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Introduction

1 Introduction

For a long timéAristotle’s theoremcorpora non agunt nisi fluidéAbout: Solids do not react,
unless they are fluid) was guiding material scieresearch. With the beginning of the™20
century new achievements founded the field of modelid state chemistry. Ever since the
application of computer-based crystal structuremheination was established, the plethora of
natural and synthesized solids was started tosmdered. From this family the huge class of
transition-metal pnictides comes up with a parfidyl versatile structural chemistry and
therewith associated outstanding physical properidele to the moderate electronegativity of
pnictides these materials often range between fioetaid ionic solid$" which is why their
interesting features are always good to turn oveew leaf in research and application. One
of the latest breakthroughs was the dawn of the @me of superconductivity starting with

experiments oHosonoet al. in 2008”

The effect of the crystal structure on the physpraberties often plays a decisive role. Given
the variety of different crystal structures adopt®dtransition-metal pnictides these com-
pounds are predestinated also to adjust their ¢xogh features. Focusing on layered struc-
tures even in the group of simple ternaiMPn AMPn,, andAM,Pn, phasesA = A, AE, RE

M = transition-metalPn= P, As, Sb) several structure types are predit to trigonal and
square planar coordination the most prominent n®tiétrahedral coordination of transition-
metals by pnictides. EquiatomfdVIPn compounds form layers of edge-sharing tetrahedra i
the anti-PbFCI typ& (ternary CuSb) like the iron arsenide&FeAs @ = Li, Na)®¥ Net-
works of corner- and edge-sharing tetrahedra aesemt for example iRREPdAS” with
TiNiSi-type® (ternaryanti-PbC}) or ZrNiAl-type® (ternary FegP) structure. Trigonal coordi-
nated palladium is present APdAs @ = AE, RE)"* featuring a planar honeycomb motif in
the hexagonal ZrBeSi-tyBé] (ternary N3In) structure. Moreover several palladium and plati
num pnictides show networks with noble-metals ire¢fold coordinated positiof$:*¥ In
AMP, two different pnictide positions result in coplamdternate stacking of tetrahedra and
pnictide layers each separated by cations. Accgrtbnthe array of pnictide atonzgzag
chains (SrznSbtype}* or square nets (HfCuSiypef'® as well as a distorted variant with
cis-trans chain§” are known. By arranging thegzagchains perpendicular to the tetrahedra
layers the distances between both allow for then&dion of bonds, like in orthorhombic
BaPdAs!*® (CeNiSp type}*¥ with pnictide-centered tetrahedra. As tetrel cimitg variants
iron silicides with FeSj, tetrahedra (LaMnSitype)*® as well as Sikg** motif in mono-

clinic NdRuSj-typé?? phases can be distinguished. FinalylL,Pn, compounds comprise

1
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MPny tetrahedra in the common ThSi-type (ternary BaA) structur&® or the enlarged
BaZn,P,-type variant?” respectively. Interchanging the positions in eveegond tetrahedra
layer leads to the CaB®e-type structuré?® while trigonal CaAlSi-type compound®
feature only three shared tetrahedra edges. Efreoy BaPeAs,?” crystallizes in the
ThCrSi-type structure as well as a stacking variant ohlomed CeMgSi, and CaBgGe
blocks with interchanged tetrahedra layers. Moreavthird modification forms planar four-
fold coordinated metal positions with Cep&ip-type structuré®® This polymorphisrif®

emphasizes the structural flexibility of palladiamsenides.

a)

Figure 1: Common crystal structures of ternary transitionahphictides with 111, 112, and 122 compositions.
a) AMPn (anti-PbFCI type), b)AMPr, (SrZnSh type), c)zigzag netlike, andcis-trans motifs as variants of
pnictide layers coplanar to the tetrahedra lay®r&MPr, (CeNiS type), and eAM,Pn, (ThCr,Si, type).

The variety of magnetic phenomena among these conaisas hardly without equal. Where-
as oftenPauli paramagnetism is present &1d 4 elements can contribute to more apparent
physical propertief! Next to special magnetic states including tempeeatlependent beha-
vior, anisotropic properties, and complex phasesiteons the outstanding effect of supercon-
ductivity occurs in transition-metal pnictides. $taxtraordinary phenomenon was discovered
1911 byKamerlingh Onnesn his cryogenics laboratory in Leid&h three years after he ma-
naged to liquefy heliurff” In 1913 he was already honored with thebelPrize, due to the
enormous importance his discovery was attributétt8y cooling mercury he observed the
spontaneous loss of electrical resistivity withisnaall range of temperature below the critical
temperature T ) of 4.2 K. Therefore he named this new state \eixtraordinary electrical
propertiesthe superconductive staté” The second important feature of superconductoss wa
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discovered 1933 bileiRnerand Ochsenfeld®® Below T, the almost complete expulsion of
external magnetic fields characterizes supercondsics perfect diamagnets. In contrast to
the idea of a perfect conductor the supercondudtatg is reversible with regard to the chro-
nological order of changing external conditions aras$ therefore classified as a real thermo-
dynamic stat€? The equations of.ondon and London combine both basic properties of
superconductivity in terms of electrodynamics. Asoasequence of tHeondonpenetration
depth theLondonequations confirm the state of perfect diamagnetsthin a superconduc-
tor, since the magnetic flux density as well asghperconducting current density perpendi-
cular to the magnetic field decrease exponentfediy the surfac€” LaterLondonexpanded
the work by considering superconductivity as a msoopic quantum phenomendi.The
introduction of a coherence length Bippardled to a non-local generalization of thendon
equationd®® Further progress on the theoretical descriptiosugferconductivity were made
by Ginzburg and Landau®®” whose work was later on substantiated by the tesof
Gor'kov.®® Based on that theodbrikosovmanifested the differentiation between two types
of superconductors and succeeded in the predidfidlux lines within type Il superconduc-
tors®®! Depending on the behavior in external magneticigiewo types of superconductors
have to be discussed. As long as the external flelk not exceed the critical field, type |
superconductors act as perfect diamagrdts(inerstate). Thereover a complete penetration
of the magnetic field into the interior of the nréaeoccurs. Type Il superconductors behave
analogue below the first critical field. Howeveurther exposure to higher external fields
yield the penetration of magnetic flux vortices leaomprising one fluxonShubnikowstate).
Meanwhile the remaining material stays supercondgaintil approaching the upper critical
field induces the entire loss of superconductiyAs another consequence of the macro-
scopic quantum stat@osephsorpostulated the effect of tunnelin@ooper pairs between
weakly coupled superconductors later implementedeiveral application$ Shorty after-

wards his theory was confirmed BydersorandRowell*?

With their microscopic theorBardeen Coopet and Schrieffer (BCS) developed the first
generally accepted model of superconducti¥ifyThe essence of their work describes pho-
non mediated attractive interactions between tee éonduction electrons to induce the for-
mation ofCooperpairs, which was confirmed by the simultaneouseexpental evidence of
the flux quantization byoll andN&bauel*¥ as well asDeaverandFairbank!*® Below the
critical temperature these electron pairs are ptesea coherent many-body ground state.
As a consequence the BCS theory predicted furthemargy gap at thieermi level caused

by the Cooperpair bonding. The importance of quantized lattidgrations in the scope of

3
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pairing mediation was later demonstrated by theeddency of the critical temperature from

the atomic isotope ma¥§:*”

Since the discovery of this extraordinary phenomenot only the theoretical advancement,
but also the experimental progress to find appab@nmaterials was running at all times. For a
large number of the pure elements analyses rewbar superconducting properties with the
maximum at niobiumT; = 9.25 KJ*®! or magnetic ordering at low temperatures for savet
transition-metals orfarare earth§? Higher critical temperatures were reached withatfiet
alloys. EspeciallA15type compound®” feature high critical fields like 38i (T. = 17 K)*©
NbsSn (Te = 18 K)BY or NhsGe (I = 23 KJ*? being the record holder for many years. In
other materials like Chevrel phase§3] with the prominent representative Phi8o

(Te = 14 KP*¥ and boron carbides like YEBLCP® superconductivity occurs, furthermore in
potential coexistence with antiferromagnetic ondgriBased on electron phonon interactions
highest critical temperatures were measured sdofafullerides . = 40 KJ*® and MgB

(Te = 39 K)®*"' Whereas these conventional superconductors caledmibed in the scope of
the BSC theory, the discovery of high-temperatuggesconductivity in copper oxides 1986
faced the scientific community with new unforeseballenges. In the first pla&ednorzand
Muller surprisingly measured superconducting properte®xidic lanthanum barium cu-
prates withT, = 25 K*® Subsequently, further investigations on ¥8a0y.« (Tc = 93 Kf**
took its course for liquid nitrogen-compatible i@l temperatures. So far highest values were
achieved withT, = 138 K® under ambient pressure in fluorine doped mercamyum cu-
prates andl. = 164 K under quasihydrostatic pres§itén HgBaCaCusOg:x. While un-
doped copper oxides are strong magnets Mott insulators with one localized valence
electron per copper atom, doping induces superaiivity with a dome-like dependency of
the critical temperature from the concentratiorsobstituted charge carriéfé. The forma-
tion of Cooperpairs in these high-temperature superconductousider discussion to be af-
fected by magnetic spin fluctuatid?? additionally to electron phonon interactidf{$.In
contrast to the phonon-mediated pairing mechanisooventional superconductors wih
wave symmetry, the superconducting order paranieteuprates shows anisotropdevave
symmetry’®*®® The majority of cuprates feature a closely relaedctural chemistry with
only weakly coupled two-dimensional Cu@yers responsible for superconductivity.In

the often perowskite-like or rock-salt-type stackihe geometry of the copper oxide sheets as
well as the structural and electronic situationtlod interlayers affect the overall magnetic
properties. Despite their economically convenieitical temperatures, technical applicability

of theses ceramics is exceptional challenging dutheir intrinsic brittleness. Moreover the

4
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anisotropy of their superconducting propertiedes hain impediment of cuprates in terms of
technical application as wires or coils. Additidgdhe critical magnetic fieldH.) and current
density () have to be considered as significant values b&lbieh superconductivity occurs.
Therefore nowadays especialL5type compounds and niobium titanium alloys areduse

applications.

Superconductors are indispensable to generategsand constant magnetic fields. As the
major field of application coils of stabilized supenductors are used for MRI scanners.
Moreover particle accelerators and nuclear fusgactors need appropriate magnetic coils.
Cavity resonators, sensitive analytics like SQUIRgmetometers based donsephsorcon-
tacts and NMR instruments as well as various detecsensors, or generators are possible
fields of utilization. Despite the expensive cogliwith liquid helium several industries re-
quire the irreplaceable application of superconoisctOne day the combination of metallic
behavior for technical workability and sufficienital values for economical purpose could
mean a giant stride in development and progressrefére even a hundred years after the
first discovery of superconductivity scientists @and the world still stay with further investi-
gations of potential new materials and the thecaéttomprehension of the same. With the
iron boost? starting in 2008 this important and intriguingldiexperienced a renaissance in
the research on high-temperature superconductityile the class of iron-based supercon-
ductors still hesitates by reaching the magic valtig7 K for critical temperatures, other
terms for material properties are promising. Nexthte indispensable metallic behavior iron
pnictides and chalcogenides feature low anisotrapyvell as convenient critical field and
current density values for technical applicatiofisst pioneering projects are already on its

way 8!

All iron-based superconductors share the commarctstral element of edge-sharing iron-
centered FX¥y, tetrahedra. The compounds are build up from aar@pl stacking of these
tetrahedra layers and optional various implemenigdrlayers, often derived from long
known structure types. As the simplest represemtatietragonal iron chalcogenides
FeSe,Tel* "™ (anti-PbO type) with a maximal critical temperature Tef= 15.2 K feature
exclusively tetrahedra layers. In the class ofdeyniron pnictidesAFeAs with A = Li, Na
(anti-PbFCI typef®’? Ca REFeAs with RE=La—Nd, Sm-Gd (modified SrznSb
type)[*™ and AFeAs, with A = Na, K, Rb, Cs, Ca, Sr, Ba, Eu (ThSk type}’®® reach
critical temperatures off, = 18 K in 111-type superconductdf, T, =47 K in multiple
doped 112 type compountid, and up toT.=38 K in hole doped BaK.FeAs, (122
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type)® High-T, properties were also obtained in the oxygen coimtgimaterial REOFeAs
with RE=La—Nd, Sm, Gd (ZrCuSiAs typ&§®* with record T, = 56 K°? as well as
AE;MOsFeAs AE = Sr, Ba;M = Sc, V, Cr) with perovskite-adapted,SaQ;CuS-type struc-
turd®**® and T, = 37 K*® As the most remarkable member (CaFedf)Asd*®°" was
added in 2011 to this class of high-temperaturemigmductors witi. = 38 K!°® Due to its
two negatively charged metal pnictide layers andrecedented low crystal symmetry the
investigation of (CaFeAgpPtzAsg contributes to the understanding of the specifiaracte-

ristics of iron-based superconductors.

a)

Figure 2: Crystal structures of the prominent iron-based srp®luctors a) FeSe, b) LaOFeAs, c) Basg d)
SrVOzFeAs, and e) (CaFeAgPiASs.

Almost all undoped parent compounds are not supéretiing, but poor metals. Upon cool-
ing they pass a correlated structural and magmpéiase transition. The structural distortion
leads to a symmetry reduction in the square ireerade lattice in a maximal group-subgroup
transition. While compounds with tetragonal spageupgs like LaOFeAs R4/nmm
cmmé® or BaFeAs, (14/mmm Fmmm® feature a change of the crystal system, an
analogue distortion of the local tetragonal symmneiithin the tetrahedral layer takes place in
triclinic (CaFeAs))PtAss (P P ).'%! This finding confirmed the distortion of the craki
iron arsenide layer as the decisive point. Thetewtcompanied the iron spins arrange in a
stripe-type antiferromagnetic order aligned pataitethe longer orthorhombic base axis.
Electronic band calculations reveal the stoichiginenaterials as magnetic semimef&1s.
The two-dimensional character of thermi surfaces features electron and hole pockets ar-
ranged in cylinder-like sheets (Figure!¥! Instabilities caused byermi surface nesting are
discussed as origin of spin density wave (SDW) ind&°® similar to the cuprates.



Introduction

a) b)

Semiconductor Semimetal

N
\/

hole-like ’, S

/-\ N ,
Y e
N 4
N e
E S 7
F \/ /
E

Lk electron-like CW Q)

Figure 3: a) Schematic electronic structure of a semimetanie-dimensionak-space developed from a semi-
conductor and bfrermi surface section of a typical iron-based supercotwduatk, = O with cylinder-like shapes
around M (electron-like) and (hole-like) pointd®%%3

In the last years several scenarios to induce sapductivity in paramagnetic parent com-
pounds were conceived and repeatedly confirmed ¥perements. Direct substitution by
introducing impurities in the iron layer yields suponductivity with maximal critical tem-
peratures offc = 24 K in Ba(FexC0,).As,**! Charge doping within the interlayers reveals
higher values like in hole doped B&,FeAs, (T.=38K)*® or electron doped
SmFeAsQ.Fx (Te = 56 K)!°! The origin of induced charge carriers was foundeoirrele-
vant comparing two possible variants of electrorpidg in (Ca.LaFeAs)PtAss and
(CaFeAs)PuAss, respectivelyt®1%! [nvestigations on co-doped compounds characterized
the effects of additional charge carriers as rebkrssince a retraction of superconducting
properties was enabled in B&(Fe ,C0,),As,"*® and (Ca,NaFeAs)PuAss ™ resulting

in a return to a parent-like state. Moreover thieafof chemical pressure by the substi-
tution of homologous dopants in Baf&s;«Py). (Te = 30 K}** or physical pressure like in
SrFeAs;, (T, = 27 K) and BaF&\s; (T, = 29 K}*'? are established methods for the manipula-

tion of magnetic properties.

In the words oMazin within the scope of modern superconductor reseauaterials of inter-
est are likely to be complex chemical compousus therefore the work of solid state chem-
ists might be essential for a continuing succegsfogress®® The intensive years of research
concerning the second age of high-temperature sopéuctors with so far about 2500 re-
ported articles substantiated iron-centered tethahlayers as the key component. Moreover
the most versatile structures and properties wétaired by the interaction with calcium
indicating the element as the perfect candidatdudher investigations. As an unique cha-

racteristic the parent compound Cgk® features a second, so-called collapsed variatiteof
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tetragonal structuf8Y and several possibilities of substitution. Higlitical temperatures
occur in the fascinating class of calcium iron iplatn arsenides (1038/ 1048) as well as the
recently reported 112-type phases lacking the lsimicetric compound CaFeAsMoreover
the discovery of CakAsa'*? intrigued the community. In Cal#ss firstly the tetrahedral
layers are not arranged in a coplanar stackingctstre, but in an interconnected three-
dimensional network filled with calcium ions. Theldl of transition-metal arsenides can draw
from an almost unlimited resource of crystal stwuettypes, wherefore the variety of iron

arsenide compounds was constantly expanded siadzetfinning in 2008.

Within this dissertation different calcium iron ensdes were investigated in the context of
structural chemistry and superconductivity. The rmaart focuses on the synthesis and cha-
racterization of the palladium compound (CaFe#f&kAss (abbreviated as Pd1038) by anal-
ogy with the reported platinum phase. Novel Pd1@@8 confirmed by single crystal and
powder diffraction as well as various magnetic afettric measurements, interestingly not
repeating the expected features of the platinumdbogn The results were supplemented by
temperature-dependent analyses of parent-like prepe Series of rare earth doped
(CayREFeAs)PdAsg were studied with varying substituents and comegions to finesse
the specific peculiarities and induce supercongiigt(Chapter 2). With regard to the domi-
nant substitution of iron by palladium this scenoanas additionally analyzed in Chapter 3
by the targeted doping series of Pt1038 with pallad Moreover the new compound
(CaFeAsyPd,Asg was investigated in terms of polymorphism, crystalictures, and proper-
ties (Chapter 4). Chapter 5 is dedicated to GgF&As,, a newly discovered compound with
iron arsenide tetrahedra layers. The crystal siracis discussed with respect to known re-
lated structure types and electrical and magnetityaes are presented. Critical investigations
on the properties of recently published; {FrFeAs are outlined in Chapter 6. A family of
newly discovered compounds with interconnected mosenide framework structures is in-
troduced in Chapter 7. A systematic structural abti@rization of this new class and their
relation to CaFg\s; is given. These results on new iron arsenides esgively extend the
structural chemistry of this class emphasizingrteuctural potential beyond simple layered

compounds.
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2 New Palladium Iron Arsenides (CaFeAs)Pd;Asg

2.1 Superconductivity and Crystal Structure of the Paladium Iron
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Abstract

The palladium iron arsenides (CakRdAs):0PkASss were synthesized by solid state methods
and characterized by X-ray powder and single chydiffraction. The triclinic crystal struc-
ture (space group ) is isotypic to the homologous platinum 1038-tgpgerconductors with
alternating FeAg, and PdAsg layers, each separated by layers of calcium atdros. is
tetrahedral and palladium is planar coordinatedday arsenic atoms. Aslimers @las-as»
250 pm) are present in the §Adg layer. Even though each layer itself has a fodrialta-
tional symmetry, the shifted layer stacking caufies triclinic space group. Resistivity
measurements of La doped samples show the onsepefconductivity at 17 K and zero re-
sistivity below 10 K. The magnetic shielding fractiis about 20 % at 3.5 R'Fe-Mdssbauer
spectra exhibit one absorption line and show na tanmagnetic ordering. The electronic
structure is very similar to the known iron arsesidvith cylinder-like FS and partial nesting

between hole- and electron-like sheets. Our reshibsv that superconductivity in the palla-
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dium iron compounds is present but complicatedoloyhigh substitution of iron by palladium
in the active FeAs layers. Since the electronic@nditions are satisfied, we expect higher
critical temperatures of Pd1038 materials with lomweven without Pd doping in the FeAs

layer.

2.1.1 Introduction

Iron arsenide and iron selenide materials represemtw class of higfiz superconductors
beyond the copper oxid€<! Both materials have layer-like crystal structurebere the ac-
tive layers are Cupor FeX (X = As, Se), respectively. Superconductivity emergethese
active layers in the proximity of antiferromagneticering that becomes suppressed by dop-
ing. It is widely accepted that the pairing in ceppxides and iron arsenides is unconven-

tional, and many recent results indicate that mégfiectuations play a fundamental réfé.

Considering the fact that superconductivity developCuQ or FeX layers, the large varia-
tions of the critical temperatures in compoundshwiifferent crystal structures yet the same
active layers are as remarkable as poorly undetstots obvious that the surrounding part of
the crystal structure plays a crucial role beydmal function as charge reservoir. However, a
more detailed understanding has yet to be achieved.

Until 2011 the family of iron arsenide superconadustconsisted of compounds with rela-
tively simple and well known types of crystal stiwes, mostly variants of the PbFCI and
ThCr.Si, types. Therein, the negatively charged FeAs lageesseparated and charge ba-
lanced by layers of alkaline or alkaline earth idike in BaFeAs, or NaFeAs, or by posi-
tively charged layers of rare earth oxide like mQFeAs. A certain expansion provided the
compounds where the FeAs layers are separateddigtiperovskite-like oxide blocks as in
SrVOsFeAs! which is isostructural to the copper sulphideGBIQ,CuS. All these separat-
ing layers are itself insulating or semiconductiBy. combination with the metallic FeAs
layer theFermi surface remains unaffected, as soon as-#rei level remains in the gap of
electronic states of the separating layers. Thidwsays the case if the gap is large enough (as
it usually is in oxides), and naturally if the seqdng layers consist only of very electroposi-

tive alkaline or alkaline earth atoms.

Recently new iron-based superconductors were fourate the FeAs layers are separated by
calcium atoms and semiconducting negatively chapg@ihum arsenide layels” The com-
pounds (CaFeAg)Pt:Asg (referred to as 1038) and (CaFeRBjAsg (referred to as 1048)

17



New Iron Palladium Arsenides (CaFefA®dASs

exhibit superconductivity up to 38 K and have rdiige chemical and structural complexity
of the iron arsenide family. Recently we have shaat triclinic (CaFeAghPtASs is
the non-superconducting and magnetically orderegrpacompound of these materifils.
Superconductivity can be induced by Pt doping ef FeAs layers ((CakgPtAS)10PEASs,
T. £ 15 K) or by electron doping either via La subsittn ((Ca.LaFeAs)PtAsg, Tc»

35 K) or by charge transfer from the platinum aigetayer ((CaFeAs)PtAsg, Te » 38 K)°!
Already from the relatively high critical tempere¢ga one may assume that thermi surface
(FS) originates from the FeAs layers and is scaraiécted by states from the platinum arse-
nide layers. This is supported by band structuteutations!® photoemission experimerit§
and specific heat dat®! In other words, th€ermi energy of the metallic FeAs layer lies just
in the small gap of the semiconductingA2g layer. This is inherently remarkable, and more-
over on precondition for the high critical temperats which are believed to be tied to a spe-
cial FS topology generated by the FeAs layer alone.

In face of this special situation, one might assuhat the (CaFeAg)PtAss-type supercon-
ductors (Pt1038) are rather unique and possiblylerdnt against substitution of the/A%g
layers. In this letter we show that this is not tase, and report the synthesis, crystal struc-
ture, superconducting properties, and electromiactire of the palladium iron arsenides
(CaFexPdAs)0PdAsg referred to as Pd1038 compounds.

2.1.2 Results and Discussion

2.1.2.1Synthesis and Crystal Structure

Polycrystalline samples of the palladium iron ardes were synthesized by solid state me-
thods. Stoichiometric mixtures of pure element®%9:5 %) were heated at 1000 °C in alu-
mina crucibles sealed in silica tubes under putiiegon. X-ray powder patterns were similar
to the Pt1038 compounds suggesting an isotypidalrggucture. In order to confirm this, a
small single crystal (125" 1 m°) was selected for X-ray single crystal structuetedmi-
nation. Reflection data processing and structuiiaement turned out difficult due to diffuse
scattering along the stacking direction, and add#lly to partial merohedral twinning.
Structure refinement was successful in space gkPoupy using four twin domains with the
JANA program packagé® The tetragonal layer symmetry of the FeAs angh@tAss sub-
structures is reduced to inversion in the 3D areamgnt due to mismatched stacking. The

square basal plane of the triclinic cell<b, g= 90°) still reflects the tetragonal motifs of the
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layers. As a consequence, partial merohedral twghaccurs where reflections of all domains
with 2h + k = 5n coincide. Results of the crystal structure refieatrare compiled in Table 1
together with selected interatomic distances amfearnwithin the FePdAs and PgAsg lay-

ers.

The crystal structure of (Cag@P.16AS)10Pd sASs is depicted in Figure 1. The bond lengths
within the tetrahedral FePdAs layers (red tetrahedra) match with typical val@ound
240 pm known from other iron arsenide supercondsftt™” However, we observe slightly
longer distances up to 247 pm if the palladium dggdevel at the iron sites increases. The
bond angles within the tetrahedra are all closthéoideal value of 109.4 ° which is believed
favorable for high critical temperaturé®. The PdAsg layer consists of corner-sharing
PdAsy, squares where the arsenic atoms form dimers with As—As bond lengths of 248
and 250 pm, which is slightly longer than twice tbevalent radius of arsenic that is
242 pm't®

Table 1: Crystal data and structure refinement for Pd108&c¢s groug® , Z = 1.

Empirical formula
Molar mass

Unit cell dimensions
(single crystal)

Calculated density

Crystal size

Wave length

Transmission ratio (max / min)

Absorption coefficient
range

Range inhkl

Total number reflections

Independent reflectionR,

Reflections with 3 (1) /R

Data / parameters

Goodness-of-fit o

R1/wR2 forl 3 (I)

R1 /wR2 for all data

Largest diff. peak / hole

(CaRgPdh.1¢AS)1Pdh ¢Ass
2685.5 g mof*
a=3880.0(1) pm
b =880.0(1) pm
¢ =1060.3(2) pm
a=285.271(2) °
b=75.561(2) °
g=90.003(6) °
V = 0.7922(1) nrh
5.63 g cri
12°5 1 m
71.073 pm (Mo-K)

0.1341/0.0229

26.45 mim
1.99-30.31°
+12,+£12,+15

121430
27887/ 0.1369
7090/0.1239

7090/ 147
4.29
0.0883/0.986
0.0883/0.986

8.82/-3.43e A3
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Interatomic distances and angles

Fe. ,PdAs layer Pd:Asg layer
d(Fe/P(_As) = 237.3(4) = 247.5(4) pm d(Pc_As) = 235.0(2) = 258.6(2) pm
dasns) = 248.5(2), 250.6(2) pm
(As—Fe/PAs) — 1079(4) - 1101(4) ° (As-Pc-As) — 852(5) - 948(5) °

@Ca
@FePd
¢ Pd
®As

g e\’:“ » © < ‘7 §

Figure 1: Crystal structure of (CakhePdh 16AS)10PthsASs. Left: Stacking of the active EgPdAs with the
Pd:Asg layers, each separated by calcium atoms. Rigletw\dif the PgAsg layer emphasizing the square coordi-
nation of palladium and the Adimers.

By assuming an idealized composition (CaFe#&kAss and typical oxidation states, we

arrive at the charge balanced form@a’; (F€* As ), (P4" AS . The chafgbe arsenic

atoms in the Pghsg layer is 2 due to the homonuclear bonds of the dsners, thus the par-
ent Pd1038 phase ranks among fhatl phases. Note that the iron arsenide layer in
(CaFeAs))Pd:Asg carries one negative charge exactly as the knowenpacompounds
LaOFeAs, BaF&s,, or NaFeAs. So far we were not able to synthe#ieepure parent
compound without Pd substitution at the iron skarthermore the single crystal structure
refinement indicated a small Pd deficiency in tlogARg layer according to BdAsg. Initially
the homogeneity of polycrystalline samples was ematpoor, but could be improved
by additional La doping at the Ca position. Thideef was known from the Pt1038
compounds and is probably caused by the increasitidel energy if L& ions replace
the lower charged Ghions at certain positiodd. Figure 2 shows the X-ray powder pattern
and Rietveld refinement (program TOPXY of a La doped sample with composition
(CagdagodFasdPth14AS)10Pdh sASs. This profile fit bases on the structural dataaoied

from the single crystal experiment, and attestsolyqoystalline sample of the La doped

Pd1038 phase with a minor impurity of FeAs1Q %).
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Figure 2: X-ray diffraction pattern (blue) and Rietveld fitefl) of (Ca.glag0d 8P 14AS)10PhASs (P
a=880.57(3) pmp = 881.34(2) pmc = 1063.9(3) pm, =85.239(1) °,b = 75.653(2) °, =89.879(2) °Ryp =
0.0086).

2.1.2.2Resistivity and Magnetic Susceptibility

Figure 3 shows the dc-resistivity of the La doped#38 sample. The cold pressed pellet re-
veals the onset of a superconducting transitidtvd€ while zero resistivity is achieved below
10 K. This is in agreement with the ac-susceptibineasurement shown in the inset. The
shielding fraction is about 20 % at 3.5 K and nolyfdeveloped at this temperature. Thus we
expect larger shielding fractions at lower tempsed according to bulk superconductivity.
The rather broad superconducting transition togeilitd the weak shielding is very probable
a consequence of inhomogeneous distribution ofilitfierent dopants. This is not surprising
because a homogeneous distribution of Ca/La anddrFsdbstitution together with Pd defi-
ciency in the PgAsg layer is certainly hard to achieve. Nevertheless results prove that
superconductivity emerges in the Pd1038 compourth ¢ivough the critical temperature is
still lower when compared with the Pt1038 materigllee actually would not expect super-
conductivity if the composition is (Galagode st 14AS)10PhsASs throughout the
sample. From the phase diagrams of Ba{Pd),As,*® and the Pt1038 compounds
(CaFa.PtAs)1PEAss ! we know that superconductivity is induced by Pébdoping, but
only at low doping levels up to about 8 %. On tkigeo hand, we have shown that supercon-
ductivity in the Pt1038 phase can be induced byldging if Pt doping at the Fe site is ab-
sent!” Thus our results suggest that the sample confi@oons where the Pd substitution is

low enough to allow superconductivity, which alsgplains the reduced shielding fraction.
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Figure 3: Dc-resistivity of polycrystalline (GaJlagode.sdPh 14AS)10PDh ASe. Insert: Ac-susceptibility meas-
ured at 3 Oe and 1333 Hz.

2.1.2.3°’Fe-Mdssbauer Spectroscopy

The *’Fe-M6ssbauer spectra for the {Ghao 19 sdPth.14AS)10Ph sAss sample collected at
various temperatures are shown in Figure 4 togetfitr transmission integral fit6” The
corresponding fitting parameters are listed in &ahl The three spectra are well reproduced
with single signals, however, with slightly enhatidene widths, especially towards lower
temperature. The iron atoms are distributed ower @irystallographically independent sites.
Thus we observe a distribution of five subspectra the experimental one is the superposi-
tion. Since the parameters of the subspectra ane alese, we only observe the envelope
curve. The line width enhancement in the 5 K spmatcan be explained by a distribution of
different distortions of the kgPdAs, tetrahedra. This is also expressed by the sligky
hanced quadrupole splitting parameter (Table 2§ iBomer shift (due to the superposition
we get an average value) increases from 0.31 miZ83K to 0.45 mm/s at 5 K, a conse-
guence of a second order Doppler shift (SODS). dlsoluted values compare well with
other iron arsenides, e.g. the solid solution. BaFeAs,*t?? or SEScOsFeAs,. ! The

78 K and 5 K spectra give no hint for a hyperfirgddf contribution thus no magnetic ordering

is present.
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Table 2: Fitting parameters of’Fe-Mossbauer spectra of (g ag1F e sdPth 1AAS)10PhASs at different
temperatures. : Experimental line width, : Isomer shift, Eq: Electric quadrupole splitting parameter (For
details see text).

T (K) (mm sY) Eq (mm $Y) (mm s%)
293 0.31(1) 0.21(3) 0.45(4)
78 0.43(1) 0.34(6) 0.91(6)
5 0.45(2) 0.54(6) 1.23(8)

relative transmission (%)

velocity (mm s')

Figure 4: Experimental and simulated *’Fe-Mossbauer spectra *’Co/Rh  source)  of
(Cayghag1F e s th1AS)10Pdh sASs at various temperatures.

2.1.2.4Electronic Structure Calculation

The electronic structure of (CaFeAg$)dkAss was calculated by the full-potential LAPW-lo
method¥ using the WIEN2k packad€:®® Figure 5a shows the total electronic density of
states (DOS) together with partial DOS projectignB0OS) of the FeAs and RAlsg layers.
The FeAs pDOS (red curve) is very similar to otinen arsenide materials, which suggests

almost independent electronic systems, i.e. vergkweupling between iron arsenide and
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palladium arsenide layers in (CaFeAB)XbAss. The states at tHeermi energy Er) are domi-
nated by FeAs, even though a certain contributiborbitals from the PgAsg layer (blues
line) is discernible. From the pDOS valuesEatwe estimate 86 % FeAs and 14 Yo:/%

states, respectively, while calcium orbitals argligéble atEr.

The calculated~ermi surface (FS) topology of triclinic (CaFeAd)®:Ass is depicted in the
Figures 5b-f. For clarity we show the different stse(Figures b-e) and the complete FS (Fig-
ure 5f) separately. Cylinders alongaround theGpoint (Figure 5b+c) and the zone corners
(Figure 5c) show the two-dimensionality of the &lexic structure, and strongly resembles
the FS topology of other iron arsenide supercoratadike CaFgAs, shown in Figure 5g for
comparison. Nesting between hole-like and eleclii@an+S sheets with a momentum vector
q= (%2 ¥ 0) is intensively discussed as being eiddot high-T, in iron arsenide8’>% Spin
fluctuations with this momentum vector were foungerimentally®>? and they are now
thought to play a key role for the pairing mechan® Indeed significant parts of the FS in
Figure 5f nearly coincide when shifted by (Y2 Y2dh)d qualifies (CaFeAgPdASss as typical
iron arsenide material from the view of the elegitostructure. However, we also observe
some deviations of the FS as seen in Figure 5erenthe cylinders become a torus-like shape
that is not present in the other FeAs compoundsveder, these perturbations are much

weaker than those calculated fop\BDsFeAs by assuming non-magnetic vanadfEin”
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Figure 5: a) Electronic density of states (DOS) of (CaFgf&kAss. Total DOS (gray), contributions of the
FeAs (red), and RAsg layers (blue). b-eJermi surface sheets, f) Sheets b-e mergedi-eyni surface of
CaFeAs,.

2.1.3 Conclusion

We have shown that 1038-type superconductors exit palladium arsenide layers.
The single crystal X-ray structure determinatiomfooned the triclinic crystal structure of
(CaFePdAs)0PthASs isotypic to Pt1038, even though the data accuiacglightly lo-
wered due to partial merohedral twinning and defesattering. Polycrystalline samples of
(Cay.gdao.oda.sdPh.14AS)10P D sASs reveal the onset of a superconducting transittoh7aK
and still incomplete magnetic shielding of about920The relative lowl, when compared
with the Pt compounds and the relatively weak glimigl are ascribed to sample issues, where
Pd over-doping at the Fe site is detrimental toestgnductivity. We suggest that the inho-
mogeneous distribution of the Pd atoms in the fferlproduces certain fractions that have Pd
concentrations low enough to allow supercondugtivitFe-Mdssbauer data agree well with

other FeAs superconductors and show no hints ofnetag ordering. Electronic structure

25



New Iron Palladium Arsenides (CaFefA®dASs

calculations of the idealized parent compound (@alhgPdkAss reveal weak coupling be-
tween the FeAs and Bfikg layers, and a FS topology very similar to the kndveAs super-
conductors. Typical FS features like cylinders@tand X as well as partial FS nesting
gualifies the new compounds as typical iron arsesigherconductors. From this we conclude
that the Pd1038 compounds will exhibit higher catitemperatures in samples with lower or

ideally without Pd doping in the FeAs layer.
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2.2 (CaFePd,As),sPd:Asg with Parent-like Properties
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2.2.1 Introduction

In the field of iron arsenide superconductors palér attention lays on the magneto-
structural transitions of their undoped parent coomuis™™ At specific transition temperatures
the tetragonal structures of the stoichiometric selsalike LaOFeAs (130 I{")], BaFeAs;
(140 K)! or NaFeAs (50 Kf! distort to an orthorhombic crystal system. Addittly the
parent compounds feature spin density wave anosnalith stripe-type antiferromagnetic
ordering in the vicinity of the structural phasarnsition. Doping or pressure can suppress
these transitions giving rise to superconductiwitih high critical temperatures up to 56'K.
Soon after 2011 the new member (CalPaAs)PtAss (Pt1038 " within layered iron
arsenides was discovered, undoped Pt18380) was proven as the corresponding pafent.
Although fourfold rotational symmetry is persevenetdhin each layer the skew stacking
results in a triclinic crystal structure (spaceupd® ). As illustrated in Figure 1 a5x 5
superstructure of the Caffes,® motif (ThCkSi, type) is formed at that. Although the
triclinic crystal system precludes another symmegdguction in this case, a phase transition
at 120 K¥ was found to break local tetragonal symmetry byrihorhombic distortion of the
squareab basal plane. This finding emphasized the impodafdocal symmetry in this class
and the close relation of the 1038 system to simiptey arsenides. Simultaneously stripe-
type static magnetism develdpd!* Pt1038 proved as typical iron arsenide compdtfhd,
since the phase transitions can be suppressed ugmiicenductivity is induced by direct
doping in (CaFeMAs)PtAss with M =Co, Ni, Pd, Pt or charge doping in
(CaFgPtAs)PuAsg™® and (Ca,REFeAs)PtAss with RE=Y, La—Nd, Sm, Gd -

Lu.to
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Furthermore  first experiments on the homologous lagalm compound
(CaFe.PdAs)PdAss (Pd1038) were already performéd.Pd1038 was identified by sin-
gle crystal structure determination with a palladisubstitution ofx = 0.16 and a reduced
palladium content oz = 2.8. Despite (CakgPdAs)0PdAss features an analogue crystal
structure as the related platinum compound, sungtis no superconductivity was induced in
directly palladium doped (CakgPdAs)io)PdASss (Figure 1). Early explanations rationalized
this absence of superconductivity with too highlgghlim substitution on the iron sites being
omnipresent in these compounds. Although restgctialladium substitution on the tetrahe-
dral coordinated iron position to a minimum turnaat challenging, investigations on the
effects of palladium mixing in the 1038 system, bwoer, revealed superconductivity in
(CaFe.PdAs)PLASs up tox = 0.16M

@Ca
@FePd
¢Pd
®As

Figure 1: Stacking within the crystal structure of (CaffedAs);(PdAss (left) and top-view of calcium iron
arsenide motif (right). The relation of the unillagf Pd1038 (gray square) and the basis cell ef @aFeAs,
substructure (red square) is emphasized.

In studies on charged doped (Caf@.As)iMsAss (1048)*! with M = Pd, Pt different
magnetic properties occurred with no superconditgtin the palladium compound so far
(Chapter 4). Nevertheless, electron doping by eamth substitutidff! (Chapter 2.4) vyields
superconducting properties in (GREFeAs)P&Ass. High quality powder samples to ana-
lyze the polycrystalline properties of Pd1038 with@dditional charge carriers were not
available so far. Moreover the presence of a pdilentstate with an absence or low content
of palladium on the iron positions could only besdhetically assumed. In this chapter
successful synthesis optimization gave rise to ggstalline (CaFePdAS)10PdASs with a

low palladium mixing level on the iron sites. Temgtere-depending powder diffraction,

30



New Palladium Iron Arsenides (CaFef®)kAsg

resistivity, and susceptibility measurements sutigtted the idea of a parent-type state in
(CaFeAs)oPd:Asg similar to Pt1038.

2.2.2 Results and Discussion

2.2.2.1X-Ray Powder Diffraction

High quality powder sample of (CaE@€dAs)i10PtASs was obtained by a three-step solid
state reaction starting from the elements. The &amas characterized by X-ray powder
diffraction and Rietveld refinement (Figure 2). Tminimize the formation of
(CaFePdAs);)PdiAss (Pd1048) as well as the mixing of iron and paliadiin the tetrahe-
dral layers the nominal palladium amount was reducez = 2.5. Therefore the palladium-
free impurity phases FeAs and Caghk® were identified. Additionally the diffractogram
showed hints of minor amounts of Pd1048, howeveldequate refinement was not reason-

able.
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Figure 2: X-ray powder data at room temperature (blue) wigt\rld fit (red) of (CaFglPdAS);0Pd,ASs.

The refinement revealed small palladium occupancyhe iron position ok = 0.04(1) and a
slightly reduced palladium content in thesRss layer ofz=2.9(1). This reduction is also
known from single crystal data of (CaRPdAs)PdAsd:” as well as several substituted
phases. Furthermore the composition was confirnyed-tay spectroscopy (EDX) yielding a
total iron/ palladium content of EgsPd s averaged from various independent data points
in good agreement with the composition obtainedhfpmowder diffraction. This minor palla-
dium substitution of the iron layer renders the poomd suitable for investigations regarding
a possible parent-state in Pd1038.
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Temperature-dependent XRD measurements in the rahd® — 300 K revealed a sudden
splitting of the lattice parameteasandb below 90 K. The almost square basal plane distorts
to a > b, while simultaneously the in-planeangle changes (Figure 3). Thexis shows the
expected decrease with decreasing temperature. Mpa@able distortion from tetragonal
to orthorhombic symmetry is known from other irorsemide parent compounds like
LaOFeAs P4nmm Cmm@™® or BaFeAs, (I4mmm Fmmm.®! Like in triclinic
Pt103& precluding further symmetry reduction the strugtuphase transition in
(CaFePdAs);)PtASs breaks the tetragonal symmetry of the iron arseslteets according
to pAmm p2mm in terms of layer symmetry. Although the structuveder parameter is
quite small, the orthorhombic distortion of the apibasal plane is significant. Most likely a
minor substitution of iron by palladium preventmare distinct splitting as observed for pure
(CaFeAs)PtAs:®! Analogue palladium substituted Pt1038 withe 0.035 features a re-
duced distortion compared to the parent compdtthdherefore with clean iron arsenide
layers in theoretical stoichiometric Pd1038 a higdteuctural order parameter is expected.

(CaFe, Pd As), Pd.As,
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Figure 3: Lattice parameters of (CafPd 0/AS)10PEASs from temperature-dependent XRD measurements.
Inset: Change of angle inab basal plane.

2.2.2.2Electric and Magnetic Properties

The electrical resistivity illustrated in Figureshowed metallic behavior until a sharp drop at
6 K. Zero resistivity is achieved at 3.5 K indicatisuperconductivity. At about 85 K the on-
set of an anomaly points out a phase transitiorthé&isame temperature a structural distortion
was already observed by temperature-depending XRadysis. Resistivity of a nominal
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(CaFeAs)oPd,Asg powder sample revealed similar behavior in a lomagnitude (Chapter
4), while lanthanum doped Pd1038 showed no anomahe range of 3.5 — 300 K’}
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Figure 4: Electrical resistivity of (CakgdPth.04AS)10PHASs (left). Completed low-temperature range and deriv-
atives are shown in the insets. Molar susceptbditd inverse data at 100 Oe (right). The tempezatange of
the phase transition and low-temperature rangefsignt for superconductivity at different exterrfalds are
illustrated in the insets.

Magnetic susceptibility measurements at differeti¢mmal fields revealed weak paramagnetic
behavior of (CaFsPdAs)0P&Ass (Figure 4). By having a close look the curve oflano
susceptibility also indicates a magnetic transitiothe range of 70 — 90 K associated with the
structural distortion at 85 K. Inverse susceptiigdi were not suited faCurie Weissfits. The
absence of any hysteresis in magnetization fromke® to 50 kOe at 1.8 K and 380re-
vealed no ferromagnetic impurities. Also the measwent inzero-field-cooledand field-
cooledmode confirmed the paramagnetic behavior and tegeanly a minimal splitting of
the two branches below 8 K. Dc-susceptibility wih= 100, 1000, 10000 Oe did not reveal
any superconducting properties. Therefore the dfirstuperconductivity in electrical resistiv-
ity is most likely not a property of (CaE@dAS)0P®kASs, but has to be assigned to some
minor impurity phase. In contrast to related (GaP&As)10PtAss with superconductivity for
about 0.03 « < 0.08 andT. = 15 K?” even with a low refined substitution level »f
0.04(1) analogue Pd1038 did not show bulk supenectit properties. Although higher
palladium doping up to 16 % in Pt1038 was provehtadoe an exclusion criterion for the
induction of superconductivity in 1038 compoufdsin addition to the structural distortion
at 85 K indications of a magnetic phase transiti(CaFePdAs):0PtkASg at the same tem-
perature, visible in electrical as well as magneteEasurements are present. The weakness of
these anomalies is ascribed to the remaining mnoof palladium substitution and varying
dopant distribution. Superconductivity observedasistivity measurement is attributed to the

presence of impurity phases or inhomogeneous s$utisti.
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2.2.3 Experimental Section

The polycrystalline sample was synthesized by ssiate reaction. A mixture of the pure
elements (> 99.9 %) with a reduced palladium cdndéz = 2.5 and an excess of calcium of
5 % was filled in an alumina crucible and sealediiica under purified argon. After heating
for 10 h each at 600 °C followed by 1000 °C, thedoict was grounded and annealed twice at
900 °C for 25 h pelletized in the last step. Theawted powder sample was characterized by
X-ray powder diffraction at room temperature usagiuber Imaging Plate Guinier diffrac-
tometer with primary monochromator and copper taaha Temperature-dependent powder
data were measured on a Huber Imaging Plate Gudifieactometer with primary mono-
chromator and cobalt radiation equipped with a eslogcle Helium cryostat. All Rietveld
refinements were performed using the TOPAS progrankagé®? Sample composition was
confirmed by X-ray spectroscopy on a Carl Zeiss EMA 10 equipped with a Bruker Nano
EDX detector. Dc-resistivity was measured usingamdard four-probe method on a cold
pressed pellet, which was annealed at 900 °C fdr. 23c-susceptibility, magnetization, and
zero-field-cooledfield-cooleddata in the range of 1.8 — 300 K were measuretjusiQuan-
tum Design MPMS-XL5 SQUID magnetometer at varyinteenal fields of -50 — 50 kOe.

2.2.4 Conclusion

Polycrystalline (CaRgPdAs)10PdAss was synthesized and characterized to investidge t
presence of a parent state in resemblance to deRitH038. The optimized synthesis gave
high quality Pd1038 with a phase amount over 8(R#fined X-ray powder diffraction re-
vealed very small palladium substitution on thenisstes ofx = 0.04 and a characteristic pal-
ladium deficiency ofz=2.9. The composition was confirmed by EDX measwnts. A
structural phase transition at 85 K was evideninfri@mperature-dependent X-ray powder
diffraction with an orthorhombic distortion of tilsguare basal plane. The corresponding iron
arsenide layer features a symmetry reduction acupric p4Amm p2mmin terms of layer
symmetry. Furthermore an associated magnetic tramsn the same temperature range is
indicated in resistivity as well as magnetic meaments. Both phase transitions are mod-
erately distinct, probably due to remaining palledisubstitution. Hints of superconducting
properties at very low temperatures from resistiaimalysis were not confirmed by suscepti-
bility data, but have to be assigned to sample nmdgeneity or side phases. Therefore the
previously assumed presence of a parent-like atsibgue to Pt1038 and other iron arsenide
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compounds is also experimentally substantiated(@afFeg.«PdAs)io)PdkASss. More distinct

phase transitions at an increased temperaturexpeeted in fully stoichiometric Pd1038.
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Abstract

The solid solutions (GgREFe xPdAs)hPdAss with RE = La, Ce, and Pr were synthesized
by solid state methods and characterized by X-mayder diffraction with subsequent Riet-
veld refinements ((CaFeAsPBASs-type structure (“1038 type”)P , Z=1). Substitution
levels (CaRE, Fe/Pd, and Pd/) obtained from Rietveld refinements coincide weith the
nominal values according to EDS and the linear sEaiof the lattice parameters as expected
from the ionic radii. Th&RE atoms favor the one out of five calcium sites, chhis eightfold
coordinated by arsenic. This leads to significaabidization of the structure, and especially
prevents palladium over-doping in the iron arsendaers as observed in the pristine com-
pound (CaFgPdAs)i0PdAss. While the stabilization energy is estimated towb40 kJ/mol
by electronic structure calculations, the reasaorthe diminished Fe/Pd substitution through
RE doping is still not yet understood. We suggest tha electrons transferred froRE" to
the (FexPd)As layer makes higher palladium concentrationsavofable. Anyway the
reduced palladium doping enables superconductivitiy critical temperatures up to 20 K
(onset) in theRE doped Pd1038 samples, which could not be obtagaelier due to palla-

dium over-doping in the active iron arsenide layers
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2.3.1 Introduction

Recently the family of iron-based superconduétdtswas enriched by a new class of
compounds which raised their structural complexlty.the triclinic crystal structure of
(CaFeAs)PtAss, referred to as Pt1038% the iron arsenide layers are stacked with platinum
arsenide slabs, which is the first case of an amenide superconductor with two different
negatively charged layeld.We have shown that stoichiometric (CaFe#@hAss is not
superconductin§! but exhibits a magnetic and structural phase ittansat 120 K similar to
known parent compounds like LaFeA3@r BaFeAs,.*” Evoked by doping this transition
can be suppressed and superconductivity up to 8&krges in Pt1038, whereby also this
structurally more complex compounds perfectlydithie scenario drawn for typical iron arse-

nide superconductof¥.

Since the crystal chemistry of platinum and paladiarsenides is often similat we ex-
pected also the analogous palladium compound (CePAbAss (Pd1038) to exist. Re-
cently we were able to synthesize polycrystalliamples of Pd1038? The crystal structure
as shown in Figure 1 is isotypic to the platinummpound. Iron arsenide and palladium
arsenide layers each separated by calcium arenatédy stacked along theaxis. The top
view of the palladium arsenide layer (Fig. 1, rigland side) shows the planar fourfold coor-
dination of palladium by arsenic. The corner-st@rgguares connected by Zdimers
(das_ns 2.5 A¥*? leave one palladium position vacant, concomitaith & slight shift of
calcium ions above and below the vacant palladitenfsom the calcium layers.

Figure 1: Crystal structure of (CakgPdAs),(PdAsg (left) and top view of the palladium arsenide lafrgght).
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While the platinum compound Pt1038 shows superccindty by platinum doping at the
iron sites in (CaFgPtAs)PEAss with x = 0.03 — 0.07! and by rare earth doping in
(CayREFeAs)PtAss with RE= Y, La, Ce, Pr, Nd, Sm, and Gd —'{1** the palladium
compound turned out to be more complicated. X-tiagls crystal and powder diffraction
experiments revealed ever-present high palladiubstgution at the iron positions. It is
known from 122-type iron arsenides that supercotidtic is confined to small palladium
doping levels, and absent above 8%This value is by far exceeded in our Pd1038 sasnple
which contained up to 20 % palladium at the iraassiConsequently, these intrinsically over-

doped samples of Pd1038 are not superconducting.

In this paper a systematic study of the solid sofut(Ca.,REFe . PdAS))PdASs
with RE=La, Ce, and Pr, respectively, is presented. r&imgly, this complicated doping
scenario leads to improved phase formation as weal to superconductivity in
(CayREFePdAS) )PdASg. The triclinic crystal structures exhibit up todh different sites
with statistically distributed atoms, namely R&/ Fe/Pd, and Pd/. Together with possible
stacking faults intrinsic for this class of compdantheir detailed analysis by X-ray powder
diffraction is challenging and represents an exangblthe capability of today’ powder dif-

fraction and Rietveld refinement methods.

2.3.2 Results and Discussion

Polycrystalline samples of (&fREFe PdAs)0PdAss with RE= La, Ce, Pr angi= 0.025 —
0.20 were synthesized by solid state reactionsh Wiwer rare earth content nearly pure sam-
ples could be obtained. Figure 2 shows powderatiffon patterns with Rietveld refinements
of each one lanthanum, cerium, and praseodymiunedigalladium iron arsenide. Most of

the samples contain FeAs as impurity phase alnmigely around 5 weight% of the binary.
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Figure 2: X-ray powder patterns (blue) with Rietveld fitsqjeof La, Ce, and Pr doped palladium iron arsenides

Although the compounds have variable compositidn@e different sites with rare earth
substitution at the calcium position, palladium mgon the iron sites, and potential palla-
dium vacancies in the Raisg layer, we were able to refine the total composgifrom X-ray

powder data. Figure 3 plots the refined composstiagainst the nominal rare earth contents.
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Figure 3: Compositions of (CgREFe.PdAs);PdAss from Rietveld refinements foRE= La, Ce, Pr and
y =0.025 — 0.20. Gray circleRE at the Ca positions, red circles: Pd at the Fétipos in the FeAs layer, yel-
low circles: Pd in the BAsg layer.

The refined rare earth contents (gray circles ig. B) increase linear with the nominal
composition, while palladium occupancies at tha isdes remain well below 5 % especially
for lower RE concentrations (red circles). Obviously rare eatrthstitution provides for sig-

nificantly “cleaner” iron arsenide layers compatedhe pristine compound, where too high
palladium substitution in the FeAs layers suppressgerconductivity. The palladium con-
tent in the palladium arsenide layer decreasebtsligvith increasing rare earth substitution to
z=2.7-3.0 in agreement with our single crystalgsisi*? This was correspondingly re-

garded in the syntheses.

Given five crystallographic different calcium sitiesthe 1038-type structure, a homogenous
distribution of the rare earth substitution mayepected. However, four positions are seven-
fold coordinated by arsenic from the two adjaceptaharsenide layers, while just one posi-
tion is located in a squasmnti-prism of arsenic and is eightfold coordinated.sTposition is
placed right above the vacant palladium positioth palladium arsenide layer, as depicted
in Figure 4. Our structure refinements clearly ed\strong site preferences of tR& atoms to
this position, which is probably driven through airgof lattice energy when tHRE** cation
occupies this favorable position with higher arsetvordination. This is supported by DFT
electronic structure calculations. By comparingtibtal energies of the five possible configu-
rations in (Caglag sFeAs)PdAss we found that lanthanum at the eightfold coordidadite
stabilizes the structure by 40 kJ/mol (Fig. 4, tighnd side). Relaxation of the atomic coordi-
nates based on force minimization reveals thatah#hanum atom at the eightfold site shifts
0.24 A out of the plane of the calcium atoms towatte PgAsg layer in agreement with the

single crystal data. The significant electronicbgization of the structure also explains the
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increased sample quality and reduced stacking absaf the rare earth substituted samples

when compared with the undoped ones.

Figure 4: Favorable eightfold coordinated position (greem)rére earth substitution at the calcium siteg)(lef
and energy per atom from DFT calculations usindfithepossible positions for lanthanum (right).

The lattice parameters show basically linear tremidls increasingRE doping level (Figure
5). For lanthanum with slightly bigger radius (1&pthan calcium (1.26 A) the lattice para-
metersa andc increase with growing rare earth concentratiom. dasium (1.28 A) and pra-
seodymium the parameters are approximately constant whilectages slightly decreases.
This can be understood by the higher charge oREE& ions compared with Gaion which
increases the coulomb attraction between the layjéssignificant changes in the unit cell
angles were detected, therefore the cell volumtheflanthanum samples linearly increase,
and the cell volumes of the cerium and praseodymimmpounds slightly decrease (not

shown).

Figure 5: Refined lattice parameters for La, Ce, and Pr sutish with different doping ratios.

The compositions obtained from the Rietveld refieats were checked by EDS mea-
surements. Figure 6 summarizes the results byingothe EDS and Rietveld data against the

nominalRE concentrations. Both experimental series keep elage to the theoretical value,
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confirming the successful synthesis of the threa (REFe PdAS)c)PdAss series. How-
ever, the X-ray diffraction powder data are slighielow the nominal line, while the quanti-

fication data obtained from EDS are slightly abtwenominal values.

Figure 6: Comparison of rare earth substitution levels frafined X-ray powder data (gray) and EDS measure-
ments (blue, green, black) with nominal valuesigsblack lines are guides to the eye).

Electronic band structure calculations of the iceal parent compound (CaFeA$)dhAss
have shown that theermi energy is dominated by orbital contributions frtra iron arsenide
layers!*? Additional electrons througRE®* doping will be transferred to these layers and can
induce superconductivity as known from other ireseaide superconductdfsAs mentioned
above, superconductivity is absent in (CalPelAs);)PdAss probably due to Pd over-doping
with x > 0.08. The latter is strongly reduced in &K doped compound samples and conse-
guently we observe superconductivity. Figure 7 shtive ac-susceptibility data for the three
series with La, Ce, and Pr which show supercondititin the range of 0.025y 0.175,

respectively.
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Figure 7: Magnetic susceptibility of (GgREFeAs)PdhAs; with RE = La, Ce, Pr at different doping levels
measured at 1333 Hz.

The highest critical temperatures occurRd doping levels near 0.05 — 0.075 unlike other
electron doped iron arsenide superconductors, wiypreally the highesT, are close to 0.15
excess electrons per iron. The highest criticalpenatures were obtained for lanthanum
doped Pd1038 with an onset of superconductivitg@K and a main transition at about
9.5 K. (Ca.oCeoFeAs)PdAss shows onset critical temperatures up to 18 K and
(Ca.02P10.079€As) oPhASg of about 14 K. The main transitions range from o 9 K for all

samples.

Zero-field-cooledandfield-cooleddc-magnetic susceptibility measurements at 15iGsach
one lanthanum and cerium compound on a SQUID magreder show similar results with
onsets of superconductivity at 19 K and 16 K, respely, while the main transitions occur

also around 8 K (Figure 8).

Figure 8: Zero-field-cooledcandfield-cooledmeasurements of La and Ce doped samples measurgde.
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The critical temperatures of tHeE doped Pd1038 compounds are well below those of the
isotypic Pt1038 phases which reach up to 38 Rurthermore the phase transitions are broad,
and the superconducting volume fractions approx@ch&iom shielding data are 50 % at most.
We attribute the lower to the still present unfavorable palladium dopimghe iron arsenide
layer. The highesT. in Pd doped BaRAs; is about 20 K and occurs &t 0.051%*") Our
Pd1038 samples still contain up to 5 % palladiunthi@ iron arsenide layers, and together
with the electrons from thRE** doping we are still at the border to over-dopingd ¢herefore

T. decreases. This intrinsically present Pd dopiisg aplains why we observe the highest
critical temperatures already at 7.5REk and not at 15— 20 % as in Pt1038 and other iron
arsenides. Broad transitions and relatively lowesopnducting phase fractions indicate in-
homogeneous doping distribution. Parts of the sampy still have too high palladium con-
centrations in the iron arsenide layer which présenperconductivity. To further clarify the
situation one would need the parent compound “(@afedAsg” which should be non-
superconducting but magnetically ordered at lowperatures. This could be verified with the
platinum compouné! but for the time being not with Pd1038. Neverthsl¢here is every
reason to expect very similar properties for Pd10@8vever, the stronger tendency of palla-

dium to substitute iron in the active layers istgu@vident and may be difficult to circumvent.

2.3.3 Experimental Section

The compounds (GgREFe xPdAs)0)PdAss were synthesized via solid state reactions. Stoi-
chiometric mixtures of the pure elements (> 99.9Wih a reduced amount of palladium
according toz=2.8 were heated at 1000 °C under purified argnd annealed twice at
900 °C. The polycrystalline samples were charaxaeriby X-ray powder diffraction meas-
ured on a Huber Imaging Plate Guinier diffractometégh primary monochromator and co-
balt or copper radiation, respectively, using atillzging sample holder. Rietveld refinements
based on the Pseudo-Voigt profile were carried usimg the TOPAS program pack&fe
including corrections for the Guinier imaging plate well as sample absorption correction.
Crystallite microstructure effects were describgdtlie integral breadth crystallite size ap-
proach and the FWHM-based strain calculation. $trexture effects caused by stacking
disorder within the 1038 structure were includethgisspherical harmonics functions. Cell
parameters and occupancies at the Ca/La, Fe/P®dindsites were refined while the atomic

positions were fixed.
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Sample compositions were confirmed by X-ray speacwwpy (EDS) on a Jeol JSM-6500F
scanning electron microscope with an Oxford Insgnta EDS detector. Ac-susceptibility
data of the polycrystalline samples were measunedaoself-made ac-susceptometer at
1333 Hz and 3 Oe. Dc-susceptibilities were measurexkro-field-cooledand field-cooled

modes using a Quantum Design MPMS-XL5 SQUID magneter at 15 Oe.

Electronic structure calculations were performenhgishe Vienna ab initio simulation pack-
age (VASP}*?% which is based on density functional theory (DRIRf plane wave basis
sets. Projector-augmented waves (PAWwere used and contributions of correlation and
exchange were treated in the generalized-gradmproaimation (GGA) as described Per-

dew Burke andErnzerhof??

2.3.4 Conclusion

Solid solutions of the triclinic palladium iron argdes (CayREFe PdAS)ic)PdASs were
synthesized through solid state reactions. Thegogdyalline samples were characterized by
X-ray powder diffraction. Substitution levels (®& Fe/Pd, and Pd/) obtained from Riet-
veld refinements coincide well with the nominal wed according to EDS and the linear
courses of the lattice parameters as expectedtfrerionic radii. TheRE*" ions prefer the one
out of five crystallographic positions which is leifpld coordinated by arsenic. This site pre-
ference stabilizes the structure by about 40 kJanobrding to DFT calculations and leads to
improved sample quality. The additional electrone do C&"/RE®* substitution are trans-
ferred to the FeAs layers, where they obviouslyidish the otherwise strong Fe/Pd substitu-
tion present inREfree samples. Since this over-doping by palladianthe FeAs layers
suppresses superconductivity in pure Pd1038RiBeloped phases with low Fe/Pd mixing

show superconductivity with onset critical temparas up to 20 K.
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2.4 (CayyREJFeAs)Pd;Ass series with RE=La—-Nd, Sm-Lu and
y =0.05, 0.10

2.4.1 Introduction

Since 2011 the discovery of (CakBl,FeAs)oMAss (M = Pd, Pt, Il established a new
class in the family of iron arsenides featuringadternate stacking of calcium, iron arsenide,
and so far unprecedented planar noble-metal arséayers. This exceptional structure che-
mistry together with the unusual low symmetry waisially matter of discussions about the
origin of superconductivity in these compoufids} Nevertheless, further investigations re-
vealed non-superconducting (CaFefB}Ass (Pt1038) as a typical parent compohaith

the characteristic phase transitions at low tenipega. In Chapter 2.2 the indication of an
analogous parent state in (CaFefRiAss (Pd1038) is strongly suggested. Both electronic
structures are comparable to less complex iromatss due to iron states dominant at the
Fermi level, while the noble-metal layers hardly conitéd®® Therefore starting from the
platinum compound, the reliable concepts of diseud electronic doping were successfully
applied to induce superconductivity. Based on thresalts comparable properties were also
expected for the homologous compound Pd1038, htaileld experiments revealed distinct
divergence$’

In contrast to (CaRgM,FeAs)PtAss with M = Co, Ni, Pd, Pt® no superconductivity
could be induced in the homologous palladium compo{CaFe PdFeAs)PdAsg so far.
However, the crystal structure comprises two furthessibilities to integrate substituents
either in the second negatively charged or theonticalcium layer§S! Since additional
electrons result in charge doping of the metatlmilayer responsible for superconductivity,
electron doping is conceivable both by occupying a@kdditional metal position in the JAdsg

layer yieldingz = 4 or by rare earth substitution at the calciursifoons. So far no evidence
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of high-temperature superconductivity was foundPoliL048 (Chapter 4) as was conversely
measured for Pt1048 polymorphé:®

On the contrary the established scenario of eleaiaping'®*? induced superconductivity in
(CayREFeAs)PdAss. 2! Concomitant, the intrinsic tendency of palladiummix on the
iron positions can be suppressed widely by rar¢gheaduced structural stabilization and
synthetic strategies. For platinum phases not ¢méy emergence of superconductivity by
lanthanum substitutiofi** but also the whole series of lanthanides was aedlywith a
maximumT, = 35 K and moreover yielding an universal phasg@im of electron dopiriy’
After first experiments on lanthanum doped Pd1638eries of (CayREFeAs)PdAss with
RE=La, Ce, Pr ang = 0.025 — 0.20 were studied so far, also revealisie preference for
the eightfold coordinated calcium positidfl. Figure 1 illustrates the crystal structure of rare
earth doped Pd1038 with the relevant calcium adgemotif emphasized. Among the five
crystallographic calcium positions four are in sgeé&l coordination, while the one next to

the palladium vacancy anti-prismatically eightfold coordinated by arsenic.

Figure 1: Crystal structure of (GgREFeAs)Pd:Asg with emphasized eightfold coordination of calcigieft)
and top view of calcium palladium arsenide layethveinti-prismatic coordination of deflected metal position

(right).

Here the complete lanthanide series viRlE= La — Lu was investigated for two substituent
concentrationy = 0.05 and 0.10 with the focus on structural ampesconducting features.
The samples were characterized by X-ray powderadifion and X-ray spectroscopy and
their magnetic properties were investigated, alsmpmared to the related platinum com-

pounds.
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2.4.2 Results and Discussion

2.4.2.1X-ray Powder Diffraction

All samples were characterized by X-ray powderrddfion and Rietveld refinements. Poly-
crystalline samples of (GgREFeAs)PdkAss were obtained with small amounts of binary
FeAs. For later lanthanides also minor concentnatiof REAs as well as (CaFeAgPdAsg
and CaFgAs, were found. Figure 2 shows representative powdéadograms with Riet-
veld fits of the series witi= 0.05 and 0.10.

Figure 2: X-ray powder data (blue) with Rietveld fit (red) othe nominal compositions
(Cap.oNdo.oF-eAs) P hASg (left) and (CaodELo.1d-eAS)oPdASg (right).

Sample compositions are in line with the dopingosabbtained from refined powder diffrac-
tograms and EDX measurements showing good agreemignthe nominal composition of
y=0.05 and 0.10, respectively, for the earliertHanides. Smaller doping levels were
obtained for the later lanthanid®&E= Gd — Lu (Figure 3). This reduced substitutiorfer
rence in (CayjREFeAs)oPdkAss is in line with the decreasing ionic radii due tioe
lanthanide contraction. Compared to the analogatnpim phasés’ the average solubility
limit is decreased, which may be ascribed to tlygdai unit cell volume of Pd1038 against

Pt1038 and therewith complicated incorporationméler rare earth substituents.
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Figure 3: Experimental substitution level in (CREFeAs)PdAss from refined powder data (black points)
and EDX analyses (green points). The nominal valuthe series witty = 0.05 (left) andy = 0.10 (right) is
emphasized as black dashed line. The trend ofdnmaiii of present substituents is added in citcles

Paralleled by the ironic radii is the course otitat parameters, b, andc with varying
dopants. Within the serigs= 0.05 the in-plane axesundb hardly change in the range of
constant substitution level wiRE= La — Sm, while in stacking direction thexis decreases
with reduced rare earth radius. The effect is nséinct with the doubled doping level of
y = 0.10, where shows a significant decrease of 0.6 % from lanthato samarium and also
a andb are reduced (Figure 4). No discernible changése/ed for the angles , and of

the triclinic unit cell.

Despite the comparable substituent concentrationpgum reveals considerable increased
lattice parameters. Unlike the remaining lanthasitlee usage of europium yields divalent
EW?*. Therefore the unit cell volume associated with ldittice parameters is increased com-
pared to the rest of the series. Even in the 5 findovariant the presence of Ewalready

reflects the enlarged ionic radius in eightfold wheation ofr = 139 pm instead of 121 pm
for EL**.[1°)

Figure 4: Lattice parameters obtained from refined powdea dd{Ca.,REFeAs)Pd;Ass with RE= La—Eu,
y = 0.05 (left) and/ = 0.10 (right). Values of europium doped samplescalored in gray.
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2.4.2.2Magnetic Properties

Besides the known series with lanthanum, ceriumi praseodymium substitutiddl in
(Cay.oREy od-eAs) )PdASs bulk superconductivity was measured RE = Nd, Sm. The criti-
cal temperatures of. = 17.2 K and 15.4 K, respectively, for the onsesuperconductivity
and the main transition below 7.5 K follow the tlenf the early lanthanides. With europium
playing an exceptional role and promethium not stigated, the remaining trivalent dopants
RE= Gd — Lu show only an onset of superconductiwith T, = 4.7 — 6.7 K most likely due
to inhomogeneous CRE distributions and the small doping level in theiwnity of the mini-
mum necessary for superconductivity. Especially samples containing the stronger mag-
netic rare earths as substituents revealed dighiamagnetic behavior with the maximum
progress for dysprosium, followed by holmium andiwm. This trend is in line with listed
effective magnetic moments fof #ns with maximal values for By and H3", previous to
Tb*" and EF**") Due to this superposition of weak diamagnetism stnong paramagnetic
behavior negative susceptibilities are reached tmgome extent. In general superconducting
volume fractions did not exceed 5% at 3.5 K. Tfuree the temperatures portending the
onset of superconductivity witRE= Gd — Lu are merely indicated in Figure 6 anddbm-
pounds should be regarded as non-superconductihgré&’s the onsets of superconductivity
slightly decrease for the early lanthanides La —\@th the maximuml, = 19 K for lantha-
num, a broadly independent relation of the critimmhperatures from the present rare earth
element was observed f&®&E= Gd — Lu with respect to the varying substitutmmncentra-

tions obtained from EDX analyses.

Figure 5: Ac-susceptibility data of (GgREFeAs)P®kAss at 3 Oe and 1333 Hz witRE = La—Lu for nominal
valuesy = 0.05 (left) andy = 0.10 (right), each with doping amounts from ERKalyses. Measurements of
europium doped samples are plotted in gray.
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Similar results were obtained for (seREy 1d-eAs)oPdASs. Next to lanthanum, cerium, and
praseodymium superconductivity was evident in tam@es containing neodymium and
samarium with onset temperatureslipt 11.1 K and 11.3 K. For compounds WRE = Gd —

Lu the maximal diamagnetic amount was about 1 % thedsamples showed paramagnetic
behavior with dysprosium on top. Furthermore anebrsf superconductivity was again
present in all samples at temperature$.cf 4.7 — 7.6 K indicated in Figure 6.

The lessons learned from (GREFeAs)PdAss with RE= La, Ce, P! can be extended to
the whole series of lanthanides. Maximal criticahperatures were obtained for lanthanum
doped Pd1038. In contrast to other charge dopeddreenide superconductors with a typi-
cally optimal doping level of about 15948 here the optimal rare earth concentration is
below 10 %. Compared to platinum compounds the smrgontainingRE= Gd — Lu cannot
be characterized as superconductors. The onsstgefconductivity are mostly independent
from the containing rare earth element for higlathanides. The effective doping levgls
obtained from EDX analyses are listed in Figur&ihice the values are almost constant and
stay below the nominal substitution fRE= Gd — Lu, they can be taken as solubility limits
for rare earth doping in Pd1038.

Figure 6: Critical temperatures from susceptibility measuretadory = 0.05 (left) and/ = 0.10 (right).

Among the series of rare earth doped i(R&FeAs)PdAss europium takes a special
position, perceivable by the absence of supercdivitycand enlarged lattice parameters.
With no electron doping present by ‘O&u** substitution the lack of superconductivity
is plausible. In line with this, magnetic measurateerevealed paramagnetic behavior in
(CayEuFeAs)PaAsg. Figure 7 shows the molar susceptibility of twaogum doped
compounds measured at different external fielde Value of susceptibility is slightly re-

duced at higher fields. The corresponding inverssceptibilities approach ideal behavior
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with increasing fields by suppressing impurity phaontributions.Curie-Weissfits per-
formed from 1.8 — 300 K of both samples with dopoancentrations obtained from EDX
(Yepx = 0.058, 0.111) at an external magnetic field 6tk@e yielded effective magnetic
moments of 7.73g and 7.93 g per europium, respectively, being in excellenteagnent
with the reported value for Blof «=7.94 g. In contrast to other europium containing
iron arsenides the statistical distribution of Ein (CayEufFeAs)PdAsg prevents magnetic
ordering like in parefff or substituted" EuFeAs, at Ty = 20 K.

Figure 7: Magnetic susceptibilities and inverse data of o@e&U osd€AS)PEASs (left) and
(CagsEW.111FEAS) PAhASs (right) at different external field€urie-Weissfits were performed with the doping
levely obtained from EDX analyses fer= 20 kOe.

The magnetization calculated for the respectivelarmof europium per formula unit at 1.8 K
and 300 K are shown in Figure 8. Since no hysterase observed in all curves the absence
of ferromagnetic contamination of both samples asficmed. Field-induced saturation is
achieved at 50 kOe at 8.3 and 10.1 g, respectively. Next to preparative effects causgd
the polycrystalline samples, also the influencehef present iron can be considered as possi-

ble interpretation of the increased values.
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Figure 8: Magnetization of (CgosEUy osd-€AS)PAS (left) and (CagsdEly 111F€AS)PhASs (right) at 1.8 K
and 300 K with varying magnetic fields.

2.4.3 Experimental Section

Polycrystalline samples (¢€gREFeAs)PdAsg with RE= La — Lu,y = 0.05, 0.10 were syn-
thesized via solid state reactions. Stoichiomatmigtures of the pure elements (> 99.5 %)
were filled in alumina crucibles sealed under pedfargon and heated for 10 h each at
600 °C followed by 1000 °C. The products were gdmdhin the crucible, sealed under argon
and annealed at 900 °C for 25 or 30 h, respectivetgrwards the samples were well homo-
genized, pelletized, and annealed at 900 °C for3®5pr 50 h, respectively. The obtained
polycrystalline products were grounded and charaet@ by X-ray powder diffraction at
room temperature using a Huber Imaging Plate Guidiiéractometer with primary mono-
chromator and copper radiation. The correspondiregvBld refinements were performed
using the TOPAS program pack&gebased on single crystal data of (CafRelAs)10PhASs.
Sample compositions were confirmed by X-ray spaciwpy (EDX) on a Jeol JSM-6500F
scanning electron microscope with an Oxford Insente EDX detector or a Carl Zeiss EVO-
MA 10 equipped with a Bruker Nano EDX detector pexgively. Ac-susceptibility data was
measured on an ac-susceptometer at 1333 Hz and @c&eisceptibility and magnetization

using a Quantum Design MPMS-XL5 SQUID magnetomeidr variable magnetic fields.

2.4.4 Conclusion

The complete series of charge doped; (& FeAs)PdAss with RE= La — Lu was synthe-
sized with two substitution levels= 0.05 and 0.10. The compounds were obtainedgs hi

quality polycrystalline samples via solid statecteans. Rare earth concentrations were veri-
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fied by refined X-ray powder data and EDX spectopscin good agreement with the no-
minal values forRE= La — Eu. The reduced levels for higher lanthaesidvere assigned as
solubility limits due to the unfavorable incorpacet of small rare earth ions as dopants in
Pd1038. Unit cell axes shorten with decreasing ear¢h radii at comparable occupation. The
samples showed bulk superconductivity induced legtedn doping with trivalenRE = La,
Ce, Pr, Nd, and Sm, whilRE= Gd — Lu revealed mainly paramagnetic behaviaised by
weak superconductivity superimposed by signifidaeliectron magnetism. Within the deter-
mined range the respective substitution levelsldter lanthanides can be seen as the mini-
mum concentration for the induction of superconsitgt Maximum critical temperatures
were measured for lanthanum substituted samplesp@eed to other charge doped iron arse-
nide superconductors rare earth substituted Pdi€&8res atypical optimal doping levels
below 10 %. The concept of superconductivity byt doping in this system was further-
more substantiated by reverse reasoning since rémemce of Eli caused an absence of
superconductivity in europium doped samples. Msiaceptibility and magnetization studies
showed paramagnetic progress with no magnetic amghystereses. The effective magnetic
moments derived fronCurie-Weissfits are in excellent agreement with’EuThe enlarged
lattice parameters of (GgEWFeAs)PdkAss were attributed to the bigger ionic radius of the
divalent ion. Even with a site preference REE*" the substitution of calcium by smaller rare
earth ions is complicated in Pd1038, since thectira is enlarged in contrast to the related
platinum compounds. Comparing both rare earth gubed 1038-type series divergent mag-
netic properties in terms of doping levels and pihesence of superconductivity occur in
(CayREFeAs)Pd:ASs.
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3 Combination of Palladium and Platinum 1038 Phasesni
(CaFe, 4Pd,As),oPt:ASg

Christine Stirzer, Dirk Johrendt

This chapter is in preparation to be published iscgentific journal.
Abstract

The discovery of high superconductivity in (CaFeAgPtAss added a new branch to the
family of iron arsenide superconductors. Subsedyeve also found the analogue palladium
compound, both available as directly doped compsuwwith the respective noble-metal. Al-
though the platinum phases show superconductithgre was astonishingly none induced in
Pd1038 phases without charge doping so far. Iméslilts suggested heavy palladium over-
doping being responsible originating from omniprésée/Pd mixing. In this paper we
present the combination of palladium substitutioto ithe platinum parent compound featur-
ing surprisingly superconductivity in a wide dopirange up to 16 %. Therefore significant
palladium substitution seems not to be in chargetfe not yet solved mystery of missing
superconductivity in directly doped Pd1038. Highalijy samples of (CakePdAS)10PtASs
were synthesized and characterized by X-ray powd&action as well as X-ray spectrosco-
py for structural and compositional data. Magnetioperties were investigated by suscepti-
bility, zero-field-coolefifield-cooled and resistivity measurements. Along with tempeeat
depending X-ray diffraction our results allow for faist phase diagram in the system
(CaFexPdAs)1)PtASs.
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3.1 Introduction

The discovery of superconductivity in fluorine ddptaFeAsO T.=26 Kf¥! in 2008
established the second era of high-temperature reupductivity research. With
(CaFeAs)PtAss? (Pt1038) lately the group of parent compounds agthis family of iron
arsenide superconductors was complemented by anateessting member. Like almost all
parent compounds undoped Pt1038 shows a stru@ndhimagnetic phase transition upon
cooling to lower temperatures as well as antifeagnetic ordering. In line with for example
the known iron arsenide parents Ba&®™ and LaOFeA$! superconductivity emerges only
by the application of well established scenari&s lilirect or charge doping. Build up from
not only the characteristic iron arsenide tetrahdulit a second metal arsenide layer, each
separated by calcium, this new class stands ot fhe growing group of iron-based super-
conductord>” Although pure (CaFeAs)Pt:Ass does not show any superconducting proper-
ties, transition-metal doping on the iron sitesegivrise to critical temperatures up to
T = 15.3 K forM = Co, T, = 13.4 K forM = Ni,® and T, = 15 K for notably platinum doped
(CaFe.PtAs)PEAss.”! Highest critical temperatures @t = 35 K arise in electron doped
compounds either by additional platinum in (CaFedf)Ass (1048)!! or rare earth doping
on the calcium sité$” Beyond the platinum phases we also succeededniesizing the
structurally analogous palladium based compound-¢Ba)PdAss (Pd1038)Y Remark-
ably, these samples show no superconductivity Hggiam substitution on the iron positions
so far. Though, on the other hand in rare eartlstdubed Pd1038 compounds charge doping
can induced superconductivity with critical temperas up toT. = 20 K@ Based on this
knowledge it seems reasonable to combine these desely related compounds in
(CaFexPdAs);0PtASs, to investigate the underlying cause of the laglsnperconductivity

in directly palladium doped Pd1038.

In this paper we present a series of palladium tguted platinum iron arsenides. The

compounds obtained via solid state synthesis shawersonducting properties despite of

palladium concentration up to 16 % on the iron ssitalthough related compounds like

Ba(FaxPd).As, show superconductivity only below 8 % of the ddpaith a maximumT,

of 19 K forx = 0.0531*®! The doping levek was checked by X-ray spectroscopy and refined
X-ray powder data, also providing the alteratioradfice parameters with varying palladium

content. Magnetic properties were characterizedadgusceptibility andero-field-cooled

field-cooledmeasurements as well as resistivity data. Temyperatepending X-ray powder

60



Combination of Palladium and Platinum 1038 Phas€€aFe.PdAs)10Pt:Ass

diffraction gives rise to a phase diagram featuboth a parent state-like and superconduct-
ing range.

3.2 Results and Discussion

Polycrystalline samples of (Cak@dAs)10PAss with x =0.0125 — 0.25 and a step size of
=0.0125 and 0.025, respectively, were obtain@dsealid state reactions. The compounds
crystallize in the 1038-type structure (space gidup shown in Figure 1. The two negatively
charged metal pnictide layers with iron tetrahdgrahd platinum planar fourfold coordinated
by arsenic are separated by calcium ions. Theeshstacking of the different layers, each

showing tetragonal symmetry, leads to the triclstrticture.

Figure 1: Crystal structure of (CakgPdAs)PASs (left) with PtAsg layer (right).

3.2.1 X-ray Powder Diffraction

The samples were characterized by X-ray powderadifion. Rietveld refinements revealed
either phase pure compounds, or partly includedlgmeacentages of the binary impurities
FeAs and PtAsas well as an amount of 1048 in higher substitgtatples. Figure 2 shows
one diffractogram with Rietveld fit of a palladiudoped (CaFgPdAs)i0PtzASs sample. The

pronounced stacking disorder always present indssem is clearly visible by anisotropic
reflex broadening. The magnitude of this intrinature makes a satisfying revelation of

structural details from single crystal data verfyiclilt.
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Figure 2: X-ray powder data (blue) with Rietveld fit (red) mdlladium doped Pt1038 sample.

Lattice parameters of the whole substitution senese obtained from refined powder data.
Figure 3 displays the trends with varying palladicomcentration for the nominal values
0.0125 - 0.25. The unit cell undergoes a comprasaiong the stacking direction with tle
axis decreasing linearly accompanied with a steadgrgement of the axes parameteend

b while the angles remain constant. This behavidm ifne with the idea of dopind® palla-
dium ions on tetrahedrally coordinated iron posisidnaving in mind the almost identical io-
nic radii of iron and palladium. In total the uwkll volume increases approximately linear

with increasing palladium concentration in the ggddange.

Figure 3: Refined lattice parameters (left) and unit cellwoé (right) of (CaFgPdAS))PASs with X =
0.0125 — 0.25. Dotted lines are guides to the eye.
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Additional to the structural parameters also thessitution levelx in (CaFexPdAS);0PtBASs
was obtained by Rietveld refinements. The resuoifgy the linear increase expected from the
nominal values, however, especially at low dopingaentration the analysis with X-ray dif-
fraction is not entirely reliable. Therefore suppbntary X-ray spectroscopy (EDX) mea-
surements were carried out for all samples yieldiagy good agreement with the nominal

values, thus confirming the successful synthes{€afe.\PdAs)10PiASs (Figure 4).

Figure 4: Substitution level obtained from Rietveld refinengen(red) and EDX analyses (blue) of
(CaFe,PdAs))PtASs series for nominal values gf= 0.0125 — 0.25. Dotted lines are guides to tle ey

3.2.2 Magnetic Properties

Ac-susceptibility measurements revealed supercdimduproperties in compounds with pal-
ladium concentration of 4.7 — 16.2 % obtained fieBX analyses. The shielding fractions of
about 60 % for lower doping levels decrease to aB6Wo for the higher palladium concen-
trationsx = 0.131 and 0.162. In samples wikh 0.173 andk = 0.197 only traces of super-
conducting volume fractions remain, probably duemtomogeneous substituent distribution.
No superconductivity was obtained for very low pdibm concentrations af= 0.018, 0.035.

Figure 5 (left) shows ac-susceptibility data ofsalperconducting samples at 3 Oe.
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Figure 5: Ac-susceptibility data of superconducting (CafReAs))PAss samples measured at 1333 Hz
and 3 Oe with substitution levels obtained from EBMalysis (left), dc-resistivity measurements slipercon-
ducting and non-superconducting sample each (right)

Dc-resistivity data of a superconducting samplewshdhe onset of superconductivity
at 17.5 K and zero resistivity below 10.5 K, whishn good agreement with ac-susceptibility
and zero-field-cooled field-cooled data. Moreover resistivity measurement of a non-
superconducting compound £ 0.018) revealed under-doped (CafRelAs)0PAsg being
similar to parent (CaFeAgPtAss. The semiconductor-like development at low temjoees

is in contradiction to other iron arsenides. Theddie values are a bit reduced compared to
the ones of pure Pt1083,

(CaFexPdASs);0PtASs yield a maximum critical temperature ©f = 11.5 K with an onset of
16.5 K forx = 0.047. SQUID measurement of high&ssample shows a main transition tem-
perature of 11.5 K as displayed in thero-field-cooled field-cooledgraph in the inset of
Figure 6 confirming the previously obtained data.atdition the analogue measurement of
the under-doped non-superconducting compound wit0.035 is shown for comparison.
Hence the critical temperatures stay below theeshf other transition-metal doped Pt1038
compounds witiM = Co, Ni, Pt and maximal; of 15 K and 13 K, respectively. Therefore
superconductivity inducible by palladium doping yee (CaFeAs)Pt:Asg again as a typical
parent system for very different doping scenarniss jike the well investigated Bagfes,.>

At the same time with no superconductivity at atluced in palladium substituted Pd1038 so
far, this system reaffirms to be outstanding frdra growing family of these new complex
iron arsenides. Our results reveal palladium stuigin in 1038 compounds up to about 16 %

not to be an exclusion criterion for supercondugeproperties.
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Figure 6: Phase diagram of (Cap@®dAs)iPkAss, data of undoped (CaFeA@BtgAsg[Z] was added for
completeness. InsetZFC/ FC measurements of compound with high&stof 11.5 K (green) and a non-
superconducting sample (red).

The series (CakgPdAsS);0PAss with x =0 — 0.246 reveals the typic@l(x) dependency
shown in the phase diagram of Figure 6 with a dékeebehavior for the superconducting
doping range fromxsc=0.047 —0.162. Similar results were also repbifta cobalt with
Xsc = 0.047 — 0.136 and nickel witlc = 0.022 — 0.092 substitutidh,while platinum doping

faces a solubility limit at about 7 % in favor bitformation of 1048 phasEs.

The undoped parent compound (CaFef4)Ass undergoes a structured phase transition at
120 K by losing the local fourfold symmetry within thaykers. Thereby the lattice para-
metersa and b distort the square basal plane of the unit caldynga b. An analogous
transition was observed in minor substituted, ngmesconducting (CakgPdAS)10PtASs
with x=0.035 at 90 K, while the minimal doped superecaticig compound X= 0.047)
shows no distortion (Figure 7). Therefore this ceal phase transition is suppressed by
palladium doping. Furthermore dc-susceptibilityedfr x = 0.035 at 100 Oe features anoma-
lies at about 100 K and 200 K, respectively, atstidating intrinsic transitions within non-
superconducting (CakgPdAS)10PtASs. These results give rise to a preliminary phase di
gram with the values of parent Pt1&B8&dded for completeness. Comparing to other palla-
dium substituted iron arsenides with a coexistariciperconductivity and antiferromagnetic
state like Ba(FePd)As > and Sr(FelPd).As, M it is not yet clear whether such a
coexistence is also a property of (CafRaAs)10PkASg. Analogous considerations concern-
ing the phase diagram of 1038 series,(Ca,FeAs)PtAss " are as well not fully clarified

so far.
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Figure 7: Refined lattice parameteas(circles),b (triangles), ana (squares) of (CakgPdAS) PLASs with x =
0.035, 0.047 from temperature-depending XRD measemn¢s, data of undoped (CaFedBEAs? was added
for completeness. Insetangle.

3.3 Experimental Section

All samples of (CaRgPdAs)i10PASs were synthesized via solid state reaction withyivay
palladium concentrations a&f= 0.0125 — 0.25 and step sizes of 0.0125 and 0.025, respec-
tively. Stoichiometric mixtures of the pure elense(# 99.9 %) with a reduced platinum con-
tent according t@a = 2.9 were heated at 600 °C followed by 1000 °@eurpurified argon and
annealed twice at 1000 °C. The obtained polycriyseatamples were characterized by X-ray
powder diffraction at room temperature using a Hubeaging Plate Guinier diffractometer
with primary monochromator and copper radiatiormperature-dependent powder data were
measured on a Huber Imaging Plate Guinier diffnraeter with primary monochromator and
cobalt radiation equipped with a close-cycle Helionyostat. Rietveld refinements of all
powder data were carried out using the TOPAS progpackagé'® Sample compositions
were confirmed by X-ray spectroscopy (EDX) on a J&M-6500F scanning electron micro-
scope with an Oxford Instruments EDX detector Qaal Zeiss EVO-MA 10 equipped with a
Bruker Nano EDX detector, respectively. Ac-susdsijity data was measured on an ac-
susceptometer at 1333 Hz and 3 Oe, dc-susceptibilizero-field-cooledand field-cooled
modes using a Quantum Design MPMS-XL5 SQUID magneter. Dc-resistivities were
measured on cold pressed pellets which were arthaal000 °C for 25 h.
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3.4 Conclusion

(CaFePdAs)0PASs qualifies as an ideal system to investigate thg@meac effects of
noble-metal substitution in 1038 phases, since €¢CaEAS)10PBASg was proven to be a
typical iron arsenide superconductor, while (GalPelAs)10PhASs is not. We successfully
prepared the series of palladium doped Pt1038 witl0.0125 — 0.25 vyielding high quality
samples. Remarkably, the simultaneous presencallatium and platinum yields a distinctly
separated occupation. While palladium substitutes tetrahedrally coordinated positions
within the iron arsenide layer, platinum prefers thlanar coordinated sites within thigAsg
layer. The nominal palladium substitution was petifeconfirmed by EDX analyses. The
investigation by X-ray powder diffraction giveseito the logical behavior of lattice parame-
ters by varying the palladium concentration witk timit cell volume in total increasing with
the doping level. We were able to detect superccindty with palladium concentrations of
x=0.047 —0.162 featuring a maximal critical temgpere of 11.5 K similar to other
transition metal doped Pt1038. Therefore signifigaalladium doping seems not to be in
charge for the absence of superconductivity inctlyedoped Pd1038. Additionally tempera-
ture-dependent powder diffraction offers a phasgm@im with a range of parent-like state and
superconducting dome. Electric resistivity as vl SQUID measurements confirmed the
results. (CaFePdAS)10PASs was proven to be a typical directly doped iroreaide with
the substituent suppressing the phase transitidgheotindoped parent compound and there-
with inducing superconductivity. Subsequent ingggions on the related palladium 1038
system regarding a parent state and systematedpath doping remain suspenseful.
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4  Structure and Properties of (CaFePd,As),)Pd;ASg

4.1 Introduction

(CaFeAs)oPtAsg (Pt1038) was proven to be the parent compoundef2011 discovered
new sweeping class of iron arsenide supercondubtprshowing a structural and magnetic
phase transition at 120°K similar to other prominent iron arsenide paréitsPossessing a
second negatively charged layer, this compoundoth binique in the large family of iron
arsenides and offers a versatile potential of dpmoenarios to induce superconductivity.
Besides directly doped phases of (GafgAs)PtAss with M = Co, Ni, Pd, Pt® and
a maximum critical temperature of, = 15 K, also the analogue palladium compound
(CaFeAs)PdAss (Pd1038Y! was successfully obtained, surprisingly revealiv super-
conductivity by the same doping treatment so faoweler, electron doping within the
calcium layer by numerous rare earth elements tettesuperconductivity up @, = 10 K®
in Pd1038 and. = 35 K% in Pt1038, respectively. Due to the platinum/ gditim arsenide
layer, which features one nobel-metal vacancy etltesnpounds facilitate the possibility for a
second electron doping scenario. This can be ezhliling the vacancy in the planar metal
arsenide layer by a fourth nobel-metal yieldiMyAss. So far only platinum phases
(CaFeAsj)PuAsg (Pt1048) have been successfully prepared and akawed. The
compound features the same building blocks, howethes modified platinum arsenide
slabs give rise to a different stacking of the tayeDepending on the stacking options
(CaFe.xPtAs)0PtAsg develops polymorphism with three limiting struauypes identified
so far yielding tetragonal-type (P4/n) with perpendicular stacking to tlad plane, triclinic
-type P ) with a steadily shifted stacking in one directiamd monoclinic -type 2i/n)
featuring a regularlyigzagstacked superstructure. Electronic structure taticuns revealed
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almost exclusively iron states at tlii@rmi energy for platinum and palladium 1038 as
well as idealized Pt1048 ! which shows a pseudo-gap of platinum stateBratimilar to
(CaFeAs)PiAss. Therefore in both cases of electron doping eiliyeadditional platinum in
the 1048 compounds or rare earth doping of thewaltayer the additional charge is trans-
ferred to the superconducting iron arsenide |1&&onsequently similar critical temperatures
as in rare earth substituted Pt1038 have been meehsu (CaFePtAs)10PUASs with a

maximum ofT, = 38 K[!

While intensive research on Pt1048 phases with pgareal structural complexity and re-
markable electronic and magnetic properties i istiprogress, there have been nonetheless
no references on conceivable analogue palladiunpoands so far. Now with an even more
distinct stacking disorder present in the palladiggstem the existence of homologous
Pd1048 phases was proven and two polymorphs awaluded in the following chapter. Te-
tragonal -(CaFexPdAs))PdAsg was identified by single crystal structure deteration,
while triclinic -(CaFexPdASs);0PdAss could be deduced via powder diffraction data re-
finement from the platinum compound. Moreover fistidies on electronic and magnetic
properties of polycrystalline Pd1048 are presented.

4.2 Results and Discussion

4.2.1 Crystal Structure

The crystal structure of-(CaFe.PdAS)10PhASs (Spacegrou?4/n) was obtained by single
crystal structure determination. Figure 1 illustgathe stacking of both metal arsenide layers
each separated by calcium as well as the top vidheoPdAsg layer. All three present layers
show tetragonal layer symmetry, while the arrayneighboring palladium arsenide layers
determines the final crystal system. Of the fivesgible stacking arrangements per ¢it
only the one steadily perpendicular to #ieplane gives rise to this tetragonal phasgype).
Triclinic ( -type, space group ) and monoclinic (type, space group2;/n) structures are

known as further limiting cases in the relatediplan system.

In the first metal arsenide layer iron is tetraladlgircoordinated by arsenic featuring edge-
sharing tetrahedra layers. In the second aniogér lpalladium is planar fourfold coordinated
by arsenic building up a pattern of corner-shadqgares stabilized by (As—As}limers. Of

the two palladium positions one is deflected frdma &lmost planar array to either site of the
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layer. Furthermore this situation gives rise toyuay square sizes with a smaller one for the
deflected position which is also compatible for aacies. In contrast to both metal arsenide

layers which are each stacked congruent, the neigidbsquarish calcium layers are shifted
by (0.3, 0.1, 0) featuring an offset " in the tetragonal crystal system. This detail is

one of the properties differentiating 1048 phasesfclosely related 1038 compounds.

Figure 1: Crystal structure of-(CaFe.PdAs),;PdiAsg (left) with PdAsg layer (right).

-(CaFexPdAs)o)PdiAsg is build up of the same structure type as the Hogous platinum
phase and with respect to the noble-metal specidsoacupancies with comparable lattice
parameters. The refinement revealed an averagadpath mixing on the tetrahedrally coor-
dinated iron position ok = 0.24 and a distinct deficiency of the deflecpatladium position
yielding a total composition of (CafgPch 244AS)10P G s3ASs. In spite of the low palladium
content, the PAsg layer with all conceivable metal sites occupied #re arrangement of the
sandwiching calcium layers above and below theapalm arsenide layer requiring the
present stacking classify the compound as a memib#dre 1048 system, even though the
composition indicates the 1038 type. An excerpthefsingle crystal data is listed in Table 1
next to selected interatomic distances and anglesvalues of the tetrahedral layer are in the
typical range of other substituted iron arsenidenpounds. The bond lengths within the
Pd,Asg layer are slightly enlarged compared to the platircompound due to the bigger ionic
radius of the square coordinated metal wifgcf") = 0.78 A and'(P") = 0.74 Al™¥ respec-
tively.

Table 1: Single crystal data of-(CaFe 75Pth 244AS)10Ph.sASs (Z = 1).

Empirical formula CaFe; Pd 6ASe
Molar mass 2731.8 g mot
Space group (number) P4/n (85)
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Unit cell dimensions
(single crystal)

Calculated density

Absorption coefficient
range

Range irhkl

Total number reflections

Independent reflectionsR,

Reflections with 3 (I) /R

Data / parameters

Goodness-of-fit o

R1/wR2 forl 3 (1)

R1 /wRz for all data

Largest diff. peak / hole

a=8.8533(12) Ab=a, c=10.229(3) A
=90 °,V = 801.76(30) A

5.6555 g cni
26.216 mm
3.04-34.88°
+13,+13,+ 15
13949
1216/ 0.2174
325/0.1936
1216 / 27
2.43/4.19
0.1076 / 0.0958
0.2956 / 0.1108
+24.66/-23.82 e A

Interatomic distances and angles

Orelpnsy  (AsFelPhs) 2.4070(97) — 2.5383(122) A, 106.29(19) — 111.25¢10)
dpdrasy  (As-PdiAs) 2.5197(60) A, 90.031(168) °

Apainsy  (hspains) Oipdins-plane 2.4549(75) A, 83.181(180) °, 0.7876(164) A

Oias-as) 2.5261(88) A

Structure refinement turned out difficult due t@ thresence of considerable diffuse intensi-
ties alongc caused by stacking disorder. Since all stackimiatians conserve an ordered
CaFeAs substructure the majority of the residuattebnic density is located within the dis-
ordered palladium arsenide layer. The distinctlyhhiesidual values might also be reflected
in the low palladium occupation of the Adg layer obtained from the structure refinement.
Furthermore partial merohedral twinning caused tokén layer symmetry of the CalAes,
subsystem was revealed and refined with a rotatimut (120) by 180 ° as one of the possi-
ble twinning elements. In Figure 2 the selecte aliffraction patterrhkO shows the sharp
reflections within thea'b” plane. A schematic reconstruction of all visibéélections of the
same section in the range of -&, k 6 illustrates the two twin domains and correspogdi
reciprocal lattice axes by different coloring adlvae a twinning element. Furthermore ti@#
lattice section shows the severe diffuse scattdongeflections complying witht2+k 5n,
which is most likely the main reason for the onlgderate residual values. Nevertheless the

solution and refinement of-(CaFe 75Ph 2447AS)10Pth g3ASs from single crystal data was
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clearly feasible and so adding the first memberPdL048 to this young branch of iron

arsenide compounds.

Figure 2: Selected area diffraction pattelnkO (left), schematic illustration of -6h, k 6 section with both
twin domains emphasized by different coloring iadi and red and indicated twinning element in lgharldle),
andhOl section (right).

4.2.2 X-Ray Powder Diffraction

Polycrystalline (CaFeAs)Pd,Asg was obtained via a four-step solid state reacfldtre sam-
ple was characterized by X-ray powder diffractidime corresponding Rietveld refinement
(Figure 3) revealed Pd1048 as the main product svitall amounts of CaEgPdAs** and
CaFeAs; as impurity phases.

Figure 3: X-ray powder data (blue) with Rietveld fit (red) @aFeg.PdAS);PdASs.

A refinement based on the single crystal data-@faFe.xPdAs)0Pd/Asg did not fit the ex-
perimental powder diffractogram. However, a morerapriate refinement based on single
crystal data of -(CaFexPtAs)1)PuASs (Space groupg® ) was perfectly satisfying. Lattice
parameters and free atomic positions as well dadgiam mixing on the iron positions and
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palladium occupancy within the &g layer were independently refined. Due to distinct
stacking disorder problems always present in tlggtesn an unequivocal confirmation of
-Pd1048 via single crystal structure determinati@s not possible. In Table 2 the obtained
structural details from powder data are listed amparison to the corresponding platinum

compound.

Table 2: Comparison of structural details of palladium akatipum -1048 phases.

Compound -Pt1048“ -Pd1048

Data source Single crystal diffraction Powder di¢tron

Empirical formula (CaFgiegs)Ph315AS)1cPUASs (CaFggs35Pth.037(5AS)10P th 0:(2)ASs
Space group (number) P (2) P (2

Unit cell dimensions a=8.7382(4) A a=8.7761(1) A

b=8.7387(3) A
c=11.2245(5) A

b=8.7831(4) A
c=11.0659(3) A

= 81.049(3) ° = 80.842(2) °

= 71.915(3) ° = 71.485(1) °

= 89.980(3) ° = 90.000(1) °
Unit cell volume V = 803.79(6) A V =797.35(4) A

The refined composition revealed palladium mixedtaniron sites witkx = 0.037(5). Due to
that very low substituent concentration the absokdlue is not entirely reliable by X-ray
diffraction methods. Therefore the result was acom#id by X-ray spectroscopy (EDX)
yielding a final composition of (Gai@aFe.os5EPth.0s5AS0.91(4)10Ph.93AS7.3(4) IN very good
agreement with the values from Rietveld refineméiiie reduced palladium occupancy
in the PdAsg layer known from single crystal structure deteration of both -
(CaFe.<PdAs)0Pd/Asg and two platinum modifications was also a featfreolycrystalline
-Pd1048 visible in powder diffraction and EDX arsdy.

With respect to the different noble-metal, varyiogcupancies within both metal pnictide
layers, and the always present intrinsic structaoshplications causing methodic problems,
the obtained Pd1048 compound seems to be isotygleetunderlying platinum-phase. All
freely refined structural parameters are compartbtbe platinum compound, while e.g. the
unit cell volume diverges by less than 1 %. Thaeefihe present stacking disorder realizes
polymorphism also as a feature of Pd1048, sinckaistetragonal - and triclinic -limiting

cases were identified.
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4.2.3 Electronic Structure

The density of states (DOS) was calculated forlide@ -(CaFeAs)Pd/Asg including full
structure relaxation (Figure 4). The result revealen states dominant at tkermilevel Ef)
and a pseudo-gap for palladiurd dtates. Therefore additional electrons introdugedthe
PdAsg layer should be transferred to the iron arseragerl The requirements necessary to
induce superconductivity in Pd1048 seem to be dotetl by the electronic situation. Al-
though the electronic structure appears similah&analogue platinum 1048 compolii,
the 31 Fe pDOS akr is distinctly reduced compared to the platinumsgghaossibly charge
doping of (CaFeAs)PdAss by a fully occupied palladium arsenide layer liftee Fermi
level too high for superconductivity, which can lmeluced in otherwise electron doped
(C&_.yREyFeAS)_OpdgAS&[?'B] Moreover the pseudo-gap of the palladium statesnsiderable
less significant compared to Pt1048. The presestindt contribution of the palladium states

at Er might additionally be responsible for the absewsicguperconductivity in Pd1048.

The calculated and merg&ermi surface topology is depicted in the right hane siiFigure

4. Around the zone corners cylinders alangreveal the two-dimensionality of the elec-
tronic structure. This feature is similar to otheon arsenides like the closely related
(CaFeAs)PdAss or CaFeAs,!) A different rather three-dimensional topology wais-
served in the center of thgxillouin zone, that is not common in the family of ironearisle
superconductors. This reduction of the two-dimemsi@haracter might be another reason for
the divergent features of the palladium compoumaspgared to the platinum homologs.

Figure 4: Density of states of idealized (CaFefBLAsg (left) and mergedrermi surface (right).
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4.2.4 Magnetic Properties

Dc-resistivity of a cold pressed and annealed p@Hgure 5, left) showed metallic behavior
for polycrystalline -(CaFe.xPdAs)10PdAsg until a sharp drop &k = 7.5 K most likely indi-
cating an onset of superconductivity, however, zegistivity was not achieved. The temper-
ature-dependent electric resistivity features aknggsomaly starting from ca. 120 K. Visible
by an inflection point the metallic curve shape rges without rising. A similar, but more
distinct shape was observed for polycrystallineR&aPdAs)10PdbAss (Chapter 2.2). Unitil
the onset of superconductivity metallic resistiwitgs also reported for platinum 1048 single
crystal$®® and -Pt1048* Absolute values of electric resistivity are abone magnitude
lower as of the in this chapter investigated paliladcompound. In contrast the related parent
(CaFeAs)PtAss Y under-doped palladium substituted Pt163&nd -Pt1048 crystals re-

vealed semiconductor-like behavior.

Molar susceptibility measurements showed weak pagawtic behavior. No significant ano-
maly was observed in the range of 1.8 — 300 K. Despe sharp drop visible in the electrical
resistivity, no superconductivity was observed imgmetic susceptibilities of the same sample
performed at different external fields (Figure fght). Therefore it is not fully clarified,
whether superconductivity is actually a property©&Fe.«PdAs)0PdAsgs. So far no super-
conductivity was observed in either of the identifiside phases at ambient pres§dré:®
However, the classification of Pd1048 as non-supetacting is suggested by the obtained
results. Measurement ero-field-cooledandfield-cooledmode at 30 Oe featured paramag-
netic behavior and only a minor splitting of theotiwanches at very low temperatures. More-
over magnetization at 1.8 K and 300 K did not révaay hysteresis and therefore no

ferromagnetic impurities. Saturation was not achtewm a range of -50 — 50 kOe.
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Figure 5: Electric resistivity data of (CapgPdAs);oPdAsg (left). Inset: Derivatives of cooling and heating
curves. Molar magnetic susceptibility and invers¢adof (CaFgPdAs);)Pd;Asg at 100 Oe (right). Inset: Dc-
susceptibility at different external fields at Ie@mperatures.

4.3 Experimental Section

A (CaFeAs))PdiAsg single crystal for structure determination wasesid from FeAs flux
charge. The stoichiometric mixture of the pure eata (> 99.9 %) and an excess of iron ar-
senide (1 : 2) were mixed in a glassy carbon ctecdnd sealed under purified argon. The
sample was heated to 1050 °C for 100 h before mgpdb room temperature with a rate of
5 K/ h. The data was obtained from a Bruker D8 @dd#kactometer using Mo-K radiation
and absorption correction based on equivalentatifie was performed by SADABS! The
structure was solved and refined using the JANA20@§ram packagé”

A polycrystalline sample was synthesized by sdladesreaction. The stoichiometric mixture
of the pure elements (> 99.9 %) was heated for @@dh at 600 °C followed by 1000 °C in an
alumina crucible sealed under purified argon. Tragpct was grounded and annealed twice
at 1000 °C for 25 h, while in the second step tekepzed sample was cooled with a mod-
erate rate of 5 K/ h, afterwards homogenized, pedld again, and annealed at 800 °C for
50 h. The obtained powder sample was characterinedX-ray powder diffraction at
room temperature using a Huber Imaging Plate Guidiiéractometer with primary mono-
chromator and copper radiation. Rietveld refinemegas performed using the TOPAS pro-
gram packad®’ based on single crystal data of(CaFe.PtAs)iPuAss. Sample
composition was confirmed by X-ray spectroscopy Xkn a Carl Zeiss EVO-MA 10
equipped with a Bruker Nano EDX detector. Densftgtates andrermi surface of idealized
(CaFeAs)PdiAss were calculated using the WIEN2k pack&geDc-resistivity was meas-
ured using a standard four-probe method on a cadspd pellet which was annealed at
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800 °C for 50 h. Dc-susceptibilities, magnetizatiamd zero-field-cooledand field-cooled
data were measured using a Quantum Design MPMSSQBID magnetometer at varying

external fields in the range of -50 — 50 kOe.

4.4 Conclusion

The synthesis and characterization of (GaPdAs)0PdAss with 1048-type structures
added a new member to this still young family obnirarsenide compounds. With
(CaFe 75Pth 24AS)10Ph sASs ( -type, space group4/n) and (CaFgosd th.osAS)10Ph.oASs

( -type, space grouB ) two polymorphs of Pd1048 were identified. The tgtral structure
was solved and refined by single crystal structiegermination. The structure turned out to
be isotypic to the homologousPt1048 compound. Due to intrinsic crystallograpbinal-
lenges like distinct stacking disorder and partigromedral twinning structure determination
by single crystal methods revealed moderate reslifts triclinic -phase was obtained from
X-ray powder refinement based on the data of tteogie platinum structure. High quality
powder sample of-1048 facilitated the structure refinement by Réddvmethods and cha-
racterization of electronic and magnetic propert{€aFePdAs)0)PdAsg features metallic
behavior with a weak anomaly starting from aboud K2until a sharp drop at low tempera-
tures. Susceptibility measurements revealed norsopéucting properties, but paramagnetic
behavior. Therefore in contrast to the relatedimlah phases no bulk superconductivity
emerges in Pd1048 so far. Investigations of thetmeic structure revealed a two-dimen-
sional Fermi surface similar to known iron arsenide supercotasg but superimposed with
three-dimensional features. Although thermi level is still dominated by iron states in this
compound, their density is distinctly reduced coregato the related platinum compounds.
Additionally the clarity of a pseudo-gap within tipalladium states is significant reduced.
Like (CaFexPdAs))PdkAsg the electron doped compound Pd1048 does not shew t
expected properties known from the well investidapatinum analogs, despite the low
palladium substitution on the iron positions detewd by refined powder data and
EDX spectroscopy. These minor differences in thextebnic situation were suggested to
play a key role for the occurrence of supercongitgtiin 1038/ 1048-type compounds.
Subsequent investigations are necessary to funinesal the remarkable properties of
(CaFe.PdAs)PdAss phases.
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5 New Structure with substituted Iron Arsenides Layes
CaFe Pd,As,

Christine Stirzer, Tobias Sturzer, Dirk Johrendt

This chapter is in preparation to be published iscgentific journal.

Abstract

With novel CaFesPdAs, the family of iron arsenides is enriched by a remcture type.
Build up from an alternate stacking of the typioa¢tal pnictide layers and arserzigzag
chains separated by calcium, this so far unknow2rtyfte crystal structure can be derived
from known structure types. Although, this compowegms to build up an unique one, it
shows relations to LaMngj CeNiSp-, and NdRuSHype structures. Moreover structural
resemblance to the lately published 112-type caldion arsenides with rare earth substitu-
tion is conspicuous. CakEg?dAs, was identified by single crystal structure deteration
and X-ray powder data yielding typical values fagtat arsenide tetrahedra layers. Electronic
and magnetic properties were analyzed charactgrih@ new compound as a promising can-

didate for a further class of iron arsenide supesdoetors.

5.1 Introduction

Recently the field of iron-based superconductors eridarged by a new class of calcium iron
arsenides with substituted calcium layers.BEFeAs.? Although the new compounds

were reported with monoclinic crystal structureytlean be derived from already known
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structures build up from tetrahedra layers and amgol non-metallic interlayers separated by
cations. These interlayers feature for exampleregouets in HfCuSitype P4/nmn),[3] zigzag
chains in SrznShtype Pnma,! andcis-trans chains in CeAgAstype Pbcm)® structures.
Moreover rare earth doped GREFeAs, referred to as 112 type, with typical iron arseeni
tetrahedra and thereto coplanar orientated arzeguaglayers seem to fit into the since 2008
well established family of layered metal pnictidgosrconductors. In non-superconducting
parent compounds like LaFeAStor BaFeAs,”! the right choice and doping level of differ-
ent substituents leads to the induction of supetgotivity. In the newest 112-type repre-
sentative a hypothetical parent compound was nolighed so far. By now substituted
Ca.xREFeAs shows superconductivity up to 4¢Pkwith RE = La.

Here we present the so far unknown compound §aPé) 4AS, with a new crystal structure
and the analog composition of 1: 1 : 2. CGalPelAs; is also build up from tetrahedra layers
and arsenizigzagchains separated by calcium, however, unlikeREFeAs the layers
containing thezigzagsites are orientated perpendicular to the metdrade layers allowing
for additional As—As bonding to the iron arsenidgdrs. Next to single crystal structure de-
termination and X-ray powder refinement of poly¢ayine samples we characterize the new

compound by magnetic measurements and electrontste calculations.

5.2 Results and Discussion

5.2.1 Crystal Structure

A single crystal was selected to determine thectira of the unknown compound and meas-
ured on a Stoe IPDS | (Mo-Kradiation, graphite monochromator). The structuas solved
and refined using the JANA2006 program pacKdg€aFesPdhAs, crystallizes in the
monoclinic crystal system (spacegrdegy/m) with four formula units per elementary cell and

is build up from an alternated stacking of differkayers along the” axis (Figure 1).
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Figure 1: Crystal structure of CakedPh 44AS; .95 With view along thd axis (left) andh axis (right).

Tetrahedra layers with iron and palladium mixedtba central positions take turns with
arseniczigzagchains alongo spanning a plane arranged perpendiculaalioWith 2.45 —
2.50 A Fe/Pd-As bond lengths are in the typicafjeaknown by other metal arsenide com-
pounds with slightly elongated values compared lgarc iron arsenide tetrahedra layers
caused by the palladium substitution. The samerais apply for As—Fe/Pd-As angles
showing values, which most likely indicate metatteeed coordination polyhedra. Compara-
ble compounds with pnictide-centered tetrahedraufeaistinctly flatter layers. The distances
within thezigzaglayers amount 2.37 A and from the positions withiazigzagchains to the
arsenic of the tetrahedra layers 2.47 and 2.48e8pactively. On the assumption of
Ca(Fe,Pd)Asbeing a valance compound with divalent alkalinghemns we can discuss two
possible limit cases. Electronically undoped anpasated ?*As®),, layers and infinite
1[As] zigzagstands connected by strong single bonds withinldier reveal no bonding
between the different arsenic positions. Otheriiggagpositions of threefold bonded As
atoms yield MAs) 45 tetrahedra layers and therefore interlayer bondBygviewing along
the a axis a motif of planar hexagons with As—As—As asgbf almost 120 ° is formed. A
close look to the variable occupancies revealsvanage palladium mixing on the iron sites
of 44 % as well as minor vacancies within the arcseigzaglayer yielding an exact formula

of Ca(Fe@sdPth.449AS1 .95 An excerpt of the crystal data is listed in Table
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Table 1: Single crystal data of CafgPc 4/AS1 95 (Z = 4).

Empirical formula
Molar mass
Space group (number)

Unit cell dimensions
(single crystal)

Calculated density

Transmission ratio (min / max)

Absorption coefficient
range

Range irhkl

Total number reflections

Independent reflectionsR

Reflections with 3 (I) /R

Data / parameters

Goodness-offit off?

R1/wR2 forl 3 (I)

R1 /wRz2 for all data

Largest diff. peak / hole

CakgPd 4AS; o
263.9 g mot
P2;/m (11)

a=8.063(3) A
b=4.137(1) A
c=9.078(3) A
=102.8(1) °
V =295.3(2) R

5.9353 g cri
0.2980/0.5132
28.672 min
2.59-30.3°
+10,+5,+ 12
3483
988/ 0.047
390/ 0.050
988 / 53
1.04/1.56
0.026 / 0.053
0.059 / 0.089
+1.22/-1.73e R

Interatomic distances and angles

d(Fe/P(—Asl/Z

(Asl/z—Fe/P«Asl/2,
d(AsE—As4)

d(ASl/ —As3/4’

(As—As-As)

2.4455(15) — 2.4977(15) A
107.22(9) — 115.52(9) °

2.3662(14) A
2.4747(26), 2.4844(26) A
119.05(9) — 121.89(10) °

The new compound can be assigned to a long knoass @f structures. Many compounds
AMX% with a ratio of 1 : 1 : 2 build up layered struetsi with an alternate stacking of tetra-
hedra layers and non-metayzagchains arranged perpendicular to the tetrahedra sgpa-
rated by electropositive cations. In the literatsegeral compounds with orthorhombic crystal
system (spacegroupmcn) can be assigned either to the LaMrASpe structuré! showing
“regular” metal-centered tetrahedra layers or t© @eNiSi-type structuré? forming “in-

verted” layers with non-metal-centered tetrahedrgeds. Additionally also a monoclinic
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structure type (NdRuStype'®, spacegrouf2,/m) with inverted tetrahedra layers is known.

A comparative summary together with our new stmects shown in Figure 2.

Figure 2: Comparison of our new crystal structure CalPglAs, (P2:,/m) with LaMnSh-type Cmcn), CeNiSp-
type €Cmcn), and NdRuSktype (P2:/m) structures (from left to right).

The closest relation to our new iron palladium aide shows the LaMngtype structure.
The lower symmetry of our new structure comparethi® aristotype can be explained by a
two-step descent from orthorhomiiencmto monoclinicC112/m via atranslationsgleiche
relation (Y2(a-b), ¥2(a+b), c) yielding the monodiangle = 102.8 °. To enable a splitting of
the iron positions with different palladium conaaions the unit cell can be enlargidds-
sengleich(2a, b, c) to obtain the doubledaxis. Retention of orthorhombic symmetry by a
one-stepranslationsgleichadecent fromCmcmto Cn2m or Amn?®, respectively, and loss of
the inversion center would lead to a different,awofable distribution of iron and palladium
on the decisive positions.

According to Pearson’s Crystal Data in compariso@#(Fe,Pd)Asthe iron-containing com-
poundsREFeS) (RE= Nd, Sm, Gd, T} are known with monoclinic NdRuSiype struc-
ture, while no palladium representatives are regbrin the huge family oAMX; (A = A, AE,
RE M = Mn, Fe, Co, Ni, Cu, Ru, Rh, Pd, Ag, Re, Ir, ®t; X = Si, Ge, Sn, As, Sb, CI, BfJ
compounds with spacegroupmcmonly the iron compound®B~eSp with RE= La, Ce,
Pri* Nd*® and TH*® as well asRE = Dy and H&" with iron vacancies show metal posi-
tions in tetrahedral coordination aside a few maeg&™ compounds. All palladium com-
pounds feature inverted layers. The only reportattium compound is CaNiGE® In
combination with arsenic BaPdAsnd BaPtAg! are known. Moreover LaMngtype
phases containing four elements with a homogenaetalrsubstitution of 25 % on the non-

metal atoms were report&d>
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It should also be mentioned that recently a newilfaof substituted calcium iron arsenide
compound$282® with the same ratio of 1 : 1 : 2 was publishedthese compounds (space-
groupP2;/m or P2;) also tetrahedra layers take turns with arseigzaglayers each separated
by calcium, however, here the plane containingzigeagchains is orientated coplanar to the
tetrahedra layers. Without bonding between thaltetira andigzaglayers thec axis is en-
larged compared to our structure. The undoped cangptCaFeAs’ was not reported so far,

however, various rare earth substituted samplessalgw superconducting properties.

5.2.2 X-Ray Powder Diffraction

We were able to obtain high quality polycrystallsemples of the new compound via solid
state reactions. A mixture of pure elements (> 98)9vas heated up to 850 °C in alumina
crucibles under purified argon and annealed twicé8a °C. For characterization the samples
were measured on a Huber Imagine Plate Guinieradifimeter and refined by the Rietveld
method with the TOPAS program pack&GeBased on the crystal parameters from the single
crystal structure determination we refined the peaters of Ca(Rgdth.449ASz; With
a=238.060(1)b=4.124(1),c=9.096(1), and =102.8(1) as well as the atomic positions and
occupancies witliry, = 1.37. Figure 3 shows the measured X-ray powdé dith Rietveld

fit of the new compound. Minor amounts of binaryABavere obtained as impurity phase.

Figure 3: X-ray powder data (blue) with Rietveld fit (red) pdlycrystalline Ca(RgsdPth.49AS; 08

All parameters keep close to the results from thgle crystal structure refinement in addi-
tion to the identical substitution level of ironcapalladium. Admitting free occupancies on

the zigzagsites also minor vacancies of the arsenic positeom be derived from the powder
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data. Polycrystalline samples of the two stoichitsimeparent compounds CaFeAand

CaPdAs could not be obtained so far.

5.2.3 Magnetic Properties

Dc-susceptibility data of Cakefdh 44As, from 1.8 K to 300 K was measured on a SQUID
magnetometer (Quantum Design MPMS-XL5) at differexternal fields. The polycrystalline
sample reveals paramagnetic behavior wit(300 K) = 1.00 10° cm® mol* at 100 Oe,
which is a few orders of magnitude too high Rauli paramagnetism (Figure 4, left). Below
about 60 K a steady increase of susceptibility eably indicates magnetic ordering also
visible by a slight anomaly at about 16 K in thgdrse curve. The measurements at higher
external fields of 1000 Oe and 10000 Oe show dlidbtver values of molar susceptibility as
displayed on the right hand side of Figure 4. Zem-field-cooleflfield-cooledmeasurement
confirms the presence of a magnetic ordering witthi@ sample by the splitting of both

branches at ca. 16 K.

Figure 4: Molar magnetic susceptibility and inverse data offyprystalline Ca(FgsePdh 49AS; (left). Compari-
son of measurements with increasing external feald zero-field-coolef field-cooledmeasurement at 15 Oe

(right).

Because of the high substitution rate of iron aaltbium we did not expect superconducting
properties in this sample. However, molar suscéipilis in the order of other over-dopéd

or undopel® non-superconducting iron-based pnictides. Witls théw structure a further
class of iron pnictide superconductors based ofr&aPd)As; is easily conceivable for ex-

ample induced by different doping levels and congmds.
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5.2.4 Electronic Structure

Electronic structures of four idealized variantsGa(Fe «Pd)As, with our newly discovered
crystal structure featuring verticaligzag chains perpendicular to the basal plane were
calculated using the WIEN2k packd@® Figure 5 shows the total density of states (D@8) f
CaFeAs (a), CaFgsPdhsAs, (b), and CaPdAg(c) as well as projections of the partial density
of states. The DOS calculated for the other possmixed compound with the exchanged
occupancies of the two transition metal positionsdaPdsFe)sAs, appears similar to
CaFesPdhsAs,. As expected only the crucial pDOS of the respectiransition metal
changes, while the calcium and arsenic states rempparently identical. At th&ermi
energy Er) only the iron and palladium states, respectivaly dominant. In the pure iron
compound the total value Bt shows a relatively high DOS. However, additiorpafladium
yielding stepwise reduced states leads to a dexrefathe entire DOS & in the mixed
samples and even more (44 %) in the pure palladiampound. Therefore we suppose the
reduction of iron pDOS dEr by high palladium mixing to prevent the inductiohsuper-

conductivity in Ca(FgsdPth.44)AS,.
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Figure 5: Electronic density of states of idealized compou@dseAs (a), CaFgsPdhsAs, (b), and CaPdAs
(c); Band structure from DFT calculations for CaBgfd); MergedFermi surface sheets of CaFeA®) and
not-cylindrical sheet (f) and (g).

On the right hand site of Figure 5 the calculataddostructure (d) of CaFeAs illustrated.
Hole-like Fermi sheets at and electron-like at (2 0 0) and (0 ¥z 0) indiqasting, which is
discussed as a decisive factor for supercondugtimiiron arsenide compount&3* Some
kind of two-dimensionality is evident in the mergéermi surface of CaFeAde) featuring
mainly cylinder-like sheets. However, one deviatienpresent by a non-cylindric&lermi

sheet (f) coplanar to thec plane (g).
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5.3 Conclusion

The new iron palladium arsenide CaffedAs, was identified. The compound was synthe-
sized by solid state methods and characterizedngyescrystal structure determination. The
new monoclinic crystal structure is build up fronetad-centered tetrahedra layers and arsenic
zigzagchains both separated by calcium ions. Next tatsh®-As bonds within the infinite
arsenic stands (2.37 A) elongated bonds to thattetira layers (2.47 and 2.48 A) are present.
Crystal structure refinement as well as X-ray powdiffraction data of a high quality powder
sample revealed distinct palladium mixing on theateedral coordinated positions as well as
minor arsenic deficiencies within tlzgzaglayers. The new structure being virtually an or-
dered variant of the well-known LaMnSype structure was derived from this orthorhombic
aristotype and compared to other related structyppes. Magnetic measurements showed
paramagnetic behavior with an anomaly at 16 K. Febsstronic structure calculation of sev-
eral idealized compounds a stepwise reduction afsition-metal states at theermi level
with increasing palladium substitution was reveal€de low iron pDOS was assumed as
impediment for the induction of superconductivihgwever, we expect other results for
reduced doping levels or different substituentse Farmi surface features two-dimensional
character from cylindrical sheets with one deviatipresent. These initializing studies
characterize CakgPdAs, as a new member of the family of iron arsenidesuiéng a new
crystal structure related and isocompositionaldcently published highz superconductor
CaxREFeAs.
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6 Properties of Ca.PrFeAs, with x = 0.15 - 0.25

6.1 Introduction

In 2014 a new type of layered iron arsenide supehgotors was discoveretakita et al.
reported the novel phase GRBIFeAs with an onset of superconductivityBt= 24 K™ The
crystal structure is build up from an alternateatking of iron arsenide tetrahedra layers and
isolated arsenizigzagchains arranged coplanar to the basal plane. Begatively charged
layers are separated by calcium ions with partias@odymium substitution. Since the lattice
parametera andb differ slightly and is disparate from 90 ° the stacking yields a méinmc
structure with spacegroup2;/m. As a related orthorhombic variant of this struetgeveral
AMPr, compounds withA =RE, AE, M = Mn, Zn, Ag, andPn=As, Sb (SrZnSbtype,
spacegrouPnmg are knowrt** Next to the praseodymium doped phase also thedaom
compound was reported as a novel 112-type ironebsisperconductdr’ SubsequentiySala

et al. reported the synthesis and properties Rffts La — Gd® while Kudo et al. succeeded
in the enhancement of the critical temperature ibyudaneous pnictide substitution up to
Te = 43 K and eventuallyl, = 47 K!® However, the undoped hypothetic parent compound
CaFeAs was not reported so far. Electronic structure Wdatons of Ca;sPreAs re-
vealed iron states dominant at thermi level Er). Compared to calculations of the assumed
parent compoundrermi surface nesting is suppressed by praseodymiumgdpiaturing

promising conditions for a superconducting stite.

So far structure and properties of ;QRrFeAs single crystals were reportéd
The structure was solved and refined with ratherdenate residual values dR=
0.116™ Furthermore a low quality powder sample with a i@h composition of
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Cay dPro.1Fer 3As1.800.2 showed superconductivity with, = 20 K. Despite the small external
field of H=1 Oe the sample did not reach full shielding withM / H < -0.4. Moreover the
preparation of oxygen-free gd#rn1FeAs yielded only a minimal splitting of theercfield-
cooled and field-cooled curve. Both samples contained significant amowftampurity
phases. Therefore the unambiguous assignment ef@mucting properties to the discussed
phase CalPrFeAs is equivocal, precisely because only in the oxygemaining phase
superconductivity is evident. Due to the mixturecofponents for example the presence of
PrFeAsQ. (1111 type) within the sample is conceivable. Mwer FeAs, CaFAs,, FeAs,
and PrAs were already noticed as impurities, howewa all present reflections are covered
by these compounds. Depending on the level of axygdiciency or fluorine substitution,
respectively, as well as performed synthesis gjyatewide range of magnetic properties can
be achieved in hole doped Pr1111 compounds. PrFEg/i&s@atures a dome-like phase dia-
gram with maximunil, = 47 K at ambient pressufé, whereas in PrFeAsQ the value ofy

results in different critical temperature uplio= 52 K2

To clarify the ambiguities raised on GBrFeAs further experiments based on high quality
powder samples withx = 0.15—-0.25 and a step width of=0.025 were accomplished.
CaxPrFeAs was synthesized under oxygen and moisture abs&heepolycrystalline com-
pounds were characterized by X-ray powder diffaactivith Rietveld refinements and mag-

netic measurements to investigate potential supergading properties.

6.2 Results and Discussion

Due to performed synthesis optimization all samplese obtained as polycrystalline
powder material from solid state reactions. In Fegd the refined crystal structure of

Ca.7Pr.deAs from X-ray powder diffraction is illustrated.
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Figure 1: Refined crystal structure of ¢@rFeAs from X-ray powder data. Obtained lattice parangeter
yieldeda = 3.936(1)b = 3.872(1)c = 10.31(1), and = 91.14(1) withx = 0.228(2) andR,, = 1.70.

6.2.1 X-Ray Powder Diffraction

The polycrystalline samples were characterized bnay)powder diffraction including Riet-
veld refinements. Based on published single cryd&th of CaPrFeAs (space group
P2:/m) all free lattice parameters as well as atomicitipps and calcium/ praseodymium
occupancies were independently refined. The reseltsaled CaPrFeAs as main compo-
nent with 80 — 88 wt%. The binary arsenides FeAd BnAs as well as Calks, were
present as impurity phases in varying proportidiigure 2 shows the refined diffractograms
for nominalx = 0.15, 0.175, 0.20, 0.225, and 0.25.
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Figure 2: X-ray powder data (blue) with Rietveld fits (red ©a,Pr,FeAs for x=0.15, 0.175, 0.20 (left),
0.225, and 0.25 (right).

In CaxPrFeAs the substituted metal position is eightf@dti-prismatically coordinated by
arsenic. The ionic radii of P(rcn-s=1.27 A) and CH(ren-s= 1.26 A)*® differ only
slightly. Considering additionally the increasedaodtonic attraction of trivalent praseo-
dymium the lattice parameters should hardly chamigfe varying substituent concentration in
the investigated series. The results of powder gdiaements confirm these assumption fea-
turing almost constant values for= 0.15 — 0.25. Refined unit cell axes as wellresrhono-
clinic angle and the unit cell volume of GRBrFeAs are depicted in Figure 3. Minor
variations can be ascribed to the actual substiteencentrations obtained from refined

powder data and EDX measurements (Figure 4).
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Figure 3: Unit cell axes (left), angle, and volume (right) of €@ r,FeAs with x = 0.15 — 0.25. Dotted lines are
guides to the eye.

Furthermore also the occupation of calcium pos#iby praseodymium was obtained from
refined powder data, illustrated in Figure 4 togetwith the corresponding phase amount of
CaxPrFeAs. The results show the trend of increasing praseaay contentx and fit very
well to the nominal values, especially for highabstitution levels. Additionally performed
X-ray spectroscopy measurements (EDX) obtained gdgal agreement of the doping level
with the nominal values. Both methods show a faddrgher praseodymium concentration
for lower nominal valueg = 0.15 and 0.175. This is in line with a distidetcline of sample
qguality as well as phase amount of;(RFeAs for smaller substitution levels 0.15.
Similar results were reported for other praseodymdoped samples with nominal values of
x = 0.10, but experimental concentration of 15 92#® With no apparent structural change
taking place by the substitution of calcium by p@dymium the intrinsic stabilization proba-
bly originates from the electronic contribution. tNe@t reported hypothetical CaFeAsan be
described as a valence compound with isolated arggzagchains 1[As’]. Nevertheless the
experimental results indicate an optimal dopingeldw trivalent praseodymium of> 0.15.
Probably the electronic situation prevents a statdée of the potential stoichiometric parent
compound under regular conditions, while electraoping with trivalent substituents stabi-
lizes the so accessible compounds within a favaigaing range. The so far experimental

inaccessibility of undoped CaFeAsupports this assumption.
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Figure 4: Praseodymium content obtained from Rietveld refinements (blue circlagd EDX analyses (red
circles). Phase amount of GRr,FeAs in the polycrystalline samples (blue columns).

6.2.2 Magnetic Properties

CaxPrlFeAs was characterized by ac-susceptibility investayaimeasured at a small exter-
nal field of 3 Oe. All samples with nominal dopiteyels ofx = 0.15 — 0.25 showed para-
magnetic behavior with a continuous increase ofamslsceptibilities with decreasing tem-
perature. Inverse molar susceptibility featu@drie Weissbehavior. No superconductivity
was induced in the polycrystalline samples of aFeAs in the investigated range (Figure
5).

Figure 5: Molar ac-susceptibility (circles) and inverse syiiiglity (triangles) of Ca,PrFeAs at 1333 Hz and
3 Oe with doping levet from EDX analyses.
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Exemplarily the molar susceptibility of GaPri1deAs was additionally measured on a
SQUID magnetometer at an external magnetic fieltllokOe (Figure 6). Lurie Weissfit of
the inverse data in the range of 1.8 — 300 K obthian effective magnetic moment of
eff = 3.57(1). The exact substitution level was takem EDX analysis. With the magnetic
moment of trivalent praseodymiungz(Pr*") = 3.4 — 3.6 listed in the literatufé the obtained
result can clearly be ascribed to the rare earffanio Again no superconductivity was ob-

served.

Figure 6: Molar (blue circles) and inverse (gray circles)capibility of Ca gPry.1-€As with Curie Weissfit
(blue curve) measured at 10 kOe.

Previously CaPrFeAs was described as superconductor with initidlly= 20 K without
further doping. Despite the nominal value was given 10 %, EDX analysis yielded

x = 0.17 andx = 0.20, respectively, while single crystal dataaged 27 %-® This range

is covered by the here analyzed samples, howéwegexperimental results differ. Magnetiza-
tion measurements of @1 1Fe 3As: 002 With conscious oxygen content showed super-
conducting properties, while only a minimal sptigfiof thezerofield-cooledandfield-cooled
curve was observed for the sample with a nominadpmsition of CadPr FeAs.! There-
fore the classification of GaPrFeAs as superconductor was not confirmed by the current
experiments. Due to the reported low sample qudbturing several impurity phases
the alleged superconducting properties can defyniteot be assigned doubtlessly to
CaPrFeAs. More likely the presence of oxygen contributesh® induction of supercon-
ductivity in a different phase, while the here $sized samples in absolute absence of air

and moisture remain paramagnetic.
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6.3 Experimental Section

All samples of CaPriFeAs were synthesized by solid state reactions withrging praseo-
dymium concentration af = 0.15 — 0.25 and a step width of= 0.025. Stoichiometric mix-
tures of the pure elements (> 99.9 %) were heate@00 °C followed by 950 °C under
purified argon and annealed two to three times % € and 900 °C, respectively. The
obtained polycrystalline samples were characterizgdX-ray powder diffraction at room
temperature using a Huber Imaging Plate Guinidratifometer with primary monochroma-
tor and copper radiation. Rietveld refinements lbpawder data based on published single
crystal datd! were carried out using the TOPAS program packaball free lattice para-
meters and atomic positions as well as the calcipraseodymium mixing were indepen-
dently refined. Sample compositions were confirrhgdX-ray spectroscopy (EDX) on a Carl
Zeiss EVO MA-10 scanning electron microscope wittuk&r Nano EDX detector. Ac-
susceptibility data were measured on an ac-susoepéo at 1333 Hz and 3 Oe, dc-
susceptibility using a Quantum Design MPMS-XL5 SQUhagnetometer at 10 kOe.

6.4 Conclusion

Polycrystalline samples of €@ rFeAs with x=0.15 — 0.25 were synthesized by solid state
reactions usingchlenktechnique in the absence of air and moisture. SEmeples were cha-
racterized by X-ray powder data refinement. Obwirs¢ructural parameters revealed no
change of the lattice parameters in line with thad radii of the substituents. Praseodymium
contents were confirmed by refined powder diffrgcéans and EDX analyses in good overall
agreement with the nominal values. The experimaidping concentrations fit very well for
higher nominal values 0.20. With decreasing praseodymium concentrataonpse quality

is reduced and substituent amount increased. Aréavelectronic situation by charge doping
is visible for the distinct stabilization of €& rFeAs with x > 0.15. Since structural factors
were not found as decisive, electronic reasons vemsumed responsible for the still
inaccessibility of the undoped parent compound @af-eDespite reports on superconductiv-
ity in CaxPrFeAs and promising electronic structure calculations samples showed no
superconducting properties at all. Paramagneticakeh was observed by susceptibility
measurements. ACurie Weissfit performed on the magnetic data revealed aecéffe
magnetic moment, which is in excellent agreemetri weported values for praseodymium.
If both experimental results can actually be atiiélol to the same series of compounds,

the peculiar divergence of magnetic propertiesoigas inexplicable and requires additional
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investigations. Otherwise reported supercondugtie#nnot be ascribed as intrinsic property
to the discussed compounds; (R FeAs.
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Abstract

The new calcium iron arsenide compounds &gAFer xMx)2+a)M nn 12 ASn+1)n+2)2
(n=1 3; M=Nb, Pd, PtM = , Pd, Pt) were synthesized and their crystal sirestde-
termined by single crystal X-ray diffraction. Theries demonstrates the structural flexibility
of iron arsenide materials, which otherwise préégered structures, as is known from the
family of iron-based superconductors. In the nemgounds, iron arsenide tetrahedral layers
are bridged by iron-centered pyramids, giving tsso far unknown frameworks of intercon-
nected FeAs layers. Channels within the structaresoccupied with calcium and palladium
or platinum, respectively. Common basic buildingdis are identified that lead to a better
understanding of the building principles of thesadures and their relation to CaRss.

7.1 Introduction

Layered iron arsenides have earned sweeping progenm the solid state chemistry and
physics communities during the last years becadis#neo emergence of high-temperature
superconductivity up to 55 K* Therewith, the family of layered iron arsenidessviaund

to be a new class of high superconductors beyond the copper oxides discdvier¢he
1980s? Intensive research has meanwhile identified a grgiamily of layered compounds
each containing two-dimensional FeAs lay8rsA magnetic instability in the iron layers

intertwined with the superconducting properties Heeen uncovered, which can be
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manipulated by chemical doping, pressure, or cotepkeplacement of the separating layers
by other two-dimensional structure fragméefifé The presence of layered structures in both
high T, superconductor families has raised the questi@utathe general necessity of low
dimensionality, but no final consent has been foandhis topic so far. Besides, other struc-
tures, featuring fragments of FeAs tetrahedralrigyare also expected to reveal very inter-
esting properties, although it is not clear whetBeperconductivity could arise in such
systems. In 2009, the compound Cag¥sg with a structure consisting of interconnected
FeAsy. tetrahedral bands forming channels occupied wallsiem was identified’ At the
band joints, iron is pyramidally coordinated by efiarsenic ions connecting two bands.
Magnetic measurements identified iron(ll) in theABg, tetrahedra but also remarkably
iron(l) in the FeAgs pyramids® Also, hints to a spin density wave were reporiedllar to

the layered compounds, but despite diverse subetituattempts, no superconducting
properties were achievéd In this paper, we report five new structure typeshe iron
arsenide family with the general composition nga(Fer xMx)@+a)M nn 12 ASn+1)n+2)r2

(M =Nb, Pd, PtM = |, Pd, Pt) withn =1 3, featuring three-dimensional frameworks of
interconnected layers. A structural breakdown esethcompounds to basic building blocks is
given, yielding a systematic understanding of #latronship of these structures to each other
and their close relationship to CaRss; as well as to layered iron pnictides. Finally, the
connection to a long-known class of intermetalbenpounds with a metal-to-pnictide ratio of

2 : 1is illustrated.

7.2 Experimental Details

Polycrystalline samples of the compounds,&a.(Fer xMy)@2+ayM nn 12 ASne1)pe2y2 With
n=2 and 3 and (Ca,N#lre,Nb}Ass were synthesized by solid state methods underearbi
pressure. Stoichiometric mixtures of pure elemént39.5 %) were heated at 900 1000 °C
in alumina crucibles or niobium tubes, respectiyalyd sealed in silica tubes under purified
argon. The samples were thoroughly homogenizedaandaled twice at 900 1000 °C. The
-polymorphs of the compounds with= 1 and 2 were synthesized from a mixture of kyinar
starting materials and pure elements (> 99.5 %high-pressure synthesis in boron nitride
crucibles at 6 GPa and 1000 °C, using a modifiéalkertype multianvil apparatus>*®
Bulk -CaFePtAss was obtained by both high-pressure and high-teatpes synthesis,
whereas CakAs; was accessible only by high-pressure synthes3aFesPtAs was only
obtainable as a side phase. In the Ca—Fe—Pd—Aensysblid state synthesis always yielded a
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mixture of the - and -modifications. An -type compound has not been identified so far. All

samples were characterized by powder X-ray diffoactising a Huber G670 diffractometer

with Cu-K ; or Co-K ; radiation. Singles crystals were selected from ghbycrystalline

samples, and X-ray intensity data were measureda ®te IPDS-1 or a Bruker D8 Quest dif-

fractometer. Energy dispersive X-ray spectroscopg wsed to check the compositions. The

structure refinements were performed agaffstising the JANA2006 program packatfé.

Rietveld refinements of the powder diffraction datare performed with the TOPAS pack-

age®™ by using the structural data obtained by the simgystal experiments. A typical pat-

tern with a Rietveld fit is exemplarily shown ingiere 1. Up to 10 % of impurity phases were

detected in the bulk samples, mostly binary ars=nid

Figure 1: Powder X-ray diffraction pattern (blue) and RietVét (red) of Ca(Fe,Pt):PAS,.

Table 1: Crystal data and refinement parameters.

compound
structure
composition

space group
Z
a(A)
b (A)
c(A)
(deg)

CaFegAs;
-CaFeAs;
Caké\s;

P2:/m

2
7.2734(6)
3.8149(3)
9.7577(8)
100.704(2)

CaFe Asg

-CaFg Asg
Cay sdNag ad€r.49

Nbo 5:AS6

P2:/m

2
11.3307(9)
3.8078(3)

13.6298(11)

106.154(3)

CaFeaPtAs

-CaFegPtAs
CasFer 70t 20AASs

P2:/m

2
11.3169(5)
3.8809(2)
13.7008(6)
105.957(2)

CaFePdAs

-CaFgPdAs

CaFe; 0P d 9ASs

Pnma

4

26.363(4)
3.8699(5)
11.330(1)
90
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Vol (A%
R, (obs/all)
wWRy(obs/all)

compound
structure
composition
space group
z
a(A)
b (A)
c(A)

(deg)
Vol (A%
R;(obs/all)
wWRy(obs/all)

266.04(4)
0.033/0.037
0.085/0.094

CaFaPtAs
-CaFaPtAs
Cebe; 7,Pt 2sASe

Pnma

4

26.435(3)

3.9177(10)

11.345(2)

90

1174.9(4)

0.051/0.137

0.103/0.113

564.84(8)
0.081/0.134
0.178/0.197

CafFeaPdAs
-CaFesPdAs
CagFey 4P di 26ASs
Pnma
4
19.856(3)
3.9461(5)
15.343(2)
90
1202.2(3)
0.023/0.066
0.044/0.049

7.3 Results and Discussion

During the course of exploration in the field obnrarsenides, five so far unknown crystal
structures were identified by single crystal X-sdgucture determination (Table 1). The com-

pounds obey the general composition of&aFer xMy)2+ayM nin 1y2 ASn+1)n+2)y2 (M = NDb,

Pd, PtM =

systems and feature three-dimensional frameworkatefconnected layers forming parallel

channels. Figure 2 depicts the triangular shagbeothannels fon=1 3. With n> 1, addi-

578.55(5)
0.024/0.031
0.066/0.072

CasFe; Pd:AS
-CasFe;PaAS g

CasFe; g:Pds 1:AS

P/m
2
15.564(3)
3.9679(6)
17.880(3)
108.748(5)
1045.7(3)
0.064/0.125
0.142/0.153

tional sites occur within the channels, which carobcupied b .

Figure 2: Crystal structures of the monoclinic compounds &g(Fer My)@+a)M'nin 12 ASisnymne2y2 (M = Pd,
, Pd, Pt) wittn =1 3 showing the channel shapes for varyimg

PtM' =

106

1155.9(2)
00368
00835

CaFePtAS
-CasFe1PAS
CasFer Pt 3eASc
P2,/m
2
15.499(1)
3.9807(2)
17.814(1)
109.169(1)
1038.1(1)
003568
ooDa1

, Pd, Pt) withn =1 3. They crystallize in monoclinic or orthasimbic crystal
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The new structures crystallize in the space grdeisn or Pnma respectively, where they
all share a shoft axis of about 3.9 A with atomic sites exclusively mirror planes at =/,
and®/,. A three-dimensional framework is formed by cowdle bonded and interconnected
iron arsenide layers, assembling equilateral tudargchannels. lllustrations of the basic
building units as well as the designation of labefsdistances and angles for a later
discussion are depicted in Figure 3. Similar tocaffeld, the framework can be divided
into coplanar two-dimensional frames O0p[Feyn+1)(ASaa)2n1) (ASar)4], diagonal braces
1[Fen(ASaia)2mn 1) (AS37)2(AS1/7)2], and joints 1[Fe(Asy7).As17], generally keeping in mind
their infinite arrangement along the shbraxis. This metaphoric description of the building
blocks will be conveniently used for further sturet discussion. The channels within the
structures are populated with calcium and, depgndimthe compound composition, as well

with arsenic and palladium or platinum in trigompddnar coordination.

Figure 3: Basic building blocks of the compounds,Gay(Fer M) 2+ayM'nn 1y2 ASpe1)n+2)2 (I€ft) @and coordina-
tion polyhedra and labels for distances and ar(gigist).

The frames are formed by edge-sharing RgAstrahedral layers corresponding to &ei-
PbO type. The atomic distancek)(and angles (and ) are comparable to the values found
in the structures of the layered iron arsenideduifing in-plane Fe—Fe metal bondirety)(®
Corresponding features were found for the bracdls the mere difference of their restricted
extent in the second dimension. A distinctly difier situation was found for the joints.
There, iron is surrounded by five arsenic atompyiramidal coordination. The base plane is

formed by a rectangular arrangement of arsenichiwithese pyramids, the Fe As bond
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lengths @s andds) are significantly enlarged compared to the teddahl layersd,). The same

situation was found regarding Fe—Fe distandesu(dds). Thus, the interaction of the braces

to the frames is decreased, leading to a certajredeof two-dimensionality conserved in this

structures, which can be also seen from the preseicontinuous frames, being reminiscent

of the layered iron arsenide structures. Neverfiselthe rectangular base plane of the joint

pyramids leads to a local distortion within thenfies. Therefore, each structure features one

very small angle caused by a frame iron capping the shoe eflthe pyramid base. Table 2

gives a comparison summary of selected distanatamgles for the compounds investigated.

Table 2: Selected interatomic distances (A) and bond ar(gieg).

structure
composition

dy(Fe—Fe)
dx(Fe—Fe)
dy(Fe—Fe)
d4(Fe—As)
ds(Fe—As)

ds(Fe—As)
(As—Fe-As)

(As—Fe—-As)

d/(M—As)

structure
composition
dy(Fe—Fe)

dx(Fe—Fe)
ds(Fe—Fe)
dy(Fe—As)
ds(Fe—As)

ds(Fe—As)

108

-CaFeAs;
CakRfAs;

2.5973(9)-
2.7634(13)

2.9824(9)-
3.0241(10)

2.6982(12)-
2.7697(14)

2.3830(10)-
2.4712(11)

2.6158(9)-
2.6235(9)

2.5062(9)

92.468(30)-
106.950(34)

109.424(33)-
116.309(34)

-CaFePtAs

Cab657:Pt 26ASs

2.6232(20)-
2.8859(13)

2.9651(18)-
2.9979(20)

2.6958(29)-
2.9675(21)

2.3732(21)-
2.5513(12)

2.6748(18)-
2.7123(18)

2.5579(27)

-CaFe Asg
Cap sdNag 4d€ 49
Nbo 5:/ASs

2.6440(4)-
2.8029(4)

2.9397(3)-
2.9582(4)

2.7800(4)-
2.8916(3)

2.3983(4)-
2.4623(3)

2.6753(3)-
2.6803(3)

2.6202(4)

96.431(15)-
108.352(13)

109.153(4)-
115.268(4)

-CaFePdAs

CaFey 4P ds 2cAsg
2.6827(14)-
2.8766(14)

2.9881(12)-
3.0224(13)

2.7802(19)-
2.9594(14)

2.3485(18)-
2.5626(11)

2.7610(13)-
2.7427(12)

2.5700(18)

-CaFePtAs
CaFer 71Pt 26ASs

2.6023(15)-
2.8731(11)

2.9425(12)-
2.9762(17)

2.7275(22)-
2.9591(14)

2.3861(9)-
2.4767(10)

2.6565(12)-
2.6718(14)

2.5703(16)

92.219(62)-
111.216(55)

106.464(3)-
115.670(3)

2.4785(12)-
2.4929(10)

-CasFePaAS

CasFey g:Pds 1-AS
2.7041(3)-
2.8830(3)

3.0232(3)-
3.0299(3)

2.7879(4)-
2.7975(4)

2.3618(3)-
2.5828(3)

2.7520(3)-
2.7647(3)

2.5905(4)

-CaFagPdAs
CaFe; 0P dh gsASs

2.6069(5)-
2.8500(23)

2.9481(19)-
2.9902(19)

2.7159(21)-
2.9367(21)

2.3855(19)-
2.4998(16)

2.6577(6)-
2.6836(7)

2.5772(23)

93.918(19)-
111.154(94)

107.552(5)-
114.892(4)

2.4459(22)-
2.4592(19)

'CaaFe]_]PtgASlo

CaFer 6Pt :sAS1c
2.6409(14)-
2.8881(5)

2.9714(10)-
3.0033(14)

2.7214(17)-
3.0074(14)

2.3952(12)-
2.5775(9)

2.7135(12)-
2.7443(15)

2.5531(17)
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(As—Fe-As)  93.631(85)- 99.098(6)- 98.506(10)- 94.900(64)-
111.786(64) 110.940(53) 112.772(10) 112.246(49)
(As—Fe-As) 105.123(3)- 107.791(4)- 107.580(9)- 107.567(2)-
114.849(8) 113.733(3) 113.265(10) 113.820(2)
dr(M—As) 2.4496(15)- 2.4481(13)- 2.4424(3)- 2.4305(13)-
2.4594(15) 2.4614(16) 2.4683(4) 2.4478(9)

Figure 4: Different polymorphs of Gg.iyAFer M) +ayM'nin 12 ASpenyns2yz With n=2; (a) -CaFeM'Asg;
(b) -CaFesM'Asg; (€) -CasFgM'Ass.

The compounds G@+1yAFer xMy)+a)M nn 12 ASp+1yn+2)2 COMprise channels of varying size
defined by the iron arsenide framework. Thus, ddpanon its size, each channel is popu-
lated withn(n + 1)/2 calcium atoms, each trigonal-prismaticatiprdinated by arsenic. These
CaAs prisms share faces, giving rise to strands withéchannels. Additionally, compounds
with n 2 feature the possibility to host further metalmas M in each center of three edge
connected strands, while this particular site igotral-planar coordinated by arsenic. Com-
pounds with a vacancy, palladium, or platinum & #iite were found fon = 2, and palladium
or platinum for a structure with= 3 could be identified so far. Similar planar mtioation of
palladium and platinum by arsenic was found in @aPand in other compound§:*”! For
compounds exceeding = 2, the channel size within the iron arsenidenfaork cannot
coordinate all calcium atoms anymore. Thereforéjtamhal arsenic is incorporated far> 2,
saturating the coordination of calcium. Generalhg iron arsenide frames and braces allow
for partial palladium and platinum substitutiontbe iron sites, whereas hardly any mixing
was traceable at the joints. However, adding nimband sodium to the reaction gives rise to
significant Fe/Nb mixing exclusively at the joindd Na/Ca mixing within the channels.

Similar results were reported for chromium dope&&as;. "

The availability of fundamental structural buildifgocks as frames, braces, and joints

allows for a multitude of different structures, ifaating both different arrangements
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of the channels and different channel sizes with ganeral composition of
Can+y2AFer M) +ayM nin 12 ASpmeyme2y2 andn =1, 2, 3, ... So far we could identify homo-
logous structures fan=1 3 as well as three different polymorphs for 2. Figure 2 illu-
strates the structures with constant channel agraegt anch =1 3, while Figure 4 shows
the different polymorphs found with constart 2. The -polymorph takes a special position
within the presented structure discussion. The ésare intermitted every second channel,
therewith losing their infinite extent in one diten. Considering the case= 0, the general
formula of this compound yields &s. The resulting structure for this type shoulcklany
channels. Indeed, the structure o$A&® (CwSb type) reveals layers of edge-connected FeAs
tetrahedra as well as edge-connected E@fsamids. Thus, even this long-known binary can
be reduced to the basic building units that we rilesd, however, in this special case, braces
and channels are absent. Going the other way tomfiméte limit n= , a hypothetical struc-
ture would consist of a mere one “channel” withiram arsenide frames, braces, and joints
presented anymore. CaPtAs might be consideredsrctmtext!® locally featuring trigonal-
planar coordinated platinum sites as well as edgmected parallel strands of CaAs

Another more distorted representative would be @aPd

The view of fundamental building blocks describedfar even allows for an easy under-
standing of the close relationship of our new dtres to CaFRs; reported in 2009! In this
context, the structure of Cajfes; can be interpreted as a defect polymorph of timepound
with n = 1 with an ordered vacancy of one iron site. @sel view actually reveals Caffe;

as the defect-polytype withn = 1. With the frames being discontinuous, tigpe structures
can be understood as two connected sawtooth lawyéis.each formed by one frame frag-
ment, one brace, and two joints. Figure 5 comphog#is structures with the defect polyhedra
of CaFeqAs; highlighted and contains a schematic illustratodrthe sawtooth-like motif of

the -type.

110



Framework Structures of interconnected Layers ilciGia Iron Arsenides

Figure 5: Comparing the structures of CaRe; (left) in terms of a defect variant teCaFegM'Ass (middle).
Defect sites are highlighted in brown. Sawtoothifrintthe -type structures (right).

Although the existence of frameworks built by tedra frames, braces, and pyramidal joints
IS quite new in the iron arsenide family, it is mtclusively restricted to this class of com-
pounds. Most recentlyKhatun et al. reported the structures of JRbPn; and RbM,Shy,
with M = Mn, Zn, and Cd featuring coplarneagzaglayers of edge-connectdPr, tetrahedra
including MPns pyramids at every kink” In terms of the building block concept that we
applied on our structures, these structures mawati@nalized as frameworks lacking frames

and thus formingigzaglayers of braces and joints.

Figure 6: Crystal structures of G@.yFer xMw)2+3)M'nin 12 ASmenyme2y2 With n =1, 2, 3, emphasizing the tri-
capped trigonal-prismatic A coordination.
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A different approach of framework transition megpaictides and related silicides was given
earlier byJeitschkoand coworkefé'?? and other authot&®?* reporting, for instance, rare
earth cobalt phosphides featuring structure typey gimilar to those of our iron arsenides
Cann+ryAFer xMy)@+anM nn1)2 ASpe1yn+2y2. They describe these structures in terms of a fre-
guently reappearing relation of metal to pnictidenature of 2 : 1, including also metal-rich
binaries like CgP. The common building unit is a tricapped trigegpasmatic coordination

of the pnictide by metal atoms, whereas the diffeegrangements of the®aM units yield

the large plethora of crystal structures knownhiis tlass. The structures of the monoclinic
compounds G@w1y2AFer xMy)e+ay)M nn 12 ASpeyme2y2 With n=1 3 are exemplarily illu-
strated in Figure 6, emphasizing the tricappednpaig coordination of the arsenic. In the
structures presented in this paper, each arsewng &tin the center of an Adg unit, withM
being all metal atoms present. Within the chanrtaksse units are edge-connected but sepa-
rated from neighboring channels by FeAs tetrahéadrars. Very similar structures were re-
ported for the compounds Hog, ScCa@Ps;, and SgCoiPio?Y but with different
arrangements of the triangular channels and panitakporation of different channel sizes as

well as other building blocks in the same structure

The iron arsenide framework structures reportethis paper are supposed to feature inter-
esting magnetic and electronic properties. For @fadzdron(ll) was evidenced for tetrahedral
coordination and iron(l) in the pyramidal enviromm& We have conducted preliminary
density functional theory calculations and foundalesively magnetic ground states for all
compounds. Calculated magnetic moments range frOrd to 2.0 g at the iron atoms of the
frames and braces and up t8.5 g at the joints. However, detailed magnetic measargm
and neutron diffraction experiments are necessaprave this. For the time being, it seems
reasonable to assume a similar situation of twiewdiht iron species for our compounds. Be-
cause the compounds ggauy2AFer xMy)@2+aM nin 1)2 ASin+1)p+2)2 allow for different distances
and arrangements of the iron sites, they presemixaellent model system to study the geo-
metry-dependent interplay of a variety of differemgnetic centers. Still, no superconductiv-
ity was observed yet in any of the compounds desdri despite the presence of two-
dimensional iron arsenide tetrahedral layers. Nbedss, these new phases clarify that
layered iron arsenide structures are not justiotstt to two-dimensional stacking structures
but facilitate the formation of complex three-dirsgmal frameworks.
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7.4 Conclusion

In conclusion, we reported the eight new calciunonir arsenide compounds
CanryAFer M) e+ayM nn 12 ASpenyne2y2 With n=1, 2, 3M = Nb, Pd, Pt, anl = , Pd,

Pt. The structures reveal three-dimensional frannkesvof cross-linked iron arsenide layers
with trigonal channels along a shorexis of 3.9 A. Thereby the size and arrangemethef
channels give rise to the different structures.sTiglationship was also rationalized by the
identification of common structural building blocksd their resemblance to Cakss.
The compounds feature coordination of arsenic #fpior compounds with a metal-
to-pnictide ratio of 2:1. The identification ohdse new structures elucidates the
structural flexibility of iron arsenide layers towda rearrangements. Unlike CaPss,
Cann+ryFer xMy)2+amM nin 1)2 ASi+1)m+2)2 Still feature continuous coplanar FeAdayers and
therewith a certain degree of two-dimensionalityth8ugh no superconductivity has been
observed in these compounds so far, interestinghatagand electronic properties are ex-
pected.
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Summary

8 Summary

Superconductivity and Crystal Structure of the Paladium Iron Arsenides
(CaFe «xPdsAs)10PdsAsg

The new compound (CaiEdPdAs)1)PdASss (Pd1038) was obtained via solid state synthesis
and identified to be isotypic to the recently répdrplatinum analogue. Single crystal struc-
ture determination turned out challenging due tifugé scattering and partial merohedral
twinning. As a member of the iron arsenide famiy1838 is build up from an alternate
stacking of edge-sharing Fefstetrahedra and planar fA&s layers, each separated by
calcium. The second negatively charged layer farareer-sharing PdAs squares stabilized
by As, dimers. Next to a systematic palladium vacancyiteaclly minor deficiencies of
palladium are evident. Moreover significant irondlladium mixing on the tetrahedral
coordinated positions is omnipresent. Despite evemer preserves fourfold rotational
symmetry the skew stacking yields a triclinic stawe. Lanthanum doping on the calcium
positions improves the sample quality by increaghmy lattice energy. Electrical resistivity
and magnetic susceptibility measurements revealgsbrsonductivity in electron doped
(CayLayFe PdAS))PkASs with zero resistivity below 10 K. Since the shiatgl fraction
was not fully developed at 3.5 K an inhomogeneoistridution of the three types of
substituted positions was assumed. Especiallydeael palladium doping on the iron sites
higher critical temperatures and superconductindgume fractions were predicted. In
>’Fe-M8ssbauer spectra the superposition of thedfiystallographic iron positions is visible.
With an absent hyperfine field contribution no memm ordering is present in
(CayLaFe PdAs))PhASs. The absolute values of the isomer shift compaet to other
iron arsenides. Electronic structure calculatioh@CaFeAs)Pd:Asg revealed iron states do-
minant at theFermi level with only a small contribution of the pallach pDOS. Similar
to other iron arsenide superconductors cylindes-kkeets along show the widely two-
dimensionality of the electronic structure incluglweak perturbations. Therefore in terms of
electronic structure partiddermi surface nesting qualifies Pd1038 as new iron aeesuper-

conductor.

(CaFexPd,As)i0PdsAss with Parent-like Properties

Stoichiometric iron arsenides feature a parenestath structural phase transition via a dis-

tortion from tetragonal to orthorhombic symmetrjxeTmajority of these parent compounds
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are not superconducting, but pass a magnetic oglan the vicinity of the structural
transition. Such a parent state was also assumg@&b-eAs);PhAss, however, experimen-
tal evidence is missing due to high intrinsic padillen substitution on the iron sites. Finally
successful synthesis optimization yielded high iqpdCaFeq xPdAs);)PdAss powder sam-
ples. The palladium content was determined by eefiof X-ray powder data with= 0.04(1)
andz=2.9(1) as well as from EDX analyses yieldingogalt iron/ palladium amount of
FersaPhs)y Due to this low substitution level investigatiansthe scope of a hypothetical
parent state in Pd1038 were possible. The latiizarpeters of the square basal plane distort
below 90 K toa > b by a small but significant splitting. A more drstt effect was assumed to
be prevented by minor palladium substitution. liclittic (CaFePdAs);0P®hASs the iron
arsenide layer showing fourfold rotation symmetngl@rgoes a structural distortion according
to pAmm p2mmin terms of layer symmetry. Indications of an a&ssted magnetic phase
transition were evident from magnetic and eleatmEasurements. Superconductivity discern-
able in the electrical measurement with zero re#igtat 3.5 K was not confirmed by suscep-
tibility analyses. Therefore this effect was ndtiatited as a property of Pd1038, but is rather
assigned to the presence of impurity phases oringargubstitution dispersion. The results
substantiated the previously discussed parentstike in (CaFgPdAS)10PASs analogue to
Pt1038 and other iron arsenide compounds.

Site Preference of Rare Earth Doping in Palladiumion Arsenide Superconductors

The solid solutions (GgREFe «PdAs)o)PdAss with RE = La, Ce, Pr ang = 0.025 - 0.20
were synthesized and characterized yielding limearses of the lattice parameters with in-
creasing rare earth substitution according to ¢iméciradii. The doping level obtained from
refined powder data as well as X-ray spectroscapyicned the nominal values excellently.
Refined compositions of the three variable posgiapproved the high sample quality with
palladium mixing on the iron sites well below 5 @f the five crystallographic calcium
positions four feature sevenfold, one eightfold rdamation by arsenic. Thianti-prismatic
eightfold coordinated site is favored by rare eapants resulting in a significant stabiliza-
tion of 40 kJ/mol as found by electronic structgedculations. Since this doping scenario
prevents palladium over-doping strongly preseni{@aFePdAs);0PdkASs, superconduc-
tivity is induced by rare earth substitution. Witbn states dominating theermi level addi-
tional charge carriers from electron doping acamydb C&'/RE*" are transferred to the iron

arsenide layer. The onset of critical temperatuigss up tol, = 20 K in lanthanum doped
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Pd1038, while main transitions stay below 10 K. Maxm values in all three series were
obtained fory = 0.05 — 0.075 in contrast to other electron doped arsenide superconduc-
tors. The optimal combination of electron dopinggustural stabilization, and diminished
iron/ palladium mixing in rare earth doped (GREFe..PdAs))P®kAss enables the induc-

tion of superconductivity in 1038-type palladiurarirarsenides.

(CayyRE/FeAs) oPdsAsg series withRE = La — Nd, Sm — Lu andy = 0.05, 0.10

The complete lanthanide series of {(REFeAs)PhAss (RE= La — Lu) was studied with
the two doping ratioy = 0.05 and 0.10. Refined X-ray powder data and Eidlyses re-
vealed good agreements of the substitution lewlshie early lanthanides, whiRE= Gd —
Lu feature a reduced dopant tolerance. These valaes assigned as solubility limits, which
were decreased compared to the analogue platinties.sBue to the lanthanide contraction
this result can be understood by the bigger uditvwdume of the palladium structures un-
suitable for the integration of small rare earthsioThe lattice axes decrease RE=La —
Sm with constant substitution level and varying @up in line with the ionic radii. Next to
La, Ce, and Pr doped samples bulk superconductivity induced foRE= Nd, Sm in both
series with slightly reduced onset temperaturel®vohg the trend of the early lanthanides.
Therefore maximum values were obtained by lanthadoping. In (Ca,REFeAs)PtkASs
with RE= Gd — Lu only an onset of superconductivity waslent classifying the compounds
as non-superconducting. This effect was on thehamel ascribed to inhomogeneous RE&/
distributions and minimum doping levels. On theeothhand magnetic susceptibility mea-
surements revealed a superposition of the weakatjagtism with paramagnetic behavior of
the magnetic rare earths. A qualitative trend efrispective paramagnetic effect with listed
effective magnetic moments was discernable. Thepaoison of both series yielded an op-
timal doping level ofy < 10 % atypical for iron arsenide superconductdssan exception the
presence of divalent europium showed considerahlgeased lattice parameters for
(CayEuFeAs)PdAss and paramagnetism. The obtained effective magnatiments are in
excellent agreement with the reported value of Eherefore the experiments on europium
give a reverse reasoning of the concept of supdrmiivity by electron doping in Pd1038.
Compared to the related platinum compounds, {RBFeAs)P®kASs is counter the expec-
tations in the scope of the magnetic propertiesedsas the doping range.
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Combination of Palladium and Platinum 1038 Phasesi(CaFe PdsAs);oPtsAsg

(CaFe.<PdASs)0PdAss being isotypic to the 2011 discovered Pt1038 supetuctors, how-
ever, revealed surprisingly no superconducting @rogs. Since omnipresent palladium mix-
ing on the iron position was assumed responsilslénfe result, (CaRgPdAS)0PtASs quali-
fied as the perfect system to investigate nobleahmibstitution in the 1038 family in the
scope of superconductivity. High quality samplesemabtained synthesizing the series with
x=0.0125 — 0.25. EDX analyses perfectly confirntieel nominal doping levels, which were
also verified by refined X-ray powder data. Moreotlee compression of the unit cell along
the stacking direction with increasing palladiunmismt was obtained comprehensible by the
stepwise substitution af palladium ions on tetrahedrally coordinated irmsifions. In mag-
netic susceptibility measurements superconductiws found forxgpx = 0.047 — 0.162.
Samples with higher substitution levels showed dndéges of superconducting properties
probably due to inhomogeneous substituent disiohutDc-susceptibility and electrical re-
sistivity measurements confirmed the maximal ailtiemperature offc = 11.5 K forx =
0.047. Compounds comprising lower palladium comjpguwere not superconducting, but
show semiconductor-like behavior similar to thegmharcompound. Moreover an analogous
structural phase transition was evident at 90 Khwit= 0.035, while no distortion was
observed fox = 0.047. These results gave rise to a phase dmagith parent state range and
superconducting dome. The series (GaPdAs)10PBASs proved palladium substitution up to
16 % not to be an exclusion criterion for superamtigtity in 1038 compounds, but rather as
an effective doping scenario similar to cobalt akal substitution. Meanwhile the unique-

ness of (CakgPdAs);0PtASs was once more substantiated.

Structure and Properties of (CaFe.xPdyAs);0PdsAss

In the scope of this thesis the corresponding gialla compound to intensively researched
(CaFexPtAs)i10PtAss (Tc = 35 K) was discovered.-(CaFgxPdAs))PdAss (spacegroup
P4/n) was identified by single crystal structure dete@ation to be isotypic to the homolog-
ous tetragonal platinum phase. The refinement tesleigpical structural parameters, while
compared to Pt1048 the lattice parameters aregatdawith respect to the bigger ionic radius
of palladium. All metal positions within the g layer are occupied, however, the deflected
site gives rise to varying square sizes and is eitlp for vacancies yielding a total compo-
sition of (CaFg7sPth24AS)10Pth.ssASs. Despite partial merohedral twinning and distinct
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stacking disorder challenging structure determamasucceeded, but yielded moderate resi-
dual values. In addition to that refinement of highality powder data gave every indication
for the existence of -(CaFexPdAs)0PdiAss (spacegrou® ). All structural parameters,
atomic positions, and changeable palladium occuparno both layers were independently
refined and compared to the isotypic platinum coomab The refined composition was con-
firmed by EDX analyses yielding minor palladium stitution on the iron site and deficien-
cies within the palladium arsenide layer. Therefibre present stacking disorder in Pd1048
enables polymorphism with the two limiting casestaifagonal -type and triclinic -type
identified. Electronic structure calculations e{CaFeAs)Pd,Asg revealed iron states domi-
nant at thé=ermilevel and a pseudo-gap for palladium states. Algihothe density of states
appears analogue to the corresponding Pt1048 camdpaon pDOS is distinctly reduced at
Er and the gap within the palladium pDOS hardly digant. TheFermi surface shows the
typical topology known from other iron arsenide sxgonductors, but also comprises unusual
three-dimensional features. Investigations on thetsc resistivity of Pd1048 showed metal-
lic properties. Measurements of the magnetic sudnkyy revealed paramagnetism with no
trace of superconductivity, which was therefore attributed as a property to Pd1048 in con-
trast to the platinum homologs. With (CaFepBILASss two new members were added to the
still growing family of 1038/ 1048 compounds featgr unexpected and remarkable prop-

erties.

New Structure with substituted Iron Arsenide LayersCaFe xPdcAs;

CaFeg.PdAs, was discovered as a potential new class in théyashiron arsenide super-
conductors. Single crystal structure determinativealed CakgdPh 44AS1.05 With a so far
unknown monoclinic crystal structure of two altdeta stacked arsenic-containing layers
separated by calcium. One comprises metal-centeteghedra layers with high iron/ palla-
dium mixing and typical structural parameters. Beeond features parallel arsemigzag
chains with short bond lengths of 2.37 A. The pedbeular orientation of the infinite chains
to the tetrahedra slices allows for bonding betwsath layers. In terms of the electronic situ-
ation two limiting cases with isolateigzagchains or triple-bonded arsenic were discussed.
The new structure was described in relation tokih@wvn LaMnSj, CeNiSp, and NdRuSi
structure types and derived from the orthorhombist@ype. Magnetic measurements re-
vealed paramagnetism with indication of magnetidedng at low temperature. The high

substitution amount was hold responsible for theeabe of superconductivity, which might
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be expected for lower doping levels or differenbstituents. This presumption was substan-
tiated by electronic structure calculations of saelvé&lealized compounds with= 0, 0.5, 1.
Too low iron pDOS aEr was considered as a possible reason for the absdrsupercon-
ductivity in the investigated sample. Cylinder-ligleets at thEermi surface broken only by
one perturbation characterize hypothetic Cakeshmilar to other iron arsenide compounds.
Therefore initially discovered CaEd’dAs, can be assigned to the group of iron arsenides

featuring a new auspicious crystal structure.

Properties of CaxPr«FeAs, with x = 0.15 - 0.25

Novel CaxPrFeAs was discovered 2014 featuring iron arsenide tettednlayers alternately
stacked with coplanar arseri@zagchains separated by calcium ions. However, sarfiar
doped CaFeAswas not obtained, praseodymium substituted sanvpéee characterized as
superconducting withl. = 20 K. This result based on an oxygen-containimg quality
powder sample with the nominal compositiory R, 1Fe 3AS1 002, Since the assignment of
superconducting properties to \GBrFeAs is equivocal high quality powder samples with
x=0.15 - 0.25 were synthesized under oxygen arnidtane absence. Constant values of the
lattice parameters with varying doping level wardime with ionic radii and oxidation states
of the mixed substituents. Praseodymium conceotratobtained from Rietveld refinements
as well as EDX measurements were in very good aggseto the nominal doping amounts.
The experiments revealed an increased level favimrestduced substitutions= 0.15, 0.175
accompanied with a decrease of the sample qugiith no decisive change of the structural
parameters electronic effects were assumed as lgeokeason why the undoped parent com-
pound is still inaccessible. Ac- and dc-susceptibineasurements revealed paramagnetic
behavior instead of superconductivity. The effexztmagnetic moment derived froGurie
Weissfit was perfectly ascribed to praseodymium. Altgbuhe investigated samples cover
the doping range of the reported phases the resatiserning superconducting properties
differ. The presence of oxygen is supposed to dmrnt to the emergence of superconductiv-
ity in impurity phases, while the samples synthediin the absence of air and moisture re-
main paramagnetic. Therefore the presence of sopeéuctivity in CaxPrFeAs was not

confirmed, but remains questionable.
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Framework Structures of interconnected Layers in C&ium Iron Arsenides

Eight new calcium iron arsenide compounds with theommon formula
CanryAFer M) +ayM nn 2 ASpenypme2y2 (N=1 3; M =Nb, Pd, PtM = , Pd, Pt) were
discovered featuring five so far unknown crystaligures. Crystallizing with monoclinic or
orthorhombic symmetry all compounds share a sharxis of 3.9 A. These structures form
frameworks of interconnected iron arsenide laygqraring parallel channels. As common
building blocks frames of iron arsenide tetrahguheserving a two-dimensional character are
bridged by tetrahedra braces and joints with irofivefold pyramidal coordination. The tri-
angular channels are occupied by calcium, palladiuplatinum as well as arsenic depending
on the structure type. Varying channel sizes gise to homologous structures wiilx 1 — 3,
while different framework settings reveal polymagsh for n = 2. As one limiting case the
long-known binary F&As (n = 0) can be described within this concept feaguamly iron
arsenide tetrahedra and pyramids. Moreover CaPtdgdestorted CaPdAs were discussed in
the scope of an infinite extension of the chanifels ). The systematic description com-
prises also reported Caffs; as defect-polytype withn = 1. With an overall metal to pnic-
tide ratio of 2:1 the new compounds belong tougehfamily of metal-rich pnictides
featuring tricapped trigonal-prismatic coordinatioheach arsenic atom in the center of an
AsMg unit. However, yet no superconductivity was obedrwithin these compounds, the
special features of different iron positions preésdhe prospect of interesting electronic and
magnetic properties. The novel structureg&CagFer xMy)2+a)M nin 12 ASn+1ypn+2)2 lllustrate

the structural flexibility of iron arsenide compalsy which typically prefer layered structures.
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Conclusion

9 Conclusion

The system of calcium iron palladium arsenides staslied in the scope of its structural
chemistry as well as electronic, magnetic, and mugoelucting behavior. The impressive di-
versity of crystal structures, properties, andrtiierrelation allows for several conclusions.
Initially investigated (CakgPdAs);0PthASs comprises all structural and electronic require-
ments of a typical iron arsenide superconductowdwer, the complex structural chemistry
features severe stacking disorder and signifiaamt/ ipalladium mixing. Every evidence of a
parent state in Pd1038 is present, while superaidivily is induced via electron doping by
rare earth substitution with a detectable site gregfce. No superconductivity was found in
(CaFexPdAs)o)PdAss, whereas (CakgPdAs)0PtzAsg revealed a characteristic phase dia-
gram with wide superconducting doping range. Polphit (CaFePdAs)o)PdAsg was
discovered and characterized isotypic to the cpmeding platinum phases. The principles of
charge doping within the 1038 system are violatgdhe absence of superconductivity in
Pd1048 possibly caused by atypical features withe electronic structure. The impact of
minor differences in thEermi surface topologies appears pertinent discussimgitiexpected
and exceptional properties of (CakledAs):PdAss. Therefore next to preferable undoped
iron arsenide layers, the prevention of interlay@mtributions at th&ermilevel is required to
characterize typical iron arsenide superconducioeviations of the two-dimensionkermi
surface topology and reduced iron stateBegprovide additional interference. In this context
CaFexPdAs, was firstly identified with novel crystal strucgjrwhich can be derived from a
known aristotype. Electronic structure calculati@esfirm reduced iron states at tRermi
level due to high iron/ palladium mixing, which gdsly prevents the emergence of super-
conductivity so far. Conversely reported supercatidg properties in GaPrFeAs,
being another 112-type family with closely relatstdictural chemistry, were not confirmed
in validating studies. Besides several new compsundth the common formula
CanyAFer M) e+anM nn1)2 ASrenymi2y2 (N=1 3; M=Nb, Pd, PtM = , Pd, Pt) were
discovered. Build up from the same structural fesiithe unprecedented frameworks of in-
terconnected metal arsenide layers enriched thelesity of iron pnictide compounds. All
investigated structures feature the same motifaf arsenide tetrahedra layers embedded in
various crystal structures and therewith associateque physical properties. These investi-
gations evince the structural repertoire of iroseardes not limited to highly symmetric
layered structures with insulating interlayers, tather testify a sophisticated diversity based

on the complexity of the structural chemistry wiit end in sight.
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10 Appendix

In the following chapter crystallographic data ofrgpounds investigated within this thesis as
well as CSD numbers of presented structures aeasllis

10.1Crystallographic Data of (CaFeAs) Pds:Asg

Table 1: Crystallographic data of (Caf:@P ch 158AS)10P h 80ASs.

Empirical formula CaFe; 4.Pd; 3ASs
Crystal system, space group, nhumber TricliRiE, 2
a, b, c(A) 8.800(1), 8.800(1), 10.603(2)

(degree) 85.271(2), 75.561(2), 90.003(6)
Cell volume (&) 792.2(1)
Calculated density (g cf), Z 5.627, 1
Radiation type, (A) Mo-K , 0.71073
2 range (degree) 1.99 -30.31
Reflections (total, independemt> 3 (1)) 121430, 27887, 7090
Rt R 0.1369, 0.1239
GooF (all) / Goof (3 (1)) 4.29/4.29
Refined parameters, refinement 187,
RL/wrR2 (I 3 (1) 0.0883/0.986
R1 /wR2 (all) 0.0883/0.986
Largest residual peak / hole &%) +8.82/-3.43
Site Wyckoff SOF X y z Uec
Cal 2 1 0.5312(5) 0.1825(5) 0.2318(3) 0.0082(12)
Caz 2 1 0.1356(4) 0.3773(5) 0.2329(3) 0.0069(12)
Ca3 2 1 0.3311(5) 0.7713(5) 0.2315(3) 0.0097(13)
Ca4 2 1 0.7250(5) 0.5763(5) 0.2343(3) 0.0073(12)
Cab 2 1 0.9394(4) 0.9800(5) 0.2044(3) 0.0110(13)
Fel 2 0.784(9) 0.4485(2) 0.6522(2) 0.4994(4) 0.0073(7)
Pd11 2 0.216(9) 0.4485(2) 0.6522(2) 0.4994(4) 0.0073(7)
Fe2 2 0.842(8) 0.2488(3) 0.2486(3) 0.4996(4) 0.0073(7)
Pd22 2 0.158(8) 0.2488(3) 0.2486(3) 0.4996(4) 0.0073(7)
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Fe3 2 0.825(8)  0.1490(2)  0.5495(2)  0.5017(4)  0.0073(7)
Pd33 2 0.175(8)  0.1490(2) 0.5495(2)  0.5017(4)  0.0073(7)
Fe4 2 0.871(8)  0.3500(2)  0.9496(3)  0.4994(4)  0.0073(7)
Pd44 2 0.129(8)  0.3500(2)  0.9496(3)  0.4994(4)  0.0073(7)
Fe5 2 0.886(8)  0.0482(3)  0.8517(3)  0.4994(4)  0.0073(7)
Pds5 2 0.114(8)  0.0482(3)  0.8517(3)  0.4994(4)  0.0073(7)
Asl 2 1 0.5877(2) 0.8686(2)  0.3623(2)  0.0060(7)
As2 2 1 0.7895(2)  0.2629(2)  0.3622(2)  0.0061(7)
As3 2 1 0.9864(2) 0.6682(2) 0.3622(2)  0.0055(6)
As4 2 1 0.1857(2)  0.0643(2)  0.3618(2)  0.0057(6)
As5 2 1 0.3847(2)  0.4648(2)  0.3651(2)  0.0054(6)
Pd1 T 1 0 0.5 0 0.0066(3)

Pd2 | 1 0.5 0 0 0.0066(3)

Pd3 2 0.398(3)  0.4864(4)  0.4954(3)  0.0455(3)  0.0058(8)
As6 2 1 0.7660(2)  0.0967(2)  0.0002(2)  0.0084(2)
As7 2 1 0.9000(2) 0.7666(2)  0.0002(2)  0.0084(2)
As8 2 1 0.6182(2)  0.7436(2)  0.0002(2)  0.0084(2)
As9 2 1 0.2551(2)  0.6175(2)  0.0001(2)  0.0084(2)

The crystal showed strong intense maxima of thedenhal CaF&#s, substructure next to
weak reflection of the 5 x 5 superstructure. Forh2 k 5n significant diffuse scattering
was evident. With present partial merohedral twagrall reflections were ascribed using four
twin domains resulting from rotations of 180 ° andy310), (130), and (001).

125



Appendix

10.2Crystallographic Data of -(CaFeAs)Pd,Asg

Table 2: Crystallographic data of-(CaF 75Pth 24AS)10P b 83ASs.

Empirical formula

Crystal system, space group, number

a b, c(A)

, , (degree)

Cell volume (&)

Calculated density (g ch), Z
Radiation type, (A)

2 range (degree)

Reflections (total, independemt> 3 (1))

Rint- R
GooF (all) / Goof 3 (1))
Refined parameters, refinement

CaFe Pd 2Asis
Tetrag®idiah, 85
8.8533(12), 8.8533(12), 10.229(3)
90, 90, 90
801.76(32)
5.6555,1
Mo-K , 0.71073
3.04 — 34.88
13949, 1216, 325
0.2174, 0.1936
2.43/4.19
B/,

RL/wR2 (I 3 () 0.1076 / 0.0958

R1 /wRz2 (all) 0.2956/0.1108

Largest residual peak / hole f&°) +24.66 / -23.82

Site Wyckoff SOF X y y4 Uec

Cal z 0 0.5 0.2909(26) 0.0132(12)
Ca2 & 0.7958(20) 0.0945(21) 0.2618(5) 0.0132(12)
Fel | 0.746(57) 0 0 0 0.0094(7)
Pd11 2 0.254(57) 0 0 0 0.0094(7)
Fe2 & 0.759(19) 0.0988(10) 0.7004(8) 0 0.0094(7)
Pd22 ) 0.241(19) 0.0988(10) 0.7004(8) 0 0.0094(7)
Asl x 0.5 0 0.1555(16) 0.0086(5)
As2 & 0.1005(10) 0.2002(10) 0.1349(3) 0.0086(5)
Pd1 Y.o] 0 0 0.5 0.0126(18)
Pd2 z 0.413(16) 0.5 0 0.4230(16) 0.0126(18)
As3 & 0.2632(5) 0.1081(7) 0.5057(6) 0.0086(5)

The crystal featured typical intense maxima of @eFeAs, substructure and significant

weaker intensities for 2+ k 5n. The moderate refinement can be ascribed to tgh hi

residual electronic density mainly within the péllam arsenide layer resulting from strong

diffuse scattering alonigfor superstructure reflections. Due to partial omedral twinning the

structure was described by two twin domains impletng a rotation of 180 ° around (120).
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10.3Crystallographic data of Ca(FgPd,)As;.,

Table 3: Crystallographic data of Caf-gPd) 44AS1 05

Empirical formula
Crystal system, space group, number

a b, c(A)

CakgPd 4AS; o
Monocliag/m, 11
8.063(3), 4.137(1), 9.078(3)

, » (degree) 90, 102.8(1), 90
Cell volume (&) 295.3(2)
Calculated density (g cf), Z 5.9353, 4
Radiation type, (A) Mo-K , 0.71069
2 range (degree) 2.59 -30.3
Reflections (total, independemt> 3 (1)) 3483, 988, 390
Rt R 0.047, 0.050
GooF (all) / Goof 3 (1)) 1.04/1.56
Refined parameters, refinement 53,
RL/wR2 (I 3 (I) 0.026 / 0.053
R1 /wRz (all) 0.059/0.089
Largest residual peak / hole &%) +1.22/-1.73
Site Wyckoff SOF X y z Uec
Cal 2 0.9496(5) 0.25 0.2985(4) 0.0123(14)
Ca2 2 0.4498(5) 0.25 0.2992(4) 0.0115(14)
Fel 2 0.55(2) 0.1242(3) 0.25 0.9966(2) 0.0111(7)
Pd1 2 0.45(2) 0.1242(3) 0.25 0.9966(2) 0.0111(7)
Fe2 2 0.58(2) 0.6271(3) 0.25 0.0081(2) 0.0090(7)
Pd2 2 0.42(2) 0.6271(3) 0.25 0.0081(2) 0.0090(7)
Asl ] 0.3406(3) 0.25 0.8446(2) 0.0152(7)
As2 % 0.8322(3) 0.25 0.8453(2) 0.0153(7)
As3 ] 0.89(1) 0.7663(3) 0.25 0.5647(2) 0.0115(9)
As4 % 1.00(2) 0.2660(3) 0.25 0.5651(2) 0.0198(9)
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10.4Crystallographic Data of Framework Structures

10.4.1 -CagFegPdAss

Table 4: Crystallographic data of-Cay(Fey gsdfth.120sPdAS.

Empirical formula Caber oPdh ocASs
Crystal system, space group, number Orthorhonkbiima 62
a, b, c(A) 26.363(4), 3.8699(5), 11.330(1)

, , (degree) 90, 90, 90
Cell volume (&) 1155.9(2)
Calculated density (g ch), Z 6.7302, 4
Radiation type, (A) Mo-K , 0.71073
2 range (degree) 2.93-30.34
Reflections (total, independemt> 3 (1)) 13562, 1965, 1072
Rnt, R 0.061, 0.033
GooF (all) / Goof (3 (1)) 1.69/2.28
Refined parameters, refinement 1E7,
RL/wR2 (I 3 () 0.038/0.082
R1 /wR2 (all) 0.068/0.085
Largest residual peak / hole &) +1.60/-4.19
Site Wyckoff SOF X y z Uec
Cal & 0.26547(10) 0.25 0.58270(3) 0.0122(6)
Ca2 & 0.89722(13) 0.25 0.74030(3) 0.0105(7)
Ca3 & 0.10131(11) 0.75 0.90660(3) 0.0110(7)
Fel & 0.681(18) 0.14736(8) 0.25 0.70187(15) 0.0137(6)
Pd11 £ 0.319(18) 0.14736(8) 0.25 0.70187(15) 0.0137(6)
Fe2 & 0.798(17) 0.15044(8) 0.25 0.46435(16) 0.0151(6)
Pd22 £ 0.202(17) 0.15044(8) 0.25 0.46435(16) 0.0151(6)
Fe3 & 0.885(17) 0.28404(9) 0.25 0.28328(15) 0.0124(7)
Pd33 & 0.115(17) 0.28404(9) 0.25 0.28328(15) 0.0124(7)
Fe4 & 0.874(16) 0.21722(9) 0.75 0.38296(15) 0.0128(7)
Pd44 & 0.126(16) 0.21722(9) 0.75 0.38296(15) 0.0128(7)
Feb5 & 0.993(15) 0.00007(10) 0.25 0.26420(3) 0.0105(8)
Pd55 & 0.007(15) 0.00007(10) 0.25 0.26420(3) 0.0105(8)
Fe6 & 0.920(14) 0.99869(8) 0.75 0.09060(4) 0.0125(6)
Pd66 & 0.080(14) 0.99869(8) 0.75 0.09060(4) 0.0125(6)
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Fe7 & 0.939(14) 0.00335(8) 0.75 0.42330(4) 0.0130(6)
Pd77 4 0.061(14) 0.00335(8) 0.75 0.42330(4) 0.0130(6)
Fe8 & 0.948(14) 0.08041(7) 0.75 0.58240(2) 0.0160(6)
Pd88 & 0.052(14) 0.08041(7) 0.75 0.58240(2) 0.0160(6)
Pd1 & 0.14554(5) 0.25 0.08356(16) 0.0219(3)
Asl 4 0.05226(5) 0.25 0.08550(3) 0.0094(3)
As2 I 0.05625(7) 0.25 0.73660(2) 0.0110(5)
As3 o 0.19229(6) 0.25 0.27106(11) 0.0110(4)
As4 I 0.93920(6) 0.75 0.57180(2) 0.0107(4)
As5 o 0.19115(6) 0.25 0.89557(11) 0.0114(4)
Asb6 I 0.17817(5) 0.75 0.58198(15) 0.0125(3)
10.4.2 -CazFegPdAss
Table 5: Crystallographic data ofCay(Fey 50 th.407)sPdAS.
Empirical formula CéFey 24P d; 26Ass
Crystal system, space group, number Orthorhonftrimyag 62
a b, c(A) 19.856(3), 3.9461(5), 15.343(2)

, » (degree) 90, 90, 90
Cell volume (&) 1202.2(3)
Calculated density (g cf), Z 7.1124, 4
Radiation type, (A) Mo-K , 0.71069
2 range (degree) 2.44 — 30.26
Reflections (total, independent; 3 (1)) 12494, 2035, 993
Rt R 0.095, 0.067
GooF (all) / Goof 3 (1)) 0.76/1.01
Refined parameters, refinement 1E7,
RL/wR2 (I 3 (I) 0.023/0.044
R1 /wRz (all) 0.066 / 0.049
Largest residual peak / hole f&°) +1.29/-1.53
Site Wyckoff SOF X y Z Uec
Cal & 0.63426(11) 0.25 0.19848(15) 0.0094(6)
Ca2 & 0.36720(10) 0.75 0.07234(15) 0.0097(5)
Ca3 & 0.81303(9) 0.25 0.06700(16) 0.0085(5)
Fel & 0.143(11) 0.50712(5) 0.75 0.20389(6) 0.0102(3)
Pd11 & 0.857(11) 0.50712(5) 0.75 0.20389(6) 0.0102(3)
Fe2 & 0.245(11) 0.88208(5) 0.75 0.20804(6) 0.0095(3)
Pd22 & 0.755(11) 0.88208(5) 0.75 0.20804(6) 0.0095(3)
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Fe3 & 0.586(10) 0.70285(6) 0.75 0.78334(8) 0.0077(4)
Pd33 & 0.414(10) 0.70285(6) 0.75 0.78334(8) 0.0077(4)
Fe4 £ 0.579(10) 0.98888(7) 0.25 0.15177(8) 0.0122(4)
Pd44 & 0.421(10) 0.98888(7) 0.25 0.15177(8) 0.0122(4)
Fe5 £ 0.639(9) 0.50209(5) 0.75 0.93184(9) 0.0087(3)
Pd55 & 0.361(9) 0.50209(5) 0.75 0.93184(9) 0.0087(3)
Fe6 £ 0.756(10) 0.87728(6) 0.75 0.91257(8) 0.0079(4)
Pd66 & 0.244(10) 0.87728(6) 0.75 0.91257(8) 0.0079(4)
Fe7 £ 0.820(11) 0.70738(7) 0.75 0.34778(9) 0.0083(4)
Pd77 & 0.180(11) 0.70738(7) 0.75 0.34778(9) 0.0083(4)
Fe8 £ 0.974(10) 0.04145(7) 0.75 0.02513(9) 0.0082(5)
Pd88 & 0.026(10) 0.04145(7) 0.75 0.02513(9) 0.0082(5)
Pd1l £ 0.69442(4) 0.75 0.06549(7) 0.0100(2)

Asl iy 0.57113(5) 0.75 0.06374(9) 0.0101(3)

As2 4 0.75610(5) 0.75 0.92699(8) 0.0105(3)

As3 iy 0.75679(6) 0.75 0.20413(8) 0.0101(3)

As4 4 0.92594(5) 0.75 0.05805(8) 0.0091(3)

As5 iy 0.58525(6) 0.75 0.33111(7) 0.0106(3)

As6 4 0.92477(7) 0.25 0.29728(8) 0.0130(3)

10.4.3 -CagFe1PdsAsig

Table 6: Crystallographic data of-Cas(Fey 71° th 289 11PBAS 0.

Empirical formula CeFes sPd; 1-AS: ¢

Crystal system, space group, humber
a, b, c(A)
(degree)
Cell volume (&)
Calculated density (g cf), Z
Radiation type, (A)
2 range (degree)
Reflections (total, independet> 3 (1))
Rints R
GooF (all) / Goof (3 (1))
Refined parameters, refinement
RL/wR2 (I 3 (l)
R1 /wR2 (all)
Largest residual peak / hole &%)

Monoclirg/m, 11
15.564(3), 3.9679(6), 17.880(3)
90, 108.75(1), 90
1045.7(3)
6.6072, 2
Mo-K , 0.71073
2.36 — 39.93
25471, 3004, 1604
0.1378, 0.2029
2.09/2.70
182,
0.064 /0.142
0.125/0.153
+6.42/-5.18
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Site Wyckoff SOF X y Uec

Cal 2 0.3856(5) 0.75 0.1606(6) 0.0096(8)
Ca2 2 0.0696(6) 0.75 0.3668(5) 0.0096(8)
Ca3 2 0.8587(5) 0.75 0.1604(6) 0.0096(8)
Ca4d 2 0.3323(6) 0.75 0.3697(5) 0.0096(8)
Cab 2 0.2802(6) 0.75 0.5829(4) 0.0096(8)
Cab 2 0.1232(6) 0.75 0.1604(4) 0.0096(8)
Fel 2 0.309(20) 0.2593(2) 0.75 0.7689(2) 0.0060(6)
Pd11 2 0.691(20) 0.2593(2) 0.75 0.7689(2) 0.0060(6)
Fe2 2 0.405(17) 0.4397(2) 0.75 0.7661(2) 0.0060(6)
Pd22 2 0.595(17) 0.4397(2) 0.75 0.7661(2) 0.0060(6)
Fe3 2 0.736(17) 0.9337(4) 0.75 0.9987(3) 0.0084(8)
Pd33 2 0.264(17) 0.9337(4) 0.75 0.9987(3) 0.0084(8)
Fe4 ] 0.600(17) 0.5432(2) 0.75 0.3439(3) 0.0060(6)
Pd44 2 0.400(17) 0.5432(2) 0.75 0.3439(3) 0.0060(6)
Fe5 2 0.687(16) 0.8400(3) 0.75 0.3418(3) 0.0060(6)
Pd55 2 0.313(16) 0.8400(3) 0.75 0.3418(3) 0.0060(6)
Fe6 2 0.778(19) 0.1963(4) 0.75 0.0003(4) 0.0084(8)
Pd66 2 0.222(19) 0.1963(4) 0.75 0.0003(4) 0.0084(8)
Fe7 2 0.873(20) 0.0509(3) 0.75 0.5528(4) 0.0060(6)
Pd77 2 0.127(20) 0.0509(3) 0.75 0.5528(4) 0.0060(6)
Fe8 2 0.824(19) 0.4883(3) 0.75 0.5523(4) 0.0060(6)
Pda8 2 0.176(19) 0.4883(3) 0.75 0.5523(4) 0.0060(6)
Fe9 2 0.777(21) 0.6780(3) 0.75 0.0005(4) 0.0084(8)
Pd99 2 0.223(21) 0.6780(3) 0.75 0.0005(4) 0.0084(8)
FelO 2 0.4428(4) 0.75 0.0043(3) 0.0084(8)
Fell 2 0.931(14) 0.6090(3) 0.75 0.1264(2) 0.0060(6)
Pd111 2 0.069(14) 0.6090(3) 0.75 0.1264(2) 0.0060(6)
Pd1 2 0.9880(2) 0.75 0.7736(2) 0.0116(11)
Pd2 2 0.7147(2) 0.75 0.7727(2) 0.0108(11)
Pd3 2 0.7701(3) 0.75 0.5544(2) 0.0133(10)
Asl % 0.8239(3) 0.75 0.7001(2) 0.0095(13)
As2 % 0.7728(3) 0.75 0.9179(3) 0.0082(14)
As3 % 0.2918(3) 0.75 0.9143(3) 0.0071(8)
As4 % 0.0371(3) 0.75 0.9181(2) 0.0114(13)
Asb5 % 0.5217(3) 0.75 0.9114(2) 0.0071(8)
Asb6 % 0.0934(3) 0.75 0.6976(3) 0.0130(18)
As7 % 0.8849(3) 0.75 0.4878(3) 0.0107(14)
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As8 % 0.6057(3)  0.75 0.4877(3)  0.0120(14)
As9 % 0.5531(3)  0.75 0.6959(3)  0.0113(17)
As10 7S 0.6661(3)  0.75 0.2794(2)  0.0156(12)

To describe all obtained reflection the structueswefined including two twin domains using
a rotation of 180 ° around (001).

10.5CSD Numbers

The crystallographic data (.cif files) of investigd compounds can be obtained by quoting
the corresponding depository number from the Fdommationszentrum Karlsruhe, 76344
Eggenstein-Leopoldshafen, Germany (fax: (+49) 734786 66, e-mail: crysdata@fiz-

karlsruhe.de).

Table 7: CSD numbers of compounds investigated within thésis.

Compound Structure CSD entry
CayoFes 4P d; 3AS18 Pd1038 CSD-426107
CaF@s6Pth.436AS1 947 Ca(Fe.Pd)As; CSD-429054
CaFeAs; -CaFegAs; CSD-427443
Ca5eNag 4.Fe; 4Nbg 51/ASs -CaFg Asg CSD-427439
CasFer 70:Pt1 20:ASs -CaFePtAs CSD-427440
CasFer.03Pth 06:ASs -CaFePdAs CSD-427444
CagF6s.7:0Pt.2:0ASs -CaFesPtAss CSD-427445
CasFey 74P 25ASs -CaFe;PdAs CSD-427446
CasFer 7P 12/AS10 -CasFePdASsg CSD-427441
CasF€r.62,Pts.37:AS10 -CasFePtAso CSD-427442
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11 Abbreviations and Quantities

11.1 Abbreviations

1038
1048
A

ac

AE
AFM
a.u.
BCS
CDW
CN
COHP
dc
DFT
DOS
EDS/ EDX
fc

FS
FWHM

IPDS

LMU

MPMS

(CaFe,M,As)10MsASs (M = Pd, Pt)
(CaFexMyAs)ioMsAss (M = Pd, Pt)
alkaline metal

alternating current

alkaline earth metal
antiferromagnetic order

arbitrary units

acronym oBardeen CooperandSchrieffer
charge density wave
coordination number

crystal orbitaHamilton population
direct current

density functional theory

density of states

energy dispersive X-ray spectroscopy
field cooling

Fermi surface

full width at half maximum
imaging plate diffraction system
impulse vector
Ludwig-Maximilians-Universitat
metal

magnetic property measurement system
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MRI
NMR
Pd1038
Pd1048
pDOS
Pn
Pt1038
P11048
RE

RT

SC
SDW
SG
SOF
SQUID
VASP
Wyckoff
XRD

zfc

magnetic resonance imaging
nuclear magnetic resonance
(CaRePdAS)10PdASs
(CaRePdAS)10PdiASs

partial density of states

pnictide

(CaFgPtAS)10PBASs
(CaFgPtAS)10PUASs

rare earth metal

room temperature
superconductivity

spin density wave

space group

site occupation factor
superconducting quantum interference device
Vienna ab-initio simulation package

Wyckoffposition

X-ray diffraction

zero field cooling

11.2Magnetic Quantities

He
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magnetic volume fraction

magnetic flux density

magnetic hyperfine field splitting (Mdssbauer)
Curie constant

magnetic field

critical field



Abbreviations and Quantities

M magnetization

TN Néeltemperature

M magnetic moment iBohr magnetons

Us Bohr magneton

Meff effective magnetic moment Bohr magnetons

magnetic susceptibility

Vv volume susceptibility

11.3Crystallographic Quantities

vacancy position

deg. degree

F structure factor

GooF goodness of fit

h, k| Miller indices

I intensity

R residual factor

Ueq equivalent thermal displacement parameter
w weighting factor

WR weighted residual factor

Z number for empirical formulas per unit cell

diffraction angle

wave length

11.40ther Quantities

a,b,c unit cell axes
a,b,c reciprocal unit cell axes
at% atom percent
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E energy

Er Fermienergy

eV electron Volt

J Joule

Je critical current density

K Kelvin

mol mole

p pressure

q nesting vector

T temperature

T critical temperature of a superconductor
Transition transition temperature

Vzz main component of the magnetic field gradientderislossbauer)
wt% weight percent

XY, Z mixed or deficient occupancies

v unit cell angles
experimental line width (M6éssbauer)

Eo electric quadrupole splitting parameter (Méssbpuer
isomer shift (Méssbauer)

structural order parameter

angle tetrahedra angle (fourfold)
angle tetrahedra angle (twofold)
density

electrical resistivity

standard deviation
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12 Publications

A considerable part of the results within this thesas published in scientific journals as de-
scribed in the following list. Publications beyotids work, talks, and poster presentations at

scientific conferences are summarized in the sulm#ghapters.

12.1Publications within this Thesis

Superconductivity and Crystal Structure of the Palhdium Iron Arsenides

(CaFe. xPdsAS)10PtsASg

C. Hieke, J. Lippmann, T. Sturzer, G. Friedericks, Nitsche, F. Winter, R. Pottgen,
D. Johrendt

Philos. Mag.2013 93, 3680 — 3689.

For this publication synthesis of (CakBdAs)0P®hASs, crystal selection, and preparation
was done by Christine Stirzer (née Hieke). Singlestal data was measured by Tobias
Sturzer. Structure determination and refinement wagormed by Christine Stirzer in
association with Fabian Nitsche and Tobias StirzBolycrystalline samples of

(CayLayFe xPdAS)0)PkASs were synthesized by Christine Stirzer with assegtaof Judith

Lippmann. Powder X-ray diffraction and ac-suscefityp measurements, Rietveld refine-
ment, data analysis, and picture editing were dopn€hristine Stlrzer, electrical resistivity
was measured by Christine Stiirzer with assistaric&ina Friederichs>’Fe-Méssbauer

studies were performed and evaluated by Floriant&/iand Rainer Poéttgen. DFT calcula-
tions were done by Dirk Johrendt. The manuscripg watten by Dirk Johrendt in association
with Christine Stirzer and Rainer Pottgen. TobiadrZer contributed to discussion and

manuscript revision.

Site Preference of Rare Earth Doping in Palladiumron Arsenide Superconductors
C. Sturzer, A. Schulz, D. Johrendt
Z. Anorg. Allg. Chen014 640,3143 — 3147.

The syntheses of (GgREFe PdAs)PdAss with RE= La, Ce, Pr were done by Christine

Sturzer and Anne Schulz. The implementation of wiwal measurements, Rietveld
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refinements, evaluation and interpretation werefopered by Christine Stirzer. EDX
measurements were done by Christian Minke, SQUIRsmements by Gina Friederichs,
and DFT calculation by Dirk Johrendt. Manuscriptiting, picture editing, and literature
screening were performed by Christine Sturzer. d®Il8tlrzer and Dirk Johrendt assisted by

discussion and manuscript revision.

Combination of Palladium and Platinum 1038 Phasesi(CaFe xPd«As)10PtsAss
Christine Stirzer, Dirk Johrendt
This chapter is in preparation to be published iscéentific journal.

For this publication the samples of (CakedAs)1oPtASs with x = 0.0125 — 0.25 were syn-
thesized by Christine Stiurzer. X-ray diffractioX, and magnetic data were measured by
Christine Sturzer, who also performed Rietveldn@fments, data evaluation, interpretation,
and illustration. Running the measurements on tattresistivity and dc-susceptibility were
assisted by Gina Friederichs and Simon Peschke.temperature X-ray diffraction data was
measured by Franziska Hummel. Literature reseaetiop, and writing the manuscript were
done by Christine Stlrzer. The manuscript was eevlsy Tobias Sturzer and Dirk Johrendt.
Tobias Sturzer contributed to discussions.

New Structure with substituted Iron Arsenides Layes CaFa.xPdAs;
Christine Sturzer, Tobias Sturzer, Dirk Johrendt
This chapter is in preparation to be published iscgentific journal.

Synthesis, crystal selection, and preparation ®fGaFe PdAs; single crystal were done by
Christine Sturzer. Single crystal X-ray data wasasueed by Tobias Stirzer. Structure
elucidation and refinement were performed by CimgsStirzer. Synthesis optimization of
polycrystalline CaFgPdAs,, X-ray powder diffraction and refinement as weHl BDX
measurements were done by Christine Stirzer, SQu#dasurements were run by Gina
Friederichs. Tobias Sturzer performed electroniticstire calculations. Data evaluation,
picture editing, literature screening, and writittge manuscript were done by Christine
Sturzer. Tobias Sturzer contributed to discussidi® manuscript was revised by Tobias
Stirzer and Dirk Johrendt.
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Framework Structures of interconnected Layers in Cé&cium Iron Arsenides
T. Sturzer, C. Hieke, C. Lohnert, F. Nitsche, &htC. Maak, R. Pobel, D. Johrendt
Inorg. Chem2014 53, 6235 — 6240.

Within this publication CakR#s; was synthesized by Roman Pobel with the assistahce
Christian Maak. -Cas(Fe,Pt)PtAs;, -Ca(Fe,Pt)PtAs;, and -Cas(Fe,Pt)iPtAS o were pre-
pared by Tobias Sturzer with assistance of Julitadél, while Christine Stlrzer (née Hieke)
synthesized -Ca(Fe,Pdj}PdAs, -Ca(Fe,PdjPdAs, and -Cas(Fe,Pd);PdAs . Catrin
Léhnert prepared (Ca,Nsilre,Nby Asg. Single crystal X-ray diffraction data was colledt
by Tobias Sturzer and Fabian Nitsche. The strustaf€aFeAs;, -Ca(Fe,Pt)PtAs;, and -
Cas(Fe,Pt)1PtAs o were elucidated by Tobias SturzerCa(Fe,Pt)PtAs by Dirk Johrendt,

-Ca(Fe,Pd)PdAs, -Ca(Fe,PdjPdAs, and -Cas(Fe,Pd);PdAs o by Christine Stirzer,
and (Ca,Ng(Fe,Nb} Ass by Fabian Nitsche. DFT calculations, the analgdistructural
relations, and development of a common classificatif the new compounds were done by
Tobias Sturzer, who also performed literature neseand writing the manuscript. Picture
editing was done by Tobias and Christine Sturzérigiine Sturzer and Fabian Nitsche con-
tributed to data analysis and discussion. The nwimisvas revised by Christine Stiirzer,
Fabian Nitsche, and Dirk Johrendt.

12.2Publications beyond this Thesis

Different Response of the Crystal Structure to isdectronic Doping in BaFe(AsixPx)2
and (BayxSry)FeAs;

M. Rotter, C. Hieke, D. Johrendt

Phys. Rev. B01Q 82, 014513.

Transition Metal Pnictides

D. JohrendtC. Hieke, T. Stlrzer
Comprehensive Inorganic Chemistry(¢lecond edition), Elsevi@013 111 — 135.
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12.3Conference Contributions

Superconductivity and Crystal Structure of Palladium Iron Arsenides (poster)
C. Hieke T. Stirzer, G. Friederichs, F. Nitsche, D. Jotten
SUPER-IRON 2nd Student Workshop, Tsukuba, Japaiv

New Framework Structures with interconnected Iron Arsenide Layers(poster)
T. Stirzey C. Hieke, C. Lohnert, F. Nitsche, D. Johrendt
SUPER-IRON 2nd Student Workshop, Tsukuba, Jap@tv

Des Palladiums Zahmung(talk)
C. Hieke D. Johrendt

Hemdsarmelkolloquium, Kdln, Germar3Q14

Supraleitung in Palladium substituiertem (CaFe;xPdyAs)1oPtzAssg (talk)
C. Hieke D. Johrendt
Erstes Obergurgl-Seminar Festkdorperchemie, Obelghugtria, 2014

Kristallstruktur und Supraleitung der neuen Palladium-Eisenarsenide
(CaFe «PdyAs) oPdsAsg (talk)

C. Hieke D. Johrendt

Hirschegg-Seminar on Solid State Chemistry, Hirgghéustria,2013

Neue polymorphe Verbindungen mit verknupften Eisenesenid-Schichten
Cag(Fe;xPdy)sPdAss (talk)

C. Hieke D. Johrendt

Hirschegg-Seminar on Solid State Chemistry, Hirggh@&ustria,2012
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