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1. Introduction

The development of instrumental analytical methods during the 20th century
greatly influenced modern chemistry and sped up scientific progress. A detailed
knowledge of composition and structure of compounds participating in a reac-
tion enables an understanding of the processes involved and permits systematic
planning of syntheses. A detailed understanding of the structure of a compound
is also the key to understand its properties. Today, one of the most significant
techniques in structure analyis is X-ray diffraction. This method is important
for a wide range of scientific disciplines, e. g. chemistry, pharmaceutics, biol-
ogy and biochemistry, mineralogy and geology, material sciences and physics.
In solid state sciences, the accurate knowledge of structure obtained by X-ray
diffraction helped to understand many phenomena like magnetism, electrical and
thermal conductivity, phase transitions and thermal expansion, ferro-electricity
and piezo-electricity.

One of the most interesting scientific problems, where a solution is required,
is high temperature superconductivity. In 1986, Bednorz and Müller first re-
ported “possible high-Tc superconductivity in the Ba-La-Cu-O system” [1]. The
discovery of YBa2Cu3O7 with a critical superconducting transition temperature
(Tc) of 93 K [2] in 1987 broke all records and exeeded all expectations. Today,
the compound with the highest confirmed critical temperature (133 K) is the
copper oxide HgBa2CaCu2O6+x

[3] and first technical applications of the cuprate
superconductors are on their way. However, while superconductivity in most
low temperature superconductors is explained by the Bardeen-Cooper-Schrieffer
(BCS) theory and therefore fairly well understood, the mechanism of supercon-
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1. Introduction

ductivity in the copper oxides remains unclear even after a quater of a century of
intense research. Recently, the discovery of a new class of unconventional super-
conductors with Tc’s up to 56 K – the iron based superconductors – opened new
possibilities; investigation of these materials and comparison with the cuprates
may help to gain an improved understanding of high temperature superconducti-
vity. Here again, detailed X-ray analysis is necessary to provide the fundamental
information required for an understanding of the structure and properties of these
exceptional materials.

First reports on superconductivity in an iron pnictide oxide – the material
LaFePO with Tc = 5 K – had already been published in 2006 [4], but it was
the discovery of LaFeAsO1−xFx with a critical temperature of 26 K in February
2008 [5], that caught worldwide attention. The non-superconducting parent com-
pound LaFeAsO was reported to undergo a structural phase transition at 150 K,
associated with antiferromagnetic ordering below 134 K and a peculiar anomaly
in the electrical resistance [5–7].

Shortly after these findings, similar properties as in

Fig. 1.1.: Crystal structure of
BaFe2As2.

LaFeAsO were reported for BaFe2As2
[8], followed by

the discovery of superconductivity in Ba1−xKxFe2As2

a few days later [9]. BaFe2As2 crystallizes in the well-
known ThCr2Si2-type structure and consists of layers
of edge sharing FeAs4/4 tetrahedra alternating with
barium atoms [10]. The compound undergoes a phase
transition from tetragonal I4/mmm to orthorhombic
Fmmm at ∼ 140 K, a translationengleiche transition
with index 2. The distortion is rather small; at 20 K
the orthorhombic lattice parameters differ by only 5
pm (0.9 %). The phase transition is connected with
a spin density wave (SDW) causing an anomaly in
the electrical resitivity of BaFe2As2 around 140 K [9]. Below the temperature
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of the phase transition, stripe type antiferromagnetic order with the wave vec-
tor q = (101)O is reported [11]. The magnetic moments are oriented along the
longer orthorhombic axis a and aligned antiferromagnetically along a and c and
ferromagnetically along b.

Partial substitution of barium by potassium leads not only to considerable
structural changes [12], but also introduces holes, as potassium carries one elec-
tron less than barium within its valence shell. In response to this hole doping,
the SDW-transition in Ba1−xKxFe2As2 is shifted to lower temperatures and the
orthorhombic distortion becomes weaker, until for x ≈ 0.3 the phase transition
and antiferromagnetism are suppressed. Additionally, superconductivity is found
for x > 0.1, and a maximum Tc of 38 K is achieved for x = 0.4, as the phase
diagram in Figure 1.2 illustrates. The maximum Tc of 38 K coincidences with an
As-Fe-As angle close to the ideal tetrahedral value [12].

After the discovery of superconductivity in doped BaFe2As2, the so-called 122-
phases with the parent compounds BaFe2As2, SrFe2As2

[10] and CaFe2As2 (the
latter discovered only in 2008 [13,14]) quickly shifted to the focus of researchers
worldwide. Every kind of substitution in the parent compounds that seemed
possible was checked for its ability to induce superconductivity. While super-
conductivity induced by hole doping was likewise found in Ba1−xRbxFe2As2

[15,16]

and Ba1−xNaxFe2As2
[17], hole doping within the FeAs4/4 tetrahedra layer by ex-

changing iron by manganese or chromium did not yield superconductivity [18,19].
Instead, surprisingly the substition of a few percent of iron by cobalt, intro-
ducing additional electrons into the FeAs4/4-layer, was found to cause supercon-
ductivity with a maximum Tc of 22 K [20]. Figure 1.3 shows the phase diagram
of electron-doped Ba(Fe1−yCoy)2As2. Contrary to Ba1−xKxFe2As2, the supercon-
ducting dome of Ba(Fe1−yCoy)2As2 spans only a Co doping range of approx. 10 %.
With increasing Co content, the temperatures of the structural transition Ts and
the temperature of the magnetic phase transition TN separate, with Ts (dashed
line in Figure 1.3) preceding TN (solid line) [21]. Preparation of Ba(Fe1−yCoy)2As2

3



1. Introduction

single crystals in a FeAs/CoAs flux soon gave good results, one reason the 122-
compounds became quickly the most intensivly studied class of iron arsenide
superconductors. Superconductivity in Ba(Fe1−yTMy)2As2 is also stabilized by
substitution of Fe with any element of the Co and Ni colums (TM = Co, Rh,
Ir, Ni, Pd, Pt) [21–24] and for these doping series the superconducting dome scales
rather well (on the overdoped side) with the number of electrons added by the
charge doping [25].

Another possibility of suppressing the SDW-type transition and inducing su-
perconductivity turned out to be isoelectronic doping in BaFe2(As1−xPx)2

[26] or
Ba(Fe1−yRuy)2As2

[27]. The isoelectronic substitution of As by P gives rise to su-
perconductivity for x >0.2 with a maximum Tc = 30 K reached for x = 0.32 [26].
Because of the smaller ionic radius of phosphorus compared to arsenic, the sub-
stitution leads to a shrinking of the unit cell and is often referred to as “chemical
pressure”. At first, the occurrence of superconductivity was attributed to the
shrinking unit cell volume, since BaFe2As2 also shows superconductivity under
physical pressure. However it seems that tiny structural details play an important
role in this case: Detailed single crystal studies of BaFe2(As1−xPx)2 showed that
although As and P are statistically distributed, different z coordinates are found
for both atoms due to larger Fe-As than Fe-P bond lengths [28]. The detailed
structural data reveals a reduction of the Fe-As bonds by 1.4 % for x < 0.25,
followed by convergence to a value of ∼ 236 pm. Phosphorus doping also seems
to increase the width of the d-bands. Both parameters – reduction of the Fe-As
bond length and increasing band width – are coupled with the magnetic moment
and the suppression of the SDW state [28]. This shows how closely structural
details can be correlated to the magnetic and superconducting properties.

The phase diagrams of Ba1−xKxFe2As2, Ba(Fe1−yCoy)2As2 and BaFe2(As1−xPx)2

presented above have a few features in common; irrespective of hole, electron or
isoelectronic doping. The doping increasingly suppresses the spin density wave
anomaly, which seems to be an important precondition for the occurrence of

4
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1. Introduction

Fig. 1.5.: Structures of iron arsenide and chalcogenide superconductors: 11, 111, 1111, 122 and
21311 classes

superconductivity [28]. Superconductivity sets in while SDW anomaly and an-
tiferromagnetism are still observed, but the highest Tc’s are found beyond the
point where the phase transition is completely suppressed. The underdoped part
of the phase diagrams, where both superconductivity and antiferromagnetism are
observed, has long been the subject of controversies whether the antiferromag-
netic and the superconducting phase are separated or microscopically coexisting.
The first convincing evidence, that indeed both phases coexist, was presented
for Ba(Fe1−yCoy)2As2, where the orthorhombic distortion [29] and the intensity
of the (1/2, 1/2, 1) magnetic reflection [30] observed with neutron scattering de-
crease again below Tc. This shows that the onset of superconductivity directly
influences both structure and magnetism and speaks strongly in favor of a co-
existance. Further studies support these results and recent works show similar
effects for Ba(Fe1−yRhy)2As2

[31] and Ba1−xKxFe2As2
[32].

Within the last four years, superconductivity was discovered in several more
classes of compounds containing tetrahedral iron pnictide or chalcogenide layers
– some of which had been known for a long time, others synthesized for the first
time. Today, in addition to the already mentioned 1111- (the rare earth iron
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(a) kz =0
X

Γ

(b) kz =π/2

(π,π)

X

(π,π)

Fig. 1.6.: 2D section of the Fermi surface of BaFe2As2 with nesting vector [47]

arsenide oxides) and 122-classes of iron arsenides, superconductivity is known to
exist in the so-called 111-phases (for example Na1−xFeAs [33,34] and LiFeAs [35–37],
Tc,max ∼ 25 K), the 11-phases (for example FeSe [38] and Fe1+y(Te1−xSex) [39],
Tc,max ∼ 15 K), the 21311-phases (for example Sr2VO3FeAs, Tc ∼ 37 K [40]) and
the 23522-phases (for example Ca3Al2O5−yFe2As2 with Tc = 30.2 K [41]). The most
recent discoveries are the selenides AxFe2−ySe2 (A = K, Rb, Cs, Tl), with a defi-
ciency of both potassium and iron and superconducting transition temperatures
up to 32 K [42,43] and the iron platinum arsenides (CaFe1−xPtx)10PtzAs8

[44–46] with
transition temperatures up to 38 K. Examples for several classes of iron based
superconductors are shown in Figure 1.5. As can be seen in the figure, all iron
based superconductors contain FeAs4/4 or FeSe4/4 tetrahedra layers be separated
by alkaline or alkaline earth atoms, layers of rare earth oxide, platinum arsenide
(not shown in the figure) or by perovskite-type layers.

Since all iron based superconductors share FeAs4/4 (or FeSe4/4) tetrahedra lay-
ers as building blocks, these layers must play a crucial role for superconductivity.
Indeed, the Fe 3d states near EF dominate the electronic properties of the ma-
terial. The electronic structure of the iron based superconductors is that of a
semi-metal [48] and shows quasi-two-dimensional qualities [49]. Figure 1.6 displays
a 2D section of the Fermi surface of BaFe2As2

[47], which consists of a hole like

7



1. Introduction

cylinder around Γ and electron-like cylinders around X, formed by several bands
crossing the Fermi energy from above (∪ shaped, in the case of the electron-
like cylinders) or below (∩-shaped, in the case of the hole-like cylinders). The
hole Fermi surface cylinders are transformed onto the electron surface cylinders
by a commensurate nesting vector (π, π). If this Fermi-surface nesting is good,
charge density wave (CDW) and spin density wave (SDW) instabilities may de-
velop [50]. As described above, BaFe2As2 undergoes a structural and magnetic
phase transition to an antiferromagnetically ordered phase at low temperatures.
The antiferromagnetic wave vector q = (π, π) is the same as the nesting vector
shown in Figure 1.6 [51]. Doping tunes the Fermi surface and shifts the system
away from the good nesting, until finally the phase transition is suppressed. How-
ever, the instability of the electronic structure is also believed to make the system
susceptible to superconducting pairing [51]. Experiments [52,53] as well as theoret-
ical investigations [54,55] suggest that strong interband scattering between nearly
nested Fermi surface sheets plays an important role in superconductivity.

Because the iron d-states dominate the electronic structure close to the Fermi
level and strong Fe-As (and also Fe-Fe) bonds exists, the geometry of the FeAs4/4

tetrahedra layers is strongly coupled to the electronic and magnetic properties of
the iron pnictide superconductors. Thus it is not astonishing that the relationship
between structural parameters and properties is and has been a much discussed
issue. As already mentioned, the highest Tc in Ba1−xKxFe2As2 is observed at x =
0.4, where the As-Fe-As angle ε is close to the ideal tetrahedral angle of 109.47◦.
As shown in Figure 1.7 (top), the FeAs4/4-layer of the 122-compounds contains
two different As-Fe-As angles, ε (twofold) and ε’ (fourfold). The twofold As-Fe-
As angle ε can be calculated from a, c and z using ε = 2 arctan( a/2

(z−0.25)·c) and the
fourfold angle ε’ is dependent on ε through the relation cos(ε′) = 1

2(1 + cos(ε)).
Early on, a correlation between the angle As-Fe-As angle ε and the superconduct-
ing transition temperature in the iron pnictide superconductors was collected by
Lee et. al. [59]. A plot of Tc versus ε for various 1111-compounds showed the high-
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1. Introduction

est Tc’s appear for a FeAs4 coordination close to a regular tetrahedron. Figure
1.7 (top) shows such a plot for a number of 1111-compounds and other iron pnic-
tide superconductors (the highest Tc’s for the different doping series are shown).
However, although there seems to be a trend towards ideal tetrahedral geome-
try in the high Tc compounds, not all compounds with ε close to 109.47◦ also
have high Tc’s. This shows that while ε might have some relevance, it is not the
predominant parameter controlling Tc.

Another parameter discussed for its correlation to Tc is the distance h between
Fe- and the adjacent pnictogen layer [60]. The highest Tc’s of selected supercon-
ductors with a Fe valence of 2+ and undisturbed Fe-layers were found to give a
symmetric curve with a peak around 138 pm (a plot of h versus Tc is shown in
Figure 1.7 (middle)). Superconductors with partial substitution of the Fe posi-
tion deviate, possibly because the disorder within the FeAs4/4 layer is unfavorable
for higher Tc’s. Theoretical calculations suggested that the anion height h might
be a “possible switch” between high Tc nodeless s± and low Tc nodal pairing for
the 1111-compounds [61]. For the 122-compounds, the pnictogen height is given
by h = (z− 0.25) · c and related to the As-Fe-As angle ε by h = d(Fe-As)· cos( ε2).
Thus it depends both on the Fe-As bond length and the angular geometry of
the FeAs4 tetrahedra. The correlation between h and ε is shown in Figure 1.7
(bottom) for 244 pm (blue) ≥ d(FeAs) ≥ 236 pm (black). For a Fe-As distance
of 240 pm (red), the ideal tetrahedral angle of 109.47◦ (vertical line) almost cor-
responds to the “ideal” pnictogen height of 138 pm (horizontal line).

A flaw for all these considerations is the fact that basic structural information
is still lacking for many iron based superconductors, let alone the high quality
data neccesary for an exact determination of the As-Fe-As angle or the Fe-As
bond length. Also, most structural data was determined at room temperature
and not at temperatures close to Tc. To remedy this problem, not only the
synthesis of new superconducting compounds and known superconductors and a
characterization of their physical properties is neccesary in the course of further

10



research on iron arsenide superconductors, but also the gathering of detailed
structural information on all these compounds – a task for crystallographers and
solid state chemists.
Work on this thesis started in 2008, only a few months after the discovery

of superconductivity in doped BaFe2As2. The first goal at that time was the
investigation of further compounds crystallizing in the ThCr2Si2-type structure
with respect to phase transitions, magnetic properties and possible supercon-
ductivity. One candidate that seemed to be very similar to BaFe2As2 because
of its structural phase transitions, was SrRh2As2. However, a closer look re-
vealed a more complicated and challenging structural chemistry. The first two
chapters of this work are devoted to the study and solution of the intriguing
crystallographic problems of the three SrRh2As2 phases and the characterization
of further ternary rhodium arsenides. Furthermore, high quality single crystals
of Ba1−xKxFe2As2 were synthesized and single crystals as well as powder samples
of Ba1−xKxFe2As2 were investigated with synchrotron X-ray diffraction methods
as described in chapters 5 and 6. Finally, the last part of this thesis concentrates
on the question which effects of doping are actually responsible for the occur-
rence of superconductivity in BaFe2As2. Is the superconductivity induced by the
alteration of charge in the FeAs4/4-layer, by the disorder introduced by doping,
or by the structural changes? To help elucidate this issue, several substitution
series of 122-iron arsenides were prepared and the influence of hole and electron
or charge and isoelectronic doping on superconductivity, magnetic and structural
properties and their mutual relationship was studied (chapters 7,8,9 and 10).
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2. Synthesis

2.1. Starting materials and general techniques

A list of the starting materials used in this work is given in table 2.1.
All reactions were carried out in sealed silica ampoules under an atmosphere of
purified argon. Prior to sealing, the silica ampoules were connected to a vacuum
line, evacuated using a rotary vane pump and put under dry argon. The drying
and purification of argon was archieved by passing the gas through columns filled
with BTS-catalyst (copper dispersed on a ceramic carrier matrix, Fluka) kept at
a temperature of 393 K, molecular sieve (porewidth 0.4 nm, Merck) and phos-
phorus pentoxide (Merck).
The synthesis was carried out in tubular furnances with electrical resistance heat-
ing and Pt/PtRh thermocouples to measure the temperature, connected to pro-
grammable controllers (Eurotherm). Checked with an external thermometer, the
actual temperatures were found to vary by ∼ 60 K for different furnances. The
temperature in the furnances used for this thesis was mostly 40 K higher than
measured by the build-in thermocouples at the typical temperatures used for syn-
thesis. This has been taken into account for the temperature programs described
in this thesis.

13



2. Synthesis

Table 2.1.: List of starting materials used in this work

name formula supplier purity appearence
potassium K Sigma-Aldrich 99,95 % ingot
calcium Ca Sigma-Aldrich 99,99 % dendritic pieces
strontium Sr Alfa Aesar 99,95 % dendritic pieces
barium Ba Sigma-Aldrich 99,99 % dendritic pieces
iron Fe Chempur 99.9 % powder
cobalt Co Sigma-Aldrich 99,9 % powder
rhodium Rh * 99,95 % powder
phosphorus (red) P Chempur 99,999 % powder
arsenic As Alfa Aesar 99,999 % pieces
bismuth Bi Fluka 99.99 % granules
lead Pb Chempur 99,999 % granules

*Allgemeine Gold- und Silberscheideanstalt AG

2.2. Preparation of (binary) transition metal
arsenides

The transition metal arsenides used as starting materials (like FeAs, RhAs,
Fe1−yCoyAs and Fe1−yCoyAs1−xPx) were prepared as following: Stoichiometric
amounts of the elements were sealed in pre-dried silica ampoules under an atmo-
sphere of purified argon using an oxyhydrogen burner. During preparation, all
elements were handled in air, but arsenic was stored under an atmosphere of pu-
rified argon. For sample sizes of 0.5 g silica ampoules with ∅ = 11 - 12 mm were
utilized, while 14 - 15 mm were used for 1 g samples. Reaction temperatures up
to 1173 K were used, since at higher temperatures a reaction with the ampoule
material takes place. If several reaction steps (as in the case of Fe1−yCoyAs)
were necessary, the ampoules were opened and all pieces of silica removed before
homogenizing the sample. The reaction products were checked regularly for fer-
romagnetic impurities with the help of a magnet. All transition metal arsenides

14



2.3. Preparation of polycrystalline samples of ThCr2Si2-type compounds

named above are stable in air.

2.3. Preparation of polycrystalline samples of
ThCr2Si2-type compounds

Even though most ternary ThCr2Si2-type phases are stable in air, frequently
air sensitive intermediate products (possibly alkaline or earth alkaline arsenides)
can be observed, quickly oxidizing upon air contact with a change of colour to
brown or red. For this reason, all compounds containing alkaline or earth alkaline
elements were handled only in an argon filled glovebox (MB150-Gl, O2 < 1 ppm,
H2O < 1 ppm, MBraun) until the synthesis was complete.

For the preparation of ThCr2Si2-type phases stoichiometric mixtures of the
elements (or mixtures of alkaline or earth alkaline metal and transition metal
arsenide) were weighed into alumina crucibles, which were placed in pre-dried
silica ampoules (∅ = 14 - 15 mm) that were sealed under an atmosphere of
purified argon. The handling of potassium was facilated by the use of alumina
inlays that also help to reduce the loss of potassium by evaporation during the
reaction. Usually, a first reaction step at lower temperatures (923 K - 1023 K)
followed by homogenization of the sample was carried out to prevent the sticking
of the sample to the crucible. The first reaction step typically yields a mixture
of binary arsenides that react to the ternary compounds upon annealing at 973 -
1273 K. In most cases, complete homogenization of the sample is necessary to get
clean reaction products, sometimes even to get the ternary phase as product at
all. Detailed temperature programs for all compounds are given in the respective
chapters.

The ThCr2Si2-type phases synthesized in this thesis have a metallic appearance
and are stable in air (with the exception of Sr1−xBaxRh2As2 and the potassium
iron arsenides which are unstable in air).
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2. Synthesis

2.4. Preparation of single crystals

A number of single crystals were selected directly from polycrystalline samples.
If the quality of these crystals was not sufficent, flux methods were applied for
the synthesis of high quality crystals.
Synthesis in a Pb/Bi flux was performed using alumina crucibles sealed in silica

ampoules. Depending on the composition, this flux is still liquid at temperatures
as low as ∼ 400 K, because the Pb/Bi phase diagram has an eutectic point for
45 wt % Pb at 398.5 K. After the reaction, the crucibles were smashed and the
reaction mixture put into concentrated acetic acid with a few ml of H2O2 (30 %)
added to dissolve the flux. This typically took several days. From time to time,
H2O2 was added. The suspension was filtered and the crystals washed first with
acetic acid, then with water. In most cases, mixtures of binary and ternary
arsenides were obtained, from which the desired crystals were selected.
Synthesis of Ba1−xKxFe2As2 single crystals gave best results in a FeAs self-flux.

Because of the high melting point of FeAs, synthesis has to be carried out above
1323 K. To prevent the evaporation of potassium at these temperatures, which
would result in the destruction of the silica ampoules, the reaction mixture was
put directly into Nb tubes which were welded under an atmosphere of purified
argon. The closed Nb tubes were again sealed in silica ampoules. The reaction
products were removed from the Nb tubes, if necessary carefully crushed and
single crystals were selected.
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3. Structural Phase Transitions in
SrRh2As2
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3.1. Introduction

The coupling of electronic and lattice degrees of freedom creates some of the most
intriguing phenomena in solid state materials. Two well known manifestations
of electron-lattice coupling are charge-/spin-density-waves (CDW, SDW) [50] and
conventional superconductivity [62]. In superconductors, the coupling is usually
weak, but it determines the critical temperature Tc. Stronger coupling increases
Tc to a certain limit, while too strong interactions can drive the system to a CDW
state, where a structural distortion reduces the electronic energy.

Structural phase transitions associated to CDW instabilities have been ob-
served in many metallic materials with quasi low-dimensional crystal structures,
among them transition-metal chalcogenides [63,64] and oxides [65]. CDW ordering
has often been considered as a manifestaion of the Peierls-instability, thus relying
on nesting, which means that a piece of the Fermi surface can be translated by a
vector q and superimposed on another piece of the surface. Meanwhile, reason-
able doubts arise whether nesting is the only driving force of the CDW, and in
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3. Structural Phase Transitions in SrRh2As2

fact, q-vectors extracted from Fermi surface nesting are in some cases inconsis-
tent with experimental wave vectors [66] even in the archetypical CDW compound
TaSe2

[67].

Layered crystal structures also constitute the basis of the high-temperature su-
perconductors, both the copper oxides [1] and the iron arsenides [5,9]. As described
in chapter 1, the latter are build up by layers of edge-sharing FeAs4-tetrahedra,
separated for example by oxide layers as in LaOFeAs with ZrCuSiAs-type struc-
ture [68] or by alkaline earth metals as in BaFe2As2 with ThCr2Si2-type struc-
ture [10]. These non-superconducting parent compounds exhibit SDW-type phase
transitions, accompanied by a reduction of the space group symmetry from tetra-
gonal to orthorhombic [8,69]. In these materials, the SDW wave vectors perfectly
coincide with the Fermi surface nesting, which is also believed to play a certain
role in the pairing mechanism [70].

The orthorhombic low-temperature structure of BaFe2As2 was first classified [12]

as isotypic to the β-SrRh2As2-type in the space group Fmmm [71]. Indeed also
the rhodium compound transforms to the tetragonal ThCr2Si2-type (γ-SrRh2As2,
space group I4/mmm), but at much higher temperature (555 K) in comparison
with BaFe2As2 (140 K) [8] and SrFe2As2 (210 K) [72]. Furthermore, the orthorhom-
bic lattice distortion, measured as δ = |a−b|/(a+b), is about one order of mag-
nitude larger in SrRh2As2 (δ ≈ 10−2) than in BaFe2As2 (δ ≈ 10−3) Despite the
striking symmetry congruence of the I4/mmm ↔ Fmmm structural transitions
in SrRh2As2 and BaFe2As2, both are not expexted to have the same origin. Since
SrRh2As2 carries no magnetic moment, the driving force is not magneto-elastic
coupling by antiferromagnetic SDW ordering as in BaFe2As2. Thus, the β → γ

transition of SrRh2As2 may be assigned to a possible CDW instability of the
RhAs4/4 layers. Recently published band structure calculations [73] revealed no
hint to an instability, however, the electronic susceptibilty has not yet been an-
alyzed in detail. Furthermore, β-SrRh2As2 transforms to a third modification
(α-SrRh2As2), which is stable below 463 K. The structure of α-SrRh2As2 was

18 V. Zinth et. al. Phys. Rev. B 2012, 85, 014109. c©2012 Am. Phys. Soc.



3.2 Experimental Details

assumed to be closely related to the orthorhombic BaNi2Si2-type (space group
Cmcm), but could not be successfully refined. Thus the structures of the α- and
the β-phases in the following sequence of polymorphs are unclear so far.

α-SrRh2As2
463K−−−→ β-SrRh2As2

555K−−−→ γ-SrRh2As2

In order to shed light on several open issues regarding the crystal structures
and phase transitions of polymorphic SrRh2As2 and its relationships to those
occurring in the isostructural iron arsenides, SrRh2As2 has been synthesized and
detailed single crystal X-ray experiments were conducted.

3.2. Experimental Details

Powder samples of α-SrRh2As2 were synthesized by heating stoichiometric mix-
tures of the elements in alumina crucibles that were sealed in silica tubes under
an atmosphere of purified argon. The mixtures were heated to 893 K, kept at this
temperature for 10 h and cooled down to room temperature. The reaction prod-
ucts were homogenized and annealed at 1273 K for 30 hours several times. For the
synthesis of β-SrRh2As2, the sample was quenched after the last annealing step.
X-ray powder patterns have been measured on a STOE Stadi-P diffractometer
(Cu-Kα1radiation). The TOPAS package [74] was used for Rietveld refinements.

Single crystals of α-SrRh2As2 were grown in a Pb/Bi-flux (55 wt % Bi, ten
times surplus of flux) by heating to 1373 K, holding the temperature for 30 h,
cooling to 433 K with 2 K/h and then quenching the sample. Single crystals
of β-SrRh2As2 were obtained in a similar way using 45 wt % Bi and a cooling
rate of 30 K/h. The flux was dissolved in HAc/H2O2, and revealed platelike
crystals with a tendency to cleave. EDX measurements (on the crystal of α-
SrRh2As2 used for structure determination and the crystal of β-SrRh2As2 used
for high temperature diffraction) confirm the composition and show no Pb or Bi
was incorporated into the structure. The crystals were checked by Laue pho-
tographs using white molybdenum radiation. Single crystal intensity data of α-
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3. Structural Phase Transitions in SrRh2As2
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Fig. 3.1.: Schematical picture of the reciprocal space of α-SrRh2As2 (a) and Sr1−xBaxRh2As2 (b)
with the unit cells of the two twin domains.

and γ-SrRh2As2 was recorded on a STOE IPDS imaging plate detector (Ag-
Kα, graphite monochromator, ψ-scan) equipped with a Heatstream (Stoe & Cie
Gmbh, Darmstadt, Germany) device for high temperature measurements. Sin-
gle crystal intensity data of β-SrRh2As2 was collected on a Gemini four-circle
diffractometer equipped with an Atlas CCD detector. For structure solution and
refinement the SHELX suite of programs [75,76] (α-SrRh2As2 and γ-SrRh2As2) and
the program Jana2006 [77] (β-SrRh2As2) were used. The electronic structure and
Crystal Orbital Hamilton Function (COHP) of α-SrRh2As2 and γ-SrRh2As2 were
calculated from self-consistent TB-LMTO-ASA potentials and wave functions [78]

using density-functional (DFT) methods.

3.3. α-SrRh2As2

Diffraction patterns of the room temperature phase pretended orthorhombic
mmm symmetry as reported in Ref.17, but all attempts at finding a satisfac-
tory structure model failed. A careful inspection of the pattern revealed multiple
twinning, but only two main domains contribute considerably as shown in Fig-
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3.3 α-SrRh2As2

(a) (b) (c)

Fig. 3.2.: (a) Unit cell of α-SrRh2As2, the anisotropic displacement parameters (95 % probability)
are shown. (b) Comparison of the rhodium networks in γ- and α-SrRh2As2 (c).

ure 3.1(a). Their unit cell dimensions are a = 421.2(1) pm, b = 1105.6(2) pm,
c = 843.0(1) pm and β = 95 ◦, respectively. The latter is supported by observa-
tions in single crystals of α-SrRh2As2 with about 10 % of Sr substituted by Ba,
where an easier kind of twinning occurs and the unit cell dimensions can easily
be identified (Figure 3.1(b)). The domains shown in Figure 3.1(a) transform onto
each other by a twofold rotation around [1 0 2] that feigns the two times larger
pseudo unit cell a ≈ 842 pm, b ≈ 1106 pm, c ≈ 842 pm and β = 95 ◦ or a four
times larger pseudo-orthorhombic unit cell with A = -2a-c = 1138 pm, B =-b =
1105.6 pm, C = -2a+c= 1243.2 pm, α = 90◦, β = 90.04◦, γ = 90◦. Integration
of the intensity data was performed using this doubled monoclinic pseudo unit
cell. An absorption correction was performed using the shape of the crystal as
obtained by the diffractometer’s video system. Then the reflections were trans-
formed according to the two domains, stored into a .hklf5 file and merged with
the program mergehklf5 [79]. The structure was solved and refined in the space
group P21/c with R1 = 0.0928 (Table 3.1).
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3. Structural Phase Transitions in SrRh2As2

Table 3.1.: Crystallographic data of α-SrRh2As2

Empirical formula SrRh2As2

Crystal system, space group Monoclinic, P21/c, No. 14
a, b, c (pm) 421.2(1), 1105.6(2), 843.0(1)
β◦ 95.06(2)
Cell volume (nm3 0.3920(1)
Molar mass (g/mol) 443.3
Calculated density (g/cm3), Z 7.53, 4
Radiation type, λ (Å) Ag-Kα, 0.56087
2θ range 3.65 - 29.95
Transmission (min, max) 0.1960, 0.5600
Absorption coefficent (mm−1) 20.46
Total number of reflections 12430
Independent reflections, Rint 3652, 0.2188
Reflections with I > 2σ(I), Rσ 1582, 0.1545
Refined parameters, Goodness-of-fit on F 2 47, 0.86
R1, wR2 (I > 2σ(I)) 0.0928, 0.2312
R1, wR2 (all data) 0.1891, 0.3107
Largest residual peak, hole e−/Å3 5.654, -6.042
Twin fraction 51.7(3) %

Atomic parameters:
x y z Ueq

Sr 4e 0.2478(4) 0.7539(1) 0.1341(2) 0.0184(3)
Rh1 4e 0.2245(3) 0.5067(2) 0.3807(2) 0.0166(3)
Rh2 4e 0.3116(4) 0.0093(2) 0.3522 (2) 0.0179(3)
As1 4e 0.1868(4) 0.4072(2) 0.1126(2) 0.0185(3)
As2 4e 0.2749(4) 0.1229(2) 0.1108(2) 0.0171(3)
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3.3 α-SrRh2As2

Table 3.2.: Interatomic distances and angles of α-SrRh2As2

Interatomic distances and angles
Rh1 - Distance Rh2 - Distance Sr3 - Distance
As4 240.8(2) As4 238.8(2) As4 317.0(2)
As4 246.4(2) As5 239.1(2) As4 319.4(2)
As4 247.0(2) As5 242.4(2) As5 319.5(2)
As5 251.1(2) As5 248.3(2) Rh2 327.8(2)
Rh2 286.4(3) Rh2 284.7(3) As4 330.1(2)
Rh1 288.4(2) Rh1 286.4(3) Rh2 337.1(2)
Rh2 289.0(2) Rh1 288.8(2) As5 338.8(2)
Rh1 294.3(3) Rh1 340.1(2)

Rh1 342.8(2)
As5 - Rh1 344.4(2)
As5 313.0(1)
As4 317.0(1)

Angles
As4-Rh1-As4 105.68(8) As4-Rh2-As5 110.23(7)
As4-Rh1-As4 107.53(7) As4-Rh2-As5 110.89(8)
As4-Rh1-As5 117.5(1) As4-Rh2-As5 123.89(9)
As4-Rh1-As4 117.2(1) As5-Rh2-As5 122.0(1)
As4-Rh1-As5 104.02(7) As5-Rh2-As5 108.54(8)
As4-Rh1-As5 105.46(8) As5-Rh2-As5 79.24(8)

Selected interatomic distances and bond angles of α-SrRh2As2 are compiled in
Table 3.2. The shortest As-As distances between the RhAs4-tetrahedron layers is
313.0 pm, thus no significant interlayer bonding is expected. The Rh-As distances
range from 238.8 to 251.1 pm and the As-Rh-As angles in the RhAs4-tetrahedra
from 79.24 ◦ to 123.89 ◦. The strong distortions of the RhAs4 - tetrahedron
layers are visible in Figure 3.2 (a), which shows the unit cell of α-SrRh2As2. The
distortion is best grasped by looking at the positions of the Rh atoms within
the RhAs-layers (Figure 3.2 (c)). In contrast to the regular square network of
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3. Structural Phase Transitions in SrRh2As2
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Fig. 3.3.: X-ray powder pattern (top, blue), Rietveld fit (top, red) and difference curve (bottom)
of α-SrRh2As2 (blue tick marks)

Rh in the tetragonal high temperature phase with a constant distance of 290 pm
between the Rh atoms (Figure 3.2 (b)), Rh-Rh distances in α-SrRh2As2 vary
from 284.7 pm to 378.5 pm, and chains of four Rh atoms with short distances
alternate with one longer distance between the chains.
A powder diffraction pattern of α-SrRh2As2 together with the Rietveld refinement
is shown in Figure 3.3.

3.4. β-SrRh2As2

First measurements of β-SrRh2As2 single crystals revealed orthorhombic all face
centered symmetry with unit cell parameters a = 1114.4(3) pm, b = 574.4(2) pm
and c = 611.5(2) pm in agreement with Ref.17. An initial refinement using the
space group Fmmm converged to R1 = 0.055, but the anisotropic displacement
parameters were not acceptable and clearly hint at a lower symmetry. The in-
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3.4 β-SrRh2As2
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Fig. 3.4.: (a) h0l-layer of β-SrRh2As2 with main reflections (red arrows) and strong satellite spots
(blue arrows) at q = (1, 0, 0.3311(4)), (b) h-1l-layer with main reflections (red arrows), strong
satellites (blue arrows) and weak satellites (green arrows) corresponding to q = (0.5, 0, ≈1/6)
(contrast in the enlarged part modified).

spection of the diffraction pattern revealed additional satellite spots surrounding
each Bragg position of the orthorhombic cell as shown in Figure 4. These strong
satellite reflections were indexed using the nearly commensurable modulation vec-
tor q = (1, 0, ≈1/3). Additional, very weak spots were detected at q = (0.5, 0,
≈1/6) and further, barely detectable reflections exist for some (h+1/2, k, l+1/2)
(possibly 3rd order satellites) and (h, k+1/2, l+1/2). Using the (0.5, 0, ≈1/6) re-
flections as first order satellites, we have the rather unusual case that the second
order satellites are much stronger than the first order ones. This clearly indicates
that the second order components of the modulation functions are predominant.
As a first approach, we have neglected the weak first order spots and tried to
find a solution using q = (1, 0, 0.3311(4)) as the modulation vector, which is
compatible with the (3+1)-dimensional superspace group Fmmm(10γ)σ00.

A comparison of the lattice parameters shows similarities between the above
mentioned pseudo orthorhombic lattice A, B, C of α-SrRh2As2 and the cell para-
meters of β-SrRh2As2 (a ≈ A, b ≈B/2, c ≈ C/2). Thus it seems possible that the
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3. Structural Phase Transitions in SrRh2As2

α-phase is still partially present in the crystal of the β-phase. This would cause
additional reflections with (h, k+1/2, l+1/2) and violations of the F-centering,
both of which we observe. A multiphase refinement of the crystal gives a sig-
nificantly better fit for the collected data and yields a volume fraction of 68 %
β-phase and 16 % for each of the α-phase twin components. The refinement data
are summarized in Tables 3.3, 3.4 and 3.5. The q-vector is close to commensu-
rable, but the best refinement results were obtained with the incommensurate
model. The overlap option for closest reflections implemented in Jana2006 was
used. Both first and second order satellite reflections are reasonably well refined
(see Table 3.3).

The strongest modulation concerns the position of the Rh-atom in c-direction
(Figure 3.5 a). A crenel function was used to describe the modulation, combined
with a positional modulation function expressed by Legendre polynomial. No
modulation of the Rh atoms in a- and b-directions were observed. The strong
modulation of the Rh atom influences the adjoining As atom, which shows a posi-
tional modulation in c-direction that can be described very well by a combination
of one sinus and one cosinus term (Fig 3.5 b). For the As atom also a second
positional modulation with smaller amplitude is observed in a-direction (Fig 3.5
c). The Sr atoms show pretty much the same modulation in a-direction (Figure
3.5 d). The modulation function of the ADP parameters was also refined, with
the biggest changes found for the ADP parameters of the As atom (see Table 3.4).
Figure 3.6 shows the modulated structure of β-SrRh2As2 (view along the b-axis,
three unit cells in c-direction are shown). Both the slight modulations of As and
Sr in c-direction and the modulations of the ADP parameters are visible. Figure
3.7 c) illustrates the modulation within the RhAs4/4 tetrahedra planes (only the
Rh atoms are shown). The modulation leads to a strong elongation of every
seventh Rh-Rh distance to 358.0 pm along c, while the adjoining distances have
a length of 313.2 pm and 295.8 pm and the shorter ones as well as all distances
parallel to b remain close to 287 pm. Figure 3.7 b) shows the t-plot of the Rh-Rh
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3.4 β-SrRh2As2

Table 3.3.: Crystallographic data of β-SrRh2As2

Empirical formula SrRh2As2

Crystal system, space group orthorhombic, Fmmm(10γ)σ00
a, b, c (pm) 1114.4(3), 574.4(2), 611.5(2)
Cell volume (nm3) 0.3914 (2)
Molar mass (g/mol) 443.3
Calculated density (g/cm3), Z 7.52, 4
Radiation type, λ (Å) Mo-Kα, 0.7107
Temperature (K) 293
2θ range 5.7272 - 58.6562
Transmission (min, max) 0.23117, 1.000
Absorption coefficent (mm−1) 38.425
Total number of reflections 23001
Independent reflections, Rint 1271, 0.0470
Reflections with I > 3σ(I), Rσ 833, 0.0105
Main reflections: I > 3σ(I)/ all 327/ 479
1. order satellites: I > 3σ(I)/ all 225/ 258
2. order satellites: I > 3σ(I)/ all 281/ 534
Refined parameters, Goodness-of-fit on F 2 47 , 5.90
Robs I > 3σ(I)/all 0.0563/ 0.0918
Main reflections: 0.0424/ 0.0567
1. order satellites: 0.0569/ 0.0658
2. order satellites: 0.0911/ 0.19524
wR2 (I > 3σ(I)), wR2 (all) 0.1089/ 0.1260
Main reflections: 0.0982/ 0.0991
1. order satellites: 0.1045/ 0.1054
2. order satellites: 0.1364/ 0.1942
Residual peak, hole e−/Å3 6.67/-5.66
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3. Structural Phase Transitions in SrRh2As2

Table 3.4.: parameters of the modulation functions of β-SrRh2As2

Atom x, y, z U11 U22 U33

Rh 8d 0.75, 0.25, 0.25 0.0252(7) 0.0083(5) 0.0282(7)
Sr 4d 0, 0.5, 0 0.0163(11) 0.0103(12) 0.0174(10)
As 8d 0.1410(2), 0, 0 0.0198(8) 0.0312(10) 0.0204(7)

Fourier coefficients of the modulation functions
uSx uSy uSz uCx uCy uCz

Rh 1. order
0 0 -0.0621(5) 0 0 0
2. order
0 0 0.0255(6) 0 0 0

Sr -0.0141(2) 0 0 0 0 0
As -0.01136(14) 0 0.0278(3) 0.01391(17) 0 0.0227(2)

Crenel function width center
Rh 1 0.5

Coefficients of the modulation function of the ADP parameters
Atom term U11 U22 U33

Rh s 0 0 0
c -0.0000(9) 0.0034(8) 0.00442(15)

Sr s 0 0 0
c 0 0 0

As s -0.0040(9) -0.0220(6) -0.0081(4)
c 0.0049(12) 0.0269(7) 0.0099(5)

U12 U13 U23

Rh s 0.0013(6) 0 0
c 0 0 0

Sr s 0 0 0
c 0 -0.0015(6) 0

As s 0 -0.0079(7) 0
c 0 -0.0064(5) 0
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Table 3.5.: crystallographic data of α-SrRh2As2 in the multiphase refinement

Atom x y Z Uiso
Sr1 0.246(2) 0.757(2) 0.1294(11) 0.020(3)
Rh1 0.215(3) 0.5007(13) 0.3911(15) 0.0104(19)
Rh2 0.308(5) 0.0046(14) 0.348(2) 0.028(2)
As1 0.207(4) 0.4015(15) 0.128(2) 0.038(5)
As2 0.273(3) 0.1244(11) 0.1169(16) 0.021(3)

twinning matrices: β-phase to α-phase
1. (0 1 0 -0.5 0 -1 -0.5 0 1) 2. (0 -1 0 -0.5 0 -1 0.5 0 -1)

distances. As expected, the biggest change of the Rh-Rh distances takes place
near the “jump” of the Rh modulation function. The Rh-As distances (t-plot
shown in Figure 3.7 a) vary from ∼227 pm to 257 pm, the variation is bigger
than in α-SrRh2As2. Both the minimal and maximal distances occur near the
jump of the modulation function of the Rh-atom, as the As atoms adjust to their
bonding partner. Near this point, also enlarged atomic displacement parameters
are observed (Figure 3.6).

This model describes the essential characteristics of the modulated structure of
β-SrRh2As2, even though the much weaker satellite reflections with q = (0.5, 0,
≈1/6) are still neglected. These will probably allow to describe the modulation
in more detail, and maybe help to improve both displacement parameters and
Rh-As distances close to the jump of the modulation. However, due to the very
weak intensity of these spots, we were not able to measure them with the accuracy
required to improve our model.

Previous publications [71] mentioned the β-phase as a high temperature poly-
morph stable between about 463 and 555 K. We confirm these results as we could
observe the phase transition from α to β- phase with high temperature powder
diffraction. A flux synthesized crystal of β-SrRh2As2 showed still the same satel-
lite reflections found at room temperature at 563 K, but the quality was not
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Fig. 3.5.: Fourier map with a) positional modulation of Rh in c-direction, b) of As in c-direction,
c) Positional modulation of As in a-direction, d) of Sr in a-direction.

sufficient for further x-ray analysis. Upon cooling, the crystal transformed to
α-SrRh2As2, the stable polymorph at room temperature.

One might remark that powder samples β- and α-phase were synthesized under
very similar conditions (section 3.2). Indeed, although the synthesis of polycrys-
talline β-SrRh2As2 could be reproduced, later experiments gave α-SrRh2As2. It
seems that β-SrRh2As2 can be quenched only under certain conditions (as it is
the case in the flux). Figure 3.8(a) displays the rietveld-refined x-ray pattern
of a powder sample of β-SrRh2As2 (black and green tick marks) with 16 % α-
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3.4 β-SrRh2As2

Fig. 3.6.: Modulated structure of β-SrRh2As2, projection along b.

SrRh2As2 as side phase (light blue tick marks). β-SrRh2As2 was refined in the
superspace group Fmmm(10γ)σ00 with a slightly simplified version of the struc-
ture model presented above, taking into account only the first order satellite
reflections. These reflections are clearly visible in the diffraction pattern 3.8(b)
(top, green tick marks) and the reason a refinement with just the basic struc-
ture gives no satisfactory fit of the data, as Figure 3.8(b) (bottom) shows, where
β-SrRh2As2 was refined in Fmmm without the modulation.

Although β-SrRh2As2 can be quenched to room temperature under certain
conditions, the polymorph is not entirely stable at this temperature and slowly
transforms to α-SrRh2As2. The fraction of α-phase in the single crystal of β-
SrRh2As2 used for structure determination increased from 7 % to about 30 %
within one year at ambient conditions. A similar increase of the content of α-
SrRh2As2 was observed for a powder sample. Under pressure, the transformation
to the stable α phase takes place rather quickly: at a pressure of 1 - 2 GPa in a
hand press, β-SrRh2As2 changes completely into α-SrRh2As2 within 30 minutes
(Figure 3.9).

β-SrRh2As2 has the characteristics of a pauli-paramagnetic metal: Magne-
tic susceptibility measurements from 300 to 1.8 K on a sample of β-SrRh2As2

with some fraction of α-SrRh2As2 showed values typical for a Pauli-paramagnetic
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metal (between ∼ 5.2 ·10−9 and 5.75 ·10−9 m3mol−1, making the susceptibility al-
most temperature-independent), although some traces of ferromagnetic impurity
were observed.

3.5. γ-SrRh2As2

Several attempts to obtain powder samples or single crystals of γ-SrRh2As2 by
quenching from high temperatures remained unsuccessful, but the diffraction
pattern of a β-SrRh2As2 crystal measured at 623 K showed tetragonal symme-
try. As described in the literature [71], γ-SrRh2As2 crystallizes in the tetragonal
ThCr2Si2-type structure (Table 3.6). The lattice parameter c is 1156.1(3) pm at
623 K, thus elongated compared to 1143.1(6) pm as reported for the γ-phase at
room temperature. [71] Also the ADP parameters are enlarged due to the higher
temperatures.
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3. Structural Phase Transitions in SrRh2As2

Table 3.6.: Crystallographic data of γ-SrRh2As2

Empirical formula SrRh2As2

Crystal system, space group Tetragonal, I4/mmm, No. 139
a, c (pm) 412.68(6), 1156.1(3)
Cell volume (nm3 0.19688(6)
Molar mass (g/mol) 443.3
Calculated density (g/cm3), Z 7.477, 2
Radiation type, λ (Å) Ag-Kα, 0.56087
Temperature (K) 623
2θ range 4.6 - 60.9
Transmission (min, max) 0.0605, 0.6104
Absorption coefficent (mm−1) 20.32
Total number of reflections 2268
Independent reflections, Rint 213, 0.1229
Reflections with I > 2σ(I), Rσ 168, 0.0604
Refined parameters, Goodness-of-fit on F 2 8, 1.158
R1, wR2 (I > 2σ(I)) 0.0376, 0.1392
R1, wR2 (all data) 0.0516, 0.1623
Largest residual peak, hole e−/Å3 4.164, -1.494

Atomic parameters:
Sr 2a (0, 0, 0) Ueq = 0.0211(4)
Rh 4d (0, 0.5, 0.25) Ueq = 0.0286(4)
As 4e (0, 0, z), z = 0.3637(2) Ueq = 0.0255(4)

3.6. Electronic structure and discussion

The distortions of the ThCr2Si2-type structure in SrRh2As2 mainly affect the
Rh-Rh bonds within the RhAs4/4-layer, while the changes of other bond lengths
may be regarded as consequences of that. It seems probable that the origin of the
polymorphism lies in the Rh-Rh bonding situation, which has been analyzed by
the Crystal Orbital Hamilton Population (COHP) method [78]. Figure 3.10 shows
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3.6 Electronic structure and discussion

COHP curves of the Rh-Rh bonds in tetragonal γ-SrRh2As2 with ThCr2Si2-type
structure and monoclinic α-SrRh2As2. For γ-SrRh2As2 (Figure 3.10 a)), the
calculations show strongly Rh-Rh antibonding states around the Fermi energy
EF, caused by ddσ*-type interactions of the in-plane rhodium orbitals within
the square network as shown in Figure 3.2 (right). As those interactions are
quite unfavourable, one would expect the situation to be improved in the low
temperature phases. The very similar situation of SrRh2P2 has been analyzed
earlier in detail. [80] If we look at the structural changes within this Rh-Rh net-
work for the low temperature phases, we first find the distortion from tetragonal
to orthorhombic in β-SrRh2As2. The additional modulation causes strong elon-
gations of several Rh-Rh-bonds (Figure 3.7 c)). Every seventh bond along c is
stretched to 358.0 pm, with the adjoining bonds elongated slightly to 313.2 and
295.8 pm. All other bonds in this direction and all bonds along b are almost the
same as in the γ-phase, with 287.12 pm and 287.4 pm compared to 290 pm in γ-
SrRh2As2. This elongation of several bonds without much shortening of others is
also reflected by the lattice parameters: The identical diagonals in the tetragonal
γ-phase are a·

√
2 = 581.5 pm, and split into 574.4 pm (−7 pm) and 611.5 pm

(+30 pm) in the β-phase. The monoclinic distortion in α-SrRh2As2 is even more
successful in elongating Rh-Rh distances (Figure 3.2): every fourth distance is
widened to 378 pm. The effect of the structural changes on the bonding situation
in α-SrRh2As2 can be studied in the Rh-Rh COHP that is shown in Figure 3.10
(right). Most of the antibonding states that were present at EF in γ-SrRh2As2

have been lowered in energy, and are thus less unfavourable. This can be consid-
ered as a typical CDW scenario, where compounds compensate highly symmetric
but unfavourable bonding situations by splitting bonds in longer and shorter ones
yielding lower symmetry structures. More detailed calculations and analysis of
the electronic structure including the Fermi surface topology are still necessary
to obtain details of a CDW scenario, but are beyond the scope of this work.

In spite of some similarities, this situation is clearly different from that in
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Fig. 3.10.: a) Rh-Rh-COHP of tetragonal γ-SrRh2As2 b) Rh-Rh-COHP of monoclinic α-SrRh2As2

BaFe2As2, where the orthorhombic distortion is much smaller and intimately
connected to magnetic interactions. Our results suggest that the much more pro-
nounced effect in SrRh2As2 is caused by the larger overlap the in-plane 4d-orbitals
responsible for strong Rh-Rh bonding. The higher electron count of SrRh2As2

places the Fermi-level just in the middle of the Rh-Rh antibonding ddσ*-bands
which can be stabilized by splitting in a structure with lower symmetry. This
is different in BaFe2As2, where the Femi-level cuts Fe-Fe antibonding bands of
ddπ* character that overlap too weak to cause a strong lattice distortion.

3.7. Conclusions

In summary, single crystals and powder samples of SrRh2As2 have been synthe-
sized the structures of three polymorphs have been studied in detail. The up to
now unknown structure of α-SrRh2As2 was solved, that crystallizes in the mono-
clinic space group P21/c with a = 421.2(1) pm, b = 1105.6(2) pm, c = 843.0(1)
pm and β = 95 ◦ and is twinned. The previous structural model for β-SrRh2As2
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3.7 Conclusions

was revealed to describe only the average structure. A structural modulation
with q = (0.5, 0, 0.1655) was found, where second order satellites are much
stronger than first order satellites. Taking into account the strong satellites we
present an incommensurate structure in the (3+1) dimensional superspace group
Fmmm(10γ)σ00 with the unit cell parameters a = 1114.4(3) pm, b = 574.4(2)
pm and c = 611.5(2) pm and a modulation vector q = (1, 0, 0.3311(4)). The
strong modulation of the Rh atom could be described by a crenel function and
leads to a variation of the Rh-Rh distances along c from to 287 pm to 358 pm.
For the γ-phase, high temperature single crystal data confirm the ThCr2Si2-type
structure of γ-SrRh2As2 as reported in literature. DFT calculations with COHP
bonding analysis show that distortion and elongation of Rh-Rh bonds lead to
lowering in energy of antibonding states in α-SrRh2As2 compared to tetragonal
γ-SrRh2As2, thus the driving force of the lattice distortions comes from Rh-Rh
bonding and has no magnetic origin as suggested for BaFe2As2.
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4. CaRh2As2 and Sr1−xCaxRh2As2

4.1. Introduction

Several alkaline earth and rare earth rhodium arsenides with composition 1:2:2
have been synthesized and characterized so far, among them SrRh2As2, BaRh2As2,
EuRh2As2

[71] and LaRh2As2
[81]. BaRh2As2 was reported to crystallize in the well-

known tetragonal ThCr2Si2-type structure, where layers of edge sharing RhAs4/4

tetrahedra alternate with barium atoms [71]. In BaRh2As2 this structure remains
stable at low temperatures, no phase transitions were found [82]. SrRh2As2, on
the contrary, shows a more interesting structural chemistry, as described in the
previous chapter.

The structural diversity of SrRh2As2, especially the existance of an incom-
mensurate β-phase, seems to be quite unique among the ternary arsenides with
(high temperature) ThCr2Si2-type structure. However, incommensurable modu-
lated phases have been reported both for SrPt2As2 and EuPt2As2

[83] where the
average structure of can be derived from the CaBe2Ge2-type structure with its
alternating PtAs4/4 and AsPt4/4 tetrahedra layers. The modulated structure of
SrPt2As2 was solved and refined in the superspace group Pmmn(α00)0σ0 with
q = (0.62, 0, 0), the modulation having both occupational and displacive com-
ponents within the RhAs4/4 tetrahedra layer. Under pressure, a lock-in phase
transition with doubling of a was found at 60 kbar. This rises the question how
SrRh2As2 would react to pressure. A way to apply internal or “chemical pressure”
is the substitution of Sr by Ca, as the ionic radius of Ca is smaller than the radius
of Sr. However, CaRh2As2 is unknown so far, only two ternary calcium rhodium
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arsenides - Ca4Rh13As9
[84] and CaRh6As4

[85] are described in the literature, but
no compound with the composition 1:2:2.

Here not only synthesis and properties of CaRh2As2, but also a detailed inves-
tigation of the effects of “chemical pressure” on the structure of SrRh2As2 in the
solid solution Sr1−xCaxRh2As2 are reported.

4.2. Experimental Methods

For the synthesis of polycrystalline CaRh2As2 stoichiometric mixtures of Ca and
RhAs were heated in alumina crucibles, sealed in silica tubes under an atmosphere
of purified argon, heated to 1313 K and kept at this temperature for 30 h. The
reaction products were homogenized and annealed at 1313 K three times for
30-60 h. Single crystals of CaRh2As2 were obtained by heating the elements
first to 1123 K (10h), homogenizing, annealing for 110 h at 1273 K and cooling
to room temperatur at 10 K/h. To synthesize Sr1−xCaxRh2As2, stoichiometric
mixtures of the elements were heated to 893 K with 50 K/h and kept at this
temperature for 10 h. This first step was followed by several annealing steps at
1093 K (10 h) and 1273 K (three times, 20-50 h). After each step, the sample
was well homogenized. For some samples, RhAs or Ca4Rh13As9 and CaRh6As4

were observed as impurity phases. Single crystals of Sr1−xCaxRh2As2 could be
obtained as following: After a first reaction step at 973 K (10 h) the sample was
thoroughly homogenized, heated to 1423 K and kept at this temperature for 20 h
before cooling to room temperature at a rate of 5 K/h.

X-ray powder diffractograms were collected on a STOE Stadi-P (Cu Kα1-
radiation) and for Rietveld refinements, the TOPAS [74] package or Jana2006 [77]was
used. Single crystal intensity data of CaRh2As2 was recorded on a STOE IPDS
imaging plate detector (Mo-Kα, graphite monochromator, φ-scan). For structure
solution and refinement, the SHELX suite of programs and the program Jana2006
were used. Resistivity was measured with a cold pressed and annealed (873 K)
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Fig. 4.1.: (a) X-ray powder pattern (top, blue), Rietveld fit (top, red) and difference curve (bottom)
of CaRh2As2 (blue tick marks) containing 2.8 % of RhAs (grey tick marks). (b) crystal structure
of CaRh2As2.

pellet using by the four probe method. The magnetic properties were measured
utilizing a SQUID magnetometer (MPMS-XL Quantum Design Inc.). The Ca
content of the Sr1−xCaxRh2As2 samples was determined by EDX measurements
where variations by no more than ± 4 % were found.

4.3. Results and Discussion

Figure 4.1(a) shows the powder diffraction pattern and rietveld refinement of
polycrystallinic CaRh2As2; a small percentage of RhAs is observed as impurity
phase. CaRh2As2 crystallizes in the ThCr2Si2-type structure as confirmed by sin-
gle crystal data. The crystal structure was solved and refined in the tetragonal
space group I4/mmm with a = 415.0(6) pm and c = 1023(2) pm (see 4.1) with a
reasonable R1-value of 0.0628. Figure 4.1(b) presents the unit cell of CaRh2As2

(anisotropic displacement parameters with 90 % probability are shown) and Table
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4. CaRh2As2 and Sr1−xCaxRh2As2

4.1 gives an overview of distances and angles in CaRh2As2. The Rh-As distance
is 243.1(3) pm, close to the 240 pm expected for a Rh-As bond. Compared to
the homologous alkaline earth rhodium arsenides, c is much shorter and a com-
pression of the RhAs4-tetrahedra layers along c is observed, with the As-Rh-As
angle ε’ reduced to 105.75(8)◦ and the corresponding As-Rh-As angle ε increased
to 117.20(17)◦. Adding to the effect is a slight elongation of a to a value of
415.0(6) pm in CaRh2As2 compared to 405 pm in BaRh2As2 and close to the
412.6 pm observed for γ-SrRh2As2 at 623 K. Consequently, the Rh-Rh distance
of 293.4(4) pm in CaRh2As2 is longer than the 286.6 pm reported for BaRh2As2

and close to 291.8 pm observed in γ-SrRh2As2 at 623 K. In the low temperature
phases of SrRh2As2, the shortest Rh-Rh distances are 284.7(3) pm (α-phase) and
287 pm (β-phase), much shorter than in what is observed here in CaRh2As2.
The main difference between CaRh2As2 and the other homologous rhodium ar-
senides however lies in the As-As distance between the RhAs4-tetrahedra layers:
while 315 pm are observed for α-SrRh2As2 and ≈ 390 pm in BaRh2As2 or γ-
SrRh2As2, the As-As distance in CaRh2As2 is 258.2(8) pm and As-As bonding
can be expected.

Unlike γ-SrRh2As2, CaRh2As2 undergoes no structural phase transitions. Low
temperature powder diffraction shows no splitting of reflections at low temper-
atures. The resistivity of CaRh2As2 (Figure 4.2(a)) gives no hint at anomalies,
metallic behaviour with ρs= 0.025 mΩm at 300 K is observed. The susceptibility
of the compound is in the range of a Pauli-paramagnetic metal (5.3-5.42 · 10−9

mol−1 m3) and is almost temperature independent between 1.8 K and 250 K
(Figure 4.2(b)).

Our results show that the structure of CaRh2As2 remains tetragonal at low
temperatures, in contrast to SrRh2As2, where two phase transitions associated
with a rather strong distortion of the RhAs4-layers are observed. To find out how
the structure of SrRh2As2 changes under chemical pressure with increasing Ca
content, we prepared the solid solution Sr1−xCaxRh2As2.
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Table 4.1.: Crystallographic data of CaRh2As2

Empirical formula CaRh2As2

Crystal system, space group Tetragonal, I4/mmm, No. 139
a, c (pm) 415.0(6), 1023(2)
Cell volume (nm3 0.1762(5)
Molar mass (g/mol) 395.8
Calculated density (g/cm3), Z 7.46, 2
Radiation type, λ (Å) Mo-Kα, 0.71073
Temperature (K) 293
2θ range 4.6 - 60.9
Transmission (min, max) 0.2404, 0.5691
Absorption coefficent (mm−1) 29.185
Total number of reflections 797
Independent reflections, Rint 101, 0.1444
Reflections with I > 2σ(I), Rσ 88, 0.0607
Refined parameters, Goodness-of-fit on F 2 8, 1.044
R1, wR2 (I > 2σ(I)) 0.0628, 0.1603
R1, wR2 (all data) 0.0664, 0.1584
Largest residual peak, hole e−/Å3 3.404, -1.837

Atomic parameters:
Ca 2a (0, 0, 0) Ueq = 0.0113(14)
Rh 4d (0, 0.5, 0.25) Ueq = 0.0162(9)
As 4e (0, 0, z), z = 0.3738(3) Ueq = 0.0173(9)

Interatomic distances and angles
distance (pm) Rh-Rh 293.4(4)

Rh-As 243.1(3)
As-As 258.2(8)
Ca-As 320.6(4)
Ca-Rh 329.3(4))

angle (◦) As-Rh-As 105.75(8)
As-Rh-As 117.20(17)
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Fig. 4.2.: (a) Normalized electrical resistance ρ/ρ300 of CaRh2As2. (b) molar susceptibility χmol
(open symbols) and inverse molar susceptibility (filled symbols) of CaRh2As2.
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Table 4.2.: Crystallographic data of Sr0.57Ca0.43Rh2As2

Crystal system, space group orthorhombic, Fmmm(10γ)σ00
a, c (pm) 1062.0(5), 579.1(3), 614.1(3)
q-vector (1, 0, 0.347)
Cell volume (nm3) 0.3914 (2)
Molar mass (g/mol) 443.3
Calculated density (g/cm3), Z 7.447, 4
Radiation type, λ (Å) Mo-Kα, 0.7107
Temperature (K) 293
2θ range 3.84 - 30
Transmission (min, max) 0.143, 0.0618
Absorption coefficent (mm−1) 34.74
Total number of reflections 3855
Independent reflections, Rint(all) 1476, 0.1063
Reflections with I > 3σ(I), Rσ(all) 653, 0.069
Main reflections: I > 3σ(I)/ all 391/551
1. order satellites: I > 3σ(I)/ all 262/ 925
Refined parameters, Goodness-of-fit on F 2 26, 4.18
Robs I > 3σ(I)/all 0.0803, 0.1414
Main reflections: 0.0736/ 0.0955
1. order satellites: 0.1005/ 0.2187
wR2 (I > 3σ(I)), wR2 (all) 0.1448/ 0.1492
Main reflections: 0.1429/ 0.1441
1. order satellites: 0.1849/ 0.2377
Residual peak, hole e−/Å3 0.89/ -1.03
Twin fraction 48.39 %
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4. CaRh2As2 and Sr1−xCaxRh2As2

Table 4.3.: parameters of the modulation functions of Sr0.57Ca0.43Rh2As2

Atom x, y, z U11 U22 U33

Rh 8d 0.75, 0.25, 0.25 0.0236(6) 0.0126(5) 0.0296(10)
Sr 4d 0, 0.5, 0 0.0284(16) 0.0229(12) 0.0239(17)
As 8d 0.1360(2), 0, 0 0.0442(15) 0.0564(19) 0.0446(18)

Fourier coefficients of the modulation functions
uSx uSy uSz uCx uCy uCz

Rh 1. order
0 0 -0.0495(5) 0 0 0

Sr -0.0069(10) 0 0 0 0 0
As -0.0092(4) 0 0.0131(8) 0.0105(5) 0 0.0114(7)

Crenel function width center
Rh 1 0.5

Coefficients of the modulation function of the ADP parameters
Atom term U11 U22 U33

Rh s 0 0 0
c -0.001(5) 0.002(4) -0.022(4)

Sr s 0 0 0
c 0 0 0

As s 0.0008(19) -0.034(2) -0.011(2)
c -0.001(2) 0.039(3) 0.012(3)

U12 U13 U23

Rh s 0.0029(19) 0 0
c 0 0 0

Sr s 0 0 0
c 0 -0.005(3) 0

As s 0 -0.007(2) 0
c 0 -0.0057(18) 0
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Effectivly, three different structures are observed for Sr1−xCaxRh2As2: for
SrRh2As2 (x = 0), the stable phase at room temperature is the α-phase, which
is also observed for x = 0.05. However, in the substitution range 0.2 ≤ x ≤ 0.6
the compounds crystallize in the orthorhombic β-phase and for x ≥ 0.8 the or-
thorhombic splitting ceases and the tetragonal ThCr2Si2-type γ-phase becomes
stable. Figure 4.3 (top) presents in detail a section of the rietveld refinement
of Sr1−xCaxRh2As2 with x = 0.05: The clearly visible reflections caused by the
doubling of c (tick marks marked with asterisks) show the compound crystallizes
in the α-phase. For x = 0.2 (Figure 4.3 (bottom)) however, these reflections have
disappeared, and instead satellite reflections (green tick marks, again marked
with asterisks) are observed, indicating that the compound crystallizes in the
β-phase. Indeed the diffraction pattern of a mixed crystal with the composi-
tion Sr0.57Ca0.43Rh2As2 shows satellite reflections corresponding to q = (1, 0,
0.347), indicating an incommensurate modulation. The structure was refined
by using structure model of β-SrRh2As2 in the 3+1 dimensional space group
Fmmm(10γ)σ00 with R1 = 0.0803 (the results are summarized in Table 4.2 and
4.3), which is acceptable taking into account that the crystal is a non-merohedral
twin. As only first order satellite reflections were observed, the structure model
was simplified and the modulation of the Rh-atom described by only one posi-
tional modulation wave.

Figure 4.4 summarizes the changes of a, b, c, the cell volume and the As-As-
distance between RhAs4/4-layers in Sr1−xCaxRh2As2 with increasing Ca substi-
tution. All structural parameters were transformed to the orthorhombic cell for
comparison. The parameters show non-linear variations, as might be expected
due to the occurence of the three different structure types. In total, a shows a
decrease of 8 %, it decreases slightly for x ≤ 0.4, the slope of the decline becom-
ing steeper for 0.4 ≤ x ≤ 0.6 and leveling somewhat for x > 0.7. The lattice
parameters b and c (and thus the magnitude of the orthorhombic splitting) re-
main almost the same throughout the stabiliy range of the orthorhombic phase
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Fig. 4.4.: Structural parameters of Sr1−xCaxRh2As2 (rietveld refinement data): orthorhombic lattice
parameter a in pm (top left), orthorhombic lattice parameters b and c in pm (top right), cell volume
in nm3 (bottom left) and As-As distance d in pm (bottom right). Lattice parameters of α and
γ-Phase were transformed to the orthorhombic cell for comparison.

(0.2 ≤ x ≤ 0.6). The distortion vanishes only after most of the reduction of a
has taken place at x > 0.6, then b increases by 1.6 % and c decreases by 2.8 % to
587.0 pm in the tetragonal phase. In total, b increases by 2.5 % and c decreases by
6 %. Figure 4.4 (bottom right) shows how the As-As distance between RhAs4/4-
layers changes with increasing Ca content. Due to the modulation, a variation of
the values is observed for the β-phase, but less pronounced as one might expect
from Figure 4.5, as the effects of the displacement in c- and a-direction partly
cancel each other out. Upon entering the tetragonal phase, a decrease of the
As-As distances from 282 (x = 0.6) to 265 pm for x = 0.8 is observed.

As we can see, one effect of chemical pressure is the stabilization of first the
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β-phase and then the ThCr2Si2-type γ-phase at room temperature. Of interest
is also the effect of pressure on the modulation of the incommensurate β-phase.
The value of the q-vector is found to change slightly from 0.3311 in β-SrRh2As2

to 0.342 for x = 0.2 and 0.347 for x = 0.4. While the lattice parameters b and c
(and thus the orthorhombic distortion) remain almost constant for 0.2 ≤ x ≤ 0.6,
the displacement of the rhodium atoms in c- direction within the Rh-Rh net-
work becomes weaker, as Figure 4.5 illustrates by comparison of β-SrRh2As2,
Sr0.8Ca0.2Rh2As2 (rietveld refinement data) and Sr0.57Ca0.43Rh2As2. The ampli-
tude of the modulation for the arsenic atoms in c- and a- direction also decreases,
because the modulation becomes less pronounced upon chemical pressure. At the
same time, the satellite reflections become weaker, until they are barely visible
for x = 0.5 (although the modulated model still gives a better fit of the pow-
der data), and finally for x = 0.6, the X-ray-pattern shows no hint at satellite
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4. CaRh2As2 and Sr1−xCaxRh2As2

reflections.

The effect of pressure on incommensurate to commensurate phase transitions
has been extensivly studied for a class of ferroelectrics with composition A2BX4.
One example is K2SeO4, that shows a phase transition to an incommensurate
phase at 129.5 K, followed by a second, lock-in transition to a threefold super-
structure at 93 K [86]. Under pressure, both phase transitions are shifted to lower
temperatures. A decrease or increase of the commensurate to incommensurate
phase transition temperatures under pressure is frequently observed, for exam-
ple in Rb2ZnCl4, K2ZnCl4 [87] and Sn2P2Se6

[88]. In SrPt2As2 the α component
of the q-vector diminishes continously under pressure, until q = (0.5, 0, 0) is
reached at 60 kbar and a lock-in phase transition to the two-fold superstructure
takes place. In the case of Sr1−xCaxRh2As2, the chemical pressure introduced
by the substitution of Sr by Ca influences not only the q-vector and the magni-
tude of the modulation, but also seems to have an effect on the phase transition
temperatures. The temperature of the incommensurate to commensurate phase
transition β → α appears to be lowered under chemical pressure, leading first to
the stabilization of the β- then the γ-phase at room temperature.

To summarize, the synthesis of CaRh2As2, a new compound crystallizing in the
ThCr2Si2-type structure is reported. A distance of only 258 pm between the ar-
senic atoms of neighbouring RhAs4/4-layers enables As-As bonding in CaRh2As2.
The compound is a Pauli-paramagnetic metal and not subject to phase transi-
tions. Investigating the influence of Ca substitution on SrRh2As2, the monoclinic
α-phase is found to be stable for x = 0.05, the orthorhombic (and incommensu-
rately modulated) β-phase for 0.2 ≤ x ≤ 0.6 and the tetragonal (ThCr2Si2-type)
γ-phase for x ≥ 0.8. The lattice parameters show non-linear variations with in-
creasing Ca content and the As-As distance is significantly reduced to 265 pm
with the stabilization of the tetragonal phase. The chemical pressure has not
only an influence on the q-vector, but also diminishes the magnitude of the mod-
ulation as illustrated by the weakening of the atomic distortion. The substitution
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also seems to lower the phase transition temperatures of the mixed compounds
compared to SrRh2As2.
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5. Low temperature single crystal
diffraction of Ba1−xKxFe2As2

5.1. Introduction

In the last two chapters, structure and properties of ternary rhodium arsenides
with ThCr2Si2-type and related structures were explored, revealing facinating
structural features, but no superconductivity. In this capter, the focus is shifted
back to the iron arsenide superconductors - more precisely to potassium doped
BaFe2As2. Ba1−xKxFe2As2 is certainly one of the most intensivly studied classes
of iron arsenide superconductors. While the physical properties of Ba1−xKxFe2As2

single crystals have been studied in numerous experiments (including, for exam-
ple, ARPES measurements, 75As NMR, high pressure studies, RAMAN spec-
troscopy, etc.), so far little effort has been put into a detailed characterization of
their structural properties at low temperatures. The available low temperature
diffraction data is mostly from powder diffraction experiments. Tanatar et. al. [89]

performed direct imaging of the structural domains in the low temperature phase
of single crystalline BaFe2As2, and Rotundu et. al. [90] carried out neutron scat-
tering experiments on Ba1−xKxFe2As2 single crystals, studying the temperature
dependent variation of the intensity of the magnetic bragg peaks. However, no
structural data from a complete single crystal data set at low temperatures has
been published so far. Precise data, not only of the lattice parameters, but also
the geometry of the FeAs4 tetrahedra might be interesting, especially as far as
differences to room temperature and possible small structural changes around Tc
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5. Low temperature single crystal diffraction of Ba1−xKxFe2As2

are concerned. One example of subtle structural changes around Tc is known
from the 1111 compounds. For tetragonal NdFeAsO0.85 (phase transition com-
pletely suppressed), low temperature synchrotron powder diffraction experiments
revealed subtle lattice anomalies. A change of slope at ∼180 K was found for the
lattice constants, as well as for the Nd-O bond length and the geometry charac-
teristics of the FeAs4-tetrahedra, followed by a saturation at about 135 K (close
to TN for NdFeAsO). Around Tc, smaller modifications leading to a reduction of
the lattice anomalies were observed.

One of the downsides of Ba1−xKxFe2As2 single crystals lies in the difficulty to
obtain a homogeneous Ba/K ratio. The synthesis is usually carried out at high
temperatures in a FeAs flux. Evaporation of Potassium leads to an depletion
in potassium during crystal growth and causes inhomogenities in the potassium
content of the crystal. Here small, but - as the diffraction experiments show - high
quality single crystals of Ba1−xKxFe2As2 (x = 0 - 0.43) were synthesized. The
diffraction pattern, structure and the variation of the structural parameters at
low temperatures were studied by means of synchroton single crystal diffraction.

5.2. Experimental Methods

For the synthesis of high quality single crystals of Ba1−xKxFe2As2 (x = 0 - 0.43)
the self-flux technique (using an FeAs self-flux) was applied. FeAs was prepared
by sealing stoichiometric mixtures of Fe and As in silica ampoules and heating
to 1013 K for 20 h. Then stoichiometric amounts of Ba and K and twice the
stoichiometric amount of FeAs were filled into niobium tubes, that were welded
under an atmosphere of of purified argon and sealed into silica ampoules. The
best crystals were obtained by heating the reaction mixtures to 1413 K at a rate
of 20 K/h and holding the temperature for 5 h before cooling to 1163 K at a rate
of 20K/h and then quickly (200 K/h) to room temperature. The reaction mixture
was separated from the niobium tube and, if necessary, carfully crushed. Under a
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light microscope, single crystals with a typical size of 50 - 100 µm were selected.
In addition to Ba1−xKxFe2As2 and FeAs, the reaction product contained some
NbFeAs as a side phase. The crystal quality was checked by the Laue method.
If the crystal quality was satisfactory, laboratory single-crystal datasets were
collected on a STOE IPDS-I diffractometer with imaging plate detector using
Mo-Kα radiation (graphite monochromator, λ = 0.71073 Å). The composition of
the crystals was determined and the best crystals were selected. Synchrotron data
was collected with λ = 0.15818 at beamline ID11 at the ESRF (Grenoble) on a
heavy duty Huber diffractometer with a vertical rotation axis that was equipped
with a Frelon2K CCD detector. The crystal to detector distance was set to 9.38
cm. For low temperature data collection (10- 70 K) a Helijet (Oxford Diffrac-
tion) was used. The crystals were mounted on a cryo loop (Hampton Research,
Mounted Cryoloop, 20 micron, 0.05-0.2 mm loop size) with Paratone-N cryo oil.
The temperature was calibrated with a powder sample of TbAsO4 (see appendix
A.2), showing a likely temperature offset by 5 K to lower temperatures (not yet
substracted for the data shown in this chapter). The collected .edf frames were
converted to Bruker format and the reflections indexed with the SMART [91] pro-
gram, integrated using SAINT [92] and an absorption correction was applied with
the program sadabs [93]. The data was cut off at a high resolution limit of 0.35 with
XPREP [94] then solved and refined with the SHELX suite of programs [75,76]. For
further data analysis and the calculation of diffraction planes, the ImageD11 suite
of programs [95] was used. The superconducting transition temperatures of indi-
vidual crystals were determined by zero-field-cooled/field-cooled measurements
in a SQUID magnetometer (MPMS-XL Quantum Design Inc.). An example is
given in Figure 5.1: for a crystal with composition Ba0.76K0.24Fe2As2 Tc = 26 K
was determined .
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Fig. 5.1.: Zero-field-cooled/field-cooled measurement of a crystal with composition
Ba0.76K0.24Fe2As2 and Tc = 26 K.

5.3. Results and discussion

At low temperatures, BaFe2As2 as well as Ba1−xKxFe2As2 (x < 0.3) undergo a
structural phase transition from tetragonal (space group I4/mmm) to orthorhom-
bic (space group Fmmm). With increasing potassium content, the transition
temperature, for x = 0 at 135 K, decreases and the size of the orthorhombic dis-
tortion is reduced as well [12]. The low temperature single crystal measurements
at ID11 revealed a splitting of reflections in agreement with the low temperature
Fmmm phase for x < 0.24. As an example, the splitting of diffraction spots and
twinning observed in a crystal with composition Ba0.845K0.155Fe2As2 is discussed.

Figure 5.2 shows a section of the hk0 plane at a temperature of 20 K. The
orthorhombic distortion at low temperatures causes a splitting of reflections. Be-
cause of the minuteness of the orthorhombic distortion, the effect is rather small,
but still a splitting of reflections is observed for h, k > 4 and at h, k = 10 sepa-
rate reflections were recorded. The small spot size demonstates the high crystal
quality. The diffraction pattern indicates multiple twinning: Along a* and b*,
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1

1
2

2 33 4

4

Fig. 5.2.: Section of the hk0 plane of a Ba0.845K0.155Fe2As2 - crystal at 20 K. The splitting of
reflections caused by the orthorhombic distortion is clearly visible. 1-4: enlarged areas of the
diffraction pattern showing groups of reflections corresponding to the different twin domains.
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Fig. 5.3.: Schematical diffraction pattern of orthorhombic Ba1−xKxFe2As2 ((hk0) plane). The
reciprocal axes of the four twin domains and the corresponding reflections are depicted in red, blue,
green and black.

each spot is split into four individual reflections (forming a square as seen in
insert 4 of 5.2), along the diagonal however three linearly arranged reflections are
visible (Figure 5.2 insert 2). In between, a mixture of both motives is observed
(insert 1 and 3). This diffraction pattern can be explained by four twin domains
as shown in Figure 5.3 (red, blue, green and black diffraction spots indicate the
individual domains, the orthorhombic axes are shown). The occurrence of four
twin domains can be explained by the loss of the four-fold rotational symmetry
along c* (replaced by a two-fold rotation axis) and the (100)T mirror plane (no
diagonal mirror plane exists in the orthorhombic cell) with the reduction of the
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symmetry from tetragonal to orthorhombic. Along the diagonal, the reflections
of two domains overlap resulting in the observation of three spots, while all four
diffraction spots are visible along a* and b* (Figure 5.3). Although only two
twin domains were observed in TEM studies of BaFe2As2

[96], Tanatar et. al.
reported four twin domains for BaFe2As2 at 10 K [89] and a diffraction pattern
well in agreement with our data. The twinning described here is also well known
from YBCO crystals [97]. So far, the small splitting of the reflections and the
limits of the available software for data processing prevented separate indexing
and integration of the twin domains.

However, the ratio of the orthorhombic axes, b/a, can be estimated from the
splitting of reflections in the hk0 plane shown in Figure 5.2. The splitting angle ϕ
(shown in Figure 5.3) is related to b/a by the formula ϕ = 90◦−2 arctan(b/a) and
can be calculated from the distances of the reflections and their distance to the
center. For Ba0.82K0.18Fe2As2 and a temperature of 20 K, this estimation yields
b/a = 0.9935(11). This value agrees with the values calculated from the reported
lattice parameters of Ba0.9K0.1Fe2As2 and Ba0.8K0.2Fe2As2

[98] (b/a = 0.9931 and
0.9951 at 10 K).

As a first approximation, the split reflections were integrated as one. This
integration with a tetragonal unit cell gives aT = 394.94 pm. From this value and
the b/a ratio, the orthorhombic unit cell parameters for Ba0.82K0.18Fe2As2 were
calculated. The data was corrected for absorption with sadabs (approximation of
the Laue symmetry by use of 2/m, c unique) and transformed to the orthorhombic
cell with XPREP. If the twinning is included in the refinement, the results are
improved. During the tetragonal integration, the splitting by the angle ϕ is
negleced and the intensities are added up. With ϕ = 0, pairs of domains (black
and green, or blue and red in Figure 5.3) differ only by inversion of two axes (for
example b* and c*) and are not distinguishable from each other because of the
orthorhombic symmetry. Thus two (instead of four) twin domains were used in
the refinement. The results are summarized in Table 5.1. The structural data
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Table 5.1.: Crystallographic data of Ba0.82K0.18Fe2As2

Crystal system, space group Orthorhombic, Fmmm, No. 69
a, b, c (pm) 556.4(3), 553.8(3), 1302.74(8)
Cell volume (nm3) 0.4014(3)
Calculated density (g/cm3), Z 3.462, 4
Radiation type, λ (Å) synchrotron, 0.15818
Temperature (K) 20
2θ range 1.21 - 13.16
ratio of Transmission (min/max) 0.4188
Absorption coefficent (mm−1) 8.787
Total number of reflections 10031
Independent reflections, Rint 1234, 0.0347
Reflections with I > 2σ(I), Rσ 1234, 0.0216
Refined parameters, Goodness-of-fit on F 2 14, 0.367
R1, wR2 (I > 2σ(I)) 0.0141, 0.0703
Largest residual peak, hole e−/Å3 2.918, -2.78
twin fraction 0.489(4)
Extinction coefficient 0.07(3)

Atomic parameters:
Ba/K 4a (0, 0, 0) Ueq = 0.00363(1))
Fe 8f (1

4 ,
1
4 ,

1
4) Ueq = 0.00324(1)

As 8i (0, 0, z), z = 0.353881(5) Ueq = 0.00310(1)

Interatomic distances and angles
distance (pm) Fe-As 238.39(6)

Fe-Fe 276.90(15)
278.18(15)

Ba/K-As 336.02(12)
337.07(12)

angle (◦) As-Fe-As 110.82(2)
108.99(3)
108.61(3)
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confirmes the results from low temperature rietveld refinements [98].

For Ba1−xKxFe2As2-crystals with x > 0.24, the orthorhombic splitting becomes
too small to resolve distinct reflections even at high diffraction angles, although
a small distortion should still be present at this potassium content [32]. Since
no spitting was observed, for Ba0.75K0.25Fe2As2 and Ba0.76K0.24Fe2As2 the data
was integrated in the tetragonal unit cell. The results are summarized in Figure
5.4. For x = 0.25 (blue), a small decrease in both lattice parameters a and
c is found above 25 K, while for x = 0.24 (black) c shows an increase and a
stays almost constant. In sum, the variations of the lattice parameters in the
temperature range 10 - 60 K are small. c varies by ∼1 pm (0.08 %) and a shows
variations of about 0.2 pm (0.05 %) for x = 0.25 and 0.1 pm (0.025 %) for x =
0.24. This means that the magnitude of possible changes or anomalies around
Tc must be smaller than 1 pm in c and smaller than 0.1 - 0.2 pm in a. For both
crystals, a and c show two smaller bumps, one at 25 - 30 K and one at 15 - 20 K.
Taking into account the temperature offset of -5 K revealed by the calibration,
for Ba0.76K0.24Fe2As2 the first anomaly is close to the transistion temperature
of 26 K. However, the data quality does not allow for final conclusions. Figure
5.4(c) shows how z(As) changes with temperature. Again, the observed changes
are rather small (<0.00008) and follow no consistent trend for both crystals. As
expected, the atomic displacement parameters of Ba0.76K0.24Fe2As2 increase with
increasing temperature (Figure 5.4(d)).

For x ≥ 0.3, the tetragonal to orthorhombic phase transition in Ba1−xKxFe2As2

is suppressed and the maximum transition temperature of 38 K is reached for x
= 0.4. The structural data for a crystal of composition Ba0.57K0.43Fe2As2 in the
temperature range 14 - 55 K is summarized in Figure 5.5. Some outliers are
observed, probably due to unstable conditions during measurements (concerning
for example the helium flow). In the investigated temperature range, the lattice
parameters a and c (Figure 5.5(a)) show almost no changes, only for a a slight
decrease with decreasing temperature is observed. In total, a changes by no more
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Fig. 5.4.: Ba0.75K0.25Fe2As2 (blue) and Ba0.76K0.24Fe2As2 (Tc = 26 K, black): top: variation of the
lattice parameters c (a) and a (b) in the temperature range 10 - 60 K / 10 - 100 K. (c): temperature
dependence of the positional parameter z(As). (c): Change of the atomic displacement parameters
of Ba0.76K0.24Fe2As2 in the temperature range 15 - 100 K, Ueq(Ba/K): cyan, Ueq(Fe): red and
Ueq(As): black.
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Fig. 5.5.: Ba0.57K0.43Fe2As2: (a) lattice parameters a (top) and c (bottom) and their variation in
the temperature range 14 - 55K. (b) Variation of the FeAs distance d (top) and z(As) (bottom).

than 0.1 pm (0.026 %) and c by no more than 0.6 pm (0.045 %). Similar observa-
tions are made for z(As) and the Fe-As distance (Figure 5.5(b)). z(As) varies by
less than 0.00004 and the Fe-As distance by no more than 0.05 pm (0.02 %). No
convincing trends or anomalies near Tc are observed. Thus it can be concluded
that if structural anomalies exist near Tc for optimally doped Ba1−xKxFe2As2,
they are very small and probably not accessible within the resolution of X-ray
diffraction experiments.

To summarize, small high quality single crystals of Ba1−xKxFe2As2 (x = 0 -
0.43) were prepared and studied with low temperature single crystal diffraction at
ID11, ESRF Grenoble. For x < 0.24, a splitting of reflections in agreement with
the low temperature orthorhombic phase is found. Although the orthorhombic
distortion and thus the splitting is minute, separate reflections are observed at
h, k = 10 for Ba0.845K0.155Fe2As2. A closer inspection of the diffraction pattern
reveals four twin domains (in agreement with literature [89]) caused by the loss of
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5. Low temperature single crystal diffraction of Ba1−xKxFe2As2

the four-fold rotational symmetry and the (100)T mirror plane.
From the splitting angle ϕ the b/a ratio is estimated to be 0.9935(11) for a

crystal with the composition Ba0.82K0.18Fe2As2. This allows an estimation of the
orthorhombic cell parameters and - in combination with a joined integration of
the split reflections - a complete structure refinement. The results of this first
single crystal refinement of the low temperature Fmmm phase agree well with
results from powder data [98].
For x ∼ 0.24 and 0.25, no separate reflections are resolved. Analysis with a

tetragonal treatment of the data show hardly any changes of the structural para-
meters from 10 to 60 K. Smaller anomalies of the lattice parameters might exist
around 25 - 30 K, but the data quality does not permit any definite conclusions.
For Ba0.57K0.43Fe2As2, where the phase transition is suppressed, the structural
parameters vary by less than 0.05 % in the temperature range 14 - 55 K. No
distinct anomalies or changes of structural parameters around Tc are observed.
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6. Local structural studies of
Ba1−xKxFe2As2 using atomic pair
distribution function
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6.1. Introduction

It is highly desirable to better understand mutual relationships of structure and
superconductivity in the iron pnictides. To investigate possible correlations be-
tween structure and properties, however, detailed structural information is neces-
sary. In this context, the role of the local structure, that can deviate considerably
from the averaged structure obtained by x-ray diffraction, should not be negleced.
One way to get information about the local structure is the analysis of the atomic
pair distribution function (PDF), the PDF being a measure of the probability of
finding two atoms separated by a distance r(Å) in real space. Up to now, few
PDF studies on iron-based superconductors have been carried out, but those with
interesting results. PDF studies on SmFeAsO1−xFx indicate that the local struc-
ture differs significantly from the average structure and is better described with
lower symmetry; especially the arsenic atoms tend to be shifted from the positions
defined by space group symmetry of the average structure [99]. In FeSe1−xTex, a
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PDF study first revealed that the selenium and tellurium atoms have different
z-coordinates because the Fe-Se bond is shorter than the Fe-Te bond [100], a fact
later confirmed by single crystal data [101]. This shows the importance of closer
investigations of the local structure of the iron-based superconductors. Here, a
study of the local structure of Ba1−xKxFe2As2 is presented.

6.2. Experimental Methods

BaFe2As2 was synthesized by heating stoichiometric mixtures of the elements in
a glassy carbon crucible to 1373 K at a rate of 50 K/h, keeping this temperature
for 5 h, cooling slowly to 1123 K (5 K/h) and quickly to room temperature.
Polycrystalline Ba1−xKxFe2As2 samples were prepared as described in [12]. The
finely ground samples were packed in 0.6 mm quartz capillaries. Total scattering
x-ray measurements were carried out at the beamline ID 31 of the European
synchrotron radiation facility, Grenoble at the temperatures 297 K and at 5
K with λ = 0.4008 Å in the 2θ-range 0 - 110◦. Data of an empty capillary
was also collected. For rietveld refinements, only the data range 0 - 30◦ 2θ
was used. The refinements were performed with the Topas suite of programs [74]

and a full Voigt function was used to describe the peak shape (appendix A.3).
The corrected total scattering structure function, S(Q) was obtained using the
standard corrections [102] utilizing the PDFgetX2 program. From the S(Q), the
PDF data G(r) was obtained by the Fourier transformation according to G(r)
= 2/π ∫ Q[S(Q) − 1]sin(Qr) dQ, where Q is the magnitude of the scattering
vector. Modeling of the PDF data was carried out using the PDFgui and PDFfit2
packages [103].
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Fig. 6.1.: (a) X-ray pattern of Ba0.8K0.2Fe2As2 collected at 5 K (blue), rietveld fit (red) and
difference curve (gray). Insert: Section of the plot, the small linewidth and the splitting of reflections
are visible. (b) Splitting of the (110) reflection at 5 K for x = 0 − 0.34.

6.3. Results and Discussion

All x-ray patterns could be refined in the tetragonal space group I4/mmm at
room temperature and in the orthorhombic space group Fmmm (x = 0 - 0.2)
or tetragonal I4/mmm (x = 0.34) at low temperature in agreement with liter-
ature [12]. Figure 6.1(a) presents the diffraction pattern and rietveld refinement
of Ba0.8K0.2Fe2As2 at 5 K. The diffraction pattern shows very sharp reflections,
which is a sign for good homogenity of the sample. A variation of the potassium
content would change the unit cell dimensions, which would lead to a distribution
of the values of a and c for an inhomogeneous sample, causing a broadening of
the reflections. In Figure 6.1(b), the (110) reflection at 5 K is shown for x =
0 - 0.34, note the sharpness of the peaks for all compositions. The synchrotron
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Fig. 6.2.: PDF data at room temperature and refinement results of BaFe2As2 and
Ba0.66K0.34Fe2As2. [104]

radiation permits us to observe distinctly splitted relections for x = 0.2 (insert
Figure 6.1(a) and Figure 6.1(b)), where only a broadening is observed with a lab
diffractometer.
The rietveld refinement results were used as starting parameters for the PDF

analysis of the data performed by B. Joseph from the group of L. Malavasi at the
University of Pavia. PDF data at room temperature and the refinement results
for BaFe2As2 and Ba0.66K0.34Fe2As2 are depicted in Figure 6.2. Although the
PDF data is rather similar for both samples, some differences, like the splitting
of the peak around 9 Å in the spectra of the hole doped sample are observed. It
is found that the average structure from diffraction results gives a reasonable fit
of the PDF data, which means that no significant structural deviations exist on
the local scale. However, for a good description of the local structure, anisotropic
thermal factors are necessary, where U33 > U11 = U22 is found for the barium
and iron atoms.
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To summarize, high quality x-ray data of Ba1−xKxFe2As2 (x=0 - 0.34) with
small reflection line widths could be collected at ID 31 (ESRF). PDF analysis of
the data shows no significant structure deviations on the local scale.
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7. K(Fe1−yCoy)2As2

7.1. Introduction

Since the discovery of superconductivity in hole doped BaFe2As2, KFe2As2 as the
endpoint of the series Ba1−xKxFe2As2 attracted much research interest. Known
since 1981 [105], KFe2As2 was now found to be a superconductor with Tc ≈ 3
K [9] and rather unconventional properties. Recent results point towards a nodal
superconducting gap [106,107], and although no interband nesting is observed, nu-
clear magnetic resonance measurements as well as neutron scattering indicate the
existance of incommensurate spin fluctuations [108,109], suggesting that magnetism
plays some role for the superconductivity. Furthermore, a large Sommerfeld con-
stant hints at strong electron correlation in KFe2As2

[109].
Potassium carries one electron less than barium, making KFe2As2 “extremely

hole doped” in comparison to BaFe2As2. This hole doping could - in theory -
be compensated by the introduction of electrons, for example by exchanging iron
subsequently by cobalt in a mixed crystal series K(Fe1−yCoy)2As2. The same va-
lence count as in BaFe2As2 would be achieved for y = 0.5, that is in KFeCoAs2.
Density functional calculations on KFeCoAs2 using the virtual crystal approxi-
mation show that indeed both the density of states (Figure 7.1(a)) and the Fermi
surface (Figure 7.1(b), upper row, right) are very similar to BaFe2As2

[110]. How-
ever, KFeCoAs2 seems to have less tendency towards magnetism than BaFe2As2.
Figure 7.1(b) shows how the Fermi surface is assumed to change with varying

y in K(Fe1−yCoy)2As2. On the “hole doped” side, disconnected hole and electron
Fermi surface cylinders exist for 0 ≤ y ≤ 0.5, but the hole type sheet around Γ
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Fig. 7.1.: (a) Calculated density of states for KFeCoAs2 obtained with the virtual crystal approx-
imation. (b) Calculated Fermi surface of K(Fe1−yCoy)2As2 for various values of y. Both figures
taken from Ref. [110].

vanishes rather quickly for y > 0.625 on the “electron doped” side. Close to y =
0.5, nesting of hole and electron Fermi surface sheets is observed, which places
the material near a spin density wave instability and makes K(Fe1−yCoy)2As2 a
possible candidate for superconductivity.

Since both KFe2As2 and KCo2As2 exist (KCo2As2 was reported in literature [105],
but the properties of the compound were not investigated so far) and crystallize
in the same structure type, the ThCr2Si2-type structure, it should be possible to
synthesize K(Fe1−yCoy)2As2 and check wether the similarities to BaFe2As2 suffice
to enable superconductivity in these compounds.

7.2. Experimental Methods

It is difficult to obtain homogenous samples of K(Fe1−yCoy)2As2 by direct syn-
thesis starting from the elements. Therefore, the mixed iron-cobalt arsenide
Fe1−yCoyAs was prepared as starting material. Stoichiometric mixtures of iron,
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7.2. Experimental Methods

cobalt and arsenic were sealed in silica ampoules, heated to 1013 K for 10 h, ho-
mogenized and annealed at least twice at 1163 K. EDX measurements on several
samples show that this yields rather homogenous samples. Potassium was added,
the sample placed in an alumina crucible, and heated to 813 K for 15 h. Fine, gray
metallic powders, sensitive to air, were obtained as reaction products. For some
samples, a small quantity of the mixed iron-cobalt arsenide remained as impurity
phase. Resistivity was measured using the four probe method in the tempera-
ture range 10 K - 320 K on polycrystallinic samples that had been cold-pressed
to pellets and annealed at 773 K. Powder diffraction data was measured using
a Huber G670 diffractometer (Cu-Kα1-radiation) with guinier geometry and for
rietveld refinements the TOPAS package [74]was used. Magnetic properties were
determined utilizing a SQUID magnetometer (MPMS-XL Quantum Design Inc.).
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Fig. 7.2.: X-ray powder pattern (blue), Rietveld fit (red) and difference curve of KCo2As2.
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Fig. 7.3.: (a) Electrical resistances ρs of KCo2As2. (b) Molar susceptibility χmol (red, open symbols)
and inverse molar susceptibility (blue, filled symbols) of KCo2As2.

7.3. Results and Discussion

First, the properties of KCo2As2 were investigated. Powder pattern and riet-
veld fit of KCo2As2 are displayed in Figure 7.2. The electrical resistance, molar
susceptibility and inverse molar susceptibility are shown in Figure 7.3. The re-
sistance of KCo2As2 (Figure 7.3(a)) decreases linearly at higher temperature and
shows some saturation at low temperatures, as it is typical for a normal metal,
no anomalies are observed. For the susceptibility, values typical for a Pauli para-
magnetic metal and only a very small variation with temperature (3.5-4.15 · 10−9

mol−1 m3) are observed (Figure 7.3(b)). Low temperature powder diffraction
gives no indication of a phase transition at low temperatures. To summarize,
KCo2As2 is non superconducting above 1.8 K, has the properties of a metal and
shows no anomalies or phase transitions at low temperatures.

Figure 7.4(a) shows the influence of Co substitution on the structural parame-
ters in K(Fe1−yCoy)2As2. With increasing cobalt content y, both a (Figure 7.4(a),
top left) and c (Figure 7.4(a), bottom left) undergo a more or less linear decrease.
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In total, a decreases by 1% and c by 2 %. Also, the z coordinate of arsenic shows
a trend to smaller values. All the above mentioned structural changes result in an
increase of the value of the As-Fe-As bond angle ε from ∼107◦ to ∼110.5◦, a value
close to the ideal tetrahedral angle of 109.47◦ occuring for y ≈ 0.6. Due to the
decrease of the lattice parameter a, the Fe-Fe distances decrease from 272 pm in
KFe2As2 to 269 pm in KCo2As2 (for comparison: in BaFe2As2 the Fe-Fe distance
is 277 pm). Compared to BaFe2As2 with a = 396 pm and c = 1302 pm, the unit
cell in K(Fe1−yCoy)2As2 is stretched along c and shortened along a.

The electrical resistance was measured to check for superconductivity or possi-
ble spin density anomalies expected due to the fermi surface nesting in
K(Fe1−yCoy)2As2 around y = 0.5. The results are depicted in Figure 7.5 (a) (0 ≤
y ≤ 0.5) and (b) (0.5 ≤ y ≤ 1). Unlike doped BaFe2As2, K(Fe1−yCoy)2As2 shows
no superconductivity above 10 K (the superconducting transition of KFe2As2 at
3 K is not visible here). Contrary to BaFe2As2, no SDW-type anomaly is ob-
served for y = 0.5. This result is however in agreement with the calculations,
where, despite the Fermi surface nesting in KFeCoAs2, no SDW ground state
was found [110].

For KFe2As2, the resistivity versus temperature curve shows a convex shape at
higher temperatures and a T 2 dependence at low temperatures (Figure 7.5(a) and
7.6, light green) as described in literature [111]. With increasing cobalt content of
the samples the convex shape becomes less pronounced and the negative curvature
disappears between y = 0.2 and y = 0.4. For higher cobalt concentrations, the
resistivity shows a linear temperature dependence above∼ 70 K, like it is observed
in KCo2As2. For low temperatures (10 K - 50 K), all samples show the T 2

dependence reported for KFe2As2 (Figure 7.6), indicating fermi liquid behaviour.
Only on the Co rich side, small deviations at low temperature are found. If
we take a look at the residual resistivity ratio RRR, the ratio of resistance at
300 K and at 10 K (RRR = ρ300K/ ρ10K) we find a value of 38 for KFe2As2,
that decreases to 1.6 − 1.4 for y = 0.5 − 0.7 and then increases again to 10 for
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Fig. 7.4.: (a) Variation of structural parameters in K(Fe1−yCoy)2As2: lattice parameter a (top left),
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77



7. K(Fe1−yCoy)2As2

0 1000 2000
0.0

0.1

T 2 (K2)
0 1000 2000

0.3

0.4

T 2  (K2)

0.55

0.60

0 1000 2000
0.72

0.73

T 2 (K2)

0.42

0.44

0.10

0.12

0.14

0.63

0.65

0.1

0.2

0.2

0.3

ρ/
ρ 3

00
 K

y = 0

y = 0.075

y = 0.1

y = 0.2

y = 0.4

y = 0.5

y = 0.7

y = 0.9

y = 1

K(Fe
1- y

Co
y
)

2
As

2

Fig. 7.6.: T 2-behaviour of K(Fe1−yCoy)2As2 at low temperatures: Normalized electrical resistances
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KCo2As2. For single crystals the residual resistivity ratio is used as an indicator
of crystal purity, as it drops in the presence of impurity scattering. The decrease
of this ratio in the mixed compounds could indicate disorder induced scattering,
although the quality of the pills pressed from the polycrystallinic samples might
vary and influence the values.

Magnetic measurements on K(Fe0.4Co0.6)2As2 show no superconductivity above
1.8 K; susceptibility values in the range 0.59-0.67· 10−6 mol−1 m3 and a close to
paramagnetic curve shape were found, but an exact determination of the magnetic
properties was hampered by ferromagnetic impurities.

To summarize, polycrystallinic samples of K(Fe1−yCoy)2As2 can be synthesized
using the mixed iron cobalt arsenide as starting material. Structural investiga-
tions show that although the unit cell proportions are different than in BaFe2As2

(the unit cell is elongated along c and compressed along a), a value close to the
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ideal tetrahedra angle (discussed to be an important parameter for the occur-
rence of hight Tc’s in the iron arsenide superconductors) is reached for y = 0.6.
Despite similarities to BaFe2As2, like identical valence count and similar Fermi
surface, KFeCoAs2 (y = 0.5) shows no indication of a spin density anomaly like in
BaFe2As2. Consistently, no anomalies or high temperature superconductivity are
observed for K(Fe1−yCoy)2As2 for the whole substitution range y = 0 − 1. Giv-
ing no evidence of superconductivity above 10 K, resistivity versus temperature
plots of K(Fe1−yCoy)2As2 show a decrease of the convex curvature observed in
KFe2As2, until linear behaviour is found for y > 0.4. The absence of high temper-
ature superconductivity in K(Fe1−yCoy)2As2 could be linked to lacking magnetic
interactions, since both experiments and theory indicate a close connection be-
tween magnetism and superconductivity in the iron-based superconductors. Ex-
periments show the existance of AFM spin fluctuations in the iron pnictides [51]

and theoretical studies suggest that these spin fluctuations (appearing in proxim-
ity to a quantum critical point) are important for uperconductivity [112]. Inelastic
neutron scattering revealed magnetic excitations with a particular wavevector Qm

in all cases investigated [112,113]. Also, a spin resonance appearing below Tc is ob-
served. Especially the latter suggests a “direct interplay between magnetism and
superconductivity” [113] in the iron-based superconductors. In K(Fe1−yCoy)2As2,
the antiferromagnetism frequently observed in iron pnictide superconductors and
their parent compounds, is absent. While incommensurate spin fluctuations are
discussed for KFe2As2

[109], KCo2As2 shows Pauli-paramagnetic behaviour and for
the mixed compounds, no indications for spin density wave anomalies and/or an-
tiferromagnetic transitions are found. This is in agreement with the calculations,
where no SDW ground state was found for KFeCoAs2

[110]. The reason for the
weakening of magnetism could be the reduction of the lattice parameter a and
the Fe-Fe distance leading to a reduction of the density of states at the Fermi
level in KFeCoAs2 compared to BaFe2As2

[110]. Another possible reason for the
absence of magnetism in KFeCoAs2 could be the Co/Fe disorder in the mixed
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compounds.
All in all, the absence of high temperature superconductivity in K(Fe1−yCoy)2As2

is likely due to lacking magnetic interactions and emphasizes the importance of
magnetism for superconductivity in the iron arsenides.
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8.1. Introduction

The case of K(Fe1−yCoy)2As2 shows that it is not possible to compensate the holes
in “extremely hole doped” KFe2As2 by introducing electrons into the FeAs4/4-
layer and obtain a material with similar properties as BaFe2As2, at least not
with the substitution of Fe by Co. However, this raises the question what effects
electron plus hole doping have at low doping levels. Both hole-doping - by sub-
stitution of potassium for barium [9,12] - and electron-doping - by substitution of
cobalt for iron [20] - induce superconductivity in BaFe2As2. The phase diagrams
of Ba1−xKxFe2As2 and Ba(Fe1−yCoy)2As2 are plotted in Figure 8.1 against the
charge ∆e− introduced into the FeAs4/4-layer by electron or hole doping. With
hole-doping, the onset of superconductivity is at about −0.05 e−/FeAs and the
highest Tc is 38 K at −0.2 e−/FeAs, while by electron-doping the onset is at
+0.03 e− and the highest Tc is 25 K at + 0.07 e−/FeAs. Furthermore, the su-
perconducting dome spans 0.45 e− by hole-doping but only 0.11 e− in the case
of electron-doping.
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Fig. 8.1.: Phase diagrams of hole- and electron-doped BaFe2As2. Data from Refs. [108] and [12].
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This asymmetry may indicate that excess positive or negative charges act dif-
ferently on the electronic system of BaFe2As2, but the true relationships are not
clear. A DFT study of the Co-doped system suggests the extra electron to re-
main located at the cobalt atom, the latter acting as scattering centre only [114].
This contradicts to the fact that nickel-doping gives the same phase diagram at
half of the concentration. Recent photoemission results are also indicative for
filling of rigid bands by doping [115]. However, the direct comparison of electron-
and hole-doping is flawed by the fact, that cobalt-substitution adds disorder into
the FeAs plane where superconductivity emerges, while the layers remain clean
by hole-doping with potassium at the barium-site. Unfortunately, substitutions
with electron-poorer 3d-metals (Mn, Cr) do not induce superconductivity [18].
Electron-doping was also achieved in Sr1−xLaxFe2As2 giving critical tempera-
tures up to 22 K [116], but the sample quality still allows no clear relation between
the La-concentration and Tc.

In order to shed more light on the effect of charge modifications in the (FeAs)δ−-
layers of BaFe2As2, the solid solution Ba1−xKxFe1.86Co0.14As2 was studied. Thus
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we gradually compensate the optimal electron doping in BaFe1.86Co0.14As2 by
holes created from additional potassium substitution. The effects on the crystal
structure, superconductivity and magnetism are determined and discussed.

8.2. Experimental Methods

Ba1−xKxFe1.86Co0.14As2 samples were prepared from stoichiometric mixtures of
Ba, K and Fe0.93Co0.07As in alumina crucibles, sealed in silica tubes and heated
to 913 K. The samples were homogenized as far as possible (Ba doesn’t react
at this temperature, but this first step prevents the sample from getting stuck
in the crucible), annealed at 983 K for 10 h, homogenized to a fine powder and
annealed at 1063 K two times for 10 h (annealing at lower temperatures gave
Fe2As as impurity phase). KFe1.86Co0.14As2 was synthesised by heating K and
Fe0.93Co0.07As to 773 K for 15 h. Resistivities were measured with cold pressed
and annealed pellets (at 773 K for KFe1.86Co0.14As2 and 873 K for all other sam-
ples) using the four probe method. Bulk superconductivity was confirmed by AC
susceptibility measurements. Room temperature powder diffraction data were
measured using a Huber G670 diffractometer (Cu-Kα1 -radiation) and low tem-
perature powder diffraction data using a Huber G670 diffractometer (Co-Kα1)
with guinier geometry, equipped with a closed cycle He-cryostat. At low tem-
peratures, the reflections show a zero shift of 0.4 2θ due to justage. Rietveld
refinements were performed with the TOPAS package using the fundamental pa-
rameter approach and an empirical 2θ-dependent intensity correction for Guinier
geometry. The Fe:Co ratio was held constant and the Ba:K ratios refined. The
results agree well with EDX measurements that show variations of the potassium
content by no more than ± 4 % and variations of the Co content by no more
than ± 1 % (results listed in appendix A.4). For some samples small amounts
of the mixed cobalt-iron arsenide were observed as side phase. 57Fe-Mößbauer
spectra of Ba0.8K0.2Fe1.86Co0.14As2 were recorded in transmission geometry using
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Fig. 8.2.: (a) X-ray powder pattern (top, blue), Rietveld fit (top, red) and difference curve (bottom,
gray) of Ba1−xKx(Fe1−yCoy)2As2 with x = 0.2. (b) Crystal structure with Fe-As bond length dFe−As
and bond angle ε.

a 57Co/Rh source. The spectrometer was calibrated with a 8µm thin α-Fe foil.

8.3. Results and Discussion

Phase homogeneity and crystal structure parameters were determined by Riet-
veld refinements of X-ray powder patters. A typical example is shown in Fig-
ure 8.2(a). The structure is completely described by the lattice parameters
and the z-coordinate of arsenic at the 4e-site that determines the Fe-As bond
length (dFe−As) and the As-Fe-As bond angle ε (Figure 8.2(b)). As can be
seen in Figure 8.3(a), the lattice parameters a and c in Ba1−xKxFe1.86Co0.14As2

(red) vary linearly with the potassium concentration, very similar to the cobalt-
free Ba1−xKxFe2As2 (blue). In comparison to Ba1−xKxFe2As2, the c-axis in
Ba1−xKxFe1.86Co0.14As2 is slightly reduced (∼ 0.7 %).

Figure 8.3(b) shows the normalized changes of the structure parameters against

84



8.3. Results and Discussion

1300

1320

1340

1360

1380

1400

384

386

388

390

392

394

396

398

a 
(p

m
)

c 
(p

m
)

x

Ba1-xKxFe1.86Co0.14 c 
a

Ba1-xKxFe2As2 c 
a

As2

0.0 0.2 0.4 0.6 0.8 1.0

(a)

 1.06

 1.04

 1.02

 1.00

 0.98

 0.96
 0.2  0.1  0.0  -0.1  -0.2  -0.3  -0.4  -0.5 n

or
m

al
iz

ed
 s

tru
ct

ur
e 

pa
ra

m
et

er

∆e- / FeAs

a /a0 d /d0

c /c0
ε /ε0

Ba1-xKxFe1.86Co0.14
As2 c /c0

d /d0

ε /ε0

a /a0

(b)

Fig. 8.3.: (a) Structural changes of Ba1−xKxFe1.86Co0.14As2 (red, open symbols) with varying
potassium content in comparison to Ba1−xKxFe2As2 (blue, filled symbols) [12]. (b) Normalized
structure parameters (lattice parameters a, c, Fe-As bond length d and As-Fe-As angle ε) of
Ba1−xKxFe1.86Co0.14As2 plotted against the electron transfer per FeAs. Lines are fits to litera-
ture data of Ba(Fe1−yCoy)2As2

[117] and Ba1−xKxFe2As2
[12].

the variation of the electron count ∆e− per FeAs-layer. Lines are fits to literature
data of electron-doped Ba(Fe1−yCoy)2As2

[117] and hole-doped Ba1−xKxFe2As2
[12].

We find an almost exact coincidence of all parameters in the hole-doped area.
The lattice parameters in the electron-doped area do not agree with those of
Ba(Fe1−yCoy)2As2, but continue increasing (a) and decreasing (c) and rather
follow the lines of the potassium-substituted compounds extrapolated into the
electron-doped area. The Fe-As bond lengths and As-Fe-As bond angles are close
to the expected values also in the electron-doped area, however, the changes
are very small and the extrapolations from the hole-doped part are also close
to the fits for electron-doping. From these data we conclude that the crystal
structure is mainly dominated by the potassium substitution in terms of atom size
requirements. The increased charge alone cannot recover the crystal structures
of electron-doped Ba(Fe1−yCoy)2As2 in Ba1−xKxFe1.86Co0.14As2.

The undoped parent compound BaFe2As2 undergoes a structural and magne-
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Table 8.1.: Crystallographic data of Ba1−xKxFe1.86Co0.14As2 (x = 0.2) at 293 K and 10 K.

Temperature (K) 293 10
Empirical formula Ba0.8K0.2Fe1.86Co0.14As2 Ba0.8K0.2Fe1.86Co0.14As2

Crystal system, space group Tetragonal, I4/mmm Orthorhombic Fmmm
a, c (pm) 393.584(2), 1313.092(13) 554.614(15), 556.96(2)

1306.60(6)
Cell volume (nm3), Z 0.203409(3), 2 0.403606(25), 4
Radiation type, λ (Å) Cu-Kα1, 1.45 Co-Kα1, 1.78890
2θ range 5.5 -100 5.5 -100
Number of data points 18901 18901
Total number of reflections 46 50
Refined parameters 35 60
Goodness-of-fit on F2 0.979 0.605
Rp, Rwp, 0.01748, 0.02354 0.01218, 0.01617
Rexp, R(F2) 0.02407, 0.01919 0.02673, 0.006445
Atomic positions: Ba/K 2a (0 0 0) Ba/K 2a (0 0 0)

Fe/Co 4d (0.5 0 0.25) Fe/Co 8f (0.25 0.25 0.25)
As 4e (0 0 0.353574(78)) As 8i (0 0 0.351602(94))

tic phase transition at 140 K [8]. We checked our samples for the orthorhombic
distortion by structure determinations at low temperatures. Figure 8.4(a) shows
the temperature dependence of the (110) reflections for x = 0, 0.08, 0.13, 0.2 and
0.35 and Figure 8.4(b) the lattice parameters a and b at low temperatures. In
Ba1−xKxFe1.86Co0.14As2 (x = 0), no splitting of the (110) reflection is observed,
the transition is absent as known from the literature [20]. When the electron-
doping becomes gradually compensated by potassium-doping, we again observe
the splitting of the (110) reflection (Figure 8.4(a)) that indicates the structural
transition. For x = 0.08 a distinct broadening and for x = 0.13 a splitting of
the (110) reflection is observed. The orthorhombic distortion becomes stronger
and the phase transition shifts to higher temperatures (Figure 8.4(b)) up to the
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Fig. 8.4.: (a) Temperature dependence of the (110) reflection in Ba1−xKxFe1.86Co0.14As2 with
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nominal potassium-concentration of x = 0.2, where the electron doping has just
been completely compensated. Structural data for Ba1−xKxFe1.86Co0.14As2 (x
= 0.2) at room temperature and 10 K are summarized in Table 8.1. The or-
thorhombic distortion observed here (∆ = b − a = 2.3 pm) is weaker than in
BaFe2As2(∆ = 4 pm). With further increased hole-doping, the distortion be-
comes smaller again and is finally absent at x > 0.5. This result emphasizes the
important effect of the charge concentration on the structural instability, which
has its origin in the nested Fermi surface. As soon as we restore the charge
balance, thus the nesting condition, the instability returns immediately, despite
of the structural disorder induced by the simultaneous doping at the iron- and
barium-sites.

The recovered structural transition of Ba1−xKxFe1.86Co0.14As2 at x = 0.2 is
accompanied by antiferromagnetic ordering as known from the parent compound
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Fig. 8.5.: (a)57Fe-Mößbauer spectra of Ba0.8K0.2Fe1.86Co0.14As2. (b) Temperature dependence of
the magnetic hyperfine field.

BaFe2As2
[8]. In Figure 8.5(a), temperature-dependent 57Fe-Mößbauer spectra

of Ba0.8K0.2Fe1.86Co0.14As2 are shown. The single absorption line is subject to
magnetic hyperfine field splitting at low temperatures that proves static magnetic
ordering. The magnetic order parameter (Figure 8.5(b)) shows the onset at about
85 K, close to the splitting of the lattice parameters at about 92 K (Figure 8.4(b)).
The hyperfine field converges at 3.9 T at low temperatures, which is smaller than
the value of 5.7 T measured in BaFe2As2

[8]. Since the orthorhombic splitting is
also reduced in comparison to BaFe2As2, the strong correlation between magnetic
and structural order parameters generally observed in the Ba- and Sr- based iron-
pnictides with ThCr2Si2 structure is maintained [118].

The normalized electrical resistances R/R300K of Ba1−xKxFe1.86Co0.14As2 are
shown in Figure 8.6, and Figure 8.7(a)-(c) displays plots of the AC susceptibil-
ity. The superconducting transition temperatures Tc (onset) were extracted as
the intersection of two lines fitting the steepest descent and the normal-state
susceptibility. BaFe1.86Co0.14As2 (x = 0) is superconducting below 25 K as re-
ported in the literature. Potassium-doping decreases the critical temperature to
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Fig. 8.6.: Normalized electrical resistances R/R300K of Ba1−xKxFe1.86Co0.14As2.

23 K at x = 0.08 until superconductivity is absent in the samples with x = 0.13
and 0.2, where the excess electrons are compensated by the holes introduced by
potassium substitution. When the hole-doping outweighs in the samples with x
> 0.25, superconductivity appears again and reaches the highest Tc of 28.6 K at
x = 0.45. Thus the emergence of superconductivity is controlled by the charge
concentration and shows the same behaviour as known from the only-cobalt- and
only-potassium- substituted systems, but with smaller Tc in the hole-doped do-
main. (Tc,max = 28.6 K compared to 38 K for Ba1−xKxFe2As2). Also the ordered
magnetic moment (3.9 T compared to 5.7 T) and the orthorhombicity param-
eter δo= (a-b)/(a+b) near the compensated concentration are smaller than in
BaFe2As2. The phase diagram that arises from our data is presented in Figure
8.8. We note that the series Ba1−xKx(Fe1−yCoy)2As2 has been published recently
by Suzuki et al. [119], but their diagram has no data points in the range that is of
interest here.
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The phase diagram of Ba1−xKxFe1.86Co0.14As2 comprises those of Ba1−xKxFe2As2

(x = 0 - 1) and Ba(Fe1−yCoy)2As2 (x = 0 - 0.185) by varying only one parameter.
The superconducting domes (dark blue shaded areas in Figure 8.8) are similar to
those of the only-cobalt- and only-potassium doped phases (light blue), and also
the areas of the orthorhombically distorted magnetic parent-like phases (dark
and light yellow) are comparable. The lower phase transition temperatures and
magnetic moments of the charge compensated phases around ∆e−= 0 may be due
to the disorder induced by the Co-substitution in the iron layer. This could also
be the reason for the lower Tc in the hole-doped area and the earlier vanishing
of superconductivity at −0.38 e−.

The results show that the charge concentration is the crucial parameter that
controls magnetism, lattice distortion and the onset of superconductivity in elec-
tron- and hole-doped BaFe2As2. Especially the onset of superconductivity at
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the same hole-concentration than in the cobalt-free phase (−0.05 e−) is strik-
ing and underlines the impact of the charge. The crystal structure itself in
terms of lattice parameters, Fe-As bond lengths and bond angles appears to
be less affected by the charge variation, but rather controlled by atom size
requirements. The latter is most obvious for the c-axis, which shrinks much
stronger with electron doping (∆e−= 0 - 0.1) by decreasing the K-content in
Ba1−xKxFe1.86Co0.14As2 than in Ba(Fe1−yCoy)2As2 (Figure 8.3(b)). The results
presented here are also in good agreement with the photoemission data sug-
gesting a rigid band-like filling or depleting of the electronic states near the
Fermi level [115]. Even though the occurrence of superconductivity is clearly con-
nected to the charge of the (FeAs)δ−-layer, the role of the crystal structure should
not be underestimated. It was noticed early that the maximum Tc of 38 K in
Ba1−xKxFe2As2 at x ≈ 0.4 (∆e− ≈ −0.2) coincides with an As-Fe-As bond angle
close to the ideal value of 109.47◦ [12]. For Ba1−xKxFe1.86Co0.14As2, the maximum
Tc appears at ∆e− = −0.16 when the angle is 109.5◦, slightly shifted from the
Cobalt-free phases that have the maximum at ∆e− = −0.2 (Figure 8.8).

In spite of the apparent relation to Tc, the true role of the bond angle is still
unclear. Even its decrease from 111.1◦ in BaFe2As2 to 109.5◦ and lower by hole-
doping cannot be well understood from atom sizes alone, because substitution of
alkaline metals for barium always decreases the angle. Even if barium is replaced
by much smaller sodium atoms in Ba1−xNaxFe2As2

[120], the c-axis increases and
the angle becomes smaller until it reaches 109.5◦ at x ≈ 0.4, where again the
Tc is the highest. This indicates that the angle may also be controlled by the
electron count.

In summary, we have shown how the physical properties of doped BaFe2As2 are
predominantly controlled by the charge of the (FeAs)δ−-layers. Continuous ad-
justing from electron- to hole-doping in the solid solution Ba1−xKxFe1.86Co0.14As2

tunes the system from superconductivity to a magnetic state and back to super-
conductivity. This recovery of the magnetic phase similar to that of the parent
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compound is unprecedented and emphasizes the role of the layer charge. Our
results suggest that structural parameters like bond length or angles play a mi-
nor role with respect to the incurrence of superconductivity in electron- or hole
doped systems, but are certainly important to achieve the highest possible critical
temperatures.
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9. Ba1−xKx(Fe1−yCoy)2As2 - the charge
compensated state

9.1. Introduction

As we have seen in the last chapter, the combination of potassium and cobalt
substitution in Ba1−xKxFe1.86Co0.14As2 leads to a compensation of hole and elec-
tron doping. A non-superconducting, parent-like state is observed for x = 0.13
and x = 0.2, where the tetragonal to orthorhombic phase transition, well known
fom the parent compound BaFe2As2, is found and antiferromagnetic ordering
was evidenced for x = 0.2. But what would happen if both K and Co content
in Ba1−xKx(Fe1−yCoy)2As2 were increased while staying in the charge compen-
sated area (x/2 ≈ y)? The endpoint of this series on the potassium-rich side is
KFeCoAs2 (already presented in chapter 7), where no SDW anomaly is observed,
in spite of the great similarity of the calculated fermi surface to that of BaFe2As2.
Instead, KFeCoAs2 shows simple metallic behaviour. Thus the magnetism in
Ba1−xKx(Fe1−yCoy)2As2 is expected to disappear at some point with increasing
potassium and Co substitution, even in the compensated state. Furthermore,
Suzuki et. al. [119], who investigated single crystals of Ba1−xKx(Fe1−yCoy)2As2,
report superconductivity for several samples with x/2 ≈ y = 0.14 - 0.22.

To verify these findings and to investigate more closely the influence of increased
doping on structure, magnetism, phase transitions and superconductivity, poly-
crystalline samples of Ba1−xKx(Fe1−yCoy)2As2 with x/2 ≈ y = 0 - 0.25 were
synthesized. This chapter presents detailed studies of the structure and proper-
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ties of these both potassium and cobalt doped, charge compensated samples at
room and low temperatures.

9.2. Experimental Methods

For the study of Ba1−xKx(Fe1−yCoy)2As2, polycrystallinic samples were synthe-
sized, since this gives better homogenity of the potassium content than the synthe-
sis of single crystals. The synthesis method and temperature program described
in chapter 8 were used, but to compensate the loss of potassium during synthesis,
3 - 5 % additional potassium was added. Nevertheless, the composition of some
of the samples deviates slightly from x/2 ≈ y. Resistivity was measured on cold
pressed and annealed (873 K) pellets in the temperature range 10 K - 320 K or
3.5 - 320 K using the four probe technique. The data was complemented by AC
susceptibility measurements. Powder diffraction data were collected on a Huber
G670 diffractometer with Co-Kα1 or Cu-Kα1-radiation, equipped with a closed
cycle He cryostat. Mößbauer spectra were recorded in transmission geometry
using a 57Co/Rh source. The spectrometer was calibrated with a 8µm thin α-Fe
foil at room temperature. The powdered sample was mixed with methanol in a
PA6.6 container to ensure a homogeneous surface thickness of 8.2 mg Fe/cm2. A
CryoVac Konti IT cryostat with He or N2 as exchange gas was used to stabilize
temperatures between 4.2 K and 300 K.

9.3. Results and Discussion

While for Ba1−xKxFe1.86Co0.14As2 the structural changes were dominated by the
potassium substitution, the influence of the additional cobalt substitution on the
structure becomes visible at higher Co contents. Figure 9.1 depicts the structural
changes upon substitution in charge compensated Ba1−xKx(Fe1−yCoy)2As2 (red)
compared to hole doped Ba1−xKxFe2As2 (blue) (plots against x/2 are shown;
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note that x/2 ≈ y for the Ba1−xKx(Fe1−yCoy)2As2 samples). While a is not
affected by the additional cobalt substitution and decreases at the same rate as
in Ba1−xKxFe2As2, the increase of c is clearly reduced in Ba1−xKx(Fe1−yCoy)2As2.
Consequently, the value of the As-Fe-As angle ε changes less for
Ba1−xKx(Fe1−yCoy)2As2 than reported for Ba1−xKxFe2As2 and reaches only
∼110.5◦ at x/2 = 0.2, where the ideal tetrahedral angle of 109.47◦ is found in
Ba1−xKxFe2As2. Interestingly, Co doping also leads to a decrease of the Fe-
As distance d; a reduction of ∼1 % is found for x/2 = 0.25 compared to only
∼0.3 % in Ba1−xKxFe2As2. All in all, we conclude that for higher doping lev-
els in Ba1−xKx(Fe1−yCoy)2As2, both potassium and cobalt doping influence the
structure significantly.

As we have seen in chapter 8, charge compensated Ba0.87K0.13Fe1.86Co0.14As2

shows the tetragonal to orthorhombic phase transition, but with a reduced or-
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9.3. Results and Discussion

thorhombic distortion compared to BaFe2As2. To check how this phase transition
is influenced by increased cobalt and potassium doping in the compensated state,
low temperature powder diffraction was performed. The results, depicted in Fig-
ure 9.2, show that the splitting of the lattice parameters becomes weaker with
increasing doping level. The splitting is significantly reduced from ∆ = b − a
= 4 pm in BaFe2As2 to ∼ 2 pm for x/2 ≈ y ≈ 0.07 and 0.09 and further to
∼ 0.8 pm for x/2 ≈ y ≈ 0.13, where only a broadening of reflections at low tem-
peratures is observed. Due to the diminutive size of the splitting it is difficult to
determine the exact phase transition temperatures by the rietveld method, but
the general trend - a decrease of the structural phase transition temperature Ts

- is clearly visible. Thus we observe a decrease of both orthorhombic distortion
and phase transition temperatures with increasing substitution level x/2 ≈ y in
charge compensated Ba1−xKx(Fe1−yCoy)2As2, which means that the structural
phase transition is subsequently suppressed.

Temperature dependent Mößbauer spectra were recorded to check how the
magnetic phase transition temperature and the magnetic hyperfine field at low
temperatures are influenced by the increasing cobalt and potassium content. For
Ba0.8K0.2Fe1.86Co0.14As2, Mößbauer data was already presented in chapter 8 (Fig-
ure 8.5) showing an onset of magnetic ordering close to 85 K and a magnetic
hyperfine field of 3.9 T at 4.2 K. Figure 9.3 displays 57Fe Mößbauer spectra of
Ba1−xKx(Fe1−yCoy)2As2 with x/2 ≈ y = 0.1 (a) and x/2 ≈ y = 0.13 (b) for
several temperatures above and below the magnetic phase transition. At low
temperatures, hyperfine field splitting is found for both samples, which indi-
cates long range magnetic ordering. The splitting is less pronounced than in
Ba0.8K0.2Fe1.86Co0.14As2. For Ba1−xKx(Fe1−yCoy)2As2 with x/2 ≈ y = 0.1, the
temperature dependence of the magnetic hyperfine field is plotted in Figure 9.3(c)
(cyan, filled circles). In the temperature range 60 - 80 K line broadening is ob-
served, but the effect is too small to assign a finite value for the hyperfine field.
The broadening could originate from magnetic ordering in part of the sample,
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9.3. Results and Discussion

but might also be caused by fluctuations of the lattice. Below 62 K however, long
range static magnetic ordering is observed and at 4.2 K a saturation value of
2.7 T is found for the magnetic hyperfine field. For Ba1−xKx(Fe1−yCoy)2As2 with
x/2 ≈ y = 0.13 (b) the hyperfine field (Figure 8.5, green, filled circles) converges
to 1.5 T at 4.2 K. Similar to Ba1−xKx(Fe1−yCoy)2As2 (x/2 ≈ y = 0.1), some line
broadening is observed in a transition region between 40 and 50 K.

For a comparison of the development of structural distortion and magnetic or-
dering at low temperatures, plots of the structural order parameter (a−b)/(a+b)
and the magnetic order parameter (mößbauer hyperfine field) against the tem-
perature are shown in Figure 9.3(c). Data for Ba1−xKx(Fe1−yCoy)2As2 with x/2
≈ y = 0.1 is depicted in cyan and for x/2 ≈ y = 0.13 in green (open circles). For
both compositions, the curves of the structural and the magnetic order parameter
show no differences within the error bars, although for x/2 ≈ y = 0.1 few data
points near the transition were measured. Still, the data is in better agreement
with a magnetic phase transition very close to the temperature of the structural
phase transition as reported for Ba1−xKxFe2As2

[98], in contrast to a separation
of both transition temperatures as it is well kown from Ba(Fe1−yCoy)2As2

[21] and
was proposed for Ba1−xKx(Fe1−yCoy)2As2

[119].

To summarize, the magnetic hyperfine field is reduced from 5.7 T at 4.2 K in
BaFe2As2

[12] to 3.9 T in Ba0.8K0.2Fe1.86Co0.14As2, to 2.7 T for x/2 ≈ y = 0.1 and
to 1.5 T for x/2 ≈ y = 0.13 in Ba1−xKx(Fe1−yCoy)2As2. A decrease of both Neel
temperature and magnetic hyperfine field is observed with increasing Co and K
content x/2 ≈ y. This demonstrates that a weakening of magnetism takes place
with increasing doping level - even in the charge compensated case.

For single crystals of Ba(Fe1−yCoy)2As2, the resistivity ususally shows an up-
turn at Ts and saturates close to the magnetic phase transition temperature TN .
Powder samples of Ba1−xKx(Fe1−yCoy)2As2 with x/2 ≈ y ≈ 0.07 and 0.1 show
a similar upturn of the resistivity near the temperature of the structural phase
transition (Figure 9.4(a)). For x = 0.23 and y = 0.13, the upturn has disappeared,
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0.07 - 0.13. (b) AC susceptibility plots for x/2 ≈ y = 0.07 - 0.25.

instead the resistance drops to zero below Tc(onset) = 16 K. Measurements of
the AC susceptibility confirm bulk superconductivity for Ba1−xKx(Fe1−yCoy)2As2

with x/2 ≈ y = 0.13-0.19 (Figure 9.4(b)). At x/2 ≈ y = 0.25 (dark red), no bulk
superconductivity is observed, which shows the superconducting dome only spans
about 10 % in the cobalt content.
The data for Ba1−xKx(Fe1−yCoy)2As2 (x/2 ≈ y) is summarized in a phase dia-

gram in Figure 9.5, combined with the data for Ba1−xKxFe1.86Co0.14As2 from
chapter 8. The phase diagram is colour coded: non-superconducting regions are
depicted in blue and the superconducting dome is shown in yellow (for Tc ≈
10 K) to dark red (Tc = 38 K). Data points from this work are marked by black
squares and the respective transition temperatures (Tc(onset) in AC susceptibil-
ity) are given. The measurements add to the data on Ba1−xKx(Fe1−yCoy)2As2

published by Suzuki et. al. [119] (grey squares) and confirm their reports on su-
perconductivity in charge compensated samples. The data of both series agree
reasonably well. However, Suzuki et. al. present only two data points with x/2
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and for Ba(Fe1−yCoy)2As2 from [121].

≈ y ≤ 0.05 in the underdoped, non-superconducting region of the phase dia-
gram. Thus they missed the recovered parent-like state in charge compensated
Ba1−xKx(Fe1−yCoy)2As2 in the region of the phase diagram where the concentra-
tion of each dopant alone would induce superconductivity (for x/2 > 0.05 [12] and
y > 0.037 [122]). The non-superconducting area extends beyond x/2 ≈ y = 0.1. For
0.13, superconductivity is found, but a reduced superconducting volume fraction
for samples close to the ideal x/2 = y = 0.13 suggests this concentration to be
close to the border of the superconducting dome. The highest Tc’s are found for
hole doped Ba1−xKxFe2As2 and throughout the whole phase diagram, the tran-
sition temperatures on the hole-doped side are higher than those at the same Co
content on the electron-doped side. The disorder in the FeAs4/4 layers by Co dop-
ing is often used as an argument to explain the lower Tc’s in Ba(Fe1−yCoy)2As2
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9. Ba1−xKx(Fe1−yCoy)2As2 - the charge compensated state

compared to Ba1−xKxFe2As2. Our results suggest however, that even at the same
degree of distortion within the tetrahedra layers, hole doping of BaFe2As2 gives
higher transition temperatures. Also, the superconducting area spreads further
on the hole doped side. For charge compensated Ba1−xKx(Fe1−yCoy)2As2, the
superconducting dome is extended to higher Co contents than for electron doped
Ba(Fe1−yCoy)2As2. This shows that the “charge” is likely to play a role in the
suppression of superconductivity in Ba(Fe1−yCoy)2As2.

Because electron doping is compensated by hole doping for x/2 = y, the oc-
currence of superconductivity can not be explained by charge doping. Therefore,
a comparison with isoelectronic doping suggests itself. Here, Ba(Fe1−yRuy)2As2

seems to be the best candidate, since in both cases the substitution (or part of
it) takes place in the iron layer. For Ba(Fe1−yRuy)2As2, a suppression of the
SDW transition upon Ru substitution is found, superconductivity sets in at y
= 0.2 and transition temperatures up to 19 K are observed [123]. Recent ARPES
measurements show no significant changes of the shape of the fermi surface or the
chemical potential upon Ru substitution [124]. This rules out charge doping by a
different ruthenium valence as the reason for the occurrence of superconductivity.
Thus Ba(Fe1−yRuy)2As2 and Ba1−xKx(Fe1−yCoy)2As2 (x/2 = y) are expected to
show similar properties.

Figure 9.6 compares the phase diagrams of Ba(Fe1−yRuy)2As2 and compensated
Ba1−xKx(Fe1−yCoy)2As2 (Ts and Tc versus y are shown). While the supercon-
ducting transition temperatures are similar, both phase diagrams show a number
of differences otherwise: For Ba1−xKx(Fe1−yCoy)2As2 (x/2 ≈ y), superconducti-
vity is observed at y = 0.13, for Ba(Fe1−yRuy)2As2 it sets in only at y ≈ 0.2. The
superconducting dome extends to y > 0.4 in the case of Ru substitution, while
Ba1−xKx(Fe1−yCoy)2As2 is already non-superconducting at x/2 ≈ y = 0.25. A
similar trend is seen for the suppression of the structural phase transition, that
happens at a much lower Co than Ru content. The differences might be explained
by the fact that potassium doping introduces additional disorder and that the
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[123] (plot against y).

phase diagram should be scaled with x/2 + y. However, indirect substitution
should have less effect on the FeAs4/4- layer and the superconducting properties.
Co may also be a more effective scattering center than Ru (for example because
of a local charge or magnetic moment on the Co atom) and thus introduce more
disorder. A comparison of the structural changes reveals further differences for
both substitution series: In Ba1−xKx(Fe1−yCoy)2As2 (x/2 = y) a decrease of the
lattice parameter a and an increase in c is observed (as shown in Figure 9.1), in
contrast to an increase in a and a decrease of c in Ba(Fe1−yRuy)2As2.

The differences of the phase diagrams suggest different mechanisms for the
suppression of magnetism and the induction of superconductivity in charge com-
pensated Ba1−xKx(Fe1−yCoy)2As2 and Ba(Fe1−yRuy)2As2. In Ba(Fe1−yRuy)2As2,
one explanation for these effects is magnetic dilution [124]: As a 4d element, Ru
has a smaller stoner enhancement parameter than Fe. Thus ruthenium sub-
stiution can reduce the effective stoner enhancement parameter resulting in the
suppression of magnetism. But what possible explanation can be found for
Ba1−xKx(Fe1−yCoy)2As2 (x/2 = y)?

As mentioned in chapter 7, DFT calculations on KFeCoAs2 show a reduced
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9. Ba1−xKx(Fe1−yCoy)2As2 - the charge compensated state

N(EF ) due to a decrease of the lattice parameter a [110]. However, this reduction
seems to be too small (for Ba1−xKx(Fe1−yCoy)2As2 with x/2 = y ≈ 0.13) to desta-
bilize the magnetic order [119]. Otherwise, the structural parameters (depicted in
Figure 9.1) are not likely to explain the properties of Ba1−xKx(Fe1−yCoy)2As2

(x/2 = y). The only interesting feature is the reduction of the Fe-As-distance
(-1 % at x/2 ≈ y = 0.25). Since for BaFe2(As1−xPx)2, d(FeAs) was found to
be a gauge for the magnetic moment, its decrease might cause the suppression
of the magnetism [28]. However, the change in d(FeAs) is less pronounced in
Ba1−xKx(Fe1−yCoy)2As2 (x/2 = y) than in BaFe2(As1−xPx)2, where a reduction
of ∼ 1.3 % was found at Tc,max.

Recent PDF studies show local distortions that introduce disorder in
Ba(Fe1−yCoy)2As2, resulting in a clear deviation of the local from the aver-
age structure at y = 0.2 [125]. A model with Fe atoms displaced towards Co
is proposed for the local structure. Theory suggests that non-magnetic impu-
rities introduced by doping can damage the spin density wave order more than
the s±-superconductivity, because “both intra- and interband scattering is de-
structive for SDW, but only inter-band scattering is pair-breaking for an s±-
superconductor” [126]. This scenario, where doping introduces disorder but does
not affect the band structure, could explain a phase diagram as shown in Fig-
ure 9.6 [126] and seems to be fulfilled in Ba1−xKx(Fe1−yCoy)2As2 (x/2 = y). For
Ba1−xKx(Fe1−yCoy)2As2, the topology of the Fermi surface is not expected to
change much with increasing x/2 = y, because the fermi surface of KFeCoAs2,
the endpoint of the series, is still very similar to BaFe2As2

[110]. Also, it seems
reasonable that Co can act as non-magnetic impurity, since NMR measurements
on BaFe1.8Co0.2As2 gave no evidence for magnetic moments induced by the Co
doping [127]. Thus, the suppression of the SDW and the emerging of supercon-
ductivity in charge compensated Ba1−xKx(Fe1−yCoy)2As2 could be explained by
disorder effects due to Co doping.

To summarize, Ba1−xKx(Fe1−yCoy)2As2 with x/2 ≈ y = 0 - 0.25 was synthe-
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sized and investigated. The additional cobalt doping results in a slower increase
of the lattice parameter c compared to potassium doping alone. For x/2 ≈ y =
0 - 0.13, the tetragonal to orthorhombic phase transition was observed by low
temperature powder diffraction, with decreasing transition temperatures and or-
thorhombic splitting at higher doping levels. AC susceptibility and resistivity
measurements show bulk superconductivity for x/2 ≈ y = 0.13 - 0.19, but is ab-
sent for 0.25. A maximum Tc of ∼ 15 K is found. The data agrees with results
by Suzuki et. al. [119]. A x/2-y phase diagram visualizes the various intriguing
effects found in Ba1−xKx(Fe1−yCoy)2As2: charge compensation resulting in an
extension of the non-superconducting area at low temperatures, the emerging of
superconductivity at higher doping levels (x/2 = y > 0.13) even for x/2 = y,
connected with the suppression of the SDW-state, and the different shape of the
superconducting dome for electron and hole doped Ba1−xKx(Fe1−yCoy)2As2. The
phase diagram of Ba1−xKx(Fe1−yCoy)2As2 with x/2 ≈ y is compared to that of
Ba(Fe1−yRuy)2As2. While the maximum Tc is similar, a different dependency on
y makes it unlikely that a similar mechanism is responsible for the suppression
of magnetism and the occurrence of superconductivity in both cases. It has been
shown that Co doping introduces disorder because of local distortions [125] and
that doping acting as disorder can explain a phase diagram like the one observed
for Ba1−xKx(Fe1−yCoy)2As2 (x/2 ≈ y) [126]. Thus, is seems that disorder intro-
duced by Co doping can explain both the suppression of the SDW-wave and the
occurrence of superconductivity in charge compensated Ba1−xKx(Fe1−yCoy)2As2.
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10.1. Introduction

In the last two chapters it has been shown that simultaneous hole and electron
doping leads to a number of surprising results. At low doping levels, hole and
electron doping seem to cancel each other out, resulting in a non-superconducting,
parent-like state if the number of holes equals the number of electrons introduced
into the FeAs4/4-layer by charge doping. At higher doping levels, superconduc-
tivity appears even in the compensated state (although at lower temperatures),
possibly due to a weakening of the magnetism and the disorder induced by dop-
ing. In any case, the example of Ba1−xKx(Fe1−yCoy)2As2 shows that simultaneous
double substitution in BaFe2As2 gives unpredictable results.
In this chapter the effects of simultaneous isoelectronic and charge doping in

the series Ba(Fe1−yCoy)2(As1−xPx)2 are investigated. Because phosphorus is iso-
electronic to arsenic, no charge doping is involved in the case of BaFe2(As1−xPx)2

(phase diagram presented in Figure 1.4), and other effects should be responsible
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Ba(Fe1−yCoy)2(As1−xPx)2

for the suppression of the SDW state and the occurrence of superconductivity
with a maximum Tc of 30 K. Since the atomic radius of P is smaller than that of
As (introducing so-called “chemical pressure”), an analogy to superconductivity
in BaFe2As2 under pressure is seen, although the appearance of superconductivity
in BaFe2(As1−xPx)2 can not be attributed to cell volume effects alone [28]. An-
other difference to electron doping in BaFe2As2 is the occurrence of a nodal gap
in BaFe2(As1−xPx)2, strongly suggested by penetration depth and heat transport
measurements, NMR and ARPES experiments [106,128,129]. What will happen if
phosphorus doping is combined with electron doping? Will the effects of each
component add up or cancel out? What maximal Tc’s will be reached for the
mixed system? To answer these questions, Ba(Fe1−yCoy)2(As1−xPx)2 with y ∼
0.03, 0.05 and 0.07 and varying phosphorus content was prepared and the struc-
tural and physical properties investigated.

10.2. Experimental Methods

Fe1−yCoyAs1−xPx was prepared by heating stoichiometric mixtures of iron, cobalt,
arsenic and phosphorus in sealed silica ampoules under an atmosphere of purified
argon to 973 K for 10 h, homogenizing and sintering two times at 1123 K for
30 h. A stoichiometric amount of Ba was added, the mixture placed in an alu-
mina crucible, heated to 943 K at a rate of 100 K/h and kept at this temperature
for 10 h. The reaction product was homogenized, sintered at 1273 K for 30 h,
again homogenized and sintered at 1373 K for another 30 h. For conductivity
measurements pellets were cold pressed and sintered at 1273 K for 10 h. Bulk
superconductivity was confirmed by AC susceptibility measurements and the su-
perconducting transition temperature extracted by fitting the steepest descent
with a line and using the point of intersection with the normal-state suscepti-
bility as Tc (onset). Powder diffraction data was measured using a Huber G670
diffractometer with Co-Kα1 or Cu-Kα1-radiation, equipped with a closed cycle He
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10.3 Results and Discussion

cryostat for low temperature powder diffraction. To check the phase homogene-
ity and determine the structural parameters Rietveld refinements were performed
using the TOPAS package [74]. The fundamental parameter approach was used
for the reflection profiles and an empirical 2θ dependent intensity correction for
Guinier geometry. The Fe:Co ratio was held constant and the As:P ratio was
refined. Both Co and P content were checked by EDX measurements for most
samples, revealing variations by no more than 1 % for the Co content and by no
more than 2 - 4 % for the P content. In a few samples small percentages of Fe2P
were observed, while other contained traces of an unknown foreign phase with
main reflection at 2θ ≈ 28 ◦, which had also been reported for similar samples [130].

10.3. Results and Discussion

Figure 10.1 shows the variation of the lattice parameters a and c with increas-
ing phosphorus substitution for phosphorus-only doped samples (black) [130] and
samples with additional 3 % (blue) or 7 % cobalt (red). For all Co doping levels
the lattice parameters decrease with increasing phosphorus substitution, as ex-
pected because of the so-called “chemical pressure” by the smaller ionic radius
of phosphorus (r(P3−) = 166 pm) compared to arsenic (r(As3−) = 176 pm, see
Appendix A.6). Co doping seems to decrease both lattice parameters slightly, but
the effect is small compared to the decrease due to phosphorus substitution. Thus
all structural parameters are dominated by effects of the phosphorus content and
hardly influenced by Co doping.

Although the effect of Co doping on the structure is small compared to phos-
phorus substitution, a distinct effect of additional Co doping can be observed for
the physical properties. Figure 10.2 depicts resistivity versus temperature plots
of the series Ba(Fe1−yCoy)2(As1−xPx)2 with 3 % cobalt doping and x = 0.07 -
0.40 while Figure 10.3 presents the results of AC susceptibility measurements
confirming bulk superconductivity. 3 % Co doping is just outside the supercon-
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ducting dome: A superconducting volume fraction of only 3 % and a Tc(onset)
= 3 K was observed for 3.15 %, while bulk superconductivity with Tc = 7 K was
shown for 3.66 % Co [122]. Substituting only 7 % phosphorus for arsenic yields
a superconductor with Tc= 14 K. EDX measurements show a Co concentration
of about 3.22 % for this sample, but even if bulk superconductivity could be
expected at this doping level, the transition temperature is much higher than
expected for the Co doping alone. Further substitution of arsenic by phosphorus
quickly leads to a rise of the superconducting transition temperature to a maxi-
mum of 28 K for x = 0.2 as shown in Figure 10.3 (left), followed by decreasing
critical temperatures of 25 K at x ≈ 0.26, 15 K at x ≈ 0.4 and finally 5 K at
x ≈ 0.45 (Figure 10.3 (right)).

Samples with small phosphorus concentrations show resistivity anomalies around
90 K at x = 0.07 and 70 K at x = 0.13 (Figure 10.2). Reports about underdoped
Ba(Fe1−yCoy)2As2 link an increase of the resistivity to the SDW-transition [131].
Although the effect is less pronounced here than reported for Ba(Fe1−yCoy)2As2

single crystals, low temperature powder diffraction reveals a small splitting of
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reflections (for example the (110) reflection) for x = 0.07 and a broadening of
reflections for x = 0.13. Figure 10.4 presents the results of rietveld refinements of
the low temperature powder data. The splitting of the lattice parameters appears
close to 85 K at x = 0.07 and near 60 K at x = 0.13. Exact determinations of the
transition temperatures are difficult due to peak broadening, possible phosphorus
inhomogeneities and the smallness of the splitting. At 10 K the orthorhombic
lattice parameters differ by 1.6 pm for x = 0.07 and by 0.7 pm for x = 0.13
compared to 4 pm in BaFe2As2

[8].
Next Ba(Fe1−yCoy)2(As1−xPx)2 samples with the higher Co doping levels y =

0.05 and 0.07 were studied, that are already superconducting without phosphorus
substitution. Figure 10.5 presents susceptibility (left) and conductivity (right)
measurements for x = 0.16 - 0.23. A transition temperature of 18 K was reported
for Ba(Fe0.95Co0.05)2As2

[131] which increases to 24 K by phosphorus substitution
at x = 0.16 before dropping slightly to 22 K at x = 0.23 and to 14.5 K at x =
0.36. These effects are similar to those observed for the samples at y = 0.03,
though less pronounced.
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However once the Co doping level is increased to 7 %, the picture changes.
From the normalized electrical resistances depicted in Figure 10.6(a) it becomes
immediately clear that for Ba(Fe0.93Co0.07)2As2 additional P substitution only
diminishes Tc, until superconductivity is suppressed. This is supported by AC
susceptibility measurements that show bulk superconductivity for x = 0.08 and
x = 0.20 (Tc= 21 and 13 K) while for x = 0.32 only the onset of diamagnetism
with a small superconducting volume fraction is detected.

To summarize the results presented so far, we find an increase followed by a
decrease of Tc in cobalt-underdoped samples (y= 0.03 and 0.05, more pronounced
in y = 0.03), and a decline of Tc for the optimally doped (y = 0.07) compounds
upon phosphorus substitution. All data points (black squares) are collected in a
phase diagram (Figure 10.7), where Tc is colour-coded: dark red means Tc ∼30 K,
yellow Tc ∼10 K and non superconducting areas are depicted in light blue. The
data for Ba(Fe1−yCoy)2As2 and BaFe2(As1−xPx)2 were taken from [121] and [26]. A
shift of the whole superconducting dome to lower P contents is observed with
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inreasing Co doping. Co and P doping seem to work together at suppressing the
SDW transition, inducing superconductivity and increasing the superconducting
transition temperature in the respective underdoped areas, where neither one
dopant alone could explain the observed Tc’s. However, Co plus P doping can
not surpass the maximum Tc of 30 K found for Ba(Fe0.93Co0.07)2(As1−xPx)2 with
x = 0.33. The results suggest that the maximal transition temperature observed
for each Co doping level is shifted along a line connecting x = 0.33 (P) and y =
0.07 (Co), gradually decreasing from 30 K to 25 K.

Recent ARPES results suggested that phosphorus substitution may act like hole
doping in BaFe2(As1−xPx)2 with 0.3 holes per iron when one arsenic is replaced by
phosphorus at x = 0.5 [132]. If indeed holes are introduced by phosphorus substitu-
tion, the same number of holes and electrons should be present along the dashed
line drawn in Figure 10.7. However, the results on Ba1−xKx(Fe1−yCoy)2As2 pre-
sented in chapter 8 show a compensation of hole and electron doping and the
recovery of a parent-like phase for low cobalt doping levels [133]. As can be seen
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from Figure 10.7, no such effect is found for Ba(Fe1−yCoy)2(As1−xPx)2.

Since the structure of Ba(Fe1−yCoy)2(As1−xPx)2 is dominated by the “chemi-
cal pressure” generated by phosphorus doping, a comparison to physical pressure
suggests itself. Several studies on the effect of pressure on Ba(Fe1−yCoy)2As2

report an increase of Tc under pressure on the underdoped side and a small in-
crease and/ or a decrease for optimally doped samples [117,131,134,135]. Especially
uniaxial pressure effects seem to have a big influence, for example in the case
of Ba(Fe0.92Co0.08)2As2, where Tc rises slightly with increasing pressure under
hydrostatic conditions while it is quickly diminished for pressures applied along
the c-axis [135]. However, as phosphorus substitution intrinsically provides an
uniaxial component [136], our data should agree better with high pressure stud-
ies preformed under less hydrostatic pressure conditions. For comparison, the
phosphorus content was related to physical pressure via the cell volume (data
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for BaFe2(As1−xPx)2 from [130], and for pressurized BaFe2As2 from [137], ratio of
changes for c and a similar for both data sets) which gives 1 GPa =̂ 13.12 % P.
Plots for Tc versus phosphorus content (filled symbols) or physical pressure (open
symbols and dashed lines) for different Co doping levels are displayed in Figure
10.8 a) (y = 0 (black), y ≈ 0.03 (blue) and y ≈ 0.07 (red)). Obviously, the
general trend for each Co doping level is the same both for chemical and phy-
sical pressure. However, for physical pressure the superconducting domes are
broadened, especially for the Co doped samples, and shifted to higher pressures
than expected from the relation via volume. It appears as if chemical pressure
is more efficient in pushing the system to the maximum Tc, emphasized by the
large pressure difference of ≈ 3 GPa between BaFe2As2 under physical pressure
and BaFe2(As1−xPx)2.

A closer look at the structure helps to understand these discrepancies. While
the lattice parameters a and c vary similar under chemical and physical pressure,
significant differences are found in the reduction of the Fe-As bond lengths. Figure
10.9 depicts the changes in the normalized Fe-As distances in BaFe2(As1−xPx)2

(red) [28] and BaFe2As2 under pressure (black) [137,139]. While the Fe-As bond in
BaFe2As2 decreases linearly with increasing pressure, the Fe-As bond in
BaFe2(As1−xPx)2 contracts rather strongly at low phosphorus doping levels and
then converges [28].

The shortening of the Fe-As bond length is known to be connected with a
broadening of the bandwidth and the suppression of the SDW-state upon P sub-
stitution in BaFe2(As1−xPx)2. Since also for BaFe2As2 under pressure, DFT cal-
culations find a decrease of the Fe-As distance (its magnitude well in agreement
with the data shown in Figure 10.9), correlated to a decrease of the magnetic
moment [140], a similar state might be expected under chemical and physical pres-
sure for similar Fe-As distances. For example in BaFe2As2 the Fe-As distance
has been reduced by ∼1.35 % at ∼ 5.5 GPa, where Tc,max is observed. Equal
reduction of the bond is found for x ≈ 0.3 in BaFe2(As1−xPx)2, again close to the
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maximum of the superconducting dome. Figure 10.8 b) shows a plot of Tc versus
the changes in the normalized Fe-As distance for the data depicted in a), where a
qualitative correlation of phosphorus content and physical pressure to the Fe-As
distances was done by using the dashed lines in Figure 10.9. This shows very
good agreement for BaFe2As2 under physical pressure and chemical pressure in
BaFe2(As1−xPx)2, indicating that, regardless of chemical or physical pressure, the
Fe-As bond length is the crucial factor that controls Tc if no Co doping is present.

For the Co underdoped sample (y = 0.03) the maximal Tc values for chemical
and physical pressure coincide at the same value −∆d/d ≈ 0.005 (green banded
dome in Figure 10.8b) only if a linear bond shortening with phosphorus sub-
stitution is anticipated in both cases. This assumes that the steeper decrease of
−∆d/d at lower phosphorus concentrations (figure 10.9) is due to the suppression
of the magnetism, which would be already weakened in the case of Co doping.

120 V. Zinth and D. Johrendt, EPL 2012, 98, 57010. c©EPLA, 2012



10.4 Conclusion

If it is alternatively anticipated that the bond length curve for chemical pressure
is equally valid for the Co doped sample, the maximum Tc for chemical pressure
is shifted to −∆d/d ≈ 0.01 (blue filled dome in Figure 10.8b), but the shape of
the dome is now more similar to that for physical pressure. A shift of the Tc,max
value for chemical pressure (filled blue) to higher −∆d/d relative to Tc,max for
physical pressure (dashed blue) is expected due to the slightly different lower Co
concentrations (chemical pressure: y = 0.03, physical pressure y = 0.038). How-
ever, the observed shift is bigger than estimated by assuming a linear dependency
−∆d/d(Tc,max), but a more concrete analysis is still not possible due to the lack
of sufficiently precise structural data.

10.4. Conclusion

In this chapter, the effects of simultaneous doping with cobalt and phosphorus
Ba(Fe1−yCoy)2(As1−xPx)2 were studied and a detailed phase diagram was pre-
sented. The spin density wave can be suppressed and superconductivity induced
by a combination of both dopants in such areas where the content of only one
would not suffice, but a combination of both can also drive the system from the
optimally doped to an overdoped state. The maximum Tc is not in the Co plus
P doped area of the phase diagram, but occurs in BaFe2(As1−xPx)2 at x = 0.33.
The phase diagram gives no evidence of holes in BaFe2(As1−xPx)2 as suggested
by recent angle resoled photoemission experiments. Chemical and physical pres-
sure act similarly in Ba(Fe1−yCoy)2As2, but the data strongly suggest that the
most important parameter is the length of the Fe-As bond and not the unit cell
volume. The different behaviour of the Fe-As distance under physical pressure
(where a linear decrease is found) and in BaFe2(As1−xPx)2 (non-linear reduction)
is the key to understanding the differences between physical and chemical pres-
sure. The properties of both Ba(Fe1−yCoy)2(As1−xPx)2 and Ba(Fe1−yCoy)2As2

under physical pressure seem to be mainly controlled by two parameters: the
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charge introduced by Co doping, which changes the filling of bands, and the
FeAs distance that influences bandwidth and magnetism.
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11. Summary

In this thesis, structure and properties of ThCr2Si2-type and related materials
were investigated. The main focus was on the 122-phases of iron arsenide su-
perconductors, more precisely on doped BaFe2As2. The structural details of
Ba1−xKxFe2As2 at low temperatures were examined and several substitution se-
ries of BaFe2As2 were synthesized to study the influence of combinations of doping
both on structure and properties. Apart from the iron arsenides, ternary rhodium
arsenides with ThCr2Si2-type and related structures were studied in detail. The
following chapter gives a brief summary of the key results presented in this thesis.

SrRh2As2

At first sight, SrRh2As2 seems to have similar properties as BaFe2As2, since both
compounds undergo a similar tetragonal to orthorhombic phase transition. On
closer inspection however, the similarities quickly end; in contrast to BaFe2As2,
which is antiferromagnetic below the phase transition, SrRh2As2 turned out to
be a Pauli-paramagnet. Additionally, it shows a richer structural chemistry,
with the tetragonal γ-SrRh2As2 transforming to β-SrRh2As2 at 555 K and to α-
SrRh2As2 at 463 K. For this work, single crystals and powder samples of SrRh2As2

were prepared and the structures of all three polymorphs were studied in detail.
Despite the partially pseudo merohedric twinning, the so far unknown crystal
structure of α-SrRh2As2 could be solved in the monoclinic space group P21/c
with a = 421.2(1) pm, b = 1105.6(2) pm, c = 843.0(1) pm and β = 95 ◦. For β-
SrRh2As2, a close inspection of the diffraction pattern revealed satellite reflections
in agreement with a modulation vector q = (0.5, 0, 0.1655), where second order
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satellites were much stronger than the first order satellites. Taking the strong
satellites into account, the incommensurate structure was successfully refined
in the (3+1) dimensional superspace group Fmmm(10γ)σ00 with the unit cell
parameters a = 1114.4(3) pm, b = 574.4(2) pm and c = 611.5(2) pm and a
modulation vector q = (1, 0, 0.3311(4)). The strong modulation of the Rh
atom can be described by a crenel function and leads to a variation of the Rh-
Rh distances along c from 287 pm to 358 pm. For the γ-phase, the presented
high temperature single crystal data confirms the ThCr2Si2-type structure of γ-
SrRh2As2 as reported in literature. Furthermore, DFT calculations with COHP
bonding analysis show that the distortion and elongation of Rh-Rh bonds lead to
lowering in energy of antibonding states in α-SrRh2As2 compared to tetragonal
γ-SrRh2As2, thus the driving force of the lattice distortions comes from Rh-Rh
bonding and has no magnetic origin as suggested for BaFe2As2.

CaRh2As2 and Sr1−xCaxRh2As2

The study of ternary rhodium arsenides also lead to the discovery of the new com-
pound CaRh2As2. CaRh2As2 crystallizes in the ThCr2Si2-type structure, space
group I4/mmm with a = 415.0(6) pm and c = 1023(2) pm. With a distance of
only 258 pm separating the arsenic atoms of neighbouring RhAs4/4-layers, As-As
bonding exists in CaRh2As2, in contrast to the other alkaline earth rhodium ar-
senides. CaRh2As2 is a Pauli-paramagnetic metal, and - contrary to SrRh2As2

- it undergoes no phase transitions. To find out how the structure and phase
transitions in SrRh2As2 are influenced by a substitution of Sr for the smaller Ca,
the solid solution Sr1−xCaxRh2As2 was prepared. For x = 0.05, the α-phase is
stable at room temperature, replaced by the orthorhombic (and incommensu-
rately modulated) β-phase for 0.2 ≤ x ≤ 0.6 and the tetragonal (ThCr2Si2-type)
γ-phase for x ≥ 0.8. Due to the occurrence of the three different structure types,
the lattice parameters show a non-linear variation with increasing Ca content.
With the stabilization of the tetragonal phase, the interlayer As-As distance is

124



significantly reduced to 265 pm, enabling As-As bonding. For the modulated
β-phase, the “chemical pressure” by Ca substitution influences both the q-vector
and the amplitude of the modulation, thus decreasing the distortion within the
RhAs4/4-layer.

Ba1−xKxFe2As2

A special effort was made to gather detailed structural information on super-
conducting Ba1−xKxFe2As2 at low temperatures. High quality single crystals of
Ba1−xKxFe2As2 (x = 0 - 0.43) were successfully prepared and studied with low
temperature single crystal diffraction at the beamline ID11 (ESRF). A splitting
of reflections in agreement with the low temperature orthorhombic phase is ob-
served for x < 0.24. Although the orthorhombic distortion and thus the splitting
is very small, for Ba0.845K0.155Fe2As2 separate reflections were recorded at high
scattering angles. In agreement with literature [89], the diffraction pattern can
be explained by four twin domains, that originate from the loss of the four-fold
rotational symmetry and the (100)T mirror plane during the tetragonal to or-
thorhombic phase transition.
A determination of the splitting angle ϕ allows an estimation of the b/a ratio

for Ba0.82K0.18Fe2As2. In combination with an integration using the tetragonal
unit cell (split reflections were integrated together) this permits an estimation
of the orthorhombic cell parameters and a complete structure refinement. The
structural parameters determined with this first single crystal refinement in the
low temperature orthorhombic phase agree well with results from powder data [98].
For Ba0.57K0.43Fe2As2 (phase transition suppressed completely, thus tetragonal

at low temperatures), the structural parameters are found to vary less than 0.05 %
from 14 to 55 K. No distinct anomalies or changes of structural parameters around
Tc are observed. It can be concluded that if structural changes or anomalies
occur close to the superconducting transition temperature, they are very small
and probably not accessible within the resolution of X-ray experiments.
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Furthermore, a study of the local structure of Ba1−xKxFe2As2 was carried out.
High quality x-ray data of polycristalline samples of Ba1−xKxFe2As2 (x=0 - 0.34)
were collected at ID 31 (ESRF). Analysis of the pair distribution function showed
that for Ba1−xKxFe2As2, no significant structure deviations exist on the local
scale. This is in contrast to Ba(Fe1−yCoy)2As2, where PDF studies revealed local
distortions that introduce disorder [125].

Ba1−xKx(Fe1−yCoy)2As2 and K(Fe1−yCoy)2As2

It is well known that BaFe2As2 becomes superconducting both by substitution of
Ba by K (hole doping) and Fe by Co (electron doping). Within the scope of this
work, the effects of a combination of both types of doping (electron + hole dop-
ing) were studied in detail. Three substitution series with different degrees of hole
and electron doping were prepared and investigated: Ba1−xKxFe1.86Co0.14As2,
Ba1−xKx(Fe1−yCoy)2As2 (x/2 = y) and K(Fe1−yCoy)2As2. A new synthesis route
via the mixed iron cobalt arsenides Fe1−yCoyAs, developed in this thesis, permit-
ted the synthesis of homogeneous samples.
The effect of a small electron dopig level in combination with additional hole

doping was examined with the solid solution Ba1−xKxFe1.86Co0.14As2. With in-
creasing potassium content x, Ba1−xKxFe1.86Co0.14As2 is tuned from electron to
hole doping, and the properties evolve from superconductivity to a magnetic
state and back to superconductivity, as evidenced by resistance, susceptibility
and Mößbauer measurements and low temperature powder diffraction. The re-
covery of the magnetic phase similar to that of the parent compound is unprece-
dented. It shows that the effects of hole and electron doping can compensate
each other and the emergence of superconductivity is controlled by the concen-
tration of the remaining charge. On the other hand, the crystal structures of
Ba1−xKxFe1.86Co0.14As2 are dominated by the potassium content and are hardly
influenced by the 7 % Co substitution, which means that structural effects can
not explain the differences to the phase diagram of Ba1−xKxFe2As2. These fasci-
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nating results emphasize the role of the layer charge and suggest that structural
parameters like bond length or angles play a minor role with respect to the in-
currence of superconductivity in electron- or hole doped systems, although they
seem to be important to achieve the highest possible critical temperatures.

To investigate whether the recovered magnetic state in the charge compensated
case remains stable for all doping levels, Ba1−xKx(Fe1−yCoy)2As2 with 0 ≤ x/2
= y ≤ 0.25 was synthesized. The magnetic and non-superconducting state was
found to exist up to x/2 = y < 0.13. Low temperature powder diffraction and
Mößbauer experiments show a decrease of the transition temperatures as well
as the orthorhombic distortion and the magnetic hyperfine field splitting with
increasing x/2 = y, which shows the SDW is gradually suppressed. For 0.13 ≤
x/2 = y ≤ 0.19, bulk superconductivity with a maximum Tc of 15 K is observed
in agreement with [119]. Again, the structural changes do not help to explain the
emergence of superconductivity. The additional Co doping slows the increase of
the lattice parameter c due to potassium doping and causes a ∼ 1 % decrease of
the Fe-As distance at y = 0.25.

A comparison of the phase diagram of Ba1−xKx(Fe1−yCoy)2As2 (x/2 = y) to
that of Ba(Fe1−yRuy)2As2 suggests that despite the (in sum) isoelectronic doping
in both cases, a different mechanism is responsible for the suppression of mag-
netism and the appearence of superconductivity. For Ba1−xKx(Fe1−yCoy)2As2,
the explanation may be the disorder introduced by the Co substitution, because
Co has been shown to introduce structural disorder on the local scale [125] and
doping acting as disorder might explain a phase diagram as the one observed [126].

Synthesis and characterization of K(Fe1−yCoy)2As2 completed the detailed in-
vestigation of combined hole and electron doping presented in this work with an
exploration of the potassium rich side. DFT calculations on KFeCoAs2 had shown
a Fermi surface similar to that of BaFe2As2

[110], suggesting a state close to a spin
density wave instability, although a reduced tendency towards magnetism was
reported. However, consistent with the observations for Ba1−xKx(Fe1−yCoy)2As2

127



11. Summary

(x/2 = y) which show the suppression of the spin density wave, neither resisti-
vity nor magnetic measurements of K(Fe1−yCoy)2As2 give a hint for a spin density
wave anomaly. With the exception of KFe2As2, no superconductivity is found.
The convex curvature of the resistivity observed for KFe2As2 gives way to an
almost linear temperature dependence for y > 0.5. The Co-rich endpoint of the
series, KCo2As2, is a Pauli-paramagnetic metal. The absence of high temper-
ature superconductivity in K(Fe1−yCoy)2As2 again emphasizes the importance
of magnetism and the proximity to a SDW for the superconductivity in iron
arsenides.

Ba(Fe1−yCoy)2(As1−xPx)2

To study the effects of simultaneous isoelectronic and electron doping, the solid
solution Ba(Fe1−yCoy)2(As1−xPx)2 was prepared. Polycrystalline samples with y
= 0.03, 0.05 and 0.07 and x = 0 - 0.45 were successfully synthesized and character-
ized, which permitted the assembly of a detailed Co/P dependent phase diagram.
Intriguingly, the effects of isoelectronic and electron doping are found to add up,
since the suppression of the SDW as well as the occurrence of superconductivity
are found at smaller Co and P concentrations than in Ba(Fe1−yCoy)2As2 and
BaFe2(As1−xPx)2. Also the maximum Tc and the decrease of Tc on the over-
doped side are shifted to lower Co or P contents. However, simultaneous Co and
P doping cannot surpass the maximum transition temperature of 30 K found for
BaFe2(As1−xPx)2 at x = 0.33. A qualitative comparison of Ba(Fe1−yCoy)2As2

and additional P doping (chemical pressure) with Ba(Fe1−yCoy)2As2 under phy-
sical pressure shows similarities, but a relation of both phase diagrams via the
unit cell volume gives unconvincing results. As a closer look reveales, the key
for understanding these differences lies in the different behaviour of the Fe-As
distance under physical pressure (linear decrease) and chemical pressure (non-
linear reduction). For both BaFe2(As1−xPx)2 and BaFe2As2 under pressure,
the Fe-As distance had been reported to be correlated to the magnetic mo-
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ment [98,140]. The results presented in this thesis show that a relation of the
phase diagrams of Ba(Fe1−yCoy)2As2 under physical and chemical pressure via
the Fe-As distance gives a much better agreement, identifying the Fe-As distance
as the key structural parameter linked to the magnetism. The properties of both
Ba(Fe1−yCoy)2(As1−xPx)2 and Ba(Fe1−yCoy)2As2 under physical pressure seem
to be controlled mainly by two parameters: the charge introduced by Co doping,
which changes the filling of bands, and the Fe-As distance that influences band-
width and magnetism. Both parameters work together in the suppression of the
spin density wave and tune the superconducting properties.

Conclusion

From the results of this thesis, several conclusions concerning iron arsenide super-
conductors can be drawn or strengthened. Firstly, magnetism – more exactly the
proximity to a spin density wave (SDW) – seems to be essential to enable high
temperature superconductivity. Secondly, this magnetism must be weakened to
a certain degree to allow the emergence of superconductivity, which is possible
in (at least) three different ways: change of the “effective” charge, introduction
of disorder or “pressure” (causing a decrease of the Fe-As distance). If several
of these tools are applied, the effects add up in the suppression of the SDW,
hastening the appearence of superconductivity, but also the decrease of Tc due
to “overdoping”. Thirdly, so far the Tc’s achieved with a combination of doping
could not surpass the Tc’s achieved with the doping component with the higher
Tc alone. The highest Tc’s appear beyond (but close to) the point, where the
SDW is completely suppressed. This is the case even if the structure is closer
to an ideally tetrahedral FeAs4/4 at another doping concentration. Although it
cannot be ruled out that high Tc’s are favoured by a close to ideal tetrahedra
geometry, such a geometry alone is not enough to enable high Tc’s or even super-
conductivity if the (right) proximity to a SDW is wanting. The changes of the
structural parameters are only relevant for the emergence of superconductivity if
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11. Summary

they are coupled to the magnetic properties, as is the case for the Fe-As distance.
While the suppression of the spin density wave by two of the “tools” named

above – disorder and “pressure” – is fairly well understood, it remains a mystery
why charge doping works. The results of this thesis strongly suggest that indeed
the extra charge and not structural changes are responsible for the suppression of
the magnetism and the emergence of superconductivity in the case of K and Co
doping in BaFe2As2. However, since the iron arsenides are metallic, the charges
should not remain localized. This raises the question, how such small changes
of the band filling (for example as caused by only 4% of Co doping) can have
such a strong influence on the physical properties. It is up to future research
efforts to shed light on this matter – and this is not the only open question
concerning iron arsenide superconductors. Understanding the high temperature
superconductivity in iron pnictides remains a challenge, even after the tremendous
research progress of the last four years.
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A.1. Crystallographic data of Sr1−xBaxRh2As2

Table A.1.: Crystallographic data of Sr1−xBaxRh2As2

Crystal system, space group Monoclinic, P 21/c, No. 14
a, b, c (pm) 423.97(6), 1116.6(2), 843.3(1)
β◦ 95.06(2)
Cell volume (nm3 0.3977(2)
Calculated density (g/cm3), Z 7.82, 4
Radiation type, λ (Å) Mo-Kα, 0.71073
2θ range 3.65 - 29.95
Total number of reflections 5213
Reflections with I > 2σ(I), Rσ 3459, 0.0887
Refined parameters, Goodness-of-fit on F2 47, 0.992
R1, wR2 (I > 2σ(I)) 0.083, 0.1815
R1, wR2 (all data) 0.1165, 0.2003
Largest residual peak, hole e−/Å3 3.832, -3.662
Twin fraction 72 %

Atomic parameters:
x y z Ueq

Sr 4e 0.24935(2) 0.75362(6) 0.13454(9) 0.01181(13)
Rh1 4e 0.2232(2) 0.50668(5) 0.38101(7) 0.0121(1)
Rh2 4e 0.3114(2) 0.00963(6) 0.35233(7) 0.0123(1)
As1 4e 0.18507(2) 0.40816(8) 0.1118(1) 0.0125(2)
As2 4e 0.27697(2) 0.12244(7) 0.1105(1) 0.0125(2)

As the crystal of Sr1−xBaxRh2As2 is a partial merohedral twin, a .hklf5 file,
where no absoption correction had been applied and the reflections were not
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merged was used for the structure refinement. The barium content on the stron-
tium site could not be refined (probably due to the missing absorption correction),
but the lattice parameters clearly show Ba was incorporated into the structure.
The best refinement results were obtained in the monoclinic space group P 21/c.

A.2. Temperature calibration for single crystal
experiments at ID11

A helijet was used for low temperature single crystal diffraction at ID11. For the
temperature calibration a powder sample of TbAsO4 was used. TbAsO4 under-
goes a phase transition from tetragonal I41/amd (a = 709 pm, c = 632 pm) to
orthorhombic Fddd (a = 1008 pm, b = 995.7 pm, c = 632 pm) at 26 K [141–143]. The
powder was prepared on a fine mesh and measured at ID11 with the same setup
as the single crystals. The data was transformed to powder diffractogramms and
refined with the Topas suite of programs [74] where a full Voigt function was used
to describe the peak shape (appendix A.3). For comparison, the measurement
was repeated on a Huber G670 diffractometer (Co-Kα1) with guinier geometry,
equipped with a closed cycle He-cryostat and calibrated with DyVO4. The Co
data was refined with the Topas suite of programs [74] using the fundamental pa-
rameter approach. Careful inspection of the diffraction pattern revealed that
even at 10 K the phase transition has not taken place completely and about 25-
30 % of the sample remains in the tetragonal phase. Thus both tetragonal and
orthorhombic phase were included in the rietveld refinement. The refinement
results are shown in figure A.1. The Co data is depicted in red and the data
collected at ID11 in black. Apart from a small offset of the lattice parameters,
probably due to calibration differences, both datasets agree reasonably well if
the synchrotron data is shifted to lower temperatures by 5 K. This shows the
temperature measured by the helijet must have been approximately 5 K lower
than displayed. Contrary to literature results [141] (gray lines in figure A.1), no
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rapid narrowing of the orthorhombic distortion with a = b at 26 K is found. This
might be due to the broadness of reflections, that are probably better described
by a combination of reflections in the rietveld refinement. Another explanation
might be a hysteresis of the phase transition as mentioned in literature, its width
varying with different sample preparation [141].
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Fig. A.1.: Lattice parameters of the orthorhombic cell of TbAsO4; rietveld refinement of lab data
(red) and of synchrotron data (black, temperature as given by the temperature control of the
Helijet), synchrotron data shifted by -3.5 pm for better comparison (cyan, filled symbols) and by
-3.5 pm and 5 K (cyan, open symbol), literature data (gray line) [141].
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A.3. Peak shape for rietveld refinement of
synchrotron data

For rietveld refinements of the synchrotron radiation data measured at ID 31, the
following function [*] was used to describe the peak shape (all parameters were
refined freely).

prm pr1 0.00676‘ min 0
prm pr2 0.00682‘ min 0
prm pr3 0.00731‘ min 0
prm pr4 0.00809‘ min 0

lor_fwhm = pr1 Tan(Th) + pr2/Cos(Th) ;
gauss_fwhm = pr3 Tan(Th) + pr4/Cos(Th) ;

[*] from http://www.dur.ac.uk/john.evans/topas_workshop/tutorial_synchy2o3.htm
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A.4. Rietveld refinement data of K(Fe1−yCoy)2As2

Table A.2.: Rietveld refinement data of K(Fe1−yCoy)2As2

Composition Structural parameters
y(Co) a c z(As)
0 3.8414 13.839 0.3525
0.07 3.84069 13.82656 0.35221
0.1 3.83857(3) 13.8253(2) 0.35203(9)
0.2 3.83539(3) 13.7676(2) 0.35146(9)
0.3 3.8333(2) 13.7279(2) 0.35022(7)
0.4 3.83005(4) 13.6858(3) 0.35006(12)
0.5 3.8274(3) 13.6615(2) 0.34926(8)
0.6 3.82479(3) 13.6256(2) 0.34916(8)
0.7 3.81679(3) 13.6063(2) 0.34868(8)
0.8 3.81068(3) 13.5974(2) 0.34923(8)
0.9 3.80813(3) 13.5763(2) 0.34901(10)
1 3.80667 13.56047 0.34788
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A.5. EDX and rietveld refinement data of
Ba1−xKxFe1.86Co0.14As2

Table A.3.: EDX and rietveld refinement data of Ba1−xKx(Fe1−yCoy)2As2

Composition (EDX) Structural parameters from rietveld refinements
x(K) y(Co) x(K) a c z(As)
0 0.069 ± 0.008 0 3.96031(3) 12.9865(13) 0.35370(8)
0.055 ± 0.02 0.076 ± 0.005 0.077(4) 3.95256(4) 13.00822(19) 0.35319(9)
0.132 ± 0.009 0.078 ± 0.007 0.126(4) 3.94224(3) 13.06619(14) 0.35365(8)
0.20 ± 0.02 0.074 ± 0.007 0.206(3) 3.93584(2) 13.13093(13) 0.35353(8)
0.26 ± 0.01 0.075 ± 0.002 0.278(4) 3.92669(9) 13.17179(26) 0.35322(15)
0.36 ± 0.04 0.075 ± 0.004 0.365(6) 3.91761(8) 13.24684(42) 0.35310(16)
0.43 ± 0.03 0.075 ± 0.004 0.449(3) 3.90286(4) 13.31763(24) 0.35354(8)
0.50 ± 0.04 0.069 ± 0.004 0.549(3) 3.89531(5) 13.39320(26) 0.35351(9)
- - 0.685(2) 3.87933(4) 13.50853(25) 0.35323(7)
0.77 ± 0.04 0.064 ± 0.009 0.764(2) 3.87041(3) 13.59190(22) 0.35329(7)
- - 0.917(2) 3.85468(6) 13.75556(45) 0.35381(11)
1 0.073 ± 0.003 1 3.84069(2) 13.82656(15) 0.35221(7)

A.6. Calculation of the ionic radius of As3− and P3−

The ionic radius of As3− and P3− was calculated from the shortest M −X dis-
tance in the compounds M4X2.6 (M = Ba, Eu and X = As, P) [144–146]. The
effective ionic radius (Shannon) of Ba2+ and Eu2+ was used [147]. The result (af-
ter averaging the values for the europium and barium compounds) is 176 pm for
the ionic radius of As3− and 166 pm for P3−.

Table A.4.: Bonding distances and ionic radius

compound M −X distance (pm) calculated ionic radius of X3− (pm)
Ba4As2.6 329.26 180.26
Eu4As2.67 303.64 172.64
Ba4P2.67 318.87 169.05
Eu4P2.67 295.32 164.32
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A.7. Synthesis and structure of Sr5As4

Sr5As4 was first obtained as impurity phase during the synthesis of ternary stron-
tium chromium arsenide. It can be synthesized by heating stoichiometric mix-
tures of Sr and As in an alumina crucible sealed in a silica ampoule under an
atmosphere of purified argon to 1273 K and keeping the temperature for 10 h.
After 1-2 annealing steps (10 h at 1273 K), a metallic reaction product, sensitive
to air and moisture, is obtained.

Table A.5.: Crystallographic data of Sr5As4

Crystal system, space group Orthorhombic, Cmce , No. 64
a, b, c (pm) 1610.7(2), 813.3(3), 816.29(18)
Cell volume (nm3 1.0693(5)
Molar mass 737.8
Temperature (K) 293
Calculated density (g/cm3), Z 4.583, 4
Radiation type, λ (Å) Mo-Kα, 0.71073
2θ range 4.6 - 60.9
Transmission (min, max) 0.0778, 0.1730
Absorption coefficent (mm−1) 36.96
Total number of reflections 5595
Independent reflections, Rint 832, 0.1002
Reflections with I > 2σ(I), Rσ 540, 0.0754
Refined parameters, Goodness-of-fit on F 2 25, 0.736
R1, wR2 (I > 2σ(I)) 0.0478, 0.1169
R1, wR2 (all data) 0.0753, 0.1293
Largest residual peak, hole e−/Å3 1.668, -2.626

Sr5As4 crystallizes in the orthorhombic space group Cmce with a = 16.107(2),
b = 8.133(3), c = 8.1629(18) and is isotypic to Eu5As4

[148]. The structure can
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be refined with R1 = 0.0479. Crystallographic data and an overview of distances
and angles are given in table A.5 and A.6.
Figure A.2(a) shows the unit cell of Sr5As4 (anisotropic thermal displacement

parameters with 90 % probability are shown) and figures A.2(b)-(d) illustrate the
coordination sheres of the atoms. Two independent atomic positions exist each
for strontium and arsenic. The structure can be described by two alternating
layers or structural motivs, one planar (layer A, containing Sr1 and As2) and one
buckled (layer B, containing As1 and Sr2). To gain a better overview, only the
Sr-As bonds within these structural motivs are depicted in Figure A.2(a). One
of the most intesting features of the structure is certainly the occurence of As-As
dumbbells with d(As-As) = 257 pm. As figure A.2(b) (top) shows, the As1 atoms
forming these dumbbells are each coordinated by nine strontium atoms plus one
arsenic atom, with six strontium atoms forming a trigonal prism capped by two
strontium and the other As atom of the dumbbell. A similar coordination sphere
for As is found in Sr4As3

[149], where [As−As]4− dumbbells occupy the centers of
pairs of trigonal prisms with common square faces. [As−As ]4− dumbbells with
d(As-As) = 252 and 257 pm are also found in Sr2As2

[150]. The first of the stron-
tium atoms, Sr2, is 14- fold coordinated by six octahedrally (slightly distorted)
arranged As atoms plus eight Sr1 atoms capping the faces. The coordination of
the second Sr atom, Sr1, is 10- fold, an irregular polyhedron consisting of four
strontium atoms arranged more or less tetrahedrally and six arsenic atoms is
found, where the distances to the As atoms vary from ∼ 311 to ∼ 348 pm and
the distances to the Sr atoms from ∼ 362 to ∼ 387 pm. Due to the As-As dumb-
bells, Sr5As4 can be described as a Zintl phase with Sr2+ cations and the anions
As3− and As4−

2 . In agreement with this concept is the structure of the compound
Na2Sr3As4

[151], where two Sr atoms are exchanged by sodium. Because of the
introduction of alkali metal, all arsenic atoms in this compound form dumbbells,
wich leads to a distortion and shift of layer A relative to layer B.
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Table A.6.: Atomic parameters of Sr5As4

Atomic parameters:
x y z Ueq

Sr1 16g 0.14637(6) 0.33139(12) 0.16343(13) 0.0224(3)
Sr2 4a 0 0 0 0.0205(4)
As1 8f 0 0.1115(2) 0.3885(2) 0.0233(4)
As2 8d 0.19693(9) 0 0 0.0198(3)

Interatomic distances (pm):
Sr1 (CN = 10) Sr2 (CN = 14)

As1 328.79(19) - 2 x As1 328.8(2)
As1 330.57(19) - 2 x As1 329.83(19)
As1 348.3(2) - 2 x As2 317.19(15)
As2 311.58(16) - 4 x Sr1 382.13(16)
As2 316.71(17) - 4 x Sr1 387.12(16)
As2 317.68(14)
Sr1 362.5(2)
Sr1 382.6(2)
Sr2 382.13(16)
Sr2 387.12(16)

As1 (CN = 9) As2 (CN = 7)
- 2 x Sr1 328.79(19) - 1 x Sr1 311.58(16)
- 2 x Sr1 330.57(19) - 2 x Sr1 316.71(17)
- 2 x Sr1 348.3(2) - 2 x Sr1 317.68(14)
- Sr2 328.8(2) - 2 x Sr2 317.19(15)
- Sr2 329.83(19)
- As1 257.0(4)
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Fig. A.2.: (a) Unit cell of Sr5As4, illustration of the coordination of the As atoms (b), Sr2 (c) and
Sr1 (d). Bond distances are given in pm.
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