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The Rashba effect is interesting for thermoelectrics because of the unique spin-splitting 

band structure. By using bulk BiTeI with a giant Rashba effect as an example, we prove that the 

spin-splitting-induced constant density of states leads to a two-dimensional thermopower. The 

thermopower is higher as compared with that in spin-degenerate bands, primarily due to the 

lower Fermi level in the Rashba spin-splitting bands at given carrier concentrations. A 

quantitative relation between thermopower and the Rashba parameter is established. Furthermore, 

the internal electric field in the Rashba system can be beneficial to bond anharmonicity and low 

lattice thermal conductivity. We suggest that bulk materials with large Rashba effect may 

become potential candidates for efficient thermoelectricity. 
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Arising from the atomic spin-orbital coupling (SOC) and inversion asymmetry, the Rashba 

effect has attracted considerable attention in the fields of spintronics, ferroelectrics, and 

superconducting electronics [1-6]. To what extent does the Rashba effect induced spin-splitting 

influence physical properties of solids is a fundamental condensed matter question.  SOC gives 

rise to a perturbing operator equal to SL
rr

⋅λ  for electrons, where L
r

 and S
r

 are the total orbital 

and spin angular momenta, λ the coupling constant [7]. For solids without inversion center, spin 

can be tuned by internal electric field Ez. The spin-orbital Hamiltonian has a Bychkov-Rashba 

form zkH RSOC
rrr ⋅×= )(σα , where αR is the Rashba parameter and represents the strength of the 

Rashba effect (αR ∝ λEz), σ
r  the Pauli spin matrices, k

r
 the momentum, and zr  the electric field 

direction along the high-symmetry axis [8]. A prototype bulk material with a giant Rashba effect 

is BiTeI, in which the Rashba spin-splitting bands (RSB) have been corroborated by the angle-

resolved photo-emission spectroscopy and first principles calculations [9,10]. BiTeI becomes a 

topological insulator with closed band gap under pressure [11-13]. The heat-electricity 

converting thermoelectric effects are also strongly influenced by the band structures near the 

Fermi level, thus the Rashba effect may also offer unusual opportunities for thermoelectrics. 

The performance of thermoelectric materials is determined by the figure of merit

ρκ/2TSZT = , where S, T, ρ, and κ are the thermopower, absolute temperature, electrical 

resistivity, and thermal conductivity, respectively [14,15]. Thermopower enhancement without 

decreasing the carrier concentration (n) is actually a key to excellent thermoelectric materials. 

The electrical term S2n has been used to evaluate the intrinsic electrical property of 

thermoelectric materials [16,17]. Normally the degenerate or converged band structure is favored 

for large S2n and good thermoelectric properties [18-20]. SOC can have a significant influence 

on the thermoelectric properties, like in Bi2Te3 [21-23], Mg2X (X = Si, Ge, Sn) [24] and LaBiTe3 

[25]. In materials with inversion symmetry, the bands keep the spin degeneracy regardless of 

SOC [7]. A Zeeman-like spin splitting with an energy gap of two spins can be induced by SOC 

in some specific systems [26,27]. In these cases, the thermopower S and S2n are suppressed as 

only one spin-polarized band contributes to thermoelectricity. In materials with inversion 

asymmetry, SOC may result in the Dresselhaus effect [28] and the Rashba effect [29], leading 

the spin-dependent momentum to shift off the high symmetry axis. The Rashba effect tends to 
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produce larger spin splitting than the Dresselhaus effect near the band edge, since the former 

provides a linear shift of the wave vector compared to a third-order change in the latter. 

Strikingly, the Rashba spin splitting leads to a unique constant electronic density of states 

(DOS) due to unique Fermi surface topology [6,30]. The thermopower S and the electrical term 

S2n in specific two-dimensional (2D) systems, like 2D quantum wells, were observed to be 

higher because of the constant DOS [16,31-33]. Thus the Rashba spin splitting can potentially be 

beneficial to thermoelectric properties. Here we validate the 2D-like thermoelectric properties by 

experimental and numerical results of bulk BiTeI. The thermopower and electrical term can 

actually be enhanced in the low Fermi energy region because of the constant DOS. A careful 

theoretical evaluation explicitly shows that larger Rashba splitting strength leads to higher 

thermopower. Finally, the anharmonicity and low thermal conductivity are addressed in 

connection with the internal electric field in the Rashba systems. 

Polycrystalline BiTeI samples (n-type) were synthesized by a melting-annealing process [34] 

and densified by spark plasmas sintering (SPS). Carrier concentration was adjusted by changing 

the atomic ratio of Te and I or doping with copper and manganese. Hall measurements were 

performed on thin bar samples (2×9×0.6 mm3) in a cryostat equipped with an AC resistance 

bridge and a 9 T magnet (up to 4 T used in this work). The current (± 2 mA) for all Hall 

measurements was applied perpendicular to direction of the SPS pressure while the magnetic 

field in parallel. The enhancement of calculated Hall response at low carrier density, in a 

previous study, is due to the coexistence of two carriers, i.e. electrons and holes [35]. However, 

in our Hall measurement of BiTeI, the Hall resistance was always a linear function of the 

magnetic field with a negative slope, indicating a single charge carrier (electron) dominated 

electrical transport. The thermopower and resistivity was measured on an ULVAC ZEM-3 

system using bar samples (2.5×2.5×10 mm3). The thermal conductivity was determined by 

thermal diffusivity (α), density (D), and heat capacity (Cp) using the equation κ = Cp × D × α.  

Thermal diffusivity was measured on a Netzsch LFA-457, vertically to the direction of SPS 

pressure on square samples with dimensions of 10×10×1.5 mm3. Archimedes method was used 

to measure the density of sintered samples while heat capacity was approximated by the Dulong-

Petit law. Calculations of band structures and lattice dynamics were performed using density 

function theory (DFT). The modified Becke-Johnson (mBJ) exchange potential [36] and the 
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local density approximation (LDA) [37] were used in the band calculations, where SOC was 

fully taken into account. The numerical thermopower and carrier concentration were calculated 

using a parabolic approximation based on a modified Rashba model. 

Fig. 1 shows the measured room temperature thermopower S and electrical term S2n as 

functions of the carrier concentration. The absolute value of thermopower is between 205 µV/K 

and 82 µV/K, when carrier concentration increases from 5.7×1018 cm-3  to 2.4×1019 cm-3. The S2n 

is about 2.2×1017 V2K-2m-3 in the low concentration range and has a weak carrier concentration 

dependence for n <1.5×1019 cm-3 and rapidly decreases when n is higher than 1.5×1019 cm-3. We 

introduce a theoretical model to interpret the thermoelectric properties of 3D Rashba system. We 

consider the Rashba model [1,6,30] with anisotropic effective mass. The electronic dispersion E± 

(kx, ky, kz) of a 3D Rashba system is 

( ) 2
*

22

0
22

*

2

22
),,( z

c
yx

ab
zyx k

m
kkk

m
kkkE hh +±+=± ,  (1) 

where kx, ky, kz are the momentum components, k0 the Rashba momentum, m*
ab (m*

c) the 

effective mass of electrons in the ab plane (along the c axis), and ħ the reduced Planck constant. 

The Rashba parameter αR can be expressed as *
0

2 / abR mkh=α . The electronic dispersion will 

become spin-degenerated with the Rashba parameter αR = 0, which is the case in normal bulk 

systems. For the 3D Rashba systems (αR > 0), the Fermi surface has an elliptic-torus shape when 

the Fermi energy EF is smaller than the Rashba energy *2
0

2
0 2/ abmkE h=  (energy of the band-

crossing point, i.e. the Dirac point). The volume of the Rashba spin-splitting carrier pocket has 

the form 32/1
0

2/3*22/5 /)(2 hFEEmV π= , where [ ] 3/1*2** )( cab mmm = is the effective mass 

(Appendix). The corresponding DOS therefore becomes a constant as 3)2/(]/[)( πFdEdVEN =

[38], which can be expressed as 

32/1

2/1
0

2/3*

2
)(

)(
hπ
Em

EN = . (2) 

The DOS has the same expression in systems with no anisotropy ( **
cab mm = ) [6]. A quantum 

well with the thickness 2/1
0

*2/1 )/(2 EmLz h=  has the same DOS value as Eq. (2), since the DOS 
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in a quantum well is expressed as z
QW LmEN 2* /)( hπ=  [39]. With the Fermi level higher than 

E0 in the 3D Rashba system, DOS increases with increasing energy [6], close to those of normal 

bulk materials.  

Taking the relaxation time rEE 0)( ττ = , where τ0 is a constant and r the scattering 

parameter, we can obtain expressions for thermopower S and carrier concentration n in a 3D 

Rashba system (EF < E0) using the transport theory [40,41]. The thermopower S and carrier 

concentration n can be expressed as 

⎥
⎦

⎤
⎢
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+

+
−±= +

)()1(
)()2( 1

η
ηη
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Fr
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e
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)(
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)(
032/1
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η
π

F
EmkT

n
h

= ,  (4) 

where kTEF /=η  is the reduced Fermi energy, k the Boltzmann constant, and Fn (η) the nth 

Fermi-Dirac integral ξηξξη dF n
n ]1)/[exp()(

0
+−= ∫

∞
.  

BiTeI has been proved to be a 3D material with a giant Rashba effect. The Fermi surface of 

BiTeI varies topologically with the Fermi level, from a spindle torus (EF > E0) to a ring or elliptic 

torus (EF < E0) [42]. First principles calculations clearly revealed the band structure of BiTeI, 

showing the momentum offset k0 = 0.05 Å-1 and Rashba energy E0 = 0.113 eV, comparable to 

the experimental results [9,10]. The corresponding Rashba parameter αR is 4.3 eVÅ. Our DFT 

calculations reveal similar band structures and Rashba parameters, as shown in Fig. 1(c). The 

conduction bands of BiTeI are close to a parabolic shape below the Dirac point. The Rashba 

model can thus be used in the BiTeI system by taking the parabolic approximation. The 

thermopower and carrier concentration of BiTeI were calculated using Eqs. (3) and (4). The 

effective mass m* of BiTeI near the Dirac point is around 0.19me with me being the free electron 

mass [43]. The scattering parameter r is essential for thermopower analysis, which equals -0.5 

and 1.5 for acoustic phonon and ionized impurity scattering, respectively. Some BiTeI single 

crystals showed a carrier scattering process by acoustic phonons [44,45]. However, the mobility 

of our polycrystals shows a weak temperature dependence like the previous report [46], due to a 

combination of these two scattering processes near room temperature. We have set r = 0 for 
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numerical calculations of the carrier concentration dependent thermopower S and S2n at 300 K, 

shown as the solid lines in Fig. 1. The numerical results turn out to be quite close to the 

experimental data with r = 0. This intermediate value of scattering parameter [47] is consistent 

with the temperature dependence of mobility. When the carrier concentration increases from 

5.3×1018 cm-3 to 3.0×1019 cm-3, the absolute value of thermopower decreases from 205 µV/K to 

69.2 µV/K. Using the band structure parameters, we find that the bulk BiTeI has the same DOS 

as in a 2.67 nm thick quantum well with the same effective mass m* = 0.19me. The calculated 

thermopower S and electrical term S2n of this quantum well follow exactly the solid lines in Fig. 

1, substantiating the 2D thermopower nature in 3D Rashba BiTeI. 

To reveal the contribution of the unique spin-splitting bands, the dashed lines in Fig. 1 are 

plotted for the normal spin-degenerated case (αR = 0) found in many traditional thermoelectric 

materials, like Bi2Te3. The thermoelectric theory for degenerate single parabolic band has been 

well-established and verified in many thermoelectric materials [48]. In the case of αR = 0, we fix 

the effective mass and the band shape is exactly the same as the Rashba bands. The only 

difference is the zero momentum shift for both spin states. The thermopower S and S2n in the 3D 

Rashba system (αR > 0) are larger than those in the normal bulk materials (αR = 0) at any given 

carrier concentration. Fig. 1(b) shows that the maximum value of S2n is 2.3×1017 V2K-2m-3 in the 

Rashba system, nearly twice as those in normal materials.  

The 3D features are no longer held for the Rashba systems. The mechanism for the constant 

DOS is totally different with that of quantum wells. The DOS in quantum wells is related to the 

quantum confinement in one direction, while the 2D-like DOS in a 3D Rashba system comes 

from the strong SOC and electric field along the polar axis. The Fermi energy dependent DOS 

and n in the 3D Rashba material BiTeI have been numerically calculated, as shown in Figs. 2(a) 

and (b). The DOS of BiTeI has been measured by an angle-integrated photoemission 

spectroscopy (PES) [9]. When the binding energy is between the band minimum and the Dirac 

point, the intensity of angle-integrated PES is essentially a constant. The experimental results in 

Fig. 2(a) agree with the calculated DOS function in the Rashba model (αR > 0), yet totally 

different from that determined with αR = 0. Carrier concentration is another probe for the 2D-like 

DOS. As shown in Fig. 2(b), the DFT calculations [35] illustrate that BiTeI has high carrier 

concentration (1018-1019 cm-3) in low energy region. Numerical results indicate that the 3D 
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Rashba model gives comparable carrier concentrations with the DFT calculations, while the 

single parabolic band model (αR = 0) significantly underestimates the carrier concentration, even 

with an effective mass of 0.28 me. The high thermopower in the Rashba systems is a direct result 

of their 2D-like DOS.  In degenerate bands, the Fermi surface is generally an ellipsoid, whose 

volume can be expressed as 32/32/32/7
0 3/*)(2)( hEmEV π= . Considering the spin degeneracy, 

the ratio of carrier concentration in Rashba materials (n) and the degenerate systems (n0) 

becomes 2/1
000 )/(4/3)(2/)(/ FFF EEEVEVnn π== . In the low Fermi energy region EF < E0, 

the spin-splitting carrier pocket in the Rashba bands is more than twice as large as the degenerate 

one. Assuming the same carrier concentration, the Fermi level is much lower for materials with 

the Rashba effect. Fig. 2(b) illustrates the Fermi energy differences for αR > 0 and αR = 0 in the 

carrier concentration range. The lower Fermi level leads to higher thermopower in the 3D 

Rashba systems, just like in quantum wells. 

Direct connection between the 2D-like thermopower and the Rashba splitting strength could 

be established quantitatively by taking the degenerate approximation (η >>1). With r = 0, the 

carrier concentration dependent thermopower in RSB can be expressed as 

n
Em

e
TkS

2/1
0

2/3*

3

2 )(
23 h

π±= .  (5) 

 Eq. (5) shows that materials with large Rashba energy E0 will have higher thermopower, given 

the same carrier concentration and effective mass. The thermopower in spin-degenerated bands 

has the form 

3/2

*

23/22

22

0 )3(4
5

n
m

e
TkS
hπ

π±= .  (6) 

Thermopower is apparently more sensitive to carrier concentration in the Rashba system, as S is 

proportional to n-1 instead of n-2/3 (common in thermoelectric materials). The ratio of the two 

thermopowers can be expressed as 

3/1

6/1**

2

*3/22

0

)/(
15

)3(2
n
mmm

S
S Rabcab α

π
π

h
= .  (7) 
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The condition for the degenerate approximation is that the Fermi energy is much larger than 

kT. Eq. (7) explicitly relates thermopower with the Rashba parameter αR. Fig. 2(c) shows the 

carrier concentration dependent S/S0 ratio with different αR and anisotropy of effective mass 

m*
c/m*

ab, where the Fermi level is assumed to locate below the Dirac point and an in-plane 

effective mass m*
ab = 0.09 me [49] is used. It is clear that large Rashba parameter and high 

anisotropy are preferred for achieving large 2D-like thermopower. Compared with the anisotropy, 

αR is the dominant factor influencing thermopower of the Rashba systems. Since DOS is larger 

with stronger Rashba splitting (larger αR), the Fermi energy is then substantially lower for the 

same carrier concentration, resulting in larger thermopower. Herein we focused on the 2D-like 

electrical properties with Fermi level below the Dirac point. The thermoelectric transports of 

BiTeI have been measured at higher carrier concentration, which corresponds to the 3D-like 

DOS (Fermi level above the Dirac point) [45].  

Rashba systems all have dipole electrical fields, at least on the atomic sites [50]. The dipole 

fields also affect their lattice vibrational behavior by introducing anharmonicity and soft bonds, 

analog to the case of near-ferroelectric material PbTe [51]. In BiTeI, our DFT analysis [52] 

shows charge density accumulation between the Bi and Te atoms indicative of strong covalent 

bonds; the bonds of I atoms, however, are more ionic. The internal electrical field Ez in BiTeI is 

aligned along the c direction, from the positive (BiTe)+ layers to negative I- layers as shown in 

Fig. 3(a), consistent with the previous discussion [34]. The electrical field is fundamentally 

caused by the asymmetric chemical environment, which in turn affects the local atomic motions, 

especially for the ionic I atoms. Fig. 3(b) shows the potential well ΔE of one I atom in a supercell, 

with respect to its displacement Δz along the c direction. The ΔE difference at both sides of its 

equilibrium is 0.4 eV at the displacements of ± 0.7 Å, indicating a dipole field of ~ 2.9×104 

KV/cm, comparable to those in α-SnTe [50]. The anharmonic local atomic motions give rise to 

anharmonic acoustic phonon modes, which can be directly shown by the mode Grüneisen 

parameters (Fig. 3(c)), obtained by using the DFT phonon methodology [53]. The values are as 

large as ~ 4.0 for the two degenerate transverse acoustic (TA1 and TA2) modes and ~5.5 for the 

longitudinal acoustic (LA) mode along the kz direction. Lattice thermal conductivity κL of the 

undoped BiTeI sample is calculated from measured thermal conductivity by the Wiedemann-

Franz law [7] with the Lorenz number of 2.4×10-8 V2K-2, which is as low as 1 Wm-1K-1 at 300 K 

and 0.5 Wm-1K-1 at 520 K, shown in Fig. 3(d). The low thermal conductivity is closely related to 
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the large Grüneisen parameters (strong anharmonicity) induced by the internal electrical field 

and low group velocities brought by soft bonds among the constituent elements.  

Figure 4 shows the temperature-dependent thermopower S and resistivity ρ of undoped 

BiTeI sample between 300 K and 520 K. As shown in Fig. 4(a), we could fit the S - T curve well 

with a scattering parameter r = - 0.13. The scattering parameter r is close to 0, which is 

consistent with the S – n relation and further corroborates the mixed scattering of electrons in 

BiTeI. The figure of merit ZT at 300 K, shown in Fig. 4(b), is 0.05, lower than the sister 

compound BiTeCl grown by the topotactic method [54]. The ZT of undoped BiTeI reaches 0.3 at 

520 K, primarily limited by its low mobility (~ 86 cm2V-1s-1 at 300 K).  Because the specific heat 

was approximated by the Delong Petit Law, thermal conductivity and ZT values presented may 

be underestimated and overestimated by about 10% - 20% at high temperatures, respectively. By 

reducing impurity scatterings [55], the overall thermoelectric properties may still be improved.  

Recent work shows that hidden Rashba effect may exist in centrosymmetric crystals with 

local dipole field, which broadens the range of Rashba materials [50]. Up to date, bulk materials 

with strong Rashba effect all have narrow band gaps [5,50,56], which is ideal for electrical 

properties in thermoelectrics [57]. Heavy atomic mass in Rashba materials also contributes to the 

low lattice thermal conductivity. We suggest that bulk Rashba materials may possess good 

overall thermoelectric performance. We further speculate that high thermoelectric performance 

of p-type GeTe-based materials [58] with the noncentrosymmetric R3m space group may 

partially be related to the Rashba effect [5], as the valence band top has large spin splitting.  

In conclusion, we have studied 2D-like thermoelectric properties of a 3D bulk Rashba 

system. A general model is introduced for calculating thermopower of bulk materials with the 

Rashba spin-splitting bands. The 2D thermopower in the Rashba systems is larger than that in 

normal materials at given carrier concentrations, which is attested in bulk BiTeI. The unique 

topology of Fermi surface provides large carrier pocket and the thermopower is higher because 

of the lower Fermi level. We find that larger Rashba strength leads to higher thermopower and 

thermoelectric performance. The anharmonic vibrational behavior and low thermal conductivity 

in BiTeI has also been discussed in connection with the internal electrical field. Our results call 

for the search of new bulk thermoelectric materials with strong Rashba effect. 

 



 10

Acknowledgement:   

 LW would like to thank Dr. Yi Zhang for fruitful discussions, and China Scholarship 

Council for support.  This work was supported by US Department of Energy under corporate 

agreement DE-FC26-04NT42278, by GM, and by National Science Foundation under award 

number 1235535. 

Appendix: Carrier pocket volume of Rashba bands 

The band minimum of Rashba bands shifts off the high symmetry point, as shown in Fig. 

5 (a). When the Fermi level is below the Dirac point (EF < E0), the Fermi surface is a toroid or a 

ring torus [6,30]. Herein we consider the anisotropy of effective mass, as shown in Eq. (1). The 

Fermi surface is an elliptic torus, as shown in Fig. 5 (b). In order to calculate the pocket volume, 

the ellipse-shaped cross section of the carrier pocket is shown in Fig. 5 (c). We can obtain the 

area A of the ellipse-shaped cross section using  

2/)( 123 kkkA −= π ,       (8) 

where k3 is the minor semi-axes for the ellipse in the kz direction and [ 2/)( 12 kk − ] is the major 

semi-axes along the kx,y direction. The volume contained by the elliptic torus [59] is 

AkV 02π= .         (9) 

Given the Fermi energy EF in Eq. (1), we can get the corresponding momentum k1 and k2 

in the kz = 0 plane as follows: 
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which are shown in Fig. 5 (a). From Eq. (1) with the given Fermi energy EF, kx,y should be equal 

to k0 in order to obtain the maximum momentum k3 along the kz direction [shown in Fig. 5 (c)]. 

We can get the expression for the momentum k3 as 
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Taking Eq. (10), (11) and (12) into Eq. (8), we get the area of the cross section as 

F
cab E

mm
A 2

2/1** )(2
h

π
= .      (13) 

Using Eq. (9) and (13), the volume of the carrier pocket can be expressed as 

FE
Em

V 3

2/1
0

2/3*22/5 )(2
h

π
= ,      (14) 

where [ ] 3/1*2** )( cab mmm = is the effective mass. 

 

Figures and Captions 

 

Figure 1. The carrier concentration n dependent (a) thermopower S and (b) S2n at 300 K. Filled 

squares represent the experimental data in bulk BiTeI polycrystals. The solid lines are for the 

numerical calculations using the Rashba splitting bands (RSB) with αR = 4.3 eVÅ. The solid 

lines also represent calculated results in a 2D quantum well (Lz =2.67 nm), while the dashed lines 

are for the degenerate bands with no Rashba effect (αR = 0). The effective mass is set as 0.19 me. 

(c) The conduction bands of BiTeI. Gray lines are calculated by DFT, while red lines are the 

parabolic fittings. The dotted lines are the corresponding Fermi levels in the Rashba model for n 

= 5.3×1018 cm-3 and n = 3.4×1019 cm-3 under a parabolic approximation.   
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Figure 2. (a) Calculated density of states (αR > 0 and αR = 0), compared with results of angle-

integrated photoemission spectroscopy (PES) in BiTeI at 6 K [9]. (b) Carrier concentrations 

numerically calculated for αR > 0 and αR = 0 at 5 K, compared with DFT calculation results [35]. 

(c) The ratio of thermopower S (αR > 0) and S0 (αR = 0) with different Rashba parameters (αR in 

eVÅ) and effective mass anisotropies (m*
c /m*

ab). Degenerate approximation is used and the 

horizontal line represents S/S0 =1. 
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Figure 3. (a) Crystal structure of BiTeI. The internal electrical field Ez and I atomic displacement 

Δz are along the c direction.  (b) Potential well ΔE as a function of the I atomic displacements. (c) 

Mode Grüneisen parameter along the ΓA direction (the same direction as Ez) for longitudinal 

acoustic (LA) mode and transverse acoustic (TA1 and TA2) modes. (d) Measured thermal 

conductivity κ and lattice thermal conductivity κL of undoped BiTeI polycrystal. 
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Figure 4. The measured thermopower S, resistivity ρ, and figure of merit ZT of undoped BiTeI in 

the temperature range of 300 - 520 K. The dotted line in (a) shows the fitting with r = - 0.13.  

 

 

Figure 5. (a) Band structure of the Rashba system in the kz = 0 plane. The arrows show the 

different spin states. (b) The Fermi surface with an elliptic-torus shape (EF < E0). (c) The ellipse-

shaped cross section of the carrier pocket. 
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