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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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» Why pressure and low temperatures?!!
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The theory of “everything”

H = —— e D
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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...
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Coupled degrees of freedom

SPINS

Crystal field splitting
Charge fluctuations
Orbital occupation and exchange

ORBITALS

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

LATTICE

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

CHARGES

Electron-phonon coupling
Spin fluctuations
Orbital occupation
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Independent particles
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Independent particles

A simple model 2 states per site T l

A 1 A
b ¢ b1 b g o
n M hn « t:kinetic energy
A I v A v « Hopping only restricted by
4 4 t Pauli
i $ « Otherwise no interactions
('f‘\/l-k\ll \ A 1
) ¢ v Y v
H = —t Z (CTU Cjo + h.c.)
(ij).o
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Independent particles

A simple model 2 states per site T l

Quasiparticle
band structure
4 4 4 Energy Energy
b g b T A -
iR 1 iR g
v =
A ¥ " Ve / N\ I
Y Y L7 =
1 A -
v Y >
'1*/1-“\" : A ix k
¢ b4 ¢ b
| Band theory:
H=—t > (c,cjo+hec)  allstatesoccupied: insulator
(ij),0 otherwise: metal
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Correlated electrons

Mott system for t<U

A 1 A
¢ v 4 « t:kinetic energy
| | |
@ @ @ e U: Electron-electron
v v v . .
A A AU interaction
N g ¢ ) 1 - U creates additional
% $ correlations
« Ucompetes with t
’,4{/1_“\{1 \ A 1 P
Y v Y v

H = —t Z ((LTU Cio + h.c.) + U Z ni i

(ij),0
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Correlated electrons

Electronic order at half filling
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H = —t (C:a Cio + h.c.) + U Z ni i

(ij),0
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Energy
upper Hubbard band
(empty)
~U
lower Hubbard band
1 y (full)
>
DOS
Half filling

Insulating state!
AFM ground state!
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Complex electron systems

Various interacting degrees of freedom

charge

spin

,;

!

< .r — % \ orbital
. l T : : lattice

- Breakdown of independent particle picture

« Rich physics: HTSC, CMR, multiferroic order, phase competition
and coexistence...(technological potential)
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More is different
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More is different

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!
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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?
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Examples: Pressure-induced SC
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Electronic order in
real space?
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Examples: Pressure-induced SC

an ‘ Quant 1m Matariale

X-ray scattering
experiments can help!

www.nature.com/npjquantmats

«  What happens at the
atomic level?

« Structural changes?

» Electronic order in
real space?
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Outline

 Typical experimental setups
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Pressure cells
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Clamp type cell SiC anvil cell diamond anvil cell
(up to 1.5 GPa) (up to 6 GPa) (up to 200 GPa)
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Membrane-driven DAC
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Pressure monitoring

M. Knaapila et al., Rev. Prog. Phys. 2016

Cr3*in Al,Os: °E, — %A,

ESRF high-pressure
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H. Yamaoka et al., ). Appl. Phys. 2012
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Pressure monitoring

H. Yamaoka et al., J. Appl. Phys. 2012
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Pressure transmitting media

Liquids:

Pressure variation in sample space:

« methanol-ethanol
mixtures
« daphne 7474
« silicone oil
S. Klotz, J. Phys. D: Appl. Phys. 42, 075413 (2009)
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LHe-flow cryostat

ESRF high-pressure
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Helium flow cryostat
¢ Tmin=3 K

* Membrane-driven DAC
Pax=200 GPa

* High resolution XRD on
powder and single
crystal samples

* Ruby fluorescence,
Raman, transport,
magnetic
measurements

available on ID15b, ID12,
ID18, ID28, ID24
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ID27 of the ESRF

Low-temperature and high-pressure XRD

ID27 before EBS
«  20keV-60keV

. Pmax=1-10"" ph/s
at 33 keVin 0. 1%BW

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

*  3x3 um? beam
ID27 new
« 25keV-60 keV

*  Pmax=8-10"3 ph/s
at 33 keVin 0. 1%BW

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

. 0.3 x 0.3 um? beam
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Comparison

In-house experiment versus ID27

ID27 new ID27 before EBS Sealed tube

. 25 keV - 60 keV . 20 keV - 60 keV . 17.5 keV and 19.6 keV

. Pmax=8-10"3 ph/s . Pmax=1-10"" ph/s . Pmax=2-107 ph/s
at 33 keVin 0. 1%BW at 33 keVin 0. 1%BW at 17.5 keV

. 0.007 mrad (H) . 0.100 mrad (H) . 1 mrad - 3 mrad
0.005 mrad (V) 0.005 mrad (V) 2D focusing optics
with KB-mirrors with KB-mirrors

. 0.3 x 0.3 um? beam . 3x3 um? beam . 80x80 um? beam

smaller samples
higher pressures

—

high resolution
higher sensitivity
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Outline

 Scientific examples

— Charge density waves and superconductivity
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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?
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p-T phase diagram

temperature (K)

Resistivity by
Spios et al., Nature Materials (2008)

W electrical resistivity
400 [ e XRD ]
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300
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CDWs in 1T1-Tas,

Nearly commensurate CDW:
 ordered CDW-defects
e stabilizedbyPatlowT

* becomesSCatlowT
(Sipos et al., Nature Mat. 2008)




Experiment at IDO9




Nearly commensurate CDW

Intensity map in reciprocal space (HKO-plane)
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Nearly commensurate CDW

Intensity map in reciprocal space (HKO-plane)
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Nearly commensurate CDW

Intensity map in reciprocal space (HKO-plane)
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Nearly commensurate CDW

Intensity map in reciprocal space (HKO-plane)
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Nearly commensurate CDW

Intensity map in reciprocal space (HKO-plane)
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g versus P

ESRF high-pressure
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T. Ritschel et al., PRB 87 (2013)
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g versus P

Nearly commensurate CDW

T. Ritschel et al., PRB 87 (2013)
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Superconducting CDW
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T. Ritschel et al.; PRB 87, 125135 (2013)

Expectations:
R=R’ > ( constant

e Defects widen —» intenSity ratios
change




What drives P-dependence?!

Quasi-molecular orbitals: orbital-lattice coupling

T. Ritschel et al.,
Nature Phys. (2015)
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Outline

 Scientific examples

— Pressure-driven covalency and magnetism
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a-RuCls: candidate for Kitaev spin liquid

Monoclinic lattice structure (ambient)

R.D. Johnson et al., PRB 92 (2015)
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a-RuCls: candidate for Kitaev spin liquid

Kitaev magnetism

)
=& « Exactly solvable model
O —
T > SE .
g « Quantum spin liquid
gy
S 2

. M
Iz

Realization in a-RuCls

« But: AFM below 7 K!
- Hydrostatic P?!!

(need to avoid

R. Valenti et al.,
Univ. Frankfurt

symmetry breaking!!)
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Pressure dependent magnetism

G. Bastien et al., PRB 97 (2018)
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Pressure-driven structural transition
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XRD: Structure refinement

Monoclinic Triclinic
C2/m P-1

G. Bastien et al., PRB 97 (2018)
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Pressure-induced dimerization

Quasi-molecular orbitals: orbital-lattice coupling

Monoclinic
C2/m Triclinic P-1

S=0 dimers!

G. Bastien et al., PRB 97 (2018)
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Other example: Li,IrO;

Pressure-induced dimerization: Wide spread in 4d- 5d TMOs!
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y-Li51rO;

Resonant magnetic x-ray scattering at the Ir Ly-edge

T=4.7K
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Outline

 Scientific examples

— Strong covalency: Towards room temperature SC
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H, under pressure

Cartoon! (We start from molecular orbitals)

Lattice of weakly interacting H,-molecules
Electrons localized in covalent bonds
Insulator
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H, under pressure

Cartoon!

ESRF high-pressure
workshop | June 2019

Pressure: weak bonds become stronger

Jochen Geck | TU Dresden
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H, under pressure

Cartoon!

Pressure: weak bonds become stronger
Various bond configurations possible
Delocalization!
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H, under pressure

Cartoon!

Pressure: weak bonds become stronger
Various bond configurations possible
Delocalization!
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H, under pressure

Hydrogen is predicted to be a conventional HTSC!

. a» @
.
Large!
Covalent bonds
> >

High!

Light H-sites involved

~ /
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Conventional SC close to RT?!
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Conclusion

 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

o

ESRF-EBS

Enables to explore uncharted regions
of the phase diagrams!

Thank you very much!!
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