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3 ABSTRACT: Recent emergence of low-dimensional unconventional superconductors
4 and their exotic interface properties calls for new approaches to probe the pairing
5 symmetry, a fundamental and frequently elusive property of the superconducting
6 condensate. Here, we introduce the unique capability of tunneling Andreev reflection
7 (TAR) to probe unconventional pairing symmetry, utilizing the sensitivity of this
8 technique to specific Andreev reflections. Specifically, suppression of the lowest-order
9 Andreev reflection due to quantum interference but emergence of the higher-order

10 Andreev processes provides direct evidence of the sign-changing order parameter in the
11 paradigmatic FeSe superconductor. TAR spectroscopy also reveals two superconducting
12 gaps, points to a possibility of a nodal gap structure, and directly confirms that
13 superconductivity is locally suppressed along the nematic twin boundary, with preferential and near-complete suppression of the
14 larger energy gap. Our findings therefore enable new, atomic-scale insight into microscopic, inhomogeneous, and interfacial
15 properties of emerging quantum materials.
16 KEYWORDS: Andreev reflection, unconventional superconductivity, sign-changing gap, tunneling, quantum interference

17 The superconducting order parameter is a fundamental
18 quantum mechanical quantity directly related to the
19 pairing interaction that couples charges to form Cooper pairs.
20 In the standard Bardeen−Cooper−Schrieffer theory, which
21 describes most conventional metallic superconductors such as
22 tin and lead, the pairing potential is always attractive and
23 isotropic in space, with a corresponding order parameter being
24 isotropic and of the same sign in momentum space.1,2 By
25 contrast, since the discovery of cuprate superconductors, many
26 materials exhibit anisotropic, sign-changing, chiral, and other
27 more complicated structures of the order parameter,3 which
28 signifies the involvement of unconventional mechanisms for
29 superconductivity, including possible magnetic,4 nematic,5,6

30 and charge order fluctuations.7,8

31 Identification of the order parameter symmetry is a
32 notoriously challenging problem for any new superconductors
33 and even for established superconductors of very high-quality
34 bulk crystals. In the example of iron chalcogenides, which is the
35 model material for the present study, the question of
36 fundamental pairing symmetry continues to be debated even
37 in the parent, single crystals of FeSe.9,10 In fact, s-wave and d-
38 wave as well as mixed symmetries of the order parameter (e.g.,
39 s + id) have been proposed for FeSe depending on the specific
40 theoretical or experimental techniques.11−17 Meanwhile, the
41 relatively small coherence length of most of the unconventional
42 superconductors, typically in the few nanometers range, raises
43 a further challenge to not only determine the averaged order
44 parameter symmetry but also to reveal its likely variations in
45 real space. Furthermore, spatially varying superconducting
46 properties form the foundation of many proposals for future

47computing functionalities with exotic boundary states and
48interfaces.18,19

49A promising path to direct measurement of unconventional
50superconductivity down to the atomic scale emerges from the
51phenomenon of Andreev reflection. In Andreev reflection, the
52electron crossing a metal-superconductor interface is reflected
53as a hole, while a Cooper pair is injected into the
54superconductor.20 The corresponding excess current due to
55Andreev reflection is the basis of the point-contact Andreev
56reflection (PCAR) methodology which provided crucial
57evidence in support of the d-wave pairing symmetry in cuprate
58superconductors.21−23 PCAR can also, at least in principle,
59differentiate between different symmetries proposed for
60FeSe,24 and it was demonstrated to provide direct evidence
61of the existence of two superconducting gaps.25−27 The
62minimum requirement for having just a single metal-super-
63conductor contact implies that this technique can in principle
64be shrunk to the atomic scale. However, the specificity of
65PCAR to the structure of the order parameter originates from
66momentum conservation across the so-called directional
67contacts to the superconductor interface.24 Reducing the size
68of the contact to the atomic scale will remove momentum
69resolution due to the Heisenberg uncertainty principle,

Received: July 17, 2023
Revised: August 21, 2023

Letterpubs.acs.org/NanoLett

© XXXX American Chemical Society
A

https://doi.org/10.1021/acs.nanolett.3c02658
Nano Lett. XXXX, XXX, XXX−XXX

jmb00 | ACSJCA | JCA11.2.5208/W Library-x64 | manuscript.3f (R5.2.i3:5013 | 2.1) 2022/08/03 13:05:00 | PROD-WS-121 | rq_738550 | 8/22/2023 08:33:15 | 9 | JCA-DEFAULT

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wonhee+Ko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sang+Yong+Song"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiaqiang+Yan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose+L.+Lado"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Petro+Maksymovych"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.3c02658&ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c02658?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org/NanoLett?ref=pdf


70 necessitating new approaches to both detect and quantify
71 Andreev reflection with increasing spatial resolution.
72 In this paper, we present the first measurements of tunneling
73 Andreev reflection (TAR) from an unconventional super-
74 conductor. The TAR methodology detects Andreev reflection
75 from the superconductor across an atomic-scale tunnel
76 junction. It therefore strongly benefits from a precisely tunable
77 transparency of the tunneling junction, and it uniquely probes
78 higher-order Andreev reflection processes.28 However, because

79of atomic-scale dimensions, Andreev reflection is not
80momentum-resolved in TAR. Here, we reveal that this
81technique provides a unique signature of an unconventional
82order parameter. Specifically, the lowest order, single Andreev
83reflection is proportional to the expectation value of the
84superconducting gap across the Brillouin zone and therefore
85reflects the average value of the phase. Our measurements then
86unequivocally demonstrate the sign-changing nature of the
87superconducting order parameter in FeSe, due to nearly

Figure 1. Illustration of the methodology of tunneling Andreev reflection (TAR) and its ability to differentiate superconducting order parameters.
(a) Schematic of the transport setup used in the tight-binding modeling of TAR. (b,c) Conductance spectra for s-wave and d-wave order
parameters as a function of tunneling barrier transparency γ = 0.1 (light green) to 0.6 (dark blue). Insets show the corresponding Fermi surfaces.
The superconducting gap persists qualitatively unchanged across the whole range of γ. (d,e) The corresponding renormalized decay rate (κ/κN)
spectra for the two order parameters. The onset of higher-order Andreev reflection is marked by κ/κN > 2 for the s-wave and κ/κN > 1 for the d-
wave, providing key evidence to differentiate between the two symmetries in experiments. (f,g) Color maps of the decay rate spectra in panels d and
e, respectively, as a function of conductance log(G) (y axis) and energy E/t (x axis).
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88 complete suppression of the lowest-order reflection. Mean-
89 while, higher-order reflections persist. They further ascertain
90 the existence of two superconducting gaps in FeSe and point to
91 the possibility of a nodal dx2−y2 order parameter. Finally, we
92 demonstrate that the outer gap component is nearly
93 completely suppressed while approaching the twin boundary
94 in FeSe, explaining their preferential role as vortex pinning
95 centers.29−31 TAR thus provides much needed direct evidence
96 for an unconventional superconducting order parameter, and it
97 also naturally complements several existing microscopy
98 techniques such as tunneling spectroscopy and quasiparticle
99 interference microscopy. In particular, the TAR provides true
100 atomic resolution. By contrast, quasiparticle interference
101 microscopy, extensively developed in both cuprates32−34 and
102 iron-based superconductors,35−37 is resolution limited to at
103 least tens of nanometers due to reconstruction of the scattering
104 properties in momentum space.
105 The experimental observable assumed by TAR�the decay
106 rate of tunneling conductance�principally differentiates the
107 technique from the conventional Andreev spectroscopy
108 including its proposed extension toward STM,38 all of which
109 rely on the value of conductance itself. The decay rate
110 fundamentally enables selective detection of the lowest and
111 higher-order Andreev reflections.28 Subsequently, the depend-
112 ence of Andreev reflection on the transparency of the tunneling
113 junction can be measured by TAR and directly compared to a
114 variety of theoretical models directly. By contrast, in point-
115 contact measurements, the transparency is generally a fixed and
116 unknown experimental value, which dramatically complicates
117 the degree by which pairing symmetry can be inferred.24,39

118To illustrate the fundamental aspects of TAR, we first
119 f1present tight-binding simulations of the TAR (Figure 1a). The
120tunneling conductance of a metal-superconductor contact is
121calculated as a function of transmission coefficient γ for
122Bogoliubov-de-Gennes Hamiltonians of the s-wave (Figure 1b)
123and d-wave pairing (Figure 1c). Andreev reflection is detected
124via a renormalized decay rate of tunneling conductance κ/κN
125(Figure 1d−g),28 where κN is the decay rate at energies larger
126than the superconducting gap. This choice of normalization
127reduces the effect of unknowns in both calculations and
128experiments, making κ/κN well-suited for theory-experiment
129comparison.
130For a conventional s-wave superconductor, the tunneling
131current within the superconducting gap is fully suppressed at T
132= 0 K, except for Andreev reflection, as shown in Figure 1b. At
133a small tunneling conductance, the decay rate due to the
134Andreev current is twice that of the normal current at the
135Fermi level. The superconducting gap is then registered by a
136characteristic 1 to 2 transition of κ/κN across the gap, as shown
137in Figure 1d. However, the maximum value of κ/κN itself
138depends on the tunneling conductance, increasing beyond 2
139when γ > 0.3 (Figure 1d,f). This increase in κ/κN signals
140higher-order Andreev reflections. Its additional signature is that
141κ/κN < 1 (resonant enhancement) at the edges of the gap as
142shown in Figure 1d. The conceptual origin of the higher-order
143processes can be rationalized by considering tunneling contact
144perturbatively, i.e., the dependency of tunneling conductance
145on increasing powers of the transmission coefficient γ. Under
146the conditions of weak coupling (small γ), only the lowest-
147order terms will contribute to the tunneling conductance,

Figure 2. Schematic of experimental measurement of tunneling Andreev reflection. (a) Experimental setup for conductance and decay rate spectra.
The spectra are measured between a metal tip and superconducting FeSe as a function of varying tunneling conductance controlled by tip-surface
separation z. (b) STM image of an atomically flat FeSe surface with naturally occurring Fe vacancies (set point at V = −10 mV, I = 50 pA). (c)
Superconducting gap spectroscopy as a function of z from 0 to −34 pm (negative values toward the surface). (d) Decay rate spectra obtained from
c and its corresponding color map view (bottom half). Within the error bars (gray area), κ/κN equals unity across the whole superconducting gap,
directly witnessing the presence of sign-changing order parameter. The error bars were estimated from Bayesian fitting of the second-order
polynomial function to the z-dependency of dI/dV at each tunneling energy in c. Red dashed lines mark the approximate edges of the
superconducting gap.
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148 which corresponds to single-electron tunneling (∝γ) and two-
149 particle Andreev reflection (∝γ2) in normal and super-
150 conducting states, respectively. However, when the tunneling
151 coupling increases, the value of higher-order Andreev reflection
152 terms (e.g., ∝γ4) becomes non-negligible, and this is directly
153 reflected in the value of κ/κN increasing beyond 2. Note that in
154 contact measurements, all processes up to infinite order
155 contribute to tunneling conductance.40 The ability to
156 selectively probe the lowest and at least a second order
157 reflection is a unique capability of TAR.
158 For a sign-changing d-wave order parameter with a nodal
159 gap, TAR spectroscopy is qualitatively different (Figure 1c,e).
160 The nodal quasiparticle tunneling completely suppresses the
161 lowest-order Andreev reflection, which is seen as κ/κN = 1
162 across the gap at γ = 0.1 (Figure 1e). However, the
163 contribution of higher-order Andreev reflection still emerges
164 with increased tunneling conductance. κ/κN becomes
165 enhanced in the middle of the gap and again suppressed at
166 the gap edges (Figure 1e,g). The net result is a central peak
167 structure with height rapidly increasing with an increased
168 tunneling conductance. Therefore, the combination of lowest
169 and higher-order Andreev reflections enables a robust test for
170 superconductivity as well as indirect but accessible information
171 about the order parameter symmetry.
172 FeSe continues to attract significant attention due to the
173 enhanced superconducting transition temperature Tc in the
174 electron-doped FeSe,41,42 single-layer FeSe/SrTiO3,

43,44 and
175 the connection of this parent material to possible topological

f2 176 superconductivity in FeSe0.5Te0.5.
45,46 Figure 2a shows a

177 schematic of the TAR experiment applied to FeSe. The
178 transparency of the contact is controlled by varying the

179separation between the metal tip and FeSe surface (Figure 2b).
180The κ/κN spectra are obtained from z-dependent tunneling
181spectra of the superconducting gap (Figure 2c) as described in
182ref 28. There are two questions posed for TAR: (1) Does κ/κN
183exceed unity across the gap? And (2), are there signatures of
184the higher-order Andreev reflections? Note that the crossover
185value of z to higher-order Andreev reflection is not known a
186priori, and it will depend on the exact tip configuration and
187other parameters outside the experimental control.
188Figure 2d shows the decay rate spectroscopy for the range of
189tunneling conductances up to 0.5 μS (measured at 4.5 mV
190bias). As shown in Figure 2d, κ/κN maintains a value of 1
191across the whole gap within the statistical uncertainty. The
192error bars were obtained from Bayesian fitting of the second-
193order polynomial to the z-dependence of dI/dV. This result is
194qualitatively different from plateau of ∼2 observed in a
195conventional superconductor (Figure 1d).28 Suppression of
196Andreev reflection in the tunneling regime already indicates
197the high likelihood of a sign-changing gap structure, more
198directly and complementary to tunneling spectroscopy.
199Meanwhile, extending the measurements to 2−3 μS begins
200to notably grow κ/κN in the middle of the gap, developing a
201peak-like structure with pronounced shoulders and a maximum
202 f3observed value of about 1.6 in the middle of the gap (Figure
203 f33a,b). The experimental spectra of higher-order Andreev
204reflection exhibit some expected amount of experimental
205variability but maintain their overall shape, as shown in Figure
206S1. Already at this stage, we can make a direct comparison to
207the results of tight-binding modeling with the sign-changing
208order parameter symmetries for FeSe (Figure S3), specifically
209the extended s-wave shown in Figure 3c and the nodal d-wave

Figure 3. Emergence of higher-order Andreev reflection at increased tunneling conductance. (a) Measured dI/dV spectra as a function of
decreasing z by up to −270 pm. The inset shows individual z-dependency (x axis) of dI/dV (y axis) measured at energies of 0 mV (red) and −2
mV (blue). (b) Decay rate spectra extracted from (a) at 0, −140, and −270 pm. Higher-order Andreev reflection emerges as a zero bias peak with a
maximum κ/κN value of 1.6. The color map inset clearly shows the transition from suppressed to finite Andreev reflection as the tunneling
conductance increases. (c,d) Tight-binding modeling of higher-order Andreev reflection for s± and dx2−y2 order parameters with a two-gap structure.
The colors of individual spectra correspond to tunneling transparency γ changing from 0.01 to 1.5. The insets show the Fermi surface (left) and
color map (right) of decay-rate spectra, with regions of higher-order reflection marked by κ/κN > 1 (pink and red).
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210 in Figure 3d, calculated for the two-pocket Fermi surface
211 consistent with FeSe.
212 The Fermi surface of FeSe constitutes hole Fermi pockets at
213 the Γ point, and electron Fermi pockets at the M point (Figure
214 S2).47−49 For both order parameters, Andreev reflection is
215 suppressed at small tunneling conductance (yellow lines in
216 Figure 3c,d), in close agreement with Figure 2d. Notably, this
217 is also true for the fully gapped s± order parameter, where the
218 nodal lines do not intersect with Fermi surface pockets. The
219 Andreev signal, in this case, is suppressed because of
220 destructive interference between opposite-signed pockets of
221 the Fermi surface, which is uniquely probed by TAR.
222 Meanwhile, calculations for both s± and d-wave exhibit
223 higher-order Andreev reflection, albeit with different spectral
224 signatures. The experimental signal in Figure 3b exhibits a
225 peak-and-shoulder structure concentrated around the middle
226 of the gap, similar to the sign-changing d-wave order parameter
227 in Figure 3d. The extended s-wave in Figure 3c exhibits a larger
228 κ/κN across the full width of the superconducting gap and even
229 slight enhancement at the gap edges. It is worth noting that the
230 average gap is zero when integrated in the Fermi surface for
231 dx2−y2 order, i.e, ⟨Δddx2 − y2

(k)⟩FS = 0, whereas ⟨Δsd±
(k)⟩FS ≠ 0 for

232 s± order. For the transport setup of our tight-binding
233 modeling, this gap average determines the behavior of κ/κN,
234 accounting for the differences between the two orders.

235Comparison with other superconducting orders is included
236in the Supporting Information (Figure S4).
237Two additional characteristics of the higher-order Andreev
238reflection establish further agreement between modeling and
239experiment and also directly infer the two-gap superconducting
240structure. From the modeling results in Figures 1 and 3 and
241Figure S4, κ/κN is reduced below 1 (tunneling conductance is
242resonantly enhanced) at the superconducting gap edges.
243Although this effect is broadened by lifetime and thermal
244effects, we directly observed it in the decay rate spectroscopy
245on Pb(110).28 On FeSe, particularly at large tunneling
246conductance, the conductance spectra clearly manifest the
247 f4inner-gap structure, with gap positions at ±1.1 meV (Figure 4a,
248orange curve). The inner gap width is consistent with
249previously published results.26 For the tunneling conditions
250corresponding to these spectra, the shoulder structure of
251higher-order Andreev reflection from Figure 3b becomes more
252pronounced, with now three clear peaks in κ/κN within the
253±2.5 meV range. Moreover, the dips separating these peaks
254coincide within measurement accuracy with the peaks in the
255dI/dV spectrum in near exact similarity to the simulated results
256in Figure 4b. The resonant enhancement is less pronounced in
257the experiment due to broadening effects. However, the
258observation directly points toward a two-gap structure of FeSe,
259confirming earlier results and providing another point of

Figure 4. Comparison of measured and calculated decay rate spectra for the dx2−y2 order parameter. (a) Correspondence between measured decay
rate spectra (top) and conductance spectra (bottom). Inset shows the nearly linear anticorrelation between them. (b) Similar comparison for the
tight-binding model with a sign-changing order parameter, closely reminiscent of the measurements in panel a. (c) Asymmetry of decay rate spectra
manifested by comparison between the decay rate spectrum measured at 42 μS (orange) and its symmetrized form (blue, top panel). Bottom panel
shows the asymmetry of the conductance spectra as a function of the tunneling conductance. The asymmetry is registered as a relative increase of
the density of states below the Fermi level outside the superconducting gap and, oppositely, a relative decrease of the density of states within the
superconducting gap region. (d) Tight-binding modeling that qualitatively reproduces all the asymmetries observed experimentally, both in the
decay rate and conductance spectra.
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260 agreement with respect to the higher-order Andreev reflection
261 origin of experimentally measured κ/κN.
262 Another characteristic of the decay rate spectra is its
263 asymmetry around the Fermi level, as shown in Figure 4c
264 (orange line). In particular, κ/κN outside of the super-
265 conducting gap (larger than 2.5 meV energy) is higher at
266 energies above the Fermi level than below. This effect can be
267 numerically confirmed by symmetrizing the measured dI/dV
268 around the Fermi level prior to calculating κ/κN, resulting in
269 the blue line in Figure 4c. Note that the overall peak structure
270 is not strongly affected. Figure 4c, bottom panel, also shows
271 the asymmetric part of the dI/dV spectrum around the Fermi
272 level, which gives rise to the asymmetry in κ/κN. The
273 asymmetry is also observed in tight-binding simulations
274 (Figure 4d). Here, the asymmetry of κ/κN directly stems
275 from the asymmetry of the electronic structure in the normal
276 state. Interestingly, this asymmetry in the spectra is manifested
277 more strongly closer to the contact. This behavior can be
278 readily rationalized from the perturbative point of view, where
279 a small asymmetry in a low-order process α(ω)/α(−ω) ≈ 1 −
280 ϵ becomes stronger for higher-order processes α(ω)N/α(−ω)N
281 ≈ 1 − Nϵ.
282 The above measurements provide strong new evidence for
283 the unconventional sign-changing superconducting order
284 parameter in FeSe with two gaps around 1.1 and 2.5 meV
285 energies. Moreover, TAR spectroscopy is more consistent with
286 dx2−y2 order parameter symmetry, rather than s± within the
287 accuracy of the present measurements and transport modeling.
288 Reducing the broadening effects, for example, by measure-
289 ments at progressively lower temperatures will help make this
290 distinction even more clear in the future (Figure S5).
291 As an atomic-scale technique, TAR is uniquely poised to
292 probe inhomogeneous and/or localized superconductivity. To
293 this end, we measured Andreev spectra on an Abrikosov vortex

f5 294 and a nematic twin boundary (Figure 5). As the super-
295 conducting order parameter is suppressed in the vortex center,

296the value of κ/κN should be approximately 1, indicating weak
297energy dependence of normal tunneling in the ±2 meV
298window around the Fermi level. The experimental decay rate
299spectra across the range of tunneling conductance comparable
300to those of Figures 2 and 3 indeed reveal a value that is very
301close to unity (Figure 5b). Meanwhile, the vortex-bound state
302is clearly observed in the dI/dV spectra (Figure 5a), which is
303perhaps responsible for the slight modulation of κ/κN around
304the Fermi level. For reference, the spectra of the normal state
305FeSe above the superconducting gap reveal hardly any features
306(Figure S1d), further ascertaining that the tunneling regime
307itself is robust and the analysis is largely free from numerical
308artifacts.
309Meanwhile, the spectra from the twin boundaries also reveal
310no significant deviation of κ/κN from unity across the
311superconducting gap (Figure 5d), with no detectable
312signatures of lowest- or higher-order Andreev reflection
313(Figure 5d). The twin boundaries exhibit a narrower gap
314than the ±2.5 meV value for the defect-free FeSe (Figure 5c).
315This is in agreement with prior works, where it was suggested
316that superconductivity is reduced but still present along the
317boundaries,29 and may even be used as evidence of time-
318reversal symmetry breaking the order parameter.30

319Figure 5e,f shows the evolution of conductance and Andreev
320spectra as the tip approaches the twin boundary. Conductance
321spectra are overall consistent with ref 30, showing suppression
322of the larger (2.5 mV) energy gap. Andreev spectra very clearly
323reveal this effect via suppression of the shoulders on the side of
324the main peak, Figure 5f. Meanwhile, the intensity of the main
325peak is also diminished on approaching the gap, approximately
326linearly correlating with the zero-bias conductance of the
327tunneling spectra. At present, we cannot further determine
328whether the suppression of Andreev current in the middle of
329the twin-boundary is due to thermal broadening effects on the
330much reduced inner gap at our lowest measurement temper-
331ature of 1.2 K or the more intrinsic quantum interference. The

Figure 5. Tunneling Andreev reflection of topological defects on FeSe. Conductance spectra (a,c) and their corresponding decay rate spectra (b,d)
acquired at the vortex center (a,b) and at the nematic twin boundary (c,d). κ/κN spectra remain essentially unity for both vortex and twin boundary.
Insets of panel b and d show correspondingly the color maps of the decay-rate spectra (left) and the representative STM images of the surface areas
of FeSe containing the topological defects (right; imaging set point bias = −2.5 mV, I = 100 pA for panel b; bias = −10 mV, I = 50 pA for panel d).
The range of tunneling conductance probed for both entities is comparable to that for the bare surface in Figure 3b. (e,f) The evolution of
conductance (e) and tunneling Andreev spectra (f) upon approaching the twin boundary. The zero bias conductance in e is dramatically increased,
indicating suppression of superconductivity. Andreev spectra clearly reveal gradual suppression of the outer (via suppression of shoulders marked
by arrows) as well as the inner gap (via suppression of the main peak). At present, the definitive conclusion as to whether the inner gap is fully
suppressed inside the twin boundary is limited by the thermal broadening at 1.2 K.
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332 residual gap-like feature in dI/dV spectra on twin boundaries
333 (Figure 5c) was reported to be fully gapped below 0.4 K,30

334 which would indicate that superconductivity is still present
335 inside the twin. However, the twin boundary also acts as an
336 extended defect, which may suppress the unconventional
337 superconducting order in FeSe due to the pair breaking effect.
338 Any type of local defect that creates momentum scattering will
339 average out the sign-changing gap in reciprocal space, giving
340 rise to in-gap modes that locally quench the superconducting
341 order. This mechanism is analogous to the quenching of
342 superconductivity in conventional superconductors by mag-
343 netic impurities.50 These data clearly reveal the ability of
344 Andreev reflection to probe nanoscale variations of super-
345 conductivity, enabling a more robust assignment of low-energy
346 features in the tunneling spectra of superconductors. The
347 nonsuperconducting twin boundary is also very consistent with
348 it being the attractive region for superconducting vortices in
349 FeSe.29−31

350 Here, we have presented the first measurements of tunneling
351 Andreev reflection on an FeSe superconductor. The unique
352 ability to probe both lowest- and higher-order Andreev
353 reflections in tunneling measurements enables probing the
354 order parameter symmetry and the two-gap structure while
355 simultaneously having access to the local density of states from
356 conductance spectroscopy and atomic-scale resolution. The
357 probability for the lowest-order Andreev reflection is found to
358 be proportional to the expectation value of the super-
359 conducting gap across the Brillouin zone. The lowest-order
360 Andreev reflection is suppressed on FeSe within the measure-
361 ment accuracy, while higher-order processes reveal a character-
362 istic peak-like shape with pronounced shoulders. Through a
363 detailed comparison to tight-binding modeling, our results
364 provide the first direct measurement of the sign-changing
365 nature of the superconducting order parameter with atomic
366 spatial resolution. The Andreev spectra also reveal clear
367 suppression of the higher energy gap upon approaching the
368 nematic twin boundary. Our measurements provide additional
369 evidence to probe the fundamental origins of superconducting
370 pairing in FeSe, and they set the stage for quantitative
371 microscopic characterization of the phase diagram of FeSe as a
372 function of doping and Te substitution. Furthermore, by taking
373 advantage of the tunability of tunneling coupling, TAR enables
374 new insight into pairing mechanisms of unconventional
375 superconductors and is likely to provide valuable insight into
376 emerging quantum materials, including exotic superconductiv-
377 ity for quantum information science.
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