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ABSTRACT: The binary copper chalcogenides Cu,-sX (X = S, Se, and Te) have recently gained significant interest due to
their high thermoelectric performance at moderate temperatures. In an effort to unveil new Cu-based compounds with
promising thermoelectric potential, Cu;Te, rickardite mineral emerged as a candidate based on a purely text mining ap-
proach applied by a machine learning method. Polycrystalline samples of Cu,Te, within the homogeneity range (x = 0.1,
0.2) were successfully synthesized from the raw elements by a solid-state method. High-temperature powder X-ray diffrac-
tion combined with differential scanning calorimetry and specific heat measurements showed several reversible phase tran-
sitions at around 458 K, 640 K, and 647 K. Signatures of these transitions were observed on the electronic and thermal
transport properties, measured over a broad range of temperatures (5 - 733 K). The transition undergone by this compound
at 647 K results in a crossover from metallic-like to semiconducting-like properties. The combination of high-power factor
and low thermal conductivity in the high-temperature phase results in improved thermoelectric performances with a peak
dimensionless thermoelectric figure of merit zT of ~ 0.14 at 733 K. The synthetic rickardite mineral is an exciting candidate
to be used as a phase change material in broad application areas such as in waste heat harvesting and photovoltaic systems.

INTRODUCTION

Developing sustainable and environmentally friendly
energy conversion technologies is a key challenge to over-
come the impending energy crisis. Thermoelectric (TE)
materials may play an important role in the clean and sus-
tainable energy solution landscape by converting waste
heat into electricity and serving as vibration- and noise-
free solid-state coolers because of their high reliability
without hazardous gas emissions'. The thermoelectric effi-
ciency of a material is determined by the dimensionless
thermoelectric figure of merit, zT = o*T/px, where a, T, p
and « are the Seebeck coefficient (or thermopower), abso-
lute temperature, electrical resistivity, and total thermal
conductivity, respectively.' Because these transport param-
eters are interdependent to each other, the phonon-glass
electron-crystal (PGEC) concept has been proposed as a
possible route to enhancing zT by decoupling these
transport parameters. In PGEC materials, structural disor-
der is desired for achieving low lattice thermal conductiv-
ity (phonon-glass) while retaining its crystalline nature for

good electronic transport properties (electron-crystal),
maximizing the power factor (o*/p).* A fruitful strategy to
design such a PGEC material is to seek for crystal struc-
tures that can be viewed as two sublattices: one composed
of an electrically-conducting network while the other be-
haves as a thermal blocker.

Owing to these decoupled transport properties” 4, cop-
per chalcogenides including liquid-like materials (superi-
onic semiconductors)®*, diamond-like compounds®™,
and layered-structure compounds™3* have all recently
gained significant attention as promising thermoelectric
materials*. Cu-based chalcogenides show an intriguing
thermal transport stemming from the mobile Cu ions in-
troducing additional scattering centers, thus, shortening
the phonon mean free path’.

Many studies on binary and ternary Cu-based materials
can be found in the literature e.g., Cu,_sX (X = S, Se, and
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Figure 1. Synthesis and sample preparation procedures of Cu.sTe. and Cu.¢Te., a) raw materials of Cu and Te, b) C-coated silica
tube used for annealing, c¢) synthesized Cu..¢Te,, d) schematic representation of sintering (SPS) process, e) dense pellets obtained
after SPS for thermal transport measurements, f) samples cut for electrical transport measurements.

Te)*” ™ CusGeSes?, CusFeS,”*, Cu,PSes?, CuCrSe,”,
CuAgSe™, CuCrS,™, etc. In Cu,sX (X =S, Se, and Te), rigid

sublattices formed by X atoms provide a crystalline path-
way for conducting carriers while disordered Cu atoms
with high diffusivity (on the order of 10® ¢cm®/s) jump se-
quentially between equilibrium positions®. At high temper-
atures, the Cu,X phases possess disordered cubic struc-
tures, while they have complex crystal structures at lower
temperatures*. Stoichiometric compounds such as Cu,Se
and Cu,S undergo one- and two-phase transitions, respec-
tively. The structural complexity of the Cu,Te phase is evi-
denced by the sequential appearance of five phase transi-
tions until a final f.c.c. structure is reached*. In addition to
stoichiometric Cu,X compounds, many Cu-deficient vari-
ants (Cu,-sX) have been reported®” . Although the struc-
tural complexity further increases upon varying the Cu/X
ratio, introducing Cu-deficiency tunes the hole concentra-
tion to the optimal value yielding high thermoelectric per-
formance. The fact that Cu-X bonding becomes less polar
and weaker from S over Se to Te, Cu deficiencies are more
prone to form, leading to high carrier concentrations.
Moreover, the lattice thermal conductivity of tellurides is
lower than that of selenides or sulfides due to the larger
atomic size of Te and weaker Cu-X bonds*.

In an effort to explore other Cu-based binary com-
pounds, we report on a detailed investigation of the crystal
structure and thermoelectric properties over a broad range
of temperatures (5 - 733 K) of the binary compound Cu;.
<Te,. Our experimental study was guided by a machine
learning method based on information-dense word (e.g,
thermoelectric, zT or thermopower) embedded in scien-
tific abstracts. This method enables predicting new poten-
tial thermoelectric materials® *°, as validated (in part) by
comparing the predicted thermoelectric compositions
with available computational data sets” as well as experi-
mental power factors and zT values®®. Cus.,Te, is a naturally
occurring mineral known as rickardite with poorly re-
ported structural, chemical and transport properties®™.
Motivated by the high thermoelectric performance and po-
tential of commercialization due to low production costs
of Cu-based minerals such as Cu,_sS°, Cu,6V,GegS;, (colu-
site)*, Cu,.Sb,S,; (tetrahedrite)*, and Cu,FeS, (bornite)®,
we investigated the transport properties of synthetic rick-
ardite mineral. In agreement with the complex binary

phase diagram of Cu-Te* (Figure S1), several reversible
phase transitions were evidenced by differential scanning
calorimetry and specific heat measurements at around 458,
640 and 647 K. While the first transition has little influence
on the transport properties, the high-temperature transi-
tions lead to a metal-insulator-like transition marked by a
steep rise in the electrical resistivity and thermopower val-
ues and a sharp drop in the thermal conductivity values.
Because of more favorable electronic and thermal proper-
ties, the high-temperature phase shows better thermoelec-
tric performance resulting in a moderate zT value of ~0.14

at 733 K.
EXPERIMENTAL METHODS

Sample Preparation. Copper beads (Cu, Sigma Aldrich
> 99.99 % metal basis) and tellurium pieces (Te, Alfa Aesar
99.9999 % metals basis) were used as starting materials to
synthesize polycrystalline Cu;,Te, samples. To remove
surface oxides, copper beads were put inside an alumina
holder, placed in a quartz tube, and kept at 773 K under
H./Ar flow for 4 hours. Afterward, Cu;,Te, samples were
synthesized by reacting cleaned copper and tellurium in
stoichiometric ratio of Cu, sTe, and Cu.,Te, by a solid-state
synthesis method. Raw materials were sealed into a car-
bon-coated silica tube under vacuum. The sealed tube was
then placed into muffin furnace and kept at 1223 K for 12
hours. After quenching in water at room-temperature, the
tube was put into a preheated furnace for further annealing
at 623 K for 96 hours. The final product has shining purple
color appearance, similar to that reported in the literature
for Cuy.Te,* (Figure1). For chemical characterizations and
transport property measurements, dense cylindrical pellets
were obtained by spark plasma sintering (SPS; Syntex Inc.,
Dr Sinter 5155 model) in a graphite die at 623 K for 10
minutes under a pressure of 65 MPa. The densities of the
samples were calculated to be 7.35 g/cm?® and 7.43 g/cm? for
Cu,sTe, and Cu,4Te,, respectively, from geometrical di-
mensions and weight of the consolidated pellets. Consid-
ering the crystallographic density of the phase Cu,sTe,
with 7.54 g/cm?,* the relative densities amount 97 % and
99 %, respectively. Based on these results, we consider that
the transport data collected on SPS treated samples give
reliable intrinsic behavior of the rickardite phase.



Sample Characterization. Single crystal X-ray diffrac-
tion (XRD) data was collected with a Rigaku AFC7 diffrac-
tometer (MoKa radiation, A = 0.71073 A) equipped with a
Saturn 724+ CCD detector. The phase purity of samples
was analyzed by using Rigaku MiniFlex 600 (Cu Ka =1.5418
A, 40 kV voltage, and 15 mA) and Huber Guinier G670
Camera (CuKe, radiation = 1.54056 A). The structure re-
finements as well as the lattice parameters and crystallo-
graphic calculations were performed with the WinCSD
program package®’. High-temperature XRD (HTXRD)
measurements were carried out in sealed glass capillaries
with a high-temperature stage attached in STOE STADI-
MP diffractometer (Mo Ka = 0.71073 A). Microstructure
analyses were realized using Scanning Electron Micro-
scope (SEM Jeol JSM 7800oF Field Emissioncathode)
equipped with EDX system and optical Microscope (OM,
Zeiss Axioplan 2) techniques. The target phases’ chemical
compositions were determined by electron microprobe
analysis using wavelength dispersive X-ray spectroscopy
(WDS, Cameca SX 100, tungsten cathode). The phase tran-
sition temperatures were determined by Differential Scan-
ning Calorimetry (DSC, Netzsch STA 449 F3 Jupiter) meas-
urements. Heat capacity, C,, measurements were carried
out under N, flow via the ratio method using the same DSC
instrument with a heating rate of 10 K min™ and using sap-
phire as standard material. To determine the speed of
phase transitions, additional C, measurement (calculated
according to DIN 51007) was performed using a DSC appa-
ratus (Netzsch 403 F3) with a heating rate of 20 K min™ and
using sapphire as standard material.

Transport Property Measurements. Electrical and
thermal transport properties were measured between 5
and 733 K on polycrystalline dense samples cut with a dia-
mond-wire saw into appropriate shape and dimensions.
Low-temperature measurements (5 - 300 K) of the electri-
cal resistivity, Seebeck coefficient and thermal conductiv-
ity measurements were carried out on a bar-shaped sample
with the thermal transport option (TTO) of a physical
property measurement system (PPMS, Quantum Design,
San Diego, CA, USA). Four copper leads were brazed onto
the sample using a low-melting-point braze. Hall effect
measurements were performed on the same sample using
the AC transport option of the PPMS. A five-probe config-
uration was used by brazing five copper wires onto the
sample with a low-melting-point braze. The transverse
electrical resistivity p,, was measured by sweeping the
magnetic field yyH between -1 and +1T. The Hall resistivity
py was calculated following the formula py =
[pxy(+,uOH) — Py (—,uOH)] /2 to dismiss possible magneto-
resistive contributions. The Hall charge carrier concentra-
tion ny and Hall mobility uy were inferred from the single-
band formulas ny = —1/Rye and uy = Ry /p where e is the
elementary charge and Ry is the Hall coefficient deter-
mined from the slope of the p,(1,H) data for uoH = 0.
Specific heat measurement was performed under zero
magnetic field on a small dense piece of approximately 20
mg using the *He specific heat option of the PPMS. The

Figure 2. Crystal structure of Cu.sTe,. The ordered part of the
structure (Cu1 and Te atoms) is emphasized as Cu-Te frame-
work with d(Cu-Te) = 2.6313(9) A and 2.6625(g) A, the par-
tially occupied Cuz position (occupancy factor 0.406(1)) are
represented as individual atoms.

piece was glued onto the platform of the sample holder by
using a minute amount of Apiezon N grease to ensure a
good thermal contact between the sample and the plat-
form. The low-temperature transport property data can be
found in the Supporting Information file.

At high temperatures (300 - 733 K), the thermal conduc-
tivity was measured on a disc-shaped cylindrical pellet.
Measurements of the thermal diffusivity, D, were carried
out using a Netzsch LFA HT467 laser flash apparatus.
Thermal conductivity of the samples was calculated using
the relation: x = DCpd, where Cp is the experimentally heat
capacity measured by DSC and d is the experimental den-
sity. High-temperature electrical resistivity and ther-
mopower measurements were performed using a ZEM-3
measurement system (Ulvac-Riko, Japan) on a bar-shaped
sample. Magnetization curves M (u,H) were measured be-
tween 300 and 680 K using a high-temperature vibrating
sample magnetometer (VSM, MicroSense) under magnetic
fields, poH of up to 0.5 T. A polycrystalline piece of ~26 mg
was glued onto a silica sample holder using a small amount
of non-magnetic ceramic paste. The magnetic susceptibil-
ity, x was inferred from the slope of the M(uy,H) curves,
which were found to be linear in the temperature and mag-
netic field ranges covered.

RESULTS AND DISCUSSION

Crystal Structure. Rickardite mineral differs from other
copper tellurides both in composition and appearance due
to its characteristic purple color. Because of its uncertain
composition and unknown crystal structure, rickardite was
first recognized as weissite, Cu,<Te*®. Both minerals are
massive with approximately the same hardness but differ
in density and color, suggesting different electronic prop-
erties at room temperature. Following detailed studies of

3



the binary Cu-Te system and rickardite phase*” *, the
structural formula was reported as Cu,Te, indicating Cu
deficiency of approximately one atom per unit cell. Rick-
ardite displays an unconventional defective structure with
a large amount of vacant metal positions. These prior in-
vestigations have clearly confirmed that rickardite is dis-
tinct from the slightly Cu-deficient weissite phase, Cu..
XTe40v 49'

To determine the atomic arrangements, the search for
analogous structures revealed that copper antimonide
(Cu,Sb) determined by Elander, Hiagg and Westgren is
structurally similar to rickardite™. The crystal structures of
both compounds were described in the space group
P4/nmm with lattice parameters a = 3.97 A c=6nAanda
=3.992 A, ¢ = 6.091 A for the rickardite and copper anti-
monide, respectively. Both compounds have a similar
atomic arrangement (isostructural) and a layered crystal
structure in which close-packed layers are weakly bound to
Te atoms by half-filled Cu positions*.

For Cu,.,Te,, both orthorhombic* and tetragonal® sym-
metries were reported. Herein, the crystal structure of this
compound was investigated by single-crystal X-ray diffrac-
tion. From the obtained experimental data, the ortho-
rhombic and tetragonal structures could not be unambig-
uously distinguished due to very close lattice parameters a
and b, as well as very similar agreement of the refinement
factors, that is Rin values, for Laue symmetries mmm and
4/mmm. However, clear splitting of the respective reflec-
tions was observed on the PXRD patterns indicating an or-
thorhombic lattice symmetry. A specific set of weak reflec-
tions, both on single-crystal and powder diffraction data,
was also observed, suggesting that the crystal structure of
Cu,«Te, is modulated (The detailed report about the inves-
tigation of the modulated model of the structure will be a
subject of a separate publication). Moreover, single crystal-
line specimens show a tendency to form twinned agglom-
erates, which will require further investigations. Hereafter,
a subcell in the orthorhombic space group Pmmn will be
used for the description of the room-temperature crystal
structure of CuyTe,. Tellurium and copper atoms are dis-
tributed on one and two crystallographic sites, respectively
(Figure 2). One copper position (Cui at the 2a site) is fully
occupied, while the second (Cuz at the 2b site) is partially
occupied. The ordered part of the structure of Cu;Te,, the
Te subcell and planar arrangements of Cu atoms, repro-
duce an atomic arrangement found in the tetragonal FeS
(PbO) structure (space group P4/nmm). This structure
type is typically observed for equiatomic phases described
in the binary transition metal-Te (Se) systems, e.g., FeTe”,
FeSe™, mixed (Fe,Cu)Se®. Interestingly, in contrast, the
CuTe phase exhibits a corrugated (not planar) Cu sublat-
tice in the space group Pmmn’'.

The XRD results of the samples are shown in Figure 3
demonstrating that the target phase has been obtained
successfully with a minute amount of CuTe as a secondary
phase. With increasing nominal copper content (x = 0.1),
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Figure 3. XRD patterns (Cu Ka) of experimental Cu.sTe,

(red) and Cu.¢Te, (black) after SPS. The ticks mark the the-

oretical peak positions of the low temperature phase of Cus-
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Figure 4. HT-XRD patterns (Mo Ka) of a Cu.sTe. sample at
300 K, 473 K, and 673 K upon heating and cooling (theoretical
peak positions for orthorhombic (black) and tetragonal (pink)
phases are given below the experimental data ).
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Figure 5. Optical microscopy images of rickardite samples; a)
bulk piece under polarized light, b) zoomed version of bulk
piece under bright field, and ¢) polarized light of Cu.sTe.. d)
The bright field and e) polarized light images of Cu..¢Te..

the amount of CuTe is suppressed slightly. The lattice pa-
rameters of the two products were found to be a =
3.9933(1), b = 3.9635(1), ¢ = 6.159(3) A for Cu,sTe, and a =
4.0067(2), b = 3.9793(2), ¢ = 6.120(3) A for Cu,,Te,. The
slight increase in a and b and decrease in c lattice parame-
ters for the latter case can be correlated with its fewer Cu
vacancies (Cuz occupancy: 0.422(9) and 0.446(7), respec-
tively) (see Table St and S2 for Cu,¢Te,).

High-temperature XRD measurements were performed
on a Cu,gTe, sample at 300 K, 473 K, and 673 K to investi-
gate the phase transformations. The results, shown in Fig-
ure 4, indicate reversible phase transitions following the
sequence orthorhombic <> tetragonal <> hexagonal phases
(see XRD data in Figure Sz for 5-40 2theta range and in Fig-
ure S3 for the orthorhombic deformation of the tetragonal
unit cell). The pattern obtained at 673 K could not be in-
dexed with the cubic unit cell and lattice parameters re-
ported by Stevels et al.*. However, the pattern was suc-
cessfully indexed by considering a hexagonal unit cell with
lattice parameters a = 7.2886 A and ¢ = 7.855 A.

Phase Analysis. The EDX elemental mapping of
Cu,sTe, indicates homogenous distribution of Cu and Te
throughout the microstructure (Figure S4). Further EDX
measurements of the samples were carried out at 6 differ-
ent randomly chosen spots. These analyses reveal that the
actual chemical compositions of the samples match the
nominal ones (Table S3). More accurate compositions were
obtained from WDS analysis by averaging 10 measurement
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Figure 6. a) DSC thermogram of Cu.¢Te. (scanning rate 10 K
min"') showing reversible phase transitions at 458 K, 640 K
and 647 K b) The Cp data of Cu.¢Te.. The inset graphs show
corresponding red marked phase transition regions.

data points (Table S4 and Figure S5). The Cu content
slightly increases with increasing the Cu content in the
nominal composition; Cu,g;nTe, (for Cu,sTe,) and
Cu,s,mTe, (for Cu,yTe,). These results are consistent with
the existence of a small phase range for this material (Fig-
ure S1). Based on the reported binary phase diagram, the
rickardite phase range was estimated to extend from x = o
up to 0.8 in Cuy,Te,*.

Optical micrographs show strong orientation contrast of
the target phase in polarized light (Figure s5). The micro-
structure is formed by primary grains of irregular shape
that contain fine, lamellar domains. The shape and the very
regular orientation of the domains strongly indicate a
solid-state formation of the targeted phase during sample
preparation. The very fine lamellae may originate from a
polymorphic phase transformation from the primary high-
temperature phase. Needle-like domains are generally con-
sequences of a peritectoid decomposition of minor por-
tions of the high-temperature phase. The grain size of the



samples varies significantly between 10 and 200 pm. A net-
work of needle-like grains is observed within much larger
grains.

The DSC thermogram (Figure 6a) indicates that Cu,,Te,
undergoes at least three phase transitions at around 458 K,
640 K, and 647 K. These transitions are similar to those re-
ported by Stevels and Wiegers at slightly lower tempera-
tures of 413 K, 623 K and 633 K*. The first transition was
described as a second-order phase transition correspond-
ing to a change in the lattice symmetry from orthorhombic
to tetragonal. The shoulder observed at 640 K near the
main endothermic peak at 647 K was discussed in the con-
text of tetragonal-to-thombohedral and rhombohedral-to-
fcc phase transitions*. Our results do not support the pres-
ence of a high-temperature cubic phase up to 733 K. The
exothermic peaks appearing in the cooling cycle indicates
that the phase transitions are reversible. In the DSC dia-
gram of Cu,sTe, (Figure S6 and S7), four endothermic (at
460 K, 623 K, 650 K and 691K) and three exothermic peaks
were observed on heating and cooling cycles, respectively.
The first and third peaks are similar to the ones observed
for Cu,4Te,. The second endothermic peak is rather sharp
and occurs at a distinctly lower temperature than the cop-
per excess phase (623 K vs 640 K). The additional endo-
thermic peak at 691 K coincides with the incongruent melt-
ing temperature of CuTe by the reaction: CuTe — M (high
T cubic phase) + L (Liquid) *.

The temperature dependence of the isobaric specific
heat C; of the Cu.,Te, sample is shown in Figure 6b. Only
weak variations in the Cp values were observed between
this sample and the stoichiometric sample Cu, sTe, (Figure
S7). The low-temperature data of Cu, 4Te, follows the free-
electron formula C,/T =y + BT? below about 4.5 K. A fit
of the data according to this relation yields an electron
contribution y of 10.3 mJ mol™ K™, confirming a finite den-
sity of states at the Fermi level in the LT phase in agree-
ment with the metallic behavior of this compound (see be-
low). The B parameter of 2.85 mJ mol™ K*, linked to the
phonon contribution, corresponds to a Debye temperature
of 200 K. At room temperature, Cpreaches a value of about
323 ] mol™ K7, which exceeds the Dulong-Petit limit of 300
J mol™ K. Upon further warming up to 733 K (Figure 6b),
the two transitions evidenced by the XRD data give rise to
two lambda-shaped anomalies at 458 and 647 K, in good
agreement with the transport data. While the small ampli-
tude of the first transition is in agreement with its weak
fingerprints in the electronic data, the amplitude for the
transition at 467 K is significantly larger, akin to that ob-
served in SnSe>** near 8oo K or in various argyrodite ionic
conductors® ¥. An additional shoulder, close to the second
phase transition temperature, is also visible at 640 K which
might correspond to the onset of the structural reordering.

Electronic Transport Properties. The temperature de-
pendences of the electrical resistivity, p and thermopower,
o of Cu,4Te, sample are shown in Figure 7a and 7b, respec-
tively. Cu,,Te, shows very low p values, indicative of a me-
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Figure 7. a) Electrical resistivity and b) Seebeck coefficient of
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ior with a strong transition at 650 K and comparatively minor
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tallic behavior, that weakly increase with increasing tem-
perature up to 650 K. Consistent with this degenerate na-
ture, the o values remain below 10 pV. K™ up to about 600
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K. The shallow dip observed near 450 K corresponds to the
first structural transition, the influence of which on the
electrical properties remains nevertheless weak. At low
temperatures, o.(T) shows a broad maximum reached near
50 K likely due to a phonon drag contribution superim-
posed to the diffusive term that dominates above 100 K
(Figure S8). The positive o values over the entire tempera-
ture range are indicative of holes as the dominant charge
carriers. In contrast to the smooth variations in p and o
with temperature up to about 600 K, a sudden increase in
both properties is observed above 650 K. This temperature
closely corresponds to the HT structural transition evi-
denced by XRD and DSC. Additional measurements per-
formed upon heating and cooling across this second high-
temperature transition did not evidence any hysteretic be-
havior to within experimental uncertainty (Figure Sg, Sio,
and Su), in agreement with the reversible nature of this
phase transition. All these traits remain similar in stoichi-
ometric Cu,sTe,, showing that both transitions are not
sensitive to the Cu stoichiometry (Figure Sg).

The nearly sevenfold and sixfold increase in p and o, re-
spectively, observed above 650 K further suggests a metal-
insulator-like transition. A removal of the density of states
at the chemical potential induced by this transition, possi-
bly leading to a full band gap opening, is supported by
measurements of the magnetic susceptibility, y (Figure 8).
The negative y values measured below the transition tem-
perature decrease at higher temperatures. This variation is
consistent with a decrease in the Pauli contribution that
originates from the free charge carriers and hence, with at
least a partial removal of the electronic density of states.
However, whether or not a complete band gap opens in the
high-temperature phase will require electronic band struc-
ture calculations.

One interesting aspect of the transport in this compound
is the negative sign of the Hall response, which is opposite
to that of a.. The magnitude of the Hall coefficients corre-
sponds to a large concentration of electron-like carriers on
the order of 3x10™ cm? at 300 K, which is consistent with
the degenerate behavior of this compound. The opposite
signs of a and the Hall coefficient Ry in this metallic com-
pound bears strong resemblance with what is observed in
the alkali metal Li and the noble metals Cu, Ag and Au for
which, the positive sign of o is a long-standing issue which
is still yet to be fully understood™.

Mainly three classes of scenarios have been advanced to
reconcile both observations. A first class relates this sign
change to peculiarities in Fermi surface topology, the dis-
tortion of which close to the Brillouin zone boundaries
yielding both electron-like and hole-like curvatures®, with
the extreme case of direction-dependent sign of a in lay-
ered-like compounds dubbed as goniopolar materials®.
The second class gathers models in which a strong energy
dependence of electron-phonon interactions around the
Fermi energy plays a central role®. A third possibility has
been demonstrated in the specific case of Li for which, the
positive sign of o originates from the energy dependence

of the electron lifetime due to strong deviations in the elec-
tronic density of states around the Fermi energy from the
free-electron model, with little influence of the electron-
phonon coupling®™. Determining into which class Cu, ,Te,
falls will require detailed electronic band structure and
Fermi surface calculations.

Thermal transport. The temperature dependence of
the total thermal conductivity x at high-temperature is
shown in Figure 9, while the low-temperature data are
shown in Figure S8c. Below 300 K, x rapidly increases with
increasing temperature, reaching a value of about 13 W m’
'K at 150 K. Above this temperature, k slowly decreases
upon further warming to room temperature. The tempera-
ture dependence of « is characteristic of crystalline solids
with a dielectric maximum at low temperatures followed
by a smooth decrease stemming from Umklapp scattering
processes (Figure S8c). At higher temperatures, the first
phase transition near 460 K is likely at the origin of the dip
observed around this temperature. While the influence of
this first transition on the thermal transport remains mild,
the second phase transition observed in the Cp data give
rise to a sharp drop in the k values. Upon crossing this
structural transition at 647 K, k drops from 10.0 W m™ K
at 625 K to only 2.3 W m™ K™ above 650 K. Of note, unlike
p and o, a weak hysteretic behavior was observed upon
warming above the second phase transition temperature a
second time (Figure Sub). These variations might be re-
lated to a change in the grain size or in the microstructure.

The influence of structural phase transitions on the spe-
cific heat and thermal diffusivity has been discussed in
prior studies on Zn,Sb; at low temperatures and on binary
Cu- and Ag-based chalcogenides that undergo transitions
between 350 and 460 K® ®. While the influence of struc-
tural phase transitions on C, can be directly probed exper-
imentally, how impacted is the thermal diffusivity across
such a transition remains a delicate problem that can have
a significant impact on the estimation of the x values and,
hence, of the zT values. In particular, the usually observed
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Figure 9. Thermal conductivity of Cu.¢Te. showing effects
of transitions at 450 K and 650 K.



dramatic decrease in the thermal diffusivity across the
transition temperature may not reflect the intrinsic ther-
mal transport of the material. In the case of Cu.sTe, and
Cu,4Te,, the possible gap opening induced by the struc-
tural transition near 650 K may also be at the origin of the
strong decrease in the diffusivity data. The C, values, that
peak near this temperature, have been estimated following
the method widely used in prior studies, as shown in Figure
S7. Most importantly, the strongly increasing C, values re-
flecting the extra energy required to transit towards the
high-temperature phase were not considered. As suggested
in prior studies, the impact of such a transition on the ther-
mal diffusivity data can be qualitatively investigated by de-
termining the speed of the transition, reflected by the shift
in the peak temperature in the C, data upon varying the
heating rate. While fast transitions will strongly lower the
thermal diffusivity values, slower transitions will lead to
smooth variations of the thermal transport across the tran-
sition. To determine into which category the present com-
pounds fall, we have measured the C, data of Cu. ,Te, with
a heating rate of 20 K min”, that is, twice as high as the
measurements shown in Figure 6. The result evidence sig-
nificant shifts in the peak temperature characterizing both
transitions (6 and 10 K for the first and second transition,
respectively), indicative of slow transitions (Figure Si2).
This characteristic suggests that both transitions are
smooth and hence, are not expected to dramatically alter
the thermal properties. The weak yet discernible finger-
print of the first phase transition at 450 K on the thermal
transport data supports this conclusion. Hence, the strong
drop observed in the x values near 650 K can be mainly
attributed to the electronic metal-insulator-like transition,
which removes a large fraction of the electronic thermal
conductivity, rather than to an artificial decrease in the
thermal diffusivity due to the phase transition.

The strong metallic character of Cu,,Te, implies that a
large fraction of k below 650 K is due to the electronic con-
tribution x,. Thus, the significant reduction in k is con-
sistent with the metal-insulator transition observed in the
electronic and magnetic properties. The substantial in-
crease in p that accompanies this transition results in a
drop in k, according to the Wiedemann-Franz (WF) law
K, = LT /p where L is the Lorenz number. Further disen-
tangling the electronic and lattice contributions to k is,
however, challenging in the present case. Despite the
strongly degenerate behavior of Cu.Te,, taking the corre-
sponding degenerate limit for L, that is, L, = 2.44x10° V*
K>, yields k, values that largely exceeds k above 35 K. The
deviations of L from this universal limit suggest differing
electrical and thermal relaxation times due to the presence
of inelastic electron-phonon and electron-electron scatter-
ing processes that significantly lower L values. The large
deviations from L, can be estimated by assuming that
above the second phase transition k., is negligible com-
pared to the lattice contribution k; due to the strong in-
crease in p. If we further assume that k; is equivalent in
both the LT and HT phases, the k; value measured at 650

K can be used to estimate k., at 600 K and hence, L. This
analysis yields a L value of 1.53x10° V> K, which mirrors
the low values usually determined in doped semiconduc-
tors above room temperature and unexpected result for
such metallic material. The obtained low L value suggests
that inelastic scattering events dominate the scattering
mechanisms in this compound. Similar results were re-
ported for some other complex metallic structures with un-
usually low Lorenz number * .

Thermoelectric figure of merit. Figure 10 shows the
temperature dependence of the dimensionless thermoe-
lectric figure of merit, zT, of Cu,,Te, (see Figure S8 for
Cu.sTe,). The strong metallic character of the transport
properties below 650 K results in very small values. How-
ever, the metal-insulator transition undergone by Cu,,Te,
results in a steep rise in the zT values above this tempera-
ture, with a peak value of around o.14 achieved at 673 K,
due to the concomitant increase in the power factor a?/p
and the drop in the thermal conductivity, k.
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Figure 10. Temperature dependence of zT curves of Cu.gTe,
upon heating and cooling showing rapid increase in zT above
the transition at 650 K.

CONCLUSIONS

Synthetic polycrystalline rickardite samples with Cu,.
«Te; (x = 0.1 and 0.2) compositions were successfully syn-
thesized by a direct solid-state reaction. These samples un-
dergo several reversible phase transitions at 458 K, 640 K,
and 647 K based on a combined analysis of high-tempera-
ture X-ray diffraction, differential scanning calorimetry
and specific heat measurements. The electronic and ther-
mal transport properties measured over a broad range of
temperatures (5 - 673 K) display signatures of these phase
transitions with notably a crossover from metallic-like to
semiconducting-like properties at around 650 K. A peak zT
~ 0.14 is obtained at 733 K thanks to moderate power factor
and low thermal conductivity attained in the high-temper-
ature phase. As a phase-changing material, the current



study on rickardite mineral may provide insightful strate-
gies for designing functional products e.g., in waste-heat
harvesting, and photovoltaic systems.
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