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Abstract
Superionic conductors, including ACrX2 (A=Ag, Cu; X = S, Se) compounds, have attracted
attention due to their low lattice thermal conductivity and high ionic conductivity. These
properties are driven by structural characteristics such as anharmonicity, soft bonding, and
disorder, which enhance both fast ion transport and thermal resistance. In the present study, we
investigate the impact of various factors (e.g. A-site disorder, microstructure, speed of sound and
chemical composition) on the thermal conductivity of the compounds CuCrS2, CuCrSe2, AgCrS2

and AgCrSe2. The samples were synthesized using solid state reaction, ball milling and subsequent
spark plasma sintering, and thermal diffusivity, electrical resistivity, Hall coefficients and Seebeck
coefficients were measured as a function of temperature. The selenides were found to behave as
degenerate semiconductors, with reasonable thermoelectric figure of merit (up to 0.79 in
CuCrSe2), while the sulfides behaved as non-degenerate semiconductors with high electrical
resistivity. At room temperature, all samples are in the ordered phase and show low lattice thermal
conductivity ranging from 0.60 W m−1-K in AgCrSe2 to 1.1 W m−1-K in CuCrSe2. Little reduction
in lattice thermal conductivity was observed in the high-temperature phase, despite the increased
disorder on the cation site and the onset of superionic conductivity. This suggests that the low
lattice thermal conductivity in ACrX2 compounds is an inherent property of the crystal structure,
caused by anharmonic bonding and diffuson dominated transport.

1. Introduction

In energy storage and conversion devices, controlling thermal and ionic conductivity is critical for
optimizing performance. Superionic conductors (SICs) are a class of materials that exhibit both high,
liquid-like diffusivity of the mobile ions [1–5] and simultaneously, exceptionally low lattice thermal
conductivity [6]. As battery materials, the high ionic conductivity of SICs is ideal for efficient charge
transport, while the low thermal conductivity is a major drawback that can lead to poor heat management in
devices [7]. Conversely, as thermoelectric materials, the low thermal conductivity of SICs is attractive [8],
while the high ionic conductivity can be a serious cause of performance degradation [6], and their efficiency
is crucial for process sustainability when large-scale implementation is considered [9]. Clearly,
understanding the link between thermal and ionic conductivity—and potentially decoupling them—is
needed for advancing the field and paving the way for more versatile materials in energy applications.

The study of ACrX2 compounds (A=Ag, Cu; X=S, Se) as thermoelectrics has gained momentum
recently, because the same structural characteristics responsible for their fast ion transport (e.g. soft bonding,
high anharmonicity, and disorder) are thought to be responsible for their low lattice thermal conductivity
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Figure 1. Crystal structure of ACrX2 compounds (A = Ag, Cu; X = S, Se) in the ordered (left) and disordered (right) phase.
Ag/Cu cations are shown in red; S/Se anions are in light green and Cr ions are in blue. CrX6 octahedral sites are shaded in blue,
while the dashed orange line shows AX4 tetrahedral sites. The mixed half red-white spheres indicate 50% occupancy at the cation
sites. The structure is in ordered phase below superionic transition temperature (for example, 475 K for AgCrSe2), one of the
tetrahedral sites remain empty. But above that temperature, both the sites are half filled (50% probability of occupancy) with the
cations, and the structure enters superionic phase.

[10–12]. ACrX2 compounds have a simple layered structure (shown in figure 1), defined by alternating
edge-sharing octahedral CrX6 layers and half-filled AX4 tetrahedral layers. In the room temperature phase
(space group R3m), the A atoms fully occupy every second AX4 tetrahedral site. Above the superionic phase
transition (SIT) temperature, the symmetry increases (R3m→ R3̄m) as the A atoms diffuse into the empty
neighboring tetrahedral sites, resulting in 50% occupancy of all tetrahedral sites [10, 13]. The transition
temperatures (Tc) of CuCrSe2 and AgCrSe2 have been reported to be at around 365 K [14] and 475 K [15,
16], respectively. Replacing Se with S increases the transition temperature to around 668 K and 688 K for
AgCrS2 and CuCrS2, respectively [17]. The transition temperature variation influences the efficient operating
range for potential applications. Generally, lower transition temperatures mean they can achieve high ionic
mobility at lower operating temperatures. Other Ag-conducting SICs such as Ag2S, Ag2Se and AgI have
Tc > 400 K [18–20], which are comparable with the transition temperature range of the ACrX2 compounds.

SICs are often described as crystalline materials possessing mobile, liquid-like sublattices that are
responsible for their high ionic diffusivity. Indeed, above the superionic transition temperature, the ionic
diffusivities in ACrX2 compounds have been reported to increase significantly [21]. However, while the
‘liquid-like’ description of the Cu or Ag sublattice may be a convenient concept for explaining high ionic
conductivity, it is not clear whether ‘liquid-like’ accurately describes the lattice dynamics or thermal
properties of this class of compound. A liquid-like sublattice would imply fluid motion of ions (as opposed
to hopping between distinct sites) and therefore complete suppression of transverse phonons. Early reports
supported this picture. Li et al [13] claimed that the transverse acoustic phonons in AgCrSe2 are completely
suppressed in the high temperature phase by ultrafast dynamic disorder. Measurements by Li et al [13] and
by Gascoin et al [8] further suggested that the heat capacity drops below the Dulong–Petit value at high
temperature, which was cited by Bailey et al as further evidence of liquid-like dynamics [22]. However, later
results from Bhattacharya et al reported measurements of heat capacity in AgCrSe2 and CuCrSe2 [11] that
were approximately equal to the Dulong Petit (DP) limit. More importantly, later INS studies [10, 14, 17]
showed that while the most non-dispersive transverse phonons are suppressed in the disordered phase, the
more dispersive low-frequency transverse phonons persist in the disordered phase of ACrX2 compounds.
Similar results have been reported in other classes of SICs [23, 24].

The present study aims to answer the question: what is the impact of the order–disorder transition on the
lattice thermal conductivity of ACrX2 compounds? The works described above attributed the intrinsically
low thermal conductivity of ACrX2 compounds to the breakdown of the transverse phonon modes observed
in the disordered phase. For AgCrSe2 and CuCrSe2, however, prior reports have not shown evidence of a
decreased κl at temperatures above the phase transition. Indeed, κl was reported to be nearly temperature
independent in both selenides across the entire measured range [6, 25]. Studies of the transport properties of
AgCrS2 and CuCrS2 compounds have been limited to a few studies [12, 26, 27], while Rana et al [28] linked
phonon scattering to ultra-low lattice thermal conductivity in the ACrSe2 samples. There have been few
reports on first-principles studies on phonon scattering, anharmonicity and thermal transport property [29,
30]. Here, we investigate the impact of the order–disorder phase transition on the electronic and thermal
transport properties of the four different compounds, AgCrS2, AgCrSe2, CuCrS2 and CuCrSe2. We also
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consider differences in the microstructure and speed of sound of the samples. The high-temperature
electronic and thermal properties of the sulfides are reported here for the first time. This series of compounds
allows us to systematically examine the relationship, if any, between the disorder on the cation sublattice, the
breakdown of transverse acoustic phonons and the resulting thermal conductivity of these materials.

2. Materials andmethod

2.1. Synthesis
Polycrystalline AgCrSe2, CuCrSe2, AgCrS2 and CuCrS2 samples were synthesized by solid state reaction,
following slightly different routes for each sample individually. The corresponding stoichiometric amounts
of Ag (shots, Sigma-Aldrich, 99.99% purity), Cu (powder, Alfa-Aesar, 99.9% purity), Cr (chips, Sigma-
Aldrich, 99.995% purity), Se (shot, Alfa-Aesar, 99.999% purity) and S (shot, Alfa Aesar, 99.999% purity)
were weighed in an argon-filled glovebox. For AgCrSe2, the weighed elements were sealed in a quartz
ampoule under static vacuum, heated up to 1173 K at 1 K min−1 rate for 24 h, followed by slow cooling in
12 h, and finally hand-ground by mortar and pestle into fine powder inside the glovebox [15]. A similar
procedure was used for AgCrS2, except that the elements were heated up to 1273 K and held at that
temperature time for 48 h [31, 32]. For both samples, phase-pure fine powders were obtained and confirmed
with x-ray diffraction. The powders were then compacted by Spark Plasma Sintering (SPS) at 873 K for
20 min (AgCrSe2) and 1023 K for 30 min (AgCrS2) to get consolidated dense pucks.

For CuCrS2, elemental Cu, Cr and S were heated up to 1173 K, with a holding time of 48 h, in a vacuum
sealed ampoule, hand-ground, and spark plasma sintered at 1023 K for 30 min [33] to obtain phase purity
and relative density higher than 95%. We note that due to the high vapor pressure of sulfur, only 2 grams of
sample were synthesized in a single batch to avoid explosion of quartz tubes during furnace heating. The
synthesis route for CuCrSe2 involved an initial ball-milling step, which is reported to help avoid formation of
CuCr2Se4 as a secondary phase [34]. Inside an argon-filled glovebox, the elements were sealed in stainless
steel SPEX vials. 10 grams of powder were then ball milled with three 7/16”-stainless steel ball bearing for 3 h
using SPEX SamplePrep 8000D. After milling, approximately 93% of the initial load was recovered. The
powder was vacuum sealed in a quartz ampoule, heated to 973 K, held for 4 h and air quenched. Lastly, the
sample was ground by mortar and pestle and spark plasma sintered at 873 K for 20 min to obtain a phase
pure consolidated sample [34].

2.2. X-ray diffraction
X-ray diffraction (XRD) was performed on polycrystalline spark plasma sintered samples using a Rigaku
SMARTLAB diffractometer with a Cu–Kα radiation source. XRD was also used in between each synthesis
step to track the phase purity of the obtained powders. AgCrSe2 and AgCrS2 were phase pure before SPS, but
for CuCrSe2 and CuCrS2, the samples were observed to be single phase afterwards. The lattice parameters of
the SPS processed consolidated pucks were obtained by Rietveld refinement using the Rigaku PDXL-2
software. Scanning electron microscopy (SEM) was conducted on fractured sample surfaces parallel to SPS
direction using an AURIGA-Crossbeam Workstation Dual Column SEM.

2.3. Thermal and electronic transport measurements
Thermal diffusivity (D) was measured during the heating and cooling cycle using a NETZSCH Light Flash
Apparatus (LFA) 467 HyperFlash. Thermal conductivity (κtotal) was calculated using the equation
κtotal = ϱ× D× Cp, where D is the thermal diffusion, ρ is the geometric density and Cp is the constant
pressure heat capacity computed with the Dulong–Petit approximation. The resistivity and Hall effect were
collected on a custom-built apparatus [35] using Van der Pauw technique. The current supplied was 150 mA,
while the magnetic field amounted to 1 T. Seebeck coefficient was also studied on home-built apparatus [36].
For both electronic measurements, heating and cooling curves were checked to ensure lack of thermal
hysteresis.

2.4. Speed of soundmeasurement
Longitudinal and shear components of sound speed were measured through the Pulse-Echo method. A
Pulser–Receiver (Rigol DG2102) and oscilloscope (Rigol DS1202) were used at room temperature to
determine the time difference (∆t) for signal to travel through the sample thickness, which was then
translated into velocity. V113-RM (longitudinal) and V205-RM (delay line) transducers were used to
transmit and receive signals to measure the longitudinal velocity of sound, and a pair of shear transducers
(V156-RM) was used for shear velocity measurement. There were around 2% of uncertainties involved in the
measurements.
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Figure 2. X-ray diffraction patterns at room temperature, superimposed with Rietveld fit (R3m phase) and corresponding
residual is shown in red line below each pattern.

3. Results and discussion

3.1. Phase purity andmicrostructure
Figure 2 shows the x-ray diffraction patterns of ACrX2 samples after SPS, and the corresponding Rietveld fits
using the reported structures [33, 37–39]. At room temperature, all four samples are in the ordered R3m
structure. The lattice parameters obtained from the Rietveld refinements are shown in table S1 and they
agree well with prior literature. For CuCrSe2, Yan et al [34] reported that CuCr2Se4 impurities could be
prevented by ball milling for 3 h before SPS. We found this to be correct; only samples with extended ball
milling times were found to be CuCr2Se4-free after final reaction and consolidation in the SPS process. A
small amount of elemental Ag as a secondary phase was observed in AgCrS2. Furthermore, the peak width in
AgCrS2 is higher than that in the other samples, suggesting the presence of micro strain or nano-sized grains.
We also refined the preferred orientation along the [001] direction and found that the March coefficients
vary between 0.61 (in AgCrSe2) and 0.88 (in CuCrSe2).

After SPS, the relative densities (ρR) of the samples were high (96%–98%), with the exception of the
AgCrS2 sample, which had ρR = 93.5%. SEM images, shown in figure 3, were collected on fractured surfaces
(along the applied pressure direction) of the samples to observe the difference in grain morphology and
porosity. Both of the selenide samples appear fully dense with well-formed crystallites. Visual inspection
shows that the grain sizes (≈50–100 µms) in the AgCrSe2 sample are significantly larger than that in the
CuCrSe2 sample (≈1–10 µms). In both samples, the grain size before and after SPS remains in a similar
range (see figure S1), which indicates not much grain growth during consolidation. In the case of AgCrSe2,
the grains after SPS show clear signs of plastic deformation, which can be attributed to the formation of shear
layers by dislocation slip in the (001) planes [40]. This suggests that in the AgCrSe2 sample, densification
occurred mainly by plastic deformation, rather than by diffusion and grain growth, resulting in a sample
with significant texturing. This is consistent with the evidence of texturing in XRD refinements. In contrast,
evidence of plastic deformation is not visible in the spark plasma sintered CuCrSe2 sample. Both sulfide
samples have smaller average grain size than the selenides, and the grains are more difficult to distinguish at
the magnification shown in figure 3. The porosity seen in AgCrS2 (dark spots) is consistent with the relatively
low geometric density of that sample.

3.2. Thermal diffusivity and latent heat
When converting from thermal diffusivity, D, to thermal conductivity, κtotal, using D= κtotal /(ρ× Cp), it is
common practice to employ the temperature-independent DP approximation for the heat capacity, Cp.
While it is well known that DP underestimates Cp at high temperature, the use of this approximation removes
the experimental uncertainty associated with the Cp measurement, and thus has the advantage of allowing
straightforward comparison of κtotal measured by different groups. Indeed, uncertainty in high-temperature
Cp measurements has previously been shown to be the largest source of uncertainty in the experimentally
reported κtotal [41]. Take AgCrSe2, for example, which has been studied by several different research groups.
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Figure 3. SEM images of the fracture surface of consolidated samples show differences in texturing and grain size ranging from
<1 µm in CuCrS2 to >50 µm in AgCrSe2. The applied pressure during spark plasma sintering (SPS) is oriented along the vertical
axis in all images, as shown in the schematic on the right.

Figure 4(a) shows the thermal diffusivity of AgCrSe2 from our sample, alongside reports from Gascoin et al
[8] and Bhattacharya et al [11]. The samples were reported to be synthesized with similar procedures and the
grain size was reported to be in the range of 10 µm—30 µm by Bhattacharya et al. As expected, the diffusivity
of the three samples is similar in magnitude across most of the measured temperature range. In contrast,
figure 4(b) compares the experimental heat capacity from three prior reports (note, we did not measure the
heat capacity in this study), which vary by more than a factor of three. Since the samples nominally have the
same compositions, and Cp is not a function of microstructure or other processing-related factors, this large
disparity in Cp can only arise from measurement uncertainty. In figure 4(d), we can see the large difference
in the magnitude of κtotal of AgCrSe2 (0.2 W mK−1 vs 0.41 W mK−1) from Gascoin [8] and Bhattacharya
[11], respectively, arising primarily from the disparity in Cp. Similar variation in results obtained from
different sources (figure S2) is also observed for CuCrSe2 [11, 34].

Unfortunately, directly employing the DP approximation is also not a reasonable approach for ACrX2

compounds, due to the very large latent heat of the SIT, which is seen as a peak in the experimental heat
capacity. The inverted peak seen in the thermal diffusivity, caused by the sample absorbing heat during the
phase transition, is the mirror image of the Cp peak. Taking the product of D and Cp (along with the density,
which does not have any discontinuity at the phase transition), yields thermal conductivity with no
discontinuity at the phase transition temperature. For this reason, accounting for the experimental latent heat
is necessary to obtain an accurate κtotal, and thus an accurate zT.

In the current study, we have decided to use a hybrid approach. For AgCrSe2, we employed an ‘adjusted
Cp’ as shown in figure 4(c), obtained by summing the DP Cp and the latent heat of the superionic transition.
The latter was estimated based on the peak in the experimental heat capacity reported by Li.B. et al [13]. The
resulting total thermal conductivity (κtotal) using the adjusted Cp is shown in figure 4(d), along with the
calculated data from [8] and [11]. In this study, we used a similar approach for the other three compositions,
as discussed below. We note that the Debye temperature, θD, for AgCrSe2, CuCrSe2, AgCrS2 and CuCrS2 were
calculated to be 172 K, 198 K, 157 K and 261 K respectively, using the cubic root average speed of sound [42,
43]. As θD for all the compounds is below room temperature, DP approximation is reasonable to apply.

3.3. Transport properties in ACrX2
Figures 5(a)–(d) show the thermal and electronic transport properties for the CuCrSe2 and AgCrSe2 samples
from 300 K to 673 K and for CuCrS2 and AgCrS2 samples from 300 K to 773 K. Figure 5(a) shows the total
thermal conductivity (κtotal) of the all the samples during the cooling cycle. The symbols show κtotal

calculated using the adjusted Cp described above, which includes an estimated latent heat peak. These κtotal

values were used when calculating zT. The dashed curves show the ‘raw’ κtotal obtained using a simple DP
approximation, which are shown for reference, and also to highlight the phase transition temperatures of
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Figure 4. Comparison among literature reports for (a) thermal diffusivity, (b) specific heat Cp, and (d) total thermal conductivity
(κtotal) for AgCrSe2. κtotal in this study was calculated using the adjusted Cp shown in panel (c), which is the sum of the Dulong
Petit value and the estimated latent heat.

365 K, 475 K, 683 K and 713 K for CuCrSe2, AgCrSe2, CuCrS2 and AgCrS2, respectively. This is in reasonable
agreement with our previous work using differential scanning calorimetry from [17], which is shown in
figure S4. We took multiple thermal diffusivity measurements of the LFA, with one heating and one cooling
cycle each, shown in figures S11 and S12.

The electrical resistivity (ρ) and Seebeck coefficients (S) of ACrX2 compounds as a function of
temperature are shown in figures 5(b) and (c), which agrees well with previous reports [8, 11, 34, 47] (both
heating and cooling cycle data is shown in figure S11). The phase transition does not cause any visible
discontinuity in the electronic properties of any of the samples. The positive Seebeck coefficients suggest
hole-dominated transport, consistent with prior reports [8, 26, 37, 48]. The decrease in Seebeck coefficient
up to Tc for AgCrSe2 can be attributed to more charge carriers being excited with increase in temperature,
leading to a smaller overall voltage difference generation. For CuCrSe2, ρ and S increase as a function of
temperature, which is behavior typical for a degenerate semiconductor. Here, the thermoelectric figure of
merit, zT= S2T/ρκ [49, 50], reaches 0.8 at 673 K, which was experimentally the highest figure of merit
reached for this study, and agrees well with previous reports on zT [11, 34, 47]. We note that the mild
texturing along the [001] direction in the samples (due to SPS processing) likely leads to slightly anisotropic
properties, which were not characterized in the present study, nor in other studies, to our knowledge. We
would expect texturing to lead to a slightly inflated zT value in this study and in others.

The electrical resistivity of AgCrSe2, which is more than an order of magnitude higher than CuCrSe2, has
an unusual temperature dependence that suggests a transition from non-degenerate to degenerate
semiconducting behavior at approximately 475 K. Figure 5(d) shows that AgCrSe2 reached a zT value of 0.23
at 673 K, which is comparable to zT value of 0.29 obtained by Gascoin et al using Dulong–Petit
approximation. This is much lower than zT = 0.79 obtained by Gascoin et al [8] using experimental Cp. The
lower zT of the Ag-analogue stems from its relatively low mobility compared with the CuCrSe2. On the other
hand, both AgCrS2 and CuCrS2 compounds exhibit non-degenerative semiconducting behavior and are
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Figure 5. (a) Total thermal conductivity of ACrX2 samples (on the basis of work by [44, 45], we estimate a ±10% uncertainty
should be considered) during cooling cycle. The superionic transition temperatures for the compounds are shown with the
color-coded arrows. (b) Resistivity (±8% uncertainty), (c) seebeck coefficient (±6% uncertainty) and (d) thermoelectric figure
of merit (zT) for CuCrSe2, AgCrSe2, AgCrS2 and CuCrS2 samples are shown here as a function of temperature (±15–19%
uncertainty should be considered according [44, 46]). Data was collected on heating and cooling cycle, and the latter one is
presented here.

highly resistive at room temperature (several orders of magnitude higher than that of the selenide samples).
This leads to a near-zero figure of merit but makes them more interesting as potential superionic materials
for solid state batteries [51–53].

The temperature-dependent Hall carrier concentration, nH, and Hall mobility, µH, are shown in figures
S7 and S8. At room temperature, the carrier concentrations of CuCrSe2 (≈2 × 1020 cm−3) and AgCrSe2

(≈1 × 1020 cm−3) are orders of magnitude higher than CuCrS2 (≈2 × 1014 cm−3) and AgCrS2

(≈5 × 1014 cm−3), explaining the lower electrical conductivity in the latter compounds. While nH of
CuCrSe2 and AgCrSe2 do not vary much with increasing temperature, in CuCrS2 and AgCrS2, nH increases
with temperature and reaches around 1017 cm−3 and 1016 cm−3 at 720 K respectively. There is higher
uncertainty and scatter in the nH data for AgCrS2, which is why it was plotted separately in figure S8(a) for
more clarity. Regarding mobility, AgCrSe2 exhibited low values in the range of single digit cm2 Vs−1

throughout the entire temperature range. CuCrS2 (≈64 cm2 Vs−1 at 323 K) showed roughly similar behavior
of mobility to CuCrSe2 (≈26 cm2 Vs−1 at 323 K), as the mobility decreases with temperature for both
samples. CuCrSe2 shows a semi-linear decrease in mobility with temperature, which is most likely indicative
of electron-phonon scattering, while AgCrSe2 displays more temperature-independent mobility, suggesting a
stronger presence of scattering of electrons on charge-neutral point defects. The overall low mobilities are
consistent with prior reports [12, 38].

Figures S9(a)–(c) shows the Seebeck coefficient, mobility, and zT as a function of carrier concentration
(nh). A single parabolic band model with the assumption of acoustic phonon scattering [54] was used to
calculate the effective mass for AgCrSe2 (3.56 m0) and CuCrSe2 (1.23 m0) at 323 K and predict the nh

dependence of the electronic transport properties. Based on our limited data, the intrinsic mobility of
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Figure 6. (a) Lattice thermal conductivity (κl) of ACrX2 compounds; κl was obtained from the difference between experimentally
obtained κtotal and κe (shown in figure S6). Fitted κl as a function of temperature, which was obtained by polynomial fitting of
experimentally obtained κtotal, excluding the value points adjacent to phase transition, is shown as dotted black line. (b) Trend in
room temperature κl (tan colored columns) and arithmetic average speed of sound (blue columns) for the compounds
(uncertainty was less than ±2% considering uncertainty in time and sample thickness measurement). The dashed line represents
calculated average speed of sound using DFT [17]. It should be noted that AgCrS2 exhibits surprisingly lower speed of sound,
which is consistent with prior DFT calculation.

AgCrSe2 is much lower than that of CuCrSe2, which is the main reason for the smaller predicted peak zT
values. Fig S9(c) suggests that the best zT values for AgCrSe2 and CuCrSe2 can be achieved at
nh = 1.3 ×1020 cm−3 and nh = 2.5 ×1019 cm−3 respectively. Existing literature data on Seebeck and Hall
mobility [34, 38, 47] for CuCrSe2 are presented here for comparison, and the values are found to be in good
agreement.

3.4. Trends in lattice thermal conductivity
Figure 6(a) shows the temperature-dependent lattice thermal conductivity, κl, of the ACrX2 compounds,
obtained from the difference between experimental κtotal and κe data (κl = κtotal −κe). Here, κe (shown in
figure S6) was calculated from the Wiedemann-Franz law, κe = LT/ρ, where L is the Lorenz number
determined from the Seebeck coefficient, L = 1.5 + exp (-|S|/116) [55]. CuCrSe2 is the only sample with
significant electronic thermal conductivity (κe ≈ 0.4 W mK−1 at 300 K), while κe is very small for AgCrSe2

(κe ≈ 0.06 W mK−1) and for AgCrS2 and CuCrS2, it is almost zero. The relative κe and κl contributions are
shown in figure S5.

At room temperature, all of the samples show relatively low κl, ranging from 0.6 W mK−1 in AgCrSe2 to
1.1 W mK −1 in CuCrS2. Ding et al have previously shown that the thermal transport in ACrX2 compounds
is dominated by low frequency acoustic phonons [10], and these are particularly important at high
temperature, as they persist above the order–disorder transition. At room temperature, we find that the κl of
the ACrX2 samples is correlated with the average speed of sound (increasing speed of sound leads to
increasing κl). The exception is AgCrS2, which has a lower speed of sound than the other compounds,
including the heavier selenides (see figure 6(b)). The lower speed of sound in AgCrS2 stems from its softer
elastic moduli, which was also confirmed by theoretical calculations [10] and in general, compounds with
Ag–S bonds have been reported to have extremely soft bonding and correspondingly low speed
of sound [6, 56].

A comparison of the longitudinal and shear speed of sound from experiments and DFT calculations is
shown in figure S10. Note that the experimental speed of sound of the selenides and the DFT results were
reported earlier in [17], while the experimental speed of sound of the sulfides is presented here for the first
time. Overall, we note that the ACrX2 samples have a significantly higher speed of sound than other Ag and
Cu-based SICs [6, 57–63], which can likely be attributed to the octahedral CrX2 layers. We used the
experimental speed of sound values to estimate the Grüneisen parameters for each compound, given in table
S2, following the approach in [64]. AgCrS2 has the highest Grüneisen parameter, among the four
compounds. The fact that κl in AgCrS2 is not lower than the other compounds in the series, despite its lower
speed of sound and higher Grüneisen parameter, is unusual. This might point to a difference in the order
parameter, stemming from the higher Tc of AgCrS2 (thus less disorder on the Ag site at room temperature),
or potentially from microstructural factors.
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Consistent with prior reports for AgCrSe2 and CuCrSe2, the phase transition itself does not appear to
have a large impact on κl. Even though the activation energy decreases and ionic conductivity increases in the
disordered phase, we do not see any significant change in lattice thermal conductivity. Indeed, κl has only a
weak temperature dependence across the entire measured temperature range, more typical of glass-like,
diffusion dominated transport. This can be due to a confluence of factors, most importantly (i) strong
anharmonicity suppressing all but the longest wavelength phonons, and (ii) disorder on the cation site
beginning at temperatures well below the SIT temperature. Niedziela et al have previously shown that the flat
κl in AgCrSe2 can be modeled by a gradual increase in disorder approaching the phase transition
temperature [14], which supports this hypothesis.

4. Conclusion

The present work investigated the experimental thermoelectric properties of layered ACrX2 chalcogenides,
including AgCrSe2, CuCrSe2, AgCrS2 and CuCrS2. The measured high-temperature electronic and thermal
properties of the selenides were consistent with prior investigations, which showed degenerate
semiconductor behavior and low lattice thermal conductivity, resulting in zT maxima of 0.2 and 0.8 for the
Ag and Cu analogues, respectively. Ultimately, we showed that the greatest source of potential uncertainty in
zT is the heat capacity. In the present study, we therefore decided to use a modified Dulong–Petit heat
capacity, to allow reliable comparison between the four different compounds. The high-temperature
transport properties of the sulfides were reported here for the first time. We showed them to be electrically
insulated due to very low carrier concentrations, and we found that they exhibit slightly higher lattice
thermal conductivity than the selenides. Overall, the lattice thermal conductivity of the four ACrX2

compounds could be correlated with the sound velocities of the samples. However, AgCrS2 is an exception; it
exhibits sound velocity lower than any other ACrX2 compound, while still maintaining higher lattice thermal
conductivity than the selenide compounds. Furthermore, although the samples vary quite drastically in
microstructure and grain size, this does not apparently play a strong role in determining the lattice thermal
conductivity. Lastly, as reported by other authors, we do not see a decrease in lattice thermal conductivity at
the order–disorder phase transition, suggesting that a high degree of disorder and anharmonicity in the low
temperature phase already fully suppresses the phonon contributions to thermal transport. There is potential
to extend this work by studying the influence of variation in microstructure on lattice thermal conductivity
and corresponding effects through the phase transitions. Furthermore, the relatively low sound velocity in
AgCrS2, compared with isostructural compounds, would be an interesting focus of additional research, to
give a complete understanding of the thermal transport behavior in this layered material group.
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