
Structure and Dynamics of a pinned vortex 

liquid in ultrathin superconducting films

Pratap Raychaudhuri

Tata Institute of Fundamental Research, Mumbai

Theory Collaborator: Chandan Dasgupta



The vortex lattice: An archetypal 
crystalline system
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Å One would expect the vortex lattice to melt at a characteristic temperature or magnetic 
field.  

Å Yet vortex liquid states are rare.
Å In conventional bulk superconductors thermal fluctuations alone is not enough to melt the 

vortex lattice. Exception: High Tc cuprates.

Where can one observe vortex liquid? How is it different from regular liquids?

The vortex lattice in a 
NbSe2 single crystal
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G(Vdc) = Iac/Vac

Gp

Normal core

How to image the vortex lattice using STM?



Sample preparation 
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Our Toy: The TIFR milli-Kelvin Scanning Tunneling Microscope
Lowest temperature:

350 mK
Magnetic field: 9 T

Review of Scientific Instruments84, 123905 (2013).
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Vacuum SuitcaseSample manipulator

Battery operated 
ion pump

Pulsed Laser Deposition 
Chamber

STM load-lock



Pinning induced amorphization: bulk NbSe2

Scientific Reports5, 10613(2015); Phys. Rev. B93,144503(2016).

3-dimensional vortex lattice

2-dimensional vortex lattice

http://www.tifr.res.in/~superconductivity/pdfs/srep10613.pdf


Evidence of vortex liquid: a-MoGe thin film
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Very Weak pinning
Thickness: 20 nm



Real space evolution of the vortex lattice

Orientational 
order up to 
70 kOe

Fully 
disordered 
state

Do these states 
correspond to hexatic 
vortex fluid and 
isotropic vortex 
liquid respectively?
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Looking at the Dynamics

Vortex solid 

phase

T=2K

Hexatic vortex 

liquid

Isotropic vortex 

liquid
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Solid to liquid transition in transport

Phys. Rev. B100, 214518 (2019)

0 20 40 60 80 100
0

0.1

0.2

0.3

0.4
R

 (
W

)

H (kOe)

 filter1 ( f0 = 340 kHz)

 filter2 ( f0 = 710 kHz)

 filter3 ( f0 = 1 MHz)

 filter4 ( f0 = 7.8 MHz)

 without filter

300 mK

Solid to liquid transition: Marked by Extreme sensitivity 



Dichotomy between transport and STS 
measurements

ÅSTS is a slow measurement. Each image is acquired over 15-30 minutes and 
the conductance at each pixel is integrated over several msec.

Å If individual vortices can be seen using STS then their diffusivity is too small to 
give any measurable resistance.

Å If one observes a finite resistance, the vortices have to move very fast and 
one would observe an uniform average response everywhere.   
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The enigma of a-RexZr
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Journal of Alloys and Compounds877,160258 (2021)
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R=R0 exp(-U(H)/kT)

No Signature of a transition 
to a vortex glass.
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NbSe2 single crystal: 400 mK, 10 kOe



410 mK, 10 kOe

Large variation in the intensity of minima



STS measurement in a pinned vortex liquid

Lƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ǇƛƴƴƛƴƎΧ

Vortices will spend longer time close to the 
pinning centres.

The locations will show a minima in G(V) 
but the depth of the minima will be 
shallower than the one corresponding to a 
static vortex at that location.

The depth of the minima is a metric of the 
probability of finding a vortex at that 
location.

Diffusive motion of vortices will happen 
through hops between these preferential 
sites.

If some vortex is completely localised at 
some pinning  site that location will display 
a deep minimum.-4 -2 0 2 4
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Vortices with different degree of localisation

Deep minima corresponding to strongly localized vortices

Shallow minima corresponding to weakly localized vortices



Join any two neighbouring 
minima for which,

(i) The value of GN > -0.8

and

(ii) The value of GN along 
the line joining the 
minima is < -0.4  

Not the complete 
ǎǘƻǊȅΧ

Finding Motion Paths



1 3 7

Sequence of 10 images at 410 mK, 10 kOe

Why this change?

ÅThe preferred sites are determined by a combination of pinning 
potential and the confining potential created by neighbouring 
vortices.  
ÅSome vortices get trapped in an in an intermediate pinning center 

while hopping between two minima:  Incomplete hops.



Relationship between Structure and Dynamics
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Sum of all 10 images

How to construct 
the global motion 
network?



Superpose all Blue paths

(Sum of Complete hops)

Connecting the incomplete hops

(Connecting minima that are closer than 0.5aH)



Overall Motion paths: Red Network + Blue Network



Magnetic field evolution of network paths

No Signature of a 
Glass transition!

fG ς fraction of 
vortices that are on 
the motion path.
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1 kOe, 410 mK : No complete hops



Understanding transport peculiarity



Conclusions

ÅWe have shown the formation of a inhomogeneous 
άǇƛƴƴŜŘέ vortex liquid in 5 nm thick a-RexZr thin film 
through STS and transport measurement.
ÅThe movement of vortices in this liquid is through a 

network of percolating tracks.
ÅOur analysis resolves the dichotomy between transport 

and STS measurements to visualise pinned vortex liquid.

Thank you



Zero Point 
Fluctuation prevents 
a solid from forming.

Quantum fluid

Are there other solids or 
fluids where we can see 
ramifications of zero 
point fluctuations?



Inside the vortex core

Sample: Nbse2 single crystal 

A

B

Å Peak (more than unity) is observed at the 

zero bias conductance due to formation of 

bound state by the normal electrons, Known 

as Caroli-de Gennes-Matricon  state.

T= 450 mK

Clean limit

Caroli-de Gennes-Matriconpeak



Dirty limit

x=0 x=0.

2

Sample: 2H-Nb1-x TaxSe2 (ref: Phys. Rev. Lett. 67, 1650 (1991))

Å No peak is observed inside the vortex core in the dirty limit

Å a-MoGe is even more dirtier sample ( ■ͯ Ȣ  B and 
ЎⱲ

ü
Ȣ Ḻ )

Sample: Co doped Nbse2 (J. Phys.: Con. Mat. 28 (2016) 165701)

Inside the vortex core



A B

H= 5 

kOe

Unusual Results: Soft gap inside the vortex core in MoGe thin film(T=450 

mK)

A B

H= 30 kOe

A
B

H= 65 kOe



Spatial variation of normalized Zero bias conductance (GN (0))

H= 5 kOe H=30 

kOe

H=65 

kOe



Homogeneous superconducting state

Disordered NbN



Proposed Explanation: Fast vibration of vortices  

L. Bartosch and S. Sachdev , Phys. Rev. B 74, 144515 

(2006); Annals of Physics 321, 1528 (2006)

ÅFor a slow measurement like STS/M, 

spectra at the core will be admixture 

of both superconducting and normal 

states, give rise to a soft gap inside 

the vortex core.

Electronic
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Q. How do we verify this?



Amplitude & frequency of the vibration

ü Elastic energy due to displacement of ŭ=ȹa (amplitude of the vibration),
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A= area of shaded unit cell.

a= lattice constant; d= thickness of the sample; ὅ
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 (isotropic superconductor)
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Å Quantum zero-point motion: üʖ ά ‫ Ўὥ
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Å For Thermal fluctuation:  ά ‫ Ўὥ ὯͯὝ
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Å Our obtained form of amplitude (for zero-point motion) is very similar (expect 0.6 pre-factor), given in ref: 

Annals of Physics 321, 1528 (2006)   

ü Vibration of vortices is analogous to the vibration of atoms in  2d 

solid
ü Einstein approximation

ü C11 >> C66 vibrational mode of vortices is transverse



Strategy to find ȹa/a from our experimental results

Step1: Simulation of single static vortex

Assumptions:

Å Spectra inside the vortex core is flat (position A)

Å Spectra far away from the core follows BCS nature 

(position B)

Å Spectra, G (r, V) varies across the boundary as gaussian 

nature,
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Conductance map for single vortex,
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Step 2: Simulation of full conductance map for static vortex lattice

Vortex lattice
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