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A structural phase transition has been discovered in the synthetic tetrahedrite Cui2SbsSi3 at
approximately 88 K. Upon cooling, the material transforms from its known cubic symmetry to a
tetragonal unit cell that is characterized by an in-plane ordering that leads to a doubling of the unit
cell volume. Specific heat capacity measurements demonstrate a hysteresis of more than two degrees
in the associated anomaly. Similar hysteresis was observed in powder x-ray diffraction measurements
that also indicate a coexistence of the two phases, and together these results suggest a first order
transition. This structural transition coincides with a recently-reported metal-insulator transition,
and the structural instability is related to the very low thermal conductivity s in these materials.
Inelastic neutron scattering was used to measure the phonon density of states in Cui12Sb4S13 and
Cui10Zn2Sb4S13, both of which possess a localized, low-energy phonon mode associated with strongly
anharmonic copper displacements that suppress k. In Cui12Sb4S13, signatures of the phase transition
are observed in the temperature dependence of the localized mode, which disappears at the structural
transition. In contrast, in the cubic Zn-doped material the mode is at slightly higher-energy but

observable for all temperatures, though it softens upon cooling.

I. INTRODUCTION

Materials that have an intrinsically low lattice ther-
mal conductivity (x;) are important for a variety
of applications, and finding electrically-tunable ma-
terials with low k; is key to the search for new
thermoelectrics.’ * As such, significant effort is placed
into understanding the relationships between crystal
structure and phonon propagation.”” As one might ex-
pect, structurally-unstable materials often have relatively
low k;. For instance, the ferroelectric instability in PbTe
and the orbital (electronic) driven structural transition
in SnSe have been linked to their desirable thermoelec-
tric properties.® 10 These lattice instabilities are associ-
ated with strong anharmonicity, which leads to signifi-
cant phonon-phonon scattering that yields low k;. At
the same time, structural instabilities need to be under-
stood and controlled, or the desired functionality may
not be fully exploited.

Materials related to the mineral known as tetrahedrite
(Cu12SbyS13) possess a very low thermal conductivity
(k ~ 0.5W/m/K at 300K), which has a temperature de-
pendence more similar to that of amorphous materials
than crystalline ones.'* This low x allows their thermo-
electric figure of merit 27T to approach 1 near 700 K.11-19
Thermoelectric conversion efficiency generally increases
with increasing 2T of a material, where 2T = o?0T/k
contains the Seebeck coeflicient «, the electrical conduc-
tivity o, and k=k; + k. is the thermal conductivity con-
taining both lattice and electronic contributions.

The low thermal conductivity of the tetrahedrites has
been linked to large-amplitude displacements of copper
atoms,'? and the presence of nearby Sb atoms appears

critical.2%2! The cubic structure of Cu;2SbsS;3 has two
copper sites, both with S nearest neighbors; Cu(l) is
tetrahedrally coordinated and Cu(2) is in a (slightly-
distorted) trigonal planar coordination.?? The displace-
ments of the Cu(2) atoms are highly anharmonic and
anisotropic,2? and the anisotropic thermal displacement
ellipsoids point towards Sb whose lone pair electrons are
believed to promote this distortion.2? Several recent stud-
ies have investigated the role of lone-pair s electrons or
resonant p-bonds in creating anharmonic environments
for atom vibrations.'%:20:24-27 The optical phonons as-
sociated with the Cu(2) displacements have been calcu-
lated to be unstable, with a double-well atomic poten-
tial reported.'?2® In Cuy2SbyTesS13, low-energy phonon
modes associated with Cu(2) motion have been observed
and are found to display an anomalous softening with
decreasing temperature.?! Low-energy, localized modes
like those associated with guest atoms (‘fillers/rattlers’)
in the filled skutterudites or clathrates typically in-
hibit thermal transport via phonon scattering and/or
modifications to phonon dispersions (velocity reduction,
phonon localization).”-29:30

In addition to interesting lattice dynamics, an elec-
tronic phase transition has been reported in Cu;2SbsS13
near 85 K.!! This is manifested as a metal-insulator tran-
sition with a corresponding dip in the magnetic sus-
ceptibility upon cooling,'’3! which is reminiscent of a
charge density wave state. The transition is suppressed
by a variety of dopants, though its origins have not been
identified.!!

In this work, we reveal that a structural transition oc-
curs at approximately 88 K in synthetic Cu12SbsS13. The
transition is observed in powder x-ray diffraction data as



a splitting of Bragg peaks and the emergence of addi-
tional reflections, which indicate a tetragonal structure
at low temperatures. Powder x-ray diffraction and spe-
cific heat measurements suggest that the transition is first
order. To examine the lattice dynamics in further detail,
the phonon density of states was probed with inelastic
neutron scattering (INS), which has proven particularly
powerful for yielding detailed insights into phonon dy-
namics and scattering.® 193237 The INS measurements
show the existence of a low-energy vibration mode in the
high-temperature cubic phase, which disappears at the
structural transition in Cui2SbsS13. With Zn doping,
the high-temperature cubic structure is stabilized and
this mode shifts to a higher energy, but displays anoma-
lous softening on cooling.

II. EXPERIMENTAL DETAILS

Synthetic Cu128b4813 and Culg_mZn$Sb4813 (LL' =
1,2) were prepared by direct reaction of high-purity el-
ements in sealed quartz ampoules. The elements were
slowly heated in a quartz ampoule to 650 °C and held for
12-36 h. The resulting material was ball milled for 40 min
under He, then annealed at 450 °C for a minimum of 4d
(x=0,2 for inelastic neutron scattering) and a maximum
of 17d (z = 1 for powder x-ray diffraction). The loading
and unloading of the milling vial were performed in a He
glove box.

Powder x-ray diffraction measurements were per-
formed from 300K to 20K, using a PANalytical X’Pert
Pro MPD with a Cu K1 incident-beam monochroma-
tor. Rietveld and Le Bail refinements were performed
using FullProf.?®

The primary impurity phases in our Cu;2SbsS13 sam-
ples are Cu3SbS; and an enlarged tetrahedrite phase
(both < 3%). The enlarged tetrahedrite phase is ex-
tremely difficult to avoid in the ternary system. It
is formed during an exsolution reaction below ~95°C,
where a homogeneous tetrahedrite matrix separates into
copper rich (near Cuy4Sb4S13) and copper ‘poor’ regions
(near Cuy2SbsSq3) that both possess the cubic tetra-
hedrite structure.3%40 It was reported by Tatsuka and
Morimoto that the diffusion coefficient of copper in tetra-
hedrite is large enough at room temperature to allow the
reversible formation of these two phases in the presence
of excess copper or sulfur.?® From Le Balil fits, the lattice
parameter of the enlarged unit cell phase in our undoped
material is found to be 10.4431(10) A and 10.4149(9) A at
300 and 20 K, respectively. We emphasize that the phase
transition is observed in the small-cell tetrahedrite, which
dominates the volume fraction of our samples. The ad-
dition of Zn leads to purer samples, and in the cases of
Cuy1ZnShyS13 and CuygZnaSbsS13 our laboratory pow-
der x-ray diffraction does not detect the enlarged tetra-
hedrite cell. This appears to be similar to the influence
other divalent (or trivalent) dopants,'®4! which suppress
the exsolution into two tetrahedrite phases.

Specific heat capacity measurements were performed
using a Quantum Design Physical Property Measurement
System. These measurements revealed the first order na-
ture of the phase transition. To probe this behavior, large
heat pulse measurements were performed and Quantum
Design’s single slope analysis tool was employed.

Inelastic neutron scattering (INS) spectra were mea-
sured using the ARCS time-of-flight chopper spectrome-
ter at the Spallation Neutron Source, at Oak Ridge Na-
tional Laboratory.*> The samples were encased in thin-
walled cylindrical Al containers, 12 mm in diameter. For
measurements at low temperatures, the sample holder
was cooled by a closed-cycle He refrigerator. We used
two incident neutron energies E; = 20 and 70meV.
The energy resolution (full width at half maximum) for
FE; = 20meV was about 0.55 meV at 10 meV neutron en-
ergy loss, increasing to about 1.0meV at the elastic line.
The empty Al sample container was measured in identical
conditions at all temperatures.

All spectra were normalized by the total incident flux,
and corrected for detector efficiency. In all cases, the
spectrum from the empty sample container was sub-
tracted. The analysis of the phonon DOS was performed
in the incoherent scattering approximation, using the
MANTID software.*> This approximation works well in
the case of powder samples, when the scattering con-
ditions allow the sampling of multiple Brillouin zones
in reciprocal space, which was the case in our measure-
ments. The elastic peak was removed, and the data below
1.9meV (3meV) for E; = 20meV (E; = 70meV) were
extrapolated using a Debye model. A standard proce-
dure was used to correct for the effect of multiphonon
scattering.**

For single-phonon scattering in a polyatomic material,
the inelastic neutron scattering cross-section is propor-
tional to the scattering function,

Zm

where @ and E are the momentum and energy transfer to
the sample, o;, m;, and exp(—2W;) are the neutron scat-
tering cross-section, mass, and Debye-Waller factor for
atom i, respectively, and np(E) is the Bose occupation
factor.*® The partial phonon DOS, g;, is defined as
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where E(j,q) and e(j,q) are the phonon energies and
eigenvectors.*>%6 Because different isotopes have differ-
ent factors o/M, the modes corresponding to the ele-
ments of higher scattering efficiency are over-emphasized
over those of elements with lesser neutron scattering ef-
ficiency, resulting in a skewed generalized phonon DOS.
The values of o/M for Cu, Zn, Sb, and S are 0.126, 0.063,
0.032, and 0.032, respectively. Thus, the modes involv-
ing large motions of Cu atoms are overemphasized in the
measured phonon spectra. This effect should be taken
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into account when comparing with lattice dynamics sim-
ulations.

IIT. RESULTS AND DISCUSSION

A. Structural Phase Transition
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FIG. 1: Temperature dependent powder x-ray diffraction data
collected on cooling (A=1.5406 A) across the structural phase
transition in Cu12SbaS13. The splitting of Bragg peaks re-
veals the transition from cubic to tetragonal symmetry upon
cooling, and the emergence of additional reflections relates to
the enlargement of the cell.

The phase transition is observed in Fig. 1 by the split-
ting of cubic Bragg peaks and the emergence of additional
peaks. This is seen to occur near 88 K based on our pow-
der x-ray diffraction data, which is consistent with lit-
erature reports of a metal-insulator transition and our
specific heat capacity measurements (below). All addi-
tional reflections are indexed by a V2 x /2 expansion
of the ab-plane, and this supercell formation results in a
tetragonal lattice at low temperature. On warming, the
ordered state is disrupted by thermal displacements and
the structure relaxes into a cubic state with high entropy.

The structural distortion is suppressed by doping, as
shown by the temperature-dependent lattice parameters
for undoped Cui2SbsS13 and two Zn doped samples in

Fig. 2. To facilitate the viewing of these results, the basal
plane lattice parameter of the tetragonal cell (at:) has
been divided by v/2. This plot also demonstrates the ex-
pansion of the lattice with Zn doping, which is consistent
with prior reports.?” The lattice parameters obtained by
Le Bail refinements are summarized in Tablel.

Figure 2 also reveals that Zn-doping reduces the ther-
mal expansion coefficient of Cuys_,;7Zn,SbsS13. The co-
efficients of linear thermal expansion (a7) obtained from

our diffraction data are shown in Tablel. Here, we de-
fined e “B00K)—a(200K)
T a(300K)AT

lights the stabilization of the lattice with Zn-doping.
Even with Zn doping, the lattice anharmonicity remains,
and a region of negative thermal expansion is observed
at low temperatures for the Cuj9ZnsSbhyS13 sample. The
lattice parameter of CujpZnsSbsSi3 begins to plateau
below approximately 100K, and upon cooling from 60
to 20K a increases from 10.3669(3) to 10.3675(3) A. We
note that the reported ap value for =0 is similar to
those of the high temperature thermoelectric materials
La371T64 and Yb14MnSb11.35’48’49

Figure 3 shows x-ray powder diffraction data collected
at 20K on Cuy2SbsSi3 in the tetragonal phase. A Ri-
etveld refinement is shown, and the associated lattice
parameters are provided in the Figure. During the fit,
the excluded regions were utilized to eliminate diffrac-
tion peaks from the sample holder.

A structural model for the low temperature phase can
be constructed by starting with a tetragonal v/2 x v/2 x 1
supercell of the high temperature, cubic structure. In this
tetragonal cell, the cubic structure can be reproduced ex-
actly using space group P4. Higher symmetry tetrago-
nal space groups were tested, but none were consistent
with the room temperature structural framework. This
model contains 14 Cu sites, 4 Sb sites, and 15 S sites.
Note that at this level of approximation, the model still
has cubic symmetry, although the imposed supercell is
tetragonal. It is the movement of atoms away from sites
that are symmetry constrained in the high temperature
structure that lowers the crystal symmetry from cubic to
tetragonal, thus requiring the v/2 x v/2 description of the
ab-plane while also producing the observed superlattice
reflections (Fig. 1). When this occurs, ¢ is no longer con-
strained to equal v/2a, which results in the splitting of
the subcell Bragg peaks.

In the low temperature model, there are 83 atomic po-
sition parameters that are unconstrained by symmetry.
This presents a significant challenge for crystallographic
analysis using powder diffraction. Single crystal diffrac-
tion data were collected at 50 K and showed the crystallo-
graphic distortion, but strong twinning that occurs upon
cooling into the tetragonal phase precluded further anal-
ysis. To aid in the refinement of the powder diffraction
data, soft constraints were imposed to maintain reason-
able interatomic distances. Due to the structural com-
plexity, a complete description of the structure is difficult
to obtain from the present data. Importantly, however,
Fig. 3 shows that the intensities of superlattice reflections

. The suppression of ap high-
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FIG. 2: Temperature dependent lattice parameters obtained
from powder x-ray diffraction data revealing the phase tran-
sition in Cui2SbsSi3, along with data for cubic phases
Cu112n8b4813 and CuloZn25b4513.

are matched reasonably well, indicating that the model
used is sufficient to describe the data. The lattice param-
eters determined from the refinement of data collected at
300K and 20K are listed in Table I.

A detailed discussion of the refined structure is un-
warranted because of the limitations noted above, but
qualitative observations can be made. As previously
discussed, it is expected that structural instabilities in
Cuy2SbsSy3 are related to displacements of trigonally co-
ordinated Cu atoms.'? In the model used here, 8 of the 14
Cu sites are in trigonal coordination by S. Four of these
are on special positions that constrain them to be copla-
nar with their surrounding S triangle. Of the four Cu
atoms where such a symmetry constraint does not exist,
three are displaced away from their planar positions. One
Cu site shows a significant distortion, moving more than
0.3 A out of the plane defined by the three coordinating
S atoms and to within 3.0 A of a neighboring Sb. For
comparison, the other Cu—Sb distances in the structure
are greater than 3.3A and the closest Cu—Sb contact
in the room temperature structure is about 3.4 A. Thus,
although the full details of the low temperature struc-
ture are not known, it is apparent that displacements of
trigonally coordinated Cu are involved in the structural
transition.
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FIG. 3: Rietveld refinement of x-ray diffraction data col-
lected at 20 K for Cui2Sb4S13. The green tick marks indicate
locations of Bragg reflections for the small unit cell tetra-
hedrite phase in the tetragonal structure (upper), the large
unit cell tetrahedrite phase in the cubic structure (middle),
and CuzSbS4 (lower).

B. Evidence for a First Order Transition

The order of the transition is now considered through
specific heat measurements and diffraction data collected
on warming and cooling through the transition, both of
which are shown in Fig.4. The specific heat capacity
measurement shows a hysteresis of ~ 2.6 K, as observed in
Fig.4(a). The raw data for this measurement are shown
in the inset of Fig.4(a), which shows the time depen-
dence of the sample T" with constant heater power for
108s. A latent heat associated with the phase transition
can be observed as the plateaus on warming and cool-
ing. The heating portion of the curve has this anomaly
at higher temperature than does the cooling curve, and
this pulse measurement provides a quick demonstration
of the hysteresis and latent heat.
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FIG. 4: (a) Specific heat capacity data contain a hysteresis
between heating and cooling curves, and the raw data (in-
set) demonstrate that the transition has an associated latent
heat. (b) Powder diffraction through the transition also re-
veals hysteresis between heating and cooling curves, as well
as an indication of coexistence between the high- and low-
temperature phases.

Figure 4(b) shows diffraction data collected on warm-
ing and cooling through the transition. These data also
show a hysteresis of approximately 2K, consistent with
the specific heat measurements. When examined closely,
the diffraction data also suggest a coexistence of both
phases. Three peaks can be observed at 87 K on cooling
(or 88K on warming), where the outer two (tetragonal)
peaks come from the splitting of the central (cubic) peak.
The locations of the Bragg peaks are consistent and fairly
well defined, and the hysteresis is in general agreement
(within resolution) of that observed in the specific heat
measurement. Therefore, we do not believe these results
are due to inhomogeneity of the sample (chemical or ther-
mal). As such, these results provide evidence that the
transition is of first order.

Care must be taken when collecting and analyzing spe-
cific heat capacity data across a first order phase tran-

TABLE I: Lattice parameters for the Cuj2—;7Zn,SbsS13 sam-
ples at 300 and 20 K. The linear coefficients of thermal ex-
pansion (ar) are obtained using lattice parameters at 200
and 300 K, since they vary nearly linearly with temperature
in all samples near room temperature (Fig. 2).

sample A300K a0k C20K ar
A A A 107°K™!
Cui125b4S13 10.3221(3) 14.5941(5) 10.2746(4) 1.43
Cu11ZnSbaS13  10.3533(2) 10.3323(3) =a 0.98
Cu10Zn2SbaS13 10.3805(4) 10.3675(3) =a 0.80

sition. When performing measurements in a Quantum
Design PPMS using the standard specific heat option,
the presence of latent heat leads to significant errors in
the analyzed results. These data were obtained using
a heat pulse producing a temperature rise of 30% of the
temperature setpoint and a long collection time (~4 time
constants). The data were subsequently analyzed us-
ing Quantum Design’s single slope method analysis tool,
which analyzes heating and cooling curves separately and
is designed for treating first order transitions. As such,
the features on warming and cooling are well resolved.
We note that the entropy change across the transition,
obtained by integrating cp /T, is found to be AS=4.7TR
and 4.5 R on heating and cooling, respectively. For this
integration, a baseline was manually selected and cp/T
does not contain a strong temperature dependence in this
region except for the anomaly itself.

C. Lattice Dynamics

The generalized phonon DOS obtained from the
ARCS measurements at 200K are shown in Fig.5 for
Cui12SbsS13 and Cuy9ZnaShyS13. Overall, the phonon
DOS is similar for the two compositions. The maximum
phonon energy is about 48 meV, located at the top of
a wide band of optical modes likely involving predomi-
nantly the light sulfur atoms at 30 < F < 48 meV, as pre-
dicted in Ref. 12,20. We note that sulfur vibrations are
under-weighted in our generalized DOS measurements,
leading to lower intensity in this energy range than in
simulations.'?2% In addition, several peaks are observed
at £ ~ 19meV, 9meV, and below 4 meV. While the low-
est energy peak only appears as a shoulder in our mea-
surements with F; = 70meV, it is clearly resolved in the
higher-resolution measurements with F; = 20meV. By
comparing with reported simulations'?2°, we can identify
the peak below 4meV with a low-energy optical vibra-
tion mode of trigonally-bonded Cu atoms. This feature
is in very good agreement with measurements reported
by Bouyrie et al. in Cui;2SbaTesS13.2" The agreement
on the existence of this low energy mode confirms the
importance of Sb bonding in the tetrahedrite structure,
since this peak is absent in measurements of CuigTesS13
(Ref. 21). The role of the Sb lone-pairs in producing
an unstable bonding environment was also highlighted in
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FIG. 5: Phonon DOS of Cui12SbsS13 and Cui19Zn2Sb4S13 at
200 K, measured by inelastic neutron scattering. The lines
are for the measurements performed with E; = 70 meV, which
are corrected for multiphonon scattering. Markers are for the
high-resolution measurements with Ej = 20 meV, which only
sampled the low-energy portion of the DOS, and were not
corrected for multiphonon scattering (see text).

Refs. 12,20.

While the phonon DOS are generally similar for the
doped and undoped material, there are significant differ-
ences in the low-energy mode(s) observed near 2-4 meV.
In particular, the temperature dependence of this mode
is clearly different, as shown in Fig. 6 where data ob-
tained using E; = 20meV are plotted. In the undoped
material, the low-energy mode disappears at the struc-
tural transition and then re-appears at lower energy in
the tetragonal phase (Fig. 6(a)). In the Zn-doped mate-
rial, which remains cubic, decreasing temperature leads
to a striking softening and broadening of the low-energy
peak.

We fitted the energies of peaks from the E; = 20 meV
data at ~ 3meV (peak 1), ~ 8meV (peak 2), and
~ 18meV (peak 3) as a function of temperature and
the results are shown in Fig. 7. For peak 1, we used a
combination of a Gaussian and parabola, over the range
0 < F < 6meV, while peaks 2 and 3 were fitted with a
single Gaussian and a flat background over a window of
2.5meV and 5meV, respectively, around the peak cen-
ter. The mode widths reported in Fig. 7 are full-width-
at-half-maximum and are corrected for the estimated ex-
perimental instrument resolution.

A softening of phonons with decreasing temperature
is opposite to the quasi-harmonic (QH) behavior that
is typically observed in most materials. In the QH
model, phonon frequencies depend on temperature solely
through the change in volume of the system and one
can define a T-independent Griineisen parameter v =
—dIn E/dInV to describe this behavior. Typically, v is
positive and one expects a decrease (softening) in phonon
frequencies with increasing temperature due to thermal
expansion, AE/E = —yAV/V (or equivalently, an in-
crease in phonon frequency upon cooling). The tem-
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FIG. 6: Temperature dependence of the phonon DOS

from INS measurements for (a) Cui2SbsSiz and (b)
Cu10Zn2ShsS13. Curves for different temperatures are ver-
tically offset for clarity. In panel (a) the curve for T = 80K
is replicated (dots) with the same offset as for the curve for
T = 90K, in order to highlight the discontinuous change in
shape at the structural phase transition.

perature dependence of the peaks at £ ~ 9meV and
18 meV follows the expected trend from thermal expan-
sion in the QH approximation. However, this is opposite
to the behavior observed for the low-energy optic mode in
the tetrahedrites, which shows a pronounced softening on
cooling, revealing strong anharmonicity near a structural
instability. This temperature dependence is especially
clear in the Zn-doped sample. Looking at the tempera-
ture evolution of the DOS in Fig. 6, one can also notice
that features in the range 6 < F < 15 meV exhibit some
broadening upon heating, which is typical of anharmonic
scattering as vibrational amplitudes increase.

As can be seen in Fig. 7, the low-energy optic mode
for trigonal Cu atoms in CujgZnsSbySi3 softens from
3.8meV at 300K to 2.6 meV at 6 K. Also, the width of the
mode increases significantly upon cooling. This behavior
is consistent with that observed in Cuj2SbsTesS13.2t The
behavior of the low-energy optical mode in Cuj2SbyS13
is quite different. At 200K, the mode frequency is =
3.1meV, lower than that in CujpZn2SbyS13 (= 3.5meV)
for the same temperature. Overall, this mode(s) as-
sociated with the trigonal Cu(2) is broader in the un-
doped sample, indicative of stronger damping. Be-
tween 100K and 200K, the mode frequency remains
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FIG. 7: Temperature dependence of phonon energies for
peak 1 (E ~ 3meV), peak 2 (F ~ 9meV), and peak 3
(E ~ 18meV). The width of peak 1 is FWHM, corrected
for instrument resolution.

constant £ ~ 3.06 £+ 0.10 meV, consistently lower than
in CujgZnaSbyS13. The mode responds strongly to the
structural transition in the undoped sample, with peak
1 abruptly disappearing between 90 K and 80 K. Below
the transition temperature, a weaker mode appears at
~ 2meV and softens on further cooling to 6 K. We also
note that peaks 2 and 3 at higher energy follow the reg-
ular softening on heating expected within the QH ap-
proximation. Still, for both compounds, the tempera-
ture dependence of these peaks is quite strong. Using
the experimentally determined lattice parameters, we es-
timate a Griineisen parameter close to 10. The appar-
ent discontinuity in the energy of peak 2 in the undoped
sample between 80 and 90K could be associated with
the structural distortion. In addition, above the transi-
tion, the energies of peaks 2 and 3 are stiffer (by about
2%) in the Zn-doped sample compared to the undoped
tetrahedrite. This stiffening upon alloying likely reflects
the stiffening of force-constants upon filling of holes with
doping, which suppresses electronic screening of atomic
displacements.3> We note that this stiffening is much
stronger for peak 1 (about 15 % at 200K), indicating that
the trigonal Cu environment may be most sensitive to the
changes in bonding upon Zn doping.

Overall, the behavior of the low-energy optical mode
associated with trigonally-bonded Cu atoms is reminis-
cent of a soft-mode instability, as seen for example in the
rock-salt chalcogenides and in SnSe® 195951 However,

in the tetrahedrites, the anharmonic low-energy optical
mode is Finstein-like: it must have little dispersion, with
E almost independent of g in order to build up sufficient
spectral weight to give rise to a pronounced peak in the
phonon DOS (following convention, we refer to the en-
tire flat branch as a single Einstein mode, although it is
really a collection of modes at the same energy). This is
compatible with the observation of a near dispersionless
branch at ~ 4 meV in the single-crystal data on a natural
tetrahedrite sample reported by Bouyrie et al., Ref. 21.
This is in contrast to the strongly dispersive zone-center
soft-modes observed in rocksalt chalcogenides and SnSe.
This dispersionless behavior is indicative of a localized
instability of the trigonal Cu vibrations, which are decou-
pled and vibrate incoherently from one another instead
of forming a collective dispersive band. As a result, we do
not expect to observe a well-defined phonon wave vector
at which the mode would fully soften. The Einstein-like
character of the trigonal Cu vibrations also leads to a def-
inite enhancement in the low-temperature heat capacity,
as previously reported.?? This view is also supported by
the first-order character of the structural phase transi-
tion observed in our specific heat and diffraction measure-
ments. The strongly anharmonic character of the trigonal
Cu vibrations is manifest in the pronounced softening on
cooling reported here, and was also inferred from an an-
harmonic refinement of the atomic displacement param-
eters from single-crystal x-ray diffraction.?? The strong
anharmonicity of this low-energy optical mode was shown
to arise from the unstable bonding environment provided
by the Sb lone pairs,?® and likely contributes to achieving
the very low kiag.2"

The changes in the phonon DOS between the undoped
and doped tetrahedrite shed light on the stability of the
lattice. That is, the stiffer frequency for this mode(s)
in the Zn-doped sample demonstrates the stabilization
of the lattice by Zn-substitution (a transition could be
expected at T < 0K when the mode fully softens, in
analogy to incipient ferroelectrics like PbTe). Substi-
tutional impurities are known to strongly suppress the
phase transition of Cuis_;M,SbsS13 compounds, where
M is a divalent or trivalent transition metal.!’ In the
case of Fe and Ni-doping, these substitutions have been
found to stabilize the structure at higher temperatures,
potentially widening the range over which these materials
can be utilized for thermoelectric power generation.'®4!
It is believed that the transition metal impurities re-
side primarily on the tetrahedrally coordinated Cu(1)
position.!”18:53 Thus, the suppression of the transition
does not appear to be directly related to the disorder in-
duced by the substitutions since the Cu(2) position ap-
pears to dominate the transition. Also, the change in
unit cell volume does not appear critical. While the lat-
tice expands with Zn or Fe doping, very little change in
the lattice parameter is observed upon Ni-doping and
low temperature transport measurements suggest that
Ni-doping suppresses the transition.!!*” In addition, con-
sidering only the effects of the quasi-harmonic model dis-



cussed above one would expect the lattice expansion to
soften the phonons (this is a simplification due to chang-
ing atomic species). However, Zn-doping leads to a stiff-
ening of the phonons. This stiffening may be due to
a reduction in the screening of ionic displacements that
can occur when the free carrier concentration decreases
(as Zn content increases).?® Therefore, since this struc-
tural transition appears to be strongly coupled to a previ-
ously reported electronic phase transition,!! the filling of
empty valence band states upon doping likely stabilizes
the cubic phase. Detailed simulations of the influence of
doping on the bonding in these materials are required to
make a definitive statement about the stabilizing effect
of dopants.

The stiffening of the low-energy mode and the change
in its temperature dependence upon doping may have
less obvious influences on the lattice dynamics and asso-
ciated transport properties. The frequency of an isolated
mode strongly influences the way in which it interacts
with the dispersive, acoustic phonons of the lattice that
carry the majority of the heat. The isolated mode can ei-
ther scatter these phonons or modify their dispersions.”
As such, understanding the way in which modes inter-
act and change with doping and temperature allows for
a more complete picture of phonon transport and can
aid in the design and development of new materials for
thermal management or thermoelectric applications.

IV. SUMMARY

In summary, we have shown that the heavily-
characterized thermoelectric material Cu;2Sb4S13 under-
goes a first-order crystallographic phase transition near
88 K, and that it is likely driven by Cu displacements to-
wards neighboring Sb. In the high temperature (cubic)
phase, copper displacements are known to be highly an-

harmonic and lead to the low thermal conductivity that
is favorable for thermoelectric energy conversion. In the
low temperature (tetragonal) phase, however, the lattice
is stabilized through an apparent increase in Cu-Sb bond-
ing and a corresponding supercell formation. This struc-
tural phase transition is coupled with the previously re-
ported metal-insulator transition. Our inelastic neutron
scattering results demonstrate the existence of a low-
energy phonon mode that reacts strongly to the phase
transition. The stabilization of the lattice via Zn-doping
is observed as a stiffening of this localized mode. The
ability to tune the location of this low-energy mode via
doping, either isoelectronic or aliovalent, may provide a
means to enhance the strong phonon-phonon scattering
that leads to such low thermal conductivity in these ma-
terials. As such, this study reveals a coupling between
the lattice instability and electronic structure that allows
for favorable thermoelectric properties.
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