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ABSTRACT 
Topological magnets such as magnetic Weyl and nodal-line semimetals possess 
topologically non-trivial band structures in magnetically ordered states. In this class of 
materials, the Berry curvature in momentum space can be significantly enhanced, 
resulting in thermoelectric responses that exceed empirical scaling laws based on 
magnetization. Such large transverse thermoelectric effects enable flexible thin-
filmbased lateral device structures, leading to novel energy-harvesting technologies 
and sensors beneficial for Internet of Things (IoT) sensors and wearable devices. In this 
review, we outline recent progress in the study of the large transverse thermoelectric 
effects in topological magnets. 

KEYWORDS 
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1. Introduction 

Thermoelectric effects, such as the Seebeck effect, directly convert heat into electricity 
(and vice versa) in solids and have been extensively studied for applications in heat 

exchange, waste heat utilization, and as power sources for IoT sensors [1, 2, 3]. In 

particular, Peltier devices based on the Seebeck effect are now widely used as 
wearable coolers (Fig. 1). Recently, the transverse thermoelectric conversion in 

magnets, known as the anomalous Nernst effect (ANE), has attracted much attention 
because it allows a lateral configuration of the thermoelectric modules that can 

efficiently cover heat sources (Fig. 1) [4, 5, 6, 7]. Extensive studies on the transverse 
thermodynamic effects have identified topological magnets as a key material class 

exhibiting a large ANE [7], which we review in this article. 
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Recent developments in condensed matter physics have revealed that non-trivial 

topological band structures near the Fermi energy εF are important for understanding 
the unique properties of materials [8, 9, 10, 11]. Among them, topological magnets 
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such as magnetic Weyl semimetals and nodal-line semimetals have been found to 
exhibit large transverse responses such as the ANE and anomalous Hall effect (AHE) 

[12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 5, 7, 28] owing to the non-
vanishing momentum-space (k-space) Berry curvature. Various research groups have 

demonstrated ANE-based thermoelectric devices [4, 29, 30, 31, 32, 33, 34, 35], which 

may be useful for energy harvesting from waste heat, IoT sensors, and wearable 

devices. 

In this article, we review the recent advances in research and development of 

transverse thermoelectric generation in topological magnets. We first introduce the 
ANE as the transverse thermoelectric generation for magnetic materials (Sec. 2). Then, 

we briefly illustrate the theoretical framework for the Berry curvature–driven intrinsic 

ANE in topological magnets (Secs. 3-5). We also review the experimental observations 
for ANE in various typical topological magnets (Sec. 6). Finally, we provide a summary 

and perspective (Sec. 7). 

2. Anomalous Nernst effect –transverse thermoelectric effect in magnetic 

mateirals 

Generally in solids, the electric current density Jc, is proportional to the electric field E, 
Jc = σE, known as Ohm’s law. Similarly, the heat current density Jq is proportional to the 

temperature gradient ∇T, Jq = κ(−∇T), known as Fourier’s law. Here, σ and κ are electric 

and thermal conductivity tensors. In metals and semiconductors, carriers (electrons or 
holes) transport both electric and heat current. This means that E (∇T) also generates 

Jq (Jc). Thus, the above equations are generalized in the linear response regime as, 

Jc = σE + α(−∇T), (1) 

Jq = ΠE + κ(−∇T). (2) 

The newly added cross-correlated terms represent the thermoelectric effects with 

thermoelectric tensors α and Π. According to the Onsager reciprocal relations, α and Π 
are not independent and satisfy Π = αT [36, 37, 38]. Besides, the Onsager reciprocal 

relations also hold for the off-diagonal terms of the conductivity tensors, 

 σij(B) = σji(−B),αij(B) = αji(−B),κij(B) = κji(−B), (3) 

where σji, αji and κji are respectively called Hall conductivity, transverse thermoelectric 
conductivity and thermal Hall conductivity, and B is the magnetic field. The Eq. (3) 

implies σji = αji = κji = 0 when both magnetic field B and magnetization M are zero (B = 
M = 0). 

The Onsager reciprocal relations are fundamental for irreversible transport 

processes originating from microscopic time-reversal symmetry. Thus, they are never 
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violated as long as the system satisfies their precondition; the states at +B and −B are 

equivalent to each other after the time-reversal operation. In other words, the relations 

such as σij(B) ̸= σji(−B),αij(B) ≠ αji(−B), may occur in hysteretic regimes due to magnetic 

domains or exchange bias. Additionally, non-Onsager quantities such as the Nernst 

coefficient Sij (defined as Eq. (8) below) do not obey this rule. Thus, Sij(B) is not 

necessarily equal to Sji(−B) as observed in YbMnBi2 [25, 26]. (These two cases should 

not be called “violations” of the Onsager relations since they simply fall outside the 

scope of the principles.) 

Anomalous Hall effect 

The electrical resistivity ρ is the inverse of σ, ρ = σ−1, and xx and xy components are 

given by 

 , (4) 

where we consider the net flow of carriers along the xy plane, Jc ⊥ z ∥ B. Thus, we get 

σxx ∼ 1/ρxx, σyx = −σxy ∼ −ρyx/ρ2xx for conventional isotropic 3D metals where ρxx ∼ ρyy ≫ 

|ρyx| and ρxy(B) = −ρyx(B). Experimentally, we measure ρxx = Jx/Ex, and ρyx = Ey/Jx and 

obtain σxx and σxy, where Ji and Ei are the applied current density and measured electric 

field along i-direction, respectively. 

Historically, Edwin Hall first discovered the Hall effect in nonmagnetic metals and 
ferromagnets [39, 40]. Subsequent studies have established the empirical relation 

 ρyx = R0B + RsM, (5) 

where R0 and Rs are the ordinary Hall and anomalous Hall coefficients, respectively 
[41]. The first term is the ordinary Hall effect (OHE), related to the carrier density n 

and charge q as R0 = B/(nq). The second term represents the anomalous Hall effect 
(AHE), which typically dominates in ferromagnetic states. This has been intuitively 

interpreted as the consequence of the Lorentz force due to M, and thus it was long 

believed that AHE should not occur in antiferromagnets, where M is vanishingly small. 

However, this empirical relation (Eq. (5)) and the corresponding intuitive 
interpretation have turned out to be inaccurate; they neglect contributions from Berry 

curvatures in both real and momentum space. The real-space Berry curvature 
originates, for example, from skyrmions in noncentrosymmetric magnets [42, 43, 44, 

45, 46, 47, 48]. The k-space Berry curvature leads to the intrinsic AHE, which is 
distinct from the extrinsic AHE caused by disorder-related mechanisms such as skew 

scattering and side jump. Importantly, the intrinsic AHE is not necessarily proportional 

to M and can be significant in noncollinear and noncoplanar antiferromagnets (AFM) 

[49, 50, 51, 7, 28] and even finite in the collinear antiferromagnetic known as 
altermagnets [52, 53, 54, 55]. In Sec. 4, we discuss the intrinsic (k-space Berry 

curvature driven) AHE in detail and explain how large AHE signals can arise in both 

ferromagnets and antiferromagnets. 
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Anomalous Nernst effect 

The longitudinal thermoelectric effect, the Seebeck coefficient Sii, is obtained by setting 
Jc = 0,∇T ∥ x and σij = αij = 0 in Eq. (1), 

 . (6) 

Note that the sample length cancels out and does not appear in Eq. (6) (see Fig. 2 

(a)). 

In contrast, the transverse thermoelectric effect (Nernst effect) can be finite by 
breaking the time-reversal symmetry i.e., B ̸= 0 or M ≠ 0. Similar to the Hall effect, B-

linear and M-linear terms are called ordinary Nernst effect (ONE) and ANE, 
respectively. 

By setting Jc = 0,∇T ∥ x in Eq. (1), we get 

αyx = σyxSxx + σyySyx, 

where the Nernst coefficient Syx is defined as 

(7) 

 . (8) 

Interestingly, the Nernst voltage Vy is proportional not only to the temperature 
difference ∆T but also to the sample geometry ℓV /ℓT , where ℓV and ℓT respectively 

represent distances between voltage and temperature terminals (Fig. 2 (b)). Thus, one 
can enhance Vy in thin-film thermopile structure by reducing ℓT and increasing ℓV (Fig. 

1 (b)), as demonstrated by various experiments [5, 4, 30, 31, 32, 56, 34]. Eq. (7) 
immediately provides 

 −Syx = −αyxρyy + σyxρyySxx ≡ S1 + S2. (9) 

Here, S1 and S2 respectively indicate the contributions directly from αyx and longitudinal 

thermoelectric effect Sxx converted to the transverse direction through σxy. Thus, in 

addition to large |αyx|, these two contributions should be constructive (namely sgn 
(−αyx) = sgn (σyxSxx)) for enhancing |Syx|. 

3. Berry phase, Berry connection and Berry curvature 

Topology in condensed matter physics appears from the Hilbert space geometry [57]. 

For simplicity, let us assume a nondegenerate complete orthonormal system {|un⟩} 

 H(R)|un (R)⟩ = En (R)|un (R)⟩, (10) 

where En is the eigenenergy for the n-th eigen state |un⟩, and R(t) is a parameter for the 

Hamiltonian H(R) such as the wave vector k and real space position r. Then, the time-
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evolution for the initial state |ψ(t)⟩ = P
n cn |un(R)⟩ obtained from the timedependent 

schr¨odinger equation  

 . (11) 

On the other hand, the time derivative of Eq. (10) gives  for n ̸= 

m. This indicates the last term on the left-hand side of Eq. (11) is negligible compared 

to the diagonal term ⟨un|dtd |un⟩ in the adiabatic approximation, where the time-evolved 

state stays at the initial eigenstate with a certain phase difference ϕ; |un(R(t))⟩ ∼ 

|un(R(0))⟩exp(iϕ). Solving Eq. (11), we obtain 

 cn(t) = cn(0)exp(iθn(R))exp(iγn(R)), (12) 

where  R′ and R′ are 

known as the dynamical and geometrical phases, respectively. The former is the 

conventional term originating from the time evolution of the eigenstate. The latter is 

the topological term depending on the path C from R0 to R. While the above γn(R) is 

gauge-dependent and not a physical observable, the closed-loop integral so-called the 

Berry phase 

 I Z 
n ≡ An(R′)dR′ = Ωn(R′)dS′ γ (C) 

 C S 

becomes gauge-independent. Here, 

(13) 

An(R) ≡ i⟨un(R)|∇R|un(R)⟩ 

and 

(14) 

Ωn(R′) ≡ ∇R × An(R) (15) 

are the Berry connection and Berry curvature, respectively. In real space, 

γn(C),An(r),Ωn(r) correspond to the Aharonov–Bohm phase, vector potential and 

magnetic field, respectively. In this review, we focus on the k-space Berry curvature 

Ωn(k) = ∇k × An(k) = i∇k × ⟨un(k)|∇k|un(k)⟩ as an origin of the large transverse 

responses in topological magnets, where |un(k)⟩ is the periodic part of the Bloch wave 

function |ψn,k⟩ = eikr |un(k)⟩. 

4. Berry curvature driven intrinsic transverse thermoelectric effect 

Similar to σij, αij can originate from both intrinsic and extrinsic mechanisms. Here, the 
term “intrinsic” refers to the contribution from the k-space Berry curvature as 

discussed in Sec. 2. In MnBi, the experimentally observed αij is one order of magnitude 

larger than the theoretical value assuming the intrinsic mechanism, indicating large 
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extrinsic contributions [58]. However, this is so far an exception; the intrinsic 

mechanism dominates in most of magnetic materials with large ANE. Thus, in this 
review, we focus on the intrinsic ANE driven by k-space Berry curvature. In this 

section, we first introduce the mechanism for the intrinsic AHE as it is related to the 
origin of the intrinsic ANE. 

Intrinsic Anomalous Hall conductivity 

Using Kubo-formula we obtain [59, 60] 

 , (16) 

where D(= 2,3), e, ℏ, µ, εnk, and fnk = 1/(e(εnk−µ)/kBT +1) are the spatial dimension of the 

system, elementary charge, reduced Planck constant, chemical potential, energy for 

the band n, and the Fermi-Dirac distribution function, respectively. The equation (16) 

yields the quantum Hall effect for 2D-band insulator at T = 0 

occupied 

  C,

 (17) 
n 

where C = 1,2,3··· is the Chern number and matches with the number of occupied 
states [61]. Thus, the intrinsic AHE in 3D metals can be viewed as an ”unquantized” 

version of the quantum Hall effect. The Berry curvature Ωzn(k) in Eq. (16) is 
numerically computed by using 

 , (18) 

which means that the magnitude of the Berry curvature  becomes singularly 

large when two bands touch. This explains why topological magnets with band 

crossings (Fig. 4 and Sec. 5) show a large AHE. 

In ferromagnets, the spontaneous time-reversal symmetry breaking ensures a finite 
σxy. By contrast, antiferromagnets require additional constraints for the non-vanishing 

AHE, i.e. σxy = 0 for the simplest collinear anitiferromagnets, where the spin structure is 

invariant time-reversal + half-unit cell translation [62, 63, 28]. Examples include Mn3X 

(X = Sn, Ge) as shown in Sec 6. 

Intrinsic transverse thermoelectric conductivity 

Similar to σxy, the transverse thermoelectric conductivity αxy also arises from the 

intrinsic Berry curvature mechanism [64], i.e., 
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where s = −f ln(f) − (1 − f)ln(1 − f) is the entropy density and ∂σxy/∂ε = 

Pnk Ωn,z(k)δ(ε−εnk). Using the Sommerfeld expansion we obtain the low-temperature 

asymptotic form called the Mott relation 

 . (22) 

This implies that αxy/T becomes large when σxy varies rapidly as a function of ε owing 

to topological band structures (Fig. 3) [65]. 

σxy and αxy are often numerically computed using Eq. (16) and Eq. (19) by 

firstprinciples calculations, respectively. While σxy is given by the sum of the Berry 
curvature below ϵ ∼ µ (Eq. (16)), αxy depends on the Berry curvature and density of 

states (DOS) near ϵ ∼ µ (Eq. (19)). Thus, topological flat band structures that produce 
both large Berry curvature and DOS near the Fermi energy are essential for enhancing 

αxy. Examples include the titled Weyl cones (Co2MnGa) [18], nodal web structure 
(Fe3Ga) [21, 66], and nodal plane (Fe3Sn) [24], as discussed in Sec. 5. 

5. Topological band structures inducing large Berry curvatures 

As discussed in Sec. 4, Berry curvature is highly enhanced near band crossings. Such 
band crossings occur at either (i) a k point (Weyl point, Fig. 4(a)), (ii) a line (nodal line, 

Fig. 4(b)), or (iii) a plane (nodal plane, Fig. 4(c)). The nodal line and plane are defined 

in the absence of the spin-orbit coupling (SOC). After introducing SOC, Weyl points 
may persist, otherwise a small gap opens all over the nodal line (plane). 

The Weyl point denotes a non-degenerate linear band crossing εk ∼ ℏv|k±k0| and 

their model Hamiltonian is identical to the time-independent Weyl equation Hψk ∼ 

ℏv(k±k0)σψk = εkψk [12, 13, 67]. In particular, non-vanishing AHE and ANE appear in 

magnetic Weyl semimetals (i.e. Weyl magnets), possessing Weyl points near the Fermi 

energy εF in a magnetically ordered state. Each Weyl point carries the chirality of ±1 
and always pairs with the opposite signs [68]. These Weyl points act as either sources 

or sinks of the Berry curvature (Fig. 4(a)), inducing AHE and ANE. 

6. Experimental realization –large ANE in topological magnets 

Until now, various topological magnets have been discovered that exhibit large ANEs. 

In this section, we first describe the universal features shared across these materials, 

followed by details on specific compounds. The materials highlighted here are some of 
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the the best-studied topological magnets, i.e., Mn3X (X = Sn, Ge) [15, 16, 17, 22], 

Co2MnGa [18], Fe3X (X = Ga, Al) [21], YbMnBi2 [25, 26], Fe3Sn [24], Co3Sn2S2 [19, 20] 
and UCo0.8Ru0.2Al [23]. 

(1) Dominant intrinsic contribution to σxy and αxy. 

The intrinsic Berry curvature contribution dominates both σxy and αxy in topological 

magnets. For example, first-principles calculation that consider only the intrinsic 
contribution (Eq. (16) and Eq. (19)) successfully reproduce the experimental σxy and 

αxy. The enhanced σxy and αxy are associated with topological band structures, which are 
often confirmed by the ARPES (Angle-resolved Photoemission Spectroscopy) 

measurements. In most of these topological magnets, electron correlation effects are 

included only through the bandwidth renormalization, characterized by the ratio of 

Sommerfeld coefficient between experiment and theory, γexp/γtheory. 

Another piece of evidence supporting the intrinsic contribution is the scaling 

relation between the anomalous Hall conductivity σxy and longitudinal conductivity σxx 

[69]. According to the scaling relation , σxy is almost constant and reaches ∼ e2/(ha) ∼ 

103 Ω−1cm−1 in the good metal regime σxx ∼ 3×103 Ω−1cm−1 - 5×105 Ω−1cm−1 [69]. As 
shown in Figs. 5 (a) and (b), the topological magnets exhibit |σij| ∼ e2/(ha) and satisfy 

these conditions. 

(2) Relation between ANE and magnetization. 

As mentioned above, the intrinsic σxy and αxy originate from the k-space Berry 

curvature and thus they do not necessarily scale with the saturation magnetization. 

However, this is typically observed only at low T(where M is nearly saturated) and at 

high B (single-domain state). In other words, at high T and low B, ANE and AHE are 
usually related to the magnetization. 

(i) Temperature dependence (Fig. 7 (a)) 

The AHE and ANE vanish above Curier temperature TC (or N´eel temperature TN) since 
they require spin-split band structure due to the time-reversal symmetry breaking. For 

instance, in Weyl magnets, Weyl points with opposite chirality annihilate into a four-
fold degenerate Dirac point above TC,N. On cooling below TC,N, local magnetic moments 

⟨m⟩ develop and induce spin splitting in the band structure. The size of ⟨m⟩ (⟨m⟩ ∝ M 

for ferromagnets) is usually a good indicator for the magnitude of spin-splitting (and 

distance between Weyl points for Weyl magnets). Thus T dependence of ANE and AHE 

resembles that for M near TC,N. In particular, this is evident for low TC,N materials such 

as YbMnBi2, Co3Sn2S2, and UCo0.8Ru0.2Al (Fig. 11(b)) [25, 26, 20, 23]. Since the first-
principles calculations normally fix the moment size ⟨m⟩, a comparison to the 

experiment should be performed at T ≪ TC, where the magnetization becomes nearly T 
independent. 

(ii) Magnetic field dependence (Fig. 7 (b)) 

At high B, the Berry curvature Ωz dominates σxy and αxy, leading to the violation of the 

empirical scaling relation with the saturation magnetization Ms. On the other hand, at 

low B, the curves of Sxy(B) and ρxy(B) resemble that of M(B), as magnetic domains are 

not fully aligned. Namely, integrating the contributions from all the magnetic domains 
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that have either parallel or antiparallel M to the magnetic field direction, Sxy and ρxy are 

generally proportional to M since the sign of each domain’s contribution depends on 

its magnetization direction (Fig. 7 (b)). 

The zero-field spontaneous ANE is important for thermoelectric applications. This 
occurs in hard magnets with large magnetocrystalline anisotropy Ku [J/m3] and small 

saturation magnetization Ms [A/m], i.e., larger magnetic hardness parameter κh than 

unit; 1 [70]. For soft magnets such as Co2MnGa, Fe3X (X = 

Ga, Al) and Fe3Sn shown below, zero-field spontaneous ANE occurs only in thin-film 

form under perpendicular temperature gradient to the film plane since the shape 
anisotropy stabiles the in-plane magnetization. 

(3) Diverging behavior of αxy/T (Fig. 8) 

At low T, αxy/T should be constant as expected from the Mott relation (Eq. (22)), and 

finally αxy = 0 at T = 0. On the other hand, various topological magnets show αxy/T ∼ 
−lnT at high T (Fig. 8 (a)). This logarithmic enhancement arises from the anomalous 

enhancement of σxy(ϵ) and αxy(ϵ) due to the topological flat band structure (Sec 4 & Fig. 
3), which is also reproduced by the first-principles calculations for Co2MnGa and Fe3Ga 

(Fig. 8 (b)) [18, 21, 66]. As the topological flat band approaches the Fermi energy EF, 
αxy shows −lnT divergence to lower temperatures (Fig. 8 (b)). 

Mn3X (X = Sn, Ge) 

The realization of the spontaneous AHE without net magnetization has been a great 

challenge in condensed matter physics. It was first discovered in the chiral spin liquid 
state of Pr2Ir2O7 at low temperatures [51] and later found in the inverse-triangular 

spin state of Mn3Sn at room temperature [15]. Mn3X (X = Sn, Ge) has a hexagonal 
Ni3Sn-type (D019) crystal structure (space group P63/mmc), where Mn atoms form 

breathing-type kagome layers in the ab plane [71]. Mn3X exhibits inverse-triangular 
non-collinear antiferromagnetic ordering at TN ∼ 430 K (X = Sn) and 372 K (X = Ge) 

(Table 1) with a vanishingly small net spontaneous magnetization of several mµB in ab 
plane [72, 73, 74, 75]. Nevertheless, Mn3X shows a large spontaneous Hall effect [15, 

76, 77], Nernst effect [16, 17, 22] and magneto-optical Kerr effect [78, 22, 79] 

comparable to those for ferromagnets. Besides, Mn3X also exhibits spintronic 
phenomena such as the magnetic spin Hall effect [80], electric switching of AFM 

domains [81, 82, 83] and tunneling magnetoresistance [84]. These interesting 
properties are intimately linked to the magnetic structure and k-space topology: (1) 

The magnetic point group symmetry m′m′m for Mn3Sn is compatible with 
ferromagnetism, which allows the finite spontaneous AHE and ANE. This situation can 

be naturally interpreted by considering the magnetic structure as a cluster multipole 
[63, 85]. (2) The ARPES measurements on Mn3Sn reveal Weyl points around K point 

near EF, consistent with the first-principles calculations [86]. These Weyl points act as 

sources or sinks of the Berry curvature, enhancing the AHE and ANE. 

Mn3X has been intensively studied for developing antiferromagnetic spintronics 
devices such as low-power and ultrafast nonvolatile memory [87, 88, 89]. For 

thermoelectric applications, the absence of stray fields and shape anisotropy in 

randomly-oriented polycrystalline films has proven better for designing a highly dense 



 

10 

array of the spintronic thermopiles with high heat flux sensitivity, compared to the 

conventional sensors based on ferromagnets [31]. 

Co2MnGa, Co2MnAl1−xSix 

The above-mentioned ANE for Mn3Sn is surprisingly large for AFM and comparable to 

that in ferromagnets. However, its magnitude is still small |Sxy| ∼0.5 µV/K at room T. A 
much large ANE |Sxy| ∼ 6-8 µV/K, over an order of magnitude larger than in 

conventional magnets, was first reported in the Weyl ferromagnet Co2MnGa [18, 90, 
91, 92]. This remains the largest room-T value reported to date (Fig. 6(a)). The crystal 

 
structure of Co2MnGa is the L21 ordered cubic full Heusler (space group Fm3m) and 

the Curie temperature is TC ∼ 694 K (Table 1) [93]. The Hall conductivity σxy gradually 
increases on cooling and reaches σxy ∼ 2000 Ω−1cm−1 (Fig. 6(b)), consistent with the 

first-principles calcinations. The transverse thermoelectric conductivity αxy for 
Co2MnGa first increases on cooling, peaks at ∼ 150 K, and finally vanishes at low T (Fig. 

6(c)), again consistent with the first-principles calculations after considering the 

renormalization factor due to the correlation effect. The first-principles calculations 
attribute the large transverse responses to the enhanced Berry curvature near the 

tilted Weyl cones (Fig. 9), which ARPES measurements confirm later [94, 95, 96, 97]. 
The tilted Weyl cone in Co2MnGa is interpreted as a Lifshitz transition between type-I 

and type-II Weyl semi-metallic states, where one of the bands becomes nearly flat at E 

∼ EF. This topological flat band is the key for the large αxy in Co2MnGa. The large 

transverse responses for Co2MnGa are also promising for thermoelectric and 
spintronics device applications [98, 99, 32]. 

To date, most thermoelectric applications of the ANE focus on heat flux sensors 

utilizing the large voltage in the thin-film thermopile structure. Since ANE materials 

are typically metallic with relatively high thermal conductivity, they are suitable for 

efficient heat flux sensing. However, power generation from waste heat remains a 

signif-√ icant challenge. A problem is the low conversion efficiency ηANE = ηC 1−√1−ZyxTav 

due 1+ 1−ZyxTav 

to the small figure of merit . For example, even for Co2MnGa, the 

ANE material with the largest Syx at room T, ZyxT ∼ 0.0001 [18] partly due to the high 

thermal conductivity. Here, Tav = (Th + Tc)/2 and ηC = (Th − Tc)/Th are the average T 

between high Th and low Tc temperatures, and Carnot efficiency, respectively [100]. We 

note that ηANE√→ ηC at ZyxT → 1, which is different from the 

Seebeck effect case, where  ηC at ZT = σxx
S

xx2 T/κxx → ∞. 

When considering applications, material cost is also an important factor. In the case 

of Co2MnGa, Ga is rather expensive compared to Co and Mn. Although the ANE Sxy ∼ 1 

µV/K for pure Co2MnAl is not so large as 6 ∼ 8 µV/K in Co2MnGa, the Si-doping 

enhances the ANE upto Sxy ∼ 5.7 µV/K in Co2MnAl0.63Si0.37 [101]. Since both Al and Si 

are low-cost and naturally abundant elements, the system is promising for industrial 

applications. 
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Fe3X (X=Ga, Al) 

The discovery of the large ANE in Co2MnGa has stimulated the study of thermoelectric 
applications based on ANE. In addition to the large ANE, low material cost is an 

important factor for such applications. Iron is abundant and inexpensive, but the ANE 
for body-centered cubic (bcc) iron (α-Fe) is very small (|Sxy| ∼ 0.3 µV/K). With the help 

of high-throughput first-principles calculations, a large ANE has been identified in Fe3X 
(X = Ga, Al) [21]. Fe3X (X = Ga, Al) crystallizes in a bcc D03 structure and shows 

ferromagnetic order below TC ∼ 720 K (Fe3Ga) and ∼ 600 K (Fe3Al) [102, 103]. As 
shown in Fig. 6(a), Fe3X exhibits a large ANE −Syx ∼ 5.7 µV/K (Fe3Ga) and ∼ 4.0 µV/K 

(Fe3Al) at room temperature [21], which is more than an order of magnitude larger 

than that for bcc iron [104]. The large spontaneous ANE is also confirmed in epitaxial 

thin films (Fig. 10 (a)). Besides, the room-T αxy is also very large αxy ∼ 5 (Am−1K−1). The 
first-principles calculations reveal that a nodal web structure –multiple interconnected 

nodal lines– near the L point gives rise to large Berry curvatures (Fig. 10(b) and (c)) 
[21, 66]. The large ANE in Fe3X is robust against chemical doing as found in FexGa4−x 

(3.07 < x <3.12) and Fe3Ga1−xAlx (0 ℏ x ℏ 0.6) polycrystals [105, 106], as well as in 

epitaxial Fe-Ga thin films without post-annealing [107], which are all found beneficial 

for thermoelectric applications. For example, flexible heat flux sensors have been 
fabricated with mass-producible rollto-roll sputtering method (Fig. 10(d) and (e)) 

[34]. Ribbon-shaped Fe3Al alloys have also been produced, which can be directly 
wrapped around heat pipes (Fig. 10(f)) [35]. Fe3X is also promising for spintronics 

device applications due to the low Gilbert damping constant [108, 109]. 

YbMnBi2 

Topological antiferromagnets are attractive even for thermoelectric applications in 
electronic devices owing to their large responses and small stray field. The 

noncollinear antiferromagnet YbMnBi2 provides a large ANE −Szy ∼ 10 µV/K at T ∼ 200 
K (Fig. 6(a)) [25, 26]. YbMnBi2 has a primitive tetragonal lattice (nonsymmorphic 

space group P4/nmm) and shows nearly collinear (C-type) AFM along c axis with a 
small cant along ab-palne below TN ∼ 280 K [110, 111, 112, 25, 26]. The electronic 

band structure for YbMnBi2 is highly anisotropic, resulting in highly anisotropic 

transport properties such as ρzz > ρyy, Syy < 0 < Szz and Syz ̸= −Szx. On the other hand, 

samples are highly sensitive to oxygen and easily change their properties in the air 
[26]. For instance, the violation of the Onsager relation for σji reported in [25] may be 

caused by the sample degradation [26]. Thus, industrial applications using this 
material are currently not straightforward. 

Fe3Sn 

As discussed in Sec. 4, topological flat bands are key for enhancing the transverse 
thermoelectric coefficient. Kagome metals are good candidates since s-electrons on the 

kagome lattice are known to provide a flat band owing to the destructive interference 

[113, 114]. The kagome ferromagnet Fe3Sn shares the same crystal structure as Mn3X 

(X = Sn, Ge), hexagonal Ni3Sn type (D019, space group P63/mmc), where Fe atoms form 
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a kagome lattice in ab plane (Table 1) [115]. The Curie temperature for Fe3Sn is TC ∼ 

760 K, which is high among topological magnets (Table 1). The large ANE Sij ∼ 3 µV/K 
at room T in Fe3Sn was first reported in bulk polycrystals [24] and later in amorphous 

and epitaxial thin films [116, 117]. As shown in Fig. 6(a), Sij for polycrystalline Fe3Sn 
increases linearly at 100 Kℏ T ℏ 400 K. The first-principles calculations reveal that the 

large ANE for Fe3Sn originates from a sharp peak in σyz at E − EF ∼ 50 meV, which 

comes from a nodal plane –nearly degenerate, partiallyflat bands– near the Brillouin 

zone boundary [24]. These partially flat bands might originate from the destructive 
interference in the kagome lattice. The topological ANE found in the thin film based on 

the amorphous form of Fe3Sn makes this material attractive for the thermoelectric 
applications. 

Co3Sn2S2 

A Co-based shandite Co3Sn2S2 is another kagome ferromagnet with TC ∼ 177 K. It 

crystallizes in a rhombohedral structure (space group R¯3m). The magnetic Weyl 
semimetal phase in Co3Sn2S2 is confirmed by various techniques, including ARPES 

(Fermi-arcs and linear bulk band crossings), STM (Scanning Tunneling Microscope) 
(quasi-particle interference), and magnetoresistance (chiral anomaly) [118, 19]. 

Owing to the strong magnetocrystalline anisotropy and relatively small saturation 
magnetization Ms ∼ 0.8 µB/f.u., the ANE shows clear hysteresis with the sizeable 

spontaneous value Sxy ∼ 3 µV/K even in bulk form when B is applied along the easy 

axis B ∥ c (Fig. 11) [20]. While the Curie temperature is lower than room T, these 
properties are attractive for thermoelectric applications at low T. 

UCo0.8Ru0.2Al 

Another approach for enhancing the DOS at the Fermi energy is via strong electronic 
correlations, especially in f-electron systems. The U-based ferromagnet UCo0.8Ru0.2Al 

shows the largest ANE Sxy ∼ 23 µV/K (Figs. 6(a) and 11(b)) and the transverse 
thermoelectric conductivity αij ∼ 14 Am−1K−1 at T ∼ 40 K (Fig. 6(c)) [23]. The crystal 

structure is noncentrosymmetric hexagonal ZrNiAl-type (space group P¯62m) and U 
atoms form the distorted Kagome lattice in the ab plane (Table 1). The Sommerfeld 

coefficient for UCo0.8Ru0.2Al is γ ∼ 50 mJ/(mol K2), indicating moderately heavy charge 
carriers probably due to electronic correlations. The large σxy and αxy for UCo0.8Ru0.2Al 

are reproduced by the first-principles calculations, indicating the large Berry 

curvature due to topological band structures. Indeed, the first-principles calculations 
find a large number of Weyl points (148 within E − EF ∼ ±60 meV), which may 

contribute to enhancing the Berry curvature and αxy. Although this material is not 
suitable for applications due to the uranium and low Curie temperature TC ∼ 56 K 

[119], this work provides valuable insight into further enhancement of the ANE. 
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7. Summary and Perspective 

Recent advances in topological condensed matter physics have led to the discovery of 

large ANEs in a variety of topological magnets, opening the way for their application at 
room temperature. Since the direction of the ANE-induced electromotive force is 

controlled by magnetization, even polycrystalline samples can generate strong signals 
[24, 105, 106], which is beneficial for industrial applications. ANE is better suited for 

flexible thin-wire circuit architectures, compared to the conventional Seebeck effect. 
Various ANE-based thermoelectric devices including high-sensitivity thin-film heat 

flow sensors have been fabricated, and some are fabricated by the mass-producible 
roll-to-roll sputtering method [34] and ready to be available commercially. 

On the other hand, there is still room for improving their functionalities, in 
particular, for power generation. As discussed in Sec. 6, the magnitude of ANE is still 

much smaller than the Seebeck effect, resulting in a small figure of merit ZxyT ∼ 0.001 
[18]. In addition to the band engineering relying on the intrinsic AHE, the extrinsic 

contributions such as magnon-driven ANE (e.g., MnBi [58]) would provide a new route 
for enhancing ANE. Another important aspect is the zero-field spontaneous ANE in 

bulk form. As already known in the field of permanent magnets [70], rare-earth 
magnets with large magnetocrystalline anisotropy would be suitable, though they are 

costlier. In addition to these functionalities, high Curie temperature, cost-effectiveness, 
and figure of merit in polycrystalline samples are important factors, while satisfying all 

the conditions would be rather challenging. Nevertheless, we believe that the 

innovative work reviewed in this article will inspire future research and uncover novel 

physical properties and functionalities in magnetic materials to improve the ANE. 
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Figures 

 

Figure 1. Schematic figures of thermoelectric devices based on the longitudinal (a) and transverse (b, c) thermoelectric 

effects (Adapted from [21]). In the Seebeck-effect-based (Peltier) device, a large number of pand n-type semiconductor 

pillars are necessary to enhance the output voltage. In contrast, ANE-based devices can achieve increased output 

voltage in a thin-film form, which is suitable for covering large areas and curved heat sources. 
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Figure 2. Schematic figures illustrating the Seebeck effect (a) and ANE (b). For the Seebeck coefficient Sii, the sample 

length ℓ appears in both numerator and denominator and cancels out. As a result, Sii is determined solely by the ratio of 

voltage to temperature difference ∆V1−2/∆T1−2. In contrast, the sample dimension remains for the anomalous Nernst 

coefficient Sij as Sij = (ℓT/ℓV )(∆V3−4/∆T1−2), where ℓT = ℓ1−2 and ℓV = ℓ3−4 respectively represent length between 

thermometers along the heat current direction and length between transverse voltage terminals. This means that the 

ANE voltage ∆V3−4 increases by reducing ℓT and increasing ℓV , as realized in thin-film ANE-based thermoelectric 

modules (see Fig. 1(b) and (c)). 

 

Figure 3. Schematic figures for the energy dependence of σxy (top) and αxy (bottom) at low temperatures, where the 

Mott relation (Eq. (22)) holds [65]. Here, we assume topological band structure (e.g., Weyl points and nodal lines) 

inducing a large Berry curvature Ωz at Fermi energy ε ∼ 0. 

 

Figure 4. Schematic figures for topological band structures; (a) nodal points (Weyl points), (b) a nodal line and (c) a 

nodal plane. The arrows in (a) show the directions and magnitudes of the Berry curvature. 
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Figure 5. (a) The magnitude of the anomalous Hall conductivity |σij| compared to e2/(ha), where a is the lattice 

constant along the applied field direction; a = b = c = 5.77 ˚A for Co2MnGa, 5.80 ˚A for Fe3Ga, 5.79 ˚A for Fe3Al, 2.89 ˚A for 

Fe, a = b = 5.66 ˚A for Mn3Sn a = b = 5.33 ˚A for Mn3Ge, a = b = 4.47 ˚A for YbMnBi2, c = 13.18 ˚A for Co3Sn2S2, c = 3.97 ˚A 

for UCo0.8Ru0.2Al. For polycrystalline Fe3Sn, we used the averaged lattice constant (a + b + c)/3 ∼ 5.10 ˚A. (b) The scaling 

relation between |σij| and the longitudinal conductivity σii. Here, data taken at the lowest temperature (T ∼ 2 K) are 

used except for Mn3Sn (T ∼ 100 K). The references include Refs. [15, 16, 22] for Mn3Sn and Mn3Ge, Ref. [18] for 

Co2MnGa, Ref. [21] for Fe3Ga and Fe3Al, Ref. [26] for YbMnBi2, Ref. [24] for Fe3Sn, Refs. [19, 20] for Co3Sn2S2, Ref. [23] for 

UCo0.8Ru0.2Al, Ref. [120] for Fe, Co, Ni and Gd thin films, Ref. [121] for MnSi, Ref. [69] for perovskite oxides 
(SrRuO3, La1−xSrxCoO3, La1−x(Sr,Ca)xMnO3), spinels (Cu1−xZnxCr2Se4), pyrochlore (Nd2(MoNb)2O7) and magnetic 

semiconductor (Ga1−xMnxAs, In1−xMnxAs).  
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Figure 6. Temperature dependence of the anomalous Nernst coefficient Sij (a), anomalous Hall conductivity σij (b) and 

transverse thermoelectric conductivity αij (c) for various topological magnets. The measurement conditions, including 

the directions of electric current (I) and heat current (Q), are as follows: Mn3Sn 
(Mn3.06Sn0.94, ij = zx, B ∥ [01¯10],I,Q ∥ [2¯1¯10]) [16], Mn3Ge (Mn3.03Ge0.97, ij = zx, B ∥ [01¯10],I,Q ∥ [2¯1¯10]) [22], Co2MnGa 

(ij = xy,B ∥ [100],I,Q ∥ [001]) [18], Fe3X (X = Ga, Al) (ij = xy,B ∥ [100],I,Q ∥ [001]) [21], polycrystalline Fe3Sn [24], 

Co3Sn2S2 (B ∥ [0001], I,Q ∥ ab plane) [19, 20], UCo0.8Ru0.2Al (B ∥ c, I,Q ∥ a) [23] and YbMnBi2 (−Szy,B ∥ x,I,Q ∥ z)[26]. 

Insets show zoomed-in region where the y axis is negative. 
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Figure 7. (a) Schematic figures for the T dependences of M and Sij near the Curie temperature TC (top), and Weyl (or 

Dirac) points for (i)-(iii). (b) Schematic figures for the B dependences of M and Sxy (top), magnetic domains (boxes & red 

vectors) and their contributions to Sxy (signs below boxes). The total M and Sxy are obtained by summing over each 

domain contribution (red vectors and signs, respectively). At high field (e.g., state at (i)), all the magnetic moments are 

parallel to the applied external field, and thus total Sxy reflects the Berry curvature Ωz, leading to the violation of the 

empirical scaling relation between the magnitude of Sxy and saturation magnetization Ms. On the other hand, the shape 

of the B sweep curves are similar to each other; Sxy(B) ∝ M(B). This is because both the total Sxy(B) and M(B) are 

determined by integrating all the magnetic-domain contributions at low fields (e.g., the state at (ii)). Here, we assume 

the Ising anisotropy and B applied to the easy axis. 

 

Figure 8. (a) The scaling relation of the transverse thermoelectric coefficient, αij/T/(αij(Tm)/Tm) vs T/Tm, for Co2MnGa 

[18], Fe3X (X = Ga, Al) [21] and Fe3Sn [24]. Here, Tm is the temperature where αij shows maximum. (b) T dependence of 

αxy/T at various energy E −EF obtained from the first-principles calculation for Fe3Ga. As the energy associated with the 

topological flat band approaches the Fermi energy, αxy shows −lnT divergence down to much lower temperatures. 
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Figure 9. Topological band structure and large transverse responses obtained from the first-principles calculations for 

Co2MnGa (Adapted from [18]). (a) First Brillouin zone with ka = kb plane highlighted (pink). (b) Berry curvature on ka = 

kb plane. (c) Tilted Weyl cone near the Z-U line. (d, e) Calculated anomalous Hall conductivity −σyx (d) and transverse 

thermoelectric conductivity αyx (e). Here αyx is obtained from the Mott relation (Eq. 22). 

       

Figure 10. (a) Anomalous Nernst voltages for Fe3Ga and Fe3Al epitaxial thin films compared to that for α-Fe. Heat 

current was applied perpendicular to the film Q ∥ [001] and with in-plane magnetic field, B ∥ [001]. (b), (c) Topological 

band structure (nodal web) (b) and Berry curvature (c) near the L point obtained from the first-principles calculations 

for Fe3X. ((a)-(c) Adapted from [21]) (d) Flexible Fe3Ga-based heat flux sensor fabricated on PET (polyethylene 

terephthalate) substrate. (e) B dependence of the ANE voltage for the Fe3Ga-based flexible heat flux sensor. Here, in-

plane Seebeck effect is compensated by using Ni10Cu90 as electrodes since Sii,Co2MnGa ∼ −Sii,Ni10Cu90. ((d), (e) Adapted from 

[34]). (d) The ribbon-shaped Fe3Al (Adapted from [35]). 
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Figure 11. (a) B dependence of Sxy (top) and M (bottom) for Co3Sn2S2. The data are taken from Ref. [20]. The difference 

in coercivity between Sxy and M can be attributed to the difference in T and sample shape. (b) T dependence of Sxy (left 

axis) and M (right axis) for UCo0.8Ru0.2Al. The data are taken from Ref. [23]. 



 

 

Table 1. Crystal structure and spin texture, type of magnetic order (FM or AFM), magnetic ordering temperature (TC or 

TN), bandstructure topology, Sxy at room temperature and related references for various topological magnets showing 

the large ANE. 
Material Crystal structure an spin 

texture 
FM or 
AFM 

TC or TN 

(K) 
Band 

structure 

topology 

Sxy at 

room T 

(µV/K) 

Ref. 

Mn3X (X = Sn, 

Ge) 

Hexagonal Ni3Sn-type (D019) 

 
Adapted from [22] 

AFM 

430 (X 
= Sn), 
372 (X 
= Ge) 

Weyl 
points 

∼ −0.5 

ANE 
[16, 17, 22] 

AHE [15] 
Device [31] 
Review [27, 

22, 28, 7] 
Co2MnGa, 

Co2MnAl1−xSix 
Cubic full Heusler (L21) 

 

FM 694 Weyl 
points 

∼ 8 

ANE & 
AHE 

[18, 90, 91, 
101, 92], 

Device 
[32], 

Review [7] 
Fe3X (X=Ga, 

Al) 
BCC derivative structure 

(D03) 

 

FM 

720 (X 
= Al), 

600 (X 
= Ga) 

Nodal lines 

∼ 4 (X 
= Al) 

∼ 6 (X 
= Ga) 

ANE 
[21, 107, 

105, 106], 
AHE, 

Device 
[30, 34, 35], 
Review [7] 

YbMnBi2 

tetragonal 

 
Adapted from [26] 

AFM ∼290 

Weyl 
points 

0 (∼ 10 
µV/K 

at T ∼ 
200 K) 

AHE 
& ANE 

[25, 26] 

Fe3Sn 

hexagonal Ni3Sn-type (D019) 

 
Adapted from [24] 

FM 760 

Nodal plane 

∼ 3 AHE 
& ANE 

[24, 116, 
117] 

Co3Sn2S2 

rhombohedral 
Adapted from [19] 

FM 177 

Weyl 
points 

0 (∼ 3 
µV/K at 
T ∼ 75 

K) 
ANE [20], 
AHE [19] 



 

 

UCo0.8Ru0.2Al hexagonal ZrNiAl-type 

 
Adapted from [23] 

FM 

27 

56 

Weyl 
points 0 (∼ 23 

µV/K at 
T ∼ 40 

K) 

AHE [119] 
ANE [23] 
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We review recently developed transverse thermoelectric generation 

technology using topological magnets and cover its novel 

mechanism and applications. 

 


