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The vortex lattice: An archetypal
crystalline system
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P The vortex lattice in a
S 0 NbSe single crystal

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

A Yet vortex liquid states are rare.

A In conventional bulk superconductors thermal fluctuations alone is not enough to melt
vortex lattice. Exception: High duprates

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



How to Image the vortex lattice using STM?
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Our Toy: The TIFR milielvinScanning Tunneling Microscope

Lowest temperature:
350mK
Magnetic field: 9 T

Sample
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Pinning induced amorphization: bulk Nbse
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3-dimensional vortex lattice
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Scientific Report®, 10613(2015); Phys. Rev. B3,144503(2016).



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

Evidence of vortex liquidg-MoGe thin film
Very Weak pinning

Thickness: 20 nm
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Orientational
order up to
70kOe

Fully
disordered
state

Readlsspace evolutionof theovortex lattice
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Do these states
correspond to

and
isotropic vortex
liquid respectively?



Vortex solid
phase

Hexatic vortex

liquid

|sotropic vortex
liquid

Looking at the Dynamics
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Solid to liquid transition in transport
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Solid to liquid transition: Marked by Extreme sensitivity



Dichotomy between transport and STS
measurements
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A STS is a slow measurement. Each image is acquired o@érrhfutes and
the conductance at each pixel is integrated over several msec.

A If individual vortices can be seen using STS then their diffusivity is too smal
give any measurable resistance.

A 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 &eZr
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5 nm thick aReZrthin film
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NbSesingle crystal: 40hK 10kOe
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410mK 10kOe
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STS measurement in a pinned vortex liquid
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Vortices will spend longer time close to tl
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
static vortex at that location.

The depth of the minima is a metric of th
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 displ:
a deep minimum.



Vortices with different degree of localisation
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Deep minima corresponding to strongly localized vortices

Shallow minima corresponding to weakly localized vortices



Finding Motion Paths 05 0

Join any two neighbouring
minima for which,

() The value of 3>-0.8
and
(i) The value of Galong

the line joining the
minima is <0.4

Not the complete
auzNEX 100 200 300 400
nm



Sequence of 10 images at 4K, 10kOe

100 200 300 400
nm nm

Why this change?

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

A Somevorticesget trappedin an in an intermediate pinning center
while hoppingbetweentwo minima Incompletehops



Relationship between Structure and Dynamics
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8 & 4 2 Sum of all 10 images

How to construct
the global motion
network?
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Superpose aBlue paths Connecting thencomplete hops

(Sum of Complete hops) (Connecting minima that are closer than 0.9a
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Overall Motion pathsRed Network+ Blue Network
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Magnetic field evolution of network paths
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10kOe: Temperature Evolution
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As the
temperature
Increases the Red
hops become less
probable.
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Understanding transport peculiarity
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Conclusions

AWe have shown the formation of a inhomogeneous
& LJA Y yoRdR fiquid in 5 nm thick a-ReZr thin film
through ST&ndtransportmeasurement

A The movement of vortices in this liquid is through a
network of percolatingtracks

A Our analysisresolvesthe dichotomybetween transport
and STSneasurementgo visualisepinnedvortexliquid.

Thank you



10°
Zero Point o
Fluctuation prevents
a solid from forming o
10°
Quantum fluid "

Pl
100
Are thete atirerssotesor )
fluids wihereweeceancsee
ramificationscofzzero "

10°

point fluctuations”?

\
AQL = Qﬁ [ — ‘4
o) T o

He Phase Diagram

_ Solid

= Melting Lin®

— Upper

= Lambda Point

~  Superfluid Liquid

- (Hell) ./. Critical Point

; e 1 bar

= <

= Lambda Point

— @ Magnets: He II, pressurized (LHC)

— . SRF: Saturated He Il (CEBAF, TTF, XFEL, SNS, ILC)

= . Magnets: He I, Pressurized(HERA, S5C, Tevatron)
| | \ | [ [ | | L
1 3 4 5 6 8 10 15 20

/(;\ Yo




Clean limit
Sample: Nbseg single crystal

69 139 210 280

T=450mK

Inside the vortex core
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A 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 GennesMatricon state.

Caroltde GennesMatricon peak

A




Inside the vortex core

Dirty limit

Sample: Co doped Nbsg (J. Phys.: Con. Mat. 28 (2016) 165701)
0 AG (nS)
41.53

‘ | i g i Sample: 2HNb, , Ta,Se (ref: Phys. Rev. Lett. 67, 1650 (199)L)

Normalized dI/dV

dlidV (nS)

s 2 a4 0 1z s A No peak is observed inside the vortex core in the dirty limit
A a-MoGe is even more dirtier sample @ 8 BandyTW 8 L )




Unusual Results: Soft gap inside the vortex corehtoGethin film(T=450
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Spatial variation of normalized Zero bias conductan{®, (0))
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Homogeneous superconducting state
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Proposed Explanation: Fast vibration of vortices

A 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 insid
the vortex core.

L. Bartoschand S. Sachdev, Phys. Rev. B 74, 14451¢
(2006);Annals of Physics 321, 1528 (2006)

Q. How do we verify this?
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Amplitude & frequency of the vibration

U Vibration of vortices is analogous to the vibration of atoms in 2d (i Einstein approximation
solid
U C;;>>Cq vibrational mode of vortices is transverse

U Elastic energy due to displacementiofa (amplitude of the vibration),

v pu 3‘-(1,) nooy p n ,Q N
O -o0 — ] 0Q —|———| YO
G w C\p ¢ 1 w

A= area of shaded unit cell.
a= lattice constant; d= thickness of the sample;

B

(isotropic superconductot

A Quantum zero-point motion: 45 & 1 Y& A For Thermal fluctuation: & 7 Y& x QY
. N . e
> (=) Leo7 30 Q7Y
) va \/'(I) 5 5

A Our obtained form of amplitude (for zero-point motion) is very similar (expect 0.6 prefactor), given in ref:
Annals of Physics 321, 1528 (2006)




Strateqy to findg@a/a from our experimental results

Stepl: Simulation of single static vortex

Assumptions:

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

A Spectra far away from the core follows BCS nature
(position B)

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

nature,
0 (i) \ﬁ;& a8 i ]
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We fix |

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