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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, Tc D 3:5K. Similarly, LaONiP have shown
Tc D 4:5K [7]. The breakthrough occurred in February 2008, as Kamihara et al.
reported a superconductivity with Tc D 26K in fluorine-doped compound LaO1�xFx

FeAs [8]. Immediately afterwards several Chinese groups, by substituting lan-
thanum with other rare-earth elements, achieved much higher Tc values, namely,
41 K in CeO1�xFxFeAs [9], 52 K in PrO1�xFxFeAs [10] and reached 55 K in
SmO1�xFxFeAs [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 TN � 140K (in LaOFeAs) from tetragonal to
orthorhombic phase. On substituting oxygen with fluorine, TN 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. 1.1 in the (T; x) plane [12].

The situation so far resembles the HTSC in cuprates, e.g., (La1�xSrx)2CuO4

exhibits a similar phase diagram. The superconductivity appears there in compounds
of the type La2CuO4, 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-Tc superconductivity in newly discovered FeAs-based systems is influ-
enced by the system’s closeness to a magnetic phase transition, so that high Tc 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 CuO2 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 AFe2As2, (A D Ba,Sr,Ca) emerged, whose peculiar-
ity is that a repeated unit in them contains a doubled FeAs plane, similarly to

1



2 1 Introduction

Fig. 1.1 Phase diagram in the .T; x/ plane for the CeO1�xFxFeAs compound

doubled layers in cuprates YBa2Cu3O6. In doped AFe2As2, the superconductivity
was immediately found with Tc D 38K [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 Tc D 18K 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
Tc D 27K has been detected [16].

Therefore as of now we are aware of three classes of compounds build of the
FeAs layers: these are LaOFeAs, AFe2As2, LiFeAs and moreover a similar structure
type of FeSe in which the superconductivity with high Tc 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 Tc 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 Tc 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 Å.

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(2s2p). The formal valences of ions are as follows: La3CO2�Fe2CAs3�.

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

5
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Table 2.1 Maximal temperatures of superconducting transitions obtained by doping of the
ReOFeAs compounds. In the last two lines, the lattice parameters of undoped compounds are given

ReOFeAs La Ce Pr Nd Sm Gd

Tc, K 41 41 52 51.9 55 53.5
Reference [27] [9] [10] [28] [11] [29]
a, Å 4.035 3.996 3.925 3.940 3.940
c, Å 8.740 8.648 8.595 8.496 8.496

Fig. 2.1 Crystal structure of
LaOFeAs

borrowed from the FeAs layer, leaving behind a hole. This would correspond to a
hole doping. A re-distribution of electrons between the doped LaO and FeAs layers
gives rise to a resulting conductivity of a compound. The nature of carriers can be
deduced experimentally from the sign of the Hall constant RH.

The measurements of the Hall effect have been done on a compound LaO0:9F0:1

FeAs [21] with Tc D 24K soon after the discovery by Kamihara et al. [8] a super-
conductivity with Tc D 26K on this very compound. In [21], it was concluded that
RH is negative and roughly independent on temperature up to 240 K. This indicates
that the conductivity is dominated by electron carriers. From the Hall coefficient
measured at T � 100K, the carrier concentration was deduced to be 9.8�1020 cm�3.
The authors of [22] confirmed these estimates. A measurement of RH on a different
sample LaO0:89F0:11FeAs with Tc D 28:2K, done at a temperature slightly supe-
rior to Tc, has shown that the concentration of electron carriers n� 1�1021 cm�3

[23] does, in fact, coincide with the results of [21, 22] (Fig. 2.2). In the inset of this
figure, a temperature behaviour of the Hall coefficient RH, throughout negative, is
shown.

Another example of electron doping is given in Fig. 2.3 [24], where doped and
undoped compounds are compared. In both cases, the Hall coefficient is nega-
tive. Compounds with other rare-earth elements, e.g. NdO0:82F0:18FeAs [25], well
indicate an electron nature of carriers.

A remarkable fact was a discovery of high-Tc superconductivity in the com-
pounds ReOFeAs without fluorine doping, but under oxygen deficiency. Thus, [26]
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Fig. 2.2 Variation of the
number of carriers and the
Hall coefficient for the
LaO0:89F0:11FeAs compound
[23]

0

1

2

3

SmFeAsO
SmFeAsO0.93F0.07

T (K)

a b

0 50 100 150 200 250 300 0 50 100 150 200 250

–2.0x10–7

–1.5x10–7

–1.0x10–7

–5.0x10–8

0.0

SmFeAsO
SmFeAsO0.93F0.07

R
H
(m

3
/C

ou
lo

m
b)

T (K)

ρ(
m

Ω
cm

)

Fig. 2.3 Temperature dependence of resistivity and Hall coefficient for nondoped SmOFeAs and
fluorine-doped SmO0:93F0:07FeAs compound [24]

reports a detection of high Tc values in LaO0:6FeAs (Tc D 28K), LaO0:75FeAs
(Tc D 20K), and NdO0:6FeAs (Tc D 53K).

In [9–11, 27–29], the data are given concerning the compounds ReO1��FeAs
with Re D Sm,Nd,Pr,Ce,La. Among them, the SmO1�ı FeAs system indicated the
highest Tc D 55K. Hence, the fluorine doping and the oxygen deficiency produce
similar effects in the initial stoichiometric compounds: they create electron carri-
ers, suppress antiferromagnetic (AFM) ordering and result in the formation of a
superconducting state.

Let us now consider the effect of substitution of a rare-earth element by a het-
erovalent dopant. A replacement of trivalent Re3C by a quatrovalent substituent
results in electron doping. For example, we take a system Gd1�xThxOFeAs, where
Gd3C is substituted by Th4C. At x� 0:1, a superconductivity with Tc D 55K has
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been reported by [30]. Another example of electron doping is Tb1�xThxOFeAs,
where a substitution of Tb3C by Th4C results in Tc D 52K [31].

2.1.3 Hole Doping

A completely different situation arises on substituting an Re3C ion by a divalent
element. On substitution of La3C in LaOFeAs by Sr2C, we deal with hole doping.
The resulting compound, La1�xSrxOFeAs, at x D 0:13 becomes superconducting
with Tc D 25K [32]. This was the first superconductor in the FeAs-row, obtained
by hope doping, as has been confirmed by measuring the Hall coefficientRH, which
turned out in this system to be positive [33].

Apparently, an increase in strontium concentration suppresses the conventional
AFM ordering in the pristine compound, and already at x D 0:03 the doped state
becomes superconducting. Tc grows along with x and at x� 0:11–0.13 reaches the
value of Tc D 25K. On substituting oxygen by fluorine, Tc D 26K. We can note
a peculiar electron-hole symmetry: on doping a pristine compound by either elec-
trons or holes the Tc grows in roughly similar way. There is, however, a certain
difference between two situations. On doping with Sr, a rise of Tc is accompanied
by a monotonous increase of the lattice parameters a and c, whereas fluorine doping
reduces the lattice parameters [33].

A system Pr1�xSrxOFeAs offers another example of the hole doping, on substi-
tuting Pr3C by Sr2C [34]. A superconductivity of Tc D 16:3K was achieved at the
Sr concentration x� 0:20–0.25. Figure 2.4 shows a temperature dependence of the
Hall coefficient, which is, below the room temperature, throughout positive. A simi-
lar result occurs in an Nd-based compound on substitution of the latter element with
Sr. In an Nd1�xSrxOFeAs sample (0< x < 0:2), Tc D 13:5K has been achieved at
x� 0:2 [35]. It should be noted that in difference from electron-doped compounds
such as ReO1�xFxFeAs where an increase of x the magnetic ordering is gradually
suppressed and superconductivity occurs already at x < 0:1, in hole-doped systems

Fig. 2.4 Temperature
dependence of the Hall
coefficient RH for the
hole-doped Pr0:75Sr0:25OFeAs
compound [34]
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Fig. 2.5 Hall coefficient for two samples of the La1�xSrxONiAs compound [36]

an onset of a superconducting state demands higher concentrations of dopant. In this
sense, the “electron-hole symmetry” does not hold.

The above discussion of main physical properties in LaOFeAs systems remains
valid for those where Ni takes place of Fe, only that the Tc in such systems is much
lower. It is noteworthy that the nature of carriers – are they holes or electrons – may
vary depending on the dopant concentration (Fig. 2.5).

The LaOFeAs compound can be doped not only by fluorine which substitutes
oxygen, but also by elements taking place of lanthanum, e.g. potassium. A dop-
ing with potassium adds hole carriers, rather than electrons. In [37], a new method
of synthesis of superconducting compounds on the basis of LaOFeAs was sug-
gested, allowing a simultaneous doping with fluorine and potassium. A synthesized
compound La0:8K0:2O0:8F0:2FeAs had Tc D 28:5K.

The examples discussed above show that the superconductivity in FeAs systems
might be induced either by electron doping (substituting oxygen by fluorine or due
to the presence of oxygen vacancies), or by hole doping (via substituting La by
Sr). These tendencies are maintained throughout the whole class of the ReOFeAs
systems.

2.1.4 Substitutions on the Fe Sublattice

In earlier stages of studying the ReFeAsO system, it was shown that the supercon-
ductivity is induced by doping on either oxygen or rare-earth sublattice, which both
are beyond the FeAs layers. Due to either substitution of oxygen by fluorine, or
oxygen deficiency, the FeAs layers are infiltrated by charge carriers, that suppresses
antiferromagnetic order of the pristine compound and leads to superconductivity.
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In this sense, the new superconductors resemble the cuprates, where substitutions
occur outside the CuO2 planes.

A substitution of Fe atoms in the FeAs layers by Co does as well result in sup-
pression of antiferromagnetism and appearance of superconductivity already at low
concentrations of dopant. This feature makes a marked differences of new super-
conductors from cuprates, in which any intrusion into the CuO2 planes suppresses
superconductivity. In several works appeared simultaneously, astonishing results
have been reported on a number of samples of LaOFe1�xCoxAs [12, 38, 39]. At
x D 0:05, the antiferromagnetism was suppressed, and at x� 0:1 a superconduc-
tivity with Tc � 10K emerged, which further on disappeared at x > 0:15. This
is confirmed by temperature dependencies of electrical conductivity at different x
(Fig. 2.6) [38].

The phase diagram of this system in the .T; x/ axes is shown in Fig. 2.7 [39]. It
is shown that in the x range corresponding to superconductivity, for T > Tc first
a semiconductor-type behaviour is observed, which is followed at T � 100K by
metallic conductivity. Similar results were obtained for SmOFe1�xCoxAs [39].

It turns out therefore that Co is an efficient dopant for inducing superconductiv-
ity. It is astonishing that superconductivity persists at quite high degree of disorder
(broad interval of x) that apparently is an argument in favour of a non-standard sym-
metry of the order parameter, which is not sensitive to magnetic impurities [40]. It is
interesting to note that for x D 1 the system becomes ferromagnetic with Tc � 56K
[38].

Note that electronic structure calculations for LaOFe1�xCoxAs have appeared
[41], which show that the Co doping displaces the Fermi level from its position at the
slope of the partial density of Fe3d states into a more flat region. This circumstance
explains a suppression of the SDW transition in the initial LaOFeAs on doping of
its Fe sublattice.

Fig. 2.6 Temperature
dependence of electrical
resistivity of the
LaOFe1�xCoxAs compound
at different cobalt
concentrations [38]
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Fig. 2.7 Phase diagram of LaOFe1�xCoxAs in the .T; x/ plane [39]

Fig. 2.8 Manifestation of superconducting state in the SmO0:9F0:1FeAs compound as revealed by
temperature dependence of (a) electrical resistivity, (b) magnetic susceptibility �, (c) the derivative
of � in temperature [11]

2.1.5 Superconducting Transition Temperature

Now we turn to a more detailed description of superconducting properties in FeAs
systems. How does a superconducting state in a doped material reveal itself in
experiment? Let us take as an example the SmO1�xFxFeAs compound in which
at x D 0:1 the highest so far value of Tc D 55K has been obtained [11]. Figure 2.8
shows the results of three different measurements: a sharp drop of electrical conduc-
tivity on lowering the temperature, a sharp appearance of diamagnetic response � in
applied magnetic field, and a sharp peak in the d�=dT derivative. All three anoma-
lies occur near the same temperature, which is, accordingly, the superconducting
transition temperature. The curves as in Fig. 2.8 are typical for all superconducting
systems on the FeAs basis. For comparison, corresponding curves for a group of
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Fig. 2.9 Electrical resistivity (a) and magnetic susceptibility (b) of superconducting ReO1�xFeAs
compounds with oxygen deficiency, as function of temperature [42]

Fig. 2.10 Tc in the row of ReO1�ıFeAs compounds as function of the lattice parameter a [42]

ReOFeAs compounds with different rare-earth constituents are shown in Fig. 2.9
[42]. The behaviour of electrical conductivity and magnetic susceptibility in the
vicinity of Tc is similar between different systems. We note that, differently from
the SmOFeAs system of Fig. 2.8 which was doped with fluorine, all supercon-
ducting compounds collected in Fig. 2.9 are deficient in oxygen. Despite different
nature of dopants – fluorine substitution or oxygen vacancies – the manifestation
of superconducting state in the temperature dependence of electrical conductivity
and magnetic susceptibility is identical for both systems. It is instructive to compare
the superconducting transition temperatures throughout a row of compounds with
different rare-earth elements and hence lattice parameter a (Fig. 2.10). We see that
Tc decreases with the rise of a (due to the increase of the element’s ionic radius).
For a given rare-earth constituent, Tc depends on the number of oxygen vacancies ı.
In a synthesized compound, the vacancy concentration is revealed by the lattice
parameter a (Fig. 2.10b).
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Fig. 2.11 Temperature
dependence of (a) electrical
resistivity in different
magnetic fields, and (b) the
values of Hc2 extracted from
these data, for
LaO0:89F0:11FeAs [23]
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2.1.6 Critical Fields

Besides high transition temperatures, the FeAs-type compounds possess very high
critical fields values. Consider, as an example, a study of the upper critical fieldHc2

in polycrystalline sample of LaO0:98F0:11FeAs with Tc D 28:2K [23].
Hc2 is estimated from the data on the temperature dependence of electrical resis-

tivity in magnetic field. In Fig. 2.11a, such data in the field range up to 8 T are
given, and in Fig. 2.11b, theHc2.T / results extracted from the latter. It is seen from
Fig. 2.11a that the interval of the drop in resistivity shifts towards lower temperatures
on applying the field, that is typical for II order superconductors. The supercon-
ducting transition temperature Tc.H/ is defined by the condition that �.Tc;H/

equals a certain fraction (percentage) of resistivity �N in the normal phase, for a
given field magnitude H . The thus defined values of Tc.H/ for � D 10, 30 and
90% of �N are shown in Fig. 2.11b along with the critical fields Hc2.T /. In all
cases, Hc2.T / exhibit linear dependence without any tendency towards saturation.
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The slope dHc2=dT jT DTc equals �0.87 T/K for � D 10%�N , �1.41 T/K for
� D 50%�N and �1.59 T/K for � D 90%�N . In the BCS theory, the Hc2 is
linear in T in the vicinity of Tc and saturates towards T D 0. According to the
Werthamer–Helfand–Hohenberg formula [43],

Hc2.0/ � �0:693 Tc
dHc2

dT

ˇ
ˇ
ˇ
ˇ
T DTc

: (2.1)

The dashed lines in Fig. 2.11b are extrapolations of linear experimental curves
towards the thus calculated values of Hc2.0/. For � D 90%�N , the Hc2.0/

exceeds 30 T. From the known Ginsburg–Landau formula for the correlation length
�.0/ � .ˆ0=2�Hc2/

1=2, whereˆ0 is a flux quantum, an estimation follows: �.0/�
48 Å for Hc2 (10% �N ), �.0/� 36 Å for Hc2 (50% �N ), �.0/� 33 Å for Hc2

(90% �N ). These values are comparable to those measured in cuprates for corre-
sponding values of Tc.

Measurements of the Hall constant on the same sample revealed its negative sign
(that corresponds to electron carriers) and carriers concentration of � 1:7�1021 cm�3

at room temperature and � 1�1021 cm�3 at a temperature just above Tc (assuming a
single carriers band).

The above data concerning the sample studied of LaO0:89F0:11FeAs are quite
representative for the whole series of superconducting compounds ReO1�xFxFeAs.
Thus for NdO0:82F0:18FeAs with Tc D 51K [44],Hc2(48 K) D 13T has been mea-
sured, and the critical field Hc2(0) estimated after (2.1) turned out to be within
80–230 T. Measurements on a single crystal of the same composition [45] revealed
a large anisotropy of Hc2.

The critical fields estimated after (2.1) for the field directions in the basal plane
(ab) and along the tetragonal axis (c) are: H ab

c2 .0/� 304T and H c
c2.0/� 62–70 T.

The measurements on a Sm-based compound confirmed high values of Hc2. Thus
for a sample SmO0:85F0:15FeAs with Tc D 46K, the measurements of specific heat
in the fields of up to 20 T gave [46] ŒdHc2=dT �T DTc

D �5T/K, that according to
(2.1) gives an estimate Hc2.0/ D 150T. For another sample, SmO0:7F0:3FeAs [47]
with Tc D 54:6K, the estimated Hc2.0/ is even higher: Hc2 � 200T. A detailed
review of .H; T / phase diagrams of FeAs compounds can be found in [48].

2.1.7 Effect of Pressure on the Tc

Soon after the discovery of superconductivity in LaO1�xFxFeAs it was reported
that in the compound with x D 0:11, the Tc increases under applied pressure and
reaches the maximum value of 43 K at 4 GPa [49]. It was suggested that the lat-
tice compression is responsible for this effect. Indeed, in ReOFeAs compounds the
atoms of rare-earth element have smaller radius than La, and Tc in these compounds
is markedly higher, exceeding 50 K. In a subsequent work [50], the measurements
of electrical conductivity in LaOFeAs under high pressures, up to 29 GPa, have
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Fig. 2.12 (a) .T; P / phase diagram for LaOFeAs, obtained from the measurements of electri-
cal resistivity at different pressures [50]; (b) variation of Tc with pressure in LaO1�xFxFeAs
compounds. The data for doped compounds are taken from [49, 51]

been done. The results concerning the variation of the temperatures of structural
(magnetic) phase transition T0 and of the superconducting transition temperature,
extracted from the raw data on �.T / at different pressures, are shown in Fig. 2.12.

The .P; T / phase diagram shown in Fig. 2.12a resembles the .x; T / phase dia-
gram for doped LaO1�xFxFeAs compounds [8]. This similarity may be explained
by an observation that the oxygen substitution with fluorine, beyond modifying the
carriers density, results in reducing the lattice constant. Thus, as x D 0:05 the unit
cell squeezes from 0.14186 nm3 that is accompanied by an appearance of supercon-
ductivity with Tc D 24K [8]. According to the variation of the unit cell volume
under pressure [51], the above variation corresponds to a pressure of �0.3 GPa.
Correspondingly, in the context of merely changing the volume, the substitution of
oxygen with fluorine is more efficient in suppressing structural and magnetic phase
transitions and the onset of superconductivity that an effect of external pressure.

As is seen from Fig. 2.12b, the maximal Tc D 21K in stoichiometric com-
pound LaOFeAs is achieved at the pressure of �12 GPa. As regards the varia-
tion of Tc with pressure in doped compounds, it first rises with pressure, passes
through maximum and falls down. A similar behaviour of Tc under pressure is
observed in LaO1�xFxFeAs of a different composition, as well as in oxygen-
deficient LaOFeAs compounds (Fig. 2.13). The latter have maximal Tc � 50K at
the pressure of 1.5 GPa [52].

A relation between the changes of Tc under pressure and variation of the lat-
tice parameter is shown in Fig. 2.14. At high pressures (P > 10 GPa), the lattice
parameters and Tc in the compound investigated LaO0:9F0:1FeAs do decrease
linearly [53].

A similar behaviour of Tc under pressure was observed in another compound
type, LaOFeP. At the ambient pressure, Tc in doped LaO1�xFxFeP compounds is
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Fig. 2.13 Variation of the superconducting transition temperature with pressure for two
LaO1�xFxFeAs compounds and a LaOıFeAs compound with oxygen vacancies [52]

Fig. 2.14 Variation under pressure of (a) lattice parameters, and (b) superconducting transition
temperature, for the LaO0:9F0:1FeAs compound [53]

2–7 K. On applying the pressure, Tc rises rapidly, achieving 8.8 K already at P D
0:8GPa, after which it falls down at the rate dTc=dP > 4K/GPa [54].

Finally, we discuss an aspect of chemical pressure which occurs on a substitution
of an ion in the compound by another ion of a smaller radius. In this case, the
shrinking of the lattice parameter is observed as the dopant concentration grows.
This situation is illustrated by Fig. 2.15, taken from [55].

Yttrium has smaller ionic radius than lanthanum, therefore replacing the latter
by the former reduces the lattice parameter a. As is seen from the figure, Tc grows
with the yttrium concentration, whereas TN decreases. This trend is common for all
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ReO1�xFxFeAs compounds, which exhibit a maximum Tc value at some optimal
fluorine doping x.

A doping of the stoichiometric compound LaOFeAs with yttrium up to y � 0:7

does not lead to superconductivity, because an effect of chemical pressure is by far
weaker than that of the fluorine doping. On yttrium doping of already supercon-
ducting compound LaO1�xFxFeAs, Tc increases from 24 to 40 K. Obviously, this
happens not so much due to a decrease of the lattice parameter (chemical pressure)
as because of adding new carriers to the compound, as La is partially replaced by Y.
Therefore, the role of chemical pressure at the onset of superconductivity in FeAs-
based compounds is considerably limited, in comparison with the effect of doping
by heterovalent elements.

A particularly interesting behaviour of superconductivity under pressure is
observed in Ce-containing compounds. In general, compounds with Ce do often
exhibit anomalies induced by the Kondo screening of localized moments of the 4f
shell of Ce atoms. In metallic Ce, an isostructural ˛!� phase transition under pres-
sure occurs, whose nature is purely electronic one, induced by a change of the Ce
valence [56].
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In [57], based on a thorough study of transport properties and X-ray absorption
spectra under pressure, a competition of superconductivity and Kondo screening
was found in the CeO0:7F0:3FeAs compound. On increase of pressure, the supercon-
ducting transition temperature is gradually decreasing, and from P D 8:6GPa on it
drops abruptly, reaching zero at P D 10GPa. XAS studies show a re-distribution of
statistical weight from the main absorption line towards the satellite, indicating an
appearance of the 4f 0 states in the main bulk of the 4f 1 states of Ce ions. A similar
behaviour is observed in metallic Ce at the ˛!� transition, see [56].

Therefore, the X-ray absorption spectra reveal the Kondo screening of the local-
ized moments at Ce ions, caused by pressure. The spectra of the superconducting
state are similar to the XAS of pure Ce. Guided by this analogy, the authors of
[57] arrived at a conclusion that the reason of the suppression of Tc by pressure in
CeO0:7F0:3FeAs is in an emergence of a state with Kondo singlets, that expels the
state with the Cooper pairs. Therefore, a quantum phase transition under pressure
takes place, driven by a screening of localized moments of the Ce4f shell by the
Fe3d electrons.

We mention in this relation the work [58], in which, in non-superconducting
CeOFeAs1�xPx , two quantum critical points have been found, under the variation
of the phosphorus content x. In the (T; x) phase diagram, for x < 0:37 an antifer-
romagnetic phase was detected with an ordering of localized moments at Fe and Ce
sites. Further on, in the 0:92 < x < 1:00 range a non-magnetic state with heavy
fermions come about, induced by the Coulomb screening.

2.2 Magnetic Properties

2.2.1 Magnetic Structure

Stoichiometric ReOFeAs compounds are antiferromagnetics. The first indications
of a possibility of magnetic ordering in LaOFeAs stem from measurements of tem-
perature dependences of electrical conductivity and magnetic susceptibility, which
exhibited anomalies near T � 150K. At this temperature, a structure transition
from tetragonal into orthorhombic phase have been detected. It was initially sug-
gested that the magnetic ordering occurs at the same temperature. By now, full
neutron diffraction studies done at a nuclear reactor in Oak Ridge clarified the sit-
uation [59]. At T � 155K, indeed, a structural transition occurs with changing the
symmetry from tetragonal space group P4=nmm to monoclinic P112=n at lower
temperatures (in some cases a transition into orthorhombic phase Cmma/ has been
detected).

It turned out that magnetic phase transition happens at a lower temperature, TN D
137K. In neutron diffraction patterns, magnetic reflects .103/, corresponding to
doubling the primitive cell along the c axis, have been found. The main result of
the study of LaOFeAs is shown in Fig. 2.16, where points and squares mark the


