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INTRODUCTION
▸ Thermoelectricity is the ability of a 

device to convert heat into 
electrical current 

▸ Applications are many and 
potential game-changer especially 
when combined with other 
technologies 

▸ Device have potential long-life 
time since there are not moving 
parts  

▸ Actual limit is the efficiency still too 
low for large scale applications
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A SIMPLIFIED SCHEMATICS
▸ The junctions of a two semi-

conductor ring are kept at different 
temperatures 

▸ Electrons and holes diffuse from 
hot to cold bath generating an 
electrical current 

▸ Efficiency is calculated as the 
power delivered to the load with 
respect to the heat absorbed 

▸ Generally the efficiency is 
expressed in terms of the figure-of-
merit ZT 
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THERMOELECTRIC EFFICIENCY
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A FIGURE IS WORTH THOUSAND… 
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Optimising ZT is a difficult task since the transport coefficients  
are usually correlated 
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THE NANO-THERM PROJECT

▸ Thermoelectricity is considered a technological priority by the 
Spanish government 

▸ In 2010, a CONSOLIDER project coordinated by C. S. Sotomayor-
Torres was funded to bring Spain at the forefront of the international 
thermoelectric community  

▸ The NanoTHERM project developed over 6 years and in this time 
obtained state-of-the-art and “world record” results 

▸ A review of the overall progress has been recently published in                     
O. Caballero and R. D’Agosta, ECS J. Solid State Sci. Technol. 6, N3065-
N3079 (2017).  
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SOME STATISTICS (SO FAR)

▸ 9 groups from across Spain + 1 
SME  

▸ 22 scientists (PhD students, 
technicians, postdocs) have been 
paid directly by the project 

▸ 1 national patent 

▸ More difficult is to estimate the 
future impact of this project (but 
members are winning prizes for 
their start-up…)
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OUR APPROACH

▸ We developed a synergy between 
theory and experiments  

▸ We rationally expanded the field of 
both organic and inorganic 
thermoelectric materials 

▸ We rationally designed hybrid 
materials able to perform better 
than the single components. 

CONSOLIDER 2010-Ingenio  nanoTHERM 
 

 7 

polyacetilene20(PA), polyaniline21 (PANI), polypyrrol22 (PPy), polycarbazole23 (PCB), polyphenylenevynilene24 
(PPV), and polythiophene25

 
 (POT). 

 PA PPy POT PANI PPV 
σ [S/cm] 1000 100 100 20 60 

k [W/mK] 0,8 0,7 0,8 0,8 - 

S [μV/K] 170 15 50 15 50 
 

 
ICP Dopants σ [S/cm] S [μV/K] 

POT Ag nanoparticles  1283 
CNT 8000 40 

PANI MoO3 0,01 600 
BiSeTe nanoparticles 10000 183 

 

Tables IIa and IIb:  Data for inorganic materials.  
(a) Intrisically-conducting polymers. (b) Intentionally doped polymers 

 
Very promising studies on the thermoelectric properties of so-called “molecular chains” have been performed 
recently26.It has been also found that the Seebeck coefficient in organic semiconductors can be controlled by 
applying electric fields27. The promising thermoelectric properties of organic semiconductor have also conducted 
to several interesting researches based on the doping of such materials with conducting28,29 (carbon, silver) and 
semiconducting30

 
 (BiTe) nanofillers for improving the efficiency of such materials.  

 
Progress beyond the state of the art 

Inorganic materials 
 In this part of the project, we will apply several approaches that have not been extensively studied yet. One of 
the aims is to test quantum dot superlattices and embedded nanowires to get more insight in the physics for the 
decoupling between the phononic and electronic31 behaviours. Phononic crystal approaches have not been 
investigated until now, as well as pure wave treatment of the phonons in small nanostructures whereas the 
particle approach has been extensively used. The nanowires obtained will be studied firstly as single nano-
objects to reveal new physical effects due to nanostructuration, and then they will be integrated to understand 
how this can be done. This project also aims to achieve an in-depth understanding of the effect of 
nanostructuration of the best bulk materials (BiTe and SiGe) on the thermoelectric properties. Complex oxides 
based on SrTiO3 will also be tested as they appear to be very promising32

 

. Once we have understood trends, the 
goal is to mix some of these approaches. 

Organic nanocomposites 
The other aim of nanoTHERM will consist of exploring 
several ways to improve the thermoelectric properties of 
ICPs working on the tuning of the electrical and thermal 
conduction properties by means of the preparation of 
tailored nanocomposites with several conductive and 
dielectric additives. Moreover, influence of the ICP bulk 
structure will be studied by several ways of 
nanostructuration such as 1D shaping (graphene), 
nanofibres and foam-like structures. A comprehensive 
study based on both organic chemistry, nanoscience and 
physics will be carried out to understand the way in which 

nanoparticles, fillers and others affect the thermal conductivity while minimally affecting the electronic conductivity 
and the Seebeck coefficient. This will be done with experimental and theoretical methods in order to enhance the 

                                                 
20 A. N. Aleshin, et al., Physical Review B 69, 214203 (2004)  
21 N. Toshima, Macromolecular Symposium, 186, 81 (2002) 
22 N. T. Kemp ,et al., Journal of Polymer Science: Part B: Polymer Physic 44, 1331 (2006) 
23 R. Aïch, et al., Chemistry of Materials 21, 751 (2009) 
24 Y. Hiroshige, et al., Synthetic Metals 157, 467 (20079 
25 K. G. Chang et al., Journal of Electronic Materials 38, 7, 1182 (2009)  
26 P. Reddy, et al., Science 315, 1568 (2007) 
27 K. P. Pernstich, et al., Nature Materials 7, 321 (2008) 
28 C. Meng, et al., Advanced Materials 22, 535 (2010) 
29 E. Pinter, et al., Journal of Physical Chemistry 111, 11872 (2007) 
30 X. B. Zhao, et al., Materials Letters, 2002, 52, 147 
31 J.P. Heremans, et al., Science 321, 554 (2008) 
32 H. Ohta, et al., Nature Materials 6, 129 (2007) 
 

 
Figure 2. New approaches for complex 

thermoelectric materials 
For more details about the experimental progresses made in this field, please attend the Friday talks by 

Dr. Olga Caballero-Calero and Dr. Marisol Martin 
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SOME (OUTSTANDING) ACHIEVEMENTS

▸ Built an national network which is now also internationally recognised 

▸ Established some common measurement techniques for the 
thermoelectric parameters: important for standardisation and 
comparison 

▸ World record for the smallest BiTe nano-wires (below 12 nm)! (See 
Olga and Marisol’s talks) 

▸ Manyfold (orders of magnitude) increase of the efficiency in organic 
thermoelectric devices  

▸ Novel theoretical approaches to go beyond the actual state-of-the-art
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SOME (OUTSTANDING) ACHIEVEMENTS

▸ Built an national network which is now also internationally recognised 

▸ Established some common measurement techniques for the 
thermoelectric parameters: important for standardisation and 
comparison 

▸ World record for the smallest BiTe nano-wires (below 12 nm)! (See 
Olga and Marisol’s talks) 

▸ Manyfold (orders of magnitude) increase of the efficiency in organic 
thermoelectric devices  

▸ Novel theoretical approaches to go beyond the actual state-of-the-art

Now, let me shift gear…
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KINETIC-COLLECTIVE MODEL
▸ Describe phonon thermal 

transport in a Boltzmann 
transport formalisms 

▸ Separate two time-scales: a 
kinetic and a collective 
regime 

▸ The collective regime is 
triggered by normal 
collisions 

▸ Novel particle sometimes 
dubbed “relaxon”

extreme situations: the first one where resistive processes are
dominant and equilibrium can be rapidly achieved (related to
KM) and the second one where although equilibrium cannot
be easily reached, conservation of momentum in collisions
allows us to determine analytically the scattering term
(related to VM).

To obtain j in each limit, an expression for the scatter-
ing term in Eq. (1) is needed. In KM, this is usually done by
the RTA approach; but in VM, the expected form of the dis-
tribution function do not provide a simple expression. In the
particular case when normal collisions are dominant, we sug-
gest that the same RTA expression can be used, leaving the
difference between approaches only in the way to perform
the thermodynamic averages with these relaxation times.

A. Resistive vs normal scattering (equilibrium vs
non-equilibrium)

As indicated before, the expected form of Uq will deter-
mine the choice between a KM or a VM approach. The cal-
culation of the scattering rates depends on it and, at the same
time this depends on which scattering mechanism is domi-
nating the system. Determining the dominating mechanism
is thus the first important question to solve.

Phonons can relax by different mechanisms, colliding
with boundaries, impurities, electrons, and between them.
All these mechanisms are resistive except some part of the
phonon-phonon collisions. Two phonons with wave number
and energy ðq;xqÞ and ðq0;xq0 Þ can scatter and produce, as a
result, a new phonon ðq00;xq00 Þ. In all events, energy must be
conserved, but the wave number or quasi-momentum can be
lost due to the interaction with the whole lattice. The
equation

qþ q0 ¼ q00 þ G; (4)

where G is a reciprocal lattice vector, expresses the fact that
the total lattice can acquire an amount of momentum G
because the resultant phonon is reflected outside of the first
Brillouin zone (BZ).24 If the quasi-momentum is conserved
(G¼ 0), the scattering processes are called normal or
N-processes; while in the general case ðG 6¼ 0Þ, they are
called Umklapp or U-processes. Regarding the dominance of
the N-processes, two limiting behaviors can be considered
(Fig. 1):

(i) When resistive collisions are dominant and N-processes
are negligible, momentum will be completely dissipated
and its average value is zero. The only way to move the
phonon distribution from equilibrium is by changing its
temperature. In that case, the distribution function takes
the form

fq ¼
1

e!hxq=kBðTþdTÞ % 1
& 1

e!hxq=kBTe1%dT=T % 1
: (5)

Comparing with Eq. (3), an expression for Uq can be
obtained

Uq ¼ !hxq
dT

T
: (6)

In this situation, KM is the most suitable approach to
use. For example, this happens in bulk silicon at low
temperatures, where collisions against the bounda-
ries is the dominant scattering mechanism. However,
at the nanoscale, boundary scattering may dominate
heat transport even up to room temperature due to
size-effects.

(ii) When N-processes are dominant, the system will not
be able to relax the momentum to zero (the quasi-
momentum is conserved) and a displacement u of the
distribution function in the direction of the thermal
gradient is expected. The distribution function takes
the form19

fq ¼
1

eð!hxq%u'qÞ=kBT % 1
; (7)

which is in a non-equilibrium situation. Then, Uq

takes the form

Uq ¼ u ' q: (8)

In this case, the VM approach must be used.

Summing up, Eqs. (6) and (8) are the two forms of Uq

expected for the distribution function in each approach, KM
and VM, respectively, corresponding to two extreme situa-
tions described above. Next, we will use both expressions of
Uq to show that in some situations, they yield equivalent
expressions for the relaxation times.

B. Defining scattering rates

Once we have determined both expressions for Uq in the
two limiting cases, we can use them to determine the

FIG. 1. These schemes illustrate the behavior of the phonons in each regime:
(a) In the kinetic regime, N-processes are negligible. The phonon distribution
is near equilibrium and resistive scatterings tend to bring it back to equilib-
rium. Each phonon contributes independently to the heat flux and so the equa-
tion of the entropy balance must be fulfilled individually by each mode. (b)
In the collective regime, N-processes dominate and the distribution is in non-
equilibrium. Momentum is conserved and shared among the phononic modes
through N-processes. The phonons behave as a collectivity rising a total heat
flux and so the equation of the entropy balance must be fulfilled globally.

164314-3 de Tomas et al. J. Appl. Phys. 115, 164314 (2014)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  158.227.109.1 On: Sun, 18 Sep 2016
19:02:16

C. de Tomas, A. Cantarero, A. Lopeandia, and F. Alvarez, 
Journal of Applied Physics,  115 (2014).
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SILICON NANOWIRE THERMAL CONDUCTANCE
▸ The kinetic-collective model is used to study thermal transport in Si 

nano wires 

▸ It captures quite well the behaviour over a range of diameters down to 
ten of nano-meters  

▸ Physical parameters are taken from the bulk Si!

N3074 ECS Journal of Solid State Science and Technology, 6 (3) N3065-N3079 (2017)

nature and the difficulties in obtaining reliable and effective values for
the relaxation time.

Classical approaches.—When one is interested in calculating
phonon thermal transport, both the LB-DFT and the Boltzmann ap-
proaches might turn out to be inadequate. On the one hand, the LB-
DFT is limited to a small number of particles due to the numerical
cost of solving a quantum mechanical problem. On the other hand,
especially when scattering becomes dominant, the relaxation time ap-
proximation, or LB-DFT might fail in reproducing the properties of
phonon transport. In these cases, recent progress has been made by
classical molecular dynamics calculations to provide accurate eval-
uation of the thermal conductivities for fairly large systems, sizes
that are not achievable with the other methods. Molecular dynam-
ics entails solving the classical Newton equations of motion for each
atom or molecule in the system taking into account the forces and
position of all other particles. In this respect is therefore a full-many
body approach. Approximations are needed to express the effective
interaction between two atoms. This interaction is treated classically
via empirical potentials that are usually parameterized starting from
quantum mechanical simulations. Therefore, the quality of the re-
sults follows from the quality of the empirical potential used in the
calculation. Moreover, this approach is mostly successful in the di-
lute limit, when one could expect that the atoms are reasonably far
apart to neglect their electronic clouds to interacting strongly. An-
other problem currently encountered in standard molecular dynamics
calculation is the introduction of proper thermostats to establish a tem-
perature gradient in the system. Different models have been proposed
with diverse degrees of success but their investigation is currently still
under way, although clearly, some as the Nose-Hoover’s thermostat,
have established themselves as the main practical approach. Some of
these limitations are overcome by considering an effective Langevin’s
equation for the dynamics of particles in the presence of an external
random force with a colored, i.e., not white, spectrum.71 Indeed, the
advantage of the colored noise lies in its ability of retaining some
of the quantum effects proper of low-dimensional nanostructures.71,72

Finally, we have demonstrated that phonon can “hop” between two
silica clusters: when the two clusters are close enough, the phonon
wavefunctions overlap allowing for a coherent transfer of the phonon
modes without any effective energy radiation. When the clusters are
moved apart, the phonons can still transfer between the clusters via
electromagnetic waves.73

Advances in transport theory.—The theoretical groups in the nan-
oTHERM consortium have focused on different aspects of thermal and
electronic transport with extra care for those cases or system of rele-
vance for the experimental part of the consortium. This has produced
relevant results both at the level of fundamental theory and appli-
cation to real material or devices. For the particular case of Si and
Ge nanostructures, theory and experiment have proceeded along the
same way one influencing the other, unraveling some of the physics
of thermal rectification in Si/Ge graded structures. Moving from the
previous section introduction on the fundamental theories, we here
explore in some details the progress made on some theoretical aspect
of thermoelectric energy conversion.

Kinetic collective model.—For semiconducting materials, a com-
mon optimization strategy has been the systematic reduction of the
phonon thermal conductance. For this strategy to be successful and
to explain some of the recent experiments, a comprehensive theory
of phonon transport has been developed. As seen, common methods
are based either on the LB-DFT or on the Boltzmann equation. A
key ingredient in this latter theory is the phonon relaxation time that
describes how the energy is redistributed and then lost during the dy-
namics. An important point in kinetic-collective model is the treatment
of phonon-phonon collisions. Splitting them in momentum conserv-
ing (normal) and non-conserving (umklapp), two different phonon
relaxation times can be calculated, a kinetic and a collective. These
two times describe how the energy is redistributed (see Figure 10).

Figure 10. Kinetic (a) vs collective (b) behavior of the phonon dynamics.

We have realized that when normal collisions are not important, the
transport is kinetic while when they are important, a new regime that
we have called collective transport is generated. It has been shown
that this collective behavior, generated by a distribution function with
a nonzero momentum is fundamental to understand the thermal con-
ductance of Si nanowires down to a few nanometers in diameter.74–76

Figure 11 summarizes our results for the wires of a few nanometers
in diameter.

Further progress on the modeling has been made to bring the cal-
culation of the relaxation time onto more solid ground. In this respect
ab-initio calculation are currently performed to calculate the normal,
and intrinsic relaxation times on other nanowires. Also geometrical
effects are being included via an effective relaxation time introduced
by scattering with the boundary of the device. Finally, as we have
seen in the Graded structures section, one can attempt to reduce the
thermal conductivity by introducing mass gradients in the device. We
can easily consider this case by using the Boltzmann equation with
a spatial dependent relaxation time for the collective motion of the
phonons.39

Seebeck coefficient for strongly correlated systems.—Disregarding
its countless successes, DFT has for many years been seen only as a

Figure 11. Thermal conductivity of Si nanowires using as fitting parameters
the time relaxation of bulk Si (reproduced with permission from Ref. 75).

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 92.7.15.51Downloaded on 2017-01-25 to IP 
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BISMUTH-TELLURIDE
▸ The kinetic-collective model can be applied to other nano-

wires reaching excellent agreement with experiments.ECS Journal of Solid State Science and Technology, 6 (3) N3065-N3079 (2017) N3069

Figure 6. Right experimental measurement of the thermal conductivity of different Bi2Te3 nanowires as a function of their diameters (spheres) and the theoretical
model derived from the Kinetic-Collective theory. Left, SEM images of the top and lateral view of some of these nanowires (reproduced with permission from
Ref. 34).

value for bulk, to around 1.4 W · m−1 · K−1.37 A step forward to prove
the reduction of the thermal conductivity due to the size confinement
has been done thanks to a joint collaboration between experiments
performed at the Microelectronics group in Madrid and the theory
developed by the Universidad Autonoma de Barcelona. On the one
hand, the first group grew, via electrochemical deposition, nanowires
of different diameters (from 300 down to 25 nm) all with the same
orientation (110), and the same composition, Bi2Te3. Then, the ther-
mal conductivity of these nanowires was measured with two different
techniques, namely photoacoustic and SThM, obtaining decreasing
values down to 0.5 W · m−1 · K−1 for the nanowires of 30 nm in di-
ameter. On the other hand, the theoretical group predicted, using the
kinetic-collective model (KCM, See Kinetic collective model section),
the behavior of the thermal conductivity for these nanowires, being
the reduction in this parameter caused mainly by the alteration of the
mean free path of the acoustic phonons due to size confinement. The
agreement between theory and experiment is quite good (see Figure 6),
and this work gives us a better insight on the actual phenomena that
take place at the nanoscale.32

Graded structures.—These structures were initially proposed the-
oretically as a way of demonstrating a thermal rectification effect that
was derived from the KCM (see Kinetic collective model section). The
basis of this effect is that the theory shows that the thermal boundary
resistance (TBR) of an abrupt Si1-xGex/Si interface is quite different
depending on the direction of the heat flow. The asymmetry of the
structure has such a remarkable effect on the heat flow propagation,
that a difference of around the 40% is expected, depending on the
heat flow direction. To test this thermal rectification effect, multilay-
ered samples of graded SiGe sequences were fabricated via MBE on
silicon substrates. Different studies on the influence of alloy inhomo-
geneities on the composition or strain of these layers,38 showed that
the transport properties of such structures could be tailored, obtaining
thermal conductivity values as low as 2.2 W · m−1 · K−1.39

Silicon thermoelectrics: suspended membranes and phononic
crystals.—In the case of silicon thin layers, the theory on the disper-
sion relations in ultrathin silicon membranes40 showed a great poten-
tial for their use in thermoelectricity. Experimentally, free standing
silicon membranes with thicknesses down to 6 nm were fabricated in

such a way that the strain was controlled and then they were measured
with Raman Thermometry to study the thermal conductivity, which
was reduced from the bulk value (148 W · m−1 · K−1 at room tempera-
ture) with decreasing the membrane thickness, with a minimum value
for membranes of 9 nm thickness of 9 ± 2 W · m−1 · K−1, due to the
increased phonon scattering at the surfaces,41 with a great influence
of the surface on its properties.42 In the case of suspended layers of
less than 20 nm, their in-plane thermal conductivity was also mea-
sured with an special custom setup to measure suspended structures
in a certain microchip design, obtaining values of 19 W · m−1 · K−1,43

which could be then cut with gallium ions by focused ion beam (FIB).
This fabrication step produces a further decrease of the thermal con-
ductivity, due to the partial amorphization of the silicon, which can be
later recovered (in a polycrystalline form) with appropriate annealing
treatments.

A further step with this micro device is to fabricate a micro ther-
moelectric generator in which the active thermoelectric material is
the thin silicon suspended membrane, which can be tuned from n-
type to p-type with appropriate dopants. The first prototype of such
generator (with a suspended membrane of 500 × 500 µm2) gave a
power output of 4.5 µW/cm2 under a 5.5 K temperature difference,44

and it is fully compatible with CMOS technologies. Similar silicon
membranes were also studied with asynchronous optical sampling to
investigate the decay times of the confined coherent phonons.45

Other structures, which are quite appealing for thermoelectric-
ity and that have been produced on silicon, are phononic crystals
(PnCs). These PnCs have been proposed for the control of heat at
the nanoscale. The periodically modulated elastic properties of these
structures lead to strong modifications of the phonon dispersion and
therefore to the phonon group velocity and lifetime, which can directly
affect the phonon propagation. Thus, heat transport is expected to be
influenced by the modified dispersion relation when the wavelength
of the phonons involved in the heat transport is commensurate to the
characteristic sizes of the phononic crystal.

We have exploited present fabrication techniques to demonstrate
the modification of the dispersion relation of both surface,46 and
plate acoustic phonons27,47 at the hypersound. Although the room-
temperature thermal conductivity of plate-based PnCs should not be
affected by coherent scattering of phonons, we applied the two-laser
Raman thermometry (see Two-laser Raman thermometry section) to

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 92.7.15.51Downloaded on 2017-01-25 to IP 

 O. Caballero-Calero, et al. Materials Today: Proceedings, 2, 620 (2015).
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should [11,12]. This vHxc is then used to calculate the KS
conductance from

Gs ¼ "2
!L!R

!

Z
f0ð!ÞAsð!Þ: (4)

Despite the fact that the MB and DFT N-v curves are
identical, see Fig. 1 top, the CB peaks present in G are
completely absent in Gs; see Fig. 1 bottom. The physical
situation discussed here is distinct from that of Ref. [7]
where the discontinuity keeps the HOMO doubly occupied
and the LUMO empty when gating the molecule (closed
shell). The discontinuity correctly suppresses Gs at even N
but has the opposite effect at odd N.

Dynamical xc effects.—Open-shell molecules in the CB
regime are probably the most striking example of the
inadequacy of standard DFT transport calculations. Below
we derive an exact formula for G in terms of TDDFT
quantities. We take the leads as two jellia (the argument
can be generalized to more realistic leads) and choose z as
the longitudinal coordinate so that z ! "1 is in the left
lead, " ¼ L, whereas z ! 1 is in the right lead, " ¼ R.
Let #V" be the variation in the classical potential (external
plus Hartree) of lead ". This perturbation generates a
current [2,4]

#I ¼ ð#VR " #VL þ #VR
xc " #VL

xcÞGs; (5)

where #V"
xc ¼ limt!1limz!s"1#vxcðr; tÞ, sR=L ¼ & is the

asymptotic value of the variation of the xc potential #vxc.
From linear-response TDDFT

#V"
xc ¼

Z
dt0dr0 lim

t!1
lim

z!s"1
fxcðr; r0; t" t0Þ#nðr0; t0Þ; (6)

where fxc is the TDDFT kernel and #nðr; tÞ is the density
variation. The assumption of a steady state implies
that fxc ! 0 for jt" t0j ! 1 and #nðr; t ! 1Þ ¼ s"#n

for r in lead ". In Eq. (6) the contribution of the mole-
cular region to the spatial integral is negligible in the
thermodynamic limit. If we define

f"$xc ¼
Z

dt0
Z
lead $

dr0 lim
z!s"1

fxcðr; r0; t0Þ; (7)

then #V"
xc ¼

P
$¼L;Rf

"$
xc s$#n. We emphasize that f"$xc is

not the static DFT kernel since the limit t ! 1 is taken
after the limit jzj ! 1 and these two limits, in general, do
not commute [14]. This implies that we cannot model f"$xc
by performing DFT calculations on leads of finite length.
Inserting the expression for #V"

xc into Eq. (5) we find
#I ¼ ð#VL " #VRÞGs "!Gs#n where

! ' fRLxc þ fLRxc " fRRxc " fLLxc : (8)

The expression for #I is correctly gauge invariant. The
kernel fxc is defined up to the addition of an arbitrary
function qðrÞ þ qðr0Þ [15] and ! is invariant under this
transformation. In conclusion

G ' #I

ð#VR " #VLÞ ¼
Gs

1þ %!Gs
: (9)

The quantity % ' #n=#I ’ 1=ðvF&Þ with vF the Fermi
velocity and & the cross section of the leads [16]. In the
following we define %!Gs as the dynamical xc correction
since ! is expressed in terms of the TDDFT kernel.
Approximations to ! .—To gain some insight into the

density dependence of %! we consider again the single
level model. ForN ! 1 and T < ! the real and KS systems
respond similarly and consequently G ’ Gs. On the other
hand for N ¼ 1 we have G ’ 0whereas Gs ’ G0 ¼ 2e2=h
the quantum of conductance. Therefore %! is small for
N ! 1 and large for N ¼ 1. Interestingly the quantity
@vHxc=@N behaves similarly. Is there any relation between
%! and @vHxc=@N? If so this relation would simplify
enormously the problem of estimating the dynamical xc
correction since @vHxc=@N can be calculated from static
DFT. In the following we show that in the CB regime this
relation does actually exist.
Consider the system in equilibrium. Using Eq. (1) the

compressibility ' ¼ @N=@( can be written as ' ¼
!=ð!L!RÞGþ 2

R
fð!Þ@Að!Þ=@(, where we identified

the conductanceG of Eq. (2). If we define the quantity R '
"2

R
fð!Þ@Að!Þ=@N then ' ¼ !=ð!L!RÞG=ð1þ RÞ. As

the MB and DFT densities are the same, the MB and
DFT compressibilities are the same too. Hence ' ¼
!=ð!L!RÞGs þ 2

R
fð!Þ@Asð!Þ=@(, where we identified

the KS conductance Gs of Eq. (4). The KS spectral func-
tion depends on ( through N, and the dependence on N is
all contained in vHxc. Since @As=@vHxc ¼ "@As=@! [see
definition of As below Eq. (3)] we have @As=@( ¼
"ð@As=@!Þð@vHxc=@NÞð@N=@(Þ. Using this result under
the integral, solving for ' and equating the MB and DFT
expressions one easily obtains

0.5
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T = 0.2
T = 1.0
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FIG. 1 (color online). Top: electron number N versus gate in
MB and DFT (indistinguishable) for a single level coupled to
featureless leads with U ¼ 10, ( ¼ 0 at various temperatures T
(all energies in units of !). For these parameters TK ¼ffiffiffiffiffiffiffiffi
U!

p
expð"ð)U=8!ÞÞ ’ 0:06. Bottom: G from Eq. (2) (solid

line) and Gs from Eq. (4) (dashed line) in units of G0 ¼ 2e2=h.
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DYNAMICAL CORRECTIONS
Remember: DFT entails all exchange and correlation effects in the VHxc 
potential

G/GKS =
1+R

1+ t
tLtR

GKS
∂VHxc

∂N

S = SKS +
∂VHxc

∂T
=

∂JKS/∂T
GKS

+
∂VHxc

∂T

 K. Yang, E. Perfetto, S. Kurth, G. Stefanucci,  
and R. D’Agosta, Phys. Rev. B 94, 081410(R) (2016) 

G. Stefanucci and S. Kurth, Nano Letters 15, 8020  
(2015) 
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DID WE IMPROVE?

Addition 
energy = 1 eV

DE
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AND THE SEEBECK COEFFICIENT?

This correction shows the limit of the current approaches
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A REAL SYSTEM: CARBON NANOTUBE

EXP: J. P. Small, K. M. Perez, and P. Kim,  
Phys. Rev. Lett. 91, 256801 (2003). 

THEORY: K. Yang, E. Perfetto, S. Kurth, G. Stefanucci,  
and R. D’Agosta, Phys. Rev. B 94, 081410(R) (2016) 



ROBERTO D’AGOSTA - NOVEL THEORIES FOR THE THERMOELECTRIC EFFECT

A NEW “RED TEMATICA”
▸ MINECO recently funded our 

“red tematica” on 
thermoelectric theory 

▸ IDEA: bring together different 
theoretical groups to share their 
expertise 

▸ It is a “theoretical” network but 
we welcome input from industry 
and experimentalists 

▸ It is an “open” project, so if you 
are interested please contact us 
(Roberto D’Agosta or Andres 
Cantarero @ U. of Valencia)
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