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1. Optical characterization of monolayer (ML) WTe2 and optical images of ML-WTe2/CGT 

devices after fabrication 

  

Fig. S1. Optical characterization of monolayer (ML) WTe2 and optical images of ML-

WTe2/CGT devices after fabrication. a, Bright-field image of exfoliated ML-WTe2; b, Dark-

field image of exfoliated ML-WTe2. c, Raman spectrum of bare ML WTe2 exfoliated on SiO2 

substrate. The laser wavelength is 532 nm. d, Optical image of device D1 after transfer of ML-

WTe2/CGT heterostructure on to the Pt electrodes. A thin BN layer around 35 nm is 

encapsulated on the top of the device later for protection. e, Optical image of the device D7 after 

fabrication. All the layers are identified by the dashed polygons. 

We exfoliate ML WTe2 flakes in a glove box and identify them based on the optical contrast and 

color.  Figs. S1a and S1b show the bright-field and dark-field optical images, respectively. It is 

clear that the freshly exfoliated ML WTe2 flake is very clean with no visible particles on top. We 

characterize ML WTe2 flakes using Raman (as shown in Fig. S1c). Two peaks located at 162.1 

cm-1 and 214.2 cm-1 are identified as Raman mode 𝐴1
5 and 𝐴1

2, respectively, which is consistent 

with the reported characteristic Raman spectrum of ML WTe2 (1).  Here we also show the 
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optical images of ML-WTe2/CGT devices D1 and D7 after the fabrication is complete (as 

presented in Figs. S1d and S1e). The fabrication details are summarized in the Methods section. 

2. Induced anomalous Nernst effect (ANE) vs. spin Seebeck effect (SSE) 

In well-studied ferromagnetic insulator (FMI)/heavy metal (HM) heterostructures, there 

has been a vigorous debate about the origin of the transverse voltage response to a temperature 

gradient. Two possible mechanisms can give rise to such a magneto-thermoelectric voltage 

hysteresis: Anomalous Nernst effect (ANE) due to induced ferromagnetism in HM as a result of 

the proximity effect and spin Seebeck effect (SSE) which does not require any induced 

ferromagnetism in HM. It is usually very difficult to exclude either one. In general, SSE voltage 

is generated by spin-charge conversion in the HM layer with strong spin-orbit coupling (SOC) (1) 

capable of producing the inverse spin Hall effect (ISHE) signal (3, 4). The thermally generated 

spin current in the FMI layer flows into the HM layer driven by the vertical component of the 

temperature gradient ∇𝑇. This out-of-plane spin current is converted to a lateral charge current 

𝑱𝑐~ ∇𝑇 × 𝝈  and then an ISHE voltage which depends on the spin polarization direction 𝝈 

determined by the magnetization of the FMI.  For a vertical temperature gradient component, the 

ISHE voltage should only be sensitive to the in-plane magnetization of the FMI or the in-plane 

component of 𝝈. Here in ML-WTe2/CGT, the SSE mechanism can be straightforwardly excluded 

as briefly explained below. If the in-plane magnetization component determines the ISHE signal 

due to a vertical ∇𝑇, the SSE voltage would vanish at high out-of-plane magnetic fields Hz when 

the magnetization is saturated along the z-direction. In the hysteresis loops shown in Fig. 1d, the 

signal saturates at two different nonzero values at large Hz. There is no apparent in-plane 

magnetization characteristic present. Instead, the signal closely resembles the out-of-plane 

magnetization Mz loop. In our devices, the nonlocal heater produces a dominant in-plane ∇𝑇 

component. Even if a sizable out-of-plane temperature gradient exists, it does not generate an 

observable SSE signal. 

For ANE, the competing mechanism in the presence of ∇𝑇, the thermoelectric field is 

proportional to ∇𝑇 × 𝑴 . Under an in-plane temperature gradient, the ANE signal is only 

sensitive to the out-of-plane magnetization component Mz. Clearly, the ANE mechanism matches 

the observed voltage characteristics.  However, the ANE only exists in conductive materials. In 

WTe2/CGT heterostructures, the CGT layer is at least 4 orders of magnitude more resistive than 
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WTe2, and the low-temperature transfer process does not make conductive. CGT does not 

generate any thermoelectric signal. Hence, the ANE signal must originate from the magnetized 

WTe2 layer. The Mz-like characteristics of the observed loops in Fig. 1d are consistent with the 

ANE mechanism in the presence of an in-plane temperature gradient generated by the nonlocal 

heater.   

 

3. Heating-power dependence of ANE signal 

 

Fig. S2. Heating power dependence of anomalous Nernst effect (ANE) signal from ML-

WTe2/CGT heterostructure. a, b, c, ANE voltages from channel 3-8 (a), 4-7 (b) and 4-5 (c) as 

a function of out-of-plane magnetic field under different heating power. The sample temperature 

is fixed at 26.5 K by keeping resistance of ML-WTe2 a constant during the measurements. d, 

Heating power dependence of ANE voltages from 3-8, 4-7 and 4-5 channels, the sample 

temperature is fixed at 26.5 K. The straight lines are linear fitting results. 
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To further confirm the thermoelectric nature of ANE signal in Fig. 1d, we perform 

heating-power dependence of the ANE signals from channels 3-8, 4-7 and 4-5 of device D1. 

Under fixed system temperature, the sample temperature rises due to Joule heat from nonlocal 

heater. To obtain the heating-power dependence of ANE signal at a fixed sample temperature, 

we adjust the system temperature accordingly to maintain the targeted sample temperature 

(Ts=26.5 K) monitored by the sample resistance. As summarized in Fig. S2, the hysteresis loops 

from channel 3-8(Fig. S2a), 4-7(Fig. S2b) and 4-5(Fig. S2c) shrink as the heating-power 

decreases. Clearly, the linear power dependence displayed in Fig. S2d entails a linear 

temperature gradient -dependence, and thus is consistent with the ANE responses. 

 

4. Experimentally measured and COMSOL simulated temperature difference in ANE 

device 

 is an important parameter that determines the value of transverse Seebeck coefficient 

𝑆𝑦𝑥(=
[

∆𝑉𝑦

𝑙𝑦
]

𝛻𝑥𝑇
) , where  is the transverse voltage, i.e., the ANE voltage, generated by a 

temperature gradient  along the x- or longitudinal-direction,  is the channel length in the 

transverse direction. Here we demonstrate that  can be determined using both experimental 

method and finite element simulations. 

Experimentally we use the resistance of heater and ML-WTe2 to calibrate the actual 

temperatures at their respective locations. The resistances as a function of temperature are 

measured with a very low current density first, which serves as a temperature calibration curve. 

As the heater is turned on, local temperatures rise above the system temperature, which can be 

accurately monitored by the resistance. We use this resistive thermometry to determine the actual 

temperatures of the heater and ML-WTe2. The heater temperature, as well as the temperature of 

ML-WTe2, increase as the heating power P increases (as shown in the right panel of Fig. S3a), 

the actual temperature of the heater (and ML-WTe2) is determined using the R vs. T calibration 

curve (left-panel of Fig. S3a). In our measurements of P-dependent ANE voltages (as shown in 

Fig. S2), the actual sample (ML-WTe2) temperature is held at 𝑇𝑠 =26.5 K which is monitored by 

its resistance while adjusting the measurement system temperature. At the constant 𝑇𝑠 , the 
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temperature gradient at the sample location is different for different heating power levels. This 

effect can be seen in the temperature difference  between the heater 𝑇ℎ𝑒𝑎𝑡𝑒𝑟  and 𝑇𝑠  for 

different P’s and their linear relation in Fig. S3b.  Fig. S3c shows that the -normalized ANE 

voltages measured in three channels are nearly constant, which is consistent with Fig. S3b. For 

, assuming a linear temperature decay between the heater and sample, we use  

𝛻𝑥𝑇 =
∆𝑇

15 𝜇𝑚
and obtain 𝑆𝑦𝑥(4 − 7) ≈ 0.037 

𝜇𝑉∗𝜇𝑚

𝐾
 . 

 

 

Fig. S3. Experimental and simulated temperature difference in the anomalous Nernst effect 

(ANE) device. a, Heater resistance as a function of temperature and heating power in device D1. 

AC current with rms magnitude from 8 mA to 12 mA is applied in the nonlocal heater to produce 

different heating-power. b, Heating-power dependence of temperature difference  between 

nonlocal heater and ML-WTe2, where the sample temperature is fixed at 26.5 K during the 

measurements. c, -normalized ANE magnitudes from three different channels as a function of 

nonlocal heating power. d, Cross section of ANE device structure used in the COMSOL 

simulation for heat conduction. e, Simulated 3D distribution of the temperature in the ANE 

device. f, Simulated temperature under different heating powers as a function of lateral distance 

x. The position of Au heater and ML-WTe2/CGT device is marked with yellow and green shades.  



8 
 

In actual devices, the local temperature near the heater is not a linear function of the 

distance; therefore, we use a finite element method (COMSOL) to simulate the temperature 

profile in our ANE device. Based on the device configuration (Fig. S3d), the width and thickness 

of the Au heater are 5 μm and 50 nm, respectively. The heater sits on top of a 285 nm thick SiO2 

on a Si substrate. The WTe2/CGT heterostructure composite layer is separated from the FLG by 

a BN flake. The overall dimensions of the entire device are 160 μm ×160 μm ×100 μm. A 3D 

view of the simulated domain is shown in Fig. S3e. A constant temperature boundary condition 

of 4 K is applied to the bottom and four side surfaces of the Si substrate. We use experimentally 

measured resistivity of Au film in the simulation of heating generated by heater. Due to the large 

electrical resistance of SiO2 and BN in contact with the Au wire, the electric current in the heater 

is converted to a uniformly distributed heat flux along the Au wire. The temperature-dependent 

heat capacities, thermal conductivities and interfacial thermal conductivities of relevant materials 

are obtained from literatures (5-21). Fig. S3f shows the temperature profile of the ANE device 

for different heating-power. It is clear that the temperature profile is highly nonlinear. The local 

temperature gradient at 27.5 μm (the center of WTe2/CGT heterostructure) extracted from the 

simulation is -0.1742  for P=23.5 mW, which is ~11.6 times smaller than the global average 

temperature gradient (30.3 K/15 ) assuming a linear temperature distribution. Therefore, we 

greatly underestimate the value of  by assuming a linear temperature distribution, and the 

actual  should be one order of magnitude greater than the value determined from the 

experimentally measured local temperatures assuming a linear temperature profile. 

 

5. Hz-dependent ANE signals from channels 4-7 and 4-5 at various temperatures 

To investigate correlation between the observed ANE signals and ferromagnetic order in 

CGT layer, we carry out detailed temperature-dependent measurements.  Figure 1e summarizes 

the ANE signal from channel 3-8 at various sample-temperatures ranging from 14.9 K to 67.4 K. 

Here, we plot the ANE signals from channels 4-7 (Fig. S4a) and 4-5 (Fig. S4b) as a function of 

Hz at the same selected temperatures. We can clearly see that the characteristics from both 

channels are similar: the size of the hysteresis loop shrinks as the sample warms up, and the 

hysteresis loop vanishes above the Curie temperature of the CGT crystal (Tc=61 K), which is 
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also summarized in Fig. 1f. These features strongly suggest that the ANE voltage of ML-WTe2 

stems from the proximity-induced ferromagnetism by the adjacent ferromagnetic insulator CGT.  

 

 

Fig. S4. a, b, Hz-dependent ANE signals from 4-7 (a) and 4-5 (b) channels at various sample 

temperatures ranging from 14.9 K to 67.4 K. All the ANE voltages are normalized to heating-

power, sample temperature is calibrated using resistance versus temperature curve.  

 

6. Anisotropic magnetoresistance (AMR) vs. spin Hall magnetoresistance (SMR) 

In FMI/HM heterostructures such as YIG/Pt, there has been a long-standing debate on the 

origin of observed magnetoresistance and AHE. In ferromagnetic metals, the resistance depends 

on the relative orientation between the current and magnetization. This is widely known as the 

anisotropic magnetoresistance or AMR. In FMI/HM, it is possible to have AMR when the HM 

interface layer is magnetized. This effect quickly decays as the HM thickness increases, which 

makes it difficult to ascertain this is the only or dominant mechanism. The same magnetized 

interface layer in HM can give rise to the AHE.  On the other hand, the spin Hall 

magnetoresistance (SMR) effect was proposed to be wholly or partly responsible for the 

observed magnetoresistance in FMI/HM because the spin current generation in and reflection 

across the HM layer thickness produce the magnetization-dependent resistance involving both 

spin Hall and inverse spin Hall effects (22). The same mechanism was used to explain observed 

AHE in such heterostructures. An importance difference is that the spin current mechanism does 
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not require induced ferromagnetism in HM while the AMR effect must originate from a 

ferromagnetic source.  

Our ML-WTe2/CGT heterostructures can serve as a test system to differentiate the two 

aforementioned mechanisms. Since the spin current across the one atomic layer cannot bend the 

trajectories of spin-up and -down carriers to generate the spin Hall and inverse spin Hall effects, 

the SMR mechanism cannot operate here despite the strong SOC in WTe2. On the other hand, 

there is only one atomic layer in WTe2, the induced magnetization in the interface layer does not 

decay and the AMR or AHE signals do not get diluted by the presence of other unmagnetized 

layers. Additionally, the SMR mechanism can be refuted from the Hz-dependence of the 1𝑓 MR 

signal with the following arguments. As Hz is swept below the saturation field 𝐻𝑠, CGT starts to 

evolve to multi domains as previously imaged by magnetic force microscopy (23) and thus 

develop in-plane components, Mx and/or My. According to the SMR theory (22), the finite Mx 

component does not produce any resistance change, whereas My only causes the resistance to 

decrease from its saturation value as M is aligned with the z(-z) direction. This is obviously 

contradictory to the peak feature in our 1𝑓 MR signal. Hence, the 1f MR signal is clearly the 

AMR effect expected for the magnetized ML-WTe2.  In addition, the 1f AHE signal, i.e., the 

field-antisymmetric component, provides another proof of the induced ferromagnetism in ML-

WTe2. Similar proximity-induced AHE has also been observed in other quantum materials 

including graphene (24) and topological insulators (25, 26). 

 

7. Activation energy extracted from the Bulk-only channel of ML-WTe2 

As shown in Fig. S5, the conductance of the Bulk-only channel (5-6) is much smaller 

than that of the Bulk+ Edge channel (13-14), indicating that the edge channel starts to dominate 

the transport properties at low temperatures. The conductance of ML-WTe2 increases as the 

device is warmed up, indicating an energy gap and activated transport properties. We extract the 

activation energy , or energy gap, through the Arrhenius fit of the form 𝐺 ∝ 𝑒
−

∆

𝑘𝐵𝑇 , where 

𝑘𝐵(= 0.086 𝑚𝑒𝑉/𝐾) is the Boltzmann’s constant. Fig. S5 displays the Arrhenius fitting results 

of device D7. We obtain ∆≈ 3.16 𝑚𝑒𝑉 by fitting the data from Bulk-only channel from 2 K to 
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40 K, over which the edge conduction dominates. The activation gap we extracted is very close 

to the value reported in recent literature (27).  

 

 

Fig. S5. Extraction of activation energy ∆ from device D7. The green curve is Arrhenius 

fitting result. The fitting range is from 2 K to 40 K, the activation gap is 3.16 meV. 

 

8. Theoretical calculations of band structure, Berry curvature, AHE conductivity and ANE 

coefficient of ML-WTe2 on CGT 

We have simulated ML-WTe2 on CGT by ab initio density-functional theory (DFT) 

calculations. The ML-WTe2 was reported to be a quantum spin Hall insulator (QSHI). CGT is a 

ferromagnetic insulator, where the Cr atom has a magnetic moment of 3μB. Because of the 

proximity to the ferromagnetic CGT layer, the ML-WTe2 exhibits ferromagnetism with a small 

spin splitting in the band structure. Consequently, ML-WTe2 acquires finite Berry curvature (see 
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Fig. S7). We employ GGA+U (U=3 eV) calculations so that ML-WTe2 shows a gap in the band 

structure.  

 

 

Fig. S6. Atomic structure of ML-WTe2, Cr2Ge2Te6, and their heterostructure. a, Top view 

of the atomic structure of ML-WTe2. b, Top view of the atomic structure of Cr2Ge2Te6 (CGT). c, 

Side view of stacked atomic structure of WTe2 on CGT substrate. The black rhombuses in a and 

b indicate the unit cell of each structure. 

We adopt a WTe2/CGT bilayer structure to simulate the magnetic proximity effect. A 

rectangular shaped supercell includes 2×1 unit-cell WTe2 (see Fig. S6). The atomic structure 

optimization is fully performed. Based on the stacked bilayer structure, we perform DFT 

calculations following the framework of the generalized gradient approximation (28) with 

Hubbard U (GGA+U) with the Vienna ab-initio package (29). We employ the PBE-D2 method 

to describe the vdW interaction (30). Spin-orbit coupling (SOC) is included in all calculations. 

To perform the anomalous Hall conductivity calculation, we have projected the DFT results 

based on the Bloch wave functions into the Wannier functions to construct an effective 

Hamiltonian (Ĥ) to evaluate the Berry curvature (Ω𝑥𝑦
𝑧 ), the anomalous Hall conductivity(σ𝑥𝑦

𝑧 ), 

and anomalous Nernst conductivity(α𝑥𝑦
𝑧 ). 

σ𝑥𝑦
𝑧 (𝜇) = −

𝑒2

ħ
∫

𝑑𝑘

(2π)3
∑ Ω𝑥𝑦𝜀𝑛<𝜇𝐵𝑧                                  (S1) 
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Ω𝑥𝑦
𝑧 (𝑘) = −𝑖 ∑

⟨𝑛|v̂𝑥|𝑚⟩⟨𝑛|v̂𝑦|𝑚⟩−(𝑦↔𝑥)

(𝜀𝑛(𝑘)−𝜀𝑚(𝑘))2𝑚≠𝑛           (S2) 

α𝑥𝑦
𝑧 (𝑇, 𝜇) = −

1

𝒆
∫ 𝑑𝜀

∂𝑓(𝜀−𝜇,𝑇)

∂ε

𝜀−𝜇

𝑇
σ𝑥𝑦

𝑧 (𝜀).          (S3) 

Here  is the chemical potential,  is the eigenvalue of the  eigenstate, and 𝑣̂̂𝑖 =
𝑑Ĥ

ħ𝑑𝑘𝑖
  is the 

velocity operator. A k-point of grid of 200×200×1 is used for the numerical integration. 

 

 

 

 

Fig. S7. Band structure, anomalous Hall conductivity and anomalous Nernst coefficient of 

ML-WTe2 on Cr2Ge2Te6. a, Calculated band structure with the Berry curvature (xy) of ML-

WTe2 stacked on CGT by GGA+U (U=3 eV). The Fermi energy is located at zero. The spin 

splitting (Δspin) due to CGT proximity in the conduction band is more than 30 meV. b, Calculated 

anomalous Hall conductivity (𝜎𝑥𝑦
𝑧 ) as a function of the chemical potential (μ). c, Calculated 

anomalous Nernst coefficient (𝛼𝑥𝑦
𝑧 /𝑇)  as a function of μ at the low temperature limit. 
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Fig. S8. Edge band structures for the semi-infinite WTe2/CGT bilayer. a, b, The edge band 

structures for edge termination A (a) and B (b) which are shown in the lower panel. The 

dispersion is from the Γ point to X, and to Γ at the next Brillouin zone (Γ1). The color from white 

to red represents the increasing weight of edge states. Blue regions have no state, white and pink 

regions are bulk states, and red regions represent edge states.  Because both time-reversal 

symmetry and inversion are broken on the edge, the edge dispersions are asymmetric about the X 

point. The original quantum spin Hall edge states are gapped due to the induced magnetism.  

 

Figure S7a shows the calculated band structure with the Berry curvature (Ωxy) of WTe2 

on CGT substrate. The spin split pair of bands generate different signs of Berry curvature. The 

lowest conduction bands, compared to the highest valence bands, are more sensitive to the 

magnetic substrate. The spin splitting of the lowest conduction bands between Γ and X is about 
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30 meV (see Fig. S7a). Figure S7b shows calculated σ𝑥𝑦
𝑧  as a function of the chemical potential 

. At low temperatures, the Nernst conductivity α𝑥𝑦
𝑧  follows the Mott relation:  

α𝑥𝑦
𝑧

𝑇
|

𝑇→0
= −

π2𝑘𝑏
2

𝟑|𝒆|

𝑑σ𝑥𝑦
𝑧

𝑑𝜇
                                             (S4). 

Finally, based on the Wannier function Hamiltonian, we compute the edge band structure 

of a semi-infinite WTe2/CGT bilayer (Fig. S8). The edge states are gapped out at X and Γ/Γ1 

because of the magnetic proximity. The left-moving and right-moving edge states are 

asymmetric in the dispersion, because both time-reversal symmetry and inversion symmetry are 

broken on the edge. There are multiple and complicated edge states because of the existence of 

dangling bonds on the boundary 

 

Fig. S9. Schematics of edge states. a, Illustration of band structure of two-dimensional 

topological insulator (2D TI). b, c, Band structures of the 2D TI at Edge 1, the lower edge (b), 

and Edge 2, the upper edge (c), of the device shown in (d) and (e) after the magnetic proximity 

effect is introduced. Blue and red dashed curves represent the Dirac and the ordinary edge states, 

respectively, and the light-yellow regions are the bulk states. Consequently, the edge dispersions 
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exhibit asymmetry between Edge 1 (b) and Edge 2 (c).  d, Edge conductance asymmetry 

between Edge1 and Edge 2 due to the Fermi velocity asymmetry. For the Fermi level at position 

𝜇1, Edge 1 is more (less) conductive than Edge 2 for the right (left)-flowing current, leading to a 

different voltage (VH) between the two edges. The thickness of arrows represents the magnitude 

of edge current flow. e, Edge conductance asymmetry for the Fermi level at position 𝜇2. Due to 

the presence of the ordinary edge states (red), there is a competition between conductance at 

Edge 1 and Edge 2. It is possible to have a sign change for the transverse voltage signal. 

 

 

9. Gate voltage dependence of 1f resistance and 2f voltage in device D1 at 4 K 

Gate voltage (Vg) dependence of resistance contains electronic structure information of 

materials. We perform 1f and 2f voltage measurements using an AC current with the rms 

magnitude of 3 A and the frequency of 13 Hz that is fed into ML-WTe2 at 4 K. Fig. S10a plots 

the Vg-dependent 1f resistance from channel 4-7 of device D1 which probes the edge conduction 

at low temperatures. Only a very broad peak is observed around zero gate voltage, indicating the 

absence of any measurable gap near the charge neutral point in the edge states, which is 

consistent with the previous reports (31, 32) and our result presented in the previous section. Fig. 

S10b summarizes the out-of-plane magnetic field Hz dependence of the 2f voltage signal at 

selected Vg’s. As discussed in the main text, we attribute the 2f voltage signal to ANE because of 

the Joule heating. It can be clearly seen that the magnitude of ANE hysteresis loop is 

significantly suppressed under high gate voltages. We summarize the Vg-dependence of 

magnitude of the 2f voltage hysteresis 𝑉4−7
2𝑓

 in Fig. S9c which shows much richer structures than 

the 1f signal. The peak value at the zero gate voltage, 𝑉4−7
2𝑓

(0 𝑉), is ~7 times larger than 𝑉4−7
2𝑓

 at 

. At 4 K, the 𝑉4−7
2𝑓

(0 𝑉) signal comes from the edge conduction as previously discussed. 

As Vg is swept to large values on both sides, the Fermi level approaches the bulk bands, and 

more bulk carriers are involved in the transport. In order to fully understand the detailed Vg-

dependence, the Berry curvature of the electronic band need to be calculated, and AHE 

conductivity, as well as ANE coefficient, need to be studied.  
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Fig. S10. Gate voltage dependence of 1f resistance and 2f voltage from 4-7 channel of device 

D1 at 4 K.  a, 1f resistance from 4-7 channel of device D1 as a function of bottom gate voltage 

Vg. b, Out-of-plane magnetic field dependence of the 2f voltage at selected gate voltages. 𝑉4−7
2𝑓

 is 

measured while an AC current with rms magnitude of 3  and frequency of 13 Hz is fed in 3-8 

channel. c, Gate voltage dependence of the magnitude of 𝑉4−7
2𝑓

.  

 

10. Separation of bulk and edge ANE signals 

The low-temperature ANE signal sign reversal in the Bulk+Edge channel (Fig. 3d) and 

the absence of the sign reversal in the Bulk-only channel (Fig. 3e) reveal the two-component 

transport behavior of the ANE in ML-WTe2/CGT. We can separate the bulk and edge 

contributions by adopting a simple “parallel battery-resistor” model. As illustrated in Fig. 4a, two 
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parallel channels, i.e., edge and bulk, are considered, each consisting of a battery with voltage  

and a resistor with conductance . The total voltage  from the mixed channel reads 

as 

                           𝑉𝐵+𝐸
𝐴𝑁𝐸 =

𝐼𝐵+𝐸

𝐺𝐵+𝐸
=

𝑉𝐸
𝐴𝑁𝐸𝐺𝐸+𝑉𝐵

𝐴𝑁𝐸𝐺𝐵

𝐺𝐸+𝐺𝐵
                  (𝑆5), 

where  ( ) refers to the ANE voltage from the edge (bulk) channel, ( ) is the 

conductance of the edge (bulk) channel.  is the total current in the mixed channel. The total 

conductance from both edge and bulk channels reads as  

𝐺𝐵+𝐸 = 𝐺𝐵 + 𝐺𝐸                                              (𝑆6) 

One can readily see in Eq. S5 that  when the edge conduction dominates at 

low temperatures ( 𝐺𝐸 ≫ 𝐺𝐵 ). We measure , ,  and in our experiments; 

therefore, we can calculate ,  from Eqs. S5 and S6. After disentangling the contributions 

from the edge and bulk channels, we plot them in Fig. 4b. 

 

11. Effect of low-temperature thermal conductivity on ANE magnitude 

The P-normalized ANE signals from channels 5-6 and 13-14 in device D7 become 

significantly larger at low temperatures, a trend contradictory to the third law of thermodynamics. 

We attribute this apparent increase in both channels to a rapidly decreasing thermal conductivity 

 at low temperatures, which greatly enlarges the actual  since 𝛻𝑇 ∝
𝑃

𝜅
. Larger  in turn 

leads to an enhanced ANE voltage.  

The thermoelectric coefficients S are defined by 𝐸 = 𝑆𝛻𝑇 , where E is the electrical field 

produced by the temperature gradient and S the thermoelectric tensor. To understand how 

thermoelectric transport behaves, it is appropriate to taking thermal conductivity into the account. 

Thus, we consider the 
∆𝑉𝐴𝑁𝐸

|𝛻𝑇|
∝

∆𝑉𝐴𝑁𝐸𝜅

𝑃
 . If we crudely assume that the thermal conductivity is 

dominated by phonons in the surrounding materials, i.e.,  ~ Ts
3 at low temperatures. For 

constant heating power, we should multiply the ANE voltage signal by phonon thermal 

conductivity, i.e., 
∆𝑉𝐴𝑁𝐸

𝛻𝑇
∝

∆𝑉𝐴𝑁𝐸𝑇𝑠
3

𝑃
 . As shown in Fig. S11, we find that both curves approach 
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zero as Ts → 0 after they are multiplied by Ts
3, which is consistent with the expectation from the 

thermodynamic third law. Above all, we have explained the diverging trend of the 
∆𝑉𝐴𝑁𝐸

𝑃
  at low 

temperatures by considering the effect of the vanishing low-temperature thermal conductivity.  

 

 

Fig. S11. Replot of the low-temperature ANE signals. The 𝑇𝑠
3 temperature dependence of the 

phonon thermal conductivity is considered for low temperatures by multiplying the anomalous 

Nernst effect (ANE) signals from Bulk+ Edge channel (13-14) and Bulk-only channel (5-6) by 

𝑇𝑠
3. 𝑇𝑠 is the sample temperature.  
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