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Using scanning tunneling spectroscopy, we studied the transition from tunneling regime to local point contact on
the iron-based superconductor Bagy ¢K¢ 4Fe,Asy. By gradually reducing the junction resistance, a series of spectra were
obtained with the characteristics evolving from single-particle tunneling into Andreev reflection. The spectra can be well
fitted to the modified Blonder-Tinkham—Klapwijk (BTK) model and exhibit significant changes of both spectral broadening
and orbital selection due to the formation of point contact. The spatial resolution of the point contact was estimated to be
several nanometers, providing a unique way to study the inhomogeneity of unconventional superconductors on such a scale.
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1. Introduction

Tunneling spectroscopy based on normal metal/supercon-
ductor (NS) junctions has been widely used to study the mag-
nitude and symmetry of superconducting gaps.!!?] Neverthe-
less, it is often difficult to distinguish a superconducting gap
in a tunneling spectrum from other gaps such as band gap and
charge-density-wave gap because of their similar appearances.
Alternatively, once the barrier of the NS junction becomes
lower, a hole could be reflected at the NS interface when
an electron injects into the superconductor, which is called
Andreev reflection.®! If the barrier is low enough, Andreev
reflection will dominate the spectrum by enhancing or even
doubling the conductance within the superconducting gap,*!
which is completely different from the behaviors of the other
gaps. Thus one can use Andreev reflection to identify super-
conducting gaps and probe their pairing symmetries'®8! by
fabricating point contacts between normal metals and super-
conductors. The spectra of dI/dV versus V obtained on such
a point contact could give important information about the
superconducting order parameter, where / is the net current
through the contact and V is the applied bias voltage.

Typical ways of creating a point contact rely on some me-
chanical devices (or combined with piezoceramics) to drive
a normal metal tip towards a sample to be studied and vice

9-11

versa.” ') These attempts have achieved great successes in

[6,7,12

the studies of superconductivity. I However, due to the

lower positioning accuracy of the devices and possible con-
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taminations of both tips and samples, these methods are diffi-
cult to use in precisely controlling the real contact area. In or-
der to apply the point-contact technology to study the strongly
inhomogeneous superconductors, such as high-temperature
superconductors, the metal tip has to be positioned in a
specific area of interest with a size of several nanometers,
which can be accomplished by using scanning tunneling mi-

L3I A scanning tunnel-

croscopy/spectroscopy (STM/STS).!
ing spectroscope can detect electronic inhomogeneity on the
atomic scale and then in-situ establish a clean point contact
between the STM tip and the selected region on the sample
surface. This technique has been used to study metal/metal

[14-18

point contacts, I while reports on NS point contact cre-

ated by STM are scarce and only limited to some conventional
superconductors.[19-21]

In this paper, we report the transition from the tunneling
regime to local point contact on the iron-based superconduc-
tor Bag ¢Ko4FerAsy accomplished by using STM/STS. The
entire process evolving from single-particle tunneling to An-
dreev reflection can be well understood in the framework of
BTK theory*! with reasonable parameters. The spatial reso-
lution of better than 60 A paves a promising way to study the
inhomogeneity in unconventional superconductors.

2. Experiment

The nearly optimally-doped Bag Ko 4Fe> As; single crys-
tal studied here was grown with self-flux method.!*? The
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STM experiments were performed in a home-made, low-
temperature scanning tunneling microscope. The tungsten
STM tip was prepared by electrochemical etching and treated
in situ by field emission prior to use. The sample was cold-
cleaved in situ before being inserted into the microscope which
was already at the desired temperature. The differential con-
ductance was recorded by a lock-in amplifier or obtained by
differentiating the measured I ~ V curves. All the STM data
presented here were taken below 7 K which is much lower
than the sample’s superconducting transition temperature of
T. ~ 37 K.

3. Results and discussion

Figure 1(a) shows a topographic image of the cleaved
surface of Bag ¢Ko.4Fe;Asy. The surface is covered by disor-
dered bright “clusters” inferred to be scattered Ba or K atoms
from the broken (Ba,K) layer.[>>?4 The image of local den-
sity of states (DOS o dI/dV) at zero energy was presented in
Fig. 1(b) in which two single impurities can be identified due
to the DOS peaks as shown in Figs. 1(d) and 1(e), similar to
some other iron-based superconductors.>=271 The locations
of the impurities have been marked as two crosses in Fig. 1(a).

It can be seen that the crosses do not overlap any “clus-
ters” mentioned above, indicating that the observed impurities
should be situated in the lower layer. The tunneling spectra
taken along the orthogonal paths through a single impurity
(illustrated in Fig. 1(c) are presented in Figs. 1(d) and 1(e),
respectively. When getting close to the impurity center, a low-
energy DOS peak emerges and becomes stronger and stronger.
As evidenced in Fig. 1(f), the relation between the zero-bias
conductance and the distance from the impurity center can be
well fitted using the Gauss function with a characteristic width
of Wi = 0.58 nm, indicating the sensitivity of DOS to the dis-
tance from the impurity center. Figure 1(g) shows the spectra
taken at some typical positions, namely, the center (No. 1), the
edge (No. 2), and the outside (No. 3) of the impurity as labeled
in Fig. 1(c). Two superconducting gaps can be identified by
the coherence peaks or the kinks inside denoted by the vertical
lines. The gap values of 7.5 meV and 3.5 meV are consistent
with our previous measurements.**?8! Clearly identifying a
single impurity from a DOS map demonstrates that our STM
has enough spatial resolution and stability, which are prereq-
uisites for building a local point contact between an STM tip
and a sample.

In order to make a clean N/S point contact, we selected
a location far away from any impurities. By driving the
STM tip towards the sample surface step-by-step and taking
dI/dV ~V spectrum simultaneously, we obtained a series of
spectra with a continuous evolution as presented in Fig. 2(a).
The relationship between the measured tunneling current /

at a fixed bias voltage and the tip displacement is plotted in
Fig. 2(b), in which an exponential dependence can be seen for
I <2.08 pA or junction resistance Ry > 24020 Q. This is in

2

good agreement with the function of I ~ e~ ¢ expected in

the tunneling regime, where k = y/2m¢/ 2, d is tip-sample
distance, and ¢ depends on the work functions of the tip and
sample. In this regime, the tunneling spectra look very simi-
lar for various Rjs spanning four orders of magnitude because
they are proportional to the DOS at the same position. Here,
most of the spectral weight is contributed from the larger su-

perconducting gap.>’!
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Fig. 1. (color online) (a) A 13.3 nm x 13.3 nm topographic image of an
in situ-cleaved surface of Bag ¢Kg4FesAsy. (b) A DOS map, measured on
the same field of view as Fig. 1(a) at zero sample bias. (c) Enlarged view
of the lower impurity in Fig. 1(b). (d) and (e) Tunneling spectra measured
along the lateral and vertical trajectories in Fig. 1(c), respectively. (f) Spatial
dependence of zero-bias conductance along the two trajectories. The solid
line is a fit to Gauss function with characteristic width of Wg = 0.58 nm. (g)
Three typical spectra taken at the specific positions labeled in Fig. 1(c). All
the data presented here were taken at sample bias V4, = 50 mV and setting
current Iy = 200 pA with temperature 7 = 3 K.

It also can be seen from Fig. 2(b) that I versus tip dis-
placement deviates from the exponential law when R;j falls
just below the single channel Landauer quantum resistance
(R. = h/2e* ~ 12900 Q),13%311 which is consistent with pre-
vious reports on some other materials.['4'8] Such a devia-
tion indicates the formation of point contact and the spec-
trum changes dramatically due to the collapse of the junc-
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tion barrier. As noted in Fig. 2(b), a discontinuity appears
in the current range of 20.9 pA to 81.6 pA, corresponding
to a tip displacement of about 1 nm. This might arise from
the rearrangement of the atoms on the tip apex and/or sam-
ple surface.3>331 As the tip approaches further, I increases al-
most linearly, as evidenced from the inset of Fig. 2(b). Corre-
spondingly, the spectral weight is contributed more and more
from Andreev reflection as shown in Fig. 2(a). In the ballistic
regime, the electron mean free path / is much larger than the
contact radius a and the electrons can flow through the contact
with no scattering. The resistance of such contact was calcu-
lated by Sharvin!**! and expressed as Rs = 4pl/3ma®. Using
p =0.05 mQ-cm®! and I = 15 nmB% from transport mea-
surements, the maximal contact radius corresponding to the
lowest Ry of 108 Q can be estimated to be a =~ 54.3 A, much
smaller than the mean free path /. A higher Ry value will give
a smaller contact radius, thus ensuring the ballistic regime in
our measurements all the while. All the spectra from tunnel-
ing regime to point contact regime obtained here can be fitted

4,37,38

pretty well by using a modified BTK model! !in which an

(241 Some examples of such fittings

anisotropic gap is adopted.
are given in Fig. 2(c) and all the fitting parameters are plotted
in Fig. 2(d), where Z is effective barrier, A is superconducting
gap, and I" is broadening factor.

For all these fittings, gap parameter A keeps constant
(7.15£0.5 meV). Barrier Z stays at 50 (infinite barrier) for
the tunneling regime while it decreases continuously with re-
ducing Ry in the point contact regime. The good consistency
between the theoretical model and our experimental data indi-
cates the successful realization of the transition from tunneling
regime to local point contact in Bag Ko 4FeyAsy with a spatial
resolution of several nanometers. Interestingly, the broaden-
ing parameter I undergoes a sudden increase when tip—sample
contacting occurs, then decreases gradually as the junction re-
sistance diminishes in the PC regime, consistent with previous

$.39401 Since the PCs were established in a non-

observation:
contaminated environment, this broadening effect can be ex-
plained by the coupling of electrons and two level fluctuators
(TLF’s).132! In this work, a TLF may be developed by the fluc-
tuations between two different configurations of the tip apex
and/or the location on the sample surface in contact with the
tip. Such spectral broadening induced by the rearrangement of
a group of atoms has been observed in ballistic PCs between
Ag and Nb. 133] Nevertheless, in our case, quantum confine-
ment effect should also be taken into account in addition to
the electron-TLF coupling, since the contact area can be ex-
tremely small and comparable to the Fermi wave length Ap

41421 1 this case, the confinement in the lat-

of the sample.|
eral direction on a scale of 2a gives a lower boundary of the

transverse momentum k; = 7 /2a, which will reduce the prob-

ability of the electrons propagating through the contact.[4?]
By using the Fermi velocity and electron effective mass of
Bag ¢Ko4FesAs, measured by ARPES,[*3 we can estimate
the Fermi wavelengths of the sample as Ap ~ 20-115 A for
all Fermi surfaces, which are indeed comparable to the con-
tact dimension for various resistances.

- . . . 106
6 C T T T T T T ] T T T
a k é
( ) RJ/Q ( )) o E
75 x10° 410 <£.
. ;£
o] 14 , B
£ J10? %
e ? 1 &
o o 410
=] 1.6 1.8
§ 1 1 1 3
- 0 0.5 1.0 1.5 2.0
5 Displacement/nm
7‘ ‘ : ‘ ‘ T4 .
[=1
V4 N 110 0 =
= 13 2
/ s \ 150 Q =]
~
N_, 2 =
1 MQ <3
z
. 1
—20 0 20
Bias/mV
8+ : 4
s CDOA—0—0-0-0 0—0—0—0—CTOOMD,
= o4l o ? 5 oY © i
B -
210 5 3 —0 oS
0 t — t t t t
50 -O—0—0O—0OmO00r
2
N o
1t o O :
g 0 . (d)
0 E@jji‘-ﬁ‘ . L
0 200 400 10° 107 10°

Junction resistance/Q

Fig. 2. (color online) (a) Spectra with Ry varying from 0.55 GQ to 108 Q.
(b) Relationship between current at V;, = 50 mV and tip’s displacement. Ini-
tial position of the tip is defined as O and positive displacement means tip
approaching to the sample surface. An exponential decay law is denoted
as the straight line. Inset shows the rightmost part of the main panel in
linear coordinate. (c) Fitting some normalized spectra to a modified BTK
model with an anisotropic gap function of A(6) = A - (0.2cos(46) + 0.8).
(d) Fitting parameters plotted as the function of Ry. Dotted line indicates the
transition region. All data presented here were taken at 7 = 6.2 K.

In order to prove the tip’s stability, we repeated the mea-
surements on another location with a spectral shape different
from that shown in Fig. 2. The spectra recorded in the ap-
proaching process are presented in Fig. 3(a). In this case, both
superconducting gaps contribute a lot to the spectra>*** and
hence a two-gap BTK model was adopted to fit the data. Some
of these fits are illustrated in Fig. 3(b) and all fitting parame-
ters are given in Figs. 3(c)-3(f). Both the larger gap Ar, and the
smaller one Ag are almost constant, meanwhile, Z and I have
similar behaviors to that shown in Fig. 2(d), demonstrating a
continuous transition from tunneling regime to local point con-
tact. The lowest Ry obtained here is 410 Q corresponding to a

maximal contact diameter of 56 A (a = 28 A) allowing us to
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determine the superconducting order parameter with a spatial
resolution better than 56 A.
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Fig. 3. (color online) (a) Spectra with Ry varying from 0.2 GQ to 410 Q.
(b) Fitting some normalized spectra to a modified two-gap BTK model. The
gap function is the same as that used in Figs. 2. (c)—(f) Fitting parameters
plotted as the function of Ry, including larger gap Ap, and smaller gap Ag in
panel (c), spectral weight contributed from Ay, (P) in panel (d), broadening
factor I" in panel (e), and effective barrier Z in panel (f). Dotted lines indi-
cate the transition region. All data presented here were taken at 7 = 2.4 K.

It is noted that the spectral weight contributed from the
larger gap (P) is 35% in tunneling regime and changes up
to 75% after tip—sample contacting. This remarkable change
reflects the different features of various Fermi pockets in
Bay ¢Ko4FerAs,. For a point contact formed between two
metals, the effective barrier of the contact can be expressed by
Zesz =72+ (1 —r)?/4r, where Z is the true barrier while the
other part is contributed from the Fermi surface mismatch be-
tween the two metals. In our case, r equals to vy /vps in which
ven and vgg are the Fermi velocities of the normal metal tip and
the studied superconductor, respectively. By taking the Fermi
velocities of 1.6 x 10° m/s for the STM tip and 0.67 x 107 m/s—
1.52 x 10° m/s for Bag Ko 4FesAsy, 3 we can obtain the Zeg
values of 2.35 for the Fermi pocket having a smaller super-
conducting gap and of 1.47-1.91 for the Fermi pockets hav-
ing larger gaps. That is to say, when point contact is formed,
the electrons on the band with a smaller gap will experience a
much higher barrier than that from the bands with larger gaps.
This is the reason why the spectral weight contributed from
the larger gap increases significantly after tip—sample contact-
ing. Electrons with smaller Fermi velocities have to surmount
larger barrier to go through the junction. Hence, contribution

from f band is suppressed relatively due to its small Fermi
velocity. 43

4. Conclusion

In summary, by using scanning tunneling spectroscopy
we have realized a continuous transition from tunneling
regime to local point contact on the iron-based superconductor
Bay ¢Ko.4Fe,As,. All the data can be described by a modified
BTK model with a set of reasonable parameters. The signifi-
cant changes of spectral broadening and orbital selection after
tip-sample contacting have been explained by considering the
contact configurations and Fermi surface mismatch, respec-
tively. The spatial resolution of the local point contacts is sev-
eral nanometers, providing the possibility to shed light on the
inhomogeneity in various unconventional superconductors on
such scale.
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