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ABSTRACT

We report on a joint theoretical and experimental study of the vibrational dynamics of the type-I clathrates A8Sn44□2 (A =K, Rb, Cs, and □
stands for a vacancy) by high-resolution inelastic neutron scattering experiments combined with low-temperature specific heat measurements
(2–300 K). Ab initio lattice dynamics calculations were performed on hypothetical vacancy-free A8Sn46 clathrates in order to determine the
phonon dispersions and vibrational density of states Z(ω). The temperature dependence of the generalized vibrational density of states
(GVDOS) was traced from 420 K down to 50 K, paying particular attention to the low-energy region of the GVDOS spectra. In the Cs and Rb
compounds, the inelastic signal at low energies is dominated by several peaks mainly associated with the dynamics of the alkali metal atoms A in
the polyhedral cages of the clathrate structure. In contrast, the low-energy spectrum of the K compound features a more pronounced contribu-
tion of the weighed modes of the framework Sn atoms. Upon cooling, the A-weighted modes soften regardless of the nature of the alkali
element. The shift observed is similar for the three compounds and of small amplitude, suggestive of a dominant quasi-harmonic behavior
above 50 K. The distinct dynamics of the K atoms in comparison to Cs and Rb is further demonstrated by the analyses of the low-temperature
specific heat data, indicating that the low-energy Sn-weighted modes cannot be described by a Debye model with Einstein-like contributions.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5117217

I. INTRODUCTION

Understanding the underlying physical mechanisms responsible
for the glass-like thermal conductivity (κ) exhibited by some crystal-
line materials has attracted considerable attention over the last few
decades for both fundamental and practical reasons. Such unusual
behavior has been observed in natural minerals,1–4 complex crystal
structures with a large number of atoms per unit cell,5–12 and cage-

like compounds,13–21 with the type-I clathrates being one of the
most prominent examples.22 The crystal structure of these materials
is composed of covalently bonded frameworks in the large cavities of
which “guest” atoms reside [polyhedral cages; Fig. 1(a)].23,24 Their
vibrational dynamics is associated with low-energy, non-dispersive
optical phonons that hybridize with the host lattice and efficiently
disrupt the propagation of acoustic phonons. These low-energy
modes tend to favor three-phonon processes, thereby reducing the
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acoustic phonon lifetime and hence, κ.18,25–34 Recent measurements
of the phonon lifetimes in the type-I clathrate Ba8Au5.33Ge40.67 evi-
denced unexpectedly long acoustic phonon lifetimes corresponding
to phonon mean free paths on the order of a few tens of nanome-
ters.35 In addition to the phonon filter effect that has been shown to
reduce the phonon transport and to control the position of the low-
temperature peak in κ in type-I clathrates,26,27 the partial breaking of
translational symmetry by non-periodic Ge-by-Au substitution and
local structural distortions observed in Ba7.81Ge40.67Au5.33 may also
play a role in the thermal transport.35–37

Several experimental probes such as Raman spectroscopy,
extended x-ray absorption fine structure (EXAFS), ultrasonic atten-
uation, specific heat, nuclear resonant inelastic x-ray scattering
spectroscopy, optical conductivity measurements in the terahertz
time-domain or NMR relaxation were used to get a deeper under-
standing of the guest–host interactions and their influence on the
thermal transport in the type-I A8Ga16Ge30 clathrates (A = Eu, Sr,

and Ba) and type-VIII Ba8Ga16Sn30 clathrates.38–47 In particular,
the guest free space, which depends on the ionic size of the guest
atoms relative to the size of the cages, has been shown to be an
important parameter in determining the lattice thermal conductivity
values as shown in the A8Ga16Ge30 compounds for which the
thermal conductivity decreases on going from Ba to Eu.48 This
decrease is accompanied by drastic changes in the thermal transport,
the crystalline-like behavior in the Ba compound switching into a
glass-like dependence for Sr and Eu. In addition to these techniques,
inelastic neutron scattering (INS) experiments on both single-crystal
and polycrystalline samples represent another powerful tool to inves-
tigate the vibrational properties of clathrates on both momentum and
energy scales and to probe possible anharmonicity of the crystal
lattice upon temperature variations.35,49–54 So far, INS measurements
were mainly carried out on Ge- and Si-based type-I clathrates, while
little attention was paid to the Sn-based analogs.

Single crystal and powder x-ray diffraction have shown that,
depending on the preparation conditions, the A8Sn44□2 com-
pounds (A = K, Rb, Cs, and □ is a vacancy) exhibit a superstruc-
ture, i.e., a fully ordered vacancy sublattice.55–59 These experiments
have further revealed an order–disorder transition in the Rb and
Cs compounds, which sets in at 353 and 363 K, respectively.55,56

This transition strongly influences the temperature dependence of
the thermopower while, surprisingly, leaving the thermal transport
practically unperturbed. In addition, the temperature dependence
of κ was found to be typical of crystalline insulators with a pro-
nounced low-temperature crystalline peak. Recently, Christensen
et al.60 reported INS measurements on the Cs and Rb compounds
at temperatures ranging between 274 and 373 K, i.e., below and
above the order–disorder transition. These measurements con-
firmed the secondary role played by this transition on the thermal
properties of these compounds. However, no results below 273 K
and on the K analog have been reported so far. Extending these
experiments to lower temperatures may offer further insights into
the anharmonicity of type-I Sn-clathrates and unveil possible sys-
tematic trends in the lattice dynamics on going from Cs to K.

Here, we report a detailed investigation of the lattice dynamics
of type-I clathrates A8Sn44□2 (A = K, Rb, and Cs) using a combina-
tion of low-temperature specific heat measurements (2–300 K) and
temperature-dependent INS experiments (50–420 K) performed on
polycrystalline samples. The experimental results are further com-
pared to lattice-dynamics calculations carried out on hypothetical
vacancy-free clathrates A8Sn46.

II. COMPUTATIONAL AND EXPERIMENTAL DETAILS

A. Ab initio lattice dynamics calculations

All the calculations have been carried out on vacancy-free struc-
ture models A8Sn46 (A=K, Rb, and Cs) considering the primitive cubic
crystal structure in the space group Pm�3n. The DFT calculations were
carried out with the Vienna Ab Initio Simulation Package (VASP). The
exchange-correlation energy functional was formulated by the Perdew–
Burke–Ernzerhof generalized gradient approximation (PBE-GGA).
Projector augmented wave potentials were utilized with Sn_d
(s2p2 + 14el), K_sv(3s3p4s + 9el), Rb_sv(4s4p5s + 9el), and Cs_sv
(5s5p6s + 9el) electronic configurations. The ionic positions, cell shape,
and volume were optimized on a single cell for a minimum energy on

FIG. 1. (a) The crystal structure of type-I clathrates A8Sn44□2 with 20-atom
(orange) and 24-atom (green) polyhedra within the 3D-framework centered by
guest atoms A1 and A2, respectively. In this figure, the different Sn sites that
form the polyhedral cages are not distinguished. (b) Spiral arrangement of
vacancies (□) in 2a × 2a × 2a superstructure. (c) Vacancies forming pairs in the
basal plane in a tetragonal superstructure (2a × 2a × 2c).
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a Monkhorst k-mesh of 8 × 8 × 8 with a precision of 1e–4 eV for elec-
tronic minimization and an energy cut-off of 350 eV. The lattice param-
eters derived are 12.6229, 12.6546, and 12.6998 Å for K8Sn46, Rb8Sn46,
and Cs8Sn46, respectively. Hellmann–Feynman forces were computed
on a 2 × 2 × 2 Monkhorst k-mesh and a displacement of atoms in non-
equivalent directions by 0.05 Å. The derived force constants (dynamical
matrix elements) for the guest atoms A are listed in Table I.

Dispersion curves �hω(~q) along high-symmetry directions in recip-
rocal space, total and partial vibrational density of states Z(ω) and spe-
cific heat Cv(T) were calculated by the so-called direct method or
supercell approach using the software PHONON.61 After optimization
of the crystal structure, single-point energy calculations were performed
by displacing one at a time each of the inequivalent atoms in both pos-
itive and negative Cartesian directions. These calculations enable
obtaining the Hellmann–Feynman forces, which act on all atoms in
the unit cell. The dynamical matrix for every point in the reciprocal
space was then generated and diagonalized to derive the eigenmodes
and eigenfrequencies. Z(ω) was obtained from a calculation on a mesh
of 5 × 105 q points. The thermodynamic and elastic properties were
computed from Z(ω) within the harmonic approximation.

In order to illustrate the degree of participation of the different
atoms to the phonon eigenvectors, i.e., the vibrational amplitudes of a
given eigenstate, their participation ratios (PR) have been calculated
within the harmonic approximation as defined by the expression62

p(ω) ¼
PN

i¼1 jui(ω~q)j2
� �2
N
PN

i¼1 jui(ω~q)j4
,

where ~q is the phonon wavevector, ui ¼ ei(~q)/
ffiffiffiffiffiffi
Mi

p
are the atomic

amplitudes with the phonon polarization vectors ei(~q) of an atom i of
mass Mi. For eigenstates to which all atoms contribute with approxi-
mately equal amplitudes, as it is the case for long-wavelength acoustic
phonons, PR approaches a value of 1. For eigenstates whose eigenvec-
tors are dominated by a few or even a single species only, as we may
expect for strongly localized eigenmodes and thus preferentially optic
phonons, the PR approaches the value on the order of 1/N. With the
atomic participation ratio (APR), we may shed more light on the
individual contributions of the different atoms to the lattice dynamics
at a given energy. The APR has been calculated by the expression62

pi(ω) ¼
jui(ω~q)j2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

N
PN

i¼1 jui(ω~q)j4
q ,

with p(ω) ¼ PN
i¼1 pi(ω)

� �2
. The APR has been determined for the

cations in the two cages (denoted as A1 and A2 atoms with A =Cs,

Rb, and K) and for the ensemble of all Sn atoms. Both the PR and
APR were calculated applying a powder average lattice dynamics
(PALD)-like technique, which consisted of calculating an average
response using a random distribution of 3000 ~q vectors within the
first Brillouin zone.

B. Synthesis, structural characterization, and
thermodynamic measurements

Polycrystalline samples of A8Sn44□2 (A = K, Rb, and Cs)
samples were synthesized from high-purity elements (Sn shots,
Chempur, 99.999% and alkali metal pieces, Chempur, 99.9%) in a
sealed tantalum crucible. The mixture was melted using an induc-
tion furnace in an argon-filled glovebox and further homogenized
by annealing for two weeks at 573, 673, and 773 K for the K, Rb,
and Cs clathrates, respectively, in the sealed tantalum crucible
placed in argon-filled quartz ampoules.

Structural characterization of the products was performed by
powder x-ray diffraction (PXRD) at room temperature using a
Guinier diffraction technique (Huber G670 camera, Cu-Kα1 radia-
tion, 5°≤ 2θ≤ 100°). For all three samples, these measurements did
not reveal any secondary phases.

The diffraction patterns of the Rb and Cs compounds show
superstructure reflections indexed with a 2a × 2a × 2a [2a = 24.212
(2) and 24.101(2) Å at 300 K for the Cs and Rb compounds,
respectively] unit cell of the parent clathrate-I type of structure
[space group Ia�3d, Fig. 1(b)], which is consistent with prior
results.55–59 The superstructure originates from the ordering of
vacancies in the 24-atom tetrakaidecahedral cages similar to
Ba8Ge43□3.

63,64

The situation is more complex in the K8Sn44□2 clathrate,
which displays, in addition to the parent type structure Pm�3n, a
rich variety of different vacancy-ordering variants depending on
the synthesis conditions.59 The sample investigated in this work
was characterized by selected area electron diffraction in a trans-
mission electron microscope (Fig. 2). The unit cell shows a tetrago-
nal distortion with 2a = 24.063(2) Å and 2c = 24.007(2) Å and can
be described with a structure model in the space group I�42d. The
tetragonal superstructure implies that the K2 atoms are located in
polyhedra with different numbers of vacancies and thus, a different
number of Sn atoms [see Fig. 1(c)].

Specific heat measurements were carried out in the 2–300 K
temperature range on small polycrystalline pieces of each material
(∼20 mg) by a standard relaxation method using a physical prop-
erty measurement system (PPMS, Quantum Design).

C. Neutron-scattering time-of-flight experiments

Inelastic neutron scattering measurements were performed
from 420 K down to 50 K using the cold-neutron time-of-flight
spectrometer IN6@ILL at the European neutron source Institut
Laue-Langevin in Grenoble, France. The anti-Stokes response
(energy gain of neutrons) of the polycrystalline samples wrapped in
a flat aluminum sample holder (∼ 15 g for each sample) was
recorded with an incident wavelength of λ = 4.14 Å. The high total
scattering power of the samples (Table II) compensated the lack of
thermal population enabling us to follow the inelastic signal down
to 50 K. All measurements below 300 K were carried out in

TABLE I. Force constants derived for the guest atoms A for the clathrates A8Sn46.
The values are expressed in amu THz2 (=0.1036 × 10−3 eVÅ−2).

K8Sn46 Rb8Sn46 Cs8Sn46

2a 6402.81 8638.97 (ratio 1.35) 12 965.11 (ratio 2.02)
Amu 39.1 85.5 (ratio 2.19) 132.9 (ratio 3.40)
6dxx 1758.94 3901.16 (ratio 2.22) 6793.86 (ratio 3.86)
6dyy = 6dzz 1026.21 1461.39 (ratio 1.42) 3262.27 (ratio 3.18)
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cryostats in a helium atmosphere of about 10mbar at 100 K. Above
300 K, a cryofurnace was utilized to collect data up to 420 K, i.e.,
above the temperature of the order–disorder transition of the
Cs8Sn44□2 (T = 363 K) and Rb8Sn44□2 (T = 353 K) compounds.55,56

The resolution in the applied high-resolution inelastic-focusing
mode ranges between 0.2 and 0.8 meV (full width at half maximum)
in the energy range of 0.5 to 10meV. Corrections were applied to
the collected data for empty sample holder scattering and back-
ground and normalized to a vanadium standard to account for the
efficiency of the multidetector banks. The experimental scattering
functions S(Q, ω) were converted into the generalized vibrational

density of states G(ω) within the incoherent approximation.65 All
G(ω) spectra have been normalized to 162 phonon modes within the
energy range of 0.5–25meV. Thus, the exact stoichiometry and the
variation in scattering power of the alloyed cations were not taken
into account. Characteristic energies of peaks identified in G(ω) were
evaluated by Gaussian least-square fits.

III. RESULTS AND DISCUSSION

A. Phonon dispersion curves and vibrational density of
states Z(ω)

The phonon dispersion curves calculated along high-symmetry
directions are shown in Fig. 3(a) (left panels). The plots are restricted
to the 0–10meV energy range, that is, to the region of interest to
shed light on the low-energy acoustic modes. Both the Cs and Rb
compounds globally show similar dispersion relations above 4meV.
However, clear differences emerge below this energy [Fig. 3(b)]. A
renormalization of the eigenfrequencies is observed in the Rb clath-
rate evidenced by a significant redshift of the optic modes near
2.5 meV at the zone boundaries and in the X–M–R direction. As a
consequence, at the zone boundaries (X and M points), the energies
of the acoustic modes are shifted toward lower energies on going

FIG. 2. Selected area electron diffrac-
tion (SAED) patterns of K8Sn44□2 with
a tetragonal superstructure taken along
the (a) [001], (b) [102], (c) [103], and
(d) [311] directions. In the [001] direc-
tion [panel (a)], the superstructure
reflections are particularly strong. In all
panels, the superstructure reflections
are indicated by black arrowheads.

TABLE II. Coherent (σcoh) and incoherent (σinc) neutron scattering cross sections
(expressed in barns, i.e., 10−24 cm2), atomic mass M and total scattering power
σ t /M ¼ (σcoh þ σ inc)/M of the elements in the tin clathrates A8Sn44□2.

Element σcoh σinc M σt/M

K 1.69 0.27 39.1 0.050
Rb 6.32 0.50 85.5 0.080
Cs 3.69 0.21 132.9 0.029
Sn 4.87 0.022 118.7 0.041
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from Cs to Rb. The effect of substituting K for Rb is more pro-
nounced as the entire low-energy region (0–6meV) is redshifted with
respect to the Rb clathrate. This results in a further decrease in the
acoustic phonon energies below 2meV in the Γ–M and Γ–X

directions. Nevertheless, this shift is not accompanied by profound
changes in the dispersion behavior of the acoustic phonons. In the K
compound, the localization of eigenmodes sets in around 8meV,
while the eigenmodes of the Cs and Rb compounds display a more
dispersive character. Hence, this localization results in an extended Q
range in which, the phonon group velocity @ω(Q)/@Q is close to
zero. The evolution of the acoustic dispersion curves on going from
Cs to K [see Fig. 3(b)] highlights the dominant effect of guest–host
interactions rather than the mass of the guest atoms. In none of the
compounds, clear anti-crossing behavior occurs. The discrimination
of the dispersion curves between back-folding or anticrossing rather
depends on the eigenmode symmetry and direction in the Brillouin
zone. This overall dependence of the dispersion curves on the nature
of the guest atoms qualitatively resembles that observed in skutteru-
dites AFe4Sb12 (A =Ca, Ba, Sr, Yb, etc.) upon varying the entrapped
cation A.66–69 The results obtained herein for the Cs compound are
consistent with prior theoretical investigations.70

These differences between the three compounds are further
reflected by the participation ratio (PR) shown in Fig. 3(a) (right
panels). Below 2meV, all the compounds feature acoustic modes with
a PR close to 1. Above this energy, non-propagative modes with low
PR values set in and disrupt the acoustic phonon modes. This cut-off
energy for the propagative modes increases with varying the nature of
the cations following the sequence K < Rb < Cs. While the PR of both
the Cs and Rb clathrates are qualitatively similar, clear differences are
observed for the K clathrate between 6 and 10meV, where the disper-
sive character of the modes changes from dispersive to localized with
increasing energy. This sequence is reversed compared to that of the
Rb and Cs clathrates for which a more dispersive character of the
eigenmodes is observed upon increasing the energy.

Figure 4 presents the calculated total phonon density of states
Z(ω) along with the partial contributions for the three model com-
pounds A8Sn46. Z(ω) was normalized to 162 modes to account for
three degrees of freedom per atom in the unit cell. The partial con-
tributions of the cations A1 (Wyckoff site 2a) and A2 (Wyckoff site
6d) and the framework atoms Sn1 (6c), Sn2 (16i), and Sn3 (24k)
were normalized to 2, 6, 6, 16, and 24 atoms, respectively, accord-
ing to the chemical stoichiometry. Regardless of the nature of the
cations, the Sn framework dominates the high-energy region
(�hω > 10 meV). The A-weighted mode intensities are mainly con-
centrated at energies below ∼7 meV in the three compounds. In
cage-like materials, the lowest energy modes can be usually directly
related to the motion of the entrapped atoms with a pronounced
spectral weight of the A2 atoms existing in the low-energy range
for all compounds. This overall assignment of the vibrational
modes is consistent with Raman experiments performed on the Cs
and Rb compounds by Shimizu et al.71

These calculations further confirm that the A1 atoms do not
contribute significantly to Z(ω) at low energies, their partial density
of states being located above 5 meV. These states undergo a marked
blueshift on going from Cs to K. Interestingly, the Sn-weighted
modes extend to the low-energy region for all compounds, evidenc-
ing a well-defined guest–host coupling similar to that found for the
Ge clathrates.26 This effect is even more pronounced as the mass of
the cation decreases.

In the Cs clathrate, the lowest Sn3 mode almost coincides with
that of the Cs2 atoms, while for A = Rb, the Sn3-weighted mode

FIG. 3. (a) (Left panels) Phonon dispersion curves of the Cs (top), Rb (middle),
and K (bottom) clathrates A8Sn46 calculated along high-symmetry directions.
(Right panels) Participation ratio (PR) of the compounds calculated on a random
mesh of 3000~q points in the Brillouin zone. (b) Magnification of superimposed
low-energy phonon dispersion curves of the clathrates A8Sn46.
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FIG. 4. (Left) Vibrational density of states Z(ω) of the vacancy-free clathrate compounds A8Sn46 as a function of the energy. The partial contributions from each atom are
also shown. (Right) Magnification of the low-energy range where the modes of the A2 atoms are supposed to dominate.
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appears at slightly lower energies. Eventually, in the K clathrate, the
vibrational dynamics of the K2 atoms no longer gives rise to the
lowest energy modes. Indeed, the Sn3-weighted modes dominate
the lowest region of the spectrum. As we shall see below, these
framework modes are clearly visible on the experimental GVDOS
spectra of the Rb and K compounds, in agreement with the results
obtained in the former by Christensen et al.60

These findings can be better appreciated in Fig. 5, which
shows the energy dependence of the atomic participation ratio
(APR) of the cations in the small and large cages and of the Sn
framework atoms. Below 2 meV, the APR is quasi-constant in
energy in both the Cs and Rb clathrates with a nearly equivalent
contribution from the A and Sn atoms as expected from acoustic
modes near the Brillouin zone center. The optical phonon modes
between 3 and 5 meV mostly consist of displacements of the A
atoms in the large cages, while the A atoms in the small cages
only give rise to optical phonons that dominate between 5 and
8 meV. These different contributions are qualitatively similar to
the Ba8Si46 clathrate which does not feature vacancies in the Si
framework.52 In contrast, the APR of the K clathrate significantly
differs. Below 2 meV, the acoustic phonons involve an increased
contribution of the Sn atoms, while the contribution of the K2
atoms in the large cages rapidly decreases with increasing energy
up to about 2.1 meV. Above this energy, all the acoustic modes
are localized and the optical phonons are mostly composed of
motion of the K atoms in the large cages. Above 7 meV, the
optical phonons consist in motions of the K atoms in the small
cages, while the motion of the Sn framework atoms has only little
contribution.

B. Generalized vibrational density of states G(ω) at
300 K

Figure 6(a) shows the generalized vibrational density-of-states
G(ω) of the three Sn clathrates measured at 300 K. All the samples
are characterized by a similar GVDOS spectrum with several peaks
and shoulders that appear below the cut-off energy of ∼ 25 meV.
Regardless of the nature of the guest atoms, the G(ω) profile is
dominated by two prominent peaks centered at �hω � 6.5 and
21 meV. Above ∼ 12 meV, all the spectra merge indicating a similar
lattice dynamics of the Sn framework. As shown in Table III, where
the experimental positions of the modes observed in INS and
Raman spectra for A = Cs and Rb are gathered, a very good agree-
ment is achieved between both spectroscopic tools.71 However, we
note that the lowest Raman mode measured in Cs8Sn44□2 at
25 cm−1 (i.e., 3.1 meV) and assigned to the anisotropic thermal
motion of the Cs atoms (Ref. 57) does not correspond to any
obvious feature in our INS data.

Below ∼12 meV, the low-energy peaks related to the dynamics
of the guest atoms strongly depend on the nature of the alkali
metal species. To stress the fine details in this energy window, a
Debye plot G(ω)/ω2 vs �hω is shown in Fig. 6(b). At low energies,
G(ω)/ω2 is almost constant as expected from a Debye-like contribu-
tion for which G(ω)/ ω2. The Cs compound is characterized by a
double-peak structure at �hω � 4.1 and 4.7 meV and a peak cen-
tered at 6.7 meV. Replacing Cs by Rb results in a rise in the inten-
sity of the peaks at 4.7 and 9meV. The second peak observed at

7 meV in the Cs compound is slightly shifted toward lower
energy in the Rb clathrate (�hω � 6.4 meV). The lattice dynamics
of the K compound is characterized by a single peak at 4.5 meV
together with an additional peak at lower energy (�hω � 3.3 meV)
that can be assigned to Sn-weighted modes according to our cal-
culations. The peak near 9 meV, visible in the Cs and Rb com-
pounds, seems to split into two peaks shifted to 9.5 and
10.5 meV in the K clathrate. In both Cs8Sn44□2 and Rb8Sn44□2,
this peak has been tentatively attributed to either a vacancy-induced
localized vibration or a vacancy-induced intensity enhancement of a
weak Raman mode.71 In light of our calculations, this peak may be
rather ascribed to the dynamics of the Cs1 and Rb1 atoms. Above
17meV, no significant differences between the three spectra are
observed due to the similar contributions of the Sn framework
atoms to the GVDOS.

Our ab initio lattice dynamics calculations reproduce the
general features of the three measured GVDOS [Figs. 6(c) and
(d)], that is, the main block of low-energy states below 9 meV and
the last peak near 19 meV, both separated by a region where the
PDOS is significantly reduced for all compounds. In addition, the
blueshift of the mode that appears at 9 meV in the Cs and Rb
compounds to 11 meV in the K compound is also observed in the
computed spectra as a shift from about 6 to 8 meV. Another dis-
tinct characteristic well captured in these calculations is the first
modes that show up near 3.2 meV in the K clathrate (2 meV in the
computed spectra), that is, at significantly lower energy than in the
Cs and Rb compounds. However, the agreement between theory
and experiment is not entirely satisfying. The overall calculated
spectra are shifted toward lower energies in comparison to the
experimental data. In addition, the relative intensities between the
two main blocks of modes (0–9 meV and 17–20 meV) are not well
reproduced in the calculations. We attribute these differences to a
pronounced localization effect in the dynamics of the DFT gener-
ated compounds, whose origin might be the ordered, vacancy free
structures used therein. Nevertheless, these calculations provide a
useful piece of information regarding the origin of the low-energy
modes and the general trend in the lattice dynamics on going
from Cs to K. Future theoretical studies taking into account the
ordered vacancy sublattice and the tetragonal distortion in the K
compound may provide further insights into their role on the
lattice dynamics of these type-I clathrates.

C. Temperature dependence of G(ω)

The response of the inelastic signal upon cooling from
420 K down to 50 K is depicted in Figs. 7(a), 7(c), and 7(e) in
the whole energy range. Note that the increase in the intensity
upon cooling is a direct consequence of the concomitant
decrease in the Debye–Waller factors of the atoms. As men-
tioned previously, an order–disorder transition sets in at 353
and 363 K in Rb8Sn44□2 and Cs8Sn44□2, respectively.

55,56 Raman
spectroscopy performed on the former between 293 and 369 K
revealed slight changes in the mode at 70 cm−1 (i.e., 8.7 meV) and
in the Sn-weighted modes around 165–170 cm−1 (i.e., 20.4–
21.1 meV).71 Our INS data do not corroborate these findings since
no obvious changes are observed. In any case, the similar GVDOS
measured below and above the transition temperature confirm that
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this transition plays only a minor role in determining the thermal
properties of these compounds.

For all compounds, the overall phonon spectrum shifts
upon cooling toward higher energy due to the thermal contrac-
tion of the unit cell. This trend is clearly visible, for instance, on
the peak at 5 meV in the K compound and at 6.5 meV in the Rb
and Cs compounds [Figs. 7(b), 7(d), and 7(f )]. In addition to a

sharpening of the peaks upon cooling, one of the main features
is related to the appearance of an additional well-defined peak at
9 meV in the K compound (Fig. 8). This peak, absent in the data
measured at 300 and 420 K, is clearly visible at 100 K and still
discernible at 50 K. Its position corresponds to the peaks
observed around the same energy in the Cs and Rb compounds,
which exhibit a significant spectral weight of the Cs1 and Rb1

FIG. 5. Atomic participation ratio (APR) obtained by a powder average lattice dynamics approach for the (a) Cs, (b) Rb, and (c) K clathrates A8Sn46. In each panel, the
APR has been calculated for the Cs, Rb, and K atoms in the large and small cages and for all the Sn framework atoms.
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atoms. Hence, this peak may be tentatively ascribed to the dynamics
of the K1 atoms.

Another common behavior shared by the three compounds is
tied to the softening of the low-energy peaks as the temperature
decreases. Noteworthy, this effect is not restricted to the A2 cation-
weighted modes but is also observed for the Sn-weighted mode in
the K compound. The softening does not depend on the nature of
the A atoms even though the amount by which they are shifted
slightly varies. This can be more easily visualized in Fig. 9 where
the positions of the lowest-energy peaks are shown as a function of

temperature. The softening in Cs8Sn44□2 and K8Sn44□2 is of com-
parable magnitude, while it seems to be slightly higher in
Rb8Sn44□2, particularly above 300 K.

To shed light on possible anharmonic behavior of the guest
atoms, we tried to describe the temperature dependence of the low-
energy features following the model proposed by Dahm and
Ueda.72 This model was initially developed with the aim of study-
ing the influence of a localized anharmonic phonon on the electri-
cal resistivity and NMR relaxation rate in pyrochlores. Using this
model to predict the softening of a phonon mode upon cooling

FIG. 6. Comparison between the generalized density of states G(ω) of the Cs8Sn44□2, Rb8Sn44□2, and K8Sn44□2 compounds measured at 300 K at IN6@ILL [panels
(a) and (b)] and the calculated vibrational density of states Z(ω) [panels (c) and (d)]. The experimental data were normalized according to the intensity of the high-energy
peaks (�hω≈ 20 meV) and the Z(ω) data were convolved with a Gaussian function to approximate the energy-dependent resolution of the IN6 spectrometer. The panels
(b) and (d) show the low-energy range of G(ω)/ω2 to highlight the structure of the low-energy region of the PDOS spectra.
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may thus provide valuable information on its anharmonicity. The
temperature dependence of a phonon of frequency ω0 is derived
from the nonlinear equation72

ω0

ω00

� �2

¼ 1þ β
ω00

ω0

1

e
�hω0
kBT � 1

þ 1
2
� 1
2
ω0

ω00

 !
, (1)

where ω00 is the phonon frequency in the zero temperature limit
ω00 ¼ ω0(T ¼ 0) and β is a dimensionless parameter that measures
the strength of the anharmonicity. Figure 9 shows a comparison
between the theoretical and experimental temperature dependences
of the low-energy phonon mode in the A8Sn44□2 series. For all
compounds, the experimental ω(T) curve is well reproduced using
a β parameter of ∼0.025 indicative of weak anharmonicity. This
value is one order of magnitude lower than that required to
describe the strong softening of the lowest energy peak in KOs2O6

(β≈ 0.7), Cu12Sb2Te2S13 (β≈ 0.5), and two orders of magnitude
lower compared to the record value measured recently in GaV2Al20
(β≈ 20).3,73–75 The fact that the temperature dependence of these
low-energy modes above 50 K does not significantly deviates from
a quasi-harmonic behavior suggests that the A atoms experience a
practically temperature-independent potential inside the tetrakaide-
cahedra. Although similar conclusions were drawn in various Ge-
and Si-based clathrates with Ba as the guest atom, additional mea-
surements down to 4 K would be interesting to ascertain this point.
In addition to the above-mentioned pyrochlores, a systematic study
of the lattice dynamics with varying the nature of the encaged
cation from K to Cs has been recently realized in the Al-doped
defect pyrochlore tungstates AAl0.33W1.67O6.

76 In both families, a
distinct dynamics of K was evidenced not only due to the lighter
mass and smaller size of K with respect to Rb and Cs but also
owing to the anharmonic potential felt by K in the oversized cages.
However, this pronounced anharmonicity in the K compounds is
not shared by these type-I clathrates, which is possibly due to the
different vacancy ordering observed in K8Sn44□2.

D. Specific heat

The fact that the free-electron relation Cp/T ¼ γ þ βT2 only
describes the data adequately in a narrow temperature window in
type-I clathrates is well documented in both Ge- and Si-based
clathrates. Sn-based compounds are no exception to this behavior.
The electronic and phonon contributions γT and βT3, respec-
tively, were determined from the best fit to the data following the
above-mentioned relation. For all samples, this analysis results in
γ values indistinguishable from zero to within experimental
uncertainty reflecting their semiconducting nature. Within the
Debye theory, the β values are related to the Debye temperature
θD via θD ¼ (12π4nR/5β)1/3, where n and R are the number of
atoms per formula unit and the ideal gas constant, respectively.
The low θD values (∼160 K) are in good agreement with those
determined for the Cs and Rb compounds from the temperature
dependence of the isotropic thermal displacement parameters Uiso

by Kaltzoglou et al.56

A comparison between the experimental specific heat Cp

and the theoretical specific heat Cv computed from the PDOS
Z(ω) (see Fig. 4) is shown in Fig. 10. The experimental data
are shown as Cp/T3 as a function of T between 1.9 and 100 K
to stress the temperature range, where the dynamics of the A2
cation is expected to dominate. In this temperature range, we
assume that anharmonic effects are negligible so that Cp(T) �
Cv(T) which allows for a direct comparison between both sets
of data. The overall match between the measured and calculated
data is qualitatively good. The calculations reproduce well the
excess specific heat near 10 K originating from the low-energy
phonon modes as well as the sequence of the maxima (Cs < K < Rb).
Within a simple harmonic oscillator model assuming a spring
constant, the lower mass of K compared to Cs and Rb should
give rise to higher vibration frequency. Therefore, the sequence
Cs < Rb < K may be expected. The observed difference may
reflect the Sn-weighed modes that contribute at low energies
in the K clathrate. As evidenced in the type-I clathrates
A8Ga16Ge30 (A = Sr, Ba, and Eu),31 the small ionic radius of the
guest atom relative to the radius of the cage plays also an impor-
tant role for decreasing the energy of the thermal vibrations of
the guest atoms. Thus, the smaller ionic radius of K compared
to Rb and Cs may contribute to explain the distinct behaviour
of the K clathrate with respect to the Cs and Rb clathrates.
Nevertheless, the calculations overestimate the low-temperature
Cp(T) for all compounds due to the positions of the low-energy
modes that are calculated at lower energies than experimentally
observed in G(ω).

In type-I clathrates, a self-consistent description of the low-
temperature Cp data is usually obtained by including Einstein terms
that model the thermal motion of the guest atoms. This model
assumes that the low-temperature peak in Cp solely originates from
the guest atoms and hence, does not take into account the non-
negligible contribution of the framework atoms at low energies as
shown by the computed APR in Fig. 5. Prior crystallographic inves-
tigations have further shown that only the cations entrapped in the
tetrakaidecahedra (A2 atoms) may be considered to behave as
Einstein oscillators. In this context, the low-temperature Cp(T) data
are then modeled by a combination of Debye and Einstein terms

TABLE III. Comparison of the phonon modes observed in the INS data of
Cs8Sn44□2 and Rb8Sn44□2 with those identified in the Raman spectra reported in
Ref. 71. The modes seen in both compounds at 15.9 meV correspond to a weak
maximum in the Raman spectra that might explain why these modes were not
assigned to an active mode.

Cs8Sn44□2 Rb8Sn44□2

INS
(meV)

Raman
(cm-1)

Observed
(cm-1)

INS
(meV)

Raman
(cm-1)

Observed
(cm-1)

4.19 34 32 4.26 34.4 34
6.64 54 53 4.82 39.0 40
8.92 72 73 6.47 52.2 51
13.0 105 100 9.29 75.0 73
15.9 128 / 13.0 105 102
21.2 171 167 15.9 128 …

19.3 156 155
21.8 175 165
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FIG. 7. Temperature dependence of the generalized density of states G(ω) of the Cs8Sn44□2 [(a) and (b)], Rb8Sn44□2 [(c) and (d)] and K8Sn44□2 [(e) and (f )] com-
pounds measured at IN6@ILL. The panels on the right show data plotted as G(ω)/ω2 vs �hω to stress the softening upon cooling of the low-energy peaks. The black
arrows in panels (b), (d), and (f ) show the direction of the shift of the low-energy peaks upon heating.
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through the relation14,28,63,77–82

Cp ¼ CD þ CEi

¼ 9NDR
T
θD

� �3 ðθD/T
0

x4ex

(ex � 1)2
dx þ

X
i

piNEiR
θEi
T

� �2 eθEi/T

(eθEi/T � 1)2
,

(2)

where CD is the lattice contribution described within the Debye
model, CEi is the Einstein contribution of the ith vibrational mode
of the guest atoms, x ¼ �hω/kBT with �h being the reduced Planck
constant and kB the Boltzmann constant, ND is the number of
Debye oscillators per formula unit and pi, NEi, and θEi are the
degrees of freedom, the number of Einstein oscillators, and the
Einstein temperature related to the ith vibrational mode, respec-
tively. If we further take into account the anisotropic thermal dis-
placement of the guest atoms, two Einstein terms associated to the
two-dimensional in-plane (θkE1) and one-dimensional out-of-plane
(θ?E2) vibrations should be considered. As a first step, the numbers
of Debye and Einstein oscillators together with the degrees of
freedom were constrained to be equal to ND = 46 (44 Sn plus 2 A1
atoms), pkE1N

k
E1 = 2 × 6 and p?E2N

?
E2 = 1 × 6. In a second step, we con-

sidered several models allowing for either the Einstein temperatures,
the spectral weights or both to vary. The different models consid-
ered for each compound as well as the values of the fitting parame-
ters determined from the best fits to the data are listed in Table IV.

A first interesting outcome of this analysis is the equal values
found for the Cs compound, which suggests a nearly-isotropic
behaviour of the Cs thermal vibrations. Of note, using only one
Einstein term in Eq. (2) yields a fit of similar quality with the
nearly same Einstein temperature. This result agrees well with our
INS data that did not evidence a clear separation of the peaks
around 4meV in the Cs sample in contrast to the Rb compound
for which a shoulder at lower energies is clearly discernible. The
values derived for Rb8Sn44□2 are in excellent agreement with the
low-energy phonon modes observed both in the Raman and INS
spectra (see Table III) but slightly lower than the Einstein tempera-
tures inferred from the temperature dependence of the Uij(T)
parameters.56 As outlined in skutterudite compounds, the mis-
match between the Einstein temperatures derived from thermal dis-
placement parameters and specific heat data is likely the result of
the contribution of the cations to eigenmodes at higher energies.

FIG. 8. Magnification of G(ω) of the K8Sn44□2 compound in the energy range
where an additional peak appears at �hω≈ 9 meV (marked by the black arrow).

FIG. 9. Temperature dependence of the position of the low-energy peaks of the Cs8Sn44□2 (a), Rb8Sn44□2 (b), and K8Sn44□2 (c) clathrates. For the Cs compound,
only the variations in temperature of the two main peaks near 4 and 7 meV are reported, while the peaks near 4, 4.8, and 6.5 meV are shown for the Rb compound. For
the K compound, the peaks near 3.2, 4.5, and 6.2 meV are presented [see panels (b), (d), and (f ) of Fig. 7]. For all panels, the solid black line stands for the theoretical
temperature dependence according to Eq. (1) with β = 0.025.
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For both compounds, keeping constant the Einstein temperatures
to the values corresponding to the lowest energy modes observed
in the INS spectra (model V in Table IV) results in numbers of
Einstein oscillators pkE1N

k
E1 and p?E2N

?
E2 that are in fair agreement

with the aforementioned values.
For K8Sn44□2, this model captures equally well the temperature

dependence of the excess Cp. The values inferred (see Table IV) are

comparable to those obtained for the Cs and Rb compounds and in
line with the peak observed near 4.5meV in G(ω). However, none of
the models considered is able to reproduce the lowest-energy peak in
G(ω) (near 3.2meV) that would correspond to an Einstein tempera-
ture of 37 K. Alternatively, fixing the Einstein temperatures between
37 and 51 K yields a very low spectral weight for the lowest energy
mode which significantly differs from those determined for the Cs

FIG. 10. (a) Comparison between the measured Cp(T ) ( filled symbols) and theoretical Cv (T ) (open symbols) data plotted as (Cp or Cv )/T3 vs T for the A8Sn44□2 clath-
rates. (b) Cp(T )/T3 plotted as a function of T on a logarithmic scale to highlight the excess specific heat superimposed on a Debye background. The black solid line stands
for the best fits to the data according to Eq. (2) with fixed numbers of Einstein oscillators and two Einstein temperatures used as free parameters (model III in Table IV).

TABLE IV. Values of the fitting parameters inferred from fits to the Cp(T) data shown in Fig. 10. For each model considered, the parameters that were allowed to vary during
the least-squares refinements are indicated in parenthesis. For all models, the number of Debye oscillators was kept constant and equal to the sum of 44 Sn atoms and 2 A
atoms; only the A atoms in the tetrakaidecahedra were considered as Einstein oscillators.

Cs8Sn44□2 θD (K) NE1 θkE1 (K) NE2 θ?E2 (K)

I (θD, θE1) 166 18 48.8 … …
II (θD, NE1, θE1) 169 20.5 50.0 … …
III (θD, θE1, θE2) 166 12 48.7 6 48.7
IV (θD, NE1, θE1, NE2, θE2) 169 10.2 50.1 10.2 50.1
V (θD, NE1, NE2) 169 9.5 48.6 … …
Rb8Sn44□2 θD (K) NE1 θE1 (K) NE2 θE2 (K)
I (θD, θE1) 155 18 47.5 … …
II (θD, NE1, θE1) 154 17.4 47.2 … …
III (θD, θE1, θE2) 155 12 45.4 6 53.2
IV (θD, NE1, θE1, NE2, θE2) 155 10.2 44.6 8.0 52.8
V (θD, NE1, NE2) 153 14.8 49.4 6.2 55.9
K8Sn44□2 θD (K) NE1 θE1 (K) NE2 θE2 (K)
I (θD, θE1) 162 18 48.0 … …
II (θD, NE1, θE1) 161 17.6 47.9 … …
III (θD, θE1, θE2) 161 12 46.0 6 53.4
IV (θD, NE1, θE1, NE2, θE2) 162 11.8 45.6 6.4 54.7
V (θD, NE1, NE2) 163 2.1 37.1 17.5 51.0
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and Rb clathrates. The fact that none of these models captures well
the lowest-energy peak in G(ω) clearly shows that this peak cannot
be modeled as an Einstein oscillator. The inadequacy of this analysis
further confirms that this peak arises from the dynamics of the
framework atoms rather than solely from that of the K2 atoms.

IV. CONCLUSIONS

The joint theoretical and experimental investigation on the
vibrational properties of the type-I clathrates A8Sn44□2 (A = Cs, Rb,
and K) revealed characteristic trends of the lattice dynamics upon
varying the mass and the size of the cations. The ab initio calcula-
tions are in fair agreement with the experimental observations, the
former reproducing several characteristic features on going from Cs
to K. The temperature response of the inelastic signal followed
between 50 and 420 K evidenced only a weak anharmonic behavior
of the thermal vibrations of the A2 atoms that does not depend on
the nature of the alkali element. This conventional quasi-harmonic
character observed above 50 K is consistent with specific heat analy-
ses, which show that a simple phenomenological model that
includes a restricted set of temperature-independent parameters is
sufficient to describe the low-temperature variations in Cp. The
order–disorder transition undergone by the Cs and Rb compounds
does not lead to significant changes in the GVDOS spectra to
within experimental uncertainty. Unlike other families of cage-like
materials in which stronger anharmonicity is observed in the
K-containing compounds, the behavior of the K clathrate can be
well approximated by a quasi-harmonic model above 50 K. This dif-
ference may be attributed to a stronger coupling of the cations with
the Sn framework atoms, which results in Sn-weighted modes that
dominate the low-energy GVDOS of this compound. Finally, it
would be instructive to perform INS experiments on Ge- and
Si-based analogs with Cs, Rb, and K as guest atoms to determine
whether a similar situation emerges.
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