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104 A. Appendix: Inhomogeneous superfluid density in Fe(Te,Se)

A.1. Sample preparation and measurement

FeTe,Se;_y single crystals with an optimal concentration of x = 0.55 are grown
by the Bridgman method. The magnetic susceptibility curve as a function of tem-
perature shows a sharp transition at T =~ 14.5 K. To perform STM and scanning
tunnelling spectroscopy measurements, we use a modified commercial scanning
tunnelling microscope (USM-1500, Unisoku Co., Ltd). The samples are cleaved in
ultrahigh vacuum (base pressure, ppase = 1 x 1071% mbar) at low temperature
(T ~ 30 K) and are immediately mounted in the pre-cooled STM head (T ~ 2.2 K)
to prevent surface reconstruction and contamination. Mechanically grinded Pt-Ir
wires are used as STM tips. To make a superconducting tip, we indent the metal-
lic tip into a Pb(111) surface cleaned by repeated sputtering and annealing. The
STM topographs in Fig. 3.2a (Fig. 3.3a) are acquired by a constant current mode
with Vet = —10 mV (+6 mV) and Ii; = 5.0 nA (0.12 nA). A standard lock-in tech-
nique is employed for the tunnelling spectrum measurements. We apply a voltage
modulation of 0.1-0.2 mV for the quasiparticle tunnelling spectra (Figs. 3.3d-f)
and 0.01-0.02 mV for the Josephson tunnelling spectra (Figs. 3.2c, 3.3b) with a
frequency of 887 Hz. The former is obtained with V.. = —6 mV and Is.; = 0.3 nA
and the latter with V., = -6 mV and I, = 5 nA. All measurements reported are
performed at 2.2 K.

A.2. Critical current as a function of normal-state

conductance

The superconducting tip prepared on Pb is used on FeTe;ssSep45. Fig. A.la,
b shows the Ry-dependent I-V curves. We observe that for decreasing Ry, the
current reaches a maximum value at finite bias around the Fermi level, which is an
indication of Cooper pair tunnelling. In the differential conductance spectra shown
in Fig. A.1c, d, we can resolve sharp resonances at finite bias originating from the
energy exchange between Cooper pairs and the electromagnetic environment of
the junction.

According to the IZ model, the maximum (I,,.x) in the I-V characteristic curves
is related to the critical supercurrent according to the formula

Ic = M_ (A.1)
h

Hence, we can use the maximum from our I-V curves and use the above for-
mula for quantifying I (we use T = 2.2 K, which is equal to our measurement
temperature). In Fig. A.le, we plot Iz as function of the normal-state junction
conductance, Gy = 1/Ry. A linear trend is observed, which is consistent with the
so-called Ambegaokar—Baratoff formula [1]. A linear fit to our data gives a slope
of 1.534 meV, which is used to estimate Acps from the formula of an asymmetric

junction [2]
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Figure A.1: Josephson tunnelling spectroscopy in a Pb/Fe(Te,Se) junction. a,b Ry-dependent
I-V curves (see key in e). c,d Corresponding Ry-dependent dI/dV curves, multiplied by Ry. The
datasets are offset for clarity. For decreasing Ry, the zero-bias peak and the small modulations (with
a period of 0.1 meV) induced by Cooper pair tunnelling become more pronounced. e Linear relation
(black dashed line) between the critical Josephson current I and the normal-state conductance, Gy.
Each point is the average of 20 points extracted from 20 I-V curves, as described in the main text. For
each Ry, we also extract the standard deviation of I,,,,, and obtain the error bars shown in the figure
by performing error propagation via the IZ formula. The red dashed line corresponds to the AB formula
for a asymmetry Josephson junction in which two superconductor electrodes have the same s-wave
symmetry with different pair-breaking gaps (Acp: = 1.30 meV and Acps = 1.68 meV). f Fitting (black
curve) of a normalized conductance spectrum (red circles) using the IZ model. All di/dV spectra are
acquired with Vgt = —10 mV and a lock-in modulation of Vo4 = 20 uV peak to peak.
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Acps — Acpi

2 AcpsA
IcRy = CPsBCPt (

e Acps + Acpyt

) , (A.2)

where K (x) is the elliptic integral function of the first kind. Assuming that Acp; = 1.3
meV, we find Acp; = 0.67 meV. This is to be compared with the gap that we read
from our conductance spectra. We find that the coherence peak is located at 3.08
meV. Subtracting Acp; from the coherence peak location gives Acps = 1.68 meV.
We believe that this deviation can be attributed to the unconventional supercon-
ducting nature of FeTe 55 Se( 45. It has been predicted theoretically that for Cooper
pair tunnelling between a conventional s-wave superconductor and an unconven-
tional sy multiband superconductor (here FeTeqs5S€q.45), Ic grows linearly with
Gy. However, for that case the slope is expected to be lower than for the single-
band, s-wave case [3-8]. A reduction in the Josephson current was also observed
in @ multiband superconductor without a sign-changing gap using an s-wave super-
conducting tip [9]. We expect that better calculations of the orbital decomposition
of the gap structure and of the individual tunnelling processes for different orbitals
will allow the quantitative interpretation of our data.

Acps + Acpi

A.3. Effect of inhomogeneous Ry
To visualize the spatial variations of the superfluid density, we record differential
conductance spectroscopic maps on a grid of points (, r;,). By taking the derivative
of the IZ formula with respect to the voltage, we obtain

dl  1EZen, VE-V?
av 2 (V24137

We fit our spectrum with the above formula using the pre-factor I13Z.,,,/2 and
I as free parameters. A typical IZ fit of the conductance spectrum is shown in
Fig. A.1f. This allows us to construct atomic-scale I-(r) maps, which express the
magnitude of the critical supercurrent as a function of location r. Fig. A.2a, b
shows examples of such maps, obtained in the same 25 x 25 nm? field of view and
using opposite setup bias (—10 mV in Fig. A.2a and +10 mV in Fig. A.2b). These
maps reveal spatial variations of the critical supercurrent on a small length scale
of a few nanometres. However, we notice that these two maps are not consistent.
This is because I (the measured critical current of the junction) is influenced by
the single-particle tunnelling transmission rate, represented by 1/Ry, at each point.
To enable the direct measurement of intrinsic variations of the superfluid density,
we take the product of the measured I (r) with Ry(r) (see ref. [10]). Fig. A.2c,
d shows measured Ry (r) images acquired in the same field of view as the I (r)
maps for both bias polarities. The Ry(r) maps can be obtained by either:

(A.3)

e summing over all spatially resolved differential conductance layers g(r) and
dividing by the size of the energy window

e spatially mapping the tunnelling current I(r) at a bias larger than the su-
perconducting pair-breaking gap Acp and computing Ry (r) by assuming an
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Ohmic relation for the single-particle tunnelling.

Figure A.2: Superfluid density maps with inhomogeneous normal-state resistance. a,b Maps
of the critical Josephson current Ic. ¢, d Spatial variations of the normal-state resistance, Ry. €,f Maps
of (IcRy)? associated with the superfluid density. The images in the left (right) column were acquired
with a setup bias of =10 mV (+10 mV) and a setup current of 10 nA. To map the intrinsic superfluid
density, it is necessary to normalize the measured I by multiplying with Ry. Topographs were acquired
simultaneously with these measurements and used to align the different maps.
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A.4. Bogoliubov quasiparticle interference
FeTeq555€q 45 is known to be a multiband superconductor. Similarly to other Fe-
based superconductors, its normal electronic state in the a-b plane has two hole-like
bands around the centre of the Brillouin zone and two electron-like bands around its
corners (Fig. A.3b). The bulk band structure along the ¢ axis has been predicted
to have nontrivial topological invariance due to the Te substitutions [11]. High-
resolution angle-resolved photoemission spectroscopy experiments demonstrated
the existence of a Dirac-cone-type spin-helical surface state and its s-wave super-
conductivity [12].
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Figure A.3: Quasiparticle interference induced by inter-pocket scattering in Fe(Te,Se) a Top-
view of the atomic structure of FeTe,55Seq45. The blue and red spheres denote the chalcogen and
the transition metal atoms, respectively. b Fermi surface of FeTe,s5Seq45. Two hole pockets are at
the T point and one electron pocket at the M point, marked by black circles and ellipses. The red (blue)
dashed lines correspond to the reciprocal lattice of Fe (chalcogen) layer. Because the unit cell includes
two Fe atoms, the Brillouin zone of Fe (red square) atoms is two times larger than that of the full crystal
structure (blue square). The alternate vertical positions of the chalcogen atoms above and below the
Fe layer lead to a folded band (grey ellipse centred at the M point) composed of out-of-plane d orbitals
[13]. Here we highlight the inter-pocket scattering wavevectors with black, yellow and red solid arrows.
c Sketch of scattering wavevectors in the reciprocal lattice. The colour coding is identical to that in
b. d Stripy patterns in a dI/dV map at +3.9 meV induced by inter-pocket scattering (Ve = —10 mV,
Iset = 20 NA and V,,q = 200 uV peak to peak). e FFT spectrum of quasiparticle interference patterns.
The circles correspond to the inter-pocket scattering wavevectors in b with the same colour coding.

Hanaguri et al.[14] reported quasi-particle inferences on Fe(Se,Te). The inter-
band scattering between hole and electron pockets, highlighted by the red line and
dots in Fig. A.3b, c, result in spatial modulations of the local density of states. Our
dI/dvV map (Fig. A.3d) and its fast Fourier transform (FFT) spectrum (Fig. A.3e)
clearly show the same patterns around coherent peaks. Our FFT spectrum shows
blurred (ring-like) features, marked by red circles in Fig. A.3e, with wavevectors
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that correspond to the inter-pocket scattering wavevector. Because the FFT spectral
feature is very sharp and is not dispersive, another interpretation of its origin is a
broken symmetry ground state, such as a spin density wave or its relevant surface
reconstruction [15, 16].
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Figure A.4: Correlation plots between superfluid density and various parameters. a—d Corre-
lation between superfluid density and pair-breaking gap (a); strength of quasiparticle interference (b);
topographic height (c) and quasiparticle strength minus the normal-state conductance (d; see inset),
which gives similar results to those obtained without subtracting the normal conductance, as in the main
text.




110 References

n References
[1] V. Ambegaokar and A. Baratoff, Tunneling between superconductors, Phys.
Rev. Lett. 10, 486 (1963).

[2] P. Anderson, Special effects in superconductivity, in Lectures on the many-body
problem 2 (Academic Press Inc., New York, 1964) pp. 113-135.

[3] Y. Ota, N. Nakai, H. Nakamura, M. Machida, D. Inotani, Y. Ohashi, T. Koyama,
and H. Matsumoto, Ambegaokar-Baratoff relations for Josephson critical cur-
rent in heterojunctions with multigap superconductors, Phys. Rev. B 81,
214511 (2010).

[4] C. C. Tsuei and 1. R. Kirtley, Pairing symmetry in cuprate superconductors,
Rev. Mod. Phys. 72, 969 (2000).

[5] T.K.Ngand N. Nagaosa, Broken time-reversal symmetry in Josephson junction
involving two-band superconductors, Europhys. Lett. 87, 17003 (2009).

[6] Y. Ota, M. Machida, T. Koyama, and H. Matsumoto, Theory of Het-
erotic Superconductor-Insulator-Superconductor Josephson Junctions be-
tween Single- and Multiple-Gap Superconductors, Phys. Rev. Lett. 102,
237003 (2009).

[7] P. Seidel, Josephson effects in iron based superconductors, Supercond. Sci.
Tech. 24, 043001 (2011).

[8] S.-Z. Lin, Josephson effect between a two-band superconductor with s++ or
s+ pairing symmetry and a conventional s-wave superconductor, Phys. Rev. B
86, 014510 (2012).

[9] O. Naaman, R. Dynes, and E. Bucher, Josephson Effect in Pb/I/NbSe, Scan-
ning Tunneling Microscope Junctions, Int. J. Mod. Phys. B 17, 3569 (2003).

[10] M. Hamidian, S. Edkins, S. H. Joo, A. Kostin, H. Eisaki, S. Uchida, M. Lawler,
E.-A. Kim, A. Mackenzie, K. Fujita, et al., Detection of a Cooper-pair density
wave in Bi,Sr,CaCu,Og..,, Nature 532, 343 (2016).

[11] Z. Wang, P. Zhang, G. Xu, L. K. Zeng, H. Miao, X. Xu, T. Qian, H. Weng,
P. Richard, A. V. Fedorov, H. Ding, X. Dai, and Z. Fang, Topological nature of
the FeSe, s Te, s superconductor, Phys. Rev. B 92, 115119 (2015).

[12] P. Zhang, K. Yaji, T. Hashimoto, Y. Ota, T. Kondo, K. Okazaki, Z. Wang, J. Wen,
G. D. Gu, H. Ding, and S. Shin, Observation of topological superconductivity
on the surface of an iron-based superconductor, Science 360, 182 (2018).

[13] L. Moreschini, P-H. Lin, C.-H. Lin, W. Ku, D. Innocenti, Y. J. Chang, A. L. Walter,
K. S. Kim, V. Brouet, K.-W. Yeh, M.-K. Wu, E. Rotenberg, A. Bostwick, and
M. Grioni, Consequences of Broken Translational Symmetry in FeSe, Te,_,,
Phys. Rev. Lett. 112, 087602 (2014).


http://dx.doi.org/10.1103/RevModPhys.72.969
http://dx.doi.org/ 10.1103/PhysRevLett.102.237003
http://dx.doi.org/ 10.1103/PhysRevLett.102.237003
http://dx.doi.org/10.1103/PhysRevB.92.115119
http://dx.doi.org/ 10.1126/science.aan4596
http://dx.doi.org/10.1103/PhysRevLett.112.087602

References 111

[14] T. Hanaguri, S. Niitaka, K. Kuroki, and H. Takagi, Unconventional s-wave
superconductivity in Fe (Se, Te), Science 328, 474 (2010).

[15] I. I. Mazin and D. J. Singh, Comment on “Unconventional s-wave supercon-
ductivity in Fe(Se, Te)’, (2010), arXiv:1007.0047 [cond-mat.supr-con] .

[16] T. Hanaguri, S. Niitaka, K. Kuroki, and H. Takagi, Reply to comment on “Uncon-
ventional s-Wave Superconductivity in Fe(Se, Te)”, (2010), arXiv:1007.0307
[cond-mat.supr-con] .



http://arxiv.org/abs/1007.0047
http://arxiv.org/abs/1007.0307
http://arxiv.org/abs/1007.0307




B

Appendix: Impurity states
in Fe(Te,Se)

113



114 B. Appendix: Impurity states in Fe(Te,Se)

B.1. Anderson impurity in a (zero-bandwidth) BCS

superconductor

We model the sub-surface impurity by an Anderson impurity embedded in a simple
s-wave superconductor. The total Hamiltonian reads:

Hiot = Hg + Hr + Hyyp, (B.1)

where Hg is the Hamiltonian for the superconductor, Hr the tunneling contribution
and Hpp describes the impurity. In terms of fermion creation and annihilation
operators for the superconductor (¢) and the impurity level (d), each term is given
by
Hs = ) euclocuo + ) (bochrel, + Mcacnr) (B.2)
k

k,o

where A, is the superconducting gap (here assumed to be real), and

Hy = Z tycl ydy + tidi e, (B.3)

k,o

where we take t, = /T /mvg and vy is the density of states near the Fermi energy
for A, = 0, which is taken to be constant.

Hyp = z eodbd, + Udididld,, (B.4)

ag

with U being the charging energy of the impurity.

In the normal state, this reduces to the standard Anderson model, including
mixed-valence as well as Kondo physics below a characteristic Kondo temperature,
Tx. In the superconducting state, this simplifies to a single Yu-Shiba-Rusinov (YSR)
state, which can be tuned through zero energy by varying ¢,, as long as Ty < 0.3A,
[1]. Here, we employ the zero-bandwidth approximation (ZBW), which replaces
the superconductor by a single pair of BCS quasiparticles at the gap edge,

H5BW = Ascﬁcir + Ascicrp. (B.5)

From comparison with numerical renormalization group calculations, this approxi-
mation is known to capture the YSR states very well up to adjustments in the tunnel
coupling, the value of which is fitted anyway [2].

In order to calculate the spectral weights of the impurity resonances in the An-
derson model we use the Lehmann spectral representation of the Green’s function.
Using the many-body eigenstates |n) and the eigenenergies E,, of the ZBW Hamil-
tonian, the retarded Green’s function on the impurity can be calculated as follows:

1 nld,|n'y (n'|dL, |n nldt, |n'y (' |d, |n
GR,(w)z—Ze‘BEn (n| a'I yn'ld /| )+( | U'I ) (n'|ds|n) ‘ (B.6)
g zZ w+il +E, + Ey w+il +Ey —E,

nn'
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where g = 1/(kgT) and the partition function Z is given by Z = ¥, e=##». Here we
have included a phenomenological relaxation rate, I,, which endows the otherwise
sharp bound states by a finite lifetime broadening. The details of this quasiparticle
relaxation time are beyond the scope of this work, but our analysis of the tunnelling
current assumes it to be larger than or similar to the tip-impurity tunnelling rate, I:.
The local spectral function is expressed in terms of the impurity retarded Green’s
function as:

1
Di(@,€) = ——Tm ZG}}J((U) . (B.7)
o
2, r/a=5 b r/a=4
~
e
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Figure B.1: Local density of (sub-gap) states as a function of energy (w) and impurity level
energy (&,). Different values of the tunneling rate T’y are indicated on the top of each panel. The (YSR)
bound state energy is highlighted with red dashed lines. In all panels we used U/A¢ = 3, together with
a phenomenological quasiparticle relaxation rate, I', = 0.1A,.

Figs. B.1 and B.2 show how this local density of (YSR) states changes with level
energy, €,, and tunnelling rate [, respectively. The quantum phase transition is
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revealed as the point by which the YSR state crosses zero energy and the spectral
weight is exchanged between positive, and negative energy states. This asymme-
try in spectral weight has a simple origin within the ZBW model. The observed
excitation is between a doublet state, which is simply a single electron on the dot
(ITa, 0gp)s 4, 0gp)), @nd @ more complicated singlet state. This singlet state con-
tinuously evolves from an empty impurity level, |04, 0;), at €,/U > 0 to a doubly
occupied level, |24,04,), at €,/U « —1. In between, these two singlets are mixed
with the YSR singlet, formed by the singly occupied impurity level and the single
BCS quasiparticle doublet, i.e.|Tq, {gp) — [La, Tqp) States. As the positive (negative)
part of the spectral function is related to excitations from adding an electron (hole)
to the ground state, this part is largest for €,/U > 0 (¢,/U « —1). Precisely at
€0/U = —0.5 the state is equally composed of empty and doubly occupied compo-
nents and as such the spectrum shows no asymmetry. The larger T, the larger the
gate-range around ¢, /U = —0.5 in which the YSR singlet component dominates this
excited singlet state, and the lower its energy. This explains both the closing of the
doublet sector and the increased spectral symmetry as I,/A increases, observed
in Fig. B.1.

0 1 1.5 2 2.5
r/a

Figure B.2: Local density of (sub-gap) states as a function of energy (w) and tunneling rate
(Ts). The (YSR) bound state energy is highlighted with red dashed lines. For the simulations we used
U/Ag = 3, €9/As = —2.5, together with a phenomenological quasiparticle relaxation rate I';, = 0.1A,.

As is evident from these two figures, the phase transition may be induced either
by tuning the level energy, ¢,, or the tunnel coupling, t,. As explained in 4, previous
experiments [3] have reported a tip-induced tuning of t, by assuming a force acting
on the impurity from the tip. Whereas this seems feasible for a flexible molecule
placed on the surface, we believe that this possibility is less likely in the present case,
where the impurity is sub-surfactant. No indication of lattice deformation when
tip-sample distance changes (pushing or pulling) is observed in our experiments.
Therefore, we consider the effective gating mechanism much more likely to explain
the observed tuning of the sub-gap states.
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B.2. Azimuthally-averaged radial profiles and spa-

tial mapping of the YSR resonances

For completeness in Figs. B.3a-e we present all the five azimuthally-averaged radial
profiles, each at different tip-sample distance. In Fig. B.3f we also show a spatial
map of the YSR resonances obtained by fitting a lorentzian.
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Figure B.3: Azimuthally-averaged radial profiles and spatial mapping of the YSR resonances.
a-e Azimuthally-averaged radial cuts for Ad(A) = 1.1,-0.2,-0.7, —1.2 and —1.4, respectively. Note that
the colorbar applies to all panels. f Spatial mapping of the YSR energy resonances. The energy of each
resonance is obtained by fitting a lorentzian at each point of LDOS(r, w) at Ad(A) = —1.2. Blue (red)
dots represent the positive (negative) resonances.

B.3. Noise spectroscopy

As an extra verification for the performance of our junction, we used the Noise Scan-
ning Tunneling Microscopy (NSTM) technique [4, 5] to measure the current noise as
function of energy (noise spectroscopy) on a single location on the FeTe; ssSeg 45
surface, not at an impurity location, with the aim to look for the doubling of cur-
rent noise due to Andreev reflections. Fig. B.4a shows the measured current noise
power as function of applied bias S(V), with the out of tunneling noise subtracted to
remove the thermal noise component and input noise of the amplifier S(V) — 5(0).
The dashed lines indicate the predicted shot noise curve [6—8] for tunneling of sin-
gle electron charge (e) and double electron charge (2e). At a bias voltage larger
than the superconducting gap energies, eV > |A; + A;|, the measured noise power
data follows the predicted noise power for single electron tunneling. When the bias
is lowered below the superconducting gap energies, eV < |A; + Ag|, the current
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Figure B.4: Shot-noise measurement on FeTe;s5Sey 5. @ Measured current noise power (blue
dots) as function of applied bias on the FeTe, 55Se 45 surface, while keeping a constant junction re-
sistance of Ry = 10 MQ. The black dashed lines represent the expected current noise power for g = e
and g = 2e tunneling. b Effective charge (q) transferred between the Pb tip and FeTe, 55 Se 45 Surface
tunnel junction, obtained by dividing the measured current noise power by the full poissonian noise
2e|I|, similar to the Fano factor. Dashed lines indicate g = e and q = 2e.

noise clearly deviates from single electron charge transfer, showing a doubling of
noise power to the 2e line, consistent with the appearance of Andreev reflection
processes [7-9]. To show the effective charge transferred between the Pb tip and
FeTe, s Seq 45 Surface we divide the measured noise power by the full Poissonian
noise for single electron charge transport S = 2¢|I|, which is shown in Fig. B.4b.
This illustrates a clear step from e to 2e charge transfer when the bias is lowered
below the superconducting gap energies eV < |A; + A¢|, demonstrating that the
tunneling current is now effectively carried by double charge quanta due to An-
dreev reflection processes that start to dominate. This is the first time such noise
enhancement due to Andreev reflection processes is shown in a junction containing
an unconventional superconducting electrode (the FeTe,ssSe, 45 Surface), open-
ing a potential new path for further investigation of the YSR or Majorana states by
the means of noise spectroscopy.

B.4. Estimation of the potential drop in the vac-

uum barrier between tip and sample

In an STM experiment there is a potential drop in the vacuum tunneling barrier
[10] due to the work function difference between tip (W;) and sample (W), as
illustrated in Fig. B.5a-c. As we explain in 4, this potential drop results into an
effective electric field penetration in the sample which acts as a local gate. An
estimation of the work function difference yields that in our experiment the tip has
a larger work function than the sample. In more detail, we are using a Pt/Ir tip
coated with Pb. From literature we find that the work functions are Wi, = 5—6
eV and Wp, = 4.25 eV, respectively. This yields a rough estimation of the work
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function of the tip W;, = 4.5 — 5 eV. Concerning the top surface of our sample it
consists of Se, Ws. = 5.9 eV and Te, Wr. = 4.95 eV atoms. However, previous STM
experiments [11] show that Fe(Se,Te) has a significantly smaller work function of
~ 3 eV. This yields a work function difference of the order of 1 eV.

We note that a vertical movement of the tip has a stronger influence of the field
at the impurity location than a horizontal movement because the radius of the apex
of the tip is large compared to the tunneling distance, and because the electric
field decays algebraically. This is illustrated in Fig. B.5d. The radius of the apex of
typical STM tips is 10-100 nm. While the exact radius is unknown, we estimate it
to be around 20 nm as the tip has been indented in Pb.

vacuum level

vacuum
barrier

% impurity 6A I

Figure B.5: Potential drop in the vacuum barrier in an STM junction and tip-shape illustration.
a Schematic representation of the tip and sample. b Schematics of tip and sample density of states when
they are isolated. Grey shaded areas indicate filled states whereas the work function is represented with
arrows. ¢ When a tunneling contact is formed due to the work function difference there is a potential
drop in the vacuum barrier. d Tunneling junction schematics (in approximate scale). Two spherically
shaped tips (radius is 20 nm) that are 5 nm apart are shown. An impurity resides bellow the surface
(atomic planes are drawn as blue lines separated by 6 A.
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B.5. Estimation of the charging energy U of the
impurity and the potential change on it due

to the tip movement

Since we do not know the specific nature of the impurity, we make a rough estimate
of its charging energy U by approximating the impurity orbital by a sphere of radius
R. If the sphere already contains a single electron, the energy for placing the next
will then be given by U = e?/(8me,£yR), Where g, is the vacuum permittivity and
&, the dielectric constant of the medium that the impurity is embedded. Assuming
that R =1 -3 nmand &, ~ 15 [12] we find that U ~ 15 — 50 meV. Next we want
to show that when we move the STM tip closer to sample, we induce a potential
shift on the impurity (which we assume that resides halfway between the topmost
and the subsequent layer) that is comparable to the charging energy U, indicating
that the gating scenario is possible. However, we emphasize that FeTeg 555€ 45
is an unconventional superconductor (e.g. low Fermi energy, inhomogeneous su-
perfluid density). Hence, the simple calculation below for band-bending might not
be applicable here and is therefore performed just for illustration purposes.

At first, we estimate the potential drop on the surface of the sample based on the
image charges method which assumes that a spherical tip with radius r is in tunnel-
ing distance h from the sample. According to previous studies on semiconductors
and correlated electron systems the voltage drop on the surface or band-bending
potential 5 is given by [10]

1
Ve = —E(Vb -w), (B.8)

&
T

here 1, is the bias voltage and W the work function difference between tip and
sample (W ~ 1 eV and I}, ~ 1 meV in our experiments). Moreover, we chose
nn = 20 nm and &, = 15 as explained before. As a last step, we employ the
following exponential model to fit our conductance (G) versus Ad curve, for the
estimation of the tip-sample distance h

G = Gye 2kh, (B.9)

It is found that for the Ad tip movement shown in Fig. 4.3 the minimum (maximum)
tip-sample distance is 2.9 (5.1) A. This gives a change in the band-bending potential
AVgg = 0.1 V on the surface.

Finally, the potential shift on the impurity is estimated by an exponential decay
inside the bulk governed by the Thomas-Fermi screening length Atz = 0.5 nm, as
calculated in the main text. That is

AV = AVgge™%imp/A1r, (B.10)

For the impurity depth d;,,, we choose 0.25 nm, resulting in AV = 60 meV. From
the simulations in Fig. 4.4 we found that when ¢, changes by ~ 0.1U = 2 meV
the YSR states disperse from the gap edge to zero-bias. Since our rough estimate
shows that we can induce a larger change, we conclude that the gating scenario is
possible.
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B.6. Statistics

On one sample, we investigated 5 ring-shaped in-gap impurity features in a 45 x
45 nm? field-of-view. All of them showed a dispersion when changing Ad and Ar.
The dispersion in Ad is different in different impurities; the estimated cross of the
YSR states at the Fermi level varies and is mostly below Ad = —0.7 A. We did not
measure all 5 impurities for smaller tip-sample distances but we expect similar X-
shaped profiles. We assume that the different dispersions are due to their location
inside the crystal. We can imagine that an impurity that is deeper in the crystal
would be less prone to the influence of the electric field of the tip. On a second
sample we found 2 additional impurity features extending over ~ 4 nm. Note that
we do not observe any impurities with robust zero-bias peaks that do not disperse.
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C.1. STM measurement schematics and topogra-
phy of TiN surface

Figure C.1 shows a measurement schematic and the topography of the TiN samples
that we studied. TiN samples grown on Si substrates are glued using silver epoxy
on a STM sample holder. The top TiN layer is electrically contacted by using silver
epoxy as well, as illustrated in Fig. C.1a. Two- and three-dimensional topographic
images of the scanned TiN surface are shown in Figs. C.1b and c, respectively.
The observed topographic height variations are consistent with previously reported
ones [1, 2].

Noise

STM

STM
tip Silver

epoxy
(45 nm) -I
Sample holder

EE
1"

5.0nm

0.0 nm

Figure C.1: Measurement schematics and TiN topography. a STM measurement schematic. b
Topography of TiN. ¢ Three-dimensional view of the TiN topography. The topography in b is obtained
from a cropped area of the larger topograph in c. Setup conditions: Vi, = 5 mV, It = 100 pA.

C.2. Atomic layer deposited (ALD) TiN film

The 45 nm thick ALD titanium nitride film was grown on a Si substrate using plasma-
assisted atomic layer deposition in an Oxford Instruments reaction chamber. The
precursor TiCl, and a plasma of H, and N, are stepwise repetitively introduced and
react into TiN and gaseous HCI, which is a self-limiting process. After each step, the
residual gas is removed from the reaction chamber by an argon gas purge. During
the deposition, the substrate is heated to 400 degrees Celcius and the plasma power
is 400 W. More details on this sample can be found in Ref. [3].

C.3. Deposition of the sputtered TiN film

The sputtered film is deposited by reactive sputtering in a Trikon Sigma DC mag-
netron reactor. The 60 nm thick film is sputtered from a titanium target in a nitro-
gen/argon atmosphere (70/20 sccm) at room temperature and with a sputtering
power of 6 kW onto a Si substrate, which is cleaned with an HF dip prior to depo-
sition.
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C.4. Error bars on excess noise

Error bars on the excess noise figures are determined by recording the fluctuations
of the measured noise in time, and by estimating temperature fluctuations that
have an influence on the thermal noise of the junction. The fluctuations of the
measured noise in time are determined by time traces of the noise at constant
bias at base temperature (Fig. C.2, measured noise at Ry = 25 MQ and T =
2.5 K for two different biases in tunneling and tip retracted (0 meV)). We then
extract the standard deviation of these time traces and use it as the errorbar for
our noise measurements, Fig. 6.2a and Fig. 6.3a. The temperature fluctuations
are determined by logging the temperature at 7.2 K over a few days. We use the
procedure described above, in order to propagate the errors of the excess noise to
the effective charge versus energy plots.
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Figure C.2: Noise time traces. Time traces of noise at Ry = 2.5 MQ and T = 2.5 K for 0 meV (with
the tip retracted), 1 meV and 2 meV energy. The average standard deviation of these time traces yields
an error for the noise figures.

C.5. Transport measurements

Transport measurements were performed on TiN samples (4.5 mm x 2.5 mm) glued
on a chip carrier using Epotek H20E silver-epoxy and wire-bonded to the chip car-
rier to make a four-probe contact. Resistance versus temperature R(T) (Fig. 6.4c)
curves are measured using the four-probe method in a pulse tube cryostat with
a base temperature of 1.5 K. The R(T) curve (Fig. C.3) shows a so-called N-
shaped curvature as it is typical for disordered superconductors not too close to the
superconductor-insulator transition, as well as for some cuprate high-temperature
superconductors, and which have been used to distinguish the different transport
regimes. We observe two distinct features in the R(T) curve: First, a local min-
imum interpreted as the 3D-2D crossover. Second, a local maximum (indicated
with T,,.,) around 11.4 K; a signature that has been interpreted as the onset of
superconducting fluctuations.
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Figure C.3: Detail of R(T) curve. The characteristic N-shaped curvature of R(T) above T can be used
to distinguish different transport regimes. The local minimum (lower red arrow) indicates the 3D-2D
crossover. The local maximum (indicated with Ty, ) gives the onset temperature below which transport
is governed by superconducting fluctuations.

C.6. Spatial variations of the spectral gap

Differential conductance maps for both ALD grown and sputtered samples were
measured in order to record the spatial variations of the spectral gap of TiN. Figs.
C.4a and b show an intensity plot and histogram of the gap variations in a 50 nm
x 50 nm area at 2.2 K for the ALD-grown sample. The spectral gap is extracted
by minimization of the second derivative of the measured differential conductance
spectrum with respect to energy at each location. We find a mean gap of 1.78
meV with a standard deviation of 0.63 meV, which corresponds to ~ 36 % gap
variations. The gap variations in our sample are similar to previously reported ones
on 50 nm-thick sputtered TiN films [2]. Compared to thinner films (3.6 nm, Ref.
[4]) our gap variations are significantly larger. Similarly for the sputtered sample
(Fig. C.4c and d) we extract the gap variations in the same way to find a mean
of 0.85 meV and a standard deviation of 0.11 meV corresponding to ~ 13 % gap
variations.

C.7. Influence of thermal broadening and conven-
tional Andreev reflections on the filling of
the spectral gap

In Fig. C.55 we show that thermal broadening and conventional Andreev reflection
cannot cause the filling of the spectral gap as shown in Fig. 6.4a. We start with
density of states from Dynes formula representing a simple s-wave BCS gap with a
fixed size of 1.78 meV for all temperatures,

E+ir

N(E,T,A) = |Re (C.1)
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Figure C.4: Mapping the spectral gap of TiN. a Map of the spectral gap of TiN (grown by ALD) in a
50 nm x 50 nm area at 2.2 K. Inset: average spectrum of the dI/dV spectra in the area. b Histogram
of the gap values in a. A mean gap of 1.78 meV is observed and a standard deviation of 0.63 meV. ¢
Same as in a for the TiN sample that was grown via sputtering. d. Same as in b for the TiN sputtered
sample. A mean of 0.85 meV and standard deviation of 0.11 meV is observed.

and simulate integrated differential conductance assuming a constant density of
states for the tip

+0oo

of (E +

G, T) = f —"’VT)] t(E)dE, (C.2)

—00

N(E,T, D) [— 7

where t(E) is tunneling probability and f(E,T) is the Fermi—Dirac distribution at
temperature T. The resulting filling of the gap due to thermally excited quasipar-
ticles only contribute to up to 22% of the normal state conductance in the gap at
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7.2 K. However, as shown in Fig. C.5¢c, even at 2.2 K the spectral gap is 91% filled.

We further include conventional Andreev reflection in the density of states (equiv-
alent to the T=0 K line with two small peaks in Fig. C.5b), in the form of a pair of
Lorentzian functions centred at +0.9 meV with an amplitude same as max[N (E, T, A)]
as an example. As described in the main text, Andreev processes occur with prob-
ability t2, while single electron tunneling occurs with probability t, where t is the
transparency of the barrier. For the extreme case of t = 1072, the contribution of
Andreev process to in-gap conductance is still negligible at our measuring tempera-
ture above 2.2 K. Therefore, we conclude that thermal broadening and conventional
Andreev reflections cannot account for the filling of the spectral gap.

a b
[V} (]
v} r A —_— 0K Y L A
S i —_ 22K s | i
I —23K ©
° .| / — 24K \ E .| / \
) — 25K 5
S 1 I 50K \‘ Yol I :‘
o o
@ 72K | @ i |
Ny N
= =
E E T
s s |
0 2 0 2 0 2 0 2
Energy (meV) Energy (meV)
c
[
g L
C
© L
k9]
> L
°
g 1 S
O
- I
(]
N L
©
g L
o L
z
0 -2 0 2
Energy (meV)

Figure C.5: Filling of the spectral gap due to thermal broadening and conventional Andreev
reflections. a Simulation of normalized differential conductance as a function of energy at various
temperatures for an s-wave BCS superconductor with a constant gap size A=1.78 meV. b Same as a
except two peaks inside the gap representing Andreev reflections are included in the zero-temperature
density of states with barrier transparency of the tunnel junction t = 1072, ¢ Normalized differential
conductance data from Fig. 6.4a. The horizontal bars show contribution to filling of the spectral gap by
thermal broadening and Andreev reflections for different temperatures.

C.8. Effect of temperature on the sharpness of

the noise enhancement

In the main text we use a simple phenomenological Fermi function as a guide to the
eye to the data (blue lines in Fig. 6.2 and Fig. 6.3) to include the effect of tempera-
ture on the step from 1e to 2e. The reason that the noise does not rise immediately
at A, but at energies just below A is based on a scattering matrix formalism model
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that we will describe below for comparison, either model gives similar S(V) curves,
as shown in Fig. C.6. We calculate the current and the current noise in a normal
metal — insulator — superconductor (NIS) junction using the reflection matrix with
electron-hole grading of excitations at energy ¢, adapted from the scattering matrix

formalism of Refs [5, 6]:
7‘(6) — (ree(e) reh(e)) (C3)

The (E) Tee (6)

The tunneling barrier is described by a normal scattering matrix for electrons,

a_[p T

=2 7) (c4)
with the transmission |t|? = t and p’ = —p*1/7* assumed to be energy mdependent
Current conservation implies that the scattering matrix $ is an unitary matrix ($*$ =

$8* = 1), thus |7]? + |p|?> = 1. The corresponding matrix for holes is $*. The N-S
interface is described by the Andreev reflection amplitude a(e) given by

a(e) = 1 e —sgn(e)Ve? —A? forle| > A
T A e-iVAZ—¢2 for|e| < A

where A is the magnitude of the pair-breaking gap. The reflection amplitudes .. (¢)
and n,. (¢) in the scattering matrix can be found from an infinite series expansion
for all possible electron and hole trajectories in the junction. By taking the distance
between the N-S interface to zero, one can approximate these infinite series by:

(C.5)

2 1% 2
Tee(€) =p + #Za(;()e); (C.6)
and 2a(0
%a(e
The (€) = 1= PP (C.7)

In order to calculate the current and current noise we use the expectation am-
plitudes for these reflections R,.(¢) = |1..|? and Ry.(€) = |n,|?. The current is
obtained by

2 2 ev
= fo de [1 = Ree(€) = Ruel [f (e — V) = f(€)] (C.8)

where e is the elementary charge, h is Planck’s constant, V is the applied bias
voltage to the junction and we included the thermal resolution of the experiment
by the Fermi-Dirac distribution f(e) = 1/(1+exp(e/kgT)), where kg is Boltzmann's
constant and T is the temperature. The noise is found by

4e% € ) 5
S = Tfo de [Ree(e) — Rge(€) + Rpe(€) — Rpe(€) + ZRee(E)Rhe(e)] [f(e —eV) —f(e)]

(C.9
To simulate the effective charge transferred in the junction we calculate the ratio
S;/2I for each bias voltage V. An example fit to the data is shown in Fig. C.6.
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Figure C.6: Random-scattering matrix fit to the noise data. a The measured noise at 2.3 K as
function of the bias voltage (blue dots) and random-scattering matrix simulation fit (red line). Blue
shading indicates the spectral gap observed in the differential conductance. b Similar to a but now for
the effective charge. ¢ Random scattering matrix simulation for the four different temperatures used in
the experiment. d Guides to the eye used in the main text.
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perature dependence of the spectral density gap measured by the differential tunneling conductance
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derivative. Setup conditions: Vi, = 2 MV, I = 200 pA. b Gap width (red diamonds) determined via
the second derivative of the curves in panel a. The dashed curves indicates the mean-field prediction
for A(Tc = 4 K) and A(Tc = 5.8 K) from BCS theory. The depth of the gap at zero bias (black dots)
for the curves in panel a is shown in percentages with respect to the conductance at energies outside
the gap. ¢ Resistance versus temperature curve of our sputtered TiN sample. The orange shaded re-
gion indicates the phase-coherent superconducting phase below the transition temperature. d Effective
charge outside (diamonds) and inside (circles) the spectral gap as function of temperature. We define

the temperature T, at the drop of the noise.
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