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In the phase diagram of the nickel-based superconductor Ba;_,SryNiy As;, T; has been found to be enhanced sixfold
near the quantum critical point (QCP) x = 0.71 compared with the parent compound. However, the mechanism is still
under debate. Here, we report a detailed investigation of the superconducting properties near the QCP (x ~ 0.7) by utilizing
scanning tunneling microscopy and spectroscopy. The temperature-dependent superconducting gap and magnetic vortex
state were obtained and analyzed in the framework of the Bardeen—Cooper—Schrieffer model. The ideal isotropic s-wave
superconducting gap excludes the long-speculated nematic fluctuations while preferring strong electron—phonon coupling
as the mechanism for T, enhancement near the QCP. The lower than expected gap ratio of A/(kgT:) is rooted in the fact
that Baj_,Sr,Nip As; falls into the dirty limit with a serious pair breaking effect similar to the parent compound.

Keywords: nickel-based superconductor, electron—phonon coupling, dirty limit, scanning tunneling mi-

croscopy/spectroscopy
PACS: 74.25.—q, 07.79.Fc, 74.55.4v, 74.25.Uv

The phenomenon of superconductivity is often accom-
panied by other novel charge orders, such as charge den-

sity waves (CDWs), spin density waves (SDWs) and nematic

1-3] BaNiyAs, does not exhibit magnetic order!

s, [5-7

phases.!
but possesses rich charge order ! making it an excel-
lent platform for studying the interaction between charge or-
ders and superconductivity. Although BaNiyAs; has a struc-
ture similar to that of the 122-type iron-based superconduc-
tor BaFeyAs,,[819 and an electronic phase diagram show-
ing doping-induced 7; variation,>~7-1:12] there are significant
differences between them in band structures and correlation
effects.!3] Compared with the unconventional superconduct-
ing behavior of iron-based superconductors, BaNi;As, is a
weakly coupled conventional s-wave superconductor with a
very low T; (0.7 K).!'"* The electron—phonon coupling (EPC)
pairing mechanism has also been verified by density functional
theory (DFT) calculations. ]

By doping Sr into BaNi;As;, the obtained
Ba;_,Sr:NipAs, shows a quantum critical point (QCP; x, =
0.71) in the phase diagram where the inherent nematic order in
the parent compound vanishes, whereas the superconducting

critical temperature increases by a factor of six.[®! Subsequent
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theoretical studies suggested that the nematic fluctuations near
the QCP are responsible for such a significant enhancement of
T.. According to this picture, superconducting gap anisotropy
is predicted to be promoted by nematic fluctuations, which are
observable in tunneling spectroscopy.!!®!”) However, recent
neutron scattering studies indicate that the superconductivity
enhancement may merely originate from phonon softening in
the doped samples rather than nematic fluctuations.!'8! There-
fore, a detailed investigation of the superconducting properties
near the QCP, especially the determination of the gap struc-
ture, is essential to resolve this debate. Up to now, research
into the superconducting gap around the QCP remains insuf-
ficient. Specific heat experiments have only been carried out
down to approximately 2 K, and could not accurately deter-
mine the gap anisotropy. On the other hand, recent scanning
tunneling microscopy and spectroscopy (STM/STS) experi-
ments were performed on undoped and underdoped samples
(x = 0.5)") with T, ~ 1.4 K and a very low upper critical
field (H., < 0.1 T), which is far from the QCP.

In this work, we studied the superconducting proper-
ties of Bag3Srg7NipAs; using low-temperature STM/STS.
A spatially uniform superconducting gap was observed, ev-
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idencing a conventional s-wave superconductivity near the
QCP of Baj_,SrNiyAs,.
tra to the Bardeen—Cooper—Schrieffer (BCS) formula, an

By fitting the tunneling spec-

ideal isotropic superconducting gap was determined, con-
trary to the theories predicting nematic fluctuation-enhanced
superconductivity.['®!7 The obtained gap ratio of A/(kpT.)
and the coherence length suggest that Bag3Srg7NipAs, is a
strong coupling superconductor in the dirty limit, supporting
the scenario of strong EPC-enhanced superconductivity de-
rived from neutron experiments. ['8]

Single crystals of Bag3Srg7NipAsy were grown by the

self-flux method as reported previously.!®) STM/STS experi-

SRR

-
Al Fvas
).‘ . "-.

ments were conducted using a low-temperature scanning tun-
neling microscope (Unisoku USM-1300). The single crystals
were cleaved in ultra-high vacuum (UHV) at 77 K and subse-
quently transferred to the scanning tunneling microscope head,
which was precooled to around 4 K. Electrochemically etched
tungsten tips were utilized in the experiments. The tips were
cleaned by electron beam heating to remove surface oxides,
and their states were calibrated in sifu on an Au (111) surface.
Topographic images were acquired in constant-current mode,
while tunneling spectra were collected using lock-in amplifi-
cation with a modulation frequency of 973.127 Hz and a mod-
ulation voltage Vo4 = 0.05 mV, unless otherwise stated.

dr/dv

#1Ba/Sr

5nm—1!

5nm—! S5nm—!

-1 0 1 2 3

Bias (mV)

Fig. 1. Surface morphology of Baj_,SrNisAs,. (a) Crystal structure of Ba;_,Sr,NipAs; in the tetragonal (red lines) and triclinic (black lines)
phases. (b) Constant-current STM topography of the NiAs surface (Vs = —100 mV, I = 100 pA). (c)—(f) Zoom-in STM topographies of the two
sides of the boundary and their corresponding fast Fourier transform (FFT) images. (g)—(i) Surface morphologies of three types of Ba/Sr faces
(Vs = =600 mV, I =20 pA, Vs = —100 mV, I =20 pA, V; = —500 mV, I = 50 pA, respectively). (j)—(1) Corresponding FFT images for (g)—(i).

(m) Superconducting spectra on four types of surfaces.

As shown in Fig. 1(a), BaNipAs,; has a tetragonal
I4/mmm symmetry at room temperature and undergoes a first-
order structural transition from tetragonal to triclinic crystal
structure at Ty = 136 K.?%2!1 Tt is generally accepted that
the interactions between adjacent As and Ba layers are the
weakest in this type of compound, leading to two types of
surfaces formed by As or Ba/Sr atoms after cleavage, as ob-
served in this work. Figure 1(b) displays a typical atomic-
resolution topographic image of the exposed As surface from

Bag 3Srg7NirAsy, showing a 1 x 2 superstructure without
CDW order similar to that of Bag sSrg sNipAs,.?! In addi-
tion, the superstructure was found to be separated into distinct
domains by boundary-like features, and two adjacent domains
with perpendicular orientations are depicted in Figs. 1(c)—
1(6).1191

In general, the local density of states (LDOS) detected
by STS depends on the cleaved termination surface.l?>>3! On
Bay 3Srg 7Nir Asy, four types of surfaces can be obtained after
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cleavage; these are recognized by different Ba/Sr atomic cov-
erages. As mentioned above, Fig. 1(b) shows an As surface
containing only some isolated Ba/Sr adatoms. Figures 1(g)-
1(1) display termination surfaces covered by a large number of
scattered Ba/Sr atoms, an ordered 1 x 2 Ba/Sr superstructure
and a compact Ba/Sr plane, respectively. The corresponding
fast Fourier transform images are given in Figs. 1(j)-1(1), in
which only the ordered 1 x 2 Ba/Sr superstructure contributes
two clear wave vectors. Unlike the 1 x 3 CDW observed on the
Ba surface in the parent compound, '] the superstructure ob-
served here should be due to the insufficiency of Ba/Sr atoms,
similar to the half-Cs surface in CsV3Sbs.[??] It is interesting

to find that the tunneling spectra randomly taken on the four
types of surfaces are almost identical, as shown in Fig. 1(m).
Furthermore, the superconducting gap estimated by the coher-
ence peaks on the spectra is remarkably uniform across the
entire surface, as shown in Figs. 2(d)-2(f), unaffected by the
structural modulation (Fig. 2(a)), step edges (Fig. 2(b)) or the
distribution of Ba/Sr atoms (Fig. 2(c)). This indicates a rel-
atively large superconducting coherence length as expected
in conventional superconductors. It is thus concluded that

Ba;_,Sr,NiyAs, hosts bulk superconductivity, and the mea-

sured spectra reflect its bulk properties.
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Fig. 2. Spatial uniformity of superconductivity. (a) Constant-current STM topography of the NiAs surface (V; = —100 mV, I = 100 pA).

(b) Constant-current STM topography of the NiAs surface steps (Vs =

—100 mV, I =15 pA). (c) Constant-current STM topography of the Ba/Sr

surface (Vs = —100 mV, I = 15 pA). (d)—(f) Spatially resolved spectra measured along the red arrowed lines in (a)—(c), with Vjpoq = 0.1 mV.

In order to determine the superconducting order parame-
ter more accurately, temperature-dependent tunneling spectra
were measured, as shown in Fig. 3(a). With increasing tem-
perature, the superconducting coherence peaks are gradually
suppressed and the energy gap is gradually filled in. As shown
in Fig. 3(b), the extracted temperature dependence of zero-bias
conductance follows the rule of conventional superconductors,
from which the superconducting transition temperature can be
determined to be 7. ~ 3.42 K, consistent with the value from
transport experiments. (! Figure 3(c) displays the fitting results
using the Dynes model®*! with an isotropic s-wave gap. The
determined broadening parameter I is less than 0.02 meV, in-
dicating quite a long lifetime of the superconducting quasi-
particles. The obtained temperature dependence of the su-

perconducting gap is in good agreement with the BCS law
with a gap ratio of A/(kgT.) = 1.93, as presented in Fig. 3(d).
All these results demonstrate that Bag 3Sry7NiyAs; is a con-
ventional isotropic s-wave superconductor. The perfect gap
isotropy revealed here is difficult to reconcile with the mech-
anism of nematic fluctuation-enhanced superconductivity, as
mentioned above.[!%!7] Alternatively, the mechanism based on
doping-induced phonon softening and a larger EPC coefficient
conforms with the isotropic gap function observed here. How-
ever, the moderated gap ratio of 1.93, close to the weak cou-
pling value of 1.75, does not seem strong enough to account
for the sixfold enhancement of 7; caused by doping. Further-
more, strong coupling between electrons and bosonic modes
typically manifests in tunneling spectra as hump—dip features
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outside the superconducting gap, which is more distinct in the
second derivative of tunneling current (d*/ / dVv?) at the ener-
gies of bosonic modes.!>~2° As shown in Fig. 3(e), no fea-
tures are visible outside the gap in the spectra of d?I/dV?2.
To clarify this issue, it is necessary to compare the results for
Bag 3Srp 7NiyAsy with those for the parent compound. It has
been noted that BaNiy As; has a gap ratio of 1.61, smaller than
the weak coupling value of 1.75, which has been ascribed to
the fact that BaNip As, samples are in the dirty limit, as proved
by thermal conductivity data.['*] Since the doped sample is not
expected to be cleaner than the parent compound, the proper-
ties of Bag3Srp7NixAs, should also be limited by the dirty
limit. Such a regime naturally explains the lower gap ratio
than expected and the disappearance of electron—boson cou-
pling features>"! observed here in Bag3Srg7NisAsy. Thus,
information about the coherence length and mean free path in
Bag 3Srg7NizAs; is necessary to judge if it falls into a dirty
limit, which can be obtained from the measurements of spa-
tially dependent spectra/LDOS in magnetic fields.

Figure 4(a) displays tunneling spectra measured under
various magnetic fields from O to the upper critical field Hep ~
1.2 T. To accurately determine H,,, spectra were taken at lo-
cations far from the vortex core. Since superconductivity is
suppressed upon approaching vortex cores, images of vortices
could be obtained by mapping zero-bias conductance (ZBC) in
a magnetic field, as illustrated in Figs. 4(b) and 4(c) for 0.1 T
and 0.6 T, respectively. Figure 4(d) shows a series of spectra
taken along the arrowed line spanning a vortex and a supercon-
ducting region. Although superconductivity vanishes at the
vortex center, no apparent Caroli—-de Gennes—Matricon bound

a zero-bias conductance peak (ZBCP) in the tunneling spec-
tra. The broadening of the ZBCP into a featureless normal
background is generally attributed to strong scattering in the
dirty limit.[*3=351 To verify this, the Ginzburg—Landau coher-
ence length £gL. was estimated by fitting the radially depen-
dent ZBC to an exponential formula. As illustrated in the inset
of Fig. 4(e), a coherence length of gL ~ 20+ 1.5 nm was
obtained, which is close to the value derived from H.,, i.e.,
EoL = [%C‘;(O)}l/ 2 = 16.5 nm (where @ is the flux quantum
and H;; (0) is the upper critical field). Using the same fit-
ting method, the coherence lengths for various magnetic fields
were obtained, as presented in Fig. 4(e). It can be seen that
the £—H relationship significantly deviates from that of a clean
BCS superconductor (Fig. 4(e)), tending to the case of the dirty
limit. 136!

Since doping of Sr into BaNiAs, does not cause sig-
nificant changes in the band structure and Fermi surface
topology?”! it is reasonable to estimate the characteristic
lengths of Bag 3Sry 7NiyAs; adopting the Fermi velocity of the
parent compound Vg = 2.96 x 10° m/s.!'¥ So, in the three-
dimensional case, the BCS coherence length could be cal-
culated with the formula &gcs = 0.276 0% = 181.7 nm, !

which is much larger than the value of g determined above.

This, once again, demonstrates that Bag3Sry7NizAs; is lo-
cated in the dirty limit. By assigning the determined &gr, and
Egcs into the dirty-limit relation &g = 0.855(&pcsl)"/%, 8 a
mean free path of / =~ 2 nm can be obtained. Since Sr dopants
serve as scattering centers, the fact that the mean free path of
Bag 3Srg 7NiyAs; is shorter than that of BaNiyAs, (I ~ 7 nm)

states 31321 were observed, which are usually manifested as  is reasonable.
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Fig. 3. Superconducting gap structure. (a) Evolution of the superconducting gap with temperature. (b) Variation of zero-bias conductance (ZBC) with
temperature. (c) Fitting of the isotropic s-wave function using the Dynes model. (d) Temperature dependence of the superconducting gap, in which
the red line follows the BCS theory. (e) Superconducting spectrum and the corresponding second derivative of tunneling current over an energy range
of £15 meV (the marked positions in the figure indicate the potential locations where the bosonic mode may appear).
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Fig. 4. Superconductivity under a magnetic field. (a) Evolution of the superconducting gap with magnetic field. (b), (c) Zero-energy state
density map at magnetic fields of 0.1 T and 0.6 T, respectively (Vinoa = 0.15 mV). (d) Spatial evolution of the spectra across the vortex center
along the path indicated in (b) (the red line is the spectrum of the vortex center). (e) Evolution of the coherence length with magnetic fields
(& =&(H)/&E(He)), with the inset showing the exponential fit of the zero-energy state density from the vortex center to the normal region at

0.1 T using a function y = A exp(—x/&) + yo.

In summary, we have utilized scanning tunneling mi-
croscopy and spectroscopy to investigate the surface morphol-
ogy and superconducting properties of Baj_,Sr,NipAs, near
the quantum critical point (QCP) (x = 0.7). It was found that
Sr dopants break long-range structural modulation in the As
surface, while keeping the spatial homogeneity of the super-
conducting gap. The gap function was determined to be com-
pletely isotropic, leading to the solid conclusion that the six-
fold enhancement of superconducting critical temperature in-
duced by Sr doping near the QCP is not dominated by nematic
fluctuations. The much larger gap ratio of Bag 3Sry7NiyAsy
compared with that of the parent compound can be well un-
derstood by the phonon softening-induced strong electron—
phonon coupling in the former, which should also be respon-
sible for the remarkable enhancement of superconductivity.
These results provide a deeper understanding of the supercon-
ducting properties of the Ba;_,Sr,NiyAs, system and resolve
the controversy about the mechanism of superconductivity en-
hancement at the QCP.
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