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Introduction
Quantum fluids refer to a class of fluid which remain fluid down to absolute zero temperature 

due to zero point quantum fluctuations. Such known systems are liquid He3 and He4 at 

ambient pressure. Here, we report the existence of quantum vortex fluid in amorphous MoGe

thin film. We have studied the melting of vortex lattice with increasing magnetic field. Melting 

of vortex lattice follows the sequence of 2-steps Berezinskii-Kosterlitz-Thouless-Halperin-

Nelson-Young (BKTHNY) melting: (1) vortex solid to hexatic vortex fluid and (2) hexatic

vortex fluid to isotropic vortex liquid. Later two fluid phases still remain fluid down to lowest 

temperature 450 mK. Quantum nature of vortex fluid has been varied through magneto-

transport and Scanning Tunneling Spectroscopy (STS) measurements.  

Sample Preparation
MoGe thin flims are deposited on thermally oxidized Si substrate through Pulsed Laser 

Deposition at room temperature and base pressure ~ 10-7 mbr. Films are synthesized by 

ablating bulk Mo70Ge30 target using 248 nm excimer laser. For magneto-transport and STS 

measurements, we have used two samples of  different geometry. Both samples have Tc and 

thickness within variation of 10 %.

For magneto-transport measurements, thin film is deposited using hall bar pattern shadow 

mask and sample is capped with 2 nm thick Si layer to prevent surface oxidization. 

Experimental 

techniques
1. Magneto-transport: transport measurements are performed using 4-probe 

technique using constant dc current source and nano-voltmeter in He3 cryostat. To 

remove the external electromagnetic radiation, we have used a low pass filter of cut off 

frequency 1 MHz at the input port of electrical connection.

2. Scanning Tunneling Spectroscopy (STS): STS measurements are carried out 

using home-built low temperature Scanning Tunneling Microscope (STM) operating 

down to 350 mK and fitted with 9T superconducting magnet.

 For STS measurements, after deposition, sample is first transferred in-situ in a ultra-

vacuum suitcase (base pressure ~ 10-10 Torr) and transferred in STM without exposing in 

air.

 STM is operated in constant current mode. We have used metallic Pt-Ir tip to obtained 

spatially resolved tunneling conductance. Expression of tunneling current between normal 

metal and superconductor,
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And  Expression of tunneling conductance is given as,
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Ns is density of state of superconductor, N(0) is density of state of normal meta V is bias 

voltage, f is Fermi-Dirac distribution function, e is charge of electron and Rn is resistance of  

metallic state. 

 Experimentally tunneling conductance is obtained using voltage modulation technique.

𝐼𝑛𝑠 𝑉𝑑𝑐 + 𝑉𝑎𝑐𝑆𝑖𝑛 𝜔𝑡 ≅ 𝐼𝑛𝑠 𝑉𝑑𝑐 +
𝑑𝐼𝑛𝑠
𝑑𝑉
|𝑉𝑑𝑐𝑉𝑎𝑐𝑆𝑖𝑛(𝜔𝑡)

 For vortex imaging, V is kept close to superconducting coherence peak. Consequently, 

local minima of the conductance map gives the position of vortices.

 To identify the topological defects, we have performed Delaunay triangulation of vortex 

lattice.

3. Ac Screening  response: Ac screening response measurements are performed in 

transmission geometry two coil setup. Here, samples are placed between primary coil 

(quadrupolar) and secondary coil (dipolar). Ac screening response of superconducting 

thin film is obtained using probe field 3.5 mOe by passing a small ac drive current (Id) 

0.5 mA of frequency (f) 35kHz through primary coil. Mutual inductance between 

primary coil and secondary coil is defined as,

𝑀 = 𝑀𝑅 + 𝑖𝑀𝐼 =
𝑉𝑝

2𝜋𝑓𝐼𝑑

MR and MI are the real part and imaginary part of the mutual inductance and 𝑉𝑝 is the 

pick up voltage in the secondary coil.

 Mutual inductance between two coil depends on complex screening length of the sample. 

Complex screening length can be calculated numerically using experimental value of 

mutual inductance. Expression of the complex screening length is given by,

𝜆−2 = 2𝜋𝑖𝑓𝜎𝜇0 = 𝜆
−2 + 𝑖𝛿−2

λ  is London penetration depth, δ is skin depth and σ is complex conductivity of the sample, 𝜇0
is free space permeability.
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Experimental results Summary
Basic characterization of a-MoGe thin film 

Physical properties Superconducting properties Pinning properties

1. Thickness (d) of the film ~ 21 nm, measured using 

ambios XP2 stylus profilometer. Our films are 2 

dimensional because of bending length of vortices (~ 

μm) is much larger compare to film thickness. A 2 

dimensional film also satisfies the following condition, 

𝐽𝑐
1/2
≪ 0.2𝐵

1

4𝑑−1.
2. Uniform amorphous nature of film is confirmed from 

high resolution transmission electron micrographs.

3. Carrier density of sample is determined from hall 

coefficient measured at 25 K.

Hall coefficient of amorphous 

sample can be defined as,

𝑅𝐻 =
𝛾

|𝛾|

1

𝑛|𝑒|

Where, γ=
𝜕ln(𝐸𝐹)

𝜕ln(𝑉)
, 𝐸𝐹 is fermi 

energy and V is volume.

Sign of hall coefficient 

depends on sign of γ.  

Hence, when γ > 0, system is 

different from free electron 

gas model. 

 Critical temperature of sample, Tc ~ 7K.

Variation of resistance with temperature at zero magnetic 

field
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Tunneling Spectra and corresponding temperature 

dependence of energy gap (Δ) which is well fitted with 

conventional BCS relation, 
∆(0)

KBTc
= 2.17

 Pinning in the sample is extremely weak which is 

confirmed through ac screening response 

measurement. There is no difference between field 

cooled (FC) and zero field cooled (ZFC) 

measurements.

Distinction between solid phase and fluid 

phase of vortex lattice

 We have distinguished between vortex solid phase and 

vortex liquid phase by studying I-V characteristics in 

thermally activated flux flow state.

 Resistance due to thermally activated flux flow is given 

as,

𝜌𝑇𝐴𝐹𝐹 = 𝜌0 exp −
𝑈

𝑘𝑇

 For a vortex solid or glassy phase[3],𝑈 = 𝑈0
𝐼𝑐

𝐼

𝛽
for 

current range 𝐼 ≪ 𝐼𝑐 where Ic is critical current density. 

Therefore, ρ𝑇𝐴𝐹𝐹 → 0 as 𝐼 → 0.

 For vortex fluid, U is independent of current. Hence, ρTAFF

is finite for 𝐼 → 0 limit.

 ρTAFF is calculated by linear fitting I-V characteristics for 

I≤ 100 μA << Ic .
 Hm1 denotes as transition field of solid to hexatic fluid and 

Hm2 is the transition field hexatic fluid to isotropic liquid. 

Quantum nature of vortex fluid

 Quantum nature of vortex fluid is confirmed through measurements of electrical resistivity which saturates 

to a finite value at low temperatures. 
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Isotropic Vortex liquid  Above 4 kOe (Hm1), we have observed that free 

dislocations are proliferated which destroy the 

positional order of the vortex lattice. Hence the vortex 

solid phase, realized at low field (below 4 kOe) 

transform into hexatic vortex fluid phase where 

positional order decreases exponentially but it has 

quasi long range orientational order (distinct six spots 

in FFT images).

 Above 75 kOe (Hm2), Quasi long range orientational

order is lost through proliferation of disclinations and 

distinct six spots turns into diffusive ring. 

Study of Vortex creep

 By studying the dynamics of vortices using STS, we also 

distinguish different phases of vortex lattice.

 Motion of vortices has been studied by taking successive 

12 images of vortex lattice over same area in 15 minutes 

intervals at 450 mK.

 Below 4 kOe (solid phase), movement of vortices is very 

small.

 In the hexatic fluid phase, movement of vortices is 

significant and vortices are moving along principle 

directions to keep the orientational order.

 Above 72 kOe, motion of vortices is completely random 

which signifies that vortices are in isotropic liquid phase.

Effect of quantum fluctuations on vortices

 Due to the effect of quantum fluctuations on vortices, we 

have observed a soft gap inside the vortex core using 

STS, unlike normal metal where the gap is suppressed. 

Variation of tunneling conductance (GN (V)) inside (blue line) 

& outside (orange line) of the vortex core with magnetic 

fields

Theoretical analysis of soft gap observed inside the vortex core

 To understand the origin of soft gap inside the vortex core at 450 mK more quantitatively, we consider zero bias 

conductance across the vortex center.

 We consider vortices are oscillating about their equilibrium position due to quantum mechanical zero point fluctuations. 

However, fluctuations is more rapid compared to STS measurement time. Hence this rapid fluctuations is integrated out, 

showing only the average tunneling conductance at particular area.

 To capture this effect, we consider a phenomenological model of tunneling conductance.

Model

 We first simulate the regular vortex lattice in a 

superconductor  where vortices are static.

 We assume that at the vortex core of an isolated vortex 

𝐺𝑁 𝑉 = 1 whereas far away from the core, 𝐺𝑁
𝐵𝐶𝑆+Γ 𝑇, 𝑉 , 

given by superconducting density of states obtained from 

BCS theory.

 𝐺𝑁
𝐵𝐶𝑆+Γ 𝑇, 𝑉 is obtained by fitting by the experimental zero 

field tunneling conductance spectra at T=450 mK with Δ

(energy gap) and γ is boarding parameter.

 To interpolate the tunneling conductance between these two 

region, we use an empirical Gaussian weight factor, 𝑓 𝑟 =

exp(−
𝑟2

2𝜎2
). So the tunneling conductance over the area,

𝐺𝑁 𝑉, 𝑟 = 𝑓 𝑟 + 1 − 𝑓 𝑟 𝐺𝑁
𝐵𝐶𝑆+Γ 𝑟

 We choose value of σ is order of coherence length (ξ~ 4.3 

nm).

 We have calculated normalized conductance,  𝐺𝑁(𝑉, 𝑟) =

 𝑖
𝐺𝑁(𝑉, 𝑟−𝑟𝑖)

[ 𝑖 𝐺𝑁(𝑉=0;𝑟−𝑟𝑖)]𝑚𝑎𝑥
where 𝑟𝑖 is the ith position of vortices. 

This condition ensure that  𝐺𝑁 𝑉, 0 = 1 at the center of each 

vortex. 

 Now to realize the situation where the vortices are 

fluctuating about their mean position. We have calculated 
 𝐺𝑁(𝑉, 𝑟) for 200 realization of a distorted hexagonal lattice 

where each lattice point is displaced by a random vector, 

satisfying the constraint, 𝛿𝑟𝑖 ≤ 𝛼 < 𝑎. Here, 𝛼 is the 

amplitude of fluctuations. |𝛿𝑟𝑖| is has equal probability along 

the direction.

 Finally we have computed average zero bias 

conductance<  𝐺𝑁(𝑉 = 0, 𝑟) >𝛼 to compare with our 

experimental results.

We have calculated the value of 
𝛼

𝑎
from simulation by matching 

with experimental zero bias conductance across the vortex centre 

as a function of magnetic field. 

 At 450 mK, with increasing magnetic field, melting of vortex lattice follows 2-steps 

BKTHNY melting.

 Both fluid states (hexatic vortex fluid and isotropic vortex liquid) exhibit quantum nature 

at 450mK which has been confirmed through electrical resistance measurements.

 Due to the quantum fluctuations, a soft gap is observed inside the vortex core. Many other 

2d superconductors also show the pseudo gap, like NbN because of phase fluctuation. In 

this sample the phase stiffness temperature (> 100 K) is much higher compare to 

experimental temperature.

 Using a phenomenological approach of tunneling conductance, we are able to capture zero 

bias conductance across the vortex centers.

 By considering vortices as quantum mechanical harmonic oscillator, we have calculated 

the average fluctuation amplitude as function of magnetic field (∝ 𝐻1/4) which is well 

fitted with experimental curve. This also gives difference with thermal fluctuations where 

average fluctuation is independent of magnetic field. 

 From 
𝛼

𝑎
vs H curve, we have also calculated the value of vortex mass which has similar 

value, reported earlier. 
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Future work
 We have observed quantum melting of vortex lattice at 450 mK. In future we will perform 

the same experiment at different temperature to see if there any quantum melting  to 

thermal melting transition (on going experiment). 
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Theoretical analysis of zero point motion of vortices

 To find the magnetic field dependence of average amplitude of fluctuation (in terms of lattice 

constant unit), we consider vortices are quantum harmonic oscillator.

 To show that vortices are confining in harmonic potential, we consider a unit cell of 2d vortex 

lattice. During fluctuations of vortices, vortex lattice get deforms and it costs elastic energy.

 Contribution of elastic energy in 2d vortex lattice comes in two ways- (1)compression and 

Shear. However, shear modulus C66 << C11 (compression modulus).

 Therefore, for small deformation, the elastic energy of vortex lattice mainly control by shear 

modulus.

 Elastic energy (per unit volume) costs due to a single vortex is displaced by a distance δ<<a 

(lattice constant) from its equilibrium position,

𝐸 =
1

2
𝐶66

𝛿

𝑎

2

 In London limit, Shear modulus for a isotropic superconductor, 

𝐶66 =
∅0𝐻

16𝜋𝜇0𝜆
2

Where ∅0 is quantum flux, μ0 is vacuum permeability, 𝜆 is London penetration depth.

 Total elastic energy,

𝐸 =
𝜙0
2𝑑

32𝜋𝜇0𝜆
2

𝛿

𝑎

2

=
1

2

𝜙0
2𝑑
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2𝑎2
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 Motion of vortices about its equilibrium is like harmonic oscillator with frequency,

𝜔 =
𝜙0
2𝑑

16𝜋𝜇0𝜆
2𝑎2𝑚𝑣

= 𝜔0 ℎ

Where 𝜔0 (the intrinsic frequency) =
1

1.075

∅0𝑑

16𝜋𝜇0𝜆
2

𝐻𝑐2

𝑚𝑣
and 𝑚𝑣 is mass of vortices.

 We can appear similar expression using more intuitive approach by 1 chain of vortices. This can 

be thought as any principle direction of vortex lattice. Interaction energy between two vortices 

separated by a distance x is given by,

𝑈 𝑥 =
∅0
2𝑑

2𝜋𝜇0𝜆
2
𝑙𝑛
𝜆

𝑥

Where 𝜉 < 𝑥 < 𝜆

 The repulsive force between vortices at distance x is given by,

𝑓 𝑥 =
∅0
2𝑑

2𝜋𝜇0𝜆
2

1

𝑥

 If one vortex is displaced from its equilibrium position by a distance δ (<<a), then net restoring 

force on the displaced vortex is given by,

𝐹 𝛿 =
∅0
2𝑑

2𝜋𝜇0𝜆
2 

𝑛

1

𝑛𝑎 − 𝛿
−

1

𝑛𝑎 + 𝛿
≈
∅0
2𝑑

𝜋𝜇0𝜆
2  

𝑛

𝛿

𝑛2𝑎2
=
𝜋2
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∅0
2𝑑

𝜋𝜇0𝜆
2

1

𝑎2
𝛿

 Above expression shows net force also follows Hook’s law as expected.

Derivation of magnetic field dependence of amplitude of zero point motion:

 Now, we consider vortices are in ground state. So, the amplitude of zero point motion is 

obtained by equating the total energy of the oscillator, 𝑚𝑣𝜔
2𝛼2 with the zero point energy(ħω). 

 The expression of the amplitude of the oscillation, 𝛼 =
ħ

𝑚𝑣𝜔

Hence,

𝛼

𝑎
=

2ħ1/2

(𝑘0𝑚𝑣)
1/4
𝑎−1/2

Where, 𝑘0 =
∅0
2𝑑

𝜋𝜇0𝜆
2

 Since 𝑎~𝐻−1/2, magnetic field variation of amplitude of the oscillation can be written as,
𝛼

𝑎
∝ 𝐻

1
4

 By fitting with experimental curve of amplitude of the oscillation, we can calculate the 

proportional factor. From the proportional factor, we can estimate the vortex mass,

𝑚𝑣 = 35𝑚𝑒
Where, 𝑚𝑒 is mass of the electron.

 In contrast, if the oscillation because of thermal motion, then the total energy of the oscillator  

is order of kT and this gives, 
𝛼

𝑎
~

𝑘𝑇

𝑘0𝑚𝑣
, which is independent of magnetic field.
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