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spectroscopies – a sort of tutorial
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FIG. 2. (a) BWMAs from PDF refinements for all modes
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complete description

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

MO6 octahedron

Bonding: mostly oxygen
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has high-spin.
• If the electron correlation energy is smaller (or “low”), the ground state
has low-spin.

Coupling to the lattice: distortions and QP renormalization

Jahn–Teller Eﬀect

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

QP renormalization
SrTiO3

Ferroelectricity

King et al. (2014)

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

Polaron formation
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Why high-energy spectroscopies ?
quasiparticle
+ dressing

“pulling gently”

a bare
electron

An interacting
electron system
transport, NMR,
specific heat...

ARPES
X-ray scattering
Very short interaction
= simpler response
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Modern ARPES: one picture is better than 1000 words
E vs kx

k-space travel

Courtesy E. Rotenberg
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What ARPES really measures
Fermi’s golden rule

I(εκ ,κ ) ≈ ∑ | 〈(N − 1);s | ak | N;0〉 |2 δ (εκ − ε s − !ω ) δ (κ − k)
s

One-particle spectral function

I(εκ ,κ ) ≈ A(k,ω ) =

PES

1
| ImG(k,ω ) |
π

Optics, RIXS

IPES

Notice: PES measures
HOLE excitations
Neutral and charged excitations
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The spectral function
IDEAL systems
(band theory)
boring
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REAL systems
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dispersion: ε(k)
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Bare electrons

k

Quasiparticles:
electrons dressed
by various interactions

Fermi level

Incoherent spectral weight
(QP dressing)

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

Crossing the Fermi surface
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A typical Fermi liquid: phonon broadening
Data + Debye model fit

QP scattering rate
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ARPES: QP dispersion and dressing
Band renormalization and low-energy
anomaly
SrTiO3

A simpl(istic) picture

P. King et al. (2014)

QP dressing:
Self-energy
Ashcroft & Mermin
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Case study #1

H. Berger

A polaron liquid in
conducting anatase TiO2

n = 7x1017 cm-3

edge-sharing
TiO6 octahedra

O vacancies à Ti3+ à n-doping
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(photo-) doped TiO2 anatase (001)
Fermi surface (kx- kz)
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S. Moser et al., PRL 110, 196403 (2013)
Moser Moreschini
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The lattice responds
Electron pocket
at the CBM

kF
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Large polarons in anatase: Fröhlich’s hamiltonian
QP

=108 meV

O. Barisic

(ELO)

QP

QP + 1 phonon

Coupling with a LO mode

QP weight Z~0.36 (moderately strong coupling)
QP peak

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

incoherent
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The large polaron in motion
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Coupling to “other” phonons
300 K

100 K

ΔE~λT

T-dependence

ΔE=2πλkBT
160 K

20 K

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

5x1018

3.5x1019

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:

3.5x1020

kink
n

1x1020
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Photons do it all: resonant inelastic x-ray scattering (RIXS)

Threshold
excitation
of a core
state

Energy loss
(energy transfer)

hνIN

ELASTIC

INELASTIC

LOSS FEATURE
ELASTIC LINE

RESONANT RAMAN

Excitation energy
=
Energy loss

Exemple - Cu L3 RIXS: 3d9 à 2p53d10 à 3d9

Cu2+
CT
dd
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RIXS = Resonant x-ray Raman
RIXS: probes multiple energy scales
charge-neutral
excitations

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
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6/33
9/40

High-resolution RIXS of a 2D AFM insulator : Sr2CuCl2O2
Fixed scattering
geometry
(transferred
momentum q)
Variable in-plane
projection q||

dd

S=1/2 square-lattice
Heisenberg AFM:
Magnon dispersion

M. Guarise et al.,
PRL 105, 157006 (2010)
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RIXS signatures of the polaron in anatase TiO2
Bulk-sensitive
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RIXS signatures of the polaron in anatase TiO2

à t2g : “Well-screened”
core hole

No phonon excitations
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RIXS signatures of the polaron in anatase
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The polaron cloud: ARPES + RIXS
PHONON SATELLITES
(elastic peak removed)

ARPES

RIXS
c-axis

!ω 0 = 94 meV

ab plane

!ω 0 = 108 meV

95
meV

Two distinct modes contribute to the
formation of the polaron cloud
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Case study #2

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

Ferroelectric

Diffuse x-ray scattering
ACTA CRYSTALLOGRAPHICA,

VOL. A 2 6 , 1970---COM#.S, LAMBERT AND GUINIER

PLATE 24
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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 otthorhombique-~rhombo6drique).

Comès and Guinier (1969)

Disorder with long-range correlations
along <100> directions

[To face p. 248
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To test this we perform a
longing to the Γ−4 irrep, which correspond to the three modes with
using a simple model Ham
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D. Charge density
hybridization between Ti 3d and O 2p states.

Ti-O hybridization is crucial to stabilise the distortion
cubic

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
42 the
cubic sites, the valence charge on the Ti distorts appreciably. The large amount of valence charge on the Ti arises
primarily from hybridization between the
p states and
Ti d states.
We find it useful to compare the total calculated
charge density with a reference charge density that is
ions. The
from overlapping
constructed
spherical
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
The PIB model charge densities are in ex(PIB) model.
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 prototypical ionic crystal. Figure 5 shows the difference between
the self-consistent LAPW charge density and the refer2 PIB charge density for both cubic, tetragence fully ionic
onal, and rhombohedral BaTiO&. The Ba is very close to
valence states are strongly hybria Ba + ion, but the
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.

O

Ti

58

60

62

64

v (A')
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 unstrained (i.e., cubic lattice) tetragonal structures. The absolute
energy scale is arbitrary.
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 expected 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
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Both increasing temperature and increasing pressure
can lead from the tetragonal to cubic phases of BaTi03,
but we predict that the ferroelectric-paraelectric
transition with pressure is very different from the transition
with temperature.
When pressure is increased, the ferroelectric instability is destroyed in the underlying static
potential, but when temperature is increased, the longrange correlations between atomic displacements disap-
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Cohen and Krakauer, PRB 42, 6416 (1990)
0
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It appears that there is a significant amount of charge
transfer back to the Ti, and that the Ti static charge is

static charge
ionic charges
Figure 8
charge densi
ions. The co
Ti is apparen
Ti 0 bond
O(1) and O(
polarization
O(2) Ti bo
bond.
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—

—

BTO – Ti L3 RIXS

CT

O 2p / Ti 3d

2p

(|3d0> + |3d1L>)0 à 2p53d1 à |3d1L>

CT intensity reflects Ti-O hybridization
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Measuring the Ti-O hybridization – no core-hole
RIXS – temperature dependence
BaTiO3
Ti L3 RIXS

Spectral weight transfer to CT
at low temperature

445 K

15 K

The Ti-O hybridization increases
with decreasing temperature
No discontinuity at TC
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Quasielastic response - phonons
The line shape (normalized here at peak int.)
is only weakly temperature-dependent

resolution-limited
elastic peak

phonon sideband
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Frölich’s

or (nonresonant) X-ray scattering. However, we wish to at hand, however, is an except
make the case here that what sets RIXS apart from, e.g., by means of canonical transfo
neutron calculation
scattering is its capability to measure momentum- are dealing with harmonic bo
model
dependent e-p couplings. To formalize and elaborate on tion. We start by considering
this statement, we start by introducing the e-p coupling an optical Einstein phonon an
Ament et al., EPL 95, 27008 (2011)
multiple dispersive phonons.
Hamiltonian in generic form [12]:
!
e−p
Einstein phonon. –
=
Mqλ d†k−q dk (b†qλ + b−q,λ ).
(1)
H
sive Einstein
the
k,q,λ
" phonon
†
to
H = R M dR dR (b†R +
The Hamiltonian couples with a strength Mqλ phonons Hamiltonian
can be diagona
J. Van den Brink
with momentum q and branch index λ, which are formation [12] H̄ = eS He−S
created by the operator b†qλ , to electrons that are S = d† d M (b† − b ). As
R
R
R R ω0 R
†
described by the fermionic operators dk . The phonon present, this results in H̄ =
dynamics
by the phonon Hamiltonian the last term merely shifts
" are governed
†
p
!ω 0 = 65 meV
H = q,λ ωqλ bqλ bqλ .
resonance
occurs. The phon
RAMANwe focus on the cuprates which have possible
For definiteness
Γ = 375occupations
meV
{nR (m)
65
meV
filled
Cu 3d states apart from a single hole in the x2 -y 2 energies E = " n (m)ω
m
0
ΔE = 160 meV
R R
orbitals, but the analysis presented here is more |ψ̄
m ⟩ of H̄ #are $related to th
M ⟩==250
general [13]. In the Cu L-edge RIXS process, the x2 -y 2 |ψ
#ψ̄m . Inserting t
e−SmeV
m
state is transiently occupied as an electron from the core scattering
M / !ω 0 =amplitude
3.8
Aq gives
is excited into it. As mentioned above, the filled x2 -y 2
state is short lived and quickly decays again. There is
# $
−S #
!
ψ̄m
⟨f
|
D̂e
then a certain probability that after the decay process a AEinstein =
q
ωdet − Em
phonon is left behind in the final state. Obviously this
m
2 2
probability is related to the coupling of the x -y electron
∞
to this particular phonon. Note that the presence of the
!
!
⟨n′R | e−
iq·R
e
=
core-hole ensures that the intermediate state is locally
z
nR =0
R
charge neutral. The phonons that couple to the 3d x2 -y 2
quadrupolar charge moment appear as loss-satellites
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in L-edge RIXS. Not all phonon modes couple equally with z = ωdet + iΓ and n0R , n
to the RIXS intermediate state. To understand how tions in the ground, intermed

TiO2 vs. BTO
TiO2
TiO2

!ω 0 = 95 meV LO
Γ = 375 meV
ΔE = 110 meV
M = 480 meV
M / !ω 0 = 5

BaTiO3

BTO
!ω 0 = 65 meV TO
Γ = 375 meV
ΔE = 160 meV
M = 250 meV
M / !ω 0 = 3.8

e-ph coupling from intermediate (BTO) to moderately strong (TiO2)
M. Grioni – 3.8.2016

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 2PPE results are displayed in Figs. 2(b) for Sb2 Te3
and 2(c) for Sb6 Te3 . They provide an unambiguous identification of the electronic states in the energy gap separating the
valence band (VB) and the conduction band (CB) at the !¯

Probing the empty states: YES, we can
Sb2Te3

Sb6Te3

EF

EF

FIG. 1. (Color online) (a) Crystal structure of Sb2 Te3 with the quintuple layer (QL) building block indicated, and (b) ARPES intensity map
¯ K̄ (kK̄ = 0.986 Å−1 ) directions of the surface Brillouin zone. Due to an intrinsic p
¯ M̄ (kM̄ = 0.854 Å−1 ) and !along the high-symmetry !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 Sb6 Te3 with
both Sb2 Te3 QL and Sb2 bilayer (BL) building blocks indicated. (e) ARPES intensity map from the QL-terminated surface measured along
¯ 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),
K̄-!with the same color definitions tr-ARPES
and band alignment as in (c). The ARPES data were acquired at the ANTARES beam line with hν = 70 eV.
201101-2

EF
Johannsen et al., PRB 91, 211001 (2015)
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Summary

• 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
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