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Disentanglement of Surface and Bulk Rashba Spin Splittings in Noncentrosymmetric BiTel
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BiTel has a layered and noncentrosymmetric structure where strong spin-orbit interaction leads to a
giant Rashba spin splitting in the bulk bands. We present direct measurements of the bulk band structure
obtained with soft x-ray angle-resolved photoemission (ARPES), revealing the three-dimensional Fermi
surface. The observed spindle torus shape bears the potential for a topological transition in the bulk by

hole doping. Moreover, the bulk electronic structure is clearly disentangled from the two-dimensional

surface electronic structure by means of high-resolution and spin-resolved ARPES measurements in the
ultraviolet regime. All findings are supported by ab initio calculations.
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In materials without inversion symmetry, the spin de-
generacy of the band structure can be lifted by a
momentum-dependent spin-orbit interaction (SOI) [1,2].
This effect is crucial to several recent discoveries in con-
densed matter physics, such as the two-dimensional (2D)
Dirac surface states of Z, topological insulators [3] or the
formation of Majorana fermion bound states at the end of
one-dimensional (1D) superconducting InAs wires [4].
Comparably little attention has, however, been paid to
the intrinsically three-dimensional (3D) effects of Rashba
spin-orbit coupling in metals. In this Letter, we map out the
3D band structure of a system without bulk inversion
symmetry and with strong SOI by the example of BiTel.
We argue that it has the potential to serve as a platform for
exciting theoretical and experimental developments, due to
its complex torus-shaped Fermi surface.

The existence of giant Rashba splitting in BiTel has been
recently reported, predicted by ab initio calculations and
observed as a largely spin-split two-dimensional state at
the surface by means of angle-resolved photoemission
(ARPES) and spin-resolved ARPES by Ishizaka et al.
[5]. Theoretical work based on the perturbative k - p for-
malism linked the unusually large spin splitting in BiTel to
the negative crystal field splitting of the top valence bands
[6]. Optical transition measurements [7] are in accordance
with the giant bulk spin splitting of the gap defining
valence and conduction bands predicted by first principle
calculations [5,6]. In addition, it was shown in recent
theoretical work that BiTel can become a topological
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insulator under action of hydrostatic pressure [8] and,
thus, is closely related to noncentrosymmetric topological
superconductors.

In this Letter, direct measurements of the bulk band
dispersion and the spindle torus shape of its Fermi surface
are presented, using angle-resolved photoemission spec-
troscopy in the ultraviolet (UVARPES) and soft x-ray
regime (SXARPES), as well as spin-resolved ARPES
(SARPES). Moreover, we establish that the two-
dimensional Rashba-split state observed previously [5] is
not a bulk-derived quantum well state (QWS) but rather a
surface state based on (i) the first-time simultaneous ob-
servation of the k,-dispersing bulk band measured with
SXARPES, (ii) comparison with ab initio calculations, and
(iii) the observed constant spin structure of the surface state
upon inversion of the crystal out-of-plane axis. A clear
distinction from the bulk band structure and the under-
standing of the origin and the properties of the surface state
are crucial for future spintronic applications and tuning of
the transport properties.

All measurements were performed at the Swiss Light
Source of the Paul Scherrer Institut. The SARPES data
were measured with the Mott polarimeters at the COPHEE
end station [9] of the Surface and Interface Spectroscopy
beam line at a photon energy of 24 eV. The spin-integrated
data at photon energies of 20-63 eV were taken at the high-
resolution ARPES end station at the same beam line. The
soft x-ray ARPES data were taken at the ADRESS beam
line at photon energies of 310-850 eV. All spin-integrated
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measurements were performed at a sample temperature of
11 K and a base pressure lower than 107! mbar. The
SARPES data were taken at 20 K.

For structural optimization and electronic band calcula-
tions, we employed density functional theory (DFT) with
the generalized gradient approximation of Ref. [10] for the
exchange-correlation potential as implemented in VASP
[11]. The interaction between the ion cores and valence
electrons was described by the projector augmented-wave
method [12]. The Hamiltonian contained scalar relativistic
corrections, and the SOI was taken into account by the
second variation method [13].

BiTel has a hexagonal crystal structure and is built up of
alternating layers of bismuth, tellurium, and iodine atoms
stacked along the hexagonal axis. The continuous stacking
order of the layers of the three atomic species breaks the
inversion symmetry. DFT calculations show that the ab-
sence of inversion symmetry allows the strong SOI to lift
the spin degeneracy of every band away from the time
reversal invariant momenta (I, A, M, L). In particular, the
bulk conduction band minimum (CBM) and the valence
band maximum (VBM) are shifted away from the A point
at the Brillouin zone boundary towards the H and L points.

Because of the broken inversion symmetry, an untwinned
BiTel crystal has two different terminations. The weak
bonding between the Te and I layers provides a natural
cleaving plane; therefore, the termination layer is either
purely formed of iodine or tellurium atoms, depending on

the stacking order of the underlying layers. Despite the
lacking inversion symmetry in the crystal structure, the
bulk band structure neglecting spin is inversion symmetric
due to the time reversal symmetry.

The bulk band structure of BiTel as observed with
SXARPES is presented in Figs. 1(a)-1(c). At these high
photon energies, photoemission from the bulk states is
dominant over surface state emission, while the latter is
emphasized in the more surface sensitive UVARPES
[Figs. 1(e)-1(g)]. Figure 1(a) shows a band map along
A-L measured at 760 eV photon energy. In accordance
with previous optical measurements, the bulk band gap is
400 meV [7]. The 3D nature of these bands is evident from
their dispersion behavior, which is shown in
Fig. 1(b). Both for the valence band and the conduction
band, a clear k, dispersion is observed. At 760 eV photon
energy, corresponding to the 16th A point in the Brillouin
zone, the CBM binding energy is largest and decreases
away from the A point and eventually disperses above the
Fermi level around 800 eV photon energy.

Figure 1(c) shows the dispersion along the I'-A direc-
tion, i.e., for k| = 0, measured by sweeping photon ener-
gies from 310 to 850 eV. Because of the non-negligible
photon momentum transferred to the photoelectrons at the
used photon energies, the measured electron momenta
have been corrected for the photon momentum projected
on the particular electron momentum axis. The k, disper-
sion of the conduction band follows the periodicity of the
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FIG. 1 (color online). (a) SXARPES band map of the bulk state

at 760 eV photon energy (16th zone boundary). (b) Band maps at

760-790 eV photon energy. (c) Band map along I'-A (i.e., kj = 0); the dashed lines indicate the Brillouin zone boundaries. (d) DFT
bulk spectra for a set of k, values along M-T—M'. The measured Fermi level is indicated by a lower intensity of the unoccupied states.
(e),(f) High-resolution ARPES band map of the surface state at 24—30 eV photon energy. (g) Fermi surface map along I'-M and map of
the parabola minimum at 0.06 A~ as a function of photon energy (20-63 eV). Indicated are the Brillouin zone boundaries (dashed
lines) and the parabola minima (arrows). (h) Slab calculations for iodine and tellurium termination. For both terminations, a surface

state appears in the bulk band gap.
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valence bands, so the highest CBM binding energies occur
periodically at all A points [k, = (2n + 1)7/c, where ¢ is
the out-of-plane lattice constant], indicated by the vertical
dashed lines. The calculated k, dependence of the lowest
conduction band and highest valence band along M—I—M’
reproduces these observations [Fig. 1(d)]. At the A point,
the calculation perfectly matches the measured spectrum at
760 eV in Fig. 1(a), apart from a smaller calculated band
gap, which is a typical problem of DFT calculations.

Our SXARPES data clearly indicate that the bulk states
do disperse at the surface and are thus not quantized into
quantum well states. Despite the probing depth of
SXARPES being slightly larger than in the UV regime
(6-8 A at 600 eV photon energy), it is distinctly smaller
than the typical length scale for surface band bending.

Figure 2 shows the complex 3D bulk Fermi surface of
BiTel which is typical for an entire class of noncentrosym-
metric materials with strong SOI and to our knowledge
measured for the first time with ARPES. In the in-plane
direction, the Fermi surface around the A point is described
by two concentric hexagonally distorted rings while it
disappears around the I' point [14]. In the out-of-plane
direction, the Fermi surface takes the form of two loops,
intersecting at the I'-A line. The left panels of Figs. 2(a)
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FIG. 2 (color online). (a),(b) SXARPES photon-energy-
dependent constant binding-energy maps of the lowest bulk
conduction band at the Fermi level and of the highest valence
band at 1 eV binding energy in the (a) I'-M-A-L and
(b) '-K-A-H planes. (c),(d) DFT calculations corresponding
to the directions and energies in (a) and (b). (e) 3D schematic
representation of the bulk Fermi surface (dark orange) and the
surface state Fermi surface (light gray). (f) Topological transi-
tion of the bulk Fermi surface as a function of the chemical
potential. (g) Bulk and surface Brillouin zones.

and 2(b) show the measured Fermi surface in the
I'-M-L-A and I'-K-H-A planes, respectively. The right
panels display constant energy cuts in the same momentum
planes at a binding energy of 1 eV, cutting through the
valence band close to the lower gap edge.

The measured constant energy cuts are well reproduced
by DFT calculations. In Figs. 2(c) and 2(d), sections
through the calculated Fermi surface in the momentum
planes corresponding to the measurements in Figs. 2(a)
and 2(b), about 275 meV above the CBM, are shown in the
left panels, as are constant energy cuts through the valence
band 485 meV below the VBM in the right panels. The
lifetime band broadening has been manually added. These
data complete the picture of the 3D Rashba-type Fermi
surface, taking the form of a spindle torus distorted accord-
ing to the crystal symmetry and, as will be shown below,
coexisting with a 2D Rashba-split surface state [Fig. 2(e)].

The UVARPES data [Figs. 1(e)-1(g)] show a state with
an in-plane dispersion similar to that of the bulk conduc-
tion band state measured near the A point [Fig. 1(a)] but
shifted by 100 meV to higher binding energies and exhib-
iting a 20% larger momentum splitting. In contrast to
Ref. [5], we interpret this state as a surface state and not
a bulk-derived QWS, based on the following arguments.

First, we show the absence of dispersion of the surface
state in the out-of-plane momentum (k,) direction through
photon-energy-dependent dispersion maps, as shown in
Figs. 1(e) and 1(f). Aside from strong intensity variations
due to matrix element effects, the bands do not change as a
function of photon energy. Taking into account that at these
low photon energies half a Brillouin zone is swept by
changing the photon energy by roughly 10 eV, the states
can be said to not disperse in k, at all. There is neither a
significant photon-energy dependence in the Fermi mo-
menta nor in the parabola apex around 0.33 eV, as can be
seen in the upper and lower panels in Fig. 1(g).

The origin of this state can be understood from DFT
calculations for both Te- and I-terminated surfaces. To
calculate the spectrum of the Te-terminated surface, we
used a 24 layer slab with a free tellurium surface on one
slab side and a hydrogen-passivated iodine termination on
the other side. The tellurium surface hosts the Rashba-split
electronlike surface state within the bulk band gap and with
a dispersion that is in excellent agreement with the photo-
emission data. On the other hand, a holelike surface state
appears at the I-terminated surface (in this case, the Te-
terminated side of the slab is passivated). In Fig. 1(h), we
show both spin-split surface states at the Te- and I-
terminated surfaces. In the UVARPES data in Fig. 1(e), a
holelike state indeed crosses the gap and overlaps with the
electronlike surface state in agreement with the theoretical
predictions. Since on all measured samples both surface
states were observed, we conclude that both surface termi-
nations are present in domains of sizes smaller than the
synchrotron light spot. This is only possible if both stacking
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orders are equally present in the sample, due to a large
number of stacking faults.

We now invoke the spin structure as a further argument
for the surface state interpretation. In the bulk, the stacking
order breaks the inversion symmetry in the unit cell, creat-
ing the potential gradient responsible for the Rashba field.
The spin structures of crystals with opposite stacking order
are therefore related to each other by a reversal of the spin
helicity. In a sample with both stacking orders equally
present, Rashba fields of opposite directions will be bal-
anced and no spin polarization can be measured in a
spatially averaging SARPES experiment. The same would
be true for a QWS formed from bulk states due to surface
band bending.

Figure 3(c) gives the in-plane spin polarization mea-
sured along I'-M close to the Fermi energy [Figs. 3(a)
and 3(b)] using a photon energy of 24 eV. The data reflect
the structure of a large Rashba-type spin splitting with a
high in-plane tangential polarization and clockwise helic-
ity of the outer bands. The inner bands overlap strongly
with the adjacent bands, resulting in a vanishing polariza-
tion amplitude near normal emission (see Refs. [14,15] for
details on the data analysis). The high degree of spin
polarization confirms the surface state character of the
observed conduction band where the surface potential
gradient produces the Rashba effect.

The ubiquitous appearance of both surface states (Te and
I termination) has been taken as an indication for the
presence of roughly equal amounts of both terminations
on our samples [Fig. 3(d)]. In order to corroborate this fact,
we have taken data from the same crystal as was used for
the data in Fig. 3(c) but mounted with an inverted out-of-
plane axis. Indeed, we find both surface states and the same
degree of spin polarization and the same spin helicity near
the Fermi energy [14].

Having disentangled the surface states from the bulk
states, we now discuss the special bulk Fermi surface and
its physical implications. This peculiar Fermi surface can
be understood by considering free electrons with effective
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FIG. 3 (color online). (a) Surface state Fermi surface at 24 eV
photon energy. The arrows indicate the spin helicity.
(b) Corresponding band map along T'—M with the dashed red
line showing the binding energy of the spin-resolved measure-
ment. (c) In-plane tangential spin polarization at the Fermi level
along T-M. (d) Schematic representation of the multidomain
bulk and surface.

mass m subject to a Rashba spin-orbit interaction of
strength «, described by the Hamiltonian

k2
H=—+ae,-(kX0o)— pu (1)
2m

Depending on the chemical potential u, the Fermi surface
undergoes a topological transition [16]. For —a?/(2m) <
M <0, it is a ring torus; at u = 0, the hole in the torus
closes; and for u > 0 it becomes a spindle torus [Fig. 2(g)].
At the transition, both the number of Fermi surfaces and
the genus of the remaining Fermi surface change by 1. The
toroidal (u < 0) Fermi surface encloses none of the time
reversal invariant momenta, and, due to spin-momentum
locking, the electronic states acquire a Berry phase of 7
when transported once around the noncontractible toroidal
loop that encloses the I'-A line.

Even though this picture does not include any lattice
effects, it serves as a lowest order approximation to illus-
trate our results for BiTel. Remarkably, we find that BiTel
not only shows a giant Rashba splitting in absolute terms,
but also its chemical potential is found to be small com-
pared to the spin-orbit energy scale, and thus, the measured
spindle torus Fermi surface is close to the topological
transition described above.

We propose that, upon hole-doping BiTel, its Fermi
surface can in fact be driven through the topological tran-
sition from the observed spindle torus to a ring torus. The
resulting competition between the kinetic energy and the
energy scale of the non-Abelian Rashba gauge field would
render BiTel a suitable platform for spintronics applica-
tions and an ideal playground to address questions of
fundamental research. In particular, we shall illustrate the
interplay of the Fermi surface topology with symmetry-
breaking phenomena by the examples of superconductivity
and ferromagnetism.

First, if a material with a similar bulk Fermi surface
would show a superconducting instability, the topological
change in the Fermi surface is predicted to drive a cross-
over from a Bardeen-Cooper-Schrieffer superconductor to
a Bose-Einstein condensate of Cooper pairs (BCS-BEC
crossover) [17]. Another interesting aspect is the expected
superconducting pairing symmetry, where noncentrosym-
metricity generically implies a mixture of singlet and
triplet pairing: if the p-wave component is dominant, as
is the case in CePt3Si [18], the toroidal Fermi surface has
the potential to realize a fully gapped p, + ip, supercon-
ductor in 3D. The reason is that the ring torus has no
intersection with the I'-A of H-K lines, at which the
superconducting p, + ip, gap function vanishes.

As a second example, we consider the effect of a dopant
that orders ferromagnetically. This amounts to supplement-
ing Hamiltonian (1) by a Zeeman term M, o,. In this case,
if the chemical potential satisfies u << M, there arises a
single 3D Fermi surface without spin degeneracy but with a
nontrivial spin texture. This situation of a single nonde-
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generate Fermi surface is responsible for the potential of
1D semiconductor nanowires [4] and the 2D Dirac surface
states of Z, topological insulators [3] to host exotic physi-
cal phenomena. It would be interesting to study what
effects arise from such a single nondegenerate Fermi sur-
face in 3D, besides its relevance for spin transport due to
the reduced phase space for scattering.

To conclude, direct measurements of the bulk band
dispersion of noncentrosymmetric BiTel have been pre-
sented that confirm its giant 3D Rashba-type spin splitting,
leading to the unusual spindle torus-shaped Fermi surface.
We have further clarified the surface state character of the
2D Rashba-split conduction band state at the Te-terminated
surface and established the relation between the 2D and 3D
Fermi surfaces. The toroidal 3D Fermi surface has unique
properties and may open a pathway for the realization of
exotic physical systems.
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