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ABSTRACT:

This article discusses a comprehensive study on the synthesis, structural and thermal conductivity
properties of cesium-inserted chromium tellurides of formula CsxCrsTes. Single crystals of three
different compositions (x = 0.73, 0.91, and 0.97) were successfully synthesized and suggested the
existence of a solid solution in the range 0.73 < x < 1. Through a detailed single crystal
characterization, the complete structure of these compounds is determined, revealing a distinct B-
type hollandite-like structural form derived from the hollandite structure, in contrast to the more
commonly observed A-type pseudo-hollandite in AMsXs-type chalcogenides (A = cation, M =
transition metal, X = chalcogen). Periodic density functional theory calculations predict the
Cs0.73CrsTes composition as the most stable one with a metallic conductive behavior. The thermal
conductivity of bulk CsxCrsTes samples is measured to be 1.4 W.m™'.K™! at 300 K and increases

with temperature up to 2 W.mL.K"! at 673 K.



INTRODUCTION

Transition metal chalcogenides (TMCs) have been extensively studied for their wide range of
properties and potential applications, including superconductivity,! optoelectronics,>?
photocatalysis,* and energy storage.®> One of the key factors contributing to their diverse properties
is their complex structural diversity, which often manifests as low-dimensional arrangements.®’
These structures can be characterized by the presence of two-dimensional (2D) sheets or one-
dimensional (1D) infinite channels, often featuring spacious voids as observed in compounds like
AgCrSe; 3 or NbsSes.! Such structural features are particularly attractive in the field of
thermoelectricity where a very low thermal conductivity is required.!! Indeed, the lattice
component (x1) of the thermal conductivity is primarily governed by phonon scattering which is
generally large in highly complex structures.!>!3 Consequently, an efficient strategy to reach low
thermal conductivity is to aim at synthesizing low-dimensional structures containing large
scattering centers in order to reduce effectively the phonon mean free path.!*!® This is the case for
instance of the chromium chalcogenide compounds TIxCrsSes!'® and Bag sCrsSes,'® which exhibit
remarkably low thermal conductivities of 0.7 W.m™'.K-! and 0.8 W.m'.K"! at 300 K, respectively.
Motivated by these findings, we have conducted a complete study on related compounds
possessing similar structural features, with the aim of exploring their potential in thermoelectric
applications.

The two aforementioned compounds belong to the family of hollandite derivatives materials,
characterized by the general formula AMsXs (A = Li—Cs, Sr, Ba, Cd, In, Tl, Sn, and Pb; M = Sc,
Ti, V, Cr; and X = S, Se, Te).!'** The structure of these compounds is somewhat related to that of
the hollandite mineral oxide BaMnsOs. First described by Bystrom and Bystrom,*? the hollandite

structure consists of interconnected chains of MnQOg octahedra, where the chains share corners,
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forming a quasi-one-dimensional framework. This arrangement gives rise to two distinct channels
along the same axis direction. Barium cations, sitting in the largest channels, counterbalance the

charge of the anionic framework and stabilize the structure (Figure 1a).

Hollandite-like Cs, ;3CrsTeg (B-type)

Figure 1. Structural representations of a) hollandite mineral,*’ b) pseudo-hollandite RbosCrsTes (4-type,
33) and c) hollandite-like Cso73CrsTes (B-type, this work). In the hollandite structure, the octahedral sites at

the intersection of the double chains are unoccupied, resulting in the absence of a face-sharing octahedral

arrangement. In hollandite derivatives (4 and B types), where face-sharing octahedra are present, CrTes

4



octahedra corresponding to equivalent Crl, Cr2 and Cr3 chromium atoms are depicted in blue, red and
green, respectively. The same color scheme is used for all hollandite and hollandite derivatives structures

to emphasize their related structural features. The size of the chalcogenide atoms is reduced for clarity.

Pseudo-hollandite compounds, such as TICrsSes,?® derive from this parent hollandite mineral.
Their structure involves the stacking of two dimensional Cdlx-like layers, where MX¢ octahedra
share edges. These layers are interconnected by double chains of edge- and face-sharing MXs
octahedra. The resulting framework forms large infinite channels along the monoclinic b-axis, with
the cation A located at the center. Consequently, the small channels formed by the empty
octahedral sites at the intersection of the double chains are absent in the pseudo-hollandite
structure. These voids are filled with MXs octahedra, forming a continuous two-dimensional layer.
This feature explains the stoichiometry difference between hollandite and pseudo-hollandite
compounds. Furthermore, the filled octahedral sites involve face-sharing octahedra at the junction
between the Cdlx-type layers and define the mode of connection between each layer in these
hollandite derivatives (Figure 1b).

Boucher et al. demonstrated by investigating Rbo.73CrsTes the existence of another structural
type referred to as "hollandite-like", which also originates from the parent hollandite.’® This
structure is still built up from 2D layers of CrTes edge-sharing octahedra interconnected by
pillaring double chains of face- and edge-sharing CrTes octahedra, resulting in the same chemical
formula as pseudo-hollandites. However, the way in which the two-dimensional layers
interconnect differs. The "hollandite-like" structure can be described as a hollandite structure with
a CrTes octahedra occupying the octahedral voids present at the intersection of the double chains

(Figure 1c). Yamazaki and Ueda®? confirmed the existence of this second structural ‘hollandite-



like’ arrangement and proposed the designations "A-type" for pseudo-hollandite compounds and
"B-type" for the "hollandite-like" structures. This nomenclature is adopted in our study.

It is worth noting that among the extensive range of hollandite derivative compounds reported
to date, only Rbx- and Csx-inserted chromium tellurides (x > 0.73) adopt the 'hollandite-like' B-
type structure, while all others crystallize in the 'pseudo-hollandite’ 4-type structure. Furthermore,
deviations from stoichiometry are commonly observed in most of the hollandite derivatives,

15-17,27,28,34,35,37,39.44-47 T the case of chromium tellurides,

regardless of the 4 or B structure type.
the amount of A cations inside the channels influences the observed structural type and the
determination of the tipping stoichiometry for the formation of one or the other structure type
proves to be challenging. For instance, Rbo.s2CrsTes crystallizes in the A-type structure whereas
Rbo.73CrsTes adopts the B-type structure. Conversely, the non-stoichiometric chromium selenides
Rbo.75CrsSes and Cso.76CrsSes were reported to crystallize in the A-type structure.’® This suggests
that the B structural type is favored by (i) extended channels formed by large anions such as
tellurium and (ii) large size cations such as Rb and Cs. Consistently, Yamazaki and Ueda?? stated
that the larger the amount of Rb, the more favored the B-type structure. However, no detailed
structural determination was performed concerning the Cs-inserted chromium tellurides, nor the
influence of the stoichiometric deviation on the structural features of these compounds. In this
study, we report for the first time a complete crystal structure determination of a range of
CsxCrsTeg compounds (x = 0.73; 0.91; 0.97) synthesized as single crystals by two different routes.
The impact of non-stoichiometry on the structural features is explored and compared through
electronic structure calculations and crystal structure determination, enabling a discussion on the

structural stability of specific compositions. Subsequently, the transport properties of these

compounds are assessed and compared with those of other compounds.



EXPERIMENTAL SECTION

Synthesis and Preparation. Single crystals of CsxCrsTes with different compositions were grown
using the self-flux method in fused silica tubes. The series of compounds was synthesized using
two different routes. On the one hand, Cso.73CrsTeg and Cso.97CrsTeg single crystals were obtained
by loading the CsCrsTeg nominal composition from Cs,COs (powder, 99.9%), Cr (powder,
99.9%), and Te (shots, 99.999%) reagents under Ar atmosphere in a fused silica tube. After the
tubes were flame-sealed under dynamic vacuum, temperature was raised to 500 °C over 8 hours,
then to 800 °C over 8 hours and kept constant for 48 hours. Samples were then cooled to 200 °C
over 8 days. On the other hand, Cso91CrsTes single crystals were grown from a different Cs
precursor. CsTes was first synthesized in a niobium tube by mixing appropriate amounts of Cs
(metal, 99.8%) and Te (shots, 99.999%) within a glovebox. The niobium tube was then sealed
under high purity argon within an arc furnace set up and placed inside a fused silica tube which
was subsequently flame-sealed under dynamic vacuum. The sample was then heated over 10 hours
at 300 °C for 96 hours, and cooled to room temperature over 10 hours. Mixture of CsTes, Cr
(powder, 99.9%), and Te (shots, 99.999%) were loaded in a fused silica tube with the CsCrsTes
nominal composition and sealed in a similar manner. The temperature was raised to 500 °C over
8 hours and kept constant for 8 hours. After this plateau, temperature was raised again over 8 hours
at 800 °C and maintained for 24 hours, before cooling down the sample to 200 °C over a period of

96 hours. Black metallic-like needles were obtained by both synthesis routes.

Bulk samples of CsxCrsTeg were prepared by mixing Cs>CO3 (powder, 99.9%), Cr (powder,
99.9%), and Te (shots, 99.999%) in a glovebox with appropriate amounts to obtain the Cso.73CrsTes

stoichiometry. The mixture was introduced in a 65-cm? stainless steel jar with two balls (@ 12.6



mm) and underwent a run of 10 hours under argon atmosphere in a vibratory ball milling
equipment (SPEX). The obtained powder was subsequently sintered by Spark Plasma Sintering
(SPS) at 700 °C and the densified pellet was annealed at 700 °C during 24 hours. The relative
density of the densified bulk material was 96 %. Powder X-ray diffraction pattern refinement was
carried out by the Le Bail method using the Fullprof Suite,*® yielding Ry, = 11.3 %, Rwp = 15.3 %
and y* = 1.81 agreement factors (14 parameters). Thermal conductivity measurements were
performed under N, atmosphere using a Netzsch 467 HyperFlash Laser-Flash Apparatus (LFA)
on 10-mm diameter and 1-mm thick sample coated with graphite. Heat capacity was estimated
according to the Dulong-Petit law and density was measured by the Archimede method in high
purity ethanol.

Single Crystal Characterization. Single crystals of appropriate size for X-ray investigation were
picked up in air and isolated in silicon oil, before being loaded on the goniometric head of a four-
circle Rigaku XtaLAB Synergy-S diffractometer equipped with a molybdenum radiation source
(AMo = 0.71073 A). The CrysAlis-Pro software* was used to analyze the collected data. Three-
dimensional peak hunting was made before the subsequent data reduction corrected for absorption.
Only reflections with I > 30(/) were used for the charge-flipping structure resolution from
SUPERFLIP* alongside the following refinement performed with Jana2006 software.’! All
parameters were refined with an instability factor of 0.025. Atomic displacement parameters

(ADP) were refined anisotropically.

Electronic Structure Calculations. Periodic spin-polarized density functional theory (DFT)
calculations were carried out in order to gain insight into the structural and electronic properties
of the Cs.CrsTes phases. Geometry optimizations were first performed on the stoichiometric

CsCrsTes and non-stoichiometric Cso.75CrsTes compounds using the Vienna ab initio Simulation
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(VASP) code,**>* with the Perdew—Burke-Ernzerhof (PBE) functional.’> VASP-relaxed structures
were then used to compute the electronic density of states (DOS) with the WIEN2k code using the
full-potential linearized augmented plane wave (FLAPW) approach,’® employing the modified

Becke-Johnson (mBJ) exchange-correlation potential.®’

RESULTS AND DISCUSSION

CsxCrsTeg (x=0.73, 0.91, 0.97) Structures. All CsyCrsTescompounds (x =0.73, 0.91, 0.97) were
found to adopt the hollandite-like B-type structure with the space group C2/m (Figure 1c¢). Initially,
the structures were solved by structure visualization, assuming a stoichiometric composition of
CsCrsTes based on the nominal composition. However, akin to the structure resolution of
Rbo.73CrsTeg conducted by Gareh et al.,** Fourier difference maps revealed large electronic
residues on the Cs 2a site, accompanied by high atomic displacement parameters. These
observations suggested a possible deviation from stoichiometry, similar to RbxCrsTes compounds
(x = 0.5, 0.62, and 0.73).323%3 Subsequent refinement of the Cs site occupancy significantly
reduced the electronic residues and improved the reliability factors for all crystals. Detailed
crystallographic data collected for Cso.73CrsTes, Cso.01CrsTes and Cso.97CrsTes are given in Table
1. Pertinent interatomic distances of the investigated compounds are displayed and compared to
those of Rbo73CrsTes (B-type structure) in Table 2. The refined coordinates and atomic
displacement parameters (ADPs) of the three compounds, along with their estimated standard

deviation (esd), are available in the Supporting Information (Tables 3, 4 and 5, respectively).

Table 1. Crystallographic Data of Cs,CrsTes Compounds (x = 0.73, 0.91, and 0.97)

Formula Cso.731)CrsTes Cso.91(1)CrsTes Cs0.97(1)CrsTes
Structural type B B B




Molar mass (g.mol!) 1378.1 1401.6 1409.6
Crystal system Monoclinic Monoclinic Monoclinic
Space group C2/m (12) C2/m (12) C2/m (12)
a(A) 20.4192(7) 20.3889(11) 20.3573(6)
b(A) 3.9248(1) 3.9574(2) 3.9634(1)
c(A) 14.4962(4) 14.4496(8) 14.4331(12)
1) 139.872(4) 139.725(9) 139.730(7)
V(A% 748.73(8) 753.70(16) 752.74(12)
Z 2 2 2
Calculated density (g.cm™) 6.1125 6.1759 6.219
Data reduction
No. of independent reflections 2218 1169 2736
No. of independent reflections
with 7> 3o(]) 2026 957 2545
Rint 0.0354 0.0365 0.0382
Transmission factors 0.301 -1 0.243 -1 0.368 - 0.963
Refinement
Rr (obs/all) 0.0184/0.0205 0.0259/0.0327 0.0233/0.0249
Rwe (obs/all) 0.0409/0.0422 0.0469/0.0492 0.0508/0.0522
Goodness of fit 1.30 1.34 1.70
No. of refined parameters 47 47 47
Apmin/Apmax (€7.A73) -1.09/0.90 -1.49/1.34 -2.22/2.40

Table 2. Interatomic Distances of CsiCrsTes (x = 0.73, 0.91 and 0.97) and comparison with

isostructural Rby73CrsTes.>*

Rbo.73CrsTes >* Cs0.73CrsTes Cs091CrsTes Cs0.97CrsTes
CrTe:
layer Crl-Tel 2.724(1) Crl-Tel 2.7349(2) Crl-Tel 2.7260(7) Crl-Tel 2.7272(4)
X2 X2 X2 X2
(ab plane)
Crl-Te2 2.766(1) Crl-Te2 2.7683(1) Crl-Te2 2.7829(6) Crl-Te2 2.7801(3)
x4 x4 x4 x4
Cr2-Tel 2.726(2) Cro-Tel 2.7289(1) Cr2-Tel 2.733(2) Cro-Tel 2.7306(5)
X2 X2 X2 X2
Cr2-Te2 2.752(2) Cr2-Te2 | 2.7568(2) | Cr2-Te2 2.759(2) Cr2-Te2 | 2.7572(7)
Cr2-Te3 2.709(2) Cr2-Te3 2.7070(1) Cr2-Te3 2.709(2) Cr2-Te3 2.7093(5)
X3 X2 X2 X2
Cr2-Te3 | 2.7094(2) | Cr2-Te3 2.710(2) Cr2-Te3 | 2.7088(6)
Bridging
Cr-Te Cr3-Tel 2.730(3) Cr3-Tel | 2.7474(1) | Cr3-Tel 2.746(2) Cr3-Tel | 2.7456(9)
octahedra
Cr3-Te2 2.775(1) Cr3-Te2 2.7777(1) Cr3-Te2 2.7853(7) Cr3-Te2 2.7795(4)
X2 X2 X2 X2
Cr3-Te4 2.695(3) Cr3-Te4 | 2.7017(1) | Cr3-Ted | 2.699 (2) Cr3-Te4 | 2.702 (1)
Cr3_Ted 2.715(2) Cr3-Ted 2.7133(1) Cr3_Ted 2.7198(7) Cr3-Ted 2.7198(3)
X2 X2 X2 X2
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ATe | RbTel | 3976@ | o qer | 39720 | g mer | 399800) | g pep | 3-9865(6)
X2 X2 X2 X2
Rb-Tes | 374D | oo ez | 38D | oo ez | 383850) | g 1oz | 383844
x4 x4 X 4 x4
RoTod | 395D | coten | 39880 | coren | 399650 | coren | 399350)
x4 x4 x4 x 4
Principal
short | Tel-Te2 | >78M1 | qep ey | 3803C) | ey rep | 38D | gy qp | 3813169)
x2 x2 X2 X2
Te-Te
Tel-Te3 | 3.747(2) | Tel-Te3 | 3.7610(1) | Tel-Te3 | 3.734(2) | Tel-Te3 | 3.7260(6)
Principal
short | cricr | 30090 | o | 310373) | o | 3101 | oy o | 3:0925(6)
x2 x2 X2 X2
Cr—Cr
Principal 3.931(2) 3.9248(1) 3.9574(2) B 3.9634(1)
short A—A Rb—Rb 2 Cs—Cs 2 Cs—Cs 2 Cs—Cs 2

The B-type structural feature found for this range of composition CsxCrsTes (x =0.73, 0.91, 0.97)
is consistent with the results of Yamazaki and Ueda*? which state from powder X-ray diffraction
analysis a B-type structure for Cs-inserted chromium telluride hollandite derivatives. The cells
parameters of all compounds, except 5, show a linear-like evolution with the increase of the b axis
and a decrease of the a and ¢ axes upon an increasing amount of Cs (Figure 2). This supports the
existence of a solid solution ranging from the Cso.73CrsTes composition — identical to that observed
for the B-type Rbo73CrsTes — to the almost completely filled Cso97CrsTes composition. The
decrease of @ and c cell parameters with the Cs amount is caused by a slight distortion of the CrTes
octahedra in the vicinity of the Cs inserted cations, contracting the cell along these axis directions.
This is illustrated by the increased distances between Cs and Te atoms as well as Te-Te distances
in the channels (Te3 and Te4) (Table 2). On the other hand, the increase of b stems from the
increase of the Cs-Cs distances upon Cs insertion inside the channels and gives rise to an increased
cell volume overall. Between compositions x = 0.73 and x = 0.91, the cell volume experiences a
0.66% increase. While the cell volumes of the highly Cs-filled compositions (x = 0.91 and x =

0.97) are closely similar (753.70(16) and 752.74(12) A3, respectively), the slight decrease observed
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with increasing Cs content can be attributed to a further contraction of the unit cell along the @ and

C axes.
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Figure 2. Evolution of cell parameters of the series of compounds CscCrsTes (x = 0.73, 0.91, and 0.97)

obtained from single-crystal X-ray diffraction measurements.

The atomic displacement parameters (ADPs) of the investigated compounds show notable

characteristics. Indeed, the anisotropic ADP U», along the b axis is significantly larger in

Cs0.73CrsTes compared to the higher Cs-filled chromium tellurides (0.0853(5), 0.0347(5),

0.0246(2) A2 for x = 0.73, 0.91, and 0.97, respectively). This observation clearly indicates a high

degree of disorder in the Cs distribution within the channels of the non-stoichiometric Cso.73CrsTes

compound. In contrast, the channel axis-oriented Cs ADP Uz rapidly decreases for Cso.91CrsTes

and becomes similar to other directional ADPs in Cso.97CrsTes, suggesting an isotropic ADP and

reduced cationic disorder for the nearly fully occupied CsxCrsTes compound. These findings are
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consistent with the highly anisotropic ADP observed for the inserted cations in other non-
stoichiometric hollandite derivatives,?®**# including the B-type Rbo73CrsTes.>

Stability of the B Structural Type. A noteworthy feature of the B-type structure, adopted by
all investigated CsxCrsTes compositions, is the interaction between Cr atoms from the octahedra
situated at the intersection between the layers and the pillaring double chain of octahedra (Figure
3). As previously mentioned, the distinction between the 4- and B-types is the configuration of the
face-sharing bridging double chain of octahedra between the CrTe: sheets positioned in the ab
plane. In the A-type structure exemplified by Rbo.c2CrsTes, the junction consists of two distinct
face-sharing octahedra (depicted in red in Figure 3) originating from the CrTe> layer, resulting in
two Cr2—Cr3 pairs of Cr—Cr interactions. Conversely, in the B-type structure, only one octahedron
(represented in blue in Figure 3) is involved in the face-sharing octahedra junction with the upper
and lower pillaring double chains. As a consequence, a linear three-atom chain Cr3—Cr1-Cr3 is
formed in this structure type, with shorter Cr—Cr distances compared to the 4-type structure. For
instance, Cr—Cr distances in 4-type Rbo.s2CrsTeg are somewhat longer than in B-type Rbo 73CrsTes:
3.161(2) A and 3.069(2) A, respectively. As the preparative conditions were invoked to synthesize
either 4- or B-type Rb-inserted RbxCrsTes,>* no occurrence of any A-type CsxCrsTes compound

was found in our work, regardless of the synthesis routes.
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3.104(1) A

..

Rb, 6,CrsTeg (A-type) Cs, ,5Cr:Te, (B-type)

Figure 3. Description of the Cr—Cr interactions within the frameworks of RboCrsTes (4-type)™ and
Cs0.73CrsTes (B-type) structures. While the chromium atoms are interacting two by two in the A-type
structure, those in the B-type undergo a three-by-three interaction with a shorter distance, resulting in an

increased interaction in the latter.

Following the discussion of Boucher, Gareh and co-workers,*** the weakly antibonding nature
of the Cr—Cr interactions must explain the slight off-centering of the chromium atoms within their
respective octahedra, as they somewhat repel each other. In the case of the A-type structure, the
octahedra junction arrangement does not impose significant geometric restrictions on the
chromium atoms, allowing them to have more freedom to repulse each other. However, this is not
the case in the B-type structure, where the octahedron formed by Crl shares two faces with upper
and lower pillaring octahedra, thereby restricting the freedom of Cr1 despite the antibonding nature
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of its interaction with both the upper and lower Cr3 atoms. This crucial observation helps to
elucidate why the B-type hollandite-like structure is not as commonly stabilized compared to the
much more frequently encountered A-type pseudo-hollandites.

In the case of CsxCrsTes compounds reported in this work, the Cr—Cr distances are all longer
than in Rbo 73CrsTes. In particular, the Cr—Cr distance reaches 3.1037(3) A in Cso.73CrsTes to be
compared to the somewhat shorter one (3.069(2) A) in Rbo73CrsTes. It appears that this Cr—Cr
distance decreases with increasing Cs content, with values of 3.101(2) A and 3.0925(6) A for
Cs0.91CrsTes and Cso97CrsTes, respectively. As the Cr—Cr interaction is overall weakly
antibonding, the longer the Cr—Cr distance, the more stable the compound is expected to be. Hence,
Cs0.73CrsTeg should be more stable than higher Cs-filled chromium tellurides.

Periodic density functional theory (DFT) calculations were carried out on stoichiometric
CsCrsTes and non- stoichiometric Cso.75CrsTes compounds in order to elucidate their electronic
and conducting properties. The computed total and Cs and Cr atom-projected spin-polarized
electronic DOS are sketched in Figure 4. As discussed before for the RbxCrsTes phases,®> spin-up
and spin-down total and atom projected DOS strongly differ, suggesting magnetic properties
which, unfortunately, have never been confirmed experimentally up to now. Interestingly, a
favorable semiconducting behavior is computed for the stoichiometric CsCrsTeg (Cs*[CrsTes])
composition — this is almost reached for CsxCrsTes with x = 0.97 — with a strong participation of
the Cr atoms and hardly any participation of the Cs cations. However, Boucher et al. have shown
that for the RbyCrsTes phases,* Rb vacancies were expected to lower the Fermi level and to
depopulate Cr—Cr non-bonding and antibonding states, favoring the structural stability of non-
stoichiometric RbxCrsTeg phases. The same situation occurs here for the non-stoichiometric

CsxCrsTeg compounds, i.e., partial depopulation of antibonding Cr—Cr states which enable to
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somewhat stabilize the structure. As a consequence, the compounds are expected to show metallic
properties with the Fermi level positioned in a substantial peak of DOS. It is interesting to mention
that the interactions between chromium atoms appear to be crucial for the stabilization of B-type
hollandite-like, as neither the stoichiometric RbScsTes,*! CsScsTes>® nor CsTisTes*® compounds

have been reported to crystallize in this structural form.
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Figure 4. Spin-polarized total and atom-projected density of states of CsCrsTes (left) and Cso.75CrsTes
(right).

Bulk CsxCrsTes Preparation. In this study, efforts were made to synthesize high purity bulk
materials with Cso.73CrsTeg and CsCrsTes compositions. Similar to the challenges encountered in
the synthesis of RbxCrsTes,** difficulties were faced in obtaining high purity samples. Nonetheless,
a specimen of satisfactory purity was successfully synthesized, densified, and characterized by
powder X-ray diffraction (Figure 5). The refined cell parameters of the predominant CsxCrsTeg
were determined to be a = 20.361(1) A, b=3.969(1) A, ¢ = 14.433(1) A, = 139.72(1) °, which
closely align with the highly Cs-filled CsxCrsTes compound as determined by single-crystal
structure analysis. As previously pointed out by Boucher et al. in their study on RbxCrsTes,*® the
preparative conditions might have a significant importance in obtaining either non-stoichiometric

(x < 1) or completely filled (x = 1) CsxCrsTes compounds. Our various synthesis routes suggest
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that the optimal preparative conditions for Cso.73CrsTeg and CsCrsTes are highly similar, rendering
difficult the control of the stoichiometry. Low-intensity reflections could be attributed to an
unfilled CrsTes impurity (space group P3m). However, since CrsTes exhibits metallic behavior,
as expected for CsxCrsTes as well, the presence of this impurity in the bulk is not believed to have
a significant impact on the transport properties. It should be noted that the densified specimen
showed sensitivity to oxidation and humidity, resulting in its degradation after a few days under
ambient conditions. Nevertheless, thermal conductivity measurements were successfully

performed on the sample before degradation occurred.
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Figure 5. Le Bail refinement of the X-ray diffraction pattern of a densified and annealed CsxCrsTeg sample.

Low intensity additional reflections were attributed to a CrsTes (space group P3m) phase.
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Thermal Conductivity Measurements. The temperature-dependent evolution of the thermal
conductivity of the CsCrsTes specimen is presented Figure 6. As depicted, the thermal
conductivity increases from 1.4 W.m"!. K'! at room temperature to approximately 2 W.m' K-! at
673 K. In comparison with hollandite selenide derivatives, these values fall within an intermediate
range. Specifically, they are lower than those measured for T1VsSes, which shows a similar
behavior but with values ranging from 2.5 to 3.3 W.m'.K'! in the same temperature range.
Conversely, CsxCrsTes values are substantially higher than that of other 4-type pseudo-hollandite
AxM;sSeg compounds (A = Ba, Tl, M = Cr, In), exhibiting thermal conductivities below 1 W.m"
LKL, The difference is attributed to a higher electronic thermal conductivity due to the metallic

character in the compounds T1VsSes!® and CsxCrsTes.
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Figure 6. Thermal conductivity of B-type Cs.CrsTes bulk material (black) and other A4-type pseudo-

hollandite compounds: T1VsSes (green),'® Bao sCrsSes (blue),'® TICrsSes (red)'” and TlInsSes (purple).*’
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Assuming an approximate lattice thermal conductivity of 0.8 W.m™'.K-! for chromium hollandite
derivatives of this kind,!® the expected resistivity for CsxCrsTes using the Wiedemann-Franz law
and the standard Lorenz factor for metals (Lo = 2.44-10% J2K2.C2) would be around p = 1.2
mQ.cm at 300 K. This resistivity value is comparable to the reported value of p = 0.45 mQ.cm
measured for highly conductive T1VsSes at the same temperature.!® It is worth mentioning,
however, that Yamazaki and Ueda reported a value of p ~ 1:10> mQ.cm for ACrsTeg (A =K, Rb,
Cs) at 300 K.3? Furthermore, considering that the lattice thermal conductivity is expected to
slightly decrease with temperature, the increase observed for the total thermal conductivity
suggests a significant rise in the electronic contribution upon increasing temperature. Assuming a
rise in resistivity with temperature, which is consistent with a metallic conductive behavior, this
observation suggests a dominant temperature-dependent electronic thermal conductivity
contribution over that of resistivity, resulting in a gradual increase in resistivity with temperature.
However, that eventuality must be confirmed through direct resistivity measurements.

The title compounds show a substantial sensitivity to oxidation and moisture, degrading after a
few days under ambient conditions. Therefore, it did not allow us to measure the resistivity and
Seebeck coefficient. The latter is expected to be quite low, similar to TIVsSes, given the metallic

character of these compounds.

CONCLUSION

The synthesis of single crystals of Cs-filled chromium tellurides revealed the existence of a solid
solution within the CsxCrsTes composition range (x = 0.73, 0.91 and 0.97). All compositions were
found to crystallize in the hollandite-like B-type structural form. A detailed crystallographic

investigation showed unambiguously that the presence of Cs atoms inside the channels helps in
19



stabilizing the B-type structure. Density functional theory calculations performed on Cso.75CrsTes
indicated that the non-stoichiometric ACrsTes compounds (A = Rb, Cs) should be metallic in
character with hardly any participation of the alkaline element around the Fermi level. A
substantial electronic thermal conductivity can then be expected. As a result, due to an enhanced
participation of charge carriers in the thermal transport mechanism, the presence of Cs cations
within the channels does not result in a reduction of thermal conductivity compared to that of other

A-type hollandite derivative compounds.
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