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1. Introduction

When a clean Type II superconductor is subjected to a magn
etic field greater than the lower critical field Hc1, magnetic 
field enters in the form of flux tubes or vortices, and form 
a triangular lattice called the Abrikosov vortex lattice [1] 
(VL). When a transport current is passed through the super
conductor, vortices experience a Lorentz force perpendicular 
to the direction of the current and magnetic field, which can 
move the vortices and give rise to dissipation. In a real super
conductor this motion is arrested by the presence of crys
talline defects which act as pinning centers of the vortices. 
Consequently, the zero resistance state is restored till the cur
rent density (J) exceeds a critical current density, Jc, where the 
Lorentz force exceeds the pinning force on the vortices. Due 
to its practical importance, the mechanism of vortex pinning 
has been studied in great detail. It is now understood that the 
situation where each vortex is pinned at an individual pinning 

site is not the situation applicable in most situations. Since 
the VL behaves like a soft elastically deformable solid, for 
weakly pinned superconductors with low pinning density, the 
VL can get collectively pinned by a few pinning centers.

Quantitative theory of collective pinning was formulated 
in the seminal work of Larkin and Ovchinnikov [2] (LO). In 
collective pinning theory, VL breaks into domains of corre
lated regions (known as Larkin domain) due to interaction 
with random pinning centers whose size can be determined in 
terms of elastic moduli of the VL. Jc is inversely proportional 
to the volume, Vc, of the Larkin domains. One spectacular suc
cess of LO theory is in explaining the occurrence of ‘peak 
effect’ [3–5] in weakly pinned Type II superconductors, which 
refers to a nonmonotonic increase in Jc with magnetic field 
(or temperature) giving rise to a peak below the upper critical 
field Hc2 (or Tc). Within collective pinning theory the rise in 
Jc can be accounted for whenever Vc decreases faster than the 
decrease of the elementary pinning force. This happens for 
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example, at the orderdisorder transition [6–15] where the VL 
transforms from a crystalline vortex solid (VS) or Bragg glass 
[16] to an amorphous vortex glass.

In principle the VS can also melt due to thermal fluc
tuations. While in bulk superconductors, thermal fluctua
tions alone is often not enough to melt the VS, the effect of 
thermal fluctuations gets greatly enhanced in 2D systems 
such as thin films or superconductors with strong anisotropy. 
Signatures of vortex liquid states have been observed in sev
eral quasi2D systems such as superconducting thin films [17, 
18], HighTc cuprates [19, 20] and organic superconductors 
[21]. Recently, using magnetotransport and real space scan
ning tunneling spectroscopy (STS) in a very weakly pinned 
amorphous MoGe (aMoGe) thin film, it was shown that the 
vortices remain in a fluid state over a large part of the H–T 
parameter space [22]. Furthermore, it was observed that the 
VL melts in two steps following the Berezinski–Kosterlitz–
Thouless–Halperin–Nelson–Young (BKTHNY) sequence of 
two step melting [23–25]. With increase in magnetic field, the 
vortex solid (VS), realized at low fields, first transforms into a 
hexatic vortex fluid (HVF), and then into an isotropic vortex 
liquid (IVL). The hexatic fluid differs from a regular fluid in 
that it has quasilongrange orientational order but short range 
positional order, and thus the vortices preferentially move 
along certain directions.

The aim of this paper is to investigate the role of collec
tive pinning on vortex fluid states. Unlike in a solid, here few 
pinning centers cannot pin all the vortices, since the vortices 
retain a small but finite mobility down to the lowest current 
drives. Despite this, the interaction of the random pinning 
potential with the vortex fluid can have non trivial effects on 
the transport properties of the superconductor, which calls for 
close inspection. For example, we observe a peak effect at 
the order–disorder transition between two vortex fluid states, 
i.e. HVF and IVL. Here, we critically analyze the role of pin
ning in the vortex fluid states, and compare it with the magne
totransport properties of aMoGe films.

2. Experimental details and sample preparation

2.1. Transport measurements

Transport measurements were performed in 4He cryostat 
using conventional 4 probe technique using a current source 
and a nanovoltmeter. The cryostat was shielded from external 
radiation by putting appropriate low pass filters with cutoff 
frequency 1 MHz at the input ports. To improve the sensitivity, 
measurements were carried out on a sample patterned in the 
shape of a hall bar. The bridge between the two voltage probes 
was 0.3 mm wide (w) and 1.3 mm long (L) (figure 1(a)).

2.2. Scanning tunneling spectroscopy (STS) measurements

STS measurements were carried out using a homebuilt low 
temperature scanning tunneling microscope (STM) oper
ating down to 350 mK and fitted with a 90 kOe supercon
ducting magnet [26]. To obtain VL images, spatially resolved 

tunneling conductance (G(V)  =  dI/dV) was measured at dif
ferent fields using a Pt–Ir tip. The vortex core in a supercon
ductor behaves like a normalmetal where both the gap and the 
coherence peak in the local density of states are suppressed. 
Consequently, when the bias voltage (V) is kept close to the 
superconducting coherence peak, the position of each vortex 
manifests as a local minima in dI/dV. We obtain the precise 
position of the vortices by determining the local minima in 
the conductance map and identify the topological defects by 
Delaunay triangulating the VL.

2.3. Sample growth and characterization

The experiments are carried out on a 20 nm thick (t) aMoGe 
thin film, with Tc ~ 7 K (Similar to the sample in [22]) grown 
on thermally oxidized Si substrate using pulsed laser depo
sition. The amorphous film is synthesized by ablating a 
Mo70Ge30 bulk target using a 248 nm excimer laser keeping 
the substrate at room temperature. The deposition is carried 
out in vacuum of 1  ×  10−8 Torr. Here we use a comparatively 
high energy density, ~240 mJ mm−2 per pulse, with repeti
tion rate of 10 Hz to maintain the stoichiometry of the film 
close to the stoichiometry of the target. The growth rate was 
~1 nm/100 pulses. Energy dispersive xray analysis on the film 

Figure 1. (a) Schematic diagram of 4 probe magnetotransport 
measurement using hall bar patterned sample. (b) High resolution 
transmission electron image showing uniform amorphous nature of 
the sample. Inset shows a selected area electron diffraction pattern, 
obtained by high resolution transmission electron microscope. (c) 
Resistance is plotted as a function of temperature at zero magnetic 
field. Normal state resistance is shown by black dotted line.
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gave a stoichiometry of Mo71±1.5Ge29±1.5. Two different kinds 
of shape and size of the samples are used for magnetotransport 
and STS measurements. However, both samples have same 
Tc and t within variation  <10%. For transport measurements, 
sample is deposited using hall bar patterned shadow mask. 
Sample is also capped with a 2 nm thick Si layer to prevent 
surface oxidation. We verified that 20 nm aMoGe films with 
and without capping layer showed identical superconducting 
properties. However, the sample without capping layer dete
riorated over a period of few days when exposed to air. For 
STS measurements, post deposition, the film was transferred 
in situ in an ultrahigh vacuum suitcase (base pressure 10−10 
Torr) and transferred in the STM without exposure to air. 
Figure 1(b) shows uniform amorphous nature of the sample 
which is obtained from high resolution transmission electron 
micrographs (TEM). Variation of resistance with temperature 
at zero magnetic field is shown in figure  1(c). The normal 
state resistance of the film (at 10 K), RN ~ 256 Ω. We observe 
a sharp drop in resistance at the superconducting transition 
(without the presence of any resistive tail) characteristic of 
a homogeneous superconductor [27, 28]. The homogeneous 
nature of the film has been further confirmed earlier [22] from 
STS measurements in zero field which shows that the super
conducting state is uniform and does not form any emergent 
granularlike structure as earlier reported for several strongly 
disordered superconductors [29, 30] like NbN or TiN; further
more the superconducting energy gap closes exactly at the 
temperature where finite resistance appears showing that no 
puddles of local superconductivity persist above Tc. On the 
high temperature side, the resistance asymptotically reaches 
the normal state value more gradually, showing the presence 
of superconducting fluctuations over a temperature range 
~1.3 K as expected for a thin superconducting film.

Detailed characterization of the superconducting proper
ties from transport, tunneling and penetration depth measure
ments have been reported in [22] (supplementary material 
(stacks.iop.org/JPhysCM/32/075601/mmedia)). For com
pleteness, we briefly summarise them here. The upper crit
ical field at 2 K is Hc2 ~ 108 kOe, from which we estimate 

the coherence length [31], ξ =
»

∅0
2πHc2

 ~ 5.5 nm, where ∅0 

is the flux quantum. The penetration depth is independently 

measured using a twocoil mutual inductance technique to be, 
λ ~ 530 nm. Temperature variation of both London penetra
tion depth and superconducting energy gap closely follow the 
Bardeen–Cooper–Schrieffer theory for a conventional swave 
superconductor. However, the remarkable property of this 
material is the extremely weak pinning; this is evidenced from 
a very low depinning frequency ~ 35 kHz, which is 5 orders 
of magnitude smaller than the corresponding value in Nb or 
YBCO thin films [32, 33]. Consequently, no difference is 
observed between zero field cooled (ZFC) and in field cooled 
measurements [22] (FC) of the ac magnetic susceptibility of 
the sample.

3. Results

First we review the I–V characteristics at fixed temperature 
2 K (figure 2(a)) at various H. When a current, I larger than the 
critical current Ic is passed through the superconductor, vor
tices become depinned. In this regime, the I–V characteristics 
is given by [34],

V = Rff (I − Ic) . (1)

Where Rff is the Bardeen–Stephen flux flow resistance. In 
practice, the sharp cutoff in voltage at Ic is rounded off at finite 
temperatures [35]. By extrapolating the linear region of I–V 
curves, one can find Ic from intercept at xaxis and slope of 
the curve gives Rff which depends on viscous drag acting on 
each vortex [31]. This extrapolated value represents the cur
rent at which the Lorentz force becomes equal to the pinning 
force. Determination of Ic and Rff is shown in figure 2(b). In 
figure 2(c) we plot Rff/RN as a function of h (=H/Hc2) at 2 K. It 

fits well with the Bardeen–Stephen relation [36], Rff
RN

∝ h with 
proportionality constant 0.78. Figure 2(d) shows Jc (=Ic/w * t) 
as a function of H. For the VL to be in the 2D limit, Jc has to 
follow the condition [37], J1/2

c � 0.2B1/4 t−1. This condition 
is fulfilled in our film over the entire field range of interest. A 
peak effect in Jc shows up as broad maxima close to 70 kOe.

We now focus on the region of I–V curves for currents 
well below Ic (inset of figure 2(b)). At finite temperatures, a 
small voltage can appear for I � Ic due to the thermally acti
vated flux flow (TAFF) over the collective pinning barrier U, 

with the corresponding resistivity, ρTAFF ∝ Exp
Ä
−U (I,H)

kT

ä
, 

where k is the Boltzmann constant. For a VS or a Bragg glass 
U (I, H) ∼ U0

( Ic
I

)α
, such that ρTAFF exponentially drops to 

zero below Ic [38]. In contrast, U is independent of I in a vortex 
fluid [39] and consequently ρTAFF has a finite value even in 
the limit I  →  0. In figure 2(d) along with Jc we also plot the 
magnetic field variation of ρTAFF, calculated from the linear 
fit of the I–V curves below 100 μA. We observe two char
acteristic features: ρTAFF is zero up to 1.9 kOe and becomes 
nonzero above this field; ρTAFF again shows a fast increase 
above 70 kOe after passing through a shallow minima. From 
detailed STS imaging studies [22], it has been established that 
at the first field free dislocations proliferate in the VL driving 
it into a HVF state with quasilongrange orientational order. 
At the second field the quasilongrange order is lost through 
proliferation of disclinations driving the vortices into an IVL 
state. The shallow minima in resistivity (ρ), concomitant with 
a maxima in Jc, both characteristics of the peak effect, occur 
at the boundary between HVF and IVL. To highlight the peak 
effect in more detail in figure 2(e) we plot ρH in linear scale 
measured with different J. We observe that the peak effect 
gets more pronounced as J is increased towards Jc. In the next 
section we will try to understand the origin of these features 
within the collective pinning scenario.

J. Phys.: Condens. Matter 32 (2020) 075601
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4. Discussion

One of the most intriguing part of the data is the observation of 
the shallow minima ρTAFF associated with the peak effect. For 
J � Jc, the dip in ρ which reflects the corresponding peak is 
Jc, is widely observed in large number of weakly pinned Type 
II superconductors at the boundary between a Bragg glass and 
a vortex glass [40]. However, since the ρTAFF is immeasur
ably small both in a Bragg glass and the vortex glass, typi
cally no signature of peak effect is observed for measurements 
with J � Jc. Here in contrast the peak effect is observed at 
the boundary between two vortex fluid states where ρTAFF is 

finite. Therefore, we first investigate the internal consistency 
between the observed variation in Jc and the variation in ρTAFF.

In a weakly pinned 2D superconductor, the vortices main
tain their order up to a typical length scale, called the Larkin 
length, Rc. Thus for J � Jc, all vortices within an area ~R2

c  col
lectively move under thermal activation. The rate of thermal 
activation is given by [41],

ν = ν0 exp

Å
−U0

kT

ã
. (2)

Where U0 is the collective pinning barrier for the vortices 
within this area. U0 can be obtained from the critical state 

Figure 2. (a) I–V characteristics at different magnetic fields at 2 K. (b) I–V curve at 35 kOe showing the linear fit to flux flow regime. Inset 
shows enlarged view of I–V characteristics at representative fields for I � 100 µA. (c) Rff/RN (RN is normal state resistance) is plotted 
as function of h (= H/Hc2). (d) Main panel shows the magnetic field variation of Jc (connected blue square) and ρTAFF (connected black 
square). Here, three distinct phases of vortex lattice: vortex solid, hexatic vortex fluid and isotropic vortex liquid are shown in pink, white 
and green colour area respectively. Upper panel of it shows representative STS images of the vortex lattice corresponding to these three 
phases. Figure (e) shows current dependence of ρ as a function of magnetic field. Inset shows expanded view of magnetic field variation of 
ρ for low current densities.
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model [42] as U0 = JcHVcrp where rp is the average range of 
pinning potential and Vc = R2

c t . Since rp is of the order of the 
coherence length, ξ ∼  5.5 nm, we take, rp = αξ , where α is 
a constant of the order of unity. Thus,

U0 = αJcHR2
c tξ. (3)

The electric field generated from the motion of vortices under 
current density J is given by [42],

E =
2lH
kT

ν0

Å
J
Jc

ã
U0exp

Å
−U0

kT

ã
. (4)

Where l is the range over which the thermally activated hop 
happens. Therefore, the linear resistivity in the TAFF state 
will be given by,

ρTAFF =

Å
2lν0t
kT

ã
αξ

(
H2R2

c
)

exp
Å
−U0

kT

ã
= K1

(
H2R2

c
)

exp
Å
−U0

kT

ã
.

 (5)
Where K1 is a proportionality constant, independent of magn
etic field. The dependence on Jc in the above expression enters 
through U0.

In order to test equation (5), we need to estimate Rc. In most 
of the earlier work [37, 43], the variation of Rc is deduced by 
minimizing the free energy of elastic deformation using the 
theoretical variation of the shear modulus, C66. However, this 
requires prior knowledge of the magnetic field dependence of 
C66 which is known for a VS [44]. In a HVF which has quasi
longrange orientational order, the role of C66 is played by 
the modulus of orientational stiffness (known as Frank con
stant [24, 45]), κ. Since the magnetic field dependence of κ 
is not explicitly known, we adopt a different approach and 
determine Rc directly from VL images acquired using STS. 
The definition of Rc somewhat varies in the literature. In the 
original formulation of LO theory [2], this was defined as the 
distance at which the vortex is displaced by an amount of the 
order of vortex lattice constant, a. Later it was pointed out 
that a more precise definition should be when the displace
ment [46] is ~ξ. In an earlier paper [22], we had taken Rc the 
average distance between dislocations obtained by counting 
the dislocation density from a several VL images. This suf
fers from the problem that in the Bragg glass (where there 
are no dislocations), Rc → ∞ and therefore Jc should go to 
zero, which is unphysical. To avoid this problem, here we 
adopt a different procedure using the autocorrelation of the 
VL images. For this, at each field we capture 12 images at 
the same area. We calculate the normalized autocorrelation for 
each of these images using the formula,

Gauto (k, l) =
1

(N − k + 1) (N − l + 1)

∑N

m=|k|

X (m, n)X (m − |k| , n − |l|)
σ2

X
, X (i, j) = I (i, j)− 〈I (i, j)〉 .

 (6)

Where I(m,n) refers to the intensity of each pixel, and σ2
X  is 

the variance in X and 〈I〉 is the average over the entire image. 
For an ideal hexagonal VL, Gauto(k,l) will also be a hexagonal 
lattice with unit intensity at each lattice points. For an imper
fect lattice, the intensity of each lattice point decays from 1 

as one moves away from the origin. Figure 3(a) shows a rep
resentative VL image at 3 kOe along with its autocorrelation 
plot. In figures 3(b)–(g) we plot the decay of the autocorre
lation function (Gauto(r)) averaged along the three principal 
axis and further averaged over 12 images to improve statistics. 
Rc is obtained as the characteristic decay length of Gauto(r), 
by fitting the function with a relation, Gauto (r) ∝ e−r/Rc. 
Figure 3(h) shows the variation of Rc with magnetic field. In 
figure  4(a) we compare the experimentally measured ρTAFF 
with the one obtained from equation  (5) using these values 
of Rc, α  =  0.5 and K1 as an adjustable proportionality con
stant. The calculated ρTAFF captures the experimental varia
tion, showing the consistency of the adopted procedure up to 

Figure 3. (a) Representative vortex image at 3 kOe (left panel) and 
its autocorrelation map (right panel). Three red lines represent three 
primary axes along which autocorrelation values are calculated. 
(b)–(g) Gauto is plotted as function of r (in lattice constant unit) at 
different magnetic fields, with the exponential fit to each of them. 
(h) Plot of Rc versus H.
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S Dutta et al

6

70 kOe. Beyond this field Rc/a � 1 and the collective pin
ning framework within which we are analyzing our data is no 
longer applicable.

We now return to the magnetic field variation of the flux 
flow critical current, Jc. In principle, the collective pinning 
of vortices for a VS with imperfect order can be understood 
from the LO theory [2]. We argue that the same theory can be 
applied here even for the HVF state. For this we first note that 
in the HVF, ρTAFF

ρFF
< 0.03 implying that the diffusive motion of 

the vortices in the TAFF regime is very slow compared to their 
motion in the flux flow regime. Thus, we can assume the HVF 
to be quasistatic. Consequently, we can apply the general 
arguments of LO theory [2] to understand the variation of Jc 
in the HVF state. Within the LO theory the collective volume 
pinning force is given by,

JcB =

(〈
f 2
〉

nA
)1/2

tRc
. (7)

Where f  is the elementary pinning force and nA is the areal 
density of pinning centers. This expression is valid till Rc ~ 
a where the VL crosses over from collective to individual 
pinning. Here we reach this limit at 70 kOe. The functional 

dependence of f  with magnetic field depends on the nature 
of pinning. For bulk pinning, 

〈
f 2
〉

nA  has the general form 
[47, 48],

〈
f 2〉 nA = Cnhn(1 − h)2. (8)

Where the value of n depends on the nature of pinning. Two 
established forms are n  =  1, which corresponds to dislocation 
loops [49] and n  =  3, which corresponds to impurities and 
vacancies [48]. We observe that equations (7) and (8) together 
with the extracted values of Rc and n  =  1, captures very well 
the experimental variation of JcB (figure 4(b)) till 70 kOe 
(HVF to IVL boundary). Beyond this field, Rc/a � 1 and the 
pinning becomes singleparticle in nature [50]; JcB decreases 
monotonically up to Hc2 due to collapse of single particle 
pinning. However the collective pinning theory on which we 
have based our analysis is no longer applicable in this regime 
and the precise functional form is difficult to determine. We 
should note that in addition to bulk pinning, in finite size 
samples, edge pinning could also influence Jc. However, this 
contribution is negligibly small when [51] 2πλ � a. In our 
sample λ ~ 530 nm [22], and therefore edge pinning should be 
negligible above 100 Oe and we can ignore its influence here 
in the magnetic field range of this study.

In summary, we have shown that the existing theories of 
collective pinning capture the magnetotransport properties of 
aMoGe film when the vortices are in a HVF state. The col
lective pinning framework remains valid as long as two condi
tions are satisfied: (i) the diffusive motion of the vortices is 
much slower than the typical flux flow velocities, such that the 
interaction of vortices with pinning centers can be assumed to 
be quasistatic and (ii) the Larkin length, Rc  >  a, such that we 
can define quasiordered domains. In our sample both condi
tions are satisfied for H  <  70 kOe, where the vortices are in 
a hexatic fluid state. In the IVL at higher fields, both con
ditions get violated, due to the large proliferation of defects 
and increase in vortex mobility. To calculate Ic and ρTAFF in 
this regime, one needs a new theoretical framework explicitly 
taking into account the finite mobility of the vortices on the 
single particle pinning force, which we do not have at pre
sent. Theoretical studies in this direction will be important in 
developing a holistic understanding of vortex pinning in 2D 
superconductors.

5. Conclusion

We have shown that the magnetic field variation of ρTAFF and 
the flux flow critical current density in a weakly pinned a
MoGe film where the vortices are in a HVF state are well 
described within the collective flux pinning scenario. In par
ticular, we show that the 2D collective pinning theory can be 
extended to a situation where the vortices are in a hexatic fluid 
state provided the diffusive motion of vortices is slow. These 
results naturally account for the nonmonotonic variation of 
ρTAFF and Jc at the boundary between the HVF and the IVL, 
showing that the peak effect phenomenon extends beyond 
situations where the VL transforms from a vortex solid to a 
vortex glass.

Figure 4. (a) Experimentally obtained ρTAFF (connected black 
square) is plotted along with the theoretical values calculated 
using equation (5) (red dot). Figure (b) shows variation of JcB 
(experimentally obtained) as a function of H (connected black 
square) and expected variation of volume pinning force (blue dot) 
from collective pinning theory.
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