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Supplementary Figure 1. Isothermal Hall resistivity py as a function of magnetic field B
at selected temperatures. The dashed line is a two-band fit to py(B) at T = 30 K (see
Supplementary Note 1). Solid lines are a guide for the eyes.
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Supplementary Figure 2. Electronic structure and calculated transport properties for
Co00.999Nig001Sbs.  (a) Band-structure within LDA and MBJ, with the doping being
simulated within VCA. (b) Resistivity scaled with the scattering time z. (c) Calculated
Seebeck coefficient in comparison with our experimental result. (d) Optical conductivity of

stoichiometric CoShs. See Supplementary Note 3 for details.



10000 ¢ - -
1000 £ v . :
0
Z L
E 100 E_ s
g _
I
{ g 0.2
10 3 5xo,l
1
1

T(K)

Supplementary Figure 3. Electrical transport coefficients of CeRu,Al;o. Main panel: Hall

mobility py as a function of temperature. Inset (a): electrical resistivity p(T). Inset (b): Hall
coefficient Ry(T).
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Supplementary Figure 4. Seebeck and Nernst coefficients of CeRu,Aly. (a) Seebeck
coefficient S and the estimated Seebeck coefficient driven by the mobility mismatch, S, =
(ATdu/dT)/py, shown in arbitrary units (red line). See main text for details of this estimation.
Note that the latter ratio can accurately reproduce the measured Seebeck anomaly emerging in
the vicinity of the mobility mismatch. (b) Nernst coefficient v as a function of temperature.
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Supplementary Figure 5. Powder X-ray diffraction for CogggNigo01Sbs. All the peaks can be
indexed by the body-centered cubic skutterudite structure with space group Im-3 (vertical bars at the
bottom).



Supplementary Note 1. Two band nature of Coggg9Nig01Sbs3

The evolution of the multiband nature in the current sample of Cog.gg99Nig001Sbs can be
inferred from the isothermal Hall resistivity pu(B) as a function of temperature (cf.
Supplementary Figure 1). Above 50 K, py is a linear function of the magnetic field B,
suggesting a one-band description to be adequate. With lowering temperature, py(B) starts to
deviate from linearity at about 40 K, i.e., the position of both the Ry(T) maximum and the p(T)
hump, as seen in the Figures 3a and 3b in the main text. The nonlinearity of py(B) is most
obvious at approximately 30 K. By fitting the py (B) curve at T = 30 K to a two-band model
[1], we obtained the Hall coefficient and mobility of the two sub-bands to be R; = —
2.34x10% cm®/C, R, = —1.54x10° cm®/C, py = 15.3 cm?/Vs, Y, =1840 cm?/Vs, respectively
(cf. the dashed line in Supplementary Figure 1). Here the low-mobility sub-band starts to
dominate the electrical transport due to the much larger number of relevant carriers (n; =
1/e|R4|). In support of this argument, the Hall coefficient and Hall mobility estimated for T =
30 K within the one-band model are very close to those of the low-mobility sub-band, as seen
in Figure 3a of the main text. Decreasing the temperature to below 25 K, a B-linear py(B)
curve is restored (see, for example, the linear py(B) variation for T = 20 K) and persists until
slightly below 10 K. Further lowering temperature results in a more complex pn(B) profile,
hinting at more than two bands being involved in the transport, which is beyond our focus of

this work.

The hatching between 25 K and 40 K in Figures 2 and 3a in the main text denotes the
temperature range where two-band effects have to be considered. Nevertheless, it should be
stressed that this effect is actually not essential to our discussion on the origin of the positive
S(T) peak emerging below 50 K: A two-band analysis between 40 K and 25 K indicates both
bands being of electron-like character, with one band apparently being dominating, as
discussed above. The argument of two electron-like bands in the temperature interval between
25 and 40 K is in agreement with the analysis of Dyck et al. [2] based on the
temperature-dependent p and Ry behaviors. In ref. 2, the authors obtained a compensation
ratio K= Na/Ng to be less than 0.5, which indicates the net impurity carriers to be of n type

(donor). The fact that both bands are of electron-like character also lends support to our



exclusion of phonon-drag effect from the possible origins of the positive Seebeck anomaly at
low temperatures. In view of the sublinear py(B) curves above 10 K and for clarity of our
discussion, in this manuscript, we proceed with the analysis by employing a one-band
approximation. This is validated for at least the low magnetic field region (B < 2 T), where

the Nernst effect was measured and the Hall coefficient was estimated.

Supplementary Note 2. Correlation between S;, v and py

Assuming that the one-band approximation applies, the tangent of the Hall angle tandy
is proportional to z or py: tanfy = eB/m” =pB. As discussed in ref. 3, considering Equation 1
in the main text and taking into account the above relation, one may decompose the Mott

expression (Equation 2 in the main text) to
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by which, the longitudinal and transverse thermoeletric transport coefficients (i.e., S and v)
are explicitly linked to each other. Apparently, in the current discussion, the charge Hall
mobility py as used in this context is preferable to the charge drift mobility, as yy (=tandn/B)
directly enters the equation for the Nernst coefficient (cf. Equation 1 in the main text).
The first term + v/ represents the Seebeck effect derived from the asymmetric relaxations
of relevant charge carriers, i.e., S,. Here the signs, + and —, differentiate the case for hole- and
electron-like charge carriers. Note also that the Nernst coefficient v already includes a sign,
which depends on the sign of duy/dT rather than that of the charge carrier itself (cf. Table 1 in
the main text). Therefore, it is obvious that the finally generated S, takes a sign according to
that of both dun/dT and the relevant charge carriers. Interestingly, v and S; are simply linked
to each other by py, as is the case for pyand p. An enhanced v combining a small py is

preferable for a significant S..



Supplementary Note 3. Electronic structure and transport calculations

In order to get theoretical insight into effects of the density of states of Ni-doped CoSbs, we
have performed state-of-the-art electronic structure calculations within density functional
theory (DFT), as implemented in the wien2k package [4]. Previous electronic structure
calculations characterized CoSbs as a narrow gap semiconductor, with the value of the charge
gap varying from 0.05 to 0.22 eV. This large variance originates from the use of different
exchange-correlation potentials in the DFT, the slightly different position of the Sb atoms
within the unit-cell and, in particular, whether using the experimental or DFT-relaxed lattice
constant [5-8].

Here, we use the experimental crystal structure of Ref. 9 with lattice constant a = 9.0347
A, and apply DFT in the local density approximation (LDA). However, as is common
knowledge, the LDA does not sufficiently include exchange effects, resulting in a consistent
underestimation of gaps in semiconductors. To address this issue, we also employ the
modified Becke-Johnson (mBJ) potential [10] that was found to often match the accuracy of
more costly many-body perturbation theories for semiconducting materials. We neglect in all
cases the influence of spin-orbit coupling effects.

For stoichiometric CoSbhs (not shown), our LDA calculations yield a charge gap of about

0.04 eV, reproducing previous results [6]. The use of the mBJ functional results in a notable
magnification of the gap: We find a value of 310 meV, in good agreement with experimental
activation energies [11,12]. We simulate the Ni-doping within the virtual crystal
approximation (VCA). For the C0g.999Nio 001Shs composition that we measured experimentally,
this yields the band-structures shown in Supplementary Figure 2a. These bands are very close
to those without doping, albeit rigidly shifted downwards. Crucially, we observe that the mBJ
electronic structure is far more particle-hole asymmetric than the LDA one, owing to a
notable rearrangement of conduction bands, as well as the increased gap below the
conduction states. We note that there will be a competition [13] between exchange effects
(treated effectively within the mBJ) that widen the gap, and dynamical correlations (neglected
in DFT) that shrink the gap. Given the apparent influence of impurity bands in the
experimental resistivity, an ultimate assessment of the size of the gap will require
spectroscopic techniques that e.g. access the optical conductivity. For future reference, we
report in Supplementary Figure 2d the theoretical optical conductivity of stoichiometric
CoSbs.

Using the implementation described in ref. [14], we finally compute transport properties



within Kubo linear response theory. Supplementary Figure 2b displays the results for the
resistivity scaled with the constant scattering time z. Note that in the one-particle picture, the
conductivity basically scales with the scattering time z, while the Seebeck coefficient is
independent of z. Numerically, we employ a constant inverse scattering time of 8 meV. With
the chemical potential residing inside the conduction bands for the Ni-doped case, the system
is metallic. However, given the shallow density of states around the Fermi level, the high
temperature conduction is dominated by activated transitions across the pseudo gap, yielding
an overall insulating-like drop in the resistivity above 70 K within mBJ. Below 70K, the
theoretical resistivity multiplied with the scattering time becomes flat in temperature. We take
this as an indication that the temperature profile of the mobility, which is discussed as the
driving force of the Seebeck anomaly at low temperatures, is also at the origin of the
low-temperature characteristics of the experimental resistivity.

Supplementary Figure 2c displays the theoretical Seebeck coefficient in comparison to
the experimental results of the main manuscript. As expected from the band structure, the
theoretical Seebeck coefficient is negative for all temperatures, and significantly larger in
magnitude within mBJ than in LDA. Notably, the mBJ thermopower approaches the
experimental result with increasing temperature. Quantitative agreement is reached above 100
K, i.e., at temperatures far from the regime in which we evidenced the mobility anomaly. This
quantitative congruence in the high temperature regime suggests that the mBJ approach
correctly captures the essence of the intrinsic electronic structure of CoSbs that is responsible
for the one-particle contribution Sy to the Seebeck effect introduced in the main text. The
qualitative discrepancy at temperatures below 100 K, however, points to sizeable
contributions to the Seebeck coefficients from effects not contained in the (intrinsic)
band-structure. This observation further strengthens the proposal that the anomalous Seebeck
effect at low temperatures in Cogg99Nio001Sbs is driven by changes in charge relaxation
processes, describable by a gradient in the carrier mobility. We note that the shallow feature
of the measured S(T) curve in the temperature window 50 — 100 K, which is not attended to in
the main text, can actually also find a weak counterpart in the calculated ratio —v/py (cf.
Figure 2 in the main text), hinting at a probable involvement of the charge-mobility driven S..
Nevertheless, we would leave this feature open, as a deeper in-gap level can also produce

such a feature in a semiconductor.



Supplementary Note 4. Unusual Seebeck effect in CeRu,Al,

CeRu,Alyp is a Kondo lattice compound characterized by hybridization of conduction
bands with the localized f state of Ce ions [15]. While most such compounds have a metallic
ground state with a largely renormalized effective electron mass (namely, heavy fermion),
some of them are known as heavy-fermion semiconductors or Kondo insulators [16].
CeRu,Alj is intriguing in that this system experiences a “hidden” order phase transition at
around To = 27 K, which separates two distinct regions (cf. Supplementary Figure 3). At
higher temperatures, the system behaves like a heavy-fermion semiconductor, whereas at
lower temperatures, it is metallic with largely enhanced charge mobility. The nature of the
phase transition is still in debate. While neutron powder diffraction and muon spin relaxation
have revealed a long-ranged antiferromagnetic ordering of Ce sublattice with a strongly
reduced magnetic moment of 0.34 ug [17], NMR and NQR experiments failed to capture such
an ordering [18]. A sensitive instability of the ordered moment wave vector [19] and the
phase transition in CeRu,Al;o being poised at a local-itinerant electron crossover [20] are
thought to be the driving physics and are currently being investigated.

The thermoelectric transport of this compound is intriguing as well, with multiple extrema
in the S(T) curve, cf. Supplementary Figure 4a. Nevertheless, such behavior is still typical of
heavy fermion compounds. For instance, it is very similar to that of the heavy-fermion
CeRu,Si, [21], except for the abrupt peak at slightly below the abnormal phase transition Ty,
namely T = 22 K, as highlighted in the red frame in Supplementary Figure 4a. In this work,
we found that this is exactly the temperature window where a large charge-mobility mismatch
occurs (cf. main panel of Supplementary Figure 3). Below we demonstrate that this
extraordinary peak in the S(T) curve is derived from the large charge-mobility gradient, in
analogy to the discussion made in the main text for Ni doped CoSbs.

The sample employed in this work is a polycrystalline sample prepared by arc-melting
the stoichiometric starting materials following ref. 15. As shown in the inset (a) of
Supplementary Figure 3, p(T) reveals a prominent peak at about 22 K, coinciding with the
position of the extraordinary Seebeck peak. Note, however, that there is no phase transition
occurring at 22 K since the “hidden” order phase transition is already fully accomplished at
To. The Hall coefficient Ry(T) is positive in the whole temperature range investigated and
increases abruptly below Ty (cf. inset (b) of Supplementary Figure 3). No obvious
nonlinearity in the Hall resistivity vs magnetic field was observed over the whole temperature

range investigated, justifying the application of a one-band approximation [15]. Similar to the



Ni-doped CoSbs introduced in the main text, a dramatic mobility change as a function of
temperature (p~T ) is observed from T, down to about 10 K, as shown in the main panel of
Supplementary Figure 3. Interestingly, the anomalous peak in the Seebeck coefficient occurs
right in the middle of this temperature range.

In agreement to the enhanced Hall mobility and the Kondo scattering effect in
CeRu,Aljo, a large enhancement of the absolute values of the Nernst coefficient v(T) is
observed below Ty (cf. Supplementary Figure 4b). It is worth to note that, here the v(T) values
are negative. By contrast, considering the abrupt negative mobility gradient in CeRu,Al; and
the sign rules given in Table 1 in the main text, a positive v(T) peak is expected at around 20
K in response to the mobility mismatch. Nevertheless, we found that the expected Seebeck
coefficient from the mobility mismatch, as estimated following S; = v/ipy = (ATduw/dT)/Up,
clones the measured Seebeck anomaly (the red frame in Supplementary Figure 4a). As
discussed in the main text, here the numerator ATdu/dT denotes the anticipated Nernst
response from the mobility mismatch, which, in the case of CeRu,Alyg, is most probably
masked by the enhanced, negative Nernst background in the high-mobilty Kondo regime
below To. On the other hand, the Seebeck coefficients outside the red frame (Supplementary
Figure 4a) can actually be qualitatively accounted for by the Kondo scattering scenario (not

shown here). This has already been the focus of ref. 3.
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