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Abstract

This thesis presents the experimental studies of the magnetic and hyperfine interaction
properties of four novel Fe-based superconductors (ThFeAsN, CsEuFesAss, Rbi.sEuFesAss, and
EuFeo.97Nip.03As2) and one new non-superconducting compound (EuFeAs;). It is supplemented by
ab-initio calculations of the electronic structure and magnetism of the three superconductors. The
experimental studies are based on the results of x-ray diffraction, magnetic susceptibility,
magnetization, and >'Fe and '*'Eu Mgssbauer spectroscopy measurements.

The superconductor ThFeAsN crystallizes in the tetragonal space group P4/nmm with the
lattice parameters a = 4.0356(1) A and ¢ = 8.5286(1) A. It is shown that there is no magnetic order
of the Fe magnetic moments down to 2.0 K. We suggest that nonappearance of Fe magnetism in
ThFeAsN may be because of an internal uniaxial chemical pressure whose presence is manifested
by the unusually small c¢/a ratio. We provide theoretical evidence for a mixture of ionic and
covalent chemical bonding and metallic characteristics. We present a detailed analysis of the
calculated energy band structure of ThFeAsN. A quadrupole doublet well describes the shape of
the Mossbauer spectra with a small quadrupole splitting that increases with lowering temperature.
Good agreement is found between the calculated and extrapolated 0 K quadrupole splitting values.
A fair agreement is noted between the experimental Debye temperature 332(2) K and 370 K of the
calculated one.

We show that the superconductor CsEuFesAss crystallizes in the tetragonal space group
P4/mmm with the lattice parameters a = 3.8956(1) A and ¢ = 13.6628(5) A. We show that the Fe
atoms carry no magnetic moment down to 2.1 K and that the ferromagnetic order is related to the
Eu magnetic moments. We establish that the Curie temperature T, = 15.97(8) K found from the
temperature dependence of the hyperfine magnetic field at '>'Eu nuclei is well-matched with the
temperature dependence of the transferred hyperfine magnetic field at >’Fe nuclei that is produced
by the ferromagnetically ordered Eu sublattice. The magnetic moments of the Eu atoms are shown
to be perpendicular to the crystallographic c-axis. The T3/2 power-law perfectly describes the
temperature dependence of the principal component of the electric field gradient tensor, both at Fe
and Eu sites. The calculated and the measured parameters of the hyperfine-interaction are in

excellent agreement with each other. We determine that the Debye temperature of CsEuFesAss is
295(3) K.

Ab-initio calculations suggest a mixture of ionic, covalent, and metallic bonding between
the constituent atoms in the CsEuFe4Ass superconductor. We confirm that the strongly localized
Eu f states are the origin of the magnetic moment of CsEuFesAss, in agreement with the
experimental results. We show that an almost zero magnetic moment carried by the Fe atoms is
caused by the spin-up and spin-down states' apparent symmetry. We show that the Fermi surfaces
have hole-like and electron-like pockets located at the center and corners of the Brillouin zone,
respectively.

Vi



The superconductor Rbi-sEuFesAss crystallizes in the tetragonal space group P4/mmm with
the lattice parameters a = 3.8849(1) A and ¢ = 13.3370(3) A. We show that the Fe atoms carry no
magnetic moment down to 2.1 K and that the ferromagnetic order is associated solely with the Eu
magnetic moments. The Curie temperature T. = 16.54(8) K is found from the temperature
dependence of both the hyperfine magnetic field at '*'Eu nuclei and the transferred hyperfine
magnetic field at °’Fe nuclei induced by the ferromagnetically ordered Eu sublattice. We find that
the Eu magnetic moments lie in the ab plane. It is observed that the temperature dependence of the
principal component of the electric field gradient tensor, at both Fe and Eu sites, is well described
by a T3/2 power-law relation. There is good agreement between the calculated and measured

parameters of the hyperfine-interaction. We determine that the Debye temperature of
Rbi-sEuFesAss is 391(8) K.

Ab-initio calculations indicate the presence of a mixture of ionic, covalent, and metallic
bonding between the constituent atoms in the RbEuFesAss superconductor. We show that the
magnetic moment of RbEuFes4Ass is mainly a result of the strongly localized Eu f'states. It is shown
that an almost zero magnetic moment carried by the Fe atoms originates from an apparent
symmetry of the spin-up and spin-down states. We show that the electrical and chemical properties
of RbEuFesAsy are closely associated with the presence of the Fe 3d states in the Fermi energy
region. The Fermi surfaces display hole-like and electron-like pockets, respectively, at the center
and corners of the Brillouin zone.

We find that in both the EuFeAs, compound and 14 K superconductor EuFeg 97Nio.03As2
the antiferromagnetic ordering of the Fe sublattice is of a spin-density-wave type with the Néel
temperatures and Fe saturation magnetic moments of 106.2(1.9) K, 0.78(1) us and 56.6(2.2) K,
0.47(1) us, respectively. We show that the Néel temperatures and the saturation hyperfine
magnetic fields in the two compounds with the antiferromagnetically ordered Eu sublattice are
44 4(5) K, 294.2(7) kOe and 43.5(1) K, 290.5(1) kOe respectively. The 3% substitution of Fe by
Ni in EuFeAsy, aside from producing superconductivity in EuFeo.97Nio.03As2, radically reduces the
strength of magnetism of the Fe sublattice and has nearly no impact on the magnetism of the Eu
sublattice. The appearance of antiferromagnetically ordered Fe and Eu sublattices in
EuFeo.97Nio.03As> verifies that superconductivity and magnetism coexist in this compond. The
growth of the magnitude of the main component of the electric field gradient tensor, at both Fe
and Eu sites, with reducing temperature, is well described by a T3/2 power-law relation. We
determine the Debye temperatures of EuFeAs>, EuFeo.97Nio.03As2, and the FeAs, impurity phase
to be 355(18), 428(14), and 594(25) K, respectively.

Vi



In summary, for all of the studied compounds, there is no magnetic ordering associated
with iron sub-lattices in the ThFeAsN, CsEuFesAss, and Rbi-sEuFesAss compounds. The iron
sublattice is magnetically ordered in the EuFeAs> and the EuFeo.97Nio.03As2 superconductor. There
is a coexistence of magnetism and superconductivity associated with europium in the CsEuFe4Asa,
Rbi-sEuFesAss, EuFeo.97Nio.03As2 compounds. There is a good agreement between the calculated
and the measured hyperfine and magnetic parameters for most studied compounds.
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Chapter 1: Introduction

1.1 Motivation

The study of condensed matter physics is one of the most interesting research topics
introduced in the scientific field. Numerous compounds have been discovered and studied over
time. Driven by fast development in technology, the ability to make new compounds improved
drastically. Amongst these compounds, superconductors are of primary interest in this research.
The physical properties of superconductors are unique. This study's main objective is to look for
the possible coexistence of magnetism and superconductivity in these new compounds.

In this thesis, the results of an experimental study of the magnetic and hyperfine-interaction
properties of five novel compounds are presented. Those compounds have been chosen because of
their novelty and some remarkable features that require further research. This experimental study
is supplemented by ab-initio calculations of the magnetic and electronic structure properties of
four studied superconductors.

The newly synthesized ThFeAsN compound is unusual because it is superconducting, with
the critical temperature 7. = 30 K, without any doping or applying pressure. Our study's main
objective is to provide evidence for the possible presence or absence of the magnetic moment
carried by the Fe atoms. We use the local probe, °’Fe Mdssbauer spectroscopy, to report the
possible magnetic order in ThFeAsN.

The CsEuFesAss compound is one of the new 35 K superconductors. It was discovered in
2016, and it is one of the new iron-based class of superconductors. The relation between
superconductivity and possible long-range magnetic order is of current interest. The primary
objective of our research is to examine whether the magnetic moment in CsEuFesAsy is correlated
only with atoms of Eu or Fe or with atoms of Eu and Fe, and what is their orientation relative to
the crystallographic axes. To accomplish this target, >’Fe and '"'Eu Md&ssbauer spectroscopy,
which are confirmed to be an excellent method for investigating the local magnetism of Fe-based
superconductors, supplemented by first principles calculations, are used.



RbEuFesAss is a newly synthesized superconductor. Similarly to the study of CsEuFesAsa,
the main objective of this study is to figure out whether the magnetic moment in the superconductor
is associated with either Eu or Fe atoms individually or with both Eu and Fe atoms. The study also
focuses on determining the orientation of the magnetic moment relative to the crystallographic
axes. The study is conducted using >’Fe and '*'Eu Mdssbauer spectroscopy and is supported by
first-principles calculations.

EuFeAs> and EuFeo97Nioo3As2 are recently discovered Eu-containing iron-pnictide
compounds. A tiny substitution of Fe by Ni in EuFeAs, has been shown to produce
superconductivity. What makes us curious about this new EuFeo97Nio.03As2 superconductor is
whether magnetism and superconductivity can coexist in such a compound. We use >’Fe and '°'Eu
Mossbauer spectroscopy to figure out the nature of the Fe and Eu magnetic ordering in the non-
superconducting EuFeAs: and the superconducting EuFeo 97Nig.03As2 compounds.

1.2 Thesis outline

The remainder of this thesis includes nine chapters. Before describing the results and
conclusions, the theoretical background relevant to the physical problems addressed in this thesis
is described in Chapter two. At the end of Chapter 2 the experimental procedures is presented.
Chapter three contains general discussion and conclusions, integrating the material presented in
Chapters four, five, six, seven, eight, and nine. Chapter four is an article on ThFeAsN that was
published in J. Alloys Comp. 695, 1128 (2017). Chapter five is an article on CsEuFesAss that
published in J. Phys.: Condens. Matter 30, 155803 (2018). Chapter six is an article on Rb;.
sEuFe4Ass published in Phys. Rev. B 97, 144426 (2018). Chapter seven is an article on EuFeAs:
and EuFeo.97Nio.03As2 that was published in J. Magn. Magn. Mater. 503, 166603 (2020). Chapter
eight is an article on ab-initio calculations of the electronic structure and magnetism of
CsEuFesAss published in J. Phys. Chem. Solids. 136,109137 (2020). And chapter nine is an article
on ab-initio study RbEuFesAs4 that was published in Philos. Mag. 100, 894 (2020).



Chapter 2: Theoretical background

2.1 Magnetic properties of solids

The theoretical background that explains the magnetic effects of substances will be
introduced in this chapter. In this research, the samples that were studied have different magnetic
phases and are studied under multiple temperature regimes. The current theories of magnetism
allow the understanding of the experimental magnetic properties of the studied compounds.

2.1.1 Introduction

The magnetic dipole moment p is the essential component of all magnetic materials, as
well as of the emerging properties linked with magnetic phenomena. The combined behavior of
these magnetic moments yields the magnetic features of materials. According to quantum
mechanical theories [1], the magnetic dipole moments detected in substances arise from two major
origins. Within the atom, the orbital angular momentum and the spin angular momentum of
electrons are the main contributors to the magnetic moments. The electrons' orbital motion about
the nucleus can create a very small current loop that produces a magnetic dipole moment.
Furthermore, the degree of freedom of the spin angular momentum directly corresponds to the
magnetic dipole moment making electrons ideal magnetic dipoles.

The diamagnetism phenomenon occurs when the magnetic field B interacts with the
electrons of an atom causing an induced magnetic dipole moment. Evidently, diamagnetism is
expected in most material since they are all composed of atoms having electrons in orbit.

Permanent magnetic moments might be allowed to exist in substances because of the
atoms’ electronic structure. Excluding diamagnetism, the magnetic properties are a result of the
presence of permanent dipole moments. The permeant moments of atoms interact with each other.
Materials can be categorized in regards to their magnetic properties determined by the intensity of
the couplings of the magnetic moments. The substance is deemed paramagnetic when the coupling
is weak or zero. With regards to paramagnetic materials, they exhibit the magnetic properties just
at the time they are exposed to external magnetic fields. Once the external magnetic field is
removed, the overall magnetic moment disappears. The phenomena of ferromagnetism and
antiferromagnetism arise in the materials when there is a strong coupling between the dipole
moments. The substance is known as ferromagnetic if the magnetic moments are aligned in a
parallel fashion, and produces an intense net magnetic moment. Nonetheless, when the pairs of
dipole moments line up in an antiparallel way, the overall magnetic moment will fade away due to
the cancellations of the neighboring dipoles. In this situation, the material is said to be
antiferromagnetic.



The magnetization of a substance is known as the magnetic moment per unit volume. For
materials having a net magnetic moment, the magnetization M can be described as [1]
— _
=5 1-1
where d3x is a small volume element, and dp is the magnetic moment inside the volume
dimension. The magnetization directly correlates to the applied magnetic field H, and the constant
of variation between the magnetization and magnetic field is called the magnetic susceptibility y

[1]
M = yH. 1-2

2.1.2 Diamagnetism and the susceptibility of diamagnetic materials

All materials display diamagnetism, and this phenomenon is due to Faraday’s law. In
essence, the variation in the magnetic flux in a current loop produces a current in a way that resist
the external magnetic field. Since electrons around the nucleus move in an orbital motion, they
produce small currents. Thus whenever the substance is exposed to an exterior magnetic field, a
magnetic moment is produced in a way to lower the field. The induced diamagnetic moment
persists only if the material is exposed to the external field. The induced magnetic dipole moment
is given by [2]

n=— (x?)H. 1-3

6mc?

Here, e is the electron charge, m as the electron’s mass, ¢ as the speed of light, and (x?) as the
average square distance of the electron from the nucleus. Langevin, in addition to a modification
completed by Wolfgang Pauli, proposed the diamagnetic susceptibility taking into account Z
electrons in an atom and a number density of n atoms per unit volume of the material [2]

e’ ¢z 2
Xdiamagnetic — — 2 i=1(xi ). 14
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Some important details about the diamagnetic susceptibility follow from Equation 1-4:
diamagnetism is negative, it is temperature-independent, and it is field-independent [3]. The
magnetic susceptibility of diamagnetic materials is in order of 107°.

2.1.3 Paramagnetism

The paramagnetic occurrence is correlated to the presence of permanent magnetic moments
in a substance in which those dipole moments have a tendency to line up themselves with the same
orientation of an external applied magnetic field.



2.1.3.1 Curie’s paramagnetic susceptibility law

The phenomenon of paramagnetism is observed in substances that have permanent
magnetic dipole moments due to their physical and chemical structures. According to Curie and
Weiss’s earlier experiments, paramagnetic materials can be categorized into two major types. First
of all, Curie’s law describes the susceptibility of normal paramagnets materials to obey a certain
dependence with altering temperature. The dependence occurs in a controlled pattern forcing the
product of the susceptibility and the temperature to stay constant. This relation also applies to
ferromagnetic and antiferromagneic materials above their ordering temperatures [4]

Aparamagnetic = g . 1-5
The other kind of paramagnetic materials follow susceptibilities that diverge from Curie’s law. In
this deviation, at the time that the temperature of the material reaches near absolute zero, the
susceptibility reaches a finite value associated to what is identified as the paramagnetic Curie
point, 8. The modified Curie law, which is recognized as the Curie-Weiss law, is expressed by the
equation below [4]

= £ 1-6
Xparamagnetic — T_9°

where T>6 . When employing the molecular field theory, the Curie-Weiss law will take into

account the effects of neighboring atoms. As a result, a magnetic field of magnitude NyyM will be
added up to the external field. Thus, the entire field is deemed to be H + NyyM. The total result for
the magnetization is given by [4, 5]

M
X=7 CH cH X*=H c
M=)((H+NWM)= M=T—CNW= m=>)(= —o" 1-7

The atoms and the ions of transition group elements, which have unfilled inner shells, have
permanent moments. In addition, odd-electron molecules experience permanent moments.
Generally, metals do not obey Curie’s law even though they are paramagnetic [4].

The classical kinetic theory of gases accounts for the particles’ average energy at an absolute
temperature 7 to be of the order of kgT, where kg is Boltzmann’s constant. The particle's energy
eigenstates in the system are degenerate based on the quantum mechanical total angular (for H =
0) momentum, J. Once an external magnetic field is applied, the degeneracy is broken and energy
multiplets are revealed. A state with a total angular momentum quantum number J forms 2] + 1
multiplets. According to the classical probability distribution, each state in a certain multiplet
might be occupied. Furthermore, three regimes are investigated in regard to the spacing of the
multiplets in energy in comparison to kgT.



i) Wide multiplets compared to kgT

The excited states are unoccupied compared to the ground state in the regime E, — Eg > kgT,
where the energy levels are broadly separated. The ground state degeneracy, which is described
by the angular momentum quantum number /, is eliminated by enforcing an external static
magnetic field. The applied magnetic field produces magnetic moments with components m; gpg
along the field direction. The parameter m; can take integer values between +/ and —J. The
parameter g is the identified as gyromagnetic ratio, and ug is Bohr’s magneton. Therefore, the
energy of the dipoles is —m;gugH, where H is the applied field. The average magnetization
according to Boltzmann statistics is [4]

mygugH
kT

) mygug e
mygugH
vl e kBT

M=n 1-8

For low values energy separations compared to kgT, the exponents can be expanded keeping just
the first two leading terms [4,5]

x o XM x2 XK1 X
e*=Yr o ==1+x+=+=e*=1+x. 1-9
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mygugH . .
Here x = Ik—T The magnetization thus reads [4,5]
B
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The summations can be carried out accordingly [4,5]

J
Zml=—]+(—])+1+(—])+2+---+]—2+]—1+]=0,
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An expression for the magnetization can be found by substituting these results into Equation 1—
10, and the paramagnetic susceptibility confirming Curie’s law [4,5]

ngzj(]+1)u123H M=xH _ ngzj(]‘l'l)HIZS 1-11

M = 3kpT Aparamagnetic = kT



A complete expression for the susceptibility is derived from a quantum mechanical approach [6]

. _ ng*JU+Dug g | Fu+n  FO) 1-12
Xparamagnetlc 3kgT 6(2J+1) | Ej41-E; Ej—Ej_ 5

(S+L+1)2—J2] [J2-(S-L)?]

]
orbital angular momentum quantum number. The second term of Equation 1-12, is a temperature-

independent term that add to the paramagnetic susceptibility, and it can be put as na(J), where

2
_ g [Futn  FO)
a()) = 6(2J+1) |Ej+1-Ey  Ej~Ej-1]

where F(J) = [ , and S is the total spin quantum number, and L is the total

ii) Multiplet widths comparable to kgT

The excited, as well as the ground states, are filled with a probability distribution in multiplets
with energies comparable to kgT. Therefore, the overall magnetization will be composed of
contributions coming from the total of all atoms in various states. The paramagnetic susceptibility
can be assessed using a similar procedure as for the wide multiplets since the number of atoms

with a given angular momentum quantum number | will be related to the Boltzmann factor
-mygugH

e *8T and the degree of degeneracy is 2] + 1. The result is [4]

2,2 1
gy ugJU+1)
Z}J:IE—SI{ IaBT +“U)}(2]+1)e‘EU)/’<BT

Aparamagnetic = 1 2(2]+i)e‘5(1)/kBT . 1-13

iii) Narrow multiplets compared to kgT
If the multiplets are separated into energies far smaller than kgT, the orbital angular momenta
and spin angular momenta can be considered to be decoupled such that each term individually
gives rise to the susceptibility. The magnetization in an exterior applied field H and the outcome
paramagnetic susceptibility are [4,5]
MpgLugH MsgsugH
Yh Myguge Ko7 N Y35 Msgsuge <7

MypgLusH MsgsugH
Z e ksT Z e keT
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NuZ
= Xparamagnetic — ﬁ [L(L+1) +4S(S + 1)]. 1-14

M=n

The summations giving the above result are similar to the ones having the result of equation 1-11.
Because of the relativistic effects, the gyromagnetic ratios related to the orbital angular
momentum, g;, , and spin angular momentum, gs , are taken as 1 and 2, respectively.



2.1.3.2 Saturation in paramagnetic substances

This last section on paramagnetism examines saturation in paramagnetic substances.
Curie’s law is invalid in conditions of low temperatures and high magnetic fields. In this region,
the magnetization of a paramagnetic material can be described by [4]

M = ngug/By(x), 1-15

where x = % and Bj(x) is the Brillouin function given as [7]
B

_[2)+1 2j+41) 1 x B

Byj(x) = [—2] coth (—2] )x 2 coth 27 1-16
The Brillouin function becomes the classical Langevin function in the classical limit of | — oo,
which corresponds to magnetic dipoles oriented in all directions [4].

lim_ Bj(x) = cothx — % = L(x). 1-17

The Brillouin and Langevin functions reach unity in the limit of large applied magnetic fields. The
magnetic dipole moments become parallel to the applied field in these extreme conditions, and the
magnetization saturates. The material reaches a saturation in terms of its magnetic value. Figure
2.1.1 illustrates the theoretical and experimental values of magnetization versus the applied
magnetic field.
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Figure 2.1.1 The effect of saturation in high fields and at low temperatures for various paramagnetic ions compared
to the theoretical Brillouin functions [4].

2.1.4 Ferromagnetism

Since ferromagnetism in a material arises when the pairing of the magnetic moments of
different atoms are in favor of parallel alignment, a non-zero magnetization exists even though
external applied magnetic field is not present. This spontaneous magnetization is seen under
specific temperature, specifically the ferromagnetic Curie temperature, Tf, which depends on the
substance. At temperatures above Ty the dipole moments couplings breakdown, and the material
becomes paramagnetic.

The most recognized ferromagnetic elements are iron, nickel, cobalt, and gadolinium. They
are the only elements that display ferromagnetism. In contrast, most ferromagnetic substances are
metals or alloys. In the absence of an applied field, many substances that fail to yield a net
magnetization in the bulk form are considered to be ferromagnetic. Nevertheless, intense magnetic
couplings between the magnetic dipole moments occur in an external magnetic field, even if it is
weak. The existence of magnetic domains explains this phenomenon. The individual magnetic
moments line up in a parallel fashion causing a net magnetization vector in every magnetic domain.
The magnetization vectors are arbitrarily aligned in neighboring domains, and this leads to no net
magnetization. The magnetic domains alter their volume when an external field is applied. Those
that possess magnetization vectors in the same direction of the external field increase their volume,
while the ones with magnetization vectors contrasting the magnetic field get smaller. Thus, the



field which depends on magnetization will get larger upon an increase in an external field, and the
magnetization will reach a saturation value. In many occurrences, the field-induced magnetization
remains alive in spite of the external field having been turned off.

2.1.4.1 The classical molecular field theory

The molecular field, Hy,, is the origin of powerful phenomena that leads to the tendency to
line up the magnetic dipole moments in a ferromagnetic material, and is characterized by an
interior magnetic field. The strength of the molecular field is proportional to the spontaneous
magnetization of the ferromagnetic substance [4]

H,, = NywM. 1-18

Ny in Equation 1-18 is the molecular field constant known as the Weiss constant. In the
appearance of an external magnetic field, the overall field is [4]

H = Heyt + Hyy, = Heye + NwM. 1-19
The magnetization, M of a ferromagnetic specimen is now given by [4]
M = ngug/B;(x), 1-20

where n is the number density of atoms, g is the gyromagnetic ratio, pg is the Bohr magneton, |

is the total angular momentum of the atoms in the solid, Bj(x) is the classical Brillouin function
2]+1

coth—— 2] 2 x —Lcoth —) and x is a parameter defined below [4]

(given as By = 2

= l9kH 1-21
kgT

In Equation 1-21, H is given by Equation 1-19 for a ferromagnetic material, and therefore [4]

x = 2928 (Heyy + NyyM). 1-22
B

2.1.4.1.1 The spontaneous magnetization region

Because the spontaneous magnetization of a sample comes from making Hey; equivalent
to zero in Equation 1— 22, and taking into account the properties of the Brillouin function at
extremely low temperatures, one finds [4]

M(T) kgT M(T)
M) | nNwg?id)2 Y M)

= B;(x) 1-23

where M(0) = ngug/. The Equations in 1-23 can be simultaneously solved via a graphical
method. The graphical method to determine spontaneous magnetization as a function of
temperature is presented in Figure 2.1.2. Ty is the critical temperature of a case where the straight
line is tangent to the Brillouin function at its origin. The curve and the straight line cross at two

MM " and the other point at a zero

positions below this temperature: one at a non-zero value of 2 700’

10



value. Therefore, spontaneous magnetization is realized at temperatures under the critical
temperature, Tr. The spontaneous magnetization vanishes beyond the critical temperature.

T>T, =T, kT
! h Nyglug?J? *
M(T)
M)
) e A A e B,(x)

o x—

Figure 2.1.2 Illustration of a graphical process for the finding of the spontaneous magnetization at a temperature T,
M(T) [4].

The classical Brillouin function for small values of x can be estimated by [4]

J+1 _E2]2+2]+1 3

B](x)z?x 3] 30]2

1-24

. . 1
In Equation 1-24, as x reaches zero, the slope of the tangent line reaches % In contrast, the slope

of the straight line is — ;ZTﬂz 7 Thus, at the critical temperature, T = T, the conclusion is [4]
w B
2,2
T, = 2 #8JUD P;Bk’]:’ *D Ny 1-25

Based on Equations 1-23 and 1-25, the spontaneous magnetization at temperature T can be given
as

M@ _ j+1(T _
M(0) ~ 3J (Tf) x. 1-26

The curve % as a function of (Tl) for a given | gives a universal curve [4]. Figure 2.1.3 illustrates
f

such curves for | = %,] =1,and ] = co.
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Figure 2.1.3 The spontaneous magnetization as a function of temperature. In the graph, the solid lines is found from
theory, and the points stands for experimental results [4].

2.1.4.1.2 The paramagnetic region

The spontaneous magnetization disappears for temperatures beyond the ferromagnetic
ordering temperature T¢, but magnetization is created if an external magnetic field is applied. The
magnetization is expressed by the following equation, based on the assumption that the external
magnetic field is not sufficient to cause the effects of saturation [4]

M= %ﬂ“)x, 1-27

where x = ]f—“f(Hext + NywM). An expression for the magnetic susceptibility is found once
B

substituting x into Equation 1-27

y=— =21 1-28

Hext T-6°

2,2 2,2
where the constant C =%j(}+1) and 6 = NWNQHBBT](]H)= NwC. In Figure 2.1.4, the
B B
reciprocal of ferromagnetic susceptibility is plotted versus temperature beyond the ordering

temperature.

12



1/x —

=

T 0

T—>

Figure 2.1.4 The susceptibility of a ferromagnetic metal beyond the Curie point. Tt is the ferromagnetic Curie point;
@ is the paramagnetic Curie point. For temperatures slightly above the ordering temperature, the Curie-Weiss law of
paramagnetism is realized [4].

2.1.5 Antiferromagnetism

When the coupling of the individual constituents’ magnetic moments, atoms or molecules,
prefers the anti-parallel orientation, antiferromagnetism in a substance happens. Néel suggested
that an antiferromagnetic solid can be imagined to be of two sub-lattices, one of whose spins favor
to line up anti-parallel the other’s [4,8]. Consequently, the overall magnetic moment of the
antiferromagnetic substance is zero. Néel’s hypothesis can be experimentally studied, through
neutron diffraction techniques, to reveal the magnetic dipole moments’ arrangements in a material.
It appears the diversity of different anti-ferromagnetic orderings is more abundant than Néel’s
straightforward model proposes. In the next section, an introduction to a number of theories of
antiferromagnetism is presented.

2.1.5.1 The molecular field theory of antiferromagnetism

In this paragraph, an example of a simple antiferromagnetic ordering is explained by using the
molecular field theory. A body-centered cubic structure can be visualized to consist of two
interpenetrating cubic cells alongside the diagonal orientation in a way which one cell’s corners
are at the cores of the other cell. The two cubic sub-lattices called A and B in this picture have
their dipole moments line up anti-parallel to each other [9]. To further clarify, an A site atom is in
a non-parallel spin formation with its six nearest neighbors that are atoms on B sites and the other
way around.

In this model (molecular field theory) one considers the interaction between a dipole
moment and that of its nearest and next nearest neighbors. The molecular fields on the atomic sites
of A and B can thus be expressed by [4]

Hma = —NaaMp — NapMp , Hmp = —NgaMp — NpgMp. 1-29

In Equation 1-29, if i # j, then Nj; is the molecular field constant for nearest-neighbour
interactions and for the next nearest-neighbour interactions if i = j. The parameters M, and Mg
are the magnetizations of the sub-lattices A and B, respectively. If the lattice basis in monatomic
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is assumed, then the same type of atoms take place at the A and B sites. Therefore, Ny = Ngg =
N;i;, and Npg = Np,. If an external magnetic field, Hqy 1S €xposed on to the system of sub-lattices,
the fields at sites A and B can be given by [4]

Hp = Heyy — NijMp — NapMp s Hg = Hex — NagMp — N;jiMp. 1-30

The magnetizations and Brillouin functions for the sublattices A and B, are given by [4]

1 1
My = SngupSBs(x,) , Mg = SngugSBs(xp), 1-31
where x, = %HA, Xg = S]f:f Hg, Bg(xp) = %coth%x[\ —2—1Scoth;—‘;, and Bg(xg) =

% coth ZZ—J: XB — % coth Z—?

In antiferromagnetic materials, the temperature at which the ordered anti-parallel
arrangement of the dipoles diminishes is called the Néel temperature (Ty). In the following
section, the molecular field theory of antiferromagnetism is discussed for temperatures above and
below the Néel temperature. The next section also provides a short summary on the shift between
the paramagnetism and antiferromagnetism regime when the external field is present.

2.1.5.1.1 The paramagnetic region above Néel temperature

In temperatures higher than the Néel temperature, magnetic ordering does not exist in an
antiferromagnetic material. Because of thermal excitements, the dipole moments position
themselves in arbitrary directions, from a classical perspective, resulting in a net-zero
magnetization. However, a small magnetization is induced because of an external magnetic field.

The Brillouin function can be replaced by Bg(x) = % x if the applied field is not capable to cause

saturation effects. In that case, the magnetization of the sub-lattices A and B turn out to be [4]

_ ng?ujs(s+1)
- 6kgT

_ ng?ugs(s+1)

M
A 6kgT

Hy , Mg Hp. 1-32

Replacing the magnitude of the fields in equations 1-31 with their corresponding equations in
equations 1-32, and as regards total magnetization M = M, + Mp; therefore

ZugS(s+1)
M = 22 2 [2Hee = (N + Nap)M]. 1-33

After the antiferromagnetic susceptibility after rearrangement of the terms to be solved for M,

Xafm = %, would be

c
Xafm = 75 » 1-34

ng?ugs(s+1) and 6 =
6kgT >

field constant for nearest neighbour interactions is greater than the ones of next nearest neighbor

where C = %C (N;; + Nag). Generally, 0 is positive because the molecular
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interactions. In Figure 2.1.5, for three cases, the reciprocal magnetic susceptibility is plotted versus
temperature: the Curie law of Equation 1-6, the Curie-Weiss law of Equation 1-7, and Equation
1-34).

1
fx @

@
1)

4
e
rd

Z 1
-0 In +6
T

Figure 2.1.5 the graph illustrate the value of 1/y vs. temperature T. For Curve 1 the susceptibility, y =C /(T — 8)
(representing the Curie -Weiss law); curve 2, y = C/T (representing Curie's law), and curve 3, y =C/(T + 6) [4].

2.1.5.1.2 At the Néel temperature

The Equations of 1-32 along with 1-30, and in the lack of an external applied field yield
[4]

¢ c
My = - (=NiiMp — NpgMg) ;Mg = —(=NapMa — N;iMp). 1-35

An expression for the Néel temperature is found upon solving the pair of equations in Equation 1—
35 for nonzero magnetizations [4]

1
TN = EC(NAB - Nii)' 1—36

The ratio of the paramagnetic temperature, 8, is provided by substituting C from Equation 1-34 to
the Néel temperature, Ty [4]

‘] _ NaB+Nii

= : 1-37
Tn  Nap—Njj

2.1.5.1.3 Susceptibility below the Néel temperature

The susceptibility of an antiferromagnetic material is expressed with respect to temperature
in Figure 2.1.6. The figure shows that the susceptibility of the material less than the ordering
temperature for a given spin separates into two divisions: the perpendicular susceptibility to the
applied external field which is a constant function y ; the susceptibility in the order that is parallel
to the applied field which is ;. The functional formula of the susceptibilities at temperatures lower
than the Néel temperature are stated below [4].
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when the external magnetic field is absent.

0= [(Nag — Nj;j)M,] in the above equation, where M, is the magnetization of sub-lattice A
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Figure 2.1.6 The susceptibility versus temperature for antiferromagnetic substance [4].

Suppose the applied magnetic field makes an angle, o, with the uniaxial crystal 's easy direction.
In this case, the susceptibility of the antiferromagnetic substance is given by [4]

Xafm—sc = XCOS%a + x sin*a. 1-39

Taking the average of Equation 1-39 over the unit sphere for a powdered or polycrystalline
material to obtain

. 1 2
Xafm-pc = Xj{cos?a) + x,(sin*a) = SX XL 1-40
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2.2 Superconductivity

In this section, a review of superconductors is briefly discussed. This overview is mostly
focused on the magnetic properties of superconductors.

2.2.1 Introduction

The story of superconductivity started in 1911 when H. Kammerlingh Onnes found that
mercury has no measurable electrical resistance value when it is cooled below 4.2 K. This
phenomenon was also found in many other materials when they were cooled below a certain
temperature which is called the critical temperature T,. There are more than 20 metallic elements
that could turn into superconductors. [1].

In metals, the resistivity relation can be given as [1]
p(T) = py + BT?, 2-1

where p(T) is the resistivity at a given temperature, p, is the resistivity at a temperature equal to
zero, and B is constant. Below T, the electric resistivity for superconductors drops to zero, as is
shown in the graph below.

gl pelT)

(H=0)

= b R = T
{a) (]

Figure 2.2.1 (a) Low—temperature resistivity of normal metal-containing nonmagnetic impurities; (b) Low-
temperature resistivity of a superconductor (in a zero magnetic field) containing nonmagnetic impurities. At T¢, p
drops abruptly to zero [1].

Some of the features of superconductors are [1]:

1- Although superconductors have no DC electrical resistivity in the absence of driving
electrical field, electrical currents persevere without any obvious deterioration.

2- Superconductors can behave as a perfect diamagnet. They produce a magnetic field that
opposes any external field within the superconductor.
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2.2.1.1 Microscopic Theory

The isotope effect provided a valuable contribution to the microscopic explanation of
superconductors. In 1950, both Maxwell (using '**Hg) and Reynold et al. (using samples with
average A=199.7, 202.0, and 203.4) discovered that there are variant T, in different mercury
isotopes [2]. Maxwell noticed a 0.021 K increase, while Reynold et al. observed shifts in T,
between +0.011 K (A=199.7) and -0.024 K (A=203.4) [2]. Consequently, the phonon mediation
is the tool behind coupling electrons. The isotope effect states T.M%= const., where M is the
isotope mass. The BCS theory assumes constant-phonon interaction and a spherical Fermi surface,
which makes the math simpler.

Frohlich, in 1952 [2], showed that the electrons interact indirectly with each other in a
crystal by releasing and absorbing phonons. Electron e; with wave vector k) releases a phonon and

moves to k'1. Electron e with wave vector k2 gets this phonon and moves to k'>. This interaction
indicates that electrons are attracted to one another within %w, of the Fermi surface, where wp, is
the Debye frequency. Cooper in 1956 [2] concluded that the binding energy is negative between
two electrons regardless of how minor the attraction is.

BCS theory joins the two concepts together, by supposing the attractive potential is
mediated by the scattering of phonons. Bardeen, Cooper, and Schrieffer noticed that electron pairs
within Awp, of the Fermi surface are dispersed from inside Fermi sphere to the outside of it. This
increases the kinetic energy and decreases the potential energy [4]. If the potential energy is
reduced in excess of the kinetic energy, the ground state becomes one in which some states beyond
Fermi energy Er are occupied, and some below Er are empty.

Within the weak coupling BCS theory, T, is expressed as [4]

-1
T. = 113090 NERVesy o)
¢ k
B

where kg, M(EF), Vs are Boltzman’s constant, the density of states at the Fermi energy, and the
potential of the effective interaction between electrons, respectively. According to the BCS theory,
if two electrons interact with an attractive force from the lattice vibration above the Fermi sphere,
the two electrons form a bond state. This bond state is called a Cooper pair.

To maximize the number of these pairs, all the electrons in every pair should have a
momentum of equal amount but conflicting orientation, as well as inverse-parallel spins. If the
spins make a singlet state (S = 0), then the spatial wave function should hold even parity values (L
=0, 2,4, ...). If the spins make a triplet state (S = 1), the spatial wave function should hold an odd
parity value (L =1, 3, 5, ...). In order to simplify calculations, BCS theory assumes the Fermi
surface to be spherical, the pair to have L = 0 and S = 0, and electron-phonon interaction Vi is
supposed to be constant [2]
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-V |Ek| < hwp & |Ek’| < hwp
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One may write the excitation energy as [2]

Ey = €2+ 47, 2-5

where A is the energy gap. In order to destroy one Cooper pair, an energy of at least 2A is required,
where A is the superconductivity energy gap. This gap depends on temperature, and it goes to zero
as T—T,. In addition, there are two temperature-dependent length scales associated with
superconductivity: The first one is the London penetration depth, A. The penetrated depth is related
to the extent in which the magnetic field penetrates indie the material which falls off exponentially
with depth [3]. 4 gives the distance at which the magnetic field inside the superconductor falls to
1/e of the applied field. The second is the coherence length &. £ in the BCS theory is the effective
size of the Cooper pair [5]

2.2.1.2 Families of superconductors

The vast majority of superconducting non-transition elements show suppression of T, with
pressure, while transition metals and their alloys T, increases with pressure [6].

The study for high temperature superconductors (HTS) resulted in the finding of
superconductivity with T~ 35 K in the La-Ba-Cu-O compounds [6]. It prompted searching for
HTS materials with T, above the liquid nitrogen temperature. Researchers replaced La with Y, an
isoelectronic element with a smaller size, to find superconductivity in Y-Ba-Cu-O with T,= 93 K.
This is the first superconductor with T, above the liquid nitrogen temperature [7]. Currently,
HgBa»>CaxCu30s-+s5 1s the copper oxide superconductor with the highest T,, 164 K at 31 GPa [§].

In 2008, the discovery of the superconductivity in iron-based materials triggered a great
interest in condensed matter community [9]. LaFeAsO1 xFx shows the superconductivity at T, ~
26 K [9], and it was the first compound in which significant amount of Fe does not suppress
superconductivity.
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Magnetism usually limits superconductivity [9]. Therefore, the finding of
superconductivity in compounds with moment bearing Fe was fascinating. Because of this, other
structure classes of Fe-based superconducting compounds were discovered. They include:
RFeAsO “1117, A1Fe;Asy “122”, AoFeAs “1117, FeSe “11”, CaAsFesAss <1144 [3,9,10,11,12].
Here R is rare-earth metal, A;=Na,K,Rb,Cs,Ca,Sr,Ba,Eu; A>=Li,Na; A3=K,Rb,Cs, respectively.
The AFe;As; compound generated interest since it can be grown in large single crystal form, and
it has a simple structure. In the BaFe;As, compound, the undoped parent compound goes through
coupled magnetic and structural transitions near 140 K [13]. Superconductivity was found in the
doped 122 materials, as well as under pressure [14].

2.2.2 The transition temperature (the critical temperature)

The critical temperature at which the material is turned into a superconductor depends on
the type of material, and this temperature varies when an external magnetic field is applied. The
material will be superconducting as long as it is below T.

The chemical purity of the sample and its crystalline perfection are also responsible in
impacting the critical temperature. The strain and inhomogeneity in the purity of the sample plays
an important role on broadening the temperature fluctuation at which the transition to the
superconducting state occurs. The transition temperature scale may reach to a low temperature of
1 mK for a pure sample [15].

2.2.3 Magnetic properties of superconductor materials

Perfect diamagnetism and the critical magnetic field in superconductor materials are
reviewed in this section

2.2.3.1 Perfect diamagnetism in superconductor materials

In metals in a normal state, the external magnetic field can go through the materials.
However, in superconductors, the external magnetic field cannot penetrate the interior of the
materials. This phenomenon is explained by the Meissner-Ochsenfeld effect [16]. It states that if
a normal metal is cooled under its superconducting transition temperature in a magnetic field, the
magnetic flux is instantly ejected from it. Hence, surface currents occur in a way that their magnetic
fields eliminate those of the interior.

2.2.3.2 Critical field for superconductors

Consider a superconductor at temperature 7 below the critical temperature T,. When the
magnetic field, H, is turned on, a surface current is created. This surface current will produce a
magnetic field which opposes the external magnetic field and leads to zero interior magnetic field.
If the external field exceeds a critical value then it will penetrate through the superconductor. Two
different kinds of reactions are then noticed. They lead to type I and type II superconductors.
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Type I superconductors

The phase boundary diagram in type I superconductors is shown in Figure 2.2.2 (a), where
both the normal state and the superconducting state can be observed. The temperature dependence
of the critical field H is [16]

H,(T) = H,(0) [1 - (Tl)z] 2.6

where H.(T) is the critical field at temperature 7 and H_.(0) is the critical field at absolute zero.
Below T, there will be no penetration of the field. When the applied field is higher than the critical
field H.(T), the whole specimen will go to its normal state, and the field penetrates the interior.
As a result of this penetration, the superconductivity will diminish.

T
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Figure 2.2.2 (a) The magnetic field strength H versus temperature 7 in type I superconductors [16]; (b) Magnetization
versus the magnetic field for the two types of superconductors type I and type II [15].

Type II superconductors

In the case of type II superconductors, there are two critical fields, H¢ (T) and H,(T).
The applied magnetic field H, (T) is higher than H¢ (T), and for external fields under H., (T) the
flux does not penetrate the specimen. When the external field is higher than H, (T), the specimen
will revert to its normal state, and consequently, the magnetic flux will penetrate the specimen.
For the situation when the external field is between H,_ (T) and H, (T), the flux partially penetrates
the superconductor. This particular mechanism of both normal and superconducting states is called

as a mixed state. Figure 2.2.2 (b), shows the magnetization versus applied field for the type II
superconductor.

Usually, critical fields in type I superconductors are around 10? Gs well below the
transition temperature. On the other hand, the critical field of type II superconductors can be as
much as 10° Gs thus creating a significant market for type II superconductors in designing high-
field magnets. [16].
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2.2.4 Coexistence of superconductivity and magnetism

Superconductivity and magnetic ordering are two very unlike yet collective phenomena. The
question of how superconductivity and magnetism coexist is paramount, given their antagonistic
character. The Russian theorist Vitaly Ginzburg first posed this question in 1957, but early
experiments in 1959 by Bernd Matthias, revealed that when ferromagnetic ordering exists,
superconductivity vanishes [17]. The cause of this ruinous characteristic is a quantum mechanical
interaction between electron spin and the atomic magnetic moment. Below the superconducting
transition temperature, the interaction between the electron spin magnetic moments tend to align
them, thus destroying the Cooper pairs, within which spins are antiparallel. Therefore, exchange
interactions put restrictions on the presence of superconductivity. In antiferromagnetic materials,
superconductivity and antiferromagnetism can exist at the same time because, on average, the
Cooper pairs will not be influenced by the magnetic moments in these compounds [17].

In superconductors with ferromagnetic order, the superconductivity is destroyed at the
ferromagnetic phase transition [17]. In the ferromagnetic phase, the magnetic moments will be
aligned in the same direction with each other. When the aligned atomic magnetic moments interact
with the electron spins, the Cooper pairs energy of the electrons will be affected. Consequently,
the superconductivity cannot stop the magnetic transition.

In anisotropic ferromagnetic superconductors with regular lattices of magnetic ions, the
coexistence phase with a domain-like transverse magnetic structure would be recognized under Ty
(KT,) [17]. Superconductivity has a gapless character in the coexistence phase in clean
compounds. It is possible to realize the coexistence phase with the magnetic domain structure, the
spontaneous vortex phase, and the Meissner ferromagnetic phase in superconductors with weak
ferromagnetism.

Most of the magnetic superconductors are considered as type Il superconductors. However,
at temperatures slightly beyond Tr in a ferromagnet, or around Ty in an antiferromagnet, they
become type I superconductors [17]. This behaviour relies on demagnetization factors, and on the
relation between the parameters of both the electromagnetic and exchange interactions between
electrons and localized moments [17].

In regular superconductors, the phase with a non-uniform superconducting order parameter
as well as the Larkin-Ovchinikov-Fuld-Ferrel state (LOFF state), cannot be achieved [17]. Thus,
magnetic superconductors present an exceptional opportunity for its experimental study, especially
for the LOFF state, which can be observed in samples that were made in the shape of plates and
put in a field which is in a perpendicular direction to the plate.
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In order to partially or completely destroy superconductivity without diminishing the
magnetic ordering, laser irradiation can be deployed [17]. The process of destroying the
superconductivity offers the possibility to examine the magnetic structure without the presence of
superconductivity, and in the temperature interval where the coexistence phase is realized. These
experiments allow us to examine the impact of superconductivity on magnetic ordering

It has been shown that superconductivity and magnetism can coexist in some materials.
Thus, magnetic superconductors present an exceptional opportunity for its experimental study,
because they should allow us to examine the impact of superconductivity on magnetic ordering
and, generally, to better understand the phenomenon of superconductivity, especially the
intervening interactions. Therefore the reported recently Fe-based compounds that exhibit
superconductivity, is of utmost importance. One of the iron-based materials is EuAFesAs4 (A =
Rb, Cs). It exhibits a high T, [18]. These high-T, superconducting materials also have a magnetic
transition at about 15 K. To show the coexistence of superconductivity and magnetic state, two
samples EuRbFe4Ass, and EuCsFesAss will be taken as an example [18].

The temperature dependence of electrical resistivity of these two compounds is shown in
Figure 2.2.3.

5]

[ [ EuRbFe:As:
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L (mQem)

0 50 100 150 200 250 300

T &

Figure 2.2.3 Temperature T dependence of EuRbFesAss and EuCsFesAs, electrical resistivity p. Inset p near

superconducting transition temperature T, [18].
The results of the electrical resistivity measurements showed that the electrical resistivity reduced
dramatically at around 36.2 and 35.1 K for EuRbFesAss and EuCsFesAss, respectively. The
resistivity reached zero at 35.8 and 34.9 K for those materials. This result confirmed the existence
of superconductivity in those materials. In terms of the magnetic measurements, magnetic
susceptibility measurements were conducted for both samples. Figure 2.2.4 shows the magnetic
susceptibility as a function of temperature. Here, the magnetic susceptibility shows a clear
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Meissner diamagnetic signal at roughly 35 K, which agrees well with the T, confirmed from the
electrical resistivity data (Figure 2.2.3). The measured T, values are 36 and 35 K for EuRbFesAss
and EuCsFesAsa, respectively. From the magnetic susceptibility data, we can see an anomalous
magnetic transition at near 15 K. In EuAFesAss, the anomalous behavior near 15 K is clear in the
magnetic susceptibility data only (Figure 2.2.4), meanwhile the electrical resistivity is zero until
to 5 K (Figure 2.2.3). There is a probability that the anomalous magnetic transition shown by
EuAFesAss at near 15 K, that is under T,, is a result of the existence of an Eu** ion-induced

magnetic ordered state.

Figure 2.2.4. Temperature T dependence of EuAFe,As, (A = Rb, Cs) magnetic susceptibility y

[18].
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2.3 Mossbauer spectroscopy

2.3.1 Introduction

The Mdssbauer effect was discovered by Rudolf Mdssbauer in 1958. This phenomenon
occurs when a nucleus emits recoil-free emissions and absorbs gamma rays.

o Radioactive
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Figure 2.3.1 The nuclear resonance absorption of gamma-rays (Mdssbauer effect) for nuclei with Z protons and N
neutrons [1].

Figure 2.3.1 illustrates a radioactive isotope nucleus with atomic number Z' and neutron
number N'. The nucleus undergoes atomic reaction, and loses its excitation through either a decay,
or § decay or electron capture. The remaining nucleus, labeled as Z and N, is produced in the
excited state, Ee, and afterward decays to its ground state, Eg, which yields in the process a gamma
photon. Essentially, the produced gamma photon is captured by a nucleus in the ground state, and
this nucleus will be send to the excited state (this process is called resonant absorption).
Afterwards, the nucleus in its excited state will then re-release its energy in the form of a gamma
ray and move back to the ground state (this operation is called resonant fluorescence). This is the
primary process behind the Mossbauer effect. The natural linewidth of the transition energy is
illustrated in Figure 2.3.2.

E

Figure 2.3.2 Illustration of the intensity distribution /(E) for the emission of gamma rays with the mean transition

energy Eo ,where the gamma transition energy between the excited state and ground state natural line width is shown

[1].
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The excited nuclear state’s average lifetime is usually between 107 11s and 107% s (the
lifetime of the first excited state of >’Fe is 1.43 X 107’s) [1]. The y ray’s transition energy
appropriate for Mossbauer spectroscopy may vary between 10 to 100 keV. The transition energy
is 14.4 keV for °”Fe Mossbauer spectroscopy. The Lorentzian profile, which characterized by (T')
where I is the full width at half maximum of the natural linewidth, is the uncertainty measure in
the energy of the excited nuclear state (for >’Fe, ' = 4.55 x 1077 eV).

Scientists did not think it would be possible to get the process of gamma radiation resonant
emission and absorption before Mossbauer’s finding. Scientists’ belief was inspired by the energy
and linear momentum transported to, or delivered by in the absorption event, the nucleus by
gamma radiation. The centers of the emission and absorption lines move in separate directions due
to the conservation of momentum and its recoil energy. Consequently, the emission and absorption
lines would not converge, and thus the nuclear resonance will not occur. Some efforts were made
using what is known as the relativistic Doppler effect thus widening and shifting the emission lines
to promote a higher degree of overlap. Such efforts were accomplished using transducers to put
the source and/or absorber of the emission lines in constant relative motion.

Based on Maxwell-Boltzmann’s statistics, especially in gaseous systems, the velocity of
the particles comprising the system appears to have a temperature-dependent distribution.
Different particles in the system have broad variations (normal distribution) of speeds. Thus, the y
ray energy emitted resulting from nuclear state transitions go through Doppler shifts. These shifts
caused by the recoiling of nuclei and rapid kinetic motion result in emission and absorption lines
with a Gaussian profile shape, which as opposed to the natural linewidth that has a Lorentzian
profile.

The Doppler broadening in energy related to gas particles at a temperature T is given by

[1]
FD = Zw/ERkBT, 3-1

where Ep is the nucleus’ recoil energy shifting between the ground and the excited states, and kg
is the Boltzmann constant. According to Equation 3—1, the Doppler broadening and the recoil
energy have the same order. For the 14.4 keV transition energy of >’Fe and the recoil energy of
1.95 x 1073V at room temperature Iy is about 1072eV [1]. Thus, the Doppler shifts’ drop in
recoil energy could be compensated for by the nuclei in gases and liquids. Nonetheless, the overlap
of the emission and absorption lines is negligible, such that experimentally detecting the resonant
result for gasses and liquid will become impractical.

Equation 3-1 shows that the Doppler broadening is directly proportional to the square root
of the temperature and the resonant energy. The Mdssbauer effect is easier to observe at lower
temperatures, i.e., the nuclear resonant effect is more efficient at lower temperatures in solids.
Only the quantum theory of solids can explain this phenomenon [2], and a brief explanation will
be given below.
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The nuclei within the solid are physically bound on lattice points and vibrate about
equilibrium. The temperature plays a role in identifying the intensity of the vibration and their
amplitude. The value of the vibrational frequencies can be in order of ~ 1013 Hz [3]. Conversely,
the vibration periods is less than the half-life time of the excited state nuclei by six orders of
magnitude. Therefore, during the transition times, an average of zero displacement of the nuclei
will not cause any Doppler shift in the emission profile. In addition, the entire crystal will absorb
all the recoil momentum caused by the nuclear transition. This is due to the crystal’s large mass,
and the velocity on the emitting nuclei are insignificant which leads to a vanishing of the recoil

energy [1]
1
P = MrystaV, < 1= Er= 51‘4crysta1v2 ~ 0, 3-2

where Mpysial 18 the mass of the crystal, v is the induced velocity of the emitter.

Phonons which are a form of lattice vibration excitations, absorb some part of the transition
energy during the nuclear transition that takes place in solid state. In the creation process of these
phonons, the energy transfer is significantly larger than the nuclear levels’ natural linewidth, which
does not make the resonant effects possible [1]. But in a solid without phonon creation or
absorption, there is a limited probability of nuclear transitions named as zero-phonon processes.
This non-zero possibility is directly related to a portion of nuclei which go through non-recoil
emission and absorption of y rays, resulting in resonant effects. The fraction that goes through non-
recoil process is identified as the Mdssbauer-Lamb factor,f, and it is equivalent to the Debye-
Waller factor in X-ray diffraction from solids. At room temperature, a standard value of f for >’Fe
Mossbauer spectroscopy is 0.91 [1]. It is considered that the recoil-free factor, f, is associated

with the local shift of the nucleus from its equilibrium position x by way of the equation below [1]
(x2)Ey

f=e (%, 3-3

where (x?) is the average squared of displacement or the vibrational amplitude squared of the

nucleus, c is the speed of light, h = h/2m, where & is Planck’s constant, and E, is the emitted
(absorbed) photon energy. The Debye model overall describes the vibrations of the nuclei. In the
Debye model there is a distribution of the frequencies from 0 to the Debye frequency vp and the
density of states is proportional to v2 [4]. A given material within the Debye model is characterized
by a Debye temperature which is related to the highest phonon energy hvp. The Debye temperature
is given by [4]

T, = 22 34

The recoil-free factor’s temperature dependence is given by [1,2]

2
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This equation may be analyzed in both high and low-temperature regions. The upper limit of the
integral in the exponent approaches infinity at very low temperatures (T < Tp) [1,2]

3232 [1,(T\?n? Ey? (3 m?T?
Z+(E) ? =e ZkBTDMCZ\ZI ’['D2 . 3—6

© X — 71._2 ~ {_kBTDMCZ
Jo smdx=7=fM=~e

The exponent is proportional with temperature in a quadratic ratio, but in high-temperature region
(T = Tp), it is a linear behaviour for the exponent. In the integral e* can be estimated by 1 + x

(since x is of the order of Ti) [1,2]
D

T 3E)%T

TD — -
T _x ~ (D dy = L ~ o kpTHMc? B
/5 ——dx fo dx - = f(T) ~ e *kBTDM 3-7

Mossbauer spectrum’s intensity depends on the recoil-free factor. Because the required time to
acquire a sufficient signal to noise ratio is relative to the intensity square [1], the Mdssbauer spectra
can be significantly improved by lowering the temperature of the samples to temperatures
equivalent to liquid nitrogen and liquid helium.

The Mossbauer effect, as stated earlier, is known as the recoilless emission and absorption
of y rays by nuclei in the solid state caused by the zero-phonon processes. To observe the
Mossbauer effect one must have high enough value of the recoil-free factor f.

Overall, the increase in the recoil-free factor depends on three important parameters:
decreasing the temperature of the system, decreasing the energy transitions, and by increasing the
Debye temperature.

2.3.2 Hyperfine interactions

In Mdssbauer atoms, an electromagnetic field is created because of the Mdssbauer atoms’
electrons. The electromagnetic field interacts with the Mdssbauer nucleus causing what is called
the hyperfine interaction. The hyperfine interaction results in either an alteration in the nuclear
energy levels or a splitting in the nuclear energy states. Hyperfine interactions occur in three major
forms. The first one is the electric monopole interaction, which is responsible for the isomer shift.
The second interaction is between magnetic field and dipole moments. This process causes a split
in the energy levels, and it is called the Zeeman effect. The third type is the electric quadrupole
dipole interaction caused by the exchange of the component of electric fields and the charge
distribution of the Mdssbauer nucleus. The electric quadrupole interaction causes a degeneracy
removal in the resonance transition lines between the ground state and excited state.
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2.3.2.1 The isomer shift

The electric monopole interaction is associated with the total charge of the Mdssbauer
nucleus. The electric monopole interaction causes a shift in energy, and the shift in energy is given

by [1]
Eis. = 6Eq = — = Ze?R2[P(0)[2, 3-8

where Z is the atomic number, e is the electron charge, and R is the nuclear radius. From equation
3-8 it is clear that the electric monopole interaction is proportional to the square of the nucleus’
average radius. Whereas similar nuclei have dissimilar radii (Rg # Re), where Ry is the radius for
the ground state and R, is the radius for the excited state, the monopole interaction is not going
be the same for the nuclei in their ground states as opposed to the ones in the excited states. In
consequence, the shift in the nuclear energy level is not going to be same for the ground state
(8E)g compared to the one for the excited state (§E).. This change causes the Mdssbauer isomer
shift (IS). A schematic of isomer shift and the derived shift in the Mdssbauer spectrum is
demonstrated below.

s

—2 I
valocity f mm -1

izsomer shift

relative fransmission

Figure 2.3.3 The interaction of the electric monopole between the nuclear charge and the electron density at
the nucleus. The results of this interaction is the shift of the nuclear state, and it gives the isomer shift [1].

The isomer shift in the Mdssbauer spectrum will be § [1]

2

8 = Ep — Es = ZZe2[[Y(0)]a" — [$(0)Is"| (Re* — Rg?). 3-9
In the center shift, one should account for the second-order Doppler shift (SOD). Because of the
thermal motion of the emitting and absorbing nuclei, there will be a relativistic shift in the energy
of the y phonons. This shift is represented by second-order Doppler shift which is given by the
equation

(v?)

2c?’

650]) = —Ey 6exp = 8 + SSOD' 3—10

where E|, is the photon energy, and (v?) is the mean square velocity of the Mdssbauer nuclei.

32



2.3.2.2 Electric quadrupole splitting

The electric quadruple interaction is caused by the interaction of the electric field and the
charge distribution of the nucleus. When the system has a nuclear spin quantum number of more
than 1/2, the nucleus will have a nuclear quadrupole moment. As a result, splitting in the nuclear

energy will occur, and the equation of the quadruple interaction energy eigenvalues can be given
as [1]

Y
__eQVyzy 2 ﬁ 2 _
0 = s [3m? = 131+ 1)] (1 n 3) , 311

where 77 the asymmetry parameter of the electric field gradient (EFG) tensor n = @ , Q is the

Y44

quadrupole moment of the nucleus, and V,, is the main component of the electric field gradient.
For the °’Fe Méssbauer nuclei, the first nuclear excited state will split into a doublet as is shown
in the figure below.
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Figure 2.3.4 Quadruple interaction of the ’Fe |I = 3/2,ms,) state and
the resulted Mossbauer spectrum [1].

Similarly, for the '>'Eu M&ssbauer isotopes, there will be splitting into three sublevels in
the ground state, and into four sublevels in the excited state, as is shown in Figure 2.3.5. There
will be eight allowed transitions.
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Figure 2.3.5 The allowed transitions between the nuclear energy levels of *'Eu
due to quadrupole interaction [5].

2.3.2.3 Magnetic dipole interaction and magnetic splitting

The Mossbauer nucleus possess a magnetic dipole moment u, and this magnetic moment
is a result of the nuclear spin angular momentum. The value of u is giving by [6]

K= Ggnlpnl, 3-12

where g, is the nuclear Landé¢ splitting factor, and pg,, is the nuclear Bohr magneton. If there is a
magnetic field at the site of the nucleus, the magnetic dipole moment will split into (21 + 1)
sublevels with the eigenvalues [6]

uHm;

E, = -

= —GnkpnHmMy, 3-13

where m; is the nuclear magnetic quantum number with the values m; = 1,1 — 1, ....—I,and H is
the magnetic field.

From Equation 3—13 for >’Fe nuclear states, the I = 3/2 state divides into four subsets, and
the I = 1/2 state divides into two subsets. The transitions are selected by the selection rules of
Am = 0, % 1. There will be six allowed transitions, which are shown in the figure below.
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Figure 2.3.6 Magnetic dipole interaction splitting in °’Fe and the resultant spectrum [1].

On the other hand, for the >!Eu Mossbauer isotopes, it is clear from Figure 2.3.7 that there
will be eighteen allowed transitions, and the spectra for a variety of linewidths are shown in Figure
2.3.8.
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Figure 2.3.7 Nuclear energy levels for '>'Eu in the presence of a magnetic hyperfine
interaction [5].
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Figure 2.3.8 Theoretical '>'Eu Mdssbauer spectra in the presence of a magnetic hyperfine field of
-340 kOe, with isomer shift of 0.0 mm/s and four different linewidths given in mm/s [5].

2.3.2.4 The combined electric and magnetic interaction

Quadruple splitting, isomer shift, and magnetic dipole interaction could simultaneously
occur in a typical Mdssbauer spectrum. Figure 2.3.9 shows a >’Fe Mdssbauer spectrum.
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Figure 2.3.9 Quadruple splitting, magnetic dipole interaction splitting, and
isomer shift in °’Fe and the resultant Mdssbauer spectrum [3].
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2.3.3: Experimental procedure

This section outlines the procedures undertaken regarding sample and instrument setup
while discussing the measuring technique used during the experiment.

2.3.3.1: Sample preparation

All of the samples studied in this thesis follow a certain sample preparation. The following
paragraph summarizes the procedures used for weighing and preparing the samples.

2.3.3.1.1: Sample weighing

It is critical for this experiment to determine the weight of the sample accurately. Such
accuracy is achieved through various measures of precautions including but not limited to clean
environment, choosing appropriate sample portions and using higher precisions weighing
machine. In this experiment, it is desirable to utilize larger lumps of the sample throughout the
experiment to minimize risk of sample loss. The scale used to measure the sample is showing in
Figure 2.3.10.

Figure 2.3.10 The scale used to weigh the sample during the experiment.

2.3.3.2: Mossbauer set-up

The complete set-up of the Mdssbauer spectrometer consists of radioactive source,
transducer, absorber, and detector.

A suitable radioactive source is required to provide resonant gamma radiation. Thus, a
transducer is used to generate a mechanical movement for the source. An electronic signal
generator drives the transducer to swing back and forth (side to side). The electrical waveforms
from the generator could be modified to refine the movement of the transducer. The Mossbauer
absorbers consist of a mixture of powder of the studied compound and boron nitride, which is
pressed into a pellet that was put into an 8-um-thick Al disk container to ensure a uniform
temperature over the whole absorber. The detector is a proportional counter filled with Kr gas
with some methane, and is directly connected to a pre-amplifier. The preamplifier is then
connected to an amplifier as shown in Figure 2.3.11. The amplified signal then goes through a

37



series of channel analyzers. A single channel analyzer (SCA) receives the signal and sends it to a
multi-channel analyzer (MCA). The electronic signal generator controls the start-delay signals to
the MCA and the voltage signals to the transducer creating a sync between the MCA and
transducer.

Mdgssbauer Driving Unit

Furnace or
Cryostat

H.V.
Supply

Electro-mech. || +—* | I :
| .
Transducer Source | I Detector Pre- Amp AR
1

Absorber . N
y-ray Detection System

Channel
/\dvancq

K —
Function J M.CA | SCA

Generator +

/\/\/\ Power Amplifier

Triangular Pulse Start Pulse Printer

Figure 2.3.11 The schematic set up for the Mossbauer spectroscopy [7].

The radioactive source is installed on the transducer allowing it to ripple at a specific
velocity profile v with respect to the fixed absorber. Accordingly, a Doppler effect is created
resulting in the modulation of y-ray energies upon arrival to the absorber. The y photons and the
transmission intensity are recorded using an attached detector. These results are later plotted as
functions of the Doppler velocity v.

The ’Fe and *'Eu Mdssbauer measurements were conducted using standard Mdssbauer
spectrometers operating in the sine mode, with sources >’Co(Rh) and '°'Sm(SmF3) at room
temperature, respectively. The spectrometers were calibrated with a 6.35-um-thick a-Fe foil. The
absorber is put in a cryostat which is kept in a static exchange gas atmosphere at a pressure of
6x10~3mbar. The low-temperature Mossbauer spectrometer used in this research is shown in the
Figure below.

Figure 2.3.12 The low-temperature Mdssbauer spectrometer.
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Figure 2.3.13 shows the transducer and the detector which are used in the low-temperature
Mossbauer spectrometer.

'%q.-fransduce

Figure 2.3.13 The transducer and the absorber of the low-temperature Mdssbauer spectrometer.
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Chapter 3: Discussion and conclusions

In the following pages, I will discuss the results presented in chapters four through nine
and draw conclusions.

The Rietveld analysis of the X-ray XRD spectrum of ThFeAsN showed that the studied
material crystallizes in the tetragonal space group P4/nmm. The unit cell parameters determined
from this analysis yielded the lattice parameters ¢ = 4.0356(1) A and ¢ = 8.5286(1) A. It was
proved, based on the >’Fe Mdssbauer spectroscopy, that there is an absence of magnetic order of
the Fe magnetic moments down to 2.0 K. The nonappearance of Fe magnetism was suggested to
be as a result of an internal uniaxial chemical pressure whose presence is reflected in the unusually
small c¢/a ratio. The Mossbauer spectra were all in the shape of a quadrupole doublet with a small
quadrupole splitting that rise with lowering the temperature. The experimental extrapolated 0 K
quadrupole splitting is in an excellent agreement with the calculated one. The calculated value of
Vzz =-3.908 x 10*° V/m? corresponds to A = 0.0610 mm/s. The fit of the A(T) data gives A(0) =
0.0664(8) mm/s. The value of A(0) is in a very good agreement with the calculated value of 0.0610
mm/s. The Debye temperature of ThFeAsN was found to be 332(2) K, and it agrees with the
calculated value of 370 K. Theoretical discussion is offered for the presence of ionic and covalent
chemical bonding and metallic characteristics. The energy band structure of ThFeAsN is analyzed
in detail.

The room-temperature powder XRD pattern of CsEuFesAss reveals that the compound
studied crystallizes in a tetragonal space group P4/mmm, as revealed by a Rietveld refinement
analysis, with the lattice parameters of a = 3.8956(1) A and ¢ = 13.6628(5) A. The detailed analysis
of 'Fe and '>'Eu Méssbauer spectra at different temperatures proved that the Fe atoms have no
magnetic moment down to 2.1 K and that the ferromagnetic order is associated exclusively with
the Eu magnetic moments. The Mossbauer spectrum of CsEuFesAss at 11.2 K is slightly broader
than the 17.2 K spectrum (Fig. 7 in Chapter 5). This subtle effect of 0.010 mm s™! broadening is
the result of the appearance at 11.2 K of a very small Hyr that is transferred to the °’Fe nuclei from
the ferromagnetically ordered Eu sublattice. Its presence constitutes a clear proof for the ordering
of the Eu sublattice. The calculated values of Vzz = 7.142 x 10?° V/m? at the Fe site corresponds
to A =0.1222 mm/s™'. The fit of the A(T) data gives A(0) = 0.1182(4) mm/s™".
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The '*'Eu Méssbauer spectra of CsEuFesAss from room temperature down to 17.1 K were
fitted with a large-spectral-area quadrupole pattern due to CsEuFesAss and a small-spectral-area
singlet originating from an impurity phase. For the temperatures between 15.7 K and 4.8 K, the
spectra were fitted with a large-spectral-area Zeeman pattern due to CsEuFesAss and a small-
spectral-area singlet originating from an impurity phase. The temperature dependence of Hnr
yielded the Curie temperature of the Eu sublattice T. = 15.97(8) K. The detailed analysis of the
low-temperature '*'Eu Mdssbauer proved that the Eu magnetic moments lie in the ab plane. The
temperature dependence of the main component of the electric field gradient tensor at both Fe and
Eu sites is well described by a T *? power-law relation. The calculated values of Vzz at the Eu site
is —58.017 x 10?° V/m?, and the fitted value of Vzz(0) is —0.516(5) x 107> V/m?. There is a good
agreement between the calculated and measured parameters of the hyperfine-interactions. The
Debye temperature of CsEuFesAss was found to be 295(3) K.

Our ab-initio calculations provide evidence for a mixture of ionic, covalent, and metallic
bonding in the CsEuFe4Ass superconductor. They show that, in agreement with the experiment,
the magnetic moment of CsEuFesAss results from the strongly localized Eu f states. They also
show that an almost zero magnetic moment of the Fe atoms results from an apparent symmetry of
the spin-up and spin-down Fe d states. The Fermi surfaces are found to have the hole-like and
electron-like pockets located at the center and corners of the Brillouin zone, respectively.

The Rietveld analysis of the room-temperature powder XRD spectrum of Rbi-sEuFesAsq
showed that the compound studied crystallizes in the tetragonal space group P4/mmm and its lattice
parameters are a = 3.8849(1) A and ¢ = 13.3370(3) A. A careful analysis of the ’Fe and *'Eu
Mossbauer spectra at various temperatures demonstrates that the Fe atoms have no magnetic
moment down to 2.1 K and that the ferromagnetic order is associated entirely with the Eu magnetic
moments. We show that the Eu magnetic moment induces the transferred hyperfine magnetic field
Hhr at the °"Fe nuclei and that the Curie temperature determined from the temperature dependence
of the latter is consistent with that obtained from the temperature dependence of Hpr at the 1°'Eu
nuclei. The analysis of low-temperature '*'Eu Mossbauer proves that the Eu magnetic moments
are perpendicular to the crystallographic ¢ axis. At both the Fe and Eu sites, the temperature
dependence of the main component of the electric-field-gradient tensor is well represented by a T’
32 power-law relation. The calculated value of Vzz =5.270 x 10*° V/m? at the Fe site corresponds
to A=0.0921 mm/s™!. The fit of the A(T) data gives A(0) =0.1188(2) mm/s™'. The calculated value
of Vzz at the Eu site is —49.659 x 10?° V/m?, and the fitted value of Vzz(0) is —0.470(6) x 10*
V/m?. The calculated and measured hyperfine-interaction parameters showed a good agreement.
The Debye temperature of Rbi-sEuFesAss was found to be 391(8) K.
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Similarly to the ab-initio study of CsEuFesAss, we find evidence for the presence of a
mixture of ionic, covalent, and metallic bonding in the RbEuFesAss superconductor. The magnetic
moment of RbEuFesAss is shown to be a result of the strongly localized Eu f'states. We also find
that an almost zero magnetic moment associated with the Fe atoms is the consequence of symmetry
of the spin-up and spin-down Fe d states. The chemical and electrical properties are shown to be
strongly linked with the Fe 3d states in the Fermi energy region. The hole-like and electron-like
pockets that are located, respectively, at the center and corners of the Brillouin zone, are found in
the Fermi surfaces of RbEuFe4Asa.

Based on the analysis of the >’Fe Mdssbauer spectra of both the new EuFeAs, compound
and the 14 K superconductor EuFeo.97Nio.03As2, it is concluded that in both systems the Fe
sublattice orders in the antiferromagnetic spin-density-wave fashion. The Néel temperatures of the
Fe sublattice and the Fe saturation magnetic moments are found to be 106.2(1.9) K, 0.78(1)ug and
56.6(2.2) K, 0.47(1)ug, respectively. In addition, the fits of the ""'Eu Mdossbauer spectra of
EuFeAs; and EuFeo.97Nio.03As2 allow us to find out that the Néel temperatures and the saturation
hyperfine magnetic fields of the antiferromagnetically ordered Eu sublattice in both compounds
are, respectively, 44.4(5) K, 294.2(7) kOe, and 43.5(1) K, 290.5(1) kOe. These results show that a
tiny substitution of Fe by Ni in EuFeAs>, apart from inducing superconductivity in
EuFeo.97Nio.03As2, significantly reduces the magnetism’s strength of the Fe sublattice and has
practically no influence on the magnetism of the Eu sublattice. The presence of
antiferromagnetically ordered Fe and Eu sublattices in EuFeo.97Nio.03As> constitutes evidence that
superconductivity and magnetism do coexist in the EuFeo.97Nio.03As2 superconductor. We show
that a 7 *? power-law relation can explain the magnitude increase of the main component of the
electric field gradient tensor at both Fe and Eu sites with lowering temperature. For EuFeAs»
compound the fitted value of Vzz(0) at the Eu site is —0.498(5) x 10?> V/m?. For EuFe(.97Nio 03As>
the fitted value at the Fe site of the A(T) data gives A(0) = 0.1590(17) mm/s!, and at the Eu site,
the fitted value of Vzz(0) is —0.448(5) x 102 V/m?. The Debye temperatures of EuFeAs,
EuFeo.97Nio.03As2, and the FeAs, impurity phase were determined to be 355(18), 428(14), and
594(25) K, respectively.
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Chapter 4: Absence of the stripe antiferromagnetic order on ThFeAsN
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1. Introduction

It has been well established [1] that high-critical temperature
superconductivity in the iron pnictides and chalcogenides emerges
from the suppression of the spin-density-wave antiferromagnetic
order in their parent compounds either through carrier doping or
by applying pressure. This results in phase diagrams similar to
those in the copper-oxide-based superconductors 2],

Recently, a new parent-like compound, ThFeAsN, has been
discovered [3]. What is unusual about this compound is that it is
superconducting, with the critical temperature T = 30 K, without
any doping or applying pressure [3]. The first-principles calcula-
tions [4,5] unambiguously predict the stripe antiferromagnetic
order in this compound. However, no anomaly expected for such an
order is observed in the electrical resistivity and magnetic sus-
ceptibility data [2]. Here we use the local probe, "Fe Mossbauer

* Corresponding author.
E-mail address; stadnik@uottawa.ca (ZM, Stadnik).

htp:ffdx.doi.org/10.1016/j jallcom.2016,10.239
0925-8388/@ 2016 Elsevier B.V, All rights reserved.

spectroscopy, to address the issue of the possible magnetic order in
ThFeAsN,

2, Experimental and theoretical methods

The polycrystalline sample of composition ThFeAsN was pre-
pared by solid-state reactions at high temperatures, as described
earlier [3].

An X-ray diffraction measurement was carried out at 298 K in
Bragg-Brentano geometry on a PANalytical X'Pert scanning
diffractometer using Cu Ke radiation in the 26 range 8—120° in
steps of 0.02°, The Kf line was eliminated by using a Kevex PSi2
Peltier-cooled solid-state Si detector.

The 5Fe Mésshauer measurements [6] were conducted using a
standard Mossbauer spectrometer operating in the sine mode and a
57Co(Rh) source at room temperature. The spectrometer was cali-
brated with a 8.35-um-thick ¢-Fe foil [7] and the spectra were
folded. The Mdssbhaver absorber consisted of a mixture of
powdered ThFeAsN, and powdered boron nitride, which was

44



MA. Albedah et al. [ Journal of Alloys and Compounds 695 (2017} 11281136 1129

pressed into a pellet and put into a high-purity, 8-um-thick Al disk
container to ensure a uniform temperature over the whole
absorber. The Mossbauer absorber was put into a Mossbauer
cryostat in which it was kept in a static exchange gas atmosphere at
a pressure of ~ 6 x 10~ mbar. The surface density of the Mossbauer
absorber was 23.8 mgjem2. This corresponds to an effective thick-
ness parameter [6] £, = 2,1 f,, where f; is the Debye-Waller factor of
the absorber. Since t,>1, the resonance line shape of the Mdssbauer
spectra was described using a transmission integral formula [8].

Ab-initio electronic structure and Mossbauer hyperfine-
interaction parameter calculations have been performed within
the framework of density functional theory using the full-potential
linearized augmented-plane-wave plus local orbitals (FP-LAPW+
lo) method as implemented in the WIEN2k package [9]. In this
method, one partitions the unit cell into two regions: a region of
non-overlapping muffin-tin (MT) spheres centered at the atomic
sites and an interstitial region, The wave functions in the MT re-
gions are a linear combination of atomic radial functions times
spherical harmonics, whereas in the interstitial regions they are
expanded in plane waves, The basis set inside each MT sphere is
split into a core and a valence subset. The core states are treated
within the spherical part of the potential only and are assumed to
have a spherically symmetric charge density in the MT spheres. The
valence wave functions in the interstitial region were expanded in
spherical harmonics up to ! = 4, whereas in the MT region they
were expanded to a maximurm of ! = 12 harmonics. For the
exchange-correlation potential, the generalized gradient approxi-
mation (GGA) scheme of Perdew, Burke, and Emzerhof [10] was
used. A separation energy of —6.0 Ry between the valence and core
states of individual atoms in the unit cell was chosen, The values of
2.47,2.32,2.20, and 1.92 a.u. were used as the MT radii for Th, Fe, As,
and N, respectively. The plane-wave cut-off parameter was set to
Rut x Kmax = 6.0, where Ry is the smallest MT radius in the unit
cell and Kyax is the maximum K vector used in the plane-wave
expansion in the interstitial region, A total number of 735 inequi-
valent k-points was used within a shifted 27 x 27 x 13 k-mesh in
the irreducible wedge of the first Brillouin zone. A convergence
criterion for self-consistent field calculations was chosen in such a
way that the difference in energy between two successive itera-
tions did not exceed 10~5 Ry, The experimental lattice parameters
(a and ¢) and the atomic position parameters in the space group P4/
nmm (vide infra) were used in the calculations,

3. Results and discussion
3.1. Structural characterization

The room-temperature powder X-ray diffraction pattern of
ThFeAsN is shown in Fig. 1. The compound studied, analogously to
the antiferromagnetically ordered parent compound GdFeAsO [11],
crystallizes in the tetragonal space group P4/nmm [3]. A Rietveld
refinement [12] of the X-ray powder diffraction data was carried
out, yielding the lattice parameters o — 4.0356(1) A and
¢ = 8.5286(1) A, and the atomic positional parameters that are
listed in Table 1. The occupancy of Th deviates slightly from 1.0
(Table 1), yielding a formula ThgggFeAsN for the compound of the
nominal composition ThFeAsN, No second phase/phases could be
detected in the X-ray diffraction pattern of ThFeAsN (Fig. 1).

Fig. 2 shows the crystal structure of ThFeAsN. The central region
of the unit cell [Fig. 2 (a)] is occupied by Fe and As atoms which
interact with each other via metallic bonds (vide infra). These bonds
are shown schematically in Fig. 2(a) by rods connecting these
atoms. The Fe and As atoms are surrounded by layers of Th and N
atoms that are located at equal distances above and below the Fe
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Fig. 1. Powder X-ray diffraction pattern of ThFeAsN at 298 K, The experimental data
are denoted by open circles, while the line through the circles represents the results of
the Rietveld refinement. The row of vertical bars shows the Bragg peak positions for
the P4fnmm space group. The lower solid line represents the difference curve between
experimental and calculated patterns,

and As atoms along the c-direction. The elongation of the unit cell
along the c-direction significantly reduces the Coulomb interaction
between neighboring Fe/As sheets, In fact, the Th/N layers above
and below the Fe/As conducting sheets serve as insulating layers
that are separated from the neighboring FefAs conducting layers
along the c-direction. The nature of these bonds is discussed below
based on the density of states (DOS) calculations.

The alternating layered structure of ThFeAsN along the c-axis
can be clearly seen in Fig. 2(b). The connecting rods indicate the
possibility of charge transfer (electrical conduction) along the
z = 0.5 planes, whereas the absence of such connections along the
c-axis indicates ionic bonding which suppresses electrical con-
duction along the c-direction, These properties are justified based
on the calculated electronic charge density distributions (vide
infra).

32. Ab-initic calculations

321. Charge density distributions

Fig. 3 displays the calculated valence charge density distribu-
tions along three different planes. The mid-plane of the unit cell of
ThFeAsN is occupied by Fe atoms (Fig. 2) that weakly interact. This
results in a non-negligible electron charge density that uniformly
fills the space between neighboring Fe atoms [yellow regions in
Fig. 3(a)].

The layered structure of the ThFeAsN superconductor is clearly
evidenced in the electron charge density distribution along the
z = 0.25 plane [Fig, 3(b)]. The virtual absence of the charge density
between the Th/N and FefAs layers [yellow regions in Fig. 3(b)]
indicate the ionic nature of the chemical bonding between these

Table 1
Atomic positions for the tetragonal ThFeAsN {space group P4/amm, origin choice 2)
obtained through Rietveld analysis.

Atom Site Point symmetry Occupancy x ¥ z
Th 2 4mm 0.991 1 1 01377
Fe 2h dm2 1.000 E) 3 ¥
As 2¢ 4mm 1.000 by i 0.6534
N 2a am2 1.000 E 1 0
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Fig, 2, The unit cell (a) and the layered crystal structure (b) of ThFeAsN,

layers, resulting in alternating insulating sheets along the ¢-direc-
tion. This supports an earlier argument based on the physical
separation of the constituent atoms in the unit cell of ThFeAsN. The
presence of large charge density between Fe and As atoms [blue/
green regions in Fig. 3(b)] indicates the strong covalent and also
metallic bonds between these atoms. One can observe that the
charge density distribution is widely spread out from the As atoms
(blue regions) to form bonds with the neighboring Fe atoms. This
can be explained by the semi-metallic nature of As that is widely
used as an n-type dopant in a semiconductor industry.

Due to a relatively small separation between the Fe atoms in the
(110) plane, there is a persistent charge density along the line
connecting these atoms [yellow-green regions in Fig. 3(c)]. This is
not the case for the N atoms where the charges are bound to them,
One can also observe [Fig. 3(c)] that there is essentially no charge
density between the Fe/N regions. This can be explained by a
relatively large separation between the Fe and N atoms in the unit
cell of ThFeAsN (Fig. 2). As a result, the Coulomb interaction be-
tween these atoms will be not large enough to distort their electron
configurations.

The valence charge density distributions discussed above are
not unique to the ThFeAsN superconductor but seem to be char-
acteristic for Fe-based superconductors generally. For example, the

valence charge density distributions of the recently discovered 40 K
superconductor (LiggFeg2)OHFeSe with no long-range magnetic
order, that also crystallizes in the tetragonal space group P4/nmm,
are very similar [13] to those of ThFeAsN.

3.2.2, Density of states

The calculated total and atom-resolved DOS of ThFeAsN is
shown in Fig. 4. One notices that the Fermi energy (Er) region is
dominated by the Fe d states. A minimum in the DOS, centered at
~0.30 eV above Er and with a width of ~1.0 eV, is observed. The Fe
d states mainly occupy the energy region between about -5 —2eV,
A highly peaked DOS structure, that is almost entirely due to Th
atoms, occurs in the energy region between 2.5 to about 5.0 eV. The
states in this region essentially do not overlap with the Fe d states.
One thus can conclude that a strong ionic bond exists between the
Th and Fe atoms, which supports the earlier conclusion that was
based on the electron charge density distributions, On the contrary,
the As and Th states overlap considerably, especially in the energy
region between —5 and 0 eV. A relatively intense peak in the DOS,
located at 3.0 eV below E, is observed (Fig. 4). It is due to Fe—As p-
d hybridization. The strong overlap between the As and Th states
constitutes evidence for the covalent nature of the chemical
bonding between the Fe and As atoms.

One observes a wide gap in the DOS in the energy region
between —10 and —5 eV (Fig. 4). Below this region is the realm of
semi-core and core states that have sharp DOS, resembling atomic-
like states, In particular, a sharp peak located at 10.6 eV below Eg
that is mainly due to the As core states, is observed. These states do
not participate in chemical bonding.

Fig. 5 shows the Fe total and orbital-resolved DOS. The peak in
the Fe DOS located in the energy region between 0.8 and 1.0 eV
arises from the Fe d,._y» orbitals, which generally have higher en-
ergies than the other Fe d orbitals. There are two major peaks in the
Fe DOS located below Er The first one at —0.23 eV is due to the Fe
g4y Orbitals. The contribution to the second peak at —0.44 eV is
mainly from the Fe dy orbitals. The presence of a shallow dip in the
Fe DOS between 0.2 and 0.6 eV may account for a relatively large
electrical resistivity of ThFeAsN [3] as compared to that of typical
metals,

3.2.3. Energy band structure

The calculated electronic band structure of non-magnetic
ThFeAsN for the energy range between —15 and 10 eV is shown
in Fig. 6(a). There are three energy regions in which the band
structure is dense, i.e,, there is a large number of accessible states.
By inspecting a specific symmetry point in the Brillouin zone, one
can study these states. Due to the very high symmetry of the T
point, many electronic states are degenerate. The first dense region
in the band structure appears around 3 eV below Eg The energy
bands in this region are mainly due to the As and N states of p-like
character. As one moves away from [ in any direction (for example,
from I" to R or from I' to M), the symmetry of the k-space reduces
and, as a result, the energy bands start to split and spread in energy.
Energy bands of s- and p-like character spread widely in energy.

The second energy region of interest is in the vicinity of E. This
region contains energy bands of d character arising from the Fe
states. Compared to the bands in the first region, these energy
bands are localized in energy, which indicates their d-like origin. A
closer look at these energy bands [Fig. 6(b)] shows that three
valence bands and two conduction bands cross the Fermi level. At
the symmetry point T, the three valence bands have their
maxitum energy. Of these three, two are degenerate and are
located 0.1 eV above Er. These bands are indicated by light brown
and black colors and refer to heavy-hole and light-hole bands,
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Fig. 4 Thtal and atom-resolved density of states of ThReAsN.

respectively. The spin-split off band (indicated by cyan color) is
located at a slightly lower energy in the vicinity of Er The heavy-

hole bands originate from the Fe|},:|_-}> states and have a larger
effective mass with respect to the light-hole bands which otiginate
from the Fe |§, 3> states. The spin-split off band is related to the

Fe|§,:u}> states, The minimum of the two conduction bands is

located at the M point in the Brillouin zone, about 0.1 eV below E¢
and is two-fold degenerate. These electron-like bands are shown in
black and green colors [Fig. 6(b}], The fact that the maximum of the
valence band and the minimum of the conduction band cross the
Fermi level can explain the non-zero electrical conductivity of
ThFeAsN.

The third energy region, which contains a large number of
bands, is located between about 3 and 5 &V abowve Eg [Fig. 6(a)]. The
numerous bands in this region are due to the Th conduction states.
One observes that these energy bands do not cross with the Fe
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energy bands, as expected from the ionic nature of the bonding
between these aboms.

In the energy region between —10 and —5 eV [Fig. 6(a)], a wide
gap separating the low-lying core and semi-core states from the
higher valence states exists.

It is perhaps useful to notice that the conclusions derived from
our electron charge density distribution, DOS, and energy band
structure calculations are consistent with each other.

3.24. Elgstic parameters

The elastic parameters discussed here were calculated for the
optimized lattice parameters derived from the minimization of the
total energy (Fig. 7). The energy minimum of —120501.423 Ry oc-
curs for the optimized wvolume of the tetragonal umit cell of
919.550 (). The value of the optimized volume is close to the
value of 937.335 (au.)® obtained from the Rietveld refinement. The
cakulated equilibrium bulk modulus, Bg, of ThFeAsN Is 153.55 GPa.
Its pressure derivative, B, is 4,553, Although no experimental valye
of Bg 15 known for ThFeAsN, the calculated By compares reasonably
well with the experimental value of 102(2) GPa for the NdFeA-
5QogsFo12 superconductor of the same crystal structure as that of
ThFeAsN [14],

The calculated density p of ThFeAsN is 9.0097 gjcm?. For the
tetragonal strycture of ThFeAsN, the calculated second-order
elastic constants Ty, Ci2, C13, Ca3, Cas, and Cgg are 489,76, 11535,
283,51, 102,49, 374,72, and 63.16 GPa, respectively. By averaging
the elastic moduli representing the basic transversal acoustic
modes, the relevant modulus for the tetragonal structure is
Gt = [CaaCa(C11 — C12)/2Y3 [15]. Using the calculated elastic
constants, one finds Gy = 164.24 GPa. This allows one o calculate

the Debye tempetature from the relation 8p = 8p s + 7l [;Eﬁ; -

(s8n)_] that s obtained rom the ftofthe @p data for iffeent

compounds with tetragonal structure [15]. In this relation, ¢ is the
lattice parameter, M is the arithmetic average of the atomic weight
of the elements of a compound, s is the number of atoms in a unit

cell, and Bpes (n%,,)rd are the quantities corresponding to a

given reference compound (Table I in Ref [15]). Using the Rietweld
refinement value of @ = 40356 A and the wvalue of
M = 94204 x 1073 kg obtained from the ab-initio calculations, ane
finds that 8p = 370K

E - Eg (eV)

100+

0.0 —

E-Er(eV) ,5
o e

(b)

Fig. 6. Energy band structure of ThieAsN for the energy range between —15and 10 &V
(2) and between —2 and 2 &V (b).
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3.2.5. Hyperfine interaction parameters

Mbssbauer spectra of a compound with no magnetic order yield
two important hyperfine-interaction parameters: the gquadrupole
splitting (the separation between two resonance lines in a *’Fe

Viz|v/1+92/3, where ¢

is the proton charge, Q is the electric quadrupole moment of the
57Fe nucleus (0.15 b) [16], Vz, is the principal component of the
electric field gradient (EFG) tensor, and # is the asymmetry
parameter, and the isomer shift, § [6]. For a crystalline compound
of known crystal structure, Vzz, 1, and d can be also obtained from
ab-initio calculations [17].

For the compound studied here, the Fe atoms are located at the
2b sites with the point symmetry 4m2 (Table 1), which ensures that
7 = 0. The calculated value of V,; = —3.908 x 102 V/m? corre-
sponds to A = 0.0610 mm/s. This calculated value of A will be
compared below with that determined experimentally.

The isomer shift g = a[p(0) — pred0}] results from the difference
in the total electron density at the Mdossbauer nucleus in the
compound studied, p(0), and in the reference compound, pref(0); &
is a calibration constant. In calculating p(0), relativistic spin-orbit
effects were invoked in order to account for the possibility of the
penetration of the p1; electrons into the 5Fe nuclei. An a-Fe (with
the bee structure and the lattice constant of 2.8665 A) was chosen as
a reference compound. The calculated value of pref0) and p(0) are
15309,905 and 15308.321 (a.u.)>, respectively, Using the calibra-
tion constant & = —0.291 (a.u.)? {mmy/s) [18], the calculated values
of p(0) and prei{0) lead to dg = 0.461 mmys. The calculated dg value

Mbissbauer quadrupole doublet) A = IeQ
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Fig.9. 5’Fe Mdssbauer spectrum of ThFeAsN at 2970 K fitted (blue solid line) with (a) a
quadrupole doublet (dark red solid line) and (b) a quadrupole doublet (dark red solid
line) and a broad singlet (dark green line), as described in the text, The zero-velocity
origin is relative to o-Fe at room temperature, (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. Temperatre dependence of the quadrupole splitting of ThFeAsN., The solid line
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will be compared below with the experimental one,

3.3. Mossbauer spectroscopy

In order to access the possibility of the presence of Fe-
containing, magnetically-ordered impurity phase in the studied
sample, the room-, liquid-nitrogen, and liquid-helium temperature
5’Fe Mossbauer spectra of ThFeAsN were measured over a large
velocity range (Fig. 8), Apart from a quadrupole doublet (with very

N UULRARARAN RN RN RN NN R R RRRRRRR R RN RN RN NN

A (arbitrary units)
o
w
(4]

0.30
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T (K)
Fig. 12, Temperature dependence of (3) the centre shift 4 and (b) the absorption

spectral area A, The solid lines are the fits to Eq, (2) in (2) and to Eq, (4) in (b), as
explained in the text.

small A) originating from the main phase and a broad singlet
originating from a paramagnetic impurity phase (vide infra), no
Zeeman pattern due to a possible magnetic impurity phase present
in the studied specimen can be discerned in the spectra (Fig. 8). If
the compound studied does contain Fe-based magnetic impurity
phase, its amount must be below the 3Fe Méssbauer spectroscopy
detection limit,

Fig. 9 shows the room-temperature Mossbauer spectrum of
ThFeAsN measured over a small velocity range. The fit of this
spectrum with a quadrupole doublet with very small A, which has
an appearance of a singlet, is clearly unsatisfactory [an arrow in
Fig. 9(a) indicates the velocity range over which the spectrum is not
fitted well]. A satisfactory fit can be obtained only by including an
additional broad singlet [Fig. 9(b)] that must originate from a tiny
amount of a paramagnetic impurity phase of unknown
composition,

The Mossbauer spectra of ThFeAsN at various temperatures
down to 2.0 K are shown in Fig. 10. Their shape is exactly the same
as that of the spectrum in Fig. 9, i.e., excellent fits of these spectra
can be obtained with a quadrupole doublet originating from the
main phase and a broad singlet due to a paramagnetic impurity
phase. The persistence of a quadrupole doublet component down
to 2.0 K, i.e., the absence of any sign of a Zeeeman pattern origi-
nating from the main phase, proves that the superconductor
studied does not order magnetically down to 2.0 K. Thus, contrary
to the theoretical predictions [4,5], no stripe antiferromagnetic
order exists in the ThFeAsN superconductor.

A question naturally arises: why magnetic order does not exist
in ThFeAsN while it persists in most parent compounds of Fe-based
superconductors [1,2,11]? It is speculated here that the absence of
Fe magnetism in ThFeAsN might be caused by an internal yniaxial
chemical pressure since the cja value for ThFeAsN is particularly
small [3],

Fig. 11 shows the temperature dependence of A obtained from
the fits of the spectra in Figs. 9(b) and 10. A clear increase of A with
decreasing temperature is observed. Such a temperature depen-
dence of A has been observed in many metallic systems [19,20]. Itis
well described by the empirical equation

A(T) = AO)(1 - BT*2), (1

where A(0) is the value of A at 0 K and B is a constant. The fit of the
A(T) data (Fig. 11) to Eq. (1) gives A(0) = 0.0664(8) mm/s and
B —7.85(46) x 10~° K~3/2, The value of B is similar to that found for
other compounds [19,20]. The value of A(Q) is in a very good
agreement with the calculated value of 0.0610 mmys.

The temperature dependence of the centre shift, §, that was
determined from the fits of the spectrain Figs. 3(b) and 10, is shown
in Fig. 12(a). The centre shift at temperature T, §(T), consists of two
contributions

0(T) = dp + dson(T), (2)

where d is the intrinsic, ternperature-independent isomer shift
and dsop(T) is the second-order Doppler (SOD) shift which depends
on the lattice vibrations of the Fe atoms [6]. The latter contribution
can be expressed in terms of the Debye approximation of the lattice
vibrations as

@p/T
D/x3dx

e 3)

9ksT /T3
0son(T) = _EMLC(G_D)

where kg is the Boltzmann constant, M is the mass of the Mdssbauer
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nucleus, ¢ is the speed of light, and @y is the Debye temperature.
The fits of the experimental data 6(T) [Fig. 12{a)] to Eq. (2) yields
do = 0.586(1) mm/s and @p = 383(3) K. We note that the experi-
mental value of §p found here is by 27% larger than the calculated o,

There is another method of determining the Debye temperature
from Mdssbauer spectra. Fig. 12(b) shows the temperature depen-
dence of the absorption spectral area A derived from the fits of the
Maossbauer spectra in Figs, 9(b) and 10, This area is proportional to
fa» which is given in the Debye theory by Ref. [6].

@p/T
T xdx

3 E 2
M =exp] -3 vartes 1+4(®—D) [ 320
0
)

where Ey is the energy of the Mossbauer transition. The fit of the
experimental dependence A(T) [Fig. 12(b)] to Eq. (4) gives
@p = 332(2) K. The weighted average of the above two @p values
determined from the temperature dependence of two different
Mossbaue parameters is 347(2) K. It is noted here that this exper-
imental value of @p is in fair agreement with the calculated value of
370 K.

One observes that the value of ®p determined from the A(T)
data is clearly smaller than the one derived from the §(T) data. In
fact, the @p values determined from the A(T) data are always
smaller than the ones obtained from the §(T) data. This results
from the way in which ®p, is calculated. One recalls that f, and dson
are related to the mean-square vibrational displacement (¥?) and
the mean-square velocity (%) of the Méssbauer nucleus, respec-
tively [6]. Since (x2) weights the phonon frequency distribution by
w1 whilst (v?) weights it by w*! [21], the ©p values derived from
the A(T) data are necessarily lower than those determined from
the §(T) data.

4, Summary

The results of X-ray diffraction and *’Fe Mossbauer spectroscopy
study, complemented by ab-initic calculations of the electronic
structure, hyperfine-interaction parameters, and elastic properties
of the new 30 K superconductor ThFeAsN are presented. It is
confirmed that the superconductor crystallizes in the tetragonal
space group P4/nmm with the lattice constants @ — 4,0356(1) A and
c=185286(1) A. It is demonstrated that, despite recent claims to the
contrary, there in no magnetic order of the Fe magnetic moments
down to 2,0 K. The absence of Fe magnetism is proposed to be due

to an internal uniaxial chemical pressure whose presence is re-
flected in the unusually small c/g ratio, Theoretical arguments are
presented for the presence of a mixture of ionic and covalent
chemical bonding and of metallic characteristics. The energy band
structure of ThFeAsN is analyzed in detail. The Mdssbauer spectra
are all in the form of a quadrupole doublet with a small quadrupole
splitting that increases with decreasing temperature, The experi-
mental 0 K quadrupole splitting is in a very good agreement with
the calculated one. The Debye temperature of ThFeAsN is found to
be 332(2) K; it is in fair agreement with the calculated value of
370 K.
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Abstract

®

CrossMark

The results of ab initio hyperfine-interaction parameters calculations, and of x-ray diffraction
and ¥'Fe and 1'Eu Mossbauer spectroscopy study of the new 35K superconductor CsEuFeAs,
are reported. The superconductor crystallizes in the tetragonal space group Pd/mmm with the
lattice parameters ¢ = 3.8956(1) A and ¢ = 13.6628(5) A. Tt is demonstrated unequivocally
that there is no magnetic order of the Fe magnetic moments down to 2.1 K and that the
ferromagnetic order is associated with the Eu magnetic moments. The Curie temperature

Tc = 15.97(8) K determined from the temperature dependence of the hyperfine magnetic field
at '*'Eu nuclei is shown to be compatible with the temperature dependence of the transferred
hyperfine magnetic field at *Fe nuclei that is induced by the ferromagnetically ordered Eu
sublattice. The En magnetic moments are shown to be perpendicular to the crystallographic
c¢-axis. The temperature dependence of the principal component of the electric field gradient
tensor, both at Fe and Eu sites, is well described by a T°? power-law relation. Good agreement
between the calculated and measured hyperfine-interaction parameters is observed. The Debye

temperature of CsEuFe4As, is found to be 295(3) K.

Keywords: Fe and S'Eu Mossbauer sepctroscopy, ferromagnet, electric quadrupole splitting,

Debye temperature

(Some figures may appear in colour only in the online journal)

1. Introduction

AeAFe4Asy (Ae = Ca, St, Enand A = K, Rb, Cs) compounds,
discovered in 2016, are a new iron-based class of superconduc-
tors with the critical temperature T in the range 31.6-36.8K
[1-4]. Unlike in solid solutions, such as intensively studied
(Ba;—.K,)FesAss or (Sr;_yNa,)FesAsy, the Ae and A atoms
in AeAFesAsy occupy the crystallographically inequivalent
positions, which changes the space group from i4/mmm to
P4/mmm. The crystal structure of these new superconductors
consists of the Ae and A layers alternately stacked along the
crystallographic ¢ axis between the FepAs; slabs. Thus, these
fully ordered, stoichiometric iron-based superconductors
offer a unique opportunity to study, among other things, the
relation between superconductivity and possible long-range
magnetic order.

1361-648X/18/155803+11533.00

The new superconductor CsEuFesAss with T, = 35.1
-35.2K shows a magnetic transition at ~15.0-15.5K in the
magnetic susceptibility data [2, 4]. The magnetic transition
at 15.2K has also been observed in the heat capacity data
[4]. The isothermal magnetization measurements allowed it
to identify this transition as being ferromagnetic [4]. It has
been suggested [4] that ferromagnetism in the CsEuFesAs,
superconductor results from the ordering of the Eu magnetic
moments, which is equivalent to assuming that the Fe atoms
carry no magnetic moment. No orientation of the magnetic
moment in CsEuFe4Ass with respect to the crystallographic
axes has been established.

The primary goal of this study is to find out whether the
magnetic moment in the CsEuFe4Asy superconductor is asso-
ciated only with Eu or Fe atoms, or with Eu and Fe atoms,
and what is its orientation relative to the crystallographic axes.

©2018 IOP Publishing Ltd  Printed in the UK
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To achieve this goal, “'Fe and S'Eu Mossbauer spectroscopy,
which proved to be an excellent tool to investigate local mag-
netism of Fe-based superconductors [5], supplemented by the
first-principles calculations, will be utilized.

2. Experimental and theoretical methods

The polycrystalline sample of composition CsEuFesAss was
synthesized by a solid-state reaction method in a vacuum and
at high temperatures, as described earlier [3, 4].

An x-ray diffraction measurement was carried out at 298 K
in Bragg-Brentano geometry on a PANalytical X'Pert scan-
ning diffractometer using Cu Ko radiation in the 26 range 10—
120° in steps of 0.02°, The K3 line was eliminated by using a
Kevex PSi2 Peltier-cooled solid-state Si detector.

The 'Fe and 5!Eu Méssbauer measurements [6] were
conducted using standard Méssbauer spectrometers operating
in the sine mode, with sources S'Co(Rh) and S'Sm(SmF;)
at room temperature, respectively. The Mossbaver source
1519m(SmFs) is not a monochromatic source as *'Sm nuclei
are located in the SmF3 matrix at a site of noncubic sym-
metry. By measuring the '*'Eu Missbauer spectra of a cubic
EuSe compound, we determined that the electric quadrupole
coupling constant [6] eQ,V,, (here e is the proton charge,
Qg = 0.903 b is the ground-state electric quadrupole moment
of the '3'Eu nucleus [7], and V,, is the principal component
of the electric field gradient (EFG) tensor) in our source is
—3.69(13) mm s~', which is close to the value of —3.6mm
s~! found in ([8]). The precise shape of the source emission
line was taken into account in the fits of the 13'En Mossbauer
spectra.

The 14.4 and 21.5keV ~-rays were detected with a pro-
portional counter. The spectrometers were calibrated with
a 6.35-um-thick o-Fe foil [9] and the spectra were folded.
The Mossbauer absorbers consisted of a mixture of powder
CsEuFe4Asy and boron nitride, which was pressed into a
pellet that was put into a 8-um-thick Al disk container to
ensure a uniform temperature over the whole absorber. The
Maissbaner absorbers were put into a Méssbauer cryostat in
which they were kept in a static exchange gas atmosphere
at a pressure of ~6x 10~ mbar, The surface densities of the
5TFe and >'Eu Missbauer absorbers were 20.6 and 37.2mg
cm™2, respectively. They correspond to the effective thickness
parameter [6] ¢, of 3.33f, and 3.15f,, respectively (here f, is
the Debye-Waller factor of the absorber). Since ¢, > 1, the
resonance line shape of the Mossbauver spectra was described
using a transmission integral formula [10]. The Mossbauer
spectra at temperatures below the magnetic transition temper-
ature were analyzed using a least-squares fitting procedure
which entailed calculations of the positions and relative inten-
sities of the absorption lines by numerical diagonalization of
the full hyperfine interaction Hamiltonian.

Ab initio magnetic moment and Mdéssbaner hyperfine-
interaction parameter calculations have been performed
within the framework of density functional theory using the
full-potential linearized augmented-plane-wave plus local
orbitals (FP-LAPW + lo) method as implemented in the
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Figure 1. Powder x-ray diffraction pattern of CsEuFe4As, at 298 K.
The experimental data are denoted by open circles, while the line
through the circles represents the results of the Rietveld refinement.
The upper set of vertical dark red bars represents the Bragg peak
positions corresponding to the CsBEuFesAs, phase, while the lower
set refers to the positions of the impurity phase of FeAs (space
group Prma). The lower black solid line represents the difference
curve between experimental and calculated patterns.

Intensity (1 0? counts)

Table 1. The Rictveld refined atomic positions for the tetragonal
CsEuFesAs, (space group PA/mmm).

Point
Atom  Site symmetry Occupancy x ¥y 2
Cs 14 Afmmm 1.0 % % %
Eu la 4/mmm 1.0 0 0 0
Fe 4 2 mm. 1.0 0 1 0.2262(2)
Asl 2g 4 mm 1.0 0 0 03274(2)
As2 2h 4 mm 1.0 % % 0.1238(3)

WIENZ2k package [11]. The experimental lattice parameters
(¢ and c) and the atomic position parameters in the space
group P4d/immm (vide infra) were used in the calculations,

3. Results and discussion

3.1 Structural characterization

The room-temperature powder x-ray diffraction pattern of
CsEuFe4As4is shown in figure 1. The compound studied crys-
tallizes in the tetragonal space group P4/mmm [4]. A Rietveld
refinement [12] of the x-ray powder diffraction data was car-
ried out, yielding the lattice parameters a = 3.8956(1) A and
¢ = 13.6628(5) A, and the atomic positional parameters that
are listed in table 1. We note (figure 1) that the CsEuFesAsy
specimen contains a second phase of FeAs [13] in the amount
of 7.7(2) wt%.

The unit cell and the layered crystal structure of
CsEuFe4As, are shown in figure 2. The interactions between
the Cs, Fe, and As atoms in the compound studied are depicted
by various connecting rods. One observes that the layers of Eu
atoms are completely isolated from the FesAsy blocks and that
two neighboring Fe4Asy blocks are separated by sheets of Cs
atoms along the ¢-direction.
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Figure 2. The unit cell (a) and the layered crystal structure (b} of
CsBuFe,As,.

The interatomic distances between various atoms in the
CsEuFe4As, superconductor play an important role in deter-
mining the type of interactions between these atoms. As the
dominant physical interaction between the atoms in a solid is
electromagnetic in origin, one can conclude that the strength
of the Coulomb interaction between the atoms can determine
the type of chemical bonding between the constituent atoms of
the compound studied. It is seen (figure 2(b)) that the density
of atoms within the Fe4As4 blocks is greater than that of the
Cs and Eu sheets. One thus expects stronger electric interac-
tions to exist within these blocks than within the sheets. This
is shown qualitatively in figure 2(b) by a dense network of
connecting rods between the Fe and As atoms and the absence
of such connecting rods between the Eu atoms.

The CsFesAs4 units are separated by sheets of Eu atoms
(figure 2(b)). The absence of connecting rods between the
En atoms and the CsEuFe4As, units indicates that these units
are chemically independent of each other. The Eu sheets act
as insulating layers along the c-axis, which can be the result
of ionic interactions between them and the blocks of FesAss.
Furthermore, the elongated along the c-axis tetragonal unit
cell rules out the possibility of any strong interaction between
the Eu layers. In particular, no magnetic coupling is expected
to exist between the Eu atoms along the ¢-direction, One may
thus predict that the interatomic interactions between the Eu
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Figure 3. Room-, liquid-nitrogen, and liquid-helium temperature
5TFe Massbauer spectra of CsEuFe,As, measured over a large
velocity range and fitted (solid blue lines) with a large spectral arca
quadrupole doublet at 297.2 and 79.4K and a Zeeman pattern at
4.7K (solid dark red lines) due to CsEuFe,As,, and with a small
spectral area doublet at 297.2 and 79.4K and a Zeeman pattern at
4.7K (solid dark green lines) due to the FeAs impurity phase, as
described in the text. The zero-velocity origin is relative to a-Fe at
room temperature.
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Figure 4. 5"Fe Mossbauer spectrum of CsBuFe4As, at 297.0K
fitted (solid blue line) with a large spectral area quadrupole doublet
due to CsBuFe,As, (solid dark red lines) and a small spectral area
quadrupole doublet originating from the FeAs impurity phase (solid
dark green lines), as described in the text. The zero-velocity origin
is relative to a-Fe at room temperature.

atoms must occur in the ab plane and that a 2D magnetic
interaction mechanism, if any, between neighboring Eu atoms
in each layer, should exist. Also, the Eu atoms in each layer
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Figure 5. S'Fe Mdssbauer spectra of CsEuFe,As, at the indicated temperatures fitted (solid blue lines) with a large spectral area quadrupole
doublet due to CsEuFe,As, (dark red solid lines) and a small spectral area quadrupole doublet originating from the FeAs impurity phase
(solid dark green lines), as described in the text. The zero-velocity origin is relative to -Fe at room temperature,
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Figure 6. 57F¢ Mossbauer spectra of CsEuFe,As, at the indicated temperatures fitted (solid blue lines) with a large spectral arca quadrupole
doublet due to CsEuFe,As, (dark red solid lines) and a small spectral area Zeeman pattern originating from the FeAs impurity phase (solid
dark green lines), as described in the text. The zero-velocity origin is relative to a-Fe at room temperature.
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are themselves isolated from each other, as depicted by the
absence of connecting rods between them.

3.2. Caiculated magnetic moments and hyperfine interaction
parameters

The calculated magnetic moments of the Cs, Eu, Fe, Asl, and
As2 atoms in the ferromagnetic CsEuFeysAsy are —0.0060,
6.7057, 1.1229, —0.0709, and —0.0854 us, respectively. It is
thus predicted that the magnetism of CsEuFe4As, is associ-
ated predominantly with the Eu atoms, and to a lesser extent
with the Fe atoms. A comparison between the calculated and
experimental magnetic moments carried by the Eu and Fe
atoms will be made below.

5"Fe Mossbauer spectra of a non-magnetic compound, or
of a magnetically ordered compound at temperatures above
its ordering temperature, yield two important hyperfine-inter-
action parameters: the quadrupole splitting (the separation
between two resonance lines in a 3’Fe Mossbauer quadrupole

doublet) A = § eQ|Vy.|+/1+ 72/3, where Q is the electric
quadrupole moment of the >'Fe nuclens (0.15 b) [14] and 5
is the asymmetry parameter, and the isomer shift, dy [6]. For
a crystalline compound of known crystal structure, V,,, n, and
do can also be obtained from ab initio calculations [15].

The calculated values of V,, and 5 at the 4 site occu-
pied by the Fe atoms (table 1) are 7.142 x 10 V m~2 and
0.7795, respectively. These values correspond to the predicted
A =0.1222 mm s~L,

The isomer shift dg = a[p(0) — prs(0)] results from the
difference in the total electron density at the Mossbauer
nucleus in the compound studied, p(0), and in the reference
compound, prer(0); o is a calibration constant. In calculating
p(0), relativistic spin-orbit effects were invoked to account for
the possibility of the penetration of the p;p electrons into the
5TFe nuclei. An a—Fp (with the bee structure and the lattice
constant of 2.8665 A) was chosen as a reference compound.
The calculated values of pgr(0) and p(0) are 15309.905 and
15308.531 (a.u.)_s, respectively. Using the calibration con-
stant o = —0.291(a.u.)3(mm 571, [16] the calculated values
of p(0) and pr(0) lead to & = 0.400 mm s~

And finally, the calculated hyperfine magnetic field at 0K
(Fermi contact term) at >'Fe nuclei, Hur(0), is —57.7 kQe for
the ferromagnetic CsEuFeqAsy.

The analysis of the >'Eu Méssbauer spectra at different
temperatures yields similar hyperfine-interaction parameters.
The calculated values of V,, and 7 at the 1a site occupied by
the Eu atoms (table 1) are —58.017 x 10 V m~2 and 0.0,
respectively, The 1§ = 0.0 value is expected as the point sym-
metry 4/mmm of the 1q sites ensures the axially symmetric
EFG tensor. The calculated Hir(0) at *'Eu nuclei is 467 kOe
for the ferromagnetic CsEuFesAsa.

3.3. ¥ Fe Méssbauer spectroscopy

To access the possibility of the presence of a Zeeman pattern
resulting from a possible magnetic ordering of the Fe atoms in
CsEuFe4Asy, and of a Zeeman pattern due to a magnetically-
ordered and Fe-containing impurity phase in the sample
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Figure 7. Comparison of the >’Fe Mossbauer spectra of
CsEuFeqAs, at 17.2 and 11.2K. The inset shows the spectra with
the enlarged horizontal and vertical scales. The horizontal bars
indicate the full width at half maximum of the 17.2K spectrum
(0.386mm 5!y and the 11.2XK spectrum (0.396mm s~ ). The zero-
velocity origin is relative to a-Fe at room temperature.

studied, the room, liquid-nitrogen, and liquid-helium temper-
ature S'Fe Mossbauer spectra were measured over a large
velocity range (figure 3). A visual inspection of these spectra
shows the absence of Zeeman patterns corresponding to the
main and impurity phases with typical values of the hyperfine
magnetic field, Hys. As will be shown in detail below, the large
spectral area component of these spectra (figure 3) is due to
CsEuFe4Asq and is in the form of a quadrupole doublet with
small A at 297.2 and 79.4K and a Zeeman pattern with very
small Hyr at 4. 7K. The small spectral area component of the
spectra in figure 3 originates from the FeAs impurity phase
and is in the form of a quadrupole doublet at 297.2 and 79.4K
and a Zeeman pattern at 47K,

The room-temperature Mijssbauer spectrum of CsEuFesAsy
measured over a small velocity range is shown in figure 4. A fea-
ture on the right shoulder of the spectrum indicates the presence
of an impurity phase in the compound studied. A satisfactory fit
of the spectrum can be obtained with a large spectral area quad-
rupole doublet component with small A that originates from
CsEunFe4Asy and with a small spectral area quadrupole doublet
component due to the FeAs impurity phase [17-19].

The Missbauer spectra of CsEuFeyAsy at various temper-
atures down to the liquid nitrogen temperature are shown in
figure 5. Their shape is the same as that of the spectrum in
figure 4, that is, excellent fits of these spectra could be obtained
with two quadrupole doublet components originating from
CsEuFe4As4 and the FeAs impurity phase.

The FeAs impurity component in the Mossbauer spectra of
CsEuFe4As, at temperatures below the liquid nitrogen temper-
ature (figure 6) is in the form of a complex Zeeman pattern,
which indicates that the magnetic ordering temperature of the
impurity phase lies in the range 77.8-50.1K (figures 5 and 6).
This agrees with the reported Néel temperature of FeAs (77(1)
Kin [13] and 69.2(1) K in [19]).

The Mussbauer spectra of CsEuFeqAss at 17.2 and 11.2K
are compared in figure 7. One observes that the 11.2K
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Figure 8. >7F¢ Mossbauer spectra of CsEuFe,As, at the indicated temperatures fitted (solid blue lines) with a large spectral arca Zeeman
pattern due to CsBEuFesAs4 (dark red solid lines) and a small spectral area Zeeman pattern originating from the FeAs impurity phase (solid
dark green lines), as described in the text. The zero-velocity origin is relative to a-Fe at room temperature.

spectrum is slightly, but visibly broader than the 17.2K spec-
trum. This 0.010mm s~! broadening (figure 7) is the conse-
quence of the appearance at 11.2K of a very small Hyy that
is transferred to the *’Fe nuclei from the ferromagnetically
ordered Eu sublattice (vide infra). It should be stressed that
this transferred hyperfine magnetic field does not result from
the ordering of the Fe sublattice. Its presence constitutes a
direct evidence for the ordering of the Eu sublattice. Such a
transferred hyperfine magnetic field at a single temperature
has been observed for the first time in the EuFex(As;_xPx)2
superconductors [20]. Thus, the Mossbauver spectra at 11.2K
and lower temperatures were fitted (figure 8) with a large
spectral area Zeeman pattern component (the value of A was
fixed in the fit to that obtained from the fit of the 17.2K spec-
trum) that originates from CsEuFe4As4 and with a small spec-
tral area complex Zeeman pattern component that is due to the
FeAs impurity phase.

The temperature dependence of the transferred Hyr (figure
9), observed here for the first time, was derived from the fits of
the spectra in figures 3 and 8. As expected, Hyr increases with
decreasing temperature. In principle, one could determine
from this dependence the ferromagnetic ordering temper-
ature of the Eu sublattice (the Curie temperature), Tc, as the
temperature at which Hyr = 0. However, the paucity of Hyr
data between 11.2K and T makes it difficult to reliably deter-
mine the value of T¢. One can state with certainty (figure 9)
that T¢ lies between 11.2 and 17.2K.

The value of T¢ derived from the '*'Eu Méssbauer spectra
is 15.97(8) K (vide infra). To show the compatibility of the
Hyi(T) data in figure 9 with that value of Tg, the Hye(T)
dependence was fitted using the phenomenological form [21]

Hae(T) = Higl0) [1 - (T_TC) T g M

LA B L B ]
Sl \% ]
D40 1
g ! ]
T ol \ ]
0 :I PR ST N S TN N S A T S T S .Q:

0 5 10 15

T K}

Figure 9. Temperature dependence of the transferred hyperfine
magnetic field, The solid line is the fit to equation (1), as explained
in the text.
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Figure 10. Temperature dependence of the quadrupole splitting.
The solid line is the fit to equation (2), as explained in the text.

where Te = 15.97 K, Hit(0) is the value of Hy at 0K, and &
and J are exponents describing the behavior of Hpr(T) near
0K and Tg, respectively. The fit yields Hy{0) = 5.98(13)
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kOe, & = 1.39(38), and 8 = 0.33(6). The values of o and
found here are comparable to those obtained for other com-
pounds [22-24],

The calculations predict a non-zero, but the small value of
|Hut(0)| at the S7Fe nuclei and of the magnetic moment car-
ried by the Fe atoms (vide supra). This is at variance with the
experimentally observed zero value of the intrinsic, i.e. not
transferred, Hyr down to 2.1K, and consequently zero-value
of the ordered Fe magnetic moment,

Figure 10 shows the temperature dependence of A obtained
from the fits of the spectra in figures 3-6 and 8. A small increase
of A with decreasing temperature is observed. Such a temper-
ature dependence of A has been observed in many metallic sys-
tems [25-27]. Itis well described by the empirical equation

A(T) = A(0) (1 - BT3/2) ) )

where A(0) is the value of A at 0K and B is a constant.
The fit of the A(T) data (figure 10) to equation (2) gives
A(0) = 0.1182(4)mms ' and B = 9.20(1.47) x 106K/,
The value of B is similar to that found for other compounds
[25-27]. The value of A(0) is very close to the calculated
value of 0.1222 mm s~ L.

The temperature dependence of the centre shift, &, that was
obtained from the fits of the spectra in figures 3—6 and 8, is
shown in figure 11(a). The centre shift at temperature T, 6(T),
consists of two terms

8(T) = 8o + son(T), @)

where Jg is the intrinsic, temperature-independent isomer shift
and dgop(T) is the second-order Doppler (SOD) shift which
depends on the lattice vibrations of the Fe atoms [6]. The latter
contribution can be expressed in terms of the Debye approx-
imation of the lattice vibrations as

9T ( T \* [ dx

Sson(T) = —5 (9_1;) fo T @
where kg is the Boltzmann constant, M is the mass of the
Mdssbaner nuclens, ¢ is the speed of light, and ©p is the
Debye temperature. The fits of the experimental data ¢(T)
(figure 11(a)) to equation (3) gives dp = 0.491(1) mm s~' and
Op = 399(7) K. We note that the experimental value of do
found here is 19% larger than the calculated &g.

Another method of finding the Debye temperature from
Méissbauer spectra involves determining their spectral area
at various temperatures, The temperature dependence of the
spectral area A derived from the fits of the Méssbauver spectra
in figures 3-6 and 8 is displayed in figure 11(b). The spectral
area is proportional to f,, which is given in the Debye theory

by [6]
vea() [ 2]
%)

where E, is the energy of the Mossbauer transition. The
fit of the experimental dependence A(T) (figure 11(b)) to
equation (5) gives ©p = 276(3) K. The weighted average
of the above two Op values determined from the temper-
ature dependence of two different Mossbaue parameters is
295(3) K.

The value of Op determined from the A(T) data is sig-
nificantly smaller than the one derived from the §(7) data. In
fact, the ©p values determined from the A(T’) data are always
smaller than the ones obtained from the &(T’) data. This results
from the way in which ©p is calculated. One recalls that £,
and dgop are related to the mean-square vibrational displace-
ment {x?) and the mean-square velocity (v} of the Mossbauer
nucleus, respectively [6]. Since (x2) weights the phonon fre-
quency distribution by w~' while (v2) weights it by w*! [28],
the ©p values derived from the A(T) data are necessarily
lower than those determined from the 6(7') data.

[ o=
flT) = e {‘Z JTE =W

3.4. "5'Ey Méssbauer spectroscopy

The 15'Ey Mossbauer spectra of CsEuFe,As, measured over
the velocity range F20mm s~ and at temperatures between
room- and liquid-nitrogen temperatures are shown in figure 12,
The large spectral area component originates from Eu’* ions
in CsEuFe4As, and is in the form of an unresolved quadru-
pole octet [6, 29]. The small spectral area component is due to
Eu?* ions in an unidentified foreign phase and is in the form
of a single line, The Mossbauer spectra of CsEuFesAss mea-
sured over the velocity range F50mm s~ and at temperatures
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Figure 12. "*'Eu Massbauer spectra of CsEuFeqAsa at the indicated temperatures fitted (solid black lines) with a large spectral arca
quadrupole pattern due to CsEuFe,As, (blue solid lines) and a small spectral area singlet originating from an impurity phase (solid dark
green lines), as described in the text, The zero-velocity origin is relative to the source.,

between liquid-nitrogen temperatures and 17.1K (figure 13)
have the same structure as those in figure 12, that is, the studied
compound is in the paramagnetic state down to 17.1K.

The Mbossbaver spectrum of CsEuFe;As, measured at
8.8K, that is, below T¢ is shown in figure 14. It can be fitted
with a large spectral area Zeeman pattern component that orig-
inates from CsEuFe4As, and a small spectral area single line
component due to an impurity phase. The quadrupole coupling
constant eQ,V,, of the Zeeman component was fixed in the
fit to the value of —6.660mm s~' derived from the fit of the
17.1K spectrum (vide infra). The Eu atoms in CsEuFe4As,4 are
located at the 1a site with the point symmetry 4/mmm (table 1),
which ensures an axially symmetric (the asymmetry parameter
1 = 0) EFG tensor at this site. Also, V is parallel to the c-
axis. The values of the relevant fitted parameters of the Zeeman
component are § = —11.220(37) mm s~!, Hy = 223.9(1.0)
kQe, and the angle between V,; and Hyr, 5 = 87.7(8.1)°. Since
V.. is parallel to the ¢-axis, the value of 3 shows that the Eu
magnetic moment is perpendicular to the c-axis, that is, the En
magnetic moment must lie in the ab plane.

As shown above, the determination of the angle 3 allows
one to specify the direction of the Eu magnetic moment with
respect to the crystallographic axes. To demonstrate the high
reliability of such determination by this hyperfine interaction
method, the “'Eu Mossbauer spectra were generated (they
include the single-line component contribution due to an
impurity), using the hyperfine interaction parameters obtained
from the fit of the spectrum in figure 14, for two 3 values of
0° and 90° that correspond, respectively, to the direction of

the Eu magnetic moment being parallel and perpendicular to
the c-axis (figure 15). One notices a dramatic change in the
shape of the generated spectra (figure 15), that is, their strong
dependence on the value of 5.

Figure 16 shows the spectra at other temperatures below T¢.
They were fitted in the same way as the spectrum in figure 14.

The temperature dependence of Hyr determined from the
fits to the Mssbauer spectra in figures 14 and 16 is shown in
figure 17(a). It is usually assumed that the temperature varia-
tion of Hy in a magnetically ordered material can be reason-
ably explained in term of the molecular field model, assuming
that Hyy is proportional to the sublattice magnetization. In
terms of this model, Hy(T) can be expressed as

Hur(T) = Hur(0)B; (x), (6)

where Hye(0) is the saturation hyperfine magnetic field, B(x)
is the Brillonin function defined as

By(x) = % coth (Z’; lx) - %coth () o
and
_ N Hy(T) T
T T+ 1Hw(0) T ®

The fit of the Hy(T) data ((figure 17(a)) to equation (6)
with J =8 =7/2 (corresponding to a free Bu’>" ion) yields
Hi(0) = 272.9(2.8) kOe and T = 15.97(8) K. The exper-
imental value of Hye(0) is significantly smaller than the cal-
culated Fermi contact value of 467 kOe. This discrepancy can
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Figure 13. '*'Eu Mdssbauer spectra of CsEuFe4As; at the indicated
temperatures fitted (solid black lines) with a large spectral area
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spectral area singlet originating from an impurity phase (solid dark
green lines), as described in the text. The zero-velocity origin is
relative to the source.

be explained by the fact that the measured hyperfine magnetic
field at the S'Eu nuclei is the sum of the Fermi contact term, the
contribution from the valence and conduction band electrons,
and the contribution due to the neighboring magnetic moments
[30]. Clearly, the latter two contributions when added to the
Fermi contact term must account for the measured Hye(0).

For '*'En Missbauer spectroscopy [29, 30], as opposed to
57Fe Mossbauer spectroscopy [31], there is no simple relation
between the measured Hir(0) and the magnetic moment car-
ried by Eu atoms. We note here that the calculated Eu magn-
etic moment of 6.7057 up is larger than the experimental
moment of 5.9 ug at 2K determined from the magnetization
measurements [4].

The temperature dependence of the angle 3 determined
from the fits of the spectra in figures 14 and 16 is shown in
figure 17(b). One can observe that the 3 values are close to
90°. This constitutes an experimental proof that the En magn-
etic moments lie in the ab plane.

Figure 18(a) shows the temperature dependence of V,,
derived from the fits of the spectra in figures 12 and 13.
Similarly to the A({T") dependence in figure 10, the magnitude
of V,, increases with decreasing temperature. The V,,(T) data
can be fitted to an empirical 732 power-law relation

Val1) = V(0) (1-B172), ©
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-20 0 20
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Figure 14. '>'Bu Mossbauer spectrum of CsEuFe,As, at 8.8K
fitted (solid black line) with a large spectral area Zeeman pattern
due to CsBuFesAs, (blue solid line) and a small spectral area
singlet originating from an impurity phase (solid dark green line),
as described in the text. The zero-velocity origin is relative to the
source.
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Figure 15. Simulated two-component '*'Eu Massbauer spectra
(solid black line). The hyperfine parameters of the single-line
component (solid dark green line) and the Zeeman component
(blue solid line} are the same as those obtained from the fit of the
spectrum in figure 14 with 4 = 0.0° (a) and 7 = 90° (b). The zero-
velocity origin is relative to the source.

where V,,(0) is the value of V,, at 0K and B is a constant.
The fit of the V,,(T") data (figure 18(a)) to equation (9) yields
Vu(0) = —0.516(5) x 1022 V m™2 and B = 5.28(55)x
10~5K~%2, The experimental value of V,(0) compares well
with the calculated value of —0.580 x 102 V m=2.

The temperature dependence of 8, that was derived from
the fits of the spectra in figures 12-14 and 16, is shown in
figure 18(b). The values of §(T) prove [29] that at all temper-
atures the Eu atoms are in the 3S7 ground state, that is, are
divalent. Because of a relatively large scatter and error of
the experimental §(T") points (figure 18(b)), and of the small
rate of temperature change of dgop at high temperatures
(—2.76 x 10~*mm (s-K)~ ' for "By versus —7.31 x 10~*mm
(s - K)~! for Y'Fe), it is not feasible to fit the &(7T) data to
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Figure 18. Temperature dependence of the principal component

of the electric field gradient tensor V,, derived from the fits of the
spectra in figures 12 and 13(a) and of the centre shift § derived from
the fits of the spectra in figures 12-14 and 16, The solid ling in (a)
is the fit to equation (9), and the solid line in (b} is the variation of
dsop(T) calculated for Op = 295K, as explained in the text.

equation (3) to derive the value of Op, Instead, the temperature
variation of dsop was calculated for the value of Op = 295K
derived from the 57Fe spectra (solid line in figure 18(b)). The
calculated dgon(T) variation approximately accounts for the
increase of é with decreasing temperature.

4. Conclusions

We present the results of ab initio hyperfine-interaction
parameters calculations, and of x-ray diffraction and >’Fe and
15'Ey Missbauer spectroscopy study of the new 35K super-
conductor CsEuFesAss. We confirm that the superconductor
crystallizes in the tetragonal space group P4/mmm with the
lattice parameters ¢ = 3.8956(1) A and ¢ = 13.6628(5) A.
We show that the Fe atoms carry no magnetic moment
down to 2.1K and that the ferromagnetic order is associated
with the Eu magnetic moments. We establish that the Curie
temperature T¢ = 15.97(8) K determined from the temper-
ature dependence of the hyperfine magnetic field at !5'Eu
nuclei is compatible with the temperature dependence of
the transferred hyperfine magnetic field at >Fe nuclei that is
induced by the ferromagnetically ordered Eu sublattice. We
find that the Eu magnetic moments are lying in the ab plane.
We observe that the temperature dependence of the prin-
cipal component of the electric field gradient tensor is well
described by a 782 power-law relation at both the Fe and Eu
sites. Good agreement is found between the calculated and
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measured hyperfine-interaction parameters. We determine
that the Debye temperature of CsEuFe As, is 295(3) K.
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Chapter 6: Mossbauer spectroscopy and magnetic study of RbEuFesAsy
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Missbauer spectroscopy measurements on the 35.5 K superconductor Rb;_;EuFe;As,
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The results of x-ray diffraction and *’Fe and '*' Eu Méssbauer spectroscopy measurcments, supplemented with
ab initio hyperfine-interaction parameter calculations, on the new 35.5 K superconductor Rb,_;FuFe,As, arc
presented. The superconductor crystallizes in the tetragonal space group P4/mmm with the lattice parameters
a = 3.8849(1) Aandc =13 3370(3) A. It is shown that there is no magnetic order of the Fe magnetic moments
down to 2.1 K and that the ferromagnetic order is associated solely with the Fu magnetic moments. The Curie
temperature Te: = 16.54(8) K is determined from the temperature dependence of both the hyperfine magnetic field
at *'Eu nuclei and the transferred hyperfine magnetic field at "Fe nuclei that is induced by the ferromagnetically
ordered Eu sublattice. The Eu magnetic moments are demonstrated to be perpendicular to the crystallographic
¢ axis. The temperature dependence of the principal component of the electric field gradient tensor, at both
Fe and Eu sites, is well described by a 7% power-law relation. Good agreement between the calculated and
measured hyperfine-interaction parameters is observed. The Debye temperature of Rb;_;EuFe,As, is found to be

391 K.

DOI 10.1103/PhysRevB.97.144426

L INTRODUCTION

Discovered in 2016, AeAFe4As, (Ae = Ca, Sr, En and
A = K, Rb, Cs) compounds are a new Fe-based class of super-
conductors with the critical temperature 7; in the range 31.6-
36.8 K [1-4]. Unlike in solid solutions, such as intensively
studied (Ba;_;K,)FesAss or (Sr1_,Na,)FesAss, the Ae and A
atoms in Ae AFe4 Asy occupy crystallographically inequivalent
positions, which changes the space group from /4/mmm to
P4/mmm. The crystal structure of these new superconductors
consists of the Ae and A layers alternately stacked along the
crystallographic ¢ axis between the Fey Asy slabs. Therefore,
these fully ordered, stoichiometric Fe-based superconductors
offer a unique opportunity to study, among other things, the
relation between superconductivity and possible long-range
magnetic order.

The superconductor RbEuFesAss with a critical super-
conducting temperature T, = 36.5 K exhibits an anomaly at
~15.0 K in the magnetic-susceptibility and specific-heat data
[3]. The isothermal magnetization measurements allowed the
identification of this anomaly as a ferromagnetic transition
[3]. The ferromagnetism in the RbEuFe4As4 superconductor
has been suggested [3] to result from the ordering of the
Eu magnetic moments. This is equivalent to assuming that
the Fe atoms in RbEuFesAss carry no magnetic moment.
No orientation of the magnetic moment in RbEuFe Asy with
respect to the crystallographic axes has been established.

The main goal of this study is to determine whether the
magnetic moment in the RbEuFe4As4 superconductor is asso-
ciated with only En or Fe atoms or with En and Fe atoms and

*stadnik@uottawa.ca

2469-9950/2018/97(14)/144426(9)

144426-1

what its orientation is relative to the crystallographic axes. To
achieve this goal, ¥ Fe and '51Ey Mossbaver spectroscopy, sup-
plemented by the first-principles calculations, will be utilized.

II. EXPERIMENTAL AND THEORETICAL METHODS

The Rb;_sEuFe4As4 polycrystalline sample was prepared
with a solid-state reaction method in an Ar atmosphere and at
high temperatures, as described elsewhere [3].

An x-ray diffraction pattern was measured at 298 K in
Bragg-Brentano geometry on a PANalytical X’Pert scanning
diffractometer using Cu Ko radiation in the 26 range of
10°-120° in steps of 0.02°. The KB line was eliminated
by using a Kevex PSi2 Peltier-cooled solid-state Si detector.
The chemical composition of the crystallites of the sample
was determined using an energy-dispersive x-ray spectrometer
(Model Octane Plus) equipped with a field-emission scanning
electron microscope (Hitachi S-4800). The dc magnetization
measurements were carried out using a Quantum Design
magnetic property measurement system (MPMS-5).

The 'Fe and '5'Eu Mbssbauer measurements [5] were
conducted using standard Mdssbauer spectrometers operating
in the sine mode, with sources ¥Co(Rh) and S'Sm(SmF;)
at room temperature, respectively. The Mossbauer source
15 lSm(Sran) is not a monochromatic source as >'Sm nuclei
are located in the SmF; matrix at a site of noncubic symmetry,
By measuring the !By Mossbauer spectra of a cubic EuSe
compound, we determined that the electric quadrupole
coupling constant [5] eQ,V,, [here e is the proton charge,
Q¢ = 0.903 b is the ground-state electric quadrupole moment
of the "'Eu nucleus [6], and V,, is the principal component
of the electric-field-gradient (EFG) tensor] in our source is
—3.69(13) mm/s, which is close to the value of —3.6 mm/s

©2018 American Physical Society
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found in Ref. [7]. The precise shape of the source emission
line was taken into account in the fits of the '>'Eu Mossbauer
spectra.

The 14.4 and 21.5 keV y rays were detected with a
proportional counter. The spectrometers were calibrated with
a 06.35-um-thick «-Fe foil [8], and the spectra were folded.
The Maossbauer absorbers consisted of a mixture of powder
Rb;-s;EuFe4As4 and boron nitride, which was pressed into a
pellet that was put into an 8-pm-thick Al disk container to
ensure a uniform temperature over the whole absorber, The
Mossbaner absorbers were put into a Mssbauer cryostat in
which they were kept in a static exchange gas atmosphere
at a pressure of ~6x10~> mbar, The surface densities of
the 7Fe and *'Ey Mossbauer absorbers were 17,23 and
29.1 mg/cm?, respectively. They correspond to an effective
thickness parameter #, [5] of 2.96 f; and 2.62 f;, respectively
(here f, is the Debye-Waller factor of the absorber). Since
t, > 1, the resonance line shape of the Muéssbauer spectra
was described using a transmission integral formula [9].
The Massbauer spectra at temperatures below the magnetic
transition temperature were analyzed using a least-squares
fitting procedure which entailed calculations of the positions
and relative intensities of the absorption lines by numerical
diagonalization of the full hyperfine interaction Hamiltonian,

Ab initio magnetic moment and Md{ssbauer hyperfine-
interaction parameter calculations were performed within the
framework of density functional theory using the full-potential
linearized augmented plane wave plus local orbitals method as
implementedin the WIEN2K package [10,11]. The experimental
lattice parameters (¢ and ¢) and the atomic position parameters
in the space group P4/mmm (see below) were used in the
calculations.

III. RESULTS AND DISCUSSION
A. Structural characterization

Figure 1 displays the room-temperature powder x-ray
diffraction pattern of Rb;_sEuFe4Ass. The compound studied
was shown [3] to crystallize in the tetragonal space group
P4/mmm. A Rietveld refinement [12] of the x-ray powder
diffraction data was carried out, yielding the lattice param-
eters a = 3.8849(1) A and ¢ = 13.3370(3) A and the atomic
positional parameters that are listed in Table I. We note (Fig. 1)
that the specimen studied contains the second phases of FeAs
[13]1in the amount of 3.1(4) wt% and of En, O3 in the amount of
0.7(2) wt%. The values of g and ¢ found here are, respectively,
shorter and longer than the corresponding values in Ref, [3].

We found with energy-dispersive x-ray spectroscopy that
the chemical composition of the crystallites studied was
Rbg g7¢5)EuFey 1(7nAs435). This indicates the existence of a
significant Rb deficiency in the specimen. This deficiency
induces an additional hole doping, which naturally explains
the changes in the lattice parameters. The extra hole doping
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FIG. 1. Powder x-ray diffraction pattern of Rb,_;EuFesAs, at
298 K. The experimental data are denoted by open circles, while
the line through the circles represents the results of the Rietveld
refinement. The upper set of vertical dark red bars represents the
Bragg peak positions corresponding to the Rb;_s;FuFesAsy phase,
the middle set of vertical pink bars corresponds to the positions of
the impurity phase of FeAs (space group Pnma), and the lower set
of vertical dark green bars refers to the positions of the impurity
phase of Bu,0s (space group Ia3). The black solid line represents
the difference curve between experimental and calculated patterns,

atoms are completely isolated from the Fe4As4 blocks and that
two neighboring Fe4As, blocks are separated by sheets of Rb
atoms along the ¢ direction.

The physical dimensions of the unit cell play an important
role in some of the electronic transfer propertics of the
compound studied. In particular, each unit cell of RbEuFe  Asy
is separated along the ¢ direction from its neighboring cells by
two planes formed by the Eu atoms. As a direct result of the
elongation of the unit cell in the ¢ direction, the RbFe4Asy
units are practically isolated from the neighboring cells. Con-
sequently, no direct electronic charge transfer between the
neighboring RbFe4Asy units along the ¢ direction is expected.
Hence, one can consider the Eu layers to form barriers
for the conduction electrons, forbidding them from freely
propagating along the ¢ direction. The absence of connecting
rods in Fig. 2(b) between these layers of the Eu atoms and
the RbFe4Ass units indicates this point. Thus, the insulating
behavior of the compound studied along the ¢ axis results
from strong ionic interactions between the Eu layers and the
RbFe4As4 units, leading to the charge delocalization that exists
only within the RbFe4As4 units, In other words, the valence
electrons of the En atoms are completely transferred to the
RbFe4As, units to form the aforementioned ionic couplings.

TABLEI The Rietveld refined atomic positions for the tetragonal
RbEuFe As, (space group P4/mmm).

places the sample in an overdoped regime, which leads toa  Atom Site Pointsymmetry Occupancy x y z
slight decrease of the superconducting transition temperature Rb 1d 4/mmm 1.0 11 1
* 2 2 2
(see below). Eu la 4/mmm 0 00 0
The unit cell and the layered crystal structure of g, 45 Omm. 10 0 1 023162
RbEuFe4Asy are shown in Fig, 2. The interactions between the Asl 2% Amm 1.0 0 (2) 0.3362(2)
Rb, Fe, and As atoms in the compound studied are depicted As? 2% Amm 1.0 % % 0.1273(3)
by various connecting rods. One observes that the layers of Eu
144426-2
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FIG. 2, (a) The ynit cell and (b) the layered crystal structure of
RbEuFesAsy.

The tetragonal unit cell elongated along the ¢ axis rules out
the possibility of any strong interaction between the Eu layers.
Therefore, no magnetic coupling is expected to exist between
the Eu atoms along the ¢ direction. One may thus predict that
the interatomic interactions between the Eu atoms must occur
in the ab plane and that a two-dimensional magnetic interaction
mechanism, if any, between neighboring Eu atoms ineach layer
should exist.

B. Magnetic characterization

Superconductivity and ferromagnetism of the polycrys-
talline sample of Rb;_sEuFesAsy were verified by magnetic
measurements, As shown in Fig, 3(a), bulk superconductivity
is seen from the large magnetic shielding fraction (the volume
fraction exceeds 100% because of the demagnetization effect).
The superconducting transition temperature 7, is 35.5K, 1K
lower than reported previously [3]. The slight decrease in 7 is
probably due to the existence of the Rb deficiency (see above)
that induces an overdoping effect.

The field-cooled magnetic susceptibility [Fig. 3(a)] shows
an upturn below 20 K and levels off at T¢ = 15.0 K, which
is defined as the Curie temperature [3]. The anomalous
magnetic response reflects the Eu-spin ferromagnetism,
which is manifested by the isothermal magnetization shown
in Fig. 3(b). Below T¢, an S-shaped magnetic hysteresis
loop, one of the hallmarks of ferromagnetism, appears. The

a
(a) 0.0
]
H=100e H
051 e
I —a— Field cooling >
& —o— Zero-field cooling H
~

40

0
moH (T)

FIG. 3. (a} Temperature dependence of the field-cooled and zero-
field-cooled dc magnetic susceptibility (4m x, in Gaussian units)
of Rb,_;EuFe As,. (b) Field dependence of the magnetization of
Rb:_sEuFe;As, at selected temperatures. The inset shows a close-up
at low fields,

saturation magnetization of 6.0 ug/f.u. is close to the value
of 7.0 ug/f.u. expected for full Ey?"-spin ferromagnetism
(the deviation might be due to the existence of the FeAs and
Eu,03 impurities in the sample studied). In fact, the hysteresis
loop at 2.0 K is superposed by superconducting signals, as
seen from the bifurcation of the magnetization at high fields
[Fig. 3(b)]. At 20 K, the M(H) loop mainly originates from
type-II superconductivity with flux pinning and Brillouin-
function-type paramagnetism. No magnetic hysteresis is
observed at 40 K, consistent with the loss of ferromagnetism
and superconductivity at that temperature. Thus, the data
presented in Fig. 3 unambiguously confirm the presence of
superconductivity and ferromagnetism below their respective
transition temperatures in the Rb;_s;EuFe4As4 specimen.

C. Calculated magnetic moments and hyperfine
interaction parameters

The calculated magnetic moments of the Rb, Eu, Fe, Asl,
and As2 atoms in ferromagnetic RbEuFe4Asy are —0.0038 45,
6.7095ug, 1.1037us, —0.068845, and —0.0857uz, respec-
tively. It is thus predicted that the magnetism of RbEuFe Asy
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is associated predominantly with the Eu atoms and to a lesser
extent with the Fe atoms. A comparison between the calculated
and experimental magnetic moments carried by the Eu and Fe
atoms will be made below.

5TFe Missbauer spectra of a nonmagnetic compound or of a
magnetically ordered compound at temperatures above its or-
dering temperature yield two important hyperfine-interaction
parameters: the quadrupole splitting (the separation between
two resonance lines in an ' Fe Mossbauer quadrupole doublet)
A= %teszl\/l + n2/3, where @ is the electric quadrupole
moment of the 3Fe nucleus (0.15 b) [14] and n is the asym-
metry parameter, and the isomer shift 5y [5]. For a crystalline
compound of known crystal structure, V.., 1, and 8y can also
be obtained from ab initio calculations [15].

The calculated values of V,, and 5 at the 4i site occu-
pied by the Fe atoms (Table I) are 5.270x 10% V/m2 and
0.8734, respectively. These values correspond to the predicted
A = 0.0921 mm/s.

The isomer shift 8y = a[0(0) — prr(0)] results from the
difference in the total electron density at the Méssbauer
nucleus in the compound studied, p(0), and in the reference
compound, prr(0); ¢ is a calibration constant. In calculating
p(0), relativistic spin-orbit effects were invoked to account for
the possibility of the penetration of the p s, electrons into the
5TFe nuclei, An o-Fe metal (with a bee structure and a lattice
constant of 2.8665 A) was chosen as a reference compound.
The calculated values of pr(0) and p(0) are 15309.905 and
15308.603 (a..)>, respectively. Using the calibration con-
stant ¢ = —0.291 (a.n.)® (mm/s) [16], the calculated values
of p(0) and prer(0) lead to 89 = 0.379 mm/s.

Finally, the calculated hyperfine magnetic field at 0 K
(Fermi contact term) at Thg nuclei, Hy(0), is —56.2 kOe
for ferromagnetic RbEuFe4As4. The Fermi contact term arises
from a net spin-up and spin-down s-electron density at the
nucleus as a result of spin polarization of inner filled s shells
by spin-polarized partially filled outer shells [5,17].

The analysis of the '>'Eu Mossbauer spectra at different
temperatures yields similar hyperfine-interaction parameters.
The calculated values of V,, and 5 at the la site occupied
by the Eu atoms (Table I) are —49.659x 102 V/m2 and
0.0, respectively. The 1 = 0.0 value is expected as the point
symmetry 4/ mmm of the 14 sites ensures an axially symmetric
EFG tensor, The calculated Hyr(0) at *'Eu nuclei is 483 kOe
for ferromagnetic RbEuFesAsy.

D. ¥Fe Missbauer spectroscopy

5TFe Mbssbaver spectra of Rb;_sEuFesAss at selected
temperatures between room and liquid-helium temperatures
were measured over a large velocity range (Fig. 4) in order
to access the possibility of the presence of a Zeeman pattern
resulting from a possible magnetic ordering of the Fe atoms in
Rb;_s;EuFe4Asy and of a Zeeman pattern due to a magnetically
ordered and Fe-containing impurity phase in the sample stud-
ied. A visual inspection of these spectra shows the absence
of Zeeman patterns corresponding to the main and impurity
phases with typical values of the hyperfine magnetic field
Hyr. As will be shown in detail below, the large-spectral-area
component of these spectra (Fig. 4) is due to Rb;—sEuFesAsy
and is in the form of a quadrupole doublet with small A at
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FIG. 4. 'Fe Massbauer spectra of Rby_sEBuFesAss at sclected
temperatures measured over a large velocity range and fitted (solid
blue lines) with a large-spectral-arca quadrupole doublet at 295.3,
191.0, and 77.9 K and a Zeeman pattern at 4,3 K (solid dark red
lines) due to Rb;_;EuFe,As, and with a small-spectral-area doublet
at 295.3, 191.0, and 77.9 K and a Zeeman pattern at 4.3 K (solid dark
green lines) due to the FeAs impurity phase, as described in the text,
The zero-velocity otigin is relative to r-Fe at room temperature.

295.3, 191.0, and 77.9 K and a Zeeman pattern with very small
Hyr at 4.3 K, The small-spectral-area component of the spectra
in Fig, 4 originates from the FeAs impurity phase and is in the
form of a quadrupole doublet at 295.3, 191.0, and 77.9 K and
acomplex Zeeman pattern at 4.3 K,

Figure 5 shows the Missbauer spectra of Rb;_sEuFe As, at
vatious temperatures down to the liquid-nitrogen temperature
measured over a small velocity range. A feature on the right
shoulder of the spectra indicates the presence of an impurity
phase in the compound studied. Excellent fits of the spectra
can be obtained with a large-spectral-area quadrupole doublet
component with small A that originates from Rb;_sEuFesAsy
and with a small-spectral-area quadrupole doublet component
due to the Fe As impurity phase [18-20]. The spectral weight of
the latter component, which is proportional to the product of the
number of Fe atoms in the FeAs impurity and the Debye-Waller
factor of the impurity, is 18(1)% and is larger than that expected
from the amount of 3.1(4) wt% of the FeAs impurity derived
from the x-ray diffraction spectrum.
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FIG. 5. 9Fe Mossbauer spectra of Rby_sBuFe,As, at the indi-
cated temperatures fitted (solid blue lines) with a large-spectral-area
quadrupole doublet due to Rb;_sEuFe,As, (dark red solid lines) and
a small-spectral-area quadrupole doublet originating from the FeAs
impurity phase (solid dark green lines), as described in the text. The
zero-velocity origin is relative to «-Fe at room temperature.

A feature on the right shoulder of the spectra at temperatures
below the liquid-nitrogen temperature (Fig. 6) disappears
because the FeAs impurity component in these Méssbauer
spectra is in the form of a complex Zeeman pattern. This
indicates that the magnetic ordering temperature of the im-
purity phase lies in the range 77.7-50.9 K (Figs. 5 and 6). This
agrees with the reported Néel temperature of FeAs (77(1) K in
Ref. [13] and 69.2(1) K in Ref. [20]).

The temperature dependence of A obtained from the fits
of the spectra in Figs. 5 and 6 is shown in Fig. 7(a). A small
increase in A with decreasing temperature is observed. Such
a temperature dependence of A has been observed in many
metallic systems. It is well described by the empirical equation

A(T) = AQX1 — BT*?), o))

where A(0) is the value of A at 0 K and B is a con-
stant. The fit of the A(7") data [Fig. 7(a)] to Eq. (1) gives
A(0) = 0.1188(2) mm/s and B = 10.1(8)x10~% K=3/2, The
value of B is similar to that found for a wide variety of
other compounds, such as the ThFeAsN superconductor [21],
crystalline approximants AlygNigFeis [22] and Al3Feq [23]
to quasicrystals, icosahedral AlgyCriggoFeg 1Ges [24] and
decagonal AlyCoisNiagFeq,1 [25] quasicrystals, and amor-
phous Zres Aly sNijoCur 3Feo2Ag g [26]. The value of A(Q) is
close to the calculated value of 0.0921 mm/s.
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FIG. 6. 5"Fe Mossbaver spectra of Rby_sEuFe As, at the indi-
cated temperatures fitted (solid blue lines) with a large-spectral-area
quadrupole doublet due to Rb;_s;FuFesAs, (dark red solid lines)
and a small-spectral-arca Zeeman pattern originating from the FeAs
impurity phase (solid dark green lines), as described in the text. The
zero-velocity origin is relative to «-Fe at room temperature.

The Mossbauer spectra of Rb;_;EuFe Asq at 20.2 and
16.4 K are compared in Fig. 7(b). One observes that the
16.4 K spectrumiis slightly, but visibly, broader than the 20.2K
spectrum. This 0.014 mm/s broadening [Fig. 7(b)] over a very
narrow temperature range of 3.8 K is the consequence of the
appearance at 16.4 K of a very small Hyr. We surmise that this
Hyr is transferred to the 7Fe nuclei from the ferromagnetically
ordered Eu sublattice (see below), A transferred hyperfine
magnetic field at a given Mdssbauer nucleus results from the
neighboring magnetic moments [27]. Tt should be stressed that
this transferred hyperfine magnetic field does not result from
the ordering of the Fe sublattice. Its presence constitutes direct
evidence of the ordering of the Eu sublattice. Such a transferred
hyperfine magnetic field at a single temperature was observed
first in the EuFe(As;_;Px)2 superconductors [28]. Thus, the
Misssbauer spectra at 16.4 K and lower temperatures were fitted
(Fig. 8) with a large-spectral-area Zeeman pattern component
[the value of A was fixed in the fit to that obtained from the
fit of the A(T) dependence in Fig. 7(a)] that originates from
Rb;_s;EuFe4Asy and with a small-spectral-area Zeeman pattern
component that is due to the FeAs impurity phase.

Figure 9 displays the temperature dependence of the trans-
ferred Hyr that was derived from the fits of the spectrain Fig. 8.
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FIG. 7. (a) Temperature dependence of the quadrupole splitting.
The solid line is the fit to Eq. (1), as explained in the text.
(b) Comparison of the S"Fe Mossbauer spectra of Rbi_sEuFesAsy at
20.2 and 16.4 K. The insct shows the spectra with enlarged horizontal
and vertical scales. The horizontal bars indicate the full width at half
maximum of the 20.2 K spectrum (0.359 mm/s) and the 164 K
spectrum (0.373 mm,/s). The zero-velocity origin is relative to «z-Fe
at room temperature, (c) Temperature dependence of the center shift
8. The solid line is the fit to the equation §(T) = 8 + dsap(T), as
explained in the text.

As expected, Hpr increases with decreasing temperature. The
Hp(T') dependence was fitted using the phenomenological

form [29]
T\%1%
Hu(T) = Hm(O)[l - (T_c) ] , @

where Hye(0) is the value of Hyr at 0 K and « and 8 are
exponents describing the behavior of Hpe(T) near 0 K and
Te, respectively. The fit yields Hur(0) = 6.17(2) kQe, T¢c =
16.63(16) K, @ = 1.96(10), and 8 = 0.21(2). The values of «
and g found here are comparable to those obtained for other
compounds [30-32].

| Hus(0)] at the 57Fe nuclei and of the magnetic moment carried
by the Fe atoms up. (see above), This is at odds with the
experimentally observed zero value of the intrinsic, i.e., not
transferred, Hyr down to 2.1 K and, consequently, the zero
value of jtg.. The failure of theory in predicting the zero values
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FIG. 9. Temperature dependence of the transferred hypetfine
magnetic ficld. The solid line is the fit to Eq. (2), as explained in
the text.
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FIG. 10. 3'Eu Mdssbauer spectra of Rb;_; EuFe, As, in the para-
magnetic temperature region (left column) and the magnetic temper-
ature region (right column). They ate fitted (solid black lines) with
a large-spectral-area quadrupole pattern (left column) and a large-
spectral-area Zeeman pattern (right column) due to Rb;_;EuFe As,
(blye solid lines) and a small-spectral-area singlet originating from
the Eu,0; impurity phase (solid dark green lines), as desctibed in the
text. The zero-velocity origin is relative to the source.

of Hyr and ur. may be related to the inherent limitations of
standard density functional theory, especially as applied to the
strongly correlated systems or the d- or f-electron compounds
with localized electrons [33].

The temperature dependence of the center shift § that was
obtained from the fits of the spectra in Figs. 5, 6, and 8,
is shown in Fig. 7(c). The center shift at temperature 7,
8(T), consists of two terms, 8(T) = 8y + dson(7'), where &g
is the intrinsic, temperature-independent isomer shift and
3son(T) is the second-order Doppler (SOD) shift, The lat-
ter is the function of the Debye temperature ©p [5]. The
fit of the experimental data 8(7) [Fig. 7(c)] gives &y =
0.494(2) mm/s and ®p = 391(8) K. We note that the ex-
perimental value of 8y found here is 30% larger than the
calculated 8.

E. ¥'Eu Méssbauer spectroscopy

The *'Eu Mdssbauer spectra of Rb;_;EuFe4Asy at tem-
peratures between room and liquid-helium temperatures are
shown in Fig. 10. The spectra in the paramagnetic temperature
region (left column in Fig. 10) consist of a large-spectral-area
component in the form of an unresolved quadrupole octet
[5,34] that originates from Eu?" ions in Rb;_sEuFe4As, and

-0.40 - 4

V,, (10% Vim?)

0 50 100 150 200 250 300
T(K)

FIG. 11. Temperature dependence of the principal component of
the electric-ficld-gradient tensor V,,, derived from the fits of the spectra
in Fig. 10 (left column). The solid line is the fit to an empirical 7%/
power-law relation, as explained in the text.

a small-spectral-area component in the form of a single line
due to Eu?" ions in the Eu,0; impurity phase. The spectral
weight of the latter component is 22(1)% and is larger than
that expected from the amount of 0.7(2) wt% of the Euy03
impurity derived from the Rietveld refinement of the x-ray
diffraction spectrum. The Eu atoms in Rb;_sEuFe4Asy are
located at the la site with the point symmetry 4/mmm
(Table I), which ensures an axially symmetric (n = 0) EFG
tensor at this site. Also, V,, is parallel to the ¢ axis. The
temperature dependence of V,, derived from the fits of the
spectra in the paramagnetic temperature region is shown
in Fig, 11, Similar to the A(T) dependence in Fig, 7(a),
the magnitude of V,, increases with decreasing temperature,
The V,.(T) data can be fitted to the same empirical 73/2
power-law relation [Eq. (1)] in which A(T) and A(Q) are
replaced with V,,(T) and V,,(0), respectively. The fit of the
V,,(T) data (Fig. 11) yields V,,(0) = —0.470(6)x 10?2 V /m?
and B =2.66(42)x10~3 K2, The experimental value
of V,;(0) compares very well with the calculated value
of —0.497x 102 V/m?2,

The spectra in the magnetic temperature region (right col-
umn in Fig. 10) were fitted with a large-spectral-area Zeeman
pattern component that originates from Rby_s;EuFesAs4 and a
small-spectral-area single-line component due to an impurity
phase. The value of V,, was fixed in the fit to that obtained from
the fit of the V,,(T") dependence in Fig. 10. The temperature
dependence of Hyr determined from the fits of these Mssbauer
spectra is shown in Fig. 12(a). It is usually assumed that
the temperature variation of Hy,r in a magnetically ordered
material can be reasonably explained within the framework of
the molecular ficld model, assuming that Hyy is proportional
to the sublattice magnetization, In terms of this model, Hy ()
can be expressed as

Hyg(T) = Hye(0)B;(x), &)

where Hy,:(0) is the saturation hyperfine magnetic field; B, (x)
is the Brillouin function, defined as

20 +1 27 +1 1 x
Bi(x) = _1 *\.
N ==57 °°th( 27 ") ZJCOth(ZJ) @
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The fit of the Hyr(T") data [Fig. 12(a)] to Eq. (3) with J =
$ = 7/2 (corresponding to a free Eu®t ion) yields Hi(0) =
257.4(4.3) kOe and T = 16.51(10) K. The Tz found here
is very close to the value of 16.63(16) K derived from the
temperature dependence of the transferred Hyr at °’Fe nuclei.
We take a weighted average of these two 7¢ values, 16.54(8) K,
as the T¢ of the studied superconductor. The experimental value
of Hyr(0) is significantly smaller than the calculated Fermi
contact value of 483 kQOe. This discrepancy can be explained by
the fact that the measured hyperfine magnetic field at the '5'En
nuclei is divided into three equally important contributions:
Hyr = H; + Hoy + Hy, Here H, is the core-polarization field
(the Fermi contact term), Hy, is due to conduction-¢lectron
polarization by the ion itself, and H,, includes all contributions
from neighboring magnetic ions [35]. Clearly, the latter two
contributions when added to the Fermi contact term must
account for the measured Hyr(0). Often, the Hey, contribution
has a sign opposite to that of the H, contribution [34,35].

For 'Eu Massbauer spectroscopy [34,35], as opposed to
5TFe Missbauer spectroscopy [36], there is no simple relation
between the measured Hyr(0) and the magnetic moment carried
by Eu atoms. We note here that the calculated Eu magnetic
moment of 6.7095ug is slightly larger than the experimental
moment of 6.0ug at 2 K [Fig. 3(b)].

The temperature dependence of the angle § (the angle
between V;; and Hir) determined from the fits of the spectra

in the magnetic temperature region (right column in Fig. 10) is
shown in Fig. 12(b). One observes that the 8 values are close to
90°. This constitutes experimental proof that the Eu magnetic
moments are perpendicular to the crystallographic ¢ axis, that
is, that they lie in the ab plane.

F. Discussion summary

A previous study concluded that RbEuFe4Asy bears both
superconductivity and Eu-spin ferromagnetism but without
any information about the Eu-spin direction [3]. Here, using
the local-probe technique of Mdssbauer spectroscopy, we have
demonstrated that the Eu magnetic moments lie within the
ab plane, akin to the case of nondoped EuFe,As, in which
an A-type antiferromagnetic (i.e., in-plane ferromagnetic but
interplane antiferromagnetic) ordering occurs at 19 K [37-39].
Since RbEuFe,As, can be viewed as a modified EuFe,As, in
which every other Enlayer is replaced by a Rblayer [Fig. 2(b)],
one naturally expects that the Eu-layer spins in RbEuFe Asy
will become ferromagnetically ordered. Furthermore, the En
spins are likely to be in the same direction as the Eu spins
in EuFe;As;, i.e., along the crystallographic [110] direction
[38,39]. We note that the Eu-spin direction in RbEuFe4As,
is in sharp contrast to the corresponding direction in doped
EuFe,As; systems where the En magnetic moments are basi-
cally along the c axis [28,40,41]. This phenomenon calls for a
theoretical explanation.

The previous demonstration of the Eu-spin ferromagnetism
is based mainly on the isothermal magnetization curves [3].
However, there could be a possibility that the observed ferro-
magnetism is field induced. In other words, the zero-field state
may not necessarily be ferromagnetic. The present study rules
out such a possibility because, at zero field, the 5TFe nuclei feel
the transferred hyperfine magnetic field Hy:(0) = 6.17(2) kOe
that results from the Eu-spin ferromagnetism. Indeed, the
Eu-spin ferromagnetic polarization gives rise to an internal
magnetic field of 4.5 kOe, which is close to the value of Hyr(0).

IV. CONCLUSIONS

‘We presented the results of ab initio hyperfine-interaction
parameters calculations and of x-ray diffraction and 'Fe
and '5'Eu Mossbaver spectroscopy study of the new 35.5 K
superconductor Rb;_sEuFesAss. We confirmed that the su-
perconductor crystallizes in the tetragonal space group
P4/mmm with the lattice parameters @ = 3.8847(1) A and
¢ = 13.3370(3) A, We showed that the Fe atoms carry no
magnetic moment down t0 2,1 K and that the ferromagnetic
order is associated with the En magnetic moments. The
Curie temperature T = 16.54(8) K is determined from the
temperature dependence of both the hyperfine magnetic field
at !By nuclei and the transferred hyperfine magnetic field at
57Fe nuclei that is induced by the ferromagnetically ordered Eu
sublattice. We found that the Eu magnetic moments lie in the
ab plane. We observed that the temperature dependence of the
principal component of the electric-field-gradient tensoris well
described by a T3/ power-law relation at both the Fe and Eu
sites. Good agreement was found between the calculated and
measured hyperfine-interaction parameters, We determined
that the Debye temperature of Rb;_sEuFe4Asy is 391(8) K.
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ABSTRACT

The findings of @ Fe and **'Fu Massbauer spectoscopy Investigation between 1.8 and 299.5 K of EuFeAs; and
the 14 K superconductor RuFe, 5Nl 53As, are reported. In both compounds, the Fe sublattios arders in the
antiferromagnetic -wave: fashion with the Néel temperatures and Fe saturation magnetic moments of
106,2(1.9) X, 0.78(1) gy, and 56.5(2.2) K, 0.47(1)ep, respectively. The Néel temperatures and the saturation hy-
the antiferromagnetically ordered Eu sublattice in both compounds are 44.4(5) X,
294.2(7) kOe and 43.5(1) K, 290.5(1) kOe, respectively. The 3% substiution of Fe by Ni in FuFeAs; has a
dramatic effect on the magnetizm of the Fe sublattice and virtually no effect on the magnetism of the Eu sub-
lattice. The presence of Fe and Eu magnetic order in EuFeqo7NigosAss 15 direct proof of the coexistence of
superconductivity and magnetism. The Increase of the magnitude of the main component of the electric Seld
gradient tensor, at both Pe and Bu sites, with decreazing temperature is explained by a 7% power-law relation,
The Debye temperatures of EuFeAs,, EuFeq.ayNigaAss, and the Feds, impurity phase are 355(18), 428(14), and

Eeywords:
Spin-density-wave antiferromagnetism
Supercomductivity
perfine magnetic fields of
594{25) K, respectively.
1. Introduction

Recently, a new Eu-containing iron-pnictide compound FuReAs; has
been discovered [1]. The erystal structure of this compound is similar to
that of the 112-type iron-pnictide (Ca,R) FeAsz (R = rare earth) su-
perconductors. It consists of two Eu planes, FesAs; layers, and As;-
zlgzag chein layers [2,3]. There is some discrepancy regarding the
space group in which the EuFeAs; compound erystallizes. The mono-
cHnic space group P2,/m was used in Refs, [1,4], and the orthorhombic
space group Imm2 was employed in Ref, [3].

The two anomalies in the temperature dependence of the normal-
ized resistivity of EuFeAs; at about 110 and 40 K were atiributed to the
probable antiferromagnetic spin-density-wave (SDW) transition of the
Fe?* ons, or the structural trangition, and to the antiferromagnetic
transitlon of the Ev?* lons, respectively [1]. The antiferromagnetic
transition at 41 K was also notlced in the temperature dependence of
the magnetic susceptibility [1]. Similar anomalies (at about 100 and
40 K) were found in the resistivity data in Ref, [4], However, a much
more complex set of possible magnetic transitions was suggested based

* Corresponding author,
E-mall address: stadn'k @ucttawa.ca (ZM., Stadnik).

https://dol.org/10.1016/] jmmm. 2020,166603

on the imerpretation of the magnetic susceptibility and specific heat
data [4].

Tt hag been demonstrated recently that a small substitution of Fe by
Ni in EuFeAss induces superconductivity in EuFe, ,Ni,Asx with
X =003, 0.04, and 0,07 [4,5]. The critical temperatire T, for these three
superconductors is 13.8, 17.5-18.2, and 13.7 K, respectively [4,5]. For
the x = 0.04 superconductor, no antiferromagnetic SDW order of the Fe
sublattice was observed, and the Eu sublattice was found to order an-
tiferromagnetically below 38.5 K, followed by a putative spin-glass
freeeing at 15,5 K and a possible Fu-gpin canting at 6.2 K [4]. What is
remarkable about these new EuFe,; _Ni As; superconductors i the ap-
parent coexistence of magnetism and superconductivity.

The Méssbauer spectroscopy technique proved to be a useful tool to
study the possibility of incommensurate SDW order in a given com-
pound. Iis usefulness results from the fact that incommensurability
leads to the complex shape of the Mbasbauer spectra [6-9]. In this
paper, we employ ¥Fe and 151Fu Misshauer spectroscopy to identify
the nature of the Fe and Bu antiferromagnetic ordering in the non-su-
perconducting BuFeAs; and the superconducting BuFeq g;Nig 03A82. We

Recedved 2 January 2020; Recedved in revised form 8 Fehruary 2020; Accepted 9 February 2020

Avaflahle cnline 14 February 2020
0304-8853/ © 2020 Elsevier B,V, All rights reserved,

73



M.A., Albedaly, ot al.

/3. ’ LI I L " LI I T \J T T | T T

100 N~ 7

pd I \ g 1

o : i

w t |

0 98

s L ]

9] L ]

pa

é L ,

T 96 |- —

— L

w P

o [ BRI PR I B B
-6 -4 -2 0 2 4 6

VELOCITY (mm/s)
Fig. 1. High-statist! Fe Mt of BuFeAs, at 290.8 K mea-

wmdmahndvdndqmumdﬁmd(mﬁdbhu]tne)uﬂﬂialna
(solid dark green line) due i EuFeAss, a small
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show that bath in RuFeAs; and EuFey Ml g3A82, the Fe sublattice or-
ders in the incommensurate SDW fashion, and with the magnetic
parameters of the latter significantly smaller than those of the former.
The Eu sublattice is shown to be also magnetically ordered in both
compounds, but with the magnetic parameters that are practically the
same,

2, Experimentsl methods

The polycrystalline samples of BuFeAss and BuFep g7Nig caAsz used
in this study were synthesized wing a standard solid-state reaction
methad [4]. The pawder X-ray diffraction spectra showed [4,5] that the
EuFeAs, specimen containg a smell amount. of FeAs, impurity and the
EuFeq g7 Nig gahss specimen iy impurity free,

The methodology of the Fe and 'S!Eu Mijssbeauer spectroscopy
[16] measurements used here is the same as that described in Ref, [11].
The 37Fe and '*Eu Milssbauer spectra measured at temperatures below
the Néel temperature B; were analyzed uging a fist-order perturbation
treatment [10] because the magnetic dipole interaction is much larger
than the electric quadrupole interaction in the compounds studied.

The de¢ magnetle susceptibility was measured using a magnetic
property meagurement gystem (MPMS-5, Quantum Design). A standand
four-electrode method was used to measure electrical resistivity.
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3. Experimental results and discussion

3.1. EuFeAsg compound

The high-statistics, room-temperature ¥Fa Miisshauer spectrum of
EuFeAs; was measured over a broad velocity range (Fig. 1) to check
whether the sample studied contains any magnetically-ordered, Fe-
containing impurity phase, The absence of any Zeeman pattern in the
spectrum proves that such impurity is not present in the sample. The
spectrum is the superposition of a quadrupole doublet (with a very
small quadrupole splitting A = 2eQIV |1+ 77/3, where the symbolks
¢, Q, Vip, 8nd 7 have their ususl meaning [10,11]) ordginating from the
main phase, a quadrupole doublet (with a very large A) due to the
FeAs; impurity [12], and two single lines {at ~ = 0.24 and ~0.25 mm,/s)
which simulate the spectrum of a tiny amount of Pe present in the twa
Al fofls of the absorber and the two cryostat mylar windows.

Fig, 2 displays the 57Fe MUssbauer spectra of EuFeAs, meagured in
the paramagnetic temperature reglon, that is, above T of the Fe sub-
lattice, end over a narrow velocity range. They can be fitted well with
three components, similarly as the gpectrum in Fig, 1.

The temperature depernxence of A of EuFeAsy obtained from the fits
of the spectra in Figs. 1,2 is shown in Fig. 3(a). Within the statistical
error, it appears to be temperature independent. A similar Tusion is
atrived at for the temperature dependence of A of the FeAs, impurity
[Fig. 3(b)].

The 57Fe Misssbauer spectrum of EuFeAs, at 47.7 K, that is, much
below Ty, of the Pe sublattice, is shown in Fig, 4(a), It 13 in the form of an
immensely broadened, asymmetric, six-line Zgeman pattern that differs
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intespretation of the references to calour in this figure legend, the reader is
referred o the web version of this article )

significantly from the spectrum expected for an antiferromagnet with
Fe atoms occupying one crystallographic site (sharp, symmetric, six-line
Zeeman pattern) [10]. The significant line broadening must arise from
the presence of wide distribution, P(H), of hyperfine magnetic fields H.
There are two posgible sources of such a wide disgtribution of H [9].
Firgt, it can result from significant structural dsorder present in Fu-
FeAs,, Second, it may also arise from the incommensurate modulation
of the antiferromagnetic structure (the incommensurate SDW). As there
is no dopant-induced (substitnting Fe with another metal) structural
disorder in RuFeAs;, one can assert that the complex shape of the
spectrum in Fig. #(a) originates from the incommensurate anti-
ferromagnetic SDW.

To generate Mdssbeuer spectra caused by the incommensurate
SDW, we follow the procedure described in detadl in Ref, [7]. Briefly,
the amplitude of the hyperfine magnetic field H due to the SDW along
the x-direction that is parallel to the wave vector q is expressed as a
series of odd harmonics [8]
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j .3
H(gy= 3, b sn[(2 - D,
=1 )

where iy, denotes the amplitude of the (2{-1) th harmonic and n ig the
maximuym number of harmgnics, One fits then an experimental

Mdssbaver spectrum with & finite number of six-line Zeeman patterns
corresponding to H values that are calculated from RBq. (1) for in-
dividual gx values from the range {0, 2x). The amplitudes by, obtained
from the fit are used to caleulate the resulting distribution P(H). They
can also be used to calculate the root-mean-square value of
H, Fons = /3 T, b3, which is proportional to the magnetic moment
Ky, carrded by the Fe atoms. The knowledge of the P(H) distribution
allows one to calculate the average hyperfine magnetic field
Hy = < Hb>.

The 57Fe Mbssbauver spectrum in Flg. 4(a) was fitted with two
components. The first, large spectral area, SDW component originates
from BuPeAs; The second, small spectral area, quadrupole doublet
component arises from the PeAs; impurity. Because the specttum of a
tiny amount of Fe present in the two Al foils of the absorber and the two
eryogtat mylar windows in the form of two gingle lineg (Figs. 1 and 2)
completely overlaps with the central portion of the experimental
spectrum in Fig. 4(a), it was not possible to include k in the fit, A good
fit of the Mbssbauer spectrum in Fig. 4(a) was obtained with n =4
harmonics. The resulting shape of the SDW and corresponding dis-
tribution P(H) are shown in Figs. 4(h) and 4(c), respectively. The
pareameters obtained from the fit are: the centre shift [10]
§ = 0.552(1) mm/s, the quadrupole shift [10] &= 0.027(1) mm/s,
Hpur = 56.5(1) kO, Hyy = 46.1(1) kOe, and Hay = 47.3(3) kOe.

The ’Re Mttasbauer spectra of EuPeAs; at other temperatures below
Ty (Flg, 5) were fied in ke menner as the 47,7 K gpectrum (Fig, 4).
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One obeerves that the shape of the SDW (Figs. 4 and 5) changes from I : Em_ Ic
the nearly rectangular one at low tamperatures to the nearly tdangular 02 = g 1
one at high temperatures (close 1 %), i E P
One could wonder why the spectrum at 108.6 K (Fig, 5), which . ' ,me
visuplly looks the same as the parsmegnetic spectrum st 110.6 K . 0 20 40 50
(Fig. 2), is fitted with a SDW comp A comparison of these two oold o oW
spectra [Fig, 6(a)] revenls two differences. The width and the relative "o 50 100 150 200 250 300

transmiasion of the 103.3 K spectrum are larger than the corresponding
width and the relative transmisgion of the 110.6 K gpectrum. Such
differences are not observed between the neighboring 123.9 and
110.6 K paramagnetic spectra [Fig. 6(b)]. This proves that the 103.3 K
spectrum must be due to a magnetically ordered component. Fig. 6(a)
also indicates that T of the Fe sublamtice must be between 108,32 and

T(K)

Fig. 14. Temperature dependence of the ZPC and FC magnetic susceptibility (a)
and the electrical resistivity (b) of BuFe; 5 Mo.03A82. The insets show the or-
dinate magnifications arcund the T, and T2 temperatures.
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110.6 K,

The temperature dependence of the Hy values, that were calculated
from the distributions P(I) shown in Figs. 4 and 5, is displayed in
Fig. 7. The expected increase of H,. with decreasing temperature is
observed, Pitting the H,, data to the power law over the imited tem-
perature range yields the value of Hy, at 0 K, F,.(0) = 47.6(9) kOe, and
Ty = 106.2(L.9) K. The value of T; found here is comparable to the value
of ~110 K estimated from the resistivity and magnetic susceptibility data
[1,4].

By extrapalating the Fop, (T) data (Fig. 5) to O K, the vahie of Fm, at
D K, Homy (D), was found to be 49.4(4) kOe. The hyperfine magnetic field
is approximately proportional 1o the Fe magnetic moment through the
relaton H = gy, The value of the proportionality constant a depends
on a compound [10,13], We used o = 63 kOe/uy (Ref. [91) to convert
Herg(0) 10 pn,(0). Thus, Hewme(0) =494(4) kOe corresponxis to
Fre(0) = 0.78(1)in.

The temperature dependence of the centre shift [10] 8(T) of Eu-
FeAsy, obtained from the fits of the spectra in Fige. 1, 2, 4, and 5, 1s
shown in Fig. B(a). 8(T) is the sum of two physical quantities [10]

8(T) = & + dgon(T). )

The first quantity & is the intrinsic isomer shift, The second quantity
&an(T) is the second-order Doppler (SOD) shift, The latter can be ex-
pressed in terms of the Debye temperature, 8y, as

_Eh_T(l]’ oorr_xid
2 Mc \ 8y -‘- -1 @

Here the symbols ky, M, and c have their usual meaning [10]. The fit
of the experimentsl data in Fig. 3(a) to Eq. (2) ylelds & = 0.547(2) mm/
5 and Bp = 355(18) K.

A gimilar fit of the 5(T") data for the FeAs; impurity [Fig. 8(b)] gives
& = 0.387(3) mm/s and 8, = 594(25) K.

The room-tempersture 'S'Eu Mdissbauer spectrum of EuFeAs;

Sson(T) =
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measured over the velocity range ¥20 mm/s is shown in Fig. 9. The
component with a large spectral area arises from Bu atoms in EuFeAs;
and appears as an unregolved 12-line quadrupole pattern [10,14]. The
component with a small spectral area derives from Ev*+ jons in an
unknown foreign phage and comes out as a gingle line, The following
paremeters are obtained from the fit of the spectrum in Fig, 9 the
isomer shift [relative to the ***Sm(SmF,) source] & = —10.56(1) mm/s,
Vi = —0411(14) x 102 ¥/m> and 7 = 0.74(9). The value of & proves
that Eu in EuFeAsz is in the divalent state [10,14].

The Y Eu Missbauer spectra of EuFeAs; measured over the velocity
range F50 mm/s at other temperatures above Ty of the Bu sublattice are
shown in Fig. 10. They are fitted analogously as the spectrum in Fig. 9.

Fig. 11 displays the temperature dependence of Vi derived from the
fits of the spectra in Figs. 9 and 10. One notices an increase of the
magnitude of V; with decreasing temperature, The empirical T%/2
power-law relation

Va(T) = Vz @ — BT “@

fits well the Vix(T) datn. Here Va(0) is the value of Vx at 0 Kand B is a
congtant, The fit of the Va(T) data (Fig. 11) to Eq. (4) gives
Vax(0) = —0498(5) x 10* V/m® and B = 3.01(18) x 10~ K&%/%, Tt should
be noted here that a gmilar 792 dependence of Vu(T) has been ob-
mrved in gther Eu-containing compounds, such as EuPdGe; [15],
CsBuFeyAsy [11], and RbEuFeyAsy [16]. Such a T2 dependence of Vi
at "Fe muclei has alao been observed in hundreds of Fe-containing
metallic compounds [16]. Ite origin still remains elusive [17].

Fig. 12 displays the **'Eu Méssbauer spectra of EuFeAs, measured
at temperatures below Ty of the Eu sublattice. They are fitted with a
Zeemen pattern component of a large spectral area which is due to
EuFeAs,, and a gingle line component of a small speciral area which
arises from an unknown Eu**-containing impurity phase,

The temperature dependence of the hyperfine magnetic field Hyy
obtained from the fits to the Miissbaver spectra in Fig. 12 is shown in
Fig. 13. Within the molecular field model, it is assumed that H;: in a
magnetically ordered compound is proportional to the sublattice mag-
netization. Thus, the Hyy(T) dependence can be written as

Hye (T) = Fie (0)B; (). 5)

Here Hir(0) represents the saturation hyperfine magnetic field (the
field at O K), By(x) is the Brllouin function [18]

EEIES U e- L3 WA N U )
B0 =5 "ﬂ’( o ") zr““‘(zr) ©
and
_ A He(DT

J+1The(0) T' (4]

The fit of the Fiy (T) data (Fig. 13) to Eq. (5) withJ = § = 7/2 gives
Hie(0) = 294.2(7) kOe and Ty = 444(5) K. For '“'Eu Méssbauer spec-
troscopy [14,19], there is no simple relation between Fhy(0) and the
saturation magnetic moment of the Eu atoms, pg, (0). Consequently,
one thus cannot determine reliably g, (0) from Fir(0).

The ¥Fe and '*'Eu Miisshauer data presented above show that in
EuFeAs,, the Fe sublattice orders in the incommensurate SDW fashion
with Ty = 106.2(1.9) K and p,,(0) = 0.78(1)u,, whereas the Eu sub-
lattice is magnetically ordered below T =444(5) K and with
Hie (0) = 294.2(7) kOe.
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Fig. 17, Temperaiure dependence of the “Fe quadrepols splitting A of

EuFey 5yNiggpAss obtained from the fits of the spectra in Figs. 15 and 16. The
sclid line is the fit to the T%? power-law relation, as explained in the text.

3.2 FuFeq oxNip asAsa superconductor

The temperature dependence of the zero-fieldcooled (ZFC) and
fleld-cooled (FC) magnetic susceptibility y of EuFeg g7NigpaAs: mea-
sured in an applied field of 10 Oe is shown in Fig. 14(a). The bifurcation
of the ZFC end FC y data occurs at about 14 K. The diamagnetic ZFC x
decreases with decreasing temperature end this proves that the com-
pound studied is a superconductor. The anomaly of the y data at the
temperature T® of about 43 K may be possibly associated with the
magnetic transltlon of the Bu sublattice. The temperature dependence
of the resistivity p of EuFeqgNiggsAs; [Pig. 14(b)] indicates that
T; = 13.8 K. The anomaly at T=' probably results from the magnetic
ordering of the Eu sublattice.

Fig. 15 shows the high-statistics, room-temperature " Fe Missbauer
spectrum of EuPegayNipo3As: measured over a large velocity range.
The absence of any Zeemsn pattern shows that the specimen studied is
free of any Fe-contalning ic rity. In 10 a simil
spectrum of BuFeAs; (Fig. 1), no contribution originating from the
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FeAs, impurlty can be detected (Fig. 15), in agreement with the X-ray
diffraction results [4,5]. The only external contribution in the form of
two single lines comes from a tiny amount of Fe present in the two Al
folls of the absorber and the two cryostat mylar windows,

The 5"Be Mossbaver spectra of EuFeogyNis caAs; messured at tem-
peratures sbove Ty of the Pe sublattice, and gver a small velocity range,
are shown in Fig. 16, They are fitted well with two components in the
same way as the spectrum in Pig, 15,

Fg 17 displays the temperature dependence of A of Eu-
Pep.g7Nipgahsz derfved from the fits of the spectra in Figs. 15,16.
Analogously to the Vi.{T) dependence in Fig, 11, one observes that A
increases with decreasing temperature, The fit of the A(T) data to the
same empirical T%/2 power-law relation [(Bq. (4)], in which V(T) is
substituted by A(T) and Vi (0) by A(0), ylelds A(0) = 0.1580(17) mm/s
and B = 20.4(2.6) X 10~ K~%/3, The value of B determined here is close
to that observed for other crygialline, quasicrysialling, and amorphous
compounds [16].

The 57Fe Mizsbauer spectra of EuFeq gNiggsAsa at temperatures
below Ty, of the Fe sublattice are shown in Fig, 18, They were fitted] with
an Incommensurate SDW pattern, No two-gingle line component, orl-
ginating from a tiny amount of Fe present in the two Al fofls of the
abgorher and the two cryostat mylar windows, could be included in the
fit for the same reason as that given for the fits of the spectra in Figs. 4
and 5 (vide supra).

The values of Hy that were calculated from the distributions P(H)
in Fig. 18 are shown in Fig. 19. The fit of the H,, data to the power law
(Fig, 19) glves He(0) = 26.3(8) ke and Ty = 56.6(24) K, Extrapolating
the Hry(T) data (Fig. 18) to 0 K gives Fmy (0) = 29.5(4) kOe, This value
of Hemy(0) correspondds 1o jig (0) = 047(L)py,,

Implicit in the above analysis is the assumption that the hyperfine
magnetic field at the ¥Pe muclel in RuRegyNig ggAs2 is an intrinsic one,
that is, it results from the non-zero magnetic moment carried by the Fe
atoms. However, one should also consider the possibility that the Fe
atoms carry no magnetic moment and that the observed hyperfine
magnetic fleld is due only to the transferred hyperfine magnetic fleld,
H,; [20], from the magnetically ordered Eu sublattice (vide infia). Ex-
perimentally, the value of Hy at 0K in d ining Fe
&and Eu atoms was found to be below 10 kOe [11,16,21]. The value of
Hoag{0) found here is significantly larger than 10 kOe. T, therefore,
appears that tha ohserved hyperfine magnetic field in BuFeay, ozNig g3A8;
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Fig. 20, Temperature dependence of the *Fe center shifi § of
EuFey 97 Nip. o308 The solid line iy the t o Eq, (2), a3 explained in the text,

is due to the non-zero Fe magnetic moment rather than to the trans-
ferred hyperfine magnetic fiekl.

Fig. 20 presents the temperature dependence of §(T) derived from
the fits of the spectra In Figs, 15,16,18, The fit of the 8(T) data 10 Eq,
(2) yields & = 0.535(2) mm/s and B, = 428(14) K.

The 'S'Eu Missbauer spectra of EuReqg7NiggAss messured at
temperatures above Ty of the Eu sublattice are displayed in Fig. 21,
They are fitted in like manner as the spectra in Fig. 10, The values of V
obtained fram the fits of the spectra in Fig. 21 are plotted in Fig, 22,
One observes that the magnitude of Vn increases with decreasing
temperature. The fit of the Va(T) data (Fig. 22) to Eq. (4) yields
Vi (0) = =0.448(5) x 102 V/m? and B = 3.28(29) x 10~5 K542,

Fig. 23 shows the 1°'Eu Mossbauer spectra of EuFeq o;NigngAs;
measured at temperatures below Ty of the Eu sublattice. They are ftted
with a Zeeman pattern component of a large spectral area that derives
from EuFeg g,Nij g5, and a single line component of a small spectral
area that originates from a Eu**-containing an unknown impurity.

Fig. 24 displays the temperature dependence of iy determined
from the fits to the Missbauer spectra in Fig, 23, The fit of the /5y (T)
dependence to Eq. (5) with J=§ = 7/2 yields i (0) = 250.5(1) kOe
and Fy = 43.5(1) K.

The anslysis of the ¥Fe and 5'Eu Mussbauer spectra of
BuFeg.¢7Nig gaAs; presented above shows that, similarly as in EuFeAs;,
the Fe sublattice orders in the incommensurate SDW fashion, but with a
gignificantly smaller valies of Zy=565(24) K and of
Yg(0) =047(1)24p. On the other hand, the Eu sublattice in
EuFeo97Nly0sAS2 is magnetically ordered below marginally lower
T = 43.5(1) K and with slightly lower /.+(0) = 290.5(1) kOe as com-
pared to the corresponding values for BuFeAs;. One can thus conclude
that a 3% substitution of Fe by Ni in EuFeAs; dramatically reduces the
magnetism of the Fe sublattice, but has virtually no effect on the
magnetism of the Bu sublattice. The presence of the Fe and Bu anti-
ferromagnetic order in BuFeg gzNig 93As; proves that superconductivity
and antiferromagnetism coexist in this compound.

4. Conclusions
We describe the resulis of ¥Fe and 5'Eu Missbauer spectroscopy

meagurements in the temperature range 1.8-299.5 K of FuFeAsz and the
14 K the supercondluctor RuFeyerMigashsz, We find that in both
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compounds the antiferromagnetic ordering of the Fe sublattice is of a
spin-density-wave type with the Néel temperatures and Fe saturation
magnetic moments of 106.2(1.9) K, 0.78(1)uy, and 56.6(2.2) K, 0.47(1)py,
respectively. We demonstrate that the Néel temperatures and the sa-
turation hyperfine magnetic fields of the antiferromagnatically ordered
Bu sublattice in both compounds are, respectively, 44.4(5) K,
294,2(7) kOe, and 43.5(1) K, 290.5(1) kOe. These findings show that a
minimal substinrtion of Fe by Ni in FuFeAs,, apart from inducing su-
perconductivity in  EuFeggyNipAss dramaticelly diminishes the
strength of the magnetism of the Fe sublattice and has virtually no effect
on the magnetitm of the Eu sublattice. The presence of anti-
ferromagnetically ordered Fe and Eu sublattices in EuFeq gyNigagAsy
proves that supercanductivity and magnetism coexist in this compound.
‘We observe that the increaze of the magnitude of the main component of
the electric field gradient tensor, at both Fe and Bu gites, with decreasing
temperature is explained by a T*/2 power-law relation, We determine the
Debye temperatures of EuFeAs,, EuFeyq,MNigesAs, and the FeAs; im-
purity phase to be 355(18), 428(14), and 594(25) K, respectively,
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The results of ab-initio calculations of the electronic structure and magnetism of the new 35K superconductor
CsEuFe As, are reported. The electronic band structure and the density of states are presented and discussed in
detail. The origin of the chemical bonding between the constituent atoms is discussed in detail. The evidence is
provided for the existence of a mixture of ionic, covalent, and metallic bonding. It is demonstrated that the
magnetic moment is mainly due to the strongly localized Eu f states, No spin polarization at the Fe sites is found,

It is demonstrated that the electrical conductivity in CsEuFe,As, originates from the Fe contribution to the
density of states. The electrical and chemical properdes of the studied compound are closely linked with the
presence of the Fe d states in the Fermi energy region, The Fermi surfaces show the presence of the hole-like and
electron-like pockets, respectively, at the center and comers of the Brillouin zone, The results of the calculations
of the ’Fe and '>'Eu hyperfine-interaction parameters are also presented.

1. Introduction

The discovery of a new Fe-based class of superconductors
AeAFe Asy (Ae= Ca, Sr, Eu and A= K, Rb, Cs) with the critical tem-
perature T, in the range 31.6-36.8 K [1-4] is significant for two reasons.
First, in contrast to the intensively studied solid solutions of (Ba; _K,)
FepAs; or (St _,Na,)JFexAsy, the Ae and A atoms in AeAFe4As, are lo-
cated at the crystallographically inequivalent positions, which causes
the change of the space group from I4/mmm characteristic for solid-
solution superconductors to P4/mmm. In these new superconductors,
the Ae and A layers are alternately stacked along the crystallographic c-
axis between the FeyAs, slabs, Consequently, the absence of structural
disorder in AeAFe As, allows for the investigations of their intrinsic
physical properties that are not hindered by the structural diserder
present in solid-solution superconductors. Second, the presence of the
Eu and Fe atoms, which potentially can order magnetically, points to-
ward the possibility of the coexistence of two, generally incompatible
phenomena, magnetism and superconductivity [S5].

The magnetic susceptibility measurements [2,4] indicate that the
CsEuFe4Asy superconductor with Ti= 35.1-35.2K has a magnetic
transition at ~15.0-15.5K. Such a magnetic transition has also been
found in the heat capacity data at 15.2K [4] and at 15.97 (8) K in the
151Ey Mgssbauer data [6]. The isothermal magnetization data made it
possible to identify this transition as being ferromagnetic [4]. Ferro-
magnetism in CsEuFe4Ass has been hypothesized [4] to be associated

" Corresponding author,
E-mail address: stadnik@uottawa.ca {Z.M. Stadnik).

htips: //doi.org/10.1016/.jpes.2019.109137

only with the Eu magnetic moments, that is, it has been assumed that
the Fe atoms have no magnetic moment. These suggestions have been
confirmed experimentally in the 5'Eu and 5’Fe Mdussbauer study of
CsEuFe4As, [6].

The main goal of this work is to elucidate the origin of some of the
physical properties of CsEuFesAs, via detailed electronic structure
calculations, In particular, the formation and type of chemical bonds in
this compound and the charge transport properties are studied. The
type of chemical interactions between various atoms in CsEuFe4As, are
similar to those observed in other compounds of the same crystal-
lographic structure [7]. A thorough discussion of the Fermi surface
topology allows for the understanding of the electronic characteristics
of CsEuFe4As,. Furthermore, a framework to test and, to some extent,
predict the properties of this compound is provided. A comparison is
made between the calculated physical quantities and those obtained
from the magnetic and Méssbauer spectroscopy measurements.

2. Theoretical method

We performed ab initio calculations of the electronic structure and
Migssbauer hyperfine-interaction parameters of CsEuFesAs, in the
context of density functional theory using the full-potential linearized
augmented-plane-wave plus local arbitals (FP-LAPW + lo) method that
is realized in the WIEN2k package [8]. This method is described thor-
oughly in Ref. [9]. Here, the valence wave functions in the interstitial
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Fig. 1. (Celor onling) The unit cell (a) and the layered crystal structure (b) of
CsEuFe4As,. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

region are expanded in spherical harmonies up to ! = 4, while in the
muffin-tin (MT) region they are expanded to a maximum of I =10
harmonics. The values of 2.50, 2.50, 2.30, and 2.19 a.u, were used as
the muffin-tin radii for Cs, Eu, Fe, and As, respectively. For the ex-
change-correlation potential, the generalized gradient approximation
(GGA) scheme of Perdew, Burke, and Ernzerhof [10] was used. In ad-
dition, effective Hubbard-like interaction energies of 0.52 and 0.15 Ry
were used for the Eu 4f and Fe 3d states, respectively [7,11]., The plane-
wave cut-off parameter was set to Rur X Kuax = 7.0, where Ry is the
smallest MT radius in the unit cell and Kmax is the maximum K vector
used in the plane-wave expansion in the interstitial region. A total
number of 680 inequivalent k-points was used within a 32 X 32 X 9 k-
mesh in the irreducible wedge of the first Brillouin zone, The experi-
mental lattice parameters (a and ¢) and the atomic position parameters
from Ref. [6] were employed in the calculations.

3. Results and discussion
3.1. The crystal structure

Fig. 1 shows the unit cell and the layered crystal structure of
CsEuFe4Asy. Various connecting rods represent the interactions
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between the Cs, Fe, and As atoms, One can notice that the layers of Eu
atoms are entirely isolated from the Fe4As, blocks and that the sheets of
Cs atoms along the c-direction separate the neighboring Fe,As, blocks
[6].

The layered structure and the network of the connecting rods [Fig. 1
(b)1 point towards the existence of a combination of covalent and ionic
bonds (vide infra) in the compound studied [6].

3.2. Ab-initio Calculations

3.2.1. Valence charge density distributions

The valence charge density distributions along various planes are
shown in Fig. 2. The electronic charges of the atoms in CsEuFeAs, were
obtained through the Bader's analysis scheme [12]. The presence of a
combination of ionic, covalent, and metallic bonds between various
atoms in CsEuFe4As, becomes evident by inspecting Fig. 2 in detail,

As one can notice from the charge density distribution in the (001)
plane [Fig. 2(a)l, there is the absence of valence charge in the regions
between the Eu atoms (red regions). This indicates that the Fu atoms
are chemically isolated from each other. Therefore, no chemical
bonding is expected to exist between these atoms, This is depicted in
Fig. 1 by the lack of connecting rods between the Eu atoms, which
supports the argument given above. One also observes [Fig. 2(a)] that
the valence electrons of Eu are strongly bound to the parent atom (the
yellow, green, and blue rings surrounding each Eu atom), Furthermore,
a fourth-fold shape of the half-filled 4f shell of Eu is evident [purple
regions in Fig. 2(a)].

The valence charge density distribution in the (002) plane is shown
in Fig. 2(b). This plane consists of sheets of Cs atoms which separate the
neighboring FesAs, blocks in the c¢-direction, One can see that the
charge density distribution around the Cs atoms is perfectly symmetric.
In fact, what is shown in this figure is the closed shell structure of the Xe
atom, with the s electrons of Cs completely transferred from their
parent atom to the Fe,As, blocks, in particular, to the As atoms. These
electrons participate in the ionic banding between the Cs sheets and the
FeyAsy blocks, The Cs atoms themselves are isolated from each other
due to their relatively large separation. Consequently, no metallic in-
teraction is likely to exist between them.

Fig. 2(c) shows the valence charge density distribution in the
2z = 0.6726 plane which consists of the As atoms located at the 2g sites.
The presence of a very weak directional covalent bonding between the
adjacent As atoms can be seen (faint yellow regions). These As atoms
are isolated from each other by regions which have virtually no charge
density. However, the As atoms located at the 2h sites [Fig. 2(d)] are
involved in forming stronger covalent bonding with the neighboring Fe
atoms [the z = 0.6726 plane in Fig. 2(d) passes through the Fe layers].
The valence charge density distribution in this plane indicates that the
electronic charge is spread out between the Fe-Fe and Fe-As atoms. The
Fe-Fe interactions are realized by forming metallic bonds as the Fe 4s
electrons are widely spread throughout the Fe layers [green regions in
Fig. 2(d)]. The electronic transport in the superconductor studied is
expected to occur predominantly within these Fe layers and, to a
smaller extent, within the metallic Fe4As, blocks.

The valence charge density distribution in the (110) plane is shown
in Fig, 2(e). This plane passes through the Eu and Cs atoms, and also
through the As atoms located at the 2h sites. The presence of the As-As
covalent bonds is clearly visible as the electrons are delocalized be-
tween these atoms (green regions). Furthermore, a complete charge
transfer from the Cs and Fu atoms to the As layers is evident (red re-
gions indicating the virtual absence of charge), This leads to the for-
mation of two sets of ionic bonds: a strong ionic bond between the
alkali Cs layers and the metalloid As layers, and a weaker ionic bond
between the layers of the Eu and As atoms. One can interpret this result
by considering the differences between the electronegativity of the Cs
(0.79) and the Eu (1.2) atoms and that of the As (2,18) atoms, Based on
these electronegativity values, the Cs-As bond is expected to be
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Fig. 2. (Color online) Electron charge density distribution (in units of &/A%) along the (001) (), (002) (b), z = 0.5726 (<), z = 0.7738 (d), (110) {e), and (010) [(100)]
() planes, (For interpretation of the references to colour in this figure lagend, the reader is referred w the Web version of this article.)

sironger then the Eu-As bond. These two sets of ionic bonding are
depicted in Fig. 2(e) by two red regions of different intensity. No
electronic transport is expected to exist betwean the separate As layers
due to the formation of these ionic bonds. As mentioned earlier, any
transport (whether slectrical or thermal) must be along the Fa As,
blocks.

If one congiders the symmetry of the spece group P4/nmon and the
crystal basls of CsFuFeAs,, then it becomes clear that the charge

dengity distributions in the (010) anxd (100) plenes are the same
[Fig. 2(f)]. These planes pass through the Eu, As at the 2g sites, and Fa
atoms, A careful inspection of this figure reveals the hexagonal shape of
the cross-section of the Eu 4f orbitals with these planes. One also no-
tices that the sheets of Eu atoms are separated from each other (the
virtual absence of charge density indicated by red regions). The strong
covalent As-Fe bonds are visible in the figure via delocalization of the
valence states of the As and Fe atoms, Thig is indicated [Fig, Z(f)] by the
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Fig. 3. (Color online) Spin-resolved, total and atom-resolved DOS in ferro-
magnetic CsEuFeyAs,, (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web versicn of this article.)

presence of a comparatively high charge density (green regions which
spread in between the As and Fe atoms),

3.2.2. Density of states

In this section, we bring the results of the DFT calculations for the
total and partial density of states (DOS) in CsEuFe4Asy. The integration
in the k-space was done using the modified tetrahedron method [13].

The DOS below —8eV (Fig. 3) is due to the atomic-like core elec-
trons of Cs and As atoms. As these core states lie deep in energy, they
practically do not contribute to any of the physical properties of the
compound studied, In fact, the DOS of these states resembles that of
isolated atomic states of the Cs and As atoms.

The DOS in the energy region between —5.0 and 2.8 €V, which
includes the Fermi energy (Fr), determines most of the physical prop-
erties of CsEuFe4Asy. Here the semi-core, valence, and conduction
states form a continuum of DOS. A local minimum in the DOS at ~0.7 eV
indicates the presence of a psendogap that is due to a few Fe states, This
pseudogap can be attributed to the Coulomb repulsion of the Fe elec-
trons. The energy region between — 1.5 €V and Ep is dominated by the
delocalized Fe states. They form a valenece band that is responsible for
the formation of the metallic bonds between the Fe atoms within the
Fe4As, blocks, A sharp peak in the spin-up DOS in the energy region
between — 2.0 and — 1.6 eV arises entirely from the localized Eu f
electrons. The Eu f states have minimum overlap with the Fe d states.
Below the energy region dominated by the Eu f states (between — 3.1
and — 2.1 eV), one abserves contributions from the As and Fe atoms,
The overlap between the As and Fe states in this region is indicative of
covalent bonding between the As and Fe atoms. This covalent bonding
is the result of the hybridization between the Fe d states with those of
the As p states.

A characteristic feature of the DOS in Fig. 3 is that, in contrast to the
energy separation and magnitude difference between the Eu spin-up
and spin-down states, the spin-up and spin-down DOS contributions
from the other atoms is symmetric. This results in almost negligible
magnetic moments of the Cs, Fe, and As atoms (vide infra). As a con-
sequence of the high asymmetry observed in the Eu DOS from its two
spin components, a large magnetic moment of the Eu atoms is expected.

The near Fermi energy region is dominated by the Fe d states and, to
a far less extent, by the As p states. These states are ultimately re-
sponsible for the conductive nature of CsEuFe4As,. There is almost zero
DQOS contribution from the Eu and Cs atoms in the Fermi energy region,
This suggests that the conductivity in CsEuFe4Ass must be confined to
the Fe-As layers, and thus is anisotropic.

Fig. 4(a) displays the spin-resolved DOS due to the Cs atoms. The
symmetry of the spin-up and spin-down states is evident. Consequently,
one expects no magnetic moment for the Cs atoms in CsEuFe4As,. One
also observes that there is virtually no Cs contribution to DOS in the
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Fig. 4. (Color online) Spin-resolved DOS of the Cs (a) and Eu (b) atoms in

ferromagnetic CsEuFe,As,. (For interpretation of the references to celour in this
figure legend, the reader is referred to the Web version of this article,)

Fermi energy region. The core states of Cs are of the p character, and
their DOS has three peaks at — 9.4, — 8.7, and — 8.5 eV in the energy
region between — 9.8 and — 8.3 eV. The much smaller DOS due to the
core Cs p states is also in the other energy region between — 11,5 and
—8.5¢€V.

A highly localized DOS due to the Eu f states, as opposed to the
extended one due to the Eu d states, can be seen in Fig. 4(b). The
contribution to DOS from the Eu d states is minimal and symmetric for
both spin orientations, whereas that from the Eu f is very large and
asymmetric. The majority spin contribution is from the sharp f up states
of Eu that are localized between — 2.4 and — 1.5 eV. On the other hand,
the minority f down states of Eu lie in a relatively high-energy region
(between 8.6 and 10.5 eV). Under normal conditions, these states are
empty as no electron can have enough energy to occupy them. This
significant difference in the population of the two spin configurations
accounts for a large magnetic moment found experimentally in CsEu-
FeyAsy [4]. The majority of the Eu d states also lie above Er. Though
few, they are widely spread between 3.2 and 8.5eV.

One observes an overlap between the Fe s and p states 3.2eV
[Fig. 5(a)]. Below Er, these states are fairly separated with several
peals in the DOS. A small contribution of the Fe core states to the DOS
is in the energy region between — 12 and — 10 V. One notices that the
Fermi energy region is almost empty of the Fe s and p states.

As mentioned earlier, the most significant contribution to the Fe
DOS originates from the d orbitals. Fig. 5(b) displays the individual d-
orbital-resolved contributions to the Fe d DOS. It is evident that the
large peak in the Fe DOS originates mainly from the d,2_2 states lo-
cated at about eV. These states are mainly localized and exist below Eg.
The small peak in the DOS above Ey at about 1.0 eV originates from the
d,y and d orbitals. The d2 states also extend to the region below B
and they peak at around — 0.5 eV. The majority of the d,; states are
located in the vicinity of B and contribute to the peak at— 0.15 eV, The
conductive nature of CsEuFe4As, can be related to these states. The
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smallest contribution to the Fe d DOS is from the dyy states which are
non-localized and predominantdy spresd below By into the valence re-
pion,

Fig. 6(a) displays the DOS due to the As; and Ag, atoms Jocated at
two different Wyckoff positions 2g and 2f, respectively [6]. One can
ngtice that although the states due to the As; and Asy atoms occupy the
same energy region, they are slightly displaced from each other. The As

< f ] | =
% l‘ﬂ | | E
§ ,ﬂ‘“ «WW
CAAY T AT
7ol w : 1
o) ! 1
e ) i‘ i (a)
i | stz 4
, | ‘
1.0 | ! s, s
I
|
|

DOS (states/eV)

E- E.(eV)
Fig, 6. (Color online) Spin-rexlved DOS of As (2) and spin-resolved, orbital- Fg. 7. ((hbrmﬂne)ﬁ)ln«lp(ﬂmdqﬂn—dmhndmmnfm

resolved DOS of As, (For inperpretation of the: references to colour fn this figure netic CsEuFe,As,. (For

legend, the reader is referred to the Web versdon of this article.)

E - Bz (eV)

10.0

v
=]

0.0

-5.0

-10.0

10.0

-10.0

Journal of Piyysics and Chovisry of Soltds 136 (2020) 109137

. N/ \ 4 \
] Y / /
- —
i Z5 -
<] n ;/ P} |
T [ [ e [ |
S P WaN PFa W I FaWal Ve Wa N
IR - <~
rZ R AM X F
(a)
/ \.\ 4\ A\
A%/ A/ \ N\ 4/ \
\/ X \/ i

ED

(X

T T

rz

R AM X r

20 (b)

i SN

to colour in this figure

lqmd,ﬂlereaderismfmec‘lmﬂlemvemufﬂﬂsarﬁde-)

90



F. Nejadsattari, et al.

core states lying between — 12 and — 10 €V are localized and are of
atomic-like character. The semi-core and valence states span an energy
region between — 5.0 and — 1.6 eV and display sharp peaks in DOS
between — 3.0 and — 2.7 eV. The conduction states extend from E to
2.8eV. Above 2.8 eV, the mainly empty metallic, and perfectly over-
lapping As; and As; states are located, As a result of the presence of
non-localized and overlapping states, the bonding between the As
atoms in the compound studied is covalent.

As one can observe in Fig. 6(b), the core states lying deep in energy
consist of s-type orbitals whereas the states close to By are dominated by
the relatively extended p states (between — 5.2 and — 1.7 eV). The Asy
states are slightly more numerous than the As; states, The spin-up and
spin-down contributions to the DOS from both atoms are almost iden-
tical, which yields nearly zero magnetic moments of the two As atoms.

3.2.3. Energy band siructure

One can observe that for the spin-up configuration [Fig. 7(a)l, the
energy bands above E; are greatly dispersive. In the vicinity of Eg, the
bands are less dispersive. The bands at — 2 eV are very dense and
flattened, They originate from the Eu f states, The small dispersion of
these bands indicates that they correspond to the extremely localized
states. The small curvature of the bands points to a large corresponding
effective mass m" (m'~[VZE (k)] ™), that is, the carriers occupying these
bands are essentially immobile.

The characteristics of the bands for the spin-down configuration
[Fig. 7(b)] are essentially the same as those for the spin-up configura-
tion, The only difference is in the Eu f states that lie now high above E
(at ~10eV) and are numerous and flat. Similarly to the spin-up con-
figuration, the Er region is dominated by the Fe d states.

A common feature that can be observed for both spin-up and spin-
down configurations (Fig. 7) is the merging of the energy bands along
the high-symmetry points in the Brillouin zone, such as T, X, and R. As
one moves away from these points, the symmetry on the k-space is
broken and consequently the bands start to diverge from each other.
The electronic states along these high-symmetry directions are localized
and nested because any carrier in these regions will be subject to a null
net electrostatic force, thus confining the carrers into regions in the
vicinity of these special points.

3.2.4. Atom-resolved energy band structure

The spin-polatized, energy bands originating from the Fe, Eu, Cs,
Asy, and As; atoms are presented in Fig. 8. In this figure, the thickness
of the bands indicates their relative weight, that is, their relative con-
tribution to the energy band structure of CsEuFe4Ass. One can notice
that the majority of the Fe energy bands [thick lines in Fig. 8(a) and (b)]
lie in the vicinity and slightly below Er. As mentioned earlier, they are
mainly of the d character. The contributions from these states become
smaller (represented by thinner lines), as one moves away from the Fg
region in both directions.

There is a large difference between the spin-up and spin-down Eu
energy bands [Fig. 8(c) and (d)], both in energy and in weight (thick-
ness of the bands). This will lead eventually to a large magnetic mo-
ment carried by the Eu atoms. The energy bands for a spin-up config-
uration [Fig. 8(c)] are mainly confined to the energy region around — 2
eV, whereas for a spin-down configuration [Fig. 8(d)] the numerous Eu
f bands are located above 9 eV. This observation is consistent with an
earlier discussion of the DOS originating from the Eu f states. In bath
figures in the energy region above 5&V, a smaller but symmetric con-
tribution from the Eu 3d states is observed.

As one can notice in Fig, 8(¢) and (f), the largest contribution to the
band structure due to the Cs states is in the atomic energy region as
indicated by the thick bands between — 9.5 and — 8.5 eV, The con-
tributions from both spin configurations are identical along all direc-
tions in the Brillouin zone, and consequently, the magnetic moment of
the Cs atoms in CsEuFe4As, is negligible., A careful examination of
Fig. 8(e) and (f) shows that there is a small contribution from the Cs
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energy bands across By (as indicated by the thin energy bands),

At first glance at Fig. 8(g)—(j) one can notice that the As; and As,
atoms do not contribute significantly to the energy band structure of the
compound studied. There are, however, two energy regions in which
the As contribution is not negligible. The first energy region is in the
neighborhood of Bz, Here, although the bands are thin, they are thicker
than the rest of the bands. The other energy region is around — 2 eV.

3.2.5. Orbital-resolved energy band structure of Fe

Fig. 9 shows the spin-polarized band structure resulting from var-
ious Fe d-orbitals. One observes that the d,2_, orbitals [Fig. 9(a) and
(b)]1 dominate the Er region. Multiple hole-like bands exist around the
high symmetry points T, X, M, A, and R. Four regions of electron-like
bands are observed midway between the connecting high symmetry
directions I'=X, M—X, A—R, and R—Z. One also observes a negligible
dispersion along the A—M and I' = Z directions,

The bands originating from the d 2 orbitals [Fig. 9(c) and (d)] are
similar to those due to the d,2_ orbitals. However, they exhibit less
dispersion across the Fermi level. Moreover, a fraction of these bands
occupies another energy region below Er (between — 0.9 and — 0.5 eV).

Most of the bands origination from the d,,-orbitals are in the con-
duction region between 0.9 and 1.0eV [Fig. 9(e) and (f)]. The con-
tribution to the band structure of CsEuFesAsy from the d,, orbitals
[Fig. 9(g) and (h)] and the d,; orbitals [Fig. 9(i) and (j)] is minimal, One
can conclude that the properties of the compound studied are de-
termined mainly by the d,2_» and d,2 orbitals.

3.2.6. Fermi surfaces

The Fermi surfaces calculated in the first Brillouin zone are dis-
played in Fig. 10. The surfaces are plotted along the indicated high
symmetry points. The hole-like Fermi surface sheets in the form of
concentric cylinders are seen [Fig, 10(a)] in the central region of the
Brillouin zone and along the I'-Z direction. The hole pockets at the
center of the Brillouin zone are not of the same size. Upon careful in-
spection of Fig. 10(a) one realizes that there is a small dispersion along
k, which increases at the outermost Fermi surface. The Fermi surface
sheets are wider in diameter atI" and become smaller towards Z in both
directions. The four corners of the Brillouin zone consist of the Fermi
surface sheets of the electron-like character, i.e., the electron pockets
are aligned parallel to the A~M direction.

Similar features can be seen in the Fermi surfaces for the spin-down
configuration [Fig, 10(b)]. The only difference is in the density of the
Fermi surface sheets. This difference results from the fact that the bands
for the spin-up configuration are more closely packed along the Fermi
level than those for the spin-down configuration. The same Fermi sur-
face topologies have been found in similar Fe-based superconductors
[14-16].

3.2.7. Magnetic ts and Mdassh hyperfine par

The calculated magnetic moment per formula unit of CsEuFe4As, is
6.816 uy. This value consists of the contribution from the muffin-tin
and the interstitial (0.2058 yxj) regions. The calculated magnetic mo-
ments carried by the Cs, Eu, Fe, As,, and As, atoms are 0.00, 6.91,
—0.07, 0.00, and — 0.01 u,, respectively. The calculated Fu magnetic
moment is somewhat greater than the experimental moment of 5.9 y at
2K [4] that was derived from the magnetization measurements. The
nearly vanishing calculated magnetic moment of the Fe atoms is in
excellent agreement with the experimental observation via Fe Moss-
bauer spectroscopy [6] of a zero intrinsic magnetic moment of the Fe
atoms down to 2.1 K, The values of the calculated magnetic moments
indicate that ferromagnetism in CsEuFe4As,4 is associated exclusively
with the Eu atoms.

Three types of the hyperfine-interaction parameters can be derived
from the fits of Méssbauer spectra [17]. These are: the isomer shift &,
the principal component of the electric field gradient tensor V2, and the
asymmetry parameter #, and the hyperfine magnetic field Hy. They can
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also be obteined from ab inito calculations carried out for mny crys-
telline compound with known crystel structure [18].

The isomer ghifi can be calculated from the expression
& = a[p{0) — g (0)], where g(0) and o (0} are, respectively, the total
electron densities at the Miiasbauer nucleus in the compound studied
and in the reference material, and a is a calibration constant. In cal-
culating p(0), relativistic spin-orbit effects were included to acequnt for
the possibility of the penetration of the p,j, electrons into the 57Fe
nuclel [19]. The reference material for 5’Fe Méisshauer spectroscopy is
a-Fe metal (with the bec structure and the lattice constant of 2,8665 A),
The calculated p(0) and g, {0) are 15508.539 and 15309.918 (a. n. )%,
respectively. Using the calibration constant & = —0.291(a. u. Y(mm./s)
[20], the calculated values of £(0) and g, (0) imply that & = 0.401 mm/
3 (analogous calculations of & for *®'Eu Missbauer spectra cannot be
done as the corresponding a has not been established yet). The calcu-
lated &, is close to the experimental value of 0.491 (1) mm/s [6].

The mesasured Hy consists of three main eontributions [21]: the
Fermi contact term H,, the magnetic dipolar term, Hg,, and the orbital
moment term, Hyy, [17]. The first term is generally much greater in
magnitude than the other two terms. The Fermi contact term is caleu-
Iated from the expression H, = T13(p,(0) — p, ©O)), where g,(0) and
£,(0) are the spin-up and spin-down densities at the Masshauer nucleus,
respectively. The calculated magnitudes of F; at the ¥Fe and "*Eu
nuclel are 8.1 and 264.6 kOg, respectively. These should be compared
with the corresponding experimental Hyr values (at 0K) of 5.98 (13)
and 272.9 (2.8) kOe [6].

The caleulated V;, and 5 are 7.142 x 10 V/m? and 0.7795 for ¥'Fe
Mussbauer spectra [6). The calculated Vg and y imply that the value of

the quadrupole splitting A= 2eQIValyf1 + 7773 (@ =015 b is the elec-
tric quedrupole moment of the 14.4-keV excited state of Fe [22])
should be 0.1222 mm/s, For "*'Eu Milssbauer spectra, the calculated V;,
and 4 are — 0.580 x 10° V/m? and 0.0 (the zero value is consistent with
the point symmetry 4/mmm of the Eu gite). The experimental A (at 0K)
of 0.1182 mmy/s [6] i3 in excellent agreement with the predicted value
of 0.1222 mm/5, Similarly, Zood agreement is found between the cal-
culated values of V; and 5 and the corresponding experimental values
(at OK) of — 0516(5) X 102 V/m* and 0.0 derived from the "™En
Misshauer spectra [6].

4, Summary

We present the results of abinitio calculetions of the electronic
structure, magnetism, and hyperfine interaction parameters of the new
35 K superconductor CsEuFeAs,. The calculations suggest the presence
of a mixture of ionic, covalent, and metallic bonding between the
constituent atoms. We discuss in detail the electronic hand structure
and the density of states. We show that, in agreement with the ex-
perimental results, the magnetic moment is due to the strongly loca-
Hzed Eu f states. We demonstrate that an almost zero magnetic moment
carried by the Fe atoms results from an apparent symmetry of the spin-
vp g spin-down states. We find that Fermi surfaces have the hole-like
and electrgn-like pockets located at the center and corners of the
Brillouin zone, respectively. We show that the calculated ¥ Be and "™ En
Mdissbaner hyperfine interaction parameters are in good agreement
with the comesponding parameters derived from the Mdsshauer
spectra.
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ABSTRACT ARTICLE HISTORY

The results of ab-initio calculations of the electronic structure Received 20 June 2019
and magnetism of the new superconductor RbEuFe,As, are Accepted 5 December 2019
reported. The electronic band structure and the density of
states are presented and discussed in detail. The electric
charge density distributions along dnffgrent crystallographlc band structure; magnetic
planes are presented, and the origin of the chemical moment; hyperfine
bonding between the constituent atoms is discussed in interactions

detail. The evidence is provided for the existence of a

mixture of ionic, covalent, and metallic bonding. It is

demonstrated that the magnetic moment is mainly due to

the strongly localised Eu 4f states. An almost negligible

magnetic moment carried by the Fe atoms is shown to be

due to the symmetry of the Fe spin-up and spin-down

states. It is demonstrated that the electrical and chemical

properties of RbEuFesAs; are closely linked with the

presence of the Fe 3d states in the Fermi energy region.

The Fermi surfaces show the presence of hole-like and

electron-like pockets, respectively, at the center and corners

of the Brillouin zone. The results of the calculations of the

elastic properties and the *’Fe and 'W'Eu hyperfine-

interaction parameters are also presented.

KEYWORDS
Density of states; energy

1. Introduction

The discovery of a new Fe-based class of superconductors AeAFesAs, (Ae = Ca,
Sr, Eu and A = K, Rb, Cs) with the critical temperature T. in the range 31.6-
36.8 K [1-5] is significant for two reasons. First, in contrast to the intensively
studied solid solutions of (Ba,_,K,)Fe,As, or (Sr;_,Na,)Fe,As,, the Ae and A
atoms in AeAFe,As, are located at the crystallographically inequivalent pos-
itions, which causes the change of the space group from I4/mmm characteristic
for solid-solution superconductors to P4/mmm. In these new superconductors,
the Ae and A layers are alternately stacked along the crystallographic c-axis
between the FesAs; slabs. Consequently, the absence of structural disorder in
AeAFeyAs, allows for the investigations of their intrinsic physical properties
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that are not hindered by the structural disorder present in solid-solution super-
conductors. Second, the presence of the Eu and Fe atoms, which potentially can
order magnetically, points toward the possibility of the coexistence of two, gen-
erally incompatible phenomena, magnetism and superconductivity [6,7].

The magnetic susceptibility measurements [2,3,8-10] indicate that the
RbEuFe,As, superconductor with T, = 35—36 K has a magnetic transition at
~15.0K. Such a magnetic transition has also been found in the heat capacity
data at ~15K [9,10] and at 16.54(8) K in the *'Eu Mdossbauer data [11]. The
isothermal magnetisation data made it possible to identify this transition as
being ferromagnetic [3,10]. Ferromagnetism in RbEuFesAs, has been hypoth-
esised [3,10] to be associated only with the Eu magnetic moments, that is, it
has been assumed that the Fe atoms have no magnetic moment. These sugges-
tions have been confirmed experimentally in the '*'Eu and ¥Fe Mossbauer
study of RbEuFe As, [11].

The main goal of this work is to elucidate the origin of some of the physical
properties of RbEuFe,As, via detailed electronic structure calculations. In par-
ticular, the formation and type of chemical bonds in this compound and the
charge transport properties are studied. The type of chemical interactions
between different atoms in RbEuFe,As, are similar to those observed in [12].
A thorough discussion of the Fermi surface topology allows for the understand-
ing of the electronic characteristics of RbEuFey As;. Furthermore, a framework to
test and, to some extent, predict the properties of this compound is provided. A
comparison is made between the calculated physical quantities and those
obtained from the magnetic and Mdssbauer spectroscopy measurements.

2. Theoretical method

We performed ab initio calculations of the electronic structure and Massbauer
hyperfine-interaction parameters of RbEuFe;As, in the context of density func-
tional theory using the full-potential linearised augmented-plane-wave plus
local orbitals (FP-LAPW+lo) method that is realised in the WIEN2k package
[13]. This method is described thoroughly in [14]. Here, the valence wave func-
tions in the interstitial region are expanded in spherical harmonics up to I = 4,
while in the muffin-tin region they are expanded to a maximum of / = 10 harmo-
nics. The values of 2.50, 2.50, 2.30, and 2.19 a.u. were used as the muffin-tin radii
for Rb, Eu, Fe, and As, respectively. For the exchange-correlation potential, the
generalised gradient approximation (GGA) scheme of Perdew, Burke, and Ern-
zerhof [15] was used. In addition, effective Hubbard-like interaction energies of
0.52 and 0.15 Ry were used for the Eu 4f and Fe 3d states, respectively [12,16—-
18]. A total number of 680 inequivalent k-points was used within a
32 x 32 x 9 k-mesh in the irreducible wedge of the first Brillouin zone. A separ-
ation energy of 6.0 Ry between the valence and core states of individual atoms ina
unit cell was chosen. The plane-wave cut-off parameter was set to
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Rur x Knmiax = 7.0, where Ry is the smallest muffin-tin radius in the unit cell
and Knmiax is the maximum K vector used in the plane-wave expansion in the inter-
stitial region. A convergence criterion for self-consistent field calculations was
chosen in such a way that the difference in energy between two successive iter-
ations did not exceed 107 Ry. The experimental lattice parameters (a and c)
and the atomic position parameters from [11] were employed in the calculations.

3. Results and discussion
3.1. The crystal structure

Figure 1 shows the layered crystal structure of RbEuFe,As,. Various connecting
rods represent the interactions between the Rb, Fe, and As atoms. One can notice
that the layers of Eu atoms are entirely isolated from the Fe,As, blocks and that
the sheets of Rb atoms along the c-direction separate the neighbouring Fe,As,
blocks [11].

The type of interactions between different atoms in the RbEuFesAs, super-
conductor depend on their interatomic distances. In a solid, the prevalent phys-
ical interaction between the atoms is electromagnetic in origin. Thus, the
strength of the Coulomb interaction between the atoms of the compound
studied is expected to determine the kind of chemical bonding between them.
It is evident (Figure 1) that the density of atoms within the FeyAs, blocks is
higher than that within the Rb and Eu sheets. Therefore, stronger electric inter-
actions are expected within these blocks than within the sheets. These different
interactions are depicted qualitatively in Figure 1 by a dense grid of connecting
rods between the Fe and As atoms in the FeyAss blocks and the lack of such con-
necting rods between the Eu atoms in the Eu sheets [11].

One can notice (Figure 1) that the RbFe,As, units are separated from each
other by sheets of Eu atoms. Consequently, these units are not interacting
chemically with each other, as indicated by the lack of connecting rods

Figure 1, The layered crystal structure of RbEuFe,As,,
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between the Eu atoms and the RbFe,As, units. The Eu sheets constitute then the
insulating layers along the c-axis. This may result from ionic interactions
between the Eu sheets and the FeqAs, blocks. Besides, as the tetragonal unit
cell is elongated along the c-axis, there cannot be any significant interaction
between the Eu layers. Consequently, no magnetic coupling should happen
between the Eu atoms along the c-direction. One can thus expect that the intera-
tomic interactions between the Eu atoms are in the 2b plane, that is, there should
exist a 2D magnetic interaction mechanism between neighbouring Eu atoms in
each layer. One also notices that the Eu atoms in each layer do not interact with
each other because they are isolated from one another. This is illustrated (Figure
1) by the lack of connecting rods between them [11].

The layered structure and the network of the connecting rods (Figure 1) point
towards the existence of a combination of covalent and ionic bonds (vide infra)
in the compound studied [11].

3.2, Valence charge density distributions

The valence charge density distributions along various planes are shown in
Figure 2. The electronic charges of the atoms in RbEuFesAs, were obtained
through the Bader’s analysis scheme [19]. The presence of a combination of
ionic, covalent, and metallic bonds between different atoms in RbEuFe As,
becomes evident by inspecting Figure 2 in detail.

As one can notice from the charge density distribution in the (001) plane
[Figure 2(a)], valence charge is absent in the regions between the Eu atoms
(red regions). This indicates that the Eu atoms are chemically isolated from
each other. Therefore, no chemical bonding is expected to exist between these
atoms. This is depicted in Figure 1 by the lack of connecting rods between the
Eu atoms, which supports the argument given above. One also observes
[Figure 2(a)] that the valence electrons of Eu are strongly bound to the parent
atom (the yellow, green, and blue rings surrounding each Eu atom). Further-
more, a fourth-fold shape of the half-filled 4f shell of Eu is evident [purple
regions in Figure 2(a)].

The valence charge density distribution in the (002) plane is shown in Figure
2(b). This plane consists of sheets of Rb atoms which separate the neighbouring
Fe,As, blocks in the c-direction. One can see that the charge density distribution
around the Rb atoms is perfectly symmetric in the form of spheres. The elec-
tronic configuration of Rb is [Kr]5s'. In fact, what is shown in this figure is
the closed shell structure of the Kr atom, with the 5s electrons of Rb completely
detached from their parent atoms and transferred to the FeyAs, blocks, in par-
ticular, to the As atoms. These electrons participate in the ionic bonding between
the Rb sheets and the Fey As, blocks. The Rb atoms themselves are isolated from
each other due to their relatively large separation (7.34 a.u.). Consequently, no
metallic interaction is likely to exist between them.
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Figure 2. Electron charge density distribution {in units of e/A%) along the (001) (), (002) (b}, z =
0.6638 (c), z = 0.7682 (d), (110) {e), and {010} [(100)] (f) planes.

Figure 2(c) shows the valence charge density distribution in the z = 0.6638
plane which consists of the As atoms located at the 2g sites. The presence of a
very weak directional covalent bonding between the adjacent As atoms can be
seen (faint yellow bridges). These As atoms are isolated from each other by
regions which have virtually no charge density. In contrast, the As atoms
located at the 2h sites [Figure 2(d)] are involved in forming stronger covalent
bonding with the neighbouring Fe atoms [the z = 0.7782 plane in Figure 2(d)
passes through the Fe layers]. The valence charge density distribution in this
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plane indicates that the electronic charge is spread out between the Fe-Fe and
Fe—As atoms. The green regions in Figure 2(d) correspond to the charge distri-
bution of the Fe 4s electrons throughout the Fe layers, which leads to the for-
mation of the metallic Fe-Fe bonds. The electronic transport in the
superconductor studied is expected to occur predominantly within these Fe
layers and, to a smaller extent, within the metallic Fe,As, blocks.

The valence charge density distribution in the (110} plane is shown in Figure
2(e). This plane passes through the Eu and Rb atoms, and also through the As
atoms located at the 24 sites. The presence of the As—As covalent bonds is visible
as the electrons are delocalised between these atoms (green regions). Further-
more, a complete charge transfer from the Rb and Eu atoms to the As layers
is evident (red regions indicating the virtual absence of charge). This leads to
the formation of two sets of ionic bonds: a strong ionic bond between the
alkali Rb layers and the metalloid As layers, and a weaker ionic bond between
the layers of the Eu and As atoms. One can interpret this result by considering
the differences between the electronegativity of the Rb (0.82) and the Eu (1.2)
atoms and that of the As (2.18) atoms. Based on these electronegativity
values, the Rb—As bond is expected to be stronger than the Eu-As bond.
These two sets of ionic bonding are depicted in Figure 2(e) by two red regions
of different intensity. No electronic transport is expected to exist between the
separate As layers due to the formation of these ionic bonds. As mentioned
earlier, any transport (whether electrical or thermal) must be along the Fe,As,
blocks.

When one considers the symmetry of the space group P4/nmm and the
crystal basis of RbEuFe, Asy, then it becomes clear that the charge density distri-
butions in the (010) and (100) planes are the same [Figure 2(f)]. These planes
pass through the Eu, As at the 2g sites, and Fe atoms. Because of the virtual
absence of charge density [red regions in Figure 2(f)], it is clear that the
sheets containing the Eu atoms are isolated from each other. The delocalisation
of the valence charges of the As and Fe atoms leads to the formation of strong
covalent As-Fe bonds. The green regions in between the As and Fe atoms indi-
cate the presence of a relatively high charge density.

3.3. Density of states

In this section, we bring the results of the DFT calculations for the total and
partial density of states (DOS) in RbEuFe As, using the modified tetrahedron
method [20].

The spin-resolved, total, and atom-resolved DOS in the ferromagnetic
RbEuFesAs, is shown in Figure 3. The characteristic DOS features occur in
four distinct energy regions. The DOS in the first energy region, which lies
below ~ — 10eV, is due to the atomic-like core electrons of Rb and As atoms.
More specifically, the Rb core electrons contribute to the DOS in the energy
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Figure 3. Spin-resolved, total and atom-resolved DOS in ferromagnetic RbEuFe,As,.

region below —11.1 eV whereas the contribution from the As core electrons is in
the energy region between —11.6 and —10.1 eV. As these core states lie deep in
energy, they practically do not contribute to any of the physical properties of the
compound studied. The DOS of these states resembles that of isolated atomic
states of the Rb and As atoms.

The second energy region between —10.1 and —5.2€eV contains a ~5eV
energy gap. This gap separates the core states from the semi-core and valence
states, Its relatively large width ensures that the core states are isolated in
energy. In addition, the electrons corresponding to these states are entirely
bound to their host nuclei by strong electrostatic forces.

The DOS in the third energy region (between —5.0 and 3.0 eV), which
includes the Fermi energy (Er), determines most of the physical properties of
RbEuFe,As,. Here the semi-core, valence, and conduction states form a conti-
nuum of DOS, A noticeable dip in the DOS at ~0.7 eV indicates the presence
of a pseudogap that is due to a few Fe states. This pseudogap can be attributed
to the Coulomb repulsion of the Fe electrons. The T values of the high-temp-
erature superconductors are in the range 30-250K [21]. For the RbEuFe Asy
superconductor, T.~ 355K [2,3,8-10]. A relatively small energy gap is
expected to exist in superconductors. It opens up above T and increases with
increasing temperature. DFT calculations give the results for the ground state
of a system. Therefore, one does not expect any energy gap across the Eg
region in RbEuFesAs, at temperatures below T.. The predicted existence of a
small pseudogap below T, in the DOS of the Fe-3d contribution (Figure 3) con-
stitutes a signature of the superconductivity in the compound studied. Such
pseudogaps have also been observed experimentally for compounds of similar
structure and containing the Fe-As blocks [22]. In addition, the Hubbard
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models for high-temperature superconductors predict the coexistence of mag-
netic ordering and superconductivity [23].

The delocalised Fe states dominate the energy region between —1.5 eV and Fg
(Figure 3). They form the valence states that are responsible for the formation of
the metallic bonds between the Fe atoms within the Fe;As, blocks. A sharp peak
in the spin-up DOS in the energy region between —2.0 and —1.6 eV arises
entirely from the localised Eu 4f electrons. The Eu 4f states have minimum
overlap with the Fe states, which can indicate the insulating characteristics of
the compound studied. This agrees with the reasoning presented above
(section B.). Below the energy region dominated by the Eu 4f states (between
—3.6 and —2.1eV), one observes contributions from the As and Fe atoms.
The overlap between the As and Fe states in this region is indicative of covalent
bonding between the As and Fe atoms. The valence and semi-core electrons
form these chemical bonds. This covalent bonding can be considered to arise
from the hybridisation between the Fe 34 states with those of the As 4p states.

The fourth energy region, which extends from 3.2 eV upwards, consists of
empty states as no electrons are likely to be excited into these states. A relatively
large peak in the spin-down DOS between 8.2 and 10.7 eV originates from the
Eu 4f electrons. The origin of these localised Eu 4f states is discussed below in
terms of Coulomb-interaction arguments.

A characteristic feature of the DOS in Figure 3 is that in contrast to the energy
separation and magnitude difference between the Eu spin-up and spin-down
states, the spin-up and spin-down DOS contributions from the other atoms
are symmetric. This results in almost negligible magnetic moments of the Rb,
Fe, and As atoms (vide infra). As a consequence of the high asymmetry observed
in the Eu DOS from its two spin components, a large magnetic moment of the
Eu atoms is expected. Thus, the magnetism of RbEuFe,As, originates mainly
from the Eu atoms.

The near Fermi energy region is dominated by the Fe 3d states and, to a far
less extent, by the As 4p states. These states are ultimately responsible for the
conductive nature of RbEuFesAss. On the other hand, there is almost zero
DOS contribution from the Eu and Rb atoms in the Fermi energy region.
This suggests that the conductivity in RbEuFe,As, must occur along specific
directions. In other words, anisotropic conductivity along the Fe-As bonds is
expected.

Figure 4(a) displays the spin-resolved DOS due to the Rb atoms for the 3d and
4p orbitals. The symmetry of the spin-up and spin-down states is evident. Con-
sequently, one expects no magnetic moment for the Rb atoms in RbEuFesAs,.
One also observes that there is virtually no Rb contribution to DOS in the
Fermi energy region. The core states of Rb are of the 4p character, and their
DOS shows three peaks at —11.7, —11.3, and —10.3 €V. The 4p core states
occupy two energy regions: one between —12,0 and —10.8 eV and the other
between —10.7 and —10.2 eV,
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Figure 4, Spin-resolved DOS of the Rb (a) and Eu (b) atoms in ferromagnetic RbEuFe,As,.

The Rb 3d states are mainly distributed in the energy region above 3.5eV
[Figure 4(a)]. These conduction states are less numerous than those of the
core 4p states and possess metallic-like characteristics. The 3d orbitals of Rb
are essentially empty as they lie relatively high above Ep.

A highly localised DOS due to the Fu 4f states, as opposed to the extended
and much less numerous DOS due to the Eu 3d states, can be seen in Figure
4(b). The contribution to DOS from the Eu 3d states is minimal and symmetric
for both spin orientations, whereas that from the Eu 4f is very large and asym-
metric. The majority spin contribution is from the sharp 4f up states of Eu that
are localised between —2.4 and —1.5eV. On the other hand, the minority 4f
down states of Eu lie in a relatively high-energy region (between 8.4 and 10.5
eV). Under normal conditions, these states are empty as no electron can have
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enough energy to occupy them. This significant difference in the population of
the two spin configurations accounts for a significant magnetic moment found
experimentally in RbEuFesAs, [3]. The majority of the Eu 3d states also lie above
Eg. Though few, they are widely spread between 3.6 and 10.8 V.

Figure 5(a) shows the spin-resolved DOS originating from the Fe 4s, 3p, and
3d orbitals. It is evident that the main contribution to the DOS is from the Fe 3d
states and that the presence of such states across Eg accounts for the conductive
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nature of the RbEuFesAss compound. The preponderance of the Fe states spans
an energy region between —5.0 and 2.8 eV. The most intense peak in the Fe DOS
occurs at ~ — 0.4 eV, and then the Fe DOS decreases as one moves across Eg, A
local minimum at 0.6 eV and a local maximum at ~1.0K in the Fe DOS are
observed. It is clear from Figure 5(a) that the spin-up and spin-down contri-
butions to the Fe DOS are almost perfectly symmetric. This suggests a small
magnetic moment carried by the Fe atoms in RbEuFesAs,. The contribution
to the Fe DOS from the 4s and 3p states is almost negligible (the latter contrib-
utes slightly in the energy region between —3.0 and —1.8 eV).

The Fe 4s and 3p contributions to the Fe DOS are shown in more detail in
Figure 5(b). One observes that in the energy region above 3.2eV, the DOS is
widely spread and there is an overlap between the 4s and 3p states. This
broad DOS is indicative of the existence of metallic bonds. On the other
hand, below Ep, the 4s and 3p states are fairly separated with several peaks in
the DOS. These are localised valence and semi-core states. The strongest spin-
up 3p and 4s DOS peaks are at —2.8 and —4.5 eV, respectively. A small contri-
bution of the Fe core states to the DOS is in the energy region between —12.3 and
—10.1 eV. One notices that the Fermi energy region is almost empty of the Fe 4s
and 3p states.

As mentioned earlier, the most significant contribution to the Fe DOS orig-
inates from its 3d orbitals. Figure 5(c) displays the individual d-orbital-resolved
contributions to the Fe d DOS. The large peak in the Fe DOS originates mainly
from the d,»_ states located at about —0.4 eV. These states are mainly localised
and exist below Eg. The small peak in the DOS above Fg at about 1.0 eV orig-
inates from the d,, and d orbitals. The d.» states also extend to the region
below Ep and they peak at around —0.5eV. The majority of the d,, states are
located in the vicinity of Er and contribute to the peak at —0.15 eV. The conduc-
tive nature of RbEuFe,As, can be related to these states, The smallest contri-
bution to the Fe 3d DOS is from the dj, states which are non-localised and
predominantly spread below Er into the valence region.

Figure 6(a) displays the DOS due to the As; and As, atoms located at two
different Wyckoff positions 2g and 2f, respectively [11]. One can notice that
although the states due to the As; and As, atoms occupy the same energy
region, they are slightly displaced from each other. As core states lying
between —12 and —10 eV are localised and are atomic-like. The semi-core and
valence states span an energy region between —5.2 and —1.6eV and display
sharp peaks in DOS between —3.0 and —2.7 ¢V, The conduction states extend
from Ep to 2.8 eV. Above 2.8 eV, the mainly empty metallic, and perfectly over-
lapping As; and As; states are located. As a result of the presence of non-loca-
lised and overlapping states, the bonding between the As atoms in the
compound studied is covalent.

As one can observe in Figure 6(b), the core states lying deep in energy consist
consist mainly of 4s-type orbitals of closed-shell structure, whereas the states
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Figure 6. Spin-resolved DOS of As (a) and spin-resolved, orbital-resolved DOS of As.

closer to Ep are dominated by the relatively extended 4p states (between —5.2
and —1.7eV). The As; 4p states are slightly more numerous than the As, 4p
states, The spin-up and spin-down contributions to the DOS from both atoms
are almost identical, which yields nearly zero magnetic moments of the two
As atoms.

3.4, Energy band structure

The calculated band structure of the ferromagnetic RbEuFe,As, (Figure 7) spans
an energy region between —10 and 10 eV. It can be noted that for the spin-up
configuration [Figure 7(a}], the energy bands above Ey are relatively dispersive,
which indicates a conductive nature of the states residing along these bands. In
the vicinity of Eg, the bands are less dispersive, and thus correspond to localised
states originating from the Fe 34 orbitals. These states cross the Fermi level
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mainly midway between the X and I'-points, and also between the Z and R
points. These Fermi energy crossing bands are responsible for the conductive
nature of RbEuFe;As;. The bands at about —2eV are very dense and
flattened. They originate from the Eu 4f state contributions. The small
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dispersion of these bands indicates that they correspond to extremely localised
states. The small curvature of the bands points to a large corresponding
effective mass m* (m* ~ [VﬁE(k)]_l), that is, the carriers occupying these
bands are essentially immobile. The semi-core states of As and Rb lie further
down, between —4 and —3 eV [Figure 7(a)]. They are relatively dispersive in
energy, which reflects their p and s character. There are no energy bands
below —5 eV [Figure 7(a) does not include energies below —10 eV where the
atomic core states reside].

The characteristics of the bands for the spin-down configuration [Figure 7(b)]
are mostly the same as those for the spin-up configuration. The only difference is
in the Eu 4f states which lie high above Er (at ~10eV) and are numerous and
less localised. Similarly to the spin-up configuration, the Fermi region is domi-
nated by the Fe 3d states.

A common feature that can be observed for both spin-up and spin-down
configurations (Figure 7) is the merging of the energy bands along the high-sym-
metry points in the Brillouin zone, such as T, X, and R. As one moves away from
these points, the symmetry on the k-space is broken and consequently the bands
start to diverge from each other. The electronic states along these high-sym-
metry directions are localised and nested. This indicates that any carrier in
these regions will be subject to a null net electrostatic force, thus confining the
carriers into regions in the vicinity of these particular points.

3.4.1. Atom-resolved energy band structure

The spin-polarised energy bands originating from the Fe, Eu, Rb, As;, and As,
atoms are presented in Figure 8. In this figure, the thickness of the bands indi-
cates their relative weight, that is, their relative contribution to the energy band
structure of RbEuFe,As,. One can notice that the Fe energy bands [Figure 8(a,
b)] dominate the Fermi energy region and extend from —4.0 to 3.0 eV. These
bands are mainly composed of the Fe 3d orbitals. The contributions from
these states become smaller as one moves away from the Fermi region in both
directions and thinner bands depict this in Figure 8(a,b). Moreover, no spin
polarisation in the Fe bands is observed. This confirms the result of our
earlier DOS calculations and agrees with the experimentally determined [11]
zero intrinsic hyperfine magnetic field at > Fe nuclei, and thus zero Fe magnetic
moment.

In contrast to the spin-resolved Fe energy bands, there is a large difference
between the spin-up and spin-down Eu energy bands [Figure 8(c,d)], both in
energy and in weight (thickness of the bands). This will lead eventually to a
large magnetic moment carried by the Eu atoms. The energy bands for a
spin-up configuration [Figure 8(c)] are mainly confined to the energy region
around —2.0eV, whereas for a spin-down configuration [Figure 8(d)] the
numerous Eu 4f bands are located above 9.0 eV. This observation is consistent
with an earlier discussion of the DOS originating from the Eu 4f states. In both
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figures in the energy region above 5 eV, a smaller but symmetric contribution
from the Eu 34 states is observed.

As one can notice in Figure 8(e,f), the relatively thin bands indicate the small
contribution of the Rb states to the total band structure of the superconductor.
The contributions from both spin configurations are identical along all direc-
tions in the Brillouin zone, and consequently, the magnetic moment of the Rb
atoms in RbEuFe,As; is negligible. A careful examination of Figure 8(e.f)
shows that there is a small contribution from the Rb energy bands across Eg
(as indicated by the thinner bands).

At first glance at Figure 8(g—j) one can notice that the As; and As; atoms do
not contribute significantly to the energy band structure of the compound
studied. There are, however, two energy regions in which the As contribution
is not negligible. The first energy region is in the neighbourhood of Ep. Here,
although the bands are thin, they are depicted thicker than the rest of the
bands. The other energy region is around —2.0eV. Both energy regions
contain a small number of bands originating from the As atoms.

3.4.2, Orbital-resolved energy band structure of Fe

Figure 9 shows the spin-polarised band structure resulting from various Fe
3d-orbitals. One observes that a few bands emerging from the Fe d,»_ orbitals
[Figure 9(a,b)] cross the Ep region. Multiple hole-like bands exist around the
high symmetry points I, X, M, A, and R Four regions of electron-like bands
are observed midway between the connecting high symmetry directions of I'-
X, M-X, A-R, and R-Z. One also observes a negligible dispersion along the
A-M and I'-Z directions. This observation is based on the presence of a tiny
slope of the bands in this energy region.

The bands originating from the d,2 orbitals [Figure 9(c.d)] are similar to
those due to the dy2_, orbitals. However, they are heavier across Ep and
lighter below E.

Most of the bands origination from the dy,-orbitals are in the conduction
region between 0.9 and 1.0 eV [Figure 9(e,f)]. The contribution to the band
structure of RbEuFeyAs, from the d,, orbitals [Figure 9(gh)] and the d,, orbitals
[Figure 9(i,j)] is minimal. One can conclude that the properties of the compound
studied are determined mainly by the d2_,» and d, orbitals.

3.4.3. Fermi surfaces

The Fermi surfaces calculated in the first Brillouin zone are displayed in
Figure 10. The surfaces are plotted along the indicated high symmetry points.
One observes in Figure 10(a) a four-fold hole-like Fermi surface sheet in the
central region of the Brillouin zone and along the I'-Z direction. The triplicate
hole pockets at the center of the Brillouin zone are not of the same size. The four
corners of the Brillouin zone consist of the Fermi surface sheets of electron-like
character, ie. the electron pockets are aligned parallel to the A-M direction.
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Figure 10, Fermi surfaces of the ferromagnetic RbEuFe,As, for the spin-up (a) and spin-down (b)
configurations.

For the spin-down configuration [Figure 10(b)], three hole-like Fermi sheets
about the I' point are observed. The central sheet is in the form of a uniform
cylinder, and no dispersion along the k, direction is observed. Two distorted
cylindrical sheets surrounding the X point can be seen (they are not present
for the spin-up configuration). The densities of the Fermi surface sheets in
two spin configurations are different (Figure 10). This results from the fact
that the bands in the spin-up configuration are closely packed along the
Fermi level as compared to those for the spin-down configuration. For
example, in Figure 10(a) one only observes a single Fermi surface at the
center that is related to a hole pocket. The same Fermi surface topologies
have been found in similar Fe-based superconductors [24-26].

The superconductivity of the compound studied has also a signature in the
Fermi surface topology (Figure 10). The d-wave symmetry of the superconduct-
ing gap in high-temperature superconductors is an accepted fact that is used in
the development of superconductivity theories and in the interpretation of the
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experimental results [27]. The largest gaps on the Fermi surfaces (Figure 10) are
at the edges of the Brillouin zone and are located in the areas around the centre
of the Brillouin zone boundary surfaces. The Fe 3d states near the Eg level play a
similar role as those in other Fe-based superconductors [28].

3.5, Elastic properties

Some of the elastic parameters of RbEuFe,As, were calculated for the optimised
lattice parameters obtained from the minimisation of the total energy (Figure
11). The energy minimum of —55927.92 Ry occurs for the optimised volume
of the primitive tetragonal unit cell of 1214.6259 a.u.’, which is somewhat
smaller than the value of 1358.3110 a.u.? derived from the Rietveld refinement
[11]. The calculated equilibrium bulk modulus, By is 138.9 MPa, and its pressure
derivative is 25.6. These parameters were obtained using the Birch-Murhanghan
equation of state [29,30].

3.6. Magnetic moments and Missbauer hyperfine parameters

The calculated magnetic moment per formula unit of RbEuFe,As, is 6.913 ug.
This value consists of the contribution (6.7301 ug) from the muffin-tin and
0.2099 uy) from the interstitial regions. The calculated magnetic moments
carried by the Rb, Eu, Fe, As;, and As, atoms are 0.0005, 6.9072, —0.0450,
0.0031, and —0.0152 gy, respectively. The calculated Eu magnetic moment is
slightly larger than the experimental moment of 6.5 up at 2K [3] that was
derived from the magnetisation measurements. The nearly vanishing calculated
magnetic moment of the Fe atoms is in excellent agreement with the experimen-
tal observation via *’Fe Mdssbauer spectroscopy [11] of zero intrinsic magnetic
moment of the Fe atoms down to 2.1 K. The values of the calculated magnetic
moments indicate that ferromagnetism in RbEuFe, As, is associated exclusively
with the Fu atoms.

-55927.88 .

-55927.90 - 1

Energy (Ry)

-55927.92

1150

1200 1250
Volume (a.u. 3)

1300

Figure 11, Total energy as a function of primitive cell volume of RbEuFe,As,.
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Three types of hyperfine-interaction parameters can be derived from the fits
of Mdssbauer spectra [31,32]. These are: the isomer shift &, the principal com-
ponent of the electric field gradient tensor V., and the asymmetry parameter #,
and the hyperfine magnetic field Hyy. They can also be obtained from ab initio
calculations carried out for any crystalline compound with known crystal struc-
ture [33].

The isomer shift can be calculated from the expression 8 = c[p(0) — p,(0)],
where p(0) and p,.¢(0) are, respectively, the total electron densities at the Mdss-
bauer nucleus in the compound studied and in the reference material, and e is a
calibration constant. In calculating p(0), relativistic spin-orbit effects were included
to account for the possibility of the penetration of the p: ;> electrons into the *Fe
nuclei [34]. The reference material for  Fe Mossbauer spectroscopy is a-Fe metal
(with the bcc structure and the lattice constant of 2.8665 A). The calculated p(0)
and p(0) are 15308.530 and 15309.918 (a.u.) >, respectively. Using the cali-
bration constant & = —0.291 (a.u.)’(mmy/s) [35], the calculated values of p(0)
and p,¢(0) imply that & = 0.404 mm/s (analogous calculations of & for '*'Eu
Madssbauer spectra cannot be done as the corresponding o has not been established
yet). The calculated & is close to the experimental value of 0.494(2) mm/s [11].

The measured Hys consists of three main contributions [36]: the Fermi
contact term H,, the magnetic dipolar term, Hyj, and the orbital moment
term, Hyny [31,32]. The first term is generally much greater in magnitude than
the other two terms. The Fermi contact term is calculated from the expression
H, =37 u2(p,(0) — p, (0)), where p,(0) and p, (0) are the spin-up and spin-
down densities at the Mdssbauer nucleus, respectively. The calculated magni-
tudes of H, at the ’Fe and ™ Eu nuclei are 8.9 and 266.5kOe, respectively.
These should be compared with the corresponding experimental Hys values
(at 0K) of 6.17(2) and 257.4(4.3) kOe [11].

The calculated Vy; and 5 are 5.270 x 10?° V/m? and 0.8734 for ¥ Fe Moss-
bauer spectra [11]. The calculated V, and # imply that the value of the quadru-
pole splitting A =1 eQ|Vy|/1 + %/3 (Q = 0.15 b is the electric quadrupole
moment of the 14.4-keV excited state of ¥ Fe nucleus [37]) should be 0.0921
mm/s. For '"Eu Maossbauer spectra, the calculated V, and 5 are
—49.659 x 10%° V/m? and 0.0 (the zero value is consistent with the point sym-
metry 4/mmm of the Eu site). The experimental A (at 0 K) 0f0.1182 mm/s [11] is
in excellent agreement with the predicted value of 0.0921 mm/s. Similarly, good
agreement is found between the calculated values of V,; and # and the corre-
sponding experimental values (at 0 K) of —47.0(6) x 102 V/m? and 0.0
derived from the *'Eu Mossbauer spectra [11].

4, Conclusions

We present the results of ab-initio calculations of the electronic structure, mag-
netism, and hyperfine interaction parameters of the new RbEuFe,As,
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superconductor. The calculations suggest the presence of a mixture of ionic,
covalent, and metallic bonding between the constituent atoms. We discuss in
detail the electronic band structure and the density of states. We show that, in
agreement with the experimental results, the magnetic moment is due to the
strongly localised Eu 4f states. We demonstrate that an almost zero magnetic
moment carried by the Fe atoms results from an apparent symmetry of the
spin-up and spin-down states. The Fermi surfaces along various directions in
the Brillouin zone are presented. We show that the calculated *Fe and '*'Eu
Maossbauer hyperfine interaction parameters are in good agreement with the cor-
responding parameters derived from the Mdssbauer spectra.
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