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Ab initio electronic structure and optical conductivity of bismuth tellurohalides
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We investigate the electronic structure, dielectric, and optical properties of bismuth tellurohalides BiTeX
(X =1, Cl, Br) by means of all-electron density functional theory. In particular, we present the ab initio
conductivities and dielectric tensors calculated over a wide frequency range, and compare our results with
the recent measurements by Akrap ef al. [Phys. Rev. B 90, 035201 (2014)], Makhneyv et al. [Opt. Spectrosc. 117,
764 (2014)], and Rusinov et al. [JETP Lett. 101, 507 (2015)]. We show how the low-frequency branch of the
optical conductivity can be used to identify characteristic intra- and interband transitions between the Rashba
spin-split bands in all three bismuth tellurohalides. We further calculate the refractive indices and dielectric
constants, which in turn are systematically compared to previous predictions and measurements. We expect that
our quantitative analysis will contribute to the general assessment of bulk Rashba materials for their potential

use in spintronics devices.
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I. INTRODUCTION

The coupling of spin and orbital degrees of freedom lies
at the heart of modern spintronics device concepts, which
aim at an ultrafast and low-power-consumption information
processing beyond the reach of present-day electronics [1,2].
Such a coupling is realized by the Rashba effect [3], which
generally results from a large atomic spin-orbit interaction
(SOI) and the lack of inversion symmetry. Traditionally, the
Rashba spin splitting (RSS) has mainly been observed in
two-dimensional systems like surfaces or interfaces between
different materials [4—7]. By contrast, the recently observed
giant RSS in the polar semiconductor BiTel even turned
out to be a bulk material property [8,9]. In particular,
this implies the possibility of observing optical transitions
between the spin-split energy bands [10], an unconventional
orbital paramagnetism [11], as well as an enhanced magneto-
optical response in the infrared regime [12]. Furthermore,
the theoretical prediction of a pressure-induced topological
phase transition towards a noncentrosymmetric topological
insulating phase of BiTel [13] has led to several (as of yet still
controversial) experimental investigations [14—-16].

Shortly after the discovery of giant bulk RSS in the
semicondutor BiTel, general conditions for its appearance have
been formulated [17], and a number of related compounds
have been investigated such as BiTeCl and BiTeBr [18-20].
These materials have a band structure different from BiTel,
and in particular display a smaller RSS. Nevertheless, they
have attracted much interest in materials science due to their
unique electronic structures and properties. For example,
topological surface states were predicted to appear in BiTeCl at
ambient pressure [21]. Furthermore, the optical properties and
Raman spectra of BiTeBr and BiTeCl have been investigated
experimentally by Akrap et al. [18]. There, it turned out that
the optical properties of these two compounds are very similar
despite their different space groups (P3m1 for BiTeBr, P63mc
for BiTeCl) [18]. Thus the bulk Rashba materials BiTeX
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(X =1, Cl, Br) do not only realize a tabletop laboratory for
investigating relativistic electron dynamics [10], but due to
their versatility in tuning of spin transport properties [9,19,22],
they are also regarded as new potential materials for spintronics
applications [23,24].

Despite this tremendous theoretical and experimental
progress, much remains to be done to fully characterize the
electronic structure and properties of the bismuth telluro-
halides. For example, the band gap of BiTeBr and BiTeCl
is a matter of ongoing discussion [20,21]. Furthermore, in
the important experimental work of Akrap et al. [18] the
question was raised of how the RSS in BiTeCl and BiTeBr
influences the interband electronic transitions. In fact, the
optical conductivity is one of the most fundamental physical
quantities for characterizing the spin and orbital states of
matter. Already in the first studies of the relativistic electron
dynamics in BiTel [10], the optical spectra served as a
fingerprint to identify transitions between the Rashba-split
energy bands. In these early works [10], selected elements
of the optical conductivity tensor for BiTel were calculated
by applying the Kubo formula on top of an 18-band tight
binding model constructed from an ab initio Hamiltonian
using maximally localized Wannier functions [17,25-28].
More recently, the optical conductivity of BiTeX has been
measured independently by Makhnev et al. [29] in a wide
energy range up to 5 eV. For an unambiguous deduction of the
microscopic electronic structure and dynamics, it is therefore
desirable to systematically calculate the optical conductivity
of the bismuth tellurohalides from first principles. Generally,
the optical conductivity can also be used for the calculation of
the dielectric tensor and hence the refractive index, which has
indeed been done for the case of BiTel in the work of Rusinov
et al. [30].

In this article, we resume this line of research. In particular,
we present the entire optical conductivity and dielectric
tensors of the bismuth tellurohalides (BiTel, BiTeCl, BiTeBr)
calculated ab initio from density functional theory (DFT). In
order to prove in the first place that the bismuth tellurohalides
can be treated reliably within DFT, we will first compute
several completely relaxed electronic and structural properties,
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which we will later compare to experimental data. Then, we
will identify those elements which mainly contribute to the
Rashba effect in the atom-species resolved projected density
of states (PDOS). Furthermore, we will show that the electron
localization function (ELF) [31] displays a layered structure.
After that, we will report the frequency-dependent optical
conductivity of BiTel for different values of the Fermi energy.
This will in turn enable us to identify the Rashba-specific
peaks in the optical conductivity, which correpond to intra-
and interband transitions between the Rashba-split bands.
Finally, we will provide a comparison of our ab initio results
for the optical conductivity spectra, dielectric constants, and
refractive indices with the recent experiments performed by
Akrap et al. [18], Makhneyv et al. [29], and Rusinov et al. [30].

II. THEORETICAL DETAILS

As mentioned in the Introduction, we will report calcu-
lations of the dielectric tensor and the refractive index of
BiTeX (X =1, Cl, Br). The basic quantity computed by
the ELK code is, however, the conductivity, and thus we
have to clarify its relation to the aforementioned material
properties (for details, see Giuliani and Vignale [32]). For
simplicity, we restrict ourselves to scalar relations of wave-
vector-independent quantities. As a matter of principle, the
(direct) conductivity relates the induced current to the external
electric field by means of jjg = 0 Ec. By contrast, the
proper conductivity relates the induced current to the total
electric field, E = Ecx + Ejng, by means of jing = 0 E .
Finally, the dielectric function mediates between the external
and the total electric field in the sense of E., = &; E . These
quantities are interrelated by the well-known equations

i@ =1+ 22 (M)
Lweén

(@) =1- 22, ©)
LWE(

However, although our calculations of the conductivity are
based on the Kubo formula and hence yield the direct
conductivity, we actually use Eq. (2) to perform the transition
to the dielectric function. In other words, we interpret the
conductivity calculated by the ELK code as the proper
conductivity. This, of course, requires a certain justification,
which we will provide in the following. For this purpose, we
start from the standard relations

& (@) =1+ vx(), 3)

el(w) =1 —v)(w), “4)

between the dielectric function and the (direct and proper)
density response functions respectively defined by x =
30ind/8Pext and X = 8pind/S¢ror, Where ¢ is the scalar potential
while v denotes the Coulomb interaction kernel. Using the
functional chain rule [33], one shows directly that the direct
density response function is related to its proper counterpart
by the self-consistent equation

X=X+xXvxX. 5)
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Suppose now that we consider a many-body system and we
are given the density response function ¥, in a noninteracting
approximation, as it is indeed the case for DFT. In that
case, o describes the density response function under the
assumption that the constituents of the system do not interact
with each other. We now want to approximate the true, i.e.,
interacting response function x of the system by means
of its noninteracting counterpart xo. It is plausible that we
can do this, if we simply take xo as the response to both
the external field and the induced field generated by the
electrons themselves. This approach takes the interactions into
account by simply assuming that the electrons “feel” their own
induced field in addition to the external field. Concretely, this
means to reinterpret xo as an approximation for the proper
response function, such that the desired approximation for the
interacting response function is given by

X =Xo+ Xovx. (6)

This equation constitutes the random phase approximation
(see Sec. 5.3.3.1 in Giuliani and Vignale [32]). Thus, in order
to calculate the dielectric function &.(w) from yy(w), one has to
use Eq. (4) rather than Eq. (3). Correspondingly, as both in the
direct and proper cases the conductivity and density response
function are related by

o(w) =iweyv x(w), @)

the dielectric function should be calculated by means of
Eq. (2) rather than Eq. (1). This concludes our discussion
of the relation between the conductivity and the dielectric
function. Finally, the frequency-dependent refractive index can
be directly evaluated as n(w) = +/&(w). In the case of a wave
vector dependence, the relation between the dielectric tensor
and the refractive index may become more complicated [34],
which is however not considered in this article.

III. COMPUTATIONAL DETAILS

Our calculations have been performed with the ELK [35]
code, which relies on a full potential (FP), linear augmented
plane-wave (LAPW) basis [36-39]. Concretely, we have used
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FIG. 1. Calculated powder diffraction pattern for BiTeX (X =1,
Cl, Br). The black lines in each subplot visualize the experimental
structures, whereas the red dots correspond to the ab initio unit cells,
where atomic positions and cell parameters have been relaxed.
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FIG. 2. Total density of states (TDOS) and its projections (PDOS)
to s and p states of the constituent atoms for each halide. The
corresponding Fermi energies Er and band gaps Eg are given in
Table 1. All Fermi levels are exclusively determined by p states,
where the tellurium and halogen atoms show the largest share. The
underlying s states contribute to the DOS not until 10 meV below the
Fermi level. In contrast, unoccupied states are mainly determined by
p states of Bi atoms.

a dense k-grid of 20 x 20 x 20 k points and a cutoff value
of RmtKmax = 7. For the electronic structure calculations
we have employed the PBE-GGA [40] exchange-correlation
functional. Finally, in order to obtain a Rashba splitting in
the band structure, spin polarization and SOI have been taken
into account [41,42]. A short discussion about the Rashba spin
splitting (RSS) parameters for BiTeX (X = I, Cl, Br) and the
calculated values are given in Supplemental Material A2 [43].

PHYSICAL REVIEW B 94, 205130 (2016)

TABLE I. Fermi energies Er and band gaps Eg for the three
bismuth tellurohalides BiTeX (X = I, CI, Br).

System Er (eV) Eg.prr (eV) EG.exp (€V)
BiTel 4.58 0.37 0.38 [8]
BiTeCl 4.26 0.50 0.77 [18]
BiTeBr 4.03 0.55 0.62 [18]

10

00

(c) BiTeBr

FIG. 3. Electron localization function (ELF) for the three bismuth
tellurohalides BiTeX (X = I, Cl, Br). Red parts correspond to areas
with highly localized electron density, whereas blue parts symbolize
less strong localization. Two layers of higher localized density are
formed, one centered at the tellurium atom and the other one centered
at the halogen atom.
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FIG. 4. Real parts of the optical conductivities for BiTeX (X = I, Cl, Br). The low-frequency regions are plotted separately in (a), (b), and
(c). The characteristic energies marked with y and 6 correspond to interband transitions [cf. Fig. 6(b)].

We have used experimental lattice structures [44] and
lattice parameters as an input to subsequently optimize the
atomic positions to a minimal absolute force value of 0.5 x
103 Hartree/Bohr (for details, see Supplemental Material A1
[43]). In order to ascertain that our relaxed crystal structures
really correspond to the experiment, we have also calculated
the corresponding powder diffraction patterns (PDP) for
experimental as well as theoretically optimized structures (see
Fig. 1; cf. also Bahramy et al. [17]). We have verified that the
optimized DFT structures produce a similar powder diffraction
pattern as compared to their experimental counterparts. For
these computations we have used the open source FullProf
program suite [45]. In particular, we have meticulously
simulated x-ray patterns in the Bragg-Brentano geometry.

As in the work of Lee et al. [10], charge carrier concentra-
tions have been taken into account for the calculation of the
optical conductivity by adjusting the Fermi level manually, for
which purpose the ELK code had to be modified appropriately
[see Fig. 6(b)]. We note that the Fermi level had to be
manipulated only for this concrete calculation. The resulting
effect has then been used to show the Rashba-specific features
in the entries of the optical conductivity tensor.

Finally, the visualizations of the ELF have been plotted
with VESTA [46], using the calculated ELF with an isolevel
of 0.55 (min = 0, max = 0.80).

IV. RESULTS AND DISCUSSION

For all bismuth tellurohalides, the projected density of states
(PDOS) shows that the Fermi level is determined by the p
states of all atom species, whereas the unoccupied states are
dominated by the bismuth p states (see Fig. 2). Consequently,
the s states are far below the Fermi level (approximately
10 eV). Neither do d states play any role in the DOS around
the Fermi level. By contrast, the states in the valence band
are dominated by the halide orbitals. Correspondingly, the
reason for the differences between the bismuth tellurohalides

structures can be ascribed to the contribution of the respective
halogen atoms to the valence states. While for BiTeCl and
BiTeBr three clearly separated s bands show up, in the case of
BiTel the corresponding lowest s bands overlap.

We have also calculated the electronic band gap Eg prr,
which we compare to the available experimental data in
Table 1. While our predicted band gap is quite generally
in remarkable agreement with the experiment for BiTel
(see Ishizaka et al. [8]), previous theoretical predictions for
BiTeCl and BiTeBr differ from it [8,18,47,48]. However, our
calculations for BiTeCl and BiTeBr yield smaller band gaps as
compared to the experimental values. Nevertheless, the overall
agreement is satisfactory in our calculations (compare Rusinov
et al. [47], Secuk and Akkus [48], and Guo and Wang [49]).

Turning to the ELF (see Fig. 3), we first observe that in the
case of BiTel the electrons are localized in two layers (“2d-
electron gas”), one layer around the Te atom and the other layer
around the I atom. This 2d-electron gas can also be observed
in BiTeCl and BiTeBr. In the case of BiTeBr, the electron
density is mainly localized at the Br and the Te atoms in the
form of two separate layers. Similarly, the localization layers
of BiTeCl are centered at the Cl and the Te atom. However,
all bismuth tellurohalides have in common that one electron
localization layer is formed by the Te atom and the other by
the halogen atom. This layered structure is well known for

TABLE II. Relative dielectric constants &, ;;(w = 0) and refrac-
tive indices n(w = 0) for BiTeX (X =1, CI, Br).

System Erxx Eryy Er,zz n
BiTel This work 21.64 21.52 15.54 4.65
See Ref. [30] 24.4 24.4 12.6 ~4.5°
BiTeCl This work 15.11 15.08 10.38 3.89
See Ref. [30] 16.5 16.5 8.7 48
BiTeBr This work 16.59 16.60 11.64 4.07

*Values were estimated from Fig. 3 of [30].
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FIG. 5. Dielectric function for BiTeX (X = I, CI, Br). Red lines represent real and blue lines imaginary parts of the dielectric function.

the case of BiTel [50], but to our knowledge not generally
discussed for the whole class of bismuth tellurohalides.

Moreover, we have calculated the optical conductivity
tensor of BiTeX (X =1, Cl, Br) in a wide energy range up
to 12 eV. In comparing its diagonal elements, one observes
similarly shaped spectra with coinciding orders of magnitude
in o,, and o,,, whereas o, displays a completely different
behavior. This is in fact the case for all bismuth tellurohalides
(see Fig. 4). Interestingly, the lower frequency branches of
the conductivity are generally peaked in the (110)-plane. The
high-frequency spectra of BiTeCl and BiTeBr are very similar
despite their different point groups, which is in accord with
the experimental findings of Akrap et al. [18]. Furthermore,
our calculated optical conductivity spectrum of BiTel agrees
well with the measurements of Makhnev et al. [29] (see Fig. 3
there) over a wide frequency range.

Similarly, as in the works of Lee et al. [10] and Demké
et al. [12], we have determined the intraband («, 8) transitions
(i.e., transitions within the spin-split conduction bands) and
interband (y, §) transitions (i.e., transitions between valence
and conduction bands) in the optical conductivity tensor. The
spectral peaks at 0.4 and 0.6 eV are identical for BiTel,
which precisely corresponds to the said interband transitions
(y, 6) [10]. The corresponding peaks appear also in BiTeCl
and BiTeBr, but their magnitudes and positions differ among
these two bismuth tellurohalides. These intra- and interband
transitions have also been detected experimentally by Akrap
et al. [18] (see Fig. 4 there). We remark that the optical
transitions between bands with different spin polarization are
theoretically expected to occur as a consequence of the SOI
[10,20].

Specifically in the case of BiTel, we have also calculated the
optical conductivity [see Fig. 6(b)] for three different Fermi
levels (Ero, Er.1, Erp) to simulate the effect of different
doping levels. For the highest Fermi level Er, = 5.0 eV we
obtain intraband transitions (¢, 8) at about 0.2 and 0.35 eV.
By contrast, in the case of the lowest Fermi level, the
first peak in the optical conductivity [see Fig. 6(b)] near
0.39 eV corresponds to the electronic band gap of 0.37 eV,
while the second peak localized near 0.59 eV corresponds
to the transition at the A point [see Fig. 6(a)]. Generally, by
inspection of Table I, we observe a rapprochement of the y
and § peaks with decreasing Fermi level. Furthermore, we read
off that the y peak roughly coincides with the electronic band
gap [compare Table I with Figs. 4(a)—4(c)]. Note that BiTeCl
displays only one peak at 0.57 eV, which is slightly different
from the electronic gap whose value is 0.5 eV. Fittingly, the
transition at the I" point has a value of 0.61 eV.

In addition to the conductivity, we have calculated by means
of Eq. (2) the dielectric function for all bismuth tellurohalides
(see Fig. 5) and the resulting dielectric constant (see Table II).
Our results for BiTel and BiTeCl turn out to be in good
agreement with the values given in the work of Rusinov
et al. [30]. Correspondingly, we have also calculated the
refractive index by means of the relation n(w) = v/&:(w) (see
Table II) for BiTeX (X = I, Cl, Br). For BiTel and BiTeCl our
results are in good agreement with the experimental values
reported by Rusinov ef al. [30]. Moreover, our results for
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FIG. 6. Real parts of the optical conductivity for BiTel in
dependency of the Fermi level Eg. For illustration we have plotted
in (a) the different Fermi levels in the band structure of BiTel,
where the same colors (black: Ep o = 4.57 eV; blue: Ex; = 4.80¢eV;
red: Ep, = 5.00 eV) for the Fermi level are used in (b) for the
corresponding optical conductivity results. In subfigure (b) the
characteristic energies correspond to intraband transitions (o, §) and
interband transitions (), §) as shown schematically in subfigure (a).
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BiTeBr agree with the theoretical values predicted by Secuk
and Akkus [48].

V. CONCLUSION

We have shown that the bismuth tellurohalides BiTel,
BiTeCl, and BiTeBr, which are highly anisotropic materials
with spin-split energy bands, can be reliably treated within
DFT (see Fig. 1). Moreover, we have shown that all bismuth
tellurohalides display a layered electronic localization (see
Fig. 3). Correspondingly, while two of the diagonal elements
of the optical conductivity (o, and oy,) display a similar
behavior as a function of the frequency, the contribution trans-
verse to the electron localization layer, i.e., o, is significantly
smaller in the low-frequency region. A further central result
of this work is the identification of Rashba-specific transitions
(see Fig. 4 and Fig. 6) within the low frequency branch of the
optical conductivity of all three bismuth tellurohalides.

Our calculations of the optical conductivity complement
and extend the theoretical results of Lee et al. [10] in
the following respects: (i) the optical conductivity has been
calculated from first principles using all-electron DFT as
implemented in the ELK [35] code, (ii) we have calculated
the whole conductivity tensor (including o,,) in both the
low-frequency and high-frequency range, and (iii) we have

PHYSICAL REVIEW B 94, 205130 (2016)

extended the calculation to the compounds BiTeBr and BiTeCl.
On the other hand, our results confirm the experimental
findings of Akrap et al. [18], where optical transitions were
observed even for BiTeBr and BiTeCl, which have a smaller
RSS as compared to BiTel. Furthermore, they confirm that
the high-frequency optical spectra of BiTeBr and BiTeCl are
similar despite their different space groups [18]. Finally, the
optical conductivity of BiTel as calculated from DFT agrees
well with the recent experimental results of Makhnev ez al. [29]
over a wide frequency range. Thus this work contributes to
the understanding of the electron dynamics in the Rashba
semiconductors BiTeX (X = I, Cl, Br). Moreover, as optical
transitions between Rashba-split bands may be relevant for the
resonant dynamical magnetoelectric effect and the spin Hall
effect [10], this work also confirms the bismuth tellurohalides
as promising candidates for future spintronic applications.
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