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abstract of the dissertation

The Interplay of Structure, Magnetism and Superconductivity in CaRE112 and 10-3-8

Fe-Pnictide Superconducting Families

by

Shan Jiang

Doctor of Philosophy in Physics

University of California, Los Angeles, 2017

Professor Ni Ni, Chair

Following the discovery of superconductivity in an Fe pnictide compound (LaFeAsO) in

2008, many other Fe-based superconductors were discovered with Tc as high as 56 K. Among

them, the most extensive studies were carried out on the so called 122 system (AeFe2As2,

Ae=Ba, Sr and Ca), because of the availability of large, high-quality single crystals. A

recurring theme from these works is the rich interplay between antiferromagnetic and su-

perconducting orders, and their relationship to structure and so-called electronic nematic

instabilities. The research described here exploits two compounds with new and nontrivial

crystal structures to open a new perspective on the important physics of the FBS.

Two newly discovered members of the FBS family, Ca1−xRExFeAs2 (CaRE112) and

Ca10Pt3As8(Fe2As2)5 (10-3-8), possess intriguing structural characteristics and electronic

band properties. As one of the most anisotropic FBSs, the critical temperature in the 10-

3-8 family can be induced up to 35 K by appropriate doping/external pressure while the

CaRE112 compound can be doped into superconductors up to 47 K. They possess nontriv-

ial structural and chemical characteristics. Firstly, structurally, unlike the other intensively

studied pnictides which crystalize in tetragonal structure, 10-3-8 crystallizes in a triclinic

structure. However, the “magic” FeAs layer, which is proposed to play a crucial role in

mediating superconductivity, still maintains the local C4 rotational symmetry. On the other

hand, CaRE112 has monoclinic structure at room temperature. However, owing to a unique
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spacer layer consisting of zigzag As chains in the crystal structure, FeAs layer loses its local

C4 rotational symmetry even at room temperature, which is very unique in all FBSs. Sec-

ondly, the nature of the spacer layers in 10-3-8 and CaRE112 are quite different from each

other. The 10-3-8 family has the skutterudite Pt3As8 layer as the spacer layer, which can

be assigned with integer number of oxidization states, thus the spacer layer will not con-

tribute density of states at the Fermi level. On the other hand, the CaRE112 family has the

zigzag chains as its spacer layer, which can not be assigned with integer oxidization states

and contributes significant amount of density of states at the Fermi level. The fact that

these two systems have similar FeAs interlayer distance but quite distinct characteristics of

their spacer layers make them great systems to study the effect of the interlayer coupling on

competing orders in FBSs.

In this thesis, I present a systematic experimental study, from synthesis to characteriza-

tion, for both materials. I make combined transport, thermodynamic, neutron scattering,

and muon spin relaxation measurements to investigate the interplay of competing orders

and elaborate the role of the interlayer coupling on these competing orders. It has been

reported previously that Ca10Pt3As8(Fe2As2)5, the parent compound of the 10-3-8 family,

shows structural/magnetic instabilities. By substituting Co on Fe sites in the 10-3-8 family,

the structural/magnetic phase transitions are suppressed and superconductivity up to 13.5

K is stabilized in an extended dome-like region in the temperature–dopant concentration

phase diagram. More importantly, we demonstrate that within our experimental resolu-

tion, no phase coexistence of antiferromagnetism and superconductivity exists in Co doped

10-3-8. Our research on the CaRE112 (RE = La, Ce, Pr, Nd) system is pioneering. Our

refined synthesis recipes make us the first group to grow sizable CaRE112 single crystals

with controlled doping. We identify the parent phase of the CaLa112 system, in which a

monoclinic to triclinic structural phase transition and a paramagnetic to stripe-like antifer-

romagnetic phase transitions are clearly evidenced. In addition, the metallic nature of its

spacer layers is demonstrated. By Co doping on the Fe sites in CaLa112, we suppress the

structural/magnetic phase transitions and induce superconductivity up to 20 K in a dome
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shaped region in the temperature-dopant concentration phase diagram. Our measurements

of the superconducting and magnetic volume fractions show that these two phases coexist

microscopically in the underdoped region, in contrast to the Co doped 10-3-8 compound,

where coexistence is absent. Supported by model calculations, we discuss the differences

in the phase diagrams of the 112 and 10-3-8 compounds in terms of the FeAs interlayer

coupling, whose strength is affected by the character of the spacer layer, which is metallic

in the 112 and insulating in the 10-3-8. Finally, we extend the discussion from CaLa112 to

CaRE112 (RE = Ce, Pr, Nd). The structural and magnetic phase transitions of the FeAs

layer are revealed in Ca0.71RE0.29FeAs2 (RE = Ce, Pr, Nd). Using Ca0.71Ce0.29FeAs2 as a

representative, we demonstrate that an antiferromagentic ordering of Ce strongly entangled

with the Fe moments develops at low temperatures. When Co is doped on the Fe sites in

Ca0.71Ce0.29FeAs2, we show although Co doping suppresses the magnetic/structural ordering

of the FeAs layer, it has little effect on the Ce ordering. We argue the lack of bulk super-

conductivity in Co-doped Ca0.71Ce0.29FeAs2 arises from the excess electron doping of FeAs

layer.
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CHAPTER 1

Introduction

Modern research of condensed matters devotes in understanding how properties of complex

solids are determined by their structural and electronic degrees of freedom. In spite of the

complexity of real materials where competing orders often exist, significant progress has

been driven by the discovery and study on new materials with emergent ground states.

From high temperature superconducting cuprates to colossal magnetoresistive manganites,

from permanent ferromagnetic magnet to ferroelectric oxides, these discoveries not only lead

to past and potential technology revolutions, but also bring revolutionary insights to our

understanding of correlated matter.

1.1 Brief introduction to strongly correlated systems

Strongly correlated systems are among the most studied topics in condensed matter physics.

Unlike most metal systems, which have much weaker Coulomb interaction energies than elec-

tron kinetic energies, indirect or direct electron-electron coupling plays an important role in

tuning the physical properties of strongly correlated electron systems, such as unconventional

superconductors, Mott insulators, heavy fermions, etc. However, the interacting particles

need not be electrons; rather, more generally, the term of particles/quasiparticles could be

extended to all possible degrees of freedom within a crystal, including but not limited to

electrons, spins, charges, orbitals, and lattices. Those diverse types of interacting sources in

turn create a wider range of combinations of interactions. Consequently, it is quite under-

standable that strongly correlated systems have very rich and exotic physical phases as their

most profound feature.
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For instance, multiferroics, defined as a special class of compounds that possess two or more

ordered states (ferromagnetism, ferroelectricity, etc.), were understood by coupling among

the electric field, electric polarization, applied mechanical stress, magnetic field, and magne-

tization of the compounds[Vop15]. These systems are usually realized in perovskite-structure

transition metal oxides such as BaTiO3 and PbZr1−xTixO3-type compounds[Vop15]. Further,

heavy fermions, another strongly correlated system, are commonly observed in compounds

baring 4f or 5f electrons near the Fermi level, which demonstrate extraordinarily large

specific heat (Sommerfeld) coefficients γ and exhibit Curie–Weiss-like behavior of the mag-

netic susceptibility. This enhancement of the effective electron mass is widely believed to

be attributed to the interactions between conduction electrons and f electrons according

to the theory of the Kondo effect and Kondo lattice model[Ste84, WTM15]. Furthermore,

the heavy fermion compounds CeM2X2 (M = Ni, Cu, Rh, Pd; X = Si, Ge) and CeMIn5

(M = Co, Rh, Ir; so-called 115 systems) are extensively studied because of the emergence

of superconductivity at temperatures up to a few kelvins under pressure. As evidence that

the large jump in the heat capacity is on the order of γTc, Cooper pairs are believed to

be formed from the heavy quasiparticles[SAB79] as an example of unconventional Type-II

superconductivity. Superconductivity, on the other hand, could itself be explained as rep-

resenting another independent, typical strongly correlated system by immense experimental

and theoretical effort across a vast range of materials such as oxides, magnetic compounds,

organic compounds, making this subfield one of the most challenging yet to be understood.

Superconductivity was first observed in high-purity mercury in April, 1911[Onn11] as a

sudden drop in the electrical resistance to zero at 4.2 K. A series of elemental superconduc-

tors, followed by a few binary superconductors, with Tc values up to 23.2 K[Gav73] were

subsequently found. It was not until 1986 that the discovery of La1−xBaxCuO4 with a Tc of

30 K[BM86] sparked continuous intensive research on high-temperature superconductivity.

The discovery of superconducting (SC) cuprates greatly stimulated experimental work on
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the synthesis and characterization of related compounds and theoretical exploration of the

area beyond the Bardeen–Cooper–Schrieffer (BCS) theory. Within the next several decades,

the discovery of materials such as YBa2Cu3O7−δ (with Tc values up to 93 K[WAT87]), the

Tl2Ba2CanCun+1O2n+6−δ series (with Tc values up to 120 K[SH88]), and HgBa2Ca2Cu3O8+x

(with Tc values up to 133 K[SCG93]) not only updated the critical temperature records, but

also attracted attention to concepts such as the pseudogap, d-wave pairing, charge density

waves, with support from rapidly developing probing techniques, such as angle-resolved pho-

toemission spectroscopy (ARPES), scanning tunneling microscopy, etc., that enabled higher

resolution and detection efficiency. However, the origin of high-temperature superconductiv-

ity remains elusive.

1.2 Brief introduction to Fe-based superconductors

It has been a long time that the cuprates served as the only known “high temperature”

superconductors for the physicists to understand how high Tc superconductivity can be re-

alized. Due to the lack of a second high Tc system as a comparison, the understanding of

high Tc superconductivity is limited and the recipe for producing high Tc superconductivity

is somehow misleading. The parent compound of the cuprates is a Mott insulator where the

strong electron correlation splits the unfilled d band into an upper and lower Hubbard bands

straddling the Fermi level and thus providing an insulating state. In cuprates, there is only

one pocket at the Fermi level coming from the d9 configuration of Cu2+. Therefore, it has

been thought high Tc superconductivity may only be found in quasi-two dimensional mate-

rials with S = 1/2 spin state and with strong electron correlations. Searching for new high

Tc superconducting systems along this direction has not been fruitful—–Sr2RuO4 is the only

one which is superconducting, but at 1.5 K. Furthermore, although BCS theory has provided

a microscopic theoretical frame to understand the origin of conventional superconductivity,
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but the mechanism to glue Cooper pairs is still unclear. The symmetry of the superconduct-

ing order parameter, the role of the quasi-2D structure, spin fluctuation, nematic order and

quantum critical point, are under extensive debate for unconventional superconductors and

the search of new superconductors is still by chance rather than prediction. Therefore, as the

second known high-temperature superconducting family to date, Fe-based superconductors

(FBSs) have attracted extensive research effort, not only in the hope that technologically

applicable superconductors may exist in this class due to their high critical current and low

anisotropy, but also because of its multiband nature and rich interplays among the struc-

ture, antiferromagnetism and superconductivity. They provide a great avenue to study how

structural and electronic degrees of freedom determine the physical properties and enrich

our understanding of high Tc superconductivity.

The discovery of Fe-based superconductors (FBSs) with the observation of a critical tem-

perature of 26 K for LaFeAsO by Prof. Hosono[KWH08] in 2008 marked the beginning of a

new era. Intensive research has revealed two families: Fe pnictides (FePn, where Pn denotes

As or P) and Fe chalcogenides (FeCh, where Ch includes S, Se, and Te). Considered as

the second unconventional high-Tc superconductor family, the FBSs share a few features

with cuprate superconductors, such as a layered crystal structure, relatively high Tc, super-

conductivity in the proximity of the magnetic phase that is induced by tuning parameters

such as the chemical doping or pressure, and, especially, the strikingly similar temperature-

concentration (T − x) phase diagram. Further, electronic conduction is widely believed to

be associated with the FeAs/FeSe layers, whereas cuprates have delocalized charge carriers

in the basal copper oxide planes[KHY08]. Nevertheless, the differences are significant:

• The superconductivity of cuprates is derived from doping a Mott insulator, but the

parent compound of FBS is a poor metal owing to partial gapping around the Fermi

surface (FS) at low temperature[QHB09], which does not initiate an insulating state.

• In the edge-sharing tetrahedron, the pnictogen anions are arranged above and below

the Fe plane rather than at the same height, as in the copper oxide plane[PG10].
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• The Tc of cuprate superconductors drops rapidly upon doping its two-dimensional (2D)

copper oxide plane. However, FBSs are relatively insensitive to this effect[Ste11].

These discrepancies clearly show that our fundamental understanding of the origins of su-

perconductivity needs significant improvement.

FBSs can generally be classified into several typical groups according to their crystal structure

and chemical formula: the 1111 system, RFeAsO (R = La, Ce, Pr, Nd, Sm etc.)[TIA08a,

CLW08, RYL08a, RYL08b, TIA08b, KZK09]; the 122 system, AeFe2As2 (Ae = Ca, Sr,

Ba)[RTJ08, CLD08, SJM08, LLW09, NTY08]; the 111 system, AFeAs (A = Li, Na)[TTL08,

WLL08, CCG09, PPB09, RAA14]; the 11 system, AxFe2−ySe2 (A = K, Rb etc.)[HLY08,

SKB11, MTM08, DFW13, WYY11, Wen12]; the 10-n-8 system, Ca10(PtnAs8)(Fe2As2)5

(A = Pt, Pd, Ir; n = 3,4)[KKN11, LST11, SSJ16, NAC11, KSS14]; and the 112 system,

Ca1−xAxFeAs2 (A = La, Ce, Pr, Nd etc.)[KKO13, RA16, CSF16, PMY16, YXD16, XZZ16,

HYL15, ZXZ15, YOS15b, NNM15, YOS15a, RGM15, KMM15, SYO14, OOY14]. Over these

groups, a few hundred compounds have reportedly been obtained by varying the concentra-

tion of various dopants and the pressurization. Here I borrow a figure from [Ste11] to illus-

trate the progress on the 122 family. Although the induction of superconductivity in the 122

family seems to be common, it is worth noting that the doping element, doping site, dopant

type, and tuning of the lattice constant by isovalent doping all affect the critical temperature.

Notably, it has been reported that a few 1111 family members have Tc values as high as 55–58

K, which is recognized as the current Tc record for FBSs[WLC08, RCD08, HMM11, FDO13].

Like in Cuprates, superconductivity in FBSs appears near the magnetic instability, mag-

netism is then generally believed to be important in the pairing mechanism of high Tc

superconductivity[Sca12]. Long-range collinear stripe-like antiferromagnetism has been dis-

covered in the parent compounds of the 1111, 122, and NaFeAs, except for LiFeAs and

FeSe, where LiFeAs is self-doped due to the chemical complicity of Li and FeSe shows

magnetic ordering under pressure. The moment is aligned along the a axis of the low-
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temperature orthorhombic phase (Figure 1.7). Other types of AFM configuration are bi-

collinear (as found in FeTe[LCH09]) and incommensurate helical magnetic ordering (Fe1+xTe

when x > 12%[RSS13]).

Figure 1.1: Selected reports on critical temperature of various FBSs[Ste11].

At the time of my work, intensive research on the 11, 111, 1111, and 122 systems had re-

vealed a few common properties that presumably hold the clue to understand the relatively

high critical temperature for the onset of superconductivity[Ste11] in FBSs:

• All of the discovered FBSs compounds contain 2D planes made of edge-sharing FeAs4FeSe4

tetrahedra(Figure 1.2). In the other word, FeAs/FeSe layers are the ones mediating

superconductivity. This finding sparked interest in research on the correlation between

the critical temperature and details of the tetrahedral geometry, specifically, the bond

angle and As/Se height above the Fe ion[LIE08].

• The 3d electron orbital of Fe is close to the Fermi level and clearly plays an very

important role in the superconductivity[RQL08].

• For most FBSs, the parent compound and lightly doped ones exhibit both structural

and magnetic phase transitions, with very few exceptions. Interestingly, the two tran-
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sition temperatures either coincide or differ slightly. Commonly, they evolve from a

high-temperature tetragonal paramagnetic phase into a low-temperature orthorhombic

antiferromagnetic (AFM) phase. However, this feature is slightly different in the 10-3-8

and 112 systems, as I will explain in the next section.

• The magnetism in Cuprates is clearly localized. However, it is still under debate if

the nature of the magnetism in FBSs is localized or itinerant. Nevertheless, the spin-

fluctuation resonance found in the 1111, 122, 111, and 11 superconductors below Tc

provide strong evidence regarding whether the superconductivity in FBSs is mediated

by spin fluctuations.

Figure 1.2: Representative crystal structures of the FBSs [PG10].

1.3 Brief introduction to 10-3-8 and 112 families

Research on the 10-3-8 and 112 families was at a relatively early stage when I began to focus

on these compounds. The discovery of 10-3-8 and 10-4-8 compounds in early 2011 and 112
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pnictide compounds in later 2013 [KKN11, NAC11, LST11, KKO13], broadened our view of

the chemical and structural complexity of FBSs.

Let me start from the structural perspective. The 10-3-8 and 10-4-8 families refer to the

compounds with the chemical formula of Ca10PtnAs8(FeAs)10 (n = 3 or 4). Both of them

have the -Ca-(PtnAs8)-Ca-Fe2As2-layer stacking (n = 3 or 4) with the skutterudite PtnAs8

spacer layers. In the PtnAs8 layer, the formation of As-As dimers with a bond length of ∼2.6

Å leads As4−
2 . In addition, due to the stability of the d8 configuration of Pt, the only oxi-

dization state for Pt is 2+. This results in a spacer layer of [Pt3As8]10− for the 10-3-8 phase

and [Pt4As8]8− for the 10-4-8 phase. Therefore, integer oxidization states can be assigned for

all elements in 10-3-8 as Ca20+
10 [Pt3As8]10−[Fe2As2]10−

5 but not for the 10-4-8, suggesting the

insulating nature of the Pt3As8 layer but the metallic nature of the Pt4As8 layer. Unlike the

typical tetragonal structural of the parent FBSs, the parent 10-3-8 phase forms in a triclinic

structure (group space: P 1̄) at room temperature (a = b ≈ 8.78 Å, γ ≈ 90◦). However, due

to the equal a and b lattice parameters, the local fourfold C4 rotational symmetry of the

FeAs layers is preserved. Synchrotron x-ray and neutron diffraction data on the 10-3-8 single

crystal [STR14] suggests a triclinic to triclinic structural phase transition with unequal a and

b below 110(2) K, which destroys the local C4 symmetry in the FeAs layer[SFL13].

The 112 compound is the other example of a FBS with low-symmetry. It crystalizes in

the monoclinic structure with the -Ca-As-Ca-Fe2As2 layer stacking. The As spacer lay-

ers are made of As zigzag chains with the intra-chain As-As bond distance of 2.46 Å and

inter-chain As-As bond distance as 3.02 Å. Since the As-As bond formation distance is

3.0 Å, along the chain direction, As-As dimers are formed. The zigzag As chains distort

the FeAs layer so that it lacks the local C4 rotational symmetry even at room tempera-

ture. Soon after the initial debate if the space group is noncentrosymmetric P21[KKO13] or

centrosymmetric P21/m[YOO14], rotational anisotropy optical second-harmonic generation

measurement concluded that Ca1−xLaxFeAs2 belongs to a noncentrosymmetric monoclinic
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P21 lattice system[HCJ16], a derivative of the HfCuSi2 structure[KWI11, HMS13, RBK15].

The role of the distinct nature of the spacer layers in 10-n-8 has attracted extensive re-

search effort, considering the huge Tc difference in Pt doped 10-n-8 (11–15 K for 10-3-8

and 26–38 K for 10-4-8)[SSJ16, NAC11]. Overall, metallic spacer layers can have two ma-

jor effects in affecting the electronic structure. Firstly, it will enhance the FeAs interlayer

coupling, resulting in a Fermi surface with less kz dispersion. Secondly, it will self-dope

the FeAs layer without bringing chemical impurities on the FeAs layer. The higher critical

temperature in 10-4-8 was tentatively attributed to the stronger FeAs interlayer coupling in

10-4-8 mediated by the metallic Pt4As8 layers in the original work. This was inspired by the

observation that the 10-3-8 SC has much higher anisotropy parameter than the 10-4-8 ones,

despite that both of them have similar FeAs interlayer distance[NAC11]. On the other hand,

a few followup theoretical calculations[Ber14] suggested that both Pt3As8 and Pt3As8 layers

contribute certain amount of density of states at the Fermi level, but the electronic structure

is not significantly influenced by the presence of the them. Further more, these calculations

shows the 10-4-8 compounds possess lower Pt 5d bands, which are more likely to self-donate

electrons to the FeAs layers. All ARPES measurements[NLX12, TSZ13] indicate that the

Fermi surface of the 10-n-8 family is similar to that of the 122 and 1111 compounds with

center hole pockets and corner electron pockets in the first Brillouin zone. Both ARPES

experiments[NLX12, TSZ13] measured on the parent and optimally doped 10-3-8 show no

clear evidence of density of states arising from the Pt3As8 layer, suggesting its insulating

nature. The ARPES experiments on the 10-4-8[TSZ13, SCG13b] show that depending on

the doping level, Pt4As8 layer may or may not contribute density of states at the Fermi

level. Furthermore, the energy distribution map data suggest that 10-4-8 crystals are less

electron-doped than those of 10-3-8, suggesting that the origin of the high Tc of the 10-4-8

phase is indirect electron transfer from Pt4As8 to the FeAs layers[LST11] rather than inter-

play coupling. This was supported by the observation that La-doped 10-3-8 with no Pt on

the FeAs layer exhibits superconductivity with a critical temperature of around 30 K[SDJ12]
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while Co- and Ni-doped 10-3-8 show superconductivity up to 15 K. This is in agreement with

the fact that doping on the FeAs layer is detrimental to Tc[SKJ14]; and 10-3-8 doped with

a series of rare earth elements shows a Tc higher than that obtained when the dopant is at

the Fe site (Figure 1.3[SDB15]).

Figure 1.3: The superconducting critical temperatures of the (Ca1−xREx)10(FeAs)10Pt3As8

vs. x, the RE substitution in Ca1−xREx [SDB15].

As to the 112 family, its experimental discovery is closely associated with the theoretical

prediction. The existence of superconductivity was first claimed by Kotliar to be in the hy-

pothetical compounds BaFeAs2 and BaFeSb2 with metallic spacer layers unlike the insulating

spacer layers in other pnictides. This suggested that it is a suitable compound to examine the

role of charge fluctuation and dimensionality in the superconductivity mechanism[SHK09].

Early work focused on SrMnBi2 [PLW11] and CeTMPn2 (TM = transition metal, Pn =

pnictogen) (superconductors with Tc ≈ 4 K)[RJA15]. It was not until the discovery of

Ca1−xLaxFeAs2 with Tc ≈ 34 K[KKO13] that intensive investigation of this new Fe pnic-
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tide system started. Although neither CaFeAs2 nor LaFeAs2 was successfully synthesized.

Superconductivity could be obtained in a few derivative compounds by elemental doping

and pressurization. Ca1−xLaxFeAs2 exists in a very limited x concentration range between

0.18 and 0.27, Tc could be greatly enhanced to 41 K[KMK14] by a small amount of P

doping on the As site. Various levels of Sb doping could enhance Tc further to 43 and 47

K[KMK14, KKF14], where the 47 K compound showed a superconducting volume fraction

(SVF) of 100% at 2 K, which was higher than those of previously reported compounds.

Further, replacing La with other rare earth elements using high-pressure synthesis has led

to polycrystalline Ca1−xRExFeAs2 (RE = Pr, Nd, Sm, Eu, Gd) with Tc ranging from 10

to 25 K [SYO14] while the Ce version of 112 shows no sign of superconductivity at attain-

able doping levels. On the other hand, considering the opportunity to dope the Fe sites,

transition element doping of Ca1−xRExFeAs2 is being vigorously explored. Remarkably, Co

doping on the Fe site actually enhances Tc to above 30 K for RE = La, Ce, Pr, Nd, and Sm

[SYO14, XZX15], which doped the CaCe112 into a superconductor. The doping research is

summarized in Fig. 1.4[RA16].

1.4 Thesis organization

These structural novelties have raised the following intriguing questions:

• How does the nature of the space layers affect the the physical properties in FBSs?

We would like to discuss this in a more confined perspective, how does the nature of the spacer

layers affect the competing orders in FBSs? As we mentioned, the interplay of competing

orders lies at the heart of the study of strongly correlated electron systems. Tuning various

energy scales by chemical doping or external pressure have enriched our understanding of

these systems. Now, we would like to add one more tuning parameter, that is the electronic

anisotropy into the discussion. To shed light on this quest, a systematic investigation of the

10-3-8 and 112 FBSs families with non-trivial crystal structures has been conducted.

This thesis is organized as follows:
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Figure 1.4: The summary of the superconducting critical temperatures of the CaRE112

family vs. RE elements. Horizontal dash lines indicate the maximal Tc values reported for

other families of pnictides[RA16].

Chapter 2 is a brief theoretical overview of superconductivity.

Chapter 3 describes the experimental methods, including the growth method and various

measurement techniques.

Chapter 4 presents the synthesis, transport, thermodynamic and neutron scattering study

of Co-doped 10-3-8 single crystals. The temperature–doping concentration phase diagram is

mapped out. We conclude that within our experimental resolution, no phase coexistence of

antiferromagnetism and superconductivity is observed.

Chapter 5 presents a combined structural, transport, thermodynamic, neutron scattering

and ARPES study of high-quality Ca0.73La0.27FeAs2 single crystals obtained using our orig-

inal recipe. We first reveal the existence of the monoclinic to triclinic phase transition and

the paramagnetic to antiferromagnetic phase transition in this compound. Furthermore, we

provide solid evidence to elucidate the metallic nature of the As zigzag chains.
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Figure 1.5: The crystal structures of the 10-3-8 (left) and 10-4-8 (right) phase. Red: FeAs

tetrahedra; White: Ca; Blue: Pt; Yellow: As [NAC11].

Chapter 6 presents a systematic study of Co-doped Ca0.74(1)La0.26(1)FeAs2 single crystals

by transport, thermodynamic, µSR and neutron scattering measurements. We map out

the temperature–doping concentration phase diagram. We show unambiguously the phase

conexistence between antiferromagnetism and superconductivity in this system in the un-

derdoped region. Supported by model calculations, we discuss the differences in the phase

diagrams of the Co doped CaLa112 and Co-doped 10-3-8 compounds in terms of the FeAs

interlayer coupling, whose strength is affected by the character of the spacer layer, which is

metallic in the 112 and insulating in the 10-3-8.

Chapter 7 presents a combined transport, thermodynamic, µSR and neutron scattering study

of Ca1−xRExFeAs2 (RE = Ce, Pr, Nd). In addition to the structural and magnetic phase

transitions associated with the FeAs layer, we observe profound interplay between the Fe

magnetism and rare earth magnetism in these systems. Our study of Ca0.71Ce0.29(Fe1−xCox)As2

single crystals shows although the structural/magentic instability associated with the FeAs

layers is effectively suppressed, the Ce ordering persists and no superconductivity appears

even when the structural/magentic phase transitions are fully suppressed.

13



Figure 1.6: The crystal structure of CaLa112 (left); The top view of the As zigzag chain

(right). Color map represents the contour of the charge distribution around As atoms and

bonds formed within one chain [RA16].
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Figure 1.7: Collinear stripe AFM structure in Fe plane, where the dashed boxes mark the

tetragonal crystalline unit cell in the paramagnetic state and the orthorhombic magnetic

unit cell, respectively; aT , bT and o,AF , bo,AF mark the directions of the tetragonal and

orthorhombic lattice, respectively [Dai15].
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CHAPTER 2

Overview of Superconductivity

2.1 Characteristics of superconductivity

The most notable characteristics of a perfect superconductor are zero electrical resistance

and perfect diamagnetism. When the temperature exceeds the critical temperature, a su-

perconducting material exhibits finite electrical resistivity, and magnetic flux can penetrate

the sample. As the temperature passes below this critical temperature, a superconducting

state will emerge, and the material will exhibit perfect electrical conductivity (ρ = 0) and

perfect diamagnetism (χ = −1). The latter characteristic can be obtained in two ways. In

a zero-field-cooled (ZFC) process, the sample is placed in a zero field and cooled below the

critical temperature. It will block magnetic flux if a field is then applied. In the second

process, the field-cooled (FC) process, the sample is placed within a nonzero magnetic field

at high temperature. When the temperature drops below the critical temperature, the field

will be expelled by the superconducting state, that is, by the Meissner effect. Applying

the FC process to a perfect conductor will cause the field to fully penetrate the sample.

Therefore, the diamagnetism signal under FC process differentiates a superconductor from

a perfect conductor.

To clarify the principles involved in the ZFC and FC processes, assume a cylindrical

sample with total volume VT . It is composed of a superconducting volume Vs, a cylindrical

hole of volume Vh that is open at the top and bottom, and an enclosed cylindrical cavity Vc.

They obey the following relation:

VT = Vs + Vh + Vc
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The magnetic moment m is defined as

m = VM = V · χB
µ0

where B is the magnitude of the applied field. In the superconducting case, because of the

Meissner effect, χ = −1; thus,

mZFC = −(Vs + Vh + Vc)
B

µ0

and

mFC = −(Vs + Vc)
B

µ0

Therefore, the ratio of the magnetic susceptibility measured using the FC and ZFC processes

is given as
χFC
χZFC

=
mFC

m−−ZFC
=

Vs + Vc
Vs + Vh + Vc

This simple model could explain the different behavior of the ratio χFC

χZFC
in Type I and Type

II superconductors.

2.2 Theoretical frameworks for superconductivity

2.2.1 Ginzburg–Landau theory

The Ginzburg–Landau (GL) theory was proposed by Ginzburg and Landau in 1950. It is a

phenomenological approach without a microscopic understanding of superconductivity. It is

very powerful for understanding and predicting the behavior of superconductors. The theory

is formulated in terms of a complex order parameter φ(r), which involves a phase factor Θ

and is formulated as

φ(r) = |φ(r)|eiΘ

The square amplitude is assumed to be the super-fluid density

n∗s = |φ|2
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It is assumed that the Gibbs free energy per unit volume, Gx[φ], can be expanded as

a local functional of the order parameter when the temperature is close to but below the

transition temperature Tc.

Gs[φ] = Gn +
1

V

∫
d3r[

1

2m∗
(−ih̄∇+ e∗A)φ∗ · (ih̄∇+ e∗A)φ+ (

1

2µ0

B2(r))

−µ0H(r)M(r) + aφφ∗ +
1

2
bφφ∗φφ∗ + . . .]

where Gn is the free-energy density of the normal state, A is the magnetic vector potential,

and a and b are functions that depend only on the temperature. In equilibrium, the currents

in the superconductor are distributed in a way that minimizes the total free energy. In a

small temperature range near Tc, the parameters a and b can be approximated as

a(T ) ≈ a0[
T

Tc
− 1]

b(T ) ≈ b0

According to the function variational principle, minimizing Gs[φ] leads to the first GL equa-

tions
1

2m∗
(ih̄∇+ e∗A)2φ+ aφ+ b|φ|2φ = 0

If the variational derivative of G is taken with respect to A, the second GL equation will be

∇× (∇× A) +
ih̄e∗

2m∗
(φ∗∇φ− φ∇φ∗) +

e∗2

m∗
A|φ|2 = 0

Solving the first and second GL equations at a boundary between the normal and super-

conducting states at A = 0, we can analytically calculate the order parameter function.

φ = (
|a|
b

)
1
2 tanh

x√
2ξ

Here, ξ, namely, the coherence length, is defined as

ξ =

√√√√ h̄2

2m∗|a|

It is the characteristic length over which φ changes substantially. On the other hand, taking

the derivative of the current and using the Maxwell equation yields the so-called first London
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equation,
dJs
dt

=
nse

2

m
E

and the second London equation,

mc

nse2
(∇× Js) +B = 0

If both equation are combined with the Meissner effect, we obtain

λ2
L(∇×∇×B) +B = 0

where

λL =

√
m∗

µ0e∗2|φinfty|2
=

√√√√ m∗c2b

4πe∗2|a|

The penetration depth describes the strength of the exponential field decay inside a super-

conductor.

If we put the coherence length and penetration depth together and compare the energy

difference σ at an interface between a pure phase (either all normal or all superconducting)

and a mixed phase, we obtain

λL
ξ

<
1√
2
⇒ σ > 0⇒ type I superconductor

λL
ξ

>
1√
2
⇒ σ < 0⇒ type II superconductor

If σ > 0, the homogeneous phase has a lower free energy than the mixed phase. Therefore,

the system will stay in the superconducting state until the external field exceeds the critical

field. This type of superconductor is defined as a Type I superconductor. Most elemental

superconductors are Type I superconductors. Otherwise, σ < 0, indicating that a mixed state

is energetically favorable. This type of superconductor, called a Type II superconductor,

will exhibit the complete Meissner effect if the applied field B is less than Bc1. When the

magnetic field is greater than the lower critical field Bc1, magnetic vortices start to penetrate

the superconducting region. The magnetization of the sample increases with increasing

magnetic field until the value of B reaches that of the upper critical field, at which the entire

sample enters a normal state.
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The parameters m∗, e∗, and n∗ describing the super electrons are linked to the quantities

m, e, and n for electrons (see below) as follows:

m∗ = 2m

e∗ = ±2e

n∗s =
1

2
ns

These equations are proved by the Bardeen–Cooper–Schrieffer (BCS) theory, which also

confirms the correctness of GL theory.

2.2.2 BCS theory

Although the GL theory successfully explains many of the principal properties of supercon-

ductors, it does not explain the origin of superconductivity microscopically. Historically,

the BCS theory is the first microscopic theory of superconductivity. It was proposed by

Bardeen, Cooper, and Schrieffer in 1957, who showed that it could quantitatively predict

the properties of a certain subset of elemental superconductors. The GL theory could also

be derived from the BCS theory.

The BCS theory assumes that superconductivity arises from the Cooper pair, a state in

which the attractive interaction dominates the repulsive Coulomb force. A Cooper pair is an

electron–electron pair mediated by a weak attractive interaction, such as electron–phonon

interaction. In 1956, Cooper demonstrated that if two electrons outside of the Fermi surface

form a pair state, the system energy would be lowered by

∆E ≈ −2h̄ωDexp(−
2

V0D(EF )
)

where h̄ωD is a typical phonon energy, reflecting the belief that attraction between electrons

occurs via electron–phonon interaction. This result is remarkable because it shows that such

pairs will always have a lower energy than the normal ground state regardless of how small

the interaction V0 is. The most efficient way to write the Hamiltonian is using the notation of

second quantization. Here ckσ and c†kσ are the electron annihilation and creation operators,
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respectively, of the momentum k and spin σ. They are given as follows:

{ckσ, c†k′σ′} = δ(k, k′)δ(σ, σ′)

Thus, the proposed Hamiltonian can be written as

H =
∑
kσ

εkc
†
kσckσ +

∑
kk′
Vkk′c

†
k↑c
†
−k↓c−k′↓ck′↑

It can be diagonalized using the Bogoliubov transformation. During this process, it is com-

mon to define an order parameter that is nonzero at low temperature but zero at high

temperature; the definition naturally uses 〈ck↑c−k↓〉. A function called the gap function can

also act as the order parameter in descriptions of the phase transition.

∆ = −
∑
k′
Vkk′〈ck′↑c−k′↓〉

This will result in an important dispersion relation:

Ek =
√
ε2k + ∆2

Ek is the Bogoliubov quasiparticle energy in a paired superconductor, and ∆ is the gap

function. This equation states that the minimum 2∆ energy is required to break a Cooper

pair. Thus, if we use γkσ and γ†kσ as the annihilation and generation operators, respectively,

for the Bogoliubov quasiparticle, and denote the bare vacuum state as |0〉, the ground state

of the BCS superconductor is

|Ψ0〉 ∝
∏
kσ

γkσ|0〉

The ground state energy will be

〈Ψ|H − µN |Ψ〉 =
∑
k

(ξk −
ξ2
k

Ek
)− ∆2

V

The condensation energy between the superconducting and normal states can be calculated

as ∆E = −1
2
N(0)∆2.

The gap function itself, under the mean field approximation, satisfies

∆k =
V

2

∑
k′

∆k′

Ek′
tanh(

βEk
2

)
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This is an equation that has gap functions on both sides. Depending on the situation,

this equation can be simplified to evaluate the critical temperature either analytically or

numerically.

From the BCS theory, at zero temperature, the gap function and critical temperature

have the relation
2∆

kBTc
≈ 3.53

The coherence length is

ξ(T ) =
h̄vF
π∆(T )

Near the critical temperature Tc, the gap function obeys

∆(T )

∆(0)
≈ 1.74(1− T

Tc
)
1
2

Thus, the coherence length can be simplified as

ξ(T ) ∼ |Tc − T |−
1
2

Thermodynamically, the heat capacity in the superconducting state obeys

C ∝ exp(−2β∆)

Using the electronic entropy S = −2k
∑
k[(1− fk)ln(1− fk) + fklnfk] for a fermion gas and

C = −β dS
dβ

, the BCS theory shows

∆C = CSC − Cnormal|Tc = N(0)(−d∆2

dT
)|Tc ≈ 9.4N(0)k2Tc

This equation can also be written as

∆C

γTc
≈ 1.43
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CHAPTER 3

Experimental methods

3.1 Single crystal growth

A perfect single crystal is defined as a material with continuous crystal lattice and no grain

boundaries. Most importantly, it allows for the measurement of intrinsic properties of ma-

terials. Unlike polycrystals, a single crystal only has one grain, which excludes the existence

of impurity phases that are always embedded between grains in polycrystals. Besides im-

purities, the presence of a secondary phase is more annoying because of the difficulty to

identify and separate it from the desired phase. Single crystal growth normally depends on

a reliable recipe that is less likely to contain impurity phases. Even in that case, in most

situations impurity phases can be separated from the single crystal by the differences in

shape/color/size/crystallinity etc. Therefore, single crystal growth can provide samples with

less strain, higher purity and fewer grain boundaries[CF01]. Single crystal samples are also

necessary for the measurement of anisotropic properties, since they maintain their growth

habit macroscopically. In addition, indirect use of the crystallinity is widely embedded within

advanced measurement techniques, such as single crystal neutron scattering, angle resolved

photoemission spectroscopy (ARPES), de Haas-can Alphen (dHvA) measurements etc. High

quality single crystals are always critical for convincing results.

The most used synthesis method in my research is the high temperature solution growth

method, which provides access to a wide variety of congruently and incongruently melting

materials using relatively simple equipment and short time scales[CF01]. The high tempera-

ture solution growth method requires a glovebox or a working space for materials preparation,
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a glass melting station for ampoule evacuation and sealing and a furnace (box or vertical

tube). Arc melting of materials is also favored in the precursor preparation. Beyond the

hardware requirement, the most critical factors that affect the results of a synthesis are sol-

vent selection, initial concentrations and heating and cooling rates. Other possible factors

are pressure, directions of ampoule, purity of precursors and starting amount.

The solvent, also called “flux”, is vital for the success of single crystal synthesis. Gen-

erally speaking, an ideal flux would have a low melting point and vapor pressure, so that

it could be in the liquid state during the synthesis. The target element set is expected to

have high solubility in the flux and not form a stable secondary phase easily. Empirically

speaking, Zn, Al, Ga, In, Ge, Sn, Pb, Sb and Bi are common first candidates for a trial

synthesis. In addition to those elemental fluxes, an important type of solvent is the self-flux.

Unlike the elemental flux, the self-flux does not introduce extra elements in terms of the

target compound, in which case the number of possible secondary phases will be reduced.

In the realm of iron based superconductors, the self-flux method is widely accepted and

used to achieve large high quality single crystals. Although empirical binary and ternary

phase diagrams are likely to contain information on how to choose the solvent and starting

concentration, the true parameters of the recipe have to be determined experimentally. The

cooling rate is important for the size of sample. A slower cooling rate is always associated

with relative larger samples, in which less strain is expected as well. Once adequent single

crystals have formed, they are typically filtered out at the decanting temperature. This

temperature needs to be above a certain value so that the solvent remains in its liquid phase

and impurity phases are less likely to be present. On the other hand, it is also expected to

be a value as low as possible because low temperature always means lower solubility and a

greater yield of crystals. The last and most important point I’d like to emphasize about the

synthesis of iron based superconductors is the purity of precursors, especially in the synthesis

of the 112 compounds, as even little oxidization of FeAs or CaAs will result in a corrupted

growth. The detailed synthesis recipes will be explained in the corresponding chapters.
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3.2 Measurement methods

3.2.1 X-ray diffraction methods

X ray diffraction is a powerful method for phase identification. X-ray diffraction data are

always collected in our lab once crystals are obtained from a new recipe. Based on a good

powder X-ray diffraction pattern, the main phase can be identified if it matches a known

phase in the database. This also applies to any possible impurity phases.“Good” X-ray

diffraction data are obtained from well-prepared sample powders, which are supposed to be

ground very finely so that the grain size is small. In addition, the sample holder should have

a thin and flat layer of powder to reduce possible zero shift. The disadvantage of the powder

x-ray is that it is not very sensitive to impurities that have very limited concentration.

Besides phase identification, a more careful measurement on a sample can give us more

accurate information about the space group, the lattice constants, and even the atomic

coordination of the atoms. This information is valuable, especially when it is used to refine a

new structure that has not been recorded inside commercial databases. Normally, the space

group and the lattice constants can be refined from the position of the Bragg peaks, while

detailed atomic coordinates need careful refinement on a whole set of peak profiles through

a series of operations using the software“FullProf”. Occasionally, the results of a refinement

are not satisfactory due to low sample quality. For iron-based superconductors, an alternative

approach is to measure the X-ray pattern of a plate-like single crystal. This allows us to

estimate the FeAs interlayer distance in order to evaluate the lattice constant. This method

is also very effective for crystals with low symmetry groups such as the monoclinic structure.

The software “UnitCell” is used for this type of refinement. More detailed examples can be

found at later chapters.
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3.2.2 Wavelength dispersive specstroscopy

Wavelength-dispersive X-ray spectroscopy(WDS) is a powerful method for measuring the

element concentrations in a sample. The sample is bombarded by electrons and the detector

counts the number of x-rays of a specific wavelength diffracted by a reference crystal. Com-

pared to energy dispersive spectroscopy, which is detecting direct x-rays that are emitted

by the sample, WDS measures wavelengths that have been diffracted a second time. Thus,

it can largely enhance the elemental resolution, not to mention that the count rate is much

higher than EDS for the same system. These advantages result in a resolution of ∼0.01%

of weight percentage while EDS normally reaches ∼0.1%, especially for light elements such

as Be, B, C, N, O and F. The only disadvantage would be that for a measurement of a spe-

cific element set, WDS usually requires a pre-test to select a proper wavelength range and

measurement resolution to decide the most efficient reference crystal and sample standard.

This pre-test could increase the measurement time significantly in some “notorious” element

combinations.

In terms of my research, elemental analysis is crucial in order to link the real concentration

to its physical properties. Thus, WDS measurements were usually performed for the same

pieces which were used for other measurements. In addition, multiple dot measurements

on the same pieces at different layers (if possible) were performed to estimate the average

concentration and concentration variation, as a metric to indicate the doping homogeneity.

Besides detecting secondary electrons that could indicate the element concentration, using

the backscattered electron mode can yield an image whose pixel intensity is proportional to

the local atomic number. This mode is usually applied to test the existence of a secondary

phase if the sample either has a flat surface or is polished. More detailed measurement

results can be found at later chapters.
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3.2.3 Transport measurement

3.2.3.1 Resistivity and Hall coefficient measurement

Resistivity and Hall coefficient measurements are the most common transport measure-

ments to determine the sample resistivity, carrier type(s) etc. The temperature dependent

resistance measurement is fulfilled with a Quantum Design (QD) Physical Properties Mea-

surement System (PPMS) using the resistivity option. A platelike sample is either cleaved

or polished to have a rectangular shape with uniform thickness. This typical resistivity bar

is assembled with four (R or Hall measurement individually) or six (R and Hall combined

measurement) platinum wires using Epotek H20E silver epoxy. A tiny amount of current is

favored in order to minimize the heat generated at low temperature to maintain the temper-

ature homogeneity. For large resistance measurements the two wire setup can be used. For

Figure 3.1: Left: The configuration of the four probe resistivity measurement. Right: The

configuration of the Hall measurement.
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Hall measurements, in order to extract the intrinsic sample contribution, thinner samples are

preferred. In principle, an ideal sample should have a surface area of at least 2mm2 · 2mm2.

But experimentally, this is not always the case. Thus, more attention needs to be spent

on the middle pair of wires. Firstly, the separation of the two wires should be as wide as

possible so the effective width would be as close as the sample width. Secondly, the two

wires are supposed to be aligned as much as possible so that no drift signal is introduced in

the voltage measurement.

3.2.4 Magnetization measurement

The magnetization measurements are performed at a QD Magnetic Properties Measurement

System (MPMS) up to magnetic fields of ± 7T in a temperature range from 1.8K to 400K.

For superconducting samples, samples of a few milligrams can give a large diamagnetic

signal. Zero-field-cooled(ZFC) and field-cooled(FC) are typical methods to measure the

superconducting volume fraction, especially for Type-II superconductors. The field value

needs to be selected carefully based on the extent of critical temperature drop when the field

is applied. It needs to be large enough to extract the superconducting signal over the random

noise, but should not depress the critical temperature too much. This tiny amount of field

will strictly require minimal amount of remnant magnetic field, which could be achieved by

oscillating the magnetic field to zero using a monotonically decreasing amplitude. A thin

plate whose surface is parallel to field direction is favored in order to minimize the effect of

demagnetizing fields. If that is not the case, a correction needs to be made to calculate the

intrinsic superconducting volume fraction.

Measuring magnetic susceptibilities, especially in direction-dependent measurements, al-

ways requires a new design of the measurement apparatus with the sample holder in an

appropriate direction. It is always recommended to test the noise introduced by a new

medium used in a new setup. It has to be stable throughout the entire temperature range

and be as minimal as possible. Detailed data can be found at later chapters, especially

chapter 5.
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3.2.5 Specific heat measurement

Temperature dependent heat capacity measurements are also performed in a PPMS with

field ranging from 0T to 9T and temperature ranging from 1.8K to 400K. The sample mass

is more important in this measurement and should ideally be above 5mg. Sample(s) are

attached to the platform of the HC measurement holder using N grease. The amount of

N grease should not be too much to avoid a large background. A good measurement will

require a well calibrated sample puck at both cases: with or without field, especially at low

temperature.

3.2.6 Muon spin relaxation

Muon spin relaxation(µSR) is a method of using the muon’s spin to look at structural and

magnetic properties in the bulk of a material. Generated by high energy protons hitting a

target of carbon or beryllium, ∼ 100% spin-polarized muons are transported down the beam

line to the sample being studied. Once the muon decays, it emits a fast decaying positron

preferentially along the direction of its spin.

µ+ → e+ + ve + v̄µ

However, the local magnetic field will cause the muon spin to precess around the direction of

the magnetic field, thus changing the direction of the positron. By measuring the anisotropic

distribution of the time evolution of the decayed positron, it could statistically determine the

time evolution of its average spin direction. Notably, the asymmetry is 1
3

when all position

energies are detected with equal probability. On the other hand, the precession frequency

only depends on Blocal.

In experiments, muons are transported into the crystals and trapped later by local electric

fields. However, the precession of the muon spin is only affected by the local magnetic

field. Thus, by looking at the time evolution at different temperatures, if any magnetic

phase transition or superconducting phase transition takes place, the different magnetic

environment will lead to a change in the asymmetry time evolution pattern. Thus, it is an
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important technique can be used to reveal information about phase transitions. Zero-field

muon spin relaxation in particular is ideal for the detection of weak internal magnetism that

arises due to an ordered magnetic phase, or random fields that are static or dynamic. A

detailed understanding of data will require a carefully selected model, which should be able to

match the experimental data but also explain the physics behind it, such as the very famous

Kubo-Toyabe function that explains substances with nuclear magnetic moments[HUI79].

3.2.7 Elastic neutron scattering measurement

Neutron scattering is a technique used to determine the positions and motions of atoms

in condensed matter physics since they have wavelengths comparable to the interatomic

spacing in solids. In addition, due to their limited interaction only with nuclei and electron

spins, they can penetrate farther inside the sample compared to electrons or x-rays. Further,

neutrons have the right energy and momentum transfer to investigate both structure and

dynamics in condensed matter physics. Although a relatively large amount of sample is

required, elastic neutron scattering is a very effective method for structure refinement and

magnetic structure determination.

Compared to the µSR technique, neutron scattering is able to detect magnetic fluctua-

tions ranging between 108Hz to 1013Hz while µSR is able to measure from 104Hz to 1012Hz.

In terms of magnetic phase transitions, although both methods can give information about

the phase transition temperature, µSR is better for the determination of the phase transi-

tion since it is extremely sensitive to small internal magnetic fields(∼0.1G), but only elastic

neutron scattering can give the detailed magnetic structure from data refinement as well as

the absolute value of moment size. As for the magnetic volume fraction, this can only be

extracted from µSR data. In some cases, if the material strongly absorbs neutrons, µSR can

be used as an alternative. This is typically the case for liquids. In terms of sample require-

ment, both techniques can be used with single crystals and polycrystals, but the amount of

sample required varies depending on the research goal.
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In my research, neutron scattering was first used to determine the magnetic structure

of CaLa112. It was also used to determine the structural and magnetic phase transition

temperatures of Ce112, Pr112, Nd112 and Cobalt doped 10-3-8 series by measuring the

order parameters. Detailed results can be found at chapters 4-7.
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CHAPTER 4

Microscopic, transport, and thermodynamic

properties of Ca10(Pt3As8)[(Fe1−xCox)2As2]5 single

crystals

4.1 Introduction

Since the discovery of high temperature Fe based superconductors (FBS) in F doped LaFeAsO

in 2008, a dozen of new FBS were discovered. Most of them, such as BaFe2As2 and

FeSe, crystalize in known crystal structures; only a couple of them were discovered with

a brand new crystal structure, bringing in structural complexity. The so-called 10-3-8

compound with the stoichiometric formula Ca10(Pt3As8)(Fe2As2)5 belongs to the family

of Ca10(TnAs8)(Fe2As2)5 (n = 3,4 and T = Pt, Pd, Ir) compounds discovered in 2011.

The stacking of -Ca-(PtnAs8)- Ca-(Fe2As2)- with the skutterudite PtnAs8 spacer layers

and dozens of ions in one unit cell give rise to the structural and chemical complexity.

The parent compound of the 10-3-8 family, Ca10(Pt3As8)(Fe2As2)5 shows a triclinic to

triclinic structural phase transition at 110(2) K and a paramagnetic to stripe-like anti-

ferromagnetic ordering at TN = 96(2) K. Partial substitution of Fe sites with Pt, Co or

Ni[KKN11, NAC11, LST11, SDJ12, TDT13, CTK12, XLY12, DTS12], partial substitution

of Ca with La[SDJ12, NSW13, KSJ13] and the application of external pressure[GSN14] can

suppress the structural/magnetic phase transitions and induce superconductivity (SC). The

interplay among various competing orders always lies at the heart of the study of high

temperature superconductors because it can provide profound insight on the pairing mecha-

nism. Although temperature-concentration and temperature-pressure phase diagrams were
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mapped out for the 10-3-8 families, to clarify if there is phase coexistence or separation of

antiferromagnetism (AFM) and SC faces serious difficulties and needs further investigation.

Accidental Pt doping on Fe sites makes it hard to synthesize a pure parent compound and

blurs the effect of other dopants[NAC11] on the appearance of SC; moreover, inhomogeneous

doping may result in measurements with misleading information[XLY12]. Therefore, single

crystal growths and characterization of a well controlled 10-3-8 doping series is needed. In

this chapter, we report a systematic study of a series of high quality Co-doped 10-3-8 single

crystals. With Co doping, both the structural and magnetic phase transition temperatures

are suppressed. Superconductivity is stabilized in a dome-like region in the temperature-

concentration phase diagram. Through a combination of transport, thermodynamic and

elastic neutron scattering experiments, we conclude that no phase coexistence of AFM and

SC exist in Co doped 10-3-8. The fact that no phase coexistence in Co-doped 10-3-8 provides

new insight in understanding the interplay of AFM and SC in FBS. In chapter 6, by compar-

ing the phase diagrams of the Co-doped 10-3-8 and Co-doped CaLa112, we suggest the effect

of the interlayer coupling in the extent of phase coexistence in FBS. Furthermore, using the

optimally doped sample (x = 0.112) as the representative, we studied the superconducting

properties of Co-doped 10-3-8.

4.2 Experimental results and discussion

4.2.1 Single crystal growth and characterization

High-quality single crystals of Ca10(Pt3As8)[(Fe1−xCox)2As2]5 were synthesized by the CaAs-

rich self-flux method. Precursors of CaAs, FeAs, and CoAs in powder form and Pt powder

(Alfa Aesar, 99.9%) were thoroughly mixed at a nominal ratio of 3.5:2 −x:x:0.4, pressed

into a pellet, placed in an alumina crucible, and sealed in a quartz tube under vacuum. The

pellet was then heated to 1100 ◦C at 180 ◦C/h, held for 72 h, and cooled to 885 ◦C at 5 ◦C/h.

Water quenching was then applied. After the half-melted pellet cooled to room temperature,

it was rinsed in an ultrasonic water bath, and typical 4 × 4 × 0.5 mm3 shiny platelets were
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obtained, as shown in the inset of Figure 4.2. Comparing with the Pt doped and La doped

10-3-8 compounds, the Co doping resulted in much larger single crystals.
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Figure 4.1: Powder XRD data and the FullProf refinement of Ca10(Pt3As8)[(Fe1−xCox)2As2]5

with x = 0.045. Black dots and red curve are the experimental data and refinement result,

respectively. Short blue vertical bars indicate the the Bragg peak position. Green line

below shows the refinement differences between the calculated and experiment patterns. No

impurity peak is observed.

Elemental analysis was performed using wavelength dispersive spectroscopy (WDS) on mul-

tiple representative crystals selected from each batch. We have to point out that to carefully

determine the revolution of structural and physical properties with Co doping, pieces with

known concentrations were selected to perform various measurements. Using a PANalytical

Empyrean diffractometer (Cu Kα radiation), powder X-ray diffraction was collected. The

doping dependent FeAs interlayer distance at room temperature was determined by scanning

the (00l) peak diffraction pattern of pieces with uniform thickness and flat shiny surfaces.

The data were refined with the Unit Cell software[HR97]. In-plane electrical transport, Hall
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coefficient and heat capacity data were collected for pieces measured by WDS in a Quantum

Design Dynacool PPMS system. The magnetic susceptibility data were measured on pieces

measured by WDS in a Quantum Design VSM MPMS3 system.

Figure 4.2: The xnominal vs. xWDS and the evolution of the FeAs interlayer distance d with

xWDS. The variance of x in each piece is very limited. Inset: image of a single crystal against

1 mm scale.

To identify the phase, room-temperature powder XRD data for the 10-3-8 batch with a

real Co doping level of 0.045 Co were obtained. Using the Rietveld refinement, the data can

be well refined in the space group P -1 with the 10-3-8 crystal structure, shown in Fig. 4.1,

which gives a = 8.7524 Å, b = 8.7528 Å, c = 10.6557 Å, α = 94.5851◦, β = 104.2121◦, and

γ = 90.1062◦. No detectable impurity phase, in particular no 10-4-8, is observed. The WDS

measurements are summarized in Fig. 4.2. Firstly, although to some extent, Co dopant

concentration shows piece to piece variance in each batch, but from Fig. 4.2 where each

black data point represents the average Co dopant concentration with uncertainty measured
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by WDS on one piece, we can see there is a very limited concentration variation on each

piece, suggesting a highly homogeneous doping level in each piece in the concentration range

we studied. Henceforth, x denotes the actual concentration from the analyzed WDS data.

Secondly, our WDS measurements show the Pt concentration is almost unchanged across

the entire Co doping range. Thirdly, the actual Co dopant concentration measured by WDS

exhibits an essentially linear relationship with the nominal concentration, giving the ratio

of XWDS

Xnominal
≈ 0.8. Figure 4.2 also shows the linear relationship between the FeAs interlayer

distance which is extracted from the (00l) XRD data and the WDS Co concentration. Note

that the interlayer distance decreases monotonically as the dopant concentration increases,

in contrast to the behavior of both La- and Pt-doped series[NSW13][XLY12], where doping

yields an increasing interlayer distance, owing to the radius difference of the dopants. This is

consistent with the Co doped series in other FBS, which always decreases the FeAs interlayer

distance with doping.

4.2.2 The suppression of the structural/magnetic phase transitions

The tendency toward easy exfoliation is quite prominent in 10-3-8. Therefore, to avoid the

error in resistivity due to the large geometry uncertainty, the in-plane temperature-dependent

normalized resistance R/R(300K) (RRR) of Ca10(Pt3As8)[(Fe1−xCox)2As2]5, rather than its

resistivity, is summarized in Fig. 4.3. Unlike the resistivity of all other iron pnictide parent

compounds, which show poor metallic behavior, the RRR of the 10-3-8 parent compound (x

= 0) increases along decreasing temperature with a slope change around 110 K, indicating

semiconductor-like behavior. The doping process effectively suppresses the upward trend,

and the RRR indicates metallic behavior at higher doping levels. Anomalies in the RRR are

observed for samples with low doping concentrations. With Co doping, the anomalies are

suppressed to lower temperatures. This feature can be more clearly seen in the derivative

of RRR, d(R/R(300K))/dT, as shown in the lower panel of Fig. 4.3. According to previous

elastic neutron and X-ray scattering reports[STR14], the parent 10-3-8 compound undergoes

a triclinic to triclinic structural phase transition at Ts = 110(2) K and a paramagnetic to
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stripe-like AFM phase transition at Tm = 96(2) K. However, even in our d(R/R(300K))/dT

plot, we can only identify one-kink feature with unknown nature. As a result, we can not

separate these two transitions in the way for other FBS, where two-kink feature was observed.

Therefore we will only refer the peak temperature indicated in 4.3 as Ts/m. Based on the

previous neutron and transport study of the parent compound [STR14], this value is likely

to be smaller than the Ts but larger than Tm. With regard to these magnetic samples, the

Ts/m temperatures can be determined for the x = 0, 0.0085, 0.027 and 0.038 samples. No

detectable anomalous features were observed in RRR for samples with doping levels of x =

0.05 or higher whereas zero resistance emerges at x = 0.05 with a Tc offset temperature at

approximately 8 K.

The temperature-dependent Hall coefficients of Co-doped 10-3-8 at x = 0, 0.0085, 0.050,

0.057, 0.112 and 0.151 are summarized in Fig. 4.4. Over the entire temperature range,

the Hall coefficient at each doping level remains negative, indicating that electrons are the

dominant carriers in this multiband system. In addition, the absolute value of RH decreases

with increasing doping level x at the same temperature. This is consistent with the scenario

in which the dopant Co adds extra electrons to the system. Note that the temperature

corresponding to a sudden change in the slope of RH in the non-SC samples (x = 0 and

0.0085) matches the structural and magnetic phase transition temperature inferred from

transport measurement. This change is likely attributed to a gap opening at the spin-

density-wave(magnetic) phase transition that reduces the density of states at the Fermi

level[DZX08]. No clear sudden change in RH is detected for other dopings we measured, as

shown in the inset of Fig. 4.4.

4.2.3 Physical properties of the superconducting state

Figure 4.5 shows a close-up view of the Ca10(Pt3As8)[(Fe1−xCox)2As2]5 series in the SC state.

The top panel is the expanded portion of the in-plane RRR data based on Fig. 4.3, and

the bottom panel shows the FC and ZFC data measured by applying a 5 Oe magnetic field

parallel to the sample ab plane. For the x ≤ 0.038 samples, neither zero resistance nor
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zero diamagnetism signal is observed. At x = 0.05, the RRR data drops sharply to zero

accompanied with a significant diamagnetism signal at the critical temperature of Tc = 8 K.

With increasing Co substitution, the Tc gradually increases, reaching the optimal Tc = 13.5

K at x = 0.112. The overdoped region is subsequently built up, and SC is observed until

x = 0.202 with a Tc = 3 K, which is the highest concentration we could obtain. Diamag-

netism signals are observed over the full range of x = 0.05-0.202. Although the transition

is slightly broader than that of electron-doped Ba122[NTY08] and the newly discovered Co-

doped CaLa112[JLS16], the ZFC data refers to large shielding effect, confirming the bulk

superconductivity in these compounds. In addition, the small Meissner fraction indicates

strong flux pinning, like that in other Fe pnictides.

To better investigate the SC state, the optimal x = 0.112 sample is taken as a representative

sample. Figure 4.6(a) shows the heat capacity of the x = 0.112 sample. A clear heat capacity

jump appears at Tc = 13.0 K with ∆Cp/Tc = 10mJ/mole ·K2 as scaled to one Fe2As2 unit

per formula. This value sits well in the plot of the BNC scaling[BCB14], suggesting that the

pairing symmetry is s±. Figures 4.6(b) and (c) show the upper critical fields Hc2 measured

with H ‖ ab and H ⊥ ab. Tc is suppressed with increasing field. Using the 50% criterion

shown in Fig. 4.6(b), the measured H
‖
c2ab and H⊥c2ab are plotted in Fig. 4.6(d). An al-

most linear field dependence deviating from the single band Werthamer-Helfand-Hohenberg

(WHH) theory is observed, consistent with its multiband superconductivity nature. The

obvious broadening of the SC transition under high magnetic field may be due to the short

coherence length ξ and low dimensionality[MLT03]. The anisotropy parameter γ = H
‖
c2/H

⊥
c2

has a maximum around 8 at 13.7 K, which is much larger than that of the well-studied 122

family [NTY08], indicating much weaker interlayer coupling in the 10-3-8 system.

The anisotropy parameter can be gauged more precisely by measuring the angle dependence

of the melting field Hm = H/(sin2θ + γ−2cos2θ)
1
2 [BGL92]. For the x = 0.112 sample, the

resistance was measured at 11 K under 1 T while the sample was rotated at various angles.
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We then repeated the measurement at various fixed field ranging from 1 to 9 T in 1 T steps.

Figure 4.6(e) summarizes the resistance curves versus the Hm. To get the best scaling, an

anisotropy parameter of γ = 8 is chosen to collapse the data on a universal curve. Figure

4.6(f) shows the data in red and blue to indicate data taken under fields below or above

3 T, respectively. Close examination of the scaled curves indicates that the red group is

better scaled at low Hm, whereas the blue group is better scaled at higher Hm. By increasing

the fitting parameter γ, the blue group becomes more confined at high Hm, but the red

group begins to diverge, and vice versa. This difference allows us to estimate the uncer-

tainty of the fitting as δγ = ±0.5. In addition, the different behavior of these two groups

indicates that the system exhibits a strong multiband effect. The γ value of ∼8 matches well

with the one obtained from the Hc2 measurement and is similar to those of Pt-doped 10-3-8

(Γ ≈ 10)[LST11] and 1111 (Γ ≈ 7 ∼ 8)[PPB10], but higher than that of the well-studied

Ba122 family (Γ ≈ 2 ∼ 4)[TNM09]. This result demonstrates that the 10-3-8 family is

among one of the most anisotropic Fe pnictides.

4.2.4 Phase separation of antiferromagnetism and superconductivity

The resistivity data and Hall coefficient measurements both show that for samples showing

superconductivity, neither a structural nor a magnetic phase transition can be detected by

our transport measurements, suggesting the possible phase separation of AFM and SC. To

investigate this in details, an elastic neutron scattering experiment was conducted on samples

with concentrations near the phase boundary between the AFM zone and the SC dome. The

x = 0.038 sample shows no SC while the 0.045 sample shows 80% of shielding fraction at 2

K, as shown in the inset of Fig. 4.7. The order parameter data were collected by measuring

the (2 2 0) peak intensities in a wide temperature range. For the x = 0.038 sample, below

120 K, the intensity decreased gradually to 70 K; then the peak intensity dropped sharply

from 70 to 45 K, where the peak intensity started to increase with decreasing temperatures.

This change in the slope suggests that the structural phase transition occurs at 70 K while

the magnetic phase transition appears at 45 K. The slow decrease in the peak intensity from
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110 to 67 K may be related to short-range structural distortions while the increase below 45

K is likely resulted from the change in the (2 2 0) structural factor caused by the appearance

of magnetic order. The determined Ts of 70 K and Tm of 45 K are consistent with data

from our transport measurement where the peak of the kink feature in d(R/R(300K))/dT

is around 65 K. However, the features showing in Fig. 4.7 (a) are all absent for the x =

0.045 sample, as seen in Fig. 4.7 (b). This solid evidence strongly suggests that within our

experimental resolution, the AFM zone and the SC dome do not overlap.

Combining the transport, thermodynamic, and neutron scattering data, we can map out

the 10-3-8 temperature–concentration phase diagram in Fig. 4.8. With the Co doping, the

structural/magnetic phase transitions in the parent 10-3-8 compounds were suppressed to

lower temperatures. With more Co doping, superconductivity up to 13.5 K can be induced

in an extended doping region between x = 0.045, the lowest concentration where 80% of

shielding fraction was observed at 2 K, and x = 0.202, the highest concentration we can

reach. Within our doping resolution near the AFM and SC phase boundary, based on our

low field susceptibility and neutron scattering measurements on the non-SC x = 0.038 piece

and the SC x = 0.045 piece with 80% of shielding fraction at 2 K, we conclude no detectable

phase coexistence exists at the phase boundary. This behavior is remarkably similar to that

of the LaFeAsO1−xFx[LKK09] and high-Tc cuprates[FKK03]. Interestingly, in contrast to

our findings and those on F-doped LaFeAsO[ZHC08a], it has been shown that no phase

coexistence of AFM and SC appears in F-doped CeFeAsO. On the other hand, the micro-

scopic coexistence of AFM and SC in the underdoped regime in F-doped SmFeAsO has

been reported[DNB09]. It is notable that the 10-3-8 family shows high anisotropy while the

REFeAsO (RE = La, Ce, Sm) has an anisotropy parameter γ of 7–8 for RE = La[PPB10],

2–4 for RE = Ce[SWS10], and 2–3 for RE = Sm[SFC08]. The evolution of γ and the extent

of the phase coexistence phase diagram suggest that the electronic anisotropy affects the

phase competition mechanism.
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4.3 Conclusion

In summary, we carefully mapped out the temperature–concentration phase diagram of

Ca10(Pt3As8)[(Fe1−xCox)2As2]5 from a combination of transport, thermodynamic, and neu-

tron scattering experiments. Based on the data obtained on homogeneously doped single

crystals with WDS measured dopant concentrations, the structural/magnetic phase transi-

tions in the parent 10-3-8 phase were suppressed with Co doping and bulk SC was induced

in an extended dome like region. Within our concentration resolution at the AFM and SC

phase bounder, no phase coexistence of AFM and SC was detected, indicating phase separa-

tion scenario. By comparing with the phase diagrams of the other FBS, we tempt to argue

the importance of the electronic anisotropy in affecting the interplay of AFM and SC.
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Figure 4.3: Top: Temperature-dependent R/R300K of Ca10(Pt3As8)[(Fe1−xCox)2As2]5. Bot-

tom: dR/R300K/dT vs. T. The kink feature indicates the structure and magnetic phase

transition.
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Figure 4.6: (a): Cp vs. T of the optimally doped sample (x=0.112). Inset: Cp/T vs. T. ∆Cp

is clearly seen in the inset. (b) and (c): Anisotropic Hc2 measurements of x = 0.112 sample

measured at various external field. The 50% R criterion is used to determine Tc. (d) Hc2

vs. T. Inset: Anisotropy parameter γ vs. T. (e): R vs. melting field Hm, see text. (f): R

vs. melting field Hm, see text. Data grouped into a red group with fields of 1, 2, and 3 T

and a blue group with a field larger than 3 T.
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Figure 4.7: Order parameter measurements centered at the (2 2 0) nuclear peak for (a) x =

0.038 and (b) x = 0.045 samples. The criteria to infer structural phase transition temper-

ature Ts and magnetic phase transition temperature Tm are indicated. Inset: Temperature

dependent FC and ZFC susceptibility data taken at 5 Oe with H // ab.
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Figure 4.8: The temperature–concentration phase diagram of

Ca10(Pt3As8)[(Fe1−xCox)2As2]5.
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CHAPTER 5

Structural and magnetic phase transitions in

non-superconducting

Ca0.73La0.27FeAs2

5.1 Introduction

As we introduced in Chapter 1.3, a few compounds containing As/Sb layers and alternating

prototypical FeSb/FeAs layers were theoretically proposed to be candidates of high tempera-

ture superconductors. However, none of them has been able to be experimentally synthesized.

It was not until the end of 2013, Naoyuki Katayama etc.[KKO13] discovered that a small

substitution of La on Ca site managed (CaLa112) to stabilize the crystal structures and

superconductivity(Tc ≈40K) was induced. Nevertheless, the poly-crystals obtained by FeAs

self-flux method did not exhibit comparable sample quality as BaFe2As2 in terms of the small

size and low superconducting volume fraction. CaFeAs2 was proposed to be the parent com-

pound and the superconductivity arises from the electron doping of it. However, CaFeAs2

can not be synthesized. It is, first and foremost, important and urgent, to improve the sam-

ple quality before we could proceed to understand its superconductivity. Here, a recipe that

enables reproducible growth of sizable single crystalline Ca1−xLaxFeAs2(CaLa112) was in-

troduced by CaAs self flux method. Besides, being an exceptional Fe based superconductors

(FBS) where the global C4 rotational symmetry is broken even at room temperature, it is

important to extract the similarities and differences between CaLa112 and other FBSs to un-

ravel the nature of its rich emergent orders and interaction in between. Here, I will present a

systematic experimental study on this system to understand the competing emergent orders
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and discuss the possible insight.

5.2 Experimental results and discussion

5.2.1 Single crystal growth and characterization

On observation of the FeAs growth flux method which would either give tiny poly-crystal[KKO13]

or require large amount of starting ingredients[ZZY14, ZXZ15], CaAs self flux method was

proposed. The single crystals of Ca0.73La0.27FeAs2 were grown using CaAs self-flux method.

The starting ingredients, high purity CaAs, LaAs, FeAs precursors and As powders, were

thoroughly grounded and mixed at a ratio of 1.3:0.5:1:0.7 inside glovebox. The mixture

was then pressed into a pellet, loaded into an Al crucible, and sealed into a quartz tube

under 1
3

argon atmosphere pressure. The tiny amount of oxidization of precursors or residue

of gaseous oxygen sealed inside ampule would deteriorate the sample quality greatly. The

ampoule was kept at 1100 ◦C for 72 h, then was slowly cooled down to 875 ◦C at a rate

of 2 ◦C/h, followed by water quenching. The partially melted pellet was removed from the

crucible at room temperature and rinsed with de-ionized water to get rid of the excess of

flux and remaining precursors. A successful synthesis would yield quite an amount of thick

silver-shining plate-like single crystals with dimension up to a few millimeter.

The single crystals were characterized by a Panalytical powder X-ray diffractometer at room

temperature. The collected data was refined by Fullprof software as illustrated in Fig. 5.1 All

the reflections could be well indexed into the P21 monoclinic structure with lattice param-

eters a=3.9543(1)Å, b=3.8866(33)Å, c=10.3787(1)Å, α=90.0◦, β=91.014(1)◦ and γ=90.0◦.

we didn’t observe impurity phases. The doping concentration of La was further characterized

by WDS on tens of single crystals that having at least one shining surface with uniform thick-

ness. The measurement result indicates the La concentration x is 0.266±0.009. Notably, the

concentration within the same pieces were always very close but slight concentration variance

exists between different pieces. Within this chapter, the CaLa112 compound grown by this
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Figure 5.1: The room temperature powder X-ray diffraction and the profile refinement. The

blue ticks show the Bragg peak positions. Each peak is indexed to one or several (hkl)s. The

inset shows the crystal structure of the CaLa112.

recipe will be labeled as Ca0.73La0.27FeAs2. This recipe results in a rather small sample to

sample variance considering that no detectable difference in transition temperature exists.

5.2.2 Evidence of structural and magnetic phase transitions

Based on the sample geometry, the electrical resistivity were measured on ab plane (in-plane)

and along c axis (out of plane), respectively. As seen in Fig. 5.2(a), the in-plane plane

resistivity is in the range of 1 mΩ-cm. It decreases with decreasing temperature, reaching

an nonzero minimum at the base temperature. This indicates its poor metal nature. The

sharp slope change of resistivity around 58 K. The temperature dependent derivative of

the in-pane resistivity (Fig. 5.2(d)) shows two kinks. This is reminiscent of the anomaly

observed in LaFeAsO and other magnetic FBS [KWH08], which are associated with the

structural and magnetic phase transitions[CHL08] there. The resistivity initially increase

then decrease along c axis upon cooling. This is reminiscent of the one in Ba122 family, which

is proposed to be due to the formation of pseudogap[TNT11]. Susceptibility measurement

was operated at the condition while field H was perpendicular or parallel to sample ab
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plane. At both situations, susceptibility shows no Curie-Weiss behavior, suggesting no local

moment formation. This also reminisces the other magnetic FBS. Meanwhile, the anomaly

in susceptibility also appears around 58 K, confirming the existence of phase transitions.

Figure 5.2(d) plots the specific heat data over the derivative of the in-plane resistivity data.

The two-kink feature arises at the same temperatures from both measurements. All these

measurements suggest that instead of CaFeAs2, Ca0.73La0.27FeAs2 is the “parent” compound

of the CaLa112 series since it shows the structural/magnetic instabilities. Assuming a spin

gap formation in Ca0.73La0.27FeAs2 like in the other magnetic FBS at low temperatures,

the fit of the heat capacity data using γT+βT3 leads to γ=12.2 mJ/mol K2 and Debye

temperature θD = 346 K. Comparing to BaFe2As2, the larger value of Debye temperature

demonstrates that CaLa112 family has a stiffer lattice.

In order to reveal the nature of those anomalies in Fig. 5.2, elastic neutron scattering

data were taken on a Ca0.73La0.27FeAs2 single crystal(namely piece I) at HB1A in Oak Ridge

National Lab (ORNL). (0,2,0), chosen as a representative of nuclear Bragg Peaks, and (1/2

1/2 1/2), chosen as a representative of magnetic peaks, were centered and counted while

raising the temperature from base. Drawn together in Fig. 5.2(c), the (0 2 0) nuclear peak

intensity (black curve) increases below 58 K, which is regarded as a signal of a structural

phase transition; the (1/2 1/2 1/2) magnetic peak intensity (red curve) shows a sudden in-

crease below 54 K, indicating a magnetic phase transition. The magnetic peak formation is

better seen in Fig. 5.2(g), where (1/2 1/2 1/2) magnetic peak is clearly present at 54 K but

absent at 55 K, indicating the onset of a magnetic phase transition at 54 K. These neutron

scattering data are consistent with the specific heat capacity and resistivity measurements,

clarifying the nature of the two-kink feature in the transport and thermodynamic measure-

ments.

In addition to the neutron scattering measurement, µSR data was used to detect the mag-

netism inside Ca0.73La0.27FeAs2. Around 100 pieces of Ca0.73La0.27FeAs2 (200 mg) sin-

gle crystals were wrapped together and measured. Figure 5.2(f) shows the evolution of

Ca0.73La0.27FeAs2 magnetic volume fraction and the transverse relaxation rate σ with tem-
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perature. Once the temperature falls below 54 K, the magnetic volume fraction builds up

to 100% rapidly. A sharp increase in the magnetic volume fraction would suggest the high

homogeneity of samples. On the other hand, the transverse relaxation rate, which is propor-

tional to the local magnetic moment, builds up gradually. This implies the magnetic phase

transition is of the second-order.

In conclusion, our high quality Ca0.73La0.27FeAs2 single crystals show clearly separated

structural and magnetic phase transitions without superconductivity, on the other hand,

Ca0.82La0.18FeAs2 exhibits superconductivity with Tc ≈ 42 K. Therefore, we revealed that

Ca0.73La0.27FeAs2 is the “parent” compound of the superconducting CaLa112 family, while

the superconducting state of Ca0.82La0.18FeAs2 is induced by hole dopings via substituting

La with Ca.

5.2.3 Intrinsically structurally untwined scenario below Ts

Synchrotron single crystal x-ray measurement was performed on Ca0.73La0.27FeAs2 (piece III)

at room temperature in Argonne national lab. Figure (5.5) shows the spots at the (0 1 0), (1

0 0) and (1 1 0) position of this single crystal. If there is only one growth domain A, the (0 1

0) reflection is prohibited in this material. Therefore, the spot at (0 1 0) position arises from

the (1 0 0) reflection of a second growth domain B whose a axis rotates 90◦ with respect to

the growth domain A. As a result, the (1 1 0) position contains two peaks, one is the (1 1

0) peak from domain A and the other is from the (1 -1 0) peak from domain B. The tiny

splitting of these two peaks (Fig.(5.5)) suggests a tiny orientation mismatch between the two

growth domains. The intensity of the (2 2 0)A and (2 -2 0)B nuclear peaks are shown in Fig.

5.3, where the superscript A and B denote domain A and domain B, respectively. Neither

peak splits below 58 K. This is in sharp contrast with Ba122. The (2 2 0) synchrotron x-ray

peak of Ba122 splits into two/four blobs with similar brightness below Ts, which indicates

the formation of structural twinning when the symmetry of the crystal structure is lowered

below Ts [TKN09]. We double checked the synchrotron x-ray data to make sure no splitting

of either peak appears below Ts. Indeed, in the non-reduced data, the (2 2 0)A and (2 -2 0)B
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are resolved at all temperatures, which unambiguously show that neither peak splits below

58 K. The drastic difference between CaLa112 and Ba122 suggests there is no structural

twinning below Ts in Ca0.73La0.27FeAs2. A conservative estimation points to 95% of each

growth domain being untwined in this piece. Therefore, the Ca0.73La0.27FeAs2 is intrinsically

structurally untwined.

A single crystal of Ca0.73La0.27FeAs2 ( piece II) were measured at HB3A in ORNL[CCY11].

At 4.5 K, on observing the peak splitting of (2 -2 0) but with relatively large intensity dif-

ference showing in Fig. 5.4, it suggested this piece has merely one major growth domain.

What’s more, the refinements based on 170 nuclear reflections collected at both 60 K and

4.5 K indicate only one single growth domain exists. A detailed comparison of the peak

profile collected at 200 K and 4.5 K for peak (2 0 0) is present in Fig. 5.2(g). Within the

measurements’ resolution, the low temperature profile almost has the same full width at

half maximum (FWHM) as that of the high temperature peak. This observation reminds

the same scenario of detwined BaFe2As2 under 0.7 MPa[DYT12]. Referring to this paper,

BaFe2As2 at ambient pressure would have low temperature (2 0 0) peak with lower peak

intensity but broader FWHM due to the formation of twining below Ts. If uniaxial strain

is applied and detwined the sample, low temperature (2 0 0) peak would have higher peak

intensity but the same FWHM as the high temperature peak profile. This similarity strongly

suggests Ca0.73La0.27FeAs2 is either substantially untwined or the twining below Ts is too

weak to cause detectable peak broadening.

Further evidence comes from the polarized optical image measurement as shown at Fig.

5.2(h) and (i). At 290 K, as shown on the image, the growth domains are bordered by the

bright lines which remain the same to 5 K, the lowest temperature measured. Unlike the

extra µm-sized structural domains observed in BaFe2As2 below Ts[TKN09], none of those

extra tiny strips is observed in Ca0.73La0.27FeAs2 at 5 K. It supports that the sample has no

detectable twining at this measurement condition.

53



Though Ca0.73La0.27FeAs2 undergoes structural and magnetic phase transitions, our exper-

imental data strongly suggest that Ca0.73La0.27FeAs2 is substantially structurally untwined

below Ts at the experimental resolution. In principle, lowing crystal symmetry would in-

evitably generates a pair of inequivalent lattice configuration which degenerate in terms of

energy. This pair of lattices would form equally in volume below structural phase transi-

tion temperature Ts. This is called twinning. In our case, This feature may be related to

the As chains in the crystal, which make the T-walls formation energetically unfavorable

in Ca0.73La0.27FeAs2, being consistent with the stiffer lattice suggested by the specific heat

measurement.

5.2.4 The nature of the magnetic phase transition

We determined the magnetic structure of Ca0.73La0.27FeAs2 based on 13 effective magnetic

reflections collected on single crystal piece II(refer to Fig. 5.4). Since synchrotron x-ray

diffraction shows that Ca0.73La0.27FeAs2 is substantially untwined, no T walls are considered

in the neutron data fitting. We found that a reasonable fit requires two equal volumes with

different spin orientations either along a or b axis. The refined magnetic patterns are present

in Fig. 5.7. Within one magnetic domain, the spins are aligned head to tail in one direction

antiferromagnetically, whereas in the other direction (stripe direction) marked as orange

color in Fig. 5.7 are aligned ferromagnetically. Although the detailed magnetic structure of

this compound is unique, with the spins being 45◦ or 135◦ away from the stripe direction

instead of being perpendicular to the stripe direction like in other magnetic FBS, it shows

the same AFM stripe pattern with the wave vector k = (1,0) in the 1-Fe cell akin to other

FBS, which is consistent with the dynamical mean-field theory(DMFT) calculations from

our collaborator. However, the existence of “magnetic domains” with the easy axis 45◦ or

135◦ away from the stripe direction suggests the existence of spin-rotation walls (S wall)

which separate the regions with the same stripe direction but different spin orientations.

The existence of S-walls is consistent with the DMFT calculations which show the magnetic
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anisotropy energy of these two spin configurations is so close to each other (0.1 meV/Fe) that

they can practically coexist. This is consistent with our DFT calculation collaborator who

inferred the anisotropy energy to be ≈0.1 meV/Fe. Finally, the refined data gives moment

to be 1.08(3) µB/Fe, which agrees well with the theoretical DMFT prediction of 1.0µB/Fe.

5.2.5 The nature of the structural phase transition

In all known magnetic FBSs, because of the magnetoelastic coupling, the onset of the (1 0)

stripe magnetic order breaks the fourfold rotational symmetry and leads to a tetragonal to

orthorhombic phase transition. As a result, the 2-Fe cell enclosed by dashed lines in the lower

panel of Fig. 5.7 distorts from an exact square to a rhombus with the short diagonal along

the stripe direction[ATB14]. Since the magnetic wave vector of Ca0.73La0.27FeAs2 is the same

as those in other magnetic FBS, we expect a similar type of magnetoelastic coupling, which

breaks the only symmetry element of P21 and reduces it to triclinic P1. This leads to γ 6=90◦.

Consequently, the 2-Fe cell distorts from a rectangle into a parallelogram(refer to the upper

panel in Fig. 5.7) and (L1 + L3) is no longer equal to (L2 + L4) below Ts. Figure 5.3(b)

shows that upon cooling, the difference in d spacing between these two reflections in Fig.

5.3(a) monotonically increases. A sharp kink at 58 K appears in d∆d/dT . Assuming α ≈

90◦, the ∆d gives a cell with γ=89.92◦ and (L1+L3)-(L2+L4)=0.007(4)Å at 10 K, suggesting

a weak spin-orbit coupling.

5.2.6 The metallic spacer layers

In Ca0.73La0.27FeAs2, the nearest neighbor As to As distance is 2.56(1)Å. It is slightly larger

than As-As single bond distance 2.46Å but much shorter than 3.00Å where As-As starts

to form a bond, suggesting the bond number is slightly less than one. Based on this logic,

the Ca0.73La0.27FeAs2 could be model as Ca2+
0.73La3+

0.27[FeAs](1.27−δ)−As(1+δ)−. It indicates that

FeAs layer is doped by (0.27-δ) electrons per Fe site.
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ARPES measurement and DMFT calculation from our collaborator provide us a quantitative

understanding of the electronic structure. The fermiology data from ARPES is summarized

in Fig. 5.7(a) and (b). ARPES resolves two hole pockets at the Brillouin zone center Γ

and one oval-like electron pocket at the corner M at 67 K akin to the other magnetic FBS

using s geometry (electric fields out of the emission plane). Interestingly, an extra electron

pocket appears at the Brillouin zone edge (X point), which is qualitatively consistent with

the DMFT calculation in Fig. 5.7(c-e). In addition to the two hole pockets (β and γ) at

Γ and two similar-sized electron pockets at M with only FeAs layer character, DMFT also

reveals one extra electron pocket at X with only an As chain character(in Fig. 5.7(c)). By

calculating the volume difference between the Fermi pockets at Γ and M, the DMFT cal-

culation concludes the FeAs layer is doped by 0.17 e/Fe. Since the ARPES kz dispersion

has not been measured, assuming all pockets are 2D-like, a rough estimation of the ARPES

Fermi volume suggests a doping level of ∼0.2 e/Fe. Comparing with the prototype electron-

doped Ba122[LKF10], this value places Ca0.73La0.27FeAs2 as electron overdoped. A closer

look into the Fermi surface (FS) shows that, despite its overdoped nature, a reasonable FS

nesting much stronger than the one in electron-overdoped Ba122 survives in this “parent”

compound. This highlights the important role of FS nesting in inducing structural and mag-

netic instabilities.

On the other hand, Figure 5.7(d) shows that the DMFT FS nesting is enhanced upon de-

creasing x (hole doping). Since experimentally the Ts/Tm are suppressed with decreasing

x which can not be simply accounted by the FS nesting picture, it suggests that the super-

exchange interaction also plays a role in causing these instabilities. This is one strong piece

of evidence of the dual itinerant and localized nature of magnetism in FBS[DHD12]. Both

the comparison of the ARPES FS between the “parent” and SC CaLa112 (nominal x = 0.1,

real x = 0.18, Tc = 42 K)[ZZY14, LLZ15] and the comparison of the DMFT FS between

x = 0.3 and x = 0 CaLa112 (Fig. 5.7(e)-(f)) reveal the As chains deeply affect the doping

mechanism. With Ca doping, part of the holes create an extra 3D hole pocket (α pocket) at
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Γ with a mixed Fe and As chain nature[LLZ15], part of them fill the X electron pocket, and

part of them distribute to the rest of the pockets.

5.3 Conclusion

Tunable Fe pnictide superconductor(FBS) with metallic layers can shed light on the role

of interlayer coupling on the interplay of magnetism and SC in FBSs. Recently, a 10-4-

8 FBS family and Ba2Ti2Fe2As4O have been found to be self-doped with metallic spacer

layers[MRR14, SCG13a]. However, there is no good control on the extent of self-doping.

Therefore, the CaLa112 system is more promising for the systematic study of the impact of

metallic layers in FBSs with a controllable doping level. What is more, since the C4 rotational

symmetry is already broken even at room temperature, it raises the question that if elec-

tronic nematicity exists in this family. Electronic nematicity lowers the rotational symmetry

but keeps the translational symmetry and manifests as the in-plane electronic anisotropy of

the 1-Fe cell.[TBK10, INL13, LPZ14, ACM13, YLC11]. It was theoretically proposed that

the nematic fluctuation can enhance other types of fluctuations and thus enhance supercon-

ductivity. For archetype magnetic FBS, such as Ba122 and FeSe families, suggested by both

theory and experiments, the nematic temperature coincides with the Ts. Despite of the ab-

sence of C4 rotational symmetry at room temperature and the subtle distortion in the FeAs

layers in Ca0.73La0.27FeAs2, for the first time, our comprehensive experimental study reveals

very similar stripe AFM at 54 K and monoclinc to triclinic structural phase transitions at

54 K, akin to the archetype magnetic Ba122. This not only suggests the robust of the FeAs

layer in hosting structural/magnetic instabilities and superconductivity, but also allow the

possibility of electric nematicity in this CaLa112 family.

In conclusion, Ca0.73La0.27FeAs2 with an overdoped FeAs layer is evidenced to be the “par-

ent” compound of CaLa112 FBS. It is substantially untwined with S walls under ambient

pressure below Ts. Furthermore, while the central-hole and corner-electron Fermi pockets

57



appear with reasonable nesting, both the ARPES and DMFT have unravelled an extra elec-

tron pocket at the Brillouin zone edge originating from As chains, establishing the As chains

actively participating in the doping mechanism. These characteristics make this material a

great platform to study the roles of electronic nematicity and metallic spacer layers in iron

based superconductors.
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Figure 5.2: (a) Electric resistivity ρ‖ab (I ‖ ab) and ρ⊥ab (I ⊥ ab) vs T. Inset: Top view of the

Fe and spacer As sublattices. The structure subtlety is exaggerated. Orange ball: Fe. Gray

ball: As in the spacer layers. The orange and blue lines indicate Fe-Fe bonds with bond

lengths of L1, L2, L3, and L4. L1 + L3 = L2 + L4 if γ = 90◦. The dashed lines enclose the

unit cell. (b) Susceptibility χ‖ab and χ⊥ab vs T . (c) The neutron intensity of the nuclear (0

2 0)N and the magnetic (1/2 1/2 1/2)M peaks vs T . (d) Heat capacity Cp/T and dρ‖ab/dT

vs T. (e) The neutron intensity of the (1/2 1/2 1/2)M peak at 55 K and 54 K with offset. (f)

The magnetically ordered volume fraction V and transverse relaxation rate σ in zero-field

muon spin rotation (ZFµSR) asymmetry spectra vs. T. (g) The neutron intensity of the (0

2 0)N peak at 200 K and 4.5 K. (h) The polarized optical image at 290 K. (i) The polarized

optical image at 5 K.
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Figure 5.3: (top) The synchrotron x-ray µ vs. 2θ diffractograms of the (2 2 0)A and (2 -2 0)B

peaks from the growth domains A and B of Ca0.73La0.27FeAs2, respectively. µ is a rotation

of the crystal along an axis perpendicular to the x-ray beam. (bottom) Splitting of the two

reflections as determined by Gaussian fits. Inset: d(∆d)/dT vs T.
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Figure 5.4: Omega scan of the (2 -2 0), (0 2 0), (0 0 8) and (-2 0 0) nuclear Bragg peaks.
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Figure 5.5: (a) Omega scan of the (2 -2 0), (0 2 0), (0 0 8) and (-2 0 0) nuclear Bragg peaks

of the single crystal I and the cartoon plot of the domain distribution. (b) Omega scan of

the (2 -2 0), (0 2 0), (0 0 8) and (-2 0 0) nuclear Bragg peaks of the single crystal II. (c) The

(0 1 0), (1 0 0) and (1 1 0) spots of the single crystal III measured using synchrotron x-ray

and the cartoon plot of the domain distribution.
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Figure 5.6: The comparison of the magnetic and crystal structures between Ca0.73La0.27FeAs2

and BaFe2As2 in a single growth domain. Orange ball: Fe. Blue arrow: Spin direction.

Orange ribbon: Spin stripe along which the spins order in parallel. The dashed lines enclose

the 2-Fe cell.
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Figure 5.7: (a) The two-dimensional (2D) contour of the angle-resolved photoemission spec-

troscopy (ARPES) Fermi surface (FS) of Ca0.73La0.27FeAs2 at Kz ∼ π/c in the 2-Fe/cell

representation. Red and orange circles: Two hole pockets at the center Γ point. Blue ovals:

Electron pockets at the corner M point. Purple lines: Extra electron pocket arising from the

As chains at the X point. (b) The second derivative of ARPES k-E maps. Two hole pockets

at Γ points can be clearly identified in the Y-Γ cut. (c) The spectral function A(k,ω) of

Ca0.73La0.27FeAs2 from DMFT. The red color represents the projection of the orbital char-

acter onto the in-plane p orbitals of the As chain atoms. (d) The 2D contour of the DMFT

FS of CaLa112 (x = 0 and 0.3) at Kz ∼ π/c. (e), (f) The 3D DMFT FS of (e) CaLa112 (x

= 0.3) and (f) CaLa112 (x = 0.0) in the 2-Fe/cell representation.
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CHAPTER 6

Coexistence of superconductivity and

antiferromagnetism in

Ca0.74(1)La0.26(1)(Fe1−xCox)As2 single crystals

6.1 Introduction

In chapter 5, we have shown that we successfully grew, characterized and identified

Ca0.73La0.27FeAs2 as the parent compound of the CaLa112 superconducting family, which

crystalizes in the FeAs-(Ca/La)-As-(Ca/La)-FeAs-layer stacking with the prototypical FeAs

layers and unique zigzag As chains inside. The FeAs layer in Ca0.73La0.27FeAs2 was electron-

overdoped by 0.17e/Fe. At this doping level, all other Fe based superconductors (FBS)

are neither magnetic nor superconducting. However, we observed a monoclinic-to-triclinic

structural phase transition at 58 K, and a paramagnetic to stripe AFM phase transition at

54 K with the easy axis either along a or b axis, which suggest both itinerant and localized

nature of the magnetism in FBS. Angle-resolved photoemission (ARPES) measurements

revealed two hole pockets at the Brillouin zone center Γ and one oval-like electron pocket

at the corner M akin to the other magnetic Fe pnictide superconductors (FBS), with an

extra electron pocket of mainly As chain character at the Brillouin zone edge X point. This

clearly shows the As-zigzag-chain spacer layers contribute density of states at the Fermi level,

indicating the metallic nature of the spacer layers. This observation is also supported by our

anisotropic transport measurements and the DMFT calculations.

By substituting La with Ca in the magnetic Ca0.73La0.27FeAs2, the electron over-doped
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FeAs layers can be hole doped into superconducting. Tc is reported to be around 40 K

[KKO13] in Ca0.82La0.18FeAs2. What is the effect of electron doping in this already electron-

overdoped FeAs layer in Ca0.73La0.27FeAs2? Will superconductivity (SC) be realized with

electron doping? What is the doping mechanism considering the metallic nature of the spacer

layers? To shed lights on the above questions, we decided to dope Co on Fe sites to add extra

electrons. While my research was underway, a few groups reported superconductivity in Co

doped CaLn112 (Ln = La, Ce, Pr, etc.) polycrystals[YOS15a, XZX15, YOS15b]. However,

no systematic research has been performed to understand the doping mechanism and the

interplay of AFM, structure and SC in Co doped CaLa112.

In this chapter, a systematic study of Co-doped CaLa112 single crystals will be discussed. We

show that upon Co doping, the structure and magnetic phase transitions in Ca0.73La0.27FeAs2

are suppressed, and bulk superconductivity up to 20 K emerges. Using the sample with the

WDS Co concentration x of 0.046 as a representative specimen, we report the SC properties

of the Co-doped CaLa112 through measurement of Hc2 and the vortex motion. In particular,

the microscopic coexistence of antiferromagnetism and superconductivity in this system is

revealed by a combined µSR, susceptibility, and elastic neutron scattering measurements. We

contrast this behavior with the related 10-3-8 compound Ca10(Pt3As8)((Fe1−xCox)2As2)5 we

discussed in chapter 4, which has similar FeAs interlayer spacing as Co-CaLa112, but dis-

plays no AFM-SC coexistence. We interpret this difference in terms of the nature of the

spacer layer, which is metallic in the 112 compound but insulating in the 10-3-8 system.

Finally, we will discuss the importance of interlayer coupling in affecting the extent of the

phase coexistence in FBS within the scope of the mean field theory.
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6.2 Experimental results and discussion

6.2.1 Single crystal growth and characterization

Via the recipe similar to that used to make Ca0.73La0.27FeAs2, single crystals of

Ca0.74(1)La0.26(1)(Fe1−xCox)As2 were grown by CaAs self-flux at a ratio of CaAs : LaAs :

FeAs : CoAs : As = 1.3 : 0.5 : 1 − xnominal : xnominal : 0.7. The mixture was then pressed

into a pellet, loaded into an aluminum crucible, and sealed in a quartz tube under 1
3

argon

atmosphere. The ampoule was kept at 1100 ◦C for 72 h and then slowly cooled to 875 ◦C at

a rate of 2 ◦C/h, followed by water quenching. Sizable, thick single crystals were obtained

by rinsing off the flux using distilled water. Samples with xnominal = 7% (which was later

determined to have a real concentration x of 0.046) with clean, shiny surfaces were carefully

collected for powder XRD measurement, as shown in Figure 6.1. All the peaks can be in-

Figure 6.1: The powder x-ray diffraction of Ca0.74(1)La0.26(1)(Fe1−xCox)As2 (x = 0.046) with

(hkl) indexing. Inset: The crystal structure of CaLa112.

dexed in the monoclinic P21 CaLa112 structure, indicating that the single crystals contain

only Co-doped CaLa112. Unlike the case in [XZX15], even in our highest Co doping series,
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no CaFe2As2 peaks are observed.

The complexity of Ca and Co double-doping on Ca0.73La0.27FeAs2 can introduce inhomo-

geneity in the concentrations. To clarify the effect of Co doping, the variance of the La

concentration must be strictly controlled and verified. Thus, WDS measurements were per-

formed on at least five pieces from each batch to determine the concentration and its variance

for each nominal concentration. The linear relationship between the nominal concentration

xnominal and the real concentration xWDS is summarized in Figure 6.2, which shows that

the ratio xWDS/xnominal is ∼0.63. The FeAs interlayer distance also demonstrates a linear

evolution. Upon Co doping, the interlayer distance shrinks, decreasing by 0.22% at x =

0.065. This is comparable to the decrease in the interlayer distance at a similar Co doping

level in BaFe2As2[NTY08]. The small variance of xWDS indicates the homogeneous doping

concentration of Co within each batch. The concentrations of La and Co in each batch

Figure 6.2: The xnominal vs. xWDS and the evolution of the FeAs interlayer distance d with

xWDS. Inset: single crystals against the 1 mm scale.

are summarized in Table 6.1. Notably, our WDS data within each piece indicate a very

homogeneous concentration, which enables us to perform concentration-based neutron scat-

tering and µSR measurements. On observing the concentration variances of La within each

batch, we denote La:xWDS as La0.26(1). Thus, henceforth, the chemical formula for Co-doped
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Table 6.1: WDS measurement result for Ca1−xWDS
LaxWDS

Fe1−yWDS
CoyWDS

As2

Co:ynominal La:xWDS Co:yWDS

0% 0.270(4) 0

1% 0.250(10) 0.008(1)

3% 0.269(3) 0.025(1)

5% 0.259(5) 0.033(1)

7% 0.249(7) 0.046(4)

9% 0.264(2) 0.056(4)

11% 0.270(6) 0.065(2)

CaLa112 will be denoted as Ca0.74(1)La0.26(1)(Fe1−xCox)As2, where x indicates the real Co

concentration measured by WDS.

6.2.2 Transport and thermodynamic properties

The resistance of flat, shiny samples with known concentrations was carefully measured. Fig-

ure 6.3(a) shows the representative temperature dependence, R/R300K (RRR). Samples with

x = 0 and x = 0.008, which have not yet entered the SC dome, exhibit resistive anomalies

around 50 K. The derivative of the RRR for these two samples versus temperature is shown

in Fig. 6.3(b). The two-kink feature with the criteria to determine the transition tempera-

tures is shown in d(R/R300 K)/dT . As we discussed in chapter 5, the higher-temperature

kink is associated with the monoclinic-to-triclinic structural phase transition, and the lower-

temperature kink is related to the paramagnetic-to-AFM magnetic phase transition. The

two-kink feature was suppressed to lower temperature with Co doping from x = 0 to x =

0.008. As shown in Figure 6.3(a), superconductivity emerges when the Co concentration x

exceeds 0.008. The critical temperature increases to 10 K in the x = 0.025 sample, increases

further to 20 K in the x = 0.046 sample, and finally drops down to 16 K at x = 0.065,

forming a dome-like region in the temperature–concentration phase diagram.
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The temperature-dependent zero-field-cooled (ZFC) and field-cooled (FC) susceptibility data

taken at H = 5 Oe and H ‖ ab are shown in Fig. 6.3(c). The small Meissner fraction inferred

from the FC data indicates strong flux pinning, which is a common feature in FBS. The ZFC

4πχ data for all the concentrations except for x = 0.025 show a relatively sharp drop below Tc

and saturate at base temperature with a magnitude between ∼110% and ∼120%, which are

comparable to those in the prototype Co-doped Ba122 compound[NTY08]. This is in contrast

to the much broader transition within Co-doped polycrystalline CaLa112[YOS15a, YOS15b],

suggesting the much better homogeneity of our single crystals. Considering the demagne-

tization effect, the real superconducting volume fraction (SVF) for all samples needs to be

corrected. When a thin disk of radius a and thickness c � a is placed in a field parallel

to the disk plane, its intrinsic susceptibility is given by χintrinsic = χexpt /(1 - 4π Nχexpt

), where N = 0.5πc/a, and χexpt is the experimental value shown in Figure 6.3(c). Given

that the average c/a ratio of the four measured pieces is 0.10, the calculation yields an av-

erage SC shielding fraction at 2 K to be ∼ 80% for x = 0.025 sample without saturation

and ∼ 100% for higher concentrations with saturation. The Hall coefficient data for the x

= 0 and x = 0.033 samples are presented in Fig. 6.3(d). Their negative values indicate

that electron carriers dominate the transport properties. The smaller absolute value of the

Hall coefficient in the x = 0.033 sample confirms that Co doping adds electrons to the system.

As a representative, the superconducting properties of the x = 0.046 sample are shown

in Fig. 6.4. Figure 6.4(a) presents the upper critical field Hc2, which is determined by using

the 50% resistivity criterion shown in Figure 6.3(b). The anisotropy parameter of the upper

critical field, γH , defined as H⊥abc2 /H
‖ab
c2 , yields a value of approximately 4.7. Because the

effective mass anisotropy Γ is related to γH by Γ = γ2
H = m∗⊥ab/m∗‖ab, the effective mass

anisotropy is calculated as approximately 22. Note that γH ≈ 4.7 in the 112 compound is

smaller than γH ≈ 8 in the 10-3-8 compound, which has a similar FeAs interlayer distance

but insulating spacer layers. This result suggests stronger FeAs interlayer coupling in the
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112 compound, possibly arising from the metallic spacer layers. Figure 6.4(b) shows the

temperature-dependent specific heat Cp measurement taken at H = 0 T. A bump in Cp

associated with the SC phase transition appears, confirming the bulk superconductivity in

this sample. By the equal entropy construction shown in Fig. 6.4(b), the heat capacity

jump is calibrated as ∆Cp/T|Tc≈ 6.7 mJ/(mole Fe K2) at Tc ≈ 16 K. This value follows

the Budko–Ni–Canfield (BNC) log–log plot quite well[KFS12], suggesting that Cp ∝ T3
c .

Because most FBSs that follow BNC scaling[BCB14] show S± pairing symmetry, this may

suggest an S± pairing symmetry in Co-doped CaLa112.

The field-dependent current density J at various temperatures is shown in Fig. 6.4(c).

We calculated the critical current density on the basis of the Bean model[BEA64], J =

20 ∆M
ω(1− ω

3l
)
, where ∆M = M+-M−, and M+(M−) is the magnetization associated with increas-

ing(decreasing) field; ω and l are the width and length of the sample, respectively. At 2 K, J

reaches 2.2 × 105 A/cm2, which is comparable to those of FeTe0.5Se0.5 and LiFeAs but lower

than those of Ba0.6K0.4Fe2As2 and SmFeAsO1−x[TTN09]. To understand the mechanism of

the vortex motion, the normalized pinning force f = Fp/Fp,max as a function of the reduced

field (h = H/Hirr) is plotted in Figure 6.4(d), where Fp = J ×µ0H[DD74]. All the curves

can be scaled well and are characterized by a maximum near h = 0.25. This value is smaller

than those of most FBSs but close to the values of hmax = 0.28 for FeTe0.7Se0.3[BGV12],

suggesting that both surface pinning and small-scale normal core pinning contribute to the

vortex motion.

6.2.3 The temperature-concentration phase diagram

It is critical to understand the interplay between magnetism and superconductivity in FBS

since among all the paring mechanisms proposed for the FBS, spin fluctuation mediated SC

is the frontrunner[ZHC08b, NKK10, LGZ13]. A theoretical proposal states that S± pairing

will favor microscopic coexistence of the AFM and SC phases, whereas S++ pairing symme-

try will result in phase exclusion [FPT10]. Thus, it would be of particular interest if we can
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clarify the interplay between AFM and SC phases in Co doped CaLa112.

To get further information on the magnetic phase in the doping series, zero field µSR(ZFµSR)

experiments were performed on ∼200 mg of packed randomly oriented single crystals of the

x = 0.025 and x = 0.033 samples, respectively. The ZF asymmetry spectra of the represen-

tative x = 0.033 sample at selected temperatures are shown in Fig. 6.5(a). Although the

resistivity measurements reveal no clear anomaly associated with the structural or magnetic

phase transition, an asymmetry loss beginning at 30 K and 10 K appears in the ZFµSR data

for x = 0.025 and 0.033, respectively. The loss gradually builds during cooling and clearly

forms a rapidly relaxing shape at the base temperature, unambiguously demonstrating the

existence of magnetic ordering at low temperatures. The ZFµSR data are fitted to a model

composed of a fast relaxation term plus a slow relaxation term:

AZF (t) = A[fT exp(−
1

2
(σt)2) + (1− fT )exp(−λt)] (6.1)

where fT is the transverse fraction and denotes the rapidly relaxing component originat-

ing from the static magnetic order; σ is the fast transverse relaxation rate of muons; and

(1 − fT ) is the longitudinal fraction, which represents the fraction of muons trapped in

a paramagnetic environment, or muons with spins parallel to the local magnetic field in

the region with static magnetic order. The fast relaxation term is formulated in Gaussian

relaxation form assuming that muons are affected by the magnetic field produced by ran-

domly oriented magnetic moments. For an ideal isotropic and fully ordered system, fT is

expected to be 0.67, whereas our data show that fT reaches 0.75, 0.72, and 0.58 in the x =

0, 0.025, and 0.033 samples, respectively. The slightly larger values for the x = 0 and 0.025

samples likely arise from the field anisotropy, which results in imperfect randomization of

the orientations of the packed plate-like single crystals. Using the scale factor that resets

the magnetic volume of the x = 0 sample to 100%, we can calculate the magnetic volume

fraction, Vmag, in the other samples, as shown in Fig. 6.5(b). For the x = 0.025 sample,

owing to sample inhomogeneity, approximately 6.4% of the sample is already magnetic at 50

K, but for the rest of the sample, antiferromagnetism develops below 31 K, and the Vmag,
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is saturated at Vmag ∼ 96% below 20 K. At x = 0.033, antiferromagnetism appears below

12 K. Vmag increases gradually with cooling and reaches 76% at 2 K without saturation.

The fast relaxation rate σ is shown in Fig. 6.5(c). Because σ is proportional to the size of

the local magnetic moment, if we assume that the muon sites of the parent and doped sam-

ples are similar, we could infer the magnetic moment according to our previous data, which

determined that Ca0.73La0.27FeAs2 has a magnetic moment of 1.0µB/Fe. Thus, a simple cal-

culation yields a magnetic moment of 0.6µB/Fe for the x = 0.033 sample. In addition to the

µSR data, which revealed the magnetic phase transition temperature and volume fractions,

we also performed elastic neutron scattering measurements on a single pieces of the x = 0.025

sample to infer structural/magnetic phase transition temperature, as shown in Fig. 6.5(d).

The integrated (0,2,0) nuclear peak intensity increases sharply below 35 K, like that of the

parent sample[JLC16], marking the onset of a structural phase transition. The intensity of

the (0.5, 0.5, 0.5) magnetic peak increases abruptly below 28 K, indicating the development

of long-range magnetic ordering, which is consistent with the µSR data shown in Fig. 6.5(b).

Based on the data discussed above, a temperature–concentration phase diagram is con-

structed (Fig. 6.6). Upon Co doping, the structural and magnetic phase transitions are

suppressed, and superconductivity up to 20 K emerges. In addition, by combining the µSR

and ZFC susceptibility data collected at 2 K, it shows that the x = 0.025 sample has 96%

magnetic volume and approximately 80% superconducting volume; the x = 0.033 sample

has at least 76% magnetic volume and 100% of superconducting volume, as summarized in

Table 6.2. Therefore, superconductivity and antiferromagnetism clearly coexist microscop-

ically in the x = 0.025 and 0.033 samples, as in Co-doped Ba122, K-underdoped Ba122,

and Ca1−xLaxFeAs2[PTK09, ACG11, JMH09, WLP11, MKD10, MJD12, YZL14, KMM15,

JCF08, DJY15]. The coexistence of the AFM and SC phases is consistent with the proposed

s± order parameter.

It is instructive to compare these results for the 112 Ca1−xLaxFeAs2 compound with those

for the 10-3-8 Ca10(Pt3As8)[(Fe1−xPtx)2As2]5 system. Both of them have similar atomic
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Table 6.2: SVF and MVF of x = 0.025 and x = 0.033 samples at 2 K.

x 0.025 0.033

SVF ∼80% 100%

MVF 96% 76%

constituents and very close values for the interlayer FeAs distance. However, in contrast

to the 112, where an extended AFM-SC coexistence region emerges, the 10-3-8 shows no

coexistence – or at best a very limited region of coexistence [NSW13, CTK12]. One of the

most salient differences between these two classes of compounds is the fact that in the 10-3-8,

the spacer layer is insulating, whereas in the 112 it is metallic. This difference is manifest,

for instance, in the larger Hc2 anisotropy of the former (γH ≈ 8) over the latter (γH ≈ 4.7).

Presumably, the existence of a metallic spacer layer enhances the FeAs interlayer coupling

in the 112, making it more three-dimensional. Although several factors could be at play, it

is tempting to attribute the presence of the AFM-SC coexistence region in these systems to

the difference in their degree of three-dimensionality promoted by the distinct characters of

the spacer layers.

In order to investigate whether the more pronounced kz band dispersion of the 112

material favors the microscopic coexistence of AFM and SC, we consider a toy two-band

model widely employed in the FBS to study the competition of AFM and SC [VVC10,

PVC09, FPT10]. This model is characterized by a hole-pocket with dispersion ξh at the center

of the Brillouin zone and an electron-pocket with dispersion ξe at the corner of the Brillouin

zone. The fate of the competing AFM-SC phases is determined by a single coefficient g,

which depends on the quartic coefficient of the microscopically-derived Ginzburg-Landau

expansion [JLS16]: if g > 0, the competition between the phase is so strong that there is

no coexistence, whereas if g < 0, their competition is weak enough to allow them to coexist

microscopically. In the hypothetical perfect nesting limit, ξe = −ξh, s+− SC and AFM are at

the verge of coexistence or macroscopic phase separation, with g = 0. Deviations from perfect

nesting then determine whether g becomes positive or negative. Previously, deviations of
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perfect nesting arising from the in-plane band dispersions were studied [FPT10, VVC10].

Here, we consider deviations arising from the out-of-plane band dispersion, and write ξe =

−ξh + λb (kz), with the general kz-dispersion:

b (kz) = t0 + t1 cos(pz) + t2 cos(2pz) (6.2)

To ensure that the system is nested at kz = 0, the tight-binding coefficients are con-

strained to t2 = −t0 − t1. In Fig. 6.7[JLS16], we compute the value of g in the (t0, t1)

parameter space. Clearly, g < 0 in a wide region of the parameter space, showing that

in general the kz dispersion can promote microscopic coexistence between SC and AFM.

Thus, this simple calculation lends support to the idea that the enhanced interlayer coupling

in the 112 promoted by the metallic spacer contributes to the stabilization of a regime of

microscopic coexistence between AFM and SC in the phase diagram.

6.3 Conclusion

In summary, we have mapped out the temperature-concentration phase diagram of the

Ca0.74(1)La0.26(1)(Fe1−xCox)As2 superconductors. Microscopic coexistence between AFM and

SC exists in this FBS. The comparison of the temperature-concentration phase diagrams

between Co doped CaLa112 and Co-doped 10-3-8 as well as the phenomenological two-band

model suggests the dispersion along kz direction may favor AFM-SC microscopic coexistence

over phase separation in FBS.
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Figure 6.3: (a) Temperature-dependent normalized resistance R/R300K of representative

samples. The 50% criterion for inferring Tc from the resistivity is depicted for the x = 0.025

sample. (b) Derivative of R/R300K vs. T for the x = 0 and x = 0.008 samples. The criteria

for inferring Ts and Tm are depicted. (c) Temperature-dependent ZFC and FC data with

H‖ab. For the x = 0.025 sample, the 4πχ values of four pieces are averaged. The criterion for

inferring Tc from the susceptibility is depicted. (d) Temperature-dependent Hall coefficient

for the x = 0 and x = 0.033 samples.
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Figure 6.4: Ca0.74(1)La0.26(1)(Fe0.954Co0.046)As2: (a) Hc2 data inferred by applying the 50%

criterion [Figure 6.3(b)] to the resistivity data. Inset: the anisotropy parameter of the upper

critical field γH = H⊥abc2 /H
‖ab
c2 . (b) C/T vs. T . (c) Field-dependent critical current density J

at various temperatures with Hab. (d) Normalized pinning force f = Fp/Fp,max vs. reduced

field h = H/Hirr at various temperatures. The data were fitted by f = Ahp(1 − h)q with

the parameters p = 1.14 and q = 3.24.
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Figure 6.5: Ca0.74(1)La0.26(1)(Fe1−xCox)As2: (a) Representative ZF µSR data of the x = 0.033

sample. (b) Temperature-dependent ordered MVF Vmag determined from the fitting of the

ZF µSR asymmetry spectra. (c) Fast transverse relaxation rate σ inferred from the ZFµSR

asymmetry spectra. (d) Integrated intensity of the (0,2,0) nuclear neutron peak and intensity

of the (0.5,0.5,0.5) magnetic neutron peak.

78



Figure 6.6: Temperature–doping level phase diagram of Ca0.74(1)La0.26(1)(Fe1−xCox)As2. For

x = 0 and 0.008, Ts and Tm are the structural and magnetic phase transitions, respectively,

determined from dR/R300K/dT , respectively. For the x = 0.025 and 0.033 samples, Tm is

inferred from the ZF µSR data. Ts for the x = 0.025 sample is inferred from elastic neutron

scattering data. T50%
c is the SC transition temperature determined using the 50% criterion

shown in Figure 6.3(a). TMag
c is determined from the susceptibility data using the criterion

shown in Figure 6.3(c).
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Figure 6.7: Coefficient g as a function of the tight-binding parameters t0 and t1 in Eq. 6.2,

under the constraint t2 = −t0− t1 to maintain the perfect nesting condition at kz = 0. Note

that g = 0 at the black lines, whereas g < 0 in the blue-shaded region (implying AFM–SC

microscopic phase coexistence), and g > 0 in the red-shaded region (implying AFM–SC

macroscopic phase separation).

80



CHAPTER 7

Interplay of Fe and rare earth magnetism in CaRE112

single crystals (RE = Ce, Pr, Nd) and the Co doping

effect in CaCe112

7.1 Introduction

Since the discovery of superconductivity (SC) in CaLa112[KKO13], the unique quasi-one-

dimensional zigzag As chain has enriched the structural complexity within the Fe-based

superconductor family. This family holds the record Tc values as high as 47 K[KMK14,

KKF14] among oxygen-free Fe pnictides (FPSs). Its parent compound, Ca0.73La0.27FeAs2,

which we have extensively discussed in chapter 5, shows a monoclinic to triclinic structural

phase transition at 58 K and a paramagnetic (PM) to stripe-like antiferromagnetism (AFM)

at 54 K. Electron doping by Co substitution on Fe sites induces SC with a Tc value up to 20

K, which coexists with long range AFM [JLS16] in the underdoped region (chapter 6). By

replacing La with other rare earth elements, new series of CaRE112 superconductors were

reported in powder form[YOS15a, SYO14].

In sharp contrast to Cuprates, where the inclusion of magnetic rare earth elements sup-

presses SC, the replacement of La by smaller-sized rare earth elements (Ce-Gd) in Fe pnic-

tides (FPSs) serves as the application of chemical pressure, which can even increase the Tc,

despite of the long range magnetic ordering arising from the rare earth sublattice. Beside the

effect of the magnetic rare earth elements on SC in FPSs, the interaction between the mo-

ments of the Fe sublattice and the rare earth spins have been observed and studied in Eu122
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and RE1111 family [ZTL13, SLW12]. Therefore it is interesting to study the effect of mag-

netic rare earth elements in the CaRE112 family. Previous reports have mainly focused on

the polycrystalline samples, which are frequently inhomogeneous and lack of concentration

control.

In this chapter, we report the growth of single crystals of the parent CaRE112 (RE

= Ce, Pr, Nd) compounds. Transport and magnetic susceptibility data indicate a robust

structural and AFM phase transition associated with the FeAs layer. Comparing with the

Ca0.73La0.27FeAs2, a new resistive anomaly at low temperature was observed. As a repre-

sentative, CaCe112 single crystals were examined by elastic neutron scattering and µSR

measurements, which reveal the AFM ordering of the Ce sublattice and suggest strong

interaction between the Fe and Ce moments even before Ce becomes ordered. Further-

more, a series of Co-doped CaCe112 single crystals were grown. Interestingly, although the

structural/magnetic phase transitions are completely suppressed with Co doping, no SC is

observed up to the Co doping level of 0.079.

7.2 Experimental results and discussion

7.2.1 Single crystal growth and characterization

High-quality Ca0.71RE0.29FeAs2 (RE = Ce, Pr, Nd) single crystals were grown by the CaAs

self-flux method. CaAs powder, FeAs powder, REAs powder, and As powder were thoroughly

mixed inside an argon-filled glovebox at a ratio of x:1:0.5:1, where x = 2.3 (Ce version) or 1.8

(Pr or Nd version). They were then loaded into an alumina crucible and sealed in a quartz

tube under a 1
3

Ar atmosphere. The ampoule was heated to 1100 ◦C at 180 ◦C/h, held for 72

h, and then cooled to 870 ◦C at 2 ◦C/h. Water quenching was then applied. The half-melted

mixture was rinsed in an ultrasonic water bath, and typical 3 × 3 × 0.2 mm3 shiny plate-like

crystals were obtained, as shown in the inset of Figure 7.1. By substituting the y portion

of CoAs in the FeAs layer but maintaining the concentration of the other compounds in the

recipe, we grew a Co-doped CaCe112 series with nominal y values ranging from 0 to 0.11.
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Figure 7.1: Lattice constants a, b, and c vs. ion radii for Ca0.71RE0.29FeAs2 (RE = Ce, Pr,

Nd)

The obtained single crystals were characterized by WDS using a JEOL JXA-8200 su-

perprobe combined with a microanalyzer for elemental analysis. For each piece, WDS mea-

surements were performed on multiple locations, and the corresponding concentrations of

RE and Co were determined. The FeAs interlayer distances of CaRE112 and Co-doped

CaCe112 were determined by scanning the (0 0 l) peak diffraction pattern of pieces with a

flat shiny surface using a PANalytical Empyrean diffractometer (Cu Kα radiation) at room

temperature. The data were refined using Unit Cell software[HR97]. The in-plane electrical

transport data of WDS pieces were collected using a Quantum Design physical property

measurement system. The magnetic susceptibility of flat WDS pieces was measured using

a Quantum Design magnetic property measurement system with a field of 1 kOe applied

parallel to the sample ab plane. Elastic neutron scattering data were collected at HB3A,

ORNL.

7.2.2 Physical properties of Ca0.71RE0.29FeAs2 (RE = Ce, Pr, Nd)

The WDS results suggest homogenous single crystals with the chemical formula of

Ca0.71RE0.29FeAs2 (RE = Ce, Pr, Nd). Their lattice constants were determined by Rietveld
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refinement on respective powder X-ray diffraction patterns. The evolution of the lattice

constants versus the rare earth ion size is summarized in Fig. 7.1. As the RE ion changes

from La to Ce, Pr, and Nd, the lattice constants decrease monotonically, consistent with the

Vegard’s law. The largest reduction, approximately 1%, occurs at RE = Nd. This shrinkage

caused by substitution on the Ca layer is much more effective than substitution of Co on

Fe sites[JLS16], indicating that in addition to the 4f electrons, a large chemical pressure is

introduced into the system by the rare earth elements.

Table 7.1: Curie–Weiss fitting parameters for Ca0.71RE0.29FeAs2 (RE = Ce, Pr, Nd)

RE ion χ0 θ µeff µfree

10−4emu/mole K µB/RE µB/RE

Ce 1.4 −63.5 2.47 2.54

Pr 2.6 −24.6 3.57 3.58

Nd 3.1 −16.3 3.31 3.62

The temperature-dependent normalized resistance R/R(300K) of Ca0.71RE0.29FeAs2 (RE

= Ce, Pr, Nd) is summarized in Fig. 7.2 (a). No SC states are observed for them. Resistance

anomaly akin to the ones in Ca0.73La0.27FeAs2 appear around 60 K, suggesting they are the

parent compounds of the CaRE112 superconductors. These features are better seen in the

derivative of R/R(300K), as shown in the inset of Fig. 7.2 (a). Similar structural/magentic

phase transitions arising from the FeAs sublattice as the ones in Ca0.73La0.27FeAs2 are im-

plied. The inclusion of rare earth elements strongly affect the temperature dependent suscep-

tibility measured withH ‖ ab. Unlike the case for Ca0.73RE0.27FeAs2, Curie–Weiss behavior is

clearly observed in Ca0.71RE0.29FeAs2 (RE = Ce, Pr, Nd) single crystals, as shown in Fig. 7.2

(b). The unit of the susceptibility is scaled for 1 mole of RE ions. The magnetic contribution

from the 4f electrons were extracted by subtracting the susceptibility of Ca0.73RE0.27FeAs2

from that of Ca0.71RE0.29FeAs2, as shown in the inset of Fig. 7.2 (b). The subtracted value

was then fitted by the Curie–Weiss law according to χRE = χexp − χLa = χ0 + C
T−θ . The

fitting is shown in the inset of Fig. 7.2 (black curves) with the fitted parameters summa-
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rized in Table 7.1. The agreement between the fitted effective moment µeff and free RE3+

moment µfree indicates that the rare earth element in CaRE112 behaves as the RE3+ ion.

The negative Curie temperature θ suggests AFM correlations between these moments.

It is noticeable that although no SC is observed in Ca0.71RE0.29FeAs2 (RE = Ce, Pr, Nd),

low temperature anomaly in R/R(300K)(T) can be seen below 20 K. Using Ca0.71Ce0.29FeAs2

as the representative, these features can be best seen in Fig. 7.3 (a), which shows d(χT )/dT

and dR/R(300K)/dT . To elucidate the origin of this observed anomalies, elastic neutron

scattering measurement was performed on a sizable Ca0.71Ce0.29FeAs2 single crystal. The

red (green) curve in Fig. 7.3 (b) shows the order parameter obtained at the peak center for

the magnetic peak (0.5 -0.5 -3.5) peak (nuclear peak (0 2 0)). The (0 2 0 ) nuclear peak

intensity increases drastically below 75 K, suggesting a structural phase transition at 75 K.

The slope change in the (0 2 0 ) nuclear peak intensity and the sharp increase of the (0.5

-0.5 -3.5) magnetic peak intensity below 70 K, indicating the buildup of long range magnetic

ordering of the FeAs sublattice below 70 K. These two temperature scales agree well the

our transport and thermodynamic data shown in Fig. 7.3 (a), strongly suggesting that the

two well-separated structural and magnetic phase transitions in Ca0.71Ce0.29FeAs2. Using the

kink-feature in the d(R/R(300K))/dT show in the inset of Fig. 7.2 (a), the structural/magnetic

phase transition temperatures of Ca0.71RE0.29FeAs2 (RE = Ce, Pr, Nd) are extracted and

summarized in Table 7.2. The separation between Ts and Tm is approximately 4–5 K.

Table 7.2: Magnetic and structural phase transition temperatures extracted from transport

data for Ca0.71RE0.29FeAs2 (RE = Ce, Pr, Nd)

RE ion Ts (K) Tm (K)

La 58 54

Ce 74 69

Pr 69 64

Nd 56 52

In addition to the structural/magnetic phase transitions associated with the FeAs layer,
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fitting (black curves) compared with the experimental data (open circles).

86



10

15

20

0.00

0.04

0.000

0.002

0.004

0 20 40 60 80

0.5

1.0
1.0

1.1

0

100

(0.5 0.5 1.5)
(b)

N
eutron intensity 

(arb. units)

(0, 2, 0)

(0.5, -0.5, -0.5)N
eu

tro
n 

in
te

ns
ity

 
(a

rb
. u

ni
ts

)

Ca0.71Ce0.29FeAs2

(0.5, -0.5, -3.5)

(a)

d(R
/R

(300K))/dT
(K

-1)  

 

 

d(
T)

/d
T

(c)

T (K)

 

Sl
ow

 R
el

ax
at

io
n 

Fr
ac

tio
n

15K

7K

70K
75K

55 K
 

Fast R
elaxation R

ate 
 (

s
-1)

 

Figure 7.3: (a): d(R/R(300K)/dT ) (blue) and d(χ× T )/dT (red). (b): Temperature-depen-

dent order parameters at (0 2 0) nuclear peak center and the centers of (0.5 -0.5 -3.5) (red),

(0.5 0.5 1.5) (black), and (0.5 -0.5 -0.5) (magenta) magnetic peaks. (c): Slow relaxation

fraction and fast relaxation rate obtained from µSR data

87



0 100 200 300
0.2

0.4

0.6

0.8

1.0

0 30 60 90 0.0

0.8

0.00

0.03

0.06

0.09

0.12

0.00 0.02 0.04 0.06 0.08

10.31

10.32

10.33

10.34

 
 0.041
 0.060 
 0.069 
 0.079

(b)

d(R
/R

(300K
))/dT (abu.)

x=  0  0.016 
 0.024 
 0.032

 

 

R
/R

(3
00

K
)

T (K)

0.032

0.024

0.016
x=0

 

T (K)

(a) Ca0.71Ce0.29(Fe1-xCox)As2

x
nom

inal
 

Fe
As

 In
te

rla
ye

r D
is

ta
nc

e 
(A

o )

X

Figure 7.4: (a): xnorminal vs. real x in the sample; FeAs interlayer distance vs. real x. Real

concentration increases at a slope of ≈0.8 with increasing nominal concentration, whereas the

FeAs interlayer distance shrinks monotonically. (b): Temperature-dependent R/R(300K) for

Ca0.71Ce0.29(Fe1−xCox)As2. Inset: dR/R(300K)/dT vs. T. (x = 0, 0.016, 0.024, and 0.032)

88



complicated envelope of the order parameters that deviates from the mean field behavior

appears in the low-temperature region. Below 15 K, the intensity of the (0.5 -0.5 -3.5)

magnetic peak has a clear downward tendency, whereas that of the (0.5 -0.5 -0.5) magnetic

peak keeps increasing. Moreover, the (0.5 0.5 1.5) magnetic peak shows a slope change

around 7 K. These complex behavior of the order parameters show certain similarities as the

ones of CeFeAsO[ZTL13] and PrFeAsO[SLW12], in which the RE ion interacts with the Fe

moment even before forming its own order. Our data imply the existence of strong coupling

between the Ce ion and Fe magnetic moment in Ca0.71RE0.29FeAs2, like that in Ce1111 and

Pr1111.

The ordering of Ce is implied by the µSR data shown in Fig. 7.3 (c), where the fast

relaxation rate measures the local moment and the slow relaxation fraction is related to

the magnetic volume fraction. The fast relaxation rate, slow relaxation fraction, as well as

the (0.5 -0.5 -3.5) magnetic peak intensity all show slope change around 55 K, marking the

temperature where the strong interaction between the Ce and Fe moment starts. The sharp

increase of the fast relaxation rate below 15 K indicates the existence of a second magnetic

phase transition. At approximately 4 K, the fast relaxation rate rises to 85µs−1, which is

3.4 times larger than 25µs−1 in Ca0.73La0.27FeAs2, suggesting the second magnetic ordering

arising from the Ce. Two characteristic temperatures related to ordering of Ce can be

consistently inferred from the transport, magnetic, neutron and µSR data, as shown in Fig.

7.3 (c). One is at 15 K and the other is at 7 K. The fact that we observed two characteristic

temperatures instead of one may suggest more complicated Ce ordering process, such as spin

reorientation, etc. It is worth noting that the fitting on µSR data was performed based on

the model with only one magnetic sublattice in play, which is not true in our case, therefore,

it can be only taken qualitatively, instead of quantitatively. Successful fitting based on the

model with two magnetic sublattices requires clear oscillation feature in the µSR asymmetry

spectra, which we didn’t observe in Ca0.71Ce0.29FeAs2.
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7.2.3 The Co doping effect in Ca0.71Ce0.29(Fe1−xCox)As2

To study the Co doping effect on Ca0.71RE0.29FeAs2, a series of Ca0.71Ce0.29(Fe1−xCox)As2

single crystals were successfully grown. WDS measurements were performed on samples

made with higher nominal Co concentration. By assuming a linear relation between the

real x and xnorminal, real x for all series were inferred. Henceforward, x denotes the Co

concentration obtain in the way described above, which is summarized in Fig. 7.4 (a). Figure

7.4 (b) shows the FeAs interlayer distance versus x. Increasing the Co dopant does shrink

the FeAs interlayer distance, similar to the one in the Co-doped CaLa112 family[JLS16]. The

temperature dependent normalized resistance R/R(300K) (T) is shown in 7.4 (b). With Co

doping, the resistive anomaly associated with the structural/magentic When x is suppressed

to lower temperature. Based on the criteria we have developed to infer these temperatures

using the dR/R(300K)dT data shown in the inset of Fig. 7.4 (b), we can conclude that

the structural/magentic phase transitions are fully suppressed at x = 0.041. No bulk SC is

observed in all samples we made although a certain amount of resistance drop was observed

for the x= 0.041 and 0.060 sample. This drop can be suppressed by magnetic field, suggesting

trace SC may exist in this region. With even higher doping, resistivity at low temperature

stated to slightly increase.

To investigate the evolution of magnetism in Ca0.71Ce0.29(Fe1−xCox)As2 with doping,

ZFµSR experiments were performed using bags of tiny packed ∼200 mg single crystals of

Ca0.71Ce0.29(Fe1−xCox)As2. Figure 7.5 shows the slow and fast relaxation rates obtained by

fitting the µSR data. We want to emphasize that these data, especially the one for the

x=0 sample should be taken qualitatively instead of quantitatively since a model with single

instead of double magnetic sublattice is used. Nevertheless, it may provide us some hint on

the evolution of magnetism. As a reference, the data of Ca0.73La0.27FeAs2 are shown in Fig.

7.5. From the fast relaxation rate shown in Fig. 7.5 (a), firstly, we can see the increase of the

rate around 55 K for the x = 0 sample, which we argue to mark the onset of the interaction

between the Fe and Ce spins. This slope change was suppressed and no longer detectable

in the samples with x = 0.041, 0.060 and 0.069. Since our transport data reveal that no Fe
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ordering in this doping range, it is natural to expect the loss of interaction between Fe and

Ce spins for the samples with x = 0.041, 0.060 and 0.069. This observation suggests the

feasibility of the data analysis even if it is limited. Secondly, the 15 K feature in the x = 0

sample is absent for samples with x = 0.041, 0.060 and 0.069, implying the suppression of the

transition at 15 K. Based on this observation, the 15 K transition of Ce in Ca0.71Ce0.29FeAs2

strongly couples to the Fe spin. Thirdly, the 7 K transition in Ca0.71Ce0.29FeAs2 seems

persistent in all doped samples we measured. This is even better seen in the slow relaxation

rate shown in Fig. 7.5 (b). Overall, our study of the µSR data suggest a scenario in which

sufficient Co doping into Ca0.71Ce0.29FeAs2 suppresses the magnetic ordering of the FeAs

layer but has little effect on the ordering of the Ce.
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Figure 7.5: Fitted slow relaxation rate (a) and fast relaxation rate (b) from µSR measure-

ment.

Combining our transport and µSR data, we map out the temperature–concentration

phase diagram of Ca0.71Ce0.29(Fe1−xCox)As2 in Fig. 7.6. Although Co doping has little

effect on suppressing the Ce ordering, it suppresses the Fe ordering to lower temperatures

without inducing bulk SC state, in contrast to the case in Ca0.74(1)La0.26(1)(Fe1−xCox)As2,

where SC up to 20 K was observed in an extended doping region. SC is reported to be

absent in Ca0.85Ce0.15FeAs2[SYO14] but present in Ca0.9Ce0.1Fe0.97Co0.03As2. It is worth

noting that concentrations reported are all nominal concentrations in ref. [SYO14]. But
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Figure 7.6: The temperature–concentration phase diagram of Ca0.71Ce0.29(Fe1−xCox)As2.

this may suggest, to induce bulk SC in CaCe112, less Ce is needed [YOS15a]. Ce plays dual

roles in CaCe112. Firstly, it electron-doping the system. Secondly, it brings in large local

moment. SC has been observed in RE1111 system, where long range magnetic ordering of

RE sublattice coexists with the SC. Therefore, it is unlikely that the Ce local moment will

suppress the SC. On the other hand, since our sample has RE concentration as 0.29 which

is even higher than the 0.26 in our Ca0.74(1)La0.26(1)(Fe1−xCox)As2, the FeAs layer is already

electron-overdoped by 0.19/Fe, it is likely further electron doping by Co overshoot the SC

window. The other scenario relates the missing of SC to the complicated doping mechanism

caused by the Zigzag As chains. Since for CaRE112 systems, during the doping process, both

As zigzag chains and the dopant will contribute, it is possible that some subtle difference

occurs in Ca0.74(1)La0.26(1)(Fe1−xCox)As2 and Ca0.71Ce0.29(Fe1−xCox)As2.
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7.3 Conclusion

In summary, we systematically studied Ca0.71RE0.29FeAs2 (RE = Ce, Pr, Nd), the parent

compound of CaRE112 FPSs. They show robust structural and magnetic phase transitions

associated with the FeAs layer around 70 K. Taken Ca0.71Ce0.29FeAs2 as a representative,

strong coupling between the Fe and Ce spins is revealed. Two characteristic transition

temperatures related to the ordering of the Ce sublattice are observed. With Co doping,

the structural/magnetic phase transitions of the FeAs sublattice are suppressed but the

ones associated with the Ce sublattice ordering remain with little change. No bulk SC is

observed in our doping series Ca0.71Ce0.29(Fe1−xCox)As2. This is likely to be the consequence

of missing the SC window which only exists if a certain number of electrons are doped into

the system.
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