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Multicomponent superconductors exhibit nontrivial vortex behaviors due to the various vortex–vortex interactions,
including the competing one in the recently proposed type-1.5 superconductor. However, potential candidate that can be
used to study the multicomponent superconductivity is rare. Here, we prepared an artificial superconducting multilayer to
act as an alternative approach to study multicomponent superconductivity. The additional repulsive length and the coupling
strength among superconducting films were regulated by changing the thickness of the insulting layer. The magnetization
measurements were performed to clarify the effect of the competition between the repulsive vortex interactions on the
macroscopic superconductivity. The vortex phase diagram and the optimum critical current density have been determined.
Furthermore, a second magnetization effect is observed, and is attributed to the upper layer, which provides the weak
pinning sites to localize the flux lines. The pinning behaviors switches to the mixed type with the increase of the insulting
layer thicknesses. Our results open a new perspective to the study and related applications of the multilayer superconducting
systems.

Keywords: multilayer superconducting film, competing interaction, flux pinning mechanism

PACS: 74.25.Ha, 74.25.Dw, 74.25.Bt, 74.25.op DOI: 10.1088/1674-1056/ac89e1

Competing interactions favor spatial inhomogeneities in
an otherwise uniform ground state have been found in many
systems including superconductors,[1–3] ferrofluids,[4] ferro-
magnetic films,[5] and organic systems,[6] among which the
vortex matter in different kinds of superconductors provides
a unique platform to study the complex interactions and their
manifestations.

Generally, superconductors are divided into two cate-
gories using the Ginzburg–Landau (GL) parameter κ = λ/ξ ,
where λ is the magnetic penetration length and ξ is the co-
herence length. In type-1 superconductors with κ < 1/

√
2,

the positive superconducting/normal interface energy favors
an attractive vortex–vortex (vv) interaction, leading to the
formation of intermediate state with coexistence of normal
and superconducting domains inside the superconductor.[7,8]

In type-2 superconductors with κ > 1/
√

2, the interface en-
ergy becomes negative and the vv interaction is purely repul-
sive, resulting in the formation of mixed state with triangu-
lar vortex lattice, also known as Abrikosov vortex lattice.[9]

In 2005, it is proposed that, in multiband superconductors,
a non-monotonic vv interaction can occur when ξ1 < λ <

ξ2, where ξ1 and ξ2 are the coherence lengths of different
condensates.[10] As a result, the semi-Meissner state with ex-
otic vortex patterns, such as vortex cluster, vortex stripe, and
vortex-free area, are expected. Later, this new vortex state

was confirmed experimentally by mapping the vortex patterns
in the two-band superconductor MgB2 single crystal.[11] This
novel superconducting state, which cannot be interpreted by
the above mentioned dichotomy, was termed as type-1.5 super-
conductivity. The discovery of this unconventional supercon-
ductor has attracted great interests in condensed matter physics
because it provides an excellent platform to study the phe-
nomenon resulted from competing interactions.[12,13] How-
ever, so far only a limited number of two-band or multi-band
superconductor have been found to fall into this category.[11,14]

An alternative approach to study multicomponent su-
perconducting systems using artificial multilayer films was
proposed.[15,16] Rich vortex phases were predicted in multi-
layer superconducting structures, where the properties of each
layer and their coupling can be easily tuned by changing the
characteristic lengths and the interlayer distance.[16] Experi-
mentally, an unconventional temperature dependence of crit-
ical fields, which is consistent with a multicomponent sys-
tem, was reported in Nb/Pb/Nb trilayer with spatially sepa-
rated superconducting films.[17] Further theoretical study have
shown that, in multilayer systems, it is not necessary for the
superconducting layers to locate at opposite sides of the Bo-
gomolnyi point κ = 1/

√
2. Combining two components with

both repulsive vv interactions can also lead to a competing
interaction.[18] Up to now, the research on multilayer super-
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conducting system is mainly limited to theoretical simulations,
while the experimental studies are rare. Meanwhile, it is nec-
essary to clarify how the transitions of the vortex phases are
manifested in the macroscopic superconductivity.

In this paper, the conventional Pb films were chosen as
the unit superconducting layer to design a multilayer super-
conducting system by separating with an insulating layer. The
macroscopic phenomena, resulting from intricate vv interac-
tions, as a function of the insulating layer thickness, are stud-
ied. It is found that a weak second magnetization peak (SMP)
appears due to the weak pinning centers which are provided
from the upper layer. The flux pinning evolution and the dis-
appearance of SMP are discovered with the increase of the
insulating layer thicknesses. In addition, the varieties of the
critical current density have been observed, which is beneficial
to find out the optimum parameters for practical applications
in multilayer superconducting films.

The superconducting unit layer Pb film of 100-nm thick-
ness was prepared by electron beam evaporation on SiO2/Si
substrate. During deposition, the substrates were cooled to
−150 ◦C by liquid nitrogen. The pressure of the deposition
chamber was maintained at 2× 10−3 Pa and the deposition
rate is fixed at 1 Å/s during evaporation. Between two unit lay-
ers, Ge layers with the thicknesses of 10 nm, 20 nm, 50 nm,
and 100 nm were grew as insulating layers. After repeating
the above steps, the final Pb/Ge/Pb/Ge/Pb multilayer struc-
tures were obtained. To protect the surface from oxidation,
all multilayer films were finally capped with a 10-nm thick

Ge layer. In the following discussion, the multilayer samples
with the insulating layer thicknesses of 10 nm, 20 nm, 50 nm,
and 100 nm are defined as S1, S2, S3, and S4, respectively.
All samples were cut into 2 mm×2 mm for dc magnetization
measurements.

The surface morphology was checked in the tapping
mode by using an atomic force microscope (AFM). The
magnetization measurements were performed using a mag-
netic property measurement system (MPMS, Quantum De-
sign) with the external magnetic field applied perpendicular
to the films.

For a conventional type-2 superconducting film, vortices
are expected to form a triangular lattice due to the pure re-
pulsive vv interactions, as shown in Fig. 1(a). When combin-
ing superconducting films to construct the multilayer structure
in Fig. 1(b), the vortices in each superconducting layer will
experience the interaction in adjacent layers. Theoretically,
this may result in rather intricate vv interactions, including
the competing one. Nontrivial vortex patterns, such as vortex
strips and clusters (Fig. 1(c)), could form. In Pb/Ge/Pb/Ge/Pb
multilayer, the flux spreads in non-superconducting regions as
shown in Fig. 1(b). The additional repulsive length appears
due to the wider spread of the magnetic field lines by increas-
ing the thickness of insulating layers in this paper. The cou-
pling strength among superconducting films and the additional
repulsive length were regulated by increasing the thickness of
Ge films.

Substrate Superconductor
Insulator

Superconductor
Insulator

Superconductor

Superconductor

Vortex
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Fig. 1. (a) The schematic vortex configurations in Pb monolayer films of 100-nm thickness. (b) The flux lines in the multilayer superconducting system.
Grey (blue) areas are Pb (Ge) layers. (c) The unconventional vortex stripe phases arise from purely repulsive interactions.

First, we characterize the suprconducting properties of an
individual superconducting layer. Figure 2(a) shows the to-
pography of the studied Pb monolayer of 100 nm. The com-
pact grains and flat surface with a roughness of 1.2 nm indi-
cate the high quality of the film. The isothermal magnetiza-
tion loops were measured at different temperatures, ranging
from 2 K to 7 K, as shown in Fig. 2(b). The critical current
density Jc was calculated by using the M–H curves according
to the Bean critical state model[19–21] in Fig. 2(c). The used
formula[22] is shown as follows: Jc = (20∆M)/(a(1−a/3b)),
where ∆M =Mdown−Mup, with Mdown and Mup being the mag-
netizations when sweeping fields down and up, respectively.
Here, a and b are the sample width and length (a < b). The
results of Jc at 7 K were neglected because of the faint mag-

netization. The pinning force density Fp are obtained by using
the relation Fp = µ0H × Jc to figure out the pinning mecha-
nism of the film. The curves of the reduced pinning force
f versus the reduced magnetic field h ( f = Fp/Fpmax, Fpmax

standing for the maximum of the pinning force, h = H/Hc2)
are presented in Fig. 2(d). According to the Dew–Hughes
model,[23,24] the reduced field h dependence of the normalized
pinning force density f measured at different temperatures
should obey the general relationship that f is proportional to
hp(1− h)q in case of existence of a single dominant pinning
mechanism, where p and q depend on the mechanism of pin-
ning. In general, the grain boundary pinning plays a major role
when p (q) is close to 0.5 (2), while the non-superconducting
point pinning becomes mainly responsible with p = 1 (q = 2).
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The experimental data were fitted well with p = 0.73 and
q = 1.61. The position of the maximum of the pinning force
hmax = p/(p+ q) ≈ 0.31 slight deviates from point pinning
(hfit

max = 0.33). Therefore, we suggest that the point pinning
and grain boundary pinning work together in the Pb mono-
layer film.

As is known, the critical current density Jc can act as a
suitable parameter to gain more insight to the underlying pin-
ning mechanism according to the collective pinning theory.[25]

The disorder-induced spatial fluctuations in the vortex lattice
can be explicitly divided into different regimes with the in-
crease of the external fields: single-vortex pinning, small-
bundle pinning, large-bundle pinning, and charge-density-
wave-type relaxation of the vortex lattice to the disorder poten-
tial. The crossover field from the single-vortex pinning regime
to the small-bundle pinning regime is defined as Bsb. Theo-
retically, the interaction between vortices is irrelevant and Jc

is independent of the field in the regime below Bsb. However,
the dc magnetization only gives an estimate of Jc and, to some
extent, it yields a relaxed value of J(t)≤ Jc. The relaxation ef-
fects, caused by the vortices creeping out of the dense random
pinning wells, affect M(H) at all temperatures.[26] Therefore,
at low fields the observed Jc is determined by the collective
creep, while at high fields (the bundle pinning regime) the pin-

ning energy is large, hence the relaxation is small and the field
dependence of Jc is essentially determined by Jc(B).[27] With
the applied field above the crossover field Bsb, Jc(B) follows an
exponential law: Jc(B)≈ Jc(0)exp−(B/B0)

3/2, where B0 rep-
resents a normalization parameter on the order of Bsb. The nor-
malized Jc in a double logarithmic plot of − log[Jc(B)/Jc(0)]
as a function of field is plotted in Fig. 2(e). The deviation point
in the linear fitting at the lower field is denoted as Bsb, while
the deviation point Bth at the upper field is connected to large
thermal fluctuations.[28] The temperature dependence of the
crossover field Bsb, which reflects the pinning behaviors, can
be expressed as:[29,30] Bsb = Bsb(0)[(1− t2)/(1+ t2)]v, where
v = 2/3 and 2 stands for δTc and δ l pinning, respectively. The
pinning behavior which is called δTc pinning results from the
spatial variations of the Ginzburg–Landau (GL) coefficient α

in connection with fluctuations in the transition temperature
Tc. The spatial fluctuations in the charge carrier mean free
path l near the lattice defects which pin the flux lines lead to
δ l pinning.[31–34] Figure 2(f) displays the scaled experimental
data Bsb with the theoretically calculated δTc and δ l pinning
(solid lines). It can be seen that the pinning mechanism of the
Pb monolayer film consists of both above behaviors and δTc

pinning plays a major role.
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Fig. 2. (a) The AFM image showing the surface topography of the Pb monolayer film. (b) The isothermal magnetization loops measured at various
temperatures. (c) Critical current (Jc) versus magnetic field (H) in a double logarithmic plot. (d) The rescaled density of the pinning force as a function
of the reduced field, h = H/Hc2. (e) Critical current (Jc) versus magnetic field (H) in a double logarithmic plot as − log(Jc/Jc(B = 0)) versus logH. The
solid lines are the linear fit to the data. (f) Plots of Bsb/Bsb(0) versus T/Tc. The green and purple lines represent the theoretical curves for δTc pinning
and the δ l pinning, respectively. The unit 1 Oe = 79.5775 A·m−1.

Figures 3(a)–3(d) show the isothermal magnetization
loops measured at various temperatures for S1 (a), S2 (b), S3
(c), and S4 (d). A weak second magnetization peak is ob-
served only in S1 in the temperature range of 2 K–6 K. The oc-

currence of SMP has been observed in both superconducting
films[35] and single crystals. The shoulder-like phenomenon
observed for our multilayer sample is rather similar to that re-
ported in BaFe1.8Co0.2As2 and Ca0.8La0.2Fe1−xCoxAs2

[36,37]
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single crystals. Among the various theoretical models, the
crossover from elastic to plastic (EP) vortex creep is widely
adopted.[38] At the relatively low field, vortices are well sep-
arated and act like non-interacting objects, which makes flux
lines tend to be captured by strong pinning centers. Near the
EP crossover region, the number of vortices is larger than the
strong pinning centers, and the extra vortices better adjust to
the weak collective pinning centers which are produced by the
softening of elastic vortices. The additional effective pinning
centers lead to the increase of pinning force and critical cur-
rent density Jc, while the weak elementary pinning force of
individual pinning center reduces the sum of elementary pin-
ning force and Jc. The SMP only appears when the increase of
Jc caused by the former exceeds the reduction of the sum of el-

ementary pinning force. Therefore, the increase of the pinning

strength benefited from additional pinning centers leads to the

occurrence of SMP in S1. As the insulting layer thicknesses

increase, the additional repulsions reduce the sum of elemen-

tary pinning force, resulting in the disappearance of SMP. For

the Pb monolayer film, the grain boundaries provide the effec-

tive pinning centers to capture the flux lines which suppresses

the SMP. Figures 3(e)–3(h) present the critical current den-

sity (Jc) versus magnetic field (H) in a double logarithmic plot

ranging from 2 K to 6 K for S1 (e), S2 (f), S3 (g), and S4

(h). The shoulder in Fig. 3(e) corresponds to the SMP on the

isothermal magnetization loop of S1. The SMP is shifted to

low fields as the temperature increases.
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Fig. 3. (a)–(d) The isothermal magnetization loops measured at various temperatures for S1 (a), S2 (b), S3 (c), and S4 (d), respectively. (e)–(h) Critical
current density (Jc) versus magnetic field (H) in a double logarithmic plot ranging from 2 K to 6 K for S1 (e), S2 (f), S3 (g), and S4 (h).

The vortex phase diagram of S1 is shown in Fig. 4(a).
The vortex liquid state is ignored because the irreversible field
(Hirr) is quite close to the critical field (Hc2) for Pb. The tran-
sition points (Hsp) from the elastic vortex glass state to the
plastic vortex glass state are obtained according to the isother-
mal magnetization loops. As usual, the SMP shifts to lower
fields as the temperature increases.[39,40] The temperature de-
pendence of the critical fields of all samples are shown in
Fig. 4(b). Furthermore, the critical fields with the change of
Ge thicknesses are presented in Fig. 4(c). It is known that,
by introducing defects into conventional superconductors, Hc2

can be improved.[41,42] For the monolayer Pb film, the growth
of the granular film is continuous, the connection of the grains
is compact. Therefore, the number of defects is expected be
small. However, for the multilayer Pb films, the introduction
of a thin Ge layer (10 nm) separates the superconducting Pb
films. As a result, more defects are expected to appear in
the upper layer films, resulting in a decrease of the coherence
length, i.e., an increase of the upper critical magnetic field.

This can also be supported by the fact that, the roughness be-
comes larger in the multilayer film. The critical current den-
sity (Jc) of Pb multilayer films at T = 4 K and H = 100 Oe are
demonstrated in Fig. 4(c). The value of critical current den-
sity Jc shows a trend of increasing first and then decreasing.
The grain boundaries in S2 act as the strong pinning centers
leading to a larger critical current density than S1. We sug-
gest that, with increasing the insulating layer thicknesses, the
critical current density decreases due to the more prominent
vortex–vortex repulsive interactions to overcome the pinning
force. This result implies that it is feasible to regulate the opti-
mum critical current density by adjusting the thickness of the
insulating layer, which provide valuable insights into the po-
tential applications for multilayer superconducting films.

In order to clarify the effect of the competition between
the repulsive vortex interactions on the macroscopic supercon-
ductivity of Pb multilayer films, the pinning behaviors are ac-
quired according to Jc by using the methods mentioned above
as shown in Fig. 5. The fitting based on the scaling functions
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leads to p = 1.39 and q = 1.70 with position of the maximum
of the pinning force hmax ≈ 0.45 for S1 in Fig. 5(a). This re-
sult is very close to that in BaFe1.8Co0.2As2 (h ∼ 0.45) and
Ca0.8La0.2Fe1−xCoxAs2 (h ∼ 0.45).[36,37] Such h value was
considered to be an indication of dense vortex pinning nanos-
tructures or weak pinning sites.[43] In this paper, the random
distributed nano-scale point-like defects which caused by the
dense small grains provide the weak pinning sites. More-
over, the plenty of the weak pinning centers is helpful for
the pinning energy of additional pinning centers to overcome
the change of the elastic energy of flux lines. In this case,
EP crossover will occur and induce SMP. The exotic-element-
doped and irradiation technique are adopted to introduce the
large set of weak pinning centers, resulting in the emergence
of SMP.[44–48] Therefore, we suggest that the upper layer pro-

vides the weak pinning sites corresponding to viewpoint pro-
posed by Babaev[49] to localize the flux lines, which leads
to the appearance of SMP. Meanwhile, the pinning mecha-
nism of S1 is δTc pinning. With the increase of the insulating
layer thicknesses, the pinning behaviors switches to the mixed
type and the grain boundary pinning gradually play a major
role. The flux lines are more likely captured in strong pin-
ning centers with large sizes because the weakening of cou-
pling strength and the appearance of the additional repulsive
length. At present, the mean free path can be greatly influ-
enced by the gain-boundary-like behavior, which results in the
shift from δTc pinning to δ l pinning.[50] Furthermore, the evo-
lution of pinning properties can provide valuable insights into
the study and related applications of the multilayer supercon-
ducting films.
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In conclusion, we have prepared a multilayer supercon-
ducting system. By varying the insulating layer thickness to
tune the coupling strength between superconducting layers,
the superconducting properties and the flux pinning evolution
was studied. The vortex phase diagram consisted of all sam-
ples has been determined. The critical field of multilayer films
becomes smaller when the thicknesses of Ge layers increase.
Meanwhile, it is feasible to regulate the optimum critical cur-

rent density by adjusting the thickness of the insulating layer.
Furthermore, the upper layer provides the weak pinning sites
to localize the flux lines resulting in the appearance of SMP.
The pinning behaviors switches to the mixed type with the
weakening of coupling strength and the appearance of the ad-
ditional repulsive length. Our results provide a new perspec-
tive to study the connection between macro superconductivity
and micro repulsive interactions in multilayer superconducting
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system.
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