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ABSTRACT: Here we report the successful synthesis of
superconducting potassium-doped few-layer graphene (K-
doped FLG) with a transition temperature of 4.5 K, which
is 1 order of magnitude higher than that observed in the
bulk potassium graphite intercalation compound (GIC)
KCg (T, = 0.39 K). The realization of superconductivity in
K-doped FLG shows the potential for the development of
new superconducting electronic devices using two-dimen-
sional (2D) graphene as a basis material.

he recent discovery of proximity-induced superconductiv-
ity in graphene layers"” has ignited tremendous interest in
the intrinsic superconductivity of graphene and its derivatives.
In fact, superconductivity has been extensively studied for
several decades in some carbon allotropes with graphene as the
basic structural element’~” The graphite becomes super-
conducting after intercalation with alkali or alkaline-earth
metals, with the transition temperature (T) ranging from 0.39
K for KCg up to 11.5 K for CaC¢>* These graphite
intercalation compounds (GICs) can be viewed as a set of
doped graphene layers in which the superconductivity
originates in graphene sheets while the main role of the
intercalants is to provide the charge to fill the graphene z*
states.* """ Amazingly, alkali-metal-doped Cg, fullerene has
produced a T, as high as 38 K, the maximum T, observed in
carbon-based materials.® It is surprising that superconductivity
above 10 K was reported for undoped single-walled® and
multiwalled carbon nanotubes,” which can be viewed as rolled-
up single or multiple graphene sheets, despite the theoretical
expectation that producing superconductivity in such low-
dimensional systems (quasi-1D) without any carrier doping
should be difficult because of the low density of states and
strong quantum fluctuations. Hence, in this sense, super-
conductivity in graphene has become of tremendous interest
after the experimental realization of single-layer graphene
(SLG) and few-layer graphene (FLG) in 2004;" although
intrinsic superconductivity has been predicted for graphene
using several theoretical models,">™ " direct evidence for
superconductivity in these materials is still missing.
There have been expectations that carrier doping would be
an efficient method for modifying the electronic structure in
SLG or FLG to bring out superconductivity. For instance, it has

been suggested that Ca-doped graphene from monolayer to
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trilayer should show a substantial superconducting property
similar to that of bulk CaCy,"* while lithium-covered graphene
has been proposed to be superconducting with a much higher
temperature.'® Recent reports show that it is possible to dope
alkali metals (K, Li) or molecules (FeCl,, Br,) into SLG and
FLG layers by the vapor transport method, and control of the
electronic structure of SLG and FLG have also been
demonstrated."’™** For the vapor transport method, SLG and
FLG flakes prepared by mechanical cleavage are usually used as
the starting material. However, our attempts to prepare a K-
doped superconducting phase using the same route have
proved unsuccessful because of the great difficulty of
controlling the content of potassium in a few pieces of SLG
or FLG flakes. To enable better control of the K-doping
process, we took a wet chemistry approach that uses a binary
Na/K alloy and 1,2-dimethoxyethane as the impregnant. A
similar approach®®?" that was recently developed for producing
SLG or FLG has received dramatic attention due to the large-
scale and high yield production.

In this work, 0.23 g of precursor graphite flakes mixed with
0.46 g of potassium, 0.06 g of sodium, and 150 mL of 1,2-
dimethoxyethane and stirred for 120 h at room temperature
produced well-dispersed FLG nanosheets, as shown in Figure
la—c. Reproducible superconductivity was achieved for the
resulting FLG after the potassium content was adjusted with
ethanol etching. A close look at the folded regions at the edges
by high-resolution transmission electron microscopy
(HRTEM) suggests that the as-prepared FLG sheets mainly
contain four graphene layers (Figure 1b). An atomic force
microscopy (AFM) image (Figure 1c) clearly shows the overlap
of misoriented FLG sheets with a uniform thickness of ~1.5
nm. Energy-dispersive X-ray spectroscopy (EDX) results
(Figure 1d) confirm the successful intercalation of potassium
into the graphene sheets. No tail of Na features was detected
for any of the samples.

Figure 2a presents the magnetic susceptibility as a function of
temperature from 2.5 to 6 K for K-doped FLG obtained from
zero-field-cooling (ZFC) and field-cooling (FC) measurements
at an applied field of 50 Oe. The ZFC susceptibility y shows a
sharp drop at ~4.5 K. Such diamagnetic behavior is
characteristic of superconductivity. The distinct magnetic
signatures of ZFC and FC below the superconducting critical
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Figure 1. Microstructural analyses of K-doped FLG. (a) Bright-field
TEM image of typical FLG sheets. (b) HRTEM image showing the
perfect layer structure. The number of dark lines indicates that the as-
prepared FLG contains four graphene layers. (c) AFM image of the
exfoliated FLG sheets. A slightly different color arises from the
overlapping of misoriented graphene sheets with a uniform thickness
of ~1.5 nm. (d) EDX spectrum coming from the square-enclosed
region in (a). A K peak was detected among the graphene layers. The
Cu and Si peaks originated from the copper substrate mesh and the
detector, and the O peak came from oxidation in the TEM sample
preparation step. Scale bars: (a) S00 nm; (b) 5 nm.

temperature originate from the screening supercurrents (ZFC
regime) and the Meissner—Ochsenfeld effect of magnetic flux
expulsion. The critical temperature T is usually identified with
the temperature of the sharp decrease in the ZFC curve.
Therefore, T, was defined to be 4.5 K, as seen from Figure 2a.
Figure 2b shows the temperature dependence of y at various
applied fields H obtained from ZFC measurements. There is an
obvious drop in y at 4 K even at 1000 Oe, indicating that the
superconducting phase is not completely destroyed at weak
applied fields. The fact that T, is suppressed slowly by the
application of a magnetic field indicates that the observed
superconductivity in this material is intrinsic. The correspond-
ing upper critical field (H,,) is plotted versus T in the Figure 2b
inset. At the present stage, it is difficult to determine H, from
the H—T, curve. On the basis of the ZFC data, the
superconducting shielding fraction was estimated to be ~2%
at H = 50 Oe (assuming a density of 2 g/cm®, the same as for
KCy). This value is comparable to that of recently discovered
K-doped polycyclic aromatic hydrocarbons (PAHs, which can
be viewed as well-defined cutouts of graphene; larger PAHs are
therefore sometimes called nanographenes).zz’23 This value is
also about the same as that of initially reported K-doped Cq,
and Rb-doped Cg,**** although following works have
dramatically increased the superconducting fraction for alkali-
metal-doped Cg.>° Here the small shielding fraction might
result from the fact that the size of small superconducting
grains (islands) is comparable to (or smaller than) the London
penetration depth (estimated to be a few thousand angstroms).
It seems probable that only a very small portion of potassium
survived in the center of the FLG nanosheets after the etching
process with ethanol because of the highly reactive behavior of
potassium. Thus, it is reasonable to expect that a higher volume
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Figure 2. Temperature dependence of magnetization for the K-doped
FLG. (a) y vs T plots with T. = 4.5 K obtained from ZFC (red) and
FC (blue) measurements at H = S0 Oe. (b) y vs T plots obtained from
zero-field cooling (ZFC) measurements at magnetic fields (H) of 50,
100, 200, 500, and 1000 Oe. The H vs T plot is shown in the inset.
(c) M vs H plots at 2.5 K at low magnetic fields. Inset: magnetization
hysteresis loop obtained at 2.5 K.

fraction might be achieved if in future studies we can develop a
new approach to control the doping of potassium well.

The M versus H plot measured at 2.5 K (Figure 2c) indicates
that K-doped FLG is a type-II superconductor with strong
vortex pinning. One can see that the diamagnetic signal starts to
decrease above applied fields of 200 Oe and reaches zero at
~400 Oe. The value of the lower critical field H, seems to be
reasonable, on the order of 100 Oe at 2.5 K. This small value
suggests that the Meissner signal appears only under very low
magnetic field or even no signal, which is consistent with our
observations of the FC susceptibility. Here the H, is sli§htly
lower than that of K-doped picene (~300 Oe, T, = 18 K)** but
similar to that of K-doped phenanthrene (~150 Oe, T, = §
K).2 Interestingly, as shown in the inset of Figure 2c, the M—H
loop does not appear to be standard but rather exhibits a
superposition of a diamagnetic response and a ferromagnetic-
like component.

To clarify further the unconventional magnetism, we
performed the ZFC and FC susceptibility measurements at
temperatures ranging from 2.5 to 200 K (Figure 3a). At high
temperatures, the ZFC and FC susceptibilities follow the
Curie—Weiss temperature dependence. However, in the low-
temperature region, the ZFC curve always lies below the FC
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Figure 3. High-temperature magnetic behavior of K-doped FLG. (a)
vs T plots for superconducting K-doped FLG at temperatures ranging
from 2.5 to 200 K. (b) y vs T plots for the sample after total ethanol
etching. Upper inset: y vs T plots for precursor graphite. Lower inset:
x vs T plots for the as-doped sample before etching.

curve, and it shows a broad peak at ~30 K (T* in Figure 3a).
This feature is similar to that observed in the C—S system,”’
where possible superconductivity with T, = 30 K was claimed.
To exclude the possibility of superconductivity, we etched the
sample with ethanol for a long time and measured its magnetic
susceptibility. No obvious difference was found except for the
disappearance of superconductivity at 4.5 K (Figure 3b).
Preliminary studies” >° on the magnetic properties of FLG
prepared by other methods also showed similar magnetic
behaviors as well as divergence between the ZFC and FC
processes, and the behaviors were found to be very sample-
dependent and very sensitive to heat treatment and aging.
Numerous reports have predicted that the local spins come
from various defects on graphene structures (e.g, vacancies,
topological defects or frustration, and hydrogen chemisorption)
or perhaps the edge.*’ ~>* In our experiment, vacancies and/or
other defects with unpaired electrons would be introduced on
the graphene sheets during this process of washing. Here the
superparamagnetic-like or spin-glass-like behavior and super-
conductivity appear to be intrinsic properties of the samples,
although it is not clear whether the local spins have any direct
relation to the superconductivity. It should be noted that such
magnetism also obstructs the appearance of magnetization
drops in the FC and ZFC regimes.

For comparison, the ZFC and FC magnetizations of
precursor graphite and of the as-synthesized sample (not
etched with ethanol) are shown in the upper and lower insets of
Figure 3b, respectively. The former is diamagnetic over the
entire temperature range because of the strong orbital
diamagnetism of graphite,>* while the latter shows Pauli- or
Curie-like behavior at low temperature, indicating that local
spins exist in this as-doped FLG specimen. In both cases, the
ZFC and FC curves coincide with each other, and there is no
detectable difference greater than the experimental error of 0.5
X 1079 emu. Therefore, these data further support the
conclusion that the observed diamagnetic signal for the K-
doped FLG comes from the occurrence of superconductivity
near the optimal doping.
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Overall, we have succeeded in synthesizing K-doped FLG
through a wet chemistry approach. Superconductivity can be
achieved in this material after optimization of the potassium
concentration by ethanol etching. The successful realization of
superconductivity in FLG suggests that it should be possible to
achieve superconductivity in monolayer graphene with optimal
doping, thus inspiring us to make greater efforts to explore the
superconductivity by developing new approaches. We believe
that such results will be an interesting subject for future
research for the practical applications of graphene in super-
conducting electronics and devices.
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