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The vortex lattice: An archetypal 
crystalline system

Φ0 =
ℎ

2𝑒

• One would expect the vortex lattice to melt at a characteristic temperature or magnetic 
field.  

• Yet vortex liquid states are rare.
• 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



Vdc+Va

c

G(Vdc) = Iac/Vac

Gp

Normal core

How to image the vortex lattice using STM?



Sample preparation 
Chamber

Sample 
manipulators

Vibration Isolation 
Table

Cryostat

Load lock

STM Head
Magnet

Sample holder Tip

Tip holder

Piezo electric tube

Coarse positioner

Macor

Cu housing for
sample holder

PCB

Cu shielding can

Steel studs

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

350 mK
Magnetic field: 9 T

Review of Scientific Instruments 84, 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 Reports 5, 10613 (2015); Phys. Rev. B 93, 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. B 100, 214518 (2019)
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Solid to liquid transition: Marked by Extreme sensitivity 



Dichotomy between transport and STS 
measurements

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

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

• If one observes a finite resistance, the vortices have to move very fast and 
one would observe an uniform average response everywhere.   

Electronic
s



The enigma of a-RexZr
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0 1 2 3 4 5 6 7 8 9 10
0

1

2
 0 

 1 kG 

 2 kG 

 5 kG 

 10 kG

 20 kG 

 30 kG 

 50 kG 

 70 kG 

 90 kG

R
 (

k
W

)

T (K)

0 20 40 60
0

20

40
U

0
/k

 (
K

)

H (kOe)

0 0.5 1 1.5 2 2.5 3 3.5
10-6

10-4

10-2

100

R
 (

k
W

)

1/T (K-1)

5 nm thick a-RexZr thin film

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

In the presence of pinning…

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 
story…

Finding Motion Paths



1 3 7

Sequence of 10 images at 410 mK, 10 kOe

Why this change?

• The preferred sites are determined by a combination of pinning 
potential and the confining potential created by neighbouring 
vortices.  

• Some 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 – fraction of 
vortices that are on 
the motion path.
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1 kOe, 410 mK : No complete hops



Understanding transport peculiarity



Conclusions

• We have shown the formation of a inhomogeneous 
“pinned” vortex liquid in 5 nm thick a-RexZr thin film 
through STS and transport measurement.

• The movement of vortices in this liquid is through a 
network of percolating tracks.

• Our 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

• 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-Matricon peak



Dirty limit

x=0 x=0.

2

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

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

• a-MoGe is even more dirtier sample ( 𝒍~𝟏. 𝟒𝟐 Å and 
∆𝟎𝝉

ħ
= 𝟎. 𝟎𝟔𝟗 ≪ 𝟏)

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)

• For 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
s

Q. How do we verify this?



Amplitude & frequency of the vibration

➢ Elastic energy due to displacement of δ=Δa (amplitude of the vibration),

𝐸 =
1

2
𝐶66

Δ𝑎

𝑎

2

𝐴𝑑 =
1

2

∅0
2𝑑

16𝜋𝜇0λ2𝑎2
(∆𝑎)2

A= area of shaded unit cell.

a= lattice constant; d= thickness of the sample; 𝐶66 =
∅0𝐻

16𝜋𝜇0λ2 (isotropic superconductor)

𝜔 =
∅0

2𝑑

16𝜋𝜇0λ2𝑎2𝑚𝑣
=

1

𝑎

𝐾

𝑚𝑣
= 𝜔0

𝐻

𝐻𝑐2

• Quantum zero-point motion: ħω = 𝑚𝑣𝜔2(∆𝑎)2

Δ𝑎

𝑎
=

ħ2

𝐾𝑚𝑣

1/4
1

𝑎
∝ 𝐻1/4

• For Thermal fluctuation: 𝑚𝑣𝜔2(∆𝑎)2~𝑘𝐵𝑇

Δ𝑎

𝑎
~

𝑘𝐵𝑇

𝐾

• 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)   

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

solid
➢ Einstein approximation

➢ C11 >> C66 vibrational mode of vortices is transverse



Strategy to find Δa/a from our experimental results

Step1: Simulation of single static vortex

Assumptions:

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

• Spectra far away from the core follows BCS nature 

(position B)

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

nature,

𝑤 𝑟 =
𝛽

𝜋
exp −𝛽𝑟2

We fix, 𝛽 =
4log(2)

(𝐹𝑊𝐻𝑀)2;  𝐹𝑊𝐻𝑀~2ξ𝐺𝐿

A B

2ξG

L

Conductance map for single vortex,

𝐺𝑁 𝑟, 𝑉 =
𝑤 𝑟

𝑤𝑚𝑎𝑥 𝑟
∗ 𝐺𝑁

𝑐𝑜𝑟𝑒 + 1 −
𝑤 𝑟

𝑤𝑚𝑎𝑥 𝑟
𝐺𝑁

𝐵𝐶𝑆

A BA B



Step 2: Simulation of full conductance map for static vortex lattice

Vortex lattice
𝑎1 = 𝑎0 1, 0 ; 

𝑎2 = 𝑎0

1

2
,

3

2

𝑎0 = 1.07
∅0

𝐻
= 𝑙𝑎𝑡𝑡𝑖𝑐𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

𝐺𝑁
𝑠𝑡 𝑉, 𝑟 =

σ𝑖 𝐺𝑁 𝑟 − 𝑟𝑖 , 𝑉

[σ𝑖 𝐺𝑁 𝑟 − 𝑟𝑖 , 𝑉 = 0 ]𝑚𝑎𝑥



Consistency check: static vortex lattice simulation  

Case study: Vortex core in clean NbSe2

Position 

A

Position B

BA

H=5 

kOe

• Our empirical interpolation formula fits well 

with our experimental observations.

• The value of FWHM is used for the fitting 

matches exactly with the coherence length 

value, obtained from upper critical field.
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Step 3: Simulation for the random vibration

(Born-Oppenheimer Approximation: Retardation Neglected)

• Vortex position, Ԧ𝑟𝑖 → Ԧ𝑟𝑖 + 𝛿 Ԧ𝑟 

0 ≤ 𝛿 Ԧ𝑟 ≤ ∆𝑎(𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛)

• We perform the simulation over such 200 realizations

• Grand average normalized conductance map,

𝐺𝑁
𝑠 (𝑉, 𝑟, ∆𝑎) =

1

200


𝐾=1

200

𝐺𝑁
𝑠𝑡,𝑘 𝑉, 𝑟, ∆𝑎 = 𝐺𝑁

𝑠𝑡 𝑉, 𝑟, ∆𝑎

𝐺𝑁 0  <1

+… +

𝑮𝑵
𝒔 (𝟎, 𝐫, 𝟎. 𝟏𝒂𝟎)

Average

Time Snap: 1 Time Snap: 200



Step 4: comparing with experimental results (a-MoGe thin films)

• We take Δa/a0 and Γ as the fitting parameters.

• Both Δa/a0 and Γ are increasing with 

magnetic field. 

Magnetic field variation of Fitting parameter



Conclusion: Quantum zero-point motion

Calculation of vortex mass

1. From fitting parameters,

𝑚𝑣 =
ħ

1.075

2
1

𝐾0∅0𝐴4
≈ 36𝑚𝑒

2. From carrier density,

𝑚𝑣 =
2

𝜋3
𝑚𝑒𝐾𝐹𝑑 =

2

𝜋3
𝑚𝑒(3𝜋2𝑛)1/3𝑑 ≈ 32𝑚𝑒

• Two dips appear in the field variation of Δa/a0 close to the 

phase boundaries: vortex solid- hexatic fluid and hexatic 

fluid to isotropic liquid. These anomalies most likely due to 

the anharmonicity of the confining potential.

• The magnetic field variation of Δa/a0 matches well with the 

field dependent form, expected from Quantum zero-point 

motion of vortices.



The superconductor – bad metal transition

Yazdani and Kapitulnik– PRL 74, 3037 (1995)

Superconductor below Bc

Bad metal above Bc

𝑑𝑅

𝑑𝑇
< 0 but 𝐺 𝑇 → 0  is finite

Is this bad metal also made of Cooper pairs 
that are in a dissipative state?

2 nm thick a-MoGe

Phys. Rev. B 105, L140503 (2022)

Surajit Dutta
John Jesudasan



The Critical Field: Hc

Bad Metal Above 36 kOe

Is this a Critical Field: Hc



Melting of the Vortex Lattice

Vortex liquid above 3 kOe

450 mK



Evolution with magnetic field

Bad metal above 36 kOe

Vortex liquid above 3 kOe

Do Cooper pairs survive 
in the bad metal?

450 mK



Fitting Tunnelling Spectra
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BCS + Dynes DOS

Thick MoGe (20 nm): BCS superconductor 

Γ𝐷 ≈ 0

2 nm thick MoGe

Coherence peaks broadened and Large zero bias conductance
𝜞𝑫 ≠ 𝟎

A broad V-shaped background coming from diffusive e-e 
Coulomb interactions:

Altshuler-Aronov anomaly
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Tc T*

Zero field D and Rs with temperature
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Vortex liquid

Vortex Glass

Bose
Metal

Phase Diagram

What is the Bose Metal?



Conjecture

Zero point fluctuation of vortices would be 
much larger for 2nm thick sample

The transition at Hc is from a classical vortex 
fluid to a quantum vortex fluid
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A B

H= 5 kOe

Surajit Dutta et al, Phys. Rev B 103, 214512 (2021)

1. From fitting parameters,

𝑚𝑣 =
ħ

1.075

2
1

𝐾0∅0𝐴4
≈ 𝟑𝟔𝒎𝒆

2. Theoretical estimate

𝑚𝑣 =
2

𝜋3
𝑚𝑒𝐾𝐹𝑑 =

2

𝜋3
𝑚𝑒(3𝜋2𝑛)1/3𝑑 ≈ 32𝑚𝑒

20 nm thick 
MoGe



Dirty limit

x=0 x=0.

2

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

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

• a-MoGe is even more dirtier sample ( 𝒍~𝟏. 𝟒𝟐 Å and 
∆𝟎𝝉

ħ
= 𝟎. 𝟎𝟔𝟗 ≪ 𝟏)

Sample: Co doped NbSe2 (J. Phys.: Con. Mat. 28 (2016) 165701)

Inside the vortex core
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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
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Effect of 
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Extreme sensitivity in the vortex state
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Frequency dependence
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Summary

Thank you

• We have shown that quantum zero point motion of the vortex core can give 

rise to a soft gap at the centre of the vortex.

• Whether the zero-point fluctuation can produce a quantum vortex fluid at T 

→ 0 is a question that is yet to be investigated.



(Strong) Disorder in conventional superconductors
The effect of disorder on J  ( ns)
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(Strong) Disorder in conventional superconductors
The effect of disorder on J  ( ns)
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Disorder in superconductors
Anderson theorem: As long as the system remains fairly large, no amount of scattering
which leaves the substance a metal, would be capable of actually destroying
superconductivity.

k

k−

'k

'k−

However, since the pairing interaction is not strongly
dependent on the direction of k, the binding energy of the
Copper pair, D will not significantly change.

Tc is not affected by disorder 

Ma and Lee: The substance will remain a superconductor even when it becomes an
Anderson insulator, as long as the localization length of the electrons, L, is larger than the
coherence length, x.

x
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(Strong) Disorder in conventional superconductors

Finkelstein, Anderson-Muttalib-Ramakrishnan
• Coulomb interaction between electrons no longer effectively 

screened.
• The Coulomb repulsion partially cancels the electron-phonon 

attractive interaction.  

J. M. Graybeal and M. R. Beasley
Phys. Rev. B 29, 4167(R) (1984)

𝑇𝑐 ∝ ∆

= ℎΘ𝐷𝑒−1/(𝑵 𝟎 𝑽−𝝁∗)

Finkelstein 
Theory

Coulomb 
pseudopotential



Characterization of pinning strength

• Similar thickness 

𝑓0
𝑁𝑏 &𝑓0

𝑌𝐵𝐶𝑂~ 𝐺𝐻𝑧

2. From extreme sensitivity of vortex dynamics (T=0.3K):

• This frequency dependence 

curve can be fit using the given 

formula,

𝑅 = 𝑅0𝐸𝑥𝑝
𝑓2

𝑓2 + 𝑓0
2

𝐽𝑎𝑐

𝐽𝑟

2

f0 = depinning frequency

vV

I=Idc + 

𝑰𝒂𝒄
𝒇

1. From measurement of Cambell penetration depth (T=2K):

λ𝜔
−2 =

𝜇0

𝐻∅0
𝛼 + 𝑖𝜔η = λ−2 + 𝑖𝛿−2

λ−2 =
𝜇0𝛼

𝐻∅0
 ;  𝛿−2 =

𝜇0𝜔η

𝐻∅0
 

Depinning frequency,

𝒇𝟎 =
𝜶

𝜼
≈ 𝟔 𝒌𝑯𝒛

Phys. Rev. Lett. 122, 047001 

(2019)

Phys. Rev. B 100, 214518 

(2019)

Physica C Superconductivity 

578, 1353740 (2020)
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