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The influence of mobile copper ions on the glass-like thermal con-
ductivity of copper-rich tetrahedrites

Paz Vaqueiro,a* Gabin Guélou,” Andreas Kaltzoglou,” Ronald I. Smith,® Tristan Barbier,® Em-

manuel Guilmeau © and Anthony V. Powell®

a. Department of Chemistry, University of Reading, Whiteknights, Reading, RG6 6AD, UK.
b. ISIS Facility, Rutherford Appleton Laboratory, Harwell, Oxford, Didcot, OXu 00X, UK
c. Laboratoire CRISMAT, UMR 6508 CNRS ENSICAEN, 6 bd Maréchal Juin, 14050 CAEN cedex 4, France

ABSTRACT: Tetrahedrites are promising p-type thermoelectric materials for energy recovery. We present here the first
investigation of the structure and thermoelectric properties of copper-rich tetrahedrites, Cu,,,,Sb,S,; (0 < x < 2.0). At room
temperature, all samples with x > o consist of two tetrahedrite phases. In-situ neutron diffraction data demonstrate that
on heating, the two tetrahedrite phases coalesce into a single tetrahedrite phase at temperatures between 493 and 553 K|
and that this transition shows marked hysteresis on cooling. Our structural data indicate that copper ions become mobile
above 393 K. Marked changes in the temperature dependence of the electrical and thermal transport properties of the
copper-rich phases occur at the onset of copper mobility. Excess copper leads to a significant reduction in the total ther-
mal conductivity, which for the nominal composition Cu,,Sb,S,; reaches a value as low as 0.44 W m”K" at room tempera-
ture, and to thermoelectric properties consistent with phonon liquid electron crystal (PLEC) behaviour.

1. INTRODUCTION

Thermoelectric devices offer considerable attractions
for the recovery of waste heat to produce useful electrical
power. For this reason, research efforts worldwide are
focused on the search for new thermoelectric materials
that overcome the limitations of current materials."*> The
thermoelectric performance of a material is expressed in
terms of a figure of merit, ZT, related to the Seebeck coef-
ficient (S), electrical conductivity (c) and thermal con-
ductivity (x) of the material by ZT = S*6T/k. For large
scale implementation of thermoelectric energy recovery,
the discovery of materials containing abundant, non-toxic
and inexpensive elements is essential.

The outstanding thermoelectric performance of materi-
als with the tetrahedrite structure, which are composed
predominantly of environmentally-friendly and abundant
copper and sulfur, is currently attracting considerable
interest.* Materials adopting the tetrahedrite structure
may be formulated as A,,B,C,Q,; (A = Cu, Ag; B = Mn, Fe,
Co, Ni, Zn, Cu, Hg, Cd; C = As, Sb, Bi; Q = S, Se).” The
crystal structure of the mineral tetrahedrite has been de-
scribed as a complex defect derivative of the sphalerite
structure, in which the transition-metal cations occupy
tetrahedral and trigonal-planar sites and the pnictogen
atoms occupy trigonal-pyramidal sites.> However, the
structure of tetrahedrite may also be described as a col-
lapsed sodalite-type tetrahedral framework, formed by
transition-metal tetrahedra (Figure 1), where each six-
membered window of the sodalite cage contains a CQ,

trigonal pyramid, and the sodalite cages are filled by sul-
fide anions octahedrally coordinated to six trigonal planar
copper ions, forming a “spinner”.® This structural descrip-
tion reveals some similarities with those of cage-based
thermoelectric materials, such as skutterudites and clath-
rates.

Naturally-occurring tetrahedrite minerals can be used
as a direct source of thermoelectric materials, with figures
of merit close to unity at 720 K.” The thermoelectric prop-
erties of synthetic Cu,,,TM,Sb,S,; (TM= Mn, Fe, Co, Nij,
and Zn) have been investigated by a number of
groups,®®' ™3 and for instance, ZT~1 is found for
Cu,ZnSb,S,; at 720 K2 Partial substitution at the pnicto-
gen site with tellurium is also possible, and results in a
figure of merit of 0.92 at 723 K for Cu,,Sb,TeS,,."* Selenium
can partially replace sulfur up to a composition of
Cu,,Sb,S,,Se,,” and this leads to an enhancement in ZT of
almost 40% when compared to Cu,Sb,S;, due to a
marked increase in power factor. In addition to the ther-
moelectric properties at high temperatures, the behaviour
of Cu,,Sb,S,; at low temperatures is also attracting much
interest. On cooling below 85 K, Cu,,Sb,S,; undergoes a
metal to semiconductor transition, which is accompanied
by a structural transition and a drop in the magnetic sus-
ceptibility.®"”

Studies of the Cu-Sb-S phase diagram indicate that the
tetrahedrite structure is found over a wide range of com-
positions, ranging from ~Cu,Sb,S,; to ~Cu,Sb,S;, with
the composition limits being dependent on tempera-
ture.’ Although at room temperature samples
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Figure 1. (a) View of the crystal structure of Cu,,Sb,S,; along
[100], showing the CuS, tetrahedra (orange) and the CuS,
trigonal planar polyhedra (purple). Antimony atoms are
shown as red circles, and sulfur atoms as yellow circles. (b) A
collapsed sodalite cage in the tetrahedrite structure, viewed
along [11], and containing an octahedrally coordinated sulfur
at the centre of the cage. The pnictogen atoms have been
omitted for clarity. (c) Schematic representation of a sodalite
cage, containing the “spinner” formed by the trigonal planar
Cu(2) atoms, and of the collapsed sodalite framework viewed
along [m]. Each node represents a CuS, tetrahedron. For
clarity, the SbS; units have been omitted.

containing excess copper consist of two tetrahedrite
phases, a single-phase region is known to exist at higher
temperatures.®® While Cu,,Sb,S,, is described as a p-type
metal with two holes per formula unit, Cu,,Sb,S,, with
two additional copper atoms per formula unit, is predict-
ed to have a filled valence band and hence exhibit semi-
conducting behaviour.*® This feature could be exploited to
control the concentration of holes in the valence band of
Cu,,,,Sb,S,;, in a similar way to that achieved by replacing
copper with a divalent transition metal (TM) in Cu,.
«IM,Sb,S,;. However, to the best of our knowledge, the
thermoelectric behaviour of tetrahedrites containing ex-
cess copper, Cu,,,,Sb,S,; (0 < x <2.0), has not been inves-
tigated. Here, we present the first such investigation of
transport property measurements of copper-rich phases,
which exhibit phase separation at room temperature. A
variable temperature neutron diffraction study of the
phase coalescence in copper-rich phases reveals that
above 393 K the copper sub-lattice enters a liquid-like
state, suggesting that the materials exhibit phonon liquid
electron crystal (PLEC) behaviour.

2. EXPERIMENTAL METHODS

2.1 Synthetic procedures. Samples with the nominal
composition of Cu,,,,Sb,S,;, where x= 0.3, 1, 1.5 and 2, to-
gether with a stoichiometric reference sample (Cu,,Sb,S,;)
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were prepared from appropriate mixtures of the elements
Cu (Aldrich, 99.5%), Sb (Alfa-Aesar, 99.5%) and S (Al-
drich, 99.99+%). Sulfur flakes were dried under vacuum
prior to use. The reagents were loaded into fused silica
tubes, which were evacuated to < 10™* Torr prior to seal-
ing. The mixtures were heated at 773 K for 2 days before
cooling to room temperature at a rate of 1 K min™. The
polycrystalline products were finely ground in air before
annealing in evacuated silica tubes at 723 K for 2-4 days.
Nominal compositions for all samples are given within
quotes.

2.2 Structural characterisation. The air-stable poly-
crystalline products were structurally characterised using
a Bruker D8 Advance powder diffractometer, operating
with Ge-monochromated Cu Koa radiation (A = 1.5406 A)
and a LynxEye linear detector. Data were collected over
the angular range 10 < 26/° < 120.

Time-of-flight powder neutron diffraction data were
collected from Cu,,;Sb,S; and Cu,,Sb,S,; using the Polaris
diffractometer at the ISIS Facility, Rutherford Appleton
Laboratory, UK. Powdered samples of each material were
sealed into evacuated low-boron content silica ampoules.
The ampoules were contained in thin-walled vanadium
cans held in a furnace evacuated to a pressure <10™ Torr.
Data were collected over the temperature range 300 < T/K
< 673 K, on heating and on cooling. At selected tempera-
tures, long datasets (300 pAh, approximately 2 hours)
were collected, while shorter collection times were used
for the remaining runs (8o pAh, approximately 30 min.).
Data were also collected on an empty silica ampoule, to
enable the subtraction of the amorphous background
arising from the glass. 80 pAh datasets were used to de-
termine the temperature evolution of the lattice parame-
ters and the weight fractions of each phase, while 300 pAh
datasets were used for full structural determinations. Ini-
tial data manipulation and reduction was carried out us-
ing the Mantid”' software package. Neutron diffraction
data from the backscattering (average 26 = 146°) and the
~90° detector banks were summed, normalised and used
simultaneously in Rietveld refinement, carried out using
the GSAS package.”

2.3 Thermal stability. The thermal stability of samples
with x = 0.3 and 2.0 was investigated using a TA instru-
ment SDT Q600 analyst, which provides simultaneous
thermogravimetric and differential heat flow data. Meas-
urements were carried out under a nitrogen flow of 100
mL min™ using heating/cooling steps of +5 K min™.

2.4 Consolidation. The synthesised powders were con-
solidated into 12.7 mm diameter pellets using a custom-
built hot press, at 723 K for 30 min. A pressure of 80 MPa
was applied using a graphite mould with tungsten carbide
dies and consolidation was carried out under a constant
nitrogen flow to prevent oxidation. Pressure was main-
tained on cooling until the temperature decreased below
373 K. The densities of the consolidated pellets were
measured using an Archimedes balance ADAM PWi84
with values ranging from 4.92 g cm? and 4.99 g cm?,
which correspond to 96 - 99 % of the crystallographic
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values. The resulting pellets were polished using a MTI
EQ-Unipol-300 grinder/polisher to a thickness of ca. 2
mm for physical property measurements.

2.5 Thermoelectric properties. The temperature de-
pendence of the electrical resistivity (p) and Seebeck coef-
ficient (S) was measured simultaneously over the temper-
ature range 310 < T/K < 580 on a Linseis LSR-3 instru-
ment, under a partial pressure of He. The electrical resis-
tivity was measured with the four-probe DC method us-
ing a current of 50 mA between the terminal Pt electrodes
and with the axial thermocouple probes separated by a
distance of 8.0 mm. For Seebeck coefficient measure-
ments, a constant 50 K temperature gradient was applied.

Thermal transport properties were measured on a Ne-
tzsch LFA 447 NanoFlash instrument using Cowan’s
model” with a pulse correction to calculate the thermal
diffusivity. The thermal conductivity was calculated using
the Dulong-Petit heat capacity.

3. RESULTS AND DISCUSSION

3.1 Structural characterisation. Analysis of powder X-
ray diffraction data collected at room temperature (Fig. 2)
indicates that all samples with x > o consist of a mixture
of two cubic tetrahedrite phases, with lattice parameters
of ~10.32 and ~10.44 A respectively (see SI). At some com-
positions, trace amounts of Cu,SbS, (x = o, 1) or Cu,S (x
=2) are also evident. A range of temperatures and cooling
rates (including quenching) were explored, but all synthe-
sis conditions resulted in samples consisting of two tetra-
hedrite phases. Two distinct tetrahedrite phases persist
after hot pressing (SI, Figure S1).

*Cu,S
¢ Cu,Sbs,

Intensity/a.u.

20/°
Figure 2. Powder X-ray diffraction patterns collected at

room temperature for Cu,,,,Sb,S;;, showing the presence of
two tetrahedrite phases for x > o. Peaks corresponding to
impurities (Cu,SbS, or Cu,S) are marked.

Powder neutron diffraction data collected on samples
with x = 0.3 and x = 2.0 near room temperature are con-
sistent with the results of the analysis of X-ray data, and
indicate the presence of two tetrahedrite phases (Figure
3). Comparison with previously reported lattice parame-
ters for tetrahedrites suggests that a ~10.32 A corresponds
to a composition of Cu,,Sb,S,;,** while a ~10.44 A is in

good agreement with the lattice parameter of a single
crystal with composition Cu,; sSb,S,;.”

Table 1. Refined parameters for samples with nomi-
nal compositions “Cu,,Sb,S,,” and “Cu,Sb,S;”, de-
termined using neutron diffraction data collected at
323 and 298 K respectively. Phase 1 is a stoichiometric
tetrahedrite, Cu,,Sb,S,;, and phase 2 is a copper-rich
tetrahedrite, Cu,,Sb,S;. Space group 143m and
atomic positions: Cu(1) on 12d (1/4,1/2,0); Cu(2) on 12e
(x,0,0) for the majority phase and on 249 (x,y,-y) for
the minority phase; Cu(3) on 249 (xx,z); Sb(1) on 8¢
(%,x,x); S(1) on 249 (x,x,z); S(2) on 2a (0,0,0). SOF: site
occupancy factor.

Page 4 of 13

“Cu,,,Sb,S,,” “Cu,,Sb,S,,
Phase 1 2 1 2
alA 10.32161(3) |10.4449(1) [10.3194(1) [10.43675(5)
Cu(1) |Ugo/A® |0.0192(3) [0.029(1) |0.019(1) |0.029(1)
SOF 1.0 1.0 1.0 0.926(16)
Cu(2) |x 0.2184(2) [0.2166(7) |0.2180(6) |0.2146(3)
y 0.0(-) 0.0223(6) |0.0199(5) |0.0
Uiso*/f\2 0.059 0.029(1) |0.019(1) |0.062
SOF  |o.975(9) |o0.5(-) 0.5(-) 0.947(13)
Cu@3) |x - 0.284(2) |- 0.2870(9)
z - 0.024(4) |- 0.029(2)
Ugo/A® |- 0.029(1) |- 0.089(10)
SOF - 0.10 - 0.146(6)
Sb(x) |x 0.2690(1) |0.2683(8) ;).2696(6 0.2667(4)
Uso/A* |0.0138(5) |0.021(3) |o0.011(2) |0.024(1)
S(1)  |x 0a153(2) |0.a13(1) 0.1168(9) | 0.1147(4)

z 0.3634(3) |0.363(1) [0.363(1) |[0.3616(5)

Uso/A* |0.0133(4) [0.016(2) |0.009(1) |0.018(1)
S(2) |Us/A* |0.016(2) 0.016(2) |0.009(1) |0.009(2)
Weight 77.4(1) 22.6(2)  |214(1)  |73.4(3)
fract./%
Cu,S/wt% - 5.2(1)
X 1.06 143
90° bank Ry, /%| 1.05 117
backscattering | 1.19 136
bank R,/ %

*Anisotropic Uj values were converted to a single equiva-
lent Ui, which is tabulated here.

Rietveld refinements using the reported structural
models for Cu,Sb,S,; and Cu,;Sb,S,;,*** which differ in
the presence of an additional copper site in the copper
rich phase, result in a good agreement between observed
and calculated profiles, reflected in low residuals (Table
1). Constraints were introduced for the thermal parame-
ters of the minority tetrahedrite phase: a single thermal
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Figure 3. Final observed (crosses), calculated (red solid line) and difference (lower full line) profiles from Rietveld refinement
using neutron powder diffraction data from the ~90° and backscattering detector banks for samples of nominal composition (a)

“Cu,, ;Sb, S13 at 323 K, and (b) “Cu,,Sb, S13 at 298 K. In (a) top and bottom markers correspond to Cu,,,Sb,S,; and Cu,,Sb,S
spectively. In (b), top, middle and bottom markers correspond to Cu,.S, Cu,,,,Sb,S,; and Cu,,Sb,S

(@) (b)

Figure 4. (a) A window of the sodalite cage in the tet-
rahedrite structure, showing the location of the Cu(3)
atoms; (b) the anisotropic thermal ellipsoid of the Cu(2)
site. Cu(1)S, tetrahedra are shown in orange, Cu(z2) as
purple ellipsoids, Cu(3) atoms as light blue circles, anti-
mony as red circles and sulfur as yellow circles.

parameter was used for the copper sites, and a single
thermal parameter was used for the two sulfur sites. Ini-
tial refinements for site occupancy factors (SOFs) of the
copper atoms in the majority phase resulted in values
close to unity and therefore these were subsequently fixed

i3y T

13 Tespectively.

at this value. For the majority tetrahedrite phase, iso-
tropic atomic displacement parameters (ADP) were used,
with the exception of that for the trigonal planar Cu(z)
site, which was modelled anisotropically. For the minority
tetrahedrite phase, the approach described by Andreasen
et al.” to model the trigonal planar Cu(2) site was used, in
order to reduce the number of independent parameters.
In this case, the trigonal planar Cu(2) atom, which was
originally on a 12e site, with coordinates (x, o, 0), was split
into two (x, y, -y) positions above and below the plane
formed by the three sulfur atoms. This split 24¢ site was
assigned a site occupancy factor of o.5, while the Cu(3)
site occupancy was fixed at 0.1, based on the previously
reported model for the copper-rich tetrahedrite
Cu,;;5Sb,S,;.”

Rietveld refinements indicate the sample of nominal
composition “Cumez‘SI; consists of a mixture of two tet-
rahedrites with the crystallographically-determined com-
positions Cu,, 555Sb,S,; and Cu,,¢Sb,S,;, with weight per-
centages of 77% and 23% respectively. Similarly
“Cu,,Sb S13 is a mixture of 21 wt% of Cu,,Sb,S,; and 73 wt%
of CuB,O(,)Sb S, together with ca. 5 wt% of CuS.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Chemistry of Materials Page 6 of 13

(@) (b)

16 17 18 19 673K 16 17 18 1.9
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Figure 5. Neutron diffraction patterns collected in the backscattering bank over the d-spacing range 1.5 < d/A < 1.94 for samples
of nominal composition (a) “Cu,,,Sb,S;” and (b) “Cu,,Sb,S,;” on heating.
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Figure 6. Temperature dependence of the lattice parameters for samples of nominal composition (a) “Cu,,5Sb,S;” and (b)
“Cu,,Sb,S,;”. Phase 1is shown as squares, and phase 2 as circles. Black solid symbols indicate values determined on heating, while
red open symbols correspond to those determined on cooling.
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Figure 7. Temperature dependence of the weight fractions of the two tetrahedite phases for samples of nominal composition (a)
“Cu,,;Sb,S,;” and (b) “Cu,,Sb,S;”. Phase 1 is shown as squares, and phase 2 as circles. Black solid symbols indicate values deter-
mined on heating, while red open symbols correspond to values determined on cooling.
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In both cases, there is good agreement between the
nominal copper content of the sample and the overall
amount of copper calculated from the determined com-
positions arising from the Rietveld refinements. The most
significant difference between the two tetrahedrite phases
lies in the existence of a partially occupied Cu(3) site in
the copper-rich phase, in which copper is in trigonal-
planar coordination, with three sulfur atoms at distances
of 2.154(12)-2.27(2) A. These relatively short Cu-S distanc-
es are comparable with those found for other sulfides
containing three-coordinate copper, such as CuS (2.19
A).” This Cu(3) site is located in the windows of the soda-
lite cages (Figure 4(a)), with an overall occupancy of 15%
at room temperature. Occupation of the Cu(3) site in the
tetrahedrite phase with the smaller lattice parameter
would result in anomalously short Cu-S bond lengths at
this site. Selected bond distances for both tetrahedrite
phases have been included in the SI. The Cu(1)-S distanc-
es are similar to those found for other materials contain-
ing CuS, tetrahedra,”® while the bond distances in the
SbS, trigonal pyramids are similar to those in skinnerite,
Cu,SbS,.” Comparison of bond distances for the two tet-
rahedrite phases reveals an elongation, by approximately
1.7%, of the Cu(1)-S bonds, while the Sb-S bonds, in com-
parison, increase only by 03% from Cu,Sb,S; to
Cu,,,,Sb,S;. In both phases, the long axis of the thermal
ellipsoid for Cu(z) is perpendicular to the plane formed
by three sulfur atoms, and points towards two antimony
atoms located in opposite windows of the sodalite cage
(Figure 4(b)).

Neutron diffraction data collected as a function of tem-
perature up to 673 K, with the samples encapsulated in
silica ampoules to avoid changes in composition, reveal
major structural changes (Figures 5, 6 and 7). On heating
“Cu,,5Sb,S,;” two tetrahedrite-type phases are observed up
to 553 K, while above this temperature, a single tetrahe-
drite phase is found (Figure 5(a)). This phase transition
exhibits a significant degree of hysteresis: it is necessary
to cool to 373 K to detect the reappearance of two tetra-
hedrite phases (Figure 6(a)). For “Cu,Sb,S,” data were
collected in coarser steps (Figure 5(b)), but the behaviour
is similar, with the coalescence of the two tetrahedrite
phases into one occurring at 493 K on heating, and the
reappearance of two phases at 373 K on cooling (Figure
6(b)). In addition, during the process of heating
“Cu,,Sb,S,;", the trace phase of tetragonal Cu,S* trans-
forms into cubic digenite® at 453 K. The later phase re-
mains present in the sample up to the highest tempera-
ture investigated (673 K). In both samples, the tempera-
ture dependence of the lattice parameters (Figure 6) of
both tetrahedrites shows an anomaly around 393 K, which
is accompanied by a change in the linear thermal expan-
sion coefficient. For instance, for “Cu,Sb,S;”, the linear
expansion coefficients below 373 K are -7.38 x 10° K" and
3.08 x 10” K™ for the majority and minority phases respec-
tively, whilst above 393 K a value of 1.99 x 10> K" is found
for the majority phase. In both samples, at temperatures
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above 400 K, peaks from both tetrahedrite phases show
significant overlap and broadening. For samples with a
large copper excess, DSC data (Figure 8) exhibit a weak
endothermic peak at ca. 393 K, the temperature at which
the anomaly in lattice parameters is observed. This DSC
transition was previously reported by Tatsuka and
Morimoto, who attributed it to the presence of skinner-
ite.”® This is however not consistent with our powder neu-
tron diffraction data, where no evidence for skinnerite is
found.

L0.04 O
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100.0 =1
— 2
2
L0.02 £
X @
o —p
' 99.9 3
2 "
3 F0.00 =
S > g
9 99.8- g
] L002 =
= Q
i
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99.7 1 --0.04 35,
T T T T T
300 350 400 450 500 550

T/IK
Figure 8. Thermogravimetric and DSC curves for Cu,,Sb,S,
on heating (black line) and on cooling (red line).

In a previous study of the Cu-Sb-S phase diagram, the
temperature at which the two tetrahedrite phases coa-
lesce into a single tetrahedrite, which can be described as
the exsolution temperature, was determined to be around
393 K, using data collected with a Weissenberg camera.>
Tatsuka and Morimoto reported that exsolution of the
two tetrahedrite phases into a single tetrahedrite occurs
at temperatures as low as 368 K.® However, our in-situ
study unequivocally demonstrates that the two tetrahe-
drite phases persist up to much higher temperatures (553-
493 K, depending on composition), and that the transi-
tion shows marked hysteresis on heating and cooling.
Possible sulfur loss, due to incomplete sealing of the sam-
ples in previous studies, together with the marked overlap
and broadening of peaks that is evident in our measure-
ments above 400 K may have made detection of the two
tetrahedrite phases difficult in earlier studies. Recently, it
has been shown that substitution of Sb by Te in Cu,,Sb,.
«TeS; (1 <£x <1.75) lowers the exsolution temperature to
250 K3

Results of Rietveld refinements using data collected at
the highest temperature investigated are presented in
Table 2, while those for data collected at intermediate
temperatures can be found in the SI. In each case, the
structural model for the majority tetrahedrite phase
found below the exsolution temperature was used, and
the site occupancy factors of the copper atoms were al-
lowed to refine. Rietveld refinements using a single tetra-
hedrite phase (Figure 9) result in excellent agreement
between experimental and calculated data. These Rietveld
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refinements indicate that at 673 K the sample with nomi-
nal composition “Cu,,;Sb,S,;” consists of a single tetrahe-
drite phase, with a crystallographically determined com-
position of Cu,6¢)Sb,S,;, while the “Cu,Sb,S,” sample
contains primarily a tetrahedrite with the composition
Cu,,()Sb,S,;, together with ca. 4wt% of Cu,S (digenite).
Diffraction data (Figure 9) indicate that no other copper-
containing phase, such as copper metal, is present, and in
the single-phase region, the lattice parameters increase
with increasing temperature (Figure 6). Although the
samples are contained in sealed silica tubes, the crystallo-
graphically-determined copper content is much lower
than that expected on the basis of the nominal composi-
tion. In particular, approximately 0.7 and 2.3 copper at-
oms per formula unit appear to be “missing” for the sam-
ples with nominal compositions “Cu,;Sb,S,;,” and
“Cu,,Sb,S,;” respectively. The site occupancy factors for
the copper atoms decrease with increasing temperature,
and a drop is observed for Cu(1) in the copper-rich phase
of “Cu,,Sb,S;” between 373 and 493 K. Difference Fourier
maps (see SI) were calculated to identify potential inter-
stitial sites in which the remaining copper might be locat-
ed. However, examination of these maps indicates that,
although at 673 K there is residual nuclear density, there
are no clear local maxima; a finding consistent with the
presence of highly disordered atoms in the structure.

Examination of the Fourier maps for data collected at
different temperatures indicates that residual nuclear
densities are negligible below 393 K, whilst above this
temperature significant residual density distributed
throughout the unit cell is evident. Furthermore, bond
lengths do not increase linearly with temperature (Tables
Sg and Sio, SI). In particular, the Sb-S distances change
very little up to 393 K, followed by a sharp increase be-
tween 393 and 493 K, while the Cu(1)-S distances increase
more rapidly above 393 K. These discontinuities in bond
lengths occur at the same temperature as the anomalies
in lattice parameters, the endothermic peak in the DSC
measurements and the appearance of residual nuclear
density in the Fourier maps. All of these indicate that a
structural transition, involving a change from localised to
mobile copper ions, occurs at 393 K. Similar transitions
have been observed in Cu,SbS,, Cu,BiS; and Cu,SbSe,, and
have also been attributed to the onset of copper mobility,
which occurs at relatively low temperatures, ranging be-
tween 395 and 423 K3**%° The decomposition on cooling
of the high-temperature tetrahedrite phase into two dis-
tinct phases, with identical Sb and S content, would seem
to proceed by diffusion of copper atoms. Quenching these
materials into the two-phase region may lead to fluctua-
tions of the copper concentration, and this may result in a
spinodal decomposition.

There are also striking differences in the magnitude and
temperature dependence of the ADPs (Figure 10). In par-
ticular, those for Cu(2) and Cu(3) are considerably larger
than those for sulfur and antimony, and have a stronger
temperature dependence (SI, Tables S4 and S7). Although

Table 2. Refined parameters for samples of nominal
composition “Cu,,Sb,S,;,” and “Cu,Sb,S.;”, deter-
mined using neutron diffraction data diffraction da-
ta collected at 673 K. Space group 143m and atomic
positions: Cu(1) on 12d (1/4,1/2,0); Cu(2) on 12¢ (x,0,0);
Cu(3) on 249 (x,x,z), Sb(1) on 8¢ (x,x,x), S(1) on 249
(x,x,2), S(2) on 2a (0,0,0). SOF: site occupancy factor.

“Cu,.Sh,Sy" | “Cu,Sb,S,
a/A 10.41304(4) 10.49246(4)
Cu(1) Usso/A* | 0.055(1) 0.064(1)
SOF 0.973(15) 0.86(2)
Cu(2) X 0.2169(3) 0.2152(3)
Ui, /A% | 0.099 0.106
SOF 0.96(1) 0.87(1)
Cu(3) X - 0.280(1)
z - 0.041(3)
Uio/A* | - 014(3)
SOF - 0.108(9)
Sb(1) x 0.2663(2) 0.2659(3)
Uso/A* | 0.032(1) 0.039(1)
S(1) x 0.1134(4) 0.1137(s)
z 0.3631(5) 0.3605(6)
Uiso/A* | 0.02901) 0.037(1)
S(2) Usso/A* | 0.025(2) 0.021(2)
Weight fract. / % | 100 96.24(6)
Cu,S / wt% - 3.76(9)
X 113 1.01
~90” Bank Rwp / | 114 113
%
Backscattering 115 1.06
bank Rwp / %

*Anisotropic U; values were converted to a single equivalent
Uiso, which is tabulated here.

the ADP for Cu(1) near room temperature is only 30%
larger than those of sulfur and antimony, its temperature
dependence is similar to that of Cu(z). At temperatures
above the Debye temperature, the Einstein temperature®
of the copper atoms can be determined according to:

h*T
Uiso =~
mkgOg4n

where h and kj are the Plank and Boltzmann constants,
m is the mass and & is the Einstein temperature of the
oscillator. The Einstein temperatures, determined from
the slope of a plot of Ui,eq vs. temperature, for the major-
ity phase in “Cu,,,Sb,S,,” are 87 and 79 K for Cu(1) and
Cu(2), while for the majority phase in “Cu,,Sb,S,,” the Ein-
stein temperatures are 91 and 79 K, respectively. These
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Figure 9. Final observed (crosses), calculated (red solid line) and difference (lower full line) profiles from Rietveld refinement
using neutron powder diffraction data from the ~9o° and backscattering detector banks for samples of nominal composition (a)
“Cu,,;Sb,S,;” and (b) “Cu,,Sb,S;” at 673 K. In (a) reflection markers for tetrahedrite are shown, while in (b), top and bottom

markers correspond to Cu,,,, Sb,S,; and Cu,.,S respectively.
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Figure 10. Temperature dependence of the ADPs for the
majority phase in “Cu,,;Sb,S,”. Error bars are within the
points.

values are comparable with those determined for the
trigonal planar copper site in stoichiometric tetrahedrites,
using powder X-ray diffraction data collected at lower
temperatures.” This is also broadly consistent with the

analysis of low-temperature heat capacity data for stoich-
ometric tetrahedrites, which have been described with a
Debye term and three Einstein oscillators with character-
istic temperatures of 12, 33 and 97 K, ascribed to dis-
placements of the trigonal planar copper atoms.*® In stoi-
chiometric tetrahedrite, the large ADP of the trigonal
planar copper has been attributed to a low-energy vibra-
tion of this atom out of the CuS, triangular plane.’ It has
been proposed that weak out-of-plane bonding, induced
by the lone-pair electrons of the antimony atoms, is re-
sponsible for this rattling mode.* By contrast, in the ionic
conductor Cu,SbSe;, the large ADPs of the copper atoms
are related to their weak bonding within the rigid Sb-S
framework.* Calculations show that in Cu,SbSe;, copper
atoms are able to diffuse within a one-dimensional chan-
nel, and this results in a low-frequency vibrational
mode.” In the case of the copper-rich tetrahedrites, the
structural data presented here demonstrates that the
copper sublattice above 393 K contains mobile copper
ions and is in a liquid-like state. Hence the structural be-
haviour of copper-rich tetrahedrites parallels that of
Cu,SbSe,. Given the relatively short Cu(3)-Cu(1) and
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Cu(3)-Cu(2) distances of 2.37(2) and 3.05(2) A respective-
ly, it is likely that the diffusion path for the Cu ions in the
copper-rich phases involves the interstitial Cu(3) site,
which is located in the windows of the sodalite cages. By
contrast, a similar neutron diffraction analysis for stoichi-
ometric “Cu,,Sb,S,;” indicates that copper is not mobile at
elevated temperatures.*"*

3.2 Thermoelectric properties. Thermogravimetric
data (Figure 8) collected under a flowing nitrogen atmos-
phere indicates that relatively little mass loss occurs (<
0.3% for “Cu,,,Sb,S,,” and < 0.04% for “Cu,,Sb,S,,”) upon
heating the samples up to 573 K, hence transport meas-
urements have been carried out up to this temperature.
All samples exhibit p-type behaviour, as evidenced by the
positive sign of the Seebeck coefficient (Figure 11). The
temperature dependence of the electrical resistivity (p)
and the Seebeck coefficient for all copper-rich samples
show two distinct regions of behaviour (Figure 1), with a
transition temperature which rises from 375 to 410 K with
increasing copper content. This transition, which is ab-
sent for the stoichiometric “Cu,,Sb,S;” tetrahedrite, oc-
curs at the onset of copper mobility that we have estab-
lished by powder neutron diffraction. Below this transi-
tion, the temperature dependence of the electrical resis-
tivity is characteristic of semiconducting behaviour,
whilst above the transition it exhibits a very weak tem-
perature dependence, similar to that of “Cu,Sb,S,”. The
Seebeck coefficient exhibits a linear temperature depend-
ence above the transition. Marked discontinuities in the
electrical transport properties are not apparent at the
exsolution temperature, above which a single tetrahedrite
phase exists. A change in the temperature dependence of
the electrical conductivity and Seebeck coefficient has
been previously observed at the temperature at which
ions become mobile for ionic conductors such as Cu-
CrSe,,® Cu,PSes" or AggSnSe,.* Above this transition
temperature, there is an ionic contribution to the resistiv-
ity and the Seebeck coefficient, as well as the electronic
contribution. Although the Seebeck coefficient increases
markedly with increasing copper content, the electrical
resistivity also increases. Consequently, the power factor
of copper-rich tetrahedrites is lower than that of stoichi-
ometric tetrahedrite (Figure 11). With increasing x, the
power factor decreases up to x = 1, before increasing again
for x = 1.5 and 2, primarily due to the large increase in
Seebeck coefficient.

The introduction of additional copper atoms has a
marked effect on the thermal diffusivity (SI, Figure S8)
and hence the thermal conductivity (Figure 12), with the
lowest values obtained for the most copper-rich members
of the series. The thermal diffusivity reaches values as low
as 0.2 mm”s™ at room temperature, comparable to values
found for superionic conductors.* The total thermal con-
ductivity decreases by 66%, from a value of 1.3 W m™ K*
for stoichiometric tetrahedrite at room-temperature to
0.44 W m™ K" for “Cu,,Sb,S,;”. The lattice thermal conduc-
tivity (SI, Figure Sg) at room temperature, estimated us-

ing the electrical resistivity data in conjunction with the
Wiedemann-Franz law (with a Lorenz constant of 2.45 x
108 W Q K™), also shows a marked reduction with in-
creasing copper content. The low thermal conductivity of
stoichiometric tetrahedrites is often attributed to the out-
of-plane vibrations of the trigonal planar Cu(z2) atoms in
the “spinner”.® However, the existence of two phases be-
low the exsolution temperature may be providing an ad-
ditional source of phonon scattering, and this would ex-
plain the drop in lattice thermal conductivity when com-
pared to the stoichiometric phase.

031 —=—Cu,,Sb,S

4713

0.4 4 —e—Cu,,.Sb,S

12.3 4713

03] Cu,,Sb,S

4713

0.2 |

p/ mQm

0.1 1

0.0
200 1

175 4
150 4

S/pvK?

125 4
100 4

75
1.0 4

0.8 1
0.6 |
0.4 1
0.2 1

St I mwmt K?

0.0 : : : ; :
300 350 400 450 500 550 600

T/K

Figure 11 Resistivity, Seebeck coefficient and power factor
for “Cu,,,,Sb,S,;” (0 < x <2.0) as a function of temperature.

The thermal conductivity and the thermal diffusivity
show a clear step at the same temperature (ca. 400 K) at
which the electrical resistivity shows a transition due to
the onset of copper mobility. Below this transition, the
electronic contribution to the thermal conductivity is
almost negligible (SI, Figure Sg) due to the high electrical
resistivity, whilst above this temperature . is a signifi-
cant contributor to the total thermal conductivity. The
lattice thermal conductivity of the copper-rich tetrahe-
drites is nearly temperature independent. For samples
with x > 1, the lattice thermal conductivity is below the
minimum thermal conductivity at the amorphous limit,
Kmin» Which for Cu,,Sb,S,; has been estimated as approxi-
mately 0.5 W m™ K" at 300 K,* using the approach pro-
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posed by Cahill.¥ Very low thermal conductivities, with
values below the glassy limit (k,,;,) have been observed for
phonon-liquid electron crystal (PLEC) materials,** where
the presence of a liquid-like cation sublattice containing
highly mobile ions leads to a softening of the phonon
modes. This type of behaviour would be consistent with
the conclusions arising from our structural study of the
copper-rich tetrahedrites, which indicates that the copper
ions are highly mobile. Moreover, the low Einstein tem-
peratures found for the copper atoms in these copper-rich
phases correspond to low-frequency phonon vibrational
modes, ranging between 55 and 63 cm™. A liquid-like state
of the copper ions would result in a very short phonon
mean free path, and hence in values of the lattice thermal
conductivity near the glass limit.
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Figure 12 Thermal conductivity and figure of merit for
“Cuy,4Sb,S,;” (0 < x < 2.0) as a function of temperature.

For most crystalline materials the lattice thermal con-
ductivity is strongly dependent on temperature, and ex-
hibits a T" trend at high temperatures.* Although the
tetrahedrites reported here are crystalline materials, their
thermal conductivity is glass-like. In a previous study of
stoichiometric tetrahedrites, the temperature dependence
at T < 10 K of thermal conductivity and heat capacity has
been compared to that of type-I clathrates.”” For materials
consisting of a host lattice containing guest atoms, reso-
nant phonon scattering may occur through the coupling
of lattice acoustic modes with localised low-frequency
optical modes of the guest atoms.*® It has been suggested
that this mechanism not only reduces the thermal con-
ductivity in cage compounds like skuterudites,® but could
also play a significant role in materials with dynamic dis-
order of ions, as this disorder will give rise to low-energy
optical phonon modes. This mechanism could explain the
glass-like thermal conductivity of stoichiometric tetrahe-
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drites, as well as that of the copper-rich phases, which
contain mobile copper ions above 393 K.

The thermoelectric figure of merit, ZT, of copper-rich
tetrahedrites reaches optimal values for x = 1.5 and x = 2.0
(Figure 12), due to the low thermal conductivity of these
materials. The value of ZT = 0.62 obtained for “Cu,,Sb,S,;”
at 573 K is remarkably similar to those previously reported
for a range of substituted tetrahedrites, including
Cu,,,Ni,6Sb,S,;,° Cu,ZnSb,S,,* and Cu,,Sb,TeS,,** all of
which reach ZT ~ 0.6 at 573 K, and clearly demonstrates
that copper excess is an effective strategy to optimise the
thermoelectric performance of tetrahedrites. Given the
increasing trend of the power factor and the weak tem-
perature dependence of the thermal conductivity, we ex-
pect that ZT for the copper-rich phases will rise with in-
creasing temperature, and extrapolation of our data for
“Cu,,Sb,S,;,” leads to ZT ~ 1.0 at 720 K. Concerns about
sample stability, owing to possible copper diffusion from
the sample into the instrument electrodes, have preclud-
ed measurements to higher temperatures.

4. CONCLUSIONS

Our in-situ diffraction study provides clear evidence for
the coexistence of a nearly stoichiometric and a copper-
rich tetrahedrite phase over a wide range of temperatures
and compositions, which coalesce to a single tetrahedrite
phase at temperatures between 493 and 553 K. Signifi-
cantly, this study demonstrates that copper becomes mo-
bile above 393 K, and that the materials are likely to be
superionic conductors in this temperature range. Meas-
urements of ionic conductivity would be desirable to con-
firm this. Analysis of the copper ADPs has enabled the
identification of low-energy phonon modes, associated
with the liquid-like copper sublattice. Strong phonon
scattering arising from the presence of a liquid-like cop-
per sublattice results in an exceptionally low thermal
conductivity, consistent with phonon liquid electron crys-
tal (PLEC) behaviour. The thermoelectric figure of merit
of these materials reaches values comparable with those
of stoichiometric tetrahedrites at the same temperature.
We have shown, for the first time, that non-
stoichiometric tetrahedrites offer exciting opportunities
in the search for thermoelectric materials. Given that the
tetrahedrite structure is found over a wide range of com-
positions, CumXSbeSbB,l&19 further studies of non-
stoichiometric phases will be needed. The effect of substi-
tution at the cation or anion sites in Cu,,,,Sb,S,; should
also be investigated, as substitution could lower the exso-
lution temperature and provide a mechanism to control
copper mobility.
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