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Defect-mediated Rashba engineering for optimizing electrical
transport in thermoelectric BiTeI
Xin Li1, Ye Sheng1, Lihua Wu 2, Shunbo Hu1, Jiong Yang 1✉, David J. Singh 3, Jihui Yang 2 and Wenqing Zhang 4,5✉

The Rashba effect plays a vital role in electronic structures and related functional properties. The strength of the Rashba effect can
be measured by the Rashba parameter αR; it is desirable to manipulate αR to control the functional properties. The current work
illustrates how αR can be systematically tuned by doping, taking BiTeI as an example. A five-point-spin-texture method is proposed
to efficiently screen doped BiTeI systems with the Rashba effect. Our results show that αR in doped BiTeI can be manipulated within
the range of 0–4.05 eV Å by doping different elements. The dopants change αR by affecting both the spin–orbit coupling strength
and band gap. Some dopants with low atomic masses give rise to unexpected and sizable αR, mainly due to the local strains. The
calculated electrical transport properties reveal an optimal αR range of 2.75–3.55 eV Å for maximizing the thermoelectric power
factors. αR thus serves as an effective indicator for high-throughput screening of proper dopants and subsequently reveals a few
promising Rashba thermoelectrics. This work demonstrates the feasibility of defect-mediated Rashba engineering for optimizing
the thermoelectric properties, as well as for manipulating other spin-related functional properties.

npj Computational Materials           (2020) 6:107 ; https://doi.org/10.1038/s41524-020-00378-4

INTRODUCTION
The Rashba effect plays a critical role in controlling the electronic
structure and therefore the functional properties of semiconduc-
tors, including topological insulators and thermoelectrics1–7. The
Bychkov–Rashba form of the spin–orbit coupling (SOC) perturba-
tion Hamiltonian, HR= αR(σ × k)∙z8, is used to describe the
strength of the Rashba effect, where αR is the Rashba parameter
(αR∝ Ez, Ez is the electric field9), σ the Pauli spin matrices, k the
momentum, and z the direction of the electric field. Systems with
a strong Rashba effect generally have a large Rashba parameter
αR= 2E0/|k0| (Fig. 1a), where E0 is the Rashba energy and k0 is the
momentum shift. The band parameter αR is thus an intrinsic
measure of the Rashba strength in materials.
Rashba materials are generally noncentrosymmetric bulk

materials or two-dimensional materials, such as semiconductor
heterostructures or quantum wells with symmetry breaking
arising from external electric fields or other gradients10–14. Strong
Rashba effects are also found in several bulk materials, such as
BiTeX (X= I, Br, Cl)9,15–18, α-IVATe (IVA= Ge, Sn)1,19, and perovs-
kites20,21. Identifying new materials with giant αR, especially single-
phase bulk materials, is desirable. Furthermore, optimizing αR
based on existing Rashba systems is also of considerable interest.
This can be done by applying an external electric field22,
polarization1, or strain11. Importantly, because the Rashba effect
changes the electronic structures, there can be strong effects on
the electrical transport properties of thermoelectrics. This can
occur through modification of the density of states (DOS)23 and
presumably also through changes in dispersion relations, both of
which are important for the electrical resistivity.
A high thermoelectric figure of merit, ZT= S2T/κρ, is of vital

importance for thermoelectrics. Here, S is the thermopower, ρ the
electrical resistivity, T the absolute temperature, and κ the total

thermal conductivity. Enhancing the power factor (PF= S2/ρ) and
reducing the thermal conductivity of materials are two strategies
to improve ZT. For electrical transport, the thermopower, in the
numerator, and the electrical resistivity, in the denominator, are
both positively correlated with the DOS. This reflects the fact that
in a parabolic band model, a higher effective mass leads to
enhanced S. It also leads to reduced mobility, meaning enhanced
resistivity and lowered conductivity. This competition between the
thermopower and electrical resistivity in optimizing PF may cause
PF to be extremely sensitive to band features, such as the Rashba
parameter αR. Thus, it is desirable to directly tune αR to optimize
the PFs of Rashba thermoelectrics. The resulting possibility of
Rashba engineering offers another degree of freedom for tuning
the electrical transport properties beyond traditional band and
scattering engineerings in the optimization of thermoelectrics24.
The ability to manipulate αR may also have important con-
sequences for other areas of semiconductor physics for which the
Rashba effect plays an important role. However, the rational
control of αR is highly nontrivial because this parameter depends
not only on the strength of the SOC but also on the interplay of
the SOC and the strength of centrosymmetry breaking, as
manifested in the particular electronic states in question.
Here, we demonstrate the control of αR in BiTeI over a wide

range of 0–4.05 eV Å. This is realized by elemental doping on
different atomic sites in the compound. We have developed a five-
point-spin-texture (FPST) method to screen 32 doped BiTeI
compositions out of 62 candidates. This method provides an
efficient approach for identifying new Rashba materials in a high-
throughput (HTP) manner. By calculating the electronic structures
for the 32 doped BiTeI compositions with the Rashba effect, a
dopant–αR map is constructed. Furthermore, the relationship
between αR and PF is elucidated for these materials. This leads
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remarkably to an optimal range of αR for maximizing PF. Based on
these results and the mapping between the composition and αR, a
few promising Rashba thermoelectrics are proposed. These may
be useful in guiding experimental work.

RESULTS AND DISCUSSION
The dopant−αR map for BiTeI
BiTeI occurs in the space group P3m1, which has no inversion
symmetry. The strong chemical difference between Te and I
enhances the effect of inversion symmetry breaking and the
spin–orbit influence on the electronic structure. This is combined
with the strong SOC in BiTeI due to the heavy masses and
p-electron nature of the constituent elements. Manipulating the
Rashba effect then depends on manipulating this chemistry. The
original degenerate band structure without SOC (Fig. 1a dotted
line) of BiTeI is thus subject to sizable Rashba spin splitting,
characterized by αR= 2E0/|k0| (Fig. 1a solid line), at both the
conduction band minimum (CBM) and the valence band
maximum (VBM) (Supplementary Fig. 1b), centered at the A
point, as shown. Here, we demonstrate how elemental doping
regulates the αR of BiTeI; 62 elemental dopants with a doping
content of 0.11 are tested. The atomic sites of the dopants are
shown in Fig. 1c (see the “Methods” section for details). To quickly
screen systems with the Rashba effect, we propose a FPST
(discussed later) method and implement it to study the systems
discussed. This method identifies 33 systems. Band structures for
the 33 systems are then calculated, and 32 of them converge with
finite αRs. All 32 αRs are shown in Fig. 1d, classified by the groups
of the dopants in the periodic table (the VIII group is divided into

the Fe group, Co group, and Ni group). The hollow diamond
indicates the αR of pristine BiTeI (αR= 3.71 eV Å).

The FPST method
Figure 2a–d shows the carrier pocket spin texture of BiTeI. The
energy contours are centered at the A point, with the energy level
labeled by the gray dashed line in the inset of Fig. 2e (below E0).
The color strength denotes the spin polarization intensity along
the different directions. As shown in Fig. 2d, the Rashba-induced
spin component is perpendicular to the z direction, i.e., Sz ≈ 0. In
the xy plane (Fig. 2a–c), Sx(k)=−Sx(−k) and Sy(k)=−Sy(−k).
Therefore, the spin components of k-point pairs around the A
point (or other Rashba degeneracy points in other materials) can
be used to quickly screen the doped BiTeI for the Rashba effect
strength.
To take advantage of this, we propose the FPST method, which

is based on the characteristics of the spin texture. We have
developed and applied this FPST approach for doped BiTeI, as
shown in Fig. 2e. Specifically, the steps are as follows: (1) calculate
the energy eigenvalues and spin components of five k-points (kc,
k1, k2, k3, k4) for each system. kc is the A point in the case of BiTeI,
and k1, k2, k3, and k4 are two k pairs (k1=−k2, k3=−k4) close to
kc. (2) Find two degenerate bands at the A point (kc) around the
Fermi level EF. Here, we scan the five closest bands with respect to
EF, i.e., nEF−5 ≤ n ≤ nEF+5. (3) Considering the requirement of
broken time reversal symmetry, the spin components for each
pair should be in opposite directions on the xy plane, i.e., Sx,y(k1/
k3,n)=−Sx,y(k2/k4,n); meanwhile, Sz(ki, n)= 0, i= 1, 2, 3, 4. (4) The
k points on the same side of kc should possess the same
directions of spin on the xy plane, i.e., Sx,y(k1/k2,n)∙Sx,y(k3/k4,n) > 0.

Fig. 1 Tunable αR in doped BiTeI. a Schematic illustration of the Rashba band structure near the conduction band minimum of BiTeI.
b Crystal structure of BiTeI. c Dopants considered in this study. d Dopant−αR map for BiTeI with a doping content of 0.11. The effect of doping
content variation on αR is also calculated for the two dopants Sc and Ag. The colors of the elements marked in d correspond to the colors in
c. The hollow diamond indicates the αR of pristine BiTeI (αR= 3.71 eV Å). The gray rectangle in d shows the optimal αR range for
thermoelectric PFs.
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Systems with any of the above requirements violated are tagged
as non-Rashba systems. This is the main workflow of the FPST
method, and allows the identification of systems that have
significant Rashba spin splitting. Since the FPST method only
needs the information for five k points, it can accelerate the
identification of Rashba-split bands and avoid the high computa-
tional cost of direct calculation of the whole complex band
structures with SOC. Thus, it provides a simple screening process
that is amenable to HTP searching. The method is applicable not
only for screening the doped BiTeI but also for other materials that
potentially have the Rashba effect. In order to further lower the
computational cost, an alternative three-point-spin-texture
method is also proposed, as shown in Supplementary Fig. 2,
which only requires the information for kc, k1, and k2.

Three dominant factors for tuning Rashba parameters
We now turn to the results for doped BiTeI. The FPST method is
used to screen 33 dopants in BiTeI. The band structures of these
doped BiTeI materials are calculated. Suitable semiconducting
band structures are obtained for 32 of them. The band structures
are shown in Supplementary Fig. 3. The values of αR extracted
from these are shown in the αR-dopant map (Fig. 1d). Figure 1d

shows that the αRs of doped BiTeI with dopants substituting on
the Bi site are generally smaller than that of pristine BiTeI. This is
due to the relatively strong SOC strength of the Bi atom, which
can be reflected by the SOC energy Esoc

25. In BiTeI, the Esoc for the
respective components are 1.91 eV per electron for Bi, 0.39 eV per
electron for Te, and 0.38 eV per electron for I. Bi atoms dominate
the Esoc of BiTeI. Therefore, the Bi concentration can roughly
determine the SOC strength of the doped systems. With dopant
atoms in groups IA, IIA, IIIA, IVA, VA, and transition groups, the αRs
are less than that of pristine BiTeI. This is because the dopants
generally have much smaller Esoc than Bi due to their smaller
atomic numbers and because of the non-p-electron nature of the
chemically important valence states. In Fig. 1d, the variation in αR
with doping content is illustrated using Sc and Ag as examples.
The αRs are increased for lower contents of Sc or Ag, which can
also be understood by the correspondingly larger Bi content.
However, the underlying physics is more complicated than

simply the effect of changing Bi content and thereby changing
effective strength of the SOC; notably, the αRs of systems with
some dopants, such as P, B, and Be with low atomic numbers,
have surprisingly higher values than other systems with dopants
in the same group. This is in contrast with the simple idea that a

Fig. 2 High-throughput screening of doped BiTeI with the Rashba effect. a–d Two-dimensional Fermi surface spin textures of BiTeI with
Rashba splitting at the energy level labeled by the gray dashed line in the inset of e. The colors indicate the magnitude of the spin polarization
along the (a) x, (c) y, and (d) z directions. b Enlarged figure of the shaded part of a. e Workflow of the FPST method for HTP screening of the
Rashba effect. The five points are labeled in the inset of e. See the text for details.
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higher atomic number should lead to larger Rashba splitting.
Therefore, there must be another factor that can affect the Rashba
strength in addition to the strength of the atomic SOC. We find
that these small dopants move towards the Te atoms in BiTeI. This
generates local strains inside the crystallographic cell, which in
turn would be expected to modify the strength of the effect of
centrosymmetry breaking on the electronic structure. These local
strains increase the distance between the positively charged BiTe
layer and the negatively charged I layer, thus increasing Ez (Fig.
3a)16. The dopant, P, is a useful example. In fully relaxed P-doped
BiTeI, the P atom is closer to the Te atoms, forming a much shorter
P–Te bond of 2.61 Å; in comparison, the Bi–Te bond in pristine
BiTeI is 3.01 Å. Due to the existence of the local strain, P0.11Bi0.89TeI
has an αR (3.79 eV Å) comparable to that of pristine BiTeI (3.71 eV
Å). This indicates that the local strain compensates for the small
Esoc of P (0.00025 eV per electron), as shown in Fig. 3b. To test this,
we construct a distorted BiTeI structure in Fig. 3b, with the same
atomic positions as for the P-doped BiTeI. The dipole moment
along the z-axis can be estimated by μz= q ∙ dz, where q is the
charge of the positive BiTe/negative I layer, and dz is the distance
between the layers (Fig. 3a). We find, by calculating the Bader
charge26–28, that the μzs for distorted and undistorted BiTeI are
2.08 × 10–29 and 2.02 × 10–29 C m, respectively. In addition, there
can be chemical changes in the bonding due to the different
chemistries of P and Bi. In any case, the increased dipole moment
of distorted BiTeI and contributions from chemical changes lead to
an αR as large as 4.31 eV Å. Interestingly, the αR of BiTeI induced by
another small dopant Li is 0.83 eV Å, much smaller than that of Be
(2.10 eV Å). This is due to the fact that Li forms ionic bonds
with the neighboring atoms, leading to no substantial local strain
in the cell.
For the dopants in the VIA and VIIA groups that do not replace

Bi, αR can also be tuned from 1.30 to 4.47 eV Å. This is again a
consequence of chemical effects and changes in the band gap of
doped BiTeI that affect the orbital character of the valence and
conduction bands and further change the SOC energy splitting29.
The SOC energy splitting mainly arises from the atomic spin–orbit
contribution30. The second-order perturbative correction in

energy for this contribution is29

Δε 2ð Þ
m kð Þ ¼ �h

m0

X

n≠m

hum Haj junihun q � pj jumi þ c:c:
εm � εn

; (1)

where Ha is the atomic contribution Hamiltonian term, c.c. denotes
the complex conjugate, ui and εi are the eigenstate and
eigenenergy corresponding to state i at k0, and q= k−k0. For
BiTeI, the same character of the conduction band and valence
band leads to a large huCB Haj juVBi term. Here, uCB and uVB are for
the conduction band and valence band, respectively. While in
practice, the band structure has some polar character, with the
valence bands having more Te character and the conduction
bands having more Bi character, the qualitative expectation holds.
In this way, a smaller εm � εn is expected to be beneficial for a
larger energy splitting, which further strengthens the Rashba
effect. As shown in Table 1, most systems with smaller band gaps
have larger αRs.

Rashba engineering for optimizing power factors
As shown above, αR is tunable over a wide range. Therefore, it is of
interest to explore the effects in applications where the
performance is expected to depend on this parameter, particularly
thermoelectrics. In thermoelectrics, it is known that the electrical

Fig. 3 The effect of local distortion on αR. a Displacement of the crystal structure for BiTeI with distortion similar to P0.11Bi0.89TeI. b Band
structures of BiTeI with (blue line) and without (black line) distortion and P0.11Bi0.89TeI (red line).

Table 1. Variation in the band gap and αR of systems with VIA and
VIIA group dopants.

System Band gap (eV) αR (eV Å)

BiTeI 0.35 3.71

BiTeI0.89Br0.11 0.85 1.30

BiTeI0.89F0.11 0.41 2.64

BiTeI0.89At0.11 0.32 4.05

BiSe0.11Te0.89I 0.40 3.54

BiS0.11Te0.89I 0.43 3.58

BiPo0.11Te0.89I 0.25 4.47
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transport properties can be affected by changes in the electronic
structure arising from the Rashba effect. We use the Transoptic
package (http://mgi.shu.edu.cn/Portals/675/transoptic.zip)31 with
the deformation potential method to solve the Boltzmann
transport equation (details are given in the Supplementary
Information)32 and thereby calculate the electrical transport
properties. The deformation potential of BiTeI is 1.87 eV, and
Young’s modulus is 11.11 GPa. As shown in Supplementary Fig. 4,
this approach yields results consistent with the experimental
data5,33–35. All electrical transport properties presented here are
calculated with the same deformation potential and Young’s
modulus, without the use of any undetermined parameter.
We start by exploring the relationship between αR and PF. We do

this by changing the SOC strength, i.e., the scaling factor λ in the
SOC term36,37, and performing calculations for the pristine BiTeI
(we explore 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 100% of the
physical λ value). As λ decreases, αR correspondingly decreases due
to the weaker SOC (Fig. 4a). Figure 4b shows the variation in the
power factor maximum at 300 K (PFM, maximum value of PF for
the carrier concentration ranging from 0 to 1020 cm−3, which is the
reasonable range for most thermoelectric materials) as a function
of αR (details are given in Supplementary Fig. 5). The optimal αR
range with a high PFM is highlighted by the gray rectangle. The red
star represents λ= 100% with the value of αR= 3.71 eV Å, as in
pristine BiTeI. Figure 4b shows that there is a higher PFM when the
value of αR is <3.71 eV Å, i.e., 2.75 eV Å < αR < 3.55 eV Å. With
approximately equal αR, Supplementary Fig. 6 proves that it is
generally consistent between the electrical transport performances
of pristine BiTeI (λ= 40% with αR= 1.80 eV Å) and doped BiTeI
(Sc0.11Bi0.89TeI with αR= 1.80 eV Å). It demonstrates that the αR–PF
relationship for pristine BiTeI is also suitable for doped BiTeI. Based
on the optimal αR range of Fig. 4b, the ideal doping elements for
thermoelectrics can be screened, which are highlighted in red in
the gray rectangle of Fig. 1d. The elements are Tl, Pb, As, Sb, S, and
Se, all of which are from the p-electron area of the periodic table.

The results in Fig. 4b offer another strategy of optimizing the
power factors of thermoelectric materials, in addition to band
engineering and scattering engineering24. By explicitly tuning the
Rashba parameter, the electronic structures of materials can be
largely regulated due to “defect-mediated Rashba engineering”.
Furthermore, the modifications mentioned in this work can be
achieved by regular dopants in BiTeI, which is convenient for
thermoelectric experiments.
To obtain a physical understanding of Fig. 4b, the variation in

the DOS around the CBM is analyzed. Figure 5 shows the
integration of the DOS from the CBM to CBM+ 0.2 eV as a
function of λ. When λ decreases, the DOS correspondingly
increases. This is due to the split band arising from the Rashba
effect changing the effective mass of the band edge (details can
be seen in Supplementary Fig. 7). High thermopower materials
generally have large effective masses, which might detrimentally
enhance the carrier scattering phase space and resistivity. The
increased CBM DOS due to decreased λ has beneficial effects for
both the thermopower and resistivity. Therefore, there exists an
optimal αR range for power factors, which is 2.75 eV Å < αR <
3.55 eV Å in BiTeI, as shown in Figs 1d and 4b. This is a
consequence of the detailed band shapes and illustrates the
importance of the band structure for the thermoelectric
performance.
In conclusion, a HTP method, FPST, is developed and applied to

find dopants that lead to different strengths of the Rashba
splittings in BiTeI. We find that very strong modifications can be
obtained, implying strong tunability via chemical doping. The
variation in αR is influenced by the strength of the SOC, band gap,
and local strain. These different Rashba strengths modulate the
electrical transport properties. Importantly, we find that there is an
optimal range for αR, and it is possible to tune it into this optimal
range by doping. αR can therefore serve as a descriptor for doped
n-type BiTeI thermoelectrics. We find that the αRs of six particular
doped compositions (Tl0.89Bi0.11TeI, Pb0.89Bi0.11TeI, As0.11Bi0.89TeI,
Sb0.11Bi0.89TeI, BiSe0.11Te0.89I, and BiS0.11Te0.89I) are likely to be in
the optimal range of 2.75–3.55 eV Å for favorable electrical
transport properties. Our calculations thus indicate the possibility
of optimizing the electrical transport properties of thermoelectric
materials through defect-mediated Rashba engineering. This is in
particular enabled by varying the dopants and their concentra-
tions. We also note that the strong modulation of the Rashba
parameter by doping, as found here, could also play an effective
role in engineering other functional materials.

METHODS
Basics of pristine BiTeI and doping preference
The crystal structure of BiTeI consists of alternating Bi, Te, and I layers
(Fig. 1b). Bader charge analysis26–28 of BiTeI shows that the charge state
is +0.89 for the Bi atom, −0.42 for the Te atom, and −0.47 for the I

Fig. 4 The relationship between αR and PF. a Variation in αR with the scaling factor of the SOC λ. b Relationship between αR and the power
factor maximum (PFM, maximum value of PF whose carrier concentration ranges from 0 to 1020 cm−3) at 300 K.

Fig. 5 The relationship between DOS and λ. Integrated DOS from
the CBM to CBM+ 0.2 eV.
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atom. Thus, the elements with stronger metallicity than Te and I are
placed at the Bi site, which has a cation character. The VIA elements
replace Te, while the VIIA elements replace I. All the doped BiTeI
systems are fully relaxed.

Details of first-principles calculations
All density functional theory calculations are performed using the
Vienna ab initio Simulation Package38 with the projector augmented
wave method39. The band structure and transport calculations are
performed with the modified Becke–Johnson exchange potential40,
which improves the accuracy of band gaps in semiconductors. The
results are for fully relaxed crystal structures40,41. The SOC is taken
into account in all calculations. The spin textures are drawn by
PyProcar42.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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