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Thermoelectric energy conversion, a direct conversion from 
thermal into electrical energy, has attracted intensive atten-
tion due to its potential to harness waste heat and contribute 
to globally applicable renewable energy solutions [1–7]. The 
efficiency of thermoelectric energy conversion is character-
ized by the dimensionless figure-of-merit ZT, defined as 

σ= S T kZT /2  where S, σ, k, T represent the Seebeck coeffi-
cient, electrical conductivity, thermal conductivity and abso-
lute temperature, respectively. To improve ZT, low thermal 
conductivity is desired to maintain a large temperature gra-
dient while reducing heat loss. Alloying is one traditional 
and proven way to reduce the lattice thermal conductivity 
without much degradation to electrical conductivity. Most 
of the state-of-art high ZT materials involve alloying [1–7], 
and PbTe1−xSex alloys are promising thermoelectric materials 
in the intermediate temperature range (600–800 K) [2, 3, 8]. 

While pure PbSe and PbTe have shown thermal conductivity 
as low as ~2 W mK−1, the thermal conductivity can be further 
reduced by alloying [9]. As a result, PbTe1−xSex alloys were 
reported to have ZT as high as 1.6–1.8 [8, 10]. Building from 
this, a thorough understanding of thermal transport in alloys 
will facilitate continued material design to further reduce the 
thermal conductivity for thermoelectric and other applications 
such as thermal insulation. 

In dielectrics and semiconductors, heat is primarily car-
ried by lattice vibration [11]. In perfect crystalline struc-
tures with well-defined periodicity, lattice vibrations can be 
well described by phonons. In the presence of substantial 
disorder, whether phonons remain a good description of 
crystal dynamics is controversial because the pure plane-
wave description may become ill-defined. One goal of this 
work is to evaluate whether the vibrational modes can still 
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be well represented by phonons in PbTe1−xSex alloys despite 
the potential existence of diffusons [12–14]. We first assume 
phonons are applicable and then check the validity at the end.

Theoretical study of vibrational modes in alloy systems 
is limited due to the breaking of the long-range translational 
symmetry. One typical approach to estimate the vibrational 
modes’ behaviors is the virtual crystal (VC) model [15], 
where the disordered crystal is replaced with an ordered one 
of the average lattice parameter, atomic mass and force con-
stants according to the composition. Both phonon–phonon 
and phonon-disorder scattering are included as perturbations 
[9, 14–17]. Using force constants from ab initio density func-
tional perturbation theory (DFPT) calculations and taking into 
account mass disorder, the VC model was able to well repro-
duce the experimental thermal conductivity of Si1−xGex alloys 
[17]. Applying the same approach to PbTe1−xSex alloys, the 
calculated results, however, significantly underestimate the 
alloy induced reduction in thermal conductivity as shown in 
figure 1. This calls into question the applicability of the VC 
model. For instance, it is questionable to only include first-
order perturbation instead of full-order perturbation for scat-
tering rates once the VC model departs from the dilute limit  
(x is close to 0 or 1). It is unclear how the scattering pic-
ture transitions from isolated scatterers in the dilute limit to 
dependent scattering in the non-dilute mixing limit (x is close 
to 0.5), which is similar to localized and extended states in 
electronic materials. Meanwhile, whether the independent 
scattering theory overestimates or underestimates the scat-
tering rates strongly depends on the frequency range and the 
system itself because the wave interference may result in 
phonon localization or weaker phonon-disorder scattering [14, 
18, 19]. It is also reasonable to question why the perturbation 
theory should hold at all in the non-dilute limit. Additionally, 
there are general open questions about alloys. For example, if 
one uses a supercell to calculate alloys, the group velocities 
diminish due to zone folding. The proper treatment of phonon 
group velocities has been under debate.

On the other hand, experimental data are limited for 
PbTe1−xSex alloys, making it difficult to assess the validity of 
the VC model. In this work, we report measurements of the 
phonon dispersion and linewidths of PbTe1−xSex alloys using 
high-energy resolution inelastic x-ray scattering (IXS). The 
main purpose of this work is to close the gap between the exper-
imental data and theoretical data, and offer insights on those 
open questions in thermal transport of alloys. By comparing 
the experimental data with calculated values based on the VC 
model, we mainly discuss the validity of VC model and address 
fundamental questions about mode description in alloys.

Thermal conductivity, k, based on the Boltzmann equa-
tion under the relaxation time approximation is given by the 
well-known formula [21]
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where Ω is the volume of the unit cell, v is the amplitude of 
group velocity, τ is the lifetime, ω is the frequency and n is the 
Bose–Einstein distribution. For a given material, frequency, 
group velocity and lifetime are the three key parameters to 
determine thermal conductivity. Lifetimes are reciprocal to 
the linewidths of phonon peaks.

Single crystals of PbTe1−xSex alloys were grown by an 
unseeded physical vapor transport method [22]. The starting 
materials of Pb, Te, and Se of purity 99.999% from Alfa Aesar 
were loaded into a quartz ampoule with a diameter of 0.5 in. 
in an Ar environment. The ampoule was evacuated to about 
3   ×   10−6 mbar, then quickly sealed using a hydrogen torch 
and loaded into a box furnace. The ampoule was heated up to 
1075 °C, soaked for 5 h, and then furnace quenched down to 
room temperature. The broken pieces of the precursor were 
sealed and uniformly distributed horizontally in an evacuated 
quartz ampoule. The ampoule was then placed in a horizontal 
tube furnace and one end of the furnace was held at 850 °C 
for 4 d followed by slow cooling at a rate of about 50 °C h−1 
down to room temperature. This allowed crystals to nucleate 
and grow at the cooler end of the ampoule. Square-shaped 
and plate-like crystals up to a few millimeters in size were 
obtained and the Θ–2Θ scan data from a Bruker D2 Phaser 
system determined the crystal facet to be (1 0 0) for all the sto-
ichiometry ratios. The single crystals were then thinned down 
to the thicknesses of ~20–25 μm by a combination of focused 
ion beam and mechanical thinning.

We prepared two samples: PbTe0.25Se0.75, and PbTe0.5Se0.5. 
The chemical composition of each crystal has been determined 
by energy dispersive x-ray spectroscopy (EDX). Table 1 sum-
marizes the EDX results. The actual compositions are fairly 
close to the targeted ones.

Figure 1. Thermal conductivity as a function of composition 
for PbTe1−xSex alloys by VC calculation [9] and experimental 
measurements [20].

Table 1. The targeted sample compositions and measured mean 
atomic percent from EDX measurements.

Targeted 
composition

Measured mean atomic percent (%)

Pb Te Se

PbTe0.25Se0.75 ±50.24 0.67 ±11.51 0.21 ±38.25 0.50
PbTe0.5Se0.5 ±50.53 0.18 ±26.21 0.10 ±23.26 0.08
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Based on the x-ray diffraction (XRD) as shown in figure 2, 
both samples demonstrate single-crystalline features. The lat-
tice constants of PbTe0.25Se0.75 and PbTe0.5Se0.5 were found to 
be 6.221 Å and 6.311 Å, respectively. The full width at half 
maximum (FWHM) of rocking curve of PbTe0.25Se0.75 meas-
ured at [2 2 0] reflection is 0.12°. Most of the Bragg reflections 
on XRD patterns of PbTe0.5Se0.5 were elongated transversely 
to short lines, though. This indicates that the structures of 
PbTe0.5Se0.5 slightly deviate from those of perfect crystals.

The inelastic x-ray scattering (IXS) measurements were 
carried out at room temperature at the XOR 3-ID HERIX 
beam line of the Advanced Photon Source, Argonne National 
Laboratory [23–25]. The synchrotron-based IXS technique pro-
vides meV energy resolution. It is a photon-in/photon-out spec-
troscopy where one measures both the energy and momentum 
changes of the scattered photon. The spectra were character-
ized by an elastic peak centered at zero energy and two inelastic 
peaks associated with the creation and annihilation of a phonon 
as shown in figure 3. We applied damped harmonic oscillator 
(DHO) model to describe the inelastic line shapes. The meas-
ured energy spectra were fitted with a model function convo-
luted with a pseudo-Voigt function for the instrument resolution 
which was measured separately. The model function consists 
of a Lorentzian distribution for the elastic part and a pair of 
Lorentzians, constrained by the thermal phonon population 
factor, for the inelastic part. The measurements were performed 
with a momentum resolution of 0.7 nm−1 by a slit in front of 
the analyzer. The distribution of this momentum resolution 
would introduce a distribution in the excitation energy and the 
measured phonon linewidth would be affected by this energy 
distribution. We therefore subtracted the phonon linewidth due 
to the limited momentum resolution and obtained the phonon 
linewidth due to phonon–phonon scattering. After fitting each 
q point, we obtained the phonon dispersion and linewidths. The 
inverse of phonon linewidths give phonon lifetimes.

The measured phonon frequency versus wavevector along 
three high symmetry lines are plotted in figure  4 along with 
the calculated dispersions. The detailed calculation procedure 
can be found elsewhere [9, 15, 17]. The accuracy of the DFPT 
force constants incorporated into the VC model has been borne 
out by the detailed study in PbSe and PbTe [9]. In general, our 

experimental results agree satisfactorily with those of the VC 
calculations. Even the Kohn-like anomaly around the zone 
center along [1 0 0] TA and [1 1 0] TA are matched to certain 
extent. The good agreement indicates that the VC model is a 
reasonable approximation in predicting the acoustic phonon dis-
persion of the PbTe1−xSex alloys. Considering that the phonon 
dispersion of pure PbSe and pure PbTe, as shown in figure 4(c), 
are not far apart from each other, the average quantities utilized 
by the VC model tend to be a good estimation for their alloys. 
This good agreement also suggests that it is reasonable to esti-
mate phonon group velocities using the VC model, which has 
also been pointed out by Larkin and McGaughey [14].

Notably, one exception is the [1 1 1] TA modes. While 
the calculated dispersion curves of [1 1 1] TAs for pure PbSe 
and PbTe surprisingly fall on top of each other (figure 4(c)), 
their averaged properties overestimate [1 1 1] TA modes for 
PbTe0.5Se0.5 (figure 4(b)). In other words, the softening of 
[1 1 1] TA modes are intriguing, but not captured by simply 
averaging the quantities in the VC model. The ability to 
capture the softening is essential for the accurate predic-
tion of thermal conductivity because the softening not only 

Figure 2. XRD patterns of (a) PbTe0.25Se0.75 and (b) PbTe0.5Se0.5.

Figure 3. Typical energy spectra from the measurement (in blue 
circles), resolution function in green and the model function in red. 
The blue solid line denoted the convolution between the resolution 
function and the fitting core.
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influences the frequencies of these modes but affects phonon–
phonon scattering rates as well. The softening can be related 
to the transition from independent scatterers in the dilute limit 
to the dependent scattering in the highest concentration limit. 
The softening may also relate to the slight distortion from 

the perfect crystalline structure suggested by XRD. Phonon 
softening was observed in metal alloys and was attributed 
to structural phase transition [26–28], yet there is no experi-
mental evidence of phase transition in PbTe1−xSex alloys.  
A deep understanding of the [1 1 1] TA modes in PbTe1−xSex 
alloys requires future investigation.

While the direct comparison of dispersion curves between 
the experiments and calculations gives us confidence in the 
phonon frequencies and group velocities based on the VC 
model, the discrepancy of thermal conductivity between the 
calculations and experiments as shown in figure 1 has to be 
attributed to phonon lifetimes. We plot the measured phonon 
lifetimes against the calculated phonon lifetimes in figure 5. 
It shows that the VC model in general moderately overesti-
mates phonon lifetimes for both samples. This may due to the 
following facts: (1) The calculated lifetimes did not include 
the influence from the difference in bonding strengths and 
lengths. While the mass ratio between Ge and Si is 2.6 and 
mass-disorder dominates the disorder scattering, the mass dif-
ference between PbSe and PbTe is only 17% and the force 

Figure 4. Markers are measured acoustic phonon dispersion: circles 
for transverse acoustic (TA) modes and crosses for longitudinal 
acoustic (LA) modes; solid lines are calculated acoustic phonon 
dispersion based on virtual crystal model for (a) PbTe0.25Se0.75  
(b) PbTe0.5Se0.5. (c) Calculated phonon dispersion based on DFPT 
(lines: blue solid line for PbTe and black dashed line for PbSe) 
based on our earlier work [9] and measured phonon dispersion by 
inelastic neutron scattering (markers) from [29, 30] for PbSe and 
PbTe: blue circles for PbTe TA modes and blue crosses for PbTe 
LA modes; black squares for PbSe TA modes and black diamonds 
for PbSe LA modes. The error bars are smaller than the size of the 
circles/crosses in the figure.
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Figure 5. Measured acoustic phonon lifetimes and calculated 
acoustic phonon lifetimes based on virtual crystal model as a 
function of phonon frequencies: circles for transverse acoustic 
(TA) modes and crosses for longitudinal acoustic (LA) modes 
for (a) PbTe0.25Se0.75 (red: calculated and blue: measured) and 
(b) PbTe0.5Se0.5 (mauve: calculated and black: measured). Green 
dashed line denotes the Ioffe–Regel limit. The error bars are smaller 
than the size of the circles/crosses in the figure.
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constant difference could be more profound. The inclusion of 
bond strength difference has been found to be important for 
PbTe1−xSex alloys [31–33]. The current overestimation in life-
times reiterates the importance of bond disorder in phonon-
disorder scattering. (2) Higher-order terms were neglected 
while treating the point-defect scattering in the calculation. 
The impurity scattering rates from first-order perturbation can 
deviate from the full perturbation solutions especially for the 
non-dilute regime [19, 33]. Whether the perturbation theory 
should hold in the non-dilute limit is another question. (3) 
The samples were considered as perfect crystals and defect 
scattering in real samples was not included in the calculation. 
Our experimental data on phonon lifetimes provide a bench-
mark for future refined theoretical endeavors to directly com-
pare lifetimes and advance our understanding of the thermal 
transport in alloys. Meanwhile, it is noted that the frequency 
dependence trends of lifetimes are about the same for the VC 
model and IXS measurements, following a ω−2 dependence in 
the low frequency regime as predicted by Klemens [34].

Based on figure 5, all the modes are above the Ioffe–Regel 
limit of 2 /π ωτ= , indicating phonons remain a good repre-
sentation of the vibrational modes in PbTe1−xSex alloys. This 
is similar to earlier experiments on Ni55Pd45 alloys with sub-
stantial mass disorder using inelastic neutron scattering [35].

In summary, we have measured phonon transport properties 
in PbTe1−xSex alloys using IXS and compared with our calcu-
lations based on the VC model. Our experiments provide a crit-
ical test for validity of the VC model. In general, the VC model 
is a good approximation for phonon dispersions, i.e. phonon 
frequencies and group velocities in PbTe1−xSex. Special atten-
tion, however, is drawn to the softening of TA [1 1 1] modes 
in the highest concentration limit. A thorough investigation of 
the softening may unveil details about the underlying transi-
tion picture. The VC model including only mass disorder, how-
ever, overestimates the phonon lifetimes for PbTe1−xSex alloys 
where bond disorder becomes important. More importantly, 
future theoretical efforts to include the dependent scattering 
are desirable. Our experimental data for phonon lifetimes can 
serve as a reference for future refined theoretical treatment of 
PbTe1−xSex alloys, and we also conclude that it is reasonable 
to describe the vibrational modes in this material as phonons. 
Our study paves the way for a deeper understanding of phonon 
transport in alloy systems and may help the design of alloys for 
thermoelectric conversion and other applications.
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