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TOPICAL REVIEW — Interface-induced high temperature superconductivity

In situ electrical transport measurement
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The discovery of an extraordinarily superconductive large energy gap in SrTiO3 supported single-layer FeSe films
has recently initiated a great deal of research interests in surface-enhanced superconductivity and superconductive ultrathin
films fabricated on crystal surfaces. On account of the instability of ultra-thin films in air, it is desirable to perform elec-
trical transport measurement in ultra-high vaccum (UHV). Here we review the experimental techniques of in situ electrical
transport measurement and their applications on superconductive ultrathin films.
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1. Introduction

Recently, the discovery of single-layer FeSe films grown
on SrTiO3(001) (FeSe/STO) with a potential critical tempera-
ture (T;.) of ~ 80 K,[! which is nearly ten times the T of bulk
FeSe and higher than the record value of 56 K for known bulk
Fe-based superconductors at ambient atmosphere, [*! raised the
hope to obtain ultrahigh-T7; superconductivity in ultrathin films
irrespective of their susceptibility to quantum phase fluctu-
ations. Although the large superconductive-like energy gap
firstly observed on FeSe/STO by scanning tunneling spec-
troscopy (STS) was soon confirmed by angle-resolved pho-
toemission spectroscopy (ARPES),>* rigorous verification
of the high-T; superconductivity requires experimental obser-
vations of both zero resistance and Meissner effect. In tra-
ditional four-electrode transport measurement, samples have
to be exposed to atmosphere for fabrication of electrodes,
which is easy to bring damage to the ultrathin samples. There-
fore, in previous ex situ electrical transport measurements,>~’]
several layers of FeTe thin film and an amorphous Si film
were deposited on the FeSe/STO surface for protection. The
Si/FeTe/FeSe/STO system shows zero resistance at a tem-
perature no more than 23.5 K, which is higher than bulk
FeSe at ambient atmosphere but much lower than the ex-
pectation. In contrast, without taking the single-layer FeSe
films out from ultra-high vacuum (UHV), Ge et al. performed
electrical transport measurements with a self-developed four-
point probe (4PP).[8] They found that the zero resistance of
FeSe/STO sustains above 100 K. These experiments well
demonstrated the importance of in situ electrical transport
measurements for the study of superconductive ultrathin films.
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The merit of in situ measurement is obvious: sample qual-
ity can be maximally kept for acquiring their intrinsic physical
properties. However, in situ electrical transport measurement
has not been so widely applied yet in the research field of su-
perconductivity, possibly due to the fact that fascinating but
air-sensitive superconductive ultrathin films were discovered
only recently. Besides single-layer FeSe/STO films, single
atomic layers of Pb and In grown on Si(111)-7 x 7 surfaces
have also been observed to show superconductive transition
in in situ electrical transport measurements, and their 7¢.’s are
comparable to those of their bulk materials.*-1?!

To develop an instrument for in situ electrical transport
measurement, efforts must be made to ensure that electrodes
should be electrically well connected with the sample surface,
while not bringing severe damage to it. A multiple-probe
(MP) STM is therefore a very suitable technique,!'3!#! since
its probes, i.e., electrodes, can be precisely controlled to touch
a sample surface without severe contact damage. So far, how-
ever, no MP STM has been applied to studies of superconduc-
tive films yet, although its ability for in situ electrical trans-
port measurement has been demonstrated in many other low-
dimensional materials.['5-2%1 Here, we focus on other three in
situ electrical transport measurement systems that have been
utilized to study superconductive ultrathin films.

2. Nanostencil-fabricated electrodes for in situ
electrical transport measurement
Nanostenciling is a widely used technique for producing

nanostructures on a substrate by vacuum deposition through
a shadow mask.[>!??] Uchihashi and colleagues have used it
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to fabricate clean electrodes for measuring electrical trans-
port properties of atomically thin nanowires grown on sili-
con single-crystal surfaces on an UHV machine equipped with
STM. 231 Comparing with conventional photo/electron-beam
lithography, nanostenciling is more suitable for fabrication of
electrodes in UHV due to its simpler and contaminator-free
operation process.

Figure 1(a) is a schematic illustration of the nanostencil-
ing setup. A free-standing shadow mask made of a 2-pum-thick
titanium foil is brought to contact with sample surface. Pure
metal atoms, e.g., Ag, Au, Pb, etc, are evaporated from an
evaporator and only those getting through the hole pattern in
the shadow mask can be absorbed and form desired nanos-
tructures, i.e., electrodes and markers, on the sample surface,
as shown in Fig. 1(b). All through holes were fabricated by
focused ion beam. In Uchihashi et al.’s experiment, >3 atom-
ically thin nanowires were grown on the sample surface after
the preparation of electrodes. The STM was used to observe
the quality of the nanowires and their connection with elec-
trodes, as shown in Fig. 1(c). It is revealed in the STM image
that there are three nanowires, 0.6—-1.0 nm in height and 3—
8 nm in width, bridge the electrode gap, as indicated by the
arrows.

(a) Au source or Art gun

shadow mask

ultrathin fifm

substrate
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nanowire
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Fig. 1. (a) Schematic illustration of a nanostenciling setup. Yellow spots
represent Au atoms (Ar" ions) evaporated (sputtered) from a Au source
(Ar" gun). (b) Schematic drawing of electrode patterning fabricated by
nanostenciling. It is used for in situ two-terminal transport measurement
of nanowires. Upper: close up around the center; lower: overview. (c)
STM image of two electrodes connected with ErSi; nanowires. The arrows
indicate the nanowires bridging the electrode gap.!?’! (d), (e) Schematic
drawing of sample patterning in Van der Pauw’s and linear configurations,
respectively, for in situ four-terminal transport measurement of supercon-
ductive ultrathin films. Blue areas are the Si(111)-v/7 x v/3-In surface,
and grey are Si(111) surface sputtered by Ar™ ions.

For 2D ultrathin film samples, there is no need to perform
high-resolution nanostenciling. A shadow mask having a de-
sired through-hole pattern with a resolution of sub-millimeter
would be enough for fabrication of a four-electrode patterning,

as shown in Figs. 1(d) and 1(e). In both figures, blue areas
are pre-prepared superconductive ultrathin film, the Si(111)-
V7 x v/3-In surface, while grey areas are Si(111) surface sput-
tered by Ar™ ions that are generated with an energy of 150 eV
and a beam current less than 1 pA for 2 min.[1%11]

Si(11 1)-\ﬁ x +/3-In surface can be fabricated by thermal
evaporation of In atoms on a clean Si(111)-7 x 7 surface fol-
lowed by a brief annealing at about 300 °C in UHV.**?>! This
surface superstructure consists of only one In atomic layer sit-
ting on the top of reconstructed Si(111) surface, exhibiting
an STM image as shown in Fig. 2(a). Zhang et al. found
in their STS measurements that the Si(111)-v/7 x v/3-In sur-
face exhibits a superconductive transition at 3.18 K.[) Fig-
ure 2(b) is a series of STS experimental data collected with a
Nb tip, showing the temperature evolution of d//dV spectra at
around zero bias. The superconductive energy gaps extracted
from the dI/dV spectra are shown in Fig. 2(c) as a function
of temperature. It is in good agreement with the description
of Bardeen—Cooper—Schrieffer (BCS) theory indicated by the
blue curve.[’!

(dI/dV)/a.u.

= BCS theory
T.=3.18 K
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Fig. 2. Discovery of superconductivity in the surface of Si(111)-v/7 x v/3-
In by STM/STS.™! (a) Typical STM image of the Si(111)-v/7 x v/3-In
surface with atomic resolution. Quadrangle indicates the V7 x V/3 unit
cell. (b) dI/dV curves measured at varied temperatures with an Nb tip. (c)
Superconductive energy gap deduced from the experimental data in panel
(b). Solid curve is a BCS fitting result, indicating 7, = 3.18 K.

The first direct evidence of zero resistance of the Si(111)-
V7 x v/3-In surface was obtained in Uchihashi et al.’s in
situ electrical transport measurements.!!’ After the quality
check by STM (Fig. 3(b)), the Si(111)-v/7 x v/3-In surface
was patterned into a Van der Pauw’s configuration, as shown
in Fig. 1(d). Four Au-coated spring probes were brought into
contact with the current-voltage terminal patterns in a UHV-
compatible cryostat. Two complimentary measurement con-
figurations schematically shown in the insert of Fig. 3(a) were
applied. In both configurations, temperature dependence of
zero-bias resistance, i.e., the differentiate resistance at zero
bias extracted from I-V curves, exhibits remarkable supercon-
ductive transition, as shown in Fig. 3(a).
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Fig. 3. Transport experimental evidence for the superconductivity of the
Si(111)-y/7 x v/3-In surface.['%1] (a) Results of in situ four-terminal elec-
trical transport measurement using the nanostencil-fabricated electrodes
in Van der Pauw’s configuration. Inset is the typical STM image of the
Si(111)-v/7 x v/3-In surface. Inset is the line profile along the dotted
line, showing the atomic steps of the Si(111) substrate. (b) Results of in
situ four-terminal electrical transport measurement using the nanostencil-
fabricated electrodes in linear configuration. Inset is an optical microscope
image of the patterned sample.

As it is convenient to change shadow masks, it is possi-
ble to take different measurement configurations by designing
various through-hole patterns. Van der Pauw’s measurements
are useful for checking the anisotropy of electron conduction
and to exclude the possibility of spurious supercurrents. To
have a uniform spatial distribution of bias current, Uchihashi
et al. adopted a measurement configuration with a linear cur-
rent path between voltage terminals, as shown in Fig. 1(e) and
inset of 3(c).['" Results from two Si(111)-v/7 x v/3-In sur-
face samples measured in this linear configuration are shown
in Uchihashi’s report, and both of them give again similar su-
perconductive phase transition in the temperature dependence
of zero-bias resistance, as shown in Fig. 3(c). The variation
of T. could be due to strong impurity electron scattering that
might cause interference-driven electron localization and sup-
press T,.1%6!

It is worth noting that when bringing spring probes into
contact with the current—voltage terminal patterns on a sample
surface, one needs the help of an optical microscope. It is thus

difficult to install a closing coil surrounding the sample for
applying an external magnetic field in Uchihashi’s present ap-
paratus. This problem is circumvented by using an assembled
four-point probe to be introduced below.

3. Insitu  micro-four-point-probe electrical

transport measurement

This year is happened to be the 100th anniversary of the
four-point probe technique, which was firstly introduced by
Frank Wenner and nowadays has become an interdisciplinary
characterization tool in materials science, semiconductor in-

¢.?”l Measuring the electrical

dustries, geology, physics, et
transport property of a two-dimensional (2D) sheet with a
4PP was well analyzed in theory by Smits nearly 60 years
ago.[?8 The primarily considered measurement configurations
are shown in Fig. 4. Four tips are linearly arranged on a sheet
film, and the position of the i-th tip is denoted as r; with the re-
lation of r4 > r3 > rp > r;. Figure 4(a) shows the measurement
configuration C1423, in which current [ is applied through the
outer two tips, 1 and 4, and the voltage drop V is measured be-
tween the inner two tips, 2 and 3. In another measurement con-
figuration C1234, current and voltage electrodes are tip pairs
of (1, 2) and (3, 4), respectively, as shown in Fig. 4(b). In the
case of a uniform infinite 2D film, the resistance measured in
the two configurations is given by (2?31

le:?:&mw’ )

14 2 (ra—r3)(ra—r1)
Rig = 8 Ry 2= =)
112 21 (}’3—}”2)(7‘4—}’1)

Here, R; is the sheet resistivity of the 2D film. In case that the
tip spacing is identical, i.e., r4 — r3 = r3 —rp = r, —ry, the mea-
sured resistance in the two measurement configurations can be

simplified to be
R
Rig3 = ﬁ In4, (€)]
Ry, 4
R = 2 1ne. 4
1234 =5 In3 4
1 2 34 1 2 3 4
O R e il ®B) i F ey

Fig. 4. Schematic illustration of 4PP measurement in linear configurations
of (a) C1423 and (b) C1234.

It is worth mentioning that it is always difficult to have
equal tip spacings or to keep tip spacings unchanged in a se-
ries of measurement in practice. It is therefore necessary to
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measure both Ry423 and R334 so as to get Ry by using the fol-
lowing equation deduced from Egs. (1) and (2):

—27R —27R
exp (7;:423) +exp (7231234> =1. 5)

With this equation, positional error along the line is to-
tally eliminated®*'! and off-line positional errors influence the
measurement only as a second-order effect.!*?! Equation (5) is
actually very important for analyzing 4PP experimental data,

1331 introduced

as demonstrated in Yamada et al.’s experiments
below.

Most of 2D films need to be supported by a substrate,
which is not always insulating. In such cases, a 4PP with
smaller tip spacing would be more desirable for transport mea-
surement. Hasegawa and collogues made the pioneering work
in developing in situ micro-4PP measurement systems, 33371
in which the tip spacing is down to several pm. Figure 5(a) is
an scanning electron microscopy (SEM) image of the top part
of a micro-4PP unit, which was made by using silicon-based
microfabrication technology. Its fabrication procedure is very
similar to that of an atomic-force microscope tip.[**3>! The
micro-4PP has four metal-coated silicon oxide cantilevers, i.e.,
tips, extending from a silicon support chip that is fixed on a ce-

ramic substrate, as schematically shown in Fig. 5(c).!%]

sample surface
003644 30.0kV X2.97K '10.1sm
d
( )150
ﬁ * Russ
7 9\/ 140 .gjzu
metal-coated g wires g 130|,
cantilevers ' \Q 5 120l
Si chip 4 2
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ceramic substrate % 100
% 0

Measurement No.

Fig. 5. Implement of micro-4PP.33-3% (a) SEM image of micro-4PP con-
sisting of four metal-coated cantilevers that are supported on a Si chip
(courtesy by S. Hasegawa). (b) SEM image of micro-4PP with tops of four
cantilevers contacting a Si(111) surface (courtesy by S. Hasegawa). (c)
Schematic illustration of the side view of micro-4PP contacting a sample
surface. (d) Sheet resistance measured at room temperature on a ~ 20-
bilayer Bi(111) film grown on Si(111)-7 x 7 substrate with both mea-
surement configurations C1423 and C1234. The measurements were per-
formed 30 times by repeating cycles of detaching/touching probes from/to
the sample surface. Ry was extracted from Eq. (5).

The micro-4PP was mounted on a piezo-activated probe
stage whose movement can be precisely controlled in three
dimensions with an accuracy of about 10 nm.*> Because the
micro-4PP tips are flexible and approach sample surfaces in an
inclined angle, they can make contacts with sample surfaces

straightforward even when the surface plane is not aligned
with the tip tops, as shown in Fig. 5(b). It is worth mentioning
that the tips are so flexible that they are easily bent laterally as
well as longitudinally by contact, resulting in unequal tip spac-
ings. Therefore, the measured 4PP resistance in both measure-
ment configurations, i.e., Ri423 and Rj234, usually show scat-
tered values among different contacts, as obtained on Bi(111)
thin film (about 20 bilayer thick) grown on a Si(111)-7 x 7
substrate and shown in Fig. 5(d). In contrast, the scattering
of R, values deduced from Eq. (5) is significantly suppressed,
which thus demonstrated well the feasibility of the micro-4PP
electrical transport measurement.

Thermally connecting sample and probe stages to a lig-
uid N, /He tank, Tanikawa er al. developed a UHV instrument
for variable-temperature in situ micro-4PP electrical transport
measurement, in which the approach of 4PP to sample surfaces
can be monitored by an optical microscope.*”! The utility of
in situ 4PP has been well demonstrated in previous measure-
ments of surface conductivity of various superstructures pre-
pared on Si(111) surfaces, in which novel physical phenomena
correlated with electrical transport properties of 2D electronic
systems have been well studied.[1-23-36-38.391 Eyrthermore, Ya-
mada et al. have recently developed a new micro-4PP mea-
surement system that can be conducted at sub-kelvin temper-
ature and under high perpendicular magnetic field in UHV.[33]
The key part of the micro-4PP unit is basically the same as
that developed by Tanikawa et al., although necessary modi-
fication was done on probe stage. The main advancement of
the newly developed micro-4PP measurement apparatus is the
utilization of a superconductor magnet that is immersed in lig-
uid helium, as shown in Fig. 6(a). Since the measuring head
consisting of 4PP and sample stages is set in the bottom of an
insert chamber and surrounded by the superconductor magnet,
it is only possible to approach the 4PP to sample surfaces in
blind. Later practice confirmed that the blind approach also
works well.

With the newly developed micro-4PP measurement appa-
ratus, Yamada ef al. succeeded in observing superconductive
transition in the electrical transport of In and Pb single-atomic
layer, i.e., Si(lll)—\ﬁ % 4/3-In and Si(111)-SIC-Pb surfaces
(SIC stands for striped incommensurate), as functions of tem-
perature and external magnetic field.!'?! Figure 6(a) shows the
sheet resistance of Si(111)-v/7 x v/3-In surface (rectangular
phase) as a function of temperature, exhibiting a sharp super-
conductive transition at around 2.8 K, which reproduced Uchi-
hashi et al.’s experimental results!!”) shown in Fig. 3. Further-
more, the transition temperature is remarkably reduced by ap-
plying an external magnetic field perpendicular to the sample
surface, as shown in Fig. 6(b). The magnetoresistance, i.e., the
sheet resistance as a function of magnetic field, was measured
at 0.8 K, revealing an upper critical magnetic field of ~ 0.32 T.
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Fig. 6. Micro-4PP installed in a cryostat containing superconductor magnet for applying magnetic field in in situ transport measurements on Si(111)-
V7 x v/3-In surface.'?33] (a) Schematic drawing of the UHV apparatus installed with micro-4PP and superconductor magnets. (b)—(d) Temperature and
magnetic field dependence of the sheet resistance of Si(11 1)-v/7 x v/3-In surface, measured with micro-4PP in the apparatus of panel (a). Both T and H,
can be determined from the measured results. Inset of panel (b) is the RHEED pattern of Si(111)-v/7 x 1/3-In surface.

4. Combination of in situ four-point probe with
scanning tunneling microscope

Previously developed micro-4PP measurement appara-
tus were equipped with only reflection high electron energy
diffraction (RHEED) for monitoring the sample growth by
molecule beam epitaxy. Although RHEED is helpful in a
certain extent, a real-space observation in nanometer or even
atomic scale will be more convincing for evaluation of the
sample quality. As STM is a powerful tool for studying atomic
and electronic structures of sample surfaces, it is desirable to
develop an apparatus that is capable of both STM observations
and micro-4PP electrical transport measurement. A four-tip
STM consisting of four independently driven tips can intrin-
sically meet the requirements, just as the apparatus developed
in Shiraki ef al.’s pioneering work.!'*! However, external high
magnetic field is difficult to be applied in a four-tip STM in
technique mostly due to its large space occupation for holding
the four tips above sample surfaces.

Fortunately, the surrounding structures of an STM tip
holder are very similar to those of a micro-4PP holder, which
inspired Ge et al. to develop a micro-4PP apparatus that is
compatible with commercial STM. " The key issue in the de-
velopment is to invent a piezo-activated probe stage that works
not only for STM tip holders but also for 4PP holders. Fig-
ure 7(a) is the schematic illustration of the developed probe

stage, in which a piezo tube is firmly fixed on a piezo stage.
Such a structure is basically the same as that of a Pan-type
STM probe stage. The main modification in this design is that
the piezo tube contains four electrodes that are necessary for
4PP electrical transport measurement. Accordingly, the 4PP
holder has also a four-electrode rod that can be inserted into
the piezo tube, as shown in Figs. 7(a) and 7(b). The piezo tube
and the 4PP holder was made by following the design of ear-
phone socket and plug, respectively. As STM needs only one
electrode, the rod of STM tip holder is shorter, as shown in
Fig. 7(d). Figures 7(c) and 7(e) show photograph of the 4PP
and STM-tip holders, respectively.

The Micro-4PP used in Ge et al.’s development is ba-
sically the same as that of Hasegawa et al.’s, as shown in
Fig. 7(f). As the metal-coated cantilevers of the micro-4PP
tips are fragile, and thus may be easily broken due to mechan-
ical pressure resulted from, e.g., large-range temperature vari-
ation, the 4PP made of four fine copper wires was also usually
used, as shown in Figs. 7(g) and 7(h). The tip spacing of the
Cu-wire 4PP is typically about 100 um, which is still quite
small compared with the lateral size of sample specimen, i.e.,

2 x 8 cm?.
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Fig. 7. Development of 4PP that is compatible with STM.[*0! (a)
Schematic drawing of the deformed probe stage. (b), (c) Schematic draw-
ing and photograph of the 4PP holder, respectively. (d), (e) Schematic
drawing and photograph of the STM tip holder, respectively. (f) Photo-
graph of Si-chip based micro-4PP, taken via optical microscope. (g), (h)
Photograph of Cu-wire 4PP taken from different view angles via optical
microscope.

With the STM-compatible 4PP measurement system, Ge
et al. measured the electrical transport properties of single-
layer FeSe films grown on Nb-doped STO, and revealed that
the superconductivity transition temperature is above 100 K.3!
The growth process of FeSe films was monitored by RHEED,
as shown in Fig. 8(a). The crystalline quality was checked
by STM in both large- and atomic-scale images, as shown
in Figs. 8(b) and 8(c), respectively. Differential conductance
(d1/dV) spectra were also obtained on the FeSe films at 77 K
by means of STS, as shown in Fig. 8(d). Reliable supercon-
ductive energy gap of the single-layer FeSe/STO could not
be observed yet due to the high noise level of the instrument,
which still needs optimization for noise suppression.

The in situ 4PP transport measurement of the FeSe/STO
was carried out after the exchange of 4PP and STM tip holders
on the tip stage. Driven by the STM tip approach system with
feed-back circuit, one of the 4PP tips will touch the sample
surface first and gently. Then, the feed-back circuit was turned
off for further tip approaching till all of the four tips touch the
sample firmly. The electrical contacts between tips and sample
were confirmed by measuring the two-electrode I-V curves
between each tip and the sample, as shown in Fig. 10(a). The
linearity of the /-V curves in the current range of &1 mA in-
dicates a nearly Ohmic contact.

1.2r 1

e 2

o =~ co
T T T

1 1

(dI/dV)/a.u.

1 1
~1.0-0.5 0 0.5 1.0
V/V

Fig. 8. Synthesis of single-layer FeSe film grown on Nb-doped STO
substrate.[34%! (a) RHEED pattern of FeSe/STO. (b), (c) STM images of
FeSe/STO in large and atomic scale, respectively. (d) dI/dV curve taken
on FeSe/STO at 77 K.

Figure 9(b) shows the temperature dependence of zero-
bias resistance extracted from a series of 4PP I-V curves, some
of which are shown in the inset.[®] The resistance value drops
from several mQ to less than 1 p€, which is the accuracy of
the electrical measurement system, indicating that a supercon-
ductive transition occurs at ~ 109 K. The critical current (I;)
can be extracted from the 4PP -V curves, and its temperature

dependence was fitted to the Ginzburg—Landau model !
77\3/2
K =10 (1-7) ©
C

as shown in Fig. 9(c). The fitting result with /.(0) = 3.8 +
0.2 mA and 7; = 111 £4 K agrees well with the /. and T
values obtained directly from the /-V curves at fixed tempera-
tures.

Due to the sample inhomogeneity and/or possible sample
damages caused by tip-sample contacts, the R—7T plot shown in
Fig. 9(b) was completed by collecting /-V curves at different
locations for different temperatures. Ge et al. have also per-
formed the 4PP measurement on another sample with the tips
fixed at one location, while temperature was varied, and ob-
tained R—T data showing a 7 value of around 99 K, as shown
in Figs. 10(a) and 10(b).

It is theoretically expected that a 2D superconductor
should exhibit a gradual change in resistance during supercon-
ductive transition, i.e., the Berezinsky—Kosterlitz—Thouless
(BKT) transition.[*?! In the in situ 4PP electrical transport
measurement, however, the transition is very sharp and shows
no signature of the BKT transition, as shown in Fig. 10(b).
This unexpected behavior is actually due to the high conduc-
tivity of the STO substrate that is necessary for the growth of
high-quality single-layer FeSe films in practice. Figure 10(c)
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Fig. 9. Results of in situ 4PP transport measurement on single-layer FeSe/STO. %401 (a) Linear I-V curves recorded between each 4PP tip and the FeSe/STO
sample, indicating nearly Ohmic contacts. (b) Temperature dependence of zero-bias resistance measured at different tip locations. Inset is some typical 4PP
I-V curves recorded at around 110 K. (¢) Temperature dependence of critical current. The solid curve is a fit to Eq. (6).
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Fig. 10. Results of in situ 4PP transport measurement on single-layer
FeSe/STO.!®! (a) A series of I-V curves taken at a fixed tip location and
different temperatures. (b) Temperature dependence of zero-bias resis-
tance extracted from the /-V curves, showing a sharp transition at around
99 K. (c) Schematic illustration explaining the sharpness of the transition
found in panel (b).

is a schematic illustration qualitatively explaining the sharp
transition of the measured resistance. At high temperature
(higher than T¢), the FeSe/STO is still a normal metal with a
resistance on the order of 10 Q, which is much larger than that
of the Nb-dope STO substrate (several mQ). Therefore, the ap-
plied current flows mainly through the substrate, and thus the
measured 4PP resistance reflects the electrical transport prop-
erty of the STO substrate. At temperatures lower than 7t, in
contrast, the current flows mainly through the superconductive
FeSe/STO, resulting in the measured zero resistance. In other
words, the higher-temperature parts of the measured 4PP resis-

tance in Figs. 9(b) and 10(b) are not the normal-state resistance
of the single-layer FeSe/STO, but that of the Nb-doped STO
substrate.

Figure 11 shows the influence of external magnetic
fields on the electrical transport properties of the single-layer
FeSe/STO at varied temperatures. At 3 K, I, decreases mono-
tonically with increasing magnetic field, and remains non-
zero up to 11 T, as shown in Fig. 11(a), indicating that the
FeSe/STO has a large critical magnetic field. At around Tg,
the temperature dependence of zero-bias resistance measured
under magnetic field shows similar superconductive transition
to that at zero field, and the only difference among them is that
T. decreases monotonically as the magnetic field increases, as
shown in Fig. 11(b). Furthermore, 4PP measurement were car-
ried out at fixed temperatures, while the magnetic field was
swept, as shown in Fig. 11(c). At 100 K, zero resistance never
occurs, even at zero field, in consistence with the R—T result
shown in Fig. 10(b). The critical field, H, increases remark-
ably with decreasing temperature until 95 K, from which H,
was found to be greater than 10 T. Figure 11(d) shows values
of the critical field obtained at different temperatures (from
Figs. 11(b) and 11(c)), and a fit to an empirical equation*!)

(7)
This fit gives a zero-temperature UoH. = 116 £ 12 T and zero-
field T, = 99.3 £ 0.2 K. These results show well that the ob-
served zero resistance detected by the in situ 4PP measurement

is the signature of superconductivity, which could be destroyed
by a sufficiently strong magnetic field. It should be noted that

H
1=
He

T

i )
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Fig. 11. Influence of external magnetic field on the electrical transport properties of the FeSe/STO.[8! (a) A series of I-V curves taken under varied magnetic
fields at 3 K. (b) Temperature dependence of measured 4PP resistance at various external magnetic field. (c) Magnetic-field dependence of measured 4PP
resistance at various temperatures around 7;. (d) Relation between the critical values of magnetic field and temperature. Filled triangles and circles are
experimental results deduced from panels (b) and (c), respectively. Error bars are defined by the difference of temperatures where the measured resistance

reaches zero. The solid line is a fit to Eq. (7).

the value of T obtained in the fitting result is slightly smaller
than that found in Fig. 9. It is possibly owing to sample qual-

1ty.

5. Summary

The development of three in situ four-electrode transport
measurement instruments has been introduced. Their suc-
cessful applications to the studies of superconductive ultrathin
films, which are usually very fragile to atmosphere, demon-
strated well that the in situ transport measurement is very suit-
able and necessary for this research field. Not only zero re-
sistance, the influence of external magnetic fields on the su-
perconductivity of ultrathin films can be also observed in in
situ transport measurements. Various critical parameters, such
as I, T;, and H., of superconductive ultrathin films can all be
obtained.
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