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Graphical abstract

Public summary
m Magnetism can offer a significant contribution to thermoelectricity

m A generic Seebeck effect exists in magnetic conductors as a result of transport spin entropy of delocalized d electrons

m The magnetocaloric effect and the Seebeck effect are thermodynamically correlated with each other
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How magnetism affects the Seebeck effect is an important issue of wide
concern in the thermoelectric community but remains elusive. Based on
a thermodynamic analysis of spin degrees of freedom on varied d-elec-
tron-based ferromagnets and antiferromagnets, we demonstrate that in
itinerant or partially itinerant magnetic compounds there exists a generic
spin contribution to the Seebeck effect over an extended temperature
range from slightly below to well above the magnetic transition temper-
ature. This contribution is interpreted as resulting from transport spin
entropy of (partially) delocalized conducting d electrons with strong ther-
mal spin fluctuations, even semiquantitatively in a single-band case, in
addition to the conventional diffusion part arising from their kinetic de-
grees of freedom. As a highly generic effect, the spin-dependent See-
beck effect might pave a feasible way toward efficient “magnetic ther-
moelectrics.”

Keywords: Seebeck effect; magnetocaloric effect; spin entropy; thermo-
electric material

INTRODUCTION

The Seebeck coefficient () is a key parameter determining the efficiency of
useful thermoelectric devices. It measures temperature-difference-induced
electric voltage in a conducting solid, being essentially a non-equilibrium ther-
mal transport phenomenon. Nevertheless, in special circumstances this ef-
fect can be well depicted thermodynamically by employing thermodynamic
state variables. One such example is the scaling at low-temperature limit,
where electron diffusive transport is suppressed, between a and the electronic
specific heat Cq—a fundamental thermodynamic property—in a wide range of
materials spanning from simple to correlated metals.’ Reflecting electron
transport kinetics, diffusive characteristics such as the energy-dependent
charge mobility can generate a large Seebeck effect too,” as was also revealed
by charge-scattering engineered thermoelectricity in nanoscaled materials.®

Recent years have witnessed increasing efforts to pursue large values of «
in magnetic materials.* ® A general understanding gained so far is that a
spin-dependent Seebeck effect (SASE) might be a material-specific property
related to magnon drag, spin fluctuation, or spin-dependent scattering of con-
duction electrons. No generic SASE has been known. Here, we demonstrate
for a large number of d-electron-based magnetic conductors with ferromag-
netic (FM), weakly ferromagnetic (WFM), or antiferromagnetic (AFM) transi-
tion that a sizable SASE takes place over a wide temperature range from
slightly below to well above the ordering temperature. This additional See-
beck effect, denoted as «, traces back to the thermodynamics of spin de-
grees of freedom, i.e., spin entropy, via thermal spin fluctuations of (partially)
delocalized magnetic d electrons, referred to in the comparison of the Peltier
effect between nonmagnetic (Figure 1A) and magnetic (Figure 1B) conduc-
tors. In the latter case, delocalized d electrons are responsible for both collec-
tive magnetism and thermoelectric transport. With spin entropy being the
principal origin, the SASE is expected to respond to magnetic-field scaling
to the magnetocaloric effect, a thermodynamic property whereby field-
induced spin-entropy change is feasible to make effective solid cooling (Fig-
ures TA=1D). Note that the Peltier effect, i.e,, the reverse phenomenon of the

Seebeck effect, is demonstrated in Figures 1A, 1B, and 1D because it provides
a better comparison with the magnetocaloric effect given their common fea-
tures in solid-state cooling.

Thermodynamic considerations

In a conducting solid exposed to a temperature difference dT, both chem-
ical (u) and electrical potential (ey) change thermodynamically at the two
ends. In a standard setting of thermoelectric measurements, the dT-induced
voltage measures the difference of electrochemical potentialz = u + ey.
Approximately, the Seebeck effect in response to dT arises in two parts:’®

_Tde dy
“edr TdT

(Equation 1)

Here e is the free electron charge. The first term is purely thermodynamic
and is known as the Kelvin formula.” The second includes kinetic information
arising from charge relaxation processes. It is sometimes referred to as theo-
retical or effective Seebeck effect,” as compared with the experimental one
detecting both.

From thermodynamic consideration of an electronic system, the chemical
potential u is related to the derivative of the total electronic entropy S with
respect to the carrier number N of the system,’

du/dT = —dS/dN. (Equation 2)

Equations T and 2 show that a probes entropy S per charge carrier as long
as the details of electron kinetics can be ignored or is of minor importance. In
magnetic conductors, the relevant spin entropy Sy, is of interest and S, =
kglng, with kg being the Boltzmann constant and g the total number of spin
configurations. Hence, the well-known Heikes formula,'® ay, = —(kg/€)dIng/
dN, can naturally be obtained. This is applicable to systems of interacting
localized electrons and valid at high enough temperatures where all the
spin degrees of freedom are active.

Next we consider the spin entropy of an FM compound on a more general
basis within the mean-field approximation,'' whereas AFM state can be rep-
resented by two antiferromagnetically coupled FM sublattices:

sinh (%X

sinh (%)

Here R is the molar gas constant, B (X) the Brillouin function with X =
guJusHer/ksT, J the total angular momentum, ug the Bohr magneton, and
g, the Lande factor. The effective field Hess reads

Sn(T,H)=R|In —XBy(X) (Equation 3)

3k TcBy(X)

Heit = H+
i pegL(J+1)

, (Equation 4)

where the first and second terms at the right-hand side represent
external and molecular field, respectively. Equations 3 and 4 are
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Peltier effect in paramagnetic state

Figure 1. lllustrative comparison between two relevant
solid-cooling effects: the Peltier and magnetocaloric ef-
fects (A) The conventional Peltier effect arising from
charge diffusion in a nonmagnetic conductor.

(B) Enhanced Peltier effect of a magnetic conductor in high-
entropy paramagnetic state, involving the thermodynamics
of both kinetic and spin degrees of freedom. It differs from
(A) because of the thermal spin fluctuations that carry sig-
nificant spin entropy.

(C) A magnetocaloric cycle consisting of magnetization (low

(). ()
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Magnetocaloric effect

Peltier effect in magnetic ordering state

entropy) and demagnetization (high entropy) processes of a
magnet, where charge carriers are not a necessary ingre-
dient.

(D) When sufficiently strong magnetic field is applied or
temperature reduced to well below T¢/Ty, spin polarization
occurs and reduces the spin entropy involved in thermo-
electric transport, restoring a situation similar to that of (A).
The difference of the demagnetized (B) and magnetized (D)
Peltier effect scales to the magnetocaloric effect, as shown
in (C). Blue and red colors of the sample denote heat ab-
sorption and release, respectively.

(A
wyJ

frequently employed to estimate the magnetocaloric effect near a mag-
netic transition."”’

RESULTS AND DISCUSSION

The results of mean-field consideration are summarized in Figures 2A-2D.
Figure 2A shows the magnetization per electron m = g, JugB,(X) as a function
of T for zero and a finite magnetic field h = 0.2. Figure 2B displays their cor-
responding S(T); it saturates to RIn2 = 5.76 J/mol K, the magnetic entropy
associated with the ground-state doublet, immediately at T¢ for h = O,
whereas the saturation trend is slowed down in finite field. The spin-entropy
difference AS;,, (dashed line) is the magnetocaloric effect and assumes a
peak at T¢. Figure 2C shows the magnetic specific heat, which usually is
the directly measured quantity for estimating S, and Figure 2D the
isothermal field suppression of Sy, at selected temperatures. As depicted
by Equation 2, the steplike profile of Sy (T) (Figure 2B) characteristic of the
magnetic ordering indicates a steplike change of a(T) at T¢ if the magnetic
d electrons are itinerant or partially itinerant, and am(H) at constant tempera-
ture will decrease analogous to Sy(H) (see Figure 2D). The additional contri-
bution «, to the Seebeck effect marks the difference of the Peltier cooling
shown in Figures 1A and 1B.

To substantiate the spin-entropy contribution to «(T), in Figure 3 we
compile currently available literature data of various d-electron-based mag-
nets, which are either FM, WFM, or AFM (see also Table 1). A generic, steplike
increase of a(T) at T = T or Ty is observed for all of them. To avoid complex
transport properties caused by spin-density-wave gap in the AFM cases,
sample choice is made for those with a simple resistivity drop below T/
T, derived from reduced spin scattering. These materials are further classi-
fied into two categories: in Figure 3A the steplike a.(T) has the same sign
with the background ag(T), namely, the conventional diffusion contribution;
in Figure 3B, however, their signs are opposite due to the competing polarity
of conduction and magnetic d bands.

Despite the variety of the materials shown in Table 1, one sees a rough
scaling between the steplike change in am(T), eestep, and the ordered moment
Mo, except for YoMn,Sh,. This hints at a thermodynamic relationship be-
tween the two quantities. In-depth investigations into the SASE of WFM com-
pounds Fe,V4_,CrAl_,Si, (Tsujii et al®) and CaFe,Sby, (Takabatake
etal."®), whose cooperative magnetism has been known to be due to itinerant
3d bands, have shown that applying a magnetic field can suppress apm,
evidencing the involvement of strong spin fluctuations. The spin-entropy
description can readily capture the saturation of a(T) above T¢/Ty because

Figure 2. Mean-field thermodynamics of an FM spin sys-
tem with g, = 2 and J = 1/2 The magnetization m (A), the

spin entropy S, (B), and the magnetic contribution to spe-
cific heat C,,, (C) are shown as a function of temperature in
zero and finite field. (D) displays isothermal change of Sp(h)
in selected temperatures. In (B), the magnetocaloric effect
AS., (dashed line) estimated as the spin-entropy change
between zero and finite field is also shown. h = ugH/kgT¢ is
the reduced magnetic field by the ordering temperature.
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Figure 3. Temperature-dependent Seebeck effect of var-
ied d-electron-based FM, WFM, and AFM conductors For
all these magnets, a steplike magnetic contribution amy(T)
emerges on top of a sublinear background ao(T) (dashed
line) that is derived from conventional charge-diffusion ef-
fect. The sublinear background is drawn for only a part of the
samples for the sake of clarity. Note that an,(T) and «o(T)
have same signs in the materials shown in (A) and opposite
signs in (B) (see text). The vertical arrows mark the positions
of T¢ or Ty (for WFM compounds, the position of the
maximum in magnetic susceptibility).
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Sm(T) saturates, or, equivalently, the spin degrees of freedom are fully
restored. Phenomenologically, paramagnetic spin fluctuations of itinerant
d electrons contribute to the Seebeck effect by transferring spin entropy in
addition to their kinetic one (see Figure 1B). To verify this proposition, field-
tuned an(H) will be discussed semiquantitatively in terms of the spin entropy
Sm(H) (Figure 2D) by focusing on MnSi (Figures 4A and 4B). By contrast, the
steplike arn(T) in Li-doped MnTe has recently been interpreted based on local-
moment picture and paramagnon-electron drag.® The difficulties arising in
the local-moment explanation will be explained below. Here, we note that
the electronic structure of this compound is determined by the combined ef-
fect of an exchange splitting of Mn-3d states and a strong hybridization with
Te-5p states.”” The strong p-d hybridization can partially delocalize the 3d
states and cause their contribution to transport,”® appealing for a spin-en-
tropy scenario as well.

Nickel and YbMn,Sb, shown in Figure 3B are distinctive because their
am(T) reveals an opposite sign to the sublinear background aq(T). For nickel,
this feature can be explained by considering its ferromagnetism derived from
intersite d-hole hopping (nickel has an almost full d shell),?® which gives rise

Table 1. Characterization of the steplike SdSE in some typical d-electron-based
FM, WFM, and AFM materials

Magnetic
ordering Te/Tn  astep Mo
Materials (K) (mV/K)  (mB) Refs.
Co,TiSn FM 355 —40 1.97 Balkeetal,'?
Barth et al.'®
MnSi FM 29 8 0.45 Lamagoetal,'”
Hirokane et al.'®
Ni FM 627 10 ~0.6 Tangetal,'®
Abadlia et al."’
CaFe,Sb, WFM 50° ~15 0.5 Takabatake et al.,'®
Schnelle et al."®
FeoVooCron  WFM 160 7 0.4 Tsuijii et al.®
Alg.oSig 1
MnTe AFM 307 150 455  Zhengetal.®
(0.3% Li)
YbMn,Sb, AFM 120 -15 3.6°  Nikiforov et al.,*°

Morozkin et al.?’

Among these, Co,TiSn and CaFe,Sb,, are representatives of a large group of
magnetic Heusler and filled skutterudite compounds, respectively, with
similar «(T) profiles, see Balke et al.’? and Takabatake et al.’®

#While a clear indication of ferromagnetic ordering is absent, CaFe,Sb;, shows a
shoulder at T = 50 K in magnetic susceptibility due to incipient ferromagnetism."®
BIn YbMn,Sb,, magnetic moment originates from Mn d bands and divalent Yb ion is
nonmagnetic.

700

800 900 1000

to a positive spin-entropy contribution on top of the overall negative ag(T)
dominated by the 4s bands at the Fermi level. Aside from the sign problem,
the correlation between «(T) and the specific heat C(T) near T¢ has long been
known for nickel,’® in line with the spin-entropy scenario. Likewise, in
YbMn,Shy, a negative step of an(T), appears on a positive ag(T), due to
the competition of magnetic 3d electrons of Mn?* and the Sb-5p valence
bands. Here, Yb is nonmagnetic.

While not included in Figure 3, a prominent case where spin entropy has
been invoked to interpret the SASE is NaCo,0,4 (Terasaki et al.27), a para-
magnet with Curie-Weiss behavior. Field-induced reduction of a(H) scaling
to H/T, a feature derivable from Equation 3 assuming T¢ = 0, has been consid-
ered evidence of spin-entropy contribution.”® This argument was rationalized
in terms of hopping conduction of local 3d electrons.”” Electronic-structure
calculation performed later on found that this compound locates at an itin-
erant magnetism instability with large electronic density of states derived
from 3d orbitals.*® Within the itinerant picture, the a(H) profile of NaCo,0,
is also approachable by considering magnetic-field tuning to spin polarization
at the Fermi level.®' Here, spin entropy is involved in shaping the electronic
structure, as concluded from recent angle-resolved photoemission spectros-
copy experiments.®” In this sense, NaCo,0, appears to be a special case of
considerable d-electron-derived SASE with a vanishing T¢.

To quantitatively verify the correlation between spin entropy and SdSE,
below we scrutinize «(T, H) of MnSi. MnSi is a prototype of itinerant ferro-
magnet with long-wavelength helical modulation of spin structure. Applying
magnetic field reduces the spin entropy near T¢, as quantified by the static
magnetocaloric effect AS,, (see Figure 2B and Arora et al.*). Consequently,
the transport spin entropy detected by «, is expected to diminish as well
(Equation 2 and Figure 1A). Correspondence between the two quantities ob-
tained experimentally is demonstrated in Figure 4A: Aa,, (left axis) reveals a
negative peak closeto T¢ = 29 K; see also Figure 4B for the measured «(T) at
H=04and 5T (Hirokane et al."®), from which Aa, is obtained as their differ-
ence. An apparent scaling between A, and AS, (H = 5 T, right axis, Arora
etal.?*) can be observed. Hall-effect measurements reveal a simple one-band
ordinary Hall resistivity with carrier concentration ~0.89 d-hole/MnSi, along
with an anomalous contribution derived from ferromagnetism.? On this ba-
sis, ASy reported in unit of J/kg K can be readily converted in accordance to
the unit of «, pV/K, by normalizing by the carrier density of d holes. The hence
obtained spin-entropy-derived Seebeck effect, denoted as Aance(T) (blue
empty squares in Figure 4A), reveals a reasonable agreement with the
measured Aam(T) (blue solid squares in Figure 4A) within a factor of 2.
This yields compelling evidence that the thermodynamics of delocalized d-
electron spin degrees of freedom contribute substantially to the SASE near
and above the magnetic ordering temperature.

The SdSE herein identified is generic to magnetic materials that are FM,
WFM, AFM, or even paramagnetic near a magnetic instability with at least
partially itinerant magnetism. It is a thermodynamic consequence originating
from the spin degrees of freedom pertinent to magnetic d electrons. A large
number of candidate compounds with significant SdSE can be found in the
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Figure 4. Thermoelectric vs magnetocaloric effects in MnSi (A) Comparison be-
tween the measured magneto-Seebeck effect Aar, = ast — aor (left axis) and the
magnetocaloric effect AS,,, for H = 5 T (right axis) for MnSi.?* By considering 0.89 d-
hole/MnSi obtained from Hall measurement,?® the values of ASy, can be converted
to those of Aamce(T) in unit pV/K (see text), which agree reasonably with those of
Aapm. (B) The measured values of «(T) for H =0 T and 5 T,'® from which Aay, is
obtained.

literature but are left out of our focus because their diffusion part ag(T) is
already complex, plaguing a reliable analysis of an(T). These include, for
example, Fe;GeTe, (May et al.>®), the mother compounds of iron-based su-
perconductors®® and various manganese oxides.*® Thermoelectricity
enhancement recently found in some magnetic ion-doped semiconduc-
tors®* 8 may share the same origins, yielding a practical way to further opti-
mize current thermoelectric materials. Likewise, a spin-entropy contribution
is also expected in transverse thermoelectricity, i.e,, the Nernst effect, as
recently discussed for a magnetic semimetal CosSn,S, by Geishendorf
et al*® Unlike MnSi, the transport and static spin entropy may generally
deviate from a quantitative scaling because the magnetic d bands may not
be the only active bands responsible for transport, or are rather localized
as in a magnetic insulator. In the latter case, ,, may reduce to zero despite
a large Sp.

As already mentioned, magnon drag offers an alternative explanation of
SdSE, resorting to the kinetics of spin waves interacting with conduction elec-
trons. It in general applies to the ordered phase of local spins™” but has been
recently extended to the paramagnetic regime far above To/Tn.° Applying
this scenario to d-electron-based magnets is not straightforward due to their
correlated nature with competing localized-itinerant duality. Such magnetic
character invalidates the assumption of two physically independent but inter-
acting fluids (conduction electrons and magnons) for the magnon-drag ef-
fect. Some even apparent difficulties arise when applying magnon drag to
paramagnetic state. One is the sign problem as discussed for Ni: here, the
magnon-drag effect appears only well below T (T < 500 K) and is known
to be negative due to the conduction 4s band, namely, in accordance with

the polarity of majority carriers.”> However, am(T) near and above Tg is pos-
itive (Figure 3B), hinting at a different origin. Also, the large a(T) contribution
can be observed up to more than 10 times the T/ Ty (seg, e.g., CaFe,Shq in
Figure 3A), where as far as we know coherent spin fluctuations (magnons)
have not been confirmed for any materials. Supposing the steplike am(T) is
due to paramagnon drag, one would also expect a corresponding paramag-
non thermal conductivity. This has been confirmed in none of the aforemen-
tioned materials. Finally, we stress that while the spin-entropy scenario does
not rely on magnons to drag electrons, thermal spin fluctuations, which offer
a standard approach to describe itinerant magnetism,*' are crucial because
they are the way by which large spin degrees of freedom are activated.
The physics underlying the a-Cq scaling at 0 K limit in a wide range of
correlated compounds' can be traced back to spin entropy as well. The hy-
bridization between local and conduction bands bring about spin-fluctuation-
dressed quasiparticles that are responsible for both transport and thermody-
namics, leading to enhanced values of both « and Cg. This enhancement
may, to a certain degree, persist up to even room temperature if the hybrid-
ization is strong enough. This is the case for the paramagnetic intermedi-
ate-valence compound CePd;,** where the optimized figure of merit zT
amounts to ~0.3.*° By contrast, in itinerant magnets of FM, WFM, or AFM
type as discussed herein, significant spin entropy is drastically accumulated
upon approaching the ordering temperature. By choosing magnetic materials
with appropriate values of T¢/Ty, the consequent SASE can offer more design
flexibility for thermoelectric application in a particular temperature range.

Conclusion

In conclusion, based on a thermodynamic analysis we have attributed the
excess SASE near and above T¢/Ty in a wide range of d-electron-based mag-
nets to spin entropy of (partially) delocalized d electrons with strong thermal
spin fluctuations. The fundamental correlation between the Seebeck effect
and spin entropy appears highly instructive for future exploration of useful
magnetic thermoelectrics. Furthermore, identification of the physical origin
of the SASE also helps us to understand the nature of collective magnetism
in d-electron-based systems, which is often not straightforward because of
the localized-itinerant duality and its influence on transport properties.

MATERIALS AND METHODS

The calculations of magnetization, spin entropy, and specific heat shown in Figures
2A-2D are based on the mean-field approximation assuming the Brillouin function
description of the spin system. To better verify our proposal on the spin-entropy-
derived Seebeck effect, we focus on some representative d-electron-based ferromag-
netic, weakly ferromagnetic, and antiferromagnetic conductors whereby a nearly T-
linear background, i.e., the conventional diffusion contribution to the Seebeck effect
in metal, can be confirmed. These materials show at least partially delocalized fea-
tures in their collective magnetism and have been experimentally investigated previ-
ously regarding the Seebeck effect. All experimental data on the Seebeck effect can
be found in literature.
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