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The principle of thermal spin related transport properties

Within the nonequilibrium Green’s function methods, one can calculate the spin-

dependent current by using the Landauer-Büttiker formalism[1]        
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where e is the electron charge, h is the plank constant, fL/R (ε T) is the equilibrium 

Fermi-Dirac distribution for the left (right) electrode under μL/R, 

, TL/R is the temperature of the left (right) contract, and 
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 is the spin resolved transmittance function and can be defined as𝑇↑/↓
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where  is the spin-resolved retarded (advanced) Green’s functions of the central 𝐺𝑅/𝐴
↑/↓

region and ΓL/R(ε)is the coupling matrix of the left (right) contact.

The spin-dependent Seebeck coefficient S↑/↓ can be denoted by[2, 3] 
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where  is defined as an intermediary function:𝐿1,↑/↓
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the spin-dependent conductance is . Subsequently, σch = σ↑ + σ↓ and σsp 𝜎↑/↓ = 𝑒2𝐿0,↑/↓

= |σ↑ − σ↓| can be used to compute the charge conductance (σch) and spin conductance 

(σsp), respectively.

The thermal conductance of electrons is [4], is thermal 𝜅𝑒 = 𝜅𝑒↑ + 𝜅𝑒↓ 𝜅𝑒(↑/↓) 

conductance of spin-up(spin-down) electrons.

                                (5)
𝜅𝑒↑/↓(𝜇,𝑇) =

1
𝑇{𝐿2,↑/↓(𝜇,𝑇) ‒

[𝐿1,↑/↓(𝜇,𝑇)]2

𝐿0,↑/↓(𝜇,𝑇) }
Based on the theory of Caroli, the phonon transmission function Tph(ω) is as 

follows[5, 6]
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where  is the retarded/advanced Green’s function of the device, and ΓL/R describes 𝐺𝑅/𝐴
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the diagonal matrix with the element corresponding to the masses of the atoms, ω stands 

for phonon frequency, and  indicates the self-energy of the left/right electrode.

𝑟

∑
𝐿/𝑅

,

The phonon thermal conductance (κph) can be calculated using[7]
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where Tph(ω) is the phonon transmission function, fB(ω,T) is the Bose–Einstein 

distribution function of the phonon, and T is the device average temperature.

Finally, the charge figure of merit (ZTch) and spin figure of merit (ZTsp) are 

specified as[8]



                                               
𝑍𝑇𝑐ℎ/𝑠𝑝 =

𝑆 2
𝑐ℎ/𝑠𝑝𝜎𝑐ℎ/𝑠𝑝𝑇

𝜅𝑒(↑) + 𝜅𝑒(↓) + 𝜅𝑝ℎ

(8)

where charge Seebeck coefficient Sch = (S↑+S↓)/2, and spin Seebeck coefficient Ssp = 

S↑−S↓.

The Stoner criterion (ST) was calculated to evaluate the itinerant magnetism from 

M in the M2B (M = Sc, Ti, and V) monolayers. Stoner criterion is defined as ST= I × 

D(EF). Where D(EF) is the density of states (DOS) of all d orbitals of M at the Fermi 

level for non-spin-polarized M2B (M = Sc, Ti, and V) (Fig. S1). For M2B (M = Sc, Ti, 

and V), D(EF) 1.71, 1.89, and 4.74 state/eV for Sc2B, Ti2B, and V2B, respectively.

Fig. S1 PDOS of the M d orbitals in M2B (M = Sc, Ti, and V) bulk systems. 

The calculated DOS of all d orbitals of M at the Fermi level for non-spin-polarized 

M2B D (EF), Stoner parameter I, the average value of the splitting between the 

corresponding spin-up and spin-down bands around Fermi level  and the Stoner 〈𝜖〉𝑘

criterion ST = I × D(EF) are listed in Table S1. Here, the  = I × m, and the m is the 〈𝜖〉𝑘

average value of the magnetic moments on M atoms. 

Table S1 Parameters in the Stoner model.

D(EF) I 〈𝜖〉𝑘 I×D(EF)

Sc2B 1.71 0.46 0.46 0.79
Ti2B 1.89 0.58 1.25 1.10
V2B 4.74 0.51 0.64 2.42

When a bias voltage Vb is applied in the system, the chemical potential of the 

electrodes is μL(R) = EF ± eVb/2. According to 
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to the integration of the transmission coefficient within the bias-dependent energy range 

(EF-Vb/2, EF+Vb/2), which is called the bias window. Only the transport coefficients 

entering the bias window are contributable to the currents. In the PM configuration, 

there are a large number of spin up transmission peaks in the bias window, with high 

transmission coefficients and symmetric evolution within the bias voltage range of (-

1.0 V, 1.0 V) for the Sc2B and Ti2B. Therefore, as mentioned above, the spin up current 

increases with the increase of bias voltage, as shown in Fig. S2. Correspondingly, there 

are fewer spin down transmission peaks within the bias window, resulting in lower spin 

down currents. The results indicate that spin filtering effects independent of bias 

direction occur in the P configuration. On the contrary, for V2B, spin down is greater 

than spin up, but spin filtering effect also exists.

Fig. S2 Contour maps of (a)−(c) spin-up and (d)−(f) spin-down bias-voltage-dependent 
transmission spectra for the PM configuration of M2B device. (a, d) Sc2B, (b, e) Ti2B, 



and (c, f) V2B. The white dash lines designate the region of the bias window and EF.

The spin rectification ratio, which characterizes the level of spin rectification, was 

calculated using the formula RR = I-V / I+V, where the I-V and IV are the total currents 

under negative and positive bias voltages, respectively. Clearly, the RR in the PM field 

is almost negligible, as displayed in Fig. S3.

Fig. S3 The spin rectification ratio of the M2B device under the PM field. (a) Sc2B, (b) 
Ti2B, and (c) V2B.

The DOS of the left electrode and right electrode along with the transmission 

spectra at -0.8 V and 0.8 V bias voltages of Ti2B were illustrated in Fig. S4 to 

understand the spin current rectification mechanism. When the spin-up and spin-down 

PDOS peaks of the left and right electrode can match each other well, there will be very 

large spin-up and spin-down currents originating from a large transmission coefficient. 

In the PM configuration, the overlap of the spin-up DOS between the two electrodes is 

greater than that of the spin-down DOS, leading to a significant spin-up transmission 

peak within the bias window (−0.4 V to 0.4 V), which results in a larger spin-up current 

regardless of 0.8 V or −0.8 V and explains the SFE in the PM configuration, as shown 

in Fig. S4(a, b). In the APM configuration, within the −0.8 V bias window, the spin-up 

DOS overlap is greater than that the spin-down, resulting in a smaller spin-down current 

compared to spin-up. In contrast, for the +0.8 V bias window, the opposite occurs, 

explaining the dual spin-filtering effect observed in the APM configuration, as shown 

in Fig. S4(c, d).



Fig. S4 The spin-resolved DOS spectra of the left electrode and right electrode along 
with the transmission spectrum of the Ti2B device, (a) PM configuration at 0.8 V, (b) 
PM configuration at −0.8 V, (c) APM configuration at 0.8 V, and (d) APM 
configuration at −0.8 V.

Since the contacts of the left (higher temperature) and right (lower temperature) 

leads are the same material and have the similar density of states (DOS), the difference 

in carrier concentrations between the left and the right leads is determined by the Fermi 

distribution (fL(E,TL) – fR(E,TR)), which is intimately related to the electron 

temperatures at the two terminals. It is clearly demonstrated that carriers (electron) with 

energy higher than the Fermi energy flow from the left (higher temperature) to the right 

(lower temperature), giving rise to electron current Ie, because the electron distribution 

of the left is higher than that of the right. Conversely, carriers (hole) with energy lower 

than the Fermi energy flow in the opposite directions, resulting in hole current Ih. If the 

transmission spectra are symmetric, Ie and Ih will cancel out each other, leading to zero 

net thermal current. The transmission spectra in our systems are energy-dependent and 

asymmetric, as shown in Fig. S5. Therefore, spin splitting occurs and results in a 

nonzero thermally driven spin current.



Fig. S5 The spin-dependent transmission spectrums of the Sc2B, Ti2B and V2B, 
respectively, without temperature difference and applied bias voltage.

The current spectra J(E) of spin-up electrons for different temperature settings are 

shown in Fig. S6, where the area covered under the curves associated with the axis of J 

= 0 reveals the magnitude of the spin currents. Clearly, the current spectra J(E) increase 

with rising temperature, as shown in Fig. S4. From 100 K to 400 K, although the peak 

value of J(E) decreases, the width of the peak increases significantly, indicating a larger 

spin current.

Fig. S6 The spin up current spectra for different TL at ∆T =50 K of the Sc2B, Ti2B and 
V2B.

The transmission spectrum, is shown the k-point averaged transmission spectrum 

as function of energy. The average Fermi energy of the two electrodes is set to zero. 

When the PDOS peaks of the left and right electrode can match each other well, there 

will be very large currents originating from a large transmission coefficient. Therefore, 

the conductance σ value is positively correlated with the transmission coefficient, as 

shown in Fig. S7. 



Fig. S7 The spin-dependent transmission spectrums of M2B devices at T = 500 K. 
(a) Sc2B, (b) Ti2B, and (c) V2B.
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