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A B S T R A C T   

Recently, it has been demonstrated that the Hexatic vortex fluid realized in 2-dimensional vortex state of a very 
weakly pinned amorphous MoGe thin film is extremely sensitive to external ac excitation. A large amplification 
of resistance is observed when the sample is exposed to external electromagnetic radiation or a small ac current 
is superimposed with the subcritical measuring dc current. The observed resistance strongly depends on both 
amplitude and frequency of the ac excitation. In this paper, we develop an inertial model of vortex lattice 
subjected to a small amplitude of ac current, by extending the flux creep theory. We show that the resistance 
increases exponentially with both amplitude and frequency of the ac current and explain quantitatively the 
variation of resistance with the amplitude and frequency of ac current using the presented model.   

1. Introduction 

In a Type II superconductor magnetic field penetrates inside the 
sample above the lower critical field (Hc1) in the form of quantized flux 
tubes called vortices, forming a periodic hexagonal lattice under their 
mutual interactions known as the Abrikosov vortex lattice [1] (VL). 
However, this periodic order is subject to several destabilizing factors. 
Random pinning potential caused by structural defects in the super-
conductor can compete with the elastic energy of the VL and produce a 
disordered vortex glass [2]. Thermal fluctuations is another factor that 
can, in principle, melt the VL into a vortex liquid [3,4]. While thermal 
fluctuations alone is often not enough to produce a vortex liquid in a 
bulk conventional superconductor, experimental evidence of vortex li-
quid states has been obtained in quasi 2-dimensional (2D) systems such 
as superconducting thin films [5-7] and structurally layered systems 
[8,9]. Recently, VL melting was investigated in a 20 nm thick film of the 
amorphous superconductor MoGe (a-MoGe) where the VL is in the 2D 
limit, using real space scanning tunneling spectroscopy (STS) imaging 
and magneto transport measurements [10]. It was shown that the 
melting proceeds in two steps: With increasing magnetic field at low 
temperatures, the periodic VL (vortex solid) first transforms into a 
hexatic fluid (HF) which retains the orientational order; at a higher 
field the orientational order is lost and the hexatic fluid transforms into 
a regular isotropic fluid (IF). The fluid nature of these states is con-
firmed from real space imaging which reveals that the vortices have 
finite mobility. The HF differs from the IF in the fact that in HF there are 

preferential directions of motion: The vortices move preferentially 
along the principal symmetry orientations. 

In the mixed state, when a current is passed through the sample, the 
vortices experience a Lorentz force ×J n( ^)o , where J is the current 
density, Φo is the magnetic flux quantum and n̂ is a unit vector along 
the magnetic field [11]. In a vortex solid, this force is counteracted by 
the restoring pinning force, till the current density exceeds a critical 
value [12] Jc. Consequently, the superconductor does not exhibit any 
resistance at low current. In contrast, when the vortices are in a fluid 
state, the finite mobility of vortices implies that the vortices cannot be 
completely held static by the finite density of pinning centres even for 
very low current. Thus, the superconductor should in principle display a 
finite electrical resistance even for sub-critical current [13]. However, 
quantitative analysis of the STS images [14] in a-MoGe shows that this 
resistance should be much below the detectable limits, i.e. ~10−19 Ω- 
m. Surprisingly, it was recently shown that finite detectable resistance 
appears in the HF state whenever the superconductor is exposed to very 
low intensity electromagnetic (EM) radiation [14]. Earlier observations 
of a similar response in thin films of InOx and NbSe2 were attributed to 
non-equilibrium over-heating of electrons [15]. However, in a-MoGe, 
controlled experiments were performed by measuring the dc resistance 
when a small ac current of known frequency and amplitude is super-
posed with the dc current [14]. While it was observed that a small ac 
current with frequency > 10 kHz mimics the effect of EM radiation, the 
response is also critically dependent on the orientation of the dc mag-
netic field with respect to the film plane and the current. For example, it 

https://doi.org/10.1016/j.physc.2020.1353740 
Received 1 July 2020; Received in revised form 27 July 2020; Accepted 10 August 2020    

⁎ Corresponding author. 
E-mail address: pratap@tifr.res.in (P. Raychaudhuri). 

Physica C: Superconductivity and its applications 578 (2020) 1353740

Available online 17 August 2020
0921-4534/ © 2020 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/09214534
https://www.elsevier.com/locate/physc
https://doi.org/10.1016/j.physc.2020.1353740
https://doi.org/10.1016/j.physc.2020.1353740
mailto:pratap@tifr.res.in
https://doi.org/10.1016/j.physc.2020.1353740
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physc.2020.1353740&domain=pdf


was observed that when the magnetic field and the current in the 
sample are parallel such that the Lorentz force on the vortices is zero, 
no measurable voltage appeared even when for large ac current. On the 
other hand, the largest sensitivity was observed when the magnetic 
field was perpendicular to the film plane (and the current perpendicular 
to field) in a magnetic field large enough that the vortices are in a HF 
state. Thus, the extreme sensitivity to EM radiation seems to be in-
timately linked to the movement of very weakly pinned vortices in a 2- 
dimensional vortex state, whose effective mobility appears to increase 
under the application of low frequency excitations leading to a re-
sistance above the detectable limit. It is important to note that the re-
sistive response was independent of applied dc current and both the 
value of critical current and upper critical field (Hc2) remained the same 
with and without ac excitation [14]. Hence, it is unlikely that the ob-
served resistive response in the presence of small ac excitation is in-
fluenced by thermal perturbation which have been recently reported 
[15,16]. Moreover, since the experiment was performed in low fre-
quency range (~ kHz), the observed resistance also has no contribution 
of surface impedance which occurs at much higher frequencies (~ 
GHz). In the past, to understand the vortex dynamics for subcritical 
current (in the presence of both dc and ac current), only the effect of 
Lorentz force was considered [17]. In that study, it was found that re-
sistance varies algebraically with frequency and independent of am-
plitude of ac current. However, this picture is not compatible with the 
experimental observations [14]. 

In this paper, we develop an inertial model through which we can 
physically explain the observed phenomenon [14]. This model is for-
mulated by extending flux creep theory in the presence of small driving 
force. In the similar approach, vortex dynamics also has been in-
vestigated in the earlier theoretical study in the limit of small drive 
which is considered in the form of ac magnetic field or pulse dc field  
[18]. However, the key difference between the presented model and the 
previous study is that the small driving force is taken in form of small ac 
current instead of the magnetic field and the most relevant parameter 
‘pinning potential’ is modified using the equation of motion of vortices. 
We assume that the role of the ac excitation is to oscillate the vortices 
which have a small mass [19], mv, about the minima of the pinning 
potential. Thus, our problem is also mapped to an old statistical me-
chanics problem, namely, the activated escape of a particle from a 
potential well in the presence of an oscillatory drive [20,21]. The 
presence of the ac excitation of the vortex lattice causes an exponential 
increase in the thermally activated flux flow in the HF state and con-
sequently the corresponding resistance increases above the measure-
ment threshold. We further test our model by comparing with the ex-
perimental variation of dc electrical resistance on the amplitude and 
frequency dependence of the ac excitation. 

2. Experimental scheme 

Experiments were performed on 20 nm a-MoGe thick film with 
Tc = 7.2 K (similar to that used in Ref. 10) grown on thermally oxidised 
Si substrate through pulsed laser deposition. Details of the synthesis and 
characterisations of the film has been reported in ref. 10,14. High Re-
solution Transmission Electron Micrographs showed the uniform 
amorphous nature of the film [22]. 

For the transport measurement, film was patterned into Hall bar 
geometry to increase the sensitivity and it was capped with a 2-nm Si 
over layer to prevent the surface oxidation. The bridge between the two 
voltage probes was 0.3 mm wide (w) and 1.3 mm long (L). Magneto- 
transport measurements were performed at 300 mK using He3 cryostat, 
fitted with a 110 kOe superconducting solenoid. Measurements of the 
dc resistance, R, were done using 4 probe method using a current source 
and a nanovoltmeter. The measurement scheme is shown in Fig. 1(a). 
The film was shielded from stray EM radiation, by fixing room tem-
perature low pass RC filters of cut off frequency (fc) 340 kHz on the 
electrical feedthrough connected to sample at the entry point into the 

metal cryostat. As shown before [14], the main contribution to the low 
frequency stray radiation is from medium-wave radio channels and the 
340 kHz cut-off filter effectively eliminates all significant stray EM ra-
diation. The 4-probe dc resistance of the sample was measured by su-
perposing a small ac current of a given frequency f, Iac

f , on the dc cur-
rent, Idc, to study the effect of an external oscillatory drive. For this 
purpose, a current source was constructed out of a voltage source of 
Stanford Research System SR865A Lock-in amplifier (capable of gen-
erating a dc voltage superposed with an ac voltage) by connecting a 22 
kΩ resistor in series. Voltage measurements were done for both positive 
and negative dc current, fixed at 80 μA using a nano-voltmeter and the 
corresponding voltages are subtracted from one another to remove any 
thermoelectric contribution from sample, lead and contacts, while 
calculating R. In principle, one should expect generation of higher 
harmonics because of changing the sign of the current from positive to 
negative. To avoid the influence of such higher harmonics in our 
measurements, we kept the time delay between applied current and 
measured voltage to 3 s which is much larger compared to the decay 
time of such higher Harmonics (~10–100 millisecond). Since the nano- 
voltmeter has a large time constant, it is insensitive to any an ac voltage 
component for frequency above 500 Hz. We measured the amplitude 
dependence of the dc resistance, R =V I( / )dc dc , by varying the amplitude 
of ac current density from 0 to 9  × 105 A m − 2 while f was kept fixed 
at 100 kHz. On the other hand, frequency dependence of R was carried 
out by varying f from 0 to 100 kHz at fixed amplitude 9  × 105 A m − 2. 
During these measurements, we applied the magnetic field perpendi-
cular to the film plane (Fig. 1(a)). Since the film thickness is much 
smaller than the bending length of vortices, our experiments are per-
formed on a 2D vortex state where individual vortices behave like 
particles moving in the plane of the film. 

3. Description of the inertial model 

We first show a representative data in Fig. 1(b) and (c) at 300 mK 
and 20 kOe. Fig. 1(b) shows the typical variation of dc resistance, R, as 
a function of Iac

kHz100 . Fig. 1(c) shows R as a function of f for a fixed 
amplitude =I µA| | 6.8ac

f . At low amplitude or frequency, R is below our 
detection limit. In Fig. 1(b) R increases with amplitude of the ac ex-
citation and saturates at high amplitude. Similarly, in Fig. 1(c), R in-
creases above a threshold in frequency and shows a tendency to satu-
rate at high frequency. The slight decrease observed above 50 kHz is an 
artifact caused by the broad cut-off of our single-pole filter which 
causes the amplitude of the ac current to marginally decrease above this 
frequency. 

To capture the amplitude and frequency response of R, we develop a 
model where we consider vortices to behave like particles of effective 
mass, mv, trapped in potential wells created by the random pinning 
potential. For sub-critical driving current, the motion of the vortices is 
caused by activation of bundles of vortices over their effective pinning 
barrier [23]. The thermally activated flux flow (TAFF) resistance for a 
current I << Ic (critical current) has the form, 

=R R U
kT

exp ,U 0
0

(1) 

where k is Boltzmann constant, and T is the temperature and U0 is the 
nominal pinning potential. R0 is a constant which depends on size of the 
vortex bundle, range of the pinning potential and rate of activation. In 
the solid phase the finite elastic constant of the vortex solid implies that 
U ( )I

I0
c and thus the RU → 0 in the limit of zero current [24]. On the 

other hand, in the vortex fluid state, U0 is independent of the current  
[13]. Thus, a finite linear resistance is there even in the limit of van-
ishing current. 

Now, we consider a situation where a small ac current is added to a 
dc current. Such ac excitation induces small oscillatory motion of vortex 
bundle inside the pinning well. This oscillatory motion imparts an en-
ergy to vortex bundle, ΔU. As long as ΔU < U0 the effect of this 
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oscillation is to effectively reduce the height of the pinning barrier to, 
U U0 . Thus, the using eqn (1) the expression for resistance is, 

= =R R U
kT

U
kT

R U
kT

exp exp exp .U0
0

(2)  

In order to compare eqn. (2) with experimental data we need to 
calculate ΔU. Calculation of absolute value of ΔU is difficult because it 
depends on mv and the number of vortices in the vortex bundle (N), 
both of which have high level of uncertainty [25-29]. However, we can 
find its dependence on f and amplitude of ac current. We start with the 
equation of motion of vortex bundle in pinning potential in the pre-
sence of a driving current density = +J J J edc ac

i t, where Jac ≪ Jdc (dc 
current density) . We further assume that Jac, Jdc ≪ Jc (critical current 
density) such that we can use harmonic approximation for the pinning 
potential. Since the motion of vortices are strongly overdamped, we can 
neglect the vortex mass and write the equation of motion of the vortex 
bundle as [30], 

+ =N x k x JNp 0 (3)  

Where, η is Bardeen-Stephen viscous drag per unit length of a single 
vortex and kp is the restoring force per unit length on the vortex bundle 
due to the pinning potential. We assume a solution of the form, 

= +x t x x t( ) ( )0 1 and x1(t) ≪  x0. We can show x1(t) satisfies the 
equation, 

+ =N x k x J Nep ac
i t

1 1 0 (4) 

whereas the static equilibrium position, x0, is given by, 

=k x J Np dc0 0 (5)  

We assume solution of eqn. (4) of the form, =x t y e( ) i t
1 0 . Therefore, 

the amplitude of oscillation is given by, 

=
+

=
+

y J N
k i N

J
i[ ] [ ]

ac

p

ac
0

0 0

0 (6)  

Where, = =f2 k
N0 0

p , is a characteristic frequency which is known 
as the depinning frequency. Thus, the energy is gained by vortex bundle 
due to the oscillation is, 

= =
+

U Nm y Nm Jv
v

ac
2

0
2 0

2

2

2

2
0
2

2

(7)  

Substituting the expression of ΔU in eqn. (2), 

=
+

R R f
f f

J
J

expth U
ac

r

2

2
0
2

2

(8)  

Where, 

=J Nm
kTr
v 0

2

2

1
2

(9) 

has the dimension of current density and =R R exp( )U
U
kT0

0 is the TAFF 
resistance in the absence of any oscillatory drive. 

4. Comparison with experimental observations 

Figs. 2 and 3 show the variation of R with frequency and amplitude 
of the ac excitation current respectively measured at 300 mK. First, we 
concentrate on the frequency dependence. We use =I µA| | 6.8ac

f corre-
sponding to = ×J A m8.8 10ac

5 2; the dc measurement current is fixed 
at =I µA80dc ( = ×i e J A m. . 1.03 10dc

7 2). In Fig. 2(a)-(h) we show 
the theoretical fits of R as a function of f at different magnetic fields 
using eqn. (8) and we consider RU, Jr and f0 as fitting parameters. The 
variation of f0 with magnetic field is shown in Fig. 2(i). 

In Fig. 3(a)-(h) we fit the amplitude dependence of the response 
measured with fixed frequency of 100 kHz. Here f0 is taken as from the 
fit of the frequency dependence and RU, Jr are used as fit parameters. 
The fit deviates at high current (Jac > 5.5  × 105 A m2), which is ex-
pected since anharmonic terms start getting important. The variation of 
Jr with the magnetic field is shown in Fig. 3(i). 

Fig. 4 shows the best fit values of RU from both fits. While the model 
captures most of the experimental observations, the quality of fits can 
be improved by incorporating additional refinements. For example, 
distribution of the size of vortex bundles which could give a corre-
sponding distribution of ΔU. However, such an exercise will add addi-
tional parameters without providing any more physical insight. 

We now discuss the variation of parameters obtained from the fits. 

Fig. 1. (a) (Left) Schematic diagram of the four-probe resistance measurements setup. The sample is patterned in the shape of a Hall bar. (Right) Orientation of the 
film plane respect to the direction of magnetic field H. (b) dc resistance, R as function of the amplitude of ac current Iac

kHz100 at H = 20 kOe (T = 300 mK). (c) 
Frequency variation of R at fixed amplitude Iac

f =6.8 μA and H = 20 kOe (T = 300 mK). (Inset) Typical frequency response of the low pass RC filter with fc=340 kHz. 
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Fig. 2. (a)-(h) Fitting of R as a function of f at 10 kOe, 20 kOe, 32 kOe, 48 kOe, 56 kOe, 64 kOe, 72 kOe and 88 kOe respectively. (i) Magnetic field variation of f0 and 
Jc. 

Fig. 3. (a)-(h) Fitting of R as a function of Jac
kHz100 at 10 kOe, 20 kOe, 32 kOe, 48 kOe, 56 kOe, 64 kOe, 72 kOe and 88 kOe. (i) Plot of Jr vs H.  
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First, we focus on f0 obtained from the frequency dependence fit 
(Fig. 2(i)). The variation of f0 is qualitatively similar to the variation of 
critical current density, Jc (also plotted in the same graph). Details of 
the calculation of Jc from I-V characteristics is illustrated in the  
Appendix. f0 and Jc decrease at low fields and then display a shallow 
peak close to the boundary between HF and IF transition. This peak, 
known as the “peak effect”, is a manifestation of collective pinning [31] 
behavior in a weakly pinned superconductor [22], whereby the vortex 
lattice with imperfect order gets pinned by few random pinning centres. 
For an imperfectly ordered vortex lattice, the summation of pinning 
forces ensures that the collective pinning force on the lattice scales 
inversely with the volume, Vc, over which the lattice maintains its 
order. As shown in ref.22, Vc decreases with increasing field before 
reaching a limiting minimum value at the HF to IF phase boundary. On 
the other hand, the elementary pinning force decreases with increasing 
field (at high fields). Competition between these two effects gives rise to 
a peak in the collective pinning force close to the HF to IF phase 
boundary [31,22]. The main difference between f0 and Jc is that while 
both quantities are related to the restoring force exerted by the pinning 
potential they are governed by different parts of the pinning potential: 
f0 is directly related to the force constant kp corresponding to the har-
monic part close to the bottom of the potential, whereas Jc is propor-
tional to the maximum pinning force which is governed by the anhar-
monic part of the potential. This accounts for the quantitative 
difference, for example, in the peak positions. It is interesting to note 
that Jr obtained from the fit to the amplitude dependence data also 
shows a weak signature of the peak effect (Fig 3(i)). This is somewhat 
unexpected even though we cannot rule out N or mv having such a weak 
dependence on magnetic field. This needs to be explored further. Fur-
thermore, Jr obtained from the frequency dependence fit is nearly 

constant with magnetic field. However, the frequency dependence 
measurements are done with relatively large ac drive, and it is possible 
that Jr reaches a saturation value at high ac drive. This has to be in-
vestigated further by extending the model in the anharmonic regime 
where the non-linear effects of large ac excitation can be captured. 
Finally, we note that RU from both fits are similar (Fig. 4) though there 
is some difference at higher fields. Such difference appears because the 
filters does not eliminate the ambient radio-frequency electromagnetic 
radiation completely. In Fig. 4, We also compare the fitting parameter 
RU with measured dc resistance, Rdc (without any ac excitation) and it is 
also found that they match well. Although the residual external radia-
tion does not produce a detectable resistance within the measurement 
sensitivity, this makes RU somewhat arbitrary and dependent on the 
level of ambient noise present at the time of the measurement. 

5. Conclusion 

In summary, we show that an inertial model of the vortex lattice 
broadly captures the extreme sensitivity of the hexatic vortex fluid in a- 
MoGe thin films to small ac excitation. The model qualitatively captures 
both amplitude and frequency response of R in the harmonic regime of 
vortex dynamics. One intriguing part of this study is the magnetic field 
variation of depinning frequency f0 which shows a non-monotonic 
variation analogous to the peak effect observed in Jc. Moreover, ob-
tained value of f0 is very low and this also reflects the cause of the 
extreme susceptibility of the vortex fluid state to the external EM ra-
diation or low frequency ac excitation. It would be more interesting to 
extend the model in the anharmonic regime such that one can also 
capture the response of R for the large amplitude of ac excitation. 
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Appendix. Determination of Ic and η from I-V Characteristics 

We determine the critical current Ic from the I-V characteristics over the entire range of magnetic field at T = 300 mK. When the applied current I 
is larger than the Ic, the Lorentz force on vortices exceeds the pinning force and flux flow state is established. In this state, I-V curve follows the given 
relation [12], 

=V R I I( )ff c

Where Rff is known as Barden-Stephen flux flow resistance. In practice, it is shown that the sharp cut-off in V at Ic is rounded off at finite 
temperature [32]. Hence, we find the value of Ic by extrapolating linear regime of I-V curves in the flux flow state. In Fig. 5(a), we show the linear 
fitting of I-V curves at three different magnetic fields. Using the value of Ic, we calculate the critical current density Jc (= 

×
I

w t
c ; t is thickness of the 

film) which is exhibited in Fig. 2(i) alone with f0. In Fig. 5(b), we also plot the magnetic field variation of ρff (= ×Rff
w t

L ) up to 55 kOe. It fits well with 
Bardeen-Stephen relation [12], = Hff

o . This linear variation of ρff implies that η is independent of H. From the slope of the linear fit (Fig. 5(b)), η is 
calculated to be ×1.64 10 8 N s m − 2.  

Fig. 4. (a) Plot showing variation of RU and Rdc as a function of H.  
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Fig. 5. (a) Representative I-V curves along with the linear fit to the flux flow regime at three different magnetic fields; Ic is obtained from the intercept of linear fits 
with x-axis. (b) Magnetic field variation of ρff along with the linear fit. 
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