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Giant thermoelectric power factor in charged ferroelectric
domain walls of GeTe with Van Hove singularities
Ðorđe Dangić 1,2✉, Stephen Fahy1,2 and Ivana Savić 2✉

Increasing the Seebeck coefficient S in thermoelectric materials usually drastically decreases the electrical conductivity σ, making
significant enhancement of the thermoelectric power factor σS2 extremelly challenging. Here we predict, using first-principles
calculations, that the extraordinary properties of charged ferroelectric domain walls (DWs) in GeTe enable a five-fold increase of σS2

in the DW plane compared to bulk. The key reasons for this enhancement are the confinement of free charge carriers at the DWs
and Van Hove singularities in the DW electronic band structure near the Fermi level. These effects lead to an increased energy
dependence of the DW electronic transport properties, resulting in more than a two-fold increase of S with respect to bulk, without
considerably degrading the in-plane σ. We propose a design of a nano-thermoelectric device that utilizes the exceptional
thermoelectric properties of charged ferroelectric DWs. Our findings should inspire further investigation of ferroelectric DWs as
efficient thermoelectric materials.
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INTRODUCTION
Thermoelectric materials can convert waste heat into electrical
power or, in reverse, cool devices using electrical current.
Achieving large values of the thermoelectric power factor σS2

for efficient energy conversion is the critical barrier to further
progress in the field of thermoelectricity1–3. It is hard to realize a
simultaneous increase of the Seebeck coefficient S and the
electrical conductivity σ due to their interdependence
(S � 1

σ
dσ
d E
��
E¼ EF

, where E is the electronic energy and EF is the
Fermi level)1. So far, thermoelectric power factors have been
enhanced using e.g., the concepts of resonant impurities4, energy
filtering5, band convergence6, and low dimensionality7,8. Never-
theless, the reported increases of σS2 have rarely been larger than
two-fold1–4,6,9–11. Here, we will show that a large enhancement of
power factor could be realized in a novel class of thermoelectric
materials: ferroelectric domain walls (DWs).
Ferroelectric DWs are the interfaces between regions with

differently oriented polarizations (domains) in a ferroelectric
material. Polarization discontinuity at DWs can induce electric
fields along domains, which in turn confine free charge carriers on
these so-called charged DWs (see Fig. 1). The resulting two-
dimensional (2D) electron gas can have dramatically different
properties than the bulk material12,13. Several normally insulating
perovskite materials show conductive behaviour at DWs14–20, with
the electrical conductivity of DWs up to 13 orders of magnitude
larger than that in the domains21. These discoveries have lead to a
new paradigm of ferroic devices where DWs, rather than domains,
are active elements in nanoelectronic circuits13, such as diodes22,
rectifiers23, resistive memories24,25, and memristors26. In contrast,
there have been no reported studies of the Seebeck coefficient
and the power factor of ferroelectric DWs. Despite over a decade
of research of the DW conductive properties, the idea that their
thermoelectric properties may be superior to those of bulk has not
been considered.
Here, we investigate the thermoelectric transport properties of

charged ferroelectric domain walls in germanium telluride (GeTe).

GeTe is an exceptionally good thermoelectric material that also
exhibits ferroelectric nature below 700 K27–32. Ferroelectric DWs
have been observed in GeTe to form a heringbone structure33–38.
The existence of DW structures in GeTe has been associated with
an increase in the thermoelectric figure of merit, but only through
a decrease of the lattice thermal conductivity39,40 and carrier
concentration control41,42. On the other hand, ferroelectric DWs
have not been discussed in the context of increasing the power
factor in thermoelectric materials.
In this work, we report a prediction that the thermoelectric

power factor in the plane of ferroelectric DWs in GeTe can be up
to five times larger than that of bulk GeTe. This increase is enabled
by more than a two-fold increase of the Seebeck coefficient in the
DW plane, which does not significantly deteriorate the electrical
conductivity. These enhancements are a direct result of an
increased energy dependence of the local density of states
(LDOS), group velocities, and relaxation times of the electronic
states near the Fermi level that are localized on these DWs and
exhibit Van Hove singularities in their band structure. These results
demonstrate that domain wall engineering in GeTe, and
potentially ferroelectric oxides, could create new opportunities
for enhancing thermoelectric power factor at the nanoscale.

RESULTS AND DISCUSSION
GeTe domain walls
Recently we have identified different types of domain walls that
can occur in GeTe and analysed their structural and thermal
transport properties39. We note that there is a high energetic cost
of creating charged DWs in ferroelectric oxides and most observed
DWs are neutral. However, we have predicted that the differences
between the DW energies of charged and neutral DWs in GeTe
can be smaller than those in perovskites39 due to the smaller band
gap of GeTe. This indicates that the formation of charged DWs
might be more common in GeTe than in perovskites.

1Department of Physics, University College Cork, College Road, Cork T12 K8AF, Ireland. 2Tyndall National Institute, Dyke Parade, Cork T12 R5CP, Ireland. ✉email: djordje.
dangic@tyndall.ie; ivana.savic@tyndall.ie

www.nature.com/npjcompumats

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences

1
2
3
4
5
6
7
8
9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41524-020-00468-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41524-020-00468-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41524-020-00468-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41524-020-00468-3&domain=pdf
http://orcid.org/0000-0002-4639-184X
http://orcid.org/0000-0002-4639-184X
http://orcid.org/0000-0002-4639-184X
http://orcid.org/0000-0002-4639-184X
http://orcid.org/0000-0002-4639-184X
http://orcid.org/0000-0003-1503-3828
http://orcid.org/0000-0003-1503-3828
http://orcid.org/0000-0003-1503-3828
http://orcid.org/0000-0003-1503-3828
http://orcid.org/0000-0003-1503-3828
https://doi.org/10.1038/s41524-020-00468-3
mailto:djordje.dangic@tyndall.ie
mailto:djordje.dangic@tyndall.ie
mailto:ivana.savic@tyndall.ie
www.nature.com/npjcompumats


Here we will focus on the electronic properties of charged 39°
(111) DWs. The angle between the polarization vectors in
neighbouring domains in these DWs is close to 39°, and the DW
plane lies in the (111) crystallographic plane (see Fig. 1).
Depending of the polarization orientation with respect to the
DW boundary, we have two types of 39° (111) DWs: tail-to-tail (T-T)
and head-to-head (H-H). We construct GeTe supercells containing
both 39° T-T and H-H DWs as explained in the ref. 39. We carry out
electronic structure calculations on these supercells using density
functional theory, as detailed in the “Methods” section.

Charge confinement
Using Gauss’s law, it can be shown that discontinuity of
polarization at a domain wall will lead to the appearance of
bound charge on this DW43:

ρ ¼ ðP1 � P2Þ � n; (1)

where ρ is the bound charge interface density, P1,2 are the
polarizations in neighbouring domains, and n is the vector normal
to the DW plane. Bound charge will create an electric field along
domains, as shown in Figs. 1 and 2a, which will be screened by
free charge carriers to reduce the electrostatic energy. This will
lead to the accumulation of free charge carriers at DWs, see Fig. 1.
The charge accumulation on the DWs is evident from Fig. 2b,
which shows that the LDOS of both 39° (111) T-T and H-H DWs is
finite at the Fermi level.
The accumulation of free charge carriers at DWs can be

understood as a self-doping phenomenon. Indeed, Fig. 2b shows
that the T-T DW is p-doped and the H-H DW is n-doped. This is in
accordance with Fig. 2a, which depicts a drop in the total potential
at the H-H DW that attracts electrons, leaving holes on the T-T DW.
GeTe DWs are thus intrinsically conductive, similarly to DWs in
perovskites14–19,44. Self-doping of charged DWs has already been
observed in first principles calculations of BaTiO3 DWs45,46. It is
important to notice that the band gap does not close at these
DWs, and they effectively behave as doped semiconductors.
However, the value of the band gap does change and becomes
somewhat smaller at the H-H DW compared to bulk.
To understand the nature of the electronic states forming on

39° DWs, we calculated the electronic band structure of the GeTe

supercell containing 39° H-H and T-T DWs and projected it on the
DW plane, see Fig. 3a. Blue lines correspond to the eigenvalues of
the states with the reciprocal lattice vector normal to the DW
plane (k3) set to zero. Dispersion of these states in the direction
normal to the DW plane is represented by broadening given in
red, which illustrates how these eigenvalues vary with k3. The
bands close to the Fermi level EF do not have any dispersion along
the direction normal to the DW plane (i.e., they have no
broadening in that direction). Consequently, these states are
localized and behave like a 2D electron gas, as we would expect
from the potential profile in Fig. 2a. Contrary to that, the bands
further from EF have large broadening and are not localized.
To confirm that the electronic states near the Fermi level are

localized on the DWs, we computed the average charge densities
associated with two representative states close to EF on planes
parallel to the DWs as a function of the coordinate perpendicular
to the DWs, see Fig. 3b. These states are indeed confined to the
DWs and do not extend into the domains. The valence band states
are localized on the T-T DW, while the conduction band states are

E

T-T H-H

ρ=-div -e
+h

E E

P

Fig. 1 Ferroelectric domain walls. Illustration of a ferroelectric
material containing charged domain walls (DWs). Coloured arrows
denote the polarization orientations. DWs are the interfaces
between domains with different polarization orientations. There
are head-to-head (H-H) and tail-to-tail (T-T) charged DWs depending
of the polarization orientation with respect to the DW plane. The
polarization changes at these DWs form bound charge (labelled by
plus and minus). The direction of the electric field induced by the
bound charge is given with the black arrow. The electric field
localizes free charge carriers on the DWs (green—holes, yellow—

electrons). In the 39° (111) DWs considered here, the angle between
the polarizations in neighbouring domains is 39°, and the DWs are in
the (111) plane.

Fig. 2 Confinement of free charge carriers at domain walls. a
Averaged total potential of GeTe containing 39∘ (111) tail-to-tail (T-T)
and head-to-head (H-H) domain walls (DWs), represented by the
green and yellow shaded regions respectively, as a function of the
coordinate normal to the DWs. The potential drop along domains
arises from polarization discontinuity at the DWs. b Electronic local
density of states in the middle of domains and at the domain walls.
The local density of states (LDOS) of domain walls is obtained by
summing the LDOS of the atoms in six primitive unit cells near the
domain wall plane. EF is the Fermi energy of the system at 0 K. For
the H-H and T-T DW, the Fermi level lies above and below the
forbidden gap, respectively.
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localized on the H-H DW. Localization of these states on the DWs is
induced by the electric field generated by the bound charge on
the DWs. In contrast, the absence of electric fields along domains
for neutral DWs (e.g., 141° (111) head-to-tail DW) produces
delocalized states near the Fermi level (see Supplementary
Note 1).

2D electronic band structure and Van Hove singularities
The electronic states localized at 39° (111) T-T DW have a sharp
peak in the LDOS near the top of the valence band, as opposed to
the step characteristic for 2D systems (see Fig. 2b). Such distortion
of the LDOS resembles those stemming from the resonant
impurity levels in PbTe-doped with Tl4 and GeTe-doped with
In47, which lead to an experimentally observed increase of the
Seebeck coefficient. We will show that the LDOS peak of the T-T
DWs also enhances the Seebeck coefficient, even though its

physical origin is very different from that of resonant impurities.
The large increase of the LDOS near the Fermi level also occurs in
180° (111) T-T and 180° (111) DWs and may be a general feature
for these systems (see Supplementary Note 2).
To uncover the origin of the LDOS peak for 39° (111) T-T DW, we

plot the LDOS of this DW together with the interface projected
electronic band structure in Fig. 3a. We can see that the LDOS
peak occurs at the similar energy as the valence band maximum
on the X − Γ line just below the Fermi level. The 2D dispersion of
the electronic states of this particular band is given in Fig. 4. This
figure shows that the states on the X − Γ line shown by blue
points are actually saddle points in the electronic band structure:
the energies of the electronic states decrease along the X − Γ
direction away from the saddle points, and increase in the
perpendicular direction. These are well-known Van Hove singula-
rities that give a logarithmic divergence for the density of states in
2D systems48, which explain the LDOS peak in our calculations.
Similar Van Hove singularities (i.e., saddle points) are also

present in the electronic band structure of bulk GeTe (see
Supplementary Note 3). However, they are further from EF than
those of the T-T DW and do not lead to the logarithmic divergence
of the DOS in three dimensions (3D)48. In the T-T DW, the electric
field pushes the Van Hove singularities much closer to the Fermi
level, thus making them contribute to electronic transport.
Furthermore, the 2D nature of DWs makes the effect of the Van
Hove singularities on the LDOS much larger than in bulk.
We note that the T-T DW has a very anisotropic valence band

surface (see Fig. 4), which is beneficial for thermoelectric transport
properties. The direction parallel to the projection of the
polarization change along the DW given by the blue arrow (X −
Γ) has much lower group velocities compared to the perpendicular
direction in the DW plane (Γ − K). This is a consequence of the
layered structure of bulk GeTe, because the direction with low
group velocities is perpendicular to van der Waals gaps in GeTe,
making the states along that direction more confined (see
Supplementary Note 4). The 1D cigar like states in the X − Γ
direction (red color in Fig. 4) give an additional contribution to the
peak of the density of states, which should be beneficial to the

Fig. 3 Localization of electronic states near the Fermi level on
domain walls. a Electronic band structure of GeTe containing 39°
(111) tail-to-tail (T-T) and head-to-head (H-H) domain walls (DWs)
projected on the DW plane. The eigenvalues of the states with the
reciprocal lattice vector normal to the DW plane (k3) set to zero are
shown in blue, while the dispersion of these states as k3 changes is
shown in red. The grey area in the graph corresponds to the bulk
GeTe band structure projected to the domain wall plane. The
horizontal line represents the Fermi level at 0 K. The absence of
dispersion for the states near the Fermi level confirms their
localization due to electric fields along domains. The side plot
shows the local density of states of the T-T DW. b Charge density
associated with the states labelled as 1. and 2. in a, as a function of
the coordinate normal to the DWs, which are indicated by black
vertical lines. These states are clearly localized on the DWs.

Fig. 4 2D electronic band structure and Van Hove singularities of
the tail-to-tail domain wall. Energy of the top valence band for 39°
(111) tail-to-tail domain wall (in eV) in the interface Brillouin zone.
Black arrows represent the directions of the in-plane reciprocal
lattice vectors. The blue arrow corresponds to the projection of the
polarization change onto the domain wall plane. Van Hove
singularities are indicated by blue points.
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Seebeck coefficient as we show later. The Γ − K direction, on the
other hand, has higher group velocities, which should result in
higher electrical conductivity values for this direction.

Thermoelectric transport properties
We have shown that the electronic states localize at either the T-T
or the H-H domain wall, see Fig. 3b. Localization prevents
interaction between states localized at different domain walls
and allows us to consider T-T and H-H domain walls as separate
systems. The Fermi level in the stochiometric GeTe lies within
these localized states and far from the domain, bulk-like, states
(see Fig. 3a). This means that charge transport in this structure will
occur through domain walls only, with DWs acting as independent
channels. This can be accomplished by an appropriate placement
of electrodes as we show later (see Fig. 7). To calculate the
transport properties of the T-T DW (the p-type channel in this
system), we consider only the states localized at the T-T DW in the
Boltzmann transport equation (BTE) (see Eq. (6) in “Methods”
section).
We compute the Seebeck coefficient of 39° T-T DW in the X − Γ

and Γ − K directions in the DW plane and in the direction
perpendicular to the DW plane. S is plotted in Fig. 5 as a function
of the extrinsic free charge density on the DWs. Our calculations
show at least a two-fold enhancement of the Seebeck coefficient
of 39° T-T DW with respect to bulk GeTe in all directions. To
compare the free charge densities of the DW (2D) and bulk (3D),
we obtain the volume charge concentration of the T-T DWs by
assuming that the separation between the T-T and H-H DWs
corresponds to the one in our DFT calculation (5.6 nm) (see
“Methods” section). The intrinsic DW charge density due to charge
transfer between the H-H and T-T DWs and the related volume
charge concentration are indicated by the black vertical line in
Fig. 5.
An increase of the domain size (the separation between the

domain walls) will lead to an increase in the DW free charge carrier
density. We use the domain size for which the electronic states at
the head-to-head and tail-to-tail domain walls are decoupled and
their band structures are converged. The increased free charge
carrier density will more completely screen the bound charge
caused by the polarization change at the DWs, leading to a
decrease in the electric field along the domains. However, the

increase of the domain size does not have a significant effect on
the electronic band structure of domain walls (see Supplementary
Note 7). Consequently, we expect that the major effect of the
increased domain size would be a shift of the black vertical line in
Fig. 5 to higher free charge carrier densities.
Our BTE results for 39° T-T DW show that the Seebeck

coefficient is the largest in the direction perpendicular to the
DW plane (Fig. 5). The enhancement of S is smaller in the in-plane
directions, where the electronic states are more dispersive and
more conductive. We explain these trends for the Seebeck
coefficient using the Mott expression49:

S ¼ π2k2BT
3e

N0ðEÞ
NðEÞ þ

hv2ðEÞi0
hv2ðEÞi þ

τ0ðEÞ
τðEÞ

� �����
E¼ EF

; (2)

where kB is the Boltzmann constant, T is the temperature, e is the
electron charge, N(E) is the density of states, hv2ðEÞi is the squared
group velocities average, and τ(E) is the relaxation time. Primed
quantities represent the first derivatives with respect to energy.
To disentangle the individual contributions of the three terms in

Eq. (2), we calculate the Seebeck coefficient using three levels of
approximation (see Supplementary Note 5). Firstly, we set group
velocities and relaxation times to constant values, and account
only for the energy dependence of DOS in the S calculation. This
approximation gives an isotropic Seebeck coefficient for the DW
that is enhanced compared to bulk (Supplementary Note 5). This
increase comes from the LDOS peak near the Fermi level at the
DW, which arises due to Van Hove singularities. Secondly,
including the energy dependence of group velocities in addition
to that of DOS in the S calculation gives rise to an anisotropic
Seebeck coefficient for the DW. S increase is larger in the
directions of lower group velocities and stronger localization
(perpendicular to the DW plane and X − Γ) compared to the
direction with higher group velocities (Γ − K) (Supplementary
Note 5). Finally, including the energy and momentum dependent
relaxation times in the S calculation further increases the Seebeck
coefficient of the DW in all three directions with respect to bulk,
see Fig. 5. Therefore, the increased energy dependence of the
DOS, group velocities and relaxation times near the Fermi level
induced by the presence of 2D Van Hove singularities is the key to
the S enhancement in the T-T DW.
Next we calculate the electrical conductivity and the power

factor of 39° T-T DWs (see Fig. 6). Even though there is a local
increase of the free charge concentration at the DWs compared to
bulk, the electrical conductivity in the in-plane directions (Γ − K
and X − Γ) is somewhat reduced at the DW for some extrinsic
doping concentrations. The reason for this decrease are the
increased electron scattering rates due to Van Hove singularities.
Nevertheless, there is more than a five-fold increase of the in-
plane power factor across the whole doping range due to the
large S enhancement. Most importantly, the maximum of the
power factor for the T-T DW in the Γ − K and X − Γ directions is
five times larger than that for bulk. Consequently, the combination
of the increased energy dependence of the transport quantities
that enhance S and the increased local charge concentration that
prevents σ reduction lead to a large increase of the in-plane power
factor in the T-T DWs.
In the direction perpendicular to the T-T DW, the electrical

conductivity and the power factor of the DW are both significantly
decreased with respect to bulk. This occurs because the electronic
states near the Fermi level are localized on the DW, and have low
group velocities in the direction perpendicular to the DW. As a
result, the thermoelectric transport properties of DWs in the out-
of-plane direction are inferior to those in the DW plane.
We predict that the Seebeck coefficient and the power factor of

39° (111) H-H DW in the Γ − K direction are also enhanced with
respect to bulk (see Supplementary Note 6). The thermoelectric
transport properties of the H-H DW (n-type) are not as large as
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Fig. 5 Seebeck coefficient of the tail-to-tail domain wall.
Calculated Seebeck coefficient for p-type bulk GeTe and 39° (111)
tail-to-tail (T-T) domain walls (DWs) for various directions at 300 K.
Experimental data for bulk GeTe from refs. 62,63 are shown by red
squares and stars, respectively. The top x-axis shows the DW
interface free charge density, while the bottom x-axis corresponds to
the volume charge concentration for the DW separation of 5.6 nm.
Black vertical line shows the intrinsic doping concentration of the T-
T DW for this DW separation due to charge transfer between the
head-to-head and T-T DWs.
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those of the T-T DW (p-type). This is due to the fact that Van Hove
singularities in the electronic band structure of the H-H DW do not
lead to as prominent peaks in the DOS and are not as near EF as in
the T-T DW (see Fig. 2b). Other types of charged DWs in GeTe have
more pronounced DOS peaks for both p-type and n-type DWs e.g.,
180° (111) DWs (Supplementary Note 2), and could exhibit
comparable thermoelectric properties to those of 39° (111) T-
T DW.

Nano-thermoelectric device
In GeTe samples with charged DWs, both n-type and p-type DWs
will contribute to the Seebeck coefficient, thereby suppressing its
overall enhancement. To harness the predicted outstanding
thermoelectric properties of ferroelectric DWs, we propose a
nano-thermoelectric device consisting of H-H and T-T DWs acting
as n-type and p-type legs of the thermoelectric couple50,
separated by electrically insulating domains (see Fig. 7). The
temperature gradient would be applied along DWs, rather than
perpendicular to them. The proposed device could be used for
nanoscale energy harvesting or cooling. Since DWs already exist in
GeTe forming an ordered herringbone structure33–38, it should be
possible to realize such device with an appropriate placing of

contact electrodes. Another important advantage of using DWs as
nano-thermoelectric couples is that we can write or erase them by
applying an electric field (or light)34. For example, we could grow a
pristine GeTe film without domains and then pole it to form
desired types of DWs that will act as active device elements35.
Manipulating the domain length would also allow us to tune the
doping concentrations at the domain walls51, in addition to
vacancies and dopants.

Discussion
In summary, we have shown that the thermoelectric power factor
of charged ferroelectric domain walls in GeTe can be enhanced up
to a factor of five compared to the bulk values. The bound charge
arising from polarization discontinuity on these interfaces causes
localization of the states close to the Fermi level on the domain
walls. The local density of these two-dimensional states diverges
logarithmically near the Fermi level due to the presence of saddle
points in their electronic band structure. This significantly
increases the Seebeck coefficient in the domain wall plane
without considerably reducing the electrical conductivity. Our
results clearly show the potential of ferroelectric domain walls for
nanoscale thermoelectric applications. Our predictions of excep-
tional thermoelectric properties of GeTe domain walls could be
tested experimentally using scanning thermoelectric micro-
scopy52,53. To further investigate the thermoelectric properties of
GeTe domain walls, it will be important to understand their
interaction with intrinsic vacancies46 and extrinsic dopants.

METHODS
Structure of the domain walls
The detailed description of the construction of supercells containing both
39° (111) T-T and H-H DWs is in ref. 39. We construct the supercell
containing both head-to-head and tail-to-tail domain walls from the
rhombohedral primitive cell of bulk GeTe, which is defined by the lattice
vectors:

r1 ¼ aðb; 0; cÞ;
r2 ¼ a � b

2 ;
b
ffiffi
3

p
2 ; c

� �
;

r03 ¼ a � b
2 ;� b

ffiffi
3

p
2 ; c

� �
:

(3)

Here a is the lattice constant, b ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ð1� cos θÞ=3p

, c ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið1þ 2 cos θÞ=3p
,

and θ is the angle between the primitive lattice vectors. The atomic
positions are given as: Ge (0.0,0.0,0.0) and Te (0.5 + τ, 0.5 + τ, 0.5 + τ) in

Fig. 6 Thermoelectric transport properties of the tail-to-tail
domain wall. Calculated a electrical conductivity and b power
factor of p-type bulk GeTe and 39° (111) tail-to-tail (T-T) domain
walls (DWs) for various directions at 300 K. The top x-axis shows the
DW interface free charge density, while the bottom x-axis
corresponds to the volume charge concentration for the DW
separation of 5.6 nm. Black vertical line shows the intrinsic doping
concentration of the T-T DW for this DW separation due to charge
transfer between the head-to-head and T-T DWs.

RL

Heat
applied

Heat dissipated
I I

N N

P P

Fig. 7 Proposed design of the nano-thermoelectric device based
on domain walls. White regions represent domains with different
polarization orientations, acting as electrical insulators. Head-to-
head and tail-to-tail domain walls, shown by red and blue regions,
act as an n-type and p-type leg of the thermoelectric device,
respectively. Electrodes and insulating parts are shown in black and
green, respectively. Heating up the top electrodes causes electron
and hole diffusion in n-type and p-type domain walls, respectively,
which produces electrical current.
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reduced coordinates. The construction of 39° domain walls involves a
mirror reflection of the domain across the domain wall plane, here taken to
be (111) in the conventional pseudocubic cell. The in-plane directions are
the vectors that lie in the (111) plane, while the out-of-plane direction is
the vector perpendicular to this plane.
The relaxation of the domain structure is done in two steps. First we

relax Te atoms only, and after reaching a minimum of energy we relax the
total structure and all Ge and Te atoms. With this method we reduce
the forces on atoms below 10−6 eV/Å even at the domain walls. Two of the
lattice vectors that lie in the domain wall plane are roughly the same as in
the unit cell (they change a little during the structural relaxation), and the
third lattice vector is perpendicular to them and the domain wall plane.
This means that one of the reciprocal lattice vectors (k3) is colinear with the
third lattice vector. The orientation of the other two reciprocal lattice
vectors (which are in the domain wall plane) is given in Fig. 4.

Ab initio calculations
We perform electronic structure calculations on these supercells using
density functional theory (DFT) and the ABINIT code54, employing the
Perdew–Burke–Ernzerhof parametrization55 for the exchange-correlation
potential, and Hartwigsen–Goedecker–Hutter pseudopotentials56. We use
the energy cutoff of 16 Ha for plane waves and a 12 × 12 × 1k-point grid
for the Brillouin zone sampling of the electronic states.

Transport properties calculations
We compute the thermoelectric transport properties of 39° (111) DWs and
bulk GeTe using the Boltzmann transport equation (BTE). BTE combined
with DFT has proven to be an exceptional method for reproducing and
predicting transport properties of materials completely from first
principles57,58. In this formalism, the electrical conductivity and the
Seebeck coefficient are given as:

σij ¼ Lij0; (4)

Sij ¼ �Lij1=ðeTLij0Þ; (5)

where σij and Sij are the ij elements of the electrical conductivity and
Seebeck tensors, respectively, e is the electron charge, T is the temperature
and:

Lijn ¼ 2e2

NVDW

X
k

� ∂f
∂E

� �
vikv

j
kτkðEk � EFÞn: (6)

Here N is the number of k-points in the reciprocal space, VDW is the volume
of the domain wall, f is the equilibrium Fermi-Dirac distribution function, τk
is the transport relaxation time of the state k, and vik is the group velocity
of the state k with energy Ek along the i-th direction. We calculate the
group velocities using the finite difference method.
An accurate calculation of the scattering rates of the electronic states

localized on DWs is very challenging because of the complicated electronic
band structure, and the enormous computational cost involved in
extracting electron–phonon matrix elements for large supercells contain-
ing DWs. Therefore, we have developed a model for the energy and
momentum dependent scattering rates of the electronic states localized
on DWs, whose all parameters can be obtained from DFT calculations. In
our model, we account for scattering due to electron–phonon coupling.
Scattering due to ionized impurities is neglected due to the large static
dielectric constant of GeTe57.
The transport relaxation time of the electronic state with the band

number n and the wave vector k at the domain wall due to
electron–phonon interaction can be obtained from first order perturbation
theory as59:

1
τn;k

¼ P
m;k0

P
λ;q

2π
_ ψm;k0 Hλ;q

�� ��ψn;k

� 	�� ��2 nλ;q þ 1
2 ∓ 1

2


 �
´ δðEm;k0 � En;k ± _ωλ;qÞð1� cos θÞ;

(7)

where �h is the reduced Planck constant, ψn,k is the wave function of the
electronic state nkj i with energy En,k, nλ,q, and ωλ,q are the equilibrium
Bose–Einstein distribution and the frequency of phonons for the branch λ
and the crystal momentum q, and Hλ,q is the electron–phonon
perturbation potential. The term 1� cos θ ¼ 1� vn;k �vm;k0

jvn;k jjvm;k0 j ; represents the

scattering angle which accounts for the momentum relaxation rate. We
neglect phonon frequencies in the energy conservation condition, but
they are partially accounted via Gaussian broadening (standard deviation

of 5 meV). We use nλ;q þ 1
2 ∓ 1

2 � kBT
_ωλ;q

, where kB is the Boltzmann constant.

This is a good approximation at 300 K since the Debye temperature of
GeTe is ≈180 K.
We assume that the dominant electron–phonon interactions are non-

polar, since we consider systems with high doping concentrations where
polar interactions are largely screened by free carriers, as shown in first
principles calculations for bulk GeTe60. We thus consider the

electron–phonon perturbation of the form Hac;q ¼
ffiffiffiffiffiffiffiffiffiffi

_
2M0ωq

q
U1qe�iq�r; for

long-wavelength acoustic phonons with linear dispersions, and Hopt;q ¼ffiffiffiffiffiffiffi
_

2Mω

q
U2e�iq�r for long-wavelength optical dispersionless phonons57,59 (M0

is the total mass and M is the reduced mass of the unit cell). Considering
the dispersion relations for acoustic and optical modes, we can further
write:

Hac;q

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2πkBT

_2ωλ;q

s
¼

ffiffiffiffiffiffiffiffiffiffi
πkBT
_M0

r
1
v
U1

 !
e�iq�r ¼ U1e�iq�r; (8)

Hopt;q

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2πkBT

_2ωλ;q

s
¼

ffiffiffiffiffiffiffiffiffiffi
πkBT

_M

r
1
ω
U2

 !
e�iq�r ¼ U2e

�iq�r: (9)

Here v is the speed of sound and ω is the characteristic frequency of
optical modes. The final expression for the total relaxation time including
both scattering mechanisms can be written as:

1
τn;k

¼ U2
X
m;k0

I2n;m;k;k0 δðEm;k0 � En;kÞð1� cos θÞ; (10)

where the coefficient U2 ¼ U
2
1 þ U

2
2 contains all the physical constants and

material parameters described above and temperature (kept constant at
300 K in all our calculations). k corresponds to the wave vector component
in the DW plane, and the momentum is conserved only in the DW plane61.
The quantity In;m;k;k0 is defined as61:

In;m;k;k0 ¼
1

N?V

X
q?

Z
u�m;k0 e

�iq?�r un;k dr; (11)

where the integration over dr is within the unit cell, q⊥ is the wave vector
component perpendicular to the DW and N⊥ is the number of q⊥ vectors.
un,k is the periodic part of the Bloch wave function of the state nkj i, and V
is the unit cell volume. Here, we assume that the phonon band structure
and the strength of electron–phonon interaction do not change at the DW
with respect to bulk.
We can derive the expressions for the scattering rates in bulk GeTe in a

similar manner. In this case, the total momentum is conserved in Eq. (10),
and In;m;k;k0 is the overlap of the wave functions of the states nkj i and
mk0j i. To compare our conductivity and power factor values for bulk GeTe
to experiments, we fit the value of U to the first principles calculations of
the bulk electronic conductivity for p-type GeTe at 300 K60.
In the case of bulk GeTe, the thermoelectric transport properties are

obtained along the trigonal [111] axis and two directions perpendicular to
it, and using their average. In the DW case, we calculate the transport
quantities along the Γ − X and Γ − K directions in the DW plane and in the
direction perpendicular to the DW plane. We have performed convergence
studies of the transport properties with respect to the number of k-points.
For the bulk calculation, we use a 70 × 70 × 70 grid, while for the DW
calculation we use a uniform 2D grid with 1806 k-points in the first
Brillouin zone. To make the calculation of the wave function overlaps more
computationally tractable, we reduce the energy cutoff for plane waves
from 16 to 8 Ha when calculating wave functions. For small k-point grids
this method gives a very small error compared to the calculation with the
converged energy cutoff of 16 Ha.
We compute the free charge concentration at the T-T domain wall as

follows. We assume that the separation between the T-T and H-H DWs is
equal to the domain size in our DFT calculation (5.6 nm). We calculate the
local density of states (LDOS) of the T-T DW in the supercell containing
both H-H and T-T DWs by summing the LDOS contributions from the
atoms belonging to the half of the supercell that contains only the T-T DW.
We normalize the LDOS of these atoms so that the LDOS integral up to the
top of the valence band for each Ge atom is 4 and for each Te atom is 6.
We then obtain the surface and volume charge densities of the T-T DW as:

pS;V ¼ 1
S; V

Z EV

�1
1� f ðE; EF; TÞð ÞNðEÞdE; (12)
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where S is the DW plane surface, V is the volume of the half of the
supercell, EV is the top of the valence band, and N(E) is the LDOS of the T-T
DW structure. We note that the DW volume carrier concentration
(pV) depends on the size of the domain, unlike the surface charge
density (pS).

DATA AVAILABILITY
All the data is available from corresponding authors upon reasonable request.

CODE AVAILABILITY
ABINIT code is freely available from www.abinit.org. The custom made transport code
is available from corresponding authors upon reasonable request.

Received: 7 August 2020; Accepted: 18 November 2020;

REFERENCES
1. Mehdizadeh Dehkordi, A., Zebarjadi, M., He, J. & Tritt, T. M. Thermoelectric power

factor: enhancement mechanisms and strategies for higher performance ther-
moelectric materials. Mater. Sci. Eng. R Rep. 97, 1–22 (2015).

2. Zhou, X. et al. Routes for high-performance thermoelectric materials. Mater.
Today 21, 974–988 (2018).

3. Zhu, T. et al. Compromise and synergy in high-efficiency thermoelectric materials.
Adv. Mater. 29, 1605884 (2017).

4. Heremans, J. P. et al. Enhancement of thermoelectric efficiency in PbTe by dis-
tortion of the electronic density of states. Science 321, 554–557 (2008).

5. Vashaee, D. & Shakouri, A. Improved thermoelectric power factor in metal-based
superlattices. Phys. Rev. Lett. 92, 106103 (2004).

6. Pei, Y. et al. Convergence of electronic bands for high performance bulk ther-
moelectrics. Nature 473, 66 (2011).

7. Hicks, L. D. & Dresselhaus, M. S. Effect of quantum-well structures on the ther-
moelectric figure of merit. Phys. Rev. B 47, 12727–12731 (1993).

8. Mahan, G. D. & Sofo, J. O. The best thermoelectric. Proc. Natl Acad. Sci. USA 93,
7436–7439 (1996).

9. Ohta, H. et al. Giant thermoelectric seebeck coefficient of a two-dimensional
electron gas in SrTiO3. Nat. Mater. 6, 129–134 (2007).

10. Zhang, Y. et al. Double thermoelectric power factor of a 2D electron system. Nat.
Commun. 9, 2224 (2018).

11. Shimizu, S. et al. Giant thermoelectric power factor in ultrathin FeSe super-
conductor. Nat. Commun. 10, 825 (2019).

12. Salje, E. K. H. Multiferroic domain boundaries as active memory devices: trajectories
towards domain boundary engineering. ChemPhysChem 11, 940–950 (2010).

13. Catalan, G., Seidel, J., Ramesh, R. & Scott, J. F. Domain wall nanoelectronics. Rev.
Mod. Phys. 84, 119–156 (2012).

14. Seidel, J. et al. Conduction at domain walls in oxide multiferroics. Nat. Mater. 8,
229 (2009).

15. Farokhipoor, S. & Noheda, B. Conduction through 71∘ domain walls in BiFeO3 thin
films. Phys. Rev. Lett. 107, 127601 (2011).

16. Schröder, M. et al. Conducting domain walls in lithium niobate single crystals.
Adv. Funct. Mater. 22, 3936–3944 (2012).

17. Meier, D. et al. Anisotropic conductance at improper ferroelectric domain walls.
Nat. Mater. 11, 284 (2012).

18. Maksymovych, P. et al. Tunable metallic conductance in ferroelectric nanodo-
mains. Nano Lett. 12, 209–213 (2012).

19. Sluka, T., Tagantsev, A. K., Bednyakov, P. & Setter, N. Free-electron gas at charged
domain walls in insulating BaTiO3. Nat. Commun. 4, 1808 (2013).

20. Turner, P. W. et al. Large carrier mobilities in ErMnO3 conducting domain walls
revealed by quantitative hall-effect measurements. Nano Lett. 18, 6381–6386 (2018).

21. Werner, C. S. et al. Large and accessible conductivity of charged domain walls in
lithium niobate. Sci. Rep. 7, 9862 (2017).

22. Mundy, J. A. et al. Functional electronic inversion layers at ferroelectric domain
walls. Nat. Mater. 16, 622 (2017).

23. Schaab, J. et al. Electrical half-wave rectification at ferroelectric domain walls. Nat.
Nanotechnol. 13, 1028 (2018).

24. Sharma, P. et al. Nonvolatile ferroelectric domain wall memory. Sci. Adv. 3,
e1700512 (2017).

25. Jiang, J. et al. Temporary formation of highly conducting domain walls for non-
destructive read-out of ferroelectric domain-wall resistance switching memories.
Nat. Mater. 17, 49 (2018).

26. McConville, J. P. V. et al. Ferroelectric domain wall memristor. Adv. Funct. Mater.
30, 2000109 (2020).

27. Chattopadhyay, T., Boucherle, J. X. & vonSchnering, H. G. Neutron diffraction
study on the structural phase transition in GeTe. J. Phys. C 20, 1431 (1987).

28. Chatterji, T., Kumar, C. M. N. & Wdowik, U. D. Anomalous temperature-induced
volume contraction in GeTe. Phys. Rev. B 91, 054110 (2015).

29. Zheng, Z. et al. Rhombohedral to cubic conversion of GeTe via MnTe alloying
leads to ultralow thermal conductivity, electronic band convergence, and high
thermoelectric performance. J. Am. Chem. Soc. 140, 2673–2686 (2018).

30. Roychowdhury, S., Samanta, M., Perumal, S. & Biswas, K. Germanium chalco-
genide thermoelectrics: electronic structure modulation and low lattice thermal
conductivity. Chem. Mater. 30, 5799–5813 (2018).

31. Liu, Z. et al. Phase-transition temperature suppression to achieve cubic GeTe and
high thermoelectric performance by Bi and Mn codoping. Proc. Natl Acad. Sci.
USA 115, 5332–5337 (2018).

32. Li, J. et al. Low-symmetry rhombohedral GeTe thermoelectrics. Joule 2, 976–987
(2018).

33. Vermeulen, P. A., Kumar, A., ten Brink, G. H., Blake, G. R. & Kooi, B. J. Unravelling the
domain structures in GeTe and LaAlO3. Cryst. Growth Des. 16, 5915–5922 (2016).

34. Nukala, P. et al. Inverting polar domains via electrical pulsing in metallic ger-
manium telluride. Nat. Commun. 8, 15033 EP – (2017).

35. Rinaldi, C. et al. Ferroelectric control of the spin texture in GeTe. Nano Lett. 18,
2751–2758 (2018).

36. Lee, H. S. et al. Herringbone structure in GeTe-based thermoelectric materials.
Acta Mater. 91, 83–90 (2015).

37. Snykers, M., Delavignette, P. & Amelinckx, S. The domain structure of gete as
observed by electron microscopy. Mat. Res. Bull. 7, 831–839 (1972).

38. Kim, S. & Lee, H. S. Effects of addition of Si and Sb on the microstructure and
thermoelectric properties of GeTe. Met. Mater. Int. 25, 528–538 (2019).

39. Dangić, D., Murray, É. D., Fahy, S. & Savić, I. Structural and thermal transport
properties of ferroelectric domain walls in GeTe from first principles. Phys. Rev. B
101, 184110 (2020).

40. Zhang, X. et al. GeTe thermoelectrics. Joule 4, 986–1003 (2020).
41. Wu, D., Xie, L., Xu, X. & He, J. High thermoelectric performance achieved in GeTe-

Bi2Te3 pseudo-binary via van der Waals gap-induced hierarchical ferroelectric
domain structure. Adv. Funct. Mater. 29, 1806613 (2019).

42. Bayikadi, K. S. et al. Enhanced thermoelectric performance of GeTe through in situ
microdomain and Ge-vacancy control. J. Mater. Chem. A 7, 15181–15189 (2019).

43. Bednyakov, P. S., Sturman, B. I., Sluka, T., Tagantsev, A. K. & Yudin, P. V. Physics
and applications of charged domain walls. npj Comput. Mater. 4, 65 (2018).

44. Campbell, M. P. et al. Hall effect in charged conducting ferroelectric domain walls.
Nat. Commun. 7, 13764 (2016).

45. Li, M., Gu, Y., Wang, Y., Chen, L.-Q. & Duan, W. First-principles study of 180° domain
walls in BaTiO3: mixed Bloch-Néel-Ising character. Phys. Rev. B 90, 054106 (2014).

46. Gong, J. et al. Interactions of charged domain walls and oxygen vacancies in
BaTiO3: a first-principles study. Mater. Today Phys. 6, 9–21 (2018).

47. Wu, L. et al. Resonant level-induced high thermoelectric response in indium-
doped GeTe. NPG Asia Mater. 9, e343 (2017).

48. Van Hove, L. The occurrence of singularities in the elastic frequency distribution
of a crystal. Phys. Rev. 89, 1189–1193 (1953).

49. Xia, Y., Park, J., Zhou, F. & Ozolin˛š, V. High thermoelectric power factor in
intermetallic CoSi arising from energy filtering of electrons by phonon scattering.
Phys. Rev. Appl. 11, 024017 (2019).

50. Snyder, G. J. & Toberer, E. S. Complex thermoelectric materials. Nat. Mater. 7, 105
(2008).

51. Chen, L. et al. Tailoring properties of hybrid perovskites by domain-width engi-
neering with charged walls. npj Comput. Mater. 4, 75 (2018).

52. Lyeo, H.-K. et al. Profiling the thermoelectric power of semiconductor junctions
with nanometer resolution. Science 303, 816–818 (2004).

53. Borca-Tasciuc, T. Scanning probe methods for thermal and thermoelectric
property measurements. Annu. Rev. Heat Transfer 16, 211–258 (2013).

54. Gonze, X. et al. Recent developments in the ABINIT software package. Comput.
Phys. Commun. 205, 106–131 (2016).

55. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation made
simple. Phys. Rev. Lett. 77, 3865–3868 (1996).

56. Goedecker, S., Teter, M. & Hutter, J. Separable dual-space gaussian pseudopo-
tentials. Phys. Rev. B 54, 1703–1710 (1996).

57. Cao, J., Querales-Flores, J. D., Murphy, A. R., Fahy, S. & Savić, I. Dominant electron-
phonon scattering mechanisms in n-type PbTe from first principles. Phys. Rev. B
98, 205202 (2018).

58. Cao, J., Querales-Flores, J., Fahy, S. & Savić, I. Thermally induced band gap
increase and high thermoelectric figure of merit of n-type PbTe. Mater. Today
Phys. 12, 100172 (2020).

59. Ridley, B. K. Quantum Processes in Semiconductors, 4th edn. (Oxford University
Press, Oxford, 1999).

Ð. Dangić et al.

7

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences npj Computational Materials (2020)   195 

http://www.abinit.org


60. Askarpour, V. & Maassen, J. Unusual thermoelectric transport anisotropy in quasi-
two-dimensional rhombohedral GeTe. Phys. Rev. B 100, 075201 (2019).

61. Harrison, P. Quantum Wells, Wires and Dots, 2nd edn. 283–284 (Wiley, Hoboken,
2005).

62. Levin, E. M., Besser, M. F. & Hanus, R. Electronic and thermal transport in GeTe: a
versatile base for thermoelectric materials. J. Appl. Phys. 114, 083713 (2013).

63. Li, J. et al. Electronic origin of the high thermoelectric performance of GeTe
among the p-type group IV monotellurides. NPG Asia Mater. 9, e353 (2017).

ACKNOWLEDGEMENTS
We thank Mohammad Noor-A-Alam, Éamonn Murray, Joseph Heremans, Jiang Cao,
Raymond McQuaid, and Marty Gregg for useful discussions. We also thank Raymond
McQuaid, Lynette Keeney, Georgios Fagas, Emanuele Pelucchi, and Michael Nolan for
critical reading of the manuscript. This work is supported by Science Foundation
Ireland under grant numbers 15/IA/3160 and 13/RC/2077. The later grant is co-
funded under the European Regional Development Fund. We acknowledge the Irish
Centre for High-End Computing (ICHEC) for the provision of computational facilities.

AUTHOR CONTRIBUTIONS
Ð.D. and I.S. conceived the research plan. Ð.D. performed first-principles and
transport calculations. I.S. supervised the work. S.F. contributed to the discussion and
interpretation of results. Ð.D. and I.S. wrote the manuscript with input from S.F.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information is available for this paper at https://doi.org/10.1038/
s41524-020-00468-3.

Correspondence and requests for materials should be addressed to Ð.D. or I.S.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2020

Ð. Dangić et al.

8

npj Computational Materials (2020)   195 Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences

https://doi.org/10.1038/s41524-020-00468-3
https://doi.org/10.1038/s41524-020-00468-3
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Giant thermoelectric power factor in charged ferroelectric domain walls of GeTe with Van Hove singularities
	Introduction
	Results and discussion
	GeTe domain walls
	Charge confinement
	2D electronic band structure and Van Hove singularities
	Thermoelectric transport properties
	Nano-thermoelectric device
	Discussion

	Methods
	Structure of the domain walls
	Ab initio calculations
	Transport properties calculations

	References
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




