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             •  A polaron liquid in anatase TiO2

•  Ferroelectric BaTiO3

Outline:

We performed the analysis on a 2 × 2 × 2P1 supercell
of the Pm3̄m unit cell of paraelectric BaTiO3, which
encompasses all of the common symmetry lowering phase
transitions observed in the perovskite family leading to
120 internal degrees of freedom, although our analysis
can easily be extended to incorporate displacements with
longer period modulations. We chose this supercell size to
be appropriate to tackle many other order-disorder phase
transitions in perovskites, and to test whether the ferro-
electric modes may have zone-boundary character as
suggested by a recent theoretical study [36]. We system-
atically tested the modes (by irrep) against Bragg and
PDF data separately to emphasize when local and global
symmetries agree or diverge. Each PDFFit or Rietveld
refinement was initiated from random starting values 500
times at each temperature to ensure that global minima
were reached. Modes with vanishingly small refined
amplitudes, or which produced poor fits, cannot be
significant order parameters. In Fig. 2 for each set of
modes belonging to an irrep tested in turn, we plot a
weighted average of the refined mode magnitudes. The
weighting is such that large magnitudes from poorly
fitting refinements corresponding to false minima have
a vanishing contribution to the average through a
Boltzmann distribution exp[ðRwglobal − RwÞ=σ]. We call
this quantity the Boltzmann weighted mean amplitude
(BWMA). Rwglobal is the minimum value obtained in all
refinements of the weighted R factor with σ ¼ 0.1%. The
value of σ is chosen such that two fits differing by this
amount may only just be visually discriminated. Triply
degenerate modes in the cubic symmetry corresponding to
equivalent distortions in the x, y, and z directions are
averaged together for these plots. The distortion mode
BWMAs have three distinct types of behavior: (1) low

values at 500 K rising to large values at lower temper-
atures, (2) small values at 500 K dropping to near zero,
and (3) consistently near zero values.
Modes of type (1) are clearly the relevant order

parameters for the ferroelectric phase transitions. These
modes all belong to the Γ−

4 irrep and correspond to nine
degrees of freedom, three branches each for the TiðT1uÞ,
OðA2uÞ, and OðEuÞ modes. Since modes belonging to
different irreps are necessarily orthogonal and do not
couple (in the harmonic approximation), we need not test
for inter-irrep correlations, but instead can focus on intra-
irrep correlations within the basis describing the distor-
tion space spanning this Γ−

4 irrep. Analysis of the three
branches of each of these modes reveals that the order
parameter always has rhombohedral symmetry from the
local perspective, whereas our analysis of the Bragg
profile in terms of global (crystallographic) symmetry
follows the well known cubic, tetragonal, orthorhombic,
and rhombohedral phase transitions described in the
literature. Full details of the order parameter direction
at all temperatures are given in the Supplemental Material
[33]. Our results are consistent with recent RMC refine-
ments on the tetragonal phase of BaTiO3, which find a Ti
distribution in agreement with a picture of local rhom-
bohedral-like distortions [37]; however, the clear off-
center nature of the Ti distributions that we observe, is
not so evident in that work. Case (2) demonstrates our
sensitivity to soft phonon modes. These belong to the
irrep. Xþ

5 or M−
2 , are soft eigenvectors of the system [38],

and are on the same line in the phonon dispersion curves
as the zone centered Γ−

4 ferroelectric instability, such that
they both correspond to locally the same off-center
distortions, but are antiferroelectric in nature. Case
(3) shows that a large number of modes do not have
a significant contribution to describing the local sym-
metry breaking distortions in BaTiO3.
The origin of the local order parameter is a strong

desire for Ti to undergo a second order Jahn-Teller
distortion, presumably driven by a hybridization of the
oxygen 2p orbitals with the Ti 3d orbitals [39] by
shortening three bonds simultaneously, i.e., a local
rhombohedral-like distortion. The incipient rhombohe-
dral distortions are necessarily split by global tetragonal
and orthorhombic lattice distortions at particular temper-
atures, and the question now arises, can these lattice
distortions themselves be a result of correlations of the
local symmetry-breaking distortions alone? Or put
another way, can this order-disorder model provide a
complete description of the observed phase transitions
in BaTiO3?
To test this we perform a Monte Carlo (MC) simulation

using a simple model Hamiltonian. We do not claim that
this represents the true physical Hamiltonian of the system,
but use it to show that local coupling of Ti displacements
can reproduce the observed series of crystallographic phase

FIG. 2. (a) BWMAs from PDF refinements for all modes
plotted against temperature. Modes belonging to Γ−

4 , X
þ
5 , M

−
2 ,

and all other irreps are colored blue, magenta, cyan, and red
respectively. Insets show symmetry-adapted displacements be-
longing to the Γ−

4 irrep, which correspond to the three modes with
the highest BWMA values and (b) shows their combined þ − −
coupling [TiðT1uÞ, OðA2uÞ, and OðEuÞ, respectively] along the
rhombohedral order parameter direction as observed locally in
this study at all temperatures.
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TM oxides – interesting AND useful

memristors 

Transparent conducting layers 

Photocatalysis 

Solar cells 

Spintronics 

ferroelectricity 

Superconductors  

GMR 

interfaces 
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TM oxides - the local electronic structure
Antibonding:  
mostly metal 

Bonding: mostly oxygen 

MO6 octahedron 

M. Grioni – 3.8.2016



Correlations

Mott Charge transfer 

�  Local moments   
�  Magnetic order 
�  MI transitions 
�  GMR 
�  High-Tc SC 
�  … 

DOS 

ZSA scheme 

LDA: Metal 
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Coupling to the lattice: distortions and QP renormalization

King et al. (2014) 

Polaron formation 

QP renormalization 

SrTiO3 

Ferroelectricity 

Jahn-Teller effect 

7.5 Ligand Field Theory 253

The ground states for the configurations d4−d7 may therefore consist of either
a low-spin or high spin configuration. We can summarize as follows.

For the d4−d7 configurations, the electron filling of the 10 possible d spin–
orbitals leads to two distinct ground states, depending on the relative size
of the electron correlation energy relative to the LF splitting.
• If the electron correlation energy is larger (or “high”), the ground state
has high-spin.
• If the electron correlation energy is smaller (or “low”), the ground state
has low-spin.

Jahn–Teller Effect

Sometimes the filling of the orbitals with electrons according to the Pauli
principle may also affect the local structure around the transition metal ion,

Fig. 7.11. Jahn–Teller effect for Mn3+ (3d4). The Mn3+ ion (black) is located in the
center of an oxygen octahedron, as shown in the lower part of the figure. When the
octahedral symmetry is distorted into the shown tetragonal symmetry, the energy
of the d3z2−r2 orbital which points along the elongated bond direction (z) is lowered
in energy (compare Fig. 7.9). Since the lower d3z2−r2 orbital is filled and the higher
dx2−y2 orbital is empty the system can lower its energy. Since both of the split t2g
states are filled and the center of gravity is preserved the t2g states do not contribute
to the overall energy saving

M. Grioni – 3.8.2016



Why high-energy spectroscopies ?

An interacting
electron system

transport, NMR, 
specific heat...

 “pulling gently”

ARPES 
X-ray scattering

quasiparticle
+ dressing

a bare 
electron

Very short interaction
= simpler response
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Modern ARPES: one picture is better than 1000 words

Courtesy E. Rotenberg 

k-space travel 

E

k
EF

Courtesy: E. Rotenberg 
E=const 

map  

E vs kx  

a band live on TV
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What ARPES really measures 

Neutral and charged excitations

   
I(εκ ,κ ) ≈ | 〈(N −1);s | ak | N;0〉

s
∑  |2 δ(εκ − εs − !ω) δ(κ  − k)

I(εκ ,κ ) ≈ A(k,ω) = 1
π

 | ImG(k,ω) |

Notice: PES measures
HOLE excitations

Fermi’s golden rule

PES IPESOptics, RIXS

One-particle spectral function

M. Grioni – 3.8.2016



Quasiparticles:
electrons dressed

by various interactions

|k1>

|k2>|ki>

|k4>
|k3>

|k>

(quasi-)particle
dispersion: ε(k)

k 

Incoherent spectral weight
(QP dressing)

Fermi level 

The spectral function

IDEAL systems
(band theory)

boring
REAL systems
(interacting)

Bare electrons

The dispersion and spectral line shape of the QPs reveal the 
nature of the interaction and of the ground state
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A typical Fermi liquid: electron-hole mixing

Binding Energy

kF

Fermi gas Fermi liquid

k
-100 -50 0 50 100

Energy  (meV)

  k1 < kF
   k1 > kF

spectral weight 
above EF

The correlated system lowers its energy
by mixing nominally “occupied” and “empty”states

k>kF

Fermi surface

Crossing the Fermi surface

k < kF k > kF
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A typical Fermi liquid: phonon broadening

15 K

300 K  kBT (meV) 

Binding Energy
0=EF100

k=kF

kF

QP scattering rate  

k

Data + Debye model fit
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ARPES: QP dispersion and dressing

SrTiO3 

Band renormalization and low-energy 
anomaly 

QP dressing: 
Self-energy 

A simpl(istic) picture 

Ashcroft & Mermin 

P. King et al. (2014) 
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Case study #1

A polaron liquid in  
conducting anatase TiO2 

M. Grioni – 3.8.2016

edge-sharing 
TiO6 octahedra 

n = 7x1017 cm-3 

H. Berger 

O vacancies à Ti3+ à n-doping 



(photo-) doped TiO2 anatase (001) 

S. Moser et al., PRL 110, 196403 (2013)  

kx (π/a) kx (π/a)

k y
 (π

/ a
)

k y
 (π

/a
)

k z
 (π

/c
)

Fermi surface  Fermi surface (kx- kz) 

VBM 
E=-3.3 eV 

Moser   Moreschini 
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n = 2x1020 cm-3 



The lattice responds

Electron pocket  
at the CBM 

(ELO)
=108 meV 

kF 

// b plane 

Franck-Condon (displaced oscillator) 
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Large polarons in anatase: Fröhlich’s hamiltonian

incoherent 

QP weight Z~0.36 (moderately strong coupling) Coupling with a LO mode 

(ELO)
=108 meV 

QP 

Effective mass m*=0.7m0 
m*/mLDA~1.7 

QP peak 
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QP 

QP + 1 phonon 

O. Barisic



The large polaron in motion
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Coupling to “other” phonons

T-dependence 

300 K 

160 K 

100 K 

20 K 

ΔE~λT 

ΔE=2πλkBT    à   λ=0.7   

Mass enhancement parameter: 
m*/mb = (1+λ) = 1.7 
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From a polaron gas to to a Fermi liquid

Additional charge carriers  
screen the e-ph interaction 
 
Crossover to an electron  
liquid coupled to phonons 
around n~1019 cm-3 

 
dpp~ n-1/3 = 2rp  à  rp~20 Å 
 
Frölich: intermediate coupling: 
 

5x1018

1x1020 3.5x1020

3.5x1019

kink 

n 
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Photons do it all: resonant inelastic x-ray scattering (RIXS)

Energy loss 
(energy transfer) 

RESONANT RAMAN

hνIN
ELASTIC

INELASTIC
ELASTIC LINE

LOSS FEATURE

Threshold 
excitation  
of a core 
state 

Cu2+

dd

CT

Ex
ci
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n 
en

er
gy

 
=

En
er
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 lo

ss

Exemple - Cu L3 RIXS: 3d9 à 2p53d10 à 3d9 
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Chemical selectivity from core hole, but the final state  
  has no core hole à high resolution 

Photon in - photon out: OK for insulators; external fields 
Bulk-sensitive   q dependence 

RIXS = Resonant x-ray Raman

9/406/33

RIXS: probes multiple energy scales 

charge-neutral 
excitations 
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High-resolution RIXS of a 2D AFM insulator : Sr2CuCl2O2

dd

Fixed scattering 
geometry 

(transferred 
momentum q)

Variable in-plane 
projection q||

M. Guarise et al.,  
PRL 105, 157006 (2010) 

S=1/2 square-lattice 
Heisenberg AFM:

 
Magnon dispersion
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Determining the electron-phonon coupling strength from RIXS
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Fig. 1: (Colour on-line) Resonant Inelastic X-ray Scattering
amplitude for phonon loss for Einstein phonon with energy
ω0 for different values of the dimensionless electron-phonon
coupling M/ω0. The inverse core-hole lifetime of Γ/ω0 = 5 is
a typical value at the copper L-edge. The RIXS amplitude
is evaluated at the incident energy that corresponds to the
maximum in the X-ray absorption signal.

The resulting RIXS spectra for a typical weak, inter-
mediate and strong coupling case are shown in figs. 1
and 2. It is clear that for stronger e-p interactions, a
larger number of multi-phonon satellites carry apprecia-
ble weight. However, the first important observation is
that the amplitude of the zero-loss peak A(0) is absolutely
dominant (see fig. 2). This is even so in the strong
e-p coupling regime, as long as M/Γ< 1. As at the Cu
L3-edge Γ= 280meV [17], this corresponds to the physical
situation, where typical phonon energies are of the order
ω0 = 30–100meV. The coupling constant is determined by
the phonon self-energy M =

√
εpω0. Usual phonon self-

energies are of the order of a few hundred meV, giving a
coupling constant of the order of several tenths of a meV,
which is smaller than the typical core-hole lifetime broad-
ening. This observation is empirically supported by the
fact that a dispersion of magnon [8] and bimagnon [18–20]
excitations have been observed in L- and K-edge RIXS.
Such dispersion cannot be present if these magnetic exci-
tations are always accompanied by (multiple) phonon
excitations that carry away momentum.
The exact amplitude for exciting a single phonon

in the RIXS process is A(1) = (e−g/
√
g)
!∞
n=0 g

n(n−
g)/[n!(z+(g−n)ω0)]. In leading order in the e-p coupling
constant this amplitude is A(1) =M/z2. The differential
single-phonon RIXS scattering amplitude A(1) is therefore
directly proportional to the e-p coupling constant M , see
fig. 3. By increasing z and thus tuning away from the
absorption edge the scattering amplitude is reduced.

Dispersive phonons. – In close analogy with eq. (2),
the case of multiple dispersive phonon modes can also be

Fig. 2: (Colour on-line) Calculated RIXS amplitude for phonon
loss as a function of loss energy ωloss and incident energy
ωin = ωdet+M

2/ω0 in the case of (a) strong coupling and
very long core-hole lifetime, (b) strong e-p coupling and (c)
intermediate/weak e-p coupling.
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Fig. 3: (Colour on-line) Relation of the multiple phonon
resonant RIXS amplitude to the electron-phonon coupling
strength M/Γ. The ratio of the n+1 phonon A(n+1) to n
phonon A(n) loss amplitudes is shown. Γ is the inverse core-
hole lifetime. In the physical relevant regime these curves do
not depend on the phonon frequency ω0. The UCL expansion
(straight gray line) gives accurate results for M/Γ! 0.2.

solved exactly. The scattering amplitude is

Aq =
"

R

eiq·R

×
"

m

#$
k,λ ⟨n′kλ| e−SRkλ |nkλ(m)⟩ ⟨nkλ(m)| eSRkλ

%%n0kλ
&

z+
!
k,λ[gkλ−nkλ(m)]ωkλ

'

,

(4)

where n0kλ, nkλ and n
′
kλ are the occupation numbers of

the modes indexed by k and λ in the ground, intermediate
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Ament et al., EPL 95, 27008 (2011) 

L. J. P. Ament et al.

transport measurements, rendering tunneling a very sensi-
tive probe of (momentum averaged) e-p coupling constants
for electrons close to the Fermi surface. On the other hand
it is also intrinsically surface sensitive and confronted with
the practical challenge to make good yet partially trans-
parent barriers [11]. Such low-energy scales are not avail-
able to RIXS. An interesting feature of RIXS is however
its element-specificity: in copper oxides phonons can for
instance not only be accessed at the Cu L-edge, but also
at the O K-edge —resolutions permitting.
A first phonon characteristic that is in principle acces-

sible to RIXS is the phonon dispersion. Even if measuring
it with RIXS is an interesting new utilization, one has to
keep in mind that as a technique it is in this case up against
very well-established methods such as inelastic neutron
or (nonresonant) X-ray scattering. However, we wish to
make the case here that what sets RIXS apart from, e.g.,
neutron scattering is its capability to measure momentum-
dependent e-p couplings. To formalize and elaborate on
this statement, we start by introducing the e-p coupling
Hamiltonian in generic form [12]:

He−p =
!

k,q,λ

Mqλd
†
k−qdk(b

†
qλ+ b−q,λ). (1)

The Hamiltonian couples with a strength Mqλ phonons
with momentum q and branch index λ, which are
created by the operator b†qλ, to electrons that are

described by the fermionic operators d†k. The phonon
dynamics are governed by the phonon Hamiltonian
Hp =

"
q,λ ωqλb

†
qλbqλ.

For definiteness we focus on the cuprates which have
filled Cu 3d states apart from a single hole in the x2-y2

orbitals, but the analysis presented here is more
general [13]. In the Cu L-edge RIXS process, the x2-y2

state is transiently occupied as an electron from the core
is excited into it. As mentioned above, the filled x2-y2

state is short lived and quickly decays again. There is
then a certain probability that after the decay process a
phonon is left behind in the final state. Obviously this
probability is related to the coupling of the x2-y2 electron
to this particular phonon. Note that the presence of the
core-hole ensures that the intermediate state is locally
charge neutral. The phonons that couple to the 3d x2-y2

quadrupolar charge moment appear as loss-satellites
in L-edge RIXS. Not all phonon modes couple equally
to the RIXS intermediate state. To understand how
the electron-phonon coupling is precisely reflected in
the RIXS intensity we evaluate the RIXS amplitude
for phonon scattering Aq from the Kramers-Heisenberg

equation [14] Aq =
"
n
⟨f |D̂|n⟩⟨n|D̂|i⟩
ωdet−En+iΓ , where ωdet is the

detuning energy of the incident photons from the L-edge
resonance and En is the energy of intermediate state n
with respect to the resonance. The initial, intermediate
and final states are |i⟩, |n⟩ and |f⟩ and the momentum
loss of the photons in the scattering process is q. The
dipole operators D̂∼ p ·A in the scattering amplitude

first create a 3d electron out of the localized 2p core-state
and then annihilate it. Without polarization details we
can denote it as D̂=

"
R(e

−ikin·Rd†RpR+ e
ikout·RdRp

†
R).

An important quantity is the inverse core-hole lifetime Γ,
which determines the ultra-fast 1–2 fs time scale for the
RIXS process. With this the RIXS scattering intensity
becomes I(q,ωloss) =

"
f |Aq|2δ(ωloss−Ef +Ei), where

ωloss is the energy lost by the photon in the scattering
process and Ei and Ef are the initial and final state
energies, respectively.
It is well known that due to the presence of the interme-

diate states, it is in general impossible to evaluate RIXS
scattering intensities exactly, even in model systems. One
therefore often resorts to finite-size cluster calculations to
compute RIXS spectra [15,16]. The e-p scattering problem
at hand, however, is an exception. It can be solved exactly
by means of canonical transformations. The fact that we
are dealing with harmonic bosons allows for such a solu-
tion. We start by considering the limit of the coupling to
an optical Einstein phonon and subsequently generalize to
multiple dispersive phonons.

Einstein phonon. – For a local, nondisper-
sive Einstein phonon the e-p Hamiltonian reduces
to H =

"
RMd

†
RdR(b

†
R+ bR)+

"
R ω0b

†
RbR. This

Hamiltonian can be diagonalized by a canonical trans-
formation [12] H̄ = eSHe−S , with S =

"
R SR where

SR = d
†
RdR

M
ω0
(b†R− bR). As there is a single core-hole

present, this results in H̄ =
"
R ω0b

†
RbR− M

2

ω0
, where

the last term merely shifts the energy at which the
resonance occurs. The phonon eigenstates are all the
possible occupations {nR(m)} of the phonon states with
energies Em =

"
R nR(m)ω0−M2/ω0. The eigenstates

|ψ̄m⟩ of H̄ are related to the eigenstates |ψm⟩ of H by
|ψm⟩= e−S

##ψ̄m
$
. Inserting this transformation into the

scattering amplitude Aq gives

AEinsteinq =
!

m

⟨f | D̂e−S
##ψ̄m
$ %
ψ̄m
## eSD̂ |i⟩

ωdet−Em+ iΓ

=
!

R

eiq·R
∞!

nR=0

⟨n′R| e−SR |nR⟩ ⟨nR| eSR
##n0R
$

z+M2/ω0−nRω0
, (2)

with z = ωdet+ iΓ and n0R, nR and n
′
R are the occupa-

tions in the ground, intermediate and final states, respec-
tively. The transferred momentum q= kin−kout springs
from the dipole operators. The Franck-Condon overlap
factors in the numerator can be evaluated exactly and
are conveniently expressed in the functions Bmn(g) =

(−1)m
√
e−gm!n!

"n
l=0

(−g)l√gm−n
(n−l)!l!(m−n+l)! , with g=M

2/ω20 .

The RIXS amplitude to excite n′ phonons when starting
from the ground state is

AEinsteinq =
∞!

n=0

Bmax(n′,n),min(n′,n)(g)Bn0(g)

z+(g−n)ω0
. (3)
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Determining the electron-phonon coupling strength from RIXS
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Fig. 1: (Colour on-line) Resonant Inelastic X-ray Scattering
amplitude for phonon loss for Einstein phonon with energy
ω0 for different values of the dimensionless electron-phonon
coupling M/ω0. The inverse core-hole lifetime of Γ/ω0 = 5 is
a typical value at the copper L-edge. The RIXS amplitude
is evaluated at the incident energy that corresponds to the
maximum in the X-ray absorption signal.

The resulting RIXS spectra for a typical weak, inter-
mediate and strong coupling case are shown in figs. 1
and 2. It is clear that for stronger e-p interactions, a
larger number of multi-phonon satellites carry apprecia-
ble weight. However, the first important observation is
that the amplitude of the zero-loss peak A(0) is absolutely
dominant (see fig. 2). This is even so in the strong
e-p coupling regime, as long as M/Γ< 1. As at the Cu
L3-edge Γ= 280meV [17], this corresponds to the physical
situation, where typical phonon energies are of the order
ω0 = 30–100meV. The coupling constant is determined by
the phonon self-energy M =

√
εpω0. Usual phonon self-

energies are of the order of a few hundred meV, giving a
coupling constant of the order of several tenths of a meV,
which is smaller than the typical core-hole lifetime broad-
ening. This observation is empirically supported by the
fact that a dispersion of magnon [8] and bimagnon [18–20]
excitations have been observed in L- and K-edge RIXS.
Such dispersion cannot be present if these magnetic exci-
tations are always accompanied by (multiple) phonon
excitations that carry away momentum.
The exact amplitude for exciting a single phonon

in the RIXS process is A(1) = (e−g/
√
g)
!∞
n=0 g

n(n−
g)/[n!(z+(g−n)ω0)]. In leading order in the e-p coupling
constant this amplitude is A(1) =M/z2. The differential
single-phonon RIXS scattering amplitude A(1) is therefore
directly proportional to the e-p coupling constant M , see
fig. 3. By increasing z and thus tuning away from the
absorption edge the scattering amplitude is reduced.

Dispersive phonons. – In close analogy with eq. (2),
the case of multiple dispersive phonon modes can also be

Fig. 2: (Colour on-line) Calculated RIXS amplitude for phonon
loss as a function of loss energy ωloss and incident energy
ωin = ωdet+M

2/ω0 in the case of (a) strong coupling and
very long core-hole lifetime, (b) strong e-p coupling and (c)
intermediate/weak e-p coupling.
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Fig. 3: (Colour on-line) Relation of the multiple phonon
resonant RIXS amplitude to the electron-phonon coupling
strength M/Γ. The ratio of the n+1 phonon A(n+1) to n
phonon A(n) loss amplitudes is shown. Γ is the inverse core-
hole lifetime. In the physical relevant regime these curves do
not depend on the phonon frequency ω0. The UCL expansion
(straight gray line) gives accurate results for M/Γ! 0.2.

solved exactly. The scattering amplitude is

Aq =
"

R

eiq·R

×
"

m

#$
k,λ ⟨n′kλ| e−SRkλ |nkλ(m)⟩ ⟨nkλ(m)| eSRkλ

%%n0kλ
&

z+
!
k,λ[gkλ−nkλ(m)]ωkλ

'

,

(4)

where n0kλ, nkλ and n
′
kλ are the occupation numbers of

the modes indexed by k and λ in the ground, intermediate
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I(1) ~ M2 
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I(2)/I(1) =2 (M/Γ)2 
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RIXS signatures of the polaron in anatase TiO2
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RIXS signatures of the polaron in anatase

462

461

460

459

458

457

456

ph
ot

on
 e

ne
rg

y 
(e

V
)

-2 -1 0
Energy (eV)

XAS

A1

A2

A3

B1

B2

RIXS

kx

kz

-0.5 0 eV

à eg :  “Poorly-screened” 
          core hole 

The lattice reacts to the sudden 
creation of the core hole 

M. Grioni – 3.8.2016



The polaron cloud: ARPES + RIXS
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Case study #2

Hybridization in the ferroelectric 
perovskite BaTiO3 
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BaTiO3 (BTO) – a ferroelectric material

Comès and Guinier (1969) 
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Fig. 6. Diagrammes de diffusions obtenus avec KNbO3 (axe b vertical, axe c presque parall/de au faisceau incident, 2 = Mo K=, 

exposition 2 heures). (a) Phase cubique: T=  500°C. On observe des diffusions dans les trois famille de plans {100}; la 16g~re 
d6sorientation de l'axe c par rapport au faisceau incident permet de s'assurer que les anneaux observ6s ne sont pas dus it une 
poudre parasite. (b) Phase t6tragonale: T=  250 °C [m6me cristal qu'en (a)]. La famille de plan (001) a disparue, les deux families 
(100) et (010) subsistent. (c) Phase orthorhombique" T = -  56°C. I1 ne subsiste qu'une seule famille de plans de diffusion: les 
plans (010). (d) Phase rhombo6drique:  I1 s'agit du m6me cristal que (c) et it la m~me temperature (grace it l'hyst6r6sis thermique 
de la transition ot thorhombique-~rhombo6drique) .  
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Order-disorder (rather than displacive) transition

We performed the analysis on a 2 × 2 × 2P1 supercell
of the Pm3̄m unit cell of paraelectric BaTiO3, which
encompasses all of the common symmetry lowering phase
transitions observed in the perovskite family leading to
120 internal degrees of freedom, although our analysis
can easily be extended to incorporate displacements with
longer period modulations. We chose this supercell size to
be appropriate to tackle many other order-disorder phase
transitions in perovskites, and to test whether the ferro-
electric modes may have zone-boundary character as
suggested by a recent theoretical study [36]. We system-
atically tested the modes (by irrep) against Bragg and
PDF data separately to emphasize when local and global
symmetries agree or diverge. Each PDFFit or Rietveld
refinement was initiated from random starting values 500
times at each temperature to ensure that global minima
were reached. Modes with vanishingly small refined
amplitudes, or which produced poor fits, cannot be
significant order parameters. In Fig. 2 for each set of
modes belonging to an irrep tested in turn, we plot a
weighted average of the refined mode magnitudes. The
weighting is such that large magnitudes from poorly
fitting refinements corresponding to false minima have
a vanishing contribution to the average through a
Boltzmann distribution exp[ðRwglobal − RwÞ=σ]. We call
this quantity the Boltzmann weighted mean amplitude
(BWMA). Rwglobal is the minimum value obtained in all
refinements of the weighted R factor with σ ¼ 0.1%. The
value of σ is chosen such that two fits differing by this
amount may only just be visually discriminated. Triply
degenerate modes in the cubic symmetry corresponding to
equivalent distortions in the x, y, and z directions are
averaged together for these plots. The distortion mode
BWMAs have three distinct types of behavior: (1) low

values at 500 K rising to large values at lower temper-
atures, (2) small values at 500 K dropping to near zero,
and (3) consistently near zero values.
Modes of type (1) are clearly the relevant order

parameters for the ferroelectric phase transitions. These
modes all belong to the Γ−

4 irrep and correspond to nine
degrees of freedom, three branches each for the TiðT1uÞ,
OðA2uÞ, and OðEuÞ modes. Since modes belonging to
different irreps are necessarily orthogonal and do not
couple (in the harmonic approximation), we need not test
for inter-irrep correlations, but instead can focus on intra-
irrep correlations within the basis describing the distor-
tion space spanning this Γ−

4 irrep. Analysis of the three
branches of each of these modes reveals that the order
parameter always has rhombohedral symmetry from the
local perspective, whereas our analysis of the Bragg
profile in terms of global (crystallographic) symmetry
follows the well known cubic, tetragonal, orthorhombic,
and rhombohedral phase transitions described in the
literature. Full details of the order parameter direction
at all temperatures are given in the Supplemental Material
[33]. Our results are consistent with recent RMC refine-
ments on the tetragonal phase of BaTiO3, which find a Ti
distribution in agreement with a picture of local rhom-
bohedral-like distortions [37]; however, the clear off-
center nature of the Ti distributions that we observe, is
not so evident in that work. Case (2) demonstrates our
sensitivity to soft phonon modes. These belong to the
irrep. Xþ

5 or M−
2 , are soft eigenvectors of the system [38],

and are on the same line in the phonon dispersion curves
as the zone centered Γ−

4 ferroelectric instability, such that
they both correspond to locally the same off-center
distortions, but are antiferroelectric in nature. Case
(3) shows that a large number of modes do not have
a significant contribution to describing the local sym-
metry breaking distortions in BaTiO3.
The origin of the local order parameter is a strong

desire for Ti to undergo a second order Jahn-Teller
distortion, presumably driven by a hybridization of the
oxygen 2p orbitals with the Ti 3d orbitals [39] by
shortening three bonds simultaneously, i.e., a local
rhombohedral-like distortion. The incipient rhombohe-
dral distortions are necessarily split by global tetragonal
and orthorhombic lattice distortions at particular temper-
atures, and the question now arises, can these lattice
distortions themselves be a result of correlations of the
local symmetry-breaking distortions alone? Or put
another way, can this order-disorder model provide a
complete description of the observed phase transitions
in BaTiO3?
To test this we perform a Monte Carlo (MC) simulation

using a simple model Hamiltonian. We do not claim that
this represents the true physical Hamiltonian of the system,
but use it to show that local coupling of Ti displacements
can reproduce the observed series of crystallographic phase

FIG. 2. (a) BWMAs from PDF refinements for all modes
plotted against temperature. Modes belonging to Γ−

4 , X
þ
5 , M

−
2 ,

and all other irreps are colored blue, magenta, cyan, and red
respectively. Insets show symmetry-adapted displacements be-
longing to the Γ−

4 irrep, which correspond to the three modes with
the highest BWMA values and (b) shows their combined þ − −
coupling [TiðT1uÞ, OðA2uÞ, and OðEuÞ, respectively] along the
rhombohedral order parameter direction as observed locally in
this study at all temperatures.
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Ti-O hybridization is crucial to stabilise the distortion
42 LATTICE DYNAMICS AND ORIGIN OF FERROELECTRICITY . ~ ~ 6421

'(a) Cubic $~ (
O—(

A
D
C)v

r f7~

tragonal ~s

C0
o o-

lI
CI

A
Dov

A
ODv

~ \ n
mbohedral ' I I 1 l-2 -1.9 -1.8 -1.7 -1.6 -1.5

Q ion charge (electrons)
FIG. 6. Differences between the integrated charge in each

atomic sphere for overlapping ionic charge densities and the
self-consistent charge density for cubic BaTi03 as functions of
the 0 (and Ti) charge used in the overlapping ion density.
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FIG. 5. Differences between the total self-consistent charge

densities and those formed from overlapping spherical Ba
Ti +, and 0 ions. The contour interval is 0.005 0.1 e/bohr'.
(a) cubic perovskite (b) tetragonal (c) rhombohedral. The
dashed lines are negative contours.

It appears that there is a significant amount of charge
transfer back to the Ti, and that the Ti static charge is
significantly less than 4+. In order to investigate the
static charges on the ions, we can use the PIB reference
densities for different ionic configurations. Figure 6
shows the differences in the total charge in each atomic
sphere as a function of the oxygen charge used in gen-
erating the reference ionic densities. The Ba ionic charge
is kept as 2+, and the Ti charge is varied to give charge
neutrality. The best-fit configuration has an 0 charge of
1.63—and a Ti charge of 2.89+. We can also compare
the band eigenvalues of the self-consistent potential with
those generated by the ionic charge densities (Fig. 7).
When the fully charged ionic configuration is used, a me-
tallic band structure is obtained from the non-self-
consistent potential, but as the charge is lowered the ei-
genvalues approach those of the self-consistent band
structure, with a best fit for a majority of the bands with
similar charges to those determined by examining the to-
tal charge in each atomic sphere. Thus we find that the

static charges in BaTi03 are greatly reduced from the full
ionic charges.
Figure 8 shows the difference between the total LAPW

charge density and overlapping O', Ti +, and Ba +
ions. The complicated, largely dipolar deformation of the
Ti is apparent, as is a bonding charge between the short
Ti—0 bond. Also seen are the differences between the
O(1) and O(2) ions, which include the lack of z-direction
polarization for the O(2) ion and the formation of
O(2)—Ti bonding charge different than the O(1)—Ti
bond.
We cannot simply obtain the dynamic effective

charges, which are the quantities necessary to determine
the polarization, from the self-consistent charge densi-
ty. The dynamic charges depend on how the crystal
charge density distorts when each nucleus is displaced. If
the valence charge on the Ti moves when an 0 is dis-
placed, it will contribute to the oxygen effective charge,
so the issue of atomic polarizabilities is a complicated one
that cannot be obtained from the change in the self-
consistent charge density alone; either supercells or
linear response theory is needed to recover the dynamic
charges and polarizabilities.

K. Driving force for the transition

The ferroelectric transition in BaTi03 arises from a
delicate cancellation between long-range electrostatic and
short-range overlap forces. The Madelung (long-range
electrostatic) contribution to the energy greatly favors

Cohen and Krakauer, PRB 42, 6416 (1990) A. Chassé et al., PRB 84, 195135 (2011) 
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cubic phase. The phase transition with increasing tem-
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FIG. 3. Calculated total energy as a function of volume for
the cubic BaTi03 structure (solid curve), for the rhombohedral
[lllj distortion, and the minimum energy strained and un-
strained (i.e., cubic lattice) tetragonal structures. The absolute
energy scale is arbitrary.

tions. The Hedin-Lundqvist parametrization of the
LDA, in general, underestimates the zero pressure
volume. For BaTi03 we find that the minimum-energy
lattice constant is 7.45 bohr, rather than the experimental
value of 7.57 bohr, and the cubic structure is computed
to be the static ground-state structure. This may partly
be due to the underestimation of the volume, but the
pressure required to stabilize the rhombohedral ground
state is only about —3 GPa, which is close to what is ex-
pected for the zero-point pressure. The experimental
pressure dependence of T, extrapolates to 0 K at about 8
GPa, so that only a small change in the lattice constant is
required to destroy the ferroelectric instability. On the
other hand, the soft mode is observed to be overdamped
in the cubic phase, which suggests a double well depth
that is comparable to the transition temperature. This
suggests that LDA may be slightly in error regarding the
weil depth versus volume, and the well depth at zero
pressure may be slightly deeper than what we calculate at
a =7.5 bohr.
Both increasing temperature and increasing pressure

can lead from the tetragonal to cubic phases of BaTi03,
but we predict that the ferroelectric-paraelectric transi-
tion with pressure is very different from the transition
with temperature. When pressure is increased, the fer-
roelectric instability is destroyed in the underlying static
potential, but when temperature is increased, the long-
range correlations between atomic displacements disap-

Figure 4 shows the calculated valence charge density
for tetragonal BaTi03. The valence charge on the Ba is
very small, but there is significant hybridization between
the Ti and the O. When the atoms are displaced from the
cubic sites, the valence charge on the Ti distorts appreci-
ably. The large amount of valence charge on the Ti arises
primarily from hybridization between the 0 p states and
Ti d states.
We find it useful to compare the total calculated

charge density with a reference charge density that is
constructed from overlapping spherical ions. The
difference between the self-consistent charge density and
the ionic reference charge density highlights the inAuence
of covalency and polarization. We use an ab initio model
charge density formed from overlapping spherical ions
generated according to the potential induced breathing
(PIB) model. The PIB model charge densities are in ex-
cellent agreement with self-consistent charge densities for
the alkaline earth oxides, ' and any deviations between
the self-consistent and PIB charge densities emphasize
the difference between the actual bonding and a prototyp-
ical ionic crystal. Figure 5 shows the difference between
the self-consistent LAPW charge density and the refer-
ence fully ionic PIB charge density for both cubic, tetrag-
onal, and rhombohedral BaTiO&. The Ba is very close to
a Ba + ion, but the 0 valence states are strongly hybri-
dized with the Ti. Also, when the ferroelectric distortion
is introduced, a large polarization of the valence charge
around the Ti ion is observed. This is contrary to the
traditional picture of oxygen polarizability that assumes a
dipolar distortion of charge centered around the oxygen
ion.

C)DV

&110&

FIG. 4. Calculated valence charge density for tetragonal
BaTi03. The contour interval is 0.05 e/bohr' outside the thick
curves, and 0.1 e/bohr' inside.
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TABLE I. Atomic positions and structural parameters of BTO in
the cubic and tetragonal phase. !z denotes the displacement of atoms
along the c axis taken from two different experiments (Megaw20 and
Kwei et al.21).

Cubic BTO Tetragonal BTO

(x,y,z) [a] !z [c]20 !z [c]21

Ba (0.0, 0.0, 0.0) 0.0 0.0
Ti (0.5, 0.5, 0.5) 0.014 0.0224
O1 (0.5, 0.0, 0.5) −0.012 −0.0105
O2 (0.5, 0.5, 0.0) −0.025 −0.0244
a (Å) 4.01 3.9945 3.991
c (Å) 4.0335 4.0352
c/a 1.01 1.01

The calculated band gaps for BTO were 1.8 and 2.1 eV
for cubic and tetragonal structures, respectively. These band
gaps agree with other ab initio methods, but are smaller
than the experimental value of 3.2 eV (cubic phase26). To
get the correct value of the band gap we have to improve
the treatment of electronic correlation effects like in hybrid
functional or GW methods.2

Figure 3 shows the calculated total DOS of BTO in the cubic
phase (a = 4.01 Å) within a nonrelativistic (left) and a fully
relativistic (right) calculation. Besides the total DOS the l-
projected DOS for each atom type in the BTO unit cell is given.

The lowest band (O 2s) is located around −16 eV, in good
agreement with experimental data.27 The Ba 5p states lie near

−8.5 eV in the nonrelativistic and −10 eV in the relativistic
calculation, and are split in the relativistic calculation (see
arrows) due to spin-orbit coupling. These states are weakly
hybridized with O s and p states. The valence band (VB) edge
lies −4.7 eV below the Fermi level (experimental width 6 eV),
and is dominated by O 2p states that are strongly hybridized
with Ti 3d states. The band gap appears between the O 2p
VB and the Ti 3d conduction band. The bottom of the empty
conduction band arises from the threefold degenerate Ti t2g

states, which are lower in energy than the twofold degenerate
Ti eg states (in cubic phase). The edges of bands near the
Fermi energy are quite sharp. In the higher energy regions
(6–12 eV), the bands are predominantly formed by Ba 5s and
5d states partially overlapped with Ti eg states. The conduction
band above 14 eV is mainly composed of Ti 4s and 4p
states.

The main differences between the nonrelativistic and
relativistic calculations are the energetic position of deep
core levels and the Ba 5p level, which may influence the
calculation of x-ray absorption spectra. In this way, the relation
between the experimental energy scale (often the absorption
spectrum is recorded in dependence on the photon energy)
and the theoretical one (related to the Fermi energy) has to be
considered.

In Fig. 4 the calculated nonrelativistic (left) and relativistic
(right) total DOS and l-projected DOS of tetragonal BTO
of each atomic species are shown. The differences between
the cubic (Fig. 3) and the tetragonal phase (Fig. 4) primarily
occur due to the change of Ti-O distances and, therefore, the
hybridization between Ti 3d and O 2p states.

FIG. 3. (Color online) Total and l-projected DOS of cubic BTO (a = 4.01 Å): nonrelativistic (left) vs. relativistic (right) calculation.
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Frölich’s model calculation

L. J. P. Ament et al.

transport measurements, rendering tunneling a very sensi-
tive probe of (momentum averaged) e-p coupling constants
for electrons close to the Fermi surface. On the other hand
it is also intrinsically surface sensitive and confronted with
the practical challenge to make good yet partially trans-
parent barriers [11]. Such low-energy scales are not avail-
able to RIXS. An interesting feature of RIXS is however
its element-specificity: in copper oxides phonons can for
instance not only be accessed at the Cu L-edge, but also
at the O K-edge —resolutions permitting.
A first phonon characteristic that is in principle acces-

sible to RIXS is the phonon dispersion. Even if measuring
it with RIXS is an interesting new utilization, one has to
keep in mind that as a technique it is in this case up against
very well-established methods such as inelastic neutron
or (nonresonant) X-ray scattering. However, we wish to
make the case here that what sets RIXS apart from, e.g.,
neutron scattering is its capability to measure momentum-
dependent e-p couplings. To formalize and elaborate on
this statement, we start by introducing the e-p coupling
Hamiltonian in generic form [12]:

He−p =
!

k,q,λ

Mqλd
†
k−qdk(b

†
qλ+ b−q,λ). (1)

The Hamiltonian couples with a strength Mqλ phonons
with momentum q and branch index λ, which are
created by the operator b†qλ, to electrons that are

described by the fermionic operators d†k. The phonon
dynamics are governed by the phonon Hamiltonian
Hp =

"
q,λ ωqλb

†
qλbqλ.

For definiteness we focus on the cuprates which have
filled Cu 3d states apart from a single hole in the x2-y2

orbitals, but the analysis presented here is more
general [13]. In the Cu L-edge RIXS process, the x2-y2

state is transiently occupied as an electron from the core
is excited into it. As mentioned above, the filled x2-y2

state is short lived and quickly decays again. There is
then a certain probability that after the decay process a
phonon is left behind in the final state. Obviously this
probability is related to the coupling of the x2-y2 electron
to this particular phonon. Note that the presence of the
core-hole ensures that the intermediate state is locally
charge neutral. The phonons that couple to the 3d x2-y2

quadrupolar charge moment appear as loss-satellites
in L-edge RIXS. Not all phonon modes couple equally
to the RIXS intermediate state. To understand how
the electron-phonon coupling is precisely reflected in
the RIXS intensity we evaluate the RIXS amplitude
for phonon scattering Aq from the Kramers-Heisenberg

equation [14] Aq =
"
n
⟨f |D̂|n⟩⟨n|D̂|i⟩
ωdet−En+iΓ , where ωdet is the

detuning energy of the incident photons from the L-edge
resonance and En is the energy of intermediate state n
with respect to the resonance. The initial, intermediate
and final states are |i⟩, |n⟩ and |f⟩ and the momentum
loss of the photons in the scattering process is q. The
dipole operators D̂∼ p ·A in the scattering amplitude

first create a 3d electron out of the localized 2p core-state
and then annihilate it. Without polarization details we
can denote it as D̂=

"
R(e

−ikin·Rd†RpR+ e
ikout·RdRp

†
R).

An important quantity is the inverse core-hole lifetime Γ,
which determines the ultra-fast 1–2 fs time scale for the
RIXS process. With this the RIXS scattering intensity
becomes I(q,ωloss) =

"
f |Aq|2δ(ωloss−Ef +Ei), where

ωloss is the energy lost by the photon in the scattering
process and Ei and Ef are the initial and final state
energies, respectively.
It is well known that due to the presence of the interme-

diate states, it is in general impossible to evaluate RIXS
scattering intensities exactly, even in model systems. One
therefore often resorts to finite-size cluster calculations to
compute RIXS spectra [15,16]. The e-p scattering problem
at hand, however, is an exception. It can be solved exactly
by means of canonical transformations. The fact that we
are dealing with harmonic bosons allows for such a solu-
tion. We start by considering the limit of the coupling to
an optical Einstein phonon and subsequently generalize to
multiple dispersive phonons.

Einstein phonon. – For a local, nondisper-
sive Einstein phonon the e-p Hamiltonian reduces
to H =

"
RMd

†
RdR(b

†
R+ bR)+

"
R ω0b

†
RbR. This

Hamiltonian can be diagonalized by a canonical trans-
formation [12] H̄ = eSHe−S , with S =

"
R SR where

SR = d
†
RdR

M
ω0
(b†R− bR). As there is a single core-hole

present, this results in H̄ =
"
R ω0b

†
RbR− M

2

ω0
, where

the last term merely shifts the energy at which the
resonance occurs. The phonon eigenstates are all the
possible occupations {nR(m)} of the phonon states with
energies Em =

"
R nR(m)ω0−M2/ω0. The eigenstates

|ψ̄m⟩ of H̄ are related to the eigenstates |ψm⟩ of H by
|ψm⟩= e−S

##ψ̄m
$
. Inserting this transformation into the

scattering amplitude Aq gives

AEinsteinq =
!

m

⟨f | D̂e−S
##ψ̄m
$ %
ψ̄m
## eSD̂ |i⟩

ωdet−Em+ iΓ

=
!

R

eiq·R
∞!

nR=0

⟨n′R| e−SR |nR⟩ ⟨nR| eSR
##n0R
$

z+M2/ω0−nRω0
, (2)

with z = ωdet+ iΓ and n0R, nR and n
′
R are the occupa-

tions in the ground, intermediate and final states, respec-
tively. The transferred momentum q= kin−kout springs
from the dipole operators. The Franck-Condon overlap
factors in the numerator can be evaluated exactly and
are conveniently expressed in the functions Bmn(g) =

(−1)m
√
e−gm!n!

"n
l=0

(−g)l√gm−n
(n−l)!l!(m−n+l)! , with g=M

2/ω20 .

The RIXS amplitude to excite n′ phonons when starting
from the ground state is

AEinsteinq =
∞!

n=0

Bmax(n′,n),min(n′,n)(g)Bn0(g)

z+(g−n)ω0
. (3)
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!ω0 = 65 meV
Γ = 375 meV
ΔE = 160 meV
M  = 250 meV
M / !ω0 = 3.8
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!ω0 = 95 meV   LO
Γ = 375 meV
ΔE = 110 meV
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M / !ω0 = 5
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Γ = 375 meV
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e-ph coupling from intermediate (BTO) to moderately strong (TiO2) 
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and 0.3◦ resolution. All spectra were acquired with linearly s-
polarized photons. Samples were cleaved in ultrahigh vacuum
at ambient temperature and immediately transferred to the
measurement position, where they were held at 100 K. The
first-principles calculations were performed within the density
functional theory (DFT) framework employing the generalized
gradient approximation (GGA) as implemented in the QUAN-
TUM ESPRESSO package [33]. Spin-orbit effects were accounted
for using fully relativistic norm-conserving pseudopotentials
acting on valence electron wave functions represented in the
two-component spinor form [34]. For Sb2Te3, Sb6Te3, and
Sb8Te3, we used the experimental lattice parameters and
atomic coordinates from Refs. [19,35,36]. Since structural
data for Sb4Te3 are not available, we constructed a model
of this compound based on the structure of Bi4Se3 [18],
and corrected the lattice parameters to match those of the
(Sb2)m-(Sb2Te3)n series. To study the electronic properties of
the surface states, we constructed QL-terminated (0001) slab
models of Sb2Te3, Sb4Te3, Sb6Te3, and Sb8Te3 containing at
least 40 atomic layers. The surface state localization and spin
texture properties were obtained by projecting the Kohn-Sham
wave functions onto atomic orbitals.

Figures 1(a) and 1(d) show the crystal structures of Sb2Te3
and Sb6Te3, respectively, illustrating the presence of two Sb2
BLs between QLs in the latter compound [17]. While the
covalent bonding within QLs and BLs is strong, the interaction
between the neighboring building blocks is of the much weaker
van der Waals type [17,18]. As a consequence, the natural
cleaving plane in Sb2Te3 is located between the QLs and the
cleaved surface is always Te terminated. For Sb6Te3, three
different cleaved surface terminations are possible: Te-rich
QL, Sb-rich one-BL, and Sb-rich two-BLs. Here, we consider
only the QL-terminated surface, and direct the reader to the
Supplemental Material [37] for a discussion of our results for
the BL terminations.

The ARPES intensity maps of Figs. 1(b) and 1(e) illustrate
the band dispersion of Sb2Te3 and Sb6Te3, respectively, along
the high-symmetry directions !̄-M̄ and !̄-K̄ of the surface
Brillouin zone (SBZ). The main experimental features are well
reproduced by the calculated projected band structures for
the corresponding QL-terminated slab models in Figs. 1(c)
and 1(f). The bulk bands cross the Fermi energy EF along
the !̄-M̄ direction for both materials, and also along !̄-K̄ in
the case of Sb6Te3. The first-principles calculations exhibit
the characteristic surface-localized features in the narrow-gap
semiconductor Sb2Te3 and in the gapless semimetal Sb6Te3,
both predicted to be topologically nontrivial. Both compounds
are intrinsically p doped, and EF lies in the upper valence
band. This hampers the acquisition of ARPES data from the
TSS that are located in the bulk energy gap around the !̄ point.
A detailed analysis suggests that we actually measure a small
portion of the lower part of the Dirac cone in Sb2Te3, and
also permits discerning the spin splitting of the Rashba-split
surface state located in the projected bulk gap situated around
0.8 eV below EF [37].

To gain access to the largely unoccupied TSS, we have
performed laser-based 2PPE measurements. We utilized a
pump pulse with energy of 1.55 eV, smaller than the sample
work function, to promote transitions into the unoccupied
bands. Electron-electron scattering processes redistribute in
energy the optically excited electrons on a time scale faster than
the time resolution of 300 fs [38]. Subsequently, a probe pulse
with an energy of 6.20 eV was used to generate photoelectrons
from the transiently populated states, as sketched in Fig. 2(a).
This two-photon photoemission provides a direct view of the
unoccupied bands.

The 2PPE results are displayed in Figs. 2(b) for Sb2Te3
and 2(c) for Sb6Te3. They provide an unambiguous identifica-
tion of the electronic states in the energy gap separating the
valence band (VB) and the conduction band (CB) at the !̄

FIG. 1. (Color online) (a) Crystal structure of Sb2Te3 with the quintuple layer (QL) building block indicated, and (b) ARPES intensity map
along the high-symmetry !̄-M̄ (kM̄ = 0.854 Å

−1
) and !̄-K̄ (kK̄ = 0.986 Å

−1
) directions of the surface Brillouin zone. Due to an intrinsic p

doping, the Fermi level EF lies in the bulk valence band continuum and only cuts the very bottom of the lower branch of the Dirac cone. The
calculated band structure is shown in (c). The projected bulk states are shown as gray shading, and the results of the slab model are shown as
lines. Red (blue) symbols indicate surface states with clockwise (counterclockwise) helicity of the in-plane spin polarization, and the size of
the symbols is proportional to the surface localization. EF has been aligned to the experimental position. (d) Crystal structure of Sb6Te3 with
both Sb2Te3 QL and Sb2 bilayer (BL) building blocks indicated. (e) ARPES intensity map from the QL-terminated surface measured along
K̄-!̄-M̄ (kM̄ = 0.849 Å

−1
, kK̄ = 0.981 Å

−1
). Only bulk states are visible in the heavily p-doped sample. The band structure is shown in (f),

with the same color definitions and band alignment as in (c). The ARPES data were acquired at the ANTARES beam line with hν = 70 eV.
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• The ARPES and RIXS line shapes contain
   information on local lattice distortions 
   and on the coupled electron-lattice 
   dynamics in TM oxides

• A semi-quantitative analysis is possible

Summary
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