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ABSTRACT

The potential of interface engineering to enhance electronic properties is exemplified in a
single atomic layer of FeSe grown on SrTiOs [1], which exhibits an order-of-magnitude in-
crease in its superconducting transition temperature (7, up to 110 K [2]) compared to bulk
(Te. = 8 K [3]). Since this discovery in 2012, efforts to reproduce, understand, and extend
this finding continue to draw both excitement and scrutiny. In this thesis, we report the use
of a combined molecular beam epitaxy (MBE) and scanning tunneling microscopy (STM)
system to grow and image films of superconducting FeSe/SrTiOs. In particular, we investi-
gate and harness atomic defects in as-grown films to derive microscopic insights in two direc-
tions. First, we image quasiparticle interference (QPI) patterns generated around defects in
order to reconstruct the electronic structure of the unperturbed system, and uncover pieces of
the puzzle of high-T, superconductivity in a monolayer of FeSe. Second, we characterize the
atomic structure of defects using density functional theory (DFT), with possible implications

on film quality and nanostructuring.
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Part 1

Instrumentation and Techniques



This part of the thesis is organized as follows: Chapter 1 describes the assembly of a
molecular beam epitaxy and scanning tunneling microscopy system, used to grow and image
thin films of superconducting FeSe on SrTiOs. Chapter 2 describes ongoing efforts to perform
spin-polarized scanning tunneling microscopy, using bulk antiferromagnetic Cr tips and mag-
netic bilayer manganites to characterize the tip spin polarization. Experiments investigating
the effects of various etch parameters on the Cr tip apex geometry, as imaged by scanning

electron microscopy, were carried out by an undergraduate researcher, Stephen Liu.



Assembly of a Molecular Beam Epitaxy and

Scanning Tunneling Microscopy System

1.1 OVERVIEW

In this chapter, we outline the assembly of a combined molecular beam epitaxy and scanning
tunneling microscopy (MBE-STM) system in 2013. Much credit goes to Dr. Can-Li Song,
who designed the initial MBE interface and was involved with the assembly efforts.

We deconstructed an existing STM system (built by Elizabeth Main, Adam Pivonka, and
Ilija Zeljkovic), repaired and modified various components, then reassembled the instrument
in a larger floating room (double-wall soundproofed, six pressurized air springs) with suffi-
cient clearance to fit a customized Labl0 MBE chamber from Omicron (Fig. 1.1). The en-

tire process is documented in a set of slides that can be found on the lab FAS server: \\fas-



home\hoffmanlab\SPSTM Working folder\Moving SPSTM and MBE installation 2013.

BEFORE
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VIEs B —.. e
ﬂiu 021202013 [0
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Floating.
table

NEW LOCATION

Figure 1.1: Assembly of a molecular beam epitaxy and scanning tunneling microscopy (MBE-STM)
system in the Hoffman lab. The STM system was modified from a preexisting instrument built by
Elizabeth Main, Adam Pivonka, and Ilija Zeljkovic (left panel). The MBE chamber is a customized
Lab10 model from Omicron (bottom middle panel). The dated photos in the top right panel depict
intermediate stages in the deconstruction, move, and assembly of the new system in a larger floating
room (bottom right panel, basement of LISE building).

1.2 SCANNING TUNNELING MICROSCOPY

Figure 1.2 presents a photo of the microscope head, designed and built by Elizabeth Main.
Key components, including the sample tray holding the film of interest and an atomically-
sharp tip for scanning, are labeled in the figure. The overall diameter of the microscope is
constrained to be 1.7” in order for it to fit inside the bore of a magnet. Its design is inspired
by models from the Wiesendanger group in Hamburg, Germany [4, 5]. Further details can
be found in Elizabeth Main’s thesis [6], or in a set of updated slides on the lab FAS server:
\\fas-home\hoffmanlab\SPSTM Working folder\MBE Lab Book.

The primary distinctive feature of the microscope is its rotating sample stage. It consists
of a sapphire body with two polished conical ends, each pressed against three shear piezo-

electric stacks. Rotation is actuated by stick-slip motion of the cones against the piezoelec-
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Figure 1.2: (a) Photo of the STM head, designed and built by Elizabeth Main (2010). Selected com-
ponents and functionalities are highlighted. A scale bar is marked by a black line. (b) Updated photo
of the microscope (2014), with a new Cernox thermometer installed to improve sample temperature
readings.

tric stacks, and monitored by the overlap of concentric, half-cylindrical capacitor plates.
In principle, the sample stage can be rotated to three positions, two of which are shown in

Figs. 1.2(a) and (b):
1. Sample tray horizontal, facing the tip - this configuration is used for STM imaging.

2. Sample tray vertical - this configuration is used when exchanging either the sample or
tip in situ, through a magnetic manipulator whose end piece enters the microscope
head through a top clearance. For spin-polarized STM, this configuration also allows

the sample and tip to be magnetized along orthogonal axes.

3. Sample tray horizontal, facing away from the tip - this configuration allows adatoms to

be deposited on a cold film with the tip blocked from the line of sight.

In the original Wiesendanger design [4], a viewport afforded optical access of the rotating
sample stage, at the cost of a higher cryogenic base temperature (~17 K). We lack optical

access in our instrument (thus gaining a lower base temperature typically ~4.3 K), and have



instead installed stoppers to limit the range the rotating sample stage between configurations
(1) and (2).

To properly monitor the sample temperature, a thermometer needs to be mounted directly
on the sapphire sample stage [5]. As part of the instrument upgrade, we installed a new Cer-
nox thermometer on the right face of the rotating sample stage [Fig. 1.2(b)]. Care and testing
were required to ensure that the extra leads from the thermometer did not add significant
torque and impeding the rotary motion of the sample stage.

The STM head is suspended from a Janis flow cryostat (base temperature ~2 K when
pumping), which in turn is attached to a ultra-high-vacuum (UHV) chamber resting on a
wooden table. The wooden table is filled with lead bricks (total ~1 ton) and floated on three
pressurized air springs to maximize vibration isolation. For cyrogenic imaging and spec-
troscopy, a dewar is hoisted up and bolted to the bottom side of the wooden table. Dur-
ing our instrument upgrade in 2013, we had the flow cryostat repaired of a leak, installed a
new ruthenium oxide thermometer on the cryostat heat exchanger, installed a new ion getter
pump (300 L/s pumping speed) for UHV operation, and modified our magnetic manipulator

end piece to aid sample transfer.

1.3 MOLECULAR BEAM EPITAXY

Figure 1.3 presents a photo of a customized Lab10 MBE chamber from Omicron. Detailed
documention can be found on the lab FAS server: \\fas-home\hoffmanlab\SPSTM Working
folder\MBE manual, and \\fas-home\hoffmanlab\SPSTM Working folder\MBE-related.

The main modification to the commerical model involved redesigning the heating stage
to accomodate a smaller sample tray, due to the small microscope head. We switched the
sample tray material from Ti to Ta, a commonly-used refractory metal, for it to maintain
structural integrity at elevated temperatures. Rather than gluing our growth substrate to the
sample tray with some epoxy that could outgas when heated, we implemented a new clamp-

ing mechanism to fix the substrate to the sample tray. The present heating mechanism uti-
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Figure 1.3: Photo of customized Labl0 MBE chamber from Omicron, with selected components and
functionalities higlighted in panels (a)-(e).

lizes radiation from a W filament. More work, as well further modifications to the sample
tray, are required to implement current-induced heating.

Presently, we have two oxygen-resistant effusion cells, holding elemental Fe and Se sources.
This resistance enables a potential future upgrade of the chamber to grow oxide heterostruc-
tures. In addition, we have several homebuilt evaporation boats for Si (to flux-etch SiC) and
various other metals (Bi, Pb, Sb, Cu, Ni, Co). Beam fluxes can be monitored by a water-
cooled quartz crystal monitor, but ultimately we characterize a grown film through STM
imaging.

Sample transfer throughout the MBE and into the STM is achieved through magnetic ma-
nipulators with keyhole and lock mechanisms. Two sample trays can be stored within the
MBE, with base pressure down to 107!? Torr. The present interface between the MBE and
STM system involves nipples and bellows, which detract from the vibration isolation of the
STM system, but is adequate as a temporary workaround.

Details related to film growth and imaging of FeSe thin films will be presented in later

chapters.

O-RESISTANT
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Chromium Tip Etching and Non-UHV
Spin-Polarized Imaging of Cleavable

Materials

We report the preparation of bulk Cr tips for spin-polarized scanning tunneling microscopy
by direct current drop-off etching, and we detail the role of etch parameters on the tip apex
geometry. We present a method to evaluate the tunneling characteristics of the Cr tips us-
ing cleaved crystal planes, circumventing the need for ultra-high vacuum preparation of
clean surfaces or films. We image layered antiferromagnetism on nanoscale terraces in the

bilayer manganite Laj 4511 ¢MnoO7 at 6.5 K. Atomic-resolution imaging is also obtained on

BisSroCaCusOgy 5.



2.1 INTRODUCTION

Spin-polarized scanning tunneling microscopy (SP-STM) is a powerful technique for real-
space imaging of atomic-scale spin features [7, 8]. Its implementation, starting from a con-
ventional scanning tunneling microscope (STM) setup, requires careful preparation of (1) a
tip with a well-defined magnetic termination and (2) a test sample with nanoscale magnetic
structure.

Tips for SP-STM have been fabricated using bulk ferromagnetic (FM) [9, 10] or antifer-
romagnetic (AF) [11, 12] materials, or by evaporating a thin magnetic film on a nonmag-
netic tip [13, 14]. While FM tips afford larger spin contrast, AF tips produce negligible stray
fields and are better suited for nondestructive imaging. AF tips etched from bulk Cr are one
emerging candidate for SP-STM, ideal for their monatomic composition and high Néel tem-
perature of 311 K. They typically exhibit a canted tip magnetization which is rotatable in a
2 T field [15], sensitive to all 3D spatial components [16], and capable of atomic-resolution
imaging [12]. However, the extent to which the electrochemical preparation influences these
characteristics is poorly understood. Systematic studies have been mostly limited to nonmag-
netic W tips [17, 18].

A major practical advantage of bulk Cr tips is that they circumvent the need for com-
plex ultra-high vacuum (UHV) cleaning and evaporation procedures, as well as in-situ
tip exchange [16]. However, the test magnetic systems commonly used (e.g. Cr(001) [12],
Fe/W(110) [16], Co/Cu(111) [15]) still involve extensive surface preparation in a UHV en-
vironment. It is natural to ask whether an analogous simplification can be achieved by select-
ing a cleavable material with an appropriate magnetic landscape for spin-polarized imaging.

Here, we report a study of the SP-STM technique in two directions. First, we examine
how ex-situ fabrication parameters affect Cr tip apex geometry, which in turn influences
both atomic- and spin-resolution imaging. We etch over 70 Cr rods under various voltage
sequences, and image the tips formed on both ends of the break junction. Second, we eval-

uate the tunneling characteristics of our tips using cleaved crystal planes as opposed to thin



films. We demonstrate spin-polarized tunneling over antiferromagnetic terraces of the bilayer
manganite Laj 45r; 6MnsOr7, and also resolve single atoms in the cuprate BipSroCaCu2Ogs.
These results provide a feasible approach for STM setups with in-situ cleavers to perform

spin-polarized tunneling measurements.

2.2 Cr Tip ETCHING

We etch tips from square 0.5 mm x 0.5 mm polycrystalline Cr rods (99.99% purity)” using
the standard direct current (DC) drop-off method [19]. Figure 2.1(a) gives a photograph of
our setup.! One end of the rod is covered with a 7 mm polytetrafluoroethylene (PTFE) tub-
ing [20] and immersed in a 5 M NaOH solution, such that the rod area in contact with the
solution is minimized. Next, we apply a DC voltage to drive the anodic dissolution of Cr,
eventually into CrO4~. The exposed portion of the rod is thinned until the weight below ex-
ceeds the tensile force and breaks off, leaving behind a work-hardened tip on both ends of the
break. The voltage is immediately shut off and both the remnant tip above the break (called
top) and below the break (called bottom) are rinsed in deionized water and retained for sub-
sequent examination. We use a fresh solution (poured from the same stock) for each etch in
order to standardize our tip preparation.

We evaluate the tips using a Zeiss Ultra Plus scanning electron microscope (SEM). Fig-
ures 2.1(b-e) present sample micrographs of two tips derived from the bottom and top rod
ends of a single etch, at two different magnifications. We utilize two metrics to assess the tip
apex geometry: (1) Aspect ratio (AR), defined as length over width measured 50 pm from
the tip end [perpendicular lines in Fig. 2.1(b)], and (2) radius of curvature (RC), computed
from a polynomial fit to the tip apex contour [circle in Fig. 2.1(d)]. Our results are robust
across different definitions of AR with varying lengths from the tip end.

Fig. 2.2(a) displays the average tip apex AR for etch voltages of 7 V, 11 V and 15 V,

“The square 0.5 mm x 0.5 mm rods were cut from polycrystalline Cr foil purchased from Brooks
Precision.
fSee Section 2.4 for further details of the etching setup and procedure.
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Bottom

Figure 2.1: (a) Photograph of etching setup. (b-e) Scanning electron micrographs of two Cr tips de-
rived from the (b) top and (c) bottom rod ends of a single etch. Higher magnification images of the
same tips are shown in (d, e). The perpendicular lines in (b) illustrate the procedure used in comput-
ing the aspect ratio (AR), and the circle in (d) illustrates the radius of curvature (RC).

binned by top and bottom tips. The bottom Cr tips are statistically sharper than their top
counterparts, because they are instantaneously disconnected at the break and do not sustain
residual etching in the few seconds before the voltage is manually shut off. [21, 20, 10] Fur-
thermore, the average ARs are largely uncorrelated with the etch voltage or sequence. No im-
provements are detected with a two-step process, whereby the voltage is reduced from 9 V to
3 V after a fixed time period [right end of axis break in Fig. 2.2(a)]. [12] In fact, the two-step
process, with its longer etch time typically exceeding 30 minutes, is likely more susceptible to
external perturbations (e.g. vibrations or solution evaporation), resulting in larger AR vari-
ability and unclear distinction between top and bottom tips. In the one-step processes, we
also find the average RC of the bottom tips to be smaller than that of the top tips, but the
trend is smaller and lacks the statistical significance of that of the AR.

We also consider the effect of the rod weight below the break junction on the tip apex ge-
ometry [17]. Figure 2.2(b) presents a comparison between a set of seven Cr rods covered with
7 mm long PTFE tubing and another set of seven covered with 10 mm long tubing, repre-
senting a 43% increase in combined weight (rod and tubing). The increased weight yields
greater variability in the bottom tip AR despite an average 23% faster etch time, possibly

because the larger weight induces an earlier and more uncontrolled break.
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Figure 2.2: (a) Plot of aspect ratio (AR) for several etch voltages, binned by top and bottom tips.
Each point represents the average of 6 tips. The right side of the axis break presents ARs associated
with two-step etches — first at 9 V for the indicated time duration (7.5 min or 10 min), then at 3 V
until the drop-off. (b) Plot of average AR for two different lengths of PTFE tubing, corresponding to
a 43% difference in the combined weight of the Cr rod and tubing. Each point represents the average
of 7 tips, etched at 15 V. (¢) Potentiostatic polarization (I-V) curve (solid line) for our given etch-
ing setup (inset schematic). The onset of current near 2 V corresponds to the negative cell potential,
which is dependent on the setup geometry. The circles denote corresponding average etch times.

To further understand the role of the etch voltage, we obtain a potentiostatic polarization
(I-V') curve for our given setup, shown in Fig. 2.2(c) (solid line). A minimum of ~2 V cor-
responding to the negative cell potential is required to drive a measurable reaction current.
Above this threshold, the current rises approximately linearly with voltage, up to 15 V. Un-
like previous reports on W tips [17, 22], we do not observe any saturation or upturn in the
current that may be indicative of competing or secondary reactions. Figure 2.2(c) also de-
picts average etch times (circles) for the voltage settings used in Fig. 2.2(a), which are faster

with increasing current. Taken together, Fig. 2.2 suggests the utility of larger voltages to de-
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crease etch times without affecting tip sharpness or inducing additional reactions.

Prior to use for STM imaging, the Cr tips are cleaned by field emission onto a Cr or Au
foil within the STM. Typically, we bring the tip into constant-current feedback with a set-
point of 50-100 V and 0.5-3 pA for several minutes. This removes any oxides and restruc-
tures the terminal atoms on the tip apex, which allows atomic-resolution tunneling largely
indepedent of the post-etch RC. A high post-etch AR, however, is still necessary to ensure a
small RC after repeated field emission attempts, and probe surfaces with large corrugations
and step edges. Following field emission, our resultant tips exhibit flat tunneling conductance
spectra on the Cr or Au foils. This suggests a featureless tip density of states, consistent with

previous experiments [16, 15] and simulations [23].

2.3 STM IMAGING

We evaluate the spin sensitivity of our Cr tips using the bilayer manganite
Lag_2;511429,MnoO7. In this material, strong coupling of spin, orbital and lattice degrees of
freedom underlies a colossal magnetoresistance effect [24], as well as a diverse display of mag-
netic orders [25, 26, 27]. Figure 2.3(a) shows a schematic structure of Lag_2,Sr1 12, MnaO7
in the Ruddlesden-Popper phase. Sr substitution alters the Mn3*/Mn** valency and rapidly
changes the magnetic ground state by a delicate tuning of double exchange and crystal field
effects [28]. At x = 0.30 (and below 90 K), spins within a given bilayer are aligned parallel
to the c-axis, but antiparallel to spins in the adjacent bilayers [Fig. 2.3(a)] [25, 26, 28, 27]. If
cleavage in the a-b plane generates step edges spanning adjacent bilayers, then the AF cou-
pling between terraces can be observed using a local probe [29]. Futhermore, we expect the
spin contrast signal to be large due to the approximate half-metallic ferromagnetism within
each bilayer. Figure 2.3(b) shows a schematic diagram of the projected Mn 3d density of
states (DOS) that dominate the Lag_9,Sr142,MnyOy electronic structure near the Fermi en-

ergy. * For 0.30 < z < 0.40, the occupied bands within ~ 2 eV of the Fermi energy carry

fSee Section 2.5 for further details of the Lag_2,Sr142,MnyO7 electronic band structure.
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Figure 2.3: (a) Crystal structure of Las_,Sr1 42, MnyOr, depicting the interbilayer antiferromag-
netic (AF) order at « = 0.30. (b) Schematic diagram of the projected Mn 3d density of states (DOS).
The shading indicates the populated states below the Fermi energy. For 0.30 < x < 0.40, the sys-
tem is close to a half-metallic ferromagnet (intrabilayer), with possibly an electron pocket of minority
spin to4 character. The hatching represents a “pseudogap” detected by angle-resolved photoemission
spectroscopy (ARPES) and scanning tunneling microscopy (STM).

majority spin [30], except for a small electron pocket of minority spin ts, character that may
be present at the Brillouin zone center [31, 32].

In Fig. 2.4(a), we present a constant-current image of cold-cleaved Laj 4Sri 6Mn2O7, ob-
tained with a Cr tip at 6.5 K. § The cleavage occurs primarily between La/SrO buffer planes,
as deduced from X-ray photoelectron spectroscopy (XPS) [33], and complemented by other
STM studies that consistently found step edge heights to be integer multiples of the half-unit
cell (¢/2) [34, 33, 35]. Here, several terraces are evident over a 30 nm x 30 nm area, and we
instead observe their heights to alternate ~14% above and below the mean value ¢/2 ~ 1.05
nm [line cut in Fig. 2.4(b)]. These apparent height differences come from a spin-valve con-
tribution to the tunneling current that depends on the cosine of the angle subtended by the
tip and sample magnetizations. Given that the tip magnetization is fixed across the scan, the
apparent height modulations reflect the layered AF texture of Laj 4Sr1 ¢MnsOs.

Due to inferred in-plane screening, STM does not resolve atomic-scale features on the sur-

face of Lag_9,Sr1192,MnyOr, save for occasional nanometer-sized patches of square lattice

SThe Cr tips used in Fig. 2.4 were etched at 10 V for ~7 minutes, then at 3 V until the drop-off.
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Figure 2.4: (a) Topographic image of Laj 4Sr1 6Mn2O7, taken with a Cr tip at 6.5 K. Setpoint: -250
mV, 15 pA. (b) Averaged line profile across terraces enclosed by the rectangle in (a). The apparent
~14% height modulations originate from the spin-polarized contribution to the tunneling current and
reflect the layered AF texture. (c) Topographic image of BisSroCaCusOgys, also taken with a Cr tip
at 7 K. Setpoint: 100 mV, 20 pA.

corrugations ascribed to trapped polarons [34, 36]. It has also been suggested that mobile
oxygen defects obscure atomic-resolution tunneling in the layered manganites [37]. To demon-
strate the spatial resolution capabilities of our Cr tips, we turn instead to the archetypical
cuprate BigSroCaCusOg. 5, where STM on cleaved BiO planes is well established. Fig. 2.4(c)
shows a 5 nm x 5 nm topographic image of BisSraCaCuyOg4s taken with a Cr tip at 7 K.
Both the unit cell and the structural supermodulation can be seen.

In summary, we detailed a simple method for SP-STM which does not require UHV prepa-
ration conditions. First, we investigated the preparation of bulk Cr tips by DC drop-off etch-
ing. Our findings indicate that (1) the bottom tips are statistically sharper than their top
counterparts, and (2) large voltages for faster etches do not affect tip AR or produce addi-
tional reactions. Second, we have established spin- and atomic-resolution imaging with the Cr
tips, on in-situ-cleaved Laj 4Sr1 ¢MnoO7 and BisSroCaCuzOgs. Our work paves the way for
the application of SP-STM to cleaved planes of strongly correlated or topological materials
that are grown as high-quality single crystals, such as cuprate and Fe-based superconductors,
colossal magnetoresistance materials, and topological insulators. Local spin mapping is des-

perately needed to unravel the exotic electronic behavior of these materials.
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2.4 [SUPPLEMENTAL| ETCHING SETUP AND PROCEDURE

Figure 2.5 provides additional photographic documentation of the etching setup and proce-
dure used in this work. In Fig. 2.5(a), we present a larger scale image of our setup. A sup-
port jack raises a 10 mL beaker with 5 M NaOH solution towards a Cr rod, fixed in place by
a clamp holder attached to a support stand. We use a set square [pictured in Fig. 2.5(a)] to
ensure that the Cr rod axis is orthogonal to the solution interface. We also carefully cut the
polytetrafluoroethylene (PTFE) tubing with a razor blade so that its top end is flat and min-
imally deformed from a circular cross-section. Its bottom end is pinched to prevent it from
slipping off the Cr rod. To drive the etching reaction, we use a DC-regulated power supply
(Tenma 72-6628). A 91 2 resistor placed in series with the circuit stabilizes the etch speed.
We use a two-step rod immersion procedure to minimize the macroscopic tip aspect ratio,
in order to reduce vibrations when scanning. The middle and right columns of Figs. 2.5(b-g)
provide multiple depictions of each step. We gradually raise the level of the solution relative
to the Cr rod until the instant the meniscus surpasses the PTFE tubing and re-forms around

the rod, so as to confine the etching activity to a small region above the PTFE tubing.

2.5 [SUPPLEMENTAL] ELECTRONIC STRUCTURE OF LAy _5,SRq 2, MNyO7

The schematic electronic band structure of Lag_2,Sr112,MnyO7 presented in Fig. 2.3(b) is
informed by simulations and experiments in literature. Figures 2.6(a, b) display the projected
Mn 3d density of states (DOS) for the x = 0.50 compound, calculated by Huang et al. [30].
Their results indicate that LaSraMnOr is a half-metallic ferromagnet with a band gap in

the minority spin channel of 1.7 — 1.9 eV. Increasing electron doping (decreasing x) is mod-
eled in the rigid band approximation, resulting in an upward shift of the Fermi level to pop-
ulate some minority spin to, states. This is confirmed by angle-resolved photoemission spec-
troscopy (ARPES) and ab-initio calculations for the x = 0.38 (Figs. 2.6(c, d), reproduced
from Sun et al. [32]) and z = 0.40 (Figs. 2.6(e, f), reproduced from Saniz et al. [31]) com-
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Figure 2.5: (a) Larger scale photograph of the etching setup. (b, ¢) Schematic and (d-g) photo-
graphic demonstration of a two-step rod immersion procedure. The figures labeled “1” (b, d, f) de-
pict the initial entry of the bare Cr rod into the NaOH solution, during which the meniscus is bent
towards the top of the polytetrafluoroethylene (PTFE) tubing. The figures labeled “2” (c, e, g) depict
the second step, where the solution level is jacked up to an extent that the meniscus pops abruptly
into place around the Cr rod. This sets the solution height used during the etch and minimizes the
macroscopic tip aspect ratio for reduced vibrations when scanning.

pounds, which reveal an electron pocket of minority spin ¢y, character around the I' point.
An additional feature in the electronic structure of Lag_9,Sr142,MnoO7 is a “pseudogap”
detected by ARPES [38, 39] and scanning tunneling microscopy (STM) [34, 33, 35]. For the
x = 0.30 compound, STM extracts a gap magnitude of 196 + 12 meV from a thermally ac-
tivated transport fit [34]. Such a pseudogap is not the subject of our discussion, but we indi-

cate its presence in Fig. 2.3(b) for completeness.
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Figure 2.6: (a, b) Spin-resolved projected Mn 3d density of states (DOS) for Lag_2,Sr142,MnsO7,
x = 0.50, calculated using the first-principles local density full-potential linear muffin-tin orbital
(FLMTO) method. The thick (thin) lines represent the to, (e4) states. Reprinted from Huang et al.
[30]. (e, d) Majority and minority spin bands calculated for the z = 0.38 compound, using the all-
electron full-potential Korringa-Kohn-Rostoker (KKR) and linearized augmented plane-wave (LAPW)
methods. Reprinted from Sun et al. [32]. (e, f) Majority and minority spin bands calculated for the

x = 0.40 compound, using the all-electron full-potential LAPW method with the generalized gra-
dient approximation (GGA). The red (blue) circles represent states of dominant ¢4 (e,4) character.
Reprinted from Saniz et al. [31].

2.6 [SUPPLEMENTAL| ENERGY-INTEGRATED JUNCTION POLARIZATION

We explain how the apparent step height modulation Az observed in Fig. 2.4(b) can be used
to extract an energy-integrated junction polarization P, . In the Bardeen formalism [40], the

spin-polarized tunneling conductance (at 7' = 0) is given by

dl
v 212 Go| Mo|?(pspt + msmy cos 6), (2.1)

where p,; = p;t + Pﬁ,t is the total density of states (DOS) of the sample/tip, ms; = p;t - Pi,t

is the spin-polarized difference, 6 is the angle subtended by the sample and tip magnetiza-
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. 2, _V2md .
tions, Gy = 2% is the conductance quantum, and My o e~ & ~* is the matrix element (P

is the local barrier height) [19]. Assuming a sample bias of —V, the spin-polarized tunneling
current can be written as

I =1y(1+ Pcosb), (2.2)
where [j is a non-magnetic contribution to the current and

p_ f?evms(e)mt(e + eV)de 03
fi)evps(ﬁ)pt(ﬁ +eV)de

represents a convolution of the sample and tip magnetizations. In obtaining Eq. 2.2, we have
assumed that My and cos are independent of energy over the range considered.

The tunneling current between a Cr tip and antiferromagnetic (AF) terraces in
Lay 4Sr1,6MnO7 is given by I+ = Io(1 + P cosf) when the out-of-plane components of the
sample and tip magnetizations are parallel, and Iy = Ip(1 — P cos ) when they are antiparal-
lel (here, 6 is the tip magnetization angle relative to the surface normal). In constant-current
feedback mode, this translates to a logarithmic increase +Az; or decrease —Azs in the tip-

sample separation z, such that Iy (z + Azy) = I4 (2 — Azz). Solving for P cos 6 yields

SN,
P, =Pcos) = —, 2.4
il T (2.4)

where Az = Az + Azs and ® is approximated by the average of the tip and sample work

functions [41].
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Part 11

Monolayer FeSe/SrTiOs
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This part of the thesis is organized as follows: Chapter 3 serves as an introduction, pre-
senting a critical overview of key experimental and theroetical developments related to mono-
layer FeSe/SrTiOs3 since its discovery in 2012. The remaining chapters focus on the use of
as-grown atomic defects in monolayer FeSe/SrTiO3 to derive microscopic insights into its
electronic and atomic structure. In Chapters 4 and 5, we report the use of STM quasipar-
ticle interference imaging around defects to map the filled- and empty-state band structure
of monolayer FeSe/SrTiOs, as well as its low-energy orbital texture. In Chapter 6, we turn
our attention to the defects themselves, using density functional theory (DFT) to identify the
atomic structure of prevalent “dumbell” defects. The results shed light on the film growth

process and lay the foundation towards possible nanostructuring applications with defects.
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Monolayer FeSe/SrTiO3: Overview

3.1 INTRODUCTION

3.1.1 APPROACHING THE 2D LIMIT WITH FESE

FeSe posesses the simplest structure among the iron-based superconductors (Fe-SCs), con-
sisting of stacked Se-Fe-Se triple layers interacting by van der Waals forces (P4/nmm space
group) [3]. Figure 3.1(a) shows the structure of one triple layer, which includes Fe atoms ar-
ranged in a square lattice and Se atoms staggered above and below the Fe-plane. Due to the
staggering, the primitive unit cell (UC) contains two Fe atoms (and two Se atoms). However,
since the low-energy bands of FeSe are dominated by Fe 3d orbitals, many theories or spec-
troscopies employ a 1-Fe UC convention.

FeSe should be the prototypical Fe-SC to investigate, except it proved difficult to synthe-

size in high quality at first. Its superconducting polymorph occupies a narrow region in the
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Fe-Se alloy phase diagram [42], complicating common melt and self-flux growths. In 2011,
Song et al. used molecular beam epitaxy (MBE) to grow pristine FeSe films on graphitized
SiC [43, 44]. From scanning tunneling microscopy (STM) imaging, they resolved surface pu-
rity up to one atomic defect per 70000 Se sites and a V-shaped, superconducting gap of A =
2.2 meV [Fig. 3.1(b)]. Although MBE-grown films are not amenable to many bulk and ther-
modynamic probes, they have other advantages. Both the monolayer limit and interface in-
teractions with different substrates can be readily examined.

Song et al. found that the FeSe films interacted weakly with the graphitized SiC substrate
(islands could be displaced by an STM tip), and were thereby close to the free-standing
limit [44]. Upon decreasing film thickness, T, dropped from 7.8 K (8UC FeSe) to below 2.2
K (1UC FeSe), the base temperature of their experiment [Fig. 3.1(c)]. The drop exhibited
a 1 — d./d dependence, where d is the film thickness and d, is a critical value. This thin-
film behavior was explained long ago as resulting from a general, surface boundary condition
with the Ginzburg-Landau equation [45]. Thus in 2011, it did not appear that the 2D limit of
FeSe would be a promising regime to explore, unless new microscopic effects could be intro-

duced.
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Figure 3.1: (a) Crystal structure of an FeSe monolayer; side and top views. The orange and red
boxes delineate the 1-Fe UC and 2-Fe UC, respectively. (b) STM dI/dV spectra of multilayer
FeSe/SiC, exhibiting a V-shaped gap of A = 2.2 meV at T' = 0.4 K. Adapted from Ref. [43]. (c¢) Gap-
closing temperature T, of multilayer FeSe/SiC as a function of inverse FeSe thickness, 1/d. Adapted
from Ref. [44].
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3.1.2 MONOLAYER FESE GETS AN OXIDE BOOST

It came as a great surprise an year later that monolayer FeSe could undergo an order-of-
magnitude 7, enhancement when grown epitaxially on SrTiO3(001). The lattice mismatch
between bulk FeSe (3.77 A [46]) and SrTiO3z (3.905 A [47]) is roughly 3%. STM measure-
ments by Wang et al. revealed a nodeless, double-gap structure (9.0 meV and 20.1 meV) in
1UC FeSe/SrTiOgz [Figs. 3.2(a), (b)], with closing temperature T, above their experimental
limit of 42.9 K. Intriguingly, this superconductivity enhancement did not persist or even
proximitize low-T, superconductivity in a second UC of FeSe deposited on the heterostruc-
ture. STM dI/dV measurements, whose probing depth is likely limited to the surface FeSe
layer, showed a semiconducting spectrum on the second FeSe layer [Fig. 3.2(c)]. This observa-
tion points to an underlying interface effect, one that is atomically-localized to the first UC of
FeSe on SrTiO3. Wang et al. speculated that electron-phonon coupling could be enhanced at
the interface, based on their previous work with Pb/Si(111) and In/Si(111) films [48].

Due to technical challenges, Wang et al. could measure transport only in a Si-capped, 5UC
FeSe/SrTiOs heterostructure. They measured zero resistance at some temperature lower than
30 K, and extrapolated a resistive onset temperature around 53 K. (As shown by STM spec-
troscopy in Figs. 3.2(b)-(c), the superconducting signal originates from the interface FeSe
layer only.)

Angle-resolved photoemission spectroscopy (ARPES) measurements in the same year
mapped band structure details, providing initial insights into the role of the interface. Liu et
al. [49] found that the Fermi surface (F'S) of 1UC FeSe/SrTiO3 comprises nearly-circular elec-
tron pockets at the Brillouin zone (BZ) corner M [Figs. 3.2(d), (e)]. The usual hole pocket(s)
at the zone center I', present in other Fe-SCs; is sunken 80 meV below the Fermi energy (Er)
[Fig. 3.2(f)]. Assuming doubly-degenerate electron pockets, a Luttinger count yields 0.10 elec-
trons/Fe atom. Thus, 1UC FeSe appears to be electron-doped from the substrate. Liu et al.
also resolved nearly-isotropic gaps on the electron pockets, of values 13+2 meV and 1542

meV for two samples. They found the gap-closing temperature to be 55+5 K.
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Figure 3.2: (a)-(c) Initial STM measurements of 1UC FeSe/SrTiOg3, adapted from Ref. [1]. (a)
Atomically-resolved topography. Each bright spot represents a top-layer Se atom. (b), (c) dI/dV
spectrum of 1UC and 2UC FeSe/SrTiO3, respectively. The dashed vertical lines mark two gap edge
peaks at 9 mV and 20.1 mV. The schematics illustrate that the tunneling depth is largely restricted
to the surface FeSe layer. (d)-(f) Initial ARPES measurements of 1UC FeSe/SrTiOs, adapted from
Ref. [49]. (d) Brillouin zone (BZ) conventions. (e) Fermi surface map, revealing electron pockets at
the BZ corner M. (f) High-symmetry cuts across the BZ center I and corner M, revealing sunken

hole pockets.

Before proceeding, we reiterate that monolayer FeSe/SrTiOs is not monolayer FeSe. A

giant T, enhancement is present only in the former, due to some effect introduced by the

SI‘TiO3.

3.2 EXPERIMENTAL CHALLENGES

A foremost and pressing challenge related to 1UC FeSe/SrTiOs, even before attempting to
understand the microscopic mechanism of its enhanced superconductivity, has been the char-
acterization of its growth, atomic structure, and basic superconducting metrics. As a point
of emphasis, traditional bulk tools do not work well for this system. Not only is the cross
section of a single UC layer tiny, but FeSe also exhibits extreme air sensitivity, hamper-

ing ex-situ measurements. Thus, even the simplest question of determining 7, represents a
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highly nontrivial endeavor requiring customized and integrated instrumentation in ultra-high-
vacuum (UHV). Example apparatuses include combined MBE-ARPES-STM systems, double
chalcogen-MBE /oxide-MBE chambers, and customized in-situ, four-point-probe setups.

In this section, we review various experiments related to film characterization, catego-
rized under four questions. We attempt to reflect the sentiments of the scientific commu-
nity by conveying both the excitement related to the spectacular findings of tour-de-force
experiments, and scrutiny related to the challenging nature of these feats and of film qual-

ity /homogeneity.

3.2.1 WHAT IS 1.7

Table 3.1 presents a comparison of T, measurements across different probes, heterostructures,
and laboratories. Among various in-situ ARPES measurements [50, 51, 52], there is consen-
sus in a gap-closing temperature T, ~ 65 K. Some variation exists with the degree of post-
growth annealing [50] (see subsection 3.2.2 for details). Enhancement of T up to 75 K is pos-
sible if extra tensile strain is introduced through an additional KTaOgs substrate [53].

More general and traditional observations of superconductivity include (1) a zero-resistance
state and (2) the Meissner effect (perfect diamagnetism). Due to air sensitivity, ex-situ trans-
port and thermodynamic measurements require film capping: amorphous Se [60], amorphous
Si [1], or epitaxial FeTe [56]. In all cases, film characteristics were degraded. Transport mea-
surements of capped heterostructures have found a zero-resistance state below ~20 K, and
a rough onset temperature possibly up to ~50 K. Similarly, magnetization measurements of
capped samples have suffered from weak signals, broadened onset temperatures, or low super-
conducting volume fractions.

Given that many potential applications require some degree of atmosphere exposure, it re-
mains crucial to investigate why capping, particularly epitaxial FeTe, has not worked well.
FeTe possesses the same crystal structure as FeSe and its layers interact via van der Waals

forces, so naively it should not create a severe disturbance of the FeSe layer below. Several
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Table 3.1: Comparison of T, measurements across different probes, heterostructures, and laborato-
ries. We distinguish measurements without (in situ) and with (ez situ) a capping layer.

Corresponding authors Technique Definition Heterostructure Value [K] Ref.
in-situ
X.-C. Ma, Q.-K. Xue STM Gap-closing temp. 1UC FeSe/Nb:SrTiO3 >42.9 (1]
L. Wang, X.-C. Ma STM Gap-closing temp. 1UC FeSe/SrTiOg3 >50.1 [54]
X.J. Zhou, Q.-K. Xue ARPES Gap-closing temp. 1UC FeSe/Nb:SrTiO3 6545 [50]
D.L. Feng ARPES Gap-closing temp. 1UC FeSe/Nb:SrTiOs3 60+5 [51]
B.P. Xie, D.L. Feng ARPES Gap-closing temp. 1UC FeSe/Nb:SrTiO3/KTaO3 70 [55]
B.P. Xie, D.L. Feng ARPES Gap-closing temp. 1UC FeSe/Nb:BaTiO3/KTaO3 75+2 (53]
Z.-X. Shen ARPES Gap-closing temp. 1UC FeSe/Nb:SrTiO3 58+7 [52]
J.-F. Jia et al. 4-probe Zero resistance 1UC FeSe/Nb:SrTiO3 109 2]
ex-situ
X.-C. Ma, Q.-K. Xue Transport Zero resistance Si/5UC FeSe/SrTiO3 <30 1]
Onset temp. 53
Q.-K. Xue et al. Transport Zero resistance Si/10UC FeTe/1UC FeSe/SrTiO3 23.5 [56]
Onset temp. 40.2
Q.-K. Xue et al. Magnetization Onset temp. Si/10UC FeTe/1UC FeSe/SrTiO3 21 [56]
C.W. Chu Magnetization Onset temp. Si/10UC FeTe/3-4UC FeSe/SrTiOs  20—45  [57]
L. Wang, J. Wang Magnetization Onset temp. 10UC FeTe/1UC FeSe/Nb:SrTiO3 85 (58]
D.L Feng, Y. Wang Magnetization Onset temp. Se/2UC FeSe/2UC Feg.96Co00.04Se/ 65 [59]

1UC FeSe/Nb:SrTiO3

hypotheses have been put forward. Ultrafast spectroscopy revealed an acoustic phonon mode
in FeTe that may relax phonon-mediated pairing in FeSe [61]. Alternatively, cross-sectional
TEM revealed that intermixing with the capping layer can occur, whereby Te atoms substi-
tute Se atoms in the FeSe monolayer [62]. As a third possibility, Zhao et al. proposed that
FeTe may hole-dope FeSe, reducing T, [63].

In Table 3.1, we distinguish heterostructures that have conducting, Nb-doped SrTiO3 from
those that do not (undoped, bulk-insulating SrTiO3). In general, transport measurements
require an insulating SrTiOg substrate, but there are speculations that Nb-doped SrTiOg
produces higher quality films. Sun et al. [58] hinted that “high quality FeSe films are easier
to be achieved by MBE growth on conductive STO [SrTiOg] substrates comparing to insu-
lating STO substrates since the conductive STO substrate shows more flat and homogeneous
surface for sample growth.” In anticipation of subsection 3.2.4, we advocate that a systematic
investigation of such preparation details or trade secrets may uncover hidden variables that

help decrease the spread of results exemplified in Table 3.1.
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In-situ, MICRO-FOUR-POINT MEASUREMENTS

In late 2014, Ge et al. blew the field out of the water, so to speak, with their report of T,
above 100 K in 1UC FeSe/SrTiO3 [2]. Here, we review their experiment in detail. The
authors converted a commercial cryogenic STM into an in-situ, micro-four-point probe

by replacing the single STM tip with a set of four Cu/Au wires, separated by 10-100 pm
[Fig. 3.3(a)]. The four probes were brought towards the sample at a 20° incline using conven-
tional STM approach, until one probe made contact. The probes were then collectively trans-
lated into the sample, until Ohmic contact with the sample was individually established for
all four probes. Figure 3.3(b) shows a set of temperature-dependent, four-point I-V curves,
transitioning from a linear (normal state, Ohmic) to non-linear (superconducting, zero resis-
tance) dependence below 7.

Due to sample inhomogeneity or film damage from probes, linear I-V curves were some-

times observed below T¢.. As a result, Ge et al. compiled resistance vs. temperature (R-T")
plots in two manners. First, they acquired four-point -V measurements from separate loca-
tions for each temperature [Fig. 3.3(c)]. As long as one I-V curve per temperature showed
signs of zero resistance, that temperature was deemed to be below T.. With this method,
Ge et al. determined T, to be 109 K. Alternatively, they were also able to construct an R-T'
plot from measurements over one fixed location [Fig. 3.3(d)]. With this second method, the
demonstrated a similar T, of 99 K.

We enumerate several questions that have been raised about this experiment, and the au-

thors’ responses:

1. Question: SrTiO3 undergoes a structural transition at 105 K. Could this be responsible
for the purported resistive transition at 109 K?
Response: The authors performed a control experiment on bare, Nb-doped SrTiOs, and
showed that the structural transition produced a negligible signature in the R-T plot
(Fig. 3(b) of Ref. [2]).
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Figure 3.3: (a) Schematic of in-situ, micro-four-point measurements of 1UC FeSe/SrTiO3. Two pos-
sible configurations are shown. (b) Four-point I-V curves, showing a metal-superconductor transition
at a single location of the film. (¢) Resistance vs. temperature plot, displaying a transition tempera-
ture T, = 109 K. The data points are extracted from I-V curves acquired over different regions of the
sample. (d) Resistance vs. temperature plot, with data points extracted from I-V curves acquired at
a fixed point on the sample. (e) Magnetic-field dependent resistance at various temperatures. Adapted
from Ref. [2].

2. Question: Don’t the measured values of T, = 109 K and J. = 1.3 x 107 A/cm? appear
unexpectedly large?
Response: The authors performed a control experiment on optimally-doped
BiySroCaCusOg 5, and found T, = 90 K, J. ~ 6000 A /cm?, in line with expectations.
Their J. value is an order of magnitude higher than that of capped 1UC FeSe/SrTiO3
films [56], but similar to that of YBasCuzO7_, films [64].

3. Question: Shouldn’t there be a Berezinsky-Kosterlitz-Thouless (BKT) effect that
broadens the resistive transition for a 2D superconductor? Why is the resistance drop
so sharp [Fig. 3.3(c)], such that there are no data points within the transition [65]?
Response: Below T, conduction is 2D and restricted the SC FeSe monolayer. Above T,
conduction gets shorted through the Nb-doped SrTiOj3 substrate, which is 3D and has

a much lower resistivity than normal-state FeSe. Thus, the BK'T transition is masked
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by shorting through the metallic substrate. It is also possible that there could be a
proximity effect downard into Sr'TiO3, such that the total system is not entirely 2D.

The authors were able to collect data points within this sharp transition [Fig. 3.3(d)].

4. Question: In light of the previous question, why not use an insulating SrTiOg sub-
strate?
Response: The authors cited practical challenges [2]: “Further limits exist for detecting
films grown on an insulating substrate, as the feedback required to control the contact

between the film and the tip is extremely difficult.”

5. Question: Why doesn’t the resistance change when the contact separation is increased
tenfold [65]7
Response: When the probe separation distances are uniform, the resistance should scale
with probe separation in both an infinite 2D conductor and a half-infinite 3D conduc-
tor. However, when the probe distances are unequal, their relationship to the overall

resistance is more complicated (see Supplemental Information of Ref. [2]).

6. Question: How could the resistive transition 7. be higher than the gap-closing temper-
ature T, measured in-situ by ARPES?
Response: ARPES averages signal over a beam spot size, but the in-situ four-point
probe may pick up filamentary superconductivity. Indeed, the authors found non-SC
regions below T, but this could be attributed to both intrinsic sample inhomogeneity
or film damage from probes. Alternatively, if the out-of-plane coherence length is short,
superconductivity might be stronger at the bottom of the FeSe triple layer than at the
top. ARPES and STM measure the top, but transport accesses the lowest-resistivity

part, which may be at the buried interface.

Despite intense scrutiny, we remain unaware of fatal flaws with the experiment by Ge et al.
To the authors’ further credit, no one has offered an alternative, non-SC explanation for the

magnetic-field-dependent R-T plots [Fig. 3.3(e)]. Nevertheless, there are increasing calls for
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duplication of this result, as well as complementary in-situ magnetization measurements of
the Meissner effect [65, 66]. The latter will require new instrumentation, but will surely be an

important piece of the puzzle.

3.2.2 WHAT ARE THE NECESSARY GROWTH CONDITIONS?

Understanding the interface atomic structure of 1UC FeSe/SrTiOs3 is prerequisite to any re-
liable modeling of electronic structure, and cannot be relegated as a secondary “materials”
problem. Although SrTiOj is a workhorse substrate for MBE growth, it is notorious for its
plethora of surface reconstructions that sensitively depend on preparation conditions. With
the (001) surface alone, O deficiency can drive the following reconstructions: 2x1, 2x2,
c(4x2), c(4x4), 4x4, c(6x2), vV5x~/5 R26.6°, v/13x+/13 R33.7° [67]. Here, we review the
daunting task of elucidating the interface structure and corresponding progress from two an-
gles — clarifying/controlling film growth conditions (this subsection), and performing interface
measurements of the final heterostructure (subsection 3.2.3).

Figure 3.4 presents a brief flowchart of typical growth procedures for 1UC FeSe/SrTiOs.
We focus on two of the more curious aspects of this procedure: (1) a novel 950 °C Se etch
and (2) the post-growth annealing process that renders the FeSe monolayer SC.

As-bought crystals of SrTiO3 have contaminated surfaces. In their original report, Wang
et al. introduced a novel strategy to clean their Nb-doped SrTiOg substrates: they annealed
the substrates in their MBE chamber at 950 °C for 30 minutes, under a Se flux. [1]. This
treatment produced atomically-flat terraces amenable to STM imaging (albeit lacking atomic
resolution). Subsequently, Bang et al. hypothesized through model density functional theory
(DFT) calculations that the high-temperature Se etch could create Se substitutions of sur-
face O atoms [68]. These Sep substitutions could then nucleate the growth of the first FeSe
monolayer, leaving behind O vacancies that stabilize binding and donate electron carriers.

Later films grown on insulating SrTiOs employed more conventional and documented

preparation protocols, involving an ex-situ HoO /acid etch followed by a high-temperature Oq
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Figure 3.4: Flowchart of growth procedure. The blue boxes highlight the three primary steps that
lead to SC 1UC FeSe/SrTiO3. The green boxes describe the details of each step, and the red boxes
describe speculations of the corresponding microscopic picture.

anneal in a tube furnace. The HoO/acid etch is believed to preferentially remove SrO, which
has ionic bonding character, and leave behind a TiOg-terminated surface [69, 70, 71]. Despite
the absence of an explicit Se etch, it is possible that Sep substitutions are still generated dur-
ing the deposition of 1UC FeSe. To grow stoichiometric FeSe, two conditions are typically
employed [44]. First, since Se is significantly more volatile than Fe, one sets the substrate
temperature between the source temperatures: Tre > Trese > T5e. At least for growth on
“inert,” graphitized SiC, this condition was rationalized as follows: Impinging Fe atoms with
temperature ~ T, will ideally be adsorbed with sticking coefficient close to unity, while im-
pinging Se atoms can stick only if they bind to free Fe on the substrate. Second, to compen-
sate for high Se losses and to mitigate excess Fe clustering, typical molar flux ratios ®g./®Pre
range from 5 to 20. With these two conditions, there may still be a sizeable Se chemical po-
tential at the SrTiOg3 surface that can drive the kinds of Se reactions proposed by Bang et al.
But this speculation remains open to experimental verification.

After deposition on SrTiOs, the as-grown FeSe monolayer becomes SC only after an addi-

tional vacuum anneal, up to 550 °C for several hours. He et al. used ARPES measurements
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to show in this process, the FeSe monolayer is progressively doped with electron carriers [50].
The electron doping induces a non-rigid band transformation that eventually leaves the F'S
with only electron pockets and opens up a gap. The authors suggested that the electron dop-
ing could arise from O vacancies in SrTiO3 created during annealing. Berlijn et al. investi-
gated the possibility of Se vacancies, but their calculations revealed them to be hole dopants,
not electron dopants [72]. More recently, cross-sectional TEM imaging by Li et al. suggested
the presence of interstital Se atoms trapped at the FeSe/SrTiOgs interface, which are subse-
quently released upon annealing. The authors proposed that the removal of these intersti-
tial Se atoms allows O vacancies in Sr'TiOs3 to effectively donate electron carriers to the FeSe

monolayer [73].

3.2.3 WHAT IS THE INTERFACE STRUCTURE?

Since the characterization of the interface atomic structure is presently a fast-paced, compet-
itive endeavor, we simply present a chronological overview of various experimental develop-
ments, with the caveat that newer works may supersede older ones. Before reviewing specific
measurements, we compare and contrast three tools that have been used to probe the inter-

face.

1. Scanning tunneling microscopy (STM).
Pro: An in-situ technique commonly integrated with a MBE chamber.
Con: An indirect technique that requires additional modeling to make inferences about

the buried interface.

2. Electron diffraction: reflection high-energy (RHEED) or low-energy (LEED).
Pro: An in-situ technique that can also monitor real-time growth (RHEED).
Con: Phase information is unavailable. Also, the interface signal is buried after FeSe
deposition [52]. Structural changes to the interface that may occur during post-growth

anneal are invisible to these techniques.
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3. Transmission electron microscopy (TEM).
Pro: Direct atomic-resolution imaging of the interface cross-section.
Con: An ez-situ technique that requires capping (commonly FeTe). As evinced by
Ref. [62], the capping may unintentionally produce intermixing, whereby the top-layer
Se atoms of 1UC FeSe are substituted with Te atoms. The size mismatch between Se
and Te can strain the monolayer film, possibly altering its original binding structure to

SI‘TiOg.

STM

The first hint of any interface structure was the appearance of dark stripes with 2x1 peri-
odicity in STM topographic images [Fig. 3.5(a)] [1, 68]. To explain this structure, Bang et
al. proposed an atomic model where half the O atoms on the surface TiO4 layer are stripped
off, and the bottom-layer Se atoms of the FeSe monolayer are laterally registered with the O
vacancy sites [68]. The authors argued that such arrangement could increase the binding en-
ergy, electron-dope the FeSe monolayer, and cause the FeSe monolayer to relax with a 2x1
superstructure. As a caveat, the 2x1 stripes have not been universally observed. They are
absent in AFM topographies [74], which might point to an electronic origin of the stripes,
and are also absent in STM topographies of 1UC FeSe deposited on insulating SrTiOg [54].
Another STM observation related to the interface structure are half-UC phase shifts that
occur either discontinuously at a trench [75], or continuously within a few nanometers of a
domain boundary [76]. Since the domains that are shifted by half-UCs appear to be elec-
tronically equivalent, one could claim additional support that the bottom-layer Se atoms are
laterally registered with O atoms, not Ti atoms, as there are two equivalent O sites within a

TiO, UC.
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Figure 3.5: Measurements of interface structure. (a) STM topographic image showing orthogo-

nal domains with dark stripes of 2x1 periodicity. Across the trench, there is a half-UC phase shift.
Adapted from Ref. [68]. (b) RHEED diffraction patterns of treated SrTiO3 prior to FeSe deposition,
exhibiting reconstruction spots. Adapted from Ref. [52]. (¢) LEED diffraction patterns of treated
BaTiOj prior to FeSe deposition, exhibiting 3x3 spots. Adapted from Ref. [53]. (d) Cross-sectional
TEM image of FeTe/1UC FeSe/SrTiOs, revealing that the SrTiOg is terminated with a double TiO,,
layer (inset depicts atomic model). In addition, due to lattice mismatch, the bottom-layer Se atoms
and top-layer Ti atoms are incommensurate. Adapted from Ref. [73]

RHEED/LEED

Lee et al. grew 1UC FeSe on SrTiO3 with neither in-situ Se etching nor ex-situ treat-
ment [52]. They simply annealed as-bought substrates up to 830 °C in their MBE chamber,
until RHEED measurements detected superstructure spots [Fig. 3.5(b)]. Subsequent depo-
sition of FeSe and post-growth anneal resulted in SC samples with 1x1 diffraction spots.
While the authors have yet to identify their specific SrTiO3 reconstruction, they demon-
strated at the least that their starting substrate was O deficient.

Peng et al. found a qualitatively different behavior in 1UC FeSe/BaTiOgs [53]. After an-
nealing BaTiO3 at 950 °C under Se flux, their LEED images exhibited 3x3 spots. Curiously,
growth of 1UC FeSe produced three distinct domains: one domain commensurate with the

BaTiO3 1x1 UC, with expanded lattice constant 3.99 A; two domains rotated by +18.5°,
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commensurate with a BaTiOs 3x3 supercell, with smaller lattice constant 3.78 A. Further-
more, ARPES detected SC gaps in all three regions, with closing temperature 7, ranging
from 70-75 K. These observations may imply that neither lattice constant nor the lateral
atomic registry between 1UC FeSe and its underlying substrate are critical factors behind

the enhanced superconductivity of this heterostructure.

TEM

Using cross-sectional TEM, Li et al. [73] imaged a double-TiO, termination at the interface
of FeTe/1UC FeSe/SrTiOz [Fig. 3.5(d)]. Although such termination had long been proposed
as a candidate model for the 2x1 surface reconstruction [77], it had largely been neglected in
atomic models of 1UC FeSe/SrTiO3 until this point. Roughly speaking, the extra TiO, ter-
mination is half as polar as a bulk TiO9 layer, and helps SrTiOs mitigate a divergence of the
electrostatic potential towards its bulk [78]. Structural and ferroelectric properties are likely
modified near this double-TiO, termination, and more modeling is necessary to understand
their implications.

In addition, Li et al. extracted structural parameters and found the 1UC FeSe to have a
9.5% reduced chalcogen height with 2.5% in-plane lattice strain (compared to bulk values).
Furthermore, within a ~10 nm cross section, the authors imaged a lateral half~-UC shift be-
tween the bottom Se atoms and topmost Ti atoms. If this feature is characteristic of un-
capped 1UC FeSe/SrTiOs, then it suggests that the heterostructure has local bond disorder
due to lattice incommensuration. Perhaps the vertical structure of the interface is more vital

than its lateral structure.

3.2.4 'WHAT IS THE CHARACTERISTIC STM dI/dV LINE SHAPE?
AT THE CRUX: INHOMOGENEITY

In the closing subsection of this part of the chapter, which describes experimental challenges

in characterizing film quality and superconducting parameters, we discuss a subtle issue of
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inhomogeneity in the STM dI/dV line shape. We draw attention to some more ambiguous
observations that could become more meaningful if subject to further systematic investiga-
tion.

From the preceding subsections, we can conclude that 1UC FeSe/SrTiOg3 is fundamentally
inhomogeneous on different levels. For example, a continuous range of SC gap sizes can be
achieved by the extent of post-growth annealing [50], yet the corresponding stoichiometry
(presumably 1UC FeSe/(Sri—;Nb;)TiO3_,) remains unknown. This hidden parameter adds
some amount of variance across different film samples. As a second example, ez-situ TEM
experiments suggest that the FeSe monolayer and SrTiOs substrate are laterally incommensu-
rate, which introduces additional disorder. As a third example, and perhaps the most impor-
tant, in-situ ARPES measurements resolve a gap closing temperature ~65 K, whereas in-situ
transport measurements observe a resistive transition up to 109 K. If there are no system-
atic errors with both experiments, then inhomogeneity is needed to reconcile this discrepancy.
ARPES averages signal over the beam spot size, whereas micro-four-point measurements can
pick up a filamentary SC path traversing the probes. In this light, uncovering and mitigating
the sources of inhomogeneity are crucial.

STM dI/dV point spectroscopy probes atomic-scale inhomogeneity with extreme sensitiv-
ity. Given the aforementioned inhomogeneity in 1UC FeSe/SrTiOs, it is unsurprising that
there exists large variations in the dI/dV line shape within the same sample, or across differ-
ent samples and different groups [Fig. 3.6]. But the peaks, dips, and kinks in the dI/dV line
shape can also be challenging to interpret. This has generated some confusion as to whether
1UC FeSe/SrTiOs exhibits one gap, two gaps, or two bosons. In general, inhomogeneity is of-
ten relegated as an undesirable quality, or conveniently cited as a justification for discrepant
results. Here, we propose that a principled investigation of dI/dV variations may prove to be
a powerful probe of inhomogeneity, and uncover hidden insights. There are already indica-

tions of curious features, but more sampling and statistics would be useful.
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Figure 3.6: Compilation of dI/dV point spectra of 1UC FeSe/SrTiO3 and related materials,
across different films and laboratories. (h) Additional d?I/dV? point spectrum, revealing two sets of
peaks/dips corresponding to boson modes. While gap values close to 15 meV are roughly universal,
double-gap or double-boson features are possibly more sensitive to inhomogeneity.

ONE GAP, TWO GAPS, OR TWO BOSONS?

In their initial STM measurements of 1UC FeSe/SrTiO3, Wang et al. reported two gaps in
the dI/dV point spectrum, at 9 meV and 20.1 meV respectively [1]. This finding appeared to
contradict early ARPES measurements of a single isotropic gap on the zoner corner electron
pockets, of values A = 13+2 meV in one film and 15+2 meV in another film [49]. On the
STM front, subsequent dI/dV measurements exhibited some degree of variation, with the
double-gap structure not being universally visible (for example, Ref. [54]). On the ARPES

front, higher-resolution measurements resolved some degree of gap anisotropy [55, 79], but
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never found more than a single gap. Thus, the second gap has proven elusive in detection and
mysterious in identity.

Coh et al. offered an alternative explanation for the double-gap signature [80]. The
authors calculated the DFT phonon spectrum of 1UC FeSe, using a modified exchange-
correlation functional GGA+A. They found one phonon mode at 10 meV, corresponding to
transverse, in-plane displacements, and another at 20 meV, corresponding to transverse, out-
of-plane displacement of Fe atoms. They suggested that the double-peak structure could ac-
tually be fingerprints of these two phonon modes. Following this report, Tang et al examined
d?I/dV? point spectra of 1UC FeSe/SrTiO3 and K-coated 2-4 UC FeSe/SrTiO3 [81]. They
identified positive-energy dips and negative-energy peaks as bosonic modes, and found that
the features clustered at two characteristic energies: 11 meV and 21 meV. Comparing to the
bulk FeSe phonon spectrum, they argued that these modes could be the E4(Se) phonons at
12-13.1 meV, the A;,4(Se) phonons at 19.8 meV, or the SrTiO3-TO2 phonon at 21.7 meV.
Thus far, ARPES has not corroborated these results with corresponding kinks in the electron
pocket dispersion.

Another inhomogeneous feature of the dI/dV line shape is the “flatness” of the gapped
portion of the spectrum. In some cases dI/dV is flatly zero within the gap; in other cases,
the gap is “filled in” to become more V-shaped. The V-shaped spectra may be correlated
with disorder, as they appear more prominently in 1UC FeTe;_,Se,/SrTiO3 films [62], K-
coated 1UC FeSe/SrTiOj3 films [82], or 1UC FeSe “nanoflakes” on SrTiO3 [62]. More recently,
Song et al. demonstrated how the dI/dV line shape could evolve from having a V-shaped
gap to a flat-bottomed gap by progressively depositing K atoms on multilayer FeSe/SiC [83].
A similar transformation was found in 1UC FeSe/SrTiO3 upon post-growth annealing [84].
Such sensitivity to disorder may reveal hints of the gap symmetry, but more systematic inves-

tigation is required.
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3.3 ELECTRONIC STRUCTURE AND PAIRING

Having reviewed the basic properties of 1UC FeSe/SrTiO3 and challenges in their measure-
ment, we turn to the subject of electronic structure and pairing. With the early discovered
Fe-SCs, two observations inspired proposals of s;_ superconductivity. First, the SC phase
emerged upon doping a parent antiferromagnetic (AFM) metal. Second, the generic FS of
these systems comprised disparate electron pockets at the zone corner M and hole pockets at
the zone center I'. Mazin et al. [85] and Kuroki et al. [86] argued that repulsive AFM fluctu-
ations, connecting electron and hole pocket states, could pair electrons if the order parameter
reversed sign.

Though not without contenders [87], the aforementioned picture of s;_ superconductiv-
ity proved prevailing in the early years of Fe-SCs. This dominance met an abrupt end with
the discoveries of alkali-doped FeSe (2011) and 1UC FeSe/SrTiO3 (2012). In the “best” case,
pairing theories involving spin fluctuations could be modified to stabilize d-wave gap symme-
try in these compounds. In the “worst” case, new microscopic mechanisms would be needed,
aspects of which appear oddly conventional (Bardeen-Cooper-Schreiffer). Again, two observa-
tions in 1UC FeSe/SrTiO3 have created significant conundrum. First, like alkali-doped FeSe,
its F'S comprises only M electron pockets, apparently reducing the original multiband com-
plexity. Second, the only bosonic mode to date with direct experimental support is an optical
phonon mode at the SrTiO3 interface.

In this section, we review complementary indications for phononic and electronic
(spin/orbital) mechanisms of pairing. We then analyze ARPES and STM measurements that
address superconductivity from the angle of gap symmetry and structure. Finally, we dis-
cuss multiband, multi-boson scenarios of pairing that enable phonons, spin fluctuations and
nematic fluctuations (defined in subsection 3.3.2) to operate constructively and enhance T..

These ideas are far from being a fait accompli, but embody an emerging theme in this field.
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3.3.1 PHONONIC MECHANISMS

PHONONS MAKE A COMEBACK?

Since the early 2008 days of Fe-SCs, phononic mechanisms of high-7, in these systems have
been largely discounted. DFT calculations suggested that the electron-phonon coupling A
in LaFeAsO;_,F, was 5-6 times smaller than necessary to explain its T, of 26 K [88, 85]
(calculations with modified exchange-correlation functionals disagreed [80, 89]). In this
light, it was somewhat ironic that 2014 ARPES measurements by Lee, Schmitt, Moore et
al. [52] suggested a cross-interface, phonon-coupling mechanism of 7, enhancement in 1UC

FeSe/SrTiOs.

REPLICA BANDS

What Lee, Schmitt, Moore et al. discovered in their ARPES measurements was that each
primary electronic band of 1UC FeSe/SrTiO3 possessed a fainter replica band offset by 100
meV [52]. These faint bands were near-duplicates of their primary counterparts, even to the
point of reproducing back-bending features induced by gap opening, without momentum off-
set or smearing [Fig. 3.7(a), (b)]. In addition, the replica bands persisted at least to 120 K,
well above the gap-opening temperature (7, = 58+7 K), and were absent in FeSe films two
UC or thicker [Fig. 3.7(c), (d)].

In their interpretation of the replica bands, Lee, Schmitt, Moore et al. firstly excluded the
possibility of quantum-well states arising from 2D confinement. There is no reason for such
states to have identical dispersions or back-bending characteristics. Furthermore, quantum-
well states exhibit a well-behaved dependence on layer, in contrast to the abrupt disap-
pearance of replica bands in 2UC FeSe/SrTiOg3. Instead, the authors attributed the replica
bands to bosonic shake-off, in analogy to vibrational shake-off observed in photoemission
spectroscopy of Hy molecules. They identified the boson with an optical O phonon band
calculated for bulk SrTiO3 [90]. Subsequent calculations of slab SrTiOs pointed to a sur-
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face phonon mode involving polar vibrations of vertical Ti-O bonds [91]. These theoretical
comparisons were later corroborated by ARPES measurements [92] that also found replica
bands on bare SrTiO3 [Fig. 3.7(e)]. However, for an electron-phonon coupling ¢(q) to pro-
duce nearly-identical bands with no momentum smearing, it must be sharply peaked at g =
0. This model assumption is nontrivial and will be assessed shortly.

Based on the shake-off interpretation, Lee, Schmitt, Moore et al. compared integrated in-
tensities of the primary and replica bands and extracted a sizeable electron-phonon coupling
constant of A = 0.5. However, the procedure required a signifcant background substraction

and was disputed by Peng et al., citing matrix element effects [53].
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Figure 3.7: (a), (b) ARPES high-symmetry cuts of 1UC FeSe/SrTiO3 showing primary electronic
bands and fainter replica bands offset by 100 meV (yellow arrows). These features suggest a ¢ ~ 0
coupling to a SrTiO3 phonon mode. The blue circles highlight the duplication of characteristic back-
bending signatures due to SC gap opening. (c), (d) ARPES high-symmetry cuts of 2UC and 30UC
FeSe/SrTiOs, showing the absence of replica bands. (a)-(d) are adapted from Ref. [52]. (e¢) ARPES
curvature plot of bare SrTiO3(001), displaying multiple replica bands offset by ~100 meV. Adapted
from Ref. [92].

MODEL OF INTERFACE ELECTRON-PHONON COUPLING

To explain how the electron-phonon coupling g(q) could become sharply peaked at g = 0,
Lee, Schmitt, Moore et al. constructed the following model [52, 93]: Assume we have a 2D
sheet of FeSe at z = 0, and a layer of dipole moments below at the SrTiO3 surface, z = —hg.

The dipole moments come from vertical displacements of surface Ti-O bonds and are repre-
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sented by 0p.(z,y, —ho). These moments induce an electric potential at the FeSe layer,

EHhO / /7.1 5pz(55/7 y,7 _hO)

0P(z,y,0) = dx'd , 3.1
0 =5 | R @ e ey

where €|, €, are the in-plane and perpendicular dielectric constants in the interface region.

Taking the Fourier transform yields

50(.0) = \/Iij—ll esxp [— |q|hm/e”/q] 5p-(q. —ho). (3.2)

It follows that g(q) o exp(—|q|/qo), where qo_1 = hoy/€/eL. Intuitively, the g ~ 0 coupling
hinges upon (1) the FeSe monolayer being sufficiently removed from the dipole layer, and (2)
the interface region screening lateral charge imbalance much more effectively than vertical

charge imbalance.

"
ARAARN A 0Py, —hg)

Bulk STO

Figure 3.8: Model of interface electron-phonon coupling. We assume a 2D layer of FeSe at z = 0 and
a layer of vertical dipole moments dp.(z,y, —ho) at the SrTiO3 surface, at z = —hg. If the interface
region has anisotropic dielectric constants, €| > €, then the induced electric potential §® is exponen-
tially peaked at g = 0.

Calculations by Rademaker et al. showed that a ratio of qo/kr ~ 0.1 was needed for
replica bands to duplicate primary band features without significant momentum smear-
ing [94]. If we take kp to be 0.20 A=1 [49] and hg to be 4.9 A [73], the distance between the

surface TiOy layer and the Fe-plane, then 1/(hokr) ~ 1 and we require €| /e ~ 100 in the

interface region. While one should be wary of interpreting the model interface too literally,

43



an argument suggests that it should contain contributions from both SrTiO3 and FeSe, with
the former having eﬁTO ~ eiTo in its 3D bulk limit, and the latter having eﬁese > ef_ese due
to its 2D nature [93]. In general, the anisotropy of the interface dielectric constant (suitably
defined) remains challenging to verify experimentally or theoretically.

Alternative speculations regarding the replica bands include O impurity bands [95], or
some form of Raman scattering involving Sr'TiO3 phonon modes. No model details have been
presented for impurity bands, and it is unclear whether there are sufficient cross-section and
viable selection rules for Raman scattering involving the phonon mode in question. Peaks

and dips have been detected in STM filled- and empty-state d*I/dV? spectra (Supplemental

Material of Ref. [96]), but the authors were unable to confirm their identity as replica bands.

3.3.2 ELECTRONIC MECHANISMS
MOTIVATION

Are there any reasons to doubt a purely phononic mechanism of high-T, superconductiv-
ity in 1UC FeSe/SrTiO37 Experimentally, Lee, Schmitt, Moore et al. [52] observed distinct
replica electronic bands that indicate a g ~ 0 coupling to a SrTiOs phonon mode. Theo-
retically, Rademaker et al. show that such coupling can produce a quasi-linear scaling of
T, with the coupling constant A, in contrast to the BCS scenario of an exponential decay
T. x exp(—1/A) [94]. In this pure scenario, 1UC FeSe provides nothing essential. High-T
superconductivity could possibly be realized in other 2D materials deposited on SrTiOs, as
long as they contribute to an anisotropic dielectric constant in the interface region.

Perhaps a more moderate viewpoint, which we now begin to explore, is that the interface
phonons work in concert with some pre-existing electronic pairing mechanism in 1UC FeSe
to boost T,.. The existence of an inherent electronic pairing glue is inferred from two foil sys-
tems. The first is an FeSe-intercalate, (Li;_,Fe,)OHFeSe, with a significant T, of 40 K [97].
ARPES measurements resolved low-energy bands that are nearly identical to those of 1UC

FeSe/SrTiOs and a nodeless gap of similar magnitude [98, 99]; however, no replica bands
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were visible. The second system is multilayer FeSe coated with K adatoms, which we next

dicsuss in depth.

POTASSIUM DEPOSITION ON MULTILAYER FESE

Unraveling the microscopic role of SrTiO3 has complications in that multiple effects may

be present: electron doping from O vacancies, strain from lattice mismatch, and/or cross-
interface phonon coupling. To isolate the role of electron doping, several groups instead ex-
amined the effects of depositing K adatoms on multilayer FeSe films [100, 101, 102]. They
demonstrated that such films could become SC with gap-closing temperature as high as

48 K, close to 65 K for 1UC FeSe/SrTiO3. Although details differed between experiments,
two observations were unanimous: First, T, followed a dome-shaped evolution over a nar-
row range of electron carrier densities (n. < 0.20). Such domes are hallmarks of unconven-
tional superconductivity, difficult to explain within a pure phononic scenario [95]. Second, T,
emerged upon suppression of a parent nematic phase [Fig. 3.9], characterized in multilayer
FeSe by a small orthorhombic distortion [103] and a large splitting of the Fe 3d,, and 3d,.
bands [51, 104, 105, 106, 107, 108]. By analogy to other unconventional superconductors, one
might expect pairing in electron-doped multilayer FeSe to be mediated by fluctuations of the
parent order; i.e., nematic fluctuations.

Nematic order breaks rotational symmetry while preserving translational symmetry. As a
result of the latter, nematic fluctuations provide effective g ~ 0 attractive interactions, much
like the aforementioned interface phonons. Various theories have demonstrated the effective-
ness of nematic fluctuations in boosting 7. irrespective of pairing symmetry, especially in 2D
systems [112, 113, 114]. But are there signs of such fluctuations in (1) electron-doped mul-
tilayer FeSe or (2) 1UC FeSe/SrTiO3? Ye et al. made a positive claim in the former [102].
During K deposition on multilayer FeSe, the authors resolved ARPES signals of both doped
bands from the surface FeSe layer, and bulk bands from the undoped layers below. With the

doped bands, a remnant nematic splitting persisted with the emergence of superconductiv-
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fluctuating
nematicity?

T

Figure 3.9: Schematic phase diagram of electron-doped multilayer FeSe, highlighting two disparate
domes of superconductivity, and the possibility of nematic fluctuations. Adapted from Refs. [100, 101,
102, 83]. The existence of spin fluctuations in stoichiometric FeSe was detected by Ref. [109, 110, 111].

ity, up to 0.10 electron carriers per Fe. The authors suggested that the nematic fluctuations
in the surface layer were being stabilized by uniaxial strain from the undoped, orthorhombic
layers below (dashed line Fig. 3.9).

Before addressing the possiblity of nematic fluctuations in 1UC FeSe/SrTiOg, we high-
light additional features in the phase diagram of electron-doped multilayer FeSe, which re-
main open to theoretical investigation. The electron doping evolution is marked by non-rigid
band transformations, including two Lifshitz transitions of a I' hole pocket and an M electron
pocket [102] respectively. STM experiments [83] also revealed two disparate domes of super-
conductivity (T,; and Teo). T coexists with nematic order in stoichiometric FeSe. It has a
nodal gap of magnitude A ~ 2 meV. T, arises upon sufficient electron doping, and has a

nodelss gap of magnitude A ~ 14 meV.

SEARCH FOR NEMATIC FLUCTUATIONS IN 1UC FESE/SRT10;

As a local probe, STM can clarify whether disorder or anisotropic perturbations pin
nanoscale patches of otherwise-fluctuating nematicity. Previous measurements of other Fe-

SCs have detected remnant, nematic electronic signatures above the spin-density-wave transi-
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tion temperature in NaFeAs [115], or the nominally tetragonal phase of FeSey 4Teg ¢ [116].

To investigate the possibility of nematic fluctuations in monolayer FeSe/SrTiO3, Huang et
al. examined anisotropies in low-energy quasiparticle interference (QPI) patterns due to scat-
tering between electron Fermi pocket states [117]. The authors developed a T-matrix model
of multi-orbital QPI to disentangle scattering intensities from Fe 3d,. and 3d,. bands. By
sampling multiple spatial regions of a 1UC FeSe/SrTiOs3 film, they excluded static xz/yz or-
bital ordering with domain size larger than 672 = 20 nm x 20 nm, zz/yz Fermi wave vector
difference larger than dk = 0.014 7, and energy splitting larger than ¥ = 3.5 meV. The lack
of detectable ordering pinned around defects suggests that there is no proximate nematicity

in 1UC FeSe/SrTiOs, in contrast to electron-doped multilayer FeSe.
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Figure 3.10: Nanoscale wave vector analysis of orbital nematicity via STM. (a), (b) Differential tun-
neling conductance maps g(r,w) over a defect region of 1UC FeSe/SrTiO3, revealing dispersive QPI
patterns. (c) Fourier transform amplitude |g(g,w)| of (b), revealing ring-like intensities that arise from
scattering between Fermi electron pocket states. Note that fourfold rotational symmetrization has

not been applied. The red and blue boxes enclose the ring-like intensities that arise primarily from
scattering of Fe 3d,, and 3d,, states respectively. (d)-(f) T-matrix calculations of QPI patterns, de-
composed into dominant orbital contributions. In the presence of xz/yz orbital ordering, the rings
enclosed in the red and blue boxes contract and expand respectively, and are no longer 90° rotations
of each other. (g) Line cuts across the arrows in (c), used to compare xz/yz scattering wave vectors.
Measurements are acquired over a few distinct domains (672 = 20 nm x 20 nm). The horizontal bars
mark the peak locations determined from Gaussian fits (solid lines), with inherent resolution dq =
0.028 7. Within these bounds, no signatures of nematicity were detected. Adapted from Ref. [117].
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MAGNETISM: AN OPEN QUESTION

Besides nematic fluctuations, what are alternative electronic mechanisms of pairing that
could operate in 1UC FeSe/SrTiO37 Several inelastic neutron scattering (INS) measurements
revealed that in stoichiometric FeSe, there are stripe spin fluctuations that are enhanced be-
low the orthorhombic transition temperature [109, 110, 111]. However, magnetic order is
absent, owing to some sort of frustration [118, 119]. The nature of spin excitations in 1UC
FeSe/SrTiOs remains an important open question, especially since both doping and lattice
strain may tune exchange interactions. Some experimental ingenuity is required, as ex-situ

INS measurements are probably not feasible on 1UC films.

3.3.3 GAP SYMMETRY AND STRUCTURE

We shift gears and discuss pairing from the viewpoint of gap symmetry and structure. Un-
like the cuprates, in which d,2_,2 gap symmetry is universal and well-established, the Fe-SCs
possess a variety of gap structures across their member compounds. In addition, many candi-
date gap functions share identical angular symmetries (for example, s;_, s+, and “bonding-
antibonding” s), complicating the task of differentiating them [120]. In general, the interpre-
tation of phase-sensitive measurements is dependent on modeling assumptions; thus, there is
unlikely to be a “smoking gun” experiment, despite widespread and adamant claims of such.
A more likely scenario is that through multiple experimental measurements, consensus begins

to converge upon a candidate gap function.

THE CANDIDATES

Given the sunken hole pocket at the zone corner (see subsection 3.1.2), the primary gap sym-

metry candidates are “plain” s, “nodeless” d2 “bonding-antibonding” s, and “incipient”

—y25

S54+—. We proceed with two words of caution:

1. “Definition basis” - The comparison between the aforementioned gap symmetry can-
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Figure 3.11: Pairing symmetry candidates for 1UC FeSe/SrTiO3. Note that some structures are

defined only within a 1-Fe BZ (k) or 2-Fe BZ (k), whereas others are indifferent to folding. “Incipient”
s4+— suggests that a sunken hole pocket at the zone center can host an opposite-sign gap.

didates is not “apples to apples,” since the candidates are not all defined in the same
momentum space. For example, “nodeless” d,2_,2 is strictly defined in a 1-Fe, pseu-
docrystal momentum BZ (Elee), where glide-plane symmetry is an exact symmetry of
the system [Fig. 3.11(b)]. On the other hand, “bonding-antibonding” s, which hinges
upon hybridization of the M electron pockets, is only well-posed in a 2-Fe, crystal mo-

mentum BZ (k2¢) [Fig. 3.11(c)].

2. “Measurement basis” - ARPES and STM are leading probes of gap structure, since
they provide momentum resolution. However, it is crucial to keep in mind what sort of

momentum or basis they probe:

(a) ARPES measures the free-space momentum p of final-state photons, which Ku
argues is best approximated by the 1-Fe crystal momentum k'¥¢ [121, 122]. Thus,
the ARPES intensity I(p,w) most closely resembles the theoretical spectral func-
tion A(k'F®, w), even though quasiparticles are not defined in this momentum

space.

(b) STM momentum resolution is derived from applying a discrete Fourier trans-
form |g(q,w)| to a conductance map g(r,w). The classic octet model for cuprates
posits that g is the scattering wave vector connecting isoenergetic segments of

band structure. The multi-orbital nature of Fe-SCs produces three pitfalls with
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a naive extension of the octet model: (1) Not all orbital combinations have

equal scattering amplitudes, (2) not all orbitals have equal tunneling ampli-
tudes, and (3) in a 2-Fe UC space, the symmetric and anti-symmetric combi-
nations of orbitals on the two Fe sites do not have equal tunneling amplitudes.
There is a disconnect between the Bogoliubov quasiparticles, which reside in band
space, and their scattering and tunneling which are better described in orbital

space [123, 117].

As already mentioned, “nodeless” d2_,2 is strictly defined in a 1-Fe, pseudocrystal mo-
mentum BZ [Fig. 3.11(b)]. Quasinodes will be created upon folding [124]. However, the nodal
quasiparticle weight depends on the folding strength, which could be weak, possibly eluding
spectroscopic detection [125, 126]. If significant hybridization at the 2-Fe BZ boundary is
present, nodes may be avoided, leading to a “bonding-antibonding” s pairing symmetry can-
didate [Fig. 3.11(c)]. Incipient s;_ posits that an opposite-sign gap is formed on the sunken
zone center hole pocket [Fig. 3.11(d)]. This can be sizeable, contrary to usual expectations, if
there are additional intraband interactions operating within the F'S electron pockets (subsec-

tion 3.3.4) [127).

GAP ANISOTROPY (ARPES)

Early ARPES measurements of 1UC FeSe/SrTiO3 reported an isotropic gap (A = 13—15
meV) on nearly-circular electron pockets [49, 50, 51, 52]. Later, by expanding the lattice con-
stant (1UC FeSe/SrTiO3/KTaOg3) or by changing photon polarization, Peng et al. [55] and
Zhang et al. [79] were able to resolve the ellipticity of the electron pockets, as well as their
folded counterparts at each zone corner. Two observations were crucial. First, the authors in
both cases observed no signs of hybridization, within their instrument resolution. Momen-
tum distribution cuts across the overlap region of the main and folded pockets reveal a sin-
gle band, with no splitting. Furthermore, gap measurements on corresponding segments of

the main and folded pockets were nearly identical. The lack of sizeable hybridization may be
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somewhat unexpected, given that both spin-orbit coupling or the SrTiO3 substrate might be
expected to break glide-plane symmetry. The absence of hybridization would also rule out
the “bonding-antibonding” s scenario. Second, the authors resolved an anisotropic gap on
the elliptical pockets, with minima directed along the Fe-Se axes. These measurements will

provide useful feedback for theoretical gap function calculations.
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Figure 3.12: (a) ARPES measurements of gap anisotropy, on both the main and folded electron
pockets. There are no signs of hybridization that would support a “bonding-antibonding” s scenario.
Adapted from Ref. [79]. (b)-(e) STM dI/dV line cuts across magnetic (Cr) and non-magnetic (Zn)
adatoms, revealing suppression of the SC gap and production of in-gap states in the former (Cr), but
no changes in the latter (Zn). These observations are suggestive of s-wave superconductivity. Adapted
from Ref. [76].

PHASE-SENSITIVE MEASUREMENTS (STM)

Fan et al. employed a multi-pronged STM approach to build support for “plain” s-wave su-
perconductivity in 1UC FeSe/SrTiOg3 [76]. Their conclusion was based on the following three

observations:

1. All observed scattering intensities in QPI measurements exhibited similar energy evolu-

tions across the gap energy.
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2. All observed scattering intensities in QPI measurements exhibited similar magnetic-

field dependencies between 0 T and 11 T.

3. Deposited magnetic adatoms (Cr, Mn) induced in-gap bound states, while deposited
non-magnetic adatoms did not (Zn, Ag, K).

As Fan et al. discuss, the interpretations of the first two observations are somewhat model-
dependent. There are complexities related to proper signal normalization [128], or the nature
of vortex scattering [129]. The third observation is apparently consistent with Anderson’s
theorem for a gap structure without sign changes, but not without a caveat. While the ob-
servation of in-gap states due to a non-magnetic impurity signals a sign-changing gap, the
inverse is untrue: the lack of in-gap states due to a non-magnetic impurity does not imply
that the gap has no sign changes [120, 130]. In the case of “nodeless” d,2_,2 and “bonding-
antibonding” s pairing symmetries, opposite-sign gaps arise from normal-state Fermi sheets
with different orbital characters. Given that the impurities in the Fan et al. experiment were
adatomic, they may have had insufficient interorbital scattering strength to produce a pair-
breaking effect (c¢f. Ye et al. show that out-of-plane, non-magnetic impurities do not decrease
quasiparticle lifetime [131]). Nevertheless, the sum total of all the observations presented by

Fan et al. does favor s-wave gap symmetry.

3.3.4 MULTIBAND, MULTI-BOSON SCENARIOS

In this final subsection, we discuss possible pairing scenarios involving multiple bosons work-
ing cooperatively within a multiband environment to enhance T, in 1UC FeSe/SrTiO3 [52].
These scenarios represent a framework in which many different lines of thought can be uni-
fied, but also remain open to experimental verification. The critical question we consider is
how to fit attractive interactions (e.g., mediated by phonons) and repulsive interactions (e.g.,
mediated by spin fluctuations) under the same roof. Here, we review an intuitive picture de-
rived from the weak-coupling limit, but note that strong-coupling generalizations enabled by

quantum Monte Carlo simulations are also possible [132, 133].
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We begin with the Bardeen-Cooper-Schrieffer (BCS) gap equation:

V(k —K)Ag
Ap = — _— 3.3
e T (3.3)
k/
Any gap function Ag must be a self-consistent solution to Eq. 3.3, where V(k — k') is the
effective pairing interaction and Fpr = 1/5,%, +|A2,| > 0, with & being the normal-state

quasiparticle dispersion. We can then arrive at the following conclusions:

1. Attractive interactions boost pairing if they connect segments of the FS hosting same-

sign gaps.

2. Repulsive interactions boost pairing if they connect segments of the F'S hosting

opposite-sign gaps.

3. One can engineer a situation in which both attractive and repulsive interactions boost

pairing, if the interactions connect different segments of the FS.

In this context, the multiband nature of Fe-SCs and their disparate Fermi pockets become
advantageous. One can envision having attractive intraband interactions that stabilize a
uniform-sign gap within a given Fermi pocket, then repulsive interband interactions that
force two disparate Fermi pockets to have opposite-sign gaps. In the forward-scattering limit
(i.e., ¢ = (0, 0)), attractive intraband interactions universally boost pairing irrespective of
the gap function.

Figure 3.13 illustrates a pairing framework for 1UC FeSe/SrTiO3 involving multiple
bosons. We suppose that there exists a “primary” interband pairing interaction peaked
around ¢ = (m, ), which connects the disparate corner electron pockets and dictates the
overall gap symmetry. This could be a repulsive antiferromagnetic spin fluctuation, stabi-
lizing d-wave pairing, or an attractive antiferro-orbital fluctuation [132, 133], stabilizing s-
wave pairing. (For simplicity, we restrict ourselves to the 1-Fe, pseudocrystal momentum

BZ.) Then in addition, there may be “enhancer” intraband interactions that are necessarily
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attractive and peaked around g = (0,0). These interactions universally boost pairing and can

come in the form of SrTiO3 interface phonons, or nematic fluctuations.

“Primary” interband: q ~ (r, 7) “Enhancer” intraband: q ~ (0, 0)

Checkerboard AFM Antiferro-orbital Interface phonon Nematic

A>0
A<0

d wave or s wave d wave or s wave

Figure 3.13: Multiband, multi-boson scenarios of pairing in 1UC FeSe/SrTiO3. For simplicity, we
work in a 1-Fe, pseudocrystal momentum BZ. (a), (b) In this picture, the pairing symmetry is de-
termined by a “primary” interband interaction, peaked at ¢ = (m, 7). (¢), (d) In addition, there are
“enhancer” intraband interactions that can further boost T, irrespective of gap function, due to their
forward scattering nature (peaked at g = (0,0)).

We reiterate that the pairing interactions in 1UC FeSe/SrTiO3 remain largely unknown at
this point. No experiments have uncovered any interband pairing interactions. INS, a pow-
erful probe of spin excitations, is difficult to impossible for a monolayer film. STM has not
found any signatures of nematic fluctuations. ARPES has detected replica electronic bands,

which is best explained in terms of coupling to an interface phonon mode.

PAIRING INVOLVING INCIPIENT BANDS

We review another multiband, multi-boson scenario proposed by Chen et al. [127]. The au-
thors were motivated by ARPES measurements in LiFeAs that resolved a SC gap on a “incip-
ient” hole pocket 10 meV below Er [134]. Although several strong-coupling interpretations of
this observation were put forth, Chen et al. developed a simpler, weak-coupling explanation.
In isolation, interactions between a Fermi sheet and an incipient band do not open up a SC
gap. However, if there is a pre-existing interaction that stabilizes a small gap on that sheet,

then its interactions with incipient bands can enhance pairing.
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Based on this finding, Chen et al. proposed a “dark horse” pairing symmetry candidate for
1UC FeSe/SrTiO3: “incipient” sy _. First, there is an intraband, interface phonon that opens
up a small SC gap on the corner electron pockets. Second, a presumed q = (,0) spin fluc-
tuation that exists in stoichiometric FeSe can then “bootstrap” to the pre-existing gap and
produce an opposite-sign gap on the sunken hole pocket. From their model calculations, this
spin fluctuation can boost T, by an order of magnitude, although numbers are sensitive to
estimates of interaction strengths and cutoff. Importantly, Chen et al. also argued that an
“incipient” sy _ pairing symmetry could be consistent with impurity experiments by Fan et
al. [76]. Since defects primarily induce elastic scattering, there is not much mixture of quasi-

particles from the electron Fermi pockets and sunken hole pockets with opposite-sign gaps.
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Figure 3.14: (a) Schematic of a multi-boson, “bootstrap” mechanism of pairing. First, there are at-
tractive intraband interactions, such as a ¢ ~ 0 phonon coupling, which stabilize a same-sign gap
within the Fermi pockets. Second, repulsive interband interactions, such as ¢ = (,0) stripe fluc-
tuations, can “bootstrap” to the existing gap and open an additional gap on the sunken hole pocket
below Er. (b) Model calculations of T, enhancement within the “incipient” s;_ scenario. Inset: the
cutoff ranges for model phonons and spin fluctuations are indicated by the shaded blue and yellow
regions. Adapted from Ref. [127].

Recently, Huang et al. uncovered a I' electron pocket 80 meV above Fp, using empty-
state STM measurements [96]. This pocket may be similar to one discovered in bulk
FeSeq 55 Teg.45 [135], or a shallow Z-electron Fermi pocket in 3D (T1, Rb),Fes_,Ses [136].
Given that this pocket lies within the interface phonon cut-off, it may be interesting to ex-

plore whether it has any positive contribution to 7 in 1UC FeSe/SrTiOs.
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Revealing the Empty-State Electronic
Structure of Single-Unit-Cell FeSe/SrTiOs

We use scanning tunneling spectroscopy to investigate the filled and empty electronic states
of superconducting single-unit-cell FeSe deposited on SrTiO3(001). We map the momentum-
space band structure by combining quasiparticle interference imaging with decay length spec-
troscopy. In addition to quantifying the filled-state bands, we discover a I'-centered electron
pocket 75 meV above the Fermi energy. Our density functional theory calculations show the
orbital nature of empty states at I' and explain how the Se height is a key tuning parameter

of their energies, with broad implications for electronic properties.

o6



4.1 INTRODUCTION

The extraordinary potential of interface engineering to generate novel electronic properties
is exemplified by a single unit cell (1UC) of FeSe deposited on SrTiO3 [1], which exhibits an
order-of-magnitude increase in its superconducting transition temperature (7. up to 110 K
[2]) compared to bulk FeSe (7. = 9.4 K [137]). Not only does this finding elevate the T, of
iron-based superconductors (Fe-SCs) above the liquid nitrogen temperature, it also opens
the door to designing Fe-SC/oxide heterostructures with novel phases and yet higher T,. A
key to understanding and realizing these phases is a complete measurement of the electronic
structure of filled and empty states.

Electronic band structure is pivotal in determining the pairing symmetry of Fe-SCs. The
generic Fermi surface (F'S) of Fe-SCs consists of electron pockets at the Brillouin zone (BZ)
corner M and hole pockets at the zone center I' [138]. A prevalent spin-fluctuation model
suggests that repulsive antiferromagnetic excitations of wave vector (m, ) can give rise to
pairing between the electron and hole pockets if the order parameter reverses sign, resulting
in s;_ superconductivity [85, 86]. However, in 1UC FeSe/SrTiOs, the I" hole pocket sinks
entirely below the Fermi energy (Er) due to electron doping [49]. This challenges the s
picture; nevertheless, functional renormalization group (FRG) calculations have shown that
electronic bands lying within the spin fluctuation energy scale below Er can still influence
the pairing channel. In fact, the energy of the sunken I' hole pocket is predicted to toggle
the relative stability between sign-preserving s and sign-changing d pairing symmetries
[139, 140].

A natural question is whether low-lying bands above Er can similarly renormalize the
effective interaction. In general, the landscape of empty states in Fe-SCs remains largely
unexplored by experiment. A full band structure mapping is particularly crucial in 1UC
FeSe/SrTiOs, where in addition to the usual Coulomb repulsion and spin fluctuations, even
higher energy phonon modes may be at play [140, 52, 80], and the magnitudes of their energy

scales relative to the near- Er bands determine the superconducting ground state.
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Here we map the multiband electronic structure of 1UC FeSe/SrTiO3 by two complimen-
tary scanning tunneling microscopy (STM) techniques: (1) quasiparticle interference (QPI)
imaging [141] and (2) decay length spectroscopy [142]. In the first technique, impurity scat-
tering of quasiparticles generates interference patterns with characteristic dispersive wave
vectors g(w) that can be inverted to reconstruct the band structure. Since g is the momen-
tum transfer, QPI imaging resolves only relative momentum coordinates between two states.
In the second technique, the absolute, in-plane momentum k| of quasiparticles can be ex-
tracted from the decay of their tunneling current with increasing sample-tip separation. By
combining the two momentum-resolved techniques, we discover a I' electron pocket 75 meV
above Er. Our density functional theory (DFT) calculations reproduce the presence of empty

states at I', and furthermore explain how their energies are tuned by the Se height hge.

4.2 EXPERIMENT

We grew films of FeSe on Nb-doped SrTiO3(001) (0.5%) via molecular beam epitaxy (MBE).
The substrates were pretreated with deionized water for 90 min at 80 °C, followed by an O»-
anneal for 3 h at 1000 °C. We then transferred the substrates into our MBE chamber (base
pressure 1x107!0 Torr) and degassed them at 670 °C. We deposited FeSe by co-evaporating
Fe (99.995%) and Se (99.999%) with a molar flux ratio of 1:6 and substrate temperature 520
°C. Afterwards, we typically annealed the samples for an additional 2 h between 500-600°C
before transferring them through ultra-high vacuum to a home-built STM for imaging at
~4.3 K.

Figure 4.1(a) shows a typical film topography, with regions of bare SrTiO3 and 1UC or
2UC of FeSe. We discriminate these regions based on their terrace heights. From the line cut
in Fig. 4.1(b), we observe a 3UC SrTiOgz step to be 1.19 £ 0.05 nm (bulk c-axis lattice con-
stant is 0.3905 nm [47]), the 1-2UC FeSe step to be 0.57+0.05 nm, and the bare SrTiO3-1UC
FeSe step to be 0.34 4+ 0.02 nm (all measured at 4 V sample-tip bias). We will hereafter focus

on the 1UC FeSe terraces. Figure 4.1(c) presents an atomically-resolved topography of 1UC
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FeSe, with lattice constant a = 3.9 A. Each bright spot corresponds to a surface Se atom in
a Se-Fe-Se triple layer. A representative dI/dV spectrum on a clean area exhibits a gap of

A = 14 meV [Fig. 4.1(d)], similar in magnitude to other reports of superconducting gaps in
this material [49, 54]. We note appreciable spectral inhomogeneity in 1UC FeSe/SrTiOs, but

further study is needed to quantify its correlation with substrate disorder.
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Figure 4.1: (a) Typical topography of in-situ-grown FeSe/SrTiO3. Setpoint: 4 V, 5 pA. (b) Line cut
along the arrow in (a). The inset illustrates the underlying crystal structure. (c¢) Atomically-resolved

topography of single-unit-cell (1UC) FeSe/SrTiOs. Setpoint: 50 mV, 250 pA. (d) dI/dV spectrum of

1UC FeSe/SrTiO3, T = 4.3 K. Bias oscillation Vs = 0.7 mV.

To image QPI, we acquired conductance maps g(r,w) = dI/dV(r,eV’) over flat regions
of 1UC FeSe/SrTiO3 with moderate concentrations of as-grown defects [Fig. 4.2(a)]. Sev-
eral energy maps of one representative region are presented in Figs. 4.2(b)-(e), displaying
clearly dispersive interference patterns. To identify the momentum-space origin of the scat-
tered quasiparticles, we compared the Fourier transform amplitudes |g(q,w)| to simulated
autocorrelations of the spectral function A(k,w) = —1 3" Im[Go(k,w)] [143]. For simplicity,
we used the bare Green’s function G '(k,w) = w + id — £, (k), with parabolic bands &, (k)
and broadening § = 5 meV. The main result is presented in Figs. 4.3(a)-(i), which compare

lg(g,w)| to theoretical predictions for three representative energies. We discuss each in turn:
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Figure 4.2: Quasiparticle interference imaging, real space. (a) Topography (setpoint: 50 mV, 500
pA) and (b)-(e) conductance maps g(r,w) (setpoint: 100 MQ, Vs = 1.4 mV) of a 20 nm x 20 nm
field of view with as-grown defects. Images were drift-corrected following Ref. [144].

w = 10 meV, Figs. 4.3(b), (e), (h): Close to Er, we observe 9 ring-like intensities in
lg(g,w)|, centered about reciprocal lattice vectors G = (0, 0), (£27/a, 0), (0, £27/a), and
(27 /a, 27 /a). These intensities arise from scattering, modulo G, within electron Fermi
pockets at the zone corner M (labeled 1 in Fig. 4.3) [49].

w = —66 meV, Figs. 4.3(c), (f, (i): Sufficiently below Er, we observe additional scattering
channels pointing to the emergence of the I' hole pocket seen by angle-resolved photoemission
spectroscopy (ARPES) [49]. Intrapocket scattering between I' pockets is labeled 2 in Fig. 4.3,
while interpocket scattering between I' and M pockets is labeled 1-2 in Fig. 4.3.

w = 80 meV, Figs. 4.3(a), (d), (g): Above Ep, we discover a third pocket. Intrapocket
scattering (labeled 3 in Fig. 4.3) is clearly resolved in |g(g,w)|, but interpocket scattering
with the M electron pockets (expected intensity at (7/a,w/a) modulo G) appears to be sup-
pressed. In general, the autocorrelation of A(k,w) yields the set of all possible scattering
channels, but more complex theories that encode spin [145] or orbital [146] selectivity in the
scattering T-matrix are needed to explain their relative intensities. In this case, the empiri-
cal suppression of I'-M scattering leaves some ambiguity as to the absolute momentum (k)
location of the new pocket.

To visualize the full QPI evolution, Fig. 4.3(j) shows an azimuthally-averaged intensity
plot of |g(gr,w)|, where g, is measured relative to G = (27 /a,0) as shown in Fig. 4.3(h). In
total, we observe three dispersing branches: two electron-like (labeled 1 and 3) and one hole-

like (labeled 2). Branches 1 and 2 correspond to a M electron pocket and a I" hole pocket,
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Figure 4.3: Quasiparticle interference imaging, momentum transfer (q) space. (a)-(f) Theoreti-

cal simulations, A(k,w) and its autocorrelation, for three representative energies. (g)-(i) Fourier
transform amplitudes |g(g,w)| of conductance maps (four-fold symmetrized for increased signal). (j)
Azimuthally-averaged intensity plot of |g(g.,w)|, where ¢, is measured relative to G = (27 /a,0). The
superconducting gap is marked by 2A.

while branch 3 awaits further identification. A parabolic fit to branch 1 over the given energy
range in Fig. 4.3(j) yields an effective mass enhancement m*/m = 2.0 4+ 0.1 and a carrier
concentration of 0.08 e~ per Fe from a Luttinger count, assuming a degenerate pocket [49].

To determine the absolute momentum k of QPI branch 3, a complimentary momentum-
resolved STM technique is needed. Here we utilize decay length spectroscopy [142, 147, 148],
a general tool which allows the full reconstruction of k-space band structure from STM. Ter-
soff and Hamman [149] showed that a sample state of in-plane momentum kj has density
which decays towards the vacuum with length A given by

1 2mP 9

(2)\)2 = ?'Fku, (4.1)

where @ is the average of the sample and tip work functions. Figures 4.4(a), (b) show the
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energy dependent decay length A(w), extracted from exponential fits to the tunneling cur-
rent as the sample-tip distance is increased at a fixed bias. Near Ep, the sample states have
large momentum near M and smaller decay length. Below Ep, a steep increase in A\(w) ac-
companies the onset of a hole pocket at I', as states with low momentum become available
for tunneling. The fact that a similar rise in A(w) occurs above Ep indicates that branch 3
in Fig. 4.3(j) is also located at T'. If we interpret the large-|w| value of A = 0.462 4 0.001 A
as arising from states with k ~ 0, we find & = 4.46 £ 0.03 eV from Eq. (4.1), then we can
compute the expected A\(w) = 0.318 4 0.001 A for energies where the only states come from
momenta near M. Indeed, the measured \(w) at small |w| closely matches the expected value
of A(|k| = V/2m/a). Step-like features associated with the onsets of these pockets are also
detected with dI/dV spectroscopy [Fig. 4.4(c)]. From extrema in the numerical derivative
d?I/dV?, which closely match those of d\/dw [vertical shaded guides in Figs. 4.4(b), (c)], the
band edges of the I' hole and electron pockets are —65 meV and 75 meV.
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Figure 4.4: (a), (b) Energy dependent decay length A(w), extracted from exponential fits to the tun-
neling current as the tip is retracted from the sample at a fixed bias (inset schematic). Fits were per-
formed in the current range [10 pA, 500 pA], two of which (250 meV and 50 meV) are shown in (a).
Dashed horizontal lines indicate calculated values of A at the I' and M. (c¢) dI/dV spectrum. Vips =
2.8 mV. Vertical lines mark extrema in the numerical derivatives of A\(w) and dI/dV.
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4.3 THEORY AND DISCUSSION

A consistent band structure for 1UC FeSe/SrTiO3 is now established, comprising M electron
pockets spanning Er and I" hole and electron pockets lying below and above Er. For further
insight, we use DFT to compute the band structure of free-standing 1UC FeSe via the gen-
eralized gradient approximation (GGA) [150] and projector augmented wave (PAW) method
as implemented in the Vienna Ab-Initio Simulation Package (VASP) [151, 152]. We use a BZ
sampling of 9x9x1 and an energy cutoff of 450 eV. We apply Methfessel-Paxton smearing
[153] with 0 = 0.1 eV. Figure 4.5(a) shows the calculated bands with structural parameters a
=3.90 A, hg. = 1.45 A. Due to electron doping, Er should be adjusted to intersect only the
M pockets. Typical band renormalization factors range from 4-5 in 1UC FeSe/SrTiO3 [53],
but for the qualitative discussion that follows, we do not rescale the bands.

Experimentally, hge is unknown. Simulations show that the binding geometry of 1UC
FeSe/SrTiO3 varies with TiO2 oxygen deficiency, which creates electropositive sites that dis-
tort Se positions [68]. Without microscopic knowledge of the buried interface, we calculate
band structures for a range of hg, values and track the energies of the I' bands [Fig. 4.5(b)].
While all bands shift slightly, the lowest-lying I" electron pocket in Fig. 4.5(a) undergoes a
pronounced monotonic decrease in energy with increasing hge.. Figure 4.5(c) shows the charge
density isosurfaces at k = 0 and orbital compositions for each band. Only the lowest-lying
I" electron pocket carries significant Se 4p character in addition to Fe 3d character, so it is
most affected by the Fe-Se distances. The charge density plot suggests an antibonding config-
uration of Fe 3d,2_,2 and Se 4p, orbitals, which explains the increase in pocket energy with
greater overlap of Fe and Se states. Our calculation reveals a crucial connection between hge
and empty electronic states.

Previous reports have predicted that Se/Te heights tune the Fe exchange constants in
iron chalcogenides and hence the magnetic order [154], which is oddly absent in FeSe [155]
and unknown in 1UC FeSe/SrTiO3. Here, we discuss another implication of hge. As seen in

Fig. 4.5(b), the I' electron and hole pockets cross at large values of hg.. Recently, Wu et al.
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Figure 4.5: (a) Band structure of free-standing single-unit-cell (1UC) FeSe, calculated in the gener-
alized gradient approximation (GGA). Structural parameters: lattice constant a = 3.90 A, Se height
hse = 1.45 A. (b) Energies of the five I' bands shown in (a) vs. hg. (the band represented by orange

is degenerate). The GGA values of hg,. for 1UC FeSe (a = 3.90 A fixed) and bulk FeSe (a = 3.68 A
relaxed) are marked, as well as the experimental value for bulk FeSe. The Fermi energy Er expected
from electron doping is marked in (a), (b). (¢) Charge density isosurfaces (yellow) at k = 0 for the five
I' bands, shown in two perspectives. The histograms depict the orbital compositions.

have proposed that nontrivial Zs topology may be realized in 1UC FeTe;_,Se, [156]. In par-
ticular, when the gap A, between the I' electron and hole pockets falls below 80 meV, spin-
orbit coupling can invert the bands. We measure A,, to be 140 meV from Fig. 4.4(c); thus,
1UC FeSe/SrTiO3 could possibly lie in proximity to a topological phase transition.

4.4 SUMMARY

In summary, we have quantified both the filled and empty state band structure of 1UC
FeSe/SrTiOs, and discovered a new I'-centered pocket emerging around 75 meV above the

Fermi level. Our work has several important implications, both for superconductivity and for
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predicted topological order in FeSe/SrTiOs. First, the new I' band will serve as an essential
input for revised FRG calculations of the effective low-energy pairing interaction [140]. Sec-
ond, the modest 140 meV gap we measured between filled and empty Gamma bands gives
hope that inversion of these bands may be achievable, and may lead to a predicted topologi-
cal phase [156]. Finally, our work introduces decay length spectroscopy as a general and com-
plementary technique to QPI imaging, to map the absolute momentum-resolved electronic
band structure of filled and empty states using STM. We suggest the use of these techniques

in concert to track the I' pocket energies in future strain engineering experiments with FeSe.

4.5 [SUPPLEMENTAL| ADDITIONAL DETAILS

Figure 4.6 presents the individual energy layers of |g(q,w)| that constitute the high-energy
portion of Fig. 4.3(j). There is one set of rings at —20 meV that grows with increasing energy
(branch 1 in Fig. 4.3(j), red in Fig. 4.6), and another set of higher intensity rings that first
appears around 70 meV (branch 3 in Fig. 4.3(j), blue in Fig. 4.6).

In general, near band edge energies, both quasiparticle interference (QPI) and Bragg
(lattice) signals may have weight near the reciprocal lattice vectors. Here, we illustrate in
Fig. 4.7 that our data exhibit three characteristic distinctions between the Bragg and QPI
signals: (1) g-space extent, (2) intensity, and (3) dispersion. The Bragg peaks are only a
few pixels wide in the raw data; they have large intensity; and they appear in the same g-
space location across all energies. Furthermore, they collapse onto a single pixel after ap-
plying drift-correction according to the topographic lattice simultaneously acquired (see
Refs. [144, 157] for extensive details). On the other hand, the QPI signals possess a larger
radius in g-space; they appear at lower intensities; and they disperse/appear/disappear with
energy. The QPI signal that first appears around 70 meV, corresponding to the emergence
of an empty-state band, cannot be explained by an abnormally large smearing of the Bragg
signal.

Figure 4.8 illustrates the azimuthal averaging procedure used to produce Fig. 4.3(j).
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Figure 4.6: Quasiparticle interference (QPI) imaging, momentum-transfer (q) space. (a-0) Fourier
transform amplitudes |g(q,w)| of conductance maps used in Fig. 4.3(j). All images are displayed with
the same color scale range. The red and blue arrows denote QPI branches 1 and 3 as discussed earlier.

Within a large radius of G = (27/a,0) encompassing the QPI signal, every pixel of |g(q,w)|
is averaged with those having identical distance values ¢, to G, then displayed as a function
of g.. The resulting plot makes full use of our g-space pixel resolution, but the discrete g,
values are spaced unevenly [Figs. 4.8(a), (b)]. We bin each discrete ¢, value with its nearest
integer pixel value to produce the final plot in Fig. 4.8(c). We additionally note that the first
pixel column in Figs. 4.8(b), (c) is nearly saturated because the Bragg peak intensity is so
much greater than the QPI signal.

The three bands observed in this work (M electron pocket, I" hole pocket, I" electron
pocket) are quantified by a combination of three techniques: (1) QPI |g(g,,w)|, (2) decay
length spectroscopy d\/dw, and (3) d?I/dV?2. Figures 4.9(a)-(c) show constant energy cuts
of |g(gr,w)|, with prominent dispersing peaks due to M electron pocket scattering. These dis-
persing peak positions are fit to a parabola [Fig. 4.9(d)], which then serves as the guide over-

laid in Fig. 4.3(j) and labeled “branch 1”. Slight deviations from the parabolic fit are present
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Figure 4.7: Distinct observations of Bragg signals at the reciprocal lattice vectors and QPI signals
around the reciprocal lattice vectors. (a,b) Conductance maps at two energy layers, —20 meV and
80 meV, along with their Fourier transform amplitudes |g(q,w)| in (c), (d). (e), (f) After applying a
drift-correction algorithm using parameters determined entirely from the simultaneous topographic
map, the Bragg peaks appear as a non-dispersive, single-pixel entities. (g), (h) By examining lower
intensities of (e), (f), QPI signals manifest as dispersive rings with larger g-space radius.

within the superconducting gap energy 2A.

QPI branches 2 and 3 are visible in Figs. 4.9(a), (c) as emerging peaks centered about
gr = 0 that grow in amplitude and width away from the Fermi energy Er. The band edge
for branch 2 is difficut to fit, along either the energy or ¢, axes, because its signal overlaps
with that of branch 1. However, its hole-like dispersion is evident when one tracks the tail
end of the dispersing peaks (green pixels in Fig. 4.8(c) within ¢, ~ 0.2-0.3 [27/a]) and ob-
serves a change in dispersion direction near —60 meV. (A similar kink in the dispersion is
visible at high energies, corresponding to the onset of branch 3). We quantify branch 2 by
tunneling decay length and dI/dV measurements. Details are discussed in the main text, but
here in Fig. 4.10(c), (d) the numerical derivatives d\/dw and d?I/dV? and their peak fits are
explicitly shown. We overlay a guide for branch 2 in Fig. 4.3(j) with its band edge informed
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Figure 4.8: Azimuthal averaging procedure used for visualizing QPI dispersion. (a), (b) First, every
pixel of |g(g,w)| near G = (27/a, 0) is averaged with those having identical distance values ¢, to G,
then displayed as a function of ¢,. (¢) Second, each discrete ¢, value is binned with its nearest integer
pixel value to produce the final plot shown in Fig. 4.3(j).

by these two measurements (-59 + 5 meV and -65 + 3 meV respectively) and its dispersion
informed by angle-resolved photoemission spectroscopy (ARPES) measurements of the same
pocket [49].

To capture the band edge of branch 3, we take constant-g, cuts of |g(g,,w)|, and fit the
observed peak locations to a parabolic dispersion [Figs. 4.10(a),(b)]. The resulting fit serves
as the guide for branch 3 overlaid in Fig. 4.3(j). The position of this line is further confirmed
by the positive energy extrema of d)\/dw and d?I/dV?, which yield 78 + 5 meV and 77 + 3

meV respectively.

A summary of the band parameters extracted from these quantitative analyses is given in

Table 4.1.
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Figure 4.9: (a)-(c) Azimuthally-averaged line cuts of |g(g,,w)], offset in evenly-spaced energies. ¢, is
measured relative to G = (27 /a,0). Dispersing peaks from M electron pocket scattering (branch 1 in
the main text) are fit to Gaussians (black line overlays), and the extracted peak positions are fit to a

parabola in (d). The superconducting gap is marked by 2A.

Main text SM figure Method M electron pocket I" hole pocket T" electron pocket
figure kp [7/a] m*/m €0 [meV] €0 [meV]
333) 4.9, 4.10(a,b) lg(gr,w)] 0.2240.01 2.040.1 (-60) 75+ 3
4(b) 4.10(c) d\/dw - -59 +5 78+5
4(c) 4.10(d) d?I/dv? - -65+3 7T+ 3

Table 4.1: Summary of band parameters quantified by QPI imaging |g(g,,w)|, decay length spec-
troscopy d\/dw, and d*1/dV?. kr denotes the Fermi wave vector, m* is the effective mass, and & is
the band edge.

Finally, we present additional decay length spectroscopy measurements. Figures 4.11(a),
(b) compare A\(w) measurements of single-unit-cell FeSe/SrTiO3 taken with a Ptlr tip with
two different microscopic terminations. While the absolute values of A\(w) vary slightly due to
differences in tip work function, the steep rises corresponding to the onset of I'-centered pock-
ets occur at the same energies. Figure 4.11(c) shows a calibration measurement on polycrys-

talline Au exhibiting a flat A(w), consistent with previous measurements on Au(111) [148].
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Figure 4.10: (a) Constant-g, line cuts of |g(g,,w)|, offset in evenly-spaced ¢, values and normalized
by their maximum amplitude for improved visualization. Dispersing peaks from I' electron pocket
scattering [branch 3 of Fig. 4.3(j)] are fit to Gaussians (black line overlays with horizontal bars indi-
cating peak positions), and the resulting peak positions are fit to a parabola in (b). (¢) Energy de-
pendent decay length \(w) (red circles), repeated from Fig. 4.4(b), along with its numerical derivative
(blue circles). (d) dI/dV spectrum (red solid line), repeated from Fig. 4.4(c), along with its numerical
derivative (blue dashed lines). Gaussian peak fits for band edge extraction are overlaid (black solid
lines), and vertical shaded bars mark their peak positions.
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Figure 4.11: (a), (b) Energy dependent decay length A(w) of single-unit-cell (1UC) FeSe/SrTiOs,
taken with a PtIr tip with two different microscopic terminations (called A and B). (¢) A(w) acquired
on polycrystalline Au.
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Bounds on Nanoscale Nematicity in

Single-Layer FeSe/SrTiO3

We use scanning tunneling microscopy (STM) and quasiparticle interference (QPI) imaging
to investigate the low-energy orbital texture of single-layer FeSe/SrTiO3. We develop a T-
matrix model of multi-orbital QPI to disentangle scattering intensities from Fe 3d,. and 3d,.
bands, enabling the use of STM as a nanoscale detection tool of nematicity. By sampling
multiple spatial regions of a single-layer FeSe/SrTiO3 film, we quantitatively exclude static
xz/yz orbital ordering with domain size larger than 672 = 20 nm x 20 nm, zz/yz Fermi
wave vector difference larger than dk = 0.014 7, and energy splitting larger than E = 3.5
meV. The lack of detectable ordering pinned around defects places qualitative constraints on

models of fluctuating nematicity.
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5.1 INTRODUCTION

Since the 2012 discovery of enhanced high-temperature superconductivity in single-layer
FeSe/SrTiOs [1], the quest to reproduce, understand, and extend this finding remains urgent.
Single-layer FeSe weakly coupled to bilayer graphene is non-superconducting down to 2.2

K [44], but when deposited on SrTiO3(001), exhibits a superconducting transition temper-
ature T, up to 65 K [50, 51, 52, 59] or 109 K [2]. Efforts to elucidate the microscopic mecha-
nisms behind this transformation have presently led to divergent viewpoints [93, 95]. At the
crux of the debate is whether single-layer FeSe/SrTiO3 exemplifies a novel pairing mechanism
involving cross-interface phonon coupling, or whether it shares a common electronic mecha-
nism with other iron chalcogenides already seen.

Indications of the first viewpoint were brought forth by angle-resolved photoemission spec-
troscopy (ARPES) measurements, which revealed that the primary electronic bands possess
faint “shake-off” bands offset by 100 meV [52, 53]. The replication of primary band features
without momentum offset suggests an electron-boson coupling sharply peaked at g ~ 0. The
boson was initially hypothesized to be an O phonon mode and subsequently observed on bare
SrTiO3(001) [92]. Model calculations have demonstrated that phonons can enhance spin-
fluctuation-mediated pairing in FeSe [140, 52, 127]. Others have argued that phonons alone
can account for a significant portion of the high T, [80, 94].

An alternative but possibly complementary viewpoint is that electron doping underlies the
primary enhancement of T, in single-layer FeSe/SrTiOs. Early experiments observed that as-
grown films become superconducting only after a vacuum annealing process [50]. This proce-
dure presumably generates interfacial O vacancies donating electron carriers [68]. More recent
experiments showed that multilayer FeSe, which does not exhibit replica bands from coupling
to SrTiOs phonons, can still develop superconductivity (7. up to 48 K suggested by ARPES)
when coated with K atoms [100, 101, 102, 81, 82, 83]. Two observations from these latter
experiments are crucial. First, the dome-shaped evolution of T, with doping refocuses atten-

tion on electronic (spin/orbital) mechanisms of pairing [95]. Second, the enhanced T, emerges
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from a parent, bulk nematic phase, characterized in multilayer FeSe by a small orthorhombic
distortion [103] and a large splitting of the Fe 3d,. and 3d,, bands [104, 105, 106, 107, 108].

Nematic order, defined more generally as broken rotational symmetry with preserved
translational symmetry, is a hallmark of the parent phase of iron-based superconductors. Im-
portantly, both spin and orbital fluctuations that are candidate pairing glues can condense
into parent nematic order [158]. Furthermore, g ~ 0 nematic fluctuations that extend beyond
phase boundaries can enhance T, [112, 113]. This mechanism operates in any pairing channel,
with increased effectiveness in a 2D system [114]. Recent DFT calculations have shown that
bulk and single-layer FeSe exhibit a propensity towards shearing, but that strong binding to
cubic SrTiOs suppresses this lattice instability [80]. It is tempting to ask whether in addition
to suppressing nematic order, this binding may push the heterostructure closer to a nematic
quantum critical point, with intensified fluctuations.

To investigate the possible role of nematicity, we use scanning tunneling microscopy
(STM) and quasiparticle interference (QPI) imaging. By generating scattering through mod-
erate disorder, quasiparticle attributes such as spin/orbital/valley texture, or the supercon-
ducting order parameter, are manifested in selection rules that underlie the interference pat-
terns. STM also affords dual real- and momentum-space visualization of electronic states
within nanoscale regions. Previous STM works have uncovered C2 electronic patterns in
parent Ca(Fe;_,;Co,)2As, [159, 160], LaOFeAs [161], NaFeAs [115, 162], and superconduct-
ing orthorhombic FeSe [43, 163]. In addition, remnant nematic signatures were detected in
the nominally tetragonal phases of NaFeAs [115] and FeSeg 4Tegg [116]. These latter obser-
vations motivate our present investigation. Can local disorder or anisotropic perturbations
pin nanoscale patches of otherwise-fluctuating nematicity in single-layer FeSe/SrTiOs, signal-
ing proximate nematic quantum criticality? Or is the heterostructure too far from a nematic
phase boundary for fluctuations to persist and boost 7.7

This chapter is organized as follows: Section 5.2 presents experimental details, including

QPT images acquired on single-layer FeSe/SrTiOs. In order to extract the low-energy orbital
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texture and disentangle scattering intensities involving Fe 3d,. and 3d,. bands, we develop a

T-matrix model of multi-orbital QPI, with results shown in Sec. 5.3 and mathematical details
given in Supplemental Section 5.6. In Sec. 5.4, we sample multiple spatial regions of our film,
and based on our orbital-resolved QPI model, exclude static nematicity in the form of zz/yz

orbital ordering. Within domains of size §72 = 20 nm x 20 nm, we place quantitative bounds
on xz/yz Fermi wave vector difference (0k < 0.014 ) and xz/yz pocket splitting energy (JF
< 3.5 meV). The lack of detectable ordering pinned around impurities places qualitative con-
straints on models of fluctuating nematicity. A discussion and summary of results is given in

Sec. 5.5. Additional details on local defect structure and fitting procedures are presented in

Supplemental Sections 5.7 and 5.8.

5.2 EXPERIMENT

Films of single-layer FeSe were grown epitaxially on SrTiO3(001) following procedures out-
lined in Ref. [96], then imaged in a home-built STM at 4.3 K. Typical superconducting gaps
observed at this temperature were ~14 meV [96]. Figs. 5.1(a)-(c) present three atomically re-
solved topographies of the same area, acquired with different energy set points. Each bright
spot corresponds to a surface Se atom; there are no in-plane defects in this region. Our im-
ages reveal that even pristine single-layer FeSe/SrTiO3 displays appreciable electronic in-
homogeneity, in strong contrast to multilayer films grown on bilayer graphene [44, 43]. The
electronic inhomogeneity in FeSe/SrTiOs underscores the need for nanoscale measurements of
electronic structure.

To image QPI and extract local orbital information, we acquired conductance maps g(r,w)
= dI/dV (r,eV) over regions of the film with in-plane defects [exemplified in Figs. 5.1(d)-
(f)]. A brief commentary on the defect structures is given in Supplemental Section 5.7. Fig-
ure 5.2(a) shows the Fourier transform amplitude |g(gq,w)| of a map with w = 20 meV. Ring-
shaped intensites appear around q = 0, (+m, +7), (0, £27), and (£27, 0) due to scattering

of Fermi electron pocket states. Previous works utilized ring size dispersion to map filled-
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Figure 5.1: (a)-(c) Pristine region of single-layer FeSe/SrTiO3. Topographies of the same area are
acquired with three set points, revealing background electronic disorder: (a) —250 mV, 1.25 nA, (b)
50 mV, 250 pA, (c¢) 250 mV, 1 nA. (d)-(f) Defect region of single-layer FeSe/SrTiO5. Topography and
differential tunneling conductance maps of the same area, revealing quasiparticle interference. (d) 100
mV, 5 pA, (e) —20 mV, 200 pA, bias oscillation Vipns = 1.4 mV, (f) 20 mV, 200 pA, Vims = 1.4 mV.

and empty-state band structure [96], or energy- and magnetic field-dependent ring intensities
to infer pairing symmetry from coherence factor arguments [76]. Here, we will examine ring
anisotropy associated with the high-q scattering channels [red and blue boxes in Fig. 5.2(a)].
We will demonstrate that (1) although all the QPI rings are derived from scattering within
and between the same electron pockets, the high-q scattering channels have more stringent
selection rules and hence a cleaner orbital interpretation; (2) the high-q scattering channels
can be utilized to search for signatures of zz/yz orbital ordering.

Directly from the data in Fig. 5.2(a), we observe an unusual relationship between the
anisotropic rings around g = (0, 27) and (2, 0). In a single layer of FeSe, the Fe atoms are
arranged in a planar square lattice, from which we define a 1-Fe unit cell (UC) [Fig. 5.2(b)]
and crystal momentum transfer g [Fig. 5.2(a)]. We emphasize the distinction between the
k-space Brillouin zone and the g-space crystal momentum transfer that is directly detected
by STM imaging of QPI patterns. Including the Se atoms staggered above and below the Fe
plane, the primitive UC becomes doubled. We might expect the QPI rings around (0, 27),
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Figure 5.2: (a) Fourier transform amplitude |g(g,w)| of a 20 nm x 20 nm conductance map. Set
point: 20 mV, 200 pA; bias oscillation Vins = 1.4 mV. Drift-correction [144] and mirror symmetriza-
tion along the Fe-Fe axes are applied for increased signal. Note that fourfold rotational symmetriza-
tion has not been applied. (b) Crystal structure of single-layer FeSe. The black/gray Se atoms labeled
+/— lie above/below the plane. Dashed lines in (a) and (b) refer to the 1-Fe UC.

(27, 0) to be identical translations by the 2-Fe UC reciprocal lattice vector 2G = (—2m, 27).
Instead, they appear to be inequivalent and related by 90° rotation. The cause and implica-

tions of this observation will be discussed in the following section.

5.3 MULTI-ORBITAL QUASIPARTICLE INTERFERENCE

We develop a model to map experimental |g(q,w)| patterns to the orbital characters of the
scattered quasiparticles, similar in concept to Ref. [146]. In this section, we present an in-

tuitive picture, followed by T-matrix simulations with and without xz/yz orbital ordering.
Model details are given in Supplemental Section 5.6.

Since the Fermi surface (FS) of single-layer FeSe is derived from Fe 3d orbitals, a natural
starting point is to consider a low-energy model of a square lattice of Fe atoms. Figure 5.3(a)
depicts a schematic F'S, consisting of single elliptical electron pockets around k = (0, 7), (,
0). The hole pockets which typically appear around (0, 0) in other iron-based superconduc-
tors are sunken below the Fermi energy due to electron doping from SrTiOs [49, 50, 51, 52].

Although the Se atoms positioned between next-nearest neighbor Fe atoms contribute lit-
tle spectral weight to the F'S, their presence alters crystal symmetry and cannot be ignored.

Their staggered arrangement doubles the primitive UC, folding the electron pockets around

76



Figure 5.3: (a) Schematic Fermi surface (FS) of single-layer FeSe/SrTiOs3, derived from Fe 3d or-
bitals. The F'S is composed of single elliptical electron pockets around k = (0, «), (m, 0). (b) Upon
introducing the potential of staggered Se atoms, the electron pockets would naively fold onto each
other (double-headed arrow); however, due to incomplete folding, they remain orbitally distinct. (c)
Simulated FS of single-layer FeSe/SrTiO5 and (d)-(f) its dominant orbital contributions (zz, yz, zy).
The arrows mark the expected elastic scattering wave vectors which may contribute to the g = (0, 27)
and (27, 0) scattering channels of interest.

(0, ), (m, 0) on top of each other [Fig. 5.3(b)]. However, an underappreciated fact is that
the pockets do not become identical replicas. Fe 3d orbitals that are even with respect to
z-reflection (22—y?, zy, 322—r?) cannot distinguish whether Se atoms lie above/below the
plane; only odd orbitals (xz, yz) feel an effective potential of doubled periodicity [164]. In
terms of tight-binding (TB) models, the only hopping terms that get folded in k-space are
those involving a product of odd and even orbitals [122, 165, 166].

To illustrate, we simulate the FS for single-layer FeSe/SrTiO3 and show the dominant or-
bital contributions in Figs. 5.3(c)-5.3(f). Due to incomplete folding, the orbital textures of
the pockets around (0, 7) and (7, 0) remain distinct and separately dominated by zz/xy and
yz/xy quasiparticles respectively.

In the presence of disorder, elastic scattering channels should peak around wave vectors
q connecting F'S segments with large density of states. Considering only the pockets shown

in Figs. 5.3(d)-5.3(f), we anticipate the xz quasiparticles to scatter predominantly around
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q = (0, 2m), the yz quasiparticles to scatter predominantly around g = (27, 0), and the

xy quasiparticles to scatter around both wave vectors. Figures 5.4(a)-5.4(c) show T-matrix
calculations of the orbital-resolved, density-of-states (DOS) modulations |pmm(q,w = 0)].
The index m denotes the Fe 3d orbitals, and we assume a localized, s-wave scatterer in our
simulations. Comparing simulation results to experimental QPI patterns at low energies

[Fig. 5.2(a)|, we observe that the elliptical rings around q = (0, 27), (27, 0) resemble the zz-
and yz-projected DOS modulations respectively. Signatures of the zy-projected DOS modu-
lations, which involve oppositely oriented elliptical rings [Fig. 5.4(c)], appear to be suppressed
in Fig. 5.2(a). Due to the in-plane orientation of xy orbitals, their wave function amplitudes

at the STM tip height are likely smaller.

(2, 27)
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Figure 5.4: Quasiparticle interference simulations of single-layer FeSe/SrTiOs. (a)-(c) Orbital-
resolved, density-of-states modulations |p,.m(q,w = 0)| in the presence of a localized, s-wave scat-
terer. The boxes mark signals around g = (0, 27), (27, 0) that are the focus of this paper. (d)-(f)
|pmm (g, w = 0)] with the inclusion of 2z/yz orbital order. The arrows mark the resulting distortion of
the rings.

The disentangling of zz/yz-derived QPI signals around q = (0, 27), (27, 0) and the sup-
pression of zy signals yield a straightforward prescription to detect nanoscale xz/yz orbital
ordering. (In contrast, the QPI signal around g = (0, 0) would involve both xz and yz or-

bital contributions). Such orbital ordering would lead to a population imbalance of xz/yz
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carriers, implying unequal Fermi pocket sizes and resulting anisotropy between the (0, 27),
(27, 0) scattering channels. To simulate this effect, we add on-site ferro-orbital ordering to
our model. Figures 5.4(d)-5.4(f) show simulation results, which demonstrate squishing of the
xz ring signal around (0, 27) and the rounding of the yz ring signal around (27, 0). We show
the zy-projected DOS modulations for completeness, although its associated tunneling am-
plitude is suppressed. Recent studies have also proposed orbital ordering to be bond-centered
and d-wave [107, 167], but these complexities produce the same qualitative effect for QPI in-

volving the electron pockets only.

5.4 EXPERIMENTAL BOUNDS ON NANOSCALE ORBITAL ORDERING

We carried out experimental tests for xz/yz orbital ordering as follows. To account for lo-
cal inhomogeneity, we sampled QPI over four distinct domains of size 62 = 20 nm x 20 nm
(called Areas A through D in Fig. 5.5). Each domain was imaged following a separate STM
tip-sample approach, and was likely separated from other domains by distances larger than
our scan frame width, L = 1.5 um. To rule out tip anisotropy artifacts, the data from each
domain were acquired with a different microscopic tip termination, modified by field emission
on polycrystalline Au. Over every domain, conductance maps were acquired at low energies
(£10 meV) in order to compare scattering from zz and yz Fermi pockets.

Figures 5.5(a) and 5.5(b) show QPI images acquired over area A, cropped around g = (0,
27) and (27, 0). We applied Gaussian smoothing with width ¢ = dq, where dg = 0.028 7 is
the inherent resolution for momentum defined within a finite 20 nm x 20 nm area. To com-
pare the zz- and yz-derived QPI rings, we took line cuts along their minor axes (arrows in
Figs. 5.5(a) and 5.5(b)), where the signal intensity is the strongest. Each line cut was aver-
aged over a width of 10 pixels. The results for the four domains and two energies are shown
in Figs. 5.5(c) and 5.5(d). We determined peak locations from Gaussian fits (solid lines).
The horizontal bars denote extracted peak locations with error +d¢q. The addition of a linear

background is found to shift the fitted Gaussian peak locations, by an amount smaller than
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Figure 5.5: Nanoscale wave vector analysis of orbital ordering. (a), (b) Cropped quasiparticle inter-
ference images |g(q,w)| around (0, 27) and (27, 0), with arrows indicating line cuts used to compare
xz/yz Fermi pocket sizes (perpendicular bars represent averaging width). (c), (d) Line cuts from con-
ductance maps acquired over four distinct domains (672 = 20 nm x 20 nm), labeled A through D, and
two energies, £10 meV. The horizontal bars mark the peak locations determined from Gaussian fits
(solid lines), with inherent resolution dg = 0.028 7. For visualization, the line cuts are normalized by
the Bragg peak amplitude and vertically offset.

0q (Supplemental Section 5.8). In all four areas, we observe no significant deviations between
the xz- and yz-derived QPI wave vectors. We therefore exclude orbital ordering with domain
size larger than 672 = 20 nm x 20 nm and xz/yz FS wave vector difference larger than 6k =
0q/2 = 0.014 7 (the factor of two arises when changing between q space and k space).

We also determine an energy bound on zz/yz orbital ordering. Figures 5.6(a) and 5.6(b)
show a simulated splitting of the xz/yz bands for reference, and Figs. 5.6(c) and 5.6(d) show
the corresponding QPI dispersions measured over Area B. The dispersing peaks locations
are extracted from Gaussian fits, shown in Fig. 5.6(e), and are identical within +dq over the
given energy range [—30 meV, 20 meV]. Due to the overlap with a sunken, zone center hole
pocket [49, 96], the lower edges of the Fermi pockets are difficult to detect. Instead, we fit the
dispersing peak locations to parabolas, and find their respective band edges to be —51.5+3.5
meV and —49.643.0 meV. We again bound orbital ordering with 2A,,/,. < JE = 3.5 meV.
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Figure 5.6: Nanoscale dispersion analysis of orbital ordering. (a), (b) Simulated pockets with xz/yz
orbital ordering, revealing a split in the band edges of magnitude 24, /,. = 60 meV. (c), (d) Experi-
mental intensity plots of quasiparticle interference images |g(q,w)| acquired over Area B, cut along the
arrows in Figs. 5.5(a) and 5.5(b). (e) Plot of dispersing peaks positions extracted from Gaussian fits.
The width of the horizontal bars is +dq = +0.028 7. The superconducting gap magnitude is marked
by 2A.

5.5 DISCUSSION AND SUMMARY

We return to the central debate, whether single-layer FeSe/SrTiO3 exemplifies a novel
interface-phonon pairing mechanism, or whether it can be explained by an electronic mech-
anism common to other iron chalcogenides. Recent experiments demonstrating sizeable T, in
electron-doped multilayer FeSe [100, 101, 102, 81, 82, 83] suggest an electronic pairing mech-
anism in other iron chalcogenides lacking hole Fermi surfaces, distinct from a Sr'TiO3 phonon
mode. One possibility involves g ~ 0 nematic fluctuations extending from the parent ordered
phase. Theories have shown that such fluctuations can boost T, effectively in any pairing
channel, on both the ordered and disordered sides of the phase transition [112, 113, 114].
Moving from multilayer to single-layer FeSe/SrTiOs, we face two scenarios. One scenario
is that single-layer FeSe/SrTiO3 remains close to a nematic phase boundary. Here, ordering
is absent, but intense nematic fluctuations may be pinned by impurities. Another scenario
is that single-layer FeSe/SrTiOj3 lies sufficiently far away from a nematic phase boundary,

such that C2 electronic signatures are not produced even upon local perturbation. The quan-
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titative bounds on static xz/yz orbital ordering derived from our QPI measurements favor
the latter scenario. In turn, this statement would suggest that single-layer FeSe/SrTiO3 is
not the same as electron-doped multilayer FeSe, in which nematic fluctuations may be op-
erative [102]. The addition of the SrTiO3 substrate introduces novel effects beyond electron
doping, such as possible interface phonons, that push the two systems apart in phase space.
To summarize, we have utilized STM and QPI imaging to demonstrate that the pro-
nounced nematic order present in multilayer FeSe is suppressed in single-layer FeSe/SrTiOs.
More importantly, nanoscale nematic ordering is not recovered upon perturbation by
anistropic defects. We arrived at our conclusions by comparing high-q scattering channels
around (0, 27) and (27, 0), which we showed by T-matrix simulations to be separately dom-
inated by zz and yz quasiparticles. Our work places quantitative bounds on static zz/yz
orbital ordering in single-layer FeSe/SrTiO3, and qualitative constraints on models of T, en-

hancement by nematic fluctuations.

5.6 [SUPPLEMENTAL| MODEL OF MULTI-ORBITAL (QUASIPARTICLE INTERFERENCE

Model Hamiltonian: We begin with a TB model for single-layer FeSe where the low-energy

bands are projected onto the five 3d orbitals of an Fe atom:
A =57 tunlli — ol liy — Gy, (0)éa (). (5.1)
ij mn

Here, 4, j index the Fe lattice sites and m,n index the five orbitals. The tilde symbol indi-
cates that a momentum shift Q = (7, m) has been applied to the even orbitals in order to
downfold the UC from two Fe atoms to one [168, 169, 165, 166]. The corresponding bare

Green’s function is given by

GO(k,w) = [(w +i0)I5x5 — HO(k)] ', (5.2)
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where the bolded capital symbols are matrices and ¢ is a broadening (= 5 meV for all simula-
tions).

We adapt hopping parameters #,,, computed in Ref. [170], then apply rescaling to qualita-
tively capture the low-energy spectrum of single-layer FeSe/SrTiOg [96]. The hopping terms
are given in Table 5.1, and the resulting band structure is shown in Fig. 5.7. The electron
pocket around k = (0, 7) remains attached to a hole pocket, but this does not affect our sim-
ulation results closer to the Fermi level. The positions of the I' pockets above and below the

Fermi energy also do not affect our simulations.

g 0 Z g ity 2 2W+) E+20 22+2)
mn =11 -0.0102 —0.0538 —0.1538  0.0904  0.0077  —0.0135 0.0019  0.0135

mn =33 —0.1538  0.1051 —0.0404  —0.0077

mn =44  0.0462  0.0885 0.0577  —0.0115 —0.0115 —0.0115
mn=>55 —0.1504 —0.0385 ~0.0154  0.0077 —0.0038
mn = 12 0.0192 —0.0058 0.0135

mn = 13 —0.1362 0.0381 0.0081

mn = 14 0.1304 0.0054 0.0108

mn = 15 —0.0762 —0.0327 —0.0054
mn = 34 —0.0038

mn = 35 —0.1154 —0.0077

mn = 45 —0.0577 0.0038

Table 5.1: Rescaled hopping parameters for tight-binding model adapted from Ref. [170]. Here, m=1

is £z, m=2 is yz, m=3 is 22y?, m=4 is xy, m=>5 is 32212
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Figure 5.7: Band structure of single-layer FeSe/SrTiOs in the 1-Fe Brillouin zone. The tilde symbol
indicates that a momentum shift @ = (m, m) has been applied to the even orbitals to downfold the
unit cell from two Fe atoms to one. Adapted from Ref. [170], with rescaled hopping parameters to
match the pocket edges measured in Ref. [96].
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Fermi surface simulations: Computing the FS of single-layer FeSe/SrTiO3 [Figs. 5.3(c)-
5.3(f)] from our TB model requires that we restore the original crystal symmetry (with a 2-Fe
UC) induced by staggered Se atoms. To do so, we transform the lattice operators with a site-

dependent sign factor [165]:
ch()) = (=pm) ™" 7, (0) (53)

Here, p,, = £1 for orbitals that are even/odd with respect to z-reflection. This transforma-
tion is equivalent to undoing the downfolding operation applied in Eq. 5.1 and shifting the

even orbitals by —@Q in momentum space:

5;[n(kQ)> Pm = +1,

where kg = k — Q. The orbital components of the F'S are given by

A?)’Lm kao } Pm = _1)

A%mU‘?QaO% Pm = +17

where A9 (k,w) = —Im G9,, (k,w)/n. Further insights on (1) the connection between
Eq. 5.5 and ARPES-measured band structures, (2) common misconceptions of whether
spectroscopic probes measure quasiparticles closer to the 1-Fe or 2-Fe Brillouin zone de-
scription, and (3) proper folding of the superconducting pairing structure, are given in
Refs. [122, 165, 166].

Quasiparticle intereference simulations: To generate QPI, we introduce a localized, s-wave
scatterer at ¢ = (0, 0) of uniform strength V' = 1 €V in all orbital channels. The resulting

impurity Green’s function is given by

Gk, k' ,w) = GOk, w)T(w)G (K, w), (5.6)
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for k # k', and the T-matrix is momentum-independent:

T(w) = [IM, v / (;i’;é%,w)} % (5.7)

Since STM measures local density of states in real space, we additionally transform lattice

operators &y, (4) into continuum operators ¥, (r):

Wh(r) =D (=pm) ey, (r — ), (0). (5.8)
i

The first factor on the right recovers the proper crystal symmetry (2-Fe UC) due to staggered
Se atoms [Eq. 5.3]. The second factor on the right, ¢,,, is the Wannier function associated
with orbital m at site ¢. This factor captures nonlocal tunneling contributions [171]. For sim-
plicity, we approximate the Wannier functions at the STM tip height with a square cutoff
in momentum space: ¢,,(k) = 1 for k;, k, € [-1.57, 1.57], and ¢,,,(k) = 0 otherwise. In real
space, this corresponds to a characteristic tunneling width of 0.67 (ape.re), which is neeeded
to reproduce experimental QPI patterns. Figure 5.8 illustrates qualitative differences between
simulations with (continuum model) and without (lattice model) non-local tunneling.

From Eq. 5.8, we obtain the continuum impurity Green’s function:

m(k,k,,w)qb;%(k)qu(k,), Pm = —1,

m(kq, kg, w)or,(k)om(K'),  pm = +1.

Grmm (k, k' w) = (5.9)

Cm
G
Only diagonal elements are shown for brevity. Finally, the orbital projections of the DOS

modulations are given by

; d%k
Pmm (@, w) = i / W [gmm(kz, k+qw) -G, (kk—qw)|. (5.10)

Figs. 5.4(a)-(c) show plots of |pmm(g,0)| for the xz, yz, and zy orbitals.

Orbital ordering: To simulate on-site, ferro-orbital ordering, we include the following
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Figure 5.8: (a) Lattice model, in which the Green’s function has nonzero weight restricted to dis-

crete lattice points; i.e., the Wannier functions are given by ¢(r — ¢) = 6(r — ¢). (b) In momen-
tum space, ¢,,(k) = 1, such that there is no cutoff for states involved in scattering. Shown here
is ¢ (k)AY, (k,w = 0) for the xz orbital. (c) Consequently, additional ring intensities arise in

|pmm (g,0)| around ¢ = (27,0), (27, 27) (arrows in (b), boxes in (c¢)) that are not observed experi-
mentally. (d) Continuum model, which incorporates nonlocal effects due to a finite Wannier function
width (white square). (e) We model the experimental data with Wannier functions of the form ¢,, (k)
=1 for ky, k, € [-1.57, 1.57], and ¢,, (k) = 0 otherwise (white square). (f) As a result, there are fewer
scattering channels.

term [172] in our TB Hamiltonian [Eq. 5.1]:

A, = Doy Y [0 (6)E02(3) — €. (6)6y2(3)]. (5.11)
i
A value of A, /. = 30 meV was used for Figs. 5.4(d)-(f) and 5.6(a)-(b).
Superconductivity: The inclusion of superconductivity does not change the QPI orbital tex-
ture. Following Ref. [123], we introduce superconductivity in band space, but compute scat-
tering in orbital space. From the normal-state TB Hamiltonian [Eq. 5.1], we define bands

é(k) = U(k)H(k)U'(k), where U (k) represents a unitary transformation. The Green’s

function in the superconducting state is then given by
GO.(k,w) = [(w + i8) T1ox10 — HO.(K)] ", (5.12)
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where ﬁgc(fc) has the following form in Nambu representation:

L U'(k)é(k)U (k U't(k)A(k)U*(—k
a0 = | (N) ( )~ (~)~ ‘ ( )~ ( )~ E )~ | (5.13)
UT(~k)A*(k)U (k) —UT(=k)é(~k)U*(~k)
We model isotropic gaps in band space: A(IE:) = Alsys5, with A = 14 meV based
on our dI/dV measurements. (Recent ARPES measurements have detected small gap
anisotropy [79]). We also take the impurity potential of a localized, non-magnetic, s-wave

scatterer:

VI 0
v=| ¢ . (5.14)

Figure 5.9 shows QPI simulations with the inclusion of superconductivity, at energy w =
10 meV. There is little difference compared with the normal-state calculations, without or
with zz/yz orbital ordering.

Anisotropic scatterer: In an angular momentum expansion of the T-matrix, the leading
component should be s-wave; i.e., intraorbital scattering, with Vi, = VimOmn, should dom-
inate. Vi, can in general vary with orbital, but this simply modifies the relative weights of
the orbital-resolved DOS modulations. In Fig. 5.10, we illustrate this effect in the case of a
C2 scatterer (Vyz 2. # Vyzyz). Tuning the strengths of V. ;. and V. tunes the intensity
of the ¢ = (0, 27) and (27, 0) scattering channels respectively; however, the scattering wave
vectors remain unchanged and are a more robust measure of orbital ordering. On the other
hand, the g ~ (0, 0) channel will display anisotropies related to the scattering potential, so
we do not analyze it.

Equivalent ten-orbital formulation: We derive an equivalent formulation of the continuum
impurity Green’s function for ten-orbital TB models, such as those in Refs. [173, 172]. The
ten 3d orbitals come from the two inequivalent Fe atoms (A and B) of the primitive UC:
(ay)4, (22 — g0, (ia2)4, (iy2)h, ()4, (ay)®, (2® — )P, (=iw2)P, (~iy=)P, (2)P.

We begin with the real-space representation of the continuum impurity Green’s function
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Figure 5.9: Quasiparticle interference simulations in the superconducting state, with isotropic
gaps of 14 meV on all bands. (a)-(c) Orbital-resolved spectral function A2 (g,10 meV). (d)-(f)

sc,mm
Orbital-resolved density-of-states modulations |psc,mm (g, 10 meV)| in the presence of a localized, non-

magnetic, s-wave scatterer. (g)-(i) Same as (d)-(f), but including xz/yz orbital ordering (A, /,. = 30
meV).
[Eq. 5.9] for a five-orbital TB model:

an(r, ’l",, W) = Z(_pm)ilzily (_pn)jz+jy¢;kn(r - z)¢n(rl - J)émn(za j7 W). (515)

ij
Here, Gy (i, §,w) is the lattice impurity Green’s function, given in momentum space by
Eq. 5.6. Next, we decompose the Fe lattice into two sublattices:
A ={i:i;+ 1, = odd},
(5.16)

B = {i:i, +i, = even}.
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Figure 5.10: QPI simulations in the presence of a localized, anisotropic scatterer. While the relative
intensities of the xz/yz scattering channels around g = (0, 27) and (27, 0) are modified, their wave
vectors remain unchanged.

For diagonal terms (m = n), the sum in Eq. 5.15 can be split into four contributions:

S () (=pm) T = N (L) D+ Y () (—pm) (5.17)

1,7 1€AJEA 1€A,jeB
+ >0 (D)t D (). (5.18)
1€B,jEA i1€B,jeB

Taking the Fourier transform of Eq. 5.17 yields

gmm(ka k,, w) = [@m,m(ka kla W) + pm@m+5,m(ka k,a w) + pme,m+5(kv k,7 w) (5-19)

+ Gm+5,m+5(kv k,?w)] ¢:n(k)¢m(k/) (5'20)

Here, m runs from 1 through 5, G, (k, K/, w) is derived from a five-orbital TB model, and
Gmn (k, k', w) is the lattice Green’s function for a ten-orbital TB model. The p,, factors ap-
pear because of minus signs present in the orbital definitions of (—izz)?, (—iyz)®. The mid-
dle terms in Eq. 5.19, which mix orbitals m and m + 5, represent intraorbital basis site in-
terference. Importantly, the sum of these terms are non-zero for a finite Wannier function
width. These crucial terms, which have not been considered in previous ten-orbital QPI cal-

culations of Fe-SCs [123], are required in order to reconcile five-orbital and ten-orbital QPI

calculations in the presence of non-local tunneling.
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Joint density of states: Figure 5.11 demonstrates that our T-matrix simulations can be

qualitatively approximated by calculating the joint DOS separately for each orbital:

P (g, w) ~ /dzkAgzm(kv W) A (K + @, w)r, (k)P (K + q). (5.21)
(a:)----+++-f?f-’u:.zx”z’ O " ©)omiio oo i
w23 %0 @ ]
Iy A I N IR |
T_Y,qx ® (27, -27)

Figure 5.11: Quasiparticle interference simulations derived from calculating the joint density of
states separately for each orbital.

5.7 [SUPPLEMENTAL| SYMMETRY BREAKING IN LOCAL DEFECT STRUCTURES

In NaFeAs [115, 162], multilayer FeSe [43], and Ca(Fei,Coz)2Ass [160], the dominant atomic-
scale defects have been shown to pin larger electronic dimers that are unidirectional within
nanoscale domains and aligned along one Fe-Fe axis, providing evidence of local nematic or-
dering. Here we search for a similar effect in single-layer FeSe/SrTiOs.

A closer inspection of Fig. 5.1(e) reveals a dominant in-plane defect that appears as
adjacent bright and dark atoms along the crystalline Fe-Se axes [Fig. 5.12], and exists
along all four orientations, like impurities observed in LiFeAs [174, 175]. These defects are
similar in their atomic-scale structure and Fe-Se orientation to the dominant defects in
NaFeAs [115, 162] and multilayer FeSe [43]. However, the defects observed in single-layer
FeSe/SrTiO3 do not show the larger Fe-Fe electronic dimers. Furthermore, in Sec. 5.4 we
considered four different nanoscale domains (20 nm x 20 nm), each containing several such
randomly-oriented defects, but our nanoscale wave vector and dispersion analyses found no

significant difference in electronic response between the Fe-Fe axes. The chance that the im-
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Figure 5.12: (color online) Differential tunneling conductance map revealing dominant type of
anisotropic impurities (reproduced from Fig. 5.1(e)). The defects are directed along the crystalline
Fe-Se axes and appear in four possible orientations (yellow arrows). Set point: —20 mV, 200 pA, bias
oscillation Vs = 1.4 mV.

purity orientations would exactly balance in all four sampled regions is small.

5.8 [SUPPLEMENTAL| FITTING DETAILS

Here we detail the fitting procedures used to derive wave vector bounds on nanoscale or-
bital ordering [Figs. 5.5 and 5.6]. We performed Gaussian fits using the iterative Levenberg-
Marquardt algorithm implemented by Igor Pro. Fit errors were estimated from residuals and
represent one standard deviation of the fit coefficient from its true value, assuming indepen-
dent and identically-distributed Gaussian noise. As seen in Table 5.2, the fit errors (dqp) for
qo are insignificant compared to the data resolution dg. Note that o, gives the correlation
length of the QPI patterns, rather than the uncertainty in its wavevector.

Since there is a sizeable slope in the line cuts, we also performed Gaussian fitting with
linear background for comparison [Fig. 5.13 and Table 5.2]. We find that the gy values are
shifted by amounts smaller than the data resolution dq. The leading error is therefore the

data resolution dg, which we report as short horizontal blue and red bars in Figs. 5.5(c) and

(d).
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Line cut label

Gaussian plus constant background

Gaussian plus linear background

qo £ 0qp [27] 04 £ 00, [27] qo £ 0qo [27] 04 £ 00, [27]
Area A, 10 meV, zz 0.145+0.002 0.08+0.70 0.1506=+0.0007 0.021£0.01
Area A, 10 meV, yz 0.152+0.001 0.017+0.004 0.158440.0004  0.0238+0.0006
Area B, 10 meV, zz 0.146+0.001 0.08+0.60 0.1518+0.0006  0.0233+£0.0009
Area B, 10 meV, yz 0.133£0.002 0.05+0.04 0.139+0.002 0.027+0.003
Area C, 10 meV, zz  0.1456+0.0005 0.02140.004 0.148+0.003 0.029+0.004
Area C, 10 meV, yz  0.1429+0.0009 0.1+£0.5 0.15240.001 0.01740.001
Area A, —10 meV, zz 0.125+0.001 0.026=0.009 0.1307+0.0008 0.021+£0.001
Area A, —10 meV, yz  0.130+0.002 0.0240.01 0.1363+£0.0004  0.0257+0.006
Area B, =10 meV, zz  0.1300+0.0003 0.02340.002 0.132440.0006  0.0228+0.0008
Area B, —10 meV, yz  0.1217£0.0007 0.033+0.007 0.1281+0.0009 0.02240.001
Area D, —10 meV, zz  0.130+0.001 0.01840.003 0.1361+0.0009 0.02340.001
Area D, —10 meV, yz  0.12754+0.0006 0.02240.004 0.129+0.001 0.025+0.002

Table 5.2: Comparison of fit parameters between (1) Gaussians with constant background, g = go +
Aexp(—(q — q0)?/(202)) [Figs. 5.5(c)-(d)], and (2) Gaussians with linear background, g = go + mx +
Aexp(—(q —q0)?/(207)) [Fig. 5.13]. As reference, the data resolution dg = 0.014 27.
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Figure 5.13: Line cuts from conductance maps, reproduced from Figs. 5.5(c)-(d). The solid lines
denote Gaussian fits with linear background. Fit parameters are recorded in Table 5.2.
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Dumbbell Defects in FeSe Films: A Scanning
Tunneling Microscopy and First-Principles

Investigation

The properties of iron-based superconductors (Fe-SCs) can be varied dramatically with the
introduction of dopants and atomic defects. As a pressing example, FeSe, parent phase of the
highest-T, Fe-SC, exhibits prevalent defects with atomic-scale “dumbbell” signatures as im-
aged by scanning tunneling microscopy (STM). These defects spoil superconductivity when
their concentration exceeds 2.5%. Resolving their chemical identity is prerequisite to applica-
tions such as nanoscale patterning of superconducting/non-superconducting regions in FeSe,
as well as fundamental questions such as the mechanism of superconductivity and the path

by which the defects destroy it. We use STM and density functional theory to characterize
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and identify the dumbbell defects. In contrast to previous speculations about Se adsorbates
or substitutions, we find that an Fe-site vacancy is the most energetically favorable defect in
Se-rich conditions, and reproduces our observed STM signature. Our calculations shed light
more generally on the nature of Se capping, the removal of Fe vacancies via annealing, and

their ordering into a v/5x+/5 superstructure in FeSe and related alkali-doped compounds.

6.1 INTRODUCTION

FeSe, a member of the iron-based superconductors (Fe-SCs) with the simplest stoichiome-
try, lies at the vanguard of high-T, materials. On one hand, its anomalous parent phase,
with no static magnetic order [155], poses a fresh theoretical challenge [118, 119, 176, 177].
On the other hand, its plain, 2D-layered structure lends itself to bottom-up, nanoscale en-
gineering of its electronic properties. As a striking example, monolayer FeSe interfaced with
SrTiO3 [1] exhibits an order-of-magnitude enhancement in its transition temperature T, (up
to 109 K [2]) compared to its bulk value (8 K [3]). Similar 7, boosts up to 48 K have also
been attained by depositing K adatoms [100, 101], opening the door to all kinds of adatom
modifications of FeSe.

More generally, defects in Fe-SCs are crucial to control T, [178, 179], raise the critical
current J. through vortex pinning [180, 181], and also serve as microscopic probes of pair-
ing symmetry [182, 183]. Furthermore, defect effects are typically enhanced in 2D systems.
An ultimate goal is to control precise placement of atomic defects, possibly through scan-
ning probe lithography, as has been achieved with hydrogenated graphene [184], P dopants
in Si [185], and Mn dopants in GaAs [186]. To similarly pattern nanostructures in FeSe, an
atomistic understanding of defect formation in this material is needed.

As an intriguing and urgent example, FeSe films grown by molecular beam epitaxy (MBE)
exhibit prevalent defects with atomic-scale “dumbbell” signatures as imaged by scanning tun-
neling microscopy (STM) (also called geometric dimers in Ref. [187]). They consist of two
bright lobes on adjacent top-layer Se sites [Figs. 6.1(d)-(f)]. Their concentration is highly
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tunable, increasing with excess Se flux and decreasing with substrate temperature. Impor-
tantly, superconductivity emerges only when their concentration falls below 2.5% [44]. De-
spite the structural simplicity of FeSe, it is still unknown whether these dumbbell defects
are Se adsorbates, antisites, interstitials, or some other type of defect. Their identity is cru-
cial to determine whether or not they can be engineered to define superconducting/non-

superconducting regions in FeSe for nanoscale applications.
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Figure 6.1: (a) Sublimation curves for elemental Fe and Se, reproduced from Ref. [188]. Shaded hor-
izontal and vertical bars mark typical chamber pressures (107°—~107Y T) and typical substrate tem-
peratures (350—550 °C). The inset schematic illustrates FeSe growth via molecular beam epitaxy. (b)
Crystal structure of a single layer of FeSe, viewed from the top and side. The shaded plane marks
top-layer Se atoms imaged by scanning tunneling microscopy. (c)-(e) Topographic images of few-layer
FeSe/SiC. (c) FeSe exhibits island growth on SiC. Numbers indicate unit cell thicknesses. Set point:
4V, 5pA; T =79 K. (d) Dumbbell defects in few-layer FeSe/SiC. Set point: 10 mV, 100 pA; T = 84
K. (e) Same film as in (d), but after annealing at ~450 °C for 2.5 h. Set point: 10 mV, 5 pA; T" = 83
K. (f) Dumbbell defects in few-layer FeSe/SrTiOs. Orange and yellow bars mark two possible orienta-
tions of the dumbbells. Set point: 100 mV, 5 pA; T' = 6.8 K. For inset: 100 mV, 5 pA; T = 6.2 K.

Here we present an STM characterization of dumbbell defects and an exhaustive first-
principles theoretical investigation of up to 11 candidate defect configurations that could
appear under Se-rich conditions. Using density functional theory (DFT), we find that Fe va-
cancies have the lowest formation energy. Furthermore, our modeling shows that they per-
turb orbitals on neighboring Se sites, producing dumbbell signatures when imaged by STM.

Based on nudged elastic band calculations and 2D random walk simulations, we explain how
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Fe vacancies can diffuse to the edge of terraces during vacuum annealing, consistent with ex-
perimental observations of reduced dumbbell density after annealing. We further discuss im-
plications for Se capping of FeSe films for ez-situ applications. We also connect our results to

previous questions of vacancy ordering in FeSe and related alkali-doped compounds.

6.2 METHODS

Films of FeSe were deposited via MBE on 6H-SiC(0001) and SrTiO3(001) substrates, fol-
lowing established recipes [43, 44, 1, 96]. The greater volatility of one element (Se) over the
other (Fe) motivates two conditions for stoichiometric growth [44]: First, by setting the sub-
strate temperature between the source temperatures, Tre > Tyubstrate > 18e, impinging Fe
with temperature ~ Tg will be adsorbed with sticking coefficient close to unity, while im-
pinging Se can stick only if they bind to free Fe on the substrate [Fig. 6.1(a)]. Second, to
compensate for high Se losses and to mitigate excess Fe clustering, typical molar flux ratios
dg./Pre range from 5 to 20.

Post growth, the films were transfered in situ to a homebuilt STM and imaged at liquid
nitrogen/helium temperatures. From Figs. 6.1(d)-(f), we enumerate several characteristics of
the dumbbell defects: First, their prevalence over any other kinds of defects suggests they are
energetically favorable. In few-layer FeSe, this observation is independent of substrate, SiC
[Figs. 6.1(c)-(e)] or SrTiOg [Fig. 6.1(f)]. (We note that single-layer FeSe/SrTiO3, with vastly
different superconducting properties, exhibits a different set of defects [96, 117]). Similar
dumbbell defects have also been imaged in FeSe crystals grown by vapor transport [163, 189]
and in (Li;_,Fe,OH)FeSe crystals grown by hydrothermal ion exchange [190, 191]. Second,
the dumbbells are aligned along both the a and b axes of the 2-Fe unit cell [Figs. 6.1(d)-(f)],
pointing to their independence from a structural orthorhombic distortion [103] and electronic
nematic state in FeSe [104, 105, 106, 107] that break 90° rotational symmetry. Third, our
STM measurements up to T' = 84 K with bias voltages 10—100 mV demonstrate that the

dumbbell signatures persist well above the superconducting state. Fourth, the dumbbell de-
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fects can be removed upon annealing, leaving behind pristine FeSe [Fig. 6.1(e)].

We performed DFT calculations using VASP [152, 151]. We used the PBE exchange-
correlation functional [150], and the projector augmented wave (PAW) method, with Fe 4s,
3d and Se 4s, 4p electrons treated as valence. An energy cutoff of 450 eV and Methfessel-
Paxton smearing [153] with o = 0.1 eV were employed. We modeled defects within freestand-
ing monolayer and bilayer FeSe supercells (details in Table 6.1), with full relaxation of inter-
nal atomic coordinates (corresponding to a magnitude of the force per atom < 0.025 eV/A).
To reproduce the experimental c-axis value, we included van der Waals corrections in the
bilayer calculations using the DFT-D2 method [192], with dispersion potential parameters
taken from Ref. [193] (tested for bulk FeSe and FeTe).

Monolayer Bilayer Bulk (expt.)
Functional: GGA GGA/DFT-D2
Supercell size: 4x4 3x3
BZ sampling: 2x2x1 4x4x1
a=b [A]: 3.69 3.64 3.7707
c [A]: 5.47 5.521
hse [A): 1.38 1.40 1.472
Csupcrccll [A] 20 25

Table 6.1: Relaxed parameters of monolayer and bilayer FeSe supercells used to simulate defect con-
figurations. a, b, ¢ are the crystal lattice constants for a 2-Fe unit cell, hge is the internal Se height,
and cgypercenl includes vacuum regions. Experimental values are based on X-ray powder diffraction [46].

6.3 RESULTS

Given the correlation of dumbbell defects with excess Se flux, we examine candidate defects
in which Ng¢ > Npg.. Although the dumbbell signature is centered above an Fe site, we ex-
plore all possible binding sites for completeness. We begin with isolated Se adatoms as the

simplest class of Se-rich defects. Among three adsorption sites (see Section 6.5), the hollow

site in FeSe, directly above a bottom-layer Se atom, is most stable [Fig. 6.2(a)-(b)]. We com-
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pute the binding energy as

Eadqatom = E(D) - E(O) - ESea (61)

where E(D) is the DFT total energy of the system including the adatom, E£(0) is the total
energy of pristine FeSe within the same supercell, and Fg, is the energy of an isolated Se
atom. We find that E,gatom = —3.14 €V (—3.02 eV) for monolayer (bilayer) FeSe, which sug-
gests chemisorption. Examining the relaxed structure [Fig. 6.2(b)], we observe that the Se
adatom can come within bonding distance of neighboring Fe atoms and distort their equi-
librium positions. Importantly, given that T, in Fe-SCs is highly sensitive to the Fe-Se/As

height [194], our result points to a microscopic explanation of why Se is a poor capping mate-

rial.

A (adatom, top) A (adatom, side) B (dimer)

(a) (b) (c)
T | Aty

b c
L= L,

C (Seg, antisite) D (Fe vacancy) E (Se interstitial)
(d) (e)

Fe@ Se (top layer)@ Se (bottom layer)@ Se (excess)@®

Figure 6.2: Relaxed defect structures. For the interstitial configuration (f), only a fraction of the
bilayer FeSe 3x3 supercell is shown for clarity. Fe atoms are violet and top/bottom Se atoms are
black/gray. Excess Se atoms are colored red for distinction.

We next examine adsorbed Ses dimers. We find that among four possible adsorption ge-

ometries (see Section 6.5), two are nearly degenerate, one of which has the Ses molecule cen-
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tered above an Fe site [Fig. 6.2(c)]. Furthermore, with binding energy defined as

Egimer = E(D) - E(O) - ESegv (62)

where Eyg,, is the energy of an isolated Sez molecule, we calculate Egimer = —0.39 eV (—0.69
eV) for monolayer (bilayer) FeSe. These values suggest that Ses dimers are weakly ph-
ysisorbed and may have short adsorption lifetimes. We contrast this result to the case of
GaAs(001)-(2x4), where surface dangling bonds can stabilize adsorbed Asy dimers or Asy
tetramers with calculated binding energies up to —1.6 eV [195]. Such dangling bonds are ab-
sent in the top layer of FeSe. As a side note, our DFT calculations suggest that adsorption
can be enhanced if two surface dimers cluster into Sey4, but this would produce an unobserved
four-lobe STM topographic signature.

Alternatively, some studies have proposed that a perturbation at the Fe site (either an un-
known repulsive potential [196] or Se subsitution [75]) could affect the orbitals on neighbour-
ing Se atoms and generate a dumbbell signature. We consider three possibilities: Sep, anti-
sites, Fe-site vacancies, and Se interstitials, perhaps binding to a surface-layer Fe atom from
below. As seen in Fig. 6.2(d), the antisite configuration in the monolayer supercell produces
pronounced distortions of nearby atoms. Fe atoms are pulled closer to the antisite, and Se
atoms are pushed away. Figure 6.2(e) shows an Fe vacancy. Figure 6.2(f) shows the most sta-
ble Se interstitial configuration, where the excess Se atom lies beneath a top-layer Se site, not
an Fe site.

To compare formation energies Fr among the aforementioned defects with variable stoi-
chiometry, we include the energetic costs of incorporating nre (nge) additional Fe (Se) atoms

from a reservoir into the defect:

Ef = E(D) — E(0) — npeftre — NSefiSe- (6.3)

Assuming quasi-equilibrium growth of FeSe and no bulk Fe or Se precipitation, we impose the
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following constraints on the chemical potentials: (i) fire + fge = frese; (i) pre < pPK; (iii)

pse < pR2%. Eq. (6.3) then yields

Ef = E(D) - E(O) — NFellFeSe — (nSe - nFe),USey (6.4)

u.

where ppese — PR < pge < pBUN. Figures 6.3(a), (b) show results for monolayer and bi-
layer FeSe supercells. In both cases the Fe vacancy possesses the lowest formation energy by

a margin of at least —0.5 eV within estimated ug. ranges.
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Figure 6.3: Formation energies of defect configurations in the (a) 4x4 supercell monolayer and (b)
3x3 supercell bilayer FeSe. Capital letters correspond to labeled defects in Fig. 6.2. Assuming no con-
densation of bulk Fe (body-centered cubic) or Se (Seg and Seg rings), chemical potential values uge are
restricted between the dashed lines labeled bee Fe and Seg/Ses. pse is set to zero for an isolated Se
atom. Alternatively, shaded blue regions mark estimated uge values at typical substrate temperatures
and Se partial pressures, using ideal gas approximations and tabulated thermodynamic quantities (see
Section 6.6).

Having identified the Fe vacancy as the lowest-energy, Se-rich defect of FeSe, we considered
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whether it can produce a dumbbell signature. Figures 6.4(a), (b) show a charge density iso-
surface, integrated from the Fermi energy up to 50 meV. For improved accuracy, we increased
the BZ sampling to 8x8x1 and used tetrahedron smearing with Blochl corrections [197]. Due
to the missing Fe atom, orbitals on neighboring Se atoms protrude further out. We simu-
late an STM topography by tracing the height of the charge density isosurface and applying
Gaussian smoothing to approximate a finite tip radius. As seen in Fig. 6.4(c), the two pro-
truding Se orbitals appear as bright lobes of a dumbbell, matching the experimental image

[Fig. 6.4(d)].

High

Low
High

Low

Figure 6.4: (a), (b) Charge density isosurfaces for the Fe vacancy defect configuration, integrated
from the Fermi energy up to 50 meV. (c¢) Simulated STM topography of the Fe vacancy site, marked
by a green “x”; the neighboring Se atoms exhibit brighter lobes, producing a dumbbell signature. (d)
Experimental topography (single-layer FeSe/SrTiO3) for comparison. Set point: 50 mV, 500 pA; T =
5 K.

If the dumbbell defects are Fe vacancies, they must also be capable of diffusing to the edge
of typical film terraces at high temperatures, as implied by Fig. 6.1(e). To elucidate this pro-
cess, we performed nudged elastic band calculations to find the minimum energy path associ-
ated with Fe vacancy hopping [198, 199]. We used a smaller 4/v/2 x 4/1/2 x 1 supercell with
4 x 4 x 1 BZ sampling. We computed seven intermediate images, each relaxed with total force

per atom (tangential and chain) < 0.025 eV /A.
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Figure 6.5 shows the relative energy along the diffusion path, with insets depicting initial,
transition, and final states. In the transition state, two neighboring Se atoms (circled in blue)
are pushed above and below the plane, suggesting that vacancy diffusion may be easier on

the surface than in the bulk, as expected. We calculate the diffusion rate as

(6.5)

E
F:Vexp[— B],

kT

where v is the attempt frequency and Ep = 1.69 eV is the barrier height. From Vineyard
transition-rate theory [200, 201] (see Section 6.8),

- (;;i)”? [ e |- gg;zﬂ‘i ©6)

where mp, is the mass of an Fe atom and z; (xp) is the initial-state (transition-state) po-

sition of the hopping Fe atom. Then for a random walk over a 2D lattice, the root-mean-

square distance traveled after time ¢ is
Trms = dpe-Fe VI, (67)

where dpere = a/v/2. If we anneal at 450 °C for 2.5 h [Fig. 6.1(e)], we estimate Z,ms to be
950 A. This distance exceeds typical film island dimensions [Fig. 6.1(c)], thereby explaining

how dumbbell defects are removed upon annealing.

6.4 DISCUSSION

We draw a final connection between dumbbell defects and Fe vacancies. At large dumbbell
concentrations, Song et al. [44] found that the defects ordered into a v/5x+/5 superstruc-
ture. Similarly, electron diffraction measurements of FeSe crystals, nanosheets, and nanowires
have revealed various types of Fe-vacancy order, including v5xv/5x1 [202]. Given that the

Fe vacancy is the thermodynamically most stable defect, the closest packing of these vacan-
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Figure 6.5: Nudged elastic band calculation for nearest-neighbor hopping of an Fe vacancy. The
diffusion barrier height is 1.69 eV. Insets depict (1) initial, (2) transition, and (3) final states.

cies would lead to a v/5x+/5 arrangement, because any closer packing would produce multi-
vacancy defects (two or more nearest neighbor Fe atoms mising), which would likely desta-

bilize the crystal altogether. This argument provides an explanation of the v/5x+/5 pattern
(see Section 6.9 for additional calculations).

The identification of the v/5x+v/5 dumbbell superstructure with Fe-vacancy order has fur-
ther significance. Investigations of the related compound A,Fe;_,Ses (A = alkali metal),
with enhanced T, up to 32 K [203, 204], have been complicated by mesoscale phase separa-
tion into multiple Fe-vacancy reconstructions [205, 206, 207, 208, 209]. Our calculations sug-
gest that Fe vacancy order is not a pathological feature of A,Fes_,Ses, but a phenomenon
intrinsic to FeSe grown under excess Se flux. The crucial distinction is that in the latter case,
Fe vacancies can be removed upon annealing, while in the former, Fe vacancy diffusion may
be hindered by the buffer A, layers. This additional flexibility in FeSe may afford better con-
trol of stoichiometric (superconducting) and ordered vacancy (non-superconducting) phases
for nanoscale patterning.

In conclusion, we have established the chemical identity of dumbbell defects that appear
in MBE-grown FeSe under excess Se flux and suppress superconductivity with concentra-
tions greater than 2.5%. Our DFT calculations show that Fe vacancies (1) are energetically
most favorable, (2) produce dumbbell signatures consistent with STM images, and (3) can

diffuse to the edge of typical film islands with vacuum annealing. These atomistic insights

103



lay the foundation towards controlling precise placements of such defects. We also reiterate
that Se may be a poor choice of capping material to perform ex-situ measurements due to
induced distortions within the underlying FeSe. Finally, we suggest a broader, microscopic
connection between dumbbell defect phenomenology in FeSe and mesoscale phase separation

in AyFey_,Ses.

6.5 [SUPPLEMENTAL] ADDITIONAL DEFECT CONFIGURATIONS

Figure 6.6 shows all defect configurations examined in this work, which fall into five cate-
gories: (A) Se adatoms, (B) Seq dimers, (C) Sep. antisites, (D) Fe vacancies, and (E) Se in-
terstitials. All defects were simulated within both monolayer and bilayer FeSe supercells, ex-
cept for (C), where in the case of a bilayer FeSe supercell, the Sep. antisite could not be held
in its place during structural relaxation, and (E1) and (E2), which are not defined for mono-
layer FeSe. Their corresponding formation energies are plotted in Fig. 6.7. The most stable
configuration for each defect category is enclosed in a red box in Fig. 6.6. Configurations that
are laterally centered at an Fe site, consistent with the STM dumbbell signature, are marked

by a black horizontal bar.

A2 A3 | D |

(@) (b) (c) (h) 0]
» [}
£ = Fy
L 2 c
g g b g
o OFe I =

oy

@D 1b © Se (top layer) (%2} w

L © Se (bottom layer)

a O Se (excess)
B1 B2 B3 B4 | E1 | E2

(d) (e) U] (9) 0 M (k) o

Se, dimers
Se interstitials
L]

Figure 6.6: Additional relaxed defect structures. (j), (k) Only a fraction of the bilayer FeSe 3x3
supercell is shown for clarity. Fe atoms are violet and top/bottom Se atoms are black/gray. Excess Se
atoms are colored red for distinction.
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Figure 6.7: Formation energies of defect configurations in the (a) 4x4 supercell monolayer and (b)
3x3 supercell bilayer FeSe. Reproduced from Fig. 6.3, with additional defect structures shown in
Fig. 6.6.

6.6 [SUPPLEMENTAL| SELENIUM CHEMICAL POTENTIAL

Following Ref. [210], we estimate the experimental chemical potential of Se using ideal gas
approximations and tabulated thermodynamic quantities. Under fixed temperature 7" and
pressure p, the chemical potential of an ideal gas of Ses molecules is related to the Gibbs free

energy as
GSez<g) (T7 p)

o (6.8)

HSe(Tv p) =

where N is the number of Ses molecules. First, we compute GSe2<g) at standard conditions

(T° = 298.15 K, p° = 1 bar),
GSeyy) (T°:9°) = Hgey( ) (T°,0°) = T°Ssey,, (T, 9%, (6.9)

using enthalpy Hsge, (T°,p°) and entropy SSea(y) (T°,p°) values derived from thermochem-
istry references. Next, we extrapolate to desired temperatures using reference heat capacity

data,

o o o r / ! o .o T / Cpo 7862(9) (T/)
Gy (T°) = Hsey (T2 07 )+ | AT sy (T')=T | Sy (T°,5°)+ | am' =202,

(6.10)

o
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and desired pressures using ideal gas relationships,

GSeyyy (T2 ) = Gsey, (T,p°) + NEgTn (;1) . (6.11)

We make some practical remarks on estimating pge (7, p):
(1) To maintain consistency with DFT calculations and total energies (E) defined in
VASP, we set pge(0 K, p) = Ege = 0 for an isolated Se atom.

(2) Based on the chosen reference, we compute Hsge, , (T, p°) in a two-step process:

2Sey)(0 K, p°) — 2Se(y)(1°,p°), AH; = 2(%kBT°), ideal monoatomic gas,
2Se()(T°,p°) — Seq(y(T°,p°),  AHz = 2(—-165.520 & 0.250) kJmol ™!, p. 53 of Ref. [211].
(6.12)

(3) From p. 40 of Ref. [211], Sse,,, (T°,p°) = 247.380 + 0.400 JK~'mol .

(4) From p. 63 of Ref. [211], Cpe se,, (T) = a + bT + cT? +dT~! + eT~2, where a =
1.93485 x 10 JK~'mol ™!, b = 1.24903 x 1072 JK2mol ™!, ¢ = —2.07010 x 107% JK3mol ™!, d
= 1.09846 x 10* Jmol™!, and e = —1.60249 x 105 JKmol~!. These values are valid from T =
298 K to 1300 K.

(5) We choose T' to be the substrate temperature and p to be the Se partial pressure in the
chamber, based on quasi-equilibrium growth assumptions suggested for similar III-V semicon-
ductor MBE processes [212, 213]. For T = 400 °C and p = 10~? T, we find that ug, = —3.35
eV. For T' = 500 °C and p = 1071° T, we find that pug. = —3.70 eV.

6.7 [SUPPLEMENTAL| SIMULATED BIAS-DEPENDENT TOPOGRAPHY

Figure 6.8 shows STM topographic simulations of an Fe vacancy with different imaging biases
V', carried out by integrating the charge density from the Fermi energy to eV. We note that
experimental FeSe bands exhibits orbital-dependent renormalization with an average factor

1/z = 1/6 relative to LDA/GGA-calculated bands [214, 106, 172], precluding a more detailed
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ab-initio analysis of STM defect signatures.

Figure 6.8: Charge density isosurfaces and simulated STM topographies of an Fe vacancy, calculated

[13 2

for different imaging biases. The Fe vacancy site is marked by a green “x.

6.8 [SUPPLEMENTAL|] VINEYARD TRANSITION-RATE THEORY

The classical probability distribution for an ensemble of identical, non-interacting particles

moving in a 1D potential ®(z) is given by

1/2 2
m O(x)  mo
_ _ %) 6.13
p(,0) pO(zkaT> exp[ kT  2kpT |’ (6.13)

where m is the particle mass, v is its velocity, and pg is a normalization constant. We con-
sider a finite spatial region in phase space, x € [z;,2¢], with a potential barrier peaked at
zp € (wi,rs). The average transition rate I'y,—., is given by I/Q, where I is the phase space

current across the barrier and @ is the number of states in [z;, 2] [200]. From Eq. (6.13), we

find that
B oo B
Q :/ d:v/ dvp(z,v) = po/ drexp | — o) (6.14)

[ B ®(xp)] [ ksT\"
1 —/0 dvvp(zp,v) = poexp [ " ] <%> , (6.15)

and
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which yields

LT\ 2T (== ®(z)]17" d(zp)
T, = | — d -—= — . 6.16
wons = (5o) [ e | -] | e | -G (6.16)
In our application to an Fe atom hopping to a neighboring vacant site in FeSe, we take m =

mpe, and ®(x) to be the DFT total energy E along the diffusion path, parameterized by the

position z of the moving Fe atom [215].

6.9 [SUPPLEMENTAL] v/5xv/5 VACANCY ORDER

We show that a v/5xv/5 ordering of Fe vacancies in FeSe is thermodynamically stable un-
der excess Se flux. Following the same reasoning in the main text, the formation energy of

Fei_,Se, where 0 < z <1, is given by

Ef = E(Fe;_;Se) — E(FeSe) + x(ppese — Hse)- (6.17)

—
o
-~
N
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Figure 6.9: Formation energies of Fe;_,Se, for two concentrations of Fe vacancies: (a) z = 0.03125
(dilute), and (b) # = 0.2 (v/5x+/5 order). (c) Assuming no condensation of bulk Fe (body-centered
cubic) or Se (Seg and Seg rings), chemical potential values pg. are restricted between the dashed lines
labeled bee Fe and Seg/Ses. use is set to zero for an isolated Se atom. Alternatively, shaded blue re-
gions mark estimated uge values at typical substrate temperatures and Se partial pressures, using ideal
gas approximations and tabulated thermodynamic quantities.

We consider two concentrations:

(1) Dilute: x = 0.03125. This value corresponds to one Fe vacancy in a monolayer 4 x4

supercell [Fig. 6.9(a)].
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(2) v/5xv/5 Fe vacancy order: x = 0.2. For this DFT calculation, we use a monolayer
V5x/5 supercell [Fig. 6.9(b)] with 5x5x1 BZ sampling.
Figure 6.9(c) demonstrates that within a narrow range of viable yug. values, the v/5x+/5 Fe

vacancy superstructure is more energetically favorable compared to a dilute Fe vacancy.
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