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Ludwig Boltzmann’s dream
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What would Boltzmann do?
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Kurt Binder - pioneer of computer simulaNon

Kurt Binder 1968

• 1953: Metropolis Monte Carlo (Metropolis, Rosenbluth, Rosenbluth, Teller, Teller) 

• 1957: MD simulaNon for hard Spheres/disks  (Wainwright, Alder) 

• 1957: MC for hard spheres (Wood, Jacobsen) 

• 1964: MD of liquid argon (Rahman) 

• 1971: MD of liquid water (Rahman, SNllinger)

M. Mareshal, “From Varenna (1970) to Como (1995): Kurt Binder’s long 
walk in the land of criNcality”, Eur. Phys. J. H 44, 161 (2019)
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The importance of algorithms

SimulaNon of the Ising model
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Monte Carlo of configuraNons, trajectories and both

• Monte Carlo in configura7on space:  
caNon exchange in nanocrystals   

• Monte Carlo in trajectory space: 
cavitaNon in water under tension  

• Monte Carlo in configura7on and trajectory space:  
isomerizaNon of proline in the KPTP tetrapepNde  
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Nano-heterostructures by caNon exchange

Phill Geissler 
(1974-2022)

Layne Frecheie

R.D. Robinson et al. Science 2007, 317, 355-358. 
CdS Ag2S

Ag-rich soluNon



Simple lajce model for caNon exchange

MC moves
E0 = �h

X

R

�R
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non-interacNng Ising elasNc

Frecheie, Dellago, Geissler, PNAS 118, e2114551118 (2021) 
Schulz, Dünweg, Binder, Müller, PRL  95, 096101 (2005) 
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Equilibrium bulk phase diagram

Frecheie, Dellago, Geissler, PRL 123, 135701 (2019) 
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Core-shell phase diagram: effect of sNff shells

idenNficaNon of phases

0 layers 6 layers 8 layers

Frecheie, Dellago, Geissler, PNAS 118, e2114551118 (2021) 
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ElasNc forces drive non-equilibrium paiern formaNon

R.D. Robinson et al. Science 2007, 317, 355-358. 

Frecheie, Dellago, Geissler, PNAS 118, e2114551118 (2021) 



Spore release in ferns



Spore release in ferns

X. Noblin, N. O. Rojas, J. Westbrook, C. Llorens, M. ArgenNna, J. Dumais, Science 335, 1322 (2012) 

Xavier Noblin, LMPC Nice



NegaNve pressure in experiments  

Q. Zhen, D. J. Durben, G. H Wolf, and C. A. Angell Science 254, 829 (1991) 
M. E.-M. Azouzi, C. Ramboz, J.-F. Lenain and F. Caupin, Nature Physics 9, 38 (2013) 

C. Huyghens (1672) 
-0.1 MPa

M. Berthelot (1850) -5 MPa
heaNng cooling 



Stretching water in mineral inclusions

M. E.-M. Azouzi, C. Ramboz, J.-F. Lenain and F. Caupin, Nature Physics 9, 38 (2013)

144 ºC

p=-120MPa

isochore

spinodal
TMD

binodal

Mineral inclusions 

-140 MPa



Bubble nucleaNon and growth

r

surface

bulk 

classical nucleaNon theory

p < 0

g(r)

g(r⇤)/ r2

/ �r3

g(r) = 4⇡r2� +
4⇡r3

3
(p� pbubble)

Block, Das, Oeiel, Virnau, Binder, JCP 133, 154702 (2010)



P=-120 MPa 
T=296 K 
N=2000 
TIP4P/2005 



Monte Carlo in trajectory space: TransiNon path sampling 

A
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PAB [x(T )] / hA(x0)⇢(x0)

T /�t�1Y

i=0

p(xi�t ! x(i+1)�t)hB(xT )

<latexit sha1_base64="Wckzza2oNrkIHKHp7rCinFeZiUA="></latexit>

transiNon path ensemble

C. Dellago, P. G. Bolhuis, F. S. Csajka, D. Chandler, JCP 108, 1964 (1998) 
C. Dellago, P. L. Geissler, P. G. Bolhuis, Adv. Chem. Phys. 123, 1 (2002)



CavitaNon rate vs. pressure

experiment: pcav = -120 MPa

Menzl, González, Aragones, Geiger, Caupin, Abascal, Valeriani, Dellago, PNAS 113, 13582 (2016) 

J =

p
kBT�3

⌘|p| ⇢0e
��g(v⇤)

Rayleigh-Plesset equaNon +  
thermal fluctuaNons + CNT

cavitaNon pressure

Georg Menzl

Chantal Valeriani



SebasNan Falkner

Alessandro Corej

Pz(z) = py(y)P
AB
X [X(⌧)]
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Generalized path ensemble

configuraNon trajectory

ShooNng point exchange: MC in configuraNon & path space

A

<latexit sha1_base64="VLG3tZCiZVGlgrCQDyStd2yHkFI=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo+oF4+QyCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3cxvPaHSPJYPZpygH9GB5CFn1FipftMrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1dssjjycwCmcgwdXUIV7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AJV1jM0=</latexit>

B

<latexit sha1_base64="TcbfhXHtNn/73eTBku/wxZdOCdU=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo8ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldlr1K+blRK1VoWRx7O4BwuwYMbqMI91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJb5jM4=</latexit>

X(⌧)

<latexit sha1_base64="TbaGW5OWktEf0aB+dhfDT5vIQS8=">AAAB73icbVDLTgJBEOzFF+IL9ehlIjHBC9k1GD0SvXjERGAT2JDZYRYmzD6c6TUhG37CiweN8ervePNvHGAPClbSSaWqO91dfiKFRtv+tgpr6xubW8Xt0s7u3v5B+fCoreNUMd5isYyV61PNpYh4CwVK7iaK09CXvOOPb2d+54krLeLoAScJ90I6jEQgGEUjuW61hzQ9J/1yxa7Zc5BV4uSkAjma/fJXbxCzNOQRMkm17jp2gl5GFQom+bTUSzVPKBvTIe8aGtGQay+b3zslZ0YZkCBWpiIkc/X3REZDrSehbzpDiiO97M3E/7xuisG1l4koSZFHbLEoSCXBmMyeJwOhOEM5MYQyJcythI2oogxNRCUTgrP88ippX9Sceu3yvl5p3ORxFOEETqEKDlxBA+6gCS1gIOEZXuHNerRerHfrY9FasPKZY/gD6/MH7vmPQQ==</latexit>

X 0(⌧)

<latexit sha1_base64="uaOK+y49wVPLewEouqbkOrMceH4=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBDjJexKRI9BLx4jmIckS5idzCZDZnaXmV4hhHyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXkEhh0HW/nZXVtfWNzdxWfntnd2+/cHDYMHGqGa+zWMa6FVDDpYh4HQVK3ko0pyqQvBkMb6d+84lrI+LoAUcJ9xXtRyIUjKKVHltnpQ7S9Jx0C0W37M5AlomXkSJkqHULX51ezFLFI2SSGtP23AT9MdUomOSTfCc1PKFsSPu8bWlEFTf+eHbwhJxapUfCWNuKkMzU3xNjqowZqcB2KooDs+hNxf+8dorhtT8WUZIij9h8UZhKgjGZfk96QnOGcmQJZVrYWwkbUE0Z2ozyNgRv8eVl0rgoe5Xy5X2lWL3J4sjBMZxACTy4gircQQ3qwEDBM7zCm6OdF+fd+Zi3rjjZzBH8gfP5A1B/j3I=</latexit>

y

<latexit sha1_base64="0AzN9pSceEkVyYO5YY8D+4ugxy4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6lWNBQ==</latexit>

y0

<latexit sha1_base64="fJq7yAwraCtuFOTTw7rmK9aLvYs=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ6KolU9Fj04rGK/YA2lM120y7dbMLuRAil/8CLB0W8+o+8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKweMUu4H9GBEqFgFK30kJ31SmW34s5AlomXkzLkqPdKX91+zNKIK2SSGtPx3AT9MdUomOSTYjc1PKFsRAe8Y6miETf+eHbphJxapU/CWNtSSGbq74kxjYzJosB2RhSHZtGbiv95nRTDa38sVJIiV2y+KEwlwZhM3yZ9oTlDmVlCmRb2VsKGVFOGNpyiDcFbfHmZNC8qXrVyeV8t127yOApwDCdwDh5cQQ3uoA4NYBDCM7zCmzNyXpx352PeuuLkM0fwB87nD0rdjTY=</latexit>

A

<latexit sha1_base64="VLG3tZCiZVGlgrCQDyStd2yHkFI=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo+oF4+QyCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3cxvPaHSPJYPZpygH9GB5CFn1FipftMrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1dssjjycwCmcgwdXUIV7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AJV1jM0=</latexit>

B

<latexit sha1_base64="TcbfhXHtNn/73eTBku/wxZdOCdU=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo8ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldlr1K+blRK1VoWRx7O4BwuwYMbqMI91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJb5jM4=</latexit>

y

<latexit sha1_base64="0AzN9pSceEkVyYO5YY8D+4ugxy4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6lWNBQ==</latexit>

exchange 
move

Falkner, Corej, Dellago, PRL, to be rejected (2023) 



Enhanced sampling of muNple channels

TPS
Spex



IsomerizaNon of proline in the KPTP tetrapepNde  

Falkner, Corej, Dellago, PRL, to be rejected (2023) 
Jung, Covino, Arjun, Bolhuis, Hummer, arXiv:2105.06673 (2021)



Kurt Binder (1944-2022)

On the shoulders of giants


