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Abstract

Strongly correlated electrons have been one of the most important topics in con-
densed matter physics research for more than half a century. They exhibit a rich va-
riety of exotic phenomena such as unconventional superconductivity, non-Fermi liquid
behavior, and exotic orders. In various families of strongly correlated electron systems,
including cuprates, iron pnictides, and heavy fermion compounds, superconductivity
is often observed near a magnetic instability. In particular, the highest superconduct-
ing transition temperature is often observed near a magnetic quantum critical point
(QCP), realized by suppressing a finite-temperature magnetic ordering transition to
zero temperature via some non-thermal tuning parameters, such as pressure and dop-
ing. This suggests that the proliferation of critical magnetic excitations resulting from
the QCP plays an essential role in Cooper pairing. Another fascinating and puzzling
phenomenon related to the QCP is a microscopic coexistence of a superconducting
phase and a magnetically ordered phase containing the same charge carriers, which
is a prominent example of unusual emerging electronic phases. However, despite the
vast amount of research, there remain many unsolved mysteries about the intertwining
relationship between superconductivity and magnetism.

Recently, by using a state-of-the-art molecular beam epitaxy (MBE) technique,
the artificially engineered superlattices with alternating layers of heavy-fermion super-
conductors or heavy-fermion antiferromagnetic (AFM) compounds and conventional
metals are successfully fabricated. In these superlattices, the superconducting heavy
quasiparticles as well as magnetic fluctuations can be confined within a few atomic
layers. These heavy-fermion superlattices pave the way for studying the mutual inter-
actions between the unconventional superconducting state and magnetically ordered or
conventional metallic states through the atomic interface and thereby seek clues to the
above-mentioned mysteries.

Rashba effect is a topic of growing interest in two-dimensional (2D) superconduc-
tivity at the interface between two different materials, which inevitably have broken
inversion symmetry. In some systems the Rashba effect is tunable and enables the
possibility of achieving exotic states, such as topological superconducting states. How-
ever, in these 2D systems discovered until now, superconductivity emerges from weakly
correlated electron states. Thus, in 2D superconductors with strong Rashba effect, the
role of strong electron-electron interaction has remained largely unexplored. The situa-
tion calls for new 2D systems with significant electron correlations and tunable Rashba
effect.

In this thesis, we introduce new strategies for controlling unconventional super-
conductivity by fabricating two kinds of heavy-fermion superlattices, namely the tri-
color superlattices of YbColns/CeColn;/YbRhIns, and the hybrid superlattices of
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CeColn;/CeRhIns and CeColns/Celns. In the tricolor superlattices, we demonstrate
that the Rashba effect induced by the global inversion symmetry breaking leads to pro-
found changes in the superconducting properties of CeColns with atomic thickness. We
find a possible signature of an exotic superconducting phase under the magnetic field.
In the hybrid superlattices, we demonstrate that superconductivity can be modified by
magnetic fluctuations injected through interfaces.

Emergent exotic superconductivity in YbColn;/CeColn;/YbRhIn; tricolor
superlattices

Rashba effect, which lifts the electron-spin degeneracy under broken inversion symme-
try, can dramatically affect the electronic properties, giving rise to a number of intrigu-
ing phenomena including exotic superconducting pairing state. Here, to introduce the
Rashba effect in 2D strongly correlated electron systems, we fabricated noncentrosym-
metric (tricolor) superlattices in which d-wave heavy-fermion superconductor CeColns
is sandwiched by two different nonmagnetic metals, YbColns and YbRhIns.

We find that the global inversion symmetry breaking in these tricolor superlattices
leads to profound changes in the superconducting properties of CeColn; with atomic
layer thickness, which are revealed by unusual temperature and angular dependencies of
upper critical fields that are in marked contrast with the bulk CeColnj single crystals.
We demonstrate that the magnitude of the Rashba effect incorporated into the 2D
CeColnjs block layers (BLs) is controllable mainly by changing the thickness of CeColn;
BLs. Moreover, the temperature dependence of the in-plane upper critical field exhibits
an anomalous upturn at low temperatures, which is attributed to a possible emergence
of a helical or stripe superconducting state.

Our results demonstrate that the tricolor superlattices provide a new playground for
exploring exotic superconducting states in the strongly correlated 2D electron systems
with the Rashba effect.

Tuning the pairing interaction through interfaces in hybrid superlattices of
CeColn;/CeRhlIn; and CeColn;/Celn;

Unconventional superconductivity and magnetism are intertwined on a microscopic
level in a broad class of materials. A new approach to this most fundamental and hotly
debated issue focuses on the role of interactions between superconducting electrons and
bosonic fluctuations at the interface between adjacent layers in heterostructures.

To study the role of interaction between d-wave superconducting electrons and mag-
netic fluctuations at the interface between adjacent layers in heterostructures, we fab-
ricate hybrid superlattices consisting of alternating atomic layers of d-wave supercon-
ductor CeColns and AFM metal CeRhlIns, in which the AFM order can be suppressed
by applying pressure. We also establish the hydrostatic pressure measurements on the
heavy-fermion thin films and heavy-fermion superlattices. We find that the supercon-
ducting and AFM states coexist in spatially separated layers, but their mutual coupling
via the interface significantly modifies the superconducting properties.

il



An analysis of upper critical fields reveals that in the vicinity of the QCP of CeRhlnj
BLs, the superconducting pairing strength 2A /kgT., is sharply increased. This demon-
strates that superconducting pairing can be tuned non-trivially by magnetic fluctua-
tions (paramagnons) injected through the interface, leading to the maximization of the
pairing interaction.

Following the results on CeColns/CeRhIns superlattices, we design and fabricate
hybrid superlattices consisting of alternating layers of CeColns and heavy-fermion AFM
metal Celng, in which the AFM transition temperature is higher than that of CeRhlIns
and AFM order can be suppressed by pressure as in CeRhlInjs.

We demonstrate that by changing the number of magnetic layers in the superlattice,
three-dimensional magnetic order is realized in CeColnj/Celns, while 2D magnetic order
is realized in CeColns/CeRhIns. The analysis of the upper critical field reveals that the
superconductivity of the CeColng layers is not affected by the magnetic fluctuations of
the Celng layer even in the vicinity of the QCP of Celng BLs. This is in stark contrast to
CeColns/CeRhlIng superlattices, in which the superconductivity in the CeColns BLs is
profoundly affected by AFM fluctuations in the CeRhIns BLs. The present results show
that although AFM fluctuations are injected into the CeColns BLs from the Celns BLs
through the interface, they barely affect the force that binds superconducting electron
pairs. These results demonstrate that 2D AFM fluctuations are essentially important
for the pairing interactions in CeColns.
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Chapter 1

Introduction

1.1 Superconductivity

Superconductivity, one of the most famous macroscopic quantum phenomenon, was
discovered by Heike Kamerlingh Onnes in 1911 when measuring the electrical resistiv-
ity of mercury. In 1957, half a century after the discovery of superconductivity, the
BCS theory proposed by John Bardeen, Leon Neil Cooper and John Robert Schrieffer
successfully explained various superconducting phenomena quantitatively. It was sug-
gested that superconductivity is established through quantum condensation of a vast
number of Cooper pairs formed by exchanging phonons between two electrons with
opposite momentum and spins near the Fermi energy. This phonon-mediated super-
conductivity is characterized by an isotropic s-wave superconducting gap structure and
is now called ‘conventional’ superconductivity.

In the last three decades, many unconventional superconductors, including heavy
fermions, organic materials, copper oxide, and iron-based superconductors, were dis-
covered: they seem to violate the basis of the BCS theory to some extent. These
compounds are known to be strongly correlated electron systems. Among them, the
discovery of high-temperature copper oxide superconductors by Johannes Georg Bed-
norz and Karl Alexander Miiller in 1987, was a breakthrough in the investigation of
the superconducting pairing mechanism. At that time, the superconducting transition
temperature was below 35K in Lay_,Ba,CuO,. The highest-T, achieved for cuprates
was for HgBayCaysCuszOg s at 164 K under pressure. In copper oxide superconductors,
also called cuprates, superconductivity is known to appear on doping charge carriers
(electrons or holes) into the antiferromagnetic (AFM) Mott insulator. In terms of the
above, the superconductivity in cuprates is beyond the BCS paradigm, opening the
door to study unconventional superconductivity.

Figures 1.1(a)-(d) shows phase diagrams of several strongly correlated materials.
The common aspects of these phase diagrams are following. The superconducting phase
appears near the quantum critical point (QCP), where the ordered phase (e.g., AFM
order) is suppressed by doping or pressure. As will be described later, the observation
of various anomalous electronic states has clarified that critical magnetic fluctuations
develop near the QCP. This critical magnetic fluctuation is considered to be very im-



portant for unconventional superconductivity.

Among strongly correlated electron systems, the ones with the strongest electron
correlation comprise a group of materials called heavy-fermion systems. In these com-
pounds containing rare-earth elements, a variety of electrical and magnetic phases are
produced by the conduction of f-electrons with large angular momenta through c-f
hybridization. As will be described later, many heavy-fermion systems are found to
be located near the QCP, where the Kondo effect and the Ruderman-Kittel-Kasuya-
Yoshida (RKKY) interaction compete each other. Heavy-fermion systems are very
suitable for studying quantum critical phenomena, magnetism, and emerging uncon-
ventional superconductivity. When it is difficult to form a conventional s-wave Cooper
pair due to the strong Coulomb repulsion between electrons, an anisotropic pair with
a higher internal angular momentum is established. A significant number of theoret-
ical and experimental studies have been conducted so far, and it has been confirmed
that d-wave superconductivity with sign inversion is realized in the superconducting
gap structure in heavy-electron superconductors, and the mechanism involves pairing
mediated by AFM fluctuation.

1.2 Quantum critical point (QCP)

Usually, the phase transition from some ordered phase to a disordered phase occurs
with increasing temperature. For example, neighboring magnetic moments that are
parallel to each other in a ferromagnet become disordered at the Curie temperature.
Thermal fluctuations drive such a phase transition. Meanwhile, in many strongly cor-
related electron systems, the magnetic ordered phase can be suppressed by tuning the
pressure or the substitution of elements, and the magnetic transition temperature can
be continuously reduced to zero temperature. The phase transition from the magneti-
cally ordered phase to the paramagnetic phase at T' = 0 is called the quantum phase
transition, and when the transition is continuous, the transition point is called a QCP.

Figure 1.2 depicts the schematic phase diagram of a quantum phase transition. Here,
g is a non-thermal parameter such as pressure, substitution, and magnetic field. When
g is small, a second-order phase transition occurs. Near the transition temperature
T,, a thermal fluctuation region exists, in which conventional scaling properties can
be observed. As g is increased, the transition temperature is suppressed and becomes
zero when g = g.. At the QCP, a quantum magnetic fluctuation develops, leading to
anomalous behavior in various physical quantities. Interestingly, this quantum critical
regime is observed over a wide region in a fan shape around g..

The quantum-classical crossover can be considered as follows. The order parameter
correlation time &, (i.e., correlation length along the imaginary time axis), is denoted
as & ~ &%, where £ is the correlation length and z is the dynamical exponent of the
quantum phase transition [5]. Therefore, the characteristic energy scale of the quantum
fluctuations is

hw = het o €77 (1.1)

The relationship between its magnitude and the thermal fluctuation energy scale de-
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system.

As £ diverges as £ « |g — g.
crossover line is defined by

|77, where v is the correlation length exponent, the

kT ~ |g — g.| " (1.2)

Therefore, the boundary spreads in a fan shape around g..

The self-consistent renormalization (SCR) theory constructed by Moriya et al. has
been successfully applied to the understanding of the thermal equilibrium state of mag-
netic materials near the QCP [6]. They gave qualitatively new results on specific heat,
resistivity, and nuclear magnetic relaxation rate by introducing the interaction between
different modes of spin fluctuation. Table 1.1 summarizes the temperature dependence
of the physical properties near a magnetic QCP. Therefore, detailed examination of the
temperature dependence of these physical quantities is very important to discuss the na-
ture of the QCP and how close the system is to it. For instance, in the two-dimensional
(2D) AFM QCP case, resistivity shows a T-linear dependence at low temperature, the
specific heat devided by temperature C'/T o« —InT, and the nuclear spin-lattice re-
laxation rate 1/T1T o< InT. As mentioned in Section 1.1, in many strongly correlated
materials, unconventional superconductivity emerges in the vicinity of the QCP [1-3,7].
Furthermore, the superconducting transition temperature often has a maximum at the
QCP. These indicate that the pairing interactions in unconventional superconductivity
are not phonon vibrations but other mechanisms related to the quantum instability
arising from the QCP such as AFM critical fluctuations.



Table 1.1: Temperature dependence of physical properties near a magnetic QCP, com-
pared with that for Fermi liquid [8]. a and b are constants.

X(@) c/T p 1/nhT
Ferromagnetic 3D T4/3 —InT T5/3 T-4/3
Ferromagnetic 2D (=TInT)=t T-Y3 T4 T-Y2(_InT)3?
Antiferromagnetic 3D T3/2 —TY? T3/ T3/4
Antiferromagnetic 2D | —7/InT —InT T —InT
Fermi liquid a+ bT? a T2 a

1.3 Heavy-fermion compounds

In rare-earth and actinide metals, the f-shell electrons are localized at high temper-
atures but couple with conduction electrons residing in s, p, d orbitals at low temper-
ature. Several ground states emerge that are determined by the competition between
the Kondo effect [9] and Ruderman—Kittel-Kasuya—Yoshida (RKKY) exchange inter-
action [10-12]. The f-electron compounds are generally described by the Kondo-lattice
system. The Kondo-lattice Hamiltonian is given by

H = ZtijC;rUng + JZ S, -7 (13)

i %

where t;; is the hopping matrix element, ¢! (c;,) is the creation (anihilation) operator
of the conduction electrons, S; is the local spin, s; is the spin of a conduction electron,
J is the antiferromagnetic Kondo coupling constant. The second term describes the
Kondo interaction between localized f-electrons and conduction electrons. For the
high temperature well above the characteristic Kondo temperature Tk, the system is
in a paramagnetic state described by Curie-Weiss law. With decreasing temperature
below Tk, the f-electron is entangled with surrounding conduction electrons and form a
Kondo singlet, resulting in the screening of the local moments. The Kondo temperature
is given by . .

T 9(Er) el J9<EF)) (14)
where g(Er) is the density of state at the Fermi energy. For T' <« Tk, Bloch’s theorem
insures that Kondo singlets couple coherently in Kondo lattice. Therefore, the narrow
quasiparticle band is formed near the Fermi energy through c-f hybridization. As a
consequence, the quasiparticle effective mass m* can be several hundred times larger
than that of copper, which gives rise to the term ‘heavy fermion’

The RKKY exchange interaction is a conduction-electron-mediated indirect interac-
tion between f-electrons which stabilizes long-range magnetically ordered ground state.
The RKKY Hamiltonian is given by

HRKKY = Z JZ]S’L ' Sj7 (15)

ij



cos(2kpr;;)
3 9

Jij o< J*g(Eg) (1.6)

where J;; is the RKKY coupling constant. The characteristic temperature is given by
kgTriky ~ JQQ(EF)- (1.7)

In contrast to the case of the Kondo effect leading to a non-magnetic ground state,
the RKKY exchange interaction stabilizes the magnetically ordered ground state. To
understand the bilateral character in heavy-fermion systems, Mott and Doniach pro-
posed the Kondo lattice model in which f-electrons form a lattice and are immersed
in a sea of conduction electrons [13,14]. Here, localized f-electrons are screen by the
Kondo effect to form a nonmagnetic phase, and the RKKY exchange interaction sta-
bilizes the magnetic ordered ground state. There are two energy scales in the Kondo
lattice: Kondo temperature Tx ~ De~'/(2/7) and RKKY scale Jrkxy ~ J2p, where p is
the density of state of the conduction sea and D is the bandwidth. They proposed that
the heavy electron system is located near the QCP of the AFM and nonmagnetic phases
because the two energy scales are close. In fact, quantum critical phenomena appear
in various physical quantities in many heavy electron systems. For example, Celng and
CeCug_,Au, are well explained by the three-dimensional (3D) AFM QCP model [1,15].
On the other hand, YbRhySi; and CeRhlns show distant behavior and propose a new
model of quantum critical phenomena [16,17]. It has been pointed out that such various
quantum critical phenomena appear in heavy electron systems because in real materials,
it is necessary to consider the duality of itinerancy and localization of f-electrons [18].

By virtue of the diversity and highly tunable nature of their ground state, heavy-
fermion compounds are suitable systems for exploring the emergent properties of cor-
related quantum matter. In this section, we will describe historical aspects of heavy-
fermion superconductors. Then, we will discuss quantum critical phenomena and uncon-

ventional superconductivity of typical heavy-fermion compounds, CeColn;, CeRhlns,
and Celns.

1.3.1 Heavy-fermion superconductors

The first heavy-electron superconductor was CeCuySip, reported by Steglich in
1979 [23], with T, = 0.6 K. Contrary to previous examples, superconductivity appears
from the normal state with strong temperature dependent paramagnetism at low tem-
peratures, and T, is a considerable part of degeneracy temperature Tr of heavy elec-
trons forming Cooper pairs. The hierarchy of energy scales kg1, < kgTy < kg©Op, where
kp®p is a characteristic phonon energy was not consistent with BCS. Later, UBe;3 [24],
UPts3 [25], and URuySiy [26-28] were discovered and investigated as first-generation
heavy-electron superconductors. In these materials, unconventional superconductivity
is developed from the nonmagnetic heavy Fermi liquid state.

The second generation heavy-fermion superconductors are Celns, CePdsSis,
UPdsAls, and UNipAlz [1,29]. In Celns and CePd,Siy, the parent material is anti-
ferromagnetic and the superconductivity appears when the magnetism is suppressed by



pressure. Both UPdyAl; and UNiyAls exhibit the coexistence of unconventional super-
conductivity and magnetic order at low temperatures. It is widely believed that critical
magnetic fluctuations that develop near the magnetic quantum critical point play an
important role in the non-Fermi liquid behavior and the mechanism of superconductiv-
ity.

The third generation heavy-fermion superconductors are the ‘Cellb’ family,
CeColns [19], CeRhIn; [20], and Celrlns [21]. In contrast to the first and second gen-
eration heavy-fermion superconductors whose transition temperature was 1K or much
lower, that of CeColns is 2.3 K [19]. The CeColn; has a quasi-two-dimensional Fermi
surface shape, and it is thought that two-dimensionality enhances the superconduct-
ing transition temperature [30]. The ‘Cell5’ systems share similarities to copper oxide
high-temperature superconductors, such as the appearance of unconventional supercon-
ductivity near the antiferromagnetic QCP, d-wave symmetry in superconducting gap
function, and the realization of a ‘high’ superconducting transition temperature relative
to Fermi energy.

The ‘Cell5’ family has attracted extensive interest because of its anomalous nor-
mal state transport and superconducting properties, such as non-Fermi liquid behavior,
QCP, d,2_,2 superconducting gap symmetry, strong Pauli effect, possible Fulde-Ferrel-
Larkin—Ovchinnikov (FFLO) phase, and the coexistence of superconductivity and mag-
netic order at low temperatures and high fields. In the following section, we describe
the physical properties of CeColny in detail.

1.3.2 CeColn;

CeColnjy crystallizes in a tetragonal HoCoGas type structure (P4/mmm) comprising
alternating layers of Celns and Coln, stacked along the c-axis (Fig. 1.3(a)). CeColn; is
a heavy-fermion superconductor with a superconducting transition temperature of T, =
2.3 K, which is the highest among those of Ce-based heavy-fermion superconductors. A
large Sommerfeld constant v = C//T = 290 mJ mol™'K~? is observed just above T.. [19].
The normalized jump in heat capacity AC/yT, ~ 4.5 suggests that CeColng exhibits
very strong coupling superconductivity compared with the BCS value of 1.43 [31].

Figure 1.3(b) is the Fermi surfaces obtained from de Haas-van Alphen (dHvA)
measurement, suggesting that the main Fermi surface sheet with the cyclotron mass
mj = 87my is highly corrugate [32,36]. The upper critical field H.(T') of CeColny is
anisotropic when the magnetic field is aligned parallel and perpendicular to the Celng
planes (Hg la JHIZLb 2 4) which means that anisotropic superconductivity is real-
ized in CeColns.

The Pauli paramagnetic limit for CeColnj is estimated Hp = 1.847T, ~ 4.2 K using T,
= 2.3 K, and orbital limiting fields calculated using the Werthamer-Helfand-Hohenberg
(WHH) model [34] are H%P, ~ 48.4 T, and H2%P ~ 17.1 T. These indicate that super-
conductivity in CeColnj is strongly Pauli-limited.

The coherence length calculated from the measured zero-temperature upper critical
field is £.(0) = 5 nm for the field along the c-axis, and £,;,(0) = 8 nm in the basal plane.
The mean free path ¢ ~ 2um of CeColns estimated from the thermal conductivity



measurement at zero field is much longer than £, indicating that CeColnjs is in the
clean limit.

(a) (b) { CeColns

band15-electron band14-electron

Figure 1.3: (a) Crystal structure of CeColns (b) Fermi surface of CeColns based on the
itinerant 4f band model according to ref. [35]
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Figure 1.4: (b) Temperature dependence of specific heat divided by temperature of
CeColn; (with nuclear Schottky contribution subtracted), showing the large entropy of
condensation associated with the superconducting phase. After ref. [19].

Non-Fermi liquid behavior and AFM quantum criticality

The temperature dependence of the physical quantities exhibits a striking deviation
from conventional Fermi-liquid behavior. For example, the electronic resistivity shows
a T-linear dependence p ~ T [37], a nuclear spin relaxation rate of 1/7} ~ T4 [38],
and the ratio of specific heat to temperature C/T ~ —InT /Ty [19]. The non-Fermi
liquid behavior in the normal state and unconventional superconductivity in CeColns



are presumed to arise from the proximity of the system to a QCP that separates the
paramagnetic and AFM phases.
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Figure 1.5: (a) Linear resistivity of CeColns and (b) specific heat in the normal state
under magnetic field B = 5T parallel to the c-axis [39]

It is known that the ground state is sensitive to chemical substitution in heavy-
fermion compounds. For CeColns, the ground states were investigated by substitutions
on the In site with Cd [40-44] or Sn [45-49] (see Figure 1.6). Hole doping with Cd and
electron doping with Sn have very different consequences on c-f hybridization. Cd leads
to a reduction in the T, and an AFM order appears. There is a region of coexistence
phase of supercondutivity and AFM order. For higher Cd doping superconductivity is
suppressed and Ty increases. When In sites are substituted by Cd atoms, it can be
assumed that a negative chemical pressure is applied because the Cd atom has a smaller
ionic radius than the In atom. Pressure experiments undertaken using CeColns(;_,)Cd,
showed that a nominal Cd concentration of 5% corresponds to a negative chemical pres-
sure of 0.7 GPa [41]. Recently, soft-x-ray absorption spectroscopy has shown that Cd
substitution changes the ground state from superconductive to AFM, but the 4 f wave
function remains unchanged [50]. This is contrasted by the change in wave function
due to Sn substitution in which ¢ f hybridization was increased. Increasing Sn in
CeCo(Iny_,Sny)s, T, decreases monotonically and no further order appears, indicating
the system coming away from the AFM QCP. Hydrostatic pressure measurements car-
ried out for pure CeColny also support this interpretation. It should be noted that the
maximum value of T, seen at P,,, = 1.5 GPa is mainly due to the change in bandwidth
due to pressure, and there is no AFM QCP at P,... The fact that a non-Fermi liquid
behavior is observed at ambient pressure and the AFM phase appears on the small
negative pressure side indicates that the system is located in the vicinity of AFM QCP
at ambient pressure in CeColns.

A similar phase diagram also appears for Ce(Rh,, Co;_,)Ins. Figure 1.7 is the phase
diagram of Ce(Rh,, Co;_,)In; obtained from the specific heat, electrical resistance, and
magnetic susceptibility. Superconductivity appears in the region 0.4 < x < 1. The
antiferromagnetic transition temperature decreases with increasing Co content and be-
comes T" = 0 at around the critical concentration x. = 0.8. There is no evidence of
reconstruction of Fermi surface sheet nor any substantial enhancement of the cyclotron
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Figure 1.6: Temperature substitution phase diagram of CeCo(In;_,Cd,)s [40] and
CeCo(Iny_,Sny )5 [49]. This graph is adapted from Refs. [50]

mass near x.. Instead, a qualitative change in the Fermi surface occurs well below the
quantum critical concentration separating antiferromagnetic and paramagnetic ground
states. The neutron scattering experiments revealed that the superconductivity com-
petes with the incommensurate (0.5,0.5,0.297) AFM order, while it coexists with the
commensurate (0.5,0.5,0.5) AFM order [51].
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Figure 1.7: z-T phase diagram of Ce(Rh;_,, Co,)In;. ‘C AFM’ and ‘IC AFM’ indicate
commensurate and incommensurate AFM order, respectively. This graph is adapted
from Refs. [52]

Superconducting gap symmetry

Information on the pairing interaction can be obtained by examining the supercon-
ducting gap symmetry. In the case of superconductivity mediated by AFM fluctuations,
sign change in the superconducting gap function, A(k)A(k— Q) < 0, is required. Such
a sign change is expected for a gap with d-wave symmetry with line nodes in the su-
perconducting gap. For instance, tunneling spectra [53,54], a four-fold modulation in
the angular dependence of thermal conductivity [55] and specific heat [56], a power-law
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temperature dependence of thermal conductivity, 1/7; [38], and T2 dependence of C/T
below T, [56], are all consistent with d,2_,» symmetry of the superconducting gap in
which line nodes extend along the c-axis in CeColns. This is concrete evidence that
AFM fluctuations are important for the superconductivity in this system.

Q-phase

In high magnetic fields and at low temperatures, a specific magnetic phase within the
superconducting region was discovered and linked to a FFLO phase [57,58]. The FFLO
state is predicted to appear in clean, Pauli-limited superconductors, and proposed in
the 1960s but has never been demonstrated unambiguously so far. In the FFLO phase,
the order parameter of superconductivity is spatially modulated, and the Cooper pair
has a finite momentum. To stabilize the FFLO state, we need large Maki parameter
a = 2H%Y/HE,. Because the spin polarization due to the Zeeman effect produces
FFLO superconductivity, the upper critical field due to the orbital critical field must
be sufficiently large. The orbital upper critical field is defined as H3? ~ ®,/27&2, where
coherence length is £ = hvp/mA ~ Ep/A. In a system with a heavy effective mass, that
is, a system with a small Fermi energy FF, the orbital critical field becomes large, and a
large Maki parameter is realized. The cleanness of the sample is also important because
the FFLO phase becomes unstable in the presence of the nonuniformity of the sample.
In fact, at low temperatures and high magnetic fields, first-order phase transitions have
been observed by the measurement of thermal conductivity, specific heat, magnetic
susceptibility, magnetocaloric effect and thermal expansion, providing evidence that the
Pauli effect is dominant. The Maki parameter is a = 4.6 for H || ab, and oo = 3.6 for
H || ¢, which greatly exceeds the theoretical minimum requirement of 1.8. Meanwhile,
nuclear magnetic resonance (NMR) and neutron scattering measurements revealed the
presence of a magnetic spin-density wave (SDW) order in the high-field low-temperature
phase. This ‘@Q’-phase is inconsistent with the simple picture of the FFLO state. For
a magnetic ordering wave vector (g, ¢, 0.5), there are two possible SDW domains, one
with @1 = (¢, ¢,0.5) and the other with Q2 = (¢, —¢,0.5). Remarkably, recent neutron
scattering measurements reveal that the SDW order is single domain, with the ordering
vector being either () or @2, with ¢ ~ 0.45 [60]. When the magnetic field is rotated
within the ab plane about the a-axis direction, the ordering vector switches sharply
between ()1 and ()5, choosing the one that is more perpendicular to the magnetic field.
It was suggested that a secondary p-wave pair-density-wave (PDW) component drives
the switching behavior of the ordering vector in the direction of the magnetic field. This
scenario was further supported by thermal conductivity measurements [61].

11
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Figure 1.8: Magnetic field dependence of phase transition in CeColny. Circles denote
the upper critical field boundary that is second (first) order, as indicated by open
(half-filled) symbols. Open triangles define a line of field-induced second order phase
transition, labeled T5, inside the superconducting state, called the ‘Q’-phase. The inset
is an expanded view of the low-T', high-H part of the phase diagram and includes
results from neutron diffraction. Closed circles in the inset represent points at which
AFM order is detected. From ref. [59].
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1.3.3 CeRhln;

CeRhlIns has the same crystal structure as CeColns and a smaller quasi-2D Fermi
surface than that of CeColns with reflecting localized nature of f-electrons. At ambi-
ent pressure, this compound undergoes an AFM transition at Néel temperature Ty =
3.8K, with the ordered magnetic moment of 0.75 ug, and with an incommensurate
wave vector ¢ = (0.5, 0.5, 0.297) helical in the c-axis direction [62]. The '**In nuclear
quadrupole resonance (NQR) measurements suggested that in the ordered state the
magnetic moments lie strictly in the Celns plane and a spiral spin structure is realized
along the c-axis direction. Figures 1.9(a) and (b) show the temperature dependence of
resistivity in CeRhlng single crystal. At ambient pressure, p decreases monotonically
with decreasing temperature. Above 1.3 GPa, it shows maximum value around 30K
which is the typical temperature dependence of Kondo lattice systems.

Ty is increased with increasing pressure p and shows a maximum at p ~ 1GPa
where superconductivity appears. At higher pressures, the AFM phase and the super-
conducting phase coexist, and T, increases with pressure but Ty decreases. Above the
pressure p* where T, = Ty, the antiferromagnetic order suddenly disappears and the
pressure-induced transition to superconductivity appears to be first order, thus avoiding
a QCP. On the other hand, apparent deviations from Fermi liquid behavior have been
observed in p(T") over a wide temperature and pressure range (Figure 1.9(d)). Fur-
thermore, there are a sharp change in the dHvVA frequencies and a dramatic increase
in the effective quasiparticle mass [36] under pressure. As shown in Figure 1.10, the
dHvA frequency is unchanged even when it exceeds p* but it shows a drastic change
at p. where Ty is extrapolated to the zero temperature on the p — 7' phase diagram.
The effective cyclotron mass m* begins to gradually increase above the pressure at
which superconductivity begins to appear and diverges with approaching p., and then,
it gradually decreases above p.. These results indicate that the critical pressure is p,,
not p*. Later, a quantum critical line between a phase of coexistence and a purely su-
perconducting phase was revealed [33,64]. This line ends at a tetracritical point, which
separate four distinct phases, namely, thee pure AFM phase , the coexistence phase of
AFM order superconductivity, pure superconducting phase, and paramagnetic phase,
under a magnetic field.

Regarding the gap symmetry, field-angle-dependent specific heat measurements un-
der pressure have been reported [64]. The measurements were performed in the coexis-
tence of the AFM and superconducting phase (at 1.45 GPa which is below p*) and the
pure superconducting phase (at 2.3 GPa). At both pressures, in-plane fourfold modu-
lation and out-of-plane twofold modulation have been seen, which are consistent with
the d-wave gap symmetry being the same as that of CeColns.

Figure 1.11 shows the temperature dependence of the upper critical field H., at
p = 2.45GPa [65]. As CeRhlns has a quasi-2D cylindrical Fermi surface similar to
that of CeColns, it is expected that H% will be higher, but actually HS,. This reversed
anisotropy is also different from H., in the coexistence phase below, where p*, HS, < H%
is preserved [64].

Figure 1.12 shows the field-temperature phase diagram of CeRhIns determined by
heat capacity measurements and dHvA oscillations. The AFM transition tempera-
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Figure 1.9: Temperature dependence of resistivity of CeRhlng for different pressures
[63]. P — T phase diagram of CeRhIn; in zero magnetic field from ac calorimetry
(circles), ac susceptibility (triangles), and resistivity (diamonds for Ty, and stars for T,).
Below p*, both antiferromagnetic (AF) and superconducting (SC) phases coexist. At p*
the AF is suppressed suddenly before the QCP at p, is reached under pressure. Above
p*, a purely superconducting phase appears in a zero magnetic field. The dashed line
is a smooth extrapolation of Tx [33]. (d) Field-temperature phase diagram of CeRhlIn;
at zero temperature obtained from extrapolation of data to T" = 0. The tetracritical
point at p. separates four distinct phases. Figure after [59].
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ture reflects the anisotropy of the crystal field at low magnetic fields and has a large
anisotropy in the a-axis direction and the c-axis direction. It is known that there is
a field-induced QCP at H, = 50T under high magnetic fields, on the a- and c-axes.
Focusing on the magnetic field dependence of Ty near QCP, Ty ~ (H, — H)?? was
observed, which is the expected behavior for 3D spin fluctuations. The change in the
shape of the Fermi surface occurs at a lower magnetic field B*. Field evolution of the
Fermi surface is obtained from the fast Fourier transformation of the dHvA oscilla-
tions over different field windows. As shown in Figure 1.13(a)-(c), the dHvA spectra
of CeRhlns at B < B* and at B > B* are quite different. At low fields, the dHvA
frequency of CeRhlnj is very similar to that of LaRhIns. On the other hand, dHvA
frequency appearing above B* is in good agreement with that of CeColns. This result
demonstrates that the reconstruction of the Fermi surface occurs in B*, and that the
electronic structure changes from a small Fermi surface with localized f-electrons to
a large Fermi surface with itinerant f-electrons. This anomaly in B* is also shown in
the Hall resistivity measurements [66]. The significant decrease in the Hall coefficient
at B* corresponds to a large change in the number of carriers and appears to reflect
the reconstruction of the Fermi surface at B*. Recently, a large anisotropy in the in-
plane electrical resistance in the AFM phase above B* has been reported, and this is
considered to be a unique electronic phase that seems to be a spin nematic phase [67].

The QCP induced by magnetic field is qualitatively different from that induced by
pressure where Fermi surface reconstruction occurs at QCP. The connection between
these different types of QCPs remains an open question.

Figure 1.12: Field-temperature phase diagram of CeRhlnj for the field along a- and c-
axes. AF and P denote antiferromagnetism and paramagnetism, respectively, while the
subscript denotes a small (S) or large (L) Fermi surface. [66]
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1.3.4 Celn;

Celns has a cubic AuCus-type structure with a 3D Fermi surface as shown in Figure
1.14(a). At ambient pressure, this compound undergoes an AFM transition at Ty =
10.1 K with an ordered magnetic moment of 0.48 up and a commensurate wave vector
g = (0.5, 0.5, 0.5) [69]. Figure 1.14(b) shows the temperature dependence of resistivity
in the Celns single crystal at several pressures [70]. With decreasing temperature, p(7")
increases below ~ 150 K due to the Kondo scattering but then begins to decrease due to
strong c- f hybridization between f-electrons and conduction band electrons, leading to
a narrow f-electron band at the Fermi level. The Kondo coherence temperature Ty, at
which the formation of heavy-fermion occurs, is estimated from the maximum in p(7).
With increasing pressure, Tt increases, reflecting further c-f hybridization, which is
typical for Ce compounds. The kink accompanied by the AFM transition appears at
the low-temperature part of resistivity, indicated by arrows. At ambient pressure, the
kink is sharp, but under pressure it gradually becomes smooth.

Figure 1.15 (a) shows the p-T' phase diagram of Celng [70]. A dome-like supercon-
ducting phase appears with 7."* = 0.2 K around the critical pressure p. = 2.6 GPa. The
superconducting transitions are clearly seen in the low-temperature part of resistivities.
The normal state of the resistivity near p. shows non-Fermi liquid behavior. Figure
1.15 shows the pressure dependence of the exponent n (upper frame) and the prefactor
A,, (lower frame) of the resistivity p = po + A, T™. In the case of a Fermi liquid, n is
2, and it abruptly drops to ~ 1.6 around p.. Above p,., the value of n = 2 is recovered.
Ag diverges toward p. in proportion to the power of 1.2. In heavy-fermion systems,
the relationship m* = /A, is preserved, indicating the enhancement of m* toward a
AFM QCP. If considering the isotropic Fermi surface, the effective mass m* near p.
is estimated as 170myg, which is about 3 times larger than m* at ambient pressure as
determined by the specific heat.

The superconductivity in Celng is believed to be mediated by these magnetic fluc-
tuations [1]. The normal state resistivity near the critical pressure shows non-Fermi
liquid behavior [70]. Figure 1.15 (c¢) shows the temperature dependence of the upper
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Fermi-liquid regime. The superconducting transition temperature 7, is scaled by a
factor of 10. (b) Pressure dependence of exponent n (upper frame) and prefactor A,
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Figure 1.16: (a) Cell volumes of REColn; and RERhIns compounds [71]. (b) Tem-
perature dependence of resistivity of YbRhIns. Adapted from [73,74]. (c) Magnetic
susceptibility of YbColns, along with a Curie-Weiss fit [72].

critical field H. under a pressure of Celns [70]. From the slope of H. near T, the
superconducting coherence length &, and Fermi velocity vp are found to be & ~ 300 A
and vp ~ 4500m/s. The coherence length is much shorter than the mean free path
I, ~ 2000 A, indicating that Celns is in the clean limit.

1.3.5 YbColn; and YbRhIn;

YbColns and YbRhIns have the same crystal structure as that of CeColns with
alternating layers of YbIns and Colny or Rhln, stacked along the c-axis [71]. The lattice
constants a and ¢ are 4.533 A and 7.413 A for YbColns and 4.595 A and 7.442 A for
YbRhIns [71,72]. As shown in Figure 1.16(a), the cell volume decreases monotonically
from La to Lu in REColns and RERhIns, where RE is a rare earth element. Because
Yb systems show a positive deviation from these trends, it has been pointed out that Yb
ions are intermediate-valent or divalent [71]. In X-ray absorption near-edge structure
measurements, it was found that the valence of the Yb ion is approximately 2.3, which is
larger than that of divalence, but is still close to the nonmagnetic f!* configuration [72].

The electronic and magnetic properties of YbColns and YbRhIns are quite simi-
lar and trivial. Figure 1.16 depicts the temperature dependence of the resistivity of
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YbColns and YbRhIns, showing good metallic behavior with a residual resistivity ratio
of 5-50 [73,74]. In YbColns, the magnetic susceptibility x(7") exhibits non-magnetic
behavior as shown in Figure 1.16. The estimated Sommerfeld coefficient of the specific
heat, 79 = 11.6 mJmol *K~2, is more than 20 times smaller that of CeColns, indicat-
ing weak correlations in YbColns. The data for xy and p suggest that YbColns and
YbRhIng are non-magnetic conventional metals.

1.4 Heavy-fermion superlattices

In bulk heavy-fermion systems, the electronic states are essentially 3D. In recent
years, with technical development of the molecular beam epitaxy (MBE) technique, it
has become possible to fabricate thin films of heavy-fermion compounds and superlat-
tices that have an alternating layered structure of heavy-fermion compounds and con-
ventional metals. As a result, we have succeeded in confining the heavy electrons within
two dimensions, and we have observed many characteristic behaviors not seen in 3D
systems [75-77]. In this section, we introduce the study of three kinds of heavy-fermion
superlattices, namely, Celngs/Lalng [75], CeColns/YbColns [76], and CeRhIns/YbRhIns
superlattices [77].

1.4.1 Celns/Lalns superlattices

With reducing spatial dimensions, magnetic order is often suppressed because of quan-
tum fluctuations. Therefore, the dimensionality can be regarded as a tuning parameter
for quantum criticality. To control the dimensionality of the magnetism in Kondo lat-
tice, Shishido et al. fabricated heavy-fermion superlattice Celns/Lalng consisting of
heavy-fermion AFM metal Celns and conventional metal Lalns [75]. The researchers
developed a state-of-the-art MBE technique and, using a MgF5 substrate, they success-
fully fabricated heavy-fermion superlattices for the first time. Figures 1.17(a), (b), and
(c) show the high-resolution cross-sectional transmission electron microscopy (TEM)
image, diffraction pattern of the electron beam X-ray diffraction, and reflection high-
energy electron diffraction (RHEED) image, respectively, of Celng/Lalngs superlattices
with alternating layers of n unit-cell-thick (UCT) Celng and 4-UCT Lalns. These re-
sults demonstrate that superlattice structures have clear interfaces without discernible
interdiffusion and precisely controlled block layer (BL) thickness.

Figures 1.18(a) and (b) show the temperature dependence of the in-plane resistivity
normalized by its value at 10K, p(7")/p(10K), and the Hall coefficient Ry for H || ¢,
respectively, in Celnz(n)/Lalng(4) superlattice. For comparison, p(T") for the Celng thin
film and Ry for bulk Celns are displayed. The peak temperatures coincide well with the
temperature at which Ry(T") exhibits cusp-like minima. These observations indicate
that Ty is suppressed with reducing Celng BL thickness, resulting in the disappearance
of the AFM order at n ~ 2. To determine whether the resistivity obeys the Fermi-liquid
expression, p(T) = py+AT?, the group fitted the low-temperature part of the resistivity.
Figure 1.18(c) depicts the thickness dependence of Ty and prefactor A, which is related
to the effective mass m* through the effective specific heat coefficient v, ox m* and the
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Figure 1.17: (a) High-resolution cross-sectional TEM image of the Celns(1)/Lalng(4)
superlattice, which is with the designed superlattice structure shown in the left panel.
(b) Diffraction pattern of the electron beam incident along the [110] direction. (c)
X-ray diffraction patterns around (00 2) peak of the Celng(n)/Lalns(4) for n = 1, 2, 4,
and 8. Green lines represent the step-model simulations ignoring the interface and layer-
thick fluctuations. These simulations reproduce both the intensities and the position
of the satellite peaks indicated by arrows. The RHEED image in the inset represents

epitaxial growth.
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Kadowaki-Woods Fermi liquid relation, A/yes = 1 x 107°uQcm (mJ/mole K)=2 [78].
Concomitant with the disappearance of Ty close to n = 2, the prefactor A was strikingly
enhanced. It is natural to consider that the mass enhancement and deviation from the
Fermi liquid behavior of the resistivity for the n = 2 superlattice are caused by the
quantum critical fluctuations associated with the QCP in the vicinity of n = 2, implying
dimensional control of the system toward an AFM QCP.
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Figure 1.18: Transport properties in Celns/Lalns superlattices. (a) Temperature
dependence of resistivity normalized by its value at 10 K, p(T)/p(10 K), in the
Celng(n)/Lalns(4) superlattices for n = 1 (green), 2 (red), 3 (dark blue), 6 (light blue),
and 8 (yellow). The p(T') of the Celns thin film (black line, right axis) coincides well
with the results for the bulk material. (b) Temperature dependence of Hall coefficient
Ry for the superlattices (left axis) and for bulk Celns (right axis). Both p(T") and
Ry (T) show cusp-like behavior (arrows) for n = 8, 6, and 3 as well as for Celng. [79] (c)
Temperature versus dimensionality phase diagram. Ty (red circles) and Fermi liquid
coefficient prefactor A (open blue squares) as a function of 1/n. For n = 2, the A
values were determined from p(7") under magnetic fields (solid squares). The solid and
dashed lines serve as visual guides. (d) Temperature and layer thickness evolution of
the exponent « derived from the expression p(T') = pg + AT*. According to ref. [79]

Figure 1.18(d) depicts the temperature and layer thickness evolution of the exponent
a derived from the expression p(T') = py + AT. The T-linear behavior for the n = 2
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superlattice is consistent with scattering by fluctuations enhanced by the 2D-AFM QCP.
This is in contrast to Celng single crystals, where o ~ of 1.6 which is close to a = 1.5
expected near 3D AFM QCP. The researchers demonstrated that the dimensionality
of the quantum criticality can be controlled by modulating the BL thickness. Their
successful fabrication of heavy-fermion magnetic superlattices by MBE, paving the way
for the study of 2D superconductivity in the vicinity of AFM QCP.

1.4.2 CeColn;/YbColn; superlattices

2D AFM fluctuations are essentially important for d-wave superconductivity.
However, in CeColns, all the electronic, magnetic, and superconducting properties
are mostly 3D rather than 2D. Therefore, it is unclear whether superconductivity of
CeColny persists with the dimensionality reduction from 3D to 2D. To confine the d-
wave superconducting state within a 2D Kondo lattice, Mizukami et al. fabricated
superconducting superlattices of CeColn;/YbColns [76]. Figures 1.19(a) and (b) show
the cross-sectional TEM image and X-ray diffraction of CeColns(n)/YbColns(5) super-
lattices, respectively. These results demonstrate the clear interface between the Ce- and
Yb- BL. As shown in Figure 1.19(c), a superconducting transition to zero resistance
was observed for n 2 3 and a drop in the resistivity at low temperature for n = 1 and
2.

Figure 1.20(a) shows thee H-T phase diagram of the CeColns/YbColns superlattice
for n = 3, 5, and 7, compared with those of CeColnjs single crystal. Despite the suppres-
sion of T, our-of-plane upper critical field H.o, of the superlattices remains comparable
to that of single crystal CeColns. The inset of Figure 1.20(a) shows the anisotropy of
the upper critical fields Heo)/Hc21 . The anisotropy diverges on approaching T¢. This is
in sharp contrast to the case involving CeColnjy thin films, whose anisotropy is nearly
temperature-independent up to T,.. The observed diverging anisotropy indicates that
the superconducting electrons are confined in the 2D CeColns BLs. The thickness of the
CeColny BL is comparable to the coherence length perpendicular to the layer. Thus,
each 7-UCT CeColn; BL effectively behaves as a 2D superconductor. The most remark-
able feature of this extremely 2D heavy-fermion superconductor is that the thickness
reduction drastically enhances H., /T, from the bulk value, as shown in Figure 1.20(b).
At that time, the robustness of H., against the suppression of T, in the superlattices was
interpreted as enhancement of the superconducting pairing strength 2A/kgT, by two-
dimensionalization. However, in 2012, Maruyama, Sigrist, and Yanase pointed out that
the local inversion symmetry breaking at the interface of multilayer system also sup-
press the Pauli pair-breaking effect by Fermi surface splitting due to Rashba effect [80].
Go et al. performed additional experiments on CeColns/YbColns superlattice with de-
tailed analysis and pointed out that the Pauli pair-breaking mechanism was suppressed
by Fermi surface splitting due to the Rashba effect [81]. Recently, Yamanaka et al.
performed site-sensitive NMR measurements with detailed analysis of the spectra and
demonstrated that it is possible to separate NMR signals from the interface and from
those inside the layer [82]. They found that suppression of AFM magnetic fluctuations
in CeColng near the interface between the BLs of CeColns; and non-magnetic normal
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Figure 1.19: (a) Designed superlattice structure of CeColns(1)/YbColns(5) and its
high-resolution cross-sectional TEM image. The right panel shows the intensity inte-
grated over the horizontal width of the image plotted against vertical position indicates
a clear difference between the Ce and Yb layers, showing no discernible atomic interdif-
fusion between the neighboring Ce and Yb layers. (b) X-ray diffraction patterns for n =
1, 2, 3, 4, 5, and 7 superlattices that first exhibit the satellite peaks marked by the red
arrows and, later, exhibit the satellite peak marked by the blue arrow. The positions
of the satellite peaks and their asymmetric heights can be reproduced by step-model
simulations, shown by the green lines by ignoring the interface and layer-thickness fluc-
tuations. (c) Temperature dependence of electrical resistivity p(T") for n = 1, 2, 3, 5,
7, and 9, compared with those of 300-nm-thick CeColn; and YbColns single-crystalline
thin films. Based on ref. [76].
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Figure 1.20: (a) Anisotropy of He, Hey/Hey, as a function of reduced temperature
T/T. for n = 3, 5, and 7 superlattices and for the bulk CeColns. (b), (¢) Supercon-
ducting transition temperature, T, (open triangles), and reduced critical fields H. /T,
for parallel (filled blue circles) and perpendicular (filled red squares) magnetic fields as
a function of dimensionality parameter 1/n (right panel). The pressure dependence of
these quantities is also shown for comparison (left panel). Note the different scales for
parallel (blue) and perpendicular (red) magnetic fields. From ref. [76]

YbColns.

1.4.3 CeRhIn;/YbRhIn; superlattices

Next, we will look at another example of a heavy-fermion magnetic super-
lattice consisting of alternating layers of AFM metal CeRhlns and non-magnetic
normal metal YbRhIns [77]. To control the dimensionality of the magnetism,
CeRhlIns(n)/YbRhIns(7) superlattices were fabricated using the MBE technique. Fig-
ures 1.21(a) and (b) show p and dp/dT at low temperatures for the thin film and the
superlattices. For the CeRhlng thin film, and n = 9, 5, and 4 superlattices, dp/dT
showed a pronounced peak structure as shown by arrows, indicating the AFM. For the
n = 3 superlattice, on the other hand, the peak is very broad and thus the determination
of Ty is ambiguous. The Ty of the CeRhIns(n)/YbRhIns(5) superlattices systematically
decreases with decreasing n. At the same time, the prefactor A is strikingly enhanced.
In the vicinity of the QCP, quantum fluctuations cause enhancement of the effective
mass or deviation from the Fermi liquid behavior. Thus, it was concluded that an QCP
exists in the vicinity of n = 3 superlattice.

To investigate the nature of the QCP, the magnetoresistance and its anisotropy for
the n = 3 superlattice was measured in an applied magnetic field. Figures1.22(b) shows
the evolution of «, the exponent in p(T) = py + AT* , within the field-temperature
(B-T) phase diagram of the n = 3 superlattice, for the magnetic field applied parallel to
the ab plane and ¢ axis, respectively. At B. ~ 1.2T for B || ab and B. =~ 2T for B || ¢,
non-Fermi liquid behavior (a < 1.5) was observed down to the lowest temperatures and
in a large extended field range at higher temperatures. For B > B, a broad crossover
regime from the non-Fermi liquid state to the field-induced Fermi liquid state at a lower
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Figure 1.21: Transport properties in CeRhIns/YbRhIns superlattices. (a) Temperature
dependence of resistivity p for CeRhlns thin film and CeRhIns(n)/YbRhIns(7) super-
lattices. The arrows indicate the Kondo coherence temperature Ti,,. Insets: (top)
Schematic representation of the superlattice. (bottom) Ti., as a function of 1/n. (b)
Temperature derivative of the resistivity, dp/dT, as a function of T for CeRhlns thin
film and CeRhIns(n)/YbRhIns(7) superlattices. Arrows indicate the Néel temperature
TN.
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Figure 1.22: Tuning magnetic quantum criticality in CeRhlns/YbRhIn; superlattices.
(a) The Néel temperature Ty (left axis) and Fermi liquid coefficient A derived from the
expression p = pg+ AT? (right axis) as a function of 1/n. Tx for the n = 3 superlattice
(diamond) is estimated by the temperature below which the Fermi liquid behavior is
observed. (b) Temperature and magnetic field evolution of the exponent « derived from
the expression p(T') = py + AT in the n = 3 superlattice for B || ab and B || ¢. The
triangles represent the effective specific heat 7. estimated from the resistivity at the
lowest temperatures assuming the T%-dependent resistivity (right axis).

temperature was found to occur. Thus, the non-Fermi liquid behavior dominates over
a fan-shaped region of the B-T phase for both field directions. The field dependence of
Vet for the n = 3 superlattice estimated from the T?-dependent resistivity in the Fermi
liquid regime is also plotted in Figure 1.22(b). As the field approaches B, from either
side, vef is rapidly enhanced. These results corroborate the emergence of a field-induced
QCP at B.. In bulk CeRhlns, the critical magnetic field B,y where Ty is suppressed
to zero temperature is about 50T for both B || @ and B || ¢. The observed small B,
in the superlattice suggests that the Rashba spin-orbit interaction, arising from the
local inversion symmetry breaking at the interface, plays an essential role in tuning the
quantum criticality in the 2D Kondo lattice.

In the absence of inversion symmetry, an asymmetric potential gradient VV' || [001]
yields an Rashba spin-orbit interaction ar g(k) - & x (k x VV) - o, where g(k) =
(ky, —k4,0)/kp, kp is the Fermi wave number, and o is the vector of Pauli matrices
[83-85]. The Rashba interaction splits the Fermi surface into two sheets with different
spin structures. The energy splitting is given by ag, and the spin direction is tilted
into the plane, rotating clockwise in one sheet and anticlockwise in the other. As the
noncentrosymmetric interface layers occupy two-thirds of the CeRhlInj layers in the n =
3 superlattice, the local inversion symmetry breaking at the interfaces, which results in
Rashba spin-orbit splitting of the Fermi surface, has a significant impact on the magnetic
properties. In the presence of the local inversion symmetry breaking at the interfaces,
the magnetic anisotropy is expected to be modified. For B 1 ab, the Zeeman splitting
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h = gugJ.B enters the energy ey of quasiparticles at the Fermi level quadratically
alongside the Rashba interaction: Fy(k) =¢p £ \/ h? 4+ a4 |g(k)|>. Therefore, for weak
fields (h < ag, which is the case here), the Zeeman effect is quadratic rather than linear
in field, and is therefore strongly suppressed. By contrast, for in-plane field B || ab, there
is a component of B parallel to the Rashba-induced spin g(k), and the Zeeman effect is
stronger. Therefore, the magnetic susceptibility for B 1 ab is expected to be suppressed
more strongly than for B || ab. A theoretical evaluation showed that the anisotropy ratio
of the magnetic susceptibility, X¢/Xab, 15 Xe/Xab ~ (Xe/Xab)buie X 12(6% + O(53)), where
d = h/ag. The realistic values using the Rashba interaction and material parameters
of CeRhln; lead to an estimation of ¢ in the range (0.02 — 0.1) for field B = 1 T,
yielding an anisotropy ratio of 1/100 < x./Xxa < 1/10. This can be explained by the
fact that the anisotropy of the upper critical field is opposite to what is expected from
the magnetic susceptibility in bulk CeRhIns. These results indicate that the Rashba
spin-orbit interaction arising from the inversion symmetry breaking at the interface
plays a key role in tuning the quantum criticality in the 2D Kondo lattice.
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Chapter 2

Purpose of this study

As explained in the previous chapter, artificially engineered superlattices of heavy-
fermion compounds are particularly suitable systems to study the interplay between
the 2D unconventional superconductivity and magnetically ordered- or conventional
metallic-states through the atomic interface in strongly correlated materials. The basics
of the fabrication using the state-of-the-art MBE technique and characterization of
heavy-fermion superlattices will be described in the following chapter.

In this thesis, we introduce new strategies for controlling unconventional super-
conductivity by fabricating two kinds of heavy-fermion superlattices, namely the tri-
color superlattices of YbColns/CeColns/YbRhIns, and the hybrid superlattices of
CeColns/CeRhIns and CeColns/Celns. The first is the noncentrosymmetic (tricolor)
superlattice, in which the d-wave superconductor CeColnj is sandwiched by two differ-
ent nonmagnetic metals, YbColns and YbRhIns. In Chapter 4, to study the effect of
global inversion symmetry breaking on unconventional superconductivity, we will pro-
vide a brief introduction, experimental details, and the results and discussion. Based on
the detailed discussion of the temperature dependence of the upper critical field, we will
demonstrate that the magnitude of the Rashba effect can be tuned by the thickness
of the superconducting layers. We will also show a possible emergence of the exotic
superconducting state inherent in noncentrosymmetric superconductors.

The second is the hybrid superlattice consisting of alternating atomic layers of d-
wave superconductor CeColns and AFM metal CeRhlng, in which the AFM order can
be suppressed by applying pressure. We developed high-pressure measurements for
epitaxial thin films and investigated the effect of pressure on heavy-fermion thin films
and superlattices. We also performed low-temperature resistivity measurements under a
rotated magnetic field. In Chapter 5, we will provide a brief introduction, experimental
details, and results and discussion on hybrid superlattices of CeColns/CeRhlIns. We
also studied another kind of hybrid superlattices consisting of alternating atomic layers
of CeColns and AFM metal Celng, in which the AFM order can be suppressed by
applying pressure, similar to cases involving CeRhlns. The details of the fabrication
and characterization of CeColns/Celng hybrid superlattices, and results and discussion,
along with comparison with CeColns/CeRhlIns, will be presented in Chapter 6.

We will conclude this thesis in Chapter 7 by summarizing the findings of this work.
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Chapter 3

Experimental methods

In this study, heavy-fermion superlattices were fabricated using a molecular beam
epitaxy (MBE) technique. The samples were characterized using reflection high-
energy electron diffraction (RHEED), atomic force microscopy (AFM), X-ray diffrac-
tion (XRD), energy-dispersive X-ray spectroscopy (EDX), and transmission electron
microscopy (TEM) and electron energy loss spectroscopy (EELS). To clarify the trans-
port properties, low-temperature resistivity measurements were performed under hy-
drostatic pressure applied using a piston-cylinder pressure cell. In this chapter, we will
introduce these techniques.

3.1 Molecular beam epitaxy (MBE)

MBE is an evaporation technique used to achieve epitaxial growth under ultra-high-
vacuum (UHV) conditions (< 1077 Pa). Because, under UHV conditions, the mean free
path of the evaporated gas molecules is long, the aligned gas molecular beam reach
the substrate surface without colliding with other molecules. The effects of residual
gas can also be minimized, which enables us to produce high-purity thin films. As a
characteristic feature of MBE, the crystal growth rate is slow and the film thickness
can be precisely controlled. In addition, when crystal growth is monitored in situ by
RHEED, the flux can be adjusted by the feedback function. Because of its precise
controllability, MBE is widely used for eptaxial growth for semiconductor thin films
and heterostructures.

3.1.1 Knudsen cell

2

The molecular beam flux J [em~2sec™!] is given by the following equation.

g A pcosf
- L2 (2rmkpT)Y/?

(3.1)

where p is the equilibrium vapour pressure in the cell, m is the mass of the molecule,
kg is the Boltzmann constant, T is the absolute temperature, A is the area of the cell
outlet, L is the distance between the cell outlet and substrate, and 6 is the angle between
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the molecular beam and substrate. Figure 3.1 shows the temperature dependence of
the vapor pressure of typical materials used in MBE. For example, the cell diameter
is 1 ecm, L = 30 cm, the material is Ce, and when the cell temperature T = 1200
°C, p = 1.68 x 107*Pa and the flux is 8.27 x 10'® atoms/cm?s. In reality, the flux
changes depending on the shape of the cell aperture and the crucible, and the amount
of the atomic element in the crucible. Therefore, when determining the growth rate
and composition ratio accurately, we determine the temperature dependence of the flux
for each MBE system using a crystal rate monitor installed near the substrate holder
in advance.

|11 s
LTI ot AT
T

Wapor Fressure in 1o (mim Hy)
JEQ Ul N33l JodEN

Temperature in Degrees Centigrade

Figure 3.1: Temperature dependence of the vapour pressure typically used in MBE
(adopted from [86]).

The MBE machine used in this study is equipped with four Knudsen cells, as shown
in Figure 3.2. A Knudsen cell is composed of a carbon heater, crucible, shutter, and
various structural components. A thermocouple is placed under the crucible. To control
and adjust the deposition rate of the molecular beam, each Knudsen cell employs a
specific Proportional-Integral-Differential (PID) temperature controller. Because rare-
earth elements are highly reactive, the material choice for the crucible is crucial. We
used crucibles made of tantalum (Ta), molybdenum (Mo), beryllium oxide (BeO), and
silicon carbide (SiC) for the cerium, ytterbium, cobalt, and indium, respectively. The
manufacturer and purity of each element are listed in Table 3.1. We used a shutter
placed in front of the crucible to control the on/off mechanism of the molecular beam.
To control precisely the chemical composition of a deposited film, the shutters were
controlled using a computer, which enabled synchronized control of several shutters
simultaneously. The typical crucible temperatures during growth were 1500°C, 420°C,
1300°C, and 870°C for Ce, Yb, Co, and In, respectively.

31



Table 3.1: Manufacturers and levels of purity of elements used in this study.
Element Purity(%) Manufacturer

Ce 99.9 Rare Metallic
Yb 99.9 Rare Metallic
Co 99.99 Rare Metallic
Rh 99.99 Rare Metallic
In 99.9999 Furuuchi Chemical

Substrate heater

RHEED gan

Shutter

K-cell
(Ce, Yb, Co, In)

Figure 3.2: Schematic of an MBE machine [87].
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3.1.2 Crystal rate monitor

A crystal rate monitor is composed of a thin slice of quartz with gold thin films
deposited on both sides. It vibrates at a certain frequency when the ac electronic field
is applied to the electrode. The frequency is determined by the thickness of the crystal
and is changed when materials are deposited on the crystal. The relationship between
a change of frequency Af and the amount of stuck material Am is described by the
following equation.

2f3
Ay/palq

where fj is a oscillation frequency of bare crystal, pg is the density of the crystal, pg
is the elastic modulus of the crystal, and A is the area of the gold films deposited on
the crystal. When the mass of the stuck material increases, the frequency of the crystal
decreases. We can know the deposition rate by monitoring the frequency of the crystal.
We used a gold-coated quartz crystal with a resonance frequency of 6 MHz (INFICON,
008-010-G10) and SQC-300 rate controller. Typical growth speed was 0.1-0.2 A /s for
our experiments.

Af =— Am (3.2)

3.1.3 Comparison of thin film growth techniques

Several studies have been conducted on CeColn; heavy-fermion thin films using
MBE [88-90], sputtering [91] and pulsed laser deposition (PLD) [92,93]. Table 3.2
summarizes the techniques and results of previous studies.

Although the superconducting films of CeColns, which showed zero resistivity, were
obtained using any of the aforementioned techniques, the quality varies depending on
the technique. In the film prepared by sputtering, CeO, inclusions of various orienta-
tions were detected by XRD. In the film prepared by PLD, in addition to the desired
CeColn; (001), additional orientations with (112) were also present. Until now, only
the MBE technique has achieved purely c-oriented CeColns thin films. Based on the
residual resistance ratio RRR = p(300K)/po, the highest quality of c-oriented CeColns
were grown on the MgF, substrate in our laboratory.

Table 3.2: CeColns thin films fabricated using various techniques

Technique Target material(s) Substrate Tewp (°C) P (Pa) RRR
MBE [88] Ce, Co, In Cr/MgO(001) 350 1x1077 ~5
MBE [89] Ce, Co, In a- and r-cut Al,O3 500 4x1077 ~4
MBE [90] Ce, Co, In MgF2(001) 370 1x1077  ~11
Sputtering [91] Ce, Co, In Cr/MgO(001) 550 3 (Ar gas) ~2
PLD [92] CeColns single crystal  Cr/MgO(001) 400 8x 1077 NA
PLD [93] CeColnj polycrystal c-cut AlsOg3 600 4 x107° ~3
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3.1.4 Substrate and fabrication methods

Lattice matching between the thin film and substrate is an important factor for
epitaxial growth. We used (001)-oriented magnesium fluoride (MgF5) as a substrate. It
has a rutile-type tetragonal structure with a similar lattice parameter for the a-axis to
those of Celng and CeColns. Table 3.3 lists the lattice constants of the substrate and
compounds used in this study. In addition, because MgF, does not contain oxygen, the
oxidation of Ce compounds during growth could be avoided and is thus another critical
factor for the growth of Ce-based compounds.

Table 3.3: Lattice constants

a(A) c(A)
CeColns 4.613 7.551
CeRhlns 4.653 7.538
Celns 4.690 4.690
YbColns 4.533 7.413
YbRhlIns 4.595 7.442
MgF'y 4.625 3.052

The substrate, which is a 10x5mm one-sided mechanically polished MgF,, was
purchased from Crystal Base, Ltd. Because the flatness of the surface was insufficient
for our purpose, we annealed the substrate under UHV at 750°C for 2 h to improve
the flatness. After baking the substrate, a clear streak pattern appears in the RHEED
image, indicating that the substrate is atomically flat and has a clean surface. Because
MgFs is a halide material, it is hollowed when exposed to a strong electron beam.
We carefully reduced the RHEED irradiation time not to damage the surface of the
substrate. To relax the lattice mismatch and improve the quality of the superlattice,
some buffer layers were occasionally used. Initially, 30 nm of Celns buffer layers were
grown at 450°C. Subsequently, 15nm of YbColn; buffer layers were grown at 550°C.
On top of these, superlattice layers were grown. At some point following the thin film
growth, ~ 5nm of the cobalt capping layer was deposited at room temperature to avoid
the oxidization of samples.

3.1.5 LabVIEW program

The fabrication of thin films and superlattices is controlled with LabVIEW programs.
Figure 3.3(a) shows the homemade program for the MBE control. The temperature of
the substrate and four Knudsen cells are monitored and controlled from this panel. Also,
rate monitor, Knudsen cell temperature control sequence setting, and shutter control
can be called as sub-programs. Figure 3.3(b), (c) are the LabVIEW block diagrams,
indicating the GPIB communication part with the Knudsen cells and the display part
on the graph, respectively. The rate monitor of each Knudsen cell is adjusted using the
rate monitor shown in Fig. 3.4. The light blue square indicates the raw rate recorded
every 1 second, and a red line indicates the moving average value for 60 seconds. After
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confirming that the average rate becomes constant for about 30 minutes, we judge to
complete the rate adjustment.

Figure 3.5 shows a LabVIEW program that constitutes a shutter sequence for the
growth of a superlattice. By synchronizing the opening and closing of the electromag-
netic shutter provided in each Knudsen cell with a program, a superlattice structure
with a precisely controlled number of layers is possible. As a demonstration, the shutter
sequence for CeColns(5)/CeRhlns(5) superlattice is displayed. During the deposition,
the temperature of the substrate and each Knudsen cell and the pressure are recorded,
and it is confirmed that the growth conditions did not change during the fabrication.

3.2 Characterization

The structural properties of heavy-fermion thin films and superlattices were investi-
gated by RHEED, AFM, XRD, EDX, TEM, and EELS. The transport properties were
examined through resistivity measurements. The in-plane resistivity p was measured
by a standard ac four-probe method using an LR-700 ac resistance bridge. Measure-
ments were performed by applying 10 pA excitation currents along the a-axis, with a
magnetic field parallel to the c-axis at temperatures as low as 300 mK in a *He cryostat.
Electrical contacts were produced using DuPont 4929N silver paint.

3.2.1 Reflection high-energy electron diffraction (RHEED)

RHEED is a simple but powerful tool to study the crystal surface and its growth. An
electron gun and fluorescent screen face each other centered on the substrate. Electron
beams enter the substrate from the electron gun at a very shallow angle, and the
diffracted electrons are received by the fluorescent screen. Because the intensity of
RHEED reflects the surface roughness, RHEED oscillations reflecting layer-by-layer
epitaxial growth can be observed [94], which are shown in figure 3.6. RHEED is thus
an indispensable surface-sensitive technique for in situ monitoring of crystal growth.

3.2.2 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is a scanning probe microscope that uses the atomic
force between the sample and tip. It is a technique that can map the surface state of a
wide range of objects such as metals, insulators, and polymers to real space with sub-
nano height resolution. In this study, AFM was used to confirm the different degrees
of surface flatness and domain sizes of the epitaxial films. For this purpose, we used
VN-800 KEYENCE, which employs a resistance type cantilever for the tip as well as
a tapping mode. Figure 3.7 is a typical AFM image for a heavy-fermion superlattice.
The typical surface roughness is within 0.8 nm, which is comparable to the thickness of
one unit-cell along the c-axis of CeColns.
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Figure 3.3: LabVIEW program used to control the MBE system.

(a) The left side

of the screen is used for controlling the temperature of each Knudsen cell. The right
side display and records each Knudsen cell temperature and degree of vacuum. (b), (c)
Excerpt from the LabVIEW block diagram. Each shows the GPIB communication part

with the Knudsen cells and the display part on the graph, respectively.
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Figure 3.6: Schematic of RHEED oscillations. The left and right panels show the surface
of a film and corresponding RHEED intensity as a function of time, respectively [94].
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Figure 3.7: Typical AFM image for YbColn;(3)/CeColns(8)/YbRhIns(3) superlattice
grown by MBE. The typical surface roughness is within 0.8 nm, which is comparable to
the thickness of one unit-cell along the c-axis of CeColns.
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3.2.3 Energy-dispersive X-ray spectroscopy (EDX)

Energy-dispersive X-ray spectroscopy (EDX) measures the energy of excited charac-
teristic or fluorescent x-rays by irradiating a sample with an electron beam or x-ray. We
can obtain the composed elements on the surface of sample from the EDX spectrum.
The depth of analysis depends on the element, and the diffusion region of electrons is
approximately several ym. Because a typical film thickness of a thin film used in this
study is 300 nm, measured EDX spectrum reflects all information in the film thickness
direction such as the buffer layer and substrate. Figure 3.8 shows a typical EDX spec-
trum and the elements used in mapping Celng thin films. The ratio between Ce and In
is 1:3, which is the proper ratio.
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Figure 3.8: EDX spectrum of Celns.

3.2.4 Transmission electron microscopy (TEM) and electron
energy loss spectroscopy (EELS)

Transmission electron microscopy (TEM) and electron energy loss spectroscopy
(EELS) employs spectroscopic measurements with an atomic resolution to determine
the structure, composition, and element bonding state according to the energy lost from
the incident electron beam. The sub-nanometer spatial resolution of TEM and EELS,
which is higher than that of EDX enables us to obtain a cross-sectional image and an
element map of the superlattice. To transmit the incident electron beam, thinning the
sample is necessary. We sliced up the sample under vacuum and cleaned the surface
with ion milling immediately prior to TEM and EELS measurements. Focused ion
beam equipment FB2100 or nanoDUET NB5000 were used for sample processing. The
acceleration voltage was set to 40kV and 2kV for usual processing and surface finishing,
respectively. The sample was cooled to approximately -100°C during the finishing
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process. The atomic resolution analytical electron microscope JEM-ARM200F was
used for observation. All processes and observations were performed by the Kobelco
Research Institute.

3.3 Pressure experiment

In-plane resistivity measurements under pressure was performed with a hybrid
piston-cylinder-type high pressure cell (Figure 3.9). The pressure cell was purchased
from CT Factory, Ltd., Japan. The maximum working pressure for repeated use of
this type of pressure cell is as high as approximately 2.6 GPa. The outer cylinder
as well as the upper and lower lock nuts are composed of CuBe, and the inner shell is
composed of NiCrAl nested inside the outer cylinder. The piston and piston backup are
composed of tungsten carbide (WC). Electrical leads were introduced into the sample
space through the hole (0.6 ¢) of a plug, and the hole was sealed by Stycast 2850FT
epoxy. The diameter and height of the sample holder consisting of a plug and Teflon
cap were 4mm and ~ 20 mm, respectively. One or two samples could be mounted in
the sample space perpendicular or parallel to the axial direction of the cell. The sample
space was sealed with a Teflon cap and CuBe gasket. We used Daphne7373 oil as the
pressure medium. We applied a load with a 20 tons hydraulic pressure machine at room
temperature.

The pressure inside the pressure cell was determined by the superconducting tran-
sition of lead (Pb), which was obtained by the quasi-four terminal resistivity measure-
ment. The pressure dependence of the superconducting transition temperature 7, of Pb
can be well expressed as T.(p) = T.(0) — (0.36540.003)p for a wide pressure range [95].
Here, the unit of pressure p is GPa. A long and narrow shaped Pb installed inside
the sample space is sensitive to the pressure gradient for the axial direction of the cell,
which can be known by examining the width of the superconducting transition. In this
study, the transition width was within 20 mK, indicating a good hydrostatic condition.
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Figure 3.9: Cross-sectional view of the piston-cylinder high-pressure cell designed by
Y. Uwatoko [96].
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Chapter 4

Emergent exotic superconductivity
in YbColn;/CeColn;/YbRhIns
tricolor superlattices

4.1 Introduction

Spin-orbit coupling (SOC) is a relativistic effect that entangles the spin and orbital
degrees of freedom of the electrons. Recently, it has been shown that the SOC and
asymmetry of the crystal potential can dramatically affect the electronic properties,
leading to several novel phenomena in the various field of condensed matter physics,
such as spintronics [97, 98], topological matter [99], and exotic superconductivity [85].
In superconductors, the inversion symmetry important constraint on the pairing states.
In the presence of inversion symmetry, Cooper pairs are classified into spin-singlet and
triplet states. On the other hand, in the absence of inversion symmetry, an asymmetric
potential gradient yields an SOC that gives rise to a parity-violated superconductivity.
Such a superconducting state exhibits unique properties including the admixture of
spin-singlet and triplet states [102, 103], unusual paramagnetic [103] and electromag-
netic response [100, 101], and topological superconducting states [18,99, 104], which
cannot be realized in conventional superconductors with global inversion symmetry.
For instance, asymmetric potentials gradient in the direction perpendicular to the two-
dimensional (2D) plane induce the Rashba asymmetric spin-orbit coupling (ASOC),
arg(k) - o x (k x VV) - o, where g(k) = (k,, —k;,0)/kp, kg is the Fermi wave num-
ber, and o is the Pauli matrix. The Rashba ASOC lifts the electron-spin degeneracy
and splits the Fermi surface into two sheets with different spin structures [83-85]. The
energy splitting is given by ag, and the spin direction is aligned within the plane,
rotating clockwise on one sheet and anticlockwise on the other. When the Rashba
splitting exceeds the superconducting gap energy (ag > A), the superconducting state
is dramatically modified.

It has been pointed out theoretically that the effect of the Rashba ASOC on su-
perconductivity can be more pronounced by strong electron correlations [105,106]. Al-
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though strongly correlated heavy fermion superconductors with broken inversion sym-
metry, such as CePt3Si [107], CeRhSiz [108], and Ulr [109], have been reported, the
superconductivity is essentially three dimensions and often coexists with magnetic or-
der. Moreover, the magnitude of the ASOC is hard to control, as it is determined by
the crystal structure. In heavy transition metal oxides with 4d or 5d elements, it has
been suggested that the cooperative effect of the strong electron correlation and strong
spin-orbit interaction gives rise to exotic electronic states such as Weyl semimetal and
topological Mott insulator [146], but superconductivity in such materials has not been
reported so far. Thus in the superconductors with strong Rashba ASOC, the role of
strong electron-electron interaction has remained largely unexplored due to the lack
of suitable material systems. Here, using a state-of-the-art molecular beam epitaxy
(MBE) technique, we introduce new 2D systems with significant electron correlations
and tunable Rashba ASOC, which make such investigations possible.

In the following section, we first describe the basic theory of the superconductivity
without inversion symmetry. Second, we introduce the concept of the ‘local’ ISB at
the interfaces and explain the effect of local ISB on the superconductivity. Then, we
emphasize the purpose of this study by comparing ‘bicolor’ and ‘tricolor’ heavy-fermion
superlattices. Next, we show the experimental details, and subsequently, we report
and discuss the characterization of the tricolor superlattices. Then, we report and
discuss the transport properties of them by comparing the bicolor superlattices. We
also discuss a possible exotic superconducting state in a parallel field. Finally, we end
with a summary and our conclusions.

4.1.1 Basic theory of non-centrosymmetric superconductivity

In the non-centrosymmetric structure, the asymmetric potential gradient yields
asymmetric spin-orbit coupling (ASOC). In general, ASOC is described by the following
Hamiltonian using the second quantization representation [103]:

Hasoc = « Z g(k)- a’ss/cLscks/. (4.1)

/
k,s,s

Here, ¢l (cxs) creats (annihilates) an electron with momentum k and spin s. o is
a coupling constant, o,y are the Pauli matrices., and g is called the g vector that
characterizes ASOC. This g vector is determined by the symmetry of the crstal. If
the crystal structure belongs to the tetragonal point group (Cy,) in which the mirror
symmetry along the c-axis is broken, the g vector is given by g(k) = (—k,, k., 0), which
is known as Rashba type [83]. If the crystal structure belongs to the cubic point group
(Ty), it is given by g(k) = (ko(k] — k2), ky(k? — k2), k.(k2 — k7)), which is known as
Dresselhaus type [110]. The g vector has odd parity regardless of the crystal structure
as a consequence of time reversal symmetry and satisfies g(—k) = g(k).

To investigate the effect of ASOC on the electronic properties, we introduce the
model Hamiltonian for non-centrosymmetric system:

H = Z e(kz)cLScks + ag Z g(k) - asschsckS/. (4.2)
k,s

!
k,s,s
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Assuming the Rashba ASOC arg(k) and using (CLT, cl 1) as the basis, we see that this
Hamiltonian becomes [85,122],

n= (o, i) 4

where ki = sink, £ isink,. We are able to diagonalized this matrix. Therefore, the
eigenvalue is given by:

The Rashba ASOC splits the Fermi surface into two sheets with different spin texture
as shown in Figure. 4.1: the spin direction is tilted into the plane, rotating clockwise on
one Fermi surface and anticlockwise on the other. The Fermi surface splitting is order
of ar. In this band, the degree of degeneracy due to inversion symmetry is degenerate,
while that due to time reversal symmetry is preserved. The Fermi surface splitting by
Rashba ASOC is qualitatively different from Zeeman splitting due to magnetic field.

Figure 4.1: (a), (b) 2D Fermi surfaces in the presence of Rashba ASOC and correspond-
ing spin texture for a zero magnetic field. (c) In the presence of an in-plane magnetic
field, leading to an off-center shift of the both Fermi surfaces.

The most characteristic effect on the superconducting state due to the lack of space
inversion symmetry is a mixture of superconducting states with different parities. When
there is spatial inversion symmetry, the superconducting order parameter A is an eigen-
function of the parity operator P. Therefore, the pairing state can be classified into
the spin siglet state satisfying A(k) = A(—k) and the spin triplet state satisfying
A(k) = —A(—k). However, if the spatial inversion symmetry is broken, the parity op-
erator does not become a good quantum number, so that both even-parity spin-singlet
and odd-parity spin-triplet pairing can be mixed.

To see the effect of the magnetic field H on the Fermi surface spin-split by ASOC,
we add a Zeeman term (H, =Y ugH - assfckscksx) to the previous Hamiltonian. Then,
the eigenvalue is given by:

By(k, H) = e(k) £ /o}|g(k)|? — 20npng(k) - H + p}| H|2. (4.5)
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Considering the large ASOC limit (ag > pg|H|), the energy dissipation due to mag-
netic field can be expressed as

Ey(k, H) ~ e(k) + ar|g(k)| F arpsg(k) - H. (4.6)

The Zeeman interaction given by arupg(k) - H leads to anisotropic suppression
of the Pauli pair-breaking effect. Let us think about the case of the Rashba type
g(k) = (—ky, k;,0). When magnetic field is applied to c-axis direction, g(k)-H = 0, so
a suppression of Pauli pair breaking effect occurs. On the other hand, when magnetic
field is applied in-plane, g(k) L H is not always satisfied, so suppression of Pauli
pair breaking effect is weaker than out-of-plane field. Therefore, Rashba ASOC causes
angular dependent suppression of the Pauli pair breaking effect.

In the non-centrosymmetic superconductor, a spatially modulated superconducting
state can be stabilized. This superconducting state has a finite momentum of Cooper
pairs in similar manner with FFLO state in centrosymmetric superconductor. The
superconducting order parameter A of well-known FF state and LO state are following,

FFstate : A(r) = Ae'd™, (4.7)

LOstate : A(r) = Acos(ig - ). (4.8)

In non-centrosymmetric superconductor, the change in Fermi surface caused by ASOC
stabilizes so-called helical or stripe phases.

These superconducting state called the helical or the stripe phase, are similar to
FFLO state in that pairing with spatial modulation and a high upper critical field that
exceed the upper critical field determined by Pauli pair breaking effect. In this section,
we will see the relationship between spatial inversion symmetry breaking and these spe-
cific phases, the stability of these phases, magnetic phase diagrams, and characteristic
physical properties.

Let us think about superconducting state with spatial inversion. The band split
of spin degeneracy occurs due to Zeeman effect under sufficient magnetic field and the
pairing between up spin and down spin within the same band is not able to form. As a
consequence, the spin-singlet superconducting state was destroyed. This is called Pauli
pair breaking effect. On the other hand, in the case of a non-centrosymmetric system,
since the spins have already degenerated, different phenomena occur. Let us think
about the non-centrosymmetric system in which the mirror symmetry along z-direction
is broken and apply magnetic field along z direction (we will refer this direction as
perpendicular direction). In this case, the shape of Fermi surface does not change
with magnetic field. Thus, the pairing between k and -k is always preserved. As a
consequence, the suppression of the Pauli effect occurs when you apply magnetic field
perpendicular direction to a Rashba type non-centrosymmetric superconductor. In this
case, the upper critical field is determined by the orbital limiting field. Actually, in the
non-centrosymmetric heavy-fermion superconductor CeRhSis and CelrSis, an upper
critical field of 20-30 T, which is huge considering T, was observed. In case in-plane
magnetic field applied to x direction, the Fermi surface changes as shown in Figure4.1,
in which each center of mass moves opposite y-direction by ¢/2. The helical phase with
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Figure 4.2: Temperature-field phase diagram in non-centrosymmetric Rashba super-
conductor under in-plane magnetic field [111]. The left graph shows the case of JN
= 0, the right graph shows the case of N = 0.05. ‘Uniform’ indicates the spatially
homogenous state. When the small difference NV between the bands N* (k) and N~ (k)
exists, the helical phase dominates the phase diagram.
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superconducting gap function A(R) = Ager®? is stabilized. Since the movements of
the center of mass of the Fermi surfaces are the opposite direction, the condensation
energy of one of the Fermi surfaces increases, and that of the other decreases. As a
result, it causes competition between the helical phase and the stripe phase in which the
superconducting gap function is A(R) = Agcos(q - R). The gap amplitude is spatially
homogeneous in the helical phase and that is modulated in the stripe phase. So these
two phases show different properties. Agterberg and Kaur studied the stability of these
phases under in-plane magnetic field. Figure 4.2 depicts the calculated temperature-field
phase diagram. We can see that the occupation region of the helical phase become larger
in the phase diagram when the difference § N of the density of state for bands N* (k)
and N~ (k). The stripe phase also appears in the phase diagram which is destabilized
with increasing V.

4.1.2 Local inversion symmetry breaking

As we see, the ASOC induced by inversion symmetry breaking (ISB) affects super-
conducting properties through the change in the Fermi surface. In this section, we will
introduce the ‘local’ ISB.

For example, let us think about the tri-layer system, as shown in Figure.4.3(b).
The inner layer is at the center of inversion, the inversion symmetry of the system is
preserved. However, in the top (bottom) layer, inversion symmetry is broken because
there are no layers above (below), resulting in the appearance of non-zero ASOC (ag #
0). The agr has the same amplitude and the opposite sign in the upper and the lower
layers.

Local ISB has a significant effect on physical properties when the ratio of the in-
terface in the whole structure is high, as can be seen by comparing Figures 4.3(a)
and 4.3(b). Also, the band structure must have an energy scale that competes with
ASOC. In this regard, it is known that local ISB has a significant influence on physical
properties in the region where the size of ASOC is larger than inter-layer hopping ¢,
(ar/tyL > 1). For real materials, the interlayer coupling can be the same order of Fermi
energy (t, ~ Ep), whereas ASOC is often ag > EF.

4.1.3 Introduction of global inversion symmetry breaking

Recent technological advances in fabricating heavy-fermion superlattices, where a Ce-
based heavy-fermion compound and a nonmagnetic conventional metal are stacked al-
ternatively, open up new playgrounds for investigating 2D strongly correlated supercon-
ductors [75,79]. The spin-orbit interaction in Ce-based compounds is generally signifi-
cant because of heavy elements. It has been demonstrated that in CeColns/YbColns su-
perlattices illustrated in Figure4.4(a), where a heavy-fermion superconductor CeColns
and nonmagnetic metal YbColnj; are stacked alternately as ‘ABAB ---’ the supercon-
ducting heavy quasiparticles as well as magnetic fluctuations can be confined within Ce
block layers (BLs) with atomic thickness [76,81,82]. These ‘bicolor’ superlattices main-
tain centrosymmetry, although it has been suggested that the local inversion symmetry
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Figure 4.3: Schematic representation of atomic layered structure for n = 5 and 3,
respectively. Blue dots indicate non-superconducting layers and red dots indicate su-
perconducting layers. Inversion symmetry is broken in the layers (x or e), is preserved
in the central layer (o). At the right most side, Fermi surface of each layer is repre-
sented. In the top or bottom layers, Fermi surface is splitted due to Rashba ASOC.
After ref. [81].

breaking at the interface between two compounds influences the superconducting and
magnetic properties [77,80-82]. It has been shown that the effect of inversion symmetry
breaking appears to be pronounced in ABAB’-type superlattices, where i-unit-cell-thick
(UCT) CeColnjy is sandwiched by j- and j-UCT YbColn; (j # j') [Figure4.4(b)] [112].
In these superlattices, inversion symmetry is not preserved in CeColns BLs owing to
the thickness modulation of the YbColn; BLs, in addition to the local ISB. However,
as shown in Figure4.4(b), mirror planes are present in the YbColns BLs and hence
the global inversion symmetry is preserved in the whole crystals. Therefore, it is still
a challenging issue to realize exotic superconducting phenomena associated with the
global ISB in the heavy-fermion superlattices.

Here, to introduce a global ISB in these heavy-fermion superlattices, we
fabricated ‘tricolor’ heavy-fermion superlattice with an asymmetric sequence
YbColn;/CeColns/YbRhIns, in which CeColns is sandwiched by two different non-
magnetic metals, YbColns and YbRhIns, as illustrated in Figure4.4(b). These tricolor
superlattices with an asymmetric ‘ABCABC -- -’ arrangement introduces broken in-
version symmetry along the stacking direction. Although the crystal structure of bulk
CeColny possesses the inversion symmetry, band structure calculations suggest that
even a small degree of ISB can induce a large Rashba splitting of the Fermi surface [112].
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Figure 4.4: Schematic representations of heavy-fermion superlattices. (a) Cen-
trosymmetric bicolor superlattices CeColns(m)/YbColns(5).  The center of a
CeColns BL (ash plane) is a mirror plane. (b) ABAB’-type superlattices
CeColns(7)/YbColns(j)/CeColns (i) /YbColns (j') (5 # j'). The center of a CeColns BL
is not a mirror plane, but the centers of YbColns BLs (ash planes) are mirror planes.
(c¢) Non-centrosymmetric tricolor superlattices YbColns(3)/CeColns(n)/YbRhIns(3).
Crystal structure of T'MIns (T: Ce or Yb, M: Co or Rh) with tetragonal symmetry
is also shown. In the tricolor superlattices, all layers are not the mirror planes. The
orange arrows represent the asymmetric potential gradient —VV due to the broken
inversion symmetry. The Rashba ASOC splits the Fermi surface into two sheets; spin
direction rotates clockwise on one sheet (blue arrows) and anticlockwise on the other
(red arrows).
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4.2 Experimental details

The tricolor superlattices YbColns/CeColns/YbRhIng with c-axis oriented structure
were epitaxially grown on MgF, substrate using the molecular beam epitaxy (MBE)
technique. We first grew Celnz (~ 20nm) as a buffer layer on MgFy. Then 3-UCT
YbColns, n-UCT CeColn; (n = 5 and 8), and 3-UCT YbRhIns were grown alterna-
tively. The sequence of YbColns(3)/CeColns(n)/YbRhIns(3) was stacked repeatedly 40
times for n = 5 and 30 times for n = 8 tricolor superlattices, so that the total thickness
was about 300 nm. We also fabricated bicolor superlattices consisting of alternating lay-
ers of m-UCT CeColns (m = 5 and 8) and 5-UCT YbColnj;, CeColnsz(m)/YbColns(5),
and those of 5-UCT CeColns and 5-UCT YbRhlIns, CeColns(5)/YbRhIns(5).

The superlattice structures were confirmed by transmission electron microscopy
(TEM), X-ray diffraction (XRD), atomic force microscopy (AFM), and reflection high-
energy electron diffraction (RHEED).

Electrical in-plane resistivity measurements were performed by a standard four-
probe method. The LR-700 ac resistance bridge and AVS-47B ac resistance bridge
were used for the sample and the thermometer, respectively, at temperatures as low as
80mK in a dilution refrigerator. We used 4 T split maget with a mechanical rotator for
the precise angular dependence of the upper critical field H., and 12T.

4.3 Results and Discussion

4.3.1 Charaterization

The crystalline quality of tricolor superlattices was evaluated by several techniques.
Streak pattern of the RHEED image shown in Figure4.5(a) was observed during the
whole growth of the superlattices, indicating good epitaxy. The AFM image shown in
Figure 4.5(b) reveals that the surface roughness is within +1nm, which is comparable
to one UCT along the ¢ axis of the constituents (CeColns, YbColns, and YbRhlIns).
The atomically flat regions extend over distances of ~ 0.1 um, showing that the trans-
port properties are not expected to be seriously influenced by the roughness. The X-ray
diffraction patterns are shown in Figure 4.5(c). The position of the lateral satellite peaks
and their asymmetric heights can be reproduced by the step-model simulations (red
lines) neglecting interface and layer-thickness fluctuations. This indicates the growth
with no discernible interdiffusion across the interfaces, confirming that the superlattices
were fabricated as designed. Figure4.5(d) depicts the high-resolution cross-sectional
TEM image along the (110) direction for n = 8 tricolor superlattice. Clear interface
between CeColns and YbRhIns/YbColns layers is observed. The intensity integrated
along the horizontal direction of the image plotted against vertical position shows that
the intensities of Ce, Yb, Co, Rh, and In atoms are almost constant within each BLs.
A clear difference between the Ce and Yb layers can be seen in the integrated inten-
sity. Although the interface between YbColns and YbRhInj is less visible in the TEM
image, there is a discernible difference in the integrated intensity at Co and Rh sites
in YbRhIns/YbColns layers. The sharp boundaries at the interfaces between BLs also
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demonstrate the absence of the interdiffusion. Because we have 3-UCT YbColns and
3-UCT YbRhInj spacers between CeColns, the RKKY interaction between the adja-
cent Ce BLs is less than 0.1 % of that between the neighboring Ce atoms in the same
layer [113], indicating that CeColns BLs are magnetically decoupled. Moreover, the su-
perconducting proximity effect between CeColns layer and neighboring YbCo(Rh)Ing
layer is expected to be negligibly small due to the large Fermi velocity mismatch [114].
In fact, it has been shown that in the superlattices with 4-6 UCT CeColnjy layers, whose
thickness is comparable to the perpendicular coherence length &. ~ 3—4nm, 2D heavy
fermion superconductivity is realized [76,81,115]. The lattice constants a of CeColns
single crystal, CeColns thin films, and superlattices are summarized in Table 4.1. The

tensile strain along a-axis expected for tricolor superlattices is smaller than that of
CeColns/YbColns.
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Figure 4.5: (a) Typical RHEED streak patterns for n = 8 tricolor superlattice taken
during the crystal growth. (b) Typical AFM image for n = 8 tricolor superlattice
grown by MBE. (¢) Cu Ka; X-ray diffraction patterns for n = 5 and 8 superlattices
around the main (004) peaks. Red lines represent the step-model simulations ignoring
the interface and layer-thickness fluctuations. (d) High-resolution cross-sectional TEM
image of the n = 8 tricolor superlattice with the electron beam aligned along the [110]
direction. The right panel is the intensity integrated over the horizontal width of the
image. The positions of Ce, Yb, Co, and Rh atoms can be identified from the dips and
peaks as shown by arrows, which are consistent with the designed superlattice structure
shown in the left panel.

4.3.2 Rashba spin-orbit interaction in the tricolor superlat-
tices

Figure 4.6 depicts the temperature T dependence of the resistivity p(7') for n = 5 and
8 tricolor superlattices. The superconducting transition temperature 7, is determined
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Table 4.1: Lattice constants a of CeColny single crystal, thin film, and superlattices.
Lattice constant in the superlattice YbColns(3)/CeColns(n)/YbRhIns(3) are deter-
mined by a = (3aybcomns + MaceComms + 3aybRums)/(6 + n) with the same criteria as
described in Ref. [76]. The lattice mismatch between a material and the CeColns single
crystal is calculated from the relation Aa = (a — acecoms)/ACeComs-
a(A) Aa (%)

CeColnj single crystal 4.613

CeColnjs film 4.620 0.2

n = 8 tricolor superlattice 4.592 -0.5

n = 5 tricolor superlattice 4.586 -0.6

CeColns(5)/YbColns(5) 4573 -0.9

CeColns(5)/YbRhIns(5) 4.604 -0.2

by the midpoint of the resistive transition. The T, is 0.4 K and 0.8 K for n = 5 and 8,
respectively. For comparison, p(T') for m = 5 and 8 bicolor CeColns(m)/YbColns(5)
superlattices are also shown in Figure4.6. The T, of the tricolor superlattices are sup-
pressed compared with those of the CeColn; thin film (7, = 2.0 K) and the bicolor su-
perlattices with the same CeColns BL thickness. This reduction of T, is unlikely due to
the difference in the impurity and interface roughness scatterings, since the residual re-
sistivity at 7" — 0 and residual resistivity ratio at T, [p(300 K)/p(T.)] of the bicolor and
tricolor superlattices are comparable. Moreover, T, of bicolor CeColns(5)/YbColns(5)
and CeColns(5)/YbRhIns(5) superlattices is higher than T, of tricolor superlattice with
the same CeColns BL thickness (inset of Figure4.6). This implies that the strain effect
at the interfaces is not important for determining 7.. We point out that the reduction
of T, in the tricolor superlattices can be attributed to the Rashba effect. In fact, the
Fermi surface splitting due to the Rashba effect should modify seriously the nesting
condition and hence is expected to reduce the commensurate AFM fluctuations with
a wave vector Q = (mw/a,m/a,/m/c), which is dominant in bulk CeColns [116]. In
addition, the broken inversion symmetry reduces the AFM fluctuations by lifting the
degeneracy of the fluctuation modes through the helical anisotropy of the spin config-
uration [77,82,117,118]. Given that the superconductivity of CeColnj is mediated by
AFM fluctuations, the reduction of the AFM fluctuations lead to the suppression of T,
in the tricolor superlattices.

Figures4.7(a) and 4.7(b) show the resistive transitions in magnetic fields applied par-
allel to the 2D plane for n = 8 and 5 tricolor superlattice, respectively. Figures4.7(c)
and 4.7(d) show the expanded view at low temperatures. As shown in Figures4.7(c)
and 4.7(d), a nearly parallel shift of the resistive transition to lower temperatures with
increasing magnetic field is observed in both superlattices. Figures4.7(e) and 4.7(f) de-
pict in-plane H. determined by four different criteria [p(7, H) = 0.3px(T"), 0.5px(T),
0.7pon(T), and 0.9px(T")], as a function of temperature for n = 8 and 5 tricolor super-
lattices, respectively. Here we discuss the anisotropy of upper critical field H., of the
tricolor superlattices. Because of rather broad transition temperature width especially
for n = 5 tricolor superlattice, there is ambiguity in determining H.. We then de-
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fined H.o(T') as the magnetic field at which the resistivity drops to 50 % of its normal
state value p(T, H) = 0.5pn(T). Figure4.8(a) shows the anisotropy of upper critical
field H g /Hez, plotted as a function of T'/T;, where H.y and H.o, are upper critical
fields in magnetic fields parallel and perpendicular to the layer, respectively. In sharp
contrast to the CeColns single crystal [119] and thin film with thickness of 120 nm, the
temperature dependence of Hy/Ho of the tricolor superlattices exhibits a diverging
behavior upon approaching to 7. This diverging behavior is a characteristic feature of
the 2D superconductivity, which is consistent with the thickness of CeColns BL com-
parable or less than . We note that the diverging Hy| /H., near T, is observed even
when H.., is defined by using p(7, H) = 0.3px(T"), 0.7px(T"), and 0.9px(7T'), indicating
that the 2D nature of the superconductivity is irrespective of the determination of H..
The magnitude of Ho/Heo near T, for n = 5 is smaller than that for n = 8, which
is opposite to the expected behavior in conventional 2D superconductors. We point
out that this reduction is explained by the suppression of the Pauli pair-breaking effect
owing to the Rashba ASOC, which will be discussed later.

The salient feature of the superconductivity in the tricolor superlattices, which is
distinctly different from the bicolor superlattices, is revealed by the angular and tem-
perature dependences of H.. Figure4.8(b) shows the angular dependence of the upper
critical field H.(0) for n =5 and 8 tricolor superlattices, where 6 is the angle between
H and ab plane. For comparison, H.(0) of m = 5 bicolor CeColns(m)/YbColns(5)
superlattice is also shown. In Figure4.8(b), square of the in-plane component of H.,
[H(0) cos 0]2, is plotted as a function of out-of-plane component, H.(6)sinf. A cusp
appears in the angular dependence near parallel field in the tricolor superlattices, which
is in sharp contrast to the result of m = 5 bicolor superlattice that shows smooth an-
gular dependence with no cusp. In 2D superconductor and layered superconductors,
where superconducting layer thickness d is smaller than ., H.(f) exhibits a char-
acteristic angle dependence. When the superconductivity is destroyed by the orbital
motion of Cooper pairs in the 2D plane, H.(6) obeys the following equation derived
by Tinkham [120]:

[Heo(0) cos 0/ Heoy)> = —|Heo(0) sin @/ Heoy | + 1. (4.9)

Therefore H(#) is not differentiable at # = 0 and follows a cusp-like dependence
at small #. On the other hand, when the superconductivity is dominated by Pauli
paramagnetic pair-breaking effect, the upper critical field is given by Hp = v/2A/gup
[121], where ¢ is the gyromagnetic ratio, A is the superconducting gap amplitude,
and pg is the Bohr magneton. Then angular dependence of H., is determined by the
anisotropy of g-factor, which is smooth for all §, and can be described by [31]

[Heo(0) cos 0/ Heop|> = —[Hea(0) sin 0/ Heo 1 > + 1, (4.10)

similar to anisotropic mass model of anisotropic 3D superconductors. As shown by the
solid and dashed lines in Figure4.8(b), H.2(0) of n =5 and 8 tricolor superlattices are
well fitted by Eq.(4.9), while H.o(0) of m = 5 bicolor superlattice is well fitted by
Eq. (4.10). We note that cusp-like behavior of H(f) near = 0 appears even when
H.y is determined by using p(T, H) = 0.3pn(T), 0.7px(T), and 0.9pn(7T), indicating
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Figure 4.7: Temperature dependence of resistivity for (a) n = 8 and (b) n = 5 tricolor
superlattices, respectively, in applied field parallel to the plane. Red and blue curves
are taken in every 0.1 and 0.5 T, respectively. Thin solid black curve represents the
normal state resistivity pn, and thin solid lines represent 0.3py, 0.5pn, 0.7pN, and 0.9py.
(c) and (d) are expanded views of (a) and (b) around 0.5py, respectively. The arrows
correspond to the shift of 7. by changing the magnetic field of 0.5T. (e) and (f) show
in-plane upper critical field defined by using four different criteria, p(T, H) = 0.3px(T),
0.5px(T), 0.7pxn(T'), and 0.9px(T), as a function of temperature for n = 8 and 5 tricolor
superlattices, respectively.
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single crystal. (b) Angular dependence of H., H.o(f), plotted in an appropriate di-
mensionless form for the tricolor and bicolor CeColns(m)/YbColns(5) superlattices.
The solid and dashed lines represent the Tinkham’s formula for a two-dimensional su-
perconductor and the three-dimensional anisotropic mass model, which are described
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pendicular fields, H.o, /H%%(0), as a function of T'/T. for the tricolor superlattices,
compared with that for the bicolor CeColns(m)/YbColns(5) superlattices with the
same CeColns block layer thickness. We also plot He, /HSY for CeColns single crys-
tal [119] with a strong Pauli pair-breaking effect and the WHH curve [34] without the
Pauli pair-breaking effect. In (a)—(c), He is defined by using p(T', H) = 0.5px (7).
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the intrinsic properties of the tricolor superlattices. These results strongly suggest that
the Pauli paramagnetic pair-breaking effect is dominant in the bicolor superlattices,
whereas the orbital pair-breaking effect is dominant in the tricolor superlattices.

More direct evidence for the suppression of the Pauli pair-breaking effect in the
tricolor superlattices is provided by H. | normalized by the orbital limited upper critical
field without Pauli effect H%®. Figure 5(c) displays H., (T')/HS% (0) of the bicolor and
tricolor superlattices plotted as a function of T)/T,. Here H%®(0) is calculated by the
initial slope of He, at T. by using Werthamer-Helfand-Hohenberg (WHH) formula
[34], HZ®(0) = —0.69T,.(dHe, /dT)z,. For comparison, we include the two extreme
cases, Hz) /H%?(0) for CeColny single crystal [119], in which superconductivity is
dominated by Pauli pair-breaking effect [55,119], and the WHH curve without the
Pauli effect. For the bicolor superlattices, He, /H%E (0) is enhanced from that of bulk
CeColng only slightly, indicating that the superconductivity is still dominated by Pauli
effect, consistent with the angular variation of H.(f). What is remarkable is that
Hoy JHSY(0) of the tricolor superlattices is dramatically enhanced from that of the
bicolor superlattices with the same CeColns BL thickness. In particular, He, /H%? (0)
of n = 5 tricolor superlattice is close to the WHH curve with no Pauli effect. This is
again consistent with H.(#). The enhancement of H., /H%® (0) is attributed to the
enhancement of the Pauli limiting field, leading to the increase of the relative importance
of the orbital pair-breaking effect compared to the Pauli pair-breaking effect.

There are several possible origins for the enhancement of the Pauli limiting field
in the tricolor superlattices, including (1) reduction of g-value, (2) enhancement of
A/T,., and (3) the Rashba effect. We point out that both (1) and (2) are unlikely
because of the following reasons. Since the g-value is determined by the crystalline
electric field, the g-value of the tricolor superlattices should be close to the value of the
bicolor superlattices with very similar crystal structure. Moreover, in CeRhIn; with
similar crystal and electronic structure, g-value is insensitive to the applied pressure [33].
Recent site-selective-nuclear magnetic resonance experiments of the bicolor superlattices
reveal that the AFM fluctuations in CeColns BLs are suppressed with decreasing m [82],
implying that pairing interaction is expected to be weakened with decreasing CeColnjs
layer thickness. However, this tendency is opposite to the observed enhancement of
Pauli limiting field in the bicolor and tricolor superlattices with thinner BL thickness.
We stress that the dramatic suppression of the Pauli effect in the tricolor superlattices
is naturally explained by the Rashba effect [85,122].

The Zeeman interaction given by upg(k) - H leads to anisotropic suppression of the
Pauli pair-breaking effect; Strong suppression of the Pauli effect occurs for H || [001]
where g(k) - H = 0 [100, 102, 103], while the suppression is weaker for H || ab since
g(k) L H is not always satisfied. Therefore, H.y, is more strongly enhanced than Hy|
by the Rashba effect, giving rise to the reduction of He|/Hey. Since the fraction of
the noncentrosymmetric interface increases rapidly with decreasing n, the magnitude
of He /H., near T, for n =5 tricolor superlattices is smaller than that for n = 8.

Thus both the angular and temperature dependences of H., indicate that the Pauli
paramagnetic pair breaking effect, which is dominant not only in CeColny single crystal
but also in the centrosymmetric bicolor superlattices, can be substantially reduced in
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the tricolor superlattices. Here we comment on the slight enhancement of He, /H%? (0)
from bulk CeColns value in the bicolor superlattices. This has been attributed to the
local inversion symmetry breaking at the top and bottom interfaces of CeColns lay-
ers at the immediate proximity to YbColns BLs [80,81]. In tricolor superlattices,
Hoy JHSE (0) approaches orbital limit with decreasing n. This demonstrates that the
Rashba ASOC incorporated into 2D CeColns BLs due to the built-in broken inver-
sion symmetry is largely tunable by changing the BL thickness in the present tricolor
superlattices.

4.3.3 A possible exotic superconducting state in parallel field

Next, we investigate the superconducting state of the tricolor superlattices in parallel
field (H || ab). Figure 6(a) shows the T-dependence of H.y /T for the tricolor superlat-
tices, along with the data for CeColnjs single crystal and the bicolor superlattices with
the same CeColns BL thickness. It is obvious that H /T, of the tricolor superlattices
is largely enhanced from those of the bicolor superlattices and single crystal. Similar to
the perpendicular field case, this enhancement can be attributed to the Rashba effect,
because in-plane field component which satisfies H L g(k) for certain momenta k does
not cause the Zeeman splitting, giving rise to the reduction of the Pauli paramagnetic
effect.

Figure 4.9(a) shows that each system exhibits characteristic T-dependence of H.y.
This can be seen clearly in Fig.4.9(b), which plots r = —d(Hy/T,)/d(T/T.) against
t = T/T.. In CeColns single crystal, r(t) decreases linearly with decreasing ¢ and
goes to zero at t — 0, indicating that H.y tends to saturate at low temperatures. In
m = 5 and 8 bicolor superlattices, r(t) decreases linearly with finite residual value at
t — 0. Markedly different temperature dependence of H.y is observed in the tricolor
superlattices. In n = 8 superlattice, r(t) shows a deviation from 7-linear behavior below
t ~ 0.25. For n = 5, r(t) increases after showing a distinct minimum at ¢ ~ 0.28 as t
is lowered. These results indicate the upturn behavior of Heo(T) at low temperatures
in the tricolor superlattices (see red and blue arrows in Figs.4.9(a) and 4.9(b)). We
stress that the observed upturn behavior of Hey(T') is intrinsic because of the following
reasons. First of all, Figs. 4.9(c) and 4.9(d) show r(¢) determined by four different
criteria [p(T, H) = 0.3, 0.5, 0.7, and 0.9pn(7T)] for n = 8 and 5 tricolor superlattices,
respectively. For n = 8, all r(¢) data collapse into a single curve, indicating that
the deviation from T-linear behavior is independent of the criteria used. Although
the data for n = 5 do not collapse into a single curve, the fact that all r(¢) curves
exhibit increasing behavior at low temperature suggests that the upturn of H(7")
occurs at the onset, middle, and tail parts of the resistive transition. Secondly, as
shown in Fig.4.7(d), the resistive transition taken from 4T to 5.5T with an interval of
AH = 0.1T around p(T, H) = 0.5px(T") exhibits a parallel shift with similar change in
T., AT,, indicating that AT,/AH is constant even at low T'. This is in sharp contrast
to the other superconductors in which AT,/AH increases rapidly as 7" — 0. Thirdly,
in Figs.4.9(c) and 4.9(d), r(¢) of tricolor superlattices is compared with that of the
WHH curve with no Pauli pair-breaking effect. We note that r(¢) of conventional
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Figure 4.9: (a) Reduced upper critical field in parallel fields, H.y/T¢, as a func-
tion of T/T. for the tricolor superlattices, compared with that for the bicolor
CeColns(m)/YbColns(5) superlattices with the same CeColn; block layer thickness.
H) is determined by using p(T, H) = 0.5o5(T). We also plot Hy/T: for CeColns
single crystal. Inset illustrates schematic figure of the Fermi surfaces under parallel mag-
netic fields. Arrows on the Fermi surfaces indicate spins. Fields parallel to = axis shifts
the center of the Rashba-split small and large Fermi surfaces by qas along +y and —y
directions, respectively. Pairing occurs between the states of k4+qps and —k+qps, lead-
ing to a gap function with spatial modulation, e.g., in a form of A(r) = Ay [111].
(b) Temperature derivative of Hey|, represented as r = —d(He) /1¢)/d(T/T.), is plotted
as a function of ¢t = T'/T,. r(t) shows a minimum for the n = 5 tricolor superlattice
(red arrow). For n = 8, r(t) shows a deviation from 7-linear temperature depen-
dence (dashed line) below t ~ 0.25 (blue arrow). (c) and (d) shows r(t), replotted as
—d[Heo/He(0)]/d(T/T¢), for (c) n =5 and n = 8 tricolor superlattices, respectively.
Here we use H,y determined by using different criteria, p(T', H) = 0.3px(T"), 0.5pn(T),
0.7px(T") and 0.9px(T"). Solid lines are r(t) calculated from the WHH formula.
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superconductors cannot exceed r(t) of the WHH curve. Remarkably, in both n = 8
and 5 tricolor superlattices, r(t) exceeds that of the WHH curve irrespective of the H.
criteria. Based on these results, we conclude that the upturn behavior of He(T') is a
unique property of the tricolor superlattices.

We note that the upturn behavior of He(7') is not caused by the multiband or
strong coupling effect, because both of them give positive curvature of upper critical
field immediately below T [123,124]. We point out that the upturn of upper critical field
at low temperature may be a signature of new superconducting phase. It is well known
that such an upturn occurs by a formation of the Fulde-Ferrell-Larkin-Ovchinnikov
(FFLO) state [125], in which the pairing occurs between the Zeeman-split part of the
Fermi surface, as reported in layered organic superconductors in parallel field [126].
The FFLO state is characterized by the formation of Cooper pairs with nonzero total
momentum (k+q 1, —k + q |) instead of the ordinary BCS pairs (k 1, —k /). In the
lowest Landau level solution, superconducting order parameter is spatially modulated as
cos(g-r) with q || H [125]. However, the FFLO state is highly unlikely to be the origin
of upturn because the Rashba splitting well exceeds the Zeeman energy (ar > upH)
in the present tricolor superlattices.

Recently the helical and stripe superconducting states have been proposed in 2D
superconductors with global ISB in magnetic field parallel to the 2D plane [111,127].
These states appear as a result of the shift of the Fermi surface with the Rashba ASOC
by the external magnetic field. When the magnetic field is applied along the & axis (H
= Ha), the centers of the two Fermi surfaces with different spin helicity are shifted along
y in opposite directions, as illustrated in the inset of Fig.4.9(a). Similar to the FFLO
state, these states are characterized by the formation of Cooper pairs (k+qu, —k+qu),
where gy = mousHy/|k| (L H) with m, the mass of the quasiparticles. The phase
of superconducting order parameter is modulated as A(r) = Age™ ™ in the helical
superconducting state and A(r) = A1eM ™ + Aye"M°T in the stripe state. It has been
shown that the formation of helical and stripe superconducting states enhances Hy at
low temperature, giving rise to the upturn behavior of H.y [111,127].

Although the presence of helical or stripe phases should be scrutinized, the facts that
anomalous upturn of H.y) is observable only in the tricolor superlattices and is more
pronounced in the superlattices with smaller n imply that the Rashba ASOC induced by
the global ISB plays an essential role in producing a high field superconducting phase.
More direct measurements which sensitively detect the change of superconducting order
parameter, such as scanning tunneling microscope [53,54] and site-selective nuclear
magnetic resonance [82,128,129], are strongly desired.

4.4 Summary

In this study, using a state-of-the-art MBE technique, we have designed and fabricated
tricolor heavy-fermion superlattice, in which strongly correlated 2D superconductor
CeColnj is sandwiched by nonmagnetic metals YbColns and YbRhIns with different
electronic structure. By stacking three compounds repeatedly in an asymmetric se-
quence such as YbColns/CeColns/YbRhIns, we can introduce the global ISB along
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the stacking direction. We find that the Rashba ASOC induced by the global ISB in
these tricolor heavy-fermion superlattices leads to profound changes in the supercon-
ducting properties of CeColngs with atomic thickness. The upper critical field exhibits
unusual temperature and angular dependence, which are essentially different from those
in CeColnj single crystals. These results indicate that the Rashba ASOC induced in
the tricolor superlattices leads to the strong suppression of the Pauli paramagnetic
pair-breaking effect. We also demonstrate that the magnitude of the Rashba ASOC
incorporated into the 2D CeColng BLs is largely controllable by changing the thickness
of CeColns BLs.

Bulk CeColns has 3D anisotropic electronic structure and hosts an abundance
of fascinating superconducting properties. The d,2_,» symmetry is well established
[53-56,64,116]. At low temperature in magnetic field applied parallel to the ab plane, a
possible appearance of exotic superconducting phase, such as FFLO [125,128-130,147],
m-triplet pairing state [131], and coexistence of superconductivity and field-induced
magnetically ordered phase (Q-phase) [141,148] has attracted intense attention in re-
cent years in an effort to search for exotic pairing states. It has been recently pointed
out that in 2D noncentrosymmetric superconductors with nodes in the superconducting
gap, the topological superconducting state is stabilized with no fine tuning of parame-
ters, in contrast to those without nodes [132,133]. Therefore, the fabrication of tricolor
superlattices containing d-wave superconducting layers offers the prospect of achieving
even more fascinating pairing states than bulk CeColng, such as helical and stripe su-
perconducting states [111], a pair-density-wave state [134], complex stripe state [135], a
topological crystalline superconductivity [136], and Majorana fermion excitations [133],
in strongly correlated electron systems.
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Chapter 5

Tuning the pairing interaction
through interfaces in

CeColn;/CeRhlIns hybrid
superlattices

5.1 Introduction

In diverse families of strongly correlated electron systems, including cuprates, iron
pnictides, and heavy-fermion compounds, superconductivity is often found near a quan-
tum critical point (QCP) where a magnetic phase vanishes in the limit of zero temper-
ature. In these materials, it is established that Cooper pairs are not bound together
through phonon exchanges but instead through exchanges of some other kind, such
as spin fluctuations [1,2,7]. One of the unusual emergent electronic states near the
QCP is the microscopic coexistence of superconducting and magnetically ordered phases
both involving the same charge carriers. Moreover, superconductivity is frequently the
strongest near the QCP, suggesting that the proliferation of critical magnetic excitations
emanating from the QCP plays a vital role in Cooper pairing. Despite tremendous re-
search, however, the entangled relationship between superconductivity and magnetism
has mainly remained elusive.

Recently, the realization that interactions between superconducting electrons and
bosonic excitations through an atomic interface can have a profound influence on Cooper
pairing has raised the exciting possibility of a new way of controlling superconductivity.
For example, when a monolayer FeSe film grown on a SrTiOj substrate, the coupling
between the FeSe electrons and SrTiO3 phonons enhance the Cooper pairing, giving
rise to the superconducting transition temperature 7T, which is almost an order of mag-
nitude higher than that of the bulk FeSe and highest among all known iron-based
superconductors [137-140].

This discovery raises the possibility of a magnetic analog in which the pairing inter-
action is influenced by magnetic fluctuations though an interface between an unconven-
tional superconductor and a magnetic metal. This concept is illustrated schematically
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in Figs.5.1(a) and 5.1(b). Besides allowing a new approach to revealing the entangled
relationship between magnetism and unconventional superconductivity, this concept
has the advantage that magnetic excitations are tunable as a magnetic transition is
driven toward zero temperature, unlike phonon excitations in SrTiO3. The state-of-
the-art molecular beam epitaxy (MBE) technique enables the realization of this idea
through the fabrication of artificial heavy-fermion superlattices with alternating lay-
ers of Ce-based heavy fermion superconductors and magnets that are atomic layer
thick [75,76,79]. These artificially engineered materials are particularly suitable sys-
tems to elucidate the mutual interaction through the interface, providing a new platform
to study the interplay of competing orders.

(@) (b)
d-wave SC
interface

_ » AFM order

Figure 5.1: (a) Schematic figure of the interaction between d-wave superconducting
(SC) state and static antiferromagnetic (AFM) order via the interface. (b) Interaction
between two competing orders under pressure near a QCP, where AFM order disap-
pears.

d-wave SC

interface

AFM-QCP

As shown in the introduction of this thesis, the layered heavy fermion compounds
CeMIns (M =Co, Rh) are ideal model systems in which the interplay between mag-
netism and superconductivity can be explored, because of their high purity and small
energy scales [59,141,142]. They have similar Fermi surface structures and similar
pressure-temperature (p-7') phase diagrams. At ambient pressure, CeColn; is a super-
conductor (7, = 2.3 K) with d,2_,2-wave symmetry [53-55]. The normal state possesses
non-Fermi-liquid properties in zero fields, including T-linear resistivity, indicative of a
nearby underlying QCP [37,143]. In contrast, CeRhIns orders antiferromagnetically at
atmospheric pressure (Ty = 3.8 K) [62]. Its magnetic transition is suppressed by apply-
ing pressure and the ground state becomes purely superconducting state at p > p* ~ 1.7
GPa, indicating the presence of a pressure-induced QCP [16,33,36,64]. As disorder may
seriously influence physical properties especially near a QCP, there is a great benefit
in examining quantum critical systems which are stoichiometric, and hence, relatively
disorder free; both compounds are ones of a small number of such systems. Both host
a wide range of fascinating superconducting properties including an upper critical field
H_, that is limited by extremely strong Pauli pair-breaking [33, 55].

5.2 Experimental details

To realize hybrid heterostructures of a d-wave superconductor and an antiferro-
magnet, we fabricated the hybrid superlattices CeColns(n)/CeRhIns(m) with c-axis
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oriented structure are grown on a MgF, substrate by the MBE technique. The sub-
strate temperature was pre-annealed at 650 °C for 2 hours, then kept at 450 °C during
the growth of the buffer layer Celns (30nm). Subsequently, 15-unit-cell-thick (UCT)
YbColns was grown at 550 °C. After these buffer layers, n-UCT CeColn; and m-
UCT CeRhlns were grown alternatingly, forming a CeColn;(n)/CeRhIns(m) superlat-
tice with a typical total thickness of 300 nm. The repetitions of superlattices are 28, 40,
and 66 times for n = m = 7, 5, and 3, respectively. The deposition rate was monitored
by a crystal rate monitor and the typical growth rate was 0.1-0.2A /s.

To control the magnitude of magnetic fluctuations in antiferromagnetic BLs in the
hybrid superlattices as described in 5.1(a) and (b), we established pressure experiments
on heavy-fermion thin films and superlattices for the first time, to our knowledge. Using
a piston-cylinder cell with Daphne oil 7373 as the pressure transmitting medium, we
have successfully performed high-pressure resistivity measurements under hydrostatic
pressure up to 2.4 GPa. The pressure inside the cell was determined by the supercon-
ducting transition temperature of Pb, measured by quasi-4 wire resistivity. Electrical
in-plane resistivity was measured with a standard four-probe method with LR-700 ac
resistance bridge in a hand-made *He pumping probe for 1.6-300K at zero magnetic
fields and *He-cryostat (Heliox VL) system for 0.3-300 K under magnetic fields up to
7T for field perpendicular direction and up to 1T for parallel direction.

5.3 Results and Discussion

5.3.1 Characterization

We fabricated hybrid superlattices with alternating block layers (BLs) of n-UCT
CeColns and m-UCT CeRhlIns, CeColns(n)/YbColns(m) with n = m = 7, 5, 3. In
this section, we focus on the characterization of these superlattices. The superlattice
structures were confirmed by transmission electron microscopy (TEM) and electron
energy loss spectroscopy (EELS), X-ray diffraction (XRD), and reflection high-energy
electron diffraction (RHEED). The details are given in the following sections.

TEM and EELS

Figure 5.2(a) display high-resolution cross-sectional TEM image along the (100)
direction for the CeColn;(5)/CeRhln;(5) superlattice. A stacking structure of 5-UTC
CeColns BLs and 5-UTC CeRhlIn; BLs is clearly resolved from the difference of the
brightness of Colny layers and Rhlny layers. Figure 5.2(b) display an EELS image of
the same superlattice. The intensities of Ce and In atoms are almost constant within
both CeColns and CeRhlns BLs. Rh and Co atoms are confined in CeRhlns and
CeColny BLs, respectively, demonstrating sharp interfaces with no discernible atomic
inter-diffusion between the neighboring BLs.

XRD
Figure 5.3(a) shows XRD pattern around (004) peak for CeColns(5)/CeRhIns(5)
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Figure 5.2: (a), (b) High-resolution cross-sectional (a) TEM and (b) EELS images for
CeColns(5)/CeRhlns(5) superlattice. The EELS images were measured in the boxed
area in the TEM image for In M, Rh M, Ce L, and Co L edges.

superlattice and the step-model simulations ignoring interface and layer thickness fluc-
tuations. In the simulation, only the instrumental resolution of 0.18° is taken into
account as a broadening factor by using a Gaussian distribution function. The width
of the main (004) peak is comparable to that of the simulation, demonstrating a high
quality of the crystal. Although a satellite peak at 260 ~ 49.5° is not clearly resolved,
the position and height of a satellite peak at 20 ~ 47° are well reproduced by the
simulation. We obtain the c-axis lattice constant of 7.536 A, which is 0.2% smaller
than that of CeColnj single crystal (7.551 A). The a-axis lattice constant estimated by
a = (aCeColns + ACeRnIns) /2 18 4.633 A, which is 0.4% larger than that of CeColnj single
crystal (4.613 A).

RHEED

Figure 5.3(b) shows RHEED image of CeColns(5)/CeRhlIns(5). A clear RHEED
pattern is observed during the growth, demonstrating the epitaxial growth of each layer
with an atomically flat surface. Similar RHEED patterns were also observed for other
superlattices, regardless of the thickness modulation of CeColns BLs and CeRhIng BLs.

5.3.2 CeColn; and CeRhlIn; thin films

Figures 5.4(a) and 5.4(b) depict the temperature (7') dependence of resistivity
for CeColns and CeRhIns thin films, under pressure. We used the same criterion for
determining 7, and Ty as in thin films and superlattices. The superconducting transi-
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Figure 5.3: (a) Cu Ky X-ray diffraction pattern for CeColns(5)/CeRhIns(5) superlat-
tice with a total thickness of 300 nm. In addition to the (004) main peak at 26 ~ 48°
satellite peaks are observed. The positions of the satellite peaks and their asymmetric
heights can be reproduced by the step-model simulations (green line) ignoring inter-
face and layer-thickness fluctuations. (b) The reflection high-energy electron diffraction
(RHEED) image taken after the crystal growth. The streak patterns in the RHEED
image indicate the epitaxial growth of each layer with atomic flatness. The streak
patterns are observed during crystal growth.
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tion temperature T, is determined by the midpoint of the resistive transition. In bulk
CeRhlng, it has been reported that the temperature derivative of resistivity, dp(T")/dT,
exhibits a sharp peak at Ty. Figure 5.4(c) depicts dp(T')/dT at low temperatures for
CeRhlIng thin film. At ambient pressure, a distinct peak is observed, indicating the
AFM transition at Ty = 3.7 K. Such a peak structure is also observed at p = 0.9,
1.6, and 1.8 GPa. Ty initially increases with pressure, but it decreases with increas-
ing pressure following a maximum at ~ 1.1 GPa. On the other hand, the signature of
AFM transition vanishes at 2.4 GPa. Superconductivity develops with broad resistive
transition at p > 1 GPa where it coexists with the AFM order. Sharp superconducting
transition is observed at 2.4 GPa.
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Figure 5.4: (a) Temperature dependence of the resistivity of CeColn; thin films with
thickness of 300 nm for different pressures. (b) Temperature dependence of the resis-
tivity of CeRhlng thin films with thickness of 300 nm for different pressures. Sharp
superconducting transition is observed at 2.4 GPa (c) Temperature derivative of the re-
sistivity for CeRhlInj thin films.The distinct peak accompanied by the AFM transition
appears, indicated by arrows.

Figures 5.5(a) and 5.5(b) depict the p-T' phase diagrams of thin films of CeColn;
and CeRhIns. The p-T phase diagrams of both films are essentially those of single
crystals. T, (= 2.0K) in the CeColns thin film, however, is slightly reduced from the
bulk value, whereas Ty (= 3.7K) of CeRhlInj thin film is almost the same as that in a
single crystal. With pressure, T, of the CeColng thin film increases and shows a broad
peak near p ~ 1.7 GPa. Similar to CeRhlnjs single crystals [33,64], superconductivity in
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the thin films develops at p 2 1 GPa, where it coexists with magnetic order. In analogy
to CeRhlnj single crystals, there appears to be a purely superconducting state at p 2
2.1 GPa, which is a slightly higher pressure than that required to remove evidence for
AFM order in single crystals.

a 4 v T T b 6 T I ] I
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O single crystal I o oOsingle crystal]
® thin film ; 0 lthin film
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Figure 5.5: (a), (b) p-T phase diagrams of thin films and single crystals of (a) CeColn;
and (b) CeRhIns. (c) Temperature dependence of the resistivity of CeColns thin film
at ambient pressure and at p = 2.1GPa. (d), (e) Temperature dependence of the
resistivity (solid lines, left axes) and its temperature derivative dp(T')/dT (dotted lines,
right axes) for CeRhIns thin film and CeColn;(5)/CeRhIns(5) superlattice at ambient
pressure and p = 2.1 GPa, respectively.

5.3.3 CeColn;/YbColn; and CeRhlIn;/YbRhIn; superlattices

Figures 5.6(a) and 5.6(b) shows the T-dependence of p(T') and dp(T')/dT, respec-
tively, for CeRhlns(5)/YbRhIns(7) superlattice under pressure in zero magnetic field.
The resistive transition due to superconductivity is observed above 1.6 GPa. How-
ever, zero resistivity is not attained even when the AFM order is suppressed. Figure
5.6(c) and 5.6(d) shows the p-T" phase diagrams of the CeRhlIns(5)/YbRhIns(7) and
CeColns(5)/YbColns(5) superlattices, respectively. Although Ty and T, are suppressed
compared with single crystals [76,77], the pressure dependences are mostly those of sin-
gle crystals.

5.3.4 CeColn;(5)/CeRhlIn;(5) hybrid superlattices

Figures 5.7(a) and 5.7(b) shows the T-dependence of p(T") and dp(T")/dT, respec-
tively, for CeColns(5)/CeRhlns(5) superlattice under pressure in zero magnetic field.
A distinct peak in dp/dT associated with the AFM transition can be seen in addition
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Figure 5.6: (a) Temperature dependence of the resistivity of CeRhIns(5)/YbRhIns(7)
superlattice under pressure. (b) Temperature derivative of the resistivity dp(T)/dT.
The AFM transition temperature is determined by the peak of dp(T")/dT. (c) p-T phase
diagram of CeRhIns(5)/YbRhIn;(7) determined by the resistivity. Blue squares and red
circles represent the AFM and superconducting transition temperatures, respectively.
(d) p-T phase diagram of CeColns(5)/YbColns(5) determined by the resistivity.
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to the superconducting transition up to 0.9 GPa. With pressure, Ty is gradually sup-
pressed. At 1.6 GPa, the signature of the AFM transition is unclear in zero fields, and
thus, the determination of Ty is ambiguous. However, with suppressing superconduc-
tivity by a magnetic field of 8 T applied perpendicular to the plane, we observe a peak
in dp/dT" at ~ 2 K as shown in the inset of Fig.5.7(b), indicating that the AFM tran-
sition is masked by the onset of superconducting transition. Since H., is very high at
higher pressure, it is difficult to suppress the superconductivity, and hence, the precise
estimation of the critical pressure, where the AFM transition vanishes, is difficult.
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Figure 5.7: (a) Temperature dependence of the resistivity of CeColn;(5)/CeRhIns(5)
superlattice under pressure. (b) Temperature derivative of the resistivity dp/dT. The
inset shows dp/dT" at 1.6 GPa in perpendicular field of 8 T. The AFM transition tem-
perature is determined by the peak of dp/dT.

In Fig. 5.8(a), we plot the p-dependence of T, and Ty determined by the peak in
dp(T)/dT. At p ~ 2 GPa, T, is at a maximum, forming a dome-shaped p dependence.
With pressure, Ty is suppressed gradually at low p, followed by a rapid suppression
at p 2 1 GPa. At p 2 1.6 GPa, evidence for magnetic order is hidden beneath the
superconducting dome. Although there is a large ambiguity in determining a critical
pressure p,, a simple extrapolation of Tx(p) gives p. ~ 2 GPa, where T, is maximized.
Further, this critical value is very close to that of p. in CeRhlns single crystals.

T. and Ty of the hybrid superlattice are lower than that of the CeColns and
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CeRhlIns thin films, respectively, suggesting that they are influenced by dimension-
ality and electronic structures. However, they are still larger than that of respective
CeColns/YbColns and CeRhlns/YbRhIn; superlattices [76,77], indicating the impor-
tance of mutual interaction between the CeColns and CeRhlns Bls.

5.3.5 Two-dimensional superconducting and magnetic states

We demonstrate that 2D superconductivity is realized in CeColns BLs in the whole
pressure regime. Figures5.8(b) and 5.8(c) depict the T-dependence of the upper critical
field determined by the midpoint of the resistive transition in a magnetic field H applied
parallel (H.) and perpendicular (H, ) to the ab plane and the T-dependence of the
anisotropy of upper critical fields, Heo/Hc21, respectively. The anisotropy diverges on
approaching T, in sharp contrast to the CeColnj thin film whose anisotropy shows little
T-dependence up to T,.. This diverging anisotropy in the superlattice is a characteristic
feature of 2D superconductivity, in which Hy increases as /1. — T due to the Pauli
paramagnetic limiting, but H., increases as T, — T due to orbital limiting near T..
This result, along with the fact that the thickness of the CeColns-BL is comparable to
the perpendicular superconducting coherence length ¢, ~ 3-4nm, indicates that each
5-UCT CeColns BL effectively acts as a 2D superconductor [76]. The 2D superconduc-
tivity is reinforced by the angular variation of H.o(6). Figure 5.8(d) and its inset show
H.(0) below and above p*. For both pressures, at temperature well below T., H.(#) in
the regime |0 < 30° is enhanced with decreasing |0] and exhibits a sharp cusp at 6 = 0.
This cusp behavior is typical for a Josephson coupled layered superconductor [31].

We note that in stark contrast to CeRhlns single crystal and our thin film, each
CeRhIns BL in CeColns(5)/CeRhIns(5) superlattice is not fully superconducting even
when the AFM order is suppressed under pressure, which leads to the realization of
2D superconductivity in a wide range of pressure. In fact, as shown in Fig.5.8(d),
overall angle dependence of H.(6) including the cusp structure near = 0 is observed
at p = 1.8 GPa, where the bulk superconductivity is not observed in CeRhlns thin
film (Fig.5.4(b) and Fig.5.5(b)). Essentially very similar angle dependence of H(#) is
observed at p = 2.1 GPa above p.. These results imply that 2D superconductivity occurs
in CeColns BLs even above p.. Moreover, in CeRhlns(5)/YbRhIns(5) superlattice zero
resistivity is not attained under pressure (Fig.5.6(a) and (c)). With the reduction
of BL thickness, the superconductivity of CeRhlns is strongly suppressed, in stark
contrast to CeColns. This may be related to the incommensurate magnetic structure
of CeRhlns with ordering vector ¢ = (0.5,0.5,0.297) [62], in which the long-wave-
length AFM fluctuations perpendicular to the layers are suppressed in CeRhIns BLs
with atomic layer thickness. In CeColns, on the other hand, AFM fluctuations with
different ¢ = (0.45,0.45,0.5) are dominant [144]. This commensurability along the c-
axis would be better compatible with the superlattice structure, and as a result, the
superconductivity is robust against the reduction of BL thickness [82].

Recent site-selective NMR measurements on a CeColns(5)/CeRhIns(5) superlattice
at ambient pressure report that the AFM order is not induced in CeColn; BLs [152].
As pressure suppresses the magnetic ordering in CeRhIns and tunes CeColng toward a
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Figure 5.8: (a) p-T phase diagram of CeColns(5)/CeRhlns(5) superlattice. Out-of-
plane upper critical field H., normalized by T., H.,/T., measures the coupling
strength of the superconductivity. (b) Temperature dependence of in-plane and out-
of-plane upper critical fields at ambient pressure and at p = 1.8 and 2.1 GPa. (c)
Anisotropy of upper critical field, Heo/He., near T, of superlattices at ambient pres-
sure and at 2.1 GPa, along with the data of CeColns thin film. (d) Angular dependence
of upper critical field of superlattice at p = 1.8 and 2.1 GPa. (Inset) An expanded view
of low angle region.
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Fermi liquid state, it is unlikely that AFM order is induced in the CeColns BLs under
pressure.

We here comment on the low temperature anisotropy of H. of the
CeColns(5)/CeRhlIns (5) superlattice (Fig.5.8(b)). At p = 2.1 GPa, Hey, exceeds Heyj
at low temperatures. Such a reversed anisotropy of H. has been reported in CeRhlng
single crystal above the pressure where the AFM order disappears [59,64]. However,
similar reversed anisotropy (Hei > He) is preserved at p = 1.8 GPa, where Hy
exceeds H., in CeRhlny single crystal and thin film. This indicates that anisotropy
reversal of H. occurs under pressure in 5-UCT CeColn; BLs. Based on these results, we
conclude that 2D superconducting CeColns BLs in CeColns(5)/CeRhlIns(5) are coupled
by the Josephson effect in the whole pressure regime.

5.3.6 Effect of local inversion symmetry breaking

Figure 5.9 displays He  (T)/Heoi(0) of CeColns(n)/CeRhIns(n) and
CeColns(n)/YbColns(5) superlattices plotted as a function of T)/T,. Here H%%(0) is
calculated by the initial slope of He, (T') at T, by using Werthamer-Helfand-Hohenberg
(WHH) formula, H%% (0) = —0.69T,(dH., /dT)7,. For comparison, we also include two
extreme cases: H.) /HS%% (0) for bulk CeColng [119], in which H, is dominated by Pauli
paramagnetism, and the WHH curve with no Pauli effect. In CeColns(n)/YbColns(5),
Hoy JHS(0) increases with decreasing n. This is ascribed to the suppression of the
Pauli pair-breaking effect at the interfaces, due to local ISB at the interface. With
the reduction of n, the interface contribution increases, leading to the enhancement
of the relative importance of the orbital pair-breaking effect compared to the Pauli
pair-breaking effect. On the other hand, in CeColns(n)/CeRhIns(n), H., /HS: is al-
most independent on n, indicating that the effect of local ISB is of little importance in
CeColns(n)/CeRhlns(n) superlattice.

5.3.7 Enhancement of superconducting pairing strength

The application of the pressure leads to a drastic change in the nature of super-
conductivity in the hybrid superlattices. Figure5.10(a) depicts the T-dependence of
He) JH%? (0) of CeColns(5)/CeRhlIns(5) for several pressures. What is remarkable is
that near the critical pressure p. ~ 2 GPa at which evidence for magnetic order disap-
pears, Heo, /H 321"3 nearly coincides with the WHH curve, indicating that H., is limited
solely by orbital pair-breaking.

The fact that H., approaches the orbital limit provides important insight on su-
perconductivity of the hybrid superlattice. In CeColns/YbColns, where YbColns is a
conventional metal, Pauli pair-breaking effect is weakened in the superlattice compared
with the bulk due to local ISB at the interfaces, which splits the Fermi surfaces with
spin texture and thus effectively suppresses the Zeeman effect [80,81]. This leads to
the Rashba-induced anisotropic suppression of the Zeeman effect [79], which may be
partly responsible for the observed reversed anisotropy He/He1 < 1 at low temper-
atures (Fig.5.8(d)). However, this effect is less important in CeColns(n)/CeRhlns(n)
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Figure 5.9: Out-of-plane upper critical field H.,; normalized by the orbital-limited
upper critical field at T = 0K, Hey/H%%(0), for CeColns(n)/CeRhlns(n) and
CeColns(n)/YbColns(5) superlattices with n = 7, 5, and 3 are plotted as a func-
tion of the normalized temperature T/T,.. Two extreme cases, i.e., the result of the
bulk CeColns dominated by Pauli paramagnetic effect and the WHH curve with
no Pauli effect, are also shown. The effect of local ISB is of little important in
CeColns(n)/CeRhlns(n).
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superlattices compared with CeColns/YbColns, which is evidenced by the fact that
H., JH%? (0) does not strongly depend on n (Fig.5.9). Moreover, such an effect is not
expected to have significant pressure dependence. Therefore, there must be a differ-
ent mechanism that significantly enhances the Pauli-limiting field HE*™ = /2A /gug,
where ¢ is the g-factor of electrons and g is the Bohr magneton. An enhancement of
HEM is not due to a dramatic suppression of g by pressure, because it is highly unlikely
that the Ce crystalline electric field state, which determines g-factor, strongly depends
on pressure. Therefore the enhancement of HE2UW is attributed to a strong increase in
the superconducting gap A. This is supported by the observed enhancement of H.o, /T,
upon approaching p. shown in Fig. 5.8(a). Because Hp, ~ HEAW < HEY(0) in the
low p regime and Hz, ~ H%? (0) < HEW near p ~ p,, the enhancement of Ho, /kgT.
directly indicates an enhancement of H g’fli /T. and hence A/kgT,. This behavior con-
trasts with observations on CeColns single crystals, in which H. /7T, decreases with
pressure. The enhancement of A/kgT. is caused as a consequence of the enhancement
of pairing interaction. In the spin fluctuation mediated scenario, the pairing interaction
is mainly provided by high energy spin fluctuations whose energy scale is well above A
and low energy fluctuations cause the pair-breaking. Since the high energy fluctuations
enhance T, while low energy ones reduce T,, the enhancement of pairing interaction can
give rise to the increase of A/kgT, without accompanying a large enhancement of T,
which is consistent with the observed behavior. Thus, the present results demonstrate
that the pairing interaction in CeColns BLs is strikingly enhanced as a result of the
quantum critical magnetic fluctuations that develop in CeRhIng BLs, which are injected
into CeColns BLs through the interface.

It is well established that quantum fluctuations strongly influence normal and su-
perconducting properties in many classes of unconventional superconductors. One of
the most striking is a diverging effective quasiparticle mass m* upon approaching the
QCP, as reported in cuprate, pnictide and heavy-fermion systems [2, 36, 145]. Such a
mass enhancement gives rise to a corresponding enhancement of H2%P, which is pro-
portional to (m*A)2. Here we stress that there is a fundamental difference in the
present hybrid superlattices. Figure5.10(b) depicts the p-dependence of H%® of the
CeColns(n)/CeRhIns(n) superlattices with n = 4 and 5, along with the result for
CeColn; and CeRhlnj single crystals [64,142]. In contrast to a CeRhIns single crystal
which shows a sharp peak at the critical pressure, H%Y of the superlattices depends
weakly on pressure with no significant anomaly at p.. Compared to the monotonic
decrease observed in single crystal CeColns, this weak dependence is consistent with
an enlarged gap A, but the results suggest the absence of mass enhancement in the
CeColny BL. Such behavior is in contrast to usual expectations for quantum criticality,
details of which deserve further studies.
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Figure 5.10: (a) Out-of-plane upper critical field H.; normalized by the orbital-limited
upper critical field at T = 0K, Hey /H%® (0), for CeColns(5)/CeRhIns(5) superlattice
is plotted as a function of the normalized temperature T7'/T.. Two extreme cases, i.e.,
the result of the bulk CeColns dominated by Pauli paramagnetic effect and the WHH
curve with no Pauli effect, are also shown. (b) Pressure dependence of H%"(0) of
CeColns(n)/CeRhIns(n) superlattices with n = 4 and 5 for Hl|c. For comparison,
H2%P(0) of CeRhlIng single crystals for H|la and that of CeColns single crystal for
H||c are shown. Solid and dashed arrows represent p. for CeColns(n)/CeRhlns(n)
superlattices and CeRhlnjy single crystal, respectively.
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5.4 Summary

In summary, we have designed and fabricated the hybrid superlattice
CeColns/CeRhlIng formed by alternating atomically thick layers of a d-wave heavy-
fermion superconductor CeColns and an AFM metal CeRhIns. The present results
demonstrate the importance of the interface between which unconventional supercon-
ducting and non-superconducting magnetic layers can interact with each other. In par-
ticular, the strength of the pairing interaction can be tuned by magnetic fluctuations, or
paramagnons, injected through the interface, highlighting that the pairing interaction
can be maximized by the critical fluctuations emanating from the magnetic QCP with-
out an accompanying mass enhancement. The fabrication of a wide variety of hybrid
superlattices paves a new way to study the entangled relationship between unconven-
tional superconductivity and magnetism, offering a route to exploring the emergence of
novel superconducting systems and the roles of their interface.
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Chapter 6

Coupling between d-wave
superconductivity and
antiferromagnetism in
CeColnj;/Celns hybrid superlattices

6.1 Introduction

In Chapter5, we have studied that in superlattices consisting of alternating lay-
ers of CeColn; and the antiferromagnetic (AFM) metal CeRhIns [Fig.6.1(a)], the
superconducting and AFM state coexist in spatially separated layers. In these hy-
brid superlattices, the influence of local inversion symmetry breaking at the interface
has been shown to be less critical compared to CeColns/YbColns. In sharp con-
trast to CeColn;/YbColns, NMR measurements have revealed that magnetic fluctu-
ations in CeColns BLs of CeColns/CeRhIn; superlattices are enhanced compared to
bulk CeColnj single crystal, highlighting the importance of the magnetic proximity
effect [152]. In particular, it has been pointed out that in the vicinity of the QCP
of CeRhlng block layers (BLs), AFM fluctuations are enhanced, and the force bind-
ing superconducting electron-pairs acquires an extremely strong-coupling nature. This
indicates that superconducting pairing can be manipulated by magnetic fluctuations
injected through the interface [90].

To obtain further insight into the mutual interactions between unconventional su-
perconductivity and magnetic order, we here fabricate superlattices consisting of alter-
nating layers of CeColns and the AFM metal Celns [Fig.6.1(b)]. Celns is an isotropic
Kondo lattice material with a cubic crystal structure. In bulk Celns single crystals,
AFM order with the ordered magnetic moment of 0.48 ug occurs with a commensurate
wave vector ¢ = (0.5, 0.5, 0.5) at Ty = 10 K, where pg is the Bohr magneton [69]. With
applying pressure, Ty decreases and vanishes at ~ 2.6 GPa, indicating an AFM QCP.
Superconductivity with a maximum 7, ~ 200 mK is induced in a very narrow pressure
range around the QCP [1,70].

In this section, we will design and fabricate the hybrid superlattices of
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Figure 6.1: Schematic representations of three types of heavy-fermion superlattices, (a)
CeColn;/CeRhlns, and (b) CeColns/Celng, where CeColns is a heavy-fermion d-wave
superconductor, and CeRhIns and Celns are heavy-fermion AFM metals. The atomic
views of the (1 0 0) plane are shown.

CeColns/Celng and confirm the superlattice structures using the same methods we used
in previous sections. We will show the transport measurements at ambient pressure and
under high pressure where AFM order in Celns layers expected to be suppressed. We
will see the dimensionality of superconductivity and magnetism. Then, we will discuss
the effect of magnetic fluctuations in Celng BLs on d-wave superconductivity. Finally,
we end with a summary and our conclusions.

6.2 Experimental details

The hybrid superlattices CeColns(7)/Celng(n) (n = 3, 4, 6 and 13) with ¢ axis
oriented structure are grown on a MgFs substrate by MBE technique. We first grow
~ 20 unit-cell-thick (UCT) Celns (~ 10nm) as a buffer layer on MgF,. Then 7-UCT
CeColns and n-UCT Celns (n = 3, 4, 6 and 13) are grown alternatively with total
thicknesses of approximately 200 nm. As the epitaxial growth temperature of CeColns
and Celng layers are different, CeColns and Celnz BLs were grown at 570 and 420 °C,
respectively. The superlattice is capped with ~ 5nm Co to prevent oxidation. The
deposition rate was monitored by a crystal rate monitor. The typical growth rate was
0.1-0.2A/s.

Using a piston-cylinder cell with Daphne oil 7373 as the pressure transmitting
medium, we performed high-pressure resistivity measurements under hydrostatic pres-
sure up to 2.4 GPa. The pressure inside the cell was determined by the superconducting
transition temperature of Pb, measured by quasi-four wire resistivity. Electrical in-plane
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resistivity was measured with a standard four-probe method with LR-700 ac resistance
bridge in a hand-made *He pumping probe for 1.6-300K at zero magnetic fields and
3He-cryostat (Heliox VL) system for 0.3-300 K.

6.3 Results

6.3.1 Characterization

We fabricated hybrid superlattices with alternating block layers (BLs) of n-UCT
CeColns and m-UCT CeRhlns, CeColns(n)/YbColns(m) with n = m = 7, 5, 3. In
this section, we focus on the characterization of these superlattices. The superlattice
structures were confirmed by transmission electron microscopy (TEM) and electron
energy loss spectroscopy (EELS), X-ray diffraction (XRD), and reflection high-energy
electron diffraction (RHEED). The details are given in the following sections.

(d ) ' I | I 'GeColn 7/ ICeIns(r.l-)

Intensity (a.u.)

30 32 34 36 38 40 42 M
20/0 (deg)
Figure 6.2: (a) Typical RHEED streak patterns for CeColn;(7)/Colng(13) superlattice
taken during the crystal growth. (b), (¢) High-resolution cross-sectional (b) TEM image
and (c) EELS images for the CeColn;(7)/Colns(13) superlattice with the electron beam
alined along the (100) direction. The EELS images were taken for Co L, Ce L, and In
M edges. (d) Cu Kay x-ray diffraction patterns for CeColns(7)/Colng(n) superlattices

(n = 3, 4, 6, and 13). The blue and red arrows indicate the (003) peaks of CeColns
and satellite peaks due to the superlattice structure, respectively.

TEM and EELS

Figure 6.2(b) displays a high-resolution cross-sectional TEM image along the (100)
direction for the CeColns(7)/Celns(13) superlattice. A clear interface between the
CeColns and the Celng layers is observed. 6.2(c) displays an EELS image of the same
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superlattice. The EELS images clearly resolve the 7-UCT CeColns and the 13-UCT
Celns BLs, demonstrating sharp interfaces with no atomic interdiffusion between the
neighboring CeColns and Celnz BLs.

XRD

Figure 6.2(d) shows the X-ray diffraction patterns for CeColn;(7)/Celns(n) super-
lattices. The shoulder structure shown by the red arrows near the (003) peak of
CeColn; (blue arrows) is consistent with the superlattice structure. The obtained c-
axis lattice constants of CeColns BLs is 7.532 A, which well coincides with that in
CeColns/CeRhlIns (7.536 A).

RHEED

Figure 6.2(a) shows RHEED image of CeColns(7)/Celng(13). A clear streak pattern
has been observed during the growth, demonstrating the epitaxial growth of each layer
with an atomically flat surface. Similar RHEED patterns were also observed for other
superlattices, regardless of the thickness modulation of CeColns BLs and Celn; BLs.

6.3.2 Transport measurements

Figure 6.3(a) depicts the temperature dependence of the resistivity p of
CeColn;(7)/Celn(n) superlattices with n = 3, 4, 6 and 13. We also show p of CeColn;
and Celng thin films grown by MBE. The mean free path of these superlattices is difficult
to estimate because of the parallel conductions of CeColns and Celns BLs. However,
the mean free path in each BL is expected to be shorter than the atomically flat regions
extending over distances of ~ 0.1 um, because of the following reasons. In CeColn; and
Celng single crystals, the mean free path determined by the de Haas-van Alphen oscil-
lations is ~ 0.2um [153,154]. The residual resistivity ratio of CeColns and Celng thin
films with 100 nm thickness is 4-5 times smaller than that of the single crystals. There-
fore, the mean free path of CeColns and Celng BLs in the superlattices is expected to
be much shorter than 0.1 um, suggesting that the transport properties are not seriously
influenced by the surface roughness. The resistivity of CeColns(7)/Celn(n) superlat-
tices follows the typical heavy-fermion behavior. With decreasing temperature, p(7')
increases below ~ 150 K due to the Kondo scattering but then begins to decrease due
strong ¢-f hybridization between f-electrons and conduction (¢) band electrons, leading
to the narrow f-electron band at the Fermi level. The Kondo coherence temperature
Teon, at which the formation of heavy-fermion occurs, is estimated from the maximum
in p(T). As shown in 6.3(a), T, of CeColns(7)/Celn(n) superlattices is nearly inde-
pendent of n and is closer to T.,, of CeColng thin film than T, of Celnz thin film,
suggesting that T, is mainly determined by CeColns BLs. 6.3(b)-(f) depict p(T") at
low temperatures. All superlattices show the superconducting transition at 7'~ 1.5 K.
For the n = 3- and 4-superlattices, p(T") decreases with increasing slope, dp(T")/dT, as
the temperature is lowered below 12 K down to T..

The lattice parameters along the a-axis of CeColns, CeRhlns, and Celng is 4.613,
4.653, and 4.69 A, respectively. Therefore, large tensile strain along the a-axis is
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Figure 6.3: (a) Temperature dependence of the resistivity p(7") in CeColns(7)/Celng(n)
superlattices for n = 3, 4, 6, and 13, along with p(7) for Celn; (black solid line)
and CeColn; (black dashed line) thin films. Inset illustrates the schematics of
CeColns(7)/Celns(n) superlattice. (b)-(f) p(T) at low temperatures. (g)-(f) Tempera-
ture derivative of the resistivity, dp(T)/dT, as a function of temperature. The arrows
indicate the Néel temperature Ty.
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expected in CeColns BLs of CeColns/Celns compared to CeColns/CeRhlns. It has
been shown that the uniaxial pressure dependence of T, along the a-axis for CeColns
is dT./dp, = 290 mK/GPa ( [155]), indicating that 7T, decreases by tensile strain.
However, T, of CeColn;/Celns (7. ~ 1.5 K) is larger than that of CeColns/CeRhlIn;
(T. ~ 1.4 K). We note that the lattice parameter along the c-axis for CeColns BLs
in CeColns/Celng, which is estimated from x-ray diffraction, well coincides with that
in CeColns/CeRhIns. These results suggest that the strain effect at the interfaces is
not important for determining 7. 6.3(g)—(k) display the temperature derivative of the
resistivity dp(T")/dT. As shown by the arrows in 6.3(g), dp(7)/dT of Celns thin film
exhibits a distinct kink at Ty = 10K [69]. Similar kink structures are observed in all
superlattices at the temperatures indicated by arrows, showing the AFM transition.

ot 1 1 Celng

10 mm--go m- O

- CeColns(7)/Celng(n)

8t ]

< O Celng(n)/Lalng(4)

5 |
CeRhing
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Figure 6.4: The Néel temperature Ty for CeColns(7)/Celng(n) as a function of n. For
comparison, Ty for Celng(n)/Lalns(4) and CeColns(n)/CeRhIns(n) are shown. Open
square and triangle are Ty of bulk Celns and CeRhlnj single crystals, respectively.

Figure 6.4 shows the thickness dependence of Ty of the CeColns(7)/Celngz(n) su-
perlattices. For comparison, the data sets of Celns(4)/Lalng(n), where Lalng is a
nonmagnetic conventional metal with no f-electrons [75], and CeColns(n)/CeRhlns(n)
are also included in the figure. Remarkably, the observed thickness dependence of Ty
in CeColns/Celng is in striking contrast to that in Celns/Lalns; While Ty is strongly
suppressed with decreasing n and vanishes at n = 2 in Celns/Lalng, T\ is nearly
independent of n in CeColns(7)/Celng(n). This suggests that Celng BLs are cou-
pled weakly by the RKKY interactions through the adjacent Lalnsg BL, but they can
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strongly couple through the adjacent CeColns BL. This is even more surprising, as the
distance between different Celng BLs is larger in the CeColn;(7)/Celng(n) superlattices
than in the Celnz(n)/Lalng(4) superlattices. We thus conclude that small but finite
magnetic moments are induced in CeColns BLs in CeColns/Celns, which mediate the
RKKY-interaction. On the other hand, because of the absence of strongly interact-
ing f-electrons in Lalnz, which can form magnetic moments, the RKKY interaction in
Celng/Lalng can be expected to be much weaker. To clarify this, a microscopic probe of
magnetism, such as NMR measurements, is required. We note that as shown in 6.4, the
reduction of Ty is also observed in CeColng(n)/CeRhlns(n) superlattices [90], suggest-
ing that the RKKY interaction between CeRhIns BLs through adjacent CeColns; BL
is negligibly small. This is supported by the recent site-selective NMR measurements
which report no discernible magnetic moments induced in the CeColn; BLs while mag-
netic fluctuations are injected from CeRhIns BLs into one or two layers of CeColn; BLs
in CeColnz/CeRhlIns [152].

The pressure dependence of the superconducting and magnetic properties provide
crucial information on the mutual interaction between superconductivity and mag-
netism through the interface. 6.5(a) and (b) and their insets show the temperature
dependence of p(T') under pressure for CeColns(7)/Celng(n) for n = 13 and 6, re-
spectively. With the application of pressure, the temperature at which p(7") shows its
maximum increases due to the enhancement of the c-f hybridization [143]. This is
caused by the enhancement of bandwidth of the conduction electron. As shown in the
insets, both superlattices undergo a superconducting transition under pressure. 6.5(c)-
(e) and (f)-(h) show dp(T)/dT under pressure for n = 13 and 6, respectively. Clear
kink structure associated with the AFM transition can be seen in the data.

Figure 6.6(a) depicts the pressure dependence of Ty and T, for CeColn;(7)/Celnsz(n)
superlattices for n = 6 and 13. With applying pressure, Ty decreases rapidly. For
comparison, Ty of a single crystal Celns is also shown by the solid line [1]. The pressure
dependence of Ty of both superlattices is very similar to that of the bulk Celns single
crystal. In bulk Celns crystal, the AFM QCP is located at p. ~ 2.6 GPa. It is natural
to expect, therefore, that the AFM QCP of the superlattices is close to 2.6 GPa. Thus,
at 2.4 GPa, the superlattices are in the vicinity of the AFM QCP. This is supported by
the temperature dependence of the resistivity under pressure. The resistivity can be
fitted as

p(T) = po + AT*. (6.1)

Figure 6.6(b) shows the pressure dependence of € obtained from dIn Ap/dInT, where
Ap = p(T) — po. The magnitude of ¢ decreases with pressure. In bulk Celns single
crystal, ¢ decreases with pressure and exhibits a minimum at the AFM QCP [1,70].
On the other hand, applying pressure to CeColns leads to an increase of €, which is
attributed to the suppression of the non-Fermi liquid behavior, p(T) o« T, and the
development of a Fermi liquid state with its characteristic p(T) oc T? dependence [37,
143]. Therefore, the reduction of € with pressure arises from the Celnz BLs, indicating
that the Celng BLs approach the AFM QCP.

As shown in 6.6(a), T, increases, peaks at ~ 1.8 GPa, and then decreases when ap-
plying pressure. This pressure dependence bears a resemblance to that of CeColng bulk
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Figure 6.5: (a), (¢) Temperature dependence of the resistivity p(7") under pressure for
CeColn;(7)/Celng(n) for (a) n = 13 and (e) n = 6. Inset: p(T") at low temperatures.
(b)—(d) and (f)—(h) show the temperature derivative of the resistivity, dp(T")/dT, as a
function of temperature under pressure for n = 13 and n = 6, respectively. The arrows
indicate the Néel temperature Ty.
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single crystals [37]. An analysis of the upper critical field provides important informa-
tion about the superconductivity of CeColns BLs. Figure 6.7 depicts the temperature
dependence of the upper critical field determined by the midpoint of the resistive tran-
sition in a magnetic field H applied parallel (H) and perpendicular (Hey) to the
layers. The inset of Fig. 6.7 shows the anisotropy of the upper critical fields Heo/Heo1
at ambient pressure. The anisotropy diverges on approaching 7,.. This is in sharp
contrast to the CeColns thin film, whose anisotropy is nearly temperature indepen-
dent up to T.. The observed diverging anisotropy indicates that the superconducting
electrons are confined in the 2D CeColns BLs. In fact, in 2D superconductivity, Hj
is limited by Pauli paramagnetic pair breaking and increases as /1. — T, while H.
increases as T. —T" due to the orbital pair breaking near 7. [76]. Moreover, the thickness
of the CeColns BL is comparable to the coherence length perpendicular to the layer,
&. ~ 4nm. Thus each 7-UCT CeColns BL effectively behaves as a 2D superconductor.
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Figure 6.6: (a) Pressure dependence of Ty and T of CeColns(7)/Celng(n) superlattices
for n = 13 and 6. For comparison, Tn of Celns and 7, of CeColnj; single crystals
are shown by solid lines. (b) Pressure dependence of the exponent ¢ in p(T) = po +
AT*, obtained from dInAp/dInT (Ap = p(T) — py), for the CeColns(7)/Celnz(n)
superlattices for n = 13 and 6. For comparison, ¢ for bulk Celns and CeColny single
crystals is shown.
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Figure 6.7: Temperature dependence of upper critical fields in magnetic fields parallel
(Hcg), open symbols) and perpendicular (He,, closed symbols) to the ab-plane for
CeColn;(7)/Celns(13) superlattice at ambient pressure and at 2.1 and 2.4 GPa. The
inset shows anisotropy of the upper critical field, H.o/Hc21. The data of CeColns thin
film at ambient pressure is shown by dotted line.
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6.4 Discussion

6.4.1 Upper critical field H.

It has been revealed that the temperature dependence of H. | provides crucial
information about the impact of the interface on the superconductivity in CeColns
BLs. In particular, the modification of the Pauli paramagnetic effect in the superlat-
tice, which dominates the pair breaking in bulk CeColns single crystals, gives valu-
able clues [81,90,112,149]. 6.8(a) and (b) depict the 7" dependence of the H., of
CeColn;(7)/Celns(13) superlattice, normalized by the orbital-limited upper critical
field at zero temperature, H%: (0), which is obtained from the Werthamer-Helfand-
Hohenberg (WHH) formula, H%% (0) = —0.697,(dHe, /dT )1, [34]. In 6.8(a) and (b),
two extreme cases are also included; the WHH curve with no Pauli pair-breaking
and H./HS%E (0) for bulk CeColns single crystal [119]. For comparison, H%% (0) for
CeColn;/YbColns and CeColns/CeRhlng are also shown [76,90].
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Figure 6.8: (a) Upper critical field in perpendicular field normalized by the orbital
limiting upper critical field, Heo /H%? (0), plotted as a function of T/T, (a) at ambient
pressure and (b) under pressure about 2 GPa for CeColns(7)/Celnz(13) superlattices.
For comparison, H, /H%? (0) for bulk CeColnj single crystal, CeColns(5)/YbColns(5)
and CeColns(5)/CeRhlIns(5) are shown. Orange dotted lines represent the WHH curve,
which is upper critical field for purely orbital limiting.

At ambient pressure, He, /H%? (0) of CeColns/YbColns and CeColns/CeRhlIng are
strongly enhanced from that of CeColns bulk single crystals, indicating the suppression
of the Pauli paramagnetic pair-breaking effect. However, it has been pointed out that
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the mechanisms of this suppression in these two systems are essentially different. In
CeColns/YbColng, the enhancement of H., /H% (0) is caused by the local inversion
symmetry breaking at the interface [80,81]. The asymmetry of the potential perpen-
dicular to the 2D plane of the superlattice, VV [|[00 1], induces the Rashba spin-orbit
interaction ap = g(k) - o x (k x VV) - o, where g(k) = (k,, —k;,0)/kp, kp and o are
the Fermi wave number and the Pauli matrices, respectively. The Rashba spin-orbit
interaction splits the Fermi surface into two sheets with different spin textures [85].
The energy splitting is given by ag, and the spin direction is tilted into the 2D plane,
rotating clockwise on one sheet and anticlockwise on the other. When the Rashba
splitting exceeds the superconducting gap energy (ar > A), the superconducting state
is dramatically modified [80,85,105]. In particular, when the magnetic field is applied
perpendicular to the 2D plane, the magnetic field does not couple to the spins, leading
to a suppression of the Pauli pair-breaking effect. At p = 2.2GPa, H., /H%(0) of
CeColns/YbColns nearly coincides with the WHH curve. This indicates that Hg, is
dominated by the orbital pair breaking most likely due to the suppression of the Pauli
paramagnetic pair-breaking effect by the Rashba splitting.

On the other hand, in CeColns/CeRhlns superlattices, it has been shown that the
effect of the local inversion symmetry breaking on H. is less important compared with
CeColns/YbColns [90]. It has been proposed that magnetic fluctuations (paramagnons)
in CeRhIns BLs injected through the interface dramatically enhance the force binding
superconducting electron pairs in CeColns BLs, leading to the enhancement of A. As a
result, the Pauli limiting field HE" (= /2A/gug) is enhanced, where g is the g-factor
of the electrons. This increases the relative importance of the orbital pair-breaking
effect, giving rise to the enhancement of H., /HSY (0) [90]. At p = 2.1 GPa, which is
close to the AFM QCP of CeRhIns BLs, Heo, /H%? (0) nearly coincides with the WHH
curve. This has been attributed to the enhanced Pauli limiting field that well exceeds
the orbital limiting field (HEXM > H%P) [90).

In contrast to CeColns/YbColns and CeColns/CeRhIns, H., /H%b(0) is only
slightly enhanced in CeColns(7)/Celns(13) superlattice at ambient pressure from that
of bulk CeColn; single crystal. This indicates that H., is dominated by Pauli
paramagnetic effect, i.e. Hno) =~ HLMW < H%Y. This implies that the effect
of local inversion symmetry breaking on the superconductivity in CeColns/Celns is
weak compared with CeColns/YbColns. The local inversion symmetry is broken
for the CeColns/YbColns on the Coln-layer while it is broken on the Ce layer for
CeColns/Celnz and CeColns/CeRhIns. Therefore, the present results suggest that the
inversion symmetry breaking on the Coln-layer induces a larger local electric field gra-
dient. Moreover, superconducting electrons in CeColn; BLs are not strongly influenced
by the AFM order in Celng BLs compared with CeColn;/CeRhlns.

When superconductivity is dominated by the Pauli-limiting effect (H., ~ HEAW),
2A /kgT. is estimated as A
2 ~ gpsHe o
T s V2 T (6.2)
where pp is Bohr magneton and ¢ is the g-factor of electron. In Figure 6.9, g = 2
is assumed. Figure 6.9 depicts the pressure dependence of ¢ = v/2gupH.s, /kgT, for
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CeColn;/CeRhIns and CeColn;/Celng, along with ¢ for bulk CeColns single crystal.
Here g = 2 is assumed. Although this simple assumption should be scrutinized, the
fact that ¢ = 4.2 of the bulk CeColnjs is larger than the BCS value of ¢ = 3.54 is
consistent with the strong coupling superconductivity, which is supported by the specific
heat measurements that reports 2A/kgT, ~ 6 [19]. The increase of ¢ with pressure in
CeColn;/CeRhlng implies the increase of 2A /kgT... This increase has been attributed to
an enhancement of the force binding superconducting electron pairs. In spin fluctuation
mediated superconductors, the pairing interaction is mainly provided by high-energy
fluctuations while low-energy fluctuations act as pair breaking. In this case, an increase
of 2A /kgT, occurs without accompanying a large enhancement of 7, which is consistent
with the results of CeColns;/CeRhIns [90]. Thus, the critical AFM fluctuations that
develop in CeRhIns BLs near the QCP are injected into the CeColns BLs through the
interface and strongly enhance the pairing interaction in CeColns BLs.
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Figure 6.9: Pressure dependence of ¢ = +2gupH., /ksT. ~ 2A/kgT,. for

CeColn;(7)/Celns(13) superlattice. For comparison, ¢ of bulk CeColns single crystal
and CeColn;(5)/CeRhlng(5) are plotted.

In stark contrast to CeColn;/CeRhlng superlattices, ¢ decreases with pressure in
bulk CeColnj single crystal. This implies that the pairing interaction is weakened by
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applying pressure, which is consistent with the fact that the pressure moves the system
away from the QCP of CeColns. The reduction of 2A/kgT. with pressure in bulk
CeColnjs single crystals is confirmed by the jump of the specific heat at T, [150]. It
should be stressed that the pressure dependence of ¢ in CeColns(7)/Celns(13) is very
similar to that of bulk CeColns. This strongly indicates that the pairing interactions
in CeColns BLs are barely influenced by AFM fluctuations injected from the adjacent
Celns BLs through the interface even when Celng BLs are located near the AFM QCP.

6.4.2 Comparisoin with CeColn;/CeRhlIn; superlattice

The most salient feature in the CeColns/Celng superlattices is that the supercon-
ductivity of CeColns BLs is little affected by the critical AFM fluctuations in Celns
BLs, despite the fact that AFM fluctuations are injected from the adjacent Celns BLs
into CeColns BLs, as evidenced by the AFM order in CeColns/Celng demonstrating
that different Celnz BLs are magnetically coupled by the RKKY interaction through
adjacent CeColns BLs. Even in the vicinity of the AFM QCP of the Celns BLs, the
superconducting state in the CeColns BLs is very similar to that of CeColns bulk single
crystals. This indicates that the AFM fluctuations injected from Celns BLs do not help
to enhance the force binding the superconducting electron pairs in CeColny BLs. This
is in stark contrast to CeColns/CeRhlns, in which the pairing force in CeColn; BL is
strongly enhanced by the AFM fluctuations in CeRhIns BLs [90], although the CeRhlInj
BLs are magnetically only weakly coupled through CeColns BLs.

We note that the superconducting phase appears under pressure in CeRhlny sin-
gle crystals and epitaxial thin films. On the other hand, in the CeRhIns/YbRhIns,
zero resistivity is not attained even under pressure. This result indicates that the su-
perconductvity of CeRhlnj is suppressed when the thickness of the BLs was reduced.
Similarly, in CeColns/CeRhlns superlattices, 2D superconductivity derived from the
CeColns BLs is thought to be realized from ambient pressure to under pressure near
QCP.

This contrasting behaviors between CeColns/Celng and CeColns/CeRhlIng super-
lattices suggest that there are two possible important factors that determine whether
magnetic fluctuations are injected through the interface; One is the magnetic wave
vector and the other is the matching of the Fermi surface between two materials.

For CeColng, the Fermi surface is 2D-like and AFM fluctuations with wave vector
qo = (0.45, 0.45, 0.5) are dominant [144]. The magnetic wave vector in the ordered
phase of Celng is commensurate with g = (0.5, 0.5, 0.5) [69]. The evolution of the
ordered moment below Ty is consistent with mean field theory. While the wave number
along the ¢ axis, q., of Celns is the same as that of CeColns, the 3D Fermi surface
of Celng is very different from the 2D Fermi surface of CeColns. On the other hand,
for CeRhIns, qo in the ordered phase is incommensurate gy = (0.5, 0.5, 0.297) at low
pressure [62] and changes to go = (0.5, 0.5, 0.4) above ~ 1.0 GPa [151]. Thus, the ¢.
of CeRhlnj is different from the ¢. of CeColns. The evolution of the ordered moment
below Ty deviates from mean field behavior, likely due to 2D fluctuations. However,
the 2D Fermi surface of CeRhlns bears a close resemblance to that of CeColns.
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The equality between the ¢ axis component of gy in CeColns and Celnz would explain
why the magnetic coupling between Celng BLs through a CeColns BL is stronger than
that between CeRhIns BLs. Thus, AFM order is formed in CeColns(7)/Celnz(n) even
for small n, for which the AFM order has already vanished in CeColn;(n)/CeRhlns(n).
In magnetically mediated superconductors, the pairing interaction is expected to be
strongly wave number dependent. Considering the good resemblance of the Fermi
surface and the same d,2_,» superconducting gap symmetry of CeColns and CeRhIns
[64], it is likely that the pairing interaction in both compounds has 2D character and
peaks around the same wave number on the Fermi surface. Furthermore, it has been
assumed that 2D magnetic fluctuations are strong in CeRhIns. Thus, superconductivity
in the CeColn; BLs of CeColns(n)/CeRhlns(n) is strongly influenced. On the other
hand, in Celnz with 3D Fermi surface, 2D AFM fluctuations are expected to be very
weak. AFM fluctuations having 3D character in Celns may not play an important role

for the pairing interaction in CeColns, resulting in little change of the superconductivity
in CeColng/Celns.

6.5 Summary

A state-of-the-art MBE technique has enabled us to fabricate superlattices consist-
ing of different heavy-fermion compounds. These heavy-fermion superlattices provide
a unique opportunity to study the mutual interaction between unconventional super-
conductivity and magnetic order through the atomic interface. In hybrid superlattice
CeColns/Celns, the superconductivity in CeColns BLs and AFM order in Celng BLs
coexist in spatially separated layers. We find that each Celng BL is magnetically cou-
pled by the RKKY interaction through adjacent CeColns BLs. An analysis of the
upper critical field under pressure reveals that the superconductivity in CeColns BLs
is little influenced even in the presence of abundant AFM fluctuations in the vicinity
of the AFM QCP of adjacent Celns BLs. Thus, although the AFM fluctuations are
injected to the CeColns BLs from the Celng BLs through the interfaces, they barely
influence the force binding superconducting electron pairs. This is in sharp contrast
to CeColns/CeRhlns, in which the superconductivity in the CeColns BLs is strongly
influenced by quantum critical AFM fluctuations in CeRhIns BLs.

It has been widely believed that 2D AFM fluctuations are essential for the pair-
ing interaction in CeColns, however, direct evidence was lacking. The present results
provide strong support that 2D AFM fluctuations are fundamentally crucial for the
unconventional superconductivity in CeColns.

92



Chapter 7

Conclusion

In this thesis, we have studied the interplay between unconventional supercon-
ductivity and magnetically ordered- or conventional metallic-state through the inter-
face. By using a state-of-the-art molecular beam epitaxy technique, we have established
new strategies for controlling unconventional superconductivity in artificially engineered
heavy-fermion superlattices.

In Chapter 4, we have designed and fabricated tricolor superlattice, in which strongly
correlated superconductor CeColny is sandwiched by nonmagnetic metals YbColns and
YbRhIng with different electronic structures. By stacking three compounds repeat-
edly in an asymmetric sequence such as YbColns/CeColns/YbRhIns, we can intro-
duce the global inversion symmetry breaking along the stacking direction. We find
that the Rashba asymmetric spin-orbit coupling (ASOC) induced by the global inver-
sion symmetry breaking in these tricolor superlattices leads to profound changes in
the superconducting properties of CeColns with atomic thickness. The upper critical
field exhibits unusual temperature and angular dependence, indicating that the Rashba
ASOC induced in the tricolor superlattices leads to the strong suppression of the Pauli
paramagnetic pair-breaking effect. We also demonstrate that the magnitude of the
Rashba ASOC incorporated into the two-dimensional (2D) CeColns block layers (BLs)
is controllable by changing the thickness of CeColns; BLs. Moreover, the temperature
dependence of the in-plane upper critical field exhibits an anomalous upturn at low
temperatures, which is attributed to a possible emergence of a helical or stripe super-
conducting phase. Our results demonstrate that the tricolor superlattices provide a
new playground for exploring exotic superconducting states in the strongly correlated
2D electron systems with the Rashba effect.

In Chapter 5, we have designed and fabricated hybrid superlattices consisting of
alternating atomic layers of d-wave superconductor CeColns and antiferromagnetic
(AFM) metal CeRhlIns, in which the AFM order can be suppressed by applying pres-
sure. We also established the hydrostatic pressure measurements on the heavy-fermion
thin films and heavy-fermion superlattices. We find that the superconducting and AFM
states coexist in spatially separated layers, but their mutual coupling via the interface
significantly modifies the superconducting properties. An analysis of upper critical fields
reveals that in the vicinity of the quantum critical point (QCP) of CeRhIns BLs, the
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superconducting pairing strength 2A/kgT. have strongly increased. This is the first
realization that the superconducting pairing can be tuned nontrivially by magnetic
fluctuations (paramagnons) injected through the interface.

In Chapter 6, we designed and fabricated hybrid superlattices consisting of alter-
nating layers of CeColn; and heavy-fermion AFM metal Celns, in which the AFM
transition temperature is higher than CeRhIns and AFM order can be suppressed by
pressure as in CeRhlns. We demonstrated that by changing the number of magnetic
layers in the superlattice, 2D magnetic order was realized in CeColns/CeRhIng, while
three-dimensional (3D) magnetic order was realized in CeColn;/Celng. The analysis of
the upper critical field revealed that the superconductivity of the CeColnjs layers was not
affected by the magnetic fluctuations of the Celnj layer even in the vicinity of the QCP
of Celng BLs. This is in sharp contrast to the superconductivity in CeColns/CeRhlns,
which is strongly affected by the magnetic fluctuations of the CeRhlns BLs. Focusing
on the dimensionality of magnetic fluctuations of each AFM material, it is suggested
that there are 2D AFM fluctuations in CeRhlns and 3D AFM fluctuations in Celns.
It has been widely believed that 2D AFM fluctuations are important for the pairing
interaction in CeColns. However, direct evidence was lacking. The present results
provide strong support that 2D AFM fluctuations are essentially important for the
unconventional superconductivity in CeColns.
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