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Abstract
Recently, detailed real space imaging of vortex lattice using scanning tunneling spectroscopy

revealed that melting of vortex lattice in a weakly pinned amorphous MoGe thin film follows

two step BKTHNY (Berezinskii-Kosterlitz-Thouless-Halperin-Nelson-Young) melting with

increasing magnetic field: first vortex solid transforms into hexatic vortex fluid which retains

quasi long range orientational order and then from hexatic vortex fluid to isotropic vortex liquid.

However, magneto-transport measurements showed that the resistive response of hexatic vortex

fluid state is extremely sensitive to radio-frequency electromagnetic perturbation. When the

sample is well shielded from external electromagnetic radiation, resistance of the sample is very

low and well below our detection limit. On the other hand, resistance increases by several orders

of magnitude in the presence of very low ac excitation above few kHz.

Sample Preparation
Amorphous MoGe thin flims are deposited on thermally oxidized Si substrate (~ 200 nm oxide

layer) through Pulsed Laser Deposition at room temperature and base pressure ~ 10-7 mbr. Films

are synthesized by ablating bulk Mo70Ge30 target (prepared through arc melting) using 248 nm

excimer laser.

 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.

 For Scanning Tunneling Spectroscopy

measurements, after deposition,

sample is first transferred in-situ in a

ultra-high vacuum suitcase (base pressure ~ 10-10 Torr)

and then transferred in STM without exposing in air.

Experimental results

Summary
 We have observed that 21 nm thick a-MoGe shows 2-step melting of

vortex lattice melting with magnetic field at 450 mK: Solid to Hexatic

fluid and Hexatic fluid to isotropic liquid. In our detailed experiment,

we have found that intimidated Hexatic fluid state of vortex lattice is

extremely susceptible to external electromagnetic radiation.

 During the experiment, the low pass filter of cut-off frequency 340 kHz

effectively removes the effect of ambient radiation even though the

frequency dependence shows that sample responds to much lower

frequency. Possible source of such ambient external signal: wireless

connections like wifi, bluetooth (working range GHz), FM (working

range ~ 100 MHz), AM signal (kHz to MHz). Most of these external

signals is easily filtered out by metal cryostat itself (high frequency

ones ~ GHz) and high cut-off frequency low pass filter. However,

Mumbai has six AM radio stations and lowest frequency of them is

Mumbai B, Asmita Vahini transmits at 558 kHz. Once the filter cutoff

frequency lower than this value, no resistive state is observed.
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Amorphous nature of 

the film

Superconducting properties of the sample

Microscopic observationBulk response

4000 C

 In this study, we have used a-MoGe thin film of 

thickness, t~21 nm. Thickness of the sample is 

measured using stylus profilometer. Critical 

temperature (Tc) is 7K and normal state resistance is 

253 Ω.

 Our Film is 2 dimensional because bending length of 

vortices (~ micro meter) much larger than the film 

thickness.

 High Resolution Transmission Electron Micrograph 

(HRTEM) and selective area diffraction pattern shows 

uniform amorphous nature of the sample.

At zero magnetic field, Temperature dependence of  superconducting 

energy gap (Δ) follows the variation predicted by the BCS theory.

Experimental techniques
1. Magneto-transport: Transport measurements are performed down to 300 mK in He3 

cryostat fitted with a superconducting solenoid of 110 kOe. Sample is mounted on 

rotatable sample stage which can rotate 0-90 deg with respect to magnetic field direction. 

Most of our experiment is done in the perpendicular field configuration respect to the 

sample plane. To shield the sample from the external electromagnetic radiation, we have 

used low pass RC filter at the each input port of electrical connection before the sample. 

We have performed standard 4-probe method using current source meter and nano

voltmeter to measure d.c resistance.  Here, we have used two kinds of current source : (1) 

Keithely 6220 precision current source and (2) voltage source of lock-in amplifier (Vdc + 

Vac) in series with 22 kΩ resistor to see the effect on dc resistance due to ac 

excitation.

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.

 Operational principle: 

And  Expression of tunneling conductance is given as,

Ns is density of state of superconductor, 

N(0) is density of state of normal metal. 

V is the  applied bias voltage.

f is Fermi-Dirac distribution function.

e is charge of electron and Rn (normal state resistance). 

𝛾 is phenomenological Dyne’s parameter.

 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.

 Delaunay triangulation method is used to find the dislocation and disclination points in 

vortex lattice.

STM is operated in constant current 

mode. We have used metallic Pt-Ir

tip to obtain spatially resolved 

tunneling conductance. Expression 

of tunneling current between normal 

metal and superconductor,
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Observation of Hexatic vortex fluid  (T=450 mK)

Magneto-transport measurements without filter  By studying the vortex motion, one can also distinguish the different 

phases of vortex lattice.

 To study the Vortex dynamics, 12 successive vortex images are taken 

after 15 mins interval over the same area.

Observation:

 Below 4 kOe, vortex motion is almost insignificant as expected in solid 

phase and no lattice defect also has been observed.

 Above 4 kOe & below 72 kOe, vortices are moving along principle axis. 

Dislocations pairs are observed at random positions with time. In this 

range of magnetic field, vortex lattice has orientational order but no 

positional order. 

 Above, 72 kOe, vortices are moving randomly. This indicates vortex 

state transforms into isotropic liquid.

Distinction between solid and liquid phase of vortex lattice using Magneto-

Transport measurement

 Vortex solid and liquid phase has been distinguished by studying thermally activated flux flow 

motion. 

 Expression of resistance due to thermally activated flux flow,

𝑅𝑇𝐴𝐹𝐹 = 𝑅0exp(−
𝑈

𝑘𝑇
)

Vortex solid phase:

 In solid or glassy phase [1], pinning barrier is current dependent and it goes as, 𝑈 𝐼 = 𝑈0
𝐼𝑐

𝐼

𝛼
for 

the current range, I<<Ic . Hence for I→0 limit, RTAFF → 0.

Vortex liquid phase:

 In liquid phase [1], pinning barrier is independent of current. Therefore, for liquid phase finite 

resistance exists for I→0 limit.

Remarks:

 Finite resistance appears above 4 kOe. This corresponds 

to a solid to a liquid transition.

Disagreement between transport and STS results

 We have found excellent agreement between two different set of measurement magneto-transport and 

STS to find the transition fields. However, STS is a very slow measurements. Hence we have 

calculated resistivity due to thermal motion of vortices to check the agreement more quantitatively.  

 Here we have considered the vortex state in isotropic flux flow where motion of vortices is diffusive. 

To find the diffusion motion we have calculated mean square displacement (<r2>) with time (t) at 

several magnetic fields from  the real space image of vortex lattice taken using STS.

 We have found at 85 kOe (isotropic fluid state), <r2> shows complete linearity with t as expected in 

diffusion motion and value of diffusion constant, 𝐷 = 3.23 × 10−21m2/sec. Using the Einstein’s 

relation the mobility of the vortices, 𝜇 = 𝐷/𝑘𝑇. Hence the effective viscosity, η =
1

𝜇𝑑
=

𝐷

𝑘𝑇𝑑
= 1.37 ×

105kgm-1 s-1 (d is the dimension of the film). Therefore, thermally activated flux flow resistivity, 

𝜌𝑇𝐴𝐹𝐹 =
𝐻Φ0

η
= 1.28 × 10−19Ω m. This gives us upper bound of resistivity which is well below our 

detection limit.

Conclusion:

We should not observe any finite resistance in our 

transport measurement due to thermal activated flux flow.

Magneto-transport measurement in the presence of low pass RC filter

 Here, Magneto-transport 

measurements are performed 

using 80 uA current dc current at 

300 mK and 2 K with RC filters 

of different cut-off frequency 

(7.8 MHz to 340 kHz).

 Here, sample plane is kept 

perpendicular to magnetic field 

direction.

Observation:

 As we put lower cut-off frequency (f0) of 

RC filter, resistive response of the sample 

decreases more as compared to unfiltered 

response.

 For filter with f0 =340 kHz, resistance of 

sample remains at the noise level up to 100 

kOe at 300 mK and up to 70 kOe for 2K 

(which is very close to 2nd transition field at 

this temperature [1]).

Conclusion: It is clear that the finite resistance observed in hexatic vortex phase is due to the external electromagnetic radiation which is coming through the 

electrical port of the sample. When we remove the external electromagnetic radiation by putting low-pass filter, we observe no finite resistance which is consistent with 

STS observation.

Magneto-transport measurement with filter & additional ac signal

 To understand the effect of external electromagnetic radiation more systematically, we add a small ac current (Iac < Idc) with dc current (80 μA) in the presence of  

RC filter with lowest cut-off frequency, 340 kHz (2nd configuration of transport setup) and we measure dc resistance as a function of amplitude and frequency of ac 

excitation. 

Variation of dc resistance with magnetic field at different ac excitation

Resistive response as a function of magnetic field and amplitude of ac modulation Resistive response as a function of magnetic field and frequency of ac modulation

Observation:

 We have found that resistive response with the magnetic field at the ac excitation Iac ~ 0.1Idc, is very similar to the response in the absence of the filter.

 When the frequency of the modulation is increased above 10 kHz, resistive state of the sample gets restore above a certain magnetic field. 

 In the parametric phase Iac –H, we have observed that threshold in 𝐼100 𝑘𝐻𝑧
𝑎𝑐 where measurable resistance appears (deep blue line, 1mΩ) decreases  rapidly with 

magnetic field and drops below our resolution limit 0.3 μA above 17 kOe. This indicates the collapse of a pinning related energy scale which renders the vortex 

lattice susceptible to very small perturbation. 

Connection of non zero resistive state with vortex dynamics 

 In the presence of magnetic field, transport properties of the type 

II superconductor are expected to be dominated by vortex 

dynamics. Hence, to understand the connection of vortex 

dynamics with external ac perturbation, we have performed our 

experiments at different  orientations of  the film plane (FP) with 

respect to applied current (I) and magnetic field (H). 

Comparative study of other superconducting properties between 

the two configurations: filter and without filter  

(iv)

Observation:

 In the configuration (i), vortices are absent and we have observed no resistive 

state up to our maximum magnetic field in the presence of both filter and ac 

excitation. In the configuration (ii) , vortices are present and they feel Lorentz 

force and we have observed similar kind of response as it is in without filter 

situation. In the configuration (iii), very few votices (1-2) are present and it 

reflects that long line vortices are more strongly pinned compare to earlier 

configuration. Therefore, resistive state appeared much higher magnetic field.

 In configuration (iv),  we have kept current perpendicular to magnetic field and 

rotated the film plane. Again, we have found maximum resistive response 

appeared at the perpendicular configuration and gradually decreased to noise 

level as angle become 90 deg.

 Conclusion: From the comparative study, we have observed that resistive state alters significantly but there is no change in Ic & upper critical field (Hc2) in the both 

configurations, filter and without filter. Hence, this resistive state is not because of heating of electronic bath due to external electromagnetic radiation. Since the 

vortices in MoGe are weakly pinned, this external radiation causes depinning of vortices. This results in the observed resistive state.

Future work
 Vortex lattice in a-MoGe thin film is extremely sensitive to external 

electromagnetic radiation. A finite detectable resistance is observed 

above a certain magnetic field and frequency of electromagnetic signal. 

Therefore this sample has potential to detect external electromagnetic 

radiation. In future, we will try to make a device using this film to 

detect external ac signal.


