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ABSTRACT

Search for Unconventional Superconductors at the Itinerant-to-Local Moment

Crossover

by

Liang Zhao

In searching for novel optimal superconductors, three strategic routes based on

theoretical and experimental knowledge from the known high-Tc superconductors are

followed.

CaFe4As3 is a newly discovered 3D compound, with Fe2+ in tetrahedral coordi-

nation, similar to that in the parent compounds of the known superconductors. The

thermodynamic and transport properties reveal a spin density wave (SDW) transi-

tion at TN = 88 K, and an incommensurate-to-commensurate SDW transition at T2

= 26.4 K. A large electronic specific heat coefficient γ = 0.02 Jmol−1
FeK

−2 and an

unusually high Kadowaki-Woods (KW) ratio A/γ2 = 55 × 10−5 µΩcm mol2K2mJ−2

point to strong electron correlations. While the commensurate SDW state below T2

is suppressed in Co-doped CaFe4As3, neither doping with P, Yb, Co and Cu, nor

application of hydrostatic pressures up to 5 GPa, is able to fully suppress the robust

incommensurate SDW order in this system.

The new layered compound SrMnBi2 has been studied as a promising candidate

for high Tc superconductivity as suggested by theoretical calculations. We found that

SrMnBi2 is structurally similar to, but more two dimensional than the known Fe

superconductors. Two phase transitions at T1 = 292 K and T2 = 252 K have been



observed. A large electronic specific heat coefficient γ = 36.5 mJ mol−1K−2 and a KW

ratio of 9.38 × 10−5 µΩcm mol2K2mJ−2 indicate enhanced electron correlations. DFT

calculations have revealed metallic Sr-Bi layers in SrMnBi2, as well as Dirac-cone like

features in the band structure.

Doping experiments on the Mott insulator Sr2F2Fe2OS2 have been carried out to

search for superconductivity at the localized-to-itinerant moment crossover. Increas-

ing amounts of T = Mn in Sr2F2(Fe1−xTx)2OS2 suppress the long range magnetic

ordering at x ≈ 0.2, and the subsequent increase in x results in a spin glass behavior

for 0.2 ≤ x ≤ 0.5, and possibly a new magnetic order for x ≥ 0.5. By contrast,

Co-doping increases the AFM transition from TN = 106 K for x = 0 up to 124 K for

x = 0.3. The excitation gap determined from the electrical resistivity is minimized

but remains finite around x = 0.5 for T = Mn.

In addition, a study has been done on a rare binary type I superconductor YbSb2.

Besides the superconducting transition at Tc = 1.30 K, a possible second supercon-

ducting phase is observed below T
(2)
c = 0.41 K. From thermodynamic and transport

measurements, there is strong, unambiguous evidence for the type I nature of the

superconductivity in YbSb2.
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Chapter 1

Outline

More than a hundred years have passed since the discovery of superconductivity. This

is a phenomenon characterized by loss of electrical resistivity below a certain (usually

extremely low) temperature.

Numerous superconducting materials have been discovered and studied over the

past century. If not for the expensive and unpractical need to cool such materials to

-400◦F (or –250◦C), superconductors have many potential applications, ranging from

dissipation-less energy transport, medical investigation, data storage, etc. While two

families of superconductors, one based on copper and oxygen layers, and the second

containing iron, have been found to have relatively high critical temperatures, their

transition temperatures are still far below room temperature, which would ideally

be the working condition for almost all extensive industrial applications. In addi-

tion, several specific shortcomings of these high temperature superconductors, such

as their poor manufacturablity, have limited their potential in commercialization and

applications. In order to design and make an ideal, or at least, better and more

practical superconductor, material scientists, physicists, chemists and engineers have

employed both theoretical calculations and experimental explorations. As one piece

of work among those numerous endeavors, this dissertation aims to elucidate relation-

ships between different structural and physical properties of three specific compounds,

namely CaFe4As3, SrMnBi2, and Sr2F2Fe2OS2.

Chapter 2 provides a brief introduction to the theoretical and experimental con-
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cepts related to superconductivity. Following a historical perspective and review of

main theoretical developments to date, the only two currently known families of high

temperature superconductors, cuprates and iron pnictides, are reviewed in Chapters

2.2 and 2.3. The strategies we followed in the search for new superconductors are

described in Chapter 2.4. Lastly, since the behavior of “spin glass”, a special, disor-

dered state, has been observed in some of the materials studied in this dissertation, a

short introduction to its origins, properties and relevant theoretical models is included

in Chapter 2.5. Chapter 3 describes the general experimental techniques utilized in

sample preparation and characterization. Chapter 4 is dedicated to the experimen-

tal studies of three candidate compounds. The results and discussions on CaFe4As3,

SrMnBi2, and Sr2F2Fe2OS2 are reviewed in Chapters 4.1, 4.2 and 4.3, respectively.

Chapter 5 presents a study on YbSb2, a rare binary type I superconductor. A sum-

mary, conclusions and ideas for future research are outlined in Chapter 6.
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Chapter 2

Background

2.1 Superconductivity

2.1.1 A Brief History of Superconductivity

Superconductivity is an electronic ground state characterized by a complete disap-

pearance of electrical resistivity and perfect diamagnetism below a critical temper-

ature Tc and critical field Hc. The discovery of this unique electronic state was

facilitated by a series of significant breakthroughs in cryogenics research during the

late 19th and early 20th century, marked by James Dewar’s invention of the vacuum-

insulated vessel (namely the “Dewar”) that was capable of storing cryogenic liq-

uids, Georges Claude’s air-liquefaction system, and H. Kamerlingh Onnes’ success

in liquifying Helium. These extraordinary achievements made it possible to explore

phenomena at extremely low temperatures, for the first time in the scientific history.

In 1911, when Onnes measured the low temperature resistivity of Mercury with the

newly developed cryogenic techniques, he surprisingly found the resistivity dropped

to absolute zero at 4.2 K [27]. Similar behavior was soon discovered in other el-

emental metals, like Lead and Tin, below certain critical temperatures that were

characteristic of each material. The discovery of superconductivity was rather an

unexpected observation, as the resistivity of a metal was supposed to remain finite

at non-zero temperatures according to the conventional understanding of the elec-

trical conduction mechanism at that time. In 1933, Walther Meissner and Robert
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Ochsenfeld [28] discovered another characteristic hallmark of superconductivity: the

expulsion of magnetic fields from the interior of a superconductor, known as the

Meissner effect. Specifically, the magnetic flux lines cannot enter a material in its su-

perconducting state. Therefore a superconductor has perfect diamagnetism with the

magnetic susceptibility χ = –1, known as the Meissner state. The exotic properties

of superconductors, like the zero resistivity and the perfect diamagnetism, inevitably

raised intense interest among physicists. Since Onnes’ first discovery, numerous ef-

forts have been made to search for more superconducting materials, as well as to

understand the underlying mechanism of superconductivity.

In 1950, the phenomenological Ginzburg-Landau (G-L) theory of superconduc-

tivity was proposed by Vitaly Ginzburg and Lev Landau [29]. By combining Lan-

dau’s theory on second order phase transitions and a Schrödinger-like wave equation,

the G-L theory successfully explained the macroscopic properties of superconduc-

tors, such as the spatial variation of the density of superconducting electrons and

the electrodynamics in the superconducting state. The most important concepts and

implications of the theory, including the superconducting order parameter, penetra-

tion depth, coherence length and the Ginzburg-Landau parameter, are summarized

in Chapter 2.1.2. Another breakthrough of theoretical studies on superconductivity

was the Bardeen, Cooper and Schrieffer (BCS) theory published in 1957 [30]. As the

first successful microscopic theory on superconductivity, the BCS theory introduced

the picture of superconductivity mediated by phonons, which explained almost all

unusual physical properties of superconductors known at that time, including zero

resistivity, Meissner effect, critical temperature and field, superconducting gap and

the jump in electronic specific heat at Tc. A brief review of the BCS theory is given

in Chapter 2.1.3.
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Based on the BCS theory, McMillan predicted that the critical temperature Tc

could not exceed the limit of 40 K [31]. The prediction received little challenge in the

following two decades, as the highest reported Tc was around 22 K in NbGe3 film. [32]

However, the quest for materials with higher Tc had never ceased and the “glass

ceiling” of Tc was eventually broken by the grand discovery of high Tc superconductors.

In 1986, J. G. Bednorz and K. A. Müller observed Tc = 35 K superconductivity

in a layered copper oxide (“cuprate”) compound La2−xBaxCuO4 [33]. Although the

Tc of this newly discovered cuprate compound was still not high enough for practical

applications, it still attracted a lot of interest since superconductivity emerging from

a ceramic insulator was not at all expected at that time. Soon after, another cuprate

superconductor, YBa2Cu3O7 (“YBCO”), was discovered by M. K. Wu and C. W.

Chu. The YBCO material exhibited an unexpectedly high Tc of 93 K [34], which

was not only well above the limit in McMillan’s prediction but also the first known

superconductor with a Tc higher than the 77 K boiling point of liquid Nitrogen. The

discovery of those high-Tc superconductors made it possible to fabricate applicable

superconducting devices that can work without using the expensive liquid Helium

coolant. More importantly, the invalidation of McMillan’s predicted upper limit of Tc

raised a strong belief that materials with even higher Tc are likely to exist. Stimulated

by this belief, the materials research community carried out extensive investigations

on compounds with similar structures to the cuprates, of which lots of new supercon-

ductors were found, with Tc comparable or higher than that of YBCO [35–37]. The

record of critical temperature was set by Hg0.8Tl0.2Ba2Ca2Cu3O8+δ, with Tc ≈ 138 K

under ambient pressure [38] and up to 164 K under quasihydrostatic pressures. [39]

The discovery of cuprates superconductors marked the beginning of a new era of su-

perconductivity research. As the BCS theory failed to explain the origin of such high
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Tcs, as well as other exotic phenomena observed in the cuprates such as the pseu-

dogap [40], the cuprates were categorized as the “unconventional” superconductors,

while the systems that could be understood within the BCS framework were referred

to as the “conventional” superconductors. Ever since the 1980s, numerous efforts

have been made to elucidate the mechanism of superconductivity in the cuprates,

and significant progress has been made by both experimentalists and theorists. How-

ever, while the general consensus is that the superconductivity in those systems is

associated with spin fluctuations, the detailed electron pairing mechanism remains to

be fully understood. A more detailed review on the cuprates superconductors will be

given in Chapter 2.2.

The cuprates remained the only known family of high-Tc superconductors for al-

most two decades, until the very recent discovery of iron pnictide superconductors,

which raised intense attention and revitalized the studies on high-Tc superconductiv-

ity. In 2006, Hideo Hosono’s group observed superconductivity in LaOFeP with Tc

= 4 K, which could be enhanced to 7 K via Fluorine doping [41]. Two years later,

the same research group reported Tc = 26 K superconductivity in fluorine doped

LaOFeAs [42], a structural analogue of LaOFeP. Inspired by these discoveries, sci-

entists from other research labs soon managed to synthesize other RFe(O1−xFx)As

materials with heavier rare earth elements (R = Ce [43], Pr [44], Nd [45], Sm [46],

Gd [47], Tb [48], Dy [48]). This series of iron pnictide materials, commonly referred to

as the “1111” compounds based on the stoichiometry of their chemical formula, were

all found to be superconductors with Tcs up to 55 K (R = Sm [46]), which marked

them as the family with the second highest range of Tc known so far, just behind the

cuprates. The discovery of iron-based superconductors was rather unexpected given

the common belief that the pair-breaking effect resulting from the magnetic Fe ions
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is detrimental to superconductivity. Moreover, as the conventional BCS theory failed

again in explaining the high Tc values in these compounds, other pairing mechanisms

rather than the electron-phonon coupling must be at play. These unusual features of

iron pnictides gained intense attraction from the material research community and

stimulated an extensive search for more iron-based superconductors. In the following

two years, several new families of iron-bases superconductors with different struc-

tures were reported. The parent compounds of these families include AFe2As2 (A =

Ca, Sr, Ba and Eu, known as the “122” compounds), AFeAs (A = Li, Na, “111”),

Sr4Sc2O6Fe2Pn2 (“42622”), as well as the iron chalcogenides FeX (X = Se, Te, “11”)

and KFe2Se2 (“122’”). Most of these iron-based superconductors share some common

ingredients in crystal and electronic structures and physical properties, however a few

subtle or substantial differences between different families make their behavior more

diverse. Up to now, the key problems in understanding the physics in iron-based

superconductors, including the pairing mechanism, gap structure and symmetry, are

still under hot debate. An up-to-date summary on the important results in both

experimental and theoretical studies is given in Chapter 2.3.

2.1.2 Ginzburg-Landau Theory

The Ginzburg-Landau theory is the most successful macroscopic theory of super-

conductivity. By combining Landau’s theory on second order phase transition and

quantum mechanics, the G-L theory provides a reasonable explanation of several

macroscopic properties of superconductors without knowing much detail about the

microscopic mechanism.

Since the superconducting transition under zero magnetic field is a second or-

der transition, Landau’s theory [49] suggests that the Gibbs free energy gs can be
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expressed in terms of a complex order parameter ψ:

gs = gn + α|ψ|2 + β

2
|ψ|4 + · · · (2.1)

By assuming that all superconducting electrons act in a coherent way, the order

parameter was taken as a single phase wavefunction ψ(r) = |ψ(r)|eiϕ. The density of

superconducting electrons, also known as the superfluid density, is given by ns(r) =

|ψ(r)|2. For non-zero applied magnetic field, additional terms are needed to be added

to equation 2.1 in order to account for the energy contribution from the field and the

spatial variation of ψ:

gs(H) = gn + α|ψ|2 + β

2
|ψ|4 + 1

2m
| − i~∇ψ − e

c
Aψ|2 + 1

2µ0

B2 −B ·H (2.2)

in which A is the vector potential of the magnetic field, and B and H are the

magnetic flux density and field, respectively. For the stable state with the lowest free

energy, the equation of first variation gives:

1

µ0

∇×B = − i~e
2m

(ψ∗∇ψ − ψ∇ψ∗)− e2

mc
|ψ|2A = js (2.3)

in which js is the superconducting current density. The boundary condition is

given by:

(−i~∇− e

c
A)nψ(r) = 0 (2.4)

in which n denotes the component perpendicular to the surface of the supercon-

ductor. Equations 2.3 and 2.4 are known as the Ginzburg-Landau equations. By

solving the set of those two equations, the spatial distribution of A and ψ in a su-
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perconductor can be determined. However, no analytic solution of the G-L equations

has been obtained except for a few limiting cases.

In order to characterize a superconducting state, two important characteristic

lengths, namely the penetration depth λ and the coherence length ξ, have been defined

in the G-L theory. λ characterizes the decay of the magnetic field as it penetrates

into the surface area of a superconductor, and ξ describes the spatial variation of the

order parameter ψ in a superconductor. For H ≈ 0, the G-L order parameter can be

approximated by a constant ψ0 and equation 2.3 turns into:

js(r) = − e2

mc
ψ2
0A(r) (2.5)

from which the penetration depth can be defined as

λ(T ) =

√
mc2

4πe2ψ2
0

=

√
mc2β(Tc)

4πe2(Tc − T )α(Tc)
(2.6)

The coherence length ξ(T ) is defined as:

ξ(T ) = ξ(0)

∣∣∣∣ Tc
Tc − T

∣∣∣∣1/2 (2.7)

in which

ξ2(0) =
~2

2mα(0)
(2.8)

Within the framework of the G-L theory, a dimensionless, temperature indepen-

dent parameter κ, known as the Ginzburg-Landau parameter can be defined as:

κ =

√
m2c2β

2π~2e2
=
λ(T )

ξ(T )
(2.9)

As Abrikosov [50] pointed out, the G-L parameter κ is related to the surface en-

ergy between the normal and superconducting phases, which is positive for κ < 1/
√
2
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Figure 2.1 : Typical magnetization M(H) curves of type I (left) and type II (right)
superconductors.

and negative for κ > 1/
√
2. Following this criterium, superconductors can be cat-

egorized into two types, the ones with positive surface energies are called the type

I superconductors and the other ones with negative surface energies are named the

type II superconductors. As a result of the surface energy, the two types of super-

conductors exhibit distinct behavior in their superconducting states, as illustrated

in Fig. 2.1. For type I superconductors, the superconducting state is stable if the

applied magnetic field H is below the critical field Hc, and the system remains in a

pure Meissner state with the susceptibility χ = –1; at H = Hc, the superconduct-

ing state is abruptly suppressed and the whole system goes into the normal state.

For type II superconductors, the system shows perfect diamagnetism for H < Hc1.

For Hc1 < H < Hc2, the negative surface energy favors the formation of interfaces

between the superconducting and normal states. As a consequence, the magnetic

flux lines penetrate inside the superconductor, forming a “vortex” structure which

consists of small normal state domains surrounded by the superconducting phase.

Vortex currents run along the boundaries of the normal state domains and screen
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the magnetic field trapped inside. The radius of the vortices is of the order of ξ.

The resistance of the system remains zero in this so called “mixed state”. As the

applied fields increases, the fraction of the superconducting phases becomes smaller

and eventually vanishes for H = Hc2. Hc1 and Hc2 in type II superconductors are

called lower and upper critical field, respectively.

2.1.3 Bardeen-Cooper-Schrieffer (BCS) Theory

As a phenomenological model, the G-L theory mainly focused on the macroscopic

behavior of superconductors without further examining the microscopic mechanism

of superconductivity, such as the pairing of electrons, the excitation spectrum and

the formation of the gap. These problems were successfully addressed by Bardeen,

Cooper and Schrieffer in their famous theoretical work published in 1957 [30], known

as the BCS theory.

The BCS theory was first inspired by the isotope effect of superconductivity. In

1950, the Tc of different Mercury isotopes was found to obey the relation Tc ∝ M−β

[51, 52], in which M is the mass of the isotope atom. Subsequent studies confirmed

the validity of this relation in many other superconducting elements, with β ≈ 0.5.

The isotope effect suggests that the crystal lattice plays a vital role in the mechanism

of superconductivity. Fröhlich [53] pointed out that two electrons can be coupled via

the electron-phonon interaction. More specifically, as one electron moves through the

lattice, the Coulomb interaction between this electron and the ions on lattice sites

leads to a slight distortion of the lattice, and increases the positive charge density in

the vicinity of the electron, which therefore attracts another electron. The process can

be described as an indirect coupling of two electrons via the emission and absorption

of a phonon. Since the average energy of the lattice vibrations is far smaller than
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the Fermi energy of conduction electrons, at T = 0 the attractive interaction only

exists for electron within a thin shell of thickness ≈ ~ωD near the Fermi surface,

in which ωD is the Debye frequency. As Cooper pointed out [54], electrons with

opposite spins and momenta can spontaneously form paired states (“Cooper pairs”)

via the phonon-mediated coupling, which compensates for the Coulomb repulsion

between electrons and lowers the potential energy of the system. The BCS theory

suggests that the boson-like Cooper pairs can condense into a superfluid ground state,

giving rise to a vanished electron scattering and therefore zero resistivity. For a finite

temperature, some states near the Fermi surface are occupied by thermally excited

electrons, lowering the effective attractive forces as well as the number of Cooper

pairs that can be formed. At a certain critical temperature Tc, the attractive force

becomes too weak to overcome the Coulomb repulsion between electrons, in which case

no electrons can be paired up and the superconducting state is completely destroyed.

Since a heavier lattice has a lower Debye frequency ωD, the number of electrons that

can form Cooper pairs is smaller, leading to a lower Tc that accounts for the isotope

effect.

For a metal in the normal state, the relative kinetic energy of an excited electron

with respect to the Fermi energy level is:

ϵ(k) =
~2k2

2m
− EF (2.10)

which forms a continuous spectrum above the Fermi energy EF . By contrast, the

BCS theory suggests that the elementary excitation energy for a Cooper pair in a

superconducting state is:
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E(k1) + E(k2) =

√
(
~2k21
2m

− EF )2 +∆2 +

√
(
~2k22
2m

− EF )2 +∆2 ≥ 2∆ (2.11)

in which k1 and k2 are the momenta of the two electrons in a Cooper pair. This

excitation spectrum indicates that energy of at least 2∆ is required to break up a

Cooper pair. Therefore, the energy spectrum of the superconducting state and the

one of the normal state are separated by a gap of 2∆, which originates from the

attractive interaction between paired electrons. As a consequence, in the supercon-

ducting state, the electron distribution at T = 0 is no longer a standard Fermi sphere.

The probability of having an occupied (k,-k) paired state is given by:

ν2k =
1

2
[1− ϵ(k)√

ϵ2(k) + ∆2
] (2.12)

From a plot of ν2k vs. ϵ (Fig. 2.2), it is clear that the Fermi surface is “rounded” in

the superconducting state. The superconducting gap can be experimentally probed

using various techniques such as specific heat and angular-resolved photoemission

spectroscopy (ARPES) measurements. The symmetry of the gap provides critical

evidence for the pairing mechanism in different superconductors, and is one of the

most important parameters in the study of superconductivity.

One of the greatest successes of the BCS theory is the prediction of the relation

between the gap and the critical temperature, derived from the famous BCS gap

equation:

λ

∫ ~ωD

0

1√
ϵ2 +∆2

tanh(

√
ϵ2 +∆2

2kBT
)dϵ = 1 (2.13)

in which λ is a dimensionless electron-phonon coupling constant. At T = 0, the

energy gap ∆(0) is given by:
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Figure 2.2 : Electron distribution function ν2k of a superconductor below Tc.

∆(0) =
~ωD

sinh 1
λ

≈ 2~ωDe
1

N(0)V (2.14)

in which N(0) is the density of states at the Fermi surface. Since ∆(Tc) = 0, the

critical temperature can then be derived from the gap equation, which yields:

kBTc = 1.14~ωDe
1
λ (2.15)

By combining equation 2.14 and 2.15, the relation between ∆(0) and Tc is given

as:

2∆(0) = 3.53kBTc (2.16)

The ratio 2∆(0)/kBTc = 3.53 has been experimentally verified in a number of
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conventional superconductors. In addition, the origin of the isotope effect is directly

reflected in equation (2.15).

Another successful prediction of the BCS theory is the jump in electronic specific

heat at Tc:

Ces − Cen

γT

∣∣∣∣
Tc

= 1.43 (2.17)

in which γ is the Sommerfeld coefficient, Ces and Cen are the electronic specific

heat in the superconducting and normal state, respectively. This relation is often used

to verify if a superconductor is “conventional”, in other words, can be understood in

the theoretical framework of BCS.

2.2 Unconventional superconductors: Cuprates

2.2.1 Overview

The discovery of cuprate superconductors brought not only new records for criti-

cal temperatures, but also a grand challenge to the BCS theory as a number of its

unique physical properties could not be explained within that conventional theoretical

framework. More than two decades have passed since the initial report of Tc = 35 K

superconductivity in the La-Ba-Cu-O system. Up to now, hundreds of cuprates su-

perconductors have been synthesized and extensively studied. While notable progress

has been made in understanding the underlying physics beneath the cuprate supercon-

ductors, there is still a long way to go before a mystery of high Tc superconductivity

can be fully unveiled. This chapter will provide a brief summary on the most impor-

tant aspects of studies on cuprate superconductors. More comprehensive reviews are

available in Ref. [55].
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La2-xSrxCuO4 Nd2-xCexCuO4-δ

Figure 2.3 : Crystal structures of (a) hole-doped La2−xSrxCuO4 and (b) electron-
doped Nd2−xCexCuO4−δ.

All the cuprate superconductors discovered so far share similar quasi-two-dimensional

crystal structures as illustrated in Fig. 2.3. The structure consists of stacked flat CuO2

planes with various types of blocking layers in between, which serve as the “charge

reservoir” by contributing charge carriers to the conducting CuO2 planes. The parent

compounds of cuprate superconductors are insulating ceramics that can be tuned into

superconductors by chemical doping. Based on the type of charge carriers introduced

by doping, the cuprate superconductors are generally categorized into the hole-doped

(e.g. La2−xSrxCuO4) and electron-doped (e.g. Nd2−xCexCuO4−δ) groups. For the

hole-doped compounds, the Cu ion is surrounded by six octahedrally coordinated O

ions (Fig. 2.3a) while in the electron-doped systems the apical O ions are absent,

leaving only four nearest neighboring O in the CuO2 plane (Fig. 2.3b).
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A schematic T − x phase diagram of two archetypical cuprate superconductors,

the hole-doped La2−xSrxCuO4 and the electron-doped Nd2−xCexCuO4−δ, is shown in

Fig. 2.4 (Ref. [1]). The characteristic features of this phase diagram are almost “uni-

versal” for hundreds of cuprate superconductors known so far. The undoped parent

compounds are known to be Mott insulators with an AFM ground state. As doping

introduces holes into the system (right panel, Fig. 2.4), the AFM ordering tempera-

ture gradually decreases and is eventually suppressed at x ∼ 0.02. Superconductivity

emerges as x further increases, forming a dome-like regime which is nearly symmetric

and spans over a wide doping range from ∼ 0.05 to ∼ 0.26. Further increase of the

doping level gives rise to a Fermi liquid behavior. The x level at which the system

shows the highest Tc is usually referred to as the “optimally doped” composition,

while the superconducting regions with x above and below that level are termed the

“overdoped” and “underdoped” regimes, respectively. Studies have shown that the

superconducting paring symmetry in the underdoped regime is likely to be dx2−y2

while a considerable s component has been observed in the overdoped regime [56–58].

The phase diagram of the electron-doped compound (left panel, Fig. 2.4) also exhibits

suppression of the AFM order, followed by the emergence of a superconducting dome.

However, the long range magnetic ordering survives up to a much higher doping level

compared to the one of the hole-doped systems.

The rich physics of the cuprates not only lies in the superconducting state, but

also in the normal state above the superconducting dome. Knight-shift and NMR

measurements on underdoped YBCO and La2−xSrxCuO4 revealed a considerable re-

duction of the spin susceptibility as well as a shift of spectral weight from low- to

high-frequency spin fluctuations at temperatures higher than Tc [40,59–62]. This gap-

like feature in the normal state has been confirmed in various types of experiments
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electron-doped hole-doped

Figure 2.4 : A typical T − x phase diagram of electron- (left panel) and hole-doped
(right panel) cuprates. The antiferromagnetically ordered states and the supercon-
ducting phases are labeled as “AFM” and “SC”, respectively. (from Ref. [1])

including optical conductivity [63], tunneling spectroscopy [64] and ARPES [65, 66]

and is referred to as the “pseudogap” since the Fermi surface is only fully gapped in the

superconducting state. This intriguing behavior has been viewed as a “precursor” of

the superconducting transition while its origin is still under debate. Different scenar-

ios, including a singlet pairing resonating valence bond (RVB) spin liquid state [67],

phase fluctuations of the pre-formed Cooper pairs [68] and competing orders [69–74],

have been proposed by theorists. Interestingly, while pseudogap phenomena have only

been widely observed in the hole-doped compounds, tunneling spectroscopy [75, 76],

ARPES [77], and NMR and Knight shifts measurements [78] on the electron-doped

systems pointed to the absence of any spectral gap in the normal state of those

compounds under zero applied field.

For the hole-doped cuprate materials, various non-Fermi-liquid behaviors, includ-

ing resistivity with linear temperature dependence [79] and a temperature dependent

Hall coefficient [80–83], have been observed in the normal state regime near the op-
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timally doped composition, which are commonly referred to as the “strange metal”

regime. As the doping level further increase, the Fermi-liquid characters start to

recover, and the compounds behave like normal metals.

2.2.2 Doped Mott Insulators

A general consensus is that the electronic structure of cuprates near the Fermi energy

level is dominated by the CuO2 planes, which is also the place where superconductivity

takes place. For the divalent Cu with a 3d9 electronic configuration, the cubic crystal

field splits the atomic Cu 3d levels into the t2g and eg states, which are further

separated into the five 3d orbitals (dxy, dyz, dxz, dx2−y2 , d3z2−r2) by the Jahn-Teller

distortion of the CuO6 octahedra. The dx2−y2 level with the highest energy is left

hall-filled (n = 1) while other four orbitals are fully occupied. As shown in Fig. 2.5,

a strong hybridization between Cu 3dx2−y2 , O 2px and 2py orbitals gives rise to a

half-filled antibonding band above the non-bonding and bonding states, with a single

electron occupying each Cu site. According to the band theory, the undoped cuprates

should be metals due to the existence of a partially filled band. However, transport

measurements have clearly pointed to an insulating behavior, which contradicts the

prediction of the band theory. The failure of band theory in predicting the insulating

nature of the undoped cuprates classifies these compounds as “Mott insulators”, for

which the strong on-site Coulomb repulsion of electrons dominates over the inter-site

hopping and blocks the electrons from moving freely in the material. In the theoretical

approaches to study the physics of cuprate high-Tc superconductors, the model of a

doped Mott insulator is usually taken as a starting point [55] and will be reviewed

briefly in this chapter.

The concept of Mott insulators was first proposed by N. F. Mott to categorize the
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Figure 2.5 : The energy level diagram for Cu2+ and O2− ions in undoped cuprate
compounds. The Cu 3d states and O 2p states are split by the crystal field and
hybridize to form a partially occupied antibonding band. (replotted from Ref. [1, 2])

group of materials that are predicted to be metallic from band theory calculations

but turn out to be insulators as a result of the strong electron correlations [84].

In general, in a partially-filled system an electron can hop from one lattice site to

another to lower its kinetic energy t. However, having two electrons on the same site

will lead to a penalty of correlation energy U due to the Coulomb repulsion between

them. If the correlation energy overweighs the kinetic energy (U > t), inter-site

hopping turns to be energetically unfavorable, thus electrons are localized on their

sites, giving rise to an insulating behavior. Although the hopping of electrons is

prohibited in a Mott insulator, perturbation theory suggests that the system can still

lower its kinetic energy by –4t2/U via “virtual hopping” if electrons located on nearest

neighboring sites have opposite spin orientations. As a result, all Mott insulators are

antiferromagnets.

To understand the physics of Mott insulators, it is essential to take the electron
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correlations into account. A conventional starting point for studying strongly corre-

lated systems is the Hubbard model [85–87]. For the cuprates, which are an example

of Mott insulators, we can start from looking at the undoped compounds. By ne-

glecting the fully occupied and unoccupied bands and adding an on-site correlation

term, the Hamiltonian can be written as:

H = H0 +Hint =
∑
i,j,σ

tijc
†
iσcjσ + U

∑
i

niσniσ (2.18)

in which c†iσ and ciσ are creation and annihilation operators for an electron on the

site i with spin σ, niσ = c†iσciσ is the occupation number, tij is the hopping integral

between sites i and j, and U is the on-site Coulomb repulsion energy. The first

part of the Hamiltonian, H0, characterizes the hopping of electrons between nearest

neighboring sites i and j, while the second termHint accounts for the interaction of two

electrons occupying the same site i. In general, the Hubbard model gives a minimum

set of necessary ingredients to describe both the band and localized behaviors of a

correlated system.

Theoretical calculations show that if the Coulomb repulsion U is much larger than

the bandwidth W of the 3d conduction band, a gap opens up in the single particle

spectrum, splitting it into the upper and lower Hubbard bands. For a half-filled

band, the splitting leads to a fully occupied lower Hubbard band and an empty upper

Hubbard band, therefore, the “band metal” becomes an insulator. More specifically,

this type of correlation-induced insulators can be divided into two groups, namely the

Mott-Hubbard insulators and the charge transfer insulators [88]. For a Mott-Hubbard

insulator (Fig. 2.6a), the insulating gap is the correlation gap U between the upper

and lower Hubbard bands. By contrast, a charge transfer insulator has one or more

additional bands in the correlation gap (Fig. 2.6b), in which case the gap between
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(a) (b)

(c) (d)

Figure 2.6 : Illustrative density of states plots for a half-filled correlated system: (a)
At U < W , the band structure consists of fully occupied bonding (B) and nonbonding
(NB) bands, as well as a hall-filled antibonding (AB) band; At U > W , the antibond-
ing band is split into the filled upper Hubbard band (UHB) and empty lower Hubbard
band (LHB), giving rise to either (b) a Mott-Hubbard insulator with U < ∆ or (c)
a charge transfer insulator with U > ∆. (d) For a charge transfer insulator like the
cuprates, the nonbonding band further splits into the Zhang-Rice singlet (ZRS) and
triplet (T) states. (from Ref. [1])

the upper Hubbard band and the highest additional band (the “charge transfer gap”)

becomes the insulating gap. Studies on the cuprate superconductors have shown that

they are indeed charge transfer type insulators, with O 2p states located between the

upper and lower Hubbard bands of Cu (Fig. 2.6c). When the system is doped, either

some density of states is shifted from the O 2p band to a new band in the charge

transfer gap, or the chemical potential is moved into the conduction or valence band,

in both cases the material becomes a metal.

In the strong coupling limit (U ≫ t), the Hamiltonian of the Hubbard model

(Equation 2.18) for a less than half filled band (the occupation number on each site

is smaller than 1) can be rewritten as the t− J model:

H = −t
∑

<ij>,σ

(ĉ†iσ ĉjσ + ĉ†jσ ĉiσ) + J
∑
<i,j>

(Ŝi · Ŝj −
1

4
ninj) (2.19)
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in which

ĉ†iσ = (1− niσ)c
†
iσ (2.20)

The coupling constant J = 4t2/U characterizes the AFM exchange coupling be-

tween nearest neighboring spins Ŝi and Ŝj. When the band is close to the hall-filled

case (n = 1), a first order approximation of Equation 2.19 can be written as:

H = −tδ
∑

<ij>,σ

(c†iσcjσ + c†jσciσ) + J
∑
<i,j>

(Ŝi · Ŝj −
1

4
ninj) (2.21)

in which δ = 1−n is the density of holes. For the undoped cuprates, δ = 0 and the

hopping term in the t− J model becomes zero. Therefore the system behaves like an

insulator and the low energy excitations only appear in the form of AFM spin waves

and no excitation in the charge degree of freedom exists. Doping introduces holes to

the system and the charge carriers move in the AFM background with excitations in

both spin and charge degrees of freedom.

For a hall-filled band such as the Cu 3d band in undoped cuprates, all electrons

reside in the lower Hubbard band while the upper Hubbard band remains empty. The

large U prevents electrons from moving in the lower band. In this case, the t − J

model can be simplified to an AFM Heisenberg model:

H = J
∑
<ij>

Ŝi · Ŝj(J > 0) (2.22)

Therefore the up and down spins form a staggered configuration on the Cu square

lattice, giving rise to a long range AFM order. As the number of holes (or electrons)

increases upon doping, the AFM order is suppressed. From the phase diagram (Fig.

2.4), it can also be seen that the AFM order is more sensitive to the hole doping than

to electron doping. This can be understood in the following way: upon hole doping,



24

the extra holes introduced to the system go to the O 2p orbital as the energy penalty

of U for having two holes on the same Cu site is larger than the energy difference

between the O 2p and Cu 3d orbitals. Therefore, some O2− ions become O1− and

interact with its neighboring Cu2+ via AFM exchange coupling. Since the Cu-O bonds

have a shorter length than the Cu-Cu ones, the AFM coupling between neighboring

Cu2+ and O1− ions is stronger than the direct interaction between nearest pairs of

Cu2+ ions. As a consequence, the spins on two Cu sites next to a doped O site are

aligned in the same direction, which destroys the AFM order in the doped material.

The Hamiltonian of the system becomes more complicated when doping is in-

volved. If we take the Cu 3d10 and O 2p6 configuration as the “vacuum” state of the

system, the undoped parent compound of cuprates can be viewed as a system with

a single hole occupying the 3dx2−y2 orbital of each Cu site and no holes on the O 2p

orbitals. Upon hole doping, e.g. La2−xSrxCuO4, the extra holes introduced to the

system go to the O p orbital as the energy penalty of U for having two holes on the

same Cu site is larger than the energy difference between the O 2p and Cu 3d levels.

Thus, the single band Hubbard model and its strong correlation limit t− J model no

longer give a good description of the physics in doped cuprates. Instead, a three-band

model [89] with explicit contribution from the Cu 3dx2−y2 , O 2px and 2py orbitals is

required.

In 1987, F. C. Zhang and T. M. Rice proposed that the low energy excitation of

hole-doped cuprates could be described by a single band t−J model that is equivalent

to the three-band Hubbard model [3]. By neglecting the relatively weaker Coulomb

repulsion on the O sites as well as the O-O and Cu-O hopping terms, the Hamiltonian

can be written as
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H =
∑
i,σ

Edd
†
iσdiσ + U

∑
i

nd
i↑n

d
i↓ +H ′ (2.23)

in which d†iσ and diσ are creation and annihilation operators for a hole on the Cu

3dx2−y2 orbital and H ′ is the Cu-O hybridization term:

H ′ = tpd
∑
i,σ

(d†iσPiσ + P †
iσdiσ) (2.24)

in which tpd is the Cu-O hopping matrix element and Piσ is the symmetric orbital

constructed from the combination of the four O hole states surrounding a Cu site (see

illustration Fig. 2.7a):

Piσ = pi− 1
2
x̂,σ + pi− 1

2
ŷ,σ − pi+ 1

2
x̂,σ − pi+ 1

2
ŷ,σ (2.25)

The combination of the O hole states also gives rise to an asymmetric orbital:

PA
iσ = pi− 1

2
x̂,σ + pi− 1

2
ŷ,σ + pi+ 1

2
x̂,σ + pi+ 1

2
ŷ,σ (2.26)

However, this orbital does not hybridize with the Cu ion and is only associated

with the nonbonding states. In the Zhang-Rice theory, this asymmetric orbital is

neglected as it has little effect on the low energy excitation spectrum of the cuprates.

In this way, the three-band model involving the Cu 3dx2−y2 , O 2px and 2py orbitals

can be simplified to a two-band model considering only the Cu 3dx2−y2 and O Piσ

orbitals. Moreover, as the wavefunctions of the holes on the two orbitals share the

same dx2−y2 symmetry, a strong, phase coherent hybridization tends to bond the

doped hole within the O square plaquette, forming a singlet paring state (Zhang-Rice

singlet, ZRS) with the hole on the Cu site. While a triplet state may also exist, it

is further away from the Fermi energy level and contributes little to the low energy
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Figure 2.7 : Schematic illustration of the hybridized O 2p5 and Cu 3d9 orbitals. The
phase of the wavefuction is marked by “+” and “–” signs.(from Ref. [3])

excitations. By neglecting the transition between the singlet and triplet states, the

Hamiltonian of the system can be confined in a subspace which only allows singlet

pairing. In this picture, the low energy physics of the doped cuprate systems can

be modeled as Zhang-Rice singlets hopping in a superexchange AFM background.

Since the ZRS has no interaction with other d holes outside of its unit cell, it can be

equivalently viewed as a non-occupied site in the standard t−J model. Thus, the low

energy excitation spectrum of the system can be well approximated by an “effective”

one-band t− J model:

Heff = −teff
∑

<ij>,σ

(1− niσ̄)C
†
iσCjσ(1− njσ̄) + h.c.+Jeff

∑
<ij>

(Ŝi · Ŝj−
1

4
ninj) (2.27)

in which teff = t2pd/(Ep − Ed) and Jeff = 4t2eff/(Ep − Ed). Although a strict

mathematical transformation from the three-band Hubbard model to the effective

one-band t− J model has not been worked out yet, the idea of ZRS has been widely
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accepted and used in the studies of doped Mott insulators.

2.3 Unconventional superconductors: Iron Pnictides

2.3.1 Overview

Since the discovery of Tc = 26 K superconductivity in La(O1−xFx)FeAs [42], five

families of iron-based superconductors with different structures have been discovered,

namely the “1111”-type RFeOAs (R = La, Ce, Pr, Nd, Sm, Gd, Tb) and AFeAsF (A

= Ca, Sr), the “122”-type AFe2X2 (A = Ca, Sr, Ba; X = P, As), the “111”-type MFeAs

(M = Li, Na), the “11”-type FeX (X = Se, Te) and the “42622”-type Sr4M2O6Fe2X2

(M = Sc, V, Cr; X = P, As). A recently discovered series AFe2X2 (A = K, Rb, Cs,

Tl; X = S, Se, Te) has a structure analogous to the “122” family but is chemically

closer to the “11” iron chalcogenides, therefore it will be referred to as the “122”

chalcogenide system below in order to distinguish it from the “122” iron pnictides.

Except for the iron chalcogenide “11” system, all other iron-based superconductors

are semi-metals in the normal state. The stoichiometric, non-superconducting parent

compounds can be tuned into high-Tc superconductors via chemical substitution,

hydrostatic pressure, or deficiencies in the lattice. This chapter gives a brief review

on the crystal and band structures, magnetism and superconductivity of the iron-

based superconductors. More detailed reviews can be found in Refs. [4, 90–94].

2.3.2 Crystal Structure and Phase Diagrams

At room temperature, all iron-based superconductors crystallize with layered tetrag-

onal structures of the space group P/4nmm (“1111”, “111”, “11”, “42622”) or

I/4mmm (“122”). Fig. 2.8 summarizes all types of crystal structures correspond-
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ing to the five known families of iron-based superconductors. The commonly shared

building blocks of the lattices are the α-PbO type FeX (X = P, As, Se, Te) layers

consisting of square lattices of Fe atoms, which are tetrahedrally coordinated to neigh-

boring pnictogen or chalcogen atoms above or below the square planes. The structures

of the iron-based superconductors can be constructed by stacking alternating FeX (X

= As, P, Se, Te) layers and blocking layers such as La2O2, alkaline metals, alkali

and Perovskite-type blocks. The blocking layers not only serve as “charge reservoirs”

but also influence the physical properties of the materials either by inducing internal

pressure on the FeX layers, or by separating and preventing electron transport per-

pendicular to the FeX layers. As an exception, the “11” compounds FeSe and FeTe

have no blocking layers in the lattice, rendering their structure as the simplest one

among all iron-based superconductors.

Similar to the CuO layers in the cuprates superconductors, the FeX (X = P, As,

Se, Te) layers also play a crucial role in the superconductivity in iron-based supercon-

ductors. However, in contrast to the two dimensional CuO planes, the out-of-plane

pnictogen or chalcogen atoms in the iron pnictides/chalcogenides lead to a more ef-

fective hybridization between the out-of-plane X p orbitals and the Fe 3d orbitals,

with both out-of-plane and in-plane components present [95]. Hence, the electronic

structure of iron pnictides depends on the contribution from multiple Fe d orbitals

and is sensitive to the geometric parameters of the FeX tetrahedra. Consequently,

the superconductivity in iron-based superconductors has been shown to have intimate

correlations with structural parameters. Experimental results on various iron pnictide

compounds (Fig. 2.9) have shown that the critical temperature Tc is maximized when

the bond angle α is close to 109.47 ◦, the ideal value for a perfect tetrahedron [5]. A

similar, nonmonotonic dependence of Tc on the height of the pnictogen atom above
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the Fe plane has also been observed [96, 97]. These correlations suggest that the lo-

cal coordination of Fe and As is decisive for the superconductivity, which is further

supported by the results of pressure experiments as well as isovalent chemical substi-

tution on some of the parent compounds (e.g. BaFe2(As1−xPx)2), both of which give

rise to superconductivity without introducing extra charge carriers. Since the ma-

jor difference between the isovalent-doped and undoped compounds is the dimension

of the unit cell and atomic positions, this type of chemical substitution introduces a

“chemical pressure”, which has equivalent effect to the lattice as hydrostatic pressure.

From the results of the isovalent doping experiments, it can be inferred that for the

electron or hole doped compounds, the superconductivity depends not only on the

extra carriers, but also on the structural parameters. These pressure-related effects

distinguish the iron-based superconductors from the cuprates, in which charge carrier

doping is required for the emergence of superconductivity.

To illustrate the effect of doping, the T − x phase diagrams for four represen-

tative compounds in the “1111”, “122”, “111” and “11” families are shown in Fig.

2.10. At a first glance, all these phase diagrams show similar features and are rem-

iniscent of the ones of cuprates superconductors. The undoped parent compounds

exhibit a long range AFM ordering at temperatures below TN . Doping suppresses

the magnetic ordering and superconductivity emerges. The superconducting regime

has a dome-like shape, which is less symmetric than that of the cuprates. One ex-

planation for the asymmetric superconducting dome, proposed by Fang et. al., is

that the competition between magnetic ordering and superconductivity plays a dom-

inant role in the underdoped region, while in the overdoped region the gradually

weakened magnetic spin fluctuations become the most influential factor [98]. Except

for LiFeAs and stoichiometric FeSe in which the magnetic ordering is absent, the
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Figure 2.8 : Crystal structures of the five families of iron-based superconductors. The
characteristic FeX4 (X = P, As, Se, Te) tetrahedral layers are highlighted. (replotted
from Ref. [4])

Figure 2.9 : Tc vs. As-Fe-As angle α for various iron pnictide superconductors. For
each system, the crystal structure parameters of samples showing the maximum Tc
are selected for the plot. The vertical dashed line indicates the bond angle of a perfect
tetrahedron (α = 109.4◦) (reprinted from Ref. [5]).
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proximity of superconductivity to magnetism stands as a common character of the

iron-based superconductors, suggesting that magnetic fluctuations are likely a cru-

cial factor for the occurrence of such unconventional superconductivity. In quite a

few “122”, “111”, “11” and “122’” compounds, including Ba1−xAxFe2As2 (A = Li,

Na, K), BaFe2−xCoxAs2, AFe2As2−xPx (A = Sr, Ba), Na1−δFeAs, FeTe1−xSex and

A0.8Fe1.6Se2 (A = K, Rb, Cs, Tl), a coexistence of magnetism and superconductivity

in a finite range of the underdoped regime has been observed. However, so far it is not

clear whether this coexistence originates from the same conduction electrons in the

microscopic scale, or just from separated phases, given the contradictory experimental

results that seem to be strongly dependent on the quality of the samples [99–102].

A noteworthy difference between the cuprates and the iron-base superconductors

is the structural phase transition from tetragonal to lower symmetries at Ts, which

has been observed in most of the iron-based superconductors but not in any of the

cuprates. The phase diagrams show that the magnetic and structural phase tran-

sitions are coupled, as they display a similar trend upon doping. As the structural

transition occurs at temperatures above TN in the “1111” compounds, both structural

and magnetic transitions coincide in the “122”s. The cases for the “111” and “11”

families are more complicated. Na1−δFeAs exhibits both an SDW and a structural

transition [103], however none of them is present in LiFeAs despite the analogous crys-

tal structures and very strong magnetic fluctuations [104] in both “111” compounds.

For the “11” iron chalcogenides, FeSe1−x shows a tetragonal-orthorhombic structural

transition but no magnetic ordering [105, 106]. By contrast, another “11” supercon-

ducting compound Fe1+ySexTe1−x [107] exhibits a tetragonal-monoclinic structural

transition and a magnetic ordering at the same critical temperature. It has been

suggested that magneto-elastic coupling has a key influence on those specific features
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(a) (b)

(c) (d)

Fe1.02(Te1-xSex)

LaFeAs(O1-xFx)
Ba1-xKxFe2As2

Figure 2.10 : The T−x phase diagrams of La(O1−xFx)FeAs (Ref. [6]), Ba1−xKxFe2As2
(Ref. [7]), Na1−δFe1−xCoxAs (Ref. [8]) and Fe1.02Te1−xSex (Ref. [9]).
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of the structural and magnetic phase transitions [108].

2.3.3 Electronic Structure and Magnetism

The electronic structure of the iron pnictides and chalcogenides has been exten-

sively studied by both density functional theory (DFT) calculations and experimen-

tal probes such as angular resolved photoemission spectroscopy (ARPES). Given the

crystalline electric field effect on the tetrahedrally coordinated Fe cations, the five Fe

3d orbitals are nominally expected to split into two sets of degenerated energy sets,

namely the eg and t2g orbitals. However, in the iron pnictides the splitting is not

clearly seen. Instead, all five d orbitals have nearly degenerate energy levels. Conse-

quently, the electronic bands originating from these orbitals have considerable overlap

at the Fermi level (see Fig. 2.11), giving rise to a complex Fermi surface and a semi-

metallic behavior in the normal state (the insulating “11” system is an exception).

The multi-band physics in iron-based superconductors clearly distinguishes them from

the cuprates, in which only the dx2−y2 orbital dominates the band structure.

Fig. 2.12 shows the calculated Fermi surfaces of four representative iron pnic-

tide/chalcogenide compounds, which share a similar topology as a result of the anal-

ogous structure of the iron pnictogen (or chalcogen) planes in these compounds. At

least two sets of hole pockets and two sets of electron cylinders are present around

the Γ and M points, respectively. A nesting vector Q = (1/2, 1/2) connects differ-

ent parts of the Fermi surface, with the degree of nesting varying between different

compounds. With chemical doping or pressure, the nested Fermi surfaces become

gradually mismatched, consistent with the suppression of long range magnetic order-

ing. However, the general characters of the electronic structures are well maintained

in a wide range of doping and pressure levels [95]. While the crystalline and elec-
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Figure 2.11 : The electronic band structure of LaOFeAs, calculated using the lo-
cal spin density approximation (LSDA) and the generalized gradient approximation
(GGA) in DFT. (Ref. [10].

tronic structures of the iron pnictides and chalcogenides are quasi-two-dimensional,

the dispersion along the c axis still varies considerably between different compounds.

Generally, the Fermi surface of the “122” and “11” families appears to be more three

dimensional than the “1111” and “111”s. The general topology of the calculated

Fermi surface has also been confirmed by ARPES measurements [109–113]. Inter-

estingly, no Fermi surface nesting has been observed in ARPES for either the Li or

the Na “111” compounds [114–116]. It has been suggested that the structural and

magnetic transitions in the “111” compounds share the same origin and could both be

driven by the electronic structure reconstruction in Fe-based superconductors instead

of Fermi surface nesting [115].

The low temperature magnetic structures, determined from neutron diffraction

experiments [117–137], exhibit a clear distinction between the iron pnictides (“1111”,

“122” and “111”) and the “11” iron chalcogenides. For the pnictide materials, a

collinear stripe AFM ground state has been found (Fig. 2.13a). Owing to the com-
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(c) (d)

Figure 2.12 : Fermi surface of (a) LaOFeAs (Ref. [10]), (b) Ba(Fe0.9Co0.1)2As2 (Ref.
[11]), (c) LiFeAs (Ref. [12]), (d) FeTe (Ref. [11]), calculated using DFT in the local
density approximation (LDA) for the room temperature structures.
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peting Fe-Fe interactions along different paths, all ordered spins on the Fe sites align

along the a axis, which is the longer one in the orthorhombic ab plane. Using the

notation for the high temperature tetragonal structure, the AFM propagation vector

QAFM is found to be (1/2, 1/2), same as the nesting vector Q that connects the elec-

tron and hole Fermi surface. This coincidence indicates that the magnetic ordering

is more likely to be a spin-density-wave (SDW) type that originates from itinerant

electrons rather than localized moments. Moreover, neutron diffraction experiments

also measured the ordered moment µ per Fe ion of the “1111”, “122” and “111” com-

pounds, which ranges between 0.1 and 1 µB/Fe. The value is notably smaller than the

expected one of 4µB/Fe for an iron cation at the high spin d6 electron configuration,

indicating the magnetism is likely to be itinerant.

By contrast, the Fe1+ySexTe1−x materials have much larger µ values, suggesting a

more localized moment magnetism is at play. In addition, the extra moment-bearing

Fe ions in the Se/Te planes make the magnetism of this Fe(Se,Te) “11” compound

more complex than the iron pnictides. On the pure Te side (x = 1), a commensu-

rate AFM structure (Fig. 2.13b) with in-plane propagation vector QAFM = (1/2,0)

(tetragonal notation) in the low temperature monoclinic phase has been probed by

neutron experiments. Unlike the iron pnictides, the spins in “11” compounds align

along the diagonal direction of the unit cell. The propagation vector is rotated by 45◦

from the nesting vector Q = (1/2, 1/2) predicted by DFT calculation [138], lending

further support to the local moment scenario since nesting-induced instabilities are

unlikely to be a dominant factor in the magnetism. ARPES shows no band gap while

the resistivity data display typical semiconductor behavior. In addition, the temper-

ature dependent susceptibility of Fe1+yTe shows a Curie-Weiss behavior above TN , in

sharp contrast with the linear increase of susceptibility with temperature observed in
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(a) (b)

Figure 2.13 : (a) In-plane magnetic structure of the “1111”, “122” and “111” iron
pnictides in the low temperature orthorhombic phase. All spins on the Fe sites (red
spheres) align along the longer a axis in the orthorhombic plane, forming FM stripes
along the b axis. The unit cell of the high temperature tetragonal phase, which is
rotated by 45◦ with respect to the square Fe lattice, is marked with dashed lines. (b)
In-plane magnetic structure of Fe1+yTe in the tetragonal/monoclinic phase. The Fe
spins align along the shorter b axis and form a collinear double-stripe structure. The
unit cell of the tetragonal/monoclinic basal plane is marked with dashed lines.

“1111” and “122” materials. All these observations suggest that the Mott-Hubbard

physics plays a major role in this system, making it distinct from other families of

iron-based superconductors. For Fe1+yTe materials with high y values (y & 0.1),

the propagation vector of the long range AFM ordering becomes y-dependent and

incommensurate with the lattice. The AFM propagation vector in the tetragonal

notation is determined to be (δ/2, 0), with the incommensurability δ in the range

from 0.38 to 0.5. [139]. By substituting Se for Te, the long range AFM ordering

is suppressed together with the structural phase transition, and superconductivity

emerges in Fe1+yTe1−xSex with x ≤ 0.10. Notably, short range magnetic correlations

still persist even in the optimally doped superconducting compound, as evidenced by

neutron scattering experiments [107,140].
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2.3.4 Gap Symmetry and Pairing Mechanism

As one of the only two known families of high-Tc superconductors, the new iron

pnictide/chalcogenide materials provide us with an especially valuable opportunity

to explore the complex nature of high-Tc superconductivity. However, in spite of the

numerous efforts made by both theorists and experimentalists, a general consensus

on the superconducting pairing mechanism is still lacking. Similar to the cuprates,

the conventional BCS theory fails to explain the originality of the relatively high Tc

values experimentally observed in the iron based superconductors [141]. The isotope

effect measurements [142] also ruled out the possibility of a simple electron-phonon

coupling mechanism. Given the proximity of superconductivity to magnetism in most

of the iron pnictides and chalcogenides, it is natural to surmise an unconventional

superconductivity mediated by magnetic fluctuations. This scenario is supported by

the inelastic neutron scattering spectra, showing a peak that corresponds to a wave

vector Qm [143–147] which coincides with the nesting vector predicted by DFT. On

the other hand, Kontani et al. have suggested that the orbital fluctuations in the

Fe d states near the structural phase transition could possibly lead to an attractive

pairing of electrons and thus superconductivity [148–150].

Soon after the discovery of the iron pnictide superconductors, scanning SQUID

microscopy [151] and Josephson tunneling experiments [152] ruled out the possibil-

ity of a p- or d-wave pairing. Based on the specific Fermi surface topology of the

iron-based superconductors, Mazin et al. have proposed that the superconducting

ordering parameter has an extended s-wave symmetry with its sign reversed between

the electron and hole Fermi surface [153]. This type of electron pairing symmetry,

referred to as s± wave [153], is illustrated in Fig. 2.14, together with other repre-

sentative paring symmetries in various types of superconductors. By contrast, the



39

Figure 2.14 : A schematic illustration of the different superconducting paring sym-
metries: (a) a conventional s wave, (b) a d wave, (c) a two band s wave with the
same sign, (d) an s± wave. (Ref. [13])

orbital fluctuation scenario points to another type of extended s-wave, which has no

change of signs between different parts of the Fermi surface and is termed as the s++

wave. Currently, most experimental evidences appear to favor the s±-wave [154–159],

however, certain exceptions like the “122” chalcogenides [160,161] are still challenging

the universality of this pairing symmetry.

2.4 Search for novel superconductors

Since the discovery of superconductivity in 1911, thousands of superconducting mate-

rials have been found, with Tc ranging from as low as several mK to the record of 164

K [39]. Many of those materials, from the conventional BCS superconductors (Ni-

Ti alloy, Ni3Sn, Ni3Ge, MgB2) to the high-Tc superconductors (Bi2Sr2CaCu2O8+x,

YBa2Cu3O7−x), have been used in a number of scientific and commercial applica-

tions, such as electric power transmission, magnetic levitation, energy storage, and
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high-field magnets used in Magnetic Resonance Imaging (MRI) and Nuclear Magnetic

Resonance (NMR). In spite of the rapid progress of application and commercializa-

tion of superconducting techniques, all of the superconductors we known so far have

certain drawbacks that strongly limit their potential in more extensive applications.

One of the major problems of currently developed superconductors is their rela-

tively low Tc. Up to now, only the cuprates are known to have Tc above the boiling

temperature of liquid Nitrogen. For other superconductors, even more expensive re-

frigerants, like liquid Neon or Helium, are needed to keep them in the superconducting

state. The requirement for using those costly liquid refrigerants makes superconduct-

ing materials less economically favorable for most large-scale industrial applications

operated under room temperatures. While the cuprates seem to be the best choice at

this point, they unfortunately are mechanically brittle and difficult to be made into

superconducting wires and tapes. In addition, their complex, highly anisotropic struc-

tures inevitably lead to issues like the grain boundaries, which suppress the critical

currents jc exponentially. Due to all those specific limitations of known supercon-

ducting materials, the development of practical applications using superconductors is

undoubtedly a highly challenging task, which cannot be done without compromises

between many conflicting requirements [162].

Given the continuous demand for better superconductors with not only higher

Tc, but also desirable properties such as high Hc and jc, low anisotropy, and good

manufacturability, the enthusiasm for searching new superconductors has never faded

in the scientific and engineering communities in the past few decades. However,

from a historical point of view, material research is not only tedious for the numerous

amount of trials required, but also unpredictable as most of the major discoveries were

made out of serendipity. Unlike many other fields of research for which incremental
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Figure 2.15 : Critical temperature Tc vs. year of discovery for various major families
of superconductors. (replotted from Ref. [14])

steps of progress can be generally expected, the development of new superconductors

can take up to a few decades between major breakthroughs. This pattern can be

clearly seen in Fig. 2.15, which shows the timeline of all important discoveries in

the history of superconducting material research. It took about 60 years to set the

record of Tc from a few Kelvin to 23 K in Nb3Ge, and another decade before the

first cuprate superconductor was found. While the Tc of cuprates was pushed from

35 K up to around 140 K in a year, the next family of high-Tc superconductors, the

iron pnictides, was not discovered until another twenty years had passed. Although

numerous efforts have been made by material scientists all over the world, the record

of Tc has not been broken in the past two decades.

Nevertheless, we should not be discouraged by the obvious difficulty in the search

of novel superconductors. Although the past discoveries of cuprates and iron pnictides

sound more like coincidences rather than results from delicate designs and predictions,
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they definitely provided us with valuable hints and clues for the next family of high-

Tc superconductors, and helped us towards a better understanding of unconventional

superconductivity. In order to design a practical route for the exploration of novel su-

perconducting materials, it is crucial to take a careful examination on the similarities

and differences between the two families of high-Tc superconductors.

While it is possible that substantially different physics are at play in the two

families of high-Tc superconductors, there are certainly a few similarities between

the cuprates and the iron pnictides. First of all, both systems have layered crystal

structures consisting of Cu-O or Fe-X (X = pnictogen, chalcogen) sheets where the

superconductivity occurs, and various types of blocking layers stacked in between

that provide charge carriers and prevent inter-layer electric transport. Secondly, the

undoped, stoichiometric parent compounds in both families are non-superconducting

antiferromagnets, and superconductivity does not emerge until the long range AFM

order gets perturbed, weakened and suppressed by chemical doping or pressure. The

proximity of superconductivity to magnetic instabilities likely suggests that an in-

terplay between magnetism and superconductivity may play a crucial rule in the

superconductivity of both high-Tc families. Lastly, they all have high normal state

resistivity, low Fermi energy and charge carrier density, compared to the BCS super-

conductors [162]. Based on these observations, it is desirable to look for the next

candidate of high-Tc superconductor from materials with reduced dimensionality, en-

hanced electron correlations, and high chemical tunability.

Based on both theoretical and empirical knowledge on high-Tc superconductors,

we follow three routes for the design and discovery of novel superconductors. The

first approach is to look at the possible correlation between high-Tc superconductivity

and either global dimensionality (e.g. layered structure), or local transition metal
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coordination. The second approach consists of stacking different blocking layers in

between the TX4 tetrahedral layers. The third approach is to tune a system across

the local-to-itinerant moment crossover.

Following the first route, we study a new iron pnictide compound CaFe4As3, which

crystallizes in a 3D structure comprised of the same FeAs4 tetrahedra as those in the

iron pnictide superconductors. Apart from this similarity in the local iron coordina-

tion, the three dimensional character of CaFe4As3 makes it particularly interesting for

investigating whether high-Tc superconductivity can ever be achieved in a 3D com-

pound. A thorough investigation on the physical properties of CaFe4As3, as well as

results of doping and pressure experiments, is presented in this dissertation.

Our second approach follows a theoretical calculation and prediction. Most of

the known high-Tc superconductors have insulating blocking layers that limit the su-

perconductivity within 2D or quasi-2D planes. In 2009, Shim et al. predicted that

two hypothetical compounds, BaFeAs2 and BaFeSb2, would have metallic “block-

ing” layers [26]. Consequently, the transport in these systems would likely be less

anisotropic, a potential for achieving high-Tc superconductivity. Although our (and

other people’s) attempts to synthesize those two compounds were unsuccessful, we

successfully synthesized a new compound, SrMnBi2, which has a crystal structure

similar to those of the hypothetical “112”s, as well as metallic blocking layers.

A third approach to the design and discovery of new superconductors is based on

tuning a Mott insulator through the localized-to-itinerant moment crossover. It has

been argued that the strong correlations in Mott insulators can be perturbed and

weakened by charge carrier doping [163], leading to a transition into correlated met-

als. At such a transition, the correlation gap remains unaltered but a large number

of the localized impurity states in the Hubbard gap get delocalized as their wavefunc-
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tions overlap due to the high dopant concentration, thus driving the system into a

metallic state, or possibly to an optimized superconductor with stronger interactions

and a higher critical temperature [164, 165]. This scenario has been observed in the

cuprate superconductors, which are essentially correlation-induced Mott insulators in

the undoped state.

It has also been argued that the iron pnictides reside at the boundary of itin-

erancy and Mott localization. This incipient Mott picture is supported by several

experimental observations, including the bad metal behavior of the undoped parent

compounds [166–168], the reduced Drude weight in the optical conductivity [168,169],

as well as by first principle calculations [170, 171]. Furthermore, the newly dis-

covered series of Tl-based “122” chalcogenides, including (Tl,Rb)FexSe2 [172] and

(Tl,K)FexSe2 [173], have been shown to have superconductivity emerging from an

AFM Mott insulating ground state, similar to the cuprates. Based on these results,

it is promising to look for potential candidates of novel superconductors among Mott

insulators that are close to the localized-to-itinerant moment crossover. So far, tun-

able Mott insulator-to-metal transitions have been successfully achieved in SmMnAsO

through controlled band-filling via tuning the oxygen deficiency [174], as well as in

LaMnPO by doping and pressure [175]. However, a further transition to the super-

conducting state has not been observed in any system yet. As an attempt to search

for new superconductors via this approach, a detailed doping study on a layered,

checkerboard Mott insulator Sr2F2Fe2OS2 has bee performed and will be discussed in

this dissertation.
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2.5 Spin Glass Systems

Spin glass is a class of magnetic, mixed interacting materials characterized by a

random but cooperative freezing of spins at a well-defined temperature Tf [15], below

which the system enters a metastable frozen state with high irreversibility. The term

“spin glass” was introduced for its similarity to the ordinary glasses, including the

absence of long range spatial orders and the random freezing. The frozen state of

spin glasses is one of the few experimental realizations of quenched disorder.

Scientists’ awareness of spin glass behaviors can be traced back to several decades

ago, when unusual physical properties were found in alloys like Cu1−xMnx [176, 177]

and Au1−xFex [178–181], with dilute magnetic atoms randomly distributed in non-

magnetic host metals. Ever since then, hundreds of materials with spin glass or spin-

glass-like behaviors have been found [15], including not only alloys with low concentra-

tion magnetic 3d transition metal or rare earth atoms (e.g. La1−xGdxAl2 [182]), but

also magnetic insulating materials with random site occupation (e.g. EuxSr1−xS [183],

Cd1−xMnxTe [184]) or random bond (e.g. Rb2Cu1−xCoxF4 [185]), or even amorphous

alloys and intermetallic compounds (e.g. amorphous Co2Ge [186]). In additional, a

large amount of theoretical work has been done in order to understand the complex

physics of spin glasses. This chapter gives a brief overview of the origins of spin

glass behaviors, the key features observed in experiments, as well as some theoretical

models. More detailed reviews are available in References [15,187–189].

2.5.1 Origins of Spin Glass Behavior

The most essential ingredients that lead to a spin glass behavior are randomness

and competing mixed interactions. The randomness may come from the random site

occupation of magnetic atoms on a lattice, or exchange coupling between pairs of
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spins with random signs. A straightforward example is the “canonical” spin glass

system of dilute magnetic alloys. As the concentration of magnetic atoms is low, the

majority of the spins are well separated from each other, and the inter-site coupling is

dominated by the indirect RKKY exchange coupling. As the magnitude and sign of

the coupling constant JRKKY strongly depend on the distance between two individual

spins, a random distribution of JRKKY values can be expected as a direct consequence

of the random site occupation of magnetic atoms.

As another necessity for spin glass behavior, the mixed interactions compete with

each other, giving rise to the “frustration” of spins, for which a simultaneous min-

imization of exchange energies for different interaction paths cannot be achieved in

any particular spin configuration. Fig. 2.16 shows two examples of frustrated lattices.

In Fig. 2.16a, the triangular lattice has an AFM-type nearest neighbor interaction,

therefore, all nearest pairs of spins should have antiparallel spin alignments in order

to minimize the exchange energy. However, once the spin orientations on the top and

left corner sites are chosen, for the spin on the right corner it is simply impossible

to satisfy all the nearest neighbor interactions no matter the spin points up or down.

Moreover, both the spin up and spin down cases have the same exchange energy,

hence the system has a degenerate ground state with finite entropy even at zero tem-

perature. Another example involving mixed interactions is illustrated in Fig. 2.16b.

The square lattice is frustrated since the FM nearest neighbor interactions and AFM

next nearest neighbor interactions cannot be both satisfied in any spin configuration.

For three dimensional systems with various types of coupling along different paths,

the cases could become much more complicated, for which a highly degenerate ground

state is expected.

At temperatures that are high enough to break up all interactions between individ-
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Figure 2.16 : (a) A frustrated triangular lattice with antiferromagnetic nearest neigh-
bor coupling and (b) a frustrated square lattice with ferromagnetic nearest neighbor
coupling and antiferromagnetic next nearest neighbor coupling.

ual spins, the system stays in a paramagnetic state with all spin acting independently

and the temperature dependence of magnetization following the Curie-Weiss law. As

the temperature decreases, the thermal disorder gradually weakens and is eventually

overwhelmed by the short range coupling between nearby spins. Consequently, cor-

related clusters or domains start to form in the system, which can be experimentally

probed and is a proof of randomness and mixed interactions in the system. The

clusters and domains act like “giant” spins thus the Curie-Weiss behavior remains

unchanged. Upon further cooling towards the freezing temperature Tf , the system

tends to look for a ground state with the lowest energy. Since the spins are frustrated,

the coupling energy for any individual spin is no longer meaningful, instead only the

energy of the whole spin configuration matters. Therefore, all spins tend to act in a

cooperative manner to minimize the total energy of the system, such that changing

the orientation of one spin will affect not only its neighbors, but also all other spins

in the system. As a result of the spectrum of energy differences between the frozen
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states, the system may get trapped at a metastable state. Consequently, the spin

configuration is expected to have a strong dependence on the thermal history. The

meta-stability and irreversibility are two major characteristics of the frozen state, and

are closely linked to the unusual magnetic properties of frozen spin glasses.

As mentioned above, randomness is a major prerequisite for the spin glass behav-

ior. Although mechanical means can be utilized to create amorphous materials, a

more common way to introduce randomness is chemical doping. For a canonical spin

glass system, the evolution of the magnetic states with respect to the doped magnetic

impurity concentration x is illustrated in Fig. 2.17. At very low concentrations, the

dilute magnetic spins are randomly scattered in the material and are screened by the

conduction electrons surrounding them, giving rise to Kondo singlets and diminishing

the interactions between the impurity spins.

At slightly higher x values, the spins start to interact in pairs without forming clus-

ters. In this regime, the measurable properties of the system are universal functions

of the concentration scaled parameters T/x and H/x, and the freezing temperature

Tf is proportional to x. As x is further increased, the more concentrated spins begin

to form clusters via short range coupling while the scaling laws break down and the

system enters a non-scaling regime where Tf ∝ x
2
3 . At an even higher range of x, the

magnetism of the material is dominated by interacting clusters other than spins. At

temperatures low enough, the clusters freeze in random orientations like the frozen

spins in a spin glass, and the corresponding state is referred to as the “cluster glass”

or mictomagnetism. Finally, as x reaches a threshold value, namely the percolation

limit, the magnetic ions become so concentrated that it becomes possible to find a

continuous path of nearest neighbor spins that goes from one end of the system to the

other, giving rise to a long range magnetic order. It is worth noting that there are no
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Figure 2.17 : Different concentration regimes for a canonical spin glass system. (from
Ref. [15])

clear boundaries but rather gradual transitions between the regimes mentioned above.

For most of dilute magnetic alloys, the concentration dependent magnetic behavior

described above can be summarized in the phase diagram shown in Fig. 2.18.

2.5.2 Physical Properties of Spin Glasses

At temperatures high above Tf , the susceptibility of a canonical spin glass system

follows the Curie-Weiss law χ = M/H, as expected for a paramagnetic state. As

temperature approaches Tf during cooling, the magnetization curve starts to deviate

from the Curie-Weiss law, indicating the dominance of short range correlation and

formation of clusters. As a signature of spin glasses, a bifurcation between the zero-

field-cooled (ZFC) and field-cooled (FC) magnetization occurs at the freezing tem-
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Figure 2.18 : A schematic T −x phase diagram for canonical spin glass systems (from
Ref. [15]).

perature Tf . Below Tf , the ZFC magnetization is fully reversible with a much weaker

temperature dependence than the FC one (Fig. 2.19). The thermal irreversibility

reflects the multi-degenerate nature of the ground states of a spin glass system. As

the applied field increases, the freezing temperature decreases as the field forces the

spins to align in its direction, lifting some degeneracies caused by frustration.

Another characteristic feature of spin glasses is a sharp cusp in the real part of

the AC susceptibility located at Tf . For temperatures higher than Tf , χ
′ and DC

susceptibility χ(T ) coincide, while the behavior of χ′ at low temperatures can be

approximately described by an exponential behavior:

χ′(T ) = χ′(0) + bT n (2.28)

in which n ≈ 2 for metallic spin glasses [15]. As the applied field increases, the

cusp in χ′ gets smeared out and turns into a broad maximum.

For measurements performed under different AC frequencies, the freezing temper-

ature exhibits a clear and monotonic frequency dependence, which serves as a good
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Figure 2.19 : Temperature dependent magnetization for an archetypical spin glass
system Cu1−xMnx, where the ZFC (b and d) and FC (a and c) data bifurcate at the
freezing temperature Tf . (from Ref. [15])

criterion for distinguishing real spin glass systems. While a similar f dependence

can also be found in superparamagnetic materials, the relative shift in Tf with re-

spect to f , ∆Tf/[Tf∆(logω)], is much smaller in spin glasses (usually < 0.1) than in

superparamagnets.

A quantitative study of the relationship between Tf and f can be performed

using the empirical Vogel-Fulcher law, which was originally proposed to describe the

viscosity of supercooled liquids:

f = f0e
− Ea

kB(Tf−To) (2.29)

in which Ea is the activation energy and kB is the Bolzmann constant. To is

believed to be related to the inter-cluster interaction, however, the precise physical

meaning of it remains unclear.

An alternative approach is based on the standard theory for dynamical scaling
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near a phase transition:

f = f0(
Tf − TSG
TSG

)zν (2.30)

in which Tf is the frequency dependent freezing temperature and zν is called the

dynamic exponent that characterizes the relaxation process near Tf . Typically the

zν values for spin glasses are between 4 and 12, with larger values of 12 to 14 are

expected for cluster glasses.

Unlike the magnetic susceptibility that has well defined features at Tf , the heat

capacity of spin glass systems shows little feature on the verge of the cooperative

freezing. In dilute magnetic alloys, only a broad maximum in the magnetic specific

heat Cm can be observed at around 1.2 ∼ 1.4 Tf . The lack of features at Tf clearly

distinguishes the spin glass freezing from conventional phase transitions. It is possible

that the “critical region” for the specific heat is too narrow to be experimentally

probed [189], or the short range correlations that exist at temperatures higher above

Tf remove a significant portion of the magnetic entropy before the freezing takes

place.

2.5.3 Theoretical Models for Spin Glass Systems

As discussed above, the cooperative freezing process of spin glasses involves a compli-

cated interplay between randomly distributed and frustrated spins, and is inherently

different from phase transitions. For the last few decades, modeling the physics of spin

glasses has been the subject of extensive theoretical and computational investigations.

Since spin glasses have no long range ordering, the conventional order parameter

involving spatial correlations is not applicable. In 1975, Edwards and Anderson sug-

gested that a time autocorrelation function could be selected as the order parameter



53

for the transition from a paramagnetic (or ferromagnetic) state to the frozen state:

q = lim
t→∞

⟨⟨Si(0) · Si(t)⟩T ⟩C (2.31)

in which the inner bracket represents a thermal averaging and the outer one rep-

resents a configurational averaging over all spins. By only considering the nearest

neighbor interaction between individual spins, the Hamiltonian of a spin glass system

can be written as:

H = −
∑
<ij>

JijSi · Sj (2.32)

in which Jij is the coupling between the spins on the site i and j. In the Edwards-

Anderson (EA) model, Jij is randomly chosen from a Gaussian distribution with

variance ∆:

P (Jij) =
1

(2π∆2)
1
2

e(−
J2
ij

2∆2 ) (2.33)

By writing the free energy

F = −kBT lnZ = −kBTTr(e
− H

kBT ) (2.34)

in terms of q and determine q(T ) from the condition ∂F/∂q = 0, a set of EA

equations can be derived, which can be solved exactly in the limits T → 0 and

T → Tf :

q(T → 0) = 1− (
2

3π
)
1
2
T

Tf
(2.35)

q(T → Tf ) = −1

2
[1− (

Tf
T
)2] (2.36)
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Therefore, the magnetic susceptibility

χ(T,H = 0) =
(gµB)

2

3kBT

∑
i,j

[⟨⟨S2
i ⟩T ⟩C − ⟨⟨Si⟩2T ⟩C ] =

(gµB)
2

3kBT
[1− q(T )] (2.37)

at the limits above can be then written out as:

χ(T → Tf − 0) =
(gµB)

2

3kBTf
−O(Tf − T )2 (2.38)

and

χ(T → 0) =
(gµB)

2

3kBTf
(
2

3π
)
1
2
T

Tf
= const (2.39)

which explains the asymmetric cusp in susceptibility and the constant χ at very

low temperatures. However, the EA model also predicts a cusp in the heat capacity

near Tf , which contradicts the experimental observations. Furthermore, the EA model

is not solvable at temperatures away from the 0 and Tf , leaving some uncertainty with

regards to the analysis of the frozen state.

Starting from the EA model, Sherrington and Kirkpatrick [16,190] (SK) suggested

that a solvable mean field theory of spin glasses could be constructed from an infinite-

range EA model in which the spatial properties are neglected and all pairs of spins

interact with equal probability:

P (Jij) =
1

(2π∆′2)
1
2

e(−
(Jij−J′

o)
2

2∆′2 ) (2.40)

in which the mean J ′
o accounts for the possibility of ferromagnetism and infinite

range interaction requires the scaling of ∆′ = ∆/N
1
2 and J ′

o = Jo/N . By calculating

the magnetization from the free energy, the SK model successfully predicts the cusp

in AC susceptibility that moves down in temperature with increasing DC field. For
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(a) (b)

Figure 2.20 : T − Jo magnetic phase diagrams derived from the Sherrington-
Kirkpatrick model for (a) an Ising spin glass and (b) a non-Ising spin glass. (from
Ref. [16] and [17])

an Ising spin system, a magnetic phase diagram (Fig. 2.20a) can be derived. Besides

the paramagnetic-to-spin-glass and ferromagnetic-to-spin-glass transitions, the phase

diagram also predicts the existence of consecutive PM-FM-SG transitions for a certain

concentration range, which is known as the reentrant spin glass behavior and has been

observed in a few spin glass materials [191–196]

One major problem with the solution of the SK model is the unphysical negative

magnetic entropy at T → 0. In 1978, Almeida and Thouless showed that the SK

solution becomes unstable at low temperatures in the SG and FM phases. The

stability limit is given by a phase boundary known as the AT line:

Tf − TAT (H)

∆
= (

3

4
)
1
3 (
H

∆
)
2
3 (2.41)

The AT line marks the onset of freezing of the spin component longitudinal to

the field. Below the AT line, the magnetic properties of frozen spin glasses are highly

irreversible and the SK model fails to give a reasonable prediction in that regime.

For non-Ising vector spin glasses with transverse spin components, it is possible
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to achieve a “transverse freezing” with q⊥ becoming non-zero. In the H-T phase

diagram, the phase boundary for such freezing process is the Gabay-Toulouse (GT)

line [17]:

kB[Tf − TGT (H)]

∆
=

m+ 4

2(m+ 2)
(
H

∆
)2 (2.42)

As shown in the phase diagram for vector spin glasses (Fig. 2.20b), a more complex

re-entrant behavior is expected for this case. The system first enters a mixed state

M1 in which the spin glass and ferromagnetic phases coexist, then into another mixed

state M2 with strong irreversibility.
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Chapter 3

Experimental Techniques

3.1 Single Crystal Growth Technique

Obtaining high quality single crystalline samples has always been a crucial step in the

study of novel materials. First of all, single crystals preserve the translational symme-

try of the Bravais lattice in a macroscopic scale, which is critical for solving unknown

structures and characterizing anisotropic properties. Secondly, the purity of single

crystalline samples is better than that of the polycrystalline ones as impurities of sec-

ondary phases or unreacted starting materials can be greatly reduced by controlled

crystallization. Thirdly, the reduced amount of grain boundaries in single crystals

is very important for performing accurate transport measurements, as the scattering

on those boundaries will unquestionably affect the results. Although synthesizing

polycrystalline samples is usually less challenging for newly discovered compounds,

it is undoubtedly preferable to have single crystals for a comprehensive and delicate

characterization of their physical properties, given the numerous advantages of single

crystals compared with polycrystals.

In the past few decades, numerous techniques have been developed for bulk single

crystal growths. Thorough and detailed reviews of those methods can be found in

[197] and [198]. Among the most popular techniques, the Bridgman, Czochralski and

floating zone method have been utilized widely in the semiconductor industry for

their capabilities of producing large, very high purity silicon and germanium crystals.
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However, these methods require the stoichiometry of starting chemicals to be the

same or very close to the one of the desired material, therefore, their applications

are limited to the growth of congruently or near-congruently melting materials. In

addition, the starting materials need to be heated to temperatures above the melting

point of the final product, which is often not easy to reach given the limited working

temperature ranges of furnaces and containers.

A more versatile and accessible technique to avoid some of those problems is

growing single crystal from a high temperature molten solution called the flux. Com-

prehensive reviews on the flux growth technique can be found in Refs. [199,200]. The

key idea of this method originates from the fact that the melting point of mixed

starting materials is often lower than the one of each individual component, making

it practical to melt the mixture of reactants and flux at a relatively lower temper-

ature which is usually accessible with standard lab furnaces and crucibles. After a

homogenized, supersaturated liquid solution is formed, the temperature is decreased

at a slow rate, constantly reducing the solubility of the a given phase. Consequently,

crystallization starts to take place and sizable crystals of a given compound can be

formed during this controlled cooling process.

Designing an effective recipe for a flux growth involves careful selection of the flux,

starting composition, and temperature profile and container. Most importantly, the

flux should have a relatively low melting point and high solubility for other compo-

nents in the growth. Popular candidates for growing intermetallic compounds include

Sn, Pb, Sb and Ge. In order to avoid secondary phases in the growth, it is neces-

sary that the flux not form any compound with the reactants within the temperature

and composition range of the growth. It is also crucial that the flux does not react

with the crucible and quartz tubing in the growth temperature range, otherwise the
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containers may crack or introduce extra elements to the reaction. In some cases,

it is possible to use “self-flux” which only contains excess amounts of one or more

constituent elements of the desired compound. By avoiding adding extra elements

into the reaction, the chance of having impurities in the final product can be further

reduced. However, it is not always practical to utilize a self-flux since its melting

point or vapor pressure can be too high for the furnace and the container.

The starting composition and temperature profile for a growth are usually decided

based on the binary or ternary phase diagrams, which summarize the composition

dependent melting point of a mixed system of two or three components. The ASM

Alloy Phase Diagrams Center [18] is a comprehensive collection of binary phase dia-

grams and are widely used in designing flux growth experiments. As an example, a

Yb-Sb phase diagram is shown in Fig. 3.1. The curved line that separate the liquid

phase from other solid and mixed phases is referred to as the liquidus line. The ver-

tical lines represent the five existing binary phases formed with Yb and Sb. In order

to grow a particular Yb-Sb phase, e.g. YbSb2, it is necessary to find the range of

temperature and composition in which only solid YbSb2 and liquid phase coexist. In

this case, the available ranges are 600 ◦C - 880 ◦C for 2% - 34% Yb, as well as 800

◦C - 880 ◦C for 34% - 38% Yb. Theoretically, the growth can be started from any

point above the liquidus line in these composition ranges. However, in practices, cer-

tain limitations, such as vapor pressure and accessibility of temperatures in a given

furnace, usually apply. In this particular case, a starting composition of Yb:Sb =

1:9 (10% Yb) was used to avoid a high vapor pressure of Yb. The mixed starting

materials were heated up to 930 ◦C and kept there for two hours in order to ensure a

homogenized liquid solution of all the reactants. The solution was then cooled down

at a rate of 2 ◦C/hour. The slow cooling rate is essential for reducing the strain in
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Figure 3.1 : Yb-Sb binary phase diagram (from Ref. [18].)

the grown crystals. To avoid forming twinned crystals, it is also important to keep a

constant cooling rate during the entire growing process. As the temperature reached

720 ◦C and hit the liquidus line, solid YbSb2 phase started to crystallize as it became

over-saturated due to the reduced solubility. At 625 ◦C, the growth was taken out of

the furnace and centrifuged to decant the excess liquid solution, leaving only YbSb2

crystals. In general, the decanting temperature was chosen in such way that it was

high enough so that no other phases except for the desired one had solidified, and it

was low enough to ensure a reasonably wide temperature window for the crystals to

grow.

Fig. 3.2 illustrates a typical ampoule used for flux growth. The reactants are

placed in the bottom crucible (“growth crucible”) while a second crucible (“catch

crucible”) is placed upside-down on top of the growth crucible, and is filled with
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Figure 3.2 : Typical layout of an ampoule used for flux growth.

quartz wool that serves as a filter that allows only the liquid flux to pass.

While in most cases a constant cooling rate is used in flux growth, a controlled,

oscillating temperature profile has also been advocated by some material scientists for

the purpose of growing larger single crystals [201]. In general, at the initial stage of

the growth, spontaneous nucleation starts to occur while the system is cooled through

a metastable region under the liquidus line, which has a typical width of 1–30 ◦C. Due

to the microscopic inhomogeneity of the liquid solution, a lot of nucleation points are

generally expected to form, giving rise to a large number of crystals in the final yield.

However, with the same amount of reactants, it is more likely to form larger crystals

if the number of nucleation points can be controlled from the start of the flux growth,

which can be done with the oscillating temperature profile illustrated in Fig. 3.3.

In this profile, the growth is set to start at ∼10◦C above the melting temperature

Tm of the desired phase, the system is then slowly cooled to ∼10◦C below Tm, allowing
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Figure 3.3 : A typical oscillating temperature profile used for minimizing the number
of spontaneous nucleation points at the initial stage of the growth (from Ref. [19]).

the spontaneous nucleation process. Next, the solution is rapidly heated up to a

temperature very close but lower than Tm, at which the smallest nuclei are dissolved.

A reduced number of nuclei that survive from this process are left to grow larger in

the following step of slow cooling. Similar oscillation patterns are repeated several

times with the maximum temperature gradually decreasing from step to step. In this

way, the number of crystals formed from the nucleation process can be minimized

and the major step of growth can be started afterwards with a constant cooling rate.

This method can only be utilized when the melting temperature of the desired phase

is precisely known.

3.2 Powder X-ray Diffraction

In order to check the sample purity and to determined the lattice parameters, powder

X-ray diffraction (XRD) measurements were performed on a Rigaku D/Max diffrac-

tometer with Cu Kalpha beam (λ = 1.5406 Å) and a graphite monochromator. The
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sample stage was set to spin at a 60 ◦/s to improve the particle statistics for powdered

specimen. All samples have been scanned for 2θ ranging from 5◦ to 90◦, with 0.02◦

step intervals and 2 seconds of collection time for each step. The XRD patterns were

compared to all entries in the ICDD-PDF 2004 database, using the search/match

function in MDI Jade 9 software, to look for possible secondary phases or impuri-

ties. Structural refinements were also performed using the Le Bail extraction method

implemented in the rietica package. The background was approximated by a fifth

order polynomial function and the peak shape was refined to the Pseudo-Voigt line-

shape with Howard asymmetric parameters.

3.3 Magnetization measurements

DC magnetization measurements were carried out on a Quantum Design Magnetic

Property Measurement System (QD MPMS) with a 7 T magnet for a temperature

range of 1.8 – 400 K. The MPMS utilizes a high-sensitivity SQUID sensor that can

pick up magnetic signals as small as 10−9 emu. For the temperature dependent

magnetization measurement, zero-field-cooled (ZFC) scans were performed after the

sample was cooled down to the base temperature in zero magnetic field, then the field

was applied and data were taken on warming. For some compounds, field-cooled (FC)

measurement were also performed, with the samples cooled to the base temperature

in an applied field and then measured during warming under the same field.

AC magnetization measurements were performed on a QD Physical Property Mea-

surement System (PPMS) with an ACMS option. The measurement profiles were

generally similar to those of the DC magnetization, except for a small AC excita-

tion field that was applied in addition to the DC magnetic field, the latter one was

often set to zero in these measurements. Data were taken under excitation fields of
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various AC frequencies to characterize the frequency dependent characters of certain

compounds.

3.4 Resistivity measurements

Electrical resistivity was measured in a QD PPMS, using the standard four-probe

setup. The samples were cut into a bar-like shape. Four platinum wires were attached

to the sample using Epo-Tek H-20E silver epoxy and the contacts were cured at 120

◦C for 15 min. A DC current was applied to the inner pair of wires, which served

as the current terminals. Electrical voltage across the sample was taken from the

outer pair of wires, and the resistivity was calculated from ρ = U
I
× S

L
, in which U

and I are the voltage and current, S is the cross-section area of the sample, and L

is the distance between the two current terminals. AC resistivity measurements were

performed for some samples in the QD PPMS with an AC Transport option, with

similar setups to the DC scans except for the use of AC excitation currents.

3.5 Specific heat measurements

Specific heat measurements were carried out on a QD PPMS, using a thermal relax-

ation technique. The sample was cut into a thin piece with a flat surface, and was

mounted on a sapphire platform with Apiezon N-grease to ensure a good thermal

contact. The whole sample chamber was pumped down to 10−8 Torr to minimize the

thermal exchange between the sample and the system environment. For each step at

a fixed temperature, a known amount of heat was applied to the sample at a constant

power to raise its temperature by approximately 2 %. The subsequent the following

decrease of sample temperature as a function of time was then recorded and fit to

an exponentially decaying model (the two-tau model), which involves the thermal
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relaxation between the sample and the platform, and the one between the platform

and the thermal bath.
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Chapter 4

Search for New High Tc Superconductors

4.1 Novel Iron Pnictide Compound with a New 3D Struc-

ture: CaFe4As3

4.1.1 Sample Preparation and Experimental Methods

Single crystals of CaFe4As3 were synthesized using Sn flux, starting from a compo-

sition Ca:Fe:As:Sn = 1:4:3:40. The constituent elements were placed in evacuated

silica tubes, slowly heated up to 900 0C, followed by slow-cooling to 790 0C. After the

Sn flux was decanted, well-formed thin rods were obtained, typically about 1 mm2 in

cross-section, and up to 8 mm long. The as-grown crystals often had a small hollow

channel inside, in which remnant Sn flux was trapped. The flux could be removed by

cutting the rods along the longitudinal direction and etching in a dilute HCl solution

for 15 minutes. Growing single crystals with a controlled oscillating temperature pro-

file (as described in Chapter 3.1) was found to be very effective in producing large

crystals, and reducing the the amount of such hollow crystals in the yield.

Chemically doped CaFe4As3 compounds were synthesized using the same flux

method as described above. The doping experiments were carried out in two different

routes: isovalent substitution on the non-magnetic ion (Ca or P) sites; and doping

on the magnetic Fe sites. Four sets of doped crystals, namely CaFe4(As1−xPx)3 (0

≤ x ≤ 0.25), Ca1−xYbxFe4As3 (x = 0.2), Ca(Fe1−xCox)4As3 (0 ≤ x ≤ 0.60), and

Ca(Fe1−xCux)4As3 (x = 0.25), have been successfully synthesized. All x values are
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nominal compositions, and estimates of the actual dopant content will be discussed

below. All attempts to grow single crystals with higher doping levels have failed,

suggesting that the solubility limit for the “1-4-3” structure may have been reached.

The structure of CaFe4As3 was determined by single-crystal X-ray diffraction car-

ried out at University of California, Davis. Needle shape crystals were cut to size

(∼0.22 × 0.11 × 0.08 mm3) and placed in a Nitrogen stream. Diffraction data

were acquired using a Bruker SMART 1000 CCD diffractometer utilizing a graphite-

monochromatic Mo Kα radiation (λ = 0.71073 Å) at T = 90(2) K and the smart

software package. The structure was determined by direct methods with shelxs and

refined with shelxl. Additional single crystal XRD experiments were performed on

the chemically doped crystals, with data collected at room temperature on a Nonius

KappaCCD X-ray diffractometer with Mo Kα radiation and a graphite monochro-

mator. Single crystals with a low crystal mosaicity (∼ 0.4◦) were selected from each

batch of samples and were mounted on the tips of thin glass fibers with epoxy. Data

were collected at a lower symmetry (monoclinic, 2/m) than the previously reported

crystal system (orthorhombic), and intensities were recorded at a crystal-to-detector

distance of 30 mm, between a 2θ angle of 2.5◦ and 60◦. The best models of the X-ray

diffraction data were refined with the orthorhombic space group Pnma (No. 62).

Chemical analysis was perform at Louisiana State University on a FEI Quanta

200 scanning electron microscope (SEM) with an energy dispersive X-ray (EDX)

spectrometer. The measurements were carried out on the same single crystals used

for the physical property measurements, and the concentration of each element was

determined. Each crystal was scanned at 4 areas per crystal for 50 seconds per area,

with an accelerating voltage of 20 kV and a beam-to-sample distance of 15 mm. The

average composition was normalized with respect to the Ca site.
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Magnetization measurements under pressure up to ∼0.86 GPa were performed

at Ames Laboratory in a QD MPMS using a commercial, Be-Cu, HMD pressure

cell. Daphne 7373 oil was used as a pressure medium, and susceptibility of elemental

Pb (measured in 20 Oe field) was used to determine the pressure in the cell at low

temperatures. Special attention was paid to have low and reproducible remanent field

in the superconducting magnet for the Pb measurements. Sample measurements were

performed for H = 0.1 T on warming.

AC resistivity measurements under pressure were also performed at Ames Labo-

ratory. The undoped crystal was measured under pressure up to 2 GPa in a Be-Cu

piston-cylinder cell with a center core of tungsten carbide. The sample, manganin

and Pb manometers were inserted in a polytetrafluoroethylene (PTFE) cup contain-

ing a 60:40 mixture of n-pentane and light mineral oil, which served as the pressure

transmitting medium. Pressure was applied at ambient temperature with a hydraulic

press, using the manganin as a high temperature reference manometer. The pressure

was locked in and the cell was then loaded into a QD PPMS, which provided the

temperature environment, as well as the electronics for the resistivity measurements,

manometers, and a calibrated Cernox sensor attached to the body of the cell. The

pressure at low temperatures was determined from the superconducting transition

temperature Tc of the Pb manometer. The cooling and warming rates were kept

below 0.3 K/min, which yielded a temperature lag between the sample and Cernox

sensor below 0.5 K at high temperatures and below 0.1 K for T < 70 K.

AC resistivity measurements under pressure above 2 GPa were done using a Be-

Cu Bridgman anvil cell with tungsten carbide anvils [202] that has been modified

to work with liquid pressure media [203]. The cell was designed to fit inside a QD

PPMS where all pressure measurements were done. The liquid pressure medium
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used with this cell is a 1:1 mixture of iso-pentane and n-pentane which provided

nearly hydrostatic pressure conditions throughout the experiment, as the medium

remains liquid up to 6.5 GPa at room temperature. [204] The pressure in the cell was

again determined from the Tc of a Pb manometer that had been placed within the

sample space. For the highest pressure measurement (5.0 GPa), the Pb manometer

was no longer viable below 109 K due to a broken contact. In that case, the room

temperature resistance of the manometer was used for extrapolation based on the

known resistivity behavior of lead. As a check, this method was applied to the lower

pressure measurements taken in the same set and was found to have the error around

0.1 GPa. Typically, the width of the Pb transition was 0.015 K which corresponds to

a pressure difference of 3.7×10−5 GPa at 0 GPa and 4.5×10−3 GPa at 5 GPa. For all

measurements done with the Bridgman cell, the temperature was lowered from 300 K

to 30 K at a rate of 1 K/min and raised from 100 K to 300 K at 0.5 K/min. From the

base temperature to 100 K, the rate of warming was typically 0.2 K/min to minimize

the difference between the QD PPMS thermometer reading and the sample space

temperature. At this slow warming rate, this difference was less than 100 mK. In

temperature regions around the features in resistivity of the sample and manometer,

measurements were taken either by stabilizing the temperature at each interval or

by ramping the temperature at the lowest rate allowed by the QD PPMS in order

to avoid any shifts in temperature. Two sets of measurements were done with the

Bridgman anvil cell. The first one (Bridgman Cell 1) showed erratic behavior above

100 K due to a crack in the sample. However, the evolution of the transition under

pressure was consistent with other data sets, therefore the low temperature (less than

100 K) data are included in the figures.
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4.1.2 Structural and Physical Properties of CaFe4As3

Crystal Structure

CaFe4As3 crystallizes with a unique three dimensional orthorhombic structure (space

group Pnma) as shown in Fig. 4.1, with lattice parameters a = 11.8840(7) Å, b

= 3.7342(2) Å, and c = 11.5857(7) Å. There are four crystallographic sites for Fe

(small orange spheres, Fig. 4.1) and several close Fe-Fe distances, between 2.5952(6)

Å and 2.8629(4) Å. The Fe(1)-Fe(3) atoms are fourfold coordinated with As (medium

purple spheres), similar to the FeX4 (X = pnictogen or chalcogen) tetrahedra in the

iron-based high-Tc superconductors. In contrast to the Fe-X planes in iron pnictides

and chalcogenides that extend infinitely in the two dimensional plane, in CaFe4As3

the Fe(1-3)-As tetrahedra are organized to form infinitely long ribbons parallel to the

b axis. The ribbons fold back into each other around the five-fold coordinated Fe(4)

ions, forming channels along the b axis in which the Ca ions (large blue spheres, Fig.

4.1) reside. The refined atomic coordinates and isotropic displacement parameters of

the structure are listed in Table 4.1.

Thermodynamic and Transport Properties

The anisotropic susceptibility M(T )/H of CaFe4As3 for an applied magnetic field

H = 0.1 T is shown in Fig. 4.2. An AFM-like transition is observed at TN = 88

K, manifested as a peak in the susceptibility. The nature of the transition has been

further investigated by neutron diffraction measurements [205, 206], which reveals a

second order, longitudinal spin density wave (SDW) transition with an incommensu-

rate modulation. Upon further decreasing the temperature, a sharp increase inM(T )

occurs at T2 = 26.4 K (Fig. 4.2). This has been shown by neutron diffraction exper-
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Figure 4.1 : Crystal structure of CaFe4As3 viewed along the b axis, with the Ca,
Fe and As atoms represented by blue (large), orange (small) and purple (medium)
spheres. The four crystallographic Fe sites are labeled. Fe(4) is five-fold coordinated
while Fe(1-3) sites are four-fold coordinated with neighboring As sites.

Table 4.1 : Atomic coordinates and isotropic displacement parameters of CaFe4As3

x y z Uiso (103Å2)

As(1) 0.1327(1) 0.75 0.4232(1) 3(1)

As(2) 0.1157(1) 0.25 0.7372(1) 4(1)

As(3) 0.3992(1) 0.75 0.6221(1) 4(1)

Fe(1) 0.1945(1) 0.75 0.6243(1) 4(1)

Fe(2) -0.664(1) 0.75 0.4624(1) 3(1)

Fe(3) 0.218(1) 0.25 0.3148(1) 4(1)

Fe(4) 0.1816(1) 0.75 0.2241(1) 4(1)

Ca(1) 0.3402(1) 0.25 0.4307(1) 4(1)
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iments to be associated with a first order incommensurate-to-commensurate (IC-C)

transition, at which the development of a transverse component of the SDW locks

the propagation wavevector into Q = 3b/8 [205]. DFT calculations indicate that the

SDW transition is likely related to the magnetic instability associated with the planar

Fermi sheets which are displaced from each other by distances close to 3b/8. The

nesting-driven SDW makes it plausible to adopt an itinerant picture of magnetism in

this compounds. Alternatively, a first principle total energy calculation suggests that

the incommensurate state may result from competing second and third next nearest

neighbor exchange interactions in a localized spin picture [205]. It is possible that

CaFe4As3 is near the itinerant-localized moment crossover, like the iron pnictides.

This is subject further investigation via the doping experiments.

Large temperature independent part of the magnetization, χ0, has been found

in CaFe4As3. The anisotropic χ0 value sums up the core diamagnetic, Pauli and

Landau contributions. The anisotropic values χ0,b and χ0,ac are estimated from the

low temperature susceptibility to be 2.23×10−3 emu mol−1
Fe and 3.72×10−3 emu mol−1

Fe,

respectively. Such large χ0 values strongly suggest enhanced Pauli paramagnetism,

since the core diamagnetism is typically of the order of 10−6−10−5 emu mol−1 [207]

and χLandau ≈ −1/3 χPauli.

Above TN , the resistivity (Fig. 4.3) shows a typical metallic behavior, with ρ

decreasing linearly with decreasing temperature. The residual resistivity ratio (RRR),

calculated as RRR = ρ(300K)/ρ(2K), is around 5. This bad metal behavior is similar

to what has been observed in most of the iron pnictide superconductors [42,208]. As

the temperature decreases, the resistivity shows a local minimum at TN = 88 K, which

agrees well with the magnetization data and is likely due to the reduced density of

states at the Fermi surface caused by the SDW gap. At the IC-C transition at T2,
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Figure 4.2 : Anisotropic magnetic susceptibility M(T )/H of CaFe4As3 for H = 0.1
T, measured for H ∥ b (black) and H ∥ ac (red). The temperature dependent part χ0

is estimated to be 2.23 emu mol−1
Fe for H ∥ b and 3.72 emu mol−1

Fe for H ∥ ac. The two
transitions at TN and T2 are marked with vertical dashed lines. Due to the broadness
of the peak at TN , the critical temperature is determined from the intercept of the two
grey lines, that are extrapolated from the M(T ) data on both the high temperature
and the low temperature sides of the transition.
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the resistivity shows an abrupt drop as a result of the loss of scattering associated

with the phase degree of freedom in the IC-SDW state, followed by a much steeper

decrease at lower temperatures compared to the high-T regime. A visible hysteresis

between the data measured on cooling and warming is observed at T2, consistent

with the first order nature of the IC-C transition, as suggested by neutron diffraction

experiments [205]. By plotting ∆ρ = ρ(T )− ρ0 as a function of T 2 (inset, Fig. 4.3),

with an estimated residual resistivity ρ0 ≈ 45 µΩ cm, a clear Fermi-liquid behavior

∆ρ = AT 2 is observed below T ≈ 15 K. The coefficient A of the quadratic resistivity

term is determined to be A = 0.25 µΩ cm K−2.

The specific heat data (Fig. 4.4) exhibit a peak at the second order SDW tran-

sition temperature, which agrees well with the observations in magnetization and

resistivity. However, around the IC-C transition at T2, only a very vague inflexion

point is observed (Fig. 4.4b). As will be shown below, the low temperature prop-

erties of CaFe4As3 are dominated by strong electron-electron coupling, which may

overwhelm a phonon-driven feature in the specific heat at low temperatures. Below

T = 20 K, the specific heat data can be fit to Cp/T = γ + βT 2 (red line, Fig. 4.4a),

which gives the electronic and lattice specific heat coefficients γ = 0.02 J/(molFeK
2)

and β = 2.3×10−4 J/(molFeK
4), respectively. The corresponding Debye temperature

θD is approximately 260 K. While the γ value is comparable to that of BaFe2As2 [209],

it is much larger than those of LaOFeAs [210] and CaFe2As2 [211], and more impor-

tantly, is significantly enhanced compared to the free electron model.

By normalizing the A coefficient, determined from the fit of low temperature

resistivity to a Fermi liquid behavior, with respect to γ, the Kadowaki-Woods (KW)

ratio A/γ2 is determined to be 55 a0, in which a0 = 10−5 µΩcm mol2K2mJ−2 is

a nearly universal value observed in strongly correlated electron systems [20]. The
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Figure 4.3 : Resistivity of CaFe4As3 for i ∥ b and H = 0, measured on both cooling
and warming. Inset: low temperature ∆ρ = ρ−ρ0 vs. T 2, with the residual resistivity
ρ0 ≈ 72 µΩcm. The red line is a fit to ∆ρ = ρ − ρ0 = AT 2, which gives A = 0.25
µΩ cm K−2.
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Figure 4.4 : Specific heat data of CaFe4As3 for H = 0, with the AFM transition at
TN = 87 K marked by a vertical arrow. Insets: (a) Cp/T plotted as a function of T 2,
together with a linear fit (red line) to Cp/T = γ + βT 2, which yields γ = 0.02 J/(mol
K2); (b) low temperature specific heat around T2, showing a weak inflexion point at
T2.
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KW ratio of CaFe4As3 is among the largest values reported so far (Fig. 4.5), only

significantly smaller than that of Sr2RuO4 for current normal to the RuO2 planes [23].

Various mechanisms have been proposed to explain the large KW ratios, including

magnetic frustration and proximity to a quantum critical point (QCP), which were

considered to be likely scenarios for the A/γ2 = 60 a0 observed in Na0.07CoO2 [21],

as well as a two-dimensional character of the Fermi liquid, which was proposed to be

responsibility for the large KW ratios in Sr2RuO4 and Cu0.07TiSe2 [22, 23]. Another

possible scenario is the proximity to a superconducting state, which may significantly

change the the scattering mechanism, thus enhance the KW ratio [22]. While no

magnetic frustration has been observed in the neutron diffraction experiments on

CaFe4As3 [205], the scenario of reduced dimensionality is also unlikely given its 3D

structure. On the other hand, the possible proximity to a QCP or a superconducting

state cannot be ruled out at this point and remains to be investigated by doping and

pressure experiments.

4.1.3 Doping and Pressure Experiments

Chemical doping [45, 47, 208, 212–215] and hydrostatic pressure [216–220] are often

employed to suppress the AFM order in favor of superconductivity. The similarities

between the structural and physical properties of CaFe4As3 and the iron pnictides

qualify CaFe4As3 as an interesting candidate for the study of the relationship be-

tween crystal structure, magnetism and superconductivity. Whether this compound

can be tuned towards the localized-to-itinerant moment crossover and further into a

superconducting state is particularly worth investigating.

This chapter presents the experimental results of the effects of partial substitutions

on each of the three types of atoms in the CaFe4As3 unit cell, namely Yb- and P-
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doping on the Ca and As sites, respectively, or Co- and Cu-doping in place of Fe.

As will be shown below, the different dopants have drastically distinct effects on the

thermodynamic and transport properties, depending on whether charge carriers and

disorder are introduced in the magnetic sublattice (as is the case for transition metal

doping), or just disorder or chemical pressure (as expected for Yb and P doping).

Doping in the non-magnetic sublattice: CaFe4(As1−xPx)3 and

(Ca1−xYbx)Fe4As3

P substitutes the isovalent As ions without introducing extra charge carriers. The size

difference between the two pnictogens renders the P doping equivalent to applying a

positive pressure on the lattice. Single crystal XRD data (Table 4.2) reveal a very

small, albeit systematic, decrease of lattice parameters with increasing nominal P

concentration x. The unit cell volume shrinks with increasing x by up to 0.2%, even

though EDX analysis indicates that the P concentration is below the instrument’s

level of detection (typically 5-10%). Based on these results and the changes in the

physical properties discussed below, it can be concluded that the actual P content in

the doped crystals is finite, but much lower than the nominal one. For this reason,

we will refer to the P-doped samples as CaFe4(As,P)3 (crystal 1, 2 and 3).

Fig. 4.6 shows the temperature dependent magnetic susceptibility of pure and

P-doped CaFe4As3 single crystals, measured with H = 0.1 T field applied along the

b axis. An antiferromagnetic peak in the susceptibility, which has been shown to be

a second order SDW transition in the pure CaFe4As3 [205, 206], can be observed for

the undoped sample (black symbols) at TN = 88 K. In the doped samples (crystal

1, 2 and 3), this transition is slowly suppressed, such that the minimum TN for the

P-doped crystals is around 83 K (blue symbols). This decrease of TN with doping is
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Table 4.2 : Lattice parameters and unit cell volume for CaFe4(As,P)3 and
(Ca1−xYbx)Fe4As3.

Dopant P Yb

x (nominal) 0 0.05 0.1 0.25 0.2

x (EDX) 0 crystal 1 crystal 2 crystal 3 0.17

a (Å) 11.919(3) 11.917(3) 11.915(5) 11.911(2) 11.910(2)

b (Å) 3.749(1) 3.748(1) 3.746(2) 3.746(1) 3.748(1)

c (Å) 11.624(3) 11.622(4) 11.619(5) 11.617(2) 11.617(3)

V (Å3) 519.3(2) 519.1(3) 518.6(4) 518.3(2) 518.6(2)

possibly related to the reduction of Fermi surface nesting that drives the SDW order.

The IC-C SDW transition can be observed as a local minimum in the magnetiza-

tion of the P-doped samples (Fig. 4.6). The corresponding temperature T2, marked

by open triangles, increases up to 33 K compared to the value of 26 K in the pure

CaFe4As3 crystals, suggesting that the commensurate SDW structure becomes stable

over a wider temperature range as a result of P doping.

The temperature dependent resistivity data of CaFe4As3 and CaFe4(As,P)3 crys-

tals are plotted in Fig. 4.7. Above TN , the resistivity shows a typical metallic behavior

with a weak temperature dependence and room temperature values around 0.2–0.4

mΩcm. A local minimum in resistivity (right inset, Fig. 4.7) can be observed at TN

as a result of the reduced density of states at the Fermi surface associated with the

SDW gap. As the temperature is lowered through T2, a steep drop in resistivity is

associated with the IC-C SDW transition, indicating the loss of scattering associated

with the phase degree of freedom in the IC-SDW state. The resistivity around T2

exhibits an apparent temperature hysteresis (about 4–10 K; left inset, Fig. 4.7), con-
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Figure 4.6 : Magnetic susceptibility of CaFe4(As,P)3 crystals for H = 0.1 T and
H∥b. The M/H(T ) curves of the doped compounds have been shifted by –0.0008
emu/molFe for clarity. The magnetic transition temperatures TN and T2 are marked
by solid and open triangles, respectively; inset: d(MT )/dT data for crystal 2, with
TN and T2 marked by vertical dashed lines.
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Figure 4.7 : DC resistivity of CaFe4As3 and CaFe4(As,P)3 crystals for H = 0 and i∥b.
The data were taken during cooling and scaled by the resistivity at 300 K; inset (left):
an expanded view around the IC-C SDW transition at T2, showing curves measured
during both cooling and warming; inset (right): an expanded view around the SDW
transition, with TN marked by solid triangles.

sistent with the first order nature of the IC-C SDW transition. It is worth noting

that P doping results in a lower residual resistivity ratio RRR = ρ(300K)/ρ(2K) than

that of the undoped sample. This is likely due to the disorder in the Fe-Pn ribbons

(but not the magnetic sublattice itself), which enhances scattering, especially at low

temperatures.

Similar to P-doping, chemical pressure may also be achieved via Yb-doping. As a

result of the close ionic radii of Yb2+ (∼ 1.08 Å) and Ca2+ (∼ 1.09 Å) ions [221], the

Yb dopant is most likely to occupy the Ca sites, in which case the Fe-As sublattice

remains ordered. The Yb concentration determined by EDX measurements is ∼ 0.17,
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fairly consistent with the nominal x value given the detection limit of EDX (5–10 %).

Single crystal XRD data for (Ca1−xYbx)Fe4As3 (Table. 4.2) indicate that the unit

cell volume decreases only by 0.13% for the doped sample. Such a minute volume

change is consistent with the small difference between the ionic radii of Yb2+ and

Ca2+.

Fig. 4.8 shows the temperature dependent magnetic susceptibility of undoped

CaFe4As3 and Ca0.83Yb0.17Fe4As3, measured in an applied field H = 0.1 T along

the crystallographic b axis. Just like for P-doping, both features at TN and T2 are

preserved in the Yb-doped crystal. As x increases, the SDW transition (solid triangles,

Fig. 4.8) moves to slightly lower temperature while T2 (open triangles, Fig. 4.8)

exhibits a more significant increase from 26.4 K to 38 K. These changes are also

reflected in the scaled resistivity data (Fig. 4.9), in which the transport behavior

of undoped and doped samples is almost identical, except for the shift in critical

temperatures and the resistivity drop at T2. For the doped sample (open symbols,

Fig. 4.8), an additional peak at 5 K in the magnetic susceptibility suggests the

system may undergo another phase transition at low temperatures, although any

corresponding feature is obscured in the resistivity data down to 2 K. It is not clear

whether this transition is intrinsic to the compound, since a very small amount of

magnetic impurity, though not detectable in the X-ray data, may also induce this

peak. The origin of this feature calls for a more detailed study of the low temperature

magnetic structure by means of neutron diffraction.

Doping in the magnetic sublattice: Ca(Fe1−xTx)4As3, T = Co and Cu

The results of EDX and single crystal XRD measurements on Ca(Fe1−xCox)4As3

crystals are shown in Table 4.3. According to the EDX analysis, the Co content x
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Figure 4.8 : Magnetic susceptibility of (Ca1−xYbx)Fe4As3 crystals (x = 0 and 0.17)
for H = 0.1 T and H∥b. The transition temperatures TN and T2 are marked by solid
and open triangles, respectively. The large error bar in magnetization for x = 0.17
(red symbols) is due to the very small mass (∼ 0.1 mg) of the crystal.
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Figure 4.9 : DC resistivity of (Ca1−xYbx)Fe4As3 crystals (x = 0 and 0.17) for H = 0
and i∥b, the data were taken during both cooling and warming, and were scaled by the
resistivity at 300 K; inset (left): an expanded view around the IC-C SDW transition
at T2; inset (right): an expanded view around the SDW transition, with TN marked
by solid triangles.
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of the doped samples (listed in Table 4.3) is close to half of the nominal value for

xnominal > 0.1. XRD data indicate that all the lattice parameters decrease system-

atically with increasing Co concentration and the unit cell volume shrinks by 1.2%

from x = 0 to 0.32. Additionally, a comparison of the Fe-As bond lengths in the x =

0 and 0.32 compounds (Table 4.4) shows a larger change of the Fe(1-3)–As than the

Fe(4)–As bond lengths. This suggests that Co selectively occupies the Fe(1-3) sites

first. By contrast, Cr was shown to preferentially occupy the Fe(4) site. [24]

The magnetic susceptibility of Ca(Fe1−xCox)4As3 as a function of temperature for

H = 0.1 T and H∥b is plotted in Fig. 4.10a. The SDW ordering, marked by solid

triangles, exhibits a systematic shift to lower temperatures as the dopant amount

x increases. Similar to the P doped crystals, a non-Curie-Weiss linear temperature

dependence can be observed in the susceptibility above TN . In the samples with

x ≤ 0.1, the IC-C SDW transition broadens and moves down in temperature with

increasing x. For x > 0.1, no sign of this transition can be traced down to 2 K.

Though qualitatively different from the results of P doping, the strong suppression of

the IC-C SDW transition in Co-doped CaFe4As3 is not unexpected. The SDW order

develops within the magnetic sublattice consisting of moment-bearing Fe ions. The

magnetization data suggest that Co-doping on the magnetic Fe sublattice results in

a stronger perturbation of the C-SDW compared to the case of the substitution of

As with P (Fig. 4.6). This could be a result of Co inducing disorder, or introducing

extra charge carriers, or both. Such scenarios are indeed consistent with the resistivity

behavior as shown in Fig. 4.11. The scaled resistivity ρ/ρ(300K) is nearly independent

of the Fe-Co ratio above TN , and the resistivity minimum at TN moves down in

temperature by only 15% up to x = 0.32. As soon as Co is being introduced in the

system (x = 0.05, red symbols, Fig. 4.11) the residual resistivity ρ0 is three times
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larger than for the undoped crystals (black symbols, Fig. 4.11) and the sharp drop at

T2 disappears. Instead, the doped samples display only a broad local maximum below

TN , which broadens further and nearly disappears as ρ0 increases with increasing x.

However, a new magnetic phase transition (marked by open triangles in Fig. 4.10a)

is observed in theM(T ) data for the x ≥ 0.1 samples at an intermediate temperature

T3 between TN and T2, manifested as a peak in d(MT )/dT for x ≥ 0.1 (Fig. 4.10b).

While a peak at T3 in the specific heat data (as exemplified in Fig. 4.10c for x = 0.1)

confirms this to be a bulk transition, it is however obscured in the ρ(T ) data by the

broader maximum below TN and by the increasing ρ0 relative to ρ(300 K).

One possible scenario for explaining the T3 transition is a spin reorientation that

leads to a different magnetic state below T3 compared to the C-SDW state below T2.

Another scenario to be considered is that, if Co is also magnetic, as is the case in many

Co compounds, the Fe and Co magnetic moments order at different temperatures, TN

and T3 respectively. In this case, the decrease of the Fe composition with increasing

x would be consistent with the decreasing TN . However, one would expect T3 to

move up with increasing x if the Co ions ordered independently at this intermediate

temperature. The simultaneous decrease of TN and T3 with x is an indication that

Fe and Co magnetic moments are coupled. Neutron diffraction experiments on the

Co-doped samples are underway and they may elucidate the nature of the transitions

in Ca(Fe1−xCox)4As3.
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By comparison with the isovalent P-As and Yb-Ca substitutions, the results of

Co-doping demonstrate that substituting transition metal atoms for Fe casts more sig-

nificant changes on the magnetic structure of CaFe4As3 system. This is possibly due

to the two different moment-carrying ions. It would be useful to compare the dopings

we presented so far with the effect of non-magnetic substitution on the Fe sublattice.

If Cu had a 1+ oxidation state when doped into CaFe4As3, it may provide such an

opportunity, together with the likely scenario that it would preferentially substitute

on the Fe1+ sites only. The BaFe2As2 system serves as a good example [222] for the

versatility of transition metal doping, in which both Co- and Cu-doping suppress the

structural phase transition and SDW ordering. However, the former one stabilizes

the superconducting phase in a wide range of x values, while no superconductivity is

observed in the latter case.

As seen in Fig. 4.12, the magnetic susceptibility of Ca(Fe,Cu)4As3 shows obvi-

ous differences compared to the Co-doped series (Fig. 4.10, 4.11). The IC-C SDW

transition is preserved in the Cu-doped sample, with T2 moving up to ∼ 40 K (red

symbols, Fig. 4.12). Surprisingly, TN experiences almost no change (inset, Fig. 4.12).

By contrast, in the Co-doped series, a dopant concentration of x = 0.1 was already

high enough to move TN down by 4.5 K (5%), and to suppress the IC-C SDW tran-

sition below 2 K. The robustness of the SDW order against Cu doping suggests that

the topology of Fermi surface is much less perturbed in this case than in the case

of other dopants. A further assumption supported by this robust SDW ordering is

the selective site occupation for Cu, similar to the case of Cr doping in a previous

report. [24] If Cu1+ (the most stable oxidation state of Cu) preferentially occupies

the Fe(4) sites first, no extra charge carrier will be introduced into the system until

all the Fe1+ ions on Fe(4) sites are replaced by Cu1+. Consequently, for x ≤ 0.25,



90

Figure 4.10 : (a) Magnetic susceptibility of Ca(Fe1−xCox)4As3 crystals (x = 0, 0.05,
0.07, 0.1, 0.16, 0.2 and 0.32) for H = 0.1 T and H∥b. The curves for the doped
samples have been shifted along the vertical axis for clarity. Solid and open triangles
mark the positions for TN and T3 respectively. (b) d(MT )/dT for H∥b and x = 0
and 0.1, illustrating how the transition temperature T3 is determined for x ≥ 0.1.
(c) Cp/T for x = 0 and 0.1, with T3 marked by a red arrow; inset: a zoomed-in view
of the transition at T3 for x = 0.1.
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Figure 4.11 : DC resistivity data for Ca(Fe1−xCox)4As3 crystals (x = 0, 0.05, 0.07,
0.1, 0.16, 0.2 and 0.32) for H = 0 and i∥b, scaled at T = 300 K; inset: an expanded
view of the scaled resistivity values near TN .
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Table 4.4 : Fe-As bond lengths d in Ca(Fe1−xCox)4As3 (x = 0 and 0.32) and ∆d =
d(x = 0.32)− d(x = 0)

Bond
Bond length d (Å)

∆d (Å)
x = 0 x = 0.32

Fe(1)-As(1) 2.4434(8) 2.4206(10) -0.0228(18)

Fe(1)-As(2) 2.4677(6) 2.4410(7) -0.0267(13)

Fe(1)-As(3) 2.4359(8) 2.4049(10) -0.0310(18)

Fe(2)-As(1) 2.4343(6) 2.3882(10) -0.0461(16)

Fe(2)-As(1) 2.4245(9) 2.3961(7) -0.0284(16)

Fe(2)-As(2) 2.3920(8) 2.3619(11) -0.0301(19)

Fe(3)-As(1) 2.3854(8) 2.3681(11) -0.0173(19)

Fe(3)-As(2) 2.4191(9) 2.3932(11) -0.0259(20)

Fe(3)-As(3) 2.4139(6) 2.4030(7) -0.0109(13)

Fe(4)-As(1) 2.6122(6) 2.6169(7) 0.0047(13)

Fe(4)-As(2) 2.5787(6) 2.5790(7) 0.0003(13)

Fe(4)-As(3) 2.4328(8) 2.4141(11) -0.0187(19)
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Figure 4.12 : Magnetic susceptibility of Ca(Fe,Cu)4As3 crystals for H = 0.1 T and
H∥b. Full and open triangles mark the position of the SDW ordering temperature TN
and the IC-C SDW transition at T2 respectively. The large error bar in magnetization
for the doped compound (red symbols) is due to the very small mass (∼ 0.4 mg) of
the crystal measured; inset: an expanded view of d(MT )/dT near TN , the values have
been rescaled and shifted along the vertical axis for clarity. The dotted line marks
the peak position in d(MT )/dT , which shows no change from the undoped to the
doped compound.
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Figure 4.13 : DC resistivity of CaFe4As3 and Ca(Fe,Cu)4As3 crystals for H = 0 and
i∥b, measured on both cooling and warming; inset (left): an expanded view of the
resistivity around T2; inset (right): an expanded view of dρ/dT around TN , for which
the maximum slope is associated with the transition (vertical arrow).

the Fermi surface is less likely to encounter a drastic change, which is favorable for

a stable SDW order. While the unaltered TN in the Cu-doped sample is justified

in this scenario, the T2 increase can be simply understood as a pressure tuning ef-

fect. Determined from single crystal XRD measurements, the unit cell volume for the

Cu-doped sample is slightly larger than for the undoped one, indicating a negative

chemical pressure that may be responsible for the observed change in T2.

The resistivity of Ca(Fe,Cu)4As3 shown in Fig. 4.13 is in good agreement with

the magnetization data. Above 45 K, the scaled resistivity data for both undoped

and doped samples are almost identical. When the temperature is lowered below

45 K, the resistivity of the doped sample starts to decrease as a result of the IC-C
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SDW transition. However, unlike the abrupt drop observed in the pure system, the

feature around T2 becomes broader and smoother in the doped crystals (left inset,

Fig. 4.13), especially on cooling. It is remarkable, however, that the drop in ρ(T)

associated with the IC-C SDW transition is smaller, and the residual resistivity more

than double compared to the undoped sample. It is reasonable to assume that some

disorder is still induced by Cu doping, even in the selective doping picture. EDX

results indicate that the actual Cu content is much less than the nominal value x =

0.25, in which case Cu and Fe ions are mixed on the Fe(4) sites.

Effects of Hydrostatic Pressure

Fig. 4.14a shows the AC resistivity of CaFe4As3 samples measured under pressure.

For low pressure measurements performed with the piston cylinder (full symbols), as

pressure increases, TN decreases at a rate of –18.5 K/GPa until it reaches a minimum

around 53 K (right inset, Fig. 4.14). Simultaneously, T2 first moves up to a maximum

around 30 K at 0.93 GPa (light green curve), then drops to 14 K with pressures up

to 1.92 GPa (left inset, Fig. 4.14). These results show good consistency with the

data on P-doped crystals, in which substituting As with smaller P ions can be viewed

as positive chemical pressure. The fact that T2 moves up in the P-doped CaFe4As3

suggests that the chemical pressure equivalent to this maximum P composition is

smaller than 0.93 GPa, which also maximizes T2. It is also worth noting that the

drop of resistivity near T2 becomes less abrupt as pressure increases, and eventually

evolves into a smooth, dome-like feature at 1.92 GPa. This change in resistivity

behavior suggests that the C-SDW is destabilized by increasing pressure above 1.92

GPa.

For higher pressures, the sample for the first set of measurements done with the
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Figure 4.14 : (a) AC resistivity of CaFe4As3 for H = 0 and i∥b, measured under
pressure varying from 0 to 5 GPa. Insets: expanded view of the resistivity near
T2 (left) and TN (right). (b) Examples of how the transition temperatures were
determined (vertical arrows) from dρ/dT (left axis) and dM/dT (right axis); inset:
expanded view in dρ/dT around TN .
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Bridgman anvil cells (cell 1) had a partial crack, which led to erratic resistance read-

ings above 100 K. However the low temperature data from these measurements pro-

vide qualitative results linking the low and high pressure resistivity behaviors. As

can be seen in Fig. 4.14, the lowest pressure curve with the Bridgman cell 1 at

2.10 GPa (dark yellow) shows the same dome-like low temperature behavior as the

highest piston cylinder cell measurement (magenta). For pressure above 2.65 GPa,

the transition at T2 is no longer visible, and the local maximum at TN disappears,

replaced by a drop in resistivity. It is not clear whether the state below this tran-

sition is still SDW, thus the transition temperature is labeled T ∗ instead of TN , to

distinguish from the SDW ordering temperature for the low pressure regime. Overall,

the resistivity drops with increasing hydrostatic pressure, suggesting that the crys-

tals become more metallic. This was predicted [223] as one necessary condition for

the occurrence of superconductivity in CaFe4As3. However, the qualitative change

in the resistivity behavior between p = 2.10 and 2.65 GPa may be associated with a

structural phase transition. In this case, other means for increasing the metallicity in

CaFe4As3 should be tested as avenues for superconductivity. Pressure-dependent X-

ray diffraction measurements need be performed to verify the presence of a structural

phase transition in CaFe4As3.

Another sample in Bridgman cell (cell 2) was prepared and measured under pres-

sure values p = 2.65 to 5.0 GPa. At 3.45 GPa, low ramping rate measurements were

done on warming and cooling across T ∗ and no hysteretic behavior was found. In-

creasing the pressure caused an increase of T ∗ at a rate of 9.4 K/GPa. The nature

of this transition needs to be investigated once the structural phase transition is con-

firmed or not by pressure X-ray experiments. Independent of whether a structural

distortion is associated with the qualitative change in ρ(T ) at p = 2.65 GPa, it is not
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clear whether the SDW order is preserved at higher pressures.

Magnetization measurements under pressure were also performed on CaFe4As3 for

pressures up to 0.86 GPa. The two transition temperatures observed in the resistivity

data are indeed confirmed by the magnetization measurements: a jump in dM/dT

is observed around TN (right axis, Fig. 4.14b), while a local minimum is associated

with the IC-C SDW transition (left axis, Fig. 4.14b).

Phase Diagram for the Effects of Doping and Pressure

For a comparison between the effects of doping (x) and hydrostatic pressure (p), a

comprehensive T - C phase diagram is plotted in Fig. 4.15, in which C = ∆V or p

and ∆V = V (pure crystal)–V (doped crystal) is the change in unit cell volume for

the doped samples relative to that of pure CaFe4As3. As can be seen in the phase

diagram, the SDW ordering temperature TN (black symbols) decreases with both ∆V

and p up to critical values ∆Vc ∼ 10 Å
3
and pc ∼ 2 GPa. A remarkable similarity

between the ∆V and p dependence of TN is apparent from the black symbols in the

phase diagram in Fig. 4.15. From this coincidence, a bulk modulus κ = –V (∂p/∂V )

can be determined to be κ ≃ 119 GPa, comparable to the value of 71 GPa for

BaFe2As2 [224].

For pressures above pc, a phase transition is still visible (green symbols), however

it moves up in temperature as p increases up to 5 GPa. At pc, a qualitative change in

the ρ(T ) data is observed in Fig. 4.14a, from a local minimum to an inflection point

for p < pc and p > pc respectively. This suggests a possible structural change

at pc, in which case the transition at higher pressures (dashed line in Fig. 4.15)

may correspond to a magnetic ordering, distinct from the SDW at ambient pressure.

According to the prediction [223] that the increase in metallicity in CaFe4As3 may
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Figure 4.15 : T - C phase diagram of CaFe4As3, with C = change in volume [see
text] (bottom axis) or pressure (top axis). The transition temperature TN , T2, T3
and T ∗ are shown in black, blue, red and green, respectively. Points determined
from resistivity pressure data collected with piston cylinder and Bridgman Cell are
marked by open and half-filled squares, respectively, and those from magnetization
measurements under pressure are shown as open stars. The results on doped samples
are marked by open triangles (P), half-filled diamonds (Yb), solid circles (Co) and
open diamonds (Cu). The point for CaCr0.84Fe3.16As3 (half-filled circle, Ref. [24]) is
also plotted in the phase diagram, showing good consistency with the dependence of
TN on ∆V observed in our data. Dotted and dashed lines are guides to the eye for
possible phase boundaries.
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lead to a superconducting ground state, pressures higher than 5 GPa are needed to

reach the superconducting state. X-ray diffraction measurements under pressure will

verify the existence of the structural phase transition around 2 GPa, and this is left

to a future study.

The behavior of the IC-C SDW transition (blue symbols in Fig. 4.15) varies more

with the type of tuning parameters. A smaller drop in resistivity at T2 is observed

upon P, Yb and Cu substitutions (Figs. 4.7, 4.9 and 4.13, respectively). The initial

increase of T2 with pressure (open blue squares and stars, Fig. 4.15) is consistent

with the observed behavior when smaller P ions partially replace As ions (open blue

triangles, Fig. 4.15). Yb and Cu substitutions (diamonds) increase T2 faster compared

to P doping or pressure, while an increase in pressure between 0.5 GPa and 2 GPa

slowly reduces T2. Interestingly, for p = 2.10 GPa, the lower temperature transition

seen in resistivity (blue, half filled square, Fig. 4.15) appears close to the extrapolated

phase boundaries at both T3 (dotted red line, Fig. 4.15) and T2 (dotted blue line,

Fig. 4.15). The type of this transition remains unknown and can be either one of the

two.

A distinct behavior in both magnetization (Fig. 4.10) and resistivity (Fig. 4.11)

is induced by Co doping. On one hand, the low temperature transition T2 is quickly

suppressed by x < 0.1, as seen in the magnetization data. An additional transition

occurs in the doped samples with x ≥ 0.1 at T3 (open triangles in Fig. 4.10a) and

increasing amounts of Co reduce this transition temperature. However, Co substitu-

tion obscures the two low temperature transitions T2 and T3 in the resistivity data,

while determining the residual resistivity ratio RRR to decrease with x (Fig. 4.11).

Despite the similarities in the structural changes, P, Yb and Co have different effects

on the physical properties. The former two substitute for the non-magnetic, isoelec-
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tronic As and Ca ions respectively. The latter dopant, however, is smaller in size,

carries a magnetic moment and has an extra d electron compared to the Fe2+ that it

substitutes for. It is not surprising then that different types of changes are observed

for the magnetic transitions. Cu doping is structurally different from the other three

substitutions, as it appears to expand the unit cell volume. However, the physical

properties resemble those seen in the case of the non-magnetic dopants P and Yb,

where TN changes little with x, and T2 moves up in temperature. At the same time,

Cu doping is distinct from the Co substitution on the magnetic sublattice, suggesting

that Cu maybe non-magnetic when doped into CaFe4As3.

4.1.4 Summary and Conclusions

The newly discovered CaFe4As3 system displays a low-temperature Fermi liquid be-

havior, with enhanced electron-electron correlations. A second order SDW transi-

tion occurs at TN = (88.0 ± 1.0) K, followed by a first order incommensurate-to-

commensurate magnetic transition at T2 = (26.4 ± 1.0) K. The magnetic susceptibil-

ity has a large temperature-independent contribution χ0, as estimated from the low

temperature limit. The enhanced electronic specific heat coefficient γ = 0.02 J mol−1
Fe

K−2, and the unusually high Kadowaki-Woods ratio A/γ2 = 55 × 10−5 µΩcm mol2

K2mJ−2, indicate strongly enhanced electron correlations in the compound.

CaFe4As3 resembles the “122” iron pnictide superconductors with regards to the

high temperature SDW ordering, the bad metal behavior, the enhanced electron mass

γ, and the tetrahedrally coordinated Fe2+. However, the SDW in CaFe4As3 appears

to be much more robust compared to the parent compounds of the iron pnictide su-

perconductors. By doping with P, Yb, Co or Cu, or applying hydrostatic pressure up

to 5 GPa, the incommensurate SDW transition at TN ∼ 88 K in CaFe4As3 can only
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be changed by up to ∼ 40%. On the other hand, the commensurate SDW state below

T2 ∼ 26 K is suppressed in the Co-doped series, while it moves up in temperature in

the P, Yb and Cu doped compounds. A new magnetic phase transition is observed at

an intermediate temperature T3 in Ca(Fe1−xCox)4As3. Applying hydrostatic pressure

to the undoped compound leads to a systematic decrease of TN and a dome-like phase

boundary at T2 up to pc ∼ 2.10 GPa. At higher pressures, a possible structural phase

transition occurs, marked by a slowly increasing transition temperature. The resistiv-

ity remains relatively high for both doped and pressurized crystals, retaining a poor

metal character. While the failure of introducing superconductivity in CaFe4As3 may

reinstate the significance of the correlation between low dimensionality and high-Tc

superconductivity, it would to be too early to make the conclusion that 3D structures

are unfavored by high-Tc superconductivity before more extensive doping experiments

on CaFe4As3 are done. This is left for a future study.

4.2 Layered Transition Metal Pnictide with Metallic Block-

ing Layers: SrMnBi2

As discussed in Chapter 2.4, one route towards the discovery of new superconductors

can be developed by replacing the insulating blocking layers in iron pnictide super-

conductors. In 2009, Shim et al. [26] predicted from theoretical calculations that

two hypothetical iron pnictide compounds, BaFeAs2 and BaFeSb2, should form with

metallic blocking layers. If this is indeed the case, the presence of such metallic lay-

ers in between the T-Pn layers (T = transition metal, Pn = pnictogen) may greatly

improve our understanding of the controversial mechanism for superconductivity in

the iron pnictides.



103

While all attempts made by us and other people to synthesize those two “112”

compounds were unsuccessful, a different transition metal pnictide compound SrMnBi2,

has been synthesized with a similar crystal structure to the “112”s, as well as metallic

blocking layers as suggested by DFT calculations. A detailed study on its physical

properties is presented in this chapter.

4.2.1 Sample Preparation

Single crystals of SrMnBi2 were grown using Bi self-flux, with an initial composition

Sr:Mn:Bi = 1:1:8. An alumina crucible containing the reactants was sealed under

an Ar atmosphere in a silica ampoule, heated up to 600◦C, then slowly cooled to

400◦C at a rate of 2.4◦C/h. At 400◦C, the remnant liquid solution was decanted and

well-formed square crystals with tapered edge facets were obtained, with typical in-

plane dimensions of 2–4 mm and thicknesses of 0.5–2 mm. Anisotropic magnetization

measurements up to 400 K were performed in a QD MPMS, and above 310 K in a

vibrating sample magnetometer (VSM) in a QD PPMS.

4.2.2 Structural and Physical Properties of SrMnBi2

As illustrated in Fig. 4.16, SrMnBi2 crystallizes with a tetragonal structure, with

space group I4/mmm and lattice parameters a = 4.56 Å and c = 23.09 Å. The

structure consists of two staggered Mn-Bi(2) layers (Fig. 4.16a), separated by Sr-

Bi(1) layers, in comparison with the hypothetical BaFePn2 compounds that were

predicted to form in a structure with Fe-Pn layers stacked on top of each other,

or separated by Ba-Pn layers (Fig. 4.16b). Therefore, the SrMnBi2 unit cell is

nearly twice as large in the c direction as that of BaFePn2. The Mn-Bi(2) layers in

SrMnBi2 is clearly reminiscent of the TX4 (T = transition metal; X = pnictogen or
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Figure 4.16 : The crystal structures of (a) SrMnBi2 (space group I4/mmm, Ref. [25]);
and hypothetical compound (b) BaFeAs2 (space group P4/nmm) and (c) BaFe2As2
(space group I4/mmm), as predicted in Ref. [26]. The alkaline earth, transition metal
and pnictogen atoms are colored red, green and blue, repectively. ∆zT and ∆zPn

represent the distance between adjacent transition metal layers, and the distance be-
tween pnictogen planes above and below the same transition metal plane, respectively.
The tetrahedrally coordinated Fe-Pn layer is present in all three compounds. Two
characteristic Pn-Fe-Pn angles are denoted as α1 and α2, as shown in (d).
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chalcogen) tetrahedral layers in the iron-based superconductors [92]. In the Mn-Bi(2)

layers, the Bi-Mn-Bi angles for Bi atoms with the same and different z coordinates,

as illustrated in Fig. 4.16d, are determined to be α1 = 104.62◦ and α2 = 111.95◦,

respectively. These values are closer to the perfect tetrahedron angle of 109.47◦ than

those of BaFe2As2, for which the corresponding values are α1 = 103.39◦ and α2 =

112.60◦. If the empirical relationship [225] between the superconducting transition

temperature Tc and the X-T-X angles holds for SrMnBi2, it could be a promising

parent compound for superconductivity when doped or pressurized.

The anisotropic magnetization of SrMnBi2, measured for H = 1 T, is shown in

Fig. 4.17. For H ∥ ab (black symbols), two transitions can be identified around 250

and 290 K (top inset, Fig. 4.17). The upper transition at T1 = 290 K is likely associ-

ated with an AFM ordering, as DFT calculations on SrMnBi2 [226] suggest an AFM

ground state. The lower temperature transition at T2 = 250 K may be either a spin

reorientation transition in the magnetically ordered state, or a structural distortion,

or both. Except for temperatures close to these two transitions, the susceptibility

for both H ∥ ab and H ⊥ ab decreases with temperature up to T ≈ 350 K. Around

T1 and T2, the H ⊥ ab susceptibility (black symbols, Fig. 4.17) increases with tem-

perature, reminiscent of a charge density wave (CDW) transition [227]. In the CDW

scenario, a magnetic moment of 1.3 µB/Mn can be estimated from the Curie-Weiss-

like susceptibility below 100 K, which is significantly smaller than the theoretically

predicted value for Mn2+ (5.9 µB) [228]. Additional measurements up to 800 K and

H = 2 T (bottom inset, Fig. 4.17), performed at Brookhaven National Laboratory,

have revealed that the susceptibility decreases with T above ∼320 K and up to the

550 K melting temperature of the compound. The absence of Curie-Weiss behavior in

this high temperature regime may be due to a large anisotropy of the magnetic cou-
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Figure 4.17 : Anisotropic M(T ) data of SrMnBi2, measured for H = 1 T. The two
transitions at T1 and T2 are marked by vertical arrows in the top inset; bottom
inset: high-temperature M(T ) data for H ∥ ab, showing the melting temperature of
SrMnBi2 (vertical arrow).

pling, which would be consistent with the two-dimensional character of the electronic

structure revealed by band structure calculations [226].

The H = 0 resistivity data (Fig. 4.18) confirm the high-temperature transitions

observed in the susceptibility: ρ(T ) shows a small drop around T1 = 290 K on cooling

(solid symbols), while the lower temperature transition is reflected as a local maximum

around T2 = 250 K. Above T2 , a clear difference between the warming and cooling

data is observed, indicating that one or both of the two transitions is first order.

The residual resistivity ρ0 ≈ 160µΩ cm suggests that SrMnBi2 is a bad metal, albeit

slightly more metallic than the “122” and “1111” iron pnictides [42, 208]. A Fermi-

liquid-like behavior is observed in SrMnBi2 below 25 K, as shown in the inset of Fig.
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4.18: a linear fit of ρ vs. T 2 yields a coefficient A = 0.125 µΩ cm/K2 in ρ = ρ0+AT
2,

with a small deviation from linearity at the lowest temperatures.

The two transitions observed in theM(T ) data forH ⊥ ab (Fig. 4.17) are reflected

as peaks in the derivative plot d(MT )/dT (Fig. 4.19a), locating at T1 = 292 K and T2

= 252 K. The transition temperatures determined from d(MT )/dT (Fig. 4.19a) are in

good agreement with the dρ/dT data (Fig. 4.19b), which exhibit two corresponding

peaks at the same temperatures, as expected for an antiferromagnetically ordered

metal [229, 230]. Because of the high temperatures at which these transitions occur,

only a broad peak can be seen in the specific heat measurement (Fig. 4.19c) around

T1, with a barely visible signature at T2. A linear fit (red line, inset of Fig. 4.19c) of

Cp/T vs. T 2 for T below 10 K gives an enhanced value for the electronic specific heat

coefficient, γ = 36.5 mJ mol−1K−2. The Kadowaki-Woods ratio is therefore estimated

to be A/γ2 = 9.38× 10−5 µΩ cmK2mol2mJ−2, which is one order of magnitude larger

than those of heavy fermion materials [20] and is indicative of an enhanced electronic

correlation in SrMnBi2.

DFT calculations on SrMnBi2 [226] suggest that the 3d electrons in this compound

are more localized compared with the iron pnictides. In addition, both Mn-Bi(2) and

Sr-Bi(1) layers have considerable contributions to the density of states at the Fermi

surface, indicating that the Sr-Bi(1) “blocking” layers are indeed metallic, reflecting

Shim’s prediction on the hypothetical BaFePn2 compounds [26]. The band structure

of SrMnBi2 in its paramagnetic state exhibits Dirac-cone-like [231] features along

the M − Γ and A − Z paths, which are more anisotropic compared to the case of

graphene [232].
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4.2.3 Summary and Conclusions

SrMnBi2 is a layered transition-metal pnictide with structural similarities to the

known iron-based superconductors and the hypothetical BaFePn2 compounds. The

relative thickness of the T-X layer, ∆zPn/∆zT (as defined in Fig. 4.16), is smaller

in SrMnBi2 (0.308) than in BaFe2As2 (0.48) [208], and is comparable with that of

LaOFeAs (0.302) [42], larger only than the corresponding value in the hypotheti-

cal “112” compounds (0.23) [26]. This small relative thickness renders SrMnBi2 one

of the most two-dimensional compounds among the known iron pnictide materials.

In addition, DFT calculations [226] indicate that the Sr-Bi(1) “blocking” layers are

metallic in SrMnBi2. All these observations suggest that this compound could be a

promising candidate for new superconductors. If the superconducting temperature Tc

is commensurate with the magnetic ordering temperature, the large TN value of 290

K could be a hint of a possible high Tc in this system. For a thorough investigation

on this possibility, doping and pressure experiments on SrMnBi2 are needed to be

performed in the future.

4.3 Mott Insulator near the Itinerant-to-local Moment

Crossover: Sr2F2Fe2OS2

4.3.1 Introduction

The discovery of high-Tc superconductivity in the iron pnictides has brought atten-

tion to the potential for novel electronic phases in layered iron-based compounds

at the itinerant-to-local moment boundary. Recently, a family of oxychalcogenide

compounds A2T2OX2 (A = RO, SrF, BaF, Na; T = Mn, Fe, Co; X = S, Se) with

checkerboard layers have raised intense interest for their unique crystal and mag-
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netic structures as well as Mott insulating behavior. The first reported compound

La2O3Fe2X2 (“2322”, X = S, Se) [233] crystallizes with a layered tetragonal struc-

ture, consisting of tetrahedral La2O2 layers and checkerboard-like sheets made of face

sharing FeO2X4 octahedra (Fig. 4.20).

By replacing the La2O2 sheets with different types of spacer layers A2 of the

same 2+ valence, a number of compounds with similar structures have been synthe-

sized, including La2O3Co2Se2 [234, 235], R2O3Mn2Se2 (R = La, Ce, Pr) [236–238],

R2O3Fe2Se2 (R = La-Sm) [238], A’2F2T2OX2 (“22212”; A’ = Sr, Ba; T = Mn, Fe; X

= S, Se) [239] and Na2Fe2OSe2 [240]. In spite of their structural similarity, neutron

diffraction experiments have revealed a variety of magnetic structures in the ground

states of these compounds. While La2O3Mn2Se2 has a G-type AFM structure [236],

a bi-collinear AFM and a non-collinear plaquette AFM structure have been observed

in its Fe [241] and Co [242] analogues, respectively.

So far, all available results from DFT calculations and transport measurements

on these oxychalcogenides point to a Mott insulating behavior, which is believed to

be a result of the narrowed transition metal 3d band [234, 239, 243]. In light of the

cuprate and iron pnictide superconductors that are both close to the boundary be-

tween correlation-induced localization and itinerancy, the Mott insulating transition

metal oxychalcogenides are particularly interesting for their potential of being tuned

towards the itinerant regime, giving rise to correlated metals or superconductors.

While this type of electron delocalization transition into a metallic state has recently

been realized in SmMnAsO [244, 245] and LaMnOP [175] via doping and pressure

tuning, such studies on the checkerboard transition metal oxychalcogenides are yet

to be reported. This chapter presents a study on the effects of Mn and Co doping on

the Mott insulating Sr2F2Fe2OS2 compound, with a detailed characterization through
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Figure 4.20 : (a) Crystal structure of A2Fe2OX2 and (b) the ab-plane view of the
Fe2OX2 checkerboard plane.

DC/AC magnetization, resistivity, and specific heat measurements.

4.3.2 Sample Preparation

Polycrystalline samples of Sr2F2(Fe1−xTx)2OS2 (x = 0, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5,

0.6, 0.7 for T = Mn, and x = 0.1, 0.2, 0.3 for T = Co) compounds were synthesized

by solid state reaction. Powders of all starting materials, including SrF2, SrO, Fe, S

and elemental dopant Mn or Co, were mixed in ratios of 0.9:1:(2-2x):2:2x. It is worth

mentioning that the optimal amount of SrF2 was 10% less from the stoichiometric

value. While samples made from reactants in stoichiometric ratios were found to have

a noticeable amount of strontium fluoride and iron sulfide impurities, the ones made

from slightly reduced amount of SrF2 had much better purities.
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The mixture of starting materials was carefully ground up in an agate mortar

inside a glovebox to prevent oxidation and absorption of moisture, then pressed into

a pellet using a hydraulic press. The pellet was placed in an Alumina crucible and

sealed in a quartz ampoule under 1/3 atm Argon pressure. A multi-step annealing

temperature profile was used to enhance the homogeneity of the samples and to reduce

the amount of impurity phases. The samples were first heated up to 200 ◦C, left at

that temperature for 12 hours, then heated to 800 ◦C at a rate of 50 ◦C/min and

annealed for another 12 hours. Afterwards, the samples were slowly cooled down to

room temperature with the furnace, ground up and re-pelletized, then sealed up and

put back into the furnace for a second step of annealing at 850 ◦C. Higher annealing

temperatures have been tried on a number of samples with various doping levels. For

the Mn-doped series, annealing at 900 ◦C cast no significant effects in terms of purity

on the samples with x < 0.5, while it clearly lowered the impurity level for x = 0.5

- 0.7. Annealing at temperatures higher than 900 ◦C had no positive effect on the

sample quality. At 1000 ◦C, the “22212” phase became unstable and decomposed

in samples of all compositions. As a summary, the temperature profiles that worked

best for each composition are listed in Table 4.5.

Attempts to synthesize compounds with higher x failed, as the solubility limits

may have been reached. Room temperature powder X-Ray diffraction measurements

were performed on a Rigaku D/Max diffractometer with Cu Kα radiation. The lattice

parameters of each composition were determined from Rietveld refinements, using the

rietica software package.

For a couple of samples with small dopant content (x ≤ 0.2), a strong preferred

orientation along the (00l) crystallographic direction was observed in the XRD pat-

terns after the step of annealing at 900 ◦C, indicating a formation of tiny single
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Table 4.5 : Optimal annealing temperatures for pure and doped Sr2F2Fe2OS2

Dopant x Annealing Temperatures (◦C)

none 800, 850

Mn 0.1, 0.2, 0.3, 0.4 800, 850

Mn 0.5, 0.6, 0.7 800, 850, 900

Co 0.1 800, 850

Co 0.2, 0.3 800, 850, 900

crystals inside the pellet, which was visible under an optical microscope. An attempt

of growing larger single crystals of the undoped compound was made by annealing

the pellet at 900 ◦C for 10 days, however no sizable crystals were obtained after the

annealing.

4.3.3 Physical Properties of Sr2F2Fe2OS2

At TN = 106 K, the DC magnetization M(T ) shows a peak (Fig. 4.21), which is

confirmed by neutron diffraction experiments [246] to be an AFM transition. While

the Néel temperature is consistent with a previous report [239], the anomaly here is

much sharper, indicating a better sample quality in our study. As the temperature

deceases, a second transition occurs at T2 = 28 K, manifested as a broad peak in

both ZFC and FC curves. The nature of this transition remains unknown since no

additional peaks have been observed in the neutron diffraction patterns obtained at 12

and 20 K [246]. Above TN , no Curie-Weiss behavior is observed for temperatures up

to 300 K, which is not unexpected given the two dimensional, Ising-like magnetism

in Sr2F2Fe2OS2 [239]. A broad maximum around 150 K suggests short-range spin

correlations in the magnetic sublattice, similar to La2O3Mn2Se2 [236].
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Figure 4.21 : DC magnetization measured of Sr2F2Fe2OS2 for H = 1 T. The ZFC
and FC data are shown as solid and open symbols, respectively

The ZFC and FC magnetization data (full and open symbols, Fig. 4.21) exhibit

apparent irreversibility below TN , which is also reflected by the magnetic hysteresis

loop (Fig. 4.22). This indicates a glassy behavior, consistent with the short range

correlations in the magnetic sublattice, which are reflected in theM(T ) data discussed

above and are likely due to the frustrated superexchange interactions along different

paths, as will be shown below. The hysteresis in M(H) is visible for temperatures up

to 400 K, suggesting that the short range correlations are fairly strong as they still

survive at such a high temperature.
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Figure 4.22 : Hysteresis loop M(H) of Sr2F2Fe2OS2, measured for T = 2, 70, 200,
300, 400 K. A zoomed-in view of the hysteresis loops is shown in the inset.
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Figure 4.23 : Specific heat of Sr2F2Fe2OS2, measured for for H = 0. After subtracting
the phonon contribution (dashed line), the magnetic specific heat Cm(T ) is plotted
vs. t = |T − TN |/TN (inset), showing logarithmic divergence near TN .
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The specific heat data (Fig. 4.23) also show a sharp anomaly at TN . By subtract-

ing the estimated phonon contribution from a polynomial fit of the Cp(T ) data at

temperatures away from TN (dashed line, Fig. 4.23), the singular magnetic specific

heat Cm was extracted and plotted vs. t = |T − TN |/TN in the inset of Fig. 4.23.

The observed logarithmic divergence of Cm is expected for a two dimensional Ising

system.

Like all other “2322” and “22212” compounds, Sr2F2Fe2OS2 is an insulator for

which the temperature dependent resistivity ρ(T ) (inset, Fig. 4.24) can be described

by ρ ∝ eEg/kBT , as shown in the Arrhenius plot (Fig. 4.24). A linear fit of ln ρ

vs. 1/T (solid line, Fig. 4.24) suggests an activation gap Eg = 0.28 eV, which is

considerably larger than the previously reported value of 0.10 eV but equal to Eg =

0.28 eV for Ba2F2Fe2OSe2 [239]. At temperatures lower than 250 K, the resistivity

starts to deviate from the activation gap model, which suggests the importance of

hopping between localized gap states, as observed in LaMnPO1−xFx [247].

Neutron diffraction experiments [246] on the Sr2F2Fe2OSe2 compound have re-

vealed a unique, noncollinear two-k structure with propagation vectors k1 = (1/2, 0,

1/2) and k2 = (0, 1/2, 1/2), as illustrated in Fig. 4.25. The structure can be de-

scribed as longitudinally polarized AFM order on perpendicular Fe-O-Fe chains that

intersect at the oxygen sites. The intra-layer exchange interactions between the near-

est and next nearest neighboring Fe sites involve three distinct exchange paths (green

arrows, Fig. 4.25b): J1 links spins within chains via the 180◦ Fe-O-Fe super-exchange

interaction and is expected to be dominant. J2 links perpendicular chains through

the 90◦ Fe-O-Fe and the approximately 90◦ Fe-S-Fe super-exchange interactions. J3

corresponds to the Fe-S-Fe super-exchange with a bond angle of 100.22◦, which links

parallel spin chains. The observed magnetic structure is favored by AFM J1 and FM
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Figure 4.24 : Semi-log plot of resistivity vs. 1/T in Sr2F2Fe2OS2, with a linear fit
(red line) that gives Eg = 0.28 eV. The raw ρ(T ) data are shown in the inset.
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(a) (b)

J3 J1

J2

Figure 4.25 : (a) The unit cell of Sr2F2Fe2OS2, with the red arrows indicating the Fe
spins orientation in the AFM state; (b) the ab plane view of the Fe2OS2 layer.

J3 interactions. Isotropic J2 interactions are frustrated due to the 90◦ angle between

nearest neighbor spins.

The magnetic structure of Sr2F2Fe2OS2 differs from those inferred for the struc-

turally analogous “2322” systems La2O3T2Se2 (T = Mn, Fe, Co), for which the T

= Mn compound shows a G-type AFM structure with all spins parallel to the c

axis [236], the T = Fe compound exhibits a bi-collinear AFM structure with all spins

parallel to the a axis [241], while for T = Co a non-collinear plaquette AFM structure

with 90◦ angles between the spin orientations of neighboring Co is observed [242].

The unusual diversity of magnetic structures indicates frustration in the magnetism
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of the checkerboard Fe2OX2 spin lattice.

4.3.4 Effects of Mn and Co Substitution

Fig. 4.26 shows the lattice parameters and unit cell volume of the synthesized

Sr2F2(Fe1−xTx)2OS2 (T = Mn, Co) compounds, determined from Rietveld refine-

ments. For the Mn-substituted compounds (left panel, solid symbols), the lattice

parameters a, c, and the unit cell volume V increase almost linearly with the Mn

content x, as expected from the Vegard’s law [248]. A similar trend is also observed

for the Co-substituted ones (Fig. 4.26 right panel, open symbols), for which a, c, and

V exhibit a negative linear dependence on x. The systematic variation of unit cell

dimensions in those substituted compounds is directly associated with the different

ionic radii of transition metal ions (RMn2+ > RFe2+ > RCo2+) [221], in which sense the

Mn- and Co- substitution can be viewed as negative and positive chemical pressures,

respectively.

Since the Mn and Co substitutes are most likely to occupy the Fe sites in the

magnetic sublattice, the magnetic properties of the system strongly rely on the level

of the substitution. As shown in Fig. 4.27, the temperature dependent DC magne-

tization M(T ) exhibits a highly systematic evolution as the content of substitutes

varies. For the undoped (x = 0) compound, a well defined peak at TN = 106 K marks

the long range AFM transition, which has been confirmed by neutron diffraction ex-

periments [246]. Below TN , an apparent irreversibility between the ZFC and FC data

is observed as a result of the magnetic frustration originating from competing ex-

change interactions along different paths. Mn substitution moves the AFM transition

temperature from 106 K (x = 0) down to 63 K (x = 0.15), with a less pronounced

feature at TN and significantly reduced irreversibility in the AFM ordered state.



122

Figure 4.26 : Lattice parameters a (red squares) and c (blue circles), and unit cell
volume V (black triangles) as a function of T content x in Sr2F2(Fe1−xTx)2OS2 (T =
Mn, Co); the dashed line is a guide for the eye, showing the near-linear decrease of
V for the whole composition range of the synthesized compounds
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Figure 4.27 : DC susceptibility M/H (left panel) and dM/dT (right panel)
for Sr2F2(Fe1−xMnx)2OS2 (x = 0, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7) and
Sr2F2(Fe1−xCox)2OS2 (x = 0.1, 0.2, 0.3). The ZFC and FC data are marked with full
and empty symbols, respectively.
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In contrast to the Mn substitution that suppresses the original AFM order in

Sr2F2Fe2OS2, the Néel temperature gradually moves higher upon Co substitution,

reaching TN = 124 K for x = 0.3. While random substitution of transition metal

atoms is expected to introduce disorder into the magnetic sublattice and is generally

detrimental to the long range magnetic ordering, the observed enhancement of TN

in Co-substituted compounds is possibly a result of the decreased lattice parame-

ters, which reduces the average distance between magnetic ions and leads to stronger

exchange interactions. Similar to the Mn-substituted compounds with low x, the

irreversibility in the AFM ordered state is also reduced as the the substitute content

increases, which could be an effect of the disorder that removes some degeneracies

caused by frustration.

While the glassy-like features observed in the DC M(T ) data for a few interme-

diate compositions are likely to be evidence of a low temperature spin glass state, it

is necessary to perform AC susceptibility measurements to verify the most important

hallmarks of spin glasses. As a sensitive probe of the relaxation process in the glassy

state, the AC susceptibility of a spin glass system is expected to show a peak around

the freezing temperature Tf , which increases with the frequency of the AC excitation

field. Fig. 4.28 shows the real part of AC susceptibility, χ′(T ), for selected compo-

sitions of Sr2F2(Fe1−xTx)2OS2 (T = Mn, Co). For x = 0, a double peak appears

around TN = 106 K, which corresponds to the maximum and minimum in dM/dT

(right column, Fig. 4.27).

The AC susceptibility for 0 < x ≤ 0.15 has no sharp peaks but a broad inflexion

point around 30 K, at which the DC M(T ) data exhibit little visible feature. The

absence of peaks around TN renders the existence of long range magnetic ordering

rather questionable in this composition range, which is likely to be a crossover regime
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between the long range AFM ordering and the spin glass state (as will be discussed

below). In this case, the magnetic correlation lengths are not large enough to sustain

a macroscopically long range interaction, but are still distinguishable from the ones

in a disordered frozen state with only short range coupling.

As x further increases, a broad peak shows up in the AC data for 0.2 ≤ x ≤ 0.5.

As the AC frequency increases, the peak position Tf monotonically moves towards

higher temperatures, with ∆Tf/Tf∆(lnω) ≈ 0.3, typical for a spin glass system [15].

The freezing temperature Tf also agrees well with the irreversibility between the ZFC

and the FC curves of the DCM(T ) data (left panel, Fig. 4.27). At x = 0.5, while the

AC susceptibility retains a frequency dependent feature at Tf ≈ 15 K, it is no longer

as symmetric and pronounced as the ones observed for x = 0.3 and 0.4. In addition,

the AC data for x = 0.5 show a much higher and narrower peak at T2 = 42 K, where

the DC M(T ) data (Fig. 4.27) exhibit a step-like feature. The peak position remains

unaltered as frequency changes, indicative of a rapid spin relaxation. The magnetic

properties of the x = 0.5 compounds are reminiscent of the reentrant spin glasses, for

which the material can enter a frozen glassy state from either an AFM or FM ordered

state during cooling, as a consequence of the competing interactions. For x > 0.5,

the AC susceptibility data also show a sharp peak at T2 and a broader feature at a

lower temperature. However, no frequency dependence can be observed, suggesting

the absence of any collectively frozen state. Therefore, while the irreversibility in the

M(T ) data may be attributed to frustration and short range correlations, the system

is no longer a spin glass in this concentration range.

Unlike to Mn-substituted compounds, the AC susceptibility data for the Co-

substituted compounds exhibit no frequency dependent feature at any composition,

possibly due to the smaller ionic radius of Co2+, which may leads to less disorder
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in the lattice. It is also possible that a spin glass regime can be reached if the Co

content can be further increased.

The M(H) loops of the Mn-doped compounds, measured at 2 K and 200 K, are

shown in Fig. 4.29 and 4.30 respectively. For data taken at 2 K, the loop of x = 0

compound manifests a relatively large hysteresis, with a coercive field around 2500

Oe. As x increases, the coercive field first decreases until it reaches the minimum at

x = 0.3, then goes up again as x further increases. At T = 200 K, which is higher

than the ordering temperatures, no visible hysteresis can be seen for all x values. For

the Co-doped compounds, the hysteresis at T = 2 K (Fig. 4.31) almost vanishes at

x = 0.1, and is completely invisible for higher x values. At T = 200 K (Fig. 4.32),

all compositions exhibit no hysteresis. As discussed in Chapter 4.3.3, the hysteresis

is likely to be associated with the short range inter-plane correlations, which seems

to be unfavored by the Co-doping according to the above observations.

The Arrhenius plots of the temperature dependent resistivity for Sr2F2(Fe1−xTx)2OS2

(T = Mn, Co) compounds are shown in Fig. 4.33a and 4.33b. An insulating behav-

ior, as described by the Arrenius law ln ρ = Eg/kBT , is observed for all compositions.

The activation gap Eg, determined from a linear fit of ln ρ vs. 1/T , is plotted in Fig.

4.33c. For the Mn-substituted compounds, Eg decreases nearly linearly as x increases

from 0 to 0.5, indicative of a more metallic behavior as a result of the substitution.

However, the gap starts to increase as x goes further above 0.5, leaving Eg|x=0.5 =

0.18 eV as a minimum in the diagram. For the Co-substituted compounds, the gap

Eg becomes larger as x increases, as a continuation of the linear trend (dashed line,

Fig.4.33c) shown in the Mn-substituted materials with x = 0–0.5. Considering the

identical linear dependence of unit cell volume on x (Fig. 4.26) for both Mn- and

Co-substituted compounds, it is likely that the systemic variation in Eg originates
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(a) (b)

(c) (d)

(e) (f)

Figure 4.28 : AC susceptibility χ′(T ) for Sr2F2(Fe1−xMnx)2OS2 (x = 0, 0.2, 0.3, 0.5,
and 0.7) and Sr2F2(Fe1−xCox)2OS2 (x = 0.3), measured for AC frequencies of 500,
1000, 5000, and 10000 Hz.
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Figure 4.29 : Hysteresis loops of Sr2F2(Fe1−xMnx)2OS2 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5,
0.6, 0.7), measured at 2 K.
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Figure 4.30 : Hysteresis loops of Sr2F2(Fe1−xMnx)2OS2 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5,
0.6, 0.7), measured at 200 K.
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Figure 4.31 : Hysteresis loops of Sr2F2(Fe1−xCox)2OS2 (x = 0, 0.1, 0.2, 0.3), measured
at 2 K.
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Figure 4.32 : Hysteresis loops of Sr2F2(Fe1−xCox)2OS2 (x = 0, 0.1, 0.2, 0.3), measured
at 200 K.
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from the chemical pressure effect on both the crystal and electronic structures of those

materials. The deviation from the trendline, as observed in Mn-substituted samples

with x > 0.5, suggests that other competing factors (e.g. electron counts) may also

be at play, which yield the minimum in gap at x = 0.5. While Mn-substitution alone

seems to be not enough for driving this insulating compound into a metal, it is still

worth investigating whether additional tuning parameters, such as hydrostatic pres-

sure or a second substitute, can be applied on the x = 0.5 compound to tune it further

towards the itinerant-localization crossover. This is left for a future study.

Temperature dependent specific heat of Mn- and Co-substitued compounds is plot-

ted in Fig. 4.34 and 4.35, respectively. For the undoped compound (black squares),

the specific heat exhibits a sharp peak at 107 K, which corresponds to the second

order AFM transition at TN . As Co is substituted for Fe, the peak gradually moves

up with increasing x, consistent with the magnetization data (Fig. 4.27). However,

for the Mn-substituted ones, the peak vanishes in almost all compositions. Only a

vague inflexion point can be observed for the x = 0.1 and x = 0.7 compounds (Fig.

4.34b and 4.34c). While a well defined feature in specific heat is not expected for the

compounds in the spin glass regime (0.2 ≤ x ≤ 0.5) due to a lacking of long range

magnetic ordering, it is puzzling why it is absent in other compositions for which

the magnetization measurements clearly point to an magnetic ordering without spin-

glass-like features. One possible explanation could be that Mn-substitution enhances

the short range correlations at temperatures above TN , which have been observed

in Sr2F2Fe2OS2 and La2O3Mn2Se2 [236, 249]. In that case, a considerable portion of

magnetic entropy could be removed due to short range ordering at T > TN , dimin-

ishing the feature at TN . A detailed neutron diffraction study on the Mn-substituted

compounds is currently underway to elucidate this issue.
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Figure 4.33 : Arrhenius plots for (a) Sr2F2(Fe1−xMnx)2OS2 (x = 0, 0.1, 0.2, 0.3, 0.4,
0.5, 0.6, 0.7) and (b) Sr2F2(Fe1−xCox)2OS2 (x = 0, 0.1, 0.2, 0.3). The data have
been shifted vertically for clarity. Linear fits to the Arrenius law ln ρ = Eg/kBT are
shown as dotted lines. The activation gap Eg is plotted as a function of the substitute
concentration x in panel (c).
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Figure 4.34 : (a) Temperature dependent specific heat for Sr2F2(Fe1−xMnx)2OS2 (x
= 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7). The inflexion points in Cp(T ) for x = 0.1 and x
= 0.7 are marked with arrows in panel (b) and (c), respectively.
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Figure 4.35 : Temperature dependent specific heat for Sr2F2(Fe1−xCox)2OS2 (x = 0,
0.1, 0.2, 0.3).
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4.3.5 Discussions and Conclusions

As discussed above, the series of Mn- and Co-doped Sr2F2Fe2OS2 compounds show a

complex, but systematic evolution of magnetic and transport behaviors with regards

to the dopant content x, resulting from the interplay between frustration, randomness,

disorder, and the coexistence of two magnetic ions. A number of features have been

observed in various measurements, which are associated with different types of phase

transitions and a frozen spin glass state.

Due to the considerably different magnetic behaviors in different composition

ranges, which are not unexpected given such a wide range of x values, separate crite-

ria have been used for the determination of the magnetic ordering temperature or the

spin glass frozen temperature for four individual composition ranges, as illustrated in

Fig. 4.36 and will be discussed below.

Since the nature of magnetic transitions observed in the doped compounds cannot

be confirmed without neutron diffraction experiments, the magnetic ordering temper-

ature for different composition ranges is labeled as Tord, regardless of the actual type

of the transition. For the relatively lightly doped ranges (x ≤ 0.3 for T = Co, x < 0.2

for T = Mn), the DC magnetization (Fig. 4.27, left panel) data look generally identi-

cal, with a cusp-like feature at Tord that is likely to be associated with an AFM-type

transition. For most of the compositions in this range, a peak can also be observed

in the specific heat data at the same temperature. By taking the peak positions in

both the first order derivative of magnetization (Fig. 4.36b) and the specific heat,

Tord can be determined with a small error bar. While the undoped and x = 0.1 (T =

Co) compounds have a local maximum and a local minimum point in dM/dT around

the transition, the mid point between those two saddle points is taken as Tord in these

two cases (Fig. 4.36a).
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Figure 4.36 : A illustration of the criteria for determining the characteristic tem-
peratures of the Sr2F2(Fe1−xTx)2OS2 systems with different composition ranges: (a)
0 ≤ x ≤ 0.1 (T = Co) (b) 0.1 ≤ x < 0.2 (T = Mn) and x > 0.1 (T = Co); (c)
0.2 ≤ x ≤ 0.5 (T = Mn) and (d) x ≥ 0.6 (T = Mn).
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For 0.2 ≤ x ≤ 0.5 (T = Mn), a frequency dependent peak at Tf shows up in the

AC magnetization (Figs. 4.28c,d,and e), close to the temperature at which the irre-

versibility between the ZFC and FC data in DCM(T ) occurs. This feature is likely to

be associated with a frozen spin glass state below Tf , resulting from the randomness

of occupation and interactions due to the mixture of magnetic Fe and Mn ions on

one crystallographic site. As x goes up to 0.5, the peak around Tf becomes much less

pronounced, indicating the system is near the boundary of the glassy state, possibly

a consequence of the developing FM couplings within magnetic clusters as the per-

colation limit is reached. For all compositions inside this glassy regime, no peaks are

observed in the specific heat data, indicating that the long range AFM ordering is fully

suppressed by the disorder indroduced by doping, the low temperature irreversibility

between the ZFC and FC magnetization data (Fig. 4.27, left panel) suggests that

the magnetism for these compositions may be dominated by short-range coupling of

local magnetic domains. To determine the freezing temperature Tf , the frequency

dependent peaks in the AC M(T ) data are fit with a Pseudo-Voigt lineshape and the

center of the peak is taken as Tf .

For x ≥ 0.5 (T = Mn), a step-like feature in DC magnetization, which is also

reflected as a local minimum in dM/dT , starts to develop, with the ZFC curve nearly

leveling up at the low temperature side of the step (Fig. 4.27). This additional feature

appears to be a continuous evolution from the more obscure ones in theM(T ) data of

the compositions in the glassy regime, and is possibly an indication of a new long range

magnetic ordering in the transition metal sublattice. The corresponding ordering

temperature Tord is determined by extrapolating the three linear-like regions of this

Z-shape curve (Fig. 4.36d), and selecting the midpoint between the two intersecting

points as Tord. As shown in Fig. 4.36d, the ordering temperature obtained from
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this method also agrees well with the position of the local minimum in dM/dT . As

x increases, Tord moves up from 47.5 K (x = 0.5) to 90 K (x = 0.7). This can be

understood in a scenario that the type of magnetic ground state changes from the Fe-

rich side to the Mn-rich side. The increase of Tord with x ≥ 0.5 is therefore equivalent

to a suppression of the ordering temperature with increasing Fe concentration (1-x), if

we take Sr2F2Mn2OS2 as the undoped reference. While a neutron diffraction study is

currently ongoing to verify this possible scenario, DFT calculations on Sr2F2Mn2OS2

have revealed a checkerboard-AFM ground state [250], which is different from the

plaquette AFM state in Sr2F2Fe2OS2 [249] and supports the scenario discussed above.

As summary, a phase diagram is shown in Fig. 4.37, with the characteristic tem-

peratures Tord and Tf mapped for each composition. In general, while the long range

magnetic ordering is possibly fully suppressed in the intermediate composition range

(0.2 ≤ x < 0.5), no superconductivity has been observed, possibly due to the strong

short-range-correlation-dominated magnetism that may compete with the supercon-

ductivity at low temperatures. In addition, the excitation gap shows a minimum

around x = 0.5 while the resistivity still retains an insulating behavior, which basi-

cally rules out the possibility of pushing the system into a metallic state by merely

Mn-doping. However, the compounds with x = 0.4 – 0.5 provide a good starting

point for introducing a second tuning parameter, such as an additional dopant or hy-

drostatic pressure, since both TN and Eg are minimized in that regime. By contrast,

Co-doping leads to an increase in both the AFM ordering temperature and the exci-

tation gap, which is less favored for the purpose of introducing superconductivity. An

extensive experiments with more types of dopants is needed to further investigate the

possibility of tuning this Mott insulator towards the itinerant-to-localized moment

crossover.
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Tord

Tf

Figure 4.37 : Phase diagram of Sr2F2(Fe1−xMnx)2OS2 system. The critical temper-
atures Tord and Tf are marked with blue and red colors. The green dashed lines are
guides to the eye for possible phase boundaries.
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Chapter 5

Binary type-I superconductor: YbSb2

5.1 Introduction

A long held empirical belief has been that type I superconductors are generally el-

ementary metals and metalloids, while the majority of superconducting compounds

exhibit type II behavior. Among the vast array of known binary and ternary su-

perconductors, the number of systems with type I superconductivity is notably lim-

ited [251–257].

YbSb2 was first claimed to be a type I superconductor by Yamaguchi et al. [257],

solely based on the shape of one M(H) isotherm at 0.4 K. Subsequently, a lim-

ited number of studies of the physical properties of YbSb2 have been published.

Among those, Sato et al. reported results of DFT calculations, resistivity and de

Haas-van Alphen measurements, which revealed a quasi-two-dimensional Fermi sur-

face [258]. Two other brief reports of resistivity under pressure [259] and NQR mea-

surements [260] indicated that Tc is suppressed under pressure p = 0.4 GPa, and

that YbSb2 is likely a weakly coupled s-wave superconductor. Given the scarcity

of type I superconducting compounds, and the lack of a thorough characterization

of the magnetic and thermodynamic properties of YbSb2, a detailed analysis of the

superconducting ground state in this compound is needed. This chapter presents the

results of DC and AC magnetization, specific heat, resistivity and magnetic penetra-

tion depth, confirming the type I nature of the superconductivity in YbSb2.
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5.2 Sample Preparation and Experimental Methods

YbSb2 single crystals were synthesized by flux growth technique, using excess amount

of Sb. Elemental Yb (Ames Lab, 99.999%) and Sb (Alfa Aesar, 99.9999%) pieces in

an atomic ratio of 1:9 were packed in an Alumina crucible and sealed in a quartz

ampoule under partial Ar pressure. The ampoule was heated up to 650 ◦C, kept at

that temperature for four hours, then slowly cooled down to 620 ◦C, after which the

excess flux was removed in a centrifuge. The as-grown crystals were thin plates with

a typical dimension of 5×5×0.2 mm3. A 1:1:1 HCl-HNO3-H2O solution was used to

remove the remnant flux from the surface of the crystals.

DC magnetization measurements were performed at Max Planck Institute for

Chemical Physics of Solids at Dresden. The measurements were done in a commercial

QD MPMS with a He3 insert for temperatures between 0.5 and 2 K. For the plate-like

crystals, the shape was assumed to be ellipsoidal, and the demagnetization factor Nd

was determined from tabulated values [261]. AC magnetization was measured in a

dilution refrigerator, using a standard AC susceptometer consisting of two oppositely

wound pick-up coils. An external modulation field of 0.1 Oe and 113.7 Hz was applied

in the direction parallel to the crystal plate and data were acquired by a lock-in

amplifier. After background subtraction, the phase was shifted according to the

excitation frequency. In order to obtain absolute values of the magnetization, the

data were matched to the results from the QD MPMS measurements. The imaginary

part, χ′′, was set to zero at temperatures above Tc, using an appropriate offset. The

offset and the scaling to absolute values were the same for both the temperature and

field sweeps.

In-plane magnetic penetration depth ∆λ(T ) was determined using a self-resonating

tunnel-diode oscillator (TDR) [262] at Ames Laboratory. The oscillator operates
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at 16 MHz under an AC field of HAC ≈ 10 mOe and static magnetic fields up to

HDC = 400 Oe. Data were taken for temperatures down to 50 mK. The sample was

mounted on a sapphire rod with the crystal plate perpendicular to both HAC and

HDC . Placing the sample into the inductor causes the shift of the resonant frequency

∆f(T ) = − G4πχ(T ), where G is a calibration constant determined by physically

pulling the sample out of the coil. With the characteristic sample size R, ∆λ can be

obtained from 4πχ = (λ/R) tanh(R/λ)− 1. [263,264]

5.3 Physical properties and signatures of type-I supercon-

ductivity

The crystal structure of YbSb2 was refined from the powder X-ray diffraction pat-

tern, using a ZrSi2-type orthorhombic structure with space group Cmcm and lattice

parameters a = 4.554 Å, b = 16.715 Å and c = 4.267 Å.

Fig. 5.1 shows the temperature dependent DC magnetic susceptibility χ of YbSb2,

measured in a field H parallel to the crystal plate for H = 10 and 20 Oe. The

demagnetizing effect has been taken into account by calculating χ = χmeasured/(1 −

Ndχmeasured), where χmeasured =M/H is the ratio of the measured magnetization M

and the applied magnetic field H. The demagnetization factor Nd is estimated to be

0.07, if we approximate the shape of the plate-like crystal as an ellipsoid [261]. For

both zero field cooled (ZFC, solid lines) and field cooled (FC, dashed lines) data, the

low temperature susceptibility shows a clear Meissner signal at temperatures below

Tc = 1.25 K for H = 10 Oe. The superconducting volume fraction estimated from the

ZFC data at this field value is very close to 100%, indicative of bulk superconductivity.

As expected, Tc is suppressed by increasing magnetic field. The DC magnetization
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Figure 5.1 : Temperature dependent susceptibility of YbSb2, measured in a DC field
parallel to the crystal plate. The ZFC and FC data are plotted as solid and dashed
lines, respectively.

isothermsM(H) for T = 0.5 and 1.0 K are shown in Fig. 5.2a, before (solid symbols)

and after (open symbols) the demagnetization correction. It is clear that the corrected

M(H) curves show a step-like jump to zero near the critical field, characteristic of

type I superconductivity. The full magnetization loops (Fig. 5.2b) also have the

shape typical of type I superconductors [265–267].

The AC susceptibility χ′ of YbSb2 as a function of temperature is shown in Fig.

5.3. As the field increases from H = 0 to 55 Oe, the onset temperature of the Meissner

signal drops from 1.41 K to 0.14 K. In a H = 60 Oe field, the superconductivity is

further suppressed and cannot be detected down to 0.06 K. Similarly, a suppression of

Hc with T from 56.3 Oe (T = 0.06 K) to 2.3 Oe (T = 1.28 K) is illustrated by the χ′(H)

data in Fig. 5.4. The onset critical temperature Tc and critical field Hc values from
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AC susceptibility measurements are summarized in a H − T phase diagram in Fig.

5.9, and will be discussed later. A noteworthy feature of the χ′(T ) and χ′(H) curves is

the positive peak in the vicinity of the superconducting transition for H > 0, known

as the differential paramagnetic effect (DPE) in superconductors [268]. The DPE

signal originates from the positive ∂M/∂H values at temperatures right below Hc,

and can be observed in either type I or type II superconductors. Nevertheless, since

the height of the DPE peak in type II superconductors cannot exceed the absolute

value of the diamagnetic susceptibility [254], the observed large DPE signal (Figs. 5.3

and 5.4) clearly points to type I superconductivity in YbSb2.

The field-dependence of the superconducting transition of YbSb2 is further con-

firmed by specific heat measurements in fields up to H = 90 kOe. For clarity, a subset

of these data are shown in Fig. 5.5. In the H = 0 curve, a clear jump in the specific
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Figure 5.4 : Field dependent AC susceptibility of YbSb2, measured for various tem-
peratures from 0.06 K to 1.28 K.

heat confirms the bulk superconductivity. The transition temperature Tc, determined

at the midpoint of this jump, is close to 1.32 K and agrees well with the previous

report. [257] As H increases, Tc monotonically decreases and drops below 0.4 K (the

minimum available temperature for these measurements) at H = 60 Oe. The peak

at the transition also becomes sharper and higher for H = 10 Oe, compared to that

for H = 0, indicating a change from second to first order phase transition, commonly

seen in type I superconductors. As the field is further increased, a non-monotonic

change of the electronic and phonon specific heat coefficients γ and β is revealed by

the Cp/T vs. T 2 plots (Fig. 5.5, left inset). While this field dependence remains

to be understood, it makes it difficult to determine the electronic specific heat jump

∆Cel = Cel,s−Cel,n at Tc. An additional difficulty in estimating ∆Cel is a possible sec-

ond superconducting transition at lower temperatures, which will be discussed below.
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superconducting (squares) and normal (black line) electronic specific heat for H = 0,
plotted as Cel/T vs. T . An entropy conservation construct (red lines) is used to
determine the jump in the electronic specific heat at Tc.

We therefore use the H = 0 Cp/T vs. T 2 data (black, Fig. 5.5, left inset) to estimate

γ and β from the linear fit. This gives γ ≈ 3.18 mJ/mol K2 and β ≈ 0.90 mJ/mol

K4. After subtracting the phonon contribution Cph = βT 3, the jump in the specific

heat at the superconducting transition is estimated to be ∆Cel/γTc ≈ 0.85 (Fig. 5.5,

right inset), smaller than the BCS value of 1.43. As already mentioned, this could be

due to a second superconducting transition and the non-monotonic field dependence

of γ and β, as illustrated by a subset of Cp/T (T
2) curves shown in left inset, Fig.

5.5. The Debye temperature can also be estimated, using θD = (12π4NArkB/5β)
1/3,

where r = 3 is the number of atoms per formula unit. This yields θD ≈ 186 K.
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The AC resistivity of YbSb2, for H = 0 and i ∥ plate, is shown in Fig. 5.6. At

high temperatures, a linear temperature dependence of ρ(T ) is evident, as expected for

metals. As seen in the upper inset, the resistivity drops to zero at Tc = 1.25 K, with a

residual resistivity ρ0(2K) = 0.53 µΩcm just above Tc. The residual resistivity ratio,

calculated as RRR = ρ(300K)/ρ(2K), is around 186, indicative of a good quality

metal. At temperatures below 8 K and above Tc, the resistivity shows a quadratic

dependence on temperature: ρ = ρ0 + AT 2. From a linear fit of ∆ρ = ρ − ρ0 vs.

T 2, the coefficient A is determined to be 0.0013 µΩ cmK−2. The Kadowaki-Woods

ratio A/γ2 = 12.8a0, where a0 = 10−5µΩ cm mol2K2mJ−2. This large KW ratio is

consistent with the analogous value previously reported [258], and could be associated

with electron-phonon scattering or enhanced electron correlations.
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5.4 Superconducting parameters

Based on the resistivity and specific heat data, several superconducting parameters,

such as the London penetration depth λL, coherence length ξ, Ginzburg-Landau

parameter κ and electron-phonon coupling constant λel−ph can be estimated. With

four formula units per unit cell volume (V ), the electron density n of YbSb2 can be

calculated as n = 8/V = 2.483 × 10−2Å−3, assuming the valence of Yb to be 2+.

The Fermi wave vector kF can be roughly estimated if we assume a spherical Fermi

surface, which gives kF = (3nπ2)
1
3 = 0.903 Å−1. The Fermi wave vector kF , together

with the Sommerfeld coefficient γ = 3.18 mJ/molK2 = 6.56×10−5 J/cm3K2, yield the

effective electron mass m∗ = ~2k2Fγ/π2nk2B = 1.39 m0, where m0 is the free electron

mass. The London penetration depth λL(0) and coherence length ξ(0) can also be

derived as λL(0) = (m∗/µ0ne
2)1/2 = 40 nm and ξ(0) = 0.18~2kF/kBTcm∗ = 826

nm. It results that the GL parameter κ = λL(0)/ξ(0) = 0.05 ≪ 1/
√
2, confirming

the type I superconductivity in YbSb2. According to the McMillan theory [31], the

electron-phonon coupling is given by

λel−ph = 1.04+µ∗ ln(θD/1.45Tc)
(1−0.62µ∗) ln(θD/1.45Tc)−1.04

where the Coulomb pseudopotential µ∗ is usually between 0.1 and 0.15. Assuming

µ∗ = 0.13, the electron-phonon coupling is estimated to be λel−ph ≈ 0.51, suggesting

that YbSb2 is a weakly coupled BCS superconductor. Moreover, the λel−ph value

confirms the effective electron mass m∗ as calculated using m∗ = (1 + λel−ph)m0

which gives m∗ = 1.51m0.

Figure 5.7 shows the frequency shift ∆f(T ) ∼ χ(T ) measured for a 0.7 × 0.5 ×

0.3 mm3 sample. Data above Tc represent a combination of magnetic and resistive

responses in the normal state of YbSb2. The skin depth at T = 1.5 K was estimated
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to be δ ≈ 8.9 µm, which is much smaller than any dimension of the sample. The skin

depth δ was calculated with the residual resistivity ρ0 = 0.53 µΩcm and operating

frequency of 16 MHz. A slight upturn before the superconducting transition can be

attributed to the response of some paramagnetic impurities. Tc was determined as

the temperature where ∆f(T ) deviates from the normal state behavior.

In the pure Meissner state (Fig. 5.7), for HDC = 0, both ZFC and FC curves co-

incide. Additionally, apart from the superconducting transition, a small feature near

0.11 K was observed, as shown in the inset. This may be attributed to a phase associ-

ated with extrinsic magnetic impurities. In Fig. 5.8, the calculated superfluid density,

ρ = λ2(0)/λ2(T ), is found to be consistent with a single-gap s-wave pairing in YbSb2,

except for the impurity contribution which modifies the curve at the lowest temper-

atures. In the presence of magnetic impurities with magnetic permeability µ(T ), the

actual measured penetration depth is renormalized as λm =
√
µ(T )λ, so that the ex-

perimentally constructed superfluid density is given by ρm = λ2(0)/[µ(T )λ2(T )]. For

paramagnetic impurities behaving following the Curie-law, this renormalization leads

to a downward trend of ρm in the region where real superfluid density is already flat.

At higher temperatures the contribution of paramagnetic impurities rapidly vanishes,

since µ = 1 + 4πχ = 1 + C/T , where C is the Curie constant.

In non-zero magnetic field, ZFC-FC ∆f curves (Fig. 5.7) show hysteresis up to

H = 50 Oe. Interestingly, the FC data indicate stronger repulsion below an interme-

diate temperature, marked with solid triangles, which systematically decreases with

increasing H. This crossover no longer exists above 40 Oe, and ZFC data recover

stronger repulsion. Above 70 Oe, which is greater than Hc determined by various

thermodynamic measurements, data still show diamagnetic response without hystere-

sis, which persists up to 400 Oe. It should also be noted that the AC susceptibility
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for H = 60 Oe (Fig. 5.3) remains slightly diamagnetic after the DPE peak vanishes,

consistent with the results displayed in Fig. 5.7. The origin of the diamagnetism

above the bulk Hc is not clear, however the H-T phase diagram shown in Fig. 5.9 is

reminiscent of a field-dependent pairing state with multiple order parameters in the

heavy fermion superconductor PrOs4Sb12 [269,270]. More detailed measurements are

required to fully understand the rich physics of this unconventional behavior, and to

clarify whether this could be bulk or surface superconductivity.

5.5 Conclusions

The relationship between Tc and Hc is summarized in the H-T phase diagram (Fig.

5.9). The Hc values determined from χ′(T ) (squares), χ′(H) (triangles), Cp (dia-

monds) and ∆f (circles) below ∼ 80 Oe can be fit to the expected BCS tempera-

ture dependence Hc(T ) = Hc(0)[1 − (T/Tc)
2] (solid line, Fig. 5.9 inset). This gives

Hc(0) = 55 Oe and Tc = 1.30 K. The possible new superconducting state inferred

from the RF magnetization (Fig. 5.7) can also be described with a similar equation

H
(2)
c (T ) = H

(2)
c (0)[1 − (T/T

(2)
c )2] (dashed line, Fig. 5.9), which gives H

(2)
c (0) = 430

Oe and T
(2)
c = 0.41 K.

The superconducting and thermodynamic parameters of YbSb2 are summarized

in Table 5.1. Several traits of type I superconductors have been observed in this

compound, including a small GL parameter κ = 0.05, typical shape of the DC M(H)

isotherms (Fig. 5.1), a strong DPE signal in the AC magnetization (Fig. 5.4), small

critical field values, and a change from second to first order phase transition induced

by magnetic field and visible in specific heat data (Fig. 5.5). All these observations

provide proof of the type I superconductivity in YbSb2. In addition, a possible second

superconducting state at lower temperatures is observed in RF magnetization (Fig.
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5.7), which reveals unconventional behavior, as of yet not fully understood. This calls

for more experiments to elucidate the underlying physics in YbSb2.
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Table 5.1 : Measured and calculated superconducting and thermodynamic parameters
of YbSb2.

Tc (K) 1.30 ± 0.2

Hc(0) (Oe) 55 ± 2

γ (mJ/mol K2) 3.18

β (mJ/mol K4) 0.90

θD (K) 186

∆Cel/γTc 0.85

RRR 186

A (µΩcm/K2) 0.0013

A/γ2

(10−5µΩmol2K2mJ−2)

12.8

kF (Å−1) 0.903

m∗ (m0) 1.45 ± 0.06

λL(0) (nm) 40

ξ(0) (nm) 826

κ 0.05

λel−ph 0.51

T
(2)
c (K) 0.41

H
(2)
c (0) (Oe) 430
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Chapter 6

Summary

Following different routes towards the design and search of novel optimal supercon-

ductors, three candidate compounds, namely CaFe4As3, SrMnBi2, and Sr2F2Fe2OS2,

have been synthesized and investigated for their potential of being the prototype of

the next family of high-Tc superconductors.

The newly discovered 3D iron pnictide CaFe4As3 has similar tetrahedral coordi-

nated Fe compared to the known iron pnictide superconductors. The SDW transition

originated from Fermi surface nesting, together with the bad metal behavior and

enhanced electron correlations, render this system a close relative to the iron pnic-

tides. However, unlike the latter ones for which superconductivity can be introduced

once doping or pressure suppresses the SDW transition, doping CaFe4As3 with P,

Yb, Co and Co, as well as pressurizing it up to 5 GPa, are found to be insufficient

for a complete suppression of the SDW order. While this robust SDW may reflect

the difficulty of getting superconductivity in a 3D compound, it still remains to be

further investigated before such a conclusion can be drawn. Future doping studies

with other types of dopant is needed to fully evaluate the potential of tuning this 3D

iron pnictide into a superconductor.

The new layered compound SrMnBi2 has a crystal structure similar to, but more

two dimensional than those of the iron pnictides and the two hypothetical BaFePn2

compounds. As revealed by DFT calculations, the Mn-Bi layers in SrMnBi2 are

metallic, which could potentially allow for a more isotropic transport thus favoring
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an optimal superconductivity. The unusually high ordering temperatures T1 = 292 K

and T2 = 252 K are also favorable signs for an enhanced Tc if the correlation between

Tc and TN holds for this system. While no doping or pressure experiments have been

carried out on SrMnBi2 due to the limited time in this study, it is certainly worth

investigating in the future.

For the checkerboard Mott insulator Sr2F2Fe2OS2, Mn-substitution has success-

fully suppressed the long range magnetic ordering and driven the system closer to the

metallic regime with an intermediate amount of dopant content. However, the disor-

der introduced by doping has lead to a considerable level of short range correlations,

which may impede the system from being tuned towards the localized-to-itinerant

moment crossover and into a superconductor. However, the minimal excitation gap

at x ≈ 0.5 is likely to be a good starting point for adding a secondary tuning pa-

rameter, like an additional dopant or hydrostatic pressure, in the hope of driving the

system further towards metallicity and superconductivity, and this is left for a future

study.
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M.-S. Park, and S.-I. Lee. Phys. Rev. B 65, 224520 (2002).

[79] Y. Ando, Y. Kurita, S. Komiya, S. Ono, and K. Segawa. Phys. Rev. Lett. 92,

197001 (2004).



167

[80] J. Clayhold, N. P. Ong, P. H. Hor, and C. W. Chu. Phys. Rev. B 38, 7016

(1988).

[81] M. Suzuki. Phys. Rev. B 39, 2312 (1989).

[82] L. Forro, D. Mandrus, C. Kendziora, L. Mihaly, and R. Reeder. Phys. Rev. B

42, 8704 (1990).

[83] T. R. Chien, D. A. Brawner, Z. Z. Wang, and N. P. Ong. Phys. Rev. B 43,

6242 (1991).

[84] N. F. Mott. Proc. Phys. Soc. A 62, 416 (1949).

[85] J. Hubbard. Proc. R. Soc. Lond. A 276, 238 (1963).

[86] J. Hubbard. Proc. R. Soc. Lond. A 277, 237 (1964).

[87] J. Hubbard. Proc. R. Soc. Lond. A 281, 401 (1964).

[88] J. Zaanen, G. A. Sawatzky, and J. W. Allen. Phys. Rev. Lett. 55, 418 (1985).

[89] V. J. Emery. Phys. Rev. Lett. 58, 2794 (1987).

[90] K. Ishida, Y. Nakai, and H. Hosono. J. Phys. Soc. Jpn. 78, 062001 (2009).

[91] M. D. Lumsden and A. D. Christianson. J. Phys.: Condens. Matter 22, 203203

(2010).

[92] D. C. Johnston. Adv. Phys. 59, 803 (2010).

[93] G. R. Stewart. Rev. Mod. Phys. 83, 1589 (2011).

[94] H.-H. Wen and S. Li. Annu. Rev. Condens. Matter Phys. 2, 121 (2011).



168

[95] P. J. Hirschfeld, M. M. Korshunov, and I. I. Mazin. Rep. Prog. Phys. 74, 124508

(2011).

[96] K. Kuroki, H. Usui, S. Onari, R. Arita, and H. Aoki. Phys. Rev. B 79, 224511

(2009).

[97] Y. Mizuguchi, Y. Hara, K. Deguchi, S. Tsuda, T. Yamaguchi, K. Takeda,

H. Kotegawa, H. Tou, and Y. Takano. Supercond. Sci. Technol. 23, 054013

(2010).

[98] L. Fang, H. Luo, P. Cheng, Z. Wang, Y. Jia, G. Mu, B. Shen, I. I. Mazin,

L. Shan, C. Ren, and H.-H. Wen. Phys. Rev. B 80, 140508p (2009).

[99] R. Prozorov, M. A. Tanatar, E. C. Blomberg, P. Prommapan, R. T. Gordon,

N. Ni, S. L. Budko, and P. C. Canfield. Physica C 469, 667 (2009).

[100] M.-H. Julien, H. Mayaffre, M. Horvatic̀, C. Berthier, X. D. Zhang, W. Wu,

G. F. Chen, N. L. Wang, and J. L. Luo. Europhys. Lett. 87, 37001 (2009).

[101] J. T. Park, D. S. Inosov, C. Niedermayer, G. L. Sun, D. Haug, N. B. Christensen,

R. Dinnebier, A. V. Boris, A. J. Drew, L. Schulz, T. Shapoval, U. Wolff, V. Neu,

X. Yang, C. T. Lin, B. Keimer, and V. Hinkov. Phys. Rev. Lett. 102, 117006

(2009).

[102] X. Lu, W. K. Park, H. Q. Yuan, G. F. Chen, G. L. Luo, N. L. Wang, A. S. Sefat,

M. A. McGuire, R. Jin, B. C. Sales, D. Mandrus, J. Gillett, S. E. Sebastian,

and L. H. Greene. Supercond. Sci. Technol. 23, 054009 (2010).

[103] G. F. Chen, W. Z. Hu, J. L. Luo, and N. L. Wang. Phys. Rev. Lett. 102, 227004

(2009).



169

[104] P. Jegli, A. Potonik, M. Klanjek, M. Bobnar, M. Jagodi, K. Koch, H. Rosner,

S. Margadonna, B. Lv, A. M. Guloy, and D. Aron. Phys. Rev. B 81, 140511(R)

(2010).

[105] T. M. McQueen, Q. Huang, V. Ksenofontov, C. Felser, Q. Xu, H. Zandbergen,

Y. S. Hor, J. Allred, A. J. Williams, D. Qu, J. Checkelsky, N. P. Ong, and R. J.

Cava. Phys. Rev. B 79, 014522 (2009).

[106] T. M. McQueen, A. J. Williams, P. W. Stephens, J. Tao, Y. Zhu, V. Kseno-

fontov, F. Casper, C. Felser, and R. J. Cava. Phys. Rev. Lett. 103, 057002

(2009).

[107] A. Martinelli, A. Palenzona, M. Tropeano, C. Ferdeghini, M. Putti, M. R.

Cimberle, T. D. Nguyen, M. Affronte, and C. Ritter. Phys. Rev. B 81, 094115

(2010).

[108] A. Cano, M. Civelli, I. Eremin, and I. Paul. Phys. Rev. B 82, 020408(R) (2010).

[109] C. Liu, G. D. Samolyuk, Y. Lee, N. Ni, T. Kondo, A. F. Santander-Syro, S. L.

Budko, J. L. McChesney, E. Rotenberg, T. Valla, A. V. Fedorov, P. C. Canfield,

B. N. Harmon, and A. Kaminski. Phys. Rev. Lett. 101, 177005 (2008).

[110] P. Vilmercati, A. Fedorov, I. Vobornik, U. Manju, G. Panaccione, A. Goldoni,

A. S. Sefat, M. A. McGuire, B. C. Sales, R. Jin, D. Mandrus, D. Singh, and

N. Mannella. Phys. Rev. B 79, 220503 (2009).

[111] W. Malaeb, T. Yoshida, A. Furimori, M. Kubota, K. Ono, K. Kihou, P. Shirage,

H. Kito, A. Iyo, H. Eisaki, Y. Nakajima, T. Tamegai, and R. Arita. J. Phys.

Soc. Jpn. 78, 123706 (2009).



170

[112] S. Thirupathaiah, S. de Jong, R. Ovsyannikov, H. Dürr, A. Varykhalov, R. Fol-
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