
J. Appl. Phys. 124, 195107 (2018); https://doi.org/10.1063/1.5050697 124, 195107

© 2018 Author(s).

Mode Grüneisen parameters of an efficient
thermoelectric half-Heusler
Cite as: J. Appl. Phys. 124, 195107 (2018); https://doi.org/10.1063/1.5050697
Submitted: 02 August 2018 . Accepted: 02 November 2018 . Published Online: 20 November 2018

Hong-Jie Pang, Liu-Cheng Chen , Zi-Yu Cao, Hao Yu, Chen-Guang Fu, Tie-Jun Zhu , Alexander F.

Goncharov , and Xiao-Jia Chen

ARTICLES YOU MAY BE INTERESTED IN

Multi-scale study of the deformation mechanisms of thermoelectric p-type half-Heusler
Hf0.44Zr0.44Ti0.12CoSb0.8Sn0.2
Journal of Applied Physics 124, 175104 (2018); https://doi.org/10.1063/1.5045591

High thermoelectric power factor of ytterbium silicon-germanium
Applied Physics Letters 113, 193901 (2018); https://doi.org/10.1063/1.5047091

Oxygen vacancy induced photoconductivity enhancement in Bi1-xCaxFeO3-δ nanoparticle

ceramics: A combined experimental and theoretical study
Journal of Applied Physics 124, 195108 (2018); https://doi.org/10.1063/1.5055742

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L16/1678661887/x01/AIP/Ametek_JAP_PDF_1640x440_Oct3-9_2018/Ametek_JAP_PDF_1640x440_Oct3-9_2018.jpg/67454736696c7571664673414449306c?x
https://doi.org/10.1063/1.5050697
https://doi.org/10.1063/1.5050697
https://aip.scitation.org/author/Pang%2C+Hong-Jie
https://aip.scitation.org/author/Chen%2C+Liu-Cheng
http://orcid.org/0000-0002-8066-2789
https://aip.scitation.org/author/Cao%2C+Zi-Yu
https://aip.scitation.org/author/Yu%2C+Hao
https://aip.scitation.org/author/Fu%2C+Chen-Guang
https://aip.scitation.org/author/Zhu%2C+Tie-Jun
http://orcid.org/0000-0002-3868-0633
https://aip.scitation.org/author/Goncharov%2C+Alexander+F
https://aip.scitation.org/author/Goncharov%2C+Alexander+F
http://orcid.org/0000-0002-6422-8819
https://aip.scitation.org/author/Chen%2C+Xiao-Jia
https://doi.org/10.1063/1.5050697
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5050697
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5050697&domain=aip.scitation.org&date_stamp=2018-11-20
https://aip.scitation.org/doi/10.1063/1.5045591
https://aip.scitation.org/doi/10.1063/1.5045591
https://doi.org/10.1063/1.5045591
https://aip.scitation.org/doi/10.1063/1.5047091
https://doi.org/10.1063/1.5047091
https://aip.scitation.org/doi/10.1063/1.5055742
https://aip.scitation.org/doi/10.1063/1.5055742
https://doi.org/10.1063/1.5055742


Mode Grüneisen parameters of an efficient thermoelectric half-Heusler
Hong-Jie Pang,1 Liu-Cheng Chen,1 Zi-Yu Cao,1 Hao Yu,1 Chen-Guang Fu,2,3 Tie-Jun Zhu,2

Alexander F. Goncharov,4 and Xiao-Jia Chen1,a)
1Center for High Pressure Science and Technology Advanced Research, Shanghai 201203, China
2State Key Laboratory of Silicon Materials, School of Materials Science and Engineering, Zhejiang University,
Hangzhou 310027, China
3Max Planck Institute for Chemical Physics of Solids, 01187 Dresden, Germany
4Geophysical Laboratory, Carnegie Institution of Washington, Washington, DC 20015, USA

(Received 2 August 2018; accepted 2 November 2018; published online 20 November 2018)

Half-Heusler compounds have recently been identified as promising thermoelectric materials, but
their relatively high thermal conductivities impede the further improvement of thermoelectric
performance. The knowledge of phonon vibrational properties provides a fundamental under-
standing of the thermal transport behavior of solids and thus could serve as a guidance on further
suppressing the thermal conductivity. Herein, a highly efficient p-type half-Heusler thermoelec-
tric alloy FeNb0:8Ti0:2Sb is taken as an example to explore its phonon vibrational properties.
Phonon spectrum with the frequencies down to 10 cm�1 and its evolution with pressure for the
studied material are provided by Raman scattering. It is found that two vibrational modes with
the frequency . 200 cm�1 display a common mode frequency increase with increasing pressure.
Based on the bulk modulus from synchrotron X-ray powder diffraction and phonon frequency
shifts, the mode Grüneisen parameters are obtained. Our results establish characteristic phonon
vibrational properties of this high-performance half-Heusler thermoelectric alloy. Published by
AIP Publishing. https://doi.org/10.1063/1.5050697

I. INTRODUCTION

Energy shortage is one of the most serious problems,
and the increased burning of traditional fossil fuels will make
air pollution more severe. Moreover, the waste heat is not
effectively recovered. Thermoelectric materials can directly
convert waste heat into useful electricity, providing a promis-
ing solution for energy conversion. The conversion efficiency
of the thermoelectric materials is determined by the dimen-
sionless figure of merit defined as1 zT ¼ S2σT=(κe þ κl),
where S, σ, κe, κl, and T are the Seebeck coefficient, elec-
trical conductivity, electronic thermal conductivity, lattice
thermal conductivity, and absolute temperature, respec-
tively. The electrical and thermal transport parameters are
interdependent;2–5 therefore, it is a challenge to increase zT
by optimizing these parameters. Up to now, zT ¼ 3 is
believed to be the ultimate goal for thermoelectrics to compete
with traditional power generation. The half-Heuslers (HHs)
with valance-electron-counts 8 and 18 are semiconductors and
have been identified as great potential materials for moderate
and high temperature thermoelectric applications6–15 due to
the outstanding Seebeck coefficient and electrical conductivity.
Additionally, the HH materials are promising for power gener-
ation due to the low cost, nontoxicity, and mechanical robust-
ness. However, the relatively high thermal conductivity limits
their thermoelectric performance. Recently, researchers found
that alloying could reduce their thermal conductivities.16–22

Among them, p-type HH alloy FeNb0:8Ti0:2Sb is superior to
the optimized typical HH compounds13,14,23 and its maximum

zT (1.1 at around 1100 K) is almost twice as high as that of
the most widely used p-type silicon-germanium thermoelectric
materials. The achieved high power factor and a record output
power density of � 22Wcm�2 in such p-type HH com-
pounds14 are important for power generation applications.
Investigation of the reasons behind the high thermal conduc-
tivity can provide a fundamental understanding of the thermal
transport behavior of the material for future applications.
Moreover, it can also provide clues for designing of new ther-
moelectric materials with low thermal conductivity.

Phonon spectrum provides the most direct information
of the phonon vibrational properties24 and thus is useful for
understanding and designing thermoelectric materials with
low thermal conductivity. Experimental investigations of
phonon properties are generally carried out by inelastic
neutron scattering, inelastic X-ray scattering, and Raman
scattering. The phonon information from Raman scattering
has been proved to be identical to that from the other scatter-
ing techniques.25–27 As a powerful technique to study the
phonon properties, Raman scattering has a high resolution
and can be used to measure a small sample at high pressures.
Therefore, it is desired to measure the phonon spectra by
using this technique. It is known that strong lattice anharmo-
nicity can significantly reduce the lattice thermal conductiv-
ity.28,27 Anomalous anharmonicity has also been established
as the origin of low thermal conductivity.29 The lattice anhar-
monicity can be evaluated via measurements of the mode
Grüneisen parameter.30 So far, experimental phonon spectra
or Grüneisen parameters are not available for highly efficient
thermoelectric HH materials. This is just the target of the
current study. Here, we choose FeNb0:8Ti0:2Sb as an example
to investigate the phonon vibrational properties.a)Electronic mail: xjchen@hpstar.ac.cn
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II. EXPERIMENTAL DETAILS

The sample preparation for FeNb0:8Ti0:2Sb was detailed
elsewhere.13 The Raman spectra were collected with an exci-
tation laser wavelength of 532 nm emitted by a Sapphire
laser (Coherent) and analyzed by a Princeton Instrument
spectrometer coupled to a Charge-Coupled-Device. The scat-
tered light was focused on a 1800 g/mm grating. The syn-
chrotron X-ray powder diffraction studies were accomplished
on PETRA III beamline P02.2 at DESY (Hamburg), a member
of the Helmholtz Association using a wavelength of 0.2910Å.
The collected images were integrated by using Fit2D31 in order
to obtain the conventional diffraction patterns. The intensity-
versus-2θ diffraction patterns were analyzed using a Rietveld
refinement procedure employing GSAS software.32,33 The pres-
sure was applied using a diamond anvil cell with neon as the
pressure transmitting medium for both Raman scattering and
X-ray powder diffraction measurements. The pressure was mea-
sured by the ruby fluorescent method.34

III. RESULTS AND DISCUSSION

To obtain the Grüneisen parameter, we need to under-
stand the compression behavior of the lattice parameters under
pressure. Meanwhile, the data of pressure-induced structural
evolution need to be acquired. Figure 1 shows the X-ray
powder diffraction patterns at various pressures up to 42.4
GPa (upper panel) and the refined result of FeNb0:8Ti0:2Sb at
a selected pressure (lower panel). With increasing pressure, all
the diffraction peaks shift to higher angles indicating the

shrinkage of the lattice. No new peaks appear or no peaks
merge and/or split. There is no phase transition, indicating the
stability of the sample at the pressure range studied. All the pat-
terns can be well refined to the F�43m space group. As shown in
Fig. 1 (lower panel), the lattice parameter, which is determined
from the refinement at 4.0GPa, is a ¼ 5:892+ 0:001 Å and
the unit-cell volume V is 204:597+ 0:106 Å3. The atomic
arrangement of the structure is presented in the inset of Fig. 2.

The obtained lattice parameter along the a axis and the
unit-cell volume V of FeNb0:8Ti0:2Sb as a function of pressure
are shown in Fig. 2. Error bars were marked at each point.
The lattice evolution can be described by the Murnaghan
equation of state through35 P ¼ B0 � [(V0=V)B

0
0 � 1]=B0

0,
where P is the pressure, B0 is the bulk modulus, B0

0 is its
pressure derivative, and V0 is the unit-cell volume at
ambient pressure. This fitting yields B0 ¼ 163:30+ 10:67
GPa with B0

0 ¼ 5:19+ 0:78 and V0 ¼ 210:34+ 0:34 Å3.
These results are comparable to those obtained from theoretical
calculations for undoped FeNbSb (163.2 GPa36 and 163 GPa37)
and other HH compounds, such as 170GPa for RuNbSb.38

The robust stability of the lattice structure is important for
maintaining the enhanced thermoelectric performance at
high pressures.39,40

The Grüneisen parameter also requires the phonon spec-
trum and the evolution behavior of phonon frequency with
pressure. This information is provided for the studied mate-
rial by Raman scattering. Figure 3 presents the pressure-
dependent Raman spectra of FeNb0:8Ti0:2Sb from ambient
pressure to high pressure (42.7 GPa) at room temperature.

FIG. 1. Synchrotron X-ray (λ ¼ 0:2910 Å) powder diffraction patterns of
FeNb0:8Ti0:2Sb at various pressures up to 42.4 GPa (upper panel). The lower
panel shows the refined X-ray powder diffraction pattern at 4.0 GPa. The
open cycles represent the measured intensities, and the lines are the results
of profile refinements. The positions of the Bragg reflections are marked by
vertical lines, and the difference profiles are shown at the bottoms. The R
values are Rp ¼ 0:04%, Rwp ¼ 0:08%, and χ2 ¼ 1:15%.

FIG. 2. The lattice parameter along the a axis and the unit-cell volume V of
FeNb0:8Ti0:2Sb as a function of pressure. In all plots, error bars are smaller
than the symbols. The solid symbols are the measured data points, and the
curves are obtained from the fitting to the Murnaghan equation of state.
Inset: Atomic arrangement of the F�43m structure.
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The data were calculated by Lorentz fitting, as shown at the
lower panel of Fig. 3. According to the group theory, three
atoms in one primitive unit cell give rise to nine phonon
branches, including one longitudinal acoustic (LA), two
transverse acoustic (TA), two longitudinal optical (LO), and
four transverse optical (TO) branches. In our experiment, one
TO mode and one LO mode were observed. The assignments
of the TO and LO modes are shown in Fig. 4. The arrows
represent the vibrational directions of the atoms, yellow for
Fe, blue for Nb/Ti, and red for Sb. The TO mode is the
motions of Nb/Ti against both counter atoms (Fe and Sb).
The LO mode is a motion of Fe against Sb. In comparison
with the model assignments for MeNiSn,41 it may be con-
cluded that Fe and Sb symmetry coordinate contributions
dominate the LO mode.

A small peak with the frequency higher than the
marked TO mode but with less intensity was found. This
small peak is also the TO mode with different polarization.
The appearance of the observed TO modes is probably due
to the disorder. Due to the weak intensity, the assignment
of the small peak is not shown. The general features of the
obtained phonon spectra are consistent with the previous
theoretical calculations of phonon dispersion37,42 and exper-
iments.41,43 The low frequency peak at about 30.0 cm�1 is
unexpected. Unlike the high-frequency phonon modes, it
does not depend on pressure. However, the position of this
peak agrees well with the calculated acoustic phonon mode
of the Brillouin zone boundary acoustic branches.37 Due to
a disorder, the Raman selection rules are relaxed, which
results in observation of an additional Raman band in the posi-
tion corresponding to the maximum in density of the phonon
states. This indicates the nano-crystalline feature of the synthe-
sized samples.

As shown in Fig. 3, the intensities of all the phonon
modes decrease with increasing pressure. The Raman spectra
show no evidence of phase transition, which is consistent
with the X-ray powder diffraction results. Meanwhile, all
the phonon modes shift to higher frequencies. An energy
gap between the bands which are originated from acoustic
and optical phonon branches is observed for this HH com-
pound. The energy gap increases with increasing pressure.
The result emphasizes the possibility to tune the phonon
dispersion just through lattice compression. This is of inter-
est when investigating strategies to obtain a low lattice
thermal conductivity.

Previous theoretical calculations on lattice dynamics also
call for the experiments for the comparison.24,37,38,42,44

Hereby, we give a direct measure of the Grüneisen parame-
ters for the phonon modes from the obtained Raman
spectra. The Grüneisen parameter describes the volume
dependence of phonon frequency ωi, defined as γ i ¼ �dlnωi=
dlnV ¼ (B0=ωi) � (dωi=dP). Because Grüneisen parameter
is a measure of the departure of a crystal from harmonicity,
different vibrational modes will have different values of
Grüneisen parameter.

Figure 5 illustrates the pressure dependence of the fre-
quencies of FeNb0:8Ti0:2Sb for TO and LO modes at room tem-
perature. Because the structure remains stable, it is clear that the
pressure-induced frequency shift is mainly due to the phonon
anharmonicity.30 In order to obtain the mode-Grüneisen
parameter for each phonon mode, we fitted the pressure
dependence of phonon frequencies in Fig. 5 in a quadratic
formula: ωi(P) ¼ ωi0 þ (dωi=dP)P� (d2ωi=dP2)P2.

As a result, the more practical Grüneisen parameter of
each phonon mode could be obtained from experimental
data. The obtained phonon frequencies, their pressure deriva-
tives, and Grüneisen parameters for each phonon mode are
listed in Table I. As can be seen, the values of the mode
Grüneisen parameters are very close for all the modes. The
positive γ i values for these modes are the signatures for the
optical modes. These results are also consistent with the the-
oretical calculations for the sister HH compound,24 altogether
implying that our assignment of the phonon modes for the
studied compound is reasonable.

FIG. 3. Upper panel: Evolution of Raman spectra of FeNb0:8Ti0:2Sb with
pressure up to 42.7 GPa at room temperature. Lower panel: Selected Raman
spectra at different pressures. The phonon frequencies of the TO and LO
modes were obtained by Lorentz fitting.

FIG. 4. Assignments for the TO and LO modes in a FeNb0:8Ti0:2Sb unit
cell. The arrows represent the vibrational directions of the atoms, yellow for
Fe, blue for Nb/Ti, and red for Sb.
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A large Grüneisen parameter means strong anharmonic-
ity, which can give rise to low lattice thermal conductivity in
ordered crystal structures. We further calculate the average
Grüneisen parameter of the two phonon modes based on
�γ ¼

ffiffiffiffiffiffiffiffi
(γ2i )

p
. The value of the �γ for the studied modes is

about 1:72+ 0:43. Interestingly, the obtained �γ is close to
the calculated value of 1.71 for a HH compound ScRhTe.44

To our knowledge, this is the first experimental data so far
available for HH materials,24,37,38,42,44 especially for highly
efficient HH alloys. It should provide a direct measure of the
quantitative understanding of the thermal conductivity behav-
ior as well as the thermoelectric properties in this HH family.

Due to the difficulties of measurements, the available
Grüneisen parameters for the thermoelectric materials in the
literature are usually obtained from theoretical calcula-
tions24,37,38,42,44 and the combination of different experimen-
tal techniques.4,45 The bulk thermoelectric materials often
include defects or disorders or some nano domains.
Theoretical treatments become difficult if all these factors
would be included in the accurate determination of the real
phonon spectra of a material. The obtained phonon spectra
and Grüneisen parameters for FeNb0:8Ti0:2Sb are based on
the same sample and measurement environment (pressure
medium). The determined mode Grüneisen parameters
should capture the basic character of the phonon frequency
reaction to the lattice change. The value of �γ for
FeNb0:8Ti0:2Sb is smaller than the well-known low lattice
thermal conductivity materials AgSbTe2,

46 AgSbSe2,
46 and

SnSe (theoretical value of 4.1 along the a axis).28 It reveals
that anharmonicity contributes to the relatively high thermal
conductivity of HH materials compared to other thermoelec-
tric materials.47 However, the value of �γ is higher than

PbTe45 and Bi2Te3,
48 which are conventional low lattice

thermal conductivity materials. This implies that anharmonic-
ity alone is not sufficient to account for the relatively high
thermal conductivity of HH materials.

In a recent experimental study,23 we found that electrons
contribute more than lattice to the thermal conductivity
above 200 K. It is obvious that the thermal conductivity is
governed by electronic transports at high temperatures.
Meanwhile, the disorder was found to affect the electrical
and thermal transport properties in the system.23 Therefore,
the thermal conductivity is more likely controlled by other
factors as well.

IV. CONCLUSIONS

In summary, we have performed X-ray powder diffrac-
tion and high-resolution Raman scattering measurements on
FeNb0:8Ti0:2Sb at various pressures up to 42 GPa. The F�43m
phase is found to be stable at the pressure range studied. The
bulk modulus (B0 ¼ 163:30+ 10:67 GPa) of FeNb0:8Ti0:2Sb
at ambient pressure and 300 K is determined through the
equation of state. Raman spectra and their evolution with
pressure were measured from ambient pressure to 42.7 GPa.
Based on the bulk modulus and the phonon frequency shifts,
the Grüneisen parameters for each observed phonon mode at
300 K are further obtained. The results are used to understand
the obtained thermal conductivity in the studied compound.
These findings are crucial for a fundamental understanding
of thermal transport in one of the best performance thermo-
electric materials.
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