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Abstract

We use nuclear resonance inelastic X-ray scattering (NRIXS), a relatively new, synchrotron-
based, isotope-specific technique in combination with a more traditional one, Raman spectroscopy,
to probe the vibrational dynamics of the host frameworks in two Zintl clathrates: KgZngSnys
(KZS) and BagGajgSnzg (BGS). From the normalized Sn vibrational density of states obtained
from NRIXS we calculate the stiffness, a mean force constant of the Sn environment, the resilience,
a compact way of expressing the temperature dependence of the Sn mean square displacement, and
several thermodynamic properties. The stiffness and the resilience are approximately 7% lower in
KZS, reflecting its larger unit cell compared to BGS. We emphasize the complementariness between
NRIXS and Raman spectroscopy and establish a series of benchmarks for a more quantitative
evaluation of the Raman spectra for the numerous clathrates that are still not suitable for NRIXS

studies.



I. INTRODUCTION

Clathrates are compounds with beautiful structures consisting of (guest) atoms trapped
inside (host) polyhedral cages' known for their thermoelectric?, mechanical®, magnetic?,
superconducting®, and photovoltaic® properties. The close relationship between structure

78 Among other applications,

and properties is of scientific and technological importance
clathrates are promising candidates in the search for new materials fitting the “Phonon Glass,
Electron Crystal” concept, in which the phonon free paths are as short as possible while
electron mean free paths are as long as possible’. Early studies associated the low thermal
conductivities in a number of materials with the presence of loose, “rattling” atoms'®!!,
hence the initial interest in probing the dynamics of the guest atoms in clathrates with a
variety of techniques such as diffraction'?, nuclear resonant inelastic X-ray scattering'?, and
inelastic neutron scattering!*. On the other hand, the role played by the host framework

occupancy and dynamics on the behavior of the guest atoms and, ultimately, on the thermal

15,16 17,18

conductivity has been demonstrated both theoretically and experimentally

Improvement of thermoelectric materials in general requires a detailed knowledge of all

the factors influencing their properties®®

. Hence, for clathrates it is of interest to probe
the atomic dynamics of the host framework separately from that of the guest atoms and
to extract mechanical and thermodynamic properties associated with it. Phonons, which

8,20

are also important in understanding the superconducting mechanism®<", are usually studied

82122 and inelastic neutron scattering (INS)!"1823 With these

with Raman spectroscopy
techniques, however, is sometimes difficult to separate the contributions from the guest and
the host atoms to the measured signal. (This separation can be accomplished, for example,
by using isotope labelling in Raman® or the complementary techniques INS and inelastic
X-ray scattering®.) Nuclear resonance inelastic X-ray scattering?*?® (NRIXS; other names
used for this technique include nuclear inelastic scattering'®, nuclear resonance vibrational
spectroscopy?®, and others) circumvents this difficulty due to its ultimate site-selectiveness:
it is an isotope-specific technique, with only the targeted atom(s) contributing to the mea-
sured spectrum. While *Fe is by far the most studied isotope, due to the importance of iron
in biology, geophysics, and condensed matter physics, several other isotopes are suitable for

NRIXS, such as 9Sn, 'Eu, 8'Kr, *°Sm, %' Dy, and '?!Sb. NRIXS has been used previ-

ously in investigations on Zintl and hydrate clathrates, in which the guest atoms - Eu'® and



Kr?™28  respectively - were targeted. On the other hand, NRIXS studies on skutterudites
(a related class of thermoelectric materials) helped elucidate the contribution of the host
framework, in addition to that of the filler, to the lattice thermal conductivity in a series of
experiments probing different (Fe, Sb) sites?*3°. To the best of our knowledge, so far NRIXS
has not been applied to probe the dynamics of the host framework in clathrates.

Here, we use Sn-based NRIXS to investigate the host framework dynamics in two promis-
ing thermoelectric materials: KgZn,Sny, (KZS) and BagGaisSns (BGS). KZS3 (Fig. 1) isa
type-I clathrate?3? (i.e., it consists of pentagonal dodecahedra and tetrakaidecahedra alter-
nating in a 1:3 ratio) while BGS!833 (Fig. 2) is of type VIII (i.e., it contains only pentagonal
dodecahedra; however, BGS adopts the type-I clathrate structure in the high temperature
modification®). Both have cubic unit cells, with a = 12.071 A and space group Pm-3n for
KZS*', and 11.572 A and space group I-43m for BGS33:34,

We carried out parallel Raman measurements that revealed a remarkable complementari-
ness between the two techniques. Differently from Raman spectroscopy however, NRIXS
is an outstandingly quantitative technique, allowing us to extract the overall stiffness of
the host framework and other parameters, and to establish a series of benchmarks in a Ra-
man spectrum that may be useful for those compounds that are not suitable for NRIXS

measurements.

II. MATERIALS AND METHODS

A. Sample preparation

Single crystals of KZS and BGS were grown by a self-flux method using tin metal33.
High purity K, Zn powder, and Sn in the ratio of 4:2:63 were placed in a tantalum ampoule,
which was sealed and heated with a rate of 1 K/min to 650°C. The ampoule was held at
this temperature for 1 h, followed by cooling to 200°C with a rate of 0.1 K/min and to
room temperature with a rate of 1 K/min. A carbon coated quartz tube containing high
purity Ba, Ga, and Sn mixed in an atomic ratio of 8:16:80 was evacuated and sealed under
vacuum. The tube was placed in a computer-controlled furnace and was heated to 1100°C

over 12 h. The tube was kept at this temperature for 5 h and was subsequently cooled to

room temperature in two steps: fast cooled to 500°C and kept at this temperature for 18
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h, then slowly cooled down to room temperature at a rate of 5 °C/h. Further details about

sample preparation and characterization can be found in refs.3!:34,

B. Raman experiment

The measurements were performed at the Center for Nanoscale Materials, Argonne Na-
tional Laboratory. Spectra were recorded at room temperature using 633 nm excitation
from a helium-neon laser with 0.5 mW incident power and a Raman microscope (inVia Re-
flex, Renishaw, Inc.). Scattered light was collected through a 50X objective (Leica, NA =
0.75). The spectra are the result of averaging thirty 15-second integrations for KZS and ten
30-second integrations for BGS.

C. NRIXS experiment

NRIXS measurements were carried out at beamline 30-ID of the Advanced Photon Source
(APS), Argonne National Laboratory. The incident monochromatic 23.88 keV X-rays im-
pinging on the sample had a flux of ~1.7x10° Hz. The experimental resolution, obtained
from a cryogenically-cooled, six-bounce high-resolution monochromator®® was 1.3 meV (10.4
cm~!). Energy scans, done at room temperature, covered the range from -40 to 70 meV
with a 0.25 meV step. Multiple scans were added to obtain the data shown in Figs. S2
and S3 (panel A) for a total collection time of ~1.5 h for KZS and ~4.5 h for BGS. Both
samples contained naturally abundant Sn.

This work represents the first NRIXS project conducted at the 30-ID beamline, oth-
erwise hosting the HERIX instrument, dedicated to the High-Energy Resolution Inelastic
X-ray scattering technique. The closeness between the operating energy for HERIX (23.724
keV) and for Sn-based NRIXS (23.88 keV) allows for the use of the same high-resolution
monochromator for the two techniques. At the APS, ''9Sn NRIXS can be performed at
beamline 3-ID as well373® using a four-bounce, “nested” high-resolution monochromator®’.

The measured NRIXS signal (Figs. S2, S3, panel A) consists of a central peak due to
the recoilless excitation of the "?Sn nucleus at Fy = 23.88 keV and a series of sidebands of
frequency v shifted with respect to Ey by hcv. The raw data was processed using Lipkin’s

first momentum sum rule?® to produce a normalized excitation probability (Figs. S2 and S3,
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panel B). Program PHOENIX*" was used to find the partial density of states D(F) (Figs.
S2 and S3, panel C) from the one-phonon contribution to the excitation probability (Figs.
S2 and S3, panel B). Further details about NRIXS experiments in general and data analysis

can be found elsewhere?* 26,

III. RESULTS AND DISCUSSION

The Raman spectra of KZS and BGS are shown in Fig. 3. The main bands are listed in
Table I.

116,21,22,42-44 116

Similar to previous experimenta and theoretical® Raman studies on Sn-

containing clathrates, two main regions can be distinguished in the KZS and BGS spectra:

1 1

around 60—80 cm™! and above 150 cm™!. Traditionally, the modes below 40 cm™' have
been assigned as guest modes and those starting at slightly higher frequencies as frame-
work modes, mostly due to the Sn atoms'®. While the KZS and BGS Raman spectra
are somewhat similar qualitatively, two particular differences are readily noticeable: first,
the 80—150 cm™! region in KZS is significantly richer than in BGS; second, the bands in
the 180—230 cm ™! region in BGS are broader than in KZS, reminiscent of the broadening
due to the presence of vacancies in related compounds®'. Interestingly, minute vacancies
in BGS have been recently reported from a combination of X-ray and neutron diffraction
measurements'®. Differences might also occur due to the different symmetries of the two
compounds (different space groups). A recent theoretical study on BGS* agrees well with
the experiment by predicting Raman active modes around 60 cm™! and in the 100—165
cm ™! region. The high frequency modes are shifting to lower frequencies in the calculation,
likely a reflection of the larger predicted lattice constant with respect to the experimental
value.

It is tempting to assign a one-to-one correspondence between the bands in the high fre-
quency regions of the two spectra (e.g., 183 cm™! in KZS to 182 cm™! in BGS; 211 cm™! in
KZS to 204 cm™! in BGS, etc.). However, a look at the spectra of related compounds avail-
able in the literature (to the best of our knowledge, Raman measurements on KZS and BGS
have not been reported), such as CsgZnySnz;Ges, CsgGagSnsg??, IgSbgSnss, RbgHgsSnys,

Csg[oSnyy? (O = vacancy), Rby 42Csg535n442%, and Snyg'® (a theoretical study), presents

a different picture. Specifically, it appears that the 180—230 cm™! region is strongly influ-
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enced by the number of the Sn atoms in the unit cell (Fig. 4, top panel; for BGS, due to
the rather broad Raman spectrum in this region, we included the value from NRIXS, 220
cm™!) and by the total mass of the substituted elements present in the framework (Fig. 4,

bottom panel). The former dependence is almost linear for the range considered:
v(em™) = 3.6 x N + 323, (1)

where v are the frequencies of the bands marked with an asterisk in Fig. 3 and N is the
number of the Sn atoms in the unit cell. The latter tendency is also evident and well-
documented. Bands around 200 cm™!, which are absent in the Snsg theoretical calculation,
have been assigned to vibrations of the Ga atoms present in the framework of CsgsGagSnsg'®.
It should be noted that the corresponding bands in Ge-containing clathrates have higher

42 consistent with the higher mass of the Sn atoms compared to the Ge ones.

frequencies
Based on these results, we assign the bands marked with a double asterisk in Fig. 3 to
vibrations due mainly to the Zn and Ga atoms in KZS and BGS, respectively. Other bands
due to substitutions in the host framework have been observed around 70 cm™! in CsglySnyy
and Rbg[JySny,2** and they are evidently absent in our spectra.

16,21,42,43

Guest modes have very low frequencies , a region which we did not access in this

study. (We note, however, that a peak with a frequency as high as 252 cm™!

was assigned
as a Ba mode in BagSis®.) Framework vibrations appear at slightly higher frequencies ~50
cm ™!, with possible mixtures between guest atoms and framework vibrations having been
reported!®. Despite being very close to the cutoff in our experiment, it is evident that the
strong 55 cm ™! band in KZS is shifting to higher frequencies in BGS (Fig. 3), consistent with
the lighter Ga;gSnzg framework compared to the ZnySnys one. Such a dependence on the
framework mass can be noticed in previous studies as well (e.g., GaGesg vs. GagSnsg)*2.
To summarize the Raman discussion, the two regions with prominent features are sensitive
to the number of Sn atoms in the unit cell and to the nature of the substituted atoms in the
framework (high frequency region, 180—230 cm™!), and to the overall mass of the framework
(low frequency region, around 60 cm™!).

Among the clathrate forming elements in the periodic table!, three isotopes are suit-
able for routine NRIXS measurements: %'Eu?”, 1Sn* and '2!Sb*. Due to its isotope-
selectiveness, NRIXS is an ideal tool for separating the guest and host framework con-

tributions to the density of states that can be obtained from inelastic neutron scattering



measurements'®. Indeed, NRIXS has been used previously to probe the vibrational dynam-
ics of the “rattling” Eu guest atoms in EugGaysGeso'?, but, to the best of our knowledge,
has never been applied to target the host framework in clathrates.

To facilitate the following discussion, we plot together the Raman and NRIXS (Sn VDOS)
spectra for KZS and BGS in Figs. 5 and 6, respectively. The lower panels also include the
individual peaks (Gaussians, with the exception of the lowest-frequency one, which is log-
normal; their frequencies are listed in Table I). For the sake of clarity, the fitting results,
which match almost perfectly the averaged curves in Figs. 5 and 6, are not shown. The raw
NRIXS spectra, the resolution function, the normalized spectra, and the one- and multi-
phonon contributions are shown in Figs. S2 and S3.

Common Raman and NRIXS bands have been observed before*”#". In the present study
however, the predominance of Sn atoms in the compounds investigated leads to remarkable,
uncommon similarities between the Raman and NRIXS spectra, both for KZS and BGS.
Like in the theoretical results for guest-free Snyg'%, two regions with a higher concentration
of density of states are noticeable: between 30 and 80 cm™ (~3.7—10 meV) and between
160 and 200 cm™! (~20—25 meV). No signal, other than due to statistical fluctuations,

1

is present above 240 cm™, consistent with the Raman spectra and with previous Raman

studies on Sn-containing clathrates. For KZS, an almost perfect one-to-one correspondence
can be achieved between the Raman and NRIXS bands (Fig. 3, Table I). Two possible
exceptions are the weak 68 cm™! Raman band, which may be hidden by the neighboring
strong 55 cm ™! NRIXS peak and the 134 cm™* NRIXS band, which may be Raman inactive.

Good agreement between the results produced by the two experiments exists for BGS as
well (Fig. 4), although the weak, featureless 80—140 cm™! region and the broader bands
above 140 cm~! make a one-to-one connection between the two spectra somewhat harder to
obtain. Nevertheless, both the dominant 60—80 cm™! peaks and the 140—230 cm ™! feature
in the Raman spectrum are clearly reproduced in the Sn VDOS obtained from NRIXS. The
slight shift of the strong 55 cm™! Raman band in KZS to 59 cm™! in BGS is also reproduced
by NRIXS (Figs. 3, 4). Evidently, NRIXS does not directly probe the dynamics of the
substituted atoms in the two compounds. However, vibrations of the neighboring Sn atoms
accompany those of the Zn and Ga atoms, thus leaving a footprint in the Sn VDOS (~211
ecm™! in KZS, ~182 ecm™" in BGS).

Since NRIXS targets only the Sn atoms, the almost identical spectra obtained from the
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two experiments for both compounds suggest that the frameworks (Sn atoms in particular)
dominate the Raman spectra in the region investigated. Contributions from the K and Ba
atoms are nevertheless expected, similar to the mixture between guest atom and framework
vibrations previously reported for a related compound!®. This expectation is confirmed by
the Eu-based NRIXS study on EugGa,Gesg by Hermann and coworkers, in which the partial

1

VDOS of the guest atoms extends up to approximately 70 cm™".
between the Eu VDOS!® and Sn VDOS (this work) in the 40—70 cm™! region unambiguously

The significant overlap

demonstrates that the low-frequency vibrations cannot be rigidly assigned to either guest
or host vibrations, but rather to a combination of the two. This comparison underscores
the complementariness between the two NRIXS studies on Zintl clathrates to date, in spite
of the differences between the structures of the three materials: (Ga,Ge) vs. (Zn/Ga, Sn)
frameworks; Eu vs. K/Ba guest atoms.

Compared to Raman spectroscopy, NRIXS is a highly quantitative technique. From the
partial (Sn in this study) VDOS numerous thermodynamic and elastic parameters can be
calculated?+25°%51  'We begin by considering the vibrational component of the mean square

displacement (msd) along the incident photon direction < z? >, given by:

<= / 20(7) + 1] 2 D(p)p. 2)

in which D(7) is the Sn VDOS, hevg = h?k?/2m; is the recoil energy of a free nucleus of

-1
represents

mass m; absorbing a photon of energy E = hck, and n = [exp (hev/kpT') — 1]
the mean occupation number of mode v at temperature 7' (kp is the Boltzmann constant).
In this study, g = 20.76 cm™! (the photon energy changes only £70 meV with respect to
the nuclear excitation energy Ey = 23.88 keV), k = 12.1 A~ is the magnitude of the wave
vector of the absorbed photon, and [ D(7)dv = 3. The < 2? >, values at 298 K for KZS
and BGS (0.0115 and 0.0106 A2, respectively) are much smaller than those obtained from

31,33 " as previously reported for skutterudites as well*.

diffraction

It should be noted here that, like in other Sn-based NRIXS measurements at room
temperature®”3® multi-phonon contributions are quite significant in both KZS and BGS
(Fig. S2 and S3, panel B), leading to somewhat low values (0.19 for KZS, 0.21 for BGS)
for the Lamb-Mossbauer factor (or recoilless fraction) fry = exp (—k* < 2?2 >,). If fru

becomes too low, the VDOS cannot be extracted®.

At sufficiently high temperatures, kT > hci, the msd depend linearly on temperature®:
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2ugpkp [ D(P)

2
< >gr="T
c o= Lapae | T

dv (3)

On the other hand, < 22 >, does not vanish as T—0, but approaches a finite value given

by53:

g [ D)

2
32 o

dv (4)

A comparison between these extreme cases yields a temperature 7™ at which the high
temperature msd (Eq. 3) first exceeds the zero-point motion (Eq. 4). The 7™ values for the
two compounds are 42 K for KZS and 44 K for BGS.

Using Eq. 2 we extrapolated the temperature dependence of the vibrational contribution
to the msd for KZS and BGS from the Sn VDOS measured at a single temperature (contin-
uous lines in Fig. 7). The limiting high temperature slopes (Eq. 3) are indicated as dashed
lines. Their values are 3.8x107> A%/K for KZS and 3.5x10~° A2/K for BGS.

As seen above, the msd depend strongly on temperature. The concept of resilience®*:

ks

ky = ————
d<z?>/dl (5)

was introduced to describe in a compact way the temperature dependence of the atomic
fluctuations in proteins when this dependence is approximately linear. Therefore, the VDOS
obtained from NRIXS measurements at a single temperature yields the resilience of the
Sn framework (Eqgs. 3 and 5). The k, values for KZS and BGS are 36.4 and 39.5 N/m
respectively. The slightly stronger temperature dependence for KZS with respect to BGS
(Fig. 7) can be explained by an increased Sn VDOS integrated area for the former below
approximately 65 cm™! (Fig. 8A). This result is consistent with Eqs. 2 and 3.

In Fig. 8 we plot the quantities D(7)/v (panel B) and D(7)/* (panel C) as a function
of frequency. The modes below 90 cm™! represent 85% of the integrated area of D(v)/i?
for KZS and 84% for BGS, while they contribute only 63% and 62%, respectively, to the
integrated area of D(v)/v in the same range. These results indicate that low-frequency
vibrations dominate the high temperature behavior of the Sn msd (Eq. 3), while the full
spectrum contributes to the zero-point motion (Eq. 4). Not surprisingly, the shift of the 55
cm~! Raman band in KZS (Fig. 3, Table I) by ~4 cm™! in BGS not only that is reflected in
the Sn VDOS of the respective compounds (Fig. 8A), but it leads to a noticeable difference

9



in the values for the Sn resilience and, consequently, in the temperature dependence of the
msd.

In addition to the slight shift to higher frequencies of the dominant feature below 100
cm~ ! in BGS with respect to KZS, the 150—220 cm ™! region in the two spectra look different

740 "an effective

as well (Fig. 8A), as discussed above. We introduce the concept of “stiffness
force constant determined by the Sn VDOS probing the strength of the nearest neighbor
interactions with Sn*:

ks = mgn (27;0) /D(y)y2du, (6)

where mg,, is the mass of the Sn atom. The factor of 3 is due to an averaging over all

directions for the isotropic samples considered here. In order to emphasize the dominant
contribution of the 150—220 cm™! frequency region to the stiffness, in Fig. 8D we plot the
integrand in Eq. 6. On the other hand, lower frequency modes, which, as we have seen,
contribute significantly to the resilience, do not have a major effect on the stiffness.

Given the correlation between bond length and frequency® on one hand, and between
frequency and stiffness (Eq. 6) on the other, it is expected that stiffness monitors subtle
changes in the bond lengths between Sn and its neighbors, similar to those of the Fe atom

474956 Indeed, the larger KZS unit cell compared to the BGS one (and, con-

in proteins
sequently, the larger average Sn-neighboring atom bond length) translates into a smaller
value for the stiffness for KZS with respect to BGS (Table II). To put the stiffness values
for KZS and BGS in perspective, the mean force constant of the Fe environment in a filled
skutterudite (CeFeySbhyy) is 202 N/m at 295 K?°. In the same study, a downshift of about 4
cm~! was observed in the Fe VDOS of EuFe,Sbis compared to CeFe,Sbys, consistent with
the larger unit cell volume of the Eu-filled compound.

With the benefit of hindsight, Raman spectra (Figs. 5 and 6) could actually predict the
relative resilience and stiffness values for various compounds. The dominant band around
60 cm~! dictates the resilience, i.e., the temperature dependence of the thermal fluctuations
of the Sn atoms in the host framework. On the other hand, the band around 175 cm™! is
sensitive to subtle changes in the bond lengths between Sn atoms and its neighbors and,
ultimately, to differences in the molecular size. As noted before, despite its relative richness

in KZS compared to BGS, the 80—160 cm™! region plays a smaller role in the overall

dynamics of the host framework compared to other regions of the spectrum (Fig. 8). Due
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to the high similarities between the Raman and NRIXS spectra, one can use the former to
compare qualitatively the stiffness of various compounds. For example, the highest frequency
bands in the Raman spectra of Ge (Sn)-based compounds appear around 250 (200) cm 142
suggesting a higher stiffness for the Ge-containing frameworks compared to the Sn ones
(Eq. 6). This result is in agreement with previous studies, in which the high rigidity of
Ga/Ge systems was demonstrated by EXAFS studies®”, while diffraction measurements on
SrsGaysGes®® and BGS?? revealed atomic displacement parameters for the Ge compound

about twice smaller than for the Sn one. Knowing the actual value of the stiffness may prove

particularly useful in the research involving the mechanical properties of clathrates®.

Furthermore, several thermodynamic properties can be calculated from the partial VDOS,
such as the internal energy per atom, the lattice specific heat per atom at constant volume,
the free energy per atom, and the vibrational entropy per atom?42°. Their values at 298 K
are listed in Table II. Again, these quantities give the contribution of only the Sn atoms
and may be used in parallel with theoretical calculations® to obtain a complete picture of

the thermodynamic behavior of the material.

To conclude, we performed a joint Sn-based NRIXS/Raman study on two promising
thermoelectric materials, Zintl clathrates KgZn,Snys and BagGai6Sn3zy. The ultimate selec-
tiveness of NRIXS and its highly quantitative nature allowed us to specifically probe the host
frameworks in these compounds without interference from the guest atoms. As expected,
Raman and NRIXS spectra are very similar and they are both sensitive to subtle struc-
tural differences. NRIXS however provides a series of elastic and thermodynamic quantities
not available from Raman, thus opening an avenue for systematic NRIXS studies on Sn-

based clathrates that may reveal important connections between their thermoelectric3?-5%60,

192 properties and the physical properties of the host framework.

magnetic®', and mechanica
For example, recent NRIXS work3® on skutterudites showed that the Fe,Sb;, framework is
softer than the CosSby, one, indicating that, in addition to the filler, the framework plays
an important role in the lattice thermal conductivity. Similarly, NRIXS has the potential
of becoming a useful tool in the endeavor of finding and characterizing new materials that

fulfill the “Phonon Glass, Electron Crystal” requirement or for other applications, whether

on its own or in combination with more established techniques.
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FIGURES

FIG. 1. Structure of type-I clathrate KgZnsSnys. Color scheme: gray = K, yellow = Zn/Sn, red

= Sn. One small (pentagonal dodecahedron) and large (tetrakaidecahedron) host framework cage

are highlighted in green and blue, respectively.
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FIG. 2. Structure of type-VIII clathrate BagGajgSnsg. Color scheme: gray = Ba, red = Sn/Ga.

One host framework cage (pentagonal dodecahedron) is highlighted in blue.

FIG. 3. Raman spectra for KZS and BGS. The frequencies of the peaks marked with * and ** are

plotted in Fig. 4.

FIG. 4. Top panel: Dependence of the frequency of the peaks marked with an asterisk in Fig. 3
on the number of the Sn atoms in the unit cell. Bottom panel: Dependence of the frequency of the
peaks marked with a double asterisk in Fig. 3 on the total mass of the substituted elements in the
framework. Data for KZS (up triangle) and BGS (diamond) are from this work. The references

for the other compounds are given in the text.

FIG. 5. Raman (top) and NRIXS (Sn VDOS, bottom) spectra for KZS. NRIXS data points are
shown as markers with error bars, while the solid curve represents 3-point running average. The

individual peaks are shown as gray dashed lines. Their frequencies are listed in Table I.

FIG. 6. Raman (top) and NRIXS (Sn VDOS, bottom) spectra for BGS. NRIXS data points are
shown as markers with error bars, while the solid curve represents 5-point running average. The

individual peaks are shown as gray dashed lines. Their frequencies are listed in Table I.

FIG. 7. Temperature dependence of the vibrational contribution to the Sn msd extrapolated from
the Sn VDOS measured at a single temperature from Eq. 2. Dashed line represent the high

temperature slopes determined from Eq. 3.

FIG. 8. NRIXS data for KZS and BGS shown in terms of D(v), D(v)/v, D(v)/v?, and D(v)i?
to emphasize the vibrational modes that have the main contribution to the low (Eq. 4) and high

(Eq. 3) temperature limiting values for Sn msd, and to the stiffness (Eq. 6).

16



TABLES

TABLE I. Raman and NRIXS bands for KZS and BGS (in cm™1).
Raman KZS Raman BGS NRIXS KZS NRIXS BGS

30 33

43 45

95 59 56 64

68 67

83 86

111 111 109

122 134 131

157 148/157 160 158

175/183 182 181 173

211 204 214 193

235 220

TABLE II. Select structural information for KZS and BGS (refs.3133 and this work3?), and elastic

and thermodynamic properties extracted from Sn VDOS.

KZS BGS
Unit cell volume (A3) 1759.1  1549.8
Average Sn-neighbor bond length (A) 2.791 2.715
Resilience (N/m) 36.44+0.5 39.5+0.6
Stiffness (N/m) 127.94+2 136.1+2
Vibrational isochoric specific heat (kp/atom) 2.9 2.9
Vibrational entropy (kp/atom) 5 5
Vibrational energy (meV /atom) 79.8 79.9
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