phonon velocity
an be calculated as vs = (kB·�D/�)·[6�2(N/V)]−1/3 = 2627 m s−1. The
alue of the volume heat capacity derived from the experimen-
ally obtained Cp value and X-ray density at 293 K is 1.65 J m−3 K−1.
inally, the phonon mean free path was taken as the average sep-
ration (6.1 × 10−10 m)  of the rattling guest atoms, which motion
resumably scatters heat-carrying phonons. The obtained room-
emperature value of �L = 0.85 W m−1 K−1 can be compared with
hat observed experimentally [19,35].  The latter was reported to
xceed 1 W m−1 K−1 at room temperature; however, careful inspec-
ion of the literature data suggests that the room temperature value
s affected by the radiation losses inherent in measurement of the
amples with low thermal conduction employing the steady-state
ethod. From the reported experimental data the minimal value

bserved at about 150 K is roughly estimated as 0.9 W m−1 K−1. We
elieve that this value can be considered as the intrinsic room-
emperature total thermal conductivity of Sn24P19.3I8, which is
uite comparable with our estimations.

The total thermal conductivity is a sum of the lattice and
lectronic contributions. The latter can be estimated using the
iedemann–Franz law, which relates the electrical (�) and ther-
al  conductivity for metals, �e = �·L0·T, where L0 is the ideal

orentz number L0 = 2.45 × 10−8 W 	 K−2 [36]. Given the room
emperature electrical conductivity of Sn24P19.3I8, � = 1650 S m−1

35], we estimate the electronic part of the thermal conductivity
s �e = 0.01 W m−1 K−1, which constitutes slightly over 1% of the
otal thermal conductivity. Therefore, the thermal conductivity of
n24P19.3I8 can be described as the dominate contribution of the
attice part arising from the localized motion of the guest atoms.

. Conclusions

The crystal structure of the cationic clathrate Sn24P19.3I8 shows
o variations down to 10 K. Even at this temperature, no sign of
ositional disorder in the guest substructure is observed, which
s in contrast with the typical behavior of the anionic clathrates
here the guest positions are described using the split model.

he results of the heat capacity measurements for Sn24P19.3I8
annot be rationalized within the Debye model for thermal

[

[
[
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conductivity of solids and point to the presence of the localized
vibrations of the guest atoms. Both the crystal structure data and
the heat capacity measurements give nearly the same Einstein tem-
peratures characteristic of the guest motion inside the framework
cavities; consequently, the heat capacity of Sn24P19.3I8 is described
using two  Einstein and one Debye terms with the corresponding
characteristic temperatures of �E1 = 60 K, �E2 = 78 K, and �D = 265 K.
The lattice and electronic parts of the thermal conductivity of
Sn24P19.3I8 calculated using the experimental and literature data
reveal that the low thermal conductivity of the cationic clathrate is
almost entirely phononic, �L = 0.85 W m−1 K−1, and is derived from
the localized motion of the guest atoms inside the polyhedral cages.
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