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Mesoscopic states and metastability in the 
aftermath of a phase transition

Unexplored, 
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Ψ = 𝐴𝑒𝑖𝜙 
If 𝜏𝑞𝑢𝑒𝑛𝑐ℎ < 𝐿/𝑣, multiple domains form (Kibble-Zurek mechanism)
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T. Kibble, J Phys a-Math Gen 
9, 1387 (1976).
W. Zurek, Nature 317, 505 
(1985).

Creation of metastable states by a quench through 
a 2nd order transition 



Possible single 1st order transition outcomes
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Figure: Roger Penrose’s ‘Fantasy’

We have little data over a vast range of timescales!

Starobinsky – Linde – Guth 
Kibble, Zurek, Volovik



An example of multiple outcomes: Protein folding
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Domains store information
(spin and charge)

Spins are weakly coupled to the environment, whence they 
hold information better than charge, but information is 
encoded in the domain structure

Charge is strongly coupled to the lattice, whence any 
information is rapidly dissipated.
But, information can be encoded in the domain structure.

de Jong et al. PRL108, (2012).
Nature Communications | (2024) 15:4451 

e.g. 1T-TaS2 memory (Mraz et al., Nanolett. 2022)



Mesoscopic states and metastability in the 
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Coherent domain dynamics in TbTe3
Domains form due to inhomogeneous excitation

Yusupov, R. et al. Coherent dynamics of macroscopic electronic order 
through a symmetry breaking transition. Nat Phys 6, 681–684 (2010). 

Experiment

Theory
Domain 
annihilation
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See also Trigo et al (e.g. TR-XRD)



Demsar et al, Phys. Rev B (2002); Demsar et al, Phys. Rev. Lett (1999); Stojchevska et al. Science (2014)

Collective mode frequency switching in 1T-TaS2

35 fs (800 
nm)
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Coherent switching control
Sample

Ta
S

e-

The C-H transition takes place in < 400fs.
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Undistorted 1T-TaS2 exhibits a flat band at EF along Γ − 𝐾.

Carriers are prone to localisation 
(formation of polarons):

In 2D,  𝑟𝑠 =
𝑉

𝑡
=

𝑒2𝑚∗

ℏ2 𝑛
 = 31~38† 

The threshold for localization is defined by 
the dimensionless parameter, the Wigner-

Seitz radius 𝑟𝑠 =
𝑎

𝑎𝐵𝑜ℎ𝑟

1T-TaS2: 𝑓=1/13, 𝑚∗~3 − 5𝑚𝑒 → rs=
𝑉

𝑡
= 70~100



Photodoping in 1T-TaS2 : carrier localization and jamming

Band structure has a 
single Ta band within 
+/-1 eV,  with a flat 
band near the Γ point.

𝑒− and ℎ+ thermalization 
via phonons shows an 
imbalance, leading to 
electron condensation

1T-TaS2 band structure  from Ritschel, Nat. Phys. 2014
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Emil Bozin, 

Emil Bozin et al, arXiv:2301.05670
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Bozin, E. S. et al. Crystallization of polarons through charge and 
spin ordering transitions in 1T-TaS2. Nat. Commun. 14, 7055 
(2023). 

X-ray PDF

https://arxiv.org/abs/2301.05670


Symmetry-breaking polaron fluctuations at high temperature 
(X-ray PDF) and a sequence of orders on reducing T

High-temperature band structure of 1T-TaS2

Emil Bozin, 2022
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Low T 

Ta2

Ta3 Possible spin structures

Bozin, E. S. et al. Crystallization of polarons through charge and spin ordering transitions in 1T-TaS2. Nat. Commun. 14, 7055 (2023). 

Band structure calculations need revision.



Different hidden states reached by varying the excitation 
conditions
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Metastable and thermodynamic phases of 1T-TaS2
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1

𝑓
= 𝑥2 + 𝑦2 + 𝑥𝑦, where 𝑥, 𝑦 are integers
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Magic superlattices and Wigner crystals
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Modelling of Wigner crystal superlattices

Classical charged lattice gas model with 
screened coulomb interaction:

where

Commensurate structures satisfy:
1

𝑓
= 𝑥2 + 𝑦2 + 𝑥𝑦 , 

where 𝑥 and 𝑦 are integers

Jaka Vodeb 

Karpov, P. & Brazovskii, S. Sci Rep 8, 1–7 (2018).
Vodeb, J. et al. New J Phys 21, 083001 (2019). 

Valid when 𝑟𝑠 =
𝑉

𝑇
≫ 1

𝑇 is the kinetic energy



Phase diagram of magical fraction superlattices

NB: WC physics is dominant for small 𝑡 and large 𝑟𝑠 = 𝑉/𝑡

𝑡 is determined by the e-p coupling strength of conduction band electrons
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Coexisting metastable superlattices after photoexcitation
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(Photo) doping of the C superlattice 
MC simulations of a polaronic Wigner crystal

N=2N=1 N=3 N=6 N=10 N=16

Defect structure:

Mraz, A. et al. Nat. Commun. 14, 8214 (2023). 
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STM experiment: 
Wigner-Seitz 
tesselation and 
non-trivial 
defects

Raw STM images

Wigner-Seitz 
tesselation of 
STM image

Non-trivial 
superlattice 
defects 
(dislocations)

Erase
Write Erase

Mraz, A. et al. 
Nat. Commun. 14, 8214 (2023). 
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The hidden state shows emergent 
mesoscopic orders 

Displacement

|𝐷|

Displacement angle
 𝜶 Simulation of 𝜶

Gerasimenko et al., npj Quantum Materials, 4, 32 (2019)

𝐷

STM topography

35 fs, 1 mJ/cm2 
laser pulse, or 
electrical pulse



Dynamics



The Hidden state relaxation time depends on 
temperature and strain

Vaskivskyi, I. et al. Controlling the metal-to-insulator relaxation of the 
metastable hidden quantum state in 1T-TaS2. Sci Adv 1, e1500168 
(2015). 

𝐸𝐴
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Spontaneous relaxation through 
configurational states
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Topologically non-trivial defects stabilize the ‘hidden’ domain state

Kranjec et al, Symmetry 2022, 14, 926. https:// doi.org/10.3390/sym14050926



Tip-enhanced relaxation?
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The rate is similar: a fit gives
𝜏 = 1146 ± 38 𝑠 (for both)



5 K
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Spontaneous decay dynamics of the domain 
state

T = 4 K 

𝑓 = ’Hamming distance’ (how 
many polarons have moved 
from one configuration to 
another)

Vodeb et al., Nat. Commun. 15, 4836 (2024). 

𝑅 𝑇 = 𝑅𝑞 + 𝑅0𝑒
−𝐸𝐵/𝑘𝐵𝑇

𝐸𝐵 is determined by the energy 
difference between 
configurational states 

𝑅0 is related to the Hamming 
distance
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Quantum simulations 
Custom embedding
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Vodeb et al., Nat. Comm. 15, 4836 (2024). 



STM topography:
Domain state decay at 4 K in 1T-TaS2

𝑟 = 9
𝑇𝑒𝑓𝑓 = 1.33
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Experiment and simulation of quantum decay

Simulation on D-Wave quantum annealer
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Sequence of STM images
 ~30 minutes per image



Fast-STM imaging of domain fluctuations in the H state of 1T-TaS2

Atomic resolution

➔

FAST scanning STM

5 nm

1 nm

Raw real-time movie at 6 Hz framerate
Up to 100 MHz sampling per pixel
up to 100 FPS

Yevhenii Vaskivskyi 

Tunneling current 
𝑖 = 1010𝑒/𝑠

𝑖 = 1 𝑛𝐴, 𝑉 = 0.8 𝑉



A L-R domain vertex

1 nm

defect

𝑖 = 1 𝑛𝐴, 𝑉 = 0.8 𝑉

1 nm

Quench



Fast STM polaron dynamics 
in real time

1T-TaS2 6 Hz STM real time video

𝑖 = 1 𝑛𝐴, 𝑉 = 0.8 𝑉
T=77K



Electron ‘trajectories’
Frame sequenceTime-averaged (= slow STM)



Tesselated Wigner-Seitz structure reveals 
motion of dislocations and disclinations



Classical packing in 2D – the 
effect of temperature and strain

Temperature (pseudorandom shaking)
Jamming of steel balls under 

uniaxial pressure (gravity)



Non-interactiong particle in a box  
(time-dependent Schrödinger equation solution)

Timescale = 20 fs

EF = 1 eV



Model dynamics Charge density 
(white is neutral f=1/13)

Defect density

Boundary conditions mimic the Fast STM 
experiment (L and R domains)

L

R

J.Vodeb (unpub)



Noise analysis: ‘telegraph noise’ and chaotic 
dynamics observed at different points

Noise at different points
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Metastable state devices 

• High speed 

• High energy efficiency





A CCM/superconductor hybrid memory device:  The 
pTron (nTron amplifier and 1T-TaS2 CCM)

Discrete implementation of nTron and CCM

pTron equivalent circuit

NB. NbTiN films were kindly provided by Wallraff’s group (ETHZ)



pTron switching

https://arxiv.org/pdf/2203.14586.pdf
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