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Motivations
•	Samples grown by vapor flux method
•	n-type semiconductor
•	Low density of carriers n~1019 cm-3

•	Layered noncentrosymmetric structure P3m1
•	Calculations & SR-ARPES shows Rashba spin splitting with large value of ER ~ 0.1 eV
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Figure 3 | Spin polarization of Rashba-split bands. a, Markers tracking the band dispersions overlaid on the ARPES intensity image. The markers show the
peak positions of the EDCs and MDCs. Red (blue) markers represent the σ? > 0 ‘spin-up’ (σ? < 0 ‘spin-down’) components, as confirmed by SRARPES
shown in c,d. b, The Fermi-surface map. Green markers show the peak positions of MDCs at EF. The red line represents the momentum cut of the SRARPES
images in c,d. c, The spin-polarization image obtained by SRARPES. d, The EDCs of SRARPES measured along k

x

. The red (blue) curves show the spin-up
(spin-down) components. e, Calculated spin polarization on conduction-band dispersions along A–L (k

y

= 0,k

z

= ⇡/c). Only the σ?-component is shown
by the colour scale for comparison with the experiment. f, Calculated spin polarization overlaid on the Fermi surface at k

z

= ⇡/c. The arrows show the
orientation of spin whereas their colour indicates the degree of polarization.

(left axis) is rigidly shifted to match the CBM energy with the
experiment, to account for the band-bending effect. The colour
shows the polarization of the spin component σ? in units of h̄/2
for respective bands and k points. The spin splitting (for example
k0) as well as the detailed character of band dispersions are in
excellent accordance with the experimental result in Fig. 3a. This
thus strongly suggests that this Rashba-like splitting is derived from
the bulk atomic configuration, not from surface states or the near-
surface band-bending effect. It is also essentially different from the
very recently observed Rashba-like spin polarization in the ARPES
spectrum of the bulk continuum states keeping the spin degeneracy,
arising from the reflection of the relativistic Bloch waves from the
surface barrier, which leads to a beating of the spin density17.

The characteristic parameters quantifying the strength of the
Rashba splitting in addition to the momentum offset k0 are the
Rashba energy ER and the coupling constant ↵R (Rashba parame-
ter). They are related byER = h̄2k20/2m

⇤ and k0 =m⇤↵R/h̄2 in a 2DEG
model. Here we evaluate the spin splitting of the conduction band
in BiTeI by analogy. Our present result along the kx (A–L) direction
shows that k0 ⇠ 0.052Å−1, and ER ⇠ 0.1 eV (=Ecross − ECBM) with
ECBM =0.29 eV, Ecross =0.19 eV. From ER and k0, we can evaluate the
Rashba parameter as ↵R = 3.85 eVÅ. This value, though including
some extent of uncertainty due to the band dispersion’s deviation

from the 2DEG assumption E = h̄2k2/2m⇤, is one of the largest
among theRashba splittings observed in various systems (Table 1).

Through the recent studies on surface states of metals5,16 and a
number of surface alloys, it has been found that the in-plane in addi-
tion to the out-of-plane component of the potential gradient plays a
crucial role in enhancing the level of spin splitting. For example, in
Bi/Ag(111) (ref. 7) or Bi/Si(111) (ref. 8), the evaporatedBi atoms are
incorporated into the substrate, and form a reconstructed surface
alloy state with

p
3⇥

p
3 structure. The further reduced symmetry

induces the in-plane gradient, deforming the Fermi surface from an
ideally circular to a hexagonal shape. At the same time, it also rotates
the spin orientation away from the genuineRashba orientation (that
is, perpendicular to the surface normal and k), and significantly
enhances the splitting7. In contrast, it is interesting to note that the
ultrathin films of Bi (and Pb) show no or, at most, a very weak
splitting among their quantum-well subband states, even though
the surface states in the same Bi film are dominated by substantial
splitting18,19. The only exception until now is the unoccupied
subband state of one monolayer of Bi on Cu(111) (ref. 20), which
shows a giant splitting. This has been elucidated by the speculation
that the wavefunction of the quantum-well state is located quite
far from the surface or interface and does not experience a large
enough potential gradient. Other possibilities are also raised that

NATUREMATERIALS | VOL 10 | JULY 2011 | www.nature.com/naturematerials 523

© 2011 Macmillan Publishers Limited. All rights reserved

NATUREMATERIALS DOI: 10.1038/NMAT3051
ARTICLES

k

x

k

y

Bi
nd

in
g 

en
er

gy
 (

eV
)

Bi
nd

in
g 

en
er

gy
 (

eV
)

Binding energy (eV)

Bi
nd

in
g 

en
er

gy
 (

eV
)

ER

k0

¬0.3

0.3

0

k

x

k

z

k

y

In
te

ns
ity

 (
a.

u.
)

Momentum (Å¬1)

Momentum (Å¬1)

k

y
 

(Å
¬

1 )

k

x 

(Å¬1)

k

x

 

(Å¬1)

0

0.1

0.2

0.3

0.4

0¬0.2 0.2

0.3

0.2

0.1

0

¬0.1

¬0.2

¬0.3
¬0.2 0.0 0.2

0

0.1

0.2

0.3

0.4

¬0.2 0 0.2

Up

Down
k

x

 

(Å¬1)

¬0.21

¬0.14

¬0.07

0.07

0.14

0.21

0.4 0

0

0.1

0.2

0.3

0.4

0.5

0

¬0.5

¬0.2 0 0.2

0.59

0.44

a c e

d

b f

Figure 3 | Spin polarization of Rashba-split bands. a, Markers tracking the band dispersions overlaid on the ARPES intensity image. The markers show the
peak positions of the EDCs and MDCs. Red (blue) markers represent the σ? > 0 ‘spin-up’ (σ? < 0 ‘spin-down’) components, as confirmed by SRARPES
shown in c,d. b, The Fermi-surface map. Green markers show the peak positions of MDCs at EF. The red line represents the momentum cut of the SRARPES
images in c,d. c, The spin-polarization image obtained by SRARPES. d, The EDCs of SRARPES measured along k

x

. The red (blue) curves show the spin-up
(spin-down) components. e, Calculated spin polarization on conduction-band dispersions along A–L (k

y

= 0,k

z

= ⇡/c). Only the σ?-component is shown
by the colour scale for comparison with the experiment. f, Calculated spin polarization overlaid on the Fermi surface at k

z

= ⇡/c. The arrows show the
orientation of spin whereas their colour indicates the degree of polarization.

(left axis) is rigidly shifted to match the CBM energy with the
experiment, to account for the band-bending effect. The colour
shows the polarization of the spin component σ? in units of h̄/2
for respective bands and k points. The spin splitting (for example
k0) as well as the detailed character of band dispersions are in
excellent accordance with the experimental result in Fig. 3a. This
thus strongly suggests that this Rashba-like splitting is derived from
the bulk atomic configuration, not from surface states or the near-
surface band-bending effect. It is also essentially different from the
very recently observed Rashba-like spin polarization in the ARPES
spectrum of the bulk continuum states keeping the spin degeneracy,
arising from the reflection of the relativistic Bloch waves from the
surface barrier, which leads to a beating of the spin density17.

The characteristic parameters quantifying the strength of the
Rashba splitting in addition to the momentum offset k0 are the
Rashba energy ER and the coupling constant ↵R (Rashba parame-
ter). They are related byER = h̄2k20/2m

⇤ and k0 =m⇤↵R/h̄2 in a 2DEG
model. Here we evaluate the spin splitting of the conduction band
in BiTeI by analogy. Our present result along the kx (A–L) direction
shows that k0 ⇠ 0.052Å−1, and ER ⇠ 0.1 eV (=Ecross − ECBM) with
ECBM =0.29 eV, Ecross =0.19 eV. From ER and k0, we can evaluate the
Rashba parameter as ↵R = 3.85 eVÅ. This value, though including
some extent of uncertainty due to the band dispersion’s deviation

from the 2DEG assumption E = h̄2k2/2m⇤, is one of the largest
among theRashba splittings observed in various systems (Table 1).

Through the recent studies on surface states of metals5,16 and a
number of surface alloys, it has been found that the in-plane in addi-
tion to the out-of-plane component of the potential gradient plays a
crucial role in enhancing the level of spin splitting. For example, in
Bi/Ag(111) (ref. 7) or Bi/Si(111) (ref. 8), the evaporatedBi atoms are
incorporated into the substrate, and form a reconstructed surface
alloy state with

p
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p
3 structure. The further reduced symmetry

induces the in-plane gradient, deforming the Fermi surface from an
ideally circular to a hexagonal shape. At the same time, it also rotates
the spin orientation away from the genuineRashba orientation (that
is, perpendicular to the surface normal and k), and significantly
enhances the splitting7. In contrast, it is interesting to note that the
ultrathin films of Bi (and Pb) show no or, at most, a very weak
splitting among their quantum-well subband states, even though
the surface states in the same Bi film are dominated by substantial
splitting18,19. The only exception until now is the unoccupied
subband state of one monolayer of Bi on Cu(111) (ref. 20), which
shows a giant splitting. This has been elucidated by the speculation
that the wavefunction of the quantum-well state is located quite
far from the surface or interface and does not experience a large
enough potential gradient. Other possibilities are also raised that
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K. Ishizaka et al., Nature Materials 10, 521 (2011)

•	Reflectivity R from FIR to VIS
•	Variational dielectric function fit of R 

(Kramers-Kronig consistant) -> σ1
•	σ1 contains a Drude contribution and is 

gaped until 0.4 eV with excitations 
between α and β of the RSS

•	 Infrared is a bulk technique, so RSS too
•	DFT-GGA calculations predicted a  Pc of 

1.7-4.1 GPa with:
 - inversion of the band gap 
 - quantum phase transition
 - unconventional metalicity
 - topological states

M. S. Bahramy, et al., Nature Communications 3, 679 (2012)

•	 Infrared spectroscopy under high pressure should allow to probe such transition

•	Collapse of band gap with pressure, no re-opening is seen (hence no transition to a 
Topological Insulator phase)

•	Structural transition at 9 GPa
•	GW calculations set Pc ~12 GPa: prevents topological high pressure phase

•	 Identification of structure of high pressure phase
•	Other study (X. Xi et al., Phys. Rev. Lett. 111, 155701 (2013)) concurs with the struc-

tural phase transition at ~8 GPa but claims the closing and reopening of the semi-
conducting gap through band inversion for P ~2-3 GPa

•	Possible candidate for HP phase: P63mc (doubling of unit cell perp. to layers & topo-
logically trivial metallic state under pressure)

•	Reflectivity
 - Reshift of plasma edge, P < 9 GPa
 - Increase (decrease) of R above (below) plasma edge
 - Vanishing of plasma edge, P > 9.5 GPa
•	Conductivity
 - Redshift of absoption edge & disapearance of dip @ 0.45 eV for P < 8.5 GPa
 - Steep increase at 9 GPa (electronic transition)
 - Gapped states filled by 12 GPa and gap tends to very low energies
 - At 15 GPa, conductivity appears ungaped
 - Single peak (intraband plasmon) in Loss function disapears above 9 GPa

Tran et al., Phys. Rev. Lett. 112, 047402 (2014)

a) Département de Physique de la Matière Condensée, Université de Genève, 24 Quai Ernest Ansermet, CH-1211 Genève 4, Switzerland
b) Infrared Beamline, Swiss Light Source, Paul Sherrer Institut, CH-5232 Villigen-PSI, Switzerland

c) Institute of Theoretical Physics, Ecole Polytechnique Fédérale de Lausanne (EPFL), CH-1015 Lausanne, Switzerland

Reflectivity data R at ambient pressure and Rsd at high pressure were analysed with the 
Kramers-Kroning consistant variational dielectric function technique (VDF*) of RefFIT 
to extract the high pressure optical conductivity σ1  with the following workflow:

* A. B. Kuzmenko, Review of Scientific Instruments 76, 083108 (2005)
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Left: BETSA MDAC 1. Membrane-to-capillary right angle adaptation piece, 2. Cover, 3. Membrane (stainless steel), 4. Interface disc, 5. Piston - upper rocker 
support (movable), 6. Upper rocker, 7. guide, 8. Upper diamond seat, 9. Gasket (CuBe), 10. Upper diamond, 11. Lower diamond, 12. Lower diamond seat, 13. Lower 
rocker, 14. Cylinder - lower rocker support (fixed). Insets: a) Cernox temperature sensor attached to the lower rocker and b) picture of the hole of the gasket with 
crystal sample, a ruby chip and liquid pressure media.
Right: Transmission and reflectivity setup in 3D cut view. Infrared is in red, laser excitation in green, ruby fluorescence in orange and visible light col-
lected by camera in blue. I.Transmission 1. Incoming IR beam of the Bruker 66/v, 2. one inch Ø gold-plated steering mirrors on kinematic accuators, 3. Spectro-
meter’s Focal Point and right Cassegrain rear FP, 4. Equivalent focal point with field-stop diaphrams, 5. IR-transparent windows separating upper and lower cham-
bers, 6. 1 cm2 square steering optics (mirror/beamsplitter/empty) on motorized linear stage, 7. 15x Cassegrain reflective objectives, 8. MDAC, 9. Cooldfinger tip, 
10. Quartz windows, 11. CMOS camera, 12. Field-stop diaphragm, 13. Achromatic 50 mm doublet, 14. Aperture diaphragm,  15. Green dichroic mirror, 16. Green 
laser injection, 17. Achromatic 50 mm doublet, 18. Red dichroic mirror, 19. Fluoresece light collection, 20. Cold finger housing and 21. Outgoing IR beam. Insets:  
a) view of the gasket hole with synchrotron light spot next to crystal sample (reference spectrum); as seen with the camera in 11 and b) cut view of the sample 
environment with light passing tru the sample (sample spectrum). II.Reflectivity 1. Clamped MDAC, 2. Tip of the coldfinger, 3. ST-100 original housing, 4. Clamp 
for support/angle adjustment, 5. Hyperion 15x Reflective objective, 6. Low profile home-made housing and 7. Incoming/outgoing beam. Insets: a) view from the 
sample taken with the embedded camera of Hyperion with sample area delimited by field-stop blades (sample spectrum), b) the commons parts (in purple) sha-
red with the transmission setup and c) sample environment in cut view.
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•	Transmission shows
 - Single peak shifts to low energy between 3 and 9 Gpa above which it collapses
 - Phase transition & reduction of  the band gap

•	Polarized Raman indicates
 - Hardening of modes with pressure
 - Appearance of new modes at 9 GPa
 - Structural phase transition at 9 GPa

•	GW calculations indicate higher value for band gap (~0.4 eV - closer to experiment) 
and a higher critical pressure than DFT-GGA: Pc ~10 GPa.
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Tran et al., Phys. Rev. Lett. 112, 047402 (2014)

(a) and (b): parallel polarization. (c) and (d) crossed polarization.


