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We demonstrate that the differential conductance, dI/dV, measured via spectroscopic imaging
scanning tunneling microscopy in the doped iron chalcogenide FeSeg.45Teo.55, possesses a series
of characteristic features that allow one to extract the orbital structure of the superconducting
gaps. This yields nearly isotropic superconducting gaps on the two hole-like Fermi surfaces, and
a strongly anisotropic gap on the electron-like Fermi surface. Moreover, we show that the pinning
of nematic fluctuations by defects can give rise to a dumbbell-like spatial structure of the induced
impurity bound states, and explains the related C2-symmetry in the Fourier transformed differential

conductance.

Identifying the electronic structure of the iron-based
superconductors has remained one of the most important
open challenges in determining the underlying supercon-
ducting pairing mechanism. There exists strong evidence
for a si-wave symmetry of the superconducting order
parameter?, arising from the pairing between electron-
like and hole-like Fermi surface pockets that is medi-
ated by magnetic fluctuations® 6. However, the existence
of nematicity in the iron chalcogenide superconductor
FeSe”, and the observation of high temperature supercon-
ductivity in iron chalcogenides without hole pockets® 10,
has recently cast doubt on such a simple picture, giving
rise to the proposal of orbital selective superconducting
pairing'"'*. Moreover, recent scanning tunneling spec-
troscopy experiments'® have reported that even outside
the nematic phase in doped FeSeg 4Teq g, the electronic
Cy-symmetry is broken, leading to an approximate Cs-
symmetry in the Fourier transformed differential conduc-
tance. Whether such a symmetry breaking arises from
the pinning of dynamic nematic fluctuations, or from or-
bital selective Mottness, is presently unclear.

In this Letter, we provide insight into these open ques-
tions by analysing the results of spectroscopic imaging
scanning tunneling microscopy (STM) experiments in the
doped iron chalcogenide FeSeq 45Teq 55. In particular, we
demonstrate that the differential conductance, dI/dV,
possesses a series of characteristic features that allows
us to extract not only the orbital structure of the su-
perconducting order parameter, but also its momentum
dependence along the three Fermi surface sheets, yield-
ing two nearly isotropic superconducting gaps for the
hole-like Fermi surfaces, and a highly anisotropic gap for
the electron-like Fermi surface. Moreover, we show that
the pinning of nematic fluctuations gives rise to the ex-

perimentally observed dumbbell-like spatial structure of
the induced impurity states, and leads to the nearly Cs-
symmetric Fourier transformed differential conductance
observed experimentally!®

Starting point for the analysis of the differential con-
ductance, dI/dV, measured in the superconducting state
of FeSeq 45Teq 55, is a five-orbital, tight-binding Hamilto-
nian H = Hy + Hgc® which in real space is given by
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Here a, 8 =1, ..., 5 are the orbital indices corresponding
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spectively, tr ab represents the electronic hopping ampli-

y2~ dzy-, and ds3.2_,2-orbitals, re-

tude between orbital a at site r and orbital B at site r/,
and c;a,ﬂ(cr’a,c,) creates (annihilates) an electron with
spin o at site r in orbital a. To obtain a supercon-
ducting order parameter with si-wave symmetry??, we
take Hgc to describe superconducting intra-orbital pair-
ing between next-nearest neighbor Fe sites (in the 1 Fe
unit cell), with I,/ being the pairing interaction. Using
a mean-field decouphng of Hgc, we obtain
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We extract the hopping amplitudes by fitting the mo-
mentum resolved bandstructure in the normal state
of FeSeq 42Tep.53 obtained in angle-resolved photoemis-



sion spectroscopy (ARPES) experiments!®, as shown in
Fig. 1(a) [their values are given in Tables I and II of
the supplemental material (SM) Sec.I'”]. FeSeq.42Teg 58

A2
@ C

2.2

2.0 AFlS

|A(@)| [meV]

1"[ ‘ 2n
angle @

FIG. 1. (a) Theoretical fit of the experimentally determined
energy dispersion of FeSeo,42Teo_5316 in the 2-Fe/cell Brillouin
zone (BZ). The blue dots represent the experimentally deter-
mined dispersion'®, and the red lines represent the theoretical
fit. (b) Plot of the three Fermi surface sheets resulting from
the fit presented in (a) with two hole-like F'S pockets around
T [(0,0)] point and one electron-like FS pocket around X/Y
[(£m,0), (0, £7)] points in the 1Fe BZ. ”+” indicate the phase
of the superconducting st-wave order parameter. (c) Super-
conducting gap along the three Fermi surfaces as a function
of angle ¢ measured with respect to the z-axis.

possesses three Fermi surface (FS) sheets, with two hole-
like F'S pockets closed around the I point (FS 1 and 2)
and one electron-like FS pocket around the X/Y points
[(£m,0),(0,£7)] (FS 3) in the 1Fe/cell Brillouin zone
[see Fig. 1(b)]. These fits reveal the orbital composition
of the Fermi surfaces with states on FS 1 and 2 possess-
ing predominant d.- and dy.-character, while states on
FS 3 possesses large contributions from the d,,-orbital
and d,./d,.-orbitals (see SM Sec. I1'7). These results
are qualitatively similar to those obtained earlier for
LaOFeAsS.

To investigate dI/dV in the superconducting state,
we note that the states near the Fermi surfaces consist
primarily of contributions from the d.-, dy.- and dg,-
orbitals, and therefore assume that the superconducting
order parameter is non-zero for these three orbitals only.
To determine their values in orbital space, we make use
of several characteristic features that occur in dI/dV in
the superconducting state of FeSeg 45Teq 55, as shown in
Fig. 2(a). In particular, the dI/dV lineshape possesses a
set of easily identifiable coherence peaks [denoted by ar-
rows 1 in Fig. 2(a)], located at E = £2.0 meV, and two
sets of shoulder-like features [denoted by arrows 2 and 3
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FIG. 2. (a) Experimental differential tunneling conductance
g(r,E =eV)=dI(r,V)/dV, and theoretical (b) Ny, + Ny,
(¢) Nay, and (d) Niot in FeSeg.a5Teq.55. The sharp coherence
peaks denoted by (1) are associated with the superconduct-
ing gap on Fermi surface (1), while the shoulder-like features
denoted by (2) and (3) are the smeared-out coherence peaks
associated with the superconducting gaps on Fermi surfaces
(2) and (3). (3) and (3’) are features associated with the
maximum and minimum superconducting gaps, |As|™*® and
|As|™™ respectively, on Fermi surface 3.

in Fig. 2(a)], at energies E = £1.8 meV and E = +1.2
meV, respectively. To understand the origin of these fea-
tures, we plot the theoretically computed and orbitally
resolved local density of states (LDOS) N,(r, E) (see SM
Sec. I'") of the d,.-orbital (N,.) and d,.-orbital (N,.)
in Fig. 2(b), and of the d;,-orbital (N,,) in Fig. 2(c). A
plot of the total LDOS, Ny, i.e., the sum over all or-
bital contributions, shown in Fig.2(d), reveals that the
largest contribution to Ni,:, arises from the d,.- and
d,.-orbitals. Moreover, N,, and N, [Fig. 2(b)] exhibit
the same features seen experimentally: a set of coher-
ence peaks denoted by 1, and two shoulder like features
at lower energy denoted by 2 and 3. To match the
energy position of these features to those observed ex-
perimentally, we take the superconducting gaps in or-
bital space to be given by Aj; = Ags = 0.55 meV,
and Ay = 0.38 meV. A plot of the superconducting
gaps along the three Fermi surface sheets, denoted by
AT 5, shown in Fig. 1(c), allows us to identify the ori-
gin of these characteristic features. In particular, the
largest superconducting gap, exhibiting only a very weak
variation with angle, is found on Fermi surface 1 with
AT ~ 2 meV and gives rise to the coherence peaks de-
noted by arrows 1 in Fig.2(b). The superconducting gap
on Fermi surface 2, A5S(k), exhibits a weak anisotropy
and varies between A" = 1.67 meV and AJ** = 1.73
meV, leading to the shoulder-like feature in the LDOS
indicated by arrows 2 in Fig. 2(b); this feature can be in-
terpreted as broadened coherence peaks. Finally, the gap
on Fermi surface 3 possesses the largest anisotropy vary-



ing between |Az|™™ = 1.2 meV and |A3|™%* = 1.8 meV,
with |[Az|™" determining the position of the shoulder-
like feature denoted by arrows 3. This strong anisotropy
is a direct result of the varying orbital composition of
states along FS 3, and a superconducting gap in the
d.,-orbital, that is significantly smaller than that in the
de.- and dy.-orbitals (for a detailed discussion, see SM
Sec. I1'7). Moreover, as |A3|™ is quite close to A2,
it is impossible to resolve its signature in N, and Ny,
from that of A5S(k). However, the signatures associ-
ated with |A3|™™ and |A3|™® can be clearly identified
in Ny [Fig.2(c)] as indicated by arrows 3 and 3’. While
our model assumes only two independent values of the su-
perconducting gaps, the energies of all three features in
the theoretically computed LDOS — the coherence peaks
and two shoulder-like features — are in very good agree-
ment with the experimental findings, providing strong
evidence for the validity of the extracted bandstructure
and superconducting gaps.

The above results shed some light on the ongoing con-
troversy regarding the size and anisotropy of the su-
perconducting gaps reported by angle-resolved photoe-
mission experiments on Feq g3Teq 7Seq 38, FeTeg ¢Sep.4'”
and FeTeg 555€0.452°. These experiments have reported
not only significantly different values of the maximum
superconducting gaps, varying between 2 meV'? and 4
meV!®20 (with the latter being inconsistent with our
results), but also disagree on whether the gaps are
isotropic'®2° or highly anisotropic'®. In particular,
the report of an isotropic superconducting gap on the
electron-like Fermi surface 3 is not only inconsistent with
our findings, but also with those of angle-resolved spe-
cific heat measurements?!. The latter also reported a
gap minimum on FS 3 along the I' — M direction, in
agreement with our findings.

Further important insight into the electronic structure
of FeSey.45Teg 55 can be gained by considering the ex-
perimentally measured dI/dV near defects, as shown in
Fig. 3(a). Due to the unconventional symmetry of the
superconducting order parameter, magnetic as well as
non-magnetic defects lead to the emergence of impurity
states inside the superconducting gap??. These impurity
states possess a dumbbell-like spatial structure [Fig. 3(c)
and (d)], which breaks the electronic Cy-symmetry of the
system, and show little difference between the particle-
(E < 0) and hole-like (E > 0) branches of the defect
state. The proximity to the nematic phase suggests that
this dumbbell-like structure might arise from the pin-
ning of dynamic nematic fluctuations by the defects, sim-
ilar to the pinning of dynamic charge- or spin-density
wave fluctuations?®>. This pinning effectively increases
the spatial extent of a defect’s scattering potential along
the z- or y-axis. Alternatively, the observed broken Cy-
symmetry of the defect states could reflect the presence
of orbital selective Mottness!! 14,

Here, we consider the former possibility, and investi-
gate the combined effects of defects and pinned nematic
fluctuations on the electronic structure of FeSeq 45Teq 55
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FIG. 3. (a) Experimental dI/dV (r,E) and (b) theoretical
Niot(r, E) at r = (1,1) with the defect located at R = (0, 0).
Experimental dI/dV (r, E) at the (c) particle-like, and (d)
hole-like branch of the impurity bound state. Experimental
dI/dV (r, E) was recorded at 280 mK using a modulation of
100 pV, setup bias of -20 mV, and tunneling current of 500
pA. Theoretical N, (r, E) at the bound state energies: (e)
Ep = —0.35 meV, (f) Ep = +0.35 meV.

by employing the Hamiltonian
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where the first term describes a non-magnetic defect lo-
cated at R = (0,0) that leads to electronic on-site,
intra-orbital scattering only, the second term describes
the defect-induced pinning of nematic fluctuations rep-
resented by the field ®(R), and the last term represents
the interaction between the nematic fluctuations and the
conduction electrons with interaction strength g. The
pinning of nematic fluctuations induces additional scat-
tering potentials for the conduction electrons, described
by Uy = ¢(®(r)) = —gU,xn(r — R,w = 0), where x,, is
the susceptibility of the nematic fluctuations. In general,
the pinning of the nematic fluctuations could also affect
electronic hopping elements, which will not be considered



here. The spatial extent and strengths of these pinning
induced scattering potentials is in general determined by
the correlation lengths of the nematic fluctuations, as
reflected in x,,. While the calculation of the latter is be-
yond the scope of this article, we make use of the fact
that it is highly directional®*~27. We therefore model the
pinning of nematic fluctuations as leading to scattering
potentials U; = ¢g(® (R £ %)) and Uy = g(® (R £22))
along the x-axis only. For concreteness, we use Uy = 100
meV, Uy = 75 meV, and Us = 50 meV for the defects
considered below.

The resulting Ny (see SM Sec. I'7) near the de-
fect site, shown in Fig. 3(b), reveals as expected im-
purity states inside the superconducting gap located at
Ey, = 40.35 meV denoted by arrows 1. In addition,
Nyt shows a strong enhancement close to the edge of
the superconducting gap [denoted by arrows 2]. Both of
these features are in agreement with those observed ex-
perimentally [see corresponding arrows in Fig. 3(a)]. A
comparison of the spatially and orbitally resolved LDOS
(see Fig.S2 in SM Sec. IIT'7) shows that the d,.-orbital
possesses the largest LDOS at Ej, (for our choice of -
and y-axes and direction of nematic fluctuations). It is
therefore likely that the largest contribution to the exper-
imentally measured dI/dV at the bound state energies
arises from tunneling into the d,.-orbitals. We there-
fore present in Figs. 3(e) and (f) the spatially resolved
N, for the particle- (E = —0.35 meV) and hole-like
(E = +0.35 meV) branches of the defect state. Due
to the pinning of the nematic fluctuations, the bound
state extends primarily along the z-axis, and possesses
a dumbbell-like shape, similar to the one observed ex-
perimentally in Figs. 3(c) and (d). Note that the gen-
eral spatial structure of the bound state changes only
slightly between the particle- and hole-like branches, in
agreement with the experimental observation, and in con-
trast to the characteristic 45° rotation observed in the
cuprate?® and heavy fermion superconductors??:3%. The
reason for this striking difference lies in the orbital struc-
ture of FeSeg45Teq 55: as the main contribution to the
defect state resides in the d;.-orbital, the orbital’s spa-
tial structure restricts the bound state to predominantly
lie along the z-axis, and thus does not allow for a rota-
tion of the spatial bound state pattern. Note that for a
tetragonal system, nematic fluctuations both along the x-
and y-axes are allowed, and the orientation of the dumb-
bells will therefore vary between the domain of nematic
fluctuations they reside in.

Recent STM experiments!® reported a breaking of
the electronic Cy-symmetry, and an approximate Co-
symmetry of the Fourier transformed differential con-
ductance, g(q, F), outside the nematic phase in doped
FeSey 4Teg . To investigate the origin of this broken Cy-
symmetry, we consider a system containing 1% of defects
that pin nematic fluctuations and give rise to the same
scattering potentials as the defect in Fig. 3(b) [the defects
are indicated by red dots in Fig. 4(a) and (b)]. We assume
that the correlation length associated with the pinned ne-
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FIG. 4. Disordered system with a concentration of 1% of
defects pinning nematic fluctuations and giving rise to the
same scattering potentials as the defect in Fig. 3(b). Resulting
theoretical (a) Na.(r,E) , (b) Niot(r, E), (¢) gz=(q, E) , (b)
gtot(q, E) at E = —2.5 meV.

matic fluctuations is larger than the inter-defect distance,
such that all pinned fluctuations are aligned in the same
direction. In Figs. 4(a) and (b), we plot the resulting
N,..(r, E) and N, (r, F), respectively, outside the super-
conducting gap at E = —2.5 meV. The zoom-in in the up-
per left corner of the area denoted by a red square reveals
an approximate Cy-symmetry around the defects. More-
over, the defects give rise to strong spatial oscillations
in N,.(r, E), possessing a wave-length of A ~ 2ay. By
Fourier-transforming N, (r, E) and Ny (r, E), we obtain
Juz(d, ) and giot(q, E') shown in Fig. 4(c) and (d) re-
spectively. As expected, they possess an approximate
Cs-symmetry, and exhibit a structure that is very similar
to the one observed experimentally in g(q, E) by Singh
et al.*® (see SM Sec. IV17). We thus conclude that even
outside the nematic phase, the pinning of strong nematic
fluctuations can break the electronic Cy-symmetry of the
system. The theoretical g,.(q, F) also provide insight
into the origin of the strong spatial oscillations in the
LDOS. The large intensity in g,.(q, E) at small wave-
vectors around (0,0) arises from scattering within the
three Fermi surfaces, whereas the large intensity around
(0, £7) [see Fig. 4(c)] arises from scattering between the
electron-like Fermi surface sheets closed around (0, %)
and the two hole-like Fermi surfaces closed around (0, 0)
[see Fig. 1(b)]. Thus the A & 2a oscillations in the LDOS
are a direct signature of the interband scattering induced
by defects.

In conclusion, we have shown that the differential con-
ductance, dI/dV, measured in the doped iron chalco-
genide FeSeq 45Teg 55 provides important insight into the



structure of the superconducting order parameter on
three Fermi surface sheets. We extracted the magni-
tude and orbital content of the superconducting gaps us-
ing characteristic features in the dI/dV lineshape. This
allowed us to obtain nearly isotropic superconducting
gaps on the two hole-like Fermi surfaces, and strongly
anisotropic gap on the electron-like Fermi surface. More-
over, we demonstrated that the correlated pinning of ne-
matic fluctuations by defects can explain not only the
dumbbell-like shape of the induced impurity states, but
also the broken Cy-symmetry of the observed g(q, E) for
energies outside the superconducting gap. Further in-
sight into the role played by orbital-selective Mottness
into determining the system’s electronic structure, and
response to impurities, could be provided by future ex-
periments utilizing the yet unexplored dispersive features

in the quasi-particle interference.
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