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ABSTRACT

Clathrates have been reported to form in a variety of different structure types; however, inorganic clathrate-I materials with a low-cation
concentration have yet to be investigated. Furthermore, tin-based compositions have been much less investigated as compared to silicon or
germanium analogs. We report the temperature-dependent structural and thermal properties of single-crystal Eu2Ga11Sn35 revealing the
effect of structure and composition on the thermal properties of this low-cation clathrate-I material. Specifically, low-temperature heat
capacity, thermal conductivity, and synchrotron single-crystal x-ray diffraction reveal a departure from Debye-like behavior, a glass-like
phonon mean-free path for this crystalline material, and a relatively large Grüneisen parameter due to the dominance of low-frequency
Einstein modes. Our analyses indicate thermal properties that are a direct result of the structure and composition of this clathrate-I material.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0119852

INTRODUCTION

Inclusion and open-framework compounds can generally be
described as consisting of a “host” lattice formed by two or more
constituents resulting in voids, or channels, within the lattice that
can be occupied by other constituents or “guest” atoms or mole-
cules.1,2 The intermolecular guest–host forces are typically much
weaker than the bonds forming the lattice framework in such com-
pounds, and an understanding of the guest–host interactions
remains of intense fundamental interest and is required for techno-
logical applications.3–10 Inorganic clathrates represent one example
of such materials and continue to be of interest since the report of
“glass-like” thermal conductivity for Sr8Ga16Ge30.

11 Over the past
two decades, considerable evidence has been reported that corre-
lates the thermal properties of these materials with their structural
features.4,11–30 Moreover, low thermal conductivity is of interest for
thermoelectric and thermal barrier materials, as thermal manage-
ment plays a key role in these applications of interest.2,31–34

Although clathrate-I compounds have been known for almost
five decades,35,36 inorganic clathrate-I compositions with low-cation
concentrations have not yet been investigated. Open-framework
compounds such as clathrate-II compositions and skutterudites
with low-cation concentrations have been reported to show a direct

correlation between thermal conductivity, κ, and cation concentra-
tion, with lower κ achieved by reducing the number of cations per
unit cell.37–45 Nevertheless, no such work exists for clathrate-I com-
positions. Furthermore, an understanding of the thermal properties
of low-cation clathrate-I materials would advance the development
of these materials for the technological applications indicated
above. Herein, we report on the thermal properties of the low-
cation tin-based inorganic clathrate-I Eu2Ga11Sn35. Specifically,
temperature-dependent thermal conductivity, heat capacity, and
single-crystal synchrotron x-ray diffraction were employed. We
demonstrate that the thermal properties are due to lattice anharmo-
nicity as well as Eu dynamic disorder in this crystalline clathrate-I
material. The Grüneisen parameter was evaluated to quantify the
lattice anharmonicity and an estimate of the phonon mean-free
path indicates strong scattering of the heat-carrying phonons.

EXPERIMENTAL METHODS

Single crystals of Eu2Ga11Sn35 were grown from Sn flux. The
Eu, Ga, and Sn high purity elements were loaded into a tungsten
crucible that was then sealed inside a custom-designed stainless-
steel vessel in a 1:2:12 atomic ratio. The vessel was itself sealed in a
glass tube under vacuum and heated to 650 °C at a rate of 25 °C
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per hour, held for 15 h and then slowly cooled to 450 °C at a rate
of 10 °C per hour before cooling to room temperature. Shiny
Eu2Ga11Sn35 crystals were obtained from the flux. Initial single-
crystal x-ray diffraction (XRD) studies were collected using a
Bruker Smart Apex II CCD diffractometer with a Mo Kα
(λ = 0.710 73 Å) source.46 The structural properties are integral in
investigating the thermal properties of this material; therefore,
temperature-dependent single-crystal x-ray diffraction was con-
ducted at the microdiffraction facility at the Advanced Photon
Source of Argonne National Laboratory (APS). The structure was
determined using the ChemMatCARS advanced crystallography
facility at the APS. The data were collected using a Huber 3 circles
diffractometer equipped with a Pilatus3X 1M (CdTe) detector with
a kappa angle offset of 60°. The distance between the detector
and the crystal was 130 mm and a total of 1440 frames were col-
lected at two angle settings, ω-angles =−180°, Kappa = 0° and
ω-angles =−180, Kappa = 30°. The data were collected with the
w-angle scanned over 360° using shutterless mode. Data integration
was performed with the APEX II suite software and data reduction
employed the SAINT v.8.32B and SADABS v.2013 programs that
were part of the APEX suite.47 Structure solution and refinement
were carried out with SHELX software using the XPREP utility for
space group determination, and the XS and XL programs for
structure solution and refinement, respectively. The structure was
solved by the direct method and refined on F2(SHELXTL).
Temperature-dependent κ, resistivity, ρ, and isobaric heat capacity,
Cp, measurements were performed using the thermal transport
option (TTO) and heat capacity option (HC), respectively, on the
physical property measurement system from Quantum Design
(PPMS). Details regarding these measurements are included in the
supplementary material. Variation in these measurements is less
than 5%, from the data reported herein as well as previous mea-
surements on other materials. Furthermore, by employing stan-
dards we calibrate transport data from the PPMS and typically

compare with that from our custom-built system48 for temperatures
above 15 K.

RESULTS AND DISCUSSION

Temperature-dependent single-crystal XRD refinement data
are shown in Table I, as well as Tables S1.1–S6 of the supplemen-
tary material. The room temperature structure can be found in the
Cambridge Crystallographic Data Center database, entry CCDC
2154399. Europium occupies both the 2a (Eu1) and 6d (Eu2) sites
in a 1:3 ratio, respectively, with no observed split position for these
sites while the framework is made up of Ga and Sn. Gallium occu-
pies all three framework sites with a preferential occupancy at the
6c site, as is typical of clathrate-I compositions.49–53 Figure 1 shows
the clathrate-I crystal structure and the crystal used for thermal
measurements. Figure 2 shows temperature-dependent isotropic
atomic displacement parameters (Uiso). From the slope of Uiso vs
temperature for the Eu sites and the three framework sites, one can
obtain the Einstein modes due to Eu and the Debye temperature,
θD, respectively. Employing Uiso = kBT/m(2πυ)2,54 Einstein temper-
ature, θE, values of 63 and 40 K for Eu1 and Eu2, respectively, were
obtained. Here, kB is the Boltzmann constant, T is the absolute
temperature, m is the mass of the atom, υ is the frequency of the
Einstein modes, and θE = hυ/kB. The temperature-dependent Uiso

values for the three different Ga/Sn sites were used to calculate θD,
employing Uiso = 3h2/(mkBθD4π

2)T,55 resulting in θD = 213 K.
As indicated above, the structural features and disorder associ-

ated with clathrate-I compositions have a direct effect on the
thermal properties and κ, in particular. It is, therefore, of interest
to investigate κ for Eu2Ga11Sn35. We employed a phenomenological
model that consisted of Rayleigh (τR), resonant scattering (τres),
Umklapp scattering (τ≥), and tunnel states (τTS) terms together
with a term that represents the lower limit of the mean-free path
Lmin (τmin = Lmin/v). Figure 3 shows the temperature dependence of

TABLE I. Crystallographic and structure refinement data for Eu2Ga11Sn35.
a

298 K 120 K 60 K 20 K 10 K

Empirical formula Eu2.2(2)Ga11Sn35 Eu2.1(2)Ga11Sn35 Eu2.1(2)Ga11Sn35 Eu2.1(2)Ga11Sn35 Eu2.1(2)Ga11Sn35
Formula weight 5258.42 5244.00 5244.00 5242.48 5238.67
Crystal system, space group Cubic, Pm�3n Cubic, Pm�3n Cubic, Pm�3n Cubic, Pm�3n Cubic, Pm�3n
Z 1 1 1 1 1
a (Å) 11.9497(5) 11.930(2) 11.9202(5) 11.9191(6) 11.9199(6)
ρcalc (g cm

−3) 5.117 5.124 5.136 5.137 5.136
Goodness-of-fit on F2 (S) 1.156 1.343 0.858 0.898 0.932
Final R indexes [I≥ 4σ (I)] 0.0095 0.0164 (I≥ 2σ (I)) 0.0090 0.0089 0.0097
wR2 0.0216 0.0288 (I≥ 2σ (I)) 0.0197 0.0205 0.0219
Uiso—Eu1 @ 2a 0.0366(7) 0.0216(10) 0.0167(7) 0.0148(7) 0.0137(8)
Uiso—Eu2 @ 6d 0.0986(9) 0.0577(12) 0.0437(7) 0.0342(6) 0.0336(6)
Uiso—Sn1/Ga1 @ 16i 0.015 30(11) 0.009 24(11) 0.006 79(10) 0.005 44(10) 0.005 42(11)
Uiso—Sn2/Ga2 @ 24k 0.005 80(10) 0.009 87(10) 0.007 31(9) 0.006 11(9) 0.006 03(10)
Uiso—Sn3/Ga3 @ 6c 0.0172(2) 0.001 14(2) 0.0091(2) 0.0079(2) 0.0076(2)

aR ¼ ΣjjFoj�jFcjj/ΣjFoj. wR2 ¼ [Σw(F2
o � F2

c )
2/Σw(F2

o )
2]

1/2
, w ¼ 1/[σ2(F2

o )þ (0:0080P)2 þ 1:1504P], where P ¼ (F2
o þ 2F2

c )/3, σ is the error; Fo and Fc are
the observed and calculated structure factors, respectively. S ¼ [Σw(F2

o � F2
c )

2/(Nref � Npar)]
1/2
, where Nref is the number of independent reflections and Npar

is the number of parameters.
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κ together with the fit to the model, where the lattice contribution
to κ, κL, dominates the thermal conduction (κ≈ κL) over the entire
measured temperature range due to the high ρ values measured
over the same temperature range (inset to Fig. 3).56

The fit employed the kinetic theory expression

κL ¼ kB
2π2v

kBT
�h

� �3 ðθD/T
0

τCx4ex

(ex � 1)2
dx, (1)

with

τC ¼ (τ�1
R þ τ�1

TS þ τ�1
res þ τ�1

U )
�1 þ τmin, (2)

where

τ�1
R ¼ AT4x4, (3)

τ�1
TS ¼ (BνxT)tanh

xT
2t

� �
þ Bν

2

� �
1
xT

þ C�1T�3

� ��1

, (4)

τ�1
res ¼

X
i

Dix2T4

(x2i � x2T2)2 þ gix2i x2T2
, (5)

and

τ�1
U ¼ UT3exp

�θD
3T

� �
x2: (6)

FIG. 1. (a) Clathrate-I crystal structure
emphasizing the two polyhedra that
form the framework, with the different
Wyckoff sites labeled. (b) A picture of
the Eu2Ga11Sn35 crystal.

FIG. 2. Temperature-dependent Uiso. The dotted lines for Eu1 and Eu2
represent linear data fits to the equation Uiso = kBT/m(2πυ)

2. Only one
representative data set for the framework Ga/Sn sites is shown due to the
overlap in the data. The dotted line represents a linear data fit to the equation
Uiso = 3h

2/(mkBθD4π
2)T.

FIG. 3. Temperature-dependent κL. The solid line is the fit to the phenomeno-
logical model described in the text. The fit parameters obtained from the model
were v = 4000 ms−1, Lmin = 2.3 Å, A = 206 × 10−43 s3, B = 3.96 × 104 m−1 K−1,
C = 0.02 K−2, D1 = 0.27 K

−2 s−3, D2 = 0.77 K
−2 s−3, D2/D1 = 2.9, x1 = 65 K,

x2 = 40 K, g1 = 1.5, g2 = 1.5, and U = 9.24 K−1 s. The inset shows the
temperature-dependent ρ for Eu2Ga11Sn35. The high ρ values indicate intrinsic
semiconducting behavior and an indication of the high quality of the crystal used
for the low-temperature thermal measurements.
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Here, x = ħω/kBT, v is the average speed of sound in the crystal
lattice, ω0 is the Einstein frequency, and the coefficients A, B, C, D1,
D2, g1, g2, and U are fitting parameters related to the different
phonon scattering processes. The fitting parameters were uniquely
defined using a minimization of the best sequence fit function, as
compared to the data, and all four terms were required to best fit
the experimental data in the entire measured temperature range.
The model resulted in an excellent fit to the data over the entire
measured temperature range.

It is instructive to discuss specific findings from these results.
First, although two resonances were used to account for Eu1 and
Eu2, we found that this was also the minimum complexity required
to best fit the data shown in Fig. 3. The fit to the data results in θE
values of 65 and 40 K for Eu1 and Eu2, respectively, in excellent
agreement with that obtained from our structural data. In addition,
the ratio D2/D1 (=2.9) is in accord with what is expected (≈3) for
the ratio of the population of the two Eu Einstein modes and their
relative scattering strengths. Moreover, the tunneling-state parame-
ters are comparable to that of amorphous materials.57 At very low
temperatures (≤1 K), the dynamic disorder would necessarily
“freeze-out,” especially since adjacent cages to those containing Eu
are empty due to the very low Eu concentration, resulting in more
static disorder between Eu and the host framework that would pre-
sumably be characterized by a very small energy that separates
these states.

Measurement and investigation of the heat capacity can also
elucidate further on the above findings, as well as allow for esti-
mates of phonon mean-free path and anharmonicity of the lattice.
Figure 4 shows the CP data. The inset to the figure shows a low-T
fit employing a linear combination of the contributions to
Cp(¼ Cv ¼ Ce(T)þ CE1(T)þ CE2(T)þ CD(T)) used to fit the
experimental data, where Ce(T), CE1(T), CE2(T), and CD(T) are the
electronic contribution, contributions from Einstein modes for Eu1
and Eu2, and the Debye contribution, respectively.

The difference between Cp and the isochoric heat capacity, CV,
for Eu2Ga11Sn35 is ≤1% in the entire temperature range shown in
Fig. 4.58,59 The Einstein term is given by

CEi(T) ¼ 3NEiR
θEi
T

� �2 exp
θEi
T

� �

exp
θEi
T

� �
� 1

� �2 , (7)

and the Debye term by

CD(T) ¼ 9NDR
T
θD

� �3 ðθD/T
0

x4ex

(ex � 1)2
dx, (8)

where R is the molar gas constant, NEi is the number of Einstein
oscillators i corresponding to the Einstein temperature θEi per
formula unit, and ND is the number of Debye oscillators per
formula unit. For the data fit, NEi, θEi, and θD were allowed to vary
and ND was assigned a fixed value of 46, which represents the
number of framework atoms in the unit cell. From the parameters
obtained from the fit NE2/NE1 = 2.5, reflecting the occupancy of Eu
in each crystallographic site per unit cell, θD = 200 K, θE1 = 65 K,
and θE2 = 57 K, all in very good agreement with values from our
structural and κ data and analyses. The phonon mean-free path, L,
can be estimated by utilizing κL = (1/3)CpυL together with the
results and data described above. Figure 5 shows L as a function of
temperature. Eu2Ga11Sn35 has a shorter L than other clathrate-I
compositions,60–62 presumably an indication that the combined
dynamic disorder from Eu and static disorder from vacancies
(vacant polyhedra) result in more efficient scattering of the heat-
carrying phonons.

To gain insight into the anharmonicity of Eu2Ga11Sn35, the
Grüneisen parameter, γ, was estimated from γ = αVKV/CV, where

FIG. 5. Temperature-dependent phonon mean-free path, L, with L = 0.3 μm
above θD.

FIG. 4. Temperature-dependent Cp. The inset shows the Einstein contribution to
the heat capacity of Eu2Ga11Sn35 with a solid line representing the data fit to
the model described in the text.
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αV is the volume expansion coefficient and Cp≈ CV for
Eu2Ga11Sn35.

59 Figure 6 shows the calculated γ vs T. The inset
shows the temperature-dependent lattice parameters, a, that were
used to calculate αV. At room temperature, γ is relatively large but
increases as the temperatures decrease at low temperatures. A
similar trend has been observed in other clathrate-I compositions,
including inorganic Na8Si46

60–63 and clathrate hydrates,64,65 as well
as for other inclusion compounds,66,67 and has been attributed to
low-frequency modes.60,66,67

CONCLUSIONS

Temperature-dependent single-crystal structural and thermal
properties of the low europium concentration tin clathrate-I
Eu2Ga11Sn35 were investigated. The relatively small europium
inside the framework resulted in low-frequency Einstein modes as
well as low thermal conductivity and a phonon mean-free path.
This material also possesses anomalously large values of the
Grüneisen parameters at low temperatures. Our results provide the
foundation for an understanding of the thermal properties of very
low-cation clathrate-I materials. Building on this work with theoreti-
cal calculations would be of interest in providing additional insight.

SUPPLEMENTARY MATERIAL

See the supplementary material for temperature-dependent
structure refinement data for Eu2Ga11Sn35.
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