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Preface

In the course of a year or slightly more that passed since the discovery of a new
class of high-temperature superconductors (HTSCs) in FeAs-based compounds [1],
the world’s community of physicists, chemists and technologists achieved a substan-
tial progress in understanding the mechanisms and details of this superconductivity.
The intensity of researches coming about is comparable only to that which accom-
panied the discovery of HTSCs in cuprates. However, the present scientific context
is markedly different from that having existed twenty years back. In those times, the
researchers moved on while blindly palpating the terrain. At present, they can rely
on a rich accumulated experience of work with complex compounds; novel exper-
imental methods and numerical calculation schemes have emerged; computational
resources became by far much more powerful, and, last but not least, the physical
ideas elaborated in the studies of cuprates could have been immediately adapted for
the study of new HTSC compounds.

An unprecedentedly fast advance of researches on the FeAs compounds was
helped by an instantaneous propagation of knowledge via electronic data archives.
A markedly international character of studies is noteworthy; as a rule, the articles
on FeAs systems are published by joint teams of distant lands and laboratories that
boosts a rapid augmentation of knowledge about the properties of systems under
study and thinking over the wealth of experimental data. During last years (2008—
2010), more than few thousand publications within this domain have appeared. This
means that every day brought about, on an average, 2-3 new papers deposited in
electronic archives.

If the epic of HTSC study in cuprates demanded years for arriving at some under-
standing of these materials’ nature, with respect to new class of materials one year
was sufficient as a due time to make a primary overview of the results obtained.
Within half a year after the discovery of HTSC in FeAs compounds, first three
reviews appeared in the Physics — Uspekhi [2—4]. In the beginning of 2009, a spe-
cial issues of Physica C [5] and New Journal of Physics [6] appeared with review
articles by leading scientists on the basics of the physics of the FeAs compounds,
which also summarized the bulk of results accumulated within a year.

This book seems to be the world’s first monograph on the physics of FeAs
systems. It outlines in a systematic way the results of researches done in the
global scientific community throughout the whole period since the end of February
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2008, as the high-temperature superconductivity has been discovered in a LaOFeAs
system.

The first three chapters cover experimental investigations of all classes of the
FeAs compounds in which superconducting state has been discovered. The fourth
chapter is devoted to theory models of these compounds and to the discussion, on
this basis, of experimental results. Differently from the reviews published in [5, 6],
which specifically addressed various aspects of the physics of FeAs systems in some
detail, we attempted here to cover, within a unique concept, the whole bulk of exper-
imental and theoretical material on these systems by now available. The authors’
hope is that the book be of use for a broad fold of readers: those who already
immediately work in this problem and who would wish to enter it.

Russia Yu. A. Izyumov
August 2010 E.Z. Kurmaev
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Chapter 1
Introduction

The first report of superconductivity in LaOFeAs appeared in 2006 [1]; however,
the transition temperature was low, 7. = 3.5 K. Similarly, LaONiP have shown
T. =4.5K [7]. The breakthrough occurred in February 2008, as Kamihara et al.
reported a superconductivity with 7. = 26 K in fluorine-doped compound LaO; _x F,
FeAs [8]. Immediately afterwards several Chinese groups, by substituting lan-
thanum with other rare-earth elements, achieved much higher 7. values, namely,
41K in CeO;_F FeAs [9], 52K in PrO;_,F,FeAs [10] and reached 55K in
SmO;_F FeAs [11].

The pristine (undoped) compounds are antiferromagnetic (AFM) metals, in
which the magnetic ordering comes about simultaneously with structural phase
transition at the Neél temperature 7y =~ 140K (in LaOFeAs) from tetragonal to
orthorhombic phase. On substituting oxygen with fluorine, 7y rapidly falls down
as the F concentration increases, and at x =~ 0.1 the long-range magnetic ordering
disappears, and a superconducting state sets on. A typical phase diagram of this type
of compounds is shown in Fig. I.1 in the (7, x) plane [12].

The situation so far resembles the HTSC in cuprates, e.g., (Laj_xSry)2CuQOy4
exhibits a similar phase diagram. The superconductivity appears there in compounds
of the type La;CuOy4, which are also AFM under stoichiometry, in the course of
lanthanum being substituted by strontium. In both systems, the doping brings along
charge carriers (electrons or holes) that suppresses the AFM ordering and creates
conditions for forming the Cooper pairs. This analogy supported a suggestion that
the high-7, superconductivity in newly discovered FeAs-based systems is influ-
enced by the system’s closeness to a magnetic phase transition, so that high 7, values
are due to the carriers pairing mechanism via spin fluctuations.

An analogy between FeAs systems and cuprates becomes more apparent if we
compare their crystal structures. The FeAs-based systems are built by stapling of
the FeAs planes, intermediated by the LaO layers, similarly to how in cuprates the
stacked CuO, planes are separated by the La- or Y-Ba layers. By force of their lay-
ered structure, both types of systems are strongly anisotropic, and electronic states
therein are quasi two-dimensional.

Closely following the ReOFeAs compounds (with Re being a rare-earth element),
the compounds of the type AFe;As;, (A = Ba,Sr,Ca) emerged, whose peculiar-
ity is that a repeated unit in them contains a doubled FeAs plane, similarly to
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Fig. 1.1 Phase diagram in the (T, x) plane for the CeO—_,F,FeAs compound

doubled layers in cuprates YBa;Cu3Og. In doped AFe;As;, the superconductivity
was immediately found with 7; =38 K [13]. Further on, another class of FeAs-
based systems has been discovered, the LiFeAs compound in which the FeAs
planes are separated by the layers of lithium. It is remarkable that in this compound
superconductivity with 7, = 18 K appears without any doping [14, 15].

A similar property is revealed by yet another structural type, namely, FeSe, FeS
and FeTe, which are quite resembling the compounds of the FeAs group. These
novel compounds are built from iron—chalcogen planes, in which, like in the FeAs
compounds, the iron atoms form a squared lattice, each atom being surrounded
by an octahedron of chalcogens. Here, no intermediary layers are present. In one
such compound, FeSe, under pressure of ~1.5 GPa a superconductic transition with
T. =27 K has been detected [16].

Therefore as of now we are aware of three classes of compounds build of the
FeAs layers: these are LaOFeAs, AFe;Ass, LiFeAs and moreover a similar structure
type of FeSe in which the superconductivity with high 7, was detected. Physical
properties of these compounds have many similarities and are dominated by the
influence of a common planar structural element. More precise analysis of physical
properties confirms this suggestion.

Calculations on electron—phonon coupling in these compounds have shown [17,
18] that the standard electron—phonon coupling mechanism cannot account for such
high T values.

A similarity in physical properties of the FeAs-compounds with those of high-
temperature superconducting cuprates puts forward a question about a role of
electron correlations in these new materials. It is known that in the materials on
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the basis of transition-metal and rare-earth elements, such correlations do often play
a primary role — see, e.g., a monograph by Fulde [19]. Another important question
is that concerning the role of degenerate 3d orbitals of the Fe ions in the formation
of electronic structure near the Fermi level in the FeAs-compounds, and about the
spin state of the Fe ions in the compound [20]. Both these important questions will
be addressed in the book from both experimental and theoretical viewpoints.






Chapter 2
Compounds of the ReOFeAs Type

2.1 Crystallochemistry and Basic Physical Properties
of Doped Compounds

2.1.1 Crystal Structure

The highest values of T; have been achieved in the row of ReOFeAs doped com-
pounds, where Re stands for a rare-earth element (Table 2.1). All these compounds
possess, at room temperature, a tetragonal structure with the P4 /nmm space group.
Their crystal structure is formed by repeated FeAs layers, interlaced by the LaO
layers. The FeAs layer is, in fact, created by three closely situated atomic planes:
the middle one is a quadratic lattice of Fe atoms, sandwiched between two quadratic
lattices of As, so that each atom of iron is surrounded by a tetrahedron of arsenic
atoms. In other words, the FeAs layer is, in fact, formed by FeAs4 complexes. The
FeAs and LaO layers are separated by 1.8 A.

The crystal structure of LaOFeAs is shown in Fig. 2.1. Lattice parameters for
the ReOFeAs compounds are given in Table 2.1. As is seen, the tetragonal unit cell
is strongly elongated, which explains a strong anisotropy of all its properties and
a quasi-bidimensional nature of electronic states. The closest to each Fe atom are
those of As, which underway to the next Fe neighbours, so that the electron transfer
processes over the Fe sublattice are mediated by the Fe-As hybridization, and the
exchange interaction between Fe atoms is of indirect character via the As atoms.

Crystallochemical properties of LaOFeAs compounds are determined by the
configuration of the outer electron shells: Fe(4s4p3d), As(4s4p), La(6s5d4f),
O(252p). The formal valences of ions are as follows: La’t 02 Fe?T As®~.

2.1.2 Electron Doping

On substituting an oxygen atom by fluorine, an extra electron goes into the FeAs
layer; such situation is commonly referred to as electron doping. A substitution of
lanthanum by, say, strontium, the LaO layer would lack one electron, which can be



