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Viewpoint
Supercurrents Get Lean
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Electron transport measurements on thin films reveal whether two-dimensional metals support macro-

scopic supercurrents.
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For a material to transition into a superconducting
state, two things have to happen: the electrons must
form Cooper pairs (the carriers of superconducting cur-
rent) and the pairs have to condense into a single phase.
In low-dimensional materials, quantum fluctuations may
disrupt the superconducting phase even when the Cooper
pairs are able to form, leading to the question: How thin
can a material be and still superconduct? Advances in
synthesizing high-quality, ultrathin metal films have pro-
vided unprecedented opportunities to address this ques-
tion. Experimental evidence suggests that superconduc-
tivity persists with a similar transition temperature, T,
even in films that are only 1-2 atomic layers thick [I} 2];
however, these experiments have been based primarily
on scanning tunneling spectroscopy, which detects the
Cooper pairs, but not the existence of a macroscopic su-
percurrent. Whether an atomically thin film would also
support supercurrents has therefore remained an open
question. Now, in a paper appearing in Physical Review
Letters, Takashi Uchihashi and co-workers at the Na-
tional Institute for Materials Science in Tsukuba, Japan,
provide a definite answer to this question by showing that
robust supercurrents flow over macroscopic distances in
an atomically thin metal film of indium [3]. Their work
is likely to push theorists and experimentalists to revisit
the current understanding of low-dimensional supercon-
ductivity.

In the conventional picture of superconductivity in a
thin film, the state is fragile because phase fluctuations
disrupt the long-range phase coherence between Cooper
pairs [4]. This picture has been supported by experiments
on ultrathin high-T, superconductors [5]. Although early
work on thin films of lead, a material that exhibits con-
ventional superconductivity, suggested superconductiv-
ity was similarly suppressed at around 20 atomic layers
or thinner [0], subsequent experiments discovered super-
conductivity in these thin films was actually far more
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robust [7H9]. In particular, even in a two-atom-thick
lead film grown on a silicon surface, superconductivity
remains strong with a transition temperature of around
4.8 K—only a few degrees less than the value found in
bulk sample of lead [I]. In 2010, scientists at Tsinghua
University in China discovered the existence of surface
superconductivity in a single layer of indium atoms ad-
sorbed on silicon [2]. In particular, this film of indium,
called the (1/7 x v/3) reconstructed phase because the po-
sitions of the indium atoms undulate with a periodicity
slightly larger than that of the underlying silicon lattice,
has a T¢ of 3.14 K, which is nearly as high as that of bulk
indium (7, = 3.6 K).

The work reported in Refs. [I}[2] used scanning tunnel-
ing microscopy to establish the robustness of 2D super-
conductivity, at least in terms of Cooper-pair formation,
in films that are only one to two atomic layers. In con-
trast, measurements of the bulk resistance or magnetiza-
tion of the films, both of which should show a pronounced
drop at the transition temperature, are needed to probe
the macroscopic superconducting phase. These measure-
ments have been performed on thin films of lead that
were capped with a protective layer of another material
[6, B]. A group at the University of Tennessee [§], for
example, showed that below 9 monolayers of lead, the T,
they determined from magnetization measurements was
less than that determined using STM. The thinner the
film is, the greater the discrepancy in the T, determined
by the two types of measurements.

The fact that different methods have yielded different
values of T, for ultrathin films raises a fundamental ques-
tion: Are the local measurements of the superconducting
energy gap (using STM) and the macroscopic measure-
ments revealing different information? If this difference
is real, then it would imply that there is a range of tem-
peratures where Cooper-pair formation is robust, while
the long-range phase coherence is not (Fig. [1)). This
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FIG. 1: In two-dimensional materials like thin films, the for-
mation of Cooper pairs and long-range coherence between the
pairs may not occur at the same temperature. This may ex-
plain why the 7. of a film determined from transport and
scanning tunneling spectroscopy (STS) measurements is dif-
ferent. (APS/Alan Stonebraker)

phenomenon appears to be unique to superconductivity
in two dimensions, since pair formation and coherence go
hand in hand for superconductivity in 3D. However, since
the macroscopic measurements were performed on thin
films with a thin capping layer, the possibility that the
difference occurs because of the capping can’t be ruled
out. Unless transport is also measured in situ on the
same film, one cannot unambiguously answer this funda-
mental question.

After creating pristine, “atomically thin” supercon-
ducting surfaces of the (v/7 x v/3) phase of indium on
silicon in ultrahigh vacuum, Uchihashi et al. make use
of a stencil mask and ion sputtering to fabricate a de-
vice suitable for transport measurement in situ (i.e., un-
der the same ultrahigh vacuum conditions in which they
grew the films). Their observation of robust supercur-
rents flowing over a macroscopic distance with a T, of
2.8 K, close to the 3.14 K value reported with STM,
makes a definitive statement that long-range phase co-
herence exists even in this extreme 2D geometry.

In bulk superconductors, the T, determined from mea-
suring the tunneling gap with STM and resistivity gener-
ally agree, so the small discrepancy in the transition tem-
perature (2.8 K vs 3.14 K) might suggest the existence
of a narrow temperature window where Cooper-pair for-
mation occurs without long-range phase coherence (Fig.
. Nevertheless, the possibility of fluctuations in sample
preparation or even temperature calibration in different
labs can all contribute to this small reported discrep-
ancy. The most unambiguous experiment would require
carrying out the transport and the tunneling gap mea-
surements on the same surface.

In their paper, Uchihashi et al.[3] have also investi-
gated the temperature dependence of the critical cur-
rent, from which they conclude that the atomic steps on
the surface act as strongly coupled Josephson junctions.
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When the indium films are at high enough temperature
to behave as normal metals, they have a surface sheet re-
sistance of 410 ohm in the normal state. This is an order
of magnitude smaller than the critical sheet resistance at
which a superconductor becomes an insulator [I0]. In-
creasing the miscut of the silicon surface (that is, cutting
the surface at an angle to a well-defined crystallographic
direction) increases the density of surface steps. This
in turn increases the sheet resistance, so, in principle, it
should be possible to control the surface sheet resistance
to determine if the superconductor—insulator transition
can be observed.

Electronically, the (v/7 x v/3) indium reconstructed
surface may not be an “ideal” free standing film. Silicon
atoms participate in the formation of the indium surface
structure, indicating indium and silicon interact on some
level. It will be very interesting to see if one can perform
similar measurements on ultrathin lead films, which are
electronically more like free-standing films.

Uchihashi et al.[3] have demonstrated the first com-
pelling evidence that the long-range phase coherence of
Cooper pairs remains very robust even in such an atomi-
cally thin system. Performing these measurements on the
mesoscopic scale—for example, at a length scale of the
order of the step size, or where one can control the dis-
tribution of discrete defects—would be a powerful next
step. By combining the ability to control the formation
of pristine ultrathin superconducting films at the atomic
scale with the ability to probe superconducting proper-
ties in situ (using STM or/and transport), researchers
are now equipped with tools needed to explore a totally
new regime in low-dimensional superconductivity.
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