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ABSTRACT The relationship between atomically defined struc-
tures and physical properties in functional materials remains a
subject of constant interest. We explore the interplay between local
crystallographic structure, composition, and local superconductive
properties in iron chalcogenide superconductors. Direct structural
analysis of scanning tunneling microscopy data allows local lattice
distortions and structural defects across an FeTe, s55e 45 surface to

be explored on a single unit-cell level. Concurrent superconducting
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gap (SG) mapping reveals suppression of the SG at well-defined structural defects, identified as a local structural distortion. The strong structural distortion

causes the vanishing of the superconducting state. This study provides insight into the origins of superconductivity in iron chalcogenides by providing an

example of atomic-level studies of the structure—property relationship.
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key challenge in high-temperature

superconductivity is to determine

the role of local crystallographic
structure and chemical effects on the super-
conducting critical temperature, T..' > Iron
chalcogenide superconductors (11) are
ideal model systems for deciphering the
role of local effects on the superconductiv-
ity, primarily because they cleave leaving
nonpolar surfaces unlike other families of
iron arsenide superconductors (1111 or 122)
and cuprates.*> There is no intervening
ionic layer between the superconducting
Fe(Se,Te) planes,* and so the cleaved sur-
face is representative of the bulk crystal.®
The layered nature of these materials makes
them readily amenable to scanning tunnel-
ing microscopy (STM)-based studies. On the
cleaved FeTeyssSegaqs surface, He et al’
identified the bright patches in STM images
as tellurium atoms and the dark patches as
selenium atoms. Hanaguri et al.? identified
s+ wave superconductivity on Fe(Se,Te).
Song et al.® found a V-shaped gap on FeSe,
suggesting strong evidence for nodal
superconductivity.
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Recently, emergence of mesoscopic scan-
ning probe microscopy techniques has allowed
exploring behaviors of functional materials on
a single defect level. The examples include
metallic domains in VO, by optical and micro-
wave techniques,'®~'* piezoresponse force
microscopy of polarization switching,>~"
and many others. However, the atomic struc-
ture of these defects remains unknown.

To understand correlation between atom-
ically resolved structure with crystallographic
and chemical identities of atoms known
and physical functionalities, we investigate
FeTeps55€045 Using STM and scanning tun-
neling spectroscopy (STS). Using a lab-built
cryogenic STM, a structural distortion map
across the FeTeg555€0.45 surface is derived
from atomically resolved STM images. To
quantify this behavior, we implement
analysis of local crystallography from STM
images using local bond-length analysis.
Combination of these techniques allows
for the identification of the local lattice
distortion due to chemical inhomogeneity
and defects. The electronic and super-
conductive properties are accessed from
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Figure 1. STM characterization of Fe(Se,Te). (a) Typical topographic image of the sample. The setup conditions for imaging
were a sample bias voltage of 50 mV and a tunneling current of 0.1 nA. Atomically resolved image shows a lattice of
chalcogens. (b) Model showing crystal structure, the anion height h,,;o,, and lattice area oga. (c) Line profile showing
corrugation on the surface. The top horizontal axis is labeled with atom units (1 atom unit = 3.8 A), and vertical dashed lines
mark atomic positions in the line profile. (d) Averaged tunneling spectrum taken at about 4.2 and 77 K, both examined at the
same surface. The solid red curve represents the fit of STS data to the Dynes function. Inset is the curve after the polynomial

has been subtracted.

current-imaging tunneling spectroscopy (CITS) and dif-
ferential conductance (d//dV) measurements. Finally,
superconducting gap (SG) mapping reveals suppres-
sion of SG at well-defined structural defects, which
suggests a strong correlation between local structural
distortion (symmetry-broken) and the suppression of
superconducting states.

RESULTS AND DISCUSSION

Figure 1a presents a typical topographic STM image
of the cleaved surface. The surface exhibits small
patches of bright and dark contrast, in agreement
with previous STM observations.” The surface corruga-
tion between bright and dark patches is about 0.5 A
(Figure 1c), which is comparable with the results
reported previously.” The corrugation is attributable
to surface chemical clustering of Se/Te. Atomic resolu-
tion topographic image reveals a square lattice with a
periodicity of approximately 3.8 A, consistent with the
in-plane lattice constant of the single crystal used in
this study'® and corresponding to the distance between
adjacent apical chalcogen atoms of the Fe(Se, Te), tetra-
hedra at the top of the cleaved surface. A spatially
averaged tunneling spectrum taken at ~4.2 K is pre-
sented in the left panel of Figure 1d and shows an
asymmetric V-shaped background at high energies
and a gap in the low-energy regime, centered at the
Fermi energy. Considering the fact that the gap
vanishes at elevated temperature above T (right panel
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of Figure 1d), leaving only V-shaped background, we
conclude that the observed gap at about 4.2 K is the
superconducting gap. The superconducting gap value,
A, can be derived using following procedure.'® Poly-
nomial functions were used to fit the backgrounds for
the positive and negative bias regions and extended to
the Fermi energy. After the background was removed,
the spectrum was fitted using the s-wave BCS gap
function with a Dynes broadening factor T',*° convo-
luted with the Fermifunction at 4.2 K. The fitted curve is
plotted against the dotted data points in the left panel
of Figure 1d.?' The derived gap value is A = 2.3 meV.
With T. =14 K, 2A/kgT. is ~3.8, which is consistent with
the value reported previously.®

To investigate the relationship of local surface chem-
istry, structure, and superconductivity, we zoom into a
small area with a size of 8.4 nm x 8.4 nm (Figure 2a). In
addition to the normal square lattice with bright and
dark contrast, a bright spot appears at the left. There
have been reports about bright spots on the Fe(Te,Se)
surface, which have been attributed to local excess
iron.>® Song et al.® reported that iron ad-atoms on the
FeSe surface introduce resonance states in the super-
conducting gap. Simultaneously taken di/dV image
(Figure 2b) at the approximate coherence peak energy
(3 meV) shows contrast different from the topographic
image in Figure 2a. This indicates that, in the topo-
graphic image, the apparent height difference is a real
geometric effect rather than a difference in electronic
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Figure 2. Comparison of an LDOS (d//dV) map and its corresponding superconducting gap map, including the structural
analysis. (a) Typical topographic image of the sample, which shows an area of 8.4 nm x 8.4 nm taken at bias of —3 mV (after
bias offset of —2 mV for small biases is corrected). (b) LDOS (d//dV) map, obtained simultaneously with topographic image
at bias of —3 mV (after bias offset of —2 mV for small biases is corrected). (c) Lattice distortion mapping from local
crystallographic analysis for the same location. (d) Superconducting gap map, obtained from 60 x 60 pixel local differential
conductance spectral grid which was taken on the same region in (a) with a sample bias voltage of 20 mV, a tunneling current
of 0.1 nA, and bias modulation amplitude of 0.3 mV,,,;, showing the spatial variation of the superconducting energy gap. (e)
Typical series of dI/dV spectra illustrating how the superconducting gap magnitude varies on the nanoscale, which are
extracted from the same spectral survey for creating (d), along the blue dotted line shown in (a); from top to bottom, the
corresponding spatial location moves to the right, away from the bright spot. The blue spectra near the bright spot show
smaller gap magnitude than the spectra away from the bright spot. All spectral surveys were taken with a sample bias voltage
of 20 mV, a tunneling current of 0.1 nA, and bias modulation amplitude of 0.3 mV,,,s. Red dashed curves in (a—d) show the
contour of the patches in the gap mapping in (d) and illustrate whether the inhomogeneity for each of the other three figures

is the same as the inhomogeneity of the spatial gap.

density of states (DOS).” Electronic inhomogeneity
exhibited in conductance mapping cannot be directly
related to the inhomogeneity in surface chemistry
(clustering of Te/Se). To get further insight into the
detailed structure, we adapt direct local crystallo-
graphic analysis (DLCA), an approach originally devel-
oped for TEM image analysis of ferroelectric materials***>
and subsequently adapted for STEM?*~25 (see Materials
and Methods for details). The displacement of surface
apical chalcogen atoms from the unperturbed position in
the lattice is identified, and a map of lattice area o, which
is defined in Figure 1b as the projected area onto the ab
plane of nearest neighboring four apical chalcogen
atoms, is plotted in Figure 2c. The local crystallographic
inhomogeneity shown in this mapping indicates the local
tetrahedral distortion within individual crystal unit cells.
One important question is how superconductivity re-
sponds to this local distortion. To answer this question, it
is necessary to compare the changes of interatomic
distances with changes in the superconducting elec-
tronic structure inside the same unit cell.

To obtain further insight into the variability of super-
conductive behavior, we adopt the spectroscopic
imaging approach that was originally developed for
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cuprates.””?® A spectroscopic survey was taken on the
same region in Figure 2a, which consisted of differen-
tial tunneling conductance spectra (dli/dV versus V)
measured at grids in the given field of view. The spatial
mapping of energy gap A (“gap maps” shown in
Figure 2d) can then be derived by fitting each di/dV
spectrum with the fitting procedure described above.
In the spatially resolved gap mapping, we find that the
superconducting gap decreases dramatically near
the bright spot, showing a significant suppression. To
further confirm this, a series of d//dV spectra across the
bright spot are shown in Figure 2e, illustrating how the
superconducting gap was suppressed around the
bright spot. The suppression of superconductivity
around the bright spot on FeTessSeq 45 is different
from the resonance states induced by iron ad-atoms on
the FeSe surface.” While there is no conclusive evi-
dence to determine what the extra atoms of the bright
spot are, our results have clearly demonstrated that the
extra atoms of the bright spot on FeTegs55€¢45 sup-
press the superconductivity around the bright spot.
In the rest of the region, we find that the super-
conducting gap is rather uniform, varying slightly with
spatial locations in the range of 1.5 to 2.3 meV. The gap
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Figure 3. Distortion domain of Fe(Se,Te). (a) Topographic image showing a distortion boundary. Scan size is 18 nm x 18 nm.
The image was taken at the bias of 50 mV with 100 pA tunneling current. (b) Typical height profile across the defect.
(c) Zoomed-in image of the defect corresponding to the boxed area in (a), showing lattice shifting on the distortion domain.
The image has been processed (smoothed and flattened) to better illustrate the lattice shifting. (d) Lattice distortion mapping
from local crystallographic analysis for the defect. (e) FFT for the image in (a).

mapping exhibits small patches with the gap value
of 2.2 meV, and the size of patches is in the scale of
2—4 nm, close to the reported superconducting co-
herence length in FeSe.?® The spatial gap variations
have no one-to-one correspondence to the local crys-
tallographic map. In fact, the gap energy varies on the
2—4 nm length scale in our case, whereas the displace-
ment changes at every other Se(Te) atom (0.38 nm
length scale) in Figure 2c. This demonstrates that the
individual local lattice distortion due to chemical in-
homogeneity, as reflected in variations in local lattice
area or height of surface chalcogen atoms, does not
modulate correspondingly the superconducting gap.
These observations provide the context for studies of
superconductive behavior at local defects reported
below.

To investigate how the geometry of an Fe(Se, Te),
tetrahedron affects superconductivity locally, it would
be essential to find a local region in which the crystal
structure is continuously perturbed with a spatial size
slightly larger than or comparable to the supercon-
ducting coherence length of the material, similar to
what is suggested for investigating the local struc-
ture dependence of superconductivity in cuprates
by Slezak et al." Upon examining large areas of the
FeTegs55€0.45 surface, we observed the boundary-like
region, shown in Figure 3a (refer to Supporting Infor-
mation for large-scale image (Figure S1)). These defects
are observed in multiple locations on this surface. Such
defect is typically more than 100 nm long (beyond the
area shown in the figure), having an apparent height
of the feature about 1.0—1.2 A. More importantly, the
width of the defect is about 2—4 nm, comparable
to the superconducting coherence length for FeSe.
Furthermore, the boundary-like region can be atom-
ically resolved, allowing for identification of the defect

LIN ET AL.

type. We note that a recent report has shown that
superconductivity is suppressed in FeSe by twin
boundaries,?® which form in the orthorhombic ferro-
elastic phase of FeSe. Upon cooling, FeSe changes from
tetragonal to orthorhombic structure, giving rise to
twin boundaries,?® while optimally doped FeTeyss5eq.45
remains tetragonal. In Figure 3a, we do not observe twin
domains in the areas at two sides of the boundary-like
region. Thus, the boundary-like defect we observed in
FeTepssS€045 is not the twin boundary, but there are
distortions as we will demonstrate below.

In order to study the defect structure in more detail,
we focus on an image taken at the boundary region
(marked by blue rectangle in Figure 3a). A series of
parallel dashed lines are used to guide the eyes (Figure 3c).
The lattices on the left and right sides of boundary shift by
half a unit cell over about nine unit cell transition zones.
Here, we refer to the region with anomalous structure as
the distortion domain. In this region, the lattice develops
the half unit cell shift by a continuous distortion along
one of the nearest-neighbor chalcogen atom direc-
tions in the topmost layer. The boundary is oriented
along a 15° angle with respect to the Fe—Fe bond
directions. Here, a and b correspond to the two Fe—Fe
bonding directions, as defined in Figure 3c. The de-
tailed structure of this boundary is analyzed by apply-
ing direct crystallographic analysis on the atomic
resolution STM image. The deviations from the unper-
turbed lattice for atoms in the distortion domain are
plotted in Figure 3d as well as the spatial variations of
the lattice area, ga, defined previously. Strong lattice
distortion on the boundary is observed, and the lattice
area is greatly compressed by ~35% in the boundary
region. Such compressed lattice area can be interpreted
as following. In order to adopt the antiphase lattice
shifting, the distortion boundary not only induces the
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Figure 4. STM characterization of Fe(Se,Te). (a) Topographic image showing an area of 75 nm (width) x 79 nm (length) taken
at a bias of 20 mV. (b) Two spectra measured at two randomly selected locations of the boundary region and away from the
boundary region. (c) Series of di/dV spectra across the structural distortion line. These unprocessed spectra were generated
from a single spectral survey which was taken on the same region in (a), along the blue dotted line shown in (a). From top to
bottom, the corresponding spatial location moves from upper left to lower right along the blue dotted line in (a). The red
spectra are away from the distortion domain; the blue spectra are at the distortion domain showing suppression of
superconductivity gap. (d) High-resolution gap map revealing a stripe embedded in the superconducting background. The
color scale spans the range of 0—2.3 meV. This gap map corresponds to the same region in (a) and is calculated from same
spectral surveys for (b). The interconnected red, orange, and yellow regions are high A regions. Embedded stripe domain is

green and blue low-A regions.

lattice contraction (Figure 3d) but also leads to a
significant lattice twisting, which can also be clearly
observed as the elongation of spots in reciprocal space
highlighted with yellow ellipse in the Fourier image of
Figure 3a (Figure 3e). Here, such local distortion may
be induced by the segregation of chalcogen atoms in a
1D-like structure, with an associated change in the
lattice parameter and a “kink” in the lattice (which would
be forbidden in the “patches”).

The formation of the defect in Figure 3a is accom-
panied by an increase in the chalcogen heights, which
can be clearly observed from the height profile in
Figure 3b. The height of surface chalcogen atoms h,pnion
at the boundary region is about 1.0 A higher than the
average surface plane. Considering that the average
anion height of apical chalcogen atoms is about 1.60 A
(based on hanionte = 1.72 A and h,pionse = 148 A in
FeSegaTeq s6), > apical chalcogen atoms at the bound-
ary are up to 2.6 A away from the Fe—Fe plane. In fact,
the tetrahedral geometry in iron-based superconduc-
tors may be a key factor for superconductivity, where
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the tetrahedral angle and h,,ion are both considered to
be important factors.?>3' =3 In some previous studies,
it has been shown that the tetrahedral angle in iron
chalocogenides has no significant effect on T.3%3 It is
demonstrated that h,nion May be correlated to the
value of T in the iron-based superconductors, reaching
a maximum T for hanion ~ 1.38 A.3*3° With our material
having aforementioned average hanion ~ 1.60 A3 a
further increase of hnion is expected to lead to sup-
pression of T, at our distortion boundary, similar to the
reported case for FeSe.?*

We further explore the behavior of the supercon-
ductive order parameter in the distortion domain
as compared to the pristine surface area. The d//dV
spectrum on the boundary region shows only a
V-shaped background, without any superconducting
gap feature (Figure 4b). We show in Figure 4c the
unprocessed dl/dV spectra measured along the blue
dotted line in Figure 4a to illustrate how the electronic
phenomena behave in the raw data. The spectral
evolution across the distortion boundary is easily seen.
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Figure 4d shows the spatial evolution of the gap A(r).
This mapping demonstrates a stripe running diagon-
ally, in spatial agreement with the location of the
distortion boundary in Figure 4a. The stripe is char-
acterized with a low value of A. From the domain edge
to the domain center, the superconducting gap value
A(r) drops toward zero in a few nanometer scale. In
previous studies, FeTe3” has the so-called “double
stripe” (, 0) antiferromagnetism (AFM) ordering
vector,333° while all other iron-based superconductors
exhibit the “single stripe” (77, 1) ordering vector.3*
Adding Se in FeSe,Te,_, is reported to suppress (s, 0)
spin fluctuations and enhance (7, 7) fluctuations,
leading to superconductivity.34*° From undoped FeSe
to FeTe, the anion height h,nion increases accordingly
from 1.45 to 1.81 A3° Previous theoretical studies have
also shown that the anion height hanion plays an
important role in the magnetic ordering and thus
affects superconductivity in Fe(Te, Se); the double
stripe (77, 0) magnetic ordering in FeTe with optimized
Te height changes to the single stripe (7, 7r) ordering
when the height of Te is reduced below a critical value
by doping Se.®

MATERIALS AND METHODS

Synthesis of the FeSe;_,Te, Sample. Single crystals of FeTegs55€0.45
are grown by a modified Bridgman method. A mixture of millimeter-
sized Fe pieces (99.99%) and Se and Te shot (>99.999%) with the
stoichiometry of FeTeqs55€045 are loaded into a pointed silica
ampule and sealed under vacuum. This ampule is vacuum-
sealed inside another silica ampule in case the inner ampule
cracks on cooling. The ampules are then heated to 1100 °C over
12 h, held at 1100 °C for 30 h (with some mechanical stirring of
the liquid at temperature), cooled to 400 °C at 6 °C/h, held at
400 °C for 4 days, and then furnace-cooled to room temperature
over 12 h. The crystals selected for the STM experiments are
from the bottom of the crystalline boule and have chemical
compositions close to the nominal value, FeTegs55€g 45, as is
found by the energy-dispersive X-ray spectroscopy. The chem-
ical composition is accurate to within 2% for each of the
elements. The superconducting properties of the crystals are
measured both magnetically and resistively. The zero-field-
cooled magnetic signal at 20 Oe shows 100% diamagnetic
screening and a transition width (10—90%) of 2 K, with an onset
temperature near 15 K. The superconducting transition tem-
perature (midpoint) for both resistivity and magnetic measure-
ments is near 14 K.

STM Measurements. A laboratory-built low-temperature scan-
ning tunneling microscope (STM) was used for the imaging and
spectroscopic measurements. The sample was cleaved at room
temperature in an ultrahigh vacuum (UHV) to expose a clean
surface and then loaded into the STM head for investigation
at about 77 and 4.2 K. We obtained topographic images in
constant-current mode and the tunneling spectra d//dV using a
lock-in technique to measure differential conductance. The
WSxM software has been used to process and analyze STM
data.*!

Local Crystallographic Analysis. In this method, the locations of
all atoms in the image are indexed to a best fit ideal square
lattice, assigning to each atom a set of (i,j) indexes allowing the
spatial (x,y) deviation of each atom from the ideal lattice
position to be determined. The best fit lattice was determined
by a least-squares minimization of the difference between a

CONCLUSION

In summary, we explore the interplay between local
structure, chemical composition, and superconductiv-
ity in an FeTegs5Seg4s crystal using a combination of
local crystallographic analysis and d//dV mapping. We
demonstrate that local segregation of chalcogens
leads to minor structural changes in bond length and
angles in Fe(Se,Te), tetrahedra but does not affect
dramatically the local superconductive order parameter.
The formation of defects leads to local changes of
crystallographic symmetry and a kink-like lattice struc-
ture, allowing for a larger scale relaxation of lattice
parameters. Such distortion defects were observed to
induce the local suppression of superconductivity.
These studies thus differentiate the role of chemical
and structural inhomogeneity on superconductive be-
havior and illustrate that chemical segregation can
affect a superconducting state upon structural relaxa-
tion. Beyond the Fe-based superconductor, we provide
a new paradigm for atomic-level probing of local func-
tionalities and link between structure and property and
provide the impetus for the development of the next
generation of high-resolution microscopic platforms.

topographic image (with max height normalized to 1 and
average height set to 0) and a lattice composed of hemispher-
ical atoms on a grid described by 6 parameters: atomic spac-
ings along the x direction and y direction, x and y displacement
of the grid from the image center, rotation about the image
center, and skew (displacement of atoms in the x direction
proportional to atoms at y position). Lattice skew was included
to account for drift during imaging. The height and position of
each atom in an image was determined from the fit of each
atom individually using an automated process. Initial estimates
of atom positions used during fitting were determined by
thresholding the topographic image and finding the centroid
of the remaining isolated regions of pixels.
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