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The theory of “everything”

Chapter 1

Density Functional Theory as a way to
solve the quantum many body problem

A solid is a collection of heavy, positively charged particles (nuclei) and lighter, negatively
charged particles (electrons). If we have N nuclei, we are dealing with a problem of N+ZN
electromagnetically interacting particles. This is a many-body problem, and because the par-
ticles are so light, quantum mechanics is needed: a quantum many body problem. The exact
many-particle hamiltonian for this system is:
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The mass of the nucleus at ↵Ri is Mi, the electrons have mass me and are at ↵ri. The first term
is the kinetic energy operator for the nuclei, the second for the electrons. The last three terms
describe the Coulomb interaction between electrons and nuclei, between electrons and other
electrons, and between nuclei and other nuclei. It is out of question to solve this problem exactly.
In order to find acceptable approximate eigenstates, we will need to make approximations at 3
di�erent levels.

1.1 Level 1: The Born-Oppenheimer approximation

The nuclei are much heavier and therefore much slower than the electrons. We can hence
‘freeze’ them at fixed positions and assume the electrons to be in instantaneous equilibrium
with them. In other words: only the electrons are kept as players in our many body problem.
The nuclei are deprived from this status, and reduced to a given source of positive charge, they
become ‘external’ to the electron cloud. After having applied this approximation, we are left
with a collection of NZ interacting negative particles, moving in the (now external or given)
potential of the nuclei.

What are the consequences of the Born-Oppenheimer approximation on the hamiltonian 1.1?
The nuclei do not move any more, their kinetic energy is zero and the first term disappears.
The last term reduces to a constant. We are left with the kinetic energy of the electron gas, the

1

The fundamental rules can be easily written down, but the resulting 
behavior is very hard to predict

(if not impossible)

Emergent properties
Unconventional Superconductivity, 

self-organization of electrons, spin liquids…

Jochen Geck | TU Dresden 5ESRF high-pressure 
workshop | June 2019



Coupled degrees of freedom

Orbitals

ChargesLattice

Sp
in
s
Ĥ
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CHARGES
Electron-phonon coupling
Spin fluctuations
Orbital occupation

LATTICE
Polaronic charge carriers

Crystal field splitting and orbitals
Magnetic coupling (bond distances angle)

ORBITALS
Local lattice distortions
Overlap integrals and charge transport
Magnetic coupling (GKA-rules)

SPINS
Crystal field splitting
Charge fluctuations

Orbital occupation and exchange



Independent particles
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Independent particles

t

A simple model

• t : kinetic energy

• Hopping only restricted by 
Pauli 

• Otherwise no interactions

2 states per site
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Independent particles

t

A simple model 2 states per site

Band theory:
all states occupied: insulator
otherwise: metal

DOSk

Energy

Quasiparticle
band structure

Energy

~tfull

em
pt

y

EF
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Correlated electrons
Mott system for t<U

t

U

• t : kinetic energy

• U: Electron-electron 
interaction

• U creates additional 
correlations

• U competes with t
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Correlated electrons
Electronic order at half filling

Half filling
Insulating state!
AFM ground state!

DOS

Energy

~U

~t

upper Hubbard band
(empty)

lower Hubbard band
(full)
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Complex electron systems
Various interacting degrees of freedom

• Breakdown of independent particle picture

• Rich physics: HTSC, CMR, multiferroic order, phase competition 
and coexistence…(technological potential)   

charge

spin

orbital

lattice
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More is different
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More is different
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Collective quantum phases in 

condensed matter:

• Superconductivity, electronic order, 

spin liquids …

• Formidable theoretical challenge 

→ Experiments!

• Studies of ground state 

→ low temperature!

• Controlled manipulation lattice 

without external symmetry breaking 

→ hydrostatic pressure!



Examples: Pressure-induced SC
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• What happens at the 
atomic level?

• Structural changes?

• Electronic order in 
real space?
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Examples: Pressure-induced SC
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• What happens at the 
atomic level?

• Structural changes?

• Electronic order in 
real space?

X-ray scattering 
experiments can help!



Outline

• Why pressure and low temperatures?!!

• Typical experimental setups

• Scientific examples
– Charge density waves and superconductivity
– Pressure-driven covalency and magnetism
– Strong covalency: Towards room temperature SC

ESRF high-pressure 
workshop | June 2019 Jochen Geck | TU Dresden 18



Pressure cells
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M. Knaapila et al., Rev. Prog. Phys. 2016 H. Yamaoka et al., J. Appl. Phys. 2012

Cr3+ in Al2O3:
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H. Yamaoka et al., J. Appl. Phys. 2012



Pressure transmitting media
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S. Klotz, J. Phys. D: Appl. Phys. 42 , 075413 (2009) 

Liquids:
• methanol-ethanol 

mixtures
• daphne 7474
• silicone oil

Pr
es
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re
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m
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sp
ac
e:



LHe-flow cryostat
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Helium flow cryostat

• Tmin=3 K

• Membrane-driven DAC
Pmax=200 GPa

• High resolution XRD on 
powder and single 
crystal samples

• Ruby fluorescence, 
Raman, transport, 
magnetic 
measurements

available on ID15b, ID12, 
ID18, ID28, ID24



ID27 of the ESRF

ESRF high-pressure 
workshop | June 2019 Jochen Geck | TU Dresden 25

ID27 before EBS
• 20 keV – 60 keV

• 𝝓max ≃ 1⋅1011 ph/s
at 33 keV in 0. 1%BW

• 0.100 mrad (H)
0.005 mrad (V)
with KB-mirrors

• 3x3 𝜇m2 beam

ID27 new

• 25 keV – 60 keV

• 𝝓max ≃ 8⋅1013 ph/s
at 33 keV in 0. 1%BW

• 0.0070 mrad (H)
0.0045 mrad (V)
with KB-mirrors

• 0.3 x 0.3 𝜇m2 beam

Low-temperature and high-pressure XRD



Comparison
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Sealed tube
• 17.5 keV and 19.6 keV

• 𝝓max ≃ 2⋅107 ph/s
at 17.5 keV

• 1 mrad – 3 mrad
2D focusing optics

• 80x80 𝜇m2 beam

In-house experiment versus ID27

ID27 before EBS
• 20 keV – 60 keV

• 𝝓max ≃ 1⋅1011 ph/s
at 33 keV in 0. 1%BW

• 0.100 mrad (H)
0.005 mrad (V)
with KB-mirrors

• 3x3 𝜇m2 beam

ID27 new
• 25 keV – 60 keV

• 𝝓max ≃ 8⋅1013 ph/s
at 33 keV in 0. 1%BW

• 0.007 mrad (H)
0.005 mrad (V)
with KB-mirrors

• 0.3 x 0.3 𝜇m2 beam

smaller samples
higher pressures
high resolution 

higher sensitivity



Outline

• Why pressure and low temperatures?!!

• Typical experimental setups

• Scientific examples
– Charge density waves and superconductivity
– Pressure-driven covalency and magnetism
– Strong covalency: Towards room temperature SC
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Examples: Pressure-induced SC
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• What happens at the 
atomic level?

• Structural changes?

• Electronic order in 
real space?



p-T phase diagram
Resistivity by 
Spios et al., Nature Materials (2008) 

4.3 Pressure dependence of the nearly commensurate CDW in 1T-TaS2 35
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Figure 4.8: Schematic electronic pressure-temperature phase diagram of 1T-TaS2 as estab-
lished by means of electrical resistivity measurements [45] supplemented with transition
temperatures obtained in this study. The C-CDW is characterized by a large hysteresis as
illustrated by the hatched area.

The diffraction pattern taken at 300 K and close to ambient pressure is shown in Fig. 4.7 (b).
Under these conditions the NC-CDW is characterized by a wave vector qNC, which deviates
slightly from the commensurate wave vector qC. As illustrated in Fig. 4.7 (b), the small incom-
mensurability of qNC results in two third order satellite peaks close to the first order peak. The
observation of strong higher order satellite reflections verifies that the NC-phase is character-
ized by a domain-like structure with sharp boundaries [55]. In fact, these sharp boundaries are
the discommensurations introduced in section 2. The occurrence of the strong higher order
superlattice peaks is directly related to the discommensurations as explained in section 4.1.3.
It can be seen in Fig. 4.7 (a) that the incommensurability and the resulting splitting of the
satellite peaks vanishes in the C-CDW phase, which is reached when the sample is cooled
down while keeping the pressure close to ambient pressure (vertical path close to p=0 GPa
in Fig. 4.8). This phase is characterized by a commensurate wave vector qC in the hk-plane.
Perpendicular to the hk-plane, i. e. along the l-direction, the corresponding superlattice peaks
are very broad indicating that CDW layer stacking is disordered. The CDW layer stacking will
be discussed thoroughly in section 4.5.

By keeping the temperature constant at room temperature and increasing the pressure, the
IC-phase is reached in agreement with earlier reports (horizontal path close to T=300 K in
Fig. 4.8). However, as shown in the bottom panel of Fig. 4.7 (c), the pressure-induced IC-



CDWs in 1T-TaS2

Motivation 1T-TaS2 CDWs and XRD Superconductivity and NCCDW in 1T-TaS2 Conclusion

The nearly commensurate (NC) CDW phase

Wu et. al., Science (1989)
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C-CDW

C-CDW
Nearly	commensurate	CDW:	
• ordered	CDW-defects
• stabilized	by	P	at	low	T
• becomes	SC	at	low	T

(Sipos et	al., Nature	Mat.	2008)

Motivation 1T-TaS2 CDWs and XRD Superconductivity and NCCDW in 1T-TaS2 Conclusion

XRD from modulated structures

Example: commensurate
⌅

13 ⇥
⌅

13 CDW structure in 1T-TaS2

real space
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lattice distortion ⇤
q

i sin(qi
C · r)
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q3
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additional satellite reflections

reciprocal space
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Experiment at ID09
Motivation 1T-TaS2 CDWs and XRD Superconductivity and NCCDW in 1T-TaS2 Conclusion

High-Pressure XRD at ESRF, Grenoble
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Nearly commensurate CDW
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q versus P

T. Ritschel et al., PRB 87 (2013)



q versus P
Nearly commensurate CDW

T. RITSCHEL et al. PHYSICAL REVIEW B 87, 125135 (2013)

of the European Synchrotron Radiation Facility (ESRF).
Oriented samples of about 80 µm diameter were loaded in a
membrane-driven diamond anvil pressure cell filled with
helium as the pressure-transmitting medium. For the
low-temperature measurements the pressure cell was then
installed in a continuous He-flow cryostat and exposed to
a 10 × 10 µm2 beam with a photon energy of 30 keV. A
MAR555 flat panel detector was used to collect the diffraction
data in large regions of reciprocal space. At each pressure, we
collected a data set of 120 images over a sample rotation of
60◦ with 0.5◦ scan width per image. We increased the pressure
to 150 kbar and 80 kbar at constant temperatures of 300 K and
15 K, respectively, and monitored the pressure in situ using the
ruby fluorescence. During the low-temperature measurements
we also cooled the sample to 3.5 K at every pressure point
above 40 kbar, in order to reach the superconducting phase. In
addition to these measurements, the C-NC transition at lower
pressures was investigated at beamline BW5 of Deutsches
Elektronensynchrotron (DESY). Here we used a clamp-type
pressure cell17 and performed measurements as a function of
temperature at constant pressure.

The reflections observed in XRD enable determination of
the spatial arrangement of the lattice sites in a solid. In a CDW
material one generally observes Bragg reflections, which are
related to the underlying average structure. The CDW induces
additional modulations of that structure, and since the period
of the CDW in real space is larger than that of the underlying
lattice, additional reflections appear around the Bragg peaks.
These are referred to as superlattice or satellite reflections. The
position, intensity, and width of the satellite reflections provide
direct information about the spatial structure, the amplitude,
and the correlation length of the CDW.

The XRD intensity was recorded as a function of the
scattering vector Q, which is commonly given in terms of the
Miller indices (hkl): Q = h a∗ + k b∗ + l c∗, with a∗, b∗, and
c∗ the reciprocal lattice vectors of the unmodulated structure
[cf. Fig. 2(a)]. Since the satellite reflections in 1T -TaS2 occur
at different nonzero l values,7 we integrated the scattered
intensity along the l direction. This results in a diffraction
pattern that corresponds to projections of the x-ray intensity
within a slice of thickness !l = 2/3 onto the hk0 plane in
reciprocal space. Typical XRD data sets obtained in this way
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FIG. 2. (Color online) Reciprocal space maps of the XRD intensity for the C phase (a), the NC phase (b), and the high-pressure IC phase
(c). In (a) the Bragg reflections are indicated by the Miller indices (hkl), and the reciprocal lattice vectors a∗, b∗ of the hexagonal plane are
shown by black arrows. A magnified region in reciprocal space is displayed in the insets, where the threefold splitting of the satellite reflections
in the NC phase and the high-pressure IC phase can be clearly observed. (d) and (e) The satellite peak positions in the NC phase as a function
of p at 300 K and 15 K, respectively. In addition, (d) illustrates the geometric relation between first and third order satellite peaks, whereas
q1 = qNC − qC and rotating q1 by 120◦ and 240◦ yields q2 and q3, respectively. At both 300 K and 15 K, the modulation wave vector clearly
shifts towards the IC position with increasing p. (e) Includes data taken in the SC region of the phase diagram at 45 kbar and 3.4 K. (f) k scans
through the third-order satellite peak [along red arrow in inset of (b)] versus p at T = 300 K, illustrating the clear p dependence of the peak
position and intensity. The solid lines in (f) represent fitted pseudo-Voigt profiles.
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FIG. 4. (Color online) (a) Calculated C-domain distance as a
function of pressure using Eq. (1). (b) Intensity ratio between the
first- and third-order satellite reflection. (c) Overall intensity of the
first-order satellite reflection. Dotted lines are guides to the eye.
(d) and (e) Two possible scenarios of pressure-induced C-domain
shrinking in real space. The reddish hexagons refer to C-CDW
domains and the gray areas represent the discommensurations.
(d) The distance between C-CDW domains remains constant and the
domain boundaries smear out. In (e) the C-domain distance shrinks
and the domain boundaries remain sharp.

commonly regarded as charged and metallic regions between
C-CDW domains.15 However, it is important to realize that
this is not a domain structure in the usual sense, because
the C-CDW domains have a well-defined shape and size and,
importantly, their spatial arrangement is periodically ordered.
As a result, the C-CDW domains and the domain boundaries
together form a regular kagome lattice with a large coher-
ence length, yielding sharp satellite reflections in reciprocal
space.

As it was shown previously,26 the average distance R of
neighboring C-CDW domains (see Fig. 4) is directly related

to the incommensurability of the CDW via

R = 8π

3
√

13 · |q − qC|
, (1)

where R is given in lattice units, q is the measured modulation
vector, and qC is the modulation vector of the commensurate
phase. In addition to this, the sharpness of the C-domain
boundaries determines the intensity ratio between first- and
higher-order satellite reflections.

According to the scenario proposed in Ref. 15, the insu-
lating C-CDW domains shrink with increasing pressure and,
hence, the metallic domain boundaries widen and become
interconnected, as sketched in Fig. 4(d). At a certain pressure,
the superconductivity can eventually occur at low temperature
within the connected metallic regions. In this scenario, R
will remain essentially constant with increasing pressure.
Furthermore, the widening of the domain walls corresponds
to smooth boundaries between neighboring C-CDW domains,
which will result in a substantial change of the intensity ratio
between the first- and third-order satellite reflection I1/I3. As
can be seen in Figs. 4(a) and 4(b), these two characteristic
changes are not observed. Instead, we find a clear reduction of
R and a constant I1/I3 ratio within the errors of the experiment.
Our data therefore does not agree with the scenario illustrated
in Fig. 4(d).

The constant I1/I3 shows that the boundaries between
neighboring C-CDW domains remain sharp, while R and the
size of the C-CDW domains shrink with increasing p. Our
results hence imply that the spatial structure of the CDW
changes as illustrated in Fig. 4(e). Further, the data in Fig. 4(c)
shows that the intensity of the satellite reflections decreases by
a factor of 3, i.e., the overall amplitude of the lattice modulation
decreases by ≈1/

√
3 with pressure.

The shrinking of the C-CDW domains and the reduction
of the CDW amplitude observed by XRD agrees with the
conclusions reported previously in Ref. 15. The important
result here is that the domain boundaries in the NC phase do
not form large interconnected metallic regions. We also do not
observe a dissociation of the C-CDW domains, which would
result in a strong broadening and, eventually, the disappearance
of the NC-superlattice reflections. Instead, the sharp XRD
peaks in the NC phase prove that the metallic regions and
the C-CDW domains in this phase always form a long-ranged
ordered and periodic structure.

The pressure-induced formation of large metallic regions
therefore seems not to be crucial for the SC in 1T –TaS2.
Rather, the behavior illustrated in Fig. 4(e) requires that the
ordered structure as a whole becomes superconducting. In
other words, not only the metallic regions support SC, but the
whole NC structure illustrated in Fig. 4(e) forms a coherent
macroscopic superconducting state. The same conclusion was
also reached for the SC phase that is induced in 1T –TaS2
by Fe substitution. From a completely different viewpoint,
namely, that of angle-resolved photoemission spectroscopy,
Ang et al. also found that the NC-CDW and SC must coexist
in real space.27 Our results for the p-induced SC together
with the study of Fe-induced SC by Ang et al. provide solid
experimental evidence for SC occurring in the NC-CDW
structure as a whole, a situation which is fundamentally
different from the previously proposed phase separation in
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Superconducting CDW

T. RITSCHEL et al. PHYSICAL REVIEW B 87, 125135 (2013)
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FIG. 4. (Color online) (a) Calculated C-domain distance as a
function of pressure using Eq. (1). (b) Intensity ratio between the
first- and third-order satellite reflection. (c) Overall intensity of the
first-order satellite reflection. Dotted lines are guides to the eye.
(d) and (e) Two possible scenarios of pressure-induced C-domain
shrinking in real space. The reddish hexagons refer to C-CDW
domains and the gray areas represent the discommensurations.
(d) The distance between C-CDW domains remains constant and the
domain boundaries smear out. In (e) the C-domain distance shrinks
and the domain boundaries remain sharp.

commonly regarded as charged and metallic regions between
C-CDW domains.15 However, it is important to realize that
this is not a domain structure in the usual sense, because
the C-CDW domains have a well-defined shape and size and,
importantly, their spatial arrangement is periodically ordered.
As a result, the C-CDW domains and the domain boundaries
together form a regular kagome lattice with a large coher-
ence length, yielding sharp satellite reflections in reciprocal
space.

As it was shown previously,26 the average distance R of
neighboring C-CDW domains (see Fig. 4) is directly related

to the incommensurability of the CDW via

R = 8π

3
√

13 · |q − qC|
, (1)

where R is given in lattice units, q is the measured modulation
vector, and qC is the modulation vector of the commensurate
phase. In addition to this, the sharpness of the C-domain
boundaries determines the intensity ratio between first- and
higher-order satellite reflections.

According to the scenario proposed in Ref. 15, the insu-
lating C-CDW domains shrink with increasing pressure and,
hence, the metallic domain boundaries widen and become
interconnected, as sketched in Fig. 4(d). At a certain pressure,
the superconductivity can eventually occur at low temperature
within the connected metallic regions. In this scenario, R
will remain essentially constant with increasing pressure.
Furthermore, the widening of the domain walls corresponds
to smooth boundaries between neighboring C-CDW domains,
which will result in a substantial change of the intensity ratio
between the first- and third-order satellite reflection I1/I3. As
can be seen in Figs. 4(a) and 4(b), these two characteristic
changes are not observed. Instead, we find a clear reduction of
R and a constant I1/I3 ratio within the errors of the experiment.
Our data therefore does not agree with the scenario illustrated
in Fig. 4(d).

The constant I1/I3 shows that the boundaries between
neighboring C-CDW domains remain sharp, while R and the
size of the C-CDW domains shrink with increasing p. Our
results hence imply that the spatial structure of the CDW
changes as illustrated in Fig. 4(e). Further, the data in Fig. 4(c)
shows that the intensity of the satellite reflections decreases by
a factor of 3, i.e., the overall amplitude of the lattice modulation
decreases by ≈1/

√
3 with pressure.

The shrinking of the C-CDW domains and the reduction
of the CDW amplitude observed by XRD agrees with the
conclusions reported previously in Ref. 15. The important
result here is that the domain boundaries in the NC phase do
not form large interconnected metallic regions. We also do not
observe a dissociation of the C-CDW domains, which would
result in a strong broadening and, eventually, the disappearance
of the NC-superlattice reflections. Instead, the sharp XRD
peaks in the NC phase prove that the metallic regions and
the C-CDW domains in this phase always form a long-ranged
ordered and periodic structure.

The pressure-induced formation of large metallic regions
therefore seems not to be crucial for the SC in 1T –TaS2.
Rather, the behavior illustrated in Fig. 4(e) requires that the
ordered structure as a whole becomes superconducting. In
other words, not only the metallic regions support SC, but the
whole NC structure illustrated in Fig. 4(e) forms a coherent
macroscopic superconducting state. The same conclusion was
also reached for the SC phase that is induced in 1T –TaS2
by Fe substitution. From a completely different viewpoint,
namely, that of angle-resolved photoemission spectroscopy,
Ang et al. also found that the NC-CDW and SC must coexist
in real space.27 Our results for the p-induced SC together
with the study of Fe-induced SC by Ang et al. provide solid
experimental evidence for SC occurring in the NC-CDW
structure as a whole, a situation which is fundamentally
different from the previously proposed phase separation in
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FIG. 4. (Color online) (a) Calculated C-domain distance as a
function of pressure using Eq. (1). (b) Intensity ratio between the
first- and third-order satellite reflection. (c) Overall intensity of the
first-order satellite reflection. Dotted lines are guides to the eye.
(d) and (e) Two possible scenarios of pressure-induced C-domain
shrinking in real space. The reddish hexagons refer to C-CDW
domains and the gray areas represent the discommensurations.
(d) The distance between C-CDW domains remains constant and the
domain boundaries smear out. In (e) the C-domain distance shrinks
and the domain boundaries remain sharp.

commonly regarded as charged and metallic regions between
C-CDW domains.15 However, it is important to realize that
this is not a domain structure in the usual sense, because
the C-CDW domains have a well-defined shape and size and,
importantly, their spatial arrangement is periodically ordered.
As a result, the C-CDW domains and the domain boundaries
together form a regular kagome lattice with a large coher-
ence length, yielding sharp satellite reflections in reciprocal
space.

As it was shown previously,26 the average distance R of
neighboring C-CDW domains (see Fig. 4) is directly related

to the incommensurability of the CDW via

R = 8π

3
√

13 · |q − qC|
, (1)

where R is given in lattice units, q is the measured modulation
vector, and qC is the modulation vector of the commensurate
phase. In addition to this, the sharpness of the C-domain
boundaries determines the intensity ratio between first- and
higher-order satellite reflections.

According to the scenario proposed in Ref. 15, the insu-
lating C-CDW domains shrink with increasing pressure and,
hence, the metallic domain boundaries widen and become
interconnected, as sketched in Fig. 4(d). At a certain pressure,
the superconductivity can eventually occur at low temperature
within the connected metallic regions. In this scenario, R
will remain essentially constant with increasing pressure.
Furthermore, the widening of the domain walls corresponds
to smooth boundaries between neighboring C-CDW domains,
which will result in a substantial change of the intensity ratio
between the first- and third-order satellite reflection I1/I3. As
can be seen in Figs. 4(a) and 4(b), these two characteristic
changes are not observed. Instead, we find a clear reduction of
R and a constant I1/I3 ratio within the errors of the experiment.
Our data therefore does not agree with the scenario illustrated
in Fig. 4(d).

The constant I1/I3 shows that the boundaries between
neighboring C-CDW domains remain sharp, while R and the
size of the C-CDW domains shrink with increasing p. Our
results hence imply that the spatial structure of the CDW
changes as illustrated in Fig. 4(e). Further, the data in Fig. 4(c)
shows that the intensity of the satellite reflections decreases by
a factor of 3, i.e., the overall amplitude of the lattice modulation
decreases by ≈1/

√
3 with pressure.

The shrinking of the C-CDW domains and the reduction
of the CDW amplitude observed by XRD agrees with the
conclusions reported previously in Ref. 15. The important
result here is that the domain boundaries in the NC phase do
not form large interconnected metallic regions. We also do not
observe a dissociation of the C-CDW domains, which would
result in a strong broadening and, eventually, the disappearance
of the NC-superlattice reflections. Instead, the sharp XRD
peaks in the NC phase prove that the metallic regions and
the C-CDW domains in this phase always form a long-ranged
ordered and periodic structure.

The pressure-induced formation of large metallic regions
therefore seems not to be crucial for the SC in 1T –TaS2.
Rather, the behavior illustrated in Fig. 4(e) requires that the
ordered structure as a whole becomes superconducting. In
other words, not only the metallic regions support SC, but the
whole NC structure illustrated in Fig. 4(e) forms a coherent
macroscopic superconducting state. The same conclusion was
also reached for the SC phase that is induced in 1T –TaS2
by Fe substitution. From a completely different viewpoint,
namely, that of angle-resolved photoemission spectroscopy,
Ang et al. also found that the NC-CDW and SC must coexist
in real space.27 Our results for the p-induced SC together
with the study of Fe-induced SC by Ang et al. provide solid
experimental evidence for SC occurring in the NC-CDW
structure as a whole, a situation which is fundamentally
different from the previously proposed phase separation in
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XRD experiment:
• q changes with P 
• Constant intensity ratios
➔ Internal structure of defects 
unchanged
➔ Defect lattice compressed!

Whole CDW-defect lattice is SC

• R≈R’

• Defects widen

q constant

intensity ratios 
change

Expectations:

T. Ritschel et al.; PRB 87, 125135 (2013)
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Quasi-molecular orbitals: orbital-lattice coupling

1c stacking 2a+1c stacking

(a) (b)

(c) (d)

(e) (f)

a
b

c

a

T. Ritschel et al., 
Nature Phys. (2015)
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• Why pressure and low temperatures?!!

• Typical experimental setups

• Scientific examples
– Charge density waves and superconductivity
– Pressure-driven covalency and magnetism
– Strong covalency: Towards room temperature SC
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𝛼-RuCl3: candidate for Kitaev spin liquid
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R.D. Johnson et al., PRB 92 (2015)

Monoclinic lattice structure (ambient)



𝛼-RuCl3: candidate for Kitaev spin liquid
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Kitaev magnetism
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Realization in 𝛼-RuCl3
• But: AFM below 7 K!

• Hydrostatic P?!!

(need to avoid 

symmetry breaking!!)

• Exactly solvable model

• Quantum spin liquid



Pressure dependent magnetism
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G. Bastien et al., PRB 97 (2018)



Pressure-driven structural transition
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XRD: Structure refinement
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Monoclinic
C2/m

Triclinic
P-1

G. Bastien et al., PRB 97 (2018)



Pressure-induced dimerization
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Monoclinic
C2/m Triclinic P-1

S=0 dimers!

Quasi-molecular orbitals: orbital-lattice coupling

G. Bastien et al., PRB 97 (2018)



Other example: Li2IrO3
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Pressure-induced dimerization: Wide spread in 4d- 5d TMOs!



𝛾-Li2IrO3
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Resonant magnetic x-ray scattering at the Ir L3-edge

N
.P. Breznay

et al., PRB 2017
T= 4.7 K



Outline

• Why pressure and low temperatures?!!

• Typical experimental setups

• Scientific examples
– Charge density waves and superconductivity
– Pressure-driven covalency and magnetism
– Strong covalency: Towards room temperature SC
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H2 under pressure
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Cartoon! (We start from molecular orbitals)

• Lattice of weakly interacting H2-molecules
• Electrons localized in covalent bonds
• Insulator



H2 under pressure
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Cartoon!

• Pressure: weak bonds become stronger



H2 under pressure
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Cartoon!

• Pressure: weak bonds become stronger
• Various bond configurations possible
• Delocalization!



H2 under pressure
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Cartoon!

• Pressure: weak bonds become stronger
• Various bond configurations possible
• Delocalization!



H2 under pressure
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Hydrogen is predicted to be a conventional HTSC!

Large! 
Covalent bonds 
involved

High! 
Light H-sites



Conventional SC close to RT?!
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Conclusion
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Thank you very much!!

• Interacting electron systems: fascinating, often puzzling 
phenomena

• Experiments needed!
→ Low T: Ground state properties
→ High P: tune lattice without

external symmetry 
breaking

• Tweak balance between different
interactions

• Here: intersite covalency & quasi-moelcular orbitals 

• Enables to explore uncharted regions 
of the phase diagrams!




