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Ultrahigh zT from strong electron–phonon
interactions and a low-dimensional Fermi surface†
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The outstanding thermoelectric performance of GeTe has attracted significant attention in the research

community in recent years. However, many of the underlying physical mechanisms that contribute to

GeTe’s exceptionally high figure of merit (zT) remain not fully understood. In this study, an Sb–Bi

codoped GeTe single crystal (Ge0.86Sb0.08Bi0.06)Te with an ultrahigh zT of 2.7 at 700 K and a record high

device zT of 1.41 in the temperature range of 300–773 K was synthesized and investigated. The ultrahigh

zT is attributed to the extremely low lattice thermal conductivity induced by strong electron–phonon

(EP) interactions as revealed by the experimentally observed Kohn anomaly, through inelastic neutron

scattering (INS) measurements. First-principles calculations further demonstrate that the remarkable EP

interaction arises from the Fermi surface nesting featured in a one-dimensional (double-walled) topol-

ogy. Our finding unravels the ultrahigh-zT mechanism in GeTe-based materials, serving as an inspiring

guide toward high thermoelectric performance.

Broader context
In nature, the most efficient thermoelectric materials, exhibiting high thermoelectric figures of merit (zT), typically involve polycrystalline structures achieved
by minimizing thermal conductivity through nanostructuring to enhance interface scattering. However, a notable exception arises with single-crystal hole-
doped SnSe, where zT 4 2 has been achieved. Nonetheless, there are underlying aspects related to the fundamental role of phonons that remain unaddressed
and require resolution. In this study, we prepared single crystals of pristine GeTe and Sb–Bi co-doped GeTe to elucidate the unique nesting features of the Fermi
surface. This exploration provides insights into electron–phonon scattering and modifies the phonon density of states in Sb–Bi co-doped systems, shedding
light on how to induce exceptionally strong electron–phonon interactions, thereby impeding phonon propagation. Our findings pave the way for a novel
approach to phonon engineering in single-crystal thermoelectric materials, extending beyond conventional nanostructuring techniques.
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Introduction

Facing global climate change and the urgent need for carbon
reduction, the development of renewable energy has become an
even more pressing mission than ever before. Thermoelectric
(TE) materials, which enable the direct and reversible conver-
sion between heat and electricity, hold high potential to
become one of the promising technologies for solving the
energy crisis.1–3 The TE performance of materials is generally

evaluated by the dimensionless figure-of-merit zT ¼ S2sT
k

,

where S, T, s, and k represent the Seebeck coefficient, absolute
temperature, and electrical and thermal conductivity, respec-
tively. The thermal conductivity k is the sum of the electronic
(ke) and lattice (klat) contributions, given by k = ke + klat. Most of
the thermoelectric materials, such as Bi2Te3, Zn4Sb3, CoSb3,
Mg3Sb2, and SiGe, have thermoelectric zT values that are less
than 2.0.4,5 However, for a few examples like PbTe and Cu2Se,
their highest zT values can exceed 2.0.6–8 Moreover, in the case
of alloy materials like AgSbTe2, SnSe, and GeTe, they have
achieved remarkably high zT values surpassing 2.5.9–13 It would
be worth noting that extremely high values of ionic figure of
merit (48.5) have been reported in ionic thermoelectric mate-
rials, in which charge transport can occur through ions or
mixed carriers.14–18 However, ionic transport and electronic
transport lead to very different properties and applications.19

Thus, these ionic thermoelectric materials may fall beyond the
scope of the following discussion.

It has been observed that materials with higher valley
degeneracy (NV) tend to exhibit higher quality factors and
consequently higher zT values.20,21 This is due to the presence

of a larger number of available electron states, which can
enhance the thermoelectric performance. The concept of valley
degeneracy and its impact on zT was initially introduced by
Hicks and Dresselhaus, who demonstrated that reducing the
dimensionality of materials can qualitatively alter the electro-
nic density of states (DOS) around the band edge (Fig. S1, ESI†)
and lead to an increase in the Seebeck coefficient.22,23 This low-
dimensional strategy has inspired extensive research on ther-
moelectric materials with nanostructures and the pursuit of
band convergence.24–26 Although the DOS can be qualitatively
altered by physically reducing the dimensionality in a material,
the effective band degeneracy, on the contrary, would be
reduced due to subband splitting explaining the lack of an
improved peak power factor found experimentally in nanoscale
systems.27,28 Recent theoretical works have pointed to the
discovery of materials with features of low-dimensional electro-
nic structures in bulk materials.29–31 For two- (one-) dimen-
sional electronic structures, the electronic band is highly k
dependent along only two (one) axes (axis). This, as illustrated
in Fig. 1(a), leads to the DOS similar to that in thin films
(nanowires) but without subband splitting leading potentially
to extremely high effective band degeneracy.

Recent studies further show that the nesting feature of
parallel sheets of the Fermi surface will trigger unusually strong
EP interactions that suppress phonon heat transport. EP
scattering which is generally observed at low temperatures
has recently been found to play an important role in phonon
heat transport of certain doped semiconductors, especially
above room temperature.32–34 In the metallic niobium carbide,
a two-orders-of-magnitude reduction in lattice thermal con-
ductivity is predicted because of the EP interaction.34 In the

Fig. 1 Thermoelectric figure of merit of GeTe and the schematic illustration of the electron–phonon scattering mechanisms therein. (a) Schematic
diagram illustrating the features of the Fermi surface and DOS exhibited by a bulk material with a 2D- or 1D-like electronic structure. (b) Fermi nesting
vector q connecting two parallel 1D-like Fermi surfaces (left panel) would lead to Kohn anomaly with phonon softening and widened phonon linewidth
(middle panel), indicating strong electron–phonon interactions with enhanced phonon scattering-derived low lattice thermal conductivity (right panel).
(c) Temperature dependence of the zT values of (Ge1�x�ySbxBiy)Te crystals. (d) The device ZTDev for the 300–773 K temperature range in
Ge0.86Sb0.08Bi0.06Te and other known thermoelectric materials reported in previous literature.
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semi-metallic 1T-TaS2 and the semiconducting Pb7Bi4Se13, EP
scattering stronger than phonon–phonon scattering is sug-
gested above the Debye temperature by the measured nearly-
temperature-independent lattice thermal conductivity, which is
as low as B1 Wm�1 K�1.35,36 The presence of a 1D-like electro-
nic structure in a bulk material would result in Fermi surface
nesting leading to strong electron–phonon (EP) coupling,
which would be manifested by Kohn anomaly,37 and lead to
a significant reduction in lattice thermal conductivity as sche-
matically illustrated in Fig. 1(b).

In this work, we combined experiments and theory to
demonstrate the emergence of a strong EP interaction in a
precisely tuned GeTe crystal through Sb–Bi codoping. The
unique low-dimensional Fermi surface feature and enhanced
EP scattering significantly improve the thermoelectric perfor-
mance of GeTe. As a result, one of the highest zT values of 2.7
at 700 K in GeTe-based materials is achieved (Fig. 1(c)).38,39

Moreover, a broad temperature plateau with a high zT 4
2.5 is realized in Sb–Bi codoped (Ge1�x�ySbxBiy)Te single crys-
tals (referred to as GSBT) from 600 to 770 K. The device ZT,
estimated to be 1.41 using Snyder’s model,40 from 300 to 773 K,
is the highest ever reported for most state-of-the-art p-type
thermoelectric materials (Fig. 1(d)).41–49 The thermal-to-electric
conversion efficiency of Ge0.86Sb0.08Bi0.06Te is approximately
17.4%, which is higher than that of other high-zT thermoelectric
materials and enhances its commercial competitiveness.10 Our
finding highlights the important role of nested planar Fermi
surfaces in suppressing the lattice thermal conductivity and
modulating the electrical properties for high zT thermoelectric
materials.

Results and discussion

In this work, we utilized the Bridgman method to grow a series
of GSBT single crystals, allowing us to systematically explore
the influence of dopants on thermoelectric properties. The
thermoelectric behavior of Bi-doped GeTe closely resembles
that of Sb-doped GeTe, although 8% Sb doping (Ge1�xSbxTe, x =
0.08) exhibits slightly better thermoelectric performance.39,50

We observed that if GeTe is doped with more than 10% of Sb or
Bi individually, and then precipitates tend to form. However, by
codoping Sb and Bi in GeTe crystals, we will be able to achieve
the total solubility of up to 14% (x = 0.08, y = 0.06), which is not
feasible by single doping of Bi or Sb. We expect that the
enhanced solubility in the co-doped system is closely linked
to the concept that the solubility in alloys can be significantly
elevated through the augmentation of elemental species, driven
by entropy-driven structural stabilization. This phenomenon has
been consolidated and referred to as high-entropy materials.38

At room temperature, all samples exhibit the rhombohedral
phase (R3m) with nanoscale herringbone-like domains (struc-
tural characterization and microstructures are summarized in
Fig. S4–S8, ESI†). Sb and Sb–Bi codoping effectively reduce the
rhombohedral-to-cubic phase transition temperatures (Tc) from
675 K to 600 K (Fig. S6 and S7, ESI†). The electrical conductivity

(s) and Seebeck coefficient (S) of all samples, as shown in Fig. 2,
exhibit the expected characteristic of a degenerate p-type semi-
conductor, with holes as dominant charge carriers. Sb single
doping or Sb–Bi codoping significantly lowers s and enhances
S. The temperature dependence of the power factor of GSBT
crystals is presented in Fig. 2(c). Although the maximum power
factor for the (Ge0.86Sb0.08Bi0.06)Te crystal is approximately
38 mW cm�1 K�2 at 770 K, which is lower than 48 mW cm�1 K�2

for pristine GeTe and B56 mW cm�1 K�2 for the 8% Sb-doped
crystal,39 the zT of the (Ge0.86Sb0.08Bi0.06)Te crystal is still signifi-
cantly enhanced owing to its ultralow thermal conductivity, as
shown in Fig. 2(d).

Ultralow lattice thermal conductivity

The pristine GeTe exhibits a relatively high thermal conductiv-
ity k of B9 W m�1 K�1 at 300 K, which decreases rapidly with
an increase in temperature (Fig. 2(d)) due to the significant
reduction in both the electronic and lattice contributions. The
decline in electronic contribution ke with temperature (Fig. S16,
ESI†) is attributed to intensified EP scattering at high tempera-
tures, resulting in reduced carrier mobility. The lattice thermal
conductivity of pristine GeTe, as illustrated in Fig. 3(a), also
decreases with temperature except around 675 K, corres-
ponding to the rhombohedral-cubic phase transition. This
behavior is typical of phonon–phonon scattering, as the num-
ber of phonons increases with an increase in temperature,
indicating that phonon–phonon scattering serves as the pri-
mary intrinsic limitation to lattice thermal conductivity.

While for Sb–Bi codoped specimens, both electronic and
lattice thermal conductivities experience significant reduction.
The electronic thermal conductivity ke, as shown in Fig. S16 (ESI†),
undergoes a drastic reduction to approximately 0.55 W m�1 K�1,
primarily due to the decreased hole concentration. The lattice
thermal conductivity, as depicted in Fig. 3(a), decreases to values
generally smaller than the amorphous limit of 0.45 W m�1 K�1

observed in GeTe.51,52 More intriguingly, near-temperature inde-
pendence character indicates that dominant scattering mechan-
isms are characterized by a nearly temperature-independent
mean free path. Lattice imperfections present a possible scatter-
ing mechanism, as they are generally insensitive to temperature,
except during phase transition or near the melting point.
Another potential scattering mechanism is the EP interaction,
as the number of conduction carriers in degenerate semicon-
ductors is only weakly dependent on temperature.

As shown in Fig. 3(b), the materials show quite complex
herringbone nanostructures, which could significantly reduce
lattice thermal conductivity. Nevertheless, our specimens, as
shown in the high-resolution transmission electron microscopy
(HRTEM) images (Fig. 3(c)) and the XRD patterns (Fig. S4c and
S6c, ESI†), are single crystals, which are quite far from amor-
phous, and thus lattice imperfection alone is unlikely to cause
lattice thermal conductivity lower than the amorphous limit.
From the HRTEM images, we found that the herringbone
nanostructure is mainly composed of layer defects of Ge
vacancies or stacking faults, in which the distances between
neighboring defect layers are generally larger than 6 nm.
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If these layer defects are the main causes of limiting the lattice
thermal conductivity, the average phonon mean free path
should be larger than, at least comparable with, 6 nm because
these defect layers should be not able to completely block the
phonons but deflect them. However, as discussed in the ESI†
(statistically representative value of the phonon mean free
path), the statistically representative value of the phonon mean
free path is about 1.0 nm, which is generally more than 6 times
smaller than the distance between the observed defect layers.
Thus, the defect layer alone should not be able to explain the
observed extremely low and nearly temperature-independent
lattice thermal conductivity in Sb–Bi codoped GeTe, and there
should be other significant phonon scattering mechanisms in
this material system. It is worth mentioning that the suppres-
sion of klat in the Sb–Bi codoped GeTe single crystal is so
remarkable that even comparable to high-entropy GeTe-based
materials that also have a high zT value but need to be doped
with multiple elements (Fig. 3(d)).38

The ultralow thermal conductivity observed in Sb–Bi
codoped GeTe with a high zT value has been confirmed through
measurements. However, the fundamental mechanism under-
lying the strong phonon scattering in this single crystal mate-
rial remains unknown. By conducting INS measurements and
employing first-principles simulations, we have discovered a
distinctive EP interaction that contributes to the unusually low
thermal conductivity of GSBT. To gain a quantitative under-
standing of the behavior of lattice thermal conductivity (klat),

we initially modeled the temperature-dependent klat of pristine
GeTe, single-doped GeTe, and Sb–Bi codoped GeTe crystals
using the Debye–Callaway model.53 The theoretical fitting of
klat for pristine and single-doped GeTe agreed well with the
experimental data, without considering the EP contribution.
However, in the case of Sb–Bi codoped GeTe, the EP contribu-
tion needed to be incorporated into the model to achieve a
good match between theory and experiment. Fig. 3(e) illustra-
tes the comparison, where the green dotted line represents the
theoretical fitting without considering EP, while the pink
dotted line incorporates the contribution of EP. Further infor-
mation on the detailed fitting equations and parameters for
calculating phonon propagation can be found in the ESI† and
Tables S2, S3. The analysis suggests that, in addition to the
stacking fault (SF) defects, EP scattering plays a crucial role in
scattering phonons across a wide frequency range, resulting
in the observed extremely low lattice thermal conductivity. To
provide further evidence and insights, we verify this significant
physical phenomenon through neutron experimental measure-
ments and theoretical calculations.

Strong electron–phonon interactions revealed by inelastic
neutron scattering measurements

The strong EP interaction in the rhombohedral R3m phase of
the (Ge0.86Sb0.08Bi0.06)Te material is experimentally confirmed
through INS measurements. The peak widths of two phonon
excitations, one at E = 6.72 meV (with a full width at half

Fig. 2 Temperature dependence of the thermoelectric properties of pristine, Sb single doped, and Sb–Bi codoped GeTe crystals. (a) Electrical
conductivity. (b) Seebeck coefficient. (c) Power factor. (d) Total thermal conductivity.
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maximum W = 2.64 meV) and the other at 12.21 meV (W = 1.67
meV), observed at H = 0.3, are significantly broader than the
instrumental resolution (W = 0.052 meV). This broadening
indicates a short lifetime for both the transverse acoustic (TA)
phonon at 6.72 meV and the longitudinal acoustic (LA) phonon
at 12.21 meV propagating along the [110] direction (filled
triangles in Fig. 4(a)). Furthermore, the TA and LA phonons
exhibit a reduction in energy to 4.94 and 11.34 meV, respec-
tively, when measured at H = 0.5 (open circles in Fig. 4(a)),
indicating a downturn in phonon energy as the wave vector
approaches the zone boundary. The phonon dispersion along
the crystallographic [110] in the rhombohedral R3m phase
(Fig. 4(b)) reveals two acoustic phonon dispersions: the lower-
energy TA mode and the higher-energy LA mode. The colors
in the map represent the scattering intensity, with the scale
bar provided on the side. Each open circle with an error
bar represents the excitation peak position in the excitation
spectra. Both TA and LA modes exhibit energy downturns when
the phonon wave vector reaches approximately 70% of the zone
boundary.

The softening of phonon energy in the harmonic dispersion
indicates the presence of an interaction that scatters and
absorbs phonons. In contrast, the phonon dispersion of pristine
GeTe at 300 K does not exhibit significant bending in the TA and
LA modes54 (Fig. S19, ESI†). To model the dispersions, it appears
that the interaction can be expressed by q2-dependency.

In addition, an intrinsic component that specifies the appear-
ance of lattice anharmonicity is also needed in describing the
dispersions. Allowing a q-term plus a q3-term for the disper-
sions, but finding a negligible coefficient for the q3-term,
suggesting that lattice anharmonicity can be described by
q-dependency. The solid curves in Fig. 4(b) represent the fitting
of the data using the equation E(q) = Eh sin(qp) � Eaq � Ee–p q2,
where q is the wavevector in dimensionless reciprocal lattice
units (r.l.u.), Ea is the anharmonic energy at the zone boundary,
and Ee–p is the scattering energy near the zone boundary. For
the LA mode at 610 K, the fitting yields Eh = 16.8(2) meV,
Ea = 1.15(6) meV, and Ee–p = 6.53(1) meV. For the TA mode,
the fitting parameters obtained are Eh = 12.0(4) meV, Ea =
0.93(4) meV, and Ee–p = 6.98(1) meV. It is evident that Ee–p is
B6 times higher than Ea. Notably, Ea is associated with three-
phonon scattering arising from third-order atomic displace-
ments. Higher-order multi-phonon scattering would not be
stronger than the three-phonon scattering described by the
q-dependency. Hence, another source of scattering must be
present in this material system.

Moreover, q2 dependency is a characteristic of the conduction-
electron energy dispersion, and the thermal variations of the
observed Ee–p for both the LA and TA phonons can be described
using a Fermi–Dirac thermal distribution, similar to a degenerate
semiconductor where the donor band overlaps with the conduc-
tion band. This behavior is observed in the heavily doped

Fig. 3 Lattice thermal conductivity and microstructures. (a) Lattice thermal conductivity. (b) Low magnification TEM image. (c) A number of periodic
staking faults (boundaries of two-dimensional Bi–Te/Sb–Te layers) represented by dark lines, one of which is marked with a white arrow. (d) The klat at
700 K for single crystals and polycrystal GeTe alloys. (e) Experimental and theoretical klat values for GeTe, Ge0.92Sb0.08Te, and (Ge0.86Sb0.08Bi0.06)Te
represented by dots and lines, respectively. Solid lines are B-spline curves connecting the experimental data points. The Green dashed line for
single doped GeTe is derived from the Debye–Callaway model without considering EP. The pink dashed line for codoped GeTe is derived from the
Debye–Callaway model with EP included.
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(Ge0.86Sb0.08Bi0.06)Te.54 Therefore, it is concluded that the R3m
phase exhibits a strong EP interaction characterized by Ee–p.

The phonon lifetime, denoted as t, can be determined from
INS measurements by using the width of the phonon excitation
profile. The relation is given by t = (p�W)�1, where W represents
the full-width-at-half-maximum of the intrinsic excitation
profile.55 In the case of (Ge0.86Sb0.08Bi0.06)Te, the widths of
the phonon excitation profiles obtained from INS measure-
ments are significantly broader than the instrumental resolu-
tion function. This indicates short phonon lifetimes on the
order of 1 ps at 610 K (Fig. S21, ESI†). The short phonon
lifetimes are consistent with the representative value of 1.1 ps
obtained from the klat measurement and phonon dispersion
calculated using first-principles methods, as discussed in the
ESI† (statistically representative value of the phonon mean free
path). Short phonon propagation lengths limit heat transport,

which results in low thermal conductivity in the (Ge0.86Sb0.08-

Bi0.06)Te crystal.

Strong Kohn anomaly in Sb–Bi codoped GeTe

As shown in Fig. 4(c) and Fig. S3 (ESI†), when the Fermi level is
slightly lower than the D maximum (Fig. 5(b) and Fig. S3c,
ESI†), the electronic structure shows 1D-like behavior. This
means that the energies of electronic states strongly depend
on the wavevector (k) along a single axis. In semiconductors,
such 1D-like behavior in the electronic structure gives rise to a
characteristic feature known as the double-walled Fermi sur-
face. This refers to a pair of Fermi surfaces that are nearly
parallel to each other and located in close proximity. When
Fermi surfaces are considered nested, it means that there is a
significant overlap or matching of electronic states between
the two parallel Fermi surfaces. This nesting property has

Fig. 4 Phonon dispersion and density of state relations. (a) Phonon excitation spectra measured in constant-Q scans along the crystallographic [HH0]
direction at H = 0.3 (filled triangles) and 0.5 (open circles) at 610 K. (b) Phonon dispersion of (Ge0.86Sb0.08Bi0.06)Te at 610 K, measured along the
crystallographic [110] direction. (c) Calculated Fermi surface of p-type GeTe at the Fermi energy, Ef0, slightly lower than D maximum, as indicated in
Fig. 5(b). (d) The two corresponding 2D cross-sections (C1 and C2) of the Fermi surface. The short green arrows and the long red arrow indicate the wave
vector difference Dk between the initial and final states due to the electronic transition in the [110] direction (the G- F direction). Images of (c) and (d) are
prepared by using FermiSurfer. (e) Phonon dispersion of pristine GeTe at 300 K. (f) Phonon dispersion of Sb–Bi codoped GeTe at 300 K.
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important implications for the electronic and thermal trans-
port properties of the material, as it can give rise to enhanced
EP interactions, leading to phenomena such as charge density
waves and Kohn anomaly.37,56

The formation of Femi surface nesting occurs when the
Fermi level is lower than the energy of the D pocket. As will be
discussed later, the presence of Sb/Bi dopants can increase the
energy of the D pocket, enabling the formation of Fermi surface
nesting. This suggests that Sb–Bi codoped GeTe can exhibit a
stronger EP interaction compared to pristine GeTe, despite the
latter having a higher hole concentration (Fig. S24a, ESI†). The
strong EP interaction is confirmed by the phonon dispersion
obtained from the INS measurements on Sb–Bi codoped GeTe
(Fig. 4(b) and (e)) and pristine GeTe (Fig. 4(f)). As can be seen,
the Sb–Bi codoped sample exhibits a significant Kohn anomaly
in the phonon dispersion, whereas the pristine sample does not
show such a feature. The Kohn anomaly serves as a charac-
teristic signature of the strong EP interaction. Its presence in
the phonon dispersion of the Sb–Bi codoped GeTe suggests that
the EP interaction is significantly enhanced in this material.
Conversely, the absence of a Kohn anomaly in the pristine GeTe
indicates a weaker EP interaction in comparison.

The momentum conservation plays a crucial role in the
interaction between phonons and electrons. In the case of

Fermi surface nesting, when the wave vector q of the interacting
phonons is equal to Dk, which represents the momentum
transfer between the nested Fermi surfaces, a renormalization
of phonon energy occurs due to the strong EP interaction.51

Such anomaly was observed along the G–F direction by INS
(Fig. 4(b) and (f)). In the process of electron–phonon scattering,
the crystal momentum change due to the electronic transition,
�hDk, and due to the phonon creation/annihilation, �hDq, should
satisfy Dk + Dq = G. The smallest Dk along the GF direction
corresponding to the electronic transition between states
around D and D0 is about 0.35G0. Due to the nesting feature
of both the interior and exterior of the bowl-shaped Fermi
surface around D (D0), several nesting vectors can be identified
as indicated by the green arrows in Fig. 4(c) and (d). Here, G0 is
the reciprocal lattice vector in the [110] direction. Dk can
stretch to 0.5G0, which is the F point, when the initial/final
states deviate from D/D0 to L/L0 as indicated by the red arrow in
Fig. 4(c) and (d). The Fermi surface nesting vectors thus begin
near the phonon wavevector, 0.35G0, of Q in Fig. 4(b) and
continue to that, 0.35G0, of F. Similar results are also found
in C-GeTe as shown in Fig. S3b (ESI†). The quantitative agree-
ment between the measured softened phonon wave vectors and
the electronic nesting vectors confirms that the EP interaction
is the cause leading to the observed energy reduction in the

Fig. 5 Electronic structure and Fermi surfaces. (a) Pisarenko plot of (Ge1�x�ySbxBiy)Te at 300 K showing the increase in DOS effective mass m* with Sb
and Bi codoping. (b) Electronic structures of pristine GeTe (red bands) and Sb–Bi codoped (Ge24Sb2Bi1Te27) unfolded to the GeTe Brillouin zone (gray
bands). The corresponding crystal structure can be seen in Fig. S20 (ESI†). Their density of states (DOS) is shown by red and gray lines in the right panel,
respectively. (c) Evolution of the Fermi surface of p-type GeTe in rhombohedral and cubic phases (R-GeTe and C-GeTe).
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phonon modes. It is noted that the above discussion considers
the EP scattering processes only when involving the creation/
annihilation of a single phonon. Those involving two phonons,
as discussed in the ESI† (electron–phonon scattering processes
causing a downturn in phonon dispersion), would further
strengthen the Kohn anomaly around the F point due to the
enormous number of channels of the intra-bowl electronic
transitions, and all these scattering processes lead to the
reduction in the lattice thermal conductivity improving the
thermoelectric performance.

Similar results are also observed in C-GeTe, as depicted in
Fig. S3 (ESI†). The agreement between the measured softened
phonon wave vectors and the electronic nesting vectors pro-
vides quantitative evidence supporting the EP interaction as the
underlying mechanism responsible for the energy reduction in
the phonon modes. It is important to note that the previous
discussion focused on EP scattering processes involving the
creation or annihilation of a single phonon. However, the ESI†
(EP scattering processes causing a downturn in the phonon
dispersion) highlights the significance of two-phonon scatter-
ing processes in further enhancing the Kohn anomaly around
the F point. Due to the large number of channels available for
intra-bowl electronic transitions, these two-phonon processes
contribute significantly to the strengthening of the Kohn
anomaly. The combined effect of both single and two-phonon
scattering processes leads to a reduction in lattice thermal
conductivity, which, in turn, improves the thermoelectric per-
formance of the material.

Enhanced Seebeck coefficient and low-dimensional behavior

The Pisarenko relation at 300 K, as shown in Fig. 5(a) demon-
strates that Sb–Bi codoping GeTe exhibits an effective mass of
2.3 me much larger than 1.3 me of the pristine GeTe. This result
indicates that the enhancement of the Seebeck coefficient in
Sb–Bi codoped GeTe is not solely due to the shifting of the
Fermi level (Ef), but also due to a band convergence resulting
from Sb–Bi codoping. Fig. 5(b) presents the electronic structure
of both undoped and Sb–Bi codoped GeTe. It is evident that the
introduction of Sb and Bi dopants in R-GeTe leads to an
increase in the valence band maximum (VBM) energy at the D
maximum, resulting in the simultaneous convergence of L(T),
S, and D bands. This band convergence is experimentally
confirmed by an increase in the density of states of effective
mass (m*) shown in Fig. 5(a), as well as the computed DOS
depicted in Fig. 5(b).

Considering that the electronic structure below the D max-
imum exhibits a 1D-like behavior, the increase in the energy of
the D maximum leads to a significant enhancement in the DOS
for Sb–Bi codoped GeTe compared to pristine GeTe as the
energy decreases. It is known that certain cubic IV–VI semi-
conductors, including cubic GeTe (C-GeTe), exhibit a primary
valence band at the L point in the Brillouin zone, along with a
secondary valence band along the S line (Fig. 5(c)). As the Fermi
level moves deeper into the valence bands, Fermi surface
pockets at S, in addition to those at L, merge to form tube-
like Fermi surfaces within the cubic frame (indicated by the

green box in Fig. 5(c)). These tube-like Fermi surfaces arise
from a 2D-like electronic structure, where the electronic states
exhibit strong k-dependence along only two axes. This leads to
a highly effective valley degeneracy, which has been observed
to contribute to record-breaking thermoelectric performance
in materials such as PbTe, PbSe, and SnTe.57 The tube-like
Fermi surfaces with high effective valley degeneracy provide
favorable conditions for enhancing thermoelectric properties.
They enable efficient energy and charge transport through the
material, leading to an improved Seebeck coefficient. Addition-
ally, the high valley degeneracy allows for more opportunities
for electron and phonon scattering, which can lead to reduced
lattice thermal conductivity and enhanced thermoelectric
efficiency.

In Fig. 5(c), the evolution of the Fermi surface with a
decrease in the Fermi level for p-type GeTe in the rhombohe-
dral structure is depicted, highlighting its similarity to the low-
dimensional behavior observed in cubic GeTe (C-GeTe). The
rhombohedral distortion in GeTe (R-GeTe) causes the S band to
be located at higher energy, resulting in the formation of the
first Fermi surface consisting of six elliptical pockets with
strong anisotropy (indicated by the blue box in Fig. 5(c)).
As the cubic structural transitions to the rhombohedral struc-
ture, the rhombohedral distortion breaks the degeneracy of the
12 S pockets observed in C-GeTe, reducing them to six S
pockets. Additionally, there are six similar pockets located at
lower energy along the Z line (G–S0) in R-GeTe (Fig. 5(b)). These
elliptical Fermi surfaces at S eventually reach the Brillouin zone
edge and merge with the valence band pockets at the distorted
L and T points, which are equivalent in C-GeTe, thereby
resulting in the formation of two tripods with a total of six
tube-like (2D-like) legs within the Brillouin zone (indicated by
the green box in Fig. 5(c)).

In C-GeTe, the Fermi surface exhibits similar characteristics.
The first valence band maximum (VBM) is located at the L
points (as shown in Fig. S12b, ESI†), which then merges with
the S band, forming a cubic frame with 12 tube-like (2D-like)
edges as more holes are added. Because the S(L) pocket is in
higher energy than the L(S) pocket in R-GeTe (C-GeTe)
(Fig. S12, ESI†), the L–S band convergence can be achieved by
introducing Sb/Bi dopants, which causes the crystal structure to
be more cubic-like (as shown in Fig. S6b, ESI†). As the Fermi
level decreases to Ef0, an energy slightly lower than the maxi-
mum of the D band in R-GeTe, the tube-like legs of the tripod
expand laterally and connect with each other. This leads to the
evolution of the Fermi surface from the tube-like (2D-like) legs
of the tripod into a double-walled (3D-like) pyramid-bowl shape
as depicted by the blue and yellow boxes in Fig. 5(c). The edges
and corners of the Fermi surface around S and L correspond to
the successors of the legs and vertices of the tripod structure.

The formation of the double-walled pyramid bowls indicates
a shift in the geometric topology from a 2D-like electronic
structure to a 1D-like electronic structure, where the k depen-
dence is primarily along only one axis. This transition results in
a dramatic increase in the DOS below the energy of the D
maximum, resembling the behavior of a 1D system (as shown
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in Fig. 5(b), 1(a) and Fig. S3, ESI†). The presence of a 1D-like
electronic structure in these materials plays a crucial role in
achieving high valley degeneracy and Fermi surface nesting,
which in turn leads to exceptional thermoelectric performance
characterized by a large power factor and low thermal conduc-
tivity. To understand the fundamental origin of this unique 1D-
like electronic structure, it is necessary to examine the wave
functions in the vicinity of the D point. The ESI† on wave
functions of 1D-like electronic states provides a detailed analy-
sis of the wave functions of the electronic states at the D point.
It is observed that these wave functions exhibit a parallel chain-
like shape with limited inter-chain overlap, resembling dense
nanowires. This limited inter-chain overlap is responsible for
the manifestation of the 1D-like feature in the electronic
structure.

Conclusions

In this study, we report the first Sb–Bi codoped GeTe crystal
(Ge0.86Sb0.08Bi0.06)Te with an ultrahigh zT E 2.7 at 700 K and a
record high device zT of 1.41 in the temperature range of 300–
773 K. Our INS measurements discovered a Kohn anomaly
indicating strong EP interactions in the material. DFT analysis
demonstrates the Fermi nesting in the low dimensional Fermi
surface with high valley degeneracy as the origin of the strong
EP interactions leading to the observed extremely low lattice
thermal conductivity and high zT. A better band convergence as
well as more well-tuned hole concentration would be achieved
by further introducing other dopants such as Mg, Ag, Cu, and
In, and a further improvement of zT can be realized. Based on
our analysis, an ultrahigh zT is expected not only in GeTe-based
alloys but other IV–VI materials such as PbTe, SnTe, and SnSe
with similar electronic behaviors. The implications of this
research transcends the current findings based on but not
limited to single crystals, providing a groundbreaking roadmap
for achieving unparalleled thermoelectric performance in mate-
rials. Through the revelation of the intricacies of the EP
interaction and its interconnectedness with a Fermi surface
topology, our study charts a course for deliberate advancements
in the design of thermoelectric materials. This newfound
understanding is poised to inspire continued exploration and
innovation, propelling the field toward heightened energy
conversion technologies and sustainable solutions.

Experimental procedures
Sample synthesis

The precursors of the Ge ingot (99.999%), Sb shot (99.999%),
Te shot (99.999%), and Bi shot (99.999%) from Alfa Aesar were
purified before synthesis. In the series of (Ge1�x�ySbxBiy)Te
crystals, we fixed the Sb composition at x = 0.08 according to
our previously reported results.39 (Ge1�x�ySbxBiy)Te with x = 0
and 0.08 and y = 0, 0.02, 0.04, and 0.06 were synthesized by a
two-step process. In the first step, pure elements were sealed
in a 13 mm diameter quartz tube under a high vacuum of

B3 � 10�6 torr. The samples were heated at 1223 K for 48 h to
homogenize the molten liquid, and then the furnace cooled to
room temperature. The obtained (Ge1�x�ySbxBiy)Te ingots were
ground into small pieces and sealed in conical shaped quartz
tubes under a high vacuum. To avoid the thermal expansion
breakage of samples, the sealed tubes were loaded into another
bigger round-shaped tube and loaded in a Bridgman furnace at
1123 K. The growth rate of crystals is set as 3 mm h�1. The
obtained crystals were approximately 50–60 mm in length and
10 mm in diameter. The size allows all thermoelectric property
measurements in the same direction.

Structure characterization and thermoelectric property
measurements

The structural phase of crystals was examined by X-ray diffrac-
tion, performed with a diffractometer (XRD, PANalytical X’Pert
Pro) equipped with Cu Ka radiation (l = 1.5406 Å). The lattice
parameters were calculated using Rietveld refinement from the
Highscore Plus program. The crystal orientation of samples
was analyzed using a triple-axis X-ray diffractometer (Malvern
Panalytical’s Materials Research Diffractometers, MRD) and a
Laue diffractometer (IPX-YGR-LC). The surface morphology and
chemical compositions of the crystals were investigated using
an SEM (Inspect F FEI) equipped with an energy-dispersive
X-ray (EDX) spectrometer. For TEM observation, the crystal
sample with 50–80 nm thickness was cut from bulk ingots
using a focused ion beam instrument (Hitachi NX2000). The
TEM micrographs and SAED patterns were acquired using a
spherical aberration-corrected transmission electron micro-
scope (JEOL-ARM 200FTH) operating at 200 kV. The Seebeck
coefficient and electrical conductivity were measured using a
static dc method using a commercial instrument (ZEM-3,
ULVAC-RIKO). The uncertainty for the electrical conductivity
is 3%, and the Seebeck coefficient is 5%. Thermal conductivity
was calculated by k = DrCp, where D is the thermal diffusivity, r
is the mass density measured by the Archimedes method, and
Cp is the specific heat measured using a differential scanning
calorimeter (DSC, Q100, TA Instruments). The thermal diffu-
sivity was measured by the laser flash method (LFA-457,
NETZSCH). The uncertainty of the thermal conductivity is
5%. Combining several uncertainties from electrical conductiv-
ity, Seebeck coefficient, and thermal conductivity, the total
uncertainty of zT is about 18%. The room temperature Hall
carrier concentration is calculated from the Hall coefficient
obtained by sweeping the magnetic field from �5 T to +5 T
using a Physical Property Measurement System (PPMS, Quan-
tum Design). The uncertainty of the Hall coefficient is B3%.

Inelastic neutron scattering measurements

Single crystal inelastic neutron scattering measurements were
conducted at ANSTO, employing the cold neutron triple-axis
spectrometer SIKA with the energy of neutrons defined by PG
(002) crystals at both the monochromator and analyzer posi-
tions, a fixed final energy of 8.07 meV, and a Be filter to
suppress higher-order contaminations. The crystal was aligned
for the a–b scattering plane, and the temperature was
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controlled using a CF-7 cryofurnace system with a slow heating
rate of 10 K min�1. Neutron wavevector transfer was denoted as
Q(QhQkQl) = G(hkl) + q(HKL), where G is a reciprocal lattice
vector and q is the phonon wavevector.

Theoretical calculation

Detailed methods of theoretical calculations are provided in the
ESI,† encompassing sections on electronic structures, electro-
nic transport properties, lattice thermal conductivity, phonon
dispersion, and electron–phonon coupling.
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