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Chapter 1 General Introduction

1.1 Back ground of study
1.1.1 Histroy of superconductor

Figure 1-1 shows the history of representative superconductors and the development of the
superconducting temperatures (7.). Superconductivity was firstly discovered by Kamerlingh
Onnes in 1911," which was achieved in elemental Hg at ~4.2 K by the observation of the zero
resistance. Then, he also demonstrated that many simple elements, such as Sn, Pb and so on
exhibit superconductivity below 10 K.> Today, it has been confirmed that more than 30 species
of simple elements show the superconductors at ambient pressure. In addition, many
intermetallic compounds, especially containing Nb, exhibit comparatively high 7.*° The T
gradually increased with further studies of intermetallic compounds and reached to ~25 K in
NbsGe in 1973.° Their superconductive properties and the mechanism can be explained by BCS
theory proposed by Bardeen, Cooper, and Schrieffer in 1957,” assuming that the Cooper pairs
are formed by the phonon-mediated attraction interaction. The theory predicts that the 7, would
not exceed 30~40 K, and actually, the highest Tc of BCS-type superconductor is limited to ~39
K in MgB; discovered in 2000 so far.® In 1986, Bednorz and Muller suggested that La-Ba-Cu-O

system exhibits the superconductivity at ~20 K.” however, many researchers did not care the



results, regarding it as a minor or an experimental mistake. In November of the year, Tanaka
group of Tokyo University examined the experimental results and confirmed that (La,Ba)CuO,-
exhibits the superconductivity by demonstrating the zero resistance and the Meissner effect. '
Then, so-called “superconductivity fever” was occurred and worldwide researches of Cu oxide
superconductors were conducted. The T, was drastically increased to ~ 93 K by the discovery of
YBa,Cus0; (YBCO) in the next year,'' and the highest 7, record at ambient pressure was
established in HgBa,Ca,Cu;O, with 7, K,'> which was further increased up to ~160 K by
applying high pressure (~3 GPa)."”” Such the drastic increase of T, sets our expectation that
room-temperature superconductivity could be achieved in near future; however, no more T,
improvements in the Cu oxide system so far have been achieved for more than 15 years.
Additionally, the mechanism of high-7, superconductivity was discussed by many theorists for a
long time, however, the theory is still controversial and has not been clarified yet. It would be
one of the reasons for the theoretical stagnation that new superconductors with 7. exceeding 40
K have not been discovered excepting Cu-based superconductors. Therefore, the discoveries of
new high-7, superconductors are essential for the 7. developments and the theoretical progress
of high- T, superconductivity.

In January of 2008, it has been reported that F-substituted LaFeAsO exhibits the

superconductivity at ~26 K.'"* This report attracted much interest of many researchers and



induced the recurrence of a new superconductivity fever. Then, the 7. was immediately
improved to ~55 K by the substitution of other rare-earth elements for the La site.””'” The
Fe-based superconductors are the “second” high- T, superconductors breaking the 7. limit of the
BCS theory and the discoveries would be a breakthrough for the clarification of the mechanism

and further improvements of the superconductive properties.

1.1.2 Crystal structures of iron-based superconductors

One of significant characteristics of iron-based superconductors is a variety of materials
having various crystal structures commonly containing FeAs (or FeCh) layers, similar to that of
REFeAsO. REFeAsO system is abbreviated as “1111-type” from the 1:1:1:1 ratio of four
elements of their chemical composition. Several kinds of parent materials of iron-based
superconductors and their superconductivities were reported at early stage in 2008, which
include 4EFe,As, (AE = alkaline earth and Eu, so called as “122-type”) with the ThCr,Si,-type
structur,'® 4FeAs (4 = alkali, so called as “111-type”) with the CeFeSi-type structure'® and FeCh
with the anti-PbO type structure (so called as “l11-type”).” The crystal structures of these
compounds are illustrated in Figure 1-2. They commonly have layered tetragonal lattices with
alternately stacked FeAs / FeCh layers and several blocking layers along the c-axis. The Fe

atoms form a square net and each is coordinated by four As or Ch atoms, resulting in layers of



edge-shared FeAs, / FeCh, tetrahedra.

1.1.3 Superconductivity induced by various doping modes

Another feature of iron-based superconductors is a wide variety of ways in charge doping.
Un-doped parent phases of iron-based superconductors are AFM metals and the AFM ordering
along with structural phase transition from tetragonal to orthorhombic lattices occurred at 100—
200 K. *"** Their superconductivities are induced by doping electrons or holes into the parent
materials via chemical substitutions and large non-stoichiometry in chemical compositions as
well as applying external pressure, accompanying with suppression of the AFM ordering and
structural transition. Carrier doping via chemical substitution into these compounds is classified
into ‘indirect doping’ by which impurity dopants are introduced into the insulating blocking
layers (such as doping to the RE or O sites of REFeAsO) and ‘direct doping’ by which impurity
dopants into the carrier conduction layers (i.e., to the Fe sites). It is a unique feature of
iron-based superconductors that both the indirect doping and the direct doping invoke
superconductivity. Table 1 summarizes the relation between 7c¢ values and dopant species
reported for various type iron-based superconductors. The general carrier-doping methods for
each system are described below.

(a) 1111-type REFeAsO system



The chemical doping into REFeAsO has been mainly performed by indirect electron-doping by
replacing O sites with monovalent F~ ions'**" or RE*" sites with quadrivalent Th4+ ions.*' ™’
The maximum 7. at present are 55 K for SmF eAsO,F,” and 56 K for Gd, ,Th,FeAsO.* In
addition, introduction of oxygen vacancies has been succeeded under high pressure
conditions,’** which induces maximum 7, =55 K for SmFeAsO;..** On the other hand, direct
electron-doping was performed mainly by substituting Co ions at Fe sites,*** but the maximum
T, for direct doping is much lower value of 17 K for SmF e1.Co,AsO" than that for indirect
doping. Direct doping is considered to affect the carrier conduction and formation of Cooper
pairs and, therefore, indirect doping is more favorable than direct doping in order to obtain
higher 7. in this system. Meanwhile, isovalent substitution of As with P ions can induce
superconductivity at maximum 7c¢c of 10 K in LaFe(Asl_xPx)O.45 Since this isoelectronic
substitution formally does not dope charge carriers into the FeAs layer, the suppression of
magnetism and emergence of superconductivity may be due to disruption of the magnetism,
originating from a strong decrease in the density of state (DOS) at the Fermi level, and the
resulting changes in the Fe-Fe magnetic interactions. In addition, the application of external
pressure in un-doped LaFeAsO without intentional impurity-doping induced onset 7, = 21 K at

12 GPa, although clear zero resistivity was not observed.*

(2) 122-type AEFe,As; system



For 122-type system, chemical doping with various elements has been reported. Indirect
hole-doping with alkaline ions such as Na, K, Rb and Cs partially replacing the AE sites'**>
and direct electron-doping with TM ions such as Co, Ni, Rh, Pd, Ir and Pt replacing the Fe

sites”"®” have been performed and induced the maximum 7, of 38 K in indirectly hole-doped

(Ba,.K,)Fe,As," and 25 K in directly electron-doped Ba(Fe;..Co,),As,.”> On the other hand,

68,69 70,71

direct hole-doping into the Fe sites in AEFe,As, was reported by use of Mn™" and Cr ions.
However, this form of hole-doping leads to suppression of the AFM states without inducing
superconductivity. In addition, isovalent substitution of As with P or Fe with Ru can induce
superconduc‘civi‘cy72'77 at maximum 7c¢ of 21 K for Ba(Fel_xRux)zAsz77 and 30 K for
BaFe,(Asi.P,),,” respectively. In 122-type system, un-doped parent phases under an external

high pressure exhibits clear zero-resistivity at high 7, of 34 K for SrFe,As; at 3.5 GPa’™ and 35

K for BaFe,As, at 3.0 GPa,79 respectively.

1.1.4 General phase diagrams

Among iron-based superconductors, electronic phase diagrams (7, vs. doping levels) of
1111-type REFeAsO and 122-type AEFe,As, systems have been mapped out for discussions
about superconducting mechanisms.®*** Figures 1-3 show the typical phase diagrams for

1111-type system (LaFeAsO,.F, (a)* and SmFeAsO.F. (b)*) and for 122-type system



(Ba.K.Fe,As, (¢)* and Ba(Fe;.,Co,),As, (d)*'). When a certain amount of carriers are doped,
the magnetic ordered (AFM) state is suppressed and structural transition temperature also
decreased and then superconductivity appeared. Their superconducting phase boundaries with
dome shapes are formed close to the disappearance of the AFM phase. The presence or absence
of coexistence between superconductivity and AFM state is still under topic of discussion for
REFeAsO case. However, in case of AEFe,As,, superconductivity coexists with AFM state and

the maximum 7, appears immediately following the disappearance of AFM.**

1.1.5 Electronic structures

Figures 1-4 show the energy band-structures of parent phases of 1111-type LaFeAsO and
122-type BaFe,As, along the high-symmetry directions of the Brillouin zone predicted by
density functional theory calculations.®” The bands around the Fermi level for both compounds
are primarily formed by five bands of Fe-3d states, resulting in complicated hole- and
electron-like Fermi surface sheets. The Fermi surface consists of 3 hole-pockets at I" point and 2
electron-pockets at M point, as shown in Fig. 1-4 (c). The significant characteristic of band
structure of 1111-type LaFeAsO is no band dispersion along I'-Z line direction (Fig. 1-4 (a)),
which basically substantiates the two-dimensional electronic nature. On the other hand, small

band dispersion, indicating moderate three-dimensional Fermi surface, was observed in band



structure of BaFe,As,, which was also experimentally confirmed by angle resolved
photoemission spectroscopy (Fig. 1-5)*. These different band-structure characteristics of
LaFeAsO and BaFe,As, would originate from the difference of interlayer distance of Fe planes,
i.e. 8.74 nm for LaFeAsO™ and 6.65 nm for BaFe,As,,"” respectively. Energy band structures of
other systems are reported in ref. 89, which suggests that iron-based superconductors have

overall similar band structures near the Fermi level.

1.1.6 Comparison between Fe-based and Cu-based Superconductivity

Fe-based superconductors could attract attention as high 7. superconductors which exceeded the
limit of 7 (30~40 K) estimated by the BCS theory followed by Cu-based superconductors.
They have some common points, for instance, including 3d metal, the layered structure, the
superconductivity induced by carrier doping and so on. On the other hand, many differences can
be found them. The main similarities and differences between Cu-based and Fe-based high T,
superconductors are summarized in Fig. 1-6. As the structural feature, each superconductor has
layered structure, and the CuO; plane and FeAs layer work as the superconducting layers in
each compound. In addition, their phase diagrams as a fuction of the carrier concentrations (Fig.
1-6) have many common features: Each parent material is antiferromagnetic phase, and carrier

doping to the superconducting layer turns off the antiferromagnetic ordering and induces the



superconductivity, which indicates that the magnetic properties of parent phase related with

their high-7. superconductivity. In each system, further carrier doping over the optimum

concentration decrease the 7. and finally, it changes to the normal metallic phase. It is still

controversial whether pseudogap phases of Fe-based superconductors exist or not. At any rate,

these common features would provide insight into the mechanism of high-7. superconductivity.

On the other hand, there are many differences between these superconductors. The valence

band gap of Cu oxide is consisted of Cu 3d.2,2 orbital and O 2p orbital, and strong

electron-electron interaction of localized electrons on Cu site makes it Mott insulator in the

parent phase. Such the band structure can be approximated by the single-band Hubbard model,

which was supported by experimental results. In contrast to Cu oxide compounds, parent FeAs

compounds show metallic behaviors, although it differs from the properties of normal metals.

According to some band calculations and Angle-resolved Photoemission Spectroscopy

(ARPES) measurements of FeAs compounds, the band structure near the Fermi level was

consist of the deeply-interacted five Fe 3d orbitals, multiple electron- and hole- pockets exist in

the Fermi surface. Theoretical studies suggest such unique band structure contributes the strong

nesting of the Fermi surface and the appearance of the high-7, superconductivity.

In addition, one of the most interesting differences between them is the substitution effect of

3d transition metal on the superconductivity. In the case of Cu-based superconductors, the



superconductivity is induced by oxygen vacancies or element substitution of blocking layers
separating the CuO, planes. However, the other transition metal substitution for Cu site in the
superconducting CuO, planes strongly suppresses the superconductivity. On the other hand, the
superconductivity of FeAs compounds is triggered by not only the oxygen vacancy or elemental
substitution of blocking layer, but also the direct substitution of Co or Ni for the Fe in the
FeAs-layer. Most of FeAs superconductors could be induce the superconductivity by the Co
substitution for the Fe-site with the wide concentration range (5~20%). In addition, Ru, the 4d
transition metal with the same valence number with Fe, is also effective as dopant for the Fe site.
Such the contrasting substitution effect on the superconductivity reflects the different electronic
characters between them: For the Cu-based superconductors, the Cu 34’ configurations
hybridized with the O 2p orbitals is essential for the superconductivity in the
strongly-electron-correlated system, which leads to the sensitive character for substitution. In
contrast, the Fe-based superconductivity is attributed to delocalized Fe 3d orbitals remotely
related with As orbitals, which would cause the insensitive character for the transition-metal
substitution. These facts set our expectation that the high 7, may be achieved by using the other

transition metals other than Fe.

1.1.7 Relation between structure in FeAs layer and superconducting temperature

10



The relation in Fe based superconductor between the crystal structure and the
superconductive property was suggested and discussed from the early stage of the study, and
some papers so far evaluate the 7. based on some structural parameters. For example, some
reports summarized the 7, as function of lattice parameter a (corresponding to V2 times the
nearest Fe-Fe distance) and ¢, however, the most popular parameter used in many papers is
As-Fe-As bond angle suggested by Lee et al. (There are two way to define the As-Fe-As angle,
o- and f-angles (See the inset of Fig. 1-7), nevertheless, there is a definite relation between them
due to the confinement of the space group. Therefore, the a-angle is adopted for the structural
parameter in this paper. Moreover, some researchers use Fe-As-Fe angle for the parameter, but it
is essentially same with the As-FeAs angle.) They demonstrated that the closer the a-angle of
LnFePO becomes to the regular tetrahedron angle (109.47°), the higher the 7. becomes. This
result suggests that the shape of FeAs tetrahedron is important for the 7.. The tendency is likely
to be applicable for 1111-type iron hydro-arsenide as mentioned later. (chapter 6).

The relation between 7. and a-angle seems to be applicable 122-type compounds. The
a-angle of AeFe,As; (Ae = Ca, Sr, Ba, Eu), of which 7.s are higher than 20 K., are close to the
regular tetrahedron angle. Especially, Ba, K,Fe,As, exhibit the maximum 7; with the 40% K
substitution (x = 0.4) where the a-angle becomes closest to the regular tetrahedron angle. In

addition, it is suggested that the structural changes induced by high pressure is related with the

11



superconducting property: Kimber et al. demonstrated that structural changes of lattice

constants and a-angle in BaFe,As, induced by high pressure are very resemble to that induced

by the substitution is more critical for the T, increase than that of carrier doping. This suggestion

is very interesting although further investigations and verifications are needed to conclude.

The empirical “regular tetrahedron rule” has been admitted by many researchers, however,

how the effect of tetrahedron shape on the superconducting property has not elaborated from

theoretical viewpoints yet. Assuming that the density of states (DOS) on the Fermi surface

increases with the increase symmetry around Fe atom due to the degeneration of the Fe 3d

orbitals, the FeAs tetrahedron would be important for superconducting properties. However, any

theoretical papers discussed from such a viewpoint have not been published yet to my best

knowledge. Recently, Kuroki et al. proposed new hypothesis which explains the relation

between crystal structure and 7, from theoretical view point. They focused on the height of

pnictogen height from Fe plane (%4p,) and calculated the difference of the electronic structure by

changing the as a parameter, considering all the five Fe-3d orbitals in the calculation. According

to the results, appearance of Fermi surface around (7,m), which is very sensitive to the parameter

hpy, leads to the nesting effect. Affect in 7, and symmetry of the superconducting gap. They

concluded that the T, increases with increasing /p,.

To examine the above -mentioned two hypotheses, the reported 7.s in Fe-based superconductor

12



are plotted as a function of a-angle and /p, in the Fig 1-7. For comparison, the selected 7, values

are the highest one of each superconductor, and thea-angle or /p, were those of the parent

compounds at room temperature and ambient pressure. Note that plotted values more or less

include errors because the T, depends on how to take the value from measured data, and the

refined structure also depends on the dopant species and concentration, the sample quality and

SO on.

In the case of the T.-a plot (Fig 1-7), higher 7.s tend to concentrate on around the regular

tetrahedron angle (109.47°), which is consistent with the “regular tetrahedron rule”. Whereas,

some 7.s are not so high even though their bond angles are close to the regular tetrahedron

angle: As for the 1111, 122 and 21113-type compounds, the most cases are applicable to

empirical rule, while the plots of 1111-type compound deviate from the rule. The angles of

NaFeAs and LiFeP are close to the regular tetrahedron (~108.5), however, the 7.s are not so

high (~9 K for NaFeAs, ~6 K LiFeP). Whereas, LiFeAs exhibit higher 7. (~18K) than other

111-type compounds although its a-angle (~103°) is deviate from the regular tetrahedron angle.

The FeAs tetrahedron shape of LiFeAs is elongated to c-axis direction, which is same in the

11-type FeSe compounds. It should be reconsidered the “regular tetrahedron shapes are rare in

the 1111- and 122-type compounds.

Whereas, according to the T.-/p, plot (Fig. 1-7) it seems that the higher Pn position does not

13



necessarily lead to the higher T if all the compounds were considered. However, this tendency
could be applicable in each structure-type system, and the above-mentioned contradiction of
111-type compounds in the “regular tetrahedron rule” is resolved in this plot. Nevertheless,
some contradiction could be pointed, for example, KFe,As, exhibit lowest 7. (~4 K) even
though it has the highest As position in the 122-type compounds. For the 11-type FeSe
compounds, the 7, was improved up to 14 K by ~50% of Te substitution for the Se site, however,
the further substitution decreases the 7.. According to the theory, the 7. is expected to be
improved by the further Te substitution because of increase of the height; nevertheless, the
actual results have not shown that. It may suggest that there is a limit to expect the 7, from FeAs

structure without consideration of electronic structure or the other factors.

1.2. Objectives of this study

It is a unique feature of iron-based superconductors that both the indirect doping and the
direct doping invoke superconductivity. This feature cannot be seen in the cuprate. Therefore, it
is of interesting to compare the superconductivity in iron arsenide with indirect- and direct-
doping. Moreover, indirectly electron doped 122-type iron-base superconductor and CaFeAsF
have not been reported, although indirectly electron doped 1111-type SmFeAsO, F, show the

highest 7. (~ 55K) in the iron-based superconductors. Therefore, if indirectly doped 122-type

14



iron-based superconductor, CaFeAsF and the new 1111-type compound were successfully
synthesized, it can be expected to obtain high 7. superconductor and elucidate the relationship
between these crystal structure, electronic structure and superconducting properties.
Based on the background described above, the following two objectives were established in
this thesis:
(1) The first objective is to develop new doping method and synthesize new iron arsenide
superconductors by using high pressure synthesis technique.
(2) The second objective is to clarify the effect of electron doping-mode, crystal structure and

electric structure on superconducting properties.

1.3. Outline of this study

Chapter2: Indirectly electron-doped Sr;(LasFe,As, was synthesized by solid state reaction
under pressures of 2-3 GPa. The optimal 7. was slightly higher than that for the indirectly
electron (Co)-doped case, but much lower than that for the hole-doped case. No significant
difference in the superconductivity range was observed between La- and Co-substitution. Both
ranges were much narrower than that for the hole-doped case. It was concluded that the
difference in electron-doping mode, either direct or indirect, was much smaller than that of

polarity of the doped carrier.
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Chapter 3: The 1111-type CaFeAsH were synthesized by the high-pressure technique with an

excess hydrogen source. Substitution of H into the F site in CaFeAsF and the structural

transition from tetragonal (space group: P4/mmm) to orthorhombic structure (space group:

Cmma) was confirmed by NPD analysis. DFT calculation indicates that the most stable spin

configuration in CaFeAsH is stripe-type antiferromagnetic ordering. In addition, energy bands

located around the Fermi level are mainly composed of Fe-3d states. These behaviors are

observed in parent compounds of 1111- and 122-type iron arsenides. Consequently, CaFeAsH is

a possible candidate for a parent compound of the iron arsenide superconductors.

Chapter 4: Superconductivity was observed in CaFe,_,Co,H, and its properties were compared

with those of CaFe,_,Co,AsF. The maximum 7. and width of the superconducting dome of

CaFe;.Co,AsH are almost the same as those of CaFe,,Co,AsF. The calculated electronic

structure of CaFeAsH differs from that of CaFeAsF. The former has a 3D hole surface, with a

highly 3D nature. This is caused by covalent bonding between energetically overlapped As 4p

and H 1s bands. This 3D hole surface does not interfere with superconductivity. This is because

poor nesting between this small hole surface and electron surfaces causes the unfavorable

development of excitations, such as spin and/or charge. Hydrogen incorporated within the

16



blocking layer acts as an indirect electron dopant, without interfering with the

superconductivity.

Chapter 5: Indirect electron-doped Ca,_La,FeAsH was synthesized by the solid state reaction at

1173K under pressure of 2.5GPa. The maximum solubility of La in CaFeAsH was x ~ 0.3.

Rietveld analysis revealed that La substitutes the Ca sites in the CaH layers and the site

occupancy of La equals almost as the nominal x. The elemental composition analysis shows that

La concentration was comparable to the nominal x and a small amount of oxygen (0.02-0.05)

was incorporated in the samples. An anomaly derived from a structural and a magnetic

transition in the p-T curve is suppressed by increasing La-substitution and superconductivity

was observed at x > 0.08. A maximum 7 is 47.4K at x = 0.23 where 4my is close to -1.0. The

maximum 7, (47 K) in La-substituted CaFeAsH are much higher than that (23 K) of direct

electron doped CaFe,,Co,AsH. This is the first iron-based 1111-type superconductor except

LnFeAsO in which superconductivity is induced by indirect carrier doping.

Chapter 6: Finally, the summary of this study is described.

17
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Figure 1-1 . History of superconductors and developments of the superconducting transition
temperatures (7). The diamond, square, triangle and circle symbols indicate the T, of BCS
metals [47-52], cuprates [53-56], organics [102-105], and iron-based superconductors [84-89],

respectively.
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Figure 1-2. Crystal structures of representative iron-based superconductors of (a) 1111-type
REFeAsO (RE = rare earth), (b) 122-type AEFe2 As2 (AE = alkaline earth), (c) 111-type AFeAs

(4 = alkali), and (d) 11-type FeCh (Ch = chalcogen).
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Table 1. Structure, composition, dopant species, and T for representative iron-based

superconductors.

Structure  Composition Dopant (Site) T.(K) References

1111 REFeAsO F(O) 26-55  [21.43-48]
(RE=La-Dy)
REFeAsO -
(RE=Y. La—Er) Vacancy (O) 35-55 [61-65]
REFeAsO < e
(RE=La.Nd. Sm. Gd. Tb) ~ [R(RE) 30-56 [56-60]
REFeAsO i
(RE=La, Ce, Pr. Nd. Sm) Co (Fe) 13-17 [66-69]
LaFeAsO P (As) 10 [70]

122 AEFeyAs, 4 (4E) 2338 [50.72-78]
(AE=Ca. Sr. Ba. Eu) (A=Na. K. Rb. Cs)
AEFe,As, TM (Ee) 0_0n
(AF=Ca.St.Ba.Eu)  (TM=Co.NiRh, 1725 [5‘)1‘91-0;}

Pd. Ir, Pt. Ru) 101, 102]

AEFe,As, _
(AE=Ca. St, Ba. Eu) P (As) 13-31 [97-100]

111 LiysFeAs 18 [105. 106]
Nag FeAs 12-18 [107.108]

11 Fe, ,,Se 8 [110]
FeSe,sTe, s 15 [112]
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Figure 1-3. Representative electronic phase diagrams of (a) LaFeAsOl-—xFx [113], (b)

SmFeAsO,,F, [115], (c) Ba,,.K,Fe,As; [117], and (d) Ba(Fe,,Co,),As; [86].
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Figure 1-4. Energy band structures of LaFeAsO (a) and BaFe,As, (b) calculated by density

functional theory (DFT) calculations [120]. (c) The magnified band structures near Fermi level.
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Fig 1-6. Similarities and differences between Cu-based and Fe-based superconductors (SC). The

schematic phase diagram captured its

superconductors.

typical characters are shown for Cu-based
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Chapter 2: High-pressure synthesis of the indirectly electron-doped

122 iron superconductor La-substituted SrFe,As, with 7. =22 K

2.1. Introduction

In the 1111 phase, it is established that electron-doping effectively works to induce
superconductivity as exemplified by LnFeAsO,_.F, (where Ln: lanthanide). However, the hole
doping effect still remains unclear.' Information on both electron-doped and hole-doped cases in
superconductivity is important for examining the modification of the Fermi surface by carrier
doping. The 122 phase’ is more favorable than the 1111 phase for examining this issue, because
the phase forming reaction temperature is sufficiently low that sub-reactions within container
vessels and/or selective vaporization of a component may be suppressed. Direct electron-doping
to FeAs-layers by substituting the iron site with appropriate transition metals (e.g. Co*", Ni*")**
can be achieved and superconductivity was induced by the doping mode. However, to date there
are no reports of superconductivity of 122 system induced by indirect electron-doping via
aliovalent cation substitution to alkaline earth metal site. While G. Wu et al.’ examined the La®*"
substitution at the alkaline earth metal site, solid state reactions of the ingredient mixture for

Ba,LaFe,As; did not yield the La-substituted 122 phase by using the conventional glass-tube

technique under ambient pressure. Leithe-Jasper et al.°reported density functional theory (DFT)
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calculations showing a distinct difference in phase instability and effect of magnetic moment,
originating from the electronic structure between Co-doped and La-doped SrFe,As,. The
La-substituted phase was electronically unstable, but no phase instability was induced by
Co-doping. This prediction is consistent with the formation of Sr_.L.a,Fe,As, phases having not
been reported to date.

The ionic radius of La** (116 pm) is smaller than that of Sr*" (126 pm), and so it is likely that
a high pressure synthesis would be effective for obtaining La-substituted SrFe,As,. In this
chapter, we report that Sr;_,La,Fe,As;(x < 0.6) compounds with negative Seebeck coefficients
can be synthesized at high pressure (2-3 GPa), and superconductivity with a maximum 7, of 22

K was observed in the range of 0.2 < x <0.5.

2.2. Experimental

Samples of nominal chemical composition Sr;.La,Fe,As, were synthesized by solid state
reaction under high pressure. The starting materials were SrAs, LaAs and Fe,As, each of them
having been prepared from their respective metals. The mixture of these materials was sealed in
a metal Ta tube with a Ta cap, by spot-welding in a glove box filled with a dry Ar gas. Tubes
were then heated at 1273 K for 2 h under pressures of 2-4 GPa. A belt-type anvil cell was

employed for the high pressure synthesis. Crystalline phases in the resulting samples were
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identified by powder X-ray diffraction (XRD) using a Bruker diffractometer model DS
ADVANCE (Cu rotating anode). The Rietveld analysis of XRD patterns was performed using
RIETAN-FP code’. The 4-probe resistivity and magnetic susceptibility were measured in the
temperature range of 300-2 K, using a PPMS (Quantum Design) with a VSM attachment.
Thermopower was measured at 300 K to check the polarity of the major carrier in the resulting
samples. Because solubility of La in 4eFe,As, (Ae = Sr, Ba) is small, solid state reactions of the
ingredient mixture for Ae;LaxFe,As, did not yield the La-substituted 122 phase by using the
conventional glass-tube technique under ambient pressure. LaAs and SrFe,As, phases were
identified by XRD, indicating segregation of La from the 122 phase. When a pressure of 2 GPa
was applied during the reaction, the formation of LaAs was suppressed and an XRD peak shift
was observed. When the applied pressure was increased to 3 GPa, the volume fraction of
impurities increased. The target became a minority phase at 4 GPa, and so reaction conditions

were fixed at 2 GPa and 1273 K for 2 h.

2.3. Results and Discussion
2.3.1. XRD and Rietveld refinement
Figure 1 (a) shows observed and calculated XRD patterns of samples synthesized at 2 GPa.

Segregation of La was suppressed up to x = 0.5, but the LaAs phase was apparent for x = 0.6. A

37



trace amount of LaFeAsO (< 3 vol %) was identified in all samples. The same amount of
LaFeAsO phase was observed as for samples prepared by the glass-tube technique, thus the
formation of LaFeAsO was attributed to oxygen contamination in ingredients during preparation
and synthesis. Figure 1 (b) shows the variation of lattice constants (a and b), unit cell volume V,
and the separation between Sr and As ions rs;.as Within the Sri_.La,Fe,As, phase as functions of
nominal x. The unit cell volume continuously decreased from x = 0 to 0.5, indicating that the
solubility limit of La in SrFe,As, was x < 0.6. Providing there was separation between Sr and As
ions in the 122 phase, .45, decreased with the mean size of the cations at the Sr-site, and the
value of rg.4s should decrease linearly with x. The difference in rs.as between x = 0 and x = 1
(extrapolated) should be the difference in the ionic radius between Sr*" and La®" (~10 pm). The
observed trend and value (~10 pm) in Figure 1 (b) agrees with the above assumption,
confirming that La’* substitutes the site of Sr*". With an increase of nominal x, the broadening of
diffraction peaks increased, especially for the 00/ diffractions. The length of the c-axis was more
sensitive to x variations than that of the a-axis (See Figure 1 (b)). A possible reason for the
broadening was the modulation of lattice spacing, due to inhomogeneity in local
La-concentration. The modulation of lattice spacing yielded the crystallographic strain. The
degree of modulation as crystallographic strain was calculated from the line-broadening

obtained by the Rietveld analysis of the XRD patterns. Figure 1 (c) shows isotropic and
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anisotropic crystallographic strains as a function of x. Sg and S, are the isotropic strains
calculated from Lorentzian and Gaussian-type components of pseudo-Vogt functions, which

aniso

describe line broadening for the Rietveld analysis. S;“"’ is the anisotropic strain along the [001]
axis, calculated from the Lorentzian component.® In this analysis, the value of parameter
corresponding to crystallite size was fixed to that optimized for the sample of x = 0. Both
isotropic and anisotropic lattice strains start to increase from x = 0.1, and then increase markedly

when x > 0.4. Thus, it is presumed that the large strain induced in the crystallites by the

La-substitution restricted the solubility limit of La’" at the Sr*" site.

2.3.2 Electron transport property

Figure 2 shows the temperature dependence of resistivity for samples with different x. An
anomaly arising from the crystallographic transition’ accompanied with the magnetic transition
at around 200 K, and was suppressed with x. A sharp resistivity drop instead appeared from x =
0.2, and zero resistivity was observed at x > 0.3.

Figure 3 shows the temperature dependence of magnetic susceptibility y for each sample.
Pellets were obtained by sintering synthesized powders, and were used for the measurements.
Samples all underwent demagnetization at 300 K before magnetic measurements were carried

out. A distinct negative shift of x was observed for x = 0.2-0.5 in the temperature range below
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~22 K. The top of Figure 3 (b) shows M-H curves for the samples. The shielding volume
fraction calculated from the slope of the M-H curve was ~10 % at x = 0.3, and reached a
maximum of ~70 % at x = 0.4. It then dropped to ~5 % at x = 0.5. The precipitation of impurity
phases was apparent from XRD patterns for the samples prepared at 3GPa, indicating that the
La-concentration in the Sr-122 crystals was smaller than the nominal x. Since the c-axis length
for samples prepared at 2 GPa was almost proportional to the nominal x, it could be used as a
measure for the content of La substituting at the Sr sites. Figure 3 (c) shows the shielding
volume fraction evaluated from dM/dH vs. lattice constant ¢ for samples prepared at 2 and 3
GPa. The samples appeared to also display a maximum volume fraction of superconducting
phase at the same c-axis length.

Figure 4 shows the Seebeck coefficients of Sr;_ M, Fe,As,(M = K and La) at 300 K. It was
evident that the sign of Seebeck coefficients for the La-doped samples was negative, and
opposite to that observed for the K-doped samples."’ This result substantiated that electrons
were effectively doped to the FeAs layer by the La-substitution as intended, and that
superconductivity was induced by electron-doping.

Analysis of XRD patterns indicated that La-substitution induced anisotropic strain along the
c-direction. Saha et al. reported that the superconductivity of non-doped SrFe,As, was promoted

by internal strain, and caused by stress during crystal growth which disappeared during thermal
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annealing."' In the current study, we examined the annealing at 573 K of SrosLagsFe,As,
prepared at 2 GPa, but found no significant changes in superconducting properties (7. and
shielding volume) or XRD profile. This indicated that the superconductivity of our samples was
not due to mechanical stress like that reported by Saha et al.

The reason for 7, on the p-T profile not changing with La concentration was then
investigated. The profile analysis of XRD patterns revealed that there is no indication of phase
separation but distinct persistent crystalline strain are present in the (Sr,La)Fe,As,. This strain is
attributed to inhomogeneous replacement of Sr ions with La ions in the SrFe,As, phase. In each
sample with the observable T, there was a portion in which the La-concentration was the same
as x = 0.4 with a maximum 7, ~ 22 K and these portions are percolated throughout the bulk
samples. Since the onset 7 is controlled by the highest-7, region (LaysSro¢Fe,As;), we may
understand the obtained results that the shielding volume fraction changed with x, but 7,
remained almost unchanged. Here, note that substitution between Sr and La is easy in cuprates
even in conventional solid state reaction processes but impossible in Sr-122 iron arsenide. This

makes a sharp contrast between these two representative superconductive systems.

2.3.3. Electron phase diagram

Figure 5 summarizes the electronic phase diagram for directly/indirectly,
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hole/electron-doped SrFe,As,. Onset 7. and anomaly temperature in p-T curves indicating
structural/magnetic transition are plotted in this figure. Here, doped carrier numbers per Fe are
plotted in place of compositions in the figure. It is of interest to compare the present results
(indirect electron-doping) with those for SrFe,.,Co,As, (direct doping).’ Superconductivity in
the latter system occurred at 0.2 <y <0.5. 7, had a maximum of 19 K at y ~ 0.2, at which point
anti-ferromagnetic ordering decreased with x and disappeared at y = 0.5. In the present system,
bulk superconductivity (shielding volume > ~10 %) was observed at x = 0.3 and 0.4 for samples
prepared at 2GPa, and x = 0.4 and 0.5 for those prepared at 3 GPa.'” The number of electrons
injected into the FeAs layer was x/2 = y per Fe ion. Superconductivity was induced for the
La-substituted system if electron numbers of 0.15-0.25 per Fe for samples prepared at 2 GPa,
and 0.2-0.25 per Fe ion for those prepared at 3 GPa, were doped to the parent phase. This range
is narrower than that for the Co-substituted system, and both ranges are much narrower than that
for the hole-doped case. In this case the range continues to the end member KFe,As,. The
maximum 7, for the indirect (La)-doped system was slightly higher than that (19 K) for the
direct(Co)-doped system,’ but was lower than that (37 K) for the optimal hole-doped case."’
Recently, asymmetry in the electronic phase diagram upon electron and hole doping into Fe
pnictide superconductors, was theoretically studied by Ikeda et al.'> They constructed a

five-band model using a combination of ab initio band calculations and fluctuation exchange
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(FLEX) approximations, and examined the doping dependence of superconductivity. They

found that superconductivity was stable over a wider range for hole doping than for electron

doping. Electron doping filled the hole pockets, which in turn reduced the nesting between the

hole pockets and electron pockets. The disappearance of the electron pockets did not occur by

hole doping. The present experimental results on the carrier doped 122 system are consistent

with this theoretical prediction.

2.4 Summary

In summary, indirectly electron-doped Sr;-,La,Fe,As, was synthesized by solid state reaction

under pressures of 2-3 GPa. The optimal 7. was slightly higher than that for the indirectly

electron (Co)-doped case, but much lower than that for the hole-doped case. No significant

difference in the superconductivity range was observed between La- and Co-substitution. Both

ranges were much narrower than that for the hole-doped case. It was concluded that the

difference in electron-doping mode, either direct or indirect, was much smaller than that of

polarity of the doped carrier.
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Fig.1. X-ray diffraction patterns and crystallographic data. (a) Powder X-ray diffraction (XRD)

patterns of Sr;.LaFe,As, with x = 0.0-0.6. A small amount of LaFeAsO phase denoted by
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asterisk (volume fraction ~ 3 %) almost independent of x, was seen for x = 0.1-0.5 samples. The
remarkable line broadening of 00/ reflections was observed upon La-substitution, indicating the
presence of anisotropic strain along the c-axis. (b) Lattice constants a and ¢, unit cell volume V,
and Sr-As distance rg.4s as a function of x: Data on the sample with x = 0 synthesized at an
ambient pressure are indicated by the filled circles. (c) Crystallographic strains Sg, S.*° and
S.™° as a function of x: Sg and S| are isotropic strains calculated from Lorentzian and
Gaussian-type components of pseudo-Vogt function describing line broadening for Rietveld

aniso

analysis. Sy is the anisotropic strain along the [001] direction, also calculated from a

Lorentzian-type component.
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samples.
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Fig.5. Electronic phase diagrams for hole/electron-doped SrFe,As,. This diagram was drawn

electron

based on the data reported in Refs. 12, 16 and present work. An ¢jectron /Fe is the injected number

of electrons per Fe site and Anp,e /Fe is the number of holes. Observed data (0) on 7, in

Sri-.LaFe,As, is almost constant ~22 K for Angiecron /Fe = 0.1-0.25. Thus, we attribute intrinsic

superconducting region to a narrow range around 0.2 on the basis of the presence of persistent

crystallographic strain, shielding volume fractions, and onset 7,-x relation.
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Chapter 3: 1111-type hydro arsenide CaFeAsH: a possible candidate

for a parent compound of iron-based superconductors

3.1. Introduction

In preceding chapter, indirectly electron-doped Sri.La.Fe,As,' were synthesized by high
pressure synthesis and its 7, is comparable to that of directly electron-doped SrFe,,CoyAs,.”
Therefore, to achieve higher T, superconductor, indirectly electron doped 1111-type iron
arsenide compound is required. DvFeAsF (Dv = Ca, Sr, Eu)’ is other 1111-type iron arsenide
compound and the indirect doping to these material are expected to be a promising route to
update the T, record of iron arsenide superconductors. Although the indirect doping to DvFeAsF
by Ln-substitution to the Dv-site already has been reported,*’” a notable amount of impurity
phase containing Ln segregation in the samples complicates any decisive evidence for Ln*"—
substitution to the Dv-site, e.g., the XRD profiles in their were unchanged with increasing
Ln-substitution. To further extend the series of 1111-type iron arsenides, | attempted other
combinations of ions which could form an insulating layer and selected H™ anion in place of F
in CaFeAsF. Actually, some 1111-type hydrides, LnMXH (M = Mn, Fe, Co, Ru; X = Si, Ge)g’14
already have been reported and these materials have been synthesized by the inserting hydrogen

into LnMX having CeFeSi-type structure."” LnMX is transformed to LnMXH under heated high
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pressure hydrogen gas at about 600K. However this method is not adequate to the synthesis of

DvFeAsH, since 111-type DvFeAs compounds have not been reported to exist.

In this chapter, by using a high-pressure synthesis method with an excess hydrogen source,

CaFeAsH, an analog of LnFeAsO, and the solid solution between CaFeAsF and CaFeAsH

(CaFeAsF,_.H, where 0 < x < 1) have been synthesized. While these compounds

nonsuperconducting like LnFeAsQO, these results indicate the anion site in the blocking layer can

be substituted with H. Moreover, the structural transition from tetragonal (space group:

P4/nmm) to orthorhombic structure (space group: Cmma) was confirmed by NPD analysis. DFT

calculation indicates that stripe-type antiferromagnetic ordering is the most stable spin

configuration and Fermi level are mainly composed of Fe-3d states just like LnFeAsO. These

results propose that CaFeAsH is a possible candidate for a parent compound of the iron arsenide

superconductors.

3.2. Experimental

CaFeAsH was synthesized by the solid-state reaction of CaAs, Fe,As, and CaH, with

LiAlH, as an excess hydrogen source, at 1000 °C and 2 GPa (CaAs + Fe,As + CaH, —

2CaFeAsH). A belt-type anvil cell was employed for the high-pressure synthesis. Powders of

CaAs and Fe,As were prepared from their respective metals (Ca: 99.99% Sigma-Aldrich, Fe:
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99.9% Kojyundo Chemical Laboratory Co., Ltd., and As: 99.9999% Kojyundo Chemical
Laboratory Co., Ltd.) and CaH,/CaD, were synthesized by heating calcium metal in an Hy/D,
atmosphere. The solid solution of fluoride and hydride, CaFeAsF,_ H,, was obtained over the
full x range by adding CaF, to the starting mixture in the high-pressure synthesis, CaAs + Fe,As
+ (1 — x) CaF, + x CaH, — 2CaFeAsF, \H,. All starting materials and precursors for the
synthesis were prepared in a glove box (Miwa Mfg. Co.,Ltd.) filled with purified Ar gas (H,O,
0, < 1 ppm). The mixture of starting materials was placed into a BN capsule. Following the
internal hydrogen source technique developed by Fukai and Okuma,'®'” LiAIH, (98%, Tokyo
Kasei Kogyo Co., Ltd.) was also placed in the capsule with a BN separator as a supplementary
hydrogen source. The deuterated analog, CaFeAsD, was also prepared using CaD, and LiAlD,
(90% CP, 98% D, Tokyo Kasei Kogyo Co., Ltd.).

The resulting crystalline phases were identified by powder x-ray diffraction (XRD) using a
Bruker AXS GmbH diffractometer model D8 ADVANCE (Cu-rotating anode). Rietveld analysis
of XRD patterns was performed using the TOPAS code.'® The amount of hydrogen incorporated
in the resulting samples was evaluated by thermogravimetry and mass spectroscopy (TG-MS)
performed using a Bruker AXS GmbH TG-DTA/MS9610 equipped with a gas feed port to inject
the standard H, gas into the sample chamber. 20 mg of sample were heated to 800 °C with a

heating rate of 20 Kmin ' under a helium gas flow. Hydrogen released from the sample, in the
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form of an H, molecule was ionized and was detected by a quadrupole mass spectrometer as an
ion with mass-to-charge ratio (m/z) = 2.

Neutron powder diffraction (NPD) of CaFeAsD was measured on ~3 g of sample by the
high-resolution powder diffractometer installed at the JRR-3 reactor of the Japan Atomic Energy
Agency (beam collimation of 30°—40’-(sample)-6’ with neutron wavelength A = 0.182391 nm).
Rietveld analyses of the NPD patterns were performed using the RIETAN-FP code.” The dc
resistivity and magnetic susceptibility were measured in the temperature range of 2-300 K,
using a physical properties measurement system (Quantum Design, Inc.) with a vibrating
sample magnetometer attachment. To investigate the electronic structure of CaFeAsH, density
functional theory calculations were performed using the generalized gradient approximation

1 and the projected augmented plane wave method®'

Perdew-Burke-Ernzerhof functiona
implemented in the Vienna ab initio simulation program (VASP) code,”” following Refs. 23 and
24. A\2a x\2b x\2¢ supercell containing eight chemical formulas was used for the calculation,
and the plane-wave basis set cutoff was set to 600 eV. For Brillouin-zone integrations to
calculate the total energy and density of states (DOS), 4 x 4 x 2 Monkhorst-Pack grids of &
points were used. To obtain the projected DOS, the charge density was decomposed over the

atom-centered spherical harmonics with a Wigner-Seitz radius r = (3Vcell/4nN)1/3, where Vcell

and N are the unit-cell volume and the number of atoms in a unit cell, respectively.
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3.3. Results and discussion

3.3.1 XRD and Rietveld refinement

Figure 1 shows powder XRD patterns of the resulting products at room temperature (RT).

Except for several minor peaks due to metal Fe and Ca(OH,)/Ca(OD,) phases (< 5 wt%), all the

peaks could be indexed to a tetragonal ZrCuSiAs-type structure(space group:P4/nmm) with

lattice constants a = 0.3878 and ¢ = 0.8260 nm for CaFeAsH and a = 0.3876 and ¢ = 0.8257 nm

for CaFeAsD (See Table I). The differences in the lattice constants between the hydride and the

deuteride versions were less than 0.05%. Rietveld analysis indicates that the observed XRD

pattern is well explained by assuming a model structure composed of alternate layers of FeAs

and CaH (CaD). However, the site position and occupancy of hydrogen cannot be determined

by XRD because the x-ray atomic scattering factor of H /D" is too small.

3.3.2 TG-MS measurement

As shown in Figure 2, weight loss involving the emission of the H, molecule was observed

from 200 °C to 600 °C. The TG-MS measurement continued to 800 °C, where the sample

decomposed into a mixture of CaFe,;As,, FeAs, and unknown phases probably consisting of Ca

with O,, N,, and/or H,O gas from the He gas flow. The amount of released H, was estimated to

be 3.08 mmol/g from the integration of the mass peak m/z = 2. This quantity was almost equal
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to that expected for the decomposition of CaFeAsH (2CaFeAsH—Ca +CaFe,As, + H, ', 2.91

mmol/g).

3.3.3 NPD and Rietveld refinement

Since the coherent neutron scattering cross section of deuterium (5.592 b) is comparable to
that of Ca (2.78), Fe (11.22), or As (5.44),” the atomic position and site occupancy of
deuterium can be determined by NPD. Figure 3 shows NPD patterns observed at RT and 10 K.
Rietveld analyses revealed that the anion site in the block layer is occupied by deuterium, with
the site occupancy of 0.935 (See Table II). Taking the isotopic purity of the LiAID4 and the
inclusion of hydrogen from other starting materials into account, we conclude that the
remaining fraction (0.065) of the anion site is primarily occupied by hydrogen. The NPD pattern
observed at 10 K was attributed to an orthorhombic phase, space group: Cmma, a = 0.549
213(16), b = 0.545 660(16), and ¢ = 0.821154(24) nm. This crystal symmetry change is the
same as in other 1111-type iron arsenides with tetragonal to orthorhombic transitions reported in
the range of 120-180 K. High pressure synthesis appears to be essential for the formation of

CaFeAsH because no such phase could be prepared at ambient pressures.

3.3.4 Electric, magnetic and thermodynamic properties
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Figure 5(a) shows the temperature dependence of dc electrical resistivity (p) in CaFeAsH

and CaFeAsD measured from 300 to 2 K. Figure 5(b) shows temperature dependence of molar

magnetic susceptibility (ymo) for CaFeAsH. With a decrease in temperature, both p—T and yo—T

curves exhibit sudden decreases at ~100 K. This anomaly has also been observed in 1111- and

122- type iron arsenides and has been attributed to a tetragonal to orthorhombic transition.

Figure 5(c) shows the temperature—dependent heat—capacity data for CaFeAsH. Structural and

magnetic transitions occur at the almost same temperature because an only one peak was shown

in the Cp-T curve.

3.3.5 Electronic structure calculation

Magnetic structure was not determined by NPD analysis because magnetic moment of the

Fe in CaFeAsH is small and NPD intensity was weak. To obtain a closer insight into the

magnetic interaction in CaFeAsH, I performed a structural optimization procedure with

structure parameter refined by NPD at 10 K as starting structure parameter and six different

magnetic structures in the Fe square lattice, which include NM, FM, and two antiferromagnetic

(ST and CB) configurations: (NM: nonmagnetic, nonspin-polarized calculation; FM:

ferro-magnetic ordering; ST: stripe-type antiferromagnetic ordering CB: checkerboard-type

antiferromagnetic ordering) Similar to 1111-type iron arsenides, the lowest total energy
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among the four different configurations for CaFeAsH was found for ST, in which stripe-type

antiferromagnetic ordering was present. The magnetic moment calculated for each Fe ion in the

ST configuration is 1.72 ug, which is very close to the results calculated for 1111-type iron

ref

arsenides with the same AFM configuration.™ From the calculated results listed in Table I1I, the

total energie for ST is far lower than that of the other magnetic structures. These results indicate

that stripe type is energetically advantageous to CaFeAsH. Moreover, optimized crystal

structure for ST is orthorhombic (Cmma) with a small orthorhombicity [defined as (a — b)/(a +

b)]. For the Fe square lattice (in tetragonal symmetry), stripe-type spin configuration is

frustrated. This frustration can be removed to decrease the system energy by structural distortion

thorough the shrinkage and extension of the distance between the two nearest antiparallel and

parallel Fe spins, which yields the orthorhombic structure. This structural distortion has been

found in parent material of iron pnictides and it is well interpreted to have a magnetic origin.

Figure 6 shows the calculated total DOS and PDOS of CaFeAsH. The total energy was

minimized with respect to both the coordinates of all atoms and the lattice parameters. Then, the

stripe-type antiferromagnetic ordering of the Fe spins, commonly observed for 1111-type Fe

arsenides below T,,,m Was obtained as the most stable magnetic structure. Total DOS and Fe

PDOS profiles revealed the semimetallic nature of CaFeAsH, with Fe 3d up-spin and down-spin

bands overlapped at the Fermi level (£ = 0). Hydrogen 1s levels were located at ~2 eV below
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the Fermi level and were fully occupied. It is evident from these results that hydrogen is
incorporated as H™ (1s°) in CaFeAsH. This finding is consistent with the similarities in the p-T
curves of CaFeAsH and CaFeAsF, indicating that the replacement of F sites with H ions does
not seriously affect the electronic structure of the FeAs conduction layer. Based on the
similarity of the charge and size of the hydride and fluorine ion, the formation of the solid

solution CaFeAsF,_H, was expected.

3.3.6 CaFeAsH,_F,

Figure 7 shows the lattice parameters a and ¢ as a function of x. The value of x in the
resulting CaFeAsF,_,H, was evaluated by TG-MS measurement. While the lattice parameter a
was almost independent of x, the value of ¢ was proportional to x, indicating that the geometry
of the CaF_H, layer is determined by the weighted average of the ionic radius of F (rr) and H™
(ru). From the F-Ca distance (¢ +rc, = 233.7 pm) and the H-Ca bond length (ry + rc, = 230.2
pm) evaluated from Rietveld analysis, the ionic radius of H was estimated for 1111-type iron
arsenides. On the assumption that an F— coordinated by four Ca®" ions retains Shannon’s ionic
radius (7 = 131 pm),*® then, the ionic radius of Ca*" was calculated to be 102.7 pm. The radius
of H calculated from the H-Ca bond length (230.2 pm) in CaFeAsH is 127.5 pm, which is

smaller than that of F by 2.8%. These results indicate the existence of 1111-type
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hydro-arsenides and the high resemblance of hydride and fluoride ions in 1111-type iron

arsenides. Furthermore, these similarities between fluorine and hydrogen in CaFeAsH,.F,

propose that hydrogen could be an alternative dopant anion to induce superconductivity of

LnFeAsO.

3.4. Summary

The 1111-type CaFeAsH were synthesized by the high-pressure technique with an excess

hydrogen source. Substitution of H into the F site in CaFeAsF and the structural transition

from tetragonal (space group: P4/nmm) to orthorhombic structure (space group: Cmma) was

confirmed by NPD analysis. DFT calculation indicates that the most stable spin configuration in

CaFeAsH is stripe-type antiferromagnetic ordering. In addition, energy bands located around

the Fermi level are mainly composed of Fe-3d states. These behaviors are observed in parent

compounds of 1111- and 122-type iron arsenides. Consequently, CaFeAsH is a possible

candidate for a parent compound of the iron arsenide superconductors.
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Fig.1. Powder XRD patterns of (a) CaFeAsH and (b) CaFeAsD at room temperature (RT).

65



2] (arb. unit)

Intensity (m/z

L - L & L i
200 400 600 800
T(°C)
Fig. 2. TG-MS (m/z = 2 corresponds to the H, molecule) profiles of CaFeAsH. Weight loss due
the decomposition of the sample with hydrogen emission was observed from 200 °C to 600 °C.

Hydrogen concentration was estimated to be 1.05 molecules per unit cell by integration of the

MS trace curve.
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Fig. 4. Crystal structure of CaFeAsH at 300 K (tetragonal) and 10 K (orthorhombic).
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Fig. 5 (a) p-T profile of CaFeAsH and CaFeAsD compared with CaFeAsF. (b) Susceptibility per

mol (ymo) at a fixed magnetic field of 5T as a function of temperature for CaFeAsH. (c¢) The

measured heat capacity of CaFeAsH.
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Fig. 6. Total DOS and atomic projected density of states (PDOS) of CaFeAsH obtained by

density functional calculation using the VASP code. The origin was set at the Fermi level.
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Fig. 7. Variation of lattice constants (a, c) as a function of x in the solid solution CaeAsF, H,.

Hydrogen content (x) was estimated by the TG-MS method.
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Table 1. Structure parameters for CaFeAsH and CaFeAsD from XRD Rietveld refinement.

(a) CaFeAsH at RT (P 4/nmm , Z=2)
a=387.8783(34) pm, ¢ = 826.0000(16) pm

Atom Site Occ. x ¥y z Beg (AZ)

Ca 2¢c 1 1/4  1/4 0.15045(24) 0.885(37)
Fe 2b 1 3/4 1/4 1/2 0.589(28)
As  2¢ 1 1/4 1/4 0.67114(14) 0.595(31)
H - _ - _ — _

(b) CaFeAsD at RT (P 4/nmm , Z =2)
a=387.5295(53) pm, ¢ = 825.392(19) pm

Atom Site Occ. X oy z Beg (A%
Ca 2c 1 1/4  1/4 0.15039(35) 0.815(34)
Fe 25 1 3/4 1/4 172 0.541(26)
As 2c 1

174 1/4 0.67190(22) 0.632(29)
D - _ - _ _
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Table II. Structure parameters for CaFeAsD from NPD Rietveld refinement.

(a) CaFeAsD at RT (P 4/nmm , Z =2)

a = 387.629(08) pm. ¢ = 825.494(20) pm

Atom Site Occ. X y z Beg (A%
Ca 2¢ 1 1/4 1/4 0.14806(36) 1.102(72)
Fe 25 1 3/4 1/4 172 0.812(37)
As 2c 1 1/4 1/4 0.67187(26) 0.592(40)
D 2a 0.9347(54) 3/4 1/4 0 1.367(64)

(b) CaFeAsD at 10 K (Cmma , Z = 4)

a = 387.8783(34) pm, ¢ = 826.0000(16) pm

Atom Site Occ. X ¥ z Beg (A%
Ca A4g 1 0 1/4 0.14720(37) 0.825(71)
Fe 45 1 /4 0 1/2 0.378(40)
As 4g 1 0 1/4 0.67183(26) 0.159(43)
D 4a 09182(59) 1/4 0 0 1.162(72)

73



Table II1. Optimized crystal structure for CaFeAsH with various magnetic configurations.

Magnetic structures  Z  a(pm) b (pm) c (pm o (%) B (9) v (°) Pa (%) AEb (meV) u (uB)

NM 4 5483 5484 8012 90.00 90.00 89.99 0.00 0.0 0.00
FM 4 5478 5479 8025 90.00 90.00 90.00 0.01 203 0.09
ST 4 5442 5546 8119 90.00 90.00 90.00 0.94 -264.5 1.72
CB 4 5502 5503 8028 90.00 90.00 90.00 0.01 1.0 123

* P is orthorombicity defined as (a - b) / (a + b).

® AE is total energy pew formula unit relative to nonmagnetic (NM) structure, and p is local

magnetic moment of Fe.
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Chapter 4: Superconductivity of CaFe;,Co,AsH: Enhancement of

3-dimensionality in 1111-type iron arsenide via hydrogen substitution

4.1. Introduction

In the preceding chapter, I synthesized 1111-type hydro arsenide CaFeAsH in which anion
site in block layer is fully occupied by hydrogen and proposed that hydrogen could be
alternative dopant anion to induce superconductivity of LnFeAsO (Ln = Lanthanide). This
hydrogen-substituted 1111-type compounds LnFeAsO,—H, (x = 0.0-0.5) was reported by T.
Hanna ef al,' S. Matsuishi e al.> and S. limura et al.’> Hydrogen is incorporated as H™ at F~ or
O™ sites, in the blocking layers of CaFeAsF or LnFeAsO, respectively. The high solubility of
hydrogen (x < 0.5) in 1111-type oxyarsenides results in a wide superconducting dome of 0.05 <
x < 0.4-0.5. The valence state and ionic radius of hydrogen are close to those of fluorine.
However, their solubility toward oxygen and their pressure dependence of 7. are rather
different.” This implies that the large spatial spread and softness of hydride electrons lead to
different chemical bonding states in 1111-type iron pnictides and the fluoride-1111 material.

In this chapter, we report the superconductivity of 1111-type CaFeAsH, which is induced by
Co-substitution at the Fe site. The maximum 7, = 23 K and the extent of the superconductivity

(SC) region in the x-T diagram are similar to those of Co-substituted CaFeAsF. The effect of
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hydrogen on 1111-type iron pnictides is discussed, by comparing the electronic structures of

CaFe,_.Co,AsH and CaFe,_.Co,AsF.

4.2. Experimental

CaFe,_,Co,AsH was synthesized by the solid-state reaction of CaAs, CaH, Fe,As and
Co,As, using a belt-type high-pressure anvil cell. The specific reaction was:

CaAs + CaH; + (1—x) Fe,As + xCo,As — 2CaFe,_,Co,AsH (1)

CaH,, CaAs, Fe;As and Co,As were prepared from their respective metals. CaH, was
synthesized by heating metallic Ca in a H, atmosphere. All starting materials and precursors
were prepared in a glove box under a purified Ar atmosphere (H,O and O, < 1 ppm). The
starting material mixture was placed in a BN capsule, with a mixture of Ca(OH), and NaBH,4
acting as an excess hydrogen source.” The mixture was heated at 1273 K under 2 GPa for 30
min. The crystal phase and structure were identified by powder X-ray diffraction (XRD), using
Mo K, radiation at room temperature. The sample was first ground into a fine powder, and
placed in a glass capillary (¢ 0.5 mm). XRD measurements were recorded in transmission mode,
to reduce the effects of preferential crystallite orientation. Rietveld refinement of XRD patterns
was performed using TOPAS software.® The chemical composition was determined by an

electron-probe micro analyzer (EPMA; JEOL model JXA-8530F), equipped with a

76



field-emission-type electron gun and wavelength dispersive X-ray detectors. Micron-scale
compositions within the main phase were probed at ten individual focal points, and the results
were then averaged. The temperature dependence of the DC electrical resistivity (p) at 2—-200 K
was measured using the conventional four-probe method, using Ag paste as the electrodes.
Magnetization (M) measurements were recorded with a vibrating sample magnetometer
(Quantum Design). Non-spin-polarized density functional theory (DFT) calculations with

1”* and the projected augmented plane-wave method’ were

Perdew-Burke-Ernzerhof functiona
implemented in the Vienna ab initio Simulation Program (VASP) code.'’ A conventional cell
containing two chemical formula units, and structural parameters obtained by the interpolation
of experimental values, were used. The effect of partial Co-substitution at the Fe site was taken
into account through the virtual crystal approximation. The plane-wave basis-set cutoff was 600
eV. For Brillouin-zone integrations to calculate the total energy and DOS, 20x20%10
Monkhorst-Pack grids of k& points were used. The projected density of states (PDOS) was
obtained by decomposing the charge density over the atom-centered spherical harmonics with

the same Wigner-Seitz radius » = (3 Vceu/47tN)1/3, where V. and N are the unit-cell volume and

number of atoms per unit cell, respectively.
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4.3. Results
4.3.1. Crystal structure

Figure 1(a) shows the powder XRD pattern of CaFe,_,Co,AsH, with a nominal x value (x,,m)
of 0.07. Except for minor peaks arising from Fe metal and unknown impurities, most peaks can
be indexed to a ZrCuSiAs-type structure of P4/nmm symmetry, as shown inset in Fig. 1(a).
Figure 1(b) shows the analyzed x value in CaFe;_.Co,AsH, as a function of (x,,,) in the starting
mixture. The analyzed x value is proportional to x,,,, and its deviation from x,,,, indicates the
segregation of a Co-rich impurity phase. The EPMA analysis indicates the existence of an
impurity of composition CaFe; gs:0,12C01.03:0.11A8 5>:0.05, in addition to Fe metal. Figure 1(c) and
(d) show variations in the CaFe,_,Co,AsH lattice parameters a and c, respectively, as a function
of analyzed x. These parameters for CaFe;,Co,AsF are also shown for comparison.“ The
CaFe,_,Co,AsH a-axis length increases with increasing Co-substitution, whereas the c-axis
length decreases. The a-axis dimensions of CaFe,_,Co,AsH are comparable to those of
CaFe,_,Co,AsF, whereas the c-axis lengths are =35 pm shorter than those of CaFe,_,Co,AsF.
Figure 1(e), (f) and (g) show the As distance from the Fe plane (%4;), the Ca distance from the
H/F plane (Ac,), and the distance between the Ca and As planes (dc,.as), respectively. While Ac,
and dc,.as remain largely constant, 4,5 decreases with increasing x. This indicates that the

monotonic decrease of c-axis length with increasing x originates from the decrease in /s4s. The
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different /a5 (< 2 pm), hca (R7 pm) and dc,.as (12 pm) values of CaFe,_,Co,AsH and
CaFe,_Co,AsF are independent of Co-substitution. This also supports the conclusion that the

different c-axis lengths originate from the decrease in dcg.as.

4.3.2. Superconducting Properties

Figure 2(a) and (b) show the temperature dependence of the electrical resistivity (p) for
CaFe,_,Co,AsH, with x = 0.04-0.12 and 0.17-0.31, respectively. The anomaly in the p-T curves
due to structural or magnetic transitions is observed at Tyom~ 80 K for x = 0.02. T,om decreases
to =55 K at x = 0.04. These samples exhibit a small p decrease at ~20 K, but zero resistivity is
not observed. Figure 2(c) shows the shielding volume fraction (SVF) evaluated from the
gradient of the M vs. magnetic field (H) curve at 2 K. The absence of a SVF for x = 0.02 and
0.04 indicates that the p decrease of these samples arises from the local inhomogeneity of Co.
As x increases > 0.09, zero resistivity is attained and the onset T, reaches a maximum (7.™) of
23 K at x = 0.07. Further Co-doping causes a monotonic decrease in 7.. Superconductivity is
eventually suppressed at x = 0.31. The SVF value of >15% for samples of 0.07 < x < 0.26
indicates bulk superconductivity. Figure 2(d) shows Tyom and 7™ values from the p-T curves,
as a function of x. These values for CaFe,_,Co,AsF are also shown for cornparisoin.12 T.-dome

values for CaFe;,Co,AsH are in the range 0.07-0.26, with 7.,”* = 23 K. The 7.™ and the
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extent of the SC region are comparable to those of CaFe,_,Co,AsF. This implies that the

superconducting properties are not significantly changed by replacing the blocking layer anion

fromF toH .

4.3.3. Electronic structures

Figure 3(a) compares the calculated DOS of CaFeAsF and CaFeAsH. Energy bands located

around the Fermi level (Ef) are mainly composed of Fe-3d states. The DOS of these two

compounds are comparable at —2 < E < 2 ¢V. Below the Fe-3d bands, the energy bands are

mainly composed of As-4p states, which are located at —6 < £ <—2 eV. In CaFeAsF, fluorine 2p

states form further bands at —7.5 < £ < —5.5 eV, without admixing with the orbitals of other

atoms. On the other hand, in CaFeAsH, hydrogen ls states energetically overlap well with

As-4p states. Ca orbitals contribute at —2 < £ < —5 eV, which suggests that they admix with the

H 1s orbital. Figure 3(b) shows band dispersion and the contribution of Fe-3d orbitals. In

CaFeAsF, there are three hole pockets around the I" point, and two electron pockets around the

M-point. The dispersion and orbital contribution of the electron-pockets and two of the three

hole-pockets are comparable with those of CaFeAsH. However, one hole-like band in CaFeAsH

crosses the Er in the I'-Z path, as shown by the red line in Fig. 3(b) (which corresponds to the

crystallographic c-axis). As a consequence, the dominant orbital nature in the hole pocket
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changes from Fe-3dyz/zx in CaFeAsF, to Fe-3d,2.,2 and 3d.2 in CaFeAsH. Figure 3(c) shows the

Fermi surfaces of CaFeAsH and CaFeAsF. They each have two hole pockets (denoted as a, and

Y) and two electron pockets with the same orbital nature. The primary difference between them

is the shape of the smallest hole pocket (denoted as ;) around the I' to Z line, which is

indicated by the red line. A sandglass-shaped pocket exists in CaFeAsH, compared with a

cylinder-shaped pocket in CaFeAsF. Figure 4 shows the Fermi surfaces of CaFe,_,Co,AsH and

CaFe,_,Co,AsF, with x = 0.10 which corresponds to the optimal electron doping level As

described in the supplementary information (Figs. S1 and S2), a rigid band model is valid for

Co-substitution. That is, the band structure of CaFe,_,Co.As(H, F) is similar to that of

CaFeAs(H, F), with the Er shift corresponding to the number of electron supplied from Co. The

Ep shift results in the smallest hole-pockets in both systems remaining largely unchanged by

Co-doping. However, two hole pockets diminish and two electron pockets slightly enlarge with

increasing Co content. This robustness of the o, hole pocket against Co-doping is attributed to

the dispersion of the band producing the a; hole pocket being larger than that of the electron, a,

or Y hole pocket.

4.4. Discussion

The difference in the electronic structures of CaFeAsH and CaFeAsF is first discussed. The
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differences in the calculation are the structural parameters (a, ¢, zas and zc,) and the anion

species within the blocking layer (H or F). However, the band structure calculated for

CaFeAsF using the structural parameters for CaFeAsH does not reproduce the Fe-3d band

crossing the FEr in the I'-Z path (Fig. S3). Therefore, the three-dimensional (3D) nature

originates from the contribution of the hydrogen 1s state, despite it being located far from the Ep.

Figure 3(a) shows that the hydrogen 1s states energetically overlap well with As 4p, and slightly

overlap with the Ca components. The fluorine 2p states do not energetically overlap with the Ca

components. This overlap results in the formation of weak covalent bonding. The covalency of

energetically overlapped H 1s and As 4p states is investigated next. Figure 5(a) shows the

contribution of As 4p and H 1s to the band dispersion. In CaFeAsH, hybridization of As 4p with

the H 1s orbital is apparent in some parts of the bands. This indicates the presence of covalent

bonding between them, despite that they are separated by 334 pm. No such covalency is

observed in CaFeAsF, because each orbital contribution is distinctly separated between F 2p and

As 4p states.

The effect of this covalent bonding on the Fermi surface is discussed next. The change in the

band structure of CaFeAsH near the Er is explained by the schematic orbital configuration

shown in Fig. 5(b). The H 1s orbital covalently bonds with the As 4p, orbital, the latter which is

overlapped with the lobes of the Fe-3d.2,- and 3d.. orbitals. The H 1s orbital weakly covalently
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bonds with Ca®". The As 4p orbitals mediate the inter-layer bonding of the Fe-3d,.,> and 3d.
orbitals in adjacent FeAs layers. This results in the 3D electronic structure observed in Fig. 3(b).
The dispersion of As 4p,-derived bands along the I'-Z direction depends on the dimensionality
of the crystal structure.'” For example, the band width along I'-Z is ~0 eV in CasAs,0¢FeAs,
with its thick blocking layer, while it is 0.4 and 2 eV in LaFeAsO and BaFe,As,, respectively. In
BaFe,As,, the energy band with Fe-3d.2 character crosses the Er, forming the 3D hole pocket.
The 3D electronic nature of BaFe,As, is apparent from its electron transport properties.” In
CaFeAsH, the 3D electronic nature is caused by bonding passing through the As-H-Ca bond.
Covalent bonding between H and As is also reflected in the crystal structure of CaFeAsH: the
shorter dc, a5 distance in CaFe,_,Co,AsH in Fig. 1(e) results from the decreased As-H separation.
Electrons in the As 4p, orbital are partly utilized in bond formation. Thus, the Fe-As bond in
CaFeAsH weakens and lengthens relative to that in CaFeAsF, as shown in Fig. 1(g).

Spin fluctuations arising from the Fermi surface nesting between the hole and electron
pockets are a plausible explanation for the mediation of superconductivity in iron pnictides.'*"
The primary difference in the Fermi surfaces of CaFeAsH and CaFeAsF is the dimensionality of
the a; hole pocket around the I'-Z line, as indicated by red line. The former is 3D and the latter

is two-dimensional (2D). Both hole pockets are smaller, and their curvatures are much larger

than those of the electron pockets. This means the o, hole pocket does not contribute effectively
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to the nesting, i.e., the development of spin fluctuation. The size and shape of the a, hole pocket

remain largely unchanged up to x = 0.1, indicating that its contribution to superconductivity is

small.

This hydrogen effect leads us to further consider its role in hydrogen-substituted LnFeAsO.

Hydrogen substitution effectively forms 3D Fermi surfaces, even for materials with 2D crystal

structures. However, this change in Fermi surface does not affect their superconducting

properties. Hydrogen is an effective dopant for electron generation via oxygen site substitution,

similarly to fluorine in LnFeAsO. This indicates that incorporating hydrides enhances the 3D

nature of 1111-type compounds, without suppressing their superconductivity.

4.5. Summary

Superconductivity was observed in CaFe,,Co,H, and its properties were compared with

those of CaFe|_,Co,AsF. The maximum 7, and width of the superconducting dome of

CaFe,.Co,AsH are almost the same as those of CaFe,,Co,AsF. The calculated electronic

structure of CaFeAsH differs from that of CaFeAsF. The former has a 3D hole surface, with a

highly 3D nature. This is caused by covalent bonding between energetically overlapped As 4p

and H 1s bands. This 3D hole surface does not interfere with superconductivity. This is because

poor nesting between this small hole surface and electron surfaces causes the unfavorable
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development of excitations, such as spin and/or charge. Hydrogen incorporated within the

blocking layer acts as an indirect electron dopant, without interfering with the

superconductivity.
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FIG. 1. Structural details of CaFe,_.Co,AsH. (a) Powder XRD pattern of CaFe(934C0¢0s6AsH.
Red and black traces indicate observed and Rietveld-fitted patterns, respectively. The
differences between them (blue) and Bragg positions of the main phase (green) and Fe impurity
(wine-red) are also shown. Reflections from unknown phases are denoted by orange asterisks.
(b) Analyzed x content as a function of x,,,. (c) and (d) Lattice parameters a and c, respectively,

as a function of x. (e), (f) and (g) Fe-As bond length, Ca-(H,F) bond length and distance

between the FeAs and blocking layer (dc,.as), respectively, as a function of x.
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FIG. 2. Electronic and magnetic properties of CaFe,,Co,AsH. (a) and (b) p-T profiles for x =
0.04-0.12 and 0.17-0.31, respectively. (c) SVF estimated from M-H curves at 2 K and 10 Oe.

(d) x-T diagram of CaFe;_,Co,AsH compared with date reported for CaFe, Co,AsF.®
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FIG. 3. Calculated electronic structures of CaFeAsH and CaFeAsF. (a) Total DOS and PDOS of

CaFeAsH (left) and CaFeAsF (right). (b) Band structures along directions of high symmetry in

the Brillouin zone. Thick bands (blue) show the amounts of Fe-d,,, d,..., d\2.,2 and d.2 character.

(c) Cross sections of Fermi surfaces in the k. = 0 (top) and k. = k, (bottom) planes.
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FIG. 4. Cross sections of Fermi surfaces of CaFe,Coy;AsH and CaFey9Coy ;ASF, in the k., = 0

(top) and &, = k, (bottom) planes.

91



(a) CaFeAsH (b)

H1s H1s

As4p,

gl I N | N Fe3dx’y?
FrXM Tz X M TzT XM TzZlL X M Tz Fe 3dz?
k k k k

FIG. 5. Contribution of arsenic, hydrogen and fluorine atomic orbitals to the electronic

structures of CaFeAsH and CaFeAsF. (a) Thickness of bands shows the amounts of As-p (green),

H-s (red) and F-2p (purple) character. (b) and (c) Schematics showing the configurations of the

H-1s, As-4p, Fe-3d,2_,2 and -3d.2 orbitals.
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FIG. S1. Calculated electronic structure of CaFe; ,Co,AsH for x = (a) 0.1, (b) 0.2 and (c) 0.3.

Band structures along directions of high symmetry in the Brillouin zone (top). Cross sections of

Fermi surfaces in the k. = 0 (middle) and &, = k, (bottom) planes.
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FIG. S2. Calculated electronic structure of CaFe;Co,AsF for x = (a) 0.1, (b) 0.2 and (c) 0.3.

Band structures along directions of high symmetry in the Brillouin zone (top). Cross sections of

Fermi surfaces in the k. = 0 (middle) and &, = k, (bottom) planes.
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FIG. S3. Calculated band structures of CaFeAsF using the observed structural parameters (a, c,

Zas and zc,) of CaFeAsH (left), and using those of CaFeAsH (right) for comparison. A band

crossing the Er in the I'-Z direction (red line) in the right panel is not reproduced in the left

panel.
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Chapter 5: La-substituted hydro arsenide CaFeAsH superconductor

with 7. =47 K

5.1. Introduction

In the preceding chapter, I reported the superconductivity of directly electron-doped
CaFe,..Co,AsH." Its T, is comparable to that of Co-substituted CaFeAsF and these compounds
exhibit the highest 7, ~ 23 K among Co-substituted 1111-type iron arsenides."” Therefore, the
indirect doping to these compounds is expected to be a promising pathway to renew the T
record of iron-based superconductors. Although the indirect doping to AeFeAsF by

3 a notable amount of

Ln-substitution to the Ca-site was already reported in earlier papers,”
impurity phase containing Ln segregated in the samples complicates any conclusive evidence
for Ln**-substitution to the Ca®" site, e.g. peak shift and change in peak intensity ratio of XRD
due to Ln-substitution were not confirmed. However, it is reported that a large amount of H™ ion
can substitute for oxygen in LnFeAsO instead of F- by using high pressure synthesis.*” In this

chapter, I performed the indirect electron doping to 1111-type CaFeAsH by La-substitution of

the Ca-site and confirmed the bulk superconductivity with maximum 7, = 47 K.

5.2. Experimental

Ca,_La,FeAsH was synthesized by the solid-state reaction of LaH,, CaH, and FeAs,
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(1-x) CaH, + (1—x) LaH, + FeAs — Ca;_La,FeAsH + 1/2H2T,

using a belt-type high pressure anvil cell. CaH,, LaH, and FeAs were prepared from their
respective metals, and CaH, or LaH, was synthesized by heating Ca or La metal in a H,
atmosphere. All starting materials and precursors for the synthesis were treated in a glove box
filled with purified Ar gas (H,O, O, < 1 ppm). The mixture of starting materials was placed in a
BN capsule with a mixture of Ca(OH), and NaBH,; as an excess hydrogen source. This
hydrogen source generates the H, via following reaction accompanying decomposition of
Ca(OH), to CaO and H,O at ~573 K,

NaBH, + 2Ca(OH), — NaBH, + 2Ca0O + H,O — NaBO, + 2CaO + 4H,".

A BN capsule was put in a stainless capsule with a stainless cap to isolate the starting materials
from an external atmosphere. The capsules were heated at 1173 K and 2.5 GPa for 30 min. The
crystal structure of the resulting materials was examined by powder X-ray diffraction (XRD:
Bruker D8 Advance TXS) using Cu K, radiation with the aid of Rietveld refinement using Code
TOPAS4.® The elemental composition except hydrogen was determined by an electron-probe
micro analyzer (EPMA; JEOL Inc. model JXA-8530F) equipped with a field-emission-type
electron gun and wavelength dispersive x-ray detectors. The micrometer-scale compositions
within the main phase were probed on ten focal points and results were averaged. The amount

of hydrogen incorporated in the samples was measured by thermal desorption spectrometry
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(TDS; ESCO Inc., TDS-1000 S/W). The dc resistivity (p) and magnetic susceptibility (y) were
measured in the temperature range of 2 — 200 K, using a physical properties measurement

system (Quantum Design Inc.) with a vibrating sample magnetometer attachment.

5.3. Results and Discussion
5.3.1 XRD and Rietveld refinement

Figure 1(a) shows XRD patterns of Ca;_.La,FeAsH with nominal x (x,om) = 0.1—0.4. For
Xoom Up to 0.3, major peaks were indexed as reflections from a ZrCuSiAs-type phase with
PA/nmm space group. Some minor peaks were identified as reflections from BN (1.9 wt. %) and
CaFe,As, (5.1 wt. %) for x4om = 0.1 and LaAs (0.5 wt. %) for xom = 0.3. The LaAs impurity
content increased up to 8.5 wt. % at x,m = 0.4, indicating that the solubility limit of La in
CaFeAsH was x ~ 0.4. With increase of x,om, the 012 reflection of Ca; LaFeAsH at 20 ~ 30°
was enhanced and exceeded the 001 reflection at 26 ~ 10°. This observation is understood as an
effect of increase in atomic scattering factor of the Ca-site, i.e., La-substitution to the Ca-site.
Figure 1(b) shows the lattice parameters as a function of x,0m. Such a lattice expansion is natural
since the ionic radius of La’" (116 ppm) is larger than that of Ca®* (112 ppm). Rietveld
refinement was performed with a structure model in which La replaces Ca sites in the 1111-type

structure. The values of the temperature factors (B.,) for Ca, Fe and As were fixed at those in
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CaFeAsF,” and the values of B,y for La and O were fixed at those of LaFeAsO." Figure 1(c)
shows the site occupancy of La’" in the Ca®" site as a function of X, Those results indicate that
La’ occupies the Ca" site and the site occupancy is comparable to x,om. Figure 1 (d) shows the
As-Fe-As bond angle o as a function of x,om, Which slightly increased with x,,, to approach the

regular tetrahedron angle (~109.5°).

5.3.2 Elemental analysis

Figure 2 (a) shows La concentration x analyzed by EPMA and normalized by the molar
content of iron in Ca;_,La,FeAsH as function of x,n. The analyzed x is proportional to X0, and
its standard deviation increases with x,om. Figure 2 (b) shows oxygen concentration analyzed by
EPMA and normalized by the molar content of iron (smaller blue closed circle and line) and
hydrogen concentration determined by TDS (green closed triangle and line). The oxygen
concentration is 0.06 at x = 0 and increases up to 0.10 with x. The hydrogen concentration is
1.00 at x = 0 and decreases down to 0.94 with increasing x. This deviation occurs only in the
1111-type main phase because there are no impurity phases bearing hydrogen in Ca,_La,FeAsH.
The analysis of powder neutron diffraction pattern of CaFeAsH verified that hydrogen fully
occupies the anion site in the block layer.'® Therefore, the oxygen observed by EPMA in x = 0

mainly derived from surface contamination during sample preparation procedures for EPMA
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analysis (probed depth of EPMA operation at 10kV is ~3 um) such as surface polishing. By
assuming the amount of surface oxygen is constant among all samples, the oxygen content in
the bulk was estimated by subtracting the oxygen content at x,om, = 0 from the observed oxygen
content (y: blue closed square and line in Fig 2(b)). The total amount of hydrogen and internal
oxygen, x + y, is always close to unity, implying that the hydrogen site in the CaH blocking
layer is partially occupied by oxygen. The oxygen in the hydrogen site should act as an electron
acceptor (H" = O* + &"), in contrast to La’" substituting the Ca®" site that acts as electron donor
(Ca*" =La’" + ¢"). Therefore, the total number of doped electron per iron (N,) can be expressed

asx—y.

5.3.3. Electron transport property

Figure 3(a) shows the temperature dependence of the electrical resistivity (p) in
Ca,_La,FeAsH with x = 0, 0.08, 0.23 and 0.33. For x = 0, an anomaly due to the structural and
the magnetic transitions was seen around ~100 K. As x is increased, the anomaly was
suppressed (small kink remain around 100 K in x = 0.08) and zero resistivity was observed. The
resistivity determined onset T, (7.°™) remained almost constant (47.4 K) and AT, were ~10 K
(x =0.08), 6 K (x =0.23), 10 K (x = 0.33), respectively. The exponent n, which is obtained by

fitting the data to p (T) = po + AT" (po: residual component of resistivity) in the temperature
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region between T just above 7. and 95 K, decrease with increasing x. The temperature
dependent electrical resistivity of the normal conducting state changed even though T.”*
remains nearly unchanged with x. Non-Fermi liquid behavior (n ~ 1) is observed in the entire
doped region. Figure 3(a) shows magnetic susceptibility (4zy) vs T plots of samples with x =
0.08, 0.23 and 0.33 under zero field cooled (ZFC) and field cooled (FC) with a magnetic field of
10 Oe. The diamagnetism due to superconductivity was clearly observed below 7., 29.8 K (x
=0.08), 41.3 K (x =0.23) and 35.8 K (x = 0.33) and the values of -4zy over 0.66 at 10 K show

bulk superconductivity.

5.3.4 Electron phase diagram

Figure 4(a) summarizes the electronic phase diagram of Ca,.La,FeAsH, O, as function of
the number of doped electron (N, = x — y), superimposed by on the data of CaFe, Co,AsH."' The
maximum 7,*" of 47.4 K at N, = 0.16 is almost double as high as that of Co-substitution (7, =
23 K). Although T.°*® remains constant with N,, 7.™¢ shows a dome -like structure. The
difference between 7.”" and 7.™ indicates the inhomogeneity of N, within the samples i.e.,
T.°™" is dominated by domains with a maximum 7.

Figure 4 (b) shows 7. of indirectly electron doped 1111-type iron arsenides as a function of

o, the so called Lee-plot." The T, increases with change in Ln from La to Sm, reaches the
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maximum in Lz = Sm or Gd (where o is near the regular tetrahedron angle of ~109.5°), and then
decreases for Ln = Tb, Dy. The maximum superconducting transition temperature, 7. = 47 K
in Ca;,LaFeAsH is comparable to that of indirectly electron doped LnFeAsO. The present
material falls well on the master curve of the Lee-plot, indicating that superconductivity in
Ca,,La,FeAsH is caused by indirect electron doping.

Here we discuss the possibility that the superconductivity observed here was caused
by Ca,.La,FeAs, (T. = 45 K)lg’20 or CaLa,Fe,As; (T, =47 K)21 which were contained
as impurity phase in the Ca;La,FeAsH because their constituent elements and 7, are
similar to those of Ca;,La,FeAsH. First, we consider the possibility of
superconductivity derived from Ca;_La,FeAs,. The results of Rietveld analysis indicate
that the Ca;La,FeAs; content was 0.04 wt. % or less. It is thus impossible that such a
tiny amount of Ca,.,La,FeAs; yields the large values of —4my over 0.66. Next considered
is the possibility of superconductivity derived from Ca,..La,Fe,As,. It is reported that
Ca,,La,Fe;As, contain two superconducting phases; the higher 7t phase (7. = 47 K)
shows filamentary superconductivity and the lower 7. (7. = 20 K) phase does bulk
superconductivity. The observed ZFC and FC curves clearly separated at over 20 K and
the superconductivity observed at > 20 K (values of —4my over 0.15 at 20 K) are not

filamentary. Moreover, the results of Rietveld analysis indicate that the Ca;La,Fe;As;
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content are 5.1 wt. % at xpom = 0.1, and 0.02 or less wt. % at xyom = 0.2 and 0.3. Such
small fractions cannot cause the observed large values (> 0.66) of —4my. Therefore, we
conclude that the observed superconductivity here is not derived from Ca,.La,FeAs; or
CaLaFe)As,.

Finally we discuss the oxygen incorporated in the samples. This oxygen probably occurs in
the hydrogen source during high pressure synthesis, since we dealt with the starting materials
inside the glove box filled with Ar gas and used the stainless capsule to isolate the starting
materials from an external atmosphere. As already mentioned in the experimental section,
Ca(OH), in the hydrogen source generates H,O at ~573K. Although the majority of generated
H,O reacts with NaBH,, a trace of H,O can be supplied to the samples through the BN separator.
The oxygen contamination raises a doubt that superconductivity was maybe caused by the
LaFeAsO,H, phase.11 However, this possibility can be excluded by two experimental results:
First, XRD demonstrates that there is no peak derived from LaFeAsO, H,. Ca;,La,FeAsH and
LaFeAsO,H, have the same crystal structure, but we can easily distinguish their peaks, since
their peaks do not overlap with each other due to distinct difference in the lattice constants ¢
between CaFeAsH (~825 pm) and LaFeAsO (~875 pm). Second, the observed maximum 7,

(~47 K) is significantly higher than that of LaFeAsO;_H, (~36 K).
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5.4 Summary

In summary, indirect electron-doped Ca,,La,FeAsH was synthesized by the solid state

reaction at 1173K under pressure of 2.5GPa. The maximum solubility of La in CaFeAsH was x

~ 0.3. Rietveld analysis revealed that La substitutes the Ca sites in the CaH layers and the site

occupancy of La equals almost as the nominal x. The elemental composition analysis shows that

La concentration was comparable to the nominal x and a small amount of oxygen (0.02-0.05)

was incorporated in the samples. An anomaly derived from a structural and a magnetic

transition in the p-T curve is suppressed by increasing La-substitution and superconductivity

was observed at x > 0.08. A maximum 7 is 47.4K at x = 0.23 where 4wy is close to -1.0. The

maximum 7, (47 K) in La-substituted CaFeAsH are much higher than that (23 K) of direct

electron doped CaFe,,Co,AsH. This is the first iron-based 1111-type superconductor except

LnFeAsO in which superconductivity is induced by indirect carrier doping.
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Fig.1. Crystal structure information of Ca;,LaFeAsH. (a) Powder XRD patterns of
Ca,La,FeAsH. nominal composition (x,.m) = 0.1 (top left), 0.2 (bottom left), 0.3 (top right) and
0.4 (bottom right). Red and black traces indicate observed and Rietveld-fitted patterns,
respectively. The differences between them (blue) and Bragg positions of the main phase

(green) are also shown. (b) Lattice parameters a (top) and ¢ (bottom). (c) La contents obtained

through Rietveld analysis. (d) As-Fe-As bond angle (o).
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Fig.2. Composition analysis of Ca,,LaFeAsH. (a) Analyzed x value of Ca;.LaFeAsH as

function of xum. The value of x was determined by EPMA. (b) Oxygen concentration

determined by EPMA (O : smaller blue closed square and line) and hydrogen concentration

determined by TDS (H : green closed triangle and line). The oxygen concentration subtracted by

that of x = 0 (y : larger blue closed square and line). The total of H and oxygen incorporated in

the bulk (H + y : orange closed circle and line).
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Fig.4 (a) Electronic phase diagram of Ca;..La,FeAsH,,0O, as a function of the total number of

doped electron per iron (N, = x — y), superimposed on that of CaFe;.,Co,AsH. (Ref. 23) (b) T.

vs. As-Fe-As bond angle (a). The selected T, values and structural date are those in (Ref. 27,

31-38)
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Chapter 6: General Conclusion

In this study, three new iron-based superconductors were successfully synthesized by high
pressure synthesis technique and the effect of the electron-doping mode, the crystal structure
and the electronic structure on superconducting properties was investigated. Indirectly electron
doped Sr,.La,Fe,As,, which have not been reported due to difficulty of synthesis under ambient
pressure, was successfully fabricated by high pressure synthesis. In 122-system, T, for
indirectly electron doped case (La) is comparable to that for directly electron doped case (Co).
The reason for this small difference between electron doping mode, either direct or indirect is
probably that even the element substitution to blocking layer provides the perturbation for
conducting layer due to 3-dimensional electronic structure in 122-system. In addition, CaFeAsH
in which block layer are fully occupied by H™ are successfully synthesized as new parent
material for iron-based superconductor and electron doped Ca,La,FeAsH and CaFe, Co,AsH
were synthesized by high pressure synthesis. The maximum 7. (47 K) in La-substituted
CaFeAsH are two times higher than that (23 K) of direct electron doped CaFe,,Co,AsH.
Although CaFeAsH has the same structure as 1111-type LnFeAsO and CaFeAsF with
two-dimensional electronic structures, the calculated Fermi surface of CaFeAsH is a small three
dimensional hole pocket due to weak covalent bonding. Considering the dimensionality of

electronic structure in iron-based superconductor, in the order of AeFe,As,, CaFeAsH, and
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LnFeAsO (CaFeAsF), two dimensionality of electronic structure in AeFe,As,, CaFeAsH, and
LnFeAsO (CaFeAsF) is increased. With increasing two-dimensionality, 7. for indirectly electron
doped case to that for directly electron doped case ratio become large. In other words, difference
in T, between indirectly electron doped case and directly electron doped case become larger
with increasing two-dimensionality. In this study, I concluded that the difference in
superconducting properties between indirectly electron doped and directly electron doped case

is caused by the dimensionality of the electronic structure.

| system |22 | 111

LnFeAsO
Compound AeFesAs; CaFeAsH CaFeAsF

ﬂj T \M 7(/ ™ \M

N 71 =D\ Z

o
>

=T 0 4 =% (4] R
Fermi surface K, k,
e M
B Shahetal = 2 S5 B B : v
PRB (2008) = , ‘ o
(-n-1) (0,0) (mm) (=-7) (0,0) (=.7)
(k, k) (k. k)
2-dimensionality Small Large
indirect direct
T indirect / T 0.9 2.0 3.2

The present study is summarized as follows:

Chapter 2

Compounds of Sri_La,Fe,As, were synthesized by solid-state reaction at 1273 K, under
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pressures of 2 or 3 GPa. The Sr,_LaFe,As, phase was dominant up to x = 0.5 and

superconductivity was observed at x > 0.2. A maximum critical temperature 7, of 22 K and a

maximum shielding volume fraction of ~ 70% were obtained at x = 0.4. This is the first

experimental demonstration of electron-doped superconductivity in 122-type iron pnictides,

where electrons were doped through aliovalent substitution at the site of the alkaline-earth metal.

The optimal T, was slightly higher than that for the Co-doped (directly electron-doped) samples

(19 K) and much lower than that for the hole-doped case (37 K ). The bulk superconductivity

range was narrower than that for the Co-substituted case and both ranges were much narrower

than that for the hole-doped case. These observations revealed that differences in the

electron-doping mode (direct or indirect) did not have a prominent effect on the optimal 7, or

superconductivity range, compared with differences in carrier polarity.

Chapter 3

The 1111-type CaFeAsH were synthesized by the high-pressure technique with an excess

hydrogen source. Substitution of H into the F site in CaFeAsF and the structural transition

from tetragonal (space group: P4/mmm) to orthorhombic structure (space group: Cmma) was

confirmed by NPD analysis. DFT calculation indicates that the most stable spin configuration in

CaFeAsH is stripe-type antiferromagnetic ordering. In addition, energy bands located around
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the Fermi level are mainly composed of Fe-3d states. These behaviors are observed in parent

compounds of 1111- and 122-type iron arsenides. Consequently, CaFeAsH is a possible

candidate for a parent compound of the iron arsenide superconductors.

Chapter 4

The 1111-type iron arsenide hydride CaFe,_,Co,AsH was synthesized by high-pressure

solid-state reaction, and its electronic structure and superconducting properties were investigated.

Bulk superconductivity was observed at x = 0.07-0.26. A maximum superconducting critical

max:

temperature (7

) of 23 K was observed at x = 0.07. These values are in agreement with those of

CaFe;_,Co,AsF. The calculated Fermi surface of CaFeAsH has a small three-dimensional (3D) hole

pocket around the I" point. This is a result of weak covalent bonding between the As 4p and H 1s

orbitals. No such covalency exists in CaFeAsF, because the energy level of the F 2p orbital is

sufficiently deep to inhibit overlap with the As 4p orbital. The similar superconductivities of

CaFe;,Co,AsH and CaFe, ,Co,AsF are explained on the nesting scenario. The small 3D hole pocket

of CaFe;_,Co,AsH does not significantly contribute to electron excitation. These findings encourage

exploration of hydrogen-containing 1111-type iron-based materials with lower anisotropies and

higher T applicable to superconducting wires and tapes.
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Chapter 5

La-substituted CaFeAsH, (Ca;.La,)FeAsH, were synthesized by the solid state
reaction at 1173 K under high pressure of 2.5 GPa. The p—T anomaly corresponding to
tetragonal to orthorhombic structural transition was suppressed by La-substitution and
then the superconductivity was observed at an electron doping content of N, > 0.05. The
maximum onset 7. of 47.4 K was reached for N, = 0.18, which is significant increase
compared to 23 K achieved by direct electron doping to the FeAs-layer via
Co-substitution to the Fe-site. This value of 7¢ value fits well to the phenomenological
relation between 7, and the bond angle of As-Fe-As in indirectly electron doped
LnFeAsO (Ln = Lanthanide). These results indicate that the electron was doped via the

indirect mode through the aliovalent ion substitution to CaH-layer (Ca*" — La*" + ¢").
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