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Abstract
Two-dimensional (2D) superconductors supply important platforms for exploring new quantum
physics and high-Tc superconductivity. The intrinsic superconducting properties in the 2D
iron–arsenic superconductors are still unknown owing to the difficulties in the preparation of
ultrathin samples. Here we report the fabrication and physical investigations of the high quality
single-crystalline ultrathin films of the iron–arsenic superconductor KCa2Fe4As4F2. For the sample
with the thickness of 2.6–5 nm (1–2 unit cells), a sharp superconducting transition at around 30K
(onset point) is observed. Compare with the bulk material, the ultrathin sample reveals a relatively
lower Tc, wider transition width, higher anisotropy, broader flux liquid region under the in-plane
field, and smaller thermal activated energy with a 2D feature. Moreover, the angle dependent upper
critical field follows the Tinkham model, demonstrating the two-dimensional superconductivity in
ultrathin KCa2Fe4As4F2. The significant dimensionality effect observed here is markedly different
from those observed in cuprate superconductors.

1. Introduction

Two-dimensional superconductivity draw great
interests due to the emergence of new quantum
phenomena [1–3], including Ising superconductiv-
ity [4–6], quantummetallic state [7–10], Berezinskii–
Kosterlitz–Thouless (BKT) transition [11, 12], and
even the significant enhancement of Tc [13–15].
From the material point of view, most of the
2D superconductors (2DSCs) under investig-
ation belong to the transition metal disulfide
compounds [4–6, 14, 15], which have the easy-to-
exfoliated layered structure. Owing the unconven-
tional superconducting (SC) properties and the high
Tc, the 2D behaviors of cuprates [16] and iron-based
superconductors [17] are worth studying. For the
cuprates,mechanical exfoliationmethodwas adopted
to create the ultrathin Bi2Sr2CaCu2O8+ x (Bi2212)
superconductor in recent years [18–22]. A rather

high-Tc very close to the bulk compound [19–22]
and the absence of dimensionality effect [21] were
revealed in this system. As for the iron-based super-
conductors, investigations focus on the iron–selenic
(FeSe, including FeSe1− xTex) materials by the
method of the precisely controlled molecular beam-
epitaxy (MBE) growth [13] or mechanical exfoli-
ation [23, 24]. During this process, high temperat-
ure superconductivity was observed in the single-
layer FeSe film grown on SrTiO3 substrates [13].
On the other hand, the iron–arsenic (FeAs) sys-
tem has a more diverse crystal structure and higher
Tc [17, 25–28]. Thus, revealing the performance in
terms of dimensionality effect and Tc variation in 2D
limit is very crucial in understanding the intrinsic
properties of this system.

However, due to the stronger inter-layer coupling,
as compared with the Bi2212 and iron–selenic sys-
tems, it has been a huge challenge for a long time
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Figure 1. The fabrication process for device of ultrathin K-12442. (a) PVA-assisted mechanical exfoliation of K-12442 sample.
(b) Transferring the PVA film and ultrathin K-12442 sample from the substrate. (c) Prefabricated Au electrodes on Si/SiO2

substrate by ultraviolet lithography and metal thermal evaporation. (d) Peeling off the Au electrodes using PVA. (e) The upper
and lower layers of PVA film encapsulate the sample and Au electrodes to obtain device of ultrathin K-12442.

to obtain the ultrathin samples in the iron–arsenic
system. The recently reported 12442 system [28–
32], which has double FeAs layers between neighbor-
ing insulating layers, reveals a very large resistivity
anisotropy ratio (ρc/ρab ≈ 3150) [33]. This value is
much larger than those of other iron–arsenic super-
conductors [34, 35], indicating a rather weak inter-
layer coupling. Using an improvedmechanical exfoli-
ationmethod, we successfully fabricated the ultrathin
films of KCa2Fe4As4F2 (K-12442) with the thickness
down to 1–2 unit cells. Here we report the mechan-
ical exfoliation and superconducting properties of the
ultrathin K-12442, which are compared with the bulk
samples. By examining the angle dependence of the
upper critical field, a clear two-dimensional feature is
revealed in the ultrathin samples, which is in sharp
contrast with the bulk samples. The present work
provides an important platform to study the dimen-
sionality effect of unconventional superconductors,
which is rather different with the cuprate system.

2. Experimental section

The K-12442 single crystals were grown by the self-
flux method [36]. We adopted an improved mech-
anical exfoliation method to fabricate the ultrathin
samples of K-12442. The traditional process of mech-
anical exfoliation uses the silicon-based (SiO2/Si)
substrate [19, 21], which has insufficient adhesion
to some materials with a strong inter-layer coupling.
Thus it is difficult to obtain ultra-thin samples by
this traditional method in many quasi-2D materials.
Here we use an organic substrates, polyvinyl alcohol
(PVA), to replace silicon-based substrates to enhance
the adhesion without changing the characteristics of
the materials. PVA has a relatively stronger adhesion
and is typically used to transfer 2Dmaterials [37]. The
advantage of strong adhesion for this material is util-
ized in the process of mechanical exfoliation in this
work.

Figure 1 shows the fabricating process for
ultrathinK-12442 sample devices. First, the self-made

PVA solution with the concentration of 8% is dripped
on a silicon substrate to cover the entire substrate
surface, which stands for 5 h in a drying oven to
evaporate the water in the PVA solution naturally. In
this way we obtained a smooth PVA film with a cer-
tain thickness and adhesion on the silicon substrate.
Next, a fresh surface of layered K-12442 crystal was
cleaved from blue tape, which was put onto the PVA
substrate. Afterwards, a more adhesive tape was used
to thin the K-12442 flakes on the PVA substrate for
2–3 times until we obtained the ultrathin K-12442
sample we needed. For the prefabricated Au elec-
trodes, we use ultraviolet lithography and thermal
evaporation technology to produce Au electrode pat-
terns on silicon wafer (with 300 nm SiO2). Similar
to the above process, the PVA solution is dripped on
the silicon wafer with the prefabricated Au electrodes
to obtain a PVA film with the thickness of several
hundredmicrometers. The ultrathin K-12442 sample
and the prefabricatedAu electrodes can be transferred
by the PVA films from the silicon and SiO2/Si sub-
strates respectively. Using the three-axis alignment
platform, the ultrathin sample and the Au electrodes
can be aligned, which are encapsulated between two
PVA sheets. Because the ultrathin K-12442 samples
are sensitive to the external environment, the pack-
aging of the samplesmust be completedwithin half an
hour under the atmospheric condition. In the upper
left inset of figure 2, we show an optical microscopic
picture of the ultrathin sample denoted as S-2. One
can see that the sample is transparent and the length
of the sample can be as large as 30 µm.

The electrical transport data were collected
on the physical property measurement system
(Quantum Design, PPMS) by a standard four-
probe method using the prefabricated Au elec-
trodes (see figure 1). The external magnetic field H
was rotated in the plane perpendicular to the elec-
tric current. θ denoted the included angle between
H and c axis of the crystal. The applied electric
current is 10µA. The possible influences of this
current magnitude on the transport data have been
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Figure 2. Temperature dependence of normalized resistance
of K-12442 ultrathin sample S-2. The data of the bulk
sample is also shown for comparison. The upper left inset
shows the picture of the sample S-2 under optical
microscope. The yellow strips are electrodes. The lower
right inset is an enlarged view of the resistance data.

examined. A decreasing of the current by one third
only changes the superconducting transition temper-
ature by 0.08 K (see supplementary data (available
online at stacks.iop.org/2DM/8/025024/mmedia)).
Moreover, the effect on the temperature calibration
by the possible poor thermal conductance of PVAwas
also checked by comparing the temperature depend-
ent resistance data with warming and cooling. As
can be seen in the supplementary data, this effect is
negligible.

In principal, the strain induced by the different
shrinkages between the sample and PVA with cool-
ing may affect the value of Tc, since it is found that
Tc is closely related to the structural parameters in
the iron-based superconductors [38, 39]. Currently,
however, it is difficult to evaluate this effect precisely
because the detailed interaction between the sample
and PVA is indistinct. Nevertheless, such an effect
should not change themain conclusion of the present
work that the remarkable dimensionality effect is
observed in the ultrathin K-12442 system, especially
considering the fact that the field-angular-dependent
experiments were carried out at a fixed temperature
(see figure 5).

3. Results and discussion

Normalized resistance of ultrathin K-12442 sample
S-2, as well as the data of the bulk sample, is shown in
figure 2. The thickness of this sample is estimated to
be 2.6–5 nm, corresponding to 1–2 unit cells (see sup-
plementary data). Typically the temperature depend-
ent tendency of resistance for the ultrathin sample
is very similar to that for the bulk sample, both of
which reveal a negative curvature with residual res-
istance ratio (RRR) above 10. The onset SC transition
temperature Tonset

c of the ultrathin sample is 30.6 K
determined using a criterion of 90%Rn (Rn is the nor-
mal state resistance at the SC transition point). This

value is slightly lower than that of the bulk sample
(33∼34 K). The more significant difference between
the ultrathin and bulk samples is the SC transition
width ∆Tc. Defined as the width between 10% Rn

and 90% Rn, the very small ∆Tc = 0.6 K in the bulk
sample is increased to 2.4 K in the ultrathin sample.
Such a dimensionality effect on Tc and ∆Tc may
reflect the enhancement of quantum fluctuation by
the decrease of sample thickness, which is in sharp
contrast to that observed in ultrathin cuprates. In the
case of Bi2212, the transition width ∆Tc is the same
between the bulk and monolayer samples, which is
as large as 10K [19, 21]. Such a comparison evid-
ently indicates that the interlayer coupling in the
iron–arsenic superconductors is stronger than that of
cuprates, which leads to a more prominent dimen-
sionality effect in the former system.

We next focus on the upper critical field Hc2 and
irreversible field Hirr of the ultrathin sample at two
different field-orientations. As shown in figures 3(a)
and (b), the R–T curves become more broadening
with the increase of magnetic field. Such a broaden-
ing effect is more significant when the field is paral-
lel to the c axis, which is qualitatively consistent with
that observed in bulk samples [36, 40]. We extract
the values of Hc2 and Hirr using the criterion of 90%
Rn and 10% Rn respectively, which are shown in
figure 3(c). It is notable that the in-plane upper crit-
ical field Hab

c2 reveals a very steep increase with cool-
ing near the SC transition. To have a quantitative
comparison, the data are plotted together with that
of the bulk sample in figures 3(d) and (e). In order
to coincide with the Tonset

c and T zero
c values of the

ultrathin sample, the data of the bulk sample are shif-
ted to lower temperatures. For the upper critical field,
as shown in figure 3(d), the behaviors of Hab

c2 −T is
very similar between the ultrathin and bulk samples.
Whereas, the Hc

c2 value of the ultrathin sample rises
more gently with cooling near Tonset

c , as compared
with the bulk one, which gives rise to a larger aniso-
tropy Γ =Hab

c2/H
c
c2 near Tc for the ultrathin sample.

The detailed values of the slopes dµ0H
ab,c
c2 (T)/dT|Tc ,

the anisotropy Γ(Tc), along with the information
about Tc, are summarized in table 1. One can see
that the value of dµ0Hab

c2 (T)/dT|Tc only decreases
a bit when sample becomes ultrathin. In contrast,
dµ0Hc

c2(T)/dT|Tc is reduced almost by half. The in-
plane irreversible field Hab

irr is clearly suppressed in
the ultrathin sample, resulting in a more broaden-
ing flux liquid region when the field is applied within
the ab plane.Meanwhile, the out-of-planeHc

irr reveals
no difference with the bulk sample in the low field
region below 2T and is slightly lower in the higher
field region.

Since the thickness of the K-12442 samples has
a strong influence on the H–T phase diagram, as
observed in figure 3, it is important to further
know how it behaves inside the H–T phase dia-
gram. We therefore plot the Arrhenius plots in
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Figure 3. (a), (b) Electrical resistance of the ultrathin sample S-2 as a function of temperature under the magnetic field up to 9 T
with H//c and H//ab, respectively. The increasing steps of the fields are 0.5 T and 1 T for the two figures respectively. (c) Upper
critical field Hc2 and irreversible field Hirr of the ultrathin sample as a function of temperature for two different orientations. (d),
(e) Comparison of Hc2 and Hirr between the ultrathin and bulk samples. In order to have an intuitive comparison, the data of the
bulk sample are shifted to lower temperatures by 2.75 and 4.50 K for (d) and (e) respectively.

Figure 4. The Arrhenius plots for ultrathin (a) and bulk K-12442 single-crystalline samples (b). The increasing step of the
magnetic field is 0.5 T for the two sets of data. The slope of the linear dash lines in (a) and (b) gives the thermal activation energy
(U). (c, d) The values of U at various magnetic field (H) for ultrathin and bulk samples respectively. The solid lines are the guide
for eyes.

figures 4(a) and (b) for ultrathin and bulk K-12442
single-crystalline samples, respectively. The Arrhe-
nius plot is used to describe the thermal activated
flux flow (TAFF) behavior, where the resistivity ρ
obeys the relationship ρ= ρ0 exp(−U/kBT) (kB is the
Boltzmann constant and U(B) is the thermally activ-
ated energy). Thus U(B) can be obtained from the

slope of the linear part in the Arrhenius plot Ln(ρ)
vs. T−1. The acquiredU(B) at variousmagnetic fields
from 0.5 to 9 T are summarized in figures 4(c) and
(d). It is found that U(B) for ultrathin K-12442 (see
figure 4(c)) is smaller than the one for bulk sample
(see figure 4(d)). Similar results were observed in 2H-
NbSe2, where the activation energy were found to
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Table 1. Summary of the detailed parameters about Tc and upper critical fields for both the ultrathin and bulk K-12442.

Tonset
c T zero

c ∆Tc dµ0H
ab
c2 (T)/dT|Tc dµ0H

c
c2(T)/dT|Tc Γ(Tc)

Sample (K) (K) (K) (TT/K) (TT/K)

Ultrathin 30.6 28.2 2.4 −47.6 −3.3 14.4
Bulk 33.3 32.7 0.6 −50.9 −6.4 8.0

decrease with decreasing the sample thickness to the
2D limit [41]. Such a behavior is a closely related to
the decrease of superfluid stiffness with the reduced
layer number. Moreover, for the ultrathin sample, the
activation energy U is proportional to lnH with a
crossover at around 3.5 T, which suggests a 2D liquid
state for the vortices. While for the bulk sample, U
shows a H−α dependence, with two parameters α
= 0.63 and 1.04 in two field regions, indicating the
three-dimensional (3D) feature.

To further explore the dimensionality effect of the
ultrathin K-12442 system, we carried out the field-
angle resolved experiments by measuring the field
and angle (θ) dependence of resistance at a fixed
temperature 29.5 K. As shown in figure 5(a), the
clear anisotropy of the upper critical field results in
the variation of resistance with the orientations of
applied field. From this data, we can obtain the field
dependence of resistance at different angles, which
is shown in figure 5(b). One can see how the res-
istance is enhanced by the field and even saturates
gradually with the increase of field in the low angle
region. Due to the very large slope of Hab

c2 with T
(dµ0Hab

c2 (T)/dT|Tc), the increase of resistance is rather
limited even under a field of 9 T. Thus a criterion
of 75% Rn is adopted to define the upper critical
fields. It is notable that the detailed criterion does not
change the behavior fundamentally (see supplement-
ary data). Angle dependence ofHc2(θ) normalized by
Hc

c2 is shown in figure 5(c), from which one can see
the detailed evolution ofHc2(θ)/Hc

c2 versus θ. In order
to quantitatively evaluate such an angle dependent
variation, we employ two theoretical models, the 3D
GLmodel [42] and 2DTinkhammodel [43] (see sup-
plementary data), and plot the curves based on them
with the experimental data for comparison. These
two models are almost the same in the low-angle
region and show slight differences above 80◦, which
is usually used to distinguish the 2D superconduct-
ivity in ultrathin or interfacial systems [6, 44–46]. It
is clear that the Tinkham model can better described
the experimental data, indicating the 2D character-
istic of the superconductivity in the present ultrathin
K-12442 system.

Such a 2D feature was not observed in the bulk
sample. In the bulk K-12442 system, angle depend-
ence of Hc2(θ) follows a tendency of the 3D GL
model (see supplementary data). The evolution from
3D in the bulk sample to 2D behaviors in the
ultrathin sample represents clearly the dimensionality
effect in this system. To quantitatively understand

Figure 5. (a) Magnetic field angular dependence of
electronic resistance for the ultrathin sample S-2 at 29.5 K
under magnetic fields up to 9 T. The increasing step of the
field is 1 T. (b) Field dependence of the resistance with the
external field rotating from H//c (θ = 0◦) to H//ab (θ =
90◦) at a fixed temperature T = 29.5 K. The increasing
steps of the angle are 15◦, 5◦, and 1◦ at angle ranges
0◦–60◦, 70◦–80◦, and 82◦–90◦, respectively. (c) Angle
dependence of the upper critical field Hc2(θ) normalized by
Hc

c2. The values of Hc2(θ) are determined using a criterion
of 75%Rn. The theoretical curves based on the GL and
Tinkham models are shown in comparison with the
experimental data. The inset shows the temperature
dependence of coherence length close to Tc .

this behavior, we estimated the values of coher-
ence length ξ near Tc from the upper critical field
(see inset of figure 5(c); details for the estimation
of ξ see supplementary data). Due to quick increase
of Hab

c2 with cooling near Tc, we can only obtain
the values of ξc in the temperatures above 30K.
Nevertheless, we still grasp important information
that ξc is several nanometers at around 30K and
increases quickly in higher temperatures, which is

5
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in the same order of magnitude with the thick-
ness of the ultrathin sample (2.6–5 nm). This is
the internal reason for the observation of the 2D
superconductivity. The clear dimensionality effect
reveals the importance of interlayer coupling in this
iron–arsenic system, especially when compared with
cuprate superconductor Bi2212.

4. Conclusions

In summary, we successfully obtained the ultrathin
samples of the iron–arsenic superconductor
KCa2Fe4As4F2 by using an improved mechanical
exfoliation method. The dimensionality effect was
observed in terms of the lowerTc, thewider transition
width, the higher anisotropy, the broadening flux
liquid region, the smaller thermal activated energy
with a 2D feature, andmore importantly, the 2D evol-
ution in the angle dependence of upper critical field,
in the ultrathin samples. Our results reveal the dif-
ferent features between the iron–arsenic and cuprates
superconductors, and provide a very unique and suit-
able platform to investigate the dimensionality effect
in unconventional superconductors.
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