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phonons 

electron 
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nuclear 
spins 

dipole 
reorientation 
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J. Phys. Soc. Jpn. 92, 065001 (2023)  
Nat. Commun. 14, 1960 (2023) PRL 131, 256501 (2023) 

Experiments at TU Wien 
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t 

bandwidth 
tuning 

Nat. Mater. 16, 1077-1088 (2017) 
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Correlated Electron Systems 

t 

bandwidth 
tuning 

Pustogow et al., Nat. Mater. 17, 773-777 (2018) 
Nat. Commun. 12, 1571 (2021) 

 npj Quantum Mater. 6, 9 (2021) 
Saito et al., J. Mater. Chem. C 9, 10841 (2021) 
              Crystals 11, 817 (2021) 2024-08-23 
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Correlated Electron Systems 

Chemical Tuning 
• synthesize samples at different 

positions in phase diagram 

Pustogow et al., Nat. Mater. 17, 773-777 (2018) 
Nat. Commun. 12, 1571 (2021) 

 npj Quantum Mater. 6, 9 (2021) 
Saito et al., J. Mater. Chem. C 9, 10841 (2021) 
              Crystals 11, 817 (2021) 

Pustogow et al., Nat. Mater. 17, 773-777 (2018) 
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Correlated Electron Systems 

Chemical Tuning 
• synthesize samples at different 

positions in phase diagram 

Hydrostatic Pressure Tuning 
• difficult to combine with spectroscopy 
• no ‚negative pressure‘ (p > 0) 

Pustogow et al., Nat. Mater. 17, 773-777 (2018) 
Nat. Commun. 12, 1571 (2021) 

 npj Quantum Mater. 6, 9 (2021) 
Saito et al., J. Mater. Chem. C 9, 10841 (2021) 
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Correlated Electron Systems 

Chemical Tuning 
• synthesize samples at different 

positions in phase diagram 

Hydrostatic Pressure Tuning 
• difficult to combine with spectroscopy 
• no ‚negative pressure‘ (p > 0) 

Uniaxial Strain Tuning 
• positive and ‚negative‘ pressure 
• in situ control by piezoelectric strain cells 

at millikelvin temperatures  

Pustogow et al.,  
Nature 574, 72–75 (2019) 
Phys. Rev. X 9, 021044 (2019) 
npj Quantum Mater. 7, 113 (2022) 
Nat. Commun. 14, 1960 (2023) 
Phys. Rev. Lett. 131, 256501 (2023) 

Pustogow et al., Nat. Mater. 17, 773-777 (2018) 
Nat. Commun. 12, 1571 (2021) 

 npj Quantum Mater. 6, 9 (2021) 
Saito et al., J. Mater. Chem. C 9, 10841 (2021) 
              Crystals 11, 817 (2021) 2024-08-23 
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New Spin on Correlated Electrons 
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New Spin on Correlated Electrons 
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New Spin on Correlated Electrons 

Part 1: Sr2RuO4 under strain 
An unexpected discovery 
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Nature 372, 532–534 (1994) 

Sr2RuO4: Unconv. Superconductivity 

2024-08-23 



Andrej Pustogow 15 

• superconductivity tuned by strain 

• 250% increase of 𝑇𝑐 upon 𝜀 = 0.6% 

Sr2RuO4: Unconv. Superconductivity 

Steppke et al., Science 355, 148 (2017) 

Nature 372, 532–534 (1994) 

𝜺 = ∆𝑳/𝑳 

Hicks et al., Science 344, 283 (2014) 

2024-07-23 
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Nature 372, 532–534 (1994) 

J. Phys.: Condens. Matter 7, L643-L648 (1995)  

Spin-Triplet Superconductivity 

3He 
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Nature 372, 532–534 (1994) 

J. Phys.: Condens. Matter 7, L643-L648 (1995)  

Nature 396, 658–660 (1998) Nature 394, 558–561 (1998) 

Spin-Triplet Superconductivity 

2024-08-23 
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Spin-Triplet Superconductivity 

𝑴𝒔𝒄 ≈ 𝟎 
 
 
 
 
 

condensate magnetization 

𝑴𝒔𝒄 ≈ 𝑴𝒏 

Cooper pairs 
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Spin-Triplet Superconductivity 

𝑴𝒔𝒄 ≈ 𝟎 
 
 
 
 
 

condensate magnetization 

𝑴𝒔𝒄 ≈ 𝑴𝒏 

probe local magnetization by  
Nuclear Magnetic Resonance 

(NMR) 

normal metal superconductor 

Meissner effect 

perfect diamagnet 

Pauli susceptibility is small compared 
to diamagnetic response of SC 

Cooper pairs 

2024-08-23 
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Magnetic Resonance 

electron 

nucleus 
𝜸𝒏 = 𝟎 − 𝟒𝟓 𝐌𝐇𝐳/𝐓 

𝜸𝒆 = 𝟐𝟖 𝐆𝐇𝐳/𝐓 

𝑩𝟎 

gyromagnetic ratio 

𝛾𝑒 = 𝑔𝑒
𝜇𝐵
ℏ
=
𝑒

2𝑚
𝑔𝑒 

∆𝐸 = ℏ𝜸𝑩𝟎 = ℎ𝒇𝟎 
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Nuclear Magnetic Resonance (NMR) 
N

M
R

 
in
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𝑓 = 𝑓0 = 𝛾𝐵0 

𝑩𝟎 

𝑩𝟎 

∆𝐸 = ℏ𝜸𝑩𝟎 = ℎ𝒇𝟎 

2024-08-23 



Andrej Pustogow 22 

𝑩𝟎 

𝑓 = 𝑓0 = 𝛾𝐵0 𝑓 = 𝑓0 + ∆𝑓  
    = 𝛾(𝐵0 + ∆𝐵) 

N
M

R
 

in
te

n
si

ty
 

• Spin of conduction electrons 
creates magnetic field at nucleus 

• Knight shift   𝑲 = ∆𝑓/𝑓0 ∝ 𝑴𝒔/𝑩𝟎 

Nuclear Magnetic Resonance 

Nuclear Magnetic Resonance (NMR) 

• Local field on probed nucleus 
comparable to 𝑩𝟎 or even larger 

• Line broadening 

• Antiferromagnetism: line splitting 

Magnetic Materials 

2024-08-23 
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Sr2RuO4: Triplet Superconductivity? 

𝑴𝒔𝒄 ≈ 𝟎 
 
 
 
 

𝑴𝒔𝒄 ≈ 𝑴𝒏𝒐𝒓𝒎𝒂𝒍 

no drop of 𝑀𝑠 
for  𝑇 < 𝑇𝑐   

Ishida et al., Nature 396, 658-660 (1998) 

1998 
cited > 800 times! 

J. Phys.: Condens. Matter 7, L643-L648 (1995)  

2024-08-23 
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Sr2RuO4: Triplet Superconductivity? 

Ishida et al., Nature 396, 658-660 (1998) 

1998 

drop of Knight 
shift! 

Pustogow et al., Nature 574, 72–75 (2019) 

strikingly different 

2019 

Steppke et al., Science 355, 148 (2017) 

2024-08-23 

higher Tc & Hc2 
under strain 

𝜺𝒂𝒂 = 𝜺𝒗 
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Sr2RuO4: Triplet Superconductivity? 

Ishida et al., Nature 396, 658-660 (1998) 

1998 

drop of Knight 
shift! 

Pustogow et al., Nature 574, 72–75 (2019) 

strikingly different 

2019 

2024-08-23 

higher Tc & Hc2 
under strain 

𝜺𝒂𝒂 = 𝜺𝒗 

𝑻𝒔𝒂𝒎𝒑𝒍𝒆 > 𝑻𝒄 
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Sr2RuO4: Triplet Superconductivity? 

Ishida et al., Nature 396, 658-660 (1998) 

1998 

drop of Knight 
shift! 

Pustogow et al., Nature 574, 72–75 (2019) 

strikingly different 

𝑻𝒔𝒂𝒎𝒑𝒍𝒆 > 𝑻𝒄 

Heating by NMR pulses! 

2019 

2020 

Petsch et al., PRL 125, 217004 (2020) Ishida et al., JPSJ 89, 034712 (2020) 

New result 
confirmed! 

2024-08-23 
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Heating from NMR Pulses 
Pustogow et al., Nature 574, 72–75 (2019) 
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Sr2RuO4: Even Parity Superconductivity 

2019 Pustogow et al., Nature 574, 72–75 (2019) 

J. Phys.: Condens. Matter 7, L643-L648 (1995)  

3He 

1995 1998 

Nature 396, 658-660 (1998) 

Is there an electronic analogue of 3He? 

experimental 
data wrong!! 

Answer for Sr2RuO4: no! 

2021 PNAS 118, e2025313118 (2021) 

2024-08-23 
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New Spin on Correlated Electrons 

Part 2: A frustrated Mott insulator under strain 
The true electronic analogue of 3He 

2024-08-23 
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Phase Transitions 

T
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Pressure 

Triple  

point 

Critical  

point 

Solid 

Gas 

Liquid 

Supercritical  

region 

Widom  

line 

well-known example: H2O 

Liquid-Gas Transition 

• no symmetry breaking 

• first-order transition 
below critical point 

• Widom line in 
supercritical region 

T = 0°C 
p = 1 bar 
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Pressure 

Triple  

point 

Critical  

point 

Solid 

Gas 

Liquid 

Supercritical  

region 

Widom  

line 

Liquid-Gas Transition 

• no symmetry breaking 

• first-order transition 
below critical point 

• gradual crossover in 
supercritical region 

Pomeranchuk effect in 3He 
solid melts upon cooling 

Quantum Phase Transitions 

Clausius-Clapeyron 

𝑑𝑇

𝑑𝑝
=
∆𝑉

∆𝑆
 

 

• 3He nucleus has S = ½ (fermion) 

• nuclear spins in solid 3He have 
larger entropy than liquid phase 

2024-08-23 
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Pressure 

Triple  

point 

Critical  

point 

Solid 

Gas 

Liquid 

Supercritical  

region 

Widom  

line 

Liquid-Gas Transition 

• no symmetry breaking 

• first-order transition 
below critical point 

• gradual crossover in 
supercritical region 

Pomeranchuk effect in 3He 
solid melts upon cooling Mott insulator 

charge solid (insulator) melts into 
charge liquid (metal) upon cooling 

Pustogow et al., Nat. Commun. 12, 1571 (2021) 
 Nat. Commun. 14, 1960 (2023) 

= charged superfluid 

Electronic Analogue of 3He 
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on-site Coulomb repulsion 

t U 

½ - filled band 
1 electron per site 

• periodic arrangement 
• 1 particle per site 

𝐻 = −𝒕  (𝑐𝑖𝜎
† 𝑐𝑗𝜎

<𝑖𝑗>,𝜎 

+ 𝐻. 𝑐. ) + 𝑼 𝑛𝑖↑𝑛𝑖↓
𝑖 

 Hubbard Model 

Mott Metal-Insulator Transition 

2024-08-23 
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𝐻 = −𝒕  (𝑐𝑖𝜎
† 𝑐𝑗𝜎

<𝑖𝑗>,𝜎 

+ 𝐻. 𝑐. ) + 𝑼 𝑛𝑖↑𝑛𝑖↓
𝑖 

 Hubbard Model 

Mott Metal-Insulator Transition 

Mott Insulator 

• electrons localized 

• no current can flow 

Metal 

• large wave function overlap 

• delocalized, mobile electrons 

metal-
insulator 
transition 

U < t 

U > t 

2024-08-23 
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Mott Insulator - Magnetism 

antiferromagnetic interactions 

itinerant exchange mechanism 𝑱 ∝
𝒕𝟐

𝑼
 

Mott-Heisenberg insulator 

Fermi liquid 

TN 

t U 

½ - filled band 
1 electron per site 

2024-08-23 
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Mott Insulator - Magnetism 

Mott-Heisenberg insulator 

Fermi liquid 

TN 

Hansmann et al., Phys. Status Solidi B 250, 1251–1264 (2013)  

V2O3 

Organic 
Conductors 

Kagawa et al., Nature 436, 534 (2005)   

antiferromagnetic interactions 

itinerant exchange mechanism 𝑱 ∝
𝒕𝟐

𝑼
 

Keimer et al., Nature 518, 179 (2015) 

High-Tc  Cuprates 

2024-08-23 
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Geometrical Frustration 

frustration in real life geometrical frustration in physics 

• suppression of magnetic order 
• quantum spin liquid  
• exotic excitations (spinons) 

2024-08-23 

(picture from Simone Fratini’s talk at ECRYS 2014) 
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Geometrical Frustration 

geometrical frustration in physics 

• suppression of magnetic order 
• quantum spin liquid  
• exotic excitations (spinons) 

suppression of 
long-range order 

Balents, Nature 464, 199–208 (2010)  

triangular 

honeycomb 

kagome 

2024-08-23 
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Frustrated Magnetism 

geometrical frustration 

Valence Bond Solid 
(e.g. Spin-Peierls in 1D) 

Resonating Valence 
Bond (RVB) State 

valence 
bond 

spinon:  neutral S = ½ excitation 

Balents, Nature 464, 199–208 (2010)  

mobile spinons (‘gapless’) 
similar to electrons in a metal, 

but without charge 

2024-08-23 
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Frustrated Magnetism 

geometrical frustration 

spinon:  neutral S = ½ excitation 

Balents, Nature 464, 199–208 (2010)  

mobile spinons (‘gapless’) 
similar to electrons in a metal, 

but without charge 

Useful for quantum information? 

https://www.tuwien.at/en/tu-wien/news/news/neue-messungen-stellen-spin-fluessigkeiten-in-frage  

2024-08-23 
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κ-(BEDT-TTF)2Cu2(CN)3 

triangular lattice 

Pustogow, Solids 3, 93–110 (2022) 

BEDT-TTF 

2024-08-23 
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κ-(BEDT-TTF)2Cu2(CN)3 

triangular lattice 

Pustogow, Solids 3, 93–110 (2022) • no antiferromagnetism 

Shimizu et al., PRL 91, 107001 (2003) 

antiferromagnet 
splitting of NMR lines 

nonmagnetic 
no splitting 

Gapless quantum spin liquid? 

Nat. Phys. 4, 459 (2008) 
Science 328, 1246 (2010) 

2024-08-23 
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κ-(BEDT-TTF)2Cu2(CN)3 

• no antiferromagnetism 
• spin gap below 6 K 

Shimizu et al., PRL 91, 107001 (2003) 

antiferromagnet 
splitting of NMR lines 

nonmagnetic 
no splitting 

Science 372, 276-279 (2021) 
Solids 3, 93–110 (2022) 

Gapless spin liquid state ruled out. 
What is the magnetic ground state? 

Gapless quantum spin liquid? 

Tune spin gap through phase diagram 

Nat. Phys. 4, 459 (2008) 
Science 328, 1246 (2010) 

2024-08-23 
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Nat. Commun. 14, 1960 (2023) 
J. Phys. Soc. Jpn. 92, 065001 (2023) 

2024-08-23 
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Nat. Commun. 14, 1960 (2023) 
J. Phys. Soc. Jpn. 92, 065001 (2023) 

2024-08-23 
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Shimizu et al., PRL 99, 256403 (2007) 
Manna et al., PRB 89, 045113 (2014) 

phase diagram identical to 
valence bond solid 

Miksch et al., Science 372, 276-279 (2021)  
Pustogow, Solids 3, 93–110 (2022) 

                Nat. Commun. 14, 1960 (2023) 
J. Phys. Soc. Jpn. 92, 065001 (2023) 

consistent with 
• thermal expansion 
• thermal transport 
• specific heat (6 K) 
• NQR 
• NMR 
• µ-SR 
• ESR 

(but: gapped spin liquid 
phase not ruled out) 

Nat. Commun. 14, 1960 (2023) 
J. Phys. Soc. Jpn. 92, 065001 (2023) 

2024-08-23 
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New Spin on Correlated Electrons 

Part 3: strain tuning of a kagome antiferromagnet 
Stress reduces frustration! 

2024-08-23 
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Unfrustrating the Kagome Layer 

Biesner et al.,  PRB 105, L060410 (2022) 
Adv. Quantum Technol. 2022, 2200023 

magnetic order stabilized upon 
increased kagome-plane distortion 

2024-08-23 
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Unfrustrating the Kagome Layer 

Biesner et al.,  PRB 105, L060410 (2022) 
Adv. Quantum Technol. 2022, 2200023 

magnetic order stabilized upon 
increased kagome-plane distortion 

2024-08-23 

𝑇𝑁 = 2.2 K 

Y3Cu9(OH)19Cl8 

Puphal et al., J. Mater. Chem. C 5, 2629 (2017) 
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Stress Reduces Frustration 

frustration in real life 
Both options (left/right) are equivalent 

• vary t’/t by uniaxial strain 
• pull spins apart / closer together 

𝑱 ∝
𝒕𝟐

𝑼
 

Wang et al., Phys. Rev. Lett. 131, 256501 (2023) 

2024-08-23 
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Stress Reduces Frustration 

Closer option (left) is obvious 

move one option away 

• vary t’/t by uniaxial strain 
• pull spins apart / closer together 

frustration in real life 

𝑱 ∝
𝒕𝟐

𝑼
 

Wang et al., Phys. Rev. Lett. 131, 256501 (2023) 

2024-07-23 
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Stress Reduces Frustration 

• vary t’/t by uniaxial strain 
• pull spins apart / closer together 

𝑱 ∝
𝒕𝟐

𝑼
 

Wang et al., Phys. Rev. Lett. 131, 256501 (2023) 

2024-08-23 
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Stress Reduces Frustration 

• vary t’/t by uniaxial strain 
• pull spins apart / closer together 
• expect linear increase of TN 

𝑱 ∝
𝒕𝟐

𝑼
 

Wang et al., Phys. Rev. Lett. 131, 256501 (2023) 

2024-08-23 

J/J‘ 

Masuda et al., PRL 109, 057201 (2012) 

distorted kagome 
Heisenberg model 
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Stress Reduces Frustration 

2024-08-23 

in situ strain tuning of J‘/J at low T 
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Stress Reduces Frustration 

2024-08-23 

J/J‘ 

Masuda et al., PRL 109, 057201 (2012) 

distorted kagome 
Heisenberg model 

in situ strain tuning of J‘/J at low T 
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Strain Tuning of Frustrated Magnetism 

• in situ strain tuning of t‘/t at low T 
• stabilize new phases with t‘/t 

ratios inaccessible to synthesis 
Wang et al., Phys. Rev. Lett. 131, 256501 (2023) 

2024-08-23 



Andrej Pustogow 57 

Physics Today  74, 9, 14 (2021) 
DOI: 10.1063/PT.3.4829 

Stress Reduces Frustration 

Nature 574, 72-77 (2019) 
PNAS 118, e2025313118 (2021) 

Phys. Rev. Lett. 131, 256501 (2023) 

Science 372, 276-279 (2021) 
Solids 3, 93–110 (2022) 

Nat. Commun. 14, 1960 (2023) 

t 
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