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Large Seebeck effect by charge-mobility
engineering
Peijie Sun1, Beipei Wei1, Jiahao Zhang1, Jan M. Tomczak2, A.M. Strydom3,4, M. Søndergaard5,

Bo B. Iversen5 & Frank Steglich1,4

The Seebeck effect describes the generation of an electric potential in a conducting solid

exposed to a temperature gradient. In most cases, it is dominated by an energy-dependent

electronic density of states at the Fermi level, in line with the prevalent efforts towards

superior thermoelectrics through the engineering of electronic structure. Here we demon-

strate an alternative source for the Seebeck effect based on charge-carrier relaxation: a

charge mobility that changes rapidly with temperature can result in a sizeable addition to the

Seebeck coefficient. This new Seebeck source is demonstrated explicitly for Ni-doped CoSb3,

where a marked mobility change occurs due to the crossover between two different charge-

relaxation regimes. Our findings unveil the origin of pronounced features in the Seebeck

coefficient of many other elusive materials characterized by a significant mobility mismatch.

When utilized appropriately, this effect can also provide a novel route to the design of

improved thermoelectric materials.
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E
ven though no fundamental constraints other than the
Carnot efficiency are known to limit the potential efficiency
of thermoelectric materials1, the dimensionless figure of

merit ZT¼T S2s/k (T is the absolute temperature, S the Seebeck
coefficient, s the electrical conductivity and k the thermal
conductivity) in current materials hovers at values around 1,
which are still inadequate for widespread applications2,3. Efforts
to optimize ZT in general fall into two categories: ‘phonon
engineering’ and ‘electronic-structure engineering’. The most
successful concept in this context is that of a phonon glass-
electron crystal4. Here one attempts to reduce the thermal
conductivity by incorporating intrinsic or extrinsic phonon
scatterers while keeping the electronic properties unchanged5.
Conversely, ‘electronic-structure engineering’1–3,6 pursues a
favourable electronic dispersion at the Fermi level, eF, to
achieve a higher thermoelectric power factor (S2s).
Optimization of ZT through these concepts appears to be
limited by the interdependence of the three relevant transport
coefficients (S, s and k). In some specific systems, more exotic
physical phenomena such as spin degeneracy and electronic
correlations are also highly relevant to the Seebeck effect7,8;
however, their impact is less transparent in practical material
design.

The Seebeck coefficient of a conducting solid is generally
induced by the asymmetry of the electronic density of states
(DOSs) N(e) at the Fermi level eF, as illustrated in Fig. 1a. There, a
temperature gradient DTx along the sample leads to a slight
gradient in the Fermi level eF (or, more generally, the chemical
potential). Due to the energy dispersive N(e) and the Fermi
function f(e), which both determine the charge-carrier density at
eF, n(eF)¼N(eF)f(eF), a net diffusion of electrons occurs along the
sample. The electron diffusion is eventually impeded by a
retarding electric potential (Vx), leading to SN¼Vx/|DTx| at
equilibrium. We denote this conventional contribution to the
Seebeck effect as SN. From the thermodynamic point of view, this

term measures the temperature derivative of eF per unit charge e,
SNp(1/e) qeF/qT. It also explains Seebeck’s original observation
of an electric potential across the junction of two metallic wires
(cf. Fig. 1b). Here the difference of the Fermi energies of the two
metals simply sets up an artificial energy dependence of N(e).

Here we demonstrate a new source for the Seebeck effect,
St, based on a charge mobility, mH(T), that changes rapidly
with temperature. As illustrated in Fig. 1c, a large derivative
dmH(T)/dT can generate a sizeable component St adding to the
conventional Seebeck coefficient SN. As we shall see below, this
scenario unifies the thermoelectric manifestations of various
physical phenomena that lead to a significant gradient of charge-
relaxation processes. The contribution St can easily be distin-
guished from SN by measuring the transverse thermoelectric
signal (that is, the Nernst coefficient n) in the presence of a
magnetic field perpendicular to both S and n. In materials with
rapidly changing mobility, the Lorenz force affecting the slow and
fast carriers of the cold and hot ends (or vice versa) will not fully
compensate, leading to a sizeable value of n that is dependent on
St (Fig. 1c). In cases with an insignificant thermal variation of
mH(T) (Fig. 1a), the so-called Sondheimer cancellation removes
the transverse potential since the Lorenz forces on the forward
and backward flows of the electron current exactly compen-
sate9,10. In analogy to the case shown in Fig. 1b, a proper
engineering of the charge mobility, for example, by artificially
fabricating a junction between the two conducting solids of very
different mobilities, promises to further enhance the Seebeck
effect, cf. Fig. 1d.

Results
Seebeck effect and charge mobility. The idea of using mobility
gradients to enhance the Seebeck effect emerged from re-asses-
sing the recent thermoelectric investigations on a specific material
class of heavy fermions by two of the authors11. There an
enhanced Seebeck coefficient was attributed to the asymmetric
Kondo scattering processes of conduction electrons from
localized 4f electrons. Characterizing the energy-dependent
charge-relaxation time t(e) due to the Kondo effect, a
significant Nernst coefficient n(T) was observed and found to
account for the enhanced Seebeck coefficient after
renormalization by mH. This implies an inactivation of the
Sondheimer cancellation, accounting for a sizeable StES in heavy
fermions. Conceptually different from the local Kondo process,
charge-relaxation time in a conventional solid is usually
dominated by weakly energy-dependent scattering events,
which, however, may exhibit a large temperature dependence
due to, for example, a crossover between different relaxation
regimes. As far as the thermal transport is concerned, an
enhanced gradient of t with respect to temperature is physically
identical to an energy-dependent t(e) as evidenced by, for
example, the Kondo effect. Notably, the former situation is much
more transparent: regardless of the origin—we will discuss several
possibilities below—sufficiently different charge mobilities at the
hot and cold ends of a material will generate an electrical
potential analogous to modifying the DOSs of an energy-
dependent N(e) (cf. Fig. 1a,c).

Next, we will demonstrate the pivotal influence of the above
mechanism for a weakly Ni-doped skutterudite CoSb3. As shown
in Fig. 2 (see also ref. 12), S(T) of Co0.999Ni0.001Sb3 is negative and
only weakly temperature dependent above 50 K. Further cooling
of the temperature leads to a marked sign change of S(T) and a
pronounced positive peak of 110mV K� 1 at TE20 K. Here we
highlight the opposite signs of S(T) and RH(T) below 30 K, the
latter being negative in the whole temperature range investigated
(cf. Fig. 3a). Phonon-drag effects are unlikely to play the key role
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Figure 1 | The Seebeck effect derived from different asymmetries of

charge carriers at the Fermi level. (a) A conducting solid with a significant

energy-dependent DOSs. (b) A junction of conducting solids A and B with

different DOSs, which is the situation where the Seebeck effect was

originally discovered. (c) A conducting solid with a steep energy

dependence of the electron relaxation time t. (d) A junction between two

conducting solids of significantly different t. The vertical axis denotes either

N(e) or t(e) at the Fermi level. The horizontal axis denotes temperature, or

equivalently, the Fermi energy, due to their correlation. Note that scenarios

c and d both produce a t mismatch, which we exploit towards an enhanced

Seebeck effect. When applying a magnetic field along the z direction, only in

these two cases, transverse electric potential along the y direction (the

Nernst effect) can be expected. In the case a and b, such a signal is fully

compensated due to the Sondheimer cancellation (see text).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms8475

2 NATURE COMMUNICATIONS | 6:7475 | DOI: 10.1038/ncomms8475 | www.nature.com/naturecommunications

& 2015 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


in the origin of the extraordinary S(T) peak at 20 K due to its
absence in undoped CoSb3 and its sensitivity to slight change in
Ni concentration12. In view of the opposite signs of S(T) and
RH(T) and to account for the unusual peak in the former, an
intuitive approach involves a two-band model, with charge
carriers of different signs being involved. This is, however, in
contradiction to the Hall resistivity data that hint to two electron-
like bands (cf. Supplementary Fig. 1 and Supplementary Note 1),
whose influences furthermore only coexist in a very limited
temperature region (25� 40 K, hatched in Fig. 2). Near 20 K, the
one-band nature is restored. These observations imply that,
while two-band effects are involved in a limited temperature
interval (cf. Figs 2 and 3a), they are not responsible for the
positive S(T) peak. Another likely multiband regime below
TE7 K (cf. Fig. 3a) is beyond the scope of this investigation. In
view of the sublinear rH(B) above 10 K, we proceed our
discussion in the framework of a one-band picture. This applies
at least to the low magnetic field region (Br2 T) where we have
measured n(T) and estimated RH(T).

The occurrence of a peak in RH(T) and a shoulder in r(T) at
TE40 K (cf. Fig. 3a,b) supports the notion of an electron-like
shallow impurity level that becomes active below 40 K, due to the
surplus electrons of Ni atoms. Applying the thermal activation
law r¼ r0 exp (Ea/kBT) to the T range 40� 110 K above the
shoulder (region I, Fig. 3b), the activation energy Ea is estimated
to be 207 K. This is associated with either an intrinsic electronic
band or a deeper donor level12: as revealed in Fig. 3a, these
states are characterized by a high charge mobility. Due to the
narrow temperature window, we have not estimated the
activation energy for region II (15� 40 K). Instead, we stress
that the data below B15 K (region III) can be well described by
the variable range hopping model, expected for conducting states
of weak localization. The observation of negative values
of magnetoresistance and a characteristic dependence of log
rB(1/T)1/4 in regime III lend strong support to this proposition
(Fig. 3b,c; ref. 12). Consequently, a pronounced change of mH(T)
connecting a region with high-mobility (intrinsic or deepe donor
derived) charge carriers to a low-mobility variable range hopping
conduction occurs due to the onset of a shallow impurity level.
The pronounced change of the mobility, following mH(T) BT7

between 40 and 10 K (Fig. 3a), dwarfs the characteristics of
common charge scattering processes, for example, the T3/2

dependence expected for ionized impurity scattering.

Nernst effect. What are the consequences for the Nernst
response? In a nonmagnetic, non-superconducting one-band
system9,13,

n ¼ � p2

3
k2
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B ej j

@ tan yH

@e e¼eFj ð1Þ

Here the energy derivative of the tangent of the Hall angle can be
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Figure 2 | The Seebeck coefficient S(T) of Co0.999Ni0.001Sb3. The
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expected Seebeck contribution, St, derived from the mobility gradient, see
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peak.
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Figure 3 | Electrical transport properties of Co0.999Ni0.001Sb3. (a) Hall

coefficient RH(T) and Hall mobility mH(T), defined as |RH(T)|/r(T). The

dashed line indicates an approximate T7 dependence of mH(T). The

hatchings indicate the regions where multiband effects are present. The one

at around 30 K involves two electron-like bands and the one below 7 K is

complex and beyond the scope of this work. (b) Electrical resistivity r(T)

and magnetoresistance MR(T)¼ [rB(T)� r0]/r0. The latter quantity was

measured in a magnetic field B¼8 T. Three different regions (I, II and III)

are indicated, of which region I is characterized by high mobility, intrinsic or

deeper donor-derived conductance and region III by low-mobility variable

range hopping. The dashed line on top of the r(T) curve represents a fit by

the thermal activation law. (c) Electrical resistivity plotted as log r versus

T� 1/4. A linear dependence, as well as the negative MR(T ) below about

15 K is characteristic of VRH conduction. VRH, variable range hopping.
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expressed by using either mH or t because tanyH¼ eBt/m*¼mHB,
where m* denotes the effective mass of the relevant charge
carriers. Apparently, n is sensitive to any charge-relaxation
process that is asymmetric with respect to e. However, the
asymmetry associated with ordinary scattering events is typically
rather weak, and representable by a power-law dependence of
t(e)Ber with |r|E1 for, for example, electron scattering by
acoustic phonons. Replacing 1/qe in equation (1) by 1/kBqT, one
immediately recognizes that an enhanced gradient of mH with
respect to T similarly can supply a finite Nernst coefficient
n¼ATdmH/dT, where A¼ � (p2/3) kB/|e|. As can be seen in
Fig. 4, the pronounced n(T) peak observed slightly below
40 K for Co0.999Ni0.001Sb3 follows this prediction quantitatively,
underlining the existence of distinctly different charge mobilities
at the two ends of the sample when exposed to a temperature
gradient (cf. Figs 1c and 3a). Given that above 40 K mH(T) is only
weakly dependent on temperature, one expects n(T)pmH(T)
(dmH/dT is approximated to first order as mH/T, cf. ref. 9). This is
also confirmed in Fig. 4 and at T440 K, n(T) scales well with
mH(T) (red dashed line).

Discussion
We now scrutinize how the large mobility gradient impacts upon
the Seebeck effect. The Mott expression relates the Seebeck
coefficient to the logarithmic energy derivatives of N(e) and t(e)
at the Fermi energy,

S ¼ � p2

3
k2

BT
e

@ ln t
@e
þ @ ln N

@e

� �
eF

¼ Stþ SN: ð2Þ

Even though St due to asymmetric charge relaxation has been
ignored in most thermoelectric explorations, it can in fact be the
dominating term in specific cases such as heavy-fermion systems,
as was realized recently 11. As discussed in Supplementary Note 2
and refs 10,11, the Nernst coefficient is physically linked to St by
n �B¼±St tanyH (or, n¼±St mH), since tanyHpt in a
conventional one-band solid. An additional St¼ � n/mH is,
therefore, expected to occur in Co0.999Ni0.001Sb3 due to the

abrupt mobility change. Here the negative sign refers to the
electron-like charge carriers. Remarkably, the ratio � n/mH can
indeed account for the abrupt crossover and the positive S(T)
peak emerging below 50 K (dashed line in Fig. 2). This offers
compelling evidence that the rapidly changing mobility is
underlying this extraordinary thermoelectric response.

To substantiate this assessment also from the theoretical point
of view, we have computed the Seebeck coefficient based on
state-of-the-art one-particle electronic-structure calculations,
assuming a constant scattering rate t. While by construction
missing out on the mobility-driven effects, this procedure is
expected to qualitatively capture all intrinsic DOSs effects, and
therewith in particular the contribution SN to the Seebeck
coefficient. This expectation is indeed fulfilled: The theoretical SN

of Co0.999Ni0.001Sb3, which is negative for all temperatures,
approaches the experimental result at only high temperatures,
where St is expected to be less relevant (cf. Supplementary Fig. 2
and Supplementary Note 3).

In view of both the very similar mH(T) profiles and the
competing signs of S(T) and RH(T) at low temperatures, the
scenario described above will be able to explain the positive peak
in S(T) observed also for other doping levels of Co1-xNixCo3

reported in ref. 12. One may notice that, in the nominally pure
CoSb3, a similar mobility gradient exists with, however, RH(T)
being positive. The opposite sign of the charge carriers in pure
CoSb3 relative to that of the Ni-doped CoSb3 will naturally invert
the sign of the corresponding St. This may account for the abrupt
drop of S(T) in CoSb3 from positive to small negative values
below c.100 K (cf. Fig. 5 of ref. 12).

In Table 1, we summarize the expected signs for the mobility-
driven Seebeck effect (St) and the Nernst coefficient (n) based on
equations (1) and (2). The signs are solely determined by the
direction of the mobility gradient and the type of the charge
carriers. Clearly, a negative dmH/dT is technically more attractive
since in this case, a positive (negative) St would add to a p-type
(n-type) transport, leading to an overall enhancement of the
Seebeck coefficient.

The significance of our findings is straightforward, yet wide-
ranging: an additional Seebeck coefficient St is generated
whenever a temperature-dependent mH exists. However, since
St¼±n/mH, the mobility-driven Seebeck effect will be sizeable or
even dominating only if the gradient dmH/dT is huge, but not mH

itself. This concept is far more general than what has been
discussed for heavy fermions based on the Kondo effect. We can
think of a variety of materials whose thermoelectric responses
conform to our unifying scenario: for example, in Cu2Se, a
structural phase transition occurs at B400 K, where mH changes
abruptly with temperature due to critical scattering. Correspond-
ingly, an unconventional Seebeck coefficient contributing largely
to the enhanced ZT values has indeed been observed and
attributed to abnormal scattering processes concomitant to the
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Figure 4 | The Nernst coefficient of Co0.999Ni0.001Sb3. The green solid

line represents ATdmH/dT, the expected contribution to n(T) from the

marked charge mobility change (cf. equation (1)), where the prefactor

A¼ � (p2/3) kB/|e|. The quantitative agreement found below 40 K

between this calculation and the measured Nernst coefficient (black

symbols) lends strong evidence that the enhanced Nernst signal originates

from the significant mobility mismatch across the sample. The red dashed

line displays the Hall mobility mH(T). n(T) is expected to approximately

scale with mH(T) assuming a weak temperature dependence of the latter,

which indeed holds above 40 K (see text for details).

Table 1 | The expected sign of the mobility-driven Nernst
coefficient n and Seebeck effect St for the different
combinations of the signs of both the charge carrier and
dlH/dT.

dlH/dT Charge carrier

Hole Electron

þ n (� ); St (� ) n (� ); St (þ )
� n (þ ); St (þ ) n (þ ); St (� )

The symbolsþ and � denote positive and negative values, respectively.
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phase transition14. Importantly, the sign of the additional Seebeck
coefficient indeed follows our prediction shown in Table 1.
Another example that deserves attention is AgBiSe2 (ref. 15),
which develops a large negative S(T) maximum out of p-type
transport at around 580 K. This feature concurs with a
pronounced change of the electrical conductivity, where a
marked change of the mobility is expected. It is, therefore,
highly desirable to see whether the current scenario can apply.
Our scenario appears to be active also in the recently discovered
heavy-fermion compound CeRu2Al10 (ref. 16), where a sharp
negative gradient of mH(T) is found at TE20 K, along with an
anomalous S(T) peak (cf. Supplementary Figs 3 and 4). These
observations can indeed be described within the current
framework, as discussed in Supplementary Note 4. More
examples may be expected/found in compounds where a phase
transition or crossover between two regimes of significantly
different charge-relaxation mechanisms, for example, associated
with Mott or Anderson localization, takes place. One may also
envision engineering the charge mobility of a heterogeneous
semiconductor along a certain direction by, for example,
controlled doping. Alternatively, one could fabricate an artificial
junction from two, preferably already functionally well-graded,
thermoelectric materials with very different mobilities to further
improve the performance. By disentangling the impact of the
gradients of the one-particle DOSs and the charge mobility (or
life time) onto thermoelectricity, our findings will also help
answering fundamental questions in more complex systems. This
pertains in particular to electron-correlated materials, in which
the two gradients are convoluted in the many-body spectral
function. Further investigations to explore, as well as exploit, the
overarching framework of mobility gradients are eagerly called
for, both from the fundamental and technological points of view.

Methods
Sample synthesis and characterization. The sample of Co0.999Ni0.001Sb3

employed in this work was synthesized by two steps. First, stoichiometric amounts
of high purity starting materials were melted in an induction furnace at a tem-
perature of 1,400 �C. This procedure yields material of a fine powder morphology,
which has been checked by X-ray diffraction to be single phase. Then, the powder
was compacted with a spark plasma sintering technique under a pressure of
40 MPa, by heating to 630 �C in 6 min and keeping at that temperature for 5 min.
The purity of the finally obtained sample was checked again by powder X-ray
diffraction (cf. Supplementary Fig. 5). The high purity and crystalline quality of the
current sample are further evidenced by the fact that its electrical resistivity r(T) is
enhanced by nearly six orders of magnitude with decreasing temperature from 300
to 2 K (cf. Fig. 3b in the main text). This enhancement of r(T) is more than one
order of magnitude larger than that reported in ref. 12.

Transport measurements. The Nernst and Seebeck coefficients (n and S)
were measured between 2 K and room temperature using a conventional static
heater-and-sink method. A chip resistor (2,000O) was used as heater and one thin
(j¼ 25mm) chromel-AuFe 0.07% thermocouple was employed to detect the
temperature gradient. The values of S and n were determined following the
respective definitions S¼ Ex/|DTx| and n¼Ey/Bz|DTx|, with DTx being the applied
temperature gradient, Bz¼ 2 T the magnetic field and Ex (Ey) the induced electrical
potential along the x (y) direction (cf. Fig. 1). For detecting Ex and Ey, Keithley
2,182 nanovoltmeters were employed. Here we adopt the convention that the sign
of the Seebeck coefficient represents the potential of the cold side with respect to
the hot side, and the sign of Nernst coefficient follows the historical convention as
used in thermoelectric investigations9. In addition, electrical resistivity, r(T), and
Hall coefficient, RH(T), were also measured to facilitate our analysis, with a
conventional four-probe technique using a Physical Property Measurement System
(PPMS, Quantum Design). A sample of typical dimension 0.5� 2� 5 mm3 was
used for all the transport measurements. The measurements of Nernst and Hall
effect were performed in magnetic fields of opposite directions to eliminate the
Seebeck and resistive contribution, respectively.
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