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In CaFeyAss, superconductivity can be achieved by applying a modest c-axis pressure of several kbar. Here we use
scanning tunneling microscopy/spectroscopy (STM/S) to explore the STM tip pressure effect on single crystals of
CaFe;As;. When performing STM/S measurements, the tip-sample interaction can be controlled to act repulsive
with reduction of the junction resistance, thus to apply a tip pressure on the sample. We find that an incoherent
energy gap emerges at the Fermi level in the differential conductance spectrum when the tip pressure is increased.
This energy gap is of the similar order of magnitude as the superconducting gap in the chemical doped compound
Cag.4Nag.¢Fea Asy and disappears at the temperature well below that of the bulk magnetic ordering. Moreover,
we also observe the rhombic distortion of the As lattice, which agrees with the orthorhombic distortion of the
underlying Fe lattice. These findings suggest that the STM tip pressure can induce the local Cooper pairing in

the orthorhombic phase of CaFezAss.

PACS: 74.55.+v, 74, 74.62.Fj

Superconductivity in RFesAsy (R=Ca, Sr, and
Ba) emerges with chemical doping or physical
pressure.l' ] BaFeyAs, and SrFesAss, can reach the
highest T as 38K by chemical doping and their
critical pressure for superconductivity is as high as
40-60 kbar.[! In contrast, CaFe,As, can be tuned
into a superconductor with T up to 49K through
rare earth element doping.!” Interestingly, applying
hydrostatic pressure cannot tune CaFepAs, into a
superconductor,’] while the superconducting critical
temperature exceeding 10K can be achieved by ap-
plying a c-axis pressure as low as 5kbar.l'"?l More-
over, in addition to the tetragonal phase and the
orthorhombic phase, with the smallest unit cell vol-
ume in 122 families, CaFesAss can also be tuned into
the collapsed tetragonal phase by applying pressure.!”]
The pressure-induced superconductivity and the col-
lapsed phase, together with the other two phases usu-
ally coexist at the mesoscopic level.* '] Accordingly,
there are intense debates on which phase the pressure-
induced superconductivity emerges.

Tantalized by the aforementioned novel phenom-
ena induced with modest pressure in CaFesAss, we
decide to study the scanning tunneling microscope
tip pressure effect on this material, as the atomi-
cally sharp STM tip can introduce a significant pres-
sure. In our experiments, single crystal samples are
cleaved in cryogenic ultra-high vacuum and imaged

DOTI: 10.1088/0256-307X/33/6,/067401

with tungsten tips. Single crystalline samples of
BaFesAso, SrFesAsy, and Ca(Na)FegAsy used in our
experiments are grown by using the self-flux method.
The cleaved crystal of CaFepAss often exposes the
As surfaces.['”"?] Figure 1(a) shows a group of typ-
ical line-cut differential conductance spectra taken on
As-dimer-row surface of CaFesAss at 4.2 K, which re-
veal an incoherent gap opened at the Fermi level.
Since the bulk sample is deeply in the antiferromag-
netic spin density wave (SDW) state at 4.2K, we
first discuss whether the gap could be related to the
SDW. Theoretically, an SDW gap generally does not
require the particle-hole symmetry with respect to
zero-energy,!'’l and it would be unusual for an SDW
gap to open just at the Fermi level. Moreover, from
the temperature dependence of the spectra shown in
Fig. 1(b), we find that the incoherent gap feature dis-
appears at 18 K, well below the bulk SDW temper-
ature (Tspw = 150K). Therefore, the particle-hole
symmetry nature of the gap structure and its much
lower disappearing temperature than Tspw basically
exclude its origin from the SDW.

In fact, such gap structure is quite unusual among
parent 122 systems. In our scanning tunneling mi-
croscopic/spectroscopic (STM/S) studies of BaFesAsg
and SrFesAss, as displayed in Fig. 1(c), no such spec-
tral feature is captured. On the other hand, when
comparing it with the coherent superconducting gap
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structure of Cag4NaggFesAsy (T = 33K)7 as
shown in Fig.1(c), we find that their gap value is of
the same order of magnitude. Based on these compar-
isons and considering that the critical pressure for the
emergence of superconductivity in CaFesAss is much
lower than those in BaFesAss and SrFesAss, we specu-
late that the tip-induced gap is of the pressure-induced
Cooper pairing.
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Fig. 1. (a) Line-cut spectra taken on the As dimer-row
surface of CaFeaAsy (V = —20mV, I = 0.5nA and T =
4.2K). Spectra are offset for clarity. The inset displays
the topographic image where the spectra are taken (V =
—50mV, I = 0.5nA and T = 4.2K). (b) Temperature de-
pendence of the spectra taken on CaFeaAss (V = —30mV
and I = 1nA). Spectra are offset for clarity. (c) Com-
parison between spectra taken on CaFezAss, BaFegAss,
SI‘FEQASQ and Ca0‘4Na0‘6Fe2ASQ (V = -30 mV, I =1nA
and T' = 4.2K).

The effect of tip pressure on the local structure,
particularly in the c-axis, can be visualized at a step
edge that breaks the translational symmetry. Here
we make the scanning tunneling across an atomically
sharp step edge shown in Fig.2(a). When we reduce
the tunneling resistance (as reduce the tip-sample dis-
tance), the measured step edge height decreases as
shown in Fig.2(b). This observation qualitatively
agrees with our expectation that reducing the tun-
neling resistance effectively increases the tip pressure.

If the tip pressure induces the Cooper pairing as
we speculated, the gap size should have a noticeable
dependence on the tip pressure. In Fig.2(c) we show
the spectra taken with different junction resistances.
They demonstrate a strong dependence of the gap size
on the junction resistance. In particular, the gap mag-
nitude initially increases, then decreases with reducing
the resistance as illustrated in the inset of Fig.2(c).
It is clear that the tip sample interaction indeed af-
fects the local structure of the CaFeyAso material.
Such dependence of the gap size on the tip pressure

further supports the pressure-induced Cooper pairing
scenario.
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Fig. 2. (a) Topographic image of a step edge in 3D view
(V = —50mV, I = 0.5nA and 30x30nm?). (b) Tun-
nelling junction resistance dependence of the line-cut pro-
file across the step edge (with fixed V = —50mV and

varying I). The line cut is made between the two points
marked by arrows in (a). (c) Junction resistance depen-
dence of the spectra (with fixed V = —50mV and varying
I, T = 4.2K). The blue dashed lines are a guide to the
eyes. Spectra are offset for clarity. The inset shows the
gap size evolution as a function of the resistance. The
red solid lines are a guide to the eyes. All these data are
acquired at 4.2 K.

In addition to the superconductivity, a collapse
tetragonal phase can also be introduced by applying
pressure in CaFeyAss. [l There have long been debates
on whether such pressure-induced superconductivity
arises in the collapse tetragonal phase,!”) the tetrago-
nal phase,’! or the orthorhombic phase.l” 'l To find
which phase the tip pressure-induced Cooper pairing
is related to, we examine the symmetry of the lattice.
Figure 3(a) shows a carefully calibrated high resolu-
tion topographic image of the As surface. The fast
Fourier transform (FFT) of this image shows sharp
Brag peaks (inset of Fig. 3(a)), from which we can de-
termine the key lattice parameters: ass_as = 3.95 A,
bas—as = 3.90A and rhombic angle § = 93.4°. It
is clear that the As lattice undergoes a very weak
orthorhombic distortion while a strong rhombic dis-
tortion. Assuming that the lower Fe lattice matches
the lattice distortion of the surface As lattice as il-
lustrated in Fig.3(b), the Fe lattice would have un-
dergone a strong orthorhombic distortion ((ape—re —
bFe—Fe)/(aFe—Fe+bFe—Fe) = (tan(@/?)—l)/(tan(@/Q)—i—
1) = 3.0%). It is important to note that, accord-
ing to our experimental observations, this orthorhom-
bicity value does not depend on the junction resis-
tance, and such a value also agrees with our FFT
study of the BaFeyAs, material and with the previ-
ous STM study on the deeply under-doped Co-Cal22
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material.['®] Therefore, the tip pressure-induced local

pairing must have arisen from the orthorhombic phase.
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Fig. 3.
—50mV, I = 0.5nA, 23x23nm? and T = 4.2K). The
inset shows the FFT image of the topography. By mea-
suring the position of the Brag spots we can determine
the surface lattice parameters: 2aas_as = 2 X 3.954,
bas—As = 3.90A and 6 = 93.4°. (b) Schematic diagram
of the surface distortion.

(a) Topographic image of the As surface (V =

Finally, we point out several issues regarding
the tip pressure-induced Cooper pairing in the Or-
thorhombic phase. First, as the STM tip presses the
material at an atomic scale, the induced Cooper pair-
ing has to be a very local phenomenon. In addition,
the non-monotonic variation of the pairing gap mag-
nitude with different tip pressures essentially agrees
with the experimental finding that there is quite gen-
erally an optimum Fe-As bonding angle for iron-based
superconductivity,[' which further suggests that the
local Fe-As interaction controls the Cooper pairing
strength. Secondly, the lack of well-defined coherent
peaks in the tunneling spectra would suggest a weak
phase coherence of the Cooper pairing. As the tip
pressure is very local, the number of the total paired
electrons is limited, therefore the phase fluctuation
would be very strong. Thirdly, as mentioned previ-
ously, though the tip pressure-induced incoherent gap
is compatible with the orthorhombic structural phase,
there is no clear correlation between the Cooper pair-
ing strength and the orthorhombicity, due to the fact
that we observe no variation of the orthorhombicity
when the tip pressure changes. It is then natural
to conjecture that the local pairing strength is sen-
sitive to the Fe—As coupling determined by the Fe—As
height. Lastly, we propose that the tip pressure effects
can be more accurately characterized by the combina-
tion of atomic force microscopy and STM with the
same junction setup.

In summary, using STM/S, we have observed
an incoherent gap structure in CaFegAss in its or-

thorhombic phase, which is attributed to the tip
pressure-induced local Cooper pairing. This observa-
tion also demonstrates that the local As—Fe—As cou-
pling determined by the Fe—As height is very crucial
to the Cooper pairing strength in this material.
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