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Abstract

The iron-based superconductor FeSe with the superconducting transition tempera-
ture T, ~ 8 —9 K has stirred great interest because it exhibits several unique properties,
which had been covered until recently due to the difficulty in growing the clean single
crystals. Here we report some of the interesting electronic and superconducting proper-
ties of FeSe revealed by using high-quality single crystals grown by the chemical vapor

transport method.

BCS-BEC crossover in FeSe (Section 6)

The physics of the crossover between the weak-coupling Bardeen-Cooper-Schrieffer
(BCS) and strong-coupling Bose-Einstein-condensate (BEC) limits gives a unified frame-
work of quantum bound (superfluid) states of interacting fermions. In the region of this
crossover, the size of the interacting pairs, which is represented by the coherence length
&, becomes comparable to the average distance between particles, which is close to the
inverse Fermi momentum 1/kp, i.e., kp€ ~ 1, and a new exotic state of matter has been
expected to emerge. The BCS-BEC crossover has hitherto been realized experimentally
in ultracold atomic gases. On the other hand, in solids, almost all superconductors are
in the BCS regime, where the superconducting gap energy A is usually several orders
of magnitude smaller than the Fermi energy ep, A/ep ~ 1/kpé < 1, and it has thus
been extremely difficult to access the crossover regime.

Our quasipaticle interference (QPI), Seebeck, and penetration depth measurements
revealed that FeSe has extremely small Fermi energies, €% ~ 10 meV for the hole band
and €% ~ 3meV for the electron bands. We found that FeSe is a multigap supercon-

ductor with two distinct superconducting gaps of A ~ 2.5 and 3.5meV by scanning



tunneling spectroscopy (STS) measurements. The comparable energy scale of ep and
A indicates that superconductivity in FeSe is deep in the BCS-BEC crossover region.
Moreover, we discover the emergence of an unexpected superconducting phase (B-
phase) in strong magnetic fields, demonstrating that the Zeeman splitting comparable
to the Fermi energy leads to a strong modification of the properties of fermionic systems

in such a regime.

Quasiparticle excitations in FeSe in the BCS-BEC crossover region (Sec-

tion 7)

FeSe has two unique features that may provide new insights into fundamental aspects
of the physics of the BCS-BEC crossover. The first feature is the electronic structure:
FeSe is a compensated semimetal with equal numbers of electron and hole carriers, and
hence it is essentially a multiband superconductor. This renders the crossover physics
in FeSe distinguishable from that in ultracold atomic gases. However, although the
superconducting gap structure has been reported to be very anisotropic, the detailed
gap structure in each band is still unclear. The second feature concerns the fate of
the superfluid when the spin populations are strongly imbalanced. Although highly
spin-imbalanced Fermi systems have been realized in ultracold atomic gases, the nature
of the spin-imbalanced superfluid is still largely unexplored experimentally due to the
difficulty in cooling the systems to sufficiently low temperature. In sec.6, we report
a high-field superconducting phase (B-phase) of FeSe induced by the extremely large
spin imbalance, but very little is known about its nature.

To shed light on the above issues, detailed knowledge of the quasiparticle excitations
in the superconducting state is crucial. Here we measured the thermal conductivity k.,
and the thermal Hall conductivity xg, up to poH = 20T. Both quantities are sensitive
probes of the delocalized low-energy quasiparticle excitations.

Our results reveal that a highly anisotropic small superconducting gap opens in the

electron Fermi-surface pocket, whereas a more isotropic and larger gap forms in the



hole pocket. We also find that the quasiparticle scattering rate is strongly modified
upon entering the B-phase. We discuss that this field-induced phase is likely to present
a highly anomalous inhomogeneous superconducting state that has not been addressed

before, rather than a conventional Fulde-Ferrel-Larkin-Ovchinnikov (FFLO) state.

Time-reversal symmetry breaking superconducting state around twin

boundaries in FeSe (Section 5)

Junctions and interfaces consisting of unconventional superconductors provide an
excellent experimental playground to study exotic phenomena related to the phase of
the order parameter. Not only does the complex structure of unconventional order
parameters have an impact on the Josephson effects, but it also may profoundly al-
ter the quasiparticle excitation spectrum near a junction. Recent progress in scanning
tunneling microscopy (STM) and spectroscopy (STS) technologies opens up a way to
directly visualize the spatial variation of the electronic states near the superconducting
heterostructures. However, STM or STS studies on superconducting junctions made of
unconventional superconductors are still demanding because it is often challenging to
obtain well-defined junctions of them.

To solve the problem, we performed STM/STS measurements on the nodal super-
conductor FeSe and visualize the spatial evolution of the local density of state (LDOS)
near twin boundaries (TBs). We found that the critical current density across the TB
is comparable to that of the bulk, indicating that TBs in FeSe are ideal junctions to
investigate the Josephson effects on unconventional superconductors.

The 7 /2 rotation of the crystallographic orientation across the TB twists the struc-
ture of the unconventional order parameter, which may, in principle, bring about a
zero-energy LDOS peak at the TB. The LDOS at the TB observed in our study, in
contrast, does not exhibit any signature of a zero-energy peak, and an apparent gap
amplitude remains finite all the way across the TB. The low-energy quasiparticle exci-

tations associated with the gap nodes are affected by the TB over a distance more than



an order of magnitude larger than the coherence length &,,. The modification of the
low-energy states is even more prominent in the region between two neighboring TBs
separated by a distance ~ 7€,. In this region, the spectral weight near the Fermi level
(=~ £0.2 meV) due to the nodal quasiparticle spectrum is almost completely removed.
These behaviors suggest that the TB induces a fully gapped state, invoking a possible

twist of the order parameter structure, which breaks time-reversal symmetry.

The thesis is structured as follows. In Section 1, we will give a brief account of
BCS-BEC crossover. In Section 2, we will introduce the purpose of this study. In
Section 3, we will describe the detailed procedures of sample growth and experimental
setups for STM/STS measurements in RIKEN and thermal transport measurements in
HLD-EMFL in Dresden. In Section 4, we will review the properties of the iron-based
superconductor FeSe. In Section 5, we will show the results of STM/STS measurements
around TBs in FeSe and discuss the possible time-reversal-symmetry-broken supercon-
ducting state. In Section 6, we will show our results of QPI, Seebeck, and penetration
depth measurements, and combining the recent SAH and ARPES measurements, we
will suggest that the superconductivity in FeSe is deep in the BCS-BEC crossover re-
gion. We will also discuss a possible field-induced superconducting phase (B-phase) in
FeSe with a brief introduction of FFLO state. In Section 7, we will discuss the detailed
superconducting gap structure and the properties of the B-phase based on the results
of the kg and Kgy measurements. Finally, we will summarize and conclude the present

studies in Section 8.
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1 Introduction

1.1 Superconductivity

Superconductivity is one of the most drastic phenomena in condensed matter physics.

In 1911, Kamerlingh Onnes first discovered superconductivity in elemental mercury
with T, = 4.2 K. Since the discovery, the mechanism of superconductivity had been
a long-standing issue. However, in 1957, John Bardeen, Leon Neil Cooper and John
Robert Schrieffer developed a theory (the BCS theory) to explain the microscopic mech-
anism of superconductivity, where two electrons form a pair (Cooper pair) mediated
by lattice vibrations (phonon) and the pairs condense into a ground state [1]. In the
BCS superconductors, the attractive interaction between electrons driven by phonons
is weak, therefore, the transition temperatures were expected to be at most 30-40 K.
However, the very recent high-pressure experiments revealed that the sulfur hydride
system HyS transforms to a metal under very high pressure and exhibits superconduc-
tivity with the extremely high-T,, 203.5 K at 155 GPa [2]. It has been theoretically
suggested that the BCS theory can account for the high-7. supeconductivity in the
hydride system [3].

One of the most important developments in condensed matter physics for the last
several decades is the discovery of the high-temperature superconductivity. In 1986,
Johannes Georg Bednorz and Karl Alexander Miiller reported superconductivity be-
low 30 K in the Ba — La — Cu — O system, where superconductivity occurs in CuO2
plane [4]. This discovery has triggered enormous amount of research for the cuprate
superconductors with high transition temperatures. Among them, the highest tem-
peratures of superconducting transition have ever been reported are 133 K at ambient
pressure [5] and 165 K under high pressure [6] in HgBay;CayCuzOg. In the cuprate
system, the superconducting transition temperatures are far above the one which is

expected in the framework of the BCS theory and this indicates that another pairing
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mechanism should be considered.

Another class of high-T, superconductors is the iron-pnictide (Fe-Pn) or iron chalco-
genide (Fe-Ch) system. In 2006, the research group of Hideo Hosono discovered super-
conductivity below 4 K in LaFePO [7], and in February 2008, they succeeded in increas-
ing the transition temperature up to 26 K by replacing P with As [8]. Soon after the
discovery, in the bulk system, the transition temperature reached 56 K by substituting
other lanthanoid elements for La [9]. In 2012, the Chinese groups have reported that
FeSe mono-layer thin films on SrTiO3 substrates exhibit superconducting transiton at
65 K [10-12]. Moreover, the in-situ four-point probe electrical transport measurements

on the thin film suggests that T, is dramatically enhanced up to 110 K [13].
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Figure 1.1: Superconducting transition temperature 7, vs time.

11



1.2 BCS-BEC crossover

Since the proposal of the BCS theory by Bardeen, Cooper and Schrieffer, there
have been a number of theoretical works which suggest that the transition into the
superconducting state can be considered as a sort of Bose-Einstein condensation (BEC),
i.e., these two paradigms, BCS and BEC, are not distinct and can be understood from
a unified standpoint [14-20].

Fig.1.2(a) is a schematic phase diagram of the BCS-BEC crossover as a function
of temperature T'/ep and dimensionless coupling constant 1/kra, where a is the scat-
tering length [18-20]. The BCS limit 1/kra — —oo corresponds to weak attractive
interaction, which is not able to form a two-body bound state in a vacuum, but
nevertheless leads to a collective Cooper instability in the presence of a Fermi sur-
face. In the weak-coupling BCS state, the Cooper pairs with the coherence length
Epair ~ k' exp(+7/2kp |a]) > k' overlap each other, as schematically depicted in
Fig.1.2(b). Here k' denotes the mean interparticle space. In the opposite limit
1/kpa — +o0, the strong attractive interaction gives rise to tightly bound diatomic
molecules with &y, < k;l which exhibit BEC, as shown in Fig. 1.2(d). With increas-
ing pairing interactions, the system is continuously shifted from BCS to BEC. At the
unitary limit with 1/kra = 0, right in the middle of BCS-BEC crossover region, the pair
size is on the order of the mean interparticle space, &pair ~ k' (Fig. 1.2(c)). Hence,
the interaction between Cooper pairs is significantly enhanced, and unique quantum
condensed states are expected in the crossover region [21,22]. The ratio of the con-
densation temperature T, and Fermi energy ep is kgT./ep =~ 0.2, which is the highest
value among fermionic superfluid systems. This means that the condensation energy
A becomes comparable to ep in the crossover region. One of the other remarkable
features of BCS-BEC crossover is the pseudogap above T,. In the pseudogap phase, the
incoherent pairs of electrons (preformed pairs) are formed below T™ and give rise to a
strong suppression of the low-energy density of states.

BCS-BEC crossover has been experimentally realized in ultra-cold atoms, in which
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Figure 1.2: (a) Schematic phase diagram of BCS-BEC crossover [18-20]. 1/kra — —o0
(1/kpa — +00) corresponds to BCS (BEC) limit. 1/kra = 0 corresponds to the unitary
limit, right in the middle of the BCS-BEC crossover region. Black dot line is the T,-line
where the condensation occurs. Red dashed line is the T*-line where preformed pairs
appear. In the temperature region between the 7. and 7™, pseudogap is formed. The
following experimental results indicate that FeSe is located in the crossover region. (b)-
(d) Schematic images of pairings in the BCS, BCS-BEC crossover, and BEC regions,
respectively. In the crossover region, the pair size is on the order of the mean inter-
particle space, &pair R kot
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the pairing interactions are controlled by Feshbach resonance [23-29]. On the other
hand, in solids, almost all superconductors are in the BCS regime, where the super-
conducting gap energy A is usually several orders of magnitude smaller than the Fermi
energy, AJep ~ 1/kpé ~ 107° — 107 < 1. In the underdoped high-T. cuprates,
the pseudogap phase appears above T, [30] and there are some theoretical predictions
which suggest that it comes from the BCS-BEC crossover physics [31, 32], however,
the origin is still controversial. Moreover, even in the cuprates, which have relatively
larger superconducting-gaps than ones of conventional superconductors, the ratio of the
condensation energy A and Fermi energy E is still very small: A/ep ~ 1072 —1072, in-
dicating the deviation from the crossover regime. Hence, in superconducting electronic
systems, the BCS-BEC crossover has been extremely difficult to be achieved.
However, the iron-based superconductor FeSe with transition temperature 7, ~ 8—9
K has recently stirred great interest, because it has been experimentally revealed that
it is a strong candidate for a superconductor located in the BCS-BEC crossover region.

In the following sections, we will discuss the detailed electronic structures of FeSe.
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2 Purpose of this study

Time-reversal symmetry breaking superconducting state around twin bound-

aries in FeSe (Section 5)

Junctions and interfaces consisting of unconventional superconductors provide an
excellent experimental playground to study exotic phenomena related to the phase of
the order parameter. Not only does the complex structure of unconventional order
parameters have an impact on the Josephson effects, but it also may profoundly al-
ter the quasiparticle excitation spectrum near a junction. Recent progress in scanning
tunneling microscopy (STM) and spectroscopy (STS) technologies opens up a way to
directly visualize the spatial variation of the electronic states near the superconducting
heterostructures. However, STM or STS studies on superconducting junctions made of
unconventional superconductors are still demanding because it is often challenging to
obtain well-defined junctions of them.

To solve the problem, we performed STM/STS measurements on the nodal super-
conductor FeSe and visualize the spatial evolution of the local density of state (LDOS)

near twin boundaries (TBs).

BCS-BEC crossover in FeSe (Section 6)

The physics of the crossover between the weak-coupling Bardeen-Cooper-Schrieffer
(BCS) and strong-coupling Bose-Einstein-condensate (BEC) limits gives a unified frame-
work of quantum bound (superfluid) states of interacting fermions. In the region of this
crossover, the size of the interacting pairs, which is represented by the coherence length

&, becomes comparable to the average distance between particles, which is close to the
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inverse Fermi momentum 1/kp, i.e., kp€ ~ 1, and a new exotic state of matter has been
expected to emerge. The BCS-BEC crossover has hitherto been realized experimentally
in ultracold atomic gases. On the other hand, in solids, almost all superconductors are
in the BCS regime, where the superconducting gap energy A is usually several orders
of magnitude smaller than the Fermi energy ep, A/ep ~ 1/kpé < 1, and it has thus
been extremely difficult to access the crossover regime.

To investigate the electronic properties of FeSe, we performed scanning tunneling mi-
croscopy /spectroscopy (STM/STS), quasiparticle interfrence measurements, and some
other bulk measurements. In the section, we will discuss whether the superconductivity
in FeSe is in the crossover regime. Moreover, performing thermal conductivity measure-
ments, we explored the high-field superconducting state with a large spin imbalance in

FeSe.

Quasiparticle excitations in FeSe in the BCS-BEC crossover region (Sec-

tion 7)

FeSe has two unique features that may provide new insights into fundamental aspects
of the physics of the BCS-BEC crossover. The first feature is the electronic structure:
FeSe is a compensated semimetal with equal numbers of electron and hole carriers, and
hence it is essentially a multiband superconductor. This renders the crossover physics
in FeSe distinguishable from that in ultracold atomic gases. However, although the
superconducting gap structure has been reported to be very anisotropic, the detailed
gap structure in each band is still unclear. The second feature concerns the fate of
the superfluid when the spin populations are strongly imbalanced. Although highly
spin-imbalanced Fermi systems have been realized in ultracold atomic gases, the nature
of the spin-imbalanced superfluid is still largely unexplored experimentally due to the
difficulty in cooling the systems to sufficiently low temperature. In sec.6, we report
a high-field superconducting phase (B-phase) of FeSe induced by the extremely large

spin imbalance, but very little is known about its nature.
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To shed light on the above issues, detailed knowledge of the quasiparticle excitations
in the superconducting state is crucial. Here we measured the thermal conductivity s,
and the thermal Hall conductivity rg, up to poH = 20T. Both quantities are sensitive

probes of the delocalized low-energy quasiparticle excitations.
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3 Experimental

3.1 Sample growth

Since the electronic features of FeSe are very sensitive to impurities and defects,
clean FeSe single crystals are very crucial for investigating the itinerant electronic struc-
tures. Recently, the Karlsruhe Institute of Technology (KIT) group in Germany have
succeeded in growing FeSe single crystals of unprecedented quality using a KC1/AlICl3
chemical vapor transport technique [33]. In Kyoto University, we fabricated high-quality
FeSe single crystals with the chemical vapor transport method for the thermal transport
measurements. The following is the procedures of the sample growth.

A mixture of Fe and Se powders was sealed in an evacuated SiOy ampoule together
with KCI and AlICl; powders (Fig.3.1(c)). To prevent contamination of the starting
materials, such as oxidization and water contamination, all the sealing procedures were
done in the Ar-filled glove box (Fig.3.1(b)) with a very low O, concentration (<1 ppm)
and under a high vacuum (< 107*Pa). High-purity Fe (99.998 %) and Se (99.99 %)
powders with a total mass of 3.0 g were mixed in an atomic ratio 1.1:1. We found that
the amount of Fe defects can be reduced by mixing some extra Fe powder; as a result,
the RRR of the electrical resistivity is strikingly enhanced. Additionally, we mixed KCI
(99.99 %) and AlCl; (99.99 %) powders with the ratio 3:7 and the total amount was 7.0
g. One end of the ampoule was heated to 390 °C near the center of the tube furnace,
while the other end was kept at ~160°C at the edge of the furnace. The temperature
of the low-T end was monitored by a thermocouple thermometer (Fig.3.1(a)). We
tilted the furnace to keep the liquidized mixture at the high-T" edge. In this vapor
transport technique, KC1/AICl3 vapor containing FeSe is generated from the liquidized
mixture at the high-T" end and condensed at the low-T end, as schematically illustrated
in Fig.3.1(d). After 2-4 weeks, single crystals of FeSe with tetragonal morphology
were extracted at the low-T end. The typical size of the obtained single crystal was

~2x2x0.05 mm® (Fig.3.1(e)).
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Figure 3.1: (a),(b) Tube furnace and glove box used for the sample growth in Kyoto
University, respectively. The glove box is filled with Ar-gas. The Oy concentration is
kept below 1 ppm by the circulation and purification systems. (c¢) Quartz ampoule
with the mixture of Fe and Se powders and KC1/AICl; flux. (d) Schematic image of
the vapor transport technique. (e) Obtained FeSe single crystals. The typical size is
~2x2x0.05 mm?>.
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3.2 Scanning tunneling microscopy and spectroscopy

Here we briefly introduce the principle of scanning tunneling microscopy (STM)
and spectroscopy (STS). STM is an instrument for imaging surfaces with the atomic
resolution [34]. And STS is used to provide information about the density of states
(DOS) in a sample as a function of their energy. The STM/STS are based on the
concept of quantum tunneling. When a conducting tip, made of such as W and Pt/Ir,
is brought very near to the surface and a bias voltage V' is applied between the two,
tunneling current flows through the vacuum between them. The resulting tunneling

current at low temperature (kg7 < eV') is denoted as

eV
Li(r,z,V) x / LDOSsample(r, E)T'(r,2,eV, E)dE (3.1)
0

Here, the energy level E = 0 represents the chemical potential level, z is the distance
between the tip and the examined sample, and LDO Sgampie(7, E) is the local density
of states (LDOS) of the sample. And the tunneling probability T is

T(r,z,eV,E) x exp(—2k(r,eV, E)z) (3.2)

ooV, ) = V2O - E+eV/z) (3.3)

Since, in general, the work function ¢(r) < eV, E, we eventually obtain the tunnel-

ing current

eV
L7, 2, V) o exp(—2k(r)2) / LDOS.mpe(r, E)AE (3.4)
0
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v2me(r) (3.5)

w(r) = Y1

In Fig. 3.2, the schematic views of scanning tunneling microscopy (STM) and spec-
troscopy (STS) appear. When the tip is moved across in the xy-plane of the sample
with keeping tunneling current I; constant, the surface height maps z(r) (STM topo-
graphic images) are obtained. The typical value of the damping coefficient x in Eq. 3.5
is ~1A! the STM images have very high spatial resolution, 1 A for the horizontal
direction and 0.1 A for the vertical direction with respect to the observed surfaces. On
the other hand, in the STS mode, we change the bias voltage V' with keeping the tip

position fixed (z = const.). Then the tunneling current is denoted as
eV
L(r, V) x / LDOS.mpe(r, E)dE. (3.6)
0

Differentiating both sides with respect to V', we obtain the tunneling conductance

dl/dV

dl

W(r, V) o¢ LDOSsampie(7, E). (3.7)

Hence, in the ST'S mode, we can investigate the modulation of LDO Ssample With atomic

resolution.

(@)

—

O

~
L.

’]t A [t: T

Figure 3.2: (a), (b) Schematic views of STM and ST'S, respectively.
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We performed the STM/STS measurments in the RIKEN CEMS. The used system
is presented in the picture in Fig.3.3. We used electropolished tungsten wires for the
STM tips. To avoid pollution of the observed surfaces, the FeSe single crystals were
cleaved under ultrahigh vacuum (< 1078 Pa) on the cleave stage cooled to liquid nitrogen
temperature. Then we immediately load the sample into the observation space. We
cooled the sample temperature down to 0.4 K with a *He sorption system and applied
magnetic fields up to 12T.

Our STM/STS measurement results appear in section 5 and 6.

RIKEN STM system E ' e ———
(04K 12T) ) ;

WBAES

, : s J Preparation
1 K pump ~ lonpump | IS chamber
(2 ’ 1 z

Load-lock '\

—~ chamber N\ ™

- Cleavage
stage

Vibration
isolation

4
stage He cryostat

&

S Observation
chamber

!

Figure 3.3: A picture of the used STM/STS system in RIKEN CEMS.
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3.3 Thermal and electrical transport

3.3.1 Thermal and electrical transport

Thermal transport Ky, ks, measurements were performed by a standard steady-state
method. The experimental configurations with a FeSe single crystal are displayed in
Fig.3.4(c) and illustrated schematically in Fig. 3.4(d).

In the steady-state, thermal conductivity s is defined as

where £ is the thermal conductivity tensor, g is the thermal current density (or thermal
energy flux density), and VT is the thermal gradient. Now, we assume that the magnetic
fields are applied parallel to the z(c)-axis and heat flows in the zy(ab)-plane, as displayed
in Fig. 3.4(d). When the magnetic field is not applied or the transversal component of
thermal conductivity kg, is absent, Eq. 3.8 is reduced to a one-dimensional form, and

the thermal conductivity k = K, is given by
q=—krVT. (3.9)

Here VT = dT'/dx is the thermal gradient along the longitudinal direction to the heat
flow. As a result, we obtain

Q

- 1
N AT wt (3.10)

where () is the applied heat power, AT = Tiign — Tiow is the temperature difference
between two contacts, and [, w, and ¢t are the distances between the contacts, width,
and thickness of the sample, respectively.

When the magnetic field H || ¢ is applied and the transversal component of thermal
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conductivity k., appears, Eq.3.8 can be written as

Ll v = , (3.11)

dy Kyx  Kyy v, T

(b)

z
X RuO,thermometers Heater
) I_, 'F .F

H//c

Figure 3.4: (a) Bottom of the *He cryostat. The measurement cell is located at the
lowest part. (b) Measurement cell for thermal and electrical transport measurements.
There are five RuO, bare chips, one is for the heater and four are for the thermometers.
Three thermometers are sufficient for the x,, and k,, measurements, hence, one of the
thermometers is a backup. (c) Measured FeSe single crystal with the contacts. To
reduce contact resistance, we attached gold wires by indium soldering. (d) Schematic
illustration of the setup for the thermal transport measurements. When H | ¢ is
applied, the transversal component of thermal conductivity k., appears. Here, VT
and V,T" denote the longitudinal and transversal thermal gradient, respectively, and
q(]| =) is the heat flow.
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where Ky = —Kgy, Kzz = Kyy, and g, g, are the longitudinal and transverse thermal

current densities, respectively. In the steady state, ¢, = 0, and hence,

q = _K:L":vaT_K/xyvyTy (312)

0 = kyyVoT — Ky, VT, (3.13)

where V, and V,, are the thermal gradients along the heat current and the ones gener-

ated along the transverse direction, respectively. Finally, we obtain

sz

" W2, + W2, (3:14)
Way

"i.l’y = szx + ny) (315)

where the longitudinal thermal resistivity W,, and thermal Hall resistivity W,, are

given by
A\ A AT wi
Wee = — = — —, 3.16
. 0 (3.16)
v, T ATt
W, = ———=_"Y_ 3.17

Here A,T and AT are the longitudinal and transverse components of the temperature
differences, respectively, and we assume that the distance between the pair of trans-
verse contacts is the sample width w, therefore, the transverse thermal gradient can be
denoted as V, T = AT /w.

We also performed the electrical longitudinal resistivity p,, and Hall resistivity pa,
measurements in the same setups used for the x-measurements. In the normal state,
the thermal conductivity tensors k are directly related to the electrical conductivity

tensors o through the Wiedemann-Franz law, i.e.,
k= LoTa, (3.18)

W;f;? =244 x 107® WQK™? is the Lorentz number. In a tetragonal phase

where Ly =
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with the transverse condition,

Kae = LoT0gq, (3.19)

Koy = LoT0gy, (3.20)

where the electrical conductivities 0,,,0,, are given by

pﬁI
Opy = —12 3.21
P+ P2y (3.21)

Pay
Oy = —1 3.22
Y P2, + P2, (3.22)

Here, the quasipaticle contribution of the thermal conductivity % is obtained by sub-
tracting the phonon contribution P! from k,,. In general, the thermal Hall conductivity
Ky 1s purely electronic in origin.
The thermal Hall angle, ©y is defined as
tanOp = L. (3.23)

ap
TT

3.3.2 Misalignment effect

In a real setup for the transport measurements, there may be some misalignment of the
contacts. Hence, the thermal gradient VI'(H) for the thermal transport measurements
and the electrical voltage for the resistivity measurements V (H) between two contacts
may contain both the longitudinal and transverse components. Inverting the applied
magnetic field direction, we can avoid the misalignment effect and extract the exact

longitudinal and transverse gradients, like

V.T(H) = [VT(H)+ VT(—H)]/2, (3.24)
V,T(H) = [VI(H)-VT(-H)]/2, (3.25)
VL(H) = [V(H)+V(-H)]/2, (3.26)
Vu(H) = [V(H)-V(-H)]/2. (3.27)
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Here, V1, and Vj are the exact longitudinal and transverse components of the electrical
voltage, respectively. Then, we obtain the field dependence of the thermal and electrical

resistivity tensors,

Waalt) = -T2, (325)
Way(H) = —%TT@, (3.29)
pestty = BV (3.30)
pey(iy = DL (331)

Here J is the electrical current.

3.3.3 Setups of thermal transport measurements

The thermal conductivity and thermal Hall conductivity were measured by the stan-
dard six-wire steady-state method with a one-heater and four-thermometer technique.
One of the thermometers is for backup. The actual setup is presented in Figs. 3.4(b)
and (c). Low contact resistance is required because a large contact (thermal) resistance
may mask the sample response. In this study, we adopted indium-soldering with an
ultrasonic iron for making contacts to reduce the contact resistance. Actually, attach-
ing the normal silver pastes on FeSe may cause a large contact resistance of more than
several k()s because the surface of the FeSe may be oxidized. Using the ultrasonic iron,
we can remove the oxidized layers without using any chemical flux which may cause
damage to the sample surface. Eventually, we obtained a contact resistance less than
100 m€2, which is sufficient for the thermal and electrical transport measurements in
this study.

The sample was thermally anchored to a Cu heat sink through the attached silver
foil. To read the temperatures at each contact, the RuO, thermometers were thermally
connected through the gold wires and silver foils attached in the back. The four RuO,
thermometers and the resistive heater are thermally isolated from the heat sink, using

Manganin wires with low thermal conductivity as their electrical leads, and they are
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glued using a GE varnish on top of wooden sticks.

The thermal and electrical transport measurements were performed down to ~250 mK
using a 3He cryostat, and we applied a static magnetic field up to 20 T along the c-axis
of the FeSe single crystal at the HLD-EMFL high magnetic field laboratory in Dresden

in Germany.

Figure 3.5: Dewar at the HLD-EMFL in Dresden in Germany. A 20-22 T magnet is
inserted. In this picture magnetic field is applied along the vertical direction, and we
applied the static magnetic field along the c-axis in this study.
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4 Properties of FeSe

4.1 Crystal structure

Among iron-based superconductors, FeSe has the simplest crystal structure, with
PbO-type structure as shown in Fig. 4.1 [35]. FeSe contains only two kinds of elements,
Fe and Se, which form the electronically conducting iron-chalcogenide (Fe-C'h) layers
stacked along c-axis. At room temperature, the crystal structure is tetragonal, with
the space group P4/nmm as shown in Fig.4.1(b). In the tetragonal phase, the lattice
constants are a = 3.774 A and ¢ = 5.524 A, respectively. With decreasing temperature,
the transition from tetragonal to orthorhombic crystal structure occurs, and the in-plane

lattice parameter splits into a and b (a > b) at the temperature T; ~ 90 K (Fig. 4.2).

In the orthorhombic phase, the lattice distortion § = (a — b)/(a + b) is ~ 0.3% [36].

Figure 4.1: (a),(b) Schematic crystal structure of FeSe. The conducting Fe-Se layers are
stacked along the c-axis. At room temperature, the crystal structure is tetragonal [35].

29



UL L L L L L |

554 - -
5.52
5.50
5.48
546 - -

3.78 - =

Lattice constants (A)

3.76 ab -4

374Illllllll|‘lll|lllli!lllJl!L]

LI N DN L DN L N L DN L NN N N AN NN N NN L AN L BN BN L N B B B |

78.5

78.0

Volume (A%

775 -

1NN T N S T T T T T T T Y T Y YO Y T Y |

0 50 100 150 200 250 300
Temperature (K)

Figure 4.2: Temperature dependence of the lattice constants (top) and the unit cell
volume (bottom) in FeSeq g2, confirmed by synchrotron X-ray diffraction measurements
[36]. The lattice parameters of the a- and b-axes show the deviation due to the structural
transition from tetragonal to orthorhombic structure.
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4.2 Properties of FeSe single crystals grown by self-
flux method

Fig.4.3 shows the temperature dependence of the electrical resistivity p and the
H-T phase diagram obtained from the resistivity curves at each magnetic fields in a
FeSeq g5 single crystal fabricated by the self-flux method [35]. In the low temperature
region, the zero resistivity due to the superconducting transition occurs at 7° ~ 8 K. In
contrast to most superconductors, T, is suppressed linearly with respect to the magnetic

field H down to 0 K [35,37]. The linear extrapolation of the H-curve gives rise to
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Figure 4.3: Temperature dependence of the electrical resistivity p of a FeSeqgg single
crystal fabricated by the self-flux method [35]. The left inset is p vs. T in the low
temperature region under a magnetic field H || ¢. The right inset is the H-T' phase
diagram. In the high temperature region around 7, ~ 90 K, where the structural
transition occurs, an anomalous downturn appears in the resistivity. At H = 0 T,
the zero resistivity due to the superconducting transition occurs at T° ~ 8 K. T, is
suppressed linearly with respect to the magnetic field H and the linear extrapolation
of the H.-curve gives rise to Ho(T = 0 K) ~ 16.3 T. The residual resistivity ratio
(RRR) is ~ 6. In the normal state, the positive but small magnetoresistance appears
under the magnetic field.
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Figure 4.4: Temperature dependence of the magnetic susceptibility y in Fe;,sSe, where
0 denotes the concentration of excess Fe atoms. At § = 0.03, the diamagnetism due
to the superconducting transition is not observed down to 2 K, while the Meissner
effect is observed with the onset temperature 72" ~ 8.5 K. This indicates that the
superconductivity is dramatically suppressed by excess Fe atoms [39], i.e., the electronic
properties of FeSe are very sensitive to impurities and defects.

Ho(T =0 K) ~ 16.3 T in this sample. The residual resistivity ratio (RRR) is ~ 6.
In the normal state, the resistivity slightly goes up with increasing magnetic field,
indicating a positive but small magnetoresistance with Ap/p ~ 10 % at 97T, where
Ap = p(H) — p(0).

In the high temperature region, around 90 K, an anomalous kink appears in the
resistivity. This comes from the structural transition from the tetragonal to the or-
thorhombic phase. As will be discussed later, the electronic nematic transition trig-
gered by the d,./d,, orbital ordering at the same temperature [38] and the electronic
structures along the a- and b-axes become nonequivalent. Unlike the other iron-based
superconductors, such as 1111 and 122 systems, no antiferromagnetic order has been
reported down to 7' = 0 K at ambient pressure, i.e., peculiar electronic properties
associated with the nematicity appear below T.

However, 1:1 stoichiometric and clean single crystals which are sufficient for inves-

tigating the itinerant properties of FeSe are difficult to obtain with the above self-flux

32



method because of the large amount of impurities or defects, such as contaminated
excess Fe atoms. In fact, it has been reported that the superconductivity is rapidly
suppressed as the concentration of excess Fe atoms ¢ increases, and no superconducting
transition is shown at ¢ = 0.03 down to 2 K, as shown in Fig.4.4 [39]. This means that

the electronic properties of FeSe are very sensitive to impurities and defects.

4.3 Clean FeSe single crystals grown by the vapor

transport method

Recently, using a vapor transport technique with KCI and AlCl; flux, the KIT group
in Germany has succeeded in growing ultraclean and stoichiometric FeSe single crystals
with an extremely low impurity level [33]. The detailed procedures of the sample growth
are presented in Ref. 33 and in the following section in Section 6.

According to Ref.33, X-ray powder diffraction confirms the tetragonal structure
with lattice constants a = 3.7707(12) A and ¢ = 5.521(3) A, which are the almost same
values reported in the single crystals grown by the self-flux method. The stoichiometric
composition of Fe and Se within the error (Fe:Se = 0.995(4):1) is confirmed by structural
refinement with a four-circle diffractometer.

Previously, we reported the physical properties of these samples in Ref. 37. Fig. 4.5(a)
is p vs. T in all temperature regions. A clear kink anomaly at T ~ 87 K appears due
to the structural transition. Below T}, the resistivity goes down linearly with respect
to T. As a result of linear extrapolation of the resistivity down to 0K, we obtained
the residual resistivity py ~ 1.7 uQ2cm, which gives rise to RRR ~ 240. The small
value of py and large value of RRR indicate an ultraclean single crystal. In the low
temperature region, the superconductivity appears and the resistivity goes to zero at
T ~ 9.40 K, which is slightly higher than the one in single crystals grown by the self-flux
method. In Fig.4.5(b), the magnetic susceptibility measured under zero-field cooling
conditions shows a superconducting transition with the width (10—90%) of 6T, ~0.3 K,
which is much sharper than one in samples grown by the self-flux method, as shown in

Fig. 4.4 [39).
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Figure 4.5: (a) Temperature dependence of the resistivity of the FeSe single crystals
grown by the KCI/AICl3 vapor transport technique. The inset is p vs. T in the low
temperature region. (b) Low-temperature magnetic susceptibility of the FeSe single
crystal grown by the vapor transport method. The measurements were performed under
zero-field cooling conditions. The superconducting transition temperature defined as
the midpoint is TX =~ 9.25K, which is very close to T determined by the resistivity
measurement. The width (10-90%) of the transition is AT, ~0.3 K, which is much
sharper than the one in samples grown by self-flux method, as shown in Fig.4.4 [39],
indicating the high homogeneity of the measured sample in Ref. [37].

Fig. 4.6(a) shows the p-T" curves in the low temperature region under magnetic fields
up to 12 T, and Fig.4.6(b) is the field dependence of normalized magnetoresistance
Ap/p = (p(H) — p)/p in the normal state. In contrast to the self-flux samples, the
resistivity in the normal state is dramatically enhanced with the increasing applied field,
indicating a huge magnetoresistance. Ap/p = (p(H) — p)/p exhibits an H* (a ~ 2)
dependence without saturation, which demonstrates the nearly perfect compensation,
i.e., an equal density of electrons and holes, n, = n. [37,40]. In a compensated metal,

the magnetoresistance is given by

Ap/p = (WeTe)(WeTh), (4.1)
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Figure 4.6: (a) p-T" curves in the low temperature region under magnetic fields up to 12
T. From bottom to top, the applied magnetic fields are ugH = 0, 2, 4, 6, 8, 10, and 12
T. (b) Field dependence of the normalized magnetoresistance Ap/p = (p(H) — p)/p in
the normal state. Ap/p exhibits an H* (a ~ 2) dependence without saturation, which
indicates that the sample is a compensated metal with an equal density of electrons
and holes, nj, = n.. [37].

where w = eB/m is the cyclotron frequency for carriers with mass m and scattering
time 7 [41]. The suffixes e and h denote “electron” and “hole,” respectively. At
T = 10 K, we estimate (wfr.)(w"r,) & 5 at 10 T, indicating the high mobility of the
charge carriers 1 = er/m.

The extremely small level of impurities and defects are also confirmed by scanning
tunneling microscope (STM) topography with atomic spatial resolution [37]. Fig.4.7(a)
is a 5 x 5 nm? and Fig.4.7(b) is a 45 x 45 nm? topographic image taken at 7' ~ 0.4 K
in the orthorhombic phase, respectively. Since the orthorhombic distortion is too small
to be resolved by STM, the observed topmost Se atoms of the Fe-Se layers form a
square lattice with the obtained in-plane lattice constant ~ 3.7 A, which shows good

agreement with other reports [33,36]. The white bright spots scattered across the
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topographic image in Fig.4.7(b) are impurities or defects, whose concentration is less
than 1/5000 Fe atoms.
Since the breakthrough in sample growth, large amounts of research has been done

on clean FeSe single crystals and have reported that it exhibits several unique properties.

Figure 4.7: (a) 5 x 5 nm? topographic image taken at T ~ 0.4 K in the orthorhombic
phase. Set-point conditions are sample bias voltage V; = +95 mV and tunneling current
I, = 100 pA. Since the orthorhombic distortion is too small to be resolved by STM,
the observed topmost Se atoms of the Fe-Se layers form a square lattice. The obtained
lattice constant is @ ~ b ~ 3.7 A. (b) 45 x 45 nm? topographic image taken at
T ~ 0.4 K. Set-point conditions are sample bias voltage V; = 450 mV and tunneling
current I, = 100 pA. White bright spots are impurities or defects, whose concentration
is less than 1/5000 Fe atoms. [37].
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4.4 Phase diagram of S-doped FeSe system

In this section, we will discuss substitution effect on FeSe and show the phase diagram
of S-doped FeSe system.

First, for comparison, we display phase diagrams of F-doped LaFeAsO [42] and P-
doped BaFeyAs, systems in Fig.4.8 [43]. In the La-1111 system, replacing O atoms
for F atoms, the electron-carriers are doped. In the undoped and underdoped regions
with the F-substitution below 4.5 %, superconductivity does not appear. Instead, in
the non-superconducting region, the structural transition from tetragonal (space group
P4 /nmm) to monoclinic (space group P112/n) [44] and antiferromagnetic ordering have
been reported [44,45]. Above 4.5 %, the structural and antiferromagnetic transitions
disappear and the superconducting phase appears. In the Ba-122 system, the parent
compound BaFe;As, shows antiferromagnetic order with the structural transition from
tetragonal to orthorhombic structure at the temperature Ty, 7T = 135K, while the
superconductivity does not appear in the low temperature region. With increasing
electron doping (Co substitution for Fe atoms) [46], hole doping (K substitution for
Ba atoms) [47], or isovalent substitution (P replacement for As atoms) [48], Ts and Ty

are suppressed and the dome-shaped superconducting phase appears. In these systems,
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Figure 4.8: Phase diagram of (a) F-doped La-1111 system [42] and (b) P-doped Ba-122
systems [43]. The superconducting phases are located near the SDW phases. In the 122
systems, the electronic nematic phase transition has been reported above T} [43,49,50].
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electronic nematic phase transitions above Ty and T have been reported, as shown in
the phase diagram of the BaFe,(As, P), system (Fig.4.8(b)) [43,49,50]. In the nematic
phase, the symmetry of the electronic structure spontaneously breaks the rotational
symmetry of the crystal structure. In these systems, the superconducting phases are
located in the vicinity of the SDW phase.

However, the substituted FeSe system is strikingly different from typical iron-based
superconductors in some points as shown in the phase diagram of S-doped FeSe sys-
tem (Fig.4.9(c)) [51]. Firstly, the parent compound FeSe shows a superconductivity
with T, ~ 8 — 9 K, unlike the non-superconducting parent compounds LaFeAsO and
BaFe;Asy. With increasing the sulfur concentration x, T, slightly goes up to ~ 10.5
K around the optimal doping level z ~ 0.08, and after that, starts to decline. Sec-
ondly, no antiferromagnetic order has been reported down to 7' = 0 K at ambient
pressure, while the structural transition from the tetragonal to the orthorhombic phase
and the nematic transition at around 90 K occur, as discussed in the previous section.
The nematic transition temperature 7T, monotonically decreases with increasing the S-
doping level, and completely vanishes at around x ~ 0.17. It has been reported that
the nematic susceptibility is divergently enhanced at the point z ~ 0.17, as shown in
Fig.4.9(c). This result indicates that a nematic quantum critical point (QCP) is lo-
cated at x ~ 0.17, where the nematic fluctuation are diverging toward 7" — 0 K. In 122
systems, the nematic phases have been also reported, however, they are located in the
vicinity of the SDW phase and the SDW QCP [52]. Since the magnetic order is absent
unlike most of iron-based superconductors, FeSe is a unique platform to investigate the

relationship between the superconductivity and the non-magnetic nematic QCP.

38



Xnem
500

400

300

200

100

0 '4Tb 80 120 0.00 0.05 0.10 0.15 0.20
emperature (K) Sulfur content x

Figure 4.9: (a),(b) Temperature dependence of resistivity p and the differential dp/dT
in FeSe; .S, single crystals with different x, respectively. The arrows indicate the ne-
matic (structural) transition temperature Ty estimated from the inflection point. (c)
Phase diagram of FeSe; .S, obtained from the resistivity and nematic susceptibility
data. Temperature dependence of the nematic transition (7, green diamonds) and
the superconducting transition temperature (7, orange circles) determined by the zero
resistivity criteria. The magnitude of the nematic susceptibility Xpem in the tetragonal
phase is superimposed in the phase diagram by a color contour. The nematic transi-
tion temperature Ty monotonically decreases with increasing the S-doping level, and
completely vanishes at around x ~ 0.17, where Yuem is strongly enhanced. This result
indicates that a nematic QCP is located at z ~ 0.17 [51].
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4.5 Superconducting gap structure in FeSe

Scanning tunneling spectroscopy (STS) is a powerful probe to investigate the de-
tailed superconducting-gap structure, since the taken tunneling conductance df/dV is
proportional to the local density of states (LDOS).

Figure4.10(a) shows the tunneling conductance spectrum in the superconducting
state [37]. Distinct peaks and shoulder structures in the spectra indicate the presence
of (at least) two superconducting gaps (A; ~ £2.5 meV and Ay ~ £3.5 meV), reflecting
the multigap nature. The ratios 2A/kgT, are 6.4 for A; and 9.0 for Ay, much larger
than the value in the BCS limit, indicating strong pairing interactions. This result is
consistent with the specific heat measurements in which large specific heat jumps are
observed at T, [53-55].

The V-shaped spectrum at low bias voltages indicates the presence of line nodes,
which is consistent with previous STS observations in the ultraclean thin film with an
impurity level of less than 1/70,000 Fe atoms [56]. Recently, our thermal conductivity
measurements on the ultra clean single crystals have also reported a finite residual ther-
mal conductivity ko/T at T — 0, which comes from low-energy quasiparticle excitation
near the line nodes [37] (Fig.4.10(b)).

However, there are several reports which suggest nodeless structure, probed by
muon-spin-rotation [57], specific heat [53,55], thermal conductivity [58,59], and STS
measurements [55,60]. These results indicate that the line nodes are easily lifted by
small amounts of impurities, i.e., are not symmetry-protected. Moreover, we have also
reported that twin boundaries (TBs), the interfaces between two neighboring crystal-
lographic domains, lift the superconducting-gap nodes even in the ultraclean samples
due to the time-reversal symmetry breaking (TRSB) effect, as will be discussed in the
following section [61].

To be summarize, ultraclean FeSe is a multi-gapped extended s-wave superconduc-
tor with accidental line nodes; however, they are easily lifted by impurities or twin

boundaries.
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Figure 4.10: (a) STS spectrum at 7' ~ 0.4 K. The peaks at A; ~ £2.5 meV (arrows)

and shoulder structures at Ay ~ £3.5 meV (dashed arrow;

s) indicate multiple supercon-

ducting gaps [37]. (b) Temperature dependence of the in-plane thermal conductivity

divided by temperature, x/T. Arrow marked 7T, indicat
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T = 0 leads to a finite residual thermal conductivity o/
nodes [37].
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4.6 Pressure effect

Pressure effects on FeSe have attracted significant interest, because it shows a complex
phase diagram with respect to pressure and 7 is dramatically enhanced under pressure,
unlike other iron-based superconductors [62-68].

Fig.4.11(a),(b) show the temperature dependence of resistivity under pressure and
Fig.4.11(c) is the T-P phase diagram in FeSe obtained from the results in Fig.4.11(a)
and (b) [68]. At ambient pressure, the structural and nematic transition occurs at
Ty ~ 90 K and the resistivity goes to zero due to the superconducting transition at
T. ~ 9 K. The nematic phase is suppressed by the applied pressure and completely
disappears at around ~ 2 GPa. What is interesting is that another kink anomaly
appears in the resistivity in the normal state above 1.63 GPa, indicating the pressure-
induced magnetic order at 7T,,, while at ambient pressure no magnetic transition has
been observed down to 0 K. The magnetic order has been corroborated by the recent
quantum oscillation measurements under pressure; the Fermi surface reconstruction due

to the antiferromagnetic transition has been observed [69,70]. The spin density wave
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Figure 4.11: (a),(b) Temperature dependence of the resistivity in clean FeSe single
crystals under high pressure. The structural and nematic (7%), antiferromagnetic (7,),
and superconducting transition temperatures (T,) are marked by the blue, green, and
red arrows, respectively. (c¢) Temperature-pressure phase diagram of bulk FeSe. [68].
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(SDW) phase exhibits a dome-shaped pressure dependence with the maximum 7, ~ 45
K at 4.8 GPa. The pressure dependence of T, shows nearly step-like enhancements at
~ 2 GPa (~ 10 — 20 K) and ~ 6 GPa (~ 20 — 38.5 K), which are close to the two
ends of the dome-shaped SDW phase. This result indicates that the superconductivity
in FeSe is intimately correlated with the magnetism. The highest superconducting
transition temperature is T, = 38.5 K at 5.8 GPa, more than four times larger than the
value at ambient pressure.

The measurements were conducted on clean single crystals grown by the vapor
transport method. Similar behavior also appears in the self-flux samples and powder

samples [62,65,66].

4.7 Mono-layer FeSe thin film

Among the bulk systems of iron-based superconductors, the reported highest super-
conducting transition temperature is 7. ~ 55 K in SmFeAsOgoF; [9]. On the other
hand, recent experiments have revealed that the T, values can be well above 60 K in
single-layer FeSe on SrTiOj substrate [10-12].

Fig.4.12(a) is the symmetrized energy distribution curves (EDCs) for the electron-
like Fermi surface near the M point at different temperatures in the single-layer FeSe,
taken by angle-resolved photoemission spectroscopy (ARPES) measurements. In the
low-T spectra, pairs of superconducting coherence peaks appear, and the suppression
of density of states due to the superconductivity is observed around the Fermi energy.
Remarkably, this behavior still remains at 65 K, indicating extremely high-7. in the
mono-layer FeSe thin film. The size of the superconducting gap can be estimated from
the ARPES spectra. Fig.4.12(b) is the temperature dependence of the energy gap size.
The finite gap exists up to 7. ~ 65K, and the extrapolation of the A(T") curve to T — 0
gives rise to A(0) ~ 19meV, which is more than five times larger than the one in the
bulk [12].

Scanning tunneling spectroscopic (STS) measurements have also confirmed the ex-

tremely large energy gap of the one-layer FeSe. The STS spectrum taken at T'= 4.2 K

43



is shown in Fig.4.12(c) [71]. The pair of coherence peaks implies that the anomalously
large superconducting gap A ~ £15 meV is opening. STS spectra in the superconduct-
ing state provide important information about the gap structure. The taken spectrum
has a completely flat region with the zero conductance around the Fermi energy, indi-
cating a fully-gapped plane s-wave superconductor.

The diamagnetic response under a magnetic field, i.e., the Meissner effect, can
strongly corroborate the superconductivity. Fig.4.12(d) is the temperature dependence
of the Meissner signal of the single-layer FeSe, taken by the mutual inductance mea-
surements, and a clear Meissner effect is observed below T, = 65K [72].

The ARPES measurements have revealed that the single-layer FeSe is strikingly
different from the bulk FeSe in terms of the Fermi surface structure. Fig. 4.12(e) is the
Fermi surface of the monolayer FeSe sample. The hole cylinder at the I" point is absent,
and the Fermi surface consists of only the electron-like cylinder around the M point in
the single-layer FeSe [10], while in bulk FeSe single crystals, one hole pocket at the T'-
point and one (or two) electron pocket(s) exist, as will be discussed in the later sections.
The strong deviations in the Fermi surface structures originate from the electron-like
carrier doping from the SrTiOj3 substrate, which is crucial for the emergence of high-T.,
superconductivity in the FeSe thin films. In fact, it has been reported that with low
carrier concentrations the one-layer FeSe film is insulating, however, with increasing
carrier density, the insulating gap shrinks and closes, and instead the superconducting
gap appears, as shown in Fig.4.12(f) [73].

The carrier doping effect has also been investigated in a K-doped three monolayer
FeSe system [74]. Electron-like carriers are doped by depositing K-atoms on the bare
three monolayer FeSe, which does not exhibit superconductivity, and they have suc-
ceeded in inducing high-7, superconductivity, with the maximum transition tempera-
ture 77"* ~ 50 K. In addition, similar 7, enhancement has been reported in FeSe film

with an electric double-layer structure [75].
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Figure 4.12: (a) Symmetrized EDCs for the electron-like Fermi surface near the M point
at different temperatures in the single-layer FeSe, taken by ARPES. Up to T, ~ 65K,
the suppression of density of states due to the superconductivity is observed around
the Fermi energy. (b) Temperature dependence of the energy gap size estimated from
the ARPES spectra in (a) [12]. (c) STS spectrum of the mono-layer FeSe at T =
4.2 K. The anomalously large superconducting gap A ~ +15meV is observed. The
completely flat region at the bottom of the spectrum indicates a fully-gapped plane
s-wave superconductor [71]. (d) Temperature dependence of the Meissner signal of
the single-layer FeSe taken by the mutual inductance measurements (red line) [72].
The black line represents the background which comes from the Nb-doped SrTiOs;
substrate. (e) Fermi surface structure of the single-layer FeSe superconductor revealed
by the ARPES measurement. In stark contrast to the bulk FeSe, the hole cylinder at
the I' point is absent and the Fermi surface consists of only the electron-like cylinder
around the M point in the single-layer FeSe [10]. (f) Phase diagram of the single-layer
FeSe as a function of the carrier concentration x. There is a crossover from insulator
to superconductor at x. ~ 0.089. Increasing the carrier concentration above x., the
superconducting gap and the transition temperature 7T, are significantly enhanced [73].

45



5 Time-reversal symmetry breaking
superconducting state around twin

boundaries in FeSe

Although we introduced several prominent properties of FeSe in sec. 4, there are still
more remarkable electronic and superconducting features in FeSe. The first one is the
time-reversal symmetry broken (TRSB) superconducting state around twin boundaries
(TBs), and the second one is the comparable scale of the Fermi and the condensation
energies, indicating BCS-BEC crossover. As for the second feature, we will discuss it
later in sec. 6. In this section, we report the possible TRSB superconducting state near
the TB interfaces, revealed by our scanning tunneling microscopy (STM) and scanning

tunneling spectroscopy (STS) measurements [61] (Main work No.2).

5.1 Introduction

When two superconductors are in close proximity, they are influenced by each other
via the tunneling of Cooper pairs. The Cooper pair tunneling results in the flow of
a superconducting Josephson current which has been studied for decades and is used
in various superconducting quantum devices [76]. The Josephson current is governed
by the phase difference of the order parameters of the two superconductors. Therefore,
Josephson junctions consisting of unconventional superconductors, where the supercon-
ducting order parameter changes its sign depending on the momentum direction, serve
as a unique platform where novel phase-related phenomena, e.g., spontaneous formation
of half-flux quanta in a trijunction of cuprate superconductors [77], take place. Com-
pared to the well-investigated Josephson currents, the spatial and energy dependence

of the superconducting order parameter and quasiparticle states around these junctions
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Figure 5.1: (a) Schematic top view of the atomic arrangement near the TB of FeSe
(not in scale). Green filled circles and orange open circles denote the topmost Se
and Fe atoms, respectively. Se atoms beneath the Fe layer are not shown. (b) A
constant-current STM image (150 x 150 nm?) of the cleaved (001) surface of FeSe at
1.5 K showing the TB running from bottom left to top right. Crystallographic axes
parallel to the Fe-Fe direction are shown by white arrows (b > a). The two insets
show a magnified image of the defect (8.8 x 8.8 nm?) in the upper-left and lower-right
domain. Note that the pattern is rotated by 7/2 between the two domains. (c) Zero-
bias conductance image g(r, F = 0) at 1.5 K showing vortices. A magnetic field of 1 T
is applied along the ¢ axis. The field of view for (b) and (c) is the same [61].

remain to be understood.

STM and STS are powerful probes to visualize the spatial evolution of the electronic
states in superconductors. However, STM or STS studies on superconducting junctions
made of unconventional superconductors are still demanding. One of the reasons is
that it is often challenging to artificially fabricate well-defined junctions of unconven-
tional superconductors. In this study, we found that TBs act as atomically well-defined

junctions in FeSe and investigated the superconducting properties around TBs.

5.2 Twin boundary in FeSe

The TB is a crystallographic plane in a crystal shared by two neighboring domains
with one being the mirror image of the other. The TBs are often formed by a tetragonal-

to-orthorhombic structural phase transition, which reduces the fourfold (Cy) symmetry
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at high temperatures to twofold (Cy) symmetry at low temperatures. In such a case,
the orthorhombic crystal may contain the TBs parallel to the (110) plane. In FeSe, The
tetragonal-to-orthorhombic structural phase transition occurs at T, ~ 90 K and the TBs
are spontaneously formed in the orthorhombic phase, as illustrated in Fig.5.1(a).
Fig.5.1(b) depicts an STM image of the cleaved surface of a FeSe single crystal at
temperature 7' = 1.5 K. There is a shallow groove running along the [110] direction
of the Fe lattice, across which the unidirectional feature around the point defect is
rotated by m/2, indicating that the groove represents the TB. We also observe that
the elongated vortex cores, which are imaged by the conductance map at the Fermi
level (g(r,E = 0) = dI/dV(r,E = 0)) in a magnetic field, are rotated by /2 across
the TB (Fig.5.1(c)). What is intriguing is that the vortices trapped at the TB are not
elongated along the TB, demonstrating that the critical current density across the TB
is comparable to that of the bulk. This result strongly indicates that in FeSe ideal

junctions are formed by TBs.

5.3 LDOS across the TBs

We examine the evolution of the local density of states (LDOS) across the TB
by taking a series of g(r, F) along the line depicted in Fig.5.2(a). Here and in the
following, we are interested only in the evolution of g(r, E') along the z-axis running
perpendicular to the TB, leaving the y-coordinate constant, hence, g(z, E'). Fig.5.2(b)
shows an intensity plot of g(r, E). Individual spectra taken at representative points
are depicted in Fig.5.2(c). At the position far away from the TB (I), g(7, E) exhibits
nodal multigapped superconducting structure with gap sizes Ay ~ £2.5meV and A, ~
+3.5meV, which is consistent with the results in Fig.4.10(a) [37]. Even right at the
TB (III), the residual LDOS at E = 0 is negligibly small, indicating that the TB
hardly gives rise to a pair-breaking effect. In the vicinity of the TB, the coherence
peak and the shoulder associated with the superconducting gap diminish, and instead,
sharp particle-hole symmetric peaks appear at ' ~ +1.5meV. It is important to note

that the spatial evolution of the spectrum does not accompany the smooth change in
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the coherence-peak energy; instead, the 1.5 meV peak coexists with the 2.5 meV peak
in the crossover region (II). This means that the 1.5 meV peak is not caused by the
suppression of the superconducting gap due to the TB, but represents the bound state
generated by the TB. The 1.5 meV peak is observed over about 5 nm from the TB,
which is close to the “averaged” in-plane coherence length &, ~ 4.5nm obtained from
the upper critical field He(|| ¢)~ 17T [37].

Another interesting observation is that low-energy quasiparticle excitations are sup-
pressed over very long distances from the TB. High-resolution g(r, E') spectra at the
positions of (I), (IT), and (III) are plotted in Fig.5.2(d). While the overall V-shaped
behavior is maintained, the exact shape near the bottom of the gap depends on the po-
sition. In order to examine this behavior, we fit an empirical power law g(r, E) o< |E|*
to the low-energy (| F| < 0.5 meV) spectra and plot the exponent « as a function of the
distance from the TB at z = 0 (Fig.5.2(e)). Except when close to the TB (|z| g &),
where the 1.5-meV peaks dominate, a increases gradually with decreasing x by about
~ 40 %. This implies the suppression of the low-energy quasiparticle excitations, most
probably due to the opening of a small gap induced by the TB. The salient feature is
that « continues to change even at || > 10, (= 50 nm), indicating an unexpectedly
long-distance influence of the TB.

The long-distance TB effect on the LDOS can be seen in a more dramatic way in
two junctions in series formed by two TBs. As shown in Fig.5.3(a), we find an area
where two TBs are running parallel to each other. The distance between the TBs is
34 nm, which is about 7 times larger than &,. Fig.5.3(b) shows the spatial evolution
of g(r, E) across the double TBs. Individual spectra at the representative points are
plotted in Fig.5.3(c). The overall spectral features, the 2.5 meV peak, the 3.5 meV
shoulder, and the 1.5 meV peak observed near a single TB are all reproduced (positions
(I), (IT), and (III)). However, the low-energy spectrum taken inside the central domain
(position (IV)) shows a striking anomaly that is absent in the case of a single TB.
Fig.5.3(d) depicts g(r, E) spectra at low energies. It is clear that, in between the
double TBs, there is a finite energy range where g(r, F') is almost completely zero. The

noticeable difference of the gap structure between inside and outside the central domain
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is clearly seen in Fig.5.3(e), which shows the exponent « plotted as a function of the
distance from one of the TBs; « is strongly enhanced in the central domain and peaks
at the middle of the domain. The large power a ~ 4, which is about 3 times larger
than the values at large x, is essentially indistinguishable from an exponential energy
dependence. This apparent large power again corroborates the finite gap opening in

the excitation spectrum of the quasiparticle.
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Figure 5.2: (a) Constant-current STM image (180 x 90 nm?) at 1.5 K near a TB.
(b) Intensity plot of g(r, E = 0) along the yellow broken line in (a). Spectroscopic
measurements are done at the lowest temperature 7'= 0.4 K. (¢) Tunneling spectra at
the representative points indicated in (a). Positions (II) and (IT’) are symmetric about
the TB. (d) High-resolution tunneling spectra at low E taken at the same positions
as for (¢). Open symbols and solid lines denote experimental data and fitted results,
respectively. Apparent kinks are observed at ~ £0.5 mV regardless of the position.
The origin of these features is unclear. The fitting is made below this energy scale.
Spectra shown in (c¢) and (d) are shifted vertically for clarity. (e) The exponent «
(9(r, E) < |E|") determined from the fit to the experimental data in the range of |E| <
0.5 meV plotted as a function of the distance from the TB. The vertical black dashed
lines in (b) and (e) denote the position of the TB [61].
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Figure 5.3: (a) A constant-current STM image (180 x 90 nm?) at 1.5 K around double
TBs. (b) Intensity plot of g(r, E = 0) along the yellow broken line in (a). Spectroscopic
measurements are done at the lowest temperature T = 0.4 K. (c¢) Tunneling spectra
at the representative points (I)-(IV) indicated in (a). (d) High-resolution tunneling
spectra at low E taken at the same positions as for (c¢). Open symbols and solid lines
denote experimental data and fitted results, respectively. Spectra shown in (¢) and (d)
are shifted vertically for clarity. At the position (IV), there is a finite region where the
conductance is almost completely zero, indicating that the line nodes are completely
lifted between the double TBs. (e) The exponent « (g(r, E) o |E|") determined from
the fit to the experimental data in the range of |E| < 0.5 meV plotted as a function
of the distance from the TB. The red solid line denotes the data of the single TB, for
reference [61].
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5.4 Possible TRSB SC state around TB

The above observations, the TB-induced bound states at finite energies and the
suppression of the low-energy quasiparticle excitations over a length scale much longer
than &,p, suggest a novel role of the TB in an unconventional superconductor. In order
to understand the origin of these anomalies, it is important to examine the structure
of the gap node in momentum space.

The existence of the line nodes along the ¢ axis, which is consistent with the strong
in-plane anisotropy observed in the superconducting state, such as an elongated vortex
core in Fig.5.1(c), is confirmed by the taken STS spectra. The Fermi surface of FeSe
consists of one hole and one (or two) electron pockets (see sec. 6), and the supercon-
ducting gap opens on each surface. Now we assume that the line nodes appear on the
electron cylinder and the gap on the hole cylinder is fully opened. Although it is still
controversial which cylinder has the line nodes, the following discussion applies not only
for this particular case but also for other cases. In this case, there are two possible phase
structures for the symmetry of the superconducting gap across a TB, as schematically
illustrated in Fig. 5.4, where the global phase of the superconducting gap is either fixed
to the crystallographic axis (Fig. 5.4(a)) or flipped across the TB (Fig. 5.4(b)).

The assumed gap structure can be separated into the 4-fold symmetric nodal gap
component Ay, and the isotropic fully-gapped component A, as shown in Fig.5.4.
We note that the sign of either Ayy or Ay, is reversed between the two domains in
Figs. 5.4(a) or 5.4(b), respectively. This means that the amplitude of at least one of the
gaps vanishes at the TB, giving rise to the zero-energy quasiparticle state that should
appear as a zero-energy peak in g(r, F).

The observed bound state peak at £1.5meV apparently contradicts this conjecture
and suggests instead that the TB induces an additional gap component that shifts the
position of a zero-energy peak to a finite energy. We point out that, as long as the
induced gap is real, the sum of the bulk gap and the TB-induced gap reverses its sign
at a finite distance from the TB and still gives rise to a zero-energy peak. However,

as shown in Fig.5.2(b), we do not observe a zero-energy peak in ¢(r, E) over more
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Distance from the TB Distance from the TB

Figure 5.4: Schematic illustration of the phases of the superconducting gaps across the
TB shown by the red line. Top panel represents the iron lattice near the TB together
with the momentum-space phase structure of the superconducting gaps opening at mul-
tiple Fermi cylinders, a hole cylinder at the center, and electron cylinders at the corner
of the Brillouin zone (black broken square). Crossing a TB, the electronic structures
are rotated by 7 /2. Different colors (red and blue) denote different signs of the phase.
We assume that the gap node exists on the electron cylinder and the sign reversal is
between the main lobe of the gap on the electron cylinder and the gap on the hole
cylinders, but the argument given in the text applies not only for this particular case
but also for other cases. There are two possibilities: the phase structure is either fixed
to the lattice (a) or flipped across the TB (b). In the former case, the nodal component
A4y should change its sign across the TB, whereas the sign of the isotropic component
Ajso (either due to the fully gapped Fermi cylinder or associated with the Cy symmetry
of the nodal gap) should be reversed in the latter case. [61].
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Figure 5.5: (a) Model order parameter Ay, with a TB located at x = 0. To take
account into the TRSB effect around the TB, we introduced the imaginary component
Im[Ayg]. (b),(c) Calculated LDOS spectra in the bulk (I), at x = 3¢ (II), and on
the TB (III). The red solid and dashed arrows denote the bulk superconducting gap
energies |A| = A‘Z};Ik + Ajgo, respectively. In the vicinity of the TB, the bound states
with finite energies £ ~ £0.4A, appear (blue arrows). (d) A model order parameter
Ay with a TB located at @ = £3.5¢. (e),(f) Calculated LDOS spectra in the bulk
(I), at = = 7& (II), on the TB (III), and at the middle point between the double TBs
(IV). The low-energy excitations are strongly suppressed in the region separated by the
double TBs [61].

than 100 nm from the TB. Thus, we speculate that the induced gap has an imaginary
component, which means that time-reversal symmetry is locally broken near the TB.
In such a case, bound state peaks are located at finite energies E = +A cos(d¢/2)
because the phase shift d¢ on the TB is reduced from 7 [78,79]. Here, A is the
amplitude of the superconducting gap. The possibility of the TB-induced time-reversal-
symmetry-broken state has been argued for d-wave YBayCuzO7_s with a small s-wave
component [80], and the splitting of the zero-energy peak has been argued theoretically
as well [81-83]. However, experimental observations are still lacking.

Taking into account the Cy symmetry, the nodal gap, and the broken time-reversal
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symmetry near the TBs, we performed a theoretical calculation with a minimal model.
Fig. 5.5 is the results of the calculation. The details of the procedures appear in Ref. 61
and 80. Asshown in Fig. 5.5(a), when the imaginary gap component Im[A,] is induced
around the single TB, the gap amplitude |A,,| remains finite even just on the TB, al-
though the real component Re[Ayy] crosses zero. Therefore, no zero-energy bound state
appears in the calculated spectra in Fig.5.5(b) and (c). Alternatively, the spectrum
at the TB exhibits a sharp peak structure at £ ~ 4+0.4A,, which corresponds to the
bound states whose energies are shifted from £ = 0 due to the time-reversal symmetry
breaking in Ayy. In Fig.5.5(c), we show the LDOS at lower energy scales. The clear
V-shaped LDOS in the bulk (I) changes to the U-shaped LDOS upon approaching the
TB. The low-energy LDOS is finite in the vicinity of the TB, (II) and (III), because
low-energy quasiparticles with momenta along the nodal directions of the bulk gap can
linger over long distances and reach the TB, even though the local gap does not van-
ish near the TB where Im[A,,] # 0. We also revealed that when the time-reversal
symmetry is broken, the order parameter around the TB changes with another length
scale §~ , which is much longer than the coherence length £ [61,80]. These features are
in good agreement with the experimental data of the single TB shown in Fig.5.2. We
also calculated the LDOS for double TBs in Fig.5.5(d)-(f). They are separated by the
interval distance d = 7€, as they were in the experimental data. We note that a clear
energy gap extending over |E| < 0.1A appears in the calculated spectrum between
the double TBs (position (IV)), which is consistent with the strong suppression of the
LDOS between TBs observed in our STM and STS measurements in Fig. 5.3. The ori-
gin may be in a sort of interference effect, i.e. the bulk low-energy quasiparticles cannot

penetrate into the region between the double TBs.

26



5.5 Summary

We report on the visualization of the atomic scale variation of the quasiparticle
states of the nodal superconductor FeSe near TBs that enforce a sign inversion of the
superconducting gap. In contrast to the expectation that the sign inversion generates
a zero-energy quasiparticle bound state near the TB, the TB-induced quasiparticle
states are not at zero but at finite energies £ ~ +1.5meV. Moreover, the low-energy
excitation spectrum is affected by the TB over an extremely long distance, which is
a few tens of times larger than &,,. An even more dramatic change in the low-energy
spectrum is detected in the region between double TBs separated by a distance ~ &,
where the quasiparticle weight near the Fermi energy is almost completely removed in
the energy range |E| < 0.2meV. These observations are qualitatively reproduced by a
phenomenological model that assumes that the TB induces locally a superconducting

state that breaks time-reversal symmetry.
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6 BCS-BEC crossover in FeSe

Since the proposal of the BCS theory by Bardeen, Cooper and Schrieffer, there have
been a number of theoretical works which suggest that the transition in the supercon-
ducting state can be considered as a sort of Bose-Einstein condensation (BEC), i.e.,
these two paradigms, BCS and BEC, are not distinct and can be understood from a
unified standpoint [14-20]. In the BCS-BEC crossover region, the pairing size is on
the order of the mean interparticle space, &pair = k;l, and unique quantum condensed
states have been theoretically predicted due to the strong interaction between Cooper
pairs. The BCS-BEC crossover has hitherto been realized experimentally in ultracold
atomic gases. On the other hand, in solids, almost all superconductors are in the BCS
regime, where the superconducting gap energy A is usually several orders of magnitude
smaller than the Fermi energy ep: Ajep ~ 1/kpé < 1, and it has thus been extremely
difficult to access the crossover regime.

In this section, we will report the extremely small Fermi energies €5 of the iron-based
superconductor FeSe revealed by our QPI, Seebeck, and penetration depth measure-
ments. Combining the SdH and ARPES results with our data, we will discuss the
detailed electronic structure of FeSe. We found that the superconducting gap sizes A
are comparable to e, indicating that FeSe is located in the BCS-BEC crossover region.
Moreover, our thermal-conductivity measurements give evidence of a distinct phase line
below the upper critical field (B-phase), where the Zeeman energy becomes comparable

to ep and A [37].

This section includes the data of my main works (Main work No.3).
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6.1 Extremely small Fermi energy in clean FeSe sin-

gle crystal

6.1.1 Quasiparticle interference (QPI)

We can determine the electron and hole Fermi energies directly by measuring the
electronic dispersion curves in momentum space, yielding the Fermi energies €% =
Er — Egp (e% = Eyr — Ep) for the electron (hole) band. Here Exr (Egp) is the
energy of the bottom (top) of the electron (hole) band and Ep is the electrochemical
potential. For this assignment, we exploited spectroscopic-imaging scanning tunneling
microscopy to observe the quasiparticle interference (QPI) patterns associated with
electron waves scattered off by defects.

Interference between the incident and reflected waves around impurities or defects
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Figure 6.1: (a),(b) QPI dispersions at 12 T obtained by taking linecuts from the energy-
dependent Fourier-transformed normalized conductance images in Fig. 6.2 along ¢, and
¢a (a < b), respectively. Peak positions of the representative branches are fitted with
a parabolic function to obtain the Fermi energies and effective masses (solid lines).
The top (bottom) of the hole (electron) band Enr (Egp) is indicated by a white bars.

Expected intraband scattering vectors detected by ARPES [84] are plotted in (a) by
yellow circles.
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Figure 6.2: Energy-dependent QPI patterns at 7' = 1.5 K and poH = 12T. Scan area is
45 nm x 45 nm. (A-C) Normalized conductance, dI/dV (V/I), images of the occupied
states at V.= — 15 mV (A), —30 mV (B), — 50 mV (C). (D-F) Fourier transform of
the images shown in AC. (G-I) Normalized conductance images of the empty states at
V = +15mV (G), +30 mV (H), +50 mV (I). (J-L) Fourier transform of the images
shown in G-I.

results in the formation of standing waves and the spatial modulation of the density
of states, which can be directly imaged in the STM topographic maps or the differen-
tial conductance maps obtained by spectroscopic imaging STM [85,86]. By taking the
Fourier transform of these images, we can obtain interference patterns in the reciprocal
space (g-space), which include important information about the electronic structures,
such as band dispersions and Bogoliubov quasiparicle information in the superconduct-
ing state [87-90].

Previously, we have reported the QPI effect and determined the band dispersion in
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FeSe. Fig.6.2 shows the normalized conductance (dI/dV (V/I)) map and the Fourier
transform of it. By taking the Fourier transform of the dI/dV (V/I) images, charac-
teristic wave vectors of electrons at different energies reflecting the band dispersion
can be determined. The observed QPI patterns of FeSe at 1.5 K consist of hole- and
electron-like branches that disperse along the crystallographic b and a(< b) directions,
respectively. These branches in g-space can be ascribed to the hole and electron sheets
in k-space illustrated in Fig. 6.4(c). The QPI signals exhibit a strong in-plane anisotropy
caused by the orbital ordering in the nematic phase [38], as discussed in sec 4.1.3. Such
an anisotropy is consistent with the largely elongated vortex core structure [56].

As shown in Fig.6.1(a) and (b), full dispersion curves of hole- and electron-like
branches are clearly identified by taking linecuts from the series of Fourier-transformed
conductance images in Fig.6.2. To primarily suppress superconductivity, we applied a
magnetic field pugH = 12T parallel to the c-axis. Here, the top of the hole branches
(bottom of the electron branch) corresponds to the Fermi energy of the hole (electron)
pocket and then we obtain the extremely small Fermi energies, % ~ 10meV for the
hole band and €% ~ 2 — 3meV for the electron band, respectively. When we assume a

. . . 21.2 2,2 21.2 2 2
parabolic dispersion E¢(k) = L — e = L& —c¢ (EM(k) = el — L = ch — L0 for

the electron (hole) band, we obtain the effective masses 2.5m, (3.5m,).

6.1.2 SdH measurements

The high quality of FeSe single crystals grown with the vapor transport method allows
quantum oscillations to be observed. Several Shubnikov-de Haas (SdH) measurements
on the ultra-clean FeSe single crystals have been performed in dc fields [91] and in
pulsed fields [40,92].

Fig.6.3(a) shows the field dependence of the resistance of FeSe up to 35 T at T' =
40 mK. The magnetic field is applied parallel to the c-axis. Above Hep ~ 16T in the
normal state, an SAH oscillation with finite amplitude appears in the resistance. Fourier
transforms of the oscillation vs. F cosf, where 6 is the field direction measured from
the crystallographic c-axis, are shown in Fig.6.3(b). Four fundamental branches «, 3,

v, and § (the 2 and 2/ frequencies are the second harmonics) with small frequencies
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Figure 6.3: (a) Resistance R (left axis) and normalized quantum oscillation signal
Rosc/ Rbackgromnd (right axis) as a function of B, taken at 7' = 0.04 K. (b) Fourier trans-
forms of SdH oscillations in inverse-field 1/B vs. Fcosf. Four fundamental SdH
branches, a-d, appear. 2a and 23 correspond to the second harmonics of o and S,
respectively [91].

F', well below 1 kT, are observed. This result indicates the small cross-sectional areas
of the corresponding Fermi surfaces A which cover only 0.2-2.3% of the 1st Brillouin
zone, as shown in Table6.1. The effective masses m*, estimated from the temperature
dependence of the oscillation amplitudes, are 1.9 — 7.2m,. When we assume circular

orbits, the Fermi energy Fr and cross-sectional areas of the Fermi surface A are given

by

h2k?
Ep=_—F 1
E 2m* <6 )
2mel’

where kp is the Fermi momentum. We note that the obtained Fermi energies, Er =
3.6 — 18 meV, are extremely small compared with conventional metals with Ep ~ 103 —
10* meV.

In Ref. 37, we have also confirmed the extremely small Fermi energies in FeSe by
other bulk probes, such as the penetration depth and Seebeck coefficient.

Now, we switch to the Fermi surface structure. Fig.6.4(a) and (b) are the band
structure and Fermi surfaces in the orthorhombic phase predicted by first-principles

calculations, respectively. According to the calculations, all of the 3d-orbits cross the
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Fermi energy and the Fermi surface consists of two electron cylinders at the M point
of the BZ zone and three hole cylinders at the I' point, similar to most iron-based
superconductors [93-95].

According to Ref.91, the angular dependence of the SAH frequencies has revealed
that the o and (8 frequencies are from the minimal cross-sections, while v and ¢ are
from the maximal ones. This result suggests that only one electron Fermi surface
around the M point and one hole Fermi surface around the I' point exist. Moreover,
according to recent SAH measurements in pulsed fields up to 90 T [40,92], it has been
suggested that a nontrivial Berry phase exists, implying one additional Dirac-like tiny
electron pocket with high carrier mobilities around the M point. As a result, the
experimentally determined Fermi surface of FeSe strongly deviates from the predictions

of the calculations, as shown in Fig. 6.4(c).

63



Table 6.1: From left to right, SAH frequencies, effective masses, orbit areas A, Fermi
momenta, and effective Fermi energies of each branch (o — §) in FeSe, experimentally
determined by the SAH measurements [91]. m, is the free electron mass.

—1

Branch F (kT) */me A (%BZ) krp (A7) Ep (meV)
) 0.06  1.9(2) 0.20 0.043 3.6
3 0.20  4.3(1) 0.69 0.078 5.4
v 0.57  7.2(2) 2.0 0.13 9.1
) 0.68  4.2(2) 2.3 0.14 18

(a) (b)

.

(c) o
X electron
Dirac Ohole Dirac
° I ° °

Figure 6.4: (a),(b) Band structure and Fermi surfaces in the orthorhombic phase pre-
dicted by first-principles calculations, respectively. All five 3d-orbits cross the Fermi
energy and the Fermi surface consists of two electron cylinders at the M (Y) point of
the BZ zone and three hole cylinders at the I' point [91]. (c¢) Experimentally deter-
mined Fermi surface by the SAH measurements in Ref. [91] (dc field) and Ref. 40 and
92 (pulsed field). The Fermi surface of FeSe consists of one hole cylinder at the I' point
and one electron cylinder with one tiny Dirac-like electron pockets at the M point.
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6.1.3 Orbital ordering in FeSe

In the previous sections, we discussed the extremely small Fermi energies and the
Fermi surfaces which show a strong deviation from the first-principles predictions.
Moreover, the band dispersions obtained by QPI (Fig.6.1) and the vortices imaged
by SI-SIM (see Fig.5.1(c) and Ref.56) exhibit the large in-plane anisotropy. Below
T,, the crystal structure is orthorhombic, however, the distortion is at most 0.3%
(Fig.6.5(b)) [38]. Hence, it may be natural to consider that the anomalously large
in-plane anisotropy in the electronic system originates from the electronic nematicity
rather than the small crystal orthorhombicity. In the electronic nematic state, the elec-
tronic system spontaneously breaks the rotational symmetry. In fact, the emergence
of nematic fluctuations above T, has been experimentally reported, such as by Young’s
modulus [96], Raman spectroscopy [97] and elastoresistance measurements [51, 98].
These measurements have revealed that the nematic susceptibility Xpem(7) exhibits
a Curie-Weiss-like temperature dependence and diverges toward 7.

Recent ARPES measurements suggest that the electronic nematic order is driven
at Ts by the energy splitting between the d,, and d,. orbitals, the so-called orbital
ordering [38,99-101]. The EDCs at the M point taken by the ARPES are represented
in Fig. 6.5(a). The degenerate d,, and d,, orbitals start to split into two at T, ~ 90K,
and the bottom of the d,. band, which corresponds to the Fermi energy of the electron
pocket €%, is approaching the Fermi level Er with lowering temperature. The estimated
€% value at 20K is extremely small, €% ~ 5 meV, which is consistent with the SdH and

QPI results.
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Figure 6.5: (a) The EDCs at the M point taken by ARPES. (b)-(e) Temperature
dependence of the resistivity p, orthorhombic distortion § = (a — b)/(a + b), energies
of the d,. and d,. band bottoms, F,, and E,., and the split energy &) = E,. — I,
respectively [38].
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6.2 BCS-BEC crossover in FeSe

As discussed in the previous sections, the Fermi surface of FeSe consists of one hole
pocket and one electron pocket (or additional two Dirac-like electron pockets) with
their extremely small Fermi energies ep ~ 3 — 18 meV. Since the superconducting gap
size obtained from the STS measurements is A ~ 3meV (Fig.4.10(a)), the ratio A/ep
becomes unity, whereas A/ep is on the order of 1072 — 10™* in most superconductors.
This anomalous feature clearly appears in the QPI dispersions at 0 T, as shown in
Fig.6.6. The electron and hole band dispersions are observed in the same way as
in QPI dispersions at 12T. In addition, a pair of sharp intensity peaks (+A), which
corresponds to the coherence peaks of the superconducting gap in Fig.4.10(a), appears
at £ ~ 3meV. This result indicates that the superconducting gaps are of the same
order as the Fermi energy of each band, A/e% ~ 0.3 for the hole band (Fig.6.6(a))
and A/eS ~ 1 for the electron band (Fig.6.6(b)), implying that FeSe is located in the

High
% >
>
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£ & @
| = =
w I.LI_
Low .
-40 -40
04 0.2 0 02 04 -0.4 -0.2 0 0.2 04
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Figure 6.6: (a),(b) QPI dispersions at H = 0. The hole (electron) band dispersions
appear along the a-axis (b-axis) as well at 12T. A pair of sharp intensity peaks (£A)
appears at I/ ~ +£3meV due to the opening of the superconducting gap. Superconduct-
ing gaps, defined by the positions of the coherence peaks (white bars), are comparable
to the Fermi energies.
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BCS-BEC crossover regime. Additional strong support for the crossover is provided by
the extremely small kp& ~ 1 — 4 due to the small Fermi momenta kg [37,91]. Here, kg
of the electron (hole) sheet obtained from Fig. 6.6(b) (Fig.6.6(a)) is roughly 0.3 (0.75)
nm~ ! | and ¢ determined from the upper critical field (17 T) is roughly 5 nm.
Moreover, in the bulk FeSe, giant superconducting fluctuations above T, have been
observed [102]. Fig.6.7(a) is the temperature dependence of the non-H-linear diamag-
netic contribution to the magnetization } Xf}}a| above T., obtained by magnetic torque
measurements. | Xﬂﬂ in the magnetic fields starts to develop at 7% ~ 20K (> T,),

while it is absent above T™. In stark contrast to conventional superconductors, a large
|xd&2], by far exceeding the standard Gaussian-type (AslamasovLarkin, AL) fluctuation
susceptibility |xaL|, is observed below 7™ [103-105]. This result provides thermody-
namic evidence of giant superconducting fluctuations in the normal state of FeSe. It is
theoretically expected that, in the presence of preformed pairs associated with the BCS-
BEC crossover, superconducting phase fluctuations arising from the mode coupling of
fluctuations are significantly enhanced and produce a highly nonlinear diamagnetic re-
sponse [31]. The anomalies at 7™ have also been revealed by some other probes. The
NMR relaxation rate 1/(777T) at low magnetic fields shows a noticeable deviation from
the Curie-Weiss law below 7%, as shown in Fig.6.7(b). Peak structures at 7™ are ob-
served in transport measurements; electrical Hall coefficient Ry (Fig.6.7(c)), Seebeck
coefficient S (Fig.6.7(d)), and Nernst coefficient v (Fig.6.7(e)). These results strongly
indicate the presence of the pseudogap phase associated with the BCS-BEC crossover
in the temperature region between 7. and 7™ as shown in the H-T phase diagram in

Fig. 6.7(F).
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Figure 6.7: (a) Temperature dependence of the non-linear diamagnetic response ]Xg}a
at 0.5 and 1T. The blue line represents the estimated |xar| in the standard Gaussian
fluctuation theory. (b) Temperature dependence of the NMR relaxation rate divided
by temperature 1/77T. The dashed line in the inset panel is the Curie-Weiss fitting of
1/ThT at 14.5T. The temperature dependence of the difference between the fitting and
the low-field data, A(1/717) vs. T, is presented in the main panel. (c)-(e) Temperature
dependence of the electrical Hall coefficient Ry , Seebeck coefficient S, and Nernst
coefficient v, respectively. Ry and S show minimum structures and v exhibits a peak
structure at 7*. (f) Obtained H-T phase diagram of FeSe. The plotted circles denote
the temperatures T at different magnetic fields determined by the above experiments.
The incoherent electron pairs start to form at 7™ and the pseudogap phase exists in the
temperature range between 7, and 7 [102].
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6.3 Field-induced SC phase (B-phase)

In superconductors, Zeeman splitting induces the spin imbalance in an applied mag-
netic field. The magnitude of the spin imbalance P = (Ny — N|)/(Nt + Ny), where Ny
and N are the numbers of up and down spins, respectively, is roughly estimated as
P ~ upH/ep. In stark contrast to most superconductors with very small P ~ 1073-
1072 even near the upper critical field H.y, the highly spin-polarized superconducting
state is induced due to the Zeeman splitting in the BCS-BEC crossover region, because
the Zeeman energy 1ioH becomes comparable to A(0) and ep, i.e., ep ~ A(0) ~ upH.
Comparable Fermi and Zeeman energies may lead to an unprecedented superconduct-
ing state of highly spin-polarized electrons, such as spin-triplet pairing, an admixture of
even- and odd-frequency pairing [106], and a FuldeFerrellLarkinOvchinnikov (FFLO)-
like state [107] (we will discuss this later). In fact, we have recently performed thermal
conducitvity measurements on FeSe and reported a possible new high-field supercon-
ducting phase, which is induced by the extremely large spin imbalance P ~ 0.1 in the
crossover region [37].

Fig.6.8(a) is the field-dependence of the thermal conductivity x/T" at temperatures
well below T.. k/T shows a steep decrease at low fields and then becomes nearly
H-independent in a wide range of magnetic fields. The origins of this behavior are
still unclear; however, similar behavior has been reported for BisSraCaCuyOg [108] and
CeColns [109]. It has been suggested that the initial decrease of x/T in the ultraclean
sample is caused by the suppression of the extremely long mean free path [ due to
vortex scattering, since the quasiparitcle contribution xq, and the phonon contribution

kpn Of thermal conductivity can be denoted as

Kgp ¢ Naa(0)vplyp, (6.3)

Rph X Nph(O)Cvlph, (64)

where Ngei(0) (Npn(0)) is the density of states of the delocalized quasiparticles (phonons)

at the Fermi energy, vp is the Fermi velocity, ¢, is the speed of sound, and Iy, (I,n)
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Figure 6.8: (a) Magnetic-field dependence of x/T" at low temperatures (H || ¢). /T
shows a steep decrease at low fields and then becomes nearly H-independent in the
wide range of magnetic field. At H*, k/T shows a cusp-like peak, suggestive of a nearly
temperature-independent transition (dashed line). At 1.5K, the cusp disappears and
a weak structure (within the accuracy of the measurement) is observed at lower field.
(b) Field dependence of the magnetic torque at low temperatures. Downward arrows
mark the positions of the irreversibility field H;., where the torque hysteresis loop has
closed. In contrast to H* in x/T, H;, is seen to be strongly temperature-dependent.
Upward arrows correspond to the peak fields where the order-disorder transitions of the
flux-line lattice occur. [37].

is the quasiparticle (phonon) mean free path. In addition, the nearly H-independent
x may reflect a compensation between the enhancement of the quasipaticle density of
states Nge(0) due to the Doppler shift in superconductors with nodes or anisotropic
gaps and the concomitant reduction in ! due to increased scattering from vortices [110].

At high fields, k(H)/T exhibits a cusp-like feature at a field H* &~ 13.5T that is
practically independent of T'. The height of the cusp-like peak decreases with increasing
T, and at 1.5K the anomaly disappears. Because the thermal conductivity has no

fluctuation corrections [111], the cusp of x(H)/T usually corresponds to the mean-field
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phase transition. We note that at H* the field dependence of magnetic torque shows
no discernible anomaly, as shown in Fig. 6.8(b), indicating the x(H)/T anomaly at H*
is not caused by a Lifshitz transition nor, for that matter, by a spin-density-wave type
of magnetic order.

Fig. 6.9 displays the H-T' phase diagram of FeSe for H || ¢. The irreversibility field
H,,, is defined by the point where the torque hysteresis loop in Fig. 6.8(b) has closed. We
note that Hj, determined by the magnetic torque coincides well with the H;,, defined
by the zero resistivity in Fig.4.6(a). The irreversibility fields Hj, at low temperatures
extend to fields well above H*, indicating that H* is located inside the superconducting
state.

As discussed above, in the high-field superconducting phase above H* (B-phase in
Fig.6.9), the three characteristic energy scales are comparable, ep ~ A(0) ~ upH.
Hence, it is suggested that the B-phase is induced by the strong spin imbalance in the
BCS-BEC crossover regime, P ~ 0.1, which is several orders of magnitude larger than

in conventional superconductors.
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Figure 6.9: H-T phase diagram of FeSe for H || ¢ in low-T" and high-H region. Solid
blue and open red circles represent H;,, determined by zero resistivity and the onset of
the hysteresis loops of the magnetic torque, respectively. The mean-field upper critical
field is above Hj,. Solid red circles represent H* determined by the cusp of k(H)/T
shown in Fig. 6.8(a), separating a high-field superconducting phase (B-phase) from the
low-field phase (A-phase). (Inset) Overall H-T phase diagram. [37].
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6.4 Possible FFLO state in B-phase

6.4.1 FFLO state

As discussed in the previous section, we found that FeSe is located in the BCS-
BEC crossover region and the new exotic superconducting phase (B-phase) induced
by the extremely large spin imbalance P ~ ugpH/er = 0.1 in high-field region. One
of the candidates of the B-phase may be a Flude-Ferrell-Larkin-Ovchinnikov (FFLO)
phase [112,113]. In this section, we introduce the FFLO state.

A novel superconductivity that belongs to a class of unconventional superconducting
state was predicted by Fulde and Ferrell [112] and Larkin and Ovchinnikov [113] (FFLO)
in 1964. In the FFLO state, the superconducting order parameter changes sign in real
space. The FFLO state originates from the paramagnetism of conduction electrons.
In the FFLO state, Cooper pair formation occurs between the Zeeman splitted parts

of the Fermi surface and a new pairing state (k 1, —k 4 g |) with finite g is realized
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Figure 6.10: (a),(b) Schematic images of the BCS and FFLO pairing states, respectively.
Here, 1 and | denote up and down spins, respectively. The red (blue) circle is the Fermi
surface of the up (down) spin. In the BCS state, the formation of Cooper pairs occurs
at (k 1,—k ), i.e., the center-of-mass momenta are zero. In the FFLO state, the
(k T,—k + q |) pairing state with finite center-of-mass momenta q/2 is realized and
the order parameters A(r) exhibit spatial oscillations. The electron with —k’ 4 q | is
not on the inner Fermi surface.
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(Fig.6.10(b)); the Cooper pairs have finite center-of-mass momenta, which gives rise
to the spatial symmetry breaking of the superconducting order parameter A(r). This
strongly deviates from the (k T,—k |) pairing in the traditional BCS pairing state
(Fig.6.10(a)), where the center-of-mass momenta are zero and A(r) is spatially uniform.

In the FFLO state, there are mainly two ways in which the order parameters exhibit
spatial oscillations. One is the FF state, originally proposed by Flude and Ferrell [112],

where the order parameter is denoted as
Ar) = Nge'dT (6.5)

In this order parameter, the amplitude is homogeneous; however, the phase changes in
the real space, that is, time-reversal symmetry is spontaneously broken.

The other is the LO state, originally proposed by Larkin and Ovchinnikov [113].
In the gap equation, the two solutions Age'd” and Age 9" represent degenerate su-
perconducting states at a transition for a given g. In the LO state, the degeneracy is
lifted by forming the combination of Age'd” and Age 9" and the order parameter is

denoted as
A(r) = Ao(e 1T +e79T) = 2Acos(q - 7). (6.6)

In contrast to the FF state, the gap amplitude shows spatial oscillations along the
g-vector, i.e., the translational symmetry is broken.

According to the theoretical calculations, the free energy of the LO state is lower
than of the FF state in the whole temperature range where the inhomogeneous su-
perconducting state appears, and thus the LO state is much more stable than the FF
state [113]. Therefore, the FFLO state generally indicates the LO state.

6.4.2 Pair-breaking effects

Generally, in type-II superconductors, a magnetic field destroys the superconductivity

in two distinct ways: orbital and paramagnetic pair breaking effects.
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The orbital effect leads to the emergence of an Abrikosov vortex state, forming a
regular array of vortex lines parallel to the applied magnetic field. The superconducting
condensation energy is reduced by the kinetic energy of the superconducting current
around the vortex. With increasing magnetic field, vortex cores start to overlap, and

then the orbital limiting upper critical field H%P is given as

orb __ Qb()
HY = o’ (6.7)

where ¢g = h/2e = 2.07 x 107> Wb is the flux quantum and £ is the coherence length.

The paramagnetic pair-breaking effect originates from the Zeeman splitting of single
electron energy levels. In the superconducting state, spin-singlet Cooper pairs consist
of spin-up and spin-down electrons. When the magnetic field is applied, one of the
spins is flipped due to the Zeeman effect (Pauli paramagnetism), and the spin-singlet
Cooper pairs are collapsed. This destruction of Cooper pairs occurs when the Pauli
paramagnetic energy Ep = (1/2)x,H? and the condensation energy Ec = (1/2)N(0)A?
are the same. Here x, = (1/2)(gus)*N(0) is the spin susceptibility in the normal state,
where g is the g-factor of an electron (¢ = 2 for a free electron), up is the Bohr
magnetron and N(0) is the density of states at the Fermi level. Then we obtain the

Pauli-limiting upper critical field HY,

HE = ﬂA. (6.8)
gHB

In general, the upper critical field H., is determined by both the orbital and Pauli

pair-breaking effects. The Maki parameter ay:

orb

which is the ratio of the orbital and Pauli limiting upper critical field and describes
which pair-breaking effect is relatively dominant. In the BCS theory, the coherence
length is £ = hop/7A at T = 0 K and finally the Maki parameter ay; can be estimated
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with the formula

=, (6.10)

One of the requirements for the formation of the FFLO state is superconductivity
with a large Maki parameter ), such that the upper critical field can easily approach
the Pauli paramagnetic limit. In most superconductors, ay; is negligibly small, and
the orbital pair-breaking effect is much more dominant in the suppression of the super-
conductivity because ay is on the order of A/ep ~ 1075 — 10~*. However, in some
superconducting materials ap; can be even larger than unity. In the following section,

we will introduce the candidate compounds for the FFLO state.

6.4.3 Requirements for FFLO state

As discussed in the previous section, the FFLO state requires superconductivity with
a strong Pauli effect. There are some other requirements for the FFLO state besides a
large Maki parameter.

One is a very clean sample with £ < [, where [ is the quasiparticle mean free path.
In contrast to the BCS state of s-wave pairing, it has been theoretically predicted that
the FFLO state is unstable against nonmagnetic impurities since the pair amplitude is
suppressed due to impurity scattering in real space [114-116].

Second is an anisotropic Fermi surface and gap function. The large part of the
pairing between spin-up and spin-down Fermi surfaces by the g-vector gives rise to
stabilization of the FFLO state. Hence, the topology of the Fermi surface and the
order parameter is crucial. For a three-dimensional system with a spherical Fermi
surface, the spin-up and spin-down Fermi surfaces touch only at a point by a shift of
the g-vector. On the other hand, for a two-dimensional system with a cylindrical Fermi
surface, the two Fermi surfaces can touch on a line by a single g-vector. Therefore,
low dimensionality favors the FFLO state [117]. Even in a three-dimensional system, if
the Fermi surface is anisotropic and has some flat regions, the FFLO state is expected

to be stabilized when the magnetic field H is oriented in an optimal direction of the
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g-vector.

In most superconductors, the above requirements for the formation of the FFLO
state are extremely hard to fulfil. This is why the FFLO state has not been experimen-
tally observed until recently, whereas the theoretical prediction has been proposed more
than five decades ago. Recently, the possibility of the FFLO state in heavy fermion
and organic superconductors has been reported, because of their potentially large Maki
parameters, very long quasiparticle mean free paths, and unconventional pairing mech-
anisms.

In heavy fermion compounds, the effective masses m* become several orders of
magnitude larger than the mass of a free electron m,. The heavy electron masses give
rise to low Fermi velocities, hence, H%P is significantly enhanced. As a result, a large
Maki parameter is obtained and the Pauli pair-breaking effect is relatively dominant in
some of the heavy fermion compounds.

In fact, the high-field superconducting phases, possible FFLO states, appear in the
H-T phase diagram of heavy fermion superconductors CeRuy [118,119] and UPd,Al;
[118,120]. Fig.6.11 shows the H-T phase diagram of UPdyAl; for H 1 [001] and
H 1 [110] determined by specific heat and thermal expansion measurements [120].

Since the heavy fermion superconductor CeColns with the transition temperature
T, ~ 23K and extremely large effective mass m* ~ 100 — 1000m, was discovered
in 2001 [121], it has received enormous attention because it has been revealed that
CeColnj is a strong candidate for exhibiting the FFLO state. The system has the large
Maki parameters, apyy ~ 5.0 for H || ¢ and apy =~ 4.6 for H || ab, respectively [122].
Thus, the specific heat under the high magnetic field H || ¢ shows an anomalously
sharp peak, indicating a first-order like superconducting transition due to the strong
Pauli paramagnetic effect, as shown in Fig.6.12(a) [123,124]. Several experiments,
such as the penetration depth [125], the transverse ultra-sound velocity [126], the NMR
Knight shift [127,128], show some anomalies in the low-T and high-H regime of the
superconducting phase. Figs.6.12(b) and (c) are the H-T' phase diagrams of CeColns
for H || ¢ and H || ab determined by these experimental results and a possible FFLO

state appears in the superconducting state [107].
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Figure 6.11: H-T phase diagram of UPdyAls for H L [001] (left panel) and H L [110]
(right panel) determined by specific heat and thermal expansion measurements. The
hatched high-field superconducting phase between the lines of the first- and second-order
phase transitions indicates the existence of a nonuniform superconducting state [120].

The layered organic superconductors are also strong candidates for FFLO states. In
these systems, the conducting and insulating block layers are stacked alternatively and
thus the electronic properties become two dimensional [129,130]. When the magnetic
field is applied parallel to the conducting layers, the vortices can hardly penetrate
into the layers and then H%P is remarkably increased [131]. In fact, possible high-
field FFLO phases above the Pauli limit HY, have been reported in materials such as
xk—(BEDT — TTF),Cu(NCS), [132,133], A—(BETS),FeCl, [134] and A—(BETS),GaCl,
[135].

In the BCS-BEC crossover region, where A ~ ¢p, the Maki parameter a;; becomes
several orders of magnitude larger than one in the BCS-limit. Indeed, it has been
theoretically predicted that the LO phase becomes stable in a large part of the phase
diagram of a spin-imbalanced Fermi gas [136-140].

Here, the superconductor FeSe is located in the BCS-BEC crossover regime and we
obtain ay; /= 2.5 for the hole pocket and ay; =~ 5 for the electron pocket when we apply
the magnetic field H || ¢ [37]. Therefore, the observed high-field new phase (B-phase)
may correspond to the FFLO state.
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Figure 6.12: (a) Temperature dependence of the specific heat C'p in CeColnj at the mag-
netic field 4.5 — 4.9'T parallel to the c-axis [123]. The specific heat under the magnetic
field shows an anomalously sharp peak, indicating the first-order-like superconducting
transition due to the strong Pauli paramagnetic effect. (b),(c) The experimentally de-
termined H-T phase diagrams of CeColns for the magnetic fields H || ¢ and H || ab,
respectively. In both magnetic field directions, the possible FFLO state appears in the
low-T" and high-H region of the superconducting phase [107,125-128].
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6.5 Summary

In this section, we discussed the detailed electronic structure of FeSe. Recent SAH
measurements suggest that the Fermi surface of FeSe consists of one hole pocket at I"
point and one or two electron pockets, whose Fermi energies are several order of mag-
nitude smaller than conventional metals. Our quasipaticle interference (QPI), Seebeck,
and penetration depth measurements also revealed that FeSe has extremely small Fermi
energies, e ~ 10meV for the hole band and &% ~ 3meV for the electron bands. The
uncovered electronic structure of FeSe is strikingly different from one predicted by the
first-principle calculations due to the d,./d,. orbital ordering. We found that FeSe is
a multigap superconductor with two distinct superconducting gaps of A ~ 2.5 and
3.5 meV by scanning tunneling spectroscopy (STS) measurements. The comparable en-
ergy scale of e and A indicates that superconductivity in FeSe is deep in the BCS-BEC
crossover region.

When we apply a magnetic field in the system located in the crossover region, the
Zeeman energy pupH becomes comparable to ep and A near the upper critical field, and
a large spin imbalance P ~ ugH/cp is mediated. Conducting thermal conductivity
measurement on FeSe, we found that an unexpected superconducting phase (B-phase)
induced by the extremely large spin imbalance P ~ 0.1 appears in high-field region.
FeSe has large maki parameters, ay ~ 2.5 for the hole pocket and ay; ~ 5 for the

electron pocket, hence, one of the candidates of the B-phase may be a FFLO phase.
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7 Quasiparticle excitations in FeSe
in the BCS-BEC crossover region
studied by thermal transport mea-

surements

FeSe has two unique features that may provide new insights into fundamental aspects
of the physics of the BCS-BEC crossover. The first feature is the electronic structure:
FeSe is a compensated semimetal with equal numbers of electron and hole carriers, and
hence it is essentially a multiband superconductor. This renders the crossover physics
in FeSe distinguishable from that in ultracold atomic gases. However, although the
superconducting gap structure has been reported to be very anisotropic, the detailed
gap structure in each band is still unclear. The second feature concerns the fate of
the superfluid when the spin populations are strongly imbalanced. Although highly
spin-imbalanced Fermi systems have been realized in ultracold atomic gases, the nature
of the spin-imbalanced superfluid is still largely unexplored experimentally due to the
difficulty in cooling the systems to sufficiently low temperature. In sec.6, we report
a high-field superconducting phase (B-phase) of FeSe induced by the extremely large
spin imbalance, but very little is known about its nature.

To shed light on the above issues, detailed knowledge of the quasiparticle excitations
in the superconducting state is crucial. Here we measured the thermal conductivity &,
and the thermal Hall conductivity rgy, up to poH = 20T. Both quantities are sensitive

probes of the delocalized low-energy quasiparticle excitations.
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7.1 Results

Fig.7.1(a) and its inset show the T and H dependences of the in-plane resistivity
Pzz, Tespectively. The temperature at which p,, goes to zero is ~ 8.0 K in the present
sample. The resistivity at the superconducting onset p,.(7.") &~ 24 u2cm is roughly two
times larger than that reported in Ref. 37, and the magnitude of the magnetoresistance
Apy.(H)/pz(0) is roughly halved. Fig.7.1(b) depicts the H dependence of k., /T and
Key/B (with B = poH) at T = 0.59 K. As mentioned before, &, which is the nondi-
agonal element of the thermal-conductivity tensor in a perpendicular field, is generally
purely electronic and the direct consequence of a transverse quasiparticle current, while
Ky includes both electronic and phonon contributions. The ratio of k,,/T and electri-
cal Hall conductivity, ouy = poy/(0%, + p2,), 15 (Kay/T) /02y = 1.05Lg at poH = 20T,
where Lo = ”—32 (%B) is the Lorenz number, indicating that the Wiedemann-Franz law
holds within experimental error. At low fields, k,,/T increases with convex curvature,
compatible with the v'H dependence expected for a nodal gap (see below), and be-
comes nearly independent of H between ~ 4 and 10T. Above 2T, k,,/B decreases
in magnitude and then changes sign from negative to positive around pugHs ~ 12T.
Above H,, both k., /T and k,,/B increase steeply and decrease after exhibiting a nar-
row plateau-like ridge at around 15T. These broad maxima will be discussed later. In
the normal state, above 17 T, both k., /T and k,,/B decreases as the applied magnetic
field increases because of the positive magnetoresistance.

In the following sections, we will discuss the detailed superconducting gap structure

of FeSe and the properties of high-field superconducting phase (B-phase).
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Figure 7.1: (a) Temperature dependence of the in-plane resistivity p,.(7") in zero field.
The inset shows the field dependence of p,,(H) for H || ¢. From bottom to top,
T = 0.31, 0.61, 1.0, 1.4, 2.1, 2.6, 4.7, 6.6, 9.1, and 12K. (b) Field dependence of
Keo/T (red squares, left axis) and k,,/B (blue squares, right axis) at 0.59K. The
initial increase of k., /T with convex curvature at low fields has been reported in FeSe
with similar residual resistivity and magnetoresistance [59]. The low-field behaviour
of Kkyz/T in the present sample differs from that reported in FeSe with much smaller
residual resistivity, in which k,, /7T decreases rapidly with H [37]. This may be because
in very clean FeSe, the extremely long quasiparticle mean free path is reduced by the
vortex scattering, as observed in CeColns [109]. The ratio of k,,/T and electrical
Hall conductivity, 0., = pzy /(02 + ,Oiy) (where p,, is the electrical Hall resistivity),
is (Kuy/T')/0wy =~ 1.05L¢ at poH = 20T, where Ly = %2 (%B) is the Lorenz number,
indicating that the Wiedemann-Franz law holds within experimental error. The inset
shows a schematic of the measurement setup for the thermal-conductivity tensor.
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7.2 Superconducting gap structure

7.2.1 Doppler shift

The magnetic field H can be useful as a tool for examining the difference in the
superconducting properties between superconductors with anisotropic or nodal gap,
such as d-wave or extended s-wave, and with isotropic gap, such as plane s-wave [141].

When a magnetic field is applied in type-II superconductors, it enters the supercon-
ductor as a vortex with a unit of quantum flux &y = f/2e. At low fields with H < H.o
where the vortices are far apart, these vorticies create a potential well for low-energy
quasiparticles, leading to the formation of a bound state similar to a quantum mechan-
ical picture of a particle in a cylindrical potential well of radius £&. The bound state
has a minimum discrete energy level spacing fwy ~ A2 /er, where A is the magnitude
of superconducting gap. The energy broadening is given by h/7. Since hwy is usually
1-10 mK, and hence hwg ~ h/T or hwy < kT, the spectra of these bound states can
be considered as a continuum, similar to the normal state. In an s-wave superconduc-
tor with a fully gapped structure, almost all quasiparticle states are localized in the
vortex cores. Hence, the density of states in a single vortex at the Fermi energy can
be estimated to be ~ N(0)&?, where N(0) is the density of states at the Fermi energy.
Eventually, total density of states of the localized state is given as ~ N(0)&%n, < H,
where n, = H/H. denotes the number of vortices.

When the superconducting gap is highly anisotropic or has nodes, the density of
states is dominated by contributions from the extended quasiparticle states outside the
vortex cores (delocalized quasiparticles) rather than the bound states located inside the
vortex cores (localized quasiparticles) [142]. In contrast to fully-gapped s-wave super-
conductors, quasiparticles are easily delocalized from the vortices due to the presence
of nodes, and they extend over the entire crystal. The main effect on such delocalized
quasiparticles with momentum p is the Doppler shift of the quasiparticle energy from

a supercurrent flow v, circulating around the vortices (Fig. 7.2(a)), which is given as
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Figure 7.2: (a) Schematic image of a supercurrent flow v, circulating around the vor-
tices. (b) Schematic image of Doppler shift in a nodal superconductor with line nodes.
Here, the energy is measured from the Fermi energy. The red and blue lines represent
the quasiparticle spectrum in the presence and absence of a magnetic field, respectively.
In the magnetic field, the finite residual density of states N(0) appears at zero energy
due to the Doppler shift. (c),(d) Field dependence of the specific heat and thermal
conductivity, respectively. Solid lines are for nodal or anisotropic superconductors and
dashed lines are for isotropic s-wave superconductors [141].

E(p) — E(p) + vs - p. (7.1)

In order to estimate the characteristic energy scale of the Doppler shift, we assume
a single vortex case. In this case, we can approximate the velocity field as vy = hé,

where r is the distance from the center of the vortex and (ﬁ is a unit vector along the
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circulating current. This expression is valid outside the vortex core and up to a cut-off
of order min {R, A}, where R = a\/w is the intervortex distance, a is a geometric
constant of order unity, and A is the London penetration depth. Doppler shifted energy
averaged over the vortex lattice, Ey, can be estimated by integrating over a vortex

lattice unit cell and it is given by

d*r 1 4 H
Ey = (|vs - = — |vs - p| ~ =vpPy >~ —N —, 2
n = (|vs - D) /|r|<R —pz [0s Pl = Fupdo = — vm/% (7.2)

Fig. 7.2(b) illustrates the quasiparticle spectrum in a nodal superconductor with
line nodes in the superconducting gap function. In the case of highly anisotropic su-
perconducting gap whose gap minimum is very small, the following discussion for the
line nodes is almost applicable. In a superconductor with line nodes, where the density
of states N(F) has a linear energy dependence at low energy with F < Ay, the finite
residual density of states for delocalized quasiparticles N(0) is induced by the Doppler
shift, and it is roughly estimated to be N(0) x Ey oc\/ﬁ . Therefore,\/ﬁ -dependence
is expected for the thermodynamic and transport properties such as specific heat and
thermal conductivity.

In an s-wave superconductor with a fully gapped structure, the Doppler shift does

not affect the physical properties since Ey is always smaller than the gap amplitude

Ay.

7.2.2 Field dependence of thermal conductivity

In a nodal superconductor, the Doppler shifted density of states governs the heat
transport as for thermodynamic quantities at low temperatures and low fields with
T/T. < H/Hz. Figs.7.2(c) and (d) illustrate the field dependence of the specific heat
and thermal conductivity for nodal or anisotropic and isotropic s-wave superconduc-
tors, respectively. We first discuss the field dependence of the specific heat. In the
superconducting state, the specific heat measures all quasiparticle states. Therefore, in

s-wave superconductors, the localized quasiparticle states bound in the vortex cores can
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contribute to the specific heat, which exhibits H-linear dependence. In nodal super-
conductors, the specific heat contains contributions from both localized and delocalized
quasiparticles, and shows\/ﬁ -dependence because of the dominance of the contribution
from the delocalized quasiparticle state, as discussed in the previous section.

On the other hand, the localized quasiparticles cannot contribute to the heat trans-
port, in contrast to the specific heat. Therefore, the thermal conductivity can probe the
response purely originating from the delocalized quasiparticles, which directly reflects
the Doppler shifted density of states. As a result, in s-wave superconductors, such as
Nb [143], the thermal conductivity is almost zero and it exhibits an exponential behav-
ior at low fields. At high fields near H.,, the tunneling of quasiparticles between vortices
becomes possible due to the overlapping of vortices and hence the thermal conductivity
exhibits steep increase toward the normal state value. The \/ﬁ -dependence is also ex-
pected for the thermal conductivity in a nodal superconductor. A steep initial increase
and \/ﬁ -like dependence in thermal conductivity has been observed in cuprates, such
as T1-2201 [144].

7.2.3 Superconducting gap structure of FeSe

As shown in Fig. 7.1(b), the initial increase of k,, /T with a convex curvature at low
fields is a signature of superconductivity with line nodes, where the Doppler shift of the
quasiparticle spectrum in the presence of supercurrents around vortices gives rise to a
V/H increase in the population of delocalized quasiparticles [141]. The superconducting
gap structure of FeSe is subject of extense discussion. A clear signature of the line nodes
in the superconducting gap has been reported for very clean single crystals [37] or thin
films [56] probed by scanning tunneling spectroscopy, thermal conductivity and mag-
netic penetration depth. In less clean crystals, however, a superconducting state with
finite energy gap has been reported [58] (Sec. 4.5). Moreover, even in very clean crystals,
twin boundaries lift the nodes and induce a fully-gapped state due to the time-reversal
symmetry breaking effect [61] (Sec. 5). These results indicate that the line nodes are
not symmetry protected and can be easily lifted by impurity and boundary scattering.

The observed low-field convex curvature of k., /T in Fig.7.1(b) indicates the presence
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of line nodes or large superconducting gap anisotropy. Similar field dependence has
been reported in FeSe with similar residual resistivity and magnetoresistance [59]. We
note that this low-field behavior of k., /T differs from that reported in FeSe with much
smaller residual resistivity, in which k., /T decreases rapidly with magnetic field [37],
possibly be because in very clean FeSe, the extremely long quasiparticle mean free path
is reduced by vortex scattering at low fields [109].

The nearly step-like behavior in the field dependence of k., /T upon approaching
15T is attributed to the multiband nature of superconductivity in FeSe [145-147]. A
substantial portion of quasiparticles, which can be easily excited over the smaller gap,
is already present at fields well below Hg, and therefore, r,,/T at high fields above
~ 4T is governed by the larger gap. Note that a nearly H-independent behavior at low
fields and a subsequent steep increase of k,, /T with a concave curvature is observed in
fully gapped superconductors, where quasiparticles are localized in the vortex core and
thus are unable to transport heat until these vortices overlap each other [141].

Although multigap superconductivity and a very anisotropic or nodal gap struc-
ture in FeSe have been suggested by several experiments, the detailed gap structure
of electron and hole pocket has remained unclear. The combined results of the field
dependence of k,, and the sign of k;, provide important information on this issue.
The sign change of x,, at H evidences that the quasiparticles responsible for the ther-
mal conduction are electron-like at low fields and hole-like at high fields. Therefore,
the large gap anisotropy found at low fields should correspond to the electron pocket,
whereas the concave increase above Hy and saturation of x,, /T below Hy indicate that
the superconducting gap of the hole pocket is more isotropic and that its amplitude is

larger than that of the electron pocket.
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7.3 Field-induced superconducting phase (B-phase)

7.3.1 Phase diagram

Next we will focus on the high-field region and discuss the properties of B-
phase. Figs.7.3 (a) and (b) depict H dependences of k,,/T and k,,/B, respectively,
at T = 0.59K , while Figs. 7.3 (c) and (d) show the results at 7" = 0.95K. Two dis-
tinct anomalies (kinks) can be identified in both x,, /T and k,,/B. We first point out
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Figure 7.3: Field dependences of (a) r,,(H)/T, and (b) k,y/B at T'= 0.59K. (c) and
(d) are the results at 7' = 0.95K. (e), (f) and (g) show k,,/B at T = 1.2, 1.9, and
2.3 K, respectively. The dashed red and black lines represent magnetic fields, which
correspond to H* and Hf, where the kink anomalies appear, respectively. The dashed
lines in (e) represent the linear extrapolations below H* and above Hf. Our detailed
measurements of the thermal transport coefficients, rg, and kg, with small steps in
the field scans allow us to observe two distinct anomalies at H* and HY,, which have
been missed in a previous study [59]. The observed kink in x,,(H)/T at H* is distinct
from the previously reported observations in very clean FeSe [37], where k., /T exhibits
a tiny peak at H*. This may be caused by the very large magnetoresistance in the
cleaner sample, which leads to the rapid decrease of k., /T at low H and above H..,
smearing out the rapid increase just below H* and features at H..,.
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that the field marked by the dashed black line corresponds to the upper critical field
H_.y because of the following reasons. First, above this field, k,,/T decreases rapidly
with H, which is consistent with the large positive magnetoresistance in the normal
state [148] [inset of Fig. 7.1(a)]. In addition, the fact that x,, /T is nearly independent
of H below this field definitely indicates that the system at lower fields is not in the nor-
mal state. Second, the thermal conductivity has no fluctuation correction, in contrast
to the resistivity, magnetic susceptibility, and specific heat, which all are subject to
fluctuations, and, hence, often exhibits a kink anomaly at the mean-field upper critical
field [149,150]. Third, as will be shown later, this field is close to the superconducting
onset field determined by the use of resistivity data. The fact that the admittedly
weak kinks at H* and H/, occur at the same fields for the different measurements at
temperatures 0.59 and 0.95 K lends strong confidence to the identification of H* and
He.

Figs. 7.3 (e), (f), and (g) show the H dependence of k,,/B at higher temperatures.
At T = 12K, no clear kink anomalies can be resolved, but r,,/B deviates from the
linear lines extrapolated from the lower and higher field regimes, as shown in Fig.7.3
(e). At T = 1.9 and 2.3 K, only one kink anomaly is observed, which is attributed to H.
because, as will be shown later, these fields are close to the onset of superconductivity.

Fig. 7.5 displays the H-T phase diagram. The magnitudes of H* and H[, in the
present crystal are slightly larger than those reported in ref. [37]. We note that the su-
perconducting onset field (black open circles) is close to Hf determined by the thermal
transport coefficients, (black closed circles) supporting that the higher-field anomaly
shown by the dashed black line in Figs.7.3(a)-(g) is indeed due to the upper critical
field H.o. In contrast to HY, H* is nearly temperature independent and disappears
when it meets the H, line. We stress that this fact is an important additional feature
establishing the H-T phase diagram, which was not seen in our previous work [37]. We
further note that the B-phase above H* is not related to magnetic ordering, because
of the following reasons. First, magnetic-torque measurements show no anomaly at
H* [37]. Second, the size of the hole pocket determined by magnetic quantum oscilla-

tions above 20T coincides with that determined from angle-resolved photoemission in
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zero field, suggesting the absence of band folding [40]. Third, the H* line is observable

only in the superconducting regime.

7.3.2 Field dependence of thermal Hall angle

It has been reported that p,, is positive and increases linearly with H and that
the magnetoresistance increases with H as Ap,,(H)/p.(0) oc H? at pugH 2 18T [40].
Since FeSe is a compensated metal, with the same number of hole and electron charge
carriers and only a single hole pocket, these H dependences indicate that the transport
properties in the high-field region are governed by that hole band [41,148]. In this
situation, the scattering time 7, of the quasiparticles is proportional to the thermal
Hall angle, tan Oy /B o 74,. Here the thermal Hall angle is defined by tan Oy/B =

Kaey/ (K B), where the quasiparticle contribution of thermal conductivity % can be
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Figure 7.4: Field dependences of tan Oy/B = kyy/ (k2 B) at (a) T' = 0.59K and (b)
T = 0.95K near the upper critical field. x% is obtained by subtracting xP% from
Koz, Where kP is estimated by using the Wiedemann-Franz law in the normal state
at 20T, kP2 /T = k., (20T)/T — Ly0,.(20 T), and is assumed to be field independent.
The red and black arrows represent magnetic fields, which correspond to H* and H%,
respectively. In tan ©y/B, a clear kink anomaly appears at H*, while no discernible
anomaly is observed at H. The dashed lines represent the linear extrapolations below
and above H* respectively. In a single band case, tan ©y /B is propotional to quasi-
paticle scattering time 7,,. The kink anomaly in tan Oy/B at H* strongly suggests
that the quasiparticle scattering mechanism changes on entering the B-phase in the
superconducting state.
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estimated by using the Wiedemann-Franz law in the normal state at 20T, kP2 /T =
Kz (20 T) /T — Lo, (20 T), and is assumed to be field independent. The clear kink at H*
in tan ©y /B [Figs. 7.4(a) and (b)] indicates that the quasiparticle scattering mechanism
changes when crossing the H* line, suggesting a modification of the superconducting gap
structure. At HY, tan © /B shows no discernible anomaly, while k., /T shows a clear
kink as shown in Figs.7.3(a) and (c). Since k., is proportional to the product of 7, and
the quasiparticle density nqp, Kze X NgpTqp, these results show that 7, barely changes
while ngp, is reduced below H.o. Thus, the observed anomalies in the thermal transport
coefficients strongly suggest the emergence of a new high-field superconducting phase

(B-phase) which is distinctly different from the A-phase at lower fields.
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Figure 7.5: Field-temperature (H-T') phase diagram of FeSe in perpendicular field deter-
mined by the thermal-transport measurements. Black filled circles represent the upper
critical field H, and filled red circles represent H* that separates A- and B-phases.
The black open circles represent superconducting onset field at which the resistivity
becomes 90% of the value extrapolated from the normal-state value under magnetic
field, and the green open triangles represent the irreversibility fields determined by zero
resistivity [inset of Fig. 7.1(a)]. The inset illustrates the electronic structure of hole and
electron pockets at fields around H*. Both Fermi surfaces are highly spin imbalanced.
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7.4 Possible FFLO state in FeSe

Next we discuss the field-induced superconducting B-phase. We stress that this
phase represents a highly unusual superconducting state because both electron and
hole pockets are largely spin-imbalanced with P ~ ugH*/ep ~ 0.1, as illustrated in
the inset of Fig.7.5.

The nearly temperature-independent behavior of H* suggests that this anomaly is
not an artifact of a single broad peak of the H., anomaly, because in that case the two
anomalies at H* and H., should follow parallel lines.

One of the candidates for the B-phase may be a Fulde-Ferrell-Larkin-Ovchinnikov
(FFLO) phase [112,113], where the Cooper-pair formation occurs between Zeeman-
split parts of the Fermi surface and a new pairing state (k 1, —k + q J) with finite q is

realized, as mentioned in sec. 6.4.

7.4.1 The lowest Landau level solutions in BCS and FFLO state

In real type-II superconductors, the orbital effect invariably exists due to the induced
vortices. The g-vector, which causes the spatial oscillations of the order parameter, is
determined by the cyclotron motion of the Cooper pairs around the vortices in the
plane perpendicular to the magnetic field H [151].

Now we consider the three-dimensional isotropic case. The solutions of the order

parameter are obtained by the eigen equation
Iy = e, (7.3)
where
IT=—ihV — 2—C€A, (7.4)

with the vector potential A = (0, Hz,0) for a magnetic field along the z-axis H =
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(0,0, H). Here, the eigenfunctions of the operator I1? can be written as

252 1 &
2 _ 20 | 0f Z) R
= (ntn+5) —n - (7.5)

where 1’ and 7 are the boson creation and annihilation operators defined by

_ S i
= ﬂh(ﬂx IL,), (7.6)
o S ), (7.7)

77:\/571

respectively. Here, £y = +/¢o/2mH is the interval between vortices. Eigenfunctions
with respect to the degree of freedom perpendicular to H are described by the Abrikosov

functions with Landau level index n,

Ui (p) = (~1)ee B, VAT T, (7.8)

H

for any real number k£ and z, = k&g, where H,, is the Hermite polynominal and p =

(x,y). The eigenfunction for the lowest Landau level (n = 0) is given by

(k) _iky (v — a)?
vy (p)=e exp[—%%{ ] (7.9)
In the BCS state, the eigenvalues €, are
_ 2h2< N 1) (7.10)
€, = 2 nts) .

In general, the order parameter in the BCS state is described by the lowest Landau

level solution

A(r) o 57 (p) (7.11)

which gives the highest upper critical field.
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Figure 7.6: (a) Schematic image of the flux line lattice, with the magnetic field
H = (0,0, H), in the BCS state. (b) Flux line lattice in the FFLO state with the
lowest Landau level solution. The amplitude of the order parameter for the LO state
oscillates along the g-vector parallel to H and the two-dimensional nodal planes with
the interplanar distance A = 27 /q are formed perpendicular to H [107]. (c¢) Theoreti-
cally proposed H-T phase diagram in the presence of the orbital effect [151]. The FFLO
state with n = 0 is present above the BCS state. The transitions from the normal state
to the FFLO and BCS states are of second order (solid line), while the transition from
the FFLO state to the BCS state is of first order (thick solid line).

In the FFLO state, the eigenvalues €, can be obtained as

2h? 1
€n = g(n+§) + R, (7.12)

where the second term is the kinetic energy of the Cooper pairs along H [107,151].
The increased kinetic energy in Eq.7.12 is compensated by the reduction of the Pauli
paramagnetic energy. Now, we assume that the lowest Landau level (n = 0) gives the
highest upper critical field also in the FFLO state. Then, the order parameter A(r)

can be written as

Ar) exp(z'qz)dzék)(p) (FFstate) (7.13)

A(r) o« cos(gz)v)(p)  (LOstate). (7.14)

The order parameter for the LO state in Eq. 7.14 exhibits a spatial modulation along the

g-vector parallel to H and the two-dimensional nodal planes with the interplanar dis-
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Figure 7.7: (a) H-T phase diagram for a three-dimensional system with the Maki
parameter ay; = 1 [116]. n is the Landau level index. FFLO states with the Landau
levels n = 0 and n = 1 coexist. The thick and thin solid lines denote the first- and
second-order transition lines, respectively. (b) Upper critical field curves with various
Landau levels in a two-dimensional system with the magnetic field slightly tilted from
the plane of the superconductor [153]. Since the physical critical field is the maximum
one at each temperature, the FFLO states with the higher Landau levels n = 1 are
realized in some temperature ranges.

tance A = 27 /q are formed perpendicular to H, as shown in Fig. 7.6(b) [107]. Fig. 7.6(c)
is the H-T phase diagram in the presence of the orbital effect, with n = 0 [151].

7.4.2 FFLO state with higher Landau levels

When the Pauli pairing effect is further increased in the system, it has been predicted
that FFLO states with higher Landau levels appear in the H-T phase diagram [116,
152,153]. This is because the Pauli paramagnetic energy is reduced as the number of
nodal planes is increased, which means that the number of polarized quasipariticles is
increased in the vicinity of the nodes. The theoretical calculations indicate that the
FFLO state with the higher Landau level (n > 1) provides the higher upper critical
field in some region of the H-T phase diagram.

Fig. 7.7(a) shows the schematic H-T" phase diagram for a three-dimensional system

with the Maki parameter ayy = 1 [116]. In the even lower temperature and higher field
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region, the FFLO state coexists with the Abrikosov state with the Landau level n = 1,
which gives the highest upper critical field. In this phase, nodal planes are formed
periodically, parallel to the vortex lattice.

An FFLO state with the higher Landau levels is also predicted in a two-dimensional
system with the magnetic field slightly tilted from the plane of the superconductor [153].
Fig. 7.7(b) is the H. curves with various Landau levels in the two-dimensional system.
In some low temperature regions, the calculated upper critical fields with the higher

Landau levels become larger than one with n = 0.

7.4.3 Possible FFLO state with higher Landau levels in FeSe

As we mentioned before, one of the candidates for the B-phase may be a FFLO
phase [112,113]. The FFLO state has been reported in layered heavy-fermion and
organic superconductors for magnetic fields parallel to the two-dimensional plane [107,
132]. However, based on our results and the previous discussion in sec. 7.4.1 and 7.4.2,
we want to point out that the B-phase is unlikely to be a conventional FFLO phase.
In fact, the B-phase coexists with the vortex-liquid state where the resistivity is finite.
This is different from heavy-fermion and organic systems, where possible FFLO phases
occur within the vortex-lattice state. Moreover, the FFLO state is stabilized when a
large part of the spin-up Fermi surface is connected to the spin-down surface by a single
q vector. For the lowest Landau level solution, the superconducting order parameter
changes spatially as A(r) o cos(q - r) where q || H, as discussed in sec. 7.4.1.

However, since the Fermi surface of layered FeSe is cylindrical, the spin-up Fermi
surface cannot be connected to a large part of the spin-down Fermi surface by a single g-
vector for H || ¢. This analysis leads us to consider that the B-phase may be an FFLO
phase involving higher Landau levels, where the g-vector lies in the two-dimensional
plane. Moreover, what makes FeSe distinctly different from ultracold atomic gases is
that FeSe is a multiband system, where the interplay between the formation of bound
pairs and superconductivity may lead to rich physics [154].

Thus, the field-induced B-phase appears to be a previously unidentified kind of in-

homogeneous superconducting state with an unprecedented large spin imbalance, which
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apparently is associated with the BCS-BEC crossover in a multiband system.

7.5 Summary

In summary, we measured the thermal longitudinal and thermal Hall conductivity
in FeSe in the BCS-BEC crossover regime. The field dependences of thermal trans-
port coefficients imply that the quasiparticle structure is strongly band-dependent; a
highly anisotropic small superconducting gap forms at the electron Fermi-surface pocket
whereas a more isotropic and larger gap forms at the hole pocket. The analysis of the
thermal Hall angle provides evidence for the emergence of a highly anomalous inhomo-
geneous superconducting state, which is likely to be caused by the extremely high spin
polarization. The strongly band-dependent quasiparticle structure and the emergent
highly spin-polarized phase may be important and unique features of the BCS-BEC

crossover in the multiband superconducting system.
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8 Conclusion

BCS-BEC crossover in FeSe (Section 6 and 7)

To investigate the itinerant electronic structure of FeSe, we performed quasipati-
cle interference (QPI), Seebeck, and penetration depth measurements on high-quality
FeSe single crystals grown by the KCI1/AICI3 vapor transport technique. We revealed
that FeSe has extremely small Fermi energies, €% ~ 10meV for the hole band and
€% ~ 3meV for the electron bands. We found that FeSe is a multigap superconductor
with two distinct superconducting gaps of A ~ 2.5 and 3.5meV by scanning tunneling
spectroscopy (STS) measurements. The comparable energy scale of ep and A indicates
that superconductivity in FeSe is deep in the BCS-BEC crossover region. The field
dependence of thermal conductivity xg, and thermal Hall conductivity x,, imply that
the quasiparticle structure is strongly band-dependent; a highly anisotropic small su-
perconducting gap forms at the electron Fermi-surface pocket whereas a more isotropic
and larger gap forms at the hole pocket.

Moreover, k,, and kg, exhibits a distinct kink anomaly at H* in the high-field
region of the superconducting phase, where the Zeeman splitting ugH is comparable
to the Fermi energy e and the superconducting gap A. This result indicates the
emergence of a new superconducting phase (B-phase) mediated by the extremely large
spin polarization P ~ 0.1. We also found that the quasiparticle scattering rate is
strongly modified on entering the B-phase at H*, hence, it is strongly suggested that
the superconducting gap structure of the B-phase is distinctly different from that of the
low-field superconducting phase (A-phase). This field-induced phase is likely to present
a highly anomalous inhomogeneous superconducting state that has not been addressed
before, rather than a conventional FFLO state.

The strongly band-dependent quasiparticle structure and the emergent highly spin-

polarized phase may be important and unique features of the BCSBEC crossover in the
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multiband superconducting system.

Time-reversal symmetry breaking superconducting state around twin

boundaries in FeSe (Section 5)

We performed STM/STS measurements on the nodal superconductor FeSe and visu-
alize the spatial evolution of the local density of state near twin boundaries, which are
ideal junctions to investigate the Josephson effects on unconventional superconductors.

In contrast to the expectation that the sign inversion generates a zero-energy quasi-
particle bound state near the TB, the LDOS at the TB observed in our study does not
exhibit any signature of a zero-energy peak, and an apparent gap amplitude remains fi-
nite all the way across the TB. The low-energy quasiparticle excitations associated with
the gap nodes are affected by the TB over a distance more than an order of magnitude
larger than the coherence length &,,. The modification of the low-energy states is even
more prominent in the region between two neighboring TBs separated by a distance
~ T€4; the spectral weight near the Fermi level (= £0.2meV) due to the nodal quasi-
particle spectrum is almost completely removed. These behaviors suggest that the TB
induces a fully gapped state, invoking a possible twist of the order parameter structure,
which breaks time-reversal symmetry. Our minimal model calculations which include
the time-reversal symmetry breaking effect around TBs reproduce our experimental
results qualitatively.

These results suggest several important directions for future studies. Although
several models that predict time-reversal-symmetry-broken superconducting state have
been proposed, the microscopic mechanisms and the relevance to the TB in FeSe should
be clarified by future theoretical studies. It is also interesting to go beyond the quasi-
classical approximation because FeSe is a unique superconductor whose Fermi energy
is of the same order as the superconducting gap, placing this system in the BCS-BEC
crossover regime. Experiments that directly probe the time-reversal symmetry break-
ing, such as muon-spin rotation and local magnetometry, are highly desirable and would

give us further insights into the unconventional superconducting junctions. We antici-
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pate that the TBs in FeSe will stimulate further research on the role of the phase of the
superconducting order parameter near the interface, which has been difficult to access

experimentally.
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